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ABSTRACT

Introduction. In the conditions of Southern Kazakhstan, irrigation canals play a crucial role in supplying water for agricultural pro-
duction. The operation of conventional concrete linings is complicated by their low resistance to cracking, frost heave, abrasive wear,
and exposure to aggressive environments. These factors lead to increasing filtration losses, which in some cases exceed 20-25% of
the water supplied volume-an especially critical issue for a region characterized by a sharp continental climate and limited water
resources. To improve the durability and impermeability of hydraulic structures, a modified concrete (MC) mixture incorporating
a combination of mineral and chemical additives has been developed. Materials and Methods. The composition of the MC includes
Portland cement and slag-Portland cement, quartz sand, granite coarse aggregate, silica fume (7% of the cement mass), fly ash, an
air-entraining agent (0.05%), and hydrophobizing components. The experimental investigations were conducted in accordance with
relevant GOST standards: compressive and splitting tensile strength (GOST 10180), frost resistance (GOST 10060), water impermeability
(GOST 12730.5), abrasive resistance (GOST 13087), and sulfate resistance (GOST 31384). The micro- and nanostructure of the material
was analyzed using SEM, EDS, and XRD methods. Results and Discussion. Compared with the control concrete (CC), the modified
concrete demonstrated significant performance improvements: an increase in compressive strength up to 55 MPa (+14.6%) and
in splitting tensile strength up to 4.6 MPa (+27.8%); an increase in frost resistance from 220 to 320 cycles (+45%); an improvement
in water impermeability from W6 to W9 (+50%); enhanced abrasion resistance by 26.9%; and an increase in the sulfate resistance
coefficient by 11.5%. Microstructural analysis revealed densification of the cement matrix, a reduction in macroporosity, and an
increase in the content of low-basic C-S-H phases, which confirms the material’'s enhanced durability. Conclusion. The developed
modified concrete exhibits a comprehensive improvement in operational performance, ensuring a 30-40% extension of the service
life of canal linings and a reduction in filtration losses by up to 20%. Its implementation in the construction and rehabilitation of
irrigation canals in Southern Kazakhstan will enhance water-use efficiency and improve the resilience of hydraulic structures under
aggressive environmental impacts and persistent water scarcity.
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AHHOTALMA

BBepgeHume. B ycnosusx KOxHoro KazaxctaHa opocuTesibHble KaHasbl UrpatoT KoUeByto posib B 06ecneyeHnn cenbCckoro Xo3ancTea
BOZOW. DKCnyaTauma TPagnLMOHHbIX GETOHHbBIX OGSIMLIOBOK OCNTOMHAETCA X HU3KOW CTONKOCTbIO K PAaCTPEeCKMBAHUIO, MOPO3HOMY
nyyeHuio, abpasnBHOMY M3HOCY U BO3LENCTBUIO arpecCBHbIX cpef. IT GakTopbl BedyT K pocTy GUNLTPALMOHHbIX NOTEPb, KOTOpble
B OTZE/NbHbIX Cllyyasx npesbiwatoT 20-25 % nogaHHOro obbema Bobl, UTO KPUTUYHO AJI PErMOHA C Pe3KOKOHTUHEHTASIbHbIM KJn-
MaToM 1 AedULMTOM BOAHBIX PeCYpPCOB. [1115 NOBbILWEHMWs AONTOBEYHOCTM U BOLOHEMNPOHULIAEMOCTU MAPOTEXHNYECKMX COOPYKe-
HWIM pa3paboTaH moanduLpoBaHHbIi 6eToH (MB) c KOMMNEKCOM MUHepanbHbIX 1 XMMryecknx fobaBok. MeTogbl n maTtepuanbl.
CoctaB MB BkntouaeT NopTNaHALEMEHT U WNAKOMOPTIAHALEMEHT, KBApLEBbI/ NECOK, FPaHUTHbIN WebeHb, MUKPOKpeMHeseM (7%
OT Macchl LleMeHTa), 30J1y-yHOC, BO3AyXOBOBeKatoLlyto fobasky (0,05%) n rugpodobusmpyiolie KoMnoHeHTbl. iccneposarusa
nposoannmncb no metogukam FOCT: NpoyYHOCTb Ha cxKaTue 1 npwu packone (FOCT 10180), mopo3ocTorikocTb (TOCT 10060), BOogOHe-
npoHuuaemoctb (FOCT 12730.5), abpasmsHas ctorkocTb (TOCT 13087), cynbdatocTorikocTs (TOCT 31384). MUKpPO- M HAHOCTPYKTYpa
aHanusupoBsanacb metogamu SEM, EDS 1 XRD. Pe3ynbTratbl u 06cyxaeHue. [1o cpaBHEHWIO C KOHTPOMbHbIM 6eToHoM (KB) MB no-
Kasan: yBeniyeHmne NpoYHOCTY Ha cxkatue o 55 Mla (+14,6%) n npu packone go 4,6 MlMa (+27,8%); noBbilieHne MOPO30CTONKOCTH
€ 220 po 320 yuknos (+45%); poct BogoHenpoHuuaemoctn ¢ W6 go W9 (+50%); ynyulieHne abpasmBHOM CTOMKOCTM Ha 26,9%;
noBblWeHne KoapdurmneHTa cynbdaTocTornkocT Ha 11,5%. MUKPOCTPYKTYPHDIV aHanM3 BbiSBUM YMAIOTHEHME LLEMEHTHOIO KaMHs,
CHVXKEHVIE MAaKpOMOPUCTOCTY 1 YBENMYEHUNE COLlepKaHsA HN3KOOCHOBHbIX C—S—H ¢as, uto noaTBepKaaeT AONrOBeYHOCTb MaTe-
puana. 3akntoueHue. Pa3paboTaHHbI MOANPULIMPOBAHHbIN GETOH IEMOHCTPUPYET KOMMIEKCHOE YiyylleHMe SKCTyaTaLoHHbIX
XapaKTepucTrK, obecrneunsas NoBbllEHVIE MEXPEMOHTHOIO NHTepBana 06/1MLO0BOK Ha 30-40% 1 coKkpalleHre GUIbTPaALMOHHbIX
notepb A0 20%. Ero BHegpeHue B CTPOUTENCTBO M PEKOHCTPYKLMIO OPOCUTENbHbBIX KaHanoB lOxHoro KazaxctaHa no3BonvT NOBbI-
cUTb 3PpEKTNBHOCTb BOAOMONb30BAHUA U YCTONUMBOCTD MAPOTEXHNUECKNX COOPYXKEHWI B YCNOBUAX arpecCBHOIO BO3AeNCTBUA
cpeabl 1 fedryuTa BOAHbIX PECYPCOB.

