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ABSTRACT
Introduction. The use of nanomaterials and nanotechnology represents one of the most important areas in global scientific 
and technological development. Nanotechnology involves the controlled regulation of the properties of objects at the molecu-
lar and supramolecular level, which determine most of the fundamental parameters and properties of physical objects, based 
on the targeted manipulation of their atoms and molecules. In hydraulic engineering, this involves the use of nanomaterials 
and technologies that improve the properties of building materials and structures, increasing their durability and resistance to 
external influences. Methods and materials. The Novosibirsk Reservoir is a unique multi-purpose water facility. For more than 
60 years, it has been intensively used for national economic purposes – it is a source of water supply, the main recreation area 
for residents of Novosibirsk, the Novosibirsk Region, and the Altai Territory, and is used for navigation and fisheries. There are 
41 settlements located within a two-kilometer zone of the reservoir's coastal strip, including the cities of Kamen-na-Obi, Berdsk, 
Iskitim, and Ordynskoe. The forested coastal area is home to health resorts, cottage and dacha settlements, and gardening com-
munities, as well as a place for short-term recreation for the population. In this regard, the recreational load on the coastal zone 
of the reservoir is very high, partly due to the steepness of the banks. Various methods are used to calculate the design of shore 
protection hydraulic structures on water bodies, which take into account, first of all, the natural conditions and characteristics 
of the water body's shoreline. The results of the calculations are verified and refined on the basis of field studies and, if neces-
sary, laboratory tests and experiments. Results. The paper presents calculations for determining the design parameters of the 
structure, such as: wind surge height, wave run-up height, top elevation of the structure, scour in front of the stone bank, design 
composition of the stone bank, and parameters of the stone bank. Discussion. Currently, there are many varieties of nanoscale 
additives and nanomodified materials. The possibilities for implementing modification mechanisms are determined by the type, 
characteristics, and dosage of nanoscale particles. As a suggestion, the authors propose to pay attention to the use of geogrids 
with different cell sizes and nanomodified concretes. However, it should be noted that at present, even with a low required con-
tent of nanomodifying additives (2–3% of the total mass of concrete), the addition of such additives will significantly increase 
the cost of the material. A comparison of technical and economic indicators in this case will clearly indicate this disadvantage 
and, as a result, the impossibility of using this option for economic reasons. Conclusion. One of the most important criteria for 
assessing the prospects for the introduction of nanotechnological innovations in the construction industry is their final cost. 
Nanomodifiers for concrete and building mortars at a price of $100 per gram, even though their strength properties increase by 
30%, are unlikely to be in demand. Most of the experts agree that nanostructuring should be applied to widely used materials, 
including concrete, metals, and fiber-based composites. These breakthrough technologies can be applied in many areas, includ-
ing hydraulic engineering, strengthening concrete foundations of gas transmission systems, creating flexible plastic geogrids, 
selecting and creating new high-quality fillers for them, etc. Also, thanks to new nanomaterials, it is possible to produce metal 
that will last an order of magnitude longer than modern samples. There are sufficient scientific developments in this area. Now 
it is necessary to find practical applications for them. However, this vector of development entails the need for production re-
equipment, staff training, and so on.
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AННОТАЦИЯ
Введение. Использование наноматериалов и применение нанотехнологий является одним из важнейших направлений 
эффективного мирового научного и технологического развития. Нанотехнологии предполагают контролируемое регули-
рование свойств объектов на молекулярном и надмолекулярном уровне, определяющих большинство фундаментальных 
параметров и свойства физических объектов, на основе целенаправленного манипулирования их атомами и молекулами. 
В гидротехническом строительстве это использование наноматериалов и технологий, которые улучшают свойства строи-
тельных материалов и конструкций, повышают их долговечность и устойчивость к внешним воздействиям. Методы и ма-
териалы. Новосибирское водохранилище является уникальным водным объектом комплексного назначения. Уже более 
60 лет оно интенсивно используется в народнохозяйственных целях – является источником водоснабжения, основной зоной 
рекреации жителей г. Новосибирска, Новосибирской области и Алтайского края, эксплуатируется для судоходства и рыбного 
хозяйства. В двухкилометровой зоне прибрежной полосы водохранилища расположен 41 населенный пункт, в том числе 
города Камень-на-Оби, Бердск, Искитим, Ордынское. Прибрежная облесенная территория служит местом расположения 
оздоровительных учреждений, коттеджных, дачных поселков и садоводческих обществ, местом кратковременного отдыха 
населения. В связи с этим рекреационная нагрузка на береговую зону водохранилища находится на очень высоком уров-
не, в том числе по причине обрывистости берегов. Для расчетного обоснования берегоукрепительных гидротехнических 
сооружений на водоемах используются различные методы, которые учитывают, в первую очередь, природные условия 
и особенности участка береговой линии водного объекта. Результаты расчетов проводятся и уточняются на основе натурных 
исследований, а также при необходимости лабораторных испытаний и экспериментов. Результаты. В работе представлены 
расчеты для определения расчетных параметров сооружения, таких как: высота ветрового нагона, высота наката волны, 
отметка верха сооружения, размыв перед каменным банкетом, расчетный состав каменного банкета, параметры каменного 
банкета. Обсуждение. В настоящее время существует множество разновидностей наноразмерных добавок и наномодифи-
цированных материалов. Возможности реализации механизмов модифицирования определяются видом, характеристиками 
и дозировкой наноразмерных частиц. В качестве предложения авторы предлагают обратить внимание на применение гео-
решеток с различными размерами ячеек и наномодифицированых бетонов. Однако стоит отметить, что в настоящее время 
даже при низком необходимом содержании наномодифицирующих добавок (2–3% от общей массы бетона) добавление 
таких добавок существенно увеличит себестоимость материала. Сравнение же технико-экономических показателей в таком 
случае однозначно укажет на этот недостаток и, как следствие, невозможность применения такого варианта по экономи-
ческим причинам. Выводы. Одним из важнейших критериев оценки перспективности внедрения нанотехнологических 
инноваций в строительную отрасль служит их конечная себестоимость. Наномодификаторы для бетона и строительных 
растворов по цене 100 долларов за грамм — при том, что их прочностные качества вырастают на 30%, вряд ли будут востре-
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INTRODUCTION

