
J. Agric. Sci. Technol. (2008) Vol. 10: 55-66 

55 

Uncertainty Analysis of Routed Outflow in Rockfill Dams  

J. M.V. Samani1* and A. Solimani1 

ABSTRACT 

 Detention rockfill dams are an easy and common tool for f lood control. Due to their 
coarse pores, the flow in void spaces is turbulent and non-Darcy. Different relationships 
introduced by researchers are used to define the hydraulics of  the f low within the rockf ill 
materials. The present research is aimed at gaining a better understanding of  the differ-
ence among these relationships and the sources of uncertainty associated with the differ-
ent parameters of  each of the relationships. To examine the importance of various factors 
on the uncertainty of  the outf low hydrograph, sensitivity analysis was conducted. For this 
purpose, a rockf ill mass was provided, f if teen random samples of  the mass selected, and 
then the physical characteristics of  the material were measured or estimated. Also, some 
flood routing tests have been conducted. In these tests a physical model of  a dam was in-
stalled and downstream water level was measured for different outflow rates. While the 
downstream water level was considered as certain variable but other parameters were 
seen as stochastic (stochastic parameters are considered as random variables) and outf low 
discharge as an output uncertain parameter. Uncertainty analysis has been conducted for 
different points of  the outflow hydrograph by employing available methods. The results 
show that the Samani et al. and McCorocoudale et al. relationships have the lowest and 
highest uncertainty, respectively. The sensitivity analysis demonstrates different levels of 
sensitivity accompanied each of  the relationship parameters which results in different ef -
fects on the total uncertainty of  the relationships. 

Keywords: First-Order Variance Estimation (FOVE) Method, Flood Routing, Harr's 
Method, Latin Hypercube Sampling (LHS) Method, Rockfill Dam. 
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INTRO DUCTIO N 

Uncertainties may arise due to natural 
variations in the phenomenon being consid-
ered, or to an incompleteness of our under-
standing. Uncertainties may also arise from 
the  inaccurate characterization of important 
parameters or variables. Hence, engineering 
practice is frequently associated with deci-
sion making under uncertainty. The physical 
or numerical models, developed and used to 
simulate natural phenomena, are often in 
reality probabilistic, and hence, subject to 
analysis by rules of probability theory. Iden-
tifying the components of uncertainty related 
the physical phenomenon and quantifying 
them, can therefore improve decision mak-

ing and the results (Haung, 1986; Mercer, 
1975). 

One of the common and most economic 
methods for flood mitigation used in water-
shed management is rockfill dams. The fact 
that flood mitigation through rockfill dams 
is an uncertain phenomenon, raises ques-
tions about the reliability and credibility of 
the relationships involved. As this type of 
dam consists of coarse particles, the flow 
deviates from Darcy’s law resulting in tur-
bulence in the void spaces. This means that 
the relationship between the flow velocity, 
V, and its hydraulic gradient, i, is a nonlin-
ear one. Different researchers have proposed 
different nonlinear relationships that give 
various outputs. 
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McCorquodale et al. (1978) introduced the 
following equations: 

2
2 1/2

4.6 0.79v
i V V

gnm gn m
= +  for 125WR ≤  or RP 

>500 and                                                                                                                                  
0

2 1/2
0.27 (1 / )70 ef fvi V V

gnm gn m
+= +

′ ′
 (1       

 for 125WR >  or 500PR >  
where RW and RP, Reynolds numbers, are 
defined as below: 
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Based on the data collected by McCorquo-
dale et al. the specific Reynolds numbers 
(RW and RP) are dimensionless variables se-
lected by them to define the constrains of his 
defined relationships. 

Stephenson’s (1979) relationship is 
2

2 2

800 tKv
i V V

gnd n gd
= +   (3 

and Adel’s relationship is (Ahmed and 
Sunada, 1969) 

2
2

3 2 2
15 15

160 (1 ) 2.2v ni V V
gn d gn d

−
= +        (4 

In the above equations, i is the hydraulic 
gradient, V is flow velocity, d is the average 
diameter of rock, g is acceleration due to 
gravity, Kt is the friction coefficient in the 
turbulent flow region, n is porosity, ƒ is the 
friction factor, d15 is particle diameter where 
15% of the total particles weight are smaller, 
fe is the friction factor between large parti-
cles and the instrument wall, fo is the Darcy-
Weisbach coefficient, m΄ is the pores effec-
tive hydraulic radius, and m refers to the 
hydraulic radius of pores. 

