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ABSTRACT

After several years of development, the i3c Chair team proposes a new software for the
mechanist-empirical design of flexible pavements developed as part of its activities. This tool
was developed to provide a new design tool adapted to the operating conditions, both rural
and municipal, specific to Quebec. Developed in close collaboration with the Chair's partners
and incorporating content based on several years of research at Laval University and in
Quebec, this new tool aims to meet the needs of rural and urban network managers.
The software consists of seven modules corresponding to the different stages of pavement
design:

1. General information about the project;
Design objectives;
Definition of the load;
Determination of climatic data;

Definition of the pavement structure;

A

Choice of performance models;
7. Calculation of frost action.

The software offers the user several choices of estimation and analysis methods of varying
levels of complexity and precision. The design can therefore be adapted according to the
importance of the project, the information available and the designer's preferences. The
software performs a seasonal damage calculation to take into account the variation of the
mechanical properties of materials for the different periods of the year. The user is guided
through the design process to complete all the calculation steps. The mechanical response of
the materials is based on an iterative linear elastic calculation. A frost module completes the
analysis to determine the frost depth and the heave associated with winter conditions. At
each step, the choice is left to the designer to select the level of precision of the calculations

and also the relationships that will be integrated into them.
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i. INTRODUCTION

The i3c-ME software is a software for mechanistic-empirical flexible pavements design. It was
created as part of the activities of the i3c Research Chair at Laval University (Québec, Canada).
Figure i.1 shows the main screen of the software. It contains seven specific modules allowing
to enter or define general information, design objectives, load characteristics, climatic data,

pavement structure and performance models, as well as for calculating the frost action.

€ 3¢ -Me: Software for mechanistic-empirical design of flexible pavement i3c - =

File Module Help Language

GENERAL DESIGN DEFINITION CLIMATE
INFORMATION OBJECTIVES OF THE LOAD DATA

PAVEMENT DAMAGE FROST
STRUCTURE MODELS ANALYSIS

Figure i.1: Main screen of the software i3c

The software performs a seasonal damage calculation by dividing the year by up to 5 seasons:
summer, fall, winter, beginning of thaw and end of thaw. The cumulative damage, based on
Miner's law, allows the calculation of the service life of the pavement. The user must enter
the duration of each season and provide the average air or asphalt temperature
corresponding to the identified period. The user also has access to a library of climate stations

and can create his own database. All types of vehicles can be considered in the study using a
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calculation based on the truck factor specific to each vehicle. This approach offers the
possibility of integrating, among other things, vehicles such as standard and articulated urban
buses. Several options are available to the user to convert vehicle and traffic information into
Equivalents Single Axle Load (ESAL), used as an input to the mechanistic calculation utility.
In terms of damage laws, the user has the choice between several existing empirical transfer
functions for fatigue and structural rutting that are integrated into the software. A calculation
tool on the effect of frost penetration, programmed by the Ministére des Transports, has also
been added to the software. It allows calculating the evolution of the frost depth with the help
of temperature data coming from the climatic stations and from the properties of the
materials. With regard to the definition of the pavement structure, the user can choose to use
default values or to enter values estimated or measured by different tests, in order to define
the mechanical properties of the materials. The software offers the user several choices of
methods of estimation and analysis of levels of complexity and varying precision. The design
can therefore be adapted according to the importance of the project, the information
available and the designer's preferences. For example, to determine the mechanical
properties of pavement materials, the user may choose to use default module values, estimate
modules from CBR, LWD test results, or use advanced modelling parameters (Huet-Sayegh,
Witczak, Uzan) obtained in laboratory tests on materials.

A progress indicator in the form of traffic lights is included for each step. It turns green when
the module is completed or is displayed orange if data is missing. When the indicator turns
green at the calculation launch level, they can be performed. Service life in terms of fatigue
and rutting for each season, as well as the frost depth and frost heave, are determined by
iterative calculations. Service life with respect to roughness performance is also calculated.
The results are presented in a new window. The user can then modify each module and
restart the calculations to optimize the design of the structure.

Figure i.2 shows the structure of the software and the interactions that can take place
between the modules. The number at the top of the boxes in the flowchart refers to the
module numbers. The cells without number are software-specific calculation blocks. For
each use, the operator must provide general information on the project. Thereafter modules
3, 4 and 5 must be completed in order to perform the calculations associated with the
mechanical response of the materials. This is done by iteration since the properties of the
materials may depend on the response of the structure. An iterative calculation is therefore

automatically performed by the software until a convergence of the mechanical response of

Chaire i3C-Université Laval 9



the structure is obtained. This calculation is performed for a given season. Module 4 is used
to define the associated temperatures for each season and their duration. On exit, once
module 6 is completed, the software determines the seasonal damage. A law of cumulative
damage makes it possible to determine the lifetime of the pavement. Once Module 2 is
completed, the lifetime information is compared to the design objectives. The result is
displayed at the output of the software, allowing the operator to modify the data in the
modules to adjust the design if necessary. Module 5 and Module 7 also allow the frost
resistance of the structure to be verified by determining frost penetration and associated

lifting.

K
Gensral information
about the project

Y

Load model and
parametar

v

Calculation model

6]
N Cllmaféca;:orﬁnlms . J!.llam!'ials properties —I Road structure
n*i, T, duraticn) {i.v. Mala)) {geomatry)
L k4
Materials response
(e.0.d)
¥
6]
*  Performance model [
¥
»  Seasonal damage ¥
7]
¥ Materials properties
5 "(i+1 ; .
sason k1) Cumulative damage wintzr T
2] " r
Result
Dresign objective (service life) = Service life + Frost action =
Frost resistance

Figure i.2: Software flowchart

Chaire i3C-Université Laval 10



MODULE 1: GENERAL INFORMATION

The first module concerns the general information of the project. The module screen is shown

in Figure 1.1. The user registers a name to the project and completes the information of the

location of the project. The city, sector, street name, mile marker are part of the information

that can be saved after validation of the form. For all the information additional to the project,

the "notes" tab allows you to save this data.

General information about the project

Characteristic of the project
Project name || | Project date |21 novembre 2019 [E- |
Project Manager | |
Project saving folder C:'\Users'\c:uzs'\ﬂppData'\LocaI'\Apps\E.ﬂ\VWGZEF{H.HY-#\ONBAGG| Edit

Project location

City | | Sector | |

Route name or number | | Tenmitorial division | |

Progressive | | Other project milestones | |
Motes

Mote: An txt file with the project name will be created in the specified folder

VALIDATE
THE MODULE

Figure 1.1: General information about the project



MODULE 2 : DESIGN OBJECTIVES

2.1  GENERAL CALCULATIONS

The second module concerns the design objectives, i.e. the number of ESAL (equivalent single
axial load) that the pavement will meet during its service life. The software will ensure that
the number of permissible load applications before pavement failure is greater than or equal
to the design objective. Figure 2.1 shows the home window of this module. First, the operator
must select the type of road from the following choices: highway, national, regional, collector
and local. Then, the determination of the number of admissible passages is done either by
calculation or by direct entry of the value. The general equation (Doré¢, 2014) for calculating

the total number of load applications in ESAL is based on equation (1)

N (ESAL) =AADT xDxLxTxTFxdxA (1)

Where: N (ESAL) = Number of ESAL (million),

AADT = Average daily traffic number (vehicle/day in both directions),

D = Proportion of vehicles by direction (%),

L = Proportion of vehicles per lane (when more than 2 lanes in one direction, %),

T = Proportion of heavy vehicles (%),

TF = Truck factor (ESAL),

d = Number of days of commercial traffic per year,

A = Incremental factor for heavy vehicles.
The number of ESAL obtained makes it possible to quantify the truck factor The AADT is an
estimate of vehicles (all categories) travelling in both directions for all traffic lanes on the
road. The number of days corresponds to the number of days in a year. It is generally chosen
equal to 300 to take into account only days worked (year minus weekends and holidays) for
heavy transport. The incremental factor for heavy vehicles is calculated according to equation
(2) and depends on the expected growth factor (g) and the design period (n) in years.

A 1+9)m"-1
g

Where: A = Incremental factor for heavy vehicles,

(2)

g = Growth factor (%),

n = Design period (years).

Chaire i3C-Université Laval 12



Determination of the number of Equivalent Single Axial Load (ESAL)

File  Help
Road characteristic
Foad class : Highway e Service life (in years) : I:I
Type of road : -

Determination of the admissible number of ESAL

Calculation of the number ESAL

Average Annual Daily Traffic (AADT): |:|

Proportion of vehicles in direction 1: D {in %) I:I Direction 2 {in %)

Mumber of lanes per direction: e Proportion of vehicles per lane W in %)

Proportion of heavy vehicles : C (in %) I:I

Coefficient of aggressiveness () Use the calculation tool

CA:
() Default value
() Direct input
Mumber of days peryear J : I:I
Rate of growth (n %) [ | Growthfactor FAGn %)

Calculation of the number of ESALs in critical lane
M{ESAL)= AADT = D = V x C x CA x J x FA

[] Direct entry of the number of ESAL

VALIDATE

THE MODULE

Figure 2.1: Determination of the number of Equivalent Single Axle Load (ESAL)

2.2 PROPORTION OF VEHICLES PER LANE (FACTOR L)

Chaire i3C-Université Laval
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The proportion of heavy vehicles on multi-lane roads is automatically determined from Table
2.1 (Darter et al,, 1985). The software returns the data from the table corresponding to the
number of lanes and the AADT.

Table 2.1 Estimation of factor L

AADT (one Two lanes in one direction Three or rrnlore .lanes n one
way) direction
Inner Outer Inner Center Outer
2000 6 94 6 12 82
4000 12 88 6 18 76
6000 15 85 7 21 72
8000 18 82 7 23 70
10 000 19 81 7 25 68
15000 23 77 7 28 65
20 000 25 75 7 30 63
25000 27 73 % 32 61
30 000 28 72 8 33 59
35000 30 70 8 34 58
40 000 31 69 8 35 57
50000 33 67 8 37 55
60 000 34 66 8 39 53
70 000 8 40 52
80 000 8 41 51
100 000 9 42 49

2.3 TRUCKFACTOR

The truck factor can be estimated using the calculation tool integrated in the software,

entered directly or used according to a default value.

2.3.1 CALCULATION TOOL
The calculation tool is used to determine the average truck factor as a function of the number
of vehicles and their proportion in total traffic. To do this, the calculation tool determines the

average truck factor of vehicles according to their configuration and axle load. Figure 2.2

Chaire i3C-Université Laval 14



shows the calculation tool as a whole. In each tab, the truck factor for each vehicle is evaluated

according to equation (3).

4
m.
TF=ZTFi=Z m‘ (3)
ref

Where: m; = weight of axle or axle group i.
m.s = weight of the reference axle or group of axles equivalent to 1 ESAL,
= 8.16 tonnes for a single axle,
=15.20 tonnes for a double axle,
= 21.80 tonnes for a triple axle,

= 28.50 tonnes for a quadruple axle (extrapolated)

€ Détermination de |'agressivité des véhicules =lE e |
- Comptage et classffication des véhicules lourds:
Selectionner les types de véhicules Nombre de Coefficient Coefficient Verifier les caracténstiques des vehicules en cliquant sur les controles ci-dessous
parmi la base de donnée véhicules dagressivite  diagressivité 1- 2 3 4
moyen
1- [Mobus GMC classic '] X 50 335 167.5
MNom descriptif du véhicule: | Autobus Movabus LFS Adic
2 [Mobus Novabus LFS v] X 20 448 3584
Groupe diessieu 1:
o [Mnbus T v] X 2 532 20224 Configuration de l'essieu: Foids a l'essieu
Simple 6300
4- [Carmcn 1 unité - 2 essiew: V] X 0 0.3 0 Groupe diessieu 2
Configuration de l'essieu: Poids & l'essieu
5 [ ] X Simple 8100
Groupe d'essieu 3 Nombre d'ECAS
& X Configuration de l'essieu Foids a l'essieu 6,32
Simple 12120
7- X Groupe d'essieu 4
Configuration de l'essieu Poids & I'essieu
3 X
Groupe d'essieu 5
5 X Configuration de l'essieu: Poids a l'essieu
10- X
Coefficient d'agressivité moyen total: 449

Figure 2.2: Calculation tool for the truck factor

Several vehicle classes are present in the database. Three types of buses are used as an
example of calculation: the GMC classic bus, the Novabus LFS bus, the Novabus LFS Artic bus.
The truck factor is 3.35 ESAL for the GMC Classic bus shown in Figure 2.3. The calculation of
the truck factor is presented in Table 2.2 (Gauthier, 2012).

Chaire i3C-Université Laval 15



Figure 2.3: GMC Classic

Table 2.2 Calculation of the TF for the GMC Classic bus

Weight (with 75
16 440 Kg TF
passengers)
Load distribution 66% 34% 5
3.3
Weight per axle (kg) Rear axle 10 850 Front axle 5590 ESAL
TF (ESAL) 3.13 0.22

The truck factor is 4.48 ESAL for the Novabus LFS bus shown in Figure 2.4. The calculation of

the truck factor is presented in Table 2.3.

rtcquebec.ca

Figure 2.4: Novabus LFS

Table 2.3 Calculation of the TF for the Novabus LFS bus

Nominal weightl 17 690 Kg TF
Load distribution 66% 34%
4.48
Weight per axle (kg) Rear axle 11 669 Front axle 6021 ESAL
TF (ESAL) 4.18 0.30

The truck factor is 6.32 ESAL for the Novabus LFS Artic bus shown in Figure 2.5. The

calculation of the truck factor is presented in Table 2.4.
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Table 2.4 Calculation of the TF for the Novabus LFS Artic bus

Figure 2.5 : Novabus LFS Artic

Nominal weightl 27 020 Kg TF
Load distribution 45% 30% 25%
Rear Center Front 6.32
Weight per axle (kg) 12120 8100 6 800
axle axle axle ESAL
TF (ESAL) 4.87 0.97 0.48

Default values are used depending on the vehicle class and are integrated into the database.

