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Increased riverbed erosion could recently be observed in close vicinity of hydrotechnical constructions in many lowland
rivers. The immediate effect of erosion in this case is a very significant reduction of the riverbed level over a considerable dis-
tance, downstream of large reservoir dams. This process is influenced simultaneously by both hydraulics of river flow and
geotechnical properties of soil eroded. The paper presents an analysis of parametric changes in the level of river bottom and
grain size of bed material, and the relative density in the context of changes in hydrological conditions and diversity of engi-
neering-geological conditions. As the result, a multiparametric model of erosional potential of riverbed sediments has been
proposed, which can significantly help in proper planning of locations and construction of correction thresholds under given

hydraulic conditions of the river.
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INTRODUCTION

Building an impoundment structure on a river has a huge in-
fluence on the formation of its bed both above and below the
structure (Nelson et al., 2013). Among many aspects of im-
poundment impact is interruption of the continuity of bed-load
transportation, which causes imbalance in the riverbed dynam-
ics. As a result, the transported material is deposited in the res-
ervoir —mainly in its intake part (Przedwojski et al., 2008), while
below the dam there is a process of increased erosion
(Wierzbicki et al., 2008). It depends on water flow and geologi-
cal conditions, means of weir exploitation, nature of work and
barrage purpose, constructional solutions of the stilling basin
and reinforcements below the weir, and further transport of the
loosened bed load. The process of bed erosion is permanent
and gives rise to local potholes directly below the outflow from
the spillway (Guven and Gunal, 2008), as well as to a system-
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atic lowering of the bottom level on an increasingly longer
stretch of the river (Parzonka and Kosierb, 2010). The process
of erosion below impoundment is an additionally decisive factor
in determining changes in bed-load graining of the riverbed.
Water flowing out of water turbines and spillways discharges
smaller material, causing the emergence of streambed armor-
ing (Wierzbicki et al., 2008).

Erosion below an impoundment structure is an unfavour-
able process. Therefore, different steps are taken in order to re-
duce its negative effects. One of the ways is to build correction
thresholds, which are aimed at reducing the longitudinal slopes
of the water table in the river and, thus, slow the rate of the linear
bed erosion. At the same time, however, a local pothole forms
directly below the correction threshold. Soil erosion below the
correction threshold is due to a significant increase in the kinetic
energy of the flow and turbulence, compared to the flow in a nat-
ural stream (Zawadzki and Hammerling, 2008).

The process of riverbed erosion does not only depend on
the river flow but also on the sediment type that composes the
river valley. These factors, together with the natural change of
the longitudinal river profile, affect the varied nature of erosion
in different parts of the river course. The impact of geology is
clearly visible in mountainous and highland areas. It seems,
however, that geology may be of vital importance also in the
event of lowland river erosion, especially when the natural pro-
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file of the river changes as a result of raising hydrotechnical
constructions (Dai and Liu, 2013).

Typical environmental problems related to the exploitation
of waterway construction were presented by Baginski (2007).
An excellent example of riverbed erosion below the piling-up
structures is the case of a dam on the Vistula River at
Wioctawek. The results of bathymetric measurements showed
that the lowering of the bed and the water level downstream of
the dam occurred over a distance of ~30 km. The greatest bed
lowering occurred directly close to the dam. It reached a maxi-
mum value of ~4.0 m, and exceeded 2.5 m over a 9 km section.
In addition, as a result of the described process, the water level
decreased by an average of 2.30 m, which caused an increase
in the height of the reservoir water from the designed 11.8 to
14.1 m (Habel, 2007). Over a distance of 10 km downstream of
the dam, the riverbed has been “cleaned” of sand and gravel
deposits, reaching erosion-resistant clay and moraine clay.
Then, the slow process of river cutting into these sediments
started (Babinski and Habel, 2013). The construction of the
next dam at Wioctawek would limit the unfavourable processes
taking place in the river. The construction of the next hydraulic
project downstream of Wioctawek was proposed several times,
but its implementation was unfortunately suspended because

of the economic crisis and protests from various environmental-
ist organizations (Majewski, 2015).

