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ABSTRACT

The objectives of this research have been to evaluate and analyze, from an engineering

perspective, the current Manitoba spring load restriction (SLR) policy currently in place

by Manitoba Transportation and Government Services as well as address the

vulnerability of Manitoba's transportation infrastructure to climate change. There was

also the intent to determine adaptation strategies and possible recommendations for the

improvement of spring load restrictions with respect to current practices in addition to

climate change.

This project and research objectives were completed in many stages. These included an

extensive literature review to determine current industry practice and demonstrate

pavement infrastructure dependence on climate; the creation of a GIS platform to

visualize the extent of SLR testing, implementation and impact; calculation of freezing

and thawing indices for two locations in Manitoba to compare and contrast theories and

strategies and determine how they influence policy in Manitoba; backcalculation of

seasonal strength values for typical pavement structures in Manitoba using Falling

Weight Deflectometer testing to estimate the damage that occurs to pavements during

spring thaw periods, and climate change events, as well as assist in the determination of

adaptation strategies while reinforcing the idea of developing a mechanistic method of

spring load restriction; mechanistic design models to determine the impact of spring load

restrictions on a sample highway section in Manitob a; and a climate change model to

determine the impacts seen in the future.
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The GIS platform easily demonstrated the lack of sufficient testing of the network as well

as the lack of sufficient testing of roads under SLR. With respect to the freezing and

thawing indices, the analysis showed a difference of a few days can be very costly in

terms of the potential damage to unrestricted roadways.

The determination of the structural capacity of the pavement structure demonstrated the

granular base moduli values remain similar to one another regardless of thawing index

(TI), and essentially, time of year. Conversely, the summer subgrade probability strength

values are approximately double the early spring values, which was also demonstrated by

the Long Term Pavement Performance site backcalculated data and the loss of effective

bearing capacity. This analysis also demonstrated the difference in seasonal modulus

fluctuation undergone by the granular base layer as compared to the subgrade layer.

Based on the results, with respect to modulus values, the pavement structure remains

frozen at SLR implementation. Further, both the granular and subgrade layers have not

experienced strength recovery at the arbitrary end of SLR on }y'lay 31 for a given year and

could take up to six further weeks of restrictions in order to recover. Cluster analysis also

provided a framework for fuither network evaluations using FwD testing.

Damage analysis using mechanistic-empirical design models demonstrated the damage

occurring the spring thaw and reinforced the need for an improved system with flexibility

and climatic conditions to compensate and reduce the impact on the roadways.



Climate change impacts on SLR policy included an earlier SLR start date, leading to a

decrease in the length of winter weight premiums for Manitoba. Also, due to the warmer

air temperatures, a fundamental shift in the SLR start date will be seen by commencing in

early March or late February. Ultimately, SLR policy should be condition or climate

based, rather than fixed date, in order to provide the necessary flexibility to compensate

for climate change impacts.
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1.0 INTRODUCTION

1.1 General Overview

The transportation industry in Canada is a vital part of our economy. As well, there has

been much work over the years trying to understand climatic impacts on the world. This

project focuses on the pavement aspect of transportation infrastructure and the

environmental factors affecting it. Weather, and changes in climate, influences all parts

of this infrastructure throughout its service life.

It is widely accepted in Canada that climate changes are already apparent. These changes

have led to increased air temperatures, changes in permafrost coverage and the receding

of many ice glaciers. Some climate change models predict that Manitoba will be 4 to 6

degrees warmer by the end of this century IIISD, 20011.

It has been widely accepted that spring load restrictions (SLR) reduce damage to the road

infrastructure during spring thaw conditions. The pavement is at its weakest state during

spring thaw due to the saturation of the granular base and subgrade layers. Cunently,23

states in the U.S. and all provinces in Canada, except Newfoundland, enforce SLR to

reduce damage caused in the spring and to protect their investment in the pavement

infrastructure. Transportation agencies use differing methods of public notification,

enforcement, and restriction. This research concentrates on the method utilized by

Manitoba Transportation and Government Services (MTGS) for its extensive road system

of approximately 1 8,000 kilometres.
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1.2 Research Objectives

The purpose of this research is to (1) evaluate and analyze, from an engineering

standpoint, the current Manitoban spring load restriction policy as well as (2) address the

vulnerability of the province's transportation infrastructure to climate change. Under

these main objectives there is also the intent to determine adaptation strategies and

possible recommendations for the improvement of spring load restrictions with respect to

current practices in addition to climate change.

ln order to determine possible recommendations to the current spring load restriction

policy, it must be evaluated and analyzed from an engineering standpoint. The aim is to

move toward a mechanistic method of structural evaluation and thereby improve spring

load restriction policy. This objective is to be completed in several stages. The first

stage will be an extensive literature review to determine what methods of spring load

restriction are employed in other jurisdictions and what technology is currently in place.

Using this information, an informed decision can be made regarding the policy in place in

Manitoba. The second stage will be to utilize a geographical information system in order

to visualize the extent of spring restriction testing, implementation and impact on the

province. The geographical information system will also aid in the determination of

Environment Canada weather stations beneficial to this research. The third stage will be

to utilize freezing and thawing indices to compare and contrast theories and strategies and

determine how they influence policy in Manitoba. This information will also aid in the

determining the limitations of the current policy. The fourth stage will be the

determination, by backcalculation, of seasonal strength values for typical pavement
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structures in Manitoba using Falling Weight Deflectometer testing. This process will

estimate the damage that occurs to pavements during spring thaw periods as well as assist

in the determination of adaptation strategies while reinforcing the idea of developing a

mechanistic method of spring load restriction. A group of representative pavement

structures, for future network testing, will also be determined by the analysis of the

testing data. The final stage will be to employ a mechanistic design guide to determine

the impact of spring load restrictions on a sample highway section in Manitoba. Using

this information will provide a framework to develop possible recommendations for the

improvement of the current policy. It should be noted that although the main purpose of

spring load restriction policy is to protect the investment in transportation infrastructure

in Manitoba, public mobility cannot be sacrif,rced. Spring load restriction policy affects

the trucking industry and their operations while our societal dependence on truck

transportation is increasing.

Additionally, this research is part of a larger project developed to address the

vulnerability of Manitoba's transportation infrastructure to climate change while

attempting to determine possible adaptation strategies. Researchers with expertise in

climate change modeling, geotechnical, transportation and structural engineering have

participated in this project. Guided by a multi-disciplinary steering committee, the team

has examined the impacts of changing climate on civil engineering infrastructure

fDoering el al., 2003]. This portion of the research has focused on the impact climate

change will have on spring load restriction policy. This will be completed first by using

the extensive literature review to demonstrate pavement infrastructure dependence on



climate as well as the damage caused to roadways during spring thaw. Secondly, by the

determination of strength parameters from Falling Weight Deflectometer testing to

estimate climate change impacts on pavement structures as well as possible strategies to

adapt and minimize the impacts. Finally, a climate change model was provided and will

be employed to determine the impacts seen in the future. All of this information will be

utilized to determine possible adaptation strategies with respect to spring load restrictions

and climate change in Manitoba.

1.3 Testing Information

This research investigated the stiffrress properties of asphalt concrete structures in

Manitoba through Falling Weight Deflectometer (FWD) field testing. These properties

were determined for the surface, granular base and subgrade layers. The focus of the

research was on the granular and subgrade layers. The granular base and subgrade

stiffness modulus were determined using backcalculation of FWD deflections.

A damage comparison between scenarios was completed using the procedures of the

latest Mechanistic-Empirical Design Guide IAASHTO, 2005]. Further, the effects of a

climate change scenario on Manitoba's SLR policy were examined.

All field FWD tests were conducted by Manitoba Department of Transportation and

Government Services with the results forwarded to The University of Manitoba for the

purposes of this research. Also, all material properties and laboratory testing results used
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for the Long Term Pavement Performance (LTPP) site were obtained from the Federal

Highway Administration program.

1.4 Thesis Organization

The thesis consists of seven chapters, six appendices and is organized as follows:

Chapter I - Introduction

This chapter includes details regarding the basis for this research, the research objectives,

testing information as well as terminology used throughout the thesis.

Chapter 2 -Literature Review

In chapter 2, a literature review that covers the dependence of infrastructure on climate,

road damage caused by spring thaw, existing spring load restriction policies and the need

and basis for improving spring load restriction policies is provided.

Chapter 3 - Geographical Information System Platform

Chapter 3 presents a description of the geographical information system platform created

as part of this research. This includes the provincial highway network, FWD and LTPP

test site locations, spring load restricted roadways, and Environment Canada weather

monitoring stations.

Chapter 4 - Use of Freezing and Thawing Indices for Predicting Pavement Strength

Chapter 4 provides a detailed description of the methods of determining freezing and

thawing indices (FVTI) as performed by the transportation agencies in the states of
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Washington and Minnesota and in Manitoba. A comparison of the computations for two

locations in Manitoba is also described. The limitations regarding the use of the thawing

index for SLR start dates are also documented.

Chapter 5 Nondestructive Testing of the Structural Capacity of Asphalt

Pavements during Spring Thaw

This chapter offers information regarding nondestructive testing methods for asphalt

pavements such as Benkelman Beam Rebound and FWD testing. A description of the

backcalculation procedure used in this research, as well as details regarding the

normalized loss of bearing capacity during spring thaw, the implications on SLR policy

and the limitations of the data are provided.

Chapter 6 - Estimation of Climate Change Impacts on Pavements

The effects of climate change are presented in chapter 6. There are also details regarding

the development of the climate change model and its subsequent impacts on SLR.

Further, mechanistic-empirical (M-E) damage comparisons were completed and an

economic breakdown resulting from those scenarios is presented.

Chapter 7 - Conclusions and Recommendations

This chapter provides a brief summary of the research, conclusions and recommendations

from the aspects of this research as well as recommendations for future research in this

field.

-6-



References and appendices follow.

The methodology and interactions of the various aspects of this research can be seen in

Figure 1.1. The research began as part of a team study of the impacts of climate change

on infrastructure in Manitoba. As such, a climate change model was developed and led

to a mechanistic-empirical damage analysis of the LTPP pavement section. Also, a GIS

platform was created in order to easily visualize, organize and manipulate the various

data available to the research. The study also led to an investigation into impacts of

spring thaw weakening and SLR policies throughout the world. This was further broken

into an examination of calculation methods of freezing and thawing indices based on

Manitoba's historical climate data. An analysis of the FWD data available in Manitoba

was also performed in order to determine seasonal changes in pavement stiffness. The

mechanistic-empirical analysis, joined with the investigation of freezing and thawing

indices and the FWD analysis led to the determination of climate change impacts on

pavements.
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Climate Change lmpacts on lnfrastructure

lmpacts caused by
spring thaw weakening

lnvestigation of
SLR Policies

M-E and Cost Analysis

Climate Change lmpacts on Pavements

Figure 1.1 - Research Methodology and Interactions

1.5 Terminology

Elastìc and Resilient Modulu.s - The modulus of elasticity is the ratio of applied axial

stress divided by the corresponding axial strain, typically within the linear range of stress-

strain behaviour for a material. 'When 
stresses are repeated and recoverable, strains are

measured; the property is termed a resilient modulus. These properties are important

when charactenzing the ability of a material to return to its original shape and size

immediately after deformation. Strain is proportional to the stress in the linear region,

and this allows the prediction of the behaviour of the material. Almost all materials are

elastic to some degree as iong as the applied load does not cause it to deform

permanently.
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Stffiess - Stiffness is a term used to qualitatively describe a general resistance to elastic

deformation.

Backcalculation - Backcalculation is a mechanistic evaluation of pavement surface

deflection basins generated by various pavement deflection measurement devices such as

a FWD. Backcalculation takes a measured surface deflection and attempts to match it

(within some tolerable error) with a calculated surface deflection generated from an

identical pavement structure using assumed layer stiffrresses (moduli).
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2.0 LITERATURE REVIEW

2.1 Dependence of Infrastructure on Climate

Movement of passengers and freight by roads, railways, airports, seaways and bridges is

a vital part of our economy and society. Transportation industries account for

approximately 4Yo of Canada's gross domestic product and employ more than 800,000

people [TC, 2001]. Planning, design, construction, maintenance and performance of

related infrastructure is affected by weather and climate change throughout its service

life.

In Canada, significant climate change impacts on transportation are already apparent.

Northern areas have experienced increased air temperatures and changes in permafrost

that is affecting both winter and all-season roads. 'Western regions are dealing with an

apparent increase in landslide impacts on road and rail networks, while coastal areas are

dealing with theats to infrastructure from changing water levels and storm surges

fMarbek,2003l.

By the end of this century, Manitoba could be 4 to 6 degrees Celsius waÍner, on average,

than it is today IIISD, 200I). This change in temperature will likely trigger changes in

precipitation, flooding events, snow cover, vegetation and other climatic factors.

Consequently, this change in temperature will have impacts on our society, economy and

health. The extensive system of 18,000 km of roads and 2400 bridges and structures in

the province has an estimated replacement cost of $6.6 billion. As well, this

transportation network is a vital component of Manitoba's economy, having exported an
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average of $8.8 billion annually from 1990 to 1999 IMTGS, 2000]. Two of the major

elements of the network that will be subjected to climate change effects are flood-risk

infrastructure in the southern part of the province and permafrost foundations in the

north.

The provincial transportation network also consists of airfields and winter roads that are

used to corurect Manitoba's northern communities. These roads and airfields are

essential to the transport of freight, machinery, construction materials, fuel and food.

While climate changes may have positive impacts in regards to tourism, it will have

negative impacts on the transportation infrastructure built on permafrost in northem

Manitoba. Milder winters, brought on by climate change, could shorten the ice-road

season by several weeks fBruce et a1.,2000] and weaken all-season road embankments.

Deterioration rates and modes for asphalt pavements will change with warïner

temperatures and increased number of thermal cycles. Increased severity and frequency

of higher temperatures could lead to more rutting and structural problems on roads.

Further, an increase in thermal cycles could lead to higher rates of thermal fatigue

cracking of pavements.

2.2 Road Damage Caused by Spring Thaw

As winter approaches, the road structure freezes from the surface downwards. A

negative pressure (suction) develops at the frost line, which draws free water upward

from below. This in turn increases the moisture content of the soil. During the spring, as
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the average daily air temperature and declination of the sun increases, so does the

temperature of the surface layer. Generally, the pavement thaws fiom the top-down. As

the increase in temperature continues through the surface layer and reaches the unbound

aggregate base layer, the saturated base layer begins to thaw. For a flexible pavement

with a fine-grained subgrade, the moisture in the base becomes trapped between the

impermeable asphalt concrete layer and the frozen, fine-grained subgrade as seen in

Figure 2.1.

Asphalt

Granular

Trapped
Moisture

Subgrade

Bedrock

Figure 2.1 - Trapped Moisture during Thawing Conditions

Since this excess water cannot properly drain, the base layer becomes considerably softer

and decreases in stiffrress. It is during this period of saturation that the roadway

experiences an increase in damage and reduction in service life. The duration of thaw for

a typical pavement structure depends on soil type, moisture and thermal properties, air

temperature, solar radiation, drainage and the geographic location of the site.

Normal Conditions Thawing Conditions
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The strength of asphalt concrete is mainly affected by temperature. Asphalt mixes have a

resilient modulus ranging between approximately 150 MPa and 14,000 MPa, depending

on the temperature of the pavement. Typical design values are in the range of 1,000 to

8,000 MPa, depending on the season. Fine-grained materials, such as clay and silt,

undergo resilient modulus variations due to the moisture changes that occur in the spring.

Coarse-grained materials, such as gravel and sand, are not significantly affected by the

changes in moisture and temperature that occur during spring. ln Manitoba, where

recorded pavement surface temperatures have a range from -40 to 50oC, granular base

and subgrade soil layers have been known to freeze to depths of two metres or more

below the pavement surface f'Watson, 1996]. Once thawing begins, the granular layers

reach a point of near-saturation that substantially reduces the load carrying capacity.

Research to determine the amount of damage caused during spring thaw has shown that

the damage caused can account for between 30%o and 85% of all damage fSt-Laurent et

a1.,2002]. A number of studies attempted to quantify the amount of damage in the spring

compared to the annual damage levels. Briefly cited examples of this research are:

o The American Association of State Highway Traffic Officials (AASHTO) road

test showed sections where over 60Yo to 80o/o of the damage was caused by spring

thaw fPainter, 1965].

o Allen, Berg and Bigl conducted theoretical simulations benchmarked on dynamic

plate tests in Rochester, Minnesota, and found that 82Yo of damage occurred

during spring thaw fAllen et al., 1990].
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Simonsen, Janoo and Isacsson carried out finite element simulations benchmarked

on falling weight deflectometer (FWD) tests and using in-situ instruments in

Montpellier, Vermont, and found that 75o/o to 85Yo of damage occurred during

spring thaw. The 75Yo value corresponds to fatigue damage according to Shell's

fatigue model while the 85% value corresponds to deterioration through rutting

fSimonsen et al., 1997].

Kestler, Niezgoda and Nam used EVERCALC software for the interpretation of

FV/D readings on the test site in the White Mountains National Forest in New

Hampshire, which indicated that 600/o of the damage occured during spring thaw

fKestler et a1., 1999].

Raad et al. conducted simulations using the ELMOD backcalculation package

based on the Asphalt Institute's fatigue criterion in order to interpret FWD

readings taken in Alaska, which revealed that 30Yo to 600/o of the damage

occurred during the spring thaw fRaad et al., 1998].

o Hein et al. used frost probe information coupled with FWD data to determine that

damage caused by loading during the spring thaw can represent as much as 70o/o

of the total damage caused by loading throughout the year fHein et a1.,2002].

It is for these reasons that transportation agencies in cold climates enforce spring weight

restrictions on a portion of their roadways. The primary purpose of these restrictions is to

protect the pavement infrastructure while facilitating trade and economic activities. The

Federal Highway Administration, in the United States, estimated that pavement life
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extensions of between 620/o and 95%o were expected for pavements with restricted loading

in the spring [FHV/4, 1990].

A Minnesota Department of Transportation (Mn/DOT) study estimated that the service

life of a typical low-volume asphalt road would be increased by about ten percent due to

implementing improved spring load restriction procedures fOvik et a1.,2000]. Damage

was quantified by comparing the fatigue and rutting damage predicted by the

mechanistic-empirical pavement design software developed for Mn/DOT by the

University of Minnesota. Relative damage factors were computed for 10-ton-per-ax1e

trucks and 7-ton per axle trucks on the "typical" restricted road during spring weakened

conditions. Unrestricted loads during spring weakened condition result in approximately

4 times the expected damage. However, the damage per week during spring conditions is

about five times greater than the damage during an "aveÍage" week of the year. In fact,

for the same loads and traffic volumes, about 10 percent of the total annual damage

occurs each week during the spring. In order to compensate for each day of overload at

the start, 28 days of additional restrictions would be required in late spring to account for

the strength recovery of the structure fOvik et al., 2000].

Other notable results from the Mn/DOT study include:

o Evidence that pavements with sandy sudgrades thawed faster than those with clay

subgrades.
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The critical placement of spring road restrictions is when the thaw has reached a

depth of between 300 and 600 mm. This is based on the observation that

deflections significantly increase at this depth of thaw.

During the spring, the base and asphalt temperatures are near OoC at roughly the

same time, and at this time the air temperature is nearly -5oC.

The air temperature required for thawing to commence actually decreases from

January to March due to the increase in the declination of the sun during the

spring [Ovik et a1., 2000]

2.3 Existing Spring Load Restriction Policies

The enforcement of spring load restrictions is primarily to protect the pavement structure

during the spring thawing and the subsequent recovery period. The pavement is at its

weakest state during spring thaw due to the saturation of the granular base and subgrade

layers. Currently, 23 states in the U.S. and all provinces in Canada, except

Newfoundland, enforce SLR to reduce damage caused in the spring and to protect their

investment in the pavement infrastructure. The policies in place by these agencies

attempt to balance between damage caused to infrastructure due to spring weakening and

negative economic impacts of restricted loading. Certain essential commodities may be

ex empted from enforcement.
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ffi Enlorcemenl

ðfi No Enforcement

ffi Frost Line

2.3.1 SLR Practices in Canada

Northwest Territories

The Northwest Territories Department of Transportation implements SLR of either I00%

or 75o/o of the allowable legal axle loading limit. Pavement design is the major criteria in

determining road classification.

SLR are implemented based on road inspections and weather conditions. The end of

SLR is based on Benkelman Beam Rebound (BBR) readings as well as road inspections.

Figure 2.2 - States and Provinces with SLR in place
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Yukon Territory

The Government of Yukon imposes SLR due to their heavy dependence on freight

transportation by truck. Damaged highways will delay the delivery of essential and non-

essential goods to Yukon's residents. Presently, the roadways built in the Yukon utilize

substantial amounts of high strength granular material in their base layers to withstand

the wheel loads imposed by trucks. Historically, older roads have been constructed on

soils containing high amounts of silt, which is much weaker than sand or gravel when

saturated. As well, these older roads contain little or no granular base material and are

thus, much more susceptible to damage during spring thaw.

SLR are imposed by the Yukon Govemment based on the thaw rates of the road

structure, measured by thermistors, and visual observations of the road surface. Varying

weight restrictions are recommended as the frost line moves deeper below the pavement

surface:

o I00Yo of legal axle weight is recommended (no overloading) when ambient

temperatures are such that surface thawing is present and the roadway surfaces

show signs of distress.

When thermistor readings show a frost depth of 0.3 metres, on non-structural

highways, a75o/o weight restriction is recommended.

Load restrictions below I00% of legal axle weight are recommended for

removal when thaw depth reaches 1.0 metres. All load restrictions are

recommended for removal when thaw depth reaches 1.4 metres. Typical

duration is 5 weeks.
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o Full-strength roads, such as the reconstructed

typically restricted below I00%.

Typically, 48-hour notice is provided to the public via

fGovernment of Yuko n, 2002f .

Alaskan Highway, are not

the intemet, fax and radio

British Columbia

The Ministry of Transportation in British Columbia (BCMoT) has a long-standing

technical evaluation system to establish SLR. BBR testing has been carried out on the

province's road network since the 1970's. V/eekly testing commenced during the spring

when thaw started and continued until the pavement recovered its strength. Over the

years BBR testing was reduced by approximately 50% by 1992. From 1992, BC}.'4oT

supplemented the reduced BBR testing with the use of two FWD machines and frost

depth information gathered using methylene blue frost tubes and thermistors. With the

reduction in the amount of field testing, FWD and BBR, frost probes have become the

deciding factor in the establishment of SLR.

In general, most highways in British Columbia are designed for a maximum Benkelman

beam rebound value of 1.25 mm IBCMoT,2002]. A highway exhibiting a BBR value of

1.25 mm or less is assumed to be suff,rciently strong to carry I00% of allowable axle

weights. Primary highways, such as the Trans Canada Highway, are designed for lower

deflections.
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BCMoT lists several factors in determining SLR establishment:

Changes in the structural capacity or geometry of the pavement due to the

application of overlays, shoulder work, drainage improvements, etc.

The conditions during the previous fall and whether or not it was wet or dry.

Amount of snow cover during the winter.

Temperature during the spring including timing and duration of any warrn

weather.

The main highways in British Columbia are restricted to 100% of the legal axle load.

Secondary highways are generally restricted to 70Yo of the legal axle load but could be

reduced to 50Yo for roadways in poor condition [BCMoT, 2002].

1n2004, BCMoT issued a press release allowing vehicles equipped with central tire

inflation technology to travel, at a reduced tire pressure, with 100% of the legal load limit

on routes with SLR in place [IBI, 2005].

Alberta

Prior to 1978, Alberta Infrastructure (AI) established SLR based on a BBR deflection

value of 0.05" (uncorrected for pavement temperature). At this deflection value, axle

loads were limited to 75yo. In 1979 a historical analysis of AI's BBR database was done

that yielded a temperature corrected (70'F) deflection value of 0.08". This value was

assumed to be the deflection at which the roadway could support 100% of the legal axle
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limits. A formula was developed to determine SLR percentages based on BBR deflection

values.

Since 1992, structural evaluation of pavements has been based on FWD testing.

Equations correlating BBR deflections with FWD central deflections for soil cement

bases, granular bases, and full depth pavements were established by AI to retain historical

consistency.

AI proposes that SLR on a particular roadway should not be implemented solely on the

structural evaluation from an FWD test. The decision involves many factors, such as

pavement age, structure, surface condition, truck traffic levels, maintenance histories,

expert opinion from the district offices and experience with the performance of similar

highways.

The commencement of SLR is based on when thaw enters the subgrade. Presently, a

thaw predictor model and long term forecasts are used to predict subgrade thaw. The

model was found to be capable of predicting the thaw depth line to within a few

centimetres per day. SLR restrictions of 75o/o or 90% of the legal load limits must be in

place if there is a 30 cm thaw depth [IBI, 2005].

FWD testing is the basis upon which SLR are removed. Restricted highways are tested

every two to three weeks from April to mid-June. Based on the results of the FWD

testing, knowledge of historical recovery trends and engineering judgement, the removal
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date of spring weight restrictions is determined for each restricted highway fClayton et

aL,2000).

Saskatcltewan

The Saskatchewan Government classifies its highways into two categories; primary

highways and secondary highways. Primary are designed and constructed to withstand

high wheel and truck loads throughout the year without weight restriction. Primary

highways are not subject to spring load restrictions, except under extenuating

circumstances. Secondary highways include municipal roads and are generally non-

structural designed pavements. The strength of these roads depends largely on the load

carrying capability of the subgrade. Therefore, these roads must be restricted during

thawing when the subgrade is wet and weaker than normal conditions.

The technical rationale behind Saskatchewan's SLR policies is found in a Canadian Good

Roads Association Study conducted in the 1960's. Saskatchewan bases its restrictions on

allowable tire loads of 10 kg per millimetre width of tire (manufacturer's stamped

dimensions), to a maximum of 3,000 kg on each wheel but to a maximum of 5,500 kg on

the steering axle; except for straight trucks on primary highways which are allowed up to

a maximum of 7,250 kg on the steering axle with the appropriate tire size. Maximum

loads on all other wheels are limited to 6.25 kg/mm width of tire to a maximum loading

of 1,650 kg per wheel. Thermistor readings, weather conditions and road condition

inspections also play a role in the implementation of SLR.
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Typically, in the southwest of the province, restrictions start in the first week of March

with the remainder of the province following over a two or three week period. When

restrictions are implemented, they may be in place for up to six weeks and are subject to

change with 48 hours notice. If a prolonged cold spell occurs during the restriction

season, they may be removed until conditions warrant their implementation again.

Manitoba

Overseen by Manitoba Transportation and Government Services (MTGS), the Manitoba

provincial highway network consists of gravel, flexible, rigid and composite pavements.

The rigid pavements in the network consist of roads with either concrete surfaces or

composite pavements (asphalt overlaying concrete). The flexible pavements in the

network consist of roads with a bituminous surface, road mix or asphalt surface treatment

(AST). The highways network is classified in accordance with its designated normal

Ievel of loading, such as RTAC, A1 and 81. As well, another classification is used to

signify the functionality of a highwa¡ such as expressways, primary or secondary

arterials and collectors.

The total length of the network is i8,978 2-lane kilometres, consisting of 12,739 2-lane

kilometres (67.I%) of flexible pavements. 'Weak flexible pavements, especially AST

roads, are protected by SLR policy. AST roads are typically designed to 70o/o of total

required structural thickness to provide a more economical all-weather road IMTGS,

20041. Construction of an AST road normally involves providing increased granular base

depth to full structural thickness but minimizes bituminous material. There is a
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significant difference between standard flexible pavement design and AST roads, and as

such SLR are typically focused on these weaker pavements as well as pavements that

have been weakened due to age and environmental effects or have truck traffic beyond

the original design levels. Conversely, SLR limitations may be modified under certain

criteria such as reasons of continuity, adverse economic impacts on communities or

trucking companies and exemption based on a user-pay agreement in extraordinary

circumstances.

In order to effectively time SLR, the province is divided into two climatic zones due to

differing thaw rates; zone I encompasses the southern third of Manitoba while zone 2

includes all area north of zone 1. Figure 2.3 shows the division of the province into the

climatic zones by MGS.

Figure 2.3 - Manitoba's Climatic Zones (source: MTGS)
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Historically, SLR in Manitobahave been based on BBR deflection values to evaluate the

structural condition of the pavement. Previous BBR values and the weather conditions of

the current year were used to gauge when and to what level a roadway was to be

restricted. The decision was essentially subjective and relied upon the experience of the

pavement engineer, the maintenance engineer and the maintenance crew. During this

period, there was also a two-stage restriction plan for certain roads depending on the

progress of thawing in the pavement structure and maintenance crew observations. Level

1 restrictions were implemented for the first two week period and, depending on

conditions, the roads in question may have then undergone Level 2 restrictions for the

remainder of the SLR period. At the time load restriction were based on load per unit

width of the truck tire (determined by stakeholder meetings to be 280 mm). The

restriction period typically began in the last week of March and continued until the end of

May. This system was in place and was considered to have worked reasonably well from

the 1960's to T996.

In1997, MTGS decided on using a fixed start date of March 23'd based on the over 30

years of historical BBR data. The level to which a road was restricted was determined

solely by the regional maintenance staff based on their experience and the condition of

the road. BBR values were then used only as a confirmation. Between 1997 and 2002,

two levels of SLR were in place. Level 1 was defined as 90o/o and 95Yo of normal axle

loads for RTAC/AI and B1 highways, respectively. The initiation of a system based on

axle load limits in effect precluded the practice of installing wider tires to circumvent

SLR group load level standards.
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Ideally, restrictions would start when the pavement structure was at its weakest state but

it was not always possible to judge this occurrence. Thus in 1999, MTGS decided to

replace the fixed start date with the Minnesota Department of Transportation (Mn/DOT)

"Thawing Index" (TI) method of determining a pavement's weakest state. This

modification was an attempt to base SLR commencement on weather and pavement

conditions. Mn/DOT produced research which correlated the TI to the pavement

structural capacity as measured by Falling Weight Deflectometer (FV/D) measurements.

The thawing index was def,tned as the cumulative positive mean daily air temperature

adjusted for the energy absorbed by the pavement due to solar radiation. This adjustment

for solar radiation was accounted for by a steadily climbing empirical reference

temperature coÍìmencing on a certain date. MTGS made empirical adjustments to the

reference temperature used in the calculation of the thawing index to account for the

declination and climatic differences between Minnesota and Manitoba. Mn/DOT

concluded that FWD deflections increased significantly as the thawing index approached

15'C-days and thus, this value became the trigger value for the start of SLR. Based on

long-range weather forecasting provided by Environment Canada, MTGS is able to

predict the TI up to five days in advance. MTGS considers this to be a reasonable

prediction of TI and therefore reduces the impact on the roadway and trucking industry.

SLR was implemented when the TI reached l5"C-days and was forecasted to increase

over the following three days. The start date of SLR can be no earlier than March 18 and

March 25 for southern Manitoba (zone 1) and northern Manitoba (zone 2), respectively.

This change in policy allowed for the SLR start date to incorporate flexibility and can be
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delayed should there be prolonged cold weather past March 18th and 25th and is a more

rational system. As well, this improvement demonstrated a delay of more than a week

could result using the historical practice which may lead to significant damage IMTGS,

20041.

BBR deflection values were also used, starting in 1999, to determine the level to which a

roadway is restricted. MTGS collects BBR data during the spring for a period of four to

six weeks. The entire network is tested on a three-year cycle. The representative BBR

value for a highway (BBRE) is a statistical summary of the test results collected over the

last eight or nine years, normalized to 20oC to account for the temperature dependency of

the asphalt stiffiress. Table 2.1 shows the BBRE criteria and their respective restriction

levels IMTGS, 2004]. For a period of four to six weeks during the spring, when the

pavement is weakest, MTGS collects BBR data at a rate of approximately 1 1,000 2-lane

kilometres per year at a frequency of one test per kilometre. The entire network is tested

on a three year cycle.

able 2.1- BBRE C teria and Correspondine SLR Levels for Manitoba
I B.RE,('miii)',::

<0.5 Very Strong None
> 0.5 & <1.0 Strong None
> 1.0 & <1.5 Moderate None
> 1.5 &. 45 Weak Level 1

> 2.5 Very Weak Level2

In 2002, MTGS reduced the levels of restrictions from three to two for the structurally

weak asphalt pavements in the province. Under the adopted policy, Level 1 restrictions

require a reduction of the allowable loading to 90%o and level 2 requires a reduction to

650/o. As well, the period of restrictions were modified for both zone I and2 to be from
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March 18 to May 26 (Level 1) and March 25 to May 31 (Level 2), respectively. As was

the policy prior, the start date of SLR cannot be legally enforced earlier than March 18

for zone 1 and March 25 for zone 2 but may be deferred based on the thawing index

calculations. The delayed timing scheme for Level 2 restrictions was also eliminated in

2002.

