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Evaluation the Effect of Polyvinyl Chloride on Moisture Sensitivity of HMA

G. H. Hamedi

Abstract Moisture damage is defined as loss of strength and durability of asphalt mixtures in the presence
of water. In this study, the effect of Polyvinyl Chloride (PVC) polymer was evaluated as an asphalt binder
modifier on the moisture damage of HMA. Indirect tensile test in dry and 1, 3 & 5 freeze-thaw conditions
and thermodynamic method according to the measurements of surface free energy components of
aggregates and asphalt binders were used for evaluating the effect of polymeric materials. The results of
this study show that using of PVC cause an increase in the strength of the asphalt mixture against the
moisture damage. Also, PVC increased the free energy of cohesion and reduced the debonding energy.
These cause decreased in the rate of the moisture damage of asphalt mixtures.

Key Words Hot mix asphalt, Moisture damage, Polyvinyl Chloride, Indirect tensile strength,
Thermodynamic method.

b SVIY/00T 5y gyl 5 AVE/Y Wlie il s
Email: hamedi@guilan.ac.ir Ol iy (OIS s o 0 aSils e 05,8 Slskial (V)


mailto:hamedi@guilan.ac.ir

oS il Lslsin sk ol o PVC Sl eslizal 136 s

g Bl glabslsn gl b ol
el Sl a6 Sl s, S ) S
D e e
53 Al byl cuslis Sl wlialyl Lasls
Doy sde G o3 ol Al 06 ki
Conslie s a5 CilS Ol o a3 Sl oS
sk e o3 il bl S hns | b
ek bl 3l b pekige Bl on g 4
ol S B 1 Al bl Ll el
B e Sdir S s a4 Ll
see Glob Slssast bl | Cl-ab&n
GASILN 3 pd o ol 355105 2 s
Gloslizul bbb S K 5 3 mbaw 5T 6550

[5] 5,05 (Blanl glab s > b 55 ks

e SR 3
el ks bl S oK s S sy
(o ST S35 p e 5SS el addlls
by Crn 53 013,08 5 0T slaadl o (s S5l
S dmse LB sy opl @l 88 O
bl 4 Llg e adae ST g5 alis
3 S ey WS 8 e S
[6] a5 s by ol sl s sl
ST @5 il glaadse 2 4 (Hefer) as
ol s ety by sl s 5 (ol
> Ses o Sl il labloe o il b
Sladdlas 5 [7] &S sbwl Cslss b e Ll 2 s
25 5l el U [B] el 5 15 edis b s
LSS ks
Sl bl LUl s 4 (Al slab yls
@i b el sk, oA Jeily 5 Sl e
4ok b gl bl 45 s g DL ey cnl
DUl ssby il o sl U (s lsbas S5
bl (sla o 3l oslinad b (6 s Jrassy 53 il

ilzse Gl sl il

4o s

PSR b o 4 il sl 1S 2k,
a3 s sl Gl Olg e LSl el
Sl Wl asby Gl g ol il
Osls cews 3L L3 lie s L;<~w}:d Osls s
S s Al S =8 ol plaw 3 (S
s el bl 53 cosby b 51 it
U oo e Susby (@Bl 5o oS e sk
SeeS il 53 L 0T 5 Al e 3 Ol s
v:;«y;.j Cle @ e L led CinsS u.(;.ﬂﬁ
Sl ol (el Gladlhs K ohsa) Lah K
s 3 s & Ol OdE sl a8 305 54
Sgsesle g3 ol ules é@wﬁ M sbwl Cel
S50 4D et uf.,\m.a; asls cwws 3l
To S DAL Jlzm b gl glaails s
[1] das

oA sl sline sla,4SU
3553 015 o 1y b, S opl LIS e 5b b
[2] 58 o s (x5 Al sla, s A s
SA A s il byl s Shes 55 6l
ol e F5e la,sSU g LL sk
Slesla ol sy s Cwslie ol il gl 5o )
AR Ol o s (SAsll e s gl a5
A s Al bsloe Cnslie s shiar b,
[38] cdls usb,

JJU o Slp U LgLaui.iLaﬂ
b Casla pund 5 SAS0L e A e Sy 58
534 Wl Olg oS 3503 5 m Al labylse
Sl glabylsne s, » a5 ola il azws
[4] 35 Sl L5 0 plamil s 5 0oS1 20

(Modified Lottman) o.i-ol oY sl
el L ibosT ol 53 352 0 iles] op Sl
B L Bl i iy Clads Gk S

H“M ‘j;@w‘fﬁiju

i35 Oy pailigs 4o i



Slaal g i Ols
Al T sl gl 5> sk o> s sl
2 ATl s Bl Salise 5 pealia b
5> Al 4y il gn e ST 5 2y el
S il G e 55 &S LS S b
o lal ) ol S 15 esli il 5 4
e sla bl s b sy plnil ) e
Sl bl el b Of Gillas 5 350 byt
LiSely sk ol ot 02 Ml 63 Sles
So55 pealie S50 sk ;o iass il
Slab gowe 5 Sas s g 53l 53 Sslusge S
Gda ol an §SE Sasob e ol s Al
poke plw > ol 5 S5 calie 4wy Jass ol
Ao sl el 5 ealis Sl eslina] (s oS (s
Sty 3 s (gla g3yl b s s
el Saghy s Al bl =
ShRleobe pol rags Slal op 5
SLE0L e sla syl 5l eslizal S e, )
b mban o316 50 gl
sl L BLl sy lamebly aile 5 B ne Y
(Sealnse 5 (5555 5l sk
S0k eds sla sl 5l eslizal b s ¥
b asbs Rl s Al b s Ses
t b 3151 (6550 gla ralyb 51 eslinad
SAE0L e b gla o g8 5l eslid b ) 8
oslizal b Jinl slabgsve asby coule
(SEe sla s,
Comlo el Slais) ml Jdos 5 alis 0
Shesliad b (SSG gbfs plol o b

Seelud a5 5058 pealie

Bl b 5 Slysgo 5 sla iy 56 s
O @l sl es sty sk A Sl
Jols Salinse 5 sla malily o8 das oo DL )
Tl S50 2 B Gt b (S g ST (55
S5 5 WK 3 Sk 231 (551 K
sl o (SAE0L o ol 55 pte  SASlr
e AT glab sl sk ol 5 e
ol S5 glatass »oesdle [B] auS o ie |,
Sla o558 5l eslinal 8 4y 50 (63 9o (sla Ja g
Gbiss osb, conl> 0 SailL e Ao
Al Salusge s eealia Sl eslinad b il
St s O 4 phass 3 [ sl 5 Sl e
bl asby ol mals s balhS waw
Jsde 5 oo 33T (6550 Lo sl eslizad U i
oSl gl Liasn s s, Selus
skt KK 5 8 e ST (6551 slaadl e
S 35T (555 5 8 Sa g ST (6551 e
OLES Sy opl s el o oslizl ls Ko 8
b lie (Stan oo ST (6550 (o, 48 das e
5 cmlyls 1y o &Kaslesl s g 13850 el =k
ole U ) 0 [10] O 5 ol (glandlas
glabdss b, Coul> , Sui0Le Ao
Sl S J s o cosle pl kiztls i
PalS Lol 503 S LS LS gl < 4 1 (!
GMELL o Al Glab e sb) Comlos
Omomad ol ol g s cpl s eslinad 550 IS
o3lizal &S el 0313 OLES o 35T (g5 51 s =
Sl Dlo g JAS o S ol )
NGSU R W 4.1\:;{.:“—]35 S K 35 [PPHEEC
son e (1] el 5 Glye (5,55 s o
G bl k) Gl s Gl el
ol 3 Ay (6l ST (S 5 e 35T 65
LPre S &S laab K C]a.ﬂ gk g
il Glp pemle Olgsa Ll S5 3 S0l e

oS Dt pligr &yl

”‘q/‘ ‘_;J;)L«,J‘fa_})_}‘;wzJLw



oS il Lslsin sk ol o PVC Sl eslizal 136 s

daoly s 53 Oy pta b b e A ge 5 gL
J,:.’au:;;.)ma- :lﬂéjj.ll Q>J5u.n.>'=.l» 6‘;3}1)'
:sﬁf@)b} oslaiul 55 40 NS

AGE = AGMW + AGAB

o)« (i)« ()|

¢)

AGRW ( Sa o 531 (g5 51 AGR O 53 &8
Wi AG B Sa sl (o550 b b s
lad ge Ty Ty TV S 51T (6550 ok
oA bad 5o Ts s Ts' s TsWy 3 o 5151 (6550
58 byl K gl p e p 6K mbaw 151
Slaadlse S 55, 0 L5 @ LK (8) Wl SIS
GASeILl L 5y e b SKin 5 3 el 5151 (6550
3 S dealos gl p5 Al il eas
Gsﬁfj)bée:u:wl_s)jﬂgfjjg;-): S
WK sl s S A Y 5 Y O la !
Ll e (S 3BT 51 palie STl T
L St o bl osbe 5345 o 2o Ol oy
el Sad i e sl A a5 L S
b SRl fles

AGY;, =Ty — T3 — T3

_ (2 Jris) - <2Jrfr§) - (2 \/W)
(4

(0)

glas
il S 5 Sal& Bls K g 320l sy ol 5o
osleul kfbjjé) J‘F]”‘j")" olises L;LAWL“&-L
Sl b il 1 eslinal Lol ARG PR -

o 3151 6550 6,55

ol 2 1 sl e ST (550 6058 iy
A S S o 3 OB ST s bl
Slaaddjo g 23 Gl 037208 D) son S a5
(el 4ty S a4 il e e sl3T (6550
b 2 [13] 55 oslal il aen | (5555 4 Ol 5
el elesle o IS b ST (551 4055
e oy sl Slad S 5s Gl 0 s
Sl Lleobe badse ul o sh
CLW) Sl 3 0= 5l 4 430 L odad S8 A5 )
Comd ) Skl A5 Y
oS ok Mg X

flaadlie cnl S 3L S da T (3
Al s 4 5 Gk
[=r"W 4148 )

e TW osle IS selas 53T (g5 51T o 3 a8
Gl b e TAB 5 o sl3T (g5l s L
b b 3131 (g5 51 dad e | b U5
M) o) 5L 5 @) e s o | 20k 51 5 aaily
el 3 |SCES
M8 = 2{1r*r- (Y)

AGE (S gy 3151 6551 (Sealuz o5 3
g b S5 G bl sl 53 550 6551 Sl
ol s S e e esle S IS 53 A
S JBL e WP P G P g R
s OLE 25 b 4 085S sl 6l 1y (S
WAC — oTAB ™)

)50 ole IS mbaws 53T (65 5ITA OF 55 &S
é@lwﬂ\)g&g&ﬁﬂﬁjﬁ.wl
et Sl e K SO sl Vsl 51 2my s
12 03 ok s 5 ad sl n 5 s 55
P95 S 4 3 bl Sl 5B L (8 50

M3 S 5 sbolen (AGa) S 55T (55

—hel b pas Al 5e )l ol ddd e g S i a8

H“M ‘j;@w‘fﬁiju

i35 Oy pailigs 4o i



$Auails gl s ASTM s ikl Sl sdhuails) eslana

Sl ki eyl () epled s s (oS
R S o B O Y T A i
a)w‘_)jv\zj: n:u:.,wtbjjﬁ]:;w.)\;@a C)L"ijs.a;-

el 0 @511 (8)

sla g8 Cf S0 S cal ol Gl bl S8

Comelr 5 2,5 U o e i LS

5 olead SLS 5Ll Il e s sk

dolds s e 5 G LS St Dlo s

)44 él.hd.:\.:;i.w«: 6.1.«;44(: RGP W oJ))T (Y) 9 (\)

