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Abstnact
Seasonal variation of temperafure and moisture cause considerable changes in the load-

carrying capacity of pavements in geographical areas subject to extreme freezelthaw

coriditions. Pavement engineers in these areas must be able to quantifi the variation in the

load-carying capacity of a pavement in order to design it adequately. The Seasonal

Monitoring Program (SMP) of the Long Term Pavement Performance (LTPP) study of the

U.S,A. Federal Highway Administration (FHWA) is monitoring seasonal variations in

Falling Weight Deflectometer (FWD) deflections, air temperature, rainfall, soil ternperature,

moisture content, and soil electrical resistance at numerous sites across North Ar.¡erica. The

present study relates changes in pavement load canying capacity reptesented by the

pavement layer resilient moduli to selected environmental factors. SMP data collected from

the Oak Lake, Manitoba test site from February, I 994 tltough June, 1995 is used to model

the relationship. The pavement layer elastic moduli are backcalculated from FWD readings

taken monthly tluougliout the year and bi-weekly during the critical spring thaw period. The

backcalculation is based on the Washington State DOT EVERCALC Version 4.0 software.

Frozen base and subgrade layer thicknesses are detemrined frorn soil temperatures, moisture

cofient, and electrical resistivity data and included as additional layers in backcalculation.

The most significant environmental parameters causing seasonal variation in pavement layer

resilient moduli are identified as suface temperature (asphalt layer) and Thawing Index (base

and subgrade layers). The relationships show that resilient moduli ofpavement layers shou,

an exponential decrease in magnitude caused by their respective environ¡nental pararneter.

These mechanistic models are now available for use in determining lhe validity and accuracy

of the empirical pavement design and rehabilitation practices currently in use. The

exarnination ofthe load-canying capacity ofthis single pavement site during any tirne ofthe

year is an impofant first step towards the adoption of mechanistic pavement design and

rehabilitation processes at the Manitoba Department of Highways and Transportation.
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I : lntroduction
Pavements in a freezehha'w environment undergo drastic changes in material proper.ties

which influence their ability to carry heavy loads without failing or sustaining severe

damage. In a severe freezelthaw environment such as the Province of Manitoba, Canada,

recorded pavement temperatures range from -40 oC to 50'C. Granular base and subgrade

soil layers have been known to freeze to depths of two metres or more urrder pavement

surfaces. Once thawing has commenced in the spring season, the granular layers reach a

state of near-saturation which reduces the load-carrying capacity. Obviously these

environmental conditions cause significant variation in the ability ofa pavement to support

traffic loads irnposed upon it. Pavement authorities in Manitoba and other agencies have

long understood that pavement structures are at their weakest state during the spring thaw

period. The authorities in Manitoba try to minimize the effect of these environmental

factors duling the spring thaw period tluough the use of testrictions on the allowable

maximum loads on secondary roads. Pavement designers acknowledge the existence of this

weakness in the spring by using empirical lelationships between the surface deflection and

a maximum allowable deflection. Neither of these approaches consider the seasonal

variation of the resilient moduli of the pavement layers which govern the load-carrying

capacity.

Use of resilient rnoduli allows for mechanistic modelling of the relationship between stress

and strain properties ofthe pavement material. These mechanistic laws govern the behaviour

of any material and therefore should be used to characterize the reactions of pavement

materials to environmental factors. The use of mechanistic models instead of ernpirical

relationships would allow for fomal mathematical modelling of the problern under

consideration. Such modelling would be able to predict the degree of damage which would

occur on any given pavement structure based on any set of environmental and load factors.

This predictive capability would allow pavement authorities to determine the effect of



variation ofpavement material p¡operties, layer thicknesses, etc. on mitigating the damage

effects due to environmental factors and loading regimes.

Therefore the understanding of seasonal variation

pavement is a major step towatds tlie design of

rehabilitation of existing pavement structures. The

rnodelling of seasonal variation in flexible pavement

Irwin, (1994);

of material properties of a flexible

longer lasting new pa'r'ements and

imporlance of the undelstanding and

material properties is summed up b¡'

"There is o deep and abiding need to develop ntodels that can account for the effect of

seasonal entironntental variables on lhe properties ofpaventent la1¡ers. fJt'ttil such ntodels

are qvailable witlt o stfficient degree of accuracy it v'ill be nearly impossible to relqle Íhe

resttlts of field tests taken on any arbitary day of the year to the load stfficiency of the

pqvement. "

Before modelling ofseasonal variation in pavernent layer properties can occur, a r.esearch

approach must be adopted which is able to define the material properties while satisfying

the mechanistic constraints that govern the response of a pavement. Most research

chalacterising material properties ofpavement layers involves modelling existing pavenent

stlucture as a series of elastic layels. The theory ofelastic layers requires rnaterial property

parameters such as the elastic modulus and Poisson's ratio to characterize the load-carrying

capacity of the pavelrent layers. These parameters, when used together with a knorvn load,

cause a particular deflection profrle on the surface ofa pavement. This calculated deflection

profìle is compared to the deflection profrle obtained lrom nondestructive testing equipment

such as the Falling Weight Deflectolneter (FWD). If the calculated deflection points are not

within a specifred tolerance of the measured deflection points, then a new set of material

properlies are assigned and the process is repeated until such time as the specified tolelance

is met. This process is known as backcalculation, an iterative process to establish a set of



material properties which cause a similar deflection profile to that measuled tluough the use

of the FWD. Once this set ofpavement layer properties has been established, then the load-

carrying capacity may be calculated according to allowable stresses and strains within the

layers.

Studies into quantifìcation of the seasonal variation in the material properties of flexible

pavements have been undetlaken in other locales. A literature review into previously-

conducted studies was undeÍaken to determine whether previously used research approaches

could be used in an environ:nent such as that in Manitoba. The degree ofsuccess ofplevions

investigations into the quantification of seasonal variation of pavement material properties

cor¡ld then be used in the plesent study as a guide.

L l Literature Fleviety

Janoo and Berg, ( 1991) conducted research to quantifi changes in the load-canying capacity

of a pavement during the spring thaw period in a freezelthaw environ¡rent. Theil lesearch

was conducted at the Frost Effects Research Facility at the Cold Regions Research and

Engineering Laboratory (CRREL) at Hanover, New Hampshire. Several test sections of

various cross sections were built and subjected to freezelthaw cycles and clianges in the

structural capacity were monitored. The Janoo study dealt only with results from one of fhe

test sections, refened to as TS l, which consisted ofa full depth asphalt concrete pavement

150 rrmr thick over 145 mn of compacted clay soil. The natural foundation was a fine sand

subgrade. A rigid layer \ryas not plesent within 20 m of the surface. The sites were

instrumented with thermocouples, CRREL resistivity gauges, and psych¡ometers. Frost and

thaw extents \¡r'ere detemrined frorn the depth ofthe 0 " Celsius isotherm and from electrical

resistivity readings from the CRREL gauges. An observation was made by the authors that

the use of the electrical resistivity readings were especially useful when the subsulface

temperatures became nearly isothermal at 0 oC.



The testing program involved freezing the pavenent from the top down tluough the use of

cooling panels in two separate cycles. The frost depth was determined to lie between 1,220

and 1,520 mm, for the two freezing cycles, respectively. Thawing was then initiated by

removing the cooling panels and allowing the ambient temperature of the indoor facility to

provide the energy. Surface deflection measurements were taken daily with a FWD during

the thawing periods. FWD tests were taken at four locations on the test site at load levels

langing fi'orl 20 to 67 kN. The backcalculation of layer moduli was based on the deflection

data for a normalized 40 kN load level by using linear regression on data for three load

levels. A representative deflection basin was obtained using a computer program named

BASIN which averaged the deflections at each sensor location for a given load level and

calculates an average deflection basin area. The program then chooses a measured deflection

basin that is closest to the averaged basin deflections and area as the representative basin.

The WESDEF backcalculation progtam was then used to backcalculate the layer.moduli.

WESDEF uses the V/ESLEA layered elastic program for calculating stresses, strains, and

deflections in the pavement system. The solution fi'orn WESDEF is a set of layer rnoduli

values which will minimize the elror between the measured and calculated sensor'

deflections. WESDEF temrinates when the absolute sum of the enors behveen the calculated

and measured sensol deflections is less than ten percent.

o 4 A12 16 20
Mid-pavemont TemPoratur€ ("C)

Figure 1.1 Backcalculated AC Moduli versus Mid-pavement Tempelature



Figure 1.1 shows the Asphalt concrete (AC) layer modulus calculated from the analysis

plotted against mid-pavement temperature. Backcalculation of layer rnoduli during the

thawing period rvas first attempted with no accommodation for the presence of frozen or

thawed layers. Thus tlie analysis used a tluee layer system consisting of a full-depth asphalt

concrete, a composite layer ofthawed and frozen sub-layers, and the sand subgrade. The

magnitude of errors from the analysis proved the tluee layer system to be unacceptable.

Therefore frozen and thawed layers were accounted for sepalately in the second analysis

which showed that the consideration of firrzen layers is critical to the modelling ofseasonal

variation.

Another study to quantifr damage to a pavemeDt caused by the seasonal variation of flexible

pavement material properties in the freezelthaw enviroru¡ent was colìducted by Han,

Lukanen, and Van Sambeek, (1994) . This study was based on data fr.om the Strategic

Highway Research Program (SHRP), Long-Term Pavement Per.formance (LTPP) Seasonal

Monitoring Program (SMP) pilot study. The data was collected on flexible pavements in the

LTPP NoÍh Cefiral Region prior to the sites being instrumented. The five sections selected

for use in this study were all built on fine-grained subgrades in the LTPP dry-freeze zone.

One of the test sites used in this study was situated on Provincial Trunk Highrvay (PTH) No.

1 uear the town of Oak Lake, Manitoba.

On the Oak Lake test site, FWD deflection testing was run monthly from November, 1 991

tluough August, 1992 according to the following protocols:

-two drops at four target load levels: 26.7,40.0,53.3,71.1 kN;

-both the outer wheelpath and middle oftravelling lane tested;

-outer wheelpath test chainages 0 - 30, 0 -25,0 - 10, then 0,0 + 25,0 + 50,...,2+00;

-and FWD sensor configuration: 0, 203,305, 457 ,610,914, and 1524 nm



Analysis of the deflection data was undertaken for a typical station and date which were

selected to show seasonal and daily variations in deflection and pavement temperatlrre.

Figure 1.2 shows the midlane deflection data at the 27 kN load level for the Oak Lake.

Manitoba test site:

Figule I .2 (a) sensor deflections #1, 4, 7 versus testing date at Station 25;

Figure 1.2 (b) sensor deflections #1, 4, 7 tluough the test section on July 16, 1992;

Figure 1.2 (c) a typical daily deflection basin variation; and

Figure 1.2 (d) pavement tenperature variation versus time for one day.

Plotted points represent the average ofthe four drops at each point. Multiple points plotted

at any station represent the daily multiple FWD passes. Two backcalculation programs were

used to analyse the deflection profiles; MODULUS and WESDEF. MODULUS u'as not
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capable ofanalysing a pavement system consisting offour layers or handling low deflections

during the frozen periods. Thus WESDEF was used to backcalculate the moduli values.

