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Abstract: This paper introduces shallow geothermal systems as a potential solution for improv-
ing the thermo-mechanical performance of asphalt under extreme climate events. With the recent
changes experienced in the climate, earlier infrastructure failure can be expected, predominantly for
temperature-sensitive flexible pavements. With that in mind, the efficiency of geothermal systems in
terms of heating and cooling was comprehensively argued in many studies. However, very limited
studies discussed the structural performance of geothermal pavements. This study conducted a

comparative experimental study to assess the change in the compressive and flexural strengths of

check for

updates asphalt under extreme heating and cooling conditions and to evaluate the change in asphalt struc-
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tural performance due to integrating different types of geothermal pipes into the asphalt structure.
This comparative analysis employed thirty-three asphalt specimens with and without copper and
polyvinyl chloride (PVC) geothermal pipes. The results of this study show that the geothermal
pipes negatively affected the compressive strength of the asphalt at a normal average temperature.
However, their effect was relatively minimal on the asphalt (AC) compressive strength under extreme
heating and cooling conditions. In contrast, under three thermal conditions—normal, heating, and
cooling temperatures—the flexure strength of the AC was significantly improved by 14.3%, 85%, and
70%, respectively, due to the copper pipe integration into the AC. The study concluded that copper
pipes were superior to PVC ones in terms of enhancing the AC structural performance.
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1. Introduction

Publisher’s Note: MDPI stays neutral The United Nations [1] defines climate change as long-term shifts in temperatures and

weather patterns, whether these shifts are natural due to solar cycle variations or unnatural
due to human activities such as burning fossil fuels, oil, and gas. With that in mind, the
ocean and average global land surface temperature reported in March 2020 was 1.16 °C
(2.09 °F) higher than the 20th century average of 12.7 °C (54.9 °F), representing the second
hottest record in the last 141 years [2]. With this recent rapid change in the climate, earlier
infrastructure failure and an increase in maintenance costs can be expected, predominantly
for flexible pavements where temperature is an essential driver in selecting construction
materials.

On the flip side, asphalt pavements contribute to global warming; several studies
addressed that asphalt releases up to 300% more emissions when subjected to solar radiation
(i.e., [3,4]). The high covering percentage of the built environment with asphalt pavements
may represent a severe hazard concerning the quality of air, especially during the sunny,
40/). hot summertime [5]. For instance, 94% of paved roads in the United States are asphalt
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pavements [6]. Ultimately, the negative environmental changes may cause faster pavement
deterioration, and vice versa; the pavements harm the climate and significantly contribute
to global warming.

The structural design of the roadways has to satisfy three fundamental requirements:
safety, serviceability, and longevity [7-9]. The current roadway design standards rely on
climate data from 1964 to 1995 for pavement material selection [10]. Thus, the material
selection for highway construction is often based on the assumption of a stationary cli-
mate. Underwood et al. [10] reported that these stationary climate assumptions led to the
inappropriate selection of 35% of the pavement materials utilized in 799 different observed
locations. This has resulted in different pavement failures and distresses, as reported in
a recent assessment study conducted by Transportation for America [11] to evaluate the
condition of the roadways across the United States between 2009 and 2017. This study
concluded that the percentage of roadways in a poor condition increased from 14 to 20%.
As a result, about USD 231 .4 billion per year is required to maintain and repair the nation’s
roads over a six-year period.

In the same vein, asphalt mixture can be described as a temperature-sensitive mate-
rial [12,13]. Asphalt mixture is composed of an aggregate and a binder, and its performance
is likely to vary depending on the temperature variables. The binder stiffness decreases
when the temperature increases. That is why pavement distresses, such as reflective and fa-
tigue cracking and many others, are directly and indirectly associated with the temperature
state of the asphalt mixture. Several studies [14-16] conducted atomic force microscopy
(AFM) to study the effect of thermal aging on the microstructure and components of asphalt
mixture. The AFM analysis showed that asphalt pavement has different microstructures
upon the change in thermal aging times, and there were significant differences in the nano
size of the typical microstructure [17].

Several studies have proven the efficiency of environmentally friendly shallow geother-
mal systems in controlling the thermal performance of asphalt structures [18,19]. In many
cases, through the heat exchange with the underlying subgrade layers, ground source heat
pumps (GSHP) can successfully cool down asphalt pavements during the hot summertime
and warm them up to be used for ice melting during the cold wintertime [20]. Other
studies have also highlighted how this positively contributed to lowering the induced
emissions and latent heat from asphalt pavements, enhancing the surrounding atmosphere
temperature, and mitigating the urban heat island effects [21].

