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Abstract Permanent deformation in the form of
rutting is a critical mode of failure observed in flexible
pavements. While several research have been con-
ducted to develop multiple tests for the characterisa-
tion of permanent deformation, little information is
obtainable from the existing literature on how the
factors or the interaction of the factors from these tests
affect the permanent deformation behaviour in a
simulative test, such as the wheel tracker. This
research focuses on statistical analysis and ruggedness
testing of the factors affecting the permanent defor-
mation behaviour of asphalt mixes tested in the
Modified Wheel Tracker (MWT). The analysis
involved five factors in total, each at two levels.
These factors are binder type, voids in total mix (VIM
%), nominal maximum aggregate size, temperature,
and confining pressure. The study utilised half-
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fractional factorial design in accordance with ASTM
E1169-20. Significant parameters were determined
through statistical analysis and regression models
were proposed. The contour plots provided various
combinations of the most significant factors for the
corresponding responses. Based on the statistical
analysis of the experiments conducted without any
confinement, temperature, amongst all other factors,
was found to impose the greatest effect on the
permanent deformation behaviour based on vertical
and horizontal FN Indices. Experiments with con-
trolled confinement show that “confining pressure” is
the most significant factor for the rutting parameters.
The sensitivity analysis points out that to maintain the
vertical deformation at 2000 cycles to be in the
range £ 25% from the model, the confining pressure
and temperature should be controlled within the
range + 25% and + 5%. The use of the MWT shows
that long-term rutting development can well be
predicted from rutting at 2000 cycles using linear
and exponential models.
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1 Introduction

1.1 Permanent deformation in hot mix asphalt
(HMA)

Permanent deformation in the form of rutting presents
itself as longitudinal depressions along the wheel
paths. According to Tarefder et al. [1], this critical
failure in flexible pavements is mainly caused by
repeated loading, which induces progressive move-
ment of materials. Saleh [2], and Roy-Chowdhury
et al. [3] indicated that the composition of asphalt
mixture along with the degree of compaction, mix
stiffness, temperature and loading rate are the con-
tributory factors for rutting resistance of asphalt
concrete pavements [2, 3]. Saleh [2] concluded that
the combination of densification and shear deforma-
tion causes rutting, and that, the latter causes the
severe form of the distress. In other words, rutting is
caused by both vertical and horizontal permanent
deformations. Therefore, the characterisation of rut-
ting must consider susceptibility of the asphalt mix-
tures to shear deformation. As pointed out by Tarefder
et al. [1], the individual effect of aggregate and asphalt
binder, along with their interaction with each other in a
mixture have significant contribution on the rutting
characteristics of Hot Mix Asphalt (HMA). There can
be occasions when the asphalt pavements with very
stiff binder and adequate aggregates may still fail to
exhibit low rutting, which is mainly due to other
properties, such as incorrect volumetric properties.
Moreover, it can also be said that the mixture
properties solely may not be sufficient for the purpose
of ensuring low rutting, but the external factors such as
temperature should also be considered [1].

Temperature is one of the main factors that affects
the rutting resistance of asphalt pavements.

The change of temperature in the pavement changes
the viscoelastic properties of the asphalt mix, which in
turn induces permanent deformation (rutting) in the
pavement [4]. Souza and Castro [5] concluded that the
deformation in asphalt concrete is the result of the
individual and combined effect of temperature, and
the susceptibility of the asphalt mix to temperature.
Roy-Chowdhury et al. [6] statistically analysed the
factors that have significant effect on rutting beha-
viour. It was shown that the individual effect of air
voids and test temperature, and the combined effect of
binder type and air voids have the greatest influence on

the rutting resistance of the asphalt mixtures. It is
generally well-established that stiffer binder is pre-
ferred over softer binder for increasing the rutting
resistance of the asphalt pavements [6]. As pointed out
by Roy et al. [7], the densification that occurs as a
result of reduction of air voids after construction, is a
primary cause of rutting during initial traffic loading.
The mix later undergoes shear flow when the material
reaches the densest state in which the materials flow
with volume change.