(/) g_,P:"AJ}i g_)‘i‘ BE oslai! 340 6&0':&«“ JL\A.:,.; QL:SJ.? \ J).,\}

Silicon dioxide, Calcium oxide, Magnesium N Aluminium oxide, 5 S .
Si0, Ca0 oxide, Mgo | Fermic oxide, Fe0s ALO, CsSm g9
\Y/8 LYy YA \rA4 £/A Sal&
AV YA Y/ v/o /4 W e

J':M;.%w\):uuma)ydual;&o_ii}gow,oYJ),\?
63 gdome sl Sal&n | cul S SiabesT
-— ASTM C 127 A7AN YAE | (Blscd)s) ez o peee U5
— ASTM C 127 Y/Av \7a% (€lsiys) Jse o smasen O
_— ASTM C 127 Y4 YA (Wlbsai)s) ol o gasie O3
_—_ ASTM C 128 Yo YL (€1535) oo o saie O3
_— ASTM C 128 Y/AA \7aN (€lsciiys) Jse yosases O3
—_— ASTM C 128 Y4 YAy (6l 3) AL o g 05
_— ASTM D854 Y/ Y/ @miem?®) L o sase 05
0 Sl | ASTMC 131 £ Yo () ol sl
Vo Sl | ASTM D 4791 v 4 (L) opm 5 SNsy b
Ve-Y+ S~ | ASTM C 88 4 Ve (1) s islasl
£+ Bla~ | ASTMC 1252 04 v (1) bl 5, Kl
o el s eslial 5 4 sk &K gaudls ¥ Jsis
+/2V0 oY Y/ £/vo \Y/0 4 (mm) I
Y-\ o-Y) YA-OA £8-VE Qe—\en Voo (@3] SoE 039w
a1 \V AN 04 40 Yoo (1) sds sl
ﬁ)}i;ﬂl):°>w‘”‘JJ}Aﬂ5w&€“waf‘J}‘*’f

(1) D= [(Mm/10) 358 a,5| (°C) oy abeis | (€M) (gl i | (°C) Jlanil i (1) 555 4l ]

ASTM D2042-76| ASTM D5-73 ASTM D36-76 ASTM D113-79 ASTM D92-78 | ASTM D1754-78 | s lull
44/0 4 0) V0 yay */VO =V

oS Dt pligr &yl

”‘q/‘ ‘_;Ja‘)w‘fa_})_}‘;wzJLw




oS il Lslsin sk ol o PVC Sl eslizal 136 s

Al slabs sloe 3 Shae 53 S5 Sodss w2
S Cwglie o (_;LAu:ﬁuﬂ 3l il
ol oalazul (gjb—'ci w0 57 ) s o
sl

S sk Camle (BT bl sl
03 gl d bl bl a gl el Al e
ol U Lyld s Wsed 4w 5 ke bld
Y /0£Y/0 CL&_?)\)J;AJL_\» Voo i b gl gl 35
q0+0 tu;)ljjud\.f Vor Lil gladsei b 2o Lo
LS e s lesl syse spllial ol ps e s
LT (5lpn Aoy oS Wisd (ST 20 (5300 2 L Lad g
ol s el astle lad sl il Ay VEY/O o
ol sl Jlisle (28 oas 3l eslizal L Jia st
el Il B 55 50 (Glea Ao s 4 Dy Sl !
3o gl Oy Gl L 2550 Do sl
wpt b el Ml slite cpla 3 pd asiie ST
S 5305 el 0dd (Sl 4,5 00 L e
Ol O ediedn S Sladi sl i Ao 3V slse s
Sl e 2L0sys Sleslanal b il 4,5 sliss 5o
MJJ_S\.:}.ZJ»M\}AC;l;‘i}.x.p):\/é\ﬁp'\?
Slas Al S dp s Vol OLS 45 00 5 H e
Vo L blae glsa doys U o3gd o eslizul 4,0 VO
Slsa dosd 053 b s T s 4 40
3590 by sl VO 500 law s sluss 5y bl
P P W ST} (P VRUR W g Jg
ol s Y glad ds s Volde 1 eslatad s
Ao e Oldlas b &S cd ol bl
Casby bedd S5 ke Sl 2in b s b glad
T e boapdas Alinl byl sl
A i Jo gl 5l dess sl d s
Sushy Rl e Al byl cuaslis s 1 e
318 s

Lol plisyl a3 pladised 035 0S|z 51

9 65.:5;— u")“"”’ g))_} o bﬁd ngzga)l.b‘

LIS o o0 Ol sacky s PVC
Ao S SIS s A S SO
el s Slasasy 058 55 e eslinad (sla el
295 S 5 (0 S ol jan) 0 5 D) 50 93 4 PVC
Ulpea OF o g 53 3l sl cnl 0> oS 30
e e Vo) 5 (Saadle s o
NGO P WAV 33

bl b
S0l o dd G293 2l b s

PVC s3le 5l Siass opl 53 ok 4 I3 oS jboles
Qs ol s eslizal 3 e dsys Y ) el
Sldlas sl oS ol pledd S5 slads s 5l eslanad
2 o Shes e el Lo Gl el
ol sl Ko 5 Sails Oles sas
e 3ok e S a3 Ve Gles a3 e
L O3 U3 5 e 6Ll i s, 50 83l L s, 50 1
el LY Jog 4l V¢ ke 4y s 53 380
23 &S pladise dald gileand sk 5l
OB s en 53 58 3l sy Sl T
3 eddpdlol 5 alls Gla s Sl e S s
ok oslial  Jlinl glab s glad s cxla
2 POl s s Ol 0o 5 bes 4 a5
Bl dalp & edd ol S8 sl S e (sl
L talesl Jolos s 5 (S nl Sl 6l
Slp el 2 il pd s kS oslIS T

b8l el POl (sls

S5 4 b Camle b
AASHTO T283

s fbe B0 n skea Rash o opl s
oo 3 by A Rl s Al el s
Ol gy AASHTO T283 5kl bl Sl

)}l:.wdu ) ol ealail S5 40 u.:_}) U'.’.J'.")'Jg\fe

H“M u;o‘,&.\:‘fﬁij@

i35 Oy pailigs 4o i



i b i S Zaglie e ITS OF s oS
el (M) il 6505 a3 d 5 (M) _Jlan] 4500

Gl i o RS gl Sl
Sl (D500 aw) b 5 (Cse aw) Six
ey b sk
Sols i b AT b e gladipes S50l o
J‘TJLSA Cewd 4 (J\,,o).} W-J.v)

TSR = (ITSwet/ITS ) «100 )

dry

rien b R2S Ceaglis Zond TSR O 55 oS

e i 2ES Caaglie Slie (pSiba ITSuete(7)
Saie o Sle ITSay 5 (KPa) osb e (slaw 5ol
kPa) SList (sladgad ookies o RIS sl

R

5 5 e 35T 6550 sl (s S el
PSSO
e LT A leadlie (o Seslul st
SSUS Gl i, sl USe b 5 babSe
ol 03 Sl ol w4 g LS ealind
ol oslizal ola S, 5l Liasn opl o3 s iales]
o Lol VL 35 a4y ety Sla R 53 &
551 18] ol ot o,L8) sl bl sl o
ool o3 eslizal 3,50 gl B s adlaSKin o sl
Sl oSy Jras Sl eslinad bl p 4 Shass
s (Universal Sorption Device (USD)) &KAA
s “ewsa a5 (Wilhelmy plate) gl aiw
[16,17] OLSen 5 ,an 5 in 5 [15] d 5 een

[18] Lo szge)l.b‘ (Cows) 0 03ls wf"

Moo Ko oo ST (555 (sloadljo g S0 L]
)lf u.\;— )‘ oslaiul L (":E':*"“j:'c’ )jbﬂu usD ali?.w)

Olsen 3 pomm T bl 5553 oo (6 S 3100 ST
) o e 25 G5 eIN a D e
Sl St Il s (e ) 035 s Sladses
(4 305 aw) LT 31 o 5 (St lad 503) Ailo o
(o a6 500) 5,8 13 Bl b i

St ol s 4l kgl 5l e 05 S
T b a (Ul s Y=Y Gl [LES) ol
03 Ay 0=V Dde 4 e gl o CL";‘ aads
N W RTS RV E H JE I PRUPIE JEENVICH|F
5 3sd &Sl T oz 5 eassl O
gLl do)s S| IRV [P RCI TR PN gLl Ao
o oobgs ) baised LL ASL Ao ys Ve 5l S
Av 3l e Ll gad gLl o ys STl 1330 ol
LU 5 358 s s oSl 4 g0 kL Ao s
Byod Slp 5358 ale O bty il €500 S
b oS B g S lald glalles s
AL Ao s A BV o gLl 1o

Sy slaanS 513 3 adigLil glad sal
B ety ol ad e Ve ol s 5 et esls 18
;ljfL;':jL.e a0 = WA gles oy b s 5 ladd sl
1) Wi 05 ¢ s -5 oo (LM sl VT s
5 03, :l_,fvijl.w a=,5 "\ gles b f; g.j fL“} 33
53 el YE 505 e asls a3lrl 5 andls | aeSandly
a3 Y0) BUI slos 4 ol god ¢ s . Llay Los
Sotpas 1y e ged ool digd pr 03y5] (IS ol
Ll sk e

b ot o8 A0S Zeaslie sl 8L
pll 4ids (gl V) sz le 0/4A SIS L Er
23 0L e 558 aenS 4 sed oS Gl B o5l o
2 g g Lo (S e

oS gl e 5 dlaly Sl eslind

ITs =28/, _4 "V

oS Dt pligr &yl

”‘q/‘ ‘j};jwiﬁj}}w’du



oS il Lslsin sk ol o PVC Sl eslizal 136 s

(il gl T G Sl <ol R 0T s &
S e NG ol Jls JS0 e 055 M
A 5P sl sl s lsKin o Aol s il
Wl S 035 el Sl

dasly Gosb 5l Al S Sy o s
T e s 3 Al 5 eslizad U BET (Suls

sAS s ea cbwa‘});@jﬂ sae No O 53 &S
S 2ot JB gl SO bnm J S S
E ISP PR PN PN PREIR T RGP oy A
S b Y Ky ab& g Okl
crl ot S o A S o (655l LB gl
53 3s) s 4 (V) Bl Gy b 51 0l 0 1 5556
Slged T 51 Jsb 5 b O3 a1 5S ke, oyl
S das e 0L plpo s s 1 p/n (Pop) 4 ool
SLEd ST S e LS G5 5 an 5 pop O 3
Al e Ss g eddde S 5 Pl Sl
e Bl

n, =— YY)

;ffk'; )’:9 LSLQM.S}A L__.wb:,d 6|).> 6.;\&.1 &J‘)
Ll s s o b e D> Kl sl L SFE

LW _ (me+2T1)?
;" = W ay)

() ki mle &5 (M) L3S wle
gl e a8 S 4 -l laadlfe s sl

[me+2T 1 m—(T5W )]

