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Application of bank protection structures for regulation of channel
processes in the lower reaches of the Shu River
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ABSTRACT

The article presents the application of bank protection structures for regulating channel processes
in the lower reaches of the Shu River under conditions of high hydrological variability. The analysis
is based on long-term hydrological observations conducted at the Tashutkul (Tasotkel)
hydrological station over the period 1967-2022. A statistical assessment of annual maximum and
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revealed the occurrence of rare but extreme flood events that significantly influence channel
deformation and bank erosion in reaches composed of sandy—gravel alluvial deposits. A
probabilistic hydrological analysis was applied to justify the design hydraulic loads acting on river
training structures. Based on the identified hydrological and morphological risks, an improved
prefabricated modular floating bank protection spur was developed for river engineering and
channel regulation. The proposed structure provides adjustable permeability, promotes flow
energy dissipation, and reduces local scour intensity under different flow conditions. The obtained
results may be applied in the design and operation of adaptive bank protection structures for the
lower reaches of the Shu River and other rivers characterized by pronounced channel instability
and hydrological variability.

Keywords: bank protection spur; erosion protection; river channel regulation; polyethylene
beams; hydraulic structure; prefabricated modular structure; flood regulation; hydrological
variability; discharge exceedance probability.
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Introduction

Erosion of riverbanks and changes in river
channels under the influence of natural and
anthropogenic factors represent one of the pressing
issues in hydraulic engineering and environmental
protection [[1], [2]]. Bank washout, soil collapse, and
alterations in river course pose threats to
infrastructure, agricultural lands, settlements, and
aquatic ecosystems [3]. Under conditions of floods,
high water events, and sudden water level
fluctuations, traditional bank protection structures,
such as levees, embankments, and concrete
constructions, often prove insufficiently effective,
and their construction requires significant time,
financial, and material resources [[4], [5]].

The relevance of this research is driven by the
high variability of runoff in Central Asia, frequent
floods, and anthropogenic river regulation, which
create significant risks to the safety of hydraulic
structures and the stability of riverbank zones [[1],
[3], [5], [6]]. Modern approaches to the design and
construction of bank protection structures include
the use of modular and permeable constructions
capable of adapting to changing hydrological
conditions, reducing flow velocity in the near-bank
zone, and decreasing the intensity of erosion [[7],
(8], [9]].

When addressing the durability and reliability of
hydraulic and  land-reclamation  structures,
particular attention is paid to improving design,
implementing new, more environmentally friendly
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and cost-effective bank protection technology
structures, and developing methods for their
hydraulic justification [[10], [11]]. Such structures
are characterized by good construction qualities,
relative simplicity of installation, and cost efficiency;
they integrate harmoniously into the bank zone of
any water body and reliably protect it from negative
natural and anthropogenic impacts. They can be
used both for permanent bank protection and for
emergency interventions in critical situations [[8],
[12]].

The Zhambyl region is classified as a medium-
risk area due to the potential occurrence of floods in
the region. A preliminary assessment of flood-prone
areas in the country is based on data from RSE
«Kazhydromet», including snow reserves,
precipitation, autumn soil moisture, soil freezing
depth, and river ice conditions. In the event of
floods, water may pose a threat to settlements in
the Moyynkum, Sarysu, Zhambyl, Shu, Merken,
Talas, Korday, Ryskulov, Baizak, and Zhualyn
districts. Flooding during the flood-prone period and
in the residential area of Tekturmas in Taraz is
characteristic [2].

Some flood-related emergencies in the Zhambyl
region, reported on regional websites of the
Republic of Kazakhstan, in chronological order,
include:

- March 27, 2017: Due to increased snowmelt in
the mountainous area and higher inflow into the
Ters-Ashybulagq Reservoir, there was a risk of
washout of the roadway of the «Western Europe—
Western China» highway in the Zhambyl district.
Additionally, 15 dacha plots and 1 residential house
in a dacha settlement, as well as areas in the village
of Baiterek, were at risk of flooding. Water levels
rose up to 25 centimeters.

- April 2017: In the Talas district, flooding from
Lake Akkol caused inundation of the local «Akkol—
Usharal» road.

- February 2018: Heavy rainfall, rapid snowmelt,
and half-meter soil freezing led to the formation of
hillside runoff, resulting in the flooding of 30 yards in
three settlements in the Turar Ryskulov district.

- May 20, 2021: Due to heavy rainfall, yard areas
in the villages of Ornek, Mamai-Kayindy, and
Akyrtobe of the Ryskulov district were flooded. In
total, 11 yard areas were flooded, with water levels
ranging from 10 to 30 centimeters. Additionally, a
local automobile bridge at the entrance to the village
of Salimbay in the Ornek rural district was partially
damaged.

- February 2023: Due to a sudden warming in the
region and its foothill areas, intense snowmelt
caused flooding in 11 settlements across four rural
districts and in Taraz. Emergency response efforts to
combat flooding in the villages of Merken, Tyskulov,
Shu, and Zhualyn districts continued for four days.

- July 7, 2024: In the city of Zhanatas, Sarysu
district, heavy rainfall caused the formation and
passage of hillside runoff along Bayseitova, Ayapova,
Yeseeva, Kurmangazy, and Klochkova streets.
According to the akimat, more than 200 yard areas
and 21 houses located in the foothill area were
flooded as a result of the emergency.

The flood period can be complicated by a
sudden rise in air temperature, which, in turn, can
lead to intensive snowmelt in mountainous areas.
The examples considered illustrate the types of
natural disasters and enormous losses caused by
spring floods on rivers. The only solution is timely
preparation to prevent natural catastrophes and
mitigate their consequences.

During potential flood periods, particular
attention should be paid to existing hydraulic
structures in the region (Figure 1). In the Zhambyl
region, there are 142 hydraulic structures in
operation: 84 reservoirs, 2 dams, 11 hydroelectric
complexes, and 44 ponds. These structures are
owned by the state, municipal authorities, and
private entities.

