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Introduction

The most important factor in the design of Chute Spillways is to control the occurrence of
cavitation which is due to high velocity and negative pressure of flow. Cavitation occurs when
the pressure of the fluid reaches its vapor pressure. In this condition, the fluid is evaporated and
bubble is produced inside the liquid. When these bubbles arrive at a region of fluid flow with
high pressure, bubbles explode and cause serious damage to structure (lranian Water Research
Institute, 2011). In Iran, the cavitation phenomenon has caused serious damage to the Karun |
dam's spillway. The present study, considering the extracted results from laboratory model of
chute spillway of Darian dam's spillway, investigates the probability of occurrence of cavitation
and examines the reliability of this issue using FORM and Monte Carlo Simulation Method
(MCSM). This model is made at a scale of 1:50 in Iranian Water Research Institute. This
embankment dam is located in Paveh, Kermanshah province, Iran. The spillway channel width is
68 meters which reaches 42 meters in convergent chute. The slope length of this chute is 300.66
meters, with an angle of 14 degrees. In this laboratory model, in order to cope with the
phenomenon of cavitation along the chute, two aerators in the form of deflector were used at the
intervals of 211 and 270 at the beginning of chute. In order to study and control the occurrence of
cavitation, it is necessary to provide information such as average velocity and pressure applied on
the floor in different parts of the structure. Therefore, the flow velocity and the dynamic pressure
were measured over it.

Methodology

Hydraulic uncertainty in the design of this hydraulic structure can be attributed to the
uncertainty in the hydraulic performance analysis (Mays and Tung, 1992). The most complete and
ideal method for describing the uncertainty level of a parameter, a function, a model, or a system
for designing a hydraulic structure is the probability density function of the quantity exposed to
uncertainty (Yen and Tung, 1993). The task of uncertainty analysis is to determine the
characteristics of the system outputs uncertainty as a function of the existing uncertainties in the
model and the involved random parameters. The resistance of an engineering system is its ability
to successfully accomplish its mission without failure when exposed to external loading. Failure
also occurs when the strength of the system is less than the load. Hence, the design and operation
of hydraulic engineering systems are always subject to uncertainties and probable failures. The
reliability, p, of a hydraulic engineering system is defined as the probability of survive in which
the resistance, R, of the system exceeds the load, L, as follows (Hong Chen, 2015):
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ps = P(L <R) (1)

The probability of failure, py, is a reliability complement and is expressed as follows:
pr=PI(L>R)]=1- p;s )

In reliability analysis, the probabilistic calculations must be expressed in terms of a limit state
function, W(X) = W (X, , XR) as follows:

ps = P[W(X,,,Xg) 2 0] = P[W(X) = 0] (3)

Where, X, is the vector of basic random variables in load and resistance functions. In the
reliability analysis, if W (X) > 0, the system will be secure and in W (X) < 0 the system will fail.
Accordingly, the Reliability Index, B, is used, which is defined as the ratio of the mean value,
Uw, to standard deviation, gy, of the limit state function W (X) is defined as follows (Cornell,
1969):

- (4)
Using equation (4) and extracting the probability density function for a limit state function,

reliability can be calculated as follows:

Ps=1- Fy(0)= 1— Fy(=P) (%)

In which Fy,(0) is the cumulative distribution function of the limit state function, W and W'
is a standardized limit state function defined as W' = M

w
In order to obtain uncertainty and calculate the reliability index of cavitation occurrence along a
chute, it is needed to extract the limit state function. Therefore, using the Bernoulli relationship,
one can write:

Patm _ %+hcos€

_ Y
0= VLZ (6)

2g

Where P,y is the atmospheric pressure, y is the specific weight of water, P, is the vapor
pressure of the water, 6 is the chute floor angle to the horizon, g is the gravity acceleration, V is
the flow velocity and h cos 8 is the flow depth perpendicular to the floor. Therefore, the value of
critical cavitation index, a.,., of the limit state function can be written as follows:

Pa];m - PTV + hcos
W(X) = Voz — Ocr (7)
29

In fact, the values of the cavitation index are calculated in different situations and are
compared with the values of the critical cavitation index, o, in those points (Chanson, 1993). At
each point where ¢ < g, there is a risk of corrosion in that section. According to Equation (7),
velocity and pressure play a decisive and important role in the occurrence of the cavitation
phenomenon. Therefore, reliability should be evaluated based on the probability distribution
functions. For this purpose, the most suitable probability distribution function of velocity and
pressure random variables on a laboratory model was extracted in different sections. For the
velocity variable, the Generalized Extreme Value and for pressure variable, Burr (4P) probability
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distribution functions were determined. For the other variables in the limit state function, the
Normal probability distribution function with the related mean and standard deviation is
considered. These values are calculated for gravity acceleration and atmospheric pressure at
altitudes of 500 to 7000 meters above the sea level and for the specific weight, and vapor
pressure at 5 to 35 degrees Celsius.