Susceptibility of sediment accumulated in a valley to the
process of erosion can be identified on the basis of the spatial
differentiation of geotechnical and hydraulic parameter values
(Zakizadeh et al., 2013). There is a theoretical model of erosion
rate of the riverbed composed of cohesive soil. However,
non-cohesive soil has been found in the research area. There-
fore, there was a need to create a model of erosion rate of
non-cohesive soil, which is presented in this article.

OBJECT CHARACTERISTICS

The phenomenon of increased riverbed erosion and its ad-
verse effects are particularly visible on the example of the
Warta River below the Jeziorsko reservoir (central Poland).
This reservoir formed as a result of damming the river channel
with a dam at km 484.3 of the river course. Geoengineering and
hydrological research was conducted on the Warta floodplain
terrace along a stretch from the correction threshold no. 3
(481 km) to km 478.63 of the river course (Fig. 1).
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Fig. 1. Location of the research area
(topographic maps of the Warta, Poddebice, Dobra and Spyciemierz sheets, 1986, modified)
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During the first years of reservoir operation, an intense local
erosion process below the weir spillway and the hydroelectric
power station was observed. In the long term, it could have re-
sulted in endangering the weir and water turbines stability. Be-
tween 1992 and 1994 in the near distance below the dam at km
483.830 and km 483.710, two correction sills (nos. 1, 2) were
built based on the construction of sheet piling. They provided
stability of the water-table elevation at the medium and low lev-
els as the ones observed in the river before the reservoir con-
struction. However, below sill no. 2, there was a further lowering
of the bottom and water table caused by an intense process of
erosion (Wicher et al., 2002). In order to limit the effects of local
and linear erosion, in 2005, two correction thresholds were built
using rock mattresses no. 3 (km 480.902) and no. 4 (km
479.225). The mattresses have 35 m in length along the
riverbed axis. Their construction resulted in a reduction of the
dynamics of the linear erosion process below the reservoir on
the stretch from the embankment dam to threshold no. 4. It
caused slowing down of the lowering of the river bottom (and its
lifting in some sections) and the previously observed inhibition
of the increase in the characteristic diameter of bottom material
(Wierzbicki et al., 2011). Although the process of erosion has
decelerated along the section from the dam to threshold no. 4, it
is still observed downstream the threshold no. 4. These
changes are manifested in alterations of the bottom layout of
the riverbed in both the longitudinal profile and cross-sections
(Fig. 2).

The Jeziorsko reservoir operates according to an annual
plan of water management. Hydrological analysis was prepared
on basis of the outflow from the Jeziorsko reservoir. Therefore,
the water flow strain below the reservoir is significantly levelled
out (Fig. 3), with the exception of the maximum flows associ-
ated mainly with flooding episodes, which fall within the range of
100-360 m; xs~". In the study area, the lowest flows range be-
tween 15—40 m; x s™', while the average flows are from 34 to
80 m; x s~ (Perzynski, 2015). Figure 3 shows detailed charac-
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teristics of a hydrological catchment of the Warta River for the
cross-section along the line of the dam.

In case of the sediment transport rate and balance in the
reservoir, the daily, monthly and annual transport of bed load in
the entrance section of the Jeziorsko reservoir was estimated
on the basis of van Rijn (2007) formulas from 1984. Bed load is
retained in the reservoir. Depending on the hydrograph of the
water inflow at the inlet of the reservoir, the annual rate of sedi-
ment input to the reservoir is variable. In case of traction, the
rate variesfrom ~21,000 to ~54,000 m® x year ", and saltation
from ~67,000 to ~185,000 m* x year™' (Przedwojski, 2007). In
the period of 25 years of reservoir exploitation, from 1991 to
2016, the total input of bed load to the reservoir was about 3.15
million m?®.

The results of sieve analysis of sediments from the Warta
riverbed indicate that the riverbed deposits consist of non-cohe-
sive soils with a wide spectrum of grain composition. The me-
dian particle diameter ranges from 0.3 to 1.5 mm, and the maxi-
mum diameter is from 1 to 50 mm.