KJTIOYEBBIE CJIOBA: MVKPO- 11 HAHOCTPYKTYpa, MOANGULMPOBAHHBIN 6eTOH, 06nMLI0BKa KaHasIoB, BOLAOHENPOHMLAEMOCTb, MO-
PO30CTOMKOCTb, abpa3nBHan CTONKOCTb, CynbhaTOCTONKOCTb

BNAFOAAPHOCTW: VccnepoBaHue BbINMOMHEHO NpY GHAHCOBON nogaepkke KomnTeta Hayku MUHUCTEPCTBa HayKy U BbICLLIErO
obpasoBaHua Pecnybnukn KasaxctaH B pamkax HayuHoro npoekta N° AP23487624.
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INTRODUCTION years, the available volume of water resources decreases

by 20—40% compared with long-term averages, while
The degradation of traditional irrigation canal linings  the overall deficit during the vegetation period reaches
in Southern Kazakhstan is particularly critical in the 1.0—1.5 billion m3 [1].

context of the growing shortage of water resources for Given the region’s high dependence on stable water
agriculture. This region is a major producer of cotton, supply for agricultural production, improving the dura-
vegetable, and fruit-and-berry crops, with 80—85% ofto-  bility and water impermeability of canal linings becomes

tal water consumption accounted for by irrigation. Indry  a strategic priority.
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In the southern regions of Kazakhstan-Turkestan,
Zhambyl, and Almaty oblasts-over 12,000 km of irrigation
canals lined with cement-concrete slabs are in operation.
Most canals were constructed in the 1960s—1980s and
have reached or exceeded their design service life. Field
surveys and operational monitoring indicate that within
8—12 years after commissioning, most linings lose their
design waterproofing and mechanical properties, which
leads to a 20—35% increase in filtration losses and a re-
duction in the efficiency coefficient of irrigation systems
t0 0.55—0.65 [1, 4].

Damage to conventional linings is complex in nature
and is caused by a combination of climatic, hydraulic,
and chemical-mineralogical factors [1, 4, 10]. The main
degradation mechanisms are summarized below:

1. Cracking concrete slabs. Cracks develop due to
temperature-moisture deformations, shrinkage of the ce-
ment matrix, and uneven settlement of the foundation. In
summer, daily temperature fluctuations of the lining reach
45-50 °C, causing alternating compression and tension
in the concrete. Crack widths typically range from 1 to
5 mm, and their depth often exceeds the thickness of the
protective layer. Through such defects, filtration losses
may reach 0.5—1.0 L/s'm?, which is critical under water
scarcity conditions [4, 11].

2. Leaching of the cement matrix (hydro-abrasive ero-
sion). In sections with curved canals and elevated flow
velocities (1.5—2.0 m/s), intensive degradation of the ce-
ment matrix occurs due to the impact of abrasive particles
(sand, silt) with concentrations up to 2—3 kg/m3. Within
only five years of operation, compressive strength in the
flow-contact zone decreases by 15—25% relative to the
initial value [5, 12].

3. Exposure to aggressive environments. Chemical
analyses of canal water in the region show elevated sulfate
concentrations (SO,*~ up to 250—350 mg/L) and chlo-
ride concentrations (Cl~ up to 150-200 mg/L), leading
to sulfate and chloride corrosion of the cement matrix.
This process is accompanied by expansion of reaction
products, the formation of microcracks, and a progressive
decrease in concrete water impermeability from W6 to
W2—-W4 within 7—10 years of operation [2, 13].

