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7 Dynamic Shear Rheometer
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Type of test Unit

Test

Test Method
result
Density at 25°C kg/m?3 1018 ASTM D3289
Penetration grade at 25°C ~ 0.1mm 66 ASTM D5
Softening point °C 50.4 ASTM D36
Flash point °C 316 ASTM D92
Ductility at 25° 14
uctility at 25°C cm 0 ASTM D113

Table 2. Bitumen Specifications
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Property Sasobit Zycotherm

Components Polyethylene Liquid
hydrocarbon Sulfamide

Physical state Alphanic Liquid

Color Pastille and Prill  Dark

Odor Odorless Odorless

Bulk density 590-622 900

(Kg/m?)

Solubility in Unsolvable Unsolvable

water

Consumption 1-3 percent 0.2-0.4

amount bitumen percent of

new bitumen

Table 1. Characteristics of zycotherm and sasobit
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Asphalt mixture
preparation

3

Determination of Fer, Gr,
KIC, and HI

—

9

Artificial neural network:
Type: MLP and RBF
Hidden Layer: 2, 3and 4

Two-Level Input
—_—

-

L)

Optimization of Bitumen

Percentage via the
Marshall Mixing Scheme

N
First Type: Mixture of
VMA Containing
Sasobit, Iron Powder,
Activated Carbon, and
Cement (48 Semi-
Circular Samples)
Second Type: Mixture
Containing Zycotherm,
Iron Powder, Activated
Carbon, and Cement (48
Semicircular Samples)

— @

Secondary Fracture
Testing with notch
Lengths of 10 mm and 20
mm at Te tures of -
25°Cand 16°C (96
Semicircular Samples)

S

Evaluation criteria:
R, ME, RMSE, NS

S —

-

Utilization of Induction
Heating at Frequencies of
88 kHz and 89 kHz with
Induction Times of 60,
90, and 120 Seconds

.

Evaluating the Self-
Healing

ies of
Asphalt Samples Using
CSB Testing

Initial Fracture Testing
with 10 mm and 20 mm
Crack Lengths at -25°C

and -16°C (96

Semicircular Samples)

Fig. 2. Laboratory program and specification of variables
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warm mix warm mix
Specifications asphalt asphalt
with sasobit with zycotherm
additive additive
aggregate siliceous siliceous
Iron powder, Iron powder
Filler Activated Activated
carbon, cement  carbon, cement
Optimum bitumen 5/5 5/8
(%)
Additive content (%) 3 0.1
Mixing temperature 135 120
9]
Compaction 110 100

temperature (°C)

Table 3. Specifications of the manufactured asphalt mixture
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Fig 3. Made and semi-circular samples
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Tyeatment Additive Optimum Average Notch length Test Frequency  Induction time
% bitumen %  area (mm?) (mm) temperature ("C) (kHz) (s)
Asphalt/ 3 5.5 1079.17 10 and 20 -16 and 25 88and89 60,90 and 120
Sasobite
Asphalt/ 0.1 5.8 1078.64 10 and 20 -16 and 25 88and89 60,90 and 120
Zycotherm

Table 4. Characteristics of the investigated parameters in two cases of asphalt containing sasobite and zycotherm
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Unit

Treatment Parameter MIN Mean MAX STD
7
Fracture toughness MPam 0.05 0.23 0.65 0.17
Asphalt/ Fracture energy before induction Jo? 427 14075  779.14  159.49
Sasobite Fracture energy after induction A/m? 4.59 40.32 102.08 27.93
HI % 5.00 32.52 75.00 19.53
7
Fracture toughness MPam 0.08 0.14 0.19 0.03
Asphalt / Fracture energy before induction Jo? 15.34 187.83  470.99 135.60
Zycotherm Fracture energy after induction A/m? 5.14 33.29 132.47 36.41
HI % 12.50 27.52 60.00 14.24

Table 5. Statistical characteristics of the investigated parameters in the two studied asphalts

asdlas 5550 ladi s 31 & Slasin A Jgde

N T Additive iﬁt?ﬁ Test Frequency  Induction Loading Distance of
o. reatment % g temperature (kHz) time (s) speed coil from

(mm) (°C) sample (mm)
1 Sasobite 3 10 25 89 60 20 10
2 Sasobite 3 20 25 89 90 20 10
3 Sasobite 3 10 -16 88 120 20 10
4 Sasobite 3 20 -16 88 120 20 10
5 Zycotherm 0.1 10 25 89 60 20 10
6 Zycotherm 0.1 20 25 89 90 20 10
7 Zycotherm 0.1 10 -16 88 120 20 10
8 Zycotherm 0.1 20 -16 88 120 20 10

