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Abstract

The Enhanced Integrated Climate Model (EICM) is incorporated into the Mechanistic Empirical Pavement
Design Guide (MEPDG) to account for the influence of the environment and climate on water contents,
and resilient modulus (Mg) of each unbound material. EICM consists of four model components including
the Precipitation (Precp) model, Infiltration and Drainage (ID) model, Cold Region Research Engineering
Laboratory (CRREL) frost heave and thaw settlement model and Climate Material Structural (CMS) model.
The primary EICM output is the depth and time dependent composite environmental adjustment factor
(Fenv) Which accounts for the influence of the environment on the resilient modulus. Fen consists of an
adjustment factor for the frozen condition (Fg), thaw recovery condition (Fgr), and unfrozen condition (Fy)
which are influenced by volumetric water contents within the unbound materials. Feny is multiplied by the
optimum resilient modulus (Mropt) (at optimum water content, maximum dry density and the stress state)
to obtain the resilient modulus of the subgrade at a specific volumetric water content.

There are limitations in the climatic boundary conditions in EICM. EICM neglects the impact of
land climate interaction (LCI) on the water and heat transfer within subgrades. EICM accounts only for
infiltration through cracks on the pavement surface and neglects the influence of evapotranspiration on
water and heat transfer. EICM accounts only for liquid water transfer and neglects water vapour transfer.
These limitations in EICM result in inaccuracies in predicting in-situ volumetric water contents due to
inaccuracies in predicting in-situ suction and in-situ soil water characteristic curve (SWCC). EICM assumes
a constant and uniform subgrade temperature and neglects the influence of climatic factors on fluctuations
in water and heat transfer. EICM accounts for water transfer influence by the depth of shallow groundwater
table but neglects the influence of the water table at significant depths. These limitations in EICM result in
inaccuracies in predicting in-situ volumetric water contents and in-situ resilient moduli of subgrades that
forms the basis for the pavement mechanistic response. The inaccuracies in predicting the water and heat
transfer and in-situ resilient modulus of each unbound material result in inaccuracies in predicting the
pavement distress. Hence, these limitations in EICM result in inaccurate prediction of the pavement
performance, service life, and implementing uneconomical pavement structures.

The objective is to investigate the impact of precipitation, air temperature, net solar radiation,
relative humidity, wind speed, and evapotranspiration (climatic factors) on volumetric water contents
within subgrades. The investigation focuses on the impact of LCI on water and heat transfer which is
achieved through the development of a Quantitative Empirical Model (QE Model). The QE Model
represents a LCI surface boundary condition to account for the impact of climatic factors on in-situ

volumetric water contents within subgrades. It is intended that the QE Model would be incorporated into



EICM for improving EICM and MEPDG to account for the impact of climatic factors on in-situ volumetric
water contents and resilient moduli of subgrades.

The methodology included one-dimensional (1-D) and two-dimensional (2-D) water and heat
transfer finite element analyses (FEA) modeling using two rigid pavements in a wet freeze climate.
Nonlinear regression analyses were conducted using climatic factors, in-situ volumetric water contents and
2-D FEA volumetric water contents output to develop correlation functions. Mathematical computations
were used to incorporate liquid water and water vapour properties, initial degree of saturation, hydraulic
properties of subgrades and wearing courses, and integration to develop the QE Model. The accuracy of the
QE Model and EICM were evaluated by comparing the output of the models to in-situ volumetric water
contents, Feny and Mg using four independent pavement section in wet freeze and wet no-freeze climates.
The QE Model is incorporated into EICM by incorporating the QE Model into the Fey to develop the
modified composite environmental adjustment factor (the Fencr model). The modified Mg (Mgrcg) model
was also developed by using the product of the Mrop: and Fenvcr Values.

The water and heat transfer within subgrades is influenced by transient water transfer,
saturated/unsaturated conditions, heat conduction and forced convection with water transfer. The influence
of these processes on water and heat transfer was evident in continual fluctuations in the water transfer in
response to climatic factors. Continual fluctuations in volumetric water contents indicate that climatic
factors influence water and heat transfer within subgrades with hysteresis. The QE Model accounts for the
influence of climatic factors on water and heat transfer within subgrades. The QE Model accurately predicts
the influence of climatic factors on fluctuations in volumetric water contents within subgrades in wet freeze
and wet no-freeze climates. The QE Model also has a higher accuracy than EICM in predicting in-situ water
and heat transfer within subgrades. The volumetric water contents predicted using the QE Model is more
suitable for calculating in-situ Mg of subgrades than volumetric water contents predicted using EICM.

The QE Model represents an in-situ SWCC which accounts for the impact of climatic factors on
volumetric water contents within subgrades. The QE Model mitigates the primary limitations in EICM by
incorporating the impact of climatic factors and LCI on water and heat transfer within subgrades which are
neglected by EICM. The QE Model accounts for liquid water and water vapour transfer. But EICM accounts
only for liquid water and neglects water vapour transfer. Unlike EICM, the QE Model accurately predicts
in-situ volumetric water contents without site-specific calibration. The Fencr and Mrce models developed
as part of this study, account for the impact of climatic factors on volumetric water contents and resilient
moduli of subgrades. Incorporating the QE Model into EICM and MEPDG facilitates the design and
construction of economical pavement structures. A model was also proposed for predicting the site-specific
net evapotranspiration (the Net ET) which applies the Penman-Monteith method to predict changes in Net

ET as a nonlinear function of changes in climatic factors {Net ET (AA)}.
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Chapter 1 Introduction

1.1 Introduction

Chapter 1 provides an overview of the primary strengths of the Mechanistic Empirical Pavement Design
Guide (MEPDG) and Enhanced Integrated Climate Model (EICM) in predicting the in-situ water and heat
transfer, and performance of pavement structures. Chapter 1 also provides background details on the
MEPDG including the pertinent features of the current version of MEPDG and EICM. The Chapter provides
an overview of the Long-term Pavement Performance (LTPP) program and the Seasonal Monitoring
Program (SMP) implemented to support the development and the local calibration of MEPDG.

Chapter 1 provides details of the problems caused by the limitations in EICM in predicting the in-
situ water and heat transfer within subgrades. The Chapter provides details of the significance of the research
and contribution made by the research to the engineering practice. The Chapter also provides details of the
research objectives and research hypothesis. Chapter 1 concludes by providing an overview of the research
methodology, analyses and results, by providing a list of research deliverables and by providing a summary

of the organization of the dissertation.

1.2 Background on MEPDG

This section provides an overview of the primary strengths, pertinent features and framework of EICM and
MEPDG. The overview of MEPDG is provided in this section to highlight the significant contribution EICM
and MEPDG make to the design and implementation of pavement structures. This section also provides a
summary of the primary limitations in EICM and MEPDG in predicting the in-situ water and heat transfer
which cause long-term reduction in the pavement performance. These limitations are also used for

developing the problem statement.

1.2.1  Overview of the Primary Strengths of EICM and MEPDG
The Mechanistic Empirical Pavement Design Guide (MEPDG) was developed through the National
Cooperative Highway Research Program (NCHRP) to facilitate an improved and detailed process for the
design and analysis of new and rehabilitated pavement structures. The MEPDG was developed to replace
the American Association of State Highway and Transportation Official (ASSHTO) 1993 Guide for the
design of pavement structures (Applied Research Associates Inc., 2004; AASHTO 2020).

The development and local calibration of MEPDG were supported by the Long-term Pavement
Performance (LTPP) and Seasonal Monitoring Program (SMP) implemented over a 2-year period from 1984

using over 800 in-service pavement sections in the United States of America and Canada. The LTPP
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program was implemented using various pavement materials, geological conditions, traffic loading,
climates, and environments (Kim, et al. 2011; AASHTO 2010). The LTPP and SMP are intended to
investigate the long-term performance of various pavement structure design and rehabilitation options to
improve the pavement life and performance (LTPP, and SMP database 2020; AASHTO 2010).

The MEPDG provides an innovative and iterative approach for designing and evaluating the
performance of pavement structures. The primary design features of the MEPDG include incorporating
climatic factors and traffic loading in the characterization of materials, pavement design and performance.
MEPDG uses input data which include pavement materials properties, traffic and climatic data (AASHTO
2020 and 2010; Applied Research Associates Inc. 2004). The MEPDG also accounts for the influence of
the pavement structure on the performance of rigid, flexible and composite pavements. The MEPDG
incorporates the mechanical analysis to predict the stress, strain and deflection within pavement structures
(the pavement response). MEPDG also incorporates the empirical analysis to predict the pavement distress
which is used to evaluate the pavement life cycle and the associated life cycle cost analysis (AASHTO 2020
and 2008).

1.2.2  Overview of the Pertinent Features and Framework of EICM and MEPDG

The MEPDG incorporates the principles of engineering mechanics based on an integrated analyses approach
to predict the time dependent pavement conditions including fatigue, rutting, and thermal cracking in
flexible pavements (AASHTO 2020 and 2008). The rutting occurs under the wheel paths and is associated
with stress induced permanent deformation of flexible pavement subgrades and/or the asphalt concrete
wearing course under traffic loading. The rutting is directly influenced by the resilient modulus of each
material layer, particularly by the resilient modulus of the subgrade. The rutting results in reduced pavement
reliability and causes traffic safety problems associated with hydroplaning due to ponding within ruts during
rainfall events (Kim, et al. 2011). The MEPDG is also used to predict cracking and faulting in rigid
pavements and to facilitate the evaluation of design alternatives, reliability, and the implementation of cost-
effective pavement designs. Transverse cracking is the primary distress in rigid pavements and is due to
weak subgrades subjected to heavy traffic loading which result in differential settlement (Mu, et al. 2012;
Perera, and Kohn 2001). The MEPDG also evaluates other distress within pavement structures such as the
international roughness index (IRI). The IRI is measured along longitudinal profiles of pavement structures
to characterize the extent of the smoothness of pavement surfaces. The IRI also characterizes the quality of
the ride users experience while traveling in vehicles. The IRI is influenced by the traffic loading, the
thickness of each pavement material layer, subgrade type and performance, environment conditions and

climatic factors. The IRI also has a direct impact on the user costs and maintenance costs of pavement
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structures (Mu, et al. 2012; Perera, and Kohn 2001, TAC 1997). A flow chart showing the various processes
in the MEPDG is shown in Figure 1.1.

C”mate Trafﬁc .
dﬁ“‘ Materials /
062 2

P 5
GELehs
Structure
Distress
=
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Structural Damage . Fleld IRI/
Response Accumutation Distress

Figure 1.1: The flow chart of the MEPDG process (Goldbaum 2022)

The three stages which are used in MEPDG to implement the analysis and design of pavement
structures are shown in Figure 1.2. Stage One supports the evaluation of data input, trial design strategies
and foundation analysis. The trial pavement design cross section is used for predicting the pavement
response due to the influence of climatic factors and traffic loading. Stage One also facilitates the evaluation
of various options for data input depending on the project complexity and resources available for sourcing
input data. The options which are used for sourcing input data include Level One input data obtained from
laboratory and in-situ testing. Level One input data provide the highest level of accuracy and are used for
the design of pavement structures subjected to heavy traffic loading. Level Two input data are typically
obtained from limited laboratory and in-situ testing or they are estimated using empirical correlations. Level
Two input data provide an intermediate level of accuracy. Level Three input data are based on average
parameters for similar regional materials and conditions. Level Three input data also provide the lowest
level of accuracy and are used for the design of pavement structures where the consequence of early failure
is minimal. Level Three input data are available as the default values in MEPDG. Stage Two is used to
implement the analysis stage which incorporates the trial design cross section. The trial design cross section
is analyzed incrementally using a pavement response and distress prediction model. The pavement response
is used to predict the accumulated damage which is then related to the pavement distress and smoothness
over time. The efficacy of the trial design cross section is evaluated by comparing the distress and
smoothness output of the trial design cross section to limiting design criteria using sensitivity analyses. The

sensitivity analyses are conducted until an acceptable design cross section is achieved. Stage Three is used
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for implementing the selection strategy which is used for evaluating design alternatives based on limiting
engineering, constructability and life cycle cost analysis criteria (AASHTO, 2020 and 2008; Li, et al. 2011).

The MEPDG accounts for the influence of the climate and environment by incorporating the
Enhanced Integrated Climate Model (EICM). EICM consists of four model components which include the
Precipitation (Precp) model, Infiltration and Drainage (ID) model, Climate Material Structural (CMS)
model, and Cold Region Research and Engineering Laboratory (CRREL) frost heave and thaw settlement
model (Bulut, and Javid 2019; Bulut, et al. 2014; Li, et al. 2011; McCartney, et al. 2010).
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Figure 1.2: Flowchart for three-stage design process of MEPDG (AASHTO 2020)

1.2.3  Primary Limitations in EICM in Predicting Pavement Performance

This section provides details of the limitations in EICM in predicting the in-situ water contents and the
impact on the inaccurate prediction of resilient moduli of subgrades. The limitations in EICM are provided
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to highlight the cause of the problems associated with EICM and MEPDG which form the basis of the
problem statement.

Although MEPDG has useful features for evaluating and designing pavement structures, most of
these features require improving particularly the water contents and the distress prediction models (Hall, et
al. 2013; McCartney, et al. 2010). The current version of EICM predicts the convective cooling poorly
during high air temperature which contributes to EICM predicting water contents poorly (Bryce, et al. 2021).

The water contents prediction model used in EICM has inaccuracies in predicting the in-situ water
and heat transfer. EICM predicting water and heat transfer poorly results in the inaccurate prediction of the
resilient modulus because EICM inaccurately accounts for the impact of climatic factors. The inaccuracies
in predicting resilient moduli of unbound materials also contribute to the inaccurate prediction of the
pavement distress (Bulut, and Javid 2019; Bulut, et al. 2014; Hall, et al. 2013; Bulut, et al. 2013; McCartney,
et al. 2010). The MEPDG also neglects the site specific design and construction specifications and
maintenance strategies. The MEPDG requires site specific calibration and validation to produce acceptable
distress prediction limits. The MEPDG should be improved to facilitate implementing more economical
pavement design and construction (Yuan, and Nemtsov 2017 and 2018; Hall, et al. 2013; Qin, and Hiller
2013; Kim, et al. 2011; Houston, et al. 2006; Bayomy, and Salem 2005; Ahmed, et al. 2005).

The MEPDG has limitations in predicting longitudinal cracking, alligator cracking, thermal
cracking, International Roughness Index (IRI) and rutting (flexible pavement distress). The MEPDG also
has limitations in predicting faulting, cracking and IRI (rigid pavement distress). The MEPDG distress
prediction models were initially calibrated using national averages of material input data which lead to the
use of global calibration factors. The global calibration factors are not suitable for local application due to
variation in climatic factors and pavement materials properties. Variations in climatic factors and pavement
materials properties result in MEPDG inaccurately predicting pavement distress (Mu, et al. 2012; Perera,
and Kohn 2001; Kim, et al. 2011; Li, et al. 2011; AASHTO 2010). The use of global calibration factors in
the current version of MEPDG distress prediction model result in inaccuracies in predicting the site-specific
pavement distress. The distress prediction models in MEPDG should be re-calibrated locally to account for
local material properties, construction methods, environmental conditions, and for improving the distress
prediction (Yuan, and Nemtsov 2017; Huang, et al. 2016; Yut, et al. 2014; Kim, et al. 2011).

The alligator cracking and rutting are the primary distress which impact the performance of flexible
pavement structure. The alligator cracking is primarily due to inadequate thickness of the asphalt concrete
(AC) wearing course, and unstable base course and subgrade layer. The total rutting is primarily due to
permanent deformation of the AC wearing course, base course and subgrade layer. Figure 1.3 shows the

alligator cracking and Figure 1.4 shows the total rutting and poor performance of pavement structures which
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were designed using MEPDG version 1.1 (University of Arkansas 2022; Blow 2021; Farashah, et al. 2021,
Yut, et al. 2014).

Upward
Propogation

(@)

(b)
Figure 1.3: (a) Schematic of alligator cracking, and (b) Alligator cracking of a pavement structure
designed using MEPDG version 1.1 (Yut, et al. 2014)
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Figure 1.4: Schematic of rutting: (a) (Yut, et al. 2014); (b) (Asphalt Institute 2014); and (c) Total
rutting of a pavement structure designed using MEPDG (University of Arkansas 2022)
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1.2.4  Studies Highlighting Primary Limitations in MEPDG in Predicting Flexible Pavement Distress
A Study Conducted in Ontario, Canada: (Yuan, and Nemtsov 2017)

An Ontario, Canada study evaluated the impact of the local calibration of rutting (rut depth), cracking and
international roughness index (IR1) prediction models in EICM version 3.2 (the current version of EICM)
in a wet freeze climate. The summary of this study presented below focuses on the calibration of the rut
depth prediction model in the current version of EICM and the influence of the rut depth on the pavement
design and performance. The rut depth is associated with the permanent deformation of the subgrade and/or
the asphalt concrete wearing course of flexible pavement structures under traffic loading (Yuan, and
Nemtsov 2017). The pavement cross section details and the subgrade classification for the sites investigated
in this study are presented in Table 1.1 and Table 1.2 respectively.

Table 1.1: Pavement cross section details (Yuan, and Nemtsov 2017)

Pavement Section ID

Material 114 (Arterial) 698 (Arterial) 835 (Collector) 1217 (Freeway) 1260 (Freeway)
Layer : -
Material layer thickness (mm)

SP125FC1 40 40 40 40 40
SP 19 50 50 100 120 40
Pulverised - 200 - - -
SP 25 - - - 180 -

Old HD 8 - - - - 200
Old SP 19 50 - - -

Granular Type A 225 190 150 550 300

Granular Type B - 150 - - 300
Granular Type B 1 - - 450 - -

Subgrade layer - - - - -

Table 1.2: Subgrade material classification (Yuan, and Nemtsov 2017)

Pavement section ID

Material

Laver 114 698 835 1217 1260
Y Material classification
Subgrade SM SM CL CL-ML Cl

silty Sand (SM), low plasticity Clay (CL), low plasticity Silt (ML), intermediate plasticity Clay (CI)

The analyses of data presented in this study indicated that for sites where the current version of
EICM overestimates in-situ water contents, the current version of EICM predicts in-situ resilient moduli
which are lower than the actual in-situ resilient moduli. This results in pavement structures which are over-
designed to mitigate the consequences of underestimating in-situ resilient moduli. Pavement structures

which are over-designed are subjected to lower distress including lower rut depths under traffic loading than
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the distress predicted by the current version of EICM/MEPDG as shown in Figure 1.5. Pavement structures
which are over-designed have higher design and initial construction cost and increased life cycle cost. The
analysis presented in Figure 1.6 shows that the distress prediction model in EICM/MEPDG can be improved
through local calibration. Although the local calibration improves the distress prediction in EICM/MEPDG,
the analysis shows that the locally calibrated distress model also underestimates and overestimates rut depths
particularly in the higher range of rut depths (Yuan, and Nemtsov 2017).

= P el
(=)] = £

Predicted Total Rut Depth (mm)
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Figure 1.5: Measured vs predicted total rut depths using the current version of MEPDG using

global calibration factors (Yuan and Nemtsov 2017)
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Figure 1.6: Measured vs predicted total rut depths using the current version of MEPDG after local
calibration (Yuan, and Nemtsov 2017)

A Study Conducted in Connecticut, United States: (Yut, et al. 2014)
A study was conducted in Connecticut, United States on Highway Route No.2 (the Connecticut study) for

the local calibration of the distress prediction models used in MEPDG. This analysis summary focuses on
the rutting predicting model used in MEPDG. The pavement cross section details and classification of the
subgrade material used in this study are provided in Table 1.3 and Table 1.4 respectively.

Table 1.3: Pavement cross section details (Yut, et al. 2014)

Material Layer Average material Layer Thickness (mm)
AC wearing course 338.0
Stabilized base course 100.0
Subbase course 250.0
Subgrade -

Table 1.4: Subgrade material classification (Yut, et al. 2014)

Material Layer Material Classification Description
Subgrade A-3 fine Sand
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The analysis of the data presented in the Connecticut study indicated that the rutting is primarily
impacted by the traffic loading and the strength of the subgrade. The rutting is also impacted by changes in
climatic factors. The analysis indicated that the strength of the base course has minimal impact on rut depths.

The analysis of the data presented in Figure 1.7 indicated that for sites where the current version of
EICM underestimates in-situ water contents, the current version of EICM predicts in-situ resilient moduli
which are higher than the actual in-situ resilient moduli. This results in pavement structures which are
subjected to higher distress and damage under traffic loading. Subjecting pavement structures to higher

distress result in a lower performance, reduced service life, and higher maintenance and life cycle cost.
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Figure 1.7: Measured vs predicted total rut depths using EICM ver. 3.2 (Yut, et al. 2014)
1.2.5 Summary of the Primary Limitations in the Current Version of EICM

A summary of the primary limitations in the current version of EICM in predicting water and heat transfer
in flexible and rigid pavement structures is presented in Table 1.5.
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Table 1.5: Summary of primary limitations in EICM model components

Primary limitations in EICM model component

Studies highlighting the
limitation

EICM version 3.2 (the current EICM) neglects the impact of climatic
factors on fluctuations in water contents within subgrades.

The current EICM water contents prediction model (the Fredlund, and
Xing 1994 model) predicts in-situ water contents and SWCC poorly.

The ID model assumes water transfer is primarily via surface cracks.
The ID model also assumes that the base course is free draining and
drains horizontally, and that no water is transferred to the subgrade.

The ID model neglects increase in water transfer due to an increase in
infiltration. It accounts for shallow groundwater table and neglects the
groundwater table at significant depth.

The current EICM neglects the impact of increased precipitation in
evaluating water contents due to its reliance on surface cracks.

The current EICM inaccurately predicts the convective cooling during
high air temperature.

The current EICM neglects the impact of increased wind speed on
convective cooling and has an overreliance on minimal natural
convection in the absence of wind.

The current EICM accounts only for liquid water transfer and neglects
water vapour transfer.

The CRREL model neglects water transfer through advection, accounts
for liquid water transfer and neglects water vapour transfer.

The CRREL model has an overreliance on capillary rise from shallow
water tables.

The CMS model neglects condensation and evaporation. It assumes a
water equilibrium influenced by the water table and neglects
fluctuations in water contents due to climatic factors.

The CMS model also neglects surface water transfer into subgrades
through infiltration, neglects horizontal flow to and/or from adjacent
soils and assumes a constant pavement temperature above freezing.
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Bulut, and Javid (2019); Bulut,
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(2013); McCartney, et al.
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Hall, et al. (2013); Zapata, and
Houston (2008).

Zapata, and Houston (2008);
Bayomy, and Salem (2005);
Drumm, and Meier (2003).

Zapata, and Houston (2008);
Drumm, and Meier (2003);
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Primary limitations in EICM model component Studies highlighting the

limitation
The current version of EICM and MEPDG inaccurately predict rutting Yuan, and Nemtsov (2017;
in flexible pavements. Kim, et al. 2011).
The composite environmental adjustment factor (Fen) neglects the Zapata, and Houston (2008);
impact of the climate on the degree of saturation and resilient modulus. Zapata, et al. (2007).

1.3 Summary

A major challenge in managing pavement structures is that these pavement structures have been subjected
to more severe climatic factors relative to the climatic factors accounted for in their design (Sultana 2017;
Sultana, et al. 2014; Gaspard, et al. 2007). The impact of the climate and environmental factors is accounted
for in MEPDG by incorporating EICM. Many studies have been conducted in the United States and Canada
to evaluate, calibrate and validate EICM in predicting the impact of the climate and environment on water
and heat transfer within pavement structures. In addition, MEPDG and the associated EICM model
components have been updated many times between 2005 and 2012 to improve the water and heat transfer
and the distress prediction models. However, the current version of EICM has inaccuracies in the climatic
boundary conditions. EICM should be improved to accurately account for the impact of climatic factors and
LCI boundary conditions on water and heat transfer, the resilient modulus and the pavement distress
prediction. Previous studies show that the volumetric water contents prediction model used in EICM is not
accurate. The model should be improved to account for the impact of climatic factors on the water and heat
transfer within subgrades.

Improving EICM requires an understanding of the computational framework and delineating
strengths and limitations in EICM to support optimizing pavement designs, performance and life cycle cost.
The equations in EICM which are used for calculating the composite environmental adjustment factor (Fenv),
unfrozen environmental adjustment factor (Fu), and resilient modulus (Mg) should be improved to account
for climatic factors. The Fen, Fu, and Mg may be improved by incorporating climatic factors into the
equation used in EICM for calculating the degree of saturation (S). The equation used for calculating “S”
should be improved because “S” is the primary input parameter which is used for calculating the Feny, Fu,
and Mg.

1.4 The Problem Statement
There are limitations in the climatic boundary conditions used in EICM. EICM neglects the impact of land
climate interaction (LCI) (on vegetated or bare ground areas in the vicinity of pavement structures) on water

and heat transfer within subgrades. EICM accounts for only infiltration through cracks on the pavement
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surface and neglects the influence of evapotranspiration on the water and heat transfer. EICM accounts for
only liquid water transfer and neglects water vapour transfer. These limitations in EICM result in
inaccuracies in predicting in-situ volumetric water contents due to inaccuracies in predicting in-situ suction
and in-situ soil water characteristic curve (SWCC) (Hall, et al. 2013; McCartney, et al. 2010; Zapata, and
Houston 2008; Zapata, et al. 2007; Ahmed, et al. 2005; Bayomy, and Salem 2005; Drumm, and Meier 2003;
Witczak, et al. 2000; Zapata, et al. 1999).

EICM assumes a constant and uniform subgrade temperature, only accounts for water transfer
influence by the depth of shallow groundwater table, neglects the influence of the water table at significant
depth and neglects the influence of climatic factors on fluctuations in the in-situ water and heat transfer
within subgrades. These limitations result in inaccurate prediction of in-situ water contents for cases with
low groundwater table elevations (Bayomy, and Salem 2005; Drumm, and Meier 2003; Witczak, et al.
2000).

These limitations in EICM also result in inaccuracies in predicting in-situ volumetric water contents
and in-situ resilient moduli of subgrades that form the basis for the pavement mechanistic response. The
inaccuracies in predicting the water and heat transfer and in-situ resilient moduli of unbound materials result
in inaccuracies in predicting the pavement performance (Hall, et al. 2013; Kim, et al. 2011; Kim, and Siddiki
2006; Ovik et al 2000). These limitations in EICM lead to inaccurate prediction of the pavement
performance and service life and result in the implementation of uneconomical pavement structures
(University of Arkansas 2022; Farashah, et al. 2021; Yuan, and Nemtsov 2017; Yut, et al. 2014).

1.5 The Significance of the Research

The research includes the development of a Quantitative Empirical Model (the QE Model) using a
comprehensive water balance approach. The QE Model accounts for the impact of climatic factors on
fluctuations in in-situ volumetric water contents and associated fluctuations in resilient moduli of subgrades.
The QE Model represents an in-situ soil water characteristic curve (the in-situ SWCC) which is influenced
by climatic factors (the energy state). The in-situ SWCC accounts for the impact of climatic factors on
fluctuations in volumetric water contents of fine and coarse grained subgrades in a wet freeze and wet no-
freeze climates.

The research also includes the development of a model for predicting the site-specific net
evapotranspiration (Net ET) which uses the Penman-Monteith method. The proposed model predicts the
Net ET as a nonlinear function of climatic factors. The Net ET model accounts for both condensation and
evapotranspiration.

The QE Model may be incorporated into EICM and MEPDG to account for the impact of climatic

factors on water and heat transfer, and the resilient moduli of subgrades. Incorporating the QE Model into
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EICM and MEPDG facilitates the design and construction of more economical pavement structures with
improved performance and increased service life.

The QE Model, Net ET Model and the frameworks used for the development of the models are
applicable for use in unsaturated geotechnics which include pavement geotechnics and geotechnical
engineering applications for roadway and railway engineering, and analyses of soil cover systems. The QE

Model also makes a significant and innovative contribution to the overall engineering practice.

1.6 Research Objective
The primary objective of this research is to investigate the influence of changes in climatic factors on
changes in water transfer and volumetric water contents within subgrades. The investigation focuses on the
impact of land climate interaction (LCI) on water and heat transfer within subgrades. The specific objective
is achieved by developing a Quantitative Empirical Model (the QE Model) which represents an LCI surface
boundary condition. The QE Model account for the impact of changes in precipitation, air temperature, net
solar radiation, wind speed, relative humidity, and evapotranspiration on changes in volumetric water
contents within subgrades.

It is intended that the QE Model would be incorporated into EICM for improving EICM and MEPDG
to account for the impact of climatic factors on in-situ volumetric water contents and resilient moduli of

subgrades.

1.7 Research Hypotheses
It is assumed that LCI influences changes in volumetric water contents within subgrades including for cases
where wearing courses (on traffic lanes and shoulders) are impervious (or have no cracks) and the static
water table is at significant depth. It is also assumed that changes in volumetric water contents within
subgrades are influenced by changes in precipitation, air temperature, net solar radiation, wind speed,
relative humidity, and evapotranspiration (climatic factors). It is also assumed that changes in volumetric
water contents within subgrades are primarily influenced by changes in precipitation and air temperature.

It is assumed that a Quantitative Empirical Model (the QE Model) representing LCI surface
boundary conditions can be developed to account for the influence of changes in climatic factors on changes
in volumetric water content within subgrades. It is also assumed that the QE Model is more accurate than
EICM in simulating in-situ volumetric water contents for use in calculating the time and depth dependent
composite environmental adjustment factor (Fen). It is also assumed that the QE Model can be incorporated
into EICM and MEPDG to facilitate EICM and MEPDG accounting for climatic factors.

Research hypotheses were tested by simulating changes in in-situ volumetric water contents within

subgrades using the QE Model. The simulated in-situ volumetric water contents were superimposed against
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the measured in-situ volumetric water contents to verify the accuracy of the QE Model in predicting in-situ
water and heat transfer within subgrades. The accuracy of the QE Model was also verified using the
coefficient of determination (R?) analysis between the simulated in-situ volumetric water contents and the
measured in-situ volumetric water contents.

The research hypotheses were also tested by incorporating the QE Model into the modified Fen and
Mg equations developed as part of this research. The Fen, and Mg values were calculated using in-situ
volumetric water contents simulated using the QE Model and EICM (the simulated Fen and Mg values). Fen
and Mg values were also calculated using the measured in-situ volumetric water contents (the measured Feny
and Mg values). The simulated Fe, and Mg values were compared to the measured Fe, and Mg values to
verify the accuracy of the QE Model and EICM in simulating the influence of changes in climatic factors
on fluctuations in Fenv and resilient moduli of subgrades.

A Two-tailed F-test was conducted to evaluate the accuracy of the QE Model against the accuracy
of EICM. The Two-tailed F-test was also conducted to evaluate the suitability of the in-situ volumetric water
contents simulated using the QE Model and EICM for calculating the Fen and the in-situ Mg of subgrades.
The Two-tailed F-test was conducted using the simulated Fen values obtained using the QE Model output

and the simulated Feny values obtained using the EICM output.

1.8 Overview of the Research Methodology, Results and Analyses

The research investigates the impact of water and heat transfer on volumetric water contents within
subgrades by incorporating a water balance approach which is influenced by climatic factors. The research
also investigates the impact of climate-induced fluctuations in in-situ water contents on fluctuations in in-
situ resilient moduli of subgrades.

The research uses finite element analysis (FEA) modeling, statistical analyses and mathematical
computations to develop a Quantitative Empirical Model (the QE Model) which accounts for the influence
of climatic factors on water and heat transfer within subgrades. The research also develops modifications to
the existing equations which are used in the current version of EICM and MEPDG which include the
composite environmental adjustment factor (Fen) and resilient modulus (Mg) of the subgrade. The
modifications to the Feny and Mg equations are achieved by incorporating the QE Model into the Fe, and
Mg equations to account for the influence of climatic factors on water contents and resilient moduli of
subgrades. The research also proposes a model for predicting the site-specific net evapotranspiration (Net
ET) which applies the Penman-Monteith method. The proposed model predicts changes in Net ET as a
nonlinear function of changes in climatic factors {Net ET (AA)}

The research uses statistical analyses for evaluating the accuracy of the QE Model in predicting the

influence of climatic factors on volumetric water contents within fine-grained and coarse-grained subgrades
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in various climates. The research also verifies the accuracy of the QE Model by comparing the volumetric
water contents which are predicted using the QE Model (the simulated volumetric water contents) to the
measured in-situ volumetric water contents. The accuracy of the QE Model was also verified by comparing
the Fenv and Mg values which are calculated using the simulated in-situ volumetric water contents, to the
Fenv and Mg values calculated using the measured in-situ volumetric water contents for sites in various
climates.

The research findings show that resilient moduli of subgrades are influenced by fluctuations in in-
situ water contents. An increase in the in-situ water content causes a decrease in the in-situ resilient modulus
of the subgrade. The reduction in resilient moduli of subgrades results in higher deformation, more distress,
lower performance and shorter service life of pavement structures. The results of the evaluation processes
indicate that the QE Model accurately predicts the influence of climatic factors on fluctuations in the water
and heat transfer within subgrades. The data also show that the QE Model is more accurate than the current
version of EICM and MEPDG in predicting the impact of climatic factors on in-situ volumetric water
contents within fine-grained and coarse-grained subgrades in different climates. The data also show that in-
situ volumetric water contents predicted using the QE Model are more suitable for calculating the impact of
climatic factors on the Fen and Mg of subgrades than the in-situ volumetric water contents predicted using
the current version of EICM and MEPDG.

1.9 Research Deliverables

The research deliverables include a Ph.D dissertation and up to four journal papers as listed below:

1. An in-depth review of limitations in EICM and MEPDG in predicting the impact of climatic factors and
LCI on water and heat transfer within subgrades;

2. The influence of climatic factors on water and heat transfer within subgrades using LCI-based numerical
modeling;

3. A Quantitative Empirical Model incorporating the influence of climatic factors on water and heat transfer
within subgrades in various climates; and

4. Incorporating a Quantitative Empirical Model into EICM and MEPDG to account for the influence of

climatic factors on water and heat transfer, and resilient moduli of subgrades.

1.10 Organization of the Dissertation

This dissertation comprises eight chapters. Chapter 1 provides an overview of the primary strength of the
Mechanistic Empirical Pavement Design Guide (MEPDG) and the Enhanced Integrated Climate Model
(EICM) in predicting the in-situ water and heat transfer and performance of pavement structures. Chapter 1

also provides background details on the MEPDG which include the pertinent features of the current version
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of MEPDG and the EICM. Chapter 1 also provides an overview of the Long-term Pavement Performance
(LTPP) program and the Seasonal Monitoring Program (SMP) implemented to support the development
and local calibration of MEPDG. Chapter 1 also provides details of problems caused by EICM predicting
the in-situ water and heat transfer within subgrades poorly. The Chapter provides details of the significance
of the research and contribution made by the research to the engineering practice. The Chapter also provides
details of the research objectives and research hypothesis. The Chapter concludes by providing an overview
of the research methodology, analyses and results, by providing a list of research deliverables and by
providing a summary of the organization of the dissertation.

Chapter 2 presents an overview of unsaturated soil mechanics and its application in the compacted
fill materials used for the design and construction of pavement structures. The Chapter also provides details
of the pertinent principles governing water and heat transfer in unsaturated subgrades (one of the objectives
of this study). The Chapter also provides details of the principles governing the influence of climatic factors
on in-situ water and heat transfer, the resilient modulus and pavement performance. The Chapter also
provides details of the primary differences between seasonal changes in climatic factors and climate change.
Chapter 2 also provides details of principles governing the finite element analysis (FEA) modeling of water
and heat transfer in unsaturated subgrades. The Chapter also provides details of the application of the surface
mass balance and LCI (a primary component of this study). Chapter 2 also provides details of the primary
LCI processes which include details of evapotranspiration (which is represented by the Penman-Monteith
equation), heat conduction, and heat convection (natural and forced convection with water transfer). This
chapter also provides details of the principles governing the boundary conditions used in the FEA modeling
of water and heat transfer which form part of this study.

Chapter 3 provides an overview of the procedures used for designing and constructing traditional
flexible and rigid pavement structures, and the framework used for designing economical and sustainable
pavement structures. Chapter 3 also provides details on the primary features of MEPDG and EICM. The
Chapter provides a discussion of the application of the composite environmental adjustment factor (Fen)
incorporated into EICM. The Fen account for the influence of the climate and environment on resilient
moduli of subgrades. The Chapter also provides an overview of the impact of changes in volumetric water
contents and stress state within pavement materials on resilient moduli and shear strengths of pavement
materials, and their impact on pavement performance. Chapter 3 also presents the primary features of the
current version of EICM and include the model components which form part of EICM. Chapter 3 also
provides details of the primary limitations in EICM in predicting in-situ water and heat transfer within
subgrades. The Chapter also provides a summary of studies conducted to evaluate, calibrate and validate
EICM in predicting in-situ water and heat transfer within subgrades in different climates. The Chapter also

provides detailed analyses of the studies conducted to calibrate and validate EICM which are also used for
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evaluating the accuracy of the QE Model in predicting in-situ water and heat transfer within subgrades at
selected sites in different climates. Chapter 3 also provides a detailed analytical summary of studies
highlighting the primary limitations in EICM. The Chapter also provides a summary of EICM’s primary
limitations which are mitigated by the QE Model.

Chapter 4 presents a flow chart showing tasks conducted for the development and for evaluating
the accuracy of the transient water and heat transfer models of the two pavement sections. The Chapter
presents details of sources of the in-situ monitoring data including pavement cross sections, material
properties, in-situ volumetric water contents, and depths to the water table. The Chapter also provides the
input parameters used for the water and heat transfer FEA modeling. Chapter 4 also presents the
methodology used for the development of the LCI boundary conditions used in the FEA modeling. Chapter
4 also provides the methodology used for the development, calibrating and for evaluating the accuracy of
the 1-D and 2-D transient water and heat transfer FEA models. The 1-D and 2-D transient water and heat
transfer FEA modeling was conducted to investigate the influence of changes in climatic factors and LCI
on water and heat transfer within unsaturated subgrades. The Chapter provides analyses of the 1-D and 2-D
water and heat transfer FEA modeling output. The Chapter also provides analyses of the spatial distribution
of volumetric water contents. Chapter 4 also provides details of the analysis of the impact of changes in
climatic factors on lag times. Lag times are associated with changes in climatic factors and the response
time of changes in volumetric water contents within subgrades.

Chapter 5 provides details of statistical analyses conducted to evaluate the accuracy of the FEA
models, to evaluate the relationship between in-situ climatic factors and volumetric water contents, to
formulate the general form equation for the QE Model and to evaluate the accuracy of the QE Model. The
statistical analyses were conducted using XLSTAT statistical software. The software was published by
ADDINSOFT which is located in Paris, France. The Chapter presents statistical analyses including
correlation testing used to evaluate the inter-relationships between climatic factors. The correlation testing
was also used to determine the extent to which changes in climatic factors influence changes in in-situ
volumetric water contents within subgrades. The statistical correlation testing was conducted using the
correlation coefficient (R) value. The “R” values are used for evaluating the relationship between changes
in climatic factors and changes in in-situ volumetric water contents to determine the influence of changes
in climatic factors on water and heat transfer within subgrades. Chapter 5 also presents the correlation of
determination (R?) analysis conducted to determine the correlation between in-situ volumetric water
contents and volumetric water contents obtained from the 1-D and 2-D water and heat transfer FEA
modeling output. The “R?** analysis is used for calibrating and for evaluating the accuracy of the 1-D and 2-
D FEA models. The Chapter also presents the R? analysis conducted to evaluate the accuracy of the QE

Model and EICM in predicting in-situ volumetric water contents, and their suitability for use in calculating
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the Fenv. The analysis was conducted by comparing the Feny values calculated using volumetric water
contents obtained from the QE Model and EICM with Feny values calculated using the measured in-situ
volumetric water contents. The Chapter also provides details of the two-tailed F-test statistics used to
determine which climatic factors produced the best fitting climatic factors dataset for developing the QE
Model. The statistical analysis was conducted using the partial F-test. Chapter 5 also provides details of the
F-test statistics used for conducting a comparison between the exponential, sin and power functions to
determine the best fitting function for use as the general form equation for the QE Model. The Chapter also
provides the F-test statistics used for evaluating statistical correlations and statistical significance between
the function parameters (P;) and the system dependent properties of the subgrade (X;) which are represented
by P1 and X1, P2 and Xz, and P3 and Xs.

Chapter 6 provides an overview of the inter-relationships between climatic factors and volumetric
water contents within subgrades. The Chapter provides a background on the hydrological cycle and the
pertinent climatic processes that impact changes in water and heat transfer within subgrades. The Chapter
also provides a discussion of the background on climatic factors and LCI. The Chapter also provides a
background on nonlinear regression and its application in the development of models used for predicting
the impact of climatic factors on water and heat transfer within subgrades. Chapter 6 also provides the
methodology used for the development of the QE Model for predicting the impact of changes in climatic
factors on changes in water and heat transfer within subgrades. The details provided include the method
used for formulating the pertinent climatic factors incorporated into the QE Model. The Chapter also
provides details of the nonlinear regression conducted to evaluate the statistical relationship between
volumetric water contents within subgrades and climatic factors. The Chapter also provides the
methodology used for the development and selection of the general form of the equation used for the
formulation of the QE Model. Chapter 6 also provides details of the mathematical formulations which
include the integration used for the development of the QE Model. The Chapter also provides the
methodology used for incorporating the system dependent properties of subgrades into the f-functions
incorporated into the QE Model. Chapter 6 also provides a summary of the QE Model and input parameters.
Chapter 6 also provides details of the application of the QE Model in the engineering practice. The Chapter
also provides details of the modified composite environmental adjustment factor (the Fenvce model). The
Fenver model is developed for incorporating the impact of climatic factors into resilient moduli and
performance evaluation of subgrades. Chapter 6 also provides details of the modified resilient modulus of
the subgrade (Mgrcr) Which is developed to account for the impact of climatic factors on the pavement
response and performance.

Chapter 7 provides background on the methodology used for developing the QE Model, the primary

features and application of the model. Chapter 7 also provides the strategy implemented for evaluating the
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accuracy of the QE Model. The Chapter provides details of data sources, locations of the sites, and details
of the pavement sections used for evaluating the accuracy of the model. The Chapter also provides details
of the nine tasks conducted for evaluating the accuracy of the QE Model (determined input data, obtained
input climatic factors, calculate and review the accuracy of the measured in-situ volumetric water contents,
predict in-situ volumetric water contents using the QE Model, evaluate the accuracy of the QE Model,
compared the QE Model output to the EICM output, compared the Fenv calculated using the QE Model
output to the Fenv calculated using the measured in-situ volumetric water contents, evaluated the trends in
volumetric water contents and evaluated the accuracy of the QE Model and EICM using statistical analyses).
The accuracy of the QE Model was evaluated by comparing predicted volumetric water contents calculated
using the model to the measured in-situ volumetric water contents. The accuracy of the QE Model was also
evaluated against EICM by comparing Fenv Values calculated using the predicted volumetric water contents
which were calculated using the model and EICM to Fen values calculated using the measured in-situ
volumetric water contents. The accuracy of the QE Model was also evaluated against EICM by comparing
resilient moduli values which were calculated using the Fen values calculated using volumetric water
contents predicted using the QE Model (Mrce) to the resilient moduli values which were calculated using
the Feny Values calculated using volumetric water contents predicted using EICM (Mg). The Mgcr and Mg
values were compared to the measured in-situ resilient moduli values. Chapter 7 also provides a summary
of the evaluation process, limitations in EICM mitigated by the QE Model, and details of primary features
of the QE Model. The Chapter also provides details of the contribution of the QE Model to improving EICM
and MEPDG to account for the impact of climatic factors on water and heat transfer, resilient moduli of
subgrades, pavement performance and service life.

Chapter 8 provides background details of the literature review which was conducted to delineate
limitations in EICM in predicting the in-situ water and heat transfer within subgrades. The Chapter provides
a brief summary of the study’s problem statement, research objectives, and research methodology used for
conducting the FEA modeling and the development of the QE Model. The Chapter also provides a summary
of the methodology used for the verification of the QE Model.

Chapter 8 also provides a summary of tasks conducted for verifying the accuracy of the QE Model
in predicting in-situ water and heat transfer within subgrades due to climatic factors. The Chapter also
provides a summary of tasks conducted for verifying the accuracy of the QE Model vs the accuracy of EICM
in predicting in-situ water and heat transfer and in-situ resilient moduli of subgrades.