Table 2.5 groups the average truck factor by truck type (St-Laurent, 2006)

Table 2.5 Average truck factor by vehicle type

Vehicle ATF (ESAL)
2 axles 0.3
Truck 1 unit 3 axles 1.5
4 and more axles 5.7
4 and less axles 0.5
Truck 2 units 5 axles 1.7
6 and more axles 6.8
5 axles 1.7
Truck 3 units
6 and more axles 7.3

2.3.2 THE DEFAULT VALUE

Table 2.6 assembles the default average truck factor and can be used in the absence of vehicle

classification data (Ministére des transports du Québec, 2006). This table depends on the

road class and the percentage of heavy vehicles.
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Table 2.6 Default average truck factor

Road classification

% of heavy vehicles

0-10 10-20 20-30 >30
Local 0.8 12 - -
Collector road 1.2 1.9 - -
Regional 1.4 2.6 - -
National to highway or
1.2 1.3 - -
urban

National rural 21 3.1 3.7 53
Urban highway 1.1 1.3 - -
Peri-urban highway 1.7 2.0 - -
Rural highway 2.1 2.7 34 -

Chaire i3C-Université Laval
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MODULE 3 : LOAD DEFINITION

In this module, it is possible to define the load characteristics that will be applied while
calculating the stress and strain distribution in each layer of the structure. Figure 3.1 shows
the home screen of this module. The load is considered circular and the contact pressure is
uniformly distributed. The three load parameters, i. e. circle radius, load and contact pressure,

are linked by equation (4).
F
P(kPCl) =— (4)
na

Where: P = pressure (kPa),
F = force (kN),

a = radius of the plate (mm).

Load parameters H
Tools  Help
Tire parameters Caractéristique de |'essieu
Single tire Half Axle Axle load (<N}
Choose the type of tire Double Tie [ Axle-complete

Cold inflation pressure (kPa) : 560 =

Tire load (kN) : 4 =

Load speed km/h): 5
Gross contact surface (cm?2) 7069
Equivalent circle radius {cm) : 150

VALIDATE
THE MODULE

Figure 3.1 : Setting up the load parameters

Two different tire configurations are available: (1) Considering a standard load plate, and (2)
considering of a particular tire type. In the first case (load plate) the tire configuration defined
by a single equivalent axle is used, with a 40 kN load applied on a circular plate with a radius
of 150 mm. This configuration should be considered for pavement design, as it is the

reference load on the traffic module.
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For the second option of tire configurations, the equations of the Tire and Rim Association
(TRA) are used, the average contact pressure (CP) is defined by the following equation:

L
CP=-—— ()
ATLC

Where L is the maximum load and 4,,. is the net contact area. To calculate an approximation
of the net contact area the following equations are used:
Ape = Age X NG (6)
Age =39.8 X (0.315 x P) + (0.00887 x L) + (0.000938 X V) (7)

Note: The gross contact area equation is appropriate for highway speed and loads, and inflation pressure
for truck-bus tires shown in the TRA tables.
Where Ay, is the gross contact area, NG is tire tread footprint net/gross, P is the tire cold
inflation pressure and V; is the tire volume, approximated using the following formula:

Vi =314x (H+D,) X (S X H) (8)
Where, H is the TRA design section height, D, is the rim diameter, and S is the TRA design
section width of the tire. The following table summarizes the values considered for the tire

configurations normally used in Canada, and which are included in the software:

Table 3.1 TRA parameters for tire configurations normally used in Canada

11R24.5 11R22.5 | 385/65R22.5 | 275/70R22.5
H (in.) 9.49 9.49 9.85 7.58
Dr (in.) 24.5 22.5 22.5 22.5
S (in.) 11.0 11.0 15.2 10.9
Vol. (in3) 11147 10491 15178 7815

An important aspect of the definition of the load is that it is possible to adapt the loading
speed. These data allow the viscoelasticity of the materials to be taken into account when
calculating the mechanical properties. In the toolbar, the user can change the frequency of
request to which the asphalt will be subjected.

A relationship linking vehicle speed to solicitation frequency is used by default in the
calculations (Mollenhauer et al., 2009). An option in this module allows imposing a frequency

to be considered for calculations. Figure 3.2 shows the two available options.
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Determination of the frequency of solicitation

Inf ormation
Bituminous asphalt mixes are viscoelastic materials whose mechanical properties vany with

temperature and the frequency with which they are subjected to stress. This frequency depends
the pavement structure and load characteristics.

The software uses the following relatior Frequency (Hz)=0 46 x
with V' = speed of the load (kms/h)

Frequency of solicitation
(®) Keep the default relationship

-Innn -

() Impose the frequency of solicitation {in Hz) : (.00 =

VALIDATE

Figure 3.2: Determination of the frequency of solicitation
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MODULE 4 : CLIMATIC CONDITIONS

Module 4 is organized around the establishment of the climatic conditions that the structure
will encounter over the course of a year. The year is divided into a maximum of five seasons.
A season is characterized by a duration (number of days) and an average temperature of the
coating. For each season, the modulus of the asphalt mix will vary according to temperature
(viscoelasticity of the material). Figure 4.1 displays the module's home screen and has two

tabs either for manual data entry or for selecting a climate from the database.

Setting up of climatic conditions H
Tools  Help
Manual temperature entry  Select a climate from the database

The damage analysis is performed for a year consisting of 5 seasons,
However, the user can choose fewer seasons per year.
1- Enter the respective duration of each season

2- Enter the surface temperatures

Surface temperature
Season Length of the season o Calculated from the
O Direct input @ air temperature
fin days) T°of the asphalt mix (C) T of the air (C)
Fal 3B 11.40
Winter 167 |5 8.69 -10
Early Spring 1212 6.68
Late Spring 45 |2 14.95
Summer 105 |2 22.04

Total
364

Mote: The T° of the asphalt is calculated at a depth of 4 cm. This calculation depth is adjusted later
1/3 of the total thickness of the asphalt layer.

[] Save the climatic condtions in the database

Information on climate data
- Average annual temperature (*C) : 204 - Calculated freezing index (degrees days): 1670.0

- Standard deviation of freezing index {"C.days): 0

VALIDATE

THE MODULE

Figure 4.1 : Setting up of climatic conditions

4.1 MANUALENTRY OF TEMPERATURES
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First, by choosing a manual temperature entry, it is necessary to determine the number of
days for each season and the temperature of the asphalt pavement. If the coating
temperatures are known, it is possible to choose a direct input of the values otherwise these
values are calculated from the air temperatures. In cases where the coating temperature is
calculated from the air temperature, the relationship, defined by equation (9), is used.
Temperatures are automatically converted from °C to °F. The calculation depth is set by the
software to 4 cm for display purposes. This depth is adjusted when the calculations are

started to 1/3 of the total thickness of the asphalt pavement layers.

S Y (R (9)
p— 74 z+4) z+4
Where: Tp = Calculated asphalt mix temperature (°F),

Ta = Air temperature (°F),

z = Depth at which the temperature is calculated (in inches).

z=1/3 of the total thickness of the bituminous layers.
To ensure proper data entry, an alert message will appear in red if errors are made (for
example, if the total number of days in a year exceeds 365). It is also possible to save the

manually entered climates in order to integrate them into the database.

4.2  PROCEDURE FOR DETERMINING CLIMATIC PARAMETERS

The procedure proposed here is for information purposes only and is not a rule to follow.
1. Acquisition of climate data

In order to divide the year into representatives seasons of the climate, it is recommended to
have daily averages of air temperature. To do this, climate data can be obtained, for example,
from the Government of Canada's climate database (Government of Canada, 2019). An
example of the daily data for January 2015 at the "Quebec/Jean lesage intl" weather station
is shown in Figure 4.2. In our case, for each city defined in the database, the average daily
temperatures for all years between 1986 and 2015 (i.e. 30 years of data) were extracted. In
some cases, missing data or the absence of measures over an extended period may require

that certain years be ignored.
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Government

I * of Canada

MENU »

Home

Gouvernement

du Canada Search Canada.ca

Environment and natural resources Weather, Climate and Hazard Past weather and climate Historical Data

Daily Data Report for January 2015

QUEBEC/JEAN LESAGE INTL

QUEBEC
Latitude: 46748/13.0007 N Longitude: 71222'54.000" W Elevation: 60.00 m
Climate ID: 7015001 WMO ID: 71714 TCID: WQB

Related Data

Monthly Data (2015)

Additional Search Options

Daily Data (2015)
= ey XML Metadata(a)

Nearby Stations with Data

- P
Historical Data Search Download Data

Get More Data

4 Pravious Month 2015 v || January Next Month =

'H

Daily Data Report for January 2015

Max Min Mean HeatDeg CoolDeg Total Total Total Snowon Dir of Spd of
Temp Temp Temp Days Days Rain Snow  Precip Grnd Max Gust
€ € € mm mm m km/h
DAY [ [ [ [T Latil [atil [atil il [atil il
01 4.0 -12.9 8.5 26.5 0.0 16.0
02 4.1 -19.0 -11.6 29.6 0.0 T
03 -11.4 -295 -20.5 38.5 0.0 6.4
o4 -2.5 -11.5 -7.0 25.0 0.0 20.0
05 -4.3 -23.7 -14.0 32.0 0.0 0.7
06 -18.0 -27.0 -22.5 40.5 0.0 0.4
07 -12.0 -27.8 -19.9 37.9 0.0 5.1

Figure 4.2: Extract from the Government of Canada website (2019) for daily climate data.

2. Determination of a sinusoidal interpolation
Using the daily data, it is possible to determine a sinusoidal curve checking equation (10) for
each year measured. The optimization of the sine curve is determined by a calculation by
minimizing the least square residue between the measured and modelled values. The
modeling thus makes it possible to obtain the average annual temperature, the amplitude of
the sinusoidal signal and the phase shift of the sine curve. By assumption all years are
considered to have 365 days.

Ty = Ty + To. Sin[w - (t — to)] (10)
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Where: Ta = modelled air temperature (°C),
Tm = mean annual temperature (°C),
To = modeling sine amplitude (°C),
W= period of the sine function (= 2-m/365),

To= time of signal initialization

30

Airtemperature (*C)

010112 01/03M12 01/05M2 017TH2 01/0912 o1M1M2 0101/13
Day of the year

Figure 4.3 shows an example of modelling. In this figure, the average daily temperatures are
represented by diamonds. The blue curve corresponds to the sine interpolation associated
with this measurement year. The measurements shall begin on 1 January of the year and end
on 31 December of the same year. An annual average temperature value of T,= 5.77°C is

calculated. The amplitude of the sine is To=15.9°C.
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30

Airtemperature [(*C)

0101M2 01/0312 0105812 010TFM2 010912 o1M 112 010113
Day of the year

Figure 4.3 : Modelling of the annual climate by a sine function.

3. Determination of the five seasons
First, winter is defined as the period when the modeled temperatures (points on the sine
curve) are below 0°C. The two points of the sinusoidal curve crossing the axis at a
temperature of 0°C delimit the beginning and end of winter. In the example shown in Figure
4.4 winter begins on November 10 and ends on March 28, a period of 140 days. Over this

period, the average temperature is -6.04°C. The average temperature is calculated from the

modelled data and not the raw data.
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T=0°C September 21 T=0°C
I ] | I

30

Air temperature (°C)

'20 & ¥
. l !
l 1
B TLate $pring [
Winter | Summer Fall | Winter
-30 T I — T T T T I T | T |
01/01/112 01/03/12 01/05/12 01/07/12 01/09/12 01/11/12 01/01/13
Day of the year

Figure 4.4 : Determination of seasons according to temperature

Thereafter, spring is divided in two. Early spring consists of the first 12 days of thawing
following the end of winter, then late spring corresponds to the next 45 days. The average
temperatures for each period are also calculated. For the example, the beginning of spring is
from March 29 to April 9 and the end of spring from April 10 to May 24.

The summer period begins when the late spring ends and lasts until September 20. In our
case, it lasts 119 days. Finally, the fall is between September 21 and the beginning of winter
for a total duration of 48 days in the example considered. All the results are detailed in Table
4.1

Table 4.1 Determination of the seasons

Winter Early spring Late spring Summer Fall
Nb AT Nb AT Nb AT Nb AT Nb AT
Days (°Q) Days (°Q) Days (°Q) Days (°Q) Days (°Q)
140 -6.6 12 1.59 45 9.22 120 19.01 48 6.57

4. Generalization of the approach for the thirty years considered

Chaire i3C-Université Laval 27



The determination of the seasons, defined by the average temperature and the number of
days must then be carried out for all the years to be taken into account. For the cases in the
database, the sine curve and the determination of the seasons were carried out for the years
between 1986 and 2015. As an example for the city of "Quebec/Jean lesage intl", Table 4.2
shows the average duration and temperature for the years 1986 to 2015. The final results
show that on average winter lasts 146 days for an average temperature of -7°C, early spring
lasts 12 days with an average temperature of 1.55°C, late spring lasts 45 days with a
temperature of 9°C, summer lasts 112 days with an average temperature of 18.77°C and
finally fall lasts 50 days with an average temperature of 8.85°C. From these data it is also
possible to determine the normal FI. The latter is FI, =1030 °C. Days with a standard deviation
of =200.3 °C. Days. These last two climatic information are necessary for the probabilistic

analysis of the rigorous frost calculation in MODULE 7 :Frost criteria.
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Table 4.2 Determination of the 1986-2015 seasons for Quebec City

Winter Early spring Late spring Summer Fall
Nb AT Nb AT Nb AT Nb AT Nb AT
Year Days (°Q) Days (°Q) Days (°Q) Days (°Q) Days (°Q)
2015 152 -8.07 12 1.63 45 9.63 102 19.74 54 10.03
2014 153 -8.07 12 1.64 45 9.54 104 19.35 51 9.51
2013 148 -7.13 12 1.60 45 9.05 114 18.58 46 8.40
2012 137 -6.13 12 1.52 45 8.84 118 19.31 53 9.04
2011 138 -6.28 12 1.41 45 8.74 111 19.26 59 9.69
2010 125 -4.86 12 1.39 45 8.14 129 18.83 54 8.39
2009 148 -7.05 12 1.63 45 9.03 111 18.56 49 8.72
2008 147 -6.92 12 1.59 45 8.96 109 18.64 52 9.08
2007 149 -7.36 12 1.70 45 9.30 108 19.04 51 9.16
2006 130 -5.21 12 1.31 45 8.05 121 18.41 57 8.76
2005 146 -7.28 12 1.67 45 9.49 111 19.81 51 9.48
2004 154 -7.88 12 1.65 45 9.35 107 18.76 47 8.90
2003 154 -8.07 12 1.59 45 9.44 104 19.13 50 9.43
2002 145 -6.70 12 1.48 45 8.65 112 18.16 51 8.55
2001 140 -6.23 12 1.53 45 8.75 112 18.87 56 9.30
2000 146 -6.75 12 1.60 45 8.79 114 18.13 48 8.24
1999 136 -6.07 12 1.57 45 8.88 119 19.37 53 8.95
1998 131 -5.24 12 1.27 45 8.02 123 18.31 54 8.56
1997 155 -7.85 12 1.50 45 9.03 105 18.23 48 8.82
1996 144 -6.45 12 1.53 45 8.64 112 18.19 52 8.71
1995 148 -7.46 12 1.54 45 9.24 112 19.18 48 8.88
1994 153 -8.18 12 1.57 45 9.50 106 19.29 49 9.22
1993 156 -8.34 12 1.81 45 9.74 108 19.09 44 8.69
1992 155 -7.75 12 1.52 45 8.93 106 17.91 a7 8.49
1991 148 -7.31 12 1.62 45 9.28 115 19.11 45 8.61
1990 142 -6.29 12 1.36 45 8.38 113 18.05 53 8.70
1989 160 -9.20 12 1.81 45 10.16 108 19.63 40 8.74
1988 150 -7.55 12 1.53 45 9.18 112 18.86 46 8.66
1987 144 -6.55 12 1.44 45 8.63 118 18.26 46 8.22
1986 154 -7.21 12 1.54 45 8.60 112 17.10 42 7.62
Average. | 146.3 -7.05 12 1.55 45 9.00 | 1119 18.77 | 49.9 8.85
ji?:t?g: 841 100 | 0 013 | 0 051 | 606 062 | 438 049
Chaire i3C-Université Laval 29




4.3  SELECTING A CLIMATE FROM THE DATABASE

The climate module allows you to select a weather station from the database available when
the software is installed. Several cities in the province of Quebec are by default included in
the database.

