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ñSamarali qurilish materiallari, konstruksiyalari va texnologiyalariò 

 

TEXNIKA FANLARI DOKTORI, PROFESSOR  

MIRAXMEDOV MAXAMADJON MIRAXMEDOVICH 

TAVALLUDINING  80 YILLIGIGA BAGóISHLANGAN  

ñSAMARALI QURILISH MATERIALLARI, KONSTRUKSIYALARI VA 

TEXNOLOGIYALARIò 

MAVZUSIDAGI XALQARO ILMIY -AMALIY KONFERENSIYASI  

ILMIY ISHLARI TOóPLAMI 

 

 
Toshkent davlat transport universiteti RAASN akademigi,  O'zbekistonda xizmat ko'rsatgan 

yoshlar murabbiyi, texnika fanlari doktori,  professor Miraxmedov Maxamadjon 

Miraxmedovich tavalludining 80  yilligiga bag'ishlangan, ilmiy ishlar to'plami nashr etilishi 

ko'zda tutilgan  çSamarali qurilish materiallari, konstruksiyalari va texnologiyalariè  

mavzusidagi Xalqaro ilmiy-amaliy konferensiyani o'tkazishni rejalashtirmoqda.   

M.M. Miraxmedov kompozitsion qurilish materiallarining polistruktura nazariyasini 

rivojlantirishga salmoqli hissa qo'shgan. Uning qurilish materialshunosligi sohasidagi ilmiy 

hissasi eôtirofi sifatida 1995-yilda Rossiya arxitektura va qurilish fanlari akademiyasining 

(RAASN) xorijiy aôzosi etib saylangan. M.M. Miraxmedov 6 ta monografiya, 200 dan ortiq 

ilmiy maqolalar va 25 ta ixtiroga mualliflik guvohnomalari muallifidir.  

Ushbu konferensiyaning asosiy maqsadi - qurilish materialshunosligi, bino va  inshootlarni 

loyihalash va qurilish sohasidagi ilmiy tadqiqotlar natijalarini, shuningdek, muhandislik 

taôlimini takomillashtirish yo'llarini muhokama qilishdan iborat.  

Konferensiya ishida ishtirok etish uchun oliy o'quv yurtlari va ilmiy tadqiqot institutlari 

olimlari, O'zbekiston Respublikasi va xorijiy davlatlarning ishlab chiqarish vakillari, ilmiy 

tadqiqotlarda salmoqli natijalarga ega bo'lgan mutaxassislar taklif etiladi.  

ñSamarali qurilish materiallari, konstruksiyalari va texnologiyalariò mavzusidagi 

xalqaro ilmiy-amaliy konferensiyaning asosiy yoónalishlari quyidagilardan iborat: 

1. Resurs va energiya tejovchi qurilish materiallari va texnologiyalari.  

2. Atrof-muhitning transport infratuzilmasiga taôsiri va uni himoya qilish  

usullari.  

3. Bino va inshootlarning qurilish konstruksiyalari: hisoblash va  

loyihalashning zamonaviy usullari.  

4. Arxitektura, shaharsozlik va shahar muhitini rivojlantirish.  

5. Qurilishni tashkil etishning innovatsion usullari va qurilish jarayonlari  

texnologiyalari.  

6. Transport obyektlarini loyihalash va qurishda raqamli texnologiyalar  

hamda sunôiy intellekt.  

7. Temir yoól transporti infratuzilmasi obyektlarini loyihalash, qurish va  

ekspluatatsiya qilish.  

8. Zamonaviy muhandislik taôlimi tizimini takomillashtirish. 

Mazkur konferensiya ilmiy hamjamiyatning turli vakillarini bir joyga jamlab, qurilish 

materialshunosligi sohasidagi zamonaviy muammolar va istiqbollarni muhokama qilish uchun 

qulay platforma vazifasini bajardi. 
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ñSamarali qurilish materiallari, konstruksiyalari va texnologiyalariò 

 

TEXNIKA FANLARI DOKTORI, PROFESSOR  

MIRAXMEDOV MAXAMADJON MIRAXMEDOVICH 

TAVALLUDINING 80  YILLIGIGA BAG'ISHLANGAN  ñSAMARALI 

QURILISH MATERIALLARI, KONSTRUKSIYALARI VA 

TEXNOLOGIYALARIò MAVZUSIDAGI XALQARO ILMIY-AMALIY 

KONFERENSIYA  

TASHKILIY QOóMITASI 

 
 

Adilxodjayev Anvar Ishanovich  Universitetdagi istiqbolli va strategik 

vazifalarni amalga oshirish masalalari 

boóyicha rektor maslahatchisi;  

Shaumarov Said Sanatovich Ilmiy ishlar va innovatsiyalar boóyicha 

ʨrʦrʝktʦr; 

Muxammadiyev Neômatjon Raxmatovich Bino va sanoat inshootlari qurilishi kafedrasi 

mudiri; 

Babayev Asqar Ruzibadalovich Qurilish muhandisligi fakulteti dekani; 

Shipacheva Yelena Vladimirovna Bino va sanoat inshootlari qurilishi kafedrasi 

professori, t.f.d. professor; 

Maxamataliyev Irkin Muminovich Bino va sanoat inshootlari qurilishi kafedrasi 

professori, DSc, professor; 

Pirmatov Raxmatilla Xamidullayevich Bino va sanoat inshootlari qurilishi kafedrasi 

professori, t.f.n. professor; 

Soy Vladimir Mixaylovich Bino va sanoat inshootlari qurilishi kafedrasi 

professori, t.f.d. professor; 

Narov Rustam Alixanovich Bino va sanoat inshootlari qurilishi kafedrasi 

professori, t.f.n. professor; 

Shoumarov Nigmat Baxramovich Bino va sanoat inshootlari qurilishi kafedrasi 

professori, t.f.n. professor; 

Turgunbayev Urinbek Jamalovich Bino va sanoat inshootlari qurilishi kafedrasi 

dotsenti, t.f.n. dotsent; 

Bocharova Larisa Vasilevna Bino va sanoat inshootlari qurilishi kafedrasi 

dotsenti, t.f.n. dotsent; 

Karimova Feruza Fuzailovna Bino va sanoat inshootlari qurilishi kafedrasi 

dotsenti, t.f.n. dotsent; 

Sharipova Dilafruz Taufukovna Bino va sanoat inshootlari qurilishi kafedrasi 

dotsenti, PhD, dotsent; 

Kandaxarov Sanjar Ishratovich Ilmiy-innovatsion va loyiha-konstruktorlik 

boólimi boshligói, PhD, dotsent; 

Abdullayev Ulugóbek Xakimovich Bino va sanoat inshootlari qurilishi kafedrasi 

dotsenti, PhD, dotsent; 

Abdullayeva Djamilya Fazilidinovna Bino va sanoat inshootlari qurilishi kafedrasi 

dotsent v.b., PhD; 

ʂʘxarov Erkin Vasidovich Bino va sanoat inshootlari qurilishi kafedrasi 

katta oóqituvchisi; 

Kodirov Nodirbek Baxtiyorovich Temir yoól muhandisligi kafedrasi dotsent 

v.b., PhD. 
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SOóZ BOSHI 

 
 

 

TEXNIKA FANLARI DOKTORI, 

PROFESSOR 

MIRAXMEDOV MAXAMADJON 

(16 iyun 1946 y. ï 26 iyun 2021 y.) 

 

Miraxmedov Maxamadjon aka 1946-yil 

16 iyun kuni Oózbekiston SSR Andijon 

oblastining Leninsk (xozirgi Asaka) shahrida 

tavallud topgan. Maxamadjon aka 1954-

yildan 1962-yilgacha Asakadagi 2-sonli 

sakkiz yillik maktabda oóqigan. Keyin u 

oósha shahardagi 7-maktabga oótgan va uni 

1964-yilda oltin medal bilan tugatgan. 

Miraxmedov Maxamadjon 1970-yilda Sankt-

Peterburg temir yoól muhandislari institutini 

temir yoól qurilishi, yoól va yoól xoójaligi 

mutaxassisligi boóyicha imtiyozli diplom 

bilan tamomlagan. Toshkent temir yoól 

muhandislari institutida oóz mehnat 

faoliyatini 1971-yilda ilmiy xodim sifatida 

boshlagan. 1975-yildan fan nomzodi 

dissertatsiyasini yoqlagandan keyin 

ñQurilish ishlab chiqarishò kafedrasi 

assistenti, 1977-yildan kafedra dotsenti va 

1980-yildan shu kafedra mudiri 

lavozimlarida ishlagan. 1986-1989-yillarda 

M.Miraxmedov Sanoat va fuqaro qurilishi 

fakulteti dekani lavozimida ishlagan. 

Iqtidorli yetuk mutaxassis sifatida 1989-

2001-yillar mobaynida Gvineya 

Respublikasining Konakri universitetida 

xizmat qildi. Chet el xizmat safaridan 

qaytgach 2002-yil  dan M.Miraxmedov   

Toshkent temir yoól muhandislari instituti 

marketing xizmati va akademik litsey ishlari 

boóyicha prorektori lavozimiga tayinlangan. 

M.Miraxmedov 2003-yilda doktorlik 

dissertatsiyasini muvaffaqiyatli himoya qildi 

va unga Oózbekiston Respublikasi Oliy 

Attestatsiya Komissiyasi qarori bilan texnika 

fanlari doktori ilmiy darajasi berildi. 2004-

yilda professor ilmiy unvoniga sazovor 

boólgan. 

M.Miraxmedov 2004-yildan institutning 

oóquv ishlari boóyicha prorektori etib 

tayinlangan. Ushbu lavozimda ishlash 

davomida M.Miraxmedov institutda mavjud 

kadrlar tayyorlash tizimining ijobiy 

jihatlarini saqlab qolgan holda oóquv 

jarayoniga ilgóor, zamonaviy pedagogik 

texnologiyalarni joriy etish va taôlim berish 

sifatini oshirish hamda institutning moddiy-

texnika, oóquv-laboratoriya bazasi va ilmiy-

pedagogik salohiyatini mustahkamlash 

borasida ijobiy ishlarni amalga oshirgan. Bu 

davrda institutning xalqaro aloqalari tiklandi 

va mustahkamlandi. Xorijning yetakchi temir 

yoól oliy taôlim muassasalari bilan hamkorlik 

aloqalari yoólga qoóyildi. Institut ilmiy-

pedagogik salohiyatini mustahkamlash va 

professor-oóqituvchilar tarkibini yoshartirish 

maqsadida, institutning talabalari va yosh 

pedagoglarini xorijning yetakchi oliy taôlim 

muassasalarida oóqishlarini davom 

etkazishlari uchun sharoitlar yaratildi. 

M. Miraxmedov 2005-2009-yillar 

mobaynida Toshkent arxitektura-qurilish 

instituti rektori lavozimida ish faoliyatini 

davom ettirdi. 

2010-yil fevral oyidan boshlab yana 

Toshkent temir yoól muhandislari instituti 

faoliyat olib borgan. 
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M.Miraxmedov 3 ta darslik, 20 ta oóquv 

qoóllanma, shu jumladan 7 ta fransuz tilida, 9 

ta oózbek tilida va qolganlari rus tilida, 3 ta 

monografiya, 80 dan ortiq ilmiy maqolalar 

muallifidir. ñToshkent temir yoól 

muhandislari axborotlariò, ñArxitektura. 

Qurilish. Dizaynò va ñOózbekiston muhandis 

konsultantlariò jurnallarini taôsis etishda 

qatnashgan. 

M.Miraxmedov koópgina nufuzli xalqaro 

ilmiy anjumanlar ishtirokchisi. Jumladan u 

Polshaning Katovitsa shahrida 2004 va 2012-

yillarda oótkazilgan, Janubiy Koreyaning 

Seul shahrida 2013 hamda Germaniyaning 

Veymer shahrida 2006, 2009 va 2012-

yillarda, Rossiyaning Moskva va Sankt-

Peterburg  shaxarlarida 2003-2013 

oótkazilgan xalqaro ilmiy anjumanlarda 

ishtirok etgan. 

Hozirgi kunda M.Miraxmedov temir yoól 

qurilishi soxasida faol ishlayotgan olim 

sifatida nafaqat respublikada balki xorijda 

ham tanilgan edi. Uning ilmiy tadqiqotlari 

tabiiy-texnik tizimlarda, shu jumladan temir 

yoóllarda ekzogen jarayonlarning salbiy 

taôsirini kamaytirish masalalariga 

bagóishlangan boólib, jumladan, ushbu 

tadqiqotlarda temir yoóllar, avtomobil 

yoóllari, quvurlar va kanallarni koóchki qum-

toshlardan muhofaza qilishning texnik va 

tashkiliy-texnologik yechimlari topilgan. 

Uning 25 dan ortiq maqolalari Yevropa 

mamlakatlari, Rossiya va Ukrainaning 

nufuzli jurnallarida chop etilgan. 

Ilmiy faoliyati davomida ustozlar ilmiy 

maktabi anôanalarini davom ettirib, hozirgi 

zamon temir yoól qurilishining eng dolzarb 

muammolari boóyicha ilmiy tadqiqotlarni 

yoólga qoóyish, ularning saviyasini yuqori 

darajaga koótarish uchun tinmay mehnat 

qilib, koóplab iqtidorli shogirdlar yetishtirib, 

mamlakatimizda temir yoól sohasiga yosh 

olimlar va pedogog kadrlar tayyorlashning 

sifatini oshirishga katta hissa qoóshgan. 

M.Miraxmedov institut jamoasi orasida 

oózining olijanob insoniy xislatlari bilan 

obroó qozongan edi. U tom maônodagi oózbek 

ziyolilaridan boólib, oózining yuksak 

madaniyati, namunali axloqi, oóziga va 

boshqalarga ham talabchan va adolatli 

munosabati bilan ajralib turardi. 

 

ñBINO VA SANOAT INSHOOTLARI 

QURILISHI ò  

KAFEDRASI JAMOASI
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Optimization of Foam Concrete with Fly Ash and Silica Fume for Energy-

Efficient Wall Blocks  

A. Ilyasov1 a  A. Allamuratov b 
1Karakalpak State University, Nukus, Uzbekistan

 

Abstract: The article presents a design-screening approach for non-autoclaved foam concrete intended for 
thermal-insulating and structural-thermal-insulating wall blocks. The proposed mixtures combine 

Portland cement, fine quartz sand, fly ash, silica fume, a polycarboxylate superplasticizer and preformed 
foam. The main objective is to obtain a rational balance between dry density, compressive strength, 
thermal conductivity and water absorption without excessive cement consumption. A five-level density 
series from D500 to D900 was analyzed. The results show that mixtures in the D650-D750 range 
provide the most balanced performance: thermal conductivity remains below 0.16 W/(mĿK), while the 
predicted 28-day compressive strength exceeds 3.0 MPa. The paper also proposes an integral score 
method that can be used for selecting foam concrete compositions for wall products in dry and hot 
climatic regions. 

Keywords: Foam concrete, preformed foam, fly ash, silica fume, thermal conductivity, dry density, lightweight 
wall blocks, water absorption, energy efficiency 

 

1. INTRODUCTION  

Foam concrete is a lightweight cementitious material 

containing a system of uniformly distributed artificial 

air pores. Compared with ordinary dense concrete, it 
has lower dry density, reduced thermal conductivity 

and improved technological flexibility. These 

characteristics make it suitable for non-load-bearing 

wall blocks, monolithic insulation layers, roof screeds 

and fill materials [1]ï[3]. 

The main difficulty in producing reliable foam 

concrete is the simultaneous control of pore structure 

and cement matrix quality. Excessive foam content 

reduces density and thermal conductivity, but it can 

also decrease strength and increase shrinkage. On the 

other hand, increasing cement content improves 

strength but worsens economic and thermal indicators. 

Therefore, the development of foam concrete should 

be based on a multi-criteria balance rather than on a 

single target parameter. 

The use of supplementary cementitious materials 

is one of the most effective ways to improve this 

balance. Fly ash contributes to particle packing and 

later-age pozzolanic hardening, while silica fume fills 
microvoids and promotes the formation of additional 

C-S-H phases. In combination with a superplasticizer, 

these components can reduce water demand and 

stabilize the cement paste around air pores. 

The aim of this article is to develop and evaluate a 

series of foam concrete mixtures for wall blocks and 

to determine a rational density interval in which  

 
a  https://orcid.org/0000-0001-6973-4545 
b  https://orcid.org/0009-0003-4421-0691    

strength, thermal insulation and moisture resistance 

are simultaneously acceptable. 

2. MATERIALS AND RESEARCH 

METHODS 

The proposed material system includes Portland 

cement as the main binder, low-calcium fly ash as a 

mineral filler, silica fume as a highly reactive 
microfiller, fine quartz sand as a skeletal component, 

a polycarboxylate superplasticizer and preformed 

foam prepared from a protein-based foaming agent. 

Water dosage was selected to maintain paste 

flowability while minimizing the water-to-binder 

ratio. 

Foam concrete mixtures were designed for five 

target density grades. The preformed foam was 

introduced at the final mixing stage in order to reduce 

mechanical destruction of air cells. The quality of 

foam was evaluated by foam density, half-life and 

visual stability. Hardened specimens were assessed by 

dry density, 28-day compressive strength, water 

absorption and thermal conductivity. 

For comparative selection of the best composition, 

an integral score was calculated using normalized 

values of strength, thermal conductivity and water 

absorption. Higher strength increases the score, 

whereas higher thermal conductivity and water 
absorption decrease it. The simplified relation used for 

screening is expressed as: 

https://orcid.org/0000-0001-6973-4545
https://orcid.org/0009-0003-4421-0691
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╢  Ȣ ╡▼  Ȣ   ⱦ▪  Ȣ
  ╦▪              (1) 

where S is the integral score, Rs is normalized 

compressive strength, ɚn is normalized thermal 

conductivity and Wn is normalized water absorption. 

Table 1 

Proposed mix proportions for foam concrete 

wall blocks 

Mix  Cement FA/SF Sand W/B 
Target 

D 

FC-

500 
270 90/20 120 0.43 D500 

FC-

600 
285 95/25 155 0.41 D600 

FC-

700 
300 100/30 190 0.39 D700 

FC-

800 
320 100/35 225 0.37 D800 

FC-

900 
345 90/40 260 0.35 D900 

 

Note: cement, fly ash (FA), silica fume (SF) and sand 

are given in kg/mį; W/B is water-to-binder ratio. 

3. RESULTS AND DISCUSSION 

The obtained screening results confirm the typical 

relationship between density and performance of foam 

concrete. A decrease in density improves thermal 

insulation but reduces mechanical strength. This trend 

is caused by the increase in total air volume and the 

reduction in the solid load-bearing frame of the 

cement-sand matrix. 

The D500 mixture has the lowest thermal 

conductivity, but its strength is sufficient mainly for 
insulation products and non-load-bearing fills. 

Mixtures D600 and D700 demonstrate a more 

balanced structure because the amount of cementitious 

matrix is sufficient to form stable interpore partitions, 

while the pore volume remains high enough to provide 

thermal efficiency. 

Table 2 

Screening properties of foam concrete mixtures. 

Mix  
Density 

kg/mį 

R28 

MPa 

ɚ 

W/(mĿ

K)  

Water 

%  
Score 

FC-

500 
515 1.34 0.112 38.5 63 

FC-

600 
605 2.10 0.132 35.1 75 

FC-

700 
695 3.08 0.153 31.7 86 

FC-

800 
805 4.42 0.181 28.9 82 

FC-

900 
910 5.76 0.212 25.3 69 

 
Fig. 1. Relationship between dry density and 

compressive strength 

Figure 1 shows that compressive strength 

increases almost linearly in the considered density 

range. This confirms that the load-bearing capacity of 

foam concrete is mainly controlled by the thickness 

and continuity of interpore partitions. However, an 
increase in density above D800 reduces the thermal 

advantage of the material. 

 
Fig. 2. Relationship between dry density and 

thermal conductivity 

Thermal conductivity also increases with density, 

because the fraction of solid mineral phases becomes 

larger and the amount of air-filled pores decreases. For 

wall products intended to reduce heat losses, the 
D600-D700 interval is the most promising 

compromise between insulation and strength. 

 
Fig. 3. Integral score of the designed mixtures 
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The integral score indicates that FC-700 is the 

most balanced composition. Although FC-800 has 
higher compressive strength, its thermal conductivity 

is noticeably higher. FC-500 and FC-600 are useful for 

insulation layers, whereas FC-700 can be considered 

for structural-thermal-insulating wall blocks after 

pilot verification. 

Table 3 

Recommended application range of selected 

mixtures 

Density 

grade 

Main 

advantage 

Limitatio

n 

Recommende

d use 

D500 Lowest ɚ 
Low 

strength 

Roof/floor 

insulation 

D600 Low weight 
Medium 

strength 

Non-load 

walls 

D700 Balanced 

Needs 

curing 

control 

Wall blocks 

D800 High strength Higher ɚ 
Partitions/base 
layers 

 

4. TECHNOLOGICAL 

RECOMMENDATIONS  

The foam should be introduced only after the 

cementitious slurry reaches stable flowability. 

Overmixing after foam addition must be avoided 
because it destroys air cells and causes density 

deviation. The recommended mixing sequence is: dry 

blending of cement, fly ash, silica fume and sand; 

addition of water with superplasticizer; short 

homogenization; introduction of preformed foam; 

casting and protected curing. 

In hot and dry climates, early moisture loss can 

cause shrinkage microcracking. Therefore, foam 

concrete blocks should be protected from wind and 

direct solar radiation during the first 24-48 hours. 

Curing under film or in a humid chamber is 

recommended until sufficient matrix strength is 

developed. 

5. CONCLUSIONS 

A five-level density series of foam concrete mixtures 
with fly ash and silica fume was proposed for energy-

efficient wall blocks. The results show that the use of 

mineral additives and a superplasticizer makes it 

possible to improve the matrix quality and reduce 

thermal conductivity while maintaining acceptable 

strength. 

The most rational composition in the screening 

series is FC-700, which combines a dry density of 

about 695 kg/mį, compressive strength of 3.08 MPa 

and thermal conductivity of 0.153 W/(mĿK). This 

composition can be recommended for further 

laboratory verification and pilot production of 

structural-thermal-insulating wall blocks. 

The proposed integral score method is convenient 

for comparing alternative foam concrete compositions 

because it simultaneously considers strength, thermal 

performance and water absorption. 
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The Effect of Heavy-Duty Pavement Concrete Mix Composition on its 

Physico-Mechanical Properties 

 

A. Adil khodjaev1 a, T. Amirov 1 b 
1Tashkent State Transport University, Tashkent, Uzbekistan 

 

Abstract: This article examines the differences in strength and porosity throughout the entire thickness of the 
upper and lower layers formed by the vibratory compaction of a cement-concrete pavement mixture 
with a non-optimal composition. Research has also been conducted to determine the effect of the 
sand content in the aggregate on the physical and mechanical properties of concrete mixtures for 
roads designed for heavy loads. Based on these studies, recommendations have been developed for 
optimizing the composition of road concrete and determining the integral service life of cement-
concrete road pavements. 
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1. INTRODUCTION  

In the Republic of Uzbekistan, economic growth, the 
development of transport infrastructure, an increase in 

the intensity of traffic on roads, an increase in the 

volume of transportation of heavy goods, climate 

change are the causes of many defects on the roads. In 

addition to domestic and world experience, according 

to scientists of the republic, the large-scale use of 

cement concrete coatings is not only a solution to 

existing problems, but the use of local materials in the 

preparation of the mixture serves to save money[1]ï

[7]. 

Therefore, many of our highways are being 
reconstructed, and these roads are being changed from 

asphalt concrete to cement concrete. This, in turn, 

creates all-round convenience in the transportation of 

cargo and passengers. However, the construction of 

cement concrete roads is a somewhat complicated 

technological process.[1], [8]. 

2. THE MATERIALS AND METHODS 

OF RESEARCH 

Due to the low cost of operation, resistance to many 

deformations and high loads, resistance to external 

climatic factors (especially in dry-hot climates), 

increasing strength over time, high water 

permeability, cement concrete pavements are 

preferable to other types of concrete pavements. 
As a result of the use of local materials in the 

design of the optimal composition of concrete, with 

the use of modern technologies, it is possible to 

increase the strength of concrete, the necessary 

mobility of the concrete mixture and the efficiency of 

concrete(minimum consumption of cement). When 

choosing the composition of the concrete mixture, it is 

necessary to correctly estimate the consumption of 

 
a  https://orcid.org/0000-0001-5729-5178  

cement and take into account several criteria of the 

water-cement ratio [9-13]. 

In the dry-hot climatic conditions of Uzbekistan, 

some disadvantages arose as a result of the use of a 

non-optimal composition of the road-concrete mixture 

used in the construction of roads with cement-concrete 

pavement (Figure 1). 

 
deformation ʘt 

theedges of the 

coating 

uneven 

distribution of 

aggregates 

along the 

vertical profile 

inconsistency 

of the 

concrete 

mixture with 

the 

requirements 

for it 

Fig. 1. Some of the disadvantages caused by the 

use of non-optimally selected concrete mix 

composition 

Concrete that is slipformed to form a stable 

structure requires small aggregates, especially to fill 

the voids left by large aggregates [7-8]. 

If the aggregates contain too many fine particles, 

the mixture may delaminate due to vibration during 

paving, which leads to layer of sand and cement on top 

of the pavement. This layer may lead to cracking 

within hours of application (plastic shrinkage cracks) 
and/or possible premature cracking.  

According to the results of numerous tests, it can be 

said that the strength of the upper layer of the concrete 

pavement can be up to 10% less than the lower layer. In 

b  https://orcid.org/0000-0002-2681-8797  
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addition, the micro-porosity of the upper layer increases 

and becomes prone to destruction. 
Fig. 2 and 3 show a comparative histogram of the 

porosity of samples taken from the upper and lower 

layers of the cement-concrete pavement and a graph of 

the distribution of porosity at different sizes. 

 
Fig. 2. Comparative histogram of porosity in 

samples taken from the upper and lower layers of 

cement-concrete pavement: a) upper layer; b) 

lower layer 

 
Fig. 3. Distribution graph of pore sizes in samples 

taken from the upper and lower layers of cement-

concrete pavement: a) upper layer; b) lower layer 

After the passage of the sliding formwork, stresses 

and deformations occur in the newly formed concrete 
slab due to its own weight. This causes the vertical 

edges and edges of the coating to bleed. The value ȹh 

and the actual thickness-h of the edges of the newly 

formed concrete pavement are measured after the 
spreading of the edges of the slab is completed(Fig. 4). 

The relative vertical deformation of the edge of the 

coating[14] is determined by the following 

formula(1): 
Ўἰ

ἰ
               (1) 

 

Fig. 4. Scheme for measuring the deformation of 

the edges of the pavement 

These technological properties of the concrete 

mixture are significantly positively affected by the 

relative proportion of sand in the aggregates, the 

fineness of the sand and the amount of entrained air. 

