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Abstract: Flexible pavements are subjected to three main distress types: fatigue crack, thermal crack,
and permanent deformation. Under severe climate conditions, thermal cracking particularly con-
tributes largely to a considerable scale of premature deterioration of pavement infrastructure world-
wide. This challenge is especially relevant for Europe, as weather conditions vary significantly
throughout the year. Hydrated lime (HL) has been recognized as an effective additive to improve
the mechanical properties of asphalt concrete for pavement applications. Previous research has
found that a replacement of conventional limestone dust filler using hydrated lime at 2.5% of the
total weight of aggregates generated an optimum improvement in the mechanical properties of the
asphalt concrete mixes used for all three purposed layers (i.e., wearing, levelling, and base) at at-
mospheric temperatures from mild to relatively high. This paper reports on a continuous experi-
mental test for the thermal properties of the optimized hydrated lime-modified mixes. The experi-
ment together with that conducted before provides the required data to characterize the thermome-
chanical constitutive relations of the optimized hydrated lime-modified mixes. The obtained ther-
mal and mechanical properties thereafter were implemented in a numerical modelling study for a
scenario involving pavement exposed to coupled thermal and traffic service conditions. The study
has demonstrated that using HL in mineral filler enhances the thermal properties of asphalt con-
crete, which, however, showed little influence on the local temperature profiles within the pave-
ment structure. The thermal effect is pronounced under the coupled thermomechanical conditions
for a pavement exposed to both traffic and climatic impacts. The HL pavement has about 1.5% less
deformation, and 39% less stress level under traffic loading only, but the thermal effect increases
the maximum total internal tensile stress level by 26% in the HL pavement in winter season. The
modelling analysis has shown that the local maximum tensile stress dominates in the surface region
of the HL pavement. It will help to reduce the workload of crack repairing and in long term help on

saving costs and efforts of maintenance.

Keywords: asphalt concrete; Thermal-mechanical coupling; pavement design

1. Introduction

Using hydrated lime (HL) as the mineral filler has been practiced on asphalt pave-
ment concrete for a long time. So far, extensive laboratory studies and field tests have
accumulated undisputable evidence and a large amount of data for its benefits on the
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obtained mechanical properties of the asphalt concrete mixes and the performance and
service life of their constructed pavements under a wide range of traffic loads and envi-
ronmental conditions. The beneficial improvements of HL addition include significant re-
duction of the aging of the bitumen and increase of the resistance to permanent defor-
mation (rutting), moisture damage, and thermal and fatigue cracking [1].

In spite of considerable research on HL-modified asphalt concrete, traditional re-
search has primarily focused on the interest in mechanical properties under different tem-
perature and environmental exposure conditions to identify the optimum rate of HL ad-
dition [2-4]. For example, a recent durability investigation on a pavement having five
years of service showed that HL addition increased the resistance to moisture damage,
but the differences between 0.5 and 1.5% HL addition were very limited [5]. Other exper-
imental work in the laboratory showed that the utilization of HL as a filler at 2.5% content
demonstrated a significant improvement on the resistance of the mixture to water, freez-
ing, cracks from thawing [6]. Another previous laboratorial study has also reported that a
partial replacement of a base limestone filler using 2.5% HL by total aggregate weight
produced an optimum improvement on wider mechanical properties covering permanent
deformation, fatigue life, and moisture susceptibility [3,7,8].

However, so far little research has been reported on the thermal properties of HL-
modified asphalt concrete [9], although a better understanding of the thermal response of
the HL-modified asphalt concrete is important and needs to be evaluated at the stage of
pavement design [10-12]. To fill this gap, this paper first reports an experimental work
conducted to determine the thermal properties of two types of asphalt concrete mixes with
and without HL modification. Thereafter, the experimental results are implemented in
numerical modelling to analyze the thermal and mechanical behavior of a pavement struc-
ture using asphalt concrete under a scenario of coupled traffic loading and environmental
temperature variation. Both the experiment and modelling analysis have not only con-
firmed the benefits of the use of HL as the mineral filler for asphalt concrete, but also
produced some initial data and novel work concerning the modelling methodology for
the pavement and environment system.

