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Abstract: In the current study, the applicability of the Annandale method was verified
based on the results of silting and sediment distribution measurements carried out in eight
small reservoirs, with a capacity that does not exceed 5 million m®. It was found that the
application of this method is possible only in the case of small reservoirs, in which the
sediment load is deposited in the near-dam zone. The results of studies conducted on small
reservoirs allowed the construction of a graph presenting the relationship of a sum of
dimensionless sediment load volume as a function of relative distance from the dam, which
became the modification of the graph in Annandale’s method. The proposed modification
of Annandale’s method considers reservoirs with a length less than 1000 m and
capacity-inflow ratio ranging from a few per mille to a percent.
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1. Introduction

Sedimentation processes in reservoirs and lakes have been reported by many authors, including
Mahmood [1], Hotchkiss and Parker [2], Fan and Morris [3], Sloff [4], De Cesare et al. [5], among
others. Classic reservoir silting dynamics recognizes three basic types of sediment deposits in
reservoirs: backwater deposits, delta deposits and bottom-set deposits [6]. The sedimentation process
in reservoirs, caused by impounding a river, results in the increase of the cross-sections available for
the flow, subsequently decreasing the flow velocity. Thus, the sediment transport capacity decreases.
This causes the deposition of sediments, the consequences of which depend on the size, shape and
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location of the deposits [7-9]. Sedimentation conditions can change when the muddy river water is
heavier than the bottom water of the reservoir; it plunges just beyond the topset-foreset break to form a
bottom turbidity current. This has been observed by many authors, e.g., Lane [10], Normark and
Dickson [11], Lambert [12], Chikita [13] Fan and Morris [3].

Small water reservoirs, located mainly in the small catchments, capture in relatively short time a
significant portion of the river-transported load. Small reservoirs often act as check-dams that are very
effective in the short term, but potentially increase erosion downstream [14]. The accumulated
sediment reduces the reservoir’s capacity and causes adverse changes in water quality [15,16]. It is
therefore important to determine the intensity of the reservoir’s capacity reductions and to determine
the distribution of sediment load in the reservoir. Correct determination of the spatial distribution of
the sediments accumulated in reservoirs is necessary in the design stage of a reservoir and its
accompanying objects such as water intakes. Regardless of the reservoir size, the process of silting is
the main cause of reduction of their useful life [17,18]. The reservoirs’ volume is the most frequently
applied criterion of their division (Table 1). Water reservoirs may also be classified according to other
criteria, such as: function and tasks, location (lowland and mountain), parameters (e.g., depth, shape of
the reservoir), the course of silting process, or the socio-economic impact of possible disasters.

Table 1. Classification of small reservoirs.

Criterion Volume of Area of Height of Area of
Reservoir (10° m®) Reservoir (ha) Reservoir Dam (m)  Catchment (km?)
Lara and Pemberton [19] few few - -
Poland [20] below 5 - below 5 -
Romania [6] below 5 - - -
Great Britain [21] below 1 - - below 25
Zimbabwe [22] below 1 - below 10 -
Brazil [23] 1-10 - - -
USA [6] below 0.123 - below 6 -
World Commission on
0.05-1 - below 15 -

Reservoirs [6,21]

The above examples of small reservoirs’ classification illustrate various criteria of their distinction
due to the capacity.

1.1. Predicting Sediment Distribution Methods

The forecast of sediment distribution in reservoirs may be prepared using empirical and theoretical
methods. Theoretical approaches to forecasting water reservoirs’ silting are mathematical methods that
can be divided into analytical and numerical ones. Irrespective of the type of theoretical model used, it
is necessary to calibrate or verify the results of calculations. Such opportunity is created by the field
test results, which often form the basis for easy empirical methods, the use of which does not require
much effort. The results allow for the assessment of the approximate course of the analyzed
phenomenon or process. Among the first empirical models for determining sediment distribution in
water reservoirs, one can distinguish several, oft-cited, models, i.e., the ones described by Cristofano [24],
Borland and Miller [25], Lara [26], Hobbs [27], Borland [28]. Apart from these models, there are also
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methods by Pemberton [29], Qian [30], Annandale [31], Mohammadzadeh and Heidarpour [32], and
Rahmanian and Banihashemi [33].