The Chapter also provides a conclusion which includes the potential for incorporating the QE Model
into EICM and MEPDG. The conclusion includes the contribution of the QE Model in improving EICM
and MEPDG for the design and construction of more economical pavement structures. The conclusion also

includes the primary research findings, the primary features of and accuracy of the QE Model in predicting
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the impact of climatic factors on the in-situ water and heat transfer within subgrades. The conclusion also
provides a summary of the primary limitations in EICM which are mitigated by the QE Model.

The Chapter also provides recommendations for further research to investigate the impact of
climatic factors on the in-situ water and heat transfer within different types of subgrades and in different

climates. Chapter 8 also provides recommendation for improving the water contents prediction model used
in EICM.
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Chapter 2 The Impact of Climatic Factors on Water and Heat

Transfer Processes in Unsaturated Subgrades

2.1 Introduction
Chapter 2 provides an overview of unsaturated soil mechanics which form the governing principles for the
compacted fill materials used in the design and construction of pavement structures. The Chapter also
provides an overview of the climate and the impact of climatic factors on water and heat transfer, the resilient
modulus and performance of pavement structures (one of the objectives of this study). Chapter 2 also
provides details which describe the primary differences between variations in seasonal climatic factors and
climate change.

Chapter 2 also provides pertinent details of the principles governing the finite element analysis
(FEA) modeling of water and heat transfer in unsaturated subgrades including the application of the surface
mass balance and the land climate interaction (LCI) which form a primary component of this study. The
primary LCI processes presented in this chapter are the details of water and heat transfer processes including
evapotranspiration (which is represented by the Penman-Monteith equation), heat conduction, and heat
convection including natural and forced convection with water transfer. This Chapter also provides details
of the principles governing the boundary conditions used in the FEA modeling of water and heat transfer

within pavement structures which form part of this study.

2.2 Mechanism of Water Transfer in Unsaturated Subgrades

The seepage, shear strength and volume change are the primary constitutive characteristics of saturated soil
mechanics. These constitutive relationships form the basis for unsaturated soil mechanics in addition to the
matric suction which is a stress state associated with unsaturated soils (Han, et al. 2016; Laloui 2013;
Vanapalli, and Oh 2011; Ravichandran, and Krishnapillai 2011; Fredlund 2006; Nimmo 2005; Vanapalli,
et al. 1999; Vanapalli, et al. 1998; Sillers 1997; Fredlund, and Xing 1994; Alonso, and Delage 1996). The
constitutive characteristics of saturated and unsaturated soil mechanics are also applicable to the
mechanisms which influence water and heat transfer in pavement materials. The water transfer within
pavement structures is also influenced by the water characteristics curve (SWCC) which represents the
relationship between the matric suction and the water content of the material (Han, and Vanapalli 2015;
Vanapalli, and Han 2014; Rosenbalm, and Zapata 2013; Khoury, et al. 2011; Khoury, et al. 2010; Kim, and
Siddiki 2006; Oloo, et al. 1997). The SWCC is typically used to describe the pavement response in various
environments and water contents. The SWCC also accounts for the influence of increased water content on

the resilient modulus, shear strength and bearing capacity of pavement subgrades (Han, et al. 2016; Han,
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and Vanapalli 2015; Vanapalli, and Han 2014; Rosenbalm, and Zapata 2013; Khoury, et al. 2011; Khoury,
et al. 2010; Kim, and Siddiki 2006; Oloo, et al. 1997).

The most commonly used SWCC models include the Gardner’s (1958) model which is assessed as
continuous and simplistic. Gardner’s model consists of parameters a and n which represent the inverse of
the air entry value (AEV) and pore size respectively. The primary limitation of the Gardner model is that it
inaccurately represents the SWCC at or near the saturation condition (Song, et al. 2013).

The Brooks and Cory (1964) model is based on a power function with parameters h, and A which
are associated with the AEV and pore size distribution respectively. The primary limitation of the Brooks
and Corey (1964) model is that the mathematical function is not continuous over the entire soil suction range
which is typically assessed as 0 to 10° kPa.

The van Genuchten (1980) model is based on parameters «, n and m which are associated with the
inverse of the AEV, the pore size distribution and the model asymmetry respectively. The primary
advantages of the van Genuchten (1980) model are that the model facilitates a continuous relationship for
unsaturated conditions and accurately characterizes the SWCC. The van Genuchten (1980) model presented
in Eqg. 2.1 and Eq. 2.2 was used for conducting the water and heat transfer finite element analysis (FEA)
modeling which forms part of this study (GeoSlope 2020; van Genuchten 1980).

The Fredlund, and Xing (1994) model presented in Eq. 2.3 and Eqg. 2.4 represents a wide range of
soil types particularly in the high suction ranges. This model addresses the primary limitations of the Brooks,
and Corey (1964) model which does not represent soils over the full range of soil matric suction. The Brooks,
and Corey (1964) model also neglects soil water contents at soil matric suction values less than the air-entry
value. In Eq. 2.3, the relationship represented by the function in Eq. 2.4 is a correction function which results
in the SWCC accounting for a soil matric suction value of 1x10° kPa which corresponds to a water content
value of zero. Eq. 2.3 and Eq. 2.4 are incorporated into EICM and are used in MEPDG to determine the
volumetric water contents within subgrades. The Fredlund, and Xing (1994) model has limitations which
result in the model predicting in-situ water contents poorly. The limitations in the Fredlund, and Xing (1994)
model include the model neglecting the impact of climatic factors on water and heat transfer, neglects
fluctuations in the in-situ water contents and predicts the in-situ SWCC poorly (Hall, et al. 2013, McCartney,
et al. 2010; Drumm and Meier 2003).

- _OsarOres
O = s + (ro=s) (2.1)

m= (1——) (2.2)
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6y = Volumetric water content; &es= Residual volumetric water content; .= Saturated volumetric water
content; y = Soil suction; a” = 1/a = Parameter related to shape of SWCC and air-entry value (a); n =
Parameter related to the slope at inflection point on SWCC; m = Parameter related to shape of SWCC and

residual water content.

=058 ot -

) (2.4)

&y = Volumetric water content; & = Saturated volumetric water content; y = Soil suction; a = Soil parameter

ln(1+%)

n—_—

Cr

related to air-entry value of soil; n = Soil parameter related to slope at inflection point on SWCC; m = Soil
parameter related to residual water content of soil; e = Natural number which equals to 2.71828; and C, =
Residual matric suction.

Pavement structures are typically constructed within the unsaturated zone located above the
groundwater table. Within the unsaturated zone, the water transfer is influenced by the soil texture, soil
structure and transient water contents which result in variations in water contents within pavement structures
over time. The variations in water contents result in changes in the hydraulic conductivity of the pavement
materials (Han, and Vanapalli 2015; Vanapalli, and Han 2014; Rosenbalm, and Zapata 2013; Price, et al.
2000; Vanapalli, et al. 1999; Khoury, et al. 2011; Khoury, et al. 2010; Kim, and Siddiki 2006; Oloo, et al.
1997). One of the primary characteristics of unsaturated pavement materials is the air entry value which is
the matric suction value corresponding to the water content below which the materials start to desaturate
(Khoury, et al. 2010; Nimmo 2005; Drumm and Meier 2003). The water and heat transfer within pavement
structures is influenced by capillary rise due to shallow groundwater table which is the primary mechanism
of water transfer accounted for in EICM (Khoury, et al. 2010; McCartney, et al. 2010; Drumm and Meier
2003).

The water transfer in unsaturated pavement material layers consists of liquid water and water vapour
transfer. The water vapour transfer is influenced by diffusion due to a temperature gradient, while the liquid
water transfer is influenced by adsorbed water and isothermal water transfer (McCartney, et al. 2010; Tuller,
and Or 2002; Ovik, et al. 2000; Kosmas, et al. 1998; Philip 1958; Philip 1957b and 1957h). The thermal
properties of the pavement materials including the thermal conductivity, volumetric heat capacity and
thermal diffusivity are influenced by the volumetric water content (Roxy, et al. 2014; O’Donnell, et al. 2009;

Kasubuchi 1975). The FEA modeling which forms part of this study incorporated these relationships to
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improve the accuracy of the water and heat transfer FEA modeling of the pavement sections (GeoSlope
2020; GeoSlope 2012).

The performance of unsaturated subgrades is influenced by changes in the post construction water
contents due to variations in climatic factors (Perez-Garcia, et al. 2016). These changes in water contents
are associated with changes in water contents from the initial compaction water content, variations in water
contents due to freezing and thawing, fluctuations in water contents due to infiltration through the surface
cracks and fluctuations in the groundwater elevation (Perez-Garcia, et al. 2016; Houston, et al. 2006;
Witczak, et al. 2006). Changes in water contents from the initial compaction water content to the equilibrium
water content, and freezing and thawing have the most influence on resilient moduli of subgrades (Houston,
et al. 2006; Witczak, et al. 2000).

Although the current version of EICM has an overreliance on infiltration through surface cracks,
studies have indicated that the infiltration through surface cracks has minimal influence on seasonal
fluctuations in water contents and resilient moduli of subgrades (Houston, et al. 2006; Witczak, et al. 2006).
Studies have also indicated that the infiltration of water through pavement structures is complex and that
the use of edge drainage systems has proven unsuccessful in mitigating the impact of infiltration on the
changes in the water content and resilient modulus of subgrades (Perez-Garcia, et al. 2016; Houston, et al.
2006; Birgisson, and Roberson 2000; Basma, and Al-Suleiman 1991).

The water contents within soil structures are typically evaluated using state variables including soil
water contents, soil suction, and seepage analyses. Water contents and seepage analyses are used in this
study due to the simplicity in measuring and simulating changes in water contents and seepage over time
(Marr, et al. 2004; Briaud, et al. 2003). The assessment of water contents is based on the movement of the
wetting front which is influenced by changes in climatic factors which are represented by LCI boundary
conditions. LCI boundary conditions account for precipitation, infiltration, surface water runoff and
ponding, actual evaporation, and transpiration (Bulut, and Javid 2019; Thode, and Gitiriana 2008; Overton,
et al. 2006; Fredlund, and Gitirana Jr. 2005; Marr, et al. 2004; Briaud, et al. 2003; Tuller, and Or 2002;
Fredlund, and Hang 2001; Pufahl, and Lytton 1991).

2.3 Impact of Climatic Factors on Water and Heat Transfer and the Resilient Modulus

The climate is associated with the average of climatic factors including precipitation, air temperature,
humidity, sunshine and wind speed (climatic factors) in a specific region over a long-term period. Climate
change is associated with the long-term changes in the climatic factors sustained over a long time period.
Climate change may be due to natural factors including long-term changes in the solar cycle or may be
induced by human activities including the use of fossil fuels which generate greenhouse gas emission

including carbon dioxide, methane and water vapour. An increase in the greenhouse gas emissions creates
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a blanketing effect of the earth’s atmosphere which traps heat near the land surface resulting in increased
air temperatures, increased land surface temperatures and associated changes in the hydrological cycle
(IPCC 2007; NASA 2005).

The performance of pavement structures is directly influenced by the resilient modulus of each
unbound material and forms the basis for characterizing the strength of subgrades. The resilient moduli of
subgrades are influenced by seasonal changes in climatic factors and typically fluctuate seasonally due to
changes in subgrades water contents (Perez-Garcia, et al. 2016; Bulut, et al. 2013; Khoury, et al. 2011;
Khoury, et al. 2010). Climatic factors directly impact infiltration characteristics, water contents and
associated material properties, mechanistic response and performance of subgrades (Perez-Garcia, et al.
2016; Modeste, et al. 2015; Khoury, et al. 2010; Zapata, and Houston 2008; Zapata, et al. 2007, Ovik, et al
2000). To improve the climate resilience of pavement structures, it has been deemed necessary to better
understand the climatic factors which influence the mechanical response of pavement structures (Perez-
Garcia, et al. 2016; United Nations Economic Commission for Europe 2013; Khoury, et al. 2010; Zapata,
and Houston 2008; Zapata, et al. 2007, Ovik, et al 2000).

Studies have indicated that the impact of climatic factors on the performance of transportation
infrastructure have a direct impact on the economy. There are significant costs for upgrading existing and
for implementing new infrastructure so that the infrastructure can safely withstand and mitigate the impact
of climatic factors. Hence, the impact of climatic factors should be incorporated in the short-term and long-
term investment decisions for implementing transportation infrastructure (Todd 2014; Weisbrod, and Reno
2009; National Research Council 2008). It is necessary to consider the cost of implementing climate resilient
infrastructure relative to the cost of reduced performance or failure of infrastructure inundated by events
induced by changes in climatic factors (Li, et al. 2011; National Research Council 2008).

Studies have indicated that climatic factors directly impact the water and heat transfer and resilient
moduli of subgrades (one of the primary objectives of this study). These climatic factors and the
environmental conditions have a direct impact on water and heat transfer, the resilient modulus of the
unbound materials and the performance of pavement structures. In addition to the climate and environment,
the resilient modulus of each unbound material is influenced by the soil type, compaction method, stress
state, and water contents. Precipitation induced increase in water contents of unbound layers results in a
decrease in resilient moduli of subgrades (Gudipudi, et al. 2017; Han, et al 2016; Li, et al. 2011; Bayomy,
and Salem 2005; Ovik, et al. 2000; Hein, and Jung 1994; Benson, and Othman 1993; Mahoney, et al. 1988;
Lary, and Mahoney 1984).

Studies have noted that fluctuations in precipitation result in corresponding fluctuations in water
contents of Clay subgrades as shown in Figure 2.1. The analysis of the data shown in Figure 2.1 also

indicated that changes in water contents of subgrades at shallow depths respond more quickly to changes in
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precipitation (shorter lag times) relative to the response of changes in water contents of subgrades at lower
depths to changes in precipitation (Thiam, et al. 2013). Irrespective of the reference depth within subgrades,
studies have shown that lag times between precipitation event and changes in water contents of subgrades.
During unfrozen conditions, reductions in resilient moduli of Silt and clayey Sand subgrades are primarily
due to increases in precipitation induced water contents as shown in Figure 2.2. The analysis of the data
presented in Figure 2.2 indicated that the impact of precipitation on changes in water contents and resilient
moduli of unbound materials is influenced by the rate of infiltration. The rate of infiltration is influenced by
the time and depth dependent hydraulic properties of materials which vary with the soil type (Bayomy, and
Salem 2005).

Studies have also indicated that the impact of climatic factors and the environment on the water and
heat transfer within pavement structures is also influenced by the geometric design characteristics and
drainage system in pavement structures (Mohammad 2021; Guyer 2018; Vanek, et al. 2014; Ovik, et al.
2000; Lytton, et al. 1993).
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Figure 2.1: Precipitation vs. volumetric water content within Clay subgrade (Thiam, et al. 2013)
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Figure 2.2: Water content vs. resilient modulus of the subgrade (Bayomy, and Salem 2005)

Studies have indicated that air temperature influences the temperature profile within the pavement
structure which impacts water contents, the hydraulic and mechanical properties of unbound materials.
Temperature changes result in unfrozen conditions during the summer, fall and spring, and frozen conditions
during the winter. The resilient moduli of unbound materials are highest during freezing conditions, while
resilient moduli of unbound materials decrease significantly during thawing due to increased water contents
during thaw conditions (Gudipudi, et al. 2017; Ovik, et al. 2000; Lary, and Mahoney 1984). Hydraulic and

mechanical properties of unbound materials are further impacted by freeze and thaw cycles due to

Month

(b). Flexible pavement with fine clayey Sand (A-6) subgrade
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temperature fluctuations. Freeze and thaw cycles result in micro-fissures which develop in unbound
materials resulting in an increase in hydraulic conductivity and increases water contents (Domitrovi¢, et al.
2019; Badeli, et al. 2018; McCartney, et al. 2010; Henry, et al. 2005; Houston, et al. 2006; Lary, and
Mahoney 1984).

Studies have indicated that an increase in the air temperature and precipitation result in increased
pavement distress. Asphalt concrete (AC) wearing courses used in flexible pavement structures are more
sensitive to changes in air temperature. Changes in air temperature also impact the stability of AC wearing
courses and rut depths within AC wearing courses. Resilient moduli of AC wearing courses are at minimum
values during the summer when air temperatures are highest, and are at maximum values during freezing
conditions as shown in Figure 2.3 (Domitrovi¢, et al. 2019; Badeli, et al. 2018; Ovik, et al. 2000).

Temperature gradients between the surface and bottom of Portland cement concrete (PCC) wearing
courses used in rigid pavement structures result in curling stress in PCC wearing courses. The curling stress
is due to compression at the cooler surface and expansion at the warmer bottom section of the PCC wearing
course. An increase in precipitation may result in the presence of excess pore water at the interface of PCC
wearing courses and underlying base courses. This excess pore water causes pumping, faulting and
structural failure of PCC wearing courses. The structural failure of PCC wearing courses is also due to frost
heaving caused by freeze and thaw cycles (Luo, et al. 2022; Gudipudi, et al. 2017; Ovik et al. 2000).

Mg, MPa

Temperature, °C

Figure 2.3: Resilient modulus of AC wearing course vs temperature (Ovik et al. 2000)
2.4 Modeling the Impact of LCI on Water and Heat Transfer in Unsaturated Subgrades
As discussed previously, water and heat transfer FEA modeling were conducted as part of this study to

investigate the impact of climatic factors on water and heat transfer within subgrades and the impact on
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resilient moduli of subgrades. The impact of climatic factors was represented by LCI boundary conditions
in the FEA modeling.

LCI boundary conditions represent precipitation, air temperature, net solar radiation, and
evapotranspiration in addition to infiltration and runoff. LCI boundary conditions incorporated in the 2-D
FEA modeling were represented by the net infiltration and the surface temperature. LCI boundary conditions
incorporated in this study are based on the surface mass balance equation presented in Eg. 2.5 (Bryce, et al.
2021; GeoSlope 2020; Rivera-Hernandez, et al. 2019; Huang, et al. 2015; Bulut, et al. 2014; Jiji 2009;
Incropera, et al. 2007; Gitirana Jr, et al. 2006; Gitirana Jr, et al. 2005; Yang, et al. 1998; Newman 1995;
Farouki 1987; de Vries 1975). The FEA modeling accounted for liquid water and water vapour transfer, and
the influence of changes in water contents on the hydraulic conductivity of the subgrade. The FEA modeling
also accounted for the heat transfer due to heat conduction, heat radiation, heat convection consisting of
natural and forced convection with water transfer, evaporation, and condensation (Bryce, et al. 2021,
GeoSlope 2020; Bulut, et al. 2014; Bulut, et al. 2013; Ravichandran, and Krishnapillai 2011; Jiji 2009;
Incropera, et al. 2007; Gitirana Jr, et al. 2006; Yang, et al. 1998; Newman 1995; Farouki 1981; Johansen
1975; de Vries 1975).

(gp + qu) cosa + qg + qr = q; (2.5)
gp = Rainfall flux, gu = Snowmelt flux, Cos « = Angle for converting g, and gn to a normal to the interface
boundary, ge = Evaporation flux, gz = Runoff flux, and q, = infiltration flux.

The FEA modeling incorporated potential evapotranspiration using the Penman-Monteith equation
presented in Eq. 2.6 to Eq. 2.8 (Allen, et al. 1998). These equations account for the energy balance which is
represented by radiation, aerodynamic processes and water vapour transfer to the atmosphere above the crop
canopy which is influence by the aerodynamic resistance. The evapotranspiration controls the water transfer
from the pavement structure and adjacent vegetation to the atmosphere through evaporation and
transpiration (GeoSlope 2020; Vinnikov, et al. 1999; Allen, et al. 1998; van den Honert 1948).
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fe = (o.srLlAI) - (02.21(321) (2.8)

geer = Potential evapotranspiration flux (mm/day); hy = Latent heat of vaporization (MJ/kg); g, = Net

radiation (MJ/mZ/day); gy = Ground heat flux (MJ/mzlday); 2= Mean air density in the atmosphere (kg/m3);

Csa = Specific heat of moist air (MJ/kg °C); P30 — p® = Vapour pressure deficit (kPa); P%, = Saturated
vapour pressure at mean air temperature (kPa); p% = Actual vapour pressure of air at referenced height
(kPa); rc = Crop canopy bulk surface resistance (sec/m); ra = Aerodynamic resistance (sec/m); y =
Psychrometric constant = 0.0665 (kPa/°C); 7" = Slope of the saturation vapour pressure vs. temperature

curve (kPa/°C); u = Wind speed (m/sec); k = von Karman’s constant = 0.41; Z s = Measured height of

wind, humidity, and temperature; d = Zero-plane displacement height of wind profile = (0.6666 X Zc); Zom
= Surface roughness height for momentum flux = (0.123 x Z); Zon = Surface roughness height for heat and

vapour flux = (0.1 X Zom); Zc = Crop height; r; = Bulk stomatal resistance of well-illuminated leaf = 100.

2.4.1 Boundary Conditions used in the Water and Heat Transfer FEA Modeling

This study consists of investigating the impact of climatic factors on water and heat transfer using FEA
modeling which was conducted using various boundary conditions. The land climate interaction (LCI) based
finite element analyses (FEA) modeling is dependent on the boundary conditions assigned to the FEA
model. The simulation of LCIl was represented by LCI boundary conditions which consists of two
components: evaluating the net infiltration at ground surface and evaluating the root water uptake (GeoSlope
2020; Franke, et al. 1987). The water transfer is simulated using natural boundary conditions and/or essential
boundary conditions which are further characterized as system dependent or system independent (GeoSlope
2020; Bulut, and Javid 2019; Franke, et al. 1987; Bear 1979; Neuman, et al. 1974).

LCl is assessed as a system dependent boundary condition where the potential fluxes are influenced
by the precipitation and evaporation, while the actual fluxes are dependent on the soil’s transient water
content. The surface runoff or surface water accumulation is produced when the rate of precipitation exceeds
the infiltration capacity of the soil. For such cases, the infiltration rate is dependent on the infiltration
capacity of the soils rather than the rate of precipitation. Natural boundary conditions are satisfied after the
problem solution is achieved, while the essential boundary conditions are applied explicitly on the domain.
Natural boundary conditions are typically used to simulate liquid water transfer influenced by LCI and
groundwater flow. The Neuman boundary conditions are natural boundary conditions which are represented
by the specified flux boundary conditions or the zero-flow boundary conditions. The specified flux boundary
condition represents the water flow rate across specified boundaries. The water flux boundary condition

represents a specific discharge of water into or out of the system and is applied normal to the system. The
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infiltration flux is a natural boundary condition which is typically applied to the surface in the two
dimensional (2-D) and three dimensional (3-D) FEA models (GeoSlope 2020; Rivera-Hernandez, et al.
2019; Bulut, and Javid 2019; Huang, et al. 2015; Franke, et al. 1987; Bear 1979; Neuman, et al. 1974). In
one dimensional (1-D) liquid water transfer modeling, it is assumed that infiltration through the ground
surface is eventually transferred to the deep groundwater system and is assessed as net percolation. For such
cases, the unit gradient boundary condition is used to represent the condition where the net percolation is
equal to the hydraulic conductivity at a constant negative porewater pressure. Hence, a unit gradient
boundary condition is typically applied at the bottom of 1-D FEA models (GeoSlope 2020; Geo-Slope
2015).

A zero-flow boundary condition is used for cases where the net flow rate is zero. It is assumed that a
zero-flow boundary condition applies where no boundary condition is applied (GeoSlope 2020; Rivera-
Hernandez, et al. 2019).

The essential boundary conditions are used for liquid water transfer influenced by the total head of
water on a system with a static water table and are associated with steady state flow. Dirichlet boundary
conditions are essential boundary conditions based on the constant head used in groundwater modeling. The
use of the essential boundary conditions are based on the assumption that the groundwater regime is
independent of the surface water flow (Bulut, and Javid 2019; Franke, et al. 1987; Bear 1979).

2.5 Summary

The current version of EICM incorporated in the Mechanistic Empirical Pavement Design Guide (MEPDG)
accounts for only liquid water and neglects water vapour transfer within the pavement structure. In addition,
the current version of EICM accounts for infiltration only through surface cracks and neglects LCI beyond

the pavement surface.
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Chapter 3 Pavement Design Processes and the Mechanistic
Empirical Pavement Design Guide (MEPDG)

3.1 Introduction

Chapter 3 presents an overview of the procedures used for the design and construction of traditional flexible
and rigid pavement structures. Chapter 3 also presents the framework for the design of economical and
sustainable pavement structures. Chapter 3 also provides details on the primary features of the Mechanistic
Empirical Pavement Design Guide (MEPDG) and the Enhanced Integrated Climate Model (EICM). The
discussion includes the environmental adjustment factor incorporated in EICM to account for the influence
of the climate and environment on the resilient modulus of subgrades. The Chapter also provides an
overview of the impact of changes in volumetric water contents and stress state within the pavement
materials on resilient moduli and shear strengths of pavement materials, and their impact on pavement
performance.

Chapter 3 presents the primary features of the current version of EICM including the model
components which form part of EICM and the primary limitations in EICM in predicting water and heat
transfer within subgrades. It provides a summary of studies conducted to evaluate, calibrate and validate
EICM in predicting water and heat transfer within subgrades in various climates.

The Chapter also provides detailed analyses of the studies conducted to calibrate and validate EICM
which are also used for evaluating the accuracy of the Quantitative Empirical Model (QE Model) in
predicting water and heat transfer within subgrades at selected sites in various climates. Chapter 3 also
provides a detailed analytical summary of studies highlighting the primary limitations in EICM. The Chapter

also provides a summary of EICM’s primary limitations which are mitigated by the QE Model.

3.2 Overview

Pavement structures are categorized as flexible or rigid. A flexible pavement typically consists of an asphalt
concrete (AC) layer as the wearing course underlain by a compacted granular base course, a granular
subbase and a subgrade layer. A rigid pavement typically consists of a Portland cement concrete (PCC) or
hydraulic cement concrete (HCC) layer as the wearing course placed on a compacted open graded drainage
layer (OGDL) or a granular base course. The base course or OGDL is underlain by a compacted granular
subbase layer placed over a compacted subgrade. The material layers are typically compacted in accordance
with the design specifications based on 95.0 % to 100.0 % of the standard proctor maximum dry density
(SPMDD). A typical cross section detail of a flexible pavement structure and a rigid pavement structure is
presented in Figure 3.1a and Figure 3.1b respectively (MTO 2013; TAC 1997).
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Figure 3.1: Conventional cross section details of: (a) flexible and (b) rigid pavement structures
(MTO 2013)

The pavement design process is typically implemented using project implementation criteria that
include defining the project scope, design specifications, construction and maintenance strategies. The
primary objective of the pavement design process is to develop an economical pavement cross section to
meet the expected serviceability and performance criteria (MTO 2013; TAC 1997). The design criteria used
to develop a design pavement cross section include evaluating site geology, engineering properties of
pavement materials, climatic factors, expected traffic loading, pavement performance, and economic
factors. The design criteria include the functional classification of road systems consisting of the following:

e Freeways: Consist of multiple lanes to facilitate free flow of traffic;
e Arterial roads: Consist of two or more lanes with restricted access;
e Collectors: Typically consist of two lanes to facilitate the flow of traffic and access to adjacent

properties; and

50



e Local roads: Typically consist of two lanes of traffic primarily to facilitate access to adjacent

properties and services within an adjacent community.

The functional classification of highways also includes differentiating between divided and
undivided highways. In divided highways, the directions of travel are typically separated by a median as
shown in Figure 3.2. Unlike a divided highway, the pavement structure in each direction of travel in an
undivided highway is not physically separated. The median on a divided highway may provide operational
benefits including providing areas for the storage of snow and for future lane expansion (Chiu, et al. 2017;
Vanek, et al. 2014; Gulliver, et al. 2014; Banks 2002). Although the pavement surface is relatively
impervious and facilitates minimal infiltration of water into the pavement structure, the median and ditches
(on a divided highway) may facilitate ponding and water transfer into the pavement structure (Gulliver, et
al. 2014; Banks 2002). The water and heat transfer finite element analysis (FEA) modeling which forms

part of this study was conducted using two divided highway sections.
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Figure 3.2: A typical divided highway ((a) Vanek, et al. 2014; (b) Highway No.2, in the north of
Calgary, AB, Canada: Google Earth 2023)
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The pavement design criteria incorporates the geometric characteristics of the pavement structure
and are influenced by the traffic volume, design speed and existing site conditions (Vanek, et al. 2014; MTO
2013; TAC 1997). The surface and internal drainage design form an integral component of the pavement
design criteria. The drainage system is intended to mitigate the impact of surface water infiltration and
groundwater flow on the resilient moduli of pavement materials and pavement performance. The approach
used in MEPDG version 1.1 for designing pavement structures is provided below (Yut, et al. 2014; TAC
2014; TAC 1997; AASHTO 1998).

e A trial pavement design cross section is developed using initial input data;

e The performance prediction of the trial pavement design cross section is evaluated against the
limiting distress criteria; and
e If the predicted distress for the trial pavement design cross section exceeds the limiting distress

criteria, the trial pavement design cross section is revised.

The conventional pavement design framework used in Ontario; Canada is shown in Figure 3.3.
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Figure 3.3: The conventional pavement design framework used in Ontario, Canada (TAC 2014)
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Studies have shown that the convectional pavement design approach for flexible pavements is not
adequate for mitigating the impact of climatic factors on pavement performance. Hence, many highway
agencies implement a sustainable pavement design system which includes evaluating long-term pavement
performance by incorporating the pavement life cycle assessment (PLCA) and the pavement life cycle cost
assessment (PLCCA) as shown in Figure 3.4 (Asres, et al. 2022).
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Figure 3.4: The design framework for sustainable flexible pavements (Asres, et al. 2022)
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3.3 The Pertinent Features of MEPDG

The AASHTO Road Test carried out from 1958 to 1961 facilitated the development of the AASHTO 1962
Design Guide which was updated in 1972 (The AASHTO 1972 Design Guide). The AASHTO 1972 Design
Guide was updated from 1981 to 1993 and incorporated improved criteria for Portland cement concrete
pavements and an empirical design approach (Applied Research Associates Inc. 2004; AASHTO 1993).
Due to limitations in the empirical design method, the National Corporative Highway Research Program
(NCHRP) implemented a mechanistic design approach which resulted in the development of the
Mechanistic Empirical Pavement Design Guide (MEPDG) version 0.7 to the current MEPDG version 1.1
developed through NCHRP 1-37A Project to NCHRP 1-40D Project (AASHTO 2010; Witczak 2007;
Applied Research Associates Inc. 2004). MEPDG was developed to facilitate sensitivity analyses in
pavement design including performance evaluation throughout the pavement service life. The intention was
to simulate the impact of climatic factors and drainage on the material properties. MEPDG consists of three
major design components: materials, structural response, and performance prediction criteria. MEPDG
consists of a set of input data (modules) used for simulating pavement distress. The modules include traffic
datasets, climate and environment datasets used as input in the Enhanced Integrated Climate Model (EICM).
The modules also include materials characterization, pavement response (based on finite element analyses),
distress prediction, and a smoothness prediction model (McCartney, et al. 2010; Applied Research
Associates Inc. 2004).

EICM consists of internal output data which include the volumetric water content, pore water
pressure, temperature at each node over time; and the degree of saturation. The degree of saturation is
assessed as being in equilibrium when the groundwater table is static and there is an absence of surface
cracks so no infiltration occurs through the wearing courses. The external output data from EICM includes
the composite environmental adjustment factors (Fen) as shown in Eq. 3.1. The depth and time dependent
Fenv is the primary output in EICM, and it is used in the structural analysis of the unbound material layers in
flexible and rigid pavements when the analysis is conducted using the linear elastic theory. Fen accounts for
the influence of the environmental factors including water, freeze and thaw, and thaw recovery conditions
on the unbound materials properties. Fen consists of an environmental adjustment factor for the frozen
condition (Fg), an adjustment factor for the thaw recovery condition (Fr) and an adjustment factor for the
fully thawed condition (Fu). Fen is influenced by the predicted volumetric water contents which form part
of the internal output of EICM. Fen is multiplied by the resilient modulus of the material layer at optimum
water content, maximum dry density and at any stress state (Mropt) to obtain the depth and time dependent
resilient modulus of the material layer (Mg). The calculated Mg forms part of the external output of EICM.
The evaluation of Mg also incorporates the influence of the stress state and water-density relationship (Bulut,
and Javid 2019; Bulut, et al. 2014; Applied Research Associates Inc. 2004; Dempsey, et al. 1985).
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Fenv = Composite environmental adjustment factor for the material layer under consideration; Fnoge,t =

Environmental adjustment factor at a specific node and time calculated using Fr, Fr or Fy based on whether
the material is in a frozen, thawed or unfrozen condition respectively; t = time; tww = Total number of time
increments for which the resilient modulus is being calculated; hnoge = Length of the spring assigned to the
node; and hww = Total height of the material layer.

Previous studies have indicated that the resilient modulus of each unbound material layer is
influenced by seasonal changes in in-situ volumetric water contents and the associated changes in in-situ
degree of saturation (Perez-Garcia, et al. 2016; Modeste, et al. 2015; Khoury, et al. 2011; Khoury, et al.
2010; Zapata, and Houston 2008; Zapata, et al. 2007; Ovik, et al. 1999; Drumm, et al. 1997). EICM
incorporates the relationships between the ratio of the in-situ resilient modulus and resilient modulus at the
optimum water content and maximum dry density (M / Myopt) and the difference between the in-situ degree
of saturation and the degree of saturation at optimum water content (S - Sop) as shown in Figure 3.5. The
relationships between “M; / Mrop” and “S - Sopt are used in EICM and MEPDG to calculate the unfrozen
environmental adjustment factor (Fu). The Fy value is used as input for calculating the unfrozen composite
environmental adjustment factor (Fenv) Which is used for calculating the in-situ resilient modulus (Applied
Research Associates Inc. 2004).

The analyses of data presented in Figure 3.5 show that changes in in-situ resilient moduli of
subgrades are influenced by changes in the in-situ degree of saturation. The analyses of data presented in
Figure 3.5 also show that the “S - Sqp”” values have a higher impact on the “M; / My values at dry of the
optimum water content (when S is less than Sop) relative to the impact of the “S - Sop values on the “M; /
Mrop” Values at wet of the optimum water content (when S is more than Sop). The data presented in Figure
3.5 also show that for water contents dry of the optimum water content, “S - Sp“ values have a higher
impact on the “M; / Mopt” Values of fine-grained subgrades. For water contents wet of the optimum water
content, the “S - Sgpt™ Values have a higher impact on the “M; / Mox” Values of coarse-grained subgrades.
For water contents significantly dry of the optimum water content (hear the residual water content), changes
in “S - Sept™ values induce minimal changes in the “M, / My, values for both fine-grained and coarse-
grained subgrades. Similarly, for water contents significantly wet of the optimum water content (near the
saturated water content), changes in “S - Sopt** values induce minimal changes in the “M; / Mot values for
both fine-grained and coarse-grained subgrades.

This implies that resilient moduli of fine grained subgrades are influenced primarily by the subgrade

type, degree of saturation and compacted density. But resilient moduli of coarse grained subgrades are
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influenced primarily by the degree of saturation and compacted density (Kim, and Siddiki 2006; Li, and
Seilg 1994). The data presented in Figure 3.5 also show that at water contents wet of the optimum water
content, both fine-grained and coarse-grained subgrades are subjected to a smaller rate of change in the
resilient modulus. This observation implies that the smaller rate of change in the resilient modulus occur
because both fine-grained and coarse grained subgrades are subjected to lower volume change when
compacted at wet of optimum water content.

The resilient moduli of expansive fine-grained subgrades and subgrades consisting of Sand
generally have a low sensitivity to changes in water contents up to the saturated water content. The resilient
moduli of expansive fine-grained subgrades are impacted by the extent of the swelling and shrinkage due to
variations in the degree of saturation. Hence, expansive fine-grained subgrades are typically compacted at
water contents wet of the optimum water content to control the extent of the volume change (Gautam, et al.
2019; Fredlund, and Hung 2001). However, resilient moduli of expansive fine-grained subgrades have a
high sensitivity to changes in water contents which are significantly wet of the optimum water content.
Expansive fine-grained subgrades are subjected to high permanent strain at water contents wet of the
optimum water content (Soliman, and Shalaby 2010).

Previous studies also show that EICM both underestimates and overestimates the in-situ degree of
saturation (Quintero 2007; Bayomy, and Salem 2005). These studies also show that EICM primarily
underestimates the in-situ degree of saturation (Hall, et al. 2013; Quintero, 2007; Bayomy, and Salem 2005).
The data presented in Figure 3.5 imply that the primary reason for EICM overestimating in-situ resilient
moduli of subgrades is because EICM underestimates the in-situ degree of saturation. EICM overestimating
in-situ resilient moduli of subgrades results in pavement structures designed using EICM and MEPDG
having subgrades with actual in-situ resilient moduli that are lower than resilient moduli predicted using
EICM. Hence, EICM overestimating resilient moduli of subgrades results in pavement structures being

subjected to higher rutting and lower performance under traffic loading.

56



25 -
5 20
Em 15 -
TS

0.5 ; \
0.0

-80 -70 -60 -50 -40 -30 -20 -10 10 20 30 40 50

S-S
—Fine-grained subgrade Coarse-grained subgrade

Figure 3.5: The impact of changes in in-situ degree of saturation on the ratio of the in-situ and
optimum resilient moduli (Applied Research Associates Inc. 2004)

The 2007 version of MEPDG accounts for the relationships between “M; / Mop”” and  ““S - Sopt™
presented in Figure 3.5 to account for the impact of variations in in-situ water contents on the predicted in-
situ Mg of subgrades by incorporating Eq. 3.2. EQ. 3.2 incorporates the Mgop: Of the subgrade because
MEPDG assumes that subgrades are initially compacted at approximately the optimum water content and
maximum dry density (Zapata, et al. 2007; Witczak, et al. 2000). The Mrop: and the Mg values overtime are
impacted by the subgrade type, initial compaction effort, degree of saturation and freeze thaw cycles (Kim,
and Siddiki 2006; Ovik, et al. 2000; Applied Research Associates Inc. 2004).

Eg. 3.2 is an empirical relationship used in the current version of EICM to compute the
environmental adjustment factor for the unfrozen or fully recovered materials (Fu). The model accounts for
the influence of the degree of saturation on seasonal variations in the resilient modulus of subgrades. This
approach is widely used because the parameters do not require calibrating as they require specific values of
the Mropt, Sopt and “S”. The model is based on empirical regression constants and neglects the stress state
of subgrades. The 2004 and 2007 versions of MEPDG also neglect the influence of climatic factors on the
seasonal fluctuations in the resilient modulus (Zapata, et al. 2007, Witczak, et al. 2000). Further analysis
indicated that the Fy factor also neglects the impact of climatic factors on the degree of saturation. The Fy

factor inaccurately accounts for the impact of climatic factors on the resilient modus of the subgrade.
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(3.2)

Mg = Resilient modulus at a specific water content or at a specific degree of saturation; Mrop: = Resilient
modulus at the optimum water content and at the maximum dry density; Sope = Degree of saturation at the
optimum water content (in decimals); S = Degree of saturation at a specific water content (in decimals); a
= Minimum of log {Mr/Mgr.opt}. For fine grained soils, a = -0.5934, and for coarse grain soils, a = -0.3123,;
b = Maximum of log {Mr/Mr.opi}. For fine grained soils b = 0.4, and for coarse grain soils, b = 0.3; kn =
Regression parameter. For fine grained soils kn = 6.1324, and for coarse grained soils kn = 6.8157.

The 2004 version of MEPDG also incorporates the Mropt Of subgrades and accounts for the influence
of applied shear stress as shown in Eq. 3.3. Eg. 3.3 neglects the influence of variations in water contents on
the resilient moduli of subgrades (Applied Research Associates Inc. 2004; Uzan 1985). Eq. 3.3 also neglects
the impact of climatic factors on the resilient modulus. Neglecting the impact of climatic factors in the
design of pavement structures and on the pavement life cycle result in the implementation of uneconomical
and unsustainable pavement structures (Asres, et al. 2022).

The predicted resilient modulus over time (Mg) which incorporates the impact of the environmental
factors is calculated using Eq. 3.4 (Zapata, et al. 2007; Applied Research Associates Inc. 2004). The Mg and
the associated pavement performance evaluated in MEPDG may be improved by incorporating climatic
factors in Fy and Fenv (Zapata, et al. 2007; Drumm, and Meier 2003).

Mgop: = {klpa * {i—z}kz x {’p—af + 1}k3} (3.3)

Mgropt = Resilient modulus at the optimum water content; 8, = Bulk stress; 7. = Octahedral shear stress; pa

= Atmospheric pressure; and ki, ko, and ks = Fitting parameters.

Mg = Fony * Mpopt (3.4)
Mg = Resilient modulus at a specific depth and time; Fenv = Composite environmental adjustment factor for
the material layer under consideration; and Mgrop: = Resilient modulus at optimum conditions (optimum
water content and maximum dry density).

The analyses of data presented in Figure 3.6 show that the resilient modulus decreases due to an
increase in the unfrozen water content (Kim, and Siddiki 2006; Ovik, et al 2000). The data presented in
Figure 3.6 also show that changes in resilient moduli of subgrades are more sensitive to changes in water
contents relative to the sensitivity of resilient moduli of aggregate base courses to changes in water contents.
The data presented in Figure 3.6 also show that resilient moduli of aggregate base courses and subgrades

generally fluctuate in response to changes in water contents. The analyses of data presented in Figure 3.6
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also show that the resilient modulus of both materials is generally at a minimum during the thaw period.
The data also show that the aggregate base course thaws earlier than the subgrade which is highlighted by
the aggregate base course reaching its maximum water content before the subgrade. However, the resilient
modulus of both materials remain relatively low and unchanged during the summer as shown in Figure 3.6
(Ovik, et al 2000).

The extent of changes in the resilient modulus due to changes in volumetric water contents is
dependent on the soil type and the dry density. The dry density is influenced by the external stress applied
during compaction and by whether material layers were compacted dry or wet of the optimum water content
(Kim, and Siddiki 2006; Ovik, et al 2000; Vanapalli, et al 1996). The shear strength and resilient modulus
of the subgrade generally increase with an increase in the external stress. An increase in the external stress
results in an increase in the air entry value (AEV) of the subgrade, an increase in the dry density and a
reduction in the void ratio. An increase in the external stress also causes a reduction in the hydraulic
conductivity, reduced infiltration capacity and an increase in the water storage capacity. The increase in
shear strength and resilient modulus of the subgrade are higher for subgrades which are compacted wet of
the optimum water content. The relationship between the stress state and shear strength is shown in Figure
3.7 (Vanapalli, et al 1996).
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Figure 3.6: Resilient modulus vs post construction water content for a compacted aggregate base
(AB) and subgrade (SG) at a depth of 290 mm (Ovik, et al 2000)
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1996)

3.3.1 Background and Applicable Features of EICM

The initial Integrated Climate Model (the Initial ICM) was first developed for the Federal Highway
Administration (FHWA) by Texas A and M University and the Texas Transportation Institute. The initial
ICM was developed by integrating the Infiltration and Drainage (ID) model developed through FHWA, the
Climate Material Structural (CMS) model previously developed at the University of Illinois, and the Frost

Heave and Thaw Settlement model developed through the US Army Cold Regions Research Experimental
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Laboratory (CRREL) model. The initial ICM has gone through numerous improvements which have
resulted in the development of the ICM version currently known as the Enhanced Integrated Climate Model
(EICM) version 2.6 (Witczak, et al. 2000; Zapata, et al. 1999; Larson, and Dempsey 1997; Liang, and
Lytton 1989; Lytton, et al. 1989; Guymond, et al. 1986; Liu, and Lytton 1985; Dempsey, et al. 1985). EICM
consists of four model components (the PRECIP, ID, CRREL and CMS models) as shown in Figure 3.8.
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Figure 3.8: Flow chart of EICM model computation components (Birgisson, et al. 2000)

EICM version 2.6 was developed under NCHRP 1-37A Project which includes improvements to
the volumetric water content prediction model and capabilities for predicting SWCC using soil index
properties. EICM version 2.6 also includes improvements to the saturated and unsaturated hydraulic
conductivity functions using SWCC, and the inclusion of default soil parameters governed by the AASHTO

soil classification system. EICM version 2.6 is a 1-D coupled water and heat transfer model which facilitates
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input, collection, characterization, and analyses of climatic data and unbound pavement materials properties
to predict pavement response and performance (Zapata, and Houston 2008; Houston, et al. 2006; Applied
Research Associates 2004; Witczak, et al. 2000). Improvements incorporated into EICM version 2.6 consist
of the following components:

e Replaced the SWCC model proposed by Gardner (1958) with the model proposed by Fredlund and
Xing (1994) to obtain a better fitting SWCC;

e Improved the prediction of SWCC, saturated hydraulic conductivity and specific gravity using soil
index properties and grain size distribution including Plasticity Index (PI), percent passing No. 200
sieve (P200) and effective grain size (Deo);

e Incorporated the model proposed by Fredlund and Xing (1994) for predicting unsaturated hydraulic
conductivity based on the SWCC; and

e Incorporated climatic datasets from 800 weather stations in the USA. The climatic data include
precipitation, percent sunshine, wind speed, air temperature and relative humidity.