The following relationship between calculated asphalt modulus and rnid-depth temperature

of the asphalt concrete layer was determined to be:

En" = 1g$ercto-øD

En" = is the asphalt modulus (ksi)
T = is the mid-depth tentperature ("F )

log,oðo , (x = regression coeffrcients

(1.1)

where,

Han et al concluded that FWD testing along with field instrumentation is effective in

seasonally monitoring the long-term structural performance of pavements. Anotlier

conclusion was that on a semilog scale, the backcalculated asphalt modulus is linearly related

to the rnid-depth temperature of the asphalt layer. The backcalculated subgrade rnoduli were

plotted against the month to represent the seasonal variation as shown in Figr"ue 1.3. Data

from the Oak Lake test site were backcalculated on a fixed pavement layer structure as llo

frost extent data was available at this site.

=zÞJÞ
oÈ
â
<J
ÊâÞ

!20

1()()

ao

60

40

20

a2111056149
il40NTtEt

Saskatchervan

À4anitoba

Sor¡th Dakota
--=-
l{ebrâskâ.

Kâ¡¡sas

o
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A study into the seasonal variation ofpavement material properties was also undefiaken by

Van Deusen and Newcornb, (1994). Their objectives were to ascertain the precise timing of

the spring thaw period and to model the environmental variable associated with this event.

They also assessed the significance ofthe variation in strain response during the spring thaw

periods of 1992 and 1993. The study involved testing four asphalt concrete sections at tlÌe

Miruresota Road Research Ploject (Mn/ROAD) on Interstate 94 west of Minneapolis,

Minnesota. Mn/ROAD is composed of 40 different pavernent test sections instrumented

with sensors to rneasule responses and variables which influence the performance of the

pavement test sections. The FWD was used to measure deflections of the pavement surface

during first the fi'ozen, then the thawed, and finally the lecovered conditions ofthe pavement

strìrcture. Instrunentation of the site includes electrical resistivity probes for determining

the extent of frozen layers.

Changes in the temperatures of the pavenÌent sections were rnodelled as the independent

variables against the measured deflections and backcalculated moduli. The four test sections

considered in this study are composed of tluee conventional designs and one full-depth

design. Only the full depth asphalt (TS l ) cell, consisting of a 220 mrn thick asphalt concrete

layer, was used in the analysis . The subgrade soil underlying the four 150 m long sections

consists of a silty clay. The euvironmental data collection consisted of air temperatures

measured at a weather station located 30 km northeast of the Mn/ROAD site. FWD testing

was conducted at 15 m spacing at thÌee metre offsets either side ofthe roadway centerline.

The maximum FWD loads ranged from 30 to 60 kN applied to a 150 mm radius load plate.

The environmental variable modelled in the Van Deusen study consisted of calculation of

the Thawing Index or TI. The TI is calculated as the deviation of the mean daily air

temperature relative to - 1.7 oC and summing the values greater than zero, thus:



rr =E(r.""-(-t.7.c))

T o," is the mean daily aír temperature (o C)

(1.2)

where,

changes in the soil moisture state were monitored by resistivity probes which show a

dramatic increase in electrical resistance in the soil as it freezes. The 2.5 m long resistivity

probe contains sensors spaced at 50 r¡m. Profiles obtained from these r.esistivity

ûleasurements during mixed frozen-thawed conditions ofthe soil were compared to those

taken during thawed times to locate lrozen layers.

The FWD load and deflection data were used in the the Washington State Deparlment of

Transportation's backcalculation prograrr EVERCALC, to backcalculate the resilient moduli

for each layer in the analysis. The resilient r¡oduli characterise the sttess and stlaiu

properties of the pavement layers. EVERCALC is based on the CHEVNL linear elastic la),er

analysis program. The pavement stluctures $'ere modelled as tlree layer systems: the asphalt

concrete, granula base, and subgrade soil. The study made no attempt to isolate the fi.ozen

fiom the thawed layers within the unbound layers. The subgrade was modelled as being

ser¡i-infrnite. The Poisson's ratios chosen for.the layers were 0.35, 0.40, and 0.45 for the

asphalt concrete, granular base, and subgrade soil layers respectively.

The air and asphalt concrete surface temperatures were used to derive a relationship between

the backcalculated asphalt concrete layer modulus and the mid-depth pavement layer.

temperature. The mid-depth pavement temperatures were estimated with the measured

surface temperature and the five day average air temperature using Southgate's Method

(Southgate, (i969)). The results for test cell TS1 and a similar relationship for a study

conducted in Washington State (Lee, Mahoney and Jackson, ( 1988)) are shown in Figure 1 .4.
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Figure 1.4 AC Moduli versus Pavement Temperature Relationship

The Van Deusen study reached the following conclusions:

accumulated degree-days of thawing coupled with soil resistivity probe measulernents

can detect timing of thawing occurring in the soil layers;

rleaningful backcalculation of rnoduli during frozen conditions is difficult;

subgrade moduli increased slightly during the recovery period following spring thaw;

and

all four of the test sections were designed in the same manner, ie. using the granular

equivalency method, yet the full-depth asphalt concrete test section was observed to be

stronger than the 1est.

Pavement response to seasonal valiation was also studied by Zhou and Elkins, ( 1994) . This
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study was a sunmary evaluation of data collected irr a pilot study of the SHRP LTpp

Seasonal Monitoring Program conducted on a site near Billings, Montana. The summar¡,

includes data on the backcalculation of the layer moduli from the FWD deflection data,

analyses ofthe temperature monitoring data, contact resistance measuremeltt data, and the

Time Domain Reflectometer (TDR) data. The pavement structure on this site consists of 75

mm ofasphalt concrete over 480 mrn ofgranular base on a sandy clay to silty sand sr.rbgrade.

The thermistor probe (soil temperature), TDR probe (soil rnoisture), and resistivity pr.obe

(soil electrical resistivity and resistance) were installed irr the outer wheelpath offhe lane

monitored. An observation well was installed approximately 30 m from the instmmentation

hole.

The thenlistor probe t¡sed was cornposed ofa 300 rnm long nretal rod connected to a string

of 15 thelmistors encased in a clear plastic rod approximately 2 n.r long rnanufactured by

Measurement Research Corporation. The metal rod has tluee thermistors used to measule

the temperature ofthe asphalt concrete layer at the near-surface, mid-depth and near-bottom

ofthe asphalt concrete layer. TDR sensors were used to estimate the soil moisture contelÌts

ar.229,381,508,686,838,991, 1143,1280, 1448, and 1600 mm. A CRREL electrical

resistivity probe was used to determine frozen layer extents.

Collection ofdeflection data, subsurface temperatures, electrical contact resistance data, and

TDR data was performed on a rnonthly basis from August, 1992 tluough May, 1993. Extra

testing occuned during the months of March and April, 1993 in order to collect more data

during the critical spring thaw period. Deflection data was collected tluough the use of the

FWD using four load levels flom approximately 26 to 70 kN. The FWD deflection sensors

were set at 0, 203 ,305,45'7 ,610,914, and I 525 mm offsets fi'om the ceutre of the load plate.

The Zhou study ¡eached the following conclusions:
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deflections from the 0 and 203 mm offset sensors varied due to temperature cliange mor.e

than the other sensors;

deflections rvere higher in the summer months than in the winter;

the shape ofthe deflection basin had greater cuwature in the sumrner months than in the

rvinter months u'hen the basin was quite flat; and

tlre March 12, 1993 data appear to show the pavement structure was undergoing tliawing

since the relatively small change in temperature from near-freezing to above-fieezing

caused a considerable change in the defection response up to the outer most sensor.

The deflection data was run through two backcalculation programs, MODULUS and

BOUSDEF. The pavement structure was modelled as a three layer system. The AC layer.

modulus values were not fixed nor were the default temperature - AC layer modulus

relationships used in either ofthe backcalculation programs. The backcalculated AC moduli

were observed to range from relatively low values in the summer months to high values in

the winter months. Zhou and Elkins, (1994) noted that the AC moduli values from Febmary,
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1993 test date appear lower than the expected trend, and suggest that this low value may be

due to an ill conditioned matrix which was solved for within the backcalculation program.

The ill conditioned matrix was caused by the thin layer, high base and subgrade layer.

moduli, and by not modelling the top of the frozen subgrade layer as a separate layer. The

base and subgrade layer moduli increased dramatically during the wintel months when the

electrical resistivity measurements indicated that freezing had occurred in the layers. Figure

I .5 shows the average backcalculated AC layer rnoduli values versus the avetage temperature

of the AC layer ovel the monitoring period of August, 1992, through May,1993. Zhou and

Elkins, (1994) noted that the moduli of the base and subgrade layers remained nearly

unchanged as observed during the backcalculation analysis. Although MODULUS and

BOUSDEF backcalculation programs use very different algorilhms to backcalculate the

modulus values, their output were similar.

Temperature analysis indicated daily variation in the upper 510 rnm of the pavement

structure experienced a daily variation in temperatures, while the seasonal variatiorr of

temperature occurred at greater depths. Freezing temperatures were obserued to a depth of

1,270 mm in February, 1993. Electrical resistance data was collected using a Simpson

Model 420 D function generator and two Beckman HD-110 digital multimeters. One

multirneter measured the voltage while the other rneasured the electric current. The authors

noted that since the electrical contact resistance is sensitive to changes in moisture content

or frost penetration, either could be responsible fol changes in electrical resistance.

The Zhou study reached the following conclusions:

- pavement layer moduli vary with the season due to temperature and frozen layer effects;

- AC layer moduli varied with the AC layer ternperature even during the day, while the

base and subgrade layers did not;

- base and subgrade layer moduli increased substantially when frozen;

- although two different programs were used for backcalculation, results were very
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comparable and appeared reasonable;

nìost temperature variations occurred in the upper 510 mm ofthe pavement structure;

electrical resistance readings seem to be a good indicator offrozen layeì extents;

changes in moisture contents readings frorn the TDR were as expected from the seasonal

effects and those expected from the formation of frozen layers as detennined from

electrical resistance and temperature readings.

The methodologies and couclusions fi'om these four studies were used as a basis for the

present study to analyse tlie seasonal variation of material propefies in a flexible pavement

structure in Manitoba. The following is a descliption of the scope and objectives of the

present study.

1,2 Scope and Objectives oÍ the Present Study

In a severe freeze/thaw enviromrent such as Manitoba, Canada, the load-carrying capacity

of flexible pavements during the critically weak spring thawing period has to date never

beeu fully examined. Pavement Design Engineers in Manitoba have traditionally relied upon

empirical relationships that have been developed between the deflection (rebound) of a

flexible pavement measured by the Benkelman Bean Rebound test and a maximum

allowable deflection. hwin, (1994) suggested a more mechar stically-based examination of

the seasonal variation in the matelial properties of flexible pavements is desirable to allow

for greater flexibility in the modelling capabilities.

The present study seeks to quantifu the relationship between environmental factors and

flexible pavement material properties of one pavement section on PTH No. I located near

the town of Oak Lake in southwestern Manitoba. The approach taken to develop these

relational models was to use environmental and FWD deflection data collected under the
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SMP at the Oak Lake test site.

Seasonal enviroffnental and deflection data was collected over the years of 1994 and l9g5

in Manitoba. This effort was enabled tluough the data collection provided by the U.S.A.