The simplest methods for determining sediment distribution at the bottom of reservoirs are based on
the assumption that the entire sediment accumulates by the dam’s wall and fills the near-dam zone of
the reservoir. This assumption is inconsistent with the actual course of the silting process, which is
characterized by considerable irregularity of sediment distribution across the reservoir’s bottom. The
distribution of sediments over a longer period of operation requires calculations in consecutive periods
of characteristic water and load flows, in regards to operating conditions of the reservoir [18]. In these
first empirical methods of sediment distribution, calculations were quite simple to make, albeit less
accurate. One example is the empirical Area—Increment Method (AIM), developed by Christofano in
1953 [24]. According to this method, it is assumed that the sediment load will accumulate only in the
dead zone of the reservoir. The application of this method in forecasting small reservoirs’ silting may
be impossible or at least subject to considerable error. The difficulty in applying some of these
methods may be due to the specificity of small reservoirs, i.e., forecasting sediment distribution in
small reservoirs according to the Area—Increment Method involves sediment load deposition in the
dead zone. However, due to the height of the dam, small reservoirs frequently do not have a separate
dead volume, or it is negligible.

Empirical methods for forecasting sediment distribution have been developed following the large
reservoirs’ research. One of the examples is the method developed in 1958 by Borland-Miller [25]
(Empirical Area-Reduction Method—EARM), which was established based on the results of silting
measurements of 30 reservoirs with capacities from 49 million m® to 37 billion m®. This method,
verified by Lara and Pemberton [19], is based on the conclusion that the change in thickness of the
deposits throughout the length of the reservoir is characteristic for groups of reservoirs with similar
catchment properties, layout of reservoir bowl, methods of operation and congruent characteristics of
the supplied sediment.

Mohammadzadeh and Heidarpour [32] used a new empirical method for prediction of sediment
distribution in reservoirs based on the original and secondary area-capacity data of 40 reservoirs in the
United States. In their proposed method, sediment distribution in a reservoir is related to the sediment
volume and original reservoir characteristics.

The interesting method for predicting sediment deposition in reservoirs was presented by
Rahmanian and Banihashemi [33]. In this method, the cumulative volume of sediment deposition was
inversely related to variations of depth factor in height. To show these relations, two new empirical
functions called Depth Shape Function (DSF) and Relative Depth Shape Function (RDSF) were
introduced. The RDSF can explain relative cumulative sediment deposition in different heights
from the reservoir bed. Applicability of this for predicting spatial sediment distribution in small
reservoirs was confirmed on the basis of survey measurements of two small reservoirs located in
southern Poland [34].

Another approach to forecasting the distribution of the sediment load in reservoirs was presented by
Annandale [31], by using the achievements of Rooseboom [35] and applying the theory of stream’s
energy. The foundation of this method is the theory of stream’s energy, which states that if the
stream’s energy approaches the minimum, then the stream in the reservoir and in the river tends to
stabilize hydraulic conditions. Thus, under conditions of minimum stream’s energy, there is a
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relationship between the longitudinal distribution of load in the reservoir and the change in the length
of the wetted perimeter [31]. The above models have been developed based on the analysis of
geometrical parameters of large reservoirs. Taking into account other parameters, such as hydrological,
hydraulic or hydrodynamic ones, a number of models have been developed that require numerical
solutions. Among the numerical models, applicable in predicting the sediment distribution in small
reservoirs, one can mention the GRASSLAND, DEPOSIT, CSTRS, BASIN and WEPPSIE
models [36-38]. The use of these models requires the determination of sediment trap efficiency,
hydrograph of water discharges, specific sediment yield, etc.

1.2. Annandale’s Method for Predicting Sediment Distribution in Reservoirs

According to the theory of stream’s energy and disposing the volumes of accumulated sediment as
survey results for eleven reservoirs in South Africa, a graph relating the dimensioned cumulative
volume of deposited sediment £(V/VrsL) to the relative distance in the reservoir (L/LrsL), for various
values (dP/dx), has been compiled. In the relation (dP/dx), P is the wetted perimeter and x is the
distance from the dam. This relation can be described as:

A% L dP
2y =f (——j ()
Vest Lpg dx
where, V: the volume of deposited sediment; Vrsi: the total volume of sediment (at full supply
level—FSL); L: the distance from the dam’s wall (it is equal to x, when L is the distance between the
cross-section and the dam’s wall and for this distance the value dP/dx was elaborated); LrsL: the total
length of a reservoir (at full supply level—FSL).

The scope of Annandale’s method (Figure 1) is limited to such conditions of silting when the
sediment load is deposited in the reservoir below the water table, without the formation of islands.
Each line in Figure 1 represents data from same reservoir from Annandale’s field survey.

