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The present research aims to conduct laboratory assessment
on fatigue phenomenon in warm mix asphalt modified with
nano-silica and including reclaimed asphalt pavement
materials by the aid of review on self-healing behavior and
measurement of validity of laboratory results by modeling
via neural artificial network in neutral network of SPSS
software. For this purpose, 2% weight of sasobit and 3, 5 and
7 % weights of base bitumen-to-bitumen (85-100) were
added and they were stirred up by high-cut mixer. Then, the
specimens of four-point flexural test were made by the
reclaimed bitumen samples. The quantities of 0, 70 and
100% of reclaimed asphalt materials were utilized for aging
simulation process in warm mix asphalt to build four-point
flexural tested slabs. The findings indicate that adding nano-
silica may essentially affect rising self-healing level in warm
mix asphalts. The current study intends to present a model
based on neural artificial network technique to predict
behavior of warm asphalt specimens including different
nano-material contents and to compare them with the
laboratory results for measurement of validity of the given
model. The given results show high precision of the model at
level of 0.951.

1. Introduction

1.1. Self-Healing in Asphalt Mixtures

diffused catalyst and microcapsules including
healing factor in polymeric matrix for the
first time at early 2001 [1]. The self-healing
process starts in this way that the crack at the

The engineering materials were designed beginning will release healing factor among
with self-healing property by entering the crack by splitting the existing
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microcapsules in self-healing polymeric
structure and this factor starts polymerization
by contact to catalyst and healing factor and
as a result this process approaches two ends
of the fissure to each other and will lead to
connection of two ends of crack [2]. Various
researchers  observed that self-healing
mechanism might be divided into two classes
in asphalt mixtures: a) Improvement of
adhesion in connection between aggregates
in asphalt mixture and b) Improved cohesion
and adhesion of bitumen adhesive. Some
researchers argue that as cracks are
connected together due to Van der Waal’s
forces, the molecules are distributed from
one direction to another so that the cracks are
healed perfectly and resistance of asphalt
reaches to the original level again [3].
Bitumen plays key role in asphalt self-
healing process [4]. The main problem of
self-healing process lies in this point that the
self-healing process occurs very slowly in
asphalt pavement at ambient temperature so
that the rate of growth of cracks and failure is
greater than self-healing ratio under normal
condition and asphalt may not be repaired
automatically in practice. Likewise, traffic
flow may not be adequately blocked on the
road to improve self-healing [5-7]. Self-
healing is a driven process by low viscosity
at high level and it depends on temperature
and time of healing. Similarly, temperature
and time of healing also depend on type of
bitumen [8]. Hardness and resistance of
bitumen materials are reduced as the bitumen
materials are subject to redundant loading
[9]. The micro-crack starting trends,
expansion and macro-crack processes along
loading cycles have been examined by
several researchers [10]. Returning hardness
to materials, rising lifetime of fatigue and
returning resistance were observed for the
first time in vitro by a fatigue test with

relaxation periods in 1960. The results of
analysis on effects of reclaiming agents
(additives) on self-healing potential of
asphalt materials were dispersedly reported.
Lee et al. [11] compared healing of asphalt
mixtures with different reclaiming agents e.g.
SBR, SBS and GIL. They concluded that the
asphalt mixture might show the best
performance by SBS reclaiming factor with
respect to fatigue, fractures and healing. The
assessment conducted by Kim on effect of
SBS reclaiming factor in healing and
cracking properties indicated that SBS factor
might have relatively small impact on rate of
healing in asphalt mixtures [12]. In addition,
Mr. Little deduced that adding SBS and Low
Density Polyethylene (LDPE) might act as a
filler system so that it could stop the healing
potential in pure bitumen [13]. The negative
effect of polymeric additive on healing may
be interpreted with reliance on effect of
polymer on bitumen composition structure.
The polymeric networks are extended in
bitumen by this factor and absorbing more
compatible elements with bitumen by this
factor is assumed as the reason for distension
in the bitumen and therefore what remains
form this process is the bitumen with higher
asphaltene elements. The bitumen with
higher density asphaltene 1is less likely
susceptive for flow and healing process. Mr.
Little also described possible effect of
Hydrated Lime (HL) on healing potential in
bitumen. Process of adding hydrated lime to
bitumen with high aromatic property and the
minimum  asphaltene elements (AAM)
showed the lower potential for healing.
However, addition of hydrated lime to AAD
bitumen as very dependent bitumen and
another increased healing capacity by
breaking high asphaltene. This process may
be due to surface tension of hydrated lime or
internal reactions with some fraction of more
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polar asphaltene in AAD bitumen that can
increase flow and healing properties [13].
Bahia [14] tested two samples of non-
modified bitumen, two modified adhesives
with plastomer and to to modify samples
with oxygen (oxidized). He concluded that
the modified adhesive showed better HPI
(healing properties of index) level than the
original bitumen. The findings indicated that
the modification technology could change
healing performance.