A geothermal pavement basically comprises the horizontal heat exchanger GSHP
system in the conventional pavement layers. As shown in Figure 1, a geothermal pavement
consists of three main components. The primary unit consists of heat exchanging loops
installed in the pavement layer. The secondary unit comprises the underground pipe
network, also known as geothermal pipes (GEP), that delivers the heat energy to or from the
subgrade layer. Lastly, the heat pump system is responsible for the continuous movement
of the carrier fluid [20,22].

The primary unit consists of a closed-circuit network of pipes embedded in the pave-
ment layer. It collects the heat extracted from the pavement and transfers it to the ground.
Those loops can be installed in bridge decks, roads, and airport runways for de-icing
purposes [23,24]. The pipes that convey the heat carrier fluid are known as geothermal
pipes (GEP), heat transfer pipes, energy loops, or absorber pipes. The geothermal pipes are
usually made from high density polyethylene/polypropylene (HDPE/HDPP), polyvinyl
chloride (PVC), and polybutylene [25-28]. In addition, several studies reported that using
copper material in the pipe network achieves the most outstanding efficiency of the system
in terms of heat collection from the asphalt and heat exchange with the soil (e.g., [29]). It
is fundamental to mention that most of the previous studies only focused on assessing
the thermal behavior of different pipe materials and their efficiency in the heat exchange
process, regardless of their influence on the structural performance of the asphalt.
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Figure 1. Schematic representation of a geothermal pavement system.

Numerous studies have evidenced the remarkable merits of geothermal systems in
improving the thermal performance of asphalt pavements under different climate condi-
tions. However, very few studies have investigated the impact of geothermal systems on
the structural performance of asphalt pavements. Practically, either positive or negative im-
pacts could be expected. A positive enhancement in the structural performance of asphalt
could be anticipated due to its expected temperature adaptation through the heat exchange
with the subgrade. In contrast, the volume loss in the asphalt body due to inserting the
geothermal pipes may negatively affect the compressive and flexural performance of the
asphalt structure.

This paper aspires to discuss the performance of the asphalt pavement structure
under extreme climate conditions. It also introduces a shallow geothermal system as a
potential solution for improving the thermo-mechanical behavior of asphalt pavements.
An experimental study is carried out to assess the change in the compressive and flexural
strengths of asphalt under extreme heating and cooling conditions. A comparative analysis
is also performed to evaluate the change in the asphalt structural performance due to
integrating different types of geothermal pipes into the asphalt structure. The findings
of this study may be beneficial in renovating the current structural design methods of
roadways to take into consideration the effect of extreme climate events rather than relying
on a stationary climate condition.

2. Materials and Methods

The structural performance of asphalt pavements is investigated in this study by
simulating a real-life case of a major roadway located in Riyadh, Saudi Arabia. This study
zone has been selected to represent extreme climate conditions. The asphalt pavement
temperature was recorded at the mid-thickness of the asphalt layer during the twelve
months of the year. It was found that the average monthly temperatures of the asphalt
during the hot and cold climates were 60 °C and 2 °C, respectively.

In the same vein, this experimental study also adopted the exact proportions of the hot
mix asphalt (HMA) utilized in paving the mentioned roadway case. The Saudi Ministry
of Municipal and Rural Affairs developed the general specifications for urban roads [30]
to unify the technical rules and standards of roadway construction works. The Saudi
standards provide six classes of hot asphalt mixes (A-D); they are classified based on the
different roadway classes. Hot mix asphalt type (A) should be utilized for major roadways
as the Saudi standards recommend, and it was also the same HMA type utilized in paving
the roadway case considered in this study.

The materials used for preparing the laboratory HMA (type A) included; coarse ag-
gregates of crushed stone with uniform consistency, fine aggregates of dense sand, and
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bitumen as a binder material. The coarse aggregates and fine aggregates were locally
available in the market. The dry sieving was carried out following ASTM D6913-04 [31].
Thus, the particle size distribution curve of the aggregates was obtained, as shown in
Figure 2. Furthermore, the 60/70 grade of bitumen was employed in this study. The physic-
ochemical properties were evaluated using standard apparatus according to AASHTO
specifications [32], as summarized in Table 1. The Marshall stability method was employed
for the hot asphalt mix design. The prepared mixture was examined to ensure that it
fulfilled the Saudi standards for HMA type A (Table 2).
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Figure 2. Grain size distribution of the utilized aggregates in asphalt mixtures.