Conclusion

Now, the probability of occurrence of cavitation using the FORM and the MCSM was
calculated. According to Table (1), the probability of failure before installing aerators using
FORM and MCSM was determined 35 and 40% respectively.

Table 1. Probability of occurrence of cavitation by using the Monte Carlo Simulation
(MCS)
(Number of Sample) N 103 10* 10° 108
Before installing aerators ~ P;“® 04030 0.4024 0.4088  0.4079
After installing aerator No.1 ~ PM“® 0.2123 0.2131  0.2134 0.2138
After installing aerator No.2  P™“®  0.0791 0.0795 0.0794  0.0799

According to probabilistic calculations, installation of aerator No.1 alone does not show the
safe operation of the spillway. Therefore, another aerator is installed in a location, where critical
cavitation index determines it along the chute. Using the MCSM offers a higher risk probability
of failure than the FORM method. Due to the strategic nature of the spillway structure, it should
be noted that the use of the MCSM, which presents a higher failure probability than the FORM
method, will be more reliable for the installation and design of aerations. It is noteworthy that the
probability of a failure calculated by the MCSM after the installation of second aerator is about
7%, which can result in a failure. For this purpose, in order to prevent failures caused by
cavitation, in the prototype of the spillway of this dam, another aerator is also installed at the
beginning of the chute. This spillway with 3 aerators had functioned safely during the occurrence
of chute in March, 2017.
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Table 2- Results of fitting distribution functions for velocity random variable

Goodness of fit tests

Chncton —<S £
Rank  Statistic Rank Statistic

GEV 1 0.085 1 15.25

Lognormal 2 0.091 3 17.37

Log-Logistic (3P) 3 0.095 5 22.71
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Table 3- Results of fitting distribution functions for pressure random variable

Goodness of fit tests

Cncton ——<S £
Rank  Statistic Rank Statistic

Burr (4P) 1 0.0436 2 136.63
GEV 2 0.0702 1 105.09
Log-Logistic (3P) 3 0.0787 3 140.66
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Table 4. Mean and standard deviation of random variables in limit state function
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0.28

0.24

0.08

0.04

Random variable Mean Stapdgrd
deviation
Gravity acceleration, g () 9.80 0.01
Specific weight of water, y () 9780.33 21.6
Vapor pressure of water, P, (%) 2828.57 1792.3
Atmospheric pressure, Pyim (%) 89730 6599.3
Critical cavitation index, o, 0.25 0.01
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= 0.12
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P 0.04
[ % \\\ i \jl
~= 2 0 2 3 — ¢ 20 25 30 35 40

-

Fig. 4- Burr (4P) distribution function for
Pressure random variable

SUs Bolai piie (Sl BUIT (4P) @9 395 @b —§ I

@ pizpr S5 el (V) 5 (V0) Luly) Gllae a5 355 0
<ol 3 I8kl Jlo 5 23595 PDF @ g 5 lailewl Jlo 5 23505 CDF
:(Nowak and Collins, 2000) cuig ol se domis 5

x, — o[ @7 (Fri (x)] (V)

e _
Hyi =

1 Xix— U
e L XL —
of. = (1) ( ) =
o filx) o

1 —
o Ol 07 (FaCxi)]

(O4)

CublB e3ls oS Hasofer-Lind o1 5l ol 0 >

ol @b u]).o.uu bas o Jas e g bls b gl laebl
ol sl hgy ol g0d ool cile salgs B cob yaslis
Loguasis caul 005 Ly leb] cullls (a3l 5l sl 5 Js)S
5 ol 4o slaglos o Ll b (s 3 51 ol a5
Hasofer and Lind, ) 15,8 eslatel sl Jpas sl psd
» pSbe abi b (1974) Lind 4 Hasofer (1974