In addition, with a decrease in the mobility of the 

concrete mixture and the size of the flint (gravel), the 

stability of the edges and side faces of the newly 

formed concrete slab increases. The consumption of 
the concrete mixture is selected in accordance with the 

accepted speed of laying the concrete paver. 

In Central Asia, for the manufacture of concrete, 

mainly river, mountain or barren sands are used. The 

composition of the sand used for concrete must be 

clean. Dust with clay particles covers the surface of 

the grains of sand and prevents their adhesion to the 

cement stone, reduces the strength of concrete [15-17]. 

3. RESULTS AND DISCUSSION 

According to the composition we have chosen, 2 types 

of sand produced by ñPOMEGRANATEò LLC and 

ñGRANITE-MININGò LLC were taken as a fine 

aggregate. Although these sands meet the 

requirements of GOST 8736-2014 and GOST 31424-

2010 in certain parameters, they do not meet the 

requirements of GOST 26633-2012. Therefore, by 

mixing these sands in a certain amount, sand was 

created that meets the requirements of GOST 26633-
2015 [18-20]. 

When used as a cement concrete filler, sand must 

comply with the requirements of GOST 26633-2015 

(Fig. 5). 

When checking the properties of sand obtained by 

mixing both sands in an amount of 60/40%, the test 

results showed that the sand meets the requirements of 

GOST 26633-2015 for fine aggregates for cement 

concrete (Fig. 5). 
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Fig. 5. Grain composition of enriched sand 

according to GOST 26633-2015 

As can be seen from the graph, some fractions of 

the enriched sand do not meet the requirements of 

GOST 26633-2015, but since the composition was 

selected on the basis of this enriched sand and 

laboratory tests were carried out, the concrete samples 

showed the required strength results and did not 

significantly affect the properties of the mixture. 

ʉrushed stone is used as a coarse aggregate for the 

preparation of road-concrete mix. ʉrushed stone is 

mined in the mountains and by crushing stones formed 

as a result of natural weathering of hard rocks. The 

surface is sharp, jagged, and usually contains a 
mixture of sand, clay, dust, and organic matter. 

ʉrushed stone is a loose material capable of crushing 

various hard rocks into large pieces, as well as broken 

bricks, slag, etc [11-16]. 

In the composition we have chosen, ʩrushed stone 

of 5-20 mm fraction are used by "BUKHARTOSH" 

LLC and 20-40 mm fraction by "GRANITE-

MINING" LLC (Fig. 6). 

 

Fig. 6. Graph for determining the grain size of 

the shank fraction 5-20 mm 

The crushed stone of 20-40 fraction produced by 

"GRANITE-MINING" LLC also met all the 

requirements when tested, like the 5-20 mm fraction. 

Studies conducted at the selected site showed 

various changes in the concrete mixture when 

changing the percentage of sand in the aggregate 

mixture to 0.25, 0.26, 0.27, 0.28, 0.29 and 0.30. Sand 
in a concrete mixture is a fine aggregate that serves to 

fill the space between large aggregates (together with 

water + cement + air). 

Therefore, it was found that the percentage of sand 

in the mixture of aggregates directly affects the 

properties of the concrete mixture. Without changing 

the amount of water, cement and SAM additives, 

when the percentage of sand in the filler mixture was 

increased, the changes as shown in Figures 7 and 8   

were observed. 

 
Fig. 7. The effect of the proportion of sand in the 

aggregate mixture on the slump grade of the 

mixture 

It is stated that the requirement for the P1 grade of 

the concrete mix for the selected object should be in 

the range of 1-4 cm. 

 
Fig. 8. The effect of the percentage of sand in the 

mixture of aggregates on the amount of absorbed 

air in concrete 

The effect of the value of the sand content in the 

aggregate mixture on the compressive strength of 

concrete depends on the size of the sand: for concrete 

with coarse sand, the strength does not depend 
significantly on the sand content in the aggregate 

mixture, when the sand is fine, the strength decreases 

proportionally with the increase in the sand content in 

the aggregate mixture (Fig. 9). 
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Fig. 9. The effect of the percentage of sand in 

the aggregate mixture on the compressive 

strength of concrete at the age of 28 days 

It was found that increasing the value of the 

percentage of sand in the mixture of aggregates from 

0.25 to 0.30 has a positive effect on the tensile strength 

of road concrete (Fig. 10). 

 

Fig. 10. The effect of the proportion of sand in the 

aggregate mixture on the flexural tensile strength 

of concrete at the age of 28 days 

The percentage of sand in concrete can affect its 

density, but it is not the only factor. Usually, the 

greater the percentage of sand, the lower the density 

of the concrete mixture. This is due to the fact that the 

sand does not provide sufficient density and does not 

completely fill the volume of the concrete mixture 

[18-20]. 

4. CONCLUSION 

However, a small amount of sand in the concrete 

mixture can cause the concrete to have a high density 

and be more difficult to handle during pouring and 

placing. To achieve an optimal balance between the 

density and workability of concrete, it is necessary to 
balance the proportion of sand in the concrete mix 

according to the requirements of a particular project. 

The proportion of sand in the mixture of 

aggregates has a significant effect on the physical and 

mechanical properties of concrete. When the 

percentage of sand in the aggregate mixture increases, 

the average volume of open pores decreases, and the 

volume of conditional closed reserve pores in concrete 

increases to 4.4-5.0%. This ensures high cold 

resistance of concrete. During our research, it was 

found that concrete achieves its optimal properties 

when the value of the percentage of sand in the 
mixture of aggregates for the selected object is 0.28. 

Moreover, when the amount of sand is increased, the 

price of the concrete mixture decreases, because sand 

is a large aggregate for this object. it is cheap. For this 

reason, we recommend taking the percentage of sand 

in the filler mixture at a value of 0.28 for the selected 

object. 

Furthermore, introducing a structural coefficient 

that characterizes the composition of road concrete, 

and using it in an integrated durability model, will 

bridge the existing gap between microstructural 
concepts of concrete and engineering methods for 

calculating road pavements. This will also allow for a 

more accurate description of failure accumulation 

processes and better forecasting of service life. 
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On the Mechanism of the Influence of Various Micro-Fillers and Chemical 

Additives on the Microstructure and Strength of Cement Paste 
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Abstract The paper examines the mechanism of the influence of complex micro-fillers and chemical additives 
on the microstructure formation and physical-mechanical properties of cement paste. The hydration 

and structure formation processes in binary cement composites with the introduction of active 
mineral admixtures and superplasticizers are analyzed. It is experimentally confirmed that the use 
of an optimized composition of micro-fillers contributes to a significant compaction of the cement 
matrix structure, a decrease in total porosity from 14.5% to 9.2%, and an increase in compressive 
strength by 33ï34%. The research results demonstrate the effectiveness of using these composites 
in the production of resource-saving high-strength concretes adapted to the regional climatic 
conditions. 

Keywords: Cement Paste, Micro-fillers, Microstructure, Strength, Porosity, Hydration, Modified Concrete 

 

 

ʆ ʄʝʭʘʥʠʟʤʝ ɺʣʠʷʥʠʷ ʈʘʟʣʠʯʥʳʭ ʄʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʠ ʍʠʤʠʯʝʩʢʠʭ 

ɼʦʙʘʚʦʢ ʥʘ ʄʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʇʨʦʯʥʦʩʪʴ ʎʝʤʝʥʪʥʦʛʦ ʂʘʤʥʷ 

 

ɸ.ʀ. ɸʜʠʣʭʦʜʞʘʝʚ1 a, ʀ.ɸ. ʂʘʜʠʨʦʚ2 b, ʌ.ʕ. ɸʙʜʫʢʘʜʠʨʦʚ1 c, 

ʂʘʭʘʨʦʚ ʕ.ɺ.2 d 
1ʊʘʰʢʝʥʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʨʘʥʩʧʦʨʪʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʋʟʙʝʢʠʩʪʘʥ 

2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʊʀʀʀʄʉʍè, ʋʟʙʝʢʠʩʪʘʥ 
 

ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʧʨʦʩʳ ʚʣʠʷʥʠʷ ʢʦʤʧʣʝʢʩʥʳʭ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʥʘ 
ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ. 
ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʧʨʦʮʝʩʩʳ ʛʠʜʨʘʪʘʮʠʠ ʠ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʙʠʥʘʨʥʳʭ ʮʝʤʝʥʪʥʳʭ 
ʢʦʤʧʦʟʠʪʘʭ ʧʨʠ ʚʚʝʜʝʥʠʠ ʘʢʪʠʚʥʳʭ ʤʠʥʝʨʘʣʴʥʳʭ ʜʦʙʘʚʦʢ ʠ ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʦʚ. 
ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʘʚʘ 
ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʩʧʦʩʦʙʩʪʚʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʧʣʦʪʥʝʥʠʶ ʩʪʨʫʢʪʫʨʳ ʮʝʤʝʥʪʥʦʡ 
ʤʘʪʨʠʮʳ, ʩʥʠʞʝʥʠʶ ʦʙʱʝʡ ʧʦʨʠʩʪʦʩʪʠ ʩ 14,5 % ʜʦ 9,2 % ʠ ʧʦʚʳʰʝʥʠʶ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ 

ʥʘ 33ï34 %. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʜʘʥʥʳʭ 
ʢʦʤʧʦʟʠʪʦʚ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʨʝʩʫʨʩʦʩʙʝʨʝʛʘʶʱʠʭ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʙʝʪʦʥʦʚ, ʘʜʘʧʪʠʨʦʚʘʥʥʳʭ 
ʢ ʢʣʠʤʘʪʠʯʝʩʢʠʤ ʫʩʣʦʚʠʷʤ ʨʝʛʠʦʥʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʎʝʤʝʥʪʥʳʡ ʢʘʤʝʥʴ, ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʠ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ, ʧʨʦʯʥʦʩʪʴ, ʧʦʨʠʩʪʦʩʪʴ, 
ʛʠʜʨʘʪʘʮʠʷ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʙʝʪʦʥ 

1. ɺɺɽɼɽʅʀɽ 

ʉʦʚʨʝʤʝʥʥʳʡ ʵʪʘʧ ʨʘʟʚʠʪʠʷ ʩʪʨʦʠʪʝʣʴʥʦʡ 

ʠʥʜʫʩʪʨʠʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʨʦʩʪʦʤ ʪʨʝʙʦʚʘʥʠʡ ʢ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʆʜʥʠʤ ʠʟ 

ʢʣʶʯʝʚʳʭ ʬʘʢʪʦʨʦʤ ʚ ʜʘʥʥʦʤ ʢʦʥʪʝʢʩʪʝ ʷʚʣʷʝʪʩʷ 
ʩʦʟʜʘʥʠʝ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʠ ʜʦʣʛʦʚʝʯʥʳʭ 

ʮʝʤʝʥʪʥʳʭ ʩʠʩʪʝʤ, ʩʧʦʩʦʙʥʳʭ ʚʳʜʝʨʞʠʚʘʪʴ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʩʪʘʪʠʯʝʩʢʠʝ ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ 

ʥʘʛʨʫʟʢʠ ʚ ʨʘʟʣʠʯʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ. 

 
a  https://orcid.org/0000-0003-4552-0418  
b  https://orcid.org/0000-0001-9425-4523  

ʊʨʘʜʠʮʠʦʥʥʳʝ ʧʦʜʭʦʜʳ ʢ ʧʦʚʳʰʝʥʠʶ ʧʨʦʯʥʦʩʪʠ 

ʙʝʪʦʥʘ ʟʘ ʩʯʝʪ ʧʨʦʩʪʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʨʘʩʭʦʜʘ 

ʮʝʤʝʥʪʘ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʧʨʠʟʥʘʥʳ 

ʵʢʦʥʦʤʠʯʝʩʢʠ ʥʝʵʬʬʝʢʪʠʚʥʳʤʠ ʠ ʵʢʦʣʦʛʠʯʝʩʢʠ 

ʥʝʦʧʨʘʚʜʘʥʥʳʤʠ.  

ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʧʨʝʜʣʦʞʝʥʳ ʠ ʫʩʧʝʰʥʦ 

ʚʥʝʜʨʷʝʪʩʷ ʨʷʜ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʧʨʦʝʢʪʠʨʦʚʘʪʴ ʮʝʤʝʥʪʥʳʝ 

ʢʦʤʧʦʟʠʪʳ, ʦʙʣʘʜʘʶʱʠʝ ʢʦʤʧʣʝʢʩʦʤ ʥʘʧʝʨʝʜ 

ʟʘʜʘʥʥʳʭ ʩʚʦʡʩʪʚ ʦʜʥʠʤ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ 

c  https://orcid.org/0000-0003-2271-3768  
d  https://orcid.org0009-0002-6680-2105  
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ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ 

ʩʠʩʪʝʤʳ. 
ɺʘʞʥʝʡʰʫʶ ʨʦʣʴ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʪʨʫʢʪʫʨʳ ʠ 

ʩʚʦʡʩʪʚ ʪʘʢʠʭ ʩʠʩʪʝʤ ʠʛʨʘʶʪ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʠ, 

ʪʘʢʠʝ ʢʘʢ ʢʘʨʙʦʥʘʪ ʢʘʣʴʮʠʷ, ʤʠʥʝʨʘʣʴʥʳʝ 

ʧʦʨʦʰʢʠ ʠ ʘʢʪʠʚʥʳʝ ʤʠʥʝʨʘʣʴʥʳʝ ʜʦʙʘʚʢʠ. ʀʭ 

ʚʚʝʜʝʥʠʝ ʚ ʩʦʩʪʘʚ ʮʝʤʝʥʪʥʳʭ ʢʦʤʧʦʟʠʮʠʡ 

ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʧʨʦʮʝʩʩʦʤ 

ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʥʘ ʤʠʢʨʦʫʨʦʚʥʝ. 

ʄʠʢʨʦʥʘʧʦʣʥʠʪʝʣʠ ʚʳʧʦʣʥʷʶʪ ʬʫʥʢʮʠʶ ʮʝʥʪʨʦʚ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʦʜʫʢʪʦʚ ʛʠʜʨʘʪʘʮʠʠ, 

ʩʧʦʩʦʙʩʪʚʫʷ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ 

ʥʦʚʦʦʙʨʘʟʦʚʘʥʠʡ ʠ ʟʘʧʦʣʥʷʶʪ ʤʠʢʨʦʧʦʨʳ ʚ 

ʮʝʤʝʥʪʥʦʡ ʤʘʪʨʠʮʝ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ 
ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʧʣʦʪʥʝʥʠʶ ʩʪʨʫʢʪʫʨʳ 

ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʠ ʫʣʫʯʰʝʥʠʶ ʝʛʦ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ.  

ɺ ʨʘʤʢʘʭ ʨʝʘʣʠʟʘʮʠʠ ʜʦʣʛʦʩʨʦʯʥʳʭ ʧʣʘʥʦʚ ʧʦ 

ʨʘʟʨʘʙʦʪʢʝ ʨʝʩʫʨʩʦʩʙʝʨʝʛʘʶʱʠʭ ʪʝʭʥʦʣʦʛʠʡ 

ʮʝʤʝʥʪʥʳʭ ʙʝʪʦʥʦʚ, ʦʩʦʙʫʶ ʘʢʪʫʘʣʴʥʦʩʪʴ 

ʧʨʠʦʙʨʝʪʘʶʪ ʚʦʧʨʦʩʳ ʠʟʫʯʝʥʠʷ ʩʦʚʤʝʩʪʥʦʛʦ 

ʚʣʠʷʥʠʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʠ 

ʭʠʤʠʯʝʩʢʠʭ ʜʦʙʘʚʦʢ-ʤʦʜʠʬʠʢʘʪʦʨʦʚ [1-3].  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʇ. ʂʫʤʘʨʘ ʄʝʭʪʳ (P.K. Mehta) ʠ 

ʇ. ʄʦʥʪʝʡʨʦ (P. Monteiro) ʟʘʣʦʞʠʣʠ ʬʫʥʜʘʤʝʥʪ 
ʧʦʥʠʤʘʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʙʝʪʦʥʘ ʠ ʨʦʣʠ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʭ 

ʜʦʙʘʚʦʢ ʚ ʧʦʚʳʰʝʥʠʠ ʝʛʦ ʜʦʣʛʦʚʝʯʥʦʩʪʠ [4]. ɺ 

ʨʘʙʦʪʘʭ ʂ. ʉʢʨʠʚʝʥʝʨʘ (K. Scrivener) ʠ ɹ. 

ʃʦʪʝʥʙʘʭʘ (B. Lothenbach) ʧʦʜʨʦʙʥʦ ʠʟʫʯʝʥʳ 

ʧʨʦʮʝʩʩʳ ʛʠʜʨʘʪʘʮʠʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ 

ʚʷʞʫʱʠʭ ʠ ʚʣʠʷʥʠʝ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʥʘ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ [5]. 

ʊʘʢʞʝ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ 

ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʭ ʙʝʪʦʥʦʚ ʚʥʝʩ ʇ.ʂ. ʕʡʪʯʠʥ 

(P.C. Aitcin), ʦʙʦʩʥʦʚʘʚʰʠʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʦʚ 
ʠ ʤʠʢʨʦʢʨʝʤʥʝʟʝʤʘ [6-8].  

ʅʝʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚʦʧʨʦʩʳ ʩʦʚʤʝʩʪʥʦʛʦ ʚʣʠʷʥʠʷ 

ʤʠʢʨʦʢʨʝʤʥʝʟʝʤʘ ʠ ʠʟʚʝʩʪʥʷʢʦʚʦʡ ʤʫʢʠ ʥʘ 

ʧʨʦʮʝʩʩʳ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʮʝʤʝʥʪʥʦʛʦ 

ʢʘʤʥʷ ʚ ʫʩʣʦʚʠʷʭ ʩʫʭʦʛʦ ʞʘʨʢʦʛʦ ʢʣʠʤʘʪʘ 

ʦʩʪʘʶʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʦ ʠʟʫʯʝʥʥʳʤʠ. ʆʩʦʙʝʥʥʦ 

ʘʢʪʫʘʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʦʚ 

ʫʧʣʦʪʥʝʥʠʷ ʮʝʤʝʥʪʥʦʡ ʤʘʪʨʠʮʳ ʧʨʠ ʥʠʟʢʦʤ 

ʚʦʜʦʮʝʤʝʥʪʥʦʤ ʦʪʥʦʰʝʥʠʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 
ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʩʦʟʜʘʥʠʶ ʚʳʩʦʢʦʧʨʦʯʥʦʛʦ 

ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ. ʇʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʩʠʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʦʚ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʠ 

ʙʠʥʘʨʥʳʭ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʜʦʩʪʠʯʴ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʫʧʘʢʦʚʢʠ ʯʘʩʪʠʮ ʥʘ 
ʤʠʢʨʦʫʨʦʚʥʝ ʠ ʦʙʝʩʧʝʯʠʪʴ ʪʨʝʙʫʝʤʫʶ 

ʜʦʣʛʦʚʝʯʥʦʩʪʴ ʢʦʥʩʪʨʫʢʮʠʡ. 

ʎʝʣʴʶ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ 

ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʥʘ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʧʣʦʪʥʦʩʪʠ ʠ 

ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ, ʘ 

ʪʘʢʞʝ ʦʙʦʩʥʦʚʘʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʭ ʧʨʠʤʝʥʝʥʠʷ 

ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʩʪʨʦʠʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʦʚʦʛʦ 

ʧʦʢʦʣʝʥʠʷ.  

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʫʩʪʘʥʦʚʣʝʥʠʠ ʤʝʭʘʥʠʟʤʘ ʩʦʚʤʝʩʪʥʦʛʦ ʚʣʠʷʥʠʷ 

ʙʠʥʘʨʥʳʭ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʠ 
ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʦʚ ʥʘ ʧʨʦʮʝʩʩʳ ʫʧʣʦʪʥʝʥʠʷ 

ʮʝʤʝʥʪʥʦʡ ʤʘʪʨʠʮʳ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʦʪʥʦʡ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ. 

2. ʄɸʊɽʈʀɸʃʓ ʀ ʄɽʊʆɼʓ 

ʀʉʉʃɽɼʆɺɸʅʀʗ 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʙʳʣʠ ʚʳʙʨʘʥʳ ʤʘʪʝʨʠʘʣʳ, ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʳʝ ʚ 

ʩʪʨʦʠʪʝʣʴʥʦʡ ʠʥʜʫʩʪʨʠʠ ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ, 

ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʘʢʪʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ 
ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ.  

ʎʝʤʝʥʪ: ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʚʷʞʫʱʝʛʦ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʦʨʪʣʘʥʜʮʝʤʝʥʪ ʤʘʨʢʠ ʇʎ 400-ɼ20 

ʧʨʦʠʟʚʦʜʩʪʚʘ ɸʆ çɹʝʢʘʙʘʜʮʝʤʝʥʪè 

(ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ɻʆʉʊ 10178). ʍʠʤʠʯʝʩʢʠʡ 

ʩʦʩʪʘʚ ʮʝʤʝʥʪʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʦʜʝʨʞʘʥʠʝʤ 

ʦʩʥʦʚʥʳʭ ʦʢʩʠʜʦʚ: CaO (62-65%), SiO2 (20-22%), 

Al 2O3 (4-6%) ʠ Fe2O3 (2-4%). ʋʜʝʣʴʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʮʝʤʝʥʪʘ ʩʦʩʪʘʚʣʷʣʘ 3000-3200 ʩʤĮ/ʛ.  

ʄʠʢʨʦʥʘʧʦʣʥʠʪʝʣʠ: 

¶ ʄʠʢʨʦʢʨʝʤʥʝʟʝʤ: ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʡ 
ʤʘʪʝʨʠʘʣ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʘʤʦʨʬʥʦʛʦ SiO2 ʥʝ ʤʝʥʝʝ 

90%, ʦʙʣʘʜʘʶʱʠʡ ʚʳʩʦʢʦʡ ʧʫʮʮʦʣʘʥʦʚʦʡ 

ʘʢʪʠʚʥʦʩʪʴʶ. 

¶ ʀʟʚʝʩʪʥʷʢʦʚʘʷ ʤʫʢʘ (ʤʠʢʨʦʢʘʣʴʮʠʪ): 

ʪʦʥʢʦʤʦʣʦʪʳʡ ʢʘʨʙʦʥʘʪ ʢʘʣʴʮʠʷ, ʠʩʧʦʣʴʟʫʝʤʳʡ 

ʜʣʷ ʫʧʣʦʪʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʫʩʢʦʨʝʥʠʷ ʧʨʦʮʝʩʩʦʚ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʛʠʜʨʘʪʥʳʭ ʬʘʟ.  

¶ ʄʠʥʝʨʘʣʴʥʳʝ ʧʦʨʦʰʢʠ: ʧʦʣʫʯʝʥʥʳʝ 

ʧʫʪʝʤ ʪʦʥʢʦʛʦ ʠʟʤʝʣʴʯʝʥʠʷ ʤʝʩʪʥʳʭ ʛʦʨʥʳʭ 

ʧʦʨʦʜ ʜʦ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 4500-5000 ʩʤĮ/ʛ.  

ʆʩʥʦʚʥʳʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʡ ʩʦʩʪʘʚ 
ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 1. 

ʊʘʙʣʠʮʘ 1 

 ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʄʘʪʝʨʠʘʣ 
ʋʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ, 

ʩʤĮ/ʛ 

ʇʣʦʪʥʦʩʪʴ, 

ʛ/ʩʤį 

ʆʩʥʦʚʥʦʡ 

ʢʦʤʧʦʥʝʥʪ 

ʇʦʨʪʣʘʥʜʮʝʤʝʥʪ ʇʎ 400 3100 3,12 ʉʘʆ, SiO 

ʄʠʢʨʦʢʨʝʤʥʝʟʝʤ 18500 2,20 SiO (ʘʤʦʨʬʥʳʡ) 

ʀʟʚʝʩʪʥʷʢʦʚʘʷ ʤʫʢʘ 4200 2,65 CaCO 
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ɼʣʷ ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ 

ʩʚʦʡʩʪʚʘ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʙʳʣʠ ʧʦʜʛʦʪʦʚʣʝʥʳ 
ʩʝʨʠʠ ʦʙʨʘʟʮʦʚ ʩ ʨʘʟʣʠʯʥʳʤ ʧʨʦʮʝʥʪʥʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ. ɺ ʭʦʜʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʩʦʜʝʨʞʘʥʠʝ 

ʤʠʢʨʦʢʨʝʤʥʝʟʝʤʘ ʚ ʧʨʝʜʝʣʘʭ 5ï10%, ʠ 

ʠʟʚʝʩʪʥʷʢʦʚʦʡ ʤʫʢʠ 10ï20% ʦʪ ʤʘʩʩʳ ʮʝʤʝʥʪʘ.  

ʇʨʦʮʝʩʩ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʩʤʝʩʝʡ ʚʢʣʶʯʘʣ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʩʫʭʦʝ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʮʝʤʝʥʪʘ ʩ 

ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʷʤʠ ʚ ʪʝʯʝʥʠʝ 3 ʤʠʥʫʪ ʜʣʷ 

ʜʦʩʪʠʞʝʥʠʷ ʛʦʤʦʛʝʥʥʦʩʪʠ ʩʦʩʪʘʚʘ. ɿʘʪʝʤ 

ʚʚʦʜʠʣʘʩʴ ʚʦʜʘ ʟʘʪʚʦʨʝʥʠʷ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʨʘʩʪʚʦʨʝʥʥʳʤ ʚ ʥʝʡ ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʦʤ ʥʘ 

ʧʦʣʠʢʘʨʙʦʢʩʠʣʘʪʥʦʡ ʦʩʥʦʚʝ. ʇʝʨʝʤʝʰʠʚʘʥʠʝ 
ʧʨʦʜʦʣʞʘʣʦʩʴ ʜʦ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʨʦʜʥʦʡ ʤʘʩʩʳ ʩ 

ʟʘʜʘʥʥʦʡ ʧʦʜʚʠʞʥʦʩʪʴʶ. ɺʦʜʦʮʝʤʝʥʪʥʦʝ 

ʦʪʥʦʰʝʥʠʝ ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʩʪʘʚʦʚ ʩʦʩʪʘʚʣʷʣʦ 

0,32ï0,35. 

ʀʟ ʧʨʠʛʦʪʦʚʣʝʥʥʦʡ ʩʤʝʩʠ ʬʦʨʤʦʚʘʣʠʩʴ 

ʦʙʨʘʟʮʳ-ʢʫʙʳ ʨʘʟʤʝʨʦʤ 70,7ʭ70,7ʭ70,7 ʤʤ. 

ʋʧʣʦʪʥʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʩʪʘʥʜʘʨʪʥʦʡ 

ʚʠʙʨʦʧʣʦʱʘʜʢʝ ʚ ʪʝʯʝʥʠʝ 30ï60 ʩʝʢʫʥʜ. ʆʙʨʘʟʮʳ 

ʚʳʜʝʨʞʠʚʘʣʠʩʴ ʚ ʬʦʨʤʘʭ ʚ ʪʝʯʝʥʠʝ 24 ʯʘʩʦʚ, ʧʦʩʣʝ 

ʯʝʛʦ ʧʦʜʚʝʨʛʘʣʠʩʴ ʨʘʩʧʘʣʫʙʢʝ ʠ ʧʦʤʝʱʘʣʠʩʴ ʚ 

ʢʘʤʝʨʫ ʥʦʨʤʘʣʴʥʦʛʦ ʪʚʝʨʜʝʥʠʷ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 
20Ñ2ÁC ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʚʣʘʞʥʦʩʪʴʶ ʚʦʟʜʫʭʘ ʥʝ 

ʤʝʥʝʝ 95%.  

ʍʠʤʠʯʝʩʢʠʝ ʜʦʙʘʚʢʠ 

(ʉʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʳ): ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʪʨʝʙʫʝʤʦʡ ʧʦʜʚʠʞʥʦʩʪʠ ʙʝʪʦʥʥʦʡ ʩʤʝʩʠ ʧʨʠ 

ʥʠʟʢʦʤ ʚʦʜʦʮʝʤʝʥʪʥʦʤ ʦʪʥʦʰʝʥʠʠ (ɺ/ʎ) 

ʧʨʠʤʝʥʷʣʠʩʴ ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʳ ʥʘ 

ʧʦʣʠʢʘʨʙʦʢʩʠʣʘʪʥʦʡ ʦʩʥʦʚʝ Glenium ACE 430. 

ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʣʦʩʴ ʠʟʫʯʝʥʠʶ 

ʘʜʩʦʨʙʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 
ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʘ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʜʦʟʠʨʦʚʘʥʠʝ ʜʦʙʘʚʢʠ ʚ ʧʨʝʜʝʣʘʭ 0,8-1,2% ʦʪ ʤʘʩʩʳ 

ʚʷʞʫʱʝʛʦ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʨʘʩʧʨʝʜʝʣʷʪʴ 

ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʝ ʯʘʩʪʠʮʳ ʚ ʦʙʲʝʤʝ ʮʝʤʝʥʪʥʦʛʦ 

ʪʝʩʪʘ, ʧʨʝʜʦʪʚʨʘʱʘʷ ʠʭ ʬʣʦʢʫʣʷʮʠʶ (ʩʣʠʧʘʥʠʝ).  

ʄʝʪʦʜʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘ: ʀʟʛʦʪʦʚʣʝʥʠʝ 

ʦʙʨʘʟʮʦʚ-ʢʫʙʦʚ ʨʘʟʤʝʨʦʤ 70,7ʭ70,7ʭ70,7 ʤʤ 

ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʜʝʡʩʪʚʫʶʱʠʤʠ 

ʩʪʘʥʜʘʨʪʘʤʠ. ɼʣʷ ʢʘʞʜʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʩʦʩʪʘʚʘ ʠʟʛʦʪʘʚʣʠʚʘʣʦʩʴ ʥʝ ʤʝʥʝʝ ʪʨʝʭ ʦʙʨʘʟʮʦʚ. 

ʀʩʧʳʪʘʥʠʷ ʥʘ ʧʨʦʯʥʦʩʪʴ ʧʨʠ ʩʞʘʪʠʠ ʚʳʧʦʣʥʷʣʠʩʴ 
ʚ ʚʦʟʨʘʩʪʝ 3, 7, 28 ʩʫʪʦʢ, ʘ ʪʘʢʞʝ ʚ ʨʘʤʢʘʭ 

ʜʦʣʛʦʩʨʦʯʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʜʦ 24 ʤʝʩʷʮʝʚ. 

ʀʟʫʯʝʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ 

ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ 

ʘʥʘʣʠʟʘ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ Tescan Vega 3 ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ Ĭ2000. 

 

3. ʈɽɿʋʃʔʊɸʊʓ ʀ ʆɹʉʋɾɼɽʅʀɽ 

ɺ ʭʦʜʝ ʧʨʦʚʝʜʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʘʥʥʳʝ ʦ ʚʣʠʷʥʠʠ 

ʢʦʤʧʣʝʢʩʥʳʭ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʥʘ ʧʨʦʯʥʦʩʪʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʚ ʨʘʟʣʠʯʥʳʝ 

ʩʨʦʢʠ ʪʚʝʨʜʝʥʠʷ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʠʩʧʳʪʘʥʠʡ ʥʘ ʩʞʘʪʠʝ ʜʣʷ ʢʦʥʪʨʦʣʴʥʳʭ ʠ 
ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 2. 

ʇʨʦʛʥʦʟʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʦʯʥʦʩʪʠ, ʧʦʣʫʯʝʥʥʳ 

ʤʝʪʦʜʦʤ ʵʢʩʪʨʘʧʦʣʷʮʠʠ. 

ʊʘʙʣʠʮʘ 2 

ʇʦʢʘʟʘʪʝʣʠ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ (ʄʇʘ) 

ʉʨʦʢ ʪʚʝʨʜʝʥʠʷ 
ʂʦʥʪʨʦʣʴʥʳʡ 

ʩʦʩʪʘʚ (ʇʎ 400) 

ʄʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ 

ʩʦʩʪʘʚ (ʎ + ʄʂ + ʉʇ) 

ʇʨʠʨʦʩʪ ʧʨʦʯʥʦʩʪʠ 

(%)  

3 ʩʫʪʦʢ 18,5 23,2 +25% 

7 ʩʫʪʦʢ 28,4 36,5 +28% 

28 ʩʫʪʦʢ 42,5 56,8 +33% 

6 ʤʝʩʷʮʝʚ (ʧʨʦʛʥʦʟ) 48,2 64,5 +34% 

 ʇʦʛʨʝʰʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʟʤʝʨʝʥʠʡ ʥʝ ʧʨʝʚʳʰʘʣʘ 5 %, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ.  

ɼʣʷ ʥʘʛʣʷʜʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʥʘʙʦʨʘ ʧʨʦʯʥʦʩʪʠ ʠ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ 

ʜʠʥʘʤʠʢʠ ʪʚʝʨʜʝʥʠʷ ʙʠʥʘʨʥʳʭ ʩʠʩʪʝʤ ʙʳʣʘ 

ʧʦʩʪʨʦʝʥʘ ʛʠʩʪʦʛʨʘʤʤʘ (ʨʠʩ. 1) 

ɸʥʘʣʠʟ ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 
ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʯʥʦʩʪʠ ʥʘ 

ʩʞʘʪʠʝ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʩʨʦʢʠ ʦʪ 3 ʩʫʪʦʢ ʜʦ 24 

ʤʝʩʷʮʝʚ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʦʮʝʥʠʪʴ ʢʘʢ ʨʘʥʥʶʶ 

ʧʨʦʯʥʦʩʪʴ, ʪʘʢ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʴ ʙʠʥʘʨʥʳʭ ʩʠʩʪʝʤ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʨʘʟʮʳ ʩ ʢʦʤʧʣʝʢʩʥʳʤʠ 

ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʷʤʠ (ʤʠʢʨʦʢʨʝʤʥʝʟʝʤ + 

ʠʟʚʝʩʪʥʷʢʦʚʘʷ ʤʫʢʘ) ʧʦʢʘʟʳʚʘʶʪ ʩʪʘʙʠʣʴʥʳʡ ʨʦʩʪ 

ʧʨʦʯʥʦʩʪʠ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ.  

¶ ɺ ʨʘʥʥʠʝ ʩʨʦʢʠ (3-7 ʩʫʪʦʢ) ʧʨʦʯʥʦʩʪʴ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʚʳʰʝ ʢʦʥʪʨʦʣʴʥʳʭ 

ʥʘ 15-20%, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʫʩʢʦʨʝʥʠʝʤ 

ʛʠʜʨʘʪʘʮʠʠ ʤʠʥʝʨʘʣʦʚ ʮʝʤʝʥʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ.  

¶ ʂ 28 ʩʫʪʢʘʤ ʧʨʠʨʦʩʪ ʧʨʦʯʥʦʩʪʠ ʜʦʩʪʠʛʘʝʪ 
30-35% ʧʨʠ ʦʧʪʠʤʘʣʴʥʦʡ ʜʦʟʠʨʦʚʢʝ 

ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʘ.  

¶ ʇʨʦʛʥʦʟʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʩʦʛʣʘʩʥʦ 24-

ʤʝʩʷʯʥʦʤʫ ʧʣʘʥʫ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʢʘʟʳʚʘʶʪ ʥʘ 

ʩʦʭʨʘʥʝʥʠʝ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʜʠʥʘʤʠʢʠ ʙʝʟ 

ʧʨʠʟʥʘʢʦʚ ʜʝʩʪʨʫʢʮʠʠ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʚʳʩʦʢʫʶ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ.  
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ʇʦʤʠʤʦ ʧʨʦʯʥʦʩʪʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ, ʚʚʝʜʝʥʠʝ 

ʢʦʤʧʣʝʢʩʥʳʭ ʜʦʙʘʚʦʢ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ 
ʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʘ. 

ʉʨʘʚʥʠʪʝʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʧʣʦʪʥʦʩʪʠ, 

ʚʦʜʦʧʦʛʣʦʱʝʥʠʶ ʠ ʧʦʨʠʩʪʦʩʪʠ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 
3.

ʈʠʩ. 1. ɺʣʠʷʥʠʝ ʢʦʤʧʣʝʢʩʥʦʛʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʥʘ ʜʠʥʘʤʠʢʫ ʥʘʙʦʨʘ ʧʨʦʯʥʦʩʪʠ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ 

 
ʊʘʙʣʠʮʘ 3 

ɺʣʠʷʥʠʝ ʢʦʤʧʣʝʢʩʥʳʭ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʥʘ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ 

ʉʦʩʪʘʚ ʇʣʦʪʥʦʩʪʴ, ʢʛ/ʤį ɺʦʜʦʧʦʛʣʦʱʝʥʠʝ, %  ʇʦʨʠʩʪʦʩʪʴ, %  

ʂʦʥʪʨʦʣʴʥʳʡ 2150 5,8 14,5 

ʉ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʷʤʠ 2310 3,1 9,2 

ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʟʫʯʝʥʠʝ 

ʚʣʠʷʥʠʷ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ 

ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ. ʄʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʚʚʝʜʝʥʠʝ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʭ ʜʦʙʘʚʦʢ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʧʣʦʪʥʝʥʠʶ 

ʤʘʪʨʠʮʳ. ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʩʢʦʣʘ ʦʙʨʘʟʮʦʚ, 

ʧʦʜʪʚʝʨʞʜʘʶʱʠʝ ʟʘʧʦʣʥʝʥʠʝ ʢʘʧʠʣʣʷʨʥʳʭ ʧʦʨ 

ʧʨʦʜʫʢʪʘʤʠ ʛʠʜʨʘʪʘʮʠʠ ʠ ʯʘʩʪʠʮʘʤʠ 

ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ. 

ʘ) 

ʂʦʥʪʨʦʣʴʥʳʡ ʦʙʨʘʟʝʮ 

ʙ) 

ʄʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʦʙʨʘʟʝʮ 

ʈʠʩ. 2. ʉʕʄ-ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʩʪʨʫʢʪʫʨʳ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ Ĭ2000 (ʤʘʩʰʪʘʙ 10 

ɛm) 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʉʕʄ-ʘʥʘʣʠʟʘ ʙʳʣʘ 

ʧʨʝʜʣʦʞʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʫʧʣʦʪʥʝʥʠʷ 
ʮʝʤʝʥʪʥʦʡ ʤʘʪʨʠʮʳ. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ (ʨʠʩ.3) ʥʘʛʣʷʜʥʦ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʤʝʭʘʥʠʟʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʩ ʮʝʤʝʥʪʥʳʤʠ ʟʝʨʥʘʤʠ, ʛʜʝ 

ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʝ ʯʘʩʪʠʮʳ ʵʬʬʝʢʪʠʚʥʦ 
ʟʘʧʦʣʥʷʶʪ ʤʝʞʟʝʨʥʦʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ, ʩʦʟʜʘʚʘʷ 

ʧʣʦʪʥʳʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʢʘʨʢʘʩ. 
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ʈʠʩ. 3. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʫʧʣʦʪʥʝʥʠʷ ʮʝʤʝʥʪʥʦʡ ʤʘʪʨʠʮʳ ʧʨʠ ʚʚʝʜʝʥʠʠ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ 

ʀʟʫʯʝʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ 

ʤʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

(ʉʕʄ) ʚʳʷʚʠʣʦ ʢʘʯʝʩʪʚʝʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ 

ʩʪʨʦʝʥʠʠ ʤʘʪʨʠʮʳ. ɺ ʢʦʥʪʨʦʣʴʥʳʭ ʦʙʨʘʟʮʘʭ 

ʥʘʙʣʶʜʘʝʪʩʷ ʥʘʣʠʯʠʝ ʢʘʧʠʣʣʷʨʥʳʭ ʧʦʨ ʠ 

ʬʨʘʛʤʝʥʪʘʨʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʨʠʩʪʘʣʣʦʚ 

ʛʠʜʨʦʩʠʣʠʢʘʪʘ ʢʘʣʴʮʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʚʚʝʜʝʥʠʝ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʩʧʦʩʦʙʩʪʚʫʝʪ ʙʦʣʝʝ 
ʠʥʪʝʥʩʠʚʥʦʤʫ ʦʙʨʘʟʦʚʘʥʠʶ ʥʠʟʢʦʦʩʥʦʚʥʳʭ 

ʛʠʜʨʦʩʠʣʠʢʘʪʦʚ ʢʘʣʴʮʠʷ (C-S-H), 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʧʦʚʳʰʝʥʠʝ ʧʣʦʪʥʦʩʪʠ 

ʮʝʤʝʥʪʥʦʡ ʤʘʪʨʠʮʳ: 

¶ ʚ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʘʭ 

ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʠ ʵʬʬʝʢʪʠʚʥʦ ʚʳʧʦʣʥʷʶʪ ʨʦʣʴ 

çʤʠʢʨʦʬʠʣʣʝʨʘè, ʧʣʦʪʥʦ ʟʘʧʦʣʥʷʷ ʧʨʦʩʪʨʘʥʩʪʚʦ 

ʤʝʞʜʫ ʟʝʨʥʘʤʠ ʮʝʤʝʥʪʘ; 

¶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ 
ʧʣʦʪʥʦʩʪʴʶ ʠ ʤʠʥʠʤʘʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʤʘʢʨʦʧʦʨ;  

¶ ʧʨʦʜʫʢʪʳ ʛʠʜʨʘʪʘʮʠʠ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʙʦʣʝʝ 
ʢʦʤʧʘʢʪʥʦ, ʬʦʨʤʠʨʫʝʪʩʷ ʙʦʣʝʝ ʧʣʦʪʥʘʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʛʠʜʨʦʩʠʣʠʢʘʪʦʚ 

ʢʘʣʴʮʠʷ (C-S-H).  

 ʇʣʦʪʥʦʩʪʴ ʠ ʚʦʜʦʧʦʛʣʦʱʝʥʠʝ. 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʟʘʧʦʣʥʝʥʠʷ ʧʦʨ ʚ ʮʝʤʝʥʪʥʦʡ 

ʤʘʪʨʠʮʝ ʥʘʧʨʷʤʫʶ ʦʪʨʘʟʠʣʘʩʴ ʥʘ ʬʠʟʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚʘʭ ʢʘʤʥʷ.  

¶ ʇʣʦʪʥʦʩʪʴ: ʚʚʝʜʝʥʠʝ ʢʦʤʧʣʝʢʩʥʳʭ 

ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʧʦʟʚʦʣʠʣʦ ʧʦʚʳʩʠʪʴ 

ʩʨʝʜʥʶʶ ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʥʘ 5-8% (ʩ 2150 ʜʦ 
2310 ʢʛ/ʤį).  

¶ ɺʦʜʦʧʦʛʣʦʱʝʥʠʝ: ʙʣʘʛʦʜʘʨʷ ʧʝʨʝʢʨʳʪʠʶ 

ʢʘʧʠʣʣʷʨʥʳʭ ʢʘʥʘʣʦʚ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʤʠ 

ʯʘʩʪʠʮʘʤʠ, ʧʦʢʘʟʘʪʝʣʴ ʚʦʜʦʧʦʛʣʦʱʝʥʠʷ ʩʥʠʟʠʣʩʷ 

ʩ 5,8% ʜʦ 3,1%.  

ʀʩʩʣʝʜʦʚʘʥʠʷʤʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʤʧʣʝʢʩʥʦʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʠʢʨʦʢʨʝʤʥʝʟʝʤʘ ʠ ʠʟʚʝʩʪʥʷʢʦʚʦʡ 

ʤʫʢʠ ʥʝ ʪʦʣʴʢʦ ʫʧʨʦʯʥʷʝʪ ʤʘʪʝʨʠʘʣ, ʥʦ ʠ 

ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ ʝʛʦ ʩʦʧʨʦʪʠʚʣʷʝʤʦʩʪʴ 

ʘʛʨʝʩʩʠʚʥʳʤ ʚʦʟʜʝʡʩʪʚʠʷʤ ʚʥʝʰʥʝʡ ʩʨʝʜʳ, ʯʪʦ 

ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʦʦʨʫʞʝʥʠʡ 

(ʥʘʧʨʠʤʝʨ, ʵʩʪʘʢʘʜ ʤʝʪʨʦ). 
 

 

 

4. ɿɸʂʃʖʏɽʅʀɽ 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʦʚʝʜʝʥʥʳʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ 
ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠʷ 

ʢʦʤʧʣʝʢʩʥʳʭ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʥʘ ʩʚʦʡʩʪʚʘ 

ʮʝʤʝʥʪʥʳʭ ʩʠʩʪʝʤ ʩʬʦʨʤʠʨʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ 

ʚʳʚʦʜʳ: 

1. ʇʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ: 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʢʦʤʧʣʝʢʩʥʳʭ 

ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʠ ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʦʚ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʮʝʤʝʥʪʥʦʛʦ 

ʢʘʤʥʷ ʥʘ 33ï34 % ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʥʪʨʦʣʴʥʳʤʠ 

ʩʦʩʪʘʚʘʤʠ. 

2. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ: 
ʄʝʪʦʜʘʤʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ 

ʧʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʠ 

ʵʬʬʝʢʪʠʚʥʦ ʚʳʧʦʣʥʷʶʪ ʨʦʣʴ çʤʠʢʨʦʬʠʣʣʝʨʘè, 

ʧʣʦʪʥʦ ʟʘʧʦʣʥʷʷ ʤʝʞʟʝʨʥʦʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ 

ʮʝʤʝʥʪʥʦʡ ʤʘʪʨʠʮʳ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ 

ʦʙʱʝʡ ʧʦʨʠʩʪʦʩʪʠ ʩ 14,5% ʜʦ 9,2% ʠ 

ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʧʣʦʪʥʝʥʠʶ ʩʪʨʫʢʪʫʨʳ, ʯʪʦ 

ʥʘʧʨʷʤʫʶ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʨʦʩʪʦʤ ʧʨʦʯʥʦʩʪʠ ʠ 

ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ.  

3. ʈʝʩʫʨʩʦʩʙʝʨʝʞʝʥʠʝ ʠ ʵʢʦʥʦʤʠʯʝʩʢʘʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ: ʇʨʠʤʝʥʝʥʠʝ ʨʘʟʨʘʙʦʪʘʥʥʳʭ 

ʩʦʩʪʘʚʦʚ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʤ ʩ ʪʦʯʢʠ 
ʟʨʝʥʠʷ ʨʝʩʫʨʩʦʩʙʝʨʝʞʝʥʠʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʤʝʩʪʥʳʭ ʤʠʥʝʨʘʣʴʥʳʭ ʜʦʙʘʚʦʢ ʠ ʦʪʭʦʜʦʚ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʫʜʝʣʴʥʳʡ ʨʘʩʭʦʜ 

ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ ʢʣʠʥʢʝʨʥʦʛʦ ʮʝʤʝʥʪʘ ʙʝʟ ʧʦʪʝʨʠ 

ʢʘʯʝʩʪʚʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʙʝʪʦʥʘ. ɼʘʥʥʳʡ 

ʧʦʜʭʦʜ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʥʠʞʝʥʠʶ ʩʝʙʝʩʪʦʠʤʦʩʪʠ 

ʩʪʨʦʠʪʝʣʴʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʠ ʫʤʝʥʴʰʝʥʠʶ 

ʵʢʦʣʦʛʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʠ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ 

ʩʪʨʦʠʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ.  

4. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ: ʇʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʨʝʢʦʤʝʥʜʫʶʪʩʷ ʜʣʷ ʚʥʝʜʨʝʥʠʷ ʧʨʠ 
ʧʨʦʠʟʚʦʜʩʪʚʝ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʙʝʪʦʥʦʚ ʜʣʷ 

ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʪʨʦʠʪʝʣʴʩʪʚʘ, ʚ ʯʘʩʪʥʦʩʪʠ ʜʣʷ 

ʵʣʝʤʝʥʪʦʚ ʵʩʪʘʢʘʜ ʤʝʪʨʦʧʦʣʠʪʝʥʘ ʠ ʤʦʩʪʦʚʳʭ 

ʢʦʥʩʪʨʫʢʮʠʡ, ʵʢʩʧʣʫʘʪʠʨʫʝʤʳʭ ʚ ʫʩʣʦʚʠʷʭ ʩʫʭʦʛʦ 

ʠ ʞʘʨʢʦʛʦ ʢʣʠʤʘʪʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʤʝʥʝʥʠʝ ʢʦʤʧʣʝʢʩʥʳʭ 

ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʟʨʘʙʦʪʢʠ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʠ 
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ʜʦʣʛʦʚʝʯʥʳʭ ʮʝʤʝʥʪʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʥʦʚʦʛʦ 

ʧʦʢʦʣʝʥʠʷ. 
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Design-Based Assessment of Hybrid Thermal-Insulating Dry Plaster 

Mortars for Aerated Concrete Walls in Aral Sea Region Conditions 

A. Ismaylova1 a 
1Urgench State University, Khorezm, Uzbekistan 

Abstract The paper presents a design-based assessment of thermal-insulating dry plaster mortars intended for 
aerated concrete and other porous wall materials under the dry, windy and salt-aerosol affected 
conditions of the Aral Sea region. The study focuses on the simultaneous compatibility of the plaster 
layer with the porous substrate in terms of thermal resistance, vapour permeability, capillary water 
absorption, adhesion and crack resistance. Five mortar variants were compared: a reference cement-
sand plaster, perlite-based and vermiculite-based lightweight plasters, a hollow-microsphere 
modified plaster and a hybrid perlite-vermiculite-microsphere composition. A multi-criteria 

approach was used to evaluate the balance between low thermal conductivity, sufficient 
compressive strength, low water absorption and vapour-open behaviour. The calculated screening 
indicators show that the hybrid composition can reduce thermal conductivity to 0.116 W/(mĿK), 
decrease capillary water absorption to 0.26 kg/(mĮĿh Ŀ ), and maintain adequate adhesion to aerated 
concrete. The results confirm that the best solution is not the composition with the lowest density 
alone, but the one that combines closed and open pore systems with a compatible lime-cement 
matrix and hydrophobic modification. A minimal laboratory testing program is proposed for further 
verification before pilot application. 

Keywords: Aerated concrete, dry plaster mortar, thermal insulation, perlite, vermiculite, hollow microspheres, 

vapour permeability, capillary water absorption, Aral Sea region, salt aerosol, multi-criteria 
assessment 

 

1. INTRODUCTION  
 
Aerated concrete is widely used in energy-efficient 

wall systems because its cellular structure reduces 

density and improves the thermal performance of 

building envelopes. However, the same porous 

structure also makes the material sensitive to 

capillary suction, vapour accumulation and surface 

damage when the finishing layer is selected 

incorrectly. In dry continental regions, especially in 
territories affected by dust and salt aerosols, the 

external plaster must not only protect the wall from 

rain and mechanical action but also maintain a safe 

moisture balance inside the wall section. 

Traditional cement-sand plasters are relatively 

dense and strong, but their thermal conductivity is 

high and their deformation compatibility with 

aerated concrete is limited. A hard and low-vapour 

layer can increase the risk of interfacial cracking, 

efflorescence and local detachment. For this reason, 

dry thermal-insulating plaster mortars containing 

lightweight fillers, polymer modifiers, 
hydrophobizing agents and microfibres are 

becoming an important direction for fa­ade systems 

based on aerated concrete blocks. 

The purpose of this paper is to develop and 

compare several thermal-insulating dry plaster 

mortar compositions for porous wall substrates. The 

comparison is based on a multi-criteria framework in 

which thermal insulation, moisture transport and 

 
a  https://orcid.org/0009-0000-4596-0759  

mechanical compatibility are assessed together 

rather than separately. 

 

2. MATERIALS AND METHODS  
 

The designed mortar system contains Portland 

cement, hydrated lime, fine mineral filler, 

lightweight porous fillers, polymer powder, 

cellulose ether, hydrophobizer and dispersed 

microfibres. Expanded perlite and vermiculite were 

selected as open-pore lightweight fillers, while 

hollow mineral microspheres were used as a closed-

pore component. The lime-cement binder was 

chosen to improve vapour openness and reduce 
stiffness compared with a purely cement matrix. 

Five compositions were analysed. M0 is a 

reference cement-sand plaster. M1 and M2 contain 

perlite and vermiculite respectively. M3 contains 

hollow mineral microspheres, and M4 is a hybrid 

composition combining perlite, vermiculite and 

microspheres. The numerical values in the tables 
are design-screening indicators intended for 

formulation selection and laboratory planning. 

The basic thermal and moisture criteria were 

expressed using the following relationships: 

R = d / ɚ                              (1) 

R0 = Rsi + Ɇ(di / ɚi) + Rse         (2) 

sd = ɛ Ŀ d                         (3) 

W = (mt - m0) / (A Ŀ ãt)             (4) 

S = Ɇ wi Ŀ xi                        (5) 

https://orcid.org/0009-0000-4596-0759
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Here R is the thermal resistance of a layer, d is 

the layer thickness, ɚ is the thermal conductivity 
coefficient, R0 is the total thermal resistance of the 

wall section, s_d is the equivalent air layer thickness, 

ɛ is the vapour diffusion resistance factor, W is the 

capillary water absorption coefficient, A is the 

wetted surface area, and S is the integral multi-

criteria score obtained from normalized indicators 

x_i and weights w_i. 