4. Frost heave. In winter, air temperatures can drop
to —25 °C, while the concrete lining is saturated with
moisture. Repeated freeze-thaw cycles increase internal
pore pressure due to ice crystallization, reducing frost
resistance from F200 to F50—F100 after just 5—7 winter
seasons [1, 4, 13—18].

5. Cavitation damage. In local hydraulic drops and
junctions where flow velocity exceeds 3.0—3.5 m/s, cavita-
tion occurs, forming pits 5—20 mm deep in a single vegeta-
tion season. These defects act as stress concentrators and
accelerate overall deterioration of the lining [5, 19—23].

In Southern Kazakhstan, these processes occur
with increased intensity due to high evaporation rates

(1000—1200 mm/year), large temperature amplitudes, and
chronic water shortages for irrigation, making the reduc-
tion of losses and extension of lining service life critically
important. Loss of lining integrity not only increases fil-
tration but also leads to erosion of the canal foundation,
deformation of the cross-section, and ultimately a reduc-
tion in hydraulic capacity [1, 4, 33—34].

Filtration through defective sections of canal linings
is one of the most significant causes of inefficient water
use in the irrigation systems of Southern Kazakhstan.
According to operational organizations, once the con-
crete lining is damaged and the soil foundation becomes
exposed, water losses increase exponentially. Over long
canal segments, this is equivalent to tens of thousands of
cubic meters of water lost in a single vegetation season
[33, 34].

In addition to water losses, filtration processes gradu-
ally erode the soil foundation, causing void development
and cross-sectional deformation. This reduces the hy-
draulic capacity of the structure, necessitates frequent
repairs, and increases operational costs. Collectively, leak-
age and deformation reduce the service life of canals by
25—40% relative to the design period [33, 34].

Against the backdrop of intensifying water scarcity,
climate variability, and rising construction material costs,
hydraulic structures face increasingly stringent require-
ments for durability, energy efficiency, and environmental
sustainability [1, 4, 24—32]. The modern concept of ir-
rigation system operation includes the following priorities
[10-22]:

— minimizing operational water losses using materials
with high water impermeability and crack resistance;

— reducing energy consumption for water pumping by
lowering filtration losses and decreasing hydraulic
resistance of the lining;

— increasing inter-repair intervals from 10—12 years to
25-30 years using modified concretes with durability
compliant with modern standards.

A review of operational practices in water-deficient
regions demonstrates that the durability and water-saving
performance of irrigation canals depend primarily on the
choice of lining material, the presence of an anti-filtration
barrier, and the quality of operational monitoring (Fig. 1).

In the United States (Western states, USBR net-
works), the standard solution remains monolithic or pre-
cast concrete linings combined with a regulated schedule
of inspections and targeted repairs. To extend service life,
wet-mix shotcrete reinforced with microfibers, latex- or
polymer-modified leveling layers, crack injection, and
waterproof joint keys are used. The key issues include
thermal cracking, joint degradation, and localized cavita-
tion at transitions. Practice shows that combined “con-
crete + barrier” systems (geomembrane beneath the slab)
consistently reduce filtration and lower the frequency of
major repairs [10—12].
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Fig. 1. Construction technologies and design practices for irrigation canals in different countries

In Egypt, within the national program for reconstruct-
ing distribution canals, fast-deployable technologies are
widely applied: geosynthetic cementitious composite mats
(GCCM) on sections with short shutdown windows and
precast concrete panels installed over prepared bases with
geotextiles or membranes. The benefits include a marked
reduction in residual filtration and improved hydraulic ef-
ficiency; however, the quality of subgrade preparation and
edge protection is critically important. Where anchoring
or panel joints are violated, uplift pressures and undercut-
ting are frequently observed [16, 19].

In Pakistan, comparisons between conventional
concrete lining, polyethylene membrane systems, and
their combinations demonstrate significant reductions
in filtration in favor of membrane-based and hybrid
schemes. In practice, the main risk is mechanical dam-
age to membranes under debris-laden flow and abrasive
runoff; therefore, membranes are protected by a concrete
or soil cover and subjected to stricter quality control of
welded seams. GCCM is additionally applied on prob-
lematic reaches with high flow velocities and unstable
subgrades [25, 26].

In China (North China Plain, Xinjiang), HDPE geo-
membranes beneath concrete slabs are widely used, and
roller-compacted concrete (RCC) is applied on critical
structures. This combined configuration demonstrates
minimal filtration losses, providing adequate protection

against ultraviolet degradation and punctures. Typical
challenges include membrane anchorage defects, poor
subgrade preparation, and operational damage from con-
struction equipment [10, 11, 13, 20, 21].

In India, design solutions rely on a standardized se-
lection of lining materials based on local soil and hy-
drological conditions. Monolithic concrete, brick lining
with cement mortar, and soil-cement is used for cost-
effective structures; on aquiferous or collapsible soils,
geomembranes beneath concrete are prescribed. Major
risks include shrinkage cracking driven by water-cement
ratio and temperature regime, as well as detachment of
the lining caused by insufficient adhesion to the prepared
base [25, 26].

