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Abstract
The accumulation of sediments in reservoir is always a problem. Over time, these accumulations occupy the volume meant 

for water management, dramatically reducing the reservoir’s effectiveness. The environment of the river basin below the reservoir 
undergoes significant changes. In this regard, assessing changes in volumetric W-H characteristics, particularly in reservoirs built 
on high turbidity rivers, is critical. The Mataghis Reservoir on Tartar River was chosen as the object of study. The quantity of ac-
cumulated sediments was established by original measurements and was calculated in three hydrologic ways at distinct stages of  
operation. The actual graphs showing the reservoir’s W-H volumetric characteristics were made two decades after commissioning 
and are still in use. According to the findings, over 70 per cent of the reservoir volume has been filled with sediments over the course 
of the reservoir’s thirty-year operation. A theoretical model of the sediment buildup process in basins has been created. Separate pa-
rameters have been created for the deposition of bottom sediments entering the reservoir and suspended particles in the flow. Based 
on them, the patterns of distribution of accumulated sediments according to the length and height of the reservoir were drawn out. The 
vertical pulsation velocity and the results of studies for determining the minimum rate of soil particle flow were used. To solve sedi-
mentation problems in operating and newly constructed reservoirs, a methodology for evaluating changes in the amount of collected 
water and changes in the volume of water control, as well as a theoretical method for projecting their future behavior, can be applied.
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1. Introduction
Reservoir sedimentation, which is produced by the flow of water and silt into the reservoir, 

reduces the difference between the normal retention level and the bottom marks. As a result, the 
planned water volume is steadily decreasing. According to experience with reservoirs [1, 2], the ma-
jority of incoming sediments are accumulated at the beginning of the reservoir, occupying a useful 
volume. It is vital to have precise data on the water regime of the river that flows into the reservoir 
in order to appropriately assess the quantitative indicators of the accumulation. Many rivers and 
their tributaries in mountainous and foothill areas lack such information, or it is incomplete. Huge 
changes in flows are noticed in the minor and large tributaries feeding these rivers during the spring 
snowmelt or the periodic heavy rains. And the greatest flows are sometimes 200−250 times greater 
than the smallest outflows. If there is enough interconnected, flood-dependent soil in the river basin, 
such oscillations are documented in the size of the river outflow [3]. There were many instances 
where the amount of sediments produced during the floods that lasted several days was similar to the  
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total for the entire year [4]. Simultaneously, a somewhat poor sediments regime is found in a number 
of river basins with constant petrographic-lithological parameters. The volume of soil mass accumu-
lating in the reservoir, the pace of propagation, and the creation of the granular composition will all 
be influenced by the changing behavior of sediments. If possible, measures to eliminate accumula-
tions are conducted [5, 6]. In many instances, these measures resulted in very positive outcomes [7].

Regular measurements of river basin conditions are required to solve problems connected 
to the buildup or disposal of water in reservoirs [8]. The following are the major criteria that dis-
tinguish them: 

− river basin petrographic and lithological parameters;
− river fluid and sediments flows;
− grain size of soil in the flow;
− geometric quantities of the reservoir bowl;
− current water level during reservoir operation.
Due to natural and manmade forces, the river basin’s circumstances change throughout 

time. As a result of the multi-year assessments, the indicated baseline data can be considered ade-
quately credible.

Field study solves problems connected to the accumulation of sediments in the functioning 
reservoir with adequate accuracy [1, 4, 9]. These solutions, on the other hand, are keeping with the 
specific reservoir’s characteristics [10]. For reservoir operation, general forecasting methods may be 
provided, especially for newly built reservoirs. They should be able to find adequately acceptable 
solutions to the sedimentation problems for each reservoir. Based on studies with reservoir’s phy
sical models, several such techniques have been presented [7, 11]. However, flaws in the modeling 
of two-phase fluids, particularly, the one of sediments, limit the trustworthiness of these solutions 
greatly. The equation of the balance of inflows and outflows from the reservoir serves as the theore
tical foundation for the majority of the proposed methods [12]. This method provides good results in 
terms of accumulation volume and the amount of fine particles leaving the reservoir [13]. However, 
the lack of a description of the actual sediment accumulation makes it impossible to anticipate the 
form of volume of settled sediments, i.e. the growth of that volume along the reservoir’s length and 
height. There is also no distinction between the accumulation zones of suspended sediments enter-
ing the reservoir and accumulation of bottom sediments.