The study by Rahmani et al. [8] indicated that the
level of confinement has a significant effect on the
nonlinear viscoelastic characteristics of asphaltic
materials. Roy et al. [7] reported that the effect of
confinement on the variation in rutting is more for the
mixes with high air voids content than for the mixes
with lower air voids content. It can be noted that
NCHRP report 465 [9] involve the option of altering
confinement only for the Simple Performance Tests
(SPTs), such as the dynamic modulus test. However,
no study until now addressed or analysed the effect of
confinement in a simulative test such as the wheel
tracker. The current research addresses this point, for
which a modified setup of the wheel tracker was
utilised. The details of this modified wheel tracker
(MWT) are presented in the following sections. A
laboratory and statistical investigation of the effect of
the aforementioned factors on the rutting properties of
HMA is the focus of this research. Furthermore,
although there are a number of studies such as that by
Garba [10], Muraya [11], and Souza and Castro [5],
which investigated and analysed the effect of different
factors on permanent deformation characteristics of
asphalt mixtures using viscoelastic and viscoplastic
models, it should be noted that these models are
undeniably complex and cannot be readily imple-
mented for routine analysis in industry. Therefore, this
research focused on a statistical analysis, the results of
which are expected to be readily understood and
implemented by the practitioners as to the control of
the factors influencing permanent deformation in
laboratory, thereby, in-situ.

1.2 The modified wheel tracker (MWT)

The Wheel Tracking Test is the preferred test method
for laboratory characterisation of rutting in asphalt
mixtures because of its simplicity. However, Saleh [2]
concluded that the fully confined assembly used in the



Materials and Structures (2023) 56:18

Page 3 of 21 18

conventional system of the wheel tracker creates
unrealistic boundary conditions around the asphalt
specimen, and thereby immobilises the lateral defor-
mation. The research showed that the fully confined
assembly of the device revealed no significant differ-
ence in rut depth in the samples, despite the samples
being considerably different in both volumetric prop-
erties and mix composition. This fact was observed by
as also discussed by Shami et al. [12], and Yildirim
et al. [13]. Additionally, Saleh [2], Azari [14], and
Roy-Chowdhury et al. [15] indicated that the primary
phase and only a part of the secondary phase of the
permanent deformation curve could be observed in the
data produced by the fully confined setup of the wheel
tracker. In other words, the fully confined setup of the
wheel tracker is less likely to capture the shear
deformation in the asphalt concrete mixes, thereby
making it difficult to evaluate the true rutting
behaviour of the mixes.

Hence, a modified setup of the wheel tracker was
proposed for use and was standardised under ASTM
D8292-20 [16]. In the new setup, the lateral sides
along the wheel tracking direction are unconfined or
can be under full lateral pressure control, while the
remaining two sides are fixed. Hence, in this way, both
the rut depth or the vertical deformation and the
horizontal deformation can be recorded with the
loading cycles, which can be utilised to fully analyse
the permanent deformation behaviour of the asphalt
mixes. Additionally, the option of controlled confine-
ment on the lateral sides was incorporated in this new
setup, to simulate the confining stresses that flexible
pavements experience in field. Roy-Chowdhury et al.
[3, 8] experimented with this new setup of the wheel
tracker, and successfully concluded that it is capable
of capturing the tertiary zone of the permanent
deformation curve where shear deformation takes
place. Moreover, the authors also concluded that the
measurement of the horizontal deformation is crucial
to fully analyse the permanent deformation behaviour
of the asphalt mixes.

Figure la shows the newly modified setup of the
wheel tracker; while Fig. 1b and ¢ depict the vertical
deformation of 15 mm and the development of
horizontal deformation of 10 mm in the lateral sides
of a sample tested in the modified setup (unconfined)
of the wheel tracker.

2 Ruggedness testing and factorial design
approach

Ruggedness testing is a critical part of the develop-
ment of a test method by designing robust and
effective experimental designs. These designs are
very efficient for evaluating the effect of changes in
the factors on the chosen responses. For this type of
statistical design, it is inherently assumed that each
factor has an independent effect on the test results.
Therefore, the observed effect resulting from simul-
taneous variation of several factors is essentially the
sum of the individual effects. Since ruggedness testing
is concerned with the evaluation of the effect of
changes in testing conditions and not necessarily the
form of the effect, each testing condition is usually
evaluated at only two levels [17].

3 Problem statement

The accurate and precise measurement of asphalt
mixture properties is important for both selecting and
designing appropriate mixture for the pavement pro-
jects, and Quality Assurance (QA) and Quality
Control (QC) purposes. It has been discussed earlier
how the MWT could be helpful in true characterisation
of the asphalt mixtures by considering the lateral flow
or shear deformation, thereby producing the tertiary
zone in the permanent deformation curve. While
several research have been conducted to develop
multiple tests for the characterisation of permanent
deformation, limited information is obtainable from
the existing literature on how the factors or the
interaction of the factors from these tests affect the
permanent deformation behaviour in the field. This
study deals with the ruggedness testing of the exper-
imental factors affecting the permanent deformation
behaviour of dense-graded asphalt mixtures tested in
the MWT. It should be noted that the Simple
Performance Test (SPT) candidates utilise a sophisti-
cated test setup, and that, they are unlikely to be
adopted for quality control or quality assurance
purposes by the practitioners. In contrast to that, the
wheel trackers are simple and common tool for routine
testing of the asphalt mixtures. Therefore, the current
study utilised the Modified Wheel Tracker (MWT) as
the asphalt mixture testing device, and thereby,
statistically investigate the effect of different factors
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Fig. 1 a Modified wheel
tracker setup,

b representation of the
vertical deformation, and

¢ development of 10-mm of
horizontal deformation in
asphalt concrete slabs tested
in the modified setup of the
wheel tracker
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DTIs for record
horizontal
deformation

on the permanent deformation characteristics on
different asphalt mixtures. Finally, the objective of
this research is not only to study the effect of the
factors on rutting behaviour, but to find the ideal
setting for these factors in the MWT.