THE CONCEPT OF PROCESS MODEL
DESCRIPTION OF NON-COHESIVE SOIL

In literature we can find the most classic approach to the
erosion in river. The following equation shows the relation be-
tween the tractive force generated on ariverbed (DuBoys equa-
tion) and the critical tractive force (Shield’s equation) necessary
to move a particle of a given size (Grossman, 2001):

t=p-g-h-I [1]

where: T — shear stress [Pa], p — water density [kg m's], g — gravity
acceleration [ms™?], h — water depth [m], / — water slope [-].
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Fig. 2. Changes of riverbed levels in the Warta River downstream the of Jeziorsko reservoir
(Hammerling et al., 2014, modified)

A — longitudinal profile of the Warta River downstream of the dam;
B — cross-section of river channel (perpendicular to the banks of the river)
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Fig. 3. Diagram of characteristic flows from 1995-2014 in a
cross-sectional view along the line of the dam (km 484.300)

WQ - high flow, SQ — medium flow,
NQ - low flow (based on Perzynski, 2015)
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where: Re, — Reynolds number for a grain [-], Sh — Shields parame-
ter [-], v — kinematic viscosity coefficient [mzs'1], d — grain diameter
[m], u — dynamic velocity [ms™].

The purpose of the research is to try to describe the process
of erosion on the basis of varied geoengineering conditions.
This correlation is possible due to observation of erosion below
the Jeziorsko Reservoir, geological structure knowledge, and
values of geotechnical parameters of the soil.

The erosion process can be referred to the situation of the
loss of resistance to shear strength. Therefore, in view of the
engineering geology, erosion of soils depends mainly on
strength parameter values. However, since the process of ero-
sion is not the perfect equivalent of shearing (there is also a pro-
cess of loosening and detachment) for soil parameters respon-
sible for its susceptibility to erosion, the following parameters
can be distinguished:

— mechanical — cohesion (c'), friction angle (¢'), undrained

shear strength (s,);

— physical — plasticity index (/p), relative density (/p), and

those characteristic of graining distribution.

River erosion is observed in different kinds of soils, mostly in
non-cohesive but also in cohesive (Briaud, 2008). Depending

on riverbed geology, it is necessary to verify which geotechnical
parameters should be taken into consideration.

Hydraulic soil erosion, which involves transportation of soil
particles by the river current (Julian and Torress, 2006), is char-
acterized mainly by two parameters: the critical shear stress
and erosion rate (Ahmad et al., 2011; Jacobs et al., 2011).

Resistance of the subsoil to erosion is determined based on
the critical shear stress [t, (N x m™)], which can be determined
from the geotechnical parameters:

— non-cohesive soil:

— equation according to Briaud (2008):

To = dso (6]

where: dso — grain-size diameter, above which there is 50% of grains
larger in diameter [mm].

— cohesive soil:
— equation according to Dunn (Yong Hui et al., 2008):

6= 0.01 (15 + 180)tan(30 + 1.73/,) (7]
where: 15 — shear strength of soil [N x m’z]; Ip — plasticity index [-].

— equation according to Otsubo and Muraoko (Yong Hui
et al., 2008)

7. = 0.27¢™% (8]
where: ¢ — cohesion [N x m™].

Initiation of movement of soil particles starts when the shear
stress induced by the flow (1,) exceeds the value of the critical
shear stress for erosion (Yong Hui et al., 2008; Ahmad et al.,
2011).

Critical shear stress value, which is tantamount to the resis-
tance of soil to erosion (t), allows the calculation of erosion rate
(E) on the basis of the formula (Mitchener and Torfs., 1996;
Yong Hui et al., 2008):

E= Me(rb - Tc) [9]

where: M, — erosion coefficient (the value of the coefficient depends
on soil parameters — Yong Hui et al., 2008; Jacobs et al., 2011).

Mg (pg, Cv, C, dso) [10]

where: py— volume density of soil skeleton; ¢, — consolidation coeffi-
cient; ¢ — cohesion; dso — grain diameter corresponding to 50% finer.

Based on these relations, a theoretical model of erosion rate
in cohesive soils was designed:
E (¢, Tv, Pas Gy, C dsp) [11]
Field test results, however, indicated a dominance of
non-cohesive soil near the section of the Warta River floodplain
terrace. Hence, there was a need to develop an experimental
model in non-cohesive soil. The following assumptions were
used:
— critical shear stress for erosion is a function of relative
soil density — 1. (Ip),
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— cohesion equals zero (¢ = 0),

— volume density of grain skeleton is a function of relative
soil density — py (Ip),

— consolidation coefficient is a porosity function — ¢, (e),

— shear stress by flow is a function of the river flow — 1, (Q),

— diameter dy reflects better the erosion potential of sedi-
ments studied than median particle diameter ds.