Currently, there is a massive transition to the wide-
spread use of industrial nanotechnologies, including 
in hydraulic engineering. It is worth noting that the use 
of nanomaterials and nanotechnologies is one of the 
most important areas of effective global scientific and 
technological development. In the Russian Federation, 
scientific research and the implementation of the re-
sults of these developments are also being carried out 
in accordance with the priority areas of scientific and 
technological development of the Russian Federation 
[1]. The existence of nanostructures and nanoparticles 
with fundamentally special properties necessitates the 
development of appropriate industrial technologies in 
various spheres of human activity [2]. The term “nano-
technology” itself implies the creation and use of various 
materials, devices, and systems whose structure is regu-
lated on a nanometer scale, i.e., in the range of sizes of 
atoms, molecules, and supramolecular formations [3–5]. 
Accordingly, nanotechnology involves the controlled 
regulation of the properties of objects at the molecular 
and supramolecular level, which determine most of the 
fundamental parameters and properties of physical ob-
jects, based on the targeted manipulation of their atoms 
and molecules [6]. Nanotechnology in hydraulic engi-
neering involves the use of nanomaterials and technolo-
gies that improve the properties of building materials and 
structures, increasing their durability and resistance to 
external influences. The prefix “nano” refers to objects, 
structures, or processes operating at the nanoscale (on a 
scale of 1 to 100 nanometers). New building materials, 
known as nanomaterials, have found quite wide appli-
cation in hydraulic engineering. Active development 
is underway for new modern building materials with 

structural components replaced by new nanomaterials. 
It is important to note that the following nanomaterials 
are currently used in hydraulic engineering:

1. Nanostructured polymer and ceramic composites. 
These materials provide high water and vapor imperme-
ability.

2. Nanoparticles in waterproof coatings block the pen-
etration of moisture and water vapor.

3. Nanocomposite membranes create a dense protec-
tive layer with less thickness.

4. Nanoscale additives in concrete mixtures improve 
the density and microstructure of cement stone, fill mi-
cropores, and increase compactness.

5. Nanomaterials for hydrophobization provide a 
water-repellent effect, blocking pores and capillaries in 
concrete.

All these latest modern developments have proven 
their effectiveness in scientific research based on extensive 
studies, including laboratory and industrial ones, and fully 
justify the name of advanced nanotechnologies. However, 
it is worth noting a contradiction: the use of these nano-
materials is often impossible in the construction, recon-
struction, or repair of hydraulic structures, including the 
fact that this work is quite difficult and often practically 
impossible to implement when carrying out measures 
aimed at shore reinforcement of reservoirs. 