Iy = T (Ov)
2
It = [me 20123 )20y

4T,

i Ay 5l s b K S e 13T (6550
JJ”T@ C.nvl)é..vj)
=T 4 2(i1y) (Vo)

ne_ﬂo p

o ) abSin e G550 (D 4w by
Sl el Sy it alaK lanl 53 .S s
YA S sy pos Kiph e 033 e e ls £/V0
Sheslinal b abKw o3l il o L e L
syde JES USD s e g T Sitia 55,1565
o YT S sy 2 alsKn 5l p S 6 550
sy S LT s g ol b N e
Glaie OF Jols iz S 0555 gl 5o b S
ey S e D8 Jle osbss 5 OIS sk
D3 0ssl Ous celu § Ote w0 b S ined
3Gl Lg/l.»s L A& Old Six ) e LS
3y pmaty LS o )13 5ws 53 5 ek 63 5]
o A St 3503685 51 eslizad U ollas O
5 JS b ST (@550 dss e esls 13 USD o
s 03,51 (0) Uy 3 I a4y Ly o slaadl o
NG
Go ole g5 A I S50 S5 slaad s
o 03,5 (0) s 55 Shassy cul s eslizul 5 e
ol
oyl b glalasly LL Slle 51 G e Gl

s S8 (W)

W2y = m + 2P
=-2 [Jr;""r}w + \/r;rl‘ + \/r;rr]

5SS b SIS W5y 0T s oS

oslo 5l S o 13T (55 ATV R (V) Ll 5 (8)

Bl Jlw a4 by Dol s S Te 5 God
) B3 S mhae (555 p el

S0 2 G b3le by olad a5 L0

T o s 4 (A) dady 5l esliza

\)

P
= [l @)

H“M ‘j;@w‘fﬁiju

i35 Oy pailigs 4o i



(€rgs/CM?) LasilsSes _mdans 3131 (6551 ol 3o (5 ,So310l (1 ks 5l g0 mmbace 53T (6551 (slaail e 0 Jslr

2 T P e
(ergsiem?) elaws 3131 (65 5l Laad) 50 SFE slaailys
Js 3 e P TR 3
VA/L VA/L : . . ol ol
ViV YNV . . V4 058 Jusn o)
YY/A YV/A 0) Yo/o Yo/o ol

©rgs/cm?) 3 _saws 3131 (6331 (slaad so (5, So3ll s Gudos 31sn o 3131 (6531 (slaad 3o\ sl

2 . O ‘e
(ergsicm?)  laww 3151 (65 5l Laad) 5 . 57 i oo
g B P R &b
VY/A YV/A 0\ Yo/o Yo/o ol
YA A2 YAA Y/AY ov/t JgyedS
oA ! 1q Y/YA ALYl N

AL b 4y el dmis Jases POl s oS
58 om Sy ples 45050 (mle IS mlan SIS
wiilimiso jab e Cond poem Vim ¢ ialejl =l
P 5—an O35 PL 3 (S b Ao JS o=V S
Al e b
3-&15“ Cowd a3 Al YL dal,y 5 S5 L

AF =PI, cos0 — Vip.p .8+ Vim-p- 8 OA)

Lsl3 s e = 2 VL daly 5L 22 5 L
:>JJT¢,~>@M}WJZJJJ\ oslaiul

(AF+Vim.(p;,—P,ir)-8)
Py,

QLY

cos0 =

sl [25] Good-van Oss-Chaudhury &Vslxe
oslit | b (5350 laad 3o 5 Jluasl &yl bls |

Dy
I'i1(1 4+ cosB) =

2[5O + (L) + (i)
(Yo

Gl s d b ST 5551 slaadlfo g S5
O el L Ols oo ) mle G 3 G oleS
i Sl sl ell 6 alely s amiw
0w b 0l Haab s J= 53 SHU Jlns amin S
Ol Sl 5 ol e o b SO 0AS
Loa 53 amio G 45 olKn 3,50 s 4 ol
oY S Ol e Sl V1) Ay 3L Gl

B0 o8 4 dsls Cnsy o of O:,:l:«.(} sl

F= thlate + Wtasphalt -V Pair- 8 QhY;

il b gl (’JN Gom F ool s
V 3 055 Wasphalt «($ 518 amie 059 Whlate camio
0P 5 e adlr Sl g (g8 Ao o2
Ldb e a2 puasie

@u s s w e kil i o AS&KJJA
Lks OV) ayly & ) il 553 s seb 56
Dy st

F= thlate + Wtasphalt +

Py, cos6 — Vi pp .8 = (V = Vim)- Py,
\Y)

oS Dt pligr &yl

”‘q/‘ ‘_;Ja‘)w‘fa_})jw;ﬂw



oS il Lyla sby ol PVC i aslicd il sy

s I e el e b EES gl
O3y s Bl 4 UlF e L s sla 1w
St ppam 3 (G (S b bl (S
S OlF e Bl Cand sk, (2 53 badised
038 Lol &8 55 (g Samt G 55 cpl slaesls
5 Sk SAi0L s Ao b Ol PVC il
sbrals 3l g esls Jhlsl bl 3 1) (Se sy
o 5 3 el s sl (555 51 5 e
Coglie s =5 Sl [ 51 ey bslse aS 555 s

Spe Oy S gas 4 o ogby 53 5L

Aol asls s 53l

St a Ghasss a3 Al b 5 S (O

s b 3T 55 slaadlie S5 T ol

aadl o y3lin 035 Eoslite 5 3 L 00 g ) LG

Glaadljo kb 8 513 eslial 350 odans s3T5
el ol 03,51 (V) Jgir 3 gl b 55

Cou g mld
53 e sad ol 8 (228 Caslie 4 bs e i
3 (V) Gl Ko s e byl o il gl S
e 33 e edalin &5 bolea . iledd &1l (Y)
Lostdantle Slapel miten i (225 Caslis
DA Al e S i sl S sltes 1530

ITS (kPa)

AC AC with 1% PVC AC with 2% PVC

m Uncond = 1 cycle = 3 cycle

5 cycle

SalSn Glaails S b sddastle slad ol 53 piies b 228 Caoslin (LT i) S

1400

1200

1000 -
800 -
600 -
400 -
200 A

o

ITS (kPa)

AC AC with 1% PVC  AC with 2% PVC

m Uncond m 1 cycle m3cycle

5 cycle

1S Slaails S L sddant b (sla sad )3 pdins b L21S Cunslie u;iuj@ur s

!r“l/\ 092 ;jw‘[‘jijwd[v“



100
80 -
g 60 -
o
2 40 —
20
O T T T T T
0 1 2 3 4 5 6
Number of cycles
e AC —@— AC with 1% PVC AC with 2% PVC

SalSin ol K b sddastle Slad yod 53 piis b 225 o slie o a5 AR

100

00
o

|

TSR (%)

40 \
20
0 T T T T T
0 2 3 5 6
Number of cycles
—+—AC  —#—AC with 1% PVC AC with 2% PVC

sl Ll Kin b sdiantle glad s s Wﬁﬂu,uﬁwuyuj@u ¢ e

355 0 e § 5258 D DL Jomed (Gl sl
s wses ol s s IS T e
(£) 5 () sla s slaesls 51 IS &)y soas Ll o0
Loeddatle gladad 5o & ol R
S s i Sl ST glaah K
ShOls el Sk, ol W edas 3)ls spm s b
Bl Kow g5 55 ol oims |25 gla SIS el (5,
sdalie (F) K3 53 350 sdalin (V) Jsu
LAl b sddatle gladises 3 & 355
551 b e PVC as s Y51 eslinad Sl

Sk ol Rl e il b gl 1531

et o (0S5 gl Lol 4 by e il

sddantlo (Slad sad 55 i pm il sla w52
B N R I I
5 eslimal Lol eds Sl (1) 5 () e K
Cooglin U sl ol Col SA30L o sla S5
Gt & o slipMNol Alul glab sl
S 534S s yhie sdalie (iman b 35 S
23 s & LS Caa e S 3 LalS el sa
Bloss il 2 VB Sew g cd 0 LY S
aals K a3l e i sl S Sl n
Sl Gl s Cand pl 5 el I S5

s Ot pbige &

H“M ¢j)a“)uﬁfﬁ‘})J‘;ﬂ‘JLﬂ



oS il Lslsin sk ol o PVC Sl eslizal 136 s

VY

T 635 Glaadlze ¢ Se3lll 4 bge mls

45‘)‘ V) J_}J‘> BE e.l»icw\ E) Qlﬁ kgl.h]:.g &]ﬂ.w
Uil BE o.L::A:\)l ‘_SLAAJ\) )‘ S )ijLmA ol ol
ergs/cm?) wb ;3 el Al 5o ol Lasiine Jsd
O b Wie 5l s LB Ol 4 (VOA
sLR30LE fgd g0 opl il 55,5 (4/ergslem?)
dl}u LY C,.w\ ué.>v.;~6 J}J}- Lﬂ"\ L e.k,.l"mjb\ 6&0.}\)
J&.L}J:;wy bﬁﬁfr_b_.ﬂalﬂéj_)j\)’l Slodas
sdos (Bly> s e SE5 (VV/EA ergs/cm?)
o958 Sleslaal .l LNISL Ll o lads gy
o s3T5 50 gl A o b el 0 EeLPVC
Frisn ol S Al SRIB 0T 3k Wge 5 tals
33 o e St sbml Cel Ol s
Laea by ol S A S gl cals S
Z.d}d G el ol g;ﬁh PVC )l oslaul et .J).:J
e Ol oS ol pl S5 LB &Sl 258
b sdsmMol sla 3 oeaw 33T (6551 slaadl 3o
05 23558 sheslanal 35l 555 s PVC 5las 5 Y )
_SUT (55]" G el ol CA&L: ko Loyd 93 A
b sl 55 SoeS Gl oY 5 i b

Sl 355 e sdalie 45 5 sboles ol 63 S sl
3y Sol Lo gl Slans opl 53 e B35 380 s s s
okl ales ;oo IS Caglle Cond 3w LB
b s Cuslie Sl s glie Wy, Lol
Lo sledgas S5 2l 50 51 oalizad ams 55 i
el sdalin LB (8) S s S sl K
) L sbadise 5o Culds i sed 5l anes ol s adll
Looddale sladisel 51 2SS Jog33l doys Y
sl ST il K
03 a5 s S £ 53 plend SLS S
Jode ol icdd o £ (OV) Jsdr s Jass ol
LS5 Cao SIS 51 Toes Sl oS aas o OLES
3 b il S slaails K S J s ol s
Ll K ghoazws .ol ol LS5 AlOs 5 SiOz
L Sal& gbalhb&n S ol Ssoipls
b s Cewgsol 1y el gl K 5 5 SOl
O s 38 ISS 05 Wy 3l eslinad L0,
WK L oamlis 5 Sal& &S sy jasis
V.A\Jé Cugby gl sl @:puﬁ sbb s il S
o b GRS Cd gl 5l 6 5 b0les S e
Caglie Col asle 5 gl IS s sal &l
sb e gladisel 4 Lol SEs gladiped G028
A L Sl )l oS Sl S g5 LB Ol
Casby S el Slasl glabhss js el sl
s sb o S g0l Cglie 5 sl Ll
@ Sl odd Pl sladi e s Szt Gl g @

el a8 J 1S Gl ped

(€rgs/Cm?) eslizal 3,50 sla 3 o 35T (6531 (slaailse V Jsu

(ergs/em?) _swhawe 3131 (65 51 Lnad) 50 i
— - &]&w a3l 63;." 61.5@5#
s B e sk
Ve/88 \Y/EA \/AN \/0A /N Ae-Ve 3
V4/8Y 14/8Y Y/AY \V421 VAR PVC as s ) L=V, 3
Ye/AE Ye/AL Y/A0 \/¥4 \/¥ PVC uo s Y L=V, 3

