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Stone arch bridge, Masonry arch bridges are built using masonry materials such as brick
reliability, or stone with or without mortar. Their mechanical properties due to the
uncertainty, variety of materials used, the quality of construction, and the effect of
response surface the passage of time can be incons_ta}nt and have significant
method uncertainties. _Therefore, to ensure t_he ability and performan_ce of the
discret e’element structure against the loads, especially earthquakes, adopting more
method accurate modeling methods and considering these uncertainties is

fundamental issue of structural engineering. For a stone arch bridge of
Iran's railway network, the mechanical properties of the materials
including the normal and shear stiffness coefficient of the stone block
joint as well as the internal friction angle of the joints were considered
as quantities with uncertainty and as random variables. According to
the discrete environment of the bridge, incremental dynamic analysis
has been performed under the influence of eleven selected earthquake
records using the discrete element method. After analyzing more than
2,600 bridge samples with different material properties, based on the
response surface method, the limit state functions of the bridge failure
in terms of three random variables have been determined for all
records. Using FORM and MSC reliability methods, the reliability
index and probability of bridge failure were calculated. The results
showed that for the selected earthquake records, the spectral
acceleration of the bridge collapse threshold were reduced by 30% to

50% considering the uncertainties compared to the case where the
@ @ uncertainty in the materials is not considered.
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4226 Niigata, Japan/NIGH09 /63 0/384
6

5663 lwate/MYGO004 /90 0/726
6

755 Loma Preita/Coyote Lake /93 0/343

Dam

6

57 San Fernando/Castaic /61 0/287
6

4455 Monte Negro, Yugo /10 0/239
7

3750 Cape Mendocino /01 0/254
7

3948 Tottori, Japan /61 0/445
6

1:Record Serial Number (RSN)

P 058 il )3 B35 98 90 b iy (SienS 4 JSS
Wil 1) (s 3908 0 i Cpyidn (g cnl 3 & lda
&L ¢ ol (Reference Point) RP g yo dbais lgie cos
dail (3908 (i S0 5 el 5 &S (gl 45 S asuiie y3)S
(Damage Measure) DM i3 cueS ly oo sailes RP
o1 o351 (5) S 52 45 5,685 033k sl IDA (sl loges ol

ol

IDA s Jdow gl -1-3
2 eie 358y 033l ¢y ol blyd alde (sladyss; Bl (ol
[38] ASCEOT-16 4 iyl ssloii sy 5 oo i bl
ol 03 03,51 2 Jodo 5> coiie sladljl; Glasuie Las Ol
Sy g Sl 5 8B o3y Sl 5 (s Sk coS gl dlspe
o1 (Il Jy adye g9y p 028 b JS 4 o alel, blas
o (Sl Llos 5l sl oad s (Sabul b b
#B y2 0/28 ojlul & S, Lab Ols il b eanl Bl Seelud
Cygo (SiunS g8y U cotiie sladljlj (El adlge g3 b cou

Aoy s Sl 5l (B edye Yl 5 0)jg b Cod Jy o Jgl >y
013 S5k adye g9y p oS )b JSB 4 &S el bolas
el (Sl Jlod 5l ey sl oad ilos (Sabsl by b
P58 o ,0/28 ojluil 4 S, Lab olis )l L esnlibl Seelud
Cygo (SiunS g8y U cotiie sladljlj (El adlge g3 b cou

iy S bl Jy an ples )3 by slejy) )8, ol il sl
290 gye > ok od)gl @l 003 gl sl gl ey g o0 4B S
(PEIrS) loal, sly oo b s (Siseans (gsS)1 a ol s o)l
odalin 3)b jlassl o 5l s wed YL (Spandrel) Jyawl b
Wid kel Jele (38 (2l > LAl adS o a)S

(B JS8) casl i b sgome iy 2508 (s S0y

35 CScie 3,55 035l Slastie 12 Jods

RSN! Earthquake name M,, PGA(g)
963 Northridge-01/Castaic /69 0/505

6
6915 Darfield, New Zealand 7/0 0/574
4874 Chuetsu-Oki/Oguni /80 0/566
Nagaoka 6

1485 Chi-Chi,Taiwan/TCU045 162 0/490
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Mo 5 glas AVl oo I Slie & by las clajp> (o3
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Jitue yuiio aw ,» (Probability Distribuation Function)
Jly S &bl ©ypo 4 {40 39] alie cliios glas alas
Wl oS ol pbcaeS jl 35 by SuSTy ool 00d o5
B bl ol gly ojle o dlas cudS 5 bulpd 4 (S
et by glas (Sl Slaseis SuSTy ly il sl
2 it b ojl o (lxe lulyd g Gtalojl sl g2 Ysan &5 o
SSolSe Glasis SaSly e Wed e bl alie cllas
039350 Sike 5y oyl ) ocanl puio 72 40 b 7 10 5 Vgane pdlas
Sl b yie (SaSly glys 4 7 25 Gm G S8y ey
Jos> 3 dlas Jitwe sbapsie (SaSly 5 (6Kke plie 38
(7) JSs 5 36 KN Jlas] JEs ajg o cul 0ad o35l (3)
ol 045 paww )3

