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Fatigue Cracking Characterisations of Waste-derived Bitumen Based on
Crack Length
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Abstract: This study aims to characterise fatigue cracking of two types of waste-derived
(bio-oil and LDPE) bitumen. Modified Paris’ law and Griffith criterion were proposed to
investigate crack propagation and initiation of the bitumen. Results show that the bio-oil
delays and the LDPE accelerates crack initiation, and the bitumen itself dominates crack
propagation of unaged bitumen. The bio-oil did not take the effects in altering bitumen’s
fatigue performance after pressure ageing vessel (PAV) ageing. PAV-aged LDPE modified
bitumen is more prone to fatigue crack in crack initiation phase, but it remains the same crack

propagation rate as PAV-aged control bitumen.
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1. Introduction

Petroleum-derived bitumen is a by-product of crude oil distillation and heavily used as a
binder for transport infrastructures, e.g., surface paving of roads [1], highways [2], bridges
[3], car parks [4] and airport runways [5]. However, over the years there have been increased
concerns over negative environmental effects of petroleum industry [6]. Moreover, from the
perspective of economic evaluation, the bitumen accounts for approximately 40~50% of the
cost of materials used to produce asphalt mixture. Consequently, the cost of asphalt mixture
is very sensitive to the price of the bitumen, which is then related to the price of crude oil in
most cases. Therefore, it is essential that the eco- and cost-friendly bitumen is sought.

Meanwhile, in the UK there are nearly 8 million tonnes of household waste plastics and
municipal solid waste (MSW) almost unrecycled and typically landfilled or incinerated each
year. One of the most promising methods to recycle a certain portion of these wastes is to use
them as construction materials for transport infrastructures [7, 8]. Regarding the waste
plastics, laboratory experiments show that incorporating waste plastics (by 5~10wt.%) into
asphalt mixture can effectively enhance its stability [9], strength [10], and durability [11]. At
present, there are mainly two options for recycling waste plastics in asphalt mixture, namely,
the dry way to replace fine aggregate [12] and the wet way to serve as a binder modifier [8].
In terms of the MSW, originally collected from households and then processed at Material
Recovery Facilities for recovering recyclable materials, the main components are
decomposed food, papers, textiles, plastics, wood, and some inert materials. Hence, it is not
feasible to directly use them without proper processing to enhance the eco, cost or
mechanical performance of the bitumen or asphalt mixture. Recently, pyrolysis, which is a
thermochemical decomposition of organic material that occurs at moderate temperatures of
300~500°C in the absence of oxygen, has been employed as a method for waste disposal and
energy recovery [13]. There have been increasing research activities and industrial
developments of pyrolysis of the MSW by using a different type of reactors to produce
pyrolysis oil [14]. In addition, duo to its great application potential showed by the altered
physical, chemical, mechanical and economical properties [7, 13], pyrolysis oil derived from
the MSW has attracted increasing research attention and been regarded as a promising
candidate to enhance the bitumen’s engineering performance. However, an increasing
demand is substantially raised for a comprehensive understanding and an accurate prediction
of engineering performance (e.g., fatigue) of the bitumen modified by those waste materials
including the waste plastics and MSW pyrolysis liquid.

It is observed that fatigue crack is one of the most common distresses caused by load-induced
deterioration in asphalt pavements at intermediate temperatures (e.g., 20°C) [15]. The fatigue
performances (e.g., fatigue life) of asphalt pavement are dependent of fundamental material
properties (e.g., shear relaxation modulus, shear strength and receding surface energy) of the
bitumen, which contribute to the microcrack initiation [16], propagation [17], and ultimately
coalescence of microcracks and growth in the form of macrocracks [18] in the asphalt
pavement. Damadi et al. [19] investigated fatigue performance of the bitumen modified by
composite of Nano-SiO, and Styrene Butadiene Styrene (SBS) Polymer, and concluded that
this new component Nano-Si0, can mitigate the phase separation of SBS modified bitumen
and improve its potential of fatigue failure resistance. Ameri et al. [20] evaluated fatigue
property of reclaimed asphalt binder (RAB) modified with rejuvenator and softer bitumen.
They found that both the rejuvenator and softer bitumen can effectively enhance the fatigue
performance of the bitumen containing up to 100% RAB and 50% RAB in the virgin
bitumen, respectively. Although there were lots of other research efforts [21-23] on fatigue
properties of the modified bitumen, but how the fatigue performance alters when the bitumen



is modified with the waste plastics and MSW is still unknown. Hence, accurate
characterisation and quantification of fatigue properties of the novel bitumen derived from
the waste plastics and MSW are important for performance optimisation and evaluation of
extension of their service life.

Until recent, how to select proper material parameters to characterise fatigue cracking
performance has attracted more attentions. To characterise fatigue cracking of the bitumen,
fatigue index, defined by the product of dynamic shear modulus and sine values of phase
angle, was firstly developed by the Strategic Highway Research Program (SHRP) to quantify
fatigue performance of the bitumen at intermediate temperature [24]. However, many recent
research efforts showed that there were poor correlations between this fatigue index and the
fatigue performance of asphalt mixture produced with modified bitumen [25-28]. Continuous
efforts were made to search for alternative test methods to correlate fatigue performance of
the bitumen well with the one of asphalt pavements, which mainly consisted of time sweep
test and linear amplitude sweep (LAS) test. Anderson et al. [29] firstly reported that in time
sweep test the curve of dynamic modulus versus load cycle presented a typical fatigue
behaviour, based on which they recommended that time sweep test can be selected as a
bitumen specification for the characterisation of fatigue cracking. The other well-known test
method is LAS, which was proposed based on viscoelastic continuum damage (VECD)
theory [30]. In the time sweep and LAS tests, the widely used fatigue parameters were
dissipated strain energy [31], dissipated pseudo strain energy [32], pseudo stiffness [33], and
internal state variable [34], all of which were indirect and empirical indicators for defining
fatigue cracking of the bitumen. Zhang and Gao [35] successfully developed a damage
mechanics-based crack growth model (i.e., dynamic shear remoter-cracking (DSR-C) model)
and used crack length to characterise fatigue cracking performance of the bitumen based on
the time sweep test. Integrated with the modified Paris’ law and Griffith criterion, this paper
is going to present both crack propagation and initiation behaviour of the bitumen, the benefit
of which is that only fundamental material constants (e.g., shear relaxation modulus, shear
strength and receding surface energy) are needed to serve as an evaluation of the resistance to
fatigue cracking of the waste-derived bitumen.

