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SUMMARY 

Temperature and moisture are very essential parameters when describing the condition of a 
pavement. In most cases, a high moisture content involves a decreased bearing capacity and, 
consequently, a shorter durability of the pavement. A frozen pavement has a greater bearing 
capacity than the corresponding construction in spring or late autumn. However, the freezing 
itself also implies strains to the pavement, as it heaves to different extent and in different 
directions in connection with the frost heave. The properties of an asphalt concrete pavement 
vary dramatically according to temperature. Cold asphalt concrete is hard, stiff and brittle, and 
therefore, cracks easily occur, whereas its bearing capacity decreases at high temperatures as 
softening progresses. 

Emphasizing the asphalt concrete, a numerical model has been developed for calculation of 
temperatures for summer condition, by means of recorded values for solar radiation, air 
temperature and wind velocity. Further, in order to also model temperatures and other 
conditions, occurring in the pavement during winter, a frost heave module has been developed 
and included in the model. The aim of this is to gain a better insight into the freezing process 
of a road structure. The model also provides an efficient tool for a better understanding of 
important factors related to frost depth and frost heave. 

A modified version of the model, is tested for falling weight deflectometer analysis. Input 
here, is a series of measured pavement surface temperatures and the output is calculated 
temperature distributions for the asphalt layer. 

Measuring equipment, developed at VTI, has been used to, in the field, automatically record 
frost heave and pavement temperature distribution. 

Furthermore, equipment for freezing tests in laboratory has also been developed. Experiences 
from such tests and field measurements have been used when developing the numerical model 
for freezing of pavements. At the laboratory freezing tests, a special interest has been devoted 
to water intake rate and heave rate related to cooling rate. The experiences, obtained from 
both the laboratory tests, as well as the field observations, have been compared to what has 
been reported in literature. 

Temperatures obtained from the numerical model for summer and winter temperatures have 
turned out to correspond well to measurements of pavement temperatures at all test sections 
studied, 12 in the United States and 3 in Sweden. 

The freezing tests in laboratory have shown, that a strong frost heave can exist without 
addition of external water to the samples. The natural water content is, consequently, 
sufficient to provide enough water for the heave. This "in-situ" water can be redistributed in 
the structure, thus providing water to the frozen portion of the profile to cause significant frost 
heave. Frost heave caused by a process like this, is not bound to uptake of external water, 
which normally is assumed in the relevant literature. Frost heave in freezing tests is often 
explained by 10 % volume expansion of the freezing water, which is sucked up by samples 
during the test. The freezing tests in laboratory have also shown, that the ratio (heave/water 
uptake) increases with frost susceptibility, i.e., the most frost susceptible soils require 
comparatively less added water for the heaving, than the less frost susceptible ones. 

The freezing tests in laboratory and field tests, have also shown that the relation between 
heave rate and heat extraction rate at the frost front, is weak. This also is in contradiction to 
what normally is stated in literature. The weak relation is found during longer periods of 
continuos frost penetration. However, when heat extraction rate is varied at short intervals, a 
strong dependency between heave rate and heat extraction rate is found. 
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SAMMANFATTNING 

Temperatur och fuktighet är mycket väsentliga parametrar vid beskrivning av tillståndet i en 
vägkropp. Hög fuktighet innebär oftast nedsatt bärighet med kortare livslängd for 
konstruktionen som följd. En frusen vägkropp har större bärighet än motsvarande 
konstruktion under vår eller sen höst. Själva tjälningen innebär dock också påfrestningar på 
vägkroppen eftersom den lyfts i olika grad och i olika riktningar i samband med 
tjällyftningen. Egenskaperna hos en asfaltbeläggning varierar dramatiskt med temperaturen. 
Kall beläggning är hård och spröd, medan den vid höga temperaturer far försämrad bärighet. 

För att särskilt studera beläggningen, har en numerisk modell utvecklats för beräkning av dess 
temperaturer sommartid, utifrån uppmätt solinstrålning, vindstyrka och lufttemperatur. 
Dessutom har en modul för vinterförhållanden utvecklats för att kunna beskriva tjällyftning 
m.m. Denna vintermodul har inkluderats i modellen för att nå större insikt i de processer som 
råder när en vägkropp fryser. Modellen utgör också ett effektivt verktyg för att bättre förstå 
väsentliga faktorer som har samband med tjäldjup och tjällyftning. 

En modifiering av modellen har provats för bärighetsmätningen med fallviktsanalys. Indata är 
i detta fall en serie uppmätta vägytetemperaturer och utdata är beräknade 
temperaturfördelningar i beläggningen för de tidpunkter då analys ska utföras. 

Mätutrustning som utvecklats vid VTI har använts i fält för automatisk registrering av 
tjällyftning och temperaturfördelning i en väg. 

Dessutom har utrustning för frystester i laboratorium utvecklats. Erfarenheter från sådana 
tester och fältmätningar har använts vid utvecklingen av den numeriska modulen för tjälning 
av vägar. Vid frystesterna har särskilt intresse ägnats åt vattenuppsugning och 
tjällyftningshastighet i relation till kyleffekt. Erfarenheterna från frystester och fältmätningar 
har jämförts med vad som finns rapporerat i litteraturen. 

Den numeriska modellen har visat sig ge god överensstämmelse med uppmätta 
beläggningstemperaturer på alla de teststräckor som studerats, 12 st i USA och 3 st i Sverige. 

Frystesterna i laboratorium har visat att kraftig tjällyftning kan förekomma utan att proverna 
tillförs något vatten. Det naturliga innehållet av vatten räcker alltså för att försörja lyftningen. 
Detta "in-situ" vatten kan omfördelas inom provet och förse den frusna delen med vatten och 
orsaka en betydande tjällyftning. En sådan tjällyftning är inte beroende av tillförsel av vatten 
utifrån, vilket oftast förutsättes i litteraturen. Vanligtvis antas tjällyftningen vid frysförsök 
vara 10 % större än den vattenmängd som prover suger upp under försöket. Frystesterna i 
laboratorium har också visat att kvoten (lyftning/uppsuget vatten) ökar med tjälfarligheten. 
Det innebär att de mest tjälfarliga materialen kräver förhållandevis mindre tillfört vatten för 
lyftningen än de mindre tjälfarliga. 

Frystesterna i laboratorium och fältmätningar har också visat att relationen mellan 
lyfthastighet och kyleffekt vid tjälfronten är svag. Detta är också i motsats till vad som ofta 
redovisas i litteraturen. Den svaga relationen har påvisats under långa perioder med 
kontinuerlig tjälnedträngning. När kyleffekten ofta varieras har dock ett starkt samband 
mellan kyleffekt och lyfthastighet påvisats. 

iii 



CONTENTS 

Page 
PREFACE i 
SUMMARY ii 
SAMMANFATTNING iv 
CONTENTS v 
1. GENERAL 1 
2. ASPHALT CONCRETE SUMMER TEMPERATURES 5 
3. ASPHALT CONCRETE TEMPERATURES, ALL SEASONS 8 
4. ROAD SURF ACE ICING AND FROST INSULATION OF ROADS 11 
5. TEMPERATURES FOR FALLING WEIGHT DEFLECTOMETER ANALYSIS 13 
6. FROST HEAVE RATE AT FREEZING TESTS 18 
7. FROST HEAVE RATE IN FIELD 22 
8. WATER UPTAKE AT FREEZING TESTS 26 
9. TUBE SUCTION TEST AND FROST SUSCEPTIBILITY 29 
10. FUTURE RESEARCH 32 
11. REFERENCES 33 

Papers included in the thesis are: 

Paper I 

Mathematical Model for Calculation of Pavement Temperatures, Comparison of Calculated 
and Measured Temperatures 

Åke Hermansson 

Published in Transportation Research Record 1764, paper No. 01-3543, TRB, National 
Research Council, Washington D.C. 2001, pp 180-188. 

Paper II 

Mathematical Model for Calculating Pavement Temperatures during Summer and Winter 
Conditions, Comparisons of Calculated and Measured Temperatures 

Åke Hermansson 

Submitted to the journal 'Cold Regions Science and Technology' August 2001. 

Paper III 

The Effect of Insulation on Road Surface icing 

Henry Gustavsson, Olli Ravaska and Åke Hermansson 

Accepted for presentation at the American Society of Civil Engineers Eleventh International 
Conference on Cold Regions Engineering, 2002 

Paper IV 

Temperature calculations for asphalt pavement at FWD analysis 

Åke Hermansson 

Submitted to the journal 'Road Materials and Pavement Design' March 2002. 

iv 



Paper V 

Laboratory Findings on Frost Heave Rate versus Freezing Rate 

Åke Hermansson 

Submitted to the journal 'Cold Regions Science and Technology' April 2002. 

Paper VI 

Field Observations on Frost Heave Rate versus Heat Extraction Rate 

Åke Hermansson 

Submitted to the journal 'Cold Regions Science and Technology' April 2002. 

Paper VII 

Water Uptake in Variably Saturated Freezing Aggregate Base Materials 

Spencer Guthrie and Åke Hermansson 

Submitted to the TRB annual meeting 2003. 

Paper VIII 

Determining Aggregate Frost Susceptibility with the Tube Suction Test 

Spencer Guthrie, Åke Hermansson and Tom Scullion 

Accepted for presentation at the American Society of Civil Engineers Eleventh International 
Conference on Cold Regions Engineering, 2002 

v 



1. G E N E R A L 

Pavements are exposed to strains of different types. These may be due to solely climatological 
factors, but they are often a result of interaction between climate and traffic. For example, a 
pavement surface can crack in connection with the quick contraction at rapid temperature falls 
during cold winter nights. On the other hand, the same pavement might stand intense heavy 
traffic in winter, when the pavement is frozen, to a considerably higher extent than at a rainy 
autumn. The pavement is, of course, most sensitive to heavy traffic in spring during thaw, 
when melting ice causes excess water in the pavement. During winter, frost heave often takes 
place in areas with fine-grained soil layers, in which water is easily accessible, i f low air 
temperatures are present. Frost heave can be uniform or non-uniform causing decreased driver 
comfort and increased vehicle cost. 

Problems connected with cold climate are accentuated in areas with permafrost. The 
construction of roads and airfields in such areas must be carried out with extremely great care, 
to prevent thawing of permanently frozen soil. The permanently frozen ground can contain 
enormous amounts of ice, and small changes in the heat conductivity of the ground or in the 
surface radiation conditions, can have dramatic consequences for the thawing process. Ground 
layers that have been frozen during thousands of years can start to thaw, with considerable 
and in most cases uneven subsidence as result. 

In areas with a milder climate, there are no problems with frost heaving or with high water 
contents in the road material caused by frost. However, the combination of high air 
temperatures and strong solar radiation can cause other problems. Dark asphalt concrete can 
reach very high temperatures. The mechanical properties of asphalt concrete vary 
considerably with temperature. At low temperatures it is hard and brittle, and cracks can 
easily arise due to temperature fluctuations. At high temperatures, the asphalt concrete 
becomes soft, which involves a decreased bearing capacity and thus greater strains in the 
layers under the asphalt concrete due to heavy traffic. The pavement surface can become so 
soft, that a single heavy vehicle can cause rutting due to plastic deformation. In steep southern 
slopes (northern slopes on the Southern Hemisphere) the pavement, at extremely high 
temperatures, can flow like glaciers down the slope. The proportion of the different 
ingredients of the asphalt concrete, influences its mechanical properties. Due to the 
pronounced temperature dependency, it is therefore important to know the highest and lowest 
temperature the asphalt concrete can reach at different locations, depending on climate and 
other factors. 

Pavement cracks and pavement performance are consequently dependent on many factors. 
Pavement temperature, frost heave and water accumulation during winter and the 
corresponding thaw during spring and summer are the more important ones. 

This thesis deals with these important factors. In the thesis there are eight papers all dealing 
with temperature and/or frost heave phenomena in road constructions. 
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The papers are: 
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Accepted for presentation at the American Society of Civil Engineers Eleventh International 
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Papers I - IV deal with calculation of pavement temperatures close to the pavement surface. 

Papers V- VII I deal with and discuss frost heave, particularly frost have rate and water uptake 
at freezing. 

Paper I-IV 

For frost heave modeling, one crucial ingredient is the calculation of pavement surface 
temperature versus time. Here, a n-factor is often used to calculate the surface temperature 
from recorded air temperature, see Lunardini (1979). It is assumed the quota (surface 
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temperature)/(air temperature) is constant for a given location. However, using a n-factor can 
be doubtful, since the air temperature behaves in different ways to the road surface 
temperature depending on circumstances, which can vary also during a much shorter time 
than a winter. Moreover, it can be hard to motivate why the proportionality should apply 
proceeding from exactly 0 °C. Heierstedt (1976) suggests that the deviation between the 
temperature of the surface and the air should be corrected with a constant. This method has 
the advantage not being dependent on how 0 °C is defined, but has the disadvantage not being 
able to describe the dynamics over the day, occurring during for example sunny spring days. 
In this thesis Papers I - III deal with this problem and they all discuss how to calculate 
pavement surface temperature. Calculated temperatures are compared with measured 
temperatures, and calculations are presented for both summer and winter conditions. 

Paper I presents and validates a method for calculating pavement temperature hour by hour, 
by means of recorded values for solar radiation, air temperature and wind velocity. The model 
was originally presented in Hermansson (2000:1) and Hermansson (2000:2). The simulation 
model proposed is based on formulas for convection, shortwave and longwave radiation as 
described by Solaimanian and Kennedy (1993). It also involves a finite difference 
approximation for the calculation of heat transfer in the pavement and underlying sub-grade. 
The method is validated by comparison of calculated and measured pavement summer 
temperatures for six asphalt concrete and six cement concrete sections in US. The comparison 
is performed for pavement temperatures close to the surface. 

The model validated in Paper I was improved to also be valid for winter conditions. In Paper 
II the improved method is presented and validated using measured data from the United States 
and Sweden, for both summer and winter conditions. The method allows, contrary to the 
method with a n-factor, the pavement surface to be warmer than the air during sunny winter 
days and colder than the air during bright winter nights. This enables the freezing process as 
well as thaw penetration to be calculated in a better way than by using the simplified method 
with a n-factor. 

Paper II I presents an application for calculation of risk for surface icing, where it is important 
to capture the dynamics in temperature over the day. Field studies performed in Sweden in the 
70's and 80's (Gandahl, 1981), showed that the use of insulation as frost protection in road 
embankments results in an increased risk of surface icing. Paper III presents field tests and 
computer simulations, trying to relate the depth and thickness of insulation to the risk of 
surface icing. 

Paper IV presents an application for calculation of pavement summer temperatures at falling 
weight deflectometer (FWD) testing. At FWD testing, the temperature of the asphalt concrete, 
usually at mid-depth, has to be known. For the FWD application, the simulation model is 
modified. It has measured pavement surface temperatures as input and the radiation 
calculations are left out. The method proposed in Paper IV calculates the complete 
temperature distribution in the pavement using a series of measured surface temperatures as 
input. 

Papers V- VIII 

The focus in Papers V and V I is on frost heave. At pavement design one usually has to 
consider the expected amount of frost heave in the construction. To calculate the total heave it 
is necessary to understand the nature of frost heave rate. It is often concluded that heave rate 
is proportional to heat extraction rate at the frost front, e.g. see Knutsson (1998). According to 
Loch (1979) such proportionality was supported by Kaplar (1970) and Penner (1972). Papers 
V and V I show, however, a different behavior for the freezing soil. Laboratory tests, Paper V, 
and field studies, Paper VI , on medium silt indicate that frost heave rate increases only 
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marginally with heat extraction rate at the frost front when the frost penetrates continuously 
over longer periods. These results contradict what is stated in Knutsson (1998), Kaplar (1970) 
and Penner (1972). In Papers V and V I , results are also presented where heat extraction rate is 
varied between a low and a high level, at short intervals. Here, in contrary to the above, a 
strong dependence between heat extraction rate and heave rate is observed. During short 
moments heave rate can then widely surpass the one obtained persistently 

In Loch (1979), Penner (1960), Konrad (1984) and Knutsson (1998) it is also assumed that the 
soil is water saturated from the frost front and all the way down to the ground water table. 
This is in contradiction to Hermansson (2000:3), where it is observed significant frost heaving 
without adding any water during freezing test on medium silt. Calculated heat balance for 
freezing tests, presented in Paper V, also indicate that the frozen soil is far from saturated and 
similar conclusions are drawn in Paper VI I . Paper VI I presents observations on water uptake 
and frost heave for freezing tests performed at Texas Transport Institute, and the quota 
(heave)/(water uptake) indicate that, for the most frost susceptible soils, the degree of water 
saturation decreases during freezing. 

Paper VI I I , relates frost susceptibility to the tube suction test (TST). In the TST, a moisture 
susceptibility ranking is based on the surface dielectric value of compacted specimens after a 
10-day capillary soak. After the TST the samples were subjected to a frost heave test. 
Paper VI I I relates the dielectric value after the TST to the amount of heaving during the 
freezing test. 

The main purpose of the studies presented in this thesis has been to try to better understand 
the freezing process, and use this improved knowledge to create a simple simulation model 
for frost heave in roads, Hermansson (1999). The model, developed by the author, is an 
integrated part of the Swedish design code for road construction and is used to calculate the 
amount of frost heave. Input to the model is the recorded hourly surface temperatures. 

Within the scope of this study there has been no possibility to investigate a wide range of 
different soils. All field studies and freezing tests at VTI are performed on silt, being one of 
the soils causing most of the frost-related problems for roads in Sweden. However, the 
freezing tests presented in Papers VII and VII I , performed at Texas Transport Institute, study 
soils having completely different properties. These soils, typical for Texas and surrounding 
states, have much higher dry density than silt, but the freezing tests do support the observation 
found at VTI, that for the most frost susceptible soils the (heave)/(water uptake) ratio can 
widely surpass 1.1. 
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Paper I 

2. Mathematical Model for Calculation of Pavement Temperatures, 
Comparison of Calculated and Measured Temperatures 

Published in Transportation Research Record 1764, paper No. 01-3543, TRB, National 
Research Council, Washington D.C. 2001, pp 180-188. 

In a road construction, the asphalt concrete pavement is exposed to great strains and stresses. 
Above all, heavy vehicles put forward strong demands for pavement properties. The traffic 
affects the asphalt concrete in different ways during summer and winter. During winter it is 
relatively hard and cracks can arise as frost cracking or as temperature cracks when the 
pavement shrinks longitudinally. During the summer it is softer, and during strong sunshine, 
the risk is high that heavy vehicles cause rutting due to plastic deformation. Consideration 
should therefore be taken to the lowest and highest expectable temperatures of the asphalt 
concrete. These temperatures of course differ dependent on the weather conditions at different 
locations. 

Theories for longwave radiation and shortwave radiation in the atmosphere and the interaction 
of the radiation with the earth surface have been thoroughly treated by a number of authors, 
e.g. Kreith (1973), Sellers (1972), Geiger (1959) and others. Barber (1957) was one of the 
first to develop a specific model for the calculation of pavement temperatures. He suggested a 
thermal diffusion theory, using daily radiation and its effect on the mean effective air 
temperature. Rumney and Jimenez (1969) developed a method using empirical nomograhs to 
predict pavement temperatures at a depth of 2 in. These graphs were based on pavement 
temperature measurements in combination with hourly measurements of air temperature and 
solar radiation. To calculate maximum pavement temperatures, Solaimanian and 
Kennedy (1993) proposed a model using calculated maximum solar radiation and measured 
high air temperatures. However, these models do not treat the problem in a physically correct 
way. The most commonly used model, being that of Solaimanian and Kennedy (1993), is 
based upon the assumption of equilibrium when the highest temperatures are present, which is 
an erroneous assumption according to the authors opinion. Such an assumption means, 
according to the author, a strong overestimation of the maximum temperature, which in 
Solaimanian and Kennedy (1993), is corrected by assuming a wind speed of 4.5 m/s, see 
Hermansson (2000:1) and Hermansson (2000:2). The model of Solaimanian and 
Kennedy (1993) is part of Superpave (1994), a binder and mixture specification for pavement 
design in the US, developed under the Strategic Highway Research Program (SHRP). 
Superpave is supposed to be able to be applied over the whole North-American continent for 
paving measures. In Paper I , it is instead suggested to use the simulation model presented, to 
calculate a maximum temperature of a pavement. 

The simulation model proposed in this paper is based on formulas for convection, shortwave 
and longwave radiation as described by Solaimanian and Kennedy (1993). It also involves a 
finite difference approximation for the calculation of heat transfer down into the pavement 
and underlying sub-grade. Input data to the model are hourly values for solar radiation, air 
temperature and wind velocity. For the heat transfer calculation, the porosity and the degree 
of water saturation of the different layers below the pavement surface are also needed. 

The model was validated by using data from 12 different sections, 6 asphalt concrete and 6 
cement concrete sections, in the LTPP (Long-Term Pavement Performance) program carried 
out by the Federal Highway Administration, USA. One set of parameter values for albedo, 
emissivity, longwave counter radiation and convection losses giving a good correspondence 
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for asphalt concrete pavements are given. In addition, a second set of parameters for cement 
concrete pavements is also given. 

Figures 2:1 and 2:2 show calculated and measured pavement temperatures for sections in 
Nevada at depth 25 mm and Nebraska at depth 99 mm, respectively. 

When comparing measured and calculated data hour by hour, an average error of less than 
2 °C was received both for asphalt and cement concrete pavements during the simulation of 
30 summer days. Measured data included temperatures from the levels of 20 to 100 mm. 

The extreme pavement temperatures at locations at different latitudes are often of special 
interest. When comparing calculated and measured maximum temperatures at the depth of 
25 mm for four different sections of asphalt concrete in the LTPP data material, the data was 
divided into altogether 42 periods of 5 days. The average error for the calculation of 
maximum temperature was 2.1 °C and the greatest error for a period of five days was 6 °C. 

The conclusion is that the simulation model accurately calculates both hourly and extreme 
temperatures. 
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Figure 2:1. Calculated and measured pavement temperatures versus time, at a depth of 25 mm 
on LTPP section 32-0101 (Nevada June - 97) 

Figure 2:2. Calculated and measured pavement temperatures versus time, at a depth of 99 mm 
on LTPP section 31-0114 (Nebraska June - 98) 
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PAPER II 

3. Mathematical Model for Calculating Pavement Temperatures during 
Summer and Winter Conditions, Comparisons of Calculated and Measured 
Temperatures 

Submitted to the journal 'Cold Regions Science and Technology' August 2001. 

As mentioned in the previous section, pavement temperature plays an important role for 
pavement deterioration. Calculation of pavement summer temperatures is discussed in 
Paper I . Paper II deals with a method for calculation of both summer and winter temperatures. 

As recordings of air temperature usually are easy available, a n-factor is often used, in frost 
modeling, to calculate the freezing index on the pavement surface from measured air 
temperatures, see Lunardini (1979). It is then assumed that the surface temperature is 
proportional to the air temperature, in the unit °C or °F, and for latitudes lacking in sunshine 
the surface temperature is calculated as the air temperature multiplied by a factor greater than 
unity during winter. For locations situated more to the south, a n-factor is used being less than 
unity. However, the use of a n-factor can be doubtful, since the air temperature behaves 
differently to the road surface temperature. The difference is depending on circumstances, 
which can vary also during winter. For example, solar radiation affects surface temperature 
heavily during sunny days in spring, which is not fully taken into account using a n-factor. At 
nighttime, during winter, air temperature often drops very fast, accompanied by a delayed 
drop in surface temperature. The dynamics in such a behavior is hard to describe using a n-
factor. Moreover, it can be hard to motivate why the proportionality should apply proceeding 
from exactly 0 °C. Heierstedt (1976) suggests that the deviation between the temperature of 
the surface and the air should be corrected with a constant. This method has the advantage not 
being dependent on how 0 °C is defined, but the disadvantage is that it cannot easily describe 
the dynamics over the day, which occurs for example sunny spring days. In paper I I , a 
numerical model is proposed for the calculation of pavement temperatures for both summer 
and winter conditions 

The method presented in the paper, calculates the surface temperature hour by hour by means 
of measured values for solar radiation, air temperature and wind velocity. The method allows, 
contrary to the method with a n-factor, the pavement surface to be warmer than the air during 
sunny winter days and colder than the air during bright winter nights. This involves that the 
thaw process, the risk of surface icing, as well as thaw penetration can be calculated in a 
better way than by using the simplified method with a n-factor. 

The model has been developed by the author and uses a finite difference approximation of the 
heat transfer equation when calculating how heat is distributed in the pavement as a function 
of time. The ground is then divided into cells, thinner near the surface and thicker at a deeper 
level, where temperature variation is less. In the paper, a detailed description is given of the 
sub-models for short-wave radiation, long-wave radiation and emission and convection losses, 
which are included in the numerical model. Needed weather information is hourly solar 
radiation, air temperature and wind velocity. The model has been validated against 
measurements of temperatures close to the road surface in asphalt concrete pavements at 6 
different sections in the United States and 3 sections in Sweden. In Figures 3:1 and 3:2, a 
comparison is shown for the calculated and measured temperatures at a depth of 25 mm below 
the road surface, for summer and winter respectively. For the calculation of the pavement 
temperatures, input data have been obtained from the LTPP (Long-Term Pavement 
Performance) program carried out by the Federal Highway Administration, USA. 

X 
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Figure 3:1. Air temperature together with calculated and measured pavement temperatures at 
a depth of 25 mm on LTPP section 32-0101, Nevada. Months December and January 
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Figure 3:2. Air temperature together with calculated and measured pavement temperatures at 
a depth of 25 mm on LTPP section 32-0101, Nevada. Months May, June and July. 
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When comparing measured and calculated data hour by hour, an average monthly error of less 
than 2 °C was obtained, during the simulation. This included both summer and winter 
conditions. 

The simulation program changes automatically between summer and winter values of the 
parameters. The change is based on air temperature and solar radiation. For sections within 
Sweden a considerably better correspondence is obtained, between calculated and measured 
surface temperatures, during certain periods, i f the winter parameters are used. For the 
sections studied in the United States - Nevada, South Dakota and New York - there does not 
seem to be any need for winter parameters, despite sometimes very low temperatures and 
fairly low solar radiation. The need of winter parameters in Sweden, might be due to 
pavement surface being covered with a thin white layer of snow and due to the low elevation 
of the sun. 
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PAPER I I I 

4. The Effect of Insulation on Road Surface icing 

Accepted for presentation at the American Society of Civil Engineers Eleventh International 
Conference on Cold Regions Engineering, 2002 

To prevent pavements from frost damage, insulation can be included in the construction. For 
frost protection purposes the optimal location of the insulation is at the top of the 
embankment, just below the asphalt concrete layer where temperature gradient is high. When 
repairing or reconstructing a pavement, this location is also the most cost effective, due to the 
reduced need for excavation and filling. It has been found, however, that such a location of 
the insulation increases the risk of icing on the road surface, causing severe problems for 
traffic. The aim of the research presented in Paper III was to study how the use of expanded 
clay (exclay) as insulation, affects the risk of icing. 

There is a risk of icing when the pavement surface temperature is lower than 0 °C and lower 
than the dewpoint. Air temperature and road surface temperatures may differ greatly from 
each other. During winter in Scandinavia, the temperature measured at the pavement surface 
may be several degrees lower than in the air (Kilpeläinen and Ravaska, 1998). The reverse 
being true in the summer. During winter in Southern Finland and mid Sweden, the relative 
humidity of the air is on average 90 %, and the dewpoint is only 0 - 4 °C below air 
temperature. When the surface temperature under such circumstances drops below the 
dewpoint and below the freezing point, vapor in the air condenses and frost is formed on the 
road surface. This is particularly harmful during the first cold nights of the autumn. Then the 
ground is still warm, but having insulation at the top of the road embankment prevents the 
heat to flow towards the pavement surface and thus the risk of icing exists. 

In Sweden polystyrene insulation was studied in the 70's and 80's (Gandahl, 1981). It was 
then observed, that surface temperatures on an insulated road were lower and the surface was 
thus more exposed to icing than i f a conventional, mineral road embankment was used. 

Gandahl (1981), found that a construction having a 500 mm covering layer above the 
insulation was exposed to icing 4.5 % more frequently than without insulation. Having the 
insulation directly below the AC-layer caused icing 30% more frequently. Based on these 
results it was decided, in Sweden, that at least 500 mm covering should be used above the 
insulation. In Finland, the road authorities ended up with a required thickness of 700 mm for 
the covering, and at the same time, in Norway, only 300 mm was required. 

A few years ago, the Exclay Internordic Geoproject called "LWA-geolight" was initiated by 
Optiroc, aiming at research into utilization of exclay in road embankments. In the project it is 
studied how the risk of surface icing increases when exclay is used as insulation. The study 
involves measurements of temperatures and friction at test sites and computer simulation of 
surface temperatures. The simulation model is validated through comparison of measured and 
calculated pavement temperatures. Paper I I I describes the Finnish test site (Valtonen, 
Forsman, 2001), computer simulations of surface temperature and friction measurements. 

Test site 

The four test structures studied in Paper III are located on a bus ramp of the Tuupakka 
junction of the Helsinki Ring RoadIV (Valtonen, Forsman, 2001). The subgrade at the site is 
soft clay with a depth of 5 - 10 m. Four of the test structures are equipped with thermocouples 
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at different depths. The grain size of the exclay used varies in the interval 10-20 mm and the 
thickness of exclay layer was 0.7 - 1.45 m. Crushed rock and recycled cement concrete was 
used as base course materials and the thickness of asphalt layer was 50 mm. The test sections 
were opened for traffic in the beginning of October 2000. 

