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Abstract: In reservoir projects it is important to estimate when the accumulated
sediments will start to interfere with their functions. However, predicting silting is difficult
because the processes involved have some uncertainties. Thus, the study is not only
deterministic, as currently performed, but also stochastic. Thus, the objective of this
paper was to develop a stochastic method and evaluate its performance in estimating
silting in reservoirs. The method has as originalities the fact of having coupled a
deterministic model widely used in the area of Hydraulics to a stochastic one. Another
originality was to validate the stochastic method developed from silting data obtained
in the reduced model of a Small Hydroelectric Power Plant (SHP). Thus, it was observed
that the real silting was always between the 1st and 3rd quartile of probability of the
stochastic result. Thus, the main advantage of the stochastic model developed was to
allow obtaining the probabilities of silted heights in the stretches of interest. In addition,
the variability of the results in the simulations indicated the sections that may suffer
greater silting. In this way, hydraulic structures can be better positioned. Preventive and
corrective measures can also be better planned and executed.
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INTRODUCTION

When a reservoir is built, whether for public water supply, power generation or other purposes,
changes may occur in the physical and hydraulic characteristics of the watercourse in which the
structure was built. The increase in the wetted area of the river’s cross section and the decrease in the
waterline slope causes a reduction in the flow’s speed and turbulence. Such reductions have the effect
of slowing the movement of particles in the stream direction (Habets et al. 2018) and of restricting the
resultant of sustaining forces. In this way, solid particles can be deposited throughout the reservoir
(Mamede et al. 2018). Therefore, the reservoirs are subject to some degree of sedimentation. The
consequences of this can be numerous such as, for example, reducing the lifespan of the reservoir
(Braga et al. 2019), affecting dam safety and promoting ecological impacts, since fine suspended
sediments represent an important source of adsorbed nutrients (Maavara et al. 2015), thus accelerating
the eutrophication process.

In the case of hydroelectric reservoirs, siltation is a serious problem that leads to a decrease in
the power generation capacity of the plants, since there is a change in the regularized flow. Thus, the
concessionaire’s revenue from the sale of electricity is reduced, which consequently will result in the
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reduction of the financial compensation that is paid to the States, Municipalities and Government
Agencies, revenue which is proportional to the electricity generation.

Considering the problems that can be caused by siltation, studies aiming to present
methodologies to predict sedimentation rates in reservoirs are essential. These studies are important
both in the design phase and throughout the reservoir operation, since it is necessary to estimate
when silting will start to interfere with the functions for which the reservoir was built. The economic
viability of a dam project may also depend on this silting estimation. Furthermore, both preventive
and corrective measures can be made in a more efficient manner, since as discussed by Adam et al.
(2015) and Schleiss et al. (2016), the study of sedimentation in reservoirs should be a priority for the
decades to come.

It turns out those estimating sediments accumulation is a difficult task because the processes
involved - erosion, transport, deposition and consolidation - are complex and can occur
simultaneously. In addition, the factors that interfere in the process are subject to great temporal
variability, which is difficult to control (Kuria & Vogel 2015). They are also subject to various
uncertainties such as those related to the model, which usually stems from an incomplete
understanding of the system being modeled, as well as uncertainties related to the data.

In order to obtain reliable results, representative and consistent local data are also necessary.
However, this data is rarely available, since the density of sedimentometric stations is reduced,
long-term sampling in places of interest is uncommon and there is often no public access to the
data. In addition, in the existing station, only measurements of the concentration of suspended solid
are made, without determining the total solid discharge and granulometry data. For this reason, many
sedimentological studies in the country are hampered.

Thus, estimating the silting process only from a deterministic point of view, as it is currently done,
causes all uncertainties associated with the process to be neglected. This can lead to erroneous results
of silted heights, since a deterministic model provides a single siltation result for the analyzed period.
Thus, using only deterministic modeling in reservoir projects can overestimate the structure lifespan,
as noted by some authors.

Thakkar & Bhattacharyya (2006) pointed that 14 out of the 27 reservoirs studied in India present an
annual siltation rate higher than the foreseen in the viability studies. The authors argue that a reason
for this to occur is the deficiency and limitation of the data used, so that there is great uncertainty
in the siltation forecasting studies, and that this can lead to serious management problems in water
and energy security. For the other 13 reservoirs, there was no comparison between the annual silting
rate and the project rate, as the authors did not obtain the project data.

Ribeiro & Salomao (2001) cited that the Small Hydroelectric Plant (SHP) Casca | was deactivated
earlier than expected and the Hydroelectric Power Plants (HPP) Casca Il and Casca lll had reduced
generation compared to the project due to the high sediment concentration in its reservoirs. Another
case that presented early siltation problems was the Itiquira HPP, in which the reservoir lifespan was
reduced by seven years, due to silting (Carvalho et al. 2000).