Samani et al. (2003) introduced the follow-
ing equation: 

2bVi
α

+
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

        (5 

in which     
1

2

1
50

2
( )

b b

b

gv
a d
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σ

+

−

⎛ ⎞
=⎜ ⎟−⎝ ⎠

     (6   

where 50d  is particle diameter size where 
50% of the total particles’ weight is smaller, 
a and b are empirical coefficients of the 

equation related to the flow and particles 
characteristics, and σ is the standard devia-
tion of particles. 

Several methods of uncertainty analysis 
have been developed and applied in water 
resource engineering. The most widely used 
methods are first-order variables estimating 
(FOVE), Harr’s Probabilistic Point Estima-
tion method and Monte Carlo Simulation 
(MCS) (Ang and Tang, 1984). FOVE is 
based on linearizing the functional relation-
ship that relates a dependent random vari-
able and a set of independent random vari-
ables by Taylor series expansion (Yen et al., 
1986). This method has been applied in sev-
eral water resource and environmental engi-
neering problems involving uncertainty. Ex-
amples include storm sewer design (Tang 
and Yen, 1972), ground-water flow estima-
tion (Dettinger and Wilson, 1981), predic-
tion of dissolved oxygen (Burges and Let-
tenmaier, 1975; Chadderton et al., 1982), 
subsurface flow and contaminant transport 
estimation (Sitar et al., 1987), and water sur-
face profile of a buried stream flowing under 
coarse material (Hansen and Bari, 2002). In 
Harr’s method, the average and variance of 
probabilistic variables and their correlations 
are used (more details are introduced in 
Tung, 1993). If there are N variables, the 
number of cases (points) will be 2N which is 
considered an important advantage com-
pared to the point estimate method proposed 
by Rosenblueth (1981). In cases when ob-
taining the derivatives is too complicated, 
Harr's method is considered as a good sub-
stitute for the FOVE method. Herr's method 
has been used in studying the spatial varia-
tion of river bed scouring (Yeh and Tung, 
1993) and for uncertainty analysis incorpo-
rating marginal distribution (Chang and 
Yang, 1997). In MCS, stochastic inputs are 
generated from their probability distribu-
tions and are then entered into empirical or 
analytical models of underlying physical 
process involved in generating stochastic 
outputs. Then, the generated outputs are ana-
lyzed statistically to quantify the uncertainty 
of the output. Several examples of uncer-
tainty analysis by MCS can be found in wa-
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ter resource and environmental engineering 
(Salas, 1993; Hipel and Mcleod, 1994; 
Melching, 1995), in ground-water flow es-
timation (Smith and Freeze, 1979; Freeze, 
1975; Jones, 1989), water quality modeling 
(Warwick and Cale, 1986; Brutsaert, 1975) 
and in studying the spatiotemporal stochastic 
open-channel flow (Gates and Al-Zahrani, 
1996). Scavia et al. (1981) made a compari-
son of MCS and FOVE for determining un-
certainties associated with eutrophication 
model outputs such as plankton, zooplank-
ton, and nitrogen forms. They concluded 
that both FOVE and MCS agree well in es-
timating the mean and variance of model 
estimates. However, MCS has the advantage 
of providing better information about the 
frequency distribution. Latin hypercube 
sampling (LHS) is used to generate random 
stochastic inputs in a stratified manner from 
the probability distributions. In this way the 
number of generated inputs can be consid-
erably reduced as compared to MCS (see 
McKay et al., 1979). Chang et al. (1993) 
used LHS to perform sensitivity and uncer-
tainty analysis in his research. Yeh and Tung 
(1993) applied FOVE, the point estimate 
method proposed by many studies, and LHS 
to analyze the uncertainty of migration of a 
pit. They pointed out that the point estimate 
method yields a larger mean and variance 
than those obtained by the FOVE and LHS 
methods. Furthermore, in studying the im-
portance of stochastic inputs on the output 
by sensitivity analysis, LHS yields more in-
formation than the other two methods. 

In this study, uncertainty analysis based on 
FOVE, Harr’s method, and LHS methods 
are conducted to obtain a deep insight into 
the scattered results of different flow rela-
tionships used for non-Darcy water flow 
through rockfill dams and to show the con-
tribution of input parameters on total uncer-
tainty of the outflow routed hydrograph. In 
addition, sensitivity analysis is performed to 
see the relative importance of input parame-
ters in estimating the variability of the out-
flow routed hydrograph.   

MATERIALS AND METHO DS 

The uncertainty of predicted routed flow 
hydrographs depends on the physical and 
hydraulic parameters of the flow relation-
ships. The physical parameters can be meas-
ured or estimated by providing a big mass of 
rockfill material. The hydraulic parameters, 
however, can not be measured unless an ex-
periment is conducted. For this purpose, a 
small rockfill material, from the big mass, 
has been used to build a small physical dam 
model to be used in flow rating relationship 
measurements.   