Temperature modeling 

The surface temperatures of the test structures were calculated by using the simulation model 
presented in Paper I . This simulation model, validated in Papers I and II , uses climatic data in 
the form of hourly values for incident short wave radiation, air temperature and wind velocity. 
The reflected portion of the incident short wave radiation is given by the albedo of the 
pavement surface. The remaining portion is absorbed by the pavement surface, causing 
increased surface temperature. Long wave radiation and convection losses are also taken into 
account. Heat transfer within the embankment is calculated by means of a finite difference 
approximation of the heat transfer equation. 

Figure 4:1 shows calculated and measured temperatures, at a depth of 20 mm, for the test 
section having totally 350 mm of unbound base course and asphalt concrete as a cover of the 
exclay. In order to find a value corresponding to the degree of risk for surface icing, the 
number of hours with pavement surface temperature below 0 °C was calculated. This was 
performed running the simulation model, for the period October 6 t h to March 18th, for the 
insulated section and for the section without insulation. The calculated number of hours was a 
bit lower than the measured ones. The difference between the calculated and measured 
number of hours, with surface temperature below 0 °C, was approximately 5% for the section 
without insulation and 8% for the insulated section. 

°C Measu red and calculated tempera tu res at dep th 20 m m 

14 dec 19 dec 24 dec 29 dec 3 jan 8 jan 13 jan 18 jan 23 jan 28 jan 2 feb 

Figure 4:1. Calculated and measured pavement temperatures for exclay+350mm structure in 
December and January at a depth of 20 mm below the road surface. 
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PAPER I V 

5. Temperature calculations for asphalt pavement at FWD analysis 

Submitted to the journal 'Road Materials and Pavement Design' March 2002. 

As asphalt layer characteristics are strongly influenced by pavement temperatures, the use of 
falling weight deflectometer (FWD) testing of pavements, demands a convenient and accurate 
method for the calculation of asphalt concrete (AC) temperatures. The methods used, usually 
calculate AC temperature at mid-depth, or one-third depth, to represent the AC layer. Several 
methods have been in use, the most well known are Southgates method, Southgate (1968) and 
BELLS method, Stubstad (1994). The BELLS method is similar to the method of Southgate, 
and uses the air temperature during five days and the time of the day when measuring takes 
place. It also includes the surface temperature, measured at the time for which the AC layer 
temperature is to be calculated. In Lukanen (2000) there is an improved version, the BELLS3 
method. In BELLS3 method the regression coefficients are updated, the sine functions are 
modified and the input of air temperature is for one day only. However, BELLS original 
method is still the one most commonly used. Unfortunately, none of these methods accurately 
calculates AC temperatures for both cloudy and sunny days. The methods especially reveal 
shortcomings when the AC surface temperature rapidly drops due to temporary cloudiness 
during otherwise sunny days. 

Therefore, in Paper IV, a method is proposed which uses a series of measured AC pavement 
surface temperatures. The measured surface temperatures are used together with a finite 
difference approximation of the heat transfer equation to calculate the AC layer temperature 
distribution. The measuring series of surface temperatures, e.g. starts at 8 a.m., and is then 
completed in connection to the FWD testing. The method then calculates the temperature 
distribution for the AC layer for all points of the time of the day for which FWD analysis is to 
be performed. 

As the method uses surface temperatures only, this means that weather statistics need not be 
known. Using for example the BELLS method one has to know the air temperatures during 
the previous five days, and for the BELLS3 method the air temperature during the previous 
day has to be known. 

In the method presented in Paper IV, the pavement profile is divided into cells to a depth of 
five meters below the surface where the temperature is supposed to be constant. The 
temperature here is set to a value of the mean annual air temperature at the location. Each cell 
is assigned a temperature at the start of the calculation and a new temperature is calculated for 
each cell - several times for each simulated hour. The procedure is a finite difference 
approximation of the one-dimensional heat transfer equation [1 ] . 

du d2u 

a7 = a r v [ 1 ] 

where u(t,x) is temperature, a is thermal diffusivity, t is time and x is the depth. 

Figure 5:1 shows the computer screen picture displayed during the calculation procedure. The 
presented computation result is obtained from a simulation carried out for a road located in 
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southern Sweden, on June 24, 5 p.m. The pavement surface has just cooled down somewhat 
due to a cloud. 

Figure 5:1. The picture displayed during calculation. The line corresponds to the calculated 
temperature distribution in the AC layer. 

As there is a certain amount of inertia in the change of pavement temperatures, it is important 
to start simulation with a reasonable initial pavement temperature distribution. To get this 
initial distribution, a set up procedure is used including the measured 8 a.m. surface 
temperature. 

In Figure 5:2 the calculation was started in accordance with this procedure, for 8 a.m. on the 
first day. As a typical FWD testing in most cases is conducted during one day only, the 
calculation was restarted for every day at 8 a.m., using the set up procedure, and continued 
until 8 a.m. for the following day, without passing any information about temperatures from 
one day to the next. In Figure 5:2 the restarts can be identified as sudden jumps corresponding 
to 8 a.m. 
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Figure 5:2. Calculated and measured pavement temperatures versus time, at a depth of 
120 mm. Calculation was restarted corresponding to 8 a.m. every day. (Fastarp June - 2000). 

When using the presented method, it is essential that the surface temperature measurement 
starts early in the morning, before the sun has significantly heated up the AC layer. As this is 
not always possible to obtain, a special start up procedure is proposed. This should be used i f 
the measuring series lacks the early morning temperature data. 

The measuring series of surface temperatures has to be representative to points where the 
FWD measurements are to be performed. If, for example, both shaded and unshaded parts are 
included in the section for FWD testing, several measuring series of surface temperatures 
must be used. 

The proposed method can, according to comparisons with field measurements, model the 
temperatures of the pavement at different levels with very good accuracy. In Figure 5:2 the 
striking correlation between measured and calculated temperatures is obvious. When 
comparing measured and calculated temperature for different sections, every 30 minutes, for a 
time period of totally 23 days, an average error of less than 1 °C was obtained. The maximum 
eiror 2.6 °C, was found at 8 a.m., at the start of measurements and this error then decreased to 
1 °C within one hour. The measured data included temperatures for the levels from 10 to 200 
mm below the surface and included measurements from cloudy, as well as sunny days. 

Using a series of measured surface temperatures together with heat transfer calculations, as 
proposed in Paper IV, seems to give a more accurate result than BELLS and BELLS3 
methods. 
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Temperatures calculated with the BELLS method 

The BELLS method, Stubstad (1994) uses the previous 5-day air temperature, the mean of 5 
highs and 5 lows, together with time of day and the surface pavement temperature. In 
Figure 5:3, temperatures calculated with the BELLS method are shown for the depth of 80 
mm together with the measured temperatures at the same depth and the pavement surface 
temperature. As can be seen, temperatures calculated with the BELLS method, follow fairly 
well those measured during sunny days, i.e. June 23 and June 24. On the other hand, the 
temperatures calculated with the BELLS method during the first part, the cloudy days, of the 
studied period are unreasonable. For example, during the third day, the maximum 80 mm 
temperature is higher than maximum surface temperature of the day, which must be 
considered as unreasonable. 

Figure 5:3. Surface temperature, measured and calculated pavement temperatures at a depth 
of 80 mm versus time. Calculations according to BELLS method. (Kolmården June - 2001) 

Temperatures calculated with the BELLS3 method 

The BELLS3 method, Lukanen (2000), uses the previous day mean air temperature together 
with time of day and the surface pavement temperature. BELLS3 method is a significant 
improvement of the original BELLS method. To visualize how the BELLS3 method 
calculates the delay with depth, calculated temperatures, for an increased depth of 130 mm, 
are shown in Figure 5:4, together with the measured temperatures. It can be seen in 
Figure 5:4, that measured temperatures at depth 130 mm, lag behind calculated temperatures. 
This is obvious for the afternoon of the sunny day, the fourth day, where the deviation 
between measured and calculated temperatures reach above 4 °C. 
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BELLS3 method Kolmården 130 mm 

Figure 5:4. Measured and calculated pavement temperatures at a depth of 130 mm versus 
time. Calculations according to BELLS3 method. (Kolmården June - 2001) 
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P A P E R V 

6. Laboratory Findings on Frost Heave Rate versus Freezing Rate 

Submitted to the journal 'Cold Regions Science and Technology' April 2002. 

To get a better understanding of the freezing process and to calculate the amount of heave it is 
necessary to understand the nature of frost heave rate. In Paper V the relation between frost 
heave rate and heat extraction rate at the frost front is studied and discussed. The relationship 
was studied by performing freezing tests in laboratory. All tests were carried out on one and 
the same type of soil, i.e. a highly frost susceptible medium silt. Silt is common in Sweden 
and causes most of the frost-related problems for roads. 

The overall focus in this thesis, is on thermal and frost related problems related to road 
construction. Roads are usually well-drained constructions, and therefore the ground water 
table is normally located some distance below the road embankment. In order to simulate 
these conditions in laboratory, a specially designed freezing test equipment has been used, 
Hermansson (1999). In this, the position of the ground water table is clearly separated from 
the freezing front. The frost heave behavior under these conditions is the major objective of 
the study presented in Paper V. 

Freezing tube 

The laboratory freezing testing device was developed by the author during 1998, 
Hermansson (1999). Freezing tests are normally performed on very small samples, typically 
being approximately 100 mm high, and for practical reasons they are in many cases cooled 
from bottom and up, and water is added from the top. This is in contrary to what applies in 
nature, where the cold comes from above and the supply of water is from below in the form of 
ground water. To consider moisture transport in connection with freezing, an equipment was 
therefore constructed for samples approximately 600 mm high, where heat is extracted and 
water is added from the "right" direction. 

The equipment is designed for a minimum distance of 500 mm between the frost front and the 
ground water, and consists of two Perspex tubes, with an internal diameter of 122 mm, see 
Figure 6:1. One of the tubes, named the suction tube, is 480 mm long. In this, the outer 
diameter has been decreased by 5 mm for the upper 100 mm. The other tube, the cap, is 200 
mm long, and its inner diameter has been increased in order to get the cap to slide fit over the 
upper part of the suction tube. The cap is equipped with 24 silicon temperature sensors. 

Undisturbed soil sample is pressed into the suction tube so it reaches 110 mm above the top of 
the tube. Surplus material is trimmed at the bottom of the tube. The cap is placed on the 
sample and the lid of the cap rests on the sample without the cap bottoming against the flange 
on the suction tube. This design allows the sample to freeze within the cap, which will be 
lifted without any resistance from adfreezing. 

Water can be taken up freely by the sample through the suction tube. 
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It is often concluded that heave rate is proportional to heat extraction e.g. see 
Knutsson (1998). According to Loch (1979) such proportionality was supported by 
Kaplar (1970) and Penner (1972). The study presented in Paper V shows, however, a different 
behavior for the freezing soil, where such proportionality can not be found. Laboratory tests 
performed on more than 500 mm high specimens of medium silt show that frost heave rate 
increases only marginally with heat extraction rate at the frost front for tests where the frost 
penetrates continuously over longer periods. Beskow (1935) presents similar results from 
freezing tests where constant heave rate is observed during varying high heat extraction rate. 
This is in contradiction to, among others, Knutsson (1998) and Penner (1972). 

In addition, in Paper V, tests are presented where heat extraction rate is varied between a low 
and a high level, at short time intervals. Here, contrary to the above, a strong dependence 
between heat extraction rate and heave rate is observed. During short moments heave rate can 
then widely surpass the one obtained persistently. 

As heat capacity, of mineral particles and water, is small compared to latent heat of water, the 
freezing of water is the clearly predominant term in the heat balance. This means, that the heat 
extracted to freeze water for heaving and frost penetration, respectively, are the two main 
terms. The relation between heaving and frost penetration is determined by these terms, and 
the relation between frost heave rate and heat extraction rate also determines indirectly how 
frost heave rate is related to frost penetration rate. An assumption about proportionality 
between heave rate and heat extraction rate implies, for example, that the ice lenses would be 
spread evenly through the entire frozen soil. Whereas, an assumption about a more constant 
heave rate, would correspond to a denser formation of ice lenses at a lower heat extraction 
rate. 

Freezing tests 

In order to study the relation between heave rate and heat extraction rate, it would be desirable 
to both control and measure heat extraction at the frost front during a freezing test. Neither of 
these is easily done. The cooling rate at the end of the sample can be fairly well controlled and 
measured, but this does not say very much about heat extraction rate at the frost front. Instead, 
in the tests presented in Paper V, frost penetration rate has been kept constant. In a 
homogeneous sample with uniform water saturation, a constant frost penetration rate should 
correspond to constant heat extraction rate at the frost front. Frost penetration rate is measured 
using the 24 silicon temperature sensors in the cap, and a computer controls the rate of frost 
penetration. The algorithm used to keep frost penetration rate constant is presented in 
Paper V. 

In a test series, a sample was mounted in the equipment and subjected to 8 cycles of testing. 
Each cycle involved freezing and thawing, automatically controlled by a computer. Frost 
penetration rate was varied between a high and a significantly lower level every second cycle. 
The high frost penetration rate was 2.5 times higher than the lower one. In Paper V, the 
difference in heat extraction rate at the frost front is analyzed and discussed in relation to the 
difference in frost penetration rate. Reasonably, a significant difference in heat extraction rate 
at the frost front is found, when frost penetration rate is changed by the factor 2.5. From the 
tests, on the used, highly frost susceptible medium silt, it is concluded that heave rate is 
almost independent of heat extraction rate at the frost front. This is valid for situations where 
the frost penetration rate is constant over longer periods of time. 

Another test also presented in Paper V, is performed with varying penetration rate during one 
freezing cycle. The heat extraction rate at the top of sample is then altered every five hour, 
between a high and a low level. In contrary to the above, heave rate then shows a strong 
dependency of heat extraction rate. 
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It is then concluded in Paper V that heave rate is almost independent of heat extraction rate 
over longer periods of continuous frost penetration but heave rate varies with heat extraction 
rate over short periods. The explanation presented to the varying rate, is that the heaving, and 
growing ice lenses, consumes a lot of water. Periods of high heave rate thus results in a lower 
degree of water content for the material just below the freezing front. The decreased water 
content causes the transport of water towards the freezing front to continue also during short 
periods of low heat extraction rate and creates a supply of water for a quick heaving when 
heat extraction is increased. 

It is often assumed that heave rate is proportional to heat extraction rate at the frost front. In 
Paper V a line of argument is presented that such an assumption would imply that ice lenses 
are uniformly distributed over the frozen soil. This contradicts what is often observed, that ice 
lenses accumulate more densely during periods of low heat extraction. Beskow (1935) 
describes a denser accumulation of ice lenses during mild periods. According to Williams and 
Smith (1989), Taber was among the first to describe this in detail. 

In Paper V, it is also shown that heave rate, during freezing tests on medium silt, has a weak 
relation to the overload. The load was varied in the interval 8.4 - 25.2 kN/m 2. 
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P A P E R V I 

7. Field Observations on Frost Heave Rate versus Heat Extraction Rate 

Submitted to the journal 'Cold Regions Science and Technology' April 2002. 

In Paper V it was described how freezing tests were performed to study the relation between 
heave rate and heat extraction rate in laboratory. The aim of the study presented in Paper VI is 
to verify the findings, found in laboratory, with field observations. The study presented in 
Paper VI therefore is based upon records of frost heave and temperature measurements in a 
pavement and the underlying sub-base. 

Measuring equipment 

The Swedish National Road and Transport Research Institute has developed a special device, 
STÖR96, in order to measure continuously and automatically frost depth, frost heave and 
groundwater level. The device is designed as a rod and consists of mainly three parts - soil 
anchor, intermediate part and upper part (hat), Figure 7:1. 

At installation, a hole to a depth of approximately 4.6 m is drilled. The soil anchor is anchored 
in the bottom of the hole, the intermediate part is threaded on to the anchor, and finally the hat 
is connected to the intermediate part. The hat is equipped with a horizontal plate, which 
makes it heave in the same extent as the pavement surface. The hat and the anchor are 
telescopically mounted in the intermediate part. 

Figure 7:1. STÖR96, developed to measure frost heave of pavement surface, water table and 
temperatures at every 50 mm. 
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During frost heave, the hat first heaves in relation to the intermediate part. At greater frost 
depths, the frozen soil catches hold of the intermediate part and heaves it and the hat in 
relation to the anchor. Both these two relative movements are registered by means of position 
transmitters and are added in order to obtain the total heave. That is, the equipment records 
the total heave, with no information about the depth where the heaving occurs. Moreover, 
there are silicon temperature sensors and sensors of groundwater along the hat and along the 
intermediate part, on every 5th cm, down to a depth of 4 m. However, the construction 
involves an interval without sensors, having a length of what the hat heaves in relation to the 
intermediate part. The grading in temperature readings are 0.01 °C and in heave 0.01 mm, 
respectively. 

STÖR96 was mounted in the autumn 1999 in a paved road situated 40 km west of Sundsvall, 
Sweden, at a latitude of 56 °N. Since then records have been taken every winter season. 

Heave rate versus heat extraction rate at the frost front 

As sensors are mounted at every 50 mm along the rod, the temperature change can be 
followed very accurately, in frozen as well as in unfrozen zone. When calculating heat 
extraction rate at the frost front, the flow of heat is calculated in both zones, using the 
measured temperature gradients in combination with thermal conductivity. 

In Figure 7:2, data from the period December 27 - March 6, 2000 have been used to study 
how heave rate of pavement surface depends on heat extraction rate at the frost front. During 
the entire time period, the heave registered every 12th hour, has been increasing. In the figure, 
the calculated heat extraction rate at the frost front is shown together with heave rate of the 
surface versus time. 

Figure 7:2. Measured heave rate and calculated heat extraction rate at the frost front versus 
time, year 2000. 
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In Figure 7:2 it is clearly shown that there exists a dependency between the heat extraction 
rate and heave rate. When heat extraction rate increases the heave rate increases and vice 
versa. 

In order to further illustrate how the heave rate varies with the heat extraction rate, Figure 7:3 
shows the quota between heave rate and heat extraction rate versus heat extraction rate. 
Figure 7:3 indicates that this quota decreases with increasing heat extraction rate, even though 
this decrease is not very strong. A high heat extraction rate thus gives comparatively lower 
heave rate. If heave rate were proportional to heat extraction rate, the quota should be 
constant. 

(Heave rate/heat extraction rate) versus heat 
extraction rate - year 2000 

5 10 15 20 25 30w/m 2 

Figure 7:3. The quota (heave rate)/(heat extraction rate) versus heat extraction rate, year 2000. 

Figure 7:2 indicates quite strongly that there is proportionality between heat extraction rate at 
the frost front and heave rate at the surface. However, in Paper V it is instead concluded, 
based on freezing tests performed in laboratory, that heave rate is fairly independent of heat 
extraction rate at the frost front. In Paper V, results from freezing tests are presented in which 
frost penetration rate has been kept constant during long periods. Great differences in constant 
frost penetration rates have then turned out to give marginal changes in heave rate. However, 
when heat extraction rate was varied between a high and a low level every 5th hour, during 
the freezing tests, great variations in heave rate were recorded. In Paper V it is thus 
hypothesized that during periods with low heave rate, a surplus of water is accumulated close 
to the frost front, which causes temporarily high heave rates when heat extraction rate at the 
frost front increases. This hypothesis is supported from information in Figure 7:3. There it is 
shown a comparatively higher heave rate at low heat extraction rates. During periods with low 
heat extraction rate it is thus comparatively easier to obtain frost heave. A conclusion from 
Figure 7:3 may be that the available amount of water limits the heave rate at high heat 
extraction rates. This supports the hypothesis in Paper V, that during periods with low heave 
rate a surplus of water is accumulated close to the frost front, i.e. at low heat extraction rates 
there is unlimited water available for the heaving. In the conclusion of Paper V it is stated, 
that there seems to be a maximum heave rate that can be surpassed temporarily, but not 
persistently. The tests presented in Figure 7:2 may correspond to the tests with varied frost 
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penetration rate, presented in Paper V. Thus the observation here, that heave rate varies over 
short periods of time, agrees with the observations in Paper V. However, the variation shown 
here is much slower than the variation in the tests presented in Paper V. 

In Paper V I it is also pointed out, that during longer periods of continuos frost penetration, 
heave rate is fairly constant in average, Figure 7:4. This is also in accordance with 
observations from freezing tests presented in Paper V. Figure 7:4 shows heave at the surface 
and pavement temperature close to the surface. The slope of the heave trace corresponds to 
heave rate. Heave rate does vary with temperature but is fairly constant in average, though 
temperature varies between -17 °C and -1 °C. 

Figure 7:4. Measured frost heave and pavement temperature, 50 mm below pavement surface, 
year 2000. 
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PAPER V I I 

8. Water Uptake in Variably Saturated Freezing Aggregate Base Materials 

Submitted to the TRB annual meeting 2003. 

Because of the potential for frost heave damage in pavements constructed in cold climates, the 
study of moisture flow in freezing soils and aggregates has been the focus of substantial 
research. The redistribution of water that occurs in pavement base layers upon freezing 
impacts pavement performance from two perspectives. During freezing, water transport 
affects the heave rate, and, during thawing, the accumulation of meltwater in the upper 
roadbed causes a markedly reduced bearing capacity of the pavement. 

In explaining the frost heave behavior of freezing soils, some authors have assumed that frost 
heave is directly related to the uptake of new water, Penner (1960), Penner(1972), 
Loch (1979) and Konrad (1984). That is, in laboratory test analyses, frost heave is completely 
attributed to the freezing of incoming water. Consequently, considering the nine percent 
expansion of water upon freezing, the volumetric heave is presumed to be larger than the 
volumetric water uptake by a factor of 1.09. 

However, in natural environments where soils are variably saturated, this simple approach 
does not adequately describe the relationship between frost heave and water uptake during 
freezing, nor docs it account for the redistribution of water that can give rise to measurable 
frost heave without the addition of any water at all. Paper V l l provides a brief overview of 
frost heave concepts relating to unsaturated soil conditions, describes the laboratory 
methodology employed in this study, and discusses results from frost heave tests recently 
conducted at the Texas Transportation Institute (TTI) on 71 variably saturated specimens 
representing aggregate base materials from Indiana, Minnesota, Pennsylvania, Texas, and 
Virginia. 

Because water expands nine percent upon freezing, a ratio of 1.09 would indicate that all 
incoming moisture contributes to frost heave upon freezing. Lesser ratios suggest that 
sufficient porosity exists in the sample matrix to allow the formation of ice without causing 
frost heave, and higher ratios designate samples which are nearly saturated or which 
experience substantial upward redistributions of existing water during the initial freezing 
process that give rise to measurable heave even before additional water is imbibed by the 
sample. For the freezing tests presented in Paper VII , heave-uptake ratios as high as 2.24 were 
calculated. Further research is needed to develop models that accurately predict this transient 
flow of water in freezing soils and aggregates. 

While many researchers have assumed that frost heave is directly related to the uptake of new 
water, this work demonstrates that the ratio of volumetric heave to volumetric water uptake 
can vary significantly from soil to soil. Materials that experience significant frost heave will 
have higher heave-uptake ratios than those that are less frost susceptible, Figure 8:1. These 
results support the assertion that the heave-uptake ratio of a given soil or aggregate depends 
upon its frost susceptibility, or upon the magnitude of the frost heave it experiences, and are 
consistent with the recent findings of other similar studies, Hermansson (2000:2) and 
Hermansson (2000:3). 
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Figure 8:1. Variation in heave-uptake ratio with frost heave. 

Test Procedures 

The laboratory test program included 71 specimens representing aggregate base materials 
from Indiana, Minnesota, Pennsylvania, Texas, and Virginia. Samples were tested in standard 
plastic cylinders of 152.4-mm inside diameter and 304.8-mm height. At approximately 6 mm 
above the outside bottom of the mold, 1.6-mm-diameter holes were drilled around the 
circumference of the mold at a horizontal spacing of 12.7 mm. One hole was also drilled in 
each quadrant of the bottom of the mold about 50 mm from the center. 

Aggregate samples were scalped on the 25-mm sieve and compacted at optimum moisture in 
four lifts of 50 blows each with a 4.5-kg hammer dropped from a height of 457 mm to a 
finished height of about 200 mm inside the pre-drilled mold. After drying at 40 °C for four to 
six days, the specimens were placed in a 12.7-mm-deep bath of distilled water at room 
temperature for a 10-day soak period as shown in Figure 8:2. The moisture profiles developed 
at the end of this conditioning were considered representative of those likely to exist in the 
field, given the availability of moisture. Specimen weights and surface dielectric values were 
monitored during soaking to assure equilibration of the moisture profile by the end of the 
conditioning period. 

Afterwards, the specimens were moved with the water bath to an environmental chamber 
maintained at -17 °C for continued soaking and frost heave measurements through another 
period ranging from 9 to 62 days. As shown in Figure 8:3, styrofoam insulation was added 
around the samples to control the direction of frost penetration. 

The air temperature in the environmental room and the water temperature in the bath were 
checked regularly, with the latter being consistently around 5 °C for the duration of the 
testing. With this testing arrangement, surface temperatures just under the sample covers 
usually did not descend below -3 °C, likely due to constant heat conduction from the bath 
upwards through the samples. Thus, the maximum temperature gradient in the specimens was 
about 0.4 °C/cm. The bath water level was also monitored throughout the testing. At the 
conclusion of frost heave testing, specimens were weighed to determine the amount of water 
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uptake that occurred in each, and then the samples were oven-dried to facilitate computation 
of moisture contents before and after freezing. Some samples were also subjected to specific 
gravity testing for determining the degree of saturation before freezing. 

Figure 8:2. Specimen conditioning. 

Figure 8:3. Insulation used for frost heave testing. 
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PAPER V I I I 

9. Determining Aggregate Frost Susceptibility with the Tube Suction Test 

Accepted for presentation at the American Society of Civil Engineers Eleventh International 
Conference on Cold Regions Engineering, 2002 

If constructed of moisture susceptible materials, pavements subjected to moisture ingress can 
sustain damage under trafficking when the induced stresses exceed the reduced strength of the 
material. In Texas, this is a primary distress mechanism. Moisture damage can be more 
pronounced in cold climates, where the formation of ice lenses in moisture susceptible layers 
can cause frost heave of the road structure and supersaturated conditions upon thawing. 
Moisture susceptibility has been the focus of recent Tube Suction Test (TST) validation 
studies, Saarenketo and Scullion, (1995) and Guthrie and Scullion, (2000). The TST was 
developed in a cooperative effort between the Finnish National Road Administration and the 
Texas Transportation Institute (TTI) for assessing the moisture susceptibility of aggregate 
base materials, Scullion and Saarenketo (1997). The moisture susceptibility ranking is based 
on the mean surface dielectric value of compacted specimens after a 10-day capillary soak. 
The dielectric value is most sensitive to the amount of unbound water that exists close to the 
surface of the aggregate matrix. The performance of a material in the TST is largely 
dependent upon the amount and quality of its fines and upon its salinity, which both affect its 
affinity for water. The testing presented in Paper VIII includes readings of dielectric value as 
well as electrical conductivity (cr). The dielectric value is sensitive to the amount of unbound 
water and electrical conductivity is sensitive to salinity. While good quality aggregates 
maintain a strong moisture gradient throughout the test, poor quality materials experience 
substantial moisture ingress and generally develop a more or less uniform moisture profile 
during soaking, Guthrie et al, (2001). 

The normal procedure used to determine frost susceptibility of soils is to perform freezing 
tests and measure frost heave or heave rate. Freezing tests, however, are much more 
complicated to perform than TST. For this reason, the purpose of the research, presented in 
Paper VII I , was to investigate the relationship between the final dielectric value at the surface, 
after a 10-day capillary soak in the TST, and the frost heave behavior of aggregates. I f 
correlation is found strong, TST can, in some extent, replace expensive freezing testing. 

Paper VII I first addresses principal factors influencing the moisture and frost susceptibility of 
aggregate base materials and discusses the implications of dielectric and electrical 
conductivity measurements used to characterize materials in the TST. Laboratory procedures 
are then described, followed by an analysis of test results. The laboratory test program 
included 35 specimens representing 10 aggregate base materials from Indiana, Minnesota, 
Pennsylvania, Texas, and Virginia. Each sample was subjected to the TST and afterwards to a 
frost heave test developed at TTI. Sample volumetrics were computed and compared for post-
TST and post-freezing conditions. The testing was performed at TTI. 

In the study, aggregates classified in the TST as good performers did not experience 
significant frost heave, while several materials with higher dielectric values, i . e. higher 
content of water after the TST, exhibited substantial amounts of heave, Figure 9:1. These 
latter specimens were characterized by greater percentages of fines and higher porosity (rj). 
Aggregate samples with high salinity, high ( c t ) , also had high dielectric values in the TST, 
but were generally less frost susceptible than other high-dielectric specimens, possibly due to 
the depression of the freezing point caused by the salts. 
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Figure 9:1. Variation in frost heave. 

Tube Suction Test 

TST samples were tested in standard plastic cylinders of 152.4-mm inside diameter and 
304.8-mm height. At approximately 6 mm above the outside bottom of the mold, 1.6-mm-
diameter holes were drilled around the circumference of the mold at a horizontal spacing of 
12.7 mm. One hole was also drilled in each quadrant of the bottom of the mold about 50 mm 
from the center. 

Aggregate samples were then scalped on the 25-mm sieve and compacted, at optimum 
moisture in four lifts of 50 blows each with a 4.5-kg hammer dropped from a height of 
457 mm, to a finished height of about 200 mm inside the pre-drilled mold. After drying at 
40 °C for four days, the specimens were placed in a 12.7-mm-deep bath of distilled water at 
room temperature for a 10-day soak period. Figure 8:1 depicts the standard TST arrangement. 

The dielectric value and electrical conductivity were monitored daily with the Adek 
Percometer™, Figure 9:2. 