Miranda (2011) carried out simulations of the regularization capacity of the Trés Irmaos HPP
reservoir after its siltation. He verified that during the dry season the reservoir could not fully meet
its project demands, failing to generate an average of 377 MWh per month during the 15 years of the
studied period.
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In view of the above, it can be noted that stochastic modeling is a promising tool for estimating
siltation in reservoirs, since it considers the uncertainties involved in the process. In addition, when
using this approach, the final products of the simulation are thousands of siltation scenarios. Thus,
the statistics of the deposited sediments in the reservoir over time can be determined, such as: the
median; the standard deviation; and the probability of a cross-section and/or longitudinal profile have
bigger or smaller silted height.

Therefore, the study of silting must be approached not only in a deterministic way, but also in a
stochastic one, as proposed by Guo et al. (2018), Shrestha et al. (2016), Schleiss et al. (2016), Estigoni
(2016), Camara et al. (2016), Adam et al. (2015), Oh et al. (2015). Hager (2018), in his state of the art,
also states that, despite the countless works already carried out in the area, the study on the best
methodology to be used in estimating siltation remains important.

However, it is noteworthy that none of the cited works developed what is proposed here. One
originality of this paper consists in the fact that it has coupled a deterministic model widely used in
the hydraulic area, which is HEC-RAS, to a stochastic model. The latter was developed in the software
R (widely used in Statistics), so that thousands of silting simulations could be automatically carried
out.

Another originality of this paper was to validate the stochastic method developed from the
siltation data obtained in a reduced model of a SHP. The use of this physical model allowed for
greater precision in the use of hydrosedimentological data and the simulation of silting scenarios.
Furthermore, it facilitated the inspection of the siltation process during the analyzed periods.

Therefore, this paper's main contribution is to associate three types of siltation modeling:
stochastic, deterministic and physical. Thus, the objective of this paper was to promote the coupling
of a stochastic model to a deterministic one, in order to develop a method for stochastic estimation
of silting in reservoirs. Furthermore, the stochastic method performance was evaluated in order to
observe whether the silting results obtained from the numerical stochastic simulations covered the
real scenario observed in the reduced model.

MATERIALS AND METHODS

Overall presentation of the methodology

To carry out this work, the hydrosedimentological and topographic data were used. The data is from
a SHP, which was built in 1956 and is currently inoperative, since its reservoir is intensely silted. This
SHP was chosen because there was a reduced model of its reservoir, and the results obtained in this
physical model were used to validate the developed stochastic method. The methodology is divided
into three parts, as shown in Figure 1, namely: (i) stochastic modeling; (ii) coupling the stochastic to
the deterministic model; and (iii) physical modeling. These steps are interconnected to achieve the
objective of developing a stochastic method, which aims at estimating siltation in water reservoirs
and the probability of its occurrence.
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Figure 1. Methodology flowchart.

Stochastic modeling

Obtaining hydrosedimentological data

The water and sediment related parameters are essential to the study of siltation. To stochastically
simulate the hydrosedimentological data, the following parameters were considered of interest: (i)
average annual flow affluent to the reservoir, called annual flow (Q); and (ii) average annual total solid
discharge (Qs7). These parameters were considered stochastic, as they have space-time variability
in addition to uncertainties in their values, due to their measurement methods and other factors.
Other parameters could be considered stochastic, such as the sediment specific weight, the Manning
roughness coefficient and the sediment particle size. However, they were not stochastically simulated,
because in the reduced model, also used in this work, their variation was not possible.

In order to determine the two stochastic parameters, the SHP administration granted access to
the data on daily flows and total solid discharges from measurement campaigns. With the historical
series in hand, the data was preliminarily analyzed in order to observe inconsistencies and/or
discontinuities. Subsequently, from the daily flows, the “Q" of each hydrological year was obtained. The
hydrological year was considered between October of one year and September of the following year,
based on the observation of the historical series. The second stochastic parameter, “Qs;”, was obtained
from the SHP sediment rating curve. From the hydraulic similarity, the SHP data was converted to the
scale of the reduced model. The “Q" are shown in Figure 2 and the “Qs;", represented in the sediment
rating curve, are in Figure 3.
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Figure 2. Annual flow series of the reduced model of Figure 3. Sediment rating curve of the reduced model of
the SHP. the SHP.

Stochastic generation of synthetic series of hydrosedimentological data

As shown previously, the parameters considered stochastic in this work were: affluent annual flow (Q)
and average annual total solid discharge (Qs7). First, the “Q” synthetic series were generated and, from
them, the “Qq;” series were generated.

For many environmental processes it is likely that the state at a given time is correlated with
the state at earlier times. These processes are referred to as autoregressive processes, AR. In an
autoregressive process, the present value of the time series is expressed linearly in terms of the
past values of the series and the random perturbation occurring at an instant. Thus, the “Q" synthetic
series were generated based on the SHP's historical series of flows and using the AR(1) autoregressive

stochastic model, presented in Equation 1. Box and Jenkins (1970) popularized the use of this type of
model.

Qt :6+¢<Qt71 —5)+O'X€t|‘ 1 _¢% (1)

Where,

Q; is the annual flow for the time t of interest, in “m3/s”;

Q is the average of the observed data of the temporal series of the SHP's flows, in “m3/s”;

¢ is the lag 1 autocorrelation coefficient of the temporal series of the SHP’s flows;

o, is the standard deviation of the temporal series of the SHP's flows;

€ is the randomness component generated from the Normal distribution N(0;). It is the stochastic
component of the AR(1) model. According to Chatfield (2000), it is a stationary, independent (no
autocorrelation), normally distributed (white noise) random variable.

