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Permanent deformation, fatigue and thermal cracking are the three typical distresses of flexible pavement. Using
hydrated lime (HL) into the conventional limestone mineral additive has been widely practiced, including in
Europe, to improve the mechanical properties of hot mix asphalt (HMA) concrete and as the result the durability
of the constructed pavement. Large number of experimental studies have been reported to find the optimum
addition of HL for the improvement on HMA concrete mechanical properties, moisture susceptibility and fatigue
resistance. Pavement in service is under complex thermomechanical stress-strain conditions due to coupled at-
mospheric and surrounding environment temperature variation and the traffic loading. To predict and analyse
the performance of pavement structures the data only from uniaxial compressive test for the resilient modulus
and permanent deformation would be not enough. However, so far, the data of HL modified HMA concrete under
complex loading conditions are still not well informatively complete. To contribute new knowledge, this paper
reports an experimental study of both uni- and tri-axial tests for the asphalt concrete using HL into mineral
additive for the mixes designed for the applications of wearing, levelling, and base layers, respectively. All the
tests were conducted under three controlled temperatures and four stress deviations. The test results have
showed that, for all three types of mixes, the permanent deformation of the HL mixes is less than the ones of no
HL addition. The degree of the improvement on permanent deformation resistance using HL is much pronounced
at high stress deviation states. The results have also showed that the resilient modulus strongly depends on the
temperature and stress deviation while the mixes of HL addition demonstrate higher rigidity. At last, mathe-
matical characterization models have been proposed for the measured material properties. A numerical simu-
lation case study has been performed to test and demonstrate the application of the proposed unified property
model.

1. Introduction

Rutting or permanent deformation is one of the most common dis-
tresses for asphalt pavements [1]. It is due to inadequate shear strength
within pavement when exposed to high temperatures and repetitive
traffic load [2,3]. Asphalt concrete mixture design and its composite
material modification play the primary effective role to improve asphalt
pavement rutting resistance [4]. For example, layer structure design and
construction influence the high-temperature performance of asphalt
pavement because their effects on the heat dissipation and retention of
the whole structure [5]. On the other hand, modifying asphalt concrete
using mineral additives to be the micro-filler has been widely adopted
and proven effective to improve flexible pavement durability [6].
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Among the varied functional mineral additives, hydrated lime (HL) has
been of particular interest due to its chemical activity comparing with
other mineral additives, such as fly ash, limestone dust, and lower en-
ergy consumption than cement. Previous studies have proven that par-
tial replacement of the conventional limestone filler using HL at the rate
of 2.5% by the total aggregate weight produced optimistic improvement
on the resistance of Hot Mix Aspahlt (HMA) concrete to permanent
deformation [7], moisture susceptibility [8] and fatigue distress [9].
Rutting resistance of asphalt concrete is determined by both the
bitumen binder rheology and the angle of friction between aggregate
particles. Two parameters called the rutting parameter, G* /sind, and
zero-shear viscosity (ZSV) are commonly used for the binder rheological
effect [10,11]. For final asphalt concrete mixtures, the flow number
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Table 1

the key Marshall properties of the asphalt concrete mixes.
Mixes Limestone dust HL OAC Density (g/ AV

(%) (%) (%) cm3) (%)

CW 7 0 4.9 2.34 4.02
CL 6 0 4.6 2.32 4.02
CB 5 0 4.3 2.31 4.29
HL25W 4.5 2.5 5.3 2.32 4
HL25L 3.5 2.5 5 2.3 4.5
HL2.5B 2.5 2.5 4.6 2.3 4.39

parameter has been proposed to assess their rutting potential [12,13].
Both uniaxial and triaxial penetration tests are commonly used to
evaluate the flow number for the performant deformation behaviour of
asphalt concrete [14], for which, triaxial repeated load permanent
deformation test can not only check the quality of mixture design, but
also provide realistically conditional parameters for design and analysis
to predict the rutting depth of asphalt pavement [15-17] and the vari-
ation of the resilient modulus [18] under complex service conditions, as
well as the thermomechanical behaviours of asphalt concrete [19].