As of 2003, the formal policy for SLR in Manitoba includes:

o Pavement strength evaluation shall be the sole basis for determining whether and

at what level a road should be restricted.

o The baseline for restriction will be: all pavements with BBRE > 1.5 mm with the

exception of roads less than 15 years of age warrant SLR.

o Pavements that are less than 15 years old shall warrant SLR if the BBRE > 1.65

mln.

o RTAC expressways and primary arterials shall not be restricted.

o RTAC Secondary Arterials and Collectors as well as non-RTAC Expressways and

Primary Arterials shall be restricted as Level 1 only. Economic impacts of

restricting RTAC roadways shall be taken into consideration.

o Non-RTAC Secondary Arterials and Collectors shall be restricted at the

appropriate level.

. MTGS may consider imposing damage fees to users who, for compelling reasons,

are permitted to carry loads higher than allowed by SLR policy.

o For reasons of continuity, short sections (less than 5 kilometres in length) may be

included or excluded from SLR regardless ofstructural considerations.
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Highways tendered for rehabilitation and previously restricted will remain so

through the SLR period unless a reasonable case can be presented in opposition.

Community access roads up to 8 km will not be restricted unless there are

altemate unrestricted routes available.

Exemption from Level 2 of SLR is granted if one of the following cases applies;

highways in the province that may be the only link to a remote community or freight

deemed by MTGS as "essential commodities" such as milk, water or grain. Further,

exemption from Level 2 of SLR is granted for inter-city passenger buses, school buses

and highway maintenance vehicles operating by or on behalf of a traffic authority.

Presently, MTGS utilizes a combination of the thawing index method developed by the

Minnesota department of transportation in conjunction with long-term temperature

forecasts. BBRE values are still utilized to determine restriction levels.

The start date of SLR is determined by one of the following two methods. The first being

fixed dates where SLR must be imposed no later than March 18th and March 25th for

zones 1 and 2, respectively. The second method states that, should the f,rxed dates be

determined to be premature, SLR will be delayed and the thawing index will determine

the appropriate start date. With respect to end date, the current policy allows for the

maximum duration of SLR to be 70 days and will in no case exceed May 31. There are

no mechanistic criteria for determining end date.
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The calculation of thawing index used by MTGS is explained in detail in section 4.2.2.

Ontario

The Ontario Ministry of Transportation (MTO) categorizes its highway network into

three types, King's (primary) highways, secondary highways and municipal roads. SLR

are enforced on select King's highways (from March I to April 30), secondary highways

(from March 1 to May 31) and municipal roads (from March 1 to June 30). The start date

is flexible and determined locally by an engineer using weather conditions and visual

inspections. Secondary highways and municipal roads are restricted to 50% of the

allowable axle loads. As well, the MTO allows a maximum of 5 kglmm of tire width lC-

SHRP,2000l.

Quebec

The Quebec Ministry of Transportation (MTQ) enforces SLR on all highways including

provincial freeways. MTQ imposes restrictions on the weight per axle of heavy vehicles,

varying from 60/o to 20Yo, depending on the axle type. Normal axle weights range from

9,000 kg to 32,000 kg, depending on the configuration fSt-Laurent et al., 2002].

SLR in Quebec are based on extensive frost

80 to 90 locations throughout the province.

SLR is implemented and lifted 5 weeks after

Typical lengths of SLR are between 58 and

province.

depth penetration measurements involving

When the thaw depth reaches 30 cm, the

the thaw depth reaches 90 cm [IBI, 2005].

62 days depending on the location in the
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On August 30, 2000, in Montreal, the transportation ministers in Ontario and Quebec

announced that they had concluded an agreement in principle aimed at harmonizingload

and size limits for heavy vehicles from both provinces. The Ontario and Quebec

govenìments will benefit from having vehicles that are less damaging to the road

network, easier to monitor and as safe as or safer than the heavy vehicles currently in use

[MTQ,2000].

New Brunswick

The Department of Transportation for the New Brunswick Govemment (NIBDOT)

imposes three levels of SLR on its highways. All weather highways, arterials and most

collectors allow I00% of basic loads. Specific collectors and locals allow 90% of basic

loads. All otherhighways allow 80% of basic loads [C-SHRP,2000].

NBDOT has recently determined the average start and end dates and the average period

for SLR the past 20 years. The average period was shown to be 70 days and in2004,the

closest Monday to the average start date was used as the start for SLR.

NBDOT use weekly BBR and FV/D readings for 40 or more sections, during the spring

restriction period, to determine pavement strength. When the sections show they are

regaining strength, NBDOT lifts the restrictions [IBI, 2005].
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Nova Scotia

With some exceptions, all roads in Nova Scotia are subject to SLR. The roads that are

exempt from SLR are selected based on pavement design as well as FWD deflections.

Newly constructed roads must meet the maximum allowable deflection criteria of 31

microns. UBI, 2005]. SLR are 6,500 kg for a single axle, and 12,000 kg for tandem and

tridem axles.

In order to determine when to implement the SLR, Nova Scotia Transportation and

Public Works staff look at the long range, 10 day, prediction from Environment Canada

and consult with maintenance staff. Using the weather data and road condition

information, staff qualitatively determines when to impose the seasonal load restriction.

Over the last couple of years, the SLR has been implemented across the province at the

same time [IBI, 2005].

The SLR is lifted using a combination of quantitative and qualitative means. Staff

complete FWD testing on controlled sections. Knowing the peak deflections, if the

readings are close, then they know that the road is recovering and that the restriction will

be lifted shortly. Maintenance engineers provide road condition information to

supplement the deflection information. The SLR may be lifted at different times for each

zone,rf the road appears to be in good condition IIBI,2005].
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Prince Edward Island

Prince Edward Island allows all weather highways, Trans Canada arterials and some

collectors to carry 100% of basic loads. However, other highways allow only 75%o of

basic loads [C-SHRP, 20001. Frost tube and BBR values are used to determine the

commencement of SLR and an effort is made to attempt to coordinate with Nova Scotia

and New Brunswick.

The end of SLR is determined from weather conditions in conjunction with the frost tube

and BBR values.

Table 2.2, shows a summary of the various SLR and winter weight premium (WWp)

practices across Canada IIBI, 2005].
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Table 2.2 - Summary of SLR and WWP Practices in Canada [adapted from IBI, 2005]

2.3.2 SLR Practices in the United States

Alaska

The Traffic Department of the Municipality of Anchorage in Alaska typically imposes

SLR from mid-April until sometime in May. The load restrictions are that paved streets

are restrictedto 75o/o, while gravel, RAP and chip sealed streets are restricted to 50%.

These axle load limits apply to all vehicles with a gross vehicle weight of 10,000 lbs. or

more. The duration of the restrictions is dependent upon the weather and the temperature

[Municipality of Anchorage, 2003).

$tR'.,.rÞifting,;
::.t:;' Méthôdr:rr,..rt,,

Newfoundland
/Labrador

N/A N/A N/A N/A

New
Brunswick

Fixed date - refined
through temperature

FWD, BBR and
road condition

information

N/A N/A

Nova Scotia Weather and road
condition information.

Dynaflect and
road condition

information

N/A N/A

Prince Edward
Island

Frost tubes, BBR Frost tubes, BBR,
weather

conditions

N/A N/A

Quebec Frost tubes Frost tube + Fixed
duration

N/A N/A

Ontario Fixed date modified
based on temperature
and road conditions

Fixed date N/A N/A

Manitoba Fixed date - modif,red
bv TI calculation

Fixed date Fixed date Fixed date

Saskatchewan Thermistor, weather,
road condition

Road inspection
or max. of6

weeks

Fixed date Fixed date

Alberta Frost probes (:30 cm
of thaw), weather

conditions

FWD, frost probe > I mof freezing <30cmof
freezing

B.C. Frost probe, weather,
historical iudeement

BBR N/A N/A

Nunavut N/A N/A N/A N/A
Northwest
Territories

Road inspection BBR, road
insnection

# of days of cold
weather

Road inspections

Yukon
Territorv

Thermistors Thermistors N/A N/A
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Washington State

Washinglon State's Department of Transportation (WSDOT) has conducted significant

amounts of research into the topic of SLR. V/SDOT uses the calculated freezing index

and thawing index to estimate the depth of fteeze at a specific site and the resulting thaw.

Using the thawing index, maintenance personnel can assess the need for seasonal load

limits. WSDOT applies SLR where pavement surface deflections are greater than 45%o to

50o/o of summer deflections. As well, depth of freezing (based on freezing index

calculations), pavement surface thickness, moisture conditions, tlpe of subgrade and

local experience should be considered. The minimum load reduction level should be

20o/o and not greater than 600/o. A thawing index of approximately 25oF-days should

warrant the start date of SLR. According to WSDOT, the method to calculate SLR

duration can be estimated by the following model as a function of freezing index (FI):

Duration (days) :25 + 0.01x(FI) (Equation 2.1)

Minnesota

Similar to WSDOT, Mn/DOT has also conducted significant research in the area of SLR.

Mn/DOT has adopted the thawing index, developed by WSDOT, to their climate

conditions. Mn/DOT modified the reference temperature and found that it was better

suited to predict their thaw conditions. Based on testing performed on pavement sections

across the state, it was found that the typical period required for the pavement base and

subgrade layers to regain sufficient strength to support heavy truck loads was eight

weeks. Thus, the length of the SLR period was fixed at a maximum of 8 weeks with the
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additional benefit that the fixed period allows transporters the ability to plan for the end

of the SLRperiod lOvik eta1.,2000).

Using measured and forecasted daily air temperatures, SLR commences when the

cumulative thawing index exceeds 14'C-days with predicted increases well in excess of

this limit. 3-day weather forecasts are used to give the public sufficient notice as to the

coÍrmencement of SLR.

An improved prediction model of thaw duration (D) was developed by Mn/DOT research

fOvik et al., 20001. The model form is a function of frost depth (P) and fteezing index

(FI):

D:0.15 + 0.01O*FI + 19.1*P * 12090* 
P(o)

As well, the relationship of maximum frost

P:-0.328 +0.0578JFl

(Equation2.2)

depth to air freezing index was modeled as:

(Equation 2.3)

The model statistics were R' : 0.50 and Standard Error of Estimate: 8 days.

Mn/DOT contends that in the absence of actual measured frost depth data, an estimate

from Equation2.3 can be used as input in Equation 2.2lOvik et a1., 20001.

The end of the SLR period in Minnesota depends on several factors:

. Measured and forecast daily air temperatures that are used to determine the

cumulative thawing index.
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Cumulative spring precipitation.

Accumulated fall precipitation measured from the preceding year.

Maximum cumulative fteezing index resulting from the preceding winter freeze

period.

Using these factors, the minimum SLR duration is set at 4 weeks, while the maximum

duration will not exceed 8 weeks unless extraordinary conditions exist.

From research conducted at Minnesota's Mn/ROAD pavement test facility, it was

determined that due to the rapid decrease in strength at the beginning of the thaw, each

day of delay in implementing SLR is equivalent to 28 additional days of reduced loads at

the end of the restricted period. It was also found that SLR reduced the damage due to

loads by about 1 percent per day of restriction fOvik et a1.,2000].

2.3.3 SLR Practices in Europe

Norway

SLR was in place on 50Yo of the 26,000 km of main roads and 80% of the 27 ,000 km of

secondary roads in Norway's highway system. The SLR began when the pavements

thawed between 200 mm and250 mm, and ended when the thaw reached an approximate

depth between 1000 mm and 1250 mm. The duration was approximately 8 weeks. The

estimated extra annual cost of lifting all SLR was $11 million (US dollars) for the 8-ton

system, and $20 million for the 10-ton system. However, the estimated annual economic

gain was $44 million, resulting inafi24 million annual benefit.
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Beginning in 1995, all SLR were removed, bringing the whole system to a 10-ton

capacity. The Public Roads Administration budget was increased by $20 million to

maintain 10 and 15-year service lives of main and secondary roads. The increased budget

avoided potential annual loss of $28 million due to vehicle damage, accidents and fuel

costs resulting from damaged and poorly maintained roads. After three years of

experience, the increased budget had covered the increased damage including some

complete reconstruction fRefsdal, 1 998].

Finland

Finland applies vehicle total weight restrictions. A 4 metric ton restricted limit allows

transportation of cars, vans and agricultural tractors with a reasonable load, while an 8-

ton limit will allow empty trucks and smaller buses. The limit of 12 tons, which allows

large buses and 2-axle trucks, is aimed to prohibit heavy timber and earth moving

transports. The local road maintenance supervisor has authority to grant dispensations to

critical transports [C-SHRP, 2000].

Sweden

Sweden applies a variety of weight restrictions. An axle load of 10 tons may be reduced

to 8, 6 or 4 tons. The total weight may be limited to 12,9,7 or 4 tons. An average of

150 km of Swedish roadways are closed annually during spring thaw. The local road

maintenance supervisor imposes restrictions and may also grant exemptions for freight

such as dairy and food deliveries IC-SHRP, 20001.
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2.4 Improved Spring Load Restriction Policies in Manitoba

The goals of SLR policies are to reduce damage caused to the roadway during the spring

and to protect the investment in transportation infrastructure. The policies typically apply

to roads that are built to lower structural standards and roads that are structurally deficient

during spring thaw. The rationality of the SLR policies currently in place needs to be

investigated and examined from an engineering standpoint. In Manitoba, the current

practice is to impose SLR using calculation of the thawing index with long-range weather

forecasting. Pavement strength evaluation is the basis for determining the level a

roadway will be restricted.

The highway infrastructure investment made by Manitoba Transportation and

Government Services has an estimated replacement cost of $6.6 billion dollars.

Protecting this investment is an essential element of SLR. Damage prevention is

typically less expensive than repairing or reconstructing a pavement after damage has

occurred.

The SLR policies affect local industry, in particular shipping companies. ln order to

comply with SLR, businesses may operate less efficiently. SLR typically increases

operating cost to business by increasing the number and length of trips and creating

delivery delays. However, essential commodities such as bulk milk, drinking water and

livestock are exempted from Level 2 SLR. Also, links to communities in the northern

part of the province must be maintained throughout the year and thus, a small number are

exempt from SLR. Though this practice has been employed for many years, aging
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infrastructure, limited maintenance and capital budgets, and increasing reliance on truck

transportation has resulted in more pronounced damage in recent years IMTGS, 2004].

As well as the trucking industry, private vehicular traffic also suffers in the absence of

SLR. Transportation costs to private automobile drivers are increased due to rougher

rides, reduced speeds and construction zones.

While the main purpose of SLR is to protect the Government of Manitoba's investment in

the transportation infrastructure, there must also be adequate mobility for the public.

MTGS is investigating several research areas in hopes of improving its SLR policy.

These research initiatives include IMTGS, 2004):

o Auditing the thawing index tracking procedure.

o Transitioning into a mechanistic method for structural evaluation of pavements by

replacing the BBR with the FWD on a nefwork basis.

o Investigating the potential benefits of reduced tire pressure.

. Finding a mechanism to assess the conditions that warrant for the removal of

SLR.

o Adopting the Incremental Pavement Damage Assessment Cost model.

. Impact of raising the BBR level 1 trigger from 1.5 mm to i.75 mm.

o Installing subgrade moisture and temperature sensors as well as pavement surface

and pavement bottom thermistors.

-40-



Moving towards a mechanistic method of structural evaluation, such as the FWD, is a

step in the direction of improved SLR. FWD analyses may be used on any type of

material and structure, and under all climatic conditions, whereas empirical methods

should only be used under those conditions for which the empirical relationships were

developed. Pavement maintenance costs can be reduced due to the improvement in the

calculation methods and reduction in staff. As well, the efficiency of bearing capacity

measurement and the safety of the testing crew will be significantly increased.

A condition based approach, such as the thawing index procedure, is a more rational

method to determine the start of SLR. Thus, improving the thawing index tracking

procedure will also, in turn, improve the SLR policy. The thawing index has been in use

by MTGS since 1999. MTGS adopted the Mn/DOT method with some minor empirical

adjustments to the reference temperature. The modifications were made in order to

convert air temperature to pavement temperature accounting for solar radiation. MTGS

uses a reference temperature of 1.7oC on March 1 and increases of 0.06"C per day

thereafter. SLR are imposed when the thawing index reaches 15oC and is forecasted to

increase. Mn/DOT found a correlation between this trigger value of 15oC and a

significant decrease in the load carrying capacity of a pavement. There are questions to

be addressed regarding this method, with respect to calibrating the model to climate

conditions. For example IMTGS, 20041:

Should the trigger value for the thawing index be 15'C-days?

Should the reference temperature be on March 1?

. Should the rate of change in temperature be 0.06'C-day?
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There are also questions regarding the reference temperature itself and the applicability of

the method to Manitoba's roads:

Where in the pavement structure is the critical temperature? Temperature

information for the structure would be useful at the bottom of the pavement

layer I top of the granular base, in the granular base, and at the bottom of the

granular base / top ofthe subgrade layer.

Is the reference temperature an accurate measure of solar radiation for various

pavement types such as AST roads in comparison to bituminous structures?

AST roads and bituminous road behave differently during spring thaw and

with respect to solar radiation and a separate reference temperature may be

necessary for both structures.

These questions may only cause a change of a few days in regards to the start date of

SLR but as Mn/DOT has found, SLR policies can reduce arurual damage by I% per day

fOvik et a1.,2000]. Thus, if restrictions are delayed by 4 days each spring , a 4o/o increase

in damage occurs and, Toreduction of the design life can be expected.

Another condition based approach to aid in the implementation of SLR is utilizing

instrumented sites. Instrumentation such as frost tubes, probe rods or thermistors can be

used to record and analyze environmental data. lnstrumentation can provide air

temperature, frost depth and subsurface temperature data. This data is currently used by

agencies such as Mn/DOT, Washington State Department of Transportation and the
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Ministry of Transportation in British Columbia, to determine the beginning and ending of

the thaw period.
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3.0 GEOGRAPHICAL INFORMATION SYSTEM PLATFORM

3.1 Introduction

A Geographical Information System (GIS) platform was created using ArcMap for the

visualization of various elements and information with respect to MTGS' SLR program.

The base maps and information were obtained from the Government of Manitoba Land

Initiative (MLÐ GIS program which is available online at: http:llweb2.gov.mb.calmli.

The MLI GIS system uses UTM co-ordinates with the North American Datum 1983.

3.2 Manitoba Provincial Highway Network

The first map obtained was the legal provincial boundary of Manitoba. The provincial

highways and municipal roads were also obtained and are shown in Figure 3.1. The

provincial network breakdown is shown in Tabie 3.1. It should be noted that the term

AST refers to an Asphalt Surface Treated pavement that is designed to 70o/o of total

required thickness to provide a lower-cost road. An AST is essentially a thin layer of

stone chips placed upon a prepared granular layer. It should be noted that 70o/o of

thickness does not necessarily provide 70o/o of load carrying capability and is not a

current recommended practice.

able 3.1- Pavement I'vne and L nsth (2-lane km vs. Classilication IM'l'G 2003

-,,,BOad..¡
::rtClãss"l:

;dspþáìt S¡¡rf¡c9
:.,;..,.:,:.;:,:Tr ilated..,:.:: :....

BI s29s.4 2145.9 1397.8 13.2 94s2.3
A1 580.7 1550.0 r543.1 11.4 3691.2

RTAC 8.2 407.3 4421.8 943.6 5786.9
Network

Total
s884.3 4703.2 7368.7 914.2 18930.4
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Figure 3.1 - Manitoba's Provincial Road Network and Regions
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MTGS has divided the province into the 5 regions shown in Figure 3.1. Regions 1, 2 and

3 are in the southem half of the province and are labeled Eastem, South Central and

South Western, respectively. Region 4 covers the central part of the province and is

entitled 'West Central. Region 5 is the northern part of Manitoba and is known as

Northem. Region 1, or the Eastem region, includes the roadways surrounding V/innipeg

and thus, have the heaviest traffic conditions.

As well, for planning purposes, the provincial highway network is divided into

approximately 1,500 control sections that are homogenous with respect to traffic

volumes. These control sections are further divided into subsections that are considered

to have homogenous pavement cross-sections, which results in approximately 3,500

subsections. Figure 3.2 shows the regional control section allocations.
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Figure 3.2 - Distribution of Control Sections for Manitoba regions

The geographic data is represented on the Manitoba map as a layer. In this case, the layer

represents the control sections established by MTGS. The provincial highways and trunk

highways were divided into their respective control sections as utilized by MTGS and

this was then labeled accordingly. An example of this labeling can be seen for the area

surrounding Winnipeg in Figure 3.3.
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Figure 3.3 - Provincial Highway control sections

The control sections were added to the GIS platform in a database format based on the

provincial highway inventory for 2003, provided by MTGS. The control sections are

added as individual polylines, with their key corresponding to the standard MTGS control

section format. For example, a control section is represented in ArcMap as 0140501OHU

since it is in region 01, road 405, section 010 and direction of HU (undivided highway).

3.3 SLR and FWD Tested Sections

Based on MTGS' Spring Restriction Annual Report - 2004 the provincial road sections

that were restricted were also added to the GIS platform. The restricted sections were
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divided into roadways restricted to Level 1 (red) and roadways restricted to Level 2

(blue) and overlain onto the provincial highway network as shown in Figure 3.4.

According to MTGS, in 2004, 42.5% (5,253 km) of the network was restricted. A

summary of this information can be seen in Table 3.2. This information excludes access

roads and reflects the SLR policy, involving the thawing index, implemented since 2003.

41.3% of the AST and flexible pavement road network was warranted for restriction

under the policy.
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Figure 3.4 - Restriction Levels in Manitoba,lor 2004
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T ble 3.2 w 0041zble 3.2 - Warranted and Actual ths of Pavements Restricted in 2004 IMTGS,200
rDistànôe, iùt2-Iané, kn r.; :, ;.,: ;,:.,,','. ; : 

:::;; 
;1:¡ :

WaÍrantêd:,: :,;.dctual,.,

RTAC
A1
B1

Total

1

798
731
882

2412

158

806
921
I 885

RTAC
A1
B1

Total

2
86

1305
2302
3693

6

1067
2295
3367

TotalLevel I &2 1&.2 5854 5253
Total Network 1&.2 t2370 12370
% Restricted I &.2 47.3% 42.5%

o% Unrestricted 1&.2 52.7o/" 57.5%

There were approximately 294 control sections subject to SLR in 2004. Of fhose 294,

150 were subjected to Level I restrictions (90% of normal axle loads) and the remaining

144were subjected to Level 2 restrictions (650/o of normal axle loads).

Along with the SLR road sections for 2004, FWD data from tests previous to 2005 were

used to determine which control sections were "tested and restricted" and which were

"tested but not restricted". The FWD testing was completed for various MTGS projects

from 1992 to 2004, inclusive. Figure 3.5 shows "tested and restricted" roads, as denoted

by blue lines, and "tested but not restricted" roads, as denoted by green lines. As can be

seen from the figure, there is not much overlap between FWD tests and SLR. In total,

there are 89 control sections that underwent FWD testing between 1992 and2004. Of the

89 control sections, only 7 fell into the category of"tested and restricted" roads. Those 7

sections and their respective test dates are listed in Table 3.3.
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The GIS platform was used to visualize the extent of SLR and FWD testing together.

The platform easily demonstrates the lack of sufficient testing of the network as well as

the lack of sufficient testing of roads under SLR. The platform also shows areas such as

the southwestern portion of the province, which are in need of increased FWD testing for

further research.

Table 3.3 - "Tested and restricta ed" Roads las o inclusive
:'Hiþhwav,: l:FWD.TestÐate,,:.

2 PTH 3 170 June 4, 5,7,2003
2 PTH 3 t70 Mav 17.2004
3 PTH2I 70 2 Julv 26- 2007
I PTH 59 10 1 Mav 19.2004
I PTH 59 20 I May 20,2004
2 PR 240 50 1 Mav 22-25.2002
2 PR 331 l0 2 }lfav 22-25,2002
I PR 405 10 I }lfav 77,2004

|2227020¿u

Figure 3.5 - FWD Tested and SLR Road Sections in 2004

-51 -



3.4 Environment Canada Weather and LTPP Monitoring Stations

Environment Canada weather stations with climate normals in Manitoba were also added

to the GIS platform. Climate normals or averages are used to summarize or describe the

àverage climatic conditions of a particular location. Environment Canada defines a

climate normal weather station as one that has a minimum of 15 years of average climate

data between l97I and 2000. There are currently 110 weather stations in Manitobathat

meet these climate criteria. As well, 42 of the weather stations also meet the United

Nation's World Meteorological Organization standards. Figures 3.6 and 3.7 show the

overall provincial weather station coverage provided by Environment Canada and a

closer view of the stations surrounding the Winnipeg area, respectively. The stations

were incorporated with latitude, longitude, easting, northing and elevation data. The

Environment Canada weather data includes maximum, minimum and mean temperature

as well as one-day rainfall, snowfall and precipitation and snow depth.

The GIS platform was used to visualize the extent of available Environment Canada

weather stations and their locations. The platform aided in the decision to utilize Arborg

and the Winnipeg lnternational Airport as representative climate stations for northern and

southem Manitoba in further analysis.
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Figure 3.6 - Provincial weather stations
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Figure 3.7 - Weather stations in Southern Manitoba

As well, the two Manitoba Long Term Pavement Performance (LTPP) Seasonal

Monitoring Program (SMP) sites were added to the GIS based on their easting, northing

and elevation. Further detail regarding the LTPP program can be found in section 4.I.3.

The SMP program is an attempt to understand the impact of daily and yearly temperature

and moisture variations on pavement structure and its response to loads ILTPP].

The two LTPP sites, located on provincial highways 1 and '75, are shown in Figure 3.8.

Further information regarding FWD testing and pavement moduli can be found in section

5.0.
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Figure 3.8 - LTPP SMP test sections in Manitoba

3.5

A

Summary

GIS platfoÍn was created in order to visualize the various spatial information

regarding SLR practices in Manitoba. This commenced with a detailed representation of

the Manitoba road network and each of the five regions. Included in this breakdown are

the approximately 1500 control sections, their locations and individual labeling. Once

the network and control sections were in place, the emphasis was placed on the SLR and

FWD test sections in the province, as these are the primary concem of this research.

Using data from the 2004 annual SLR report provided by MTGS, a visualization of the

tested and restricted roadways is possible. This serves to easily highlight the testing done

in the past as well as an indicator of possible future testing of the network. Further, the

110 Environment Canada weather stations and LTPP SMP test sites are also plotted to

visualize their respective locations in Manitoba. The GIS platform is a spatial

information and processing tool that saves agencies time and money, affords them

improved decision making capabilities and easily organizes and centralizes relevant data.

This GIS platform was used to visualize the extent of SLR, FWD testing and weather

information. The platform easily demonstrates the lack of sufficient testing of the

network as well as the lack of sufficient testing of roads under SLR. The platform also
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aided in the decision to utilize Arborg and the Winnipeg International Airport

representative climate stations for northern and southern Manitoba in further analysis.
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4.0 USE OF FREEZING AND THAWING INDICES FOR PREDICTING
PAVEMENT STRENGTH

4.1 Introduction

One of the objectives of this research is to evaluate the current SLR policy in place by

MTGS. In order to undertake this, a complete understanding of the policy and

procedures must be achieved. The first step in this process was examining four varying

methods of calculating freezing and thawing indices. This chapter documents an analysis

and comparison of the calculation methods used by MTGS, Mn/DOT, WSDOT and

LTPP for the Winnipeg Intemational Airport and Arborg, Manitoba. The criteria for

calculation as well as the subsequent differences are explored.

4.2 Methods of Determining Freezing and Thawing Indices

The total annual freezing and thawing indices are defined as the cumulative number of

degree-days when air temperatures are below and above zero degrees Celsius. This

definition is shown graphically in Figure 4.1. The total annual freezing index has been

widely used to predict permafrost distribution; estimate the maximum thickness of sea,

lake, and river ice, and the maximum depth of ground-frost penetration; and classify

snow t1pes. The annual total thawing index has been used to predict permafrost

distribution and to estimate the maximum depth of thaw in frozen ground. Both total

freezing and thawing indices are important parameters for engineering design in cold

regions such as Manitoba.
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Temp. One Year-¡

Figure 4.1 - Freezing and Thawing Indices

4.2.1 Minnesota Department of Transportation

The Minnesota Department of Transportation uses both the fteezing and thawing indices

in the implementation of the state's various load restrictions and increases. The state is

divided into six climatic zones, in which there are winter load increases, spring load

restrictions, middle-range overweight permits and fall-summer overweight permits.

The start of the SLR period, for each zone, is determined by forecasted daily air

temperatures in several cities in each respective zone. 'When the cumulative thawing

index (CTD for a zone exceeds l4'C-days based on the 3-day weather forecast, with

predicted increases well in excess of l4'C-days, the SLR are enforced. By using the 3-

day advance weather forecast, Mn/DOT can provide 3-days notice to the public.

Mn/DOT research has shown a correlation between a decrease in the pavement load

carrying capacily and a cumulative thawing index in excess of l5'C-days.
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The cumulative thawing index, as calculated by Mn/DOT, is equal to:

CTI : | (Daily Thawing lndex - 0.5 * Daily Freezing Index) (Equation 4.1)

o When (T-.un - Tr"r) ) OoC,

Daily Thawing Index: (T-.un - Tr"¡) and,

Daily Freezing Index :0oC-day

. When (T*.un - T,"Ð ( OoC,

Daily Thawing Index:OoC-day and,

Daily Freezing Index :OoC - (T-.un - T,.r)

Where:

CTI: cumulative thawing index calculated over a period from 1 to n days (oC-

dav)

T-.un: Mean daily air temperature ("C)

Trer: Reference air temperature (see Table 4.1) ('C).

The following should be noted in regards to the above equatrons:

o The equations are valid for temperatures in degrees Celsius but can be modified

for temperatures in degrees Fahrenheit.

r [ floating reference temperature is used to account for increased solar gain. As

illustrated in Table 4.1, the solar gain is reflected using a freezing temperature

depression of 1.5oC during the first seven days of February; and thereafter, a

depression of 0.5'C per week. Previous Mn/DOT research showed that the air

temperature required for thawing actually decreases from January to March due to

the declination of the sun during the spring.
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e A refreeze factor of 0.5 is used to account for the partial phase change of water

from a liquid to a semi-solid during temporary refreeze events

Table 4.1 - Mn/DOT Refr for CFI and CTIaDle 4.1 - ivln/l)()l l(elerence te nd cl'l lIvln/DO'l
;:þals:,:; ''r. Ref;, Temn. : (9'F),' .:: Ref;:Tembi:l-9el'

January 1 -Januarv3l 32.0 0.0
Februarv i -Februarv 7 29.3 1.5

Februarv8-Februarv 14 28.4 -2.0
Februarv 15 -Februarv 21 27.5 -2.5
Februarv 22 -Februarv 28 26.6 -3.0

Marchl-MarchT 25.7 -3.5
MarchS-March14 24.8 -4.0
March 15 - March 21 23.9 -4.5
March 22-MarchZ8 23.0 -5.0

March 29 - Aprll4 22.1 -5.5
Aoril5-Aoril 11 21.2 -6.0
Aonl12-Anril 18 20.3 -6.5
April 19 - Aoril 25 19.4 -7.0

April26 -}ldav 2 18.5 -7.5
Mav3-Mav9 17.6 -8.0

Mav 10 - Mav 16 16.1 -8.5
Mav l7 -Mav 23 15.8 -9.0
Mav 24 - Mav 30 t4.9 -9.5

June 1-December3l 32.0 0.0

The end of the SLR period is determined by:

o Measured and forecast daily air temperatures (CTI)

o Cumulative spring precipitation

o Accumulated fall precipitation measured during the precedingyear

. Maximum cumulative freezing index resulting from the preceding winter freeze

period.

This approach takes into account the preceding winter freeze and current spring thaw

seasons and therefore, will vary from year to year and during the current monitoring

season as rain events occur. The minimum duration of spring load restrictions is set at 4
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weeks, while the maximum duration will not exceed 8 weeks unless extraordinary

conditions exist that require additional time or route specific signage is posted lMn/DOT,

20031.