Improvements were made to EICM version 2.6 in developing EICM version 3.0 to EICM version
3.2 incorporated into MEPDG version 0.7 to MEPDG version 1.1. MEPDG version 1.1 was developed
under NCHRP 9-23 Project, NCHRP 1-40A Project and NCHRP 1-40D Project (McCartney, et al. 2010;
Zapata, et al. 2009; Zapata, and Houston 2008; Witczak, et al. 2007; Brown, et al. 2006; Darter, et al. 2006;
Houston, et al. 2006; Larson, and Dempsey 2003). The primary improvements incorporated into EICM
version 3.2 consist of the following:

e Incorporated the modified Thornthwaite Moisture Index (the modified TMI) proposed by Witczak, et
al. (2006) presented in Eq. 3.5 to develop the TMI-P20/WPI relationship. This relationship is used for
predicting the suction profile represented by Eq. 3.6;

e Incorporated improvements in the SWCC model parameters;

e Incorporated improvements in the saturated hydraulic conductivity and specific gravity models,

e Incorporated improvements in the compaction model based on the grain size-index properties
relationship; and

e Incorporated updated rehabilitation analyses and the inclusion of the distress and performance

prediction analysis.

™I=75{(=) - 1} +10 (3.5)
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h=g [e{ﬁ} + 5] (3.6)

h = Matric suction model for subgrades; «, S, 7, and 6= Regression constants associate with TMI-P2gg,/wPI
relationship; TMI = Modified Thornthwaite Moisture Index (Witczak, et al. 2006); w = Decimal form of
P200; P = Annual precipitation (cm); PE = Potential evapotranspiration (cm), and if predicted TMI value is

> 100, set TMI =100.

3.3.2  Pertinent Features of the Enhanced Integrated Climate Model

The EICM is incorporated into the MEPDG to account for the influence of climatic factors and
environmental conditions on the water and heat transfer within pavements, the resilient moduli of subgrades
and the associated pavement performance (Bulut, and Javid 2019; Bulut, et al. 2014; Zapata, et al. 2007;
MccCarthey, et al. 2010).

The first EICM model component is the Precipitation (PRECIP) model which accounts for the
impact of variations in precipitation on pavement performance. The PRECIP model is based on a
deterministic algorithm (for a specific input, it computes the same output using the same model framework)
which uses the average climatic datasets and a probabilistic analysis for simulating rainfall intensity. The
PRECIP model is used when actual precipitation data are not provided (Bulut, and Javid 2019; Bulut, et al.
2014; Liang, and Lytton (1989).

The second EICM model component is the Climate Material Structural (CMS) model which
accounts for the influence of climatic factors on the heat transfer. The CMS model uses estimates of the heat
flux at the pavement surface for predicting the temperature profile within asphalt layers. The CMS model
uses the thermal conductivity and specific heat capacity of pavement materials to estimate the temperature
profile within asphalt layers. The model uses the predicted temperature profile within asphalt layers to
predict the temperature profile within the pavement structure. The asphalt surface and top of the base course
temperature boundary conditions are determine using the equation proposed by Dempsey, et al. (1985). The
time dependent variations in asphalt temperatures are determined using a 1-D partial differential equation
for heat transfer through conduction based on Fourier’s Law (Bulut, and Javid 2019; Bulut, et al. 2014;
McCartney, et al. 2010; Dempsey, et al. 1985).

The third EICM model component is the U.S Army Cold Region Research and Engineering
Laboratory (CRREL) frost heave and thaw settlement model. The CRREL model is based on a 1-D coupled
heat and water transfer model used to evaluate the influence of freezing on the subgrade performance. The
CRREL model simulates time and depth dependent variations in the temperature and water transfer within
subbases and subgrades. This is done using finite element analyses based on Richard’s equation which

governs water transfer in unsaturated subgrade, and Fourier’s equation which governs heat transfer. The
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temperature at the bottom of the asphalt layer predicted by the CMS model is used as input in the frost heave
and thaw settlement model for predicting the temperature profile. The CRREL model subsequently uses the
temperature profile through the asphalt wearing courses predicted by the CMS model to simulate changes
in the material temperature for each layer. The CRREL model uses a time and depth dependent 1-D diffusion
analysis to simulate variations in the matric suction profile within subgrades. The matric suction boundary
condition at the subgrade surface in the CRREL model is controlled by the ID Model. The other boundary
conditions in the CRREL model are sourced from the CMS model. The CRREL model requires the input of
thermal soil properties including thermal conductivity and specific heat capacity, and soil hydraulic
properties including hydraulic conductivity and SWCC (Bulut, and Javid 2019; Bulut, et al. 2014;
McCartney, et al. 2010; Guymon, et al. 1986).

The fourth EICM model component is the Infiltration and Drainage (ID) model which is used to
simulate gravity drainage of the base course, to simulate infiltration, and to evaluate pavement design
options. The infiltration component of the ID model is implemented using four categories of rainfall
intensity: none, minor, moderate, and extreme. The rainfall categories are based on the percentage of
precipitation entering the pavement structure, and on the pavement shoulder type. The ID model assumes
that cracks on the pavement surface and pavement shoulders are the primary locations for water transfer
into pavement structures. For infiltration analyses, the ID model uses the Ridgeway (1976) model in the
presence of cracking, or the Dempsey, and Robnett (1979) model in the absence of cracking (Bulut, and
Javid 2019; Bulut, et al. 2014; McCartney, et al. 2010; Lytton, et al. 1993; Liu, and Lytton 1985). The model
uses a numerical approach for predicting the extent of drainage used for the durability analyses of the base
courses (Lytton, et al. 1993). The ID model is critical to the water transfer process as it controls the hydraulic
boundary condition at the subgrade surface. The ID model output consists of the degree of saturation of the
base course, the extent of drainage during dry periods, and a probabilistic assessment of whether the base
course is ina dry or wet condition (Bulut, and Javid 2019; Bulut, et al. 2014; McCartney, et al. 2010; Lytton,
et al. 1993; Liu, and Lytton 1985).

3.4 Previous Studies Conducted to Evaluate, Calibrate and Validate EICM

3.4.1 Background

The MEPDG was developed through the National Cooperative Highway Research Program (NCHRP)
Project 1-37A. MEPDG uses global input parameters which are not applicable for the local implementation
of MEPDG (Yuan, and Nemtsov 2017; Huang, et al. 2016; Yut, et al. 2014; Kim, et al. 2011; AASHTO
2010). NCHRP Project 1-40B which was released in 2010 provides a guide (the steps) for the local
calibration of the distress prediction models in the current version of MEPDG (AASHTO 2010). NCHRP
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Project 1-40D (released in 2007) is supported by a technical document released in 2020 which provides a
user manual and local calibration guide for MEPDG and the associated software (AASHTO 2020).

Studies were conducted throughout the United States to evaluate the accuracy and to calibrate the
validity of EICM version 3.2 (the current EICM version). These studies were conducted to determine the
accuracy of the current version of EICM in predicting the influence of climatic factors on water and heat
transfer within pavements, resilient moduli of materials and the pavement performance. These studies were
conducted in the various climatic zones used to categorize regions in the Long-Term Pavement Performance
(LTPP) and Seasonal Monitoring Program (SMP) database. The climatic zones in LTPP and SMP were
classified using logical regression analyses and classification of monthly and annual air temperature,
precipitation, snowfall, relative humidity, and freeze and thaw cycles (climatic factors) using multivariate
analyses. The multivariate analyses included principal component analyses, factor analyses, cluster analyses
and geographic information system (GIS) (climatic factors analyses). Climatic factors analyses were
conducted to classify climatic factors into various groups depending on optimal characteristics common to
climatic factors. Fisher’s discriminant analyses and artificial neural networks analyses were then conducted
to create climatic zones based on similar climatic patterns. The climatic zones were subsequently presented
on a GIS map. The four climatic zones developed for use in LTPP and SMP are Wet Freeze, Wet No-Freeze,
Dry Freeze, and Dry No-Freeze (Dong, et al. 2021; Wang 2005).

3.4.2 Introduction
Selected studies conducted to evaluate, calibrate and validate EICM in various climatic zones are presented
in Section 3.4.3 to Section 3.4.5. These studies were conducted to investigate limitations in the current

version of EICM in predicting water and heat transfer within pavement structures in various climates.

3.4.3  Previous Studies Conducted in a Wet Freeze Climatic Zone in the United States

Studies conducted in Indiana indicated that EICM version 3.2 computational output are primarily influenced
by gravimetric water contents. These studies also noted that seasonal changes in resilient moduli of
subgrades are independent of the water table elevation in the state of Indiana. The resilient moduli of
subgrades are independent of the water table (in Indiana) because of the climatic conditions and the
associated in-situ degree of saturation of subgrades which are typically more that 95.0 %. This results in
EICM version 3.2 inaccurately predicting seasonal changes in water transfer and resilient moduli of
subgrades. This is because EICM version 3.2 has an overreliance on the water table elevation in predicting

water transfer within subgrades (El Howayek, et al. 2016).
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Studies conducted in Minnesota indicated that EICM version 3.2 predicts heat transfer poorly, and
that EICM version 3.2 heat transfer model is highly sensitive to changes in the thermal conductivity of each
material (Johanneck, et al. 2011).

Studies conducted in New Jersey also indicated that EICM version 3.2 water and temperature
prediction models are sensitive to changes in climatic factors and the interaction between the climatic
condition and the traffic (Zaghloul, et al. 2006).

3.4.4  Previous Studies Conducted in a Wet No-Freeze Climatic Zone in the United States

Studies conducted in Oklahoma indicated that pavement materials properties are influenced by changes in
climatic factors. These studies also indicated that boundary conditions within the pavement profile in EICM
version 3.2 are controlled by the depth to water table and TMI. These studies also indicated that EICM
version 3.2 predicts water transfer poorly particularly near the surface. This implies that EICM version 3.2
has a poor water balance model (Bulut, and Javid 2019; Bulut, et al. 2014).

Studies conducted in Arkansas highlighted that EICM version 3.2 accurately predicts temperature
profiles, but water contents and associated seasonal fluctuations in matric suction are poorly predicted.
EICM version 3.2 neglects climate pavement interaction and its influence on water transfer (McCartney,
and Khosravi 2013; McCartney, et al. 2010). EICM version 3.2 also predicts pore water pressure within

subgrades poorly (McCartney, et al. 2010).

3.4.5 Previous Studies Conducted in a Dry Freeze Climatic Zone in the United States
Studies conducted in Wyoming indicated that inaccuracies in MEPDG version 1.1 are also due to the limited
availability of field performance data. These studies also indicated that the use of climatic data over limited
analysis periods may lead to unrealistic performance prediction due to the impact of anomalies and short-
term weather extremes. The studies recommended using climatic data recorded over longer periods
(Dzotepe, and Ksaibati 2010).

Studies conducted in Utah found that MEPDG generally predicts low to medium distress levels for
specific climatic conditions accurately, but rut depths are an exception. These studies also found that
moderate to severe distress are not simulated due to a lack of field performance data relating to moderate to

severe distress (Darter, et al. 2009).
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3.5 Previous Studies Conducted to Validate EICM and used to Validate the Quantitative
Empirical Model

3.5.1 Introduction

Studies were conducted in various climates to validate the accuracy of EICM in predicting water and heat
transfer within subgrades. These selected studies were also used for validating the Quantitative Empirical
Model. The specific studies are summarized in Section 3.5.2 and Section 3.5.3.

3.5.2  Study Conducted in Ohio in the United States: Quintero (2007)

Quintero (2007) conducted a study to validate the volumetric water contents prediction model in EICM for
flexible and rigid pavement sites in Ohio (the Ohio study) in a wet freeze climate. The sites formed part of
the LTPP and SMP. The in-situ volumetric water contents were measured from 1996 to 2002 using time
domain reflectometers (TDR) which were installed at varying depths within the pavement. The cross-section
details and materials properties for site 390108 and site 390203 are shown in Table 3.1 and Table 3.2,

respectively.

Table 3.1: Pavement structure cross-section details (LTPP and SMP 2020).

Layer Thickness (mm)

Material Site 390108 Site 390203
AC wearing course 168 -
PCC wearing course - 285
Unbound granular base course 205 155
Treated granular 100

Compacted subgrade - -

Table 3.2: Pavement materials properties (LTPP and SMP 2020).

Material Site 390108 Site 390203
Compacted subgrade A-6 A-6
classification Silty Clay Silty Clay

The pavement section for site 390203 is similar to the pavement sections for the sites used in
developing the Quantitative Empirical Model (the QE Model), and the sites are in a similar climate. Hence,
site 390108 and site 390203 are used for evaluating the accuracy of the QE Model although site 390108
consists of AC wearing course. The in-situ volumetric water contents measured at site 390108 and site

390203 are used for evaluating the accuracy of the QE Model. The volumetric water contents predicted
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using the QE Model and EICM for the two sites are compared for evaluating the accuracy of the QE Model
against EICM in predicting the in-situ volumetric water contents within the subgrade.

This Section presents an analysis summary of the Ohio study and focuses on the comparison of the
in-situ and EICM predicted volumetric water contents for site 390108 and site 390203. This study noted
that EICM generally predicts a constant volumetric water content during the analysis period and
underestimates the in-situ volumetric water contents as shown in Figure 3.9 and Figure 3.10. The constant
volumetric water content predicted by EICM does not reflect the seasonal fluctuations in volumetric water
contents observed in the in-situ volumetric water contents. This observation may be due to EICM neglecting
the influence of changes in climatic factors on the fluctuations in water and heat transfer within the pavement
structure. The volumetric water content value referred to as the saturated volumetric water content in this
study may not actually be the saturated volumetric water content. EICM neglects the influence of increased
precipitation induced infiltration on volumetric water contents, and the study provides no basis for the
assumed saturated volumetric water content. The differences between the in-situ and EICM predicted
volumetric water contents are lower for pavement structures with stabilized base courses relative to unbound
base courses. EICM also neglects the cyclic variations (fluctuations) observed in in-situ volumetric water
contents for these pavement sections. This may contribute to EICM inaccurately predicting in-situ
volumetric water contents.

The analyses of data presented in the Ohio study indicated that EICM generally underestimates
volumetric water contents within subgrades which results in EICM overestimating resilient moduli of
subgrades. This results in subgrades that have higher volumetric water contents, lower resilient moduli,
lower performance and shorter services life during the operations period. The analyses indicated a closer
correlation between the in-situ and EICM predicted volumetric water contents for subgrades classified as
A-4 (A-4 subgrades) relative to subgrades classified as A-6 (A-6 subgrades). Water vapour transfer is the
primary form of water transfer in fine-grained subgrades, while liquid water transfer is the primary form of
water transfer in coarse-grained subgrades. Hence, water vapour transfer may be higher for A-6 subgrades
relative to A-4 subgrades. EICM accounts for only liquid water and neglects water vapour transfer. This
may contribute to the closer correlation between the in-situ and EICM predicted volumetric water contents
for A-4 subgrade relative to the A-6 subgrade presented in the Ohio study. In the Ohio study, it may also be
possible that liquid water transfer was higher in the A-4 subgrade, while water vapour transfer was higher

in the A-6 subgrades.
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Figure 3.9: Measured vs. EICM predicted volumetric water content: site 390108 at 175 mm (a) and
1.2 m (b) below the subgrade surface (Quintero, 2007)
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Figure 3.10: Measured vs. EICM predicted water content: site 390203 at 400 mm (a) and 1.18 m (b)
below the subgrade surface (Quintero, 2007)

The Ohio study included measurements of in-situ temperature profiles within pavement structures
obtained using thermistors. The analyses of data presented in the study generally indicated a good
correlation between the in-situ and EICM predicted temperature profiles within subgrades as shown in

Figure 3.11. However, there was a poor correlation between the in-situ and EICM predicted temperature
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profile for periods of high air temperature as shown in Figure 3.11 and Figure 3.12. The observed
discrepancies between the in-situ and EICM predicted temperature profiles indicate that EICM predicts
temperature profiles poorly during periods of high air temperature due to the limitations in the heat transfer

model incorporated in EICM.
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Figure 3.11: Measured vs. EICM predicted temperature profile: site 390108 at 675 mm (a) and site
390203 at 400 mm (b) below the subgrade surface (Quintero, 2007)
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Figure 3.12: Measured vs. EICM predicted temperature profile: site 390108 at 400 mm below the
pavement surface (Quintero, 2007)

3.5.3  Study Conducted in Arkansas in the United States: Hall et al. (2013)

Hall et al. (2013) conducted a study to evaluate the permeability of asphalt concrete hot mix (ACHM) for
Superior Performing Asphalt Concrete Pavements (Superpave). The study was conducted to develop a
correlation between the in-situ measurements and laboratory testing of permeability of the ACHM for sites
in Arkansas which is in a wet no-freeze climate (the Arkansas study). The Arkansas study also evaluated
the prediction of water transfer within flexible pavements and validated the prediction of volumetric water
contents using EICM version 3.2. The summary of the analysis of the Arkansas study presented in this
section focuses on the prediction of water transfer within pavements, and the validation of EICM version
3.2 in predicting volumetric water contents within subgrades for sites in Arkansas. The summary also
focuses on the Fort Smith site as this site is used for evaluating the accuracy of the Quantitative Empirical
Model. The cross-section details and materials properties for the Fort Smith site are shown in Table 3.3 and

Table 3.4 respectively.

Table 3.3: Pavement structure cross-section details (LTPP and SMP 2020)

Layer Thickness (mm)

Material Fort Smith site
AC wearing course 230
Unbound granular base course 100

Compacted subgrade -
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Table 3.4: Pavement materials properties (LTPP and SMP 2020)

Material Fort Smith site
A-6
(clayey Gravel with sand)

Compacted subgrade classification

The analysis of the Arkansas study indicated that a weak correlation was observed between the in-
situ measured and laboratory testing permeability for the ACHM. The analysis indicated that the
permeability of the ACHM is time dependent, is influenced by post construction pavement condition, and
changes seasonally due to changes in climatic factors. The analysis also indicated that the permeability of
the ACHM is influenced by the percentage of in-situ air voids and the void ratio.

The analysis of the Arkansas study also indicated that volumetric water contents and resilient
moduli of subgrades change seasonally and are independent of changes in precipitation. However, the
authors of the Arkansas study made no mention of the influence of the intensity and duration of precipitation
on volumetric water contents within subgrades.

Studies have indicated that the rate of infiltration of water within soils is influenced by the intensity
and duration of the rainfall. These studies found that a low-intensity rainfall with a longer duration has a
higher influence on the rate of infiltration and the slope stability relative to a high-intensity rainfall with a
shorter duration. This is due to a low-intensity rainfall with a longer duration resulting in the wetting front
advancing to deeper depths. Multiple rainfall events induce many wetting fronts and each rainfall event
induces a wetting front which advances due to increased infiltration. Water contents are influenced by the
characteristics and location of wetting fronts (Hou, et al 2019; Li, et al. 2016; Zhang, et al 2014)

The authors of the Arkansas study noted that the Fredlund and Xing (1994) model incorporated into
EICM version 2.6 to version 3.2 (the Fredlund and Xing 1994 model) may predict SWCC developed from
laboratory testing within acceptable limits. However, the authors noted that the Fredlund and Xing (1994)
model predicts in-situ SWCC poorly which results in EICM version 3.2 predicting seasonal changes in the
in-situ water transfer poorly. Figure 3.13 shows that temperature profiles for the Fort Smith site predicted
by EICM version 3.2 correlate well with measured temperature profiles, except for measured summer
temperatures. This confirms limitations in EICM version 3.2 in predicting pavement temperatures during
periods of high air temperatures because EICM version 3.2 neglects the influence of convective cooling.

Water contents predicted using EICM version 3.2 for the base and subbase layers correlate poorly
with measured water contents. EICM version 3.2 underpredicts water contents within the base and subbase
layers by up to 100%. EICM version 3.2 also underpredicts water contents within subgrades in the summer
by up to 50% and overpredicts water contents within subgrades in the winter by up to 50%. A comparison
between the in-situ and EICM predicted water contents within the subgrade for the Fort Smith site is shown
in Figure 3.14.
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Figure 3.13: Measured vs. EICM predicted temperature profiles: Fort Smith site at 50 mm (a) and
250 mm (b) below the subgrade surface (Hall, et al. 2013)
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3.6  Studies Highlighting the Primary Limitations of the Current Version of EICM

3.6.1 Introduction

Section 3.6.2 presents a detailed analysis of a study conducted by Ahmed et al. (2005) in New Jersey, United
States using LTPP section 5E and 9C (the New Jersey study). Section 3.6.3 presents the analysis of a study
conducted by Bayomy and Salem (2005) in Idaho, United States (the Idaho study). The New Jersey and
Idaho studies were in a wet freeze climate. These studies presented the primary limitations in EICM version
3.0 including limitations in predicting the in-situ water and heat transfer and the associated impact on the
pavement performance. The limitations in EICM version 3.0 are included in the analysis summary for the
current version of EICM because the limitations in EICM version 3.0 noted in these studies also exist in the
current version of EICM.

3.6.2  Studies Conducted in New Jersey in the United States: Ahmed, et al. (2005)

The New Jersey study was conducted to validate the EICM version 3.0 in predicting seasonal fluctuations
in the in-situ water and heat transfer and to conduct material characterization. The study focused on
investigating the primary climatic and environmental parameters which influence pavement performance.
The study compared the in-situ and EICM predicted temperature profiles and water contents within
subgrades. The comparison between the in-situ and EICM predicted data was conducted to evaluate the
accuracy of EICM in predicting in-situ temperature and water contents within subgrades. TDR water probes
were used to measure the in-situ water contents within the unbound material layers, and thermistors were
used to measure the in-situ temperature profiles within subgrades. The in-situ water contents and
temperature profiles within pavement structures were monitored continuously and measured daily. The data
presented in the study are summarized in Table 3.5 to Table 3.7. The material thickness is presented in Table
3.5. A comparison between measured and predicted temperatures and water contents are presented in Table
3.6 and Table 3.7 respectively.

The study found that EICM overestimates temperatures from late spring to late fall. The higher
temperatures result in inaccuracies associated with high evaporation which result in an underestimation of
the stored water within subgrades. During the winter, EICM underestimates the temperature profiles within
subgrades. Where the underestimated winter temperatures are negative, inaccuracies appear to be associated
with higher predicted accumulation of surface water and overestimated evaporation which results in
underestimated stored water within subgrades. Where underestimated winter temperatures are positive,
inaccuracies appear to be associated with lower predicted accumulation of surface water and underestimated
evaporation which results in overestimated stored water. EICM poorly predicts the depth and time dependent

fluctuations in water contents within subgrades as shown in Figure 3.15 and Figure 3.16.
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Table 3.5: Pavement details for Site 5E and Site 9C (Ahmed, et al. 2005)

Material LTPP Site 5E LTPP Site 9C
Layer Thickness Material description Thickness Material description
(mm) (mm)
Base layer 97 Coarse stone with sand 241 Sandy Gravel
Subbase layer 343 Coarse sandy Gravel 660 Silty Sand with gravel
Subgrade layer - Silty Sand - Silty Sand, trace of clay

Table 3.6: Measured vs. predicted temperature (°C), LTPP Sites 5E and 9C (Ahmed et al. 2005)

) Data: Aspha|t concrete LTPP Site 5E LTPP Site 9C

Material  (AC): % sunshine (SS); 2002 2002
Wind speed (WS, km/hr). Apr  Jul  Sept. Dec. Apr Jul Sept. Dec.
AC Field data 175 302 279 09 178 293 271 -20
EICM (56 SS,16 WS) 208 335 301 -13 209 339 300 11
Base Field data 146 288 266 33 146 287 264 33
EICM (56 SS,16 WS) 184 320 274 -10 184 318 271 -11
Subbase Field data 141 288 265 50 133 281 260 58
EICM (56 SS,16 WS) 185 324 277 -10 186 321 278 -10
Subgrade Field data 122 264 254 88 116 254 248 95
EICM (56 SS,16 WS) 194 317 282 -10 205 318 290 -21

2003 2003
AC Field data 89 248 239 55 189 250 237 13
EICM (56 SS,16 WS) 116 314 257 48 244 312 259 0.7
Base Field data 6.9 278 242 54 156 278 241 43
EICM (56 SS,16 WS) 89 305 239 19 222 300 240 00
Subbase Field data 76 278 247 63 145 269 244 69
EICM (56 SS,16 WS) 9.6 300 245 24 234 288 249 04
Subgrade Field data 92 246 242 97 125 234 235 108

EICM (56 SS, 16 WS) 1d.5 254 245 44 243 242 250 -0.2
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Table 3.7: Measured vs. predicted water contents, LTPP sites 5E and 9C (Ahmed et al. 2005)

LTPP Site 5E LTPP Site 9C
Material Data Source 2002 2002
April  July  Sept.  Dec. April  July  Sept. Dec.
Base Field Data 41.0 41.0 34.8 - 18.0 22.9 18.0 34.8

EICM 183 159 162 31 187 160 181 96

Subbase FieldData 242 337 204 294 380 348 359 348
EICM 215 188 191 261 249 216 241 126
Field Data  40.0 39.1 380 383 480 487 495 487
EICM 333 302 308 125 356 319 348 183

2003 2003

Base  FieldData 455 438 438 455 290 314 314 229
EICM 195 196 164 192 185 196 187 189

Subbase FieldData 290 314 290 438 464 421 429 380
EICM 228 229 194 225 247 259 248 251
FieldData 548 50.0 533 290 487 495 503 480

Subgrade

Subgrade
EICM 34.7 34.8 31.0 34.3 35.4 36.6 35.6 35.9
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Figure 3.15: In-situ vs EICM predicted water content profiles within subgrades for site 5E: July
2003 (a.) and September 2003 (b) (Ahmed, et al. 2005)
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Figure 3.16: In-situ vs EICM predicted water content profiles within subgrades for site 9C: July
2003 (a) and September 2003 (b) (Ahmed, et al. 2005)

3.6.3  Study Conducted in Idaho in the United States: Bayomy, and Salem (2005)

The ldaho study included sites in Pack River, Worley, Moscow, Lewiston and Weiser. The analyses of the
study focused on the Moscow site A, Moscow site B and Pack River site 4A (the SPR site). The Idaho study
was conducted to evaluate the accuracy of EICM version 3.0 in predicting the impact of the climate and the
environment on the water and heat transfer within pavement structures. The objectives of the study also
included an evaluation of the impact of the climate and environment on changes in subgrade volumetric
water contents, changes in the asphalt concrete wearing course temperature and the associated pavement
performance.

The in-situ volumetric water content data were collected daily, weekly and monthly using time
domain reflectometers (TDR) probes installed at various depths within the pavement structure. The
temperature profiles at various depths within the pavement structure were measured using thermistors. The
frost depths were measured using resistivity probes, and the groundwater table was measured using
piezometers. The structural capacity of pavement structures was measured annually using Falling Weight
Deflectors (FWD). Historical climatic data were also collected from the nearest weather station.

The pavement cross-section details for the Moscow sites and the SPR site are presented in Table
3.8. The material classification and the depth to the groundwater table at the three sites are presented in
Table 3.9 and Table 3.10 respectively.
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Table 3.8: Pavement cross-section details (Bayomy, and Salem 2005)

Material Moscow site A Maoscow site B Park River site 4A (SPR)
Layer Material layer thickness (mm)
AC wearing course 120 120 150
Base course 150 690 -
Rock cap layer 540 - 600

Subgrade layer - - -

Table 3.9: Subgrade material classification (Bayomy, and Salem 2005)

Material Moscow site B Maoscow site B SPR site
Layer Material description and classification
Low plasticity Clay Low plasticity Clay silt and silty Gravel
Subgrade Al Al A4

Table 3.10: Range of in-situ groundwater table elevation (Bayomy, and Salem 2005)

Moscow site A Moscow site B Park River site 4A (SPR)
July 2000 to March 2002 July 2000 to March 2002 December 2000 to May 2003
Groundwater table (m below pavement surface)
2.62 t0 3.38 No groundwater was encountered 1.40t02.32

The study found that the rock cap layer consisting of crushed rock was placed between the base
course and the subgrade at the Moscow site A. The use of the rock cap resulted in higher volumetric water
contents within the subgrade at the Moscow site A relative to volumetric water contents within the subgrade
at the Moscow site B which did not include the rock cap. The use of the rock cap facilitated an increase in
the infiltration and water storage at the interface of the rock cap and the subgrade. This resulted in an increase
in the infiltration and volumetric water contents within the subgrade at the Moscow site A. Although the
rock cap provides a layer with a high bearing capacity within the pavement structure, the rock cap causes
increased volumetric water contents within the subgrade. The use of the rock cap also causes a reduction in
the resilient modulus of the subgrade.

The analysis of the data presented in the Idaho study indicated that EICM version 3.0 generally
overestimates the depth and time dependent volumetric water contents within the subgrade for the Moscow
sites as shown in Figure 3.17. EICM version 3.0 generally underestimates the depth and time dependent
volumetric water contents within the subgrade at the SPR site as shown in Figure 3.18. The study noted that
the groundwater table fluctuated from a depth of approximately 2.62 m to 3.38 m and 1.40 m to 2.32 m

below the pavement surface at the Moscow site A and SPR site respectively. The analysis of the data
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presented in the Idaho study indicated that changes in the groundwater elevation impacted changes in
volumetric water contents within the subgrade at the Moscow site A and SPR site. However, no groundwater
was encountered at the Moscow site B within the maximum depth investigated which was approximately
3.50 m below the pavement surface (the maximum termination depth). The study noted that fluctuations in
volumetric water contents within the subgrade were observed at the Moscow site B despite the absence of
groundwater within the maximum termination depth. This observation implies that the groundwater table
had no impact on changes in volumetric water contents within the subgrade at the Moscow site B. Hence, it
is likely that changes in climatic factors influence changes in volumetric water contents within subgrades at
these sites.

The analysis of the data presented in the Idaho study indicated that the contribution of capillary rise
to volumetric water contents within the subgrade was higher for the Moscow site A which consisted of a
low plasticity Clay subgrade relative to the SPR site which consisted of a silty Gravel subgrade. The Idaho
study confirms that EICM version 3.0 has an overreliance on capillary rise in predicting volumetric water
contents within subgrades. The overreliance on capillary rise contributed to EICM version 3.0
overestimating volumetric water contents within the subgrade at the Moscow site A. However, EICM
version 3.0 overreliance on capillary rise also resulted in EICM underestimating volumetric water contents
within the subgrade in the absence of high capillary rise at the SPR site. The study also indicated that EICM
version 3.0 inaccurately accounts for the impact of changes in climatic factors on changes in volumetric
water contents within subgrades.

The study noted that volumetric water contents predicted using EICM version 3.0 correlates poorly
with depth dependent fluctuations in in-situ volumetric water contents within subgrades. This is because
EICM version 3.0 neglects the influence of climatic factors on the water and heat transfer. EICM version
3.0 predicted an apparent equilibrium water content from approximately 4.5 feet as shown in Figure 3.17
and Figure 3.18. This shows that EICM version 3.0 output misrepresents the in-situ water contents within
subgrades.

The study noted that incorporating the influence of climatic factors into the pavement analysis and

design result in lower pavement performance and shorter service life.
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Figure 3.17: EICM output vs in-situ water contents: Moscow site A and Moscow site B (Bayomy,
and Salem 2005)

82



Depth, it
i

Depth, ft

8

Muaisture, %
20 40

g0

Jan 27

—tr— EICM
——3PR

Maisture, %
20

40

60

Jul 4

—t—EICM
—+—SPR

Depth, ft

Depth, ft

8

Moisture, %
20

40

60

Mar 3

—r— EIGM
—+—3PR

Moisture, %

20

40

60

Octl 8

—r— EICM
—+—5SFR

Figure 3.18: EICM output vs in-situ water contents: SPR site (Bayomy, and Salem 2005)

83



3.7 Limitations in the Current Version of EICM Mitigated by the Quantitative Empirical

Model

The primary objective of this dissertation is to investigate the impact of climatic factors on water and heat
transfer within pavement structures. The main deliverable of this dissertation is to develop a Quantitative
Empirical Model (the QE Model) which is an LCI boundary condition, to predict volumetric water contents
within subgrades. The development of the QE Model is intended to mitigate the primary limitations in the
current version of EICM. The primary limitations of the current version of EICM mitigated by the QE Model

are shown in Table 3.11.

Table 3.11: Limitations in current version of EICM mitigated by the Quantitative Empirical Model

Primary features of the Quantitative Empirical
Model (QE Model)

Limitations in the current version of EICM (current

EICM) mitigated by features in the Quantitative
Empirical Model (QE Model)

Incorporates the impact of climatic factors on water
and heat transfer within subgrades.

Accounts for the LCI beyond the pavement surface.

Incorporates the net infiltration beyond the
pavement surface which accounts for precipitation
induced infiltration, evapotranspiration and runoff.

Accounts for both liquid water and water vapour
transfer within subgrades.

Incorporates the evapotranspiration.
Incorporates the relative humidity.

Accounts for changes in the temperature profile
within subgrades.

Incorporates the wind speed.

The QE Model accurately predicts site specific
volumetric water contents within subgrades and
does not require local calibration.

Current EICM produces uneconomical pavement
structures because it neglects climatic factors.

Current EICM neglects the impact of climatic
factors on fluctuations in water and heat transfer
and the associated resilient moduli of subgrades.

Current EICM accounts for only minimal
infiltration through cracks on pavement surfaces.

Current EICM has an overreliance on the water
table and inaccurately accounts for increases in
precipitation induced infiltration.

Current EICM accounts for only liquid water and
neglects water vapour transfer.

Current EICM neglects the evapotranspiration.

Current EICM neglects the impact of relative
humidity on the evapotranspiration.

Current EICM assumes a constant subgrade
temperature.

Current EICM has an inaccurate heat transfer
boundary condition. Current EICM has an
inaccurate convective cooling during high air
temperatures because it neglects wind speed.

Current EICM requires site specific calibration of
the volumetric water contents prediction model.
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Chapter 4 Development and Verification of Transient Water and

Heat Transfer Models of Pavement Structures

4.1 Introduction

Chapter 4 provides a flow chart describing the tasks conducted for developing and calibrating the transient
water and heat transfer models. Chapter 4 also provides details of sources of in-situ monitoring data,
pavement cross-section, material properties, in-situ water contents, and depths to the water table. The
Chapter provides input parameters for the water and heat transfer finite element analysis (FEA) modeling
including site-specific climatic factors, vegetation data, volumetric water contents, hydraulic conductivity
function parameters, and initial groundwater condition parameters.

Chapter 4 presents the methodology used for developing the one-dimensional (1-D) and two-
dimensional (2-D) transient water and heat transfer FEA modeling (1-D and 2-D FEA modeling) within
subgrades. The 1-D and 2-D FEA modeling was conducted to investigate the influence of changes in
climatic factors and land climate interaction (LCI) on water and heat transfer within unsaturated subgrades.

Chapter 4 also presents the methodology used for developing LCI boundary conditions and details of
the calibration and verification of the 1-D and 2-D FEA models. The Chapter provides analyses of the 1-D
and 2-D water and heat transfer FEA modeling output including the 1-D FEA net infiltration output, 2-D
FEA volumetric water contents output and 1-D FEA evapotranspiration output. The Chapter also provides
analyses of the spatial distribution of volumetric water contents. The Chapter also provides details of the
impact of changes in climatic factors on lag times. Lag times are associated with the response times of

changes in volumetric water contents to changes in climatic factors.

4.2 Summary of Tasks Conducted to Develop and Verify 1-D and 2-D FEA Models

Chapter 4 focuses on the development and verification of the 1-D and 2-D water and heat transfer FEA (1-
D and 2-D FEA) modeling of two pavement structures. The Chapter also focuses on analyses of the 1-D
and 2-D FEA modeling output and include the net infiltration flux, volumetric water contents, and
evapotranspiration. The eight tasks conducted to develop, verify and analyze the 1-D and 2-D FEA modeling

output presented in Chapter 4 are summarized in Figure 4.1.
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Task 1: Obtained the field monitoring data:

a. Obtained details of site locations.

b. Obtained details of the pavement cross-sections.
c¢. Obtained in-situ water contents.

d. Obtained details of the in-situ water table
elevations.

e. Obtained details of climatic factors.

f. Obtained the pavement materials properties.

Task 2: Conducted 1-D FEA modeling:

a.Used SEEP/W to simulate water transfer.

b. Used TEMP/W to simulate heat transfer.

¢. Used LCI as surface boundary condition.

d. Used a unit gradient boundary condition at the base.
Obtained 1-D FEA output (Used for the 2-D FEA
models surface boundary conditions):

a. Obtained the surface temperature profile at top node.
b. Obtained the net infiltration flux at the top node.

v

Task 3: Conducted the 2-D FEA modeling:

a. Used coupled water and heat transfer modeling.
b. The coupled 2-D FEA modeling was conducted
usong SEEP/W coupled with TEMP/W

Applied bounsary conditions:

a. The surface temperature profile (on entire surface).
b. The net infiltration flux (on vegetated areas).

c. A zero flow (on wearing courses and sides).

d. A constant total head (at the bottom).

Task 4: Calibtated the 2-D FEA modeling output:

a. Compared in-situ volumetric water contents to
volumetric water contents obtained from the 2-D FEA
modeling output at the same depth and time (the
simulated volumetric water contents).

b. The comparison was also conducted using R?
analysis between in-situ volumetric water contents,
and the simulated volumetric water contents.

!

Task 5: Evaluated the climatic factors-volumetric
water contents relationships:

a. Conducted statistical correlation testing using R-values
to evaluate relationships between the field recorded
climatic factors and in-situ volumetric water contents.

b. The statistical analyses were conducted using Pearson’s
method and were based on a statistical significance of 5 %
(p-value < 0.05).

Task 6: Verified the 2-D FEA models:

a. The 2-D FEA models were verfied
graphically by superimposing the simulated
volumetric water content output values onto the
in-situ volumetric water content values for the
corresponding days and depth for each site.

b. The graphical verification was conducted to
visualize the accuracy of the 2-D FEA models in
simulating in-situ volumetric water contents.

Task 7: Analyzed the 2-D FEA models
surface boundary condition:

a. Analyzed the net infiltration flux obtained
from the surface node of the 1-D FEA models.

Task 8: Analyzed the 2-D FEA modeling output:

a. Analyzed the 2-D FEA volumetric water contents output
for different depths to the water table.

-Analyzed the minimum, maximum, and average 2-D FEA
volumetric water contents output for each year.

-Analyzed the spatial variations in the 2-D FEA volumetric water
contents output.

-Analyzed lag times between changes in climatic factors and
changes in volumetric water contents.

-Analyzed the net and cumulative changes in volumetric
water contents.

b. Analyzed the evapotranspiration from the 1-D FEA
modeling output.

Figure 4.1: Flow chart summarizing tasks conducted to develop and verify FEA models
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4.3 Field Monitoring Data Sources

The two research sites used for the 1-D and 2-D FEA modeling form part of the Long-Term Pavement
Performance (LTPP) and Seasonal Monitoring Program (SMP) implemented through the Federal Highway
Administration (FHWA). The 1-D and 2-D FEA modeling was conducted using one rigid pavement section
located on US Highway 2/Minnesota Highway 6 in Minnesota with LTPP-SMP State Code 27 and SHRP
ID 4040; 47.3088N, 93.7167W as shown in Figure 4.2 (Research Site No. 1). The second rigid pavement
section was located on US Highway 41 in Indiana with LTPP-SMP State Code 18 and SHRP ID 3002;
40.5972N, 87.3803W as shown in Figure 4.3 (Research Site No. 2). The two research sites are in a wet
freeze climatic zone. The wet freeze climatic zone includes 18 states in the United States (Minnesota,
Indiana, New York, North Dakota, Illinois, South Dakota, Washington, lowa, Connecticut, Idaho, Kansas,
Pennsylvania, Michigan, Montana, Virginia, Colorado, New Hampshire and Ohio) and 10 provinces in
Canada (Alberta, Manitoba, Ontario, Quebec, British Columbia, Saskatchewan, New Brunswick, Prince
Edward Island, Newfoundland and Nova Scotia).

A summary of the cross-section details and material properties of the two research sites is presented
in Table 4.1 and Table 4.2 respectively. The thickness of the granular base course below the traffic lanes
was similar for both sites. The thickness of the granular base course below the shoulder at Research Site
No.1 was more than twice the thickness of the granular base course below the shoulder at Research Site No.
2. The subgrade at both sites consisted of compacted sandy lean Clay which is clasified as A-6. Materials
properties used in the 1-D and 2-D FEA modeling were obtained from field and laboratory testing from the

LTPP and SMP, and were also calculated from published data.

LTPP Site Location (State Code 27 SHRP ID 4040) Legand

A47.3088N.93.T167W

i LTPP Site Location (State Code 27 and SHRP ID 4040) i Legend
| wre a descripton fo your map. e | a73088N 93 7167W |

gl

Google Earth " BGoogle Earth
80 o

Figure 4.2: Research Site No. 1, US HWY 2/Minnesota HWY 6 (Google Earth, 2020)
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LTTP Site Location (State Code 18, SHRP ID 3002) Legend | LTTP Site Location (State Code 18, SHRP ID 3002)
40597229 N, 87.38037 W 40.507220 N, 87.38037 W

== Google Earth
30m

Figure 4.3: Research Site No. 2, US HWY 41, Indiana (Google Earth, 2020)

Google Earth

Table 4.1: Pavement structures cross-section details used in the FEA modeling for the two sites

(LTPP and SMP 2020)
. . Layer Thickness (mm)
Materials Location Research Site No. 1 Research Site No. 2
Within Within Within Within
traffic lanes Shoulders  traffic lanes  Shoulders

Granular base Below the wearing 150.0 2920 1500 140.0

course course
Compacted  Below the granular base 400.0 i 400.0 i

subgrade course

Table 4.2: Pavement materials properties used in the FEA modeling for the two sites (LTPP and

SMP 2020)
. . . - Condition used in the
Materials Layer Location Material Description FEA Models
Below wearing course in A-1-b: Granular:
Granular base course traffic lanes Unbound Compacted
Below wearing course in A-1-b: Granular:
Granular base course shoulders Unbound Compacted
Below granular base )
Compacted subgrade course in traffic lanes A-6: sandy lean Clay Compacted
Native soil cover Medlan,giltdc e;]:Lopes and A-6: sandy lean Clay  Grass, shrubs, and trees
Native soil top layer Top Iayer:(;‘”subsurface A-6: sandy lean Clay In-situ condition
. . Bottom layer of . . .
Native soil bottom layer subsurface soil A-6: sandy lean Clay In-situ condition
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The pavement cross-section details and summary of depths to the water table for Research Site No.1
and Research Site No.2 are shown in Figure 4.4 and Figure 4.5 respectively. Research Site No.l is in
Minnesota within a lake region and is adjacent to many lakes and shallow ponds with the bottom elevation
of these shallow ponds located above the subgrade surface. Research Site No.2 is in Indiana in a region
characterized by grassland and farmland. The two sites are located approximately 1,200.0 km apart in
different environments including different surface water conditions. The depths to the piezometric surface
for the two pavement sections were obtained from the LTPP and SMP (2020) database and are presented
graphically in Figure 4.6. The analysis of the data presented in Figure 4.6 shows fluctuations in the depth to
the piezometric surface at the two sites due to changes in climatic factors and environmental conditions.
The water table elevation at Research Site No.1 was also influenced by the surface water conditions
including the adjacent lakes and shallow ponds. The water table at Research Site No.1 was at shallower
depths than the water table at Research Site No.2.

50 mm AC wearing 50 mm AC wearing
course over 292 mm course over 292 mm

base course on shoulder base course on shoulder

e

'\,A e /

Note:
I & Minimum depth The in-situ moisture
[ S—

E to water table content measured
at 375 mm below
v the subgrade surface
i Maximum depth
to water table

Figure 4.4: Pavement cross-section details for Research Site No. 1
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200 mm PCC wearing
course over 140 mm
base course on shoulder

~

.