4 Methodology

The current study focuses on the ruggedness test of the
factors that affect permanent deformation to investi-
gate the significance of each factor and their interac-
tions when studied under the MWT. Moreover, it is
also important to rank and distinguish these factors in
terms of their significance on the permanent deforma-
tion behaviour of the asphalt mixes. This statistical
analysis is expected to help in controlling and
adjusting of the factors in the test method to evaluate

Pneumatic
ram for
controlling
the
confining
pressure

Untracked
sample

Horizontal
deformation
relative to
vertical
deformation

Wheel
tracked
sample

the actual field response. The factors and their levels
which were included in this research for each phase of
the 2 *~P fractional factorial design ruggedness testing
are presented in Table 1. Roy-Chowdhury et al. [3, 15]
reported the precision and repeatability of the MWT,
and these were found to be comparable to the
Hamburg Wheel Tracking Test (HWTT) repeatability
reported by Azari [14], and Cox et al. [18], and within
the tolerable limits for the Dynamic Creep or uncon-
fined Flow Number test covered in AASHTO 378
[19]. Also, it is a common practice to use two
replicates for wheel tracker tests because of the large
sized specimens weighing in excess of 17,000 gm,
compared to other tests that utilise small sized
specimens. Therefore, two replicates per mix were
considered in this study.

The responses which were considered for each
phase of experiments were fitted to a regression model
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Table 1 Two phases of half-fractional experiments with 4 factors and two replicates

Factors Levels Total combinations
Phase 1
Binder PG 64-16 16 runs
PG 70-16 Considering 1/2 factorial design, two replicates
Voids in Total Mix (VTM %) 4%
7%
Nominal Maximum Aggregate Size (NMAS) 14 mm
20 mm
Temperature (°C) 50 °C
60 °C
Phase 11 16 runs
Voids in Total Mix (VTM %) 4% Considering 1/2 factorial design, two replicates
7%
Temperature (°C) 50 °C
60 °C
Confining pressure (kPa) 0 kPa
1.31 kPa

and the factors were ranked. The statistical analysis
was conducted according to ASTM E1169-20 [20],
and the statistical software Minitab 19.2020.1 [21] was
used to design the experiments and run the analysis.

For the selection of confining pressures, initially,
unconfined (0 kPa lateral pressure), and lateral pres-
sures of 0.9 kPa, and 1.31 kPa were applied on AC 14
mixes with PG 70-16 binder, two air voids contents (4
and 7%) and one temperature 60 °C. The vertical and
horizontal permanent deformation results for these
mixes were obtained and presented in Fig. 2. As can
be observed from the deformation curves, the AC 14
mix with 4% air voids and with lateral pressure of
1.31 kPa behaved almost similarly to the AC 14 mix
with 7% air voids and with lateral pressure of 0.9 kPa,
while the mixes with zero confinement or lateral
pressure behaved quite distinctly from each other and
from the ones with confinement. It can be observed
that the absence of confinement in the specimens
resulted in higher vertical and horizontal deformations
compared to others.

Hence, the confining pressures for the subsequent
work of ruggedness testing included O kPa (uncon-
fined—lower end of the said pressures), and 1.31 kPa
(upper end of the said pressures) to statistically

investigate the effect of lateral pressures along with
other factors on the permanent deformation charac-
teristics of a series of asphalt mixtures with different
combinations of mix and test conditions.

Phase I will focus on the effect of test parameters on
FN Index values, while Phase II will focus on different
measures of rutting, i.e., permanent deformation at
2000 cycles, and creep slope.