According to Chatfield (2000), one of the premises for using the AR(1) stochastic model is that
data need to be stationary. For this reason, the stationarity of the “Q" series of the SHP was verified
using Spearman’s nonparametric test, as recommended in Naghettini & Pinto (2007). The test was
applied using the statistical software R, at a significance level of 5%. As each statistical test has its
power, that is, it may not reject the null hypothesis if it is false, in order to reinforce the Spearman
test response, the stationarity of the “Q” data was also tested by the Mann-Kendall test, presented in
Naghettini & Pinto (2007). For this, the Trend software was used, at a significance level of 5%.
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Another premise that was observed for the use of the AR(1) model is whether the data followed a
normal distribution. Thus, in possession of the “Q” series of the SHP, in the statistical software R, the
Shapiro-Wilk test was applied, at a significance level of 5%.

Observing Equation 1, it can be noted that the parameters of the stochastic model are the mean,
the standard deviation and the lag 1 autocorrelation coefficient of the “Q” series. These parameters
were obtained in the R software, and to verify the autocorrelations of the data, a correlogram was
constructed, from which the value of the lag 1 autocorrelation coefficient was obtained.

After the premises of the stochastic model were tested and its parameters obtained, 1000
synthetic series of “Q" were generated in R, starting from Equation 1. For these series, their statistics
were verified (mean, variance and lag 1 autocorrelation). These values were compared to the “Q”
historical series of the SHP, in order to verify if the AR(1) model adjusted well to the original data. It is
noteworthy that 1000 series were generated, because for that quantity the statistics of the generated
data converged to those of the original series, as will be presented in the Results item.

Another analysis performed to observe the adjustment of the AR(1) model to the data was based
on the residues (e;) of the synthetic series. For this, Equation 2 was used in the R software.

& =X —Y; (2)

Where,
X; is the flow value of the synthetic series in the year t;
Y, is the value corresponding to the same year in the original series.

For each “Q" generated by the AR(1) model, the respective “Q¢” value was generated, using the
sediment rating curve (Figure 3). However, as the stochastic parameters have a degree of uncertainty
and randomness, it was not admitted that the relation between them was univocal. Thus, each “Qg;”
value was generated from a Normal distribution, which average was equal to the total solid discharge
found by the regression equation, for a value of “Q”, and the standard deviation was fixed and equal
to the standard deviation value of the regression residues, which is 0.006 t/d. For example, using the
AR(1) stochastic model, a “Q” of 0.0064 m3/s was generated.

When entering this value in the sediment rating curve equation (Figure 3), a total solid discharge
of, approximately, 0.74 t/d was found. In the R software, a “Qs;” was randomly generated, following a
Normal distribution, which average was 0.74 t/d and the standard deviation was 0.006 t/d. Thus, for
each annual flow generated stochastically, the respective “Q¢;” was drawn. Thus, as 1000 synthetic
“Q" series were generated, 1000 “Qq;” Series were also generated.

However, Teixeira et al. (2020) observed, in the same reduced model used for this article, that
annual flows (Q) did not move the sediment. Thus, Teixeira et al. (2020) proposed that the flow
responsible for causing siltation in the SHP, for the period from 2013 to 2017, were the average of
the waves that contained the maximum flows (Q,,). Thereby, it was necessary to generate synthetic
series of “Quu"

For the historical series of the SHP's daily flows, all average flows of the flood waves (Qy,,) were
stipulated. The values of "Q,,y" were divided by "Q" that is, it was observed how much the average
of the flood waves were higher than the annual flows. Figure 4 shows the relation between the “Q”,
already converted to the reduced model, and the Q,,/Q ratio, which is called K.
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Figure 4. Relation between annual flows (Q) and K values, referring to the physical model.

From Figure 4, it can be noted that the relation between these variables is random. Then, to obtain
the “Quy” from the “Q” that was generated stochastically, the following procedure was used: the “Q”
was generated from the AR(1) model; they were then multiplied by “K” values, where “K” was randomly
obtained from a Normal distribution, of which mean and standard deviation refer to the values in
Figure 4.

It is noteworthy that, in R, the Shapiro-Wilk test was applied to the “K” values series, at the level
of significance of 5%, to identify whether they followed the normal distribution of probably, which was
confirmed by test. The following tests presented in Naghettini & Pinto (2007) were also applied at 5%
significance: the number of inflections test proposed by NERC, to verify the randomness of the data;
the independence test recommended by Wald and Wolfowitz; the Mann and Whitney homogeneity
test; and the Spearman test for stationarity.