In addition to SLR, Mn/DOT also allows winter load premiums when the pavement

structures are sufficiently frozen and can support additional loading. The start of the

winter load increases are also determined by forecasted daily air temperatures in several

cities in each respective zone. When the cumulative freezing index (CFI) for a zone

exceeds 156'C-days based on the 3-day weather forecast, with predicted increases well in

excess of 156'C-days, the SLR are enforced. By using the 3-day advance weather

forecast, Mn/DOT can provide 3-days notice to the public.

The cumulative freezing index, as calculated by Mn/DOT, is equal to:

CFI: )(Daily Freezing Index)

'Where:

(Equation 4.2)

DFI : (Trrr - T',.un) (oC)

T-"un: Mean daily air temperature (tC)

T."¡: Reference air temperature (see Table 4.1) ("C).

The end of the winter load increase period is not tied to the starting date of SLR. 'Winter

load increases are not removed during temporary thaw events that are followed by

extended freezingperiods during the months of December and January, and therefote, aÍe

not typically removed prior to February 1. After which time, winter load increases are
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removed when the extended forecast predicts daily thawing, as indicated by the CTI, and

the impending placement of SLR [Mn/DOT, 2003].

A 3-day advance notice to the public also precedes middle-range and fall-summer

overweight permits. Middle-range overweight permits are available within each frost

zone starting when SLR ends. Fall-summer overweight permits are avallable within each

frost zone starting 3 weeks following the end of SLR. Middle-range and fall-summer

overweight permits are no longer available when winter load increases end the following

year.

4.2.2 Manitoba Transportation and Government Services

Manitoba Transportation and Govemment Services do not utilize the freezing index in

the implementation or ending of SLR for the province's two climatic zones. The system

currently used by MTGS is based primarily on Mn/DOT methods of determination of the

thawing index and the research regarding the correlation of the thawing index and the

pavement strength. MTGS has modified the Mn/DOT method by altering the reference

temperatures. The reason for this modification is to better simulate Manitoba's climatic

conditions. MTGS utilizes a reference temperature equal to 1.7"C-days beginning March

1 and increases by 0.06"C-days per calendar date. Positive daily mean air temperature

during the spring season is summed to form the thawing index in terms of degree Celsius-

days. The sum of the thawing index is tracked beginning March 1 and continues through

mid-April. Figure 4.2, shows an example gaph of thawing index calculation for March

2003 with a corresponding start date of March 19.
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Figure 4.2 - Cumulative Thal'ing Index for March 2003

The calendar date at which the forecast values of the thawing index exceed l5"C-days,

and the forecast trend of the daily mean temperatures indicate continued increases in the

thawing index, triggers the start of the SLR period IMTGS, 2003). The thawing index is

defined as:

TIdut" : Tlprevious ¿ate -l- Ref. Temp. + Daily Mean Tempout" (Equation 4.3)

If: Daily Mean Temp. < OoC, Daily Mean Temp. is divided by 2 and added to TI.

This adjustment is made to account for the fact that the pavement base layer does

not re-freeze due to short-term small negative mean daily temperatures IMTGS,

20031.

Where:

TI: Thawing Index

Ref. Temp .: L.loC beginning March 1 and increasing 0.06'C per

calendar day

Daily Mean Temp. : (Max. + Min. Daily AirTemp.) / 2
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4.2.3 Federal HÍghway Administration

The 2)-year Long Term Pavement Performance (LTPP) program, the largest pavement

study ever conducted, was introduced in 1987 as part of the Strategic Highway Research

Program. The LTPP program is becoming the primary source pavement performance

information for the North American highway community [LTPP]. The Federal Highway

Administration assumed responsibility of the program's project management in 1992.

Presently, the program includes over 2,400 test sections on in-service highways at over

900 locations throughout North America. This includes two test locations in Manitoba on

Provincial Trunk Highways I and 75. The extensive data collection effort includes

inventory, material testing, pavement performance monitoring, climatic, trafftc,

maintenance, rehabilitation, and seasonal testing modules. This information is available

online in a database application program [LTPP].

Among the climatic data, the LTPP program also calculates the freezingindex for a given

year based on daily air temperatures. The cumulative freezing index as calculated by

LTPP is done using the mean daily air temperature for January 1 to December 31,

inclusive. The cumulative freezing index is the sum of the mean daily temperatures

below 0"C. If the mean daily air temperature is above OoC, it is equal to 0 and thus, not

counted. This relationship is shown by the following equation:

Freezing Index : I(Tn,'.un - 0"C)

If: Tn-,.un ) QoC, Freezing Index : 0

Where:

(Equation 4.4)

Tn,,.un : Mean Daily Air Temperature
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Thawing index calculations are not performed by LTPP.

4.2.4 Washington State Department of Transportation

The Washington State Department of Transportation is the pioneer of the calculation of

the freezing and thawing indices. WSDOT developed the original freezing and thawing

index equations, which, in turn were modif,red by Mn/DOT and then modified by MTGS.

WSDOT maintains that the depth of freezing and thawing depends in part on the

magnitude and duration of the temperature differential below or above freezing

(0'C/32'F) at the ground surface. The freezing or thawing index is therefore given by the

summation of the degree-days for a freezing or thawing season [V/SDOT].

FreezinglThawing Index : I (Tr.un - 32"F)

Where:

(Equation 4.5)

T-.un : Mean Daily Air Temperature

For the purpose of assessing spring load restrictions, 29'F is used in lieu of 32oF to

account for the "dark" bituminous surface. Also, for design purposes, WSDOT uses

freezing (or thawing indices) based on three coldest winters (or warmest summers) in the

last 3O-year period. If historical information is not available, the coldest winter (or

warmest summer) in the last 10 years is used IWSDOT].

-65



4.3 Comparison of Calculation Methods Using Manitoba Climate Data

Climatic data was retrieved from the Environment Canada National Climate Data and

Information Archive. Mean temperature recordings were accessed for two weather

stations in Manitoba. The representative weather stations were located at the Winnipeg

International Airport (YWG) located at 49o55'N 97o74'W and in the town of Arborg,

Manitoba (ARB) located at 50o56'N 97"5'W. The stations were chosen to represent the

climatic differences between the southem and central areas of the province. The average

annual temperatures for each respective weather station from 1990 to 2005 are shown in

Figure 4.3 and 4.4.
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Figure 4.3 - Average Mean Temp (1990-2005) vs. Day of Year for YWG
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Figure 4.4 - Average Mean Temp (1990-2005) vs. Day of Year for ARB

Table 4.2 - Comparison of Freezins Index values usi four methods for YWGvalues ust
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Note: WSDOT freezing season is assumed to start when the mean daily air temperature is below OoC for 3
consecutive days and end when the mean daily air temperature is above 0"C for 7 consecutive days.
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Table 4.3 - C of Freezi-LO mDarlson oI Ii reezrng lnt ex values using four methods for ARB
Mel hitd
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1997 693 L991;19;98 t74 :,,79t9:7:19i,98:, 1276 ::,1991,.-: 920
266 ,,.,1998;1999, 4t0 L998-r999;:,: I 536 384

.1999.:.: 22s ':799Yr2000' 269 1999-2fr00.:.' t320 ,1999i. 362
:.¡2û0iß,,:: 816 .;2400':20iaf,: 916 2,0ia0'2,0ni, :,;'. 2088 ntìti0/.,.','. 956
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Note: WSDOT ffeezing season is assumed to start when the mean daily air temperature is below OoC for 3

consecutive days and end when the mean daily air temperature is above 0"C for 7 consecutive days.

Based on the values in Table 4.3, Winnipeg International Airport has an average freezing

index from the four methods of 1634oC-days. As well, Table 4.3 shows that Arborg has

an average freezing index from the four methods equal to 1838"C-days. The Mn/DOT

methods differ by the freezing season utilized. The first Mn/DOT method is based on the

calendar year from January 1 to December 31 while the second is based typically from

the start of October to approximately mid-April of the following year. The Mn/DOT

methods returned the lowest freezing index values due to their use of reference

temperature values. The WSDOT method returned the highest freezingindex values due

to the fact that no reference temperatures are used to account for solar radiation and

refreeze of the structure. The LTPP method returned slightly higher cumulative lreezing
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index values than the WSDOT method since it considers only the days between January

and December 31.

Table 4.4 - C f SLR start dates based Thawins Indexo rt on
..MTG$,.Stârt DateS ''.,M oT,start Dâtes,,,'

:.,:.,.Yeaí,.,1 ,,,11** ,. ,:, ,,,..,Y'WG,,.' r.lARBtt,
,.1990, March l1 March 72 ::'1990L. March 8 March 11
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March 13 March 18 .:,,I995: March 13 March 17
:,::7996:r: Aoril S Aoril9 :;,,:,:1996,::., April S April S

:.1997:,. March 28 March2T March26 March26
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March 5 March 4 March25 Februarv 29
lt:, Ð0itll March 28 March29 March 20 March 20

March29 April8 ,'Ð001.t, March2l Aprll7

',,,2O03l:,':
March 19 March 20 ,::1:)gfit:::1. MarchTT March l9
March26 March29 March i6 March 11

.,.2005i;.':: March 28 March 30 '.,,.;2005t,.,:. March26 March29

^y,eráiqe..
March 20 March 23 ,.AVerâsêl March 13 March 15

The above start dates were calculated from when the cumulative thawing index reaches,

and continues to exceed, a"tngger value" of 1S'C-days. Previous research carried out by

MnIDOT determined that that pavement structure begins to undergo thaw weakening at a

cumulative thawing index value of l5oC-days. As Table 4.4 shows, the average start

dates found by the MTGS and Mn/DOT methods for the V/innipeg lntemational Airport

are March 20 and March 13, respectively. Also, the average start dates for Arborg,

Manitoba were found to be March 23 and March 15. The MTGS method shows a

slightly later start date for Arborg, which can be attributed to its location being north of

Winnipeg. With the exceptions of 199i, 1992, 1995, and 2002, the calculated start dates

are very similar. The large difference in start dates for these years is due to the fact that

the Mn/DOT method has a reference temperature commencing on January 1, which can
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be easily influenced by unseasonably waÍn temperatures in February when the pavement

structure is more than likely still in a lrozen state. This is case for 1991 when there were

waÍn temperatures during the first week of February, which cause the cumulative

thawing index to reach l5"C-days on February 7. In this case, the cumulative thawing

index did not increase from the threshold value until one month later on March 7 since

the air temperatures returned to normal for the remainder of February. Also, in 1992 the

cumulative thawing index was found to quickly reach the threshold of l5"C-days on

March 7 although, in the two weeks following that date the air temperature was no

warïner than -4oC. Further, the same scenario was found in the start date calculated for

2000 of March 5, where the following twelve days saw a mean temperature of -6oC.

Consequently, these events could be considered a winter thaw periods rather than the start

of spring load restrictions. Disregarding these winter thaw events for YWG' the

historical average start date shifts two days from March 20 to March22' This adjustment

also demonstrates the increased variability seen in air temperature in the southern portion

of the province and thus reinforces the method currently in place of staggered SLR

enforcement for zone I and2.

While the dates may be similar, a difference of a few days can be very costly in terms of

the potential damage to unrestricted roadways. The example of the temperature

anomalies seen 1991, 1992 and 2000 demonstrate a potential need for altering the SLR

policy currently in place. While the reference temperature and detailed methods of

calculation may not be directly transferable between Minnesota and Manitoba due to

climatic conditions, the comparison between the Mn/DOT and MTGS methods does offer
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a contrast between the approach taken from a seasonal standpoint (as in Minnesota)

versus an approach starting in the spring (as in Manitoba). Further research should be

performed in order to determine the impacts on the pavement structures of these varying

temperatures throughout February and March. The recently initiated Road and Weather

Information System program at five locations in Manitoba will provide temperature and

freezelthaw information within the pavement structure for future research purposes such

as the idea suggested above. The prime concem of SLR policy is to provide an

appropriate restriction level, at an appropriate time, in order to both protect the roadway

and service the trucking industry suitably.

A comparison of the cumulative thawing index for i990 to 2005 using the MTGS method

at YV/G is shown in Figure 4.5. As well, Table 4.5 shows the cumulative thawing index

values at two-week intervals for the same time period and location. For comparison, the

same information is attached in Appendix D using the Mn/DOT method of calculation, as

well as the MTGS results for ARB.

-71



Tabl .5 - Thawi Index Calcula Rese 4.5 - Thawins Index tion Results Usins MTGS Method for YWG
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Figure 4.5 - Cumulative Thawing Index Using MTGS Method for YWG

4.4 Thaw Index Calculation Considerations

The underlying principle of the thawing index method is that asphalt concrete stiffness is

temperature dependent. Thawing index calculation offers a convenient method to convert

mean daily air temperature to pavement temperature using a variable reference

temperature. While this method is simple and straightforward in use, it is attempting to

estimate the effects of many environmental factors such as solar radiation, precipitation,

and cloud cover on pavement temperatures. The importance of pavement temperature is

such that thaw initiation is known to commence at a certain pavement temperature based

on the geographic location of the site in question.
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Further, the TI method is entirely dependent on temperature forecasts. As such, the TI

calculation can be misleading in the case of short warming or cooling spells. Examples

of this effect can be seen in the temperature data from 1992,1993 and 2001 for YWG in

Figure 4.5. What occurred in these particular years was an air temperature warming trend

in late February and early March where the TI approached or exceeded the l5'C-days

threshold but was followed by a cold temperature snap of a week or more. Based solely

on TI calculations, it cannot be determined whether or not the pavement has undergone

pafüal thawing or is still frozen. From a pavement service life perspective, this is

perhaps not a drawback to the of the TI method since it may lead to more conservative

start dates, but from a commercial vehicle operations standpoint, this is undesirable.

Thus, the TI method is best suited for SLR applications when the mean daily air

temperature increase during spring is relatively constant and pavement and subgrade

thawing is more accurately estimated.

4.5 Summary

An analysis of the various calculation methods of cumulative freezing and thawing

indices used by MTGS, Mn/DOT, V/SDOT and LTPP was completed for two locations

in Manitoba. The locations chosen to represent the southern and northern climatic

differences of Manitoba were the Winnipeg International Airport (YWG) and the town of

Arborg (ARB), respectively. The current CTI calculation method employed by MTGS is

a modified version of the CTI procedure developed by Mn/DOT. MTGS does not use

CFI in its determination of SLR policy.
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Using historical climatic data from i990 to 2005, the evaluation of the four methods of

calculation for CFI showed an average difference of 204'C-days between YV/G and

ARB. Overall, lower CFI values were returned by the Mr/DOT method due to its use of

a reference temperature to account for solar radiation and refreeze of the pavement

structure. Conversely, the LTPP method returned the highest CFI values due to a lack of

reference temperatures and approach that considers the calendar year as the basis for

calculation and not a seasonal trend.

Further, the comparison of the CTI methods used by MTGS and Mn/DOT showed an

average difference in historical SLR start dates of 7 days and 8 days for YWG and ARB,

respectively. The large discrepancy between SLR start dates results from Mn/DOT's

method utilizing a reference temperature coÍrmencing on January 1, while MTGS uses a

reference temperature commencing on March i. While the impacts of a warming climate

may influence this policy in the future, the reference temperature start date of January 1 is

influenced by warm short-term February temperatures when the pavements structure is

likely still in a frozen state. The thawing index calculation procedure is best suited for

SLR applications when the mean daily air temperature increase during the spring is

relatively uniform.

Most importantly, a start date delay for SLR of a few days can be very costly in terms of

accelerating the damage to the roadway. Although, the MTGS CTI calculation method is

well suited for Manitoba's climate while the Mn/DOT method tends to overestimate the
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start date when short "heat waves" occur in February. V/hile the reference temperature

and detailed methods of calculation may not be directly transferable between Minnesota

and Manitoba due to climatic conditions, the comparison between the Mn/DOT and

MTGS methods does offer a contrast between the approach taken from a seasonal

standpoint (as in Minnesota) versus an approach starting in the spring (as in Manitoba).

More detailed information regarding the soil's frozen or thawed condition during the

spring would prove useful in order to complete a more detailed investigation into the

reference temperature or trigger value currently in place. Such data will become

available in 2007 with the installation of Road Weather Information Systems in the

province and instrumentation of the pavement structures.
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5.0 STRUCTURAL CAPACITY OF ASPHALT PAVEMENTS DURING
SPRING THAW

5.1 Introduction

The analysis of FWD test data provided by MTGS and LTPP is a major component of

this research. This chapter documents the backcalculation of the pavement structure

moduli using ELMOD5 software for the FWD tests performed at various sites by MTGS

and the LTPP tests performed at site 83-1801. Between 1993 and 2005,90 control

sections were tested by MTGS. In this chapter analysis of the 67 bituminous structures

and their granular base and subgrade layers is presented. With respect to the LTPP site,

there were 35 FWD tests performed between 1990 and 2004 suitable for this research.

Odemark's layer transformation approach was used with Boussinesq's equation to

calculate deflections in an iterative process that searches for a match to the recorded

deflection basins.

In addition, clustering analysis was performed based on asphalt and granular base

thicknesses and returned variable results. Three methods of clustering (hierarchical, two-

step and k-means) were evaluated. Due to the variability of the clustering results, a

distribution analysis to determine the 90o/o and 75o/o reliability values of the test data was

undertaken.

Additionally, using the backcalculated FWD values, the spring thaw weakening of the

granular and subgrade layers was quantifiable by calculating the normalized loss of

bearing capacity.
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The methodology followed in this chapter is shown in Figure 5.1.

Figure 5.1 - Methodology of Pavement Structural Capacity Analysis

5.2 Benkelman Beam Test

The Benkelman Beam Rebound was developed in 1952 by the Western Association of

State Highway Organizations Road Test, and was one of the most widely used testing

methods until recently. The measurement of BBR is classified as a slow moving or static

deflection test. The test provides deflection measurements at one point under a

Structural Capacity of Pavements

FWD Testing

Backcalculation of
Moduli (MTGS Sections)

Backcalculation of
Moduli(LTPP Sections)

lmplications on Spring Load Restrictions
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nonmoving or slow moving load. The BBR procedure involves the measurement of a

pavement surface rebound with a cantilevered beam and a truck loaded to 80 kN on its

single rear axle. The beam is supported on the pavement between the dual tires on the

trucks rear axle.

The BBR test is the primary pavement strength indicator for MTGS and is performed on

highways throughout the province in the spring of each year. The testing program

commences approximately in the first week of April and continues for about 5 to 6 weeks

IMTGS, 2004]. MTGS specifies that testing should take place every kilometer on the

half-kilometer point, with a minimum of 5 equaily spaced readings. As well, MTGS

specifies a tire pressure of 655 kPa (95 psi) and that the load be evenly distributed over

the rear tires. The test point must be in the middle of the outside wheel path of the travel

lane and the reading is taken after the truck is driven slowly forward a minimum of 10

metres. The pavement temperature is also recorded using a thermometer in a small 5 cm

deep hole punched into the pavement and filled with water. Air temperature is also

recorded.

The main advantages of BBR testing are that it is simple, low cost and uses actual traffic

load levels. The disadvantages are that it is slow, labour intensive, exposes workers to

Traffrc, and does not provide a true deflection basin.
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5.3 Falling Weight Deflectometer Test

The Falling Weight Deflectometer was originally developed in the early 1970s, and is a

non-destructive testing device that is used for completing structural testing for pavement

rehabilitation projects, research and structural pavement failure detection. FWD tests are

now routinely used to evaluate the bearing capacity of road networks in many countries.

During an FWD test a falling mass induces, via buffer system, a load on a circular

loading plate placed on the road surface. The falling mass, drop height and buffer system

are all configurable by the agency using the equipment in effort to simulate various traffic

loads. The FWD impulse load can range from 7 to T20 kN with a loading duration of

approximately 20 to 30 ps. The pavement surface response to loads is the sum of the

deflections of each layer of the pavement structure fBaladi, 1990]. Figure 5.2, shows a

typical pavement response deflection basin recorded from FWD sensors. Sensors are

located at the centre of the 150 mm radius load plate, and at 200 mm, 300 mm, 450 mm,

600 mm, 900 mm and 1200 mm away from the centre of the plate.

lmpulse
Load Sensors

Figure 5.2 - Typical FWD Deflection Basin
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Figure 5.3, shows an FWD apparatus used during testing in the spring of 2005.

The main advantages of FWD testing are that it is a nondestructive test, it can be operated

by a single person and it is fast and repeatable. The disadvantages are that is a relatively

complex system, ftafftc control is required and high initial costs.

Backcalculation of Base and Subgrade Moduli

5.4.1 ELMODS Software Assumptions and Limitations

Backcalculation of the pavement structure moduli was carried out using Dynatest's

ELMOD5 software program. The program uses surface deflections and pavement

structure information to estimate the modulus of the various layers.

When using ELMOD5, Dlmatest recommends the following limitations be observed

obtain the highest precision:

5.4

tr'igure 5.3 - FWD Test MachineIMTGS,2005l
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o The structure should contain only one stiff layer (E1/Er,6g > 5). If the structure

contains more than one stiff layer they should be combined into one layer for the

purpose of structural evaluation, or the modulus of one of the layers should be

fixed.

o Moduli should be decreasing with depth (E¡lB¡lr> 2).

o The thickness of the upper (stiff) layer (H1) should be larger than half the radius

of the loading plate (150 mm * 0.5 : 75 mm).

. When testing near a joint or a large crack, or on gravel surfaces, the structure

should be treated as a two-layer system fDynatest, 20021.

ELMOD5 may still be used if these conditions are not met, but the precision will not be

as high.

When the "Deflection Basin Fit" option is selected, Odemark's layer transformation

approach is used with Boussinesq's equation to calculate deflections, and an iterative

procedure is used to determine those moduli that result in a deflected surface that matches

the measured deflections fDynatest, 2002f.

In all methods, Poisson's ratio is assumed to be 0.35. As well, all materials are assumed

to be homogeneous, isotropic and linear elastic, except the subgrade, which is assumed to

exhibit typical non-linear response for cohesive soils, as defined by Ullidtz (Ullidtz,

r987):
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Eo: Co ' (01 I o)"

Where:

(Equation 5.1)

Eo is the surface modulus

or is the major principal stress

ø is a reference stress (atmospheric pressure : 0.1 MPa)

Co and n are constants, n is negative (or zero)

In many cases, real subgrades will be layered or will have moduli that vary with depth

due to overburden pressure, changes in moisture content, etc. The impact load from the

FWD wili also create an effect that is similar to a non-linearity due to the load wave

propagation through the materials of the pavement structure. All backcalculation options

in ELMODS treat these variations as non-linearities. This is not quite correct, but it is

considerably better than neglecting the variation of subgrade modulus with depth and

distance away from the load. If these variations are not considered, very large errors may

result. This non-linear feature in ELMOD5 typically results in very good agreement

between measured and calculated deflection basins. It also generally removes the so-

called "compensating layer effect" which can introduce large effors in the backcalculated

moduli assuming only linear elastic materials fDynatest, 2002].

5.4.2 ELMODS Analysis of MTGS FWD Tests

FWD data from various testing programs in the past was provided by MTGS. The data

covers a period of time from 1993 to 2005. This results in a varied cross section of

pavement types, structures and dates. Based on the FWD data files, it was determined

that 2l Provincial Trunk Highways (PTH) and Provincial Roads (PR) were tested. Of
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fhese 27 PTHs and PRs, there were tests conducted on 90 MTGS control sections in all 5

highway regions in the province. This information is shown in Table 5.1. These tests

were reported in a total of 446 FWD data files.

Table 5.1 - Su f MTGS FWD Tested Roads and Sections from 1993-2005

Of these 90 control sections tested, 17 have a Portland Cement Concrete (PCC) surface

layer or a PCC layer within their structure. Also, there are a total of 6 Asphalt Surface

Treated (AST) tested roads. The remaining 67 control sections are bituminous pavement

structures and will be the focus of this analysis.

o

Resioi,- :,Rdadì(PTE,óÍ.:PR) .SéctiôlsrTested,
1,2.3 I t8

I 59 l0
I 75 J

I 100 1

I 405 1

2 J 8

2 7 4
2 9 1

2 l3 I
2 14 5

2 23 4
2 26 J

2 34 2

2 68 2
2 240 I
2 244 1

2 305 2
2 331 I

2.3 2 4
2.3 I6 7
)5 6 4

3 2t J

3 25 1

3 110 I

J 250 1

4 68 I
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After inputting the individual pavement structures, the "Deflection Basin Fit" method

was employed to backcalculate the effective moduli of the pavement structure. This

utilizes the Odemark-Boussinesq methods, but the convergence criteria are based on

degree of fit between the measured and calculated deflection basins. The basin fit option

starts with a set of estimated moduli for the pavement structure. The theoretical

deflection bowl for this pavement structure is calculated and the error between the

measured deflections and calculated deflections is then assessed. The moduli in the

structure are increased or decreased by a small amount (typically I0o/o), and if the error in

either of these deflection bowls is less than the original deflection bowl this is taken to be

a better solution. This process is iterated until a minimum in error between the calculated

and measure deflection bowls are found fD5matest, 2002].

Using this method does have a drawback in that several sets of moduli may result in the

same deflection bowl and the program may output any one of these solutions. Therefore,

to improve the program acoutacy, the options within ELMOD to reduce the percent

difference between solutions and to use the old moduli as seed values were employed.

As well, the following limits for layer stiffness were inputted based on the date of the

various FWD tests (i.e. the tests were conducted between March and August):

Asphalt Concrete / Bituminous layers: E: 1,000 to 8,000 MPa

Granular / Subbase layers: E: 100 to 350 MPa

Subgrade / Soil layers: E:25 to 125 MPa

PCC iayers: E: 10,000 to 40,000 MPa
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With regard to the pavement structures, all adjacent bituminous pavement layers were

combined to form one layer. This was also done for granular and base layers.

There were some effors with some of the raw data files that had to be corrected in order

for an analysis to be carried out. The errors included occasional deflections at the 300

mm sensor being slightly larger than the 0 mm sensor, deflections at certain sensors being

read as 0 mm, and almost all .F20 format files needed sensor readings at the -300 mm and

1500 mm distances deactivated. As well, a number of FWD test files were recorded in

.F25 format, which required no specific test date to be entered into the raw data file.

Another elror, which could most likely be attributed to input error was that some data

files were incorrectly placed in the filing system as being of the wrong test year. Based

on the above problems, these files were omitted from the data analysis.

5.4.2.1Cluster Analysis of MTGS FWD Tests

Due to the large number of tests performed at various sites and for various projects, in

order to facilitate a network level analysis of the range of pavement structures, clustering

was attempted. Examples of the projects canvary from network evaluations to individual

road tests for structural deficiencies to concrete dowel transfer tests. Pavement layer

thicknesses were determined using the 2003 MTGS Highway Inventory database. The

pavement structures were broken down according to asphalt concrete and granular base

layer thickness to determine a relationship between various pavement structures and a

climatic factor such as thawing index.

Pavement structures were found to fall into seven general categories. Those being:
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. Two layers: Asphalt Concrete over Granular Base (AC/GB)

c Two layers: Portland Cement Concrete over Granular Base (PCC/GB)

o Three layers: An Asphalt Concrete overlay on a Portland Cement Concrete over

Granular Base structure (ACÆCC/GB)

. Three layers: Asphalt Concrete and Granular Base over existing Asphalt Concrete

(AC/GB/AC)

o One layer'. Asphalt Surface Treatment (AST)

o One layer: Asphalt Concrete with no Granular Base noted (AC/NIGB)

o Data files that could not be resolved (Undefined)

Table 5.2 shows the division of the 446 FV/D test files into their respective categories.

Table 5.2 - Summarv of Pavement Strable 5.2 - Summarv ot -Pavement Structure
:,CâtCsory, ,Numbéí.,õf"TéstS

AC/GB t78
PCC/GB 25

AC/PCC/GB 52
AC/GB/AC 61

AST l7
AC/IIGB 55
Undefined 58

Total 446

Based on this information, it was decided to focus further analysis on the 178 test files

that fall into the asphalt concrete overlain granular base category since these are the most

ideal sections to analyze in ELMOD5. Figure 5.4 shows the 178 AC/GB pavements

sections plotted as granular base thickness versus asphalt thickness. The figure also

demonstrates the layer thickness variation that exists even within a subgroup of the 446

sections tested.
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A histogram for the asphalt and granular thicknesses is shown in Figure 5.5. It can be

seen that the most common asphalt thicknesses are 100 and225 mm. The most common

granular thicknesses are 225 and 350 mm.
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tr'igure 5.5 - Histogram of Granular and Asphalt Thicknesses

Clustering was performed, under varying conditions, using Matlab mathematical software

for the L78 ACIGB test sections. There are many methods to attempt to identify

homogenous subgroups, or clusters, within a data set. Cluster analysis, also called

segmentation analysis or taxonomy analysis, seeks to identify a set of groups which both

minimize within-group variation and maximize between-group variation. Matlab offers

two general approaches to cluster analysis in hierarchical and k-means clustertng.

Hierarchical clustering is typically used in analysis of smaller sample sets (i.e. <250

samples) such as the case in this research. In order to perform hierarchical clustering, the

user must specify the similarity or dissimilarity between pairs of samples, how clusters

are divided and the number of clusters desired. This method is unsuitable for this
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application since the resulting clusters are nested rather than being mutually exclusive. ln

the hierarchical method, a cluster tree is created showing a multilevel hierarchy. In other

words, larger clusters contain smaller clusters such as the example for a set of 30 samples

shown in Figure 5.6.

202524 527 21721 42216 7 2811s€2630 1 512 3141323 1015 6191829

Figure 5.6 - Example of Hierarchical Clustering

K-means clustering can best be described as a segmentation method. K-means clustering

is one of the simplest unsupervised learning algorithms that solve clustering problems

fMacQueen, 19671. The basis of the method is to assume a certain number of clusters, k,

and to determine k centroids, one for each mutually exclusive cluster. K-means then

assigns each data point as an object having a location in space. The method determines

the location of partition in which objects within each cluster are as close to each other as

possible, and as far from objects in other clusters as possible. Each cluster in the partition

is defined by its member objects and by its centroid. The centroid of each cluster is the
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point to which the sum of distances from all objects in that cluster is minimized. K-

means uses an iterative algorithm that minimizes The sum of distances from each object to

its cluster centroid, over all clusters. This algorithm moves objects between clusters until

the sum cannot be decreased further. The result is a set of clusters that are as compact and

well separated as possible. The algorithm aims at minimizing the squared error function:

kn
r =z I ll"Í,, -", ll'

j=t i=l

Where:

(Equation 5.2)

ll"l" - ", ll' 
: distance between a datapoint x,f') and the cluster centre c,

The algorithm was modified to utilize the method of Euclidean distance. The Euclidean

distance is the square root of the sum of the square of the x difference plus the square of

the y distance (for a data point with x, y coordinates). The square of the distance is used

in order to eliminate the sign. 'When two or more variables are used to define distance,

the one with the larger magnitude will dominate, so to avoid this it is common to

standardize all variables. This was carried out for the data in this case by utilizing the

granular equivalent thickness of asphalt to standardize the variables. However, since the

assumption of granular equivalent thickness is to double the asphalt thickness, the

resulting cluster analysis from each program did not change and thus the original results

were maintained. Further, it has been noted in past experiments that the sequence of the

observations could play a role in the determination of centroids. Clustering the data in a

random sequence as well as in a sorted sequence tested this theory. In this instance, no

difference in results was found.
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The k-means algorithm uses a two-phase approach to minimize the sum of point-to-

centroid distances, summed over all k clusters. ln the f,rrst phase, each iteration consists

of reassigning points to their nearest cluster centroid, all at once, followed by

recalculation of cluster centroids. This phase provides a fast but potentially only

approximate solution as a starting point for the second phase. In the second phase points

are individually reassigned, if doing so will reduce the sum of distances, and cluster

centroids are recomputed after each reassignment. Iterations during this second phase

consist of one pass though all the points. K-means can converge to a local optimum, or a

partition of points in which moving any single point to a different cluster increases the

total sum of distances fMathWorks, 2006]. Similar to other types of iterative numerical

solutions, the solution that k-means reaches often depends on the starting points. It is

possible for k-means to reach a local minimum, where reassigning any one point to a new

cluster would increase the total sum of point-to-centroid distances, but where a better

solution does exist. This problem was handled using another modification to the

algorithm by incorporating replicate centroid seed values. The clustering procedure was

performed repeatedly in order to be certain that all random cluster starting points were

considered and thus the resulting sum of the squared errors was minimized.

The assumptions made in the k-means clustering analysis procedure were that data are

continuous variables, as opposed to categorical, and observations are independent. The

algorithm was attempted with preset cluster sizes of 2,3, 4,5 and 6 to test the analysis.
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The three corresponding cluster groups can be seen in Figures A-1 to A-5 in Appendix A.