5 Experimental setup and preparation of asphalt
mixtures

The study utilised the modified wheel tracker, stan-
dardised under ASTM D8292, for the testing of
305 mm x 305 mm x 75 mm compacted HMA slab
specimens. A vertical load of 0.7 kN is applied on the
specimens with a wheel tracking rate of 26 cycles/min
(52 passes per min). The test was conducted in dry
condition, at specified temperatures. The test can be
run in both unconfined and confined setups. The test is
stopped at 50,000 cycles or when the total cumulative
vertical permanent deformation (rut depth) reaches
15-mm, whichever occurs first.
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Fig. 2 a Vertical, and b horizontal deformation curves for different confining pressures

The mixing, pre-conditioning, and compaction
temperatures were chosen as 150 °C, with condition-
ing time of 60 + 10 min, according to AS/NZS
2891.2.1:2014 and AS/NZS 2891.2.2:2014 [22, 23].
The gradation curves for AC 14 and AC 20 are shown
in Fig. 3. As can be observed, the gradations differ
only in the coarse fractions while the middle and fine
fractions are very similar to each other. Both AC 14
and AC 20 are used as heavy-duty mixes in New
Zealand, that is why both were considered in this
study.

6 Calculations

6.1 Determination of vertical and horizontal
indices

As discussed earlier, the immediate result of using the
modified setup of the wheel tracker (unconfined) is
that, in most cases, the permanent deformation curve
tends to show three distinct phases or zones similar to
the results from other fundamental tests, such as the
SPTs. These curves can be analysed using the
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Francken model, and as a result, a definite FN (vertical
and horizontal) can be obtained, in contrast to only ‘rut
depth’ that is produced by conventional wheel
trackers.

Therefore, in this study, the flow number based on
vertical deformation (FNy), and the flow number
based on horizontal deformation (FNy) for each
specimen were determined by fitting the experimental
vertical and horizontal deformation data to the
Francken model, the details of which can be found
in the study by Roy-Chowdhury et al. [3]. Figure 4
illustrates the three zones of a typical permanent
deformation curve resulting from the MWT test with
zero confinement, and the Francken model fitted to the
experimental data.

As pointed out by Zhang et al. [24] and Ali et al.
[25], although the Flow Number (FN) has been widely
used as a rutting parameter, the FN Index is a better
indicator of rutting susceptibility than the FN
approach. This is because FN Index considers both
FN and the deformation at FN. Mathematically, FN
index can be expressed as the ratio of the accumulated
permanent deformation to the FN, presented in Eq. 1.

5(F)

FN

FNindex = (1)

where 8(F) represents permanent deformation (in mm)
and FN is the flow number.

Sieve size (mim)

7 Results and analysis
7.1 Phase—I

The vertical and the horizontal FN Indices of the
asphalt concrete mixes tested under the MWT are
presented in Table 2. Subsequently, the values were
converted into logarithmic values to address the
skewness in the data, and to reduce the wide range
of values in the dataset to a more manageable size.
Hence, the logarithmic values of the said parameters
were considered as the responses for the statistical
analysis. While Roy Chowdhury et al. [6] considered
only Log (FNy) and Log (FNy) for the analysis, this
research considered the vertical and horizontal FN
Indices.

It can be seen that the higher FN produced lower FN
Index and vice-versa (Fig. 5a and b). Additionally,
prior to the main analysis, the correlation of vertical
and horizontal FN Indices was obtained to investigate
if there exists any linearity between the said param-
eters. As depicted in Fig. 5c, an excellent correlation
was found between the two with an R* value of 0.98.
Moreover, these parameters showed promising corre-
lation with each other, indicating that they are well-
connected and can serve as surrogate or alternative
parameters for assessing the true permanent deforma-
tion characteristics of HMA.
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Fig. 4 Fitting Francken model to MWT permanent deformation data

Table 2 Rutting parameter results from MWT test

Mix Binder VTM (%) T (°C)* Mix NMAS Vertical FN Vertical FN Horizontal Horizontal
Index-R,* Index-R,* FN Index-R* FN Index-R,*
(1E-06) (1E-06) (1E-06) (1E-06)

1 PG 64-16 4 60 AC 14 2961 3062 1423 1927

2 PG 64-16 7 50 AC 14 2199 2040 1074 1407

3 PG 70-16 7 50 AC 20 912 1315 594 699

4 PG 64-16 4 50 AC 20 889 898 458 545

5 PG 70-16 4 60 AC 20 1040 995 706 445

6 PG 70-16 4 50 AC 14 87 110 33 28

7 PG 70-16 7 60 AC 14 3223 5513 2157 4123

8 PG 64-16 7 60 AC 20 9264 11,649 5882 6358

T: Temperature, R, and R,: Replicates 1 and 2 respectively

7.1.1 Statistical analysis

The null hypothesis for this study is that the response
will not be affected by the change in test factors. The
level of significance for this statistical analysis, “o”, is
equal to 0.05. Therefore, the acceptance or rejection of
the null-hypothesis will depend on the P value, which
is calculated and compared with “a”. P value
indicates the probability of getting a mean difference
between the groups as high as what is observed by
chance. Lower P value indicates higher significance
between the groups. In this study, a P value lower than

0.05 indicates that a factor is significantly affecting the

response. Analysis of Variance (ANOVA) method is
used in order to evaluate the statistical significance
among the responses [Log (Vertical FN Index) and
Log (Horizontal FN Index)]. The results are presented
in Table 3.