Flow Rating Relationships  

The objective of this study is to determine 
the uncertainty of outflow routed hydro-
graphs resulting from different relationships, 
i.e. equations 1, 2, 3, 4, and 5. For this pur-
pose, by considering dhi

dx
−

=  and integrating 

each relationship for the limits x = 0 to D 
and H = H1 to H2, the following relationship 
among Q, H1 (dam upstream water level) 
and H2 (dam downstream water level) is ob-
tained: 

( ) ( )
2

2 2 2
2 1 2 1

2
2 4 2

2
1

2
0

ln

M
H H BQ M H H

P L
BQ MHB Q
BQ MH

⎛ ⎞
− − − +⎜ ⎟

⎜ ⎟ − =
⎜ ⎟⎛ ⎞+
⎜ ⎟⎜ ⎟⎜ ⎟+⎝ ⎠⎝ ⎠

    (7  

where Q is the flow rate, P is 
2

3

w
M

− , M is 

CQw , w is dam width and D is calculated 
according to Sharma (1991). The amount of 
D is less than L for Trapezoidal rockfill 
dams and equal to L for rectangular ones. 
According to McCorquodale et al’s., Ste-
phenson’s and Adel’s relationships intro-
duced above, equation (7) would have a 
general form providing that B and C are de-
fined as the following: 
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According to the McCorquodale et al. rela-
tionship:  

2
70 vC

gn m
=

′
and ( )( )

1/2

0.27 1 /e of f
B

gn m
+

=
′

   (7a 

According to the Stephenson relationship: 

2
800 vC
gnd

=    and    
2
tKB

gn d
=             (7b 

According to the Adel relationship: 
2

3 2
15

160 (1 )v n
C

gn d
−

=  and   
2

15

2.2B
gn d

=     (7c 

The flow rating relationship for Samani et 
al. is different from the other relationships 
where it is as follows (Samani et al., 2003): 

( )
1

12 3 3 2
1 21

2

1

(3 )

b b b b

b

wQ H H
D b

α+ + + +

+

⎛ ⎞= +⎜ ⎟⎝ ⎠ +
    (8 

in which D and L are equal in rectangular 
rockfill dams. 

Hydraulic Parameters 

In this analysis, H2 and Q are considered as 
certain and resultant uncertain variables, 
respectively. Defining H2 would mean a cer-
tain H1 for a specific Q. The physical rockfill 
dam model of 66 cm length, 30 cm width 
and 33 cm height has been installed in a 
same width of 9 m flume. Table 1 shows the 
range of hydraulic parameters measurements 
used in the experiment that would be used in 
the routing calculation.  

Physical Parameters 

In order to evaluate the physical parame-
ters of the different relationships, 15 random 
samples from the mass provided were se-
lected and used. Table 2 shows the grain size 
distribution of the rockfill material. The size 
distribution curve, dm, d60, d50, d15, d10, d, n, 
e, m, m′ and σ of each sample have been 
determined, where dm is the average size 
diameter and d is the harmonic average size. 
Different subscripts for notation d refer to 
the percentages of total particle weight that 
are smaller than the related d. Table 3 shows 
the average size, standard deviation, and 

coefficient of variation of the parameters of 
the 15 samples. 

It is necessary to say that the measurement 
of parameters was carried out by several 
persons and several times in order tat the 
human error can be assumed to be mini-
mized. 

In this research, the parameters Kt, ƒe/ƒo, 
a, and b for each sample were estimated by 
taking into account the suggestions given by 
relationship developers. Table 4 shows the 
estimated values of the parameters. 

Routing and Uncertainty Analysis 

In this research the following storage rout-
ing equation has been employed: 

sI O
t

Δ
− =

Δ
                       (9 

where I and O indicate the flow rates of the 
inflow and outflow hydrographs, respec-
tively, and Δs is the storage within the time  
Δt. According to equation (9), the inflow 
hydrograph will be routed in the reservoir 

Table 1.  H2 and Corresponding Q of ex-
periment. 

Q (m3 s-1) H2 (m) 

0.00046 
0.0006 
0.00105 
0.0015 
0.0026 
0.0015 
0.00098 

0.029 
0.032 
0.044 
0.059 
0.084 
0.076 
0.049 

 

Table 2.  Particle size distribution of rockfill 
mass. 

% Sieve size(mm) 
100 
96.8 
68.8 
26.5 
3.5 
0 

32 
24 
18 
12.7 
10 
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upstream the rockfill dam (the physical 
model) and then a routed outflow hydro-
graph is introduced downstream of the dam. 
The outflow hydrograph is accompanied 
with uncertainty which is the final objective 
of this procedure. 

