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Abstract

The highway network of Alberta is the major component of its striuature
system which is difficult to be maintained. The first parthe$ study focuses on
seasonal variation of pavement layers’ stiffness and its mfuen the pavement
life. Pavement structures are supposed to be in weakest conditiog thaiving
period in early spring. The results shows that damage imposedvémneat
during thawing period can be approximately 90% more than during theergog
period. The second part of the study centers on comparing the pent@rof
different asphalt overlay strategies in the Province of Adbdfor this purpose,
the data collected under Long Term Pavement Performance intaAlBpecific
Pavement Studies 5 section was used. In addition, Mechanistic Eahpiric
Pavement Design Guide software was used to simulate differeetiay
strategies. The results indicate that overlay thickness isntis influencing

factor on the performance of the overlaid sections.
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1. Chapter 1 Introduction

1.1 Background
A large amount of capital is spent each year in Canada to keegxitieng

transportation infrastructure in acceptable ride conditions. Baseteolatest
assessment report regarding Canada’s infrastructure syftengross stock of
Canada’s public infrastructure was estimated to be $286.2 billion in 2007
(Gangon et al. 2011). The average age of these assets wasdrépdstgears in
2007. Highways and roads are the largest component of Canadastrudiare

with a gross value of $170 billion in 2007, which is equal to approximé@ly
percent of the value of entire infrastructure system in Can@da average age of
highways and roads in Canada continuously increased from the 1970’s up to
1994, during which average age of highways and roads reached its pE&aR of
years. However, this average age decreased to 14.9 years in 20Qb1iCt al.,

2011)

The Province of Alberta owned 12 percent of the entire national infcasre
with a total value of $35.2 billion in 2007. At the time, with an agerage of
15.6 years, it was the third youngest infrastructure system eénctiuntry.
Highways and roads make up approximately 62 percent of Alberta’s tota

infrastructure, with a value of $21.8 billion.

To maintain this valuable infrastructure, Alberta Transportation desicnearly
50 percent of its annual budget to rehabilitate and maintain tegngxhighway
network. (Soleymani et al., 2002). Alberta is known for its cold, dnyate, with

Freezing Index as high as 2700°C.days, based on the historical tampelata
1



(1997-2008) extracted from Environment Canada (Environment Canada, dccesse
April 2012). Winter temperatures can drop to*G0while summer temperatures
can reach 4 (Watson et al., 2000). Pavements located in such climate
conditions are prone to excessive damage, since they undergo frosatiamét

the winter and severe temperature variations in the summer |laasweimerous

cycles of freezing and thawing.

Repetitive cycles of freezing and thawing weaken the pavememtwse. In
winter, resilient moduli of the pavement’s unbound layers increasdodice-
bonding between the soil particles in the base and sub-base laykerthea
formation of ice lenses in the subgrade (Simonsen et al., 1999). Thagdve
structure starts to weaken during the thawing season in eairlg.spAs a result,

the moisture in the unbound pavement layer increases in this pendthgem
drastic decrease in unbound layers’ moduli. Pavement structiwrétssweakest
condition during this period and there is high potential for damage due to the
application of heavy truck loads (Watson et al., 2000). This phenomeises rai
the necessity to enforce preventive regulations to mitigatessive damage to

the pavement during this critical period. Many highway agencies across the world
use preventive methods to minimize the damages imposed on the pavement
during thawing season. One preventative measure is to restrichakienum
allowable loads. Such methods, used frequently for secondary roadsoavn

as the Spring Road Ban (SRB) or Spring Load Restriction (SLR).

The difficulty with imposing SRB’s or SLR’s is that the trucking industry nesgui
year round access. Therefore, SRB and SLR periods should be optimized to

2



consider highway jurisdictions’ concerns, together with the trucking a

transporting needs of the community.

One of the methods that can be used to implement SRB is using gnetded
dates to apply and remove SRB based on historical data and locakezpe
The other methods are engineering judgment and visual observaticgualVi
observations can include water seeping through cracks in the pavieamerihe
subsurface layers as traffic loads are applied, rapid detesiorat the surface
layer, and soft shoulders” (Ovik et al., 2000).

Recently, mechanistic approaches, which strongly rely on mechanogzerties
of the pavement structure, such as stiffness of each layennptemented in
developing SRB instead of empirical and judgment based methods (Véatsan

2000 and Ovik et al., 2000).

Alberta Transportation implements a numerical heat transfer niogbeedict the
start of the thawing, along with a series of Falling Weightlectometer (FWD)
tests, which assist with deciding the duration of the SRB forrdifteroadways

(C-SHRP Technical brief, 1999).

Another aspect of pavement management concerns maintenance and
rehabilitation. Pavement structure loses structural integrityages and hence is
more prone to damage. Also, the manifestation of cracks at tlxEesurakes it
easier for moisture to infiltrate into the unbound layers. ExeE$soisture can
result in earlier deterioration of the pavement structure. edBas the latest

Alberta Transportation’s Pavement Management System (PMS) riep2@ll,



56 percent of highways in Alberta are older than 10 years (Albeatagsportation,
2011). Pavement Sections older than 10 years are naturally moretdlsc®
damage (Al-Suleiman et al. 1991) and need more extensive tréatrsach as
resurfacing or rehabilitation within a short period of time. A dhgh
understanding of the most effective rehabilitation strateigiedberta’s climate
condition is prominent. The need to investigate various rehabilitatrategies
was foreseen in the Long-Term Pavement Performance (LTP§aprdSpecific
Pavement Studies (SPS) 5. A total of 18 SPS 5 sections aerestan North
America (West et al., 2011), of which one is located in Albeftae data for SPS
5 in Alberta recorded for 16 years between 1990 and 2006. This datalmase i
valuable source of information to investigate effectiveness oérdift overlay

strategies.

1.2 Research Impetus
As mentioned in the previous section, one of the issues that Aletrenrk is

faced with is the effect of severe freeze-thaw on the paversteatture.
Accumulated moisture in the unbound layers decreases the overathgraise
moduli resulting in vulnerability to extensive damage to the pavenfeh&HTO
1993 Design Guide takes seasonal variation into account in its desiggtdpre.
Minimum subgrade modulus is assumed to occur in March (17MPa) and then
gradually recovers to 27MPa in April and May. It is assumdaktd8MPa from
June to October during the recovering period and the maximum subgrade modulus
happens in December, January and February with a modulus of 137MPa

(AASHTO, 1993). The drop in subgrade modulus from February to March can



cause significant damages to the pavement structure if no prevstrategy is

employed.

Therefore establishing preventive strategies to minimizeddmeage imposed to
the pavement during this period seems to be highly required. Ehestip to
establish such strategies is to investigate the magnitude pfdhkem in case of
the province of Alberta. Alberta Transportation performs a sefié3VD tests
during the thawing and recovering period every year to obtain an understanding of
the pavement stiffness during the thawing season which can beadbieatource

of information. To date, limited studies focused on using Alberta
Transportation’s FWD database to investigate seasonal variatipaveiment
layers’ stiffness. McMillan et al. (2010) used the FWD datenfonly three
highway sections in Alberta. Their study focused on seasondltivas of
pavement layers’ moduli as well as investigation of the FWD test réyil@gtaln

their study Alberta historical FWD database was not used. eddstthey
performed special FWD testing which consisted of two tesspégific locations
every month during thawing and recovering period. The fact that no
comprehensive study has been done to use FWD database in order igatevest
seasonal variations in pavement layers’ stiffness necessiatiesming a study
using the FWD database to investigate seasonal variation in paveEayers
characteristics as investigation and understanding of the pavensmasonal
stiffness is a key factor in developing efficient methods to ma@rthe imposed

damage.



Another issue that is currently a major concern regarding the aighetwork of
Alberta is the average age of the network. As mentioned previdi&lyercent
of the entire highway network of Alberta is older than 10 yearsdtition, 50

percent of the entire network is already overlaid.

Alberta LTPP SPS 5 section’s data is available in the Ld&Bbase providing
the opportunity to study the performance of different overlayegiies in the
province. Carvalho et al. (2011) included Alberta SPS 5 in their studyPP

sections in North America and compared distresses betweerediffsgctions;
but they did not look into the Alberta SPS 5 sections in depth. Thet effe
different overlay strategies on the structural response of trem@ant still needs
to be investigated further for Alberta climate conditions. Combisingctural

and functional analysis of the Alberta SPS 5 sections can prguidance for the
future rehabilitation projects in Alberta. This makes it cruaiadl beneficial to
study the precious database created over 16 years to invegtigaterformance

of the different overlays

1.3 Research Objectives
The primary objective of this study is to investigate the hestiegies to maintain

Alberta’s highway network. For this purpose, the study focuses doltbeing

primary objectives:

* Investigating the behavior of the pavement structure in the taalying
and comparing it to the recovering performance to assess teeeddé

between thawing and recovering period.



» Evaluating the effect of different overlay strategies on theg-term

performance of the pavement.

The findings from the study will provide a better understanding of mpexe
performance throughout the year (e.g. thawing and recovering parnddlso for
the long-term. This improves the ability to make more accuratesides
regarding the spring road ban practice and pavement maintenartte a

rehabilitation.

1.4 Research Overview and Methodology
The first portion of the current study (Chapter 3) is dedictiedvestigating the

behavior of different Alberta highways during the critical periodhafwing. In
doing so, the FWD test data collected during the thawing sdasdhl years
between 1997 and 2008 was used. The FWD data was used to backe#heulat
pavement layers’ moduli using Evercalc© developed at Washingtore Stat
Department of Transportation (WSDOT). Backcalculated moduli tene used

as the inputs in Everstress© to predict the pavement’s structsadnses. The
tensile strain at the bottom of the Asphalt Concrete (AC) layer the vertical
strain at the top of the subgrade are the most commonly used parsaethe
pavement mechanistic responses (Rutherford et al.,, 1985). These paveme
responses can be used as indicators of the damage imposed to thenpavem
Several equations are available that can be used to predictidhatdé load
repetition using the pavement responses. The pavement structpahses
predicted using Everstress© were plugged into the equations developed by

Asphalt Institute (Huang, 1993) and US Army Corps of Engineersd/at al.,



2003) to predict the remaining allowable load repetition that the paveoan
undergo before failure. Comparing the values predicted in recoveemgd to
values in thawing period, demonstrates the effect of the springwieakening on

the pavement behavior. In addition, the effect of load reduction on the @atvem
responses and remaining allowable load repetition on the pavement was
investigated by applying different load levels on the simulggadement in

Everstress®©.

The other portion of the study (Chapter 4) focuses on evaluatingediffeverlay
strategies to assess effectiveness and long term perfornddbeda LTPP SPS 5
section’s database, which is publicly available online and in the DVD, wesruse
the study. First, the structural response of each overlaggjratas compared to
each other. A series of FWD tests were performed on thi®isemt a regular
basis. The peak deflection underneath the FWD load was used av¢neept’'s
structural response indicator. The average peak deflection ftr @arlay
section was compared to the other sections’ peak deflections usiagistical
paired t-test to investigate if the difference between ¢atians was significant.
Second, pavement distresses in each overlay section were congp#redther
sections to assess the effect of overlay type on the pavemeessks. Based on
the available data, alligator, transverse and longitudinal crasksvell as
international roughness index (IRI) were used to investigate pwafare of
different overlaid sections. Moreover, the sections were sindulaseng the

Mechanistic Empirical Pavement Design Guide (MEPDG) Versil.1l to



compare the predictions of the MEPDG with the field distress daitected for

the SPS 5 during the pavement monitoring period.

1.5 Thesis Structure
This study is presented in the following organization.

» Chapter 1: Introduction- Provides a background on the area of fesearc
for the study such as backcalculation of FWD tests, seasondiomamd
pavement layers’ strength, Spring Road Ban practice and patveme
maintenance and rehabilitation, as well as the problem statemdnt a
research methodology

» Chapter 2: Literature Review- Provides a brief discussion abo&i2
test procedure and the methods used to analyze the FWD data. hidext, t
backcalculation process and the available software packages figquent
used to backcalculate the pavement layers’ moduli are described. T
chapter also provides a discussion on seasonal variation of pavement
strength and SRB practices around the world. Pavement maintenance and
rehabilitation and pavement distresses are also discussed irhdpigrc
Lastly, this chapter focuses on reviewing the findings of ottearehers
regarding the LTPP SPS 5 experiment.

* Chapter 3. Evaluation of Seasonal Variation in Pavement Mechanistic
Responses Using Falling Weight Deflectometer Data. Alberta
Transportation’s historical FWD database is used to evaluastrtietural
response of pavements in Alberta in the early spring by backathgul

FWD data. Responses in thawing period are then compared to the



responses in recovering period to investigate the significantteedhaw
weakening period on pavement structural responses. The effectdof loa
reduction level on the remaining allowable load repetition on the
pavement is also studied in the final part of this chapter.

Chapter 4: Performance Evaluation of LTPP SPS 5 Sections intéd\lber
This chapter focuses on evaluation of performance of differemagve
strategies in Alberta’s LTPP SPS 5 section. In the fest of this
chapter, peak deflections under the FWD are used as the pdigme
structural response indicator. Peak deflection in all sectioongpared to

the other sections to investigate the effect of different oyeda the peak
deflection. In the second part of the chapter, distresses swatligator,
transverse and longitudinal cracks and also IRl and rutting developed in
each overlay section are compared to the other sections to theseffect

of different overlays.

Chapter 5: Conclusions- this chapter summarizes the findings of the
studies in Chapters 3 and 4. Recommendations for future research are also

provided in this chapter.
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2. Chapter 2: Literature Review

2.1 Falling Weight Deflectometer Equipment
Non-destructive testing (NDT) method, used to evaluate in-servicenent’s

performance, has long been used to assess pavement conditions (E988)g,
The most common NDT methods are deflection testing, wave propagatjacti
hammer, ground-penetration radar and impedance devices (Huang, 1998). Th
Benkelman beam, California travelling deflectometer and LaCrdiealemeter
are conventional devices used to measure pavement deflection (Hu@8y, 9
FWD testing devices were introduced to the pavement industry in9@@s 1o
evaluate the structural capacity of the pavement. FWD deviwssure the
deflections under a dynamic load by simulating the passing oivbeel load.
The FWD measurements can be used to evaluate the pavementtsratruc
response for design, rehabilitation, and pavement management pulpGsHK
synthesis 381, 2004). According to the American Association of Bigtevay
and Transportation Officials (AASHTO) 1993 Design Guide, defkectesting is
recommended to evaluate the effective structural capacity anddelermining

the seasonal variation of pavement layers’ strength (Von Quintus et al., 1997).

A typical FWD includes the following components, according to ASDA694-

96: Standard Guide for General Pavement Deflection Measurements:

* An impulse-generating device with a guide system. This deallog/s a

variable weight to be dropped from a variable height.

11



* A loading plate, for uniform force distribution on the test layer. When
weight affects this plate, this loading plate ensures thatethdting force
is applied perpendicularly to the test layer’s surface.

* Aload cell for measuring the actual applied impulse.

* One or more deflection sensors.

» A system for collecting, processing, and storing deflection. dAG&TM

D 4694, 1996).