METHODS AND MATERIALS

The Novosibirsk Reservoir is a unique multi-purpose 
water facility. For more than 60 years, it has been inten-
sively used for national economic purposes – it is a source 
of water supply, the main recreation area for residents of 
Novosibirsk, the Novosibirsk region, and the Altai region, 
and is used for shipping and fishing.

бованы. Большинство экспертов сходятся во мнении, что наноструктурировать следует материалы массового применения: 
бетон, металл, композитные материалы на основе волокон. Применять данные прорывные технологии можно во многих 
областях, в том числе и в гидротехническом строительстве, укрепляя бетонные основания ГТС, создавая гибкие пластичные 
георешетки, подбирая и создавая новые качественные заполнители для них и пр. Также, благодаря новым наноматериалам, 
можно выпускать металл, который будет служить на порядок дольше современных образцов. Научных разработок в данной 
области достаточно. Теперь необходимо найти им практическое применение. Но данный вектор развития влечет за собой 
потребность в переоборудовании производства, обучении персонала и прочее.
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The reservoir basin is located in the Novosibirsk Re-
gion and Altai Krai. The water surface area is 1,070 km2, 
and the total volume is 8.8 km³. The maximum width of 
the reservoir is 22 km, the length is 185 km, the maximum 
depth is 29 meters, the average depth is 9 meters, and 50% 
of the reservoir’s area has a depth of less than 5 meters.

There are 41 settlements located within a two-kilome-
ter zone of the reservoir’s coastal strip, including the cities 
of Kamen-na-Obi, Berdsk, Iskitim, and Ordynskoe. The 
forested coastal area is home to health resorts, cottage and 
dacha settlements, gardening communities, and places for 
short-term recreation.

Taking into account the seasonal migrant and per-
manent populations of the settlements adjacent to the 
reservoir and Berdsk Bay, the recreational load on the 
coastal zone of the reservoir in the summer months, and 
especially on weekends, is up to 40,000 people, or an 
average of one vacationer per 5 meters of coastline. Since 
almost the entire right bank of the reservoir and part of 
the left bank are steep and do not have convenient access 
to the water, the load in some places is significantly higher 
than average (Berdsk, Ordynsky District) (Fig. 1).

It should also be noted that the Novosibirsk Reservoir, 
created by damming the Ob River for the construction 
of the Novosibirsk Hydroelectric Power Plant, was sup-
posed, according to the initial project, to be part of a sys-
tem of reservoirs starting with the Katun River (Republic 
of Altai), which, merging with the Biya River in the Biysk 
area of the Altai Territory, forms one of the largest flat 
rivers in the world – the Ob River. Biy in the Biysk area 
of the Altai Territory, forms one of the largest plains riv-
ers in the world – the Ob River [7]. However, for various 
compelling reasons, this project was never implemented, 
although in recent years the question of its relevance has 
been raised again. Currently, in order to avoid emergen-

cies and slow down the silting up of the reservoir, it is 
necessary to ensure the safety and stability of the coastal 
strip in the context of climate change and anthropogenic 
impact by constructing a complex of hydraulic structures, 
in particular using nanotechnologies. 

Various methods are used to calculate the feasibility of 
coastal protection hydraulic structures on water bodies, 
which take into account, first of all, the natural condi-
tions and characteristics of the water body’s coastline. 
The results of the calculations are verified and refined on 
the basis of field studies and, if necessary, laboratory tests 
and experiments.

The Novosibirsk valley-type reservoir provides sea-
sonal flow regulation. Based on morphological character-
istics, the reservoir’s water area is divided into three sec-
tions: upper (130 km from the dam), middle (60–130 km 
from the dam), and lower (up to 60 km from the dam). 
Nineteen small rivers flow into the reservoir, the largest 
of which is the Berd River [8].

When designing shore protection hydraulic structures 
with the introduction of nanotechnologies on the reser-
voir, the following factors must be taken into account:

1. Natural conditions of the coastal zone. Monitoring 
has been carried out since 2016 to track the dynamics of 
the collapse of the banks of the Novosibirsk Reservoir. 
A total of 56 benchmarks have been installed, 31 of them 
on the right bank and 25 on the left bank. 

2. In addition to monitoring the natural conditions of 
the coastal zone of the Novosibirsk Reservoir, in order to 
make constructive and design decisions on shore protec-
tion hydraulic structures, especially with the introduction 
of nanotechnologies, it is necessary to study the survey 
data in detail and thoroughly, including hydrological, 
hydrometeorological, engineering-geological, hydro-
geological, ecological, and topographical data. Based on 
a detailed analysis of the location of a particular water 
body, it is possible to consider the choice of materials 
and design methods, including nanotechnologies and 
nanomaterials.