This study aims to characterise fatigue cracking performance of two types of waste-derived
bitumen, including the bio-oil modified bitumen using MSW pyrolysis liquid and the plastic
modified bitumen by low-density polyethylene (LDPE). Theoretical fatigue cracking models
of the bitumen based on the DSR tests were firstly presented, followed by the DSR fatigue
tests and surface energy experiments. This consisted of the fabrications of the bio-oil
modified bitumen and the LDPE modified bitumen, preparation of the DSR and surface
energy specimens, and receding contact angle tests of virgin and PAV-aged waste-derived
bitumen. Then, characterisations of cracking performances of virgin and PAV-aged control
and waste-derived bitumen were analysed in detail, based on which how the waste materials
affected crack initiation and propagation were quantified. Last section summarised the main
contributions of this paper.

2. Theoretical Models for Bitumen Cracking
2.1 Crack Propagation and Initiation of Bitumen under a Rotational Fatigue Load

Dynamic shear rheometer (DSR) is commonly utilised to characterise the viscoelastic
properties of the bitumen; additionally, it can be effectively used to evaluate and predict the
fatigue crack performance of the bitumen by applying a rotational fatigue load. Zhang and
Gao [35] proposed a damage mechanics-based crack growth model, which was employed to
calculate the crack length of the bitumen under the rotational shear fatigue load. The crack



length in a strain controlled DSR time sweep fatigue test can be shown by Equation (1):
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Where, CL is the crack length of the bitumen at the N*" load cycle; |G*o| and & are the
dynamic shear modulus and phase angle of the bitumen in the undamaged state, respectively;
|G*M and Sy are the dynamic shear modulus and phase angle of the bitumen at the N load
cycle in the damaged state, respectively; ry is the original radius of the bitumen sample (i.e.,
4mm in this study).

Equation (1) presents an accurate and effective method to calculate crack length of the
bitumen in a time sweep procedure of the DSR test using measured shear modulus and phase
angle. It should be noted that the |G*| and & can be calibrated at relatively low strain level
(e.g., 0.1%-0.5%) and intermediate temperatures (e.g., 15°C and 20°C) of a linear amplitude
sweep procedure; the |G”y| and Jy can be measured at high amplitudes of shear strain (e.g.,
5% and 7%) of the time sweep procedures (e.g., 15 and 20°C; 10 and 20Hz). The damaged
bitumen samples after the time sweep procedures were firstly cooled down to 3°C followed
by their uninstallations. Then, digital visualisations of cracked surfaces for two types of neat
bitumen, one polymer-modified bitumen, and two types of waste-derived bitumen before and
after ageing was conducted to obtain the measured values of crack lengths. Results show that
Equation (1) can accurately predict the crack length in different types of bitumen (neat
bitumen, polymer modified bitumen, and waste-derived bitumen) before and after ageing.
Part of these results can be found the authors’ published paper [35].

The original Paris’ law is a crack growth equation that gives the rate of a fatigue crack
growth of a linear elastic material [36]. Lytton et al. [37] extended the application of original
Paris’ law to viscoelastic media (e.g., asphalt) by employing the pseudo parameters (e.g.,
pseudo J-integral and pseudo strain energy release rate), which were originally proposed by
Schapery [38]. Using the crack length to characterise the fatigue cracking, the modified Paris’

law can be presented by Equation (2):
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Where, N is load cycle; 4 and » are crack related material constants; AJ is the incremental
pseudo J-integral, which can be calculated by Equation (3) for a strain controlled rotational
shear fatigue load, e.g., in time sweep test [39]:
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Where, Gy is the shear reference modulus and assigned to the dynamic shear modulus |G|
[40]; )" is the uncracked radius of the DSR sample at the (N-1)™ load cycle, and it can be
determined as 7, ' =7, —CL"™ where CL"™" can be determined by Equation (1); &is the
amplitude of rotational angle controlled by DSR; /4 is the height of the DSR sample.

It is worth noting that the incremental pseudo J-integral in Equation (3) mitigates the viscous

impact on the crack growth of the bitumen and quantifies the pseudo strain energy release
rate duo to crack growth. It also should be stressed that the modified Paris’s law only can be



used for the characterisation of crack propagation; hence, the |G"y], dy, and rbfv ! should be

obtained at the crack propagation phase in the crack curve. Additionally, Equation (3) has
been successfully employed to interpret the “shallow” and “deep” crack growths of crack
propagation, details of which can be found in the authors’ recent work [39].

Schapery [41] proposed theoretical models to calculate 4 and » of the polymer based on its
fundamental material parameters, which can be shown in Equations (4) and (5).
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Where, 7, is the shear strength; m' is the slope of double logarithmic shear relaxation
modulus curve; G is the initial shear relaxation modulus, where the shear relaxation modulus
is modelled as G (t) =Gt ; and AGy s the fracture bond energy that is two times of its

surface energy calculated from the receding contact angles.

Griffith [42] stated that a critical condition for crack initiation was that the total external
energy input was equal to the energy consumed in creating new cracked surfaces. Combined
with the correspondence principle proposed by Schapery [38], Griffith criterion when applied
to the bitumen can be expressed as follows:

R
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Where, W* is the total pseudo strain energy after the energy redistribution in the DSR
bitumen sample, which can be formulated by Equation (7):
W= RPSE =, RESEAV 4T (C.5.4) )

Where, RPSE is the recovered pseudo strain energy; I'yis the surface energy calculated from
the receding contact angles; C.S.4 is the crack surface areas including the upper and lower
crack surfaces; and V,,,; and V.. are the total and cracked volume of DSR bitumen sample,
respectively. Details of Equation (7) can be found in the Appendix of this paper.