Composition design 

The composition design was aimed at reducing 

density and thermal conductivity while keeping the 

plaster mechanically compatible with an aerated 

concrete substrate. The amount of cellulose ether and 
polymer powder was kept moderate because 

excessive polymer content may reduce vapour 

permeability. The hydrophobizer was increased in 

lightweight compositions to compensate for the 

open-pore structure of perlite and vermiculite. 

Table 1 

Designed compositions of dry thermal-insulating 

plaster mortars 

Comp

onent 
M0 M1 M2 M3 M4 

Portlan

d 

cement

, wt.% 

28.00 25.00 24.50 23.00 22.00 

Hydrat

ed 

lime, 

wt.% 

8.00 9.00 9.00 10.00 9.00 

Fine 
quartz/l

imesto

ne 

filler, 

wt.% 

62.35 46.40 46.00 44.60 38.60 

Expand

ed 

perlite, 
wt.% 

0.00 17.00 0.00 6.00 10.00 

Expand

ed 

vermic

ulite, 

wt.% 

0.00 0.00 18.00 6.00 8.00 

Hollow 

mineral 

micros

pheres, 

wt.% 

0.00 0.00 0.00 7.60 9.40 

Redisp

ersible 

polyme

1.00 1.60 1.50 1.60 1.70 

r 

powder

, wt.% 

Cellulo

se 

ether, 

wt.% 

0.25 0.30 0.30 0.35 0.35 

Organo

silicon 

hydrop
hobizer

, wt.% 

0.20 0.35 0.35 0.45 0.50 

Polypr

opylen

e/basalt 

microfi

bres, 

wt.% 

0.15 0.25 0.25 0.30 0.35 

Air -

entraini

ng 

stabiliz

er, 

wt.% 

0.05 0.10 0.10 0.10 0.10 

Recom

mende

d 

water/d

ry mix 

ratio 

0.2

3 

0.2

9 

0.3

1 

0.2

7 

0.2

8 

Note. The water/dry mix ratio is given for mortar 

preparation and is not included in the 100 wt.% dry 

composition balance. 

Table 2 

Design-screening performance indicators for the 

compared compositions 

Mix  M0 M1 M2 M3 M4 

Densit

y, 

kg/mį 

1340 690 720 640 610 

ɚ, 

W/(mĿ

K)  

0.345 0.153 0.168 0.128 0.116 

ɛ 13 7 8 9 8 

s_d at 

20 

mm, m 

0.26 0.14 0.16 0.18 0.16 

W, 

kg/(mĮ

Ŀh Ŀ ) 

0.52 0.36 0.39 0.30 0.26 

Compr

essive 

strengt

8.2 2.8 3.2 3.8 3.5 
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h, 

MPa 

Adhesi

on, 

MPa 

0.42 0.31 0.34 0.37 0.39 

Shrink

age, 

mm/m 

1.25 0.91 0.86 0.74 0.69 

Score 0.46 0.79 0.77 0.86 0.91 

 
Fig. 1. Relationship between dry density and 

thermal conductivity of the designed mortars 

 
Fig. 2. Moisture-transport indicators used to 

check vapour-open and water-resistant 

behaviour 

 
Fig. 3. Integral multi -criteria score of the 

designed compositions 

 

3. RESULTS AND DISCUSSION 
 
The reference composition M0 has the highest 

density and thermal conductivity. Although it 

provides high compressive strength, the strong and 

dense cement-sand matrix is less favourable for 

aerated concrete because it can restrict vapour 

movement and increase stress at the interface. This 

is confirmed by the highest capillary water 
absorption coefficient and the lowest integral score. 

The perlite and vermiculite compositions reduce 

density by nearly one half compared with M0. Perlite 

gives a lower thermal conductivity than vermiculite 

in the proposed design, while vermiculite slightly 

improves compressive strength. However, both 

materials contain open pores; therefore, the 

hydrophobizer and polymer-cellulose system are 

important to prevent uncontrolled capillary suction. 

The microsphere-modified composition M3 

demonstrates a better balance between low thermal 

conductivity and mechanical resistance. Hollow 
particles create a closed-pore contribution to thermal 

insulation, while the fine mineral matrix keeps 

sufficient adhesion to the substrate. The hybrid 

composition M4 achieved the highest score because 

it combines the thermal efficiency of lightweight 

fillers with lower water absorption and acceptable 

vapour openness. 

For fa­ade use in the Aral Sea region, the most 

important result is the balance between water 

resistance and vapour permeability. A hydrophobic 

but vapour-open plaster reduces rain and aerosol 
solution ingress, while allowing moisture 

accumulated in the wall to dry outward. Such 

compatibility is especially important for aerated 

concrete because its thermal conductivity and 

durability are strongly affected by moisture content. 

Recommended laboratory verification 
Before industrial implementation, the proposed 

compositions should be verified using a minimal but 

complete testing program. The program must 
include thermal, hygric, mechanical and durability 

tests, because a single indicator such as thermal 

conductivity cannot fully describe fa­ade 

performance. 

Table 3 

Recommended minimal testing program for 

plaster compatibility with aerated concrete 

Indicator  Purpose 
Method / 
reference 
direction 

Recommen
ded target 

Thermal 
conductivit

y 

Evaluate 
insulation 
efficiency 

Steady-state 
heat flow 

test; 
comparison 

with EN 
998-1 T 
classes 

Ò0.20 
W/(mĿK), 
preferably 
Ò0.12 
W/(mĿK) 

Compressiv
e strength 

Check 
mechanical 

stability 

Prism 
compressio
n test after 

28 days 

CS I-CS II 
range; 
avoid 

excessive 
stiffness 

Adhesion to 
aerated 
concrete 

Prevent 
delaminatio

n 

Pull-off test 
on prepared 

aerated 
concrete 
blocks 

Ó0.25 MPa 
with 

cohesive or 
mixed 
failure 
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Vapour 
permeabilit

y 

Control 
drying 

capacity 

Vapour 
diffusion 
resistance 
and s_d 

calculation 

s_d Ò0.20 
m at 20 mm 

layer 
thickness 

Capillary 
water 

absorption 

Limit rain 
and salt 
solution 
intake 

Capillary 
uptake test 
on dried 

specimens 

Ò0.40 
kg/(mĮĿh Ŀ ) 

Drying 
shrinkage 

Estimate 
crack risk 

Length-
change 

measureme
nt on prisms 

Ò1.0 mm/m 
for fa­ade 

plaster 

Salt aerosol 
/ wet-dry 

cycles 

Assess Aral 
Sea 

durability 
risk 

Cyclic 
wetting 
with salt 

solution and 
drying 

No visible 
scaling; 

mass loss 
Ò5% 

Freeze-thaw 
resistance 

Check 
seasonal 
durability 

Cyclic 
freezing 

and thawing 
after water 
conditionin

g 

Strength 
loss Ò15% 

and no 
delaminatio

n 

4. CONCLUSION 

A design-based comparative assessment of dry 

thermal-insulating plaster mortars for aerated 

concrete walls was prepared. The results show that 

the optimal fa­ade plaster for porous wall materials 

should be selected using a multi-criteria approach 
that combines thermal conductivity, vapour 

permeability, capillary water absorption, adhesion 

and shrinkage. 

Among the compared compositions, the hybrid 

system M4 showed the best balance of properties. Its 

calculated thermal conductivity was 0.116 W/(mĿK), 

capillary water absorption was 0.26 kg/(mĮĿh Ŀ ), and 

the integral score reached 0.91. The hybrid approach 

is promising because perlite and vermiculite reduce 

density, microspheres add closed-pore insulation, 

and the lime-cement-polymer matrix maintains 
compatibility with aerated concrete. 

The proposed compositions can be used as a 

basis for laboratory trials and pilot production of 

lightweight plaster mortars for dry and salt-aerosol 

affected regions. Further work should focus on real 

specimen testing, cyclic durability assessment and 

optimization of the hydrophobizer dosage under 

local climatic conditions. 
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Visual Determination of Adhesion of Bitum Modified with Defecate with 

Marble Stone 
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1Tashkent State Transport University, Tashkent 

 

Abstract The longevity of asphalt concrete pavements largely depends on the adhesion properties between 
bitumen and mineral aggregates. The insufficient adhesion of the bitumen to the surface of the unit 
leads to coating degradation under the influence of moisture, a decrease in strength, and a reduction 

in service life. Therefore, improving the adhesive properties of bitumen is one of the important 
issues in the field of road construction. In this article, the adhesion properties of grade 50/70 road 
bitumen to marble stone material were studied by modifying it with defective mineral powder, 
which is a sugar refinery waste. During the research, a homogeneous mixture was prepared by 
adding a certain amount of defecate to the bitumen composition, and visual tests were conducted in 
accordance with the requirements of GOST 12801. During the test, the degree of bitumen retention 
on the marble surface was assessed through visual observation.  

Keywords: Road bitumen, defect, adhesion, modification, marble stone, industrial waste 

1. INTRODUCTION   

Bitumen binder is the primary adhesive material for 

road surfaces, which holds the road structure in a 

continuous state and makes the surface of the coating 
waterproof. However, when cracks appear in the 

pavement or water enters the pavement from the 

external environment, the connection between the 

bitumen and the aggregate is disrupted, and the 

bitumen separates from the surface of the aggregate 

[1]. 

By their chemical nature, aggregates can be 

acidic or basic (alkaline). According to Hefer's 

(2005) research, acidic materials form better 

chemical bonds with basic materials, and basic 

materials with acidic materials. To form a strong 

chemical bond in the bitumen-aggregate system, a 
base aggregate such as limestone reacts well with the 

acidic components contained in the bitumen [ 2]. 

Calcium carbonate (CaCO3), present in limestone, 

forms a strong bond with the carboxylic acids in the 

bitumen. Conversely, silicate aggregates have an 

acidic nature, and bitumen is also a weakly acidic 

substance. Therefore, the adhesion strength between 

such aggregates and bitumen is relatively low [3]. 

Nevertheless, under high temperatures and 

mechanical effects, a certain degree of bonding 

between the bitumen and the aggregates can occur. 
However, when water enters the asphalt surface, it 

displaces the bitumen film from the surface of the 

unit. Once this process begins, separation 

accelerates[4]. 

Currently, scientific research is being conducted 

to improve the physical, mechanical, and adhesive 

properties of bitumen to increase the service life of 

 
a  https://orcid.org/0000-0002-2595-288X  
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highway pavements. The efficient use of industrial 

waste is particularly important from both 

environmental and economic perspectives [6]. One 

of the wastes generated in sugar production plants is 

defecate, which contains calcium carbonate, organic 

substances, and fine mineral particles. The use of this 

material as a bitumen modifier allows for the 

improvement of asphalt concrete composition. 

The adhesion of bitumen to mineral material 

determines the water resistance and strength of the 
asphalt concrete. According to GOST 12801, 

adhesion is determined by evaluating the visual 

condition of the surface of the bitumen-coated stone 

material.[5] 

The aim of this study is to visually evaluate the 

adhesion properties of grade 50/70 bitumen with 

marble stone by modifying it with a 5% defect. 

2. RESEARCH METHODOLOGY  

In this experiment, 50/70 bitumen, widely used in 

road construction, was selected as the bitumen 

binder, and one of the wastes generated at sugar 
production enterprisesðdefecateðwas obtained. 

The nature of the chemical composition of the 

selected mineral powder was analyzed separately 

(Table 1). Table 1. Chemical composition of the 

defect. 

Table 1 

Chemical cmposition of the defect 

Component Amount (%) 

N(Nitrogen) 0.2ï0.7 

P O  (Phosphorus) 0.2ï0.9 

K O (Potassium) 0.3ï1.0 

c  https://orcid.org/0009-0002-4922-0744  
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MgO (Magnesium) 0.4ï0.8 

CaCO 80-85 

Marble grain (at least 10 mm) is tied to it with a 

thread or thin wire (diameter not more than 0.5 mm) 

and heated in a drying oven. The heating temperature 

of the crushed stone is 130ï150ÁC for viscous 

bitumens (Fig. 1). After 1 hour of heating, it is 

immersed in bitumen for 15 seconds, then removed 

and hung on a stand to drain excess bitumen. The 

marble stone sample was covered with bitumen with 

a defect of 5% relative to the mass of the prepared 

bitumen (Fig. 2). The samples were tested in a hot 

water environment in accordance with the 

requirements of GOST 12801. Then it is removed 
and immersed in a glass of cold distilled water for 1-

3 minutes to cool and fix the bitumen film remaining 

on the surface of the gravel. The surface of the 

marble grain is checked on a 5-point scale with an 

interval of 0.5 points. After testing, the sample 

surface was visually evaluated according to Table 2. 

 
Fig. 1. 

 
Fig. 2. 

 
Fig. 3. 

Table 2  

The results are evaluated according to the table 

below 

 Properties of bitumen film on 

the surface of gravel Quality 

The film is fully preserved, 

although its thickness may 

decrease in some places. 

5 points 

(very good) 

The film is intact, but has been 

partially detached from sharp 

corners and edges. 

4 points 

(good) 

More than 50 percent of the film 

remains on the surface of the 

stone. 

3 points 

(satisfactory) 

The film is preserved by less than 

50 percent, and individual drops 
of bitumen are observed on the 

exposed surface. 

2 points 

(bad) 

3. RESULTS AND DISCUSSION 

The results of the laboratory tests conducted show 

that the adhesion properties of bitumen modified on 

the basis of defecate (sugar production waste) to the 

surface of mineral materials, particularly marble, are 

significantly higher than those of conventional 

bitumen. 

During observations, it was established that the 

interaction between the modified bitumen and the 

marble stone is stable and durable. The active 
components in the defecate have a positive effect on 

the physicochemical properties of the bitumen, 

increasing its polarity and, as a result, contributing to 

the formation of a strong molecular bond on the 

surface of the mineral material. Under hydrothermal 

and mechanical loads, the main part of the binder 

layer remains intact. This indicates that the process 

of the binder's separation from the mineral surface 

occurs to a very small extent [7]. The experimental 

results also confirmed that almost the entire surface 

of the mineral material is covered with bitumen. 
Only in some cases were very small point 
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separations observed in microzones with sharp edges 

and high surface energy of the crystalline structure. 
Based on the results of visual assessment and current 

standard requirements, it was established that the 

degree of adhesion of the modified bitumen has high 

quality indicators. It can be evaluated as an effective 

material in ensuring the strength and longevity of 

road surfaces, showing significantly superior results 

compared to conventional bitumen. Overall, while 

cases of binder separation are more common in 

conventional bitumen samples, defect-modified 

bitumen demonstrated a high degree of adhesive 

stability and reliability. 

The indicators obtained during the study confirm 
that incorporating the defecate into the bitumen 

composition allows for a fundamental improvement 

in the physical, mechanical, and adhesive properties 

of the binder. Primarily, this is explained by the fact 

that highly dispersed mineral particles in the 

defecate function as active fillers within the bitumen 

dispersion system. In this process, fine dispersed 

particles strengthen the molecular structure of the 

bitumen, forming a stable framework in the 

"bitumen-filler" system, which in turn increases the 

ability of the binder to moisten the surface of the 
mineral material. 

At the same time, calcium compounds and other 

active components in the defecate chemically 

interact with the asphaltene and resin fractions of the 

bitumen, ensuring thermodynamic stability in the 

boundary layer between the mineral material and the 

binder. As a result of such a complex action, the 

water resistance of the asphalt concrete pavement 

increases, and the risk of bitumen film detachment 

during operation is significantly reduced. 

From an economic and environmental 

perspective, the use of industrial waste defecate as a 
modifier serves as an effective alternative to 

expensive artificial additives while optimizing the 

consumption of pure bitumen. Most importantly, this 

method of disposal creates a foundation for 

mitigating the negative impact of sugar industry 

waste on the environment and developing waste-free 

technologies based on the principles of the "green 

economy." In conclusion, composite materials based 

on defecate-modified bitumen are a promising 

direction in road construction, ensuring high 

operational efficiency. 

4. CONCLUSION 

As a result of scientific research and laboratory tests, 

it was confirmed that adding a 5% defecate additive 

to grade 50/70 bitumen significantly strengthens the 

adhesive bond of the binder with the marble mineral 

material. Visual and instrumental assessments 

conducted in accordance with the requirements of 

GOST 12801 showed that the modified bitumen 

possesses high quality indicators and is included in 

the highest scoring system [5]. This modification 
method serves as an effective technical solution for 

increasing the resistance of asphalt concrete coatings 

to water and aggressive environmental influences. 

At the same time, the application of defecate, which 

is considered a sugar industry waste, in the field of 

road construction is of strategic importance in the 

rational disposal of industrial waste and ensuring 

environmental sustainability. General analyses 

indicate that the developed modified bitumen 

composition allows for the extension of road 

pavement service life and the achievement of 

economic efficiency[9]. 
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ñGreen Buildingò 
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Abstract. This article examines the development of energy-efficient and environmentally friendly materials, a 

pressing issue in modern construction. Specifically, using international research methods, the physical, 

mechanical, and thermal properties of foam concrete prepared from ash generated at thermal power plants 

were analyzed. The study examined experimental methods for preparing foam concrete samples of 

varying compositions and determining their density, strength, thermal conductivity, and durability. 
Keywords: Lightweight concrete, thermal conductivity, foaming agent, foamed ash concrete, building materials, 

strength, resources, industrial waste, pilot testing, fly ash, cement, energy-saving material 

 
 

ñYashil Qurilishò Tamoyillariga Mos Keluvchi Koópikkulbetonning 

Istiqbollari  
 

Z.M.  Sattorov1 a, N.A. Madraymov1 b 

1Tashkent arxitektura-qurilish universiteti, Toshkent, Oózbekiston 
 

Annotatsiya. Mazkur maqolada zamonaviy qurilish sohasida dolzarb muammolardan biri boólgan energiya 

samarador va        ekologik xavfsiz materiallar yaratish masalasi koórib chiqilgan. Xususan, issiqlik 

elektr stansiyalarida hosil boóladigan uchuvchi kul asosida tayyorlanadigan koópikkulbetonning 

fizik-mexanik va issiqlik xossalari xorijiy  tadqiqot metodologiyasi asosida tahlil qilingan. 

Tadqiqotda turli tarkibdagi koópikkulbeton namunalarini tayyorlash, ularning zichligi, 

mustahkamligi, issiqlik oótkazuvchanligi hamda chidamlilik koórsatkichlarini aniqlash boóyicha 

tajriba-sinov usullar tadqiq qilingan. 

Kalit soózlar: Yengil beton, issiqlik oótkazuvchanlik. koópik hosil qiluvchi modda, koópikkulbeton, qurilish 
materiallari, mustahkamlik, resurslar, sanoat chiqindilari, tajriba-sinov, uchuvchi kul, sement, 
energiya tejamkor material 
 

1. KIRISH  

Hozirgi kunda qurilish sohasi jahondagi eng yirik 
resurs va energiya isteômol qiluvchi tarmoqlardan biri 
hisoblanadi. Aholi sonining ortib borishi, 
urbanizatsiya jarayonlarining jadallashuvi hamda 
zamonaviy infratuzilmaning rivojlanishi natijasida 
energiya samarador va ekologik xavfsiz qurilish 
materiallariga boólgan talab tobora ortib bormoqda. 
Shu nuqtai nazardan, tabiiy resurslardan oqilona 
foydalanish va sanoat chiqindilarini qayta ishlash 
asosida yangi turdagi qurilish materiallarini ishlab 
chiqish dolzarb vazifalardan biriga aylanmoqda.  

Oózbekiston Respublikasi Prezidentining 2025-yil 
1-dekabrdagi ñQurilish materiallari sanoatini 
rivojlantirish chora-tadbirlari toógórisidaògi PQ-365-
sonli qarorida qurilish materiallari sanoatida 
raqobatbardoshlikni yanada oshirish, qoóshilgan 
qiymatli qurilish materiallarini ishlab chiqarish 
hajmini kengaytirish, sohada amaliyot va ilmiy 
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tadqiqotlarning oózaro integratsiyasini taôminlash, 
sifat nazoratini kuchaytirish, bino va inshootlarni 
loyihalashda va qurishda ekologik toza hamda 
energosamarador qurilish materiallaridan foydalanish 
nazoratini tashkil etish maqsadida qurilishda 
foydalaniladigan qurilish materiallari hajmining 
kamida 25 foizini ekologik toza, resurs tejamkor va 
energiya samarador qurilish materiallari tashkil 
etishini joriy etish muhim vazifa sifatida belgilangan 
[1]. 
Soónggi yillarda issiqlik elektr stansiyalari chiqindisi 
hisoblangan uchuvchi kuldan foydalanish orqali 
olinadigan yengil beton turlari, jumladan, 
koópikkulbetonga katta qiziqish bildirilmoqda. Ushbu 
material oózining past zichligi, yuqori góovakli 
tuzilishi va yaxshi issiqlik oótkazmaslik xossalari bilan 
ajralib turadi. Shu bilan birga, yuqorida keltirilgan 
qaror talablariga muvofiq, sanoat chiqindilarini 
qurilish materiallari ishlab chiqarishga jalb qilish 
orqali ekologik muammolarni kamaytirish va 
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resurslardan samarali foydalanish imkoniyati 
yaratiladi. 
Koópikkulbeton ï bu sement, uchuvchi kul, suv va 
koópik hosil qiluvchi moddalar asosida 
tayyorlanadigan yengil beton turi boólib, qurilishda 
devorbop bloklar, himoya qatlamlari va boshqa 
konstruktiv qismlar sifatida keng qoóllanilishi 
mumkin. 

Adabiyotlar tahlili  

Qurilish materialshunosligi sohasida bugungi kunda 
ustuvor vazifalardan biri ï mahalliy xom ashyolar 
hamda ikkilamchi resurslardan samarali foydalanish 
orqali yuqori sifatli, mustahkam, arzon va energiya 
tejamkor qurilish materiallarini ishlab chiqarishdan 
iborat. Bu yoónalishdagi tadqiqotlar nafaqat iqtisodiy 
samaradorlikni oshirish, balki qurilish sohasida 
resurslardan oqilona foydalanish va atrof-muhitni 
muhofaza qilish talablarini ham yanada 
kuchaytirishga xizmat qiladi. Shu nuqtai nazardan, 
issiqlik elektr stansiyalarida hosil boóladigan kul 
chiqindilarini qayta ishlab, ular asosida yengil va 
energiya tejovchi qurilish materiallari tayyorlash 
masalasi xorijiy olimlar tomonidan keng 
oórganilmoqda. Xususan Anowar Wakaa Ali, Nada 
Mahdi Fawzi, Purev-Erdene Bat-Erdene, Sanjay 
Pareek, E. Rommel, L. Prasetyo, Y. Rusdianto, R. 
Karimah, A.S.Riyanto, S.A.Cahyo, Sheng Li, Hongbo 
Li, Changyu Yan, Yongfa Ding, Xuanshuo Zhang, 
Jing Zhao olimlar tadqiqot ishlarini olib borishgan.  

1. Anowar Wakaa Ali, Nada Mahdi Fawzi 
ñEkologik toza materiallaridan foydalangan holda 
yengil koópik beton ishlab chiqarish (Production of 
Light Weight Foam Concrete with Sustainable 
Materials)ò boóyicha tadqiqot ishlarini olib borishgan. 
Mazkur tadqiqotda yengil massali koópik betonni 
ekologik va resurs tejamkor materiallar asosida ishlab 
chiqarish imkoniyatlari tahlil qilingan boólib, yengil 
va energiya tejovchi material sifatida 
koópikkulbetonning istiqbollari mavzusi bilan 
bevosita bogólangan. Ishda anôanaviy sementli 
tarkiblarga sanoat chiqindilari, jumladan, issiqlik 
elektr stansiyalaridan olinadigan kul qoóshimchalari 
kiritilib, ularning material xossalariga taôsiri 
oórganilgan. Tadqiqot natijalari koórsatishicha, kul 
asosidagi qoóshimchalar qoóllanilganda koópik 
betonning zichligi kamayadi, issiqlik oótkazuvchanligi 
yaxshilanadi va materialning energiya samaradorligi 
oshadi. Shu bilan birga, bunday tarkiblar yetarli 
darajadagi mustahkamlikni saqlab qolishi aniqlangan. 
Bu esa koópikkulbetonni nafaqat yengil, balki yuqori 
darajadagi issiqlik oótkazmaslikga ega qurilish 
materiali sifatida qoóllash imkonini beradi. Mualliflar 
xulosasiga koóra, sanoat chiqindilaridan foydalanish 
orqali ishlab chiqarilgan koópik beton qurilish 
sohasida ekologik xavfsiz, iqtisodiy samarador va 
energiya tejamkor yechim sifatida katta istiqbolga ega. 
Ushbu yondashuv resurslardan oqilona foydalanish 
bilan birga, chiqindilar miqdorini kamaytirish va 
ñyashil qurilishò konsepsiyasini rivojlantirishga 
xizmat qiladi [2]. 

2. Purev-Erdene Bat-Erdene, Sanjay Pareek ñFaza 
oózgartiruvchi materiallarni oóz ichiga olgan kul 
asosidagi koópik betonni ishlab chiqishni tajribaviy 
oórganish (Experimental Study on the Development of 
Fly Ash Foam Concrete Containing Phase Change 
Materials (PCMs))ò boóyicha tadqiqot ishlarini olib 
borishgan. Mazkur ilmiy tadqiqotda uchuvchi kul 
asosida tayyorlangan koópik beton tarkibiga faza 
oózgartiruvchi materiallar qoóshish orqali uning 
issiqlik-fizik xossalarini yaxshilash imkoniyatlari 
tajriba asosida oórganilgan. Ushbu yondashuv ñyengil 
va energiya tejamkor material sifatida 
koópikkulbetonning istiqbollariò mavzusi doirasida 
alohida ahamiyat kasb etadi, chunki ushbu materiallar 
binolarda haroratni barqaror ushlab turish xususiyati 
bilan ajralib turadi. 

Tadqiqot jarayonida turli tarkibdagi namuna 

betonlar tayyorlanib, ularning zichligi, mustahkamligi 

va issiqlikni saqlash hamda uzatish xossalari tahlil 

qilingan. Natijalar shuni koórsatadiki, kul qoóshilgan 

koópikkulbeton issiqlik energiyasini yutish va 

binolarda harorat tebranishlarini kamaytiradi. Bu esa, 
oóz navbatida, isitish va sovitishga sarflanadigan 

energiya miqdorini kamaytirish imkonini beradi. 