200 mm PCC wearnng
course over 140 mm
base course on shoulder

d

7

Note:

The in-situ moisture
£ content measured
- at 230 mm below
the subgrade surfac
£ I O el e
- to water table
Maximum depth
e to water table

Figure 4.5: Pavement cross-section details for Research Site No. 2
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Figure 4.6: In-situ depth to the piezometric surface for Research Site No.1 and Research Site No. 2

In-situ volumetric water contents measured at Research Site No. 1 and Research Site No. 2 were

used for calibrating the 2-D FEA models and are presented in Figure 4.7. The analysis of the data presented
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in Figure 4.7 indicated seasonal fluctuations in volumetric water contents at both sites. The analysis also
indicated that the fluctuations in the unfrozen volumetric water contents were influenced by fluctuations in
the depths to the piezometric surface during unfrozen conditions. Shallower depths to the piezometric
surface resulted in higher volumetric water contents. The analysis also indicated that volumetric water
contents at both sites fluctuated seasonally in response to seasonal changes in climatic factors and

environmental conditions.

The measured in-situ volumetric water contents: Research Site No. 1 and Research Site No.2
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Figure 4.7: The measured in-situ volumetric water contents (LTPP and SMP, 2020)

4.3.1 Climatic Factors used as Input in the 1-D FEA Modeling
Table 4.3 shows the six climatic factors used as input for the 1-D FEA modeling. The six climatic factors
are also presented graphically in Figure 4.8 to Figure 4.19. The daily 24-hour datasets used for each climatic
factor were recorded from 01t October 1979 (construction completion date) to 20" September 2017 (38-
years analysis period) for Research Site No. 1, and from 01% August 1976 (construction completion date) to
21% July 2014 (38-years analysis period) for Research Site No. 2.

The analyses of the air temperature data presented in Figure 4.8 show that significant freezing
temperature ( approximately -40 °C) measured during the winter of 1994 and 1995 for Research Site No.1,

induced significant reduction in the measured in-situ water contents within the subgrade. The data also show
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that warmer winter temperatures (which cause thawing of the subgrade and more unfrozen pore water) and
lower summer temperatures (which are associated with reduced evapotranspiration) measured in 1997
induced increased water contents within the subgrade for Research Site No.1 as shown in Figure 4.7. The
analyses of the precipitation data presented in Figure 4.10 show that the increased precipitation measured
in the summer of 1997 also contributed to the increased water contents within the subgrade for Research
Site No.1 in the summer of 1997.

Table 4.3: Summary of climatic factors used as input for the 1-D FEA modeling

Climatic factor Primary application in the 1-D FEA modeling
For heat conduction, coupled convective-thermal modeling, forced
convection and natural convection processes.
For primary source of water, liquid water transfer and to support forced
convection with water transfer.

Air temperature

Precipitation

Net solar radiation For net solar radiation-air temperature-evapotranspiration processes.
Relative humidity For evapotranspiration-relative humidity process.
Wind speed For air temperature-wind speed-evapotranspiration process.
Snow depth For contribution to total precipitation.
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Figure 4.8: Daily air temperature vs. time for Research Site No. 1 (LTPP and SMP, 2020)
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Figure 4.9: Daily air temperature vs. time for Research Site No. 2 (LTPP and SMP, 2020)
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Figure 4.10: Daily precipitation vs. time for Research Site No. 1 (LTPP and SMP, 2020)
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Figure 4.11: Daily precipitation vs. time for Research Site No. 2 (LTPP and SMP, 2020)
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Figure 4.14: Daily relative humidity vs. time for Research Site No.1 (LTPP and SMP, 2020)
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Figure 4.15: Daily relative humidity vs. time for Research Site No.2 (LTPP and SMP, 2020)
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Figure 4.16: Daily wind speed vs. time for Research Site No.1 (LTPP and SMP, 2020)
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Figure 4.17: Daily wind speed vs. time for Research Site No.2 (LTPP and SMP, 2020)
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Figure 4.18: Daily snow depth vs. time for Research Site No.1 (LTPP and SMP, 2020)
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Figure 4.19: Daily snow depth vs. time for Research Site No.2 (LTPP and SMP, 2020)

4.3.2 Vegetation Function Parameters Obtained from Previous Studies

The 1-D FEA models use the soil-water-plant relationships as input to evaluate the soil water retention
characteristics and the impact of the soil-water-plant relationships on evapotranspiration (GeoSlope 2020;
Ramirez-Garcia, et al. 2012; Mullan, and Reynolds 2010; Thorup-Kristensen, et al. 2009; Evans, et al.
1996). The vegetation function parameters used as input for the 1-D FEA modeling for vegetated areas were
obtained from previous studies. The vegetation function parameters obtained from previous studies include

the leaf area index function, the ground cover-leaf area index relationship and the root depth function.
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The Leaf Area Index Function

The leaf area index (LAI) vs time function (the LAI function) is used to characterize the crop canopy. The
LAI function is the ratio of the sum of the projected area of the leaves and the unit of ground surface covered.
The LAI changes seasonally due to changes in climatic factors and the environmental conditions. The LAl
function varies during the development stages of crops and vegetation throughout the growing season
(Dong, et al. 2021; Anapalli, et al. 2005).

The areas adjacent to the pavement section at the Research Site No.1 in Minnesota (as shown in
Figure 4.2) consist primarily of corn and wheat crops (United States Department of Agriculture 2017).The
areas in the vicinity of the pavement section at the Research Site No.2 consist primarily of corn as shown in
Figure 4.3. Hence, an average of the LAI function for the wheat and corn crops is used for Research Site
No. 1, while an LAI function for corn is used for Research Sire No.2. The LAI functions for wheat and corn
were obtained from studies completed by Dong, et al. (2021); Papanikolaou, and Sakellariou-Makrantonaki
(2020); Anapalli, et al. 2005. The LAI function datasets were exported to Excel where the graphical
relationships were developed as shown in Figure 4.20.
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Figure 4.20: Leaf area index function for Research Site No. 1 and Research Site No. 2

The Ground Cover-Leaf Area Index Function

The ground cover (GC) represents the percentage of the ground surface which is covered by crops and/or

the vegetation. A higher GC contributes to a lower rate of evaporation of the water within soils and the GC
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increases with an increase in LAL The ground cover-leaf area index (the GC-LAI function) used in this
study represents the crop canopy characteristics for the respective crop and vegetation (Ramirez-Garcia, et
al. 2012; Mullan, and Reynolds 2010). The GC-LAI function for the combined wheat and corn crops (for
Research Site No.1) and for the corn crop (for Research Site No.2) used as input in the 1-D FEA modeling
were obtained from previous studies conducted by Nielsen, et al. (2012). The GC-LAI datasets were

exported to Excel and the relationship were developed graphically as shown in Figure 4.21.
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Figure 4.21: Ground cover-leaf area index function for Research Site No. 1 and Research Site No. 2

The Root Depth Function
The root depth vs time relationship (the root depth function) is influenced by the plant species, soil type, the

crop and vegetation development stages, the seasonal climatic factors and environmental conditions. The
root depth function accounts for the maximum potential root depth and the time that the maximum root
depth is achieved (Thorup-Kristensen, et al. 2009; Evans, et al. 1996).

An average root depth function for wheat and corn crops was used for Research Site No.1, while
the root depth function for corm was used for Research Site No.2. The root depth function for corn was
obtained from a study completed by Evans, et al. (1996), while the root depth function for wheat was
obtained from a study completed by Thorup-Kristensen, et al. (2009). The datasets were exported to Excel

and the root depth-time relationships were developed as shown in Figure 4.22.
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Figure 4.22: Root depth function for Research Site No. 1 and Research Site No. 2

4.3.3 Vegetation Function Parameters Calculated Using Empirical Relationships Provided in
Previous Studies

The vegetation function parameters used as input for the 1-D water and heat transfer FEA modeling for

vegetated areas were also calculated from empirical equations provided in previous studies. The vegetation

function parameters calculated using empirical equation from previous studies include the root density

distribution function and the plant water limit function.

The Root Density Distribution Function

Studies have indicated that root depths typically increase over the growing season. These studies also show
that the normalized root density characterizes the root characteristics-plant water uptake relationship. Hence,
the root density distribution is represented by the normalized root density vs the normalized root depth to
account for the influence of the maximum root depth on the root distribution (the normalized root density
function). The input parameters for this function include variations of root length due to changes in the
relative soil depth. This relationship incorporates the plant root characteristics which are influenced by the
soil depth and the maximum root depth (Wu, et al. 1999). The analysis was completed in Excel and is
presented in Figure 4.23.
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Figure 4.23: Normalized root density function for Research Site No. 1 and Research Site No. 2

The Plant Water Limit Function
The plant water limit is represented by the limiting factor-matric suction relationship. The plant water limit

represents the influence of atmospheric conditions on the relationship between the maximum root water
uptake, root density and rate of transpiration. The relationship also accounts for changes in the maximum
root water uptake due to changes in the soil water pressure. This is achieved by incorporating a reduction
coefficient for root water uptake. The limiting factor-matric suction relationship was determined by
calculating the actual root water flux density and the maximum root water uptake. The reduction coefficient
for the root water uptake-soil water pressure relationship was determined by using varying values of the
actual root water flux density to calculate the ratio of the actual root water flux density and the maximum
root water uptake, while neglecting the salinity reduction factor. The matric suction was calculated using
the relationship between the reduction coefficient for root water uptake and the soil water pressure (Feddes,
et al. 2001; Wesseling, 1991; Feddes, et al. 1978). The analysis was conducted in Excel and is presented in
Figure 3.24.
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Figure 4.24: Plant water limit function for Research Site No. 1 and Research Site No. 2

Summary of the Crop and Vegetation Functions

The analysis of the vegetation function shown in Figure 4.21 indicated that the corn crop has a higher rate
of increase of the LAI than the combined wheat and corn crops within the first 80.0 days after planting. The
data also show that the corn crop develops its maximum LAl at approximately 80.0 days after planting.
However, beyond 80.0 days after planting, the LAI of the corn crop decreases with time. Although the
combined wheat and corn crops have a lower rate of increase of the LAI within the first 80.0 days after
planting, the combined wheat and corn crops develop a higher LAI at approximately 100.0 days after
planting. The LAI of the combined wheat and corn crops also decrease after approximately 100.0 days after
planting. These observations indicate that the corn crop produces a lower ground coverage which contributes
to an increase in the evaporation of the water within soils throughout the growing season.

The wheat crop has a higher GC and a higher LAI than that of the corn crop which imply that the
wheat crop provides a higher ground coverage than the corn crop. This indicates that the wheat crop
contributes to a lower rate of evaporation of the water within soils than the corn crop. The corn crop also
has a higher root depth than the wheat crop which implies that the corn crop has a higher root water uptake

and facilitates higher transpiration than the wheat crop.
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4.3.4 Water Contents, Hydraulic Properties and Water Table Details Used in the FEA Modeling
The volumetric water contents function parameters used in the FEA modeling for each material are
presented in Table 4.4. The volumetric water contents function parameters were estimated from the subgrade
laboratory testing results and material classification provided in the LTPP and SMP (2020) database. The
estimated volumetric water contents function parameters were verified by comparing them to the van
Genuchten function parameters for similar soils presented in a study conducted by Wasten, et al. (1999).
The data indicate that the saturated volumetric water content and the air entry value are higher for
fine-grained materials, and that the air entry value increases as the material became finer. A compressibility
value of zero is used for each material in the FEA modeling because the water within each material is

assumed to be incompressible.

Table 4.4: Volumetric water contents function parameters used in the FEA modeling (Wdsten, et al.
1999)

Volumetric water content Van Genuchten parameters

Maé%rilf s parameters 3 Ky/kx  Compressibility

classification Saturated Residual (AEV) " Ratio (/kPa)
water content ~ water content
(kPa)

Granular base

layer (A-1-b) 0.30t00.35 0.02 t0 0.03 5t0 10 13t01.6 1.0 0
S”bg(ﬁ‘f'g)'ayer 04010060 00410005 10010150  1.2t01.3 1.0 0

Nativesoil -4 4515065  0.05t00.06 20010300  1.1to12 1.0 0

layers (A-6)

The hydraulic conductivity function parameters used in the FEA modeling are presented in Table
4.5. The hydraulic conductivity function parameters were estimated from the subgrade laboratory testing
results and material classification provided in the LTPP and SMP (2020) database. The estimated material
hydraulic conductivity function parameters were also verified by comparing them to the hydraulic
conductivity function parameters for similar soils presented in a study conducted by Wasten, et al. (1999).
The data indicate that saturated hydraulic conductivity decreased as the material became finer. The

analyses were based on vertical and horizontal hydraulic conductivity being equal.
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Table 4.5: Hydraulic conductivity function parameters used in the FEA modeling (Wsten, et al.

1999)
Hydraulic conductivity point function
Materials (Soil Classification) Maximum Anisotropy
Saturated kx (m/sec) suction (kPa) (ky/ky)
Granular base layer (A-1-b) 2.0x10° to 5.0x10° 1.0x10* 1.0
Compacted Subgrade layer (A-6) 3.0x10°8 to 6.0x10°8 1.0x10° 1.0
Native soil layers (A-6) 3.0x10° to 8.0x10° 1.0x10° 1.0

The thermal properties of the pavement materials were estimated from data presented in a studies
conducted by Applied Research Associates Inc. (2004) and Pahud (2002). The data indicate that the thermal
conductivity decreases as the material become finer, while the volumetric heat capacity increases as the
material become finer. A summary of thermal properties of each material are shown in Table 4.6 and Table
4.7.

Table 4.6: Materials thermal property parameters used in the FEA modeling: Research Site No.1
(Applied Research Associates Inc. 2004; Pahud 2002)
Thermal properties parameters

Materials (Soil Thermal conductivit Volumetric heat
Classification). o y capacity
(kJ/ (ms°C)) (kJ / (m° °C))

Granular base (A-1-b) 6.5x10*to0 13.5x10*  1.75x103%to 3.25x103
Compacted Subgrade (A-6)  2.5x10*t0 8.0x10*  2.25x10°to 4.70x103
Native soil (A-6) 1.5x10*t0 6.5x10*  2.50x10%to 5.25x10°

Table 4.7: Materials thermal property parameters used in the FEA modeling: Research Site No.2
(Applied Research Associates Inc. 2004; Pahud 2002)

Thermal properties parameters

Materials (Soil Thermal conductivit Volumetric heat
Classification). o y capacity
(k7 (s m°C)) (ki / (m*°C))

Granular base (A-1-b) 6.5x10#t0 13.5x10*  1.15x10%to 2.45x10°
Compacted Subgrade (A-6)  3.0x10*to 8.5x10*  1.50x10%to 3.60x10°
Native soil (A-6) 1.8x10*to 7.0x10*  1.75x10°to 4.25x10°

Table 4.8 presents activated pore water pressures and activated temperatures data. Activated pore

water pressure values increase as the material become finer. Activated pore water pressures were used to
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simulate the initial pore water pressure and the corresponding initial volumetric water content. Activated
material temperatures were chosen to simulate the in-situ temperature of the respective material layer at the
completion of pavement construction. Activated material temperatures were increased with depth relative

to activated temperature of the top material layer.

Table 4.8: Initial groundwater conditions parameters used in the FEA (LTPP and SMP, 2020)

Activation porewater pressure (kPa)
Materials (Soil Classification)

Research site ID

Granular base Compacted subgrade Native soil layer
layer (A-1-b) layer (A-6) (A-6)
Research Site No.1 -10.0t0 -5.0 -1,200.0 to -1,000.0 -2,500.0 to -2,100.0
Research Site No.2 -10.0t0 -5.0 -1,000.0 to -800.0 -2,000.0 to -1,800.0
Activation Temperature (°C)
Research Site No.1 50t07.0 6.0 t0 8.0 5.0t0 10.0
Research Site No.2 5.0t0 10.0 10.0t0 15.0 10.0t0 15.0

The plots of material property functions presented in Figure 4.25 to Figure 4.28 were developed
using the volumetric water content and hydraulic conductivity function parameters presented in Table 4.4
and Table 4.5 respectively. The volumetric water content and hydraulic conductivity function parameters
presented in Table 4.4 and Table 4.5 respectively were used as input in the respective van Genuchten (1980)
model to develop the SWCC for each material and presented graphically in Excel. A sensitivity analysis
was conducted using varying values of the saturated volumetric water content (8sx), residual volumetric
water content (6,) and the parameter a’, n and m within the established range for each parameter to generate
the best fitting SWCC curves which were developed graphically in Excel.

The thermal property function parameters presented in Table 4.6 and Table 4.7 and the varying
volumetric water content values were used as input in the Johansen (1975) and De Vries (1975) models to
develop the thermal conductivity-volumetric water content relationship curves as shown in Figure 4.29 and
Figure 4.30. The volumetric heat capacity-volumetric water content relationship curves were also developed
as shown in Figure 4.31 and Figure 4.32 respectively for each material. The analysis and development of
these Figures were conducted in Excel. A sensitivity analysis was conducted using varying values of the
thermal property function parameters within the established range for each parameter to generate the best
fitting curves.

The data indicate that matric suction is zero at the saturated volumetric water content. The
volumetric water content remains constant at the saturated condition with an increase in matric suction up
to a matric suction corresponding to the air entry value. Beyond the air entry value, the volumetric water

content decreases gradually with an increase in matric suction to a volumetric water content corresponding
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to the residual water content. The rate of change in volumetric water contents beyond the residual water
content is relatively minimal.

Desaturation starts at a volumetric water content value corresponding to a matric suction value
which is more than the air entry value and takes place in the transition zone. The air entry value also
represents the matric suction value at which air starts to enter the large pores in the soil. The slope of the
desaturation section of the volumetric water content vs. matric suction curve is lower for finer materials.
This pattern indicates that the rate of change of the volumetric water content due to a unit change in matric
suction is lower for finer materials. The relationship shows the basis for the granular base course having a
higher rate of desaturation and a lower water storage capacity than the subgrade and native soil. The rate of
desaturation is influenced by the grain size distribution of the material and is represented by the parameter
“n” in the van Genuchten (1980) model.

A similar pattern was observed for the relationship between hydraulic conductivity and matric
suction. The data indicate that the thermal properties increase with an increase in the volumetric water
content up to the saturated volumetric water content and are constant beyond the saturated condition. Coarse
materials have higher thermal conductivity, and finer materials have higher volumetric heat capacity. The
relationship between changes in thermal properties and volumetric water contents of materials was used to

facilitate coupled convective-thermal material modeling.
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Figure 4.25: SWCC for pavement layer materials for Research Site No. 1
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Figure 4.26: SWCC for pavement layer materials for Research Site No. 2
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Figure 4.27: Hydraulic conductivity function for pavement layer materials for Research Site No. 1
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Figure 4.28: Hydraulic conductivity function for pavement layer materials for Research Site No. 2
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Figure 4.29: Thermal conductivity function for pavement layer materials for Research Site No.1
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Figure 4.30: Thermal conductivity function for pavement layer materials for Research Site No.2

108



~  55E+03
%) i
% S.0E+03 -
= 45E+03 -
5 |
= 40E+03 -
S 35F403 -
% i
O 3.0FE+03 4
= 1
T 25E+03
‘2 20E+03 |
g 4
£ 15E+03 -
> 10E+03 ‘ ‘ S ‘ ‘ . ‘

Volumetric water content

Native Soil (A-6)  —Subgrade Layer (A-6) Granular base (A-1-b)

Figure 4.31: Volumetric heat capacity function for pavement layer materials for Research Site No.1
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Figure 4.32: Volumetric heat capacity function for pavement layer materials for Research Site No.2
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4.4 Methodology for Conducting the Land Climate Interaction Modeling

The FEA modeling was conducted using SEEP/W to simulate water transfer and using TEMP/W to simulate
heat transfer within subgrades. SEEP/W and TEMP/W form part of the GeoStudio software package
developed by GeoSlope International Ltd. which is part of Seequent and is based in Calgary, Alberta,
Canada.

1-D heat transfer FEA modeling followed by 2-D heat transfer FEA modeling were conducted using
transient heat transfer and forced convection with liquid water transfer and water vapour transfer. The heat
transfer modeling was integrated with the water transfer modeling which consisted of natural (free)
convection and water vapour transfer based on thermal and isothermal conditions. The heat transfer
modeling and water transfer modeling were integrated using coupled convective-thermal material modeling.
In the coupled convective-thermal material modeling approach, thermal properties of materials are

represented as a function of volumetric water contents for the unfrozen condition as shown below:
e Thermal conductivity vs. volumetric water content function;
e \olumetric heat capacity vs. volumetric water content function;
e Unfrozen water content vs. temperature function estimated based on soil classification; and

e \Water density vs. temperature function.

The 1-D water transfer FEA modeling was conducted followed by 2-D water transfer FEA
modeling. The FEA modeling for liquid water transfer was based on gravity flow, pore water pressure
gradients and water density gradients. The FEA modeling for water vapour transfer was due to water vapour
pressure gradients. The FEA modeling for water transfer was conducted using transient conditions and
consisted of coupling water transfer and heat transfer modeling. Hydraulic material modeling was based on

saturated/unsaturated conditions as follows:

e Volumetric water content vs. matric suction function (SWCC) estimated using Van Genuchten
function parameters, the saturated water content, and the residual water content;
e Hydraulic conductivity vs. matric suction function estimated using Van Genuchten function

parameters, saturated hydraulic conductivity, and SWCC including the residual water content; and

e \Water density vs. temperature function.

The 2-D water transfer FEA modeling was conducted using initial groundwater conditions based
on the activation pore water pressure, and the activation temperature for each material layer. It was assumed
that the hydraulic conductivity of materials decreased during freezing conditions. The water and heat

transfer FEA modeling was conducted using a representative pavement structure profile for each research
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site. The 2-D water and heat transfer FEA modeling sensitivity analyses were conducted using a global mesh
size of 0.5 mto 2.5 m. The 1-D water and heat transfer FEA modeling were conducted using 48 time-steps
per day over a total of 13,870 days which represented the 38-year analysis period. The 2-D water and heat
transfer FEA modeling were conducted using one time-step per day over a total of 13,870 days.

The 2-D FEA modeling was conducted using Constant Total-head Boundary Condition values of
4.0m, 3.0m,-5.0m, -10.0 m, and -20.0 m (FEA Case No.1 to FEA Case No.5) which represent static water
table elevation of 1.65 m, 2.65 m, 10.65 m, 15.65 m and 25.65 m below the subgrade surface. The domain
elevations were referenced from a datum (elevation 0.0 m) located at 6.0 m below the pavement surface.

4.4.1 Boundary Conditions used for 1-D and 2-D Water and Heat Transfer FEA Modeling

The land climate interaction (LCI) surface boundary conditions for the 1-D water and heat transfer FEA
modeling were developed using climatic data including precipitation, air temperature, relative humidity, net
solar radiation, wind speed, and snow depth. The vegetation data including leaf area index, plant water limit,
root depth, normalized root density, ground cover, and vegetation height functions were used to simulate
evapotranspiration based on the Penman-Monteith method (LCI Surface Boundary Condition). The initial
Surface Temperature Boundary Condition was developed by conducting 1-D heat transfer FEA modeling
using the surface energy balance boundary condition. The surface energy balance boundary condition
consisted of air temperature, net solar radiation, wind speed and relative humidity. Subsequently, 1-D water
and heat transfer FEA modeling were conducted using the LCI Surface Boundary Condition and the initial
Surface Temperature Boundary Condition based on coupling SEEP/W and TEMP/W. A Unit Gradient
Boundary Condition was used at the bottom of the domain for the 1-D water and heat transfer FEA
modeling.

The net infiltration flux from the 1-D water and heat transfer FEA modeling, and the surface
temperature from the 1-D heat transfer FEA modeling were used for the Net Infiltration Flux Boundary
Condition and Surface Temperature Boundary Condition respectively, for the coupled 2-D water and heat
transfer FEA modeling. For the 2-D water and heat transfer FEA modeling, the Net Infiltration Flux Surface
Boundary Condition was applied on the entire surface of the domain except the wearing courses on traffic
lanes and shoulders. The Net Infiltration Flux Boundary Condition was not applied on the wearing courses
because the wearing courses were assessed as impervious. The Surface Temperature Boundary Condition
was applied on the entire surface on the domain. The Zero-flow Boundary Condition was applied on the
surface of the base course as it was assumed that there was no infiltration of water through the wearing
courses because the wearing courses were assumed impervious. This assumption also implied that no water
infiltrated the interface of the wearing courses and the base course. The Zero-flow Boundary Condition was

also applied on the sides of the domain as it was assumed that there was no migration of water along the
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vertical boundary. It was also assumed that the water flow condition outside the vertical boundary did not
influence the water flow within the domain because the domain extended 100.0 m on each side of the
centreline of the median. The Constant Total-head Boundary Condition with values ranging from 4.0 m to
-20.0 m which represented static water table elevation of 1.65 m to 25.65 m below the subgrade surface,
was used at the bottom of the domain. The water table elevation with values ranging from 1.65 m to 25.65
m below the subgrade surface was used for conducting the sensitivity analyses of the coupled 2-D water
and heat transfer FEA modeling. The bottom of the domain was set at 26.0 m below the pavement surface,
and the lateral limit of the domain was set at 100.0 m offset from the centreline of the median. A summary
of the boundary conditions used for the 1-D and 2-D water and heat transfer FEA modeling is presented in
Figure 4.33 and Figure 4.34 respectively.

Color | Name | Model Model
D 1-Native Soil Top Layer (A-6) | Coupled Convective Thermal | Saturated / Unsaturated

. 2-Native Soil Bottom Layer (A-8) | Coupled Convective Thermal | Saturated / Unsaturated

1-D FEA Case No.1: Land Climate Interacnion (LCI) and Swrface Temperature
Boundary Conditon on vegetated areas

8 1-D FEA Case No.2: Pavement Climate Interaction (PCI) and Surface Temperature
6 — i ‘ Boundary Condition on wearmg courses. Used for 1-D FEA
4 — : to determne 1-D water vapor migration through PCC weanng
2 |— course to atmosphere
01— s : : raa :
n |l Net infiltration flux and ground surface temperanue from 1-D FEA Case No. 1 output
2 | at surface boundary used as Net Infiltiration Flux and Surface Temperature Boundary
6 — Condition. respectively for 2-D FEA. Net Infiltration Flux Boundary Condition
& applied on surface boundary of vegetated areas (Region R1. R3) for 2-D FEA: wlhile
o 8 — P} ) : :
§ 10 |— Surface Temperature Boundary Condition applied on entire surface boundary (Region
L_;.'j 12 R1. R2 and R3) for 2-D FEA shown on 2-D FEA boundary condinon layout
-14 —
- - Zero Flow Boundary Condition.in honzontal direction
1 :
-18
-20 1 = I |1 Unit Gradient Boundary Condition at bottom
-22 —

12 -8-6-4-20 2

Distance

Figure 4.33: Summary of boundary conditions used for I-D water and heat transfer FEA modeling
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Color |HName Model Model
D 1-Native Soil-Top Layer (A-5) Coupled Convectve Thermal | Saturated / Unsaturated

. 2.Granular Base Course (A-1-b) | Coupled Convectve Thermal | Saturated / Unsaturated

. 3-Compacted Subgrade Scil (A-6) | Coupled Convectve Themal | Saturated / Unsaturated
. 5-Native Sail-Bottom Layer (A-5) | Coupled Convectve Themal | Saturated / Unsaturated

Boundary Condition (BC) Legend. Region Type Legend
BC Type A: Net Infiltration Flux from 1-D Region Type  Description
FEA output at surface boundary. R-1 Vegetated ditches
BC Type B: Zero Flow. VoL v and green-space
BC Type C: Surface Temperature from 1-D | 2 E 3 R-2 Traffic lanes and
FEA output at surface boundary . | = =< = shoulders
| BC Type D: Constant Total-head. d g R-3 ‘egetated median |
=
BCTwpe:AamdC 2 U U BCType: AandC
| iy 1= 1818 | A |
I Bl l;.g.;- IR-J R-2 Rl I
2m Hrdmidm 2m
o 1 |
¢ [ A0A00S0ALLAAARCAGRARADEISRGANSRALASSS ~ ‘---’-._..\_-'.‘,a“nu“nuuuuunnuunuuua b
2
2 =
8 £
c -10 R 5:«’
° = -
T -
2
[T H
2 200m
-2 BC Type: D
e ' W N [ U [ M ) I N e N R N E N N A R0 N N N O
~130-120-110-100 -0 60 70 40 -£0 <0 -20 -20 10 0 10 20 30 40 0 €0 70 €0 €0 100 110 120 120
Distance (m)

Figure 4.34: Summary of boundary conditions used for 2-D water and heat transfer FEA modeling

4.4.2  Details of SEEP/W and TEMP/W used for 1-D and 2-D Water and Heat Transfer Modeling

The pavement section geometry was drawn in SEEP/W and TEMP/W using the site-specific cross-section
details provided in Table 4.1. Each material layer in the pavement structure was drawn as an independent
region. The material properties database, including the hydraulic and thermal properties for each material
layer in the pavement structure which includes the base course, subgrade, and native soil was created in
SEEP/W and TEMP/W. The respective material properties for each material layer were assigned to each
corresponding region in SEEP/W and TEMP/W. The water and heat transfer conditions in SEEP/W and
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TEMP/W were applied and included water transfer modeling based on liquid water transfer due to gravity
flow and water vapour transfer due to thermal and isothermal conditions. The water and heat transfer
conditions also included convective-thermal conditions, hydraulic conductivity as a function of volumetric
water content, decreased hydraulic conductivity during freezing conditions and evapotranspiration modeling
using the Penman-Monteith equation. The mesh size, time steps, and boundary conditions were applied in
SEEP/W and TEMP/W and each model in SEEP/W and TEMP/W was run to generate the water and heat
transfer output. The output include the volumetric water content and temperature profile within the
respective pavement material layer.

The heat transfer FEA modeling consisted of the TEMP/W solver converting the uniformly
distributed and time dependent heat flux from the surface temperature boundary condition to the total heat
flow at each node. The TEMP/W solver conducted the heat conversion by integrating the heat transfer
equations and utilizing the temperature gradients along the edge of the mesh. The converted total heat flow
at each node was then used to calculate the rate of change of the thermal energy stored in the pavement
structure based on the conservation of energy. The heat transfer FEA modeling included forced convection
with liquid water and water vapour transfer, and coupled convective-thermal material modeling (hydro-
thermal coupling). The hydro-thermal coupling was conducted using the water flux output obtained from
the water transfer FEA modeling which was coupled with the heat flux output obtained from the heat transfer
FEA modeling. The hydro-thermal coupling consists of the soil’s thermal properties analyzed as a function
of changes in volumetric water contents.

SEEP/W used the specified net infiltration flux obtained from the net infiltration surface boundary
condition to conduct the analyses of water transfer. The water transfer solver triggered a positive surface
water pressure which is associated with ponding to induce water transfer for cases where the specified net
infiltration flux exceeded the saturated hydraulic conductivity. The water transfer process at each node in
the 2-D FEA modeling was also influenced by the time steps and the length of the mesh edges used in the
SEEP/W analyses.

4.5 Calibration and Analysis of Water and Heat Transfer FEA Modeling Output

This section presents details of the approach used for verifying the 2-D FEA models. The section also
presents the findings of the analyses of the 1-D and 2-D water and heat transfer FEA modeling output for
subgrades for the two pavement sections analyzed. The section also provides details of the sensitivity
analyses conducted to evaluate the influence of varying static water table elevations on volumetric water
contents within subgrades. The section also provides details of the analyses of: net infiltration and

evapotranspiration; the influence of changes in climatic factors on changes in volumetric water contents
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within subgrades; and the impact of seasonal minimum, maximum and average volumetric water contents

on changes in the resilient modulus and changes in pavement performance.

45.1 Calibration and Verification of FEA Models

The 1-D and 2-D water and heat transfer FEA models were calibrated visually by superimposing the
measured in-situ volumetric water contents within subgrades (the measured in-situ datasets) onto the in-situ
volumetric water contents obtained from the water and heat transfer FEA modeling output (the FEA
volumetric water contents output) at corresponding time periods, depths, and locations within subgrades.

The 2-D water and heat transfer FEA models were also calibrated using the coefficient of
determination (R?) analysis between the measured in-situ datasets and the 2-D FEA volumetric water
contents output. The 2-D FEA water and heat transfer modeling and R? analysis were conducted until the
R? value between the measured in-situ datasets and the 2-D FEA volumetric water contents output was at
least 0.8.

In-situ volumetric water contents within subgrades were recorded at an offset of positive 0.76 m
from the interface of the outside traffic lane and shoulder (an offset of positive 0.76 m). In-situ volumetric
water contents recorded at depths of 375.0 mm and 230.0 mm below the subgrade surface using time-domain
reflectometer (TDR) water sensors were used for calibrating the FEA models for Research Site No. 1 and
Research Site No. 2 respectively. The typical TDR sensor layout plan used for the Long Term Pavement

Performance (LTPP) and Seasonal Monitoring Program (SMP) is shown in Figure 4.35.
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Figure 4.35: Summary of typical TDR sensor installation layout plan used in the LTPP and SMP
(Zollinger, et al 2008; Rada, et al. 1995)

Studies have shown that water contents within subgrades are time and location dependent. However,
the 2-D FEA volumetric water contents output were obtained at approximately an offset of positive 0.76 m
and at a depth of 375.0 mm and 230.0 mm below subgrade surface for Research Site No. 1 and Research
Site No. 2 respectively. The locations of the 2-D FEA volumetric water contents output correspond to the
in-situ installation layout of the TDR water probes used in the LTPP and SMP as shown in Figure 4.35. The
2-D FEA volumetric water contents output were obtained at locations corresponding to the locations of the
installed TDR sensors for the respective site. This approach was used to facilitate a comparison between the
2-D FEA volumetric water contents output and the in-situ volumetric water contents measured using the
TDR. This comparison was conducted to evaluate the accuracy of the 2-D FEA volumetric water contents
output.

During the calibration of the 1-D and 2-D water and heat transfer FEA modeling, the Van Genuchten
function parameters, the saturated water content, the residual water content, the saturated hydraulic
conductivity, thermal properties and activation parameters for materials that were used as input values were
adjusted within an established range. The Constant total-head Boundary Condition values were also adjusted
within the established range as shown in Table 4.4 to Table 4.8. The range for each parameter provided in
Table 4.4 to Table 4.8 was obtained by calculating the average minimum and maximum values for each
parameter provided in previous studies. The thickness of pavement material layers, thickness of in-situ soil
layers, the LCI Surface Boundary Condition and the Surface Temperature Boundary Condition were not
adjusted during the calibration of the 2-D FEA models.
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4.5.2 Evaluating In-situ Climatic Factors-Volumetric Water Contents Relationship

The analysis of the data presented in Table 4.9 indicated that a higher correlation coefficient value (r-value)
is an indication of a stronger inter-relationship between changes in climatic factors. The data also show that
a higher r-value represents a stronger influence of changes in climatic factors on changes in in-situ
volumetric water contents and depths to water table. The statistical analyses show a negative relationship
between changes in wind speed and the in-situ volumetric water contents. This implies that an increase in
the wind speed results in a decrease in the in-situ volumetric water contents within subgrades. The analysis
also indicated a strong negative correlation between changes in measured wind speeds and air temperatures.
This indicates that an increase in the measured wind speed results in a cooling effect near the ground surface.

The analysis also indicated a weak negative correlation between changes in wind speeds and
precipitation, and a moderate negative correlation between changes in evaporation and precipitation. These
results imply that an increase in the measured wind speed and evaporation are associated with a reduction
in the precipitation measured near the ground surface. These observations may be due to inaccurate
measurements of precipitation using rain gauges during periods of high wind speeds and high rates of
evaporation. Studies show that an increase in the wind speed causes disturbances in conditions near rain
gauges. These disturbances result in a lower gquantity of rainfall being caught within rain gauges relative to
the amount of rainfall which reaches the ground surface (the wind-induced under-catch). The wind-induced
under-catch contributes to errors in the measured rainfall. The wind-induced under-catch also contributes to
the negative relationship between wind speed and precipitation (World Meteorological Organization 2014).

Previous studies indicate that during periods of higher relative humidity, increased precipitation is
associated with high wind speeds measured near the ground surface. These studies also indicate that an
increase in the wind speed induces an increase in evaporation which facilitates an increase in precipitation
(Back, and Bretherton 2005; Raymond, et al. 2003). This implies that the interaction between climatic
factors measured near the ground surface may be different from the inter-relationship between climatic
factors in the hydrological cycle in the lower atmosphere.

The analysis of climatic factors and in-situ volumetric water contents data indicated that an increase
in in-situ volumetric water contents within the subgrade is primarily influenced by an increase in the air
temperature, net infiltration and precipitation. The data presented in Table 4.9 show a negative relationship
between the relative humidity and evaporation. This implies that an increase in the relative humidity results
in a decrease in evaporation. This also implies that an increase in the relative humidity results in an increase
in the in-situ volumetric water contents within subgrades. This observation is supported by the positive
relationship between relative humidity and the in-situ volumetric water contents. An increase in the in-situ
volumetric water contents within subgrades is also influenced by an increase in the depth to water table, but

to a lesser extent. The data presented in Figure 4.9 show that the positive relationship between changes in
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the depth to water table and changes in the in-situ volumetric water contents is associated with a negative
relationship between changes in the depth to water table and evaporation. The relationships between climatic
factors and water contents shown in the statistical analyses are also reflected in the 2-D FEA water contents
output except for the statistical relationship between wind speed and precipitation as mentioned previously.

Shallow depths to the water table result in higher capillary rise which contributes to increased liquid
water transfer within subgrades. Shallow depths to the water table also result in lower water vapour transfer
within subgrades. This implies that shallow depths to the water table result in increased liquid water transfer
within subgrades due primarily to higher capillary rise associated with liquid water transfer. Hence, shallow
depths to the water table primarily contribute to an increase in liquid water transfer within subgrades.

Deep water tables result in minimal capillary rise to subgrades and lower degree of saturation
(resulting in minimal contribution of the capillary rise and liquid water transfer to volumetric water
contents). The minimal capillary rise and lower degree of saturation facilitate an increase in the water vapour
transfer within subgrades (the primary mechanism of water transfer within fine-grained subgrades). The
increase in water vapour transfer results in an increase in volumetric water contents within subgrades (due
to diffusion and subsequent condensation). These observations confirm a positive relationship between
changes in depths to the water table and volumetric water contents within fine-grained subgrades
(Arunkumar 2021; Zhang, et al. 2016).

It was observed that an increase in net infiltration flux is primarily due to an increase in precipitation
as precipitation is the primary source of water. An increase in the net infiltration flux is also due to an
increase in the relative humidity, depth to water table, in-situ volumetric water contents of subgrades, and
increased air temperature. It was also observed that a reduction in net infiltration is influenced by an increase
in the net solar radiation, evaporation and wind speed. An increase in evaporation is primarily influenced
by an increase in the net solar radiation and air temperature, while a reduction in evaporation is associated
with an increase in depth to water table, precipitation, net infiltration and relative humidity.

The analysis indicated strong inter-relationships between changes in volumetric water contents
within subgrades and changes in air temperature, net infiltration, precipitation, and evaporation. These
observations support the assessment that water and heat transfer within subgrades is influenced by thermal
processes including forced convection with liquid water and water vapour transfer, and evapotranspiration.
The analysis also indicated a good correlation between changes in volumetric water contents within
subgrades and depth to water table confirming that the water table elevation impacts water and heat transfer
within subgrades. The analysis also shows that the impact of the water table elevation on water and heat
transfer within subgrades is influenced by system dependent characteristics of subgrades.

The analysis also confirms that land climate interaction (LCI) is a system dependent boundary

condition which is influenced by changes in volumetric water contents within the subsurface soils. The
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strong statistical correlation between changes in net infiltration, climatic factors, volumetric water contents
within subgrades, and depth to water table confirm that net infiltration is a LCI boundary condition which
is influenced by the system dependent characteristics of subgrades. It is also observed that the net infiltration
is influenced by changes in volumetric water contents within subgrades and by changes in climatic factors.

The analysis indicated that changes in volumetric water contents are due to temperature gradients,
relative humidity gradients, changes in infiltration, changes in evaporation, and changes in groundwater
elevations. Changes in depth to water table are influenced by changes in precipitation, net infiltration, soil
water content, and relative humidity. Changes in depth to water table influence the capillary fringe zone and
capillary rise to the soil above the water table. The analyses indicate that inter-relationships among climatic
factors are influenced by changes in climatic factors and seasonal climatic conditions. The analysis also
shows that inter-relationships among climatic factors are stronger during spring and summer conditions than
during winter conditions. Days with changes in climatic factors with a value of zero result in weaker inter-
relationships among climatic factors. The analyses indicate that changes in volumetric water contents within
subgrades are influenced by changes in climatic factors, LCI and system dependent characteristics of
subsurface soils.

These observations indicate that climatic factors should be incorporated in models developed for
predicting the impact of climatic factors on water and heat transfer within subgrades. The analysis indicated
that changes in precipitation and air temperature have a higher impact on changes in net infiltration and
volumetric water contents within subgrades relative to the impact of other climatic factors. The analysis
presented here and various previous studies indicate that the interactions between climatic factors are
continuous and interrelated processes (Shrestha, et al. 2019; Farhat 2018; Liuzzo, et al. 2016; IPCC 2013;
Wang, and Dickinson 2013; Kousari, and Ahani 2012; Dinpashoh, et al. 2011; IPCC 2001). The
interrelationships between climatic factors and between climatic factors and water contents within subgrades
are evaluated further in Section 6.2. Hence, both the stronger and weaker interrelationships between climatic
factors should be incorporated in the Quantitative Empirical Model.

A summary of the statistical analyses conducted between climatic factors, and between climatic

factors and volumetric water contents is presented in Table 4.9.
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Table 4.9: Analyses of climatic data and in-situ water content for the pavement section in Minnesota from May to November 1994

. Change in Change in Changein  Change in . Chgnge Change Change
Change in : : Change in in i .
Variables precipitation net volumetric a net solar evaporation  relative in wind in depth
(mis) infiltration water temperature  radiation (m¥sm?)  humidit speed to water
(m/s) content (°C) (kd/s m?) (%) y (m/s) table (m)
Change in 1.00 0.98 0.75 0.52 -0.75 -0.43 0.77 -0.12 0.89
precipitation (m/s)
_Change in net 0.98 1.00 0.79 0.60 -0.70 0.29 0.85 030 080
infiltration (m/s)
Change in
volumetric water 0.75 0.79 1.00 0.95 -0.13 -0.19 0.48 -0.44 0.39
content
Change in air 0.52 0.60 0.95 1.00 0.16 0.50 0.35 -0.62 0.08
temperature (°C)
Change in net solar 4 75 -0.70 013 0.16 1.00 0.81 0.72 -0.20 -0.93
radiation (kJ/s m?)
Change in
evaporation -0.43 -0.29 0.19 0.50 0.81 1.00 -0.18 -0.74 -0.80
(m%s m?)
Change in relative 0.77 0.85 0.48 0.35 0.72 018 1.00 053 0.63
humidity (%)
Change in wind 0.12 -0.30 -0.44 -0.62 -0.20 -0.74 053 1.00 0.28
speed (m/s)
Change in depth to 0.89 0.80 0.39 0.08 -0.93 -0.80 0.63 0.28 1.00

water table (m)
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45.3 Lag Times Between Changes in Climatic Factors and Changes in Volumetric Water Contents
Studies have indicated that the influence of climatic factors on volumetric water contents within subgrades
is impacted by seasonal variations in climatic factors, the environment and subgrades properties. These
factors include the rainfall intensity and duration, evapotranspiration, environment condition, transient water
and heat transfer, hydraulic properties of subgrades, and characteristics of the vegetation. Variations in
climatic factors, environment condition and subgrade properties influence response times (lag times) of
changes in volumetric water contents within subgrades to changes in climatic factors. Studies have also
indicated that the impact of variations in climatic factors on lag times is depth dependent. Studies have also
indicated that lag times from precipitation events to changes in volumetric water contents within subgrades
are generally minimal within shallow depths (up to 600.0 mm below the pavement surface). Lag times from
precipitation events to changes in volumetric water contents within subgrades are longer for depths greater
than 600.0 mm below the pavement surface. Studies have also indicated that increased lag times are
associated with corresponding increased surface and subsurface runoff. The runoff results in a reduction in
the impact of increased precipitation on volumetric water contents within subgrades. In addition, increased
lag times result in corresponding increase in the impact of positive changes in air temperature on
evapotranspiration and associated reduction in volumetric water contents within subgrades (Ding, et al.
2021; Cheng, et al. 2020; Scaife, et al. 2020; Feki, et al. 2018; Su, and Shangguan 2018; Jia, et al. 2017,
Wang, et al. 2013).