Annandale’s method [31] is one of the easiest to apply. It has been developed based on
measurements of sediment load distribution in reservoirs with the capacity from 2.19 x 10° m?® to
6.09-x 10° m®. Even though Annandale did not survey small reservoirs, he also did not impose
restrictions on size and type of reservoirs. Also the theory of stream’s energy applied in Annadale’s
method is universal: a profile of deposited sediment approaches a stable condition when stream power
approaches a constant minimum value throughout a reservoir. Therefore, testing this method against a
small reservoir was a valid subject for this study.

This paper attempts to apply this method to determine the distribution of sediments in small
reservoirs with a capacity within the range 34.5 x 10°~1100 x 10°> m>. The results of calculations using
this method were compared with the results of measurements of the volume of sediment load deposits
in the examined reservoirs. The results of field studies were the basis for the modification of the
method. The modified Annandale’s method will allow the estimation of sediment load distribution in
small reservoirs. Furthermore, a new definition of the term “small reservoir” was proposed based on
the measurement results.
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Figure 1. Sediment distribution within a water reservoir according to Annandale [31].
The values from 0.02 to 1.20 on solid lines represent longitudinal gradient dP/dx.
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2. Materials and Methods
2.1. Characteristics of Research Objects

The study was conducted on eight small reservoirs, located in southern Poland (Figure 2) [39]. The
basic parameters of the reservoirs are provided in Table 2.

Figure 2. Location of the examined small reservoirs.
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Table 2. The selected basic parameters of the studied small water reservoirs.

Reservoir’s Normal Surface of the Mean  Length of the Catchment
Reservoir Capacity  Water Level Water Table  Depth Reservoir Area
(10° m3) (m a.s.l.) (ha) (m) (m) (km?)
Brzéza Krolewska 48.8 195.00 6.13 0.80 440 30.40
Ozanna 252.0 172.90 18.00 1.40 950 136.30
Krempna-1 119.1 370.00 3.20 3.72 400 165.30
Krempna-2 112.0 370.00 3.20 3.50 400 165.30
Cierpisz 34.5 198.90 3.20 1.50 340 54.50
Zestawice 228.0 215.00 9.50 2.40 650 218.00
Gluchéw 22.6 193.60 1.50 1.51 640 12.30
Wapienica 1100.0 477.60 17.50 6.29 1000 55.50

With the exception of the reservoir Wapienica, the height of dams of the studied reservoirs is below
5 m [40]. The dam of this reservoir is 30 m high. The reservoir Krempna-2 is the same object as the
reservoir Krempna-1, but its capacity was reduced by dredging and reconstruction of the inlet to the
reservoir. Also reservoir Cierpisz was dredged in 1990. The first period of its operation was from
1956 to 1990, and the second period has been from 1990 to present. The main function of the
studied reservoirs is to collect water for irrigation, water supply and recreation. Water outflow is
controlled daily only in the Zestawice reservoir. The remaining reservoirs are the ones without daily
outflow controlling.

2.2. Research Methodology

Measurements of sediment deposition volumes in the analyzed reservoirs were based on
determining the changes in ordinates of the reservoir beds in cross-sections and at points outside the
cross-sections. The measurements were performed with a rod probe from a boat. The measurement
accuracy of bottom elevation was =3 cm and corresponded to the thickness of the foot of the rod probe,
which prevented the probe from sinking into the layer of sediment. According to Rausch and
Heinemann [41], the measurements of changes in bottom height should be made with an accuracy of
+3 cm. According to these authors, the measurement error estimated with this accuracy, in the case of
reservoirs with water depth of 2 m and sediment thickness of 1 m, averaged +1.5% of the reservoir
volume and £3.0% of the sediment volume. Because of the large depth of the Wapienica reservoir,
the depth measurements were performed using a Humming Bird 1000 sonar, whose detector was
transformed to generate acoustic beam, with deviation from the vertical less than 3°.

The measurements of the load’s volume in the examined reservoirs were conducted within the
research projects [39,42], excluding the reservoirs Krempna-1 and Zestawice. The measurements of
these two water reservoirs were conducted by the University of Agriculture in Cracow in the 1970s
and 1980s. The results of surveying measurements were plotted on the site and height guidelines of the
reservoirs, developed during the construction of the reservoirs. The ordinates of the reservoirs’ bottom,
determined based on the measurements, were plotted on these guidelines in the cross-sections of the
reservoirs. Then, the areas of sediment deposits in each cross-section were determined and, knowing
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the distances between the cross-sections, the partial volumes of sediments and total sediment volumes
in the reservoir were specified.