Summarizing this stage of the work:

m After verifying the premises of the AR(1) model, 1000 series containing the annual flows (Q) were
generated;

m To generate the 1000 series of the average flows of the maximum periods (Qu,), all the
“Q" generated were multiplied by “K” values, which were generated randomly from a Normal
distribution;

m From the 1000 series of “Q" and in possession of the sediment rating curve, the total solid
discharge values were generated, which served as parameters for the Normal distribution, and
from this distribution the series of total solid discharges (Q<r) were generated referring to the
“Q" series.

At the end of the stochastic generation, the 1000 series of average flows of the maximum flow
period (Quu); 1000 series of annual flows (Q); and equal number of series of total solid discharges
(Qsr) were generated. All series values were converted to the reduced model. The series had values
for the period comprehended between 1967 and 2017.
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Deterministic modeling coupled with stochastic modeling

”oou ? ?

The stochastically generated series of “Q", “Quy” and “Qs;", were introduced in a deterministic
mathematical model, which has hydrodynamic and sediment transport equations. The HEC-RAS 5.0.3
software was used in this work due to its consolidated application in this area, as can be seen in the
works of Teixeira et al. (2020) and Gibson et al. (2017).

The HEC-RAS software solves the hydraulic equations in steady state. However, it allows you to
discretize the input hydrograph in time intervals as small as you want to define. Thus, the waterline and
sediment transport calculations in a transient regime can be considered as almost non-permanent.
When starting the mathematical modeling, the software performs the waterline calculation through
energy conservation equations. They are solved by the standard step method. The pressure drop is
calculated by the Manning’s equation. The basis for simulating the vertical movement of the bed is
the sediment continuity equation — Exner’s equation. The program solves the equation by the finite
difference method.

When working with mathematical models, it is necessary to choose the most suitable formulation
for the transport of the solid carrier material and the bed. According to USACE (2016), the equations
incorporated by the HEC-RAS software are: Ackers & White (1973), Engelund & Hansen (1967), Laursen
(1958), Meyer-Peter & Muller (1948) , Toffaleti (1968), Yang (1973, 1984) and Wilcock & Crowe (2003). All
these formulations can be found in the program manual. The equation used in this research was that
of Wilcock & Crowe (2003). It was the one that best adjusted to the hydrosedimentological data used.

The HEC-RAS controller automatically read and input into HEC-RAS 5.0.3 the 1st series containing
“Q", the 1st series of “Qyuy" and the 1st series with “Qq;". After inserting these data, the first siltation
result for the reduced model of the SHP reservoir was generated in HEC-RAS 5.0.3. The controller
performed this procedure another 999 times, since 1000 series were generated for each stochastic
parameter. Thus, in the end, for the period from 1967 to 2017, 1000 silting results were obtained for
the reduced model of the reservoir.

As will be explained in the Physical Modeling topic, for the reduced model of the SHP, siltation
was known for two periods: 2008 to 2012 and 2013 to 2017. It happens that HEC-RAS allows silting
to be observed for periods. Thus, 1000 results were simulated for the period 1967 to 2017, but with
the HEC-RAS controller, only the results for 2008 to 2012 and those for 2013 to 2017 were extracted.
Therefore, each of the two periods had 1000 silting results. For these results, its statistics were
determined, such as: the mean, median, standard deviation and the probabilities of certain siltation
heights to occur along the reduced model of the SHP reservoir.

Physical modeling

The reduced model used in this research was built to study the silting of the SHP, which is the area
of study of this paper. More details on the reduced model can be found in Carvalho et al. (2014).
The authors stated that the hydraulic similarity principles were used to dimension the model. These
principles involve obtaining similarities in dynamic, geometric and kinematic scales. The equations
used in the design of the model can be obtained from Julien (2002). In Table |, Obtained in Teixeira et
al. (2020), shows some scales of the reduced model.
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Table I. Proposed scales in the design of the reduced SHP model. Table II. Data used to simulate the
siltation occurred between 2008
Quantities Scale | RealValue | Model Value and 2012.
Length . 1200 m 121 m
g 993 Year | Quu (m3/h) | Qg (t/d)
Width . oom 6.0 m
dt 993 6 2008 34.5 0.017
Depth 25.0 om 1.2m
P 2 3 2009 381 0.026
Grain Diameter 0.4 0.45 mm 113 mm 5010 331 0.037
Time 2,483 5 years 17.6 h 5011 329 0.016
Froude Number 1 - -
2012 33.5 0.031h
Reynolds Number 125 - -
Sedimentation rate 25 79 cm/s 31cm/s
Sediments Density 15.8 2.65 1m

Teixeira et al. (2020) evaluated the efficiency of the same reduced model used in this work. The
authors concluded that this model was able to simulate the siltation between 2013 and 2017 at the
SHP. In addition, these authors proposed a silting simulation methodology in physical models.

Using the hydrosedimentological data of the SHP, the methodology proposed by Teixeira et al.
(2020) was applied and the siltation simulated in the reduced model of the SHP, for the period of
2008 to 2012. The procedure developed by Teixeira et al. (2020) suggested the use of the average flow
rates of the maximum periods (Q,) and the total annual solid discharges (Qs;). Each “Q" and “Qs;”
pair should flow for 30 minutes, for each year. Thus, the total flow time was 2.5 h, for the simulation
of silting in the five-year interval (2008 to 2012). Table Il show the values used in the operational
procedure.