2. Materials and Methods
2. 1. The object of research and its formal description
The operational efficiency of many reservoirs around the world has greatly decreased due to 

rapid sedimentation. One of them is the Mataghis reservoir on the Tartar River, which is the subject 
of research.

The goal is to assess the current state of the volume of the operating reservoir, estimate 
future changes, and provide theoretical substantiations of water accumulation processes in water 
basins. The Mataghis Reservoir, which is situated on the Tartar River, has been chosen as the site 
for a quantitative study of reservoir volume loss owing to sediment deposit. In 1974, the Mataghis 
Reservoir on the Tartar River became operational. The reservoir has a maximum surface horizon 
of 416.7 meters, a dead volume horizon of 401.5 meters, a total volume of 5.56 million m3, and  
a useable capacity of 5.21 million m3. The earthen dam is 28 meters tall at its highest point. 

The Sarsang Reservoir, with a useable volume of 625 million m3 and a catchment area of 
2130 km2, was established in 1976 on the Tartar River, 20 m above the Mataghis Reservoir. To 
put it another way, the entire Tartar water flow has only inundated the Mataghis Reservoir for 
three years. Since 1976, the sediment flow that feeds the Mataghis Reservoir has only grown over 
a  330-square-kilometer area, with half of it falling to the Trghi Tributary and the other half to side 
inflows. It is worth noting that the reservoir was completely drained in 1993 due to a malfunction of 
the reservoir’s deep water bleeder valve, and streams from the drainage outlet were allowed to run 
freely until 2013. They flooded the Mataghis Reservoir and removed a large amount of sediment 
that had accumulated there (about 0.7 million m3). In Fig. 1, a flood gorge was opened in sediment 
accumulations, with the bottom in the area adjacent to the dam reached the river’s natural mark.
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Fig. 1. View of the flood gorge from the dam of the Mataghis Reservoir. A river bed formed  
in the accumulated sediments due to hydraulic flushing

The first studies of the sedimentation situation in the Mataghis Reservoir were conducted 
in 2012, but their results are reflected the appearance steadied at the end of 1993, because in the 
next two decades, except for the partial flooding of the accumulated sediments, there has been no 
other change [14].

According to the field’s research, turned out that as of 1993 sediment filled approxima
tely 3.5 million m3 of the reservoir’s total volume of 5.56 million m3. Given that the dead volume 
is just 0.35 million m3, the reservoir’s useable volume has been lowered from 5.21 million m3  
to 3.15 million m3.

According to studies, the total volume of accumulated sediments was formed by the follow-
ing sediment load flows:

1) flows from the Tartar River during three years before to the construction of the Sarsang 
Reservoir;

2) flows from the tributaries of the Sarsang-Mataghis river section after the operation of the 
Sarsang Reservoir; 

3) a small amount of accumulations occurred in the same river section due to the Tartar 
riverbed flood.

The hydrometric data of the river’s fluid and sediment flows, as well as the reservoir bowl’s 
design parameters, will be used to compile the Mataghis Reservoir sediments balance.

In 2020–2021, the reservoir’s next research was carried out [4]. As a result of the deve
lopment, the nature of the reservoir volume decline due to sedimentation for the whole period of 
operation was revealed.

2. 2. Methods of research
As a result of sediment accumulation the structure’s ability to regulate river waters is lost 

with time. In this case, estimating the degree of volume reduction and anticipating future changes 
is crucial, particularly for small to medium-sized reservoirs. There are no studies in the professio
nal literature that have determined the patterns of reduction in a reservoir’s volume. In the South 
Caucasus, the bulk of reservoirs are small to medium in size. As a result, the aforementioned issue 
is crucial for the countries of the South Caucasus.