Hence, the crack initiation criterion of the bitumen in a strain controlled time sweep fatigue
test can be obtained by substituting Equation (7) into Equation (6), and the critical strain
level at which the crack is initiated can be calculated by:
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Where, %pininiae 18 the critical strain for crack initiation; and CL, is the “edge-flow” crack
length for crack initiation of the DSR bitumen sample [43]. Detail of the derivation of
Equation (8) can be found in the Appendix of this paper. It is also noted that Equation (8) is
a reformed model for the critical strain at cracking initiation that was derived as Equation
(21) in the authors’ recent work [43] where a relationship between film thickness (%) and the
energy release area (ka) is used as & = ka.



2.2 Calculation of Surface Energy of Bitumen

Surface energy I" is one of the key parameters affecting the cracking properties of the
bitumen. However, it is not feasible to directly measure it, and at present one of the preferred
methods is to measure contact angles using sessile drop method and then determine the
surface energy of the material. In this method, the drops of a small amount of probe liquids
are deposited on the bitumen sample surface and the contact angles between the liquids and
the bitumen surface are measured, based on which the surface energy can be obtained using
Young-Dupre equation [44]:

(1 +C0s 9) I_‘liquid =2 [\/FLWrﬁzid + \/FJrl—;quid + \/l—‘ir;quid :| (9)
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Where, €1s contact angle between the probe liquid drop and the bitumen; I' liquid »

liquid >
1, I',..,and I, ., are the surface energy of the probe liquid, the Lifshitz-van der
Waals component of the bitumen, the Lifshitz-van der Waals component of the probe liquid,
the Lewis acid component of the bitumen, the Lewis base component of the bitumen, the
Lewis acid component of the probe liquid, and the Lewis base component of the probe liquid,
respectively.

After obtaining the values of I'*”, T'*, and I™-, the total surface energy can be calculated by:
F=T" +2JI"'T" (10)
3. Materials and Experimental Characterisation

3.1 Fabrication of Waste-derived Bitumen

Bitumen X70 was selected as a control and base bitumen to develop the waste-derived
bitumen by mixing with waste material (i.e., bio-oil or LDPE). The concentrations of bio-oil
and LDPE in the modified bitumen were Swt. % and 6wt. %, respectively. Detailed
characterisations of the control bitumen, bio-oil, and LDPE can be found in Table 1.

Table 1. Characterisations of X70, bio-oil, and LDPE

Measure Value
Penetration @25°C dmm 45-80
X70 2 Softening Point °C >45
Force Ductility @5°C J/em? >3
Flash Point (Cleveland) °C >250
Fraas Breaking Point °C <-12
Water Content wt. % 25.4
bio-oil b Solid Content wt. % 19.3
Higher Heating Value Ml/kg 28.0
Density g/cm’? 0.972
Melting Point °C 126
. Melting Heat MlJ/kg 0.141
LDPE Density g/om? 0.934
Thermal Degradation Point °C 220

a Data provided by the supplier. ® Data referenced from the authors’ previous work [ 13]. ¢ Data obtained from
DSC and density tests.

To fabricate Swt. % bio-oil modified bitumen, bio-oil was firstly put into a clean beaker



followed by adding well-calculated mass of hot control bitumen. Then, a high shear mixer is
used to mix them homogenously at a speed of 150RPM for 30min at 150°C under nitrogen
atmosphere. Regarding the 6wt. % LDPE modified bitumen, hot control bitumen was firstly
put into another clean beaker followed by adding accurately calculated mass of the LDPE.
Then, the high shear mixer is utilised to blend the LDPE at a speed of 900RPM for 90min at
180°C under nitrogen atmosphere. The blending speed and time were selected to ensure the
LDPE was completely melted and distributed within the hot bitumen.

3.2 Preparation of DSR and Surface Energy Test Specimens

As mentioned in Section 2, the designed tests mainly include DSR tests and surface energy
tests. The major goal of the DSR tests is to accurately measure shear strengths, dynamic
moduli, and phase angles of the undamaged and damaged bitumen. In terms of surface energy
tests, the main objective is to obtain contact angles between the bitumen and probe liquids.

Before starting the tests, the bitumen samples stored in containers were heated in laboratory
oven at 165°C for 30min to reduce material viscosity. Then hot bitumen was carefully
distributed into silicone specimen mold with a cavity of 8mm in diameter and 2 mm in depth.
After 15 minutes, the DSR sample was carefully demoulded from the mold and be installed
and trimmed on the surfaces of bottom and top plates to conduct the DSR tests shown in
Figure 1. The LAS, frequency sweep and fatigue tests were conducted on the DSR using an 8
mm diameter parallel plate geometry and 2 mm gap setting, as shown in Figure 1. To make
the bitumen samples contact well with the DSR plates and reduce the heterogeneity due to the
fabrications of these samples, all bitumen samples were preheated to 80°C before the tests
started. After the DSR tests, both plates were checked carefully to make sure the adhesions
between them were still excellent. To examine the repeatability of the experiments, three
replicates were tested at each condition and additional replicates were added when the
repeatability COV of target shear strengths, dynamic moduli and phase angles were greater
than 5%, 10%, and 5%, respectively, which is in consistent with the standard of EN 14770:
2012.