2. Experiment
2.1. Raw Materials and Mixtures

The experiment is an extension of a previous study on the mechanical properties of
HL-modified concrete [3] and was conducted in the same laboratory. The component ma-
terials, the asphalt cement, aggregates, and mineral fillers (limestone dust and hydrated
lime) are the same as those in the previous study. The asphalt concrete samples were de-
signed for the application of wearing, levelling, and base course, respectively, following
the standard for road and bridge construction [13] for the types IIIA, II, and I. Two types
of mixes were made for each specific layer application. One is the control mix, which used
limestone dust only for the mineral filler, and the other is based on the control sample
with partial replacement of the limestone filler using HL by 2.5% of the total weight of
aggregate. The asphalt cement had a penetration grade of 40-50. The optimum asphalt
content was determined using the Marshall test for all mixes (Table 1). The mineral filler
content for the three types of applications are in the mid-range, which are 7%, 6%, and 5%
of the total weight of the mixes for the wearing, levelling, and base course, respectively.
All mixes used the same aggregate of a gradation, detailed in Table 2. The hydrated lime
was added into the mixture of the aggregate and limestone filler in the form of dry pow-
der.
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Table 1. Optimum Asphalt Cement (OAC) Contents.
Notation Application = Hydrated Lime Content (%) OAC%
Cw Wearing 0 49
CL Levelling 0 4.6
CB Base 0 4.3
HL2.5W Wearing 2.5 53
HL2.5L Levelling 25 5
HL2.5B Base 2.5 4.6
Table 2. Selected Gradations for Asphalt Concrete Mixtures with Specification Limits.
Type I Type I1 Type IIIA
Sieve Size mm Base Course  Levelling Course = Wearing Course
% Passing by Weight of Total Aggregate and Filler
1.5in 37.5 100
1in 25.0 95 100
0.751in 19.0 83 95 100
0.51in 12.5 68 80 95
3/8 in 9.5 61 68 83
No. 4 4.75 44 50 59
No. 8 2.36 32 36 43
No. 50 300 um 11 12 13
No. 200 75 um 5 6 7

2.2. Specimen Preparation and Thermal Property Test

At first, the prepared aggregate of the added mineral filler and asphalt cement were
separately placed in different trays, put in an oven, and heated to reach a uniform tem-
perature of 160 °C. The asphalt cement was then mixed manually with the aggregate on a
hot plate at the exact amount of the OAC given in Table 1. The prepared mixture was then
loaded in a bowl and put back in an oven at a controlled temperature (150 °C for 10 min)
before being cast and compacted in preheated cylindric molds to make the specimens for
testing. The dimensions of the molds are 150 mm in diameter and 62.7 mm in height. The
mixtures in the molds were compacted by 114 blows on each end using a hammer (weight
of 4.536 kg) falling at a height of 457.2 mm. Finally, the prepared specimens were left to
cool at room temperature for 24 h before conducting the test. Figure 1 illustrates the pre-
pared raw materials, mixing procedure, and the specimens made. Samples were tripli-
cated for each measurement.

The thermal properties were measured using the Quick Thermal Conductivity Meter
QTM500 as shown in Figure 2. The QTM-500 probe contains a thermocouple and a heater.
The temperature of the heater rises exponentially, which presents a linear trend with the
heating time on a logarithmic scale as shown in Figure 2b. The specimen’s thermal con-
ductivity (A) is calculated in terms of the slope of the linear trend according to the formula
shown in the Figure 2b.
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Figure 2. Thermal property test. (a) Experiment setup. (b) The principle for parameter measure-
ment.

2.3. The Experimental Results

Figure 3 compares the measured bulk density and two thermal properties between
the control mixes and that of 2.5% HL addition. It can be seen that HL addition has a very
small influence on the bulk density, but significantly increases the thermal conductivity
and thermal capacity (specific heat). Specifically, the increase in thermal conductivity is
27% for the wearing mix, 7% for the leveling mix, and 17% for the base mix. The increase
in specific heat is 25% for the wearing mix, 6% for the leveling mix, and 16% for the base
mix. Theoretically, a high magnitude of thermal properties will help crack healing. An
interesting finding is that for both the control and the 2.5% HL specimens, the OAC and
the filler content decreased from the wearing, through the levelling, to the base course
application. However, while the thermal properties present a steady increase for the three
control mixes, for the 2.5% HL mixes, levelling specimens show the lowest value for the
two thermal properties. This means that there is no single correlation of the thermal prop-
erties with either the optimized asphalt cement or the mineral filler content.

