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Abstract

The article examines the strategic management of building materials sales in a highly
competitive regional market. The relevance of the study is determined by the fact that building
materials trading companies operate in an environment characterized by high price sensitivity,
seasonal demand, dependence on construction activity, logistics constraints, and continuous
pressure from local competitors, federal retail chains, and online sales channels. The aim of this
study is to develop a strategic sales management model for building materials based on assortment
management, warehouse management, customer segmentation, and performance indicators. The
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methodological framework of the study includes an analysis of scientific literature, conceptual
modeling, and the systematization of sales factors. The study identifies the specific features of the
regional building materials market, determines the key sales drivers, and proposes a sales
management model for a building materials trading company together with a system of performance
indicators. The practical significance of the findings lies in the possibility of applying the proposed
approach in the activities of regional building materials trading companies serving private
customers, contractors, renovation teams, construction companies, and corporate clients.

AHHOTanus

B cratee paccmarpuBaeTCsl CTpaTernyeckoe yrpaBleHUe T[pPOfaKaMH CTPOMTEe/IbHbIX
MaTepuajoB B YCJIOBUSAX BBICOKOM KOHKYPEHLMM Ha PeruoHaJbHOM pbIHKE. AKTya/JbHOCTb
paccMaTpuBaeMOM TeMbl WCC/Ie[0BaHUS OIpejie/isieTCsl TeM, YTO TOProBble ZiloMa CTPOMUTEbHBIX
MaTepHasoB (GYHKLMOHMPYIOT B Cpejie BHICOKOM 11eHOBOM UyBCTBUTE/IbHOCTH, BO3/I€HCTBUS Ha HUX
CEe30HHOTO CIpPOCa, 3aBUCHUMOCTU OT CTPOMTEIbHOM aKTMBHOCTH, JIOTUCTUUECKUX OTPaHUYeHUi U
MOCTOSIHHOTO []aB/IeHUs1 CO CTOPOHBI JIOKa/IbHBIX KOHKYPEHTOB, (pe/iepajbHbIX CeTell W OHJalH-
KaHasoB. Llesib cTatbu cocTOMT B pa3paboTKe MOfend CTpPAaTerHueckoro yrpaB/ieHUsl MpoJakaMu
CTPOUTENbHBIX MaTepua/ioB C OMOPOM Ha yIpaB/ieHHe acCOPTUMEHTOM, CK/aJioM, K/IMeHTCKUMU
CerMeHTaMH M TOKas3aTe/sIMU pe3y/bTaTUBHOCTU. MeToinyeckass OCHOBA MCC/e[J0BaHUS BK/IHOUaeT
aHa/lM3 HAyyHOM JIMTepaTypbl, a TakKe KOHLENTya/JbHOe MOZeIUpOBaHHME U CUCTeMaTH3aluio
¢axTopoB mpozax. B pe3ynbrare pacKpbITbl 0COOEHHOCTH PerMOHAIBHOTO PhIHKA CTPOUTE/TBHBIX
MaTepuasoB, OIpeJe/ieHbl OCHOBHbIe (DAaKTOPbI CTHMY/IMPOBaHUS TPOAAXK, IpejjioykeHa MOJesb
yrpaB/ieHusl TpojaXaM{d TOProBOrO Ji0OMa M CUCTeMa I[l0Kas3aTesreldl OLeHKM 3(QQeKTUBHOCTH.
[TpakTHyeckass 3HAYMMOCTb TIOTYYEeHHBIX pe3y/JbTaTOB COCTOMT B BO3MOXXHOCTH NPHMMeEHeHHs
TIPe/I/IO’KeHHOTO  TIOAX0/a B JIeATeJIbHOCTH PEervoHa/NbHBIX TOProBLIX [IOMOB, paboTaromux C
YaCTHBIMA  K/IMEHTaM{,  TOApSJUYMKaM{, DPEMOHTHbBIMA  Opurajamu,  CTPOUTE/LHBIMU
OpraHu3alLUsiIMU 1 KOPIIOPaTUBHBIMU 3aKa3uMKaMH.

Keywords: building materials, regional market, strategic sales management, trading
company, assortment, warehouse, customer segments, competitiveness, sales performance
indicators.

KiroueBble c/i0Ba: CTPOUTE/IbHBbIE MaTepUasibl, PErMOHABHBIA PBIHOK, CTpPAaTerHuecKoe
yripaB/ieHHe TpOJaKaMH, TOPrOBbIA [IOM, aCCOPTUMEHT, CK/IaJi, K/IUEHTCKHe CEerMeHTHl,
KOHKYPEHTOCIIOCOOHOCTB, TIOKa3aTe i TIPOJjaK.

Introduction

Sales of building materials in regional markets are influenced by the level of construction and
renovation activity, seasonality, logistics costs, inventory levels, product assortment, service quality,
and the trust of contractors. In a highly competitive environment, a building materials trading
company must establish a strategic sales management system aligned with its target market
segments.
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In the scientific literature, sales strategies are primarily regarded as a factor influencing sales
performance through customer segmentation, customer engagement priorities, and the value
proposition offered to customers. For example, H. Terho, A. Eggert, A. Haas, and W. Ulaga rightly
argue that sales strategy is closely associated with customer orientation and value-based selling; in
their view, sales performance depends on the salesperson's ability to communicate the value of the
offering to the customer [1]. Accordingly, in the building materials market, customers evaluate
product availability, delivery options, the possibility of ordering additional materials, the quality of
consultation, delivery terms, and subsequent support throughout the construction project.

Sales management is also influenced by the external environment. In regional markets, this is
reflected in seasonal fluctuations, changes in procurement prices, construction project delays, and
competition for contractors. Therefore, strategic sales management should incorporate demand
forecasting, customer segmentation, inventory management, and a system of performance
indicators. Taken together, these considerations define the objective and scope of the present study.

The aim of the study is to develop a strategic sales management model for building materials
in a highly competitive regional market.

Research methodology. The study is based on scientific publications addressing strategic sales
management, supply chains in the construction industry, assortment management, inventory
management, and regional trade management. The research employs the methods of
systematization, classification, conceptual modeling, and comparative analysis.

The subject of the study is a building materials trading company operating in a regional
market. As a business organization, it procures materials from manufacturers and distributors, stores
them in warehouses, develops commercial offers for different customer groups, and sells its
products through sales managers, sales offices, telephone channels, its website, online marketplaces,
and direct deliveries to construction sites, all of which determine the specific characteristics of its
business processes.

Strategic sales management is understood in this study as a system of decisions aimed at
selecting target customer segments, developing the product assortment, managing inventory,
establishing pricing policies, enhancing service quality, and monitoring sales performance. A central
element of this system is the relationship between the assortment matrix and warehouse availability,
since listing a product in a commercial offer without having it in stock results in customer attrition.
Conversely, when the warehouse is filled with slow-moving inventory, the trading company ties up
capital and reduces its ability to respond to current demand. Achieving an optimal balance between
these factors determined the focus of the proposed conceptual model.

Results and discussion

The regional building materials market comprises sellers, buyers, suppliers, contractors, and
logistics providers involved in construction, renovation, and finishing projects within a specific
geographic area. A defining characteristic of this market is the close relationship between demand
and local construction activity, as sales volumes depend on residential construction, private housing
projects, renovation activities, municipal projects, commercial construction, and seasonal work.

Construction is characterized by project-based work organization and fragmented interactions
among participants. A. Dubois and L.-E. Gadde describe the construction industry as a loosely
coupled system in which interdependencies are shaped by temporary project-based relationships [2].
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For a building materials trading company, this results in demand instability, as a large-scale project
may sharply increase demand for materials, while a delivery delay may lead to the loss of a
customer.
Considering the above, the typical competitive characteristics of the regional market can be
summarized as follows (Figure 1):
1. high customer price sensitivity;
. similarity of product offerings across competing sellers;
. dependence on product availability;
. the impact of delivery costs on the final purchase price;
. the significant role of personal relationships with contractors;
. seasonal fluctuations in peak demand;
. competition from retail chain stores;

0NN Ul W

. the growing importance of online ordering and advance inventory availability checks.

Demand and Seasonality
order volume, construction cycles,
weather fluctuations

I |
J L

Stock Availability
product availability, assortment
breadth, order-picking speed

Price Pressure
price levels, discounts, payment
terms, competitor activity

A

Regional Building Materials
Market

A

Service Quality
consultations, order fulfillment
accuracy, handling of complaints

A
I
|
|
-———-—
!
1

"2

Logistics and Delivery
lead times, transportation costs,
delivery reliability and geographic
coverage

Customer Segments
individual buyers, contractors,
developers, trading companies

— {

Figure 1. Typical competitive factors in the regional building materials market

The supply chain plays a particularly important role in the operations of a building materials
trading company, as it directly affects costs, delivery reliability, and coordination among
participants [3]. The sales process is completed only after the product has been handed over to the
customer or delivered to the construction site; therefore, warehousing and logistics are integral
components of the sales system. This requires monitoring production and shipment schedules,
maintaining close communication with suppliers, and planning inventory levels. Sales activities,
warehouse operations, and customers' construction projects are closely interconnected; therefore,
sales managers must take into account the stage of each project and anticipate future demand.

Recent research confirms that materials management practices influence the performance of
construction projects, increasing the importance of inventory availability and supply reliability in
sales management [8].

Poor coordination among processes increases the risk of delivery disruptions and customer
defection to competitors. This risk can be mitigated through an effective assortment and inventory
management system.
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Supply-related risks also require regular assessment [9]. In the proposed model, these include
supplier reliability, lead times, stock-out risk, and delivery disruptions.

It should be noted that the strategic sales management tools employed by a building materials
trading company include the following (Figure 2):

— customer base segmentation:

= identification of priority product categories:

— assortment matrix management:

. determination of safety stock for high-demand items:

. inventory turnover monitoring;

. pricing management:

s delivery service management:

= personalized account management:

Strategic Sales Management Tools for a
Building Materials Trading Compan)
I

u CRM tracking of purchase history:

. analysis of lost sales due to goods receipt issues.

Figure 2. Strategic sales management tools in a building materials trading company

The product assortment forms the foundation of a company's competitive offering [4]. In a
building materials trading company, this concept is reflected in both the warehouse and commercial
assortment matrices. Accordingly, the assortment should be divided into core, seasonal, project-
specific, and made-to-order categories. The core assortment is maintained in stock at all times, the
seasonal assortment is expanded in anticipation of expected demand, the project-specific assortment
is selected to meet the requirements of individual construction projects, and the made-to-order
assortment is used for low-demand items that are not economically justified for permanent
inventory.

Warehouse availability is another critical factor, as it determines the actual ability of a trading
company to sell a product. Recent research considers assortment, inventory, and pricing as
interrelated decisions [5]. Accordingly, inventory levels should be planned based on customer
groups, demand frequency, and product profitability.

All these elements formed the basis of the proposed strategic sales management model for
building materials (Figure 3):
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Figure 3. Strategic sales management model for building materials based on assortment and
warehouse management

The proposed model is based on the alignment of four interconnected levels, each defining a
distinct aspect of strategic sales management for building materials. Within the model, customer

segments are classified into private customers, renovation teams, construction contractors, corporate
clients, municipal customers, and dealers. Sales parameters are tailored to each segment according
to its specific needs and priorities. The effectiveness of sales management should be assessed using

several groups of performance indicators (Table 1).
Customer segmentation should also take into account purchase frequency, average order
value, repeat purchases, and expected margin contribution [7].
CRM data, demand forecasts, and KPI dashboards improve coordination of sales, inventory,
and customer relationships [10, 11]. The described tools support the adjustment of assortment, stock

levels, and service parameters.

Table 1.

Performance indicators for evaluating building materials sales in the regional market

Performance indicat-
or group

Indicator

Managerial purpose

Sales

Revenue, profit margin, average order value

Assessment of commercial performance

Customers

Repeat sales, customer retention, active contract-

ors

Assessment of the customer base
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Assortment Inventory turnover, share of high-demand Assessment of assortment matrix qual-
products, slow-moving inventory ity

Warehouse Product availability, replenishment lead time, Assessment of sales readiness
inventory accuracy

Logistics Delivery lead time, share of on-time deliveries Assessment of service quality

Competition Price index, share of successful customer inquiries | Assessment of competitive position in

the regional market

The proposed model can be further enhanced by using an integrated sales performance
indicator:

SSI=0.25S + 0.20M + 0.20A + 0.15W + 0.10C + 0.10L,

where SSI — Strategic Sales Performance Index;

S — sales plan achievement;

M - profit margin level;

A — assortment quality;

W — warehouse availability;

C — customer retention;

L — logistics performance.

The weighting coefficients reflect the relative importance of the indicator groups in the
proposed model. Sales plan achievement receives the highest weight (0.25), followed by profit
margin and assortment quality (0.20 each), warehouse availability (0.15), customer retention and
logistics performance (0.10 each). The weights are analytically specified and may be empirically
calibrated in further studies.

Each indicator is normalized to a scale from 0 to 1, and the resulting index makes it possible
to assess both revenue growth and the quality of its achievement.

For example, with S = 0.88, M = 0.76, A = 0.82, W = 0.90, C = 0.78, and L = 0.84, the index
is:

SSI = 0.25 x 0.88 + 0.20 x 0.76 + 0.20 x 0.82 + 0.15 x 0.90 + 0.10 x 0.78 + 0.10 x 0.84 =
0.833.

The resulting SSI equals 0.833, or 83.3 % of the target level; the lowest values are observed
for profit margin and customer retention.

Given the critical role of inventory management and logistics in the construction industry,
sales performance depends on the warehouse's ability to maintain the availability of high-demand
products and on the logistics system's ability to deliver them to customers within the agreed time
frame [6].

Conclusion

Strategic sales management of building materials integrates customer relationship
management, assortment management, warehouse operations, and supplier coordination.
Competitive advantage is determined by responsiveness, accurate identification of customer needs,
the availability of high-demand products, and continuous performance monitoring. Sales should be
viewed as a manageable system based on customer segmentation, the assortment matrix, warehouse
availability, inventory turnover, and repeat sales.

10
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Abstract

This article analyzes and evaluates technologies for strengthening small-structure foundations
and improving soil properties in challenging conditions. The research aim is to select the most
effective and economically viable method for stabilizing weak, multi-layered base layers in the
Amudarya River delta, which are characterized by highly deformable, water-saturated dusty sands
exhibiting pronounced quicksand properties under dynamic impacts. The methodology involves a
comprehensive engineering comparative analysis of current techniques used in hydraulic
engineering, including chemical silicatization, microcement grouting, jet grouting, deep
foundations, and Deep Soil Mixing (DSM). As a primary result, soil column construction via Deep
Soil Mixing (DSM) was selected as the preferred approach. This technology offers high reliability
and structural profitability while minimizing geotechnical risks in challenging ground
environments. In conclusion, the paper outlines a specialized testing workflow, including laboratory
core evaluation and field pilot stabilization, to fully optimize future hydraulic designs.

Bub6muorpadguueckoe omucanue: Hypekemos II1.C.Y. DddeKkTuBHbIe TeXHOMOTMM YKperyieHus (yHJamMeHTa HU3KOHArOPHBIX
TU/IPOTEXHUYECKUX COOPY)KEHHH B CJIOKHBIX MH)KEHEePHO-Te0/IOTMUeCcKUX yCIoBHsX // Universum: TeXHUUeCKHe HayKH : 3JIEKTPOH.
HayuH. XypH. 2026. 8(149). URL: https://7universum.com/ru/tech/archive/item/23158

For citation: Nurekeshov S.S.U. Effective technologies for strengthening the foundation of low-head hydraulic structures under
complex engineering-geological conditions // Universum: Technical Sciences : electronic scientific journal. 2026. No. 8(149).
Available at: https://7universum.com/ru/tech/archive/item/23158
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AHHOTaLUA

B [aHHOM CTaThbe aHA/JM3WUPYIOTCS W OLIEHWUBAKOTCS TEXHOJIOTMHM YKpeTUleHUs OCHOBaHUM
MaJibIX COOPY)KeHHH U Y/IyullleHHs CBOWMCTB I'PYHTOB B CJIOXKHBIX ycC/IoBUsIX. Llesibto mccieoBaHust
ABJIsIeTCSl BLIOOP Hanbostee 3¢ (eKTUBHOTO Y SKOHOMHUECKH 000CHOBAaHHOTO METO/la CTaOM/IU3aIvH
cnabbIX MHOTOC/IOMHBIX OCHOBAaHMM B  JleflbTe pPeKHu AMYyJlapbH, XapaKTepH3YIoIencs
cubHOZe )OPMUPYEMbIMH, BOJOHACKIIIIEHHBIMU TIbI/IEBaTBIMU 1T€CKaMH, MPOSIBISIFOIMMEI CBOMCTBA
MJIbIByHAa TPU  JUHAMUYECKUX  BO3ZIEHCTBUSX. MeTOAOJIOTHSI  BK/IHOUAeT  KOMILIEKCHBIN
CpaBHUTe/IbHBIN MH)KeHepPHbIN aHa/In3 COBPEMeHHBIX MeTO/IOB, IPUMEHSIEMbIX B TH/IPOTEXHHUYECKOM
CTPOUTENIbCTBE, TaKWX KaK XMMHUUYeCKas CUJIMKaTH3al[usi, l[eMeHTalus, CTpyWHasi LieMeHTalusl,
cBaiiHble (yHZAMEHTHI W TMyOOKoe cMmelnvBaHue TpyHTOB (DSM). B KauecTBe OCHOBHOTO
pe3ysibTaTa YCTPOWCTBO TPYHTOLIEMEHTHBIX KOJIOHH TIO TexHojoru DSM ompezeneHO Kak
Haubosiee MpeANIOYTUTEbHBIA MOAXOA. JTa TeXHOOTrus obecrieurBaeT BBICOKYHO HAJ|e)KHOCTb U
peHTabebHOCTh, MUHUMU3UPYSl T'eOTeXHUUeCKHe PHUCKM B CJIOXKHBIX TPYHTOBBIX YyC/IOBUSX. B
3aK/TFOUeHUM C(OPMYJUPOBAH a/ITOPUTM TIPOBE/IEHUST OTMBITHO-TIPOMBIIIIEHHBIX HCIBITAHUN U
71abopaTOpPHBIX TECTOB KEPHOB [ijisi ONTHUMH3alMUA TIPOEKTUPOBAHUS OyyLUX TUAPOTeXHUYECKUX
COOPY’KeHUH.

Keywords: small structures, events, technology, foundation, strengthening, soil improvement,
safety, deformation, quicksand, Deep Soil Mixing.

KnioueBble ci0Ba: Majble COODY)KEHHS, MEpOINpPUATHsS, TEeXHOJIOTHs, OCHOBaHUe,
yKperjieHre, yaydilleHrhe CBOWCTB TPYHTOB, Oe3omacHocTb, fAedopmarus, 1uibiByH, Deep Soil
Mixing.

Introduction

In recent years, increasing water scarcity has led to greater emphasis on designing,
constructing, and rationally using small structures in challenging engineering-geological contexts.
According to the Ministry of Water Resources, small structures now outnumber large ones in the
republic. Ensuring the long-term safe operation of these small structures is a pressing concern. To
meet this challenge, stakeholders should systematically review both positive and negative global
experiences in hydraulic engineering and implement best practices accordingly [1,2].