In Spain (Ebro Basin), alongside converting portions
of open canals into pressurized pipelines, thin polymer-
modified protective coatings and shotcrete rehabilitation
of existing linings are employed to reduce roughness and
longitudinal losses. The positive effect is expressed in
increased hydraulic capacity and reduced leakage; typi-
cal challenges include carbonate scaling and the need for
regular cleaning to maintain hydraulic efficiency [30].

In Turkey (GAP project), precast panels and fiber-
reinforced shotcrete are used on main canals to control
crack formation under sharp daily temperature fluctua-
tions. Thermal stress issues are addressed through a com-
bination of fibers, optimized mixes with mineral additives,
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and rational placement of temperature and deformation
joints [16, 19].

In Israel, a significant share of irrigation networks has
been converted to pipelines; however, for the remaining
open canals, polymer-modified coatings and strict moni-
toring protocols with targeted repairs are applied. Practice
underscores the importance of institutional discipline
in operation: even high-quality linings rapidly lose their
water-saving performance without timely maintenance
[12, 29].

In Mexico and several Latin American countries, poz-
zolanic modifications (fly ash, natural pozzolans) and
silica fume are used to enhance chemical resistance and
reduce permeability. These solutions improve the micro-
and nanostructure of the cement matrix, reduce water
absorption, and increase resistance to sulfate attacks. On
reaches with unstable foundations, the key issue remains
the interaction between the lining and the subgrade, as
well as the performance of drainage systems [27—29].

A comparative analysis (Table 1) shows that the most
reliable water-saving performance is achieved when three
components are combined: modified concrete with high
crack resistance and low permeability; an anti-filtration
barrier (geomembrane or geocomposite) beneath the pro-
tective layer; and a regulated monitoring system with tar-
geted repair. For the conditions of Southern Kazakhstan,

the most relevant measures include controlling thermal-
shrinkage deformations (through mix optimization, fiber
reinforcement, and joint layout), proper protection and
anchoring of the barrier, and institutionalizing regular in-
spections with repair prioritization based on actual water
losses [10—17].

Figure 2 presents a dual bar chart comparing the re-
duction in filtration losses and the inter-repair interval for
each country and lining technology.

Figure 3 presents an extended radar chart illustrating
the performance profile of irrigation canal lining technol-
ogies. The chart is constructed using normalized values
and includes six key parameters: reduction of filtration
losses (efficiency), durability (inter-repair interval), rela-
tive implementation cost, water impermeability (W-class),
frost resistance (F-class), and abrasion resistance. This
visualization enables a clear comparative assessment of
the comprehensive operational properties of technologies
used in different countries and highlights their strengths
and weaknesses.

These findings form a practical foundation for defin-
ing the performance targets of modified concrete mix-
tures intended for lining irrigation canals in Southern
Kazakhstan: materials are required that exhibit reduced
permeability and enhanced crack resistance, are compat-
ible with barrier layers, and remain stable under sharply

100 97

Values

== Reduction of filtration (%)
=== Repair interval (years)

Fig. 2. Global practices compared: efficiency and durability of canal lining systems
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Cos//—\ Durability

Frost Resistance

Abrasion Resistance

\-____/

— Pakistan: concrete

~— Pakistan: concrete+membr.
—— China: concrete+membrane
—— Egypt: GCCM/panels

—— USA: concrete

___ USA: concrete + barrier
__India: per IS 10430

Fig. 3. Extended performance profile of canal lining systems

Table 1. Comparative analysis of irrigation canal lining practices in different countries

Effect on Filtration / Hydraulics

Durability / Operational Features

—75% (concrete), up to —97%
(geomembrane)

Rapid water-saving effect; protection of
joints and membrane seams is critical

Concrete + geomembrane: —86%
compared to unlined canals

Wide application of combined systems
on main canals

Up to —84% loss reduction (case
studies), stable savings after
3-9years

Hydraulic efficiency confirmed after
rehabilitation (HEC-RAS)

Defect and repair guidelines
increase actual reliability

Emphasis on inspections, checklists, and
condition-based targeted repairs

Regulatory focus on minimizing
seepage and improving canal
stability

Standardized material/thickness selec-
tion; water-economy considerations
required

Country / .
Region Type of Solution
Pakistan Concrete; concrete +
geomembrane
China Concrgte, ggqmembrane,
combined lining systems
Eqvbt Large-scale canal
wpP rehabilitation program
USA (USBR) Concrete Illnlngs; prioritized
maintenance
IS 10430 standards; lining
India selection based on soil
permeability
Glot?al Concrete and smooth linings
(review)

Reduced roughness - 1 capacity
and llosses

Additional effect: reduced waterlogging
and lower O&M costs

continental climatic conditions, while also ensuring high-
quality preparatory and operational procedures.