Federal Highway Administration (FHWA) Long Ter.m Pavement Performance (LTPP)

program. The LTPP in cooperation with the Manitoba Department of Highways and

Transportation installed a Seasonal Monitoring Program (SMP) test site near the towìr of Oak

Lake on Provincial Trunk Highway (PTH) # 1 in Southwestern Manitoba. The data rvhich

was collected over 16 months and two freezelthaw cycles is used in the present study to

model the seasonal variation ill the material properties ofthe pavement layers. The pavement

layel stmcture at the Oak Lake test site is cornposed of:

- 111 rnm ofasphalt concrete;

- 478 mm of unbound granular material; and

- > 6000 mrn of silty sand to sand subgrade material Qro rigid layer withiri 6000 mm).

Altltouglt the granular base layel is actually composed of two different classes ofgranular

rnaterial, it was combined into a single layer for this analysis. The exterÍ of the subglade soil

is far deeper than the 6 m indicated, however it was detennined that including any more of

the depth would have no significant effect on this analysis. The data which rvas collected

on this SMP site by Braun Intertec Corporation (LTPP Regional Contractor) staff included:

- air temperature;

- rainfall;

- asphalt and unbound layer temperatures;

- unbound layer volumetric moisture contents and electrical resistance readings; and

- FWD deflectiorl r'neasureÍnents.

Figure 1.6 shoìvs the typical instrumentation layout for a LTPP SMP site installation. The

l5



Pavement Surface
Temperature Sensor

'12" Core Removed
and Replaced Equ¡pment

Ca bin êt

Condull

Pavêmenl

Base

Sub grade

Sensors Sensors

Figure L6 Typical Layout of SMP Site Instrumentation

air temperature, rainfall, aud layer temperature data were collected arrd stored by an onsite

datalogger which was uploaded during each monthly and bi-weekly visit to the site by the

Braun lrrtertec staff. The TDR and electrical resistance readings from the unbound layers

were collected using a rnobile datalogger duling each site visit. In addition, electrical

lesistance readings were also collected by manual methods. Multiple FWD leadings were

taken during each site visit.

Data analysis began with compiling the raw data files into spreadsheet files. This process

involved importing the comma delimited ASCII text files into spreadsheet fìles. Glaphs and

tables were then produced within these spleadsheets to serve the analysis procedure. The

soil temperature, moisture content, and electrical resistance data was evaluated in order to

determine the extent of frozen layers present at the time of FWD testing. These ÍÌozen la¡,els

had much higher upper bounds on the resilient modulus assigned to them than those in an

unfrozen state. Deflection data analysis used a tbree layer model during periods when the

base and subgrade layers rvere completely thawed or frozen. A fourth layer rvas added
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whenever there was partial freezing ofeither the granular base or subgrade soil la¡'s¡5.

The FWD testing was done on both the outer wheelpath and the mid-lane locatio¡s witliin

the travelling or outside lane at this location. Both of these sets ofdata were analysed in

order to detennine which location would be used for the modelling. The outer.wheelpath

deflection readings were used as the location matched that of the deflection testing by

Benkelman Beam Rebound. Between one and four sets of FWD deflection readings were

gathered during each site visit. EVERCALC was used to calculate the elastic moduli of each

ofthe th¡ee ol four pavement layers existing at tlìis site. A model for each layer was then

developed between the elastic moduli and the rnid-depth asphalt layer temperature (in the

case ofthe AC layer') and the Thawing hrdices (in degree*days) for the granular base aud the

subgrade layers.

The scope ofthis study depends solely upon these data types collected by the LTPP - SMP.

Each ofthe data types, collection methods, and other relevant details for the data used in this

study are described in Chapter 2. Thele are a number of assumptions which had to be

evaluated before proceeding with the analysis. Each ofthese assurnptions is dealt with in

detail in Chapter 3. Chapter 4 discusses the results of seasonal valiation data analysis rvliich

is undertaken in the present study. Observed trends in each of the data types are discussed.

These trends are used to identifu and develop the environmental factors can be related to the

seasonal variation ofthe pavement layer moduli. Chapter 5 contains the seasonal variation

rnodelling results for each ofthe layers under consideration. Several different data rnodel

types are used to explain the relationship ofthe pavemer.rt layer moduli to the envirolxneutal

factors. Chapter 6 contains the concluding remarks and recom¡rendations for further study.
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D.ata Gollection

The data used in this study was collected under the authority of the LTPP Seasonal

Monitoring Program. Details on each of the data collection and monitoring procedures are

contained in Rad a et aI, (1994). Figures used to describe the monitoring equipment are taken

from tlis source. This Chapter summarizes the relevant data details required fol the present

study from the above reference.

2.1 Air Temperature and HainÍall
Air temperature data was collected with a Campbell Scientific Model # 107 ternperatr-rre

sensor and radiation shield. The temperature sensor has a range of-35 to 50 .C. A Texas

Electronics Model # TE525MM tipping-bucket rain gauge neasures rainfall in 0.1 nim

increments. As the rainfall collected reaches a calibrated level, the bucket tips and actuates

a switch and the number of switch-pulses are recorded by the onsite datalogger..

2.2 lVloisture Content
Granular base and subgrade soil moisture contents were detemrined tluough the use of Time

Domain Reflectometer (TDR) probes. The TDR system is similar to a radar systern as it

tlansmits an electromagnetic wavefonn and records the reflected wavefonn to detennine the

distance and characterize the nature of the material which reflects the waves. The velocity

of the waveform is influenced by the dielectric constant of the material surrounding the

conductors. The ratio of dielectric permittivity of a material to the permittivity of a vacuurn

is tlie dielectric constant. Changes in dielectric constant of the sunounding material is

deterrnined from TDR data. The dielectric constant of a soil is mostly a function of its

moisture content which ordinarily ranges from 3 to 5 for dry soil, depending on the soil type

and density. Since water has a dielectric constant of approximately 80, it is the primaly

detenninant ofthe dielectric constant for the material (soil, water, air) surrounding the probes

of the TDR conducting surfaces. The instrument is shown in Figure 2. 1 .

l8



!a.r ñYn {rlth)l
1.6 F.î ($ h)T

FHWA Moisture Probe

Spodl¡cstiofls loriho FHWA Mois.turs Probo:

ft6 c6nlsr rod ot b6 FHWA prob€ ls

conn€dsd l0lh€ slgnâllå8d ol lho coax cåblo
'flì€ o$rr rods sJE connsclod lo $o shl6ld ol
üs coar cable. Tho prob€ coflned dißdty lo
e !o ofim RG58 coÐ( cåble. Tho €nd vlsrT

show6 tho dtdjh bo8Id u6od to cônn6cl üì9

0.2 m (&ln) slålnlsss rleel rods lo lh€ coar
c¡bla.

Side View

Nol6: I ln . 25.4 mm
lior ro sc,ll.E

Figure 2.1 FHWA Moisture Probe

The volumetric rnoisture content of the material surrounding the TDR probe is estimated

from the measured dielectric constant tluough the use of Topp's equation in the present

study:

0 =(-0.053 +0.0293 e -0.0005 5 e'z+0.0000043 €3) * 100 Q'1)

where

B = volunetric moisture content
e = dielectric constant

1¿ lnn

Although the volumetric

19



moisfure content is estimated for the SMP, the gravimetric moisture content is typically used

in pat'ement engineering. The volumetric value may be converted to the gravimetric yalue

when the dry density of the soil is known. An accurate estintate of the in-situ dry density of

the material surounding the TDR probes was made during the instrumentation installation.

At the Oak Lake test site the TDR probes were installed at approximate depths of200, 340,

500, 650, 810, 960,1 I 10, 1250, 1550, and 1850 mm. Braun Inreftec staff suggesred

exploring the possibility ofusing TDR data in frost extent analysis. This suggestion was

followed and the TDR data used for this purpose during the present study.

2,3 Pavement Layer Ternperafunes
Pavement layer temperatures were measured by the Measurement Research Colporatiorl

model # TP10l themristor probe as shown in Figure 2.2. The thermistor. probe is composed

of themally sensitive seniconductor material which has a large temperature coefficient of

resistance.

The probe uses th¡ee then.nistors installed within the surface layer, l5 the¡mistors spaced at

76 to 150 mm intervals begiming approximately 100 mm below the surface layer.to a depth

of approximately 2 m. The soil around the thermistor was compacted so the temperature of

the soil would be completely transfened to the thermistor.
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2,4 Frost/Thavv Determination
Electrical resistance and TDR measurements were used to determine the extent of frozen soil

layers. The traditional use of temperatures for the SMP to determine the extent of soil i¡ a

frozen state was rejected as urueliable since the salinity of the soil can actually depress the

freezing point of water. As well, it was found that during the thaw period, an isothermal

temperature can exist to the maximum frost depth.

The theory of electlical resistivity for frost extent determination is based on the fact that

electrical resistivity of rnost soils is very high and virtually all electrical current flows via

fi'ee ions in the pore water. Thus the electrical lesistivity ofa soil is primarily a frurction of

its porosity, degree ofpore lvater saturation, ar-rd electrical resistivity ofthe pore u,ater itself.

As the electrical resistivity of ice is urany magnitudes greater than that of water., the

formation of ice in pore water causes a net decrease in the effective porosity arid a

corresponding increase in the apparent or bulk electrical resistivity. Therefore, changes in

moisture content may also be indicated by electrical resistivity neasurements.

Distinctions must be dlawn between electlical lesistivity and electrical resistance in order'

to understand the use ofthis data. Electrical resistivity is a material property while electlical

resistance is a function of tlie electrical resistivity ofthe rnaterial, the geometly ofthe body.

and quality of the physical contact between the electrodes and the material. Electlical

resistivity can be some function ofthe soil properties while the electrical resistance can only

indicate these properties.
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Figure 2.3 CRREL Resistivity Probe

To measure either the electrical resistivity or resistance for the SMP, a low fiequenc¡'

alternating current is imparted to tlie soil thereby rninimizing the polalizing effect on ions

in the pore water. The use of 100 Hz low frequency avoids effects of inductive and

alteurating cunent coupling effects, allowing use ofdirect cunent resistance and resistivity

equations with no loss of accuracy. Electrical resistivity lneasurements are made using a

group of four adjacent electrodes and inputting a current to tlÌe two outer electrodes and

measuring the resulting current drop across the iuner pair of electrodes. Polarization

reactions which occur at the cunent electrodes on voltage measurements are thereby

eliminated. The calculated resistivity are then plotted against the mid-depth of the group of

23



electrodes and are compared to baseline unfrozen resistivity measureÌnents in the same

maruler as the resistance values.

The electrical resistivity probe used in the SMP has 36 electrodes spaced at approximately

50 rnm intervals on a PVC pipe 1.9 ni in length. The probes were developed by CRREL and

built by ABF Manufacturing as shown in Figure 2.3.

Contact resistance is calculated using the electrical cunent transmitted tluough adjacent pairs

ofelectrodes and the measured voltage drop across the electrodes. This process is repeated

sequenfially for each pair down the length ofthe probe. The contact resistance calculated

for each pair is plotted versus the depth, and frost extents are iderrtified by comparing the

unfi'ozen baseline values with the values being evaluated for each pair ofelectrodes. These

frozen layers are identifìed by relatively large increases in resistance. As previously

mentioned, the temperature and TDR readings were used to aid in the determination of the

frozen layer extent.