Using these observations, a simplified model of erosion rate

of non-cohesive soil in its general form was obtained:

E (Ip, e, dso, Q) [12]

TEST RESULTS

In order to determine the geoengineering properties of de-
posits composing the flood terrace of the Warta River, drillings,
light dynamic probing (DPL), and cone penetration tests
(CPTU) were conducted. These studies were carried out on two
banks of the river from the correction threshold no. 3 (km
480.900) to km 478.630 of the Warta course (Fig. 1). Locations
of most DPL and CPTU were determined by hydraulic and hy-
drological studies. Probings are located at the banks of the river
at the cross-section on the bottom of the Warta River bed.

Hydrogeological field research, which is included in the
model, was conducted in 2006—-2010. The study included mea-
surements of the geometry of cross-sections of the riverbed,
sampling of river sediment, and measurements of water flow
velocity. Geometry of the cross-sections was defined using an
echo sounder, a level steel cable stretched between two river-
banks. Sampling of the sediment took place using a sediment
bailer. Detailed characteristics of sediment granulometry were
described by Wierzbicki et al. (2011) who observed a variable
but systematic increase of bottom sediment diameters resulting
from the progressive erosion process downstream of the
Jeziorsko reservoir (water leaving the reservoir removes fine

material from the riverbed). The diameters and variability of
riverbed sediment grains are greater along the section directly
below the dam. In the far section of the river, differences in di-
ameters are smaller. However, the analysis of the results of
measurements performed after the stabilization sills had been
built indicates that the size of the characteristic diameters was
reduced. This may indicate the stabilization of the river channel
and reduction of the dynamics of the erosion process.

For velocity measurements, a Hega 2 current metre and a
Stream Pro ADCP device were used.

Drilling revealed mainly the presence of non-cohesive sail,
with local thin inserts of organic soil. Therefore, the relative den-
sity of soil was deemed the leading parameter. The values of
this parameter were based on the results of dynamic probings
and cone penetration tests.

The results of DPL and CPTU were shown in probing pro-
files, which were juxtaposed with the corresponding cross-sec-
tions (Figs. 4 and 5). Correlation between the erosion rate and
the relative density of soil was performed having assumed a
horizontal spread of soil layers.

Data from cross-sections containing the riverbed bottom lo-
cation within the period 2006 to 2010 were used to determine
erosion rates in particular years. Erosion rate (E) was deter-
mined based on the arithmetic average of annual changes in
the depth of the riverbed. Relative density, on the other hand,
was determined from the equation:

g 13
Zl W, [13]

i=1 Dn

n
X,

i=1

ip

where: ID — the value of relative soil density in individual layers;

n

w, —range of a separated layer — weight

CSa+Gr
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FSa/MSa
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CSa

02 04 06

depth [m]

river bed in 2009 > |

Fig. 4. Profiles of CPTU and DPL tests in cross-section P 12/6 with an average riverbed depth
from 2009 and 2010 (Smaga, 2014, modified)

Soil symbols according to ISO 14688
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Fig. 5. Scheme of data acquisition procedure (part of cross-section PR 4/6)

w4—w, are the horizontal extents of 20 cm layers of eroded soils, which have assigned a specific /Ip
value (relative density); Ip values are read from the DPL and CPTU profiles (Fig. 4); The w, (there
could be more layers in different cross-sections) extension is then used as a weight to determine

the mean I value for the eroded soil

Diagram of the procedure of data obtaining is shown in Fig-
ure 5. The field between cross-sections from a one-year period
was divided into 20 cm wide strips. Each part was assigned an
appropriate value of relative soil density /p and range w,. With
the obtained data, a weighted average of relative soil density
was calculated. This procedure was used to interpret parame-
ters in the following years in the PR 4-6 cross-section. For com-
parison, an arithmetic average was calculated, /p from a given
depth range of the riverbed from particular years. The two aver-
ages did not differ significantly; therefore, the arithmetic aver-
age was applied for the interpretation of other cross-sections.