Tables 5.3 and 5.4 show the resulting cluster breakdowns and centroids, respectively.

able 5.3 - l(-means Cluster A s Results
CluóterinÈ Results

2 Clusters 3 Clusters 4 Clusters
Cluster Count %o of Total Cluster Count o/o of Tofal Cluster Count o/o of Total

I 97 54.5 I 84 47.2 1 45 25.3
2 81 45.5 2 53 29.8 2 50 28.1

J 41 23.0 3 40 22.5
4 43 24.2

Total 178 100% Total 178 100% Total 178 100%

5 Clusters 6 Clusters Mean Silhouette Values
Cluster Count % of Total Cluster Count %" of Total Size Value

4t 23.0 I 2t I 1.8 7 0.s738
2 31 11.4 2 45 2s.3 3 0.5686
J 31 11.4 3 31 r1.4 4 0.6506
4 43 24.2 4 28 15.1 5 0.6223
5 32 18.0 5 31 17.4 6 0.6164

6 22 12.4
Total 178 100% Total t78 100%

Table 5.4 - K-means Cluster Centroids
Clustêrihq,Results,,

2 Clusters 3 Clusters 4 Clusters

Cluster
Centroid

(AC thickness (mm),
GB thickness (mm))

Cluster
Cenhoid

(AC thickness (mm),
GB thickness (mm))

Cluster
Centroid

(AC thickness (mm),
GB thickness lmm))

I 149-350 I 139.209 226.328
2 241,210 2 289,221 2 283.203

J 154,364 3 107.403
4 124,230

5 Clusters 6 Clusters

Cluster
Centroid

(AC thickness (mm),
GB thickness (mm))

Cluster
Centroid

(AC thickness (mm),
GB thickness lmm)')

I 298,213 1 224.182
2 108,294 2 226,328
) ttt.421 J tl1.421
4 229,329 4 13 I, 206
5 160, 183 5 316,216

6 98.310
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As seen in Table 5.3, in terms of distribution, the results returned using the algorithm

with a set of 4 clusters are the most uniform being all within 60/o of each other. The most

skewed results are the ones found with 3 clusters. Since the between-group and within-

group distances were minimized for each cluster size, the most uniform results are

decidedly the most appropriate to use for analysis. Also seen in Table 5.3, the silhouette

function in Matlab provided a measure of the clusters separation. Silhouette values range

from -1 to +1 with -1 denoting questionable cluster assignment and +1 denoting clear

cluster assignment. A successful clustering is said to have a mean silhouette value

greater than 0.6 for all clusters. Since the highest silhouette value was found for the

algorithm using 4 clusters, that scenario was used for analysis. The resulting clusters can

be seen in Figure 5.7. Graphically, the uniformity of the clusters is not seen since a

single point may represent several overlapping data points. For example, cluster 2,while

actually containing 50 data points, is represented by only nine points in Figure 5.7.
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tr'igure 5.7 - Result for 4-mean Cluster Analysis of all Bituminous Sections

The four resulting cluster centroids are denoted as subgroups A, B, C and D in Figure 5.7

and Table 5.5. Also, the LTPP site analyzed in detail in later sections of this research is

shown to fall into subgroup A, which is expected to be the strongest group due to the

increased thickness of granular base. The clustering procedure retums four representative

pavement structures for future network analysis based on previous FWD testing.
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A 100 400 25.3
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5.4.2.2 Analysis Results for MTGS FWD Tests

Following backcalculation analysis and clustering, the granular base and subgrade moduli

were plotted versus the Mn/DOT TI, at the test date, for all pavement structures. These

can be seen in Figures 5.8 and 5.9.

It should be noted that all proceeding figures are plotted regardless of year. In other

words, plots of subgrade modulus versus thawing index or date are a combination of all

years ofdata categoized together for analysis purposes.
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Figure 5.8 - Granular Base Modulus vs. Thawing Index for AC Pavements

Figure 5.8 shows the majority of the backcalculated subgrade moduli falling between the

values of 50 MPa and 150 MPa. The average granular base modulus for the set of data in

Figure 5.8 is227 MPa with a standard deviation of 101 MPa.
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Figure 5.9 shows the relationship between the backcalculated subgrade modulus and the

thawing index for the 178 bituminous structures.
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tr'igure 5.9 - Subgrade Modulus vs. Thawing Index for AC Pavements

In Figure 5.9, it can be seen that the majority of the subgrade moduli are in the range of

50 to 150 MPa. The average subgrade modulus for the bituminous pavements in Figure

5.9 is I22}i4Pa with a standard deviation of 67 MPa. These values are slightlyhigher

than typìcal subgrade moduli, but may be the result of the number of data points being

less than half of the total data.

Using the results from the k-means cluster analysis, the granular base and subgrade

moduli plotted against the thawing index for the four clusters can be seen in Fi.gures 5.10
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and 5.10. As well, the same relationships can be seen for the clusters with respect to date

in Figures 5.12 and 5.13.
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Figure 5.11 - Subgrade Modulus vs. Thawing Index for 4-mean Clusters
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The individual clusters are separated and plotted with respect to thawing index in the

Figures B-1 to B-8 in Appendix B. An effort was made to fit polynomial models to the

cluster data, however, three of the eight cubic polynomial models have coefficients of

determination (R2) less than 0.25 and, are categorized as "weak" relationships. The

remaining clusters have R2 values of 0.27 to 0.51, which fall between a "weak" (0.25)

and "strong" (0.80) relationship. Therefore, only a small percentage of the variation in

the data can be explained by the lines of best fit. As well, the minimum standard error is

52.43 MPa, while the maximum standard error is 1 14.56 MPa. This is summarized in

Table 5.6. A high standard error value can be indicative of either high variability in the

data or a small sample size. An attempt was made to fit a quadratic polynomial to the

data clusters but the ensuing relationships were not improved.
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Table 5.6 - Sum of Cluster Models

Difficulty in fitting a model to the curve may be due to the testing window of the data.

As mentioned, the data was collected from the end of March to the middle of August and

attempting to extrapolate a relationship based on the short range of dates is difficult.

Estimations of previous climatic factors such as precipitation, temperature, and cloud

cover are not taken into account in the data. Theoretically, spring thaw weakening and

recovery behaviour would involve an increase in subgrade strengfh over the winter

months as the pavement structure freezes followed by a sharp decrease as spring thawing

occurs and a slow strength recovery through the summer months. This ideal trend is

somewhat seen by the data shown above but is not necessarily quantifiable, by definition

of a numerical model, at this stage.

5.4.3 MTGS F\ryD Data Distribution Analysis

Due to the aforementioned difficulty in determining a relationship between the granular

and subgrade moduli for the clustered MTGS FWD and its variability, the data was

u
,',Std:,
toãv.

I
Granular 45 261.33 r 16.90

y:-3E-07x'+0.001x'-
1.0502x + 491.11 0.3409 114.56

Subs¡ade 45 141.73 5s.98
y: -lE-08x'+ 9E05x'

0.1382x + 171.18 0.2100 s2.43

2
Granular 50 180.54 93.17

y: -7E-08x' + 0.0003x- -
0.253x + 231 .22 0.0221 94.05

Subgrade 50 131.62 55.06
y : -lE-07x' + 0.0006x- -

0.6146x + 270.21 0.2859 55.61

3
Granular 40 212.88 95.62

y: -28-07x'+ 0.001x'-
1.0783x + 538.11 0.1637 96.73

Subgrade 40 114.22 89.08
y : -5E-07x' + 0.001 8x- -

2.0256x + 120.79 0.5127 90.24

4
Granular 43 257.16 74.1O

y :28-07x" - 0.0004x' +
0.2193x+ 273.93 0.3817 70.73

Subgrade 43 98.98 59.39

y:5E-08x'- lE-04x'+
0.0383x + 92.583 0.1417 58.16
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analyzed in terms of its distribution in order to determine a representative value for

strength.

The backcalculated results were divided into groups corresponding to values of

cumulative thawing index. The ranges for CTI, in deg-days, were selected arbitrarily to

be from 0 to 500, 500 to 1000, 1000 to 1500 and larger than 1500. The testing data from

MTGS naturally falls into these four categories of thawing index due to the date of the

testing programs being consistently between the end of March and the middle of August

in any given year. The frequency distributions of the granular and subgrade moduli

results in each category of CTI are shown in Figures 5.14 and 5.15, respectively.
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Figure 5.14 - Frequency Distribution of Granular Base Modulus
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f igure 5.15 - Frequency Distribution of Subgrade Modulus

In order to determine a representative value of modulus, the data was fitted using

Weibull, Lognormal and Normal distributions. As seen in Table 5.7, the lognormal

distribution provided the best fit that resulted in the lowest standard errors. The

probability plots for the lognormal distribution are attached in Appendix E. The scale (a,

sigma) and shape (b) parameters control the size or spread and form of the distribution

function. If the scale parameter is large, the distribution will be more spread out and if it

is small, the distribution will be more concentrated. The shape parameter allows the

distributions to take on a variety of shapes, depending on the value of the shape

parameter. As well, the location parameter (mu) determines where the origin will be

located. If mu is positive, the origin will be shifted to the right, whereas if mu is

negative, it will be shifted to the left.
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Table 5.7 - Goodness-of-fit for Various Distributions
.GranularrBaée t,., :. :,,,.::.. :,: :., lN eibull' ,: Normal :r Lôonoimãl

Tl:Ráú,i¡è rParamêter Estimate Std;:Erroi Paramêter Estímatê Std. Error :Parameterr'' EstÌmaté Std;.Error

3:500,.
a lscalel 273.O59 18-602 u (location) 241.368 17.456 u lloo location) 214.794 1.O87
b (shape) Z.CUþ 0.335 s (scate) 107.604 't2.594 s (tog scate) 1.6t1 .UOZ

r.r500:1000r,
a lscaleì 252.645 16.U2 u (location) 223.758 15.947 u lloo location) 204.609 080
b (shape) 2.757 0.388 s (scale) 91.609 11.542 s (log scale) 1.553 .057
a (scâlel 220.499 13.393 u (location) 194.358 12.166 u lloo location 176.U5 .062
b (shape) 2.400 0.253 s (scale) 88.570 8.727 s (log scale) 1.553 .044

,,>rl500t:
a lsc-aleì 2a2.A31 15.963 u (locatior 250.056 14.762 u lloo locationì 225.710 .066
b (shape) 2-546 0.276 s (scale) 108.481 10.587 s (log scale) 1.602 .047

Suborecle Weibull I Noimal Lòqnormal.l
Tl:Rañäè Parametér 'Esfimátè Std. Error Parameter Estimatè Std.'EÉor .,.Paraméter.l Estimat€ Std,.Enoi

a lscalel 147.603 15.06't u (location) 131 .079 13.652 u lloo location) 107 .071 1.114
b (shape) 1-682 0.205 s (scate) 84.155 9.850 s (log scale) 1.949 1.081

a lscale 113.4A2 9.297 u (location) 100.333 8.470 u lloo location) 87.401 1.l05
b (shape 2.238 0.3r 0 s (scale) 48.658 6.130 s (log scale) 1.772 1.075
a lscaleì 109.679 7.S08 u (location) 96.774 7.O27 u (loo location) 88.274 1.057
b (shape 2.030 0.183 s (scale) 51 .1 55 5.040 s (log scale) 1.494 1.040

a (scale 174.419 9.334 u (location) 154.870 8.501 u lloq location) 142.002 1.061
b (shape 2.687 0.279 s (scale) 62.466 6.096 s (log scale) 1.549 1.0M

The lognormal

I

y = f (xllt,o)
I

Where:

probability distribution function is defined as:

. _1ln x_g)2
I --.-

xo",l27T
(Equation 5.3)

p : mean of the variable's logarithm

o: standard variation of the variable's logarithm

Applyrng the lognormal distribution yields Figures 5.16 and 5.T7 for the granular base

and subgrade categories. From this distribution fit, the 90%o and 75yo representative

reliability values can be determined. The 90o/o and 75To reliability values are the values

at which there is a l0o/o and 25o/o probability that the layer modulus is equal or less than

that value. Based on the lognormal distribution, the 90o/o and 75yo reliability values are

listed in Table 5.8.
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able 5.U - .Probât il Values lbr Granular lJase and Su ade

,, 90,7ór,R¿ii ábilitv. fMPal, 75 q/o,Rèliabiliff fMP â)
<500:: 111 t52

1,,,'500,=1000:.::.: 117 t52
ã000¡rs00: 111 131

::Þ. 'f500:::,', 124 t64

; Subsiade Modulus,
90%o Reliabilitv fMPa) 75 9z'¡', Rel iabilÍtv f,trVIPa),:

46 68
:500:1000. 42 60

,:,1[$$:]JQ[1, 53 67
> 1500 . 8l 106

The granular base values remain similar to one another regardless of thawing index, and

essentially time of year, and their probability values do not differ substantially.

Conversely, the summer (CTI > 1500) subgrade probability values are approximately

double the early spring (CTI < 500) values, which is also demonstrated by the LTPP

backcalculated data in proceeding section. The subgrade layer undergoes a variable

modulus relationship through the spring, summer and fall seasons. These results also

demonstrate that the granular base layer in the MTGS data files undergoes less seasonal

fluctuation with respect to modulus than the subgrade layer.

5.4.4 LTPP Backcalculated Moduli

The LTPP program includes over 2,400 test sections on in-service highways at over 900

iocations throughout North America. This program includes two test locations in

Manitoba on Provincial Trunk Highways 1 and 75. Part of the extensive data collection

has been FWD testing data for the two pavement monitoring sites in Manitoba.

Site 83-1801 is located in the southwest corner of the province near Oak Lake (49.77o,
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100.54') on PTH 1. Site 83-3802 is located directly south of Winnipeg on PTH 75

(49.63",97.14'). The pavement structure at site 83-1801 consists of 111 mm of asphalt

concrete and 478 mm of granular base material overlain native subgrade material. No

rigid layer exists within 6000 mm fWatson, 1996]. Site 83-1801 is believed to be a

section of MTGS control section number 03001050. MTGS section 03001050 is a 4.8

km section of road that underwent grading in 1984, asphalt surfacing in i986 and

received an asphalt sealcoat in 1998. Site 83-3802has a pavement structure consisting of

249 mm of Portland Cement concrete and 274 mm of granular base material overlain

native subgrade material.

Al1 testing previously carried out at both SMP sites was done using a Dynatest 8000

FWD, generating loads between26.7 kN and 71.2 kN. Both site 83-1801 and 83-3802

were tested under three load levels. These load levels being 40.0 kN, 53.4 kN andlL2

kN for three separate drops. An additional drop is performed for flexible pavements at a

load level of 26.7 kN.

Between 1990 and 2004, there were 60 and 33 F\ryD tests for sites 83-1801 and 83-3802,

respectively. Backcalculation results exist only for tests prior to 1997. Further, there are

only nine backcalculation results for site 83-1801 and 24 results for site 83-3802.

Backcalculation was carried out in 1997 by LTPP using a modified version of

MODCOMP v4.2 software developed by the Texas Transportation Institute and is

reported as an average backcalculated elastic modulus in MPa.
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The FWD test

elastic moduli

elastic moduli

Table C-2.

dates can be found in Table C-l of Appendix C. As well, the reported

for the two SMP sites can be seen in Table C-2 of Appendix C. The mean

values for each test site are summarized in Table 5.9, calculated from

able 5.9 - Mean Llastic Moduli as LTPP
LTPP'.Sitér: Mean Moduli fMPa)
83.1I0Í,'ßléxible),. Ba5e,taver Subbasitl âÍêf: SùliôiáderT';aver
.r l,Dãtes} 9219 28882 14230 390

6678 493 852 298

Súr,fáõÉtLâÍêr Basê:tâVer
5r572 ll95 N/A 425

45305 461 N/A 425

The average values reported by LTPP are shown to be very high due to the fact that

testing was carried out from February to December, including when the pavement

structure would be frozen and very strong. Even discounting the frozen time periods of

November, December, January, February and March, the values reported by LTPP

remain unrealistically high and thus were not found to be useful in this research.

5.4.5 ELMODS Analysis of LTPP Test Sites

Due to the fact that the reported moduli from LTPP were unrealistically high and that the

details of the backcalculation methods are unknown, the raw deflection database files

were obtained from the LTPP online database for analysis using ELMOD5. As

mentioned previously, there were 60 FWD tests performed for site 83-1801 between

1990 and 2004. The tests for LTPP site 83-3802 were not analyzed since the pavement

structure at that particular test site is composed of a concrete surface layer overlain

granular material.

108 -



A focus was placed on the FWD tests performed in the same time frame as the MTGS

tests. Therefore, of the 60 LTPP FWD monitoring tests, a total of 39 dates were

analyzed. The remaining 2I dates were outside of the desired date range of February

through August. Of the 39 analyzed files, four f,rles retumed exceedingly high moduli

values most like due to the fact that structure was still frozen during testing (the test dates

were in either February or early March). Thus, these calculated values were not plotted

with the remaining 35 test dates.

The raw peak deflection values were averaged for the four drops at each of the load levels

to obtain one deflection value for each load level per station. There was an average of

600 drops per test carried out over 12 stations. The pavement structure was modeled as

1 1 1 mm of AC overlain 478 mm of granular base overlain native subgrade material. The

modeling procedure in ELMOD5 was the same process as was used for the MTGS FWD

data files. The resulting moduli values are shown in Figures 5.18 and 5.19. As well, the

curves in Figures 5.18nd 5.19 were created using Loess statistical modeling. Loess, or

locally weighted polynomial regression, fits simple models to localized subsets of the

data to build up a function that describes the deterministic part of the variation in the

data, point by point. At each point in the dataset a low-degree polynomial is fit to a

subset of the data, with explanatory variable values near the point whose response is

being estimated. The polynomial is fit using weighted least squares. The value of the

regtession function for the point is then obtained by evaluating the local polynomial

using the explanatory variable values for that data point.
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It can be seen from Figures 5.18 and 5.19 that the data from LTPP follows a theoretical

spring thaw recovery relationship in terms of modulus and thawing index. The values are

within typical ranges for strength and differentiate between base and subgrade from

frozen to thaw to recovered conditions. This differs from the various MTGS FWD test

files in that the granular base and subgrade layers undergo seasonal modulus weakening

and recovery. This is due to the fact that the LTPP testing is a more consistent and

detailed location with ample information regarding layer properties while the MTGS files

are varied and located over a multitude of granular and subgrade types.

The backcalculated information demonstrates the seasonal variation of subgrade and

granuiar base moduli in Manitoba. This reinforces the need for a mechanistic method of

SLR implementation in order to account for the variability of the materials throughout the

province and spring season.

5.5 Normalized Loss of Bearing Capacity due to Spring Thaw

As mentioned, in the spring, the pavement structure thaws from the surface downwards.

This thaw progression may cause moisture to become trapped between the asphalt

concrete layer and the still frozen subgrade. This temporary saturation causes a loss in

the bearing capacity of the structure and, thus, spring load restrictions are implemented to

prevent excess damage.

It was possible to gather spring and summer backcalculated moduli values for a small

number of MTGS FWD test sites on PTH 1,2 and 3 for the same testingyear. The LTPP
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test site 83-1801 was also tested at various times during a typical year and thus seasonal

moduli values were readily available for that location. Using the backcalculated FWD

values, the weakening of the granular and subgrade layers was quantifiable by calculating

the normalized loss of bearing capacity defined as:

AM M.,, -M.^
M M,U

Where:

^ÀøM: 
normalized loss of bearing capacity due to spring thaw

M.u : maximum modulus obtained from summer FV/D measurements

M*: minimum modulus obtained from spring FWD measurements

Using this equation, the normalized loss of bearing capacity was found for as many

sections as possible. The results are summarizedin Table 5.10.
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0.21
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2st07l 994 211 25/07/1994 61

07/0s/ 99s r53
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It can be seen from the calculation results in Table 5.10 that the average loss of bearing

capacity for the granular base and subgrade layers for the MTGS sections were found to

be 0.07 and 0.21, respectively. In other words, the average MTGS section was 7o/o and

NTabl
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2Io/o weaker from spring to summer for the granular base and subgrade, respectively.

The LTPP test site experienced higher loss of bearing capacity for its granular and

subgrade layers. The normalized losses of bearing capacity for this section were found to

be 0.19 and 0.26 for the granular base and subgrade layer, respectively. The subgrade

layers forboth the MTGS sites and the LTPP site were found to be comparable, having

losses of 2lo/o and 260/o of strength. Conversely, the average loss of strength experienced

by the granular base layer of the LTPP site was almost triple that of the MTGS sites (19%

to 7%). This may be attributed to the fact that three of the seven MTGS sites showed an

increase in granular base strength from spring to summer testing. This also reinforces the

fact that the granular base layer from the MTGS data files does not undergo seasonal

fluctuation as extreme as the subgrade layer.

5.6 Implications on Spring Load Restrictions

The asphalt layer of a pavement structure may be the most prominent, but typically, the

substructure of base and subgrade are the layers which will affect the remaining service

life of the structure. It can be seen from the results in this chapter that that granular base

and subgrade layers undergo certain relationships with respect to time and environmental

conditions. The granular base sections tested by MTGS were found to exhibit variable

modulus values which appear to be independent of seasonal conditions. This conclusion

is supported by the distribution analysis of these results over the specified ranges of

thawing index as well as the calculation of normalized bearing capacity for the individual

sections. With respect to the subgrade at the MTGS test sites, there was a less variable
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thaw recovery relationship which demonstrated the behaviour of the material. This is

supported by the distribution analysis of these sections.

The backcalculated data from the LTPP test site demonstrated thaw recovery

relationships for both the granular base and subgrade material. Referring to the

normalized loss of bearing capacity calculations, a more substantial loss is found in both

the granular base as well as the subgrade material.

The LTPP backcalculation results, in Figures 5.18 and 5.19, demonstrated that the

granular base and subgrade layers reach a threshold of decreasing strength at aTI value

of approximately 200 deg-days and 100 deg-days, respectively. As well, both the

granular and subgrade layers reach their point of lowest strength at approximately 400

deg-days. However, a larger discrepancy exists in when the layers regain their strength.

The granular base layer regains its strength at a thawing index value of approximately

1000 deg-days. The subgrade layer regains its strength at a TI value of approximately

1500 deg-days. Based on the above information and LTPP results, the pavement

structure remains frozen at the SLR TI implementation value of 15 deg-days due to its

sustained values of strength at that point in time. Further, both the granular and subgrade

layers have not experienced strength recovery at the arbitrary end of SLR on May 31

(typical TI value of 60 deg-days) for a given year and could take up to six further weeks

of restrictions in order to recover. Using the data for YWG that is comprised in Table

4.5, average calendar end dates for SLR can be determined for the critical values of

thawing index for each layer. For the granular base, a TI of approximately 1000 deg-
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days is equal to an average date of June 9. For the subgrade layer, a TI of approximately

1500 deg-days is equal to anavetage date of July 8.

While the data may conclude these points, the question of the validity and confidence in

the data set remains. It should be noted that the LTPP section is on a primary highway

and is an all weather road that does not undergo SLR each year. Both the granular base

and subgrade layers do not reach modulus values that would be considered "very weak"

or less than 35 MPa. This highway section would have been constructed in such a

fashion in order for the pavement and granular base layers to provide sufficient strength

over the subgrade in all weather conditions.

The primary goal of SLR policy is to protect the pavement infrastructure in Manitoba and

to prevent excess damage caused to weaken materials. The placement of SLR policy is

primarily in place for thin asphalt pavement structures, such as AST roads, weaker

pavements and roadways with higher than expected truck traffic levels. The difficulty in

this research is twofold in that there are an insufficient number of tests done on AST

and/or restricted roadways and it is very difficult to model and analyze an AST road since

it is essentially only one layer overlain subgrade. Although the provincial road network

consists of 25o/o AST roads, there is a lack of testing on these structures since only 4o/o of

the FWD testing done by MTGS has been on AST roads.

A recent study completed in Minnesota found that aggregate surfaced roads are typically

between 50 and 90 percent of their normal strength values when SLR are removed from
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flexible pavements. As well, it was determined that the aggregate surfaced roads

generally require 0.5 to 3 additional weeks to reach full bearing capacrty [AET, 2005].

The data does, however, demonstrate the variability of pavement structures throughout

the province and their strength behaviour during spring thaw. As well, the

backcalculation of moduli does effectively estimate the loss of bearing capacity of the

subgrade and granular base layers. This information enforces the need for a mechanistic

method of SLR determination in Manitoba.

5.7 Limitations of Data

There is variability within the MTGS dataset as well as befween the MTGS and the LTPP

datasets. The variability within the MTGS dataset exists for many reasons. The data

provided by MTGS encompassed all the previous FV/D tests completed by the

department since 1993. lncluded in this were FWD tests completed for many different

reasons ranging from structural sampling to network evaluations. Consequently, this

entails testing completed at numerous locations across the province. As well, due to the

nature of each individual project, a different FWD contractor may have been employed to

complete each project. Further, over time the format of data acquisition has been

modified and enhanced. Incorporating all these factors leads to an indication as to the

cause of the variability of the MTGS FWD results.

Additionally, due to the changing file formats associated with FWD testing and the

requirement of user input for the location of the test, there is some difficulty in merging
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the pavement inventory database with the provided location to accurately match tests and

sites. As with any computational approach, the quality of the output returned relies

heavily on the quality of the input received. Further to that point, additional testing and

information such as detailed material types and properties, moisture contents,

measurement of frost heave, shrinkage/swelling, etc. is always helpful in accurately

determining material properties.

5.8 Summary

This chapter documents the backcalculation of pavement structure moduli carried out

using ELMOD5 software for the FWD test results provided by MTGS and LTPP. The

FWD testing period covers a Íange of years from 1990 to 2005, inclusive. Odemark's

layer transformation approach was used with Boussinesq's equations to calculate

deflections in an iterative process to match the recorded deflection basins. With respect

to the MTGS files, this research focused on the 67 bituminous structures and their

granular base and subgrade layers. The LTPP test site provided 35 applicable test files

for analysis. The average gtanular base modulus for the bituminous MTGS sections was

found to be 227 }dPa (standard deviation of 101 MPa). The average backcalculated

subgrade modulus for the bituminous MTGS sections was found tobe 122 MPa (standard

deviation of 67 MPa).

Likewise, clustering analysis was performed based on asphalt and granular base thickness

and produced extremely variable results. Two methods of clustering (hierarchical and k-

means) were evaluated and the best agreement was found with a 4-means clustering. As

- 118 -



mentioned, the clustering results were variable and subsequent modeling produced low

R2 values. The clustering procedure produced four representative pavement structures for

future network analysis based on previous FWD testing'

Extrapolating a relationship based on the short range of testing was found to be too

difficult to quantify and thus, a distribution analysis was performed' The backcalculated

results were divided into groups corresponding to values of cumulative thawing index'

The ranges for cTI, in deg-days, were from 0 to 500, 500 to 1000, 1000 to 1500 and

larger than 1500. In order to determine a proper representative value of modulus' the

data was fitted using Weibull, Lognormal and Normal distributions with the lognormal

distribution fitting best. The 10% and 25o/o probability values were found and are the

values at which there is a 90o/o and 75o/o probability that the layer modulus is equal or

largerthan that value. The granular base values remain similar to one another regardless

of thawing index, and essentially time of year, and their probability values do not differ

substantially. Conversely, the summer (CTI > 1500) subgrade probability values are

approximately double the early spring (cTI < 500) values, which is also demonstrated by

the LTpp backcalculated data in proceeding section. The subgrade layer undergoes a

variable modulus relationship through the spring, summer and fall seasons' These results

also demonstrate the fact that the granular base layer undergoes less seasonal fluctuation

with respect to modulus than the subgrade layer'

As mentioned, backcalculation was

S3-1801 in southwestern Manitoba

performed on the 35 suitable FWD tests at LTPP site

near Oak Lake on PTH 1. Although the reported
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values from LTPP were found to be unrealistic and not useful in this research, the

backcalculated data from LTPP follows a theoretical relationship in terms of modulus and

thawing index. The values are within typical ranges for strength and exhibit the change

the layers undergo from frozen to thawed to recovered conditions.

Using the backcalculated FWD values, the weakening of the granular and subgrade layers

was quantifiable by calculating the normalized loss of bearing capacity. The average loss

of bearing capacity for the granular base and subgrade layers for the MTGS sections were

found to be 0.07 and0.2l, respectively. The LTPP test site experienced higher loss of

bearing capacity for its granular and subgrade layers. The normalized losses of bearing

capacity for this section were found to be 0.19 and 0.26 for the granular base and

subgrade layer, respectively. The subgrade layers for both the MTGS sites and the LTPP

site were found to be comparable, having losses of 2Io/o and 260/o of strength.

Conversely, the average loss of strength experienced by subgrade layer of the LTPP site

was almost triple that of the MTGS sites (19% to 7%). This also reinforces the fact that

the granular base layer from the MTGS data f,rles does not undergo seasonal fluctuation

as extreme as the subgrade layer.

The granular base sections tested by MTGS were found to exhibit variable modulus

values which appear to be independent of seasonal conditions. This conclusion is

supported by the distribution analysis of these results over the specified ranges of

thawing index as well as the calculation of normalized bearing capacity for the individual

sections. 'With respect to the subgrade at the MTGS test sites, there was a less variable
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thaw recovery relationship which demonstrated the behaviour of the material. This is

supported by the distribution analysis of these sections.

The backcalculated data from the LTPP test site demonstrated a thaw recovery

relationship for both the granular base and subgrade material. Referring to the

normalized loss of bearing capacity calculations, a substantial loss was found in both the

granular base as well as the subgrade material. Based on the results, the pavement

structure remains frozen at the SLR TI implementation value of 15 deg-days. Further,

both the granular and subgrade layers have not experienced strength recovery at the

arbitrary end of SLR on May 31 for a given year and could take up to six further weeks

of restrictions in order to recover. Using the data for YWG that is comprised in Table

4.5, average calendar end dates for SLR can be determined for the critical values of

thawing index for each layer. For the granular base, a TI of approximately 1000 deg-

days is equal to an average date of June 9. For the subgrade layer, a TI of approximately

1500 deg-days is equal to an average date ofJuly 8.

V/hile the data may conclude these points, the question of the validity and confidence in

the data set remains. It should be noted that the LTPP section in question does not

undergo SLR each year and both the granular base and subgrade layers do not achieve

modulus values that would be considered "very weak".

The data does, however, demonstrate the variability of pavement structures throughout

the province and their strength behaviour during spring thaw. As well, the

backcalculation of moduli does effectively estimate the loss of bearing capacity seen by
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the subgrade and granular base layers. This information enforces the need for a

mechanistic method of SLR determination in Manitoba.
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6.0 ESTIMATION OF CLIMATE CHANGE IMPACTS ON PAVEMENTS

6.1 Introduction

This research is part of a larger project developed to address the vulnerability of

Manitoba's transportation infrastructure to climate change and to determine possible

adaptation strategies. Researchers with expertise in climate change modeling,

geotechnical, transportation and structural engineering have participated in this project.

The team has examined the impacts of changing climate on civil engineering

infrastructure as guided by a multi-disciplinary steering committee fDoering et al., 2003].

One component of the input required by the project team was the development of a

climate change model for Manitoba. The climate change model was developed by AKM

Hassanuzzaman Bhuiyan fBhuiyan, 2006] at The University of Manitoba. This chapter

details the climate change model development and the impacts on spring load restrictions

in Manitoba.

Additionally, a damage analysis was performed with the methods of the Mechanistic-

Empirical Design Guide for the LTPP site 83-1801. The purpose of the analysis was to

determine the accumulated damage consequences and costs associated with spring thaw

weakening. The LTPP site was chosen due to fact that the LTPP dataset is the most

consistent and reliable data available to this research. Five scenarios, and their associated

costs, were evaluated using the backcalculated modulus results described in section 5.3.5.
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6.2 Climate Change Model Development

An international scientific consensus has emerged that our global temperature is rising.

Abundant data demonstrate that global climate has warmed during the past i50 years.

The increase in temperature was not constant, but rather consisted of warming and

cooling cycles at intervals of several decades. Nonetheless, the long-term trend is one of

net global warming. Corresponding with this warming, alpine glaciers have been

retreating, sea levels have risen, and climatic zones are shifting. Average global

temperatures are rising; the 20th century was the warmest the world has seen in 1,000

years, and the 1980s and 1990s were the warmest decades on record. As a northern

country, climate change impacts could be more pronounced in Canada. Most climate

change projections for the Prairies show increased temperatures under global warming.