Table 1. Physicochemical properties of bitumen.

Type of Test Test Method Units Results Specification
Penetration @25 °C ASTM D5-97 0.1 mm 66 60-70
Softening Point ASTM D36 1°C 55 40-55
Flash Point ASTM D92-16b 1°C 302 232 min
Ductility 25 °C ASTM D113 cm 99 Greater than 75

Table 2. Asphalt mix properties.

The Adapted Properties of the Asphalt Mix (Type A) [30]

Properties Boundaries

Bitumen Percentage from Whole Mixture (%) 425

Average Stability (Minimum) (N) 1000

Average Flow (mm) 3.0

Air Void Percentage for Mixture (%) 4.0
Percentage of Voids Filled with Asphalt (%) 70
Voids in Mineral Aggregate (%) 13

The Total Specific Gravity of the Aggregate Mixture 2594.000

On the other hand, this study also aspires to assess the change in the structural
performance of asphalt pavements due to the integration of geothermal pipes into the
asphalt structure. Therefore, two types of geothermal pipes were utilized with the asphalt
pavement. First was the seamless copper pipes. According to ASTM B-280 [33], the copper
C10200 type was selected due to its high thermal conductivity that fits the heat exchange
application. The second pipe type was made of polyvinyl chloride (PVC). The two pipe
types used in this study were 5/8’ (15.8 mm) in diameter. Table 3 compares the mechanical
and thermal properties of the two geothermal pipes.



Sustainability 2022, 14, 12855

50f17

Table 3. Mechanical and thermal properties of the utilized geothermal pipes.

Pipe Material Copper [34] Polyvinyl Chloride [35]
Ultimate Tensile Strength 220.6 MPa 51.71 MPa
Modulus of Elasticity in Tension 117.2 GPa 2.83 GPa
Melting Point 1082.8 °C 177 °C
Thermal Conductivity 391 W/mK 0.16 W/mK
Thermal Expansion Coefficient 16.16 pm/mK 5 x 1075 mm/(mm °C)
Density 8.94 gm/cu cm at 20 °C 1.41 gm/cm?
Specific Heat Capacity 385.48J/kg °C 1000 J/(kg.K)

2.1. Methodology of the Experimental Study

The structural performance of both the conventional and geothermal pavement has
been investigated through experimental tests, including the Marshall stability test [36],
axial compression test [37], and flexural three-point bending test [38]. The three tests were
performed under three thermal conditions: the average room temperature (20 °C), the
heating condition (60 °C), and the cooling condition (2 °C). This comparative analysis was
carried out by testing thirty-three asphalt specimens without and with geothermal pipes,
either copper or PVC pipes.

The prepared specimens were divided into three groups; each group consisted of nine
specimens. In each group, three specimens were conventional asphalt concrete (AC), three
specimens with copper pipes (5/8' in diameter), and three with PVC pipes with a diameter
of 5/8' in. Moreover, six specimens were prepared to ensure the consistency of the asphalt
mixture throughout the whole experiment. Three of them were tested under compression
to examine the effect of mixture density, and the other three were tested in Marshall tester
to ensure the characteristics of the asphalt mixture.

2.2. Samples Preparation

Cylindrical specimens of 100 mm diameter were prepared for the Marshall test, and 100 mm
cubic specimens were used for the compression test; in addition, as shown in Figure 3, the
dimensions of the specimens adopted for the flexure test were 100 mm x 500 mm x 100 mm.

ww 001

100 mm

un 00T

800 mm

Figure 3. The geometry of the three types of samples employed in the comparative experimen-
tal study.

For each specimen, the necessary amount of the dry blended aggregates was calculated
to satisfy the consistency requirements of the specimen density. The blended aggregates
were heated to 160 °C. The heated aggregate was placed in a pan and thoroughly mixed. A
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crater was formed in the aggregate, and the 60/70 penetration grade bitumen was added
after it was heated to 160 °C. The aggregates and the bitumen were thoroughly mixed until
the aggregates were well coated. The thoroughly cleaned specimen mold assembly and the
compaction hammer were heated to 160 °C. The temperature of the mixture immediately
prior to compaction was maintained at 150 °C. On average, fifty blows on each face were
sufficient for the compaction of the specimens.