Wearing

0% HL X 1 0% HL 0% HL
2.5% HL £ 2 5% HL o 1400 2 5% HL
= 5
038 21200
= -
> -
5 ‘™ 1000
506 o
ko] L
§ g 800
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. 3
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200
Leveling Base Wearing Leveling Base Wearing Leveling Base

Figure 3. Comparison of the thermal properties between the control mix and the mix of 2.5% hy-
drated lime.

3. Modelling Evaluation for the Pavement Constructed Using HL Asphalt Concrete

A finite element modelling analysis was conducted to evaluate the benefit for a pave-
ment structure using the HL-modified asphalt concrete under a service scenario exposed
to a condition coupling a traffic loading and a typical seasonal temperature variation ex-
perienced in the UK. A classical thermomechanical model [14] was adopted, which estab-
lishes a motion equation and thermal energy conservation as briefed below:

e  Motion equation



Sustainability 2022, 14, 7827

6 of 15

For an isotropic solid material, its deformation follows the Navier’s equations, which
can be written in the form below Equation (1):

E 1
V(V- v? > f= 1
2(1+v)<(1—2v) V-w+Viu)+f=p (1)
where u stands for the vector of displacement in space (ux; uy; u), fis a body force per unit
volume, E is modulus, v is the Poisson ratio, and p is density. The strain and stress of the
solid material are shown in Equations (2) and (3), respectively.

_1(0u + ou; )
Sij B 2 axj axi ( )

O-ij = lskk5ij + zﬂgij - a(3/1 + 2[1)AT5U (3)

VE

(1-2v)(1+v) 2(1+v)

sion/contraction coefficient, and AT is the temperature change, which, in the modelling

work of this paper, is linked to a reference temperature of 10 °C for the scenario of the UK
climate.

where 1 = and u = are the Lamé parameters, o is the thermal expan-

e  Energy equation

When exposed to a heat transfer process, the solid material satisfies the thermal en-
ergy conservation condition as shown in Equation (4).

a  evr 32 + 25T L% @
pep = VKVT) +pr —a(3A + 21T —= )

where ¢y is the specific heat, k is the thermal conductivity, and r is the heat source per unit
mass. For the pavement challenge, the heat source r and the thermal energy, due to the

deformation strain rate (%), are neglected in this study.

Equations (1)—(4) closely describe the thermomechanical state of a structural system.
They were applied to analyze a pavement structure of three asphalt layers using the mixes
investigated in the experiment described above. Figure 4 illustrates a constructed five-
layer single carriageway pavement structure. Finite element analysis (FEA) modelling
was conducted for half of the symmetric structure. A wheel pressure was applied on the
surface representing traffic loading. The geometric information has been presented in Ta-
ble 3. The traffic load was set at a scenario of an equivalent single wheel load of 70 kN
referring to a statistic traffic condition (Table A1l). The load magnitude, which gives a
wheel load pressure of 0.772 MPa on an estimated contact area of 9.073 x 102m? [7], was
deliberately increased for this study in terms to compare with the thermal effect. The
Equations (1)—(4) were solved using the partial differential equation module of a commer-
cial FEA software (COMSOL Multiphysics).

Table 3. Finite element geometric data.

Surface/Wearing Binder/Levelling Base Subbase Subgrade Wheel
Thickness (mm) 50 70 90 300 2500 -
Width (mm) 1800 1800 1800 1800 1800 250
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Figure 4. FE geometric model.

Table 4 lists the mechanical properties of the mixes of three pavement layers, which
were reported in a previous study [3], and the thermal properties from this study. The
data for the two foundation layers (subbase and subgrade) refer to another published
work [15]. A thermal deformation model based on a laboratory study on a newly con-
structed asphalt pavement [16] was adopted to estimate the bulk material temperature
effect on the coefficient of thermal expansion (CTE) and contraction (CTC). They are two
quadpratic polynomials in the form of the Equation (5).