Figure 1. Trimmed configuration of an undamaged cylindrical bitumen sample

In this paper, surface energy for cracking was measured by a versatile optical tensiometer,
where the Attension Theta Flex tensiometer was used. Microscope slides with 76 x 26 x1mm
dimensions were cleaned by acetone and distilled water, and then dried by laboratory oven at
60°C for 30min. After that, the slides were dipped into the melted bitumen for 10 seconds and
then held out of the container for another 10 seconds to make extra hot bitumen drop off the
slide. To get a flat and smooth surface of the bitumen sample, the above process needs
repeating for at least 3 times, if necessary. Then the bitumen sample was cooled to ambient
temperature in a desiccator with anhydrous calcium sulphate crystals for 24 hours. Figure 2



presents the bitumen in the container and on microscope slides, and the installation of
microscope slide coated with the bitumen on the Attension Theta Flex tensiometer.

Figure 2. Bitumen in container and on microscope slides, and contact angle test of the
bitumen by Attension Theta Flex tensiometer

3.3 Experimental Characterisation of Bitumen
a) LAS test to determine shear strength, dynamic shear modulus and phase angle

To calculate crack length, incremental pseudo J-integral and material parameters (4 and n)
described in Section 2, shear strength, dynamic shear modulus and phase angle of the
undamaged bitumen need to be calibrated firstly. Figure 3 presents the stress and strain
relationship obtained from linear amplitude sweep (LAS) test of the unaged control bitumen
conducted at 10Hz and 20°C. In the LAS test, the start and end shear strain level were
selected as 0.01% and 100%, respectively. As described by AASHTO TP 101-14 [45], the
LAS test can be used to evaluate the ability of the bitumen to resist shear damage by
employing cyclic shear loading at increasing amplitude to accelerate damage. Hence, shear
strength of the bitumen is the peak stress value 7, (i.e., 290.4 kPa for this unaged control
bitumen) based on the curve of shear stress versus shear strain.
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Figure 3. Dynamic shear modulus, phase angle and shear stress versus strain curves from
LAS test (10Hz and 20°C)

Figure 3 also shows that, in the LAS test, both dynamic shear modulus and phase angle vary
little or remain the same when the amplitude of shear strain is low, e.g. less than 0.8%. This
implies that 0.8% is a critical threshold strain level, below which the selected unaged control



bitumen sample is undamaged at 10Hz and 20°C. When the amplitude of shear strain is over
0.8%, dynamic shear modulus decreases and phase angle increases dramatically, which
indicates that cracks appear in the control bitumen. Theoretically, the |G| and & can be
obtained by averaging the |G*)| and dy in a strain level between 0.01% and 0.8%, within
which the bitumen is in an undamaged condition. But practically, the sample-to-sample
variation of the bitumen needs to be considered, because the |G*| and & measured herein will
be used to characterise the fatigue performance of the bitumen by integrating the following
results of frequency sweep tests and fatigue tests. The DSR bitumen sample after the LAS
tests which is already damaged cannot be reused to investigate fatigue properties of the
unaged control bitumen. Therefore, a new DSR bitumen sample was employed to measure
the |G”o| and & with the LAS start and end strain levels ranging from 0.1% and 0.5% (both
less than 0.8%). The |G| and & of the PAV-aged control bitumen, unaged and PAV-aged
bio-oil modified bitumen, and unaged and PAV-aged LDPE modified bitumen were obtained
using the same method.

b) Frequency sweep and fatigue tests to determine viscoelasticity and fatigue properties

Frequency sweep tests with strain level of 0.5% using the DSR were conducted at
temperature sequence of 70°C, 60°C, 50°C, 40°C, 30°C, 20°C, and 10°C, and in a frequency
range from 0.1Hz to 25Hz. It should be stressed that there is no fatigue damage introduced in
all these scenarios. The dynamic shear moduli and phase angles were obtained at the above
temperatures and frequencies, and master curves of the dynamic shear modulus and phase
angle can be accurately constructed [46]. Then, by using the interconversion equations for
linear viscoelastic material [47], shear relaxation modulus can be accurately calculated,
where the model parameter G,and m' can be determined.

A strain-controlled fatigue test based on time sweep procedure of the DSR was employed to
characterise fatigue cracking performance of the bitumen (10Hz, 20°C). The time sweep test
was conducted using sinusoidal loading with a rotational amplitude (i.e.,6) of 0.025 rad to
achieve the target strain level of 5% at the edge of the bitumen sample. The reason of the
selection of 5% target strain level is that 5% strain level was well controlled for the waste-
derived bitumen in the full time sweep loading history, which yielded reliable test results.
The schematic plot of the loading sequences employed in the experiments can be found in
Figure 4.
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The reason why the strain-controlled test rather than the stress-controlled one was employed
is that the stress-controlled test introduces an unstable or unmeasurable crack growth at some
point of the test, which makes the evaluation of fatigue cracking unreliable. In the strain-
controlled test, both the initiation and propagation of fatigue cracking are more stable, and the
experimental results are well replicated. Therefore, the strain-controlled mode instead of the
stress-controlled one were selected to characterise the fatigue performances of the bitumen.

¢) Contact angle tests to determine surface energy

Sessile drop method (using Attension Theta Flex optical tensiometer) was adopted to measure
the contact angles of the bitumen surfaces with different probe liquids. The contact angle
results were then used to determine surface energy components using Equation (9). There
are two types of dynamic contact angles (i.e., advancing, and receding contact angles) can be
measured by the mode of automatic dynamic contact angle built-in the tensiometer. Lytton et
al. [48] stated that the surface energy calculated from the advancing contact angle contributed
to crack surface wetting and was related to the healing process; the receding contact angle
was associated with the de-wetting thus linked to the crack opening process. For cracking
purpose, this study used the receding contact angles to determine the surface energies of the
materials.