All the procedure details for the physical simulation of silting can be found in Teixeira et al. (2020),
and will not be presented here, as the assessment of physical modeling is not part of the objective of
this article.

At the end of 2.5 h, the deposit measurement was made with the aid of a photoelectric sensor.
To compose the longitudinal profile of the silting, the measurement was made at the cross sections
point with the lowest level, which is the same procedure used by HEC-RAS 5.0.3. The silting result for
the period of 2008 to 2012, obtained in this work, and the silting that occurred between 2013 and 2017,
obtained by Teixeira et al. (2020), was compared with the silting obtained via stochastic simulation,
to validate the developed stochastic method that was described previously.

Methodology summary

Initially, the series of average annual flows (Q) and total annual solid discharges (Qs7) for the SHP
were obtained, and these series were converted to the reduced model, using hydraulic similarity
scales. Subsequently, using the AR(1) stochastic model, 1000 synthetic series of “Q” for the period
comprehended of 1967 to 2017 were generated. From these series, 1000 series containing the average
flows of the maximum periods (Qy,,) and 1000 series of “Qs;” were generated.
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All the “Q" “Quu" and “Q¢;” synthetic series were automatically input, one at a time, into HEC-RAS
5.0.3, which simulated siltation in the SHP reduced model. At the end, 1000 results of silting for the
period between 1967 and 2017 were obtained, being that 1000 results were extracted for the period
2008 to 2012 and another 1000 for the period 2013 to 2017.

Aiming at validating the developed stochastic method, the statistics of the siltation results
obtained via the stochastic method were compared with the siltation results observed in the SHP
reduced model. It is noteworthy that in the physical model the result was available for two periods:
2008 to 2012, which was obtained by the authors of this article, and the period from 2013 to 2017,
obtained by Teixeira et al. (2020).

RESULTS AND DISCUSSION

Stochastic modeling: Generation of synthetic series of hydrosedimentological data

The AR(7) stochastic model premises were tested before the model was used. One of them is that the
series of data should be stationary. When applying the Spearman and Mann-Kendall non-parametric
tests, both at 5% of significance level, it was found that in the historical series of annual flows (Q)
there is no temporal trend. Another premise is that the data should follow a Normal distribution.
Based on the Shapiro-Wilk test, at 5% of significance level, it was obtained that the sample comes
from a Normal population.

In order to verify the “Q” series autocorrelations of the SHP, its correlogram (Figure 5) and its partial
autocorrelation function (PACF) were made (Figure 6). The result showed a significant autocorrelation
of approximately 0.35 for Lag 1, which is the only significant correlation, according to the confidence
interval (dashed blue line in Figure 5). According to Chatfield (2000), in the case of AR models, if
the series is stationary the correlogram quickly falls to the autocorrelation limits equal to zero, as
occurred. In the PACF graph (Figure 6) there is a significant correlation in Lag 1 followed by correlations
that are not significant. According to Chatfield (2000), this pattern indicates an autoregressive model
of order 1.

Since the premises of stationarity and normality were met, 1000 synthetic “Q" series of the SHP
were generated following the process presented in Equation 1, which guarantees through its random
term, that all series are different. In possession of the synthetic series, its main statistics were analyzed
in order to compare them to those of the original series. The results are shown in Table Ill, and for
the synthetic series they are resultant of all 1000 series.

Table lll. Main statistical parameters of the original and the synthetic series.

Parameter Original Synthetic series

series Lower limit | Average = Upper limit

Flow (m3/s) 40.68 37.30 40.67 44,01
Standard deviation (m3/s) 13415 10.78 12.98 14.87
Autocorrelation 0.35 -0.01 0.30 0.45
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Figure 5. Annual flows correlogram of the Salto do Figure 6. Partial autocorrelation function of the annual
Paraopeba SHP (1967 to 2017). flows of the SHP (1967 to 2017).

As seen in Table Ill, there was little average variation between the historical series and the
statistical parameters of the synthetic series, which suggests that the average of the generated data in
relation to each analyzed item can be considered constant. The autocorrelation variation was greater,
which is due to the random portion of the AR(1) model. However, the 0.30 autocorrelation of the
synthetic series remains significant, since it is still above the 0.28 limit (verified limit so that the
autocorrelation is significant - Figure 5).

The average and the autocorrelation of the residues (et) of the 1000 synthetic series were also
analyzed. The results are shown in Table IV. The “Q” residues of the synthetic series, with an average
value of almost zero, indicate that the AR(1) model adjusted well to the data, according to Chatfield
(2000), disregarding the dimension of its values.

Table IV. Main statistical parameters of
the synthetic series residues.