It is essential to recognize factors that inevitably cause the condition of structures to
deteriorate, even when used correctly. These include aging materials, weakened foundations, and
changes over time in strength, water resistance, and other properties. When needed, engineers must
plan for major repairs, reinforcement, or replacement of outdated structures with modern materials.

Soils that quickly lose their properties under the influence of external factors capable of
deformation are widespread in the Amudarya River delta. The depth of these soils ranges from
several centimeters to tens of meters and even more meters. In such cases, insufficient assessment
of the properties of deformable soils leads to the loss of strength and stability of the foundations of
small structures, which can subsequently lead to catastrophic consequences. Such cases were very
common in the practice of hydraulic construction and caused significant damage to socio-economic
sectors [3 — 5]. The reliability of the foundations of small structures and the reduction in the cost of
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their construction work largely depend on the correct assessment of the properties of the soils in the
foundation, the effectiveness of the chosen technological methods and dimensions, and the quality
of these works.

Research Objectives: This paper aims to mathematically and logistically analyze geotechnical
options to overcome the floating sand layer underneath minor concrete water management channels,
identifying a method that maximizes foundation bearing capacity while ensuring project
profitability under aggressive aquatic conditions.

Materials and Methods

A complex multi-layered soil layer was identified at the base of the small structure

Layer 1: Sandy loam extending from the surface with a thickness of 3.8 m, characterized by a
critically low deformation modulus (E = 5 MPa).

Layer 2: Loamy loam with a thickness of 5.8 m, exhibiting an equally poor load-bearing
capacity (E = 4 MPa).

Layer 3: Dusty sands representing a highly critical layer with a thickness of 4.5 m. It lies at a
depth of 9.6 m from the surface. This layer exhibits severe floating (quicksand) properties, creating
a substantial hurdle for standard engineering setups.

Layer 4: Semi-solid clay with a thickness of 1.0 m. While it behaves as a relatively strong
layer, its small thickness does not allow it to be considered a reliable structural load-distribution
layer.

The detailed stratigraphic profile and spatial layout of the hydraulic installation are illustrated
below (Figure 1).

Sandy loam
Loamy loam

Dusty sands

Semi-solid clay

Figure 1. Cross-section of a small structure located in complex soil layers: 1-body of the concrete
structure; 2-water passage gap; 3-upper pool; 4-lower pool; 5-structure flutbet; 6-multilayer base

Note on Figure 1: The diagram establishes the geological positioning of the critical quicksand layer
(Layer 3) relative to the concrete hydraulic body. It highlights how proximity to hydraulic pool
boundaries induces a volatile stress state inside weak subgrades.
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The groundwater level is documented in the range of 4.5 — 6.4 m, which directly saturates the
soil profile. This indicates that while the upper portion of the third layer (approximately 0 — 1.9 m)
lies above the water table, its main body ( ~ 2.6 — 4.5 m) is deeply submerged, activating acute
fluidic behavioral features under dynamic shifts. After construction, constant operational water
filling completely saturates all adjacent layers, maximizing quicksand mobility across the system.
Compounding this issue, both the soil matrix and groundwater exhibit chemical aggressiveness
toward standard concrete compounds, demanding sulfate-resistant cement components and
specialized structural barriers [7 — 10].

A quicksand mass consists of water-saturated fine-grained (dusty) sands that shift into a
flowing state upon dynamic impact or pit opening. This phenomenon yields:

1. A sharp loss of soil load-bearing capacity.

2. Large and highly uneven settlement patterns across the structure.

3. Rapid flooding and collapse of the excavation pit during early development phases.

4. Severe difficulties in successfully boring piles or embedding foundational units.

Results and Discussion. For the site's unique geotechnical conditions, engineering methods
capable of stabilizing the quicksand layer without requiring its physical extraction were
systematically evaluated [11,12].

1. Silicatization (Chemical Fixation)

Principle: Pumping chemical mixtures (e.g., sodium silicate «liquid glass» and calcium
chloride) through pressure injectors directly into the quicksand matrix. The reaction precipitates a
waterproof silicic acid gel that bonds fine sand particles together.

Technology: Well drilling spaced at 0.8 — 1.2 m intervals down to the quicksand base,
followed by sequential solution injection to construct a continuous solid block.

Assessment: It offers excellent localized strength, water resistance, and silent, vibration-free
execution suited for tight spaces. However, the extreme cost of chemical reagents, uneven solution
migration radius, and potential environmental contamination restrict its broad utility. It remains
economically justifiable only to avoid massive, risky open earthworks.

2. Cementation (Smolization)

Principle & Technology: Utilizes ultra-fine microcements or synthetic resins capable of
passing through the tiny pores of dusty sands. The operational steps mimic silicatization under
stringently controlled pressures.

Assessment: Yields phenomenal structural strength and demonstrates good compatibility with
surrounding slurry walls or sheet pile frameworks. However, its financial cost is extremely high.
Microcements require specialized procurement, and the solution must rely on premium sulfate-
resistant compositions to survive the aggressive local groundwater, rendering it the least profitable
option for large volumes. It is recommended only for localized reinforcement of critical joints.
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3. Jet Grouting

Principle & Technology: A specialized hydraulic cutter on a rotating drill string introduces a
cement solution under ultra-high pressure (300 — 600 atm), simultaneously tearing apart the soil
matrix and blending it with the binder to create stable clay-cement blocks.

Assessment: Completely replaces weak quicksand with predictable, high-strength soil cement.
It allows the construction of seamless underground structural walls and uses sulfate-resistant
cement. However, equipment mobilization costs are remarkably high, it demands substantial
workspace, and it produces an extensive volume ofground-cement pulp byproduct (slag) requiring
disposal. Despite this, it remains technically justified due to its absolute elimination of geotechnical
risks.

4. Deep Supports (Bored or Screw Piles)

Principle & Technology: Bypasses the quicksand layer entirely by sinking cast-in-place bored
piles or screw piles through the unstable strata until they rest firmly on the deep semi-solid clay
layer. Casing pipes prevent soil collapse during concreting.

Assessment: A mature, structurally sound method that effectively relocates structural loads to
deeper, stable layers. Screw piles facilitate fast installation with minimal soil vibration.
Nevertheless, passing through active quicksand frequently causes casing jams, wellbore wall
collapse, or significant drilling fluid loss. Metal screw piles also demand intensive anti-corrosion
codings in aggressive waters. Financially, it stands as a highly profitable alternative since
establishing a focused pile field is often cheaper than mass soil cementation.

5. Deep Soil Mixing (DSM) Technology

Principle & Technology: Mechanical mixing blades are lowered into the subgrade,
mechanically blending the in-situ soil with a customized cement mortar slurry to forge high-density,
uniform structural columns.

Assessment: This method ensures superb column homogeneity and structural quality while
generating zero construction vibrations or disruptive noise. It supports the direct introduction of
sulfate-resistant binding agents. While it demands specialized mixing machinery, its overall
economic profitability is moderate and highly competitive compared to Jet Grouting due to superior
speed and minimized waste material generation.

6. Full or Partial Soil Replacement

Principle & Technology: Physical excavation of the weak quicksand and layer-by-layer
replacement with compacted coarse sand, gravel, or sand-gravel mixtures.

Assessment: Technically unfeasible for this site. Because the quicksand layer occurs at a
massive depth of 9.6 m in a water-saturated floodplain environment, keeping the excavation pit
stable would require heavy sheet pile barriers and intense continuous pumping. This creates a high
risk of trench collapse and undermines adjacent infrastructure due to fine particle migration.
Furthermore, disposing of 675 m? of saline, muddy soil is highly inefficient and expensive.

Following this analytical review, the evaluated geotechnical methods were synthesized into a
standard engineering matrix outlined below (Table 1).
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Table 1.

Comparative Engineering Matrix of Geotechnical Methods for Subgrade Stabilization

Technology Cat-
egory

Evaluated Engineer-
ing Methods

Technical Advantages

Main Constraints / Risks

Group 1: Recom-

Deep Soil Mixing

High column homogeneity; minimal

Demands specialized equip-

mended (DSM), Jet Grouting | waste pulp; completely replaces weak

zones.

ment; high initial mobiliza-
tion budgets.

High risk of casing jams
and wall collapse in active
quicksand.

Effectively relocates loads down to
deep stable clay layers.

Group 2: Condition- | Deep Supports
al (Bored/Screw Piles)

Extreme chemical costs;
unfeasible trench cave-ins
under high water tables.

Silence and vibration-free execution
in tight spaces.

Silicatization,
Cementation, Mass
Soil Replacement

Group 3: Not Recom
mended

Conclusions

Based on structural performance metrics, operational logistics, and cost balances, Deep Soil
Mixing (DSM) technology is officially selected as the primary methodology for reinforcing the
quicksand foundation zone under the small hydraulic structure. To guarantee seamless
implementation, the following subsequent technical actions are mandatory:

1. Clarifying Surveys: Execute detailed geotechnical investigations focusing exclusively on
the Layer 3 quicksand band to map its exact granulometric distribution and filtration coefficients.

2. Test Strengthening: Install 2—-3 pilot soil-cement test columns on-site, away from the core
footprint, using the selected DSM gear.

3. Laboratory Verification: Extract core samples from the test columns to evaluate
compressive strength and evaluate chemical resistance against local aggressive groundwater
parameters. This ensures accurate selection of cement grades and slurry configurations.

4. Final Engineering Design: Utilize empirical data to perform final structural calculations
mapping precise column diameters, optimal spatial pitching, immersion depths, and required binder
concentrations.

Adopting this systematic approach to Deep Soil Mixing guarantees structural longevity and
maximizes project profitability while fully mitigating risks induced by volatile ground
environments.
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Abstract

The study aims to assess the seepage regime of the earth dam of the Qamashi Reservoir using
a 1:100-scale physical model and field observations at section PC16+30. The experiment was
conducted in a transparent hydraulic flume using a model constructed from loam soil. The upstream
water level was maintained at a constant level corresponding to the elevation of 487.68 m in the
prototype. Water penetration into the dam body, the wetting front, and the development of the
phreatic surface were observed every 5 minutes. During the experiment, water temperature (19.2
°C) as a control parameter, water density, soil bulk density, settlement of the model crest, and the

Bubiuorpaduueckoe onucanue: ITanyanos [.T., Caunos @.C. JlabopatopHoe ucciefoBaHre (QUIBTPALIOHHOTO PEXHMa B TeJie
3eMJ/ISIHBIX TI0THH // Universum: TeXHUUeCKHe HayKH : 31eKTPOH. HayyH. >KypH. 2026. 8(149). URL: https://7universum.com/ru/tech/
archive/item/23290

For citation: Paluanov D.T., Saidov F.S. Laboratory study of filtration regimes in the body of earth dams // Universum: Technical
Sciences : electronic scientific journal. 2026. No. 8(149). Available at: https://7universum.com/ru/tech/archive/item/23290
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average hydraulic gradient were determined. Seepage water reached the downstream toe 41 hours
after the beginning of the experiment. The water density was 999.6 kg/m?3, soil density was 1650 kg/
m3, model crest settlement was 2 mm, and the average hydraulic gradient was 0.12. The phreatic
surface formed in the laboratory was close in overall configuration to the field observations. Under
the adopted laboratory conditions, the seepage process developed gradually and the average
hydraulic gradient did not exceed the specified limiting values. The developed model can be used
for a qualitative assessment of the seepage condition of the Qamashi dam; however, the results
should be interpreted within the adopted model conditions and structural simplifications.

AHHOTanus

Llensto MccnenoBaHus SIBSieTCS OLieHKAa (DM/IBTPALMOHHOTO peXUMa 3eMJISSHOW TJIOTHHbI
KamalimHCKOTo BOZIOXPAHU/MINA C WCTIONb30BaHWeM (u3uueckod mozenu B Macitabe 1:100 u
pe3ynbTaToB HATypHbIX HabOmofeHnid Ha monepedyHoM ceueHnd [1K16+30. 3JkcmepyMeHT
MIPOBOZWJ/ICSL B MPO3PayHOM THM/PaB/IMYeCKOM JIOTKe C NPUMEeHeHWeM MOJie/IM, U3TOTOBJIEHHOWU W3
CYIJIMHUCTOTO TPYHTa. YPOBeHb BOAbI B BepxHeM Obede TOAZEp)KUBA/ICS TIOCTOSSHHBIM U
COOTBeTCTBOBa/ OTMeTKe 487,68 M B HaTypHbIX yC/10BUAX. [IpOHUKHOBEHUe BOJBI B TeJIO IJIOTHUHBI,
npojBrKeHWe  (pOHTA yBA&XHEHUs] M (OPMUPOBaHWe  [IelIPeCCMOHHOM  TIOBEPXHOCTH
¢bUKCHpOBaMMCh KaXK/Able 5 MUHYT. B xofe skcriepuMeHTa ObUTH OTpeZiesieHbl TeMriepaTypa BOZbI
(19,2 °C) kaK KOHTPOJbHBIA TMapaMeTp, eé TUIOTHOCTb, 00bEMHAsi TUIOTHOCTb I'PYHTa, BeJMYMHA
ocafku TpebHS MOZenH, a TaKKe CPeJHUM TWApaBIUUecKdil rpagueHT. PuibTpalMoHHas Bofa
JIOCTHIVIA MOJOLIBLI HU30BOIO OTKOCA yepe3 41 yac rocsie Havyasna 3KcrepuMeHTa. [1710THOCT BOJEBI
cocraBuna 999,6 kr/m3, TyioTHOCTL rpyHTa — 1650 Kr/m3, ocajgka rpebHs Mojend — 2 MM, a
cpefHUM TUapaBavueckuii rpagueHtT — 0,12. JlernpeccrioHHast TOBEPXHOCTb, C(HOPMUPOBABILIASICS B
7abopaToOpHBIX YCIOBUSIX, TI0 CBOeH o0iieli koHdurypaiyu Obia 6/mM3Ka K pe3ybTaTraM HaTyPHBIX
HaOmogeHni. [Ipy TIPUHATHIX 1ab0PaTOPHBIX YC/IOBUSX (UIBTPAL[MOHHBIA TPOLIECC pa3BHUBAJICS
TIOCTENeHHO, a CpeJHUM TWpaB/IUYecKUd TpaZiueHT He IMpeBbIlllaj YCTaHOB/IEHHBIX IIpefe/IbHbIX
3HaueHuil. Pa3paboraHHasi Mozienb MOKeT OBbITb HCIONb30BaHA [JIs1 KauyeCTBEHHOM OIL|eHKU
(bUIBTPaLMOHHOTO COCTOSIHMSL TJIOTMHBI KaMalllMHCKOro BOJOXPaHWIMING, OJHAKO TMOTy4YeHHble
pesy/bTaTbl C/efyeT WHTeplpeTUpoBaTb C Y4YETOM IPUHATHIX YC/JIOBUM MOJEIUPOBAHUS U
JIOMYIIeHHbIX KOHCTPYKTUBHBIX YIIPOLLeHUM.

Keywords: Qamashi Reservoir, earth dam, seepage regime, physical modeling, phreatic
surface, hydraulic gradient, field observations, crest settlement.

KnroueBbie cy10Ba: KamamvHckoe BOZOXpaHW/INILE, 3eMJIsTHAas TUIOTHHA, (PUIBTPAliMOHHBINA
pexxnM, (u3ndeckoe MofeNMpOBaHMe, AeNpeCcCHOHHAs TOBEPXHOCTh, TMPaBINUYeCKUN I'DafivieHT,
HaTypHbIe HaO/MIO/|eHNs], Oca/ika rpeOHs TVIOTHHBI.

Introduction

Earth dams are among the most widespread structures in hydraulic engineering, and their
reliable and safe operation is important for the efficient use of water resources, stable water supply
to irrigated lands, and prevention of emergency hydrodynamic events. The technical condition of
such structures is determined not only by the strength of the dam body but also by the
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characteristics of seepage flow through the dam body and its foundation. Uncontrolled seepage can
cause migration of soil particles, internal erosion, suffusion, increased pore-water pressure, wetting
of the downstream slope, and local deformations [1].

The difference between water levels in the upstream and downstream pools generates seepage
flow through the soil pores. As water moves through the dam body, a free seepage surface—the
phreatic surface—develops. Its position and the point where it intersects the downstream slope
affect the degree of saturation of the dam body, pore-water pressure, seepage discharge, and slope
stability. Therefore, determining the position of the phreatic surface is an important part of assessing
the technical condition of a dam.

Analytical calculations, numerical modeling, laboratory experiments, and field observations
are used to investigate seepage processes in earth dams. Although analytical methods describe the
general laws of seepage, they are limited in fully accounting for soil heterogeneity, differences in
compaction, and actual boundary conditions. Numerical models can provide high accuracy, but their
reliability should be verified against laboratory or field data. Al-Janabi et al. demonstrated close
agreement among results obtained using a physical model, the Casagrande method, and the SEEP/
W software [2].

The hydraulic conductivity of soils within a dam directly affects the phreatic surface, seepage
discharge, and distribution of hydraulic gradients. Mostafa and Zhenzhong found that changes in
hydraulic conductivity in dams composed of zones with different seepage coefficients can reduce
the overall seepage discharge while increasing pore-water pressure and local hydraulic gradients in
some sections [3]. This indicates that seepage safety assessment should consider not only the total
seepage discharge but also the phreatic surface and local hydraulic gradients.

Changes in the reservoir level over time also affect the seepage regime. When the water level
rises, the saturated portion of the dam body expands and the phreatic surface shifts upward. When
the level falls, the seepage field transitions to a new state with a certain delay. Liu et al. showed that
the rate of water-level change and the soil water-retention characteristics can cause hysteresis in
pore-water pressure and downstream slope stability [4].

Temperature should be recorded as a control parameter in laboratory seepage studies because
it affects the dynamic viscosity of water and the hydraulic conductivity of soil. At the same time,
temperature monitoring can be used as a diagnostic tool for identifying seepage paths and hidden
leakage zones in earth dams. Fabbian et al. demonstrated the possibility of identifying seepage
zones through temperature monitoring [5], while Radzicki and Stolinski applied a multi-point
thermal-active system under field conditions [6].

Experiments conducted on loess and sand soils have shown that temperature changes can
significantly affect hydraulic conductivity. Yang et al. found that the saturated hydraulic
conductivity of loess increased with increasing temperature over the range of 7-44 °C [7]. Studies
by He, Jiang, and Wang also reported significant changes in the hydraulic conductivity of sand
under the influence of temperature [8]. These findings confirm the need to account for water
temperature in laboratory experiments.

21



Ne 8 (149) U‘I[\IIEI)yHEVIFS-ISElé'\KAM E HAYKM aszycm, 2026 2.

Studies assessing the seepage condition of earth dams that have been in long-term operation
in Uzbekistan have substantiated the need for regular monitoring of piezometric levels, drainage
systems, seepage flow, and local deformations [10]. Studies of the Qamashi Reservoir have also
considered the possible effects of seasonal temperature changes on water viscosity, the soil seepage
coefficient, and water movement [9].