The database is customizable. Once the data has been recorded manually, it is possible to save
it in the database in order to save it for future projects. The complete database can be

consulted in the "tools" tab of the climate module.
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MODULE 5: PAVEMENT STRUCTURE

The fifth module defines the pavement structure and the home screen is shown in Figure 5.1.
This module allows the integration into the design method of certain research work carried
out at Laval University and the Ministéere des Transports. The pavement structure is
composed of a maximum of 10 layers. For each one, it is necessary to enter the material class,
their thickness and define their mechanical properties. For each type of layer, asphalt,
granular materials and soil, three levels of accuracy are available. The three levels are: 1) level
1 - laboratory data; 2) level 2 - an estimate based on physical data; 3) level 3 - typical value of
material modules. For asphalt mix, Witczak or Huet-Sayegh models can be used. For granular
materials, Uzan's model (1985), Mellizo et al. (2010), based on a material characterization or
finally an estimation from CBR are the available models. For soils, Uzan's model (1985), FWD
measurements, Rahim and George's model (2005), Soto et al. (2013) or an estimate from the
CBR are the five characterization options available. The characterization levels are then

detailed according to the material class.

Determination of pavement structure and mechanical properties of layers n

File Seasonal parameter  Help

!
R rE=s o Thickness  Poisson layer ] layer2 Llayer3 Layerd  Layer5 layer6  layer7 Layer8  Layerd  Layer 10

(mm) ratio

W B N m M A W N =

a [ el o] [e] o] [e]][+]|+]]+

=
=)

Information
Al layers are perfectly bonded together
- The thickness of the last layer must be equal to 0 mm

- The thicknesses in red do not follow the recommendations of the Ministry of Transport with
regard to paving thicknesses

VALIDATE
THE MODULE

Figure 5.1: Determination of pavement structure and mechanical properties

5.1 ASPHALT CONCRETE
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Three types of asphalt are included in the software. ESG-10 and ESG-14 asphalt mixes are
semi-granular asphalt mixes with a maximum nominal particle size of 10 and 14 mm
respectively. The third asphalt is a gravel asphalt with a maximum nominal aggregate size of
20 mm, called GB-20. Bitumen classes follow the nomenclature "PG H-L", where PG
represents the performance class, H is the upper temperature limit of the class at which the
bitumen is likely to undergo permanent deformation and L is the lower temperature limit of
the class at which the asphalt concrete is likely to crack by thermal contraction. The choices
integrated into the software are PG 58-28, PG 58-34, PG 64-28, PG 64-34 and PG 70-28. The
home screen for determining the mechanical properties of a bituminous asphalt mix is
presented in Appendix 1.

The Ministére des Transports du Québec (MTQ) recommends minimum, maximum and
optimal thicknesses depending on the type of bitumen. These data are presented in Table 5.1.
If the minimum or maximum thicknesses are not respected, an alert message will appear in
red, leaving the input value accessible.

Table 5.1 Asphalt selection criteria (extracted from Quebec, 2012)

Thickness of Type of asphalt
laying ESG-10 | ESG-14 | GB-20
Maximum (mm) 40 60 80
Optimal (mm) 60 70 100
Minimum (mm) 70 80 120

5.1.1 LEVEL 1: LABORATORY MEASUREMENT, WITCZAK MODEL AND HUET-SAYEGH

MODEL

Level 1 is the most accurate level and requires laboratory tests to determine the coefficients
associated with the Witczak model (Witczak, M. Et Fonseca, 1996) or the Huet-Sayegh model
(Huet, 1963, Sayegh, 1965). Dynamic modulus tests on specimens characteristic of the
asphalt layers of the pavement structure must be carried out according to MTQ standards (LC
26-700 standard). The values obtained following the modelling of the results are then
manually entered in the boxes associated with each coefficient. Figure 5.2 shows the

parameters for level 1.
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Layer 1 Layer2 Layerd Layerd Llayer5 Layer& Layer7 Layer8 Layer9  Layer 10

Select material properties

Asphalt mixture: | ESG-10 e Bitumen Grade: | PG 64-28 e Poisson ratio calculated

Mechanical properties of the material

Level 1: Laboratory measuremert of mechanical properties

(®) Coefficierts of the dynamic module: Witczak model
8 | | e | | B | | ¥ | |2, | | &y | |

() Coefficients of the complex module: Huet-Sayegh model

Figure 5.2 : Laboratory measurement of the mechanical properties of an asphalt mix

51.1.1 WITCZAK MODEL

Witczak's entire model is detailed for typical formulations of Quebec (Doucet and Auger,
2010). It corresponds to the model currently used in the United States in the MEPDG
(Mechanistic Empirical Pavement Design Guide) design method. Equations (11), (12) and
(13) describe the Witczak model, which can be used to model the influence of temperature
and frequency on the dynamic modulus (Witczak, M. Et Fonseca, 1996; Witczak, Matthew,
2005).

Log|E*| =6 +

1+ e(ny-IOg(fr)) (11)
Where: |E*| = dynamic modulus (Mpa),
F: = reduced frequency (Hz),
a, B, v, 6 = regression coefficients.
fr=ar-f = log(fy) =log(f) + log(ar) (12)
Where: f. = reduced frequency (Hz),
f = frequency (Hz),
ar = translational factor (Hz).
Log(ar) = ay - (T =T +a, - (T —T;)? (13)
Where: a; = translational factor (Hz),
ai, az = regression coefficients,
T = temperature (°C),

T: = reference temperature (=10°C).
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Table 5.2 summarizes the regression coefficients of the Witczak model for a reference

temperature of 10 ° C. These values are present in the software database and available at level

2.
Table 5.2 Regression coefficients of the Witczak model
Regression coefficients, log |E*| (Mpa)
Asphalt Bitumen
5 a B Y ai az
PG 58-28 -0.480 5.011 -1.718 -0.412 -0.150 6.28E-4
PG 58-34 -0.051 4.548 -1.325 -0.386 -0.144 7.20E-4
ESG-10 PG 64-28 -0.083 4.627 -1.615 -0.321 -0.151 6.74E-4
PG 64-34 0.539 3.953 -1.323 -0.377 -0.148 7.34E-4
PG 70-28 -0.693 5.238 -1.829 -0.265 -0.160 6.11E-4
PG 58-28 -0.330 4.877 -1.766 -0.430 -0.149 6.72E-4
PG 58-34 0.399 4.092 -1.295 -0.399 -0.148 8.23E-4
ESG-14 PG 64-28 -0.177 4.756 -1.748 -0.313 -0.152 6.68E-4
PG 64-34 0.480 4.056 -1.517 -0.350 -0.148 5.88E-4
PG 70-28 0.496 4.038 -1.652 -0.304 -0.157 6.49E-4
PG 58-28 -0.309 4.870 -1.781 -0.435 -0.149 6.36E-4
PG 58-34 0.266 4.252 -1.345 -0.405 -0.145 8.23E-4
GB-20 PG 64-28 0.130 4421 -1.678 -0.346 -0.150 7.14E-4
PG 64-34 1.035 3.502 -1.284 -0.400 -0.145 6.73E-4
PG 70-28 -0.932 5.497 -1.888 -0.279 -0.157 5.34E-4
5.1.1.2 HUET-SAYEGH MODEL

The entire Huet-Sayegh model is detailed for typical formulations of Quebec (Doucet and

Auger (2010). The Huet-Sayegh analog model is represented by equations (14), (15) and (16).

The complex modulus depends on pulsation and relaxation time, which are themselves a

function of the material's temperature and stress frequency (Huet, 1963 and Sayegh, 1965).

Where:

Where:

E., — E,
146 (iwt)~* + (iwt)™"

E* = complex modulus (MPa),

E*:E0+

1= relaxation time (s),
o = pulsation [27tf] (rad/s),
Ey, E» , 8,k h, =regression coefficients.
T=ar 79 — log(r) =log(ty) + log(ar)

T = relaxation time (s),

(14)

(15)
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ar = facteur de translation (Hz),
Ty = regression coefficients.
log(ar) =a; - (T =T) +ap - (T = T)? (16)

Where: a; = translation factor (Hz),

T = temperature (°C),

T: = reference temperature (=10°C),

a; et ax=regression coefficients.
Table 5.3 shows the regression coefficients of the Huet-Sayegh model for a reference
temperature of 10°C. These values are present in the software database and available at level
2.

Table 5.3 Regression coefficients of the Huet-Sayegh model

Regression coefficients, E* (Mpa)
Eo Ey ) K H Ty Ay Az
PG58-28 04 36100 2512 0.177 0.545 0.044  -0.149 7.41E-4
PG58-34 39 36700 2740 0.166 0.494 0.006  -0.139 7.75E-4
ESG-10 PG64-28 0.1 39100 2627 0.143 0.415 0.024  -0.149 8.18E-4
PG64-34 101 36900 2370 0.149 0.441 0.009 -0.142 8.07E-4
PG70-28 0.1 39800 2742 0.119 0.365 0.033 -0.154 7.27E-4
PG58-28 23 37500 2685 0.188 0.569 0.089  -0.157 1.00E-4
PG58-34 82 37000 2568 0.163 0.479 0.008  -0.142 8.60E-4
ESG-14 PG64-28 0.1 39600 2390 0.143 0.410 0.056  -0.149 8.54E-4
PG64-34 45 40000 2450 0.139 0.422 0.026  -0.143 7.03E-4
PG70-28 0.1 42400 2428 0.116 0.362 0.036  -0.151 7.66E-4
PG58-28 1.1 39000 2584 0.188 0.571 0.086  -0.154 9.36E-4
PG58-34 43 38500 2424 0.164 0.491 0.009 -0.139 8.56E-4
GB-20 PG64-28 0.1 39700 2408 0.149 0.434 0.047  -0.145 8.25E-4
PG64-34 38,6 40700 2350 0.153 0.450 0.018  -0.139 7.85E-4
PG70-28 0.1 36600 2472 0.137 0.397 0.060 -0.152 7.19E-4

Asphalt | Bitumen

5.1.2 LEVEL 2: DEFAULT SELECTION, WITCZAK MODEL AND HUET-SAYEGH MODEL

At level 2, the mechanical properties of the material can be selected from the software
database. The models used are the same as in level 1. The values proposed by the software
correspond to the data available in the publication "Determination of the complex modulus

of asphalt mixes at the Ministére des Transports du Québec" (Doucet and Auger, 2010). It is

Chaire i3C-Université Laval 35



possible to add new values to the database. The drop-down list shows the materials available
in the database according to the type of asphalt and grade of bitumen that have been selected.

Figure 5.3 shows an example of selected parameters.

Level 2: Selection of mechanical properties by default

List of materials comesponds to the type of asphalt and grade of bitumen : | ESG-10-PG 64-28 w

(@) Coefficients of the dynamic module: Witczak model

5: 0083 | q: (4627 | p:[615 | y: [0321 |a D151 | a,

0.000674 |

() Coefficierts of the complex module: Huet-Sayegh model

Figure 5.3 : Default selection of the mechanical properties of a bituminous asphalt mix

5.1.3 LEVEL 3 : DEFAULT RELATIONSHIP

Level 3, corresponds to a default relationship linking the mechanical properties of the

material to temperature. This relationship is presented in equation (17). This equation

represents the variation of the modulus of asphalt as a function of its temperature (Croney

and Croney, 1998). The relationship was determined for a load frequency of 10 Hz.
Modulus (GPa) = 11,437 - e~ 00594 T (17)

Where: T = Temperature (°C).

5.1.4 POISSON RATIO CALCULATION

For asphalt mixtures, the influence of the stiffness can be take in to consideration in the

Poisson ratio using the following equation:

0.35
1+ exp(—12.452 + 2.291 x log(145.038 x |E*|))

Meare = 0.15 + (18)

In the i3C-ME, you can use this option (selected by default), or enter a user-defined Poisson

ratio value by deselecting the "Poisson ratio calculated" checkbox.

5.2 GRANULAR MATERIALS

Different classes of granular material are included in the software, such as MG 20, MG 56, MG
112, MR 1, MR 2, MR 3, MR 4 and MR 5, MG 112-A (excluding poorly graduated sands "SP")
and infra improved MG 112-C (up to 20% fines). These different classes are based on the data

in the database. The home screen for determining the mechanical properties of a granular
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material is presented in Appendix 2. As with asphalt mixes, there are three levels of
characterization of the mechanical properties of materials.

Minimum and maximum thicknesses are recommended depending on the foundation
materials. These data are presented in Table 5.4. If these criteria are not met, an alert message

appears in red, leaving the value entered accessible.