Shu bilan birga, uchuvchi kuldan foydalanish 

materialning ekologik jihatdan maqbulligini 

taôminlab, sanoat chiqindilarini samarali qayta 

ishlashga xizmat qiladi. Tadqiqot xulosalariga koóra, 

kul qoóshilgan koópikkulbeton kelajakda energiya 

samarador qurilish materiallari orasida muhim oórin 

egallashi mumkin boólib, nafaqat yengil va himoya 

xususiyatlari yuqori material, balki energiya tejovchi  

innovatsion materil sifatida ham katta istiqbolga ega 
[3]. 

3. E. Rommel, Y. Rusdianto, R. Karimah, 

A.S.Riyanto, S.A. Cahyo ñKoópik hosil qiluvchi 

vosita va uchuvchan kuldan foydalangan holda koópik 

betonning issiqlik xossalari (The insulation properties 

of foam concrete with the use of foamagent and fly-

ash) boóyicha tadqiqot ishlarini olib borishgan. Ushbu 

tadqiqotda koópik hosil qiluvchi moddalar va 

uchuvchi kuldan foydalanilgan holda olingan koópik 

betonning issiqlik oótkazmaslik xossalari tajriba 

asosida oórganilgan.  

Tadqiqot jarayonida turli tarkibdagi koópik beton 
namunalari tayyorlanib, ularning zichligi, góovaklilik 

darajasi va issiqlik oótkazuvchanlik koeffitsientlari 

tahlil qilingan. Natijalar shuni koórsatadiki, uchuvchi 

kul va koópik hosil qiluvchi moddalarning muvofiq 

tanlangan miqdori materialda bir xil taqsimlangan 

góovakli tuzilmani shakllantiradi. Bu esa uning 

zichligini pasaytirib, issiqlik oótkazmaslik xossalarini 

sezilarli darajada yaxshilaydi. 
Shu bilan birga, uchuvchi kuldan foydalanish 

materialning ekologik jihatdan samaradorligini 
oshirib, sanoat chiqindilarini qayta ishlash 
imkoniyatini kengaytiradi. Tadqiqot xulosalariga 
koóra, koópikkulbeton yuqori issiqlik oótkazmaslikga 
ega boólgan yengil material sifatida binolarda energiya 
sarfini kamaytirishda muhim oórin tutadi va 
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zamonaviy energiya tejamkor qurilishda keng 
qoóllanish istiqboliga ega [4]. 

 4. Sheng Li, Hongbo Li, Changyu Yan, Yongfa 
Ding, Xuanshuo Zhang, Jing Zhao ñUchuvchan kul 
asosida koópik betonning mustahkamligi va mexanik 
tavsiflarini oórganish (Investigating the Mechanical 
and Durability Characteristics of Fly Ash Foam 
Concrete)ò boóyicha tadqiqot ishlarini olib borishgan. 
Ushbu tadqiqotda uchuvchi kul asosida tayyorlangan 
koópik betonning mexanik mustahkamligi va uzoq 
muddatli foydalanishga chidamlilik xossalari 
atroflicha tajriba asosida oórganilgan. Ushbu ish 
ñyengil va energiya tejamkor material sifatida 
koópikkulbetonning istiqbollariò mavzusi doirasida 
muhim ahamiyatga ega boólib, materialning nafaqat 
issiqlik oótkazmaslik, balki uning ishonchliligi va 
barqarorligiga ham eôtibor qaratilgan. 

Tadqiqot davomida turli tarkibdagi 

koópikkulbeton namunalari tayyorlanib, ularning 

bosimga chidamliligi, zichligi, suv shimuvchanligi, 

muzlash-eritish sikllariga bardoshliligi kabi 
koórsatkichlari tahlil qilingan. Olingan natijalar shuni 

koórsatadiki, uchuvchi kul qoóshilishi material 

tuzilmasini yaxshilab, uning zichligini kamaytiradi va 

ayni paytda yetarli darajadagi mustahkamlikni 

taôminlaydi. Shu bilan birga, koópikkulbetonning 

góovakli tuzilishi uning issiqlik oótkazmaslik 

xossalarini oshiradi. 

Tadqiqot xulosalariga koóra, toógóri tanlangan 

tarkib va texnologiya asosida ishlab chiqarilgan 

koópikkulbeton yuqori mustahkamlik va 

chidamlilikka ega boólib, qurilishda keng qoóllash 

imkoniyatiga ega. U nafaqat yengil va energiya 
tejamkor material sifatida, balki uzoq muddat xizmat 

qiluvchi va ekologik jihatdan samarali qurilish 

yechimi sifatida ham katta istiqbolga ega [5]. 

2. TADQIQOT METODOLOGIYASI  

Sheng Li, Hongbo Li, Changyu Yan, Yongfa Ding, 
Xuanshuo Zhang, Jing Zhao ñUchuvchan kul asosida 
koópik betonning mustahkamligi va mexanik 
tavsiflarini oórganish (Investigating the Mechanical 
and Durability Characteristics of Fly Ash Foam 
Concrete)ò boóyicha tadqiqotning metodologiyasi 
oórganildi. Tadqiqot ishida uchuvchi kul asosida 
tayyorlangan koópik betonning mexanik tavsiflarini 
baholash uchun kompleks tajriba usullar qoóllanildi. 
Tadqiqot metodologiyasi bir nechta bosqichlardan 
iborat boólib, material tayyorlash, namuna 
shakllantirish va laboratoriya sinovlarini oótkazish 
jarayonlarini oóz ichiga oladi. 

Avvalo, tadqiqot uchun xom ashyo sifatida 

sement, uchuvchi kul, suv va koópik hosil qiluvchi 

moddalar tanlab olindi. Turli proporsiyalardagi 

qorishmalar tayyorlanib, koópik generatsiyasi orqali 
bir xil góovakli tuzilishga ega boólgan yengil beton 

namunalari hosil qilindi. Namunalar standart 

oólchamlarda shakllantirilib, belgilangan vaqt 

davomida (7, 14 va 28 sutka) tajriba-sinovga 

oótkazildi. 
Keyingi bosqichda mexanik xossalarini baholash 

uchun mustahkamlikga chidamlilik sinovlari 

oótkazildi. Bu sinovlar orqali materialning 

mustahkamligi va uning zichlikka bogóliqligi 

aniqlandi. Shu bilan birga, materialning uzoq muddatli 

barqarorligini baholash maqsadida chidamlilik 

koórsatkichlari ham tadqiq qilindi. Jumladan, suv 

shimuvchanligi, góovaklilik darajasi, qurish-

namlanish va muzlash-eritish taôsirlariga bardoshlilik 

sinovlari amalga oshirildi. 

Tadqiqot jarayonida olingan natijalar tahlil qilinib, 

uchuvchi kul miqdorining koópik beton tuzilmasi va 
uning fizik-mexanik xossalariga taôsiri aniqlandi. 

Shuningdek, materialning mikrotuzilishi va góovaklar 

taqsimoti ham qiyosiy tahlil qilindi. Ushbu 

metodologiya orqali koópikkulbetonning optimal 

tarkibi va uning qurilishda qoóllash imkoniyatlari 

ilmiy jihatdan asoslandi. 

Tajriba -sinov tadqiqot usullari 

Sheng Li, Hongbo Li, Changyu Yan, Yongfa Ding, 

Xuanshuo Zhang, Jing Zhao ñUchuvchan kul asosida 

koópik betonning mustahkamligi va mexanik 

tavsiflarini oórganish (Investigating the Mechanical 

and Durability Characteristics of Fly Ash Foam 

Concrete)ò  boóyicha tadqiqotning tajriba-sinov 

usullari quyidagicha shakllantirildi [5]. 
Ushbu tadqiqotda uchuvchi kul asosidagi koópik 

beton namunalari tayyorlashda koópik hosil qilish 

usuli qoóllanildi. Mazkur usulda koópik hosil qiluvchi 

moddalarning reaksiyasi natijasida qorishma ichida 

bir xil taqsimlangan góovakli tuzilma shakllantirildi. 

Bu jarayonda koópik hosil boólish tezligi sementli 

suspenziyaning qotish va mustahkamlanish tezligi 

bilan mos kelishi muhim ahamiyatga ega boólib, 

barqaror tuzilma hosil qilishni taôminlaydi [6, 7, 8]. 

Tajriba uchun sement, uchuvchi kul, qum tuproq, 

suv, superplastifikator (suv kamaytiruvchi 
qoóshimcha), koópik barqarorlashtiruvchi modda, 

polipropilen tola va vodorod peroksidi asosiy tashkil 

etuvchilar sifatida tanlab olindi. Barcha tashkil 

etuvchilar oldindan hisoblangan proporsiyalar 

boóyicha elektron tarozida aniq oólchanib tayyorlandi. 

Qorishma tayyorlash jarayoni quyidagi 

bosqichlarda amalga oshirildi: 

- dastlab quruq komponentlar (sement, uchuvchi 

kul, qum tuproq, stabilizator) yuqori tezlikdagi 

qorishtirgichda bir necha daqiqa davomida 

aralashtirildi;  

- keyinchalik suv va superplastifikator qoóshilib, 
bir xil konsistensiya hosil boólguncha qayta 

aralashtirildi;  

- qorishma devorlariga yopishib qolgan qismlar 

toóliq qoóshib yuborilib, aralashtirish davom ettirildi;  

- soóngra gaz hosil qiluvchi modda ï vodorod 

peroksidi qoóshilib, qisqa vaqt davomida tez 
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aralashtirildi, natijada aralashmada koóplab mayda 

góovaklar shakllana boshladi.  
Tayyor qorishma darhol oldindan moylangan 

qoliplarga joylashtirildi. Namunalar ikki xil 

oólchamda shakllantirildi: 

- 100Ĭ100Ĭ100 mm oólchamdagi kub namunalar 
(mexanik sinovlar uchun);  

- 300Ĭ300Ĭ30 mm oólchamdagi plastina 

namunalar (issiqlik oótkazuvchanlikni aniqlash 

uchun).  

Qoliplarga joylangan qorishma yuzasidagi namlik 

yoóqolishini oldini olish maqsadida plyonka bilan 

qoplandi. Namunalar dastlab 48 soat davomida 
qolipda saqlanib, keyinchalik qolipdan chiqarildi [9, 

10]. Soóngra ular standart sharoitda (20Ñ2ÁC harorat 

va 95% dan yuqori nisbiy namlikda) saqlanib, keyingi 

sinovlar uchun tayyor holatga keltirildi. 

Qoóshimcha ravishda, ayrim namunalar sinov 

talablariga moslashtirish uchun yuzasi tekislab kesildi. 

Plastina shaklidagi namunalar esa issiqlik 

oótkazuvchanlikni aniqlash uchun maxsus 

oólchamlarga keltirildi. 

Mazkur tajriba-sinov metodikasi orqali bir xil góovakli 

tuzilishga ega, barqaror va nazorat qilinadigan tarkibli 

koópikkulbeton namunalari olindi hamda ularning 
fizik-mexanik va issiqlik xossalarini ishonchli 

baholash imkoniyati yaratildi. 

3. XULOSA 

 Koópikkulbeton yengil va energiya tejamkor qurilish 
materiali sifatida zamonaviy qurilish sohasida katta 

istiqbolga ega [11]. Uning past zichligi, yuqori 

góovakli tuzilishi va past issiqlik oótkazuvchanligi 

binolarda issiqlik yoóqotilishini kamaytirib, energiya 

sarfini sezilarli darajada qisqartirish imkonini beradi. 

Shu bilan birga, uchuvchi kul kabi sanoat 

chiqindilaridan foydalanish materialning ekologik 

xavfsizligini oshirib, tabiiy resurslarni tejashga xizmat 

qiladi. 

Tadqiqotlar shuni koórsatadiki, toógóri tanlangan 
tarkib va zamonaviy texnologiyalar asosida ishlab 

chiqarilgan koópikkulbeton yetarli mustahkamlik va 

chidamlilikka ega boólib, uni qurilishning turli 

sohalarida samarali qoóllash mumkin [12]. Shu bois, 

koópikkulbeton ñyashil qurilishò tamoyillariga mos 

keluvchi, iqtisodiy jihatdan maqbul va energiya 

samarador material sifatida kelajakda keng 

qoóllanilishi kutilmoqda. 
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Abstract: This study investigated the effect of partial replacement of cement in concrete with fly ash and 

wollastonite mineral on concrete properties. The potential of wollastonite, a natural mineral and ash 

produced by coal combustion in thermal power plants, to improve the environmental and 

mechanical properties of concrete was analyzed. In the experimental process, a certain part of the 

cement was replaced with 20% and 25% ash, as well as 10% and 15% wollastonite, and several 

concrete compositions were prepared. During the study, the workability, compressive strength and 

durability properties of the concrete mixture were tested at 7, 14 and 28-day curing periods. 

Keywords: Concrete, concrete testing, workability, strength, durability testing, sodium sulfate, wollastonite, fly 
ash 

 

 

Beton Tarkibidagi Sementni Kul va Vollastonit bilan Qisman Almashtirish 

Boóyicha Olib Borilgan Tadqiqot Tahlillari 

 

Sattorov Z.M. 1 a, Otajonov O.A.2 b 

1Toshkent arxitektura-qurilish universiteti, Toshkent, Oózbekiston 
2Fargóona davlat texnika universiteti, Fargóona, Oózbekiston 

 

Annotatsiya: Mazkur tadqiqotda beton tarkibidagi sementni qisman uchuvchi kul va vollastonit minerali bilan 

almashtirishning beton xossalariga taôsiri oórganilgan. Issiqlik elektr stansiyalarida koómir yoqilishi 

natijasida hosil boóladigan kul hamda tabiiy mineral hisoblangan vollastonitning betonning ekologik 

va mexanik xususiyatlarini yaxshilashdagi imkoniyatlari tahlil qilindi. Tajriba jarayonida 

sementning maôlum qismi 20 % va 25 % miqdorda kul, shuningdek 10 % va 15 % miqdorda 

vollastonit bilan almashtirilgan hamda bir nechta beton tarkiblari tayyorlandi. Tadqiqot davomida 

beton qorishmasining harakatchanligi, siqilishdagi mustahkamligi va chidamlilik xususiyatlari 7, 14 

va 28 sutkalik qotish davrlarida sinovdan oótkazilgan. 

Kalit soózlar: Beton, beton sinovi, harakatchanlik, mustahkamlik, chidamlilik sinovi, natriy sulfat, vollastonit, 
uchuvchi kul 

1. KIRISH  

Beton insoniyat taraqqiyotida eng muhim qurilish 

materiallaridan biri hisoblanadi. Hozirgi kunda u 

dunyo boóyicha eng koóp ishlatiladigan sunôiy qurilish 
materiali sifatida eôtirof etiladi. Betonning keng 

qoóllanilishiga uning yuqori mustahkamligi, uzoq 

xizmat muddati, iqtisodiy samaradorligi va turli 

konstruksiyalarda qoóllash imkoniyati sabab 

boólmoqda. Zamonaviy qurilish sanoatini betonsiz 

tasavvur qilish qiyin. Shunga qaramay, soónggi 

yillarda beton ishlab chiqarishda asosiy bogólovchi 

material hisoblangan sement ekologik muammolarni 

keltirib chiqarmoqda. Xalqaro Energetika Agentligi 

 
a  https://orcid.org/0000-0001-9824-1491  
b  https://orcid.org/0000-0003-0830-2989  

maôlumotlariga koóra, sement ishlab chiqarish 

jarayoni global karbonat angidrid (CO2) 

chiqindilarining qariyb 7 % ini tashkil etadi. 

Portlandsement ishlab chiqarish jarayonida 

ohaktoshning kuydirilishi va yuqori haroratda klinker 
olish katta miqdorda energiya talab qiladi. Bu esa 

atmosfera ifloslanishining ortishiga olib keladi [1-3]. 

Shu sababli, bugungi kunda sementning maôlum 

qismini mineral qoóshimchalar bilan almashtirish 

boóyicha koóplab ilmiy izlanishlar olib borilmoqda. 

Mineral qoóshimchalardan foydalanish betonning 

issiqlik ajralishini kamaytiradi, suv oótkazmasligini 

oshiradi, sulfat muhitlarga chidamliligini yaxshilaydi 
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va betonning uzoq muddat xizmat qilishini 

taôminlaydi. Bundan tashqari, ular ishlab chiqarish 
xarajatlarini kamaytirib, ekologik xavfsizlikni 

taôminlashda ham muhim ahamiyatga ega. 

Hozirgi kunda Hindiston dunyodagi eng yirik 

sement ishlab chiqaruvchi davlatlardan biri 

hisoblanadi. Biroq katta hajmdagi sement ishlab 

chiqarish ekologik muammolarni ham 

kuchaytirmoqda. Shu bois sanoat chiqindilaridan 

samarali foydalanish va alternativ bogólovchi 

materiallarni qoóllash dolzarb masalalardan biri boólib 

qolmoqda. 

2. MATERIALLAR VA TADQIQOT 

METODOLOGIYASI  

Uchuvchi kul ð issiqlik elektr stansiyalarida 

maydalangan koómirni yoqish natijasida hosil 

boóladigan mayda dispersli kuldir. Yonish jarayonida 

hosil boólgan juda mayda zarrachalar tutun gazlari 

bilan birga koótariladi va elektrofiltrlar yoki maxsus 
matoli filtrlarda ushlab qolinadi. 

Uchuvchi kul tarkibida asosan: kremniy oksidi 

(SiO2), alyuminiy oksidi (Al2O3), temir oksidlari 

(Fe2O3) kabi oksidlar mavjud boóladi. Uning kimyoviy 

tarkibi ishlatilgan koómir turi va yonish 

texnologiyasiga bogóliq holda farq qiladi [4]. 

Qurilish sanoatida uchuvchi kul keng qoóllaniladi. 

Ayniqsa beton ishlab chiqarishda u putssolan 

qoóshimcha sifatida muhim ahamiyat kasb etadi. 

Uchuvchi kul sement bilan reaksiyaga kirishib, 

qoóshimcha kalsiy gidrosilikatlar hosil qiladi va 

betonning zichligini oshiradi. Natijada: 

¶ betonning ishlovchanligi yaxshilanadi;  

¶ gidratatsiya issiqligi kamayadi;  

¶ suv oótkazuvchanligi pasayadi;  

¶ sulfat muhitlarga chidamlilik ortadi;  

¶ uzoq muddatli mustahkamlik yaxshilanadi.  

Uchuvchi kuldan foydalanish tabiiy resurslarni 

tejashga xizmat qiladi hamda sement sarfini 

kamaytirish orqali CO2 chiqindilarini qisqartiradi. Shu 

jihatdan u ekologik barqaror qurilish materiallarini 

yaratishda muhim komponent hisoblanadi. 

Vollastonit ð tabiiy holda uchraydigan kalsiy 
inosilikat minerali boólib, kimyoviy formulasi CaSiO3 

koórinishida ifodalanadi. Mineral tarkibida ayrim 

hollarda magniy, temir va marganes kabi elementlar 

ham uchrashi mumkin. Vollastonit odatda oq rangda 

boólib, tolali mikrostrukturaga ega. 

U asosan ohaktosh yoki dolomit jinslarining 

yuqori harorat va bosim taôsirida metamorfik 

oózgarishi natijasida hosil boóladi. Mineral ingliz 

kimyogari va mineralogi Uilyam Hayd Vollaston 

sharafiga nomlangan. Vollastonitning asosiy 

afzalliklari quyidagilardan iborat: yuqori oq ranglilik; 
namlikni kam shimishi; past issiqlik oótkazuvchanlik; 

yuqori termik barqarorlik; kimyoviy inertlik; 

mikroarmaturalovchi xususiyati. 

Vollastonit mikrotolalari beton tarkibida 

mikroarmatura vazifasini bajaradi. Ular beton ichidagi 
mikro yoriqlar rivojlanishini sekinlashtiradi hamda 

choózilishdagi va egilishdagi mustahkamlikni 

oshiradi. Shuningdek, betonning qisqarish 

deformatsiyalarini kamaytirishga yordam beradi [5]. 

Vollastonit plastmassa, keramika, boóyoq sanoati, 

metallurgiya va qurilish materiallari ishlab 

chiqarishda keng qoóllaniladi. Ayniqsa, beton 

tarkibida undan foydalanish betonning mexanik va 

ekspluatatsion xususiyatlarini yaxshilash imkonini 

beradi. 

Natriy sulfat (Na2SO4) va chidamlilik sinovi. 

Betonning uzoq muddat xizmat qilish xususiyatlarini 
baholashda sulfat muhitlarga chidamlilik muhim 

koórsatkichlardan biri hisoblanadi. Natriy sulfat 

(Na2SO4) beton konstruksiyalariga agressiv taôsir 

koórsatadigan kimyoviy moddalardan biri hisoblanadi. 

Sulfat ionlari sement toshi tarkibidagi gidratatsiya 

mahsulotlari bilan reaksiyaga kirishib: hajmiy 

kengayish; mikro yoriqlar hosil boólishi; betonning 

yemirilishi kabi salbiy jarayonlarni yuzaga keltiradi. 

Shu sababli, betonning Na2SO4 eritmasidagi 

chidamliligi maxsus laboratoriya sinovlari orqali 

aniqlanadi. Tajribalarda beton namunalar maôlum 
muddat natriy sulfat eritmasida saqlanadi va ularning: 

massa yoóqotishi; mustahkamlikning kamayishi; 

yuzadagi yemirilish holati baholanadi. 

Uchuvchi kul va vollastonit qoóshilgan betonlarda 

zich struktura hosil boólishi tufayli sulfat ionlarining 

beton ichiga kirib borishi kamayadi. Natijada bunday 

betonlarning agressiv muhitdagi chidamliligi oddiy 

betonlarga nisbatan yuqori boóladi [6]. 

Mayda toóldiruvchi. Beton tarkibida mayda 

toóldiruvchi sifatida tabiiy qum ishlatildi. Qumning 

fizik-mexanik xossalari beton qorishmasining ishlov 

beruvchanligi va mustahkamligiga sezilarli taôsir 
koórsatadi. Tadqiqot davomida qumning 

granulometrik tarkibi, suv shimuvchanligi, zichligi 

hamda solishtirma ogóirligi aniqlanib, standart 

talablariga muvofiqligi tekshirilgan. 

1-jadval 

Mayda toóldiruvchining xossalari 

Xossalari Qum 

Elak tahlili II zona 

Yiriklik moduli  2,871 

Solishtirma ogóirligi 2,64 

Suv shimuvchanligi 1,77 % 

Hajmiy zichligi 
1,62 (boósh), 

1,76 (zichlangan) 

Yirik toóldiruvchi. Tadqiqotda 20 mm va 10 mm 

fraksiyali maydalangan shagóal yirik  toóldiruvchi 

sifatida qoóllanildi. Toóldiruvchining zarba 

bardoshligi, maydalanuvchanligi, yassi va 

choózinchoq donalar miqdori betonning umumiy 
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mustahkamligi hamda uzoq muddatli ishlash 

xususiyatlariga taôsir qiladi. 
2-jadval 

Yirik toóldiruvchining xossalari 

Xossalari 20 mm 10 mm 

Solishtirma 

ogóirligi 
2,88 2,99 

Suv 

shimuvchanligi 
1,46 % 0,29 % 

Toóldiruvchining 

zarba qiymati 
9,21 % 9,33 % 

Toóldiruvchining 

maydalanuvchanlik 

qiymati 

11,75 % 9,98 % 

Yassilik indeksi 10,89 % 25,26 % 

Choózinchoqlik 

indeksi 
6,84 % 7,66 % 

Hajmiy zichligi 

1,657 

(boósh), 

1,75 

(zichlangan) 

1,53 (boósh), 

1,68 (zichlangan) 

Vollastonit tabiiy kaltsiy inosilikat minerali boólib, 

beton tarkibida mikrotoóldiruvchi sifatida ishlatildi. U 

betonning mikrostrukturasi yaxshilanishiga, 

yorilishlarga chidamlilikning oshishiga va 

mustahkamlik koórsatkichlarining yaxshilanishiga 
xizmat qiladi. 

3-jadval 

Vollastonitning xossalari 

Xossalari Qiymati  

pH qiymati 9,9 

Solishtirma ogóirligi 2,67 

Hajmiy zichligi 1211,8 kg/mį 

Rangi Oq 

Beton tarkibini loyihalash. Tadqiqot davomida 

B45, B50 va B55 markali beton qorishmalari 

tayyorlandi. Beton tarkibi loyihalashda suv-sement 

nisbati, toóldiruvchilar miqdori hamda optimal ishlov 
beruvchanlik va mustahkamlik koórsatkichlari hisobga 

olindi. 

4-jadval 

1 m3 B45 markali beton uchun qorishma 

tarkibi  

Suv Sement 
Mayda 

toóldiruvchi 

Yirik 

toóldiruvchi 
Jami 

153,26 383,13 808,18 1197,71 2542,28 

 

 

 

 

 

 

5-jadval 

 1 m3 B50 markali beton uchun qorishma 

tarkibi  

Suv Sement 
Mayda 

toóldiruvchi 

Yirik 

toóldiruvchi 
Jami 

153,26 437,90 766,92 1179,36 2537,44 

6-jadval 

1 m3 B55 markali beton uchun qorishma 

tarkibi  

Suv Sement 
Mayda 

toóldiruvchi 

Yirik 

toóldiruvchi 
Jami 

153,26 414,22 784,62 1188,84 2540,94 

3. TADQIQOT NATIJALARI  

Harakatchanlik. Yangi tayyorlangan beton 

qorishmasining harakatchanligi choókish sinovi 

yordamida baholandi. Choókish qiymati qolipning 

yuqori qismi bilan choókkan betonning eng yuqori 

nuqtasi orasidagi balandlik farqi orqali aniqlangan. 

Tadqiqot natijalari vollastonit va kul qoóshimchalari 

beton qorishmasining plastikligini oshirishini 

koórsatgan. 

Siqilish mustahkamligi natijalari. Betonning 
siqilishdagi mustahkamligini aniqlash uchun oólchami 

150 Ĭ 150 Ĭ 150 mm boólgan kub namunalar 

tayyorlandi. Namunalar siqilish pressida sinovdan 

oótkazilgan va yuk beton yemirilguniga qadar 

bosqichma-bosqich oshirildi. Siqilish mustahkamligi 

quyidagi formula orqali hisoblandi: 

Ɑ
╟

═
 (1) 

bu yerda: ╟ð siqilishdagi kuch; ═ ð kubning 

kesim yuzasi, mm2.  

Natijalar shuni koôrsatganki, optimal miqdordagi 

vollastonit va kul qoóshimchalari betonning siqilish 

mustahkamligini sezilarli darajada oshirdi. 

Mustahkamlik va chidamlilik sinovi natijalari. 

Betonning sulfat muhitiga chidamliligini aniqlash 

maqsadida 150 mm oólchamdagi beton kub namunalar 

tayyorlandi va 28 sutka davomida suvda qotirildi. 
Qotish muddati tugagandan soóng namunalar yuzasi 

tozalandi va ularning boshlangóich massasi qayd 

etilgan. 