The following information was used to calculate the volume of sediments accumulated at 
various periods of the Mataghis Reservoir’s operation:

− data of sediment load flow measured at the Tartar River’s «Mataghis» hydrometric station;
− estimated values of the same flow, which were derived by the existing link between river 

fluid and sediments [14] (the fluid flow values were obtained by measurements performed at the 
hydrometric station);

− the river basin flow module calculated the sediment load values.
To assess the volume of sediments collected in the reservoir, natural studies were conducted. 

The design and present state 2D and 3D models of the reservoir bowl were produced as a result 
of data processing, and the actual volume of sediments stored in the reservoir was determined.  
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The positive and negative aspects of the utilized hydrometric methodologies were evaluated as  
a result of a comparative examination of the volumes obtained from hydrological calculations.

The criteria for the installation of current-dependent sediments are defined by the theore
tical model that describes the accumulation process in the reservoir. The patterns of accumulation 
distribution according to the reservoir’s length and height were generated as a result of the solu-
tions, allowing the reservoir’s W = f(H) features to be specified at any stage of operation. Publi
cations in this approach are uncommon in reservoirs research [2, 13].

3. Results and discussion
3. 1. Evaluation of the Mataghis reservoir silt factors
New studies of the Mataghis Reservoir bowl were launched in 2020–2021 with the goal of 

determining changes in the sedimentation regime and the state of sediment accumulations in the 
reservoir over the previous decade, making predictions about their potential developments.

Based on the findings of geodetic measurements and calculations done in the first stage of 
the survey (2011−2012), the design graph of function W = f(H) between the Mataghis Reservoir 
capacity and the water depth there was reconstructed (Fig. 2).

These studies showed that during the first two decades of operation (1974–1993) the 
reservoir’s top surface of 3.5 million m3 sediments accumulation rose to the absolute level of  
411–411.5 m [4]. Using the obtained data, it was compiled in 1993. The actual schedule of the re
servoir bowl corresponding to the condition (Fig. 2), from which it appears that there were about 
2.1 million m3 left in the reservoir for regulation volume. For the next two decades, the reservoir 
was in a state of emptiness and the incoming flows were leaving in transit. During those years, the 
water current washed away about 700 thousand m3 accumulated in the reservoir sediments, open-
ing a rather large floodplain in the deposits (Fig. 1). That is why in 2012 the current water volume 
in the Mataghis Reservoir has grown by 0.7 million m3 and the W = f(H) characteristics of the 
bowl is somewhat different from that of 1993 (Fig. 3).

Fig. 2. W = f(H) function curves plotted by design data given in 1974 and data  
obtained after two decades in 1993

The initial volume of the reservoir (5.6 million m3 in 1974) decreased by 3.5 million m3 

due to silt formation during the 20 years of operation (2.1 million m3 in 1993) and decreased  
by 3.5 million m3.

In addition to the original research, hydrological methods were used to determine the 
amount of sediment accumulated each year from 1974 to 1993. The first technique relied on mea-
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surements taken at the «Mataghis» hydrometric station between 1949 and 1974 [15]. The station 
was submerged with water after commissioning of the Mataghis Reservoir and no more mea-
surements were taken. According to measurements, the river’s average annual flow of suspended 
sediment load was 13.9 kg/s. The sediments flow into the Mataghis Reservoir after construction 
in 1997 of the Sarsang Reservoir began its formation exclusively from the Sarsang-Mataghis River 
catchment region.

Fig. 3. W = f(H) function graphs of relation between water level in Mataghis Reservoir  
and its bowl volume according investigations carried out in 2011–2012 and 2020–2021

Compared to 1993, after partial flushing of accumulated sediments (Fig. 2), the volume of 
the reservoir increased in 2012, and by 2020 decreased because of silt formation.