At the same time, there are insufficient studies directly comparing the phreatic surface formed
in a laboratory model of low- and medium-height dams constructed from local loam soils with field
observations. Existing studies mainly assess seepage processes using analytical or numerical
methods, while the interrelationships among flow formation, phreatic-surface development, dam-
body settlement, and hydraulic gradients in physical models have received less attention.

The aim of this study is to investigate the development of seepage flow in a 1:100-scale
physical model prepared based on the geometric parameters of the Qamashi Reservoir earth dam,
determine the position of the phreatic surface, assess model crest settlement and the average
hydraulic gradient, and compare the laboratory results with field observations at section PC16+30.

Materials and methods

The seepage processes occurring within the body of the Qamashi Reservoir earth dam were
selected as the research object. The main focus was placed on the formation of the phreatic surface,
the direction of seepage flow, the hydraulic gradient, and deformations caused by seepage. To
compare laboratory results with prototype conditions, winter field-observation data from section
PC16+30 of the dam were used. Since a water outlet structure is located at this section, assessing its
seepage condition is important from the standpoint of operational safety.

The experiments were carried out in the laboratory of the Department of Hydropower and
Hydraulics at Tashkent State Technical University using physical modeling. This method made it
possible to directly observe water penetration into the soil body, expansion of the wetting zone, and
formation of the phreatic surface under controlled boundary conditions (as illustrated in Figure 1).
Previous experimental studies on determining seepage characteristics from pressure, flow velocity,
and hydrodynamic parameters were used as a methodological basis for organizing the laboratory
observations [13].

T il

Figure 1. General view of the transparent hydraulic flume and the earth dam model
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Schematic view (vertical scale exaggerated)
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Figure 2. Laboratory setup and schematic geometry of the 1:100-scale earth dam model

The laboratory setup consisted of a transparent plastic hydraulic flume 3.5 m long, 1.0 m
wide, and 0.5 m high (Figure 2). The transparent side walls allowed visual observation of seepage
flow and the phreatic surface. A 15-cm-high perforated distribution wall was installed upstream to
stabilize the water movement. Openings for water discharge were provided downstream to prevent
accumulation of seepage water.

A dam model made of loam soil was constructed in the central part of the flume (Figure 2).
The model geometry was determined based on the prototype dam parameters: a height of 15 m, a
crest width of 7 m, an upstream slope coefficient of m1 = 3.0, and a downstream slope coefficient
of m2 =2.5. Since the linear scale was adopted as 1:100, the model height was H,, = 0.15 m, the
crest width was b,, = 0.07 m, and the calculated base length of the model L,, = 0.895 m was
practically consistent with the 0.90 m base length adopted in the experiment.

To separately investigate seepage in a homogeneous loam-soil body, some structural elements
of the prototype dam were simplified in the experiment. In particular, the downstream drainage
system, the concrete lining on the upstream slope, and the water outlet structure in the dam body
were not included in the model. Therefore, these simplifications were taken into account when
applying the results to the prototype structure.

Geometric similarity between the model and the prototype structure was ensured through the
ratio of corresponding linear dimensions:

o = ll—" = 100 (1)

m

where [, and /,, are the corresponding linear dimensions of the prototype structure and the
model.

Water movement through the dam body was assessed based on soil hydraulic conductivity, the
pressure difference, seepage-path length, and hydraulic gradient.

The density of the water used in the experiment was determined using a hydrometer and was
999.6 kg/m3. Water temperature was measured with a thermometer and recorded as 19.2 °C. This
temperature was not a comparative indicator of different experimental regimes but a control
parameter during the experiment.
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The loam soil used for the model was placed in the flume in layers of uniform thickness and
compacted evenly until the design shape was obtained. The bulk density of the soil was determined
from the ratio of mass to volume and was 1650 kg/m3. Uniform placement and compaction of the
layers helped prevent the formation of artificial local high-permeability channels. Previous studies
have also substantiated the need to control soil properties to ensure the stability of hydraulic
structures [15].

The granulometric composition of the soil was determined at the laboratory of the
“Gidroproekt” Joint-Stock Company using sieve-pipette and hydrometric methods. The analysis
was performed in accordance with the requirements of GOST 12536-2014 [11]. These results were
used to identify the type of model soil and assess its susceptibility to seepage-related deformation.

Before the experiment, the dam model was formed using a 1x1 cm coordinate grid marked on
the transparent side wall. The grid made it possible to record the water level, wetting-front position,
phreatic-surface points, crest elevation, and profile deformations in a single coordinate system.
Water was supplied upstream step by step, and its level was maintained at the model elevation
corresponding to the prototype elevation of 487.68 m.

Water penetration into the soil body, expansion of the wetting zone, and movement of the
phreatic surface were observed every 5 minutes. Observations continued until seepage water
reached the downstream pool and the phreatic surface reached a conditionally stable state. At each
stage, the coordinates of the phreatic surface, water levels, seepage outflow condition, and changes
in the model profile were recorded. After the experiment, the crest elevation was compared with its
initial state to determine vertical settlement. Approaches to the comprehensive assessment of dam
settlement and seepage conditions under field conditions have been described in previous studies
[14].

The coordinates of the phreatic surface obtained in the laboratory were converted to prototype
values using the 1:100 scale and compared with observation data from section PC16+30. The main
comparison criteria were the overall shape of the phreatic surfaces, piezometric heads within the
dam body, and differences in the area near the downstream pool.

The average hydraulic gradient was determined as the ratio of the difference between
piezometric heads in the upstream and downstream pools to the calculated seepage-path length:

 H —-H, 468

_ —0.12 2
: L 388 0 2)

where H; and H, are the piezometric heads in the upstream and downstream pools; [ is the
calculated seepage-path length.

To evaluate the seepage strength and safety of the dam body in accordance with KMK
2.02.02-20 «Foundations of Hydraulic Structures» [12], the calculated hydraulic gradient ; must
satisfy both the condition based on critical gradient (i < 0.7i.,) and the permissible gradient limit
(i<iperm = 0.8):

i <min(0.7i, , iperm) 3)

During data processing, the phreatic surface, hydraulic gradient, and model crest settlement
were analyzed as interrelated parameters.
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Results and discussion

During the experiment, the upstream water level was maintained at a constant level
corresponding to the Qamashi Reservoir elevation of 487.68 m. Water temperature was 19.2 °C,
water density was 999.6 kg/m3, and the bulk density of the model soil was 1650 kg/m3. Seepage
flow moved gradually through the dam body and reached the downstream pool after 41 hours. No
washing of soil particles, suffusion, or local boiling was observed during the experiment.

The phreatic surface formed in the laboratory (Figure 3) showed a close overall configuration
to the winter field observations at section PC16+30. In both cases, the phreatic surface decreased
smoothly from the upstream pool toward the downstream pool. This indicates that the physical
model qualitatively represented the main features of the seepage process. The importance of
comparing physical and numerical model results with field data for assessing model reliability has
also been noted in other studies [2, 17].

Figure 3. Wetting zone and phreatic surface observed in the laboratory earth dam model

After completion of the experiment, 2 mm of vertical settlement was recorded at the model
crest. No abrupt deformation, slope displacement, or distortion of the model profile was observed.
However, this value represents only the model deformation under the adopted laboratory conditions
and should not be directly equated with settlement of the prototype dam. Previous studies have also
substantiated the need for comprehensive monitoring of seepage and deformation processes
[13, 14].

With the calculated initial critical gradient i, = 0.65, the condition of seepage strength
according to Eq. (3) is expressed as:

i=0.12 <0.7+0.65= 0455  (and 0.12<iperm = 0.8) (4

The relative margin of safety with respect to the critical gradient is ZL = % = 0.18. This

result shows that the average hydraulic gradient did not reach the limiting value under the
experimental conditions. At the same time, the average gradient may not fully represent higher
values occurring in individual local sections of the dam [3, 16].

The obtained results indicate that the 1:100-scale physical model can be used to study seepage
flow and the phreatic surface in the dam body. However, the absence of drainage, concrete lining,
and the water outlet structure in the model, as well as the fact that the experiment was conducted at
a single water level and temperature, should be considered when interpreting the results. Changes in
water level may affect the seepage field and pore-water pressure, as also shown in other studies [4].
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Figure 4. Phreatic profiles under laboratory and field conditions at section PC16+30 (Piezometer
elevations measured in meters along the dam section profile)

Figure 4 illustrates the comparative phreatic surface profiles. The horizontal axis represents
the control piezometer profile points (from 0 at the upstream side to 4 at the downstream toe), and
the vertical axis shows the piezometric head elevations measured in meters (m). As shown in Figure
4, the laboratory model profile closely tracks the field piezometric data points up to point 3, after
which the absence of a drainage structure in the model leads to a steeper drop at point 4.

Conclusion

The seepage regime of the Qamashi Reservoir earth dam was investigated using a 1:100-scale
physical model. During the experiment, water moved gradually through the dam body, and seepage
flow reached the downstream pool after 41 hours. No washing of soil particles, suffusion, or local
boiling was observed.

The phreatic surface formed in the laboratory showed a close overall shape to the field
observations at section PC16+30. A vertical settlement of 2 mm was recorded at the model crest,
while no abrupt deformation or slope displacement was observed. The calculated average hydraulic
gradient was j = (.12, which was below the adopted limiting values.

The results show that the physical model can be used for a qualitative assessment of seepage
flow and the phreatic surface in the dam body. However, the absence of drainage, concrete lining,
and the water outlet structure in the model, as well as the fact that the experiment was conducted
under a single water-level and temperature condition, should be taken into account.

For further studies, it is recommended to repeat the experiments under different water levels
and temperature conditions, determine local seepage gradients, and compare the results with
numerical modeling and expanded field-monitoring data.
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Abstract

The article examines the factors and characteristics affecting pressure pipelines at pumping
stations. Retrospective analysis of factors affecting pressure pipelines. During the retrospective
analysis of factors affecting pressure pipelines at pumping stations, a pressure test was conducted
on the water pipelines. The main technical characteristics and causes of failure of the closed
irrigation system, as well as biological corrosion of metal pipes and concrete structures of pumping
stations, were analyzed. Methods for diagnosing the technical condition of pipelines, namely X-ray,
ultrasound, and acoustic emission and thermal imaging, were proposed, and the results were
analyzed. To improve pipeline efficiency, we extend the service life of pipelines by performing
hydrodynamic cleaning under high pressure, operating outgoing robots, cleaning with chain devices
via brush feed or brush feed, and applying coatings to water pipelines during repair, specifically
using an epoxy mixture. In addition, painting them with various varnishes and paints also helps to
increase the service life of the pipes. Furthermore, it will be possible to achieve more efficient use
of the pumping station without observing the cavitation process occurring in the pumps.

AHHOTaUA

B crarbe paccmarpuBaroTcsi (AKTOpbl W XapaKTePUCTHKH, B/MSIOIIME Ha HaropHbIe
TpyOOMpOBO/BI Ha HACOCHBIX CTaHLUAX. PeTPOCTeKTHBHBIM aHaau3 (PAKTOpOB, BIMSIOLIMX Ha
HarlopHble TpyborpoBoAbl. [Ipy peTpocreKTHBHOM aHau3e (aKTOpOB, BMSIOLIMX Ha HaroOpHbIe
TpyOOMPOBO/IbI HACOCHBIX CTAHLMM, ObLTM TIPOBe/leHbl WCIBITAaHUS JlaB/ieHHsI B BOZAOIPOBOAHBIX
TpyborpoBozax. IIpoaHa/M3uMpOBaHbI OCHOBHblE TeXHWUECKHe XapaKTepUCTUKA U TPUUKHbI
OTKAa30B 3aKpBITOW OPOCUTENbHON CHCTeMbl, a Takxe OHoioruuyeckasi KOppo3usi MeTa/uiiyecKux
Tpy0 M OeTOHHBIX KOHCTPYKLMN HAaCOCHbIX CTaHUui. [IpeasiokeHbI MeTOAbI JUArHOCTHUKH
TeXHUUECKOr0 COCTOSTHUSI TPyOOTPOBO/IOB, T.e. PEHTT€HOBCKHe, Y/IbTPa3ByKOBbIe U aKyCTHUeCKHe
MeTO/Ibl 3MUCCHMU W KOHTPOJS, W TIpOaHa/IM3UpoBaHbl pe3ynbrartbl. C 1ie/bl0  TOBBIIIEHHUs
3¢ pexTBHOCTU TPYOOIIPOBO/IOB TMAPOAMHAMHUUECKAs OUMCTKA 07, BHICOKUM JlaBIeHHeM, 3aIycK
BBIXOZSIIMX pPOOOTOB, OUMCTKA LEMHBIMU YCTPOWCTBAMH C TIOMOIIbIO IIIeTOYHON TMOJauul WU
IIIeTOYHOM TI0/laud, HaHeCeHWe TOKPHITUS Ha BOJOIMPOBOJHBbIE TPYOBI MPU WX PEMOHTE, TO eCTb
WCTIOb30BaHUe SIMOKCUIHOW CMecH, TIpojjieBaeT CpOK cayx0bl Tpy6. Kpome Toro, ux okpacka
pa3/IMYHbIMU JlaKaMU 1 KpackaMy Takke CIIOCOOCTBYeT yBe/MUeHWI0 CPoKa Cy»kKObl Tpy6. Takxke
C037jaeTCst BO3SMOXKHOCTb JJOCTHXKeHus1 bosiee 3¢ (eKTUBHOTO UCII0/Tb30BaHMsI HACOCHOM CTaHL[UK 0Oe3
Hab/roieHust TIpoliecca KaBUTaLUU, TIPOUCXO/SIIero B HacoCax.

Keywords: Pump, retrospective, closed irrigation, pipeline, diagnostics, hydrodynamic
cleaning, pressure, epoxy mixture.

KnroueBble cmoBa: Hacoc, peTpOCTeKTHUBHBIM, 3aKpbIThIA TOMMB, TPyOOIpPOBO,
[IMarHOCTHKa, THAPOIMHaMHYeCKasl OYMCTKa, [jaB/lieHre, STTOKCUHAs CMeCh.

Introduction

The large number of failures of land reclamation pipelines in the closed network and the
unevenness of their distribution during the irrigation period are associated with severe operating
conditions: seasonality and interruptions, periodic full or partial discharge, uneven water supply,
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significant changes in total and individual water consumption caused by frequent switching on and
off sprinkler equipment, and the inability to quickly redistribute pressure and flow velocity. All of
this negatively affects the occurrence of dynamic loads, the strength of the pipelines, the tightness
of the pipeline walls, and, consequently, the reliability of the network.[2]

The lack of internal insulation in steel water pipes and the continuous contact of the metal
with the corrosive environment allow for the development of almost all types of corrosion.[8]

A distinctive feature of corrosion processes is their complexity and multi-stage nature.
Usually, the corrosion process consists of at least three main stages: transferring the reactants to the
phase interface—the reaction zone; essentially, a heterogeneous reaction; and removing reaction
products from the reaction zone (Fig. 1.1).[4]

6 HO O HO O

NN \\*\\\\\\

Figure 1.1. Diagram of the intra-ulcer corrosion process

K - cathode sites for reducing oxygen or hydrogen;

A — anodic sites for iron reduction.

Iron corrosion in a neutral aqueous medium occurs with oxygen depolarization. In this case,
the cathodic process is the process of ionization of oxygen by the reaction[4]:

O, +4e+2H,0 = 40H, (1.1)

and anodic — the process of ionizing iron by reaction:

Fe + 2H,0 = Fe*" 2H,0 + 2e (1.2)

During operation, corrosion products, together with particles of mineral origin, form deposits
of various shapes and densities on the walls, which leads to a deterioration in the hydrodynamic
properties of the pipes, an increase in energy costs for water transport, and water loss due to
corrosion.

The results of physical examinations and laboratory analyses have been reviewed, proving the
biocorrosive wear and tear of pressure pipelines and reinforced concrete structures of pumping
stations. A study of the movement of fine particles showed that the components of the water flow do
not contain abrasive materials, as sand materials with a diameter of more than 0.01 mm settle in the
pump station's advance chamber. Therefore, complete wear of the entire internal surface of the steel
pipeline is not observed.
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Materials and methods

Diagnosing the technical condition of existing pipelines is one of the most important
indicators affecting their operation. The degree of wear and tear of water pipelines is determined by
the reliability indicators of their operation. To ensure the safety and efficient operation of piping
systems, the piping system must be inspected regularly.[1]

The choice of the method for repairing an existing pipeline is based on an analysis of the
technical and economic indicators of its technical condition. The determining factor, in this case,
should be the presence of continuity of the pipeline walls in the test zone and the number of their
disruptions.

Diagnosing the condition of the pipeline is a vital component of ensuring the safety and
efficient operation of the system. This makes it possible to identify problems at an early stage,
prevent accidents and pipe cracks, and extend the service life of the pipes. Various diagnostic
methods, such as X-ray, ultrasound, pressure testing, and the use of acoustic emission technology,
provide rapid and accurate information about the condition of the pipes. Regular cleaning and
inspection of pipes will help reduce economic losses, plan repairs, and meet regulatory
requirements.[7],[9]

Currently, the most common methods for diagnosing pipelines are as follows[5]:

The X-ray method: in which X-rays are passed through tubes and an image is recorded on
film or a sensor to detect defects. A uniform background illumination on the developed film
indicates the absence of defects. If a leak is detected, it is a thickening of the weld or a drop of
metal (weld joint). If a blackening is detected, it is a defect, i.e., a hole.

Ultrasound and acoustic emission methods: Mechanical ultrasonic oscillations are sent to the
metal pipe using a transducer in a direction specified by the operator and observed on a defect
detector. The ultrasound hits the defect surface, is reflected, and returns to the transducer.

Tele-inspection method: The tele-inspection method developed by TARIS NPO consists of
moving a robot equipped with a video camera along the pipeline being diagnosed and transmitting
the video image to a computer display.

Results and discussion

Pressure testing: a method that evaluates the strength and tightness of pipes by applying
increased pressure to the system. There are two main types of pressure tests[3]:

* Hydrostatic testing: This method involves filling a pipeline with water or another liquid and
then applying a specified pressure. By monitoring pressure fluctuations and searching for fugitives,
you can determine the presence of damage in the system. This method is typically used during the
construction stage or after pipe repairs.

* Pneumatic test: In this case, the pipeline is filled with air or gas, and the pressure is raised to
a certain level. Then, a leakage test is performed using specialized equipment to detect pressure
changes.

Advantages of pipe diagnostics[1]:

* Increased safety: regular inspection of underground pipelines helps prevent accidents and
displacements, which helps ensure the safety of personnel and the environment.
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* Reducing economic losses: Identifying problems at an early stage allows for measures to be
taken to eliminate them before they lead to serious disruptions or accidents. This helps reduce
economic losses associated with equipment downtime or system shutdowns.

» Extending the service life of pipes: regular diagnostics allow for the detection and
elimination of damage, wear, and corrosion at early stages, which helps extend the service life of
pipes. Regular maintenance and repair help maintain their efficiency and reliability over the long
term[6].

Mechanical pipe cleaning

* Cleaning with brushes — effective for removing debris and other small pollutants.
* Rubber mats — Do not damage the pipe surface during the process of removing large
obstacles, as well as during cleaning.