Figure 4.36 to Figure 4.41 show the inter-relationships between climatic factors and between
climatic factors and water contents within the subgrade for Research Site No.1. The analyses of data
presented in Figure 4.36 to Figure 4.41 confirm that lag times are impacted by changes in climatic factors
including changes in precipitation and air temperature. The data also show that changes in air temperature
have a higher impact on lag times relative to the impact of changes in precipitation. The data presented in
Figure 4.36 to Figure 4.41 also show that changes in air temperature are reflected more quickly in lag times
relative to the response of lag times to changes in precipitation. This observation implies that changes in
water vapour transfer have a higher impact on lag times relative to the impact of changes in liquid water
transfer particularly within fine-grained subgrades. These analyses also shows that the impact of changes in
precipitation on lag times is impacted by the extent of changes in precipitation which are associated with
the rainfall intensity. The analysis of data presented in Figure 4.36 indicates that during periods of low to
medium changes in precipitation, lag times are primarily impacted by changes in precipitation and the low
to medium rainfall intensity. For periods of low to medium changes in precipitation, positive changes in
precipitation result in shorter lag times, while negative changes in precipitation result in longer lag times.

The analysis of data presented in Figure 4.36 also indicated that consecutive positive changes in
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precipitation due to consecutive precipitation events result in further reductions in lag times. However, these
analyses indicated that very large positive changes in precipitation as shown on 27" June 1980, do not have
significantly higher impact on lag times. It appears that during periods of very large positive changes in
precipitation, lag times are impacted primarily by infiltration capacities of subgrades rather than by high
rainfall intensities. This observation indicates that lower rainfall intensities over longer periods cause higher
infiltration within subgrades. This observation also implies that lag times are impacted by the hydraulic
conductivity (as a function of water contents) of subgrades.

The analysis of data presented in Figure 4.37 shows a general trend where positive changes in air
temperatures result in corresponding negative changes in volumetric water contents, while negative changes
in air temperatures result in corresponding positive changes in volumetric water contents within subgrades.
This analysis also shows that larger positive and negative changes in air temperatures, as seen on 27" June
and 28" February 1980 respectively, have a higher impact on lag times relative to the impact of smaller
changes in air temperature on lag times. This analysis also shows that larger positive and negative changes
in air temperatures result in shorter lag times, while smaller positive and negative changes in air
temperatures result in longer lag times. Despite large positive changes in precipitation, on 27" June 1980
(highlighted in Figure 4.36), the subgrade desaturated during this period due to large positive changes in air
temperatures. The subgrade desaturated from August to September 1980 despite minimal negative changes
in precipitation. The desaturation of the subgrade during this period was due primarily to large positive
changes in air temperature. These observations confirm that changes in air temperature have a higher impact
on lag times relative to the impact of changes in precipitation. The general trend indicates that lag times
were up to 1.0 day during unfrozen and frozen conditions. The data presented in Figure 4.36 and Figure
4.37 show that lag times are influenced both by changes in precipitation and changes in air temperatures
during unfrozen conditions. The data also show that lag times are influenced primarily by changes in air
temperatures during frozen conditions. This analysis also indicated that models, including the Quantitative
Empirical Model (the QE Model), developed in this study to predict the impact of climatic factors on water
and heat transfer within subgrades should incorporate the impact of climatic factors (including the impact

of precipitation and air temperature) on lag times.
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Figure 4.37: Change in air temperature vs change in volumetric water content

The analysis of data presented in Figure 4.38 indicated that positive changes in air temperatures

result in increased evapotranspiration and corresponding negative changes in volumetric water contents
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within subgrades. The analysis of data presented in Figure 4.39 indicated that positive changes in relative
humidity are associated with positive changes in volumetric water contents. The data also show that negative
changes in relative humidity correspond to negative changes in volumetric water contents. The analysis of
data presented in Figure 4.40 indicated that positive changes in air temperatures correspond to negative
changes in relative humidity. The data presented in Figure 4.40 also show that negative changes in air
temperatures correspond to positive changes in relative humidity. The analysis of data presented in Figure
4.41 show that an increase in the relative humidity results in a decrease in evapotranspiration. This dataset
also show that a decrease in the relative humidity results in an increase in the evapotranspiration. These
observations also confirm that an increase in the relative humidity results in a corresponding increase in
volumetric water contents within subgrades.

The analysis of data presented in Figure 4.39 also show lag times between changes in relative
humidity and changes in volumetric water contents within subgrades. These observations indicate that the
impact of changes in precipitation, air temperature, relative humidity and evapotranspiration on lag times
and volumetric water contents within subgrades should be accounted for in the QE Model. These inter-
relationships between climatic factors, and between climatic factors and volumetric water contents within

subgrades are incorporated into the QE Model developed as part of this study.
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Figure 4.40: Change in air temperature vs change in relative humidity
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Figure 4.41: Change in relative humidity vs change in net evapotranspiration

The FEA models and the QE Model incorporate both liquid water and water vapour transfer within
pavement structures. The water vapour represents a phase change from liquid water to a gas and incorporates
evapotranspiration. The relationship between changes in volumetric water contents and net
evapotranspiration for Research Site No.1 is presented in Figure 4.42. The analyses of data presented in
Figure 4.42 indicated that changes in volumetric water contents are influenced by changes in the net
evapotranspiration. Negative changes in the net evapotranspiration (the evapotranspiration) contribute to
decreased volumetric water contents within subgrades. Positive changes in the net evapotranspiration (the
condensation) contribute to increased volumetric water contents within subgrades. The evapotranspiration
has a higher impact on the drying path, while condensation has a higher impact on the wetting path. The
data presented in Figure 4.42b also show lag-times in the response of changes in volumetric water contents

to changes in net evapotranspiration.
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Evaluating the Accuracy of In-situ Volumetric Water Contents Measured Using TDR

In-situ volumetric water contents which are calculated using gravimetric water contents measured using

time-domain reflectometer (TDR) probes (the measured in-situ volumetric water contents) may have

inherent errors due to limitations in the TDR measurements. The six tasks which were conducted to verify

the accuracy of the measured in-situ volumetric water contents used for verifying the 2-D FEA models,
Quantitative Empirical Model (the QE Model) and EICM are listed below:

Task No.1: Reviewed the calculated in-situ volumetric water contents and the measured in-situ
gravimetric water contents which are provided in the LTPP and SMP database. The in-situ
gravimetric water contents were measured using in-situ testing which were conducted in accordance
with AASHTO T239-86 / T310 (gravimetric water contents obtained using the nuclear method).
The LTPP and SMP database also consists of gravimetric water contents obtained from laboratory
testing of undisturbed samples which were taken in the vicinity of the installed TDR probes. The
field testing and laboratory testing of the undisturbed soil samples were completed on the same day,
time, and location as the TDR data;

Task No.2: In-situ gravimetric water contents which were measured using TDR probes were
compared with gravimetric water contents obtained using the nuclear method and with gravimetric
water contents obtained from laboratory testing;

Task No.3: Reviewed in-situ volumetric water contents which were calculated using in-situ
gravimetric water contents which were measured using TDR probes (the measured in-situ
volumetric water contents);

Task No.4: In-situ volumetric water contents were also calculated using gravimetric water contents,
bulk density, dry density, and specific gravity (which are provided in the LTPP and SMP database),
and using calculated void ratio values (the calculated in-situ volumetric water contents);

Task No.5: The accuracy of the measured in-situ volumetric water contents were evaluated by
plotting the calculated in-situ volumetric water contents against the measured in-situ volumetric
water contents. The two datasets were also compared to determine the accuracy of the measured in-
situ volumetric water contents; and

Task No.6: The accuracy of the 2-D FEA models in predicting in-situ water contents were evaluated
using only the measured in-situ volumetric water contents which correlated closely with the
calculated in-situ volumetric water contents. The plots of the calculated vs measured in-situ
volumetric water contents are presented in Figure 4.43 and Figure 4.44. The analysis of data
presented in Figure 4.43 and Figure 4.44 indicated that the measured unfrozen in-situ volumetric

water contents correlate closely with the calculated unfrozen in-situ volumetric water contents.
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The in-situ volumetric water contents calculated using gravimetric water contents which were
measured during freezing conditions were not used for calibrating the 2-D FEA models. The volumetric
water contents calculated for the freezing conditions were not used because TDR probes have limitations in
measuring in-situ gravimetric water contents during freezing. During freezing conditions, the water within
subgrades consists of liquid water and freezing of the pore water. Hence, during freezing conditions the
actual water contents within subgrades consist of the unfrozen and frozen water contents. The TDR probes
measure only the unfrozen water contents within subgrades. The measurement of gravimetric water contents
using the TDR probes is dependent on the dielectric constant of the soil water. The dielectric constant of the
soil water is influenced by the soil bulk density, void ratio, texture, and temperature. Hence, the TDR probes
measure gravimetric water contents poorly during freezing conditions due to the impact of reduced liquid
water permeability and the reduction of the dielectric constant of water during freezing (Evett 2003b; Gong,
et al 2003; Robinson, et al 2003; Tardif 2002; Evett 2000).

The Research Site No.1 and Research Site No.2 used Tektronix TR-100 TDR probes manufactured
by the Federal Highway Administration (FHWA). The typical method used for the LTPP for calibrating the
TDR probes is similar to the method used for Site B (in Fort Smith, Arkansas) in the study conducted by
Hall, et al. (2013). The Hall, et al. (2013) study used CS615 moisture probes which use TDR technology
and consist of a square wave with an amplitude of £2.5 volts, direct current (VDC) and a period of 0.7 to
1.6 milliseconds. The impact of temperature on gravimetric water contents outputs of the TDR probes are
calibrated under laboratory conditions to temperatures and water contents respectively of the site-specific
subgrades. The site-specific densities and temperatures of the subgrade are the primary subgrade properties

affecting the relationship between the dielectric constants and water contents (Hall, et al. 2013).

Comparison of Calculated and Measured In-situ Volumetric Water Contents: The Minnesota site

The analysis conducted for evaluating the accuracy of the measured in-situ volumetric water contents which
were used for calibrating the 2-D FEA model for the site in Minnesota, United States is presented in Figure
4.43.
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Figure 4.43: Calculated vs measured In-situ volumetric water contents

Comparison of Calculated and Measured In-situ Volumetric Water Contents: The Indiana Site

The analysis conducted for evaluating the accuracy of the measured in-situ volumetric water contents which

were used for calibrating the 2-D FEA model for the site in Indiana, United States is shown in Figure 4.44.
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455 Comparison of Absolute Values of 2-D FEA Models Output to Absolute Values of Measured

In-situ Volumetric Water Contents
The 2-D FEA models output were first compared to the measured in-situ volumetric water contents using a
graphical approach. The comparison of the 2-D FEA models output to measured in-situ water contents was
conducted by superimposing the 2-D FEA volumetric water content output values onto the measured in-situ
volumetric water content values for the corresponding days and depth for each site. The measured in-situ
volumetric water contents used for evaluating the accuracy of the 2-D FEA water and heat transfer models
for Research Site No.1 and Research Site No.2 are shown in Figure 4.7 (is provided in Section 4.3). The
graphical comparison is conducted to visualize the accuracy of the 2-D FEA models in simulating in-situ
volumetric water contents.

The 2-D FEA output and measured in-situ volumetric water contents used for the comparison of
water contents for Research Site No.1 (shown in Figure 4.45) were measured at a depth of 375.0 mm and
for a water table located at 1.65 m below the subgrade surface. The 2-D FEA output and measured in-situ
volumetric water contents used for the comparison of water contents for Research Site No.2 (shown in
Figure 4.46 and Figure 4.47) were measured at a depth of 230.0 mm and for a water table located at 1.65 m
and 2.65 m respectively below the subgrade surface. The 2-D FEA volumetric water contents output from
a depth of 375.0 mm and 230.0 mm for Research Site No.1 and Research Site No0.2 respectively were
compared to the measured in-situ volumetric water contents for the respective research site at the
corresponding depth and time. The 2-D FEA volumetric water contents output for a water table elevation at
1.65 m and 2.65 m below the subgrade surface were compared to the measured in-situ volumetric water
contents associated with an in-situ dynamic water table located at approximately corresponding depths. The
in-situ water table fluctuated from 0.32 m to 1.16 m and 1.00 m to 1.86 m below the subgrade surface at
Research Site No.1 and Research Site No.2 respectively.

The analysis of data presented in Figure 4.45 to 4.47 indicated that the 2-D FEA volumetric water
contents output correlated closely with the in-situ volumetric water contents which were measured during
unfrozen conditions.

The statistical analyses used to evaluate the accuracy of the 2-D FEA volumetric water contents

output against the measured in-situ volumetric water content values are shown in Section 5.3.
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Comparison of Absolute In-situ and 2-D FEA Output Volumetric Water Contents: Research Site No.1: At a

Depth of 375.0 mm and for a Water Table at 1.65 m Below the Subgrade Surface
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Comparison of Absolute In-situ and 2-D FEA Output Volumetric Water Contents: Research Site No.2: At a
Depth of 230.0 mm, and for a Water Table at 1.65 m (Figure 4.46) and 2.65 m (Figure 4.47) Below the
Subgrade Surface
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Figure 4.46: Comparison of the measured in-situ and 2-D FEA volumetric water contents output
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Figure 4.47: Comparison of the measured in-situ and 2-D FEA volumetric water contents output
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45.6 Comparison of Changes in 2-D FEA Models Output to Changes in In-situ Water Contents

The changes in 2-D FEA volumetric water contents output were also compared to changes in the measured
in-situ volumetric water contents. The changes in measured in-situ and 2-D FEA volumetric water contents
output were determined relative to the measured in-situ volumetric water content within the subgrade at the
completion of the pavement construction. The results of analyses for Research Site No. 1 are presented in
Figure 4.48 and Figure 4.49 for volumetric water contents measured at a depth of 1.65 m below the subgrade
surface. The analyses of results for Research Site No.2 are presented in Figure 4.50 and Figure 4.51, and
Figure 4.52 and Figure 4.53 for volumetric water contents measured at a depth of 1.65 m and 2.65 m below
the subgrade surface respectively. The volumetric water content values used for the comparison of the water
contents for Research Site No.1 and Research Site No.2 were measured at a depth of 375.0 mm and 230.0
mm respectively below the subgrade surface.

The analyses of data presented in Figure 4.48 to Figure 4.53 indicated that changes in the measured
in-situ and 2-D FEA volumetric water contents are comparable which indicates that the 2-D FEA models
are adequately calibrated. The analyses also indicated that changes in the measured in-situ and 2-D FEA
volumetric water contents fluctuated continually throughout the 38-year analysis period. The statistical
analyses conducted to evaluate the accuracy of changes in 2-D FEA volumetric water contents output against

changes in measured in-situ volumetric water contents are presented n Section 5.3.
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Comparison of Changes in In-situ and 2-D FEA Output Volumetric Water Contents: Research Site No.1:
At a Depth of 375.0 mm and for a Water Table at 1.65 m Below the Subgrade Surface
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Figure 4.48: Comparison of changes in in-situ and 2-D FEA volumetric water contents output
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Figure 4.49: Comparison of changes in in-situ and 2-D FEA volumetric water contents output
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Comparison of Changes in In-situ and 2-D FEA Output Volumetric Water Contents: Research Site No.2:
At a Depth of 230.0 mm, and for a Water Table at 1.65 m (Figure 4.50) and at 2.65 m (Figure 4.52) Below
the Subgrade Surface
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Figure 4.50: Comparison of changes in in-situ and 2-D FEA volumetric water contents output
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Figure 4.51: Comparison of changes in in-situ and 2-D FEA volumetric water contents output
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Figure 4.52: Comparison of changes in in-situ and 2-D FEA volumetric water contents output
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Figure 4.53: Comparison of changes in in-situ and 2-D FEA volumetric water contents output

45.7 Analyses of Net Infiltration Output from 1-D FEA Modeling
The 2-D water and heat transfer FEA modeling (the 2-D FEA) accounted for land climate interaction (LCI)

by using the soil atmosphere boundary condition which was represented by the net infiltration flux obtained
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from the surface node of the 1-D water and heat transfer FEA modeling (the 1-D FEA). Net infiltration
represents the component of rainfall and snowmelt transferred below the evapotranspiration zone. Net
infiltration flux was used as the LCI surface boundary condition on vegetated and bare ground areas in the
2-D FEA (Net Infiltration Surface Boundary Condition). The Net Infiltration Surface Boundary Condition
consists of positive net infiltration flux which facilitates water transfer from the surface boundary to
subsurface soils below the evapotranspiration zone. The Net Infiltration Surface Boundary Condition also
consists of negative net infiltration flux which represents water vapour transfer or evaporation from the
surface boundary to the atmosphere. Net infiltration flux values for Research Site No.1 and Research Site
No.2 were exported to Excel and analyzed as shown in Figure 4.54 and Figure 4.55 respectively.

Net Infiltration through Vegetated and Bare Ground Areas vs. Time for Research Site No.1
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Figure 4.54: Net infiltration through vegetated and bare ground areas vs. time
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Net Infiltration through Vegetated and Bare Ground Areas vs. Time for Research Site No.2
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Figure 4.55: Net infiltration through vegetated and bare ground areas vs. time

Analyses of Cumulative Precipitation and Cumulative Net Infiltration for the Two Sites

The analyses of data presented in Figure 4.56 show that Research Site No.2 has higher cumulative
precipitation than Research Site No.1. The analyses of data presented in Figure 4.57 show that Research
Site No.2 also has higher cumulative net infiltration than Research Site No.1 primarily due to Research Site
No.2 having higher cumulative precipitation. This observation shows that precipitation impact the net
infiltration. Hence, precipitation should be incorporated into models used for simulating water transfer.
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Figure 4.56: Cumulative precipitation vs. time
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458 Summary
The 2-D FEA water and heat transfer modeling (the 2-D FEA) was conducted primarily to delineate
volumetric water contents from the 2-D FEA output to facilitate the development of the Quantitative
Empirical Model (the QE Model). The analyses presented in Chapter 4 show relationships between changes
in climatic factors and changes in volumetric water contents within subgrades. These relationships form the
basis for incorporating the influence of changes in climatic factors on changes in water and heat transfer in
the development of the QE Model.

The analyses of data presented in Chapter 4 show that the LCI boundary condition used for 2-D
FEA models should be represented by the net infiltration flux. The LCI boundary condition should also
incorporate the influence of changes in precipitation, net solar radiation and air temperature. Changes in air
temperature should also be incorporated to facilitate the phase changes of water within subgrades. The LCI
boundary condition should also account for changes in wind speed. Changes in wind speed should be
accounted for to facilitate changes in air circulation and convective cooling. The LCI boundary condition
should also incorporate changes in relative humidity to account for the influence of relative humidity on

evapotranspiration.

45.9 Analyses of Volumetric Water Contents from 2-D FEA Modeling Output

The 2-D FEA volumetric water contents output for varying depths to the water table were analyzed. The
analyses of the 2-FEA volumetric water contents were conducted for constant total head values of 4.0 m,
3.0m, -5.0m, -10.0 m, and -20.0 m (FEA Case No.1 to FEA Case No.5). FEA Case No.1 to FEA Case No.5

represent static water table elevations of 1.65 m, 2.65 m, 10.65 m, 15.65 m, and 25.65 m below the subgrade
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surface respectively. The analyses of data presented in Figure 4.58 to Figure 4.67 show the continual
seasonal fluctuations in volumetric water contents over time within subgrades with distinctive hysteretic
characteristics. The hysteresis in volumetric water contents indicate that volumetric water contents within
subgrades over time are dependent on the preceding transient water and heat transfer, and volumetric water
contents within subgrades. The hysteresis in volumetric water contents also indicate that volumetric water
contents within subgrades over time are influenced by varying volumetric water content-matric suction
relationships due to drying and wetting. The drying and wetting cycles are induced by changes in climatic
factors.

An analytical summary for FEA Case No.1 to FEA Case No.5 for Research Site No.1 and for
Research Site No.2 is presented in Figure 4.58 to Figure 4.62, and Figures 4.63 to Figure 4.67 respectively.
Seasonal fluctuations in volumetric water contents observed in Figure 4.68 to Figure 4.73 indicate that water
and heat transfer within subgrades is influenced by seasonal changes in climatic factors and LCI. The
analyses of data presented in Figure 4.58 to 4.73 indicate that transient and thermal processes impact
fluctuations in water and heat transfer within subgrades. Water transfer within subgrades is influenced by
physical processes including heat conduction, forced convection with water transfer, evapotranspiration,
and convective-thermal processes. The influence of forced convection with water transfer within subgrades
was confirmed through analyses of data presented in Figure 4.58 to 4.73. These analyses indicate that
seasonal changes in volumetric water contents correlate directly with corresponding seasonal changes in air
temperature, precipitation, and heat transfer with water transfer within subgrades. The impact of
evapotranspiration is reflected in fluctuations in volumetric water contents in response to changes in
temperature induced evapotranspiration. The trends in the data indicate that subgrades are subjected to a
wetting path from late fall to late spring and are subjected to a drying path from late spring to late fall.

The analyses of data presented in Figure 4.58 to Figure 4.67 also indicate that volumetric water
contents within subgrades are time and location dependent. However, the 2-D FEA volumetric water
contents output were taken at approximately positive 0.76 m from the interface of the outside lane and
shoulder and at a depth of 375.0 mm and 230.0 mm below the subgrade surface for Research Site No. 1 and
Research Site No. 2 respectively. The chosen locations of the 2-D FEA volumetric water contents output
correspond to the in-situ installation layout of the time domain reflectometer (TDR) probes used for

measuring water contents in the LTPP and SMP.
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Volumetric Water Contents from 2-D FEA Modeling Output for Research Site No. 1

The 2-D FEA volumetric water contents output for varying static water table elevations for Research Site
No. 1 are shown in Figure 4.58 to Figure 4.62. The 2-D FEA volumetric water contents output were obtained

at a depth of 375.0 mm below the subgrade surface.
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Figure 4.58: Volumetric water content vs. time with water table at 1.65 m below subgrade surface
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Figure 4.60: Volumetric water content vs. time with water table at 10.65 m below subgrade surface
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Figure 4.62: Volumetric water content vs. time with water table at 25.65 m below subgrade surface
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Volumetric Water Contents from 2-D FEA Modeling Output for Research Site No. 2

The 2-D FEA volumetric water contents output for varying static water table elevations for Research Site
No. 2 are shown in Figure 4.63 to Figure 4.67. The 2-D FEA volumetric water contents output were obtained

at a depth of 230.0 mm below the subgrade surface.
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Figure 4.63: Volumetric water content vs. time with water table at 1.65 m below subgrade surface
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Figure 4.64: Volumetric water content vs. time with water table at 2.65 m below subgrade surface
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Figure 4.65: Volumetric water content vs. time with water table at 10.65 m below subgrade surface
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Figure 4.66: Volumetric water content vs. time with water table at 15.65 m below subgrade surface
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Figure 4.67: Volumetric water content vs. time with water table at 25.65 m below subgrade surface

Analyses of Minimum, Maximum and Average 2-D FEA Volumetric Water Contents Output

Figure 4.68 to Figure 4.73 were developed by analysing the daily 2-D FEA volumetric water contents output

for the FEA Case No. 1 to FEA Case No. 5 for each site. The datasets were exported to Excel for further
147



analyses. The minimum, maximum, and average 2-D FEA volumetric water contents output for each year
(2-D FEA volumetric water contents) were determined for each respective site. The analyses of the 2-D
FEA volumetric water contents presented in Figure 4.68 to 4.73 were conducted for each FEA Case. The
analytical summaries of the 2-D FEA volumetric water contents for FEA Case No.4 for Research Site No.1
and for Research Site No.2 are presented in Figure 4.68 and Figure 4.69 respectively. The analytical
summaries of the 2-D FEA volumetric water contents for Research Site No.1 for FEA Case No.1 to FEA
Case No.3, and for FEA Case No.3 to FEA Case No.5 are presented in Figure 4.70 and Figure 4.71
respectively. The analytical summaries of the 2-D FEA volumetric water contents for Research site No.2
for FEA Case No.1 to FEA Case No.3, and for FEA Case No.3 to FEA Case No.5 are presented in Figure
4.72 and Figure 4.73 respectively. The analyses of data presented in Figure 4.68 to 4.73 highlight distinct
variations in maximum, minimum, and average seasonal volumetric water contents within subgrades (water
range). This finding indicates that the entire water range within subgrades should be considered in the
performance evaluation of subgrades and associated resilient moduli. This evaluation would facilitate
investigating the impact of seasonal maximum and seasonal average fluctuations in volumetric water
contents on seasonal changes in resilient moduli of subgrades, pavement performance and service life.

The analyses of data presented in Figure 4.68 and Figure 4.69 imply that during periods with
seasonal maximum volumetric water contents (such as during the spring thaw), the actual in-situ resilient
moduli of subgrades are lower than the designed resilient moduli of subgrades. This is because the designed
resilient modulus is associated with seasonal average volumetric water contents, rather than seasonal
maximum volumetric water contents. Pavement structures designed using seasonal average volumetric
water contents and associated seasonal average resilient moduli of subgrades are subjected to higher distress

under traffic loading than the predicted design distress during the spring thaw.
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Volumetric Water Content vs Time: Water Table at 15.65 m Below Subgrade Surface: Research Site No. 1.
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Figure 4.68: Comparison of maximum, average and minimum volumetric water contents vs time

Volumetric Water Content vs Time: Water Table at 15.65 m Below Subgrade Surface: Research Site No. 2.
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Figure 4.69: Comparison of maximum, average and minimum volumetric water contents vs time

Higher static water table elevations result in increased seasonal volumetric water contents within
subgrades as shown in Figure 4.70 and Figure 4.72. These figures provide an analytical summary for FEA
Case No.1to FEA Case No.3 for Research Site No.1 and for Research Site No.2 respectively. These analyses
indicate that the influence of the static water table on volumetric water contents within subgrades is impacted
by the saturated volumetric water content and saturated hydraulic conductivity of subgrades. This
observation indicates that the influence of the static water table on water transfer is a system dependent

condition which is dependent on volumetric water contents, the subgrade type and the dry density.
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The analyses of data presented in Figure 4.70 and Figure 4.72 also indicated that shallow static
water tables influence the LCI processes and water transfer within subgrades. These analyses also show that
LCl is a system dependent boundary condition which is dependent on the transient material water contents
and shallow static water tables. These analyses also show that the actual infiltration within subgrades is
influenced by the transient water contents within subgrades and is dependent on the infiltration capacity of
subgrades. The analyses presented in Figure 4.71 and Figure 4.73 indicate that a static water table located
at more than approximately 10.0 m below the subgrade surface has minimal impact on volumetric water
contents within subgrades due to minimal capillary rise to subgrades. For such cases, liquid water and water
vapour transfer within subgrades are influenced primarily by changes in climatic factors with minimal
impact from the static water table. The seasonal fluctuating trends in water contents due to seasonal changes
in climatic factors are similar for all five FEA Cases.

Volumetric Water Contents vs Time: Water Table at 1.65 m to 10.65 m Below Subgrade Surface: Research
Site No. 1.
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Figure 4.70: Comparison of maximum, average and minimum volumetric water contents vs time

Volumetric Water Contents vs Time: Water Table at 10.65 m to 25.65 m Below Subgrade Surface

: Research

Site No. 1.

= 038

o E

é % 0.36

S 2 034

s 8

> g 032
0.30

=Maximum volumetric water content: Water table at 10.65 m below subgrade surface
~Maximum volumetric water content: Water table at 15.65 m below subgrade surface
~Maximum volumetric water content: Water table at 25.65 m below subgrade surface

0.38
0.36
0.34
0.32
0.30
0.28
0.26

Volumetrice
water content

~Average volumetric water
~Average volumetric water
Average volumetric water

| I

N AN A AN

S S R

AN = N> = NN N~ NN — NN

0~ % @ DD DD D = = = —

AR RIS ESIDocoo 00
Years

(a)

N B AN e S 4 i A\
¥ e -/ Nt WA/ ws
AR R R R R R N R N R R RN
[ A I AT ) B B S S LT A T SR N B S AT A T S\ N e B A ST A T
L I T T T B R I o I o I oN I oN I oN BN ol I o\ IR o\ B N |

Years

(b)
151

content: Water table at 10.65 m below subgrade surface
content: Water table at 15.65 m below subgrade surface
content: Water table at 25.65 m below subgrade surface



034,
o5 032°
28 030 -
S5 028 -
E5 026 , \
= a V. \_/ /N 7\ / \ A Ny
£ 020 - - A VR AV
018 TTTTTT T T T T T T I P T T T T T T T T T T T T I T T T T T T T T T T T T T T I T T T T T T T T T T TITITTT

QN = W QN = N NN =Ny — NN

- X XL L LD DNDN DD DO O = —

[o)Be e e e Mo o o) o) e e N SO O OO O OO

L I T T T T T B T T T I N I o Y o I o B o\ IR @\ BN o\ IR e\ I o |
Years

—Minimum volumetric water content: Water table at 10.65 m below subgrade surtace
Minimum volumetric water content: Water table at 15.65 m below subgrade surtace
Minimum volumetric water content: Water table at 25.65 m below subgrade surface

(©)

Figure 4.71: Comparison of maximum, average and minimum volumetric water contents vs time

Volumetric Water Contents vs Time: Water Table at 1.65 m to 10.65 m Below Subgrade Surface: Research
Site No. 2.
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Figure 4.72: Comparison of maximum, average and minimum volumetric water contents vs time

Volumetric Water Contents vs Time: Water Table at 10.65 m to 25.65 m Below Subgrade Surface: Research
Site No. 2.
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Figure 4.73: Comparison of maximum, average and minimum volumetric water contents vs time

4.5.10 Analyses of Spatial Variation in 2-D FEA Volumetric Water Contents Output

Spatial contour plots were developed using the 2-D FEA volumetric water contents output at 5-year intervals
for a depth to the water table of 1.65 m below the subgrade surface for Research Site No.1. The plots are
presented in Figure 4.74 to Figure 4.81. The analyses of the spatial contour plots indicated that volumetric
water contents within the subgrade increased with depth. This observation implies that these spatial contour
plots are associated with in-situ volumetric water contents measured during the dry season.

During the dry season, volumetric water contents at the ground surface are typically lower than
volumetric water contents at lower elevations within the active zone. Hence, during the dry season the water
contents profile is characterized by increased volumetric water contents with depth. During the wet season
(characterized by increased precipitation), volumetric water contents at the ground surface are higher than
volumetric water contents at lower elevations within the active zone. This produces a water contents profile
which is characterized by decreased volumetric water contents with depth within the active zone (Heitor, et
al. 2021).

The analyses of the spatial contour plots also indicated a net increase in volumetric water contents
within subgrades at the end of the 38-year analysis period. The net increase in volumetric water contents is
highlighted in differences between volumetric water contents at the end of construction (presented in Figure
4.74) and higher volumetric water contents at the end of the 35-year analysis period (presented in Figure
4.81). The analyses of data presented in Figure 4.74 to Figure 4.81 confirmed that volumetric water contents
within subgrades are time and depth dependent. The analyses also indicated that volumetric water contents
fluctuate continually and are influenced by continual changes in climatic factors. The analyses also indicated
that water and heat transfer within subgrades are influenced by the location and the elevation of the inverts
of the median and side ditches.
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Volumetric Water Contents Spatial Contour Plots at 5-Year Intervals for a Water Table Located at 1.65 m

Below the Subgrade Surface: Research Site No.1
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Figure 4.74: Volumetric water contents spatial contour plots for a water table located at 1.65 m

below the subgrade surface at the end of construction (October 1%, 1979)
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Figure 4.75: Volumetric water contents spatial contour plots for a water table located at 1.65 m

below the subgrade surface after 5 years (28" September 1984)
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Figure 4.76: Volumetric water contents spatial contour plots for a water table located at 1.65 m
below the subgrade surface after 10 years (27" September 1989)
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Figure 4.77: Volumetric water contents spatial contour plots for a water table located at 1.65 m
below the subgrade surface after 15 years (26" September 1994)
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Figure 4.78: Volumetric water contents spatial contour plots for a water table located at 1.65 m
below the subgrade surface after 20 years (25" September 1999)
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Figure 4.79: Volumetric water contents spatial contour plots for a water table located at 1.65 m
below the subgrade surface after 25 years (23" September 2004)
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Figure 4.80: Volumetric water contents spatial contour plots for a water table located at 1.65 m

below the subgrade surface after 30 years (22" September 2009)
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Figure 4.81: Volumetric water contents spatial contour plots for a water table located at 1.65 m
below the subgrade surface after 35 years (21 September 2014)

4.5.11 Analyses of Evapotranspiration from 2-D FEA Modeling Output

The analyses of data presented in Section 4.5.3, Figure 4.82 and Figure 4.83 show that net evapotranspiration

forms part of the physical processes which govern water and heat transfer within subgrades. The net

evapotranspiration primarily consists of negative net evapotranspiration (the evaporation of surface and

subsurface water and the transpiration from plants into the atmosphere), and positive net evapotranspiration

(the condensation). The data imply that volumetric water contents within subgrades are reduced when the

net evapotranspiration is negative. The data also imply that volumetric water contents within subgrades

increase when the net evapotranspiration is positive. The analyses of net evapotranspiration for Research

Site No.1 and for Research Site No.2 are shown in Figure 4.82 and Figure 4.83 respectively.
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Net Evapotranspiration vs. time for Research Site No. 1
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Figure 4.82: Net evapotranspiration vs. time

Net Evapotranspiration vs. time for Research Site No. 2
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Figure 4.83: Net evapotranspiration vs. time

4.5.12 Analyses of Net and Cumulative Changes in Volumetric Water Contents: Research Site No.1

Analyses of net daily changes and cumulative changes in volumetric water contents within the subgrade
were conducted for Research Site No.1 with the water table located at 1.65 m below the subgrade surface.
The analyses were conducted to determine the distribution of net daily changes and cumulative changes in
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volumetric water contents primarily at the end of the 38-year analysis period as shown in Figure 4.84 and
Figure 4.85, and Figure 4.86 respectively.

The analyses of data presented in Figure 4.84 and Figure 4.86 indicated continual seasonal
fluctuations in net daily changes and cumulative changes in volumetric water contents respectively.
Fluctuations in volumetric water contents shown in Figure 4.84 and Figure 4.86 are in response to changes
in climatic factors based on long-term analyses. Further delineation of the net daily changes in volumetric
water contents show continual daily fluctuations in volumetric water contents based on short-term analyses
as shown in Figure 4.85. The analyses of data presented in Figure 4.84 also show a positive net daily change
in volumetric water contents on the last day of the analysis period. The cumulative change in volumetric
water contents at the end of the 38-year analysis period is also positive as shown in Figure 4.86. These
observations indicate a net increase in volumetric water contents within the subgrade at the end of the 38-
year analysis period relative to the initial volumetric water content within the subgrade at the end of
construction. These observations also show that the equilibrium water condition assumed in EICM and
MEPDG misrepresents in-situ water contents within subgrades. Hence, long-tern analyses of water and heat
transfer within subgrades should incorporate continual fluctuations in volumetric water contents and

resilient moduli due to climatic factors.
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Figure 4.84: Net daily change in volumetric water content within the subgrade vs time: Long-term

analysis
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Figure 4.85: Net daily change in volumetric water content within the subgrade vs time: Short-term
analysis
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Figure 4.86: Cumulative change in volumetric water content within the subgrade vs time: Long-



4.6 Limitations of the 1-D and 2-D FEA Models

One of the primary goals of the study is to develop a Quantitative Empirical Model (the QE Model) using
statistical analyses between changes in climatic factors and changes in water contents. The measured in-situ
water contents are discontinuous and limited which do not facilitate accurate statistical analyses of the data.
Hence, the 2-D FEA modeling was conducted to obtain more representative water contents datasets for
developing the QE Model.

One of the limitations of the FEA models is that the properties of the vegetation and crops used as
input in the FEA models were obtained from previous studies. The primary limitation of the FEA models is
that the models were calibrated using the discontinuous and limited measured in-situ water contents datasets.
The limitation associated with the vegetation and crops may result in inaccuracies in predicting the net
evapotranspiration.

A no-flow boundary condition was used on the surface of traffic lanes and shoulders (wearing
courses). An LCI boundary condition was used on the vegetated and bare ground areas in the 2-D FEA
models. The use of a no-flow boundary condition on the wearing courses assumes that the wearing courses
have no cracks, are impervious and that no water infiltrates the wearing courses. Although the use of a no-
flow surface boundary condition may be seen as a limitation, typically there is minimal infiltration through
the wearing courses and surface cracks.

The use of a no-flow boundary condition (on the wearing courses) and the use of the LCI boundary
condition (on the vegetated and bare ground areas) show that the contribution of climatic factors to the water
and heat transfer within pavement structures is the primary source of water infiltrating pavement structures.
This observation indicates that climatic factors also induce continual fluctuations in volumetric water

contents and resilient moduli of subgrades.

4.7 Summary
The analyses presented in Chapter 4 show interrelationships between climatic factors, and between climatic
factors and volumetric water contents within subgrades. The Chapter also shows that LCI on vegetated and
bare ground areas adjacent to pavement structures directly impact the water and heat transfer within
subgrades. Chapter 4 also shows that changes in volumetric water contents are impacted by liquid water and
water vapour transfer.

These findings highlight limitations in EICM in predicting water and heat transfer within subgrades
because EICM neglects LCI and accounts only for infiltration through cracks on the pavement surface. In
addition, EICM only accounts for liquid water transfer and neglects water vapour transfer. The analyses

presented in Chapter 4 also show continual fluctuations in water and heat transfer, and volumetric water
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contents within subgrades. These findings also highlight limitations in EICM because EICM assumes an
equilibrium water content and assumes a constant subgrade temperature. EICM neglects fluctuations in
volumetric water contents because EICM neglects the impact of climatic factors. The FEA modeling
conducted in Chapter 4 mitigate limitations in the current version of EICM by incorporating the impact of
climatic factors on both liquid water and water vapour transfer within pavement structures.

The analyses of interrelationships between climatic factors, and between climatic factors and
volumetric water contents presented in Chapter 4 are supported by statistical analyses shown in Chapter 5.

The development of the Quantitative Empirical Model (the QE Model) presented in Chapter 6
mitigates the limitations in EICM by incorporating the findings presented in Chapter 4 including the impact
of climatic factors, LCI, liquid water and water vapour transfer, and the system dependency of water and
heat transfer within subgrades.
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Chapter 5 Statistical Analyses For Verifying 2-D FEA Models And
For Formulating And Verifying Quantitative Empirical Model

5.1 Introduction

Chapter 5 consists of details of statistical analyses conducted to verify the FEA models, evaluate the
relationship between in-situ climatic factors and volumetric water contents, formulate the general form
equation for the Quantitative Empirical Model (the QE Model), verify and validate the QE Model. The
statistical analyses were conducted using XLSTAT statistical software. The software was published by
ADDINSOFT which is located in Paris, France.

The Chapter presents statistical analyses including correlation testing used to evaluate the inter-
relationships between climatic factors and to determine the extent to which changes in climatic factors
influence changes in in-situ volumetric water contents within subgrades. The statistical correlation testing
was conducted using the correlation coefficient (r-value). The r-values were used for evaluating the
relationship between changes in climatic factors and changes in in-situ volumetric water contents to
determine the influence of changes in climatic factors on water and heat transfer within subgrades.

Chapter 5 also presents the correlation of determination (R?) analysis conducted to determine the
correlation between the measured in-situ volumetric water contents and volumetric water contents obtained
from the 1-D and 2-D water and heat transfer FEA modeling output. The “R%* analysis was used for
calibrating and verifying the 1-D and 2-D FEA models.

The Chapter also presents the R? analysis conducted to evaluate the accuracy of the QE Model and
EICM in predicting in-situ volumetric water contents, and their suitability for use in calculating the
composite environmental adjustment factor (Fenv). This analysis was conducted by comparing the Feny values
calculated using volumetric water contents obtained from the QE Model and EICM with Fen values
calculated using the measured in-situ volumetric water contents.

The Chapter also provides details of the Two-tailed F-test and Two-tailed Partial F-test statistics
used to determine which climatic factors produced the best fitting climatic factors dataset for developing
the QE Model.

Chapter 5 also provides the Two-tailed F-test statistics used for conducting a comparison between
the exponential, sine and power functions to determine the best fitting function for use as the general form
equation for the QE Model.

The Chapter also provides the Two-tailed F-test statistics used for evaluating whether there are

statistical correlations, and statistical significance between P1 and X1, P2 and X, and Ps and Xs,
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5.2 Pearson Correlation Coefficient (r-value) Analysis

The Pearson correlation coefficient (r-value) is a test statistic output which represents the strength of the
linear statistical relationship between two continuous variables. The r-value of two random variables is
determined from the ratio of the covariance of the two variables, and the product of the standard deviations
of the two variables. The covariance of the two variables is determined from the mean of the product of the
first variable minus the mean of the first variable, and the second variable minus the mean of the second
variable. The r-value is a normalized representation of the covariance and has a range of -1.0 to 1.0. An r-
value of more than zero represents a positive linear relationship, an r-value lower than zero represents a
negative linear relationship, and an r-value of zero indicates that there is no linear relationship between the
two variables. A positive r-value represents a linear relationship where an increase in one variable is
associated with an increase in the other variable. A negative r-value represents a linear relationship where
an increase in one variable is associated with a decrease in the other variable. The Pearson correlation
assumes that the data in all the datasets are random, variables are continuous, each data point is paired,
variables are normally distributed, there is a linear relationship between the two variables, and there are no

outliers in the datasets (Ott, and Longnecker 2016). The r-value is calculated using Eqg. 5.1.

. [(n+Z(X*)}-{Z X+ 2 Y}] (5.1)
JInH{E x2) - 02+ [n{(T Y2) —-E V)2}] '

r = Correlation coefficient; n = Number of observations; X = First variable dataset; Y = Second variable
dataset.
The correlation coefficient was used for the following task:
e Task A.l: Evaluated inter-relationships between climatic factors, and between climatic factors and

in-situ volumetric water contents.

5.2.1 Task A.1: Evaluating Climatic Factors-In-situ Volumetric Water Contents Relationships

The statistical correlation testing was conducted using the r-value for evaluating relationships
between the climatic factors, and between climatic factors and in-situ volumetric water contents. The
statistical analyses were conducted using Pearson’s method and were based on a statistical significance of
5.0 % (p-value < 0.05). A p-value < 0.05 represents a probability of 0.05 that the r-values representing the
statistical correlation between the two variables were obtained by chance. The statistical analyses were
conducted to evaluate inter-relationships between changes in climatic factors, and to evaluate the influence
of changes in climatic factors on changes in in-situ volumetric water contents. The statistical analyses were
also conducted to evaluate relationships between changes in climatic factors and changes in depths to water

table. The statistical analyses were conducted using changes in each climatic factor, changes in in-situ
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volumetric water contents within the subgrade and changes in the depth to water table on corresponding
days. The results of the in-situ climatic factors-volumetric water contents relationships are shown in Table

4.9 presented in Section 4.5.2.

5.3 The Pearson Coefficient of Determination (R?) Analysis

The coefficient of determination (R?) is a value obtained from a linear regression analysis which is used to
evaluate the accuracy of a statistical model in predicting the dependent variable. The “R?’ analysis is
conducted by evaluating the influence of changes in the independent variable on changes in the dependent
variable. The “R%* range from a value of 0 to 1.0. An “R?’ value of 0 represents an analysis in which a
model poorly predicts the dependent variable. An “R?” value of 1.0 represents an analysis in which the
model predicts the dependent variable perfectly (Ott, and Longnecker 2016). The “R?‘ value is calculated
using Eqg. 5.2.

[(n-E (X 1)}~ (L X+ 3 V)] 2

VIn{E x?) ~E 02T ¥Y2) ~E1)?)]
R? = Coefficient of determination: n = Number of observations; X = First variable dataset; Y = Second

R? =

(5.2)

variable dataset.

The coefficient of determination was used for the following tasks:
e Task B.1: Calibrated and verified the 2-D FEA models using the R-value; and

e Task B.2: Verified the QE Model in predicting in-situ volumetric water contents for Site A, Site B,
Site C, and Site D using the R2-value.