1.2 Literature Review

The hot asphalt pavement may produce a lot
of greenhouse gases because of performance
at high temperature. Utilization from warm
asphalt technology has been noticeably
increased linearly with  environmental
protection and reduced energy consumption
in recent years. There are various
technologies for producing warm mix
asphalt. Quantao Liu et al. (2017) compared
healing behaviors induced by Warm Mixture
Asphalt (WMA) made with Aspha-Min and
conducted by steel fibers and Hot Mixture
Asphalt (HMA) conducted by steel fibers by
destruction-healing-destruction  test. The
results of tests indicated that the rate of self-
healing was a little higher in WMA mixture
made by Aspha-Min than in HMA mixture
and also the inductive heat might extremely
increase self-healing potential in WMA [15].
By analysis on effect of two additives
including Sasobit and Evotherm in
specifications of healing of fracture in warm
asphalt (WMA), XIN Lu (2013) observed
that these two additives did not highly
change healing specification of breakdown in
binder layer of asphalt, except sasobit might
increase initial dynamic shear modulus and
make fatigue life longer [16]. By evaluation
of healing specifications of warm mix asphalt

(WMA) including sasobit and Advera, Munir
Nazzal et al. (2012) found that despite
improvement in adhesive intrinsic healing,
both additive might have adverse effect in
cohesive intrinsic healing behavior in asphalt
binder mixture and also sasobit reduced rate
of fracture [17]. By evaluation of warm mix
asphalt (WMA) including Nano-Hydrated
Lime (NHL) and Regular Hydrated Lime
(RHL), Aboelkasim Diab et al. (2013)
indicated that instead of using Regular
Hydrated Lime (RHL) with weight dose
(20%) for reduction of fissure, Nano-
Hydrated Lime (NHL) might be used with
binder weight dose (5%) [18]. By
comparison of warm mix asphalt (WMA)
comprising of Nano-Hydrated Lime (NHL)
and Regular Hydrated Lime (RHL),
Abolekasim Diab et al. (2014) concluded that
using Nano-Hydrated Lime (NHL) could be
more efficient method in reducing fissures
than by Regular Hydrated Lime (RHL) [19].
Jianchuan Cheng et al. (2013) explored effect
of hydrated lime particles on humid
sensitivity of warm mix asphalt (WMA). The
results showed that the mixture including
Sub-Nano Hydrated Lime (SNHL) might
increase Indirect Tensile Strength (ITS) up to
8% and Tensile Strength Ratio (TSR) to 10%
compared to the mixture with regular
hydrated lime (RHL) content [20]. By
evaluation of water-content additives in
warm mix asphalt (WMA) e.g. Aspha-Min
and Advera, Siyuan Xu et al. (2017) found
that these two additives might weaken
resistance of WMA mixture against humidity
failure [21]. Through their assessment on two
types of warm mix asphalts (WMA) out of
which one was made by so-called technique
(using sasobit) and the other included
Zycosoil nano-material, Kavoosi et al. (2013)
concluded that the given nano-material might
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play more effective role in rising humidity
resistance in WMA mixture than by other
parameters [22]. Zalnejad et al. (2015)
reviewed effect of different levels of nano-
silica in  improvement of physical,
rheological and mechanical characteristics of
warm mix asphalt (WMA) with 2% sasobit
content. The results of tests showed that
performance of WMA mixture was improved
by rising percent of nano-silica that included
little increase in resilient modulus of mixture,
improvement in response of pavement to
traffic load at 25°C, reducing depth of crack
in loading cycles, decreased hardness of the
modified sample versus control specimen,
longer lifetime of fatigue in asphalt concrete
and reduced depth of fissure [23]. By their
laboratory investigation in warm mix asphalt
(WMA) reinforced by jute natural fibers and
synthetic ~ poly-olefin-Aramid  (FORTA)
fibers, Aliha et al. (2017) found that WMA
mixture with FORTA fiber content showed
better resistance to growth of crack than
WMA mixture including jute fibers [24].

1.3. Statistical Models

Five methods are available to enter variables
in regression model. These techniques have
been already designed in computerized
programs and researchers allow
computerized program during adaption of
these techniques to run automatically
analysis. These methods are as follows:

1) Enter Method: In this technique, all
independent variables enter in the analyses
together.

2) Stepwise Method: Stepwise method enters
variables in analysis one by one. Namely,
firstly a variable enters the analysis with the
highest correlation coefficient to the
dependent variable. In this method, order-

preference for entering variables is not
available to researcher.

3) Remove method: This technique removes.
The remove method is similar to enter
method, but it is not frequently used in
multivariate regressions because it does not
perform analysis of variance.

4) Backward method: In this method, all
independent variables initially enter in the
model similar to enter method, but unlike
enter method the less effective variables are
excluded from the equation one after another
until it reaches to the maximum level.

5) Forward method: Firstly, simple
correlation is calculated among each of
independent variables with the dependent
variable and then an independent variable
enters in analysis with the highest correlation
to the dependent variable [25].

Enter Method has been utilized in the present
research.