In spite of large number of laboratory and field studies on the HL
modified asphalt concrete [20,21], specific investigation on its rutting
behaviour is still insufficient. Particularly, the knowledge of the material
plastic and elastic properties under complex coupled climatic thermal
and traffic mechanical conditions is still limited. There is, so far, little
experimental research on triaxial tests for HL. modified asphalt concrete.
Most of the reported work on the characterization for the properties in
response to the coupled thermomechanical influence is not enough to
provide fully supportive guidance for pavement design trying to use the
HL modified asphalt concrete [22,23]. To contribute more knowledge to
fill the gap, this paper reports an experimental study on both uni- and
tri-axial tests to compare the elastoplastic behaviour, under coupled
thermal and mechanical loads, of HMA concrete mixtures with and
without HL modification. The measurements of permanent deformation
and resilient modulus have been characterized for their variation with
the complex stress states, temperature and the types of mix.

2. Experiment

Asphalt concrete mixes were made following the design standard
[24] for three pavement layers, i.e., Wearing, Leveling and Base courses.
At first, three control mixes which use limestone dust (CaCOs) only for
the mineral filler (MF) were made. The particle size of the limestone dust
is less than 0.075 mm (passed through sieve No. 200). The MF contents
are 7%, 6%, and 5% by total weight of the mix for the Wearing, Leveling

(a) Airtight pressure cell
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and Base mixes, respectively. Thereafter, three other counterpart
modified mixes were made to use hydrated lime (Ca(OH)2) to replace
the limestone dust by 2.5% of the total weight of the aggregates of each
control mix. Table 1 gives out the three key Marshall property values of
the designed total six mixes, they are the optimum asphalt cement (OAC)
content, bulk density, and air void (AV) content [7]. It shows that HL
modified mixes have a higher OAC and AV in general. More information
about the aggregate and filler materials has been provided in the
appendix.

Fig. 1 displays the experimental setup for both uni- and tri-axial tests.
The prepared six mixes were casted into cylindrical specimens by trip-
licate. All tests were conducted by triplicate. The present data are the
average of the three repetitive tests. The specimens have a size of 101.6
mm (4 in.) in diameter and 152.4 mm (6 in.) in height. Specimens were
put into an airtight pressure cell, in which a peripheral confining pres-
sure on the cylindrical side surface was applied, meanwhile a vertical
axial compressive load exists on the top of the sample. The surface of the
specimens was airproofed. The pressure cell and the specimen together
were put into an environment chamber of a controlled temperature, and
left there for at least two hours to reach a thermal equilibrium state.

The uni- and tri-axial tests were performed by applying a repetitive
axial compressive loading (load stress) in the form of a rectangular wave
with a frequency of 1 Hz, i.e., a certain load for 0.1 s followed by a rest
without load for 0.9 s. All the tests were conducted under 3 controlled
temperatures, they are 20, 40 and 60 °C. Each test had the total load
repetition number up to 10,000. The deformation in the axial direction
of the specimen was recorded using two LVDTs. The confining pressure
(confining stress) was applied by the controlled static air pressure in the
pressure cell. Using air pressure instead of traditional hydraulic pressure
to provide confining pressure for triaxial tests had been employed to
study the effects of loading speed, raw material types, and asphalt
content on the shear strength of asphalt mixtures [25,26]. Total four
loading conditions were conducted in this work, which are listed in the
Table 2. One of the uniaxial tests was conducted in another study in the

Table 2
The triaxial test load conditions.

Deviatoric Stress Confining Stress, 63, Axial load Stress, o1,

psi (kPa) psi (kPa) psi (kPa)
10 (68.9) 0(0) 10 (68.9)
20 (137.9)* 0(0) 20 (137.9)
20 (137.9) 10 (68.9) 30 (206.8)
30 (206.9) 10 (68.9) 40 (275.8)

" work conducted by Al-Tameemi et al. [7].

(b) Triaxial test under controlled temperature

Fig. 1. Triaxial experiment setup.
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Fig. 2. Permanent strain vs number of load repetition and the Franken ¢,-N representative curve.
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Fig. 3. Axial elastic strain.

same serial research.
3. Experiment results and characterization

Both the permanent and elastic deformation have been recorded for
the number of load repetition at 1, 2, 10, 100, 500, 1000, 2000, 3000,
4000, 5000, 6000, 7000, 8000, 9000 and 10,000. Fig. 2 shows the
measured axial permanent strain (e,) under the four load conditions.
Temperature presents distinctive influence on permanent deformation.
The higher the temperature the larger the permanent deformation. The
results in Fig. 2 demonstrate that, in general under the four loading
conditions, increasing mineral filler (MF) content improves the rutting
resistance since the permanent deformation of the three types of mix
displaces a trend: that of wearing layer mix (7% MF) < that of levelling
layer mix (6% MF) < that of base layer mix (5% MF). For all the mixes
under the four loading conditions, the HL modification displaces more
distinctive effect on stability improvement when exposed to high
temperature.