As mentioned, FWD devices are capable of generating diffémadt levels by
changing the drop height. Typical load levels used in common FWiDgese

27, 40, 53 and 71 kN (NCHRP synthesis 381, 2004). The FWD devices are
normally equipped with five, seven or nine deflection sensors at diffeftsets
from the load plate to measure the deflections under the applied Baans
deflection sensors and geophones are used interchangeably in FWIQ test
devices (NCHRP Synthesis 381, 2004). Geophones are electronic dewicds,
can measure the relative vertical movement of the pavement ‘t®awices may
include seismometers, velocity transducers or acceleromeldC$IRP Synthesis
381, 2004). Load cell is used to accurately measure the applied loadaand |
plate is used to evenly distribute the applied load to pavementsyN¢&CHRP

Synthesis 381, 2004).

2.2 Backcalculation Process
Backcalculation of the layers’ elastic moduli from the deitecbasin obtained

from the FWD test is a popular approach to evaluate the wholanpats
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structural capacity, as well as each individual layer's modultlss knowledge
assists with making better decisions for rehabilitation and lggigooses (Von
Quintus et al., 1997). There are various backcalculation proceduresaused t
estimate the pavement layers’ moduli based on FWD deflection ddtale all
methods are based on minimizing the error between the predictedeasdred
deflections, they can be separated into different categoried basthe type of

load analysis (static or dynamic) and the layers’ mdtgnee analysis (linear or
non-linear) (Uzan, 1994). Accordingly, the backcalculation procedures can be

categorized into the following four general groups:

* Static, linear backcalculation
e Static, non-linear backcalculation
* Dynamic, linear backcalculation

* Dynamic, non-linear backcalculation

Of the four categories, the simplest method is the static Ipplied to a linear
material. The challenge is to find a series of moduli which will resulavement
deflections corresponding to the measured deflections. Each évadl ik
analyzed separately and different sets of moduli are obtainexhébr load level

(Uzan, 1994).

In contrast to static linear backcalculations, static non-lineakdalculations
require load levels to be analyzed together. Finding a set of mduati
corresponds to the measured deflections at all load levels cahabenging.

“Dynamic backcalculation applies to the NDT equipment that appltesrea

13



steady state vibratory load or an impact load” (Uzan, 1994). Ircdke of a
steady-state vibratory load with limited number of frequendmeschallenge is to
find a set of complex moduli which will result in pavement deftei
corresponding to the measured ones. In the case of applying an logohdivo
alternatives can be implemented: 1) using frequency domain fitimty2) using
time domain fitting. (Further descriptions of these alternatives can be fothmal in
references such as [Uzan, 1994]). Lastly, dynamic non-linear &dlaakation is a
combination of dynamic linear and static non-linear backcalculatiethods.
Calculated non-linear complex moduli of the pavement layers shoulatiptiete
history deflection responses close to the measured one for dll lévels

simultaneously (Uzan, 1994).

2.2.1. Backcalculation Techniques
The four concepts described in Section 2.2 can be applied using tfiezendi

backcalculation techniques. One technique is the lterative apprmoachich a
forward calculation is used in each step of iteration until ther ariteria is
satisfied. The second technique is Theoretical Equations which uses di
equations to calculate pavement layers’ moduli (Lytton, 1989). A #pptoach
is Database Search, which uses forward calculation to build a databasewilthich
either help formulate regression equations to determine the nagguli or use
database to interpolate the deflections in order to avoid forwardilaEbn
(Ameri et al., 2009). The Iterative and Equivalent Layers Modulugharenost

commonly used techniques and will be expanded upon in the following sections.
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2.2.1.1 Iterative Approach
Iterative backcalculation includes a series of steps tonat#i the pavement

layers’ moduli. Figure2.1 describes the backcalculation process (Lytton, 1989).
As seen in Figur@.1, the first step is to calculate a deflection basin based on the
user-supplied seed moduli, load and pavement structure (e.g. lakeressyr and
compare the predicted deflections to the measured ones. The goatirEmize

the differences between these two. The objective is achiaverkpetitive
iterations and changing the moduli values of each layer in &aelion to satisfy

a convergence criterfASTM D5858, 2008)

Measured Sepd Controls on
Deflections | 77T Moduli rererteseeescetl the Range
of Maduls

_h'_‘z%"" Deflection Search for
Thickness )
' Caleulation Miew Maduli
Loads
Error Stress ang Strain
Check Level Corrections
Results Constitutive
Ralations

Figure 2.1 Procedure followed in the iterative backcalculationegso¢Lytton,

1989).

2.2.1.2 Theoretical Equations
One of the most commonly used theoretical approaches is discusdbd i

section. This procedure, which is used by more than 20 percent o BXddss

the United States (Von Quintus et al., 1997), is introduced in AASHTO 1993
15



Design Guide to backcalculate subgrade moduluss firecedure is based on the

static load on linear materials concept.

As seen in Figure.2, in a FWD test, deflections that are far enotrgm the
loading plate correspond to the subgrade layerthadther layers’ stiffness do
not affect these deflections. As an example, ag §& Figure2.2 the deflection
measured by fourth and fifth deflection sensors depending on the subgrade

stiffness and base and AC layer's moduli do nacfthem.

Deflection Sensors ——__
2 3 4 547
A A A A
A -7 X |
Hot Mix Asphalt P | S } J
L/ 1 ~
/ I \ ‘a
g ' \ {
Granular / | \ {
Base / \
/ | z \
'1 -
/ T \ \L
Subgrade / | 11
/ \
4 Stress points
for nonlinear layers

Figure2.2 Stresszone within pavement structure (Huan@3)L9

In AASHTO 1993 Design Guide, the subgrade modukiscalculated using

Equation 1.

0.24%P
Mg = (1)

dr*r
Where,
My = backcalculated subgrade resilient modulus, psi,

P = applied load, Ib,
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d, = deflections at a distance r from the centre of the load, inch,

r = distance from the centre of the load, inch,

Meanwhile, the distance from the centre of the load should be kept as minimum as
possible. The minimum value for r, the distance at which the defisctan be

used to estimate the subgrade resilient modulus is determinedhusifadiowing

relationship.

r>0.7%* a, (2)
Where,

a, = \/[a2+(D %’ If{—’;)z] (3)

a. = radius of stress bulb at the subgrade-pavement interface, inches
a = FWD load plate radius, inch,
D = total thickness of pavement layers above the subgrade, inch,

E, = effective modulus of all pavement layers above the subgrade, psi.

E, can be calculated using Equation 4, if the subgrade resilient modalustal

thickness of all layers above subgrade are known.

( [ By l\
| - |
d0=1.5*p*a*4 ! L L@ $ 4)

2 E.
ooy "]
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Whereg

d, = deflection measured at the center of the load plate (and adjusted t

standard temperature of 68°F), inch,

All the other variables as previously defined. (AASHTO, 1993).

2.2.3 Backcalculation Tools
There are a number of computer tools and software packages tha oaad to

backcalculate the pavement layers’ moduli using the deflection basmthe

FWD tests. Most of these tools and software packages use Istal, elastic
layer theory to calculate each layer's modulus. The most commeaed
software can be listed as BISDEF, CHEVDEF, ELMOD, ELSPE¥ERCALC,
ISSEM4, MODCOMP, MODULUS, and WESDE. Results obtained from efch
these tools can be different due to different iteration and moduloslatéon
methods (Von Quintus et al., 1997). Each highway agency or authority uses
specific FWD equipment, which generate different FWD data outpetefore,

each agency should develop its own software package to ensuretibditypa

with the specific file format.

ELMOD
More than 20 percent of the DOT in the Unites States use H)BEYeloped by

Dynatest® (NCHRP Synthesis 381, 2004). ELMOD gives the user tl@ndpt
choose between finite element method, linear elastic theory ondhdinear
subgrade algorithm for the backcalculation process (Dynatest.Cmtgber
2012). ELMOD uses the iterative method to perform backcalculationcamd
handle any number of existing layers. It can also accommodat® U
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geophones. ELMOD 6, which is the latest available version ofdftevare, can
read Dynatest file format Versions 9, 10, 20, and 25, and also Mitsoéss
database files generated by Dynatest WinFWD (Dynatedbsiée accessed

October 2012).

Evercalc©
Evercalc was developed for the Washington State Departmentn$gartation

(WSDOT). Evercalc© uses WESLEA, which uses multi-layeedr elastic
theory as the tool for forward calculation. Up to five paventeyers and up to
seven sensors can be defined in the software. Evercalc© usesdtiedtmethod
to perform backcalculation. The user can provide the seed lagedsili as an
input to the software and Evercalc© changes these moduli inseadt iteration
to minimize the differences between the calculated and meadeitedtion basin.
This difference is identified by calculating RMSE. The wafe allows for the
option of including a stiff layer and will internally calculateetdepth of the stiff
layer if the modulus is provided by the user. The newest versi@vetalc©
reads file formats of Dynatest version 25 and FWD file formhe deflection

data in other formats should be entered manually (William, 1999).

AASHTO DARWIN
AASHTO DARWIn Version 3.1 works based on the procedure introduced in the

AASHTO 1993 guide for the design of pavement structures, discuasesr &
the text, and is used by more than 20 percent of US DOTs (Von Quihii.,
1997). This program can read the Dynatest Version 20 file formstsell as
KUAB and PDDX formats. DARWin is compatible with Microsoft Wowls 95,

98, 2000 and NT operating systems. This software allows for ridfeteflection
19



data based on the load range, test type, sensor configuration, alwtdé@sn.

(http://darwin.aashtoware.qgréccessed October 2012)

MODULUS
MODULUS was developed by the Texas Transportation Institut® fom Texas

DOT. This software uses WESLEA, which works based on the lieleatic
theory, as the forward calculation tool, and uses Database Seatubdnre the
backcalculation. WESLEA generates several deflection basins dgfegent
values for the layers’ moduli and then iterates to find the ctédle basin that best
fits the deflection basin from the FWD test. This softwaret@ndle up to seven
geophones as well as up to four unknown layers (William, 1999 and Gaktepe

al., 2005).

2.2.2 Limitations of Backcalculation Process
When performing a backcalculation analysis the limitations andcsmoiigs of

the backcalculation procedure should be noted. First, the backcalculaded m
are not unique. There can be numerous sets of moduli, which complyheith t
deflection basin resulting in errors within the acceptableadiWgn Quintus et
al., 1997). Second, there are limitations to accurate prediction dbybes’
moduli in the areas with longitudinal or transverse crackingesihese cracks
disturb the assumption of the layers extending to infinity. Similar limiatexist
when measuring the deflection basin close to the edge of tlempav (Uzan,
1994). Layer thickness is another important factor, which can affect
backcalculated moduli of pavement layers. Modulus of surface l&ssghan
75mm are difficult to be accurately backcalculated due to duengtry of the

loading and measuring system (Dynatest, November 2012).The othar tfaait
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can significantly affect the backcalculation results for fixipavements is the
temperature at the time of testing. AC layer stiffnesstisngly sensitive to
temperature (Park et al., 2001). Several studies focused on develgpaigpes
that can adjust the AC backcalculated modulus or FWD deflectoagdference
temperature. Akbarzadeh et al. (2012) in their study have suneshaegults of a
number of these studies. Table 2.1 presents a summary of diffecelels
investigated in their study. As seenTinble 2.1, several researchers develop
equations to adjust the AC modulus to a reference temperature dragsbdir
local climate condition and the purpose of their study. Among theim, @idghe
developed models use exponential equations in order to adjust the tenepteratur
a reference temperature while three models are logarittamic one model
introduced by Antunes is linear. The models are developed based on various
sources of data including four pavements in North Carolina and in iaiwa
AASHO road test, Mobile Load Simulator (MLS) research progeat Virginia
Smart Road test sections. More details regarding these nuatelse found in

Akbarzadeh et al., (2012) and the references provided in the table..
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Table 2.1 Summary of FWD Temperature Correction Models for Asphalt Pavemenull@likbarzadeh et al., 2012)

Author or
No. Computer Temperature Correction Model Explanation of Parameters Add|t|oqal
Program Information
(Reference)
Eoof 1 E... and E .. = reference and backcalculated asphalt Proposed for
rer _ .
| | Stubstadetf £ 7 T moduli BELLS
al. 1- 2,2|og[ACJ T = reference temperaturéQ) temperature
(1994) ref T,.= temperature at 1/3 of pavement thicknegy (| Prediction model
Baltzer and . . Proposed for
) Jansen Eref _ 1 001820-Tyo) Tac:Es» Epc= as defined in No. 1 BELLS
(1994) | Eac Reference temperature =20 temperature
prediction model
ATAF= asphalt temperature adjustment factor
Slope = slope of the log modulus versus temperature
3 Lukanen et _ 1 slope(T, -T.) curve, recommended as -0.0195 for the Proposed for
al. ATAF =10 wheelpath BELLS2 model
(2000) T, = reference temperaturéQ
T, = pavement temperature at mid-degth)(
Es = asphalt modulus at temperature 8§FrC) Based on data
4 | Kim et al Ees _ 1y~ 0015368-T) E; = backcalculated asphalt modulus at temperafure from four
(1995) Er T = temperature at mid-depth of asphalt pavenfeRj (| Pavements in

Reference temperature = °@8(20°C)

North Carolina
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Table2.1Summary of FWD Temperature Correction Models for Asphalt Pavement ModulusZadi&laret al., 2012)

No.

Author or
Computer
Program

(Reference)

Temperature Correction Model

Explanation of Parameters

Additional Information

Johnson and

Eq«= AC modulus at standard (reference)
temperature

Based on

E - - .
S Baus (1992) = §td = 10~ 0:0002175 (70 1R T 1568 Eseq = AC modulus field temperature approximation from
field T = measured temperaturer) the Asphalt Institute.
Reference temperature =°79(21.1°C)
Ullidtz and Based on deflection
5 . s, - Sr, S;5 = asphalt moduli at temperatures ©f | data from the AASHO
Peattie S =1- 1384Iog(E) (°C) and 15C Road Test and SHELLI
(1982) Reference temperature =05 procedure
ForT > 10
Based on
7 Ullidtz Ero _ 1 E,, , E;,= asphalt moduli at temperaturesTof backcalculated modul
(1987) | &, " 3177 - 1673log T dT from the AASHO
T andT (°C) Road Test deflection
data
8 Antunes Er; _ 1635-0.0317T; E:, E;,= asphalt moduli at temperaturesigf
(1993) | &, " 1635-0.0317T, andT, (°C)
ch t al _ Based on data from
9 enetall g = (8T, +32) 24462 E.,. E;.= asphalt moduli at temperaturesf | Mobile Load
(2000) Erc  (L8T,, +32) 24462 andT, (°C) (mid-depth temperature) Simulator (MLS)

research project
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Table2.1 Summary of FWD Temperature Correction Models for Asphalt Pavement Moduluszadéaet al., 2012)

Author or
No. | Computer Program Temperature Correction Model Explanation of Parameters Additional Information
(Reference)
E, = adjusted modulus to 26
E, = measured modulus at temperatiige Based on data from
10 Chang et al. Er _ 1002822 (25-T,) T = mid-depth asphalt ('t X 1176 FWD tests on
Eo c P phalt pavement temperatung,, , specific sections
(2002) (°C) in Taiwan
Reference temperature =25
E,s, E; = moduli at temperatures of 25 amd
. ) ] (°C) Bgs_ec_l on data from
11 Appea Esz = e 00T T = measured temperature at the bottom of | Virginia Smart Road
(2003) asphalt pavement test sections
Reference temperature =25
_ Based on the
TAF = temperature adjustment factor relationship between
12 | EVERCALC, . 000014736207-T2) T, = asphalt pavement temperatuté-) modulus and
TAF=10 Reference temperature = °77 (25 C) temperature for
MICHPAVE WSDOT Class B

HMA
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2.3 Seasonal Variation in Pavement Moduli
Environmental conditions can have a significant effect on the pavenatatials,

especially in cold climate conditions (Zaghloul et al., 2003). Stffnef the
pavement layers change due to different environmental conditions (Kebgh,
1996), this affects the ability of the pavement to carry traffadls in different
seasons (Watson et al., 2000). Seasonal variations in the propediésreht
pavement layers have been shown to considerably affect the acdrddmage
imposed to the pavement structure (Birgisson et al., 2000). “Duringittter,
the stiffness of the unbound layers generally increases beaatiseice bonding
between the solil particles in the base and subbase, and ice leaidorm the
subgrade ” (Simonsen et al., 1999). On the other hand, as the pavemémtestruc
becomes saturated from the thawed ice the bearing capacity ahegrves
dramatically reduced. Pavement is the most sensitive to healy thaing this
period which can greatly shorten the pavement life. To maintajpateEments in

the operational condition during the desired service life, two options are awailabl

1. Design the pavement structure considering the pavement’s conditions
during the thaw weakening period,
2. Reduce the load applied to the pavement during the thawing period

(Rutherford et al., 1985).