Figure 1 - Tashutkul Dam with the Right-Bank and
Left-Bank Regulators
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Analysis shows that hydraulic structures in the
region require special attention during the flood-
prone period. In the Zhambyl region, there are 142
hydraulic structures in operation: 84 reservoirs, 2
dams, 11 hydraulic complexes, and 44 ponds, which
are owned by the state, municipal authorities, and
private entities [[1], [3]]. Thus, the relevance of this
study lies in the need for a comprehensive
assessment of hydrological conditions affecting river
channels and bank erosion, as well as in the
justification for the use of adaptive bank protection
structures capable of effectively regulating channel
processes and safeguarding coastal areas.

Experimental part

The methodological basis of this study is a
comprehensive statistical analysis of long-term
series of annual maximum discharges of the Shu
River at the «Tashutkul» hydrological station for the
period 1967-2022. The primary aim of the analysis
is to determine the statistical characteristics of
runoff distribution, assess its variability, identify
extreme values, and construct theoretical and
empirical exceedance probability curves, which are
essential for the design of hydraulic structures and
water resources planning.

The calculation of runoff module coefficients,
reflecting the ratio of the actual annual discharge to
the long-term mean discharge, is expressed as:

ki = Qi/Qmean (1)

The empirical exceedance probability for each
discharge value in the ranked series of observations
is determined as:

P= % * 100% (2)

The correctness of the calculations is verified
using the following conditions:

YKi=n; 2 (K;—1)= 0, with a maximum
allowable error of 0.3-0.5%.

Based on the obtained values, the biased
coefficients of variation (Cv) and skewness (Cs) are

calculated:
~ S (Ki=1)
¢, = Etd e)

& _ DX (Ki-1)?
ST (n-1)-(n-2)-C} )

The adequacy of the observation series is
assessed using relative errors:

£g = % 100% (5)

1
ec, = /% 100% (6)

The length of the observation series is
considered sufficient for the determination of the
mean annual discharge Qe.qn and the biased
coefficient of variation (7,,, if €9 < 5—10%, and
&, < 10— 15%. hus, the observation series for the
period 1967-2022 is regarded as sufficient for
estimating the mean annual runoff Q,,.q, and the
coefficient of variation.

To construct theoretical exceedance probability
curves, the calculated coefficients of variation and
skewness for the three-parameter gamma
distribution and the binomial distribution are used,
with coefficients as, ..., as and by, ..., be selected in
accordance with the ratio C/C,=2 and the lag-1
autocorrelation coefficient r(1)=0.4. The
autocorrelation between adjacent terms of the
series is calculated using the following formula:

?=_11(Qi—01)'(Qi+1_Q_2) (7)

r(1) = — =
JZ?:l(Qi—Qﬂ T Q41— 02)?

Results and Discussion

The results of the study are structured to
consistently link the hydrological conditions of the
Shu River with the engineering measures aimed at
regulating channel processes and protecting
riverbanks from erosion. First, the results of the
statistical analysis of maximum river discharges are
presented, which characterize the hydrological loads
governing channel deformation and bank erosion in
the lower reaches of the river. Second, based on the
identified hydrological and channel-forming
conditions, the applicability of a modular floating
permeable groyne is substantiated as an adaptive
bank protection structure.

1. Statistical Processing and Hydrological
Assessment of Maximum Discharges. Analysis of the
chronological series of maximum annual discharges
of the Shu River at the Tashutkul hydrological station
for the period 1967-2022 reveals significant
fluctuations in runoff, indicating a high variability of
the hydrological regime (Figure 2). During the
analyzed period, the minimum maximum discharge
was recorded in 1992 at 102 m3/s, while the
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Figure 2 - Chronological series of annual maximum discharges of the Shu River at Tashutkul (1967-2022)

maximum occurred in 1973, reaching 355 m3/s,
which is almost four times higher than the minimum
value. This extreme reflects the impact of an
exceptionally wet year and highlights the significant
instability of runoff in the lower reaches of the river.
Between 1967 and 1981, maximum discharges
showed a stable increasing trend: starting at 203
m3/s in 1967, the values rose to 355 m3/s in 1973.
From 1974 to 1981, relatively moderate and
fluctuating values were observed (130-282 m3/s),
which may be associated with alternating dry and
wet periods.

Between 1982 and 1994, maximum discharges
decreased, peaking at 240 m3/s in 1988 and reaching
a minimum of 102 m3/s in 1992, indicating a
prolonged dry period at the end of the 20th century.
From 1995 to 2001, maximum discharges increased
again, reaching 132 m3/s in 2005; after 2002,
maximum discharge values remained high but
exhibited pronounced variability (68-287 m3/s),
reflecting changing climatic conditions and the
influence of anthropogenic factors on the river's
flow regime.

The high interannual variability of maximum
discharges of the Shu River has important practical
implications: it must be considered in the design and
operation of hydraulic structures, planning of
irrigation systems, flood preparedness, and water
resource management. Analysis of extreme values
allows for the assessment of the probability of rare
but potentially hazardous hydrological events and
enhances the reliability of engineering solutions.

To assess the homogeneity of the maximum
annual discharges of the Shu River at the Tashutkul
hydrological station for the period 1967-1994, the t
and F statistical tests were applied. The series of
maximum discharges was examined for systematic

differences and stability of variance between data
subseries.

The t-test showed that the calculated value of t
was 1.4109, while the critical tabular value at a
significance level of 0.05 is +2.006. Since the
calculated value falls within the critical interval
(-2.006 < 1.4109 < 2.006), the hypothesis of equality
of means is not rejected. This indicates that there
are no statistically significant differences in the
average maximum discharges between the
subseries of the dataset.

The F-test allows for the assessment of equality
of variances between two subseries. The calculated
F value was 1.523, which is less than the tabular
value F = 1.96 at a 0.05 significance level. This
confirms that the variances of the subseries do not
differ statistically.

The results of both statistical tests indicate the
homogeneity of the series of maximum discharges
of the Shu River at the Tashutkul hydrological station
for the analyzed period. The practical significance of
this homogeneity lies in the possibility of using the
series for further hydrological analysis, construction
of exceedance probability curves, calculation of
extreme discharges, and the design of hydraulic
structures without the need for adjustments.
Stability of the statistical characteristics of the series
ensures the reliability of engineering calculations
and water management planning.