The curve of permanent strain vs the number of the load repetition
(ep-N) in general presents three distinctive stages [27], they are: 1). an
initial stage of consolidation; 2). a secondary stage of a slow and stable

rate of deformation accumulation, where the curve presents a nearly
linear trend; and 3). a tertiary stage dominated by shear deformation.
The number of cyclic load repetition, which corresponds the start of the
tertiary stage, is called the flow number (Fn), when the slope of the
curve begins to sharply increase. The Francken model, Eq. (1), has
commonly adopted to represent the experimental e,-N curve measured
in laboratory as it can catch up the three stage characteristics and
identify the Fn [14]. The modelling curves in Fig. 2 shows that the
Francken model well represents all the measured &,-N relationship. The
modelling curves distinct the Fn, which shows that the HL modification
largely increases the Fn when compared with that of the counterpart
control mixes, particularly at high temperature.
g, = aN?® +c(edN -1) (€D)]
where ¢, is the performant strain, N stands the number of repetitions, a,
b, c and d are four constant parameters.

Fig. 3 illustrates two examples of the measured axial resilient strain
(er) under a uniaxial and a triaxial loading conditions, respectively.
Rather than hardening, the resilient strain shows increasement after
exposed to initial numbers of load repetition. Such initial decrease of
stiffness/rigidity can be explained due to initial shakedown of the mixes.
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40 50

When subjected to cyclic or repeated loads elastoplastic structures could
respond in a resilient manner when the load applied is above the yield
limit but lower than a critical load limit [28,29]. Aligning with accu-
mulated plastic deformation there exists local aggregate rearrangement
within flowing asphalt matrix, which improves even mix of aggregate
with asphalt paste. It can be noticed that the shakedown effect di-
minishes when confining stress is applied. Fig. 3 also shows that the
increase of resilient strain due to the shakedown effect is too small to
have a significant effect on the average value when calculating the
average resilient modulus for each curve.

Fig. 4 shows the calculated average axial resilient modulus, M; =2,
€, is the average of the axial resilient strain measurement in the Fig. 3.
The data of Fig. 4(b) is from another early part of this series of research
conducted at the same laboratory following the same procedure [7]. The
results in Fig. 4 show that for all the mixes the resilient modulus
considerably influenced by temperature. The higher the temperature the
lower the modulus. The HL modification improves the stiffness/rigidity
of the asphalt concrete, enhancing the resilient modulus value at all
three temperatures.

Fig. 5 compares the resilient modulus under the four loading states
when exposed to the same temperature. It can be noticed that resilient
modulus is not a constant but depends upon the axial stress (61) and the
confining stress (63). Under the same confining state, the higher the axial
stress (07) the lower the resilient modulus. Conversely, the confining
stress increases the resilient modulus.

4. A unified characterization model for the deformation
properties

For the sake of pavement design and structural analysis, a full inte-
grated thermomechanical characteristic model is a necessary tool
required for numerical modelling and simulation to predict permanent
deformation. For this purpose, the obtained parametric values of the
Francken modelling shown in Fig. 2 for permanent deformation, and the
resilient modulus measurements in Figs. 4 or 5 need further investiga-
tion to characterise the effects of temperature and the stress states on the
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two mechanical properties. Naturally, the temperature and stress state
are two independent variables for their coupled effect on the material
properties. In addition, under complex conditions, the stress state itself
has its own independent directional components. Seeing that the per-
manent deformation or rutting and the resilient modulus has a certain
direction of interest in calculation, commonly in vertical direction of
pavement structures, the two mechanical properties, residual modulus
and permanent deformation, depend upon a local shear stress state,
which is unable to be defined using a single parameter, such as either the
stress invariants (I, Iy or I3) or deviatoric stress invariants (J1, Jo or J3),
but have to consider both the loading and confining conditions [30].