The first choice is not feasible for many highway agencies tduénancial
limitations (Rutherford et al., 1985). Therefore, the only choicdééssecond

option: restricting the load during the critical thawing period, wigcknown as
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SRB or SLR. Applying a proper SRB requires a series of qumsstio be

answered the most important of which are:

* Where is it necessary to place the SRB?

* What time of year should the SRB start?

* How long should the SRB be in place?

* How much the load should be reduced? (Rutherford et al. 1985 and Eusen

et al., 1998)

Several efforts have been made to answer these questiohsrfBudt et al., 1985
and MnDOT, 1986). It should be noted that the answer to the above mentioned
guestions depends on many local variables, such as climatic conditioesgua
material type, pavement drainage ability and other variableseijEetsal. 1998).
Therefore the findings of a study in a specific region canadhb best solution
for another region. A brief review of SRB practices in diffegants of the world

is presented in next section.

2.4 Spring Road Ban across the World
Based on available equipment and resources, highway agencies herossld

have developed their own practice to implement SRB for their |aralittons.

Current practices in Canada, Europe and the United States are discussed herein.

2.4.1 SRB Practices in Canada
All Canadian provinces have SRB programs (C-SHRP report, 2000). Each

province has its own methodology in applying SRB, based on the availahle da
resources and equipment. A summary of SRB practices implanandifferent

Canadian provinces can be seemable2.2 Canadian provinces do not restrict
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the load in primary highways and the allowable load for the secomdadg is
reduced by 50, 75 or 90 percent of the maximum allowable load (Levinsdn et
2005 and C-SHRP report, 2000). Alberta uses a heat flow model to predict
advancement of thawing in the pavement to determine the st&8RBfand
perform FWD testing (as described previously) during the sprihgad is
reduced to 50, 75 or 90 percent of the maximum allowable load. IrsiBriti
Columbia, restrictions are imposed only when engineering judgmeessittes

it. Manitoba considers two stages of imposing SRB. in the fagesthe load is
reduced to 90 or 95 percent of the basic allowable load while isettend stage
which is imposed 14 days after imposing Stage 1 and is removed sexen da
before removing Stage 1, the load is reduced to 65 percent ofdiceldmd. As
seen in Table 2.1 in New Brunswick, load in specific collectors @ral foads is
reduced to 90 percent of the basic load while load in other secdamdaryays 80
percent of the basic allowable load is allowed. In Newfoundlandl toads are
monitored and restrictions are imposed whenever needed. In Ontario ahme
vehicles gross weight should not exceed 5000kg. Also 2-axle tankés truc
should not exceed 7500kg/axle. Load in secondary highways can be also
restricted up to 50 percent of the basic allowable load. As Pableepresents,
Prince Edward Iceland does not restrict load in Trans-Canéeléaby and some
collectors while in the other highways load is reduced to 75 peoéehe basic
load. In Saskatchewan, load per tire is reduced to 6.25kg/mm widthoamd t
maximum of 1650kg/tire. In addition, some primary highways are downgtaded

secondary highways during May and June.
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Table 2.2 Summary of SRB Practices in Different Provinces Of Cahadmgon

et al., 2005)
Province Start of SRB End of SRB Restriction Determma’qon
of Restriction
30 cm of 0 0 0
thaw and a| from FWD 50%, 75%, 90% .
Alberta . of max. FWD testing
heat flow testing
allowable load
model
No overloads, Frost probes
British mid- . 50% , 70% of Prones,
. mid-June deflections,
Columbia February max. allowable| , .~ =~
historical data
load
Northern.
ZO“?SAP”' 65%, 90%, 95%
Manitoba May-31 of max. Deflections
Southern
) allowable load
Zone: March
23
New Second or mid- or end 80%, 90% of
. third week in max. allowable Dynaflect
Brunswick May
March load
Newfoundland February April as needed n/a
Nova Scotia d 0 0
(Southern March 2 Apr-24 70@75A) of Dynaflect
: basic load
Region)
Typically 5000kg per
. First : axle,
Ontario Monday mid-May 50% of max. n/a
in March allowable load
Prince Edward . 75% of max.
Island March first Apr-30 allowable load Dynaflect
90cmof | gho0 8506 of
30 cm of thaw
Quebec max. allowable| frost probes
thaw below road |
oad
surface
Second or Max. Six 90% or 80% of
Saskatchewan third week in ' max. allowable| Deflections
weeks
March load
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2.4.2 SRB Practices in Europe
Among several countries in Europe that apply load restrictions, Nosteands

out for extensive efforts in research on implying SRB. The old Egian
procedure, which was in place since 1979, included imposing SRB when the thaw
reached a depth of 5 to 15 cm in the pavement. SRB was removed tivehen
pavement recovered minimum 90 percent of summer strength ( no inforroat

how they measure the strength was provided in the references) . As of 1995 based
on the result of a report by Senstad et al. (1995), “Better &tidia of the Bearing
Capacity of Roads all spring load restrictions on the national roads were removed
based on the cost/benefit study presented in the report. largehan extra fund

was to be allocated to maintain the roads appropriately (Retsdal, 2004)
(Levinson et al. 2005). A summary of SRB practices in some Europeatries,
including Norway, is listed in Tabl2.3. As seen iffable2.3, in France, SRB is
applied to secondary roads and the policy regarding primary road®sis f
prevention. The weight limits are based on total weights of 3.59atwhs
corresponding to 2.5, 4, 6 and 8-ton single dual tire axle. Finland apphede
total-weight restrictions. Sweden reduces axle load of 10 tods @oor 8-tons
based on the decision of local road maintenance supervisor. Also éigal \of
vehicles and trucks might be limited to 4, 7, 9 or 12-tons (C-SHRRniwed

Report, 2000).
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Table 2.3 Summary of SRB Practices In Different European Countries (-SHR
report, 2000 and Levinson et al., 2005 and).

Start of - Determination of
Country SRB End of SRB Restriction Restriction
Gross weights
4-,8-.12-,
Finland April May 18- tonne; FWD experience
complete
closure
2.4 ,4,6, 8-
tonne for Frost depth
France n/a n/a : .
single dual tire measurements
axles
Depends on
30 cm of vehicle type Frost depth
Iceland n/a
thaw and axle measurements
configuration
Norwa Min. 90% of
y summer Changed FWD and
(Old 5-15cm R
pavement yearly frost measurements
Procedure)| of thaw
strength
4- 6 8- FWD Z);%erlence
Sweden April May tonne frost depth
per axle
measurements

2.4.3 SRB Practices in the United States

Several states, especially in northern part of the United sStalace load
restrictions during the critical thawing period of spring. Thethodology to
determine when to place SRB and when to remove it varies in edelastl even
within states (Ovik et al. 2000). One or more of the followingho@s$ are used in

developing the SRB (Ovik et al. 2000 and C-SHRP report, 2000):

* Engineering judgement

* Pavement history

* Pavement design

» Visual observations, such as water seeping from the pavement
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» Dalily air and pavement temperature monitoring
* Frost depth measurement using drive rods, frost tubes, and various
electrical sensors

» Deflection testing

Several states such as North Dakota, ldaho, Maine, Montana, New Haampshi
Oregon, New York, lowa, Wisconsin, Michigan and lllinois rely on erging
judgment and visual observation (Ovik et al. 2000). Other states, agich
Washington, Alaska, Minnesota and South Dakota add analytical methods to
engineering judgment and visual observations (Ovik et al. 2000). sty
conducted at WSDOT, which focuses on establishing general guidelindseon w
and where to place SRB and also a brief description of the methotySedith

Dakota DOT (SDDOT) is discussed in more detail in the next sections.

WSDOT Guidelines for SRB
In the WSDOT study three different stages are considered dtirenghawing

period. The first stage is the time when thaw reaches the botttha base layer;
the second stage is the time when thaw penetrates 10cm (four intoet)e
subgrade; and the third stage is when thawing is completeer@&ntf pavement
layers moduli were assumed for each stage, based on the fiel@kardtdry
results. The AC layer modulus was assumed to be 8,273MPa (1,200,000 psi)
during the entire thawing period. During the thawing period the bmss |
modulus was considered 1.5 times the subgrade modulus and the subgrade
modulus was considered to be 50MPa (7,500 psi ) before thaw reaches the

subgrade (Stage 1). After thaw penetrates 10cm (4 incheshatsubgrade in
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Stage 2, the subgrade modulus was considered 5 or 15 percent of thersum
modulus and after complete thawing (stage 3) modulus would be 15, 20 or 25
percent of the summer value for fine grained soils. For fromeditions subgrade
modulus is considered 344MPa (50,000 psi). The objective of this part of the
WSDOT study was to determine the load in each stage, which wesiidt in

equal damage to the pavement comparing to the damage causedriaximeim
allowable load in the summer. In doing so, ELSYM5 (Ahlborn, 1972) developed
at the University of Berkley, California, which is a layeastic analysis software,

was used to predict two main pavement structural responses (&nsiteat the
bottom of the AC layer and vertical strain at the top of the sulajrfor a specific
pavement structure and a specific loading scenario during eacho$tdgeving

(with appropriate layers’ moduli) discussed previously. Resulthisfpart of
study indicate how much the load should be restricted during thawing period. The
results reveal that only 20 percent decrease in the maximum dmatharease
pavement life approximately 60 percent while a 50 percent load trexluill

result in 95 percent increase in pavement life.

The other issue addressed in the study is the duration of load restriction. Since the
equipment to measure deflections, such as FWD devices are nabkyvail the

time and to all agencies, the WSDOT study focused on developinigelige for
imposing SRB, based on ambient temperature obtained from local weathe
stations, which are used to calculate Freezing Index (FI) andifigpandex (TI).

FI and Tl are calculated using the preceding year's wintersanicig season

ambient air temperature. TI is calculated using the followimgations based on
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average daily temperature, defined as the average of l@ameshighest daily

temperature.

TI = z T—T, (6)
T=(T+T,/2 (7)
Where,

Tl = Thawing index, unit

Ty, = datumn temperature, 29 °F

T = average daily temperatufé,

T; = lowest daily temperaturéf

T, = highest daily temperaturd?

Two levels (Should and Must) are defined for applying the SRBhforand thick
pavements based on TI. The Should Level is considered as the tinme whe
thawing reaches the bottom of the base layer (Stage 1) and the “Must Ldtliel” is
time when thaw penetrates four inches into the subgrade (Stag@&@)r! values
corresponding to the Should and Must Levels were established for Tthirhask
pavements using a thermal analysis performed using temperataréata 60
locations in all states except for Alaska. Table 2.4 show§Itherresponding to

the Should and Must Levels for the Thin and Thick pavements.
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Table 2.4 WSDOT Guideline on When to Apply Spring Load Restrictions
(Rutherford et al., 1985).

Pavement Structure Thfilwmg Index
('F. Days)
Pavement BST*/AC Base Course | Should Must
Structure . .
: Thickness Thickness Level Level
Thickness|
Thin 5cm (2 inches)oll 15¢cm (6 inches 10 40
less or less
More than
Thick More than 15 cm (6 25 50
5cm (2 inches) X
inches)

*Bituminous Surface Treatment

The duration in which the load restriction should be applied is therigeded to
reach the complete thawing condition (Stage 3). Two differgnateons were
developed in the study based on regression equations to predict hotlvddogd
restriction should be effective. The first equation which wasldped for fine-

grained subgrade soils is:

Duration (Days) =22.62+.011*(FI) (8)
Where,
FI=Y (32-T) (9)

T as previously defined

The second approach is based on Tl and considers the estimated tiee foee
complete thawing to occur. This approach is indicating that whagals the

value calculated in Equation 10, SRB should be removed. This approach does not
give the duration of SRB from its beginning and is based on ambient air
temperature during the thawing season (reflected in Tl) asaselemperature

during the winter (reflected in FI).
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TI=4.154+.259*(Fl) (10)

South Dakota DOT Method
SDDOT uses the FI and TI criteria along with the precipitatiata in August to

November of the previous year to determine when to apply and remo8&Be
The accumulated freezing and thawing indices are calculated tlenbelow

equation:

FI(today) = FI(Yesterday) + (12)

[—(average daily temperature yesterday)]

TI(today) = TI(Yesterday) + (13)

[(average daily temperature yesterday) + 1.6

The day after which Tl remains greater than zero for the remainder of the ispri
designated as the beginning of the thaw season. FI can m@ardsdecrease
based on the temperature during the winter season; however, canna theutes
zero and also the largest accumulated value that Fl reacisessed to determine
the duration of spring road ban period. Tl can also grow and drop basedyon dai

temperature, but cannot be less than zero.

To consider the effect of soil moisture content in implementatioBRB, fall
(Aug-Nov) precipitation is related to the calculated FI and Tie critical Tl for
implementing SRB varies based upon the precipitation in August to Noverihbe
the previous year. Restrictions should be applied after Tl redicbasitical T

corresponding to its fall precipitation, as seefahle2.5.
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To determine the duration of restriction, the critical Tl valaes calculated as a
percentage of FI. These values are again related to the @eaipint the fall and

are shown irmmable2.5. For instance, in an area with precipitation of more than 20
cm (7.75 inches), by the time the accumulated Tl is 35 °F daygties should

be implemented and by the time thaw index is 40 percent of freezday,i

restrictions can be removed (SDDOT website, accessed Nov. 2012).

Table 2.5 Relationship between Fall Precipitation and Criiicd|lRemoval Thaw
Index

Aug-Nov Critical Tl Removal TI
Precipitation (inch) (°F. Days) (percentage of Fl)
7.75 35 40
6.25 40 35
5.50 45 30
4.75 50 25

2.5 Pavement Distresses
Despite all the maintenance efforts, every pavement steicindergoes various

damages during its life service. The damages can haveediffeources such as
traffic loads, environmental loads or poor construction and material. seThe
damages can cause different distresses propagate in the paveiméetstanding
the mechanism and possible causes of various pavement distrassesli to
make more accurate and appropriate decisions regarding paveiaeténance

and rehabilitation.