After compaction, the base plate was removed, and the mold containing the specimen
was immersed in cool water for 2 min. Then, the specimen was removed from the mold
employing a sample extractor and a suitable jack and frame arrangement. The specimen
was placed on a smooth, flat surface and allowed to cool at room temperature. The
specimens were weighed in air and clean water at room temperature. The difference
between these two weights was used to determine the volume of the specimens without
pipes [39,40]. Thus, the density was obtained.

For the specimens with pipes, the interface between the asphalt material and geother-
mal pipes is one of the significant concerns that may influence the structural capacity of a
geothermal pavement. Therefore, the compaction quality of the asphalt material around
the geothermal pipes was a fundamental task that received essential attention during the
preparation of the specimens. Polyvinyl chloride and copper were the materials utilized in
the experimental study. The pipes were adjusted at the centerlines of the asphalt specimens.
In addition, the volume loss due to pipe integration was considered when determining the
density of these specimens. Table 4 summarizes the properties of the thirty-three specimens.
In addition, Figure 4 shows the first group of the prepared samples (9 specimens per group).

(b) (c)

Figure 4. The first group of the prepared specimens for testing at average room temperature.
(a) Compression test’s specimens. (b) Marshall stability test’s specimens. (c) Flexure test’s specimens.
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Table 4. The characteristics of the prepared thirty-three specimens.
Geoth | Dimension (mm) b
Specimen eotherma . . . ensity Thermal
No. D Pipe Material Width/Diameter Length Height (gm/cm®) Test Performed Condition (°C)
(mm) (mm) (mm)
1 AC-C1 - 100 100 100 2.0405 Compres?%‘;‘]" Strength 20°
2 AC-C2 - 100 100 100 2.0789 Compresﬁ‘; Strength 20°
3 AC-C3 - 100 100 100 2.1594 Compres?;\;(]e Strength 20°
4 AC-M1 . 100 _ 800 2101 Marshall [Sstg]bility Test 60°
5 AC-M2 . 100 _ 800 2101 Marshall [S;g]bility Test 60°
6 AC-M3 _ 100 _ 800 2101 Marshall [S;g}aility Test 60°
7 AC-C4 - 100 100 100 2.101 Compres?;‘;? Strength 20°
8 AC-C5 - 100 100 100 2.102 Compres?i%‘;‘]" Strength 60°
9 AC-C6 - 100 100 100 2.110 Compresﬁ‘;‘; Strength 20
Compressive Strength o
10 ACC-C1 Copper 100 100 100 2.075 [37] 20
11 ACC-C2 Copper 100 100 100 2.075 Compres?;;? Strength 60°
12 ACC-C3 Copper 100 100 100 2.075 Compr“?;;‘]l Strength 20
13 ACP-C1 PVC 100 100 100 2.063 Compres?;‘;? Strength 20°
14 ACP-C2 PVC 100 100 100 2.065 Compresﬁ‘; Strength 60°
15 ACP-C3 PVC 100 100 100 2.067 Compresig‘;‘]" Strength 20
16 AC-M4 _ 100 ~ 800 2095 Marshall [S%tg]bility Test 60°
17 AC-M5 _ 100 _ 800 2101 Marshall [S;rg]bility Test 60°
18 AC-M6 _ 100 _ 800 2085 Marshall [S;:]bility Test 60°
19 ACC-M1 Copper 100 _ 800 2101 Marshall [Sstg]blhty Test 60°
20 ACC-M2 Copper 100 - 800 2005 ~ Marshall [S;g]blhty Test 60°
21 ACC-M3 Copper 100 - 800 2110 Marshall [Sgtg]blhty Test 60°
22 ACP-M1 PVC 100 _ 800 2077 Marshall [S3t2]b1hty Test 60°
23 ACP-M2 PVC 100 _ 800 2076 Marshall [Sgtgiblhty Test 60°
24 ACP-M3 PVC 100 ~ 800 2081 Marshall [S%tg]blhty Test 60°
25 AC-F1 - 100 500 100 2.095 Flexure Strength [38] 20°
26 AC-F2 - 100 500 100 2.101 Flexure Strength [38] 60°
27 AC-F3 - 100 500 100 2.085 Flexure Strength [38] 2°
28 ACC-F1 Copper 100 500 100 2.075 Flexure Strength [38] 20°
29 ACC-F2 Copper 100 500 100 2.075 Flexure Strength [38] 60°
30 ACC-F3 Copper 100 500 100 2.075 Flexure Strength [38] 2°
31 ACP-F1 PVC 100 500 100 2.066 Flexure Strength [38] 20°
32 ACP-F2 PVC 100 500 100 2.082 Flexure Strength [38] 60°
33 ACP-F3 PVC 100 500 100 2.075 Flexure Strength [38] 2°
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2.3. Experimental Procedure

Marshall stability test, compressive strength test, and three-point bending test were
the three tests carried out to investigate the structural performance of conventional asphalt
pavement under different thermal conditions and to assess the change in its structural
performance due to integrating the geothermal pipes into the asphalt body.