The methods selected for the analysis are 
FOVE, Harr, and LHS. In this analysis, dm, 
d60, d50, d15, d10, d, n, e, m, m', σ, a, b, ƒe/ƒo, 
and Kt are considered as stochastic inputs, 
H2 as a certain input and Q as an uncertain 
output. 

FOVE is a simple, effective, and precise 
method especially when the relationship of 
input and output variables is linear. This 
method does not take into account the prob-
ability distribution of variables which might 
be considered as a disadvantage. This 
method uses a Taylor series to linearize the 
relationship between output and input vari-
ables. The following shows the function: 

( )1 2( ) , , ..., NY g X g X X X= =         (10 
where Y is the function of N stochasic vari-
ables, X The Taylor series is written as 

( )

( )

0

0

0 0
1

2
2

0
1 1

( )

1
2

N

i
I i x

N N

i
i j i j x

gY g x X X
X

g X x
X X

=

= =

⎛ ⎞∂
= + + +⎜ ⎟∂⎝ ⎠

⎛ ⎞∂
−⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠

∑

∑∑

    (11 

and, considering the first two terms and ne-

glecting higher order terms of the above se-
ries, gives the following: 

( )0 0 0( ) TY g x S X x≈ + −           (12 

where, 
0

0
i x

gS
X

⎛ ⎞∂
=⎜ ⎟∂⎝ ⎠

 is the sensitivity coeffi-

cient vector. According to equation (12), the 
average is [ ] ( ) ( )0 0 0

TE Y g x S xμ≈ + −  and 
the variance is [ ] ( )0 0

TVar Y S C X S≈ , where 
μ is average matrix and C(X) is the matrix of 
stochastic variables, X Assuming  x0 = μ,   
then: 
[ ] ( )E Y g μ≈  and [ ] ( )TVar Y S C X S≈    (12a 

where S is the vector of sensitivity coeffi-
cients at 

0x μ= . When the stochastic vari-
ables are all independent, the variance can 
be calculated from [ ] 2 2T

i iVar Y S DS S σ≈ =∑  
where D is the diagonal matrix of stochastic 
variables variance, i.e.  

( )2 2 2
1 2, ,..., ND diag σ σ σ= . The different stages 

of the FOVE method can be summarized as: 
- Identifying input stochastic (physical) pa-

rameters, 
- Applying the Taylor series, and, 
- Calculating the average and variance of 

flow rates of different relationships (mod-
els). 

Harr’s method is similar to the FOVE 
method because it uses the two first order 
moments of stochastic variables and not the 
probability distribution, but it is easier in 
terms of calculations. It is considered as a 
good substitute for FOVE when it is dealing 
with complex derivatives. The different 
stages of Harr’s method can be summarized 
as: 

Table 4. Statistical Characteristics of Esti-
mated Parameters. 

 A b ƒe/ƒo Kt 
54 -0.074 1.54 3.1 Average 

4.47 0.014 0.036 0.139 St. Devia-
tion. 

0.083 -0.194 0.023 0.045 Variance 

Table 3. Statistical characteristics of different parameters. 
d10 
mm 

d15 
mm 

d50 
mm 

d60 
mm 

dm 
mm 

d 
mm e σ m m′ n  

10 11 13.74 15 15 13 0.67 0.00039 0.0034 0.0025 0.40 Aver. 
0.49 0.38 0.83 0.75 0.60 0.77 0.034 0.000008 0.000199 0.000236 0.013 St. Dev. 
0.05 0.04 0.06 0.05 0.04 0.06 0.05 0.02 0.06 0.11 0.03 Vari. 

0.22 0.45 0.69 0.79 0.60 0.45 -1.053 -0.37 0.03 0.06 -1.114 Skew. 
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- Identifying input physical parameters of 
each of the relationships and calculating its 
correlation matrix,  

- Decomposition of the correlation matrix 
(CO) to the eigen vectors matrix and eigen 
values matrix (with MATLAB software) 

tCO VLV=     (13 
where ),,,( 21 nvvvV L=  is the eigen vec-
tors matrix and L = nλλλ ....., , 21  is the ei-
gen value diagonal matrix,  

- Calculating 2N intersection points where 
this couple of points are calculated from the 
following equation: 

1

2

......
.....0

.... ....
0... ...
.......

i

N

X N

σ
σ

μ

σ

±

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥= ± −
⎢ ⎥

−⎢ ⎥
⎢ ⎥⎣ ⎦

                   (14 

where µ= Mean; σi= Standard deviation of 
ith stochastic input; N= Number of inputs; 
Vi= Eigen vectors matrix, 