Table 5.4 Minimum layer thicknesses for granular materials

Thickness of Foundation material
laying MR 1 MR 3
MG20 | MG56 | MG 112 MR 5
MR2 MR4
Maximum (mm) 200 200 300 150 150 150
Optimal (mm) 225 225 500 200 300 150
Minimum (mm) 600 600 3000 600 600 200

5.2.1 LEVEL 1 : LABORATORY MEASUREMENT, UZAN MODEL

Level 1 corresponds to a characterization of the mechanical properties following laboratory
tests carried out on the materials used during the construction or rehabilitation of the
pavement. These tests consist of triaxial tests to determine the coefficients of the Uzan model

(1985). These data must be entered manually, as shown in Figure 5.4.

Granular material type

Classification of granular material: MG 20 g

Mechanical property of the material
Level 1: Laboratary measurement

Parameter k I:I Parameter k I:I Parameter k I:I

Figure 5.4 : Laboratory measurement of the mechanical properties of a granular material

Uzan's model (1985) used in the software calculations is defined by equation (19). The
resilient modulus is a function of the total stress (equation (20)), the octahedral shear stress
(equation (21)) and the material characteristics constants kj, k2 and ks. Laboratory tests are
used to determine these model calibration constants. The stresses are calculated by iteration

by the software according to the load conditions imposed.
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o\ /1 s
MR = kl'pa'(p_) '( 0Ct+1) (19)

a

Where: Mg = resilient modulus (MPa),

k1, ky, k3 = calibration constant,

P, = atmospheric pressure (=101.325 kPa),

0 = total stress (kPa), defined by the equation (20),

Toct = Octahedral shear stress (kPa), defined by the equation (21).

0=0,+t0,+t03=0,+2" 03 (20)

Where: 0 = total stress (kPa),

01 = major main stress (kPa),

02 = minor main stress (kPa),

03 = minor main stress (kPa).

1
Toct = §-\/(01 —03)? + (01 — 03)% + (0, — 03)*? (21)

Where: Toct = OCtahedral shear stress (kPa)
01 = major main stress (kPa),
o2 = minor main stress (kPa),
o3 = minor main stress (kPa).
In the case of triaxial tests, the stresses are axisymmetric. The octahedral shear stress formula

then has the simplified form

1
Toct = 5‘/5 (01 —03) (22)

5.2.2 LEVEL 2: DEFAULT SELECTION, MELLIZO ET AL. MODEL AND MODEL FROM CBR

TESTS

Level 2 analysis consists of estimating the properties of materials indirectly. Having as first
option (level 2.1) the use of databases of material properties, and at lower levels (level 2.2
and 2.3) estimates from physical properties. Very few laboratory tests are required to
calculate with good accuracy the reversible modulus of the granular layers. Two estimation
models are proposed in the software: the model by Mellizo et al. (2010), proposed following
work within the i3c Chair, and a model allowing the calculation of the resilient modulus from

CBR tests. Figure 5.5 shows the level 2 screen for granular materials. If tests have been
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performed on similar materials, it is possible to save these parameters in the database so that

they can be selected from the drop-down list.

Level 2: Estimation from physical properties

(") Selection from the database :

(®) Estimation from the Mellizo-Bilodeau-Dons model:

Enter new measurements or selection from the database: MG 20 Mellizo Exemple W

Percentage of fines, F (%) : Optimal water cont., Wopt(%): MDD, p dmax {ka/m3):
Uniformity coefficient, Cu - Saturation degree, Sat (%) : Soil density, p s (kg/m3) : [2650
Absorption, Abs (%) Water content, W (%) : Dry density, p d (kg/m3):

(") Estimation bazed on CER:

Figure 5.5 : Estimation from the physical properties of a granular material

5.2.2.1 MELLIZO, BILODEAU, DORE MODEL

The Mellizo et al. (2010) model allows to calculate the resilient modulus of a granular
material according to its stress state and physical properties. The entire model is available at
reference: Mellizo et al, 2010. The resilient modulus of granular materials can be calculated
from the saturated modulus to which a correction is applied. This correction depends on the
sensitivity of the material to its water content. The resilient modulus can therefore be
calculated from equation (23):

Where: Mg = resilient modulus (MPa),
Mg = Mg sar + AMpg (23)

Mg, sat = saturated resilient modulus (MPa),

AMR = sensitivity of the MR as a function of water content (MPa).
The saturated resilient modulus can be defined according to the equation (24):

Mgsar = C1 -0 + (; (24)

Where: Mg, saT = saturated resilient modulus (MPa),

C1 and C; = regression parameters in the saturated state

0= total stress (kPa).
The regression coefficients C; and C,, of the Mellizo et al. (2010) model are calculated

according to the physical characteristics of the material according to equations (25) and (26).
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Cy
nf
~0.10661 - w + 0.16825 - w,p;

C; = —8.9762 — 0.50796 - (

) +0.02717 - S, + 7.72547 - (pd ’"“")

Pa (25)
Where: C1 = regression parameter in the saturated state,

Cu = uniformity coefficient (no units),

nf = porosity of the fine fraction (%), defined according to the equation (27)

S = degree of saturation (%),

P4 max= maximum dry density (kg/m3),

P4= dry density (kg/m3),

W = water content (%),

Wopt = optimum moisture content (%).

C, = 6724762 + 14.35277 - n — 6.21307 - nc + 2.06996 - Sat
+ 0.25323 - pg max — 0.55721 - pg — 27.53324 - w (26)

Where: C; = regression parameter in the saturated state,

n = porosity (%),

n. = porosity of the coarse fraction (%), defined according to the equation

(28),

Sr = degree of saturation (%),

P4 max= maximum dry density (kg/m3),

P4 = dry density (kg/m3),

W = water content (%),

The porosity of the fine fraction is calculated according to the equation (27).

n
n+(1—n) %F 00 ng 00 (27)

Ty
Where: n¢= porosity of the fine fraction (%),
n. = porosity of the coarse fraction (in decimals),
n = porosity (in decimals),
%PF= fine particles (in decimals).
The porosity of the coarse fraction is calculated according to the equation (28).
n,=n+(1—-n) %F (28)
Where: n. = porosity of the coarse fraction (in decimals),
n = porosity (in decimals),
%PF= fine particles (in decimals).

The dry density is calculated according to the equation (29).
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Pa

ps=1_ (29)
Where: ps = density of soil solids (kg/m3),
pa = dry density (kg/m3),
n = porosity (in decimals).
The absorption is calculated according to the equation (30).
Abs =w — M (30)
Ps

Where: Abs = absortion (%),

W = water content (%),

S = degree of saturation (%),

e =void index (in decimals),

ps = density of soil solids (kg/m3),

pw = density of water (kg/m3).
AMpg is defined as the product of the slope S by the deviation of the degree of saturation
according to the equation (31).

AMp =S - (Sat — 100%) (31

Where: AMR = sensitivity of the Mg as a function of water content (MPa),

S = slope (MPa/%),

Sr = degree of saturation (%).
The slope S can be defined according to the characteristics of the material according to

equation (32)(Mellizo, 2010)
§$=3x10"%-9 -ng +0.0206 - ns — 0.0034089 - 6 — 2.022597 (32)

Where: S = slope (MPa/%),

0 = deviator stress (MPa),

n¢ = porosity of the fine fraction (%),defined according to the equation (27).
The calculation steps are automatically performed by the software for each season according

to the total stress calculated in the middle of each sublayer.

5.2.2.2 ESTIMATION FROM CBR
It is possible to estimate the resilient modulus of a material from a CBR (California Bearing
Ratio) test. According to Figure 5.6, taken from the Chaussée 2 software user guide (St-

Laurent, 2006), the proposed relationship has three different slopes depending on the value
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of the Californian lift index. Equation (34) calculates the resilient modulus for a smaller CBR

2, equation (33) for a CBR between 2 and 15 and finally equation (36) for a CBR greater than

15.

—

00

MR, MPa

10

1

- AASHTO 1986 (fondations, fig 2.6) (66,2 Ln(CBR)-93,2)
] AASHTO 1986 (SF, fig 2.7) (30,4 Ln(CBR) +1.9)
i AASHTO 1986 (sol, fig FF.6) (13 CBR"),69)
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Figure 5.6 : Correlation between the resilience modulus and the CBR index (MTQ 2002)

Where:

If CBR<2:Mp =10.3-CBR

If 15> CBR > 2 : Mg = 13 - CBR%®°

If CBR > 15 : My = 30.4 - Ln(CBR) + 1.9

CBR = California Bearing Ratio,

Mg = resilient modulus (MPa).

5.2.3 LEVEL 3: TYPICAL MATERIAL VALUE

(34)

(35)

(36)

In level 3, the user can enter a typical material value of the resilient modulus. This value must

correspond to the modulus for an optimal water content.

5.3

SOIL
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The soil types included in the manual are described according to the symbols used in the
Unified Soil Classification System (USCS) (ASTM D2487-11, 2011). They correspond for clays
on the soil CL and CH, for silts on the soil ML and MH, for sands on the soil SM, SC, SP and SW
and finally for gravels on the soil GM and GC.

Where Soil symbols: C = clay,
G = gravel,
M =silt,
S =sand,
Spreading symbols: W = well graded,
P = poorly graded,
Symbols of liquid limits: H = high,
L =low.

Appendix 3 presents the home screen for determining the mechanical properties of a soil.

5.3.1 LEVEL 1: LABORATORY MEASUREMENT, UZAN MODEL

First, level 1 allows you to enter the measurements obtained from laboratory tests or
measurements with a portable deflectometer in the field (Figure 5.7). In the first case, the
parameters k1, k2 and k3 obtained in the laboratory allow the resilient modulus to be
calculated according to the equation presented in section 5.2, page 35. These data are
obtained following triaxial tests. This model, as for granular materials, is in the form of Uzan's
(1985) model. In the absence of laboratory measurements, it is possible to enter the modulus

measurement obtained directly during a portable deflectometer test.

Soil class

Soil classification SC e

Mechanical property of the material

Level 1: Laboratory measurement
(®) Laboratory measurements
Enter new measurements or selection from the database: SC 5008035G w~

Parameterk q |1122 Parameter k - Parameter k

() Field module tests:

Figure 5.7 : Laboratory measurement of the mechanical properties of a soil
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5.3.2 LEVEL 2: DEFAULT SELECTION, RAHIM ET GEORGE MODEL, SOTO ET AL. MODEL

AND CORRELATION WITH THE CBR INDEX
Level 2 allows you to enter physical characteristics of the materials in order to obtain, using
different models, an estimate of the soil modulus. Level 2 estimates mechanical properties
from either the Rahim and George model (Rahim and George, 2005), the Soto et al. (2013) or

from a correlation with the CBR index. Figure 5.8 shows the level 2 window.

Level 2: Estimation from physical properties
(®) Estimation from the Rahim and George model:

Enter new measurements or selection from the database: il

Percentage of fine particles %F: I:I
Optimal water content Wopt : I:I Water content W : I:I

Maximum dry density p dmax : I:I Dy density pd : I:I Liquidity index LI : I:I

() Estimation from the Soto-Bilodeau-Doré model:

() Estimation based on CER:

Figure 5.8 : Estimation from the physical properties of a soil (level 2)

5.3.2.1 ESTIMATION FROM THE RAHIM AND GEORGE MODEL

Rahim and George model (Rahim and George, 2005) determines the resilient modulus of soils
according to their state of stress and physical characteristics. The model distinguishes two
categories: fine and coarse soils. The soil classification method follows the AASHTO method:

a soil is considered fine if the fine particles have a percentage passing greater than 35%

through the #200 sieve.
The resilient modulus for fine soils is found according to equation (37).
O4 ka
MR fine soits = ky-pg- (1 + 1+ O_C) (37)

The resilient modulus for coarse soils is found according to the equation (38).

k2

) (38)

MR,coarse soils — k1 *Pa (1 + 1+ 0,

Where: Mg = resilient modulus (MPa),

ki and k; = model parameters,

Chaire i3C-Université Laval 44



P, = atmospheric pressure (=101,325 kPa),
o4 = deviator stress (kPa),
o. = confinement pressure (kPa),
0 = total stress (kPa).
The parameters of model k1 and k2 for fine soils are calculated according to the equations

(39) and (40).

LL 0.639
kl,fine soits = 112 (Vdr)l'g% ’ (W_> (39)
c
0.47
K sots = =027 - (rar) 0% - (wer )49+ (L2 (40)
fine soils r cr #200

The parameters of model k; and k; for coarse soils are calculated according to the equations
(41) and (42).
k1 coarse soits = 0.12 + 0.90 - y4, — 0.53 - w,,. — 0.017 - (#200)

(41)
+ 0.314 - log(c,)

H#2 0.124
ﬁ) (42)

e coarse stts = 0.226 * ar + Wer) % - (1
Where: ki and k; = model parameters,

['ar = density ratio,

['4r = dry density/ maximum dry density

LL = liquid limit (%),

W, = water content (%),

W = water content ratio (water content(current/optimum)),

#200 = passing through a #200 sieve (%),

Cu = uniformity coefficient (no units).

5.3.2.2 ESTIMATION FROM THE SOTO ET AL. MODEL (2013)

The model of Soto et al. (2013) estimates the mechanical properties of a soil using simple
laboratory tests. The complete experimental procedure and model results are available at the
reference: Soto et al. (2013). The resilient modulus is determined from tests performed at the
optimum moisture content. Subsequently, a correction corresponding to the effects of
saturation is calculated according to the model developed by Drumm et al. (1997) according

to equation (43). The model of Soto et al. (2013) will simplify this equation to determine the
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resilient modulus of the material based on the physical properties and a portable

deflectometer test performed on the ground previously placed in a mold.

dMp
Mgwety = Mgope) + a5 - A4S (43)
Where: Mgwer) = resilient modulus with high water content (MPa),

Mgopy = resilient modulus with optimum moisture content (MPa),

dM,/dS = slope of the resilient modulus according to saturation,

AS = deviation of the degree of saturation (decimal).
The drop mass deflectometer is used to calculate the deflections caused by a vertical stress
applied to the sample compacted in the mold. The tests shall be carried out with a cylindrical
mold with the following dimensions: diameter and height of 300 mm and 350 mm
respectively. Equation (44) expresses the back-calculated modulus in the mold as a function
of the Poisson’s coefficient, the vertical stress applied, the plate radius and the deflection

measured by the sensors.

2-(1-v?)-0,-a
Emola = d,

(44)

Where: Emola = back-calculated modulus in the mold (MPa),

v = Poisson’s coefficient,

o, = vertical stress (kPa),

a = plate radius (m),
The model distinguishes two soil classes: Group I and Group II. Group I includes sands with a
positive parameter b, and group II includes clays and sands with a negative parameter b.
Parameter b is a data specific to laboratory tests with the portable deflectometer. During the
deflectometer tests, since the soil is stressed in the elastic range, the curve between the
applied stress and the deflection is a straight line. This line has a slope m and an ordinate at
origin b. It is this value b which corresponds to the parameter b previously stated. A tool for
determining this parameter is programmed in the software. When a sand is selected in the

software's soil class, a new box appears to determine parameter b, see Figure 5.9.

