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Abstract
Traditional asphalt tests like Hveem and Marshall tests are at best mere
characterization than effective test of pavement field performance because of
complex viscoelastic behavior of asphalt. Mechanical properties otherwise
called simple performance tests (SPT) are performance criteria of asphalt.
Dynamic modulus among other SPT’s like permanent deformation, fatigue
cracking, thermal cracking, moisture susceptibility, shear and friction
properties; determines stress-strain to time-temperature relationships that
imparts on strength, service life and durability. The test followed the
recommendations of NCHRP 1-37a (2004) and mixes were prepared using 0,
0.5, 1.0 and 1.5% HDPP contents. The parameters tested for dynamic
modulus, /E*/, are stiffness, recoverable strain (g), and phase angle (&). Time
— temperature superposition (TTS) called master curve was fitted using
sigmoidal curve to interpolate the parameters beyond measured data set so as
to observe the viscoelastic behavior outside the physical properties. The
performance of 0.5% HDPP asphalt is better enhanced than the conventional
asphalt to improve upon strength, service and durability.
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SHUAIBU, Kudirat O. YUSUF

Introduction

Bituminous pavement surface is susceptible to temperature and loading variation
because of its viscoelastic and possibly plastic properties [1]. Conventional asphalt pavements
lack the mechanical strength, service requirements and longevity to withstand heavy traffic
loading, varying regimes of temperature loading and distresses induced climatic and
environmental conditions [2]. It is important to assess the performance of fiber reinforcement
materials to withstand mechanical failures [3].

Field performance problems of asphalt are manifested in terms of permanent
deformation, fatigue cracking, thermal cracking, moisture susceptibility and friction
properties [4]. Mechanical properties are used to characterize hot mix asphalt (HMA) in
flexible pavement systems and give insight into performance as constitutive materials
relationship [5]. Simple performance tests (SPT) have been recommended by [6] to evaluate
the properties and parameters that measure the performance and durability [7].

SPT are used to simulate actual field performance using laboratory mix design as
information provided by Hveem and Marshall are not adequate to understand the behavior of
HMA owing to poor correlation, between stability and flow otherwise called Marshall
Quotient [8]. Since none of the methods is capable of predicting rutting in HMA under traffic
service [9], the effort in performance testing of HMA is to evaluate physical tests that can
satisfactorily characterize key performance parameters and how these parameters change
throughout the life of a pavement. [10] showed that the Simple Performance Tests (SPT) are
accurate and reliable and could measure mixture response or characteristics that are correlated
with the occurrence of pavement distress by traffic and climatic conditions [11].

Some of the SPT criteria that imparts on pavement performances are mix stiffness or
dynamic modulus, resilient modulus, creep, wheel tracking and shear tests [12]. As one of the
asphalt SPT criteria, dynamic modulus is a performance cum mechanical strength property
[13].

The use of HDPP waste provides opportunity to improve upon problems of failure on
our highways. Approximately 30,000,000 tons of HDPP is consumed worldwide in 2001 [14]
and the products generate monumental waste after their useful service life [15]. The usage of
HDPP waste materials in asphalt mix is expected to increase pavement life, reduce

maintenance cost and reduce negative effect of waste on the environment and health.
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The research is aimed at evaluating dynamic modulus of high density polypropylene
waste fibres in asphalt mix which influences the strength characteristics, load-resistance, field
performances and visco-elastic properties of hot-mix asphalt (hma).

Dynamic modulus test is carried out by applying load sinusoidal to specimen over a
range of different temperature and different frequencies [16]. Applying a repeated load at
varying frequencies to a test specimen over a relatively short period of time, specimen’s
recoverable strain and permanent deformation were determined at different temperatures and
different frequencies [17]. Some dynamic modulus tests are also able to measure phase angle,
which provides insight into a material’s viscous properties [4]. Figure 1 is a depiction of
typical dynamic modulus. For visco-elastic tendencies of materials, according to [11],
“complex modulus” (E*) is related by:

E*'= |E"|cosg@ + [|E*| sing (1)
where E* = complex modulus, |E*| = dynamic modulus, ¢ = phase angle — the angle by which
€o lags behind o,; @ = 0 pure elastic material, and the complex modulus, E* =|E*|. For pure
viscous materials, ¢ = 90°, i = imaginary number.