-calculating Yi±= g (Xith) and Yi±
2= g2 (Xi±) 

for (i=1, 2,…, N) where Yi= Model output 

and then calculating 
2

i i
i

Y Y
Y + −+
=  and 

2 2
2

2
i i

i
Y YY −+=  

-Calculating the average and variance of 
different model outputs: 

1 1

1

( )

N N

i i i i
i i

N

i
i

Y Y
E Y

N

λ λ

λ

= =

=

= =
∑ ∑

∑
     (15                            

2 1( )

N

i i
i

Y i
E Y

N

λ
=
∑

             (16 

2 2( ) ( ) ( )Var Y E Y E Y= −      (17 
-Computing model uncertainty with the 

coefficient of variation. For an elaborate dis-
cussion on the FOVE and Harr’s methods 
the reader is referred to Hosseini (2000). 

LHS is an effective method especially in 
dealing with nonlinear relationships. Its 
main disadvantage is the need for a probabil-

ity distribution of variables. The probability 
distribution of Q can be estimated as fol-
lows: (1) obtain a random set of size n of the 
stochastic inputs from the corresponding 
probability distribution using LHS; (2) fol-
low the necessary steps to route the inflow 
hydrograph and obtain the outflow hydro-
graph. For ease of calculation, just seven 
points of the routed outflow hydrograph are 
used in this analysis; (3) analyze statistically 
the outflows (7 points) to determine its 
probability distribution and its basic statis-
tics such as mean, standard deviation, coef-
ficient of variation, and coefficient of skew-
ness. 

In using MCS to generate the stochastic 
inputs referred to in Step 1 above, normally 
a large data set, for instance, n = 1000, is 
generated from the probability distribution 
of each input. The probability distribution of 
each parameter was normal, log-normal, uni-
form, and log-Pierson. For more details on 
MCS the reader is referred to Rief (1988). 

An alternative to MCS sampling that re-
duces the number of sets of generated inputs 
and consequently the number of generated 
outputs is the LHS method. The basic con-
cept of LHS lies in generating random num-
bers of a stochastic input over its range in a 
stratified manner, such as the overall vari-
ability of the given stochastic input can rea-
sonably be delineated by limited sample 
size. The properties of LHS are discussed by 
McKay (1988) and McKay et al. (1979). In 
the MCS or LHS procedures, all stochastic 
inputs are assumed to be independent. 

Sometimes, when a large number of sto-
chastic inputs are involved in determining 
the output, sensitivity analysis may be car-
ried out to determine the degree of influence 
of each stochastic input on the output uncer-
tainty, Ci. In FOVE, Ci is calculated by the 
following: 

2 2

2
i i

i
Y

SC σ
σ

=    i=1, 2…, N    (18 

 [
 D

O
R

: 2
0.

10
01

.1
.1

68
07

07
3.

20
08

.1
0.

1.
5.

7 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ja

st
.m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

09
 ]

 

                             6 / 12

https://dorl.net/dor/20.1001.1.16807073.2008.10.1.5.7
https://jast.modares.ac.ir/article-23-6074-en.html


Uncertainty Analysis of Routed Outflow _________________________________________ 

61 

where N is the number of stochastic input 
parameters, σ2

i is variance of ith input pa-
rameter, σ2

Y  is variance of output parameter, 
Si is parameter sensitivity coefficient, and 

1 2( , , ..., )NY f x x x= . 
In Harr’s method and LHS, a linear regres-

sion relationship between x‘s, input parame-
ters, and output, Y, can be considered, as the 
following  

0
1

N

i i
i

Y a a x e
=

= + +∑     (19 

where 0a is the interception value of the line 
with the y axis, ia  refers to regression coef-
ficients that show the sensitivity coeffi-
cients, and e indicating the model error. Due 
to the dimensional problems, it  is recom-
mended to centralize the output parameter 
and then, by standardizing (Y-Y) and input 
parameters, the regression can be conducted. 
In this case, coefficients will indicate the 
output variation for a variation of input pa-
rameter equal to one standard deviation. 
Then Ci values which indicates the uncer-
tainty of input parameter can be calculated 
from the following relationship: 

2i
i

SSR
C R

SSR
=    for     i=1,2…, m      (20 

In which SSRi is the summation of square 
values of the ith input stochastic parameter 
from the regressed line and SSR is the sum-
mation of SSRi for independent input pa-
rameters. For more detailed the reader is 
referred to McKay (1988). 