Recent models suggest that temperatures in Manitoba could increase by 3 to 4oC in the

suÍrmer and 5 to 8oC in the winter. Such changes would be the largest and most rapid of

the last 10,000 years and would have profound effects on our lives and the ecosystems

that support us fGovemment of Canada,2006].

A regional downscaled climate change scenario was used to address impacts on

transportation infrastructure due to climate change. Dynamic downscaling techniques

using a meso-scale weather prediction model were used, where finer resolution climate

information is derived from coarser resolution Global Climate Model (GCM) output.

Canadian Centre for Climate Modeling and Analysis (CCCma) data, after necessary

transformation, was used as the boundary condition driving the downscaling process for

years representing 1978 (l x CO2) and 2044 (2 x COz). Output from the two
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representative years was used to develop a climate change scenario. Mean annual

temperature increase resulting from doubling of COz is in the order of 3.5oC to 4.0'C.

Much of these increases result from warming in the spring and early summer. There is a

cold bias in the model compared to the climate normal. Also, the number of frost free

days increased by 15 to 20 days due to the increase in COz. Results obtained in the study

are in general agreement with other climate scenarios, although there are a number of

known deficiencies in this analysis. Namely, a short period of integration relative to

climate, and initialization of surface fields, such as snow cover and soil moisture may not

be representative. Therefore, results should not be taken directly to reflect average future

climate change [Bhuiyan, 2006].

It had been originally intended to use representative years 1975-1984 as 1 x COz and

2040-2049 as 2 x COz to develop climate change scenarios for impact assessment on

transportation infrastructure. Due to constraints in computational resources and time, the

study was limited to a one year run of one times CO2 represented by the year 1978 and a

one year run of two times CO2 represented by the year 2044. Selected years are primarily

a year within the CCCma supplied data range corresponding to above mentioned range.

No special attention was given to separate these years from natural variability of climate

such as El Niño [Bhuiyan, 20061.

The seasonal variation of temperature is derived from one year of simulated data. Due to

natural variability, one year may differ considerably from another. Multi-year

simulations are preferred, however they are more computationally intensive. They would
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provide a more conclusive judgment on seasonal variability as well as to identify average

model biases, which could be applied for bias corrections in climate run. No model bias

correction is applied, as the validation run is limited to one year. Longer integration is

essential to generate suff,rcient information for the seasonal variation of climate and

spatial distribution patterns of the climate variables to develop climate change scenarios

successfully fBhuiyan, 2006].

The climate change model found that due to the increase in COz, warming is seen to be

between 2"C to 5oC year round except for the month of February. Warming during the

winter (January) varies over the model domain. Winter warming of loC to 6oC is seen

over the model domain with an aveÍage increase of 3.5oC. Warming in the month of July

is relatively evenly distributed over the domain. An average warming of 4oC is seen

during the mid-summer month fBhuiyan, 20061.

6.3 Climate Change Impacts on Spring Load Restrictions

Using the output of the downscaled regional model for the average daily air temperature

at Wiruripeg Intemational Airport, the impacts on SLR were estimated. The most

common method used to transfer the signal of climate change from climate models to

hydrological models has been the delta approach. In this approach, only differences in

the most relevant climate variables-typically precipitation, temperature and

evapotranspiration-are extracted from the control and scenario simulations of the

climate model fCarlsson et al., 2005]. In this research a comparison between the model

temperature trends for the year 2044 and observed data from 1990-2005 for YWG was
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made. Figure 6.1 shows the observed average daily temperature for 1990 to 2005 and the

climate change model trends applied to it. The average temperature increase for the

model year is 3.28"C. Further, the average temperature increases for the seasonal periods

of winter (December-January-February), spring (March-Apri1-May), summer (June-July-

August) and fall (September-October-November) are 1.68oC,5.78oC,4.89"C and 0.78"C,

respectively. Both data sets were fit with a sinusoidal model relationship with the

parameters shown in the figure. The difference in winter temperatures is explained as

possiblybeing due to snow cover data used in the development of the model fBhuiyan,

20061.
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Figure 6.1 - Observed and Climate Model Temperature Data
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2044 can only be calculated as a calendar year, such as the LTPP and one of the Mn/DOT

methods provide. The impacts of this climate change model on spring load restrictions

were estimated.

First, a comparison of historical start date and the climate model start date were

completed. This is shown in Figure 6.2, where it can be seen that the average historical

start date for the period between i990 and 2005 is March 18th, whereas the projected

climate model data translates to a start date of March 6th. Therefore, comparing 1990-

2005 with 2044, along with the increase of 12 days aL the start of SLR, this would lead to

a decrease in the duration of winter weight premiums for Manitoba. As shown in Table

6.1, the difference between the hypothetical historical end dates for the granular base and

subgrade layers is 20 and 30 days, respectively. A decrease of the cumulative freezing

index in the order of 5L9oC-days was also found for the projected year 2044.
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There are many reputable climate change models available and all show different

projections depending on the set of assumptions and conditions. Typically, the one

common trait shared is a general daily temperature increase for Manitoba, which would

lead to an earlier SLR start date. Depending on whether or not this increase is in the

spring, winter, summer or fall, it will influence the impacts to the current spring load

restriction policy.

An increase of 12 days in the start date of SLR is significant in terms of the strength of

the pavement structure and the current policy, since for a warrn spring the date may

actually theoretically fall in February leading to a major change in the SLR TI calculation

guidelines. Further, even though this research f,rnds a net increase in SLR start date of 12

days for 2044, it is unknown what the year-to-year influences of climate change actually

are. The impact of climate change on SLR policy will be a fundamental shift in the start

date commencing in early March or late February. As well, a significant change in the

length of SLR may be required to accommodate the change in temperature in the

pavement structure. The benefits of a flexible start date may also be seen by the addition

of a flexible end date to minimize damage to the road structure and impact to trucking

industry. Ultimately, SLR policy should be condition or climate based, rather than fixed

date, in order to provide the necessary flexibility to compensate for climate change

impacts.
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6.4 Damage Comparisons Using Mechanistic-Empirical Analysis

6.4.1 Mechanistic-EmpiricalDesÍgn Guide

The American Association of State Highway and Trafnic Officials (AASHTO) is non-

profit, non-partisan group representing highway and transportation departments across

the United States. The organization has been fundamental in the methods used by

transportation agencies across North America since the first AASHTO Guide for Design

of Pavement Structures was introduced in the 1960's. The design of pavements and

bridges on the American lnterstate road system was largely based on the results of a

pavement test site in Illinois constructed in 1956 and known as the "AASHO Road Test".

The test data established the relationships for pavement structural designs based on

expected loadings over the life of a pavement as well as provided the foundation for

analytical evaluation of stresses and deflections from moving vehicles.

Prior to 1986, the design and maintenance of roads across North America was based on

the limited empirical performance equations developed by the AASHO Road Test. In

1986 however, major revisions were made to the design guide in an attempt to

incorporate mechanistic approaches to design. In 1993, it was proposed to create a

design guide by the year 2002 that was based on mechanistic-empirical principles

utilizing numerical models from the LTPP program and state-of-the-art practices. The

guide was to address all new and rehabilitation design issues and provide an equitable

design basis for all pavement types. This guide was introduced as an academic platform

in 2003 and was named the Guide for the Mechanistic-Empirical Design of New and

Rehabilitated Pavement Structures (herein referred to as the MEDG). The development
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of the new MEDG was motivated by a variety of reasons. These reasons include the

dramatic changes in traffic loading and truck configuration since the 1960's, the fact that

the AASHO Road Test did not consider rehabilitation strategies, variations in climatic,

base and subgrade conditions, development of improved asphalt and concrete surface

courses, and the advancements in performance and reliability procedures used in

pavement design.

The design approach provided by the MEDG is comprised of three major levels as shown

in Figure 6.4. The first stage consists of the development of input values for the analysis.

A key step of this process is foundation analysis. For new pavements, the foundation

analysis consists of stiffrress determination and, where appropriate, evaluations of volume

change, frost heave, thaw weakening, and drainage concerns. The overall

strength/stiffiress of the existing pavement is evaluated using deflection testing and

backcalculation procedures. Also during the first stage, pavement materials

charactenzation and traffic input data are developed. The Enhanced lntegrated Climate

Model (EICM), a powerful climatic effects modeling tool, is used to model temperature

and moisture within each pavement layer and the subgrade. The climatic model

considers hourly climatic data (temperature, precipitation, solar radiation, cloud cover,

and wind speed). The pavement layer temperature and moisture predictions from the

EICM are calculated hourly over the design period and used in various ways to estimate

material properties for the foundation and pavement layers throughout the design life.

The frost depth is determined, and the proper moduli are estimated above and below this

depth. Stage 2 of the design process is the structural/performance analysis. The analysis
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approach is an iterative one that begins with the selection of an initial trial design. Initial

trial designs can be created by the designer, obtained from an existing design procedure,

or from a general catalogue. The trial design requires initial estimates of layer thickness,

geometric features, initial smoothness, required repairs to the existing pavements,

pavement materials characteristics, and many other inputs. The trial section is analyzed

incrementally over time using the pavement response and distress models, and the

outputs of the analysis are accumulated damage the expected amount of distress and

smoothness over time. Stage 3 of the process includes those activities required to

evaluate the structurally viable alternatives. These activities include an engineering

analysis and life cycle cost analysis of the alternatives IAASHTO,2005].
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Properties as a function of

STAGE I . EVALUATION

STAGE 2 - ANALYSIS

STAGE 3 . STRATEGY SELECTION

Figure 6.3 - Conceptual Schematic of the Three-stage Design Process IAASHTO, 2005]

Another unique feature to this edition of the MEDG is the hierarchical approach to design

inputs. The designer is afforded a significant amount of flexibility in obtaining design
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inputs based on project importance or resources. The MEDG allows for three levels of

design inputs. Inputs for Level 1 provide for the highest level of accuracy and, thus,

would have the lowest level of risk. With respect to material properties, Level 1 inputs

require laboratory or field testing such as the dynamic modulus testing of hot-mix asphalt

concrete, site-specific axle load spectra data collections, or non-destructive deflection

testing. Level 1 input would typically be used for designing heavily trafficked pavements

or wherever there is dire safety or economic consequences of early failure. Obviously,

Level I inputs require more resources and time than other levels. An intermediate level

of accuracy is provided by Level 2 inputs and would be closest to the typical procedures

used with earlier editions of the AASHTO Guide. This level could be used when

resources or testing equipment are not available for tests required for Level l. Level2

inputs typically would be user-selected, possibly from an agency database, could be

derived from a limited testing program, or could be estimated through correlations.

Examples would be estimating asphalt concrete d¡mamic modulus from binder,

aggregate, and mix properties, estimating Portland cement concrete elastic moduli from

compressive strength tests, or using site-specific traffic volume and traffic classification

data in conjunction with agency-specific axle load spectra. The lowest level of accuracy

is provided by Level 3 inputs. This level might be used for design where there are

minimal consequences of early failure (e.g., lower volume roads). Inputs typically would

be user-selected values or typical averages for the region. Examples include default

unbound materials resilient modulus values or default Portland cement concrete

coefficient of thermal expansion for a given mix classes and aggregates used by an

agency. For a given design project, inputs may be obtained using a mix of levels, such as
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concrete modulus of rupture from Level 1, traffic load spectra from Level 2, and

subgrade resilient modulus from Level 3. ln addition, it is important to realize that no

matter what input design levels are used, the computational algorithm for damage is

exactly the same. The same models and procedures are used to predict distress and

smoothness no matter what levels are used to obtain the design inputs IAASHTO ,2005].

6.4.2 Analysis of LTPP Site 83-1801

As mentioned, the MEDG was developed in part by numerical models provided through

the LTPP program. As well, the LTPP dataset is the most consistent and reliable data

available to this research. As such, a damage analysis using the MEDG was carried out,

using the LTPP site 83-1801, to determine the accumulated damage consequences and

costs associated with spring thaw weakening. Unfortunately, consistent testing on other

highway sections for Manitoba is unavailable at this time. Five scenarios were tested

using the backcalculated modulus results described in section 5.3.5. The scenarios can be

described as follows:

Scenario 1 is a pavement structure that undergoes spring thaw weakening in

March, April and May, experienced partial strength recovery in June and full

recovery in July. This scenario simulates current conditions occurring during

spring thaw without accommodation for SLR (100% axle loads).

Scenario 2 is a pavement structure that undergoes spring thaw weakening

identical to scenario i but axle load spectra was reduced to 90o/o of normal axle

loads in March, April and May. This scenario simulates a pavement structure

that subjected to Level 1 of SLR load limits by MTGS. This scenario assumes

that no additional trips are generated by the enforcement of SLR.
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Scenario 3 is a pavement structure that undergoes spring thaw weakening

identical to scenario 1, but axle load spectra was reducedto 65%o of normal axle

loads in March, April and May. This scenario simulates a pavement structure

that subjected to Level 2 of SLR load limits by MTGS. This scenario assumes

that no additional trips are generated by the enforcement of SLR.

Scenario 4 ts a pavement structure that undergoes spring thaw weakening

identical to scenarios 1, but axle load spectra was reducedto 90o/o of normal axle

loads in March, April and May. Scenario 4 assumes that additional trips are

generated by the loss of payload created by the enforcement of SLR.

Scenario 5 is a pavement structure that undergoes spring thaw weakening

identical to scenarios 1, but axle load spectra was reducedto 650/o of normal axle

loads in March, April and May. Scenario 5 assumes that additional trips are

generated by the loss of payload created by the enforcement of SLR.

6.4.2.1Inputs for LTPP Site 83-1801

As much as possible, site specific inputs were used to accurately depict the existing

conditions at the LTPP site. However, since the MEDG is a new procedure and available

data is limited, some inputs remained default values. A detailed summary of the outputs

for each test scenario can found in Appendix F. A design life of 20 years, the maximum

currently allowed by the MEDG, was chosen for all scenarios using the default failure

limits and reliabilities as shown in Table 6.2. One exception was the initial International

Roughness Index (IRI) value used for analysis. The value chosen was determined from

testing performed at the LTPP site and was inputted as 89 inlmi.
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Table 6.2 - Flexible Pavemen Analvsis Parameters
Párametêr timit., ,ReliabÌlifv
Terminal IRI 172 in/mi (2.71 m/km) 90
Long. Cracking 1000 ff/mi (190 mlkm) 90
Fatigue Cracking 25% 90
Thermal Fracture 1000 ff/mi 1190 mlkm) 90
Chemically Stabilized Layer Fatisue Fracture 2s% 90
Permanent Deformation - Total Pavement 0.75 in (19.0 mm) 90
Permanent Deformation - Asphalt Onlv 0.25 in (6.4 mm) 90

The MEDG inputs are divided into four major categories; project information, traffrc,

climate and structure. The project information includes general information such as

expected pavement life, type and month of construction, project location identification

and location, as well as the analysis parameters mentioned above.

In terms of traffic inputs, the initial two-way Average Annual Daily Truck Traffic

(AADTT) and monthly volume adjustment factors were provided by The University of

Manitoba Transportation lnformation Group IUMTIG, 2006]. The AADTT was

determined to have undergone compound growth since 1990 at an annual rate of 2.5o/o.

The axle load distribution factors were left as default values for scenario 1, while being

modifiedto90o/oand650/o of normalloadsforscenarios 2,3,4 and5. Aswell,traffic

data for the year 2005 was provided for the Oak Lake weigh-in-motion (V/IM) site. This

information was used to input Level 1 traffic distribution percentages for the site.

Although, study has shown that V/IM systems successfully classify over 95o/o of vehicles

accurately, there is a tendency for misclassification of class 5 and 8 trucks, leading a

higher percentage of truck traffic lZhi et al., 1998]. More recent WIM technology should

overcome these shortcomings.
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'With 
respect to scenarios 4 and 5, the enforcement of SLR was assumed to generate

additional trips during the months of March, April and May due to the reduction in

payload experienced by shipping industry. From the current traffic collection

information provided by UMTIG, it was found that 90.5o/o of the truck traffic on this

highway section was from class 9 (59%), class 10 (18%) and class 13 (I3.5%) trucks.

Based on tare weight information lMontufar and Clayton, 2001] and the current MTGS

gross vehicle weight restrictions, the additional trips theoretically generated by the

enforcement of 90o/o and 650/o SLR levels were determined. ln order to transport the

same fully loaded mass of freight under Level 1 SLR as during normal conditions, class 9

trucks must utilize I .15 trucks, class 10 trucks must utiliz e I.77 trucks and class 13 trucks

must utilize 1.18 trucks. This translates to a weighted average of 16 additional trips, per

100, theoretically generated during Level i SLR by class 9, 10 and 13 trucks. Further, in

order to transport the same fully loaded mass of freight under Level 2 SLR as during

normal conditions, class 9 trucks must utilize 2.23 trucks, class 10 trucks must utilize

2.46 trucks and class 13 trucks must utilize 2.67 trucks. This translates to a weighted

average of 134 additional trips, per 100, theoretically generated during Level 2 SLR by

class 9, 10 and 13 trucks.

With respect to climate, although detailed climate data is available for the site, the

MEDG is not yet capable of receiving Canadian weather station information. Therefore,

of the available weather stations, the Grand Forks International Airport (47o55'N

97"L1'W, elevation 839 ft.) in Grand Forks, ND, was chosen to represent the LTPP site.
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The weather information includes temperature, wind speed, sunshine percentage, relative

humidity and precipitation.

The structural information was inputted, as the actual pavement exists, wherever possible.

The structure at the site consists of three layers; 1 1 1 mm of asphalt concrete and 478 mm

of granular base material overlain native subgrade material. The surface layer asphalt

mix was inputted using the actual gradation values of the material as reported by LTpp.

The binder and other general properties of the asphalt were left as default (Level 3 input).

The values inputted for the granular base layer, as reported by LTPP, were the material

type, plasticity index, and gradation. A representative modulus value of 180 Mpa

(26,100 psi) was used as determined in the backcalculation analysis of the LTpp FWD

tests described in section 5.3.5. Unfortunately, the MEDG also carurot support seasonally

varying modulus values for the granular layers (Level 3 input). The values inputted for

the subgrade layer, as reported by LTPP, were the material type, plasticity index, and

gradation. Seasonally changing representative subgrade modulus values were used for

winter, spring, summer and fall as determined in the backcalculation analysis of the

LTPP FWD tests described in section 5.3.5 (Level 2 input). The values are shown in

Table 6.3. To represent thaw weakening of the pavement structure, the subgrade

modulus was lowered during the months of April and May. A slower recovery period

was represented by a slightly decreased modulus in June. FWD backcalculated modulus

values were assumed not to undergo significant changes during the analysis period.
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Table 6.3 - Season Modulusally Cha Su
E' lúsiì,,.,. ::,,8IMIPa)::

,:,,,JAnt 290.000 2,000
Feb. , 290.000 2,000

,,;'lÑJfaf' 36,250 250
,,'rAúi. 7,250 50

Mâv..r 7,250 50
10.900 75

:lJúL,. 14.s00 100

Aùú: 14,s00 100

..,Sèpt;'',r 14.500 100

Oct. , r4.500 r00
,r.Nóv; 36,250 250
':'.:..D*¿õtt"' 290,000 2,000

6.4.2.2 Outputs for LTPP Site 83-1801

Although the MEDG simulates failures in all the categories mentioned in Table 6.2,

fatigue (bottom-up) cracking, longitudinal (top-down) cracking and permanent

deformation (rutting) were chosen as the three goveming failure modes for the pavement

structure. Typically, rutting and longitudinal cracking failure does not constitute failure

of a roadway and can be sometimes repaired for a lower cost by crack sealing and/or

sealcoating (as was performed in 1998).

Total permanent deformation, or rutting, of a pavement structure is defined as the sum of

the rutting for the asphalt concrete, granular base and subgrade layers. The rutting for the

asphalt concrete layer as determined by the MEDG based on a field calibrated statistical

analysis of laboratory repeated load permanent deformation tests is:

- , _ kt + 10-3.s1I08 Tt.s606 N0.47e2
€r

Where:
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eo : plastic strain

(Equation 6.1)



€r : resilient strain

T: layer temperature (.F)

N: number of load repetitions

kr : function of total asphalt layers thickness (in) and depth (in) to computational

point, to correct for the confining pressure at different depths

The rutting for the unbound materials is defined as:

( . \ -(z\o
6"(N) = O*,1ï 

)e 
\*) e"h (Equation 6.2)

Where:

ôu : permanent deformation for the layer (in)

N: number of load repetitions

ßcer: national calibration factor (1.673 for granular layers, 1.35 for subgrades)

e, : resilient strain imposed in laboratory test to obtain es, p, and p. The ratio es/

e,.p, and p are estimated according to the type of materials investigated.

€v: avg' vertical resilient strain in the layer, obtained from the primary response

model

h: thickness of layer (in)

Bottom-up and top-down fatigue cracking from fatigue damage models are determined as

shown in Equations 6.3 and 6.4, respectively:

r,- _( 6000 ll I ItLbo,,on -l\@)lA) (Equarion6.3)

Where:
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FCbo,,o,,' : bottom-up fatigue cracking expressed as a percentage of lane area

D = bottom-up fatigue damage

C, :1.0

C'1 : -2*ç',

Cz: I.0

C' z : -2.4081 4-39.7 48*1 1 +h^.)-2'8t6

trc -( looo )1,n.^\1' L top 
: 

[.f *ar:Crø-m, j(t 0.5óJ @quation 6.4)

Where:

¡'CtoR : top-down fatigue cracking (ft/mi)

D: top-down fatigue damage

Of the three failure modes, bottom-up fatigue cracking was the governing failure mode

over the 2}-year design life. A comparison of total rutting, top-down and bottom-up

cracking failure modes can be seen in Figures 6.5,6.7, and 6.8, respectively. As well, a

summary of the distress values for all simulations in shown in Table 6.4. It was found

that the all simulations reached the failure limits.

Table 6.4 - Summarv of MEDG Failure Modesauure

Top-dorvn Crackins lfími) Bottom-up Cracking (7o) :',,Ïotal:Rùttins,linl.
SieñaüõJ:fl00.7d,r 1.000 at 77 .42 vears 25.0 at 9.42 vears 0.150 at 17.58 years

1,000 at 17.58 vears 25.0 at 9.50 years 0.750 at 17.58 vears
1,000 at 18.67 years 25.0 at 9.83 years 0.150 at 1 8.67 vears

Scenãüó'4.190ol;) 1,000 at 16.83 years 25.0 at 9.33 vears 0.750 at 17.50 vears
:, Scénarió 5': (650/0}, 1,000 at 15.42vears 25.0 at8.42vears 0.150 at 15.50 vears
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Figure 6-4 -Total Rutting of Mechanistic-Empirical scenarios

The total rutting of the pavement structure (subgrade r granular base + asphalt concrete),

in all of the four simulations exceeded the design limit of 0.75 inches. All five scenarios

approach failure limits near the end of the design life. As well, when compared to the

LTPP reported values shown in Figure 6.5, the MEDG model overestimates the rutting

damage to the roadway after approximately 11 years. The expected decrease in rutting

associated with the reported sealcoating in 1998 for this section is not seen.
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With respect to top-down fatigue cracking, all simulations exceeded the MEDG failure

threshold of 1000 ft/mi. As with the total rutting comparison, the shortest design lives

are exhibited by scenario 4 and 5 with 90Yo and, 65Yo of normal load levels and increased

trips' As well, scenario 3, with normal spring thaw conditions and 650/oload.restrictions,

demonstrated the longest design life.

0123456789.10 11 12 13 14.15 16 1718 1920
Pavement Age (year)

Figure 6.7 - Bottom-up tr'atigue cracking of Mechanistic-Empirical scenarios

As seen in Figure 6.7, all of the scenarios fail in bottom-up fatigue cracking. Scenario 1

reaches the failure limit of 25o/o of pavement lane area after 9.42 years while scenarios 2,

3,4and5failafter9.50years,9.g3years,9.33years and,g.42years,respectively.
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Figure 6.8 - Bottom-up Fatigue cracking Measured on LTpp section

Comparing the reported bottom-up fatigue cracking from LTPp with the MEDG

simulation in Figures 6.7 and 6.8, fair agreement is seen. The MEDG report of bottom-

up fatigue cracking failure at approximately 9.42 years is slightly overestimated when

compared to the reported values approaching the threshold of 25o/o after approximately 12

years.

V/hen comparing scenarios l, 2 and 3 where loads, and not trips, are restricted during

spring thaw, the design life of scenario 1 is shortest. As in scenarios 2 and,3, limiting the

loads reduces spring damage caused to the roadway over its service life. The results of

the simulation demonstrate small increases in service life for the Level 1 SLR when

compared to the service lives from Level2 SLR.
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When comparing the baseline scenario I to 4 and 5, it was found that the increased trips

have a more substantial impact on the structures service life than the limitation of axle

loads in the MEDG. This is seen by the consistently shorter service life values returned

for scenarios 4 and 5 for all three failure modes. Current practice does not reflect that the

number of trips experienced by the network during SLR periods will be the maximum

values of 1.16 and 2.34. It would be cost prohibitive for a shipping compan y to ship 2.34

trucks during Level 2 SLR to compensate for lost payloads. A case in between the

baseline scenario I and scenarios 4 and 5 would better reflect actual conditions. This

case study is a comparison of two extremes with respect to load limitations and trip

generation. Realistically, the impact of SLR is the deterrence of trucks using the network

during spring thaw by creating a situation where it is not cost effective to haul,

particularly at Level 2. Further research should be done to determine the impact of SLR

on the number of trips created and their implications during spring thaw periods. The

simulation of SLR impacts on a Manitoba highway does demonstrate the damage

occurring the spring thaw and reinforces the need for an improved system with flexibility

and climatic conditions to compensate and reduce the impact on the roadways. The

differences between design lives returned by the MEDG may be considered minor but

this road section is considered a strong pavement and the damage and effect on service

would be greater on a weaker pavement structure such as the ones under SLR.

6.4.3 Economic Impacts of SLR

For comparative purposes bottom-up fatigue cracking and rutting failure were evaluated

from a cost perspective for scenarios 1,2 and,3. Bottom-up fatigue cracking was chosen

since it is the governing criteria while rutting failure was also evaluated since, of the three
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The cost comparison was performed based on information provided by MTGS IMTGS,

20061 for the highway twinning project on PTH 59 South in started 199g. The

construction contract for the summer of 2006 was awarded for the 7.8 kilometers (4-lane)

to be completed this year at a bid cost of $5,300,000. This equates to capital construction

costs of approximately $350,000 per centerline (2-lane) kilometer. The cost does not

include taxes, asphalt oil prices, engineering fees, testing and administration. These extra

costs are estimated to be in the range of approximately 8L25,000 per centerline (2-lane)

kilometer. Therefore, the overall capital cost of this project is estimated as $475,000 per

km (2-lane). It should be noted that this economic analysis applies to asphalt pavement

structures and not AST structures, which are alarge component of SLR policy. The lack

of available data is the primary reason for this stipulation.

Frequently, the annual cost of ownership of an asset is expressed by the concept of capital

recovery. Therefore, treating the costs associated with the construction of a new asphalt

concrete highway as an annuity and using an assumed rate of return of 2.5o/o,

compounded annually, the annual equivalent cost of ownership can be found using

Equation 6.8.

failure modes, it is perhaps the most influenced by

conditions due to the fact that it can be argued

influenced by traffic conditions.

spring thaw weakening and moisture

that bottom-up cracking is heavily
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Where:

cR: the annual equivalent cost of ownership or the capital recovery cost

P : the capital cost at time 0 : $475,000 per 2-lane km

L: the salvage value n years from time 0 (assumed equal to 0)

i : the annual interest rate: 2.5o/o

n: the useful life of the asset

using Equation 6.8, the resulting cost savings are shown in Table 6.5.

Table 6.5 - EconomicaDle O.5 - lt conomic An¿ sis of MEDG Scenarios
I 2 J 4 5

tl:,:Bottõni-.iiÍt.FâtjEúé,Life:(tÍs) 9.42 9.50 9.83 9.33 8.42
ss7,220 $s6,790 s55.100 ss7 -710 s63,260

$430 $2.120 -$490 -$6,040

17.58 17.58 18.67 17.50 15.50
Annualiied Cost per km $33.700 s33.700 $43.000 $33,840 s37,340

Cost i Savinqr {p.r k- of SLR) $0 $ 1,s70 -$ 120 -$3.620

Using scenario I as a baseline, the cost comparisons for bottom-up fatigue life show

annual savings of approximately $430 per km of SLR for the 90%o load restricted

pavement structure simulated by scenario 2. An annual savings of approxim ately 52,120

per km of SLR is found by the simulation replicating Level 2 SLR (65% loads) in

scenario 3 for bottom-up fatigue cracking. Conversely, scenarios 4 and 5 retum annual

costs of $490 and $6,040 per km of SLR for the 90%o load restricted and, 65%o load

restricted pavement structures with increased trafflrc.

Also using scenario 1 as a baseline, the cost comparisons

annual savings per km of SLR for the pavement structure

annual savings of approximately $1,570 per km is found

for total rutting life show no

simulated by scenario 2. An

by the simulation replicating
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Level 2 sLR (65Yo loads) in scenario 3 for total rutting failure. conversely, scenarios 4

and 5 return armual costs of $120 and 53,620 per km of SLR for the 90yo load.restricted

and 65Yo load restricted pavement structures with increased traffic

Therefore, it can be seen that the implementation of Level 1 SLR does not have a

significant impact, from a cost perspective, on the service life of sLR roads. However,

Level 2 SLR, from a cost perspective, creates large net benefits and costs over the life of
a pavement structure' In scenarios 2 and 3 where axle loads are limited and SLR creates

no additional trips, the MEDG returns a net benefit for Level 2 sLR. In scenarios 4 and 5

where axle loads are limited and sLR does create additional trips, the MEDG retums a

net cost associated with Level 2 sLR. It should be noted that this is only an estimate of
cost savings due to damage occurring during spring thaw. construction costs are project

specific and highly variable.

6.5 Summary

using the climate change model developed in association with this research project, the

impacts on SLR were determined. The climate change model predicts an average

temperature increase for the model year of 3.28"c. Further, the average temperature

increases for the seasonal periods of winter (December-January-February), spring

(March-April-May), summer (June-July-August) and fall (September-october-

November) are 1.68oc, 5.79"c, 4.gg"c and 0.7g.c, respectively. using the delta

approach with the provided data, the thawing index for the year 2044was determined and

compared to historical thawing index values. The average historical start date for 1990 to
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2005 is March 18t1', whereas the climate model data translates to a start date of March 6rh.

As well as an earlier sLR start date, this would also lead to a decrease in the length of
winter weight premiums for Manitoba.

It was found that the largest difference lies in the determination of the subgrade end date.

The difference between the hypothetical historical end dates for the granular base and

subgrade layers is 20 and 30 days, respectively. As well, a decrease of the cumulative

fteezing index in the order of 529"C-d,ays was found for the year 2044. The climate

change model provided for this project was found to project warïner average daily

temperatures at winnipeg International Airport for the year 2044. Due to these warmer

temperatures, the start and end dates are determined to be earlier than the historical

average from 1990 to 2005. As well, a decrease in the cumulative thawing index for the

calendar year of 2044 was found.

Depending on whether or not this temperature increase is most prevalent in the spring,

winter, summer or fall, will influence the impacts to the current spring load restriction

policy' Further, even though this research finds a net change in sLR start date of 12

days, it cannot be known what the year-to-year consequences of climate change actually

ate' Were an increase of 5.78oC per day in the spring months of March, April and May

seen as the climate model suggests, it would translate into an increase in the sLR start

date 12 days' An increase in the start date from the historical average of March lgth to an

average of March 6th would have significant impact on the strength of the pavement

structure and the current SLR policy. The impact of climate change on sLR policy will
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be a fundamental shift in the start date commencing in early March or late February. The

benefits of a flexible start date may also be seen by the addition of a flexible end date to

minimize damage to the road structure and impact to trucking industry. Ultimately, SLR

policy should be condition or climate based, rather than fixed date, in order to provide the

necessary flexibility to compensate for climate change impacts.

A damage analysis using the AASHTO Mechanistic-Empirical Design Guide was carried

out, using LTPP site 83-1801, to determine the accumulated damage consequences and

costs associated with spring thaw weakening. Five scenarios were tested using

backcalculated modulus results for the site. Scenario 1 simulated actual conditions

occurring during spring thaw. Scen ano 2 simulated a pavement structure that undergoes

Level I (90% loads) SLR with seasonal weakening in the subgrade layer. Scenario 3

simulates a pavement structure that subjected to Level 2 (65% loads) SLR with seasonal

weakening in the subgrade layer. Scenario 4 simulates a pavement structure that

subjected to Level I of SLR load limits by MTGS and increased trips of 16%o during

March, April and May to compensate for lost payload capacity with seasonal weakening

in the subgrade layer. Scenario 5 simulates a pavement structure that subjected to Level

2 of SLR load limits by MTGS and increased trips I34% to compensate for lost payload

capacity during March, April and May with seasonal weakening in the subgrade layer.

