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Abstract

In recent years, average temperatures in Canada have been continuously increasing, owing to
changes in the global climate. This can be attributed to a surge in the concentration of
greenhouse gases in the atmosphere. Climate scientists predict the trend to further aggravate in
the near future. Pavement performance models show that changing climate will result in
accelerated pavement deterioration. To mitigate pavement deterioration, various adaptation
strategies have been suggested in the recent literature. One of these adaptation strategies is
upgrading the superpave asphalt binder grade. It is well known that asphalt binder is highly
sensitive to climate factors such as temperature and percent sunshine. Hence, reviewing asphalt
binder grade is a vital step, and that can help decelerate pavement deterioration. The goal of this
research is to determine new asphalt binder grades across Canada based on the projected
climate data. To achieve this goal, the analysis was carried out in four phases. In the first phase,
statistically downscaled climate change models were gathered from the Climate Change model
database. Then in the second phase, python code is written to extract the maximum and
minimum temperatures from the climate change models for a particular location. Later in the
third phase, from the extracted maximum and minimum temperature, average seven-day
maximum pavement temperature and minimum pavement temperature are determined using
the LTPP pavement temperature prediction model. Lastly, high-temperature grade (XX) and low
temperature grade (YY) of an asphalt binder (PG XX — YY) are estimated using the average seven-
day maximum and minimum pavement temperature respectively and tabulated in an easy-to-
use format for application by the transportation agencies in Canada. Note this paper presents a
very brief summary of this research project and five climate models used in the analysis. Finally,
this paper also presents the revised asphalt binder grades for ten different locations, each from
one of the provinces.

Keywords: Climate change, Superpave asphalt binder grade, downscaling, pavement
deterioration

Page 2 of 13



Introduction

Anthropogenic climate change has an adverse effect on Canadian weather. The last 50 years have
seen a rapidly increasing trend in average annual temperatures. Precipitation has been
unpredictable, with high-intensity rainfall occurring in a shorter period of time. These severities
are in line with global changes in climate, occurring due to an increase in concentrations of
greenhouse gases in the atmosphere. With the current emission scenarios, scientists predict the
trends to further intensify in the near future. Also, several studies noticed a temperature rise due
to climate change in Canada (Vincent et al. 2018), United States (Paquin, De Elia, and Frigon
2014), South America (Marengo et al. 2012), Europe (Meleux, Solmon, and Giorgi 2007), Africa
(Jones and Thornton 2009), Middle East (Evans 2009), China (Zhai and Pan 2003), India (Dash et
al. 2007), Central Asia (Lioubimtseva and Henebry 2009), Southeast Asia (Gasparrini et al. 2017)
and Australia(Hughes 2003). Pavement performance models show that changing climate will
result in accelerated pavement deterioration. A recent study by Rana et al. identified
temperature rise as a significant factor that affects the pavement performance in Newfoundland,
Canada (Rana, Swarna, and Hossain 2020). To mitigate pavement deterioration, various
adaptation strategies have been suggested in the recent literature. One of these adaptation
strategies is upgrading the superpave asphalt binder grade. It is well known that asphalt binder
is highly sensitive to climate factors such as temperature and percent sunshine. Therefore, this
study aims to quantify the impact of climate change on asphalt binder grade selection.

Mills et al. estimated the change in superpave binder grade for seventeen sites in southern
Canada using two climate change scenarios A2x and B21 from Coupled Global Climate Model 2
(CGCM2A2x) and the Hadley Climate Model 3 (HadCM3B21) experiments respectively. This
revealed that six out of 17 sites needed an upgrade to the high-temperature grade, and at eight
out of 17 sites, there was arise in low-temperature grade by 2050 compared to a baseline climate
of 1961 - 1990 (Mills et al. 2009). Similar work has been done by Viola and Celauro in Italy to
evaluate the asphalt binder upgrade at 71 different locations (Viola and Celauro 2015). In this
study, a change in temperature was estimated for 2033 using spatial interpolation based on
historical data (1984-2013), corresponding pavement temperature was also computed. It was
noted that there is an increase of one grade in high-temperature grade over 27% of the Italian
territory.