Steps in the Procedure 

The uncertainty in predicting routed flow 
hydrographs depends on the stochastic input 
parameters of the flow relationships; in this 
research four of the relationships, i.e. 
McCorquodale et al., Stephenson, Adel, and 
Samani et al., are investigated. The different 
stochastic inputs have been obtained by 
conducting an experimental procedure. For 
this a big mass of rockfill material was pro-
vided. Fifteen random samples of the mass 
have been selected and the related stochastic 
input parameters were measured or esti-
mated. The data collected was employed for 
the uncertainty and sensitivity analyses. 

From the same rockfill mass, a small 

Table 5. Uncertainty analysis results using FOVE for independent input parameters. 
 McCorquodale et al. Stephenson Adel Samani et al. 

H2 (m) E (Q) Var (Q) C.V 
(Q) E (Q) Var (Q) C.V 

(Q) E (Q) Var (Q) C.V 
(Q) E (Q) Var 

(Q) 
C.V 
(Q) 

0.032 0.00056 2.5×10-10 0.03 0.00053 2.6×10-9 0.10 0.00053 7.2×10-10 0.05 0.00055 0.0 0.0 
0.044 0.00092 5.8×10-10 0.03 0.00086 4.1×10-9 0.07 0.00086 1.1×10-9 0.04 0.00089 0.0 0.0 
0.059 0.00126 8.8×10-10 0.02 0.00135 6.2×10-9 0.06 0.00137 1.7×10-9 0.03 0.0014 0.0 0.0 
0.084 0.00232 2.2×10-8 0.07 0.00198 9×10-9 0.05 0.0023 2.8×10-9 0.02 0.00231 0.0 0.0 
0.076 0.00192 1.2×10-9 0.02 0.00102 5.2×10-9 0.07 0.0020 2.5×10-9 0.02 0.00202 0.0 0.0 
0.049 0.00097 5.9×10-10 0.03 0.00085 4×10-9 0.08 0.00104 1.3×10-9 0.04 0.00106 0.0 0.0 
0.043 0.00084 5.2×10-10 0.03 0.0008 4×10-9 0.08 0.00083 1.1×10-9 0.04 0.00085 0.0 0.0 

 

Table 6. Uncertainty analysis results using Harr for independent input parameters. 
 McCorquodale et al. Stephenson Adel Samani et al. 

H2 (m) E (Q) Var 
(Q) 

C.V 
(Q) E (Q) Var (Q) C.V 

(Q) E (Q) Var (Q) C.V 
(Q) E (Q) Var 

(Q) 
C.V 
(Q) 

0.032 0.00056 5×10-10 0.04 0.00053 3×10-9 0.10 0.00053 8×10-10 0.10 0.00054 7×10-10 0.05 
0.044 0.00094 1×10-9 0.03 0.00086 6×10-9 0.10 0.00086 2×10-9 0.10 0.00086 2×10-9 0.05 
0.059 0.00146 3×10-9 0.04 0.00134 1×10-8 0.09 0.00137 5×10-9 0.09 0.00135 5×10-9 0.05 
0.084 0.00232 1×10-7 0.15 0.00198 4×10-8 0.09 0.00225 1×10-8 0.09 0.00224 1×10-8 0.05 
.076 0.00193 5×10-9 0.04 0.00102 1×10-8 0.09 0.00199 1×10-8 0.09 0.00196 1×10-8 0.05 
0.049 0.00097 1×10-9 0.04 0.00083 6×10-9 0.09 0.00104 3×10-8 0.10 0.00103 3×10-9 0.05 
0.043 0.00056 5×10-10 0.04 0.00053 3×10-9 0.10 0.00053 8×10-10 0.10 0.00054 7×10-10 0.05 
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physical dam was built  and installed in a 
laboratory flume and then, by introducing 
different inflows, different corresponding 
downstream water levels, H2, were identi-
fied. By introducing a hypothetical inflow 
hydrograph and conducting the routing cal-
culation, routed outflow hydrograph was 
obtained. For the uncertainty analysis, H2 
has been regarded as certain input parameter 
and other parameters as stochastic. The 
analysis was conducted for seven H2 values 
corresponding to flow rates covering the 
useful range of the outflow hydrograph, 
0.032, 0.044, 0.095, 0.084, 0.076, 0.049, and 
0.043 m. After gathering the certain and sto-
chastic inputs, FOVE, Harr and LHS were 
employed for determining the uncertainty of 
the routed outflow hydrograph and then sen-
sitivity analysis was applied to the different 
flow relationships to see the relative impor-
tance of stochastic inputs in estimating the 
variability of the output, routed outflow rate. 