Fatigue (bottom-up) cracking, longitudinal (top-down) cracking and permanent

deformation (rutting) were chosen as the three failure modes for the pavement structure.
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The bottom-up failure cracking was the governing failure mode over the Z¡-year design

life. It was found that the all simulations lead to failure in all three modes.

It was determined that when comparing scenarios 1,2 and 3 where loads, and not trips,

are restricted during spring thaw, the MEDG returns a design life for scenario 1 as the

shortest since it is under 100% axle loads. It should also be recognized that the results of

the simulation demonstrated small increases in service life for the Level 1 SLR when

compared to the service lives from Level2 SLR.

When comparing the baseline scenario I to 4 and 5, it was found that the increased trips

have a more substantial impact on the structures service life than the limitation of axle

loads in the MEDG. This is seen by the consistently shorter service life values returned

for scenarios 4 and 5 for all three failure modes. It would be cost prohibitive for a

shipping company to ship 2.34 trucks during Level 2 SLR to compensate for lost

payloads' This case study was a comparison of two extremes with respect to load

limitations and trip generation. Realistically, the impact of SLR is the deterrence of

trucks using the network during spring thaw by creating a situation where it is not cost

effective to haul, particularly at Level 2. Further research should be done to determine

the impact of SLR on the number of trips created and their implications during spring

thaw periods. The simulation of SLR impacts on a Manitoba highway does demonstrate

the damage occurring the spring thaw and reinforces the need for an improved system

with flexibility and climatic conditions to compensate and reduce the impact on the

roadways' The differences between design lives simulated by the MEDG may be
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considered minor but this road section is considered a strong pavement and the damage

and effect on service would be greater on a weaker pavement structure, such as the ones

under SLR.

Also, for comparative purposes, the economic impact of SLR was determined. This was

performed using a capital cost estimate of $475,000 per km (2-lane) and a rate of retum

of 2.5%o. Using scenario 1 as a baseline, Level 2 SLR generated both annual costs and

savings for fatigue and top-down cracking scenarios. Scenarios 2 and 3, where axle loads

are limited and SLR creates no additional trips, returned net benefits for Level 2 SLR.

Scenarios 4 and 5, where axle loads are limited and SLR does create additional trips,

retumed net costs associated with Level 2 SLR. It should be noted that this is only an

estimate of cost savings due to damage occurring during spring thaw. Construction costs

are project specific and highly variable.
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7.0 CONCLUSIONSANDRECOMMENDATIONS

7.1 Summary

In order to protect road infrastructure, spring load restrictions are employed by 23 states

in the U.S. and all the provinces in Canada except Newfoundland and Labrador. It is

acknowledged that the pavement structure is at its weakest state during spring thaw and

thus SLR can reduce damage. In Manitoba alone, the estimated replacement cost of the

extensive road and bridge transportation system is 56.6 billion IMTGS, 2000].

7.1.1 Geographical Information System platform

A GIS platform was created as part of this research in order to visualize the various

elements and information relevant to the SLR program. These elements include the

entire provincial and municipal road network, the regional segmentation done by MTGS,

the pavement control sections as designated by MTGS, SLR roadways, locations of FWD

testing, Environment Canada weather monitoring stations and the LTpp SMp program

test sections. The GIS platform was instrumental in determining the extent of SLR

testing as well as the Environment Canada weather stations used in the subsequent

analysis.

7.1.2 comparison of Freezing and rhawing Indices for Manitoba

An analysis of the various calculation methods of cumulative freezing and thawing

indices used by MTGS, Mn/DOT, WSDOT and LTPP was presented for two locations in

Manitoba. The Winnipeg International Airport (YWG) and the town of Arborg (ARB)

were chosen to represent the climatic differences in Manitoba. The current CTI
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calculation method employed by MTGS is a modified version of the CTI determination

by Mn/DOT. MTGS does not use CFI in its determination of SLR policy.

Using historical climatic data from 1990 to 2005, the evaluation of the four methods of

calculation for CFI showed an average difference of 204"C-days between YWG and

ARB. Overall, lower CFI values were returned by the Mn/DOT method due to its use of

a reference temperature to account for solar radiation and refreeze of the pavement

structure. Conversely, the LTPP method returned the highest CFI values due to a lack of

reference temperatures and because it considers the calendar year as the basis for

calculation.

The comparison of the CTI methods used by MTGS and Mn/DOT showed an average

difference in historical SLR start dates of 12 days and 8 days for YWG and ARB,

respectively. The discrepancy between SLR start dates results from Mn/DOT's method

utilizing a reference temperature coÍrmencing on January 1, while MTGS uses a

reference temperature commencing on March 1. While the impacts of a warming climate

may influence this policy in the future, the reference temperature start date of January I is

influenced by warm short-term temperatures in the month of February when the

pavements structure is likely still in a frozen state. The thawing index calculation

procedure is best suited for SLR applications when the mean daily air temperature

increase during the spring is relatively uniform.
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Most importantly, a start date delay for SLR of a few days can be very costly in terms of

accelerating the damage to the roadway. Although, the MTGS CTI calculation method is

well suited for Manitoba's climate while the Mn/DOT method tends to overestimate the

start date when short heat waves occur in February. More detailed information regarding

the soil's frozen or thawed condition during the spring would prove useful in order to

complete a more detailed investigation into the reference temperature or trigger value

currently used.

7.1.3 Structural Capacity of Asphalt Pavements during Spring Thaw

Backcalculation of pavement structure moduli was carried out using ELMOD5 software

for the FWD test results provided by MTGS for 1993 to 2005. Odemark's layer

transformation approach was used with Boussinesq's equations to calculate deflections in

an iterative process to match the recorded deflection basins. The provided FWD testing

results from MTGS are from various sites and projects around Manitoba.

Clustering analysis was performed based on asphalt and granular base thickness. The

results showed no discernable trends between the backcalculated moduli and climatic

factors. The best agreement was found with a 4-means clustering and resulted in

representative pavement structures which may be used for future network evaluation.

The average granular base modulus for the bituminous MTGS sections was found to be

221 MPa (standard deviation of 101 MPa). The average backcalculated subgrade

modulus for the bituminous MTGS sections was found to be I22 }y''Pa (standard

deviation of 67 MPa). The clustering results were variable and retumed low coefficient
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of determination values due to the testing results being carried out for various project and

locations throughout Manitoba. Extrapolating a relationship based on the short range of

testing was found to be too difficult to quantify and thus, a distribution analysis was

done.

The backcalculated results were divided into groups corresponding to values of

cumulative thawing index. The ranges for CTI, in deg-days, were from 0 to 500, 500 to

1000, 1000 to 1500 and larger than 1500. In order to determine a proper representative

value of modulus, the data was fitted using Weibull, Lognormal and Normal distributions

with the lognormal distribution fitting best. The l0%o and 25o/o probability values were

determined and are defined as the values at which there is a90Yo and75o/o probability

that the layer modulus is equal or larger than that value. The granular base values remain

variable and their probabilistic values do not differ substantially. Conversely, the

summer (CTI > 1500) subgrade probabilistic values are approximately double the early

spring (CTI < 500) values, which is also demonstrated by the LTPP backcalculated data.

Backcalculation was also performed on the 35 FWD tests at LTPP site 83-1801 in

southwestern Manitoba near Oak Lake on PTH 1. The data from LTPP follows a

theoretical relationship in terms of modulus and thawing index. The values are within

typical ranges for strength and exhibit the change the layers undergo from frozen to

thawed to recovered conditions.
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Using the backcalculated FWD values, the weakening of the granular and subgrade layers

was quantifiable by calculating the normalized loss of bearing capacity. The average loss

of bearing capacity for the granular base and subgrade layers for the MTGS sections were

found to be seven and 2I percent, respectively. The LTPP test site experienced higher

loss of bearing capacity for its granular and subgrade layers. The normalized losses of

bearing capacity for this section were found to be 19 and 26 percent for the granular base

and subgrade layer, respectively. The subgrade layers for both the MTGS sites and the

LTPP site were found to be comparable, having losses of 2lo/o and 26%o of strength.

Conversely, the average loss of strength experienced by granular base layer of the LTPP

site was almost triple that of the MTGS sites (19% to 7%).

The granular base sections tested by MTGS were found to exhibit a range of modulus

values, independent of seasonal conditions. This conclusion is supported by the

distribution analysis of these results over the specified ranges of thawing index as well as

the calculation of normalized bearing capacity for the individual sections. With respect

to the subgrade at the MTGS test sites, there was a less variable thaw recovery

relationship. This subgrade relationship is supported by the distribution analysis of these

sections.

The backcalculated moduli from the LTPP test site demonstrated thaw recovery

relationships for both the granular base and subgrade materials. Referring to the

normalized loss of bearing capacity calculations, a substantial loss, as compared to the

MTGS values, is found in both the granular base as well as the subgrade material. The
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pavement structure remains frozen at the SLR TI implementation value of 15 deg-days at

this particular site. Further, both the granular and subgrade layers have not experienced

strength recovery at the arbitrary end of SLR on May 31 for a given year and could take

up to six further weeks in order to fully recover. Using the data for YWG that is

comprised in Table 4.5, average calendar end dates for SLR can be determined for the

critical values of thawing index for each layer. Based on these results, for the granular

base, a CTI of approximately 1000 deg-days is equal to an average date of June 9. Also

from the results, for the subgrade layer, a TI of approximately 1500 deg-days is equal to

an average date ofJuly 8.

While the data may conclude these points, the question of the validity and confidence in

the data set remains. It should be noted that the LTPP section is an all weather road and

does not undergo SLR each year and both the granular base and subgrade layers do not

achieve modulus values that would be considered "very weak". The data does, however,

demonstrate the variability of pavement structures throughout the province and their

strength behaviour during spring thaw. As well, the backcalculation of moduli does

effectively estimate the loss of bearing capacity seen by the subgrade and granular base

layers. This information enforces the need for a mechanistic method of SLR

determination in Manitoba.

7.1.4 Climate Change Impacts on Pavements

Using the climate change data provided to this research project, the impacts on SLR were

estimated for the average daily air temperature at Winnipeg lnternational Airport. From

the provided data, the thawing index for the 2044 was determined and compared to the
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historical thawing index values. The average historical start date for 1990 to 2005 is

March 18, whereas the climate model data translates to a start date of March 6. This

earlier start date would lead to a decrease in the length of winter weight premiums for

Manitoba.

It was found that the largest difference, in hypothetical historical end dates, lies in the

determination of the subgrade end date. The difference between the hypothetical

historical end dates for the granular base and subgrade layers is 20 and 30 days,

respectively. As well, a decrease of the cumulative freezing index in the order of 529"C-

days was found for the year 2044. The climate change model was found to project

warrner average daily temperatures at V/innipeg lnternational Airport for the year 2044.

Due to these warmer temperatures, the start and end dates of SLR are estimated to be

earlier than the historical average from 1990 to 2005. As well, a decrease in the

cumulative thawing index for the calendar year of 2044 was found. The impact of

climate change on SLR policy will be a fundamental shift in the start date commencing in

early March or late February. The benefits of a flexible start date may also be seen by the

addition of a flexible end date to minimize damage to the road structure and impact to

trucking industry. Ultimately, SLR policy should be condition or climate based, rather

than fixed date, in order to provide the necessary flexibility to compensate for climate

change impacts.

7.1.5 Mechanistic-Empirical Damage Comparisons and Economic Analysis

A damage analysis using the AASHTO Mechanistic-Empirical Design Guide was carried

out, for LTPP site 83-1801, to determine the accumulated damage consequences and
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costs associated with spring thaw weakening. Five scenarios were tested using

backcalculated modulus results for the site. Fatigue (bottom-up) cracking, longitudinal

(top-down) cracking and permanent deformation (rutting) were chosen as the three failure

modes for the pavement structure. Bottom-up failure cracking was the governing failure

mode over the 2}-year design life. It was found that the all simulations lead to failure in

all three modes.

This case study was a comparison of two extremes with respect to load limitations and

trip generation. Realistically, the impact of SLR is the deterrence of trucks using the

network during spring thaw by creating a situation where it is not cost effective to haul,

particularly at Level 2. Further research should be done to determine the impact of SLR

on the number of trips created and their implications during spring thaw periods. The

simulation of SLR impacts on a Manitoba highway does demonstrate the damage

occurring the spring thaw and reinforces the need for an improved system with flexibility

and climatic conditions to compensate and reduce the impact on the roadways. The

differences between design lives returned by the MEDG may be considered minor but

this road section is considered a strong pavement and the damage and effect on service

would be greater on a weaker pavement structure such as the ones under SLR.

Also, for comparative purposes, the economic impact of SLR was determined. This was

performed using a capital cost estimate of $475,000 per km (2-lane) and a rate of retum

of 2.5o/o. Using scenario 1 as a baseline, Level 2 SLR generated both annual costs and

savings for fatigue and top-down cracking scenarios. Scenarios 2 and 3, where axle loads
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are limited and SLR creates no additional trips, returned net benef,rts for Level 2 SLR.

Scenarios 4 and 5, where axle loads are limited and SLR does create additional trips,

returned net costs associated with Level 2 SLR. It should be noted that this is only an

estimate of cost savings due to damage occurring during spring thaw. Construction costs

are project specific and highly variable.

7.2 ConclusionsandRecommendations

The research performed for this thesis supports a number of conclusions and

recommendations that lead to a continuing point of improved spring load restriction

procedures. More research is required to improve and further expand on this work.

7.2.1 Conclusions

The objective of this research has been to analyze and evaluate MTGS SLR policy as

well as to address the vulnerability of Manitoba's transportation infrastructure to climate

change and determine possible adaptation strategies.

Analysis and evaluation of the current spring load restrictions

The GIS platform was used to visualize the extent of SLR and FWD testing together.

The platform demonstrates the lack of sufficient testing of the network as well as the lack

of sufficient testing of roads under SLR. The platform also shows areas, such as the

southwestern portion of the province, which are in need of increased FWD testing for

further research. The GIS platform was used to visualize the extent of available

Environment Canada weather stations and their locations. The platform was instrumental
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in the decision to utilize Arborg and the V/innipeg International Airport as representative

climate stations for northem and southern Manitoba.

A difference of a few days can be very costly in terms of the potential damage to

unrestricted roadways. The example of the temperature anomalies seen I99I,1992 anð,

2000 demonstrate a potential need for altering the SLR policy currently in place. While

the reference temperature and detailed methods of calculation may not be directly

transferable between Minnesota and Manitoba due to climatic conditions, the comparison

between the Mn/DOT and MTGS methods does offer a contrast between the approach

taken from a seasonal standpoint (as in Minnesota) versus an approach starting in the

spring (as in Manitoba). Further research should be performed in order to determine the

impacts on the pavement structures of these varying temperatures throughout February

and March. The recently initiated Road and'Weather Information System program at five

locations in Manitoba will provide temperature and freeze/thaw information within the

pavement structure for future research purposes such as the idea suggested above. The

prime concem of SLR policy is to provide an appropriate restriction level, at an

appropriate time, in order to both protect the roadway and service the shipping industry

suitably.

The determination of the structural capacity of the pavement structure demonstrated the

granular base moduli values remain similar to one another regardless of thawing index,

and essentially, time of year. Conversely, the summer (CTI > 1500) subgrade probability

values are approximately double the early spring (CTI < 500) values, which is also
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demonstrated by the LTPP backcalculated data and the loss of effective bearing capacity.

The subgrade layer undergoes a variable modulus relationship through the spring,

summer and fall seasons. These results also demonstrate the fact that the granular base

layer undergoes less seasonal fluctuation with respect to modulus than the subgrade layer.

The cluster analysis also provided a framework for further network evaluations using

FWD testing.

The backcalculated data from LTPP follows a theoretical relationship in terms of

modulus and thawing index. The values are within tlpical ranges for strength and exhibit

the change the layers undergo from frozen to thawed to recovered conditions. Based on

the results, the pavement structure remains lrozen at the SLR TI implementation value of

15 deg-days. Further, both the granular and subgrade layers have not experienced

strength recovery at the arbitrary end of SLR on May 31 for a given year and could take

up to six further weeks of restrictions in order to recover. Using the data for YWG that is

comprised in Table 4.5, average calendar end dates for SLR were determined for the

critical values of thawing index for each layer. For the granular base, a TI of

approximately 1000 deg-days is equal to an average date of June 9. For the subgrade

layer, a TI of approximately 1500 deg-days is equal to an average date of July 8. This

demonstrates the variability of pavement structures in the province and their strength

behaviour during spring thaw. As well, the backcalculation of moduli does effectively

estimate the loss of bearing capacity seen by the subgrade and granular base layers. This

information enforces the need for a mechanistic method of SLR determination in

Manitoba.
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A damage analysis using the AASHTO Mechanistic-Empirical Design Guide was carried

out, using LTPP site 83-1801, to determine the accumulated damage consequences and

costs associated with spring thaw weakening. Realistically, the impact of SLR is the

deterrence of trucks using the network during spring thaw by creating a situation where it

is not cost effective to haul, particularly at Level 2. Further research should be done to

determine the impact of SLR on the number of trips created and their implications during

spring thaw periods. The simulation of SLR impacts on a Manitoba highway does

demonstrate the damage occurring during spring thaw and reinforces the need for an

improved system with flexibility and climatic conditions to compensate and reduce the

impact on the roadways.

Vulnerability of transportation infrastructure to climate change

Impacts on SLR policy were determined using the climate change model provided for

this research project. As well as creating an earlier SLR start date, this would also lead to

a decrease in the length of winter weight premiums for Manitoba. 'With 
respect to the

layers of the pavement structure specifically, it was found that the largest difference lies

in the determination of the subgrade end date.

Also, due to the warrner air temperatures, the start and end dates were determined to be

earlier than the historical average from 1990 to 2005. An increase in the start date from

the historical average would have significant impact on the strength of the pavement

structure and the current SLR policy. The impact of climate change on SLR policy will

-167 -



be a fundamental shift in the start date commencing in early March or late February. The

benefits of a flexible start date may also be seen by the addition of a flexible end date to

minimize damage to the road structure and impact to trucking industry. Ultimately, SLR

policy should be condition or climate based, rather than fixed date, in order to provide the

necessary flexibility to compensate for climate change impacts.

7.2.2 Recommendations

The development of a more detailed climate change model would be appropriate to better

understand the climatic impacts on SLR in the future. The dependence of whether or not

temperature increases occur in the spring, winter, summer or fall, will influence the

impacts to the current spring load restriction policy. This should lead to the

implementation of a variable SLR policy with respect to seasonal changes and limits.

A move toward a mechanistic-empirical method of structural evaluation such as FV/D

testing on a network level would be beneficial. FWD testing is a safer, more effective

testing method that can reduce costs over time. Moreover, an FWD testing program that

is more reflective of the network and SLR would be instrumental in the development of a

mechanistic system. In2004, almost twice the length of restricted roads underwent Level

2 versus Level 1 restrictions. As well, more than 50o/o of the roads restricted were class

B1 whereas only 15-20% of the roads that underwent FWD testing were classif,red as 81.

Ideally, the FWD program would also be a seasonal approach, performed in the spring,

summer, and fall, to represent the network for a short period of time (<5 years). This

would reflect the seasonal behaviour of the various pavement structures and strengths and

to facilitate use in future planning and design.
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Research into the seasonal behavioural differences between AST and bituminous roads

would also be valuable to improving SLR policy since there is little data on AST roads.

Additional FV/D testing and subsurface temperature information for ASTs would be

information since they constitute approximately 25o/o of the entire road network and are

susceptible to spring thaw damage.

Further, a move toward a mechanistic-empirical method of pavement design and

rehabilitation planning such as the AASHTO MEDG, would better reflect the changes

seen in truck traffic and configurations, climatic considerations, improved pavement

materials as well as advancements in pavement design. It is widely accepted that truck

traffic is increasing and will lead to more SLR roads in the future due to early

deterioration if roadways are not designed to handle increased loads. In addition,

increasing oil prices have already begun to reduce the amount of work that can be

accomplished, which, when coupled with an aging provincial network, will also lead to

more roads necessitating SLR.

Installation of instrumentation, which has begun by MTGS in RWIS program, such as

thermistors or frost tubes, can be used to more accurately track thaw periods and frost

penetration as well as improve reference temperature and thawing index calculation in

Manitoba. Moreover, research into the impact of solar radiation on various pavement

surfaces would be useful for improving the reference temperature used in SLR

implementation.
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Increased temperatures brought on by climate change will impact both SLR and WWP

policy. Policy revision will be necessary to reflect the climatic changes. V/arming will

lead to more degradation of the pavement structures, as well as shorter WWP and earlier

SLR. These changes will, in tum, impact shipping industry and operations.

Current policy for the SLR start date is sufficient from the LTPP data analysis. However,

end dates are implemented before the structure has recovered in strength. lncorporation

and research into a flexible end date policy would be advantageous. The length of the

SLR period is dependent on external factors such as economic impacts on trade and

industry in the province and not on pavement issues alone. Additionally, the l5'C-day

threshold is sufficient when looking at the historical average, and could even be

considered conservative.

With.respect to the level of road restrictions, there exists the possibility of implementing

the 90Yo and 75o/o reliability values found through this research as "trigger values" for

enforcement as opposed to BBRE values. Additional work is required to classify

pavement strengths from FWD testing on a network level.

Furthermore, a more detailed analysis into the benefits and costs associated with SLR,

based on the needs of the transport industry, could be valuable in the determination of

whether or not to remove the policy and replace it with a user fee program or equivalent.

The MEDG model used in this research could be expanded to simulate various pavement
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structures, axle load configurations, climatic conditions and material variations in order

to quantify SLR benefits and costs on a finer scale. Another possibility associated with a

detailed cost/market analysis, is the evaluation of establishing a blanket load level

enforcement as opposed to separate levels of 90% and 650/o.
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APPENDIX A

K-MEANS CLUSTERING RESULTS
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APPENDIX B

CLUSTER MODELING RESULTS
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APPENDIX C

LTPP FV/D BACKCALCULATION RESULTS
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Table C-f - LTPP FWD Test Dates
83.1801 F\il'D TEST'DATB': 8313802,,,, F\Y.D TEST DÄTE

June 7 990 June 5 990
October 22 990 September 29 992

November 13, 991 June 9 993
Ianuary 29, 992 October 14 993

March 3 992 October 15 993
April I 992 November 5, 993

April 23. 992 December 4, 993
May 19 992 February 5 994
July 16, 992 March 5 994
June l4 993 March29 994

October 13. 993 April 12. 994
November l2 993 May2, 994

February 14 994 June 20. 994
Ma¡ch 14 994 July 26, 994
March 28 994 August 22, q94

April I I 994 September 20 994
April 29 994 October 8 994
June I 7 994 November 5 994
July 25, 994 December J 994

August 18, 994 Ma¡ch 5 995
September 21 994 March 29, 99s

October 19 994 Apnl 12, 995
November 16, 994 April 26 99s
December 14 994 May 16, 99s

February I 5 995 June 20, 99s
March 14, 99s October 15 996
April 1l 995 Mav 3l 997
Arnl25 99s June 20. 997
May 17 995 July 7 997
June 2 1 99s August 8, 997

September 22, 995 September 5 997
October 16 996 Mav 6, 2000

March 25 997 April 25,2003
Apnl 17.1997

May I 997

June 2 997
July I 6. 997

August 19 997
September l6 997

June I I 999
November 8, 999

March 13,2000
Mav 15. 2000

Julv 13.2000
September 18,2000

March 9,2001
April 5.200
May 3. 200

July 12,200
October 4. 2001

November 13,2001
April I0.2002
May 21,2002
July 30, 2002

Septe¡nber 23,2002
April 28.2003
May 20,2003

Ausust I 1, 2003
November 10.2003

April2T,2004
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Table C-2 - Backcalculated FWD Moduli as reported by LTPP

r: Súifâié.La'iâi . Bâsé. LâVe¡. rr.subbãsê tííe;,l ::lSubpiâile:Laver

Dâte :Àvri..
:.' .:; I ::': ì

Mil'
^tE:Bl}rs
':rE::l :, Mir

..4:.:.:::.

... :..:
AÍe: Min::,,

::,.A'YÈ;::.

',nMS,
::::,.:.Elaa:a

03/03192 15308 6.93 5460 53300 1730 6.93 142 76900 93328 6.93 2240 343000 578 6.93 267 831

0t/04/92 10218 6.39 2440 44900 653 6.39 30 I 5300 17943 6.39 16 300000 303 6.39 95 2960

t3/10/93 7869 5.32 3310 I 7000 427 5.32 l6 2040 544 32 21 72100 t7l 5.32 ll3 908

12/11 /93 l 656 3.14 2360 I 82000 275t2 3.t4 I l3 229000 3098 3.14 ll I 29000 256 3.14 94 5200

t I /04/94 6255 7.47 l4l0 I 6400 361 7.47 t2 I 460 3419 7.47 55 21'tOOO 449 '7.4'l 96 2830

29/04/94 4155 5.04 178 9520 '170 5.04 31 25000 6l 5.04 22 663 198 5.04 t47 691

t4/t2194 t2397 15.33 7350 39ó00 22'75't5 15.33 5960 333000 9441 15.33 186 89600 875 15.33 297 I 380

25104195 6663 8.01 301 t3 100 498 8.01 2l 2480 72 8.01 34 963 309 8.01 2t3 519

0t/05/97 8450 ).lJ 3380 15000 408 5.23 l4 l 690 t6l 5.23 t7 17500 366 5.23 183 5550

ir ri?ent '

29/09t92 4801 8 2.90 r 7000 78400 515 2.90 8 2t90 ì68 2.90 68 2960

09/06193 48797 2.98 23000 75400 350 2.98 2470 95 2.98 77 117

14/10/93 50300 2.90 39500 67900 61 l 2.90 I 3130 t34 2.90 60 702

l5/10/93 47473 2.98 39600 67500 395 2.98 172 1470 106 2.98 79 ll9
t5ltt/93 Ø120 2.89 3 1000 I 36000 7569 2.89 l0t 0 r 4500 142 2.89 105 163

14/12/93 98408 3l 700 151000 2t1'70 2.19 6810 6t 500 t'15 2.19 138 195

l5/o2t94 538r 8 4.41 23900 1 30000 7391 8 4.41 2r 800 207000 602 4.41 535 645

t5/03194 52395 4.25 21 600 89400 28383 4.25 9680 I l 6000 5t1 4.25 420 586

29/03/94 44113 3.23 341 00 77900 I 196 3.23 26 2030 3.23 3s9 4670

t2/04/94 45000 3.t1 35500 56800 42 3.11 lo 538 2749 3.17 192 s570

20/06/94 46698 5.50 30900 56900 354 5.50 166 1220 93 5.50 79 106

22/08194 45?04 3.27 35600 55900 267 3.27 l3l 533 l0l 3.2't 90 113

20/09/94 34045 3.44 4720 57000 l 508 3.44 169 6560 l02 3.44 86 120

l8/L0t94 46060 2.95 39100 55900 325 2.95 15 947 104 2.95 80 203

t5/|/94 45541 2.67 1 4600 53300 453 2.67 124 3190 107 2.67 9',| 72

13/12/94 90364 l.0l 48400 227000 16728 1.01 2610 23700 224 l.0l l8l 269

t5/03/95 60721 6.22 37300 84600 16221 6.2 7000 40500 509 6.22 455 607

29/03/95 4866'7 1.68 34000 62500 133 1.68 t4 781 974 1.68 t77 5700

t2/o4/95 45053 2.00 34800 58700 t38 2.00 15 686 1204 2.00 161 71'?0

26t04/95 48570 2.32 37500 68800 30 2.32 7 429 1118 2.32 156 4520

t6/05195 43203 4.19 39600 47 100 309 4.t9 t76 I I00 106 4.19 95 tt4
20/06/95 43841 2.91 4720 58900 1038 2.91 178 9360 9l 2-91 105

t5/t0/96 50822 2.69 43000 64000 393 2.69 t'76 763 98 2.69 86 110

3t/o5/97 36493 4.25 24200 48500 634 4.25 93 I 590 106 4.25 98 123
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ex La
rf Mri/DOTiGTI',ì

Date l 1990 1991 1992 1993 1994 1995 't996 1997 1S98 1999 2000 2001 2002 2003 2004 2005 AVeraqe GTI
Jan:,1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Jãn-:1:4::.:: 0 0 0 0 0 0 n 0 0 0 0 0 0 0 0 0
Féhf 0 0 0 0 0 0 n 0 0 0 I 0 0 0 0
Fèbt,l4 0 14 0 2 0 0 0 0 0 0 0 1 0 0 0 1

uar. 1 5 14 1 7 0 0 1 0 43 5 17 0 1 0 10 0 b
uar. 14 32 19 l6 18 33 12 I 0 43 7 58 4 1 0 16 ¿ 17
AÞi.,:1;, 63 64 Jb 71 90 84 10 49 120 l0l 179 42 13 85 41 44 68
Àói:r:14,: 108 210 97 187 180 130 57 26ó 236 240 149 77 184 135 214 160
\ÂáÚ,1::.: 294 397 288 óbÞ 352 291 199 261 532 493 459 371 236 391 307 407 aEa

láâù:14.. 465 613 511 637 551 398 377 443 773 729 680 607 403 644 458 593 555
JUnêì1, 833 1040 885 915 919 563 717 756 115/. 1 080 1017 995 720 1025 759 968 897
tune 14 1 003 1267 I 069 1107 1127 773 945 996 1307 1290 1176 1 191 901 1218 932 1164 1092
tútv.1'::. 1 300 1 551 'l?79 1 365 1409 1115 1242 1289 1622 1 555 1427 1449 1237 1527 1154 1468 1374
,úli/,J4:ì 1507 1774 1470 1 563 1616 tJc I 149' 1525 I 8ql 1789 1669 I 686 1484 1761 1362 1746 1605
{úqf 1823 2102 1743 1A7A 1941 1675 1425 1870 2200 2147 2013 2061 1 856 2108 1 683 2070 1937
¡¡qri14 2049 2347 I 958 2089 2'134 '191S 2074 1470 2478 2353 2266 2325 2079 2400 1871 2311 2157
eDtr;r:1:.:r 2362 2681 2210 2382 2399 2233 2414 1885 2795 2686 2558 2643 2397 2743 2100 2592 2443

Seot::14 2545 2867 2342 2496 2587 241 2599 2081 3003 2831 2731 2826 260 ,| 295¡ 2273 2799 2622
)ct:.1 2699 298r', 2500 2619 2782 257C 2763 2284 3176 2985 2881 3030 2754 307f 2504 2978 2787
)c1.14 2754 3043 2589 2650 2880 2663 2852 2397 ó¿o4 3040 2944 3109 279a 3202 2616 306s 2866
YOV. I : 2800 3053 2619 2687 2985 2700 2920 2427 3363 3099 3053 3142 2795 324e 2663 J 58 2919
Nov,14. 2805 3054 2619 2687 3005 2700 2920 2427 3363 3126 3075 3175 2795 3248 2678 77 2928
Dêc:J 2809 3054 2619 2687 3012 2701 2920 2427 3366 3135 3075 31 88 2795 3246 2696 J 2532
Ðéc:.14.:: 2AO9 3054 2619 2687 3012 2701 2920 2427 3366 31 35 3075 31 88 2795 3246 2698 J 78 2932

Table D-l Thawi Ind Calculation Results Usi MnIDOT Method for ARB
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Figure D-l - CTI Calculation Results Using MnIDOT Method for ARB
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n a n
,:.:.::lVlñ/DOT:GTl:

Ddté..".t, 1990 1S91 I 992 IS93 1994 1995 1996 1S97 1998 1999 2000 2001 2002 2003 2044 2005 Averaoé,GTl
Jãtl!,1': 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Jan:14.: 0 0 0 0 0 0 0 0 0 0 0 0 0 0
F€b:.1i 0 0 1 0 0 0 0 0 0 0 0 0 .1 .1 0 0 0
Feb,14, 0 15 1 1 0 0 0 0 0 0 0 0 4 J 0 1 2
Mãr:,1 15 11 I 3 1 J 0 46 l3 38 I b a 12 1 10
Mar:l'4 51 31 32 25 33 24 12 0 46 25 87 2 6 12 15 7 .E