The dynamic modulus which is the absolute value of the complex modulus, |E*|,
shown in Figure 1 is calculated by the relationship according to [11] as follows:

|E"| = gc;"tgn 2)
where |E*| = dynamic modulus, &, = peak stress amplitude (applied load / sample cross

sectional area), gy = peak amplitude of recoverable axial strain = AL/L, L = original gauge

length over which the sample deformation is measured.

eosin{ut — §)
Figure 1. Dynamic (complex) modulus test (27)

The various types of dynamic modulus tests are unconfined, confined and shear
dynamic modulus tests. Recommendations for carrying out dynamic modulus test by [10] in
simple performance test (SPT) are frequencies of 25, 10, 5, 1, 0.5, and 0.1Hz while
temperature range are -10, 4, 20, 38 and 54.4°C.
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To truly assess interdependency between physical quantities and change of
viscoelastic properties of asphalt, time — temperature superposition (TTS) is necessary to fit a
master curve [18, 19]. A reference frequency or time at which data is taken is chosen [20] and
data at other frequencies or time are applied with shift factor to fit a smooth curve called
Sigmoidal curve fitting [21]. The Sigmoidal curve allows for interpolation of dynamic
modulus and phase angle at an expanded frequencies and temperatures beyond the collected

data sets [22]. This relationship is given by:

a
(1 + e'f=rlogfr))

logl{|E*]) = & + (3
or

a
{1 + e-':E'FIOEF:'" )

logf{|E*|) = & + (4)

where |E*| = dynamic modulus or stiffness (Pa or Psi), f, = Reduced frequency (Hz), t, =
reduced loading time (s), & = Minimum modulus value, o = Span of modulus value, B, vy =
Shape parameters

Equations 2 and 3 were compared by [23] and concluded the predictive equation having:
a

logf|E*|)= & + ey
ogf|E*|)= & {fll_i_el_{i"rln,.r.-)

(5)
where |E%| = dynamic modulus, 10° psi, 8 = minimum value of E*, § + & = maximum value of

E*, nr.= binder RTFOT viscosity at the reference temperature, 10° Poise, V, = air void

content, % Vpefr = effective binder content, % by volume and
§ = =1.249937 + 0,02923 Pyg5 = 0.001767 (Pago)* — 0,002841P; — 0.058097V,

Voerr |
- 0:802208 (ﬁ)ﬁ = =0.603313 = 0.393532 logns,
verr T Va

y = 0313351

The master curve shift factor is a time-temperature superposition and could be adapted

from Arrhensius shift factor law given by:

= T _ = r_=

loglatT)l = leg 5357 (.T Tr) clz-1) (6)
where a«(T) = Shift factor at temperature, T, R = Ideal gas constant = 8.314J/mol-K, T, =
Reference temperature in Kelvin, usually taken at 21°C or 294.15K according to [24], AE,=

Activation energy which is the minimum energy required for intermolecular movement. The

value of AE; below reference temperature (T,) may be taken as 261kJ/mol [9], C = constant

whose values were reported by different researchers to be 10920, 13060 and 7680K [25]
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Finally, the reduced frequency, f;, is given by:
f,=f*ar (7)

logf = log f +C {,]ir - Ti:l ()

where f = reference temperature’s loading frequency.

Material and method

According to [26] Marshall specimens were prepared with 25.4mm maximum sieve
size coarse aggregates, river sand, cement filler and 60/70 penetration bitumen with adequate
quality inferences. The dynamic modulus test was carried out using Simple Performance
Tester (SPT) or Asphalt Mixture Performance Tester (AMPT) of International Process
Control (IPC) global test machine otherwise called Universal Test Machine load 25kN
pneumatic (UTM-25P) in accordance with [27] method. It delivered a constant pressure of up
to 2800 kPa in an environmental chamber conditioned to testing temperatures of 4.4, 21.1, 25,
45 and 60°C to simulate ambient environmental temperature.