2,5 Deflection Data
The F\\D is currently the niost widely accepted non-destructive testing equipment used in

pavement analysis. The FWD is a trailer mounted load-irnparling and response-measuring

device which simulates the dynamic loading an in-service pavement experiences. The FWD

is capable of imparling loads ofbetween 6 and 107 kN to the surface ofthe pavement and

measures the deflection basin at seven points radially from 0 to 2500 mm offset fror¡ lhe

centre ofthe load plate. The deflection points are measured by sensors which are lowered

onto the pavement surface before the load is applied.
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Figure 2.4 Schematic Diagram of FWD Deflection Test

AII of the FWD data collected under the SMP at the Oak Lake test site was generated by tlie

DYNATEST Model 8000 FWDs primarily using the testing protocols detailed in PCS Law

et al, (1993). Deviations fi'om this protocol include the number oftest points, number oftest

cycles per day, and annual testing frequency detailed in Rada et al, (1994). To sulnrnaLize

the gr.ridelines, this protocol for FWD testing requiles that the LTPP Standard Drop Sequence

be followed:

-foul drops at four target load levels; 26.7,40.0,53.3,71.i kN;

-both the outer wheelpath and middle oftravelling lane tested;

-outer wheelpath test chainages 0 - 30, 0 - 25, 0 - 10, tl-ren 0,0 +25,0 + 50, ..., 2 + 00;

and

-FWD sensor configuration: 0,203,305, 457,610,914, and 1524 rnm from load

centre.

The FWD collects the rnagnitude of the load and deflection of each of the seven sensors

every 0.2 milli-seconds over a 60 milli-second time period. The load application duration

is typically about 30 milli-seconds which approximates the loading duration which a point
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in a pavement would experience from a truck tire in an in-situ applicatiou. The FWD

software saves this data in two formats. The fìrst is the peak load and sensor deflections with

no temporal indication, while the second contains the load and deflection history over the

complete 60 milli-second time period, These files are referred to as the peaks and lìistol.y

files respectively.



3¡ Assumptions in
Backcalculation

The pavement layer materials under consideration in the present study are complicated in

their makeup of asphalt cement, granular particles, and soil. Modelling theil structure for

use in the calculation ofthe resilient moduli requires that assumptions which idealize the in-

situ materials. These idealized materials allow for the use of elastic theory in the

backcalculation process to calculate the resilient moduli.

3,1 Spatial Variation of Physical Properties

Seemingly minor variations in pavement physical properties such as layer thickness, distless

conditions such as cracking, soil types, or moisture contents create significant valiability in

FWD deflection readings obtained on any pavement section. Rada et al, ( 1994) recognizes

this fact and requiles a tolerance of 25 mm for the FWD placement to minimize variation.

The pavement structure at the Oak Lake test site exhibited this spatial variability in FWD

deflection profiles. A typical plot fol one FWD testing pass on the outer wheelpath is shown

in Figure 3.1. Research into the sensitivity that spatial. variation of asphalt surface layer'

thickness alone has on the backcalculated asphalt layer moduli was conducted by Briggs,

Scullion, and Maser, ( 1991). Their research was based on pavement layer thicknesses from

four SHRP sites obtained Íìorn both the SHRP database and from Ground Penetrating Radar

surveys. The results of their study indicated that variations in layer thicknesses were

significant enough to cause up to 100 % variation in the backcalculated modulus of the

surface layer. The variation of the surface layer thickness resulted in variation of80 % in

the base materials layer moduli backcalculations while not significantly affecting that of the

subgrade.
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Figure 3.1 Variation of Sensor Deflections #l - # 7 on One Test Pass

It is not rvithin the scope of tlìe present study to determine the causes of these spatial

variabilities due to lack ofany data which could identifu fhe causes. The approach taken was

to minimize the effect of these spatial physical variabilities by using the average value of

each sensor deflection from each pass on every test date. A similar type of approach rvas

used by Janoo and Berg, ( 1991) in their research into layer moduli calculation duringfteezel

thaw periods.

3,2 ldealizations Required in Elackcalculation

For the analysis method to be credible the assumptions upon which it is based must be

proven to be correct. The backcalculation programs based on linear elastic matelial response

depend upon a number of idealizations. These assumptions may lead to systematic en'ors

if precautions are not laken to minimize their overall effect on a study. Sources of these

systematic errors are:

improper calibration of the equipment;
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- materials are confinuous and infinite in the horizontal directions;

- linear stress-strain relationships and perfect bonding between layers;

- isotlopic and homogeneous materials;

- AC layer has no damage, ie cracking, deformations, etc.;

- materials behave as a liquid (Winkler.) or solid ;

- layers have constaff thicknesses;

- location of frozen layers;

- depth to rigid layer;

- influence ofpavement edge;

- static loading;

- fiequency of loading rate;

- uniforn.r pressure distribution under load plate;

- use ofpeak loads and deflections for analysis;

- unifolm temperature gradients;

- uniform moisture content gradients; and

- expansion and contraction effects ofpavement layers.

A major idealization results when the peak deflection lneasurements are used as input to tlte

backcalculation programs. The peak load and peak sensor deflections are assumed to occut

at tlÌe same time, a situation which never physically exists. Figule 3.2 shows a typical

deflection history file from whicli the peak files would be built.
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Even though celtain ofthese assumptions afe not representative ofthe in-situ real r¡'orld case

for pavement matelials, all of the studies reviewed in the present study have accepted the

idealizations and assumptions and have achieved reasonable results. The present str¡dy

accepts the process of backcalculation as beirlg a viable method for modelling the response

of a linearly elastic pavelnent structure to load applications. It is beyond the scope olthe

present study to debate the validity ofthe theoretical assumptions used in the backcalculation

process. Instead, the present study uses the backcalculation process to arrive at a set of

pavement layer resilient nioduli that will represent the load-carrying capacity of a pa\¡eulellt

tluoughout the year. The degree of reasonableness of this process is then evaluated tluough

the fit ofthe models ofthe backcalculated resilient moduli versus the environ:nental factols

chosen.

The layered elastic backcalculation programs return one value oflinear elastic modulus for

each ofthe pavement layers. The non-bound layers (namely the granular base and subgrade

soil) under consideration at the Oak Lake test site are known to exhibit non-linear stress-

strain relationships similar to all other unbound materials. While a tangent or a secant
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modulus can be defined for non-linear materials, the value changes for each level of str.ess.

Yet in the calculation ofthe elastic modulus ofthese layers a linear stress-strain relationship

is used to characterize the layer material response. It seems a paradoxical approach when

one considers that granular, unbound materials have no rnodulus possible unless they ale

confined by extemal stresses. The effect ofthis non-linearity is lirnited by the fact that the

rnagnitude of the deflections and stlains as measured by the FWD is so small.

Most backcalculation programs consider the materials to be isotlopic to aid in the simpliciq'

of the calculations. However, it is known that the method of distributing and compacting

pavement layers creates differences in the tnaterial's vertical and horizontal stress states. A

report by Yue and Svec, (1994) examined the effect of veriical nonJromogeneity in

calculating elastic layer moduli. The authors concluded that the conventional uu-rltilayer'

elastic model gave a good approximation of the verlical displacements in pavernent.

However the authors cautioned that the convelrtional multilayer elastic pavement rnodel did

not provide a good approximation ofthe critical strains in the elastic pavement layers ofnon-

homogeneous material properlies.

The backcalculation method uses a revolved section as the 2-dirnensional plaue being

analysed. This nethod uses lhe circulal load plate and ladial placement of the FWD's

deflection sensors to create the syrnlnetry lequired for the analysis to be ploperly applied.

Horvever', as the outer wlìeelpath ofthe travelling lane was chosen fol the present study. the

unlestrained pavement edge is within the revolved section limits. Thus a true levolved

section is not really the actual case under investigation.

Hasim, Hameed, and Mustaffa, (1994) reported that the effect of edge restlaint on most

pavement structure deflections is signifrcant. The deflections obtained may be higher and

the backcalculated rnoduli lower for the outer wheelpath location than those obtained in tlie

mid-lane location. The outer wheelpath location is selected due to the traditional practice
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oftesting pavement deflections by the Benkelman Beam Rebound test, as rvell as being the

location of the worst case of load support. Therefore this effect should be noted rvhen

considering the results of the present study. However this effect should not have a

significarrt effect on the objective ofquantiÍling the seasonal variation of material propefties.

The assumption elastic layer models use that the materials under corrsideration are

homogeneous is one that is not easily evaluated, Quantif ing the effect of non-ìromogeneity

in the vertical orientation only was r.nentioned previously. However, the overall effect of

uouåomogeneity would have to consider the particle distributions tluough laboratory tests

at each test location. This data is not available tluough the SMP and its effect on the ptesent

study carulot be quantifred. The presence of rnoisture in the soil creates a two-phase material

whose material properties diffel from the homogeneous and single phase material considered

in the analysis. Again this effect is noted but is considered to be outside the scope ofthis

str"rdy to quantify it. The rnajolity ofprevious studies are based on a single phase material

and as such the present study uses this same assumption.

For the scope ofthe plesent study only the FWD peak deflectior-r files are anal¡rssd for input

to the backcalculation prograrn EVERCALC. Wren one plots the history files it becomes

obvious that the load peak does not occur at the same time as any of the peak sensor

deflections. Neither do the peak defections occur at the same time as one another. Thelefole

the load and deflection scenario which is analysed in the present study represents an afiificial

situation, a quasi-static simplification ofthe dynamic loading and deflection response which

in fact never physically occurs. Ajustification for the static simplification is that a dynamic

analysis would require intensive computational effort and additional parameters in the

modelling. A full dynamic analysis would require parameters such as damping and visco-

elastic material properties, material densities, and a more critical estimate of Poisson's Ratio.

McCullough and Taute, (1982) found that the assunrption used in most layered theory
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modelling is that the subgrade layer is semi-infinite in thickness. Their study cornpared the

results of deflection basins calculated for the sarne loads and pavement structures. The only

factor varied was the thickness ofthe subgrade layer from 3 m to an arbitrary large value.

The results showed that the effect of the subgrade thickness was significant over the range

considered. However in the present study, the depth to the rigid bedrock layer is in the

vicinity of 10 m or higher. The assumption of semi-infinite subgrade thickness used in the

present study is therefore reasonable.

The backcalculation programs depend upon user inputs of data on the seed moduli, minimur.n

and maximum rnoduli, and layer thicknesses. The redundancy of equatiorrs due to seven

FWD deflection points and only tluee or four pavement moduli, allows the backcalc¡latiou

progran] to minimize the error on several possible sets of layer moduli. Tlierefore some

judgement is necessary to examine tlìe values of moduli and determine the acceptability of

the final results. Irwin, (1994) sumrnarized the need for this expefise:

Thus lltere are no hard and fast ntles as to dcceptance of the ntoduli results f'ont
backcalculation. Each set ofmoduli nust be examined on an indittidual basis to deternùne

v,ltether tlte testing conditions of the pavenrcnt stt'uctu'e ag'ee with the results.

Many runs of the EVERCALC program ale used in the present study to adjust the moduli

ranges and seed values to arrive at a practical solution consideling the anbient testing

conditions. The assumptions and idealizations described in tlis chapter are used as the basis

of the material characterisations used in the present study. The next chapter deals with the

analysis of the seasonal variation data gathered in the present study.
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4 = A;nalysis of
Seasonal Vaniation Data

4,1 FaIIing Weight EÐeflectometer

The FWD data used in the present study was obtained fi'om the peak files and not the entire

load/deflection histoly files. The LTPP Standard Drop Sequence fol the SMP is for two

dropstooccurattargetloadlevelsof26.T,40.0,53.3,andTl.lkNateachtestingstation.