ADr.il 91 138 76 92 108 138 t3 51 155 131 228 52 34 117 75 68 98

^äi:'14::.,
't 55 315 158 224 234 200 56 79 .1 tb 272 299 167 147 255 175 274 208

Mâv.1 aoa 537 366 437 454 386 203 270 601 575 553 432 30s 506 377 474 429
tíav14: 587 805 616 734 680 606 389 453 853 823 799 697 489 774 545 676 658
¡g¡gt.li::il 995 1 286 1024 1037 1 101 988 763 803 1227 1181 1 150 1077 826 1 158 886 1 083 o37
hirlé:1* 1192 1544 1234 1247 1329 1226 I 006 1048 1401 1387 1 336 1285 1024 1362 1078 1285 249
Julv,ll 1 536 1 856 146s 1520 1640 1547 1321 1 350 721 1 668 1 595 I 568 1377 1676 131 0 1612 550

ì::'1/¡..:: 177 1 2105 167 1 1726 187 1 I 853 1570 1 599 1992 I 908 1 8s0 1428 1644 1 S13 1541 1 S00 796
uQ;.1.:r, 2134 2465 1962 2063 2217 2211 1 908 1967 2322 2264 2196 2210 2013 2270 1A77 2247 2145

^rl.ia:i 
A.. 2373 2742 2187 2295 2422 2479 2153 2200 2606 2488 2468 2477 2254 2572 2070 2488 2392

SèòLi1:jr,: 2742 3122 2465 2610 2714 2820 2507 2504 2945 2821 2770 2809 2587 2936 2320 2780 2715
eDt,l4 296C 3322 2621 2749 2922 3012 2704 2713 3167 2974 2556 2S36 2804 3162 2511 301 0 2912

:rrclii:'l l 3147 3462 2802 2896 3l 31 3174 2880 2937 3349 3l 31 31 16 3202 2965 3286 274A 3214 30s0
3ct.14 321e 3530 2906 2949 3250 3270 2984 3053 3462 3203 3179 3286 3009 3433 2867 3303 31 81
{oú;.:rt' 3298 3551 2955 3012 3367 33',t4 3060 3088 3547 3271 3323 3329 3009 3494 2935 3409 3247
\¡ov¡t14::l 330€ 3555 2955 3012 3398 3314 3063 3088 3547 3320 3345 3368 3014 3494 2961 3433 3261
JêC:1 oo4 3556 2955 3015 3404 331 3063 3090 3562 3327 3345 3386 301 3498 2943 343s 3267
)èc:,14., 3320 355€ 2955 301 5 3404 331 3063 3093 3567 3327 3345 3386 301€ 3498 2943 3435 t267

Table D-2 - Thawi Index Calculation Results Usi MnIDOT Method for YWG
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Figure D-2 - CTI Calculation Results Using MnIDOT Method for YWG
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Table D-3 - ndex Calculation Results MTGS Method for ARB
M1 'GS:C fl

fáfê:rr 1990 r991 1992 1993 1994 1995 1396 '1997 1998 1999 2000 2001 2002 2003 2004 2005 AúeráoeÍCTI
Jan;:1rr' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
lan.:14, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fêb:'1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 n

Féb:.14,' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Mar¡.,1 4 0 0 4 0 0 0 0 0 0 0 0 0 0 1 0 1

lìlar. 14 , 21 4 l0 10 19 4 0 0 2 31 3 0 0 4 7
or,:',1: 46 36 27 49 60 61 o 35 Ão 72 135 30 o 60 30 JZ 47

^l6i:.44,:,
81 155 75 138 136 97 42 62 180 142 175 110 6'1 144 97 179 120

Mâû,..'.1 243 310 235 280 273 221 151 208 405 401 376 302 188 313 233 332 279
Mlãv.,14.:. 379 496 427 519 439 296 297 359 614 605 563 506 323 535 354 486 450
June 1 705 881 754 764 774 427 603 637 962 923 860 860 606 881 625 427 756
June 14 l 875 1 108 942 956 942 637 83'l 877 1115 1 133 1024 1 055 787 1 075 793 1023 951

1172 1392 1152 1214 1264 979 112A 1171 1429 1 398 1277 1314 1123 I JOJ 1017 1327 1234
1379 1615 13/.4 1411 1470 1215 1 378 1407 1 69€ 1632 1524 1 551 1370 1617 1?32 1605 1466

Auo;,:l.ll '16S5 1943 1617 1726 1796 1 539 17 11 1752 2008 1 990 1869 1925 1742 1 C6€ I 550 1929 1797
Aud;.:14: '1921 2'188 1 831 1537 1 988 1783 1956 1752 2286 2196 212'l 2189 1 965 2257 1736 217 1 2017
êDt;ìl:r 2234 2522 208¿ 2230 2253 20e7 230C 1767 2602 2529 2405 2508 2284 2599 1963 2451 2302

ll.::l4r 2417 2708 2215 2345 2442 2283 248s 1 963 2411 2674 2576 2691 2487 2812 2135 2658 248',|
Jcl;:7:¡ 2571 2825 2373 2467 2637 2434 2649 2166 298r', 2828 2726 2895 264C 2931 2356 2837 2645
)ú::7*:. /õ/? 2883 2462 2499 2735 2521 2738 2279 3071 2883 2780 2974 26A1 3058 2468 2924 2724
\¡ov. 1 : 2672 2894 2493 2535 2440 2s64 2806 2309 c 70 2942 2894 3007 2681 3102 2514 3017 2774
Vov¡ 14: 2677 2895 2493 2535 2860 2s64 2806 230S c 7A 2969 2910 3040 2681 3102 253'l 3036 2786

eCrl,:l::ii 2681 2895 2493 2535 2867 2565 2806 2309 3 74 2974 2914 3053 2681 31 03 2Ue 3037 2789
)eC:14'.'', 2681 2895 2493 2535 2867 2565 2806 2309 3 74 2978 291A 3053 2641 31 03 2546 3037 2789

ç
E

= 2000
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Figure D-3 - CTI Calculation Results Using MTGS Method for ARB
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APPENDIX E

LOGNORMAL PROBABILITY PLOTS
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APPENDIX F

MECHANISTIC-EMPIRICAL DESIGN GUIDE OUTPUTS
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Project: 1 07 0 -100%-1 .00

General lnformation
Design Life 20 years
Base/Subgrade construction: January, 'f 990
Pavement construction: January, '1990

Traffic open: January, 1990
Type of design Flexible

Description:
Scenario 1 - 100% Axle Loads, 1.00 Trips

Analysis Parameters
Analysis type

Location:
Project lD:
Section lD:

Date:

Station/milepost format:
Station/milepost begin:
Station/milepost end:
Traffic direction:

Default lnput Level
Default input level

Traffic
lnitial two-way aadtt:

Probabilistíc

Performance Criteria
lnitial lRl(in/mi)
Terminal lRl (in/mi)
AC Surface Down Cracking (Long. Cracking) (fU500):
AC Bottom Up Cracking (Alligator Cracking) (%):
AC Thermal Fracture (Transverse Cracking) (ftlmi):
Chemically Stabilized Layer (Fatigue Fracture)
Permanent Deformation (AC Only) (in):
Permanent Deformation (Total Pavement) (in):

Limit Reliability

B9

172 90
1000 90

25 90
1000 90

25 90
0.25 90
0.75 90

Number of lanes in design direction:
Percent of trucks in design direction (%):
Percent of trucks in design lane (%):
Operational speed (mph):

LTPP
SMP
83-1 801

10111t2006

East bound

Level 3, Default and historical agency values.

1070
2

50
95
60
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Traffic -- Volume Adjustment Factors
Month

Vehicle Class Distribution
(Level 1, Site Specifìc Distribution )

AADTT distribution by vehicle class
0.1Yo

2.5Yo

1.5o/o

0.0o/o

3.0o/o

59.0%
Class 10 18.0%

Class 4
Class 5
Class 6
Class 7
Class I
Class 9

Class 11

Class 12
0.5%
1.5%

Class 13 13.5%

Traffic Growth Factor

ventcte
Class

Growth
Rate

Lirowtn
Funct¡on

3lass 4 2.5o/o Compound
llass 5 2.5o/o Compound
llass 6 2.5% Comoound
llass 7 2.5% Comoound
llass 8 2.5% Comoound
llass I 2.5Yo Comoound
llass 10 2.5o/o Compound
Class 11 2.5o/o Compound
Class 12 2.50/o Compound
Class 13 25% Compound

Traffic -- Axle Load Distribution Factors
Level 1: Site Specific

Traffic -- GeneralTraffÍc lnputs
Mean wheel location (inches from the lane
marking):
Traffic wander standard deviation (in):
Design lane width (ft):

10

12

Factors evel 3, Default MAF

Month
Vehicle Glass

Class 4 cl ass 5 Glass 6 class 7 Class 8 Class 9 Class 10 Class 11 Class l2 Class 13
January 00 00 1.00 00 1.00 1.00 00 00 00 00
Februarv .00 .00 1.00 00 1.00 1.00 00 00 .00 00
March 00 .00 1.00 00 1.00 100 00 00 .00 00
April 00 00 1.00 .00 100 loo 00 00 00 00
lvlav 00 00 100 .00 1no 1.00 00 00 00 00
June 00 00 loo 00 1.00 1.00 00 00 00 UU

Ju .00 00 1.00 .00 1.00 1.00 .00 .00 .00 00
Auoust 00 00 1.00 .00 1.00 1.00 .00 .00 00 00
Seotember 00 00 1.00 .00 1.00 1.00 oo .00 .00 .00
Cctober .00 00 1.00 .00 .00 100 00 .00 .00 .00
\ovember .00 00 1.00 oo 1.00 100 .00 .00 .00 .00
December .00 .00 1.00 .00 1.00 1.00 .00 ,00 .00 00

Hourly truck traffic distribution

Vidnight a ao/ Noon 5.got

1:00 am 2.30/, 1:00 pm 5.90/,

¿:UU AM 2.30/, 2:00 pm 5.90/,

J:UU AM 2.301 3:00 pm 5.901

l:00 am a Òol 4:00 pm 4 6.01

5:0u am a to/ 5:00 pm 4 6,01

6:00 am 5.001 i:00 pm 4.601
7:00 am 5.00i( r:00 om 4.601

8:00 am 5.jo/t 3:00 om 3.10/,
g:UU AM 5.}o/t g:UU pm 3.10/,

10:00 am Ã ool 10:00 pm 3.101
11:00 am 5.90/, 11:00 pm 3.101
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Vehicle
Class

l'rngle
Axle

Tandem
Axle

Tridem
Axle

Quad
Axle

Class 4 16t 0.3f 0.0( 0.0(
lass 5 2.01 0.0( 0.0( 0.0r

3lass 6 10.t 0.9! 0.0( 0.0(
llass 7 1.0t 0.2( 0.Bt 0.0(
llass 8 l.1a 0.67 0.0( 0.0(
llass 9 1.1 0.0( 0.0(
Class 10 t-t 1.0s u.ð\ 0.0(
Class 11 4.21 u.¿a 0.0€ 0.0(
Class 12 t- t 0.0É 0.0(
Class 13 2.1 2.1 0.3: 0.0(

Number of Axles per Truck

Axle Gonfiguration
Average axle width (edge{o-edge) outside
dimensions,ft):
Dual tire spacing (in):

Axle Configuration
Single Tire (psi):
Dual Tire (psi):

Average Axle Spacing
Tandem axle(psi):
Tridem axle(psi):
Quad axle(psi):

Climate
icm file:

Latitude (degrees.minutes)
Longitude (degrees.minutes)
Elevation (ft)
Depth of water table (ft)

8.5

12

120
120

51 .6

49.2
49.2

GrandForks-ND
47.57
-97.11

839
'10
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Structu re--Desi gn Features

Structure--Layers
Layer I -- Asphalt concrete

Material type:
Layer thickness (in):

General Properties
General
Reference temperature (F"):

Volumetric Prooerties as Built
Effective binder content (%):
Air voids (%):
Total unit weight (pcf):

Poisson's ratio:

Thermal Properties
Thermal conductivity asphalt (BTU/hr-ft-F'):
Heat capacity asphalt (BTU/lb-F'):

Asphalt Mix
Cumulative % Retained 3/4 inch sieve:
Cumulative % Retained 3/8 inch sieve:
Cumulative % Retained #4 sieve:
% Passing #200 sieve:

Asphalt Binder
Option:
A
WS:

Asphalt concrete
4.4

70

11

8.5
148

0.35 (user entered)

0.67
0.23

Superpave binder grading
9.4610 (correlated)
-3.1 340 (correlated)

0
1a

40
Ã

HÍgh temp.
OG

Low temperature. oG

-10 -'t6 -22 -28 -34 40 46
46
52
58
64
70
76
82
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Layer 2 -- Crushed gravel
Unbound Material: Crushed gravel
Thickness(in): 18.8

Strength Properties
lnput Level: Level 3
Analysis Type: ICM inputs (lCM Calcutated Modulus)
Poisson's ratio: 0.35
Coefficient of lateral pressure,Ko: 0.5
Modulus (input) (psi): 26100

ICM lnputs
Gradation and Plasticifu lndex
PlasticiÇ lndex, Pl: 3
Passing #200 sieve (%): 10
Passing #4 sieve (%): 60
D60 (mm): 2

Calculated/Derived Parameters
Maximum dry unit weight (pcf): 122.1 (derived)
Specifìc gravity of solids, Gs: 2.68 (derived)
Saturated hydraulic conductivity (fUhr): 37 (derived)
Optimum gravimetric water content (%): 11.5 (derived)
Calculated degree of saturation (%): 83.7 (calculated)

Soil water characteristic curve parameters: Default values

Parameters Value
a 12.2
b 1.61

c 0.529
Hr. 398

Layer 3 -- SM
Unbound Material: SM
Thickness(in): Semi-infinite

Strength Properties
lnput Level: Level 2
Analysis Type: Seasonal inputs (User lnput Modulus)
Poisson's ratio: 0.35
Coefficient of lateral pressure,Ko: 0.5

Mo. E (psi) wc t%)
1 290000 0
2 290000 0

3 36250 0

4 7250 0

5 7250 0
6 1 0900 0
7 1 4500 0

I 1 4500 0

9 1 4500 0
l0 14500 0
11 362s0 0
12 290000 0
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ICM lnputs
Gradation and Plasticitv lndex
Plasticity lndex, Pl:
Pass¡ng #200 sieve (%):
Passing #4 sieve (%):
D60 (mm):

Calculated/Derived Parameters
Maximum dry unit weight (pcf):
Specific gravity of sol¡ds, Gs:
Saturated hydraulic conductivity (fUhr):
Optimum grav¡metric water content (%):
Calculated degree of saturation (%):

Soil water characteristic curve parameters:

1 16.9 (derìved)
2.71 (derìved)
3.25e-005 (derived)
14.1 (derìved)
86.1 (calculated)

Default values

Level 3 (Nationally calibrated values)
-3.4488
1.5606
0.4791

0.1 587-POWER(RUT,0.4579)+0.00 1

Level 3 (Nat¡onally calibrated values)
5

0.2474- THERMAL + 10.619

Level 3 (Nat¡onally calibrated values)
I
1

Level 3 (Nationally calibrated values)

1.673

1.55

7

0

1 000

200 + 23001 (1 +exp(1.O7 2-2.1654'109(T0p+0.000 1 )))

+ 995. 1 /(1 +exp(2-2'fog(BOTIOM+0.0001 )))

100
0.3

Parametêrs Value
a 24.7
b
c 0.59

Hr.

Distress Model Galibration Settings - Flexible
AC Fatigue Levet 3 (Nationatiy calibrated vatues)

k1 0.00432
k2 3.9492
k3 1.281

AG Rutting
k1

k2
k3

Standard Deviation Total
Ruttins (RUT):

Thermal Fracture
k1

Std. Dev. (THERMAL):

CSM Fatigue
k1

k2

Subgrade Rutting
Granular:

k1

Fine-grain:
k1

AC Gracking
AG Top Down Cracking

C1 (top)
C2 (top)
c3 (top)
c4 (top)

Standard Deviation (TOP)

AC Bottom Up Cracking
Cl (bottom)
C2 (bottom)
C3 (bottom)
C4 (bottom)

Standard Deviation (TOP)

1

1

0

6000

32.7
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CSM Gracking
c1 (csM)
c2 (csM)
c3 (csM)
c4 (csM)

c1 (ATB)
c2 (ATB)
c3 (ATB)
c4 (ATB)
c5 (ArB)

0.009995
0.00051 B
0.00235
18.36
0.9694

0.00732
0.07647
0.000145
0.00842
0.000212
0.229

1

1

0

1 000

Standard Deviation (CSM) CTB.1

tRl
lRl Flexible Pavements with GB

c1 (GB) 0.0463
c2 (GB) 0.001 19

c3 (GB) 0.1834
c4 (GB) 0.00384
c5 (GB) 0.00736
c6 (GB) 0.00115
Std. Dev (GB) 0.387

lRl Flexible Pavements with ATB

Std. Dev (ATB) 0.292

lRl Flexible Pavements with CSM
c1 (csM)
c2 (csM)
c3 (csM)
c4 (csM)
c5 (csM)
Std. Dev (CSM)

Pedormance Griteria

Terminal lRl (in/mi)
AC Surface Down Cracking (Long. Cracking)
(fu500):
AC Bottom Up Cracking (Alligator Cracking)
(%):
AC Thermal Fracture (Transverse Cracking)
(fUmi):
Chemically Stabilized Layer (Fatigue Fracture)
Permanent Deformation (AC Only) (in):
Permanent Deformation (Total Pavement) (in):

Distress ReliabliÇ
Target Target

172 90

1000 90

¿a vu

1000 90
25 90

0.25 90
0.75 90

D¡stress
Predicted

222.5

1290

48.4

a1la

0.7s

Reliability
Predicted

2.85

44.84

6.0s

t.()c

21 .1

39.6

Acceptable

E^ ít

Fail

Fail

Fail
N/A
Fail

Fail
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Project: 107 0-90%-1 .00

General lnformation
Design Life 20 years
Base/Subgradeconstruction: January, 1990
Pavement consiruction: January, 1990
Traffic open: January, 1990
Type of design Flexible

Description:
Scenario 2 - 90o/o Axle Loads, 1.00 Trips

Analysis Parameters
Analysis type

Location:
Project lD:
Section lD:

Date:

Station/m ilepost format:
Station/milepost begin:
Station/milepost end:
Traffic direction:

Default Input Level
Default input level

Traffic
lnitial two-way aadtt:

Probabilistic

Performance Griteria
lnitial lRl (in/mi)
Terminal lRl (in/mi)
AC Suface Down Cracking (Long. Cracking) (f1500):
AC Bottom Up Cracking (Alligator Cracking) (%):
AC Thermal Fracture (Transverse Cracking) (fVmi):
Chemically Stabilized Layer (Fatigue Fracture)
Permanent Deformation (AC Only) (in):
Permanent Deformation (Total Pavement) (in):

Limit Reliability

89
172 90

1000 90
25 90

1000 90
25 90

0.25 90
0.75 90

Number of lanes in design direction:
Percent of trucks in design direction (%):
Percent of trucks in design lane (%):
Operational speed (mph):

LTPP
SMP
83-180'1

10t11t2006

East bound

Level 3, Default and historical agency values.

1070
2

50
95
60
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Traffic -- Volume Adjustment Factors
ractors (Level 3, )efault MAF

Month
Vehicle Class

Glass 4 Class 5 Class 6 Glass 7 Class I Class 9 Iass 10 Glass 11 Glass 12 Glass 13
January .00 1.00 .00 0t) 100 00 1.00 00 1.00 00
Februarv u0 100 00 00 1.00 00 1.00 .00 100 00
March 00 1.00 .00 00 100 .00 1.00 00 1.00 00
Aoril ,00 100 00 .00 1.00 .00 1_00 00 1.00 00
\4av .00 1.00 .00 .00 100 00 1.00 .00 1.00 0{ì
June .00 100 00 .00 1.00 .00 1.00 00 1.00 .00
llv 00 1.00 .00 0 '1 00 00 1.00 .00 1.00 0

\uoust .00 't.0t) 00 00 100 .00 1.00 o{ì 1.00 .00
sptember 00 1.00 00 .00 '1.u0 .00 1.00 00 1.00 .00

October .00 1.00 00 00 1.00 .00 1.00 .00 1.00 00
November 00 1.00 00 .00 1.00 r0 1.00 00 1.00 .00
December 00 1.00 .00 00 1.00 00 1.00 00 1.00 00

Vehicle Glass Distribution
(Level 1, S¡te Spec¡fìc Dìstribution )

AADTT distribution by vehicle class
Class 4 0.5o/o

Class 5 2.5o/o

Class 6 1-5%
Class 7

Class I
0.0%
3.00/"

Class 9 59.0%
Class',l0 18.0%
Class 11 0.5o/o

Class 12 1.5%
Class 13 13-5%

Traffic Growth Factor

Veh¡cle
Class

Growth
Rate

Growth
Function

Class 4 2.5!o Compound
rass 2.5% Comoound

Class 6 2.5% Compound
;lass 7 2.sVo ComÞound

Class I 2.5Yo Comoound
llass 9 2.5% ComÞound
llass 10 2.5o/o Comoound
llass 11 2.50/" Comoound
l¡ass 12 2.5% Comoound
llass 13 Compound

Traffic - Axfe Load Distribution Factors
Level 1: Síte Specìfic

Traffic - General Traffic lnputs
Mean wheel location (inches from the lane 18
marking):
Traffic wander standard deviation (in): 10
Design lane width (ft): 12

Number of Axles per Truck

ventcte
CIass

S¡ngle
Axle

Tandem
Axle

Tridem
Axle

Quad
Axle

Clâss 4 1.62 0.3( 0.0( 0.0(
Class 5 2.Ot 0.0( U.UI 0.0(
llass 6 10," 0.9r 0.0( 0.0t
Class 7 1.0( u.2t 0.8: 0.0t
llass I ¿.J( 0.6; 0.0( 0.0t
:lass I 1.1 1.9i 0.0t 0.0(

lass 10 11 1.0s 0.8s 0.0(
llass 11 4.2( 0.2(. 0.0t u.(.Jt

ilass 12 J.5u 11 0.0( 0.0(
llass 13 2.1 0.3{ 0.0t

Hourly truck traffic distribution
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Axle Gonfiguration
Average axle width (edge{o-edge) outside 8.5
dimensions,ft):
Dual tire spacing (in): 12

Axle Configuration
Single Tire (psi): 120
Dual Tire (psi): 12O

Average Axle Spacing
Tandem axle(psi): 51.6
Tridem axle(psi): 49.2
Quad axle(psi): 49.2

Climate
icm fìle:

GrandForks-ND
Latitude (degrees.minutes) 47.57
Longitude (degrees.minutes) -97.11
Elevation (ft) 839
Depth of water table (ft) 10

Structu re-Des¡g n Features

Structure--Layers
Layer I -- Asphalt concrete

Material type: Asphalt concrete
Layer thickness (in): 4.4

General Properties
General
Reference temperature (F"): 70

Volumetric Properties as Built
Effective binder content (%): 11

Air voids (%): 8.5
Total unit weight (pcf): 148

Poisson's ratio: 0.35 (user entered)

Thermal Prooerties
Thermal conductiviÇ asphalt (BTU/hr-ft-F'): 0.67
Heat capac¡ty asphalt (BTU/lb-F'): 0.23

Asphalt Mix
Cumulative % Retained 3/4 inch sieve: 0
Cumulative % Retained 3/8 inch sieve: 13
Cumulative % Retained #4 s¡eve: 40
% Passing #200 sieve: 5

Asphalt Binder
Option: Superpave binder grading
A 9.4610 (correlated)
VTS: -3.1340 (correlated)

High temp.
oc

Low temoerature. 'C
-10 -16 -22 -28 -34 40 -46

46
52
58
64
70
76
82
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Layer 2 -- Crushed gravel
Unbound Material: Crushed gravel
Thickness(in): 1B.B

Strength Propert¡es
lnput Level: Level 3
Analysis Type: ICM inputs (lCM Calculated Modulus)
Poisson's ratio: 0.35
Coefficient of lateral pressure,Ko: 0.5
Modulus (input) (psi): 26100

ICM lnputs
Gradation and Plasticitu lndex
Plasticity lndex, Pl: 3

Passing #200 sieve (%): 10
Passing #4 sieve (%): 60
D60 (mm): 2

Calculated/Derived Parameters
Maximum dry unit weight (pcf): 122.1 (derived)
Specific gravity of solids, Gs: 2.68 (derived)
Saturated hydraulic conductiviÇ (fUhr): 37 (derived)
Optimum grav¡metric water content (%): 11.5 (derived)
Calculated degree of saturation (%): 83.7 (calculated)

Soil water characteristic curve parameters: Default values

Parameters Value
a 12.2
b t-o I

c u.5;¿9

Hr. 398

Layer 3 - SM
Unbound Material: SM
Thickness(in): Semi-infinite

Strength Properties
lnput Level: Level 2
Analysis Type: Seasonal inputs (User lnput Modufus)
Poisson's ratio: 0.35
Coefficient of lateral pressure,Ko: 0.5

Mo. E (psi) wc (%)

1 290000 0

2 290000 0

3 36250 0
4 7250 0

5 7250 0

6 '10900 0

7 1 4500 0

8 l 4500 0

I 1 4500 0
10 1 4500 0

11 36250 0
12 290000 0
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ICM lnputs
Gradation and Plasticitv lndex
Plasticity lndex, Pl: I
Passing #200 sieve (%): 42
Passing #4 sieve (%): 100
D60 (mm): 0.3

Calculated/Derived Parameters
Maximum dry unit weight (pcf): 1 16.9 (derived)
Specific gravity of solids, Gs: 2.71 (derived)
Saturated hydraulic conductivity (fUhr): 3.25e-005 (derived)
Optimum gravimetr¡c water content (%): 14.1 (derived)
Calculated degree of saturation (%): 86.1 (calculaied)

Soil water characteristic curve parameters: Default values

Parameters Value
a 24.7
b 1.33
c 0.59

Hr. 851

Distress Model Calibration Settings - Flexible
AC Fatigue

k1

k2
k3

Level 3 (Nationally calíbrated values)
0.00432
3.9492
1.281

AC Rutting Level 3 (Nationally calibrated vatues)
k1 -3.4488
k2 1.5606
k3 0.4791

StandardDev¡at¡onTotal 0.15B7.POWER(RUT,0.4579)+0.001
Rutting (RUT):

Thermal Fracture Level 3 (Nationally calibrated values)
k1 5

Std. Dev. (THERMAL): 0.2474. THERMAL + 10.619

GSM Fatigue Level 3 (Nationally calibrated vatues)
k1 1

k2 1

Subgrade Rutting Level 3 (Nationalty catibrated values)
Granular:

k1 1.673
Fine-grain:

k1 1.35

AC Cracking
AC Top Down Gracking

C1 (top) 7

C2 (top) 3.5
C3 (top) 0

Ca (top) 1000

Standard Deviation (TOP) 200 + 23001(1+exp(1.072-2.1654-log(TOP+0.0001)))
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AC Bottom Up Gracking
C1 (bottom)
C2 (bottom)
C3 (bottom)
C4 (bottom)

Standard Deviation (TOP)

GSM Cracking
c1 (csM)
c2 (csM)
c3 (csM)
c4 (csM)

Standard Deviation (CSM) CTB-1

lRt
lRl Flexible Pavements with GB

c1 (GB) 0.0463
c2 (GB) 0.00119
c3 (GB) 0.1834
c4 (GB) 0.00384
c5 (GB) 0.00736
c6 (GB) 0.00115
Std. Dev (GB) 0.387

lRl Flexible Pavements with ATB

32.7 + 995.1 I (1 +exp(2-2' tog(BOTTOM+0.0001 )))

1

1

0

1 000

0.009995
0.000518
0.00235
18.36
0.9694
0.292

0-00732
0.07647
0.000145
0.00842
0.000212
0.229

1

1

0

6000

c1 (ATB)
c2 (ATB)
c3 (ATB)
c4 (ATB)
c5 (ATB)
Std. Dev (ATB)

lRl Flexible Pavements with CSM
c1 (csM)
c2 (csM)
c3 (csM)
c4 (csM)
c5 (csM)
Std. Dev (CSM)

Performance Criteria

Terminal lRl (in/mi)
AC Surface Down Cracking (Long. Cracking)
(fv500):
AC Bottom Up Cracking (Alligator Cracking)
(o/o):

AC Thermal Fracture (Transverse Cracking)
(fVmi):
Chemically Stabilized Layer (Fatigue Fracture)
Permanent Deformation (AC Only) (in):
Permanent Deformation (Total Pavement) (in):

Distress Reliablity Distress
Target Target Predicted

Reliability
Predicted Acceptable

2.97 Fail

45.54 Fail

6.47 Fail

172

1 000

25

.1000

25
0.25
0.7s

90 222.4

90 1250

90 47.8

90 2112
on

90 0.33
90 0.78

¡.öÕ

a4 ÀaLI.+J

40.89

Fail

N/A
Fail

Fail
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Asphalt Sub-Layers Modulus Vs Time
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Bottom Up Cracking - Alligator
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Transverse Crack Spacin g
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Project: 107 0-65%-1 .00

General lnformation
Design Life 20 years
Base/Subgradeconstruction: January,1990
Pavement construction: January, 1990
Traffic open: January, 1990
Type of design Flexible

Description:
Scenario 3 - 650/o Axle Loads, 1.00 lrips

Limit Reliability

B9

172 90
1000 90

25 90
1000 90

25 90
0.25 90
0.75 90

Performance Criter¡a
lnitial lRl (in/mi)
Terminal lRl (in/mi)
AC Surface Down Cracking (Long. Cracking) (fU500):
AC Bottom Up Cracking (Alligator Cracking) (%):
AC Thermal Fracture (Transverse Cracking) (fVmi):
Chemically Stabilized Layer (Fatigue Fracture)
Permanent Deformation (AC Only) (in):
Permanent Deformation (Total Pavement) (in):

Analysis Parameters
Analysis type

Location:
Project lD:
Section lD:

Date:

Station/milepost format:
Stationimilepost begin:
Station/milepost end:
Traffic direction:

Default lnput Level
Default input level

Traffic
lnitial two-way aadtt:
Number of lanes in design direction:
Percent of trucks in design direction (%):
Percent of trucks in design lane (%):
Operational speed (mph):

Probabilistic

LTPP
SMP
83-1 801

10t1112006

East bound

Level 3, Default and historical agency values.