1.4. Research Objective

The current research aims to conduct
laboratory results for fatigue phenomenon in
warm mix asphalt modified by nano-silica
and with the contents of reclaimed asphalt
materials by the aid of self-healing behaviour
using neural artificial network by means of
SPSS software. The addition of nano-silica
increases the bursting at mid-temperatures,
which can be due to the very high level of
nanosilica, which, by placing in the bitumen
network, artifies the bitumen network and
increases the asphalt mix's resistance to
intermittent loading [26]. In this research, we
try to investigate the effects of nano silica
and the healing phenomenon on recovered
semi-warm asphalt mixtures.
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2. Methodology

2.1. Consuming Materials

2.1.1. Aggregate Materials

The grading of stone materials used in this
study is the average continuous grading level
for warm mix asphalt relating to Topeka
layer (stone-filled sheet asphalt) in
accordance with Journal No 101 of technical
and general specifications of routes. The
limits of this grading are given in Table 1.

Table 1. Continuous grading of warm mix
asphalt for pavement layer.

Table 3. Specifications of bitumen used in
building of specimens.

Scre | 19m | 12.5 95 | 475 | 236 | 0.3 | 0.07
en m mm | mm | mm | mm 5m

size | 341 | 1.21 | 381 | No | No | m m
nch) | nch) | nch) | 4) 8) (N | (No
0

Characteristic Quantity Standard Allowed
range

Permeation degree 86 ASTM D-5 85-100

(deci-mm)

Softness point (C°) 50 ASTM D36  45-52

Flaming point (C°) 225 ASTM D- Min 225
92

Rotary low 3.25 ASTM D- Max3

viscosity at 4402

135degrees 1 (Pa.S)

Ductility (cm) 100 ASTM D- Min 100
113

Purity degree (%) 99.5 ASTM Min 99
D2042-76

Weight loss (%) 0.05 ASTM D-6 Max 0.8

200)
50)
Reje | 100 95 - 59 43 13 6
cted
petc
ent

The used materials are of limey type in this
study and their specifications are presented in
Table 2.

Table 2. Characteristics and specific weight of
stone materials.

2.1.3. Reclaiming Additive (Nano-Silica)

The characteristics of nano-silicon dioxide
are shown in Table. The nano-silicon dioxide
or silica is the most abundant material found
in crust of earth. This compound has
structure similar to diamond with chemical
formula (SiO;). The chemical compounds
and physical properties of nano-silica are
described in Table 5.

Table 4. Constituent compounds of nano-SiOs.

Si0, | Ti Ca Na Fe
< < < < <
99% | 120ppm | 20ppm | 50ppm | 200ppm

Table 5. Physical properties of nano-SiO2.

Type of | Apparent | Breakdo | Los Water
material | specific wn in | Angele | absorptio
s weight both s n (%)
(gr/cm’) fronts erosion
(%) (%)
Limey | 2,69 95 21.3 1.68

2.1.2. Bitumen

The bitumen used in this study is of bitumen
Penetration degree (85-100) type made in
Isfahan J-oil refinery. The characteristics of
the bitumen are given in Table 3.

Diameter | Surface Density Melting
(nm) volume (g/cm?) point (°C)
ratio
(m?/g)
20-30 130-600 2.1 1’600
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2.2. Laboratory Plan and Method of
Production of Specimens(Materials and
Methods)

The optimal percent of bitumen was
determined by the aid of Marshal’s tests and
asphalt specimens were made with optimal
bitumen percent under various controlled and
modified conditions. Wet mixture method
was utilized for preparation of the reclaimed
bitumen. Initially, 1000g of bitumen (85-100)
was heated to reach to 135°C until melting
flow point. Then, it was put under high-cut
mixer device (homogenizer) at speed
4000rpm. The amount of 2% of sasobit was
gradually added to the bitumen and then it
was mixed by homogenizer device and
specimen became cold during 15min and the
reclaimed bitumen was prepared for
producing asphalt samples. Likewise, the
reclaimed bitumen was prepared and used
with 0, 3, 5 and 7% of weight of bitumen.
Similarly, the amounts of 0, 70 and 100% of
reclaimed asphalt materials were used as
alternate for regular materials in building of
asphalt slabs in order to analyse aging effect
in fatigue phenomenon. The relaxation time
is deemed as one of parameters that are
effective in self-healing performance of
asphalt mixture which has been examined in
several studies. Among the foremost items
existing in relaxation time one is time period
and another item is number of their use.
Reduction of dynamic shearing modulus
(G*) consists of the main effect for using
relaxation periods in fatigue performance in
bitumen adhesives. Two relaxation periods
have been designated with 24h time in this
study after first and second loadings. The
four-point bending test device performs the
fatigue strength test according to the
AASHTO T 321-07, EN 12697-24 and T
0739-2011 standards. The main objective of

this test is to provide a model for predicting
the fatigue life of asphalt, which is carried
out through standard samples in the form of a
beam. This machine can apply repetitive
bending loads on the asphalt samples and can
measure the applied load and the
deformation. The fatigue test is performed by
placing the asphalt beam under a four-point
repetitive loading at a specific strain level. In
general, the fatigue beam test is performed
by the fixed stress and fixed strain methods.