As a result of the recalculation, the flow of the suspended sediments decreased from 13.9 kg/s 
to 1.9 kg/s. According to studies of Eastern Transcaucasian rivers [16], approximately 50 per cent 
of suspended particles are of a diameter smaller than 0.05 mm. In non-big reservoirs, they leave 
without being settled. The bottom sediments flow of the river is assumed to be equal to half the 
total flow of suspended particles as a result of the same studies. Taking into account the mentioned 
hydrometric data 1974–1993 the amount of sediments accumulated in the Mataghis Reservoir is 
m = 2.24 billion kg. The volume of this mass is 1.4 million m3 according to the below formula:

	 W
m

s
=

r
, 	 (1)

where ρs is the average density of the accumulated soil (1600 kg/m3).
The sediment flows were calculated by the below formula suggested for the specified region 

at that the second method was used [15]:

	 Qs = 0.72Q0.95,	 (2)

where Q is the flows, measured at «Mataghis» hydrometric station.
According to (1), the average multi-year flow of suspended sediment into the Mataghis Re

servoir was expected to be 13.4 kg/s until 1997, which is quite close to the actual amount (1.39 kg/s) 
measured at the same station. The volume of deposited sediments in the reservoir until is 1.35 mil-
lion m3 if this procedure is used.
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To determine the sediment flow, based on the river basin module for 330 km2 area in the 
Sarsang-Mataghis river section, the third calculation method was used. The volume of the bedded 
sediment in the reservoir until 1994 is 1.54 million m3.

Thus, the volumes of accumulations obtained by three calculation methods are quite close 
to each other. However, there is more than twice the difference between these amounts and actual 
volume of measured sediments in the reservoir (3.51 million m3). Because in the Sarsang-Mataghis 
section of the Tartar River since 1974 no measurements have been made, the current discrepancy 
may be a consequence of the following:

− inaccuracy of the above-mentioned estimates of the number of bottom sediments and 
small particles in transit through the reservoir;

− in the mentioned section, one or two mudslides flowed through the Trghi tributary, 
which joins the river, of which unregistered large amount of sediments increased the volume of 
accumulations.

After the repair of the damaged deep valve (end of 2012), the Mataghis reservoir was filled 
up, and the infilling sediments continued to accumulate. New studies carried out in 2020–2021 
provide an opportunity to assess the changes that took place in the reservoir between 2013–2021.

Based on the 3.51 million m3 volume of sediments accumulated in the reservoir, the ac-
tual flow of sediment entering the reservoir, by countdown is estimated 7.5 kg/s. Assuming that 
the reservoir after 1994 has not undergone sensible changes, from 2013 to 2021 the amount of 
sediments accumulated in the reservoir should have been m = 7.5×31.54×105×8 = 1.9 billion kg  
or 1.2 million m3. 

Of that volume, 0.7 million m3 was to be filled during 1994–2012 in the gorge caused by 
the flooding. The remaining 0.5 million m3 volume will be distributed on the surface of accumu-
lations up to 411 m mark, raising it to 412–412.5 m marks. It was not possible to make detailed 
measurements in the water-covered accumulations. However, their results show that the signs of 
the accumulation surface at the beginning of the reservoir are 1–1.5 m higher than the mentioned 
calculation points at. And the signs near the dam fluctuate in the range of 411.5–412.0 m. The de-
velopment of this condition is a consequence of the fact that the water level has always been kept 
constant throughout the reservoir operation.

Thus, the results of the 2020–2021 research show that of the reservoir’s 5.56 million m3 total 
volume about 4 million m3 of sediment was accumulated. Therefore, no more than 1.6 million m3 
is left for water regulation (Fig. 3).