4.1. Resilient modulus, M,

A mathematical expression for granular material resilient modulus
under the triaxial stress conditions has been suggested [31], which can
be simplified as:

M, =k o,"65" 2)
where, M; is the resilient modulus, k is a material parameter relevant to
the atmospheric pressure and void ratio, m and n are two material pa-
rameters. o7 is the axial stress, 63 is the confining pressure. The Eq. (2)
has also been adopted for asphalt concrete [32]. A more general form of
the Eq. (2) has also been suggested using the 1st and 2nd stress in-
variants to define the stress conditions, replacing the oj.and o3,
respectively [33]. However, Eq. (2) has a limitation as it is unable to
represent a uniaxial condition when confining pressure is zero. In
addition, for the revised form, using the 1st and 2nd stress invariants to
represent stress condition will overestimate the tensile stress effect as
asphalt is weak in tensile comparing under compression. At last, our
research also has found that the Eq. (2) brings in high nonlinearity that
presented a challenge for the numerical solver. For the reasons, this
research proposed a new characteristic model for the resilient modulus
of asphalt concrete, which inclusively represents both the uni- and
triaxial stress states as in the form of the Eq. (3),
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Fig. 5. Comparison of the resilient modulus under different loading states.



A.A. Ashaibi et al.

Control wearing mix at 20°C

Control wearing mix at 40°C

Construction and Building Materials 418 (2024) 135307

Control wearing mix at 60°C
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Fig. 6. Modelling results of Eq. (3) for the Wearing mixes.

M, =e“" (b+03)" 3
where o7 stands for primary (axial) compressive stress, o3 the secondary
(confining) compressive stress, a, b and n are three constraints.

Figs. 6-8 show the represented M, surfaces in terms of the axial
stress, 61, and confining stress, 63 (and 63), for the uni- and triaxial tests
done in this study, the relative error of the characteristic modelling at
the measurement points. It can be clearly seen that, in general, Eq. (3)
well represents the resilient modulus of all these mixes under coupled
thermal and complex stressed conditions. The relatively big error for the

2nd series data (67 = 20 & 63 = 0) might be due to that they are from
anther study. It can be seen that, at a certain temperature, M, decreases
with the axial stress, 61, but increases with the confining stress, o3, and
meanwhile the confining stress has much more influence than the
loading stress, 67. Fig. 9 displays the variation of the parametric values
of Eq. (3), determined by the fitting results of the Figs. 6-8, with tem-
perature. Setting a as a constant against the temperature, the variation of
other two parameters, b and n, against temperature can be reasonably
represented using linear trend for simplicity to reduce the potential high
nonlinearity brought into the final numerical modelling. Table 3 lists out
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Fig. 7. Modelling results of Eq. (3) for the Levelling mixes.

the determined value of the parameter, a, and linear models for tem-
perature effect on the parameters, b and n.

4.2. Permanent deformation, €,

For permanent deformation, the Francken model for the &,-N curve
representation has the advantage to reveal the flow number. However,
for engineering practice, the flow number has less concern as asphalt
mixes and the constructed pavement have the capacity of tolerance for
deformation and distress So it does not mean that the pavement is going
to fail to work beyond the Fn. For the reason, power function, i.e, the 1st

term of the Francken model, is also commonly employed alone to
represent the ey-N curve for deformation prediction. Using the form of
power function can reduce the complexity for the sake of simple use in
practice. So, this paper in the next will adopt the power function form to
represent &,-N relationship, i.e.: &, = aNP. Fig. 10 shows the fitting result
using the function, &, = aN®, for the experimental measurements in the
Fig. 2. It can be seen that, although the power function term alone does
not clearly reflect the flow number, Fn, it well represents the &,-N curve
in the effective range before the load repetition reaches the flow number
when the mixes are assumed to fail but in fact the constructed pavement
can continue working. Fig. 11 compares the influences of temperature,
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Fig. 8. Modelling results of Eq. (3) for the Base mixes.

stress state and types of mix, and the effect of HL on the two parameters,
a and b.