H“M ‘j;@w‘fﬁiju

i35 Oy pailigs 4o i



ol el 5SS (VerAergsiem?)  Sal K
3R m bl oSS el Sk
Sl Ol jpam 348 358 e il S laah K
Sl S o 8 Al e o dleas Lpd e a2
SS L;::J\Jf LK b anslin 5 Sal&
Sladism S5 sl Sol G oo adlje oo
e Iy ST e 3 68 553 e VIS
Sz ST 653 el 4 by e il
() Jsdr 3 (Sailir 6550 5 (S 33T 65,1
ool o3 eyl glaesls 31 aS 5 boles .ol s &l
ol s Bl 3 Sl 3 pa slalie 0155 o J sl
Sl gl LB o 4 Saegn 3T 5510
Al os 8 Sl Uospd e ol Clle cpl Ll

N Fr I CHV C W 4

5T 6550 glaadlze @ Se3lbl 4 by e ol
el ol &L (A) Jsdr 5 bahKw b
Ol o Jadr ol )3 sdiailyl slaesls 31 aS 5 sbolen
b 5o lls Sl laailsKiw 3 505 saline
ergs/cm?a, o £4Y/Y0 ergs/em?) 55, n
Ve/evergsiem?) 5SS gl ddlge 5 (£0Y/08
anslie 55 dao sl3T g5 51 (VYA ergslem?e, o
b ad e 05 gf)_}{ BEVCIOW J::;\jf s b
Gk g U 35d e Col SalKin glawh&Kan s
S 3 el 3l arws 2o sSes
L Sl 52,85 S8 el gl Sl g
Al e 5 e Lz

SIS Sl SK Glab A ies
il L oawlie s (WV/)4ergsicm?)

(ergs/em?) eslizel 3 50 (glaails K _medaws 3151 (63,31 slaad 0 A J s

2 KRR i e
(@rgs/cm?) _mbaws 3131 (53,51 Laaid 3 o S3T (5351 slaadl o

B b E s s b

YAV/A4 (FAZAN VEY/YA | Ve £4Y/Y0 Sal&

YAV/AY Veo/vY WVN [ YA/TA £aY/08 il S

(ergs/cm?) St 5 Siw g ehawe sI3T 65504 Jsdr
S 3| Sk 3| S 3 5 Wi | by

YA/AQ V48/00 AFV/YY Ty s |
£8/10 Y76/44 YYV/0Y PVC doys ) LoV 5 | Sl Y
£1av V4/0F \Ye/00 PVC dwo,s ¥ Le-Ve 3 g
YA/AQ 1Y4/40 YYA/0Y Ty S ¢
£4/) VEV/YA VYY) PVC sss) Le-ve 3 ol S 0
VANY Y01/ 0 YAY/YY PVC uss Y L=y 3 !

oS Dt pligr &yl

”‘q/‘ ‘_;Ja‘)w‘fa_})jw;ﬂw



oS il Lslsin sk ol o PVC Sl eslizal 136 s

\k2

Bl ol Cely osle opl (pioman L sl 538!
JB Olpe 4 o BT (550 b 8 A3
U oosdipe o f5d5e onl ol GR35
Lobies O s Jo M b o5 B3 6 slatisy
e 331 (531 e K S5 5 e oS
Al 3 Sl eliedlol layd @ b S
sl

s e.x_.'zc’)/\..pl Slad sl 5 St N siAY
Mo gl mlass 5 b e (Rl el gladd sos
31 e a4 6l S d g e (59,5 31 23 038
sty Jlez| B 358 o ol oS ol 5L (5 20
Cel PVC 5l eslimad .l [halS Susol e
Glawsed 5 Saile @55l i b ssd
B 330 o 300 il il G208 s Sl
S s Selusge 5 L5 &l;&;ﬂ—ﬁw
R N N PG W PR W P SN
Ak

Conglin e Mo B 553 oo EeLPVC Sl sl ¥
g5 5> A L glaas 3 e e SIS
Al sl s cpl s eslinal 5 ) 5e 415K

Sl Cl S e | i jltlu oSyl 4 a5 L ot
el i el Slogas Lol S8
Sl ab& g5 ol b eddansle glad soi
Ol 55 Sl g Caslie usb,y ol &
Llesls

oo eslinal 3550 (6551 eyl 93 a4 by @L“.} .0
Eel PVC 5l eslinad a5 das o 0L Jagsy ol
A A oo il b Caglin B s pd e

Al SRl sk

ods el PVC (sla g5 580 51 eslinul ¢pimman
Gl e ses 53 (S 35T (6551 lis b el
o e ol il SR LS f s e
3 bl sl e S5 S B s sd
o3 53 bl dil 5L s se LK e A1
St 31 5351 55 e 5 M6 it 2ol PVC
Slaaises 5o bl pl CuS Olg e 5 Sl el
3y Sunp SUUSS @ gasl oy Yo sl
Ol Sl 6550 Ogim 4 by e
S5A s Al Cel PVC 51 oslanul a5 das s
5388 Sl gme s Cllae ol il el Saila
Sl 35 e 3T (g meS (g5 5 S0l e sl
Bl e B35 o (S 550 0
Saluz o5 5 51 5 AL andls SA30L e 4 (g %S
AL oL A s

& S 4o
el a5 sle sleslanal 55 e lass pl 5o
53 Al bl sl sliee 3 S
Slal glab glsee 53 cugby 5l 36 ol ol
oo eslaiul 5y ge L;:J}J.él):.?u = oshea el
Seabisnge s 5 SO a gla gy 5l sy o0
sl 0l o3l
Sesn ol ekl mB e
Sl Ble,le
ol Cely S0l e A sla Jsysbl 5l eslinal )
A S Sl 3 gl sl A b el
Oljme U 558 0 el sl bl Julssl
Sl S s el glaih K b L5 Sus

iy

1. Moghadas Nejad, F., "Influence of using nonmaterial to reduce the moisture susceptibility of hot mix

asphalt”. Construction and Building Materials, Vol. 31, pp. 384-388, (2012).

2. Little, D.N. and Jones, D., "Chemical and mechanical processes of moisture damage in hot-mix asphalt

pavements". Transportation Research Board National Seminar, San Diego, CA, USA, (2003).

H“M u;o‘,&.\:‘fﬁij@

WJJJ}‘)/I"‘;;{"“L‘(“";:’J“:’



10.

11.

12.

13.

14.

15.

16.

17.

Hamedi, G.H., Moghadas Nejad, F.M., and Oveisi, K., "Estimating the moisture damage of asphalt
mixture modified with nano zinc oxide". Materials and Structures, Vol. 49, No. 4. pp. 1165-1174,
(2016).

Solaimanian, M., "Test methods to predict moisture sensitivity of hot-mix asphalt pavements".
Transportation Research Board National Seminar. San Diego, California, (2003).

Hamedi, G.H. and Moghadas Nejad, F., "Using energy parameters based on the surface free energy
concept to evaluate the moisture susceptibility of hot mix asphalt”. Road Materials and Pavement
Design, Vol. 16, No. 2. pp. 239-255, (2015).

Cheng, D., "Surface free energy of asphalt-aggregate system and performance analysis of asphalt
concrete based on surface free energy". (2002).

Bond, A., Hefer, A., and Little, D., "Adhesion in Bitumen-aggregate Systems and Quantification of the
effects of water on the adhesive bond", (2005).

Hamedi, G.H. and Moghadas Nejad. F., "Evaluating the effect of mix design and thermodynamic
parameters on moisture sensitivity of HMA". Materials in Civil Engineering: pp. In press, (2016).
Hamedi, G.H., "Moisture Damage of Asphalt Mixture Modeling Based on Surface Free Energy
Theory", PhD Thesis, Department of Civil & Environmental Engineering, Moisture Damage Modeling
Based on Surface Free Energy Theory. pp. 305, (2015).

Khodaii, A., "Evaluating the Effect of Zycosoil on Moisture Damage of Hot Mix Asphalt Using the
Surface Energy Method". Journal of Materials in Civil Engineering, Vol. 26, No. 2. (2013).

Arabani, M. and Hamedi, G.H., "Using the surface free energy method to evaluate the effects of liquid
antistrip additives on moisture sensitivity in hot mix asphalt”. International Journal of Pavement
Engineering, Vol. 15, No. 1. pp. 66-78, (2014).

Hamedi, G.H., "Evaluating the Effect of Asphalt Binder Modification Using Nanomaterials on the
Moisture Damage of HMA". Road Materials and Pavement Design: p. In press, (2016).

Van Oss, C.J., Chaudhury, M.K., and Good, R.J., "Interfacial Lifshitz-van der Waals and polar
interactions in macroscopic systems". Chemical Reviews, Vol. 88, No. 6., pp. 927-941, (1988).

Little, D.N., Bhasin, A., and Hefer, A., "Using surface energy measurements to select materials for
asphalt pavement". Transportation Research Board, (2006).

Bhasin, A. and Little, D.N., "Characterization of aggregate surface energy using the universal sorption
device". Journal of Materials in Civil Engineering. VVol. 19, No. 8. pp. 634-641, (2007).

Hefer, A.W., "Adhesion in bitumen-aggregate systems and quantification of the effects of water on the
adhesive bond", Texas A&M University, (2004).

Hefer, AW., Bhasin, A., and Little, D. N., "Bitumen surface energy characterization using a contact

angle approach”. Journal of Materials in Civil Engineering, Vol. 18, No. 6, p. 759-767, (2006).

wj}ﬁu'//.,«pww@j&; ”‘q/“jJa‘)L«J‘f_}_‘_}bwa[w



oS il Lslsin sk ol o PVC Sl eslizal 136 s 1

18. Mercado, E.A., "Influence of fundamental material properties and air void structure on moisture

damage of asphalt mixes". Texas A&M University, (2007).