ANALYSIS AND DISCUSSION

The collected data from the analysed section of the Warta
River made it possible to study the relationship between the
measured hydraulic and geotechnical parameters, and the
identified erosion rate, in accordance with the model assump-
tions (7). The relationship was investigated using basic statistic
and geostatistic techniques, i.e. correlation and 2D interpolation
performed using R and Surfer software, respectively.

In the first step of the analysis, the correlation of values of
erosion rate and relative density for the observation points
(eroded layer of sediments with a characteristic value of relative
density after one year) was done. As a result, the scatterplot
was obtained (grey dots in Figs. 6 and 7). In the next step to jus-
tify the distribution of points after correlation, the zones of val-
ues of river flow were imposed on the chart (Fig. 6). To obtain
these zones, the authors used a kriging method in Surfer soft-
ware. This juxtaposition allows noticing a dominant influence of
flow values on erosion rate, and almost no such dependence in
the case of relative density.

In the next stage, the correlation between erosion rate and
relative density of the sediment was analysed, taking into ac-
count the sediment granulation variation (Fig. 7). In this case,
there is a very clear common impact of the grain diameter and
relative density on erosion rate. This confirms the general as-
sumptions of the multiparametric model adopted in this study.

Having considered the above insights, the total model of
correlation of erosion rate with flow size, relative density and
median grain size of sediment was created (Fig. 8). Based on
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Fig. 6. Relationship between the erosion rate (E) and relative

density (Ip) of riverbed on the background of characteristic
flow (Q) during erosion

Grey dots are the observation from cross-sections with specific val-
ues of erosion rate, relative density, and river flow; distribution of
these observations shows the correlation of erosion rate and rela-
tive density; ranges of river flow (in greyscale) are overlapped on the
graph, as the attempt to explain the distribution of points after corre-
lation

this model, it can be specified whether, in the given hydraulic
conditions and with particular geotechnical properties of the
sediment, erosion will occur at a specified rate. For example, in
the case of the assumed river flow Q =38 m; ><s‘1, erosion at an
average rate of 0.2 m x a~" will take place, but only when the
sediment of median grain diameter dgo = 2.25 mm will have a
relative density of Ip <0.52, or, for the same river flow, erosion of
this rate will take place when the sediment will have a grain di-
ameter of dgo = 5.25 mm, but relative density will be <0.33.
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Fig. 7. Relationship between the erosion rate (E) and relative
density (/p) on the background of characteristic grain diame-
ter corresponding to 90% finer of riverbed alluvia

In this case, to explain the distribution of observation points (grey
dots), the authors took into consideration the values of character-
istic diameter (dg); the black bold lines of equal dgo diameter val-
ues were interpolated based on observation points (kriging
technique in Surfer software was used)

There could be more than one solution, but if we verify the value
of just one parameter, we can choose the right solution.

This model is not universal, but indicates the potential use
of geotechnical parameters to determine the rate of river ero-
sion. However, in order to create direct dependencies, research
on this issue requires investigation in a laboratory channel,
where both hydraulic and geotechnical parameters are
measurable.

CONCLUSIONS

The analysis allowed the development of a model combin-
ing the observed erosion rate with hydrological characteristics
of the river (characteristic flow) and geotechnical parameters of
the bottom sediment (grain diameter and relative density). The
proposed, general form of the model has been specified using
correlative and interpolative techniques, which allowed determi-
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Fig. 8. The diagram of relationship between the riverbed erosion
rate (E), relative density (/p), characteristic grain diameter corre-
sponding to 90% of finer, and characteristic flow

This graph is a result of the combination of the two models from Fig-
ures 6, 7, and shows a generalized model of the erosion rate for the
valley composed of non-cohesive soils

nation of the significance of impact of individual factors on the
erosion rate. The predominant factor is undoubtedly the flow
value in the riverbed. However, particularly at lower flow values,
the size of grains and the relative density of soil grow in impor-
tance. The obtained solution shows that the given erosion rate
at the given water rate flow in the river will occur only when the
overall condition of specifically small grain diameter and relative
soil density will be met.

It seems appropriate to develop the presented model con-
cept and its further detailing, and to present it in the form of a
multiparametric equation. Such model development will allow a
quantitative, not just quality-conditioned assessment of erosion
below impoundment structures in the case of subsoil composed
of non-cohesive soil.
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