Thus, traditional concrete linings no longer meet
modern requirements for durability and water-saving
performance. The solution lies in the development and
implementation of modified concrete mixtures with

improved crack resistance, water impermeability, frost
resistance, and resistance to aggressive environments,
considering the specific operational conditions of irriga-
tion canals in Southern Kazakhstan.

The development of modified concretes capable of
withstanding thermal, frost, and chemical impacts char-
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acteristic of a sharply continental climate is a priority
direction for ensuring food security and promoting the
rational use of water resources in Southern Kazakhstan.

MATERIALS AND METHODS

For the development of a modified concrete intended
for lining irrigation canals under the conditions of South-
ern Kazakhstan, the requirements for durability, water
impermeability (not lower than W8), frost resistance (not
lower than F300), and resistance to abrasive-hydraulic
actions were considered [1—5, 10—12]. When selecting
the mixed composition, optimization principles based
on minimal permeability, enhanced crack resistance, and
resistance to aggressive environments (sulfates, chlorides)
were applied [13].

1. Binder.

Portland cement CEM 1 42.5 N was used as the pri-
mary binding component, ensuring high early strength
and compatibility with mineral and chemical admixtures.
Pozzolanic cement CEM IV/A-P 32.5 N was incorpo-
rated up to 20% of the binder mass to improve sulfate
resistance and reduce heat release. Slag Portland cement
CEM 111/A 32.5 N was added up to 15% of the binder
mass to increase resistance to chemical attack and reduce
shrinkage deformations [6—8, 14—18].

2. Aggregates.

Dense, low-porosity aggregates with water absorp-
tion not exceeding 1.5% were used. Quartz sand: fine-
ness modulus 2.0—2.3; content of dust and clay particles
<1.5%. Granite coarse aggregate: fractions 5—10 mm
(40%) and 10—20 mm (60%); strength grade not lower
than 1000; frost resistance not less than F300 [13—19].

Nanobm
3. Modifying Admixtures.

Mineral admixtures: Silica fume (SiO, > 92%) — 7%
of cement mass; densifies the cement matrix and decreas-
es porosity. Fly ash (density ~2.1 g/cm?) — 10%; improves
mixture rheology, reduces heat release, and enhances
sulfate resistance [11—16].

Chemical admixtures: Polycarboxylate-based super-
plasticizer — 0.8% of cement mass; ensures P4—P5 work-
ability at W/C < 0.35. Air-entraining admixture — 0.05%;
increases frost resistance and durability under freeze-thaw
cycling. Silicone-organic hydrophobizing agent — 0.3%;
reduces water absorption [15, 23, 26].

Reinforcing components: Polypropylene microfibers —
1.0 kg/m?; control microcracking and enhance crack re-
sistance [17, 31].

The mix composition per 1 m? of concrete is presented
in Table 2.

The diagram of target properties (based on design and
experimental data) is presented in Table 3.

Figures 4 and 5 present a pie chart illustrating the
distribution of mass fractions of the components in the
modified concrete, and a bar chart demonstrating the
effect of modifying additives on the increase in strength
and waterproofing.

To verify the performance characteristics of the de-
veloped modified concrete, a comprehensive set of stan-
dardized tests was applied, covering mechanical, physico-
chemical, and micro- and nanostructural properties. The
selection of methods reflects the specific service condi-
tions of irrigation canal linings in Southern Kazakhstan,
where the material is subjected to combined exposures:
annual temperature fluctuations up to 70 °C, abrasive
loading from flows containing suspended solids up to

Table 2. Recommended mix design of modified concrete for irrigation canal linings

. Share,
Component Quantity, kg % of total mix mass

Portland cement CEM 1425 N 280 12.0
Pozzolanic cement CEM IV/A-P 325N 70 3.0
Slag Portland cement CEM III/A 32.5N 50 2.1

Quartz sand (FM = 2.2) 720 30.8
Granite crushed stone 5-10 mm 500 214
Granite crushed stone 10-20 mm 750 32.1
Silica fume 24 1.0
Fly ash 35 1.5

Superplasticizer 3.0 0.13
Air-entraining admixture 0.2 0.01
Hydrophobic admixture 1.0 0.04
Polypropylene fiber 1.0 0.04
Water (W/C = 0.35) 123 5.3
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Table 3. Target physical-mechanical and performance indicators of the modified concrete

Parameter Target Value Test Method
Compressive strength, MPa >55 GOST 10180
Water impermeability, W W8-W10 GOST 12730.5
Frost resistance, F =300 GOST 10060
Abrasion, g/cm® <0.40 GOST 13087
Sulfate resistance > 0.85 of control GOST 31384
Silica Fume

Fly Ash

Crushed Stone 10-20 mm
Water

Portland Cement

Pozzolanic Cement

Slag Portland Cement =

Crushed Stone 5—10 mm

Quartz Sand

Fig. 4. Distribution of modified concrete components (mass fractions)
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Fig. 5. Effect of modifying admixtures on concrete properties
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3 kg/m?, sulfate and chloride aggression, and alternating
dry and saturated periods.