3. Results and Discussions

Percent of additives has been selected with
respect to analysis of previous studies. R
denotes quantity of replacement with the
recycled materials, N stands for amount of
consuming nano-silica and S expresses
exerted constant strain level in terminology
of specimens in these figures.

The fatigue age has been compared in asphalt
specimens with and without different
quantities of recycled materials including
various quantities of nano-silica under
constant strain levels 400pm and 800pm in
Figs 1 and 2. As it seen, the specimens with
5% contents of nano-silica have shown
longer fatigue age.

300000

n0% RAP
250000

u70% RAP
200000 100% RAP
150000
100000
50000 I I
0 I
0 3 s .

Nano SiO, Content (%)

Fig.1. Comparison of fatigue age in asphalt
specimens with and without various quantities of
recovered materials with different contents of
nano-silica under constant strain level 400um.

Fatigue Life (Cycles)
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The self-healing quantity has been indicated
for asphalt specimens with and without
various quantities of recycled materials
including optimal content of nano-silica
under constant strain level (400pm and
800um) in Figs 3 and 4.

As it observed in Figs 3 and 4, following to
rising age of asphalt specimens, the rate of
elastic stiffness is reduced in them. This is
visible in all samples with any content of
reclaimed materials. As the necessary period
is allocated to the specimen for self-healing,
it is seen that noticeable lost percent of this
elastic stiffness will be returned to the initial
condition. The samples were relaxed for 24h
in these specimens after first and second
loadings.

16000
0% RAP

. u70% RAP

12000 100% RAP
10000
8000
6000
4000
2000
0 I
0 3 5 7

Nano SiO, Content (%)

Fatigue Life (Cycles)

Fig. 2. Comparison of fatigue age in asphalt
samples with and without different quantities of
recovered materials including different contents

of nano-silica under constant strain force 800um.
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5.00E+08

0.00E+00
0 10000 20000 30000 40000 50000

Cycles
Fig. 3. Comparison of self-healing level in
asphalt samples with and without different
quantities of recycled materials including
different contents of nano-silica under constant
strain force 400pm.

The given mechanism occurred for bitumen
materials at three stages that would lead to
recovery of intrinsic and mechanical
adhesive property of bitumen partially or
wholly along the breaking surface (crack).
These three stages take place in two phases:
First phase is viscoelastic self-healing that is
related to creation of joint and reconnection
among surface of aggregates and bitumen
adhesive. The second phase includes viscose
self-healing that is time-dependent and it is
related to creation of bond in bitumen
materials where if there is adequate time it
may occur perfectly and it may lead to
relatively full recycling and or perfect
recovery of lost mechanical properties.
Regardless of putting additives, bitumen
materials include self-healing property alone
as well and it may increase age of pavement
servicing along with relatively intrinsic
failure property such as the created cracks in
servicing age.
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Fig. 4. Comparison of self-healing level in
asphalt samples with and without different
quantities of recycled materials including
different optimal contents of nano-silica under
constant strain force 800um.

With respect to Figs 3 and 4, it is seen that
elastic stiffness is added in specimens as
quantity of Reclaimed Asphalt Pavement
(RAP) materials is increased.

Due to aging, Reclaimed Asphalt Pavement
(RAP) materials possess high hardness.
However the used additives e.g. sasobit and
nano-silica could prevent from more stiffness
of bitumen and lead to correction of warm
asphalt mixture behaviour. Due to creation of
lesser cumulative failure quantity under
strain level (400pm), it is seen higher percent
of self-healing has been achieved at this
strain level. Self-healing rate will be reduced
by rising strain and whereas self-healing
trend is a function of failure accumulation
rate so it can be mentioned higher strain level
has accelerated failure accumulation trend
and it reduces self-healing potential for
asphalt molecules within a short period of
time.

The self-healing percent of reclaimed
specimens has been compared with their
initial states with respect to the rates of their
elastic modulus in Figs. 5 and 6. The healing
effect has been expressed as hardness
improvement compared to initial hardness. It

is seen by looking at the results that the
reclaimed specimens noticeably recover their
elastic stiffness to the great extent. It is
observed according to fatigue age trend that
the samples including 5% contents of nano-

silica have shown higher self-healing
percent.
100

. 95 0% RAP

9

= 90 = 70% RAP

‘{-‘m 8 100% RAP

@ 80 1

T |

] 70 |

E] 60 \

=

E o« \

0 3

7
Nano SiO, Content (%)

Fig. 5. Comparison of self-healing level in
asphalt samples with and without different
quantities of recycled materials including
different optimal contents of nano-silica under
constant strain force 400um.

By comparing self-healing level in asphalt
samples with and without different quantities
of reclaimed materials including various
quantities of nano-silica under constant strain
levels of 400pm and 800um, it is observed
that the self-healing level is extremely
increased at strain lower levels because of
adequate time for recovery of strains and
healing of micro-cracks.