It is difficult to make quite reliable predictions about the further course of the Tartar Ri
ver’s sediment load regime and further accumulations of the reservoir, as changes occur regular-
ly in the river basin. They are conditioned by climatic factors, anthropogenic factors, especially 
the lack of regular measurements. It can be assumed that in such a situation the average sediment 
flow entering the Mataghis reservoir cannot exceed 4.5–5 kg/s. So, in these conditions, try to 
assess the upcoming changes in the volume of the reservoir. The volume of sediments to be accu-
mulated in the next ten years according to (1) will grow by about 0.7 million m3. Considering that 
there are currently about 4 million m3 bedded sediment in the reservoir, then it can be predicted 
that the entire volume of the Mataghis reservoir in the next 20–25 years will be practically filled 
with sediment.

The analysis of hydrological calculations and results from the conducted studies shows:
– when assessing the volume of sediments in the reservoir, the calculated values defined by 

hydrological methods are significantly less than the actual values determined from field measure-
ments, which is a consequence of the incompleteness of the output data or methods;

– on rivers with high turbidity, such as the Tartar River, the construction of small reservoirs 
is not effective. The obtained results indicate that if the Sarsang reservoir of 550 million m3 has 
not been built above it three years after its operation, the Mataghis reservoir could be filled with 
sediment within a decade;

– in case of an urgent need to build a small reservoir on the turbid rivers, periodic flushing 
of accumulations during operation should be carried out or measures should be taken to reduce the 
output of water entering the reservoir.
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3. 2. Theoretical justifications for sediment accumulation process
Changes in the volume of sediments accumulating in the reservoir, their deposition shape, 

and the design condition of the reservoir bottom run under the influenced of many factors, mainly:
− river water and sediments flows (Q and QS);
− sediments granulometric composition (dS);
− geometric parameters of the reservoir bowl;
− reservoir water horizon (H).
Below the theoretical justifications of the sediment accumulation process is given. The ba

lance of sediments accumulated in the reservoir for the dt period of time will be as follows:

	 dh
Q dt

BLs
s

s
=

r
, 	 (3)

where dhS is the average thickness of the accumulation layer; ρs is the density of the accumulated 
soil; L is the length of the accumulation section of in case of the current H depth of the reservoir; 
B is the average width of the bottom at that section.

There are floating suspended sediments and sediments traveling over bottom layers along 
the course of the river pouring into the reservoir. It is obvious that the accumulation of bottom 
sediments and suspended sediments in the reservoir will run under a variety of conditions. Larger 
particles that move across the bottom layers settle first. The beginning and the end of the length L 
of the accumulation segment will be determined by the following condition:

	 VS ≥ βVm,	 (4)

where VS is the minimum velocity to keep the particle of a given diameter in motion [17]; Vm is the  
average velocity of the stream; β is the coefficient of transition from the mean velocity to the bot-
tom layer velocity of the stream. According to the condition of fluid continuity:

	 V
Q

Am = , 	 (5)

where A is the area of the current section.
Substituting (5) in the (4) there is:

	 A
Q

Vs
≥ . 	 (6)

The boarders of the section of bottom particle accumulation can be determined using  
inequality (6). To this end at X1, X2, …, Xn distances starting from the dam, n number of section 
are chosen of which areas (A1, A2,…, An) are determined. For the largest and the smallest bottom 
particles (dmax and dmin) of the bottom sediments the respective velocities (Vsmax and Vsmin) are de-
termined. The right side of inequality (6) is determined by Q output, β coefficient and Vsmax. The 
smallest value that meets the condition (6) is searched in the A1, A2, …, An row of surfaces. That 
section is the beginning of sediment accumulation in the reservoir. 

To determine the location of the accumulation endpoint, the same steps are performed for 
particles having Vsmin velocity. By the known values of L distance between two sections, average 
Bmin width of the accumulation section, accumulation flow and sediments density (3) is integrated 
within limits corresponding to different moments of accumulation:

	 d dh
Q

BL
ts

s∫ ∫=
r

. 	 (7)

As a result of integration, the pattern of the bottom sediments accumulation layer time-de-
pendent growth is obtained. The above problem solution is applicable for both constant and time- 
dependent variation values. In case of suspended particles in the beginning of the accumulation site 
the largest will settle, and the smallest at the end. Based on granulometric composition (dmax, dmin), 
the length of the accumulation site will be determined by the following condition:
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	 W VZ≥ , 	 (8)

where W is the fall velocity of the particle, VZ is the average velocity pulsating vertical component 
of the reservoir current section.