The Percometer™ operates at 50 MHz, with the electrical field generated between a central 
node and an outer ring arranged in coaxial fashion. The electrical field extends beyond the 
face of the probe so that dielectric measurements are sensitive to a depth of approximately 25 
mm while being completely non-destructive. For materials with high suction and sufficient 
hydraulic conductivity, substantial amounts of unbound water rise within the aggregate matrix 
during soaking. This leads to higher dielectric values in the TST. Conversely, non-moisture-
susceptible materials maintain a strong moisture gradient throughout the test, with little 
moisture reaching the surface, and have therefore lower dielectric values at the end of the 
TST, Guthrie et al (2000). 

Six dielectric readings and six electrical conductivity readings were taken at each 
measurement time, with five around the perimeter of the sample and the sixth in the center. 
The highest and lowest readings were discarded as a means of reducing variability caused by 
surface imperfections, and the remaining four were averaged. 
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Figure 9:2. Using the Adek Percometer . 

The interpretation of TST results is based on an empirical relationship between the final 
dielectric value and the expected performance of aggregate base materials. The relationship 
was developed from test results obtained for Texas and Finnish aggregates, Scullion and 
Saarenketo (1997). Aggregates whose final dielectric values in the TST are less than 10 are 
expected to provide superior performance as base materials, while those with dielectric values 
above 16 are expected to provide poor performance. Aggregate having final dielectric values 
between 10 and 16 are expected to be marginally moisture susceptible. 

Frost Heave Test 

At the conclusion of the TST, specimens were placed in an environmental chamber 
maintained at -17 °C for continued soaking and frost heave measurements through another 
10-day period. As shown in Figure 8:3, styrofoam insulation was added around the samples to 
control the direction of frost penetration, and thermostat-controlled heat tape was utilized in 
the water bath to keep the water from freezing during the test. 

A rigid plastic cover with a shallow, 2-mm-diameter hole drilled in the center was placed on 
the surface of each aggregate sample to facilitate frost heave measurements. In this way, 
differential frost heaves within a sample were automatically averaged in a single 
measurement. Measurements of the heave were made with a digital caliper to a precision of 
0.0025 mm. 

The air temperature in the environmental room and the water temperature in the bath were 
checked regularly, with the latter being consistently around 5 °C for the duration of the 
testing. With this testing arrangement, surface temperatures just under the sample covers 
usually did not descend below -4 °C due to constant heat conduction from the bath upwards 
through the samples. This equates to a maximum temperature gradient of about 0.45 °C/cm in 
each specimen. 
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10. F U T U R E R E S E A R C H 

Frost model 

It is often assumed that frozen soil is fully saturated with water. The observations and 
calculations presented in Papers V, V I and VII indicate that the unfrozen soil below the frost 
front is far from saturated. The low degree of water saturation is explained by redistribution of 
water in the soil during the freezing process. To further highlight this, it would be of great 
importance to investigate the amount of air in frozen frost susceptible soil in order to 
understand the amount of water transported to the frozen soil. 

Within the presented research there has been no possibility to study a wide range of different 
soils. It is therefore planned to perform freezing tests on a variety of frost susceptible soils to 
find out heave rates for soils other than silt. 

The saw-teeth like frost propagation curve presented in Paper VI , will be followed up through 
more detailed studies to find out i f release of latent heat in water can explain the observed 
behavior. 

It is planned to put some effort in investigating the ability of existing frost models to describe 
the impact of frost susceptibility on the heave-water uptake ratio, discussed in Paper VII . 

It would be interesting to find out why field measurements obtained by STÖR96, as presented 
in Paper VI , show completely different heave rate different years, at the same location. 

Furthermore, research should be done to find out i f it is possible to achieve heave rates in 
laboratory that is in the same range as those observed in field. The freeze-thaw cycles, 
presented in Paper V, does not include the first cycles. When comparing field tests with 
freezing tests in laboratory, the best agreement perhaps is achieved for the very first freeze 
cycle when the sample still is naturally saturated. 

Evaluation of the validity of the Tube Suction Test, presented in Paper VII I , for classifying 
frost susceptibility for typical Swedish soils, should be of great interest. 

Pavement temperatures 

After the presentation of Paper IV at TRB 2002 it was discussed how shading affects the 
calculation of pavement temperatures needed for the falling weight deflectometer analysis. 
This will be studied June 2002 and reported to the TRB annual meeting 2003. 

The start up procedure presented in Paper IV requires a series of measured temperatures. This 
series must start not later than 10 a.m. Research is needed to find out procedures to overcome 
the need for early morning temperatures to be used as start up procedure for temperature 
calculations. A start up procedure to be used when morning temperatures are missing is 
planned to be presented at the TRB 2003. 
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ABSTRACT 

A simulation model has been developed to calculate the temperatures of the pavement during 
summer condition. Input data to the model are hourly values for solar radiation, air temperature 
and wind velocity. Longwave radiation incident to and outgoing from the pavement surface, is 
calculated from the air and pavement surface temperatures, respectively. The portion of the 
incident shortwave radiation absorbed by the pavement surface is calculated from the albedo of 
the surface. By means of a finite difference approximation of the heat transfer equation, the 
temperatures under the surface are calculated. Convection losses from the pavement surface are 
also calculated based on wind velocity, air temperature and surface temperature. The model is 
validated by using data from 12 different sections in the LTPP program. 

One set of parameter values for albedo, emissivity, longwave counter radiation and convection 
losses giving a good correspondence for asphalt concrete and one for cement concrete are given. 

The formulas used in "Superpave" to calculate maximum pavement temperatures are based on 
the assumption that there is an equilibrium when a maximum temperature is reached. Such an 
equilibrium assumption can strongly be questioned. The author instead suggests, that the 
proposed simulation model can be used to calculate a maximum temperature of a pavement. 
Either by calculating a maximum solar radiation, or, as is suggested in the present paper, by using 
weather data. Then, sets of calculation parameters are used for asphalt concrete and cement 
concrete pavements respectively. The parameters are obtained by analyzing several years weather 
data and the corresponding pavement temperature information. 

Key words: 
Pavement temperatures 
Maximum temperature 
Simulation model 
Superpave 
LTPP 
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INTRODUCTION 

In a road construction, the asphalt concrete pavement is exposed to great strains and stresses. 
Above all, heavy vehicles put forward strong demands for pavement properties. The traffic 
affects the asphalt concrete in different ways during summer and winter. During winter it is 
relatively hard and cracks can arise as frost cracking or as temperature cracks when the pavement 
shrinks longitudinally. During the summer it is softer, and during strong sunshine, the risk is high 
that heavy vehicles cause rutting due to plastic deformation. Consideration should therefore be 
taken to the lowest and highest expectable temperatures of the asphalt concrete. These 
temperatures of course differ dependent on the weather conditions at different locations. 

In the USA, a binder and mixture specification for pavement design, Superpave (10) was 
developed under the Strategic Highway Research Program (SHRP). Superpave is supposed to be 
able to be applied over the whole North-American continent for paving measures. In addition to 
traffic parameters, the lowest and highest pavement temperatures are also included. 

Theories for longwave radiation and shortwave radiation in the atmosphere and the interaction 
of the radiation with the earth surface have been thoroughly treated by a number of authors, e.g. 
Kreith (6), Sellers (8), Geiger (2) and others. Barber (1) was one of the first to develop a specific 
model for the calculation of pavement temperatures. He suggested a thermal diffusion theory, 
using daily radiation and its effect on the mean effective air temperature. Rumney and 
Jimenez (7) developed a method using empirical nomograhs to predict pavement temperatures at 
a depth of 2 in. These graphs were based on pavement temperature measurements in combination 
with hourly measurements of air temperature and solar radiation. To calculate maximum 
pavement temperatures, Solaimanian and Kennedy (9) proposed a model using calculated 
maximum solar radiation and measured high air temperatures. However, these models do not 
treat the problem in a physically correct way. The most spread model, being that of Solaimanian 
and Kennedy (9), is based upon the assumption of equilibrium when the highest temperatures are 
present, which is an erroneous assumption according to the authors opinion. Such an assumption 
means, according to the author, a strong overestimation of the maximum temperature, which is 
corrected by assuming a wind speed of 4.5 m/s, see Hermansson (4) and Hermansson (5). 

The simulation model proposed in this paper is based on formulas for convection, shortwave 
and longwave radiation as described by Solaimanian and Kennedy (9). It also contains a finite 
difference approximation for the calculation of heat transfer down into the pavement and 
underlying sub-grade. Input data to the model are hourly values for solar radiation, air 
temperature and wind velocity. For the heat transfer calculation, the porosity and the degree of 
water saturation of the different layers below the pavement surface are also needed. 

When validating the simulation model by comparing the output data with measured pavement 
temperatures, measured climate data values are used as input. For the calculation of maximum 
pavement temperatures, a method for computing direct solar radiation, is described in 
Hermansson (4) and Hermansson (5). It gives the direct solar radiation from a clear sky at an 
optional time and location, and this can be used to create climate data, when calculating 
maximum pavement temperatures in the model. 

In this paper, another method is suggested, involving weather data from several summers as 
input data. In Superpave (10), the formula described by Solaimanian and Kennedy (9), is used, 
when calculating the maximum pavement temperatures. This procedure can, however, be 
significantly improved by using the model proposed in this paper. 
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T H E O R Y 

Radiation balance 

Outgoing longwave radiation 

The earth surface is assumed to emit longwave radiation as a black body. Thus, the outgoing 
longwave radiation follows Stefan-Boltzman law, eq (1), see i . e. Solaimanian and Kennedy (9), 
Kreith (6), Sellers (8) and Gustafson (3). 

where qr is the outgoing radiation in Wim1, e emission coefficient, o is Stefan-Boltzman 

constant 5.68*10"8W/(w2A'4)and Ts is the temperature of the surface in K. 

Longwave counter radiation 

The atmosphere absorbs radiation and emits it as longwave radiation to the earth, so-called 
counter radiation. Counter radiation absorbed by the pavement surface can be calculated as 
proposed by Solaimanian and Kennedy, eq (2). 

where qa is absorbed counter radiation in WI m2 ,ea describes both the pavement surface 

absorptivity for longwave radiation and the amount of clouds. This can be set to 0.7 on a clear 

day, according to Solaimanian and Kennedy, and Tajr is the air temperature in K. 

Shortwave radiation 

The surface of the sun has a very high temperature, approx. 6000 K, and it therefore emits 
radiation of high frequency (shortwave). A part of this radiation is diffusely scattered in the 
atmosphere of the earth in all directions and the diffused radiation reaching the earth is called 
diffuse incident radiation. Radiation from the sun, reaching the earth surface without being 
reflected by clouds, absorbed or scattered by the atmosphere is called direct shortwave radiation. 
The distribution of direct and diffuse radiation is dependent on the weather. Clear weather causes 
a larger portion of direct radiation, then i f the weather is cloudy. 

In the model proposed in this paper, shortwave radiation is given as input data. The solar 
radiation can be calculated as described in Hermansson (4) and Hermansson (5) or, as in this 
paper, by means of measured values. 

qr=e&rs* (1) 

9. = e . < (2) 
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Convection 

The convection losses can be calculated according to Solaimanian and Kennedy, eq (3). 

where qc is the loss energy to the air in Wim'. The parameter hc depends partly on the 

surface temperature and to the major degree of the wind velocity, eq (4). 

where U is the wind velocity in m/s and Tm is the average value of the surface and air 

temperature in K. 
The equation (4) is mainly based upon empirical relationships. 

Heat transfer 

The described phenomena gives the energy absorbed and emitted by the pavement surface. 
Heat is also exchanged with the ground below through classical heat transfer. This can be 
handled with e.g. finite difference approximations of the heat transfer equation. 

THE SIMULATION MODEL 

The simulation model uses climate data in the form of hourly values for incident shortwave 
radiation, air temperature and wind velocity. The shortwave radiation is divided into diffuse and 
direct radiation normal to the horizontal plane. The radiation data to the climate information can 
be created either from measurements, or through calculation of maximum solar radiation. During 
the simulation presented here, the direct and the diffuse parts are not separated, but the same 
portion of both is absorbed. The portion reflected is equal to the albedo of the pavement surface. 
Longwave radiation is calculated by eq. (1) and (2), and convection losses by eq. (3). 

For the calculation of heat transfer, the ground is divided into cells, thin near the surface and 
thicker at a deeper level. Each cell is assigned values of temperature, porosity and degree of 
water saturation, of which only the temperature varies during the simulation. Thermal 
conductivity and thermal capacity are calculated according to Sundberg (11) using information of 
water content, the soil material and density. 

Each cell is given a temperature at the start of the calculation. The model then calculates a new 
temperature for each cell - several times for each simulated hour. This is done in accordance with 
a generally accepted heat transfer theory, i.e. heat flows from warmer to colder cells in relation to 
temperature difference and thermal conductivity. The temperature change depends in its turn on 
the amount of energy received and the thermal capacity of the cell. 

During the calculations, the exchange of energy of the uppermost cell through the pavement 
surface in the form of radiation and convection is also handled. 

gc=K(Ts-Tair) (3) 

hc =698.24[0.001447;0 3L/ 0 7 +0.00097(7; - 7 \ , . ) 0 3 ] (4) 
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The cell division is made down to a depth of five meters below the surface where the 
temperature is supposed to be constant, at a level of 12 °C. This, probably is not correct for all the 
different locations described in this paper, but the temperature at a depth of five meters has a 
minor influence on the pavement temperatures, close to the surface, discussed here. 

INPUT DATA TO SIMULATION 

In the LTPP (Long-Term Pavement Performance) program carried out by the Federal 
Highway Administration, USA, a large quantity of pavement data are collected from a great 
number of locations, at different depths and many of them are collected every hour. Moreover, at 
some locations weather stations are registering air temperature, wind velocity and solar radiation 
etc. From the LTPP Information Management System, both pavement temperatures and weather 
data from 18 different locations have been obtained. The locations and their instrumentation are 
described on the Data Pave CD's, see www.datapave.fhwa.dot.gov. For 12 locations there were 
both continuous pavement temperatures and weather data for at least one summer month. For the 
remaining 6 locations such corresponding data were not found for time periods of a length of at 
least one month. In Table 1 some data are given for the different sites. 6 of the sections are 
asphalt concrete (AC) and 6 cement concrete (CC). 

As input data to the simulation performed, the earliest period was chosen for each section in 
which continuous data for at least 35 days of pavement temperatures and weather data was found. 
As the calculation of high pavement temperatures was the major goal, data from June or July 
were aimed at. However, in section 10-0102, this was impossible to achieve, and data from April 
was therefore used. 

T A B L E 1 L T P P sections studied. 
Section State AC/CC Period of study Depth of temperature 

measurement (mm) 

32-0101 Nevada AC 1997 June 25 
10-0102 Delaware AC 1996 April 94 
51-0113 Virginia AC 1996 June 25 
31-0114 Nebraska AC 1998 June 99 
36-0801 New York AC 1996 June 25 
46-0804 South Dakota AC 1997 June 25 
37-0201 North Carolina CC 1995 June 19 
32-0204 Nevada CC 1997 June 25 
39-0204 Ohio CC 1998 June 25 
37-0205 North Carolina CC 1998 June 19 
37-0212 North Carolina CC 1995 June 20 
37-0208 North Carolina CC 1997 July 19 

ADAPTATION OF PARAMETERS 

A number of parameters have been adapted to give a good correspondence between measured 
and calculated pavement temperatures. Only the measuring point for temperature at the highest 
level of the pavement has been considered for each section, see Table 1. One set of parameters 
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has been sought to suit asphalt concrete pavement sections and one to suit cement concrete 
sections. The parameters studied are albedo, the emission coefficient (e in eq. (1)) and the 
counter radiation ( £ a in eq. (2)). Further, the influence of convection losses has been examined by 

varying the parameter hc in eq. (3). Parameter a in eq. (5) is thus varied and the influence of the 

wind velocity has been examined by varying parameter d. This parameter was chosen to 0.7 by 
Solaimanian and Kennedy as shown in eq. (4). A brief sensitivity analysis of parameters b, c and 
e is shown later. 

hc = 69cHAa[bT^Ud + 0.00097(7; - 7\ )"] (5) 

According to results from simulation, the influence of the thermal conductivity of the 
pavement is marginal for the pavement temperatures close to the surface, see Figure 1, and no 
further effort is made, in this paper, to study the influence of varying thermal conductivity. 

The aim has been to find values for the five parameters (solar absorptivity, emissivity, counter 
radiation, a and d) that differ less than 10% from the values giving the best correspondence 
between measured and calculated pavement temperatures for AC and CC respectively. The 
search algoritm used is very simple. One parameter at a time has been varied until a point has 
been achieved where no further improvement is obtained. During the search, the respective 
parameter has been increased and decreased in steps less than 10 % of the value of the parameter. 
It should be emphasized, that there is no guarantee that this method finds the optimum set of 
parameters. 

As a measure of the error, the absolute difference between measured and calculated pavement 
temperature has been used. These differences, for every hour, have been summed up to a total 
error. This error estimation is to prefer to, e.g., the least square error. With the least square error 
method, a section with odd properties would get much greater importance than the ones with 
more normal properties. 

The calculations have in all cases comprised 35 days. The first 5 days have been used to give 
the simulation the possibility of oscillating towards reasonable temperatures. The following 30 
days have formed the basis of the calculation of total differences between calculated and 
measured temperatures. 
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FIGURE 1 Calculated pavement temperatures versus time, at a depth of 2.5 cm and 15 
cm respectively, using different thermal conductivity (A) of the pavement. For the higher 
thermal conductivity the maximum temperature is slightly lower at the depth of 2.5 cm, and 
slightly higher at the depth of 15 cm. 

PARAMETERS FOR ASPHALT C O N C R E T E 

As a starting value for the search, the parameter values used by Solaimanian and Kennedy (9) 
were chosen. Some of the values examined are shown in Table 2. Considerably more values than 
the ones shown in Table 2 were included in the search, but only the ones that have resulted in an 
improvement are shown. Al l parameters have been varied upwards and downwards in relation to 
the best one found. It can be seen, that the sensitivity is great for solar absorptivity (1 - albedo), 
emissivity and the counter radiation. The values given by the search for these parameters are 
close to the ones used by Solaimanian and Kennedy (9). The parameters included in the 
convection losses (parameter a and d) have less influence. It is also these, that have got values 
that differ substantially from those given by Solaimanian and Kennedy (9). In this study, the best 
values found are a = 1.1 and d = 0.5 compared to 1.0 and 0.7 as used by Solaimanian and 
Kennedy (9), when calculating asphalt pavement temperatures. Figures 2 - 7 show measured and 
calculated pavement temperatures with the best parameter values chosen. 

Table 3 shows, that the other parameters included in convection losses have also been studied. 
As can be seen, the values used by Solaimanian and Kennedy in eq. (4) (c = 0.3, e = 0.3 and b = 
0.00144) do not seem to be able to be improved, with the exception of an extremely small 
improvement when e is lowered. In this case the error is reduced from 8572 to 8557. 

Henceforth the values presented by Solaimanian and Kennedy (9) have therefore been used for 
the parameters b, c and e and only a and d have been varied to study the influence of the 
convection losses. The total error for the asphalt concrete sections is 8572. It means that the 
average error is hardly 2 °C. The section with the best adaptation has an average error of 1 °C. 
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Table 2 Parameter values considered for A C sect ions 

Solar Emissivity Counter radiation a d Error 
absorptivity 

0,90 0,90 0,70 ,0 0,70 11357 Search 
0,90 0,85 0,70 ,0 0,70 8921 
0,90 0,85 0,70 1 ,1 0,60 8855 
0,90 0,85 0,70 ,2 0,50 8928 
0,90 0,85 0,70 1 ,1 0,50 8572 
0,90 0,85 0,70 1 ,0 0,50 8638 
0,90 0,85 0,70 1 ,1 0,45 8600 
0,95 0,85 0,70 1 ,1 0,50 8666 
0,85 0,85 0,70 1 ,1 0,50 9430 
0,90 0,90 0,70 ,1 0,50 10819 
0,90 0,80 0,70 1 ,1 0,50 9165 
0,90 0,85 0,75 1 ,1 0,50 8826 
0,90 0,85 0,65 1 ,1 0,50 10518 
0,90 0,85 0,70 1 ,1 0,55 8674 

0,90 0,85 0,70 1 ,1 0,50 8572 Confirmation 
0,95 0,85 0,70 1 ,1 0,50 8666 
0,85 0,85 0,70 1 ,1 0,50 9430 
0,90 0,85 0,70 1 ,1 0,50 8572 
0,90 0,90 0,70 1 ,1 0,50 10819 
0,90 0,80 0,70 1 ,1 0,50 9165 
0,90 0,85 0,70 1 ,1 0,50 8572 

0,90 0,85 0,75 1 ,1 0,50 8826 
0,90 0,85 0,65 1 ,1 0,50 10518 
0,90 0,85 0,70 1 ,1 0,50 8572 

0,90 0,85 0,70 1 ,2 0,50 8928 
0,90 0,85 0,70 1 ,0 0,50 8638 
0,90 0,85 0,70 1 ,1 0,50 8572 

0,90 0,85 0,70 1 ,1 0,45 8600 
0,90 0,85 0,70 1 ,1 0,55 8674 

Table 3 The influence of c, e and b in eq. 5. 

Solar Emissivity Counter radiation a d c e b Error 
absorptivity 

0,9 0,85 0,7 1,1 0,5 0,30 0,30 0,00144 8572 

0,9 0,85 0,7 1,1 0,5 0,33 0,30 0,00144 9358 
0,9 0,85 0,7 1,1 0,5 0,27 0,30 0,00144 8809 
0,9 0,85 0,7 1,1 0,5 0,30 0,30 0,00144 8572 

0,9 0,85 0,7 1,1 0,5 0,30 0,33 0,00144 8596 
0,9 0,85 0,7 1,1 0,5 0,30 0,27 0,00144 8557 

0,9 0,85 0,7 1,1 0,5 0,30 0,30 0,00144 8572 
0,9 0,85 0,7 1,1 0,5 0,30 0,30 0,00150 8665 
0,9 0,85 0,7 1,1 0,5 0,30 0,30 0,00130 8594 
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FIGURE 2 Calculated and measured pavement temperatures versus time, at a depth of 
25 mm on LTPP section 32-0101 (Nevada June - 97) 

FIGURE 3 Calculated and measured pavement temperatures versus time, at a depth of 
94 mm on LTPP section 10-0102 (Delaware April - 96) 
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FIGURE 4 Calculated and measured pavement temperatures versus time, at a depth of 
25 mm on LTPP section 51-0113 (Virginia June - 96) 
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FIGURE 5 Calculated and measured pavement temperatures versus time, at a depth of 
99 mm on LTPP section 31-0114 (Nebraska June - 98) 
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FIGURE 6 Calculated and measured pavement temperatures versus time, at a depth of 
25 mm on LTPP section 36-0801 (New York June 96) 
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FIGURE 7 Calculated and measured pavement temperatures versus time, at a depth of 
25 mm on LTPP section 46-0804 (South Dakota June - 97) 
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INDIVIDUAL ADAPTATION OF PARAMETERS 

In section 10-0102 the agreement between calculated and measured temperatures is less 
successful of all studied sections. According to Table 1, the temperature is measured at a depth of 
9.4 cm. Section 31-0114, which also has its gauge at approximately the same depth has, however, 
got a better adaptation. The other asphalt sections have their gauges at the level of 2.5 cm. In all 
these the agreement is very good and the proposed model seems to be able to calculate the 
pavement temperatures in a reliable way. Out of these, section 51-0113 has got slightly less good 
adaptation than the others. An individual adaptation of parameters has been carried out for this 
section. The adaptation can be essentially improved for this section with another set of 
parameters. The best fit was found for solar absorptivity 0.95, emissivity 0.80, counter radiation 
0.70, a 1.2 and t /0. In Figure 8, measured and calculated pavement temperatures are shown with 
the individual parameters for section 51-0113. This graph should be compared with Figure 4. The 
fact that parameter d has become equal to 0 means, that convection losses are completely 
independent of the wind speed, which may seem remarkable, unless the pavement measuring 
point is sheltered from the wind. The recorded winds have in the section been rather weak, on an 
average less than 1 m/s, which can also justify that the wind has had less influence than in other 
cases. In Table 4 an individual adaptation for section 51-0113 is shown, where the parameters for 
convection losses have been forced to the values chosen by Solaimanian and Kennedy (9). 
Although the sensitivity for these parameters is little, the error now is substantially greater. That 
is possible as the best-found parameter values, for this section, differ a lot from the ones used by 
Solaimanian and Kennedy. 

FIGURE 8 Measured and calculated pavement temperatures at a depth of 25 mm on 
LTPP section 51-0113, using individually fitted parameters for the section 
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Table 4 Parameter values for section 51-0113, fixed convection losses 

Solar 
absorptivity 

Emissivity Counter 
radiation 

a d Error 51-0113 

0,95 0,80 0,70 1 0,7 1260 Search 
0,90 0,80 0,70 1 0,7 1119 
0,95 0,80 0,65 1 0,7 1018 
1,00 0,80 0,65 1 0,7 1011 
1,00 0,80 0,60 1 0,7 1172 
1,00 0,85 0,65 1 0,7 1276 
1,00 0,75 0,65 1 0,7 1876 
1,00 0,80 0,70 1 0,7 1651 

1,00 0,80 0,65 1 0,7 1011 Confirmation 
0,95 0,80 0,65 1 0,7 1018 
1,00 0,80 0,65 1 0,7 1011 
1,00 0,85 0,65 1 0,7 1276 
1,00 0,75 0,65 1 0,7 1876 
1,00 0,80 0,65 1 0,7 1011 
1,00 0,80 0,70 1 0,7 1651 
1,00 0,80 0,60 1 0,7 1172 

PARAMETERS FOR CEMENT C O N C R E T E 

* As appears from Table 1, six of the objects studied are cement concrete (CC) sections. The 
same five parameters, adapted to asphalt concrete, have also been adapted to these six cement 
concrete sections. The adaptation was not made individually but a set was searched to apply well 
for all sections. The search is shown in Table 5. As cement concrete is essentially lighter than 
asphalt concrete, a considerably higher value is received for albedo. 

The average error here is somewhat less than for the asphalt sections, which means that the 
average error is less than 2 °C. 
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Table 5 Parameter values for C C sections 

Absorptivity Emissivity Counter radiation a d Error 

0,90 0,85 0,70 1,1 0,5 14654 Search 
0,80 0,85 0,70 1,1 0,5 10766 
0,70 0,85 0,70 1.1 0,5 9353 
0,70 0,80 0,70 1,1 0,5 9114 
0,70 0,80 0,70 1.2 0,5 8725 
0,65 0,80 0,70 1.2 0.5 8251 
0,65 0,80 0,70 1,2 0,4 8040 
0,65 0,80 0,70 1,2 0,3 7957 
0,65 0,80 0,70 1,3 0,2 7942 
0,60 0,75 0,70 1,3 0,2 7777 
0,60 0,75 0,70 1,4 0,2 7508 
0,60 0,75 0,70 1,5 0,2 7430 
0,60 0,70 0,70 1,5 0,2 8970 
0,60 0,75 0,70 1,5 0,1 7455 
0,60 0,80 0,70 1,5 0,2 9480 
0,60 0,75 0,75 1,5 0,2 8682 
0,60 0,75 0,70 1,6 0,2 7503 
0,65 0,75 0,70 1,5 0,2 8012 
0,55 0,75 0,70 1,5 0,2 7920 
0,60 0,75 0,65 1,5 0,2 9238 
0,60 0,75 0,70 1,5 0,3 7539 

0,60 0,75 0,70 1,5 0,2 7430 Confirmation 
0,65 0,75 0,70 1,5 0,2 8012 
0,55 0,75 0,70 1,5 0.2 7920 
0,60 0,75 0,70 1,5 0,2 7430 
0,60 0,70 0,70 1.5 0,2 8970 
0,60 0,80 0,70 1,5 0,2 9480 
0,60 0,75 0,70 1,5 0,2 7430 
0,60 0,75 0,75 1,5 0.2 8682 
0,60 0,75 0,65 1,5 0,2 9238 
0,60 0,75 0,70 1,5 0,2 7430 
0,60 0,75 0,70 1,6 0,2 7503 
0,60 0,75 0,70 1,4 0,2 7508 
0,60 0,75 0,70 1,5 0,2 7430 
0,60 0,75 0,70 1.5 0,1 7455 
0,60 0,75 0,70 1,5 0.3 7539 

PREDICTION OF MAXIMUM TEMPERATURE 

The simulation program can also be used to predict the maximum pavement temperature that 
can be reached at a certain location, either by calculating an imaginary maximum solar radiation 
according to Hermansson (4) and Hermansson (5), or by using available weather data for a 
number of years being representative of the location during summer time. 

The four asphalt sections having their measuring point at the level of 2.5 cm have been studied 
particularly. For these sections the summer has been chosen that contains the longest continuous 
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period of data. These weather data have been put into the simulation program, which has 
calculated pavement temperatures using the best found parameter values according to Table 2. 
The simulated period has been divided into part periods of 5 days. For each part period, the 
maximum measured temperature and maximum calculated temperature have been plotted and are 
shown in Figures 9-10. This gives an idea of how well the program can predict a maximum 
temperature from measured weather data. The locations have rather similar weather during the 
period studied, but the material comprises both early and late summer, and consequently 
estimated maximum temperatures for part periods vary from 35 °C to 60 °C. For section 36-0801 
the agreement between measured and calculated maximum temperatures is extremely good. For 
section 32-0101 calculated maximum in some cases is 2 °C too high, while measured values are 
approximately 2 °C higher than calculated for section 46-0804. As mentioned earlier the fit was 
less successful for section 51-0113 and Figure 9 shows that measured maximum temperature in 
some cases is 6 °C higher than the calculated values. 
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FIGURE 9 Measured and calculated maximum pavement temperatures at a depth of 25 
mm on LTPP sections 32-0101 and 51-0113. Recalculated every fifth day. 