(®) Estimation from the Soto-Bilodeau-Doré model:
Percentage of fine patticles %F: I:l Saturation degree Sat I:l Eac:_l';jg'{'éi:d Mr |:|
Case of sands: determination of parameter b:

(") Estimation based on CBR:

Figure 5.9 : Estimation from the Soto, Bilodeau and Doré model for the case of sands.
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By clicking on the box of parameter b, a new window appears. It allows the calculation of the

linear relationship of the applied vertical stress as a function of the deformation obtained. An

example in Figure 5.10 is presented.

Determination of parameter b

Erter at least 3 points obtained by the Stress Deflection Test

Experimental data Courbe Contrainte-Déflexion

Vertical
Stress Deflection 195

N

/

jury
-
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=]
(=]
N
B,

Déflexion [micrométres|
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[ I ] 39

w @

V]

10- 0
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25 75 125 175 225 275

Linear interpolation curve Contrainte verticale (kPa)
Equation of the line:

a= 062

b= -7.29 e
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y=ax+b

Figure 5.10 : Determination of parameter b

Only three parameters are required to calculate the soil modulus: its degree of saturation,

percentage of fine particles and the back-calculated modulus in the mold. Equations (45) and

(46) allow the calculation of the resilient modulus with high water content for the two defined

groups.

Where:

10g(MRGwet) gygrpe 1) = 0-00514 - Emgiq +0.8278 - S,

—0.298 - (P080)%61> + 1.288
Mg(wer) = resilient modulus with high water content (MPa),
Emola = back-calculated modulus in the mold (MPa),
S, = degree of saturation (decimal),

P080 = percentage of fines (decimal).

10g(MRwet) gy pype 1) = 0-2967 - Log(Emota) — 3.0152 .5, 10

—0.3642 - (P080)3 + 1.505
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Where: Mgwer) = resilient modulus with high water content (MPa),
Emoid = back-calculated modulus in the mold (MPa),
S, = degree of saturation (decimal),

P080 = percentage of fines (decimal).

53.2.3 ESTIMATION FROM THE CBR INDEX
The approach for the soil is identical to that used for granular materials. It is therefore
recommended to refer to section 5.2.2.2 for the estimation of the reversible module as a

function of the CBR index.
53.3 LEVEL 3: TYPICAL MATERIAL VALUE

In level 3, the user can enter a typical material value of the resilient modulus. This value must

correspond to the modulus for an optimum moisture content.
5.4  OTHER LAYER

Three types of layers that can be integrated into pavement design are presented in this

section; first the insulation layer, then the draining layer and finally the reinforcement layer.
5.4.1 INSULATING LAYER

The action of frost in infrastructure soils can have significant impacts on the road network.
For example, the formation of ice lenses in frost-sensitive underlying soils may cause
irregular pavement lifting During the dimension calculation, the addition of an insulating
layer is an interesting solution since it limits the penetration of the frost into the subgrade
ground and thus reduces problems related to the action of the frost, such as differential lifting
and loss of lift during thawing. On the other hand, the addition of such a layer increases the
risk of frost formation on the pavement since it is possible for pavement cooling to occur
when the frost front reaches the insulating layer. The installation of an insulation layer
requires checking that there is sufficient protection against icing and that the stress applied
at the top of the insulation layer is less than the maximum permissible stress for the
insulation element. Additional information is available in Chapter 8 of the reference: Doré
and Zubeck (2009). The materials commonly used for pavement insulation are extruded
polystyrene and expanded polystyrene. These two elements are available in the list of
materials available in the software database. Protection against icing on the pavement
surface requires the application of a granular layer thick enough to limit this effect. Granular

protection can be achieved by imposing a minimum thickness of 450 mm of foundation above
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the insulation. This thickness can be adjusted according to the materials and characteristics
of the pavement construction site. Details of these methods are presented in section 5.4.1.1.
Finally, section xxx allows for a structural check to ensure that the stresses applied to the
insulation are acceptable.

5.4.1.1 PROTECTION AGAINST ICING

This section summarizes the work presented by Cété and ]J.M. (2003) and Québec (2003). In
order to reduce the risk of icing of isolated pavements, the layer of granular material must be
thick enough to avoid being completely frozen before the end of the high-risk period.
Protection against icing requires a minimum granular covering of 450 mm. The accuracy of
this recommendation can be improved by following the method below. The minimum

thickness of granular material of type MG 20 can be determined from equation (47):

emg—20 = F - ay - (fg ~ dG) " €pav (47)

Where: eMmc—20 = thickness of MG-20 to be placed above the insulation (mm),
F = growth factor of the ice propagation rate due to the presence of a thermal
insulator,
a, = frost propagation rate in the upper part of a pavement (mm/day),
fy,dg = dates of the end of the high risk period for uniform icing and the
beginning of the freezing period when the surface temperature becomes equal
to 0°C
epav = paving thickness (mm).

The rate of frost penetration in the upper part of a pavement can be calculated using equation

(48).
an = 23.737 - wy O3* — 1,105 - (Tpq — 4) + (ks — 2.5) + 2 (48)

Where: a, = frost propagation rate in the upper part of a pavement (mm/day),
wg = water content in the foundation (%),
Tma = average annual air temperature (°C),
kg = thermal conductivity of the stone composing the granular material
(W/m-°C).
Equation (49) describes an empirical relationship for calculating the growth factor.
F =1.335-0.032 - ws + 0.02(Tpq — 4)

(49)
—0.023(kg — 2.5) + 0.0016(e;s, — 50)
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Where: F = growth factor of the ice propagation rate due to the presence of a thermal
insulator,
wp = water content in the foundation (%),
Tma = average annual air temperature (°C),
kg = thermal conductivity of the stone composing the granular material
(W/m-°C).
e;so = insulation thickness (mm).

Equation (50) is used to determine the probable start date of the frost.
d¢ =3 Ty, +300.5 (50)

Where: d¢ = date in Julian day number (1 to 365),
Tma = average annual air temperature (°C).

These equations are presented in the form of charts in the reference Quebec (2003)

54.1.2 STRUCTURAL VERIFICATION
Polystyrene is a type of dry insulation and offers low thermal conductivity. This material has
a compressive strength that depends on the type of insulation and these manufacturing
techniques. Insulating panels made of extruded polystyrene with a compressive strength of
400 kPa are very resistant and generally suitable for all situations. In order to reduce design
costs, polystyrene panels with a compressive strength of 250 kPa can also be used in road
construction, provided that the necessary checks are carried out. For each insulator, the
vertical load imposed by the loads must not exceed a limit value that depends on the
compressive strength of the insulator.
The insulation used must comply with the requirements of standard 14301 (Polystyrene for
road construction, Ministére des transports du Québec, 2010). The three types of polystyrene
insulation included in the software are presented in Table 5.5 and Table 5.6.

Table 5.5 Physical and mechanical characteristics of polystyrene for thermal insulation of

pavements (400 kPa specification)

Properties Test methods Requirements
Compressive strength
ASTM D 1621 400 kPa
(minimum)
Compressive modulus
ASTM D 1621 15 MPa
(minimum)
Thermal resistance
ASTM C 177 0,86 m2-°C/W
(minimum)
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Water absorption as volume
ASTM D 2842 0,7 %

(maximum)

Table 5.6 Physical and mechanical characteristics of polystyrene for thermal insulation of

pavements (250 kPa specification)

Requirements
Properties Test methods
Extruded Expanded
Compressive strength
ASTM D 1621 250 kPa 250 kPa
(minimum)
Compressive modulus
ASTM D 1621 9 MPa 9 MPa
(minimum)
Thermal resistance
ASTM C 177 0.86 m2-°C/W | 0.69 m2-°C/W
(minimum)
Water absorption as volume
ASTM D 2842 0.7 % 25 %
(maximum)

It is important to ensure that the loads applied to the insulating layer do not cause excessive
deformation. To do this, the thickness of the granular layer required to protect the insulation

layer can be determined using equation (51) (Doré and Zubeck, 2009).

P/T[ * (TO
Zmin = o —2/3 (51)
[1=Cg)l -1
Where: Zmin = minimum protection thickness (m),

P = wheel load (40 kN),
0, = tire-road contact pressure (700 kPa),
0, = admissible pressure (kPa),
= 0.50R,, if the number of permissible load applications is N = 103,
= 0.12R,, if N = 106,
=0.10R,, if N = 108,
R, = compressive strength of the insulating material specified by the
manufacturer (kPa).
The software calculation module determines stresses and strains for the specified depths.
The software therefore does not use equation (51) which is an approximation of the stress

applied to the insulation. The software calculates the vertical stress for each season and
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validates if it is less than the maximum permissible stress. Table 5.7 presents several types

of materials that can be used as insulation and their associated thermal properties (Doré and

Zubeck, 2009). Only the first two are available in the software database.

Table 5.7 Insulation materials and their thermal properties

Typical
Thermal Heat
Insulation water Compressive
conductivity, | capacity, Comments
material content, | strength, kPa
W/m-°C kJ/ms3-°C
%
Extruded Widely used and
0.03 -0.04 =40 0.3-5.0 200 - 700
polystyrene documented.
Low-cost alternative to
extruded polystyrene.
Risk of higher water
Expanded intake in insulation
0.03-0.05 =40 1.0-10.0 150 - 400
polystyrene material must be
compensated by an
increased layer
thickness.
Lightweight High stiffness material;
0.50-0.70 1500-1700| 1.0-5.0 2000-4 000
concrete easy to lay down
Expanded Separation geotextile
0.15-0.25 350 -500 5.0-20.0
clay needs to be used to
protect the insulation
Foam glass
0.15-0.25 300-360 5.0-20.0 layer against
aggregate o
contamination
Structural design of
Sawdust E modulus
pavement layers above
and wood 0.15-0.50 110-130 | between 5and
the insulation layer is
bark 10 MPa

critical

5.4.2 DRAINAGE LAYER

The drainage layer analysis is based on the experience and models developed in the i3C

research group at Laval University. In this section, the improvement in resistance to granular
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materials resulting from the inclusion of a drainage layer in the pavement system is
determined analytically.

The following equation, develop in the MEPDG, is used to predict changes in modulus due to
changes in moisture:

M, b—a

a+
Mopt 1+ exp (B +ksx (S - Sopt))

log (52)

Where, M,./ M, is the resilient modulus ratio, and (S - Sopt) is the variation in degree of
saturation,and a, b, 8, k, are regression parameter whose default parameters are shown in
Table 5.8.
Table 5.8 Default parameters for granular materials
a b B kg
-0.3123 0.30 -0.0401 6.8157

It was defined in an experimental project that the S/S,..¢ ratio when having a drainage layer
was in average 0.931, where S,..r and S are the saturation degree in a pavement without
drainage layer (reference) and with drainage layer respectively.

Using the AASHT01993 approximation (calibrated by MTQ) to establish the period during
the structure is exposed to conditions close to saturation, and based on equation 52, with
S/Sref = 0.931, itis possible to estimate the increase of stiffness in the granular layers in late
spring, summer and fall. The stiffness increase (M./M,) is applied to the seasonal factors.
The increase of stiffness is, for each season considered, weighted according to the time
duration were the materials are exposed to conditions close to saturation. For example, this
value is set to approximately 25% for Quebec conditions. Figure 5.11 shows the window for
entering information on saturation conditions to consider when including drainage layers in

the pavement structure.
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Determination of pavement structure and mechanical properties of layers

File  Sessonal parameter  Help

Pavement structure
Thickness Poisson
Material

{mm) ratio

+ 60 0.00
+ || - | |Granular material 300 035
+ .00
+ | - | |Granular material 300 0.35
300 0.35
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.

v e e [ A ] A e A

v e W [ A ] A e e

+
7

7 [5[5][8][Z

. £

% 3

a -9

:

a

< < < < < < < < < <

-
S
o

Information
Alllayers are perfectly bonded together
- The thickness of the last layer must be equal to O mm

- The thicknesses in red do not follow the recommendations of the Ministry of Transport with

regand to paving thicknesses.

VALIDATE
THE MODULE

Figure 5.11 : Form to include information related to the drainage layer

5.4.3 REINFORCEMENT LAYER

layer1 Llayer2 Llayer3  layerd Llayer5 Layer6 Llayer7 Layer8
Select a speciic layertype
(O Insulating Layer
(® Draining layer

(O Reinforcement layer

Property of the selected layer

Average 5r/ Srfref] : (D931

Time in saturated condtion (%) 25 1= % =

Sr Value [reference] 0.500 = 0.500 (£

Srfor a drained section 0838 0.838

Stiffness gain (%) 157 157

Factor, without drainage layer 0.82 1.00

Factor, with drainage layer 0.852 1.039
Information

Mote : The standard seasonal factors are used as a reference. In the calculation of the mechanical response the

weighted stiffness gain will be used to adjust the seasonal factors of the materials.

The software is in constant development and this section is still to come.

5.5  LAYERS SUBDIVISION

Layer§  Layer 10

The i3C-ME performs a layer subdivision automatically in cases where materials with

properties that are dependent on stresses are used. For this, the following conditioning is

used:
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Asphalt concrete Granular materials

_1 15 mm
_T 35 mm

_T 60 mm

1110 mm
240 mm

_T 60 mm
_T 150 mm

I 270 mm
360 mm

Figure 5.12 : Schematic representation of the criterion of subdivision of layers.

\ XY
) 4
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MODULE 6 : DAMAGE LAW

The sixth module corresponds to the definition of performance models. Several damage laws
are available, related to fatigue and permanent deformation models. Deformations and

lifetimes are calculated for each season. Figure 6.1 shows the home screen of the module.

Selection of damage law parameters n

Modify the database

Select a damage model from the database:

Pemmanent deformation  Fatigue model IRl

Permanent deformation model

Deformation in m/m
N, = X k.4 X for2

Database model: Asphalt Institute R

Cp 1 KRy |1.365E-03 Kpo 447

VALIDATE
THE MODULE

Figure 6.1 : Selection of damage law parameters

6.1 FATIGUE MODEL

The six fatigue models integrated into the software are: Asphalt Institute (Carpenter, 2007),
ILLI-Pave (Al-Qadi and Wang, 2009), ASSHTO MEPDG 2002 (ARA, 2004), NCAT 2005 (Timm
and Newcomb, 2003), Norwegian fatigue criteria (Myre, 1992) and Sweden PMS objekt
(Winnerholt, 2001). All these models are presented in the form given by equation (53). The

operator can integrate new performance models into the database if they are in this form.