There is a connection between the mean velocity of the section and its pulsating VZ component:

	 V VZ m= ϕ ,	 (9)

where φ is a coefficient which is determined by the results of experiments carried out at the  
US National Physical Laboratory [18] and by plotted curves in Fig. 4.

Fig. 4. The change of pulsation velocities of the effective cross-section around the average 
velocity, y/s – point relative coordinate

It can be seen from the plots that in the overwhelming part of the effective cross-section, the  
values of both the coefficient φz and the coefficients of the other pulsating velocities change in  
the range of 0.2−0.3. And paradoxically, the value of the coefficient φz increases, especially in the 
area near the walls of the bed.

By placing the condition of inviolability (5) in (9) and the obtained result in inequality (8), 
let’s obtain:

	 A
Q

W
≥ ϕ . 	 (10)

The beginning of the suspended particles’ settling corresponds to the fulfillment of the con-
dition of (10) for particles of diameter dmax. The right-hand side of inequality in (10) is determined 
by the values Wmax [19] determined by the flow, coefficient φz, and dmax diameter. Among the areas 
of the reservoir’s sections that minimum value in row A1, A2, …, An is searched for that satisfies 
inequality (10). This section is the deposition beginning of suspended sediments. The last point of 
deposition is determined by performing the same steps for the particle of dmin diameter. The dis-
placement of the suspended particles during their falling down was neglected, which is calculable. 
Integration of (3) with quantities L, B, QS and ρs gives the regularity of the suspended sediments 
accumulation layer change with time [20].

Models describing the accumulation of bottom and suspended sediments are applicable if reli-
able data are available on river fluid and sedimentation regimes, particle sizes, and reservoir geometry.

For a reliable prediction of the sedimentation in the reservoir, it is necessary to clarify the 
sedimentation regime and the granulometric composition in advance and to choose reliable formu-
las for particle sizes and minimum velocities for the bottom sediments.
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Hydrological methods can be used for assessing the sedimentation regime in the absence 
of hydrometric measurements from many small rivers in the mountainous zone. This problem has 
been partially solved at present and requires further investigation for the determination of the mi
nimum velocity of the bottom sediment movement.

The relative values of the pulsation Ux, Uy and Uz velocities in the bed section with a width 
of 2S are given according to the average U0 and average instantaneous U velocities. It can be seen 
from the graphs, that compared to the flow core, the pulsation velocities in the layers near the walls, 
and especially their vertical component, increase significantly.

4. Conclusions
During the filling of a reservoir by sediment-carrying rivers and streams, the design cha

racteristics W = f(H) of the reservoir bowl are continually changing.
As a result of this the actual volume of accumulated water reduces. The latter is necessary to 

take into consideration when the correct schedule of the reservoir operation is drawn.
The above said changes can be estimated by hydrological calculations if reliable data on the 

river fluid flow rates are available. Otherwise, periodic measurements in the reservoir should be 
taken to assess the quantity of accumulations and to specify the volumetric characteristics. The 
Mataghis reservoir’s investigation proves that the reservoir volume has decreased by 60 per cent 
due to the 3.5 million m3 of sediments accumulated in the first two decades of operation. From 
1993 to 2012, the water in the reservoir has been drained and the new sediments have been removed 
in transit. At present, 70 per cent of the reservoir volume has been filled with sediment.

Theoretical models have been developed to describe the accumulation process of both sus-
pended and bottom sediments. They enable the operating personnel to predict changes in the reser-
voir volume at various stages of operation, based on the reservoir’s length and height. 

Based on obtained data it is possible to predict changes occurring in the volume of the 
reservoir due to sedimentation in different stages of operation. With these changes, the reservoir’s 
W = f(H) characteristics should be adjusted on a regular basis to determine the actual volume of 
accumulated water.
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