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Abstract Dam reservoirs usually play the most impor-

tant role in the water resources systems and their optimal

utilization in economic and social terms is indispensable.

Sedimentation in dam’s reservoirs is one of the destruc-

tive phenomena which leads to reduction of useful vol-

ume of reservoirs and also damages the installations and

disturbs their functions. Area reduction method is the

most common experimental method to measure the sedi-

ment distribution in reservoirs. In this method, reservoirs

are geometrically divided into four types. Parameters

obtained for each type are based on limited number of

chosen reservoirs and consequently the results lead to

large scale errors for accuracy of this method. Therefore

choosing appropriate parameters can help us to have more

acceptable accuracy. In this study, first based on area

reduction method a model was made by using MATLAB

software and optimized by GA. Error declined by 46.7 %.

Then elevation–area–capacity curves for following years

were predicted by best coefficients.

Keywords Area reduction method � Genetic algorithms �
Sediment distribution � Optimization � Ekbatan dam

Introduction

Rivers have fascinated humanity for centuries. Most pros-

perous cities around the world have been founded along

rivers (Pierre 2002). In ancient times, dams were built for

the single purpose of water supply or irrigation. As civi-

lizations developed, there was a greater need for water

supply, irrigation, flood control, navigation, water quality,

sediment control and energy. Building a dam on the river

reduces water velocity and increases water level in dam’s

upstream. These factors have important effects on changing

river morphology and increasing sediments in dam’s

reservoir.

Each year approximately 20 billion tons of sediment,

moved by the world’s rivers and waters, are resident

deposits (Shafiee and Safamehr 2011). When the current

velocity behind the dam reduces, transported sediments in

river upstream start to settle in the reservoir. One of the

destructive results of sedimentation in the reservoir is the

reduction of its stability. Flood due to dam failure can

cause catastrophic damage of properties and loss of life

(Wu 2007). Sedimentation behind the dam will have neg-

ative effects on the exit installations and gates as well.

These destructive effects endanger dam’s safety (Moham-

madzadeh Habili and Mousavi 2008). In sum, sedimenta-

tion in dam’s reservoirs reduces the useful volume of the

reservoir and consequently reduces dam’s shelf life (Jain

2003). Therefore prediction and estimation of sediment

transportation amount is very important (Shafai Bajestan

2011).

One of the most current methods of measuring the

volume difference in a reservoir is using the elevation–

area–capacity curves (Lara 1971). Experimental method of

area reduction can be mentioned as one of the Elevation–

area–capacity curves to distinguish the sediment distribu-

tion manner. Several studies have been conducted on

experimental method. Area reduction method was evalu-

ated by comparing resurvey data for a number of South

African reservoirs with calculated values. The sediment

which accumulated in these reservoirs varies from 1.14 to
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44.94 %, representing a wide range of conditions. The test

was carried out for each reservoir by calculating the

empirical sediment distribution of all four standard reser-

voir types, whereafter the type which most closely fitted

the observed data was determined. This was accomplished

by calculating the sum of the squares of the differences

between the observed and empirical curves and taking the

volume/depth and surface area/depth curves with the

smallest sums as having the best fit (Annandale 1984).

Ferrari estimated the sediment distribution of Prineville

reservoir using area reduction method (Ferrari 1998).

Since the parameters used in the area reduction method

are only based on information from limited numbers of

dams in US and using this information is very important in

accuracy of this method, hence it is possible that parame-

ters used in this method can not be appropriate for pre-

diction of sediment distributions in another reservoir

elsewhere. Thus changing these parameters in every

reservoir can help us to have more accurate prediction of

sediment distribution. Having known the quality of sedi-

ment distribution and prediction, we can choose the poli-

cies of exploiting the reservoir and decision making about

the problems caused by sediments with higher confidence.

Sediment settlement is not uniform.