Table 6. Characteristics of some studied sample
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Model Input variables

additive type + fracture toughness + fracture

First group energy before induction

First model + fracture energy after induction
+ length + frequency + induction time +
temperature + area

Second group

Table 7. Different groups of input variables in two artificial
neural network methods
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- Notch Test Frequency  Induction Fractur_e energy Fractu_re energy tcflrlagcttﬁreess

Row  additive l(enrii? tem[()?(r:z;ture (KHz) time (s) befor(ej;lr;(ll)lctlon after(};léiltzl)ctlon (Mpa.m’)
1 sasobit 10 25 88 60 119.793 16.800 0.113
2 sasobit 10 25 88 90 76.940 32.724 0.099
3 sasobit 10 -16 88 120 132.95 59.341 0.286
4 sasobit 10 -16 89 60 479.538 63.147 0.646
5 sasobit 10 25 89 90 271.726 65.740 0.132
6 sasobit 20 25 88 90 21.017 7.755 0.076
7 sasobit 20 25 89 120 14.401 12.371 0.101
8 sasobit 20 -16 88 60 117.941 10.634 0.460
9 sasobit 20 -16 89 90 119.625 31.652 0.357
10 sasobit 20 -16 88 120 46.327 13.834 0.388

Table 8. Experimental data used in the model
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Train Test Validation
Model R? ME RMSE NS R? ME RMSE NS R? ME RMSE NS
First group 0.57 0.02 12.24 0.75 072 -7.42 10.46 045 047 -3.82 12.61  0.36
Second group 0.94 -1.74 4.86 093 094 0.57 427 0.90 0.95 -0.72 3.41 0.95

Table 9. Statistical accuracy characteristics of the designed MLP network in different input groups
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Fig 6. One-to-one diagram of MLP neural network in different groups in order to estimate the self-healing capability
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Train Test Validation
Model R? ME RMSE NS R? ME RMSE NS R? ME RMSE NS
First group 0.51 0.00 13.03 0.51 0.54 -3.46 10.56 0.44 0.51 -3.62 11.73 045
Second group 0.95 -1.11 4.76 093 090 0.58 4.35 0.90 0.92 -2.01 5.02 0.89

Table 10. Statistical accuracy characteristics of the designed RBF network in different input groups

YA



\ﬁ'VJLu/\a)L«.i/r)Lg;;)wa)jé

w)mu]ja&f.kﬁ@a&l.ﬂﬁjﬂ—fl&i}ou

MLP Sl SO Soslaslased i 5o Y la i
Ol w4 K ket SV b LasT, 31 s ol
Wil bt ol ol S1y pl ST e e
) J.<..w 3> &S a;cm Sl e (,5 oy OLis
i Sash, sl es S s bl Sasl, ol sl
G S b S (Snp s e b
2o Sl Sl el G 2y pss 05 S
Loslgly Jdbe s eslaad S Ferr RS slaasls
Bilsy Jos 5 amse bl mls 5 6850 okl
Suot 9 e Sl L oo sl te o ek
s Ses e psliea e 5 DS by, LS e

335 oo &5 3l o3lial L [31] pdie soal ol 5 Sl ol
O S e (I lad s 8 Ao s G 4 S )
£ oyl ‘Gg_\ Y/A g@l\‘/i LS5l g e slads s
LS:“}JA;L;)LAJM}&:{&@?U&\(VH osled
b Oley VT B sl O SKiags ool s S i
SIBE sl Jab w5 ool SLm S 5 ) (sl
Slaml b 53 O K55 cal i3S ealital 45 a5
A3yl s  RZ (gl /888 B VAT wals oK il

RBF oo & 4 &5 log0s —0-F

Y Wjj;j;- wbmﬁécﬁ\)g @b (V)Jﬁ.&)b
Ol e o RBF &S a5 OF ol (g ,:So3l ) slas ol

05 $80ka Sl ol o3l bl S S slagls sl

M&Uo};JJRBFM&@&JBF.VN

e}
(=]

First group-RBF- Train

(o))
[e=)

Output ANNs
N b
S S

[«

0 20 40 60 80
Value measured in the laboratory

s
o

First group-RBF- Validation

[*))
o

Output ANNs
N
[e]

[\
(e]

0 20 40 60 80
Value measured in the laboratory

V4

80

First group-RBF- Test

Output ANNs
A
S S

|\
=]

0 20 40 60 80
Value measured in the laboratory

e}
(=]