One of the most common distresses observed in flexible pavemaealligasor

cracking, which occurs due to repeated traffic loading (LTPPreds
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identification manual, 2003). Alligator cracking generally developthe wheel
path and is a series of interconnected cracks resembling chiglenrvalligator
pattern, which create small cracks from 25 to 150 mm in sizan(L2003 and
LTPP distress identification manual, 2003). Bottom up cracks initiate high
tensile strain areas at bottom of the AC layer and propagaterdigiaang,

1993). Figure 2.3 shows the pattern of alligator cracks (Huang, 1993).

Figure 2.3 Fatigue cracking in flexible pavement (Pavementatiegaorg,
accessed October 2012)

In some cases, cracks initiate from the top of the AC lay#rarwheel path and
propagate downward in the AC layer known as top-down cracking. Thess crac
are an indicator of inadequate structural strength of the pavenesai,subgrade

or overloading of the pavement (Lavin, 2003).

Longitudinal cracking if not in the wheel path, is not load assatiatel can be
the result of surface shrinkage due to low temperature, liglectacks or poor
joint construction (Huang 1993 and Lavin, 2003). Longitudinal cracks in the

pavement increases pavement roughness and also allows for maiSlnation
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into the pavement. Crack sealing can be effective to repairseverity
longitudinal cracks while for high severity cracks an overldnputd be

constructed (Pavementinteractive.org, October 20ERure 2.4 shows a typical

longitudinal crack.

Figure 2.4 Wheelpath (load induced) longitudinal cracking
(Pavementinteractive.org, October 2012)

Transverse cracks usually extend across the pavement centerfivadieular to

traffic flow (Huang, 1993). Transverse cracks can be divided wiiccategories

of temperature-induced and load-induced transverse cracks. “Pavement
movements due to temperature changes and aging related shrinkiagagphalt
binder cause temperature-induced transverse cracks”. Load-indunsdetsz
cracks can propagate on pavement overlays that have unfilled joirgapsr
(Lavin, 2003). These cracks allow moisture into the pavement, whichacese
greater damages. Also, the rideability of the pavement decraageresult of the
increase in roughness. Similar to longitudinal cracks, transweeszks are
measured in linear feet or linear meters in Standard units (HUES®R).

Figure 2.5 shows a severe transverse crack developed in the pavement.
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Figure 2.5 Picture of a high-severity transverse crack (Rawgnteractive.org,
October 2012)

“A rut is a surface depression in the wheel paths” (Huang, 1993}ingrig also
referred to as the permanent deformation in all or a part of trenmant layers
(Frazer et al., 1990). Rutting can occur due to lateral moveméme plavement
layer or subgrade as a result of repetitive traffic load (Huaf93 and Frazier et
al. 1990). Rutting can ultimately cause major structural faidund also increases
the possibility of hydroplaning and spray (Huang, 1993 and Frazar £990).
Possible reasons for rutting are: insufficient AC layer comgacimproper mix
design or improper structural design (Pavementinteractive.org, 26iQ)re 2.6
shows a case of sever rutting in the pavement. Figure 2.6 pointapartance
of rutting in safe driving as rutting can compromise safety becausrces the

driver into the rut path which is a big safety issue.
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Figure 2.6 Sever rutting in the pavement (Pavementinteractyye@ctober
2012).

2.6 Pavement Maintenance and Rehabilitation
Distresses in the pavement can accumulate if roads are notamed after a

period of time. Maintenance can be described as timely adiviteeed to
safeguard pavement during its service life, until the time thatideation of the
pavement layer materials and subgrade is such that a minimeptade level of
serviceability is reached (Haas et al., 1997). Factors thailmaetto the severity
of pavement distress include pavement structure, construction quaildy, a
environmental condition. Rehabilitation serves to increase thewtlicapacity

of pavement and serviceability.

Common routine maintenance methods for flexible pavements are e@dckog
seal, scrub seal, flush seal, micro-surfacing, chip seal, potieplair, spray
patching, patching and drainage improvement(Haas et al., 1997 and dusang

2010). Rehabilitation techniques are usually overlay construction, ovelday
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milling prior to overlay construction, hot in-place recycling, coldplace

recycling and full depth reclamation.

2.6.1 Asphalt Concrete Overlay
Constructing an extra AC layer on top of the existing pavemefdace (AC or

Portland Cement Concrete [PCC]) is AC overlay construction (8h&fi05).
AC overlay construction is used to increase structural cgpacitfunctional
properties of a pavement. Structural defects “arise from camglitions that
adversely affect the load-carrying capacity of pavement” (AAS, 1993) such
as insufficient thickness, cracking, distortion and disintegration. tieumat
defects can be listed as poor surface friction, hydroplaning,hsfias wheel
path rutting and extensive surface distortion (AASHTO, 1993). When
constructing AC overlay, the issue of reflection cracks shouldakent into
account. However, overlay construction can increase structuralityapfaithe
pavement; reflection cracks can influence the riding quality anactaral
reliability of the rehabilitated pavement. Reflection cracks ba defined as
transferring of the existing surface crack patterns to theaw€ITS, University

of California, 1984).

Preparation prior to overlay construction can be significanfgcgfe. There are

a number of actions that can help success of an overlay project, such as:

* Repairing weak areas by deep patching

» Construction of a leveling course when the surface is distorted
» Using crack sealing mixtures to fill the wide surface cracks

» Cutting a certain thickness of existing surface (e.g. milling)
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For any maintenance or rehabilitation project, timeliness iseoéssence and can
be achieved by applying the appropriate method at the right tdnkfe cycle
cost analysis is required to determine when and how an extenbadalitation

should be applied (ITS, University of California, 1984).

Milling and recycling are the most commonly used techniques in overtggcts.
The techniques introduced here can be combined for more efficienclgir{fSha

2005).

Cold Milling
Cold milling is defined as removal of a certain thickness ofaserflayer with

several purposes such as:

1. Increase the pavement level of service
2. Remove a deteriorated layer

3. Provide good bonding with overlay

Cold milling can be most effective when combined with recyclprgcess,

(Shahin, 2005).

Cold Recycling
In cold recycling the paving mixture is produced from reclaimsghalt

pavement from the milling process and additional water, without iisiag This
technique is usually applied to the pavements that are significdeteriorated.
The pavement is removed, and the removed pavement would be used as the

reclaimed asphalt in the recycled cold mix (Shahin, 2005).
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Hot Recycling
Hot recycling is defined as “using reclaimed asphalt pavemeatneiot from a

cold milling and mixing it with new aggregate, new asphalt cenzmt a

recycling agent to produce recycled hot mix” (Shahin, 2005).

2.7 Long-Term Pavement Performance Program
The LTPP program was initiated in 1987 to collect pavement penfimerdata in

the long-term for research conducted under the Strategic HigHResearch
Program (Smith et al.,, 2004) LTPP consists of two different stueseral
Pavement Studies (GPS) and Specific Pavement Studies (SPS).thdinr2,500
test sections within North America are included in the LTPRypra (FHWA
website, Oct. 2012). Data in different categories are colldobed every active
site and stored in an online publicly accessible database. fgoias in which
data are collected are “Inventory, Maintenance, Monitoring (Didlie, Distress,
and Profile), Rehabilitation, Materials Testing, Traffic, and nfakic”

(FHWA.dot.gov, Oct. 2012).

Availability of a large amount of pavement long-term performarata tom the
LTPP program along with advancements in computer modeling caphagyed
to development of more accurate tools for pavement design and litetiahi

The Mechanistic Empirical Pavement Design Guide (MEPD®&)asnewest tool
available to pavement designers. The guide uses a serieslatipeemodels to
predict development of each distress in the pavement. Data obtained Tritn

program had a vital role in calibration of these models.

The Canadian long-term pavement performance (C-LTPP) waseditiat1989

(Smith et al., 2004) to consider factors that are of particulardast in Canada.
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The overall goal of C-LTPP is to “increase pavement life throdigé
development of cost-effective pavement rehabilitation procedures, bpseda
systematic observation of in-service pavement performanceiti{@&mal. 2004).
When defining the overall goal of C-LTPP four individual objectivesewtaken

into account.

“to evaluate Canadian practice in the rehabilitation of flexgaleements,
and to subsequently develop improved methodologies and strategies;

» to develop pavement performance prediction models and validate other
models or calibrate them to suit Canadian conditions;

* to establish common methodologies for long-term pavement evaluation,
and to provide a national framework for continued pavement research
initiatives;

» to establish a national pavement database to support the preceding C-
LTPP objectives as well as future needs.” (Smith et al. 2004)

C-LTPP consists of 24 highway test site across Canada. Rgdrshows the
distribution of these sections across Canada. Unlike the prawotitkS-LTPP
which studies various pavement structures, C-LTPP aims to she\specific
case; construction of an AC overlay over an existing AC paveméht av
granular base (CLTPP Database user’s guide, 1997). Eversiteegt C-LTPP
consists of at least two adjacent test sections resultiegtatal number of 65
pavement sections (CLTPP Database user’s guide, 1997), whichredteche
opportunity to compare different rehabilitation strategies while tither

conditions such as traffic, climate, soil type, etc. are similar.
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Figure 2.7 Distribution of C-LTPP sections across Cana@aTPP Database
user’s guide, 1997).

Among different experiments designed in the LTP&gpm one of them is SPS
5, which intends to investigate effects of diffdreverlay strategies such as
overlay thickness, asphalt overlay material andowerlay preparation on the
long-term performance of the pavement. Each SP&dion in the LTPP
program consists of nine 150-meter sections (SextB01 to 509). The first
section (501) is the control section, which recgive treatments during the
monitoring period, while the other eight sectioms averlaid with two different
asphalt mixtures, at two different thicknesses ander two different pre-overlay
conditions. Sections 502-505 were not milled prior overlay construction.
Sections 502, 503, 508 and 509 were overlaid wehbl&med Asphalt Pavement
(RAP) materials while the other sections were aidnith virgin materials. And
Sections 502, 505, 506 and 509 received a thin ®0overlay while the other

sections have a thick (125mm) overlay.
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2.7.1 Alberta SPS 5
The LTPP SPS 5 sections in Alberta are located in the westhhnwikdlane of

Highway 16, Control Section 6, at approximately 3.5 km west of junctidim wi
Highway 32 and 36 km east of Edson (Kwan & Stoski, 2007). The road sextion i
considered a rural principal arterial intestate according to tfPLdatabase DVD
Version 26. As mentioned previously, each SPS 5 section consists of nine
sections. It should be noted that the sections’ order of appeataas not follow

the sections’ numbering; some variations exist in the structusagrdef the
sections. Sections 503 to 507 include a 50- to 80-mm asphalt TreaeedIBas
layer, while Sections 502, 508 and 509 do not include this layer. rExiAL

layer also varies between 125- and 165 mm among the nine sections.

The LTPP SPS 5 sections of Alberta joined the LTPP programay 190 and

the construction of the new overlay was completed in September 4§&i0,(the
control section did not receive an overlay). Since the completion aivitrday
construction, each of the eight sections received different maimte depending

on their conditions. The most common treatments applied to thernseutare

crack sealing and pothole patching. Two of the sections, 502 and 509, reached the
end of their service life in 2006, 16 years after the overlay earigin and were
overlaid in fall 2006. This study focuses on the evaluation of thes¢éesibns

during the period between 1990 and 2006.

2.7.2 Findings from other SPS 5 Studies
Since this study will focus on evaluation of pavement performandeiAlberta

SPS 5 section, it is worthwhile to review the findings from other SPS 5 studies.
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To date, several studies have been conducted on the SPS 5 sectisas\acth
America to investigate the effect of different overlay sq@s on pavement
performance West et al., (2011) used the latest recorded daddl tbe SPS 5
sections (total of 16 states in the United Sates and two provimdganada) to
statistically compare the performance of the nine sectionsvad concluded in
their study that mixture type and milling prior to overlay cardton can greatly
affect the pavement performance in terms of fatigue, trares\ard longitudinal
cracking. It was also concluded that overlay thickness does noalagaificant
effect on longitudinal cracks. In another study, Hall et al. (200&) tise most
recently updated measurements of the International Roughnegs(lIRthefor all
the SPS 5 sections across North America. Their study reMénglieno significant
differences exist between long-term IRI for the RAP versugirvias well as
milled versus not-milled overlay sections. The effect of pre-aydRlI, overlay
age and average annual temperature was found to be considerable @rrfong-t
IRI. They also found a correlation between the annual precipitaiidnttze
increase in long-term IRI for the virgin overlays. AccordiadgHall et al. (2003),
the factors affecting long-term cracking are pre-overlagking, age and traffic
loads during the service life, while mixture type or milling pive have no
effect on long-term cracking. In another effort to investigateSfa8 5 sections’
performance, Carvalho et al. (2011) used the distress data avaladbiehe
pavement’s life from Arizona’s SPS 5 sections. They reportedrinée long-
run, sections overlaid with the virgin mixture are smoother than thesdaid

with the RAP mixture. The latter sections also demonstrateehigitting and
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longitudinal cracking. They also concluded that milling prior to layer
construction improves fatigue cracking performance and found that thilays/e
(50 mm) demonstrate better short-term rutting; while thick oyer(d50 mm)
outperform the thin overlays in terms of long-term rutting and caber

performance indicators.

In another study conducted by Smith et al. (2003) on Canadian LTPP sections, IRI
measurements under LTPP program until 2003 was used as the roughness
indicator and effect of different factors such as overlay thickngsnatic zone
and subgrade soil type was investigated on roughness developméhf RP
sections. They also developed a series of equations to predittnessgin
different climatic zones within the Canada and concluded overlay gsskand
climatic zones can have a considerable effect on roughness subigade soil

type cannot greatly affect it.
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3. Chapter 3: Evaluation of Seasonal Variation in
Pavement Mechanistic Responses Using Falling
Weight Deflectometer Datd

L A version of this chapter has been submitted for publication. Norouzi, Nassiri and Bayat
2012. Transportation Research Record, Journal of Transportation Research Board of
National Academies
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3.1 Introduction

Pavement structures experience stiffening and weakening @&lé¢se moisture
in the unbound layers freezes in the winter and thaws in the sprimgeffect of
freezing and thawing cycles on the pavement are more seveegions with
cold-climate conditions, since the frost penetrates deeper ha&topavement
structure. In Canada’s cold climate, frost can penetrate asadd®m meters in
the pavement and pavement temperature can vary from -40 to 40 °C throughout
the year (Watson et al., 2000). Under these conditions, the pavemene moge
its weakest state at the start of thawing in the springaf gear. This period is
followed by the recovery period during which, excessive moistutieeiminbound
layers dissipates/drains and the pavement starts to gradugdiv lies stiffness.
The seasonal behaviour of the unbound layers’ material propertaptisred in
the newly developed Mechanistic Empirical Pavement Design GM&®PDG)
(Liang et al., 2008). When using the MEPDG for pavement designorsgas
adjustment factors are applied to the unbound layers’ moduli in aiffénees of
the year, depending on the moisture content of the layer and groterdtaide at
that time (Larson et al., 1997). Accurate prediction of seasonafeban the
pavement structure’s load bearing capacity can help adjustltaghllimits for
different roadways to prevent possible damage during thisatrgieriod. Many
highway agencies and jurisdictions in North America and other plac#se
world have implemented regulations to reduce the maximum allowabts |
during the critical thawing period to prevent excessive damadeetpavement

(Van Deusen et al., 1998 and Ovik et al., 2000). Several concerns mggardi
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Spring Road Ban (SRB), such as the time of the year to te$ieidoad and the
extent of load restriction need to be investigated and establiskighway
agencies have adopted different methods for establishing their SRBd lon

their available equipment and resources (Kestler et al., 2000).