The area reduction method was manually calibrated for

Golestan dam resulting to a 10 % reduction on error of

estimation (Mohammadiha et al. 2010). The sediment

distribution behind the Zayanderood dam was investigated

using area increment and area reduction methods and

comparing the results of models with the distribution of

sediment settlement in the reservoir showed that Borland

and Miller model of area reduction method has the highest

similarity to real sediment distribution discrepancy (Mou-

savi et al. 2006). The exact data of elevation volume of

Droodzan dam as well as the primary data were used to

calibrate the parameters of the area reduction technique for

the reservoir. Thus, through calibrating the parameter

caused a 30 % reduction in the error of estimating the

amount and profile of sediment distribution (Gharaghezlou

et al. 2014). The area reduction method was calibrated

using simulating annealing (SA) for Karaj dam and Error

declined by 20 % (Emadi et al. 2012).

In order to estimate sediments distribution manner by

area reduction parameters will be calculated carefully by

optimization method. In recent years, some optimization

methods that are conceptually different from the traditional

mathematical programming techniques have been devel-

oped (Engelbrecht 2002). This methods are labeled as

modern or nontraditional methods of optimization (Pelikan

et al. 1999). One of these methods are genetic algorithms

(GAs). GAs are well suited for solving such problems, and

in must cases they can find the global optimum solution

with a high probability. The genetic algorithm (GA) is an

optimization and search technique based on the principles

of genetics and natural selection (Vose 1999). A GA allows

a population composed of many individuals to evolve

under specified selection rules to a state that maximizes the

‘‘fitness’’ (i.e., minimizes the cost function). The method

was developed by Holland (1975) over the course of the

1960s and 1970s and finally popularized by one of his

students, David Goldberg. Philosophically, GAs are based

on Darwin’s theory of survival of the fittest (Haupt and

Haupt 2004).

The aim of this research is to optimize area reduction

method parameters by using genetic algorithms and to

increase the accuracy of this method by in estimating

sediment distribution in reservoirs for coming years.

In this study, first based on area reduction method a

model was made by using MATLAB software and cali-

brated by GA. Then sediment distribution profile of 2012

was estimated through area reduction method before and

after calibration.

Materials and methods

Study area

Ekbatan dam is one of the most important dams of the west

region of Iran. It is situated 10 km southeast of Hamedan

city on the Abshineh River after the confluence of Yalfan

and Abro rivers (Fig. 1).

In order to provide Hamedan’s drinking water, this dam

started its operation in 1964. Table 1 shows the dam’s

characteristics.

In this research, by using data of the 2002 elevation–

capacity–area curves of Ekbatan dam reservoir and through

area reduction method, the sediment distribution profile

was estimated for the year 2012.

Area reduction method

Experimental area-reduction method, first presented by

Borland and Miller (1958) was subsequently revised by

Moody (Blanton and Ferrari 1992). The aim of the Borland

and Miller technique is to establish volume/surface area/

depth relationships for reservoirs after sediment has been

deposited therein (Annandale 1987). The calculation pro-

cedure of this empirical method was developed from

resurvey data of 30 American reservoirs and consist of two

main steps, viz. (Annandale 1984).

(a) Classification of a reservoir as one of four standard

types, and

(b) An interactive calculations procedure to determine

volume/surface area/depth relationships.
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where m is the shape factor. The main equation in this

method is:

S ¼
Z y0

0

Adyþ
Z H

y0

Kady ð1Þ

After integration:

1 � v0

a0

¼ S� V0

H � A
ð2Þ

for resolving Eq. (2):

h pð Þ ¼
1 � v pð Þ
a pð Þ

ð3Þ

h0 pð Þ ¼
S� V yð Þ
H � A yð Þ

ð4Þ

where S is the total input sediments to the reservoir during

life span of reservoir and the bottom and above limits of the

first integral count for the primary level of the river bed at

the place of construction before and after sediment settle-

ment, respectively. A is the reservoir area in the different

elevations. dy is height increment, H is the reservoir height

at normal water level. a is the approximate area of sedi-

ments which is measurable according to a difference, for

the approximate of p, h (p) is the dimensionless function of

the whole settled sediments, and the capacity depth and

area of reservoir. V(y) is the reservoir capacity in level y

and A(y) in the reservoir area in level of y and k is the

proportion coefficient to change the sediment in the

approximate area into the real area obtained from Eq. (5).

K ¼ A0

a0

ð5Þ

In which A0 is the reservoir area in height h0. a0 is the

sediment in the approximate area in the new height zero.