Restoration and repair of pressure pipelines

To eliminate minor problems occurring inside the pressure pipelines, restoration work is
carried out using the following methods (Fig. 1.2).

1. hydrodynamic high-pressure cleaning;

2. running outgoing robots;

3. by brush feed;

4. cleaning by chain devices or brush feed.

Figure 1.2. Pipeline cleaning equipment with brush or chain drives

The selection of technologies or methods for pipe repair is initially carried out based on the
general or specific situations of the problems observed in them.

Coating (cement or paint). Manual repair.

When repairing water pipelines, it is possible to apply a coating to them, but it is necessary to
take special measures against negative changes in water quality. The use of cement in the coating
method is considered obsolete, and in Germany and the UK, an epoxy mixture is currently used
instead of this material. In addition, painting them with various varnishes and paints also helps to
increase the service life of the pipes.
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Conclusion

The pressure pipelines of pumping stations are one of the most important and responsible
parts of hydraulic structures, and their reliable and safe operation largely depends on a
comprehensive study and assessment of the factors influencing the operation process. The
conducted retrospective analysis shows that the service life, durability, and occurrence of
emergency situations in pressure pipelines are directly linked to a complex of interconnected
natural, technical, and technological factors.

In general, a retrospective analysis of the operating conditions of pressure pipelines over the
past period allows for the development of scientifically grounded preventive measures and a new
diagnostic system to prevent future accidents, increase the reliability of pumping stations, and
improve their energy efficiency.
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Abstract

The study assesses spatial and environmental stress across morphological types of Tashkent’s
residential fabric. The analysis was conducted in QGIS using 983 territorial units and combines
morphometric indicators, street-network parameters, and recreational accessibility. Morphometric
deficit was defined relative to FSI, GSI, and OSR distributions within each morphotype. Network
deficit was assessed through node and intersection density, while recreational deficit was measured
by network distance to the nearest recreational space. The diagnostic variables were integrated into
a five-level stress scale. High or critical stress was identified in 48.0 % of the analysed territories.
The highest shares occurred in transformed mahalla development M1b (74.8 %) and traditional M1a
(64.8 %), while the lowest were recorded for microdistrict types M2a (16.8 %) and M2b (14.3 %).
The results show that stress is not linearly determined by density but depends on morphology,
connectivity, and recreational accessibility. The approach can identify areas where further
densification requires restrictions or compensatory planning measures, providing a practical basis
for differentiated regulation of residential development according to its initial morphological
structure.
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AHHOTaLUA

Llenb vccnefoBaHWs — BBISIBUTH pas3vMuvs B MPOCTPAHCTBEHHO-CPEJOBOM HarpspKEHHOCTH
OCHOBHBIX MODP(OJIOrMUeCKUX THUIIOB JKWIOW TKaHM TalllkeHTa Ha OCHOBe KOMILJIEKCHOM
MPOCTPAaHCTBEHHOW [AMarHOoCTWKHU. VccnemoBanwe BbimosHeHO B QGIS Ha BbiOOpKe n3 983
TEePPUTOPUA/IbHBIX eJUHUL] U 00BbequHseT MOp(OMeTpUUeCKHe XapaKTePUCTHKH, TapameTphbl
YJIUYHO-TIEIIeXOIHOH CeTH U peKpealMoOHHYH [AOCTYIHOCTb. MopdomeTpuueckui Je@uiuT
onpeensisicsi oTHocuTenbHO pacrpenenedus FSI, GSI u OSR BHyTpu Kaxkzoro mopdoTumna.
CeTteBoil feULIMT OL|€HMBAJICS IO TJIOTHOCTU Y3/I0B U TiepeceueHUi, a peKpearjuoHHbIA — TI0
CeTeBOMY pacCTOSIHUIO f0 Omkaiilliero peKpearjMoOHHOTO TIPOCTPaHCTBa. JlMarHoCTHuecKue
MpU3HAKU 00Be/IMHEHbI B MSATHYPOBHEBYHO INKaIy MPOCTPAHCTBEHHO-CPEIOBOM HAMPSHKEHHOCTH.
BbiCOKMII WM KpUTHYeCKWM YypoBeHb BbisiBeH mAnsi 48,0 % wccnefoBaHHBIX TePPUTOPUIA.
Haubonbliilasi [ofsi TaKMX TEPPUTOPHM yCTaHOBJEHa [/ TpaHC(HOPMHUPOBAHHOM MaXa/THHCKOM
3actpoiiku M1b — 74,8 % wu TtpaguuuoHHot Mla — 64,8 %, a HauMeHbllass — [Jis
MUKPOpaloHHBIX TUTIOB M2a u M2b: 16,8 u 14,3 % cooTBeTCTBeHHO. Pe3yibTaThl 1T0OKa3bIBakOT, UTO
HamnpsOKEHHOCTh He  OMpefiefisieTCsl TJIOTHOCTbIO JIMHEWHO, a (opMUpyeTCcsl CO4YeTaHUeM
MOpPGOJIOTUM, CBSI3HOCTA W peKpealiMOHHOW JOCTYIMHOCTU. [Ipe/jio)KeHHbIH TIOAXOM MOXKeT
TIPUMEHSITbCS [IJIs1 TIpe/IBapUTE/IbHOTO BbISIB/IEHUS TEePPUTOPUH, TAe [ajibHeillllee YIIOTHEHUe
TpeOyeT OrpaHWYeHWM WM KOMITEHCUDPYHOIUX TJIAaHUPOBOUHBIX Mep TP TI'PaJ0CTPOMTEIEHOM
pery/MpoBaHUY XKUI0W 3aCTPONKH.

Keywords: Tashkent, residential development, densification, urban morphology, morphotype,
spatial and environmental deficits, recreational accessibility.

KiioueBble cioBa: TalllkeHT, >Xuiasi 3acTpOMKa, YIJIOTHEHWe, TOpoAcKasi Mopdosiorus,
Mop(}OoTUM, MPOCTPaHCTBEHHO-CPeJOBbIe Ae(ULUThI, peKpeal[MOHHast JOCTYITHOCTb.

Introduction

Residential densification affects not only development intensity but also the organization of
open spaces, pedestrian connectivity, and access to recreational areas. Similar density values may
correspond to substantially different spatial conditions; therefore, density alone is insufficient to
characterize the environmental performance of residential areas. This issue is particularly relevant
to Tashkent, where traditional mahalla fabric, Soviet microdistricts, and contemporary mid- and
high-rise residential developments coexist. Their contrasting spatial structures respond differently to
densification.

The Spacematrix approach developed by M. Berghauser Pont and P. Haupt treats density as a
multidimensional characteristic of urban form [1]. A. Dragutinovic, W. Quist, and U. Pottgiesser
emphasize the role of open-space morphology in residential environments [2], while S. Ibrahim et
al. demonstrate links between urban morphology, street-network configuration, and walkability [3].
These findings support an integrated assessment combining morphometric characteristics, spatial
connectivity, and recreational accessibility.

36



Ne 8 (149) UNIVERSUM: agzycm, 2026 e.

TEXHUYECKUE HAYKU

A previous analysis of Tashkent’s residential fabric [4] identified six main morphotypes: M1a
— traditional mahalla development; M1b — transformed mahalla development; M2a — classic
Soviet microdistrict; M2b — transformed microdistrict; M3 — compact mid-rise development; and
M4 — high-rise intensive development.

The aim of this study is to identify differences in spatial and environmental stress among the
main residential morphotypes of Tashkent through an integrated assessment of morphometric,
network, and recreational characteristics.

Materials and Methods

The study was conducted in QGIS using a geospatial database of Tashkent residential areas,
including residential boundaries, buildings, the street and pedestrian network, and recreational
spaces. After data preparation and filtering, the final sample comprised 983 territorial units.

Residential areas were classified into six morphotypes: Mla — traditional mahalla
development; M1b — transformed mahalla development; M2a — classic Soviet microdistrict; M2b
— transformed microdistrict; M3 — compact mid-rise development; and M4 — high-rise intensive
development. Their characteristic spatial patterns are shown in Figure 1. Of the 983 units, 965 were
assigned to these six stable morphotypes, while 17 were classified as mixed and one as transitional.

e maer  BaaE® g

l.-'.-.--- = i-. ‘::‘l

en"F 5% PR

b s 4g8 g & ¥s* s m an,

B l-“‘,““ :
sey 195% 3 Pgunas

"l. -

. QOO

) * 'ill\t

% shunrn b ’0 Wea®
(a) Mla

N . o
(d) M26 (&) M3 () M4

Figure 1. Main residential morphotypes of Tashk;z\g‘tl: (a) M1a; (b) M1b; (c) M2a; (d) M2b; (e)

The integrated assessment included three components: morphometric, network, and
recreational. The morphometric component used the Spacematrix indicators FSI, GSI, and OSR [1],
previously applied to residential development in Tashkent [1, 4].

To account for differences between morphotypes, morphometric deficits were defined relative
to the indicator distribution within each type rather than by a single citywide threshold. FSI or GSI
values above the third quartile (q3) were considered high, while OSR values below the first quartile
(ql) were considered low. A morphometric deficit was recorded when high FSI or GSI coincided
with low OSR. The resulting thresholds are presented in Table 1.

Table 1.
Morphometric deficit thresholds by morphotype

Morphotype FSI (q_3) GSI (q_3) OSR (q_1)
Mla 0.662 0.256 1.129
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Morphotype FSI (q_3) GSI (q_3) OSR (q_1)
Mib 1.1495 0.3785 0.5015
M2a 0.982 0.226 0.7875
M2b 1.2815 0.280 0.582
M3 1.779 0.309 0.393
M4 3.287 0.377 0.1935

The network component characterized permeability through the density of street and
pedestrian network nodes and intersections [5]. The lowest class was defined using the Jenks
natural breaks method [6]; values below 2 nodes/ha were treated as an internal diagnostic threshold
for network deficit.

The recreational component measured network distance from the centroid of each territorial
unit to the nearest recreational space. Three categories were used: <500 m — no deficit; 500-1000
m — moderate deficit; >1000 m — pronounced deficit [7, 8]. The diagnostic variables were
combined into an integrated stress index:

T=morph_def+net_def+rec_def, where morph_def and net_def take values of 0 or 1, and
rec_def takes values of 0, 1, or 2 according to recreational accessibility.

The index defined five stress levels from 0 (balanced) to 4 (critical), which were subsequently
compared across morphotypes.

Results and Discussion

The integrated assessment revealed substantial spatial variation across Tashkent (Figure 2). Of
the 983 territorial units, 48.0 % were classified as having high or critical spatial and environmental
stress.

ant A

|
Balanced environment

Local deficit

Moderate stress

- High stress
; - Critical stress
| .

Figure 2. Spatial and environmental stress in residential areas of Tashkent

38



Ne 8 (149) UNIVERSUM: aseycm, 2026 e.

TEXHUYECKUE HAYKN

Comparison with the morphological typology revealed substantial differences between
residential forms. The analysis covered 965 units assigned to the six stable morphotypes.

Table 2.
High and critical spatial and environmental stress by morphotype
Morphotype Total units High Critical High + critical, %
Mla 438 220 64 64.8
Mib 139 77 27 74.8
M2a 184 26 5 16.8
M2b 63 8 1 14.3
M3 66 12 2 21.2
M4 75 17 9 34.7

The highest shares of high and critical stress were found in M1b transformed mahalla
development (74.8 %) and M1a traditional mahalla development (64.8 %). In M1b, this pattern is
associated with transformation of the original low-rise fabric, increased building coverage, and
reduction of internal open space. In M1a, much of the unbuilt land consists of private courtyards
and gardens and is therefore not equivalent to publicly accessible recreational space. The distinction
between private and publicly accessible green space is important when evaluating actual
recreational accessibility [9].

The lowest shares were recorded in the microdistrict types: 16.8 % in M2a and 14.3 % in
M2b. This may be related to the presence of large inter-building spaces and the remaining spatial
reserve of the microdistrict structure. The role of open inter-building spaces as a structural element
of mass housing is also emphasized by Dragutinovic, Quist, and Pottgiesser [2]. However,
continued infill development may gradually reduce this reserve.

Morphotype M3 occupies an intermediate position, with high and critical stress affecting
21.2 % of the analysed units. For M4, the corresponding share is 34.7 %. Although M4 is
characterized by the highest development intensity, it does not show the highest stress level. This
indicates that spatial and environmental stress is not linearly determined by density, but depends on
the combined effects of density, permeability, open-space structure, and recreational accessibility.

The particularly high stress observed in mahalla types contrasts with the more favorable
distribution in microdistrict types M2a and M2b, supporting a morphotype-specific approach to
densification regulation.

Table 3.
Priority planning measures by morphotype
Morphotype Priority measure
Mla Develop local public and recreational spaces and improve pedestrian connectivity
M1b Limit uncontrolled densification and preserve internal open spaces
M2a Preserve courtyards and green areas and control new infill development
M2b Compensate densification through landscape improvements and maintain pedestrian connections
M3 Improve site permeability and the quality of courtyard spaces
M4 Integrate residential complexes into the surrounding urban fabric and ensure recreational accessib-
ility
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These priorities are consistent with approaches that link urban environmental quality to
accessibility, connectivity, and the organization of public space [10].

Conclusion

The integrated assessment of 983 residential units in Tashkent revealed substantial differences
in spatial and environmental stress among morphotypes. High and critical stress affected 48.0 % of
the total sample, with the highest shares in transformed mahalla development M1b (74.8 %) and
traditional mahalla development M1a (64.8 %), and the lowest in microdistrict types M2a (16.8 %)
and M2b (14.3 %).

The results show that spatial and environmental stress is not linearly determined by
development density, but emerges from the combined effects of morphometric characteristics,
street-network connectivity, and recreational accessibility. Densification policies should therefore
reflect the initial morphological structure of residential fabric: preserving open space and local
connectivity in mahallas, protecting spatial reserves in microdistricts, and improving permeability
and integration in contemporary mid- and high-rise developments. The proposed approach can be
used as a preliminary diagnostic tool to identify areas where further densification requires
restrictions or compensatory measures.
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Abstract

This paper presents the results of an experimental study on the application of Laser-Induced
Breakdown Spectroscopy (LIBS) for determining the concentration of wear products in used gas
engine oil. It is shown that the main metallic components of wear particles are iron, copper,
aluminum, chromium, and silicon. The LIBS method allows elemental analysis of wear products
directly in the oil sample without complex sample preparation. It was found that at 100—200 engine
operating hours, the particle size remains small and the content of wear products in the oil is
relatively stable. With an increase in operating time to 300—400 hours, an increase in both the
concentration of wear products and the size of metal particles is observed. A comparison of LIBS
with traditional analytical methods (ICP-OES, atomic absorption spectrometry) was performed in
terms of sample preparation, limit of detection, analysis speed, multi-element capability, and
particle size analysis. The advantages of LIBS are demonstrated: minimal sample preparation, high
analysis speed (less than 1 second), simultaneous multi-element determination, and the ability to
analyze large particles (up to 100 pm). The results of the study can be used for non-disassembly
diagnostics of gas and tractor engines based on the concentration of wear products in the oil.

AHHOTaUA

B pabore mnpezcTaB/ieHbl pe3y/bTaThl SKCIIEPUMEHTATBLHOIO MCC/Ie[0BAaHUSI TPUMEHEeHUs
MeTo/la Jla3epHO-UCKPOBOW SMUCCUOHHOM criekTpoMeTpuu (LIBS) st onpegenenusi KOHL@HTPALUU
MPOAYKTOB H3HOCA B OTpabOTaHHOM Macjie Ta3oBbIX ABurareseil. Iloka3aHO, UTO OCHOBHBIMU
MeTa/I/TMYeCKUMH KOMIIOHEHTaMM YacCTHL] W3HOCa SIB/ISIFOTCS ’KeJjie30, Me/lb, aJIlOMUHUN, XpOM U
kpemHuii. Metog LIBS mno3BosisieT TIpOBOAUTHL 37€MeHTHBIM aHaauM3 TIPOAYKTOB H3HOCA
HerocpeJCTBeHHO B mpobe Macsia 6e3 C/10)KHOW TMPOOOTOATrOTOBKU. YCTaHOBEHO, 4YTO TIpU
Hapabotke 100-200 MOTO-4acoB pa3Mep uacCTHI] HEBeIHWK, a COfiep)KaHWe TPOAYKTOB M3HOCA B
Macje OTHOCUTeNbHO cTabwibHo. [Ipu  yBemuueHun Hapabotku g0 300-400 moTo-yacoB
Hab/r0IaeTCst POCT Kak KOHLIEHTPALMU MPOAYKTOB M3HOCA, TaK U pa3MepOB MeTa/UInyeCKUX YaCTHLI.
[TpoBeneHo cpaBHeHwe LIBS ¢ TpaguimoHHeiMu MeTogamMu aHamusza (ICP-OES, aTtomHo-
abcopOLMOHHAsT CTMEeKTPOMEeTpUs) TI0 TaKWM TlapaMeTpaM, KakK TIOATOTOBKAa mpob, mpezen
oOHapy)KeHHsl, CKOPOCTb aHaju3a, BO3MOKHOCTb MHOT03/IEMEHTHOTO OrIlpe/ie/ieHus U pa3mep
aHa/IM3UpyeMbIX uacTul]. [lokazaHbl mpeumyiectBa LIBS: MuHMManbHasi TIPOOOIIOATOTOBKA,
BBICOKAsi CKOPOCTb aHaiu3a (MeHee 1 ceKyH/bl), BO3MOXXHOCTb OINpeZie/IeHUs] BCEX 3/1EMEHTOB
OJJHOBPEMEHHO W aHanM3a KpymnHbIX yactui] (4o 100 Mkm). Pe3ysbTaThl HCCIeJOBaHUS MOTYT ObITh
WCTI0/Tb30BaHbl [I/I1 AMArHOCTMKH TAa30BbIX M TPAKTOPHBLIX /[BUTaTesielt 0e3 uX pa3bopku 1o
KOHLIEHTPALMK TIPOIYKTOB U3HOCA B MacJie.
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Introduction

During the operation of gas engines, cylinder liners are subjected to high temperatures and
pressures, leading to the formation of micro-irregularities on their working surfaces due to
tribomechanical and tribological factors [1]. The cylinder-piston assembly is the main source of
mechanical losses in an internal combustion engine and, according to literature data, accounts for up
to 70 % of all friction losses [2]. Under the influence of high radial pressure from the piston rings,
the oil film on the cylinder walls ruptures, which is accompanied by a significant increase in friction
and accelerated wear of the cylinders and piston rings [3].

The method for determining the degree of wear based on the content of wear products in the
oil relies on laboratory analysis of used oil. A sample taken from the engine crankcase after
shutdown is thoroughly mixed and allowed to settle. Laboratory analysis allows the determination
of the content of wear products, as well as organic and inorganic substances. This method does not
require engine disassembly [3]. Laser methods enable the study of static, dynamic, vibrational, and
other deformation processes, offering key advantages such as non-contact operation and
simultaneous data acquisition [4, 5].

The aim of this work is an experimental study of the possibility of using Laser-Induced
Breakdown Spectroscopy (LIBS) for the quantitative determination of wear product concentrations
in used gas engine oils, as well as a comparative assessment of the effectiveness of this method with
traditional analytical techniques (ICP-OES, atomic absorption spectrometry).