On the other hand, there was no noticeable change in low-temperature grades in this territory
(Viola and Celauro 2015). A similar study estimated the asphalt binder grade in Chile using the
MICROS5 climate change model for RCP 2.6 and RCP 8.5 emission scenarios (Delgadillo et al. 2018).
A total of 94 weather stations were considered in the selection of asphalt binder grades
throughout the country. This study identified a significant number of stations in need of a change
in binder grade. Fletcher et al. estimated the change in pavement temperature for selecting
superpave asphalt binder grade for the future climate in Canada. The author considered 10 GCM
simulations for the SRESA2 emissions scenario. The study concluded that nine out of 17 cities
exhibited an increase in high-temperature asphalt binder grade (Fletcher et al. 2016).

In very recent years, a study was carried out to assess the upgrade of asphalt binder grade in the
United States. The study noticed that, over the 799 observed weather stations, 35% of station’s
asphalt binder grade based on 1965-1996 is different from binder grade based on 1985-2014
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weather data (Underwood et al. 2017). This study illustrated a contour map for average seven-
day maximum temperature and average minimum temperature changes for 2010-2039, 2040-

eriod of 1966 — 1995, as presented in Figure 1.
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Figure 1: Expected change in pavement temperatures for 2010-2039, 2040-2069 and 2070—-
2099 (Underwood et al. 2017)
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Figure 2: economic costs of a flexible pavement with the use of correct and incorrect asphalt
grade, (a) Net present cost not including the initial construction cost and (b) Net present cost
including the initial construction cost (Underwood et al. 2017)

Underwood et al. estimated the economic costs of a flexible pavement with the use of correct
and incorrect asphalt grade for all roadway types, as illustrated in Figure 9 (Underwood et al.
2017). For 2040, the estimated costs across the United States are US$19.0 and US$26.3 billion
for RCP 4.5 and RCP 8.5, respectively. Similarly, for 2070, the estimated costs across the United
States are US$21.8 and US$35.8 billion for RCP 4.5 and RCP 8.5, respectively. This increased
economic costs clearly explain, selecting the correct grade of asphalt binder plays an essential
role in the economic costs of pavement.

All of these studies used different climate change models, different locations and different
methods for the estimation of pavement temperature from air temperature. However, the
mutual conclusion of the studies is that climate change leads to a change in temperature.
Upgrading the asphalt binder grade is one of the adaptation strategies for the climate warming
regions.

Objective and Scope

The primary objective of this study is to estimate the change in asphalt binder grade in various
geographic regions in all provinces in Canada under the changed climate. This paper presents a
summary this project and some results for ten different locations (each from one of the
provinces). Furthermore, the analysis presented in this paper is restricted to a one analysis
period, that is, 2040 — 2070 period.

The scope of this study includes the extraction of daily maximum and minimum temperature data
from the five climate models downloaded from the pacificclimate.org and estimating the
pavement temperatures using LTPP climate models. Finally, finding out the asphalt binder grade
for 2040-2070.

Factors and levels

Ten locations are considered for this study; these locations are one from each of ten provinces in
Canada. The locations studied are Vancouver (BC), Edmonton (AB), Regina (SK), Winnipeg (MB),
Toronto (ON), Quebec City (QC), Fredericton (NB), Charlottetown (PEI), Halifax (NS), and St.
John's (NL). Besides, the climate change models considered in this study are Meteorological
Research Institute (MRI-CGCM3), Canadian Centre for Climate Modeling and Analysis (CCCMA-
CanESM2), Institute for Numerical Mathematics (INM-CM4), ARC Centre of Excellence for Climate
System Science (ACCESS1.0) and Model for Interdisciplinary Research On Climate (MIROC5).

Methodology

The methodology of this study is divided into four phases. In the first phase, statistically
downscaled climate change models were gathered from the Climate Change model database.
Then in the second phase, python code is written to extract the maximum and minimum
temperatures from the climate change models for a particular location. Later in the third phase,
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from the extracted maximum and minimum temperature, average seven-day maximum
pavement temperature and minimum pavement temperature are determined using the LTPP
pavement temperature prediction model. Lastly, high-temperature grade (XX) and low
temperature grade (YY) of an asphalt binder (PG XX — YY) are estimated using the average seven-
day high and low pavement temperature respectively and tabulated in an easy-to-use format for
application by the transportation agencies in Canada.