1. Compressive and Tensile Strength (GOST 10180).

Purpose: to assess the material’s ability to withstand
hydrostatic pressure and localized impact loads gener-
ated by flowing water and sediment transport. Specimens:
cubes 100x100x 100 mm and prisms 100x100%400 mm
cured for 28 days at 20 £ 2 °C and > 95% relative hu-
midity. Parameters: compressive strength (Rcx), MPa;
splitting tensile strength (Rp), MPa, used as an indirect
indicator of crack resistance. Criteria: Rcxx > 55 MPa;
Rp > 4.5 MPa. Expected modification effect: 12—15%
strength increase due to matrix densification and dis-
persed reinforcement.

2. Frost Resistance (GOST 10060, Direct Freezing
Method).

Justification: canal linings operate under tempera-
tures down to —25...—30 °C at full saturation; freeze-thaw
cycles cause internal deterioration of the cement matrix.
Procedure: freezing at —18...—20 °C; thawing in water at
+20 °C; strength and mass control every 25 cycles. Crite-
rion: retention of > 95% strength after F300. Modification
effect: improvement in frost resistance by 50—80 cycles
compared with the control mixture.

3. Water Impermeability (GOST 12730.5).

Justification: water losses in Southern Kazakhstan are
critical; the W-rating directly defines filtration leakage
through the lining. Method: stepwise increase of hydraulic
pressure (0.2 to 1.0 MPa) applied to cylindrical specimens
(@150 mm, h = 150 mm). Criterion: absence of filtration
at W8-W10 for 24 h. Modification effect: reduction of the
filtration coefficient to 0.1—0.2 m/day.

4. Abrasion Resistance (GOST 13087).

Justification: flows in regional canals often contain
abrasive particles (sand, silt, gravel), which at velocities
exceeding 1.5 m/s cause leaching of the cement matrix.
Method: exposure to an abrasive belt under water supply;
measurement of mass loss over a fixed duration. Criterion:
abrasion loss < 0.40 g/cm?. Modification effect: reduction
of abrasion loss by 20—25% due to matrix densification
and hydrophobization.

5. Sulfate Resistance (GOST 31384).

Justification: canal water in the region contains up to
250—350 mg/L SO,? — and 150—200 mg/L CI-, inducing
sulfate and chloride corrosion of concrete. Method: speci-
men immersion in a 5% Na:SOs solution at 20 £ 2 °C
for 180 days. Evaluation: sulfate resistance coefficient =
Rex(after)/Rex(control). Criterion: > 0.85. Modification
effect: pozzolanic additives reduce ettringite formation
and structural expansion.

6. Microstructural Analysis (SEM, EDS, XRD).

SEM: visualization of cement matrix morphology,
pore size and distribution, and the nature of the “cement
matrix-aggregate” interface. EDS: quantitative elemental
analysis to determine the distribution of Si, Ca, Al, Mg,
etc. XRD: phase analysis to identify C—S—H, hydralu-
minates, ettringite, portlandite, and residual clinker; as-
sessment of hydration degree and secondary reactions.
Practical significance: establishing correlations between
microstructure, water impermeability, and frost resis-
tance; confirming matrix densification due to the addition
of silica fume and fly ash.

RESULTS AND DISCUSSION

Compressive and Splitting Tensile Strength
(GOST 10180)

The test results (Table 4) show that the modified con-
crete (MC) exhibits a compressive strength of 55.0 MPa,
which is 14.6% higher than that of the control concrete
(CC) — 48.0 MPa. The splitting tensile strength increased
from 3.6 MPa (CC) to 4.6 MPa (MC), representing
a 27.8% improvement (Figs. 6, 7, and 8). The increase in
strength characteristics is associated with:

— the introduction of silica fume at 7% of the cement
mass, which promotes the formation of additional
low-basic C—S—H gel;

— dispersed reinforcement with polypropylene fiber
(0.9 kg/m?), which limits microcrack propagation;

— optimization of aggregate gradation, reducing mixture
void content.

Table 4. Test results of control and modified concrete for the key performance indicators

Method Unit Reference Mix | Modified Concrete | Target Value
Compressive strength (GOST 10180) MPa 48 55 > 55
Split tensile strength (GOST 10180) MPa 3.6 4.6 >45
Frost resistance (GOST 10060) cycles 220 320 >300
Water impermeability (GOST 12730.5) grade W Wé W9 W8-W10
Abrasion resistance (GOST 13087) g/cm? 0.52 0.38 <040
Sulfate resistance (GOST 31384) coefficient 0.78 0.87 >0.85
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Fig. 7. Comparison of CC and MC properties

Global practice (USA, India) demonstrates that simi-
lar silica-fume-based mixtures provide a 10—20% increase
in strength in hydraulic concretes, confirming the effec-
tiveness of the proposed approach.

Frost Resistance
(GOST 10060)

The modified concrete (MC) withstood 320 freeze-
thaw cycles until a 5% strength reduction, which is 45%
higher than the performance of the control concrete

(CC), which failed after 220 cycles. The increase in frost

resistance is attributed to:

— the use of an air-entraining admixture (0.05%), form-
ing a system of closed micro-pores with diameters of
20—200 um;

— the reduction of capillary porosity (from 14.5% in CC
to 10.2% in MC);

— the presence of hydrophobizing components, reducing
water absorption by 18%.