Automatic dynamic contact angle experiments are conducted to obtain the receding contact
angles between the bitumen samples and five preselected probe liquids (i.e., Ethylene glycol,
Water, Formamide, Glycerol, and Diiodomethane) with known surface energy components.
For each liquid, three clean and dry microscope slides coated with the bitumen were utilised
to reduce the variation of contact angle measurements. An automatic dispenser with a gauge
needle and an adapter containing different probe liquids was utilised herein. The adapter was
mounted to the dispenser and the needle was connected to the adapter. When the sample for
the experiment was in place of the tensiometer, key configurations of built-in software (i.e.,
OneAttension software) were set up immediately, including the creation of the user level,
selection of the experimental mode (i.e., automatic dynamic contact angle), completion of the
recipe (critical parameters of the experiment can be transmitted to the computer). Once all the
above controls have been set up, the experiment can be started and continued until its
completion.

There are two options (i.e., tilting cradle and thin needle method) available to obtain the
dynamic contact angles with the tensiometer. Tilting method was used herein to measure the
receding contact angle, which mainly includes the following steps: 1) A droplet of the probe
liquid is placed on the bitumen sample surface and tilting starts; 2) Once the droplet starts
moving on the bitumen sample surface, the receding contact angle have been reached, and the
roll-off angle of the surface is also detected; 3) After setting the baseline to the bitumen
surface, contact angles can be imaged directly by the image recording system of the
tensiometer. The built-in software of the test equipment automatically recognises and
calculates the receding contact angle between the selected probe liquid and the bitumen.

4. Results and Discussion

4.1 Improvements of Cracking Performance of Unaged Bitumen Modified by Bio-
oil or LDPE

Figure 5 shows the evolution of crack length determined by Equation (1) for the unaged
bitumen, which can be divided into three parts, including crack initiation phase, plateau phase
and propagation phase. The behaviour of the crack initiation phase is governed by the
modified Griffith criterion shown in Equation (8), and the propagation phase is controlled by



the modified Paris’ law shown in Equation (2). In the plateau phase, cracks grow slowly
with load cycle, which is believed to result from the restructure of the microstructure of the
unaged bitumen after the crack initiation, particularly for the rearrangement of the
lightweight components in the bitumen (e.g., saturates and aromatic) and this delays the
growth of the cracks. It is expected this plateau phase is minimised or will disappear when
the bitumen becomes aged due to the loss of the lightweight component during ageing, which
will be discussed later.
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Figure 5. Evolutions of crack lengths of the unaged control bitumen, bio-oil modified
bitumen, and LDPE modified bitumen

Figure 5 also shows that the bio-oil substantially reduces the crack length thus enhances the
crack resistance of the unaged bitumen in the whole loading times; and this is due to that the
bio-oil contains more saturates with light molecules [ 13], rejuvenating the bitumen and
increasing the cracking resistance of the material. The LDPE-modified bitumen has more
severe cracking in the first 425 load cycles than the control bitumen, and after that the LDPE
gradually inhibits the crack growth, leading to a lower crack growth in the unaged bitumen.
The fundamental reasons behind this observation is that the short molecular chain of the
LDPE melted in the bitumen can effectively increase the lightweight components and absorb
the polar and interactive asphaltenes of the unaged control bitumen [49], which helps to form
a network structure with a continuous polymer phase and strengthen the anti-crack
performance in the plateau phase. This absorption and network formation may take some
time thus will not reduce the crack growth until the plateau phase is finished and the
propagation starts.

The above observations can be verified by theories of crack initiation (i.e., Equation (8)),
and propagation (i.e., Equations (2)~(5)). The surface energy calculated from the receding
contact angles of the unaged bitumen can be obtained by the following two steps: 1) measure
the receding contact angles between the bitumen and five different probe liquids; and 2)
employ a least square method [50] to optimise the value of the surface energy of the unaged
bitumen based on Equations (9) and (10). The calculated surface energy, dynamic shear
modulus and phase angle of the unaged bitumen are summarised in Table 2.

Table 2. Receding surface energy” I'y, dynamic shear modulus |G”| and phase angle & of the
unaged bitumen

Control bitumen ' (mJ/m?) |G| (kPa) & (°)




25.3 6123.4 55.9
Bio-modified bitumen 23.3 2448.1 63.4
LDPE-modified bitumen 33.5 10744.7 47.9

* Receding surface energy implies that this surface energy is calculated from receding contact angle test.

After substituting the receding surface energy, dynamic shear modulus of the unaged bitumen
and edge flow crack length (i.e., 0.3898mm, 0.2660mm, and 0.5134mm, respectively, for the
unaged control bitumen, bio-oil modified bitumen, and LDPE modified bitumen) into
Equation (8), the critical strain levels }puiiqe are determined as 0.778%, 0.803%, and 0.650%
for the unaged control bitumen, bio-oil modified bitumen, and LDPE-modified bitumen,
respectively. Details of calculation of edge flow crack length can be found in the authors’
previous work [43]. Hence, it is noticed that the bio-oil can delay, and the LDPE brings
forward the crack initiation of the unaged bitumen, respectively. Furthermore, it is
noteworthy that the bio-oil can effectively decrease and LDEP increases the crack length of
the bitumen at the end of crack initiation phase. Equation (8) also shows that %, 15
composed of two parts, which are induced by damaged parameter (i.e., edge flow crack
length), and undamaged parameters (i.e., material modulus and surface energy), respectively.
The authors find that the above damaged parameter contributes to 62.6%, 41.4%, and 98.8%
of the critical strain levels Jp;nisiae for the unaged control bitumen, bio-oil modified bitumen,
and LDPE modified bitumen, respectively. This means the LDPE modified bitumen is most
affected by the edge flow.

In the crack propagation phase, crack growth rate is determined using parameters of AJg, 4,
and n. The crack parameters 4 and n are determined by Equations (4) and (5), where the
testing results from the frequency sweep test within the linear viscoelastic range (10Hz,
10~70°C) and LAS test (0.1%~0.5%, 20°C) were used. Specifically, the shear relaxation
modulus parameters 7' and G, are determined using following steps: 1) Constructions of the
master curves of shear dynamic modulus and phase angle of the unaged bitumen at the
reference temperature of 20°C using the time-temperature superposition principle (e.g., WLF
equation); 2) Calculation of Prony model parameters of shear relaxation modulus by the
collocation method [47] and the least squared regression minimization [51]; 3)
Interconversion between Prony model parameters and power model parameters of shear

relaxation modulus (i.e., G(1)=G,r™). Table 3 summaries the values of shear relaxation

modulus parameters (m', G;) and shear strength (7,) of the unaged control bitumen, bio-oil
modified bitumen, and LDPE modified bitumen.