Based on long-term observations of maximum
annual discharges of the Shu River at the Tashutkul
hydrological station for 1967-2022, statistical
processing was performed using the method of
moments. The objective of the analysis is to assess
the distribution of extreme discharges, construct the
exceedance probability curve, and determine design
values for various water management tasks.
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The series of maximum discharges exhibits high
interannual variability. The calculated parameters
are as follows: mean maximum discharge
Qmean =179.5 m3/s, coefficient of variation €, =
0.4, reflecting substantial year-to-year fluctuations
in maximum runoff; skewness coefficient CS = 0.9,
indicating a right-skewed distribution, i.e., the
presence of individual years with extremely high
discharges. The analysis shows that the river is
subject to rare but powerful floods, with several high
extreme years (e.g., 1973 - 355 m3/s, 1971 - 281
m3/s, 1980 - 280 m?3/s) significantly influencing the
mean value and shape of the distribution.

Using the module coefficients k; , an empirical
exceedance probability curve of maximum
discharges was constructed. The curve was
approximated using a three-parameter gamma
distribution, allowing for the assessment of the
hydrological reliability of extreme discharges.
Comparison of the empirical and theoretical curves
showed good agreement, confirming the reliability
of the original observations, the correctness of the
selected distribution model, and the suitability of
the data for engineering design and water
management planning.

Based on the constructed exceedance
probability curve, design values of maximum
discharge were determined for different exceedance
probabilities: rare extreme events P <1 %): Q, ;=415
m3/s; Q1=332.6 m3/s; average conditions (P = 50%):
Q50=146 m3/s; minimum guaranteed extremes (P >
95%): Q95=68.97 m?3/s. These values allow a
guantitative assessment of the range of extreme

maximum discharges and can be used for: the design
of dams, reservoirs, and hydro complexes;
calculation of channel and spillway capacities; and
forecasting flood and high-water risks.

Assessment of interannual dependence of
maximum discharges revealed a positive first-order
autocorrelation r(1)=0.4 in Figure 3. This indicates
the inertia of the hydrological regime, where high or
low maximum discharges tend to recur over several
consecutive years. This feature is particularly
important for long-term water management
planning and forecasting of extreme floods. The
method of moments confirmed the statistical
reliability of the maximum discharge series: the
variation and skewness indicators agree with
empirical data, and the constructed theoretical
exceedance probability curve allows the
determination of design discharges for a wide range
of probabilities.

After constructing the empirical exceedance
probability curve of maximum discharges of the Shu
River at the Tashutkul hydrological station, its
correspondence with the theoretical curve was
verified. The analysis showed that the empirical
points generally agree well with the theoretical
values, confirming the correctness of the calculated
coefficients of variation and skewness of the series,
as well as the reliability of the constructed empirical
curve. This agreement demonstrates a strong
correlation between observed and calculated
discharges, providing a basis for water resources
analysis, irrigation system planning, and assessment
of risks associated with floods or water scarcity.
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Figure 3 - Exceedance probability curve of annual maximum discharges of the Shu River
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Table 1 - Theoretical exceedance probability curve values C, = 0.4 and C:=2C,

Exceedance probability, P 01 1 3 5 10 20 30 40 50
(%)
Modular coefficient, K, 2.700 | 2.160 | 1.870 1.740 1.540 1.310 1.160 1.050 | 0.948
River discharge Q,, m¥/s 4157 | 3326 | 287.9 267.9 237.1 201.7 178.6 161.7 | 146.0
Exceedance(;;"bab"'ty’ P 60 70 75 80 90 95 97 99 99.9
(]
Modular coefficient, K, 0.852 | 0.760 | 0.708 | 0.656 0532 | 0448 | 0392 0304 | 0.192
River discharge Q,, m¥%s | 131.17 | 117.01 | 109.00 | 101.00 | 81.91 68.97 60.35 | 46.80 | 29.56
The calculated ordinates of the exceedance basins in  Kazakhstan, demonstrating their
probability curve and the corresponding maximum  robustness under conditions of increasing
discharges for different exceedance probabilitiesare  hydrological variability [[5], [14]].
presented in Table 1. The obtained design discharges for low

The analysis of the hydrological regime of the
Shu River confirms a pronounced interannual
variability and significant asymmetry of maximum
annual discharges, which indicates the presence of
rare but powerful flood events exerting substantial
influence on the statistical characteristics of runoff.
Similar patterns have been identified for other river
systems of Central Asia, where climate change and
anthropogenic regulation intensify hydrological
extremes and increase uncertainty in the estimation
of design discharges [[1], [2], [3]]. Long-term
observation series therefore remain a key
prerequisite for reliable flood-frequency analysis
and assessment of hydraulic structure reliability.

The obtained results demonstrate that, despite
noticeable interannual fluctuations, the series of
maximum annual discharges remains statistically
homogeneous, which is consistent with conclusions
reported in hydrological studies emphasizing the
importance of multi-decadal datasets for
engineering applications [[6], [7]]. The detected
positive lag-1 autocorrelation indicates inertia in the
hydrological regime, meaning that high-flow and
low-flow conditions tend to persist over several
consecutive years. Such behavior has been widely
discussed in the context of flood risk assessment and
should be explicitly considered when evaluating the
safety margins of hydraulic engineering structures
[[4], [10]]. The application of the method of
moments and probabilistic exceedance curves based
on the three-parameter gamma distribution proved
effective for describing the distribution of extreme
discharges. A good agreement between empirical
and theoretical curves confirms the adequacy of the
selected statistical model and supports its
applicability for determining design discharges of
various exceedance probabilities [13]. Similar
probabilistic approaches have been successfully
applied in climate impact assessments for river

exceedance probabilities (P < 1-5%) indicate that
hydraulic loads during extreme flood years may
significantly exceed the design parameters of
existing hydraulic structures, many of which were
constructed based on outdated hydrological norms.
This conclusion is consistent with recent studies
highlighting increased flood risks and the need to
revise design criteria for hydraulic structures under
changing climatic conditions [[1], [4], [11]].