Phase 1: Gathering climate change models

Pacific Climate Impacts Consortium (PCIC) is a Canadian climate database, which offers
statistically downscaled climate scenarios at a grid resolution of 1/8™ degrees (300 arc-seconds
or approximately 10 km) for a period of 1950 — 2100. The variables included in this climate
scenarios are maximum and minimum daily temperature. These data are available for three
different Representative Concentration Pathways (RCPs) (Meinshausen et al. 2011) such as RCP
2.6, RCP 4.5 and RCP 8.5. These climate scenarios are a combination of historical data and the
downscaled climate change model. These downscaled models were constructed using Canadian
historical daily data and Global Climate Model (GCM) projections from the Coupled Model
Intercomparison Project Phase 5 (Taylor, Stouffer, and Meehl 2012). From all the available
climate models, ten climate models were selected based on data availability and method of
statistical downscaling.

Data from the GCM sources available in the pacific climate database were downscaled to a very
fine resolution using two different statistical downscaling methods such as Bias-Correction
Spatial Disaggregation (BCSD) and Bias Correction/Constructed Analogues with Quantile mapping
reordering (BCCAQ). BCCAQ is a hybrid method that associations with both Bias
Correction/Constructed Analogues (BCCA) (Maurer et al. 2010) and quantile mapping (QMAP)
(Gudmundsson et al. 2012). In this study, Models with BCCAQ statistical downscaling method
were used. The climate change models used in this study are downloaded from the Pacific
Climate data (https://www.pacificclimate.org/data/statistically-downscaled-climate-scenarios).

Phase 2: Climate change data extraction

To extract the daily maximum and minimum temperature from the climate change models for
the selected location, the python code is written and executed. As the downscaled model contain
a square grid of size approximately 10 km x 10 km (1/8°), it is not possible to extract data for the
exact location. Therefore, a short distance square method is used to select the nearest grid point.
Itis assumed that there is no temperature difference between the actual location and the nearest
grid point. The python code writer was used to extract the daily maximum and minimum
temperature for the selected location.

Phase 3: Determining the average seven-day maximum and minimum pavement temperature

From the extracted daily maximum and minimum air temperature, the average seven-day high
and low air temperature are determined for every year from 2040 to 2070. Later, average seven-
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day high and low pavement temperatures are estimated for the 2040-2070 time period using the
LTPP pavement temperature prediction model (Mohseni 1998; 2005), as illustrated below.

Tpmax = 54.325432 + 0.78 Tair max — 0.0025 Lat?
— 15.41 log1o(H + 25) + z(9 + 0.6167 4 max)®® (1)

Tp min = —1.56 + 0.72 Tgir min — 0.004 Lat?
+6.26 logo(H + 25) + z(4.4 + 0.52 GYZ"air min)O'5 (2)

Where,

Tp max = Average seven-day high pavement temperature (°C)

T.ir max = Average seven-consecutive-day high air temperature (°C)

Oqir max = Standard deviation of seven-day high pavement temperature (°C)

Tp min = Low pavement temperature (°C)

Tair min = LOw air temperature (°C)

Oqir min = Standard deviation of low pavement temperature (°C)

Lat = Latitude (in degrees)

H = Depth (mm)

Z = Standard normal distribution value (depends on reliability) = 2.055 for 98% reliability
These seven-day high and low pavement temperatures are estimated at a depth of 20 mm and 0
mm, respectively. Where a seven-day high pavement temperature threshold about 20 mm (H =
20 mm) from the surface of the pavement and low pavement temperature threshold at the
surface (H = 0 mm) of the asphalt pavement. Also, the reliability considered in this study as 98%,

which has a standard normal distribution value (z) equals to 2.055. These pavement
temperatures are computed for five different climate change models.

Phase 4: Assigning Asphalt binder grade

From the estimated mean or median of average seven-day high and low pavement temperatures,
the high temperature and low temperature grades are assigned. The grades are assigned in
increments of 6°C for both high temperature and low temperature. For example (Vancouver), if
the average seven-day high pavement temperature is 54.98°C, then the high-temperature grade
assigned is 58°C. Similarly, if the low pavement temperature is -12.19°C, then the low
temperature grade assigned is -16°C. Therefore, the performance asphalt grade is PG 58 — 16.
The asphalt binder grades are assigned for all the selected locations following the procedure
explained in methodology.