The stability and flow of the asphalt specimens were determined based on the ASTM
D6927 [36]. Before the test, the asphalt specimens were immersed in water for 20 to 40 min
until they achieved the test temperature. Then, the specimens were placed in the Marshall
tester, as shown in Figure 5a. Prior to the test start, the flow meter was adjusted to zero.
According to the test standard, loading rate of 50 mm per minute was employed until the
peak load was achieved. Results of maximum load and flow were recorded. The average
time that passed throughout the test between taking the specimens out of the water bath
and determining the maximum load did not exceed 30 s.

Figure 5. Laboratory tests included in the experimental study. (a) Marshall stability test. (b) Compressive
strength test. (c) Flexure strength test.

The compressive strength of both conventional and geothermal asphalt specimens
was examined according to the ASTM D1074 [37]. The test set-up is shown in Figure 5b;
the top and bottom of the specimens were treated with Vaseline and a thin plastic sheet to
minimize friction. Displacement transducers (LVDTs) were installed to measure the axial
deformations of the specimens. The compressive strength of the specimens was calculated
by dividing the maximum force (kN) of the UTM over the area (m?) of the loaded surface.

The three-point bending test was conducted on 100 x 100 x 500 mm asphalt beams,
as shown in Figure 5c. The test was performed based on a procedure developed by Judycki,
1990 [38]. A constant static load was applied to the AC beams for a time period ranging
from 2400 s to 3600 s. The value of the applied load was dependent on the thermal condition,
which means that it was variable depending on the temperature of the specimen. To ensure
failure achievement, all specimens were subjected to a static load that led to exceeding 50%
of the flexural strength. Typical test temperatures were 20 °C, 60 °C, and 2 °C to simulate
the three thermal conditions, as explained before. The strain at the bottom of the specimen
was measured with an LVDT sensor. As demonstrated in Figure 6, the test was carried out
on three types of specimens: conventional asphalt specimens without geothermal pipes,
asphalt specimens with 5/8 PVC pipes, and AC specimens with 5/8' copper pipes. In
addition, the tests were performed on geothermal asphalt specimens in a steady-state
situation, and no water circulation was applied.
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Figure 6. Three-point bending test conducted on asphalt specimens with and without geothermal pipes.

3. Results and Discussion

This section presents the results of the three laboratory tests performed within this
experimental study. It also discusses the change in the asphalt structural performance
under different thermal conditions that simulate extreme climate events. Furthermore, the
change in the asphalt compressive and flexural strengths due to integrating two types of
geothermal pipes is also explored.

3.1. Consistency of the Asphalt Specimens

Before digging into the comparative analyses, it was fundamental to ensure the con-
sistency of the asphalt material among the whole specimens to avoid any discrepancies
in results due to differences in specimen densities or compaction rates. Therefore, three
specimens (AC-C;, Cp, and C3) were prepared, compacted at different rates, and tested
in the compression test to explore the optimum density that should be maintained in
the experimental study. Figure 7 presents the load—displacement results of the asphalt
specimens upon the change in asphalt density.

5
E
\2, 4 / 15 g
= AC-C3 g
oy 3 | ACCL ACIC2 =
2 10 §
- AC-C1 g
> 2 1]
A <
0 o
g 5 2
E1 cca - AL a
o
)

0 0

3 6 9 12 15 2 2.05 2.1 2.15 2.2
Displacement (mm) Unit Weigh (gm/cm?)

= AC-C1 -————AC-C2 —AC-C3

—e— Compressive Strength (Mpa)
—O— Displacement (mm)

(a) (b)

Figure 7. (a) Compression test results of three AC specimens with different densities. (b) Relation
between the AC density, the compressive strength, and displacement (20 °C).