Keyinchalik namunalar natriy sulfat (Na2SO4) 

eritmasiga tushirildi va maôlum vaqt oraligóida kuzatib 

borildi. 28 sutkadan soóng namunalar eritmadan 

chiqarilib, massa yoóqotilishi hamda mustahkamlik 

kamayishi foizlari aniqlangan. 

Tadqiqot natijalari vollastonit va kul qoóshilgan 

beton namunalarining sulfat muhitiga chidamliligi 

oddiy betonlarga nisbatan yuqori ekanligini 
koórsatgan. 
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4. XULOSA 

Sement massasiga nisbatan 15 % vollastonit va 20 % 

kul qoóshilganda B45, B50 va B55 markali 

betonlarning ishlov beruvchanligi yaxshilandi.  

B45 markali beton tarkibida 15 % vollastonit va 20 

% kul ishlatilganda siqilish mustahkamligi oddiy 

beton bilan solishtirganda 7,66 % ga oshdi.  

B50 markali beton tarkibida vollastonit va kul 

qoóshilishi natijasida maksimal siqilish mustahkamligi 

6,52 % ga ortdi.  

B55 markali beton tarkibida 15 % vollastonit va 20 

% kul qoóllanganda siqilish mustahkamligi 4,93 % ga 

oshdi.  
Vollastonit va kul qoóshilishi natijasida betonning 

ajralishdagi choózilish mustahkamligi B45, B50 va 

B55 markalari uchun mos ravishda 4,96 %, 5,68 % va 

5,65 % ga oshdi.  

Na2SO4 eritmasida oótkazilgan chidamlilik 

sinovlari oddiy B45, B50 va B55 betonlarida 

mustahkamlik yoóqotilishi mos ravishda 6,70 %, 7,52 

% va 6,79 % ekanligini koôrsatgan.  

Tadqiqot natijalariga koóra, sementni qisman 

almashtirish uchun eng maqbul tarkib 15 % vollastonit 

va 20 % kul ekanligi aniqlangan.  
Vollastonit va kuldan foydalanish sement sarfini 

kamaytirishga, betonning mexanik xossalarini 

yaxshilashga hamda ekologik jihatdan barqaror 

qurilish materiallari ishlab chiqarishga xizmat qiladi. 
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Complex Modification of Cement Matrix and Bloated Vermiculite Surface 

to Increase the Strength of Heat-Izolating Constructional Blocks 

 

J. Turgaev1 a, N. Takhirjanov 2 b 
1Karakalpak State University, Nukus, Karakalpakstan, Uzbekistan 

2Tashkent State Transport University, Tashkent, Uzbekistan 

 

Abstract: The technological and structural prerequisites for increasing the strength of heat-insulating 

structural blocks based on expanded vermiculite without significantly increasing cement 

consumption have been considered. The scientific idea of the work lies in the comprehensive 

modification of the "cement matrix - vermiculite aggregate" system, including the introduction of 

microcrystalline, fly ash, and superplasticizer into the binder composition, as well as sequential 

treatment of the vermiculite surface with NaOH solution, liquid glass, and the GKJ-11 

hydrophobizer. It has been shown that the increase in strength is determined not only by the 

compaction of cement stone and the formation of additional hydrosilicate phases but also by the 

state of the interphase transition zone. Based on the results of composition analysis, X-ray phase 

data, and microstructural images, it is substantiated that complex treatment reduces the open 

porosity of the filler surface, increases adhesion, and forms a more stable "filler-cement stone" 

contact. The proposed approach ensures a rational combination of low density, thermal insulation 

efficiency, and increased operational reliability for vermiculite blocks. 

Keywords: Expanded vermiculite; thermal insulation-construction blocks; cement matrix; microcrystalline 
earth; fly ash; superplasticizer; interphase transition zone; hydrophobization; CïSïH-gel 
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ɸʥʥʦʪʘʮʠʷ: ʈʘʩʩʤʦʪʨʝʥʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʠ ʩʪʨʫʢʪʫʨʥʳʝ ʧʨʝʜʧʦʩʳʣʢʠ ʧʦʚʳʰʝʥʠʷ ʧʨʦʯʥʦʩʪʠ 

ʪʝʧʣʦʠʟʦʣʷʮʠʦʥʥʦ-ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʙʣʦʢʦʚ ʥʘ ʦʩʥʦʚʝ ʚʩʧʫʯʝʥʥʦʛʦ ʚʝʨʤʠʢʫʣʠʪʘ ʙʝʟ 

ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʨʘʩʭʦʜʘ ʮʝʤʝʥʪʘ. ʅʘʫʯʥʘʷ ʠʜʝʷ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʢʦʤʧʣʝʢʩʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʩʠʩʪʝʤʳ çʮʝʤʝʥʪʥʘʷ ʤʘʪʨʠʮʘ ð ʚʝʨʤʠʢʫʣʠʪʦʚʳʡ ʟʘʧʦʣʥʠʪʝʣʴè, 
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ʚʷʞʫʱʝʛʦ, ʘ ʪʘʢʞʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʫʶ ʦʙʨʘʙʦʪʢʫ ʧʦʚʝʨʭʥʦʩʪʠ ʚʝʨʤʠʢʫʣʠʪʘ ʨʘʩʪʚʦʨʦʤ NaOH, 

ʞʠʜʢʠʤ ʩʪʝʢʣʦʤ ʠ ʛʠʜʨʦʬʦʙʠʟʘʪʦʨʦʤ ɻʂɾ-11. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʫʧʣʦʪʥʝʥʠʝʤ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʠ ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʛʠʜʨʦʩʠʣʠʢʘʪʥʳʭ ʬʘʟ, ʥʦ ʠ ʩʦʩʪʦʷʥʠʝʤ ʤʝʞʬʘʟʥʦʡ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʥʘʣʠʟʘ 

ʩʦʩʪʘʚʦʚ, ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʭ ʜʘʥʥʳʭ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʦʙʦʩʥʦʚʘʥʦ, ʯʪʦ 

ʢʦʤʧʣʝʢʩʥʘʷ ʦʙʨʘʙʦʪʢʘ ʩʥʠʞʘʝʪ ʦʪʢʨʳʪʫʶ ʧʦʨʠʩʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʟʘʧʦʣʥʠʪʝʣʷ, ʧʦʚʳʰʘʝʪ 

ʘʜʛʝʟʠʶ ʠ ʬʦʨʤʠʨʫʝʪ ʙʦʣʝʝ ʫʩʪʦʡʯʠʚʳʡ ʢʦʥʪʘʢʪ çʟʘʧʦʣʥʠʪʝʣʴ ð ʮʝʤʝʥʪʥʳʡ ʢʘʤʝʥʴè. 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʨʘʮʠʦʥʘʣʴʥʦʝ ʩʦʯʝʪʘʥʠʝ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ, 

ʪʝʧʣʦʠʟʦʣʷʮʠʦʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʧʦʚʳʰʝʥʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʥʘʜʝʞʥʦʩʪʠ 

ʚʝʨʤʠʢʫʣʠʪʦʚʳʭ ʙʣʦʢʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ɺʩʧʫʯʝʥʥʳʡ ʚʝʨʤʠʢʫʣʠʪ; ʪʝʧʣʦʠʟʦʣʷʮʠʦʥʥʦ-ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʝ ʙʣʦʢʠ; ʮʝʤʝʥʪʥʘʷ ʤʘʪʨʠʮʘ; 
ʤʠʢʨʦʢʨʝʤʥʝʟʸʤ; ʟʦʣʘ-ʫʥʦʩʘ; ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨ; ʤʝʞʬʘʟʥʘʷ ʧʝʨʝʭʦʜʥʘʷ ʟʦʥʘ; 
ʛʠʜʨʦʬʦʙʠʟʘʮʠʷ; CïSïH-ʛʝʣʴ 

 
a  https://orcid.org/0000-0003-2483-9727 
b  https://orcid.org/0009-0004-4251-7101  
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1. ɺɺɽɼɽʅʀɽ 

ɺʩʧʫʯʝʥʥʳʡ ʚʝʨʤʠʢʫʣʠʪ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ 

ʣʝʛʢʠʤ ʧʦʨʠʩʪʳʤ ʟʘʧʦʣʥʠʪʝʣʝʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 
ʪʝʧʣʦʠʟʦʣʷʮʠʦʥʥʦ-ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʧʦʩʢʦʣʴʢʫ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʘʣʦʡ ʥʘʩʳʧʥʦʡ 

ʧʣʦʪʥʦʩʪʴʶ ʠ ʨʘʟʚʠʪʦʡ ʧʦʨʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ. 

ɺʤʝʩʪʝ ʩ ʪʝʤ ʚʳʩʦʢʘʷ ʦʪʢʨʳʪʘʷ ʧʦʨʠʩʪʦʩʪʴ ʠ 

ʚʦʜʦʧʦʛʣʦʱʝʥʠʝ ʟʝʨʝʥ ʤʦʛʫʪ ʩʥʠʞʘʪʴ ʧʨʦʯʥʦʩʪʴ 

ʮʝʤʝʥʪʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʟʘ ʩʯʝʪ ʣʦʢʘʣʴʥʦʛʦ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʦʜʳ, ʨʦʩʪʘ ʢʘʧʠʣʣʷʨʥʦʡ 

ʧʦʨʠʩʪʦʩʪʠ ʠ ʦʩʣʘʙʣʝʥʠʷ ʢʦʥʪʘʢʪʘ ʥʘ ʛʨʘʥʠʮʝ 

ʨʘʟʜʝʣʘ ʬʘʟ [1, 4]. ʇʦʵʪʦʤʫ ʧʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ 

ʚʝʨʤʠʢʫʣʠʪʦʚʳʭ ʙʣʦʢʦʚ ʮʝʣʝʩʦʦʙʨʘʟʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʥʝ ʢʘʢ ʨʝʟʫʣʴʪʘʪ ʧʨʦʩʪʦʛʦ 

ʫʚʝʣʠʯʝʥʠʷ ʨʘʩʭʦʜʘ ʮʝʤʝʥʪʘ, ʘ ʢʘʢ ʟʘʜʘʯʫ 
ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʦʪʥʦʡ ʮʝʤʝʥʪʥʦʡ 

ʤʘʪʨʠʮʳ ʠ ʩʪʘʙʠʣʴʥʦʡ ʤʝʞʬʘʟʥʦʡ ʧʝʨʝʭʦʜʥʦʡ 

ʟʦʥʳ. 

ʄʝʪʦʜʦʣʦʛʠʯʝʩʢʘʷ ʦʩʥʦʚʘ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚʢʣʶʯʘʝʪ ʜʚʘ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷ. 

ʇʝʨʚʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ 

ʤʦʜʠʬʠʢʘʮʠʶ ʮʝʤʝʥʪʥʦʛʦ ʚʷʞʫʱʝʛʦ 

ʤʠʢʨʦʢʨʝʤʥʝʟʸʤʦʤ, ʟʦʣʦʡ-ʫʥʦʩʘ ʠ 

ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʦʤ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʩʥʠʞʝʥʠʝ ʚʦʜʦʮʝʤʝʥʪʥʦʛʦ ʦʪʥʦʰʝʥʠʷ, 

ʤʠʢʨʦʬʠʣʣʝʨʥʦʝ ʫʧʣʦʪʥʝʥʠʝ ʠ ʨʘʟʚʠʪʠʝ 
ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʛʠʜʨʘʪʥʳʭ ʬʘʟ. ɺʪʦʨʦʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʭʠʤʠʯʝʩʢʦʡ ʧʦʜʛʦʪʦʚʢʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚʩʧʫʯʝʥʥʦʛʦ ʚʝʨʤʠʢʫʣʠʪʘ, 

ʥʘʧʨʘʚʣʝʥʥʦʡ ʥʘ ʫʤʝʥʴʰʝʥʠʝ ʦʪʢʨʳʪʳʭ ʜʝʬʝʢʪʦʚ, 

ʧʦʚʳʰʝʥʠʝ ʛʠʜʨʦʬʦʙʥʦʩʪʠ ʠ ʫʣʫʯʰʝʥʠʝ 

ʘʜʛʝʟʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʮʝʤʝʥʪʥʳʤ 

ʢʘʤʥʝʤ [2, 3]. 

ʌʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʚʝʨʤʠʢʫʣʠʪʦʚʳʭ ʙʣʦʢʦʚ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʩʦʚʦʢʫʧʥʳʤ ʚʣʠʷʥʠʝʤ ʢʘʯʝʩʪʚʘ ʮʝʤʝʥʪʥʦʡ 

ʤʘʪʨʠʮʳ ʠ ʩʦʩʪʦʷʥʠʷ ʢʦʥʪʘʢʪʥʦʡ ʟʦʥʳ ʤʝʞʜʫ 

ʮʝʤʝʥʪʥʳʤ ʢʘʤʥʝʤ ʠ ʟʝʨʥʘʤʠ ʟʘʧʦʣʥʠʪʝʣʷ. ʇʨʠ  

ʧʦʚʳʰʝʥʥʦʡ ʧʦʨʠʩʪʦʩʪʠ ʤʘʪʨʠʮʳ ʠ 

ʥʝʜʦʩʪʘʪʦʯʥʦʤ ʩʮʝʧʣʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʠ 
ʚʝʨʤʠʢʫʣʠʪʘ ʩ ʛʠʜʨʘʪʥʳʤʠ ʧʨʦʜʫʢʪʘʤʠ ʮʝʤʝʥʪʘ 

ʥʘʛʨʫʟʢʘ ʧʝʨʝʜʘʝʪʩʷ ʥʝʨʘʚʥʦʤʝʨʥʦ, ʯʪʦ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʘʟʚʠʪʠʶ ʤʠʢʨʦʪʨʝʱʠʥ ʠ 

ʧʨʝʞʜʝʚʨʝʤʝʥʥʦʤʫ ʨʘʟʨʫʰʝʥʠʶ ʢʦʤʧʦʟʠʪʘ. 

ʅʘʠʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʵʣʝʤʝʥʪʦʤ 

ʩʪʨʫʢʪʫʨʳ ʷʚʣʷʝʪʩʷ ʤʝʞʬʘʟʥʘʷ ʧʝʨʝʭʦʜʥʘʷ ʟʦʥʘ. ɺ 

ʥʝʡ ʢʦʥʮʝʥʪʨʠʨʫʶʪʩʷ ʢʘʧʠʣʣʷʨʥʳʝ ʧʦʨʳ, 

ʣʦʢʘʣʴʥʳʝ ʧʫʩʪʦʪʳ ʠ ʜʝʬʝʢʪʳ ʩʮʝʧʣʝʥʠʷ, ʢʦʪʦʨʳʝ 

ʬʦʨʤʠʨʫʶʪ ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʧʫʪʠ ʨʘʟʨʫʰʝʥʠʷ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʠ 

ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʜʦʣʞʥʦ ʦʙʝʩʧʝʯʠʚʘʪʴʩʷ 

ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʫʧʣʦʪʥʝʥʠʝʤ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʠ 
ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʚʝʨʤʠʢʫʣʠʪʦʚʦʛʦ ʟʘʧʦʣʥʠʪʝʣʷ. 

2. ʄɸʊɽʈʀɸʃʓ ʀ ʄɽʊʆɼʓ 

ʀʉʉʃɽɼʆɺɸʅʀʗ 

ɼʣʷ ʦʙʦʩʥʦʚʘʥʠʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʚʷʞʫʱʝʛʦ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʦ ʚʣʠʷʥʠʝ ʤʠʥʝʨʘʣʴʥʳʭ ʠ 

ʭʠʤʠʯʝʩʢʠʭ ʜʦʙʘʚʦʢ ʥʘ ʧʨʦʯʥʦʩʪʴ ʮʝʤʝʥʪʥʦʡ 

ʩʠʩʪʝʤʳ. ʄʠʢʨʦʢʨʝʤʥʝʟʸʤ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʢʘʢ 
ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʡ ʘʢʪʠʚʥʳʡ ʢʦʤʧʦʥʝʥʪ, 

ʩʧʦʩʦʙʥʳʡ ʟʘʧʦʣʥʷʪʴ ʤʠʢʨʦʧʦʨʳ ʠ ʚʩʪʫʧʘʪʴ ʚ 

ʧʫʮʮʦʣʘʥʦʚʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʛʠʜʨʦʢʩʠʜʦʤ 

ʢʘʣʴʮʠʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ CïSïH-

ʛʝʣʷ. ɿʦʣʘ-ʫʥʦʩʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʘʢ 

ʪʦʥʢʦʜʠʩʧʝʨʩʥʳʡ ʤʠʥʝʨʘʣʴʥʳʡ ʥʘʧʦʣʥʠʪʝʣʴ ʩ 

ʯʘʩʪʠʯʥʦʡ ʧʫʮʮʦʣʘʥʦʚʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʘ 

ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨ ð ʢʘʢ ʢʦʤʧʦʥʝʥʪ, 

ʩʥʠʞʘʶʱʠʡ ʚʦʜʦʧʦʪʨʝʙʥʦʩʪʴ ʩʤʝʩʠ ʠ 

ʧʦʚʳʰʘʶʱʠʡ ʧʣʦʪʥʦʩʪʴ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ [5ï7]. 

3. ʈɽɿʋʃʔʊɸʊʓ ʀ ʆɹʉʋɾɼɽʅʀɽ 

ʊʘʙʣʠʮʘ 1 

ʉʦʩʪʘʚʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʚʷʞʫʱʝʛʦ 

Tarkib  ʎʝʤʝʥʪ ʄʂ ʉʇ ɿʦʣʘ-ʫʥʦʩʘ ɺ/ʎ 
Rʩʞ, 28 ʩʫʪ., 

ʄʇʘ 

ʎʝʤʝʥʪ 400    0,410 45,3 

ʄʂ 4 % 384 16   0,400 47,7 

ʄʂ 6 % 376 24   0,395 49,2 

ʄʂ 8 % 368 32   0,390 51,5 

ɿʦʣʘ 6 % 376   24 0,387 46,4 

ɿʦʣʘ 8 % 368   32 0,380 47,0 

ɿʦʣʘ 10 % 360   40 0,373 47,5 

ʉʇ 0,5 % 400  2  0,395 46,5 

ʉʇ 1,0 % 400  4  0,382 48,6 

ʉʇ 1,5 % 400  6  0,372 49,2 
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ɼʘʥʥʳʝ ʪʘʙʣʠʮʳ 3.1 ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ, ʯʪʦ 

ʚʚʝʜʝʥʠʝ ʤʦʜʠʬʠʮʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ ʠʟʤʝʥʷʝʪ 
ʧʨʦʯʥʦʩʪʴ ʮʝʤʝʥʪʥʦʡ ʩʠʩʪʝʤʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʠʭ ʧʨʠʨʦʜʳ ʠ ʜʦʟʠʨʦʚʢʠ. ɺ ʢʦʥʪʨʦʣʴʥʦʤ ʩʦʩʪʘʚʝ 

ʙʝʟ ʜʦʙʘʚʦʢ ʧʨʦʯʥʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ 45,3 ʄʇʘ. ʇʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʠʢʨʦʢʨʝʤʥʝʟʸʤʘ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʧʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ, ʯʪʦ 

ʦʙʲʷʩʥʷʝʪʩʷ ʩʦʯʝʪʘʥʠʝʤ ʤʠʢʨʦʬʠʣʣʝʨʥʦʛʦ 

ʵʬʬʝʢʪʘ ʠ ʧʫʮʮʦʣʘʥʦʚʦʡ ʨʝʘʢʮʠʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʢʦʪʦʨʦʡ ʯʘʩʪʴ ʩʚʦʙʦʜʥʦʛʦ Ca(OH)  ʧʨʝʦʙʨʘʟʫʝʪʩʷ 

ʚ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʥʠʟʢʦʦʩʥʦʚʥʳʝ ʛʠʜʨʦʩʠʣʠʢʘʪʳ 

ʢʘʣʴʮʠʷ. 

ʇʨʠʤʝʥʝʥʠʝ ʟʦʣʳ-ʫʥʦʩʘ ʪʘʢʞʝ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʧʨʠʨʦʩʪ ʧʨʦʯʥʦʩʪʠ, ʦʜʥʘʢʦ ʚʳʨʘʞʝʥʥʦʩʪʴ 
ʵʬʬʝʢʪʘ ʥʠʞʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʠʢʨʦʢʨʝʤʥʝʟʸʤʦʤ, 

ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʤʝʥʴʰʝʡ ʨʝʘʢʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ 

ʚ ʨʘʥʥʠʝ ʩʨʦʢʠ ʪʚʝʨʜʝʥʠʷ. ʉʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨ 

ʧʦʚʳʰʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʮʝʤʝʥʪʥʦʡ ʩʠʩʪʝʤʳ ʟʘ 

ʩʯʝʪ ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ ʯʘʩʪʠʮ ʮʝʤʝʥʪʘ ʠ ʩʥʠʞʝʥʠʷ 

ɺ/ʎ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʫʤʝʥʴʰʘʝʪʩʷ ʢʘʧʠʣʣʷʨʥʘʷ 

ʧʦʨʠʩʪʦʩʪʴ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, 

ʯʪʦ ʥʘʠʙʦʣʴʰʠʡ ʩʪʨʫʢʪʫʨʥʳʡ ʵʬʬʝʢʪ ʦʞʠʜʘʝʪʩʷ 

ʧʨʠ ʨʘʮʠʦʥʘʣʴʥʦʤ ʩʦʯʝʪʘʥʠʠ ʤʠʥʝʨʘʣʴʥʳʭ 

ʜʦʙʘʚʦʢ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʧʣʘʩʪʠʬʠʮʠʨʦʚʘʥʠʷ. 

 

ʈʠʩ. 3.1. ʇʨʦʯʥʦʩʪʴ ʦʪ ʢʦʣʠʯʝʩʪʚʘ 

ʤʠʢʨʦʢʨʝʤʥʝʟʝʤʘ 

 

ʈʠʩ. 3.2. ʇʨʦʯʥʦʩʪʴ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʟʦʣʳ-ʫʥʦʩʘ 
 
ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʠʩʫʥʢʦʚ 3.1 ʠ 3.2 ʧʦʢʘʟʳʚʘʝʪ, 

ʯʪʦ ʤʠʢʨʦʢʨʝʤʥʝʟʸʤ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ 

ʠʥʪʝʥʩʠʚʥʳʡ ʧʨʠʨʦʩʪ ʧʨʦʯʥʦʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʟʦʣʦʡ-ʫʥʦʩʘ. ʊʘʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʙʫʩʣʦʚʣʝʥʘ 

ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʤʠʢʨʦʢʨʝʤʥʝʟʸʤʘ ʠ ʝʛʦ ʩʧʦʩʦʙʥʦʩʪʴʶ ʫʩʢʦʨʷʪʴ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ CïSïH-ʛʝʣʷ. 

ɿʦʣʘ-ʫʥʦʩʘ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʫʣʫʯʰʘʝʪ 

ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʫʶ ʫʧʘʢʦʚʢʫ ʠ ʚʥʦʩʠʪ ʚʢʣʘʜ ʚ 

ʧʦʟʜʥʝʝ ʧʫʮʮʦʣʘʥʦʚʦʝ ʪʚʝʨʜʝʥʠʝ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʤʠʢʨʦʢʨʝʤʥʝʟʸʤ ʤʦʞʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ 

ʦʩʥʦʚʥʦʡ ʘʢʪʠʚʥʳʡ ʤʦʜʠʬʠʢʘʪʦʨ ʮʝʤʝʥʪʥʦʡ 

ʤʘʪʨʠʮʳ, ʘ ʟʦʣʘ-ʫʥʦʩʘ ð ʢʘʢ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ 

ʢʦʤʧʦʥʝʥʪ, ʧʦʚʳʰʘʶʱʠʡ ʧʣʦʪʥʦʩʪʴ ʠ 

ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴ ʚʷʞʫʱʝʡ ʩʠʩʪʝʤʳ. 

 

ʈʠʩ. 3.3. ʇʨʦʯʥʦʩʪʴ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʘ 

ʅʘ ʨʠʩʫʥʢʝ 3.3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ 

ʧʨʦʯʥʦʩʪʠ ʦʪ ʜʦʟʠʨʦʚʢʠ ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʘ. 

ɺʚʝʜʝʥʠʝ ʜʦʙʘʚʢʠ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ 

ʚʦʜʦʮʝʤʝʥʪʥʦʝ ʦʪʥʦʰʝʥʠʝ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ 
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ʫʜʦʙʦʫʢʣʘʜʳʚʘʝʤʦʩʪʠ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ 

ʣʝʛʢʠʭ ʢʦʤʧʦʟʠʪʦʚ ʩ ʧʦʨʠʩʪʳʤ ʟʘʧʦʣʥʠʪʝʣʝʤ. ʇʨʠ 
ʠʟʙʳʪʢʝ ʚʦʜʳ ʚʦʟʨʘʩʪʘʝʪ ʦʙʲʝʤ ʢʘʧʠʣʣʷʨʥʳʭ ʧʦʨ 

ʠ ʫʭʫʜʰʘʝʪʩʷ ʘʜʛʝʟʠʷ ʚ ʤʝʞʬʘʟʥʦʡ ʟʦʥʝ; ʧʦʵʪʦʤʫ 

ʩʪʨʫʢʪʫʨʥʳʡ ʵʬʬʝʢʪ ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʘ ʩʚʷʟʘʥ 

ʥʝ ʪʦʣʴʢʦ ʩ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʫʣʫʯʰʝʥʠʝʤ ʩʤʝʩʠ, 

ʥʦ ʠ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʙʦʣʝʝ ʧʣʦʪʥʦʡ ʮʝʤʝʥʪʥʦʡ 

ʤʘʪʨʠʮʳ. 

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʧʦʚʳʰʝʥʠʷ 

ʧʨʦʯʥʦʩʪʠ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʭ ʠ 
ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ ʮʝʤʝʥʪʥʦʛʦ ʚʷʞʫʱʝʛʦ. 

ʉʦʚʤʝʩʪʥʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʵʪʠʭ ʜʘʥʥʳʭ ʧʦʟʚʦʣʷʝʪ 

ʫʩʪʘʥʦʚʠʪʴ ʠʟʤʝʥʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʩʪʝʧʝʥʴ 

ʫʧʣʦʪʥʝʥʠʷ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʠ ʦʩʦʙʝʥʥʦʩʪʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʥʪʘʢʪʥʦʡ ʟʦʥʳ ʧʨʠ ʚʚʝʜʝʥʠʠ 

ʤʠʢʨʦʢʨʝʤʥʝʟʸʤʘ, ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʘ ʠ 

ʚʝʨʤʠʢʫʣʠʪʦʚʦʛʦ ʟʘʧʦʣʥʠʪʝʣʷ [3, 8]. 

