[ Downloaded from mcej.modares.ac.ir on 2024-12-01 ]

[ DOI: 10.22034/24.1.7 ]

e
Lot lyes (poitn
VEF Lo o) o)l X 0,90
WY Clxio

JU g3l SoS @ p 5 o LT bglio (Faigw po g 4Ly L)

5 guan (was SaSl 1 ool b WY b T 3 g B g cunsii

Codadlls e dese dew 5T P b M e el desma jas 5!

QM e@‘b 4‘-;'$ oA ESls ‘(LSJ"‘JS E) a\)) Ql]a& w.)w@,a ojjf ¢Ju.i':)| wL.:u)lS é‘}»’gb -\
Q)’\S emb 4&.5 amb 4((5}:\}5 3 bb) g_)l)A.C« L;.dv\mé.‘ n); cJL:.i.;‘: -y
d}&:f o@‘; 4‘-;'\.'9 o dSESls ‘(éﬁ\;)b\)) Q\Jo& ‘;..:J.\.g,c a_}ﬁ 4.1.4":)‘ wu)ls -Y

QM em\b LL;'.E emb ‘((5]"): E) a\)) Q\JA} L;w.l.,..é.o b})f )LN)LIMJ\ -¢
Meysameffati@guilan.ac.ir
VECY/VIYY 5 s é)l: AR VLR VAN WG PR '@)U

o>

2
#ms JB Slomy 5 s a4 wily S 4 45 ol anly (gdaze sla bl 5 belse 4 p S e Sl e 535 5 Shas 35
P e s SSh ey 5 S5k Sl Sl eslinad b p S e T bl e 5355 5 Shes alllas nl 5 gl pl il
Sl ol ool 0 55 Sl 5 gl S35 580 53 5l adllae cpl sl (sl 23S Al I3 e 2 se il el s AN O e
WS S gl a5 A bl e e Yo 5V S5 dgb s Lol S mle ax s VT YO los 53 53 aba aw et Oge5l
s B A A S LIS B s s QU b S o Al la pad AS s Il 1S a6l Sl Dl 5 oS 551
Ll 5 e S (955 s Koo ol o (oolgiiny dadpn Jde 0 (63555 Slapuine b S 515 asli VY 540 v W ol
s SE Jde 53 53 Conlor ol s (83 5 Cols U Jgb 1 51 13 CnSC (6550 Ml O coialesT gles ¢ sy 38l £
&Lﬁj]du)ﬁﬁ‘)gdmcﬂmw.w‘) f)j.&-ﬁl)j;‘l: R S K i el MLP oSl s 48 sls OLES s sias
Sols iy uslde O gl s 53 Y 53 b O e rae 453 53 oS 3l 0L @b 2l RBF 4l s 1) conlo o o 0 530
aS ol Ol el Jowfﬂsa@cuww) Aol ol Jde 5o 1TV 4 U Jde 5314787 51 RMSE) et Oolay e
e S el 0 £/70 ) +/07 S Oa3l Lise RMSE) ot Sla je oSks aduy sldie 2alS e (93555 s bl oA L)
ol i Jlzel 5 55l sl Lisu aw o 53 NS b5l el Jis 4 (635,55 (sla e 035380 & ol o3ls LS RBF 5 MLP oS
wlin RBF 4S5 Cml 0l 55 oyl &35 5 ooy /40 4y +/80 31 0030 Caand 53 NS liaie MLP a3 53 i 5 ol 0ol
SMLP a5 g5 53 5a 53 o 31 0L adllae cpl il (e ool Bl 21530+ /40 4 /28 SINS Jlade NS i)l 043 &Ll L MLP
Ol asdlas al 5l ol s JS S sbas 3 Jisles S 51 VL mslizel 5 (33 sal 0 gal sl ion alas U3 o33 05,8 )3 R? s RBF
3lwdioe 5 on it Sl 3,50 3 iy AR s 5 el Sl 5 6 Sal coale 1w o e ae oS3 S 51
)LAUL_L»)'T Shes [rals b (ealginy dadsa Jio 5l eslinal § Al oo conlie &8s 5 5 Sas (g1l Lgsjﬂjl.lfj;‘li Sl e sy bLS )

Bl e p Ses il bl S e o 5 bl 50 LIS e wy s

b oles mb WY o O i e e S S0 sl e 531G O 319


mailto:Meysameffati@guilan.ac.ir
http://dx.doi.org/10.22034/24.1.7
https://mcej.modares.ac.ir/article-16-67195-en.html