1\KF2 ,1\KF3 (53)
=t (.3
f F1°\3 E
Where: N¢ = the allowable number of load repetitions prior reaching fatigue failure

(loads equivalent to one single 8165 kg axle with twin tires),
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¢ = tensile strain at the bottom of the asphalt layer (m/m),
E = elastic modulus of asphalt layer (MPa),
C, Kr1, K2, Krz = Calibration coefficient of the model.
The calibration coefficients of the model can be functions of the void and the bitumen content.

The different models integrated into the program are detailed below.
6.1.1 ASPHALT INSTITUTE

The fatigue model developed by the Asphalt Institute is presented in equation (54) and uses

the anglo-saxon unit system (Carpenter, 2007).
Np =184 (C) - (4.325x1073) - (&) 3% - (E) 708 (54)

Where: N¢ = the allowable number of load repetitions prior reaching fatigue failure

(loads equivalent to one single 8165 kg axle with twin tires),

C = parameter depending on void and bitumen content,

¢ = tensile strain at the bottom of the asphalt layer (in/in),

E= elastic modulus of asphalt layer (PSI).
In order to properly integrate this model into the software, the transformation of the units
into the international system has been completed. In addition, the shape of equation (54) had
to be changed to match that shown in equation (53). Thus, the calculation of N¢is presented
in equation (55). The parameter Kr: used depends on the void content (%) and the bitumen
content (%), depending on the level of accuracy selected in the structure definition module,
default values are proposed. These values can be modified by the operator. Figure 6.2 shows

an example calculation for parameter K.

3.291 1 0.854

Nrtaspate mstieuee) = 0001135  Kea - (5) - (5) (55)
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Fatigue model

Modulus E in MPa

1 kfz 1 kfg Strain in m/m
Nf=cXkp X| = X | =

Database model: Asphalt Institute w
C 0001135 KF'I 1.245 KFZ 3.291 KFE 0.854

Data forthe calculation of KF1:  Void contert (%) 45 Asphalt content (%) 11

Figure 6.2 : Determination of parameter Kr1

6.1.2 ILLI-PAVE
The ILLI-Pave structural model is defined by equation (56) and uses the anglo-saxon unit

system (Al-Qadi and Wang, 2009).

1340
N =265x10- () (56)
Where: N¢ = the allowable number of load repetitions prior reaching fatigue failure
(loads equivalent to one single 8165 kg axle with twin tires),
¢ = tensile strain at the bottom of the asphalt layer (in/in).

Equation (57) reveals the ILLI-PAVE fatigue model in the form used by the software.

1 1y°
Ntrii-pavey = 1-2.65x107° - (E) (E) (57)

6.1.3 AASHTO MEPDG 2002

The AASHTO MEPDG 2002 model is presented in equation (58) and uses the anglo-saxon unit
system (ARA, 2004).
3.9492  1,1281
Ny =0.00432 - k; - C - (E) . (E) (58)
Where: N¢ = the allowable number of load repetitions prior reaching fatigue failure

(loads equivalent to one single 8165 kg axle with twin tires),
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ki = !
1 = N 0,003602 )
0,000398+ T7o(11,02-3,49igg)

¢ = tensile strain at the bottom of the asphalt layer (in/in),

E= elastic modulus of asphalt layer (PSI),

h,. = thickness of asphalt mix (in).
Parameter C depends on the void content (%) and the bitumen content (%). The calculation
of Nj, according to the form previously described with the parameters displayed, is presented
in equation (59) and uses the International System for units. The i3c software calculates a
new Kg; which is based on the void and bitumen content (Figure 6.2). Depending on the level
of accuracy selected in the structure definition module, default values are proposed. These

values can be modified by the operator.

3.9492 1.281
6 1 1 59
Nycasstro werps 2002) = 7355740107 Ky (2) - (5) (59)

6.1.4 NCATZ2005
The NCAT 2005 model (Timm and Newcomb, 2003) is presented in equation (60).

1 3.148
N =2.83x107¢- (;) (60)
In order to satisfy the formula used by the software, equation (61) sets out the calculation in

the desired form.

3.148 1 0

Nf(NCAT 2005) = 1 * 2.83x10_6 * (E) * (E) (61)

6.1.5 NORWEGIAN FATIGUE CRITERIA

The Norwegian fatigue criteria (Myre, 1992) is based on the results of tests performed on a
center-point loaded beam (CPB). The data analysis produced a relationship corresponding to
the fatigue criteria (equation (62)).
Log(Ng) = 34.5326 — 6.1447 - log(e) — 3.395 - log(E) (62)
+ 0.3864 - log(VB)(MF) — 0.0788V,
Where: N¢ = total number of cycles until fatigue failure,
€ = tensile strain at the bottom of the asphalt layer (um/mm),

E = elastic modulus of the asphalt mix (MPa),

VB = bitumen content (%),
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Vv = void content (%),

MF = Model factor obtained according to equation (63).

A
MF =1.99 — 3.37§ —0.00342-B + 0.004 - A+ 0.00153 - Esg (63)

Where: A= Z%i’f(hi : VE)'
B = %0 (h; - YEY,

h; = thickness of the numbered layer i (cm),

E; = elastic modulus of the numbered layer i (MPa),

Esg = elastic modulus of the infrastructure layer (MPa),
n = the lowest asphalt layer below the surface,

m = foundation soil.

For the season: "early spring"”, the MF factor is expressed according to equation (64):

A
MF = 2.56 — 4,03§ —0.006555 - B + 0.00743 - A (64)

Where: A= Zﬁi?(hi : i/E),
B = XiZ™(h, - IE),

h; = thickness of the numbered layer i (cm),

E; = elastic modulus of the numbered layer i (MPa),

n = the lowest asphalt layer below the surface,

m = foundation soil.
The calculation of Nraccording to the Norwegian fatigue criteria model is shown in equation
(65). Again, parameter Kr1 depends on the void content (%) and bitumen content (%), but
also on the thickness of the layers and modules of each layer. For each season, the coefficient
is recalculated to take into account the variations in modulus of each layer.

1,6:1447 13395

Nf(Norwegian fatigue criteria) = 3.408788x103* - KFl ' (;) ' (E) (65)

6.1.6 SWEDEN PMS OBJEKT
The Sweden PMS objekt model (Winnerholt, 2001) is presented according to equation (66).
2.37x10712 - 1.16(1-8Ti+32)

Npp,i = fs (66)

4
€bb,i
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Where: Nub,; = total number of allowable axle passages equivalent to a standard axle
loaded at 100 kN
fs = safety factor,
Ti = temperature of the season i (°C),

€pb,i = tensile strain at the bottom of the asphalt layer (mm/mm).

Equation (67) presents the model according to the form used by the software. Parameter K1
therefore depends on the temperature of the asphalt mix at each season and the safety factor

fs applied.

1 4 1 0
Nf(Sweden PMS objekt) = 2.37x107%2 - Kpy (E) ’ (E) (67)

6.2 PERMANENT DEFORMATION DAMAGE MODEL

The permanent deformation models integrated into the software are: Asphalt Institute
(1982), MNPAVE (Minnesota Department of Transportation, 2012), Huang (1993) and
Roadent (Timm et al., 1999). Equation (68) presents the form used for the calculation. Figure
6.3Figure 6.2 shows an example calculation for parameter K.
Ng = Cg * Kgy - e5%2 (68)

Where: Nr = number of loading cycles applied for a reference axle until failure by

permanent deformation (structural rutting),

Cr = correction factor,

v = vertical deformation at the top of the infrastructure ground (m/m),

Kri1, Kr2 = design parameters.

Deformation in m/m
N, = X k4 X fer2

Database model: Asphalt Institute L

Cg 1 KRy |1-365E-09 Kpp 4477

Figure 6.3 : Determination of parameter K1
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6.2.1 ASPHALT INSTITUTE
The model proposed by Asphalt Institute (1982) is presented in equation (69). Structural
failure is achieved when the rut has reached a depth of 12.7 mm.

NR(Asphalt Institute) — 1-1.365x107° 5174'477 (69)

6.2.2 MNPAVE
The mnpave software (Minnesota Department of Transportation, 2012) calculates the
permanent deformation according to equation (70).

Nrmnpavey = 1.39 - 0.0261 - &,%3° (70)

6.2.3 HUANG (1993)
Equation (71) presents Huang's (1993) model (Al-Qadi et al.,, 2004). Structural failure is
achieved when the rut has reached a depth of 12.5 mm.

Nr(Huang 1993) = 1+ 1.077x1078 . g,;4483 (71)

6.2.4 ROADENT
Equation (72) presents one of the models proposed in the mnpave software. The original
formulation has been modified to correspond to the generalized form proposed by the i3c
software. The experimental approaches leading to this equation are available at reference:
Timm et al. (1999)

NR(roadenty = 1 - 1.11x1078 - g,39%9 (72)

6.3 OTHER DAMAGE MODELS

The "tools" tab allows access to the consultation of the entire database concerning damage
models. It is possible to record all damage laws in the same form as those proposed in the

software through the form presented in Figure 6.4. This form is available in the "tool" tab.
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Add a new damage law H

Select the failure mechanism: Fatigue e

Please complete the parameters associated with the new law:

c | K g1 K g2 | | K F3 |

Please enter a name to define the law:

Mame of the law:

Walidate the registration

Figure 6.4 : New damage law

6.4 IRI
For IRI prediction, the model developed by Sylvestre (2017) is considered. This model has

been developed to analyze pavements in cold regions, including the effect of frost heave of
subgrade soils as one of the main mechanisms involved in the rate of degradation of flexible
pavement. The equation is built to take into consideration the initial roughness, the frost
heave and its variability, the effect of transversal cracking (estimated through age and asphalt

concrete thickness) and traffic. The model is described by the following equation:

(73)
age ECAS?
AIRIy = 0.6 |.001IRIZ + 399h0164CY0055 + .0710g( g > +1.813- 10-8( A ) - 648]
.. ECAS,p

Where, AIRI; 7 : Long-term IRI rate (m/km/yr)
IRI, : Initial IRI (m/km)
h : Frost heaving (mm)
CV;, : Coefficient of variability of frost heave (See Table 6.1)
age : Age, design period, analysis period (yr)
Hgp : Asphalt layer thickness (mm)
ECAS, : Average annual number of ESAL
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ECAS,p : Average annual ESAL’s of pavement (AASHTO093 design)

Table 6.1 GV¢ as function of variability and type of road (Bilodeau and Doré 2013).

CVg
Variability Rural Urban
Uniform (Alluvial terrace, Delta deposit, marine or <01 <05
Lacustrine Flood Plain) ' '
Modeljate (d§p051t19n basin l_)order, Alluvial ~01and<0.3 <05
deposit, Fluvio-glacial deposit)
ngh (Glacial till, varved clay, soil with silt layers, <03 <05
soil/rock contact)

Figure 6.5 shows the input screen for the IRl damage model. Note that no data will be

provided for pavement designed with an insulation layer.

Intemational Regularty Index

AlRIr

3 A ACE
. age o ECASE
=1 ) T JrZ 39 h_l.'l'.'ll‘r-l 'L,rLI.IJ.‘.hS 07 _ . a —
0.6]0.001 = IRIF + 0399 x ® CVg + 0.0 x]ug(wm_mj)+1813 10 (EC'ASM) i]E.48I

h |0 Hgg 60 ECAS 5 | Nall Road dlass:
% with maximum IRI: | 70% w Rip (1.2 CVg 01

Vanabilty: | Uniform (Alluvial terace, Delta deposit, Marine or Lacustrine Flood Plain)  ~

Figure 6.5 : Determination of IRI
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MODULE 7 : FROST CRITERIA

The frost module is based on the SSR model (Saarelainen, 1992) developed in Finland. The
frost module allows, for a previously defined pavement structure, to calculate the frost depth
and associated lifting. The calculation of the frost depth is based on the balance of the heat
balance at the frost front. The calculation of frost heave is performed by combining the heave
generated by the increase in volume of water turning into ice and the formation of ice lens.
Calculations are performed by iteration for each temperature data included in the winter
season. The equations associated with the calculations are detailed in the Chaussée 2
software user guide (St-Laurent, 2006). The design and programming of the calculation
module was carried out by Denis St-Laurent of the pavement department at the Ministere des
Transports du Québec. Module 7 is the interface between the data that the user must enter
and the calculation codes. It consists of two parts: the characteristics of the structure's
materials and winter-specific climatic data. An example of the home screen of this module for
a pavement structure consisting of 9 layers is shown in Figure 7.1.

Note: This module is independent of the other modules. Once the pavement structure is
completed, the frost calculation can be completed and started without finalizing the other
modules. It is therefore not necessary to complete this module to launch calculations of the

pavement's mechanical response.
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Determination of frost depth and associated heave

Tools  Help
Pavement structure ) G } l input p.
Htere "o & G S
1 60 [= 2496 2650 00
2 300 |5 2050 2650 80
3 0B 1800 2690 160

Basic climatic data
Average annual air temperature {°C) : 204
Air transfer coefficient -»Suface : 0.90

Method 1: Sinus Simulation  Method 2: Monthly calculation

Method 3: Daily entry

Methad 1: From the freezing index and the annual average temperature, the amplitude
of the sinus in relation to its average and the duration of the freezing are calculated and ath

sinus curve is determined

Mormal air freezing index: 1670
Determination of the freezing index : (®) Probabilistic approach () Estimation
Standard deviation (Fl) : Recurence period 0 £

eoretlca\ S\mulated
Rigorous suface freezing index
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VALIDATE
THE MODULE
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Figure 7.1 : Determination of frost depth and associated heaving




7.1 PAVEMENT STRUCTURE PARAMETER

The pavement structure is integrated into module 7 and is the same as that defined
previously in module 5. The materials as well as the pavement thicknesses are automatically

placed in the structure. The following geotechnical and thermal parameters must be

completed:
ps = density of soil solids (kg/m3),
pgq = dry density (kg/m3).
w = water content (%),
Ss = specific surface area of fine particles (m2/g),
And kg = thermal conductivity of soil solid particles (W/m-°C),

x = material parameter that takes into account the effect of the particle shape

(W/m-°C),

1 = material parameter that takes into account the effect of the particle shape

(no unit),

k,, = granularity factor for unfrozen thermal conductivity (ku),

ks = granularity factor for frozen thermal conductivity (ki),

a = overload coefficient (in MPa-1)

SPy = segregation potential without vertical load (mm?2/°K.H),
Geotechnical and thermal conductivity parameters are used to calculate the degree of
saturation (S;), latent heat of fusion (Lf) and unfrozen (k,) and frozen (kf) thermal
conductivity. The thermal conductivity parameters can be changed manually, otherwise the
value is determined by the software. The grey boxes are not accessible and depend on the
selected calculation model. In order to modify manually the conductivity of the materials, it
is possible to tick the boxes in the last column making the boxes accessible. Default values are
proposed from the database provided in the software. However, it is possible to vary the
geotechnical and thermal parameters if the values do not correspond to the data of the
materials constituting the structure to be analysed. The next sections detail the different

equations used in the calculation of frost depth and associated heave.
7.1.1 SEGREGATION POTENCIAL
Segregation potential is a measure of the susceptibility of a soil to frost. It can be measured

in the laboratory during frost tests on soil samples or estimated using empirical equations

defined by Konrad's method (Konrad, 2005). Equations (74) and (75) determine the



reference parameters for a soil with an average fine particle diameter smaller than one

micrometer (Konrad, 2005).