Subsequently, the silting ratio (Sr) and the mean annual silting ratio (Sr, m) were calculated. Due to
the fact that the measurements of silting of the examined reservoirs were performed at different periods
of operation, the silting ratio (Sr) was calculated as the ratio of the volume of sediment load deposits
collected in the given operation period and the total volume of the reservoir [39]. The silting ratio
enabled the identification and comparison of the capacity reduction of the reservoirs, as the
comparison of the length of operation period is unreliable due to different rate of silting. The mean
annual silting ratio (Sr, m) was calculated as the quotient of silting ratio (Sr) established over several
years of operation.

The following stage of the study was to elaborate the sediment distribution in the investigated
reservoirs. The partial volumes of sediments enabled the determination of partial volumes of sediment
(VrsL) deposited in sections of the reservoir from the dam to the cross-section (L), which were
presented graphically and compared with the results of the forecasted sediment distribution according
to the method of Annandale [31]. The application of this method requires:

(1) the determination of the total volume of sediments in the reservoir (£ VrsL);

(2) the development of mean value of longitudinal gradient dP/dx. For this purpose, a regression
curve is drawn for a specific wetted perimeter (P) in each cross-section at a distance x from the
dam’s wall;

(3) the determination of the dimensioned cumulative volume of deposited sediment (X(V/VrsL)) for
each relative distance in the reservoir (L/LrsL) from the corresponding curve dP/dx (Figure 1);

(4) the calculation and drawing of the graph of sediment load distribution depending on the relative
distance in the reservoir.

The essential characteristic of the reservoirs, i.e., the capacity-inflow ratio (C-I), was also identified
as a relation of the initial volume of the reservoirs and mean annual runoff [43]. It was therefore
necessary to determine the characteristic flows. Small reservoirs are usually located on streams not
included in the hydrological observation networks. That is the case of the examined reservoirs, with
the exception of two—Krempna and Zestawice. Due to the lack of hydrological data, characteristic
flows for the cross-sections of the reservoirs were calculated using a Punzet’s [44] empirical formula
for Carpathian catchments.

The Annadale’s method applicability was verified by sediment volume measurement in small water
reservoirs. Also distribution of sediment over reservoir operation time was observed, i.e., whether
sediment distribution curves remain constant over time. Based on Dendy’s [45] method, sediment
distribution curves have been elaborated. They depict a relationship between the dimensionless
cumulative volume of deposited sediment (X(V/VesL)) and the relative distance in the
reservoir (L/LrsL).

The last stage of the study was to determine the sediment distribution within small reservoirs. The
sediment distribution curves designed based on the results of silting measurements of eight examined
reservoirs were presented on a graph showing the relationship between the dimensioned cumulative
volume of deposited sediment (V/VrsL) and the relative distance in the reservoir (L/LrsL), for different
values (dP/dx).
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3. Results and Discussion
3.1. Siltation Rate

The slow silting rate of Wapienica reservoir (Table 3) is due to the small sediment yield load
flowing into the reservoir. Of this reservoir’s catchment, 97% is covered by forests. Due to the small
size of the catchment and low intensity of erosion processes, the degree of silting is only 4.3% after
over 70 years of operation. The reservoirs Gluchoéw and Brzéza Krolewska, as well as Cierpisz, also
close small-area catchments (Table 2) located in areas with reduced slopes. Such a location for the
reservoirs means that the intensity of the sediment load transport to the reservoirs is small and the
silting ratio after several years of operation is about 20%. The reservoirs Krempna and Zestawice are
the most intensively silted. The reservoir Krempna is located in a mountainous area with intensive
surface erosion, and the catchment of the reservoir Zestawice, whereby 78% of the area is used for
agricultural purposes, is covered with loess. It can be observed that a small reservoir becomes silted up
faster if the siltation rate reaches 20% over a dozen years of operation (Table 3), in contrast to large
reservoirs that achieve that level over centuries [46—49]. Krempna-1, Krempna-2, Zestawice, Gluchow
reservoirs are characterized with such fast silting up, as well as Cierpisz reservoir in the period after its
desilting and rebuilding i.e., from 1990 to present (Table 3). The siltation rate of reservoirs is
compared best with mean annual silting ratio—Sr, m (Table 3). According to Hartung [50], mean
annual loss of capacity in large reservoirs is 0.25%; in medium-sized reservoirs it is above 0.5%; and
in small water bodies, it is 3.0%. The Sr, m of Wapienica equal to 0.1% indicates that capacity
reduction is typical for large reservoirs. Conversely, the siltation rate of Ozanna reservoirs is similar to
medium-sized reservoirs (Sr, M = 0.5%).