Under the climatic conditions of Southern Kazakh-
stan, where winter temperatures reach —25...—30 °C, this
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Frost Resistance (cycles)

T —,—
Split Tensile Strength (MPa)

Abrasion Resistance (inverse, 1/g)

Sulfate Resistance (coef.)

Fig. 8. Comparative profile of properties: --- CC; --- MC

improvement makes it possible to extend the lining repair
interval from 10—12 years to 15—17 years.

Water Impermeability (GOST 12730.5)

MC achieved impermeability grade W9 compared with
W6 for CC, corresponding to an increase in limiting water
pressure from 0.6 to 0.9 MPa without signs of filtration.
The 50% improvement is explained by:

— the combined action of silica fume and fly ash, reduc-
ing the number of capillary pores < 50 nm;

— a hydrophobizing admixture (0.3%) preventing capil-
lary water uptake;

— increased cement matrix density (from 2.23 to

2.34 g/cm?).

In countries with similar climatic conditions (Spain,
Uzbekistan), the transition from W6 to W9 reduced filtra-
tion losses in irrigation canals by 18—25%. For Southern
Kazakhstan, this translates to potential savings of up to
4.5 million m? of water annually.

Abrasion Resistance (GOST 13087)
Mass loss during abrasion testing was 0.38 g/cm? for

MC and 0.52 g/cm? for CC, corresponding to a 26.9%
improvement. The enhancement is due to:

— the use of granite coarse aggregate (5-20 mm) with
a compressive strength of 135 MPa;

— formation of a denser cement matrix with fewer weak
zones;

— more uniform distribution of hydration products, pre-
venting localized leaching of the cement matrix.
For canals with high flow velocities (> 1.5 m/s) and

suspended solids up to 3 kg/m?3, this slows lining wear by

at least a factor of 1.4.

Sulfate Resistance
(GOST 31384)

The sulfate resistance coefficient of MC was 0.87 com-
pared with 0.78 for CC, representing an 11.5% improve-
ment and meeting the required > 0.85 threshold. The
improvement is achieved due to:

— partial replacement of Portland cement with pozzo-
lanic and slag Portland cement;
— reduced free Ca(OH)2 content (by 21% according to

XRD);

— densification of the micro- and nanostructure, limiting
sulfate ion penetration.

In canals of Southern Kazakhstan, where sulfate con-
centrations reach 350 mg/L, this increases lining service
life by 5—7 years.
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Micro- and Nanostructural Analysis
(SEM, EDS, XRD)

Microstructural studies of MC and CC were per-
formed using scanning electron microscopy (SEM) at
magnifications ranging from X500 to x100,000 (Figs. 9
and 10).

1. MC, %2,000 — dense matrix with uniformly dis-
tributed hydrates and silica-fume inclusions; significantly
reduced open porosity. Small closed pores formed by the
air-entraining agent contribute to increased frost resis-
tance (Fig. 9a).

2. CC, x2,000 — large open pores and microcracks;
weak bonding within the cement matrix indicates higher
permeability and lower durability (Fig. 10a).

3. MC, x5,000 — dense calcium silicate hydrate (C—
S—H) structures firmly bonded to the aggregate. The fi-

x5 000

brous morphology confirms active interaction of silica
fume with cement hydration products (Fig. 9b).

4. CC, %x5,000 — non-uniform structure; partially
hydrated cement grains and microcracks acting as pref-
erential filtration canals (Fig. 10b).

5. MC, x10,000 — well-defined aggregate-matrix in-
terface with no defective zones; surface appears compact
and crack-free (Fig. 9c).

6. CC, x10,000 — areas of debonding between matrix
and aggregate, indicating weak adhesion and susceptibility
to damage under cyclic loading (Fig. 10c).

7. MC, %x20,000 — silica-fume nanoparticles uniform-
ly embedded in the C—S—H gel, forming a barrier system
against water and aggressive agents (Fig. 9d).

8. CC, x20,000 — lack of developed nanostructure;
open-pore morphology increases capillary permeability
(Fig. 10d).

' Closed Pore

Fig. 9. SEM images of the micro- and nanostructure of the modified concrete (MC)
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Fig. 10. SEM images of the micro- and nanostructure of the control concrete (CC)

9. MC, x50,000 — highly ordered C—S—H phases
with minimal microcracking; this explains the increase
in compressive and tensile strength (Fig. 9e).

10. CC, x50,000 — presence of large pores and mi-
crovoids reducing strength and frost resistance (Fig. 10¢).

11. MC, %x100,000 — compact nano-gel structure with
densely packed particles significantly improving imperme-
ability and chemical resistance (Fig. 9f).

12. CC, x100,000 — loose gel structure with open
canals facilitating filtration and degradation (Fig. 10f).

Conclusion from SEM analysis: The modified concrete
demonstrates a denser, more homogeneous, and structur-
ally stable microstructure, which ensures comprehensive

improvements in strength, durability, frost resistance, and
water impermeability.