’r&Q/“jJG‘va‘fjﬁij{«r WJJJ’UWM“L‘W‘Z:'/“:"



IO 33 £l i3 5 s DOI: 10.22067/civil.v32i2.66310 335 Ol eoige do i

* G351 poaie 3l ooliel b & G ygd 8395 53k (Sl (HawT S bole K 31 (& 3boJo

[€3) )

sl b @ sl rol Jo P wsslS Ll Vsl 56 L 5

il Gl g ol 0 s G S o 35 558 65l e (galm il (lo ol Koot Sl iy o 0 s ol o OS>
o Q«Q/’CJL«N Llscd ys oo owsRl) ol Cilia ijs slodo o U i [ Lglsio (5 e &2 SV Sl Do g
Sl oslital b e ket bl 0l S8 2,8 Clm s Lo gloe Kot sy sl jlgr iast ilosl jl oslical bt
A o]l elid Kot o pizeas i 035 s i Kt e e (sla e obolo st (sl St as
S o _mmin ol il o3liz ] 4573l Lt s Sl ol S AL o S (S g (S0l s (Sligrm s e i il
Sl ool st Jdo 3l Kon 2y g s 3 32t S 0ld 00l dew o7 (Slals paizean 35 o i [ b slovs Sowst ylis,
lobsbis (Ko ol Sy Con S8 S ol S Olsi om 45 3 OL2S 5 (Sibigm s s 5 ot s f (228 Lol el

2o o3lizuol oyl pen (5ol il

S (655 (Kt Jie (S I e g8 6558 8L e o Flin] bl (SlST (S0 59

Development of Fatigue Predictive Models for Asphalt Concrete Mixes Containing
Electric Arc Furnace Steel Slag Based on Fracture Energy Concept

M. Jalili Qazizadeh A. Kavussi A. Sadeghi H. Farhad

Abstract This research was conducted in order to evaluate fatigue resistance properties of asphalt mixtures
containing Electric Arc Furnace (EAF) steel slag. After evaluating properties of EAF steel slag, five sets
of mixtures were prepared in laboratory. Each set consisted of a combination of a control limestone
aggregate mixed with a specific amount of EAF steel slag. Four points bending beam fatigue testing was
performed on all mixtures (at strain controlled mode). Based on fatigue lives, fatigue predicting models
were developed. Moreover, a fatigue prediction model which was obtained from indirect tensile test,
resilient modulus and was based on fracture energy was developed. The results showed that the inclusion
of EAF in mixtures improved fatigue life of mixtures considerably. Very good correlations were observed
between responses and fatigue life of mixtures. In addition, models based on fracture energy (DE«/DEpr)
predicted fatigue life of mixtures containing EAF materials reasonably well.

Key Words Asphalt mixture, EAF slag, Fatigue model, Fracture energy.
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Elastic Analysis of Multi-Layer Plates with Arbitrary Geometry and Boundary Conditions
Using Layerwise Mixed Formulation

M.T. Kamali Y. Mohamadi A. Ansari B. Shokrolahi-Zadeh

Abstract In this paper, a three-dimensional solution with mixed layerwise formulation is presented for
multi-layer composite plates with arbitrary geometry and boundary conditions. In this study, the
displacement field the out-of plane stresses are considered as a sum of a series of functions with unknown
coefficients. The boundary conditions and the continuity of the displacement field and the traction stresses
between the layers are exactly satisfied. Equilibrium and compatibility equations are also applied using
the Reissner's variational principle. The results show that the mixed formulation has faster convergence
than displacement based formulation, and provides more accurate values of interlaminar stresses.

Key Words Multi-Layer Composite Plates, Reissner's Variational Principle, Layerwise Mixed
Formulation, Interlaminar Stresses, Boundary Conditions.
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Experimental Study of Discharge Coefficient of Broad Crest Weir-Circular Culvert
Combined Structure

M. Esmayilvandi M. Asadi-Aghbolaghi

Abstract In this research, the hydraulic characteristics of flow through circular culverts and over broad
crested weir are experimentally investigated for 12 models. Stage discharge rating curve was presented for
each model. The results show that for a specific head, the discharge of combined structure is greater than
the summation of discharge of weir and culvert. Also, the discharge coefficient for the combined structure
is varying from 0.25 to 0.73 and for the weir is varying from 0.25 to 0.63 and for the culvert is varying from
0.33 to 0.77. The dimensionless parameter H/D (head to diameter) has the greater influence on discharge
coefficient. In addition, regression equations are presented for estimation of discharge coefficient.

Key Words Dimensional Analysis, Discharge Equation, Flow discharge measurement, Linear regression,
Stage discharge rating curve.
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Effect of Far and Near Fault Earthquake on Non-uniform Excitation of Concrete
Gravity Dams

T. Abbasi B. Navayi Neya L. Kalani Sarokolayi

Abstract In this study, response of concrete gravity dams considering dam-reservoir interaction using
Lagrangian approach under uniform and non-uniform excitation of near and far fault earthquake is
investigated. For this purpose for wave passage effect, shear wave velocity of earthquake is used. For
incoherence effect the Harichandran and Vanmarke coherency model and also earthquake epicenter in
three positions is considered. The results show that dam responses depend on frequency content of uniform
and non-uniform excitation. In addition, non-uniform excitation has less effect on hydrodynamic pressure
in comparison with crest displacement and heal stress in dam.

Key Words Non-uniform excitation, Dam-Reservoir interaction, Lagrangian approach, Concrete gravity
dam, near and far fault earthquake.
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Overtopping Risk Evaluation of Tabarak-Abad Dam based on Univariate and Bivariate
Flood Frequency Analysis

A. Rezazadeh Anbarani M. Faghfour Maghrebi

Abstract Among the most important causes of dam failure, overtopping is the main causes. Analysis of
dam failure due to overtopping is essential to calculate the failure risk considering the uncertainties. In
this study, the application of risk analysis for earth dam failure due to overtopping based on univariate and
bivariate flood frequency analysis has been investigated using log-normal distribution for the Tabarak-
Abad earth-fill dam located in Khorasan Razavi province of Iran. Considering Q,— V combinations (flood
peak discharge - flood volume) for the joint return periods of 50, 100 and 200 years, the results of the
bivariate flood frequency analysis have been proposed in the form of six inflow hydrographs. The
overtopping risk has been evaluated based on the univariate flood frequency analysis for all hydrographs
resulted from bivariate frequency analysis with different return periods and six initial depth of water in the
reservoir, considering quantile of flood peak discharge, initial depth of water in the reservoir and discharge
coefficient of spillway as uncertain variables. Uncertainty analysis is conducted using Monte Carlo
simulation method and Latin hypercube sampling technique. Finally, comparison of univariate and
bivariate flood frequency analysis within different periods indicates that bivariate flood frequency analysis
method resulted in greater estimated overtopping risk values in all return periods which is accompanied
with higher degree of risk. Also, the V1-Q hydrograph, which has the highest volume of flood, is associated
with a higher risk in all waterlevels in comparison to other hydrographs. Moreover, to evaluate overtopping
risk based on univariate and bivariate frequency analyses, the increasing trend of risk values for rising
water level in the reservoir is more tangible than that of increasing return periods. So that at the water
level of 66 meters, overtopping risk for the dam is very high.

Key Words Uncertainty, Overtopping risk, Univariate and bivariate flood frequency analysis, Monte Carlo

Simulation, Latin Hypercube Sampling.
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where t, and t, are time to peak and base time of

hydrograph, respectively and can be computed as follow:

(- 2V . p
3 Q,

The resulted hydrographs using the above equations

and the ranges of peak discharge obtained from the

bivariate analysis with the related series of volumes are

presented in Table 2.

(6)

Table 2. The peak discharges and correspondent
volumes based on bivariate frequency analysis

T (year) Qr (M¥s) V (MCM)
50 345.5 - 856.44 10.94 —31.57
100 433.3-1038.92 13.21 —40.22
200 533.6 —1210.73 15.33 — 48.96

5. Overtopping Risk Based on Univariate Flood Frequency
The probability of overtopping was calculated for various
floods at 50, 100 and 200-year return periods by considering
three uncertain variables as peak discharge, initial water
level, and spillway discharge coefficient. All uncertain
variables were assumed to be independent variables, while
Monte-Carlo simulation (with a sample size of 20,000) and
Latin hypercube sampling (with a sample size of 10,000)
were applied for uncertainty analysis. Based on the results,
by increasing the initial water level in each step, the
probability of overtopping (in a constant return period) was
raised for both uncertainty approaches adopted in this study.
So that at the water level of 66 meters, overtopping risk for
the dam is very high.

6. Overtopping Risk Based on Bivariate Flood Freguency

The overtopping risks due to different flood at 50, 100 and
200-year return periods in six initial water levels were
evaluated by MCS and LHS uncertainty approaches.

- 2 = Hao(m)
©=2 Overtopping Risk of V6-Q

1000 —— V6-Q hydrograph

2.128¢-05 i
F--- 6.509e-08 |

0 (m'/s)

=1 Overtopping Risk of Qu '

-= Un

3.850-0a

Overtopping risk have been increased with rising initial
levels of water in the both adopted uncertainty methods.
Figure 2 shows the trend of variation overtopping risks of
V1-Q versus the initial depth of water for the joint return
periods of 50,100 and 200. Also, the V1-Q hydrograph,
which has the highest volume of flood, is associated with a
higher risk in all water levels in comparison to other
hydrographs.

Overtopping Risk

49 53 ss 61 63 65

ST Hym) %

Figure 2. Overtopping risk of V1-Q based on MCS
method

Figures 3 and 4 show the univariate and bivariate inflow
hydrographs in conjunction with the correspondent
overtopping risk for V6-Q and V2-Q. These figures
demonstrate that the values of overtopping risks using
univariate frequency analysis in both MCS (Figure 3) and
LHS (Figure4) methods are less than the results of
bivariate for all initial levels of water.

7. Conclusion

The comparison of wunivariate and bivariate flood
frequency analysis within different periods indicates that
bivariate flood frequency analysis method resulted in
greater estimated overtopping risk values in all return
periods which is accompanied with higher degree of risk.
Also, the hydrographs with greater runoff volume (Q—V1
and Q—V2) have been produced greater risks rather than
other inflow hydrographs. Moreover, to evaluate
overtopping risk based on univariate and bivariate
frequency analyses, the increasing trend of risk values for
rising water level in the reservoir is more tangible than that
of increasing return periods.
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Overtopping Risk Evaluation of Tabar ak-
Abad Dam based on Univariate and
Bivariate Flood Frequency Analysis

Atousa Rezazadeh Anbarani * ahmoud Faghfour Maghrebi 2

1. Introduction

Earth dams are destructed due to piping, overtopping,
spillway erosion, etc. Among them, overtopping is one of the
main causes of dam failure. Since design and performance
of dams are always under the uncertainty and the potential
of dam failure, it is essential to calculate the failure risk
considering the uncertainties. In this study, the application of
risk analysis for earth dam failure due to overtopping based
on univariate and bivariate flood frequency analysis has been
investigated using log-normal distribution for the Tabarak-
Abad earth-fill dam. Considering Qp—V combinations (flood
peak discharge - flood volume) for the joint return periods of
50, 100 and 200 years, the results of the bivariate flood
frequency analysis have been proposed in the form of six
inflow hydrographs. The overtopping risk has been
evaluated based on the univariate flood frequency analysis
for all hydrographs resulted from bivariate frequency
analysis with different return periods and six initial depth of
water in the reservoir, considering quantile of flood peak
discharge, initial depth of water in the reservoir, and
discharge coefficient of spillway as uncertain variables.
Uncertainty analysis is conducted using Monte Carlo
simulation method and Latin hypercube sampling technique.

2. Dam Risk Model

If a system is unable to perform expected tasks, the system
will fail, and, accordingly, undesirable consequences will
occur. Failure can be defined as the load (L) exceeding
system resistance or capacity (R). Identifying load and
resistance is a fundamental issue in risk analysis and it
noticeably depends on the type of hydraulic structure and
problem physics. The probability of failure is defined as
P(L>R). Risk can also be represented as:

o = Risk = P(Z < 0) 1)
where Z is performance function which can be defined as:
)75
Z=R-L ; Z=In|—| ; Z=|—|-1 2)
L L

2.1. Risk Modeling for Overtopping

Overtopping happens when the flood outlet cannot release
water fast enough and water rises above the dam and spills
over. In overtopping analysis, the maximum water height
in the reservoir (Hma) and dam height (Hc) can be
considered as the load and resistance of the system,
respectively. Therefore, the overtopping probability with
respect to the performance function can be expressed as
follows:

HC
Z, —ln[H ] 3)

where Zris flood performance function and Humax is the
highest water level during a flood event, calculated based
on reservoir routing. Finally, the overtopping probability
will be computed as:

Risk =1-¢(“—’)=1—¢(B) (4)
(&)
in which gis the reliability index indicator and is

defined as the mean ratio of the performance function ()
to its standard deviation (o). (Fig.1)

Overtopping probability

Inflow Z =In(H, /Hpyx )= 0

Outflow

Rehability #(5)

Dam

Figure 1. Schematic diagram of risk of overtopping for dam

3. Determination of Uncertainty Factors

The considered uncertain parameters in this study are as
follows:

1. Quantile of flood peak discharge with Different return
periods (Qp): Using flood frequency analysis, the values of
mean and standard deviation of peak discharges for flood
with 50, 100, 200-yr return period are presented in Table 1.