3. Hydrological regime – the influence of the hy-
drological characteristics of the water body in question, 
namely data based on daily water levels over a long period, 
the amplitude of fluctuations and recurrence of water 
levels, data on sediment movements and formations af-
fecting the dead and useful volume of the reservoir, its 
level regime, wind and ice impact. 

In the first years of normal operation of the Novosi-
birsk reservoir, abrasion processes were most intense on 
the right-bank lake-like part. On the left bank, only in-
dividual sections of the shore exposed to waves from pre-
vailing winds were eroded. Abrasion processes intensified 
somewhat after the NPU was raised by 0.2 m, with erosion 
mainly increasing on the left bank. However, over time, 
abrasion processes subsided and the rate of increase in the 
length of abrasion shores decreased. In the lower part of 

Fig. 1. Location of the Novosibirsk Reservoir. Satellite 
image
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the reservoir, 60 km from the dam, the processes of shore 
reworking continue to this day. The extent of shore ero-
sion varies along the length of the shores in the lower part. 
Thus, the left bank of the lower part of the reservoir can be 
divided into two subzones, upper and lower, based on the 
development of shore reworking processes. In the upper 
subzone (50–60 km from the dam), within the water area 
of the reservoir, there are a large number of islands, which 
significantly impede the development of wind waves. The 
average coastline retreat is 0.3 m/year, and in the lower 
subzone it is 0.7 m/year. Despite the formation of coastal 
shoals, coastal erosion processes continue and are caused 
by both wave energy and other factors, in particular the 
impact of slope runoff and the development of gully ac-
tivity. The greatest intensity of coastal erosion processes 
is associated with elevated water levels in the reservoir, 
which is exacerbated by storm events.

During the period of operation, the area of the reser-
voir at NPU = 113.5 m increased from 1070 to 1082 km2, 
while the usable volume remained virtually unchanged. 
According to observations, approximately 40,000 m3 of 
shoreline erosion products settle in the reservoir bed an-
nually3 of coastal erosion products settle annually in the 
reservoir bed, leading to the shallowing of the reservoir 
and the deterioration of the overall ecological situation. 
The fact of constant exposure of coastal areas to water 
requires the organization of systematic and continuous 
monitoring of the condition of the shores, forecasting of 
related hazardous natural phenomena, and the develop-
ment and implementation of effective methods to prevent 
or mitigate their consequences, of course, based on the in-
troduction of advanced nanomaterials and nanotechnolo-
gies. Based on the monitoring results, if it is necessary 
to strengthen the coastline and make a decision on the 
construction of a coastal protection hydraulic structure, 
designers, in accordance with the technical specifications, 
calculate several options for coastal protection and select 
hydraulic structures based on a technical and economic 
justification.

MATHEMATICAL FORMULATION OF THE PROBLEM

The study consists of selecting a method and design 
for coastal protection hydraulic structures with the pos-
sibility of using nanomaterials and nanotechnologies in 
their design at the Novosibirsk Reservoir site. 

As a result of monitoring and analyzing the condition 
of the Novosibirsk Reservoir shoreline, this work reflects a 
study of the section where the issue of protection through 
the construction of coastal protection structures is most 
acute. The length of the shore protection is 5530 m. The 
class of shore protection structures is third. A complete 
survey of the bottom relief of the Novosibirsk Reservoir 
was carried out in 2008–2009 in accordance with [14]. 
The survey of the area in question was carried out inde-

pendently by a team of specialists belonging to the group 
of authors of this work, using specialized calibrated in-
struments, including an echo sounder, a flow meter, and 
a hydrometric propeller. Next, we processed the results in 
IndorCad Rivier and IndorCad Draw. The hydrological 
studies were done in June 2025. A fragment of the studies 
is shown in Fig. 2.

For the object under consideration, the impact of the 
ice field, the dynamics of the water body, and the wind 
impact of waves play an important role in the selection of 
the design of the shore protection hydraulic structure. The 
validity of this statement is proven by the results of numer-
ous studies on reservoirs (objects with a highly dynamic 
and controllable level) and seas [15]. The choice is justi-
fied by calculations based on regulatory documentation.