Comparing the Fig. 11 with the Fig. 5, it can be seen that the vari-
ation trends of the parameters, a and b, of the power function model
against stress states at different temperature present a similarity as that
of the resilient modulus, M;. The axial load stress and the confining stress
have similarly showed an opposite effect on the two parameters. How-
ever, in general, they display a positive correlation with the axial stress,
61, but a negative correlation with the confining stress, 67. A trend just
opposites that of the M,. Based on the observation, this paper proposes to
use a revised form of Eq. (2) to characterize the stress state effect on the

permanent deformation through the two parameters, i.e.:

[a,b] = o} (03 + k)" “@
where a and b are the parameters of the power function for e,-N curves,
m, n, and k ate the three new constants of the model for the e, charac-
terisation application. The proposed Eq. (4) is applicable for both uni-
and tri-axial stress states.

Figs. 12 and 13 show the represented parametric surfaces of the two
determined parameters, a and b, of the power function model fitted to
the €5-N curves for the control and HL mixes. The markers of ‘data’ and

‘fitting result’ compare visually the determined values of the
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Fig. 9. Parametric variation of Eq. (3) with temperature.

The parametric variation of the Eq. (3) against temperature.

parameters, a and b, from the e,-N results in Fig. 10 with the values on
the parametric fitting surfaces. The naked eye direct comparison clearly
demonstrates that the parametric model, Eq. (4), and the power function

Control mixes

together can well represent the permanent deformation of all these

Wearing
a -0.025
b —4.95e-2 T + 21.47
n —-5.25e-3 T + 2.783
HL mixes

Wearing
a -0.025
b -6.38e-2 T + 21.47
n -5.35e-3T +2.87

Levelling Base

—-3.68e-2T +19.38
-5.25e-3T + 2.8

Levelling Base

—1.55e-2T +18.16
-6.78e-3 T + 2.92

-1.95e-2T + 19.86
-7.2e-3T+ 2.7

-2.33e-2T +19.75
—-6.65e-3 T + 2.74

mixes under both uni- and tri-axial stress states when exposed to
different temperature conditions. Fig. 14 shows the variation of the
parametric model’s parameters, m, k and n, with temperature. For the
wearing mixes, the one with HL modification generally has much less
variation of the m, k, and n with temperature. It indicates that HL helps
the wearing layer on the thermal deformation resistance. This attribute
remains for the levelling mixes but not for the base mixes. For the base

mixes there is little comparable trend for the variation of the m, k and n

10
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Fig. 11. The determined power function parameters, a and b, for the modelling in Fig. 2.
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Fig. 12. The representative characteristic surface using Eq.(4) for the parameters, a and b, of the ,-N power function modeling result (as demonstrated in Fig. 10) in
the case of control mixes.
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Fig. 13. Francken’s parametric characteristic surface, Eq.(4), for the 2.5% HL mixes.
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Fig. 14. The representative characteristic surface using Eq.(4) for the parameters, a and b, of the ,-N power function modeling result (as demonstrated in Fig. 10) in
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Table 4
The determined Eq. (4) for the Franken parameter against temperature.

Eq. (4) parameter, a

Control Wearing

Control Levelling

Control Base

m  1.78e+ 3 T? - 1.04e- 1.58e-3 T? - 1.06e- —4.91e-4 T? + 3.63e-
1T+ 276 1T+3.18 2T+ 1.69

n -2.09e-3T>41.32T- -1.65e-3 T2 + 1.23e- 9.07e-4 T>-5.95e-2 T
1.97 1T-2.33 -0.37

k  8.08e-3T?-5.13e- 1.06e-2 T? - 8.61e- -6.56e-4 T? — 4.13e-
1T+76 1T+ 17.57 3T+ 3.85
HL Wearing HL Levelling HL Base

m  5.75e-4 T? — 4.69- 2.01e-4 T2 - 2.18e- 1.96e-3 T? - 1.37e-
2T + 2.34 2T+ 238 1T+ 3.84

n -6.99e-4T?>+6.95e-2T-  3.06e-4 T? + 6.65e-5T  -1.67e-3 T? + 1.25¢-
1.68 -1.13 1T-257

k  2.05e-3 T? - 2.05e- 4.99¢-3 T? - 1.66e-2 T? —
1T+ 4.92 0.5305 T + 13.86 1.22T + 22.21