CTC = —1.62 X 107872 + 9.46 x 10~"T + 1.75 X 1075 (5a)

CTE = 434%x107°T? —2.34 x 107'T + 2.78 x 107> (5b)

Table 4. Material Properties for Finite Element Analysis.

Property Mix Wearing Levelling Base Subbase Subgrade
Modulus * E (MPa) 0% HL 0.28T2 — 41.53T + 2090 0.39T2 - 46.41T + 1929 0.34T2-40.41T + 1649 170 65
oduius AV 25%HL  0.19T2-43.03T+2623  0.52T2-63.3T+2527  0.34T2-41.12T + 1803 170 65
. . 0% HL
Poisson ratio v 2 5% HL 0.35 0.4
0% HL 2.34 2.32 2.31
- 3
Density o (g/em”) 5 5 1. 2.32 2.30 23 1.76 1.29
Thermal Conduc- 0% HL 0.71 0.73 0.75 13 028
tivity k (W/m/K) 2.5 HL 0.90 0.78 0.88 ’ ’
Thermal Capacity 0% HL 1062.6 1092.79 1121.12 837 800
cp (J/kg/K) 2.5 HL 1333.48 1155.49 1303.09
Thermal defor- 0% HL
. .. CTC—Equation (5a)
* -6 -5
mation coefficient 25 HL CTE—Equation (5b) 3.32x10° 3.4x10

@

* The temperature in the relevant formula has the unit °C.

The thermal interaction between the pavement and the atmospheric environment is
a complex process dominated by the heat transfer in the forms of conduction, radiation,
and convection at the pavement surface and surrounding ground conditions. Under spe-
cial climatic conditions, other physics such as the latent heat flux due to ice melting or
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moisture evaporation is involved as well [17]. The heat exchange mechanism in the pave-
ment—climate system has been topical research for a long time [18]. Characteristic models
for the details of the underlining physics have been proposed and developed [19-21]. In
this paper, the UK climate and environment are set as a scenario for the modelling case
study. As the primary purpose is to evaluate the effect of HL-modified asphalt concrete
on pavement behavior, a simplified Dirichlet temperature boundary condition is adopted
for the pavement structure based on a geological survey on the shallow ground seasonal
temperature in the UK [22].

Figure 5 shows a characterization model using a sine function to fit the shallow
ground temperature variation at five depths, i.e., 0, =0.5, -1, -2, and -3 m. The data are
from reference [22]. Figure 5 provides temperature variation information by days. How-
ever, the daily weather temperature change in the UK, in general, would be about 10 °C
for a year-round time. Based on this assumption, a daily weather temperature variation is
assumed to take a sine wave form in a 24 h period, and is embedded in the data curves of
Figure 5 as shown by Figure 6a. Combining the daily weather temperature variation with
the yearly variation curve for 0 m depth, an annual pavement surface temperature varia-
tion by hours is shown in Figure 6b,c.

18 T T o
O data at 0 m depth o
16+~ D dataat-0.5mdepth 0 i
data at -1 m depth
14 - A data at —2 m depth B
{} data at-3 m depth
12 fitting y = f(x) i
&
- A
© 10 O B
g
©
£ 8 o
® v
= e] .
6 - y =-8.335 sin(27/365 x - 5.152) + 9.661 (0 m) B
Q
y = 6.808 sin(27/365 x - 2.18) + 9.615 (-0.5 m)
4 -
y =4.45 sin(2x/365 x—2.355) + 11.69 (- 1 m)
o
20 " y = 3.119 sin(27/365 x— 2.744) + 11.72 (-2 m) o 7
o
‘ y= 2.625‘sin(27r!365 X+ 21.99) + 9.596 (-3 n"l)
0
0 50 100 150 200 250 300 350 400

days

Figure 5. Characterization modelling for year-round UK shallow ground temperature variation