[ Downloaded from mcej.modares.ac.ir on 2024-12-01 ]

[ DOI: 10.22034/24.1.7 ]

d‘)&@jdu.lw}a&‘ﬁ‘

r};&ag,<‘.sm,rﬁwgmw;@;xﬁﬁ;s};)u,&w

b e apa S el Ole ) 5 sladul 351 s
3o an sbaan e s AL e ralS (i 5 5 GliSi
15] 25 e 8 s 7 3y = L s
55t Gl S Il o 3 5 il sl

Ll s s ey S 5 S W L S
e Geob O sbne Ol O3l b b W) hl S 8
S Slos Ll s 4 sl mbline Olbee 55 5 =y
S B g e 23 Ul slpe ool il @l
S3A r 5 28 e M5 Bl e 50 Sol= 55
5 S BT Al (Rl 8 s Lo s el Sl
A b s sbdees b [TI0DKes
SRl S L ey s ek Ul e gl are 3
OF90 3N G pl 53 AN LB ps 3550 1) s Sle
Pl son sl Skl bl Solpe w G
o3lital oS 5 ok Ilinl Glab e e 5
Slabylre o iz (ol oy p ssben Cl sld
sl b a5 5 Sloplopss it Sialesl Sl e antla
51 eslial &8 ol Ol s s sslinal s S (b S
ot il e S RU ke b o sled S
e e Rl i g s edd Hlinl glab s
ClB b s s else dlaa Sl Jale 5 6ok
s Lolge 6,108 e 5t Ilinl (glab s awe 5345
Il bt S5 (S s Sas Jl iy
s byl 3 Sagsl slye bge ez sla S
(oasb; dos) lasme (IS0 Jols >l el ge il
S 6 80ka [B] cud oy ] Sas ol
T T - R TS
ely Sl w88 Sl anly gadane e el 5 Jelse
2 eSS O s Al e S B S 5 Laes e o
S g el el ol gl Sl s Sk s
orl 3l ool b Sl en 35 1 it 5 (3bed e
5 ased Sl ramen 8 Jlpds b bl Sl as see
Al s ey 0l el e slahll elnl

o0 )

s oles 5o Jlanl glab doee 0T 53 48 Llagg, sk
L=l 5 ad s (HMA) o, S Jlnl glabylswe 5l s
WMA) ¢, Seass Al slab sl Ol ye © L5 0
Slaaspa S amag Al byl 53 k58 e oal
Ol 31,8 Sl am ;3 WO B Ve e Llos o3 5ues 3 il
Celilos 2als pl a8 cails dial gt 15 0 oSz 5 W5
lroa VT 2l S 5 oolasl S i oy >ab, o
Lo Samas SIlal s Las ralS 0 o Jaoenons
05 5Sels cp sl e gl oz 51 ole S350 Sl ealind
S olss S S  [1] 55k e el s eslind
e 4S5 355 0 O gmine (3ol ) DI S S5
53 Cud esls ol s w |y s ol 5l s LG
ol (B s e il Sl w KlE e ol
(Sl Y 55 3 ops e Jlsl pluoiles! gles, K
St e 45 Al sl s 23S b
GPSL LSS 5 Rl ooy 3 oS aniS 55 g 5
ngoiwﬁp@,xwau 03555 WOl slws
s ol aslsl s s as an S S 58 5 sl s
Rl (215,55 dals (35 (G5l (SenS 5 by S
oo Sl el Lagslus,y (Sa,05S 5 s p sl —
S Sl [3] sl sl S Sl
[4] 3515 5 o0 3lge 53 oS 5 L) o) o4y S il ade
Rl ek Sl admze el ge a5 L ) ladl s
Slame 5id ) Y (S5 L sl dllae o
(S 5 e 5 Sllas falS 5 i blos glagz
st a5 Ok e g sl dlinl Sl eslind
J\)_A('.LQ 4o o g‘)lji.j;.ﬁ)}: ol J- s ol e S Ll
Slab sl 4 e Jo 55 Gl 05331 L B S o (250
L oalas i s ) Laol (51 0 a0 os o Alind
b s ol G134 Kl e pepe S5 55 LB
s gdl, St oA o g LA e 1) seme sl
P . 7 - Ch I IS W FPR
i by e slsayzs (e GVsb s Alinl gla b o


http://dx.doi.org/10.22034/24.1.7
https://mcej.modares.ac.ir/article-16-67195-en.html

[ Downloaded from mcej.modares.ac.ir on 2024-12-01 ]

[ DOI: 10.22034/24.1.7 ]