2. Improved Prefabricated Modular Floating
Bank Protection Spur. An effective method for
diverting floodwaters and providing flood protection
is the rapid construction of prefabricated,
demountable river-regulating structures. Such
structures are widely used not only in emergency
response situations but also as permanent
regulators of local channel deformations. The
application of a system of permeable spurs makes it
possible to modify the river flow regime, reduce unit
discharge, and decrease near-bank flow velocities,
thereby transforming a wandering channel into a
stable meandering one [8].

The permeable bank protection spur proposed
by V.D. Shuminsky [9] is known to reduce erosion of
riverbanks and improve flow energy dissipation
efficiency through regulation of the structure’s
porosity coefficient. In hydraulic engineering
practice, the «Movable Bank Protection Spur» [15] is
also used, maintaining its operational performance
under varying hydrological conditions. Traditionally,
such structures are installed from the riverbank at a
specific angle to the flow and consist of an abutment
(root), a main body, and a head section, which is
subjected to the most intensive erosive forces.
However, rigid fixed structures have several
disadvantages: during ice drift, they reduce the
effective ice passage width and act as partial dams
[[16], [17]]; moreover, under variable water levels
and flow velocities, they require excessive height
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and material consumption, being designed based on
extreme maximum hydrological conditions [[8],
[12]].

A more advanced type is the floating bank
protection spur [18], which is capable of operating in
both solid and permeable flow regimes. Its structural
disadvantages include the need for preparatory
works involving the placement of reinforced
concrete blocks in the lower part of the structure,
the complexity of installing stoppers and embedded
components, which reduces the speed of assembly,
as well as the circular surface of the pipes used,
which increases flow slip and reduces transverse
roughness [[9], [16]].

Based on an analysis of existing river-regulating
and bank protection structures, as well as
prefabricated floating bank protection spur systems,
this paper presents the development of an improved
prefabricated floating bank protection spur design
that eliminates the identified shortcomings.

This is achieved through an improved
prefabricated floating bank protection spur design,
in which the upper part consists of hollow
polyethylene beams with a cross-sectional size of 20
x 15 cm, hermetically sealed at the ends. The lower
part of each beam is equipped with mounting holes
through which the elements are installed onto a
cable; one end of the cable is fixed to a driven metal
stake using a fastening clamp or anchored, while the
other end is secured to the bank after installation is
completed. When operating in a permeable spur
mode, polyethylene spacer bushings with the

= 4.5

/
N
s

@ f.ff
/

1
|~

required degree of porosity are installed between
the beams along the axis. The upper free part of the
beams remains in a floating condition.

As a result of the improvement of the
prefabricated floating bank protection spur, the
upper part is replaced with polyethylene beams,
while the lower part is freely mounted on a cable
without a foundation base, which allows the
structure’s configuration to be adjusted depending
on hydrological conditions and operating regimes.

An important advantage of the proposed spur is
the ability to regulate its permeability through
replaceable spacing elements. This enables flexible
control of flow velocity, energy dissipation, and
sediment transport downstream of the structure,
ensuring effective performance under extreme flood
events, medium discharges, and low-flow periods.
Such adaptability significantly distinguishes the
proposed design from traditional spurs and
enhances its reliability under conditions of
hydrological uncertainty [[15], [17]].

Overall, the integration of long-term flow
analysis with adaptive engineering solutions
provides a comprehensive approach to improving
the reliability and safety of hydraulic structures. For
transboundary river systems such as the Shu River,
where climatic variability, upstream flow regulation,
and increasing water resource demands jointly
affect the hydrological regime, the combined
application of probabilistic hydrological assessment
and flexible bank protection structures is particularly
well justified [[2], [11], [16], [18], [19], [20]].

a — Prefabricated elements of the improved modular floating bank protection spur: 1 — polyethylene beams,
2 —mounting holes, 3 — cable, 4,5 — metal stake, 6 — fastening clamp, 7 — polyethylene spacer bushings;
b, c —assembled solid and through versions of the improved modular floating bank protection spur.

Figure 4 - Improved modular floating bank protection spur
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For the practical implementation of the
proposed spur and the evaluation of its hydraulic
performance, it is necessary to determine the
principal structural and hydraulic parameters
governing the interaction between the structure and
the flow. The definition of the permeability
coefficient follows the calculation methodology for
combined permeable river training structures [21].
Owing to the different geometry of the proposed
design, the original calculation relationships were
adapted for a system of horizontally oriented
polyethylene beams and adjustable spacer bushings.

The fundamental design parameter is the
permeability (porosity) coefficient of the structure
(P), defined as the ratio of the open (permeable)
area of the structure to the total area of its frontal
projection:

P=%= (8)

where:
w,=0ld{+dy+-+dy) H (9)

wp,=(51+s,++s,) H (10)

Here: wy, w,, w - the areas occupied by the
beams, the inter-beam openings, and the total
frontal area of the structure, respectively, m?
$1,52,°**, Sy - the frontal widths of the beams, m;
dy,dy, ++, dy, - the widths of the openings between
the beams, which are adjustable through the length
of the spacer bushings, m; n - the number of beams;
m is the number of inter-beam openings (m =n —
1); H - the design flow depth, m.

For a structure with uniformly spaced beams of
equal width (s) and openings of equal width (d),
Equation (8) can be simplified as follows:

p=-2 (11)

The permeability coefficient is related to the
channel blockage coefficient by the following
relationship:

P=1-P, (12)

Adaptation of the proposed structure to
different hydrological conditions is achieved by
varying the length of the spacer bushings. For a
polyethylene beam with a frontal width of s = 0.20
m, an opening width of d=0.20 m is adopted under

mean-flow conditions (Qsqe,), corresponding to a
permeability coefficient of P=0.50. Under extreme
flood conditions (Qq¢,), the opening width is
increased to d=0.30 m, resulting in a permeability
coefficient of P=0.60 and a corresponding reduction
in the hydrodynamic load acting on the retaining
cable.