"0% RAP
#70% RAP

100% RAP

65
@ \ |
55 ‘
0
3 <
5
7

Nano SiO, Content (%)

Self-healing Value (FS,/FS,) (%)

2

Fig. 6. Comparison of self-healing level in
asphalt samples with and without different
quantities of recycled materials including
different optimal contents of nano-silica under
constant strain force 800pm.
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3.1. Presentation of Fatigue and Self-
Density Model and Analysis of Effect of
Parameters on it Using Statistical SPSS
(18) Software

This study intends to approximate fatigue
model. In order to be able to determine the
effect of each phenomenon independently,
we used the Enter Method modeling method
To this end, initially dependent variable
(fatigue and self-density) and independent
variables (percent of nano-silica and RAP
percent) are defined for samples in SPSS (18)
statistical software for the model and
bivariate Pearson method was employed to
calculate correlational coefficients to control
correlation among dependent and
independent variables. Determination of rate
of coordination in variance of two variables
is deemed as the objective for bivariate
correlation  study. For this purpose,

appropriate  parameters are employed
according to calibration scales for variables.
Whereas the interval scale is used with
normal bivariate distribution to measure
variables in most of bivariate correlation
studies thus calculated correlation coefficient
in such studies includes Pearson’s
momentum correlation coefficient or briefly
known as Pearson’s correlation coefficient.
Overall, dependent variable should be
correlated with independent variable at
higher than level 0.5 and at the same time
independent variables should be significant at
level lesser than 0.5. The effective variables
in prediction of statistical model are
described in the following table where two
types of numerical and descriptive (coded)
variables in modelling.

Table 6. Effective variables in the model.

Variable Abbreviated | Encoding
title
1 2 3
Fatigue Fatigue Without code
Self-density Healing Without code
Nano-silica N 3% 5% 7%
0%
RAP R 0 70 100
Strain S 400 800

After determination of variables for
modelling, it is necessary to collect related
statistics and data about variable for
modelling. The conducted tests in laboratory
are assumed as information reference. In
those studies for which regression analysis is
employed usually prediction of one or more
criterion variables is deemed as goal among
one or more prediction variables. The

multiple-regression method is employed if
this goal is to predict one criterion variables
between several prediction variables at the
same time. The multivariate regression model
is utilized if it is intended to predict several
target criterion variables out of prediction
variables or their subset. The multiple
regressive studies aim to find prediction
variables in order to forecast variance of
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criterion variable separately and or jointly.
The prediction variables enter in regressive
analysis by different methods. Here three
basic techniques are discussed:

a) Enter method; b) Stepwise method, and c)
Hierarchical method (AHP)

All prediction variables enter analysis at the
same time in enter method.

In stepwise method, the first prediction
variable enters the analysis based on the
highest 0-order correlation coefficient with
criterion variable. Then, other prediction
variables enter the analysis according to
separated (partial) and -separated (semi-
partial) correlation coefficient. After entry of
any new variable in this method, separated
and -separated correlation coefficient is
revised as the last input variable for all
variables which have already entered and if it
has lost significance by entry of new
variable, it is excluded from the equation.
Generally order preference for entry of
variables is not available for the researcher in
stepwise method.

The order preference of entry of variables is
considered by researcher based on a
theoretical or empirical framework in
hierarchical method. In other words,
researcher personally makes decision about
order preference of entry of variables in
analysis. Such a decision is made before
starting analysis that can be based on three
major principles in the following:

- Cause and effect relationship

- Relationship of variables in the previous
studies

- Structure of research plan (e.g. in factorial
plans, main effects are firstly analysed and
their mutual impacts): Whereas analytic

hierarchical process (AHP) method is done
with respect to a special theoretical or
empirical framework thus it is particularly
important in studies. It should be noted that it
is necessary to be familiar with statistical and
regressive analytical techniques for such type
of studies.

Therefore modelling is done in this study
using poison regression method. Statistical
model aims to find a relationship among
prediction function for effective factors in
fatigue and self-density (healing) and fatigue-
dependent parameters X ;, (j=1,2,..,n) and a
set including g parameters that denote nano
effect, RAP and related strain rate is
allocated to them. Thus, two separate
analyses are done in two modes. Independent
variables should not highly correlated with
each other where one of them is related to
effect of nano- parameters and RAP and
strain level on fatigue and another factor is
concerned with analysis on the given
parameters in self-density (healing). Hence,
fatigue and self-density are separately
considered as dependent variables while
other parameters are assumed as independent
variables.

Poison’s regression model is included in
discrete models and it is used when the
consequences are rare. Given statistics of this
study is non-negative integer therefore this
method could model the results well.

The general form of the model is as follows.
Y

K
Y;!

ie—ui

P(Y) = )

The relationship among fatigue and self-
density effect (i=1, 2, 3,...n) and g¢g-
parameter (Xil, Xil,...,Xiq) is expressed as
follows.
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In(w;) = Bo + X7, XijB;(2)
u; = E(Y;) = ePi*i(3)

Yi: Independent variable with Poison’s
distribution and mean y;, Xi: Independent
variables for intersection (7)

Table 7. Results of Poison

3.1.1. Output of Poison’s Regression Model

The results show that the variables are placed
at significance level higher than 0.05 and
adjusted R*-value resulting from fatigue is
0.951 and self-density (healing) denotes
goodness of fit for the model. The given
results from Poison’s model are presented in
the following table.