Table 1. Statistical parameters of peak discharges in
different return periods

T (year) Qp (m*/s)
Hqp Oqp
50 362.044 81.768
100 456.738 112.305
200 565.294 149.216

2. Initial water level (Ho): The mean and standard deviation
of initial water depth were 50.1 (m) and 3.28 (m),
respectively. In addition to that, five more depths (54, 58, 61,
64, and 66 m) have been assumed as the initial depths in
order to consider the effect of changing initial water depth
on the probability of overtopping.

3. Spillway discharge coefficient (Cq): Its mean and standard
deviation has been determined 2.08 and 0.069, respectively
based on the Tabarak-Abad Dam Technical Reports.

4. Bivariate Flood Frequency Analysis

In this study, six cases (V1-Q to V6-Q) with their
corresponding characteristic values were assumed and the
respective hydrographs were determined using the Aldama
and Ramirez (1999) method. The appropriate relations of
their method to generate desire hydrographs are:

1 MSc in Civil Engineering, Ferdowsi University of Mashhad, Mashhad
2 Corresponding Author: Professor, Civil Engineering Department, Ferdowsi University of Mashhad, Mashhad.
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hed of thedam and dsointhe upstream of thereservoir. Based
onthemode of dam-reservair system provided, the computer
program iswritten in the language of Fortran 90. The number
of dements of the dam, reservoir and interface dements are
based on the sengitivity analysis 12, 20 and 5, respectively.

Figure 1 and 2 show the crest digplacement and the hedl
normal gress of the Pine Ha dam in the empty and full
resarvair, repectively. In figure 3 the hed hydrodynamic
pressure is compared under uniform and time-non-uniform
excitation of Taft earthquake while the epicenter is on the toe
of dam. Figures show that the differences between uniform
and non~uniform responses in the empty reservoir mode is
more than full reservoir mode and in generd, the responses
under uniform excitation is more than non-uniform excitation.
For other 5 earthquakes and space-non-uniform excitation,
these figures have been prepared and explained.

displacement {cm)
=

t {em)
E‘

£ 0 — Uniform
= Non - Uniform

' )
Figure 1. Crest displacement under uniform and time-
non-uniform excitation of Taft earthquake (a) empty

reservoir, (b) full reservoir

Normal Stress (MPa)

Normal Stress

t(s)

Figure 2. Heel normal stress under uniform and time-
non-uniform excitation of Taft earthquake (a) empty
reservoir, (b) full reservoir

Figure 3. Heel hydrodynamic pressure under uniform
and time-non-uniform excitation of Taft earthquake (a)
empty reservoir, (b) full reservoir

Table 1 shows the maximum response vaues under
uniform and time-non-uniform excitation of the Taft
earthquake as one of the three far fault earthquakes on three
positions of epicenter. For other 5 earthquakes and space-non-
uniform excitation, these tables have been prepared and
explained.

4. Conclusion

1. The structure response strongly depends on the
frequency content and shear wave velocity of the
earthquakes.

2. Non-uniform excitation of time and space in the empty
reservoir mode significantly reduces the response to
uniform excitation.

3. Unlike empty reservoir mode, the differences between
responses in full reservoir mode under non-uniform
excitation of time and space are less than uniform
excitation. However, responses under non-uniform
excitation are mostly more than uniform excitation.

4. Theposition of the earthquake epicenter changes maximum
regponses values and the response higories adso
significantly are changed under non-uniform excitation of
time and space.

5. The effect of non-uniform excitation on the response of
hydrodynamic pressure is lower than displacement of
dam crest and heel stress of dam.

6. The effect of non-uniform of time and space on
maximum displacement value of dam crest and
maximum heel stress of dam for the empty reservoir
under far fault earthquake is much greater than near
fault earthquake.

7. The effect of non-uniform doesn't have a particular
trend for the full reservoir mode. But, maximum
hydrodynamic values under near fault earthquake is
more than for far fault earthquake.

Table 1. The maximum response values under uniform and
Time - non - uniform excitation of Taft earthquake.

Empty reservoir Full reservoir
Response Epicenter Uniform Non-Unifrm | Difference Uniform Non-Unifrm Difference
Content | Time | Content Time (%) Content Time Content Time (%)
Crest Toe 1.139 6.72 138.454 3.133 6.70 8.739
displacement Heel -2.962 9.80 1.285 10.14 143.383 3.433 6.68 2.896 6.70 15.642
(cm) Upstream of 1285 | 1104 | 143383 2891 | 670 15.788
reservoir
Toe 0.718 3.84 52.670 1.993 7.82 -6.011
Heel normal
stress Heel 1.517 9.80 0.641 7.00 57.745 1.880 7.80 1.978 7.82 -5.213
(MPa)
Upstream of 0641 | 790 | 57.745 1775 | 7.84 5585
reservoir
Hydrodynamic Toe - 0.470 6.72 -3.524
prm:) A i Hesl f - - - 0454 | 670 | 0478 6.72 -5.286
pstream o ; 0450 | 6.72 0.880
reservoir
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The Effect of Far and Near Fault
Earthquake on Non-uniform Excitation of
Concrete Gravity Dams
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1. Introduction

Intheanalysisof structures under theinfluence of earthquakes,
the effect of non-uniform excitation is often not considered. It
is assumed that a the same time, without changing the
frequency content, seismic wavesreach al structural supports.
In genera, depending on the ratio of the wavelength of the
earthquake to the horizontd dimensions of structure, seismic
waves may be non-uniform to structural supports.

Factors of non-uniform digtribution of earth acceleration
that cause non-uniform excitation of concrete gravity dams
can be attributed to two factors of time and space. Time factor
includes wave passage effect and is caused by traversing the
pass length by seismic waves. It gppears as a dday in the
arrival of waves from one point to another at the ground. This
factor just creates phase differencesandit doesn't changeinthe
shape and the frequency content in seismic waves. Space
factor includes site effect and incoherence effect. These effects
can change the amplitude of the waves or frequency content
and as areault of the time history of earth's acceleration. Site
effect that is affected by the soil and region of topography of
the support points is less important for concrete gravity dams
based on homogeneous bedrock. Incoherence effect means
random dterations of the shape and phase of waves. It depends
on how are the reflection and refraction of waves in the
direction of movement from the earthquake focusto the points
of support in different layers of the earth.

The nonruniform distribution of ground acceleration
causes changes in the responses of the structure. This effect
can be significant depending on factors such as far fault, near
fault, focus, epicenter, focd depth, and frequency content.
Therefore, non-uniform analysisis necessary to achieve more
accurate results. Near fault refers to earthquakes that the
distance of epicenter to the earthquake recording sation isless
than a certain limit. Some researchers find this distance up to
15 Km and some even up to 50 Km away. Generdly,
ve ocitygram and seismogram of near fault haveastrong pulse
whilethisfeatureisnot in far fault records. Acceleration of far
fault generaly has alow frequency content compared to near
fault.

2. Materialsand Methods

In this study, the effect of time and space factors on non-
uniform excitation has been investigated separately and their
responses are compared with the results of uniform excitation.
All results are investigated for three accelerations of far fault
and three accelerations of near fault on different postions of

the epicenter in the toe and hed of the dam and aso in the
upstream of thereservoir.

Non-uniform excitation of timeisassumed to be based on
homogeneous and isotropic property. This excitetion is
modeled with delay when the earthquake component arrives at
a specific shear wave velocity. In order to produce non-
uniform spatia excitation components, the accd eration of the
earthquakes is converted from the time domain to frequency
domain by the Fourier transforms. Different models are used
to determine the coherence function. The difference between
these modds are in earthquake events, earthquake dtes,
numerica process of recorded information and different
interpolation functions. In this research Harichandran-
Vanmark modd is used for moddling the coherence function,
which is the most common and most accurate mode! in this
fidd.

In this research, the Lagrangian-Lagrangian method is
used for analyzing the dam-reservoir system of concrete
gravity dams. 9-nodes dements with 4 integration points for
reduced integretion have been used for modding the fluid
environment in the Lagrangian method and 8-nodes dements
with 9 integration points for solid and plane stress conditions.
In order to apply the boundary condition between solid and
fluid, 6-nodes interface € ements with three integration points
and zero thickness were used. The mass matrix used in this
study is considered by Hinton method in the form of diagona
matrix. Three boundary conditions is considered for two-
dimensionad modd of dam-reservoir system, which include
propagation of waves in upsream of the reservoir, the
boundary condition of theinteraction between the dam and the
reservoir and surface waves in the reservoir. The giffness
matrix of total system is caculated by the assembly of the
diffness matrix of the dam, reservoir and interface elements.
The gtiffness matrix of the interface d ementsis considered by
applying the boundary conditions between solid and fluid
environment, which include diding freedom in the vertica
direction and dso the non-separation of the reservair from the
dam (no diding freedom in the horizontal direction). The
damping matrix of total system is adso cdculated from the
internal viscous damping of the dam and reservoir and the
damping caused by the propagation of waves a the upper
boundary of the reservoir.

3. Resultsand Discussion

In this sudy, the responses of the Pine Flat concrete gravity
dam at aheight of 122 meters and alength of 96.8 meters are
investigated with the assumption of isotropy, homogeneity, the
linear elagtic behavior of materids and uniform and non-
uniform excitation. The Taft (S69E horizontal component),
Tabas (longitudind component) and El centro (N-S
component) accelerations are related to the far fault and
Northridge (longitudind component), Sanfernando (S74W)
and Bam (longitudinal component) accdlerationsarerelated to
the near fault and three positions of the epicenter in thetoe and
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The discharge coefficient for combined structure (Cq)
was plotted against the dimensionless parameters, such as
H/L, H/b, H/D, and H/p; the results are shown in figures
3, for models 1 and 2. The results showed that the
discharge coefficient increases with increase of these
dimensionless parameters for all models. Furthermore,
among them H/L, and H/b has more effect on discharge
coefficient. The discharge coefficient for models 1 to 3, 4
t06,71t09, and 10 to 12, is between, 0.27 to 0.59, 0.48 to
0.75, 0.4 to 0.74, and 0.4 to 0.74, respectively. These
figures depict that the discharge coefficient is between
0.27 to 0.75, which the minimum value is for model 6 and
the minimum value belongs to second model. The
discharge coefficient increase with decrease of weir
height.