The frrst step in analysing this data was to irnport the text files into spleadsheets. The files

had to be individually parsed to allow the data to be rnanipulated. The deflection data was

collected in both metric and Ar.nerican units of which this analysis uses the netric data and
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is included in Appendix A. The metric data had the second drop of each load level selected

for use in normalizing the load to exactly 565 kPa and the deflections to the corresponding

no¡malized values. Eight regression analyses had to be run on the data from each testing
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Figure 4.2 Mid-Lane FWD Deflection Test Pass Sept 21 , 1994

station in order to arrive at the normalized load and deflection values. A total of43 files

were created in this manne¡ to allow for detailed analysis. Each pass of FWD testing

involved twelve station locations. There were befween one and four test passes for each test

date which occuned monthly and then bi-weekly during the spling thaw period. It rvas found

tliat the FWD could not operate on the Oak Lake site during the month of January due to the

extremely low temperatures encountered of -30 to -40C.

All of this data manipulation resulted in a set of deflections normalized to 565 kPa, and

averaged for each test pass. This data was chosen to represent the overall response ofthe

pavenent structure to a 565 kPa load at a particular temperature. The temperatul e for the test

pass was assumed not to vary signifrcantly during the test duration of approximately twenty

minutes. The FWD peak files for both the midlane and outer wheelpath test pass locations
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were imported to determine whether there were any consistent trends. For exarnple, if the

ottter wheelpath deflections were consisteutly higher then the trend should be noted in case

it has any effect on the outcome ofthe analysis. No consistent trends wele observed betueen

tlìe two test pass locations. Figures 4.1 and 4.2 show the deflections for the second pass on

the same test date for the outer wheelpath and mid-lane pass locations. Comparison of these

two figures shows that the magnitude of the deflections are quite similar but do not follow

any trend tlüoughout tlìe test pass. As no clear trends rvere observed, the outer wheelpath

test pass location data was chosen. This location conesponds to the wol.st case scenario for

load suppof as well as being the similar location to the traditional Benkelman Beam

Rebound test. The twelve station locations on the outer wheelpath were averaged to give one

load-normalized deflection prolile for each test pass.

The FWD deflection data was analysed to test for seasonal variation tlends in the deflection

befole inputting itto the backcalculation program. The sensors aIfhe0,457, aud 1524 mm

offsets fiom load plate centre were selected as the locations to represelÌt the deflections
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Figure 4.3 Seasonal Variation of Sensor # I Deflection
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occuming. Graphs ofthe seasonal deflection variation ofthe 0, 457, and 1524 mm sensors

are slrown in Figures 4.3,4.4, and 4.5, respectively.
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As expected the 0 mm offset sensor experienced the largest deflection due to its locatiou

directly under the load plate. This sensor also shou,ed the largest range of values for the

seasonal variation. Figure 4.4 shows lesser values ofdeflections and seasonal variation than

in Figure 4.3 as it deals with the 457 mm sensor. In Figure 4.5 the deflection levels are much

less again which indicates a continuation ofthe trend towards deflections decreasing with

distance from the load plate. The magnitude oflhe range ofseasonal variation also decreases

with distance from the centre of the load plate. The shape of the seasonal variation in

deflection ale similar which indicates that the layers all expelience con'esponding changes

in deflection at nearly the same time.

The deflection data was next evaluated fol changes within smaller time interyals to examine

the stability ofthe data. Figure 4.6 shorvs the average daily deflection data for each test date

during the spring thaw period of 1994. The February 14 data shows little deflection at all
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Figure 4.6 Seasonal Variation ofDeflections During 1994 Spring Thaw Peliod

of the sensors indicating low temperature in the surface layer and frozen conditions in both

the base and subgrade layers. There is a steady increase in the deflections at all of the sensor
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locations but the increase is far less pronounced the greater the offset distance fi'om the load

centre. While the deflection af the 1524 mm offset doubles over the time period the

deflection at the 0 mm offset sensor changes by a factor of more than 16. This indicates that

tlte 1524 mm sensor does not experience the same magnitude ofseasonal variation that the

other sensors indicate.

Figure 4.7 shows the average daily deflections during the months of April tluough

November, 1994. This graph shows that the deflections vary only slightly during this time

Figure 4.7 Seasonal Variation of Deflection Data Dr.rring 1994 Unfrozen Conditions

period. Tlie 0 mm sensor varies by 30% while the 1524 mm sensor by 25% during this time

period. The low variation suggests that very little change occurs in the environmeutal

conditions during this time period. Thus the effect of rainfall, groundwater table, soil

moisture content, and layer temperatures have very little effect on the deflections during this

time of unfrozen conditions.

OUTER WHEELPATH DEFLECTION VARIATION
^\rlìR^GIi 

D^ll -\' DIiFLIìCI lOhN ¡^SlßvS

-l0lì

=z
P -:rro

ìJ

Ã -300

__---_¡------------

ii:i:i
i -.Ai ,.'..,1
t"-.t"/l
3.'.7..1/ i-'--':/. iü'7 i(i
!:

?03 30i 157 610 9l.l
OFITSD f DIs'r^NCE FRoII l-o^D CENTDR ('ììDù

39



The seasonal variation of the deflection data during the winter of 1994 and spring thaw
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Figure 4.8 Seasonal Variation of Deflections During Winter 1994 to Spring 1995

period of 1995 is shown in Figure 4.8. The deflection values vary only slightly among the

sensors during the December, 1994 and February, 1995 test dates. This shows the same

trend as the February, 1994 test date. Once thawing corrrmences in the Mar.ch and April,

1995 test dates the deflections at the 0 mm offset sensor increase by a factor of 4 while the

1 524 mm offset sensor by 2. This confinns the trend that thawing and higher teurperatures

have influerrced the upper layers more so than the subgrade by this time in the spring. Figure

4.9 shows the deflection data for the spring of 1995. The 0 mm offset sensor shows variation

of approximately 50% while The 1524 mm offset sensor shows a variation of 200 %. This

indicates that thawing within the subgrade layer has taken place during this time. Thus there

are distinct and repeating trends during the year on the average daily deflections which

indicate that the use ofthe deflection data as input to the backcalculation program will result

in a seasonal variation in the calculated resilient moduli.
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4.2 E,lec|rical Resistance of So¡l

Tlte SMP collects data ou electrical resistance and resistivity both manually and through the

use ofa mobile datalogger. The electrical resistance data collected through the use ofthe

datalogger was the first method of data collection to be analysed. This resistance data

collected by the datalogger is included as Appendix B. During each site visit a mobile

datalogger was used to collect the electrical resistance and resistivity data at pre-set times of

the visit. Thirty-five readings ofthe resistivity probe sensors were taken once or twice for'

each site visit beginning at a depth of approximately 200 mm and extending down to 2 m.

The data was stored in text frles which were imported into spreadsheets to allow for analysis.

The spreadsheets allowed for plots ofthe resistance and resistivity readings to be assernbled.

These plots showed the readings for groupings of sensors during each site visit.
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The trends in the data were analysed to evaluate the use ofthe data in determining the extent
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of frozen layers in the unbound layers. Electrical resistance should increase in the order of
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many magnitudes as the soil freezes. As thawing proceeds the resistance should indicate that
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Figure 4.12 Seasonal Variation ofResistance Data

thawing is indeed occnning by a noticeable decrease in the resistance readings. The

resistance readings obtained tlrough the mobile datalogger did not show consistent trends

to aid in the analysis offi'ost extent. For example, inFigure4.10the sensorat2l5 rnm depth

showed a highly unstable resistance reading for the dates ofFebluary tluough June, 1994.

As shown in Figure 4.11, the grouping of sensors frotn the 565 through 965 mrn depths

showed predictable trends, ie that the resistance decreased during thawing, in the same time

period. In Figure 4,12 sorne of the sensors showed a decrease in resistance while otl-rers

showed an increase which cannot be explained. Here the resistance readings declined as

expected during the period fi'om February tluough April, 1994 yet climbed signifrcantly after'

that period.
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Figure 4.13 shorvs the satne inconsistent trend of increasing resistance duling tliaived

conditions for the depths of 1515 tlrough i 915 mm from May 12 to June 20, 1994. Figure

4.14 shows the resistance readings for the 215 tluough 615 mm depths to range between

approxirnately 400 to 800 mV for the months of July tluough November, 1994.The 215 rlrrr

depth sensor shows a large increase in resistance (1400mV) during the Decernber., 1994 site

visit which indicates that freezing has occurued. However the 265 mm depth sensor shou's

a significant decrease in resistance ( 100mV), which should not be the case. An error in the

data excluded the analysis ofthe other sensors in this group. The January, 1995 readings

showed an increase in the leadings from all ofthe sensors to between approximately 800 and

1000mV which indicates frozen layers. However the 215 mm depth sensor reading decreased

from approximately 1400 to 1000mV, which is not possible unless thawing has occurred .

The February, 1995 readings first showed a decrease in all but the 215 rnm depth sensol, then

a significant increase in all ofthe sensor readings to about 1300 to 1500 mV. All ofthe

March, 1995 sensor readings decreased while those of the April, 1995 date increased,

Obviously it was expected that the trend of lower resistance readings would continue at these

stance
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depths during the February tluough April, t 995 thaw period and remain constarlt during the

unfrozen time period. However the readings increased dramatically in May and June, 1995.

The othel sensor depths also displayed these unpredictable trends which are included in

Appendix B. The manual resistance readings were taken th¡ough the use of multimeters and

a function generator with the readings manually recorded. These readings were made

available in text files which were once again imported into spreadsheets. Figure 4.1 5 shows

the electrical resistance at indicated depths for the spring thawing period of Febmary, 1994

througlr June, 1994. These readings show a steady decrease throughout this period for all

of the sensors.

Figule 4. 16 shows a similar trend for the spring thawing period of February, 1 995 tluough

June, 1995. These manual resistance readings were used together with temperature aud
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moisture content data to determine the extent of frozen layers.



4,3 Soil Temperature
Temperature readings of the soil proved to

determination of frozen layer extent. As shown

be the least valuable data used in the

in Figure 4.17 ,Î.he range of tempetatures
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Figure 4.17 Soil Ternperature During Spring 1 994

during the spring thaw period ofFebruary through Jurle, 1994 are not significant enough to

ascertain the boundaly of the frozen layer. For example, on March 14, 1994, soil

tenperatures ranged from -3 to 0.5 " Celsius for all of the sensors. This confirms the

presence of a near-isothermal range during the thawing event. Even on the April 11 , 1994

the ternperatures on the sensors from the 650 mm depth down only ranges between I and +3

oC. Figure 4.18 shows the temperatures for the spring thaw period of March tlx'ough June,

1995. Again the temperature ranges are insignificant for the purpose of determining the

fi'ozen layer extent and it is not until after the April 25,1995 that the sensors exhibit a wide

range ofreadings. Temperature was not used as a signifrcant indicator offrozen layer extent

due to these obseruations.
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4,4 SoiI Moisfure Content

TDR data were initially to be used for the determination of extents of satur.ated or near

saturated weakened soil layers. During the manual assernbly of the moisture content

readings it was observed that the TDR data gave significantly lower readings when the

resistance leadings indicated that frozen soil surrounded the TDR plobes. A table of the

moisture content data is included as Appendix C. Thus another indicator of fi'ozen la)'er

extent was found to be the moisture content readings from the TDRs.