Materials and Methods

The research is based on existing analytical methods; theoretical approaches, standard
techniques for determining wear products in oil, and mathematical statistical methods were
employed.

Laser spectroscopy performs more effectively and accurately with gas-diesel oils compared to
conventional diesel oils. Oil transparency decreases much more slowly due to lower soot content,
allowing the laser beam to easily penetrate the sample and accurately measure the size of
mechanical impurities and wear particles [6].

Modern reliability assurance is based on condition-based diagnostics; in particular, oil
analysis — including wear debris, viscosity changes, and Total Base Number (TBN) — makes it
possible to estimate the engine's remaining service life [7]. The probability of failure-free operation
of engine oil is a measure of its ability to perform its intended functions without losing operational
properties over a specific period of service [8].

44



Ne 8 (149) R L - aseycm, 2026 2.

To process the measurement results, mathematical statistical methods were used. The standard
deviation and confidence interval were calculated for a pooled sample of 10 sequential
measurements at a confidence level of P = 95 %. The results of the statistical processing are
presented in the tables and in the graph.

Comparative characteristics of methods. The comparison of Laser-Induced Breakdown
Spectroscopy (LIBS) with reference methods (ICP-OES, atomic absorption spectrometry) was
performed according to the following parameters: sample preparation, limit of detection, analysis
speed, multi-element capability, and particle size analysis [6, 9]. The comparison results are
presented in Table 1.

Table 1.
Comparative characteristics of methods for analyzing wear products in oil
Characteristic LIBS ICP-OES Atomic Absorption Spec-
trometry
Sample preparation Absent or minimal. Direct | Requires dilution with a Acid digestion, extraction,
drop analysis solvent emulsion formation
Limit of detection 1-50 ppm (depends on ele- | 0.001-0.1 ppm 0.01-0.5 ppm
ment and matrix)
Analysis time Less than 1 second 1-3 minutes per sample 1-2 minutes (one element
at a time)
Multi-element capability All elements simultan- Up to 40-70 elements sim- | Sequential analysis
eously ultaneously
Wear particle size Dissolved and large >3-5 pm Only fine/dissolved ones
particles up to 100 pm

Experimental setup and measurement conditions. Analysis of oil samples for wear product
content was performed using Laser-Induced Breakdown Spectroscopy (LIBS) with a solid-state
pulsed Nd:YAG laser. Laser parameters: wavelength A = 1064 nm, pulse duration 5-10 ns, pulse
energy 50—150 mJ, pulse repetition rate 1-10 Hz, focal spot diameter 50200 pm [6, 9].

To ensure accurate determination of iron, aluminum, copper, chromium, and silicon particles
in the oil, a double-pulse mode was used [10]. Measurement parameters: wavelength 1064 nm,
pulse frequency 5 Hz, signal acquisition delay 1.0-2.5 ps, focal spot diameter 150 pm. Calibration
was performed using a method simulating actual wear. The reliability of the results meets
calibration quality assessment criteria with Rz = 0.999 for dispersed particles of at least 0.095 pm.

To prevent wear particles from settling to the bottom, ultrasonic homogenization was used.
Immediately before analysis, the sample was treated in an ultrasonic bath for 7 minutes to bring any
sediment into suspension. To reduce viscosity, the engine oil sample was diluted with a solvent and
applied in a thin layer onto a metal substrate. A series of 100 pulses was summed and averaged;
based on the data obtained, the automated system generated a report containing the total elemental
concentration in ppm (mg/kg) [9].

Sampling. Oil samples were collected after shutting down the operating gas engine.
Measurements were performed in 5-10 replicates in accordance with ASTM D5185 and ASTM
D6595 standards [9].
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Results

Wear product content. During operational tests using the developed method, oil samples
were collected in the required quantities. The content of wear products in used oil was determined
under laboratory conditions. With increasing operating time, the amount of mechanical impurities
and insoluble products increased (Table 2) [7, 8].

Table 2.
Results of oil analysis for wear product content using laser spectroscopy
Operating time, engine hours Large particle size, pm Small particle size, pm
100 29 16
200 52 30
300 68 42
400 79 56
500 82 62

Note: mean values from 10 measurements are presented. Measurement error (confidence interval at
P =95%) is £15.8 um.

Average particle size. Based on a pooled sample of 10 sequential measurements, the average
particle size was X = 51.6 pm. The confidence interval at a confidence level of P = 95% is £15.8
pm.

Dependence of wear product concentration on operating time. The concentration of wear
products depends on the oil service life (Fig. 1). Wear metals (failure indicators): iron (Fe) indicates
cylinder liner and camshaft wear; aluminum (Al) indicates piston wear; chromium (Cr) indicates
piston ring wear [7, 8].

cnn

I, ENGINE HOURS

(=1}

Figure 1. Dependence of wear product concentration in the oil on operating time

Fe. Al Si —Cr
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Elemental composition of wear products. Analysis results indicate that the majority of
particles consist of metals such as iron, copper, aluminum, chromium, and silicon [10]. In addition
to these elements, metallic particles derived from oil additives were detected in the used gas engine
oil. Iron constitutes the bulk of the wear products, contributing to the increase in total mass (Table
3)[7, 8].

Table 3.
Laser-induced breakdown spectroscopy analysis results
Element Wavelength, A, nm Relative intensity, Concentration Absolute error, Ax
/I (mean), mg/kg
Iron, Fe 259.94 0.3050 42.2 +3.0
Aluminum, Al 396.15 0.0721 8.0 +0.60
Chromium, Cr 425.43 0.0252 3.6 +0.27
Silicon, Si 288.16 0.0917 12.8 +0.98

Interpretation of element concentrations. An increase in iron (Fe) concentration results
from wear of cylinder liners, the camshaft, the crankshaft, and valve train gears [7]. An increase in
aluminum (Al) concentration indicates wear of the piston and plain bearing shells (aluminum-tin).
Chromium (Cr) content indicates wear of top compression piston rings (chrome plating) and valve
stems. Copper (Cu) indicates wear of bearing shells (connecting rod, main), thrust washers, bronze
bushings, and oil cooler. Silicon (Si) indicates ingress of dust through the air filter [8].

Discussion

The high relative standard deviation (RSD = 30.7 %) obtained during the study does not
preclude the use of this method, as this result is due to physical factors and serves as an informative
indicator of the presence of large particles [9]. The study results demonstrate the advantages of the
LIBS method over traditional laboratory methods such as ICP-OES, RDE-AES, and XRF [6, 10].

When analyzing oil for wear products, it is necessary to consider both viscosity and chemical
composition [6]. The standard viscosity for M10G, oil is 11 mm?s; during operation, the viscosity
of gas engine oil does not change significantly, typically remaining within the range of 9.5-10.2
mm?/s. At a measurement temperature of 20°C, the viscosity of such oil is approximately 110-140
mm?/s. Oils with a lower base viscosity (10 mm?s) are more prone to spreading and hydrodynamic
effects [9].

The chemical composition of the oil also influences the determination of wear products [10].
The heavy hydrocarbon matrix of mineral oil is prone to extensive thermal degradation (pyrolysis),
and high concentrations of free radicals and molecular carbon compounds can form instantaneously
in the plasma. Intense molecular emission bands appear in the LIBS spectrum, which can overlap
with the analytical lines of wear metals, degrading the limit of detection, especially for iron (Fe) [6].

During operation, M-10G, oil degrades and its initially transparent appearance darkens. The
resulting opaque black matrix drastically increases the optical absorption coefficient at the laser
wavelength (1064 nm). As a result, the laser beam is not scattered within the droplet volume but is
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fully absorbed by the surface micro-film of the used oil. Due to this matrix change, the signal
intensity for wear products (Fe, Cr) in darkened used oil will be 1.5-2 times higher than in fresh oil,
even at the same actual concentration (in ppm) [9].

It should be noted that the LIBS method is insensitive to sample «age» provided that wear
metals remain uniformly distributed throughout the oil volume [10]. However, over time, processes
critical to metrology occur in the mineral oil sample: gravitational settling of large particles (>5-10
pm) within 48-72 hours; coagulation of soot during long-term storage (more than one month),
trapping metal ions and increasing RSD to 25 % [7].

Recommended storage period: LIBS analysis should be performed within 7-10 days of
sample collection [9]. Sample storage temperature affects oil viscosity and the rate of oxidative
processes, thereby indirectly altering the quality of the laser plume. Low temperatures (-20...0°C)
are considered ideal for long-term storage: freezing stops additive degradation and base oil
oxidation, while metals become immobilized within the structure of the «solidified» oil. Prior to
LIBS analysis, the sample must be fully warmed to +40°C and thoroughly mixed to restore
homogeneity [8].

Conclusions

1. The study determined the effectiveness of Laser-Induced Breakdown Spectroscopy (LIBS)
for analyzing the elemental composition of wear products in gas engine oils [6, 9]. The elemental
concentrations in used oil were (mg/kg): iron (Fe) — 42.2, aluminum (Al) — 8.0, chromium (Cr)
— 3.6, silicon (Si) — 12.8. The high iron concentration indicates wear of cylinder liners, camshaft,
crankshaft, and valve train gears [7, 8].

2. Compared to traditional analysis methods (ICP-OES and atomic absorption spectrometry),
the use of LIBS for analyzing wear products in gas engine oils provides high accuracy and
comprehensive assessment of iron, copper, aluminum, chromium, silicon, and additive metals,
while also delivering rapid results [6, 10].

3. Large wear particles (>5-10 pm) settle to the bottom of the container within 48-72 hours.
If the oil sample is not ultrasonically agitated before being applied to the LIBS substrate, the
instrument will report concentrations of Fe, Cr, and Cu that are 2-5 times lower than actual values
[9].

4. Recommended storage period: LIBS analysis should be performed within 7-10 days of
sample collection [9].

5. Sample storage temperature affects oil viscosity and the rate of oxidative processes,
indirectly altering the quality of the laser plume. Low temperatures (—20...0°C) are considered ideal
for long-term storage [8].
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Abstract

Objective: The objective of this study is to enhance the performance, efficiency, and
reliability of mining reciprocating compressors by developing and optimizing advanced cooling
descaling methods and improved lubrication filtration systems In practice, during the operation of
reciprocating compressors, various problems arise related to the formation of scale and deposit

Bubiuorpaduueckoe onmcanme: XaramoBa [I.H., A6auxakumoBa M.A. ku3u [loBbieHre 3¢GQeKTUBHOCTA TMOPIIHEBLIX
KOMITIPECCOPOB T'OPHOZ00bIBAtOIell TNPOMBILUIEHHOCTH IyTeM ONTHMH3aldM CUCTeM OXJaxzeHus W cmasku // Universum:
TeXHUYeCKHe HayKM : 3/1eKTPOH. HayuH. XypH. 2026. 8(149). URL: https://7universum.com/ru/tech/archive/item/23283

For citation: Xatamova D.N., Abdixakimova M.A.Q. Enhancing performance of mining piston compressors by optimizing cooling
and lubrication systems // Universum: Technical Sciences : electronic scientific journal. 2026. No. 8(149). Available at: https:/
Zuniversum.com/ru/tech/archive/item/23283
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layers on the heat exchange surfaces of air coolers, valve failures characterized by a low mean time
between failures (MTBF), and the severe wear of moving parts such as the crosshead, shaft, and
bearings, which ultimately leads to an increased number of emergency downtimes.

Methodology: SolidWorks Flow Simulation was utilized to evaluate the impact of scale
thickness on cooling efficiency. Experimental setups were designed to test an ultrasonic acoustic
device for descaling internal tube surfaces and to evaluate a novel porous magnetic oil filter.

Results: Simulation results demonstrated that each 1 mm increase in scale layer thickness
decreases cooling effectiveness by 9 °C. Testing of the acoustic descaling device identified optimal
parameters (15-20 kHz frequency, 1.5-2 ms pulse duration) for effective scale removal along long
tubes. The proposed magnetic oil filter (70 % porosity, 10 mm thickness) achieved a 40-50 %
higher oil purification efficiency compared to standard filters.

Conclusions: Implementing the optimized cooling and magnetic lubrication filtration systems
drastically reduces emergency downtime, lowers energy consumption, and extends the operational
lifespan of critical compressor mechanisms.

AHHOTaUA

Lens: Llenpto maHHOW pabOThl SIB/ISAETCS TOBBIIIEHWE TPOU3BOAUTENILHOCTH U HAJe>KHOCTH
TIOPIIIHEBBIX KOMIIPECCOPOB FOPHO00BIBAIOIIEH MPOMBIIIIEHHOCTH 33 CUET ONTUMM3ALUKA CUCTEM
OXJlaXJeHUss W cMma3ku. Ha mpakTuke B Tpoijecce 3KCIUTyaTal[dd TOPIIHEBBIX KOMIIPeCCOPOB,
BO3HUKAIOT Pa3/IMuHble MPO0O/EMbI, CBsi3aHHbIe C 00pa30BaHHWEM HAKWITH U CJI0EB OTJIOXKEHUH Ha
TeTI000MeHHBIX TIOBEPXHOCTSIX BO3AYX0O0X/aguTesieli, TIOJIOMKH KJ/allaHOB, KOTOPble WMEeT
HU3KYI0 HapabOTKy Ha 0TKa3 U MHTEHCHUBHbBIA U3HOC MEXaHU3MOB JIBH)KEHHUS TAKMX KaK KPeHULIKOTI(,
BaJl ¥ TIOJILIUITHUKHU, B pe3yJibTaTe KOTOPOTO YBeJIMUMBAeTCs UMC/I0 aBapUMHBIX POCTOEB.

Mertogpl: [I7sT OLIEHKH B/IUSTHUS HAKWUMKM Ha 3(GGEKTUBHOCTb OXJIKAEHHS MPUMEHSIOChH
nporpamMMmHoe obecrieuerre SolidWorks Flow Simulation. Kpome Toro, ObLIM TIpOBe€HbBI
9KCIIePUMEHTa/lbHble  WCCe[OBaHUS /i1 OMpe/ie/ieHHsT  ONTUMAjbHBIX  [apaMeTpOB
y/BTPAa3BYKOBOTO aKyCTUYECKOTO YCTPOMCTBA [ijIi OUMUCTKM OT HAKWUMKA U OIIeHKW HOBOU
KOHCTPYKI[UM MarHUTHOTO MaC/IsTHOTO (DU/BTPA.

Pesynbratel: MogieupoBaHye N0Ka3aso, YTo KaKAbIi 1 MM HaKUIU CHIKaeT 3()(eKTUBHOCTh
oxnaxzaeHns Ha 9 °C. OKcCIlepyUMeHTa/bHble MCIBITAHUSI aKyCTUUeCKOI0 YCTPOWCTBA BbISIBUIN
onTuMasbHble TapameTpel (wyacrora 15-20 k['h, pgauTensHOCTH wMOynAbca 1,52 MC),
obecrieunBaroiie 3¢¢heKTUBHOe yraneHWe OTIOKeHWH. I[IpeasioKeHHbI MarHUTHBINA (QUIBTP
(mopuctocte 70 %, TomumHa 10 MM) noBbicU 3¢ (eKTUBHOCTb OUMCTKM Macia Ha 40-50 % mno
CpaBHeHUIO C 6a30BBIMH (DUIBTPAMHU.

BoiBogpl:  OnTuMuU3alvs CUCTEM  OXJI@KJEHUsI UM CMa3Ku 3HAuuTeJbHO  CHUDKaeT
3HeproroTpebeHre U yBeTMUMBaeT CPOK CTY>KObI Y3/10B KOMITPeCcopa.

Keywords: compressor, piston, cylinder, cooling system, air cooler, temperature, compressed
air, reliability, lubrication system, oil filter, oil contamination.
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BO3/1yXOOX/1aJUTe/b, TeMIlepaTypa, CKaTblid BO3[YyX, Ha/eXHOCTb, CHCTeMa CMa3K{, Mac/sHOW
(GunbTp, 3arpsis3HEHHOCTh Mac/a.

1. Introduction

The operation of mining compressors is one of the most energy-intensive processes in the
mining industry, necessitating effective resource conservation. In the overall energy balance of
mining enterprises in Uzbekistan, the proportion of compressor equipment generating compressed
air for pneumatic energy accounts for 20-25 %. Therefore, its further improvement significantly
impacts the performance indicators of subsequent technological processes. The widespread
application of compressed air dictates the need to reduce operating costs through the development
of efficient technical solutions for industrial compressed air production, as well as the enhancement
of the overall energy efficiency of compressor unit operations [1].

The cooling system has the most significant impact on the reduction of productivity and the
increase in specific energy consumption of mining compressor units. Consequently, the efficiency
of reciprocating compressor units can be improved by upgrading the cooling system, as energy
losses due to insufficient cooling (undercooling) in reciprocating compressor units reach up to
20 %.

Furthermore, the failure-free and reliable operation of reciprocating compressors heavily
depends on the lubrication system of the compressor's drive mechanisms. Special attention must be
paid to the lubricating oil parameters and its purity, as the degradation of the initial oil
characteristics and its contamination lead to the wear of moving friction components, thereby
increasing the frequency of emergency shutdowns. Oil contamination causes wear on the shaft
journal and its sections connected to the crank webs, leading to shaft deflection and premature
failure. The operational performance of the crosshead, piston rod, and sliding blocks, which
transmit the motion from the shaft to the piston, also depends on the purity and viscosity of the oil.
The presence of abrasive particles in the lubricating oil leads to the wear of the crosshead, its slider
surfaces, and the crosshead pin, resulting in a reduction of their dimensional tolerances and a
decrease in their overall service life.

Currently, one of the primary challenges identified in the cooling systems of multi-stage
reciprocating compressors is the inadequate cooling of air within the intercoolers and aftercoolers.
The discharge pressure of the compressed air exiting the first stage of a reciprocating compressor
typically ranges from 0.3 to 0.4 MPa, with temperatures reaching approximately 110-130 °C. It is
necessary to reduce the temperature of the air being transferred from the first-stage cylinder to the
second stage by roughly 70 °C. If the air temperature is not cooled to the specified requirement
before entering the second stage, it may lead to emergency conditions. Moreover, a degradation in
intercooler performance—where the air temperature remains 6-8 °C above the target—results in an
increase in compression energy consumption of approximately 1 % [4].

The existing cooling systems for compressor machinery operated in the Kyzylkum region
possess significant drawbacks due to their specific operational conditions. The cooling water
contains high concentrations of salts and impurities. Typically, the total water hardness in the
circulating cooling system exceeds 20 mg-eq/L, which is several times higher than permissible
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limits. Consequently, rapid fouling of the heat exchanger surfaces occurs. The accumulation of scale
deposits reduces the intensity of heat transfer processes, compromising both the safety and
economic efficiency of mining compressor operations.

The objective of this work is to enhance the performance and reliability of mining piston
compressors by analyzing the factors reducing their efficiency and subsequently developing
optimized cooling descaling techniques and advanced lubrication filtration systems.