EDS Element Distribution Map (Si, Ca, Al)
for the Modified Concrete (MC)

The presented image (Fig. 11) shows an SEM micro-
graph with overlaid EDS elemental mapping:

— Si (silicon, yellow) — uniformly distributed across the
surface, indicating the presence of silica fume and
cement hydration products (C—S—H gel), which con-
tribute to matrix densification and reduced perme-
ability.
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Fig. 11. SEM micrograph with overlaid EDS elemental maps (Si, Ca, Al) for the modified concrete

— Ca (calcium, blue) — concentrated within calcium
silicate hydrate crystals and portlandite, which provide
the primary strength of the cement matrix.

— Al (aluminum, green) — localized in calcium alumi-
nate hydrate phases (AFt and AFm), which enhance
resistance to sulfate attack and other aggressive envi-
ronments.

The chemical mapping demonstrates a high degree of
homogeneity in the distribution of all key elements within
the modified concrete, indicating effective pozzolanic
reactions and the formation of a dense, defect-resistant
microstructure.

XRD Diffraction Patterns of MC and CC

Analysis of the X-ray diffraction patterns in the range
of 5—40° 26 revealed both qualitative and quantitative
differences between the control concrete (CC) and the
modified concrete (MC) (Fig. 12).

Amorphous C—S—-H hump: MC exhibits a more
pronounced amorphous hump in the 20—35° 20 region,
reflecting a higher content of amorphous hydration phas-

es-primarily calcium silicate hydrate (C—S—H gel). This
is a direct consequence of silica fume incorporation (7%
of cement mass), which actively reacts with Ca(OH), to
form additional C—S—H, thereby densifying the structure.

Portlandite (Ca(OH),) peaks: Characteristic peaks at
~18° and ~34.1° show lower intensity in MC compared
to CC. This indicates a more complete consumption of
portlandite through the pozzolanic reaction, which en-
hances the material’s chemical resistance to aggressive
environments, particularly sulfate exposure.

Quartz (Si0,) and calcite (CaCO,): The quartz peak
at ~26.6° remains nearly unchanged, consistent with the
natural sand aggregates used. The calcite peak at ~29.4°
is slightly higher in MC, possibly due to mild carbonation
processes occurring in fine pores during curing.

Ettringite (AFt phase): Peaks at ~9.1°, ~15.8°, and
~22.9° appear in both mixtures; however, their slightly
lower intensity in MC suggests more stable crystallization
and reduced susceptibility to delayed ettringite formation,
which can cause expansion and cracking.

Overall structure: The logarithmic intensity scale
shows a smoother baseline for MC, without pronounced
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Fig. 12. XRD diffraction patterns (5-40° range): CC and MC
noise fluctuations, indicating a more homogeneous mi-  Summary of Results

crostructure (Fig. 13).

Summary interpretation: The diffraction pattern of
the modified concrete indicates an optimal combination
of amorphous hydration phases and a controlled amount
of crystalline inclusions, ensuring a balanced improve-
ment in strength, durability, and resistance to aggressive
environments.

The modified concrete demonstrated improvements
across all key parameters (Table 5):

Thus, the developed mix fully meets modern criteria
for durability and water efficiency, ensuring reduced op-
erational costs and increased lining service life under the
sharp continental climate and water-scarcity conditions.

102 — Reference Concrete (RC)

--- Modified Concrete (MC)

101 L

100 L

Intensity, a.u. (logarithmic scale)
=
o

=
9
~N

— ————

5 10 15 20

26, ° (Cu Ka)

25 30 35 20

Fig. 13. XRD diffraction patterns (5-40° range), logarithmic scale: CC and MC
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Table 5. Comparative Results of CC and MC

Indicator cC MC Growth, %
Compressive strength, MPa 48.0 55.0 +14.6
Split tensile strength, MPa 3.6 4.6 +27.8
Frost resistance, cycles 220 320 +45.0
Water impermeability, grade W6 W9 +50.0
Abrasion resistance, g/cm2 0.52 0.38 +26.9
Sulfate resistance coefficient 0.78 0.87 +11.5

CONCLUSION

Based on the experimental and analytical investiga-
tions conducted, it was established that the developed
modified concrete (MC), intended for the rehabilitation
and construction of anti-filtration linings of irrigation
canals, demonstrates comprehensive improvements in
performance characteristics compared with the control
concrete (CC).

Main conclusions:

1. Strength performance: MC provides an increase
of up to 14.6% in compressive strength and up to 27.8%
in splitting tensile strength due to the optimized mineral
composition of the binder, incorporation of silica fume,
and dispersed fiber reinforcement.

2. Frost resistance: Frost resistance increased by 45%
(320 cycles versus 220 for CC), ensuring longer service
life of canal linings under sharply continental climatic
conditions.

3. Water impermeability: The impermeability rating
improved from W6 to W9 (+50% in limiting water pres-
sure), which reduces filtration losses and enhances overall
water-saving performance in irrigation canals.
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