RESULTS  

The results of calculating the outflow dis-
charge uncertainty considering the input pa-
rameters dependent and independent pa-
rameters were very close to each other, 
therefore just the independent ones are in-
troduced. The results of uncertainty analysis 
for different relationships are shown in Ta-
bles 5, 6, and 7 and Figure1 (a, b and c). It 
can be concluded that: 

If the Coefficient of Variation (C.V.) is 
considered as the indicator of uncertainty, 
LHS sampling and FOVE show the highest 

and the lowest uncertainty results, respec-
tively, and Harr’s method falls in between. 
As an example, the average C.V.’s of depth 
0.084 for the different methods are 0.12, 0.9, 
and 0.04, respectively. Therefore, applying 
LHS sampling would mean a more uncertain 
environment and more reliable design. 

By averaging the results of the three meth-
ods, the routed outflow hydrograph calcu-
lated by Samani et al., McCorquodale et al., 
Adel, and Stephenson, relationships show 
uncertainty of 0.05, 0.5, 0.6, and 0.08, re-
spectively. The results of the first three rela-
tionships are almost the same which means 
using any of those relationships would make 
no significant difference.   

Results of McCorquodale et al.’s relation-
ship for RP>500 show high uncertainty; for 
instance for H2= 0.084, the uncertainty of 
outflow using LHS is 0.21 which is 3.5 
times the average C.V. of the outflow hy-
drograph. In case of RP<500 it  gives the less 
uncertainty among the other relationships. 

The sensitivity analysis shows that the pa-
rameters m′ and n in McCorquodale et al.’s 
relationship introduce the greatest uncer-
tainty, at 0.72 and 0.25, respectively, among 
the other parameters where in  Stephenson’s, 
the parameters d and n expose the highest 
sensitivity of 0.85 and 0.8, respectively. In 
Adel’s relationship, d15 with 0.88 and n with 
0.12 show the highest influence on the 
routed outflows. Finally, in Samani et al.’s a 
and d50 as the most important parameters, 
shows the influence of 0.77 and 0.12, re-
spectively.  

Table 7. Uncertainty analysis results using MCS with LHS. 
 McCorquodale et al. Stephenson Adel Samani et al. 

H2 (m) E (Q) Var 
(Q) 

C.V 
(Q) 

E (Q) Var (Q) C.V 
(Q) 

E (Q) Var (Q) C.V 
(Q) 

E (Q) Var 
(Q) 

C.V 
(Q) 

0.032 0.00056 3×10-10 0.03 0.00053 3×10-9 0.10 0.00056 3×10-9 0.10 0.00056 3×10-9 0.09 
0.044 0.00094 8×10-10 0.03 0.00085 6×10-9 0.09 0.0009 8×10-9 0.10 0.00092 7×10-9 0.09 
0.059 0.00145 2×10-9 0.03 0.00134 1×10-8 0.09 0.00143 2×10-8 0.09 0.00144 2×10-8 0.09 
0.084 0.00232 2×10-7 0.21 0.00198 3×10-8 0.09 0.00235 5×10-8 0.09 0.00239 5×10-8 0.09 
0.076 0.00192 3×10-9 0.03 0.00102 9×10-9 0.09 0.00208 4×10-9 0.09 0.00209 4×10-9 0.09 
0.049 0.00097 8×10-10 0.03 0.00085 6×10-9 0.09 0.00109 1×10-8 0.10 0.00109 9×10-9 0.09 
0.043 0.00084 7×10-10 0.03 0.00081 6×10-9 0.09 0.00088 7×10-9 0.10 0.00088 6×10-9 0.09 
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CONCLUSIO N 

In flood routing, routed hydrographs have 
an uncertainty that depends on different 
physical stochastic parameters. Four of the 
relationships, namely of Samani et al., Ste-
phenson, Adel, and McCorquodale et al. are 

employed to reflect the hydraulics of the 
flow through rockfill dams. In this analysis, 
FOVE, Harr’s method and the LHS have 
been used to evaluate the uncertainty of the 
routed hydrograph. The results of the analy-
sis show that Samani et al.’s Stephenson’s 
and Adel’s relationships are almost the same 
and this means using any of those relation-

 
Figure1. Uncertainty analysis results using (a): FOVE, (b): Harr's method and (c): MSC 

with LHS. 
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ships make no significant difference. Also, 
applying LHS sampling means more reliable 
design. The sensitivity analysis shows that 
the parameters m and n in McCorquodale et 
al.’s relationship, d and n in Stephenson’s, 
d15 and n in Adel’s, and a and d50 in Samani 
et al.’s show the highest influence on the 
routed outflows among other parameters. 
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Notations 

a = Empirical coefficient of the equation 
related to flow and particle characteristics; 
b = Empirical coefficient of the equation 
related to flow and particle characteristics; 

iC  = Indicates the uncertainty of the input 
parameter;  
d = Average diameter of rock; 
d15 = Particle diameter where 15% of the 
total particles’ weight is smaller; 