If dso(FF) < 1um; Ssycf = 25.95 (74)
If dso(FF) < 1um; SPyref = 489 (75)
Where: dso(FF) = average fine particle diameter (d < 80um) (um),

Ssrer = specific surface area of the reference fine particles (m2/g),
SPorer = segregation potential without reference vertical load (mm?2/°C-day).
Equations (76) and (77) define the reference physical properties of soils with an average fine

particle diameter larger than one micrometer (Konrad, 2005).

If dso(FF) > 1um; Ssyer = 25.95 — 11.78 - log(dso (FF)) (76)
If dso(FF) > 1um; SPyyer = 489 — 232 - log(dso (FF)) (77)
Where: dso(FF) = average fine particle diameter (d < 80um) (um),

Ssrer = specific surface area of the reference fine particles (m2/g),

SPorer = segregation potential without reference vertical load (mm?2/°C-day).
The calculation of SPy is based on equations (78), (79), (80) and (81) depending on the ratio
of the specific surface area of fine particles to the specific reference surface area and the ratio

of water content to the liquid limit (Konrad, 2005).

IS, % Y _ 07401 (78)
; = si —=0.7%0.
Ssref SPOref Ssref wi
151, 2P gogt 14z 6 Ysos (79)
; = 0. 42 - si —>0.
Ssref SPOref Ssref wy
0.85
S SP, S. w
If—>1; -2 =( S) si—=0.7+0.1 (80)
Ssref SPOref Ssref wy,
-0.55
S. SP, S w
If ——>1; - =< 5) si—>0.8 (81)
Ssref SPOref Ssref wg,
Where: Ss = specific surface area of fine particles (m?/g),

Ssrer = specific surface area of the reference fine particles (m2/g,

SPo = segregation potential without vertical load (mmz2/°C-day),

SPorer = segregation potential without reference vertical load (mm?2/°C-day)
w = water content(%),

wi, = liquid limit (%).
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The segregation potential without vertical load allows the software to calculate the soil
segregation potential using the relationship (82)
SP =SPye™%° (82)

Where: SP = segregation potential (mmz2/°C-day),

SPo = segregation potential without vertical load (mm?/°C-day),

a = overload coefficient (in MPa-1)

o = Overload applied to the soil (in MPa),
And the coefficient a is a function of the percentage of fine particles according to equation
(83)

a = 13.455, ¢~ 0-0289. %Fine (83)

7.1.2 THERMAL CONDUCTIVITY OF UNFROZEN AND FROZEN SOIL

Three options are available in the software to determine the conductivity of frozen and
unfrozen soil. The first option is to enter manually a value, the second is to use Kersten's
(1949) model and the third option is to use C6té and Konrad's (2005a) and (2005b) model.
By default, the Coté and Konrad model is used. An option in the software toolbar allows you
to select one or the other of the methods. The two models are detailed below.

7.1.2.1 KERSTEN’S MODEL

Kersten's (1949) model estimates the thermal conductivity of frozen and unfrozen soils. It is
an empirical model developed for fine soils, such as silts and clays, and coarse soils, such as
medium and fine sands (Doré and Zubeck, 2009). Equations (84) and (85) determine the

thermal conductivity of frozen and unfrozen fine soil.

ku(fine unfrozen soitsy = 0.1442 - (0.9 - Log(w) — 0.2) - 1006243#s (84)
k¢ (fine frozen soits) = 0.001442 - 101373'Ps 4+ 0.01226 - w - 1004994 Ps (85)
With: ps = density of soil solids (g/cm3),

w = water content (%), valid for w > 7%
The Kersten’s model for frozen and unfrozen coarse soils (medium and fine sand) is defined

by equations (86) and (87).

ku(unfrozen coarse soils) — 0.1442 - (0.7 - Log(w) + 0,4) - 10062435 (86)
K¢ (frozen coarse soitsy = 0.01096 - 10981155 + 0.00461 - w - 100-9115s (87)
With: ps = Density of soil solids (g/cm3),

w = water content (%), valid for w > 1%
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The thermal conductivity of soils is therefore a function of water content and dry density. For
example, typical values for different soils and materials are presented in Table 7.1

Table 7.1 Thermal properties of different soils and materials

Thermal
Volumetric heat
Soil or material conductivity, k
capacity, ¢y (MJ/m3-°C)
(W/m°C)
Fresh snow 0.06-0.10 0.21
Compacted snow 0.3-0.6 0.42-1.05
Bituminous asphalt
1.50 2.0-2.5
mix
Granular material 1.3-1.7 2.0
Polystyrene 0.03-0.06 0.04-0.06
Peat 0.6 3.0
Sand-gravel 1.2-3.0 2.4-3.0
Silt 1.2-2.4 2.5-3.1
Clay 0.9-1.8 2.6-3.4

7.1.2.2 COTE AND KONRAD’S MODEL
The generalized model by C6té and Konrad (2005a) and (2005b) allows thermal conductivity
to be calculated by integrating the properties of frozen and unfrozen soils, such as porosity,
degree of saturation, mineralogy, grain size distribution and particle shape. This model is
valid for natural soils and materials used in construction, such as crushed stone, gravel, sand,
silt and clay.
First, the normalized thermal conductivity can be defined according to equation (88)
according to the concept proposed by Johansen (1975)
k = (ksat = kary)kr + Kary (88)

Where: k = real thermal conductivity (W/m-°C),

k¢, = thermal conductivity of saturated soil (W/m-°C),

K4ry = thermal conductivity of dry soil (W/m-°C),

k, = normalized thermal conductivity (W/m-°C).
The concept of normalized thermal conductivity, recently developed by C6té and Konrad, is
proposed in equation (89). This general equation is valid for all types of soils.

K-S,

kr:1+(x—1)sr

(89)
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Where: k, = normalized thermal conductivity (W/m-°C),
k = empirical parameter used to take into account the different types of soils
in unfrozen and frozen conditions,

S, = degree of saturation (%).
The limit conditions described in equations (90) and (91) must be respected.
Lower limit condition: S, =0 -k, =0 (90)

Upper limit condition: S, =1 =k, =1 91

The degree of saturation is obtained according to equation (92).

5, = — . 3 92
" 100 n-p, ©2)
Where: S, = degree of saturation (%),

w = water content (%),
ps = density of soil solids (kg/m3),
n = porosity,

pw = water density (=1000 kg/m3).

Examples of the empirical parameter for typical soils by unfrozen and frozen condition are
presented in Table 7.2

Table 7.2 Empirical parameters « for different soil types

K
Soil types
Unfrozen | Frozen
Gravel and coarse sand 4.60 1.70
Fine and medium sands 3.55 0.95
Silty and clay soils 1.90 0.85
Fibrous organic soils, peat 0.60 0.25

Also, it is possible to calculate the saturated thermal conductivity of the ground according to
equation (93) for unfrozen soils, and according to equation (94) for frozen soils.
ksat (unfrozen soils) — k%—n ki (93)

— n—-6 [
ksat (frozen soils) = k; " ki Yokt (94)

Where: kg, = thermal conductivity of saturated soil (W/m-°C),
k, = thermal conductivity of solids soil (W/m-°C),
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k,, = water thermal conductivity (=0.6 W/m-°C),

k; = ice thermal conductivity (=2.24 W/m-°C),

n = porosity,

0, = volume fraction of unfrozen water in frozen fine-grained soils

The porosity of a soil is obtained by using equation (95)

n=1-2 (95)
Pa

Where: n = porosity,
ps = density of soil solids (kg/m3),
pq = dry density (kg/m3).
The volume fraction of unfrozen water in frozen fine-grained soils is presented in equation

(96).

_ Wy " Ps
w
Where: Oy = volume fraction of unfrozen water in frozen fine-grained soils,

w, = unfrozen water content (%),
ps = density of soil solids (kg/m3),
pw = water density (=1000 kg/m3).

The unfrozen water content in frozen ground can be estimated, for a given temperature, by
the empirical relationship proposed by Anderson and Tice (1972) presented in equation (97).
Ln(w,) = 0.2618 + 0.5519 Ln(S,) — 1.449In(-T) - S5 0264 (97)
Where: w,, = unfrozen water content (%),
Sg = specific surface area of fine particles (m?/g),
T = temperature (°C).
The thermal conductivity of solid soil particles can be found using equation (98) when the

complete mineral composition is known. Average values are also presented in Table 7.3.

N
k=] [ (98)
j

Where: k, = thermal conductivity of solids soil (W/m-°C),
ky, = thermal conductivity of the minerals forming the rock (W/m-°C).

Table 7.3 Average values of thermal conductivity of solid particles for different materials

Material Ps Ks
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(g/cm3) | (W/m-°C)
Rocks
Anorthosite 2.73 1.8
Basalt 2.90 1.7
Limestone 2.70 2.5
Diabase 2.98 2.3
Dolomite 2.90 3.8
Gabbro 2.92 2.2
Gneiss 2.75 2.6
Granite 2.75 2.5
Sandstone 2.80 3.0
Marble 2.80 3.2
Quartzite 2.65 5.0
Schist 2.65 1.5
Shale 2.65 2.0
Syenite 2.80 2.0
Trapp (Trop rock) 2.90 2.0
Soil and organic matter
Coal 1.35 0.26
Teat 1.50 0.25
Silt and clay 2.75 2.90

The thermal conductivity of dry soil can be calculated using equation (99).
Kary = x - 10777 (99)
Where: Kqry = dry thermal conductivity (W/m-°C),
X = material parameter that takes into account the effect of the particle shape
(W/m-°C),
1 = material parameter that takes into account the effect of the particle shape
(no unit),
n = porosity.
Material parameters for some soils are presented in Table 7.4.

Table 7.4 Material parameters for different soil types

Soil types X n

Crushed rocks and gravel 1.70 1.80
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Natural mineral soils 0.75 1.20

Fibrous organic soils, peat 0.30 0.87

7.1.3 THERMAL CONDUCTIVITY OF BITUMINOUS MATERIALS

Coté et al. (2013) measured the thermal conductivity of different bituminous concretes

normally used in the province of Quebec. The results show that the thermal conductivity of

the materials depends on the mineralogy of the particles, the amount of intergranular voids

and the amount and type of bitumen in the bitumen mixture. The thermal conductivity of

asphalt mixes can be calculated from equation (100).

1= (K2p * Asm — Aa)-P + Pmax-2a
Pmax + (kzp — 1).p

Where: K,p = empirical parameter as a function of the material structure (particle

(100)

shape and degrees of cementation),

Asm = average conductivity of the solids in the bituminous mixture (aggregate,

filler and bitumen) (W/m-°C),

Aq = thermal air conductivity (=0.0024 W.m-1.K-1),

p = density (kg/m3),

Pmax = maximun density (kg/m3).
The empirical parameter k,p can be related to the mean conductivity A, by the relationship
defined in equation (101). Similarly, the conductivity Ay, can be calculated using the

geometric means of each component according to equation (102).

Kop = 0.205. g, 3% (101)
Xa Xfi i
Aem = Aagf’qg.lﬁ’;”./lﬁf’tt avec Xagg + Xrit + Xpir = 1 (102)
Where: A; = thermal conductivity of component i (aggregate, filler and bitumen)
(W/m-°C),

X; = volume fraction of component i.
Coté et al. (2013) proposes a simplified relationship of equation (100) that is used in the
frozen module to calculate the thermal conductivity of asphalt mixes. The conductivity is only
a function of the density of the asphalt mix as shown in equation (103).

0.35.p + 62

~ 2585 — 0.85.p (103)

7.2  CLIMATIC CONDITIONS PARAMETERS
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Three calculation options are available to the user to estimate frost depth and frost heave.
First, the sine simulation allows to create a sine function from the freezing index
representative of winter. For the second option, the operator has the option of entering the
average temperature and duration of the month on a monthly basis in order to perform a
monthly calculation. Finally, the third option is to specify the average daily temperatures for
the whole winter. These three methods offer different levels of accuracy for calculating frost
depth and heave.
In order to calculate the frost depth and frost heave, some basic climatic data must be entered
such that:

e The average annual air temperature (°C),

e The air-surface transfer coefficient (decimal).
The air-surface transfer coefficient also called the n-factor and noted n is defined as the ratio
between the surface temperature in freezing conditions and the air temperature in freezing
conditions. Equation (104) presents the relationship between the factor-n and temperatures.
Table 7.5 summarizes the typical values used for pavement design purposes (Doré and
Zubeck, 2009).

Ts  Surface Temperature
n=—= _ (104)
T, Air Temperature

Table 7.5 Typical values of the n-factor

n-factor
Surface material
Order of magnitude Suggested value range in design
Bituminous asphalt mix 0.25-2.50 0.8-0.95
Gravel 0.60-1.50 0.9-1.0
Trees, shrubs, moss, peat 0.25-0.50 0.30-0.35
Snow 1.00

The three calculation options proposed in the frost module are detailed below.