Parameter €
Flow (m3/s) -0.006
Autocorrelation 0.319

Since it was verified that the AR(1) model adjusted well to the data, each “Q” value of the
1000 series generated for the SHP was multiplied by the “K” factor, which was obtained randomly
from a Normal distribution, as explained in the methodology . This was necessary to convert the
annual flows (Q) to average flows of the maximum periods (Q,), since it is these flows that causes
sediment transport in the SHP reservoir, as observed by Teixeira et al. (2020). It should be noted
that the statistical tests applied, at 5% significance, showed that the data set containing the “K” factor
(Figure 4) is homogeneous, independent, random and stationary. Although they do not cause sediment
transport, the “Q” were useful to generate the total solid discharges (Qsr), which provided the amount
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of sediment accumulated in the reduced model close to that of the prototype. Thus, at the end of the
stochastic generation, 1000 series containing the average flows of the maximum periods (Qyy), 1000
containing the annual flows (Q) and another 1000 with the total solid discharges (Qs;) referring to the
annual flows were obtained.

Physical modeling of the siltation

In order to validate the developed stochastic method, the siltation period (2008 to 2012) was simulated
in the reduced model. The entire simulation procedure was carried out according to Teixeira et al.
(2020). The silting of the period in question is shown in Figure 7, while the longitudinal profile of this
silting is shown in Figure 8.

Figure 7. Siltation obtained
in the reduced model of the
SHP, for the period between
2008 and 2012.

w_n

It can be observed from Figure 7 that siltation took place between sections “1” and “11”. However,
in this last section, the sediment layer was very thin and that layer was not at the measurement
site, which was the lowest point of the cross section. Therefore, it can be seen in Figure 8 that the

measured sediment deposits occurred in the last ten cross sections (sections “1” to “10”), as well as in
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Figure 8. Longitudinal profile
of the siltation observed in
the reduced model, for the
years 2008 and 2012.

the 2013-2017 period, observed by Teixeira et al. (2020). Moran et al. (2013) also obtained good silting
results using physical models.

Siltation obtained via the stochastic method: Coupling the deterministic and stochastic models

Figure 9 presents the dispersion of the results of the 1000 simulations of silting, in which the central
lines in the rectangles represent the median value of siltation, whereas the lower and upper limits in
each rectangle represent, respectively, the 1st and 3rd quartiles. The 1st quartile refers to 25% and the
3rd one refers to 75%. The siltation values correspond to the elevations in relation to the bottom of
each cross section. Also shown is the siltation of the reservoir in the reduced model in the year 2017.
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Figure 9. Result of the stochastic simulation for siltation occurred between 2013 and 2017, in the 21 cross sections,
and the bathymetry of 2013 and 2017.
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Figure 9 shows that the stochastic method represented well the sections where silting occurred.
Like the bathymetry of 2017, siltation via stochastic simulation only occurred between the first nine
cross sections (“s1” to “s9”). Guo et al. (2018), Shrestha et al. (2016), Schleiss et al. (2016), Estigoni
(2016), Adam et al. (2015), Oh et al. (2015) also obtained good results when using a stochastic model
to simulate sediment transport.

Also according to Figure 9, for 1000 different combinations of the “Q", “Qyuy" and “Qs;” series,
for the period comprehended between 2013 and 2017, the probability of siltation occurring between
sections “s10” and "S21” is practically null. This corroborates Teixeira et al. (2020), who observed, using
the same reduced model as this article, that there was no silting in the sections of the reservoir
entrance (sections “10” to “21”). It can also be seen in Figure 9 that the real siltation observed in the
reduced model (green line in Figure 9) has always been between the upper and lower limits of the
stochastic simulation, being restricted between the 1st and 3rd quartiles, for all nine sections where
siltation occurred. In almost all sections, except for section “2” (s2), the sediment height presented
in the reduced model for 2017 was between the median siltation and that of the 3rd probability
quartile. This indicates that the real siltation was between 50 and 75% of the highest values simulated
stochastically.

With the stochastic simulation it is possible to estimate the probability of a certain silting height
in a cross section occur, taking into account the uncertainties and the variability of the factors that
interfere in this phenomenon. Thus, it can improve decision-making in reservoirs projects and promote
their operation within safety margins, so that when the chances of certain levels of siltation occurring
are known, the operation of the reservoir will not be compromised and/or even unviable.

For example, the stochastic simulation result of siltation in reservoirs can assist in a better
dimensioning of its dead volume and also in choosing the level of its water intake. Supposing that
the water intake of the SHP reservoir was positioned in the same vertical plane as cross section “1”
(s1) and its sill was at the 010 m elevation (median value in that section, reduced model scale), in
50% of the simulations, that is, in 500 different combinations of flows and total solid discharges,
the siltation would reach a higher level than 010 m, so that the water intake would be silted in this
scenario. Obviously, for the same elevation assumed, in the other 500 simulations, the water intake
would not be affected by the sediment. With that, it is up for the designers to decide the elevation
of the hydraulic structures, but the stochastic simulation can help them, since it presents the risks
of the structure being silted, which are associated with their decision. It should be noted that the
SHP used in this article had its operations paralyzed exactly due to the siltation of its water intake.
This structure was positioned between sections “2” and “3", sections which could have greater silted
height, as shown by the stochastic model. That said, if the SHP project had used a stochastic method
to simulate silting in its reservoir, the designer could have decided to position the water intake in
another location, thus increasing the reservoir lifespan.