The examined small reservoirs of the Upper Vistula basin are characterized by an intense silting
rate. The silting degree after fifteen to twenty years of operation usually reaches 40%—-50%. Among
them, two reservoirs (Cierpisz and Wapiennica) are the exception. Small reservoirs in different climate
areas around the world also silt up quickly. Dendy [51], based on research conducted in the United
States on 17 small reservoirs with capacities from 22 thousand m? to 1.17 million m?, demonstrated
that after six to ten years of operation, the degree of silting ranged from less than 4% to 17%. However,
after 14 years of operation, the silting degree reached 37%—65%. Much more diverse silting intensity is
characteristic of small reservoirs in Tunisia. The data presented in the paper by Jebari et al. [47]
indicate that some of the reservoirs after ten years of operation are silted up 30%—40%, but among
them there are some reservoirs whose silting degree is only a few percent. Among 23 reservoirs
analyzed in the studies of Jebari et al. [47], two of them were silted in ca. 70%, respectively, after 6
and 8 years of operation.

The examined reservoirs in the Upper Vistula basin are located in catchments, where mean annual
runoff is very low (Table 3), and the determined capacity-inflow ratios are less than 1%. One
exception is the reservoir Wapienica. The sediment trap efficiency of those reservoirs, determined
from the Brune nomogram, is on average 12.0%—-37%, while for the Gluchow reservoir it is only 2.3%,
and for the reservoir Wapienica—67.7%. This would mean that the reservoirs retain only a small
portion of the incoming sediment. The STE value—the sediment trap efficiency defined as the
percentage of total inflowing sediment retained in a reservoir and determined from the Brune
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nomogram [43]—is underestimated because, as shown by the research results [40], the STE value of
those reservoirs is ca. 90%.The STE of small reservoirs was determined by Michalec [40] as quotient
of sediment mass deposited in the first year of operation and total sediment mass flowing into the
reservoir in the first year of operation. The mass of deposited sediment was calculated from the
transformed Goncharov [52] equation based on silting measurements.

Table 3. Volume of deposited sediment and silting ratio of the studied reservoirs in several
years of operation [40].

Years of Volume of Silting Ratio in Several Mean Annual Silting
Reservoir Year
Operation  Sediment V (m®) Years of Operation Sr (%) Ratio Sg,m (%)
Krempna-1 1986 15 35,660 29.9 2.0
1996 9 27,040 24.1 2.7
1997 10 30,460 27.2 2.7
1998 11 34,640 30.9 2.8
1999 12 38,000 339 2.8
Krempna-2
2000 13 40,140 35.8 2.8
2002 15 44,200 39.5 2.6
2003 16 44,900 40.1 2.5
2005 18 45,810 40.9 2.3
1968 2 26,970 11.8 5.9
1969 3 70,430 30.9 10.3
. 1970 4 75,780 33.2 8.3
Zestawice
1971 5 76,250 334 6.7
1974 8 86,190 37.8 4.7
1983 17 116,090 50.9 3.0
2002 7 4,130 18.3 2.6
Ghluchow
2009 14 5,890 26.1 1.9
2002 7 4,180 8.5 1.2
Brzoza Krolewska
2009 14 6,400 13.1 0.9
1998 20 26,000 10.3 0.5
Ozanna
2003 25 30,200 12.0 0.5
1990 34 15,000 43.5 1.3
Cierpisz 2001 11 6,100 17.7 1.6
2003 13 6,750 19.6 1.5
o 1967 36 24,250 2.2 0.1
Wapienica
2003 71 46,800 4.3 0.1

3.2. Sediment Distribution

When trying to apply Annandale’s method [31] to determine the sediment load distribution in
small reservoirs, segments were separated in each of the reservoirs. These segments constituted partial
volumes contained between adjacent cross-sections. The volume of accumulated sediment load,
determined based on field measurements, was identified in these segments. Subsequently, regression
relationships were identified for specific wetted perimeters (P) and distances from the dam’s wall (x)
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of each cross-section of the reservoir. The exemplary relationship identified for the reservoir Krempna-2
is shown in Figure 3.