The flow velocity immediately downstream of
the proposed permeable spur (V}) is determined
using the velocity coefficient ¢, based on the
analytical relationships reported in [22] and their
subsequent  nonlinear  approximation  using
experimental datasets presented in [21]:

V=@ Vy=[12-P%*-(1-P)"] -V (13)

where: ¢ - the dimensionless velocity coefficient
of the permeable barrier accounting for turbulent
head losses; P - the dimensionless permeability
(porosity) coefficient of the spur flow section,
determined by the length of the spacer bushings; V;
- the approach flow velocity of the Shu River during
the design flood corresponding to Qq¢,, m/s. The
permeability coefficient P is related to the structural
blockage coefficient P, by the relationship P, = 1 —
P.

The kinematic structure of flow deformation
downstream of permeable elements has been
comprehensively investigated in the monograph
[21]. Based on the experimental jet-contraction
curves and the relationships between the geometric
characteristics of the deformation zones, the
channel blockage ratio (n), and the installation angle
of the structure (a) presented therein, the authors
of the present study performed an analytical
approximation of the experimental datasets using
the least-squares method in Microsoft Excel. The
resulting regression equation (13) represents a local
empirical model and is applicable within the
investigated permeability range of 0.2 < P < 0.6,
which, according to the experimental conditions
reported in [21] and the relationship between the
coefficients, corresponds to blockage coefficients of
04 <P, <0.8.

Statistical  analysis of the long-term
observational series (1967-2022) at the reference
Tashutkul hydrological station showed that, under
extreme conditions corresponding to the centennial
flood discharge Q1¢,, the design mean flow depth is
H= 2.5 m, while the mean approach velocity is V; =
1.8 m/s. Under these conditions, the proposed
floating structure provides controlled flow velocity
reduction downstream of the barrier. In the baseline
operating mode at a permeability coefficient P=0.50
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(blockage coefficient P, = 0.50), the flow velocity
downstream of the structure V, decreases to 1.55
m/s (a reduction of 14%), while the kinetic energy of
the flow is dissipated by up to 26%. In the extreme
flood operating mode (P = 0.60, corresponding to P,
= 0.40), the velocity downstream of the spuris 1.61
m/s (a reduction of 11%), and the kinetic energy of
the surface flow layer is effectively dissipated by
20%, which minimizes the risk of bank deformation
in reaches composed of sandy—gravel deposits with
particle sizes d;= 1.0+2.5 mm.

Based on experimental studies presented in
[21], it has been substantiated that the velocity
distribution in the zone of intense turbulent mixing
follows the universal self-similar Schlichting—
Abramovich law. The classical physical foundations
of this relationship for channel flows are described
in detail in [23]:

U—U,

=(1-n'%)? (14)

Umax~Ux

where: u - the local longitudinal flow velocity at
the considered point in the downstream reach, m/s;
u, - the velocity of the co-flow penetrating through
the permeable gaps of the bushings, m/s; 1,4, - the
maximum velocity at the boundary of the core of the
main (transit) flow; 1 - the dimensionless relative
vertical coordinate of the investigated cross-section.

This theoretical justification enables the
application of the classical velocity distribution law
for numerical assessment of flow kinematics
downstream of the proposed spur, thereby
preventing the formation of hazardous secondary
(reverse and unstable) flow structures.

Based on the maximum hydrodynamic loading
during the extreme flood event @, at the Tashutkul
hydrological station, the peak longitudinal tensile
force (T) acting on the supporting cable system was
determined. In accordance with the requirements of
the regulatory document SP RK 3.04-107-2014 [24],
the longitudinal component of the flow force (N,
kN) was adapted to the geometry of the permeable
barrier of the proposed floating structural model:

T=N, =059-(b-h) V;>-P,  (15)

where: T - the distributed hydrodynamic load on
the supporting steel cable, kN/m; N,, - the
distributed longitudinal component of the flow force
acting on the structure, kN/m; 0.59 - the
hydrodynamic coefficient according to SP RK 3.04-
107-2014 [24]; b - the frontal width of the
polyethylene beam (0.20 m); h; - the design flood

depth at the Tashutkul hydrological station cross-
section (2.5 m); V; - the approach flood-flow velocity
(1.8 m/s), which governs the loading on the cable as
it is induced by the incoming flow; P, - the
dimensionless blockage (channel constriction)
coefficient of the spur formed by the beams
according to [21].

Substitution of field hydrological parameters of
the Shu River under emergency extreme flood
conditions (V; = 1.8 m/s), with a frontal projection
area of the beam (b - hy) = 0.5 m?, and a blockage
coefficient in extreme conditions P, = 0.40
(corresponding to a permeability coefficient P =
0.60), yields a peak distributed load on the
supporting cable of T = 0.382 kN/m (or 382.3 N/m).
The obtained hydrodynamic load characterizes the
force exerted by the flow on the supporting system
of the structure and may be used for subsequent
structural design and selection of the retaining cable
parameters.

The quantitative design assessment of the static
and dynamic stability of the floating element in the
river flow was performed based on the balance of
vertical forces. The distributed buoyant force (Fy),
N/m, was determined using the following
expression:

Fy=py-g-(a-b) (16)

where: p,, - the water density (1000 kg/m3); g -
the gravitational acceleration (9.81 m/s?); a and b -
the geometric dimensions of the cross-section of the
polyethylene beam (0.15 x 0.20 m). Substitution of
the structural parameters yields a buoyant force
under full submergence of F, = 294.3 N/m.
Considering the distributed self-weight load of the
polyethylene beams together with the supporting
cable (F, = 65.0 N/m), the net static buoyancy
reserve of the structure amounts to 229.3 N/m.

To assess the dynamic stability of the proposed
structure under flood conditions, the associated
vertical (downward) hydrodynamic force (Q,),
arising from the pressure difference and tending to
press the floating barrier toward the riverbed, was
calculated. The computation was performed in
accordance with the regulatory provisions of SP RK
3.04-107-2014 [24] using the following expression:

Q, =0.59-4, V%P, (17)

where: A; - the lateral submerged projected
area (sail area) of the submerged element per unit
length of the structure, takenasa-1=0.15m? V; -
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the approach flood-flow velocity of the Shu River at
the design discharge Qi¢,, (1.8 m/s); P, - the
dimensionless blockage coefficient of the spur.