As shown in Fig. 6, all the main factors—binder
type, %VTM, test temperature, and mix NMAS were
found to be significant. Among the two-way interac-
tions or joint effects, “Binder*VTM”, “Binder*Tem-
perature” were found to be significant. The results
demonstrate that the change in these factors will
significantly affect the permanent deformation beha-
viour of the asphalt mixtures.
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Fig.5 Correlations of a FNy and Vertical FN Index, b FNy and
Horizontal FN Index, and ¢ vertical and horizontal FN Indices

The reason why the combinations such as
“VTM*Test Temperature” and “VTM*Mix NMAS”
are absent is essentially due to the fact that a fractional
factorial design such as the one utilised in this
research, is in fact a subset of a full-factorial design,
which confounds some of the 2-way interactions and
main effects. Hence, these combinations or interac-
tions cannot be distinguished from the effects of other
higher-order interactions [21]. Hence, this research
should serve as a screening study to obtain the factors
which are most significant, so that a full factorial

design and analysis can be conducted in future to
obtain a complete set of factors and their combinations
affecting the response.

As pointed out by Montgomery [26], the half-
normal probability plots are another approach to find
the significant factors. The probability plot shows the
effect of the factors against the percent probability of
that effect. In this technique, the significance of the
factors is proportional to their distance from the
probability line (red-dotted line in Fig. 6). The factor
deviating the most is the one with highest significance
(i.e., temperature, in this phase of study).

Based on the analysis, temperature was found to
have the greatest influence on the permanent defor-
mation behaviour. It is primarily attributed to the fact
that the increase in test temperature reduces the binder
viscosity, and the binder softens as a result, with the
decrease in mix stiffness, leading to higher permanent
deformation. The second most influencing factor was
found to be %VTM, the reason being, increase in air
voids in the asphalt mixture reduces the mix stiffness
and weakens the structure, thereby making it more
susceptible to permanent deformation. For the effect
of bitumen binder, it is a well-established fact that
softer binder generally induces more permanent
deformation. The NMAS, amongst the individual
factors, was found to have the least significance for
both vertical and horizontal indices. This is primarily
attributed to the fact that, the mix gradations of AC 14
and AC 20 in this study are quite similar to each other,
as discussed earlier.

The regression models for vertical and horizontal
indices can be constructed as:

Log (Vertical FN Index) = —17.58 + 0.1326 Binder
+ 0.6540 VIM + 0.1376 Test Temperature
+ 0.1029 Mix NMAS — 0.00627(Binder * VTM)
— 0.000959(Binder * Test Temperature)
—0.001117(Binder * Mix NMAS) R* = 0.98

(2)

Log (Horizontal FN Index) = —23.64 4 0.2046 Binder
+ 0.883 VIM + 0.2020 Test Temperature
+ 0.1533 Mix NMAS — 0.00904(Binder * VTM)
— 0.001764(Binder * Test Temperature)
—0.001733(Binder * Mix NMAS) R? = 0.98

(3)
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Table 3 Analysis of Source DF Adj SS Adj MS F-Value P Value

Variance (ANOVA) for FN-

Indices ANOVA for Log (Vertical FN Index) (1E-06)
Model 7 5.04569 0.72081 113.54 0.000
Binder 1 1.11211 1.11211 175.17 0.000
VTM 1 1.66140 1.66140 261.69 0.000
Test temperature 1 1.98749 1.98749 313.05 0.000
Mix NMAS 1 0.08823 0.08823 13.90 0.006
2-Way Interactions 3 0.19646 0.06549 10.31 0.004
Binder*VTM 1 0.14171 0.14171 22.32 0.001
Binder*test Temperature 1 0.03679 0.03679 5.79 0.043
Binder*Mix NMAS 1 0.01796 0.01796 2.83 0.131
Error 8 0.05079 0.00635
Total 15 5.09648
ANOVA for log (Horizontal FN Index) (1E-06)
Model 7 6.61330 0.94476 90.05 0.000
Binder 1 1.28774 1.28774 122.74 0.000
VTM 1 2.25154 2.25154 214.60 0.000
Test Temperature 1 2.46417 2.46417 234.87 0.000
Mix NMAS 1 0.14775 0.14775 14.08 0.006
2-Way Interactions 3 0.46211 0.15404 14.68 0.001
Binder*VTM 1 0.29434 0.29434 28.05 0.001
Binder*test Temperature 1 0.12453 0.12453 11.87 0.009
Binder*Mix NMAS 1 0.04324 0.04324 4.12 0.077
Error 8 0.08393 0.01049
Total 15 6.69723