Figure 3. Relationship between the wetted perimeter (P) and the distance from the dam (x)
established for the water reservoir Krempna-2.
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At this point, attention should be paid to the method of determining the longitudinal gradient dP/dx,
which in the above example is 0.264, determined for the distance x given in meters. Annandale
calculated the values of longitudinal gradients (Figure 1) for distances x in kilometers. The examined
small reservoirs are from 440 to 1000 m long. The length of the reservoirs studied by Annadale [31]
ranged from several to a few dozen kilometers. When adopting the distance x for the exemplary
reservoir Krempna-2 in kilometers, the obtained longitudinal gradient dP/dx would be 264.0, i.e., a
value beyond the scope given in Figure 1, in which the sediment distribution curve values dP/dx range
from 0.02 to 1.20. The values dP/dx determined according to the methodology of Annandale [31] are a
thousand times larger than the ones given in Table 4. It appears that the use of the sediment
distribution curves (Figure 1) is impossible. The values dP/dx calculated with the distance in meters,
but not in kilometers, will enable the comparison of sediment distribution according to the function
given in Figure 1 and determined based on field measurements.

Table 4. Longitudinal gradient (dP/dx) and capacity-inflow ratio (C-I) in the studied reservoirs.

Longitudinal Gradient Mean Annual Runoff Capacity-Inflow Ratio

Reservoir dP/dx (-) Q (m*s™) C-1(%)
Brzéza Krolewska 0.49 0.224 0.69
Ozanna 0.28 1.006 0.79
Krempna-1 0.23 2.030 0.37
Krempna-2 0.26 2.030 0.35
Cierpisz 0.19 0.393 0.28
Zestawice 0.18 0.709 0.66
Ghuchow 0.14 0.567 0.13
Wapienica 0.05 0.120 2.91

By applying Annandale’s method [31], the longitudinal gradient dP/dx was determined for
distances x given in meters. The values dP/dx calculated for Krempna-1 and Krempna-2 reservoirs are
0.23 and 0.26, respectively. Due to geometry unaltered by dredging and reconstruction, the value
dP/dx for the reservoirs Zestawice-1 and Zestawice-2 equals 0.18. The dP/dx values for the remaining
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reservoirs are given in Table 4, where the calculated mean annual runoff (Q) and capacity-inflow ratio
(C-I) are also presented.

Capacity-inflow ratio of the examined reservoirs is less than 1%, except for Wapienica reservoir for
which C-I is equal to 2.91 (Table 4). However, mean annual silting ratio (Sr, m) of these reservoirs
(Table 3) is from 0.5% to 10.3%. Such silting ratios according to Hartung [50] correspond to siltation
rate of small reservoirs. Therefore, a small reservoir in the Upper Vistula basing can be defined as such
that has the capacity-inflow ratio below 1%.

The forecast of sediment load distribution was prepared for eight examined reservoirs. In the case of
the reservoirs Krempna-1 and Krempna-2, the course of sediment load distribution curve, defined by
the calculations, is similar to the curve determined based on the measurements (Table 5, Figure 4). The
sediment load accumulates in the near-dam zone of the Krempna reservoir, thus in accordance with the
assumptions of Annandale’s method. Silting of the reservoir Brzoza Krélewska proceeds in a similar
way. Segments of the near-dam and central zones of these reservoirs are characterized by the highest
relative silting, expressed by the silting ratio of each segment.

Table 5. Comparison of the results of sediment distribution forecast in the reservoir
Krempna-2 according to Annandale’s method [31] (A. method) and results of silting
measurements (measure.) in 1996.

Volume of Deposited Sediment (m?)

Segment L/ LrsL E(V/ VFSL) VIV FSL

A. Method Measure.

1 0.03 0.05 0.05 1,351 877
2 0.11 0.21 0.16 4,327 4,150
3 0.25 0.43 0.22 5,949 5,900
4 0.39 0.62 0.19 5,138 4,959
5 0.49 0.72 0.10 2,704 2,763
6 0.59 0.81 0.09 2,434 1,657
7 0.75 0.90 0.09 2,433 3,401
8 0.85 0.95 0.05 1,352 1,931
9 1.00 1.00 0.05 1,352 1,402

Sum 1.00 27,040 27,040

Figure 4. Sediment distribution in the reservoir Krempna-2 in 2000 determined according
to measurements and Annandale’s method.
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The calculated amount of the deposited sediment load according to Annandale’s method is greater
than the one measured in the segments closest to the dam. The further from the dam, the smaller the
difference between the results becomes, amounting only to a few percent. The exemplary graph of
sediment load distribution in 2000, calculated using Annandale’s method [31] and determined
according to the measurements, are presented in Figure 4.