F I G U R E 10 Measured and calculated maximum pavement temperatures at a depth of 25 
mm on LTPP sections 36-0801 and 46-0804. Recalculated every fifth day. 
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CONCLUSIONS 

The proposed simulation model can, according to comparisons with field measurements, 
calculate the temperatures of the pavement at different levels during summer days, using weather 
data as input. Needed weather information is hourly solar radiation, air temperature and wind 
velocity. Data from the LTPP program in the USA have been used to adapt one set of parameters 
for asphalt concrete pavements and another set of parameters for cement concrete pavements. 
When comparing measured and calculated data hour by hour, an average error of less than 2 °C 
was received both for asphalt and cement concrete pavements during the simulation of 30 
summer days. When adapting parameters individually to a single section, an average error of 1 °C 
was received. Measured data contained temperatures from the levels of 2 to 10 cm. 

The extreme pavement temperatures at locations at different latitudes are often of special 
interest. When comparing calculated and measured maximum temperatures at the depth of 2.5 cm 
for four different sections of asphalt concrete in the LTPP data material, the data were divided 
into altogether 42 periods of 5 days. The agreement between measured and calculated 
temperatures was striking. The average error for the calculation of maximum temperature was 2.1 
°C and the greatest error for a period of five days was 6 °C. 
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ABSTRACT 

A simulation model has been developed to calculate temperatures of pavements during both 
summer and winter conditions. Input data are hourly values for solar radiation, air temperature 
and wind velocity. Longwave radiation, incident to and outgoing from the pavement surface, is 
calculated from the air and pavement surface temperatures respectively. The portion of the 
incident shortwave radiation absorbed by the pavement surface is calculated from the albedo of 
the surface. By means of a finite difference approximation of the heat transfer equation, the 
temperatures below the surface are calculated. Apart from radiation and heat transfer, convection 
losses from the pavement surface are also calculated based on wind velocity, air temperature and 
surface temperature. The model is validated by using data from 3 different sections in the LTPP 
program, the USA and 6 different sections in Sweden. Here, hourly measurements of the weather, 
as well as of pavement temperatures, are taken. 

One set of parameter values used in the model for albedo, emissivity, longwave counter 
radiation and convection losses, giving a good correspondence for asphalt concrete pavement 
during summer conditions, and one set for winter conditions are given. 

Key words: 
Pavements 
Numerical modeling 
Surface temperature 
Climatic data 



Åke Hermansson 3 

1 INTRODUCTION 

In a road construction, the asphalt concrete pavement is exposed to great strains and stresses. 
Above all, heavy vehicles put forward strong demands for pavement properties. The traffic 
affects the asphalt concrete in different ways during summer and winter. During winter it is 
relatively hard and cracks can arise as frost cracking or as temperature cracks when the pavement 
shrinks longitudinally. During the summer it is softer, and during strong sunshine, the risk is high 
that heavy vehicles cause rutting due to plastic deformation. Consideration should therefore be 
taken to the lowest and highest expectable temperatures of the asphalt concrete. These 
temperatures of course differ dependent on the weather at different sections. 

In the USA, a binder and mixture specification for pavement design, Superpave (1994) was 
developed under the Strategic Highway Research Program (SHRP). Superpave is supposed to be 
able to be applied over the whole North-American continent for paving measures. In addition to 
traffic parameters, the lowest and highest pavement temperatures are also included. 

Theories for longwave radiation and shortwave radiation in the atmosphere and the interaction 
of the radiation with the earth surface have been thoroughly treated by a number of authors, e.g. 
Kreith (1973), Sellers (1972), Geiger (1959) and others. Barber (1957) was one of the first to 
develop a specific model for the calculation of pavement temperatures. He suggested a thermal 
diffusion theory, using daily radiation and its effect on the mean effective air temperature. 
Rumney and Jimenez (1969) developed a method using empirical nomograhs to predict pavement 
temperatures at a depth of 2 in. These graphs were based on pavement temperature measurements 
in combination with hourly measurements of air temperature and solar radiation. To calculate 
maximum pavement temperatures, Solaimanian and Kennedy (1993), proposed a model using 
calculated maximum solar radiation and measured high air temperatures. However, these models 
do not treat the problem in a physically correct way. The most spread model, being that of 
Solaimanian and Kennedy (1993), is based upon the assumption of equilibrium when the highest 
temperatures are present, which is an erroneous assumption according to the author's opinion. 
Such an assumption means, according to the author, a strong overestimation of the maximum 
temperature. This is corrected by Solaimanian and Kennedy by assuming a wind speed of 4.5 
m/s, see Hermansson (2000 Frost..) and Hermansson (2000 A Simulation..). 

In frost modeling, an n-factor is often used to calculate the freezing index on the pavement 
surface from measured air temperatures, see Lunardini (1979). It is then assumed that the surface 
temperature is proportional to the air temperature, in the unit °C, and for latitudes lacking in 
sunshine the surface temperature is calculated as the air temperature multiplied by a factor bigger 
than 1 during winter. For locations situated more to the south a factor is used that is lower than 1. 
However, using an n-factor can be doubtful, since the air temperature behaves in different ways 
to the temperature of the road surface depending on circumstances, which can vary also during 
winter. Moreover, it can be hard to motivate why the proportionality should apply proceeding 
from exactly 0 °C. Heierstedt (1976) suggests that the deviation between the temperature of the 
surface and the air should be corrected with a constant. This method has the advantage that it is 
not dependent on how 0 °C is defined, but cannot describe the dynamics over the day occurring 
during for example sunny spring days. 

In this paper a method is shown that calculates the surface temperature hour by hour by means 
of measured values for solar radiation, air temperature and wind velocity. The method allows, 
contrary to the method with an n-factor, the pavement surface to be warmer than the air during 
sunny winter days and colder than the air during bright winter nights. This involves that the thaw 
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process, the risk of surface icing, as well as thaw penetration can be calculated in a better way 
than by using the simplified method with an n-factor. 

The simulation model proposed in this paper is based on formulas for convection, shortwave 
and longwave radiation as described by Solaimanian and Kennedy (1993). It also contains a 
finite difference approximation for the calculation of heat transfer into the pavement and 
underlying sub-grade. Input data to the model are hourly values for solar radiation, air 
temperature and wind velocity. For the heat transfer calculation, the porosity and the degree of 
water saturation of the different layers below the pavement surface are also needed. 

When validating the simulation model by comparing the output data with measured pavement 
temperatures, measured climate data values are used as input. 

2 T H E O R Y 

The heat balance between the air/space and pavement surface is schematically depicted in 
Figure 1. 

Solar radiation, wind and air temperature are climate factors which are of great importance for 
the temperature of the pavement surface. Other factors of great importance are longwave counter 
radiation and radiation outgoing from the pavement surface. 

Radiation from the sun is shortwave and it might be direct or diffusely scattered due to clouds 
etc. Some of it is reflected back to space depending on the albedo of the surface. 

Radiation from the pavement to the space is longwave. Some of this is absorbed by 
atmosphere and partly emitted back as counter radiation. 

Convection due to wind, as well as heat conduction into the ground are also important factors 
for the surface temperatures. 

Shortwave 
Longwave 

Fig 1 The temperature of the pavement surface is affected by shortwave solar radiation, 
longwave radiation outgoing from the pavement surface, counter radiation, convection losses and 
heat conduction in the pavement. 
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2.1 Radiation balance 

2.1.1 Outgoing longwave radiation 

The earth surface is assumed to emit longwave radiation as a black body. Thus, the outgoing 
longwave radiation follows Stefan-Boltzman law, eq (1), see i . e. Solaimanian and 
Kennedy (1993), Kreith (1973), Sellers (1972) and Gustafson (1981). 

where qr is the outgoing radiation in Wim1, e emission coefficient, a is Stefan-Boltzman 

constant 5 .68*10"V l (m 2 K 4 ) and Ts is the surface temperature in K. 

2.1.2 Longwave counter radiation 

The atmosphere absorbs radiation and emits it as longwave radiation to the earth, so-called 
counter radiation. Counter radiation absorbed by the pavement surface can be calculated as 
proposed by Solaimanian and Kennedy, eq (2). 

where qa is absorbed counter radiation in Wim1 .The factorea describes both the pavement 

surface absorptivity for longwave radiation and the amount of clouds, and Tair is the air 

temperature, 2 m above the surface, in K. 

The factor ea can be set to 0.7 a clear day, according to Solaimanian and Kennedy but it 

varies with the weather. As the model presented in this paper does not take the daily variation of 

cloudiness or rainfall into account when calculating longwave radiation, the ea is kept constant, 

independent of the day to day weather. In Hermansson (2001) a sensitivity analysis for the 

parameter ea is described. 

2.1.3 Shortwave radiation 

The surface of the sun has a very high temperature, approx. 6000 K, and it therefore emits 
radiation of high frequency (shortwave). Part of this radiation is diffusely scattered in the 
atmosphere of the earth in all directions and the diffused radiation reaching the earth is called 
diffuse incident radiation. Radiation from the sun, reaching the earth surface without being 
reflected by clouds, absorbed or scattered by the atmosphere, is called direct shortwave radiation. 
The distribution of direct and diffuse radiation is dependent on the weather. Clear weather causes 
a larger portion of direct radiation than i f the weather is cloudy. 

qr =£(fr; (1) 

la = £„<*C (2) 
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When the shortwave radiation reaches the pavement surface a portion is reflected and the rest 
absorbed by the pavement. The portion reflected is equal to the albedo of the pavement surface. 
Albedo is supposed to be equal for diffuse and direct shortwave radiation. 

In the model proposed in this paper, shortwave radiation is given as input data. The shortwave 
radiation can be calculated as described in Hermansson (2000 Frost..) and Hermansson (2000 A 
Simulation..) or, as in this paper, by means of measured values. 

2.2 Convection 

The convection losses from the pavement to the atmosphere can be calculated according to 
Solaimanian and Kennedy, eq (3). 

where qc is the loss energy to the air in Wim1. The parameter hc depends partly on the 

surface temperature and to the major degree of the wind velocity. 

hc =698.24[0.00144rm

0 3(70 7 +0.00097(7; - 7 ; , r )
0 3 ] 

where U is the wind velocity in m/s and Tm is the average value of the surface and air 

temperature in K. 

To enable use also for winter conditions, when the surface temperature is often lower than that 
of the air, the calculation of hc has in the model been changed according to eq 4 

The equation (4) is mainly based upon empirical relationships. 

2.3 Heat transfer 

The described phenomena give the energy absorbed and emitted by the pavement surface. 
Heat is also exchanged with the ground below, through classical heat transfer. This is, in this 
paper, dealt with by means of a finite difference approximation of the heat transfer equation. 

3 T H E SIMULATION MODEL 

The simulation model uses climate data in the form of hourly values for incident shortwave 
radiation, air temperature and wind velocity. The portion reflected, of the incident shortwave 
radiation is given by albedo of the pavement surface. The remaining portion is absorbed by the 
pavement surface, which causes the surface temperature to rise. Longwave radiation is calculated 
by eq. (1) and (2), where (1) describes outgoing radiation from the pavement surface and (2) the 
radiation absorbed by the pavement surface. One of the more important factors for the surface 

(3) 

hc =698.24[0.00144rm

03(707 + 0.00097 * Abs(Ts-Tair)
M] (4) 
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temperature is energy loss due to wind, i . e. convection losses. This is calculated by eq. (3) and 

(4). 
For the calculation of heat transfer, the ground is divided into cells, thinner near the surface 

and thicker at a deeper level, where temperature variation is less. Each cell is assigned values for 
temperature, porosity and degree of water saturation, of which only the temperature varies during 
the simulation. Thermal conductivity and thermal capacity are calculated according to 
Sundberg (1988), using information of water content, porosity, soil material and bulk density. 

Each cell is given a temperature at the start of the calculation. The model then calculates a new 
temperature for each cell - several times for each simulated hour. This is done in accordance with 
a generally accepted heat transfer theory, i.e. heat flows from warmer to colder cells in relation to 
temperature difference and thermal conductivity. The temperature change depends in its turn on 
the amount of energy received and the thermal capacity of the material in the cell. 

During the calculations, the exchange of energy of the uppermost cell through the pavement 
surface in the form of radiation and convection is also handled. 

The cell division is made down to a depth of five meters below the surface where the 
temperature is supposed to be constant, at a level of 12 °C. This is approximately the annual 
mean temperature at LTPP section 17-5849, Illinois at latitude 40.4 and is certainly too high for 
the northern part of Sweden. For Kiruna in northern Sweden, 1 °C would be a good value, but 
according to simulation the pavement temperatures close to the surface change only by a few 
tenths of degrees when the temperature at a depth of five meters changes from 1 °C to 12 °C. 

4 INPUT DATA TO T H E SIMULATION 

A number of sections have been identified in the USA as well as in Sweden, where both 
pavement temperatures and climates have been recorded. Such data for the USA are availabe in 
the LTPP (Long-Term Pavement Performance) program carried out by the Federal Highway 
Administration, USA. For Swedish pavements there are pavement temperatures among the VViS 
data of the Swedish National Road Administration. Solar radiation data have been obtained for 
the sections in question from the Swedish Meteorological and Hydrological Institute. In the VViS 
data there are a great number of sections and those situated close to the stations of the Swedish 
Meteorological and Hydrological Institute have been chosen for this study. 

The simulation program has been fed with climate data and then the pavement temperatures 
are calculated according to the principles described herein. Surface temperatures are calculated 
hour by hour for each of the sections studied. These hourly values have then been compared with 
the measured temperatures, also hour by hour, at the different sections. At the Swedish locations 
the surface temperature is measured, whereas, in the USA, they have measuring points at a 
number of different depths in the pavement. In the comparison, surface temperatures have thus 
been used for sections in Sweden, and in the USA measuring values from the uppermost 
measuring point have been used. That is, at a depth of 25 mm for the locations in question in the 
USA. 

The climate data used for the calculations are air temperature, wind velocity and solar 
radiation (shortwave radiation). During the simulation the formulas and methods described in 
previous sections are used. 

From the LTPP Information Management System, both pavement temperatures and weather 
data from 18 different sections have been obtained. The sections and their instrumentation are 
described on the Data Pave CD's (2001). 
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Among the 18 sections obtained, it was looked for sections with Asphalt Concrete (AC) 
pavement and long periods of continuous data recorded without any significant loss of data. For 3 
AC sections there were both continuous pavement temperatures and weather data covering a 
period from November up to and including the following summer without any significant loss of 
data. These three sections were chosen together with six sections spread all over Sweden, see 
Table 1, in order to validate the model. As has been mentioned before, measurements of solar 
radiation carried out by the SMHI were used for the Swedish sections. The direct solar radiation 
is measured by the SMHI, perpendicular to the radiation direction and is here converted to a 
corresponding effect on a horizontal surface, according to the method described in Hermansson 
(2001 Frost..). Air temperature, wind velocity and the temperature of the pavement surface are 
obtained from the VViS Station situated closest to the SMHI station in question. 

Table 1 Sections studied. 

Section State/City USA/Sweden Latitude Depth of temperature 
measurement (mm) 

32-0101 Nevada USA 40.7 25 
36-0801 New York USA 43.4 25 
46-0804 South Dakota USA 45.9 25 

Uppsala Sweden 59.8 Surface 
Borlänge Sweden 60.5 Surface 
Östersund Sweden 63.2 Surface 
Umeå Sweden 63.8 Surface 
Luleå Sweden 65.7 Surface 
Kiruna Sweden 67.8 Surface 

5 ADAPTATION OF PARAMETERS 

In order to get a good correspondence between the calculations of the model and the measured 
pavement temperatures, the values of a number of parameters have been adapted. An entirely 
correct procedure for this would be first to define the values of the parameters by means of a set 
of data and then to validate the model by calculating and comparing a quite different set of data. 
Considering, however, that data for most sections were available only for one year and that every 
section is unique with quite different latitudes and climates, there was no possibility to divide the 
data set into two representative parts. Instead, all sections with the best available data have been 
used for the adaptation of the parameters. 

Nevertheless, it can be stated with satisfaction that only five parameters (generally different 
values for summer and winter conditions) are enough to describe surface temperatures, for 
summer as well as winter conditions, for these sections having quite different climates. The very 
fact that very different weather conditions are represented and that the number of measurement 
results are in the order of 50,000, which can be compared with the five parameters, makes the 
risk of individual adaptation to current measurement data negligible. 

A number of parameters have been adapted to give a good correspondence between measured 
and calculated pavement temperatures. Temperatures have been measured at several depths, but 
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only the measuring point for temperature at the highest level of the pavement has been considered 
for each section. That is, at a depth of 25 mm in the sections located in USA and surface 
temperatures for sections in Sweden. One set of parameters has been sought to suit summer 
conditions and one to suit winter conditions. The parameters studied, by using the mathematical 
model described and comparing calculated temperatures with measured temperatures, are albedo, 
the emission coefficient (e in eq. (1)) and the counter radiation (ea in eq. (2)). Further, the 
influence of convection losses has been examined by varying the parameter hc in eq. (3). By 

adopting the basic idea from Solaimanian and Kennedy (1993), hc depends on wind velocity and 

temperatures according to eq. (4). However, it seems as i f the basis for choosing the numerical 
values given in eq. (4) is relatively vague and therefore the expression in eq (5) has been used in 
this analysis. 

Parameter a in eq. (5) is varied to adjust the magnitude of the convection losses and the 
influence of the wind velocity has been examined by varying parameter d. This parameter was 
chosen to 0.7 by Solaimanian and Kennedy as shown in eq. (4). For a and d respectively, winter 
and summer values are adapted. The factor '698.24' could have been included in parameter a, but 
with this chosen definition of a it is easier to get an idea of how the size of convection losses acts 
to the one used by Solaimanian and Kennedy (1993). The '0.00097' does not need to be varied as 
varying b allows for any relation between the two terms inside the brackets. The simulation 
program automatically switches parameter set depending on the weather, see next section. A brief 
sensitivity analysis of parameter b, c and e is found in Hermansson (2001). 

hc = 69%2Aa[bT^Ud + 0.00097 * Abs(Ts - Tmr ) e ] (5) 

The aim of the analysis has been to find values for the five parameters (solar absorptivity (1 -
albedo), emissivity (£ ) , counter radiation (ea), a and d), which give a good correspondence 

between measured and calculated pavement temperatures, for summer and winter conditions 
respectively. The search algorithm used is described in Hermansson (2000 Frost..). 

According to results from simulation, the influence of the thermal conductivity of the 
pavement is marginal for the pavement temperatures close to the surface, see Hermansson (2001), 
and no effort is made, in this paper, to study the influence of varying thermal conductivity of the 
material below the surface. 

During spring and autumn when the surface top layer changes, almost daily, between freeze 
and thaw, the amount of water in the top layer of the pavement is of relatively great importance 
for what amplitude the variation in temperature gets over the day. The porosity and degree of 
water saturation used in this study for the top layers are shown in Table 2. 

Table 2 Porosity and degree of water saturation. 

Layer Porosity % Saturation % Thickness cm Depth below ground 
surface cm 

1 0,10 0,05 25 25 
2 0,22 0,40 25 50 
3 0,32 0,80 130 180 
4 0,32 0,90 320 500 
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6 PARAMETERS FOR ASPHALT CONCRETE 

The parameter values obtained with the current search algoritm, for summer and winter 
conditions respectively, appear from Table 3. 

Table 3 Parameter values for summer and winter 

Albedo 
£a 

£ a Cf 

Summer 0,15 0,70 0,85 1,1 0,5 
Winter 0,40 0,75 0,85 3,0 0,0 

That albedo increases during winter when there usually is frost or snow on the pavement 
surface, seems reasonable since a light surface reflects a larger portion of the shortwave radiation 
than does a dark surface. £ a has also got a higher value during winter conditions, which would 

mean that the counter radiation is then comparatively higher on account of more clouds. 
According to Table 3, 0.7 is the value the search algorithm has resulted in for ea during summer 

conditions, which corresponds to what has been recommended by Solaimanian and 
Kennedy (1993). Winter conditions have not been discussed in Solaimanian and Kennedy, as that 
study concerns high temperatures. The values obtained on the parameters for convection losses 
during winter conditions differ strongly from the ones for summer conditions. The values in 
Table 3 point to an independence of the wind velocity during winter. This is hard to explain, but 
sometimes snow or frost covers the pavement, and the exchange of heat with the air will then be 
less depending on the wind on account of the protecting snow. Another factor of importance is 
that the difference in temperature between pavement surface and air is considerably smaller 
during winter than during summer, and consequently the influence of the wind is of less 
importance during winter conditions. 

During a simulation comprising several seasons, the model itself varies between summer and 
winter values on the parameters depending on the existing weather. What is winter or not is 
decided in the model and not by date. This is governed by climatic factors. The parameter values 
of the model are set to those corresponding to summer conditions in those cases where the solar 
radiation to the pavement exceeds 400 W/m 2. This limit, for the change from winter to summer 
values, has turned out to give good results when comparing measured and calculated pavement 
temperatures. In those cases where the mean daily temperature is less than 4 °C and the solar 
radiation has not exceeded 400 W/m" during the latest three days, a change is made to parameter 
values corresponding to winter conditions. This means changes of calculation parameters many 
times during Swedish autumns and springs, all depending on weather. In Figure 10 it is shown 
when the respective values have been used for a simulation of the conditions in Kiruna. There, 
winter parameters have been used during the whole period except during the month of April. 
During this month a change is made a number of times between summer and winter parameters. 

7 COMPARISON B E T W E E N MEASURED AND C A L C U L A T E D TEMPERATURES 

In the previous sections it has been described how the mathematical model has been built up 
and how values essential for different quantities used in the model have been chosen. Several of 
these, have been obtained by adapting values during summer and winter conditions respectively, 
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so that calculated and measured temperatures correspond as well as possible. This has for reasons 
mentioned before been carried out with all 9 sections during the 7 - 9 months when data have 
been available. For sections in Sweden it means that the calculations have been made for the 
period 1997 - 1998. The calculations for sections in the USA comprise different years, as the 
supply of data has decided the choice. For sections 32-0101 and 46-0804 this means the period 
1996-1997 and for 36-0801 the calculation has comprised the period 1995-1996. The great extent 
of the simulations implies that it would take up too much space to show graphs from all runs, as 
each graph cannot cover much more than a month to be legible. In Table 4 a compilation is 
shown of the monthly mean of the absolute value of the hourly difference between measured and 
calculated temperatures for all the locations studied. Typically this error varies between 1 - 2 °C. 

Table 4 Monthly mean of the absolute value of the hourly difference between measured 
and calculated temperatures 

Sthlm Period okt nov dec jan feb mar a pr maj jun jul 

Kiruna 97-98 1,4 1,2 1,3 1,1 1,0 1,5 1,9 
Frösön 97-98 1,8 1,4 1,5 1,4 1,4 1,8 2,3 

Borlänge 97-98 1,4 1,1 1,1 1,2 1,2 1.3 1,7 
Umeå 97-98 1,5 1,2 1,3 1.2 1,2 1,3 1.8 
Luleå 97-98 1,9 1,2 1,0 1.4 1,6 1,2 2.1 

32-0101 97-98 1,8 1.0 0,9 1,1 1,7 1,5 1,7 1,6 
36-0801 96-97 1,0 1,0 1.0 1,0 1,2 1,3 1,4 1,5 1,4 
46-0804 95-96 1,1 1,5 1,5 2,0 1,1 1,3 1.3 1.3 

96-97 1,8 1.4 1,6 1,0 2,0 1,5 2,1 

At the calculation certain periods have been omitted on account of errors or suspected errors 
of measurement results. Such a period is the month of July for section 46-0804. There the error 
was as high as 5 °C. The explanation to this can probably be found in erroneous measurement 
values. It can be mentioned as an example, that on July 1 at 20:00 the measured air temperature is 
0 °C, which is obviously erroneous, since during the previous hours, it was approx +20 °C. After 
this point of time, calculated and measured temperatures differ more than double to what has 
been observed at any other occasion at any of the 9 sections. For section 46-0804 measurement 
data are also missing during a couple of days in January, which implies that the statistics of that 
month is only based on 17 days. Furthermore, for section 32-0101 data for March and April are 
based on only 12 days and for July on 13 days. For November only 17 days are included, because 
data are missing for the remaining days. For all other sections and months all the days of the 
months are included in the statistics in Table 4. For sections in Sweden data were available for 
the period Oct - Apr and moreover from May for Luleå. 

For two sections, 32-0101 in Nevada and Kiruna in Sweden, there arc results corresponding to 
the whole simulation shown in graphs, see Figure 2-9. Section 32-0101 is among those that have 
given the best correspondence between measured and calculated temperatures, whereas the 
simulation for Kiruna is the one where agreement is less successful. Generally the deviations are 
approximately equal for all months and all sections. 
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Fig 2 Air temperature together with calculated and measured pavement temperatures at a 
of 25 mm on LTPP section 32-0101, Nevada. Months November, December and January 
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Calculated Measured 

Fig 3 Air temperature together with calculated and measured pavement temperatures at a depth 
of 25 mm on LTPP section 32-0101, Nevada. Months January, February and March. 
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Fig 4 Air temperature together with calculated and measured pavement temperatures at a depth 
of 25 mm on LTPP section 32-0101, Nevada. Months March, April and May. 
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Air Calculated Measured 

Fig 5 Air temperature together with calculated and measured pavement temperatures at a depth 
of 25 mm on LTPP section 32-0101, Nevada. Months May, June and July. 
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Fig 6 Air temperature together with calculated and measured surface temperatures at Kiruna, 
Sweden. Months October and November. 
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Fig 7 Air temperature together with calculated and measured surface temperatures at Kiruna, 
Sweden. Months December and January. 



Åke Hermansson 18 

Fig 8 Air temperature together with calculated and measured surface temperatures at Kiruna, 
Sweden. Months February and March. 
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Air Calculated Measured 
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Fig 9 Air temperature together with calculated and measured surface temperatures at Kiruna, 
Sweden. Month April. 

The diagram shows when summer and winter parameters respectively are 
used. April is mainly considered as summer 'S', only three short periods are 

identified as winter 'W. 
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Fig 10 Periods when summer and winter parameters are used for the section at Kiruna, Sweden. 

8 PARAMETER VALUES FOR SUMMER AND WINTER 

As has been previously mentioned, different parameter values have been used for albedo, counter 
radiation and convection losses during summer and winter. But the values have been the same for 
all 9 sections. However, for the sections in the USA included in the investigation, Nevada, South 
Dakota and New York, it seems as i f there is no need for special parameter values for winter. On 
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the contrary, there is often a slight deterioration when the model changes to winter values in the 
USA compared to i f summer values are used the whole time. A possible reason for this can be 
that sections in the USA are not snowy or frosty to the same extent as in Sweden. It could then 
imply that the radiation conditions on the pavement surface are more similar to those during 
summer than those during winter, although the air temperatures are winterlike. As has been 
described in previous sections, the model changes to winter values when the solar radiation is 
slight and the air temperature is low. When these criteria are used it seems as i f different levels 
are needed for the change of calculation parameters in the USA and Sweden. In Sweden there are 
many periods with an air temperature close to 0 °C and solar radiation exceeding 300 W/m 2 

which demand winter values on the parameters, whereas in South Dakota it can be considerably 
colder and less sunshine when summer parameters give a better result. For example there is a 
period in South Dakota where the air temperature during 5 days oscillates between -15 and -32 °C 
and the solar radiation reaches at its most 300 W/m 2, and where summer values on the parameters 
give essentially better results than winter values. 
This is illustrated in Figure 11, where a calculation is shown for this location when both summer 
and winter values on the parameters have been used. This contradiction can possibly be a result 
of the fact that snowfall is not included to govern between summer and winter values. 
As a comparison to this argumentation see Figure 12, where examples are shown of what results 
are obtained for Kiruna i f summer values are used on the parameters, during a period where 
winter values should be used. That winter parameters are needed for simulation of the conditions 
at Kiruna appears i f Figure 12 is compared to Figure 8, which shows the result when winter 
values on the parameters have been used during the corresponding period. The results in Figure 8 
show a considerably better correspondence between calculated and measured temperatures than 
those in Figure 12. However, in this study only the air temperature and the solar radiation have 
been used, with a good result, as criteria to decide i f summer or winter values should be used on 
the parameters for the calculation of surface temperatures. 
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Air -Calculated Measured 
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Fig 11 Air temperature as well as calculated and measured temperatures at a depth of 25 mm on 
LTPP section 32-0101, Nevada with summer and winter parameters respectively. During the 
current period considerably better results are obtained with the summer parameters despite the 
low air temperature. 
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Air Calculated Measured 

Using summer parameters, Kiruna 

Fig 12 Air temperature as well as calculated and measured surface temperatures at Kiruna, i f 
summer parameters are used. According to Figure 8 better results are obtained with winter 
parameters during this period. 

9 CONCLUSIONS 
The proposed simulation model can, according to comparisons with field measurements, 

calculate the hourly temperatures of an asphalt concrete pavement, during both summer and 
winter conditions, using weather data as input. Needed weather information is hourly solar 
radiation, air temperature and wind velocity. Data from the LTPP program in the USA and road 
weather stations in Sweden have been used to adapt one set of parameters for winter conditions 
and another set of parameters for summer conditions. When comparing measured and calculated 
data hour by hour, an average monthly error of less than 2 °C was obtained, during the 
simulation. This included both summer and winter conditions. 