Model 1
0.58
0.56
0.54
O 0.52
OH/L AH/P
0.5
xH/D OH/b

0.48
0.46

3

H/L ,H/b,H/P H/D
052 Model 2

0.47
0.42
© 037

OH/L AH/P
0.32

0.27 xH/D OH/b
0.22

0 0.5 1 1.5 2
H/L,H/b,H/P,H/D

Figure 3. Discharge coefficient versus dimensionless
parameters for models 1 and 2

The results were compared with Bodhaine’s (1976)
and Guven et al.’s (2013) studies. The discharge
coefficient of culvert versus Y/D for present study,
Bodhain’s study for circular culvert and Guven et al.’s
study for box culvert is depicted in Fig. 4. In all models,
discharge coefficient increase with increase of Y/D. As
seen in the figure, there is good agreement between
present study and previous works. It is worth noting that
Guven et al.’s study was done on a combined box culvert-
weir.

An equation was developed for discharge coefficient
as a function of the dimensionless terms for the culvert,
the weir and the combined structure. The results showed
that Cq4 increases as H/P (the ratio of the total head of

water above the weir crest to the height of the weir crest)
increases. An equation is obtained for discharge
coefficient of circular culvert, using linear regression,
with R?=0.89:

Cq = 027 +0.11% — 0.0497 + 0.51Fr 4)
0.98
0.88
0.78
0.68
J 0.58
048 |&
O o Present study
0.38 (/¥ .
o OBodhaine's study (1976)
0.28
Guven et al.'s study (2013)
0.18
1 2 3 4 5 6
Y/D

Figure 4. Discharge coefficient versus Y/D for present
study, Bodhaine’s study, and Guven et al.” study

where, RMSE (root mean square error) is 0.0395 and
MRE (mean relative error) is 0.061, and for the weir, with
R?=0.88:
Cq = 0.82 + 0.14Fr + 0.51%— 0.71%— 0.75tan 6

(&)

where, RMSE is 0.0366 and MRE is 0.058, and for the
combined structure, with R?>=0.71:

Cq = 0.42 — 0.25Fr + 0.018 7 + 0.217 + 0.27 tan 0 +
0.137. (6)

where, RMSE is 0.0592 and MRE is 0.088. The results
were compared to previous study.

3. Conclusion

In this investigation, discharge coefficient is studied for a
combined culvert-weir system. The results showed that
discharge coefficient is varying between 0.25 and 0.73,
for the combined structure, between 0.25 and 0.63 for the
weir, and between 0.33 and 0.77 for the culvert. The
dimensionless parameter H/D (head to diameter) has the
biggest effect on discharge coefficient. Furthermore, with
decreasing lateral slope of the weir, the discharge
coefficient increases in both weir and combined structure.
In a constant head, discharge of combined structure is
greater than the summation of discharge of the weir and
culvert. The reason is that when each of structures works
separately, the contraction of streamlines becomes greater
than those of combined structure and therefore, energy
loss increases, so, the discharge of combined structure is
greater than summation of both structures, separately. In
addition, the regression equations are presented for
estimation of discharge coefficient.
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Experimental Study of Dischar ge Coefficient
of Broad Crest Weir-Circular Culvert
Combined Structure

Manouchehr Esmayilvandi'! Mahdi Asadi-Aghbolaghi®

1. Introduction

In second and third degree roads, during heavy flood, the
culverts cannot pass the whole flood, and therefore, it is
not economical to design a bridge or a high diameter
culvert to pass whole water. In such a case, a part of flood
water is allowed to pass from the top of the road surface,
on the other word, the top of the road acts as a weir,
therefore, this hydraulic conveyance structure may be
considered as combination of weir-culvert. After flood the
water surface would decrease and the road could be used.
Culverts have been used to pass water under roads by
engineers since long times ago, and many researchers
have studied their hydraulics and structures. Although,
culverts have simple hydraulic structures seemingly, their
design is not simple, and one may not simply categorize
their hydraulics in two types, open flow and pressurized
flow.

Weirs are categorized by their crest shape and whether
they have fully or partially occupied the flow cross
section. The weirs are categorized into two main groups:
broad crest weirs and sharp crest weirs. Open channel
flow measurements are typically done based on
measurements of flow depth, which are then correlated
with discharge in head-discharge curves. For this purpose
the variation of discharge coefficient (Cq) of the combined
structure with various affective parameters such as
upstream head, culvert inlet shape, length of culvert,
culvert internal dimensions, weir crest height, weir side
slope angle, and weir width was analyzed.

2. Experimental Program

The experiments were done in the hydraulics laboratory
of Shahre-Kord University in Iran. A series of laboratory
experiments were conducted on a smooth toughened glass
sided and smooth painted bed steel plate flume of 12 m
working length. The flume cross sectional area is
rectangular shape and has a 40 cm width and 40 cm depth.
The measurements of velocity in different points of
channel are done by using an Acoustic Doppler
Velocitymeter (ADV). Twelve number of models of
combined circular culverts and broad crested weirs were
set up. These models were divided into 4 groups. These
models have different circular culvert diameters (D),
different side slopes (tanf ), and the heights (P). The flow
rate was measured by a sharp-edge triangular spillway.
The  discharge can be obtained wusingQ =

%C(,/Zg)(HZ'5 tang), where H is upstream hydraulic
head, a is vertex angle, and C is discharge coefficient.

Figure 1 shows the schematic diagram of experimental
model.

40cm

Figure 1. Schematic diagram of experimental model.

Discharge coefficient Cq4 is obtained for culvert, weir,
and combined structure using equations 1, 2, and 3,
respectively:

Qe = Cac Y2800 —y1) (1)

3 5
Qu = Caw(5+/28bHz + 1= /2g tan 0 H2) @
2 3
Q = Ca(y/28(Y —y,) -+ /2gbHz +
5
1—85 2gtan O Hz (3)

where g is the gravitational acceleration, Qc, Qw, and
Q are the discharge of culvert, weir, and combined
structure, respectively, Cqc, Caw, and Cq are the discharge
coefficient of the culvert, weir and combined structure,
respectively, D is the culvert diameter, Y is the upstream
total head above the bottom of the culvert, y; is the flow
depth downstream of the structure, b is the bottom width
of weir, H is the upstream head above the bottom of weir,
and 6 is the side angle of weir. A dimensional analysis is
made to find important dimensionless parameters
affecting the discharge coefficient. Stage discharge rating
curve for models 1 and 2 are shown in Figure 2. As
depicted in the figure, at a constant head, the discharge of
combine structure is greater than the summation of
discharge of culvert and weir flow structure.

30 Model 1
E
820
9
) === culvert
=
% 10 =fll=— weir
=
2 combined
20
0 10 20 40
Q (lit/s)
30 Model 2
25
’g 20
§ 15 === culvert
2 10 el weir
g
g s combined
50
0 10 20 30 40
Q (lit/s)

Figure 2. Stage discharge rating curve for models land 2
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El = 25E2, EZ = E3, GIZ = G13 =0.5 Ez, G23 =
0.2 Ez, V12 = V13 = V23 = 0.25 ) (5)

Variations of normalized out-of plane stresses, 6,,(a,a/
2,7), Eyz(a/Z, a,z), and o,(a/2,a/2,z) adong the
thicknessare plotted in Figures 2 to 4. In thefigures, trend
of convergence of displacement and mixed layerwise
theoriesis shown and compared with the exact solution.

z/h

O Exact 3D Elasticity 0.75

Mixed formulation (N=4)
------- Displacement formulation (N=4) 0.5

= === Displacement formulation (N=8)

-0.28 -0.21 -0.14 6:1 -0.07 4]
Figure 2. Variation of the shear stresso,,(a,a/2,z)
through the thicknessfor 0° / 90° / 0° composite plate

0 Exact 3D Elasticity

Mixed formulation (N=4) 2/h
+++++++ Displacement formulation (N=4) 2 ”

= === Displacement formulation (N=8)

-0.24 -0.18 -0.12 Evz -0.06 0

Figure 3. Variation of the shear stress6,,(a/2, a,z)
through the thicknessfor 0° / 90° / 0° composite plate

These figures show that for N = 4 , results of mixed
formulation are better in agreement with the exact
solution than those of displacement formulation. In the
case of N = 4, in displacement formulation the traction
shear stresses Gy,(a,a/2,z) and oy,(a/2,a,z) ae
discontinuous and are not in agreement with the exact
solution while in mixed formul ation those are continuous
and are in good agreement with the exact solution. As
seen in Figures 2-4, the accuracy of the results of
displacement formulation is improved when N is
increased from 4 to 8.

O  Exact 3D Elasticity

Mixed formulation (N=4)
zfh

------- Displacement formulation (N=4) 1

= = = = Displacement formulation (N=8)
0.8

0.4 0.8

Figure 4. Variation of the normal stressc,,(a/2,a/2,z)
through the thicknessfor 0° / 90° / 0° composite plate

4. Conclusion

In this paper, a three-dimensional semi-anaytica
solution with mixed layerwise formulation is presented
for multi-layer composite plates with arbitrary geometry
and boundary conditions. In this study, three components
of the displacement field and three components of the out-
of plane stresses are considered as a sum of a series of
functions with unknown coefficients. These functions are
chosen so that the essential homogeneous boundary
conditions and the non-homogeneous natural boundary
conditions are exactly satisfied. Also, continuity of the
displacement field and the traction stresses between the
layers in the boundary between the adjacent layers is
exactly satisfied. Equilibrium and  compatibility
equations are also applied with desired accuracy, using
the Reissner's variational principle. The results show that
the mixed formulation has faster convergence than
displacement based formulation, and provides more
accurate values of interlaminar stresses. Out of plane
stresses obtained by this method are in very good
agreement with those of the exact solution.
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Elastic Analysis of Multi-Layer Plateswith
Arbitrary Geometry and Boundary
Conditions Using L ayerwise Mixed

Formulation

Mohammad Taher Kamalil Y aser Mohamadi?
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1. Introduction

Dueto the anisotropy behavior, composite materials have
some distinctive features in comparison to the isotropic
materials. Typicaly, composite materials have a high
hardness and strength in the direction of the fibers. By
combining several composite layers, a composite plate
with the desired properties can be obtained. Due to the
increasing use of composite materials, it is necessary to
provide more accurate methods for investigating the
behavior of these structuresin order to optimize them.
The variety of theories for analysis of multi-layer
composite platesis mainly due to the assumptions related
to the variation of unknown fields along the thickness of
the plate. The solutions based on the classical plate theory
(CPT), correspond well with the exact 3D elasticity
solutions for thin plates, while the accuracy of results
based on of this theory is lost for thick plates. In this
regard, shear deformation, zigzag, and layerwise theories
and 3D eladticity-based methods have been devel oped for
the analysis of thick plates. In analyzing multi-layer
composite plates, it isimportant to obtain more accurately
the interlaminar stresses. To calculate more accurately
interlaminar stresses, mixed formulations are established.
In this paper a partial mixed formulation based on the
layerwise theory is presented for multi-layer composite
plates with arbitrary geometry. In the presented method,
essential as well as natural boundary conditions are
satisfied exactly. Moreover, the continuity of interlayer
traction is satisfied exactly.

2. Mixed layerwise formulation
Consider a composite plate with arbitrary geometry
consisting of M layers Q;,i = 1,2,...,M, as shown in
Figure 1.