The summary of the workflow chronology in the research is shown in Figure 2.
Preliminary tests: Tests on bitumen, coarse
and fine aggregates and filler materials
Marshall tests: Bulk density, Stability, Flow and Void
analysis tests for laboratory characterization

Mechanical tests as field performance tests:
*Dynamic modulus

*Phase angle
*Recoverable strain

Figure 2. Schematic diagram of research workflow

Test was accomplished by using gluing gauge plugs onto the specimen sides and
attached to Linear Variable Differential Transducer (LVDT) to determine the displacement. A
haversine dynamic loading (Pd) was adjusted such that axial strains lie between 75 and 125

microstrain (um/m) without necessarily impacting in a cyclic manner. For each of HDPP fibre
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asphalt mixes, three (3) specimen replicates were prepared. Following the recommendations

of [27] test loading frequencies considered were 0.1, 0.5, 1, 5, 10 and 25 Hz respectively. The

recommended target percentage air void by [28] is 7£1.0%.

Results

The result of shift factor, reduced frequency, dynamic modulus, phase angle and the

recoverable strain for the control mix (0% HDPP) are shown in Tables 1.
Table 1. Results for 0% HDPP Asphalt

Temp.|Frequency|Shift |Reduced Dynamic Phase Recoverable
(°C) |(H2) factor |frequency (Hz)|modulus (MPa)|angle (deg)|strain (mm/mm)
44 |25 1.5616 [911.045377 |1.66E+04 15.41 7.45E-05
10 1.5616 [364.418151 |1.46E+04 16.89 9.62E-05
5 1.5616 |182.209075 |1.39E+04 20.02 2.43E-04
1 1.5616 |36.441815 1.13E+04 20.95 3.35E-04
0.5 1.5616 |18.220908 1.05E+04 19.01 5.42E-04
0.1 1.5616 |3.644182 0.88E+04 16.63 7.98E-04
21.1 |25 -0.0089|24.49288 1.29E+04 17.02 4.82E-05
10 -0.0089|9.797155 1.05E+04 18.88 7.43E-05
5 -0.0089|4.898577 0.72E+04 19.63 9.54E-05
1 -0.0089|0.979715 0.66E+04 21.47 1.22E-04
0.5 -0.0089|0.489858 0.58E+04 19.25 3.88E-04
0.1 -0.0089|0.097972 0.49E+04 16.94 5.27E-04
25 |25 -0.3503|11.159379 1.01E+04 17.09 2.58E-05
10 -0.3503|4.463751 8.62E+03 19.53 3.64E-05
5 -0.3503|2.231876 7.48E+03 20.70 4.34E-05
1 -0.3503|0.446375 5.19E+03 22.24 6.61E-05
0.5 -0.3503|0.223188 4.62E+03 17.98 7.49E-05
0.1 -0.3503|0.044638 3.38E+03 17.23 1.03E-04
45 |25 -1.9696|0.268127 3.97E+03 21.14 1.09E-05
10 -1.9696|0.107251 3.48E+03 22.45 2.04E-05
5 -1.9696/0.053625 2.86E+03 24.16 3.00E-05
1 -1.9696/0.010725 1.92E+03 22.59 5.46E-05
0.5 -1.9696/0.005363 1.72E+03 18.14 6.24E-05
0.1 -1.9696/0.001073 1.45E+03 16.03 4.05E-06
60 |25 -3.0564/0.021955 1.92E+03 21.07 5.19E-06
10 -3.0564/0.008782 1.70E+03 23.56 7.00E-06
5 -3.0564/0.004391 1.36E+03 26.49 1.39E-05
1 -3.0564/0.000878 8.43E+02 24.74 3.59E-05
0.5 -3.0564/0.000439 7.56E+02 23.80 4.31E-05
0.1 -3.0564/0.000088 6.70E+02 18.36 6.04E-05
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Table 2 shows the results of shift factor, reduced frequency, dynamic modulus, phase

angle and the recoverable strain for 0.5% HDPP asphalt mix.
Table 2. Results for 0.5% HDPPFR Asphalt