According to Figure 9, in sections “2” and “3” there were the largest dispersions of silting results.
During the 1000 simulations, different flows and total solid discharges were used in each simulation.
However, they were the same values for all sections, that is, for example, the flow in section “1”
was obviously the same as in section “21”. The sediment granulometry was also the same for all
cross sections. The only two different physical parameters between the sections were the Manning
roughness coefficient and the section geometry. However, the variation of the roughness coefficient

An Acad Bras Cienc (2022) 94(Suppl. 3) €20211573 14 | 20



EMMANUEL K.C. TEIXEIRA et al. STOCHASTIC SIMULATION OF SILTING

cannot explain the high dispersion of the results in these two sections, since the calibrated Manning
values are different, but very close. For example, the dispersion of results in section “3” is much greater
thanin “4" but the Manning coefficients are very close: while section “3” has the value of 0.0352, section
“4" has the value of 0.0357. Thus, the main reason for the high standard deviations in sections “2” and

“3" is the geometry of these sections.

To confirm the previous statement, the hydraulic radiuses of the 21 cross sections are considered,
and this parameter is affected by the geometry of the section and its water level. However, it was not
possible to observe this parameter for the 1000 stochastic simulations, since the HEC-RAS controller
did not allow this, as described in Dysarz (2018) and Leon & Goodell (2016). Thus, in HEC-RAS, the
hydraulic radii of the 21 cross sections were obtained, for a silting simulation carried out with the
daily flows of the historical series of the SHP, the simulated period being between 2013 and 2017.
Since the simulation was done with daily flows for five years, 1825 flows were used, and consequently
the same number of hydraulic radii was obtained, which are shown in Figure 10.
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Figure 10. Hydraulic radii of the 21 cross sections, obtained from the daily flows between 2013 and 2017 (values
converted to the reduced model).

It can be seen in Figure 10 that the dispersion of the hydraulic radii is similar to the siltation
obtained through the stochastic simulation. Sections “2” and “3” presented the largest dispersions
of hydraulic radii (Figure 10) and silting (Figure 9). Thus, it is observed that small variations in flow

un

values, and consequently in water levels, caused large variations in the hydraulic radii of sections “2
and “3” due to their geometries. Once the hydraulic radius varies, the shear stress and the capacity
of sediment transport will also vary. In addition, it was observed in the reduced model that between
these sections there was a vortex and resuspension of sediments, which contributed to the variation
of the hydraulic radius. Alhasan et al. (2016) and Moran et al. (2013) also observed resuspension of

sediments in a reduced model.
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The simulations for the period comprehended between 2008 and 2012 were carried out in order
to validate the developed stochastic method, and the dispersion of the results is shown in Figure 11. In
the figure, the silted height shown was measured in relation to the lowest point of each cross section
in the reduced model. The red line represents the siltation simulated in HEC-RAS, using the daily flow
values and the sediment rating curve of the historical series of the SHP, for the period 2008-2012.
Figure 11 also shows the median for each section, which is represented by the central line in each
rectangle. The lower and upper limits of the rectangles represent, respectively, the 1st and the 3rd
probability quartiles.
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Figure 11. Result of the stochastic simulation, simulated in HEC-RAS and in the reduced model, for the siltation
occurred between 2008 and 2013, in the 21 cross sections.

It can be seen in Figure 11 that the stochastic simulation indicated the tendency for the siltation
not to occur between sections “10” and “21” (s10 to s21), which was also observed in the reduced model.
Between sections “1” and “9” (s11to s9), the silting obtained in the physical model was always between
the maximum and minimum extremes of the 1000 simulations. This indicates that the stochastic
simulation, by allowing the simulation of 1000 different combinations of hydrosedimentological data,
covered the scenario that occurred. Thus, the stochastic simulation covered the combination of flows
and total solid discharges used in the reduced model and it can also be observed that the developed
stochastic method was valid for another period, in addition to the previous one used for its calibration
(2013-2017).

When data from the historical series in the 2008-2012 period were used to deterministically
simulate siltation in HEC-RAS, the result obtained (light red line in Figure 11), compared to what
occurred in the physical model (green line), indicated that there was no silting between sections
“10" and “21" as it actually occurred. However, siltation was underestimated in sections “1”, “5” “6” and

9" and overestimated in “2” “3” and “7". In sections “4" and “8", the deterministic result of HEC-RAS
showed that there was erosion, which in reality did not occur. Thus, it is clear that the siltation which
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was simulated in HEC-RAS was not what occurred in the reduced model in any of the sections where
there was silted sediments (sections “1” to “9").

With that, it is clear the contribution that the stochastic simulation can offer to reservoir projects,
since today’s decisions are made based on deterministic models such as HEC-RAS, which, by providing
only one result can underestimate or overestimate siltation, or even erode the reservoir bed. In a
scenario of 1000 stochastic simulations, the siltation that occurred will be covered. In addition, from
Figure 11, it can be seen that the real siltation has always been between the 1st and 3rd probability
quartiles, a fact that represents another aid to the reservoir designer. That is, it is not possible to
exactly predict silting since it is a complex phenomenon, variable in time and space, with parameters
that present uncertainties in their values and require estimates for future scenarios. However, its
probabilities of occurrence can be found in the cross sections of interest, with the variability of the
results in the 1000 simulations indicating the places of greatest problem in predicting siltation, which
induces the designer to be more conservative when positioning of some structures.