The approximate area is obtained through Eq. (6).

a pð Þ ¼ Cpm 1 � pð Þn ð6Þ

where the measures C, m and n are fixed coefficients

determined according to the type of reservoir from Table 2.

Of course, these measures are Borland and Miller: cor-

rected measures which can be calibrated for each reservoir

(Fig. 2).

Fig. 1 Geographical location of Ekbatan dam Lake to Hamedan city

Table 1 Technical feature of

Ekbatan dam
River Dam type Following elevation (m) Crest length (m) Total reservoir capacity (MCM)

Abshineh Gravity Dam 79 673 40.2

Table 2 Standard reservoir types (Borland and Miller 1958)

Standard classification Reservoir type Value of ‘‘m’’

I Lake 3.5–4.5

II Floodplain-foothill 2.5–3.5

III Hill 1.5–2.5

IV Gorge 1.0–1.5

Model. Earth Syst. Environ. (2015) 1:21 Page 3 of 9 21

123



In the area reduction method, for determining the profile

of sediment distribution, the following steps should be

taken (Table 3) (Yang 1996):

Step 1: The depth of reservoir is drawn against its

capacity in a logarithmic paper, to determine the reservoir

shape factor (M) and then, the reservoir type is determined

accordingly from Table 2.

Step 2: The measures of dimensionless function h(p) for

the different measures of approximate depth of p are cal-

culated from Eq. (4).

Step 3: Based on the relative depth p and also F–p re-

lation obtained from the graph in Fig. 3, the value/s of h(p)

is/are drawn in the Cartesian system, where these two

curves cross is the new zero level in dam.

The values of F dimensionless function, for different

values of the relative depth, is calculated by Eq. (7).

F ¼ ðS� VhÞðH � AhÞ ð7Þ

where F is dimensionless function from total deposited

sediment, the capacity, the depth and reservoir area. S is the

total input sediments to the reservoir during life span of

reservoir and the bottom and above limits of the first

integral count for the primary level of the river bed at the

place of construction before and after sediment settlement,

respectively, H is the reservoir height at normal water

level, Vh is reservoir capacity in the heigh h and Ah is the

reservoir area in the heigh h.

Step 4: By using the reservoir’s capacity–depth curve,

the volume of the existing sediments under zero level is

determined and then according to Eq. (1), the sediment

volume in the different depths are calculated. It should be

noticed that this method is a trial and error and if the

obtained sediment volume has a high discrepancy with

input sediments, the proportion coefficient is calculated

again from Eq. (8).

K2 ¼ K1

S

S1

ð8Þ

where K2 is the new proportion coefficient and K1 is the

previous proportion coefficient and S1 is the accumulative

volume of sediments.

Then, these measures are compared to those obtained

from hydrograph and the amount of root mean square error

is calculated according to Eq. (9).

Fig. 2 Classification of

reservoirs in terms of volume/

depth relationships

Table 3 Values C, m and n on

type of reservoir
Type C m n

I 5.074 1.85 0.36

II 2.487 0.57 0.41

III 16.967 -1.15 2.32

IV 1.486 -0.25 1.34

Fig. 3 Curves to determine the depth of sediment of dams (Strand

and Pemberton 1982)
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RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
v� við Þ2

n

s
ð9Þ

In which vi and v are the measured volume and real

volume of reservoir in the different levels, respectively.

Genetic algorithms

GAs were first presented systematically by Holland, the

basic ideas of analysis and design based on the concepts of

biological evolution can be found in the work of Rechen-

berg (Mitchell 1998; Antoniou and Lu 2007). The Solution

of an optimization problem by GAs starts with a population

of random strings denoting several (population of) design

vectors. The population size in GAs is usually fixed. Each

string (or design vector) is evaluated to find its fitness

value. The population (of designs) is operated by three

operators-selection, crossover, and mutation-to produce a

new population of points (designs).