Eq. (4) parameter, b
Control Wearing
m  9.95e-4 T - 1.19%-

Control Base
9.64e-4 T2 — 9.24e-

Control Levelling
6.67e-4 T> — 9.08e-

1T+ 3.64 2T +2.92 2T +2.18

n  -1.45e-3T?>+1.7le- -1.14e-3T? 4 1.4e-1T-4.5 -5.57e-4 T? 4 5.22-
1T-5.47 2T-1.46

k  -9.59e-3T? 4 6.53e-  -2.96e-2T>+2.13T-16.54  7.5e-1 T2 -
1T+3.0 79.5 T + 2084
HL Wearing HL Levelling HL Base

m  5.79e-4 T - 6.6e- 1.15e-3 T? - 1.15e- 9.18e-4 T2 - 9.68e-
27T+ 2.09 1T+ 293 2T + 2.62

n  -7.48¢-4 T? 4+ 8.69e-  -1.47e-3 T2 4 1.49e-1T - -1.79e-3 T2 - 1.73e-
2T-3.15 4.21 1T-4.36

k  -1.66e-3T?>-2.04e-  -1.86e-2T?+1.28 T-1.23  -9.25e-1T>+73.67 T
1T+ 26.08 -1083

between the HL mixes and the control mix. This could be explained by
the low total mineral additive content and high air void content
(Table 1) of the base mixes. The temperature effect on the ¢, is further
characterised using parabolic function to represent the variation of the
parameters, m, k and n, against temperature. All the determined para-
bolic functions are listed out in Table 4.

5. Modelling case study of pavement rutting prediction

Using the material property characteristic models, the Egs. (3) and
(4), a numerical modelling was conducted to compare the rutting
resistance of pavement constructed using HL modified asphalt concrete
mixes with the that using the control ones. A finite element model for a
single lane pavement created before [34] was adopted. The mechanical
and thermal boundary conditions are illustrated in Fig. 15 in half for a
symmetric pavement structure. A static vertical pressure of 1000 kg was
applied as the assumed equivalent traffic load (Fig. 15(a)). The case is
set for a region in the north-west of England in the UK. The annual daily
temperature information (Fig. 15(b)) was referred to a survey reported
[35]. The daily variation of temperature in 10 °C is also considered as
illustrated in Fig. 15(c). .

As the traffic load is in the form of a static load, the case study only
investigated the annual climatic temperature variation effect on the
permanent deformation (rutting). The thermal properties of these con-
crete mixes had been reported before [34]. In this study, the coupled
thermomechanical situation has excluded the thermal expansion and
contraction factors of all materials themselves as their values are very
small and meanwhile incorporating them in the model introduces in
high nonlinearity which presented a challenge for the FEA solver,
COMSOL Multiphysics, that we used. On the other hand, as rutting
primarily happens under the traffic loading, the discussion on rutting is
focused on the deformation along the vertical line under the inside of the
traffic load (Wheels), the point A in Fig. 15(a).

Fig. 16 shows the results of the principal stresses, which is defined by
the Eq. (5), and the shear stress.
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1 1

o =3 (ox+0y) +14/72 + Z(GX ~a)’ (5a)
1 , 1 2

op =5 (0 +0y) =y [7} + (0. — ) (5b)

Fig. 16(a)-(b) indicates that the asphalt layers are mostly under
tensile in both the 1st and 2nd principal stress directions, but in
compression at the position directly under the traffic load. The
maximum tensile stress happens in the base layer at the interface with
the subbase. Fig. 16(c) shows the shear stress in x-y plane. It indicates
that the maximum shear stress happens in the region of the levelling
layer and at the position under the traffic load, where it has different
direction at the two edge sides of the traffic load (wheels). The model-
ling simulation implies that the most vulnerable place exposed for po-
tential fatigue cracking is at the bottom of the base layer while the most
vulnerable place exposed for potential rutting is the levelling layer and
directly below the traffic load.

Fig. 17 shows the FE modelling results of the resilient deformation
along the vertical line under the position A. It can be seen that in the
layers of levelling and base the local x displacement changes have the
relatively big variation in different climatic seasons (in the modelling a
reference temperature 10 °C was assumed to estimate the thermal
stress). The modelling time of 720 hrs occurred in February, 2880 hrs in
May, 5040 hrs in August, and 7200 hrs in November. For the vertical
displacement, the top surface layer shows the most climatic seasonal
variation. The temperature effect on the vertical displacement reduces
with the pavement depth.