Wind over the surface of a water body generates ir-
regular wind waves, the parameters of which depend on 
the run-up (the distance from the leeward shore to the 
calculation point), wind speed and duration, as well as 
the depth of the water body. The energy of the crashing 
waves is partially dissipated and partially expended on the 
movement of the bottom material in the transverse and 
longitudinal directions, which in turn leads to changes 
in the relief of the coastal zone: erosion in some places 
and accumulation in others. The ultimate goal of these 
movements is to achieve a dynamic equilibrium state in 
which, on average, no further changes occur in either 
profile or plan.

The profile of relative dynamic equilibrium is de-
scribed by Dean’s function:

h y Ay( ) /= 2 3 .

where y is the transverse coordinate, varying from 0 to 
hbmax – the depth of the maximum wave collapse; A, m1/3 – 
the scale coefficient of the profile, depending mainly on 
the size of its constituent material (sediments), as well as 
on the ratio of the density of the material to the density 
of water (Fig. 3). 

When constructing graphs, it was assumed that 
ρs = 2650 kg/m3 – density of sand.

1 – s = 2.269, ρ = 1168 kg/m3 – brine;
2 – s = 2.345, ρ = 1130 kg/m3 – brine; 
3 – s = 2.588, ρ = 1024 kg/m3 – seawater;
4 – s = 2.650, ρ = 1000 kg/m3 – fresh water.
As the size of the sediments increases, so does the 

steepness of the profile. An increase in wave height leads 
to a restructuring of the profile. If there is insufficient 
material for this on the underwater slope and on the beach 
above the water, the root of the bank is eroded. At the 
same time, its slope is cut away, forming a coastal cliff, 
the height of which gradually increases as the destruction 
process continues. The shore’s tendency to maintain an 
equilibrium profile determines its response to rising water 
levels. When the water level rises, the profile tends to rise 
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by the same amount, and the material necessary for this 
is obtained during the erosion of the shore, which leads 
to the retreat of the profile inland.

Mathematically, the magnitude of this retreat () is 
expressed by the Brun-Zenkovich rule as modified by 
Edelman [16] (Figure 4):

Fig. 2. Example of a hydrographic map

Fig. 3. Dependence of the scale coefficient of the equilibrium profile on the size of the material and the ratio of the 
density of the material to the density of water (S = ρs/ρ)
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, m,

where P is the length of the profile, m; 
Z is the amount of sea level rise, m; 
B is the height of the coastline before the rise, m;
hbmax is the wave collapse depth, m.
With cyclic fluctuations in the level in front of the 

root bank, an above-water beach berm forms over time – 
a gently sloping terrace containing the material neces-
sary to rebuild the profile in accordance with the Brun-
Zenkovich rule.

After the equilibrium profile and berm (above-water 
beach) are constructed, the main shore is completely iso-
lated from wave loads. Its further development occurs 
under the influence of wind erosion, surface wash, and 
other non-hydrodynamic factors, the action of which 
is generally aimed at transforming the coastal cliff into 
a gentle slope, i.e., also at achieving a certain state of 
equilibrium (Fig. 5). However, in the case of reservoirs, 
such an equilibrium state is difficult to achieve due to 
significant fluctuations in water level during operation.

Unbound material moved by breaking waves along 
the shore creates a longshore sediment transport. A sec-
tion of the shoreline is in equilibrium if the resulting 
sediment transport, i.e., the sum of the flows from all 
active waves, remains constant. In the event of an imbal-
ance in the longshore flow, either the coast is eroded–
the amount of material necessary to maintain a constant 
flow is removed from it–or sediment accumulates and 
the coast advances–the flow gets rid of excess material 
(Fig. 6).

Figure 6 clearly shows the general trend of the planned 
evolution of the coastline, aimed at smoothing it out, 
which leads to the cutting off of capes and the filling of 
bays. On generally balanced coasts, as the length of the 
run-up increases, the coastline gradually turns in a direc-
tion perpendicular to the prevailing waves. The increase 
in the angle of approach compensates for the increase 
in wave energy, and the amount of alongshore transport 
remains constant. The duration of the processes of achiev-
ing coastal equilibrium in profile and plan varies. Plan 
equilibrium usually requires an order of magnitude more 
time (10 years or more) than the development of an un-
derwater equilibrium profile (several years) [17].

Fig. 4. Illustration of the Brun-Zenkovich rule

Fig. 5. Diagram of the profile of a stable (equilibrium) coastal zone
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Research results show that the greatest danger in terms 
of coastal land loss is posed by the reservoir level exceed-
ing the normal level or, conversely, falling below the dead 
volume level. Since the retreat of the shores in this case 
is explained by the need to obtain additional material for 
rebuilding the profile, the most effective way of protection 
is to anticipate this need, i.e., to create a corresponding 
reserve of loose material (sand) in front of the main shore, 
concentrated in the beach berm (above-water beach).