Selection

The selection component of a GA is designed to use fitness

to guide the evolution of chromosomes by selective pres-

sure (Kia 2009). Chromosomes are therefore selected for

recombination on the basis of fitness. Those with higher

fitness should have a greater chance of selection than those

with lower fitness, thus creating a selective pressure

towards more highly fit solutions. This allocates each

chromosome a probability of being selected proportional to

its relative fitness, which is its fitness as a proportion of the

sum of fitnesses of all chromosomes in the population

(Goldberg 1989). There are many different selection

schemes. Random stochastic selection explicitly selects

each chromosome a number of times equal to its expecta-

tion of being selected under the fitness proportional

method. Tournament selection first selects two chromo-

somes with uniform probability and then chooses the one

with the highest fitness. Truncation selection simply selects

at random from the population having first eliminated a

fixed number of the least fit chromosomes (Davis 1991).

Crossover

The crossover operator represents the mixing of genetic

material from two selected parent chromosomes to pro-

duce one or two child chromosomes. After two parent

chromosomes have been selected for recombination, a

random number in the interval (0, 1) is generated with

uniform probability and compared to a pre-determined

‘‘crossover rate’’. If the random number is greater than the

crossover rate, no crossover occurs and one or both

parents pass unchanged on to the next stage or recombi-

nation. If the crossover rate is greater than or equal to the

random number, then the crossover operator is applied.

One commonly used crossover operator is one-point

crossover. A crossover point between 0 and n is chosen

with uniform probability. Child chromosomes are then

constructed from the characters of the first parent occur-

ring before the crossover point and the characters of the

second parent occurring after the crossover point. We

illustrate this on a length 10 bit-string encoding as fol-

lows: (McCall 2005).

Parent one: 1 1 1 0 1 0 0 1 1 0

Parent two: 0 0 1 0 0 1 1 1 0 0

Crossover point: :
Child one: 1 1 1 0 0 1 1 1 0 0

Child two: 0 0 1 0 1 0 0 1 1 0

There are many alternative forms of crossover opera-

tion. One-point crossover generalises straightforwardly to

2- and multi-point crossover operations, where a sequence

of crossover points is chosen along the chromosome length

and the child chromosomes are constructed from the allele

values of the two parents, interchanging at each crossover

point. Uniform crossover constructs a child by selecting

uniformly between parent allele values at each locus.

Algorithms also differ with respect to whether one or more

children are created from the crossover operation. After

crossover, the resultant chromosome(s) will be passed on to

the mutation stage.

Mutation

Mutation operators act on an individual chromosome to flip

one or more allele values. In the case of bit-string chro-

mosomes, the normal mutation operator is applied to each

position in the chromosome. A random number in the

interval (0, 1) is generated with uniform probability and

compared to a predetermined ‘‘mutation rate’’. If the ran-

dom number is greater than the mutation rate, no mutation

is applied at that position. If the mutation rate is greater

than or equal to the random number, then the allele value is

flipped from 0 to 1 or vice versa. Mutation rates are typi-

cally very small (McCall 2005).

The new population is further evaluated to find the fit-

ness values and tested for the convergence of the process.

One cycle of production, crossover, and mutation and the

evaluation of the fitness values is known as a generation in

GAs. If the convergence criterion is not satisfied, the

population is iteratively operated by the three operators and

the resulting new population evaluated for the fitness val-

ues. The procedure is continued through several genera-

tions until the convergence criterion is satisfied and the

process is terminated (Rao 2009).
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In the genetic algorithms the following steps should be

taken (Chambers 2001):

Step 1: Randomly generate a population of genomes

represented as bit strings.

Step 2: Assign a fitness value to each individual in the

population.

Step 3: Selection:

(a) Retain the top 5 % of the current population

(b) Randomly choose mating-pairs

Step 4: Crossover: randomly exchange genetic material

between the two genomes in each mating pair to produce

one child.

Step 5: Mutation: randomly mutate (invert) bit(s) in the

genomes of the children.

Step 6: Repeat from step 2 with this new population

until some termination criteria is fulfilled.

In this study, first based on area reduction method a

model was made by using MATLAB software, area

reduction method is added as a function to the genetic

algorithms and calibrated by GA. Then sediment distribu-

tion profile of 2012 was estimated through area reduction

method before and after calibration. Figure 4 shows flow-

chart of method that used in this study.

Results and discussion

In area reduction method previous year’s elevation–area–

capacity curves are used in order to calculate sedimentation

distribution. In this study by using data of the 2002 ele-

vation–capacity–area curves of Ekbatan dam reservoir and

through area reduction method, the sediment distribution

profile was estimated for the year 2012. The volume of

sediment that entered into Ekbatan dam reservoir from year

2002 to year 2012 is 4.31 MCM.