50d  = Particle diameter size where 50% of 
the total particles’ weight is smaller; 
ƒ = Friction factor; 
fe = Friction factor between large particles 
and the instrument wall; 
fo = Darcy-Weisbach coefficient; 
g = Acceleration due to gravity; 
H1 = Dam upstream water level; 
H2 = Dam downstream water level; 
i = Hydraulic gradient; 
I = Inflow rate; 
Kt = Friction coefficient in the turbulent 
flow region; 
L = Length of dam base; 
m = Refers to pores hydraulic radius; 
m΄ = Pores effective hydraulic radius; 
n = Porosity; 
O = Outflow rate; 
s = Storage; 
t  = Time; 
V = Flow velocity; 
σ = The standard deviation of particle; 
Q = Flow rate; 
SSR = The summation of SSRi; 
SSRi = The summation of square values of 
the ith input stochastic parameter; 
w = Dam width. 
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  يسنگ ل در سد پارهي سيابي روند يدروگراف خروجيت هيز عدم قطعيآنال

  يمانيسل.  و عيسامان. و. م. ج

  چكيده

نـگ    يخـسارات س ـ  كاهش ي ارزان براي از روشهايكي يري تأخي پاره سنگ   يسدها  يل هـستند كـه از مـواد س
.  كنـد  يت نم ـي ـ تبعيل وجود خلـل و فـرج بـزرگ از قـانون دارس ـ    ين سدها به دليك ايدروليه. اند ساخته شده 

تـ        ي انجام گرفته نشان ميقات قبل يتحق فنس، آدل و ي دهد كـه چهـار رابطـه مـك كـور كـودل و همكـاران، اس
د يرس ـ ي بـه نظـر م ـ  يپس ضرور. زه دارنديط سنگرريان در محي از رفتار جري خوبينيب شي و همكاران پ    يسامان

ر  يرد تـا تـصو  ي ـن روابـط صـورت گ  ي ـ ايت بـر رو يل  حساسيه و تحليت و تجزيل عدم قطعيه و تحليكه تجز 
 در ي وروديد و سـهم پارامترهـا  ي ـن روابط بدسـت آ يج حاصل از استفاده از اي  نتايزان پراكندگي  از م  يبهتر

نـگر  ي ـن منظـور  يبد. روابط مشخص گرددن ي ا يت خروج يعدم قطع  ه و پـانزده نمونـه   ي ـ تهيا زهيك تـوده س
 ـ ي ـ مـرتبط بـا هر  يك ـيزي انتخـاب شـد و مشخـصات ف   يتـصادف  ن پـانزده نمونـه   ي ـ اي بـرا يك از روابـط تجرب
نـگ  ك سـد پـاره  ي ـن توده ين از ايهمچن. ن زده شديا تخمي يريگ  اندازه شگاه سـاخته شـد و   ي ـ در فلـوم آزما يس

 ـي سـد بـرا  (H2)ن دسـت  يي و پـا (H1) بالا دست  ارتفاع آب در     ودي ـ گرديري ـگ  مختلـف انـدازه  يهـا  ي دب
ر پارامترهـا  ي، سـا ير قطعيبه عنوان متغ H2ت يل عدم قطعيه و تحليدر تجز.  بدست آمد  يدروگراف خروج يه

 و هي ـتجز. انـد   در نظـر گرفتـه شـده   ي به عنـوان پـارامتر خروج ـ  يج خروي و دبي تصادفير آماريبه عنوان متغ  
ن مرتبـه اول  يسـه روش تخم ـ . دي ـ انجـام گرد يدروگراف خروج ـي ـ هفت نقطه از هيت برايل عدم قطع  يتحل
 در LHSر ي ـگ  مونت كـارلو بـا نمونـه   يساز هي و روش شب(Harr) هار يا ن نقطهيروش تخم (FOVE)رات  ييتغ

 و يند كـه رابطـه سـامان   ده يج نشان مي نتايبطور كل. ت به كار گرفته شدنديل عدم قطعيه و تحليرابطه با تجز  
نـد  يت م ـي ـن عـدم قطع يشتري ـن و بي كمتـر يب داراي ـهمكاران و رابطه مك كـوردل و همكـاران بـه ترت        . باش

يـ  مختلـف در تع يدهد كـه پارامترهـا   يت نشان ميل حساسيه و تحل يج تجز ين نتا يهمچن  ـي ـن عـدم قطع ي  يت دب
  .ر دارندي تأثيخرو
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