2. Methodology

To determine the impact of scale thickness on air-cooling efficiency in the intercooler of a
reciprocating compressor, a study was conducted using the advanced SolidWorks Flow Simulation
software. The research analyzed compressed air discharge tcomp.air temperatures of 100°C, 110°C,
120°C, 130°C, and 140°C. The cooling water inlet temperature was set at 15°C, 20°C, and 25°C,
while the scale layer oScale thickness was incrementally increased from 1 to 5 mm with a 1 mm
step. The simulation was repeated for each air discharge tcomp.air temperature across the various
cooling water t1cool wat temperatures and scale layer thicknesses.

To eliminate carbon deposits and scale on the heat exchange surfaces of air coolers during
compressor operation—without requiring disassembly or additional labor—the application of an
ultrasonic acoustic device is proposed.

The ultrasonic descaling device is applicable to various types of heat exchangers and operates
as follows: special waveguide sensors (transducers) are mounted onto the acoustic wave generator,
with the quantity determined by the total heat exchange surface area. The impulses generated by the
ultrasonic device are transmitted through these sensors to the processed tube or heat exchanger.
High-speed amplitude oscillations, with an average frequency of 12-25 kHz, are transferred to the
walls of the heat exchanger, leading to the disintegration of the scale layer forming on the surfaces.

{

{

{

1

=l i p1=1s
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Figure 1. Connection schematic of the ultrasonic acoustic descaling device to the intercooler

(1 — grounding; 2 — power supply unit; 3 — housing; 4 — fuses and indicator; 5 — control panel;
6 — pulse transmission sensors; 7 — intercooler shell; 8 — pipelines)

The acoustic device developed in this study features adjustable pulse duration and oscillation
frequency. Its technical specifications are summarized in the table below.
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Table 1.
Technical specifications of the acoustic device
Power consump- | Acoustic power, | Oscillation fre- | Pulse duration, | Impact area, m? Number of
tion, W \%Y quency, kHz ms Sensors, pcs.
300 120 5-30 0.5-3 150 2-4

To ensure the effective descaling of the intercooler, experimental trials were conducted to determine
the optimal oscillation frequency and pulse duration for the acoustic device. During the initial stage
of the experiments, the scale delamination time from the test surface was measured across various
pulse durations and amplitude-frequency characteristics. Acoustic treatment was applied to metal
specimens with a uniform scale layer thickness. Within the ultrasonic device, the oscillation
frequency was incrementally increased from 5 kHz to 30 kHz in 5 kHz steps, while the pulse
duration was varied at levels of 1, 1.5, and 2 ms

Figure 2. Experimental setup for investigating ultrasonic acoustic descaling of internal pipe
surfaces

1 — ultrasonic device; 2 — ultrasonic transmitting sensors (transducers);

3 — pump; 4 — pipe; 5 — water tank.

To enhance oil filtration efficiency, a new oil filter design has been developed based on a
porous filter media. This design allows for the high-quality purification of the circulating oil by
capturing abrasive metallic particles as small as 0.5 mcm, while also allowing for the regeneration
of the filter media. The distinctive feature of this design compared to other similar porous filters is
its cylindrical configuration with a magnetic rod installed at the center. The filter media itself is
dual-layered: the pore size of the layer adjacent to the magnetic rod is 0.5-1.0 mcm, while the pore
size of the second (outer) layer is 3-5 mcm

1 3 4 2

.‘\6 . Y
Fig.3. Design of the magnetic oil filter

1, 2 — removable covers; 3 — filter media with a pore size of 3—-5 pm;
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4 — filter media with a pore size of 0.5-1.0 pm; 5 — permanent magnet;

6, 7 — connecting parts.

Two-stage experimental trials were conducted to evaluate the efficiency of the developed
magnetic oil filter. In the first stage, 5 liters of KS-19 compressor oil, which had been in operation
for 2,500 operating hours, were filtered. The oil contained metallic particles ranging from 880 to
900 mg/kg with particle sizes between 0.5 and 25 mm. Filtration was performed using a standard
porous filter with porosities of 40 %, 50 %, 60 %, and 70 % under a pressure of 4 bar. In the second
stage, the proposed magnetic oil filter was tested. These experiments involved varying the thickness
of the filter media surrounding the magnet (5, 10, and 15 mm) across the same porosity levels
(40 %, 50 %, 60 %, and 70 %).

3. Results and Discussion

o
a) tcomp.air =120 ‘; Heool war = 20°C; OScale = 0 mm.

o
b) tcomp.air =120 ‘; Hcool war = ZOOC; OScale = 1 mm.

o
C) tcomp.air =120 ‘; ool wat = 20':,(3;0'5'cale =2 mm

y
I /A S TR T S | P w

iﬂ!_li"a. S 1) Ium_.-_: -_.Nhr_.-ii

U — —— e — e

— ——— e e e . e - —— ———
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o
d) tcomp.air =120 ‘; Hcool wat = 2OOC;GScale =3 mm
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Figure 4. Simulation results illustrating the impact of scale layer thickness on cooling efficiency,
obtained using SolidWorks Flow Simulation

e) teomp.air = 120° 11001 war = 20°C; G5cate = 4 mm.

The research results indicate that for every 1 mm increase in scale layer gScale thickness on
the inner walls of the cooler tubes, the compressed air cooling effectiveness decreases by 9 °C. This
trend remains consistent until the scale thickness reaches 4 mm. Once the scale layer thickness
reaches 4 mm or more, each subsequent 1 mm increase in scale results in a further reduction in

cooling effectiveness by 2—4 °C
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Figure 5. Dependence of descaling time on oscillation frequency and pulse duration generated by
the acoustic device
The experimental results established that when using the proposed ultrasonic acoustic
descaling device, the most efficient and rapid removal of scale from metallic surfaces is achieved at
an oscillation frequency of 15-20 kHz and a pulse duration of 2 ms
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Figure 6. Dependence of oscillation amplitude, oscillation frequency, and pulse duration on pipe
length

An analysis of the experimental results regarding the effective application of the acoustic
descaling device for internal tube surfaces leads to the conclusion that for tubes with a length of
1000 mm or more, an oscillation frequency within 15-20 kHz and a pulse duration of 1.5-2 ms
must be maintained to achieve high efficiency. The practical implementation of this device has
resulted in improved cooling efficiency of the compressed air within the intercoolers of the
reciprocating compressor [16, p. 38].

Regarding the lubrication system, the experimental results indicated that the integration of a
magnetic rod into the porous filter media reduces the oil flow velocity. For instance, the oil flow
velocity through a standard filter with 70 % porosity is 75 mm/s, whereas the velocity through the
magnetic filter with the same porosity and a 5 mm media thickness is 50 mm/s. The flow velocity is
further influenced by the thickness and porosity of the magnetic surface filter. However, the
reduction in oil flow velocity within the magnetic filter is compensated by its significantly enhanced
cleaning capacity (filtration efficiency).

The optimal parameters for the proposed magnetic filter were determined to be a 70 %
porosity and a 10 mm thickness. These parameters ensure maximum oil purity and the highest
achievable flow velocity while maintaining the ability to capture sub-micron particles (less than 1
mm) contained within the oil
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Figure 7. Dependence of oil contamination increase on operating time using the baseline (A) and
proposed (B) filters
A comparison between the baseline and magnetic filters established that the proposed
magnetic filtration system is approximately 40—-50 % more effective at purifying the oil.

4. Conclusion

Based on the research conducted, the following conclusions of theoretical and practical
significance have been drawn:

1. Each 1 mm increase in scale thickness on the heat exchange surfaces of the intercoolers in
multi-stage reciprocating compressors leads to an average 5 % increase in the temperature of the air
delivered to the next stage cylinder.

2. An ultrasonic acoustic device has been developed, enabling the effective descaling of the
intercooler heat exchange surfaces in multi-stage reciprocating compressors. The practical
application of this device has resulted in a 95 % reduction in scale formation within the air coolers
and a 2 % reduction in energy consumption for air compression.

3. The optimal values for oscillation amplitude, frequency, and pulse duration generated by
the ultrasonic acoustic device have been determined (frequency 15-20 kHz, pulse duration 1.5-2
ms), ensuring effective descaling of the internal surfaces of metallic tubes.

4. The optimal parameters for the improved design of the compressor lubrication system filter
have been established. A porosity of 70 % and a filter media thickness of 10 mm over the magnet
ensure maximum oil purity and the highest flow velocity, while achieving the capability to capture
sub-micron particles (less than 1 mcm) contained in the oil.

5. The implementation of the improved filter design in the compressor lubrication system
allows for an increase in the service life of the crosshead by 20 %, the oil pump by 30 %, the
connecting rod by 20 %, and both the oil filter and the lubricant itself by 60 %.
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Abstract

The article examines the problems of studying, analyzing, and monitoring existing data on the
hydrogeological, hydroecological, and reclamation state of groundwater dynamics in the irrigated
lands of the Republic of Karakalpakstan. The research focuses on long-term changes (1990-2019)
in groundwater levels and mineralization across 14 administrative districts of the Amu Darya delta,
based on long-term observation data of the reclamation service of the Ministry of Water Resources
of the Republic of Uzbekistan. Special attention is paid to the influence of intensive irrigation,
filtration losses from the Amu Darya River, and anthropogenic factors on the hydrochemical regime
and salinization processes of irrigated soils. Analysis of observational data showed that groundwater
levels fluctuate significantly during the vegetation period, with the highest levels observed during
leaching irrigations in spring. The predominant mineralization range is 1-3 g/l, occupying about
85 % of irrigated lands, a share consistent with recent basin-wide assessments. However, in some
districts, mineralization reaches critical levels, exceeding permissible standards for irrigation water
and contributing to secondary salinization. A statistical analysis (Pearson correlation, r = 0.75, R? =
0.56, p = 0.002) confirmed a significant positive relationship between average groundwater depth
and mineralization across districts, reflecting reduced flushing and greater evaporative
concentration of salts in poorly drained peripheral areas. The study reveals the main sources of
groundwater recharge and discharge, the heterogeneity of hydrogeological conditions, and the role
of natural and anthropogenic factors in salt accumulation. Practical recommendations are proposed
for improving hydrogeological and hydroecological monitoring systems, optimizing irrigation and
drainage networks, and reducing water losses to prevent further degradation of irrigated lands.
These findings are essential for sustainable water resources management and increasing agricultural
productivity in the arid conditions of Karakalpakstan.

AHHOTaUA

B crathe paccmaTpuBarOTCsi BOMNPOCHI WM3yYeHHWsl, aHaiu3a U MOHUTODUHIa MMEROIMXCS
JlaHHBIX O TM/IPOreojI0rMuecKoM, M/IPO3KOJIOTUYECKOM U MeJIMOPaTUBHOM COCTOSIHUM JWHaMHKU
IPYHTOBBIX BOJ, Ha opollaeMmbix 3em/sx Pecnybmvku Kapakanmakcrad. OCHOBHOe BHHMaHHe
yZeJIeHO 0AroCcpouyHbiM u3MeHeHUsiM (1990-2019 rr.) ypoBHSI ¥ MUHepa/iv3alyy FPYHTOBBIX BOZ
Mo aJMUHUCTPATUBHBIM paiioHam JenbTbl Amyzapbd. Ocoboe BHMMaHUe YfeleHO BIUSHUIO
VHTEHCUBHOTO OpOLLEeHUsl, (PUIbTPALMOHHBIX [OTEpb W3 peKUu AMyJapbsi W aHTPONOreHHBIX
(akTOpOB Ha THAPOXMMHYECKHWM DEXHMM UM TIPOLIeCChl 3acOeHHs OpOllaeMbIX I10UB. AHaIu3
JlaHHbIX Hab/MIofleHrH MoKasas, YTo YpOBeHb I'PYHTOBBIX B0/ CYILIeCTBEHHO KoyiebsieTcst B TeueHHe
BereTallMOHHOIO Tepuoja, NPU 5TOM HaMBBICILIME YPOBHU OTMEUarOTCsl BO BpeMsi BECEHHUX
MIPOMBIBHBIX TIOMMBOB. [lpeoOsafaroiiuii Auana3oH MuHepaau3alud cocTaBisieT 1-3 /1 u
3aHMMaeT HauOOJIbILYIO IUIOLIa[b OpollaeMbiX 3eMenb (0kojo 85 %). OfHaKo B OTJe/bHbBIX
palioHax MUHepau3aLys JOCTUraeT KpUTUUeCKUX 3HAUeHMM, MPeBbIIAIIMX JO0MyCTUMbIE HOPMBI
[J11 OpOCUTeNbHOM BOJbl, UTO CHOCOOCTBYeT BTOPUUYHOMY 3acoseHut0. CTaTUCTUYeCKUd aHaau3
(ko3¢ durmenT koppensiuuu [upcona r = 0,75; p = 0,002) noATBepAN/ 3HAUMMYHO TT0JIOXKUTE/IBHYHO
CBSI3b MEXX/Y ITTYyOMHOM 3a/ieraHusi 1 MUHepasu3alivell TPYHTOBBLIX BOJ| 110 paiioHaM. McciieoBaHye
BbISIB/ISIET OCHOBHblEe HCTOYHMKM TNMTAaHWS W Pasrpy3Kd TPYHTOBbIX BOJZ, HEOAHOPOAHOCTb
TU/IPOre0IOTMUeCKUX YCIOBUM, a Takke pO/b NPUPOAHBIX M aHTPOINOreHHbIX (PaKTOpOB B
HakoryieHuu conell. [Ipesio)keHbl NpakTUUeCKHe pPeKOMeH/|al[uu M0 COBepLLeHCTBOBAHUIO CUCTEM
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TUAPOTre0/IOTUYECKOr0 U TUAPO3KOJOTHUUECKOTO MOHUTOPUHTA, ONTUMHU3alMU HPPUTallMOHHO-
JIDEHa)KHBIX CeTell M CHIDKEHUIO TIOTeph BOAbBI /IS MpeAoTBpallieHus JajbHellleli Jerpafaiuu
opomlaemMbix 3emesib. [lomyueHHble pe3ynbTaTbl MMEIOT Ba)KHOE 3HaueHue [Jisi YCTOMYMBOTO
yrpaBjieHus BOJHBIMUA peCcypCcaMyd U TIOBBILLIEHUSI TIPOAYKTHBHOCTH CebCKOTO XO035HCTBa B
3aCyLUIMBBIX yC/10BUsAX KapakasmnakcraHa.

Keywords: Amu Darya delta, groundwater mineralization, hydrochemical regime,
hydroecological monitoring, hydrogeological monitoring, salinization, anthropogenic factors,
statistical analysis.

KnroueBble c/ioBa: AesbTa AMYAapr/I, MHHEPpa/IM3alysd I'PYHTOBBIX BOU, FI/I,E[pOXI/IMI/IquKI/Iﬁ
peXxXum, FI/I,Z[pOE)KOJIOFI/ILIECKI/Iﬁ MOHHWTOPHHI, FI/I,Z[pOFEOJ'IOFI/I‘JECKI/II\/JI MOHHWTOPHHI, 3aCOJIeHUE,
dHTPOITIOT€HHbIE Cb(:lKTOpLI, CTaTHUCTUYECKUN aHaJIN3.

Introduction

Groundwater salinization and mineralization in the Amu Darya delta remain among the most
pressing environmental problems of Central Asia and reflect a broader global groundwater crisis
[13]. Recent district-level assessments show that in the Amudarya district alone the majority of
irrigated land is affected by soil and groundwater salinity, with a substantial share classified as
moderately to highly saline [8]. Comparable studies in the neighboring Khojeyli district have
documented shallow, highly mineralized groundwater linked to irrigation return flow and
insufficient drainage [5], while GIS-based approaches are increasingly used to map the spatial
extent of salinized soils across Karakalpakstan [6]. Basin-wide climate-risk assessments further
report that groundwater with mineralization of 1-3 g/l already covers more than 85 % of irrigated
land in the Amu Darya river basin [16], a pattern that studies of secondary salinization attribute
largely to reduced natural flushing of the lower delta [7]. Despite this growing body of work,
systematic, multi-decade comparisons of groundwater level and mineralization dynamics across all
administrative districts of the Republic of Karakalpakstan remain scarce, which limits the ability of
water management agencies to prioritize districts for remediation.

The geological structure of the Amu Darya delta on the territory of the Republic of
Karakalpakstan consists of various types and kinds of deposits from the Cretaceous, Tertiary, and
Quaternary periods. Cretaceous deposits occur on the right bank of the river. Tertiary deposits are
found near Tuyamuyun, the Kyzylkum Desert, the Ustyurt Plateau, and in other areas in the form of
red and red-yellow clays.

Quaternary deposits are widely distributed throughout the territory of the modern and forming
Amu Darya delta. They consist of sands, sandy loams, loams, and clays transported by water. These
deposits are characterized by relatively good permeability, loose structure, and instability to
flooding processes. Quaternary deposits serve as the main object of reclamation, within which
groundwater is formed and its regime develops. Comparable patterns of groundwater formation in
arid and super-arid deltaic environments of Central Asia and the Arabian Peninsula have been
described elsewhere [11], and drought-related groundwater dynamics in Karakalpakstan were
documented following the severe drought of 2001 [12].
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Building on this background, the aim of this study is to assess long-term changes in
groundwater levels and mineralization in the irrigated lands of the Republic of Karakalpakstan and
to identify the main natural and anthropogenic factors influencing the salinization of irrigated soils.
To achieve this aim, the following objectives were addressed: (1) reviewing the geological and
hydrogeological structure of the Amu Darya delta; (2) analyzing groundwater level and
mineralization dynamics across administrative districts for the period 1990-2019, including a
statistical assessment of the relationship between depth and mineralization; (3) comparing the
results with published regional and international studies; and (4) formulating practical
recommendations for improving hydrogeological and hydroecological monitoring of irrigated lands.

Materials and Methods

In the course of the work, materials were collected on the depth of occurrence (groundwater
level, GWL) and mineralization of groundwater in the irrigated territory, by administrative districts
of the Republic of Karakalpakstan, for the period from 1990 to 2019, based on data from the
reclamation service of the Ministry of Water Resources of the Republic of Uzbekistan. Groundwater
level and mineralization data were obtained from the standing network of observation (piezometric)
wells maintained by the reclamation service across the 14 administrative districts, with
measurements taken seasonally during the irrigation period. Groundwater mineralization was
determined by the dry-residue method routinely applied by the reclamation service laboratories and
is expressed in g/I.

Groundwater depth and mineralization were compared against the classification of
groundwater flow groups after N.N. Khodjibaev; the regional groundwater balance structure of the
entire delta is presented and discussed in the Results section (Table 1). Hydrochemical data were
further evaluated against the applicable water-quality standards — «Drinking Water» and «Water
for Irrigation» — and the list of maximum permissible concentrations (MPC) of the NIGMI
Institute and the classification of the Scientific-Research Institute of Irrigation and Water Problems.
Recommended irrigation-water salinity thresholds by crop-tolerance class, following the
international FAO classification, were also used for comparison (Table 3) [14].

To characterize the relationship between average groundwater depth and mineralization at the
district level, Pearson's correlation coefficient and simple linear regression were calculated across
the 14 administrative districts for which data were available; statistical significance was assessed at
p <0.05 (Figure 2).