The shape factor was adopted as the major criteria for

development of empirically derived design curves for use

in distributing sediment (Ferrari 2008). The shape of the

reservoir is defined by the depth to capacity relationship

where ‘‘m’’ is the reciprocal of the slope of the depth versus

capacity plot on a logarithmic paper (USBR 1962). Con-

sidering that m = 3.16 the reservoir is from type II.

Simulation program in matlab was prepared so that if

the errors in calculating the volume of the reservoir were

less than 0.01 the program would stop and print the results.

A function simulation method was added to optimization

model and as a result a simulation–optimization model was

obtained.

Area reduction results before calibration

Figure 5 shows the area reduction method prediction

curves before calibration. According to Fig. 5, predicted

volume curve by area reduction method from elevation

1915 to 1945 and 1965 to 1972 is not acceptable.

Calibration result

Table 4 shows the RMSE for sediment distribution using

the Area Reduction method before and after calibrating

parameters (C, m, n) for the sediment distribution in

Ekbatan dam. According to the table after calibration, the

RMSE decreased around 46.7 %.

Area reduction results after calibration

Figure 6 shows the area reduction method prediction

curves after calibration. According to Fig. 6, predicted

Fig. 4 Flowchart of calibration the area-reduction method using genetic algorithms
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volume curve by area reduction method is more compati-

bile with volume curve of the year 2012.

So it is to say that calibrating area reduction method

through Genetic algorithms led to obtain a better prediction

of elevation–area–capacity curves.

Predicted elevation–area–capacity curves

for next years

The useful life or design life is a period that the sediment

deposited does not affect the economic feasibility and

sustainability of water resources demand. In general, useful

life of the reservoir is the time period when the reservoirs

depleted 50 % of its storage capacity or the dead storage is

completely filled with sediment (Gill 1979). Figure 7

shows elevation–capacity curves predicted in years 2021,

2026, 2031, 2036, 2041 and 2046 with optimized coeffi-

cients. According to Fig. 7, 50 % of volume of Ekbatan

dam will be filled by sediment in 2046.

Sensitivity analysis

In most practical problems, we are interested not only in

optimal solution of the problem, but also in how the

solution changes when the parameters of the problem

change. Sensitivity analysis is used to determine how

‘‘sensitive’’ a model is to changes in the value of the

parameters of the model and to changes in the structure of

the model (Breierava and Choudhari 2001).

The simplest form of sensitivity analysis is to simply

vary one value in the model by a given amount, and

examine the impact that the change has on the model’s

results.

Figure 8 shows objective function changes in regard to

iteration different rates in three phases of Sensitivity

Analysis in Ekbatan dam.

According to Fig. 8, the most appropriate range for

iteration parameter is 15–20.

Figure 9 shows objective function changes in regard to

different numbers of initial population in three phases of

Sensitivity Analysis operation for the Ekbatan dam.

According to Fig. 9, 50–60 is the most appropriate

efficiency range for the initial people. Figure 10 shows

objective function changes in regard to different rates of

mutation.

According to the Fig. 10, the most appropriate range for

this parameter is 0.40–0.50.
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Conclusions

In order to estimate sediment distribution manner in

Ekbatan dam reservoir, we used area reduction experi-

mental method. In this method RMSE was 1.5. C, m, n

parameters were optimized with genetic algorithms to

reduce sedimentation estimate error and resulted elevation–

area–capacity curves was compared with 2011 hydrogra-

phy curves. RMSE declined by 46.7 %.

Elevation–area–capacity curves of Ekbatan dam in

2021, 2026, 2031, 2036, 2041 and 2046 were predicted

through optimized parameters. The results showed that

50 % of volume of Ekbatan dam will be filled by sediment

in 2046.

Then the most appropriate ranges for iteration parame-

ters (15–20), for initial people parameters (50–60) and

mutation rate (0.4–0.5) were found through sensitivity

analysis.

A comparison between predicted results through area

reduction method with hydrography results showed that

using genetic algorithms can considerably rise the accuracy

of area reduction experimental method.
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