The simulation program changes automatically between summer and winter values on the 
parameters. The change is based on air temperature and solar radiation. For sections in Sweden a 
considerably better correspondence is obtained, during certain periods, between calculated and 
measured values i f the winter parameters are used. For the sections studied in the USA - Nevada, 
South Dakota and New York - there does not seem to be any need for winter parameters, despite 
sometimes very low temperatures and fairly low solar radiation. Summer parameters should be 
used also for Sweden during certain conditions that can seem to be winterlike. This applies for 
example during the month of April in northern Sweden, where air temperatures between -10 and-
20 °C occur together with fairly strong solar radiation. The strong solar radiation then has a result 
that summer parameters should be used despite the low air temperature. 
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In the study the same sets of parameters, the same conditions for the choice of summer and 
winter parameters respectively and the same calculation model have been used with a good result 
for all three sections in the USA and six in Sweden. 
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The Effect of Insulation on Road Surface icing 

Henry Gustavsson1 
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Abstract 

A presently ongoing Nordic project "Exclay Intemordic Geoproject" aims at re
search into an overall utilization of expanded clay (exclay) in road embankments. 
One part of the project is concentrated on skid-resistance of exclay insulated and 
lightened roads, as insulation close to the road surface may prevent heat transfer 
from the underlying embankment and cause icing on the road. For this purpose 
two test sites were constructed with exclay insulation at different depths. This 
paper discusses temperature, dewpoint, skid-resistance measurements and tem
perature modelling at the Tuupakka test site and the applicability of the results to 
the purposes of the project. 

Introduction 

One way to prevent frost damage to road pavements is by means of the embank
ment insulation. The optimal location of the insulation for frost protection pur
poses is at the top of the embankment just below the AC layer. For reparation and 
reconstruction works, this location is also the most cost effective, due to the re
duced need for excavation and filling. It has been found, however, that such a lo
cation of the insulation has a harmful disadvantage: under certain circumstances, 
icing can unexpectedly be formed on the road, causing severe problems for traffic. 

In Sweden polystyrene insulations in road construction were examined in 
70's and 80's (Gandahl, 1981). It was observed that temperatures on an insulated 
road surface were lower and the surface was more exposed to icing than having a 
conventional, mineral road embankment. 
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Highway Engineering, SE-581 95 Linköping, Sweden; ake.heiruanssonföjvti.se 

1 



A construction having a 500 mm covering layer above the insulation was exposed 
to icing for 4.5 % longer time than a non-insulated surface. The corresponding 
time for a structure with an insulation directly below the AC-layer was 30% 
longer. Based on these results it was decided that at least 500 mm covering should 
be used above the insulation in Sweden. In Finland the road authorities ended up 
to a required thickness of 700 mm for the covering; at the same time in Norway 
only 300 mm was required. In these studies it was found out that also other mate
rial properties affect the surface temperatures: a non-insulated road structure with 
very coarse material (like crushed stone) below the pavement surface, can be even 
more susceptible to icing than a road with polystyrene insulation located at a 
depth of 350 mm. If the thickness of the covering could be reduced without in
creasing the risk of icing, the use of various insulating materials could be in
creased. 

Air temperature and road surface temperatures may differ greatly from each 
other. The temperature on the road surface in Scandinavia may be many degrees 
lower than that in the air in the winter (Kilpeläinen and Ravaska, 1998), with the 
reverse being true in the summer. In the winter, the relative humidity of the air in 
Southern Finland is near 90 % on average, and the dewpoint is often 0 to 4 °C 
lower than the air temperature. When the surface temperature under these circum
stances drops below the dewpoint and below the freezing point, vapour in the air 
condensates and hoar frost is formed on the road surface. This is particularly 
harmful during the first cold nights of the autumn. The ground is still warm, but 
the insulation at the top of the road embankment prevents the heat to flow towards 
the pavement surface and thus the potential of icing exists. Together with the use 
of summer tires and inexperience with ice on the road after the summer season, 
this makes driving dangerous. The areas where an insulated zone begins immedi
ately after a non-insulated one may be extremely dangerous. 

A few years ago, the Exclay Intemordic Geoproject called "LWA-geolight" 
was initiated by Optiroc Group aiming at research into an overall utilization of 
expanded clay (termed as exclay in the following) in road embankments. Two test 
sites have been constructed: one in Helsinki, Finland (Forsman, Valtonen, Gus
tavsson, 2000) and one in Trondheim, Norway. The Finnish part of the project is 
concentrated on skidding caused by exclay used as insulation and lightening. The 
Helsinki University of Technology is involved in the project, performing skid-
resistance measurements on the test roads as well as heat transfer analyses and 
temperature measurements in order to gain a better understanding of the physical 
behaviour of the whole road structure. This section of the project started at the end 
of 1999 by means of friction measurements and computer modelling. 

Mechanical and thermal properties of exclay 

Expanded clay (exclay) is manufactured by burning of granulised clay at high 
temperatures in an oven while adding air during the process. Exclay can be used 
either for frost insulation purpose in frost susceptible soils or for lightening of 
road embankments on soft soils to prevent settlement. The material is often called 
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LWA (Light Weight Aggregate) or LECA (Lightweight Expanded Clay Aggre
gate) characterizing its low unit weight. Heat conductivity of the material is nor
mally 0.15 to 0.20 W/mK and dry unit weight after compaction 3 to 4 kN/m 3. The 
angle of friction varies from 35° to 40° and the resilient stiffness 100 to 200 MPa, 
depending on the stress level and the grain size distribution. It can be used as 
natural granular materials (gravel) in road construction, i f the stress level is kept 
low enough to prevent crushing of the grains. It is provisionally recommended to 
keep the vertical stress level below 100 kPa. This can usually be ensured in a 
paved road by using a covering of at least 300mm above the material. More de
tailed information of the properties can be found in a SINTEF report (Furuberg et 
al. 2000). 

Test site and structures 

The four test structures discussed here are located in a bus ramp of the Tuupakka 
junction of the Helsinki Ring Road I I I (Valtonen, Forsman, 2001). During the 
summer of the year 2000, test structures were constructed near Helsinki at loca
tions in which expanded clay was used as lightening in transfer zones together 
with a piled slab, soil replacement and deep mixing. The subgrade at the site was 
soft clay with a depth of 5 - 10 m. Four of the test structures were equipped with 
temperature sensors from which the data has been transferred to researcher's 
computer by means of a wireless GSM-data transfer system. The normative grain 
size of the exclay was 10 to 20 mm and layer thickness of 0.7 to 1.45 m were 
used. The base course materials were crushed rock and reclaimed concrete. The 
asphalt concrete layer was 100 mm thick. The test structures were opened for 
normal traffic in the beginning of October 2000. 

Temperature measurements and climatic data 

Air and road surface temperature measurements have been performed since Octo
ber 2000 at the Tuupakka test site. The relative humidity and solar radiation 
measurements were taken at the Helsinki airport meteorological stations. The 
dewpoint can be calculated from relative humidity and air temperature. At the 
Helsinki airport there are also different kinds of sensors that indicate the condition 
of the road surface (snow, ice, hoar frost). 

Table 1 shows the monthly averages for air and surface temperatures in 
Tuupakka for a reference structure without insulation and for exclay (denoted as 
EC in the following) insulated structures with a covering layer of 700 mm, 500 
mm and 350 mm respectively. As the autumn 2000 was exceptionally warm, re
sults here start on December. Temperatures did not drop substantially below zero 
before late December. As expected, it can be seen from Table 1 that the lowest 
average surface temperature in the winter 2000-2001 was measured in the exclay 
structure with a covering of 350 mm. It was not expected, however, that the tem
perature differences would be that small. Also surprisingly, the average surface 
temperatures of the other exclay structures (EC+500 mm and EC+700 mm) were 
higher than those of the reference structure. 
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Table 1. Mont ily average temperatures at the Tuupakka test site. 
Month Surface temperature (°C) Air temp, 

C O 

Month 
Ref. EC+700 EC+500 EC+350 

Air temp, 
C O 

December 00 1.68 1.81 1.75 1.47 1.47 
January 01 -1.63 -1.42 -1.50 -1.72 -1.46 
February 01 -6.44 -6.28 -6.32 -6.71 -7.10 
March 01 -1.20 -0.98 -1.03 -1.36 -2.68 

Average -1.90 -1.72 -1.77 -2.08 -2.44 

Daily variation of the temperatures as well as the dewpoint is displayed in Fig. 1 
in which hourly values of five days in January are plotted. The figure clearly pre
sents the same situation as discussed above. 

TUUPAKKA, Surface Temperatures and Dewpoint 

- Dewpoint 

•AC, Ref. 

AC, 

Exclay+700 
AC 
Exclay+500 
AC, 
Exclay+350 

Figure 1. Temperature and dewpoint variation during 5 days in January. The ver
tical lines show the time when friction measurements were done. 

Because the Helsinki airport is located only about 5 km from the Tuupakka test 
site, the airport meteorological station observation data of the relative humidity 
and dewpoint measurements could be used to estimate the risk of icing in Tuu
pakka (see Table 2). The average air temperature seems to be a little lower at the 
airport (0.80 °C) and the AC-surface temperature at the airport is also lower than 
at the reference structure at Tuupakka (0.66 °C). The difference between the air 
temperature and the dewpoint was 1.88 °C at the airport. Table 2 also presents the 
calculated dewpoint difference (2.68 °C) at Tuupakka, using the Tuupakka air 
temperature and the airport dewpoint temperature. 
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Table 2. Average monthly temperatures, relative humidities, dewpoints and dew-
point differences in Helsinki Airport and Tuupakka.  

Helsinki Airport Tuupakka 

Air temp AC-surf Rh DewPoint DDPHki DDPTuup 

Month °C °C % °C °C °C 

Dec 00 0.99 0.78 91.57 -0.11 1.10 1.58 

Jan 01 -2.15 -2.37 92.54 -3.19 1.05 1.74 

Feb 01 -7.99 -7.33 85.19 -10.07 2.08 2.97 

Mar 01 -3.80 -1.33 79.79 -7.11 3.31 4.42 

Average -3.23 -2.56 87.27 -5.12 1.88 2.68 

The number of hours during which the surface temperature is below zero, is pre
sented in Table 3. 

Table 3. Number of hours for surface temperature below 0 °C at the Tuupakka 
test site.  

Month 
Surface temperature < 0 °C (h) 

Month Ref. EC+700 EC+500 EC+350 

December 00 
January 01 
February 01 
March 01 

309 305 312 328 December 00 
January 01 
February 01 
March 01 

637 589 609 661 
December 00 
January 01 
February 01 
March 01 

635 602 617 663 

December 00 
January 01 
February 01 
March 01 459 440 445 495 

Sum (hours) 2040 1936 1983 2147 

Table 4 presents the number of hours when the surface temperature is below zero 
and the dewpoint temperature is higher than surface temperature. Under these 
circumstances a risk of hoar frost and icing is assumed to exist. 

Table 4. Number of hours for surface temperature < 0 °C and dewpoint tempera-
ture higher than surface temperature in Tuupakka. 

Month 
Surface temperature < 0 °C and Tsurf < DP (h) 

Month Ref. EC+700 EC+500 EC+350 

December 00 
January 01 
February 01 
March 01 

31 28 40 49 December 00 
January 01 
February 01 
March 01 

134 112 125 175 
December 00 
January 01 
February 01 
March 01 

168 146 142 173 

December 00 
January 01 
February 01 
March 01 54 58 66 90 

Sum (h) 387 344 373 487 

Table 4 shows that the surface temperature of EC+350 mm was exposed to ic
ing/hoar frost for the longest time (surface temperature below zero and the dew-
point temperature higher than the surface temperature). The corresponding time 
for the reference structure was 100 hours less and for the other exclay structures 
(+500 mm and +700 mm) it was even less than for the reference structure. Table 3 
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also shows the same order: the surface temperature of EC+350 was below zero for 
the longest time, the reference structure was the next, EC+500 the third and the 
surface of EC+700 was below zero for the shortest time. 

Temperature modelling 

The surface temperatures of the test structures were calculated using a simulation 
model developed at the National Road and Transport Research Institute (VTI) in 
Sweden (Hermansson, 2000). The simulation model uses climatic data in the form 
of hourly values for incident short wave radiation, air temperature and wind 
velocity. The reflected portion of the incident short wave radiation is given by the 
albedo of the pavement surface. The remaining portion is absorbed by the pave
ment surface, which causes the surface temperature to rise. Long wave radiation 
and convection losses are also taken into account. 

For the calculation of heat transfer, the ground is divided into cells, thinner 
near the surface and thicker at a deeper level, where temperature variation is 
smaller. Each cell is assigned values for temperature, porosity and degree of water 
saturation, of which only the temperature varies during the simulation. Thermal 
conductivities and thermal capacities are calculated according to Sundberg (1988), 
using information of water content, porosity, soil material and bulk density. 

Each cell is given a temperature at the start of the calculation. The model 
then calculates a new temperature for each cell - several times for each simulated 
hour. This is done in accordance with a generally accepted heat transfer theory, 
i.e. heat flows from warmer to colder cells in relation to temperature difference 
and thermal conductivity. The temperature change depends in its tum on the 
amount of energy received and the thermal capacity of the material in the cell. 
During the calculations, the exchange of energy of the uppermost cell through the 
pavement surface in the form of radiation and convection is also handled. 

The cell division is made down to a depth of five meters below the surface 
where the temperature is supposed to be constant, at a level of the annual mean air 
temperature. 

Input data to the simulation 

For the simulation, usually hourly values for solar radiation, air temperature and 
wind speed are used. For this study, the air temperature was monitored every 3 
hour right at the test section. During 3 a.m. to 6 a. m. the air temperature was 
measured every 1.5 hour. Horizontal solar radiation was measured hourly at the 
Helsinki airport located 5 km north east of the test section. Wind speed is very 
essential for pavement surface temperature during sunny summer days when the 
surface temperature differs much from the air temperature. This is not the case 
during winter and as no wind speed measurements were available, the simulation 
was performed assuming the weather to be calm. 
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Comparison between measured and calculated temperatures 

The calculated temperatures are presented in Fig. 2. For comparison, measured 
temperatures at a depth of 20 mm also appear in the same figure. As one can see, 
the agreement between the measured and the calculated temperatures is quite 
good. 

The number of hours when the road surface temperature is below 0 °C was 
calculated from the simulation results of a period from October 6 t h to March 18th. 
The results of the simulation and observations are given in Table 5. The simula
tion gives a little shorter time for the road surface to be below 0°C than the obser
vations. The difference between the calculated and observed time is about 5% for 
the reference structure and 8% for the insulated road. 

°C M e a s u r e d a n d c a l c u l a t e d t e m p e r a t u r e s a t d e p t h 20 m m 

14 d e c 1 9 d e c 24 d e c 29 dec 3 jan 8 jan 1 3 j a n 1 8 j a n 23 jan 2 8 j a n 2 feb 

Figure 2. Calculated and measured pavement temperatures for exclay+350mm 
structure in December and January at a depth of 20 mm below the road surface. 

Table 5. Simulated and observed number of hours for surface temperature < 0 °C 
from 6 t h October to 18th March. 

Structure: Reference Exclay+35( ) mm Structure: 
Simulated Observed Simulated Observed 

Time for T s u r f < 0 °C (h) 1793 1887 1842 2009 
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Figure 3 shows the results of the simulation at the beginning of January. During 
the first ten days the road surface temperature is lower than that in the air. When 
the air temperature falls, the surface temperatures do not reach as low values im
mediately. The surface temperature of the insulated road seems to be somewhat 
lower than the temperature at the reference structure as it was expected from the 
observations. 

Calculated surface temperature and measured air 

A . 

temperature 

«_•" \ ' \ •'. J I N 
i 

i f y i i 

Reference 
Exclay+35C mm • w 
Air 

mm 

'i' '1 'i' '1 

1.1.2001 6.1.2001 11.1.2001 

Figure 3. Air temperatures and simulated road surface temperatures for reference 
structure and exclay +350 mm. 

Skid-resistance measurements 

The research programme also included skid-resistance measurements on the test 
structures, in order to verify the results in practice. These measurements were 
made using a portable friction tester (PFT) owned by The Swedish National Road 
and Transport Research Institute and a C-Trip friction meter installed in a passen
ger car (Levomäki,Valtonen, 2001). 

The PTF equipment is a hand operated friction meter incorporating three 
wheels, one of which measures surface friction. The weight of the device is 38 kg 
and the operating speed is 0.5 m/s. The device provides an average friction based 
on eight measurements respective to every 104 mm. The C-Trip measurement unit 
is comprised of an electronic device installed in a car, which measures the friction 
caused by deceleration during braking. Correct measurement provides that the 
breaks are not locked, and an unlocked ABS break system in a car facilitates the 
measurements. In addition, the condition of the tires plays an important role in the 
accuracy of the measurements. A comparison study of five friction meters, includ
ing the PTF and C-Trip friction meter, was carried out in Finnish Lapland in De
cember 2000 (Malmivuo, 2001). 

The average skid-resistance measurement results obtained from the left and 
right tracks are presented in Figs. 4 and 5 (Levomäki, Valtonen, 2001). The re
sults can be summarized as follows: 
- PFT offers higher friction values than C-Trip, at high friction levels in particu

lar 
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highest and lowest friction values in both types of measurement are obtained 
at about the same time 
C-Trip results as measured at the same time vary more than PFT results for 
different structures 

• 1 (No exclay) 
• 2 (Exclay+700) l 
• 3 (Exclay+500) L 

• 4 (Exclay+350) { 
28.10. 29.10. 21.11. 

Figure 4. Average PFT results from Tuupakka (Levomäki, Valtonen, 2001). 

• 1 (No exclay) 

• 2 (Exclay+700) 

• 3 (Exclay+500) 

• 4 (Exclay+350) 

mil 

C-trip, Tuupakka 

28.10. 29.10. 21 .11 . 29.12. 3.1 

Figure 5. Average C-Trip results from Tuupakka (Levomäki, Valtonen, 2001). 

Differences in the friction values, e.g. small values on the 6 t h and 17 th of January, 
can be explained by the weather and ice conditions at the site during the meas
urements. On 6 t h Jan it was snowing and on 17 th Jan the road surface was covered 
with frost and ice. 
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As a whole, no certain conclusions can be drawn in regard to the skid-
resistance measurements and different road test structures. One explanation for 
this is road-salting. The test structures are located in places where salt is used dur
ing icy and snowy conditions. 

Fig. 6 presents temperature and dew point measurements at the Helsinki 
airport during January 2001, also including the warnings and alanns for snow, 
icing and hoar frost (measured and calculated) with respect to salting. The figure 
also presents the Tuupakka test road temperature measurement results in addition 
to the exact skid-resistance measurement times, shown by vertical lines through 
the figure. 

The intention was to measure the skid-resistance in accordance with the 
alarm system described above. Fig. 6 demonstrates, however, that no measure
ments were performed at the times when icing or hoar frost would have been ex
pected. The dewpoint during each measurement occasion was below the road sur
face temperature. It is also worthy of note that only one measurement was per
formed during the period most important for the purposes of this study, i.e. De
cember 2000, during which the frost period started and the most dangerous icings 
on the roads were supposed to be formed. 

T U U P A K K A , Ref. and E x c l a y +0,35m..0,7m 

Weather 

Warnings: 
Rain 

Hoar 

Alarm 

Warning 

Dewpoint 

Warning 

Weather cond. 

AC, Ref. 

- - - - AC, Exclay+350 

— AC Exclay+500  

AC, Exclay+700 

Figure 6. Temperatures, dewpoints, warnings and alarms in Tuupakka test road 
and Helsinki airport in January 2001. Vertical lines through the figure denote the 
friction measurement times and short (0 to +5) vertical lines the weather station 
alarms and warnings. 
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Conclusions 

The aim of the present study was to clarify how the location of the exclay insula
tion in a road embankment affects icing and skid-resistance on a road surface. 
Temperature and skid-resistance measurements were performed on a test road 
having insulation at the depths of 350 mm, 500 mm and 700 mm respectively. The 
results of the temperature measurements can be summarized as follows: 

comparing the different test structures, differences in the surface temperatures 
were relatively small - also including the reference structure with no insulation 
lowest average surface temperature in the winter 2000-2001 was measured in 
the exclay structure with a covering of 350 mm, as it was expected 

- on the test structures with covering thicknesses of 500 mm and 700 mm even 
higher surface temperatures than on the reference structure were measured, 
which was not expected 

The skid-resistance measurements did not substantiate this study mainly because: 
salting was used on the test roads 
they were not concentrated on the autumn because of an exceptionally warm 
weather 

- timing for measuring icing and hoar frost was not successful 

On the basis of this study the layer thickness above an exclay insulation could be 
500 mm without any substantial change in the thermal regime of the embankment. 
The results of this preliminary study are not, however, very convincing and there
fore no final conclusions may be drawn unless a substantial amount of additional 
research is completed. Lessons have been learned, however, from this study and 
the future measurements can be planned and implemented in a more successful 
way. 

The research will continue during 2002 financed mainly by Optiroc Group, 
Nordic Industrial Fund and in Finland also the Finnish Road Administration and 
Kaitos Ltd. In the winter 2001-2002 temperature and friction measurements will 
be made in Finland (Tuupakka) in co-operation with SCC-Viatek Ltd. and Hel
sinki University of Technology. In Norway (Trondheim) temperature and friction 
measurement using PFT will be made by SINTEF (The Foundation for Scientific 
and Industrial Research at the Norwegian Institute of Technology). Also the mod
elling of surface temperatures will be continued at VTI (Swedish National Road 
and Transport Research Institute). 
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ABSTRACT: A simulation model to be used primarily for falling weight deflectometer (FWD) testing has been developed 

to calculate temperatures of asphalt concrete (AC) layer. Input to the model is a series of measured temperatures at the 

surface of AC layer. The measuring series need to be started in the morning, before the sun has strongly heated up the 

AC layer. A start up procedure is proposed to follow, if the measuring series lacks the early morning data. By means of a 

finite difference approximation of the heat transfer equation, the temperatures below the AC surface are calculated. 

Parameter values were adapted using data for 8 days during the period June 20 lo June 27, 2001 from 3 different 

locations in Sweden. Two other locations in Sweden were used for validation. For the measuring data, the proposed 

model gives essentially better results than the commonly used BELLS method, as well as the improved version BELLS3 

and a method recently proposed by researchers at the Michigan Stale University. Comparisons with measured 

temperatures, show that the proposed method calculates the temperature distribution of the AC layer with good 

accuracy. This includes cloudy as well as sunny days. The method also accurately handles the change between cloudy 

and sunny weather during the day. 

KEY WORDS: Pavement temperatures: AC temperature: Falling weight deflectometer: Simulation model: BELLS 
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2 Temperature calculations for asphalt pavement at FWD analysis Volume X - No. X/1999 

1. Introduction 

As asphalt layer characteristics are strongly influenced by pavement 
temperatures, the increased use of falling weight deflectometer (FWD) testing of 
pavements, demands a convenient method for the calculation of AC temperatures. 
Calculation of AC temperatures is also of great importance in connection with AC 
mix design and structural behavior. 

[SOU 68] presents a work on measured temperatures in AC layers, as function of 
depth within the layer, time of the day, and the 5-day mean air temperature. Several 
simple procedures based on this work have since then been developed, with the 
attempt to predict the average pavement temperature from the current, and/or 5-day 
mean air temperature. 

One of these methods is the "Pavement Layer Moduli Prediction Technique" 
recommended by AASTHTO [AAS 86] The predicted temperatures are found on the 
basis of the pavement surface temperature, measured with an IR sensor, plus the 5-
day mean air temperature. In addition to prediction of temperature at different 
depths, the method also includes the determination of an adjustment factor, used to 
"normalize" the back-calculated AC modulus to a standard temperature. The 
temperature, on which the AASHTO method normally bases its normalization 
procedure to, is an "average" pavement temperature. This is obtained as the 
arithmetic average of the predicted temperatures at the top, middle, and bottom of 
the AC layer. 

[STU 94] presents the BELLS method, similar to the method of Southgate, and 
uses the air temperature during five days and the time of the day on the measuring 
occasion. However, it also includes the surface temperature measured at the time for 
which the AC layer temperature is to be calculated. In [LUK 00] there is an 
improved version, the BELLS3 method. However, BELLS original method is still 
the one most commonly used. 

[PAR 01] proposes a method for the determination of the AC layer temperature, 
which only uses AC pavement surface temperatures and the time of the day of the 
measuring occasion. 

Unfortunately, none of these methods accurately calculates AC temperatures for 
both cloudy and sunny days. The methods especially reveal shortcomings when the 
AC surface temperature rapidly drops due to temporary cloudiness during otherwise 
sunny days. 

Therefore, in this paper a method is proposed which uses a series of measured 
AC pavement surface temperatures. Experience shows, that 8 a.m., before the sun 
strongly affects the AC temperature, can be a suitable time to start the measuring 
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series of the surface temperature. A special start up procedure is proposed, to follow 
if the measuring series lacks the early morning data. This means that weather 
statistics, such as the air temperatures during the previous five days, need not be 
known. 

The proposed method uses the series of measured surface temperatures together 
with a finite difference approximation of the heat transfer equation to calculate the 
AC layer temperature distribution. The measuring series of surface temperatures, 
e.g. starts at 8 a.m., and is then completed in connection to the FWD testing. The 
method then calculates the temperature distribution for the AC layer for all points of 
time of the day for which FWD analysis is to be performed. 

2. Method 

2.1. Data collection 

During a couple of days in June 2001, AC pavement temperatures were 
measured at three different locations in Sweden - Kolmården, Krokek and Luleå. 
Kolmården and Krokek are located very close to each other in the south of Sweden 
at latitude N 59°. The test section at Luleå is located in the north of Sweden about 60 
km south of the Arctic Circle. The reason for selecting both Kolmården and Krokek 
for this study, even though they are located close to each other, is that the AC layer 
at Krokek is quite newly paved and much darker than that at Kolmården. During 
sunny summer days the color is of great importance for AC pavement surface 
temperatures, as a dark pavement absorbs a greater portion of the shortwave solar 
radiation than does a light pavement. At each location three thermocouples were 
installed in the AC layer, at three different depths. The top one was installed as high 
as the wear from passing vehicles allowed. The depths for the other two were chosen 
to give a good representation of the whole AC layer at the different locations. AC 
temperatures were recorded every 5 minutes. 

In addition to the installations described above, there are thermocouples installed 
at two other locations in the south of Sweden - Fastarp and Köping. Here 
temperatures have been measured at three depths during several years, every 30 
minutes. Measurements for the year 1997 at Köping and the year 2000 at Fastarp, 
were used for validation of the model. 

Installation depths at the different locations are shown in Table 1. 
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Thermocouples were installed at depth 

Location No. 1 No. 2 No. 3 Layer thickness Latitude 
Kolmården 15 80 130 160 N 58.7° 

Krokek 10 50 85 100 N 58.7° 

Luleå 15 80 150 180 N 65.8° 

Fastarp 25 120 200 220 N 56.8° 
Köping 20 60 105 145 N 59.5° 

Table 1. Thermocouple installation depth (mm) 

2.2. The new proposed method using a series of pavement surface temperatures 

2.2.1. The mathematical model 

The simulation model uses a series of AC pavement temperatures at the surface. 
For the calculation of heat transfer, the ground is divided into cells, thin near the 
surface and thicker at deeper level. Each cell is assigned values of temperature, 
porosity and degree of water saturation. Only the temperature varies during the 
simulation in each cell. Thermal conductivity and thermal capacity for the layers 
below the AC layer are calculated according to [SUN 88] using information of water 
content, soil material and density. For the AC layer, thermal conductivity and 
thermal capacity are set to get a good agreement between measured and calculated 
pavement temperatures for the three locations - Krokek, Kolmården and Luleå. The 
thermal conductivity for the AC layer was in this study set to 2.5 W/m°C. The same 
parameter values have been used for all locations. [HER 01:2] discusses how AC 
surface temperatures are affected by different values of AC thermal conductivity. 

Each cell is given a temperature at the start of the calculation. The model then 
calculates a new temperature for each cell - several times for each simulated hour. 
This is done in accordance with a generally accepted heat transfer theory, i.e. heat 
flows from warmer to colder cells in relation to temperature difference and thermal 
conductivity. The temperature change of the cell depends in its turn on the amount 
of energy received or left away and the thermal capacity. 

The described procedure is a finite difference approximation of the one-
dimensional heat transfer equation (1). 



Temperature calculations at FWD 5 

where u(t,x) is temperature, a is thermal diffusivity, t is time and x is the depth. 

The profile is divided into cells to a depth of five meters below the surface where 
the temperature is supposed to be constant. This temperature is set to a value of the 
mean annual air temperature at the location. That is 3 °C at Luleå and 6.5 °C at 
Kolmården, Krokek, Köping and 7.5 °C at Fastarp. 

Figure 1 shows the screen picture displayed during the calculation. The 
computation result shown corresponds to the temperature distribution at Kolmården 
on June 24, 5 p.m. The pavement surface has just cooled down somewhat due to a 
cloud. 

JSIEW^IfclNrøls i i 
<^ File Edit tfew Project Format ßebug Bun lods fidd-lra Whdow tjefe 

a>sii| a a & © tå Viito-J #>4 S3 1358 

Figure 1. The picture displayed during calculation. The line corresponds to the 
calculated temperature distribution in the AC layer. 
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2.2.2. Set up procedure 

The calculations are initiated by calculating the temperatures in the pavement 
and in the sub-base as function of depth. The boundary condition used at the 
pavement surface, is the measured temperature at 8 a.m. The temperature 
distribution is obtained by keeping this surface temperature constant simulating a 
number of days. During this simulation, the temperature distribution converges to a 
distribution, which is reasonable to use as starting temperature for all layers below 
the AC layer. Based upon experience and measurements, this is a good estimate as 
far down as to a depth of 5 meters. 