The Cartesian coordinates system is chosen so that the
z coordinate be aligned with the thickness of the layers.
The displacement functions u, v, w as well as the out-of
plane stresses oy, 0y, 0,, are expressed in the kth layer,
based on the mixed layerwise theory, as follows

For o = u,v,w, 0y, Oy7,072:
N Kk k

08 (% ¥) = Bo(x,y) Z0%, Xm0 xmy!
() @)
® oy oe 24
lIJn_(a) (z) = H::g (Zi(k)_zi(k)) ’ ©)]
in  which  B,(xy) =1,a=o0y,0y,0,, and
B, (x,y),a = u,v,w are selected for enforcing essentia
boundary conditions. p, and N, are the order of

polynomials, r and y are the counters, and d ™" are the
unknown coefficients.

y /
@

[

z (K) Q
ZN Z(k

(k) Q
z, le
X=
(b)

Figure 1. A multi-layer composite plate with arbitrary
geometry: top view; (b) front view

Equilibrium and compatibility egquations are also applied
with desired accuracy, using the Reissner's variationa
principle as

Yoy fffgk[&gco’pﬁ + 8&10um + 867 (Eng —
£an)] dQ —8We =0, (4)

in which o), are the out-of plane stresses defined in Eq.
(1), g, are the in-plane strains obtained from strain-
displacement relations. Subscript H indicates that the
guantity is obtained from the Hook's law. Eq. (4) leadsto
a set of linear algebraic equations in terms of unknown
coefficients, d.

3. Resultsand Discussion

For verification and examination of the efficiency of the
method, two cross ply composite plates, three-layer 0° /
90° /0° and four-layer 0° /90° /90° / 0° composite
plates under transverse sinusoidal |oading are considered.
Thethickness of each layer isassumed to beh. Assuming
the fibers are aigned in the x direction, the éastic
properties of each layer are
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particles which are more angular, and have greater based on the proposed fatigue prediction model (Table 2)
adhesion, compared to limestone aggregates. The results can reasonably predict the fatigue lives of the mixes
also show that the inclusion of EAF in mixes improved incorporating EAF slag materials.

fatigue life of mixes considerably. In addition, models

Table 2. Proposed fatigue prediction model

DEf
ea(DEIDT>+b
Mix type . 50% stiffness reduction R&B
Coefficients > >
N50 R NR&B R
Eos a -4.471E4 0.984 | -5.006E4 | 0.997
b 15.590 15.450
a
£.50 -6.241E4 0.981 | -6.237E4 | 0.961
b 16.024 15.531
s a -3.584E4 0.656 | -2.076E5 | 0.721
b 14.376 20.937
a
E-100 -5.160E4 0.826 | -5.989E4 | 0.915
b 15.130 15.263
L a -3.171E4 0.831 | -1.069E5 | 0.909
B 13.665 16.771
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Development of Fatigue Predictive Models
for Asphalt Concrete Mixes Containing
Electric Arc Furnace Steel Slag Based on
Fracture Energy Concept

Morteza Jalili Qazizadeh! ~ Amir Kavussi?
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1-Introduction

This study was conducted in order to assess fatigue
resistance properties of asphalt mixtures containing
Electric Arc Furnace (EAF) steel slag. Two types of
aggregates, namely a limestone and a steel EAF slag from
Mobarakeh Steel Complex in Isfahan were used to be
mixed at various portions. The binder was 60/70
penetration grade bitumen from Refinery of Isfahan. Once
assessing properties of EAF steel slag (using XRD, XRF
and Scanning Electric Microscope (SEM) methods), five
sets of mixes were prepared in laboratory. Each set was
consisted of a combination of a control limestone
aggregate with a specific amount of EAF steel slag.

2- Material and Method

Marshall Mix design method (ASTM D-6927) was used
to determine the optimum binder contents of mixes.
Marshall Specimens, consisting of five sets of samples,
containing different proportions of slags, were prepared.
These involved one control set of the specimens which
made of limestone aggregates (L) and four sets were
consisted of combined mixes in which 25% (E-25), 50%
(E-50), 75% (E-75), and 100% (E-100) of the natural
coarse aggregate particles (>2.36mm) were replaced with
EAF slag materials. Aggregates gradation was selected
based on maximum nominal size of 12.5 mm. At the first
stage of the research, the optimum binder contents of
mixtures containing various amounts of EAF were
determined. At the second stage, the trend of changes in
Marshall Parameters due to the addition of EAF materials
were determined and the results were analyzed.

3- Resultsand Discussion

Resilient Modulus (ASTM D4123) and Indirect Tensile
Strength values of the specimens at their optimum binder
contents were determined at 20°C. For performing the
tests, Universal Testing Machine (UTM 14) that was
equipped with a temperature control chamber was used.
The results are shown in Figurel and Tablel.

3500

3000

2500 -

2000 +

1500 +

1000 -

Resilient Modulus (MPa)

500 4

L E-25 E-50 E-75 E-100

Mix type

Figure 1. Resilient modulus test results

Table 1. IDT test results

. o t oo t
Mix type = S n A —_
3 = 5 =1

Tensile stress (kPa) | 625 | 693 | 732 | 750 | 756
Toughness (kPa) 424 | 440 | 505 | 524 | 546
DEbr (kPa) 322 | 334 | 388 | 406 | 437

Although various fatigue testing could be performed,
in this research due to its availability, four point bending
test was used to perform all the fatigue tests. AASHTO
T321-07 and ASTM D7460-10 testing methods were
followed to prepare and test beam fatigue samples. Slab
samples were prepared and were cut at beam sizes of
380x63x50mm. Fatigue tests were conducted both at
strain control modes and at frequency of 10Hz. Three
strain levels of 500, 700 and 800 micro strains and three
replications at each stress and strain levels were used. All
the tests were performed at 20°C. Sinusoidal wave form
testing mode was applied since it produces the intended
stress and strain wave form that is anticipated in field
conditions.

Different approaches were used to analyze fatigue
testing data. These were mainly based on stiffness method
to develop several fatigue models. Moreover, a fatigue
prediction model, based on fracture energy (obtained from
indirect tensile test) was developed.

4- Fatigue M odelsbased on IDT and resilient modulus
test results

The results of indirect tensile strength test showed that the
inclusion of EAF slag resulted in increased tensile
strength of asphalt mixes. Increased slag contents in
asphalt mixes resulted in the increased resilient modulus
of mixes. This was attributed to rougher texture of the slag
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2 Professor, Faculty of Civil and Environmental Engineering, Tarbiat Modares University, Tehran, Iran.
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Figure 2. TSR results of samples made with granite
aggregates

Figure 1. TSR results of samples made with limestone
aggregates

Table 1. Frequency of surface free energy of bitumen used (ergs /cnv)

, SFE Components (ergs/cn?)
Asphalt binder types
Basic Acidic Polar Non-Polar Total
AC 60-70 0.61 1.58 1.96 12.48 14.44
AC 60-70 with 1% PVC 1.19 1.44 2.62 19.43 22.05
AC 60-70 with 2% PVC 1.26 1.39 2.65 20.48 23.49
4. Conclusion thermodynamic in a more stable state and the

The most important resultsin this research are:

1. The use of anti-stripping additives has led to a
decreasein the acid component and base pitch play,
respectively. This phenomenon causes the amount
of adhesion of bitumen to increase with limestone
and granite aggregates. Also, this material has
significantly increased the nonpolar component of
surface free energy. This leads to the formation of
better non-soluble bonds. The total amount of free
energy released from the bitumen is higher than
that of the base bitumen.

2. The free energy of adhesion in the modified
specimens increases compared to the base
specimens. Infact, to separate the bitumen from the
aggregate unit surface, more energy is needed,
which reduces the possibility of the occurrence of
pruning. Using PVC reduces the amount of
detergent in the modified specimens. This causes
the  bitumen-aggregate @ system to  be

severity of the occurrence of denting to decrease.

3. Using PV C will increasetheindirect ratio of indirect
tensile strength in samples with both types of
aggregate used in this research.

4, Dueto thefact that the granite-forming structure has
more minerals with higher hydrophilicity, samples
made with this type of aggregate show less
resistance to moisture breakdown.

5. Theresults of both of the energy parametersused in
this study indicate that the use of PV C causes the
asphalt mix resistance to deteriorate moisture.
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Investigating the Effect of PVC on Moisture
Damage of Hot Mix Asphalt

Gholam Hossein Hamedi,*

1. Introduction and Objectives

The occurrence and severity of moisture damage in
asphalt mixtures is closely related to thermodynamic
concepts. Surface free energy analysis can help in the
precise design process that has been used less in the
field of pavement industry. Based on this, it seems that
conducting research by determining the important
parameters of the properties of the material and its
adaptation to the results of the performance tests can be
predict moisture damage. The study was designed to
apply the concepts of thermodynamic theory to the
occurrence and prediction of the performance of
asphaltic mixtures against stripping. The purpose of
this research was not to develop the concepts
mentioned in other sciences, but rather to use effective
concepts and parameters to investigate the effect of
various additives in preventing the deterioration of
asphalt mixtures against moisture. The main goals of
this research are:

* Introducing and calculating the parameters related to
moisture damage from the theory of thermodynamics,
» Comparing and analyzing the results of methods for
determination of moisture sensitivity based on
mechanical methods using the concepts of
thermodynamic theory.

2. Laboratory Program

In this research, two types of aggregates of limestone
and granite with different sensitivities against moisture
damage have been used.

Pure bitumen with a degree of penetration of 60-70
was used. PVC is available in both soft and hardened
softeners. In this study, hard type powder was used as
an anti-stripping additive at 1% and 2% bitumen.

In this study, the effect of the performance of
asphaltic mixtures on moisture damage using
mechanical method based on AASHTO T283 standard
has been used as the most comprehensive method. In
order to clarify the differences in the performance of
different asphalt mixtures, tests of indirect tensle
strength (1, 3 and 5 freeze-thaw cycles) have been used.

1 Assistant Professor, University of Guilan, Rasht, Iran
Email Address: Hamedi @guilan.ac.ir

The surface free energy of aggregates and bitumen
used in this study was measured using the universal
sorption device and Wilhelm plate, respectively.

3. Resultsand Discussion

The use of polymer additives has improved the
resistance of improved modified asphalt mixtures to
control samples. The use of the PVC additive has
reduced the acidity of the surface free energy and
increased its cover ability, which can provide better
adhesion between bitumen and acidic aggregates that
are prone to moisture damage. Also, the use of PVC
has led to a significant increase in the non-polar
component of bituminous surface free energy. It is
worth noting that thereislittle difference between the
surface free energy components of modified bitumen
with 1 and 2% of PV C. The use of an additivein both
different percentages has increased the overall free
energy of bitumen. This will increase the amount of
energy needed to rupture in the membrane of the
bitumen and reduce the probability of a failure of
cohesion in mastic.

The results related to the free energy of cohesion,
free energy of adhesion and separation energy are
presented in Table 1. As can be seen in the table,
bitumen correction hasled to asignificant increasein
the surface free energyof cohesion. This makes the
bitumen resist to the cohesion failure. Also, the use
of PV C additives hasled to an increase in the amount
of free adhesion in samples containing both types of
aggregate. This makes it possible to increase the
amount of energy needed to separate bitumen from
the aggregate surface area. The increase in the PVC
content does not significantly ater the free energy of
adhesion. It can be said that this parameter is closeto
the other in samples containing 1 and 2% of the
additive. Theresults of the separation energy column
indicate that the use of PV C reduces the separation
energy. Thismeansthat less energy isreleased in the
event of a nibble. The reduction in adhesion energy
causes the system to tend to be less prone to decay
and thermodynamics to be more stable.
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