Second group-RBF- Train

(o))
[e=)

Output ANNs
N
S

[\
(e]

S

0 20 40 60 80
Value measured in the laboratory



Ol)&w)éumﬁplﬁ\

v p e a8 @ p S wad AT bloe SUpd e i 85 L3

80
Second group-RBF- Test

D
==

Output ANNs
N
S

[\
(]

=

0 20 40 60
Value measured in the laboratory

80

80
Second group-RBF- Validation

Output ANNs
E N
S S

[\
(e
1

S

0 20 40 60
Value measured in the laboratory

80

Fig 7. One-to-one diagram of RBF network in different groups
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Parameter Unit MLP RBF
Fracture toughness ~ MPam'? 1.51 1.05
Fracture energy J/m? 1.32 0.96
before induction )
Additive type - 1.30 1.09
Test temperature °C 1.27 1.13
Induction time s 1.10 0.99
Fracture energy J/m? 1.34
. . 1.00
after induction
Notch length mm 1.03 1.00
Area mm? 0.98 0.99
Frequency kHz 0.94 0.96

Table 11. Sensitivity analysis of input variables towards self-
healing capability in MLP and RBF networks
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Abstract

Technologies that produce and implement asphalt mixtures at temperatures lower than those of hot mix asphalt (HMA)
are referred to as warm mix asphalt (WMA). Enhancing the self-healing capabilities of warm mix asphalt relies on
several factors and parameters that are intricately interrelated and exhibit considerable complexity. Therefore, this study
aims to investigate the self-healing performance of warm mix asphalt by leveraging the learning and prediction
capabilities of multilayer and radial perceptron artificial neural networks. To execute this investigation, two additives,
Sasobit and Zycoterm, were incorporated. The process of creating warm mix asphalt involved heating stone materials in
an oven for 16 hours at a temperature of 135 degrees Celsius. The mixing of bitumen and additives was carried out by
adding Sasobit to bitumen at 130°C and stirring at 1200 rpm for 20 minutes. A three-point bending test was conducted
at temperatures of 25 and -16 °C, with crack lengths of 10 and 20 mm, enabling the determination of fracture toughness,
fracture energy, and critical load indices for each state. Subsequently, asphalt samples underwent induction heating at
frequencies of 88 and 89 kHz and three induction times of 60, 90, and 120 seconds. The input variables for the proposed
intelligent model, as suggested by the research, encompassed fracture toughness, fracture energy after induction,
additive type, test temperature, induction time, fracture energy before induction, notch length, area and frequency.
Sensitivity analysis in two artificial neural network models revealed that, in the multilayer perceptron (MLP) network,
the fracture toughness parameter had the most significant effect on the output. Similarly, in the radial basis function
(RBF) network, the test temperature parameter exhibited the highest sensitivity coefficient. Results showcased that, in
the perceptron neural network with two layers in the test section, root mean square error (RMSE) values decreased from
10.46 in the first model to 4.27 in the secondry model. Likewise, in the basic radial artificial neural network, the
addition of input parameters reduced the RMSE value of the test section from 10.56 to 4.35. The estimation accuracy,
assessed through the NS value, doubled in the MLP network, reaching from 0.45 to 0.90 in the test section. In the RBF
network, with the addition of the NS parameter, the value of NS increased from 0.44 to 0.90. Additionally, in both types
of MLP and RBF networks, the R? value in the second group was higher than the first group in all test, training, and
validation sections. The self-healing index exhibited the highest sensitivity to the fracture toughness parameter in the
MLP network. Furthermore, after fracture toughness, the fracture energy parameter before induction emerged as the
second most sensitive parameter in the MLP network. In the RBF network, fracture toughness and test temperature were
identified as the most sensitive parameters. Observations demonstrated that the inclusion of parameters such as
frequency, temperature, induction time, and fracture energy after induction significantly increased the estimated
accuracy, underscoring their pivotal role in influencing the self-healing capability. The proposed model exhibits the
capability to predict the self-healing of asphalt mixtures under diverse conditions with a suitable approximation,
promising numerous environmental and economic benefits. In conclusion, the study affirms the appropriate
performance and accuracy of the artificial neural network, substantiated by its learning and training capabilities. The
proposed intelligent model, with its ability to reduce the number of experiments and associated costs, emerges as a
potent tool for evaluating the self-healing behavior of warm mix asphalt. Overall, the study contributes to the evolving
landscape of asphalt material science, offering insights that can potentially reshape practices in asphalt engineering and
sustainability.
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