7.2.1 Determination of creep slope
7.2 Phase 11

As discussed earlier, the factors utilised in this phase
of experiments are binder type, VT M, temperature and
confining pressure. NMAS appeared to be the least
significant individual factor in Phase I testing, there-
fore, it was replaced with “confining pressure” as a
new factor for the Phase II testing. It should be noted
that with the induced confinement of 1.31 kPa, the
mixes in most cases plateaued. Therefore, the rutting
parameters utilised for the ruggedness analysis are the
vertical and horizontal deformation at 2000 cycles,
and the creep slope. The reason for choosing 2000
cycles as a parameter is that, this particular cycle
number is shared by all the runs (mixes) and replicates
of the matrix. The values of these parameters are
presented in Table 4.

Yildirim et al. [13], and Izzo and Tahmoressi [27],
defined the creep slope as the linear region of the curve
after post-compaction, which represents the rutting
susceptibility due to plastic flow. The MWT utilised in
this study, utilised the dry test condition, and the
resulting creep slope was determined for the mixes.
Figure 7a shows the correlations of the vertical and
hoizontal indices with the vertical and horizontal
deformations at 2000 cycles of mixes/runs 1-4. As can
be celarly observed, the high correlations validate the
use of vertical and horiontal deformation at 2000
cycles for the statistical analysis presented in this
section. Moreover, the correlations of vertical and
horizontal deformations at 2000 cycles with higher
cycle numbers, such as 10,000, 25,000, and 50,000
were investigated for mixes/runs 5-8, presented in
Fig. 7b and c. The correlations show that long-term
rutting development can well be predicted from rutting
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Half Normal Plot of the Standardized Effects

(response is Log (Vertical FN Index), a = 0.05)
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Fig. 6 Half-normal plot for a Log (Vertical FN Index), and b Log (Horizontal FN Index)

at 2000 cycles using linear and exponential models.
The slightly lower linear correlation and exponential
correlation for the relationship of vertical and hori-
zontal deformation at 2000 cycles and that at 50,000
cycles could have been due to the combined effect of
stress and remperature at higher loading cycles. The
advantage of such models is that these can potentially

minimise the time and cost of testing significantly, as
also discussed by Javilla et al. [28].

7.2.2 Statistical analysis

As can be seen from Table 5 and Fig. 8, the statistical
analysis of this phase of experiments showed that all
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Table 4 Vertical and corresponding horizontal deformation of the mixes at 2000 cycles

Mix Binder VIM (%) T (°C) Confining pressure (kPa) Vertical Corresponding Creep slope

deformation or rut  Horizontal (10_5 )

depth (mm) at 2000 deformation (mm) at

cycles 2000 cycles

R, Ry R, Ry R, Ry
1 PG 64-16 4 60 0.00 5.54 5.75 242 3.24 200.00 190.00
2 PG 64-16 7 50 0.00 4.06 4.26 1.77 2.68 130.00 120.00
3 PG 70-16 4 50 0.00 2.19 2.61 0.48 0.21 4.00 4.00
4 PG 70-16 7 60 0.00 6.74 8.12 6.28 7.76 240.00 310.00
5 PG 70-16 7 50 1.31 2.48 2.35 0.16 0.23 2.00 3.00
6 PG 64-16 4 50 1.31 2.60 2.53 0.08 0.13 2.00 2.00
7 PG 70-16 4 60 1.31 2.43 2.96 0.13 0.24 2.00 3.00
8 PG 64-16 7 60 1.31 3.63 4.23 0.57 0.44 10.00  10.00
T: Temperature in °C; Ry and R,: Replicates 1 and 2 respectively

the main factors except “binder” were found to be
significant for the vertical and horizontal deformations
at 2000 cycles. This can be further supported by the
fact pointed out by Montgomery [26], that, a signif-
icant interaction can often mask the significance of
main effects. It indicates that the ultimate effect of
binder type is evaluated as a result of its interaction
with VIM and test temperature. Another important
observation is that, “confining pressure” was found to
be significant for all three parameters studied in this
phase, with its distinction being the greatest for the
creep slope, followed by horizontal deformation, and
vertical deformation. This indicates that the creep
slope, followed by horizontal deformation and vertical
deformation is most sensitive to any change in the
confining pressure. The findings clearly demonstrate
that the increase of the lateral confining pressure
increasingly immobilises the lateral permanent defor-
mation, producing lesser vertical (shear) and horizon-
tal deformation. For obvious reason that temeprature
has a tremendous effect on the viscoelastic materials
such as asphalt, it is the immediate next factor that
imposed significant effect on the test results, where the
increase in temeprature increased the permanent
deformation in the mixes. The results also indicate
that VITM is more important than “binder” to be
maintained at specified limits with little deviation,
because even little change in design VTM can result in
unwarranted results.