—o—57 755 963 1485
—@— 3750 —@— 3948 —@— 4226 —@— 4455
—@— 4874 —@—5663 —@— 6915

oy,

Sa(T1) (g) : (IM)

0 20 40 60 80 100 120 140 160
Rel. Displace. of RP (cm) : (DM)
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ol e iyl (s U Ty ol 3l slasyS) el cow
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ol Jdog J& ()51 cod i ay5e Jae adiged S (glyy (s
48)5 Oygo couie gbadlil) b cos y (Seelus T e 5

L]

oL (slo o g g2 4 g
Cobw 2 -1 0 1 2
W yuiio
OO g | X244 | X—p Y7 X+u | X+2u
IKn 3820 5730 7640 9950 11460
Jks 895 1343 1790 2238 2685
# (Phi) 17° 25° 33 41° 49°

5o wesxie Ay 0)6S, 11 g Liolejl wges 15 @ davgi b
ey b 5a=0.28 b i § oy Sealyy Lubs 2600
RP a3 L;Lm(w_.wl; Adin sCJLJ CI)D;M»‘ l: 9 W) Pbul M
olan b 5 AU L oS ojlu gl A3 aholes & dvgi b4y, s
oasutie US L oS ((aope abi) RP daii s (3908 (oluls
Qs ym U ()8 gl @b culalhy 20,5 (e (sl S350
25 Tt Je slo e oy g g puiie plgie 45, ab

f52: 3% =+ by(Jkn) + b, (Jks) + by(Phi)
+ ¢, (Jkn)(Jks) + ¢, (Ikn)(Phi) + ¢, (Jks)(Phi)  (16)
+d,(3kn)? + d, (Jks)? + d3(Phi)?

Ul oo )® Fwl mly Design-Expert 138l 55 ;5 RSM g, b
ol @ s (sl el s 4 A3l 268, (i Clib S ja
i ono g oY S (g S) o i ClS pa
ol Joos gl daJ S K59y oy Wiges (sl wCanl 0235 plox]
03,90 (o)lol p3Y (cla JyuS 5 Sa=2/2g ,> (Darfield) als,ls 43);
od5 o0l oLt 17 alaly )5 g8 b b )3 sl bl 0k

1wl

bl )bl Slaseitio g oolat (glayeiio : 3 Joas

B iie Sile SuSly  wely
Jkn 7640 1910  (GPa/m)
Iks 1790 447  (GPa/m)

0] 33° 8 (Degree)

2.50E-04

2.00E-04
w 1.50E-04
(@)
0 1.00E-04

5.00E-05

0.00E+00

0 3000 6000 9000 12000 15000
Jkn (GPa/m)
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Design-Expet  jliley 51 G ol ol bygii
Shbl  olojl sladiges o3game sl o odlizwl V.11.1.0.1
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X = u £20, (15)
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25 plnil gme)S) oo (b)) b ald)s W3l sl 2616 (o
29 A3l eoie 3)58) 11 &l dl 398 sl iS5 Sluwlone
235 s ool gl @l g 0 plol i (slacolid pls

b o 35 U2 gsly b el ly Jboos uls 5 Jaa

Sum of Mean

Squares  Square LS EIT

Model 675/2 96/46 <0/0001  significant

A-JKn 296/19 296/19 < 0/0001

B-JKs 43/31 43/31 0/0001

C-Phi 284/43  284/43 < 0/0001

AC 1/57 1/57 0/2643
A? 16/99 16/99 0/0035
B2 9/75 9/75 0/0158
c? 5/95 5/95 0/0457

Residual 9/97 1/11

Lack of Fit 9/97 1/42

Al 45 U2 gl @b 55l SleMbl y (Sion i1y 6 Jgio

Std. Dev. 1/05 R? 0/9855
Mean 47/95 Adjusted R? 0/9741

CV.% 2/19 Predicted R? 0/9148
Adeq. 29/4928
Precision

U2 =108.76836 —0.007132Jkn + 0.009008Jks
—1.31997Phi + 0.000029Jkn x Phi
+(2.5671e —7)Jkn? - (3.54316e - 6)Jks®>  (17)
+0.008658Phi?