’s regression model in fatigue

Model Information

Dependent Variable  [Fatigue
Probabilit .
Distributign Poisson
Link Function Log
Table 7. (continued)
Case Processing Summary
N Percent
Included |24 29.6%
Excluded |57 70.4%
Total 81 100.0%
Table 7 (continued)
Categorical Variable Information
N Percent
Factor N 0% 6 25.0%
5% 6 25.0%
5% 6 25.0%
7% 6 25.0%
Total 24 100.0%
R 0% 8 33.3%
70% 33.3%
100% 33.3%
Total 24 100.0%
S 400 12 50.0%
800 12 50.0%
Total 24 100.0%
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Table 7. (continued)
Parameter Estimates

95% Wald Confidence
Interval Hypothesis Test
Parameter B Std. Error  [Lower Upper  |Wald Chi-Square df Sig.
(Intercept) 8.134 .0042 8.126 8.142 3755150.218 1 .000
[N=1.00000] [-1.089 .0031 -1.095 -1.083  [121186.584 1 .000
[N=2.00000] [-.381 .0025 -.385 -.376 23862.899 1 .000
[N=3.00000] }J.416 .0020 412 420 42335.288 1 .000
[N=4.00000] |o* . . . . . .
[R=1.00000] J1.304 .0025 1.299 1.309 267182.484 1 .000
[R=2.00000] ].917 .0026 912 923 120061.356 1 .000
[R=3.00000] }o° . . . . . .
[S=1.00000] J2.745 .0035 2.738 2.752 613388.451 1 .000
[S=2.00000] |o°
(Scale) 1°
Dependent Variable: fatigue
Model: (Intercept), N, R, S
a. Set to zero because this parameter is redundant.
b. Fixed at the displayed value.
Table 8. Results of Poison’s regression model in Table 8. (continued).
self-density (healing). Categorical Variable Information
Model Information N Percent
Dependent Variable  [Healing
Factor N 0% 6 25.0%
Probability Normal 5% o 25.0%
Distribution
5% 6 25.0%
Link Function Identity
7% 6 25.0%
Total 24 100.0%
Table 8. (continued).
. R 0% 8 33.3%
Case Processing Summary
N Percent 70% 8 33.3%
Included |24 29.6% 100% 18 33.3%
Total 24 100.0%
Excluded |57 70.4% o 8
S 400 12 50.0%
Total 81 100.0%
800 12 50.0%
Total 24 100.0%
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Table 8. (continued).
Parameter Estimates

95% Profile Likelihood

Confidence Interval Hypothesis Test
Parameter B Std. Error  [Lower Upper Wald Chi-Square [df Sig.
(Intercept) 59.732 .5401 58.673 60.790 12232.704 1 .000
[N=1.00000] |3.827 5774 2.695 4.958 43.930 1 .000
[N=2.00000] |3.680 5774 2.548 4.812 40.627 1 .000
[N=3.00000] [8.093 5774 6.962 9.225 196.506 1 .000
[N=4.00000] |0°
[R=1.00000] J4.335 .5000 3.355 5.315 75.169 1 .000
[R=2.00000] }6.250 .5000 5.270 7.230 156.250 1 .000
[R=3.00000] |0°
[S=1.00000] |9.777 4082 8.977 10.577 573.499 1 .000
[S=2.00000] |o°
(Scale) 1°

Dependent Variable: Healing
Model: (Intercept), N, R, S

a. Set to zero because this parameter is redundant.

b. Fixed at the displayed value.

Significance level that is called p or p-value
is shown in statistical reports as (sig.value) in
SPSS. It is a scale or criterion known as
significance basis and at the same time is
well-known as the first-type error. If the
results of difference analysis or relation
between variables are smaller than 5%, we
can say there is very little random probability
for such a difference or relationship and it
can be concluded that the given difference or
relationship is significant and if this rate is
greater than 5% thus there is very high
probability for random result and as a result
there 1is no significant relationship or

difference among variables. According to
statistical view, the null hypothesis may be
rejected based on observed data provided it is
true. More simply, the random level of
observed difference depends on null
hypothesis. As this probability is a smaller
number, we can more trust in reality of
observed difference. Therefore, significance
level is zero in statistical tests of this study
and there is higher probability for reality of
observed difference and it indicates reality of
prediction model. The following figures
show diagram of dispersion of statistical
results in both loading modes in which X-
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axis denotes observed results and Y-axis
indicates the predicted values.

300,000

230,000

200000

150,000

Predicted Value

1000001

50,0009
R Sq Linear = 0.951

I I 1 T I I 1
0 50000 100000 150,000 200,000 240,000 300,000

fatigue

Fig .7. Diagram of dispersion of fatigue
laboratory results.