5.3.1 Task B.1: Calibration and Verification of the 2-D FEA Models using the R*-values.

The 2-D FEA models for Research Site No.1 and Research site No.2 were calibrated and verified using the
coefficient of determination (R?) analysis between changes in measured in-situ volumetric water contents
(independent variable) and changes in volumetric water contents obtained from the 2-D water and heat
transfer FEA modeling output (dependent variable). The “R*‘analysis was conducted using data from the
independent and dependent variables on the corresponding day and depth below the subgrade surface.

The “R** analysis which was conducted for calibrating and verifying the 2-D FEA model for
Research Site No.1 was conducted using volumetric water contents obtained at a depth of 375.0 mm below
the subgrade surface, and for a static water table located at a depth of 1.65 m below the subgrade surface.
The “R*“ analysis conducted for calibrating and verifying the 2-D FEA model for Research Site No. 2 was

conducted using volumetric water contents at a depth of 230.0 mm below the subgrade surface, and for a
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static water table located at a depth of 1.65 m and 2.65 m below the subgrade surface. The water contents
used in the analyses were selected at shallow depths because climatic factors have higher impact on water
contents at shallow depths.

The “R?* analyses presented in Table 5.1 to Table 5.3 show a strong statistical correlation between
the measured in-situ volumetric water contents and the 2-D FEA volumetric water contents output for the
two research sites. These “R?* analyses also indicate that the 2-D FEA models for the two research sites
were adequately calibrated in simulating in-situ volumetric water contents within subgrades. The analyses
presented in Table 5.1 to Table 5.3 also show that for Research Site No. 2, the 2-D FEA model was calibrated
with a higher accuracy against the measured in-situ volumetric water contents obtained at a depth of 2.65 m
below the subgrade surface, relative to the accuracy of the 2-D FEA model calibrated against the measured
in-situ volumetric water contents obtained at a depth of 1.65 m below the subgrade surface. The “R*
analyses for Research Site No.1 and Research Site No.2 are summarized in Table 5.1, and Table 5.2 and
Table 5.3 respectively.

The “R*“ Analysis conducted between the measured and 2-D FEA volumetric water contents output for

calibrating and verifying the 2-D FEA model: Research Site No.1.

Table 5.1: Summary of the “R?* analysis conducted using volumetric water contents obtained at a

depth of 375.0 mm, and for a water table located at 1.65 m below the subgrade surface

Nonlinear regression output

Statistical Data

1993 and 1994 1995 to 1997
Observations 5 3
r 0.946 0.952
R? 0.895 0.906

The R? Analysis conducted between the measured and 2-D FEA volumetric water contents output for

calibrating and verifying the 2-D FEA model: Research Site No.2.

Table 5.2: Summary of the “R?* analysis conducted using volumetric water contents obtained at a

depth of 230.0 mm, and for a water table located at 1.65 m below the subgrade surface

Nonlinear regression output
1995 and 1996

Statistical Data

Observations 3
r 0.840
R? 0.706
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Table 5.3: Summary of the “R* analysis conducted using volumetric water contents obtained at a

depth of 230.0 mm, and for a water table located at 2.65 m below the subgrade surface

Nonlinear regression output

Statistical Data 1995 and 1996

Observations 3
r 0.973
R? 0.947

5.3.2 Task B.2: Verification of the Quantitative Empirical Model in Predicting in-situ volumetric
water contents for Site A, Site B, Site C, and Site D using the R%-values.

The Quantitative Empirical Model (the QE Model) was verified using the “R%* analysis between changes in

measured in-situ volumetric water contents (the independent variable) and changes in volumetric water

contents predicted using the QE Model (the dependent variable). The “R?’ analysis was conducted using

data from the independent and dependent variables on the corresponding day and at a depth of 150.0 mm

below the subgrade surface.

The “R%* analysis presented in Table 5.4 shows a strong statistical correlation between the measured
in-situ volumetric water contents and the in-situ volumetric water contents predicted using the QE Model.
This analysis indicates that the QE Model accurately predicts the impact of changes in climatic factors on
changes in in-situ volumetric water contents within subgrades.

Table 5.4: Summary of the “R?” analysis conducted to evaluate the accuracy of the Quantitative

Empirical Model in predicting in-situ volumetric water contents within subgrades

. Values
Statistical Data Site A Site B Site C Site D
Observations 8 5 4 5
r 0.889 0.960 0.916 0.884
R? 0.791 0.922 0.839 0.781

5.4 The Two-tailed F-test conducted for Developing, Evaluating and Verifying the Model

The Fisher’s F-test (F-test) is a statistical analysis which is used for testing a hypothesis which evaluates
whether variances of two datasets are equal, and to determine whether the two datasets have statistical
significance. The F-test statistics consists of the statistical analysis of datasets using an F-distribution (each
random variable is divided by their respective degree of freedom). The F-test may be conducted using a
One-tailed or Two-tailed F-test. The One-tailed F-test only evaluates the variance in one direction and

determines whether the variance for the dataset No.1 is either greater than or less than the variance for
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dataset No.2. The Two-tailed F-test evaluates both the null and alternative hypotheses and evaluates the
variance in both direction (determines whether the variance for the dataset No.1 is greater than and less than
the variance for dataset No.2).

The Two-tailed F-test statistics consists of a null hypothesis as shown in Eq. 5.3 and an alternative
hypothesis as shown in Eq. 5.4. The null hypothesis assumes that the two datasets have an equal statistical
significance due to the datasets having the same variance (assumes F-Statistic = 1.0). The alternative
hypothesis which assumes that one dataset has a higher statistical significance than the other due to unequal
variances (assumes F-Statistic = 1.0). The analyses of the Two-tailed F-test statistics are conducted using
the F-value obtained from the F-statistics output (F-statistic) presented in Eq. 5.5 to Eq 5.7. The Two-tailed
F-test statistics is based on the assumption that the datasets are independent of each other and that the values
in both datasets are normally distributed (symmetric about the mean of the dataset).

Hy — 2=d (5.3)
H,: R (5.4)
F-Statistic = % (5.5)
of = (75) * iz e — )2 (56)
o} = (75) T -9 57)

Ho = Null hypothesis; Ha = Alternative hypothesis; F Statistic = A value on the F-distribution; o* = Larger
sample variance; ;> = Smaller sample variance; x; = Independent values from the dataset with the larger
variance; x = Sample mean for the dataset with the larger variance; yi = Independent values from the dataset
with the smaller variance; y = Sample mean for the dataset with the smaller variance; ny = Number of
observed values in the dataset with the larger variance; ny = Number of observed values in the dataset with
the smaller variance.

The analysis of the Two-tailed F-test statistics also consists of calculating the degrees of freedom

as shown in Eq. 5.8 and Eq. 5.9.
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Degree of freedom No.1=n; — 1 (5.8)

Degree of freedom No.2 =n, — 1 (5.9)
Degree of freedom No. 1 = Degree of freedom in the numerator; Degree of freedom No. 2 = Degree of
freedom in the denominator; n; = Number of observed values in dataset No.1; n, = Number of observed
values in dataset No.2.

The Critical F-value is determined from the F-table for a probability of 0.025 (50.0 % of the
threshold p-value of 0.05 which is assigned to each of the two tails) using the “n;* and “n,”. The threshold
p-value is used in the statistical analysis and represents a probability of up to 0.05 of mistakenly rejecting
the null hypothesis at a critical data point which is equal to the Critical-F value. The analyses of the Two-
tailed F-test statistics includes comparing the F-statistic with the Critical-F value. The null hypothesis is
rejected if the F-Statistic is not equal to 1.0 at the threshold p-value. This is verified by conducting a
statistically significant analysis to determine whether the null hypothesis should be rejected. The verification
testing is done by comparing the threshold p-value to the calculated p-value to evaluate the probability that
the decision to reject the null hypothesis is unacceptable. The decision to reject the null hypothesis is deemed
acceptable if the calculated p-value is lower than the threshold p-value (NIST-SEMATECH 2022; Snedecor,
and Cochran 1989). The framework which is used for conducting the Two-tailed F-test is presented in Figure
5.1.

RejectHy | Do not reject Hy i Reject Hy
i |
Critical { ; Critical
Value ! ; Value

Rejection region Nonrejection region Rejection region

Figure 5.1: The framework used for conducting the Two-tailed F-test (Hartmann et al. 2018)
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The Two-tailed F-test statistics was conducted for evaluating the following tasks:

e Task C.1: Determined the best fitting reference point for calculating changes in climatic factors and
changes in volumetric water content;

e Task C.2: Determined the climatic factors that produce the best fitting climatic factors dataset for
developing the Quantitative Empirical Model (QE Model);

e Task C.3: Conducted a comparison between the exponential, sine and power functions to determine
the best fitting function for use as the general form equation for the QE Model,;

e Task C.4: Evaluated the extent of the statistical correlations, and statistical significance between P;
and X;, P; and X, and P3 and Xs; and
e Task C.5: Determine the accuracy of the QE Model and EICM in predicting in-situ volumetric water

contents for use in calculating the composite environmental adjustment factor (Feny).

5.4.1 Task C.1: Two-tailed F-test Statistics Conducted to Determine the Best Fitting Reference Point
for Calculating Changes in Climatic Factors and changes in Volumetric Water Contents
A sensitivity analysis was conducted using the exponential function presented in Eq 6.5 to predict in-situ
volumetric water contents. The exponential function was developed using nonlinear regression between
changes in climatic factors (the independent variable) and changes in volumetric water contents obtained
from the 2-D FEA modeling (the dependent variable). The value of the dependent and independent variables
which were measured at the end of the construction of the pavement structure was used as the respective
reference value (the reference value A and B respectively). The dependent and independent variables were
calculated relative to the reference value A and B respectively. For the purpose of this sensitivity analysis,
the exponential function was developed using the dependent and independent variables which were
calculated using the reference values A and B (the exponential function No.1). Similarly, the dependent and
independent variables were also calculated using values from each previous day as reference values. The
exponential function was also developed using the dependent and independent variables which were
calculated using values from each previous day as reference values (the exponential function No.2).

The Two-tailed F-test statistics was conducted using in-situ volumetric water contents predicted
using the exponential function No.2 as the dataset No.1, and in-situ volumetric water contents predicted
using the exponential function No.1 as the dataset No.2. The null hypothesis assumes that the exponential
function No.2 is more accurate than the exponential function No.1 in predicting in-situ volumetric water
contents. Hence, the null hypothesis assumes that it is better to use the previous day as the reference point
for calculating the dependent and independent variables. The alternative hypothesis assumes that it is better
to use the values of the dependent and independent variables which were measured on the construction
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completion date as the reference values for calculating the dependent and independent variables. A summary
of the Two-tailed F-test statistics is presented in Table 5.5.

The analysis of the data presented in Table 5.5 indicates that the null hypothesis should be rejected
because the F-Statistic is more than the F-Critical. In addition, the calculated p-value is less than the
Threshold p-value which indicates that the decision to reject the null hypothesis is acceptable. Based on the
analysis of the data presented in Table 5.5, values for the dependent and independent variables which were
measured on the construction completion date are used as reference values for calculating the dependent
and independent variables.

Table 5.5: The summary of the Two-tailed F-test statistics conducted to determine the best fitting
reference values for calculating the dependent and independent variables

Statistical Data Values
F-statistic 2.941
F-Critical 1.00

Calculated p-value <0.0001
Threshold p-value 0.05

5.4.2 Task C.2: Two-tailed Partial F-test Statistics Conducted to Determine Climatic Factors that

Produce the Best Fitting Model
The Two-tailed Partial F-test statistics is a form of the Two-tailed F-test statistics which is used in
multivariate linear regression analysis (the dependent variable is a function of two or more independent
variables). The Two-tailed Partial F-test statistics is used to determine whether there is a statistically
significant difference between a regression model and a reduced form of the model (the reduced model).
The reduced model consists of a subset of the independent variables incorporated into the model and
excludes one or more of the independent variables. The Two-tailed Partial F-test statistics is used to evaluate
the independent variable(s) which should be included to produce the best fitting model (Chaurasia, and
Harel 2014; Jamshidian, et al. 2007).

The Quantitative Empirical Model (the QE Model) was developed to predict changes in in-situ
volumetric water contents as a nonlinear function of changes in climatic factors. The climatic factors include
precipitation, air temperature, net solar radiation, wind speed, relative humidity, evapotranspiration, and
water vapour transfer through the wearing course to the atmosphere (the climatic factors).

Sensitivity analyses were conducted to evaluate whether the QE Model should be developed to
predict changes in volumetric water contents as a nonlinear function of changes in the climatic factors,
climatic factors which excludes precipitation (the reduced climatic factors No.1), climatic factors which
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excludes relative humidity (the reduced climatic factors No.2), climatic factors which excludes net solar
radiation (reduced climatic factors No.3), and using only air temperature (the reduced climatic factors No.4).
Sensitivity analyses were conducted using the Two-tailed Partial F-test statistics, and were conducted using
the following options:
e Partial F-test Option No.1: Changes in volumetric water contents as a nonlinear function of the
reduced climatic factors No.1 was used for dataset No.1, and changes in volumetric water contents
as a nonlinear function of changes in climatic factors was used for dataset No.2;

e Partial F-test Option No.2: Changes in volumetric water contents as a nonlinear function of the
reduced climatic factors No.2 was used for dataset No.1, and changes in volumetric water contents
as a nonlinear function of changes in climatic factors was used for dataset No.2;

e Partial F-test Option No.3: Changes in volumetric water contents as a nonlinear function of the
reduced climatic factors No.3 was used for dataset No.1, and changes in volumetric water contents
as a nonlinear function of changes in climatic factors was used for dataset No.2; and

e Partial F-test Option No.4: Changes in volumetric water contents as a nonlinear function of the
reduced climatic factors No.4 was used for dataset No.1, and changes in volumetric water contents
as a nonlinear function of changes in climatic factors was used for dataset No.2.

The null hypothesis assumes that quantitative empirical models incorporating the reduced climatic
factors No.1 to No.4 are more accurate than the quantitative empirical model which incorporates the
complete set of climatic factors. The alternative hypothesis assumes that the quantitative empirical model
which incorporates the complete set of climatic factors is more accurate than the models incorporating the
reduced climatic factors.

The analysis of the data presented in Table 5.6 shows that the F-statistic is more than the F-Critical,
and that the calculated p-value is less than the threshold p-value for all the analysis options. This indicates
that the null hypothesis should be rejected and the decision to reject the null hypothesis is acceptable for all
the analysis options. The analysis of the data presented in Table 5.6 also shows that the alternative
hypothesis should be accepted. This means that the QE Model predicts changes in volumetric water contents
more accurately by incorporating changes in the complete set of climatic factors, rather than incorporating
the reduced climatic factors. This indicates that excluding precipitation (the primary source of water)
misrepresents the impact of climatic factors on the in-situ water and heat transfer within subgrades. The
analysis of the data presented in Table 5.6 also shows that excluding the relative humidity neglects the
impact of changes in the relative humidity on changes in the evapotranspiration. The analysis of the data
presented in Table 5.6 also shows that excluding the impact of the net solar radiation which is associated
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with the albedo (the ability of a surface to reflect sunlight) neglects the impact of the net solar radiation on
the ground surface temperatures.

The analysis of the data presented in Table 5.6 indicates that the exclusion of precipitation, relative
humidity, and net solar radiation results in inaccurate prediction of changes in in-situ volumetric water
content, Feny and resilient moduli of subgrades. Hence, the QE Model was developed by incorporating the

complete set of climatic factors.

Table 5.6: The summary of the Two-tailed Partial F-test statistics conducted to determine the best
fitting climatic factors for use in the Quantitative Empirical Model

Values
Statistical Data Partial F-test Partial F-test Partial F-test Partial F-test
Option NO.1 Option NO.2 Option NO.3 Option NO.4
F-statistic 275.01 340.67 452.44 1.616
F-Critical 1.00 1.00 1.00 1.00
Calculated p-value <0.0001 <0.0001 <0.0001 <0.0001
Threshold p-value 0.05 0.05 0.05 0.05

5.4.3 Task C.3: Two-tailed F-test Statistics Conducted to Determine the Best Fitting General Form
Equation for use in the Quantitative Empirical Model

The Quantitative Empirical Model (the QE Model) was developed by incorporating a general form equation

which represents changes in volumetric water contents as a nonlinear function of changes in climatic factors.

The general form equations considered in the analysis include an exponential and sine functions. The

sensitivity analyses were conducted to evaluate the better fitting function for use in the development of the

model. The sensitivity analyses were conducted using Two-tailed F-test statistics, and were conducted using

the following option:

e Two-tailed F-test Option A: Changes in volumetric water contents as a nonlinear function of
changes in climatic factors predicted using a sine function was used for dataset No.1, and changes
in volumetric water contents as a nonlinear function of changes in climatic factors predicted using

an exponential function was used for dataset No.2.

The null hypothesis assumes that the sine function produces a better fitting model than the model
developed using the exponential function. The alternative hypothesis assumes that the exponential function
produces the better fitting QE Model. The analysis of the data presented in Table 5.7 shows that the F-

Statistic is more than the F-Critical, and the calculated p-value is less than the threshold p-value. The data
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show that the null hypothesis should be rejected, and that the alternative hypothesis should be accepted. It
is concluded that the exponential function produces the better fitting model and is incorporated into the QE
Model.

Table 5.7: The summary of the Two-tailed F-test statistics conducted to determine the better fitting

function for use in the Quantitative Empirical Model

- Values
Statistical Data Two-tailed F-test Option A
F-Statistic 6.159
F-Critical 1.00
Calculated p-value <0.0001
Threshold p-value 0.05

5.4.4 Task C.4: Two-tailed F-test Statistics Conducted to Evaluate the Statistical Correlation and

Statistical Significance between P; and Xi, P, and Xz, and P; and X3,

The Two-tailed F-test statistics was conducted to evaluate the statistical correlation and statistical
significance between P1 and X1, P2 and Xz, and P3 and Xs. The relationships between P and Xy, P2 and Xz,
and P; and X3 are incorporated into the Quantitative Empirical Model (the QE Model) to account for the
impact of the system dependent properties of subgrades on the water and heat transfer.

The Two-tailed F-test statistics was conducted using Xi values as the dataset No.1 and P; values as
the dataset No.2 for Test No.1, X, values as the dataset No.1 and P, values as the dataset No.2 for Test No.2,
and X3 values as the dataset No.1 and P; values as the dataset No.2 for Test No.3. The null hypothesis
assumes that there is no statistical correlation, and no statistical significance between P; and X1, P2 and Xz,
and Ps; and Xs. The alternative hypothesis assumes that there is statistical correlation, and statistical
significance between Py and X3, P2 and X, and P3 and Xs. A summary of the Two-tailed F-test statistics is
presented in Table 5.8.

The analysis of the data presented in Table 5.8 indicates that the null hypothesis should be rejected
for each of the three tests because the F-Statistic is more than the F-Critical in all of the three tests. Hence,
for each of the three tests, the alternative hypothesis should be accepted because the calculated p-value is
less than the Threshold p-value in all of the three tests. It is concluded that the relationships between P; and
X1, P2 and Xz, and Ps and X3 have statistical correlations, and statistical significance.

X1, X2, and Xz are incorporated into the QE Model to account for the impact of the site specific
system dependent properties of subgrades and properties of liquid water and water vapour on the water and

heat transfer within subgrades. The system dependent properties of subgrades which are accounted for in
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X1, Xz, and Xs include the initial degree of saturation, and the residual and saturated hydraulic conductivity.
The properties of liquid water and water vapour which are accounted for in X1, Xz, and Xs include the heat
of vaporization, vapour pressure, specific heat capacity, thermal diffusivity and the density. Xi, X2, and X3

also account for the gravitational acceleration of the materials.

Table 5.8: The summary of the Two-tailed F-test statistics conducted to evaluate the statistical

correlation and significance between P; and X;, P2 and Xz, and Pz and Xs

Values
Statistical Data Test No.1: Test No.2: Test No.3:
P, and X1 P, and X5 P3 and X3
F-statistic Positive Infinity 5.285E+06 Positive Infinity
F-Critical 4.026 4.026 4.026
Calculated p-value <0.0001 <0.0001 <0.0001
Threshold p-value 0.05 0.05 0.05

545 Task C.5: Two-tailed F-test Conducted to Determine Accuracy of the Quantitative Empirical
Model and EICM in Predicting In-situ Volumetric Water Contents for Calculating Feny
Two-tailed F-test statistics were conducted to evaluate the accuracy of the Quantitative Empirical Model
(the QE Model) and EICM in predicting in-situ volumetric water contents. The volumetric water contents
are predicted for use in calculating the composite environmental adjustment factor (Fen) and resilient moduli

of subgrades for Site C and Site D.

Two-tailed F-test statistics were conducted using Fenv values which were calculated using in-situ
volumetric water contents predicted using EICM as the dataset No.1, and Feny values which were calculated
using in-situ volumetric water contents predicted using the QE Model as the dataset No.2 for both sites. The
null hypothesis assumes that EICM is more accurate than the QE Model in predicting in-situ volumetric
water contents for use in calculating the Fen and resilient moduli of subgrades. The alternative hypothesis
assumes that the QE Model is more accurate than EICM in predicting in-situ volumetric water contents for
use in calculating the Fenv and resilient moduli of subgrades. A summary of Two-tailed F-tests statistics is
presented in Table 5.9.

The analysis of the data presented in Table 5.9 shows that the null hypothesis should be rejected for
both tests because the F-Statistic is more than the F-Critical. The alternative hypothesis should be accepted
for both tests because the calculated p-value is less than the Threshold p-value. It is concluded that the QE
Model is more accurate than EICM in predicting the in-situ volumetric water contents for use in calculating

the Fenv and resilient moduli of subgrades.
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Table 5.9: The summary of Two-tailed F-test statistics conducted to evaluate use of the Quantitative

Empirical Model and EICM in predicting in-situ volumetric water contents for calculating Feny

. Values
Statistical Data Site C Site D
F-statistic 252.36 1136.38
F-Critical 39.50 8.26
Calculated p-value 0.008 <0.0001
Threshold p-value 0.05 0.05

5.5 Development of P1, P2 and P3 Values Incorporated into the General Form of the
Equation for the Quantitative Empirical Model

The general form of the equation for the Quantitative Empirical Model (the QE Model) was developed using
nonlinear regression between changes in volumetric water contents within the subgrades (the dependent
variable) and changes in climatic factors (the independent variable). The data was fitted using nonlinear
regression based on an exponential function, a sine function and a power function. The nonlinear regression
analyses resulted in a QE Model which incorporates changes in volumetric water contents within subgrades
as a nonlinear function of changes in climatic factors.

XLSTAT uses the Levenberg-Marquardt method (the damp least-squares method) for calculating
nonlinear regression parameters of nonlinear functions. The function parameters form part of the nonlinear
regression analysis and is based on the chi-square error criteria presented in Eq. 5.10. The damp least-
squares method is a curve-fitting approach which integrates the gradient decent and the Gauss-Newton
method. In the gradient decent method, the sum of the square errors is reduced while the function parameters
decrease in the direction with the highest rate of change and are subsequently updated. In the Gauss-Newton
method, it is assumed that the sum of the square errors is based on a quadratic equation and subsequently
determining the minimum output of the quadratic equation.

Nonlinear relationships between the dependent and independent variables were represented using
an exponential function. Functions representing changes in the dependent variable was fitted based on the
relationships between data points of the independent variable and model parameters (P) which is represented
by AB(AA, P). The methodology includes determining the differences between changes in the dependent
variable as a function of changes in the independent variable {A6(AA)}, and changes in the dependent
variable as a function of changes in the independent variable and P which is represented by {A6(AA, P)}.
The function represented by AB(AA, P) represents the fitting function for the dependent variable. The sum
of the squares of the errors between {AO(AA)} and {AO(AA, P)} were minimized using Eq. 5.10. Because

the function AB(AA, P) and P values are nonlinear, the minimization of the sum of the square errors with
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respect to P values were conducted through an iterative process aimed at producing a reduction in the sum
of the square errors. The iteration process was conducted until the sum of the square errors was at the optimal
value on the basis that optimal P values were achieved. The damp least squares method calculates varying
values of the damping parameter which is updated after each iteration. The solution of the function
parameters are improved as the damping parameter is reduced (Gavin 2022, Lourakis 2005; Marquardt
1965).

T /AD (AA)=A (AA, P)\2
x(P)2=Z_ 1( CA-B A P (5.10)
i=

WOAOi
A& AA)= Changes in the dependent variable as a function of changes in the independent variable, A&A4A,
P) = Changes in the dependent variable as a function of changes in the independent variable and P values,
P values = Nonlinear regression parameters, and wsa = The error determined at each data point for the
function 46 (4A).

5.6 Summary

The statistical analyses presented in Chapter 5 are used for calibrating and verifying the 2-D finite element
analysis (2-D FEA) water and heat transfer models which are presented in Chapter 4. The statistical analyses
are also used for verifying the suitability of climatic factors and the exponential function used for the
development of the Quantitative Empirical Model (QE Model) presented in Chapter 6. The statistical
analyses are also used for verifying the QE Model and EICM.

The statistical analyses presented in Chapter 5 confirm that the 2-D FEA water and heat transfer
models, and the QE Model are verified within acceptable limits. The statistical analyses also show that the
volumetric water contents predicted using the QE Model are more suitable for calculating the unfrozen
composite environmental adjustment factor (Fen) and resilient moduli of subgrades than the volumetric
water contents predicted using EICM.

The data used for conducting the statistical analyses were also used for conducting the graphical

verification and evaluation of the accuracy of the QE Model and EICM which are presented in Chapter 7.
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Chapter 6 Development of the Quantitative Empirical Model

6.1 Introduction

Chapter 6 provides an overview of inter-relationships between climatic factors, and between climatic factors
and in-situ volumetric water contents within subgrades. Chapter 6 also presents the methodology for
developing the Quantitative Empirical Model (the QE Model) for predicting the influence of changes in
climatic factors on changes in in-situ water and heat transfer within subgrades. The Chapter includes
background on the hydrological cycle and the most pertinent climatic processes that influence changes in
in-situ water and heat transfer within subgrades. The Chapter also provides background on climatic factors
and land climate interaction. The Chapter also provides background on nonlinear regression and its
application in the development of models used for predicting the influence of climatic factors on in-situ
water and heat transfer within subgrades.

Chapter 6 provides a detailed methodology for developing the QE Model including the method used
to formulate the most pertinent climatic factors incorporated into the model. The Chapter also includes
details of the nonlinear regression analysis used to evaluate the statistical relationship between volumetric
water contents within subgrades and climatic factors. The Chapter also provides details of the method used
for developing and selecting the general form of the equation used in the formulation of the QE Model.
Chapter 6 also provides details of the mathematical formulations including the integration used in the
development of the QE Model. The Chapter also provides details of the method used to incorporate the
system dependent properties of subgrades into f-functions which are incorporated into the QE Model.
Chapter 6 also provides a summary of the QE Model and the model’s input parameters.

Chapter 6 also provides details of the application of the QE Model in the engineering practice. The
Chapter also provides details of the modified composite environmental adjustment factor (the Fenvce model)
which was developed for incorporating the impact of climatic factors into resilient moduli and performance
evaluation of subgrades. The Chapter also provides details of the modified resilient modulus of the subgrade

(Mgcr) which was developed to account for the impact of climatic factors on the pavement performance.

6.2 Interrelationships between Climatic Factors and Land-Pavement-Climate Interaction
Climatic processes consist of many components which are integrated through physical, chemical and
biological interactions in the atmosphere and aquatic environments. The atmospheric and aquatic
environment interactions influence heat and water vapour transfer through evaporation which forms part of

the hydrological cycle (the atmosphere-land interaction). The atmosphere-land interaction influences
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evaporation, condensation, cloud formation, precipitation, and runoff. Air temperature and precipitation are
fundamental components of climatic processes (IPCC 2001).

Changes in air temperature directly influence the extent of precipitation. These changes in
precipitation are associated with the influence of changes in air temperature on changes in evaporation
(IPCC 2013). This indicates that precipitation is associated with air temperature. Changes in air temperature
are influenced by changes in solar radiation, while solar radiation is associated with the daily air temperature
range (Wang, and Dickinson 2013). An increase in solar radiation and associated increase in air temperature
induce a reduction in the relative humidity. The reduction in relative humidity is associated with a decrease
in water contents within subgrades (Shrestha, et al. 2019). Changes in wind speed influence the circulation
of heat in the atmosphere and at the surface of aquatic environments, and impact land climate interaction
(LCI). Changes in air temperature and wind speed influence evaporation at the surface of aquatic
environments, evapotranspiration and water vapour transfer at ground surfaces. These inter-relationships
show that evapotranspiration is associated with air temperature and wind speed. Studies show that each
climatic factor may not exist independently and that climatic factors influence water and heat transfer
(Liuzzo, et al. 2016; Kousari, and Ahani 2012; Dinpashoh, et al. 2011). The characteristics of plant species
also impact the water and heat transfer within subgrades through evapotranspiration. The water and heat
transfer within subgrades is influenced by the leaf area index (LAI). The LAI impacts evaporation and
transpiration which are influenced by the extent of ground coverage provided by leaves and the canopy
(Dong, et al. 2021; Ramirez-Garcia, et al. 2012; Mullan and Reynolds 2010; Anapalli, et al. 2005). The
water and heat transfer is also influenced by the root characteristics (which impact water uptake and
transpiration) (Thorup-Kristensen, et al. 2009; Evans, et al. 1996). These observations form the basis for
climatic factors and their interaction which are incorporated into the development of the QE Model.

LCI consists of continuous transfer of heat, liquid water and water vapour between the land surface
and atmosphere which impacts the hydrological cycle and environmental conditions. LCI occurs through
conduction, convection, evapotranspiration and through longwave radiation from the ground surface.
During daytime hours, heat transfer occurs from the warmer ground surface to the lower atmosphere. During
nighttime hours, heat transfer occurs from the warmer atmosphere to the ground surface (Schmidli, and
Rotunno 2010; Memon, et al. 2008).

Infiltration is primarily influenced by precipitation and is impacted by the rainfall intensity.
Infiltration typically decreases with an increase in the rainfall intensity (Xue, and Gavin 2007). In addition,
the rate of infiltration increases with an increase in air temperature and the associated increase in the
temperature profile within subgrades (Liu, et al. 2021; Braga, et al. 2007; Lin, et al. 2003; Viessman, and
Lewis 2003; Dempsey 1970). This also implies that the hydraulic conductivity and infiltration within
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subgrades decrease during freezing (Liu, et al. 2021; Williams, and Smith 1989). During ponding, the rate
of infiltration is system dependent and is dependent on the soil texture and hydraulic properties (Bulut, and
Javid 2019; Lazarovitch, et al. 2005; Franke, et al. 1987). An increase in the rate of evapotranspiration is
caused by an increase in air temperature and facilitate water vapour transfer from the ground surface to the
atmosphere. The evapotranspiration is assessed as a negative flux which impacts the net infiltration
(Viessman, and Lewis 2003).

The influence of pavement-climate interaction on water and heat transfer within pavement
structures is shown in Figure 6.1a. Pavement structures are typically constructed on soil-embankments
which are impacted by climatic factors due to their exposure to the environment. Changes in climatic factors
cause changes in the net infiltration and heat transfer within the pavement structure embankment. Changes
in the net infiltration and heat transfer induce changes in volumetric water contents and temperature profile
within the pavement structure (Herb, et al 2006; McCartney, et al. 2010). The water and heat transfer within
the pavement structure is influenced by the seasonal variations in precipitation and the temperature profile
within pavement structure (McCartney, et al. 2010). The analysis of data shown in Figure 6.1b indicates
that during the dry season, water contents within the pavement structure are at their lowest at the surface
and increase with depth to a depth corresponding to the depth of water change or the bottom of the active
zone (Hs). This observation indicates that during the dry season, water contents within pavement structures
are primarily influenced by the elevation of the water table. During the wet season, water contents within
pavement structures are at their highest at the surface and decrease with depth to a depth corresponding to
Hs. This observation indicates that during the wet season, water contents within pavement structures which
are located in the active zone are influenced primarily by climatic factors. For both the dry and wet seasons,
water contents increase from the depth corresponding to Hs to the top of the capillary fringe zone. The water
content generally remains constant from the top of the capillary fringe zone to the water table (Heitor, et al
2021). These climatic processes result in changes in the strength and stability of the soil-embankment and
subgrade supporting the pavement structure (Heitor, et al 2021; Herb, et al 2006; McCartney, et al. 2010).

The impact of climatic factors on water and heat transfer within pavement structures may be
simulated by incorporating changes in site-specific precipitation, air temperature, relative humidity, net
solar radiation and wind speed (the climatic factors) (Pk, et al. 2021; Heitor, et al. 2021; Tang, et al. 2017;
Schmidli, and Rotunno 2010; Memon, et al. 2008; Braga, et al. 2007; Herb, et al. 2006; Lin, et al. 2003;
Viessman, and Lewis 2003). Studies have shown that climatic factors and their interactions influence
fluctuations in in-situ volumetric water contents of subgrades. VVolumetric water contents of subgrades
increase in response to an increase in precipitation, while an increase in air temperature results in a

corresponding decrease in volumetric water contents of subgrades due to evapotranspiration (Farhat 2018;
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Stéfanon, et al. 2014; Wohl, et al. 2012; Suseela, et al. 2012; Lofgren, et al., 2011; Holsten, et al. 2009;
Wang, et al., 2008; Allen, et al. 1998). The rate of evapotranspiration is also impacted by net solar radiation,
air temperature and relative humidity. The rate of evapotranspiration decreases in response to an increase in
the relative humidity (Farhat 2018).

An increase in wind speeds results in an increase in air circulation and convective cooling resulting
in a corresponding increase in evapotranspiration (Bryce, et al. 2021). These observations indicate that
precipitation, air temperature, net solar radiation, relative humidity, and wind speed should be incorporated
in the formulation of models used for simulating interrelationships between and the impact of climatic
factors on water and heat transfer within subgrades (Farhat 2018; Stéfanon, et al. 2014; Wohl, et al. 2012;
Suseela, et al. 2012; Lofgren, et al., 2011; Holsten, et al. 2009; Wang, et al., 2008; Allen, et al. 1998). The
inter-relationships between climatic factors and their influence on the LCI form the basis for formulating
and incorporating climatic factors into the QE Model.

The evaluation of the physical processes which govern the impact of climatic factors on water and
heat transfer within subgrades requires an understanding of the influence of the principles of geotechnical
and transportation engineering, physics, and climatology on pavement performance. The transient water and
heat transfer processes within pavement structures are presented in Figure 6.1c (McCartney, et al. 2010).
The analysis of data presented in Figure 6.1c shows that the water and heat transfer within pavement
structures is influenced by liquid water transfer due to precipitation induced infiltration (through surface
cracks, vegetation and bare ground) and capillary rise. The data also show that the water and heat transfer
is influenced by liquid water diffusion, net solar radiation, water vapour transfer, heat transfer through
diffusion, and convective cooling due to increased wind speed.

The water transfer processes which are accounted for in EICM include liquid water transfer due to
capillary rise (the primary water transfer process accounted for in EICM) and minimal precipitation induced
infiltration through surface cracks. EICM neglects water vapour transfer, liquid water diffusion and
precipitation induced infiltration through vegetation and bare ground (McCartney, et al. 2010; Zapata, and
Houston 2008; Zapata, et al. 2007; Drumm, and Meier 2003).
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Figure 6.1: Influence of land-pavement-climate interaction on water and heat transfer within

pavement structures (a) (Herb, et al 2006); (b) (Heitor, et al 2021); (¢) (McCartney, et al. 2010)
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6.3 Development of the Quantitative Empirical Model: General Form Exponential
Function
The development of the Quantitative Empirical Model (the QE Model) consisted of eight primary tasks.
These tasks were conducted for 1) formulating the mathematical framework for the QE Model, 2)
developing and evaluating climatic factors which are incorporated into the QE Model, 3) developing the
general form equation for the QE Model, 4) conducting nonlinear regression between changes in climatic
factors and changes in volumetric water contents within subgrades and analyzing regression parameters
from the general form exponential equation, 5) incorporating the system dependent properties into function
parameters, 6) formulating f-functions which are incorporated into the QE Model, 7) incorporating the
integral functions into the QE Model, and 8) verifying the accuracy of the computation of the integral
functions. The development of the QE Model consists of mathematical computations including integration
of the general form equation, and analyses of regression parameters. Mathematical computations are also
conducted to incorporate the thermal properties and density of liquid water and water vapour, and hydraulic
properties of subgrades and wearing courses into the resulting functions and formulating f-functions.
Nonlinear regression analyses were used to develop empirical correlations between changes in
volumetric water contents and changes in climatic factors to account for the influence of changes in climatic
factors on water and heat transfer. The use of nonlinear regression between changes in volumetric water
contents and changes in climatic factors mitigates inaccuracies in the analytical methods used for predicting
in-situ water and heat transfer in the current EICM. These inaccuracies are due to the current EICM
inaccurately accounting for the impact of climatic factors, the surface mass balance and LCI boundary
conditions (Drumm, and Meier 2003). The use of nonlinear regression between changes in volumetric water

contents and changes in climatic factors forms the basis of the development of the QE Model.

6.3.1 Task 1: Formulating the Mathematical Framework for the Quantitative Empirical Model

The mathematical computations conducted for the development of the Quantitative Empirical Model (the
QE Model) are based on the mathematical framework presented in Figure 6.2. Figure 6.2 represents
fluctuations in changes in in-situ volumetric water contents within subgrades over time due to changes in
climatic factors. Eq. 6.1 represents the total in-situ volumetric water content at the end of time “n”. The total
in-situ volumetric water content at the end of time “n” comprises of the initial in-situ volumetric water
content at the end of construction and the accumulation of all changes in in-situ volumetric water contents
at the end of time “n”. The accumulation of all changes in in-situ volumetric water contents at the end of

time “n” is represented by the function shown in Eq. 6.2.
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Figure 6.2: Representation of the governing equation for the Quantitative Empirical Model.
etn = eto + Aetn (61)

Abyy = [, 46 (AA) dt (6.2)
Gn = The total in-situ volumetric water content at the end of time “n”; &, = The initial in-situ volumetric
water content at the end of construction (at time = 0); 48, = The accumulation of all changes in in-situ

volumetric water contents at the end of time “n”’; AA = Change in climatic factors which is presented in Eq.
6.3.

6.3.2 Task 2: The Analyses Conducted for Developing and Evaluating Climatic Factors
The development of climatic factors is based on the analysis of inter-relationships between changes in
climatic factors conducted in Section 4.5.2, Section 4.5.3, Section 5.4.2, and the analysis of findings of
previous studies. These relationships indicate that both the strong and weak interrelationships between
climatic factors should be incorporated into models developed to simulate the impact of climatic factors on
the water and heat transfer within subgrades (Pk, et al. 2021; Heitor, et al. 2021; Shrestha, et al. 2019; Farhat
2018; Liuzzo, et al. 2016; IPCC 2013; Wang, and Dickinson 2013; Kousari, and Ahani 2012; Dinpashoh,
et al. 2011; Herb, et al 2006; IPCC 2001).

The Quantitative Empirical Model (the QE Model) is developed by incorporating the influence of
changes in climatic factors on changes in volumetric water contents within fine-grained subgrades in wet

freeze climates. Changes in climatic factors which are incorporated into the QE Model include changes in
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precipitation, air temperature, net solar radiation, wind speed, relative humidity, evapotranspiration, and
water vapour transfer through the wearing course to the atmosphere. The influence of changes in climatic
factors on changes in in-situ volumetric water contents within subgrades is incorporated into the QE Model
by conducting nonlinear regression between changes in climatic factors and changes in volumetric water
contents within subgrades.

A nonlinear regression analysis was conducted between changes in in-situ volumetric water
contents (the dependent variable) and changes in climatic factors (the independent variable) using an
exponential function. This nonlinear regression analysis was conducted to develop a function which
represents changes in in-situ volumetric water contents as a nonlinear function of changes in climatic factors
to support the statistical analyses presented in Section 5.4.2. The statistical analyses presented in Section
5.4.2 were conducted to determine the climatic factors that produce the best fitting model. The initial
nonlinear regression was conducted between changes in climatic factors and changes in in-situ volumetric
water contents within subgrades recorded from 1993 to 1997. The 1993 to 1997 in-situ volumetric water
contents datasets were limited and discontinuous and did not facilitate accurate nonlinear regression. A more
representative nonlinear regression analysis was conducted between changes in climatic factors and changes
in volumetric water contents within subgrades obtained from the 2-D FEA modeling output. The 2-D FEA
modeling was conducted for a 38-year analysis period for depths to the static water table of 1.65 m, 2.65 m,
10.65 m, 15.65 m and 25.65 m below the subgrade surface (the analysis Case No.1 to Case No.5). The
climatic data used in the formulation of climatic factors (which were used to conduct the nonlinear
regression) were obtained from field measurements with the exception of the evapotranspiration and
evaporation through the wearing course to the atmosphere which were obtained from 1-D FEA modeling
output.

Changes in climatic factors and in volumetric water contents are referenced from climatic factors
and the volumetric water content measured on the construction completion date. The volumetric water
content and climatic factors measured on the construction completion date are used as reference points
because the QE Model is formulated by incorporating the absolute in-situ volumetric water content
measured at the end of construction. The absolute volumetric water content within the subgrade for each
day is calculated by adding the change in the in-situ volumetric water content on that day to the absolute in-
situ volumetric water content that was measured on the day that the construction of the pavement structure
was completed. The statistical analyses presented in Section 5.4.1 indicate that using values for the
dependent and independent variables which were measured on the construction completion date as reference

points for calculating changes in the dependent and independent variables produced the better fitting model.
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The analysis of Eg. 6.3 shows a poor statistical relationship between changes in climatic factors and
changes in volumetric water contents when the change in any climatic factor or the change in volumetric
water content is zero. This limitation is mitigated by applying a factor to each component of the climatic
factors. These factors are also applied to facilitate the best solution for the formulated climatic factors when
the change in any climatic factor is zero. These factors were adjusted until the nonlinear regression between
changes in climatic factors and changes in volumetric water contents produced the best fitting statistical
relationship between changes in climatic factors and changes in volumetric water contents. The analyses of
data presented in Chapter 4 and Eq. 6.3 indicated that the formulated climatic factors should account for
cases when the change in wind speed is zero. The limitations observed when the change in wind speed is
zero is mitigated by incorporating a factor of 0.05 to the change in wind speed. Similarly, limitations
observed when the change in net solar radiation and the change in air temperature are both zero, are
mitigated by applying a factor of 0.05 to both the change in net solar radiation and the change in air
temperature. A factor of 1.2 is also applied to the change in relative humidity to mitigate limitations observed
when the change in relative humidity is zero. A factor of 3.5 is applied to the difference between the change
in precipitation and the change in evapotranspiration to mitigate limitations observed when the change in
either variable is zero. The factor of 3.5 is also applied to the difference between the change in precipitation
and the change in water vapour transfer through the wearing courses to the atmosphere.

The analysis of data presented in Section 5.4.2 shows that incorporating the complete dataset of
climatic factors into the model produces a better fitting model relative to the fit of the model obtained by
incorporating reduced climatic factors. The reduced climatic factors are obtained by conducting sensitivity
analyses which include excluding only precipitation, excluding only net solar radiation, excluding only
relative humidity, and including only air temperature in developing the climatic factors. The formulated
equation for the complete dataset of climatic factors is presented in Eq. 6.3. Eq. 6.3 is incorporated into the
development of the QE Model. Incorporating Eq. 6.3 into the QE Model results in the model accounting for
the following relationships:

e The positive relationship between air temperature and evapotranspiration;
e The positive relationship between wind speed and evapotranspiration;
e The negative relationship between air temperature and relative humidity;

e The negative relationship between relative humidity and evapotranspiration; and

e The negative relationship between wind speed and relative humidity.

_ [((0.05+AR/) * (0.05+AT ;) * (0.05+AV )Y (APrecp — AET — AEw,)
A4 = {( (1.2 + ARH) ) (3.5 )} (6.3)
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AA = Change in climatic factors (MJ °C / (s day)); ATair = Change in air temperatures (°C); 4Rs = Change
in net solar radiation (MJ / (s m?)); 4ARH = Change in relative humidity (decimal); AVw,= Change in wind
speed (m/s); APrecp = Change in precipitation (m / day); AET = Change in evapotranspiration (m* / (day
m?)); AEwa =Change in evaporation through wearing course to atmosphere (m?/ (day m?)).