The obtained value of the hydrodynamic
submerging force under the design permeability of
the structure (P = 0.50, corresponding to a blockage
coefficient P, = 0.50) is:

Q, = 0.59-0.15- (1.8)%- (1 — 0.50) = 0.143
kN/m or (143,4) N/m

A comparison between the dynamic submerging
force and the net static buoyancy reserve shows that
the restoring Archimedes forces exceed the
destabilizing hydrodynamic forces by a factor of 1.6
(229.3/143.4 = 1.6). This result indicates sufficient
stability of the floating barrier and the maintenance
of its stable operating position at the water surface
even during the passage of a critical centennial flood
with a 1% exceedance probability at the Tashutkul
hydrometric station cross-section.

For a quantitative assessment of erosional
channel processes beneath the proposed structure,
the relationship of I.I. Levi for permeable systems
was used to estimate the limiting depth of local
scour Hp, [[21], [25]]:

Hy=h - (K—Z)LZ

where: h; - the design flood depth at the
Tashutkul hydrological station cross-section, m; 1}, -
the flow velocity immediately downstream of the
permeable spur, m/s; V;, - the critical non-scouring
velocity of the flow for the riverbed soils of the Shu
River, m/s; P, - the dimensionless blockage
(constriction) coefficient of the structure formed by
the beams.

- p,0° (18)

The physical meaning of equation (18) lies in the
modification of the classical erosional framework
proposed by LI. Levi through the introduction of a
reducing dimensionless factor (P,%°). This
coefficient accounts for the jet-like structure of the
flow in the downstream reach and the reduction in
unit discharge due to partial filtration of water
through the regulated gaps between the spacer
bushings of the proposed structure.

Downstream of the Tashutkul hydrological
station, the riverbed of the Shu River consists of
sandy—gravel alluvial deposits with a mean weighted
sediment diameter of (d; = 1.0-2.5) mm. For this
type of soil and a flood depth of 2.5 m, the mean
cross-sectional non-scouring velocity ranges from
0.85+1.20 m/s. However, in the present study, the
critical near-bed velocity corresponding to the
initiation of sediment motion, equal to 0.55 m/s

according to a verified methodology, was adopted as
the design value of (1,,) in equation (18). Partial
conveyance of flood discharge through the body of
the proposed floating spur leads to a reduction in
the calculated depth of the local scour hole at the
structure head by 15-37% compared with solid
prototype structures.

As shown in numerical hydrodynamic studies
[26], localized flow velocities at the head of
permeable spurs decrease due to nonlinear filtration
processes. The proposed structure allows
maintaining the permeability coefficient within the
optimal range P = 0.50+0.60 (corresponding to a
blockage coefficient P, = 0.50+0.40). This ensures
the «flattening» (spreading) of the near-bed vortex
zone downstream of the barrier and increases the
effective length of the protected riverbank to 4-10
times the length of the structure itself.

The sedimentation regime analysis within the
spur cells was performed according to the regional
methodology of «KRSU» for piedmont—plain
conditions of the Shu River. The critical near-bed
velocity at which transported sediments begin to
deposit in the inter-spur space (V;s, m/s) is
determined using the relationship proposed by V.F.
Talmaza [27], which has been thoroughly validated
in studies of the Shu River [28]:

1
— 4.7 (H\m | (v, o g
Vie = 14-228 ()7 e g g, (1)

where: m = 4 is the exponent describing the
vertical velocity distribution for the considered
reach; H - the design flood depth (2.5 m); d; - the
mean weighted diameter of sandy—gravel sediments
(1.0-2.5 mm); y,, and y,, - the unit weights of bed
sediments (26.5 kN/m3) and river water (10.0
kN/m3), respectively; g - the gravitational
acceleration (9.81 m/s?).

Adjustment of the permeability of the proposed
floating spur to the optimal range of 0.50+0.60
(achieved through the selection of polyethylene
spacer bushings) artificially reduces the local near-
bank flood velocity V, within the inter-spur zone to
a level satisfying the sedimentation condition V, <
Vis. This ensures stable and controlled
accumulation of sandy—gravel material within the
spur cells, prevents the formation of hazardous
impinging flow conditions, and promotes natural
aggradation and widening of the protected
riverbank zone on the Kazakhstan side of the
transboundary Shu River.

For an objective assessment of technical
advancement and to substantiate the novelty of the

— |4 ——
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Table 2 — Comparative Assessment of the Hydraulic Performance of the Proposed and Prototype Bank Protection Spurs

the spur by 11-14%

Hydraulic and  Structural | Floating Prototype (Rigid | Proposed Modular Permeable | Quantitative Assessment of

Parameter Sealed Pipes) Spur Technical Advancement
Based on Verification

Regulation of permeability (P) | Fixed (P <0.15) Adjustable (P = 0.20+0.60) Adaptation to flood variability
ranging from 50% to 1%
exceedance probability in the
Shu River

Flow velocity reduction | Uncontrolled flow | Reduction of flow velocity | Transformation of near-bank

coefficient (13, /V1) impingement and attachment | immediately downstream of | flow into a safe non-erosive

regime (V, < Vi)

Degree of flow kinetic energy
dissipation (Ey)

Intense local vortex formation
at the head

Internal friction of split jets
(energy dissipation of 20—
45%)

Effective dissipation of kinetic
energy within the permeable
body of the spur

Local scour depth beneath the
structure (Hp)

High (1,3 +1,5h)

Minimized  (reduction of
calculated scour depth by 32—
37%)

Reduced risk of structural
undermining; expansion of
the protection zone up to 4-—

10 spur lengths (according to
validated methodology [25])

Installation complexity and
deployment rate

High (on-site welding and
installation of heavy bed
anchors required)

Low (modular assembly on a
bank-mounted cable without
heavy machinery)

High operational efficiency for
emergency flood response
conditions

claimed utility model, a comparative analysis of its
characteristics with a baseline floating prototype
made of rigid sealed pipes was conducted. The
comparative evaluation, verified using external
sources, is summarized in Table 2.