The sediment is deposited at the inlet rather than near the dam wall. Only in the case of two
reservoirs, Krempna-2 and Brzéza Krélewska, is the sediment deposited near the dam, just as predicted by
the Annandale’s calculations. All other reservoirs used in this research have higher amounts of deposits
located closer to their inlets. For this reason, the results of sediment distribution forecast in small reservoirs
according to Annandale’s method [31] do not correspond to the actual state. The examples are given below
calculations of sediment load deposits in the reservoir Zestawice-1 in 1974 (Table 6) and 1983 (Figure 5).
Segments at the inlet to the reservoir are characterized by the greatest relative silting, while according to
calculations using Annandale’s method [31], their relative silting will be significantly smaller.

Table 6. Comparison of the results of sediment distribution forecast in the reservoir
Zestawice according to Annandale’s method [31] (A. method) and results of silting
measurements (measure.) in 1974,

Volume of Deposited Sediment (m?)

Segment L/Lrs.  X(V/VrsL) V/VEsL

A. Method Measure.

1 0.02 0.03 0.03 2585 84
2 0.08 0.18 0.15 12,929 2,119
3 0.15 0.30 0.12 10,343 5,137
4 0.22 0.42 0.12 10,343 5,275
5 0.29 0.53 0.11 9,481 5,467
6 0.36 0.62 0.09 7,757 5,865
7 0.43 0.70 0.08 6,895 5,920
8 0.50 0.76 0.06 5,172 6,060
9 0.57 0.82 0.06 5,172 6,852
10 0.64 0.87 0.05 4,310 7,512
11 0.72 0.90 0.03 2,585 7,889

Sum 1.00 86,190 86,190

Figure 5. Sediment distribution in the reservoir Zestawice-1 in 1983 determined according
to measurements and Annandale’s method [31].

12000
10000
8000
6000
4000
2000

0 -

00 01 02 03 04 05 06 07 08 09 1.0

Volume of deposited sediments
[m’]

Relative distance from dam wall - L/Lfsy,

—@— according to measurements

— &— according to Annandale method



Water 2014, 6 3005

Annandale [31] developed the relationship presented in Figure 1 for 11 reservoirs, whose silting
degree ranged between 7.85% and 44.94%. This relationship was developed for the results of silting
measurements of reservoirs with various silting ratios (Sr). Annandale did not consider the variability
of sediment distribution in the reservoir depending on its silting ratio. Figure 6a,b present the relative
sediment load distribution in the reservoirs Krempna-2 and Zestawice, respectively. The sediment
distribution curves change slightly with the increase in the silting ratio, which was observed in all
examined reservoirs. In the reservoir, where the sediments are retained mainly in the middle and the
inlet zone, these zones of the reservoir are characterized by increased relative volume of sediment load
deposits. One example is the reservoir in Zestawice (Figure 5a)—in the part of the reservoir from 0.35
to 0.8 of the relative distance from the dam there was a significant increase in sediment load deposits
in 1983 (Sr = 50.9%), as compared to 1969 (Sr = 30.9%). In the reservoir Krempna-12, where the
sediment load is accumulated according to the course of distribution curves presented by Annandale
(Figure 1), i.e., its greatest volume is deposited in the near-dam zone of the reservoir, the relative
volume of sediments accumulated in the near-dam and central zone decreased together with the
increase of silting ratio. Within nine years there was a small reduction in relative volume of sediments
in the section from 0.11 to 0.5 of the relative distance from the dam of the reservoir Krempna-2
(Figure 6b) with the increase of silting degree from 24.2% to 40.9%. After analyzing these examples,
it may be stated that the change in silting degree, even by about 20%, has a negligible impact on the
sediment distribution curves in the reservoirs.

Figure 6. Sediment distribution within water reservoirs: (a) Zestawice and (b) Krempna-2

in several years of operation.
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Dendy [51] in his paper did not present the results of measurements of deposit volumes in different
parts of the reservoirs. He only stated that “most of the sediment was deposited in the upstream end of
the reservoirs near the elevation of the conservation pool. Proportion of the total sediment deposited in
the sediment pool ranged from 30 to 100 percent.” Dendy [45] presented the distribution of sediments
on the graph of horizontal distribution of sediment deposits indicating that the sediment in these
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reservoirs is deposited mainly at the inlet to the reservoir, or at most proportionally to the ratio of
the conservation pool volume upstream from a given location (V) to the total volume (Vi) of the
conservation pool, designated as V/Vi. For two reservoirs, the horizontal distribution of sediment
deposits developed by Dendy shows a proportional increase in the volume of sediment deposits to the
increase in the value of V/Vi. This means that in some reservoirs, a significant portion of the sediment
is deposited closer to the dam. Unfortunately, Dendy [45] in his paper did not present the geometric
characteristics of the reservoirs, which would allow verification of the proposed modification of the
Annandale’s method.