The regression models for vertical and correspond-
ing horizontal deformation at 2000 cycles, and creep
slope can be constructed as:

Vertical deformation at 2000 cycles = —47.69
+ 0.561 Binder + 3.227 VIM + 0.634 Temperature
— 3.31 Confining pressure — 0.04058 Binder * VIM
— 0.00615 Binder * Temperature

R* =095

(4)

+ 0.0261 Binder * Confining pressure

Horizontal deformation at 2000 cycles = —83.0
+ 1.036 Binder + 4.559 VTM + 1.182 Temperature
— 5.41 Confining pressure — 0.05742 Binder * VIM
— 0.01415 Binder * Temperature
+ 0.0470 Binder * Confining pressure R> = 0.96

(5)

Creep slope = —0.03424 4 0.000428 Binder
+0.002117 VIM + 0.000425 Temperature
— 0.000637 Confining pressure
— 0.000028 Binder * VIM — 0.000005 Binder
+ Temperature — 0.000006 Binder

% Confining pressure ~ R? = 0.97
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Table 5 Analysis of
Variance (ANOVA) for

ANOVA for vertical deformation at 2000 cycles

vertical and horizontal Source DF Adj SS Adj MS F Value P Value

deformation at 2000 cycles,

and creep slope of the mixes Model 7 46.5274 6.6468 37.61 0.000
Binder 1 0.4624 0.4624 2.62 0.144
VTM 1 5.3592 5.3592 30.33 0.001
Temperature 1 16.6464 16.6464 94.19 0.000
Confining pressure 1 16.1202 16.1202 91.22 0.000
2-Way Interactions 3 7.9391 2.6464 14.97 0.001
Binder*VTM 1 5.9292 5.9292 33.55 0.000
Binder*Temperature 1 1.5129 1.5129 8.56 0.019
Binder*Confining pressure 1 0.4970 0.4970 2.81 0.132
Error 8 1.4138 0.1767
Total 15 47.9412
ANOVA for corresponding horizontal deformation at 2000 cycles
Model 7 80.437 11.4911 48.38 0.000
Binder 1 1.082 1.0816 4.55 0.065
VTM 1 10.498 10.4976 44.20 0.000
Temperature 1 14.707 14.7072 61.92 0.000
Confining pressure 1 32.661 32.6612 137.51 0.000
2-Way interactions 3 21.490 7.1633 30.16 0.000
Binder*VTM 1 11.868 11.8680 49.97 0.000
Binder*temperature 1 8.009 8.0089 33.72 0.000
Binder*confining pressure 1 1.613 1.6129 6.79 0.031
Error 8 1.900 0.2375
Total 15 82.338
ANOVA for creep slope
Model 7 0.000016 0.000002 73.45 0.000
Binder 1 0.000000 0.000000 1.81 0.216
VTM 1 0.000001 0.000001 34.25 0.000
Temperature 1 0.000003 0.000003 95.49 0.000
Confining pressure 1 0.000008 0.000008 265.56 0.000
2-Way interactions 3 0.000004 0.000001 39.02 0.000
Binder*VTM 1 0.000003 0.000003 86.94 0.000
Binder*temperature 1 0.000001 0.000001 29.20 0.001
Binder*confining pressure 1 0.000000 0.000000 0.91 0.369
Error 8 0.000000 0.000000
Total 15 0.000017

8 Model accuracy

The residual values and their trends, which were
calculated and examined during the ANOVA, were
assessed to validate the accuracy of the models. As
pointed out by Montgomery (2017), an adequate
model does not bear any obvious pattern [26]. The
model adequacy can be verified by studying the

normal probability plot of the residuals, which should
fall upon the equality line, indicating that the normal
distribution assumption of the errors is satisfied.
However, moderate departures from normality are
usually observed and is generally accepted. Fig-
ure 9a—d illustrate the normal probability plot of the
residuals for vertical and horizontal FN Index (Phase
I), and vertical and horizontal deformation at 2000
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Fig. 8 Half-normal
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cycles (Phase II). The general impression of these
figures is that the errors are normally distributed with
very few points having large residual.

9 Effects and interaction contour plots

The effects and interaction plots, which show the
effects of two factors interactions on the response were
presented. The idea is to predict how much deviation
in the factors from their design/target value produces a
desired range of the corresponding response. This can
help control and adjust the design values in the
laboratory when conducting the test procedure. The
analysis in this section covers the important findings of
the experiments discussed and presented earlier. The
combinations of the most significant factors for the
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corresponding responses were considered in the
effects and interaction contour plots.