The implementation of the proposed
engineering solution enables a transition from
passive resistance to the dynamic impact of the river
flow to active and controlled regulation of channel
deformation processes. This makes the developed
floating structure particularly suitable for bank
protection in transboundary river basins (notably
the Shu River), which are characterized by high
variability of flood discharge and intensive
anthropogenic flow regulation.

Conclusions

The study of channel processes in the lower
reaches of the Shu River revealed pronounced
interannual variability of river discharge, which
intensifies bank erosion during extreme flood
events. Based on long-term  hydrological
observations, design discharges corresponding to
different exceedance probabilities were determined
and used to justify the hydraulic loads acting on bank
protection structures in accordance with the
fundamental principles of hydrodynamics [23]. As an
adaptive engineering solution, an improved
prefabricated modular floating bank protection spur
with  adjustable permeability is proposed.
Computational and theoretical analyses, together
with a comparison with a conventional rigid

prototype, confirmed its advantages in terms of
structural stability, ease of installation, and overall
hydraulic performance.

Based on the hydraulic justification of the
structural parameters for the proposed spur at the
Tashutkul hydrological station cross-section of the
Shu River, the following conclusions were drawn:

1. It was established that varying the length of
the polyethylene spacer bushings from 0.20 to 0.30
m allows the permeability coefficient of the
structure to be adjusted within the range 0.50 <
P <0.60, which, according to the relationship
(P, =1—P), corresponds to channel blockage
coefficients of 0.40 < P, < 0.50. This enables the
spur to adapt to both mean annual flow conditions
(@500 = 146.0 m3/s) and extreme flood discharges
(Q105 = 332.6 m?/s).

Quantitative evaluation of the hydraulic
performance showed that, at the baseline
permeability coefficient P = 0.50, the proposed
structure reduces the approach flood-flow velocity
by 14% (from 1.80 to 1.55 m/s) and dissipates up to
26% of the flow kinetic energy. Under the extreme
operating condition (P = 0.60), the flow velocity
immediately downstream of the spur is reduced to
1.61 m/s, corresponding to a 20% reduction in the
kinetic energy of the surface flow layer.

Partial conveyance of flood discharge through
the permeable body of the spur reduces the
intensity of local scour at the spur head by 15-37%
compared with impermeable prototype structures.
Redistribution of the flow structure increases the
effective length of the protected riverbank to
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approximately 4-10 times the length of the
structure itself.

Reducing the local near-bank velocity within the
inter-spur zone to the condition (¥}, < V; ;) creates
favorable hydraulic conditions for the stable
deposition of sandy—gravel sediments, prevents the
formation of hazardous bank-attached currents, and
promotes the natural accretion of the protected
riverbank.

The calculated peak distributed hydrodynamic
load acting on the supporting system is T = 382.3
N/m. At the same time, the net static buoyancy
reserve of the polyethylene beams (229.3 N/m)
exceeds the dynamic submerging force of the flow
(143.4 N/m) by a factor of 1.6, thereby ensuring the
stability of the floating structure. The calculated
hydrodynamic load characterizes the force exerted
by the flow on the supporting system and may be

used for the subsequent structural design and
selection of the retaining steel cable.

The obtained results confirm the potential of the
proposed improved prefabricated modular floating
permeable bank protection spur for river
engineering applications, including bank protection
and channel regulation in rivers characterized by
high hydrological variability and intensive
anthropogenic flow regulation.
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LLly @3eHiHiH, TOMeHTri aFbiCbiHAaFbl APHAbIK NpoLecTepai peTrey YiH
YKaFanayapbl KoOpfay KYpblibiIMAApbIH KONAAHY

1Ep>kaHoBa H.K., 2MycuH X.A., 'AnTbiH6ekoBa A. 1.

Y1.H. T'ymunes amoiHdarel Eypaszus yammelK yHusepcumemi, AcmaHa, Kasakcmat
2Ka3akK cy wapyawblabiesl £blabiMu-3epmmey uHcmumymel, Tapas, Kazakcmat

TYWIHAEME

rmapobekeTiHae

Makana kengi: 27 Haypeiz 2026
CapantamagaH eTTi: 16 mameip 2026
KabbingaHapl: 10 winde 2026

apHanbIK

MaKanaga ruaponoruanbiK PeXKMMHIH, KOFapbl e3repriwTiri »afaarbiHaa LWy e3eHiHiH, TemeHri
aFfbICblHAAFbl aPHANbIK MpouecTepai peTTey YLiH Xafanayabl KOpfFay KypblabICTapbliH KOMAAHY
macenenepi KapacTbipblifaH. 3eptrey 1967-2022 xbingap apanbiFbiHaa TawyTtken (Tacetken)
KyprisinreH

KOMKbINABIK  TMAPONOTUAbIK — Bakbliaynap  AepekTepiHe

HerizgenreH. MbIabIK eH, Ofapbl KaHe opTalla Cy WbIfbIHAAPbIHA, ONapAapblH, e3repriwTiriHe,
aCMMMETPUACbIHA KOHE KaMTamacbl3 eTiNlyiHe JKyprisiireH CTaTUCTUMKaNbIK Tangday cupek
KespeceTiH, 6ipak, apHaHblH AedopMauMACbl MEH KYMAbI-KMbIPLWbIKTACTbl  WeriHainepaeH
KypanfaH »KafanaynapblH, LWaWblNyblHa eneyni acep eTeTiH 3KCTpemandbl Cy TacKblHbI
OKMFanapblHblH, 6ap eKeHiH KepceTTi. ApHaHbl PeTTEeWTIH KypblabiCTapfa acep eTeTiH ecenTik
rMAPABAMKANbIK KYKTeMenepai Herisgey ywiH afbiHAbIHbIH, bIKTUMaAAbIK Tanaaybl KOAAaHbIAAbI.
AHBbIKTaNIFaH FTMAPONOTUANDIK }KaHEe MOPPONOrMANbIK KayinTep HeridiHae UHKEHEPAiK KopFay MeH
npouecrepai