3.3. Modification of the Annandale Method

A graph presenting the dependence between the sum of dimensionless sediment load volume
>(V/VrsL) as a function of relative distance from the dam L/LrsL (Figure 7) was developed based on
the results of silting measurements of the examined small reservoirs.

Figure 7. Sediment distribution within small reservoirs. The points were established
according to a field survey for separated segments of examined reservoirs.
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According to Annandale [31], the relationship between the dimensionless cumulative mass curves
explaining sediment distribution as a function of dP/dx (Figure 1) was verified through the identified
limits. If dP/dx — 0, it corresponds with the situation where only a small disturbance exists in the
channel. As Annandale reported [31], under such circumstances the sediment will be deposited in the
proximity of the disturbance with very little build-up in the upstream direction. The dimensionless
cumulative curve will then have a shape as shown by curve A in Figure 8a. As demonstrated by the
analysis of the curves dP/dx on the graph developed by Annandale (Figure 1), in such conditions the
sediment is deposited by the dam. For dP/dx of 0.02 over 60% of sediment is deposited in the relative
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distance of 0.2 from the dam. On the other hand, when dP/dx — o, a condition similar to a river flowing
into an ocean exists, and the major volume of sediment will be deposited in the vicinity of the river
mouth (curve B in Figure8a). This is illustrated by the curve dP/dx with the value of 1.20 (Figure 1)—the
sediment will be relatively proportionally distributed over the entire length of the reservoir.

It means that in 11 reservoirs studied by Annadale, sediment is transported through the whole
reservoir and deposited in segments near the dam wall. The higher the longitudinal gradient of the
reservoir, the more even sediment distribution is over the reservoir segments. The study of the Upper
Vistula reservoirs indicates that sediment is deposited evenly over the whole length of the reservoirs
when longitudinal gradient reaches the value of ca. 0.19 (see Cierpisz reservoir—Figure 7). In small
reservoirs of Upper Vistula, this situation is inverted compared to Annadale’s: the higher the
longitudinal gradient, the more the sediment is deposited near the dam wall. The results obtained from
the studies of small reservoirs located in the Upper Vistula basin indicate a different arrangement of
curves dP/dx (Figure 7) compared to the relationship given by Annandale (Figure 1). In the case of the
examined reservoirs, when dP/dx — 0, it corresponds to the situation when less sediment is deposited
in the near-dam zone, while the predominant portion is deposited at the inlet to the reservoir (curve A
in Figure 8b). However, in conditions corresponding to the ratio dP/dx tending to infinity, the sediment

is deposited near the dam wall (curve B in Figure 8b).

Figure 8. Extremes of dimensionless curves: (a) according to Annandale [31]; (b) according
to the results of experiments on small reservoirs located in the Upper Vistula basin.
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4. Conclusions

Annandale’s method was developed based on silting measurements of reservoirs, whose length was
from a few to several dozen kilometers. The application of this method in its original form to
determine the sediment deposition in small reservoirs, with a capacity less than 5 million m?, is
possible only in the case of reservoirs, in which the sediments are deposited in the near-dam zone.
Among the reservoirs analyzed in this research, such conditions of sediment deposition were recorded
in two reservoirs—Krempna and Brzoza Krolewska. Although the predicted sediment distribution
differed from the results obtained from measurements, the approximate sediment distribution in these
reservoirs may be determined using the original Annandale method.
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Annandale’s method in its original form may not be applied to determine the sediment deposition in
small reservoirs, whose:

- length is less than 1000 m;
- capacity-inflow ratio ranges from a few per mille to a percent.

The forecast of the sediment distribution in small reservoirs with capacities below 1.1 million m? is
possible using the sediment distribution graph, introduced in Figure 7. This is allowed by the modified
Annandale method, presented in this paper and developed based on the results of silting measurements
of eight small reservoirs.

Due to the lack of access to measurement results of segmented sediment volume depositions in
small reservoirs from different regions of the world, the proposed method requires further modification.
The presented results are a contribution to supplement and correct the proposed modification of
Annandale’s method.
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