Fig. 18 shows the thermal stress in the asphalt and subbase layers
under the position A. It can be seen that climatic seasonal temperature
change has significant effect on the thermal stress in the asphalt layers.
The thermal stress in spring (2880 h) and autumn (7200 h) is relatively
small. However, the thermal stress changes from compression in winter
(720 h) to tensile in summer (5040 h). The thermal stress in subbase is
neglectable. Such climatic variation of thermal stress plays a key role for
thermal fatigue as discussed in a previous study [Al Ashaibi et al., 2022].

Fig. 19 shows the mechanical shear strain under the position A due to
traffic load. It can be seen that the mechanical shear strain also shows
variation in different seasons because of the temperature effect on ma-
terial properties, such as the resilient modulus. However, in comparison
with the Fig. 18, the seasonal variation of the mechanical shear strain is
much less than that of the thermal stress.

Fig. 20 compares the vertical displacement under position A between
the pavements constructed using the control mixes, HL = 0%, and the
modified ones, HL. = 2.5%. It can be seen that the pavement using HL
modified mixes has less vertical displacement in all four different
seasons.

Fig. 21 compares the shear strain under position A between the
pavements constructed using the control mixes, HL = 0%, and the
modified ones, HL. = 2.5%. It displaces that, in line with the results in
Fig. 20 the pavement using HL modified mixes has less shear strain in all
four different seasons as well.

Fig. 22 compares the thermal strain under position A between the
pavements constructed using the control mixes, HL = 0%, and the
modified ones, HL = 2.5%. The results show that the pavement using HL
modified mixes has bigger thermal strain in tensile in summer season
(5040 hrs), but has less thermal strain in compression in all other three
seasons. The results implies that the HL modification might be more
beneficial for pavement construction in relatively cold geo-region.

As the modelling didn’t consider the loading repetition of traffic, no
demonstration of the permanent deformation, e, prediction using the
model Eq. (4) has been performed in this paper. A demonstration for this
application will be reported in another paper. The numerical simulation
so far has demonstrated that the pavement deformation is subjected to
both the complex triaxial stress situation and the climatic temperature
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Fig. 15. Pavement case study modelling (in reference to Al-Ashaibi et al. [34]).
HMA concrete mixes at different temperature conditions, and compar-
Table 5 ison with the control mixes with no use of HL. Based on the experimental
Finite element geometric data. results, a unified mathematical model has been proposed to characterize
Surface/  Binder/ Base Subbase Subgrade  Traffic the dependence of the resilient modulus and permanent deformation on
Wearing  Levelling load / complex stress condition and temperature states of mixes. Together with
Wheel a modelling case study, the following conclusions can be drawn from
Thickness 50 70 90 300 2500 - this study.
(mm)
W‘(“i;iln) 1800 2 e HL additive helps the deformation resistance of the HMA concrete.

Its effect is particularly pronounced when mixes have high content of
the total mineral filler, and accordingly high HL content.
condition. The proposed characteristic models for the material proper-

ties not only produce good representation but also effectively work well o The elastic resilient modulus for fresh HMA displays initial increase

when adopted in the numerical simulation. when exposed to repetitive loads. This is probably due to aggregate

re-arrangement in the asphalt matrix which improves the mix of

6. Conclusion asphalt paste and aggregates. This explanation is in line with the

results that the HL addition reduces the resilient strain of mixes,

This paper reports research on uni- and tri-axial tests for the per- particularly at higher temperature because HL improves the stiffness
manent deformation and resilient modulus of hydrated lime modified of the asphalt paste.

17



A.A. Ashaibi et al.

Construction and Building Materials 418 (2024) 135307

Pavement using control mixes

Pavement using 2.5% HL mixes

m

) o
Time=8760 s syrface: First principal stress (N/m?)

m

Time=8760 s gyrface: First principal stress (N/mZ?

ol

-
N
3

of x10* 0 x10*
-0.2¢ 1.5 -0.2
0.4} 0.4 15
0.6} 0.6
-0.8} 1 -0.8

-1f -1 .
-1.2f -1.2
S1.4- 0.5 -1.4 0.5
-1.6L -1.6

-1.8
-1.8¢

7 ’ 22 °
2.2} '2'4
-2.4r -0.5 -2:6 -0.5
-2.6f o8
2.8} =

-3F -1 3.2 . . . -1

0 a1 2m
Ist principal stress, g1
Time=8760 s syrface: Second principal stress (N/?’n‘ Time=8760 s syrface: Second principal stress (N/m’
- ; v ) m . . .