15 15

— Hourly change — Assumed surface temperature o5 — Assumed surface temperature
bl
ol 77 -Data by Bushy (2015) = = ‘Data at 0 m (Bushy 2015) = = -Data at 0 m (Bushy 2015)
10 20
&) &} &)
o o o &
- - . 15
<l <) o
3 =1 3
g T g
g g g 10
£ £ E
(I ) ]
= -5 (== =
Bl
—10 0
—15 -5 -5
0 5 10 15 20 25 0 50 100 150 0 2000 4000 6000 8000
Hours (in a day) Hours (in a week) Hours (in a year)

(a) Temperature in 25 h (b) Temperature in 150 h (c) Temperature in a year
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Surface: Temperature

Figure 6. The assumed seasonal temperature condition at the pavement surface.

The pavement surface temperature was set to be the seasonal temperature at a depth
of 0 m, i.e,, T (0 m). The bottom surface temperature was set to be T (-3 m). The other
boundary conditions are a thermal isolation along a left symmetric vertical line and the
temperature of the right vertical edge, which is interpolated according to the annual be-
low-ground temperature variation data using the fitting curves in Figure 5b at the corre-
sponding depth illustrated in Figure 4. It also assumes that there is no horizontal displace-
ment for the vertical edges of all layers and no vertical displacement at the bottom of the
subgrade. An initial temperature condition in the whole structure is assumed to have a
value of 8.7 °C, the mean value of the seasonal temperature at the depth —0.5 m, when
solving the energy equation, Equation (4).

4. Modelling Results and Discussion
4.1. Temperature Profile and Thermal Strain & Stress Distribution

Numerical computing was performed at an hourly time step starting from the 0 h on
the 1st day in January. Figure 7 shows the temperature profile at the time in four typical
seasons. The modelling time of 720 h occurred in February, 2880 h in May, 5040 h in Au-
gust, and 7200 h in November. It can be seen that the annual temperature variation degree
in pavement decreases with the depth downward. February and August have a big tem-
perature variation from the top of wearing course to the bottom of subgrade. May and
November have a small vertical temperature variation. The wearing course has the high-
est temperature variation gradient all year round.

Surface: Temperature

A 8.851 A 1073
) 0
8 05 105
7 10
6 -1
95
5
4 -1.5 9
3 2 85
2 _
1 8
-25
0 75
- 7.35
v -0.925 v/
—05 0 05 1 15 2 -05 0 0.5 1 1.5 2
720 h (Feb) 2880 h (May)
Surface: Temperature va Surface: Temperature
4 17.57 A 1388
0 L
7 05t
13
16
15 -1 12
14 ~15r 11
13 -2r 10
12 o
-2.5
11
! 8.212
v 8.
-05 0 05 1 1.5 2 v 106l -05 0 05 1 15 2
5040 h (Aug) 2700 h (Nov)

Figure 7. The seasonal temperature profile in the pavement structure.
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Figure 8 compares the vertical temperature distribution along the central symmetric
line (Figure 4) between the pavements of 2.5% HL and 0% HL. It shows that although the
HL-modified asphalt concrete narrows the temperature variation range along the three
asphalt layers and the subbase, particularly in the season of February, the difference is
very small. The highest local temperature difference is less the 1 °C at wearing layer.

05 T T T T T
—HL=2.5%

- = 'HL=0%

720hrs

2880hrs

_3.5 1 1 1 1 1 1 1 1 1
-2 0 2 4 6 8 10 12 14 16

Temperature, °C

18

Figure 8. The vertical temperature profile along the symmetric centre of pavement.

Figure 9 shows the vertical distribution of the thermal strain (aAT) and stress
(¢ (324 + 2pu)AT) along the central symmetric line. It can be seen that the highest incon-
sistent thermal strain exists at the interface between the subbase and the subgrade. How-
ever, the biggest thermal stress happens at the surface of the wearing course.

Line graph: Theram| stress vs Depth

Line graph: Thermal strain vs Depth

Figure 9. The thermal strain and stress in 2.5%HL pavement.