It is assumed that the best fitting equation for AA as a function of time {AA (time)} may be
represented by the exponential function shown in Eq. 6.4. The graphical representation of AA vs time for
Site A (in Nebraska) is presented in Figure 6.3. A sine function was not used to represent AA (time) because
the sine function is periodic in predicting changes in in-situ volumetric water contents (the sine function
produces the same minimum and maximum volumetric water contents in every seasonal cycle) which does
not represent the actual fluctuations in the measured in-situ minimum and maximum seasonal volumetric

water contents.

AA (1) = [Py el-P7 8] 4 pg (6.4)
AA = Change in climatic factors (MJ °C / (s? day)); t = Time in day; Pq, Py, and Ps = The site-specific AA

(time) function parameters.
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Figure 6.3: The graphicial representation of AA vs time

The analyses of data presented in Figure 6.4 (for Site A) represent the output of a model developed
to account for changes in volumetric water contents as a nonlinear function of changes in a reduced climatic

factor consisting of only changes in air temperature. The analyses of data presented in Figure 6.4 show that
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positive changes in air temperatures result in both negative and positive changes in in-situ volumetric water
contents. Negative changes in air temperatures result in both positive and negative changes in in-situ
volumetric water contents. These observations imply that during high summer temperatures, a positive
change in the air temperature results in a negative change in the in-situ volumetric water content due to
evaporation. During freezing conditions, a positive change in the air temperature results in an increase in
the in-situ volumetric water content due to thawing. Figure 6.4 also shows that a change in air temperature
of less than -35.0 °C from the initial condition has minimal impact on changes in in-situ volumetric water
contents.

The analyses of data presented in Figure 6.5 (for Site A) represent the output of a model developed
to account for changes in volumetric water contents as a nonlinear function of changes in a reduced climatic
factor consisting of only changes in precipitation. The analyses of data presented in Figure 6.5 show that
large positive changes in precipitation are associated with large negative changes in in-situ volumetric water
contents. The data also show that minimal changes in precipitation are associated with large positive changes
in in-situ volumetric water contents. These observations imply that high rainfall intensity events are
associated with decreased net infiltration and lower in-situ volumetric water contents. The data also show
that low rainfall intensity events over time are associated with increased net infiltration and higher in-situ
volumetric water contents. The data presented in Figure 6.5 also show positive changes in in-situ volumetric
water contents due to negative changes in precipitation. This observation implies that volumetric water
contents within subgrades increase when the rainfall intensity decreases. The data in Figure 6.5 also show
that the highest increase in changes in in-situ volumetric water contents are associated with periods with
little to no change in precipitation. This observation implies that rainfall events with minimal to no change
in intensity over time result in the highest increase in in-situ volumetric water contents.

The data presented in Figure 6.4 and Figure 6.5 show that the impact of changes in precipitation on
water contents within subgrades is minimal compared to the impact of changes in air temperatures. Despite
this observation, both air temperature and precipitation should be incorporated into models which are used
for predicting water and heat transfer within subgrades. The precipitation should be included because it is
the primary source of the water which infiltrates pavement structures. The precipitation is also the primary
source of the water which facilitates phase changes from liquid water to water vapour (through evaporation)

and from water vapour to liquid water (through condensation) due to temperature gradients.
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The analyses of data presented in Figure 6.6 (for Site A) represent the output of a model developed
to account for changes in volumetric water contents as a nonlinear function of changes in a reduced climatic
factor consisting of only changes in net evapotranspiration. The analyses of data presented in Figure 6.6
show that the QE Model accounts for both condensation and evapotranspiration. The data also show that
the net evapotranspiration causes minimal changes in volumetric water contents within fine-grained
subgrades. This observation implies that the water transfer within fine-grained subgrades occurs primarily
through internal circulation of the water vapour (induced by a phase change from liquid water to water
vapour) and through condensation (due to a phase change from water vapour to liquid water). The net
evapotranspiration has minimal impact on volumetric water contents within the fine-grained subgrade at
Site A because the top of the subgrade is located at 775.0 mm below the surface of the wearing course. The
subgrade is also located at a significant distance from vegetated areas with the exception of minimal
vegetation in the adjacent median and ditches. Hence, the root water uptake of the vegetation and the
associated transpiration have minimal impact on in-situ volumetric water contents within fine-grained
subgrades.

The analyses of data presented in Figure 6.6b show that volumetric water contents within subgrades
decrease with increased evapotranspiration. The data also show that volumetric water contents within
subgrades increase with increased condensation. A change in the net evapotranspiration of less than -1.0 x
10 mm? /(mm? day) has no impact on changes in volumetric water contents within fine-grained subgrades.
This implies that increased evapotranspiration beyond a value of -1.0 x 10® mm? /(mm? day) have no impact

of the residual water content within subgrades.
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Figure 6.6: Changes in in-situ volumetric water contents as a function of changes in net
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The Significance of the Various Factors Incorporated into the Changes in Climatic Factors (4A4) Function

Changes in climatic factors (AA) function incorporates various factors which include a factors of 0.05 which
is added to ARs, ATair and AV, 1.2 which is added to ARH and 3.5 which is applied to APrecp — AET. These
factors are incorporated in the AA function to facilitate a solution when either ARs, AT air, AVw, ARH and
APrecp — AET is zero. The factors used were chosen based on those which produce the best fitting
Quantitative Empirical Model (the QE Model).

Changes in each climatic factor which is incorporated into AA are referenced from the end of
construction (time zero). Hence, if a pavement structure were constructed on the 1% of August 2022 when
the subgrade temperature was 25.0 °C, this subgrade would be assigned an initial temperature of 25.0 °C at
time zero (the initial subgrade temperature). Assuming that the lowest subgrade temperature during the first
winter season (during freezing) after construction was -10.0 °C, the post construction change in temperature
(AT air) at that time would be -35.0 °C. It is also assumed that changes in the subgrade temperature typically
fluctuate during the winter season. It is also assumed that during the subsequent summer season the subgrade
temperature may be 26.0 °C which equates to a ATair of +1.0 °C at that time. The subgrade temperature
during the first summer after construction may also be the same as the initial subgrade temperature of 25.0
°C which equates to a AT air 0f 0.0 °C at tat time.

The change in temperature of -35.0 °C from the initial subgrade temperature during the first freezing
period causes significant decrease in the subgrade water content. Further freezing temperatures cause further
reduction in the unfrozen water contents within the subgrade. The freezing condition causes
fissures/cracking which facilitates further paths for infiltration and the advancement of the wetting front. A
subsequent subgrade temperature of 26 °C (ATair = +1.0 °C) or 25.0 °C (ATair = 0.0 °C) causes post winter
thawing which significantly increase water contents of the subgrade. The increase in water contents within
subgrades (due to thawing) cause decreased resilient moduli of subgrades. This implies that a change of
zero in any climatic factor has significant impact on the solution of the AA function and on the solution of
the QE Model. These observations show the significance of incorporating the various factors into the AA
function to provide a solution of the AA function and a solution of the QE Model when either ARs, AT air,
AV, ARH and APrecp — AET is zero.

The continual seasonal fluctuations of AA, induce freeze and thaw cycles within subgrades which
directly impact the water and heat transfer within subgrades. One freeze and thaw cycle causes a change of
approximately 20.0 % to 60.0 % reduction in resilient moduli of subgrades. The resilient modulus of the
subgrade decreases further as the number of the freeze and thaw cycles increase (Wang, et al. 2007;

Simonsen, et al. 2002; Lee, et al. 1995; Fredlund, et al. 1975). Hence, fluctuations in AA (observed in the
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plot of AA vs time presented in Figure 6.3) have a significant impact of the freeze and thaw cycles, water
contents and resilient moduli of subgrades. The values of AA impact the output of the QE Model (volumetric
water contents as a function of climatic factors) regardless of how small the positive and negative changes
in AA are from time zero. It is expected that in wet freeze climates, there will be more low negative changes
than high positive changes in AA. But it is important to determine how these changes impact the freeze and
thaw cycles, water contents and resilient moduli of subgrades.

Based on the examples provided above, a change in the subgrade temperature of zero from the initial
subgrade temperature may appear insignificant. But it represents a subgrade temperature of 25 °C during
the spring or summer which causes significant thawing, increased water contents and decreased resilient
moduli. This is the primary reason for the poor performance of pavement structures during the spring thaw

period in wet freeze climates.

6.3.3 Task 3: Developing the General Form Equation for the Quantitative Empirical Model

The general form equations that were evaluated for the development of the Quantitative Empirical Model
(the QE Model) were developed by conducting nonlinear regression between changes in climatic factors
presented in Eq. 6.3 and changes in volumetric water contents obtained from the 2-D FEA modeling output.
The nonlinear regression was conducted using the exponential function, sine function, and power function
that is presented in Eq. 6.5, Eq. 6.6, and Eq. 6.7 respectively. Eq. 6.5 to Eq. 6.7 represent changes in in-situ

volumetric water contents as a nonlinear function of changes in climatic factors.

AO(AA) = [Py*el-P2" 44)] 4 p, (6.5)
AO(AA) = P,+[Py* Sin {2 * T * P, x AA}] (6.6)
AO(AA) = [P* AA™2] + P (6.7)

A6(AA) = Changes in in-situ volumetric water contents within the subgrade as a function of changes in
climatic factors; AA = Changes in climatic factors; e = 2.71828; 1= 3.14159, P4, P2, Ps3, Pa, Py, Pc Pr1, Pr2,
Prs, = Nonlinear regression parameters.

The analyses of data presented in Section 5.4.3, and Figure 6.7 show that the use of the exponential
function produces the best fitting QE Model relative to the models which are developed using the sine and
power functions. The analyses of data presented in Figure 6.7 also show that for the models developed using
the exponential and sine functions, positive changes in climatic factors up to a change in climatic factors of

zero result in both positive and negative changes in in-situ volumetric water contents. Positive changes in
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climatic factors from a change in climatic factors of zero result in both negative and positive changes in in-
situ volumetric water contents. The data presented in Figure 6.7 also show that a change in climatic factors
of zero (a change in the energy state of zero) causes no change in the in-situ volumetric water contents.

These observations indicate that changes in climatic factors impact the in-situ volumetric water
contents differently during the frozen and unfrozen conditions. This also implies that freezing (due to
negative changes in climatic factors during winter conditions) and thawing (due to positive changes in
climatic factors during winter conditions) impact the water and heat transfer within subgrades differently.
The analyses of data presented in Figure 6.7 show that during freezing conditions, negative changes in
climatic factors (the negative changes in energy) result in negative changes in in-situ volumetric water
contents (the decrease in unfrozen water contents). During unfrozen conditions, negative changes in climatic
factors result in positive changes in in-situ volumetric water contents (the increase in water contents due to
reduced evapotranspiration and increased condensation). The analyses of data presented in Figure 6.7 also
show that during freezing conditions, positive changes in climatic factors induce thawing which result in
positive changes in in-situ volumetric water contents. During unfrozen conditions, positive changes in
climatic factors induce increased evapotranspiration which result in negative changes (the reduction) in in-
situ volumetric water contents.

The data presented in Figure 6.7 also show that the model developed using the sine function has a
higher variability in predicting changes in in-situ volumetric water contents (as a nonlinear function of
changes in climatic factors) relative to the variability in changes in in-situ volumetric water contents (as a
nonlinear function of changes in climatic factors) predicted using the exponential function. The data
presented in Figure 6.7 also show that the model developed using the power function neglects the impact of

changes in climatic factors on fluctuations in changes in in-situ volumetric water contents.
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Figure 6.7: Changes in in-situ volumetric water contents vs changes in climatic factors predicted

using the exponential, sine and power functions

The analyses of data presented in Figure 6.8 show changes in in-situ volumetric water contents as
a nonlinear function of changes in climatic factors over time. The data show that the model developed using
the sine function predicts higher maximum and lower minimum seasonal changes in in-situ volumetric water
contents within subgrades. The output of the model developed using the sine function is periodic which
causes the model to predict similar maximum and similar minimum seasonal in-situ water contents
throughout the analysis period. This observation indicates that the model developed using the sine function
misrepresents the seasonal fluctuations in in-situ water contents.

Unlike the model developed using the sine function, the model developed using the exponential
function predicts continual fluctuations in the maximum and in the minimum seasonal in-situ volumetric
water contents that better represent fluctuations in in-situ volumetric water contents due to changes in
climatic factors. On the basis of observations highlighted above, the exponential function was selected as
the preferred general form equation for developing the QE Model because it best represents the relationship
between changes in in-situ volumetric water contents and changes in climatic factors. The exponential

function also produces the best fitting model for simulating the water and heat transfer within subgrades.
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6.3.4 Task 4: Analyses of Regression Parameters from the General Form Exponential Equation

The analyses of volumetric water contents obtained from the 2-D water and heat transfer FEA modeling are
presented in Chapter 4. The analyses presented in Chapter 4 indicated that the water and heat transfer within
subgrades is influenced by water contents within subgrades. The data also show that the water and heat
transfer is influenced by the saturated volumetric water content and hydraulic properties of subgrades, the
depth to water table, and thermal properties and density of liquid water and water vapour (system dependent
properties). The analyses presented in Chapter 4 also indicated that the influence of climatic factors on water
and heat transfer within subgrades is also a system dependent process.

The exponential function presented in Eq. 6.5 which is selected as the general form of the equation
for the QE Model consists of nonlinear regression parameters (Pr, P2, and Ps). Section 5.5 provides details
of the statistical analyses used for developing P+, P2, and Ps. The nonlinear regression which was used for
developing the general form of the equation was conducted using the 2-D FEA volumetric water contents
output obtained from the 2-D FEA water and heat transfer sensitivity analyses. The sensitivity analyses were
conducted using varying depths to the water table (1.65 m to 25.65 m below the subgrade surface). The
nonlinear regression which was conducted between changes in climatic factors and changes in the 2-D FEA
volumetric water contents output produced corresponding P, P, and P3 values for each sensitivity analysis
conducted using each depth to the water table. The values of Pr, P2, and P for varying depths to the water
table for Research Site No.1 and Research Site No.2 are presented in Table 6.1. The analysis of data
presented in Table 6.1 indicated that P1, P, and P are influenced by the depth to water table which is a
system dependent property. The analysis of data presented in Table 6.1 also show that P1, P,, and P; are
different for the two sites although the sites were analyzed at the same varying depths to the water table.
However, the saturated volumetric water content of the subgrade is the primary system dependent property
which is different for the two sites. The analysis of data presented in Table 6.1 indicated that, for a similar
depth to the water table for the two sites, a change in the saturated volumetric water content produces
changes in Py, P2, and Ps. This observation indicates that P1, P, and Ps are site specific and are influenced
by the system dependent properties including the saturated volumetric water content of the subgrade.
Therefore, site specific changes in the system dependent properties are expected to result in corresponding
changes in P41, P2, and P3. Hence, the system dependent properties are incorporated into P4, P2, and Ps.

The use of average values for P31, P2, and P; were considered. The use of average values for P4, Pa,
and Ps; would produce a QE Model which is applicable for simulating the water and heat transfer within
subgrades only for sites used in this study. The model would require local calibration for use in every region
with climatic factors, depths to the water table, and material properties that are different from those used for

sites used in this study (a primary limitation of the current version of EICM and MEPDG).
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X1, Xz, and X3 are developed to account for the site-specific depths to the water table and properties
of subgrades (including the initial degree of saturation, and saturated and residual hydraulic conductivity)

to avoid the need for local calibration of the QE Model.

Table 6.1: Function parameters for the general form of the exponential equation

Exponential Depth from the subgrade surface to the static water table (m)
function 1.65 2.65 10.65 15.65 25.65
parameters Values of statistical correlation function parameters for Research Site No.1.
P1 1.26E-01 1.29E-01 1.36E-01 1.35E-01 1.33E-01
P2 -1.003E-01 -1.004E-01 -1.012E-01 -1.024E-01 -1.137E-01
Ps3 -1.199E-01 -1.256E-01 -1.338E-01 -1.322E-01 -1.315E-01
Values of statistical correlation function parameters for Research Site No.2.
P1 5.59E-01 4.66E-01 4.09E-01 4.48E-01 4.45E-01
P2 -1.026E-02 -1.275E-02 -1.945E-02 -1.798E-02 -2.198E-02
P3 -5.245E-01 -4.300E-01 -3.729E-01 -4.128E-01 -4.112E-01

6.3.5 Task 5: Incorporating the System Dependent Properties into the Function Parameters

The initial degree of saturation within unsaturated subgrades (the ratio of the volume of water to total volume
of voids) increases due to an increase in the infiltration capacity and volumetric water contents as shown in
Figure 6.9 (Fredlund 1967). Previous studies show that at a specific volumetric water content and
corresponding matric suction, the initial degree of saturation increases due to a decrease in the initial void
ratio (due to an increase in the initial compacted density) of subgrades as shown in Figure 6.10. But the
degree of saturation at the residual volumetric water content is independent of the initial compacted density
(Zhou, et al. 2012; Romero-Morales 1999). Previous studies also show that at a specific hydraulic
conductivity, the volumetric water content decreases as the saturated hydraulic conductivity of the subgrade
increases as shown in Figure 6.11 (Robbins 1977). An increase in the depth to the water table results in a
decrease in volumetric water contents within subgrades in the active zone as shown in Figure 6.12 (Malik,
et al. 2021). Shallow depths to the water table cause higher contributions of liquid water transfer to in-situ
water contents within subgrades (in the active zone) relative to the impact of deep water tables on
contributions of liquid water transfer to in-situ water contents within subgrades (Malik, et al. 2021;
Saadeldin, and Henni 2016; Zhou, et al. 2012; Chen, and Hu 2004; Romero-Morales 1999; Philip 1998;
Robbins 1977; Fredlund 1967; Wesseling 1961). The analyses of data presented in Figure 6.9 to Figure 6.12

form the basis for the development of Xi, Xz and Xs.
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Previous studies show a positive relationship between the vapour pressure and water contents within
unsaturated subgrades as shown in Figure 6.13. The analysis of data presented in Figure 6.13 shows that the
relationship between the water content and vapour pressure is influenced by the type and characteristics of
the subgrade (Alexander, and Haring 1936; Puri, et al. 1925). The positive relationship between the vapour
pressure and water content is incorporated into Xi, X2 and Xs.

Water contents within subgrades have a negative relationship with the soil water density as shown
in Figure 6.14 (De Wit, and Arens 1950). This observation indicates that the relationship between the soil
water density and water content should be incorporated into models used for simulating the water and heat
transfer within subgrades. This relationship accounts for the impact of temperature changes on the water
density and on water contents within subgrades (Zhang, and Lu 2018; De Wit, and Arens 1950). This
relationship is also incorporated into X, X, and Xa.
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Figure 6.13: Vapour pressure vs water content (Alexander, and Haring 1936)
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Previous studies show that the specific heat capacity at constant pressure, and the thermal diffusivity
of water increase due to an increase in temperature. The water contents within subgrades have a positive
relationship with thermal properties of subgrades as shown in Figure 6.15 (Guan, et al. 2009). These studies
show that the rate of water and heat transfer increases due to an increase in temperature. These observations
show that thermal properties of water impact the water and heat transfer within subgrades (Guan, et al. 2009;
Abu-Hamdeh 2003; Bowden, and Jones 1947). These relationships are incorporated into X, X, and Xs.

The data presented in Figure 6.16 show that the heat of vaporization of water decreases due to an
increase in air temperature (Pellicer, et al. 2002). This observation implies that an increase in the
evapotranspiration is associated with a decrease in the heat of vaporization of water. The negative
relationship between the heat of vaporization of water and evapotranspiration is incorporated into Xi, X»
and Xs.
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The relationships which are presented in Figure 6.9 to Figure 6.16 were assessed as system
dependent properties and are incorporated into Pi1, P2, and Ps. The system dependent properties are
incorporated on the basis that P1, P2, and P; are system dependent and are nonlinear parameters of the
exponential function (which represents changes in volumetric water contents as a nonlinear function of
changes in climatic factors). The system dependent properties are represented by the site-specific parameters
X1, X2 and X3 as shown in Eqg. 6.8 to Eq. 6.10.

X1 was developed to account for liquid water and water vapour transfer through diffusion by
incorporating the thermal diffusivity of liquid water and water vapour. It also incorporates the equilibrium
vapour pressure. X; also accounts for the saturated condition by incorporating the saturated hydraulic
conductivity of the subgrade. The function parameter P; is presented as a function of Xi {P1 (X1)} in the
development of the function fi (X1) as shown in Eq. 6.11.

X2 was developed to account for liquid water and water vapour transfer due to gravity by
incorporating the gravitational acceleration. X, also accounts for the saturated condition by incorporating
the saturated hydraulic conductivity of the subgrade. X»also incorporates the specific heat capacity of liquid
water which accounts for the heat energy required to change the temperature of a unit mass of liquid water
by one degree. The heat of vaporization is incorporated to accounts for the heat energy required to changes
a unit mass of liquid water to water vapour without any change in temperature. The equilibrium vapour
pressure is incorporated to account for the vapour pressure at which the vapour pressure is in equilibrium
with the liquid water pressure and influences the rate of evaporation. The function parameter P is presented

as a function of X; {P, (X2)} in the development of the function f; (X) as shown in Eq. 6.12.
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X3 was also developed to account for liquid water and water vapour transfer through diffusion by
incorporating the thermal diffusivity of liquid water and water vapour. It also incorporates the equilibrium
vapour pressure. Xs accounts for the residual condition by incorporating the residual hydraulic conductivity
of the subgrade. The function parameter Ps is presented as a function of Xz {P3; (X3) in the development of
the function f; (Xs) as shown in Eg. 6.13.

X1, X2and X also incorporate the density of liquid water and the density of water vapour. X1, X;and
X3 also incorporate the site-specific initial degree of saturation of the subgrade and of the wearing course,
and the depth to water table.

In Eq. 6.14, f, (X2) is multiplied by AA. Hence, the unit for X, was developed so that it is the
reciprocal of and in unity with the unit for AA (MJ °C / (s day)). This results in the product of f, (Xz) and
AA being unitless. The unit for X1 was developed so that it is the same as the unit for X; and is unitless. X,
Xzand Xs account for the following processes which govern the water and heat transfer within subgrades:

e The influence of the initial degree of saturation of the subgrade (Si) on water and heat transfer using
the positive relationship between volumetric water contents and S;;

e The influence of the initial degree of saturation of wearing courses (S¢) on water and heat transfer
within subgrades using the positive relationship between volumetric water contents and Sc;

e The impact of the specific heat capacity of water (Cp) on water and heat transfer within subgrades
using the positive relationship between volumetric water contents and Cy;

e The impact of the vapour pressure (Py) on the water and heat transfer within subgrades using the
positive relationship between volumetric water contents and Py;

e Liquid water transfer which is influenced by gravity using the acceleration due to gravity (g), and
by diffusion using the positive relationship between volumetric water contents and the thermal
diffusivity of liquid water (aw);

e Water vapour transfer which is influenced by diffusion using the positive relationship between
volumetric water contents and the thermal diffusivity of water vapour (o),

e The influence of the saturated and residual hydraulic conductivity of subgrades (Ksa and Kres
respectively) on water and heat transfer using the negative relationship between volumetric water
contents. and Ksa: and Kres;

e The impact of the heat of vaporization on water (AHvap) on water and heat transfer using the

negative relationship between evapotranspiration and AHvap;

e The impact of the density of liquid water (o) and water vapour (o) on the water and heat transfer
within subgrades using the negative relationship between water contents, and o and p; and
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e The influence of the depth to the water table (Dswt) on the water and heat transfer within subgrades
using the negative relationship between the Dt and the contribution of capillary rise to volumetric

water contents.

_ ‘3W‘3V(PV)ZS1' Sc
XJ B ( prV(ksat)Z(Dswt)4) (68)
CpP,S; S;
Xz = 6.9
‘ < (AHvap)ZprVg(Dswt)zksa[) ( )
— aan(PV)ZSi Sc
X3 N (Pwpv(kres)Z(Dswt)4) (610)

X1 to X3 = System dependent properties which form part of the f-function parameters; Cp =Specific heat
capacity of liquid water at 25.0 °C (0.0042 MJ / (kg °C); Si = Initial degree of saturation of subgrades
(decimal); S¢ = Initial degree of saturation of wearing courses (decimal); AHvap = Heat of vaporization of
liquid water (2.27 MJ / kg); pw = Density of liquid water at 25.0 °C (1000.0 kg / m®); g = Gravitational
acceleration (9.81 m/ s?); P, = Vapour pressure of water (equilibrium vapour pressure) (244.7 kg / m?); ow
= Thermal diffusivity of liquid water at 25.0 °C (0.0126 m? / day); pv = Density of water vapour at 20.0 °C
(0.013 kg / m®); oy = Thermal diffusivity of water vapour at 1.0 atm and 100.0 °C (2.2118 m?/ day); Dswt =
Depth from subgrade surface to static water table (m); ksa: = Saturated hydraulic conductivity of subgrade
(m / day); kres = Residual hydraulic conductivity of subgrade (m / day); and t = time (days).

The site-specific solutions for Xi, Xz and X for the two sites are summarized in Table 6.2.

Table 6.2: Summary of the solutions for the site-specific X1, Xz and X3 values

Depth from top of subgrade to the static water table (m)

Parameters 1.65 2.65 10.65 15.65 25.65

Values of statistical correlation function parameters for Research Site No.1.
X1 1.01E+06 1.51E+05 5.80E+02 1.24E+02 1.72E+01
X2 2.59E+02 1.01E+02 6.22E+00 2.88E+00 1.07E+00
X3 9.06E+12 1.36E+12 5.22E+09 1.12E+09 1.55E+08

Values of statistical correlation function parameters for Research Site No.2.
X1 9.60E+05 1.44E+05 5.53E+02 1.19E+02 1.64E+01
X2 2.4TE+02 9.59E+01 5.94E+00 2.75E+00 1.02E+00
X3 8.64E+12 1.30E+12 4.98E+09 1.07E+09 1.48E+08
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6.3.6 Task 6: Formulating f-functions which are Incorporated into the Quantitative Empirical Model
The system dependent nonlinear regression parameters P1, P, and P; were formulated as a function of the
system dependent parameters Xi, X, and Xs respectively. The system dependent nonlinear regression
parameters are represented by P1(X1), P2 (X2) and P3(Xs) respectively. To differentiate between the various
parameters in the Quantitative Empirical Model (the QE Model), P1(X1), P2(Xz2) and P3(Xs) are represented
by fi(X1), f2(X2) and f3(Xs) respectively and are referred to as the f-function parameters fi, f, and fs,
respectively. These f-functions which are incorporated into the QE Model were formulated by plotting the
respective P1, P2, and P3values summarized in Table 6.1 vs the respective X1, X2, and Xz values (representing
solutions to the site-specific system dependent properties) summarized in Table 6.2. These relationships are
presented in Figure 6.17 to Figure 6.19. The resulting function for each of the trend lines shown in Figure
6.17 to Figure 6.19 represents the respective f-function. The f-functions were formulated such that f, accounts
for liquid water and water vapour transfer due to gravity and the pressure at which the phase change occurs
respectively. The f-functions f; and fzaccount for liquid water and water vapour transfer due to diffusion.

The analyses of data presented in Figure 6.17 to Figure 6.19 show that deeper depths to the water
table result in smaller values of f; and f,. This observation indicates that deeper depths to the water table
cause lower contribution of the liquid water transfer due to lower capillary rise to the subgrade. The analyses
of data presented in Figure 6.17 and Figure 6.18 also show that a water table depth of at least 10.65 m below
the subgrade surface has minimal impact on liquid water transfer within subgrades relative to the impact of
shallower depths to the water table on liquid water transfer. This trend is reflected in the plots shown in
Figure 6.17 and Figure 6.18 in the vicinity of the first three points which represent the depth to water table
of 25.65 m, 15.65 m and 10.65 m below the subgrade surface (first three points) respectively. The analysis
of data presented in Figure 6.19 show that deeper depths to the water table result in larger values of fs. This
observation indicates that during the residual water content condition, deeper depths to the water table cause
higher contribution of the water vapour transfer within subgrades, relative to the contribution of the water
vapour transfer caused by shallower depths to the water table. This trend is reflected in the plot shown in
Figure 6.19 in the vicinity of the first three points.

The statistical analyses presented in Section 5.4.4 show that there are high statistical correlations

and statistical significance between values of P; and X1, P2 and X;, and Pzand Xs.
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6.3.7 Summary of f-Function Parameters and the Resulting General Form Exponential Equation

The f-functions (f1, f, and f3) presented in Eq. 6.11, Eq. 6.12 and Eqg. 6.13 respectively represent the system
dependency of the influence of climatic factors on the water and heat transfer within subgrades. P, P2, and
Ps were replaced by fi, f2, and f5 respectively in the general form exponential equation. The resulting general
form of the exponential equation used for the Quantitative Empirical Model (the QE Model) shown in Eqg.

6.14 accounts for the site-specific system dependent properties associated with the subgrade.

— — - awav(PV)ZSi Sc
fy=P1 () = [(3.9#10°9) *{in (22 4 (0.2679) (6.11)
_ _ % 10 -3 * CpFySi Sc _
£ =P, (x2) = [{1.5 1073} {ln<(AHvap)zpwpvgwsm)%t) }] (0.0643) (6.12)
— — - aan(PV)ZSi Sc
5 =Py (x)= [{-40*107} *{in( p— kres)zwswt)é‘)}] - (0.19) (6.13)
AO (AA4) = [f,rel- T2 + £y (6.14)
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6.3.8 Task 7: Development of the Integral Function for the Quantitative Empirical Model

The mathematical computation include substituting Eq. 6.14 into Eq. 6.2 resulting in the integral function
presented in Eg. 6.15. The integral function representing the accumulation of changes in volumetric water
contents as a function of changes in climatic factors from time “0” to time “n” is presented in Eq. 6.16. Eq.
6.16 is further factorized as shown in Eq. 6.17. The solution of the integral function presented in Eq. 6.17
is shown in Eq. 6.18 to Eqg. 6.21.

Aby = ["20@AA) dt = [ [fi* el LD+ £ at (6.15)
[ 46@a4) dt = [T [ fixel 1AM+ £ de (6.16)
L a6 @A) dt = [[" [ fix etV +f dt (6.17)
fotn [fl*e{U}] dt = [{f}*di{u}}] +C (6.18)
(&
ot fde= [ fet®de = {fx 1) + C (6.19)
[ A% et f) de = “‘E;{}”}] syt C (6.20)
dt

firele £2r an)))

;" A6 (44) dt = [{ o +{fyxt}+ C (6.21)

6.3.9 Task 8: Verifying the Accuracy of the Integral Function Computation

The accuracy of the integral computation was verified by conducting the first order partial derivatives of the
anti-derivative function which is presented in Eq. 6.21. The verification of the integral computation is shown
in Eq. 6.22 to Eq. 6.26. This computation produced the original function shown in Eq. 6.14 which confirms

the accuracy of the integral computation.

i {fl* e{U}}

40 (AA) = = o

] + = {faxt) (6.22)
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d[fl*e{U}}] [fl*e“”} (8~ ffix etV (6.23)

T {f3*t} = f3+t%= f3 (6.24)
A0 A4) = [fixe™] + £ (6.25)
A0 (AA) = [ fi* el 2] + £ (6.26)

6.3.10 Summary of the Quantitative Empirical Model

The Quantitative Empirical Model (the QE Model) was developed through nonlinear regression between
changes in climatic factors and changes in volumetric water contents within subgrades (the statistical
correlation function), integral computations of the statistical correlation function, and mathematical
computations (to incorporate the thermal and physical properties of liquid water and water vapour transfer).
The development of the QE Model also included incorporating the initial degree of saturation of subgrades
and wearing courses, hydraulic properties of subgrades, and the depth to water table.

The QE Model is a land climate interaction (LCI) boundary condition model which accounts for the
influence of changes in climatic factors and LCI (on the adjacent vegetated and bare ground areas) on
changes in the water and heat transfer within subgrades. The QE Model accounts for the influence of
changes in site-specific precipitation, air temperature, net solar radiation, wind speed, relative humidity,
evapotranspiration, and evaporation through the wearing courses to the atmosphere on changes in

volumetric water contents within subgrades. The QE Model is summarized in Eg. 6.27 to Eqg. 6.30.

Qtn = l9t0 + Aetn (627)
O = O + [, A0.(44) dt (6.28)

{fl* e {' fo*{a4} }}

(&)

;" 46 (4A) dt = [ +{fs*xt}+ C  (6.29)

Orn = Opo + ) +{fz*xt}+C (6.30)
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Summary of f-functions which are Incorporated into the Quantitative Empirical Model

Eq. 6.31 to Eq. 6.33 provide a summary of f-functions which form part of the QE Model.

2g.
f;=P; (x) = [{3.9 107} *{in ( pwa:i;(: Vt))zf'Dj;[)4)}] +(0.2679) (631)
CpPB,S; S,
f =P, (x2) = |{1.6*10%) *11 255 Se (00643 6.32
‘ ‘ (X2) [{ 3} { n< (AHVap)Zpwpvg(Dswt)stat> }] ( ) ( )
2g.
f; =Py = [{-40%107) *{ln(pwa;’j;: f)ibj;y)ﬂ — (0.19) (633)

Gn=Total volumetric water content at the end of time “n” (Unitless), &, = Initial volumetric water content
at the end of construction (Unitless), AA = Changes in climatic factors (MJ °C / (s? day)), Si = Initial degree
of saturation of the subgrade (decimal); S¢ = Initial degree of saturation of the wearing course (decimal); t
= Total time (days) = t; + tiag; ti = Any time t; tiag = Lag time; f1, fand f3 = Function properties which form
part of the QE Model; f, = Unitless, f, = day s? / (MJ °C); f; = Unitless; Cp =Specific heat capacity of
liquid water at 25.0 °C (0.0042 MJ / (kg °C); AHvap = Heat of vaporization of liquid water (2.27 MJ / kg);
pw = Density of liquid water at 25.0 °C (1000.0 kg / m®); g = Gravitational acceleration (9,81 m / s?); Py =
Vapour pressure of water (equilibrium vapour pressure) (244.7 kg / m?); aw = Thermal diffusivity of liquid
water at 25.0 °C (0.0126 m? / day); pv = Density of water vapour at 20.0 °C (0.013 kg / m®); & = Thermal
diffusivity of water vapour at 1.0 atm and 100.0 °C (2.2118 m?/ day); Dsw = Depth from subgrade surface
to static water table (m); ksa« = Saturated hydraulic conductivity of the subgrade (m/ s); and ks = Residual

hydraulic conductivity of the subgrade (m/s).

Summary of Processes and Mechanisms which are Incorporated into the Quantitative Empirical Model

The Quantitative Empirical Model (the QE Model) accounts for the site-specific climatic factors, the thermal
properties and density of liquid water and water vapor, the site-specific properties of the subgrade and
wearing courses. The processes and mechanisms that are accounted for in the QE Model are listed below.

e The QE Model is applicable for fine-grained subgrades in wet freeze climates;

e The model accounts for the site-specific subgrade and wearing course properties including the initial
degree of saturation of subgrades and wearing courses, and the saturated and residual hydraulic
conductivity of subgrades;

e The model accounts for site-specific changes precipitation, air temperature, net solar radiation,

relative humidity, wind speed, and evapotranspiration (changes in climatic factors);
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e The model accounts for LCI boundary conditions on vegetated and bare ground areas adjacent to

pavement structures;

e The model accounts for liquid water transfer due to gravity flow and diffusion, and water vapour

transfer due to diffusion, latent heat and gravity;

e The model incorporates the thermal diffusivity of liquid water and water vapour, specific heat
capacity of liquid water, heat of vaporization of liquid water, density of liquid water and water

vapour, and the vapour pressure of water at equilibrium;

e The model accounts for infiltration through vegetated and bare ground areas beyond the traffic lanes

and shoulders including the median, ditches, and green spaces adjacent to pavement structures;

e The model assumes impervious wearing courses on traffic lanes and shoulders which are associated

with new and rehabilitated pavements;

e The model accounts for heat transfer through the pavement structure and through vegetated and

bare ground areas;
e The model accounts for a static water table at any depth; and

e The model accounts for fluctuations in water and heat transfer due to changes in climatic factors.

The input parameters for the QE Model for liquid water and water vapour, subgrade, wearing

courses, and water table are summarized in Table 6.3, Table 6.4, and Table 6.5, respectively.

Table 6.3: Quantitative Empirical Model input parameters for liquid water and water vapour

Properties of Liquid Water and Water Vapour

Properties Value
Specific heat capacity of liquid water at 25 °C (MJ / (kg °C)) 0.0042
Heat of vaporization of liquid water (MJ / kg) 2.27
Density of liquid water at 25 °C (kg / m®) 1000.0
Vapour pressure of water at equilibrium (kg / m?) 2447
Thermal diffusivity of water vapour at 1 atm, 100 °C (m? / day) 2.2118
Thermal diffusivity of liquid water at 25 °C (m?/ day) 0.0126
Density of water vapour at 20 °C (kg m®) 0.013
Gravitational Acceleration
Gravitational acceleration (m sec?) 9.81
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Table 6.4: Quantitative Empirical Model input parameters for the subgrade

Subgrade Properties Values
Initial degree of saturation (Si)
Saturated hydraulic conductivity (Ksa), (M / sec)
Residual hydraulic conductivity (Krs), (m / sec)
Volumetric water content at end of construction (61o)

Site specific

Table 6.5: Quantitative Empirical Model input parameters for the wearing course and water table

Pavement Properties Value
Initial degree of saturation of the wearing course (Sc) Site specific
Depth to water table below subgrade surface (m) Site specific

Limitations of the Quantitative Empirical Model

The two primary limitations of the Quantitative Empirical Model (the QE Model) are listed below:

e The QE Model accounts for the density of liquid water and water vapour at 25.0 °C and at 20.0 °C
respectively. However, the QE Model neglects the impact of temperature changes on changes in
density of liquid water and water vapour; and

e The QE Model accounts for the thermal diffusivity of liquid water and water vapour at 25.0 °C, and
atat 1.0 atm and 100.0 °C respectively. However, the QE Model neglects the impact of temperature

gradients on changes in the thermal diffusivity of liquid water and water vapour.

6.3.11 The Application of the Quantitative Empirical Model

The Quantitative Empirical Model (the QE Model) has many applications in the engineering practice. The
QE Model may be used for predicting the impact of climatic factors on the water and heat transfer within
highway and runway pavement structures, railway structures and landfill covers. The QE Model represents
the impact of climatic factors on the in-situ soil water characteristic curve (the in-situ SWCC) for fine-
grained subgrades. The QE Model may also be incorporated into EICM and MEPDG to account for the
influence of climatic factors on water and heat transfer, resilient moduli of subgrades and for implementing

economical pavement structures.

The QE Model Represents the Influence of Climatic Factors on the In-situ SWCC

The QE Model is applicable for predicting the influence of climatic factors on the water and heat transfer
within fine-grained and coarse-grained subgrades in wet freeze and wet no-freeze climatic zones. The

analyses of data presented in Figure 6.20 indicate that the QE Model represents the influence of changes in
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climatic factors on changes in volumetric water contents within subgrades. Changes in climatic factors
represent the energy state within subgrades. Further analyses of data presented in Figure 6.7a (which is
provided in more details in Figure 6.20) also show that the QE Model represents the influence of climatic
factors on the in-situ soil water characteristic curve (the in-situ SWCC) for fine-grained subgrades. The QE
Model accounts for the impact of climatic factors on the drying and wetting paths (hysteresis). The QE
Model also accounts for the impact of freeze and thaw cycles on the in-situ water and heat transfer, the in-
situ water storage and the in-situ SWCC for fine-grained subgrades.

The data presented in Figure 6.20 show that the subgrade starts to desaturate at a change in climatic
factors value of approximately -5.0 x 102 {MJ °C / (s day)} which represents the air entry value (AEV) of
the subgrade. The data presented in Figure 6.20 also show that the AEV represents the energy state at which
the subgrade starts to desaturate. On the drying path, a change in climatic factors (a change in the energy
state) of less than the AEV causes minimal changes in volumetric water contents within subgrades. The
residual water content phase starts at an energy state of approximately 3.0 x 102 {MJ °C / (s? day)}. Also
on the drying path, an increase in the energy state beyond 3.0 x 102 {MJ °C / (s? day)} causes minimal
changes in volumetric water contents. On the wetting path, negative changes in the energy state cause
decreased volumetric water contents within subgrades. This indicates that on the wetting path, further
negative changes in the energy state cause further reduction in the unfrozen volumetric water contents within
subgrades. Also on the wetting path, an increase in the energy state beyond 3.0 x 102 {MJ °C / (s day)}
causes minimal changes in volumetric water contents within subgrades. The data also show that the
maximum volumetric water content within the subgrade subsequent to the wetting process, is less than the
initial maximum volumetric water content on the drying path. This is due to the presence of water vapour
in the macro pores at the end of the wetting path. This observation indicates that the QE Model accounts for
both liquid water and water vapour transfer within subgrades.

The QE Model is applicable for new and rehabilitated pavement structures because the model
accounts for a no-flow surface boundary condition on traffic lanes and shoulders which is applicable for
impervious wearing courses with no cracks. The QE Model is also applicable for unpaved roads because
the model accounts for land climate interaction (LCI) boundary conditions on vegetated and bare ground

areas adjacent to pavement structures which are applicable for surfaces of unpaved roads.
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Figure 6.20: The Quantitative Empirical Model output {A0 (AA)} vs the energy state (AA):

represents the in-situ SWCC for fine-grained subgrades

Incorporating the QE Model into EICM and MEPDG
This Section provides details of the modified version of the composite environmental adjustment factor

(Fenvcr) developed as part of this study. The Fencr Was developed for incorporating the impact of climatic
factors into resilient moduli and performance evaluation of subgrades.

The Quantitative Empirical Model (the QE Model) accounts for the influence of climatic factors on
water and heat transfer within subgrades. The model predicts changes in volumetric water contents within
subgrades due to changes in climatic factors. Hence, volumetric water contents predicted using the QE
Model may be used as input in EICM for calculating the degree of saturation. This results in the degree of
saturation values which account for the impact of changes in climatic factors on changes in the degree of
saturation (Scr) as shown in Eq. 6.34. The Scr values may be used as input into EICM for calculating the
unfrozen environmental adjustment factor (Fy) used in EICM to account for the impact of changes in
climatic factors on changes in resilient moduli of subgrades over time (which is represented by the modified
Fu values (Fucr)) which is presented in Eq. 6.35. The Fy.cr values may be used as input into the composite
environmental adjustment factor (Fen) used in EICM to predict the Fencr values as shown in Eg. 6.36.

The use of volumetric water contents predicted using the QE Model as input to calculate the Fenv-cr

will facilitate EICM and MEPDG incorporating the impact of changes in climatic factors on changes in
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resilient moduli of subgrades over time (Mgrcg) as shown in Eg. 6.37. Incorporating the QE Model into the
Fenv-cr also facilitates EICM and MEPDG to incorporate the impact of changes in climatic factors on the
pavement structure performance, the pavement structure life cycle cost analysis, and the pavement structure
service life. Incorporating climatic factors into EICM and MEPDG will also facilitate the design and

construction of more economical pavement structures.
6 6
Scp ==L =—E (6.34)

{b—a}
1+EXP{in(=2) +km(Scr—Sopt)}

log{Fycr} = log {M} = (6.35)

MRopt

Scr = Modified degree of saturation at a specific volumetric water content predicted using the QE Model
which accounts for climatic factors (in decimals); 6cr = 6:n = Volumetric water content at time “n” predicted
using the QE Model which accounts for climatic factors; 6s« = Saturated volumetric water content; n =
Porosity of the subgrade; Fucr = Modified unfrozen environmental adjustment factor which accounts for
climatic factors by incorporating the QE Model; Mrce = Modified resilient modulus at a specific volumetric
water content or a specific degree of saturation and incorporates the QE Model; Mrop: = Resilient modulus
at optimum water content and maximum dry density (MPa); Sqpe = Degree of saturation at optimum water
content (decimals); a = Minimum of log {Mr/Mr.opt}. For fine-grained subgrades a = -0.5934, and a = -
0.3123 for coarse-grained subgrades; b = Maximum of log {Mr/Mr-op}. For fine-grained subgrades b = 0.4,
and b = 0.3 for coarse-grained subgrades; km = Regression parameter. For fine-grained subgrades kn =

6.1324, and kn, = 6.8157 for coarse-grained subgrades.