Predicted Value

T T T T T
50 &0 70 80 a0
Healing

Fig .8. Diagram of dispersion of laboratory
results for self-density (healing).

3.1.2.  One-Way Analysis of Variance

(ANOVA)

It is one of the most frequently used analyses
that are utilized in all difference sciences.
More simply, it can be implied if there are
two or more groups and it is intended to
compare scores of a single variables in these
groups, this test should be employed.

3.1.2.1. Defaults of One-Way Analysis of
Variance (ANOVA)

1. Here fatigue and self-density effect are the
dependent variable that should be at interval
or relative level.

2. Independent variable (here is percent of
nano-silica, RAP percent and strain rate)
should be nominal or ordinal.

3. Data should be normally distributed for
dependent variables (Kolmogorov-Smirnov
analysis).

Mean square results from dividing sum of
squares by intergroup degree of freedom and
F-ratio is the foremost component in these
tables and it results from dividing of
intergroup mean square by intragroup mean
square. Tables for ANOVA are visible for
both loading modes in the appendix.
However, F-value in the given tables is
statistically significant at level (P<0.0001).

3.1.3. Optimization by Neural Network in
SPSS

The Artificial Neural Network (ANN) is a
mathematical structure that creates mapping
among a group of input numbers with a
group of output numbers so that n output
members are obtained from m input
members. Neural networks are the systems
which have inspired from structure and
performance of human’s brain. Artificial
neural networks are composed of elements
called neural cells. Any artificial neural cell
includes a series of inputs and outputs and a
lot of nodes or processing units. The
processing unit is a type of mathematical
function that is called transform function.
Transform function or sigmoid may affect
network inputs based on their type and then
produce output for neural cell. Mechanism of
neural networks is in series and parallel
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orders. As a result, a group of parallel neural
cells, each of which as a specific input
produces a group of outputs after processing
function. These outputs may be in turn used
as inputs for another group neural cells that
are connected to the group of primary cells in
series. Overall, a group of parallel neural
cells forms a layer. Neural networks are
assumed as superior tools because of their
power, flexibility and ease of use in many
uses relating to prediction processes by data
analysis. The forecasting neural networks are
utilized in cases when the process of
complicated. While neural networks need to
fewer defaults and modelled structure, it is
useful to perceive a general concept of
network architecture. Multilayer perceptron
network or radius-oriented function is a
function of predictors which are also called
as independent variables or inputs and it
minimizes target variables in outputs. MLP
network and RBF, which are used here,
include a function of measurements that
minimize prediction error for failure
toughness. The following figure also
expresses the existing relationship among
structure of this function. This structure that
is well-known as feed-forward architecture in
which the internal relations of network are
moved forward from the input layer to the
output layer without return. The feed-forward
neural network is the first and simplest type
of artificial neural network. Data are moved
in this path only in one direction at this
information network that 1s forward. In fact,
data start from input node (neuron) and are
passed through hidden layers (if any) toward
output nodes. As it mentioned, there is no
loop or distance in this network. One can
compare the main characteristic of designed
neuron model that is composed of weighted
input signals by a threshold value and
thereby to make decision about the output. If

sum of weighted signals is lesser than
threshold point, this neuron produces zero
outputs unless it produces 1 as output. One-
layer perceptron is the simplest type of neural
network that is composed of a layer of output
neurons. The inputs of this network are
attributed directly to the outputs by an array
of weights. As a result, this network lacks
hidden layer. This network may be assumed
as the simplest type of feed-forward neural
network. Sum of product of any weight to the
input is calculated in any neuron with
correspondent subscript. If calculated sum of
values in above process is greater than
threshold level for any neuron (0 as usual),
the neuron is activated and receives active
value (1 usually) otherwise it accepts passive
value (-1 as usual). The neurons with this
method have been utilized in this study. A
perceptron can be made using any value for
active and passive modes as long as threshold
value is placed between two values. Most of
perceptron systems include output values
from 1 or -1 or threshold value of zero (0).

The multilayer neural network may compute
a continuous output instead of step function.
A common option which is called logistic
function (logic) is expressed as follows:

f(x) 4)
=11+e

+ x {/ displaystyle f(x)
= {/frac{l}{l + e"{—x}}}}

Logistic function is also known as sigmoid
function was selected in this section. The
single-layer network is equalized with
logistic regression model by this choice. The
model is widely used in statistical model. The
variable of this function includes continuous
derivative and also variable of the given
derivative 1s obtained according to the
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function. This property caused this function
to be utilized in feed-forward method. The
relationship among derivative of this function
with the function is as follows:

f(x) (%)
= f(x) (1

- f(x)){/ displaystyle f(x)

= f(x) (1 — f(x))}

With respect to the statistical model used
in this study that was in linear regression
form, it was characterized that the given
function had also linear performance. The
following figures indicate diagram of neural
network for fatigue and self-density effect.

In this figure:
» Input layer comprises of predictor.

Input layer includes invisible nodes or units.
The value of any hidden unit is a function of
predictor. The precise structure of function
depends on two factors: type of network and
controllable characteristics by the user.