7.2.1 DETERMINATION OF THE SEVERE FREEZING INDEX

The severity of a winter is taken into account in a frost calculation using the normal frost
index of the study site. The normal freezing index (FI,) varies according to the geographical
position where the project is carried out. The normal freezing index is defined by the area
between the negative temperature curve and the 0°C line for a fixed period of time. In the
software this time period is equal to one year. The freezing index proposed in the calculation

module is defined by the relationship (105). The freezing index is a positive value. The
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negative sign in the equation gives a positive frost index since the average temperature

during the winter is a negative value.
FI, = —Tmy.Dy (105)
Where: FI, = normal freezing index (°C.days)
Tmy = average temperature during the winter (°C)
Dy = winter duration (days)

The freezing index can also be defined by the equation

n
i=1
Where: Tm; = average temperature of day i (°C),

D; = duration of day i (=1 day),

i = winter days with a negative average temperature,

n = number of days in the winter when the average daily temperature is

negative.
The normal freezing index represents an average value calculated over a given period of time.
For pavement design, an increased value is used to account for colder than average winters.
A rigorous frost index (FI;) is therefore calculated from the normal frost index and serves as
areference for pavement heave calculations.
The frozen module offers two options for determining the rigorous freezing index. The first
option is an estimate representing a winter that would correspond to the average of the three

coldest winters over a thirty-year period (equation (107)).
FI, =1.143 - FI,, + 220 (107)

Where: FI,. = rigorous freezing index (°C-days),
FI, = normal freezing index (°C-days).

The second option is a probabilistic approach that takes into account the history of winters
for a defined period of time. The standard deviation and the average of the distribution of
freezing indexes for a given region must be available or calculated. The user must define the
normal freezing index (corresponding to the average of the freezing indexes for the given
period) as well as the standard deviation of the values. Thereafter it is necessary to define a
return period (P;). Choosing P,=10 years means that the severity of winter will correspond to
the most severe winter encountered once every 10 years. The return period is used to define

the reliability level from equation (108).
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R =100~ 100/, (108)

Where: R = reliability level (%),

P = return period (years).
Considering that the freezing indices follow a normal distribution, it is possible to define the
normal deviation associated with the reliability level. An excerpt from the standard statistical
table is presented in Table 7.6.

Table 7.6 Normal deviation as a function of reliability level

Return period, Reliability Normal
(years) level, % deviation
2 50 0.000
5 80 0.841
10 90 1.282
20 95 1.645
30 97 1.881

The rigorous freezing index is calculated from these parameters by equation (109)
FI, =F,+Z,-0 (109)

Where: FI,. =rigorous freezing index (°C-days),

FI, = normal freezing index (°C-days),

Zgr = normal deviation associated with the calculation risk,

o = standard deviation.
The calculation module proposes a return period varying between 2 and 100 years. The
normal freezing index is calculated from the data entered in the climate module. However,

this value may be adjusted if other methods of calculating the FI, are used.
7.2.2 SINE SIMULATION

The first method allows the software to determine a sine curve from the rigorous air freezing
index (°C-day), the average annual air temperature (°C) and the air-surface transfer
coefficient. The sinusoidal function obtained gives the freezing time as a function of

temperature. Figure 7.2 shows the input parameter screen for this method.
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Basic climatic data

i : 20
Average annual air temperature (T) : Evolution oftemperature and ing dept

Air transfer coefficient ->Surface : 0.50 5 0.65

Methed 1: Sinus Simulation  Method 2: Morthly calculation  Method 3: Daily entry

&)
.
Methed 1: From the freezing index and the annual average temperature, the amplitude ';' E
of the sinus in relation to its average and the duration of the freezing are calculated and a th E =
sinus curve is detemined = -%
Nommal air freezing index: 1670 g L
E w
<
Determination of the freezing index : (@) Probabilistic approach () Estimation -
Standard deviation {Fl) : 0 Recurence period 0 =
eoretical Simulated 0 50 100 150
Rigorous surface freezing index : 1503.00 1503.46 Frost duration (day)
Amplitude of the sinus in relation to its average : 16.01 | * Surface temperature =  Frost penetration |
Duration of the freeze period (n days) : 167.7 Frost penetration (in m) : 2.399

VALIDATE
THE MODULE

Figure 7.2 : Method 1 - Sine simulation and example of result

Figure 7.2 also shows an example of the sine curve obtained when entering the following
variables:

e - Average annual air temperature: 2.04°C

e - Air-surface transfer coefficient: 0.95

e - Normal air freezing index: 1670 °C-days

e - Probabilistic approach with Pr= 30 years and =200 °C.days.

7.2.3 MONTHLY CALCULATION

The second method allows you to enter the air freezing index (°C-days) and duration (days)
for each month from November to April. The duration may differ from the number of days
scheduled in the month in order to be able to start a freeze period at any time during the
month. Figure 7.3 shows the table to be completed for the calculation of frost depth and frost
heave. Three parameters are considered in the calculation. The length of the period, the
freezing index over this period and the average temperature. As the three parameters are
directly linked, the software automatically calculates the average temperature from the other
two parameters. As illustrated in the example, the month of November only lasts 10 days
since for the first 20 days of the month the temperature was positive and did not have to be

taken into account. An example of a route is also shown in Figure 7.3
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Basic climatic data

Average annual air temperature (C) : 204

Air transfer coefficient -»Surface : 0.30

Method 1: Sinus Simulation Method 2: Monthly calculation  Method 3: Daily entry

Method 2: For each given period, the freeze calculation will be based on the duration
and manthly freeze index

Enter the air freezing indices for each month and the number of days

Months : MNovember | December| January | February | March April
Flair ("C.days) |70 275 400 175 70
Duration (days) [10 31 31 30 15
T(C) -7.00 -8.87 -12.50 -5.83 -4.67
Duration of the freeze period (in days) : 17

Temperature ("C)

Evolution of temperature and freezing depth

5 05
1 0
R _
£
-3 05 =
— .E
g
7 J— oz
w
-114 F-15
-15 r r r r -2

0 20 40 60 30 100

Frost duration (day)

Frost penetration (in m) -

VALIDATE
THE MODULE

Surface temperature = Frost penetration |

1.825

Figure 7.3 : Method 2 - Monthly calculation and example of result

7.2.4 DAILY ENTRY

The third method, called daily entry, opens a weather file (.txt). Figure 7.4 shows the home

screen of this method and an example of a display.
Basic climatic data
i . 6,36 . .
bIETER T TR e ) Evolution of temperature and freezing depth
Air transfer coefficient ->Surface : 0,30 10
-
$a e :
Method 1: Sinus Simulation  Method 2: Manthly calculation  Method 3: Daily entry _ 24 e e x I * F N
EJ 5. * ., ..o. . % . c: . e S|
- -, L] o
Method 3: For each day, indicate the duration and temperature of the air. Calculation e 5 "‘ i b e . - 5
will be done for each time and temperature increment . 2 ey | * - - : L AL
Or select a weather file on your computer: Open Westher Fie E ¢ ’ - .
g 14 . .t L s, =
-
Period N* Duration {Hour) T (air) Ts ~ E o - . @ *
24 0 0 = 221 Vomee d
2 24 -1.00 -9 .
3 24 250 23 -30 i " .
0 50 100 150
4 24 100 -9 )
Frost duration (day)
5 24 -2.00 -1.8 -
| * Surface temperature *  Frost penetration |
6 24 4,00 36
7 24 5.50 50 Frost penetration (in m) -
] 24 7.50 6.8 "

VALIDATE
THE MODULE
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Basic climatic data

Average annual airtemperature ("C) :

Air transfer coefficient ->Surface

Method 1: Sinus Simulation  Method 2: Monthly calculation

6.36

0.50

Method 3: Daily entry

Method 3: For each day, indicate the duration and temperature of the air. Calculation
will be done for each time and temperature increment.
Or select a weather file on your computer:

Open Weather File

Period N* Duration (Hour)  T° (air)
2 24 -1.00
3 24 250
4 24 -1.00
5 24 -2.00
6 24 4,00
7 24 5.50
8 24 7.50

-1.8
i6
50
6.3

L4l

Temperature (*C)

Evolution of temperature and freezing depth

Frost duration (day)

10

. . .

o, LS . .
2+ 0.n *as F . . ﬁh"
6+ “ . . s e .

? . - " . : ﬁ 0t

14 e

. .o.. . *

* . L Y
224 P LI

.
-30 r T T
0 50 100 150

| *  Surface temperature =  Frost penetration

Frost penetration (in m) -

VALIDATE
THE MODULE

Figure 7.4 : Method 3 - Daily entry and example of result

It is recommended to use a.txt weather file or if it does not exist, to create it in an application

such as "Notepad". The file format must be as shown in Figure 7.5. The first line allows you to

name the file. The second line specifies the type of data and the third line gives the column

header. The first column consists of the durations (in hours) of the period and the second

column consists of temperatures (in °C).

File

Edit

Format  View

[Hiver 2004]
>Table: Températures

=Heures C
24 -2,1
24 -4,4
24 -11,2
24 -9

24 -12,8
24 -14,1
24 -9

24 -3,4
24 -9,2
24 -12
24 -9,2
24 0,5
24 -5,1
24 -13,8
24 -11,6

Help

Figure 7.5 : Example of a weather file

8. EVALUATION BETWEEN VERSIONS

Improvements between versions of the i3C-ME. To find out which version is installed on your

computer, please refer to the help tab by clicking on the "About ..." option in the toolbar.

1. Firstversion, dated January 30, 2015
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2. Firstversion (improved), dated February 29, 2016

2.1.

2.2.

2.3.

2.4.

2.5.

2.6.

Improvement of the MODULE 3 :Load definition. The radius of the applied load as
well as the inflation pressure and load applied to the pavement structure can be
adjusted.

Improvement of the MODULE 4 :Climatic conditions. The available database provides
a larger number of cities and geographical locations. The calculation of average
temperatures for each season and the duration of the seasons were calculated from
available data on Environment Canada's website. These calculations take into
account climate records over the last 30 years. When data are available, the value of
the freezing index and the standard deviation of the values are directly integrated
into the MODULE 7 :Frost criteria

Improvement of the MODULE 5 :Pavement structure. Addition of recommended
minimum and maximum thicknesses for bituminous layers and granular material
layers.

Add to the MODULE 5 :Pavement structure a new layer available for the pavement
structure. In the other layer category, it is now possible to select the integration of an
insulating layer. Three types of insulation are available. The calculation of the
necessary protection to limit icing and the structural check are automatically
calculated by the software. The software indicates by information messages in the
synthesis of the calculations if the set of design conditions associated with the
insulating layers is respected.

Improvement of the MODULE 7 :Frost criteria. Display results as two graphs. The
first graph represents the evolution of the surface temperature as well as the frost
depth. The interfaces between the different soil layers are also traced and the heave
generated by the frost in the structure is integrated with the plots. The second graph
represents the evolution of the heave and depth of penetration of the frost during
the winter.

Improvement of the MODULE 7 :Frost criteria. Geotechnical and thermal parameters
are proposed by default in the calculation module. These values can be modified. An
alert message as well as a red or orange coloring of the boxes may appear when an
incompatibility is detected by the software when calculating the degree of saturation

or latent heat of fusion.
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3.

2.7.

2.8.

2.9.

2.10.

2.11.

Add to the MODULE 7 :Frost criteria. Addition of a section for the determination of
the rigorous freezing index using a probabilistic approach or by estimating this
value.
Add to the MODULE 7 :Frost criteria. For the calculation of thermal conductivity the
software now offers two calculation methods for non-frozen and frozen thermal
conductivity. In previous versions, only Kersten's (1949) model was available. The
Coté and Konrad (2005a) and (2005b) model has been added to the module. The
selection of calculation methods is possible in the module toolbar. The thermal
conductivity of bituminous materials is calculated from the physical parameters of
the material. The calculation kernel remains unchanged from the previous version,
only the estimation of the input parameters has been improved.
Improvement of the Calculation core. The calculation of the asphalt temperature for
the seasonal analysis is performed at 1/3 of the total thickness of the asphalt
pavement. Previously, the calculation was performed at a fixed depth. This change is
operational when the calculations are started, i. e. by clicking on Start calculations.

Improvement of the results sheet. A new graphical output of the calculation
results is now available. This graphical output allows a direct reading of the results
associated with seasonal damage calculations.

Improvement of the results sheet: Design advice is provided when design

objectives are not met or if the structure is oversized.

Second version, dated December 20, 2019

3.1.
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.
3.8.
3.9.

Inclusion of English version

Possibility to adjust the pavement structure in the frost analysis module
Consideration of a drainage layer

Subdivision of layers for non-linear analysis and temperature analysis

Updating the database of materials and laws of mechanical damage

Adaptation to the design of unpaved pavements

Adding 125 weather stations to the database

Addition of an IRI damage law

Possibility to perform analysis with double tires and complete axles, for different tire

sizes

3.10. Temperature-dependent Poisson ratio for asphalt concrete layers

3.11. Possibility to insert or remove layers between existing layers
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3.12. More visual presentation of results

3.13. Better organized and more detailed design report
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APPENDIX

Appendix1  HOME SCREEN MODULE 5 :ASPHALT

Layer 1 Layer2 Layerd Layerd Layer® Layer6 Layer7 Layer8 Layer9  Layer 10
Select material properties

Asphalt mixture: v Bitumen Grade: w Poisson ratio calculated

Mechanical properties of the material

[ Level 1; Laboratory measurement of mechanical properties

[] Level Z: Selection of mechanical properties by default

[] Level 3: Default comelation

Information

HOME SCREEN FOR DETERMINING THE MECHANICAL PROPERTIES OF A BITUMINOUS ASPHALT MIX
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Appendix 2  HOME SCREEN MODULE 5 :ASPHALT GRANULAR MATERIALS

Layer 1 layer2  layer3 Llayerd layer5 Llayer6 Layer7 Llayer8 Layer§  Layer 10
Granular material type

Classffication of granular material: ~

Mechanical property of the material
[] Level 1: Laboratory measurement

[] Level 2; Estimation from physical properties

[1 Level 3: Typical material value

Information

HOME SCREEN FOR DETERMINING THE MECHANICAL PROPERTIES OF A OF A GRANULAR MATERIAL
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Appendix 3  HOME SCREEN MODULE 5 :ASPHALT SOIL

Layer 1 layer2 Layer3  layerd Llayer5 layer6 layer7 Layer8 Llayer3  Layer 10
Soil class

Soil classification : w

Mechanical property of the material
[1 Level 1: Laboratory measurement

[] Level 2: Estimation from physical propertiss

[] Level 3: Typical matenial value

Information

HOME SCREEN FOR DETERMINING THE MECHANICAL PROPERTIES OF A OF A SOIL
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