Some highway authorities enforce the load restrictions wheresisis manifest
in the pavement during the sprifigestler et al., 2007 Clearly, that is not the
best practice for pavement preservation, since the pavement lieaglya
experienced some damage when the load restriction is appliedy a&dancies

across Canada use predetermined dates and duration to apply SRBearer
based on past experien¢iestler et al., 2007 Other highway jurisdictions
including Alberta Transportation use a series of Falling Weldgiflectometer

(FWD) tests during the spring and summer/fall period to cageasonal changes
in the pavement layers’ moduli. The backcalculated pavement modulitfrem
FWD tests can help agencies achieve a better understandegsufnal variation

in the pavement stiffness and make appropriate decisions regarding SRB.

To date, several research studies have focused on analyziogae@g/D test
data for the purpose of developing appropriate $R&&herford et al., 1985 and
Levinson et al., 2005 Major findings from some of the respective local studies
are discussed herein. Watson and RajapdR660) conducted a study on
seasonal changes in flexible pavements in the Province of Manitolize
pavement on one section of Highway 1 was instrumented at diffenetiisdend
tested with the FWD device from February 1994 to May 1995. The

backcalculated moduli were used to develop polynomial models to show the
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variation of the subgrade and base layers’ moduli as a functidrawfrtg index.
A study of seasonal variations of the subgrade stiffness was ¢edduycAlberta
Transportation, based on the FWD test data from 1989 to (Ka94%anda et al.,
1994) This study focused on backcalculation of the pavement moduli for a
limited number of test sections, using ELM@ELMOD quick start manual) A
general conclusion drawn in the study was that on average, tigeadabfor
conventional pavements was the weakest right after the ffosihéeground. At

that time, for many subgrade types, modulus reduction was up to 50 percent.

Khogali and Anderson in 1996 conducted a study on Highway 16 (west of
Edmonton, Alberta) to investigate seasonal variations in the paveulegtade
(Khogali et al., 19956 FWD tests were conducted during two years at regular
time intervals at various locations of the road section. It seasluded in the
study that following a significant reduction in the subgrade n&#§ upon
thawing, a long period of relatively constant strength prevaileder, a period of
gradual recovery and subsequent increase in the stiffness waseespe as
freezing approached. They also concluded that the temperature Afphalt
Concrete (AC) layer at the time of FWD testing does natcafthe unbound
layers’ moduli (Khogali et al., 1996). In another study by Alb&raensportation,

the results of the FWD tests conducted approximately twice ahmmo2008 and
2009 on three road sections in Alberta was analyzed. It was condludied
study that the accuracy and repeatability of the FWD equipdued not have a

significant impact on seasonal variation of the pavement lapaxKcalculated
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moduli. Also, monthly variation of the subgrade modulus was found to be

significant enough to influence the pavement defliggMillan et al., 2009).

This study provides a widespread evaluation of the FWD tests coddaici
network level in Alberta. The deflection data from the FWD tesidormed
every year on a regular basis during the critical thawing p&siaded to evaluate
the effect of seasonal variation in the pavement stiffness. Futtigepredicted
pavement critical responses: compressive strain at the tdpe ddubgrade and
tensile strain at the bottom of the Asphalt Concrete (AC) layer used to
estimate the changes in the pavement’s load bearing capatéyms of rutting
and fatigue cracking, as a function of seasonal changes in the modauli
approach is also suggested for establishing the appropriate loatekhwetions in
the spring using the Asphalt Institute and US Army Corps of Engine&nsaddle
load limit models. Lastly, the effect of load reduction duringgpeng on the

MEPDG-predicted pavement performance life is investigated.

3.2 Alberta Transportation’s FWD program

Alberta Transportation acquired its first FWD test equipment in 1889 started

using the FWD deflection data to evaluate the pavement strdotufieal stage
paving and overlay design in 1992T pavement design manual, 199Alberta
Transportation follows two FWD test programs every year:rlentory and the

SRB programs. The inventory is the routine FWD testing prograd asery

year, mainly to make decisions regarding the rehabilitation egiest for
pavement sections across the province. The program is conducted when the

subgrade is expected to have stabilized after the thawing seabk@ prdgram

53



covers a portion of Alberta’s primary highways and secondary reads year.
The SRB program, on the other hand, has replaced the traditien&klBran
Beam test for removing the SRB on secondary highways and is ceddurcpre-
defined 2-km stretched of road sections on target highways. dss#riests are
conducted starting typically in March and ending in June every (feams of
reference for FWD testing of Alberta). The historical netwB¥D test data
from the SRB program since 2000 was used in this study to igaestihe

seasonal behaviour of pavement sections in the province.

3.3 Analysis of NETWORK FWD Deflection Data

The entire SRB database was screened for data availabilitynsecutive years
for each highway section. Of the large historical FWD databaaédable, ten
highway sections were selected for this study based on thalaktil of the
FWD data for several successive years. The FWD data was avélatilese ten
sections for seven years, from 2000 to 2006. The ten highway sedetsted in
seven years with an average of three FWD tests at diffenees in the thawing
and recovery period of each year resulted in the analysis of thmemme250 FWD
data files, each including five tests along the 2-km tediose each traffic
direction. In this study, the test locations in only one traffic direction werkinse
the analysis. The geographical distribution of the ten sectioassattre province
is shown in Figure 3.1 The structural design, construction histtast, and end
km and subgrade type for the selected highway sections is pramidedle 3.1
It should be noted that all the ten sections include AC as thangeeourse

placed on granular base courses (GBC).
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Figure3.1 Geographical distribution of ten select testisas.

Table3.1 Structural Design and Construction HistoryTen Select Highway
Sections.

Case| Highway | Start km: Layer Thickness (mm) | Subgrade
No. | : Section| End km AC GBC Type
1 520:2 35:37 150 100 CI-CH
2 530:2 16:18 50 250 Unknown
3 570:1 3:5 60 230 Unknown
4 608:2 5:7 60 230 Unknown
5 744:4 35:37 180 200 CI-CH
6 753:4 26:28 60 250 Unknown
7 817:4 22:24 210 200 CL-CI
8 827:4 17:19 60 250 CL-CI
9 840:2 22:24 150 150 CH
10 842:8 0:2 50 100 Cl
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3.3.1Seasonal Trends in FWD Deflection Data

The pavement structure is the stiffest in the freezing seasmakens when the
unbound layers start to thaw and recovers once the thawing seas@r.isTo
capture the complete weakening and recovering behaviour of the pavement,
complete FWD test data over the thawing period and recovery pefriedery
year is required. The FWD peak deflections (the deflection undbrtiesacenter

of the load plate) were used to investigate the seasonal behavieaclobf the

ten sections in different years. Figure 3.2 is an example grapénpireg the peak
deflection trends for Highway Section 520:2 from 2000 to 2006. As seen in
Figure 3.2, for most years, except for 2001 and 2002, just a portion of the
pavement behaviour is captured by the FWD tests. In years 2000, 20230nd
just the ascending trend in peak deflection (weakening period) isredptvhile

in years 2005 and 2006 deflections decrease to a point and then stare&se.

For years 2001 and 2002, the weakening behaviour followed by the recovering
period can be noted. The same type of analysis was perfoamad 6ther nine

test sections. The analysis revealed that the FWD data ldeaita each test
section is limited to only a few months and in most cases dodsllyotapture

the behaviour of the road sections over the thawing and recovery p&idg.a
limited number of years for each test section include both theensak and
recovering periods in the pavement stiffness. For each teginsemtly the test
years during which the complete behaviour of the pavement structase
captured by the FWD tests were selected for further analysidting in a total of

13 cases. Table 3.2 presents a list of the select 13 cagethetowith the
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minimum and maximum peak deflections observed for each case liacineery
and thawing period, respectively. The weakest and the recas@nedion of the

pavement were used to establish the maximum possible variatioa pavement

performance.
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Figure 3.2 Seasonal trends in the FWD peak deflections in seves fgea

Highway Section 520:02.
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Table3.2 Peak Deflections in Thawing and Recovering Seasons for 13 Select

Cases.
FWD Peak Deflection (microns)
Case | Highway | Test
Recovery

No. |:Section| Year | Thawing Period

Period
1 2001 1217 998

520:02
2 2002 1863 1034
3 2001 1960 1888
4 530: 02 2002 1867 1760
5 2003 2117 1887
6 570:01 2001 1898 1628
7 2000 1525 1109
8 2002 1431 1397
753:04

9 2004 1644 1476
10 2005 1814 1614
11 2001 2600 1271
12 842:08 2002 1715 1372
13 2004 1991 1883

Twenty-six backcalculation analyses were conducted for the 13icaEable 3.2

for the thawing and recovering periods. EvercalcO(k\erseries users’ guide,
2005) developed by the Washington Department of Transportation (WSD@T) wa
used to conduct the backcalculation analysis in accordance witAntegican
Society for Testing and Materials (ASTM) D5858: Standard Guide f
Calculating In SituEquivalent Elastic Moduli of Pavement Materials Using
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Layered Elastic TheorfASTM D 5858) Currently the FWD testing devices in
Alberta are equipped with nine geophones at offsets of 0, 200, 300, 450, 600, 900,
1200, 1500 and 1800 mm from the centre of the 30-cm diameter load plate. Also,
each FWD test consists of one seating drop and another three tragealoads
26.7, 40 and 53 kN. Prior to backcalculation, the deflections were northésize

the target load, whenever the applied load deviated from the corresptandjel

load by more than five percent, according to ASTM D 5858. The seed imodul
required for the backcalculation analysis were defined as fheatyalues of
3500, 200 and 50 MPa for the AC, GBC and subgrade layers respediasbyl

on the ASTM D 5858 recommendations. Each backcalculation analysis was
conducted considering 1) a stiff layer with a modulus of 345 MPa,s8jf layer

with a modulus of 4500 MPa, and 3) no stiff layer. The stiff laydr & modulus

of 4500 MPa at apparent depths estimated internally by Evereslilted in the

best backcalculated moduli with regards to the Root Mean Sguere(RMSE)
between the calculated and measured deflection basins. Table ZBtprbe
backcalculated modulus for each layer together with the correspdRMSEE for

each backcalculation, as well as the depth to the stiff laydrthe AC layer’'s
mid-depth temperature at the time of testing for all 13 cadsseen in Table 3.3

all cases show values between approximately 1 and 4 percent RMBE. The
depth to the stiff layer varies between approximately 2 to Hsreeen in Table

3.3. The backcalculated AC layer modulus for most cases agteéhwithanges
observed in the AC temperature (higher temperature resultirspfter AC),

except for Cases 3, 4, 12 and 13. One possible reason for the unreasendble t
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in the AC modulus with respect to AC temperature for the fouisazese be errors

in measuring or recording the AC temperature during testing. fdumecases
were not included in the analysis in future sections of the pafecording to
Table 3.3 the average backcalculated modulus for the base layee fb8 cases

is 122 MPa in during thawing period. This value increases by 30 pesoent
reaches to an average value of 175 MPa in the recovery period. The
backcalculated subgrade modulus increases by 22 percent on avenmage for
thawing to recovering period for the 13 cases. The maximum iecinathe
subgrade modulus was observed for Case 2 and is 79 percent. Fol Gades,

the subgrade modulus in the thawing period is slightly higher than the usadul

the recovery period, however an approximately 20 percent increalsdasr/ed in

the base layer for the cases. This shows that while the ée®eecred, thawing

did not reach the subgrade at the time of FWD testing.
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Table 3.3 Backcalculation Results for all 13 Cases in Different Timg®=ofear.
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Backcalculated Modulus (MPa)
Case Test Depth to Rigid| Tac Adjusted AC
Hwy Period of Testing  AC Subgrade | RMSE (%)
No. Year GBC Layer (m) (°C) Modulus
Layer Layer
Thawing 770 139 50 0.98 1.77 19 532
1 520 2001
Recovering 1592 191 48 0.5 1.86 14 769
Thawing 255 134 34 3.26 1.85 22 213
2 520 2002
Recovering 1003 150 61 0.99 1.79 16 563
Thawing 5565 69 29 0.74 1.88 18 3594
3* 530 2001
Recovering 4152 79 34 1.06 1.97 12 1712
Thawing 6172 65 35 0.46 2.15 15 3218
4* 530 2002
Recovering 9500 50 36 151 1.98 15 4953
Thawing 3007 43 32 1.52 1.81 21 2365
5 530 2003
Recovering 4433 74 40 1.47 2.01 23 3943
Thawing 3628 85 38 1.53 9.90 21 2853
6 570 2001
Recovering 4157 97 35 1.27 9.76 24 3923
Continues




Table 3.3Backcalculation Results for all 13 Cases in Different Times of the. Year

Case Test Backcalculated Modulus (MPa) Depth to Rigid| Tac Adjusted AC
Hwy Period of Testing RMSE (%)
No. Year AC Layer GBC Subgrade Layer Layer (m) (°C) Modulus
Thawing 3687 87 48 0.79 2.24 13 1648
7 753 2000
Recovering 5728 119 61 0.67 2.32 12 2361
Thawing 4149 87 44 1.74 2.56 13 1854
8 753 2002
Recovering 4302 100 45 0.73 2.22 14 2079
Thawing 4189 74 39 1.21 2.12 15 2184
9 753 2004
Recovering 4339 80 50 1.54 241 20 3201
Thawing 4561 61 33 0.91 2.48 12 1880
10 753 2005
Recovering 4378 71 42 1.54 2.37 14 2116
Thawing 1084 108 42 1.96 15.24 22 907
11 842 2001
Recovering 1071 175 53 2.55 15.24 25 1071
Thawing 59 1202 56 3.8 15.24 21 79
12* 842 2002
Recovering 2305 258 75 1.57 15.24 12 950
Thawing 2340 117 53 2.98 15.24 32 3390
13* 842 2004
Recovering 2360 145 55 1.89 15.24 13 1055

*These cases were excluded from future analysis
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As seen in Table 3.3 the AC temperature varied during thageastthe thawing
period in comparison to the recovery period due to different timegstihg
during the day and changes in ambient temperature. In an atteraplate the
effect of ambient temperature on the backcalculated AC modulus amsldodhe
recovery of the unbound layers moduli, the backcalculated AC moduli were
adjusted to a reference temperature of 25° C. In doing so, sedgraingent
models available in the literature were evalugte@intunes, 1993, Appea, 2003,
Baltzer, 1994, Chang, 2002, Chen, 2000, Kim, 1%%fanen, 2000, Stubstad,
1994and Ullidtz, 1987) The relation developed by Chen et al., presented in
Equation 1, was found to best adjust the backcalculated moduli forediffe
temperatures in the study. The adjusted AC modulus is providedctoicase in

Table 3.3
Erw = Erc[(1 8Ty + 32%%%(1 8T, + 32)*4*% (1)
Where,

Erwis the adjusted modulus of elasticityTat(MPa),

Ercis the measured modulus of elasticityfa{MPa),

Tw is the temperature to which the modulus of elasticity is adjusted (°C),
and

T is the mid-depth temperature at the time of FWD data collection (°C).