Artificial reduction of the steepness of the original 
shore can serve as a source of material for the formation 
of the berm. However, since the size of the material of 
the coastal cliff is small, this method of replenishment 
should be supplemented by filling with larger material 
from external sources (land quarries). 

Filling the material in the near-shore zone from the 
water is impossible due to shallow depths and the lack of 
appropriate equipment. Therefore, it will be necessary 
to free up working space in the coastal strip, for which it 
will be necessary to evacuate buildings and remove land 
plots directly adjacent to the edge of the natural shore 

from circulation. Evacuation will also be required when 
carrying out work to counteract slope processes (Fig. 7).

The technical solutions adopted in the project, aimed 
at ensuring the strength, stability, and spatial immutability 
of structures with the use of industrial nanotechnologies, 
are determined by the following factors:
–	 the degree of responsibility of the structures;
–	 operating conditions;
–	 the climatic region of construction;
–	 engineering and geological conditions of the construc-

tion site;
–	 experience in the construction of similar facilities and 

their technical solutions in the region;
–	 the need to reduce construction time;
–	 manufacturability, ease of installation;
–	 ensuring the design service life;
–	 compliance with the recommendations and require-

ments of current regulatory documents.
In accordance with the classification of the Resolution 

of the Government of the Russian Federation No. 1607 
of October 5, 2020 [18], the structures are classified as 

Fig. 6. Evolution of the coastline in plan view

Fig. 7. Slope stabilization by cutting on the site
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Class III structures. According to SP 58.13330.2019 
Updated edition of SNiP 33-01-2003 “Hydraulic struc-
tures. Basic Provisions” [19], the estimated service life 
of major hydraulic structures should be taken as 50 years 
(clause 8.21). 

Wind wave elements in open areas are determined 
using formulas, graphs, and nomograms from Appendix 
A of SP 38.13330.2018 “Loads and Impacts on Hydraulic 
Structures” [20]. The calculation is first performed using 
formulas for deep water areas, then the regime is deter-
mined based on the following ratios:

d > 0.5 λd – deep water zone;
0.5 λd > d > dcr – shallow water zone; 
dcr > d > dcr,r – surf zone;
d < dcr,r – nearshore zone.
The crest elevation of the bank is determined as:

hrun and Δhset are calculated according to [20].
All calculations for Class III structures were performed 

in accordance with [20]. 

RESULTS

Determination of wind run-up height

First stage section:

,

where  
is the coefficient;

V – wind speed;
L – wind acceleration distance;
g – acceleration due to gravity;
d – average depth along the acceleration line;
Δhset – wind surge height;
cosα –cosine of the angle between the longitudinal 

axis of the water body and the wind direction.
For a south wind:

.

Second stage section:
With a south wind:

.

With a SE wind direction:

.

Third stage section:
When the wind is blowing from the south:

.

With a SE wind:

.

Determining wave run-up height

The wave run-up height on the slope is determined by:

,

where kr is the roughness coefficient;
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kp – slope permeability coefficient;
ksp – coefficient;
ki – wave run-up safety factor;
kα – coefficient;
krun – coefficient depending on water depth and slope 

steepness;
h1% – calculated wave height.
First stage section:
h1% = 1.3 m (with a southwesterly wind)
hrun1% = 0.7 · 0.5 · 1.5 · 1.5 · 1 · 0.76 · 1.3 = 0.77 m
h1% = 1.3 m (with a south wind)
hrun1% = 0.7 · 0.5 · 1.5 · 1.5 · 1 · 0.96 · 1.3 = 0.98 m
Second stage section:
h1% = 1.26 m (with south wind)
hrun1% = 0.7 · 0.5 · 1.5 · 1.5 · 1 · 0.94 · 1.26 = 0.93 m
h1% = 1.26 m (with SE wind)
hrun1% = 0.7 · 0.5 · 1.5 · 1.5 · 1 · 0.96 · 1.26 = 0.95 m
Third stage section:
h1% = 1.23 m (with a south wind)
hrun1% = 0.7 · 0.5 · 1.5 · 1.5 · 1 · 0.94 · 1.23 = 0.40 m
h1% = 1.20 m (with a SE wind)
hrun1% = 0.7 · 0.5 · 1.5 · 1.5 · 1 · 0.92 · 1.20 = 0.87 m.