It can be seen from Figure 7b that the AC compressive strength was linearly increasing
with the AC density increases. Conversely, the displacement of the specimens decreased
with the density increases. However, the change in load—displacement behavior became
minimal after the AC density increased from 2.07 gm/cm3 to 2.15 gm/cm?. Therefore, the
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Load (kN)

density of 2.1 gm/cm3 was adopted to unify the compaction effect while preparing the
whole AC specimens included in the experimental study.

3.2. Structural Performance of Conventional Asphalt under Different Thermal Conditions

Three thermal conditions were applied to explore the change in the compressive and
flexure strength of three identical specimens of conventional asphalt. Figure 8 highlights
the compression load-displacement relationship change upon the asphalt temperature
change.

Normal Condition (20 °C)

—e— AC-C4 (20 °C)
Cooling Cordition (2 °C) —o— AC-C5 (60 °C)

—o— AC-C6 (2 °C)

Heating Condition (60 °C)

5 10 15 20 25 30 35

Displacement (mm)

Figure 8. Asphalt compression load-displacement relationship under three thermal conditions.

At room temperature (20 °C), the max compression load and displacement achieved
were 35.7 kN and 7.20 mm, respectively. With that in mind, the max compression load
slightly increased (5.6%) under the cooling condition (2 °C), and the associated displace-
ment decreased by 51.6%. In contrast, the maximum compression load dramatically
dropped and decreased by 91.2% upon heating the specimen to 60 °C. As shown in Figure 8,
the compression load—displacement became more ductile, and the elongation and displace-
ment of the specimen became significantly high.

On the other hand, similar to the compression test, three conventional AC specimens
were tested in a three-point bending test under three different thermal conditions. As
pinpointed in Figure 9, although the flexure strength increased upon the cooling of the
specimen, the failure became a brittle failure, not a ductile failure such as the AC at the
normal temperature. Furthermore, the heating also had the same distractive effect on
the asphalt.

The compressive and flexure strength test results prove that asphalt is a temperature-
sensitive material; its mechanical properties and structural performance are firmly de-
pendent on temperature variations. The results show that high temperature conditions
had a distractive effect on the asphalt specimens; their compressive and flexure strengths
dramatically decreased upon heating the specimens to 60 °C. This could be explained by the
significant change in asphalt mixture viscosity. On the other hand, although the AC com-
pressive and flexure strengths slightly increased upon cooling the specimen down to 2 °C,
the AC behaved as a fragile solid, and its failure was described as brittle in that condition.

This may highlight the significant effect of climate change on asphalt pavements and
explains the earlier deteriorations experienced nowadays in different countries. With that
in mind, AC should be kept at medium temperatures, guaranteeing that it will maintain its
viscoelastic structural behavior and preserve the deformation within safe limits. Shallow
geothermal systems are capable of playing this significant role and contribute to the en-
hancement of asphalt pavements under extreme climates, as they are able to either cool
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the pavement down during the hot climate or warm it up during the cold climate by
exchanging the heat with the underlying subgrade layers.

10
9
Cooling Condition (2 °C)
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2

1 Heating Condition (60 °C)

0
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Displacement (mm)

Figure 9. Asphalt flexure load—-displacement relationship under three thermal conditions.

3.3. Effect of Geothermal Pipes on Asphalt Structural Behavior under Normal Thermal Conditions

The effect of two different pipe materials on the compressive strength, flexure strength,
stability, and flow of the asphalt pavement was explored throughout a series of experimental
tests at average normal room temperature (20 °C). The structural performance of the
specimens equipped with the geothermal pipes was compared with the conventional ones
to address the exact effects of the pipes on the behavior.

As shown in Figure 10, the compression load-displacement behavior of the conven-
tional asphalt (AC-C) was compared with the ones with copper (ACC-C) and PVC pipes
(ACP-C). It is fundamental to mention that both the copper and PVC pipes had the same
diameter of 5/8’.

i e A 7
ACC-C _I AccC l

3 6 9 12 15
Displacement (mm)
AC-C3 = = ACC-Cl =ee::e ACP-C2 |

AcP-CJ
)

(a) (b

Figure 10. (a) Effect of geothermal pipes on the asphalt compression strength (20 °C). (b) The failure
mode of tested asphalt specimens with and without geothermal pipes.

Figure 10a indicated that the maximum compression load the AC specimen can
sustain decreased by 55.4% and 66.67%, respectively, when the copper and PVC pipes were
integrated into the asphalt body. The stiffness of the AC samples with the copper pipe was
relatively higher than the ones with the PVC pipe.