3.4 Seasonal Structural Response
To investigate the effect of thaw weakening on the pavemenisatstructural

responses, multi-linear elastic models were developed for Higt®eyions
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520:2, 530:2, 570:1, 753:4 and 842:8, using Everstress© 5.0 developed by the
WSDOT. The structure for each section was defined using themafion
presented previously in Table 3.1. The FWD backcalculated modulusdor ea
layer (presented in Table 3.3) was used to define the stiibfiélss AC, base and
subgrade layers. Poisson’s ratio was defined as 0.35, 0.4 and 0.45 fdZ,the A
base and subgrade layers, respectively, according to the recommendaind

in the ASTM D 5858. A total of 18 numerical models (one for the thaant

one for the recovering periods for each case) were developeduiatarthe nine
accepted cases from Table 3.3. In doing so, the load was defiBddkBs(equal

to the FWD load) and was applied on a 30-cm diameter load platesstlicedhat

the Everstress© model simulates the FWD tests realisticalich case was
validated through comparing the deflection basins measured by tpboyes
during the FWD testing with the deflection basin predicted usirggdiess. The
unadjusted AC layer’'s moduli were used for validation for each cBgpire 3.3
shows the comparison of the predicted and measured deflection basiseerms

in 3Figure3.3a very strong agreement with a coefficient of determination (R-
squared) of 98 percent is achieved, implying that Everstress© rautat the

FWD test for the pavement sections.
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3Figure3.3Comparison of the Everstress-predicted and FWD measured deflection
basins.

Two major failure modes for flexible pavements are fatiguekang and rutting.
The two pavement responses of tensile strain at the bottom &iCHayer &)

and compressive strain at the top of the subgraflewhich correlate to bottom-
up fatigue cracking and rutting, respectively were extraatech the Everstress
models for each case. The adjusted AC moduli were used in riie$es to
eliminate the effect of temperature on the predicted straimsuab as possible.
The percent difference between the strains in the thawing aoderéng periods
for both responses is presented in Figure 3.4. According to Figurég.4, t
decrease in.from thawing to recovering period varies between a minimum of six
percent for Highway 753 in 2002 and maximum of 45 percent for High&8yn
2002. The compressive strain at the subgrade level drops between mppebxi

10 to 40 percent from the thawing to the recovering perioddiftarent cases.
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Figure3.4 Percent decreasedande; from the thawing to recovering for nine
cases.

During the thawing season, the pavement structure is weak; thengbgpplied
load can cause a greater damage to the pavement. Hencéulablal loads on
the pavement are restricted during this period. The two main quettadmaight
rise are: 1) in the case of zero load restrictions, how muclkateis expected in
the pavement’'s load bearing capacity; 2) what is an appropo@tereduction
during the critical period of thawing. It will be attempted mstsection to

address these questions based on the available data.

Pavement critical responsesdnde.) from the previous section were used in this
section to establish the allowable number of load repetitions to produce 20 percent
fatigue cracking (N and rutting failure in the pavementdN In doing so, the
Asphalt Institute’s fatigue cracking model and the model for ngttiailure
developed by the U.S. Army Corps of Engineers as presented in defguatand

3, respectively were use(Huang, 1993 and Wardle et al.,, 2003)When
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employing the rutting failure model (Equation 3), one should note thgttoal
subgrade modulus is incorporated in the model. Hence, the recoubsy ase
layer's modulus or potential for rutting in the base layer whewititaoccurs in
this layer and the subgrade remains frozen although reflectbe rédicted,

are not directly incorporated in the model.
Nf = 0.0796 * (¢,) 3291 » E7085% )
Where,

N is the maximum number of allowable load repetitions to produce 20

percent fatigue cracking,
€. IS the tensile strain at the bottom of the AC layer,

E is the adjusted AC layer’s backcalculated modulus.

Ny =[] 3)

Where,
N, is the maximum number of allowable load repetitions,
€. is the compressive strain at the top of the subgrade layer,
k and b are constants determined using the following equations:

k=164%10"2+E%—431%1077 *E? +2.18 107> xE +.00289 (4)
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b=-212x10"7*E®+838*107*« E2 — 0.0274 * E + 9.57 (5)

Where,

E= the backcalculated subgrade Modulus (MPa).
The increase in the pavement’'s load bearing capacity fromirthao recovery
period is investigated in this section. In doing so, theahd N, during the
thawing period are compared to thedwd N; during the recovering period. The
respective results in terms of percent increase for bpan® N, from thawing to
recovering period is presented in Figure F#ure 3.4dindicates that Nincreases
by a minimum of 33 percent and a maximum of approximately 80 pedoento
seasonal variation in the pavement stiffness. As seen in Rgdirthe highest
increase in Nfrom the thawing to the recovering period happens for Highway
520 in 2002. According to Table 3.3 the backcalculated modulus for the subgrade
for this case shows the highest increase (79 percent) fromhdiaeéng to the
recovery period. Further, Highways 530 in 2003, 753 in 2003 and 2000 show
high increases in il which is attributed to the large recovery observed for their
base and subgrade moduli as presented in Table 3.3. Further, actoréiggyre
3.4, Ny increases by a minimum of approximately 45 percent for Highg8yin
2002 and a maximum of approximately 95 percent for Highway 520 in 2002.
Highway 753 in 2002 showed only a 13 percent recovery in the base and 3
percent in the subgrade backcalculated moduli in Table 3.3, whilevelygs20
showed 10 percent increase in base and 79 percent increase in tredesubgr

backcalculated moduli.
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Figure 3.5 Percent increase igavid N from thawing to recovering period for the
nine cases.

3.5 Load Restriction

It was shown in the previous section that fdr the pavement can decrease as
much as 95 percent during the critical period if the maximum aldsvioad is
not limited. Therefore, it seems necessary to take actiorerdopveventing the
excessive damage in the pavement structure. One approach theatticeprby
many highway agencies and administrations is to restrict theldéoal during the
critical (thawing) period. As discussed in the previous sectiorartieunt of load
restriction is a critical concern, which needs to be addressed. attempted in
this section to put forward an approach for addressing this contening so,
using the linear elastic models for all the nine cases duringe¢h&ening period,
the load level was reduced at 10-percent intervals from ghealyFWD load of

53 kN. The predicted. from the models were used to establish the increase in
Ng. The effect of load reduction on the allowable number of load repetitn
the thawing period is presented in Table3.4 for the fatigue andgufiiteria. As
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seen in Table3.4 only a 10-percent reduction in the applied load resuéegDin
percent increase ing\and 30 percent increase in MIso, a 20-percent reduction
in the applied load resulted in 85 percent increaseg iand 50 percent increase in
N:. Lastly, reducing the load by 50 percent resulted in 95 and 80np@ncesase

in Ngand N, respectively, which is a considerable improvement in pavement life.

Table3.4 Percent Increase ig &hd N Due to Different Levels of Load
Reduction.

Load Reduction (%) Increase in Allowable Number of Loads
from 53 kN (%) Ng Nt

10 60 29

20 85 52

30 90 69

40 95 79

50 98 91

3.6 MEPDG Analysis

The effect of load restriction in the thawing period on pavement peaftce was
investigated using the MEPDG Version 1.1. In doing so, one fleximenpant
section with a 6-cm AC layer and a 25-cm GBC representatitreedive sections
modeled using Everstress in the previous section was simulated tigng
MEPDG. Truck traffic was limited to 70 000/day passes of agmle single-unit
truck (Class 5 according to the Federal Highway Administration WRAH
classification) with a 9000 kg (20klIbs) single-axle load. This loas selected to
represent the legal load limit for single axles in Alber&ince the five sections
are scattered in the central and southern areas of the providoggnien
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International Airport weather station available in the MEPDG wasd to
generate the climatic file. The design criteria and ailler design input

parameters were kept as the default values in the MEPDG.

The applied load was reduced by 25 and 50 percent during four months of April,
May, June and July. These four months were selected, since ondrnaefinin

of the MEPDG for Edmonton weather condition showed that the pavement
weakening occurs during this period. The MEPDG-predicted pawelifie to
reach 25 percent alligator cracking, 2000 ft/mile longitudinal cragkand 0.75

inch rutting at 90 percent reliability was used for the three hgadcenarios to
investigate the effect of spring load restriction. The éféeédoad reduction on

the three distresses is shown in Fig@ré. As seen in Figure 3.5, reducing the
applied load by 25 percent can increase pavement life 52, 36 and 32 passzht

on rutting, longitudinal cracks and alligator cracks criterion, résmdg. Also,

as seen in Figurd.6, reducing the load by 50 percent during the thawing period

doubles the pavement life based on all three distresses’ limit.
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Figure 3.6 Effect of load reduction in thawing period on the MEPDG-predicted
performance life.

3.7 Conclusion

The FWD data provided by Alberta Transportation as part of thegspaad Ban
program was screened, resulting in the selection of ten highwagrsewith the
most successive series of tests. The deflection data wés$ousackcalculate the
pavements layers moduli in all years. Multi-linear elastiget models were
developed and validated for the sections that showed a complete weakeding
recovering behaviour in different years. A maximum increase @edfent was
seen in tensile strain at the bottom of the AC layer for llaeving period in
comparison to the recovering period. This increase in the comedsain at
the top of the subgrade was 45 percent for highway 520:02 in 2002. Tbal criti
predicted strains were used to investigate the level of irerieathe allowable
number of load repetition for fatigue cracking)®nd rutting (N) criteria in the
thawing period in comparison to the recovering period. A maxirmamrease of
98 and 88 percent was seen i ahd N, respectively. An approach was
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proposed to establish the required level of load reduction in the thaetiogl by
decreasing the applied load at 10-percent intervals. It was fountiQdpeercent
load reduction in the thawing period can result in 13 percent incre&gend 49
percent increase indN Reducing the load by 50 percent results in more than 80
percent increase in{Nand N. Further, based on the MEPDG predictions,
applying a maximum load of 10 klb in comparison to 20 klb during theitigaw

period increases the pavement life approximately 50 percent.
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4. Chapter 4: Performance Evaluation of Asphalt
overlays in Alberta using Long Term Pavement

Performance Specific Pavement Study Sectiohs

! A version of this chapter has been submitted for publication Norouzi, Nassir and Bayat
2012. Canadian Journal of Civil Engineering.
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4.1 Introduction

According to the latest statistics in 2007, the Province of Adbewned 12
percent of Canada’s public infrastructure with a total valueb38.2 billion.
Highways and roads made up approximately 62 percent of Alberta’ls tota
infrastructure with a value of $21.82 billion (Gangon et al. 2007). The vealuabl
network of highways and roads in Alberta needs to be maintained at an
operational condition and acceptable ride quality. In doing so, Alberta
Transportation invests nearly 50 percent of its annual budget to r&ftabénd
maintain Alberta’s highway network (Soleymani et al. 2002). 8asethe latest
data available in Alberta Transportation’s Pavement Managemet@nsyBMS)

in 2010 approximately 50 percent of Alberta’s highway network length wa
overlaid between year 1985 and 2010, implying that overlay construction is
commonly practiced in Alberta as a rehabilitation strategyrthér, the average
age of the network is 15.6 years (Gangon et al. 2007), with 56 percém of
entire network length being 10 years or older, requiring rételmn in the
future. Investigation and evaluation of in-service overlay performaver the
years can greatly benefit the province’s future decisions congeseveral design
factors, such as asphalt mixture, pavement structure and constprettbices. A
valuable source of information for such study is the Long-Term Pavem
Performance (LTPP) program’s (SPS) 5 in Alberta. The SP®cboss in
Alberta joined the LTPP program in 1990 and has been regularlytoreshiand

tested since.
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Each SPS 5 section in the LTPP program consists of nine 150-seet&rns
(Sections 501 to 509). The first section (501) is the control seatibith
receives no treatments during the monitoring period, while the other eigjbhsec
are overlaid with two different asphalt mixtures, at two diffethicknesses and
under two different pre-overlay conditions (milled and not milledabl& 4.1
presents a summary of the overlay characteristics for the sgogons. In

Table 4.1, the Reclaimed Asphalt Pavement (RAP) is an asphailtrenivhich

includes 30 percent reclaimed asphalt material.

Table 4.1 Overlay Type and Thickness for Each SPS 5 Section In The LTPP
Program.

Section | Overlay Asphalt| Overlay Thickness Milled prior
No. Mixture Type (mm) to Overlay
501 Control Section- No overlay
502 RAP 50
503 RAP 125 NoO
504 Virgin 125
505 Virgin 50
506 Virgin 50
507 Virgin 125
508 RAP 125 ves
509 RAP 50

To date, several studies have been conducted on the SPS 5 sectisas\acth
America to investigate the effect of different overlay sgas on pavement
performance. West et al. (2011) used the latest recordedodadth the SPS 5
sections (total of 16 states in the United Sates and two provimdganada) to
It was

statistically compare the distresses observed for the nicgorse

concluded in their study that mixture type and milling prior to oyerla
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construction can greatly affect the pavement performance nmstef fatigue,
transverse and longitudinal cracking. Their study also showedd otlexlay
thickness does not have a significant effect on longitudinal crackm@nother
study, Hall et al. (2003) used the most recently updated measusenfettite
International Roughness Index (IRI) for all the SPS 5 sectammess North
America. Their study revealed that no significant diffeeearist between long-
term IRI for the RAP versus virgin, as well as milled versasmilled overlay
sections. The effect of pre-overlay IRI, overlay age and aveeagwial
temperature was found to be considerable on long-term IRI. Theydailstified
a correlation between the annual precipitation and the incredsag-term IRI
for the virgin overlays. According to Hall et al. (2003) the destaffecting long-
term cracking are pre-overlay cracking, age and trafigd$ during the service
life; while mixture type or milling proved to have no effect on long-teratking.
In another effort to investigate the SPS 5 sections’ perform&@awalho et al.
(2011) used the distress data available over the pavement’'solifeArizona’s
SPS 5 sections. They reported that in the long-run, sections overtaidhei
virgin mixture are smoother than those overlaid with the RAP naxtdihe latter
sections also demonstrate higher rutting and longitudinal crackingy dlke
concluded that milling prior to overlay construction improves fatig@aeking
performance and found that thin overlays (50 mm) demonstrate blettdrterm
rutting; while thick overlays (150 mm) outperform the thin overlayserms of

long-term rutting and all other performance indicators.
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The present study provides an in-depth evaluation of the performatice 8PS
5 sections in Alberta using the Falling Weight Deflectomdt®V[D) test data and
distress records available for the sections between 1990 and 200@wvailable
data is implemented to first, investigate the statisticier@ince between the
structural responses of different overlays to FWD loads in diffeyears.
Second, briefly compare long-term pavement performance in termaligator,
transverse and longitudinal cracking and indicators, such as IRI, fonitlee
sections. Lastly, the SPS 5 sections are simulated using tRE®®@Eo compare
the MEPDG predictions to the distresses collected in the fagldhe SPS 5

sections in Alberta.