Temp.|Frequency|Shift |Reduced Dynamic Phase Recoverable
(°C) |[(Hz) factor |frequency (Hz)|modulus (MPa)|angle (deg)|strain (mm/mm)
44 |25 1.5616 |911.045377 |1.89E+04 20.50 8.57E-05
10 1.5616 [364.418151 |1.66E+04 22.46 1.11E-04
5 1.5616 |182.209075 |1.58E+04 23.97 2.79E-04
1 1.5616 |36.441815 1.29E+04 25.86 3.85E-04
0.5 1.5616 |18.220908 1.20E+04 25.28 6.23E-04
0.1 1.5616 |3.644182 1.00E+04 22.12 9.18E-04
21.1 |25 -0.0089|24.49288 1.39E+04 22.64 5.54E-05
10 -0.0089|9.797155 1.13E+04 25.11 8.54E-05
5) -0.0089|4.898577 7.78E+03 26.11 1.10E-04
1 -0.0089|0.979715 7.13E+03 27.56 1.40E-04
0.5 -0.0089|0.489858 6.26E+03 25.27 4.46E-04
0.1 -0.0089|0.097972 5.29E+03 22.53 6.06E-04
25 |25 -0.3503|11.159379 1.06E+04 22.73 2.97E-05
10 -0.3503|4.463751 9.05E+03 25.97 4.19E-05
5 -0.3503|2.231876 7.85E+03 27.53 4.99E-05
1 -0.3503|0.446375 5.45E+03 30.58 7.60E-05
0.5 -0.3503|0.223188 4.85E+03 26.91 8.61E-05
0.1 -0.3503|0.044638 3.55E+03 22.92 1.18E-04
45 |25 -1.9696|0.268127 4.09E+03 28.12 1.25E-05
10 -1.9696/0.107251 3.58E+03 29.86 2.35E-05
5 -1.9696|0.053625 2.95E+03 30.80 3.45E-05
1 -1.9696/0.010725 1.98E+03 32.70 6.28E-05
0.5 -1.9696|0.005363 1.77E+03 29.13 7.18E-05
0.1 -1.9696|0.001073 1.49E+03 21.32 4.66E-06
60 |25 -3.0564/0.021955 1.95E+03 26.02 5.97E-06
10 -3.0564(0.008782 1.73E+03 33.99 8.05E-06
5 -3.0564/0.004391 1.38E+03 35.23 1.60E-05
1 -3.0564(0.000878 8.57E+02 30.24 4.13E-05
0.5 -3.0564/0.000439 7.69E+02 25.00 4.96E-05
0.1 -3.0564/0.000088 6.81E+02 23.76 6.95E-05

Table 3 is presentation of the results of shift factor, reduced frequency, dynamic

modulus, phase angle and the recoverable strain for 1.0% HDPP asphalt mix.
Table 3. Results for 1.0% HDPPFR Asphalt

Temp.|Frequency|Shift |Reduced Dynamic Phase Recoverable
(°C) |[(Hz) factor |frequency (Hz)|modulus (MPa)|angle (deg)|strain (mm/mm)
44 |25 1.5616 |911.045377 |9.13E+03 29.12 6.85E-05

10 1.5616 |364.418151 |8.03E+03 31.92 8.85E-05

5 1.5616 |182.209075 |7.65E+03 32.06 2.24E-04

1 1.5616 |36.441815 6.22E+03 39.60 3.08E-04
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Temp.|Frequency|Shift |Reduced Dynamic Phase Recoverable
(°C) |[(Hz) factor |frequency (Hz)|modulus (MPa)|angle (deg)|strain (mm/mm)
0.5 1.5616 |18.220908 5.78E+03 35.93 4.99E-04
0.1 1.5616 |3.644182 4.84E+03 31.43 7.34E-04
21.1 |25 -0.0089|24.49288 6.84E+03 32.17 4.43E-05
10 -0.0089(9.797155 5.57E+03 35.68 6.84E-05
5 -0.0089|4.898577 3.82E+03 37.10 8.78E-05
1 -0.0089|0.979715 3.50E+03 40.58 1.12E-04
0.5 -0.0089|0.489858 3.07E+03 36.49 3.57E-04
0.1 -0.0089|0.097972 2.60E+03 32.02 4.85E-04
25 |25 -0.3503|11.159379 5.35E+03 32.30 2.37E-05
10 -0.3503|4.463751 4.57E+03 36.91 3.35E-05
5 -0.3503|2.231876 3.96E+03 39.12 3.99E-05
1 -0.3503|0.446375 2.75E+03 44.03 6.08E-05
0.5 -0.3503|0.223188 2.45E+03 39.98 6.89E-05
0.1 -0.3503|0.044638 1.79E+03 32.56 9.48E-05
45 |25 -1.9696|0.268127 2.02E+03 39.95 1.00E-05
10 -1.9696|0.107251 1.77E+03 42.43 1.88E-05
5 -1.9696|0.053625 1.46E+03 48.77 2.76E-05
1 -1.9696|0.010725 9.79E+02 46.48 5.02E-05
0.5 -1.9696|0.005363 8.77E+02 34.28 5.74E-05
0.1 -1.9696/0.001073 7.40E+02 30.30 3.73E-06
60 |25 -3.0564(0.021955 9.79E+02 39.82 4.77E-06
10 -3.0564/0.008782 8.67E+02 48.31 6.44E-06
5 -3.0564(0.004391 6.94E+02 61.07 1.28E-05
1 -3.0564/0.000878 4.30E+02 52.98 3.30E-05
0.5 -3.0564(0.000439 3.86E+02 40.53 3.97E-05
0.1 -3.0564(0.000088 3.42E+02 33.92 5.56E-05