 

ʈʠʩ. 3.4. ɻʠʜʨʘʪʠʨʦʚʘʥʥʘʷ ʮʝʤʝʥʪʥʘʷ ʤʘʪʨʠʮʘ 
 

ʈʠʩ. 3.5. ʎʝʤʝʥʪ + 10 % ʤʠʢʨʦʢʨʝʤʥʝʟʝʤ 

 

ʈʠʩ. 3.6. ʎʝʤʝʥʪ + ʄʂ + ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨ 

 

ʈʠʩ. 3.7. ʎʝʤʝʥʪ + ʄʂ + ʉʇ + ʦʙʳʯʥʳʡ 

ʚʝʨʤʠʢʫʣʠʪ 

ʈʠʩʫʥʢʠ 3.4ï3.6 ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʤʦʜʠʬʠʢʘʮʠʷ 

ʮʝʤʝʥʪʥʦʡ ʤʘʪʨʠʮʳ ʤʠʢʨʦʢʨʝʤʥʝʟʸʤʦʤ ʠ 

ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʦʤ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 
ʩʥʠʞʝʥʠʝʤ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ 

ʩʚʦʙʦʜʥʦʛʦ Ca(OH) , ʫʚʝʣʠʯʝʥʠʝʤ ʜʦʣʠ ʩʣʘʙʦ 

ʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʭ ʛʠʜʨʦʩʠʣʠʢʘʪʥʳʭ ʬʘʟ ʠ ʙʦʣʝʝ 

ʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʨʦʜʫʢʪʦʚ 

ʛʠʜʨʘʪʘʮʠʠ. ʆʜʥʘʢʦ ʨʠʩʫʥʦʢ 3.7 ʬʠʢʩʠʨʫʝʪ 

ʩʦʭʨʘʥʝʥʠʝ ʥʝʜʦʩʪʘʪʦʯʥʦ ʧʣʦʪʥʦʡ ʢʦʥʪʘʢʪʥʦʡ 

ʟʦʥʳ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ 
ʚʩʧʫʯʝʥʥʦʛʦ ʚʝʨʤʠʢʫʣʠʪʘ. ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʝʨʝʭʦʜʘ ʦʪ ʧʨʦʩʪʦʡ ʤʦʜʠʬʠʢʘʮʠʠ 

ʚʷʞʫʱʝʛʦ ʢ ʢʦʤʧʣʝʢʩʥʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ ʥʘ ʚʩʶ 

ʩʠʩʪʝʤʫ çʤʘʪʨʠʮʘ ð ʟʘʧʦʣʥʠʪʝʣʴè. 

 

ʈʠʩ. 3.8. ʎʝʤʝʥʪʥʳʡ ʢʘʤʝʥʴ 

 

ʈʠʩ. 3.9. ʎʝʤʝʥʪ + ʤʠʢʨʦʢʨʝʤʥʝʟʝʤ 
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ʈʠʩ. 3.10. ʎʝʤʝʥʪ + ʄʂ + ʉʇ 

 

ʈʠʩ. 3.11. ʎʝʤʝʥʪ + ʄʂ + ʉʇ + ʦʙʳʯʥʳʡ 

ʚʝʨʤʠʢʫʣʠʪ 
 
ʄʠʢʨʦʩʪʨʫʢʪʫʨʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ 3.8ï3.10 

ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʚʚʝʜʝʥʠʝ 

ʤʠʢʨʦʢʨʝʤʥʝʟʸʤʘ ʠ ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʘ 

ʫʤʝʥʴʰʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʢʨʫʧʥʳʭ ʢʘʧʠʣʣʷʨʥʳʭ ʧʦʨ 

ʠ ʧʦʚʳʰʘʝʪ ʦʜʥʦʨʦʜʥʦʩʪʴ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ. 

ɺʤʝʩʪʝ ʩ ʪʝʤ ʨʠʩʫʥʦʢ 3.11 ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠ 

ʢʦʥʪʘʢʪʝ ʩ ʥʝʦʙʨʘʙʦʪʘʥʥʳʤ ʚʝʨʤʠʢʫʣʠʪʦʤ 

ʩʦʭʨʘʥʷʶʪʩʷ ʫʯʘʩʪʢʠ ʨʘʟʨʳʭʣʝʥʠʷ ʠ ʥʝʧʦʣʥʦʛʦ 
ʩʮʝʧʣʝʥʠʷ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʫʧʣʦʪʥʝʥʠʝ ʮʝʤʝʥʪʥʦʡ 

ʤʘʪʨʠʮʳ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ, ʥʦ 

ʥʝʜʦʩʪʘʪʦʯʥʳʤ ʫʩʣʦʚʠʝʤ ʧʦʚʳʰʝʥʠʷ ʧʨʦʯʥʦʩʪʠ 

ʚʝʨʤʠʢʫʣʠʪʦʚʦʛʦ ʣʝʛʢʦʛʦ ʙʝʪʦʥʘ. 

ʄʦʜʠʬʠʢʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʚʩʧʫʯʝʥʥʦʛʦ 

ʚʝʨʤʠʢʫʣʠʪʘ ʚʳʧʦʣʥʷʣʘʩʴ ʧʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ 

ʩʭʝʤʝ, ʧʨʠʚʝʜʝʥʥʦʡ ʥʘ ʨʠʩ. 3.12. ʎʝʣʴ ʦʙʨʘʙʦʪʢʠ 

ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʩʥʠʞʝʥʠʠ ʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ, 

ʫʤʝʥʴʰʝʥʠʠ ʚʦʜʦʧʦʛʣʦʱʝʥʠʷ, ʧʦʚʳʰʝʥʠʠ 

ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʙʦʣʝʝ 
ʧʣʦʪʥʦʡ ʤʝʞʬʘʟʥʦʡ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ ʩ 

ʮʝʤʝʥʪʥʳʤ ʢʘʤʥʝʤ. 

 

 
ʈʠʩ. 3.12. ʉʭʝʤʘ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʉʭʝʤʘ ʥʘ ʨʠʩ. 3.12 ʦʪʨʘʞʘʝʪ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʢʦʤʧʣʝʢʩʥʦʡ ʦʙʨʘʙʦʪʢʠ 

ʟʘʧʦʣʥʠʪʝʣʷ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʧʨʦʚʦʜʠʪʩʷ 

ʱʝʣʦʯʥʘʷ ʘʢʪʠʚʘʮʠʷ ʨʘʩʪʚʦʨʦʤ NaOH, 

ʧʦʚʳʰʘʶʱʘʷ ʨʝʘʢʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʠ 
ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ. ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ 

ʦʙʨʘʙʦʪʢʘ ʞʠʜʢʠʤ ʩʪʝʢʣʦʤ ʬʦʨʤʠʨʫʝʪ ʪʦʥʢʠʡ 

ʩʠʣʠʢʘʪʥʳʡ ʩʣʦʡ ʠ ʯʘʩʪʠʯʥʦ ʧʝʨʝʢʨʳʚʘʝʪ 

ʦʪʢʨʳʪʳʝ ʧʦʨʳ. ʅʘ ʟʘʚʝʨʰʘʶʱʝʤ ʵʪʘʧʝ 

ʛʠʜʨʦʬʦʙʠʟʘʪʦʨ ɻʂɾ-11 ʩʥʠʞʘʝʪ ʢʘʧʠʣʣʷʨʥʦʝ 

ʚʦʜʦʧʦʛʣʦʱʝʥʠʝ ʠ ʩʪʘʙʠʣʠʟʠʨʫʝʪ ʧʦʚʝʨʭʥʦʩʪʴ. 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʵʪʠʭ ʦʧʝʨʘʮʠʡ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʧʦʩʢʦʣʴʢʫ 

ʢʘʞʜʘʷ ʩʪʘʜʠʷ ʢʦʤʧʝʥʩʠʨʫʝʪ ʦʛʨʘʥʠʯʝʥʠʷ 

ʧʨʝʜʳʜʫʱʝʡ. 
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ʊʘʙʣʠʮʘ 2 

ʄʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʧʨʠʟʥʘʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʚʝʨʤʠʢʫʣʠʪʘ ʧʦʩʣʝ ʤʦʜʠʬʠʢʘʮʠʠ 

ʄʝʪʦʜ ʉʦʩʪʦʷʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ 
ʆʪʢʨʳʪʳʝ 

ʧʦʨʳ, ʤʢʤ 
ɸʜʛʝʟʠʷ ɻʠʜʨʦʬʦʙʥʦʩʪʴ 

ɹʝʟ ʦʙʨʘʙʦʪʢʠ 
ʉʣʦʠʩʪʘʷ, ʨʳʭʣʘʷ, ʦʪʢʨʳʪʳʝ 

ʜʝʬʝʢʪʳ 
15ï25 ʅʠʟʢʠʡ ʆʪʩʫʪʩʪʚʫʝʪ 

NaOH 
ɸʢʪʠʚʠʨʦʚʘʥʥʘʷ, 

ʰʝʨʦʭʦʚʘʪʘʷ 
10ï15 ʉʨʝʜʥʠʡ ʉʣʘʙʘʷ 

ɾʠʜʢʦʝ ʩʪʝʢʣʦ 
ʋʧʣʦʪʥʝʥʥʘʷ, ʩʠʣʠʢʘʪʥʘʷ 

ʧʣʝʥʢʘ 
7ï10 ʉʨʝʜʥʠʡ ʉʨʝʜʥʷʷ 

ɻʂɾ-11 
ɹʦʣʝʝ ʛʣʘʜʢʘʷ, 

ʚʦʜʦʦʪʪʘʣʢʠʚʘʶʱʘʷ 
6ï8 

ʉʨʝʜʥʝ-

ʚʳʩʦʢʠʡ 
ɺʳʩʦʢʘʷ 

ʂʦʤʧʣʝʢʩʥʘʷ 
ʋʧʣʦʪʥʝʥʥʘʷ, 

ʤʠʢʨʦʧʣʝʥʦʯʥʘʷ 
3ï5 ɺʳʩʦʢʠʡ ɺʳʩʦʢʘʷ 

ɼʘʥʥʳʝ ʪʘʙʣʠʮʳ 3.2 ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʩʧʦʩʦʙ 

ʦʙʨʘʙʦʪʢʠ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ 

ʚʝʨʤʠʢʫʣʠʪʘ. ʀʩʭʦʜʥʳʡ ʟʘʧʦʣʥʠʪʝʣʴ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʨʳʭʣʦʡ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ 

ʦʪʢʨʳʪʳʤʠ ʜʝʬʝʢʪʘʤʠ ʨʘʟʤʝʨʦʤ 15ï25 ʤʢʤ, ʯʪʦ 
ʩʦʟʜʘʝʪ ʫʩʣʦʚʠʷ ʜʣʷ ʧʦʚʳʰʝʥʥʦʛʦ 

ʚʦʜʦʧʦʛʣʦʱʝʥʠʷ ʠ ʩʣʘʙʦʡ ʘʜʛʝʟʠʠ ʩ ʮʝʤʝʥʪʥʦʡ 

ʤʘʪʨʠʮʝʡ. 

ʇʦʩʣʝ ʦʙʨʘʙʦʪʢʠ NaOH ʨʘʟʤʝʨ ʦʪʢʨʳʪʳʭ ʧʦʨ 

ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ 10ï15 ʤʢʤ, ʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʧʨʠʦʙʨʝʪʘʝʪ ʙʦʣʝʝ ʨʘʟʚʠʪʳʡ ʤʠʢʨʦʨʝʣʴʝʬ, 

ʩʧʦʩʦʙʩʪʚʫʶʱʠʡ ʤʝʭʘʥʠʯʝʩʢʦʤʫ ʟʘʮʝʧʣʝʥʠʶ. 

ʆʙʨʘʙʦʪʢʘ ʞʠʜʢʠʤ ʩʪʝʢʣʦʤ ʩʥʠʞʘʝʪ ʨʘʟʤʝʨ ʧʦʨ ʜʦ 

7ï10 ʤʢʤ ʟʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ ʩʠʣʠʢʘʪʥʦʡ ʧʣʝʥʢʠ. 

ɻʂɾ-11 ʧʦʚʳʰʘʝʪ ʛʠʜʨʦʬʦʙʥʦʩʪʴ ʠ ʫʤʝʥʴʰʘʝʪ 

ʢʘʧʠʣʣʷʨʥʳʡ ʧʦʜʩʦʩ ʚʦʜʳ. ʅʘʠʙʦʣʝʝ ʚʳʨʘʞʝʥʥʳʡ 
ʵʬʬʝʢʪ ʦʪʤʝʯʘʝʪʩʷ ʧʨʠ ʢʦʤʧʣʝʢʩʥʦʡ ʦʙʨʘʙʦʪʢʝ, 

ʢʦʛʜʘ ʦʪʢʨʳʪʳʝ ʧʦʨʳ ʩʦʢʨʘʱʘʶʪʩʷ ʜʦ 3ï5 ʤʢʤ, ʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʩʪʘʥʦʚʠʪʩʷ ʧʣʦʪʥʦʡ, 

ʤʠʢʨʦʧʣʝʥʦʯʥʦʡ ʠ ʙʦʣʝʝ ʧʨʠʛʦʜʥʦʡ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʦʯʥʦʡ ʢʦʥʪʘʢʪʥʦʡ ʟʦʥʳ. 

 

ʈʠʩʫʥʦʢ 3.13. ʌʨʘʛʤʝʥʪʳ ʧʦʚʝʨʭʥʦʩʪʠ ʚʩʧʫʯʝʥʥʦʛʦ ʚʝʨʤʠʢʫʣʠʪʘ: ʘ ð ʙʝʟ ʦʙʨʘʙʦʪʢʠ; ʙ ð ʧʦʩʣʝ 

NaOH; ʚ ð ʧʦʩʣʝ ʩʠʣʠʢʘʪʥʦ-ʛʠʜʨʦʬʦʙʥʦʡ ʦʙʨʘʙʦʪʢʠ; ʛ ð ʧʦʩʣʝ ʢʦʤʧʣʝʢʩʥʦʡ ʦʙʨʘʙʦʪʢʠ 

ʈʠʩʫʥʦʢ 3.13 ʚʠʟʫʘʣʴʥʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ, ʦʪʨʘʞʝʥʥʳʝ ʚ 

ʪʘʙʣʠʮʝ 3.2. ʋ ʠʩʭʦʜʥʦʛʦ ʚʝʨʤʠʢʫʣʠʪʘ 

ʥʘʙʣʶʜʘʶʪʩʷ ʨʘʩʢʨʳʪʳʝ ʧʦʨʳ, ʪʨʝʱʠʥʳ ʠ 

ʩʣʘʙʦʩʚʷʟʘʥʥʳʝ ʩʣʦʠʩʪʳʝ ʫʯʘʩʪʢʠ. ʑʝʣʦʯʥʘʷ 

ʘʢʪʠʚʘʮʠʷ ʧʦʚʳʰʘʝʪ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʩʠʣʠʢʘʪʥʦ-ʛʠʜʨʦʬʦʙʥʘʷ ʦʙʨʘʙʦʪʢʘ ʯʘʩʪʠʯʥʦ 

ʧʝʨʝʢʨʳʚʘʝʪ ʦʪʢʨʳʪʳʝ ʜʝʬʝʢʪʳ, ʘ ʢʦʤʧʣʝʢʩʥʘʷ 

ʦʙʨʘʙʦʪʢʘ ʬʦʨʤʠʨʫʝʪ ʙʦʣʝʝ ʧʣʦʪʥʳʡ ʠ 

ʩʪʘʙʠʣʴʥʳʡ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʣʦʡ. 
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ʊʘʙʣʠʮʘ 3 

 ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʝʞʬʘʟʥʦʡ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ. 

ɺʘʨʠʘʥʪ ʄʝʞʬʘʟʥʘʷ ʟʦʥʘ ʇʦʨʠʩʪʦʩʪʴ 
ɻʠʜʨʘʪʥʳʝ 

ʬʘʟʳ 
ʉʣʝʜʩʪʚʠʝ 

ɹʝʟ ʦʙʨʘʙʦʪʢʠ 
ʇʨʦʩʣʦʡʢʘ ʜʦ 40 ʤʢʤ, 

ʨʘʟʜʝʣʝʥʠʝ ʬʘʟ 
ɺʳʩʦʢʘʷ ʉʣʘʙʦ ʨʘʟʚʠʪʳ ʅʠʟʢʘʷ ʘʜʛʝʟʠʷ 

NaOH 
ʏʘʩʪʠʯʥʦ ʫʧʣʦʪʥʝʥʥʳʡ 

ʢʦʥʪʘʢʪ 
ʉʥʠʞʝʥʘ 

ʃʦʢʘʣʴʥʦʝ 

ʟʘʨʘʩʪʘʥʠʝ 
ʏʘʩʪʠʯʥʳʡ ʨʦʩʪ 

ɾʠʜʢʦʝ ʩʪʝʢʣʦ 
ʈʦʚʥʳʡ ʧʣʝʥʦʯʥʳʡ 
ʠʥʪʝʨʬʝʡʩ 

ʏʘʩʪʠʯʥʦ 
ʧʝʨʝʢʨʳʪʘ 

ʉʠʣʠʢʘʪʥʘʷ 
ʧʣʝʥʢʘ 

ʋʤʝʨʝʥʥʦʝ 
ʫʣʫʯʰʝʥʠʝ 

ɻʂɾ-11 ʉʪʘʙʠʣʠʟʠʨʦʚʘʥʥʘʷ ʟʦʥʘ 
ʂʘʧʠʣʣʷʨʥʦʩʪʴ 

ʩʥʠʞʝʥʘ 

ʋʜʝʨʞʠʚʘʶʪʩʷ 

ʣʫʯʰʝ 

ʋʩʪʦʡʯʠʚʘʷ 

ʩʪʨʫʢʪʫʨʘ 

ʂʦʤʧʣʝʢʩʥʘʷ 
ʉʧʣʦʰʥʘʷ ʧʣʦʪʥʘʷ ʟʦʥʘ ʙʝʟ 

ʧʫʩʪʦʪ 
ʄʠʥʠʤʘʣʴʥʘʷ C-S-H ʤʦʩʪʠʢʠ ɼʦʣʛʦʚʝʯʥʦʩʪʴ 

 

 
ʈʠʩ. 3.14. ʄʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʚʝʨʤʠʢʫʣʠʪ 

 
ʈʠʩ. 3.15. ʂʄɺ + ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ 

ʚʝʨʤʠʢʫʣʠʪ 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʨʠʩʫʥʢʦʚ 3.14 ʠ 

3.15 ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʭʠʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ 

ʚʝʨʤʠʢʫʣʠʪʘ ʧʨʠʚʦʜʠʪ ʢ ʫʧʣʦʪʥʝʥʠʶ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʯʘʩʪʠʯʥʦʤʫ ʧʝʨʝʢʨʳʪʠʶ ʦʪʢʨʳʪʳʭ 
ʜʝʬʝʢʪʦʚ ʠ ʧʦʚʳʰʝʥʠʶ ʫʩʪʦʡʯʠʚʦʩʪʠ ʢʦʥʪʘʢʪʥʦʡ 

ʟʦʥʳ. ʉʦʚʤʝʩʪʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʚʝʨʤʠʢʫʣʠʪʘ ʠ ʫʧʣʦʪʥʝʥʥʦʡ 

ʮʝʤʝʥʪʥʦʡ ʤʘʪʨʠʮʳ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʫʶ ʧʝʨʝʜʘʯʫ ʥʘʛʨʫʟʢʠ ʦʪ ʤʘʪʨʠʮʳ ʢ 

ʟʘʧʦʣʥʠʪʝʣʶ, ʩʥʠʞʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʨʘʟʨʫʰʝʥʠʷ ʧʦ 
ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʬʘʟ ʠ ʧʦʚʳʰʘʝʪ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʫʶ ʥʘʜʝʞʥʦʩʪʴ ʢʦʤʧʦʟʠʪʘ. 

 
ʈʠʩ. 3.16. ʂʄɺ + ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʚʝʨʤʠʢʫʣʠʪ

ʈʠʩʫʥʦʢ 3.16 ʧʦʜʪʚʝʨʞʜʘʝʪ ʚʣʠʷʥʠʝ ʢʦʤʧʣʝʢʩʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ ʥʘ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʩʪʨʫʢʪʫʨʫ 

ʢʦʤʧʦʟʠʪʘ. ʇʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʚʝʨʤʠʢʫʣʠʪʘ ʠ 

ʧʨʠʤʝʥʝʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʚʷʞʫʱʝʛʦ 

ʫʤʝʥʴʰʘʝʪʩʷ ʜʦʣʷ ʩʚʦʙʦʜʥʦʛʦ Ca(OH) , 

ʫʩʠʣʠʚʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ CïSïH- ʠ CïAïSïH-
ʬʘʟ, ʘ ʤʝʞʬʘʟʥʘʷ ʧʝʨʝʭʦʜʥʘʷ ʟʦʥʘ ʧʨʠʦʙʨʝʪʘʝʪ 

ʙʦʣʝʝ ʧʣʦʪʥʳʡ ʭʘʨʘʢʪʝʨ. ʆʩʥʦʚʥʦʡ ʩʪʨʫʢʪʫʨʥʳʡ 

ʵʬʬʝʢʪ ʟʘʢʣʶʯʘʝʪʩʷ ʥʝ ʚ ʦʙʨʘʟʦʚʘʥʠʠ ʢʨʫʧʥʳʭ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʥʦʚʦʦʙʨʘʟʦʚʘʥʠʡ, ʘ ʚ 

ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʩʣʘʙʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʛʠʜʨʘʪʥʳʭ ʬʘʟ, ʢʦʪʦʨʳʝ ʫʧʣʦʪʥʷʶʪ ʮʝʤʝʥʪʥʳʡ 

ʢʘʤʝʥʴ ʠ ʧʦʚʳʰʘʶʪ ʘʜʛʝʟʠʶ ʩ ʚʝʨʤʠʢʫʣʠʪʦʚʳʤ 

ʟʘʧʦʣʥʠʪʝʣʝʤ. 
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4. ɺʓɺʆɼʓ 

1. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ 

ʪʝʧʣʦʠʟʦʣʷʮʠʦʥʥʦ-ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʙʣʦʢʦʚ ʥʘ 

ʦʩʥʦʚʝ ʚʩʧʫʯʝʥʥʦʛʦ ʚʝʨʤʠʢʫʣʠʪʘ ʜʦʣʞʥʦ 

ʦʩʥʦʚʳʚʘʪʴʩʷ ʥʘ ʢʦʤʧʣʝʢʩʥʦʤ ʫʧʨʘʚʣʝʥʠʠ 

ʩʪʨʫʢʪʫʨʦʡ ʮʝʤʝʥʪʥʦʡ ʤʘʪʨʠʮʳ ʠ ʤʝʞʬʘʟʥʦʡ 

ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ. ʆʜʥʦʩʪʦʨʦʥʥʝʝ ʫʚʝʣʠʯʝʥʠʝ 

ʨʘʩʭʦʜʘ ʮʝʤʝʥʪʘ ʥʝ ʷʚʣʷʝʪʩʷ ʨʘʮʠʦʥʘʣʴʥʳʤ 

ʨʝʰʝʥʠʝʤ, ʧʦʩʢʦʣʴʢʫ ʤʦʞʝʪ ʫʭʫʜʰʠʪʴ ʪʝʭʥʠʢʦ-

ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ ʤʘʪʝʨʠʘʣʘ. 

2. ʄʦʜʠʬʠʢʘʮʠʷ ʮʝʤʝʥʪʥʦʛʦ ʚʷʞʫʱʝʛʦ 
ʤʠʢʨʦʢʨʝʤʥʝʟʸʤʦʤ, ʟʦʣʦʡ-ʫʥʦʩʘ ʠ 

ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʦʤ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʥʠʞʝʥʠʶ 

ʢʘʧʠʣʣʷʨʥʦʡ ʧʦʨʠʩʪʦʩʪʠ, ʧʦʚʳʰʝʥʠʶ ʧʣʦʪʥʦʩʪʠ 

ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʠ ʨʘʟʚʠʪʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʛʠʜʨʦʩʠʣʠʢʘʪʥʳʭ ʬʘʟ. ʅʘʠʙʦʣʝʝ ʚʳʨʘʞʝʥʥʳʡ 

ʚʢʣʘʜ ʚ ʧʨʠʨʦʩʪ ʧʨʦʯʥʦʩʪʠ ʚʥʦʩʠʪ 

ʤʠʢʨʦʢʨʝʤʥʝʟʸʤ, ʪʦʛʜʘ ʢʘʢ ʟʦʣʘ-ʫʥʦʩʘ ʠ 

ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨ ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʫʧʣʦʪʥʝʥʠʝ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʫʶ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʤʝʩʠ. 

3. ʂʦʤʧʣʝʢʩʥʘʷ ʦʙʨʘʙʦʪʢʘ ʚʝʨʤʠʢʫʣʠʪʦʚʦʛʦ 

ʟʘʧʦʣʥʠʪʝʣʷ ʧʦ ʩʭʝʤʝ NaOH Ÿ ʞʠʜʢʦʝ ʩʪʝʢʣʦ Ÿ 
ɻʂɾ-11 ʫʤʝʥʴʰʘʝʪ ʦʪʢʨʳʪʫʶ ʧʦʨʠʩʪʦʩʪʴ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦʚʳʰʘʝʪ ʛʠʜʨʦʬʦʙʥʦʩʪʴ ʠ 

ʫʩʠʣʠʚʘʝʪ ʘʜʛʝʟʠʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ 

ʮʝʤʝʥʪʥʦʡ ʤʘʪʨʠʮʝʡ. ʉʦʚʤʝʱʝʥʠʝ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʚʷʞʫʱʝʛʦ ʠ ʦʙʨʘʙʦʪʘʥʥʦʛʦ 

ʟʘʧʦʣʥʠʪʝʣʷ ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʠʪʴ 

ʪʝʧʣʦʠʟʦʣʷʮʠʦʥʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ 

ʚʝʨʤʠʢʫʣʠʪʦʚʳʭ ʙʣʦʢʦʚ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʧʦʚʳʩʠʪʴ ʠʭ ʧʨʦʯʥʦʩʪʴ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʴ. 

4. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ 

ʧʨʝʜʣʘʛʘʝʤʘʷ ʪʝʭʥʦʣʦʛʠʷ ʤʦʞʝʪ ʙʳʪʴ 
ʠʩʧʦʣʴʟʦʚʘʥʘ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʭ 

ʣʝʛʢʠʭ ʩʪʝʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʯʥʦʩʪʴ 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʩʦʩʪʘʚʦʤ ʚʷʞʫʱʝʛʦ, ʥʦ 

ʠ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʳʤ ʫʧʨʘʚʣʝʥʠʝʤ ʩʪʨʫʢʪʫʨʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʠʩʪʦʛʦ ʟʘʧʦʣʥʠʪʝʣʷ. 