Figure 4.19 shows the unfrozen baseline values for the noisture content leadings front
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June through November, 1994.

variation however the 340 mm

The 200 tluough 650 mm depth sensors sltow a naffow

depth sensor is consistently lower than the others. No
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Figure 4.19 1994 Baseline Moisture Content Readings

physical change in the srurounding granular base material explain the lower readirrgs of the

340 mm depth TDR sensor. Imrnediately after installation in October, 1993 the sensor was

found to be reading very close to the samples which were weighed on the site. Perhaps soure

condition such as a void immediately beneath one or more of the TDR probes is causing the

low moisture content reading. However as the unfrozen readings are stable an average value

is used to determine the frozen layer extent for the purpose ofthis study. The sensors below

this 650 mm depth are contained in the subgrade soil. These sensors show a much gteater

variation in readings than the sensors in the granular base layer during this same time period.

The trend in these readings is for the moisture contents to increase tluough August and then

decline through the last of the unfrozen conditions in November. The rnagnitude of the

49



variation is approximately 10%o and is lrot considered to be excessive. The terrperature of

the surrounding soil may very well be another significant variable in this tlend, however

isolating ternperature's effects on the TDR sensors is beyond the scope ofthe present study.

4.5 Eletermination of Frozen LayeF Ertent
The frozen layer extents are required in determining the allowable ranges oflayer moduli for

the granular base and subgrade soil in the backcalculation process. The moisture content

readings together with the electrical resistance readings were used to confirm the presence

of frozen layers. The thickness and depth of the frozen layer was input to the EVERCALC

program and the pavement structure was then modelled as a four layer system. If the frozen

layer was contained in either the granular base layer or the subglade soil then that particular

layer was divided up into applopriate tliicknesses. Conesponding allorvable moduli ranges

and seed values were then selected for both the unfrozen and frozen portions of that

particular layer.

u ure Contenl )
1994 Thâwjng Period

FEB 15

P epn zs

JUN 21

Figure 4.20 1994 Soil Moisture Contents
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Figures 4.20 and 4.21 show the thawing periods of February tluough June, 1994 for the

moisture content readings and electrical resistance respectively. All of the soil is coltsidered

to be completely frozen in February 14, 1994, rvhile all of the frost has thawed by Jurie 21,

1994. For the March 14, 1994 date the first rnoisture content seusor at the 200 mrn depth in

Figure 4.20 shows only a slight increase from 8 to 12 o/o. The 215 mm depth manual

resistance measurement in Figure 4.21 shows a huge decrease in resistance from the

February 14 readings. Mrile the declease is very significant, the resistance reading is still

not at the same value as the April 1l and subsequent dates which are considered to be

thawed. Immediately below this sensor the 265 mm depth reading is significantly higher

than the April 11 thawed value. Figule 4.22 shows the soil temperatures for the same
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thawing period of 1994. The March l4 femperatures range fi'om -3 to 0.5 oC over the entite

Soil Tem peratu re
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Figure 4.22 Soil Temperatutes During Spring, 1994

range of se6ors fi.om i90 m¡i depth down to the 2020 r¡m depth. Tltis telÌlpelature lange

does not distinguish the fì'ozen layer extent. The conclusion for this date is that the thawing

has just begun in the upper layer of the gtanular base creating a thawed layer of

approximately 100 mm,

Tlre analysis of Figures 4.20 and 4.21 fol the Malcli 28, 1994 show that the moisture content

for the sensors down to the 650 mm depth have reached theil unfrozen (as indicated by the

June values) state. The 810 mm depth sensor l'ras increased slightly from 8 to 13 %, but still

is well below the June value ofjust over 30%. Therefore the upper limit of the ftozen layet

boundary, as indicated by the TDR traces only, lies between 650 and 810 mm depths. The

electrical resistance values for the March 28, 1994 date indicate that the frozen layer exists

around the 810 mm depth. The temperatures range from 1.5 to -1.5 oc for the entire range

ofsensors as shown in Figurc 4.22. Therefore the flozen layer extent was chosen at the 810
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mm depth,

Again referring to Figures 4.20 and 4.21 for the April 11, 1994 moisture contents have

reaclred tlreir near baseline value of 26 %o af fhe 8 1 0 mm depth. The 960 mm depth sensol

lras not increased from the 18 % which is well below the June value ofjust uuder 40o/o. The

electrical resistance values for the April 11,1994 date indicate that the frozen layer exists

around the 960 mm depth. The ternperatures range from 0.5 to -1.1 oC for the sensors locate

at depths of 800 rnm to 2020 rnm in Figure 4.22. Thercfore the fi'ozen layer extent was

chosen to begin at the 960 mm depth.

Ttre April 29, 1994 data show that the tnoisture contents have reached 32 % with their

baseline value of35 % at the 1250 mm depth. The 1550mmdepthsensorhasnotteached

tlre baseline value of37 To as it is still at 22%. The electrical resistance values for the April

29, 1994 date indicate that the fi'ozen layer exists around the 1500 r¡m depth. The

terrperatures range from 0.5 to -0.8 "C for the sensors located at depths of 1410 mm to 2020

mr.n. Therefole the frozeu layer extent was choseu to begin at the 1500 rnrn depth. This

completes the analysis of fi'ozen layers during the 1994 spring thaw period as the entire

structure has thawed by the next test date of June 17 , 1994.
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The 1995 spring thaw period analysis refers to Figures 4.23 and 4.24 for moisture content

and electrical resistance respectively. The entire structure is considered to be fi'ozen on the

February 15, 1995 test date. The rnoisture content readings of4 to 8 o% for the uppermost

5 sensors are well below their unfrozen baselines of betueen 12 ar¡d 35 %. The electlical

resistance readings confirm this assumption with liigh values recorded all ofthe way down

to the 1565 mm depth. The soil temperatures for this date are not available due to ir'ìstlument

malfunction.
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Figwe 4.23 1995 Spring Moisture Content Readings
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1gg5 ThaY¿ing Pe od

Reslstence (ohms)

100 200 300

] = r"utsss

l+ ¡¡ arr ¿gs
!i 

^ 
Ap¡1195 l

--- Apr2595 |

€- Meyl795 r

'6 Jun2195

Figure 4.24 1995 Spring Resistance Data

lSllElirE Èiod

4

2

õ50
l!
Êt

P2
I

4

.6

r1Ð
4ffi
a- 34o

Ø
¡. 4S
. 660

¡-@
a- s0

¡ 11@

-+. 1m

+, 1410

+1Ð
p 1710

+ 1870

tM

Figure 4.25 1995 Spring Soil Temperature



For tlre March 14,1995 date, the first moisture content sensor at the 200 mm depth in Figure

4.23 shows only a slight increase from 5 to 12 Vo. The 215 mm depth resistance

measurement in Figure 4.24 shows a large decrease in resistance from the February 15 date

whiclr indicates thawing has occured. However, immediately below this sensor the 265 mn

depth reading is significantly highel which indicates that this depth has not thawed. Figure

4.25 shows the soil temperatures for the same thawing period of 1995. The March 14

temperatures range from -1.5 to -0.5 'C over the lange ofsensors from 190 mm depth down

to the 420 mm depth. The conclusion for this date then is that the thawing has just begun in

the upper layer ofthe granular base creating a thawed layer of approximately 100 mm.

Again refening to Figures 4.23 and 4.24 for the April 1 I , 1995 date, moisture contents of 13

% indicate thawing at the 500 rnm depth. The 650 mm deptli sensor has incleased to 8 o%

fiotn 6 "/o which is still rvell below the June value ofjust over 20% which indicates thawing

has not occured at this depth. The electrical resistance values for this date indicate that the

frozen layer exists around the 615 mm depth. TIie temperatures are grouped around -l "C

for the sensors locate at depths of600 mm as shown in Figure 4.25. Therefole the frozen

layer extent was chosen to begin at the 650 mm depth.

Tlre April 25, 1995 data show that the moisture contents have leached 32 % rvith their

baseline value of 30 % at the 960 nun depth which indicates thawing has occured. Tlte 1 1 l0

rnm depth sensor has not reached tlie baseline value of 37 % as it is still at 15%. The

electrical resistance values for the April 25,1995 date indicate that the frozen layer exists

around the 1i00 mm depth. Figure 4.25 shows the tempelatures ale grouped alound -0.8

.C for the sensors located at depths of 1 100 mm to 2020 nm. Therefore the frozen layer

extent was chosen to begin at the 1100 rnm depth.

Agairr refening to Figures 4.23 arld 4.24 for the May 17, 1995 date moisture contenfs

indicate that all ofthe frost has thawed above the 1500 mm depth as all ofthe sensors are
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reading close to their June 21, 1995 values. For example, the 1250 mm depth sensor is

reading 35 o/o compared to the unfrozen baseline value of 40%. The electrical resistance

values for this date show an increase in resistance around the 1700 mm depth which indicates

thawing has occurred down to this depth. The temperatures are grouped ar.ound -0.5 "C for

the sensots locate at depths of 1700 tlirough 2020 rnm as shown in Figure 4.25. Ther.efore

the frozen layer extent was chosen to begin at the 1700 mrrr depth. This corlpletes the

analysis of frozen layers during the 1995 spring thaw period as the entire structure has

fhawed by the next test date of June 21, 1995.

4,ê Elackcalculation Using EVERCALC

All ofthe data analysis to this point has been the environmental data of moistule content,

electlical resistance, and temperatures together with FWD deflection trends discussed. All

ofthis data was analysed to allow for the testing conditions oftemperatures and frozen layer

extents to be used as data inputs to the backcalculation program. The backcalculation

program was used to calculate the resilient moduli ofeach ofthe layers on each test date to

evaluate the seasonal variatiorr of the layer moduli. The backcalculation program chosen fo¡

the plesent study was the Washington State Department of Transportation program

EVERCALC. Infomration on tl'te EVERCALC program Velsion 4.0 for Windorvs was takerr

from the Washington State DOT, (1995). The EVERCALC program uses the WESLEA

program þrovided by the Waterways Experiment Station, US Anny Corps of Engineers) to

compute the layered elastic solution of deflections. The algorithm used to optimize the

solution is an Augmented Gauss-Newton.

The backcalculation approach used by EVERCALC is shown in Figure 4.26. An inverse

solution tecluique is used calculate the layer moduli from FWD deflection data. The

program is capable ofusing up to seven sensor deflections and eight load drops per station.

A maximum of frve pavement layers may be modelled. The program uses a set of initial or'
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Figure 4.26 Schematic of Backcalculation Process

seed rnoduli as a beginning point to calculate the first generation of surface deflections.

EVERCALC theu sealches for the final set of layer moduli whose deflections are within a

specified tolerance ofthe FWD surface deflections. This tolerance is characterized by the

root rnean square (RMS) error, the changes in modulus falls within the allowable tolerance,

or the number of iterations has reached its specifred limit the program terminates. The

prograln uses the final set of rnoduli to calculate the stresses and stlains at the bottom of tlÌe

AC layer, middle ofthe other layers except the subgrade, and at the top ofthe subgrade are

calculated. Coefficients of stress sensitivity for unstabilized materials are cornputed when

deflection data for more than one load level is available at a station. EVERCALC is capable

of normalizing the AC layer modulus to a standard temperature condition.