However, for the AC layer, this gives a temperature distribution, which does not 
in general agree with the observed temperature distribution at 8 a.m. In order to get a 
better estimate of the starting temperatures within the AC layer, the following 
procedure is used. From the very surface and down to a depth of 500 mm, the 
temperatures are set equal to the measured temperature at the surface at 8 a.m. 
However, tests have shown that this gives too high temperatures within the AC 
layer, and in order to decrease the heat energy in this layer the temperatures are 
decreased by half of the increase in the surface temperature during the first hour. 
This means, that i f the temperature is measured to 20 °C at 8 a.m. and to 30 °C at 9 
a.m., the temperature in the AC layer is set to 20-(30-20)/2= 15 °C. 

In this way, heating is somewhat delayed with depth. With a temperature 
distribution calculated by this procedure, the final calculation of temperatures is 
started from 8 a.m. 

2.2.3. Set up procedure when data is missing 

The proposed method implies, the measuring series of surface temperature starts 
at 8 a.m. I f the measurement starts later, 9 a.m. or 10 a.m., the lacking data has to be 
estimated to make the measuring series complete. In Figure 2 results from 
calculation is displayed where the following method has been used to estimate the 
missing data. The surface temperatures in the interval 8 a.m. to 10 a.m. are estimated 
using the measured surface temperatures from 10 a.m. to 12 a.m. A straight line is 
then fitted to the 10 a.m. through 12 a.m. data. This line is then extrapolated to 8 
a.m. The measuring series is then completed with another straight line through the 8 
a.m. estimate and the measured 10 a.m. surface temperature. 
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Figure 2. Calculated and measured pavement temperatures versus time, at a depth 
of 80 mm (Kolmården June - 2001). The surface temperature series started at 10 
a.m. and the missing 8 a.m. to 10 a.m. data was estimated. Calculation was 
restarted every day at 8 a.m. 

For the results in Figure 2 no information about temperatures taken before 10 
a.m. is used for the calculation of the pavement temperatures. Figure 2 should be 
compared with Figure 5 where the complete data set from 8 a.m. to 10 a.m. is used. 
It is clearly shown, that the difference between the calculated temperatures obtained 
by the two procedures is of minor, or no importance. 

3. Results 

3.1. The new proposed method using a series of pavement surface temperatures 

Parameter values needed in the model were chosen to get best fit for the three 
locations - Kolmården, Krokek and Luleå. In Figures 3 and 4, calculated and 
measured temperatures at Kolmården at the depths of 80 mm and 130 mm 
respectively, are shown. The calculation procedure was started in accordance with 
the procedure described above. Calculation was thus initiated at 8 a.m. on the first 
day, and it continued for all days in June, for which AC temperatures had been 
measured. However, this does not describe a typical situation at FWD testing, which 
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is in most cases conducted during one day only. Figures 5 and 6 instead show the 
result i f the calculation is restarted every day at 8 a.m. and continued until 8 a.m. on 
the following day. There are four such restarts shown in the graphs. In the figures 
the restarts can be identified as sudden jumps corresponding to 8 a.m. In the graphs 
there are also restarts corresponding to an inappropriate point of time - in the middle 
of the fourth day. As can be seen, the errors get considerably larger and remain 
during much longer time i f the proposed starting routine is used for such a point of 
time. 

20 jun 21 jun 22 jun 23 jun 24 jun 25 jun 26 jun 27 jun 28 jun 

Figure 3. Calculated and measured pavement temperatures versus time, at a depth 
of 80 mm (Kolmården June - 2001 

In Figure 7 the corresponding results at the depth of 80 mm for the Luleå site are 
shown with restarts every morning. 

When the starting routine is used with surface temperatures measured from 8 
a.m., the error is in these examples typically less than 1 °C except for temperatures 
at 8 a.m., when the error is typically 2 °C. Surface temperatures recorded every 5 
minutes have been used. 

Results obtained during validation using measurements at the locations Köping 
and Fastarp are displayed in Figures 8 to 12. Here the error is typically less than 1 
°C, except for temperatures at 8 a.m., when the error again is typically 2 °C. 
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Figure 4. Calculated and measured pavement temperatures versus time, at a depth 
of 130 mm (Kolmården June - 2001) 

Figure 5. Calculated and measured pavement temperatures versus time, at a depth 
of 80 mm. Calculation was restarted every day at 8 a.m. and at noon June 24. 
(Kolmården June - 2001). 
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Figure 6. Calculated and measured pavement temperatures versus time, at a depth 
of 130 mm. Calculation was restarted every day at 8 a.m. and at noon June 24. 
(Kolmården June - 2001). 

21 jun 22 jun 23 jun 24 jun 25 jun 

Figure 7. Calculated and measured pavement temperatures versus time, at a depth 
of 80 mm. Calculation was restarted every day at 8 a.m. (Luleå June - 2001). 
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Figure 8. Calculated and measured pavement temperatures versus time, at a depth 
of 60 mm. Calculation was restarted every day at 8 a.m. (El8 Köping June - 1997). 
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Figure 9. Calculated and measured pavement temperatures versus time, at a depth 
of 60 mm. Calculation was restarted every day at 8 a.m. (E18 Köping October -
1997). 
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Figure 10. Calculated and measured pavement temperatures versus time, at a depth 
of 120 mm. Calculation was restarted every day at 8 a.m. (Fastarp May - 2000). 

Figure 11. Calculated and measured pavement temperatures versus time, at a depth 
of 120 mm. Calculation was restarted every day at 8 a.m. (Fastarp June - 2000). 
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Figure 12. Calculated and measured pavement temperatures versus time, at a depth 
of 120 mm. Calculation was restarted every day at 8 a.m. (Fastarp August - 2000). 

3.2. Temperatures calculated with the BELLS method 

The BELLS method, [STU 94], uses the previous 5-day air temperature, the mean of 
5 highs and 5 lows, together with time of day and the surface pavement temperature. 
In order to study the accuracy of the BELLS method for the calculation of the AC 
temperatures at the studied locations in Sweden, the following procedure has been 
used. The temperatures measured at the surface (from the thermocouple placed most 
close to the pavement surface) are used to calculate the temperatures at the depth 
where the next thermocouple was placed. At the Kolmården site this is 80 mm. The 
air temperatures are recorded by the Road Weather Information Station placed at the 
location. In Figure 13, temperatures calculated with the BELLS method are shown 
for the depth of 80 mm together with the measured temperatures at the same depth. 
At the calculation, the depth in the BELLS equation has been set to 65 mm as this is 
the difference in depth for the two thermocouples. As can be seen, temperatures 
calculated with the BELLS method, follow fairly well those measured during sunny 
days, i.e. June 23 and June 24. On the other hand, the temperatures calculated with 
the BELLS method during the first part of the studied period are unreasonable. This 
is a period with cloudy days. It should be noticed, that the temperatures calculated 
with the BELLS method, for the depth of 80 mm, reach levels, during late 
afternoons, exceeding the highest temperatures reached at the surface. I f the 
calculated temperatures at the depth of 80 mm during a series of days, in the end of 
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June, have a higher daily maximum than the temperature at the surface at the same 
location, this must be considered as unreasonable. 

°C B E LLS m ethod Kolm ården 80 m m 

Figure 13. Surface temperature, measured and calculated pavement temperatures at 
a depth of 80 mm versus time. Calculations according to BELLS method. 
(Kolmården June - 2001) 

The temperatures calculated with the BELLS method at the depth of 80 mm are 
in this example typically 4 - 8 °C higher than those measured during cloudy days. 
During the sunny days, calculated temperatures are 2 - 4 °C higher than those 
measured during the afternoons and nights. The maximum deviation is 8 °C, which 
occurs in the middle of the third day. 

3.3. Temperatures calculated with the BELLS3 method 

The BELLS3 method, [LUK 00], uses the previous day mean air temperature 
together with time of day and the surface pavement temperature. BELLS3 method is 
a significant improvement of the original BELLS method. In Figure 14, 
temperatures calculated with the BELLS3 method are shown for the depth of 130 
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mm together with the measured temperatures at the same depth. At the calculation, 
the depth in the BELLS3 equation has been set to 115 mm as this is the difference in 
depth for the two thermocouples. The temperatures calculated with the BELLS3 
method reach the daily maximum simultaneously at all depths. While, for measured 
temperatures the daily increase in temperatures is delayed with depth. So typically, 
the calculated temperature at depth 130 mm reaches the daily maximum before the 
measured temperature. This can be seen for the sunny day, the fourth day, in Figure 
14. 

Figure 14. Measured and calculated pavement temperatures at a depth of 130 mm 
versus time. Calculations according to BELLS3 method. (Kolmården June - 2001) 

The temperatures calculated with the BELLS3 method at the depth of 130 mm 
are in this example typically lower than those measured during early mornings and 
higher than those measured at daytime during cloudy days. Late in the afternoon 
during the sunny day, calculated temperatures are at most 4 °C lower than those 
measured. 

The results in Figure 14 should be compared with Figure 6, which shows the 
results using the proposed method. 
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3.4. Temperatures calculated with the method proposed by Park et al. 

The method proposed in [PAR 01] uses the time of the day and AC temperature 
at the surface to calculate AC temperatures at different depths. Unfortunately, this 
method has some weaknesses. For example, the calculated temperatures at all depths 
are fully affected by a quick temperature change at the surface. I f the surface 
temperature drops quickly due to clouds during an otherwise sunny day, calculated 
temperatures drop directly in the whole layer, to the same extent as at the surface. 
This includes all depths even down to e.g. 200 mm. Instead it is reasonable to 
believe, that the reaction wil l be delayed and softened out with increasing depth, as 
discussed in [HER 01:1]. In Figure 15, temperatures are shown, calculated with the 
Park method, for the Kolmården site at the depth of 130 mm together with 
temperatures measured at the same depth. When calculations are performed with the 
Park method the surface temperatures are set identical to those measured by the 
uppermost thermocouple. In the calculation, the depth has been set to 115 mm as 
this is the difference between the depths for the two thermocouples 

Figure 15. Surface temperature, measured and calculated pavement temperatures at 
a depth of 130 mm versus time. Calculations according to Park method. (Kolmården 
June-2001) 

As expected and shown in Figure 15, the temperatures calculated with the Park 
method, at the depth of 130 mm react far too strongly when the surface temperature 
varies quickly due to clouds. Generally, calculated and measured temperatures seem 
to be in phase during sunny days. On cloudy days, however, measured temperatures 
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seem to lag approximately six hours behind those calculated. Typically, the 
temperatures calculated with the Park method are, in this example, at the depth of 
130 mm, 4 °C too high some time every day. However, in the presented case the 
deviation is at its maximum in the middle of the third day. At this time the 
calculated temperatures are as much as 6 °C lower than those measured during a 
time period. 

4. Conclusions 

The proposed method can, according to comparisons with field measurements, 
model the temperatures of the pavement at different levels with very good accuracy. 
To obtain this, a series of surface temperatures are needed as input to the model. 
When comparing measured and calculated temperature data every 30 minutes for a 
time period of 23 days, an average error of less than 1 °C was obtained. The 
maximum error 2.6 °C, was found at 8 a.m., at the start of measurements and this 
error then decreased to 1 °C within one hour. The measured data included 
temperatures from the levels from 10 to 200 mm below the surface and included 
information from cloudy, as well as sunny days. 

When using the presented method, it is essential that the measurement of the 
surface temperature starts early in the morning, before the sun has significantly 
heated up the AC layer. As this is not always possible to carry out in a practical 
situation, a start up procedure is proposed i f the measuring series lacks the early 
morning temperature data. 

It should be stressed, that the measuring series of surface temperatures must be 
representative to points where the FWD measurements are to be performed. If, for 
example, both shaded and unshaded parts are included in the section for FWD 
testing, several measuring series of surface temperatures must be used. 

Results so far are very promising, and the proposed method seems to be a highly 
valuable complement to existing methods for calculations of AC layer temperatures. 
Further, the accuracy of calculated temperatures seems to be very high. 
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ABSTRACT 

Equipment for performing freezing tests on soils is developed in order to study water transport 
during freezing. Laboratory freezing tests, performed on more than 500 mm high specimens 
indicate that the heave rate is almost independent of the heat extraction rate during longer periods 
with a constant frost penetration rate. However, heave rate varies strongly, i f heat extraction rate 
often changes between a high and low level. 

Key words: 
Frost heave rate 
Soil 
Freezing test 
Water transport 

1. INTRODUCTION 

Frost heave and frost penetration have been intensively studied during many years. Laboratory 
freezing tests as well as field tests have been carried out. Beskow (1935) was one of the first to 
study the frost heave phenomena in a systematic way and has more recently been followed by 
Penner (1960), Loch (1979), Stenberg (1979), Konrad (1984), Knutsson (1998), Henry (1998), 
Vikström (1999) and others. 
Heave rate is an important component in the freezing of soil, and it is essential to understand 
what determines the heave rate to enable a description of the freezing process. It is often 
concluded that heave rate is proportional to heat extraction e.g. see Knutsson (1998). According 
to Loch (1979) such proportionality was supported by Kaplar (1970) and Penner (1972). The 
present study shows, however, a different behavior for the freezing soil. Laboratory tests 
performed on more than 500 mm high specimens indicate that frost heave rate increases only 
marginally with heat extraction rate at the frost front for tests where the frost penetrates 
continuously over longer periods. Beskow (1935) presents similar results from freezing tests 
where constant heave rate is observed during varying high heat extraction rate. Also, in the 
present study, tests are performed where heat extraction rate is often varied between a low and a 
high level. Here, contrary to the above, a strong dependence between heat extraction rate and 
heave rate is observed. During short moments heave rate can then widely surpass the one 
obtained persistently. 
As heat capacity is small compared to latent heat, the freezing of water is the clearly predominant 
term in the heat balance. This means that the heat extracted to freeze water for heave and frost 
penetration respectively are the two main terms. The relation between heaving and frost 
penetration is determined by these terms, and the relation between frost heave rate and heat 
extraction rate also determines indirectly how frost heave rate is related to frost penetration rate. 
An assumption about proportionality between heave rate and heat extraction rate implies, for 
example, that the ice lenses would be spread evenly through the entire frozen soil. Whereas, an 
assumption about a more constant heave rate, would correspond to a denser formation of ice 
lenses at a lower heat extraction rate. 
In order to study the relation between heave rate and heat extraction rate, it would be desirable to 
both control and measure heat extraction at the frost front during freezing test. Neither of these is 
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easily done. The cooling rate at the end of the sample can be fairly well controlled and measured, 
but this does not say very much about heat extraction rate at the frost front. Instead, in the tests in 
this study frost penetration rate has been kept constant. In a homogeneous sample with uniform 
water saturation this should correspond to constant heat extraction rate at the frost front. In a test 
series, frost penetration rate has been varied between a high and lower level every second cycle. 
The same sample has then been mounted in the equipment during 8 freeze/thaw cycles. The high 
frost penetration rate has been 2.5 times higher than the lower one. It is difficult to say what 
difference this makes in heat extraction rate at the frost front. It depends on how the heat 
extracted is distributed between heave and frost penetration. Reasonably, a significant difference 
in heat extraction rate at the frost front is achieved, when frost penetration rate is changed by the 
factor 2.5. 

2. METHOD 

2.1 Freezing tube 

Equipment for performing freezing tests on soils in laboratory has been developed at VTI. To 
describe, in a natural manner, how water is sucked up to the frost front, the equipment is designed 
to allow a minimum distance of 500 mm between the frost front and the ground water. The 
equipment consists of two Perspex tubes, with an internal diameter of 122 mm, see Figure 1. One 
of the tubes, named the suction tube, is 480 mm long. In this, the outer diameter has been 
decreased by 5 mm for the upper 100 mm. The other tube, the cap, is 200 mm long, and its inner 
diameter has been increased in order to get the cap to slide fit over the upper part of the suction 
tube. 

a) b) c) d) 

Figure 1 a) The freezing tube. 
b) The tube is filled with a sample. 
c) The cap is fitted on the tube. 
d) An ongoing test. 

Undisturbed soil sample is pressed into the suction tube so it reaches 110 mm above the top of 
the tube. Surplus material is trimmed at the bottom of the tube. The cap is placed on the sample 
and the lid of the cap rests on the sample without the cap bottoming against the flange on the 
suction tube. This design is intended to allow the sample to freeze within the cap, which will be 
lifted without any resistance from adfreezing. 
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Water can be taken up freely by the sample through the suction tube 
The freezing test is performed in a cooling room with a temperature of + 4-6 °C. Before starting a 
test, a cooling element is placed on the lid of the cap, the cap is insulated and the freezing tube is 
placed in a bowl of water. Weights are placed on top of the cooling element to simulate a certain 
ground pressure, equivalent to a depth of approx 0.5 m, and an LVDT gauge is placed on the 
weights to record frost heave. The bowl of water is provided with a device to ensure that the 
water level is kept constant during testing. Silicon temperature sensors are placed along the cap. 
The sensors are placed very close to the surface of the cap with only a very thin layer between the 
sample and the gauge, thus ensuring that the gauges are measuring the temperature of the sample. 
The freezing is controlled by computer by varying the electrical current to the cooling element, 
thus obtaining constant frost penetration rate. 

2.1.1 Control program for the freezing tube 

The task of the control program is to keep the frost penetration rate constant during the whole 
test. A test always starts by a completely thawed sample. The electrical current to the cooling 
element can be varied in 256 steps and is initially set to 75. The program records every hour the 
temperatures from the 24 sensors in the cap. The cooling rate is kept at 75 as long as the 
temperature at the top sensor is higher than 0 °C. When the temperature at the top has fallen 
below 0 °C the control of the frost penetration rate starts. The program continues to record hourly 
all 24 temperatures, and every hour the frost depth is determined by linear interpolation between 
the lowest situated sensor where it is frozen, and the sensor below this. The current frost depth is 
compared to the frost depth the previous hour. This gives the frost penetration rate during the 
latest hour, which is compared to the demanded rate. In principle, the cooling rate should be 
increased i f penetration rate is too low and be reduced i f penetration rate is too high. There are, 
however, some problems here. On one hand, the answering interval - the time from control to 
changed frost penetration rate - is rather long, especially when the frost front has reached a bit 
down in the sample. On the other, successively higher cooling rates will be demanded when the 
distance between the frost front and the cooling element increases. In order to avoid uncontrolled 
oscillation in the system, it is essential here to be fairly tolerant. Rather big deviations between 
demanded and measured penetration rate must thus be allowed, without changing the cooling 
rate. One should be especially tolerant towards high penetration rates, as there is a built-in 
demand in the system for a higher and higher cooling rate as frost depth increases. This 
increasing need also involves a gradual demand for even bigger changes of the cooling rate in the 
form of bigger control steps. 
Initially, the control step is set to 1. The control algorithm tries to avoid a reduction of the cooling 
rate. Another aim is to keep the control step as low as possible. The control step is not increased 
until the cooling rate is too low, although it has been increased during several hours in a row. The 
start cooling rate 75 chosen, gives in most cases a too high penetration rate initially, and 
consequently the cooling rate generally is decreased during the first hours after the sample has 
begun to freeze. 
The control is as follows: 
I f the frost penetration rate is between 90% and 200% of the one demanded, there will be no 
change of the cooling rate. 
I f the frost penetration rate is below 90% of the one demanded, the cooling rate will be increased 
by one control step. 
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If the frost penetration rate is more than 200% of the one demanded, the cooling rate is decreased 
by one control step. 
If the cooling rate has been increased during two hours in a row and is still too low during the 
third hour, the control step is doubled. Another doubling can only take place after another three 
hours. 
If the cooling rate is to be decreased, the control step is first halved. However, it is never set 
lower than I . According to these rules the test starts with the cooling rate 75 and, typically, it 
decreases by 1 every hour, during a shorter period, after the sample has begun to freeze. When 
the penetration rate comes close to the demanded, the cooling rate is fairly constant during a long 
period and then increases as the increased frost depth demands a higher cooling rate. This 
relatively rough control shows surprisingly good results for frost penetration rate. This is shown 
in Figures 2 and 4 where it can be seen that both frost penetration and heave assume a nearly 
constant rate after a day or two. 
A freezing cycle is interrupted after 72 hours, or when it has frozen at the bottom thermometer -
i f this has occurred before. I f the sample is to be exposed to repeated thaw and freezing cycles the 
control program wil l handle this, too. 
After a freezing cycle has been interrupted, the program continues to record the temperatures 
every hour. The sample is supposed to be completely thawed when the thaw settlement has 
stopped. This is verified by the LVTD. Experience shows that this occurs when the temperature 
at the 8th sensor is higher than 6 °C. Then, the next freezing cycle starts. As appears from 
Figure 4 the height of the sample returns to approximately the same level after every cycle. In the 
test referred to in this paper, the control program has moreover alternated the demanded frost 
penetration rate between two different values - every second time a high and every second time a 
lower rate. 
During another test the cooling rate was alternated every 5th hour between a high and a low level 
within a freezing cycle. 

3. RESULTS 

3.1 Tests with different constant freezing rates 

A test series has been run on medium silt with porosity 43% and degree of water saturation 83%. 
The test series comprised eight freeze/thaw cycles. A computer controls the tests so that a fixed 
frost penetration rate can be demanded. In order to study how heave rate varies with heat 
extraction rate, the frost penetration rate was varied automatically, so that every second cycle was 
run with a high rate and every second with a lower rate. In the tests the demanded frost 
penetration rates have been 20 and 50 mm/day respectively. I f a lower rate than 20 mm/day is 
demanded, the control program will have difficulties maintaining a continuous frost penetration. 
The higher rate was chosen as high as possible on the condition that constant frost penetration 
rate could be shown in good time before the frost front reaches the bottom of the cap. As has 
been described before, the cooling rate is adjusted automatically every hour at the top of the 
sample, so that the demanded frost penetration rate is maintained. In Figures 2 - 5 , frost depth, 
heave, temperature at the top thermometer and the cooling rate versus time are shown. It appears 
from Figure 2 that the frost first penetrates at a high rate, but after approximately a day it assumes 
a fairly constant rate. It also appears that the frost penetration has varied between a high and 
lower rate between the different freezing cycles. As can be seen, the algorithm calculating frost 
depth only functions for penetration and does not describe the frost depth during thaw in a correct 
way. 
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Figure 2: Frostdepth and straight lines, corresponding to demanded frost penetration rate, during 
8 freeze/thaw cycles. 

Figure 3 shows the temperature at the top sensor. When the freezing is interrupted, the 
temperature quickly rises there to approximately 1 °C. When the temperature at the top sensor has 
risen to approximately 6 °C, the freezing restarts, and the temperature quickly falls to 0 °C. Then, 
the temperature falls nearly linearly with significantly different rates depending on the demanded 
frost penetration rate. 

Temperature at topmost thermocouple 

Figure 3: Temperature at uppermost sensor during 8 freeze/thaw cycles 
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Figure 4 shows the heave versus time. The scale shows the deflection on the LVDT. A low value 
thus corresponds to a big heave. As can be seen, the sensor achieves approximately the same 
deflection before every freezing starts, which supports the assumption that the sample has thawed 
completely between every cycle. The heave varies between 14 and 16 mm in the different cycles. 
Straight lines have been adapted for each cycle. 

mm Frost heave 

Figure 4: Frostheave during 8 freeze/thaw cycles. Straight lines are adapted as best fit to the last 
part of each cycle. 

The cooling rate can be regulated in 256 steps. Figure 5 shows what levels the control program 
has chosen during the 8 freeze/thaw cycles. Every cycle is started at the level 75. With this level 
the freezing starts quickly, but the initial frost penetration rate will then often be too high. 
However, the freezing rate will slow down to the demanded within a reasonable time, even when 
the lower frost penetration rate has been chosen. For these cycles the level falls to approximately 
65 and then increases again to approximately 75. For the cycles where a high frost penetration 
rate has been demanded, the cooling rate increases nearly the whole time. The increase rate 
increases sharply, and the level reaches approximately 140. The cooling rates in the cooling 
element are only a measure of the electrical current sent through the element, and it is difficult to 
indicate a direct equivalence in heat extraction rate. Figure 5 only illustrates the function of the 
control program and how cycles with a high frost penetration rate differ from the ones with a 
lower rate. 
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Figure 5: Cooling rate at top of specimen during 8 freeze/thaw cycles 

3.2 TESTS WITH VARYING F R E E Z I N G RATES 

During another test the cooling rate was set every 5th hour alternately to 140 respectively 100 
during the course of the test. In Figure 6 heave and cooling rate are shown for this test. 

1 5 9 131721 2529333741 45495357 61 65 h 

Figure 6: Heave and cooling rate versus time. The slope of the straight line corresponds to a 
heave rate of 0.4 mm/h. 
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4. DISCUSSION 

4.1 The relation between heave rate and heat extraction rate at the frost front at constant 
frost penetration rate 

In Figures 2 and 4 straight lines have been adapted to the lines of frost depth respectively heave 
as a function of time. The straight lines in Figure 2 correspond to the demanded frost penetration 
rates, whereas the ones in Figure 4 are manually adapted to correspond to best fit. To illustrate 
the accuracy of the adaptation, there are in Figure 7, lines corresponding to heave rate 0.22 and 
0.21 respectively. Here the heave rate has been determined to 0.215. 

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81h 

Figure 7: Heave during the first of 8 freeze/thaw cycles. The heave is compared with two straight 
lines with slope 0.22 and 0.21 respectively. 

The freezing rate has varied by factor 2.5 between the different cycles. It will be discussed in the 
next section what variation in the heat extraction rate at the frost front this can have corresponded 
to. As appears from Figure 4 the great variation in freezing rate is not at all reflected in heave 
rate. In Table 1 the slope of the different lines in Figures 2 and 4 is shown, where it appears that 
the heave rate has increased by approximately 13% when the freezing rate has increased by 
150%. This observation contradicts what has been reported by, amongst other, Kaplar (1970) and 
Penner (1972). There it is concluded that heave rate is directly proportional to heat extraction rate 
at the frost front. 
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TABLE 1 Rate of penetration and heave 
Cycle Penetration rate Heave rate  

(mm/day) (mm/h) 
1 20 0,215 
2 50 0,245 
3 20 0,220 
4 50 0,255 
5 20 0,220 
6 50 0,255 
7 20 0,215 
8 50 0,245 

As has been mentioned before, it is often assumed that heave rate is proportional to heat 
extraction rate at the frost front. This can be questioned with the following arguments. In 
principle, the heat is extracted for two purposes - the freezing of ice lenses and the freezing of 
pore water. The freezing of pore water means frost penetration, whereas the freezing of ice lenses 
corresponds to heave. It is generally accepted that during periods when the frost penetrates 
slowly, a greater concentration of ice lenses is received - more heave per frozen soil layer - than 
when the frost penetrates quickly. According to Williams and Smith (1989) Taber was amongst 
the first to describe this in detail. Beskow (1935), also points out that warmer periods during the 
winter results in higher concentration of ice lenses. 
If heave rate were proportional to heat extraction rate, it would directly follow that the amount of 
ice lenses formed per time unit is also proportional to the heat extraction rate. And i f heave rate is 
proportional to heat extraction rate, then the frost penetration rate must also be so - at constant 
pore water content. The heat extraction must thus, in that case, be distributed proportionally to 
both ice lenses formation and frost penetration. This being true, the quota between the amount of 
ice lenses and the amount of frozen pore water would be constant, and then there would not be 
any increased concentration of ice lenses, when the frost penetrates slowly. This is contrary to 
what has been generally accepted. 
The freezing tests, see Table 1, indicate that the heave rate is fairly independent of the heat 
extraction rate as long as the frost penetrates constantly. This corresponds better to a higher 
concentration of ice lenses when the frost penetrates slowly - the amount of ice lenses formed per 
time unit is fairly constant, whereas the thickness of the frozen soil varies with the heat 
extraction. 

4.2 Heat extraction rate at the frost front during freezing tests 

As the cap (the part frozen during a test) is insulated, the main heat flow goes in through the 
flanges of the freezing tube, through the sample, up towards the cap and up to the frost front. The 
heat flow then continues through the frozen part of the sample, the lid of the cap and the cooling 
element, Figure 8. At the frost front, heat corresponding to the water frozen is added to the heat 
flow. As has been mentioned previously, the cap is equipped with 24 temperature sensors at a 
mutual distance of 5 mm. A way of appreciating the size of the heat extraction at the frost front 
can then be to calculate the temperature difference between the two sensors immediately above 
the frost front and the difference between the two immediately below the frost front. Multiplying 
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these differences by the heat conductivity for frozen and unfrozen soil respectively gives 
estimation of the heat flow above and below the frost front respectively. The heat extraction rate 
at the frost front can then be calculated as the difference between these heat flows. Figure 9 and 
10 shows the heat extraction rate at the frost front, calculated in this way, for the tests 
corresponding to Figures 2 - 4 . Here it has been assumed that the heat conductivity for unfrozen 
soil is 1.0 W/m°C and for frozen soil 2.0 W/m°C. As can be seen, the heat extraction rate 
calculated in this way varies considerably hour by hour. However, there is a clear tendency that 
the average value of the heat extraction, for cycles with a high heat extraction rate, is around 70 
W/m" and for the lower rate, approximately 40 W/ m" on an average. 