Fig. 5- GEV distribution function for Pressure
random variable

s oo SO it 1 GEV 395 b -0

& g g Fiiessler g Rackwitz o) b jolain cyued 4

(5 @l Jlaie oS 395 00 i Jloy @i @ 525 4 el

i > ol Jloyps @ig b ply (Sl b a8l s @iy

o.\.\.‘(n)l.ij.:l «lad &S Gl (gladads calads O?.I 2945 Xjx u"’l)]o

alols o ieS (g Lulyd @l (oo lon b (5 e axio ||

Rackwitz and ) cusls palsd sy ol 4 il anils Tue b
{(Fiiessler, 1978

Xiw— S,
)= @ (B5) = o) )

pal

(. _ 1 xi*_#;egi _ 9(zi) \$
fl(xl*) - oy 0 ( Oxi )_ oy %)

5ylbwl Blysl gy (1Sl Jlade b Bolad puaie X o j3 &S
flx) Jis! JBs b g F(x) (2000 @jg @b b &S cunl oy
Syl g iy 5o jlade (5] Canday (sl 290 oy
CDF Lyl (s8ly ;6 PDF §CDF ¢ Joleo Jloy 0 5 ikl
oaly Jly3 g bylyds 20U > Xy, Sk jlude > Jls PDF



DOI: 10.22055/jise.2018.23939.1701

45

sl (asuiie oS jghailod sy o o pd guy D9 4 Jlais! oyl
4 g 0395 ol sl el Sl Jobo )3 odlgn S 392
Lol 09 ykbubl (Y) a)‘.«f) obly‘o

Silodms B3y ololy Ogalasl” £g8y i
Y Cige

ol ool & cal b gy Sy g0 (il
W5 (Sajd Giilef] BSe plsl e |y e @l Gl
Sladiged Sy Mg al p 5590 (giludnd By, 2905
o L35 ol Jlel S @l elslyy peite o (sl (ol
S @l Jlenl el gl ga S ) pite o sladiges
Ass nads L (YY) bl b Bollao (39 ool 1 o3latisl b iases
Sladiges (oo 23 p 6y (058 (D a4l S (LB
(Smith, 2011) & o Cundds 0l (gjlwdus

Sl aml jo &ly blas slass

PfMCS — (Y‘“)

oads (g jlwdds LLa S slows

Jleisl (o285 @jof @l weSes 3l oolitwl b badigas oy
ok slakisns 155 (sl Aoye s JS gy il o Candiy
oLy (dolay slael adgr (@l :5) w5 le dls yo duo ol 3515 5429
Jlois) (a2 0355 @l 4 (ol sl ol JUsl (o S 5 o
oS @l agSan ) oolitl b wigad o Jlde 03,0] Cun (2
IS8 53 Jloys Jln i el sl Jolye ool ok e
259 @b adllas (pl )0 dsgr BB aSS .l o 0dby L (F)
o s da gl Jbo ool b 5 o 330 sl et oy
Matlab 1331 5 ;1 oolizsl b (V) a5 0 4]} e Lyl
L )Lid GEV g5 i b s poo Jolis dlaly al (sl i gl
@iy &b b Glom gamligls (asls 5 BUIT (4P) mj95 b
Do o Mgl Solai sladises NOrmal

daly @ 42 b ad o)l3l J3FORM (139 )3 a5 yoblen
O 2l (Sten T3S b jlid g cope el (Jgin
osbileS = lly ple oy wolis 45 b Bilas (el
(Stnrad 5 & 425y 3kl Bl il 5 (ke Jlade (Cy)
(Kaplan, 2002) 54 0 ol (V8) ¢ (Y0) Lailgy b cus 5y

c. — [ ox1° P12¢7X1(7X2] (¥¥)
x =
P120x10x2 szz
Hx1™) _ T, (Hx1
{ﬂxzm} = [T~ {llxz} (o)
C m = [GXlzm 0 ] =
X 0 oy,°2™ (%)

153905 03l ()l dladi ol 4 (b abads jl e yaSls alxe
X, phb dei s lp (Sorensen, 2004 51 s )

Pgd e Jos pj ©)ygots
e = Hegy

t
C..s [t ] Seen= W) ()
X 2x(r) SEiryC x Sx(r)

ol Ly ,S5 5 008 o (T + 1) 9 (1) slo sl o]y &S
ol (3ol (st Joleo Jlogs (35S o b S5 g5,
S oo Mo dabdl g 1, San Slib dlad a5 Sloj U 1,5 oyl
Sy sl X 0lay gl pusio uilyleS— uibyly o ple Cy
Dgdse )T ) gk

_ awX)