The seed moduli required to begin the backcalculation process may be either be supplied by

the user or if the pavement structure is of up to tluee layers, an internal set of regression

equations can be used to select them. The regression equations determine a set of seed
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moduli flom the relationship between layer modulus, surface deflection, applied load, and

layer thickness. when more than one deflection set at a station is analysed, the final moduli

set from the previous deflection set is used as the seed values for the next set.

The deflection tolerance as RMS (%) is given by;

(4.i)

where
d.,, d,,,,are calculated , measured deÍlections at ith sensor

n ois the number ofdeflection sens ors

and a RMS value of I % is usually used. The tolerance on the moduli is;

Ir". ..,-t.\
e,, - -\--!1L11l----11 {tOO)

,1r","
Er,, E 

1çt 
.r¡i) are the íth layer nzoduli at the kth , (k+l)th iteration
nt is the nunber of layers v ith unknown modt¿li

(4.2)

The number of iterations will also terminate the search and the default value was set at a

maximum of ten. EVERCALC estimates the depth to stiff layer using the scheme reported

by Rhode and Scullion, (1990). This scheme assumes that no surface deflection occurs

beyond the offset which coresponds to the intercept of the applied stress zone and a stiff

layer. Thus the estimation of the depth to stiff layer assumes that the depth at which no

deflection occurs is related to the offset at which no deflection occurs. Accounting for a stiff

layer within 10 m usually reduces the subgrade modulus and increases the base course

modulus. For multiple load drops and deflections at a station, EVERCALC estimates the

depth to stiff layer for each basin adjusted to a 40 kN load. The mean depth and standard

deviation are calculated. Any depths outside of the value of the mean plus/minus one

standard deviation are removed and the mean and standard deviation are ¡e-calculated- The

lr ,, ,-l
^"=ll ;ä1"ÌJ J,'",
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calculated depth to stiff layer is then used in the layer moduli calculations at that station.

Using EVERCALC to perform back calculations involves frlling in details on the data which

do not change from station to station in the general frle (*.gen) such as the load plate radius,

units, sensor offsets, etc.. A deflection file (*.def) is next created to hold the specific station

data such as layer thickness, surface layer temperature, number of drops, plate load, and

sensor deflections for each drop. The backcalculation process uses the *.gen and *. deffiles

and runs the WESLEA elastic layer routine witlún a DOS window. When the depth to stiff

layer option is being used the depth is calculated first, then used in the calculation ofthe

layer nloduli. The tolerances on the RMS deflection, moduli values and number of iterations

is specified in the *.gen files by the user. The complete input and output summaries and

plots are available within the print/plot output option of EVERCALC.

The present study used the deflection data for all ofthe test dates and modelled the pavement

systen as thee layers tluoughout the year. Thus during periods when thawing was taking

place, the portion ofthe unbound layer which was thawed was llot separated from the fiozen

portion. The overall layer modulus was calculated for these two-phase layers. The range of

allowable lnoduli along with the seed values for this first attentpt is shown as Table 4.i

Pâvement Moduli Ranges Used for' 3 Layer Analyses (GPa)

Layer First Run Second Run

Description Max Seed Min Max SeedMin

10.0 2.8 69.0 20.0

0.6 0.3 r4.0

Subgrade 0.08 0.2 0.1 0.055

4.1 Moduli Ranges for 3 Layer A

The frrst analysis run had modulus ranges chosen without any regard for the presence of very

low temperatures and frozen layer conditions. Janoo and Bery, Q992) used this approach

in their study . The results of this analysis showed that the maximum values for the AC and

2.01.0

0.2Base

AC

t.5

0.3

0.1
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granular base layers were too low for test dates in the months of Decernber tluough March.

At the same time the minimum values for the subgrade layers were too high.

The ranges were altered to account fol highel ranges for the AC and granular base layels and

lowel for the subgrade. The backcalculated moduli results were tliat the AC and granular

layers were at the maximum, while the subgrade was within its range during the test dates

with fi'ozen layers. However, the results fol the AC and granular base layers drop to

extremely low values and are inconsistent during thawed periods. On the other hand, the

subgrade moduli values are quite reasonable. The results of the three layer- analysis are

slrown plotted against the test date and pass nurnber (eg. 021494'1 is February 14,1994 -

Pass 1) in Figures 4.27 and 4.28.

This approach proved to be enatic and it was determined that dividing the analysis up into

test dates so that the presence offrozen layers could be accounted for in the analysis. Each

test date had between one aud four passes ofthe FWD taken on the outer wheelpath. The

averaged deflection data from each FWD pass was input to the *.def files. The moisture

content, electrical resistance, alld tempelature data was used to determine the frozen layer

extents in the unbound layers and those layers were input to the x.gen files. The allowable

ra¡ges for the layer moduli for the frozen and thawed layers which are shown i¡ Table 4.2.

Pavement Allowable Moduli Ranges for Frozen / Thawed Analyses (GPa)

Thawed Peliods Frozen Periods

Seed

AC 1.0 :zo.o 10.0 10.0 zo.o 20.0

Base ì0.055 i0.6 i0.3 0.6 t 5.0 8.0
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BACKCALCULATIOH by Evørcalc 1,0. *loduliPlot

Route: Oak Lake LTPP - SMP testsite - #831801
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BACKCALCU/.ITI0N by Evercalc 1.0 - ModuliPlot

Route: Oak Lake LTPP - SMP test site - #831801
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Each test date had its deflection data from each FWD pass ran tluough the backcalculation

process according to the above allowable ranges for the moduli. The results were quite good

for thawed test dates with RMS enors around 1 to 2To. The RMS errors fol the test dates

witlr both frozen and thawed layers present were much higher at between 8 and 24 0/o. Tliese

higher RMS errors could be attributed to the fact that backcalculation is difficult when a

stiffer layer lies between two softer layers. The much higher noduli values of a frozen layer

compated to thawed layers represent an ill-conditioned matrix which is used to solve for the

elastic solution.

The analysis ofthe test dates with frozen layers present resulted in four layers being used to

represent the pavement structure. This four layer analysis allowed for better backcalculated

esors and results, however it would not allow for seasonal modelling of the thawed/fi'ozen

u¡bound layer as a whole. Tl.rus once the four layer analysis was cornplete, the granular base

or subgrade layer which had frozen and thawed porlions ( ie two-phase) were combined and

the backcalculation re-run. The *.gen filewas usedto fixthe asphalt and one-phase base and

Backcalculated Layer Moduli by Test Date
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subgrade layer moduli which had been calculated under the four layer analysis. The

EVERCALC program then was run to minimize the error by searching for a solution for the

two-phase layer between the thawed lower bound and frozen upper bound moduli values

calculated in the four layer analysis. This is a compromised solution at best but the

backcalculation approach did yield acceptable results in the four layer analysis. This

compromise of tuming the four layer analysis into three layels was done only to accomplish

the rnodelling of the seasonal variation of the tluee layers tluoughout the year:. This

approach yielded rnuch higher RMS errors ( up to 35%) than the four layer analysis but the

merit of the backcalculation approach should not be judged on this compromise for the

rnodelling. The result of tliis fourJayer analysis forced into three-layers is sl'torvn in Figure

4.29 and included as Appendix D.

The trends in the backcalculated values for the AC layer show a strong relationship to the

var.iations in pavement layer temperature. The asphalt moduli decrease fiom the frozet1

values in Februaly tluough July and August when the trend reverses. The values increase

dramatically in December as the pavemelìî freezes. The asphalt layel moduli also vary with

temperatule during each test date as the temperature incteases ol decreases. The granular

base and subgrade layers follow the same tetnporal ttends as the asphalt layer, however the

variations are lagged behind the response ofthe asphalt layer with the increasing depth in

the layers. The subgrade does not show the daily valiation in moduli values while the

granular base layer does show some daily variation. Howevel, the variation is by no means

as pronounced as that ofthe asphalt layer.

4,7 Thawingt Index
Al environmental factor which causes the seasonal va¡iation in the stiffness ofthe pavement

layers had to be determined. The literature review found that otlÌer researchers had used a

Thawing Index to represent the independent variable representing the environmental factor.

These Thawing Indices were summations ofthe air or pavement tenlperatules. The LTPP
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collects data on the air temperature at hourly and daily averages. Both of these summaries

were evaluated for their potential benefit in reprcsenting the environmental effect. The daily

average temperatures were assembled and the first day ofpositive average tempetature was

located. From this date forward the temperatures were summed and the values repofied in

Table 4.3. There is no data available for the February, 1995 temperatures due to insttument

failure. The temperature data from the other Manitoba SMP site near Glenlea 300 km to tlie

east was used in lieu of tlìe lost data. The sum of the daily average temperatures did not

show a very good relationship to the change in moduli wl'rich was occurr.ing throughout

Malch and April, I994. The sum of the daily average temperature for the tliawing period in

Date Surn Avg Day

Temp (degxday)

Sum Avg Hourly Sum Positive Hour

Temp (deg*hrs) Temp (deg"lus)

March 14, 1994 398

March 28, 1994 -7 -250 823

April 11, i994 7719 1840

April29,1994 130 2748 4775

March 14, 1995 -2380 255

April 11, 1995 - l0l -2700 538

ApLil 25, 1995 -57 - 1600 1705

May 17,1995 5 863

Table 4.3 Thawing Indices Values

1995 showed large negative values until the end ofApril, i995. The next environmental data

evaluated was the sum of the hourly average temperatures again shown in Table 4.3.

Begin-ning on Mar 14, 1994 these values showed negative values to Malch 28 which was not

indicative of the thawing which was ongoing. The third envirorunental data was the sum of

the positive average hourly temperahrres. It was postulated that once thawing has begun in

the layers during the warmer daylight hours, cooler night time temperatures would not be

2500128
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able to freeze the mass again. Perliaps the more significant variable would be the solat

radiation which is imparted to the pavement surface. However the only indicator of the

environmental factor causing the thawing and collected by the LTPP was the air temperature.

The sum ofthe positive average hourly air temperatures was modelled as the Thawing Index

used in this study to quantiff the thawing effect of the environment on the pavement

structure.
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5 I lVlodelling of Seasonal
Variation of Matenial Properties

All of the environmental and surface deflection data were analysed and processed in the

previous chapters in order to arrive at a viable process for modelling the seasonal variation

in the material propeÉies on the SMP test site near Oak Lake, Manitoba. The backcalculated

asphalt concrete layer moduli were used together with the aspìralt layer temperatures to

rnodel the seasonal variation in the asphalt layer stiffiress. The Thawing Index values on

eaclÌ test date together rvith the unbound layer moduli were used to model the seasonal

variation in the base and subgrade layer stiffiresses.

The proglarn CurveExpelt 1.20 (O 1995-96 by Daniel Hyams) was used to choose the

model which best represented the environmental versus layer moduli data. CurveExpeft uses

its proprietary program CurveFinder to find the best regression model to fit whatever data

is input to it. The user is ÍÌee to specifu which of the 3 0 types of regression models builtin

to CurveFindel to evaluate the data fit. Curr¡eFinder then ranks the specified models on the

basis ofstandard elror and conelation coefficient. Polynomial models are also used in the

search and the user may specify the maximum degree of polynomial to use.