Soppo 4 (wly pite) Jb e i Gl @l &S 3900 odalia
213 glo glas (Sulfe wlaside Jiuwe loypsie cusp o
b olyon Jao <l iz o g T(ANOVA) Ll ly Lo oo
Iime Jelos sl pwyp BB 8l buwy P-Value ke
P-) wsly 0/05 5 oS il o)) yolie 45 wimen Jolss Jols
50392 ool 13U el el (g5, I3 sme Jolge (Value<0.05
# osbly o gl 2,8 ezl gl 31 sjbone o e sl
Gkl Jae Gl carS 2)h Jue canlie colis I olis 5 Jgu
Sl @S dgde Bime (Stsed ulps bele g3 (owyp
sly 4 3ons (R-Squared | R2)  Siuwes copo o5 oot
On OB (5 5 SasS pg> sl il 0/80 Yl Ygous
Stwsed cops b (Adjusted R2) ons aulst  Stused coys
(6) Jgd> 5> cuwl 0/20 ;I 8 & (Predicted R2) ous i i
ool g cuwl 0/985 Jio Kok cops 4 0 odalie
Oz ol odd S 5 (Bly ol culie jluw Sligen
35S sl 08B ey g oAb weldl (Shsed oy g3 S

<ol 0/2

g Jly IS np oSy Jhe mre b Dlse 103 ]
b Jae slaosle Bb @jgr (S35 5 (Slpen ol laosila Bl @iy
S Jae (iily Joge i o el dgte (8) U5 > Jloy @i
@l e ol ) gl @l 05 CahS oAl w5 (9) US55
By ezl o (Predicted Value) oas iw in slaguwl
Caol 0xd 03,91 (7) Jgds » Julos 3l 5L (Actual Value)
2 gl &b ool Jho culio oUlgs jl gl polie sl M
Sluslore 1 03,9 sl b Gllae sl oS 05 Groly poolio (ya59
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b yls &35 aly ool b U2 Jio ok i slagealy 7 Jois
) ) *2y STl RO Szl 9

Run Actual Value Predicted Value Residual

Order (cm) (cm) (cm)
1 59/59 59/57 0/0208
2 58/46 57/86 0/5927
3 47/39 45/99 1139
4 48/35 47167 0/6799
5 49/09 49/29 -0/196
6 41/71 42/36 -0/6433
7 39/78 41/09 -1/3
8 39/18 38/28 0/9019
9 39/78 41 -1/22

10 48/4 49/11 -0/7122
11 55/49 55/31 0/1723
12 57/82 58/6 -0/7858
13 47/01 47/22 -0/2075
14 42/52 41/57 0/9567
15 46/59 45/82 0/7629

B Ol ololyy Gl @b Shasi g aw ye8l lages
5 (JKs=1790 Lo L) Phi WSkl agly 5 JKN (6350
(U) doly oy 3550 ot caul o o (10) IS
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Gl nyeS (b il (G G 4355 VL) )b 1) 355 jlade dizeS
ey yiie 93 o &5 ol lasuie 4 bgyye jie ils 38 90>
b oS 2 o odaliie L (Cunly Cuow (pol ) Aisl atily 1y 263 lade
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sdalie w@r 17 Joleo SWlaol aygly paie PpdeS (55 L
5 gl 11460 4 3820 5l (d50e Buw il b &S 34 00

S o 1o i e 5l 50 39us 4y yie il 70 lads

Normal Plot of Residuals
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TC:

50 o
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104

Normal % Probability

T
-300  -200 -100 000 1.00 200
Intemally Studentized Residuals
Jle igi b U™ gl ol onle (Bl i Slysran logei 8 JSC

Predicted vs. Actual

60
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45
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Actual
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pre 25 2y lp ulple dg Cglite ealy il (sladiges
e S olyedr o ke cnl (KBS i Al e Cgalad

ol 0 3lg Slawles j  Solas

X 15) 165 slaws ¢ isloj] wiges 15 ¢ 35 5,68, 11 & 4595 L
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Feopd ol g clie JiS e 35 28 s bl
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b ) Slas e ol vy @l 4 dg b g Lisu cols,
b Jboy (g gl (Bl pite S (gl 4 (SinS s>
bl labe 3 711 SwSly capi 5 83/9 cm il

23,5 bld slasel

U(cm)

3820

A: JKn (GPa/m) 9550

11460 17 C: Phi (degree)

B Olpess bl p A8 A5 50 Fesly b (gamdn HeulS 10 JSi
SWacl aglj 5 5390
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23,8 5 (20) ey 090 1,
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' nw
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1] o Cands )

4
_ 107" x0.5x50x3x0.1 — 0.000125
15x0.3 (21)
LG = - (0.000125) = 3.662

Pf,T
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ok o3)g] (22) alaly > S2=2/28 ik lzd 5 5 Al 45

1wl

g(U‘ ZIZ’UCap) _ UCap —Lj 22
108.76836 — 0.0071323kn + 0.009008 ks
~1.31997Phi + 0.000029Jkn x Phi (22)
=Yoo |, (256716 - 7)3kn’ _ (3.54316¢ - 6)Jks?
+0.008658Phi
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5663 FORM MsSC

Sa(g) B P P

1/2 5/182 1/1e-7 5/252 7/52e-8
1/4 3/842 | 0/000061 | 3/960 | 0/000037
1/6 1/962 | 0/024884 | 2/078 | 0/018844
1/8 0/040 | 0/483914 | 0/254 | 0/399800
2/0 | -1/180 | 0/881027 | -1/077 | 0/859232
2/2 -4/95 1/0 -4/95 1/0
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