Figure 8: Heat flow through the sample 
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Figure 9: Calculated heat extraction rate at the frost front during slow freezing 
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Figure 10: Calculated heat extraction rate at the frost front during fast freezing 

For these cycles heave rate and frost penetration rate are well documented, and it may be 
interesting to make a rough calculation to see how the calculated cooling rate is related to heave 
and frost penetration. It is often assumed, Knutsson (1998), in frost models that the pores in the 
frozen soil are fully saturated when freezing, and that the water for heave is added above this. For 
the material used in the current test, the porosity has been estimated at 43%. The heat extraction 
of 70 W/ m2can be transformed into heat flow per mm 2, and then be expressed as heat exctraced 
per hour and mm". Then it is evident that 70 W/m 2 is enough to freeze 0.75 mm3/(h mm2) water. 
When the high freezing rate has been used - which corresponds to the calculated cooling rate of 
70 W/ m - the heave rate has been 0.25 mm/h and the frost penetration rate 2.08 mm/h according 
to Table 1. Supposing now that the heave corresponds to ice lenses outside pores and that the 
frost penetration means that water in pores freezes without contributing to the heave. Then the 
heave corresponds to the freezing of 0.25/1.1 mm3/(h mm 2) amount of water - the factor 1.1 
corresponds to 10 % expansion when freezing. 
The frost penetration would correspond to freezing (0.75-0.25/1.1) mm3/(h mm2) = 0.50 mm3/(h 
mm 2) - i f consideration is taken only to latent heat. As the frost penetration rate in these cases has 
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been 2.08 mm/h, this implies that the soil contains 0.50/2.08 = 24% (percentage by volume) of 
pore water when it freezes - here irrespective of the ice lenses outside the pores. 
Similarly for the lower freezing rate, the heave there corresponds to the freezing of 0.22/1.1 
mm3/(h mm 2) amount of water. Here the heat extraction has been estimated at 40 W/m 2 which 
corresponds to the freezing of 0.42 mm3/h mm 2). Then there remains for frost penetration to 
freeze (0.42 - 0.22/1.1) mm3/(h mm2) = 0.22 mm3/h mm2). As the penetration rate here is 
0.83 mm/h, the pore water can now be estimated at 0.22/0.83 = 27%. With the accuracy existing 
in the calculations there is no reason to speculate why the percentage by volume at the lower rate 
has been estimated at 27% compared to 24% for the high rate. It is difficult on the whole to have 
viewpoints i f they should even be similar. 
The above is only an example of how it could be. The uncertainty of the calculated heat 
extraction is high, and assuming for example that the heat conductivity for frozen is 2.5 and for 
unfrozen 1.25, a considerably higher water content is received and an even greater difference 
between the content of water calculated for the different rates. 
As has been mentioned before, the porosity of the sample is estimated at 43%. I f the pores of the 
sample should freeze in a totally saturated condition, then the frost penetration rate of 2.08 mm/h 
would imply freezing 0.43*2.08 = 0.89 mm3/(h mm") amount of water, merely for frost 
penetration. As above, the heave corresponds to the freezing of 0.25/1.1 mm3/(h mm2). Totally, 
1.12 mm3/(h mm2) amount of water would then freeze, whereas the heat extraction of 70 W/m 2 

only suffices for 0.73 mm3/(h mm2). This contradicts the theory that the pores would be saturated 
at freezing, and instead indicates that the pores contain a great portion of air when they freeze. 

4.3 Tests with varying freezing rates 

If the cooling rate is varied during a test so that the frost penetration strongly decreases 
periodically, then, contrary to the above, a clear connection is received between heat extraction 
and heave rate. When the frost penetration rate ceases, heave rate also decreases strongly. During 
periods with temporarily high cooling rate, heave rates are obtained which widely surpasses those 
achieved during the tests with a constant frost penetration rate. The slope of the straight line in 
Figure 11, corresponds to a heave rate of 0.4 mm/h. Heave rate has thus, during short periods, 
reached values which are nearly double as high as those obtained at constant penetration rate, 
Table 1. An explanation to this could be that the water transport continues also during the short 
periods with a low heat extraction and creates a good supply of water, which can be utilized for a 
quick heave during a short period with a high heat extraction. 
Measured average heave rate during tests with a varied heat extraction is lower than the heave 
rate during constant frost penetration rate. 
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Figure 11: Heave rate versus overload. 

4.4 The relation between heave rate and overload 

The same freezing test equipment as has been described previously, has also been used to 
examine how heave rate changes when the load on the sample is changed. The control program 
has been used here, too, but now the frost penetration rate has not been varied between the cycles 
but has the whole time been equal to the lower rate (20 mm/day). After four cycles with a certain 
load, the load has been increased in connection with the thawing of the sample. As the heave 
sensor measures directly on the weights and the different loads involve a different total height of 
the equipment, the sensor has had to be adjusted after every change of the load, and consequently 
the heave shows discontinuities at every reload. However, the main aim has been, as before, to 
measure heave rate when it has been stabilized. 
Figure 11 shows the heave rate for all cycles in this test. The same soil sample as was used before 
has been used here, too. In table 2 the loads used are shown, and corresponding measured heave 
rates. As can be seen, heave rate was to a very small extent influenced by the changed load. 
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TABLE 2 Loads 
Test Load kN/m2 Heave rate 

mm/day 
1 8,4 5,2 
2 8,4 5,3 
3 8,4 5,3 
4 8,4 5,2 
5 16,8 5,5 
6 16,8 5,2 
7 16,8 5,2 
8 16,8 5,2 
9 25,2 4,7 
10 25,2 4,6 
11 25,2 4,7 
12 25,2 4,6 

5. CONCLUSIONS 

Freezing tests carried out in a laboratory with medium silt indicate that heave rate is almost 
independent of heat extraction rate during longer periods with a constant frost penetration rate. 
However, heave rate varies strongly, i f heat extraction rate often changes between a high and low 
level, where frost penetration ceases periodically. Momentarily, heave rate can then widely 
surpass the heave rate that can be obtained persistently. The average value of heave rate is in 
these cases lower than the heave rate obtained at a continuous frost penetration. An energy 
consideration for freezing tests in a laboratory also indicates that the pores in medium silt are far 
from saturated when freezing. 
Tests with different overloads indicate a very weak relation between the overload and heave rate. 
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ABSTRACT 

Equipment for automatically recording frost depth and heave is installed in a paved road. The 
equipment gives temperature readings for every 50 mm. Temperature gradients at different 
depths are calculated to estimate the depth and rate of liberation of latent heat, as a function of 
time. Data recorded during two winters, at the same location, indicate that the heave rate is on 
average almost constant during longer periods of time with a continuos frost penetration. 
However, heave rate, as a function of heat extraction rate at the frost front, is significantly higher 
the second year. In spite of, the on average constant heave rate, it is also observed that heave rate 
covariates with heat extraction rate. It is concluded that there seems to exist a maximum heave 
rate, that can be obtained persistently during long periods of time. But also, that this level can be 
widely surpassed during short periods, as heat extraction rate varies. 

Key words: 
Frost heave rate 
Soil 
Field measurement 
Water transport 

1. INTRODUCTION 

Frost heave and frost penetration have been intensively studied during many years. Laboratory 
freezing tests as well as field tests have been carried out. Beskow 1935) was one of the first to 
study the frost heave phenomena in a systematic way and has more recently been followed by 
Penner (1960), Loch (1979), Stenberg (1979), Konrad (1984), Knutsson (1998), Henry (1998), 
Vikström (1999), and others. 
Heave rate is an important component in the freezing of soil, and it is essential to understand 
what determines the heave rate to enable a description of the freezing process. It is often 
concluded that heave rate is proportional to heat extraction e.g. see Rnutsson (1998). According 
to Loch (1979) such proportionality was supported by Kaplar (1970) and Penner (1972). In 
contradiction to this, Hermansson (2002) instead concluded that heave rate is fairly independent 
of heat extraction rate at the frost front during long periods with constant heat extraction. 
Beskow (1935) presented similar results from freezing tests where constant heave rate is 
observed during varying high heat extraction rate. Hermansson also states that heave rate can 
momentarily reach high levels at varying heat extraction. 
In order to verify observations made by Hermansson (2002) in laboratory, measurements of frost 
heave in a pavement are presented in this study. In accordance with Hermansson (2002), these 
studies also indicate that frost heave rate is on an average fairly constant when the frost 
penetrates the ground continuously over long periods of time. During short moments though, 
heave rate can widely surpass the one obtained persistently and this is also in accordance with 
Hermansson (2002). 
As heat capacity, for particles and water, normally is small compared to latent heat o water, the 
freezing of water is the clearly predominant term in the heat balance. This means, that the heat 
extracted to freeze water for frost heave and frost penetration respectively, are the two main 
terms. The relation between heaving and frost penetration is determined by these terms, and the 
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relation between frost heave rate and heat extraction rate also determines, indirectly, how frost 
heave rate is related to frost penetration rate. An assumption about proportionality between heave 
rate and heat extraction rate implies, for example, that the ice lenses would be spread evenly 
through the entire frozen soil, whereas an assumption about a more constant heave rate would 
correspond to a denser formation of ice lenses at a lower heat extraction rate. 
A denser accumulation of ice lenses during mild periods is described e.g. by Beskow (1935). 
According to Williams and Smith (1989), Taber was among the first to describe this observation 
in detail. 

2 METHOD 

2.1 Measuring equipment 

The Swedish National Road and Transport Research Institute has developed a special device, 
STÖR96, in order to measure continuously and automatically frost depth, frost heave and 
groundwater level. The device is designed like a rod and consists mainly of three parts - soil 
anchor, intermediate part and upper part (hat), Figure 1. 

Figure 1: STÖR96, developed to measure frost heave of pavement surface, water table and 
temperatures at every 50 mm. 

At installation, a hole to a depth of approximately 4.6 m is drilled. The soil anchor is anchored in 
the bottom of the hole, the intermediate part is threaded on to the anchor, and finally the hat is 
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connected to the intermediate part. The hat is equipped with a horizontal plate, which makes it 
heave in the same extent as the pavement surface. The hat and the anchor are telescopically 
mounted in the intermediate part. 
During frost heave, the hat first heaves as the pavement and in relation to the intermediate part. 
At larger frost depths the frozen soil catches hold of the intermediate part and heaves it and the 
hat in relation to the anchor. Both these relative movements are registered by means of position 
transmitters and are added when calculating the total heave. That is, the equipment records the 
total heave, with no information about at which depth the heaving occurs. Moreover, there are 
silicon temperature sensors and sensors of groundwater along the hat and the intermediate part, 
on every 50 mm, down to a depth of 4 m. However, the construction involves an interval without 
indicators, in the same extent as the hat heaves in relation to the intermediate part. The grading is, 
in temperature readings 0.01 °C and in heave 0.01 mm respectively. 
Measurements are in this study registered every 12th hour by a computer at the roadside. 

2.2 Measuring site 

STÖR96 was mounted in the autumn of 1999 in a paved road located 40 km west of Sundsvall, 
Sweden, at a latitude of approximately 56 °N. STÖR96 has since then been recording data every 
season. The data presented in this study are collected during the winters of 1999-00 and 2000-01 
respectively. Frost susceptible soil is found from the depth of 0.5 m below the pavement surface 
and consists mainly of medium silt. The groundwater meters have never given an indication, and 
a check with conventional groundwater tubes has shown that the ground water follows the 
sloping rock at a depth of approximately 6 m under the pavement surface. 

2.3 Calculation of heat extraction rate at the frost front 

As sensors are mounted at every 50 mm along STÖR96, the temperature change can be followed 
very accurately both in frozen and unfrozen zone. When calculating heat extraction rate at the 
frost front, the flow of heat is calculated in both zones. The difference is the heat extraction rate 
at the frost front. Special care is needed for the choice of sensors being suitable for the 
calculation of the temperature gradient in frozen zone. This is discussed below. 
Figure 2 shows how the temperature at the top sensor, 50 mm below the pavement surface, drops 
rapidly before January 25th due to rapidly decreasing air temperatures. With a certain delay this 
will cause increased heat extraction rate at the frost front. This must be reflected as an increased 
temperature difference between every pair of adjacent sensors, above the frost front. In Figure 3 
the temperatures of six sensors close to the frost front, are shown, at a reversed scale, beginning 
on January 15th. 
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Figure 2: Measured temperature at 50 mm below pavement surface. 

Temperature at sensors 15 through 20 

5b 

Figure 3: Measured temperatures at sensors 15 through 20 at depth 800 - 1050 mm. 

As the temperature scale is reversed in Figure 3, the upper trace corresponds to the top one of the 
six sensors. Sensor 15 is situated approximately 800 mm below the pavement surface, sensor 16 
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at a depth of 850 mm and so on. The frost front reaches temperature sensor 20 January 18. As can 
be seen, the two sensors situated immediately above the zero isotherm cannot be chosen for the 
calculation of heat extraction at the frost front, as the cold wave is not yet reflected in the 
temperature difference at that level. Not until the temperature at sensor 18 is below -0.5 °C does 
the difference between the temperature here and the one measured at sensor 19 increase. 
Figure 4 shows the temperature difference between every pair of adjacent sensors. For example, 
the trace ' t l6- t l5 ' corresponds to 'TEMPI6' minus 'TEMPI5' in Figure 3. Consequently, each 
trace in Figure 4 corresponds to the flow of heat at that specific level. It then appears from 
Figure 4 that the flow of heat up towards the frost front, is fairly constant, which is given from 
the lower trace. It is also indicated that the flow of heat at the upper sensors (No. 15 through 18) 
covariate. This means, that heat here is only transported - not generated. On the other hand, trace 
' t l9- t l8 ' does not covariate with the trace 't20-tl9' or ' t l8- t l7 ' . This means that the heat flow 
increases here. The increased flow reflects an increased rate of freezing water - during the period 
January 23 -25. Ideally - neglecting heat capacity - the lowest trace would be constant and the 
upper traces all identical, except for some delay in time. 

°C Temperature differences 

Figure 4: Temperature difference between pairs of adjacent sensors. 

In Figure 4, the lower trace is almost constant and the two upper traces are close to each other. 
This means that heat is only transported at and above sensor 17. At sensor 17 it is warmer than 
-1.5 °C, during the period studied in Figures 3 and 4. When trace 'TEMP18' in Figure 3, reaches 
-0.5 °C on January 22, it separates from trace 'TEMP19'. That is, latent heat starts to liberate at 
-0.5 °C. The freezing-point depression thus seems to be approximately 0.5-1.5 °C. 
When calculating the temperature gradient in frozen zone, the sensor that most recently have 
passed the -0.5 °C isotherm has been used together with the sensor located 2 levels higher, in 
order to capture the whole area where freezing takes place. The sensors used and corresponding 
time interval is shown in Table 1. 
In unfrozen zone the gradient is fairly constant, and the choice of sensors here is not very crucial. 
To estimate heat extraction rate at the frost front, an assumption about heat conductivity in 
frozen, respectively in unfrozen zone must be made. In this study, 2 W/m °C and 1 W/m °C have 
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been used for frozen and unfrozen zone respectively. The flow of heat was then calculated as 
qf = AT *• 2 and qu = AT * 1, in frozen and unfrozen zones respectively. 

TABLE 1: Sensors used to estimate 
temperature gradient in frozen soil 
Date Sensors  
Jan 15-Jan 22 15 and 17 
Jan 23-Feb 2 16 and 18 
Feb 3 -Feb 13 17 and 19 

3. RESULTS 

A 4 m long rod has been mounted in a pavement 40 km west of Sundsvall, Sweden. The rod 
measures automatically frost heave and temperature at every 50 mm. During the winter of 1999-
2000 registrations of heave and temperatures have been made every 12th hour. 

3.1 Heave rate versus heat extraction rate at the frost front 

In Figures 5-10, data from the period December 27 - March 6, 2000 and January 12 - March 
18, 2001 have been used to study how heave rate of the pavement surface depends on heat 
extraction rate at the frost front. During the observed periods, the heave registered every 12th 
hour has continuously been increasing. In the previous section "Method", the used way of 
calculating heat extraction rate at the frost front is described, by using temperature gradients in 
frozen and unfrozen zones. In Figures 5 and 6, heat extraction rates at the frost front, calculated 
in the described way, are shown together with the observed surface heave rates versus time. 

Heat extraction and heave rate versus time - 2000 

Figure 5: Measured heave rate and calculated heat extraction rate at the frost front versus time, 
year 2000. 
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Heat extraction and heave rate versus time - 2001 

Figure 7: Measured heave rate versus calculated heat extraction rate at the frost front, year 2000. 
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Figure 8: The quota between heave rate and heat extraction rate at the frost front versus time, 
year 2000. 
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Figure 9: The quota (heave rate)/(heat extraction rate) versus heat extraction rate, year 2000. 
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Figure 10: The quota (heave rate)/(heat extraction rate) versus heat extraction rate, year 2001. 

The Figures 5 and 6 indicate that heave rate is proportional to heat extraction rate at the frost 
front. The relationship is further analyzed, and in Figure 7, the heave rate versus heat extraction 
rate is presented for the year 2000. By using linear regression analysis the correlation coefficient 
of R 2 = 0.81 is found. This shows that there exits a strong correlation between heave rate and the 
heat extraction rate at the frost front. 
Figure 8 shows the quota between heave rate and heat extraction rate at the frost front versus 
time. Although Figures 5 and 6 indicate that heave rate is proportional to heat extraction rate at 
the frost front, it appears from Figure 8 that the relation between them varies significantly during 
the time period studied. The variation shown, may come from both uncertainties when calculating 
the heat extraction rate and from real variation. The proportions between these two factors are 
unknown and difficult to estimate. Even though the variation is obvious the quota seems to vary 
around a value of about 0.12. 
In order to further illustrate how the quota between heave rate and heat extraction rate varies, it is 
in the Figures 9 and 10 shown, how the quota depends on heat extraction rate. Figures 9 and 10 
indicate that this quota decreases with increasing heat extraction rate. A high heat extraction rate 
thus gives comparatively lower heave rate. I f heave rate were proportional to heat extraction rate, 
the quota should have be constant. 

4. DISCUSSION 

4.1 Heave rate versus heat extraction rate at the frost front 

The Figures 5 - 7 indicate quite strongly, that there is proportionality between heat extraction rate 
at the frost front and heave rate. This is in agreement with observations presented by 
Knutsson (1998), Kaplar (1970) Penner (1972) and others. In Hermansson (2002), it is instead 
concluded, from freezing tests in laboratory, that heave rate is fairly independent of heat 
extraction rate at the frost front. In Hermansson (2002), freezing tests are presented in which frost 
penetration rate has been kept constant during a long period. Great differences in constant frost 
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penetration rates have then turned out to give marginal changes in heave rate. However, when 
heat extraction rate was varied between a high and a low level, every 5th hour, during the 
freezing tests, great variations in heave rate were recorded. Hermansson then concluded, that 
during periods with low heave rate a surplus of water is accumulated close to the frost front, 
which can be utilized for a high heave rate when heat extraction rate at the frost front increases. 
This argument can be supported from information in Figures 9 and 10. It is here indicated a 
comparatively lower heave rate at high heat extraction rate than at a low heat extraction rate. 
During periods with low heat extraction rate it is thus comparatively easier to obtain frost heave. 
A conclusion from Figures 9 and 10 may be that the available amount of water limits the heave 
rate at high heat extraction rates. This supports the hypothesis in Hermansson (2002), that during 
periods with low heave rate a surplus of water is accumulated close to the frost front, i.e. at low 
heat extraction rates there is unlimited water available for the heaving. 
Figure 5 and 6 in this study, may correspond to the tests with varied frost penetration rate, 
presented in Hermansson (2002). Then, the observation made here, that heave rate varies over 
short periods of time, agrees with the observations made in Hermansson (2002). However, the 
variation shown here, is much slower than that in the tests presented in Hermansson (2002). For 
comparison, it would be desirable to perform freezing tests with slowly varying heat extraction 
rate. Although Hermansson (2002) uses samples higher than 500 mm, only the upper 100 mm 
can be frozen, and consequently such tests cannot be accomplished before the 100 mm have 
frozen. 
In Figures 11 and 12, it is shown the frost heave together with pavement temperature close to the 
surface. STÖR96 recorded the measurements during the two seasons 1999-2000 and 2000-2001. 
From Figures 11 and 12 it again appears, that heave rate covariates with heat extraction rate -
when the temperature falls, heave rate increases with a certain delay. Figures 11 and 12 both 
show periods of freezing, without any interruption of thaw. Before these periods, heave rate has 
been higher. In Figures 11 and 12 it is shown, that heave closely follows the straight line 
representing a constant heave rate. This could correspond to the maximum heave rate 
Hermansson observed during tests in a laboratory with constant frost penetration rate. In 
laboratory as well as in field, this limitation in heave rate could correspond to a limited capacity 
to redistribute water to the frost front. An interesting observation in Figures 11 and 12 is that this 
average heave rate deviates strongly (factor 1.4) from one year to another. This in spite of the fact 
that STÖR96 has been intact in the same position in the pavement and that the groundwater level 
has been constant - the groundwater level follows the sloping rock 6 m below the pavement 
surface. Factors, which could affect the heave rate, are heat extraction rate at the frost front, 
ground water level, degree of water saturation and overloading pressure. The frost depth has been 
similar during the two years, so the overloading pressure has also been similar. As far as the 
groundwater surface is concerned, it has at all measurements been 6 m below the pavement 
surface. A possible explanation to the great difference in heave rates, could be differences in 
rainfall before the winter. The difference in rainfall could involve differences in pore water 
content, which affects the tendency to form ice lenses outside the pores, for the heaving. The 
pavement temperature, close to the surface, was somewhat lower during the season 2000 - 2001 
than during 1999 - 2000. This is shown in Figures 11 and 12. Heat extraction rate at the frost 
front was consequently also higher during the season 2000 - 2001 than during 1999-2000. 
However, the difference in heat extraction rate does not alone explain the difference in heave 
rate. The periods shown in Figures 11 and 12 both start when the frost has reached sensor No. 17 
- approximately 900 mm below the pavement surface, see Table 2. The periods also end, in both 
figures, when the frost has reached down to 25 mm below sensor 23. The frost thus penetrates 
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this layer - approximately 325 mm thick - in 60 days the first season and in 44 days the latter 
season. 

T A B L E 2: F r o s t depth and heave 

Period No of 
days 

Frostdepth 
starts at 

Frostdepth 
ends at 

Observed 
heave 

December 18-February 16,2000 60 900 mm 1225 mm 79.1mm 
January 1 9 - M a r c h 3,2001 44 900 mm 1225 mm 78.8 mm 

Heave and temperature at uppermost sensor 
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Figure 11: Measured frost heave and pavement temperature, 50 mm below pavement surface, 
year 2000. 

Figure 12: Measured frost heave and pavement temperature, 50 mm below pavement surface, 
year 2001. 
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Figures 13 and 14 show how heave rate has varied over these periods during the two seasons. 
The rates show approximately the same pattern during the two years, and from Figures 13 and 14 
one could believe, that they correspond to the same relationship between heave rate and heat 
extraction rate. But a closer analysis shows that, the higher heave rate the second season cannot 
entirely be explained by a higher heat extraction rate. 

Heave rate versus time, winter 1999 - 2000 
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Figure 13: Measured heave rate versus time, year 2000. 

Heave rate versus time, winter 2000 - 2001 

Figure 14: Measured heave rate versus time, year 2001. 

Figure 15 shows heave rate versus temperature at sensor 1 for the two years, and it appears from 
Figure 15, that heave rate is higher for the latter season for low temperatures at sensor 1. This is 
also supported by Figures 9 and 10 where (heave rate)/(heat extraction rate) is higher the latter 
season, for the same heat extraction rate. As heat extraction rate at the frost front is closely 
related to the temperature at sensor 1, i.e. the uppermost sensor, heave rates during the two 
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seasons do not consequently represent the same relation to heat extraction rate at the frost front. 
A higher degree of water saturation the latter season on account of higher rainfall could be an 
explanation to the higher heave rate value. 

Figure 15: Measured heave rate versus pavement temperature, 50 mm below pavement surface, 
for year 2000 and 2001 respectively. 

However, it appears from Figures 11 and 12 and Table 2 that the total heave is approximately the 
same the two seasons, when the frost penetrates the same area. I f the degree of water saturation 
has been higher the latter season, it has not thus prevented the frost from penetrating at a higher 
rate at the same time as heave rate has been higher. The freezing indecies at sensor 1 were similar 
for the two seasons, 388 and 361 degree days, respectively. This could freeze the same volume 
and cause approximately the same heave in 44, respectively 60 days. 

4.2 Frost penetration rate 

In Figure 16 a period of continuos frost penetration is chosen. The pavement temperature close to 
the surface is shown together with frost depth during the winter of 1999 - 2000. As mentioned 
earlier, STÖR96 is equipped with sensors every 50 mm. 
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Figure 16: Pavement temperature close to the surface and calculated frost depth versus time 

When calculating the frost depth, the two sensors, between which changes from negative to 
positive temperatures have taken place, were identified, and the frost front was then calculated 
through linear interpolation. No consideration has here been taken to the fact that the distance to 
the pavement surface increases, as frost heave progresses. The calculated frost depth is thus an 
underestimation of the real frost depth. In Figure 16, an interesting observation can be made - the 
frost depth versus time shows a saw-teeth-like behavior. The reason for this is that the sensors 
show varying falling and rising temperatures. Both Figure 11, showing uninterrupted heaving, 
and Figure 16, showing uninterrupted freezing at the surface, indicate a continuously ongoing 
freezing process. But still, at the freezing front, temperature often increases. This might be a bit 
surprising and an explanation has to be found. The heave may result in that a sensor can be lifted 
in relation to the surrounding ground, which then gives an opposite effect - the sensor is lifted 
towards colder material. A physical explanation to this saw-teeth pattern can be warming due the 
release of latent heat when the water freezes. 
In efforts to throw light on this, data will be collected every hour, during short periods of time, 
the winter of 2001 -2002. 

5. CONCLUSIONS 

Frost heave measurements of a pavement constructed on medium silt, indicates that heave rate is 
on an average nearly constant during long periods of time with continuous frost penetration. 
Both the freezing tests in Hermansson (2002), and field observations in this study, indicate that 
there is a maximum heave rate that can be obtained persistently during long periods of time. But 
also, that this level can be widely surpassed during short periods (1/2-3 days), as heat extraction 
rate varies. During short periods of time, a strong dependency between heave rate and heat 
extraction rate is observed. 
An explanation to the findings, could be that the transport of water up to the frost front continues 
also during periods with a low heave rate. This creates a good supply of water, which can be 
utilized for a quick heave during a short period of time with a high heat extraction rate. An 
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explanation to the limited heave rate during long periods of time, could be in a limited ability to 
redistribute water towards the frost front. 
At the beginning of winter the heave rate is high, probably due to a good supply of water initially. 
A saw-teeth like frost depth penetration is observed and explained as a consequence of release of 
latent heat. 
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ABSTRACT 
While many authors have assumed that frost heave of soils and aggregates is directly related to 
the uptake of new water, this research demonstrates that the heave-uptake ratio depends upon the 
frost susceptibility of the tested material. This paper provides a brief overview of frost heave 
concepts relating to unsaturated soil conditions, describes the laboratory methodology employed 
in this study, and discusses results from frost heave tests recently conducted at the Texas 
Transportation Institute (TTI) on 71 variably saturated specimens representing aggregate base 
materials from Indiana, Minnesota, Pennsylvania, Texas, and Virginia. Degrees of saturation 
ranging from 45 to 84 percent were evaluated, and heave-uptake ratios as high as 2.24 were 
calculated. Because water expands nine percent upon freezing, a ratio of 1.09 would indicate 
that all incoming moisture contributes to frost heave upon freezing. Lesser ratios suggest that 
sufficient porosity exists in the sample matrix to allow the formation of ice without causing frost 
heave, and higher ratios designate samples which are nearly saturated or which experience 
substantial upward redistributions of existing water during the initial freezing process that give 
rise to measurable heave even before additional water is imbibed by the sample. 

Key words: Frost Heave, Aggregate Base Materials, Soil Freezing, Water Uptake 

INTRODUCTION 
Because of the potential for frost heave damage in pavements constructed in cold climates, the 
study of moisture flow in freezing soils and aggregates has been the focus of substantial research. 
The redistribution of water that occurs in pavement base layers upon freezing impacts pavement 
performance from two perspectives. During freezing, water transport affects the heave rate, and, 
during thawing, the accumulation of meltwater in the upper roadbed causes a markedly reduced 
bearing capacity of the pavement. 

In explaining the frost heave behavior of freezing soils, some authors have assumed that 
frost heave is directly related to the uptake of new water (1, 2, 3, 4). That is, in laboratory test 
analyses, frost heave is completely attributed to the freezing of incoming water. Consequently, 
considering the nine percent expansion of water upon freezing, the volumetric heave is presumed 
to be larger than the volumetric water uptake by a factor of 1.09. 

However, in natural environments where soils are variably saturated, this simple 
approach does not adequately describe the relationship between frost heave and water uptake 
during freezing, nor does it account for the redistribution of water that can give rise to 
measurable frost heave without the addition of any water at all. This paper provides a brief 
overview of frost heave concepts relating to unsaturated soil conditions, describes the laboratory 
methodology employed in this study, and discusses results from frost heave tests recently 
conducted at the Texas Transportation Institute (TTI) on 71 variably saturated specimens 
representing aggregate base materials from Indiana, Minnesota, Pennsylvania, Texas, and 
Virginia. 

FROST HEAVE BEHAVIOR 
With the onset of winter in cold climates, soil water begins to freeze as sufficient heat flows 
across the pavement surface from underlying layers into the air. At the freezing front, not all soil 
water changes into ice at the same temperature, however (5, 6). In order to be frozen, water 
molecules must have sufficient mobility to be physically rearranged into the crystal structure of 
ice (7). Mechanisms that prevent freezing include adsorption to mineral surfaces, pore water 



Guthrie and Hermansson 2 

salinity, and compression forces. Water molecules that remain unfrozen as a result of these 
mechanisms exist as water films in the soil matrix and strongly influence the hydraulic transport 
properties of the affected layers (8). 

Because of the intermingling of individual effects, a clear picture illustrating the separate 
influence of each mechanism on the structure of unfrozen water networks in a freezing system 
may not be easily established. Nonetheless, research has demonstrated that in many cases a 
sufficient quantity of water remains unfrozen in a freezing soil or aggregate for water to flow in 
the pavement in response to suction gradients. While water molecules tightly bound to the 
mineral surface may not be free to move, water molecules in unfrozen saline films can migrate in 
freezing soil systems to create ice lenses (7). 