Table 4 shows the result of shift factor, reduced frequency, dynamic modulus, phase

angle and the recoverable strain for 1.5% HDPP asphalt mix.
Table 4. Results 1.5% HDPPFR Asphalt

Temp.|Frequency|Shift |Reduced Dynamic Phase Recoverable
(°C) |(H2) factor |frequency (Hz)|modulus (MPa)|angle (deg)|strain (mm/mm)
44 |25 1.5616 [911.045377 |2.99E+03 41.61 6.33E-05
10 1.5616 |364.418151 |2.63E+03 45.60 8.18E-05
5 1.5616 [182.209075 |2.50E+03 48.65 2.07E-04
1 1.5616 |36.441815 2.03E+03 53.57 2.85E-04
0.5 1.5616 |18.220908 1.89E+03 50.33 4.61E-04
0.1 1.5616 |3.644182 1.58E+03 42.90 6.78E-04
21.1 |25 -0.0089|24.49288 2.19E+03 45.95 4.10E-05
10 -0.0089|9.797155 1.79E+03 53.98 6.32E-05
5 -0.0089|4.898577 1.22E+03 56.00 8.11E-05
1 -0.0089|0.979715 1.12E+03 57.97 1.04E-04
0.5 -0.0089|0.489858 9.86E+02 50.28 3.30E-04
0.1 -0.0089|0.097972 8.33E+02 44.74 4.48E-04
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Temp.|Frequency|Shift |Reduced Dynamic Phase Recoverable
(°C) |[(Hz) factor |frequency (Hz)|modulus (MPa)|angle (deg)|strain (mm/mm)
25 |25 -0.3503|11.159379 1.62E+03 46.14 2.19E-05

10 -0.3503|4.463751 1.38E+03 52.73 3.09E-05
5 -0.3503|2.231876 1.20E+03 55.89 3.69E-05
1 -0.3503|0.446375 8.30E+02 62.05 5.62E-05
0.5 -0.3503|0.223188 7.39E+02 54.55 6.37E-05
0.1 -0.3503|0.044638 5.41E+02 46.52 8.76E-05
45 |25 -1.9696|0.268127 5.96E+02 57.08 9.27E-06
10 -1.9696|0.107251 5.22E+02 60.62 1.73E-05
5 -1.9696|0.053625 4.29E+02 64.53 2.55E-05
1 -1.9696/0.010725 2.88E+02 66.39 4.64E-05
0.5 -1.9696/0.005363 2.58E+02 58.98 5.30E-05
0.1 -1.9696|0.001073 2.18E+02 46.28 3.44E-06
60 |25 -3.0564/0.021955 3.00E+02 60.89 4.41E-06
10 -3.0564/0.008782 2.65E+02 69.01 5.95E-06
5 -3.0564/0.004391 2.12E+02 71.52 1.18E-05
1 -3.0564(0.000878 1.32E+02 65.40 3.05E-05
0.5 -3.0564/0.000439 1.18E+02 57.76 3.66E-05
0.1 -3.0564/0.000088 1.05E+02 50.17 5.13E-05
Discussion