Determination of the top of the structure

The calculations are summarized in Table 1.

Calculation of erosion in front of the stone bank

.

First stage section:

.

Second stage section:

.

Third stage section:

.

Estimated composition of stone banket

When designing slope profile structures and slope 
reinforcements made of stone, concrete or reinforced 
concrete blocks, or tetrapods, the mass of the individual 
element m, t, corresponding to its state of equilibrium 
from the action of meter waves, must be determined by 
the formula:

.

where: kfr – coefficient taken according to [20];
ρm – density of the fastener material, t/m3 ;
ρ – density of water, t/m3 ;
ctgφ = 3 – slope angle;
λ – wavelength;
h – height of the design wave.
The use of sorted stone will be considered as a means 

of slope reinforcement.
First stage site:

.

Second stage section:

.

Third stage section:

.

The mass of the broken stone forming the slope is as-
sumed to be 0.18 tons. The reduced diameter of the stone 
is calculated using the formula:

.

Table 1. Summary table of design elevations

Section
Tongue-and-groove wall Banquet

ΔH Δгр Project mark ΔH Δгр Mark project

First stage 2 85.70 85.70 1.5 85.20 85.20

Second stage 1.82 85.52 85.60 1.32 85.02 85.10

Third stage 1.72 85.42 85.50 1.23 84.93 85.00
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We accept the calculated stone diameter Dрасч = 0.50 m.
The rock mass for filling the shoulder should have the 

following composition by size: 
–	 calculated stone size Dk ≥ 0.5 m;
–	 calculated composition of rock mass:

•	 stones of calculated size Dk > 0.5 m not less than 
40%;

•	 stone with a size of 0.125> Dk >0.5 m not less than 
15%;

•	 quarry fines no more than 25%.
For filling the spurs, it is permissible to use stone with 

a size of Dk ≥ 0.4–0.5 m, about 60%, with the remaining 
stones being smaller for filling voids.

Calculation of stone banket parameters

The calculated cross-section of the stone reinforcement 
is shown in Figure 8. The cross-sectional area of the filled 
prism is equal to the calculated cross-section of the stone 
beach at the final stage of the reinforcement prism reshaping. 
The calculated volume of stone will provide a non-erodible 
base in front of the stone bank at the final stage of reshaping.

Anchor height:
hб = 2.5 m.
Initial laying of the front part of the stone prism:
m = 1.5.
Final laying above water level:
m1 = 2.5.
Final placement below water level:
m2 = 4.
Laying of the rear part of the stone prism:
m0 = 1, m'0 = 1.
Elevation of the fastening ridge above water level:
h1 = 1.5 m.

Final water depth at the base of the front part of the 
stone prism: 

h2 = 2.5 m.
Thickness of the fastening at the water’s edge after 

reshaping the stone prism:

;

;

;

;

Sn = Sn1 + Sn2 = 0.5b2y + 
+ [b2 + 0.5(m0 + m1)(hб – y)](hб – y) = 
0.5 · 1.95 · 0.95 + 
+ [1.95 + 0.5(1 + 2.5)(2.5–0.975)](2.5–0.975) = 
+ 7.99 m2;

Sα = Sα1 + Sα2 + Sα3 = 0.5b1y + α1h1t + 2/3 α2h2t = 
= 0.5 · 1.365 · 0.975 + 2.69 · 1.5 · 1.05 + 
+ 2/3 · 4.12 · 2.5 · 1.05 = 12.11 m2;

.

Fig. 8. Calculation diagram
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Cross-sectional area of the fastening:

.

Width of the fastening ridge:

.

We assume a fastening berm width of 5.5 m.
We use stone with a compressive strength limit in 

a water-saturated state of at least 6×107Pa, which cor-
responds to stone grade M600. 