» Output layer includes reactions

(responses).

Structure of these networks shows a
summary of data of neural network in
diagrams.

» Description

The data relating to neural network,
including dependent variables, indicate
number of input and output units, quantity of
units and hidden layers and activator
functions of them.

» Diagram

Diagram shows the network as an

unchangeable chart.

» Synaptic weights

It indicates coefficients that have been
approximated to show relationship among
units of a layer and the next layer.

» Performance of network

It indicates the results which are utilized for
showing goodness of model.

» Summary of model

It presents a summary of results of neural
network perfectly and separately.

Synaptic Weight=10
— Synaptic Weight<0

=2.00000!

R=3.00000

5=1.00000

5=2.00000

Hidden layer activation function: Hyperbolic tangent

Output layer activation function: Identity

Fig .9. Feed-forward architecture of fatigue.
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Synaptic Weight > 0
— Synaptic Weight < 0

R=3.00000

5=1.00000

5=2.00000

Hidden layer activation function: Hyperbalic tangent

Output layer activation function: Identity

Fig .10. Feed-forward architecture of self-

density (healing)

> Results of classification

They present a classification table for any
absolute dependent variable in partial and
whole form. Any table shows number of
cases which have been properly or
improperly classified in each of related
classifications to dependent variable. Total
percent of those modes, which have been
properly classified, is also reported. This
classification is also visible in the following
table.

3-1-4- Analysis of importance of independent
variable

It is a sensitive analysis that calculates
importance of any predictor in determination
of neural network. Finally, a table is
presented with a diagram that indicates

importance and normalized importance of
any predictor.

Table 9. Importance of independent variables in fatigue.
Independent Variable Importance

Normalized
Importance |Importance
N .300 75.7%
.303 76.5%
S 397 100.0%
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Normalized Importance
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Importance

Fig. .11. Diagram of importance analysis for independent variables in fatigue

Table.10. Importance of independent variables in self-density (healing).
Independent Variable Importance

Normalized
Importance |Importance

N 274 54.4%
.503 100.0%

S 223 44.4%
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Normalized Importance

0% QDI% 4Dl%

GDI% Bﬂl% 100%

5

0.0 01 0.2

0.3 04 0.5

Importance

Fig.12. Diagram of importance analysis of independent variables in self-density (healing).

Thus, with respect to analysis in these
networks, data structure may be designed by
the aid of programming knowledge that can
act similar to a neuron. The edges with
positive weight may stimulate or activate
subsequent passive node and the edges with
negative weight may deactivate or control the
next connected node (if it was already
active). Given the diagrams it is seen in both
modes that neurons are significantly related
to dependent variable and importance degree
has been expressed for each of independent
variables in fatigue respectively based on
strain, RAP and effect of nano-silica and also
in self-density with RAP, nano-silica and
strain.

4. Conclusion

The present research aims to conduct
laboratory assessment and analysis on
significance level of fatigue phenomenon in
the warm mix asphalt (WMA) modified with
nano-silica and content of reclaimed asphalt
pavement materials by the aid of review on
self-healing behaviour. The foremost findings
of current research are as follows:

- Reclaimed Asphalt Pavement (RAP)
materials are highly hard due to aging
process. However the used additives e.g.
sasobit and nano-silica could prevent from
further hardness of bitumen and led to
improvement of behaviour of warm mix
asphalt.

- Considering the observation of
laboratory results <By comparison among
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self-healing in asphalt specimens with
and without various quantities of
reclaimed materials including different
contents of nano-silica under constant
strain levels (400um and 800um), it is
observed that due to adequate opportunity
to recover strains and to heal micro-
cracks, rate of self-healing is extremely
increased at lower strain levels.

- Using analysis of results, we concluded that
this model has been built for various testing
processes based on artificial neural network
technique to predict behaviour of warm
asphalt specimens with different percent of
nano-materials and comparing it with the
laboratory results to validate the given
model. The adjusted R*-value resulting from
the model at fatigue level (0.951) denotes
goodness of fit for this model.

- Self-healing rate is reduced by rise of strain
and whereas self-healing trend is a function
of failure collection level, it can be implied
that higher strain level has accelerated failure
collection level and reduced self-healing
potential among asphalt molecules within
short period of time.

- With respect to the statistical model used in
this study that was linear regression, it was
identified the given function had also linear
performance.

- With respect to the analysis in neural
networks and by the aid of programming
knowledge, a data structure may be designed
so that it can act similar to a neuron. The
edges with positive weight may stimulate or
activate subsequent passive node and the
edges with negative weight may deactivate or
control the next connected node (if it was
already active). Given these diagrams it is
seen in both modes that the neurons had
significant relationship with dependent

variable and importance degree has be
expressed for each of independent variables
in fatigue respectively as strain, RAP and
effect of nano-silica and for self-density
implied with RAP, nano-silica and strain.

- Due to the use of sasobit in recycled asphalt
and the structure of this type, the effect of
healing on recycled samples was more
evident than typical samples.
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