4.2 Alberta’s SPS 5Section

The LTPP SPS 5 sections in Alberta are located in the westlinwidlane of
Highway 16, Control Section 6, at approximately 3.5 km west of junctidm wi
Highway 32 and 36 km east of Edson (Kwan & Stoski, 2007). The road sexction i
considered a rural principal arterial intestate according to tfPldatabase DVD
Version 26. As mentioned previously each SPS 5 section consists of nine
sections. It should be noted that the sections’ order of appeataas not follow

the sections’ numbering. Table 4.2 presents the coordinates déttiegspoint

for each section. Also, some variations exist in the structuragrdesf the
sections. As presented in Table 4.2 Sections 503 to 507 include a 50- to 80-m
asphalt Treated Base (TB) layer, while Sections 502, 508 and 509 dolodeinc
this layer. Existing AC layer also varies between 125- and 165among the

nine sections.
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Table4.2 Coordinates And Pavement Structure For Each SPS 5 Sections In
Alberta.

Section| Latitude | Longitude Pavement Structure

501 | 53.58721 -116.01959 135 mm AC/70 m TB***/380 mm GBC**

502 | 53.57894 -116.04516 50 mm AC overlay/lgfégqm existing AC/380 mm

125 mm AC overlay/155 mm existing AC /70 mr

503 | 53.58179 -116.03395 TB/325 mm GBC

125 mm AC overlay/155 mm existing AC/71 mm

504 | 53.58277 -116.03169 TB/290 mm GBC

50 mm AC overlay/155 mm existing AC/70 mm

505 | 53.58657 -116.02227 TB/290 mm GBC

50 mm AC overlay//125 mm existing AC/80 mm

506 | 53.58586 -116.02464 TB/325 mm GBC

125 mm AC overlay/145 mm existing AC/50 mm

507 | 53.58504 -116.02697 TB/325 mm GBC

125 mm AC overlay/165 mm existing AC/390 mn
GBC

-

508 53.5808| -116.03686

50 mm AC overlay/165 mm existing AC/390 mm

509 | 53.57963 -116.04187 GBC

*Asphalt Concrete **Granular Base Course ***Treated Base

As part of the LTPP program, traffic data in terms of the EdgmteSingle Axle

Load (ESAL) was available for the test sections on the LTWB Bersion 26 for

the period between 1999 and 2008. As seen in Figure 4.1, the KESALl/year is
consistent for all the nine sections in each year. As shown inreFigu,
KESALlyear for all the sections varies between 233 and 461 over theat§, y

with a one-percent average growth rate.
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Figure4.1 kESAL/year from 1999 to 2008 for each SPS 5 in Alberta extracted
from LTPP database.

The LTPP SPS 5 sections of Alberta joined the LTPP programay 90 and

the construction of the new overlay was completed in September 4§&i0,(the
control section did not receive an overlay). Since the completion aivitrday
construction, each of the eight sections received different maimte depending

on their conditions. The most common treatments applied to thernseetere

crack sealing and pothole patching. Two of the sections, 502 and 509, reached the
end of their service life in 2006, 16 years after the overlay earigin and were
overlaid in fall 2006. This study focuses on the evaluation of thes¢éesibns

during the period between 1990 and 2006.

4.3 Effect of overlay on Structural Response

Every two years, FWD tests were performed on Alberta’sRBPS 5 sections,
since the completion of the overlay construction in 1990. The deflection
measurements during the FWD tests are used herein to investigattects of

different overlays on pavement structural responses. For this pupgegei-WD
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deflection (measured underneath the plate load) is used asuttersi response
indicator for the pavement. The FWD tests on SPS 5 sectiongpedoemed at
four different drop heights, resulting in four impact loads. A sintiland was
observed in the peak deflections along each test section under theafblevels.
Therefore, deflections corresponding to only 40 kN load, equal to oAé&,ES
were used for the analysis in this section. The deflections megnealized prior
to analysis whenever the applied load deviated from the targgtoly more than
five percent, according to the American Standard for Testing angrisla
(ASTM) D5858, Standard Guide for Calculating In Situ Equivalentstifla

Moduli of Pavement Materials Using Layered Elastic Theory (ASTM 2008).

For each test section the FWD tests were performed at appteyni5-metre
intervals in each year. First, the peak deflection profile for each indivdéggtibn
at each 15-meter offset was plotted for each year. Figurect2sponding to
Section 503, presents an example of these plots. As seen in Figuthe4.2
deflections show minimal variations along the test section. Thit slayiations
noted along the test section repeat consistently in all yeargurfher investigate
the consistency of the pavement response along the test sectiopsssitae
outliers were visually identified for each test section. Tigeificance of the
difference between the two sets of deflection data, one includinguthers and
the other excluding the outliers, was established using a paestfot each test
year according to ASTM D5858. The results of the t-tests ledehat the
visually-determined outliers do not have a significant effect on tlerage

deflection data along each test section.
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Figure4.2 FWD peak deflections during each test yeargaection 503.

Table4.3 presents the average peak deflection for eactioa for each test year.
As seen in Table 4.3 the seven-year average pdigktiten for the control section
(Section 501) is 441 micron, which is higher thdrother sections, showing the
effectiveness of all overlay strategies on pavensémnictural response. Based on
the seven-year average values, the overlay foid®e808 (thick, milled, RAP) is
the most effective strategy with a 54 percent deswan deflection in comparison
to the control section. The minimum effect is aled for Section 502 (thin, not-
milled, RAP) with just a seven percent improvemiendeflection with respect to

the control section.
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Table4.3 Average Peak Deflections for Each Section in Each Year.

Average Peak Deflections(microns)
Section I

Yo 501 | 502| 503] 504 50% 506 5Q7 508 509
July-1993 486 | 462| 224| 344 283 379 324 209 31
August-1995 | 398 | 401| 192/ 165 233 314 251 181 295
August-1997 | 480 | 324| 213 353 301 420 330 190 277
June-1999 413 | 320| 240 209 263 376 315 213 226
May-2001 441 | 375| 205/ 183 250 368 295 195 264
July-2003 470 | 520| 345| 297 27% 394 240 237 380
July-2005 398 | 471| 257, 230 259 368 193 170 313
Average 441 | 410 239| 254 266 3783 278 199 297

It should be noted that the reason why peak deflections vary fromeanetgy
another at the same location could be the difference in the dimatiditions
during testing, which results in varying pavement temperatureraradilus. To
eliminate the effect of environmental conditions on the FWD dedflestirom
year to year at one location, the percent differences betweg@eahkedeflections

for each section with respect to the control section were used:

I:)eakDettontrol - PeakDe(E\,e”ay)

100x
( Pea'kDe(tontrol

Figure 4.3 presents the percent

differences for all seven years. As seen in FiguBe the positive differences for
all the sections in all years (except for Section 502 in 2003 and 20phk) that
the overlay has effectively improved the structural capaéitpe@pavement. The
percent difference between the control section and the overlaicbreeads
decreasing over the years for six sections (at a rate obapyately one percent
per year on average), implying that the effectiveness of théagven the

pavement’s structural capacity is gradually decreasing. ekbeptional case is
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Section 502, which shows higher peak deflections2003 and 2005 in
comparison to the control section. This behavican be an indicator of a
complete structural failure for Section 502, whiasulted in another overlay
construction in 2006 as mentioned in the previadian. Overlay construction
has been the most effective for the thick and mhilections (507 and 508). These
sections show a percent difference of approxim&iélypercent during the entire

monitoring period.
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L2.40 509
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Year

Figure4.3 Percent difference in peak FWD deflectionsefach SPS 5 section

with respect to the control section.

A series of paired t-tests were conducted on eaeln'y peak deflections for each
section together with a paired t-test on the seygar-average peak deflections to
investigate the effect of each overlay strategyhenpavement structural response
during the monitoring period. The sections weraddid into three sets of pairs to
investigate the effect of: asphalt mixture typedwi versus RAP), thickness (50

versus 125 mm) and conditions prior to overlay tmrsion (milling versus no
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milling) on the pavement’s structural response. A significaagel I) of 0.05
and a critical t-stat value of 2.17 was used to identify thes pdiat were
significantly different from one another. The results of theststfor each pair are

provided in Table 4.4 through Table 4.6.

Table 4.4 presents the results of the t-tests for the pdahdive virgin and RAP
asphalt mixtures for the two overlay thicknesses (thin: 50 mm acid 25 mm)

and two pre-overlay conditions (not-milled and milled). It must bedntttat the

AC grade for the RAP and the virgin mixture was reported asA0d AC 10,
respectively in West et al. (2011). This implies that the A®tumé including
RAP is softer compared to the virgin mixture, hence should show higher
deflections. As seen in Table 4.4, for the not-milled thin overldngs,virgin
overlay (Section 505) in comparison to the RAP overlay (Section 502)sshow
significantly lower peak deflections (t-stat positive and gre#tian t-critical) in

all years except for 1997. The t-test results between the-yeaemverage peak
deflections for the not-milled thin sections shows that the RAd®ose had
significantly higher deflections than the virgin section. It mhaestnoted that in
addition to mixture type the existence of a 70-mm TB layerSection 505
contributes to the smaller deflections seen for this sectiorpa@d to Section
502. For the not-milled thick overlays the virgin overlay (Section 504)
comparison to the RAP overlay (Section 503) shows two exceptionalveegat
stat values in 1993 and 1997 (with absolute values greater thaicatcritThe
result of the t-test on the seven-year average deflectionsghatno significant

difference exists between the RAP and virgin for the not-thilleck sections.
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For the milled sections the RAP sections are outperforming thednvirgin
overlays for both thick and thin sections. Also, the results of tbst thetween
the averages of all years’ peak deflections, reveals thailfdre milled sections

the RAP mixture performs better than the virgin mixture.

Table 4.4 Effect of Asphalt Mixture Type (RAP versus Virgin) On Pavement
Structural Response.

FWD T-Test Results for RAP versus Virgin
Overlay T
Thickness est Not Milled
Year ot Mifle
T-Stat P-Value T-Stat P-Value
1993 10.55 0.0000 -4 0.0019
1995 12.78 0.0000 -1.31 0.1248
1997 1.85 0.0598 -8.1 0.0000
1999 4.05 0.0016 -8.1 0.0000
Thin 2001 9.22 0.0000 -6.2 0.0000
2003 11.69 0.0000 -0.7 0.2687
2005 12.54 0.0000 -3.3 0.0025
Average
of all 4.7 0.0003 -34 0.0024
Years
1993 -9.77 0.0000 -14.5 0.0000
1995 453 0.0008 -12.3 0.0000
1997 -10.6 0.0000 -16.9 0.0000
1999 3.44 0.0009 -11.5 0.0000
Thick 2001 2.05 0.0055 -14.2 0.0000
2003 3.23 0.0029 -5.5 0.0002
2005 2.34 0.0049 4.1 0.0015
Average
of all -0.4 0.3568 -3.7 0.0027
Years
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When comparing two sections with similar asphalt mixtures andrdift overlay
thicknesses the thicker overlay is expected to perform beteer any applied

load.

Table 4.5 shows the result of the comparison between the thick and theyover
sections. The difference between the thin and thick overlays ris well
observed for the RAP overlay (both milled and not milled), sincé-$tets are all
positive and greater than t-critical. For the virgin, not-milledriayethere are
three years during which the t-stats are negative, implyingthieathin overlay
showed smaller deflections. For the milled, virgin overlay, howeferthicker
section performs better than the thin section, as expected. Qtlaatbnclusion
from Table 4.5 agrees with the expectations of thick overlay slgovawer

deflections in comparison to thin sections.
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Table 4.5 Effect of Overlay Thickness (50 Mm versus 125 Mm) On Pavement

Structural Response.

FWD T-Test Results for Thin versus Thick Overlays
Mixture
Test - -
T-stat P-value T-stat P-value
1993 14.06 0.0000 16.2 0.0000
1995 15.86 0.0000 19.5 0.0000
1997 9.94 0.0000 11.9 0.0000
1999 5.75 0.0000 2.6 0.0169
RAP 2001 12.35 0.0000 11.7 0.0000
2003 8.09 0.0000 13.6 0.0000
2005 12.15 0.0000 20.1 0.0000
Average
of all 4.8 0.0003 4.8 0.0003
Years
1993 -4.94 0.0002 3.6 0.0061
1995 11.66 0.0000 4.3 0.0009
1997 -3.65 0.0059 5 0.0002
1999 5.81 0.0000 2.6 0.0065
Virgin 2001 6.41 0.0000 4.2 0.0009
2003 -1.62 0.0069 8.4 0.0000
2005 2.85 0.0049 11.9 0.0000
Average
of all 0.4 0.357 4.1 0.0012
Years

Table 4.6 present the effects of milling on the pavement strucagponse for
the sections overlaid with the virgin and RAP mixtures and atwbelticknesses
of 50 and 125 mm. As seen in Table 4.6, the t-stats are all nogicegbér than
t-critical and have negative values proving that the thin virgin @estiwhich
were milled prior to overlay construction, have higher peak defleation

comparison to sections which were not milled. For the thick virgitioses for
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the years 1993 and 1997 no significant difference is observed betweaanl¢oe
and not milled sections. However, for the years 1995, 1999 and 2001 high
negative t-stat values show that not-milled sections showedédlestions than
the milled sections. For years 2003 and 2005, on the other hand, theeposit
stat values show that the milled section outperformed the nodmnsietion. The
t-test on the seven-year average deflection for the thicknveegtions shows no
significant difference between the milled and not milled sectidis overall
conclusion can be drawn regarding the effect of milling on tle pleflections
for thick virgin sections. For the RAP mixture the positivaat-sralues in
Table 4.6 show that the milled sections outperform the not-milletibsscfor
both thin and thick overlays in contrast with the virgin mixturee fiésults of the
t-tests performed on the seven-year average peak deflection shoferthiae
thick sections there is no significant difference between dnéied not milled
sections, while for the thin sections, milling has different éffdepending on the
mixture type. For the virgin sections milling is not effectiwijle for the RAP

section milling has a positive effect.
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Table4.6 Effect of Milling Prior To Overlay Construction on Pavement Structural
Response.