: 720 ol — 0]
0 € . <+ 2880 v( < N [ 2880
J_ | 5040 ' Il -~ 5040
0.5 L 7200 -0.5 \ ’ : 7200
g - - i -1 .
= : . R 15
o -1.5 4 :
A ; a
2 2 :
25 I 2.5 e |
3 3 - ‘ . ‘
-1 0 2 3 1.5 -1 -0.5 0 0.5 1 156 2
. - 6
Strain x107 Stress, Pa x10
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4.2. The Coupled Thermomechanical Effect

Figure 10 compares the vertical of the pavement surface under a coupled thermome-
chanical situation. It shows that the pavements of 2.5% HL and 0% HL are very similar in
the response to the environmental temperature variation. However, the HL pavement has
less vertical deformation in all year-round under traffic loading. In the center of the pave-
ment (x = 0), under the coupled thermomechanical condition, pavement using no HL has
a higher vertical displace at all four times. Comparing the maximum vertical displacement
at the position of the wheel load, the 2.5% HL pavement is about 1.5% less than that of the
control 0% HL pavement. The result highlights the benefit of HL on the long-term fatigue
life and rutting of the pavement under repetitive loads.

x10'3 Line graph: Vertical Displacement x10'3 Line graph: Vertical Displacement
315 —720 720
~— / 2880 =315 < : 2880 |-
5 ——5040 < |—— 5040
3.2 \\ / 7200 32 *7\\;\\ % 7200
325 / 325 \ % 4 =
33 \ \ -33 : \ : /
W\ /7 N\ /S
' \
-3.35
\ N / 34 \ /
24 \ / -3.45 j
-3.45 \/ 35 \J
a5 355
0 05 1 1.5 2 0 05 1 15 2
2.5% HL 0% HL
Figure 10. Vertical displacement of the Pavement Surface.

Figure 11 shows the sum of the two principal stresses, in Equation (6), due to traffic
loading. It is undisputable that the maximum value is in the wearing course at the edge
of the contact region with wheels. It can be seen that the traffic stress is dominant in the
three layers of the asphalt pavement

Oxx T Oyy Oxx — Oyy 2 2
Omax/min = T +/— (T) + (Txy) ©)
Surface: Sum of Principal Stress under Traffic Loading Surface: Sum of Principal Stress under Traffic Loading \
: ; : : : : A 2.03x10* : ; : : : : A 4.534x10*
T —— 0 U ——— 0
2 0
-05f -05f
-1 -1
-1} -2 -1} 2
-3 _3
15+t -15¢
_4 g
-2t -5 -2t _5
-6 |
_25} -25¢ 6
-] -7
-3} -3}
¥ -7.073x10° ¥ -7.01x10°
05 0 05 1 15 2 05 0 05 1 15 2
2.5% HL 0% HL

Figure 11. Sum of the 1st and 2nd principal traffic stress at time 720 h.
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Figure 12 compares the maximum value of the sum of the two principal traffic
stresses, and the maximum coupled stress of the sum of the two principal traffic stresses
and the thermal stress for a year-round time. Referring to Equation (3), the coupled stress
(s_pl+s_p2-s_T in the legend) is defined as: 0pqx + Omin — @(34 + 2u)AT. It shows that
the HL pavement has a less internal stress level under traffic loading only. However, the
thermal effect, particularly at low temperature (during the winter season), causes more
internal tensile stress level in the HL pavement than in the pavement with no HL. In the
two pavement structures, the thermal effect outweighs the traffic effect in the time of win-
ter season between 0~2500 h and 7500 h to the end of the year. The maximum sum of the
principle traffic stress is 0.17 MPa at 5000 h and the maximum couple stress is 1.46 MPa at
about 720 h for the HL pavement, while the two maximum values for the control pave-
ment are 0.28 MPa and 1.15 MPa. The results indicate that the benefit of HL on only traffic
stress reduction is about 39%, but the thermal effect on the maximum internal tensile
stress is 26% higher in the HL pavement. This result explains why there is an optimum
content of HL. for asphalt concrete modification when exposed to temperature variation
[2][Al-Tameemi et al. 2016].

x10° x10°
1.8
-=-The sum of two principal stresses by traffic loading (maxop1(s_p1+s_p2)) -=-The sum of two principal stresses by traffic loading (maxop1(s_p1+s_p2))
1.6 [~~-i|=The sum of trafic pincipal stresses and thermal stress (maxop1(s_p1+s_p2-s_T)) 1.2 - The coupled trafic pincipal stresses and thermal stress (maxop1(s_p1+s_p2-s_T))
14 ; i :
1
1.2
0.8
o 1
= &
0.8 06
0.6
0.2 0.2~
0 ‘ NGy
; ]
0.2 . : ) .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Hours Hours
2.5% HL 0% HL

Figure 12. Maximum stress value in the pavement in year round.