Sustainability 2022, 14, 12855

12 of 17

The stability and flow behavior of the conventional AC specimens was compared
with those with copper or PVC pipes throughout the Marshall tests. As demonstrated in
Figure 11, the geothermal pipes had a relatively minimal effect on the stability of the AC
specimens at normal average room temperature. However, the AC flow of the asphalt
samples with copper and PVC pipes was 27.9% and 32.5%, respectively, and greater than
the conventional AC.
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Figure 11. Effect of geothermal pipes on the asphalt Marshall stability. (a) Stability flow relationship.
(b) Comparison between the results of three specimens.

On the other hand, a three-point bending test was performed to assess the change
in AC flexural strength due to the integration of the copper and PVC geothermal pipes.
As shown in Figure 12, the flexure capacity of the AC was significantly improved (14.3%
increase percentage) by integrating the copper pipe. In contrast, the flexure strength of
AC specimens dramatically decreased by 48.9% because of integrating the PVC pipes. It
was also noted that the width of the induced flexure cracks at the failure state was less in
the case of the AC samples with copper pipes (9 mm) compared to the ones with PVC or
without pipes (24 mm).
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Figure 12. (a) Effect of geothermal pipes on the asphalt flexure strength (20 °C). (b) The failure of

tested asphalt specimens with and without geothermal pipes.
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The results of the three experimental tests carried out to assess the change in AC struc-
tural performance after integrating two types of geothermal pipes show that at a normal
average temperature, the loss in AC volume due to geothermal pipe integration negatively
affected the compressive strength of the asphalt. Nevertheless, it had an insignificant effect
on the AC stability. In addition, selecting the appropriate geothermal pipe material can
lead to a significant enhancement in flexural strength.

The presence of a pipe in the asphalt body resulted in a complex distribution of com-
pression stresses and strains with peak stresses around the pipe. In addition, the existence
of the pipes caused a change in the specimen failure mode. During the compression tests, it
was noticed that for the AC with either copper or PVC pipes, parts of the asphalt material
were being pushed out to the sides (Figure 10b), and the pipes were flattened. In addition,
the asphalt material above the pipe was intact, indicating that the pipe was deformed, and
the material next to the pipes took the load and failed.

In contrast, the integration of copper geothermal pipes into the asphalt body has
significantly enhanced the flexural strength of the asphalt. However, this was not the
case when the PVC pipe was utilized. This could be attributed to the high tensile and
yield strengths of the copper material and the relatively low ultimate tensile strength and
modulus of elasticity in the tension of the polyvinyl chloride material. On the other hand,
regardless of the geothermal pipe type, a slippage between the AC and the geothermal
pipe was observed at the failure of the specimens (see Figure 12b). This could be explained
by the low bonding stress between the asphalt body and the surface areas of the pipes.

It is noteworthy to mention that at average room temperature, the geothermal pave-
ment equipped with copper pipes revealed significantly superior structural performance
compared to the one equipped with PVC pipes. This may be attributed to the difference in
the modulus of elasticity and tensile strength of the copper compared to PVC.

3.4. Structural Performance of the Geothermal Pavement under Different Thermal Conditions

This section explores the change in both conventional and geothermal pavement
behavior under heating and cooling conditions. The AC specimens with copper and PVC
pipes were tested in terms of compression and flexure under different heating and cooling
conditions. The embedded pipes were filled with water, and their ends were enclosed with
impermeable filters, as shown in Figure 13b. The tested geothermal asphalt specimens
under heating conditions were heated up to 60 °C, while others were cooled down to 2 °C.
The results of the geothermal AC specimens were compared to the conventional AC ones
under the same heating and cooling conditions.

Figure 13 compares the compression strength test results of both conventional and
geothermal asphalt specimens under heating and cooling conditions. The compressive
strengths of the geothermal asphalt with copper and PVC pipes were, respectively, 13.1%
and 18.4% less than the conventional one under the heating condition. This result may
indicate that the integration of geothermal pipes into the asphalt will not have a significant
effect on the compression strength of AC in extreme climate events.