\Q'YJL«/\ o)l.o..;/r)l-ﬁjdﬂmﬁo)jb

s s 4 L g |y i b VMY il
il eslizad a5 Wsls OLas ol Kyt ol Lsls 2 50
byloe >lb gl it Sl Sl pias as
5o VU Y e b Ol JhalS e oS el Jlind
s S 2, ) [11] OS5 zus e 90 2050 oo
o 3 J=t 1 Sl S s e 53 8 e
< back propagation e sz ae 4K 5l a0l s S
O Jlazml 5,508 555 50 (S3lasy Conds bl skt
s S eslinal e glaeslr (6 0SS 5 pal i 5 sl
laass 5l as s Ol bagl Sladlas 31 sdel s 4 =l
slag il Gl $l - Ol e (Frmas e
S 5 035m a3 Siless Cands 2L 5 SIS
o sLaaSd 5 [12] 0l Lan 5 5l 5,5 eslin
S5 AT iy (SELSG L) e sl e
e Jsdos 5 Jlile o i (Sl Ll pld
So L a5 bl s 10105 cnl 3 S eslind
ol (o5 2 S (e ey 8l D5 03 5 Ol Y
S sas ae SaaSs Jde S sl LIS LT b L s
S5 il i (SOLSG ol i sl NS
il o b aBlan 5 gladdle & o5k 4 2,8 13 eslinul
A s sl AM L /AN s gl L;;m
5SS Frman o el LI1B] OLSes 5 (5
Sloa el s a Oty s eile o255
(SMA) lli&Kiw (gdo0l pzal b Bl b goses JL2 L
Sl 53 o 5l eslizad a5 Wsls Ol O Kaass opl dasls
Oy 13 ele o) S8 Lol dists bl e (5l
RMSE ,lai. [)l)ii.a)ji bl os g (6 meS gl (6lls
AT 5 FEYA VY Al s S s a s R
[14] (5lSan 5 (g35,5LaS a5l Cmws au H/AVAN
2 St el e 5 i) s g e sn
5 o SU L ods Sl o S Sl glab s
L Laol sl plosil 8Lk Il a2l 5 gl wmen

@Lb cL;“JLLwI 6l_h.bj_l>r.d szb‘)) )l_é) )l osle_ul

1 Support Vector Machine Algorithm

ek 5 e slahlesl 5l 6 Salh Sl L e g
Fgean e SWaS (635,55 Sl pate o sdiny bl
Gl S el b Loy uie 5 e b L
sshie 4 clis 5 LIS sy LIS s comie sl bl
U ples 8] dil Cliwl s 53st s Sl s
28 A Jlalie Joe (awee sl [8] Jsle
Gl it e Cdl sdasdl)l &S s e slaesls sl
L T I e e S I RRT-TE Y
Jobe o 585 R0 01 53 o ol (s laaSi2
Wy e el a4 Guse Gl dildae GlaBs, 0 &S
LB S e laasld o S s o3
5 dde Iy el OIS Wilg o a8 das o &1l 1 slazel
Slloe laolKas 51 IS b i) opl LS Sty
SOl 5ae 53 (K505 @S0k Sl 5 ekd 4B S el
Ul i as SOl sl (S an S
Slaaie o sdams SOl Wlg o a8 3505 1 6,80
laases 51 9] 0hKen 5 Slslie iled o 1, s
Sl mtw 5 $3bedde gl GMDH ¢ 3 ae
A5 S eslial ke $U L sddphol AUl b,
) e 50 gl Ao s L b gl £5 0 GRS ol o
ssbs Camles 5 4 (Aops v 8 5 Y et oY
o by 28,8 L3 bl o se sddmdlol glab sl
laesls 5 (Laosls Ao Ve Bl (g5l>) uijjnf w93
S WS s (osls Aoy Yo Sl Lel) sialesT
srotw e Sl S_Sras K oS A
St 3 Slae pnit e 4 o pslle U ek
57 s Ogew S5 e pslis .S auylis GMDH as

sl QLA e @L:J'Lgl)
L oman a5 Sl ealinal L[10] b sS 5 &S 555
0oy byt gl a3 2505 slos e 5 Y
b VU el 60, Sas 4 s Ll o peass
Nini s Naes ) s 2 3o ol 53 it > sliad 5 3l
ol A S Al by e b ol (Nina
laesls ozl Cows 4 SleMbl 5l eslizad L ol Kiass


http://dx.doi.org/10.22034/24.1.7
https://mcej.modares.ac.ir/article-16-67195-en.html

[ Downloaded from mcej.modares.ac.ir on 2024-12-01 ]