The flow of water and the formation of ice can begin to cause frost heave of the soil 
matrix when the pore space at a given depth within the frozen zone reaches saturation (9). As 
the ice crystals then grow to form ice lenses, usually parallel to the pavement surface, the 
aggregate particles may be forced apart, generating a heaving pressure on the overlying 
pavement layers. As the particle-to-particle contact is increasingly disrupted by ice inclusions, 
the effective stress in the soil matrix is reduced. The weight of the overburden is subsequently 
transmitted from the soil matrix to the ice-water structure, leading to a pressurization of the 
unfrozen water films along the soil-ice interfaces (9). Additional water can enter the film only 
when the matric suction at the interface is sufficient to overcome the counteracting overburden 
stresses and the matric suction of the underlying soil from which the water would come (5, 9). 

Thus, depending on the suction that develops in the freezing zone relative to the suction 
potential of the underlying soil matrix, water can be redistributed from lower layers upwards 
toward the freezing front. This implies that frost heave could occur even in closed systems, 
where, given a sufficiently high level of saturation, lower layers would be depleted of excess 
water until the suction gradient induced by the freezing of water in upper layers was ultimately 
balanced. The redistribution of water under thermally-induced suction gradients is the premise 
for the discussion of laboratory results given in this paper. 

T E S T PROCEDURES 
The laboratory test program included 71 specimens representing aggregate base materials from 
Indiana, Minnesota, Pennsylvania, Texas, and Virginia. Samples were tested in standard plastic 
cylinders of 152.4-mm inside diameter and 304.8-mm height. At approximately 6 mm above the 
outside bottom of the mold, 1.6-mm-diameter holes were drilled around the circumference of the 
mold at a horizontal spacing of 12.7 mm. One hole was also drilled in each quadrant of the 
bottom of the mold about 50 mm from the center. 

Aggregate samples were scalped on the 25-mm sieve and compacted at optimum 
moisture in four lifts of 50 blows each with a 4.5-kg hammer dropped from a height of 457 mm 
to a finished height of about 200 mm inside the pre-drilled mold. After drying at 40 °C for four 
to six days, the specimens were placed in a 12.7-mm-deep bath of distilled water at room 
temperature for a 10-day soak period as shown in Figure 1. The moisture profiles developed at 
the end of this conditioning were considered representative of those likely to exist in the field, 
given the availability of moisture. Specimen weights and surface dielectric values were 
monitored during soaking to assure equilibration of the moisture profile by the end of the 
conditioning period. (Dielectric values are most sensitive to the amount of unbound water in a 
soil matrix (10).) 
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FIGURE 1 Specimen conditioning. 

Afterwards, the specimens were moved with the water bath to an environmental chamber 
maintained at -17 °C for continued soaking and frost heave measurements through another 
period ranging from 9 to 62 days. As shown in Figure 2, styrofoam insulation was added around 
the samples to control the direction of frost penetration, and Figure 3 depicts the layout of the 
thermostat-controlled heat tape utilized in the water bath to keep the water from freezing during 
the test. A rigid plastic cover with a shallow, 2-mm-diameter hole drilled in the center was 
placed on the surface of each aggregate sample to facilitate frost heave measurements. In this 
way, differential frost heaves within a sample were automatically averaged in a single 
measurement from a rigid metal bar placed in turn across the top of each sample container to the 
bottom of the center hole in each cover. Measurements were made with a digital caliper to a 
resolution of 0.0025 mm. 
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FIGURE 3 Heat tape layout. 

The air temperature in the environmental room and the water temperature in the bath 
were checked regularly, with the latter being consistently around 5 °C for the duration of the 
testing. With this testing arrangement, surface temperatures just under the sample covers usually 
did not descend below -3 °C, likely due to constant heat conduction from the bath upwards 
through the samples. Thus, the maximum temperature gradient in the specimens was about 0.4 
°C/cm. The bath water level was also monitored throughout the testing. At the conclusion of 
frost heave testing, specimens were weighed to determine the amount of water uptake that 
occurred in each, and then the samples were oven-dried to facilitate computation of moisture 
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contents before and after freezing. Some samples were also subjected to specific gravity testing 
for determining the degree of saturation before freezing. 

TEST RESULTS 
The results of the testing are given in Figures 4 through 7. Figure 4 displays the relationship 
between the gravimetric moisture content attained by the specimens during the 10-day 
conditioning period and the gravimetric moisture content attained after freezing. In this study, 
the water content after freezing was between 3 and 70 percent greater than the water content 
before freezing, with an average increase of 29 percent. A linear regression was constructed 
through these highly correlated data, resulting in an R" value of 0.86. Thus, the relationship 
between moisture contents before and after freezing is consistent across the different freezing 
times employed in this research. Optimum moisture contents for these specimens ranged from 
5.5 to 10.0 percent by weight of dry aggregate. While only two aggregates, which were both 
caliches, imbibed more than their optimum moisture content during the soaking period, the 
optimum moisture contents of many of the more frost susceptible materials were exceeded 
during the freezing process. Upon thawing in the field, this additional water would lead to 
extreme conditions of super-saturation in the roadbed. 

ä? 18.0 

M 16.0 

g 14.0 

£ 12.0 

I 10.0 

^ 8.0 

I 6.0 

I 4.0 

2.0 

0.0 

2.0 

£> A 8 
A * 

4.0 6.0 8.0 10.0 

Water Content Before Freezing (%) 

12.0 14.0 

o 9 a 10 A 11 - 12 x 17 o 27 + 62 Freezing Days 

FIGURE 4 Comparison of water contents before and after freezing. 
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FIGURE 7 Variation in heave-uptake ratio with frost heave. 

Figure 5 reports degrees of saturation ranging from 45 to 84 percent for 50 of the tested 
specimens, where samples that imbibed more water during the conditioning period also generally 
experienced greater amounts of frost heave. (A few of the specimens with relatively high 
degrees of saturation did not exhibit substantial heave because of the presence of salts in the pore 
water. The salinity was inferred from surface electrical conductivity measurements obtained 
during the conditioning period and served to depress the freezing point of the pore water.) While 
the greatest amounts of frost heave, which approached 40 mm in this study, occurred in 
specimens with degrees of saturation exceeding 70 percent, no specimen with a degree of 
saturation less than 60 percent experienced more than 8 mm of heave. 

Figure 6 shows the frost heave behavior of specimens tested in this work relative to the 
1.09 factor discussed earlier. In the case of unsaturated soils, the air space that exists within the 
soil matrix must be filled before substantial frost heave can occur in that region. Consequently, 
for water uptake less than about 150 cm3 in this testing regime, which corresponds to an increase 
of approximately 2 percent gravimetric moisture, only part of the water contributes to the 
generation of heaving pressure inside the freezing pores. However, as water uptake progresses, 
less of the water is given to filling previously unsaturated pores, and frost heave can be markedly 
increased. 

Because new water as well as existing water can be transmitted from lower layers 
upwards to the freezing front, specimens with higher water contents can experience volumetric 
frost heaves much greater than the expansion that would be predicted from freezing only the new 
incoming water. As a demonstration of this concept, a heave-uptake ratio was calculated for 
each specimen by multiplying the measured frost heave by the cross-sectional area of the sample 
to obtain a volumetric heave and dividing by the measured volumetric water uptake. Figure 7 
illustrates the resulting relationship between the heave-uptake ratio and the frost heave 
experienced by each specimen. Two important observations should be noted from this graph. 
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First, samples that exhibit greater amounts of frost heave are generally characterized by higher 
heave-uptake ratios, and, second, these heave-uptake ratios can easily exceed 1.09. In fact, a 
heave-uptake ratio of 2.24 was computed for a particular limestone aggregate tested in this study. 

These results support the assertion that the heave-uptake ratio of a given soil or aggregate 
depends upon its frost susceptibility, or upon the magnitude of the frost heave it experiences, and 
are consistent with the recent findings of other similar studies (11, 12). In one project in which 
frost heave tests were performed on samples of undisturbed medium silt, the heave was 
considerably greater than the water uptake, and tests using samples at natural moisture contents 
even exhibited considerable heave without any addition of water at all (72). 

CONCLUSION 
While many researchers have assumed that frost heave is directly related to the uptake of new 
water, this work demonstrates that the ratio of volumetric heave to volumetric water uptake can 
vary significantly from soil to soil. Materials that experience significant frost heave will have 
higher heave-uptake ratios than those that are less frost susceptible. 

Because water expands nine percent upon freezing, a ratio of 1.09 would indicate that all 
incoming moisture contributes to frost heave upon freezing. Lesser ratios suggest that sufficient 
porosity exists in the sample matrix to allow the formation of ice without causing frost heave, 
and higher ratios designate samples which are nearly saturated or which experience substantial 
upward redistributions of existing water during the initial freezing process that give rise to 
measurable heave even before additional water is imbibed by the sample. Further research is 
needed to develop models that accurately predict this transient flow of water in freezing soils and 
aggregates. 
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Determining Aggregate Frost Susceptibility with the Tube Suction Test 

W. Spencer Guthrie1, E.I.T., Åke Hermansson2, and Tom Scullion3, P.E. 

Abstract 

The Tube Suction Test (TST) was developed in a cooperative effort between the 
Finnish National Road Administration and the Texas Transportation Institute (TTI) 
for assessing the moisture susceptibility of aggregate base materials. The moisture 
susceptibility ranking is based on the mean surface dielectric value of compacted 
specimens after a 10-day capillary soak, where the dielectric value is most sensitive to 
the amount of unbound water that exists within the aggregate matrix. 

The purpose of this research was to investigate the relationship between the 
final dielectric value in the TST and the frost susceptibility of aggregates. The 
laboratory test program included 35 specimens representing 10 aggregate base 
materials from Indiana, Minnesota, Pennsylvania, Texas, and Virginia. Each sample 
was subjected to the TST and afterwards to a frost heave test developed at TTI. In the 
TST, electrical conductivity measurements were also made to evaluate the salinity of 
the specimens. Sample volumetrics were computed and compared for post-TST and 
post-freezing conditions. 

In this study, aggregates classified in the TST as good performers did not 
experience significant frost heave, while several materials with higher dielectric 
values exhibited substantial amounts of heave. These latter specimens were 
characterized, on average, by greater percentages of fines, higher porosity, and higher 
moisture contents in the TST. Aggregate samples with high salinity also had high 
dielectric values in the TST, but they were generally less frost susceptible than other 
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high-dielectric specimens due to the depression of the freezing point caused by salt 
ions in the pore water. Samples with high porosity also exhibited reduced frost heave 
because the additional internal space allowed the formation of ice with less expansion 
of the aggregate matrix. 

Introduction 

The Tube Suction Test (TST) was developed in a cooperative effort between the 
Finnish National Road Administration and the Texas Transportation Institute (TTI) 
for assessing the moisture susceptibility of aggregate base materials (Scullion and 
Saarenketo, 1997). The moisture susceptibility ranking is based on the mean surface 
dielectric value of compacted specimens after a 10-day capillary soak, where the 
dielectric value is most sensitive to the amount of unbound water that exists within 
the aggregate matrix. The performance of a material in the TST is largely dependent 
upon the amount and quality of its fines and upon its salinity, which both affect its 
affinity for water. While good quality aggregates maintain a strong moisture gradient 
throughout the test, poor quality materials experience substantial moisture ingress and 
generally develop uniform moisture profiles during soaking (Guthrie et al, 2001). 

I f constructed of moisture susceptible materials, pavements subjected to 
moisture ingress can sustain damage under trafficking when the induced stresses 
exceed the reduced strength of the material. In Texas, this is a primary distress 
mechanism and has been the focus of recent TST validation studies (Saarenketo and 
Scullion, 1995; Guthrie and Scullion, 2000). Moisture damage can be more 
pronounced in cold climates, where the formation of ice lenses in moisture 
susceptible layers can cause frost heave of the road structure and supersaturated 
conditions upon thawing (Taber, 1931). To evaluate the potential of the TST for 
determining the vulnerability of aggregates to such damage, this research investigated 
the relationship between the final dielectric value in the TST and the frost heave 
behavior of aggregates. 

This paper first addresses principal factors influencing the moisture and frost 
susceptibility of aggregate base materials and discusses the implications of dielectric 
and electrical conductivity measurements used to characterize materials in the TST. 
Laboratory procedures are then described, followed by an analysis of test results 
obtained for 35 specimens representing 10 aggregate base materials from Indiana, 
Minnesota, Pennsylvania, Texas, and Virginia. 

Moisture and Frost Susceptibility 

The determination of moisture and frost susceptibility classifications for aggregate 
base materials depends chiefly upon their suction characteristics and hydraulic 
conductivity as discussed in the following sections. 

Suction. Soil suction characterizations are derived from the study of moisture flow 
through soil media and are composed of both matric and osmotic suction components 
(Hanks and Ashcroft, 1980). Matric suction is mainly responsible for the capillary 
phenomenon in aggregate layers, where the radius of curvature of the meniscus in a 
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capillary tube is analogous to the radius of curvature of an air-water interface in an 
aggregate matrix, and the height of capillary rise to the magnitude of matric suction. 
The force causing water to rise in a capillary tube depends on the radius of curvature 
of the meniscus, which is controlled by the radius of the tube and the contact angle 
with which the water wets the tube, and the surface tension of water (Hanks and 
Ashcroft, 1980). Matric suction is similarly affected by these factors, where higher 
surface tension, lower contact angles, and smaller radii give rise to greater suction at 
the air-water interface. 

Because the pore structures and water contents in natural systems directly 
influence the constitution of these interfaces between soil particles, unique soil-water 
characteristic curves can be used to relate water content to matric suction for 
individual soils. For saturated soils, matric suction is essentially zero, but as the 
water content decreases, suction increases dramatically (Hanks and Ashcroft, 1980). 
As a consequence of their fine texture promoting smaller pore radii, clay, silt, and till 
can develop exceedingly high suction values and are typically classified as highly 
moisture susceptible (Penner, 1962). 

Osmotic suction is the suction potential resulting from solutes present in the 
water portion of a soil or aggregate system (Hanks and Ashcroft, 1980). Water is 
attracted and diffuses by osmosis into zones of high salt concentrations, driven 
toward an equilibrium condition of uniform ion concentration within the pore water. 
Thus, in cold climates where deicing salts are routinely applied to roadways, an 
increase in moisture content within upper base layers may be observed due to 
increased osmotic suction as salts leach into the aggregate through time. Along with 
impacting osmotic suction, the concentration of dissolved solutes affects the surface 
tension of water, which generally increases with increasing concentrations of 
inorganic salts such as calcium, magnesium, and sodium chlorides (Weast et al, 
1989). Because of its dependence on surface tension as stated earlier, matric suction 
is intrinsically linked to osmotic suction in this way. 

In a freezing system, the salinity of pore solutions enhances the supercooling 
characteristics of soil water, where increasing solute concentrations generally 
decrease the freezing point (Anderson, 1967). As a rule, ice forms in a pure state, 
devoid of any contaminants, and the depression in the freezing temperature is derived 
from the additional energy required to physically "freeze out" ions during the 
formation of ice crystals (Panday and Corapcioglu, 1991). When subjected to 
sufficient suction gradients, water molecules in unfrozen saline films can migrate into 
freezing soil to create ice lenses (Anderson, 1967). 

Hydraulic Conductivity. Given some level of suction and the availability of water, 
the rate of water ingress is controlled by the hydraulic conductivity of the aggregate 
layer, which is primarily governed by the mineralogy and compaction of its fine
grained constituents and by the water content (Hanks and Ashcroft, 1980). Higher 
hydraulic conductivity results from more interconnected void space within the pore 
stmcture at higher degrees of saturation that allows water to more easily flow into and 
through the aggregate matrix. Hydraulic conductivity is an especially important issue 
in moisture damage mechanisms such as frost heave where water must be able to 
rapidly respond to changes in suction within the pavement structure (Mitchell, 1976). 
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Electrical Measurements 

Dielectric and electrical conductivity measurements were used in the TST to 
characterize aggregate base materials in this study. The first is indicative of the 
amount of unbound water that exists within the aggregate matrix, and the second 
reflects the salinity of tested specimens. Each property is addressed below. 

Dielectric Value. The dielectric value of a material is indicative of its storage 
capacity in an electrical field (Tareev, 1975). For electrical fields alternating at 
frequencies between 106 and 109 Hz, the extent to which a material can store charges, 
or its polarizability, depends primarily upon the ability of its molecules to be 
physically reoriented (Gueguen and Palciauskas, 1994). Figure 1 depicts dipole 
chains formed from orientational polarization of a dielectric material in an electrical 
field generated by a voltage applied across two condenser plates. At the interfaces, 
these chains bind, or neutralize, surface charges on the plates so that the number of 
free charges on the plates is reduced. The bound charges are then said to be stored by 
the dielectric material. For any material, the dielectric value is equal to the total 
number of charges, bound and free, on the plates divided by the number of free 
charges (Von Hippel, 1954). 

Materials composed of polar molecules with higher rotational mobility can 
store greater numbers of charges and will therefore have higher dielectric values than 
materials whose molecules are more rigidly fixed in position. Because the dielectric 
value of unbound water is 81, compared to 1 for air, 3 to 4 for tightly bound water 
adsorbed to mineral surfaces, and 4 to 6 for solid aggregate particles, the dielectric 
value of a mixture of these constituents is most sensitive to the amount of unbound 
water in the matrix (Saarenketo, 1998). 

Electrical Conductivity. While the dielectric value reflects the ability of a material to 
store electrical field energy, electrical conductivity is a measure of the field energy 
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Figure 1. Orientational polarization (Von Hippel, 1954). 
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lost through induced charge displacements (Powers, 1997). Energy is dissipated as 
heat through charge transport associated with conduction currents that develop in 
response to applied electrical fields. These currents appear in materials when free 
charge carriers are brought into a state of ordered motion by the forces of the applied 
field (Tareev, 1975). The quantity of electricity passing in a unit time through a unit 
of a cross-sectional area of a conductive body is the product of the number of charge 
carriers in a unit volume, the magnitude of charge associated with each carrier, and 
the average carrier velocity. 

Since mineral grains are mainly insulators, electrical conduction in most soils 
and aggregates is primarily electrolytic (Sharma, 1997). For this reason, in aqueous 
solutions where salts can dissolve into their constituent ions, the carriers are usually 
ions originating from ion exchange processes on clay surfaces, for example, or from 
outside sources such as deicing operations mentioned earlier. Electrical field energy 
losses result from heat generated by the retarding effect of water on the motion of 
ions within the fluid. That is, a viscous drag force resists the migration of cations to 
negative electrodes and anions toward positive electrodes. Some energy is also lost 
as heat through the slight charge displacements that occur in polarization mechanisms 
discussed earlier (Powers, 1997). 

Laboratory Procedures 

The research performed in this study included 35 specimens representing 10 
aggregate base materials from Indiana, Minnesota, Pennsylvania, Texas, and Virginia. 
Each sample was subjected to the TST and afterwards to a frost heave test developed 
at TTI. Following this testing, specimens were oven dried for mechanical sieve 
analyses. Specific gravity testing was also performed on each sample, and absorption 
properties were determined for each of the 10 aggregate types. Procedures for the 
TST and the frost heave test are presented in the following sections. 

Tube Suction Test. TST samples were tested in standard plastic cylinders of 152.4-
mm inside diameter and 304.8-mm height. At approximately 6 mm above the outside 
bottom of the mold, 1.5-mm-diameter holes were drilled around the circumference of 
the mold at a horizontal spacing of 12.7 mm. One hole was also drilled in each 
quadrant of the bottom of the mold about 50 mm from the center. 

Aggregate samples were then scalped on the 25-mm sieve and compacted at 
their respective optimum moisture contents in four lifts of 50 blows each with a 4.5-
kg hammer dropped from a height of 457 mm to a finished height of about 200 mm 
inside the pre-drilled mold. After drying at 40 °C for four days, the specimens were 
placed in a 12.7-mm-deep bath of distilled water at room temperature for a 10-day 
soak period. Figure 2 depicts the standard TST arrangement. The moisture profiles 
developed during soaking were considered representative of those likely to exist in 
the field, given the availability of moisture. 

The surface dielectric value and electrical conductivity were monitored daily 
with the Adek Percometer™ as shown in Figure 3. The Percometer™ operates at 50 
MHz, with the electrical field generated between a central node and an outer ring 
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Figure 2. Typical TST arrangement. 

arranged in coaxial fashion. The electrical field extends beyond the face of the probe 
so that measurements are sensitive to a depth of approximately 25 mm while being 
completely non-destructive. For materials with high suction and sufficient hydraulic 
conductivity, substantial amounts of unbound water rise within the aggregate matrix 
during soaking and lead to higher dielectric values in the TST. Conversely, non-
moisture-susceptible materials maintain a strong moisture gradient throughout the 
test, with little moisture reaching the surface, and have lower dielectric values at the 
end of the TST (Guthrie et al, 2000). Six surface dielectric readings and six electrical 
conductivity readings were taken at each measurement time, with five around the 
perimeter of the sample and the sixth in the center. The highest and lowest readings 

Figure 3. Using the Adek Percometer 

6 



were discarded as a means of reducing variability caused by surface imperfections, 
and the remaining four were averaged. 

The interpretation of TST results is based on an empirical relationship 
between the final dielectric value and the expected performance of aggregate base 
materials (Scullion and Saarenketo, 1997). Aggregates whose final dielectric values 
in the TST are less than 10 are expected to provide superior performance as base 
materials, while those with dielectric values above 16 are expected to provide poor 
performance. Aggregates having final dielectric values between 10 and 16 are 
expected to be marginally moisture susceptible. 

Frost Heave Test. At the conclusion of the TST, specimens were placed in an 
environmental chamber maintained at -17 °C for continued soaking and frost heave 
measurements through another 10-day period. As shown in Figure 4, styrofoam 
insulation was added around the samples to control the direction of frost penetration, 
and thermostat-controlled heat tape was utilized in the water bath to keep the water 
from freezing during the test. 

A rigid plastic cover with a shallow, 2-mm-diameter hole drilled in the center 
was placed on the surface of each aggregate sample to facilitate frost heave 
measurements. In this way, differential frost heaves within a sample were 
automatically averaged in a single measurement from a rigid metal bar placed in turn 
across the top of each sample container to the bottom of the center hole in each cover. 
Measurements were made with a digital caliper to a precision of 0.0025 mm. 

The air temperature in the environmental room and the water temperature in 
the bath were checked regularly, with the latter being consistently around 5 °C for the 
duration of the testing. With this testing arrangement, surface temperatures just under 
the sample covers usually did not descend below -4 °C due to constant heat 
conduction from the bath upwards through the samples. This equates to a maximum 
temperature gradient of about 0.45 °C/cm in each specimen. 

Figure 4. Insulation required for frost heave testing. 
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Test Results 

Because the objective of this study was to evaluate the potential of the TST for 
determining aggregate frost susceptibility, specimens were categorized by their 
moisture susceptibility rankings determined from final surface dielectric values 
measured in the TST. Nine specimens had dielectric values less than 10, nine had 
dielectric values between 10 and 16, and 17 had dielectric values greater than 16, 
yielding "good," "marginal," and "poor" ratings, respectively. Typical plots of 
dielectric value versus time for materials in these categories are given in Figure 5. 
Then, the degree of saturation and electrical conductivity before freezing, moisture 
content and porosity before and after freezing, frost heave, and ratio of frost heave to 
water intake during freezing were calculated for each specimen and averaged in each 
category as shown in Tables 1 and 2. 

The heave-intake ratio was computed by multiplying the measured frost heave 
by the cross-sectional area of the sample to obtain a volumetric heave, which was 
then divided by the volumetric water intake. Because water expands nine percent 
upon freezing, a ratio of 1.09 would indicate that all incoming moisture contributes to 
frost heave upon freezing. Lesser ratios suggest that sufficient porosity exists in the 
sample matrix to allow the formation of ice without causing frost heave. Ratios 
higher than 1.09 designate samples which are nearly saturated or which experience 
substantial upward redistributions of existing water during the initial freezing process 
that give rise to measurable heave even before additional water is imbibed from the 
water bath. 

The data presented in Tables 1 and 2 show that, on average, materials with 
higher dielectric values at the end of the TST are characterized by higher porosity and 
higher salinity which, in turn, lead to greater moisture ingress and higher degrees of 
saturation due to increased suction. Upon freezing, samples with higher dielectric 
values experience more frost heave, imbibe more water, and manifest higher heave-
intake ratios than those with lower dielectric values at the end of the TST. 
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Figure 5. Typical dielectric plots from TST specimens. 
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Table 1. Post-TST properties. 
Dielectric 

Value 

Saturation (%) Moisture Content (%) Porosity (%) Conductivity (uS/cm) Dielectric 

Value Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. 

e<10 57.7 10.7 5.1 1.3 19.2 2.2 13 18 

10<e<16 64.1 3.5 6.2 1.7 20.8 4.5 331 267 

e>16 72.3 4.7 8.6 1.0 24.7 3.1 686 307 

In order to evaluate the significance of these differences observed between 
specimens in different moisture susceptibility categories, one-tailed /-tests assuming 
unequal population variances were employed. The null hypothesis in each Mest was 
that no difference existed between the mean values of compared properties, and the 
alternative hypothesis was that one mean was significantly greater than the other. 
Unequal population variances were accommodated by using an approximating 
Student-/ distribution, where the degrees of freedom in each comparison were 
adjusted based on sample size and variance (Hogg and Tanis, 1997). 

Comparisons of "good" and "poor" performing aggregates yielded significant 
differences at the 0.05 level of significance for every property presented in the tables. 
Similar comparisons of "good" and "marginal" materials identified significant 
differences between values of electrical conductivity, frost heave, and the heave-
intake ratio. Significant differences between the "marginal" and "poor" materials 
exist between values of every property except frost heave and the heave-intake ratio, 
where, as in other cases in which significant differences could not be detected, 
relatively high standard deviations and proximate means reduced the ability to 
discriminate between categories. 

The especially high standard deviation for frost heave among "poor" materials 
can be explained in part by considering the effects of porosity and salt concentrations 
on frost heave as depicted in Figure 6, where specimens are labeled depending on 
whether their porosity and electrical conductivity are greater or less than 26 percent 
or 900 uS/cm, respectively, before freezing. As stated earlier, the importance of 
higher porosity is that it permits the formation of ice with less expansion of the 
aggregate matrix. The effects of increased salinity are often manifest in the TST as 
increased moisture contents caused by higher osmotic suction. As long as the salt 
concentration is not excessive, such increases in the moisture content can increase the 
net frost heave experienced by the sample upon freezing. However, for high salt 
concentrations, where the freezing point of water can be substantially depressed, the 
pore water is not as readily frozen, and frost heave may be notably reduced. In this 
study, specimens with porosity greater than 26 percent or electrical conductivity 
greater than 900 uS/cm did not experience substantial heave for these reasons. 

Table 2. Post-freezing properties. 
Dielectric 

Value 

Frost Heave (mm) Moisture Content (%) Porosity (%) Heave-Intake Ratio Dielectric 

Value Mean Std. Dev. Mean Std. Dc\. Mean Std. Dev. Mean Std. Dev. 

£<10 4.3 2.0 6.8 1.5 20.9 2.5 0.58 0.23 

10<e<16 7.9 4.6 8.1 2.4 23.7 4.5 0.93 0.30 

e>16 12.4 11.4 11.1 2.1 28.9 4.5 1.09 0.53 
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Figure 6. Variation in frost heave. 

While wide-ranging frost heave behavior resulting from these effects was 
observed for specimens characterized in the TST by high dielectric values, the ability 
to predict the frost heave behavior of low-dielectric specimens was more consistent. 
For instance, in no cases did a "good" sample experience more than 8 mm of frost 
heave in laboratory testing. This suggests that aggregate base materials that perform 
well in the TST may be confidently ranked as neither moisture nor frost susceptible, 
which is consistent with earlier preliminary findings (Guthrie and Scullion, 2000). 

The fines content, or percentage passing the 0.075-mm sieve, followed the 
same trend as the other listed properties, with average values of 3.9, 7.6, and 11.9 
percent for "good," "marginal," and "poor" specimens, respectively. Absorption 
properties were also determined for each of the 10 aggregate types by measuring the 
difference in water content between saturated-surface-dry and oven-dry conditions, 
resulting in average values of 3.6, 4.8, and 6.6 percent for the same categories. 

Conclusion 

The results of this study provide evidence that the TST is a viable tool for specifying 
premier aggregate base materials in cold climates. Materials ranked as "good" in the 
test imbibed significantly less water than higher-dielectric specimens and experienced 
significantly less frost heave during laboratory testing. Good performers also had 
lower fines contents, lower porosity, and lower salinity, on average, than higher-
dielectric specimens. This study therefore suggests that aggregate base materials that 
perform well in the TST may be confidently ranked as neither moisture nor frost 
susceptible. 

While all aggregate specimens ranked as "marginal" or "poor" in the TST 
should be considered moisture susceptible because of their ready moisture transport 
properties, only part of the samples experienced substantial frost heave during testing. 
Those with relatively high porosity and salinity were less frost susceptible because of 
the greater internal space provided for ice formation and the depression of the 
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freezing point caused by salt ions in the pore water. Thus, dielectric values from the 
TST cannot be used alone to properly determine the frost susceptibility ratings for 
materials in these categories. 

Because of the potential for pavement damage resulting from the use of 
moisture or frost susceptible materials, this smdy suggests that such "marginal" or 
"poor" aggregates should be physically or chemically modified for use in 
construction of pavements in cold climates. The TST is then recommended for 
evaluating the efficacy of the selected treatments, where the maximum dielectric 
value should be less than 10. Because of its success in discriminating among good 
and poor performing aggregate base materials in Texas, the TST will be implemented 
statewide by the Texas Department of Transportation in 2001. 
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