Similarly, the flexure strength test was carried out to assess the behavior of geothermal
asphalt under different thermal conditions. Figure 14 compares the flexural load displace-
ment of conventional AC and the asphalt specimens equipped with copper and PVC pipes.
The test results pinpoint that integrating the copper pipes into the asphalt has enhanced the
flexural performance of the asphalt under both heating and cooling conditions. The flexure
strength of the geothermal asphalt with copper pipes was 85% and 70% greater than the
conventional asphalt under the cooling and heating conditions, respectively. In contrast,
integrating the PVC pipes into the specimens resulted in a minimal effect on the flexural
strength of the AC specimens.
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Figure 14. (a) Effect of geothermal pipes on the asphalt flexure strength at heating (60 °C) and cooling
(2 °C) conditions. (b) Flexure strength tests of the geothermal asphalt specimens.

The results of compression and three-point bending tests under the heating and
cooling conditions reveal that the behavior of the geothermal asphalt was consistent with
conventional asphalt under extreme climate events. Brittle failure was observed in the
geothermal AC specimens under cooling conditions, while a significant ductile failure
was noticed under the heating condition. However, both the copper and the PVC pipes
contributed to decreasing the induced cracks at the flexural failure, and the average width
of the generated cracks at the failure was 80% and 70% less than the conventional specimens
for the AC without copper and PVC, respectively. This could be explained by the ultimate
tensile strength and relatively high modulus of elasticity of the geothermal pipes; these
properties may empower the pipes to act as a reinforcement and strengthen the asphalt
beams against flexural deformations.
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Compared to the results of normal room temperature tests (See Figure 10), the drop in
compression load displacement of the specimens with geothermal pipes was minimal under
the heating and cooling conditions. This may shed light on how the geothermal systems
may positively contribute to eliminating the associated asphalt pavement distresses in
extreme climate events.

4. Conclusions

This paper discussed the structural behavior of conventional asphalt (AC) pavements
under normal and extreme heating or cooling conditions. It has also introduced geothermal
systems as a potential solution to eliminate the expected asphalt deterioration due to the
recently experienced climate change events. Throughout the conducted experimental
study, the change in the asphalt pavement structural performance due to the integration of
geothermal pipes was assessed, and the following points were drawn:

e  Asphalt is temperature-sensitive material; its mechanical properties and structural
performance are firmly dependent on temperature variations.

e  The compressive and flexure strengths of the conventional AC specimens dramatically
decreased by about 92% upon heating the specimens to 60 °C. On the other hand,
although the AC strengths slightly increased upon cooling down to 2 °C, the AC
behaved as a fragile solid, and its failure was described as brittle.

e  The results of this experimental study show that at a normal average temperature, the
loss in AC volume due to the geothermal pipes integration negatively affected the
compressive strength of the asphalt. However, under extreme heating and cooling
conditions, geothermal pipes had a relatively minimal effect on the compressive
strength of the asphalt specimens.

e  The geothermal pipes had an insignificant effect on the stability of the AC specimens.
However, the AC flow of the asphalt samples with copper and PVC pipes was 27.9%
and 32.5% greater than the conventional AC.

e  Under the three thermal conditions (medium, heating, and cooling temperatures), the
flexure strength of the AC significantly improved by 14.3%, 85%, and 70%, respectively,
due to the integration of the copper pipe into the asphalt body.

e  The results of the experimental study show that copper pipes are superior to PVC
ones in terms of enhancing the structural performance of AC under extreme hot and
cold conditions.

e  Asphalt pavements should be kept at medium temperatures, guaranteeing that the
AC will maintain its viscoelastic structural behavior and preserve the deformation
within safe limits. Shallow geothermal systems are capable of playing this significant
role and contribute to the enhancement of asphalt pavement structural performance
under extreme climates.

5. Limitations and Future Studies

e The tests presented in this experimental study were carried out in a steady-state
situation, meaning that no water circulation was applied inside the pipes during
the tests; in addition, static loading was utilized in the tests. Future research can
be extended experimentally to explore the change in AC structural behavior during
the transition from one thermal condition to another, i.e., from heating to medium
temperature and to apply more tests, including dynamic loading. This might be
beneficial in highlighting the influence of the geothermal system in maintaining the
viscoelastic behavior of asphalt material.

e Including triaxial geogrid elements around the geothermal pipes could be used to
overcome the stress concentration problem around the pipe and enhance the structural
performance of the geothermal pipes.

e Increasing the bond stress between the asphalt medium and the geothermal pipe
might also be an interesting area for improvement in terms of geothermal pavement
structural performance. This could be achieved by using customized deformed copper
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pipes with notches which are able to increase the contact surface area and the bond
stress between the AC and the pipe.
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