Dynamic modulus and Phase angle
At low temperature and high frequency or strain rate, asphalt mix exhibits more elastic
behavior, but as temperature increases followed by low strain rate, the viscous property
becomes more prevalent. As the relationship between stress and strain becomes linear and is
affected by temperature and frequency or time, the viscoelastic property of asphalt becomes
linear too. Master curves were constructed to evaluate time-temperature superposition (TTS)
and measure relationships between the physical quantities and dynamic modulus. Figures 3 to

11 show the TTS relationship for |E*| and ¢.

e The value of |E*| increased from O to 0.5% HDPP because of bearable in void and
improvement in the tensile property offered by fiber reinforcement. From 1.0 to 1.5%
HDPP, the values of |[E*| continued to drop because of increased void in the mix. The
viscoelastic relationship agrees with the findings of [28].

Expectedly, the observed steady increase in ¢ are results of increasing voids and
decreasing stiffness from 0 to 1.5% HDPP fiber asphalt in Figures 8 to 11. Higher [] results in

poor mixes decrease in durability because of increased oxidation and tendency of permanent
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deformation failures occurring. The general viscoelastic behavior of asphalt indicates that the

mixture is the most viscous as ¢ approaches 90° and as ¢ approaches 0° or infinity, the

asphalt mixture behaves as an elastic solid at very low or very high frequencies. The

observation agrees with the findings of [29].
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Recoverable strain

Strain recovery of asphalt mix has effects on visco-elasticity and life cycle [31]. While
recovery strain are elastic or delayed elastic, irrecoverable strains are permanent
deformations, viscoplastic and lead to rutting [32-34] observed that the manifestation of
rutting are because of decrease in volume or densification and shear displacement that leads to
shift of the material without volume change.

The mixes experienced recoverable strains (g), which is a relief or resilience when
cycles of stresses from goes away whereas irrecoverable strains are plastic and could lead to
rutting or permanent deformation [35]. Both strains are slightly different from one cycle to
another cycle due to the slight particle rearrangement and inter-particle motion which may
exude binder film in some aggressive situations and under a low dynamic modulus which
progresses as temperature and trafficking increases [36].

As shown in Figure 11, creep recovery increased with increasing temperature from 10
°C to 40°C as the rate of stress absorption, stress transfer and viscoelastic property increased
when temperature increased ([37-39]). But beyond the optimum temperature of 40°C, the

deformation flow of the mix is increased causing it to undergo plastic deformation.

28 = 0%HDPP
= 0.5%HDPP

26
e 1.0%HDPP

24 == 1.5%HDPP
22
20 1

18 1

Creeprecovery (%)

16 1

14 A

12 T T T T T 1
0 10 20 30 40 50 60 70

Temperature (°C)

Figures 11. Percentage creep recovery with temperature

Optimum creep recoveries were therefore attained at 40°C with marginal level of
tolerance to sustain performances of the HDPP mixes up to 60°C even as the deformation

increased. The percentage recovery is 26.3% which corresponds to 1.0% HDPP at optimum
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temperature of 40°C. Researchers like [33, 40] have observed the same positive trends of

good creep recovery and improve pavement performance at temperature of 40°C. The
recovery decreased with increasing HDPP content in the mix after the optimum result at 1.0%
HDPP which could be attributed to increasing void entrainment. The strains are fairly close to
the control as gains in tensile strength are counteracted by the void entrainment of two phase

asphalt and reinforcing HDPP composite.

Conclusions

From the dynamic modulus evaluations, the following conclusions were drawn:

e The optimum /E*/ lies at 0.5% HDPP having about 12.5% increase in stiffness compared
to the control (0% HDPP) for all temperature range from 4.4 — 60°C and frequencies of
load cycles ranging between 25 — 0.1Hz.

e Static and dynamic properties are improved by 0.5% HDPP thereby rendering otherwise
inherently brittle, low impact and tensile strength resistance material into superior crack
resistance, enhanced ductility and distinctive post crack resilient behavior thereby
delaying its propagation and increasing lifespan.

e Also, strain rate increased from 0 to 1.5% HDPP content and increased the value of ¢
because of increasing void and compressibility. The optimum in the case creep recovery
lies at 1.0% HDPP; but 0.5% HDPP content equally produced strain within recoverable
limit to withstand both serviceability and performance requirements for heavy traffic

situation simulated.
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