[ DOI: 10.22034/24.1.7 ]

d\)m;db.lea&\ﬁ\

r}:SK.Ag,<~54.3r;wgmik}su;x}bmﬂjsjﬁ-)b)&b)\

2 VL LUlS esas ome 4l 3l eslind 5 LAl

2ol ek 3 cpl A
S eilmss 3 35 se 53 bl 5 il o LT
o Jol b p s e s S e
ssomse Bl dss g s Pl e Sl eslinal 2alS ) e
adllas 4 a5 by OF 5 1 ol Kemss ol cpl ol (o500
slabsdse ;s GLAl le S oy @ oane o5 S
5 s el 4l 4 a5 L bl sl p Sea Al
ot 735 3 Shas oy Olayen jpban (Sl S ol
clamlesl a0 05 5 51,108 o 5t dlind slab sl
doal i o (golanl B35l 503 g pOles (6 el A
a3l b 516 Sk Sl b dedpa sladdte 5
Skl Lo Gl rie G oz Jails)y Jd 5 55 e
s e S DLS (s KlS s i s e
SO opl ply sl e ot 3 > Shas s
Sr53l e s 53 3 S (o asdllas (il el
Y i Op e (s (et $SGE) (e g
bl ass ke 4 RBFY) Wl eles =6 5 (MLPY
o 4 Ol e G S0 Gl 31l e sene 5 5
Sole—iy sladds Sl el o L35 (93555 Sla e b
el Sla el Gaims i i 3 aalsl 3 3500 oL
e il (2 e e Gl plsil s

A dal s T Ll bl 5 eme i3 Ll

G 9y -7

oolilwl 390 e -1 -Y

£ ojlas luals by d L pilas S Hlas ghuals
3 il Gl 5 3S ams g 5 asl  Olesle TFE ol 4 5
Wo)w‘))ﬂ@éwdw}[l7]w‘ﬂj)
)‘Mcuuw&ud\foaw.w\b)jﬂj@wbd
\'J‘*—Eﬂ@dwo{zjﬁj@(‘ﬂ&ﬂwﬁﬁiﬁﬁ
Al (V) IS Bllas Olass 525 5 L Ao s

8 Multi-Layer Perceptron
9 Radial Basis Function

Silwdds (o sman mae S G b 5l AL
e U 0355531 48 sls QLS LadT o mls s S
e St Al Lo bl a5 mlaw 15 e
Dleny 8 san oas oS3l sslial amen 31K b
il jslie Jals o Sae il gt gas 5, o i
dylin a5 5 b das o S J58 LB il lse 5L
00wl 3 1 Jis VL css a8 ilesl s L Lad
157 0L Sn 5 ebaallie o ls OLE |, s
SUIL eds ol p 8 glabglone SUi)li Gas e
Sy piman mas Slaald el L, 5
s Shas oyl Sl el sy S5 e sl
o Sl o Siulesl dlanl glawses S L
Yor dor sla s 5ol S Sleasm e 500 b glales
laalos Juoa sl 0L il s plowil ISl LS YOu
Lt Soales (Sl Gas (1 £ ae s
e S (S5 el Je nl o esdle )l (o 25
bsle (Saisld Gos mitn 00 68 sl S Je
SI16] LS 5 e a0 OLES 555 5l S Sl
Bkl 5T Lol e Sl (5 san e <5
$laiss sl 5 0LK ks cal a3 S eslizal T oL LG 2
sl sla meSle sl Sl s ey b il
LaoT a5 S salianl *0 bl sl 0 el 5 ks 585
3 i @l S el el oL S
L (MSCRY) s gl doior s bt <285l (e
les iy 53 OSRY) (Solws 5 e sty 3l eslin
A0sS sl (1S Sluas ;5 Ve 58 0A O $1) il
Sla S 3l o OS2 =l 63505 Sloa iz
Al aS sl 0L el s 3 (S 5 555

03) eadS s REL sl b ,e Salen 5 b5

2 Recovery

3 Nonrecoverable compliance

4 Fly ash

5 Styrene—butadiene styrene

6 Multiple Stress Creep Recovery
7 Dynamic Shear Rheometer


http://dx.doi.org/10.22034/24.1.7
https://mcej.modares.ac.ir/article-16-67195-en.html

[ Downloaded from mcej.modares.ac.ir on 2024-12-01 ]

[ DOI: 10.22034/24.1.7 ]