KaNKbIManbl Kafanayabl
KOHCTPYKLMA BTKI3rILUTIK A2peXKeciH peTTeyre, afblH 3HepruAcbiH 6aceHaeTyre JKaHe apTypAi aFbiC
peXUMAEpPIHAE KeprinikTi Wwalblay KapKbIHAbIIbIFbIH TOMEHAETYre MyMKiHAIK 6epeai. AnbiHFaH
HaTukenep LUy e3eHiHiH, TOMeHri afbiCbiHAA YKOHE apHa/blK NpoLecTepi MeH FMAPONOTUANbIK
pexumi aiKblH TypaKcbi3 e3re Ae e3eHaepae berimaenriw sKkafanayabl KOpFay KypblabiCTapbiH
»kobanay meH nanganaHyga KonaaHblaybl MyMKiH.

petTeyre apHanfaH KETINAIPINTEH  KypacTblpMaibl-*KUHAAMaNbI
KOpfay LWWNOPacbiHblH, KOHCTPYKUMACbI YCbIHbINAbL.  ¥CbIHbIAFaH

Tyiiin ce30ep: Kafanayabl KOpfay Wnopackl, WakblNyaaH KOpFay, apHaHbl peTTey, NoAn3TUNEH
apKasblKTapbl, MMAPOTEXHUKANbIK KypblAbIC, KYPaCTbiPMasbl-*KMHAAMabl KOHCTPYKUMACHI, Cy
TACKbIHbIH PETTEY, MTMAPONOTUANbIK 63rePMENINIK, CY WbIFbIHbIHBIH, KAMTAMACbI3 eTinyi.
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MpumeHeHne 6epero3alUTHbIX COOPYKEHUI ANA peryIMpoBaHUA pPycaoBbIX
npoueccos peku LLly B HUXKHEM TeueHUu

'Epsanosa H.K., Z2MycuH XK.A., 'AntbiH6ekoBa A.[l.

1 Eepasulickuli HayuoHanbHbId yHUsepcumem um. /1.H. lymunesa, AcmaHa, Kazaxcma
2 Kazaxckuli HayuyHo-uccaedosamesnsckuli uHcmumym 800Ho20 xo3Aaticmea, Tapas, KazaxcmaH

AHHOTALUMUA
B cTaTbe paccMOTpeHO npumeHeHue 6eperos3aluTHbIX COOPYKEHWI A8 peryvposaHus

PYCNOBbIX MNPOLECCOB B HUXHEM TeuyeHuu peku Ly B ycnoOBUAX BbLICOKOW W3MEHYMBOCTU
rMOPOJIOTMYECKOrO PeXMma. AHanM3 BbINOJIHEH HAa OCHOBE MHOFONETHWUX TUAPONIOTUYECKUX
HabaoaeHnin Ha rmaponocty TawyTkyab (TacoTkenb) 3a nepuog 1967-2022 rr. CtatucTUyeckas
OUEeHKa MaKCMMasZbHbIX W CpeaHUX T[OAOBbIX pPacxo4oB BOAbl, BK/AKOYAA MNOKasaTenu

MocTynuna: 27 mapma 2026 M3MEHYMBOCTU, aCUMMETPMMN 1 0BECNeHeHHOCTH, BbIABUAA HaIMUME PEAKMX, HO SKCTPEMAbHbIX
PeueHsvposaHue: 16 mas 2026 NaBOAKOBbIX COBbITWI, CYLLECTBEHHO BAMAIOWMX Ha gedopmaumio pycina u pasmbie 6eperos,
MpuHaTa 8 neyats: 10 utons 2026 CNOMKEHHbIX  MECYAHO-TPABEAUCTBIMW  OTNIONKEHUAMW.  [na  0BOCHOBAaHMA  PaCYeTHbIX

TMAPABANYECKUX HArpy3oK, AEWCTBYIOLWMX Ha PYCNOPEry/NIMPYIOLME COOPYXKEHUA, MPUMEHEH
BEPOATHOCTHbIN aHaNM3 CTOKa. Ha OCHOBe BbIABNEHHbIX TMAPONOTUYECKUX U MOPDONOTUYECKUX
PUCKOB MpPEeaNOXKEeHa YCOBEPLIEHCTBOBAHHAA CHOPHO-pa3bopHas KOHCTPYKUMA MaaBatoLen
6epero3awmTHOM WNopbl, NpeAHasHAYeHHaA ANA WHMKEHEPHOMN 3almTbl M PeryavMpoBaHus
PYCNOBbIX MPOLECCOB. KOHCTPYKLUMA MNO3BOAAET PeryaivMpoBaTb NPoHMUAEMOCTb, obecneunsatb
paccenBaHUe IHEPrnMM NMNOTOKA U CHUXKATb UHTEHCUBHOCTb Pa3MbiBa MPU PasIUYHbIX peXnumax
TeyeHunsa. nOﬂyHEHHbIe pe3ynbtatbl MOryT 6bITb MCNO/Ib30BaHbl MNPU NPOEKTUPOBAHUMN U
3KCMAyaTauMM afanTUBHbIX HEPerosaLMTHbIX COOPYKEHUIN B HUMKHEM TeuyeHuu peku LWy u Ha
aHA/IOMMYHBIX PEKaX C BbIPAXKEHHOM PYCNIOBOM M MMAPONOrMYECKON HECTaBUNBbHOCTLIO.

Kntoveebie cnoea: 6eperosalmtHas LWMopa, 3awura OT Pa3MblBa, PEryivpoBaHue pyces,
NOAW3TUNEHOBbIE BpPYCbA, MMAPOTEXHUYECKOE COOPYMKeHWe, cHOPHO-pa3bopHan KOHCTPYKLMS,
perysmpoBaHue NaBoAKOB, rMAPONOTr1YECcKas M3MEHUMBOCTb, 06ECNEYEHHOCTb PAaCcXO0B.
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