Results and Discussion

Analysis of the available data on the hydrogeological and reclamation conditions regarding
the dynamics of groundwater in irrigated lands has shown that high groundwater levels are observed
in March and April, during the period of intensive leaching irrigations. After the completion of
leaching, a certain decline in the level occurs.

In terms of groundwater formation conditions, the lower reaches of the Amu Darya River
differ from other oases in Uzbekistan in that the main river artery here runs along commanding
elevations of the territory, forming groundwater flows moving from the river into the depths of the
oasis.
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On the irrigated area of 515.3 thousand hectares, groundwater at a depth of 0—1 m occupies
7.8 thousand ha; 1-1.5 m — 48.9 thousand ha; 1.5-2 m — 267.8 thousand ha; 2-3 m — 120.9
thousand ha; 3-5 m — 66.9 thousand ha; and more than 5 m — 2.25 thousand ha. Groundwater
mineralization varies as follows: 0—1 g/l occupies 2.7 thousand ha; 1-3 g/l occupies 439.7 thousand
ha (about 85 % of the irrigated area); 3-5 g/l — 72.8 thousand ha; 5-10 g/l — 6.06 thousand ha;
and more than 10 g/l — 0.3 thousand ha. The uneven distribution of irrigated land within the
predominant 1-3 g/l mineralization range among districts is illustrated in Figure 1.

40 -

30 -

20

Area, thousand ha

10 A

1 2 3 4 5 6 7 8 9 10 11 12 13 14
District number

Figure 1. Area of irrigated land (thousand ha) with groundwater mineralization of 1-3 g/l by
administrative district of the Republic of Karagg;%akstan, averaged over the vegetation period of

District numbers: 1 — Tortkul, 2 — Ellikkala, 3 — Beruni, 4 — Amudarya, 5 — Khojeyli, 6
— Shumanay, 7 — Kanlykul, 8 — Kungrad, 9 — Nukus, 10 — Kegeyli, 11 — Chimbay, 12 —
Karaozyak, 13 — Takhtakupyr, 14 — Muynak.

Groundwater saturating the thickness of deltaic deposits and almost devoid of general runoff
forms an extensive basin with heterogeneous hydrogeological conditions. This heterogeneity is
expressed in differences in the depth of groundwater occurrence, their mineralization, and
conditions of local runoff, depending on recharge, relief, and lithological composition of the rocks.

In the formation of delta groundwater, the river itself and its tributaries play the main role.
Atmospheric precipitation contributes a noticeable share to groundwater recharge only in spring on
areas with shallow occurrence. Groundwater is mainly consumed by evaporation. Underground
runoff is of subordinate importance, depending on local lithological and geomorphological
conditions. Areas with more or less well-expressed local underground runoff are located near the
river and its tributaries [1-3].

Peripheral parts of the delta, near the Ustyurt Plateau in the west and in the Takhtakupyr
district in the east, are characterized by usually deep groundwater occurrence (below 10 m), where
evaporation is extremely weakened.
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Within the areas near the Aral Sea, characterized by an abundance of frequently changing
river channels, floods, and lakes, groundwater occurs at shallow depths (usually no deeper than 3
m). Local underground runoff in these parts of the delta is noticeably expressed along active
channels (of the river and its tributaries), which serve as sources of groundwater recharge. The
underground runoff directed from the channels into the depth of the coastal strip quickly attenuates
(at tributaries within several hundred meters, and at the main river channel — 1-2 km), since in
most cases it occurs under conditions of shallow groundwater occurrence, which evaporates in
significant quantities along the flow path.

The structure of the regional groundwater balance of the entire delta from Tuyamuyun to the
Aral Sea (without taking irrigation into account) characterizes the basin as a territory of natural salt
accumulation and is presented in Table 1.

Groundwater mineralization in the stagnation zone is variegated; an uneven distribution of
salts is observed, which mainly depends on the presence of local underground runoff [2-3].

Table 1. Structure of the regional groundwater balance (m?3/s) of the entire delta from
Tuyamuyun to the Aral Sea (without taking irrigation into account), which characterizes the
basin as a territory of natural salt accumulation.

Income Value Expenditure Value
Losses from the Amu Darya River 320 Underground runoff 0
(excluding overflow)
Atmospheric precipitation 30 Total evaporation, rise in groundwa- | 350
ter levels, and return to the river
Underground tributary 0
Total 350 350

The lowest mineralization is characteristic of groundwater in the near-river strip and areas
adjacent to the channels. Hydrocarbonate-sulfate calcium waters predominate here, while directly
near watercourses, hydrocarbonate calcium waters are prevalent. As the total salt content in the
water increases — particularly sharply expressed in the middle parts of inter-channel depressions —
the content of sulfates and chlorides rises. In highly mineralized waters (40-60 g/1), chlorides
predominate. Among cations, sodium and magnesium are dominant.

In the vertical profile, groundwater mineralization is also variable. It is freshened by filtration
waters of the Amu Darya River and its tributaries through local underground runoff. Finally, saline,
especially Tertiary, rocks of the bedrock often cause increased mineralization of groundwater in the
lower part of the aquifer. Therefore, in some cases, mineralization decreases with depth, while in
others it increases.

When considering the conditions of groundwater occurrence, it is easy to notice the specific
structure of the aquifer in deltaic deposits. Sandy formations of channel facies are widely developed
within the delta body. As a result of the wandering of the river and its tributaries, channel facies
were buried under flood and lake facies, represented by a layered complex of sandy loams, loams,
and clays containing interlayers of fine-grained sand. Channel deposits within the delta body have a
multi-tiered structure.
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Due to the variability of the hydrographic network directions throughout its development
history, the horizontal projections of ancient buried and modern channels intersect in a complex
manner.

Channel facies are of great interest as potential sites for natural collectors (in the case of
creating a regional lowering of the groundwater table through well pumping). These areas are also
the most favorable for the localization of underground, albeit weak, runoff.

According to the works of N.N. Khodjibaev, several groups of groundwater flows are
distinguished in the basin territory.

A. Group of groundwater flows of the left bank of the Amu Darya. It is located in the western
part of the basin, on the territory of the Priaral part of the Amu Darya delta. Its boundaries in the
east and southeast run along the Amu Darya, in the south — along the outcrops of bedrock through
the «Nazymkhan» protrusion to the «Akkelin» plateau, in the west along the chink of the Ustyurt, in
the northwest along the 40th hydroisohypse, which is the boundary of the described flow with the
groundwater flow from Lake Sudochye, and in the north (conditionally) along the line of the
modern forming delta.

Sources of groundwater recharge are filtration losses of surface runoff and infiltration of
atmospheric precipitation. In some areas in old channels, in Cretaceous and Quaternary deposits,
lenses of fresh water with mineralization up to 1 g/l are observed. Groundwater mineralization
increases from the recharge zone to the discharge zone from fresh to brackish-saline (from 0.5 to
50-60 g/).

B. Group of groundwater flows of the modern Aral delta. It is located in the northwestern part
of the basin. In the west it is bounded by the Amu Darya, in the north by the modern forming delta,
in the northeast the boundary runs along the southwestern slope of the Beltau upland, and in the
southeast along the Tabakum sands. Sources of groundwater recharge are filtration waters of
temporarily and permanently operating watercourses and, to some extent, infiltration of atmospheric
precipitation.

The depth of groundwater occurrence varies from 1-5 to 10-20 m. Mineralization changes
from 0.5 g/I (in the recharge zone) to 10-50 g/l (in the discharge zone). In the area of this group of
flows, the process of vertical water exchange predominates. The territory is naturally poorly
drained, and in the lower part, where evaporation predominates over runoff, it is undrained.

Group of groundwater flows of the northern slopes of the Sultan-Uiz-Dag Mountains. It is
located in the southeastern part of the described basin. Sources of groundwater recharge are surface
waters of the Amu Darya, atmospheric precipitation, and overflow from bedrock deposits. The
waters are characterized by low mineralization (from 0.5 to 1.5 g/1) in the old channels of the Amu
Darya and increased mineralization (up to 10-15 g/1) on the sandy plain [2—4]. In the recharge
zones, groundwater occurs at elevations of 95-105 m, and in the discharge zones — at 40 m. The
direction of flow movement is from south to north and northeast. Due to hindered underground
runoff and the climatic conditions of the area, groundwater is mainly consumed by evaporation and
plant transpiration. A small amount of water is discharged as underground outflow toward the
Sarykamysh depression. Outflow is somewhat improved along the channels of old riverbeds.

The mineralization of groundwater in the oasis depends on the nature of groundwater recharge
and discharge and their connection with the river. Mineralization varies from 0.5 to 5 g/l and higher.
The least mineralized waters are developed along the Amu Darya old channels of Daryalyk and
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Daudan, while the most mineralized waters are mainly distributed beyond the oasis. This indicates a
significant movement of water masses, and consequently salts, within the delta under the influence
of natural geological factors.

The hydrochemical profile throughout the territory of the Pri-Sarykamysh delta has one form:
a certain increase in mineralization at the groundwater table, a decrease in the interval of 5-15-25
m, and an increase again with depth.

In terms of chemical composition, groundwater changes from hydrocarbonate-sulfate to
chloride-sulfate types. The ratio of groundwater recharge to evaporation determined the features of
the chemical composition — intensive accumulation of chlorides in the oasis groundwater.

For the basin territory, the distribution of groundwater with a table depth from 1-2 to 30 m is
characteristic. The closest occurrence of the level is observed in the near-Amu Darya strip; with
distance toward its periphery, it deepens, and in the desert part of the delta it is at a depth of over 15
m.

Groundwater discharge on the left bank occurs due to evaporation, transpiration, and
underground outflow toward the Sarykamysh depression, partially by wedging out in the area of
lakes in southern Khorezm. In the Akchadarya delta, discharge occurs through evaporation,
transpiration, and partially by wedging out into Lake Ashikkul.

According to data from the reclamation service of the Ministry of Water Resources of the
Republic of Uzbekistan, lands with medium and strong degrees of salinization in the Republic of
Karakalpakstan constituted 40 to 50 % of the irrigated territory in different years, with strong
salinization ranging from 22.7 to 64.5 thousand ha (in Khorezm — from 12 to 39 thousand ha). If
such lands are left without leaching, it is generally impossible to obtain a harvest. Seasonal
salinization depends on groundwater depth, irrigation regime, and technology during cotton
vegetation, typically intensifying toward the end of the vegetation period as evaporative
concentration of salts in the upper root zone increases; comparable seasonal water-salt regime
patterns and the need for regulated leaching and drainage have been described in other
Karakalpakstan and Khorezm studies [9, 10, 15]. With insufficient supply of irrigation water from
above and unsatisfactory drainage of territories, salts accumulate in the upper root zone by the end
of the vegetation period. Salinization is the result of suboptimal water resources management,
leading to significant losses in the yield of cotton and other agricultural crops. Unsatisfactory
drainage contributes to groundwater stagnation, but the main reason for the rise in groundwater
levels is large water losses from canals and fields during irrigation of agricultural crops.

The average groundwater level and mineralization in the irrigated zone of the Republic of
Karakalpakstan by administrative district (2018 and recent years) are summarized in Table 2. It is
evident that within reclamation systems, the average annual groundwater level varies from 133 to
743 cm. It should be noted as a limitation of this study that district-level observation data for
Khojeyli district were not available for the analyzed period; this district is therefore omitted from
Table 2, and closing this gap is recommended as a direction for future monitoring and follow-up
research.
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Table 2.
Average groundwater level and mineralization by administrative district of the Republic of
Karakalpakstan
District Groundwater level range, cm Average annual mineralization, g/l
Tortkul 171-235 3.08
Ellikkala 179-258 2.46
Beruniy 133-195 2.78
Amudarya 137-188 2.63
Shumanay 179-488 3.12
Kanlykul 160-428 2.62
Kungrad 176-378 2.29
Muynak 252-743 6.00
Nukus 185-297 2.33
Kegeyli 165-365 2.98
Buzatau 215-485 2.98
Chimbay 172-390 3.29
Karaozyak 175-452 2.93
Takhtakupyr 192411 2.49
Republic-wide average 185-357 3.00

Statistical analysis. Across the 14 districts for which data were available, average groundwater

depth (midpoint of the reported range) and average mineralization show a moderate-to-strong,

statistically significant positive correlation (Pearson r = 0.75; R2 = 0.56; simple linear regression:
mineralization (g/1) = 0.008 x depth (cm) + 0.77; p = 0.002, n = 14; Figure 2). This indicates that
districts with deeper and more variable groundwater tables — such as Muynak, where levels

fluctuate between 252 and 743 cm — tend to have higher mineralization, consistent with reduced

flushing, longer residence time, and greater evaporative concentration of salts in poorly drained

peripheral areas of the delta. In contrast, districts with the shallowest, near-river groundwater, such

as Amudarya and Beruni, show comparatively lower mineralization, consistent with active

freshening by filtration losses from the Amu Darya.
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Relationship between groundwater depth and mineralization
by administrative district
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Figure 2. Relationship between average groundwater depth and average annual mineralization
across administrative districts of the Republic of Karakalpakstan, with fitted linear regression
Recommended mineralization thresholds for irrigation water. According to the internationally
recognized FAO classification of irrigation water quality [14], the salinity hazard of irrigation water
is commonly classified by electrical conductivity (EC) and the approximately corresponding total
dissolved solids (mineralization), as summarized in Table 3. Comparing these thresholds with the
district-level data in Table 2 shows that average mineralization in most districts of the Republic of
Karakalpakstan (2.3-3.3 g/1) falls within the range associated with severe restriction on use for salt-
sensitive crops, while in Muynak district (6.0 g/) mineralization exceeds the range generally
considered usable even for tolerant crops without specific leaching and drainage management.

Table 3.

Classification of irrigation water salinity hazard (adapted from Ayers & Westcot, FAO
Irrigation and Drainage Paper 29, 1985) [14]

Degree of restriction on use EC, dS/m Approx. mineralization, g/1
None <0.7 <0.45
Slight to moderate 0.7-3.0 0.45-2.0
Severe >3.0 >2.0

Comparison with other regional studies. The finding that groundwater mineralization of 1-3
g/l covers about 85 % of the irrigated area of the Republic of Karakalpakstan (439.7 of 515.3
thousand ha) is consistent with a recent basin-wide climate-risk assessment, which reported the
same mineralization range covering more than 85 % of irrigated land across the entire Amu Darya
river basin [16]. District-level studies in Khojeyli [5] and Amudarya [8] districts likewise report
shallow, moderately to highly mineralized groundwater linked to irrigation return flow and
insufficient drainage, corroborating the mechanisms described above. Long-term hydrological
studies further indicate that the flow of the Amu Darya in its middle and lower reaches has declined
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markedly over recent decades, an effect attributed mainly to expanding upstream water withdrawals
rather than to climate change alone [17]. A continued reduction in river discharge would be
expected to reduce filtration recharge of the near-river groundwater flow described above,
potentially weakening the natural freshening that currently keeps mineralization lowest along the
river corridor; monitoring this relationship is recommended as a priority for future research.

Conclusion

On the irrigated area of 515.3 thousand hectares, groundwater at a depth of 0—1 m occupies
7.8 thousand ha; 1-1.5 m — 48.9 thousand ha; 1.5-2 m — 267.8 thousand ha; 2-3 m — 120.9
thousand ha; 3-5 m — 66.9 thousand ha; and more than 5 m — 2.25 thousand ha. Groundwater
mineralization varies as follows: 0—1 g/l occupies 2.7 thousand ha (0.5 %); 1-3 g/l occupies 439.7
thousand ha (about 85 % of the irrigated area, consistent with recent basin-wide estimates); 3-5 g/l
— 72.8 thousand ha (14.1 %); 5-10 g/l — 6.06 thousand ha (1.2 %); and more than 10 g/l — 0.3
thousand ha (0.1 %). A statistically significant positive relationship (Pearson r = 0.75, R2=0.56, p =
0.002) between average groundwater depth and mineralization across districts confirms that deeper,
poorly drained groundwater in the peripheral parts of the delta is associated with higher salt content.

The conducted analysis of hydrochemical data of groundwater over recent years shows that
mineralization and the content of individual ions and microelements exceed the permissible levels
according to the standards «Drinking Water» and «Water for Irrigation,» the list of maximum
permissible concentrations (MPC) of the NIGMI Institute, and the classification of the Scientific-
Research Institute of Irrigation and Water Problems. This leads to the violation of the
hydroecological state of irrigated territories. Given the documented long-term decline in Amu
Darya discharge in its middle and lower reaches over recent decades, mainly attributed to
expanding upstream water use [17], continued hydrogeological and hydroecological monitoring,
together with optimization of irrigation-drainage networks and reduction of water losses, is essential
to prevent further degradation of irrigated land in the Republic of Karakalpakstan.
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Abstract

The article gives an analysis of long-term (1965-2022) trends in the river flow regime of the
Amudarya, peak discharges at the Kiziljar hydrological station (as an inflow to the three largest
reservoirs in the Amudarya delta: Mezhdurechie, Moynaq, and Ribachie), and actual storage
capacities of these reservoirs based on field GPS leveling data and ArcGIS bathymetric modeling.
The Visual C# mathematical water balance model was used to explore the water resources of the
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investigated delta reservoirs under different inflow scenarios. It was found that the natural flow of
the Amudarya was reduced by half in 1965-2006 (390 m3/s), with the peak outflow at Kiziljar
being 714.1 m3/s (3 %-exceedance probability discharge). The water balance calculations for the
2010 wet, 2019 average, and 2001 dry years showed that Kiziljar reservoirs require a minimum
annual inflow of 515.55 Mm3 to store water in all three reservoirs. The GPS survey leveling and
ArcGIS slope analysis results indicated that the actual storage capacity of the Kiziljar reservoirs is
12-17.5 % below the designed capacity due to severe silting. At the same time, hydrobiological
monitoring in 2022-2023 revealed a reduction in zooplankton species richness by 34 % (from 40 to
27 species) compared to previous studies: 15 species of Rotifera, 6 species of Cladocera, and 6
species of Copepoda. The obtained results can serve as the basis for developing a hydrological and
water use management strategy for the Aralo-Caspian region with the changing flow of the
Amudarya.