In this paper, thousands of synthetic series of "Q" and "Qs;” were generated for the period 1967
to 2017. In HEC-RAS, all series were entered and thousands of silting results were generated for the
period. However, only the results that occurred between 2008-2012 and 2013-2017 were extracted from
the software, as these are the intervals in which the bathymetry was known. Other periods could be
extracted from the results. Thus, the model allows simulating the designer’s period of interest. From
this, temporal patterns in silting can be observed. In addition, only the silting profile was extracted
from the HEC-RAS.

As thousands of simulations were performed on HEC-RAS, the results were automatically
extracted. For this, the HEC-RAS controller used only allowed the extraction of the silted profile.
However, the HEC-RAS presents other results. For example, it is possible to obtain, simultaneously,
the variation of flow and silting over time. Thus, through the stochastic model developed in this
research it is possible to model realistic sediment hysteresis patterns. In other words, it is possible to
observe that the sediment temporal evolution is not necessarily directly proportional to the flow rate
simultaneously observed. However, for this observation to be carried out, the HEC-RAS controller must
be adapted so that other results, in addition to the silted profile, can be extracted from the software.

The method developed did not assess the impact of climate change on silting. However, the
software used in the simulations (HEC-RAS) allows varying the water temperature and observing how
this variation impacts the silting. Thus, this can be carried out in future research.

In addition, another research possibility is the combination of the stochastic model and a
support vector machine models (SVM). SVM has been used to predict sediment concentration (Cimen
2008), sediment transport (Ebtehaj & Bonakdari 2016, Shafaghat & Dezvareh 2021) and sediment rate
(Shafaghat & Dezvareh 2020). However, predictions were spot-on. That is, the authors cited did not
use the SVM to estimate silting in longitudinal profiles and cross-sections. Thus, a research possibility
is to use the SVM as a tool to estimate silting. In this case, the model's input variables would be
stochastically generated. In this way, it would be possible to obtain thousands of results and the
probability of silting to occur.
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CONCLUSION

Throughout this work, the fundamentals that guided the development of this research were presented,
which aimed to present a stochastic method for estimating siltation in reservoirs. Based on the
obtained results, the following can be stated:

m The stochastic model AR(1) for generating annual flows (Q) for the SHP adjusted well to the
data, which proved to be stationary and follow a normal distribution. Total solid discharges
were obtained from the flows generated by the AR(1) model. Thus, there was the generation of
thousands of synthetic series containing the data of the two hydrosedimentological parameters
which were considered stochastic;

m 1000 stochastic simulations of siltation were carried out, and this quantity was necessary, since
fewer simulations did not promote the convergence of results in all cross sections. In addition,
the geometry influenced the siltation results of the stochastic simulation, since in sections “2”
and “3” in which the hydraulic radii suffered great variations, there was also greater dispersion

of the silted heights.

m From the stochastic simulation, for the cross sections of interest, it was possible to obtain:
dispersion, median, maximum, minimum and silting probability quartiles. Thus, it was observed
that the simulated siltation in the physical model in the two evaluated periods (2008-2012 and
2013-2017) were always between the 1st and 3rd probability quartiles of the results that were
generated stochastically. That is, the real siltation has always been greater than 25% of the results
generated via stochastic simulation and smaller than 75% of them. Hence it can be noted that the
stochastic result covered the scenario (flows and total solid discharges) that actually occurred.

Therefore, even if itis not possible to determine the exact siltation that occurs in a certain period in any
cross section, the stochastic simulation indicates the probability of certain silting height occurring.
In addition, stochastic simulation allows the uncertainties and variability of factors that interfere
with silted sediment to be taken into consideration. The variability of the results in the simulations
indicates the points of greatest problem in predicting siltation, inducing the reservoir designer to be
more conservative in the positioning of some structures. With this, it will be possible to design and
operate a reservoir within safety margins, knowing the chances of certain levels of siltation occurring.
In addition, it will be possible to know the sections that are most likely to be silted, so that preventive
and corrective measures, such as dredging, can be better planned and executed.

In this research, the results of silting occurred in a reduced model were used to validate the
proposed stochastic model. The great advantage of physical modeling is the possibility of reproducing,
in the laboratory, complex flows that occur in prototypes. However, the main limitation regarding the
use of these models is the effects of the scales used to achieve the hydraulic similarity between the
prototype and the model. In the reduced model used in this research, it was not possible to obtain
similarity between the Froude and Reynolds number scales. In this case, the Reynolds number scale
was not obeyed. Thus, it is recommended that those who are going to reproduce this article in other
areas of study, that the relaxation in the scales be thoroughly studied, so that the model represents
the reality of the prototype.

In future research, it is also recommended to use support vector machine models (SVM) for the
stochastic simulation of silting.
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