{htotat * teotal} (6.36)

Fenver = total
n
( hnode )
FnodeCF,t
node=1

t=1

Fevee = Modified unfrozen composite environmental adjustment factor for the material layer under
consideration which accounts for climatic factors by incorporating the QE Model; Fnogecr,t = Modified
unfrozen environmental adjustment factor at a specific node and time which accounts for climatic factors
by incorporating the QE Model and is represented by Fucr; t = Time; twwa = Total number of time increments
for which the resilient modulus is being calculated; hnege = Length of the spring assigned to the node; and

hwotar = Total height of the material layer.

220



Mgcr = Fenvcr * MRropt (6.37)
Mrce = Modified resilient modulus at a specific depth and time which accounts for climatic factors by
incorporating the QE Model; Fencr = Modified composite environmental adjustment factor for the material
layer under consideration which accounts for climatic factors by incorporating the QE Model; and Mropt =

Resilient modulus at optimum conditions (optimum water content and maximum dry density).
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Chapter 7 Verification of the Quantitative Empirical Model

7.1 Introduction

Chapter 7 provides background details of the methodology used for the development of the Quantitative
Empirical Model, primary features and application of the model. Chapter 7 also provides the strategy
implemented for verifying the QE Model. The Chapter provides details of data sources, locations of the
sites, and details of the pavement sections used for verifying the model.

Chapter 7 also provides a summary of the ten tasks conducted for verifying and for evaluating the
accuracy of the QE Model. The tasks include 1) determined input data including subgrade properties, 2)
obtained climatic data used as input, 3) compared the measured in-situ water contents to the calculated water
contents to evaluate the accuracy of the measured in-situ water contents, 4) used the data obtained in Tasks
1 to Task 3 as input in the QE Model, 5) calculated and review the accuracy of predicted volumetric water
contents output, 6) evaluated the accuracy of the QE Model against EICM using predicted water contents,
7) evaluated the accuracy of the QE Model against EICM using the calculated Fcn values, 8) evaluated the
accuracy of the QE Model against EICM using the calculated Mg values, 9) evaluated the general trends in
the predicted cumulative water contents obtained using the QE Model, and 10) evaluated the accuracy of
the QE Model against EICM using coefficient of determination (R?) values.

The QE Model was verified by comparing the predicted volumetric water contents calculated using
the model to the measured in-situ volumetric water contents. The QE Model was also verified against EICM
by comparing Fenv values calculated using the predicted volumetric water contents which were calculated
using the QE Model and EICM, to Fen values calculated using the measured in-situ volumetric water
contents. The QE Model was also verified against EICM by comparing resilient moduli values of subgrades
calculated using the unfrozen Fen values calculated using water contents predicted using the QE Model
(MRrcp), to resilient moduli values of subgrades calculated using Fenv Values calculated using water contents
predicted using EICM (Mg). The Mgrcr and Mg values were compared to the calculated and measured in-
situ resilient moduli values.

The Chapter also provides a summary of the evaluation and verification process, limitations in
EICM which are mitigated by the QE Model, and details of primary features of the QE Model. The summary
presented in the Chapter also provides details of the contribution of the QE Model to improving EICM and
MEPDG to account for the impact of climatic factors on water and heat transfer, resilient modulus of

subgrades, pavement performance and service life.
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7.2 Background

The Quantitative Empirical Model (the QE Model) was developed using nonlinear regression between
changes in volumetric water contents within subgrades and changes in precipitation, air temperature, net
solar radiation, wind speed, relative humidity, evapotranspiration and water vapor transfer through the
wearing course to the atmosphere (climatic factors). The nonlinear regression was conducted using an
exponential function. The analyses presented in this Chapter were conducted to verify and to evaluate the
accuracy of the QE Model in predicting the influence of climatic factors on water and heat transfer within
subgrades.

The QE Model accounts for changes in volumetric water contents within subgrades as a nonlinear
function of changes in climatic factors (changes in volumetric water contents). Changes in volumetric water
contents also account for the site-specific system dependent properties of subgrades including the initial
degree of saturation, and the saturated and residual hydraulic conductivity. Changes in volumetric water
contents also account for the site-specific depth to the water table. Changes in volumetric water contents are
added to the initial volumetric water content within the subgrade which was measured at the end of
construction to obtain the total volumetric water content within the subgrade over time. The QE Model
accounts for liquid water and water vapour transfer. The model also accounts for the land climate interaction

(LCI) on vegetated and bare ground areas adjacent to pavement structures.

7.3 An Overview of the Strategy Implemented for Verifying the Quantitative Empirical
Model

The Quantitative Empirical Model (the QE Model) was developed to predict changes in in-situ volumetric
water contents within subgrades due to changes in climatic factors for pavement structures in wet freeze
climates (predicted in-situ volumetric water contents). The predicted in-situ volumetric water contents
within the subgrade may be used as an input in EICM incorporated into MEPDG to determine the degree of
saturation over time. This accounts for the impact of changes in climatic factors on changes in in-situ
resilient modulus of the subgrade during the unfrozen conditions. This mechanism of water and heat transfer
within subgrades is accounted for in the unfrozen environmental adjustment factor (Fy). The predicted
changes in the in-situ resilient modulus due to changes in climatic factors may be used to evaluate the impact
of changes in climatic factors on the pavement performance and service life.

The accuracy of the QE Model was evaluated by comparing in-situ volumetric water contents
predicted using the QE Model, to the measured in-situ volumetric water contents at similar times and
locations within subgrades. The QE Model was also verified by comparing Fenv Values calculated using in-

situ volumetric water contents predicted using the QE Model, to Fen values calculated using the measured
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in-situ volumetric water contents. The verification of the QE Model was conducted using rigid and flexible
pavement sections in wet freeze and wet no-freeze climates. The sites and pavement sections which were
used for verifying the QE Model are different from those used in the development of the QE Model. The
verification strategy was implemented to evaluate the accuracy of the QE Model in predicting the impact of

climatic factors on the in-situ volumetric water contents within subgrades and associated resilient moduli.

7.4 The In-situ Pavement Sections used for Verifying the Quantitative Empirical Model
The Quantitative Empirical Model (the QE Model) was verified using climatic data, in-situ volumetric water
contents, and pavement material properties (the model input parameters) from pavement sections from the
four sites listed below:
e A site in Nebraska, United States on US Highway 81 which forms part of the long-term pavement
performance (LTPP) and the seasonal monitoring program (SMP) with State Code 31 and SHRP 1D
0114 (Site A);
e Asite in Fort Smith, Arkansas, United States on Highway 253, near the intersection of Highway 540
and highway 253 (Site B);
e Asite in Ohio, United States on US Highway 23 which forms part of LTPP and SMP with State Code
39 and SHRP ID 0108 (Site C); and
¢ Asite in Ohio, United States on US Highway 23 which forms part of LTPP and SMP with State Code
39 and SHRP ID 0203 (Site D).

The construction of Site A and Site B was completed on 1% July 1995, and 1% June 2002
respectively. The construction of Site C and Site D was completed on 1%t November 1995 and 1% September
1996 respectively. Site A, Site C and Site D are in a wet freeze climatic zone, and Site B is in a wet no-
freeze climatic zone (the model verification sites). The model verification sites are independent of the
Minnesota and Indiana LTPP and SMP sites used for the development of the QE Model.

7.4.1 Pavement Cross-section Details

The pavement cross-section details and the subgrade classification for each pavement section used for

verifying the QE Model are presented in Table 7.1 and Table 7.2 respectively.
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Table 7.1: Pavement cross-section details for the model verification sites: Site A, Site C and Site D
(LTPP and SMP database 2020); Site B (Hall, et al 2013)

Pavement Layer Thickness (mm)

component Description Site A Site B Site C Site D
Wearing AC 165 230 168 -
course PCC - - - 285
Base Course Unbound granular 610 100 205 155
Treated granular - - 100
Subbase Unbound granular - - - -
Subgrade Engineered fill 305 - - -

Table 7.2: Classification of subgrades for the model verification sites: Site A, Site C and Site D
(LTPP and SMP database 2020); Site B (Hall, et al 2013)

Property Site A Site B Site C Site D
A-7-6 A-6 A-6 A-6
Subgrade clayey Gravel
classification silty Clay with sand silty Clay silty Clay

7.5 Tasks Conducted for the Verification of the Quantitative Empirical Model
The verification of the Quantitative Empirical Model (the QE Model) consisted of ten tasks listed below:

e Task A: Determined input data for the QE Model, and the resilient modulus of each subgrade at the
optimum volumetric water content and at the maximum dry density (Mropt). The input data include
the subgrade properties, wearing course properties, water table elevation, and properties of liquid
water and water vapour;

e Task B: Obtained climatic data for each climatic factor used as input for the QE Model,;

e Task C: Compared the measured in-situ water contents to the calculated water contents. The
comparison was conducted to evaluate the suitability of the measured in-situ water contents for
evaluating the accuracy of the 2-D FEA models and the QE Model in predicting in-situ water
contents within subgrades;

e Task D: Used the data obtained in Task A to Task C as input in the QE Model summarized in Eq.
6.27 to Eq. 6.33, and calculated volumetric water contents output;

e Task E: Reviewed and analyzed the accuracy of the in-situ volumetric water contents predicted
using the QE Model. The accuracy of the QE Model was evaluated by comparing the in-situ
volumetric water content values predicted using the QE Model to the measured in-situ volumetric

water content values at similar times and locations within subgrades;
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7.5.1

Task F: Compared the in-situ volumetric water contents predicted using the QE Model to the in-
situ volumetric water contents predicted using EICM. This comparison was conducted to evaluate
the accuracy of the QE Model relative to the accuracy of EICM in predicting the impact of climatic

factors on the measured in-situ volumetric water contents;

Task G: Calculated the unfrozen composite environmental adjustment factor (the unfrozen Feny)
values using the in-situ volumetric water contents predicted using the QE Model, and using Eq. 6.35
and Eq. 6.36 (the Fenvcre Values). The unfrozen Feny values were also calculated using the in-situ
volumetric water contents predicted using the EICM, and using Eg. 3.1 and Eq. 3.2 (the Fenv values).
The unfrozen Feny Values were also calculated using the measured in-situ volumetric water contents,
and using Eq. 3.1 and Eq. 3.2 (the measured in-situ Feny Values). The Fenvcr Values and the Feq values
were compared to the measured in-situ Fen values. This analysis was conducted to verify the
suitability of volumetric water contents predicted using the QE Model and EICM for use in
calculating the impact of climatic factors on the measured in-situ Fenv Of subgrades;

Task H: Calculated resilient moduli values using the Fenvcr vValues as input in Eq. 6.37 (Mgce values).
The resilient moduli values were also calculated using the Feny values as input in Eq. 3.4 (Mg values).
The resilient moduli values were also calculated using the measured in-situ Feyy values as input in
Eqg. 3.4 (the measured in-situ Mg values). The Mgcr values and the Mg values were compared to the
measured in-situ Mg values. This analysis was conducted to verify the suitability of volumetric
water contents predicted using the QE Model and EICM for use in calculating the impact of climatic
factors on the measured in-situ resilient moduli of subgrades;

Task I: Evaluated the general trends in the predicted cumulative in-situ volumetric water contents;
and

Task J: Coefficient of determination (R?) analysis was conducted to determine the accuracy of the
QE Model in predicting in-situ volumetric water contents. The summary of the R? analysis is
presented in Section 5.3.2. Two-tailed F-test was also conducted to determine the accuracy of the
QE Model vs EICM in predicting in-situ volumetric water contents for calculating the in-situ Feny.

The summary of the Two-tailed F-test is presented in Section 5.4.5.

Task A: Determined Input Data for Materials and Water for the Quantitative Empirical Model

The hydraulic properties of subgrades, and initial degree of saturation used as input for verifying the QE

Model are presented in Table 7.3 and Table 7.4. The hydraulic properties for the Portland cement concrete

wearing course, asphalt concrete wearing course, and the depth to water table are presented in Table 7.5.
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The liquid water and water vapour thermal properties, and density used as input in the QE Model are
presented in Table 7.6.

Table 7.3: Input parameters for subgrades: Site A (LTPP and SMP database 2020; Wosten et al.
1999); Site B (Hall, et al 2013; Wdsten et al. 1999)

Subgrade Properties Site A Site B
Initial degree of saturation (S;) 0.74 0.75
Saturated hydraulic conductivity (Ksa), (M /s) 3.0x108 9.0x 10°
Residual hydraulic conductivity (Kres), (m/s) 3.0x10"1 9.0x10°
Volumetric water content at end of pavement construction (6y) 0.35 0.30

Table 7.4: Input parameters for subgrades: Site C and Site D (LTPP and SMP database 2020;
Wosten et al. 1999)

Subgrade Properties Site C Site D
Initial degree of saturation (Si) 0.74 0.74
Saturated hydraulic conductivity (Ksa), (M /s) 3.0x10° 3.0x10°
Residual hydraulic conductivity (Kres), (m/'s) 3.0x10" 3.0x10%"
Volumetric water content at end of pavement construction (6:) 0.37 0.38
Resilient modulus at optimum conditions (Mgopt), (MPa) 87 102

Table 7.5: Input parameters for wearing courses and water table: Site A, Site C and Site D (LTPP
and SMP database 2020; Wdsten et al. 1999); Site B (Hall, et al 2013; Wosten et al. 1999))

Pavement Properties site A Site B Site C Site D
Initial degree of saturation 0.75 0.75 0.75 0.75
Depth to water table below 49 21 13 13

subgrade surface (m)

Table 7.6: Input parameters for the liquid water and water vapour (Online 2023)

Properties Value
Specific heat capacity of liquid water at 25 °C (MJ / (kg °C)) 0.0042
Heat of vaporization of liquid water (MJ / kg) 2.27
Density of water at 25 °C (kg / m3) 1000.0
Vapour pressure of water at equilibrium (kg / m?) 2447
Thermal diffusivity of water vapour at 1 atm, 100 °C (m? / day) 2.2118
Thermal diffusivity of liquid water at 25 °C (m?/ day) 0.0126
Density of water vapour at 20 °C (kg / m®) 0.013
Gravitational acceleration (m / s?) 9.81
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7.5.2 Task B: Obtained Input Climatic Factors for use in the Quantitative Empirical Model

The climatic factors used as input in the QE Model were obtained from the LTPP and SMP database (2020).
The climatic factors consist of site-specific historical daily climatic data obtained using the Modern Era
Retrospective-Analysis for Research and Applications (MERRA). MERRA was developed by the National
Aeronautics and Space Administration (NASA). Climatic factors used for verifying the QE Model consist
of 15 to 25 years of data. The time period used for collecting climatic factors was based primarily on
capturing specific days in the climatic factors dataset. This method was used so that the impact of the
climatic factors on the predicted and measured in-situ volumetric water contents can be compared on the
corresponding days that the measured in-situ volumetric water contents were collected.

The analysis of the climatic data indicated that it is useful to use many years of climatic factors to
capture trends in climatic factors over time. The analysis of long-tern climatic factors is conducted by
incorporating the average of climate factors over a 10-year to 30-year period (Climate Normals) to capture
the long-term climatic trends due to natural and man-made factors (NCEI 2022; NOAA 2022). However,
Climate Normals were not used in verifying the QE Model.

Climatic Data for Site A

The climatic factors for Site A used as input for verifying the Quantitative Empirical Model are presented

in Figure 7.1 to Figure 7.5.
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Figure 7.1: Precipitation data used as input for verifying the Quantitative Empirical Model
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Figure 7.2: Air temperature data used as input for verifying the Quantitative Empirical Model
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Figure 7.3: Net solar radiation data used as input for verifying the Quantitative Empirical Model
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Figure 7.4: Wind speed data used as input for verifying the Quantitative Empirical Model
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Figure 7.5: Relative humidity data used as input for verifying the Quantitative Empirical Model

Climatic Data for Site B
The climatic factors for Site B used as input for verifying the Quantitative Empirical Model are presented

in Figure 7.6 to Figure 7.10.
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Figure 7.6: Precipitation data used as input for verifying the Quantitative Empirical Model
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Figure 7.7: Air temperature data used as input for verifying the Quantitative Empirical Model
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Figure 7.8: Net solar radiation data used as input for verifying the Quantitative Empirical Model
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Figure 7.9: Wind speed data used as input for verifying the Quantitative Empirical Model
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Figure 7.10: Relative humidity data used as input for verifying the Quantitative Empirical Model

Climatic Data for Site C and Site D
The climatic factors for Site C and Site D used as input for verifying the Quantitative Empirical Model (the

QE Model) are presented in Figure 7.11 to Figure 7.15. Site C and Site D are approximately 450.0 m apart
on adjacent traffic lanes. Hence, the same climatic factors are used as input in the QE Model for both sites.
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Figure 7.11: Precipitation data used as input for verifying the Quantitative Empirical Model
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Figure 7.12: Air temperature data used as input for verifying the Quantitative Empirical Model
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Figure 7.13: Net solar radiation data used as input for verifying the Quantitative Empirical Model
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Figure 7.14: Wind speed data used as input for verifying the Quantitative Empirical Model
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Figure 7.15: Relative humidity data used as input for verifying the Quantitative Empirical Model

7.5.3 Task C: Comparison of Calculated and Measured In-situ Water Contents: Sites A, B, C and D
The four sites used for verifying the Quantitative Empirical Model (the QE Model) and EICM include a site
in Nebraska, United States (Site A), a site in Fort Smith, Arkansas, United States (Site B), and two sites in
Ohio, United States (Site C and Site D). The accuracy of measured in-situ volumetric water contents for the
four sites which were used for verifying the QE Model and EICM are presented in Figure 7.16.
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Figure 7.16: Calculated vs measured In-situ volumetric water contents
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7.5.4 Task D: Calculated In-situ Volumetric Water Contents using the Quantitative Empirical Model
The Quantitative Empirical Model (the QE Model) presented in Eg. 6.27 to Eg. 6.30 and f-functions
presented in Eq. 6.31 to Eq. 6.33 were inserted into an Excel spreadsheet. The input data for the materials,
water table, liquid water and water vapour properties (water properties), and climatic factors were inserted
into a separate Excel spreadsheet. Each input data point was linked to its respective material, water table
and water property input parameter in f-functions. Each input climatic factor data point was then linked to
its respective input parameter in Eq. 6.30.

Daily changes in the predicted in-situ volumetric water contents within subgrades were calculated
from time “0” (the construction completion date for the wearing courses) to the end of the analysis period
(ranged from 7,300 days to 13,870 days) for the four verification sites. The analysis of the in-situ volumetric
water contents predicted using the QE Model indicated daily changes in the predicted in-situ volumetric
water contents within subgrades. The daily changes in the in-situ volumetric water contents are associated
with daily fluctuations above and below the initial volumetric water content within subgrades (measured at
the end of the construction of the wearing courses). The daily fluctuations in in-situ volumetric water
contents are due to daily changes in climatic factors. Hence, the total predicted in-situ volumetric water
content for each day is calculated by adding the change in the predicted in-situ volumetric water content for

each day to the initial volumetric water content.

755 Task E: Compared the Quantitative Empirical Model Output to Measured VVolumetric Water

Contents
The analyses conducted to evaluate the accuracy of the Quantitative Empirical Model (the QE Model) in
predicting in-situ volumetric water contents were conducted using four independent pavement sections (the
verification of the QE Model). Site A, Site B and Site C are flexible pavement sections and Site D is a rigid
pavement section. Site A, Site C and Site D are in a wet freeze climate and Site B is in a wet no-freeze
climate.

The verification of the QE Model was conducted by comparing the in-situ volumetric water contents
predicted using the QE Model (predicted in-situ volumetric water contents) to the measured in-situ
volumetric water contents. The predicted and measured in-situ volumetric water contents were obtained at
a depth of 150.0 mm below the subgrade surface for each pavement section. The analysis conducted for
verifying the QE Model also included comparing the accuracy of the QE Model against the accuracy of
EICM in predicting in-situ volumetric water contents. This was done by comparing the in-situ volumetric

water contents predicted using the QE Model and using EICM, to the measured in-situ volumetric water
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contents. The predicted and measured in-situ volumetric water contents were also compared on
corresponding days.

The QE Model was also verified against EICM using the unfrozen composite environmental
adjustment factor (Fen). The Feny values were calculated using the respective unfrozen environmental
adjustment factor (Fy) as an input. The Fy values were calculated using the in-situ volumetric water contents
predicted using the QE Model and EICM (the predicted in-situ Fy). The Fy values were also calculated using
the measured in-situ volumetric water contents (the measured in-situ Fy). The predicted in-situ Feny Values
were calculated using the predicted in-situ Fy values, and the measured in-situ Feny values were calculated
using the measured in-situ Fy values for both sites. The predicted in-situ Fen values were compared to the
measured in-situ Feny Values. The QE Model was also verified by comparing the predicted in-situ Mg values
to the measured in-situ Mg values. The comparison was conducted for each site at the corresponding time
and at a depth of 150.0 mm below the subgrade surface. This analysis was conducted to evaluate the
suitability of the predicted in-situ volumetric water contents for use in calculating the degree of saturation
used as input to calculate the Fy values. This analysis was also conducted to evaluate whether the predicted
in-situ volumetric water contents account for the impact of climatic factors on the Fen and associated

resilient moduli of subgrades.

Compared Quantitative Empirical Model Output to Measured In-situ Volumetric Water Content: Site A

The verification of the Quantitative Empirical Model (the QE Model) for Site A was conducted using
volumetric water contents which were measured and predicted from August to December 1995, and from
February to August 1996 as shown in Figure 7.17 and Figure 7.18 respectively. The analyses of data
presented in Figure 7.17 and Figure 7.18 show that the QE Model predicts in-situ volumetric water contents
at Site A within + 0.02 from the measured in-situ volumetric water contents. The analyses of data presented
in Figure 7.17 and Figure 7.18 also show that the QE Model accurately predicts changes in, and total
volumetric water contents within subgrades due to changes in climatic factors over time. These analyses
also show a good correlation between the predicted and measured in-situ volumetric water contents within

subgrades.
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Comparing the Quantitative Empirical Model Qutput to In-situ Volumetric Water Contents: Site A in 1995
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Figure 7.17: Measured vs predicted in-situ volumetric water contents obtained using the QE Model

Comparing the Quantitative Empirical Model Output to In-situ Volumetric Water Contents: Site A in 1996
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Figure 7.18: Measured vs predicted in-situ volumetric water contents obtained using the QE Model

Comparing Quantitative Empirical Model Output to Measured In-situ Volumetric Water Content: Site B

The verification of the Quantitative Empirical Model (the QE Model) for Site B was conducted using
volumetric water contents which were measured and predicted from August to December 1995 as shown in
Figure 7.19. The analysis of data presented in Figure 7.19 shows that the QE Model predicts in-situ
volumetric water contents at Site B within + 0.02 of the measured in-situ volumetric water contents which
was deemed to be acceptable. The analysis of data presented in Figure 7.19 also shows that the QE Model
accounts for the influence of freeze and thaw cycles. This observation is highlighted in the minimal predicted
volumetric water contents within the subgrade during freezing conditions and the increase in the predicted

volumetric water contents within the subgrade immediately after the spring thaw as shown in Figure 7.19a.
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Comparing the Quantitative Empirical Model Qutput to In-situ Volumetric Water Contents: Site B in 1995
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Figure 7.19: Measured vs predicted in-situ volumetric water contents obtained using the QE Model

7.5.6 Task F: Accuracy of Quantitative Empirical Model vs EICM: Using Volumetric Water Content
The accuracy of the Quantitative Empirical Model (the QE Model)and the accuracy of EICM in predicting
in-situ volumetric water contents were also evaluated. This was done by comparing the in-situ volumetric
water contents predicted using the QE Model and EICM to the measured in-situ volumetric water contents
within the subgrade. These analyses were conducted using the pavement sections at Site C and Site D. The
comparison of the accuracy of the QE Model and EICM in predicting in-situ volumetric water contents
within the subgrade at Site C and Site D is presented in Figure 7.20 and Figure 7.21 respectively. The
analyses of data presented in Figure 7.20 and Figure 7.21 show that the QE Model has a higher accuracy
than EICM in predicting in-situ volumetric water contents within subgrades. The QE Model accurately
predicts fluctuations in in-situ volumetric water contents due to changes in climatic factors. EICM predicts
horizontal clusters in volumetric water contents which indicate that EICM predicts fluctuations in in-situ
volumetric water contents poorly. This is due to EICM neglecting the impact of changes in climatic factors
on fluctuations in water and heat transfer.

The analysis of data presented in Figure 7.20 and Figure 7.21 also show that the QE Model predicts
in-situ volumetric water contents within £+ 0.02 of the measured in-situ volumetric water contents. However,

this analysis indicated that EICM generally underestimates in-situ volumetric water contents by 0.06 to 0.13
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from the measured in-situ volumetric water contents. EICM underpredicting in-situ volumetric water
contents results in EICM overpredicting the in-situ resilient modulus. This results in a pavement structure
during the operation period having a lower in-situ resilient modulus relative to the resilient modulus
predicted by EICM. This results in the pavement structure being subjected to higher distress including higher
rutting under traffic loading. The higher rutting results in a pavement structure with a higher maintenance
cost, lower performance and a shorter service life. These observations show that EICM and MEPDG

produce uneconomical pavement structures.

Comparing the Quantitative Empirical Model to EICM Using Volumetric Water Contents: Site C: 1997 to
2002.
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Figure 7.20: Measured vs predicted in-situ volumetric water contents obtained using the QE Model
and EICM

Comparing the Quantitative Empirical Model to EICM Using Volumetric Water Contents from Site D: 1997
to 2001.
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7.5.7 Task G: The Accuracy of the Quantitative Empirical Model vs EICM: Using Calculated Feny
and Mg

The Quantitative Empirical Model (QE Model) was also verified against EICM using the unfrozen
composite environmental adjustment factor (the unfrozen Feny). The unfrozen Fen values were calculated
using the in-situ volumetric water contents predicted using the QE Model, and using Eq. 6.35 and Eqg. 6.36
(the Fenver values). The unfrozen Feqy vValues were also calculated using the in-situ volumetric water contents
predicted using EICM, and using Eqg. 3.1 and Eq. 3.2 (the Feny values). The unfrozen Fen values were also
calculated using the measured in-situ volumetric water contents, and using Eq. 3.1 and Eq. 3.2 (the measured
in-situ Feny Values). The Fenver Values and the Feny vValues were compared to the measured in-situ Feny Values.
This analysis was conducted to verify the suitability of volumetric water contents predicted using the QE
Model and EICM for use in calculating the impact of climatic factors on the measured in-situ Fen Of
subgrades.

The analyses of the data presented in Figure 7.22 and Figure 7.23 show that the QE Model predicts
in-situ Feny values within + 0.05 of the measured in-situ Fenv values. The data show that EICM generally
overpredicts in-situ Feny values by 0.5 to 0.9 from the measured in-situ Fen, values. The analyses of the data
presented in Figure 7.22 and Figure 7.23 also show that the QE Model is more accurate than EICM in
predicting the in-situ Fen values and the associated in-situ resilient moduli of subgrades. EICM
underpredicting in-situ volumetric water contents results in EICM overpredicting the in-situ Feny values.
EICM overpredicting in-situ Fenv values results in EICM overpredicting in-situ resilient moduli of
subgrades. Hence, EICM overpredicting in-situ Feny Values results in pavement structures with lower in-situ
resilient moduli during the operation period relative to resilient moduli predicted by EICM. This results in
pavement structures being subjected to higher rutting under traffic loading relative to the rutting predicted
by EICM. This also results in uneconomical pavement structures with higher maintenance cost, lower

performance and shorter service life.
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Comparing the Quantitative Empirical Model to EICM Using the Calculated Fen, for Site C: 1997 to 2002
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Figure 7.22: Calculated in-situ Feny VS Fenv calculated using predicted in-situ volumetric water

contents obtained using the QE Model and EICM.
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Comparing the Quantitative Empirical Model to EICM Using the Calculated Fen, for Site D: 1997 to 2001.
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Figure 7.23: Calculated in-situ Feny Vs Feny calculated using predicted in-situ volumetric water
contents obtained using the QE Model and EICM.

7.5.8 Task H: Comparing the Quantitative Empirical Model to EICM Using the Calculated Mg

Values: Site C and Site D
The Quantitative Empirical Model (the QE Model) was also verified against EICM using the resilient
modulus (Mg) values over time. The Mg values were calculated using the Fencr Values as input in Eq. 6.37
(MRrcr values). The resilient moduli values were also calculated using the Fen values as input in Eq. 3.4 (Mg
values). The resilient moduli values were also calculated using the measured in-situ Feny Values as input in
Eqg. 3.4 (the measured in-situ Mg values). The Mgcr values and the Mg values were compared to the
measured in-situ Mg values. This analysis was conducted to verify the suitability of volumetric water
contents predicted using the QE Model and EICM for use in calculating the impact of climatic factors on
the measured in-situ resilient moduli of subgrades;

The analyses of data presented in Figure 7.24 and Figure 7.25 show that volumetric water contents
predicted using the QE Model are more suitable for calculating in-situ resilient moduli of subgrades than
volumetric water contents predicted using EICM. The data also show that EICM overpredicts the in-situ

resilient modulus of the subgrade.
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Comparing the Quantitative Empirical Model to EICM Using the Calculated Mg for Site C: 1998
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Figure 7.24: Calculated Mg vs Mg calculated using predicted in-situ volumetric water contents
obtained using the QE Model and EICM.
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Comparing the Quantitative Empirical Model to EICM Using the Calculated Mg for Site D: 1999
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Figure 7.25: Calculated in-situ Mg vs Mg calculated using predicted in-situ volumetric water
contents obtained using the QE Model and EICM.
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7.5.9 Task I: Evaluating General Trends in the Predicted Cumulative Changes in In-situ Volumetric

Water Contents
The cumulative changes in in-situ volumetric water contents predicted using the Quantitative Empirical
Model (the QE Model) were calculated and were presented in Figure 7.26 to Figure 7.29. The analyses of
data presented in Figure 7.26 to Figure 7.29 show continual fluctuations in the predicted cumulative changes
in in-situ volumetric water contents within subgrades due to changes in climatic factors. Fluctuations in the
predicted cumulative changes in in-situ volumetric water contents were observed up to the end of the
analysis period. The data also show positive values in the cumulative changes in in-situ volumetric water
contents at the end of the analysis period for the three sites.

The analyses of data presented in Figure 7.26 to Figure 7.29 also show that the predicted cumulative
changes in in-situ volumetric water contents are generally lower for the pavement section at Site B relative
to the predicted cumulative changes in in-situ volumetric water contents at Site A, Site C and Site D. This
observation indicates that the subgrade at Site B (clayey Gravel with sand classified as A-6) has a lower
water storage capacity and a higher rate of desaturation relative to the subgrade at Site A, Site C and Site D
(silty Clay classified as A-7-6, A-6 and A-6 respectively). These analyses also indicated that the subgrade
at Site A generally has the highest predicted cumulative changes in in-situ volumetric water contents. This
observation indicates that subgrades consisting of finer materials have a higher water storage capacity and
a lower rate of desaturation. Site C and Site D consist of the same climatic factors and similar subgrade
characteristics. The similarity in climatic factors and subgrades at Site C and Site D are reflected in similar

predicted cumulative changes in in-situ volumetric water contents within their respective subgrade.

257



Analysis of Predicted Cumulative Changes in in-situ volumetric water contents within the Subgrade: Site A
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Figure 7.26: Predicted cumulative change in in-situ volumetric water contents using the QE Model

Analysis of Predicted Cumulative Changes in in-situ volumetric water contents within the Subgrade: Site B
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Figure 7.27: Predicted cumulative change in in-situ volumetric water contents using the QE Model
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7.5.10 Task J: Determine the accuracy of the Quantitative Empirical Model and EICM in predicting

in-situ volumetric water contents using Statistical Analyses
Correlation of determination (R?) analyses were conducted to verify the Quantitative Empirical Model (the
QE Model). The R analyses were conducted between changes in measured in-situ volumetric water contents
(the independent variable) and changes in in-situ volumetric water contents predicted using the QE Model
(the dependent variable). The R? analyses presented in Section 5.3.2 show a strong statistical correlation
between the measured and predicted in-situ volumetric water contents within subgrades. This strong
statistical correlation between the measured and predicted in-situ volumetric water contents indicates that
the QE Model accurately predicts the impact of climatic factors on changes in in-situ volumetric water
contents within subgrades.

Two-tailed F-test statistics were also conducted to evaluate the accuracy of the QE Model and
EICM in predicting in-situ volumetric water contents for use in calculating Feny and Mg values. The analyses
of the Two-tailed F-test presented in Section 5.4.5 show that the QE Model is more accurate than EICM in
predicting in-situ volumetric water contents for use in calculating the Fen and in-situ Mr of subgrades.

7.5.11 Summary of the Evaluation and Verification of the Quantitative Empirical Model

The long-term analysis of the water and heat transfer within subgrades presented in this Chapter indicated
seasonal fluctuations in volumetric water contents in response to changes in climatic factors. However, the
delineated analysis of the water and heat transfer over a short-term period indicated daily and continual
fluctuations in volumetric water contents within subgrades in response to daily changes in climatic factors.
The exception being minimal fluctuations in the water and heat transfer during winter months. These
analyses also indicated that changes in the water and heat transfer within subgrades are primarily climate
dependent.

The analyses of data presented in this Chapter also indicated that the QE Model mitigates the
primary limitations in EICM. These include the QE Model accounts for the impact of climatic factors on
the water and heat transfer within subgrades. The QE Model also accounts for fluctuations in volumetric
water contents due to changes in climatic factors which are neglected by EICM. The QE Model also
accounts for the influence of land climate interaction (LCI) on vegetated and bare ground areas adjacent to
pavement structures on the water and heat transfer within subgrades. EICM also neglects the LCI on
vegetated and bare ground areas adjacent to pavement structures. Unlike EICM, the QE Model accurately
predicts in-situ volumetric water contents within subgrades in wet freeze and wet no-freeze climates without

site-specific calibration.
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These analyses also indicated that the in-situ volumetric water contents within subgrades predicted
using the QE Model may be used to calculate the unfrozen Feny and in-situ Mg of subgrades. Hence, the QE
Model may be incorporated into EICM and MEPDG to account for the impact of climatic factors on the
water and heat transfer and resilient moduli of subgrades. Incorporating the QE Model into EICM and
MEPDG would facilitate EICM and MEPDG accounting for the impact of climatic factors on pavement
performance and service life. This would facilitate the design and construction of more economical
pavement structures.
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Chapter 8 Conclusion

8.1 Introduction

Chapter 8 provides background details of the literature review conducted to delineate limitations in EICM
in predicting the in-situ water and heat transfer within subgrades. The Chapter provides a brief summary of
the study’s problem statement, research objectives, and research methodology used for conducting the FEA
modeling and the development of the Quantitative Empirical Model (the QE Model). The Chapter also
provides a summary of the methodology used for the verification of the QE Model.

Chapter 8 also provides a summary of tasks conducted for verifying the accuracy of the QE Model
in predicting in-situ water and heat transfer within subgrades due to climatic factors. The Chapter also
provides a summary of tasks conducted for verifying the accuracy of the QE Model vs the accuracy of EICM
in predicting in-situ water and heat transfer and in-situ resilient moduli of subgrades.

The Chapter provides a conclusion which includes the potential for incorporating the QE Model
into EICM and MEPDG. The conclusion includes the contribution of the QE Model in improving EICM
and MEPDG for the design and construction of more economical pavement structures. The conclusion also
includes the primary research findings, the primary features of and accuracy of the QE Model in predicting
the impact of climatic factors on the in-situ water and heat transfer within subgrades. The conclusion also
provides a summary of the primary limitations in EICM which are mitigated by the QE Model.

The Chapter also provides recommendations for further research to investigate the impact of
climatic factors on the in-situ water and heat transfer within different types of subgrades and in different
climates. Chapter 8 also provides recommendation for improving the water contents prediction model used
in EICM.

8.2 Literature Review of Limitations in EICM which Form Part of Problem Statements

A comprehensive literature review was conducted to delineate the computational framework of and
limitations in EICM in predicting water and heat transfer within subgrades. The literature review highlighted
limitations in the climatic boundary conditions used in EICM incorporated into MEPDG (EICM). EICM
accounts for only infiltration through cracks on the pavement surface, neglects the influence of land climate
interaction (LCI) on vegetated and bare ground areas adjacent to pavement structures and neglects
evapotranspiration. EICM only accounts for liquid water transfer and neglects water vapour transfer. EICM
assumes a constant and uniform subgrade temperature, only accounts for water transfer influence by depth
of shallow groundwater table and neglects the influence of the water table at significant depth. EICM also

neglects the influence of climatic factors on fluctuations in the in-situ water and heat transfer within
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subgrades. These limitations in EICM result in inaccuracies in predicting in-situ volumetric water contents
within subgrades and inaccurate prediction of in-situ resilient moduli of subgrades. These inaccuracies in
predicting the in-situ water and heat transfer and in-situ resilient moduli of unbound materials result in
inaccuracies in predicting the pavement distress. Hence, these limitations in EICM result in inaccurate
prediction of the pavement performance and service life. These limitations also result in the design and
construction of uneconomical pavement structures. These limitations form the basis of the problem
statement for this study.

The primary objective of this study is to investigate the influence of climatic factors on the in-situ
water and heat transfer, and on volumetric water contents within subgrades. The investigation focuses on
the impact of LCI on the in-situ water and heat transfer within subgrades. The specific objective was
achieved by developing a Quantitative Empirical Model (the QE Model) to account for the influence of
climatic factors and LCI on in-situ volumetric water contents and on in-situ resilient moduli of subgrades.
It is intended that the QE Model facilitates improvements in EICM and MEPDG to account for climatic
factors and to produce more economical pavement structures.

One-dimensional (1-D) and two-dimensional (2-D) water and heat transfer finite element analyses
(FEA) modeling were conducted using two rigid pavement sections in a wet freeze climate. Nonlinear
regression analyses were conducted using climatic factors, measured in-situ volumetric water contents, and
2-D FEA volumetric water contents output to develop correlation functions. Mathematical computations
were used to incorporate liquid water and water vapour properties, initial degree of saturation and hydraulic
properties of subgrades and wearing courses in developing the QE Model. Integrals were also conducted to
develop the QE Model.

The QE Model and EICM were verified using four independent pavement sections in wet freeze
and wet no-freeze climates. The QE Model and EICM were verified by comparing in-situ volumetric water
contents predicted using the QE Model and EICM to the measured in-situ volumetric water contents. The
predicted and measured in-situ volumetric water contents were obtained at a depth of 150.0 mm below the
subgrade surface and on the same days. The QE Model was also verified using unfrozen composite
environmental adjacent factor (Fenv) values and resilient moduli (Mg) values. Fen values calculated using
in-situ volumetric water contents which were predicted using the QE Model (Fenvce) and EICM (Feny) Were
compared to Fen values which were calculated using measured in-situ volumetric water contents (the
measured Fen). Mg values calculated using Fenvcr Values and using Fen values were compared to the Mg
values calculated using the measured Fen values. The predicted and measured in-situ volumetric water
contents used for calculating Feny values were obtained at a depth of 150.0 mm below the subgrade surface

and on the same days. The QE Model and EICM were also verified using the coefficient of determination

263



(R?) analyses. The R? analyses were conducted between in-situ volumetric water contents predicted using

the QE Model and EICM, and the measured in-situ volumetric water contents.

8.3 Conclusion

The water and heat transfer within subgrades is impacted by climatic factors and by the land climate
interaction (LCI) on vegetated and bare ground areas adjacent to pavement structures. The water transfer
within subgrades is influenced by transient water and heat transfer, saturated/unsaturated conditions, heat
conduction and forced convection with water transfer. Volumetric water contents within subgrades fluctuate
continually due to changes in climatic factors. The water contents within subgrades are also impacted by
the elevation of the water table. Shallow water tables (less than 10.0 m below the subgrade surface) cause a
higher contribution of liquid water transfer within subgrades due to capillary rise. Deep water tables (at least
10.0 m below the subgrade surface) facilitate increased contribution of water vapour transfer within
subgrades. The rate of water vapour transfer within subgrades is higher while subgrades are desaturating
and are in the residual water content condition.

The Quantitative Empirical Model (the QE Model) developed as part of this study represents an in-
situ soil water characteristic curve (the in-situ SWCC). The in-situ SWCC accounts for the influenced of
climatic factors (the energy state) on volumetric water contents within fine-grained and coarse-grained
subgrades in wet freeze and wet no-freeze climates (the climate-induced SWCC). The climate-induced
SWCC represents the relationship between changes in volumetric water contents as a nonlinear function of
changes in climatic factors. The climate-induced SWCC also accounts for hysteresis in water contents due
to changes in the energy state. The QE Model also represents a model for predicting the site-specific net
evapotranspiration which applies the Penman-Monteith method and incorporates the impact of climatic
factors on the net evapotranspiration.

The QE Model facilitates improving the design, construction, and performance evaluation of
pavement structures subjected to climatic factors. The QE Model accounts for the influence of climatic
factors and LCI on water and heat transfer within subgrades. The QE Model accurately predicts the influence
of climatic factors on fluctuations in in-situ volumetric water contents within subgrades in wet freeze and
wet no-freeze climates by incorporating a climate-induced water balance approach. The QE Model has a
higher accuracy than EICM in predicting the in-situ water and heat transfer within subgrades.

The QE Model may be incorporated into EICM and MEPDG to improve predicting the influence
of climatic factors on in-situ volumetric water contents within subgrades (the climate-induced in-situ
volumetric water contents). The climate-induced in-situ volumetric water contents may be used to predict

the in-situ degree of saturation within subgrades (the climate-induced in-situ degree of saturation). The
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climate-induced in-situ degree of saturation may be incorporated into EICM to predict the unfrozen

environmental adjustment factor (Fy) which is used as an input for calculating Fen and resilient moduli of

subgrades. Hence, incorporating the QE Model into EICM would result in EICM accounting for the impact

of climatic factors on resilient moduli of subgrades. Incorporating the QE Model into EICM would also

result in the design and construction of more economical pavement structures.

The QE Model mitigates limitations in EICM in predicting in-situ water and heat transfer and

limitations in predicting in-situ resilient moduli of subgrades. The mitigating features which are

incorporated into the QE Model include the following:

The QE Model accounts for the impact of climatic factors on the water and heat transfer within
subgrades. The QE Model accounts for fluctuations in in-situ volumetric water contents due to
climatic factors. However, EICM neglects the impact of climatic factors on fluctuations in in-situ
volumetric water contents;

The QE Model also accounts for the influence of LCI (on vegetated and bare ground areas adjacent
to the pavement structure) on the water and heat transfer within subgrades (which is applicable for
unpaved roads). The QE Model also incorporates the impact of LCI on water and heat transfer for
cases where the wearing courses on traffic lanes and shoulders are assessed as impervious (which
is applicable for new and rehabilitated pavement structures). However, EICM neglects the impact
of LCI on the water and heat transfer;

The QE Model accounts for liquid water transfer and water vapour transfer within subgrades.
However, EICM accounts only for liquid water transfer and neglects water vapour transfer;

The QE Model accounts for variations in subgrade temperatures. However, EICM assumes a
constant subgrade temperature;

The QE Model accounts for evapotranspiration which is neglected by EICM,;

Unlike EICM, the QE Model accurately predicts in-situ volumetric water contents within subgrades
without the need for site-specific calibration;

The QE Model is more suitable than EICM for predicting in-situ volumetric water contents which
are used for calculating the unfrozen composite environmental adjustment factor (Fenv) and resilient
moduli of subgrades;

The QE Model may be incorporated into EICM and MEPDG to account for the impact of climatic
factors on in-situ water and heat transfer and resilient moduli of subgrade; and

Incorporating the QE Model into EICM and MEPDG would result in incorporating the impact of

climatic factors in the design and construction of more economical pavement structures.
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Further research should be conducted to investigate the influence of changes in climatic factors on
the in-situ water and heat transfer within different types of subgrades in different climatic zones. The
recommended research includes investigating guidelines for improving the current EICM and MEPDG.

This study was conducted using fine-grained subgrades on sites in a wet freeze climatic zone. The
QE Model was evaluated and verified using fine-grain and coarse-grain subgrades in wet freeze and wet no-
freeze climatic zones. Further research should be undertaken for sites in other climatic zones with fine-grain
and course-grain subgrades.

The water contents prediction model used in EICM (the Fredlund, and Xing 1994 model) should be
replaced with a model which accounts for the impact of climatic factors and LCI on water and heat transfer
(such as the QE Model developed as part of this study). The replacement model should also account for
liquid water and water vapour transfer, and should mitigate the above-mentioned limitations in EICM and
MEPDG.
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