o x10* or x10*
0.2} 85 -0.2} 0.5
-0.4r- -0.4+
0.6 -0.6}

-0.8f Y -0.8} 0
a1k 1k
120 1.2}
-1.41 -0.5 1.4} -0.5
-1.6- -1.6f
-1.8+ -1.81
-1

Ik 1 2
2:21 -2.2¢
-2.4F -2.4F -1.5
=2.6F 1.5 -2.61
2.8k -2.8f

-3t -3r -2

1 1 -3.2 L - L

2™ principal stress, gp2

m

3 3

of — { x10 ol x10

-0.2f — 1 025
e :

-0.4f 1 W 0.4} 6
-0.61 1 -0.6}-
-0.8 114 -0.8} 4

-1k f K1
1.2} 1H2 1.2} 2
-1.4+ g -1.4}+
-1.6f 1Ho -1.6} 0
-1.8} 1 -1.8r

-2 1 3 -2r 2
2.2t 1 ~Zlr
-2.41 ] 4 -2.41 4
-2.6 ] 2.6/ 1
-2.8r 1 -2.8r -6

_30 1 -6 .3t

: . . -3.2 . . .

. o
Time=8760 s syrface: Stress tensor, xy component

! o
Time=8760 s syrface: Stress tensor, xy component

m

o

=

Shear stress, Txy

Fig. 16. The FE modelling results of the mechanical principal and shear stresses distribution.
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number. However, a simplified power function works well enough
for the effective part of €)-N curves before material failure.

e The proposed unified characteristic model for the resilient modulus
and the parameters of the power function model for the &,-N curves
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Fig. 20. Comparison of the vertical displacement under A between the HLO and HL2.5 pavements.

give good representation for the two material properties under
complex conditions from uniaxial to triaxial stress states at different
temperature.

The parametric variation of the unified characteristic model well
reflects the HL effect of the improvement on HMA concrete rutting
resistance. The proposed characteristic model can be implemented
into numerical modelling and simulation for pavement structural
analysis, deformation and rutting prediction when pavement is
exposed to coupled thermomechanical loading in service.

The numerical case study demonstrated the benefit of the HL
modified asphalt mixes for the constructed pavement in terms of the
thermal fatigue and thermomechanical deformation resistance.
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Appendix. Extra information of the aggregate and fillers

Table Al presents the selected aggregate gradation alongside the specification limits for Wearing, Levelling, and Base courses according to the
ASTM D 3515. The selected gradations for these courses meet the corresponding specification limits for mix types D-5, D-4, and D-3, respectively. The
data includes sieve sizes, ranging from 37.0 mm (1.5 in.) to 0.075 mm (No.200), and the corresponding percent passing for each course.

Table A1
The aggregate gradation against the specification limits.
Sieve Size Percent Passing (%)
mm inch Wearing Course Leveling Course Base Course
Selected Specification limit for mix type Selected Specification limit for mix type Selected Specification limit for mix type
gradation D-5, ASTM D3515 gradation D-4, ASTM D3515 gradation D-3, ASTM D3515
37.0 1.5 100 100
25.0 1 100 100 95 90-100
19.0 3/4 100 100 95 90-100 83
12.5 172 95 90-100 80 68 56-80
9.5 3/8 83 69 56-80 61
4.75 No.4 59 44-74 50 35-65 44 29-59
2.36 No.8 37 28-58 35 23-49 32 19-45
0.3 No.50 13 5-21 13 5-19 11 5-17
0.075 No.200 7 2-10 6 2-8 5 1-7

Limestone dust

Fig. Al. The filler materials.

Fig. Al. Shows the appearance and the used states of the two filler materials. Fig. A2 gives out the SEM images at magnification level of 2 K. The
SEM examination unveils the distinctive difference between the particles of the two fillers. The limestone dust particles demonstrate an angular
crystalline structure with a rough surface, a typical character of the calcite, which helps enhance mechanical interlocking when used as a filler. On
contrast, the hydrated lime particles display a more amorphous and irregular arrangement with a smoothly flocculated texture, a character of a
substantial specific surface area, which plays the main role improving the performance of concrete mixes using the filler. The smoother surface texture
of hydrated lime particles, due to the chemical hydration process, benefits better adhesion and reactivity when mixed with asphalt cement to enhance
the performance of the binder.
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Fig. A2. SEM for the two types of fillers.
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