\i'rdb/\ o)l.anf:/r)l-ﬁj%o)jb

DL ‘;”f}-“'l"”jfjsjil‘) w.ﬁ_}f‘ ebLﬁ 9 )\ MJUG.G L)'l‘ DL
oale ol >y 90 (’j:)-—iib)“:":’}—""‘b Olasin (\)J}J;-

RGOV IS WP RS QL.;.:

Y-y

S5 Olge aho il 63L5 Jalse a0 B rae 3 g5 S
w3 Sl f5 Sl Flas e ik G byl o
ST Gk sad ctle (gl Gtz (ol 3 AL o el
o i SN b VeV Sy s 3
od 5 b ras 8 Slasiie .ol sl sslinal Olgao
el sdalie LG (V)

S Slasia Y g

Type of test Unit rl’ss}t Test Method
Density at 25°C kg/m® 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°C cm 140 ASTM D113

Table 2. Bitumen Specifications
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Fig. 1. Méierials used in this research

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 0.2-04

amount bitumen percent of

new bitumen

Table 1. Characteristics of zycotherm and sasobit

L ize Sleaseie 5 LT b, Y K3

Asphalt mixture
preparation

Optimization of Bitumen
Percentage via the
Marshall Mixing Scheme

Secondary Fracture

Testing with notch
Lengths of 10 mm and 20
mm at Temperatures of -

25°Cand 16°C (96

Semieircular Samples)

Determination of Fer, Gr,
KIC, and HI

O

Artificial neural network:

Type: MLP and RBF
Hidden Layer: 2, 3 and 4

Two-Level Input

Evaluation criteria:
RZ ME, RMSE, NS

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

Second Type: Mixture

Containing Zycotherm,

Iron Powder, Activated
Carbon, and Cetment (48

Evaluating the Self-
Healing Properties of
Asphalt Samples Using

CSB Testing

Semicircular Samples)

I U

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

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 amples
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Fig 5. Induction heating device
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Treatment Additive  Optimum Average  Notch length Test Frequency Induction time
% bitumen %  area (mm?) (mm) temperature ("C) (kHz) (s)
Asphalt/ 3 55 107917 10and 20 -16 and 25 88and89 60, 90 and 120
Sasobite
Asphalt /
Zycotherm 0.1 5.8 1078.64 10 and 20 -16 and 25 88 and 89 60, 90 and 120

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

«,Jua”),»au,j););w)ﬂwf e el bl Slaseia 0 J gl

Treatment Parameter Unit MIN Mean MAX STD
172
Fracture toughness MPam 0.05 0.23 0.65 0.17
Asphalt / Fracture energy before induction Jfmz 4.27 140.75  779.14 159.49
Sasobite Fracture energy after induction Jfmz 4.59 40.32 102.08 27.93
%
HI 5.00 32.52 75.00 19.53
172
Fracture toughness MPam 0.08 0.14 0.19 0.03
Asphalt / Fracture energy before induction Jfmz 1534  187.83  470.99 135.60
Zycotherm Fracture energy after induction Jfmz 514 3329 13247 3641
HI % 12.50 27.52 60.00 14.24

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

axdlas 550 ladigol 5l S Slasein N Jga

Notc h Test

.. - . Distance of
o e AN oo e LD R 00 o
(mm) O 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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T
Model Input variables
Fi additive type + fracture toughness + fracture
irst 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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Row additive length tempoerature (KH2) time (s) before mdzuctlon after IndLZJCtIOI’] (Mpa.m0®)
(mm) §®) I/m?) I/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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G355 ilies 05 8 550k b MLP & (g bl s Sluasiin & Jgde

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 0.72
Second group 0.94 -1.74 4.86 0.93 0.94

-7.42  10.46 0.45 047 -3.82

1261 0.36

0.57 4.27 090 0.95 -0.72 341  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

G505 cilis 038 55 530t b RBF aSid (gbl wds Slasiie N+ Jgder

Train Test Validation
Model R? ME RMSE NS R? ME  RMSE NS R? ME RMSE NS
First group 0.51 0.00 13.03 051 054 -3.46 1056 044 051 -3.62 11.73 045

Second group

0.95 -1.11 4.76 093 090 0.8 4.35 090 0.92 -2.01 502 0.89

Table 10. Statistical accuracy characteristics of the designed RBF network in different input groups
YA
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Fig 7. One-to-one diagram of RBF network in different groups
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Parameter Unit MLP RBF
Fracture toughness ~ MPam™ 151 105
Fracture energy Jim2 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.

Keywords: Self-healing, Sasobit, Zycotherm, Multilayer Perceptron Artificial Neural Network, Basis Radial Function
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