Sy =1 ax; ]X:x* (v+)
Ll @l 3 S5m0 sl yiall o las Jlews 51,5
dgad dogi L Glaebl CoblE LUl gl diin diwly (g
a0 ol (ges Jos 3 Joyiyt (olal slo e (Stusen
odlatwl b t.'Jl?Su" Iy Jos Cﬁ‘ Do bas bl Jloy (sla yialyly
2y pldl (Johnson Transformation) jeusls dies,a8 s jl
sloodly ululyy Glgice 1) uilyleS=uibly e le a5
5 s 58k oL e by Jols 3ylstid Jlo
Olizabol Cbl (YY) bl 15 (lisebol bl ad i (YY) el )

2g0d duwlro 1y Hblie

B=[0—p) Cx™ (e —1)]

ps = ®(B) (¥Y)

1
2

(")

o ) 5 B bl s s (YY) e 5l eolizal
5 Ps Olaebl Culld asecs )0 gy dled < /VAYY L jly daodlgn
usls panlgs YD 5 /YA (i |, Dy conSid Jlos]
Aede Ui Ggeltsls g9y (slp 1) VL dops dae ol
3 okl (pgpulinglS S > (o> (oS b ablie (gl culple
L (V) olad odlsn jolate (e (slp el phliclizl odlga
ol s pmslingls sl oS ilKe 4 0n S5 clasute
Gl ggpb 3l gyte YVY dlold b e cpl Cawl ol s
HUid 5 e o o & plaBl (V) 0jlads 0015 s I L AL o
e Jeinl & asg b 3o el (3 .000,5 0nds S5 sla oo 0
Gl g 5l g yi0 Y+ alold 55 (V) ol odled ol duawles
Ogeliagls 58y Gluebl Cobls Llod jslaiedy canl 0nd 4
w0 ¢ o Hasofer-Lind vi,651 ol yo daodlgnr cuns jl s
FORM (g (wloly |; gl aoMs (8) Jgia 29800 55
€y Joily odlgn cuai (B) g 4 2y b amd )]
odlga o b e ol amd oo ol Gl @ ) (ygpulinglS
(V) o)l 0315 uas j s &S Cannl Ao jd IR Do (V) o)les



av

AV=88 5 A¥A8 JLu ¥ o)l Y o455

ST otige pshe

oyt L] il e el s ] s < o JUIS S &y e
oobel g 0035 by 0395w Il el by o lgn
3 V) oS ans e 9IS 1y gl € S Ao
8 i S ige gy oluly oadads (Salas slael (A)
b sdmdns Sygods [y VT dgas palie b codlgn 93 Cuas jl w4
=S blie > Sl gmalgls (el g jlid s p sl puite

a3 e i )5

[y

—oslly e oy walie e odladly [T]T o o o
ool g 1Sl polie cud s s ox™ g g™ Ly uibylgS
L)AAJ)JLQ u}l Cwl oMCM.oI O )gody i u_‘BJLaJ )A:.A.n .))]..\A'wwl
“eMol yolie 4y a5 b bl o VY (juiie Cad D939 4 dxgily
Vo7 g V2 VT AT ladiges S b (F) Jodo b gollae ol
o 22,5 dpulone amligS e85 5 (36 s Sl
Jleinl e d> & laodlgn cuas a5 308 0 alanMo (F) o>
2 &S gydge nl Jd3 w30 a1y (gmalingls oy £58

o Random number

> X

Fig. 6- Generate the Random numbers according to the normal distribution function
Jboy @595 @b 3 skl b Solas sluel wdgi —1 <o

FORM g5 (wlol » Ogaubio g™ £989 Jloi>1 -0 Jou>
Table 5- Probability of cavitation occurrence based on FORM

Pressure (%) Velocity (%)

Reliability Index  failure probability

Before installation of

8232.79
aerator
After installation of 9321 43
aerator number 1
After installation of 10416.12

aerator number 2

0.3843 0.3504
0.8540 0.1966
1.589 0.0506

(MCSM) g5l Cigo (S 3kudunds (593 (lil 2 Ogmulis 91~ £89 Jloi! -1 Jgur
Table 6- Probability of cavitation occurrence based on MCSM

(Number of sample) N

10°

104 10° 108

Before installation of

MCS
aerator Py

After installation of p_MCS
aerator number 1 f

After installation of p_MCS
aerator number 2 f

0.4030 0.4024 0.4088 0.4079

0.2123 0.2131 0.2134 0.2138

0.0791 0.0795 0.0794 0.0799
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Fig. 8- Generation of 10* random samples; after
installation aerators
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