Table 3. Shear relaxation modulus parameters (7', G;) and shear strength (z,) of the unaged

bitumen
m' G, (kPa) 7, (kPa)
Control bitumen 0.7978 2398.8 290.4
Bio-modified bitumen 0.8290 480.2 161.7
LDPE-modified bitumen 0.7154 3680.2 998.1

Substituting the above-mentioned parameters into Equations (3)~(5), AJz shown in Figure 6
and crack parameters 4 and n can be accurately calculated for three different types of unaged
bitumen. Figure 6 clearly shows that the AJz of the unaged bitumen decreases with the load
cycle, which is reasonable since a strain-controlled time sweep fatigue test was used and the
energy dissipated for cracking was reducing with loading cycle. The LDPE increases and bio-
oil reduces AJy of the unaged bitumen, which implies that, when adding to the bitumen,
LDPE and bio-oil make the dissipated energy for cracking quicker and slower, respectively.
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Figure 6. Evolutions of incremental pseudo J-integral (AJ) of the unaged control bitumen,
bio-oil modified bitumen, and LDPE modified bitumen

Then, the crack propagation can be predicted using the modified Paris’ law in Equation (2)
for the unaged control bitumen, bio-oil modified bitumen, and LDPE modified bitumen. The
predicted crack growth rates are compared with those directly measured from Figure 5 and
shown in Figure 7. It demonstrates that the measured values agree well with the predicted
ones (R’ is greater than 0.9 for the three bitumen). It can be found in Figure 7 that neither the
bio-oil nor the LDPE can effectively change the crack growth rate of the unaged bitumen,
although they can substantially alter the crack initiation of the control bitumen as shown in
Figure 5. Hence, it can be concluded that both bio-oil and LDPE can affect the crack
initiation of the bitumen, but not the crack propagation. It is the bitumen rather than the
additives such as bio-oil or LDPE that fundamentally determine the rate of the crack
propagation. It is worthy to note that the inclusion of bio-oil or LDPE in bitumen can change
the values of AJg, 4, and n, but the crack growth rates remain unchanged.
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Figure 7. Comparisons of the crack growth rate predicted using Paris’ law and measured
from the crack length for three unaged bitumen materials (UCB, UBMB, and ULMB stand
for the unaged control bitumen, unaged bio-oil modified bitumen, and unaged LDPE
modified bitumen, respectively)



4.2 Comparisons of Cracking Performance Between PAV-aged Control Bitumen,
Bio-oil Modified Bitumen, and LDPE Modified Bitumen

Figure 8 shows that the curves of crack evolution determined from Equation (1) for the
PAV-aged control bitumen and bio-oil modified bitumen overlap with each other. This
results from that the bio-oil modified bitumen loses most of the bio-oil additives during the
ageing process, thus the remained bio-oil modified bitumen after ageing shows similar or
identical behavior as the PAV-aged control bitumen. The PAV-aged LDPE modified bitumen
has much more severe cracking than the ones of two other PAV-aged bitumen. The factors
contributing to this phenomena mainly include 1) acceleration of the crack initiation due to
the inclusion of the LDPE, and 2) disappearance of the plateau phase because of the loss of
light fractions (e.g., saturates and aromatic) caused by the ageing process.
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Figure 8. Evolutions of crack length of the PAV-aged control bitumen, bio-oil modified
bitumen, and LDEP modified bitumen

It is well documented [52, 53] that the chemical changes of the bitumen after the PAV ageing
include the formation of new functional groups (e.g., carbonyls and sulfoxides),
transformation of generic fractions and changes in molecular weight (e.g., decreases of
saturates and aromatics and increases of resins and asphaltenes). Due to those ageing-induced
chemical changes, the PAV-aged bitumen becomes stiffer and more susceptible to damage,
which lead to severe crack growth in the PAV-aged bitumen even at the crack initiation phase
as observed in Figure 8. This can be demonstrated by the comparisons of crack lengths at the
initiation between the aged and unaged bitumen. Figure 8 shows that the crack lengths of the
PAV-aged control bitumen, bio-oil modified bitumen, and LDPE modified bitumen at the end
of crack initiation phase are 0.665Imm, 0.6651mm, and 0.7693mm, respectively. In
comparison, Figures 5 shows that the crack lengths for the three bitumen without ageing are
0.3706mm, 0.2558mm, and 0.4824mm, respectively.

The disappearance of the plateau phase is due to the following reasons: 1) the increased
dynamic modulus of the bitumen after PAV ageing makes the dissipated strain energy for
cracking (that is proportional to the square of the dynamic modulus of the bitumen)
accumulate more quickly, which accelerates the crack initiation phase; 2) the reductions of
saturates and aromatics and the increases of resins and asphaltenes in the PAV-aged bitumen
substantially reduce its ability to reconstruct the microstructure and redistribute the
accumulated strain energy when the crack initiation is introduced. Therefore, the plateau
phase of the crack evolution is no longer observable after the PAV ageing, and the crack



damage of the bitumen after the PAV ageing rapidly steps into the propagation phase.

Models of crack initiation (i.e., Equations (8)) and propagation (i.e., Equations (2)~(5)) are
also employed herein to verify the crack growth in the PAV modified bitumen shown in
Figure 8. First of all, the material properties for the PAV-aged bitumen were obtained using
the methods explained in Section 3.3 and the results are shown in Table 4 including the
receding surface energy, dynamic shear modulus and phase angle of the PAV-aged bitumen.