FWD T-Test Results for Not-Milled versus Milled Sectson
Overlay
. Test . ; .
irgin Mixture ixture
Thickness| Year V Mixt RAP Mixt
T-Stat P-Value T-Stat P-Value
1993 -6.84 0.0000 8.2 0.0000
1995 -5.64 0.0000 7.92 0.0000
1997 -6.47 0.0000 4.16 0.0012
1999 -5.82 0.0002 7.3 0.0000
Thin 2001 -6.03 0.0000 8.37 0.0000
2003 -5.95 0.0000 6.66 0.0000
2005 -6.68 0.0000 9.67 0.0000
Average
of all -7.1 0.0000 3.3 0.0025
Years
1993 1.45 0.0875 2.62 0.0047
1995 -13.42 0.0000 2.07 0.0058
1997 1.68 0.0689 3.31 0.0025
1999 -10.17 0.0000 3.86 0.0023
Thick 2001 -10.43 0.0000 1.3 0.1248
2003 5.27 0.0002 9.26 0.0000
2005 4.68 0.0001 8.91 0.0000
Average
of all -0.6 0.2897 1.8 0.0079
Years

4.4 Effect of Overlay on Pavement Distresses

Based on the availability of data in the LTPP database, alligednisverse and
Non-Wheel Path (NWP) longitudinal cracking, as well as IRItF@ pavement
sections were used in the study to compare the performancdeséniifoverlaid
sections. Distress records were not available for the comctibs, therefore,
this section was only included in the IRI analysis. The effeaehiafure type,

overlay thickness and milling prior to overlay construction on long-tdligator,

transverse and NWP longitudinal cracking is presented in BableThe average
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2006-alligator cracking for all four sections with the virgin tane are compared
to the four RAP sections | Table 4.7. As seen in Tdlblethe sections with the
RAP mixture show approximately nine percent more alligatockang in
comparison to the sections with the virgin mixture. The RAPfieiscompared
to the virgin mixture, resulting in more long-term fatigue knag. The effect of
milling on alligator cracking development is more pronounced in casgato
the effect of asphalt mixture. As seen in Table 4.7 the notdrsketions show
approximately 17 percent more alligator cracking with respecthé milled
sections. Lastly, the thinner sections show approximately 30 pencerd
alligator cracking compared to the thick sections, implying that overlay
thickness is the most influential factor for alligator crackifthe results comply
with the findings of West et al. (year) and Carvalho et akrjy&ho concluded
that mixture type, milling, as well as overlay thickness giaatly affect alligator

cracking.

The effect of mixture type, overlay thickness and milling prior overlay
construction on transverse cracking in 2006 was also investigated ia 4.@bl
Average transverse cracking in 2006 for all the four sections thighRAP
mixture, which have a softer AC grade (AC 5), were proven toaltfeof that for
the sections with the virgin mixture with a stiffer AC gradglso, the sections
which were not milled prior to the overlay construction, demonstratque@nt
more transverse cracking in comparison to the sections which wied. mrhe
effect of overlay thickness on transverse cracking is not as ymoad as its

effect on alligator cracking. The thinner sections show 18 peroere
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transverse cracking with respect to the thick sections. Ttieservations agree
with West et al.’s findings that mixture type and milling cfect transverse

cracking.

The effect of asphalt mixture type, milling prior to overlay andrlayethickness
on NWP longitudinal cracking in 2006 was investigated in Tabhle The
sections made with the RAP mixture demonstrate approximatelgrt®&m more
longitudinal cracking compared to the sections with the virgin urext Milling
shows no effect on longitudinal cracking. Carvalho and Hall etsal.cancluded
there is no difference in longitudinal cracking for the milled andmmbéed
sections. Finally, thick sections show 15 percent more longitudingkingawith

respect to the thin sections.

Table4.7 Effect of Different Overlay Strategies on Alligator, Transverse and
NWP Longitudinal Cracking in 2006.

Mixture Effect Milling Effect Thickness Effeqt

Distress Type
yp RAP | Virgin | Not-Milled | Milled | Thin | Thick
Average Alligator Cracking o5 22 29 o 29 31
(% area)
Average Trans. Cracking
(No. of Cracks/Section) 31 69 60 48 50 59
Average NWP Long.
Cracking (m) 135 115 124 127 114 135

Figure 4.4 shows the IRI development in the right wheel path folSB® 5
sections. Based on the Annual Average Daily Traffic (AADT) tioe road

section, Alberta Transportation uses an IRI trigger value of 1.9 rtokaentify
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the pavements that can be considered for rehabilitation (Albertespogation,
2006). As seen in Figure 4.4, of the nine sections, four sectionsd{imgithe
control section) demonstrate IRI values above 1.9 m/km in 2006 and 2005. For
the rest of the sections and years IRI is well within thee@teble range. The
control section shows the highest IRI of all the section over the monitoriragl peri
since it never received an overlay. As seen in Figure 4.4 theoypathy IRI
values in 1990 are not the same for all the sections. In orddinioate the
effect of initial IRI on long-term IRI, IRhangewhich is the difference between IRI

in 2006 and the post-overlay IRI in 1990 was used.

=—501
502
=#—503
=>e=504
=3ie=505
506
507
508
509

e |_imit

IRl (m/km)

o ¢
o
s

20/06/1991

15/09/1992

24/09/1993

30/07/1994

10/06/1995

28/09/1997

05/06/1998

18/05/1999

19/07/2000
21/05/2001

10/08/2002

24/08/2003

24/06/2004

12/05/1990
15/10/1990
17/07/2005|
12/06/2006

Figure4.4 IRl measurements over time for the nine SPS 5 sections in Alberta
from LTPP database.

Figure 4.5 shows IR{ange for the nine sections. Those three sections which
received overlays with the RAP mixture (502, 503 and 509) demonstrate the
highest IR¢hange Of 1, 2 and 2.27 m/km, respectively. Section 508, which was

overlaid with the RAP mixture, is an exception from this trend and doeshow
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a high IRkhangerelative to the other sections. On the other hand, those sections
that received the virgin mixture demonstrate considerably loRéghahge Of
approximately 0.5 m/km. This agrees with Carvalho et al.’s findthgs the
sections with the virgin mixture are smoother in the long-ternomparison to

the RAP sections.
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Figure4.5 IRknhangefor the nine SPS 5 sections between 1990 and 2006.

4.5 Comparison with MEPDG predictions

4.5.1 MEPDG Simulations

The test sections on the LTPP program played a key role in edodenent of
MEPDG performance models and are the best source for lodalatain of the
models. In this section the MEPDG Version 1.1 was used to predigatieenent
performance for the Alberta’'s SPS 5 sections. The correspontetween the
MEPDG-predicted performance indicators and those observed inaghevodd

for the nine sections was investigated. The nine different seeti@ressimulated

using the MEPDG, based on the information presented in Table 4.2dor t
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structure. The RAP and virgin mixtures were differentiatedguai@ grade AC 5
for RAP and AC 10 for the virgin sections. The default values dlaila the
MEPDG were used to define all the required design inputs ekmefitose listed

in Table 4.8 .

Table4.8 Design Inputs and Their Values Used In the MEPDG.

Design Input Value Notes
Construction Contrglvsee”c;lizn:1976 From the LTPP DVD Version 26 and
year Alberta Transportation PMS

sections:1990:
AC-5 to represent RAHR
mixture;
AC-10 to represent
virgin mixture

A~

Asphalt grade From west et al. (2011)

AADT is reported as 9,980 in the AT
PMS in 2010, AADT in 1990 was

Initial AADT 8,000 backcalculated based on the average
growth rate from Figurd.l
Condition Fai Defined based on the pre-overlay IRI
air or poor .
before overlay value for each section
Milling 50 mm .
thickness (2 inches) From the LTPP DVD Version 26
, The climate data covers the period
: Edson'weath_er station between 1960 and 1969. The weather
Climate data available in the o
station is located 36 km away from the
MEPDG )
test section.
IRl was measured after overlay
Initial IRI 1.07-1.59 m/km construction for each section, from

LTPP database.

4.5.2 MEPDG Predictions

Predicted alligator cracking was found to be sensitive only to thenpant
structure and overlay thickness. The predicted cracking waathe fr all the
thick sections at 35 percent and for all the thin sections at er I@wvel of 29
percent. The MEPDG predictions for alligator cracking doaoohply with the

measured cracking, which showed sensitivity to both mixture type dlagmas
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discussed in the previous section. The predictusverse and longitudinal
cracking were zero for all the sections. Figdré shows the observed and
predicted IRIfor each year for all the sections. As seen inufdg4.6, the

MEPDG-predicted and observed IRI agree with a Rasepliof approximately 40

percent.
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Figure4.6 Comparison of the MEPDG-predicted and obsetRéglangefor each
year.

The MEPDG-predicted total pavement rut depth pregjom over the design life
is presented in Figuré.7 for all the nine sections. Figugée7 shows that none of
the sections reached the MEPDG rut failure critenb19 mm. The thin sections
with the RAP mixture (milled and not-milled) showet highest predicted rut
values, while the thick not-milled sections (RARdarirgin mixture) show the
lowest predicted rutting. It is worth noting thie predicted rutting is more
sensitive to the pavement structure than the oyemhéxture or pre-overlay

conditions. Sections 502 and 509, which are tiwerlay and do not have a TB
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layer in the pavement structure, show similar teeadd Sections 505 and 506
with thin overlay and a TB layer demonstrate simii@nds. Thick overlay
sections exhibit similar behavior except for Sett&®)8, which does not have a
TB in the structure, showing the effect of pavemsinticture on the MEPDG
predictions for rutting. The Control section hagi in place since 1976. In 1990
the predicted rutting for the control section igrgximately nine millimetres,
these values increase only one millimetre during nlext 16 years as seen in

Figure4.7.

Predicted Total Rut Depth (mm)

6 8 10 12 14 16

0 2 4
Overlay Age (year)
—— 502 { 503 —tr— 504
—t 50 5 e 506 507
e 508 509 = = Control Section
— ] imit

Figure4.7 MEPDG-predicted total pavement rutting develeptrover the
monitoring period.

4.6 Conclusions

The data available for the LTPP SPS 5 sections weesl to investigate the
performance of asphalt overlays in Alberta’s cliematonditions. The FWD
deflection data was used to compare the effectach everlay strategy on the
structural response of the pavement. The long-ferformance of each overlay

strategy was investigated using the distress datred from the LTPP database.
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Alberta’s SPS 5 sections were simulated using the MEPDG@Guesiigate the

accuracy of the performance predicted by MEPDG. The followomglasions

were drawn in the study.

1-

The control section showed higher FWD peak deflections for seves yea
of testing in comparison to the overlaid sections, which shows the
effectiveness of all overlays. The difference between th& gdeflection

for the overlaid sections and the control section decreased during the
sixteen year monitoring period, implying that the effectivenessseflay

decreases over time.

T-tests between the paired overlay sections showed that thickdays/
show significantly smaller deflections under the FWD load. Millwas
the most effective for the thin overlays with the virgin migturA firm
conclusion could not be drawn on the effect of RAP in the AC mixture on

the FWD deflections.

Overlay thickness is the most effective factor in the progressi
alligator cracking. Seventy-five millimetres of asphalt tasedecreased
long-term alligator cracking by 30 percent. Including the RAthe AC
mixture resulted in 11 percent more alligator cracking, alsbnigiprior

to overlay reduced alligator cracking by 22 percent.

The sections with the RAP mixture showed half long-term trassve

cracking than those with the virgin mixture. Milling proved to dasee
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transverse cracking by 25 percent. Also, the thin sections showed 18

percent more transverse cracking with respect to the thick sections.

Higher IRI increase was observed for the sections with the RAP mirture
comparison to the sections with the virgin mixture, with the gtiace of
one thick, milled section with RAP (508), which showed the same

behaviour as the corresponding section with the virgin mixture.

The MEPDG-predicted IRI and observed IRl showed an agreement at a
coefficient of correlation of approximately 40 percent. Also, |tota
pavement rutting predicted by the MEPDG were sensitive the paweme
structure and overlay thickness rather than overlay AC mixtungresr

overlay conditions.
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5. Chapter 5: Conclusions

5.1 Overall Conclusion
Highway network of the Province of Alberta is the major comporménthe

Province’s infrastructure system. This study tries to find swigtto preserve the
valuable highway network of the Province of Alberta, maintain it leeep it in

operational condition.

The first part of the study in chapter three, investigates tfezteof thaw
weakening period in early spring on pavement strength and consequently
pavement life. For this purpose the FWD data provided by AlJeaasportation
which is a part of Spring Road Ban program was screened, mgsuttithe

selection of ten highway sections with the most successive series of tests.

The deflection data was used to backcalculate pavement layeckili once in
thawing period and once in recovering period for the sections that dhawe
complete weakening and recovering behaviour in different yeamsiadimum
decrease of 40 percent was seen in tensile strain at the lwdttbenAC layer for
the thawing period in comparison to the recovering period. This drdpei
compressive strain at the top of the subgrade was 45 percent Horalyi¢20:02
in 2002. The critical predicted strains were used to investideelevel of
increase in the allowable number of load repetition for fatiguekorg (N) and
rutting (Ny) criteria in the thawing period in comparison to the recovepargpd.

A maximum increase of 98 and 88 percent was seeg andllN, respectively.

Also, an approach was proposed to establish the required level akelbhaction
in the thawing period by decreasing the applied load at 10-percentalst It
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was found that 10-percent load reduction in the thawing period can iresi8
percent increase ini{Naind 49 percent increase in.NReducing the load by 50

percent results in more than 80 percent increase amiNN;.

Further, based on the MEPDG predictions, applying a maximum logal ldb in
comparison to 20 klb during the thawing period increases the pavenment lif

approximately 50 percent.

The second part of study in chapter four focuses on evaluatiregeditfasphalt
overlay construction strategies in the Province of Alberta. lrisrgurpose, the
data collected under Long Term Pavement Performance program Aibtbea

SPS 5 section was used.

First, The FWD deflection data was used to compare the effezich overlay
strategy on the structural response of the pavement. The contiohsgwbwed
higher FWD peak deflections for seven years of testing in conopats the
overlaid sections, which shows the effectiveness of all overlaye difference
between the peak deflection for the overlaid sections and the coatibns
decreased during the sixteen year monitoring period, implying thea
effectiveness of overlay decreases over time. Also, T-testgeen the paired
overlay sections showed that thicker overlays show significanthallem
deflections under the FWD load. Milling was the most effectivethe thin
overlays with the virgin mixture. A firm conclusion could not bewdraon the

effect of RAP in the AC mixture on the FWD deflections.
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Second, long term performance of each overlay strategy wadigated using
the distress data collected during 16 years of monitoring period 1980 to
2006. It was found that Overlay thickness is the most effectivierfac the
progression of alligator cracking. Seventy-five millimetresasphalt overlay
decreased long-term alligator cracking by 30 percent. Incluti@dRAP in the
AC mixture resulted in 11 percent more alligator cracking, aigling prior to
overlay reduced alligator cracking by 22 percent. In addition, ttteae with the
RAP mixture showed half long-term transverse cracking than thatke the
virgin mixture. Milling proved to decrease transverse crackipn@5 percent.
Also, the thin sections showed 18 percent more transverse crackingegpect
to the thick sections. Lastly, Higher IRI increase was obdefwethe sections

with the RAP mixture in comparison to the sections with the vingixture, with

the exception of one thick, milled section with RAP (508), which showed the

same behaviour as the corresponding section with the virgin mixture.

Finally, the long-term performance of each overlay styat@gs investigated
using the distress data obtained from the LTPP database. Adb&RS 5
sections were simulated using the MEPDG to investigate tberaxy of the
performance predicted by MEPDG. The MEPDG-predicted IRl and xR

showed an agreement at a coefficient of correlation of approxymélgbercent.
Also, total pavement rutting predicted by the MEPDG were seasthe

pavement structure and overlay thickness rather than overlay Aldrenor pre-

overlay conditions.
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5.2 Future Recommendations:
For pursuing the findings of this study, author recommends following:

* Performing frequent FWD tests on limited locations every j@drave a
better understanding of pavement seasonal behaviour in different years.

» Conducting material characterization tests on the base and subgrade
material to verify the backcalcuation at every FWD test.

* Collecting more information such as moisture content of the unbound

materials at least from a limited highways
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