Results and Discussions

The annual average daily maximum and minimum temperatures are determined using climate
change models and illustrated in Figure 3. From Figure 3, it has been noticed that the maximum
and minimum temperatures are significantly increasing due to climate change. From Figure 3, it
is also noticed that the climate change model predicts that the annual average daily maximum
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and minimum temperatures will increases drastically between 2040 to 2100 when compared to
1950 to 2040.

Average seven-day high and low pavement temperatures for all the five models are estimated,
and a boxplot of these temperatures is illustrated in Figure 4. It was noticed that there are few
outliers in the data, which represent that data is not normally distributed. It is confirmed from
the quartile distribution in the boxplot. Therefore, the different conditions of models such as cold
model, median model and hot models are considered to determine the upgraded binder for 2040
—2070. then, the three models are identified, and corresponding average seven-day high and low
pavement temperatures are computed to assign the asphalt binder grade. The average seven-
day high and low pavement temperatures for the median model are presented in Figure 5.

Measure Names
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Figure 3: Annual average daily maximum and minimum temperature for St. John's, NL, Canada
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Figure 4: Boxplot for average seven-day high and low pavement temperatures
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Figure 5: Median values of pavement temperatures from different climate change models
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For the computed average seven-day high pavement temperature and low pavement
temperatures, the asphalt binder grades are assigned following the procedure explained in
methodology, phase 4. The assigned binder grades are presented in Table 1.

Table 1: Expected change in asphalt binder grade for 2040 - 2070

Province City Base Binder Upgraded Binder
Cold model Median model | Hot model
British Columbia Vancouver PG 58-34 PG 58-16 PG 58-16 PG 58-10
Alberta Edmonton PG 58-34 PG 52-40 PG 58-34 PG 58-34
Saskatchewan Regina PG 58-34 PG 58-34 PG 58-34 PG 64-34
Manitoba Winnipeg PG 58-34 PG 58-40 PG 58-34 PG 64-34
Ontario Toronto PG 58-28 PG 58-28 PG 58-28 PG 64-22
Quebec Quebec City PG 58-28 PG 58-34 PG 58-28 PG 58-28
New Brunswick Fredericton PG 58-28 PG 58-28 PG 58-28 PG 64-28
Prince Edward Island | Charlottetown PG 58-28 PG 58-22 PG 58-22 PG 58-22
Nova Scotia Halifax PG 58-28 PG 58-22 PG 58-22 PG 58-22
Newfoundland St. John's PG 58-28 PG 52-22 PG 52-22 PG 58-16

From Table 1, It was noted that the predicted asphalt binder grade for 2040 — 2070 using the
median climate change model is approximately equal to the binder that the most provincial DOT’s
are using. However, in the case of the hot climate change model, Regina, Winnipeg, Toronto, and
Federation need an upgrade in high-temperature asphalt grade. Similarly, in the case of the cold
model, Edmonton, Winnipeg, and Quebec City need an upgrade in low-temperature asphalt
grade. However, further analysis is needed to select the optimal climate change model for the
analysis.

Conclusions

This paper presents an analysis conducted to determine the change in asphalt binder grade over
ten different locations (capital cities of Canadian provinces). This analysis aimed to understand
the impact of climate change on the selection process of asphalt grade. Results from this analysis
will be helpful for selecting the appropriate asphalt binder grade based on future climatic
conditions. This study collected five different bias-corrected statistically downscaled climate
change models from the pacific climate database. Also, a python algorithm is used to extract the
temperature data for the selected location using a short distance square method. Finally, the
pavement temperatures were determined using the LTPP prediction model at 98% reliability, and
asphalt binder grades are assigned. The results from this study enable us to make these
conclusions:
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e There is a significant increase in annual average temperature due to climate change
throughout Canada, noticed in the climate change models.

e The predicted asphalt binder grade for 2040 — 2070 using the median climate change
model is approximately equal to the binder that the most provincial DOT’s are using.

e Edmonton, Winnipeg, and Quebec City need an upgrade in low-temperature asphalt
grade in the case of cold climate change model. Similarly, Regina, Winnipeg, Toronto, and
Federation need an upgrade in high-temperature asphalt grade in the case of hot climate
change model.

e The limitation of this study is that the complete analysis is assessed based on a particular
location in the province. It is necessary to select more locations in each of the provinces
to better under the spatial impact of climate change.
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