1070
2

Ã^

95
60
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Traffic - Volume Adjustment Factors
actors Level 3, Default MAF)

Month
Vehicle Class

Class 4 Class 5 ctass 6 Class 7 Class 8 Class I Class 10 Glass 1l Class 12 Class 13
Januarv .00 .00 00 00 .00 .00 00 .0 00 1.00
February 00 .00 ,00 00 00 .00 00 00 00 1.00
March .00 00 00 00 00 .00 .00 .0u 00 1.00

ril 00 .00 00 00 .00 o0 .00 00 00 1.00
[¡lav .00 .00 .(x) UU 00 00 .00 00 .00 1.00
June 00 .00 .00 00 .00 00 .00 00 .00 1.00
Julv 00 .u 00 00 00 00 .00 0 00 1.00
ququst 00 00 00 .00 .00 .00 00 00 00 1.00
Seotember 00 .00 00 .00 00 .00 .00 00 .00 100

rer 00 00 .00 .00 00 .00 00 .00 00 1.00
November 00 .00 00 0 00 .00 .00 .00 .0u 100

ref 0 00 00 00 00 .00 u0 00 00 1.00

Veh¡cle Glass Distribution
(Level 1, Site Specific Dìstr¡but¡on )

AADTT distribution by vehicle class
Class 4 0.5%
Class 5 2.5%
Class 6

Class 7 0.0%
Class I 3.0%
Class 9 59.0%
Class 10 18.0o/o

Class 11 0.5%
Class 12 1.5%
Class'13 13.5%

Traffic Growth Factor

ventcte
Class

(Jrowtn
Rate

Growth
Function

)lass 4 1.5"/o Comoound
llass 5 2.SYo Comoound
llass 6 Comoound
llass 7 Comoound
llass I 2.5"/ Compound
llass 9 2.5% Comoound
llass l0 2.5% Compound
llass 11 Comoound
Olass 12 2.5o/o Compound

lass 13 Comoound

Traffic - Axle Load Distributíon Factors
Level 1: Site Spec¡fic

Traffic -- General Traffic lnputs
Mean wheel location (inches from the lane
marking):
Traffic wander standard deviat¡on (in):
Design lane width (ft):

Number of Axles per Truck

18

10

12

Hourly truck traffic distribution

tr¡lidnioht 2.39, Noon 5.90/,

1:00 am 2 eg) 1:00 om 5.90/,

2:00 am 2.30/, ¿:00 pm 5.9't
uam 3:00 om

1:00 am a aot 1:00 om 4
):00 am i:00 pm 4 6ot,

i:00 am 5.001 i:00 om 4.6")
:00 am 5.09 t:uU om 4 6oj

,:UU AM 5.001 l:00 Dm 3.101
,:uu am 5.00/, ,:00 pm

10:00 am 5.9Y, 10:00 om 3,10/,

1l:00 am 5.9o,1 1 1:00 om .J.1 Y

Vehicle
Glass

S¡ngle
Axle

Tandem
Axle

I noem
Axle

L¡UAO

Axle
llass 4 I .b, 0.3f 0.0( 0.0t
llass 5 2.0{ 0.0( 0.0r 0.0(
llass 6 1.0', 0.9{ 0.0t 0.0t
)lass 7 1.0( o.2( 0.8Í 0.0(
llass I 2.3t 0.6 0.0( 0.0(
;lass I t.t 19: 0.0( 0.0(
llass 10 1.1 1.0s 0.8{ 0
ilass 11 4.2! 0.2( 0.0( 0.0(
llass 12 1.1 0.0( 00(
llass 13 2.1! 2.1 0.31 U.U(
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Axle Configuration
Average axle width (edgeto-edge) outside 8.5
dimensions,ft):
Dual tire spacing (in): 12

Axle Configuration
Single Tire (psi): 120
Dual Tire (psi): 120

Average Axle Spacing
Tandem axle(psi): 51.6
Tridem axle(psi): 49.2
Quad axle(psi): 49.2

Climate
icm file:

GrandForks-ND
Latitude (degrees.minutes) 47.57
Longitude (degrees.minutes) -97.11
Elevation (ft) 839
Depth of water table (ft) 10

Structure-Des¡g n Features

Structure--Layers
Layer 1 - Asphalt concrete

Material type: Asphalt concrete
Layer thickness (in): 4.4

General Properties
General
Reference temperature (F'): 70

Volumetric Properties as Built
Effective binder content (%): 11

Air voids (%): 8.5
Total unit weight (pcf): 148

Po¡sson's ratio: 0.35 (user entered)

Thermal Prooerties
Thermal conductivity asphalt (BTU/hr-ft-F'): 0.67
Heat capacity asphalt (BTU/lb-F'): 0.23

Asphalt Mix
Cumulative % Retained 3/4 inch sieve: 0
Cumulative % Retained 3iB inch sieve: 13

Cumulative % Retained #4 sieve: 40
% Passing #200 sieve: 5

Asphalt Binder
Option: Superpave binder grading
A 9.4610 (correlated)
VTS: -3.1340 (conelated)

High temp.
'c

Low temoerature, 'C
-'t lt -'t ¡i -22 -28 -34 -40 46

46
52
58
64
70
76
82
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Layer2-Crushedgravel
Unbound Material: Crushed gravel
Thickness(in): 1B.B

Strength Properties
lnput Level: Level 3
Analysis Type: ICM inputs (lCM Calculated Modulus)
Poisson's ratio: 0.35
Coefficient of lateral pressure,Ko: 0.5
Modulus (input) (psi): 26100

ICM lnputs
Gradation and Plasticitv lndex
Plasticity lndex, Pl: 3

Passing #200 sieve (%): 10
Passing fÊ4 sieve (%): 60
D60 (mm): 2

Calculated/Derived Parameters
Maximum dry unit weight (pcf): 122.1 (detived)
Specific gravity of solids, Gs: 2.68 (derived)
Saturated hydraulic conductivity (fUhr): 37 (derìved)
Optimum gravimetric water content (%): 11.5 (derived)
Calculated degree of saturation (%): 83.7 (calculated)

Soil water characteristic curve parameters: Default values

Parameters Value
a 12.2
b t_bl
c 0.529

Hr. 398

Layer 3 - SM
Unbound Material: SM
Thickness(in): Semi-infinite

Strength Properties
lnput Level: Level 2
Analysis Type: Seasonal inputs (User lnput Modulus)
Poisson's ratio: 0.35
Coeffìcient of lateral pressure,Ko: 0.5

Mo. E lpsi) wc f%)
1 290000 0

2 290000 0
3 36250 0

4 7250 0

5 7250 0

6 0900 0

7 4500 0

I 4500 0

9 4500 0
10 4500 0

11 36250 0

12 290000 0
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D¡stress Model Galibration
AC Fatigue

kl
k2
k3

AG Rutting
kl
k2
k3

Standard Deviation Total
Rutting (RUT):

Thermal Fracture
k1

Std. Dev. (THERMAL):

GSM Fatigue
k1

k2

Subgrade Rutting
Granular:

k1

Fine-grain:
k1

AG Gracking
AG Top Down Cracking

C1 (top)
C2 (top)
C3 (top)
C4 (top)

Standard Dev¡at¡on (TOP)

AC Bottom Up Cracking
C1 (bottom)
C2 (bottom)
C3 (bottom)
C4 (bottom)

Standard Dev¡ation (TOP)

ICM lnputs
Gradation and Plasticitv lndex
Plasticity lndex, Pl:
Passing #200 sieve (%):
Passing #4 sieve (%):
D60 (mm):

Calculated/Derived Parameters
Maximum dry unit weight (pcf):
Specific gravity of solids, Gs:
Saturated hydraulic conduct¡vity (fuhr):
Optimum gravimetric water content (%):
Calculated degree of saturation (%):

Soil water characteristic curve parameters:

Parameters Value
a 24.7
b I aa

c 0.59
Hr. ó1 I

8

100
0.3

1 16.9 (derived)
2.71 (derived)
3.25e-005 (derived)
14.1 (derived)
86.1 (calculated)

Default values

Settings - Flexible
Level 3 (Nationally cal¡brated vatues)
0.00432
3.5492
1.281

Level 3 (Nationally calibrated values)
-3.4488
1.5606
0.4791

0. 1 587"POWER(RUT,0.4579)+0.001

Level 3 (Nationally calibrated values)
5

0.2474" THERMAL + 10.619

Level 3 (Nat¡onally calibrated values)
1

1

Level 3 (Nationally calibrated values)

1.673

1.35

7

0

1 000

200 + 2300/ (1 +exp(1.072-2.1654'tog(TOp+0.000 1 )))

1

I
0

6000

32.7 + 995.1 | (1 +exp12-2'lc,nrBOTTOM+0.0001 )))
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Standard Deviation (CSM) CTB.1

rRt
lRl Flexible Pavements with GB

c1 (GB) 0.0463
c2 (GB) 0.00119
c3 (GB) 0.1834
c4 (GB) 0.00384
c5 (GB) 0.00736
c6 (GB) 0.00115
Std. Dev (GB) 0.387

lRl Flexible Pavements with ATB

GSM Cracking
c1 (csM)
c2 (csM)
c3 (csM)
c4 (csM)

1

1

0

1 000

0.00732
0.07647
0.000145
0.00842
0.000212
0.229

c1 (ATB)
c2 (ATB)
c3 (ATB)
c4 (ATB)
c5 (ATB)
Std. Dev (ATB)

0.009995
0.00051 8
0.00235
18.36
0.9694
0.292

lRl Flexible Pavements with GSM
c1 (csM)
c2 (csM)
c3 (csM)
c4 (csM)
c5 (csM)
Std. Dev (CSM)

Performance Criteria

Terminal lRl (in/mi)
AC Surface Down Cracking (Long. Cracking)
(fvs0o):
AC Bottom Up Cracking (Alligator Cracking)
(o/o):

AC Thermal Fracture (Iransverse Cracking)
(fUmi):
Chemically Stabilized Layer (Fatigue Fracture)
Permanent Deformation (AC Only) (in):
Permanent Deformation (Total Pavement) (in):

Distress Reliablity
Target Target

172 90

1000 90

aË

1 000
25

0.25
o75

90

Distress
Predicted

221.1

1 130

4tì

2112

0.32
0.77

Reliability
Predicted

? ?t

47.66

7.99

1.85

45.36

Acceptable

Fail

Fail

Fail

Fail
N/A
Fail
Fail

90
90
90
90

1aa
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Asphalt Sub-Layers Modulus Vs Time
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Surface Down Gracking - Longitudinal
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Project: 107 0 -90%-1,1 6

General lnformation
Design Life 20 years
Base/Subgradeconstruction: January,1990
Pavement construction: January, 1990
Traffic open: January, 1990
Type of design Flexible

Description:
Scenario 4 - 90% Axle Loads, 1 .16 Trips During
Spring

Limít Reliability

89
172 90

1000 90
25 90

1000 90
25 90

0.25 90
0.75 90

Performance Criteria
lniiiallRl (in/mi)
Terminal lRl (in/mi)
AC Surface Down Cracking (Long. Cracking) (fU500):
AC Bottom Up Cracking (Alligator Cracking) (%):
AC Thermal Fracture (Transverse Cracking) (fUmi):
Chemically Stabilized Layer (Fatigue Fracture)
Permanent Deformation (AC Only) (in):
Permanent Deformation (Total Pavement) (in):

Analysis Parameters
Analysis type

Location:
Project lD:
Section lD:

Date:

Station/m ilepost format:
Station/milepost begin:
Station/milepost end:
Traffic direction:

Default Input Level
Default input level

Traffic
lnitial two-way aadtt:
Number of lanes in design direction:
Percent of trucks in design direction (%):
Percent of trucks in design lane (%):
Operational speed (mph):

Probabilislic

LTPP
SMP
B3-1 801

10t11t2006

East bound

Level 3, Default and historical agency values.

1070
2

50
95
60

-23s -



Traffic -- Volume Adjustment Factors
Factors 3, Default MAF)

Month
Vehicle Class

Class 4 CI ass 5 Class 6 Class 7 Class CI ass I Class 10 Class l1 Class l2 Class 13
tnuary .00 00 00 1.00 00 .00 00 .00 00:ebruarv 00 .00 00 1.00 .00 00 .00 00 .00 00

Varch tb '16 ib .16 tô '16 lo to 16
\oril 16 Itì to 1 .16 to 16 16 tb to tb
À,4av 16 to 16 1.1ti 16 to 16 16 to to
June .00 .00 00 1.00 00 00 00 .00 .00 00
July 00 .00 .00 1.0 00 00 0{J .00 00 00
Auqust .00 .00 00 1.00 00 .u0 0o 00 00
September 00 .00 00 1.00 .00 .00 00 .00 00 00
Sctober 00 .00 00 1.00 00 .00 00 00 00 .00
Novembe¡ 00 00 00 1.00 .00 00 00 .0(l 00 00
December 00 .00 00 1.00 .00 .00 .00 00 00 00

Vehicle Class Distribution
(Level 1, S¡te Specific Distribution )

AADTT distribution by vehicle class
Class 4 0.5%
Class 5

Class 6
2.5%
1.5%

Class 7 0.0%
Class I 3.0To

Class 9 59.0%
Class l0 18.0o/o

Class 11 0.5%
Class 12 1.SYo

Class 13 13.5%

Traffic Growth Factor

Vehicle
Class

Growth
Rate

Growth
Funct¡on

llass 4 2.5% Compound
llâss 5 ¿.5"/ Comoound
llass 6 2.5o/o Compound
llass 7 2.5% Compound
lass I Comoound

Class I 2.50/" ComÞound
lass 10 2.5% Comoound

llass 11 2,50/" Compound
llass 12 ¿ 5"r Comoound
llass 13 Compound

Traffic - Axle Load Distribution Factors
Level 1: Site Specific

Traffic -- General Traffic lnputs
Mean wheel location (¡nches from the lane
marking):
Traffic wander standard dev¡ation (¡n):

Design lane width (ft):

Number of Axles per Truck

18

10

12

Hourly truck traffic distribution

veh¡cle
Class

ùrngte
Axle

Tandem
Axle

Tridem
Axle

Quãd
Axle

3lâss 4 1.6: 0.3( 0.0( 0.0t
Class 5 2.0( 00( 0.0( 0.0(
llass 6 10t 0.9( 0.0( u.0t
llass 7 1.0( o.2t 0.8: 0.0r
llass I 0.67 0.0( 0.0t
llass I 1.1 '1.9 0.0( 0.0(
llass 10 11 10f 0.8{ 0.0i
Class 11 4.2( 0.2( 0.0[ 0.0t
Class 12 a 11 0.0t 0.0(

rss 13 2.1 0.0(

-236-



Axle Configuration
Average axle width (edge{o-edge) outside 8.5
dimensions,ft):
Dual tire spacing (in): 12

Axle Configuration
Single Tire (psi): 120
Dual Tire (psi): 120

Average Axle Spacing
Tandem axle(psi): 51.6
Tridem axle(psi): 49.2
Quad axle(psi): 49.2

Climate
icm fìle:

GrandForks-ND
Latitude (degrees.minutes) 47.57
Longitude (degrees.minutes) -97.11
Elevation (ft) 839
Depth of water table (ft) 1 0

Structure-Des ig n Features

Structure--Layers
Layer 1 - Asphalt concrete

Material type: Asphalt concrete
Layer thickness (in): 4.4

General Properties
General
Reference temperature (F"): 70

Volumetric Prooerties as Built
Effective binder content (%): 11

Air voids (%): 8.5
Total unit weight (pcf): 148

Poisson's ratio: 0.35 (user entered)

Thermal Prooerties
Thermal conductivity asphalt (BTU/hr-ft-F'): 0.67
Heat capacity asphalt (BTU/lb-F'): 0.23

Asphalt Mix
Cumulative % Retained 3/4 inch sieve: 0
Cumulative % Retained 3/8 inch sieve: 13
Cumulative % Retained #4 sieve: 40
% Passing #200 sieve: 5

Asphalt Binder
Option: Superpave binder grading
A 9.4610 (correlated)
VTS: -3.1340 (corretated)

High temp.
'c

Low temperature, 'G
.10 -16 -22 -28 -34 40 46

46
52
58
64
70
76
82
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Layer 2 -- Crushed gravel
Unbound Material:
Thickness(in):

Strength Properties
lnput Level:
Analysis Type:
Poisson's ratio:
Coefficient of lateral pressure,Ko:
Modulus (input) (psi):

ICM lnputs
Gradation and Plasticitv lndex
Plasticity lndex, Pl:
Pass¡ng #200 sieve (%):
Passing #4 sieve (%):
D60 (mm):

Calcu lated/Derived Parameters
Maximum dry unit weight (pcf):
Specific gravity of solids, Gs:
Saturated hydraulic conduct¡vity (fUhr):
Optimum grav¡metric water content (%):
Calculated degree of saturation (%):

Soil water character¡stic curve parameters:

Parameters Value
a I Z.Z
b 1.61

c 0.529
Hr. 398

Layer 3 - SM
Unbound Material:
Thickness(in):

Strength Properties
lnput Level:
Analysis Type:
Poisson's ratio:
Coefficient of lateral pressure,Ko:

Mo. E lpsiì wc l%)
1 290000 0
2 290000 0
3 36250 0

4 7250 0

5 7250 0

6 1 0900 0
7 1 4500 0

I 1 4500 0
I I 4500 0

10 1 4500 0
11 36250 0

12 290000 0

Crushed gravel
to-o

Level 3

ICM inputs (lCM Calculated Modutus)
0.35
0.5
261 00

122.1 (derived)
2.68 (derived)
37 (derived)
11.5 (derived)
83.7 (calculated)

Default values

SM
Semi-infinite

Level 2
Seasonal inputs (User lnput Modulus)
0.35
0.5

10

60
2
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ICM lnputs
Gradation and Plasticitv lndex
Plastic¡ty lndex, Pl:
Passing #200 sieve (%):
Passing #4 sieve (%):
D60 (mm):

Calculated/Derived Parameters
Maximum dry unit weight (pcf):
Specific gravity of solids, Gs:
Saturated hydraulic conductivity (fUhr):
Optimum gravimetric water content (%):
Calculated degree of saturation (%):

Soil water characteristic curve parameters:

I

100
0.3

1 16.9 (derived)
2.71 (derived)
3.25e-005 (derived)
14.1 (derived)
86.1 (calculated)

Default values

Parameters Value
a 24.7
b 1.33
c 0.59

Hr. 851

Distress Model Galibration Settings - Flexible
AG Fatigue Level 3 (Nat¡onalty calibrated values)

k1 0.00432
k2 3.9492
k3 1.281

AC Rutting
k1

k2

Standard Deviation
Rutting (RUT):

Thermal Fracture
k1

Std. Dev. (THERMAL):

GSM Fatigue
k1

k2

Subgrade Rutting
Granular:

k1

Fine-grain:
k1

AG Gracking
AG Top Down Crack¡ng

C1 (top)
C2 (top)
C3 (top)
C4 (top)

Standard Deviation (TOP)

AC Bottom Up Gracking
C1 (bottom)
C2 (bottom)
C3 (bottom)
C4 (bottom)

Level 3 (Nationally calibrated values)
-3.4488
1.5606
0.4791

Total 0.1587-POWER(RUT,0.4579)+0.001

Level 3 (Nationally calibrated values)
5

O.2474' THERMAL + 10.619

Level 3 (Nationally cal¡brated va¡ues)
1

1

Level 3 (Nationally calibrated values)

1.673

t.J3

7

0

1 000

2O0 + 2300t(1 +exp(1.07 2-2.1654.1o9(TOP+0.0001 )))

1

1

0

6000

Standard Deviation (TOP) 32.7 +995.1 /(1+exp(2-2.log(BOTTOM+0.0001)))
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CSM Cracking
c1 (csM)
c2 (csM)
c3 (csM)
c4 (csM)

1

1

0

1 000

Standard Deviation (CSM) CTB.I

tRt
lRl Flexible Pavements with GB

lRl Flexible Pavements with ATB

c1 (GB)
c2 (GB)
c3 (GB)
c4 (GB)
c5 (GB)
c6 (GB)
Std. Dev (GB)

c1 (ATB)
c2 (ATB)
c3 (ATB)
c4 (ATB)
c5 (ATB)
Std. Dev (ATB)

0.0463
0.001 19

0.1 834
0.00384
0.00736
0.001 15

0.387

0.009995
0.000518
0.00235
18.36
0.9694
0.292

0.00732
0.07647
0.000145
0.00842
0.000212
0.229

lRl Flexible Pavements with CSM
c1 (csM)
c2 (csM)
c3 (csM)
c4 (csM)
c5 (csM)
Std. Dev (CSM)

Performance Cr¡teria

Terminal lRl (in/mi)
AC Surface Down Cracking (Long. Cracking)
(fuS00):
AC Bottom Up Cracking (Alligator Cracking)
(%):
AC Thermal Fracture (Transverse Cracking)
(fVmi):
Chemically Stabilized Layer (Fatigue Fracture)
Permanent Deformation (AC Only) (in):
Permanent Deformation (Total Pavement) (in):

Distress Reliablity
Target Target

172 90

1000 90

aE 
^^LJ JU

1000 90
25 90

0.25 90
0.75 90

Distress
Predicted

1320

¿+(].Õ

zt t¿

0.33
0.7s

Reliability
Predicted

) 7p.

44.32

5.74

1.85

20.94
Õô.o¿

Acceptable

Fail

Faìl

Fait

Fail
N/A
Fail
Fail
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Asphalt Sub-Layers Modulus Vs Time
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Project: 107 0 -65%-2.34

General lnformation
Design Life 20 years
Base/Subgradeconstruction: January,1990
Pavement construction: January, 1990
Traffic open: January, lgg0
Type of design Flexible

Description:
5 - 65% Axle Loads, 2.34 Trips During

Limit Reliability

B9

172 90
1000 90

25 90
1000 90

25 90
0.25 90
0.75 90

Performance Griteria
lnitial lRl (in/mi)
Terminal lRl (in/mi)
AC Surface Down Cracking (Long. Cracking) (ftl500):
AC Bottom Up Cracking (Alligator Cracking) (%):
AC Thermal Fracture (Transverse Cracking) (fVmi):
Chemically Stabilized Layer (Fatigue Fracture)
Permanent Deformation (AC Only) (in):
Permanent Deformation (Total Pavement) (in):

Analysis Parameters
Analysis type

Location:
Project lD:
Section lD:

Date:

Station/m ilepost formal
Station/milepost begin:
Station/milepost end:
Traffic direction:

Default lnput Level
Default input level

Traffic
lnitial two-way aadtt:

Probabilistic

LTPP
SMP
B3-'1801

10t11t2006

East bound

Level 3, Default and historical agency values.

Number of lanes in design direction:
Percent of trucks in design direction (%):
Percent of trucks in design lane (%):
Operational speed (mph):

1070
2

50
95
60
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Traffic - Volume Adjustment Factors
Monthl

Vehicle Glass DÍstribution
(Level 1, Site Specifíc Distributìon )

AADTT distribution by vehicle class
Class 4 O.5%

Class 5 2.5%o

Class 6 1.5o/o

Class 7 O.0%

Class 8
Class I

3.0%
59.0%

Class 10 18.0o/o

Class 11 05%
Class 12 1 .5o/o

Class 13 13.5%

Traffic Growth Factor

venrcte
Class

Growth
Rate

Growth
Funct¡on

llass 4 25% Comoound
llass 5 t to/- ComnoLrnd
llass 6 2.5% Comoound
llass 7 Comoound
)lass I 1.5"/o Comoound
llass I 25% Comoound

ìss 10 1.5"/¡ Comoound
llass 11 Comoound
llass 12 2.5"/ô Comoound
Slass '13 Comoound

Traffic - Axle Load Distribution Factors
Level 1: Site Specifìc

Traffic - General Traffic lnputs
Mean wheel location (inches from the lane
marking):
Traffic wander standard deviation (in):
Design lane width (fl):

Number of Axles per Truck

'18

10

12

tment Factors evel 3, Defau¡t MAF)

Month
Vehicle Class

Class 4 Class 5 Glass 6 Class 7 lass I Class I Class 10 Glass 1l Class 12 Class l3
lnuary 100 100 1.00 1.00 1.00 1.00 1.00 '1_00 '1 00 100

Februarv 1.00 1.00 1.00 1.00 1.u0 100 100 1.00 100 1.00
Varch / .14 2.34 a nÁ a al 2.34 / ,14 I .14

\pril 2.34 a aÁ ¿.ö+ I .14 ¿,3 2..14 ¿.J4
vav ¿..14 ¿.34 2.34 2.34 2.34 2.34 a aÁ 2.,14 2 .14

June 00 1.00 1.00 1.00 1.00 '1 00 1.00 .00 1.00 1.00
July 00 100 1.00 1.00 1.00 1.00 1.00 .00 1.00 1.00
\uqust 00 1.00 1.00 1.00 1.00 1 100 .00 1.00 1.00
ìeotember .{ì0 1.{ì0 't 00 100 100 '1 .00 1.00 .00 '1.{J0 1.00
fctober .00 1.00 1.00 1.00 1.00 1.00 100 00 1.00 1.00
tlovember .00 1.0t) 1.00 100 100 1.00 1.00 .00 1 .01)

ecember 00 1.00 1.00 1.00 1.00 1.00 1_00 00 100 1.00

Hourly truck traffic distribution

vlidnioht 2.301 Noon 5.901

:UU AM 1:00 om 5.90/,

2:00 am 2.301 ¿:00 pm 5.g.tr
J:UU AM l:00 Dm 5.901

4:00 am 2.301 f:00 om 4.tì9
5:00 am i:00 pm 4.601
]:UU AM 5.00/ ì:00 om 4.6"/
7:00 am 5.09 /:00 pm 4 6ot

J:UU AM 5.OY, l:00 Þm 3.101
3:00 am 5.00/, ):00 om :1.101

IU:UU AM 5.901 10:00 Dm 3.10/,

11:00 am 5.9V, 11:00 om

veh¡cle
Glass

ùrngre
Axle

I anoem
Axle

I flOem
Axle

uuao
Axle

trlass 4 lÕ7 0.3f U.U( 0.0(
llass 5 2.0\ 0.0( 0.0( 0.0(
llass 6 0.9f 0.0( 0.0(
llass 7 10( 0.2( 0.8: 0.0(
llass 8 0.6t 0.0t 0.0(
llass I t.¡ '1 .9t 0.0( 0.0(
llass l0 1 1.0 0.8s 0.0(
llass 11 4?( u.¿t 0.0€ 0.0(
llass 12 5.3t 1.1 0.0t 0.0(
;iâss 13 2.1 2.1 0.0t
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Axle Configuration
Average axle width (edge{o-edge) outside
dimensions,ft):
Dual tire spacing (in):

Axle Configuration
Single Tire (psi):
Dual Tire (psi):

Average Axle Spacing
Tandem axle(psi):
Tridem axle(psi):
Quad axle(psi):

Climate
icm file:

Latitude (degrees.minutes)
Longitude (degrees.minutes)
Elevation (ft)
Depth of water table (ft)

Structure-Des ig n Featu res

Structure--Layers
Layer 1 -Asphalt concrete

Material type:
Layer thickness (in):

General Properties
General
Reference temperature (F"):

Volumetric Properties as Built
Effective binder content (%):
Air voids (%):
Total unit weight (pcf):

Poisson's ratio:

Thermal Prooerties
Thermal conductivity asphalt (BTU/hr-ft-F"):
Heat capacity asphalt (BTUilb-F"):

Asphalt Mix
Cumulative % Retained 3i4 inch sieve:
Cumulative % Retained 3/8 inch sieve:
Cumulative % Retained #4 sieve:
% Passing #200 s¡eve:

Asphalt Binder
Option:
A
VTS:

120
120

51.6
49.2
49.2

GrandForks-ND
47.57
-97.11
839
10

Asphalt concrete
4.4

70

11
OE

148

0.35 (user entered)

0.67
0.23

0
1a¡J

40
q

Superpave binder grading
9.4610 (correlated)
-3.1340 (correlated)

8.5

High temp.
oc

Low temperature,'C
-10 -16 -22 -28 -34 -40 -46

46
52
58
64
70
76
82
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Layer 2 -- Grushed gravel
Unbound Material: Crushed gravel
Thickness(in): 1B.B

Strength Properties
lnput Level: Level 3
Analysis Type: ICM inputs (lCM Calculated Modulus)
Poisson's ratio: 0.35
Coefficient of lateral pressure,Ko: 0.5
Modulus (input) (psi): 26100

ICM lnputs
Gradation and Plasticitu lndex
Plasticity lndex, Pl: 3
Passing #200 sieve (%): '10

Passing #4 sieve (%): 60
D60 (mm): 2

Calcu lated/Derived Param eters
Maximum dry unit weight (pcf): 122.1 (derived)
Specific gravity of solids, Gs: 2.68 (derived)
Saturated hydraulic conductivity (fVhr): 37 (derived)
Optimum gravimetric water content (%): 11.5 (derived)
Calculated degree of saturation (%): 83.7 (calculated)

Soil water characteristic curve parameters: Default values

Parameters Value
a 12.2
b 1.6'1

c 0.529
Hr. 398

Layer 3 - SM
Unbound Material: SM
Thickness(in): Semi-infìnite

Strength Properties
lnput Level: Level 2
Analysis Type: Seasonal inputs (User lnput Modulus)
Poisson's ratio: 0.35
Coeffìcient of lateral pressure,Ko: 0.5

Mo. E losi) wc (%)
1 290000 0
2 290000 0
3 362s0 0
4 7250 0
5 7250 0

6 1 0900 0
7 1 4500 0
I 1 4500 0

I 1 4500 0

10 1 4500 0
11 36250 0
12 290000 0
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Parameters Value
a 24.7
b
c 0.59

Hr- 851

Distress Model Calibration Settings - Flexible
AG Fatigue Level 3 (Nationally cal¡brated vatues)

k1 0.00432
k2 3.9492
k3 1.281

AG Rutting Level 3 (Nationally calibrated values)
k1 -3.4488
k2 1.5606
k3 0.4791

ICM lnputs
Gradation and Plasticitv lndex
Plasticity lndex, Pl:
Passing #200 sieve (%):
Passing #4 sieve (%):
D60 (mm):

Calculated/Derived Parameters
Maximum dry unit weight (pcf):
Specific aravity of solids, Gs:
Saturated hydraulic conductivity (fvhr):
Optimum gravimetric water content (%):
Calculated degree of saluration (%):

Soil water characleristic curve parameters

I
42
100

116.9 (derived)
2.71 (derived)
3.25e-005 (derived)
14.1 (derived)
86.1 (calculated)

Default values

0. 1 587-POWER(RUT,0.4579)+0.001

Level 3 (Nationally calibrated values)
5

0.2474', THERMAL + 10.619

Level 3 (Nationally calibrated values)
1

1

Level 3 (Nationally calibrated values)

1.673

7

0

1 000

200 + 2300/( 1 +exp(1.07 2-2. 1 654'tog(TOp+0.000 1 )))

+ 995. 1 /(1 +exp(2-2-log(BOTTOM+0.000 1 )))

Standard Deviat¡on Total
Rutting (RUT):

Thermal Fracture
k1

Std. Dev. (THERMAL):

GSM Fatigue
k1

k2

Subgrade Rutting
Granular:

kl
Fine-grain:

k1

AC Cracking
AG Top Down Cracking

C1 (top)
C2 (top)
C3 (top)
C4 (top)

Standard Deviation (TOP)

AC Bottom Up Cracking
C1 (bottom)
C2 (bottom)
C3 (bottom)
C4 (bottom)

Standard Dev¡ation (TOP)

1

1

0

6000

32.7
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GSM Cracking
c1 (csM)
c2 (csM)
c3 (csM)
c4 (csM)

c1 (ATB)
c2 (ArB)
c3 (ATB)
c4 (ATB)
c5 (ATB)

c1 (csM)
c2 (csM)
c3 (csM)
c4 (csM)
c5 (csM)

0.009995
0.0005r I
0.00235
tÕ.Jo
0.9694

0.00732
0.07647
0.000145
0.00842
0.000212

1

1

0

1 000

Standard Deviation (CSM) CTB-1

tRt
lRl Flexible Pavements with GB

c1 (GB) 0.0463
c2 (GB) 0.00119
c3 (GB) 0.'1834
c4 (GB) 0.00384
c5 (GB) 0.00736
c6 (GB) 0.001 15

Std. Dev (GB) 0.387

lRl Flexible Pavements with ATB

Std. Dev (ATB) 0.292

lRl Flexible Pavements with CSM

Std. Dev (CSM) 0.229

Performance Criteria

Terminal lRl (in/mi)
AC Surface Down Cracking (Long. Cracking)
(fvS00):
AC Bottom Up Cracking (Alligator Cracking)
(o/o):

AC Thermal Fracture (Transverse Cracking)
(fVmi):
Chemically Stabilized Layer (Fatigue Fracture)
Permanent Deformation (AC Only) (in):
Permanent Deformation (Total Pavement) (in):

Distress ReliabliÇ
Target Target

172 90

1 000 90

25 90

1000 90
25 90

0.25 90
0.75 90

Distress
Predicted

226.1

1540

Faa

2112

0.81

Reliability
Predicted

z. tc

40.57

?^o

1.85

19.31
32.16

Acceptable

Fail

Fail

Fail

Fail

N/A
Fail
Fail
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Surface Down Gracking - Longitudinal

5000

4500

4000

â
€ ssoo

;
.g 3000
!

õ
ö zsoo
Ë
E 2000
==o
3 1500
J

1000

500

0

'100

90

80

70
G'

ãuoo
E
Gô50
E
=.E ¿o
o

= 30

20

10

0

72 96 120 144 168 1s2

Pavement Age {month}

Bottom Up Damage for Alligator Cracking

120 1M

Pavement Age (month)

216

-254-



100

90

80

^70
E
.9 uo

oo
(J""

G40
.9

30

20

10

0

Bottom Up Gracking - Alligator

7

72 S6 120 144 168 1s2 216
Pavement Age (month)

Thermal Gracking: Crack Depth Vs Time

96 120 144 168

Pavement Age (month)

5

4.5

4

c^

q
ã."
!o
!o^

I

0.5

0

2'16

-255 -



1

0.9

0.8

o.7

0.6

0.5

0.4

0.3

o.2

0.1

0.

Thermal Cracking: Depth Ratio Vs Time

120 144

Pavement Age (month)

Thermal Gracking: Total Length Vs Time

72 96 120 144 168 1s2
pavement Age (month)

216

3000

2700

2400

2100

=E
È 1800

c

P lsoo
oJ
ã rrnn

F
900

600

300

0

216

t

-256-



Transverse Crack Spacing
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