From the literature leview and the data presented in the previous chapter, it was deteunined

that the resilient modulus of the asphalt concrete layer would be most sensitive to the

temperature ofthe asphalt layer. The LTPP collects temperature data within the asphalt layer

at tlÌree depths;25,55, and 90 rnm. Each ofthese temperature depths were used as the

independent variable against the resilient modulus of the asphalt concrete layer. The

regression output for the third degree polynomial models of the form; Eo. = a * bT + cT2 +

dT3 ,as selected by CurveExpert is shown as Table 5.1.
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Temperature Correlation Standard l Regression Coefficients

Depth (mm) I Coeffrcient Error

25 0.93 r\1t L , 16663 -2013 l1l -1.89

55 0.94 5954 15615 : -1944 104.6 -1.77

90 0.95 5461

The models all represent the enviromnental effect of layer temperaflire on the modulus ofthe

AC layer as correlation coefficients are over 0.93. Thus the selection ofthe temperature

depth to use was the surface temperature as it is the easiest to lneasure. The sur-face

temperature versus the AC layer moduli third degree polynomial fit is shown in Figure 5.i.

Note that the polynomial rnodel does not give a good fit above 20 oC as it rises slightly rvith

temperature to approximately 26 oC. When using the polynomial model one should ignore

Figure 5.1 Third Degree Polynomial Fit of the Data

this portion ofthe curve and linearly interpolate the AC resilient model from 20'C to the

modulus value at the highest temperature.

AG
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log AC Modulus vs

Figure 5.2 Semi-log Fit of the Data

The critical tirne of the year for the moduli values and thus the weakest condition of the

pavement structure is during the spring thaw when unbound layers are melting and thus the

pavement temperature is above 0 oC. A sirnple semi-log linear model of the form

log(Eo.): a + bT, that considers the temperature range from 0 to 30 oC is shown in Figure

5.2. Tlre regression coefficients of the model in Figure 5.2 are; standard ertor = 0.0964967,

correlation coefficient = 0.7858131, and coefficients; a=3.9448496, b: -0.012844353.

The Thawing Index was used to represent the independent variable in modelling the resilient

moduli of the base and subgrade layers. The Thawing Index chosen was the sum of the

positive degree hours beginning from the first occunence ofpositive hourly temperatures in

the records. Using this Thawing Index as the independent variable versus the base layer as

the dependant variable gives the nonJinear model shown in Figure 5.3.
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Figure 5.3 Exponential Fit ofthe Data

The regression coefficients for the model of the form Es = ae br shown in Figure 5.3 are;

standard error: 598.7406540, colrelation coefficient: 0.99596, and coefficient data:

a =19076.115, b : -0.0039825. Figure 5.3 shows that the granular base layer moduli

becomes extremely weak in a vely short time span. The modulus falls fïom 19,000 to under

227 MPa in 823 degreexhrs. A review of the data for the 1994 and 1995 seasons

denronstrated that the 823 degree*lus of thawing occuned over a time span ofas little as27

days, This relationship reinfolces the irnpofance of seasonal effects in pavenìent

perfolmance as the dramatic reduction in the load-carrying capacity occurs after a small

amount ofpositive hours ofair temperature.

The subgrade layer modulus was modelled in a similar maruler as the grarrular base and

shown in Figure 5.6. The rnodel shown is a third degree polynomial fit ofthe form

Es = a + bT + cT2 + dT3 with coefficient data: a : 1067.0925, b = -0.6654641 5,

c : 0.00015066284, and d = -1.099605ie-08, the standard ercor: 170.9329216, and the

comelation coefhcient: 0.9450539. The Thawing Index values are identical to those used for
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Figure 5.4 Third Degree Polynomial Fit of the Data

the glanular base model l'rowever the moduli range is much lower for the subgrade layer.

Again the form of the polynomial relationship must be noted as it rises slightly above

approximately 3800 degreexfus and should be drawn horizontally from this poirrt as the

modulus has reached its minimum value. Although the range of moduli are small, it still

represents a substantial decrease in the moduli ofthe layer. It is not as sudden ofa decrease

in moduli as the granular base as it takes about 2000 degree*hours to bring the rnoduli to

their weakest state.

The literature review found two sets of models on the relationship between AC moduli and

temperature, the first by Han et al, (1994) and the second by Van Deusen and Newcornb,

(1994). The AC layer moduli results are compared to the two models proposed in the present

72



AC lvbdL¡ i h<cdcL¡áiq'ì Oqlpaiscn

n

l5

8,éH10
gE
e5

0

10

AOTenpsátre(dæræQ

¡- Fbn .ç VrÈs*r a- \Âåtsorpdy - \tiåßon]og

Figure 5.5 Comparison of AC Moduli from Past and Present Studies

study as summarized in Figure 5.5. The Watson-poly and Watson-log data ranges refer to

the third degree polynomial model utilizing all of the data and the semi-log relationsliip

utilizing the data taken above OoC. Comparison of the moduli results demonstrates atrend

among the results. The Watson-poly model is higher than any of the other models at zero

degrees which agrees with the obseruation previously made that it accounts for the extremely

high values below zero degrees. This model thus overestimates the resilient moduli for the

AC layer at zero degrees. Figure 5.5 shows that all ofthe models result in moduli that differ,

however they do not vary by orders of rnagnitude. Note that the calculated moduli for the

zero degree level vary from approximately 7,000 to 17, 000 MPa. The moduli results for the

twenty degree level vary even less fi'om approximately 2,000 to 6,000 MPa. The comparison

ofthe calculated moduli gives a reasonable amount ofconfidence to the use ofthese models.,

especially when considering the differences in the sites and variables in each of tl-re studies.

For example, Han et al (1994) used data from seven different sites (including the Oak Lake

site) in the Nofh Central Region of the LTPP. The physical differences in the pavement

structure ofthe sites were ignored in the Han study. This indicates that seasonal variation
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ofthe material properties ofpavements occurs independently ofthe structute ofthe site. Van

Deusen and Newcomb, (1994) used the estimated mid-depth pavement temperature from the

Southgate, (1969) method as the independent variable versus the resilient modulus ofthe AC

layer. The surface layer temperature was used in the present study as the independent

variable versus the resilient moduli. The Van Deusen results agree closely with the Watson-

log rnodel shown in Figure 5,5 which suggests that the resilient modulus is related to the

temperature of the AC layer at various points. This fact is confrrmed by the modelling

results shown in Table 5.1 from the present study. Van Deusen used a full-depth AC

pavement which differs from the Oak Lake structure which confirms that the seasonal

variation ofthe pavement material properties is independent ofthe type of structure.
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6 : Gonclusion

The present study used environmental and pavement surface deflection data to model the

variation in the resilient moduli of a flexible pavement in southwestern Manitoba. The data

was provided by the Seasonal Monitoring Program of the U.S.A. Federal Highway

Administration, Long-Term Pavement Performance study. Environmental data in the form

of air, pavement, and soil temperatures was used to model the seasonal variation of the

pavement layer stiffnesses. FWD deflection data was used to backcalculate the resilient

moduli of each pavement layer through the elastic layer theory proglam EVERCALC. The

seasonal variation in the stiffness ofeach layer was modelled against the temperature (for AC

layer) and Thawing Index (for the base and subgrade layers). These models proved that this

research approach may be successfully used to quantify tlie seasonal variation in pavement

layer resilient moduli.

Some concerns arose from the LTPP data collection procedures. Collecting data on solar

ladiation or heating could provide a better indicator of the amount of thawing energy being

imparted to the surface. Data on the rainfall and groundwater table were analysed within the

course ofthe present study. No significant effect was found to arise out ofthese variables

and their discussion was not included in the present study. The electrical resistance data was

collected by a mobile datalogger and by manual means. The present study was not able to

use the mobile datalogger-collected electrical resistance data to determine the extent ofthe

frozen layers in the base and subgrade layers. The manually-collected data was very useful

when used in conjunction with the TDR soil moisture readings. The TDR readings were

found to give unreasonable results when the TDR probes came into contact with frost. The

result was that the moisture content readings dropped significantly, and when these values

were compared to the unfrozen readings it became a good indicator of frozen layer extent.
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The soil temperature readings were found to be of little to no use in determining frost layer

locations as the temperatures established nearly isothermal conditions for much of the

thawing period. The FWD deflection data was very useful as its processing into resilient

moduli values provided for highly correlated models of seasonal variation. The approach

taken to use averaged sensor deflections for each pass to overcome the strong locational

variability problem in the readings. This approach could be used in project- and netwolk-

level FWD data collections to resolve this rnajor obstacle of locational variability ofphysical

factors.

The trends in the seasonal variation ofthe resilient moduli have been modelled for each of

the layers. These models of resilient moduli are now available for the pavement designers

to use to design pavements according to the mechanistic-en'rpirical approach' The use of

these models together with environmental and load dafa would allow for nechanistic

pavement design to occur. One such use of the models would be to select worst case

scenarios of high pavement surface temperatures and appropriate values of Thawing Index

to ensure thawing ofthe base and subgrade layers and determine the moduli ofeach ofthe

layers. Pavement designers could then apply various loads to the pavement structure and

calculate the deflection of the surface. The deflections obtained in this manner could thetl

be compared to the Benkelman Beam Rebound charts to detetmine if the deflection is within

the allowable limits of the charls. If the deflection is not within the allowable limit set by

the Benkelman Beam chart then the pavement structure is not adequate for the load imposed

upon it. The asphalt layer thickness could then be increased until such time as the maximum

allowable deflection according to the Benkelman Beam chart theoretically occurs. This

analysis would thereby predict the increase in asphalt layer thickness which would be

required for this site to give the maximum allowable deflection as given in the Benkelman

Beam chart.

A¡other use ofthis analysis would be to calculate the allowable loads for this set of surface
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temperatures and thaw weakened base and subgrade layers. These models could also be used

to take a range of layer moduli and vary the layer thicknesses to calculate the minimum

thicknesses which could cary the load without excessive deflection and therefore damage

occurring. Thus the pavement design process could be analysed tluough the use of these

models.

As the Thawing Index values which cause the thaw weakened base and subgrade layers have

been determined for this site, the staff responsible for the Spling Weight Restrictions

program could track the progression ofthe Thawing Index for each season and detetmine the

timing and magnitude of tlÌe weight restrictions. This could be exterrded to othet'sites in

Manitoba to justifu the timing of the Weight Restrictions period during the spring thaw.

Cufiently the Weight Restriction period is set by calender dates. The dates are chosen on the

basis ofhistorical Benkelman Beam Rebound tests and thejudgernent of Depaltmental staff

responsible for the maintenance of the highway network. Of special interest to the staffof

Manitoba Department of Highways and Transportation would be the modelling of seasonal

variation of pavement layel moduli of thin rnerlbrane-surfaced roads also known as Asphalt

Surface Treatments.

Recomrnendations for further research also include evaluating the seasoual variation in the

stresses and strains in pavement layers caused by applied loads. Another topic which could

use the results of the present study is varying the layer thickllesses to study the effect

thickness has on the critical stresses and strains at different times of the year. The present

study could be used to assess the pavement structural thickness strategy curently used by

Manitoba Highways and Transportation.

Thus the use of these models will benefit Manitoba Highways and Transpoftation as it

moves towards mechanistic pavement design and rehabilitation. As more of these models are

developed the better the predictive capabililies in pavement design will becotne.
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