AHHOTanus

B crarbe mpoBOAWUTCA aHamu3 A0ArocpouHbix (1965-2022) TeHAeHIMM peXkuma pPeYHOro
CTOKa AMy/zlapbH, MMKOBBIX PacX0/l0B Ha I'M/IposiornyeckoM nocty Kusunmkap (Kak IpyUTOKa B TpU
KPYMHeHIINX BOAOXpaHWIMIA B Jenbre Amyzapeu: Mexaypeube, MoitHak u Pribaube) u
(hakTHUeCKHX eMKOCTel 3TUX BOJOXPaHW/IMIL] Ha OCHOBe JJaHHbIX MosieBoro GPS-HUBenMpoBaHus 1
batumeTprueckoro MogenvpoBanusi B ArcGIS. [Ins vcciefoBaHus BOJHBIX PECYPCOB HM3yuaeMbIX
JlelIbTOBBIX BOJIOXPAHWIMIL], TIPU PAa3/IMUHBIX CLieHapusiX IOCTYIUIeHWs BOZJbI HCII0/Ib30Basach
MaTeMaThyecKasl Mofiesib BogHOro OasaHca Ha Visual C#. YcTaHOB/IEHO, UTO eCTeCTBEHHBIN CTOK
AmMyznapby COKpatu/cs BABoe B nepuoz, 1965-2006 rr. (390 m3/c), mpy 3TOM IUKOBBIM pacxof Ha
nocty Kusungxkap cocraBun 714,1 m®c (pacxon mpu 3 %-HOM BepOSITHOCTH TIPEBBILIEHUS).
PacueTtbl BogiHOTO OanaHca st BiaxkHoro 2010 r., cpegnero 2019 r. 1 cyxoro 2001 r. ioka3asiy, uTo
BogioxpaHwniamM Kusunmkapa TpeOyeTcsi MUHUMAa/bHBIA TOAOBOM MPUTOK 515,55 MaH M3 ajis
HaKOIUIeHUs BOJBI BO BCeX TpeX BogoxpaHuauuiax. Pesynbratel GPS-HuBenupoBaHus U aHanvsa
yknoHOB B ArcGIS ykasany, uto dakThueckasi eMKOCTb BofoxpaHuuiy Kusungpkapa Ha 12-17,5 %
HIDKE TIPOEKTHOM EeMKOCTU W3-3a CWIBHOTO 3amieHus. OfHOBPeMEHHO TI'MpPOOHOIOrHueCKHi
MOHUTOPHHT B 2022—2023 TT. BBISIBUJI CHIDKEHHE BHIOBOTO OOraTcTBa 3001/1aHKTOHA Ha 34 % (c 40
[0 27 BUOB) IO CPaBHEHWIO C MpeAbIAYIIUMU ucciefoBaHusMu: 15 BuzgoB Rotifera, 6 BHioB
Cladocera u 6 BugoB Copepoda. [lomyueHHble pe3y/nbTaTbl MOTYT CIAY)KUTb OCHOBOW [Jisi
pa3pabOTKK CTpaTeruv THPOJIOTUYECKOTO ¥ BOJOXO3SIMCTBEHHOTO — yIipaB/ieHUWs —Aparo-
Kacnuickoro permoHa ¢ yueToM U3MEHSIIOLerocst CToka AmMyziapbu.

Keywords: Amudarya delta, hydrological regime, peak water discharge, reservoir, water
balance, GIS, zooplankton.

KnroueBsble c/10oBa: fenbta AMyzapby, TUAPOJIOTMYECKAN PeXWM, MUKOBBIM Pacxo[, BOJBI,
BO/IOXPaHU/IHIIIE, BOAHBIN OanaHc, ['VIC, 3001/1aHKTOH.
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1. Introduction

The rational use of water resources is one of the most pressing problems in Central Asia
today. The natural flow of water in the Amudarya River has changed significantly in the last few
decades due to the active use of water for irrigation and climate change [1, p. 156; 3]. In the 1960s,
the Amudarya River flowing into the Aral Sea was reduced by more than half in its lower reaches
[1, p. 156].

In the 1950s, more than 140 large lakes in the Amudarya delta, covering an area of about 600
km?, were formed [7]. By 2022, the number of these lakes had decreased twice, the tugai forests ten
times, and the reed beds — 40 to 50 times [8, p. 29]. As a result of the Aral Sea’s catastrophic drying
up, three reservoirs were built in the former bed of the Amudarya River in Karakalpakstan to ensure
the water supply of the local population, fisheries, and ecosystems. The Mezhdurechie reservoir was
commissioned in 1978; the Moynaq and Ribachie reservoirs — in 1974 [2, p. 153; 9].

At the same time, with the reduction of stream flow, there is a threat to the reservoirs’
functioning: on the one hand, they cannot be filled with water during droughts, and on the other
hand, peak flows of up to 3,530 m3/s threaten to destroy the dam structure (for example, in Kiziljar
in July 1969) [4, p. 176; 9]. The dam of the Mezhdurechie reservoir is designed for a maximum
flood of 59.00 m asl (57.30 m asl — designed level), which corresponds to a 3 % probability of
exceeding [4, p. 176; 9]. This study examines the hydrological and ecological issues of the
Amudarya delta reservoirs, which is of great importance for the Republic of Uzbekistan.
Presidential Decree No. PD-5202 of July 29, 2021, designates the Aral Sea region as the
“Ecological Innovation and Technology Zone.” This decree allocated specific tasks to study and
stabilize the delta water bodies (Paragraph 16). However, the existing knowledge about the studied
reservoirs is limited to the results of previous studies [2, p. 153]. In particular, a long-term
hydrological assessment of the Kiziljar flow gauging station (1965 — 2022) and a morphological
description using modern surveying methods have not been performed. The current state of the
zooplankton complex was last studied more than ten years ago [5].

The objective of this study is to assess the long-term trends in the flow of the Amudarya
River, the morphological characteristics of the reservoirs, and the state of their ecosystems. In
particular, the following tasks were set: 1) to analyze the trends in annual and peak flows of the
Amudarya River for the period 1965 — 2022; 2) to determine the morphological characteristics of
the reservoirs; 3) to simulate the water balance of the reservoirs for wet, average, and dry years; 4)
to study the zooplankton complex as an indicator of the hydrological and ecological state of the
reservoirs.

2. Materials and Methods

2.1. Study objects. The study was conducted on three reservoirs in the Central (Amudarya
riparian) zone of the Amudarya delta in Karakalpakstan, Uzbekistan. The Mezhdurechie reservoir
(17,863 ha, 191.0 M m?) is located in the inter-channel area between the Ogdarya and Qipchoqdarya
distributaries and receives water from the Amudarya River through the Takhiatash hydraulic
structures. The Moynagq reservoir (12,529 ha, 184.9 M m?3) is fed by the Glavmyaso canal, while the
Ribachie reservoir (6,243 ha, 124.9 M m?3) is located in the former Saribas Bay and is supplied with
water from the Marinkinyuzyak canal [9, 4].
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The Kiziljar flow gauging station is located about 55 km downstream of the Takhiatash
headworks and provides information on the flow of water entering the Mezhdurechie reservoir.

2. 2. Hydrological analysis. The streamflow data of the Amudarya River at the Kiziljar station
for the period 1965 — 2022 (58 years) were used to analyze the long-term trends in the river flow.
The exceedance probability curve was constructed using the Chegoday formula: P = (m — 0.3) / (n +
0.4) x 100 %, where m is the rank, n is the number of observations. The following hydrological
characteristics were calculated: the multi-year average discharge Q, (m%s), variation coefficient Cv,
and the coefficient of skewness Cs [12].

2. 3. Morphometric surveys. In 2022 — 2023, the morphological characteristics of the
reservoirs were studied using high-precision GPS leveling. The study involved dividing the
reservoirs into transects (Mezhdurechie — 6 transects; Moynaq — 8 transects; Ribachie — 6 transects).
In each transect, absolute heights and coordinates were measured, and an isobath map was made in
ArcGIS 10.7 software. Using this map, the relationships between the reservoir’s area and volume
were determined as functions of the water level w = f (H) and V = f (H). The volume was calculated
using the formula V =X (W, + W,,,) / 2 x Ah, where W, is the area at the i-th contour, and Ah, is the
interval between adjacent contours [6, 9].

2. 4. Mathematical water-balance modeling. A water balance model of the three-reservoir
system was developed in the Visual C# programming language. The basic equation for calculating
the change in storage for each reservoir is presented by the following differential equation: dW/dt =
Qp -q,—q,—q_f+q, where Qp is the inflow of water into the reservoir from the Amudarya River;
q, — channel losses; q, — reservoir outflow due to evaporation; q_f — filtration losses; g, — outflow of
water through connecting structures or between reservoirs. To determine the input characteristics for
the water balance model, the average monthly flow of the Amudarya River was used, measured at
the Samanboy flow gauging station. For the calculations, three scenarios were used: a wet year
(2010 — 16,817.7 M m3), an average year (2019 — 1,674.4 M m?), and a dry year (2001 — 100.9 M
m?3) [6].

2.5. Hydrobiological surveys. In 2022 and 2023, during the summer and autumn seasons,
zooplankton surveys were carried out. In total, 32 samples were taken (23 — quantitative and 9 —
qualitative) with a conical plankton net (mesh size — 76). Water was taken from the nets by passing
100 L of water through them or by towing. The samples were fixed in 2-3% formalin solution.
Zooplankton was counted and identified using a binocular microscope. The results of the
quantitative analysis were used to determine the number of individuals per cubic meter of water
(ind./m3) and the biomass in milligrams per cubic meter (mg/m?) [10, 11]. Using the individual
weight-length relationship, the biomass was calculated [16, p. 183].

3. Results and Discussion

3.1. Long-term dynamics of discharge at Kiziljar (1965 — 2022)

The analysis of the Kiziljar station data for the period 1965 — 2022 shows a long-term decline
in the flow of the Amudarya River into the delta (Table 1). In particular, for the period 1965 — 2006,
the average annual discharge decreased from 390 to 177.5 m?/s, and for the period 1980 — 2021 —
from 350 to 177.5 m3/s. The absolute maximum monthly average flow was recorded in July 1969
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and amounted to 3,530 m3/s. Since 1998, the flow has not been so high in the Amudarya River. At
the same time, a decrease in flow below 50 m3/s was noted in 2001, 2006 — 2008, 2014, 2018, and
2021 (Figure 1).

Table 1.

Selected mean annual discharges and exceedance probabilities at Kiziljar gauging station,
1965-2022 [2, p. 153; 9]

Year Mean Annual Flow, m3/s Exceedance Probability, %

1965 1,038.0 1
1969 (max) 1,781.0 ~1
1980 271.0 2
1988 516.6

1992 675.3

1998 714.1

2000 66.3 61
2001 (min) 2.8 98
2010 484.2 11
2019 39.0 (avg) 70
2022 (est.) 4.0 94

Q mic
2000,0 -

1800,0 1
1600,0 +
1400,0 4
1200,0 4
1000,0 4
800,0
600,0
400,0

——Q, M3l
200,0

0,0

1980
1983
1986
1989
1992
1995
1998

1965
1968
1971
1974
1977
2001
2004
2007
2010
2013
2016
2019
2022

Figure 1. Annual mean discharge fluctuations at Kiziljar gauging station, 1965-2022
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Figure 2. Exceedance probability curve at Kiziljar gauging station, 1980-2021
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From the frequency curve (figure 2), the 3 % exceedanceprobability discharge, which is the
design peak for Mezhdurechie dam, is equal to 714,1 m?3s. Optimisation of the joint operating
regime of the Tuyamuyun reservoir and the Takhiatash headwork allows to reduce the peak of the
flood wave transferred to the delta by 12 — 15 %. This confirms the calculations of Kurbanbaev [2,
p. 153] performed on the data of the 2006 available up to the time of the study.

3.2. Actual morphometric characteristics of the reservoirs

Determination of actual morphometric characteristics of the reservoirs using GPS leveling and
mathematical modeling in ArcGIS gave the results presented in Table 2. In all three reservoirs, the
volumes accounted for less than the design ones: Mezhdurechie — 83 %, Moynaq — 88 %, Ribachie
— 82,5 %. The reason for this is the silting of intake structures and shoaling of the reservoirs’
bottom.

Table 2.

Actual and project morphometric characteristics of the Amudarya delta reservoirs (field
surveys 2022-2023)

Reservoir Actual Area Design Area Actual Volume Design Volume | Mean Depth
(ha) (ha) M m?) M m’) (m)
Mezhdurechie 17,863 21,436 191.0 230.0 ~2.5
Moynaq 12,529 15,034 184.9 210.0 1.48
Ribachie 6,243 7,304 124.9 151.4 2.0
Total 36,635 43,774 500.8 591.4 —

Bathymetric maps of the reservoirs are shown in Figs. 3—7. By comparing the isobathes of
Mezhdurechie in 2002 (Fig. 3) and 2022 (Fig. 4), one can observe that the deep water areas are
shifted to the south compared to the 2002 boundaries, especially in the west and south-west which
is explained by the priority of the Ogdarya inflow with its suspended load. On the other hand, the
areal — volume curves (Figs. 5,7,8) are used in the operational management of the reservoirs by the
Department of Reservoir Regulation.

Figure 3. Isobath map of Mezhdurechie reservoir, 2002
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Figure 4. Isobath map of Mezhdurechie reservoir, 2022
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Figure 5. Area-volume bathymetric curves of Mezhdurechie reservoir: o = f(H) and V = f(H)

Figure 6. Depth isobath map of Moynagq reservoir, November 2023
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Figure 7. Isobath plan of Ribachie reservoir, January 2023
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Figure 8. Area-volume bathymetric curves of Ribachie reservoir: o = f(H) and V = f(H)

3.3. Water-balance simulation results

The results for the chosen three years are summarised in Table 3. It can be seen that the total

amount of inflows for the wet year of 2010 accounted for 16,817.7 M m

3

, which significantly

exceeded the reservoirs’ total storage capacity of 499.9 M m. This means that about 12,214.9 M m?
(or 72.7%) of the total inflows have been diverted to the former Aral Sea bed (a draught region),
which is a major concern for the water-resources management in the basin. On the contrary, in the

average year of 2019, the total inflows only amounted to 1,674.4 M m3, which was enough to fill all
the three reservoires to the brim with a remaining 852.4 M m? (50.9%) spilled away downstream.
Finally, in the dry year of 2001, the inflows were only 100.9 M m3 as compared to the needed
minimum of 515.55 M m?3, which caused a deficit of 399.1 M m?3.

Table 3.
Water-balance components of the Amudarya riparian zone for the three years
Component Wet year 2010 Average year 2019 | Dry year 2001
Annual inflow volume, M m3 16,817.7 1,674.4 100.9
Channel transmission losses, M m3 4,204.4 418.6 25.2
Useful reservoir storage (3 res.), M m3 499.9 499.9 184.2
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Component Wet year 2010 Average year 2019 | Dry year 2001
Total evaporation, M m3 287.1 100.4 4.95
Discharge to former Aral Sea bed, M m3 12,214.9 852.4 0.0
Required optimal annual inflow, M m3 — — 515.6 (norm)
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Figure 11. Proportions of water-balance components for a dry year (2001)

The obtained results have particular importance in terms of engineering infrastructure. Thus,
the complete restoration of the Glavmyaso canal (15 — 20 m?/s instead of 44 m?%/s in the project) and
the Marinkinyuzyak canal (20 instead of 50) will increase the overall storage capacity by 669.5
million m® (reaching 1169.5 million m? in total). This will significantly alleviate the problem of
outflows even in the case of a wet year [4, p. 176; 9].

By comparing the obtained results with similar research presented by Kurbanbaev [2, p. 153],
one can notice that the amount of freshwater outflows decreased by more than half, and the number
of years with extremely low outflow rates significantly increased. In other words, the results
confirm the validity of the norms adopted in the abovementioned study, which are now used to
process 16 years of hydrological data instead of 6.

3.4. Zooplankton biodiversity as a hydrobiological indicator

In total, 27 species of zooplankton were identified in the waters of the three reservoirs during
the 2022/2023 survey expeditions (Table 4). Among them, 15 species (55.6 %) belong to the class
Rotifera, 6 species (22.2 %) — to the class Cladocera, and 6 species (22.2 %) — to the class
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Copepoda. Notably, 7 species of zooplankton were found for the first time in the waters of the

lower Amudarya: Hexartra mira, Asplanchna sieboldi, Polyarthra vulgaris, Bdelloida gen. sp., and

others.

Table 4.

Zooplankton biodiversity in the delta reservoirs of the Amudarya River (2022-2023)

Taxonomic group

No. of species

Mezhdurechie share,
%

Ribachie share, %

Moynaq share, %

Rotifera 15 (56%) 57-88 60 70
Cladocera 6 (22%) 22 20 16
Copepoda 6 (22%) 21-45 20 14
Total 27 100 100 100

Rotifera
56%

Cladocera
22%

M Rotifera M Cladocera ™ Copepoda

Figure 12. Proportion of the main zooplankton taxonomic groups in the studied reservoirs

The species richness was found to decrease by 34 % compared to the 2003 — 2004 baseline
(41 species) [17, p.10] and by 25 % compared to the 1968 — 1983 baseline (36 species, excluding
Rotifera) [5, p.585]. The strongest deviation was observed in the Ribachie and Moynaq reservoires,
where salinity increased to 1.5 — 4.0g/L, resulting in proliferation of salt-adapted rotifers (up to
70,000 ind./m? in Moynaq reservoir in summer 2023) and a decrease in the number of freshwater
stenohaline species. The absolute biomass of zooplankton reached the maximum in the
Mezhdurechie reservoir (4,400 mg/m? in August), which may be associated with more predictable
hydrological regime [18].

This trend of community simplification and replacement of freshwater specialist species by
generalists tolerant to increased salinity can be regarded as typical for the remnants of the former
Aral Sea [13, p.83; 14]. Its detection in the study area qualifies as an early warning signal of
impending changes in water quality. Therefore, it is advisable to conduct hydrobiological
monitoring of the reservoirs as a part of the measures stipulated by the President of Uzbekstan in
PD-5202.
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4. Conclusions

1. The longest available series of flow observations at the Kiziljar gauging station has enabled
to reveal a negative long-term trend in the annual discharge. The multi-year mean seasonal
discharge decreased from 390 m3s (1965 — 2006) to 177.5 m?®s (1980 — 2021). The design
discharge of the structures in the study area, corresponding to a frequency of 3 %, equals 714.1 m?%
s. The optimization of Tuyamuyun reservoir’s operating rules can allow to reduce the maximum
transmission by 12 — 15 %.

2. The geodetic GPS and ArcGIS surveys have determined the actual morphometric
characteristics of the reservoirs: Mezhdurechie — 17,863 ha / 191.0 Mm?; Moynaq — 12,529 ha /
184.9 Mm?; Ribachie — 6,243 ha / 124.9 Mm?3. All the three reservoirs were found to be 12 — 17.5 %
lower than their design capacity due to the degradation of the irrigation canals.

3. The water balance computations showed that: (a) under wet-year scenario, 72.7 % of the
inflow to the former Aral Sea area is unutilized and thus can be used to fill the reservoirs; (b) under
dry-year scenario, the deficit of water compared to the minimum required for the reservoir’s
operation constitutes 399.1 Mm?; (c) the minimum annual inflow necessary for the reservoir
operation equals 515.55 Mm?; (d) the reconstruction of the canals will allow to increase the total
storage capacity by 1,169.5 Mm?,

4. In the zooplankton survey, 27 species were identified, which is 34 % lower than in 2003 —
2004. An increase in the salinity level in the Ribachie and Moynaq reservoirs was found to lead to
community homogenization with the development of advective-dominant water regime and
proliferation of halophilic species. It can be concluded that the ecological status of the reservoirs is
moderate, requiring coordinated management and optimization measures.

5. Practical recommendations: (i) reconstruct the Glavmyaso canal to design capacity (44 m3/
s) and the Marinkinyuzyak canal (50 m3/s); (ii) implement coordinated joint dispatch of Takhiatash
headwork and Tuyamuyun reservoir; (iii) establish routine hydrobiological monitoring at all three
reservoirs as required by the Presidential Decree of the Republic of Uzbekistan No. PD-5202 [3].
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