Figure 13 shows the coupled stress (Opmax + Omin — @(34 + 2u)AT) profile in pave-
ment at the time of 720 h in winter season. For HL pavement, the highest tensile stress is
located predominantly in the wearing course, while for the pavement of no HL, high ten-
sile stress is not only located in the wearing course but also at the bottom of the base course.

Surface: Total Pincipal and Thermal Stress v Surface: Total Pincipal and Thermal Stress
A 1.435%x10° . : : : : : . : : A 1.122x10°
0.5 1 x10° 0.5¢ 1 x10°
1.4
0r 0r 1
12
-0.5 1 -0.5 0.8
~1f 0.8 -1 0.6
0.6
“15) ~1.5 0.4
0.4 0.2
-2t -2t :
0.2
0
-2.5 0 -2.5
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5. Conclusions

This paper reports on an experimental study on the thermal properties of asphalt

concrete with added hydrated lime mineral filler. Thereafter, a numerical modelling was
conducted to analyze the environmental thermal influence and the coupled thermome-
chanical effect on the behavior of the constructed pavement structures. The following can
be drawn from this study.

2.5% addition of HL to replace the equivalent weight of limestone dust filler enhances
the thermal properties of the modified asphalt concrete of increased magnitudes of
thermal conductivity (27% for wearing mix, 7% for leveling mix, 0.17% for base mix)
and specific heat (25% for wearing mix, 6% for leveling mix, 0.16% for base mix). For
the HL modified mix there is no correlation between the thermal properties and ei-
ther the optimum asphalt cement or the mineral filler content.

Between pavement using HL concrete and that not using HL concrete, there is a very
small difference between the local temperature profiles within the structural layers.
Correspondingly, the difference of the thermal strain and stress profiles with in the
two pavements is very small as well.

The thermal effect is pronounced under the coupled thermomechanical conditions
for pavement exposed to both traffic and climatic impacts because of the temperature
effect on the mechanical properties, such as the modulus and deformation coefficient,
of the mixes.

The modelling analysis shows that the HL pavement has about 1.5% less deformation
than the control pavement at the place under the direct traffic loading. The result
highlights the benefit of HL on long-term fatigue and rutting resistance.

The modelling results indicate that the benefit of the HL on traffic-only stress reduc-
tion is about 39%, but the thermal effect increases that maximum total internal tensile
stress level by 26% in the HL pavement in the winter season. It explains why there is
an optimum HL content for asphalt concrete modification when exposed to temper-
ature variation.

The modelling results have showed that for HL. pavement asphalt concrete, the local
maximum tensile stress predominates in the surface region, i.e., wearing layer. It will
help reduce the workload in crack repairing and in the long term help on saving costs
and efforts of maintenance.
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Appendix A

Table A1. Traffic load information for estimating the 80-kN ESAL [7] (Al-Tameemi et al., 2019).

Percentage of ith Ve-Number of Vehicles/Lane Equivalent Axle Growth

Vehicle Type hicles Pi (%) per Year Ni Load Factor (EALF) Factor Gt ESALs
Passenger car unit 55 250,937.50 0.0008 2002 4019.02
(PCU)
Single-unit trucks
2 axles, 4 tires 10 45,625 0.003 20.02 2740.24
2 axles, 6 tires 10 45,625 0.21 20.02 191,816.60
3 axles or more 5 22,812.58 0.61 20.02  278,590.80
Tractor semitrailers and
combinations
4 axles or fewer 5 22,812.50 0.62 20.02 283,157.90
5 axles 10 45,625 1.09 20.02 995,619.60
6 axles or more 5 22,812.50 1.23 20.02  561,748.70
Total 100 456,250 2,317,693
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