The analysis of the contour plots for vertical
deformation at 2000 cycles (Fig. 10a and b) revealed
that lower value of the vertical permanent deformation
(< 3) was obtained at any one of the following
combinations: (a) confining pressure > 1.0 kPa, tem-
perature < 52 °C, for AC 14 mix samples with PG
70-16, with 7% VTM; (b) confining pres-
sure > 1.2 kPa, VIM < 4.3%, for AC 14 samples
with PG 70-16, at 60 °C. The analysis of the contour
plots for horizontal deformation at 2000 cycles
(Fig. 10c and d) revealed that low value of the
horizontal deformation (< 1) was obtained at any
one of the following combinations: (a) confining
pressure > 1.05 kPa, temperature < 52 °C, for AC 14
samples with PG 70-16, with 7% VTM; (b) confining
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Fig. 9 Normal probability plot for a Log (Vertical FN Index), b Log (Horizontal FN Index), ¢ vertical deformation at 2000 cycles,

d horizontal deformation at 2000 cycles
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Fig. 10 Contour plots for Vertical deformation at 2000 cycles
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pressure > 1.05 kPa, VIM < 4.7%, for AC 14 sam- factors were varied, various other combinations based
ples with PG 70-16, at 60 °C. on high and low values of the variables can be
Apart from these combinations, which were based determined.

on high values of the variables when the other two
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Fig. 10 continued Horizontal deformation at 2000 cycles
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10 Sensitivity analysis considered as the sensitivity analysis. For the analysis,
the confining pressure was changed by £ 10%, +
The vertical deformation at 2000 cycles of the eight 20% and + 30%, and the temperature was changed
corresponding runs from Phase II experiments was by £ 1%, &+ 3% and £ 5%. The changed values
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Fig. 11 Sensitivity analysis
for the responses for
different factors
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were substituted into the model and the output was
compared with the initial model output for the
responses.

Figure 11a and b indicate that the vertical defor-
mation at 2000 cycles to be within the range £ 25%
from the model, the confining pressure and tempera-
ture should be controlled in the range + 25% and =+

5%. This indicates that even minimal change in
temperature and confinement would possibly increase
the variability amongst the mix replicates and make

- Mix5
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——Mix 8
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the coefficient of variation (CV %) of the target
permanent deformation parameters yield exceedingly
high values, which is not ideal.

11 Conclusion
A total of 16 combinations were considered for the

MWT test and the analysis was broken down into two
phases. Permanent deformation parameters including
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the vertical and horizontal FN Indices, vertical and
horizontal deformations at specific cycle number, and
creep slope were determined. Two combinations of
mix gradation AC 14 and AC 20, %VTM (4.0% and
7.0%), binder type (PG 64-16 and PG 70-16), test
temperature, and lateral confinement were included in
half-factorial design of two- level analysis. Based on
the findings, the following can be concluded:

1. ANOVA analysis was used to determine the factors
with significant effect on permanent deformation
behaviour of HMA studied in the MWT. For both
Log (Vertical FN Index) and Log (Horizontal FN
Index), all the main factors—binder type, % VTM,
test temperature, and mix NMAS were found to be
significant. As for the joint effects, the two-way
interactions, i.e., “Binder*VTM”, “Binder*Tem-
perature” were found to be significant. The results
indicate that the change in any of these factors
would potentially alter the rutting or permanent
deformation behaviour of the asphalt mixtures
studied under the MWT.

2. The use of the MWT shows that long-term rutting
development can well be predicted from rutting at
2000 cycles using linear and exponential models. The
advantage of such models is that these can potentially
minimise the time and cost of testing significantly.

3. Initial results show that the AC 14 mix with 4% air
voids and with lateral pressure of 1.31 kPa
behaved almost similarly to the AC 14 mix with
7% air voids and with lateral pressure of 0.9 kPa,
while the mixes with zero confinement or lateral
pressure behaved quite distinctly from each other
and from the ones with confinement. It was
observed that the absence of confinement in the
specimens resulted in higher vertical and horizon-
tal deformations compared to others. Ruggedness
matrix-based experiments with controlled con-
finement and unconfined mixes show that “con-
fining pressure” is the most significant factor for
the rutting parameters, with its influence being the
greatest for the creep slope, followed by horizontal
deformation, and vertical deformation.

4. The contour plots provided various combinations
of the most significant factors for the correspond-
ing responses. This can help control, adjust, and
optimise the design values in the field.

5. The sensitivity analysis points out that even minimal
change in temperature and confining pressure can

possibly increase the variability among the mix
replicates. The vertical deformation at 2000 cycles to
be in the range + 25% from the model, the confining
pressure and temperature should be controlled within
the range &+ 25% and + 5%.
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