Table 4. Receding Surface energy I', dynamic shear modulus |G%| and phase angle ¢ of the
PAV-aged bitumen

I'; (mJ/m?) |G| (kPa) 2 (°)

Control bitumen 34.35 15681.7 39.2
Bio-modified bitumen 37.90 14367.3 40.2
LDPE-modified 48.71 27070.8 34.3

bitumen

Second, the edge flow crack lengths (i.e., CL) for the PAV-aged control bitumen, bio-oil
modified bitumen, and LDPE modified bitumen are 0.6977mm, 0.6988mm, and 0.8328mm,
respectively, which are substantially longer than the ones of the corresponding unaged
bitumen shown in Section 4.1. Details of calculation of edge flow crack length can be found
in the authors’ previous work [43].

Then, following the same methods in Section 4.1, the value of %, for the PAV-aged
bitumen can be calculated by substituting the receding surface energy, dynamic shear
modulus and edge flow crack length of the bitumen into Equation (8). The calculated y;isiare
for the PAV-aged control bitumen, bio-oil modified bitumen, and LDPE modified bitumen
are 0.8765%, 0.8781%, and 1.0451%, respectively. Compared with the }y;nisiae Of the unaged
bitumen, the ageing processes increase the ¥ for 12.7%, 9.4%, and 60.8% for the control
bitumen, bio-oil bitumen, and LDPE modified bitumen, respectively. It should be noted that
although the ageing processes delay the crack initiation for the PAV-aged LDPE modified
bitumen as showed by the higher critical strain level (1.0451%), they also produce much
longer crack length (0.8328mm) when the crack is initiated. Since the crack evolution
remains similar between the three bitumen materials, the end-of-life crack length becomes
dependent of the initial crack length. Thus, the LDPE modified bitumen shows the highest
crack length after the fatigue loading.

In the crack propagation phase of the bitumen after PAV ageing shown in Figure 8, there is
very little observable influence of the LDPE on the crack growth rate of the PAV-aged
bitumen, which is the same as that shown in the unaged scenario. Hence, it can be concluded
that the crack propagation rate is mainly governed by the bitumen itself and almost not
affected by the additives like bio-o0il or LDPE in the bitumen. Additionally, Paris’ law shown
in Equations (2)~(5) are employed to quantify how the crack parameters of the PAV-aged
bitumen to affect the crack propagation. Table 5 presents the values of m', G|, and 7, of the
PAV-aged control bitumen, bio-oil modified bitumen, and LDPE modified bitumen.

Table 5. Shear relaxation modulus parameters (7', G;) and shear strength (z,) of the PAV-
aged bitumen

m' G, (kPa) 7, (kPa)

Control bitumen 0.7064 12251.3 1090.4

Bio-modified bitumen 0.6598 12198.3 1270.0




LDPE-modified bitumen 0.6399 21656.6 1783.9

As completed in Section 4.1, the incremental pseudo J-integral (i.e., AJg) shown in Figure 9
and crack parameters (i.e., A and n discussed later) of the PAV-aged bitumen are calculated,
based on which crack propagation of the bitumen after PAV ageing is predicted and
compared with the one directly measured (i.e., measured values) from Figure 8. Details are
presented in Figure 10.
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Figure 9. Evolutions of incremental pseudo J-integral (AJ) of the PAV-aged control
bitumen, bio-oil modified bitumen, and LDPE modified bitumen

Figure 9 shows that the AJ; of the PAV-aged bitumen decreases with the load cycle. The
LDPE increases and bio-oil slightly reduces the AJy of the PAV-aged bitumen, which implies
that LDPE makes the energy dissipation for cracking much quicker than the PAV-aged
control bitumen. In comparison, the bio-oil make this energy dissipation a bit slower. A
reminder is that most of bio-oil has been evaporated during the ageing processes thus the
PAV-aged bio-oil modified bitumen did not show obvious difference from the PAV-aged
control bitumen. Compared with the unaged bitumen presented in Figure 6, Figure 9 shows
that the ageing significantly increases the AJy of all three types of the bitumen. This
observation indicates that the ageing makes the energy dissipation for cracking much quicker
in the aged bitumen than that in the unaged bitumen. This is expected as the critical reason
why the aged bitumen is more prone to cracking, no matter if the bitumen is unmodified or
modified ones.

It can be found in Figure 10 that the crack growth rates predicted by Equations (3)~(5) are
consistent well with the measured ones. Equations (3)~(5) also recall the authors that
cracking related parameters of 4 and » are the functions of the fundamental material
constants shown in Equations (4) and (5). These fundamental constants include receding
surface energy, shear strength and shear modulus and phase angle of the bitumen. The effects
of external load and damage history on the crack growth rate are reflected by the AJz, which
is explicitly related with the amplitude of loading using the rotational angle €, and the
residual uncracked radius of the DSR sample 7z (an indication of the current crack length). In
addition, it is again noted that the inclusion of bio-oil or LDPE in bitumen can change the
values of AJg, A, and n (shown in Figure 11) of the PAV-aged bitumen; however, the crack
growth rates of the bitumen modified by the bio-oils or LDPE still kept the same to the
control bitumen. Figure 11 presents the values of 4 and » of the unaged and PAV-aged



bitumen.
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Figure 10. Comparisons of the crack growth rate predicted using Paris’ law and measured
from the crack length for three PAV-aged bitumen materials (PACB, PABMB, and PALMB
signify the PAV-aged control bitumen, PAV-aged bio-oil modified bitumen, and PAV-aged
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Figure 11. Paris’ law parameters 4 and »n for modelling fatigue cracking in the bitumen
(UCB, UBMB, ULMB, PACB, PABMB, and PALMB stand for unaged control bitumen,
unaged bio-oil modified bitumen, unaged LDPE modified bitumen, PAV-aged control
bitumen, PAV-aged bio-oil modified bitumen, and PAV-aged LDPE modified bitumen,
respectively)

Figure 11 shows that the bio-oil considerably increases the value of 4, and markedly reduces
the value of n of the unaged control bitumen. The LDPE can decrease the value of 4, and
effectively increase the value of n of the unaged control bitumen. After ageing, the value of 4
is observed to reduce, and the value of n is found to increase, respectively. Compared with
the valves of 4 and » of the PAV-aged control and bio-oil modified bitumen (most of the bio-
oil has been evaporated), the PAV-aged LDPE modified bitumen is found to have much
higher value of n and lower value of 4. Therefore, synthetically taking the information
released by Figures 7, 10, and 11, it can be drawn a conclusion that the crack growth rate of



the bitumen increases with material parameter 4 and decreases with material parameter 7.