DISCUSSION

Currently, studying scientific developments in the 
field of nanomaterials, we can state that there are many 
varieties of nanoscale additives and, accordingly, nano-
modified cements and concretes. These modifiers dif-
fer in their mechanisms of action, which is related to 
their spatial-geometric parameters, thermodynamic and 
kinetic, crystallochemical, and technological aspects. 
The possibilities for implementing modification mecha-
nisms are determined by the type, characteristics, and 
dosage of nanoscale particles [21]. At the same time, 
both in regulatory documentation and in the studied 
design solutions in the field of coastal protection hy-
draulic structures, there is no mention of the use of any 
nanotechnologies in construction. As a suggestion, it is 
only possible to apply currently known nanomaterials in 
the design of structural elements of coastal protection 
structures and/or to apply nanotechnologies using tested 
and certified materials. Among these, the following are 
already known: 

1. Nanostructured polymer and ceramic composites. 
2. Nanoparticles in waterproof coatings.
3. Nanoscale additives in concrete mixes.
4. Nanomaterials for hydrophobization.
In addition, we can offer the use of what we consider 

to be an effective, modern variation of nanotechnology: 
the use of geogrids with different cell sizes. The grid can 
be stretched and then fixed with anchors on the section 
of the coastline to be stabilized. The cells are then filled 
with a specially developed and recommended sand-gravel 
mixture containing nanoparticles. It is also worth not-
ing the possibility of using a rather promising direction–
nanomodified concrete. However, in the case under con-
sideration, this option was not considered for the shore 
reinforcement of the Novosibirsk reservoir. Unfortunately 
for the authors, it should be noted that at present, even 
with the low required content of nanomodifying addi-
tives (2–3% of the total mass of concrete), the addition 
of such additives will significantly increase the cost of the 
material. A comparison of technical and economic indi-
cators in this case will clearly indicate this disadvantage 

and, as a result, the impossibility of using this option for 
economic reasons.

CONCLUSION

One of the most important criteria for assessing the 
prospects for introducing nanotechnological innova-
tions into the construction industry is their final cost. 
Nanomodifiers for concrete and building mortars costing 
$100 per gram, even though they increase strength by 
30%, are unlikely to be in demand.

Most experts agree that nanostructuring should be 
applied to materials that are used on a large scale, such 
as concrete, metal, and fiber-based composite materials. 
From the point of view of mass construction, chemi-
cal processes and technologies using mechanical prin-
ciples and micro-explosion methods are preferable, while 
vacuum, laser, and cryogenic technologies, despite their 
promising prospects, are more expensive [21]. Another 
resource for reducing costs is associated with the effect 
of giant resonances of field amplification on the surface 
of nanoparticles, which results in extremely high levels 
of dispersion forces and, accordingly, an extremely small 
amount of required “raw material.” Scientists have also 
developed a new method of combating corrosion. These 
breakthrough technologies can be applied in many areas, 
including hydraulic engineering, strengthening concrete 
foundations of gas transmission systems, creating flex-
ible plastic geogrids, selecting and creating new high-
quality fillers for them, etc. In addition, thanks to new 
nanomaterials, it is possible to produce metal that will 
last an order of magnitude longer than modern samples. 
There are sufficient scientific developments in this area. 
Now it is necessary to find practical applications for them. 
However, this vector of development entails the need to 
re-equip production, train personnel, and so on.

An important factor in the application and develop-
ment of nanotechnologies is their impact on the environ-
ment. For example, as a result of construction, recon-
struction, repair, and demolition (liquidation) of struc-
tures, nanoparticles will inevitably enter the atmosphere, 
which will have an impact on human health: both the 
employees involved in these construction processes and 
the residents of nearby regions. It is also worth noting that 
there are currently no specific regulations on the han-
dling of waste materials that are nanomaterials or contain 
nanomaterials ( ).

It should be borne in mind that initially “safe” and 
effective “structural” nanomaterials may undergo physi-
cal, chemical, or biological transformations (sorption, 
aggregation, oxidation, reduction, biotransformation) 
during their life cycle, and their properties will change. 
It is important to take into account the influence of en-
vironmental factors (such as pH, microorganisms, water 
salinity) on activity and toxicity; to study the stability 
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of nanomaterials in specific conditions, for example, 
the use of nanotechnologies in hydraulic engineering 
should provide for the possibility of these particles be-
ing washed out by water and entering the general water 
exchange. 

In conclusion, it should be noted that the authors 
of the work emphasize the relevance of the problem of 
shore protection of the Novosibirsk reservoir, primarily 
for the local population and the ecosystem as a whole, 
demonstrating the need to develop and implement ef-

fective and efficient measures, taking into account the 
peculiarities of financing and the difficulties arising from 
natural changes, possibly taking into account the use of 
modern nanotechnologies at the design stage in both con-
struction and the use of nanomaterials in the building 
materials used. The construction of the coastal protection 
hydraulic structures considered in this work is a measure 
to prevent further destruction of the coast by dangerous 
natural processes: abrasion of the coastal slope by waves 
during storm periods.
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