5. Summary and Conclusions

This paper characterised the cracking performances of the unaged and PAV-aged waste-
derived bitumen (i.e., bio-oil modified bitumen, and LDPE modified bitumen) based on crack
length. The bio-oil modified bitumen was fabricated using bio-oil pyrolysed from organic
fraction of municipal solid waste and mixed with a control bitumen (X70) at a concentration
of 5wt.%. The LDPE modified bitumen was fabricated by blending waste plastics (6wt.%
LDPE) with the control bitumen at 180°C using a high shear mixer at 900 rotation per
minute. Modified Paris’ law and Griffith criterion were employed to model the crack
propagation and initiation of the unaged and PAV-aged bitumen. Material parameters (e.g.,
dynamic modulus, surface energy, and shear strength) of the unaged and the PAV-aged
bitumen used in the cracking models were calibrated using linear amplitude sweep test (10Hz
and 20°C), frequency sweep test (10Hz, 10 to 70°C), and strain-controlled time sweep test
(10Hz and 20°C) with a damage strain level of 5%. Receding contact angles between the
unaged or PAV-aged bitumen and the selected probe liquids were measured by the tilting
method based on sessile drop tensiometer. The main findings and conclusions of this paper
are summarised as follows:

(1) The crack evolution of the unaged bitumen can be divided into three phases, including
crack initiation phase governed by the modified Griffith criterion, plateau phase, and
propagation phase controlled by the modified Paris’ law. The plateau phase is believed to
result from the restructure of the bitumen microstructure after the crack initiation, particularly
from the rearrangement of the lightweight components in the bitumen (e.g., saturates and
aromatic), and this delays the growth of the cracks.

(2) The bio-oil delays and the LDPE brings forward fatigue crack initiation of the unaged
bitumen, and the bitumen itself dominates the crack propagation process. The LDPE inhibits
the crack growth rate of the unaged bitumen in the plateau phase. In contrast, the effect of the
bio-oil on the crack growth rate of the unaged bitumen in the plateau phase can be neglected.

(3) After PAV ageing the plateau phase of the crack evolution no longer exists, and the crack
damage in the PAV-aged bitumen rapidly steps into the propagation phase after the crack
initiation phase. PAV ageing can make the bitumen more prone to crack mainly on account of
severe fatigue crack appeared in the phase of crack initiation.

(4) The bio-oil modified bitumen loses most of the modifier due to the evaporation of the bio-
oils during the ageing process. The PAV-aged LDPE modified bitumen has more severe
cracking than those of the PAV-aged control bitumen or bio-oil modified bitumen. The LDPE
leads to higher crack length in the PAV-aged bitumen at the crack initiation phase; however,
it has little influence on the crack growth rate of the PAV-aged bitumen during the
propagation phase.
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Appendix
Crack Initiation of The Bitumen in The DSR Test Based on Modified Griffith Criterion

To mitigate the viscous effect of the bitumen, the concept of pseudo-strain »* was proposed
by Schapery [38], and its definition can be presented by Equation (A.1):

7 ()=, Gle=s)i(s)ds (A1)

R

Where, y(s) is the measured total strain; and s is the time history before the current time ¢.

According to Equation (A.1), the pseudo-strain . at the damaged condition in a strain-
controlled DSR test can be presented as follows:

G, G,
7y (1) = G—Oyd sin(ot +6,) = ‘G—O%rsin(a)t +6,) with0<r<r, (A.2)

R R

Where, ¥ is the shear strain at the damaged condition; @ is the loading frequency.

The recovered pseudo strain energy RPSE at the N load cycle can be defined by Equation
(A.3):
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Where, 7, , equalling to r, 1s the amplitude of the fatigue shear stress during the DSR

test; 7~ is the amplitude of the shear strain at the damaged condition shown in Equation
(A.2).
Figure A presents the schematic side view of cylindrical bitumen sample in the DSR test. It
is straightforward to calculate the first part W, of Equation (7) by substituting Equation
(A.3) into it:
)2
l"4

W = [ RPSE - (27rh)dr = %% ;

(A4)
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Figure A. Schematic side view of cylindrical bitumen sample under rotational fatigue load of
the DSR test

The second part W, of Equation (7) can be calculated as follows:

Ry
W = [" RPSE -(22rh)dr :%(‘G(;Tz)[r; ~(n-cL)'| (A.5)

As shown in Figure A, the crack surface areas C.S.A4 can be calculated by Equation (A.6):
CS.A=2(zr} —nr} ) =27 (-CL +25,CL) (A.6)
Substituting Equations (A.4-A.6) to Equation (7), the total pseudo strain energy W* can be

explicitly obtained. Combing the calculated W* and modified Griffith criterion shown in
Equation (6), then one has:

2h G 1/2
r, =CL = —kT A7
g (6r) .

Substituting the relationship between ¥inisiare and vy (1.€., Ypiniriaze=6ro/h) into Equation (A.7),
Equation (8) is obtained.
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Highlights

o Fabricated two types of waste-derived bitumen
J Modelled crack growth using modified Griffith criterion and Paris’ law
o Characterised fatigue cracking properties of waste-derived bitumen

o Analysed the effect of PAV ageing on fatigue cracking performances