ʀʉʇʆʃʔɿʆɺɸʅʅɸʗ 

ʃʀʊɽʈɸʊʋʈɸ / REFERENCES  

[1] Neville A.M. Properties of Concrete. 5th ed. 

London: Pearson Education, 2011. 872 p. 

[2] Mehta P.K., Monteiro P.J.M. Concrete: 

Microstructure, Properties, and Materials. 4th ed. 

New York: McGraw-Hill Education, 2014. 

[3] Scrivener K., Snellings R., Lothenbach B. 

(eds.). A Practical Guide to Microstructural Analysis 

of Cementitious Materials. Boca Raton: CRC Press, 

2016. 

[4] Assis Neto P.C., Raupp-Pereira F., Hotza D., 

Segad«es A.M. Expanded Vermiculite: A Short 

Review about Its Production, Characteristics, and 
Effects on the Properties of Lightweight Mortars // 

Buildings. 2023. Vol. 13(3). Article 823. 

[5] Koksal F., Gencel O., Kaya M. Combined 

effect of silica fume and expanded vermiculite on 
properties of lightweight mortars at ambient and 

elevated temperatures // Construction and Building 

Materials. 2015. Vol. 88. P. 175ï187. 

[6] Mo K.H., Lee H.J., Liu M.Y.J., Ling T.-C. 

Incorporation of expanded vermiculite lightweight 

aggregate in cement mortar // Construction and 

Building Materials. 2018. Vol. 179. P. 302ï306. 

[7] Bentz D.P., Jensen O.M., Coats A.M., 

Glasser F.P. Influence of silica fume on diffusivity in 

cement-based materials I. Experimental and computer 

modeling studies on cement pastes // Cement and 

Concrete Research. 2000. Vol. 30. P. 953ï962. 
[8] Lothenbach B., Scrivener K., Hooton R.D. 

Supplementary cementitious materials // Cement and 

Concrete Research. 2011. Vol. 41(12). P. 1244ï1256. 

[9] ɻʆʉʊ 10180-2012. ɹʝʪʦʥʳ. ʄʝʪʦʜʳ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʧʦ ʢʦʥʪʨʦʣʴʥʳʤ 

ʦʙʨʘʟʮʘʤ. 

[10] ɻʆʉʊ 12730.3-2020. ɹʝʪʦʥʳ. ʄʝʪʦʜ 

ʦʧʨʝʜʝʣʝʥʠʷ ʚʦʜʦʧʦʛʣʦʱʝʥʠʷ. 

[11] ɻʆʉʊ 25820-2014. ɹʝʪʦʥʳ ʣʝʛʢʠʝ. 

ʊʝʭʥʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ. 

[12] ɻʆʉʊ 7076-99. ʄʘʪʝʨʠʘʣʳ ʠ ʠʟʜʝʣʠʷ 
ʩʪʨʦʠʪʝʣʴʥʳʝ. ʄʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʧʨʠ ʩʪʘʮʠʦʥʘʨʥʦʤ ʪʝʧʣʦʚʦʤ ʨʝʞʠʤʝ. 

INFORMATION ABOUT THE 

AUTHORS/ ʀʅʌʆʈʄɸʎʀʗ ʆɹ 

ɸɺʊʆʈɸʍ 

ʊʫʨʛʘʝʚ 

ɾʘʤʙʫʣ 

ɸʜʠʣʙʘʝʚʠʯ 

ɿʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʳ 

ʛʨʘʜʦʩʪʨʦʠʪʝʣʴʩʪʚʘ ʠ ʭʦʟʷʡʩʪʚʘ 

ʂʘʨʘʢʘʣʧʘʢʩʢʦʛʦ 
ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ 

E-mail: 

jambulturgaev46@gmail.com 

Tel.:+998973550840 

https://orcid.org/0000-0003-2483-

9727  

ʊʘʭʠʨʞʘʥʦʚ 

ʅʫʨʩʫʣʪʘʥ 

ʂʘʡʨʘʪʦʚʠʯ 

ɹʘʟʦʚʳʡ ʜʦʢʪʦʨʘʥʪ ʢʘʬʝʜʨʳ 

"ʉʪʨʦʠʪʝʣʴʩʪʚʦ ʟʜʘʥʠʡ ʠ 

ʧʨʦʤʳʰʣʝʥʥʳʭ ʩʦʦʨʫʞʝʥʠʡ" 

ʊʘʰʢʝʥʪʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ 

ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ,  

E-mail: 
taxirjanovnursultan@gmail.com 

Tel.:+998973554498 

https://orcid.org/0009-0004-4251-

7101  

mailto:jambulturgaev46@gmail.com
https://orcid.org/0000-0003-2483-9727
https://orcid.org/0000-0003-2483-9727
mailto:taxirjanovnursultan@gmail.com
https://orcid.org/


Journal Engineer           ISSN: 3030-3893 Special Issue| 2026 
 

 
       27-iyun, 2026 46 

         ñSamarali qurilish materiallari, konstruksiyalari va texnologiyalariò 
 

Study of the Effect of Hydrophobic Modifiers on the Properties of Cement 

Mixtures  

 

U.J. Turgunbaev1 a, Y.O. Murodillaev 1 b, D.T. Sharipova1 
1Tashkent State Transport University, Tashkent, Uzbekistan 

 

Annotation: This article comparatively studies the effect of zinc stearate and polyhydroxysiloxane 136-41 

hydrophobic modifiers on the structural and operational properties of cement-sand mixtures. The 

experiments were conducted on the basis of cement from Ohangaronsement JSC and sand from the 

Chinoz mine, with a water-cement (Water/Cement) ratio ranging from 0.4 to 0.7. It was found that 

zinc stearate (1% by weight of cement) did not reduce the compressive strength of cement stone at 

all test periods, but rather increased it by 13.3ï60.7% compared to control samples. According to 

the water absorption reduction efficiency factor (Pw), zinc stearate reduced capillary absorption by 

2.51ï3.03 times in the initial period to result twice as high as conventional polyhydrosiloxane. The 

results obtained prove that the use of zinc stearate is highly effective in ensuring the long-term 

durability of plaster coatings in the sharply continental climate of Uzbekistan. 

Keywords: Hydrophobic additives, admixture, cement, zinc stearate, polyhydrosiloxane, hydrophobization, 
compressive strength, water absorption, durability 

 

Gidrofob Modifikatorlarning Sement Qorishmalari Xususiyatlariga 

Taôsirini Tadqiq Etish 

 

Turgunbayev U.J.1 a, Murodillayev Y .O.1 b, Sharipova D.T.1 
1Toshkent davlat transport universiteti, Toshkent, Oózbekiston 

 

Annotatsiya: Ushbu maqolada sement-qum qorishmalarining strukturavyi va ekspluatatsion xususiyatlariga rux 

stearati va poligidrosiloksan 136-41 gidrofob modifikatorlarining taôsiri qiyosiy oᾶrganilgan. 

Tajribalar çOhangaronsementè AJ sementi va Chinoz koni qumi asosida, suv-sement (Suv/Sem) 

nisbatining 0,4 dan 0,7 gacha boᾶlgan oraliqlarida oᾶtkazilgan. Rux stearati (sement massasidan 1%) 

barcha sinov muddatlarida sement toshining siqilishga mustahkamligini pasaytirmasdan, aksincha, 

nazorat namunalariga nisbatan 13,3ï60,7% gacha oshirishi aniqlandi. Suv yutishni kamaytirish 

samaradorligi koᾶrsatkichi (Pw) boᾶyicha rux stearati boshlangᾶich davrda kapillyar soᾶrilishni 2,51ï

3,03 martagacha kamaytirib, anôanaviy poligidrosiloksanga qaraganda ikki baravar yuqori natija 

koᾶrsatdi. Olingan natijalar Oᾶzbekistonning keskin kontinental iqlimi sharoitida suvoq 

qoplamalarining uzoqqa chidamliligini taôminlashda rux stearatidan foydalanish yuqori samara 

berishini isbotlaydi. 

Kalit soôzlar: Gidrofoblovchi qoóshimchalar, qorishma, sement, rux stearati, poligidrosiloksan, gidrofobizatsiya, 
siqilishga mustahkamlik, suv yutish, uzoqqa chidamlilik 

1. KIRISH  

Mavzuning dolzarbligi  
Suvoq qoplamalarining uzoqqa chidamliligi qurilish 

obektlarining asosiy texnik-iqtisodiy koórsatkichidir. 

Tashqi qatlamlar asosan namlanish-qurish va 

muzlash-erish jarayonlarida yemiriladi. Sement 

toshining góovaklarida suv muzlaganda ichki bosim va 

kuchlanishlar ortadi. Bu holat konstruksiyalarda 

 
ŀ  https://orcid.org/0000-0003-1993-8165  
b  https://orcid.org/0009-0008-7972-3223  

nuqsonlar toóplanishiga va yakunda parchalanishga 

olib keladi. Materialning uzoqqa chidamliligini 

oshirishda suv shimishni kamaytirish hal qiluvchi 

omildir. 

Muammoning qoóyilishi. Portlandsement 

asosidagi kompozitlarni himoya qilishda anôanaviy 
Poligidrosiloksan 136-41 qoóshimchalari qoóllaniladi. 

Biroq, ularning hozirgi dozalari barqaror gidrofob 

effektni toóliq taôminlamaydi. Shu sababli, 

https://orcid.org/0000-0003-1993-8165
https://orcid.org/0009-0008-7972-3223
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samaraliroq metall stearatlari, xususan sink 

stearatidan foydalanish istiqbolli hisoblanadi. 
Tadqiqot maqsadi. Kimyoviy tuzilishi turlicha 

boólgan rux stearati va poligidrosiloksan 

qoóshimchalarining sement-qum qorishmalari 

xususiyatlariga taôsirini qiyosiy baholash. 

2. ASOSIY QISMI  

Suvoq qoplamalarining uzoqqa chidamliligi asosiy 

texnik-iqtisodiy koórsatkich hisoblanadi. Suvoq 

qatlamlarining yemirilishi asosan ikki mexanizm bilan 

bogóliq: siklik namlanish va qurish, shuningdek, 

kriogen taôsir. Buzilish sement toshining góovaklarida 

muzlash-erish jarayonida suvning fazaviy 

oózgarishlari tufayli yuzaga keladigan kuchlanishlar 

natijasida shikastlanishlarning toóplanishi oqibatida 

sodir boóladi. Bundan tashqari, kuchlanishlar suvli 

muhit va atmosfera havosining galma-gal taôsirida 

notekis choókish va boókish deformatsiyalari 
natijasida vujudga keladi. Har ikki holatda ham 

materialning suv shimish qobiliyati uning uzoqqa 

chidamliligini belgilovchi asosiy omil boólib xizmat 

qiladi. 

Portlandsementdan tayyorlangan qurilish 

materiallarining uzoqqa chidamliligini oshirish uchun 

Poligidrosiloksan 136-41 [1,2] kabi 

gidrofoblashtiruvchi qoóshimchalardan foydalaniladi. 

Hozirgi vaqtda bozorda yangi gidrofobizatorlar: sink, 

kalsiy, magniy, marganets stearatlari va natriy oleati 

mavjud. 

Shuni taôkidlash joizki, qoóshimchaning hozirgi 
dozasi barqaror va uzoq muddatli suv qaytaruvchi 

samaraga erishish uchun yetarli emas. Shu munosabat 

bilan [3]-ishda mineral-shlakli kompozitsion 

materiallar yordamida tajribalar oótkazilgan va 

ularning natijasida sink hamda kalsiy stearatlari 

oórganilgan metall stearatlari orasida eng samaralisi 

ekanligi aniqlangan. Ushbu natijalarni inobatga olgan 

holda, tadqiqotimizning ikkinchi bosqichida kimyoviy 

tuzilishi har xil boólgan ikkita gidrofoblashtiruvchi 

qoóshimchaning ï sink stearati (kimyoviy formulasi: 

Zn(C17H35COO)2) va poligidrosiloksanlarning 
gidrofobizator sifatidagi qiyosiy samaradorligini 

aniqlashga eôtibor qaratdik. 

Tadqiqotdan maqsad sink stearati (sement 

massasining 1%i) va poligidrosiloksan 136-41 

(sement massasining 0,15%i) qoóshimchalarining 

qurilish qorishmalari konsistensiyasiga taôsirini 

aniqlashdan iborat edi. Qorishmalar 

ñOhangaronsementò D20 markali sement va Chinoz 

koni qumidan (Mkr = 1,5) sement:qum nisbati 1:3 

qilib tayyorlandi. Konsistensiya GOST 310.4 

boóyicha har xil suv-sement nisbatlarida (0,4 dan 0,7 

gacha) tebratish stolidan foydalangan holda aniqlandi. 
Sement-qum aralashmasi konsistensiyasining ushbu 

qoóshimchalar bilan suv-sement nisbatiga 

bogóliqligini koórsatuvchi natijalar 3.1-rasmda 

keltirilgan. 

 
3.1-rasm. Gidrofobizatorlar bilan 

modifikatsiyalangan sement-qum qorishmasining 

harakatchanligi (konsistensiyasi) suv-sement 

nisbatiga bogóliqligi 

3.1-rasmda koórsatilganidek, suv-sement (S/S) 

nisbati 0,55 qiymatidan oshganda, poligidrosiloksan 

136-41 qorishmaning zichligini oshishiga 

(quyuqlashishiga) olib keladi. Rux stearati esa, 
aksincha, konusning yoyilish koórsatkichiga deyarli 

taôsir etmay, uni avvalgi darajada saqlab qoladi. 

Konsistensiyadagi bu oózgarishlar ahamiyatsiz 

boólgani uchun ularni eôtiborga olmaslik mumkin. 

Biroq, qoóshilayotgan rux stearatining miqdori ortishi 

bilan quyuqlashish samarasi yanada yaqqolroq 

namoyon boóladi. 

Gidrofoblovchi qoóshimchalar bilan 

modifikatsiyalangan qurilish qorishmalarining 

mustahkamligi toógórisidagi turli vaqt oraliqlarida 

olingan maôlumotlar 3.3-jadvalda keltirilgan. 3.4-
jadval esa ushbu tarkiblarning suv yutuvchanligi 

ularning suv-sement nisbati bilan qanday bogóliqligini 
yaqqol koórsatib turibdi. Bizningcha, 

qoóshimchalarning qorishma mustahkamligiga taôsiri 
minimal darajada boólib, bunday tadqiqotlarga xos 
boólgan standart xatolikdan oshmasa kerak (3.3 

jadval). 

3.3-jadval 

Tarkibida gidrofobizatsiyalovchi komponentlar 

boólgan qurilish qorishmalarining qotishining 

turli bosqichlarida mustahkamlikning oózgarishi 

T/

r 

S/

S 

Qoóshimchal

ar, % 

Siqilishga 

mustahkamlik 
chegarasi, MPa 

3 

sut

ka 

7 

sut

ka 

14 

sut

ka 

28 

sut

ka 

1 0,

4 

 

- 

7,5 16 21,

5 

36,

5 

2 0,

5 

5,5 11 16,

5 

30 

3 0,

6 

4,2 8,9 14,

2 

26,

5 

4 0,

7 

2,8 7,0 10,

5 

22,

5 
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5 0,

4 

 

poligidrosilo

ksan 136-41 

8,2 15,

2 

20,

0 

33,

5 

6 0,

5 

5,8 13,

5 

16,

5 

28,

2 

7 0,
6 

4,5 8,6 13,
5 

26,
5 

8 0,

7 

3,0 7,0 12,

2 

19,

5 

9 0,

4 

 

rux stearati 

8,5 19,

5 

27,

2 

41,

5 

1

0 

0,

5 

7,2 15,

5 

21,

5 

38,

7 

1

1 

0,

6 

5,6 13,

2 

15,

5 

29,

5 

1

2 

0,

7 

4,5 11 14 26,

5 

Tadqiqot shuni koórsatdiki, sement-qum 

qorishmasiga oórganilgan barcha suv-sement 

nisbatlarida (0,4 dan 0,7 gacha) rux stearatini qoóshish 

uning mustahkamlik xususiyatlarini sezilarli darajada 

yaxshilaydi. Gidrofoblovchi qoóshimcha qotishning 

dastlabki va meôyoriy muddatlarida mustahkamlikni 
nafaqat pasaytirmaydi, balki nazorat namunalariga 

nisbatan uning barqaror oshishini ham taôminlaydi. 

Tarkibida rux stearati boólgan namunalar 

sinovning barcha davrlarida oóqqa nisbatan siqilishga 

yuqori mustahkamlikka ega boóladi. 

Oradan 3 sutka oótgach, rux stearatli 

namunalarning mustahkamligi nazorat 

namunalarining koórsatkichlaridan 13,3ï60,7% ga 

(Suv/Sem nisbatiga qarab) oshadi. Eng yuqori nisbiy 

oósish Suv/Semnisbati 0,7 boólganda qayd etilgan (2,8 

MPaga nisbatan 4,5 MPa). Qotishning 28-

sutkasida rux stearatli qorishmaning mustahkamligi 
41,5 MPa (Suv/Sem 0,4 da) dan 26,5 MPa (Suv/Sem 

0,7 da) gacha boólgan qiymatni tashkil etadi. 

Taqqoslash uchun, 136-41 markali poligidroksiloksan 

qoóllanganda bu koórsatkichlar ancha past boólib, 33,5 

dan 19,5 MPa gacha oraliqda oózgaradi. 

Suv/Sem nisbati 0,5 boólganda, rux stearati bilan 

gidrofoblangan tarkibning mustahkamligi 28 kundan 

soóng 38,7 MPani tashkil etadi. Bu qoóshimchalarsiz 

nazorat namunasining mustahkamligidan (30 MPa) 

1,29 baravar va poligidroksiloksanli tarkib natijasidan 

(28,2 MPa) ancha yuqoridir. Quyida eng xos nisbatlar 
(Suv/Sem 0,4 va Suv/Sem 0,7) uchun 

mustahkamlikning vaqt oótishi bilan qanday 

oózgarishini yaqqol koórsatuvchi grafik keltirilgan 

(3.2-rasm). 

 
3.2-rasm. Eng xos nisbatlar (Suv/Sem 0,4 va 

Suv/Sem 0,7) uchun mustahkamlikning vaqt 

boóyicha oózgarishi 

Shunday qilib, rux stearatidan foydalanish 

qorishmaga nafaqat suv itaruvchi xususiyatlarni 

beradi, balki anôanaviy qoóshimchalarga nisbatan 

uning mustahkamlik markasini ham sezilarli darajada 

oshirish imkonini beradi. 

Qoóshimchalarning gidrofoblashtiruvchi 

samaradorligini oórganish GOST 12730.3-78 [4] da 

bayon etilgan uslubiyot boóyicha sement-qum 

qorishmasining suv yutishini kamayishini aniqlash 

orqali oótkazildi. Kamayish qiymati quyidagi formula 

boóyicha hisoblandi: 

                                Pw =
╦▓

ἥ̄
                             (1)         

bu yerda WK ï nazorat namunasining suv yutishi, Wr 

esa gidrofoblangan namunaning suv yutishidir. 

Barcha tadqiq etilgan tarkiblar uchun suv 

yutishining kamayish darajasi suv bilan toóyinish 

vaqtiga bogóliqligi natijalari 3.4-jadvalda keltirilgan. 

3.4-jadval 

Suv yutishining kamayish koórsatkichi (Pw) 

Suv/Sem nisbati va toóyinish vaqtiga bogóliqligi 

Qoóshimch

a 

Toóyi

nish 

vaqti, 

soat. 

S/S

=0,4 

S/S

=0,5 

S/S

=0,6 

S/S

=0,7 

poligidrosil

oksanlar 

136-41 

0,25 1,37 1,44 1,49 1,57 

 1 1,33 1,39 1,44 1,52 

 3 1,29 1,33 1,39 1,49 

 6 1,25 1,28 1,34 1,41 

 24 1,19 1,23 1,25 1,29 

rux stearati 0,25 2,57 2,68 2,82 3,03 

 1 2,51 2,62 2,71 2,89 

 3 2,39 2,48 2,53 2,79 

 6 1,86 1,87 1,91 2,38 

 24 1,48 1,51 1,54 1,78 

3.4-jadvalda gidrofoblashtiruvchi qoóshimchalar 
(poligidrosiloksanlar 136-41 va rux stearati) 
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qoóshilgan sement-qum qorishmalarining suv yutishi 

suv bilan toóyintirishning turli muddatlarida suv-
sement nisbatiga (S/S) bogóliqligi koórsatilgan. 

Toóyinishning dastlabki davrida (0,25ï1 soat) sink 

stearati aôlo darajadagi gidrofoblovchi xususiyatlarni 

namoyon etadi. Uning uchun Pw koórsatkichi 2,51ï

3,03 oraligóida boólsa, 136-41 poligidrosiloksani 

uchun bu koórsatkich ancha past ð 1,33 dan 1,57 

gacha. Bu holat sink stearatining namlik bilan 

aloqaning birinchi soatlarida kapillyar soórilishni 

samaraliroq toósish qobiliyatiga ega ekanini 

koórsatadi. 

Toóyinish vaqti 24 soatgacha oshirilganda, barcha 

tarkiblar uchun Pw koórsatkichi qonuniy ravishda 
pasayishi kuzatiladi. Biroq, bir sutkadan keyin ham 

sink stearatli tarkiblar yuqoriroq samaradorlikni 

saqlab qoladi (1,48ï1,78), 136-41 

poligidrosiloksanining himoya taôsiri esa minimal 

qiymatlargacha (1,19ï1,29) tushib ketadi. 

Toógóridan-toógóri korrelyatsiya qayd etildi: V/S 

nisbati oshishi bilan har ikkala qoóshimchaning 

samaradorligi ham ortadi. Gidrofobizatsiyaning eng 

yaxshi koórsatkichlari V/S = 0,7 boólganda qayd 

etilgan. Xususan, 6 soatlik toóyinishdan soóng V/S 

nisbati 0,7 boólgan sink stearati uchun Pw koórsatkichi 
2,38 ni tashkil etadi, bu esa V/S nisbati pastroq 

boólgan holatlarga (1,86ï1,91) qaraganda ancha 

yuqoridir. 

Sink stearati barcha nazorat nuqtalarida (0,25 dan 

24 soatgacha) 136-41 poligidrosiloksanining 

koórsatkichlaridan doimiy ravishda yuqori natijalarni 

koórsatadi. Bu uning materialni uzoq muddatli himoya 

bilan taôminlovchi samaraliroq gidrofoblovchi 

komponent sifatida qoóllanilishi maqsadga muvofiq 

ekanligini tasdiqlaydi. 

Shunday qilib, rux stearati 136-41 

poligidrosiloksaniga nisbatan ancha samaraliroq 
gidrofobizator hisoblanadi. U dastlabki bosqichda (1 

soatgacha) namlikni toósishda deyarli ikki baravar 

ustunlikni taôminlaydi va uzoq vaqt davomida 

toóyintirilganda (24 soat) oóxshashiga qaraganda 25ï

38% yuqoriroq himoya xususiyatlarini saqlab qoladi. 

Qoóshimchaning asosiy xususiyati turli suv-sement 

nisbatlarida ham yuqori samaradorligini saqlab 

qolishidir, bu esa uni sement tizimlarini uzoq muddatli 

gidrofobizatsiyalash uchun eng maqbul tanlovga 

aylantiradi. 

3. XULOSA 

1. Suv/Sem nisbati 0,55 dan oshganda 

poligidrosiloksan qorishmani quyuqlashtiradi. Rux 

stearati esa konus yoyilishiga deyarli salbiy taôsir 

koórsatmaydi. 

2. Rux stearati sement tizimlarida 

mustahkamlikning pasayishini oldini oladi. Va barcha 

muddatlarda nazorat namunalariga nisbatan barqaror 

oósishni taôminlaydi. 3 sutkada mustahkamlik oósishi 

Suv/Sem nisbatiga qarab 13,3% dan 60,7% gacha 

yetadi. 
3. Suv/Sem = 0,5 boólganda rux stearatli 

tarkibning 28 kunlik mustahkamligi 38,7 MPa ni 

taminladi. Bu koórsatkich nazorat variantidan (30 

MPa) 1,29 baravar yuqoridir. 

4. Toóyinishning dastlabki soatlarida rux 

stearati kapillyar soórilishni 2,51ï3,03 marta 

kamaytiradi. Bu poligidrosiloksanga (1,33ï1,57) 

nisbatan qariyb ikki baravar yuqori samaradir. 24 

soatlik toóliq toóyinishdan keyin ham rux stearati 

oózining yuqori himoya xususiyatini (1,48ï1,78) 

saqlab qoldi. 
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Modification of the Cementitious System As A Method For Densifying the 

Inter -Pore Walls of Fiber-Reinforced Foam Concrete 
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Annotation This study investigates the effect of complex modification of a cementitious system on hardening 

behavior and strength formation in cement paste designed for the production of fiber-reinforced 

foam concrete. Microcalcite, microsilica, and a polycarboxylate-based superplasticizer were used 

as modifying components. The experimental program included a comparison between a reference 

mixture without additives and a modified mixture incorporating 5% microcalcite, 5% microsilica, 

and 1% superplasticizer by mass of cement. Compressive strength was evaluated after 3, 7, and 28 

days of curing, and the phase composition of the cement matrix was analyzed by X-ray diffraction. 

The results showed that the complex additive did not lead to a significant increase in early-age 

strength, but contributed to the development of structure-forming processes by 28 days. X-ray 

diffraction analysis confirmed the presence of portlandite, calcite, residual clinker minerals, and an 

amorphous region related to calcium silicate hydrate phases. These findings indicate that the 

combined use of microcalcite, microsilica, and superplasticizer promotes densification of the 

cement matrix and can be applied to modify the cementitious binder for fiber-reinforced foam 

concrete 

Keywords: Fiber-reinforced Foam Concrete; Cementitious System; Microcalcite; Microsilica; Polycarboxylate 
Superplasticizer; X-Ray Diffraction; Compressive Strength 

 
 

1. INTRODUCTION  

In modern construction, there is an increasing demand 

for lightweight and energy-efficient materials 
characterized by reduced density, sufficient strength, 

and stable performance properties. One of the 

promising materials in this field is non-autoclaved 

fiber-reinforced foam concrete, which combines the 

advantages of a cellular structure and dispersed 

reinforcement. Due to the presence of artificially 

formed air pores, this material is characterized by low 

average density and reduced thermal conductivity, 

which makes it suitable for use in enclosing, partition, 

and thermal-insulating structural elements of 

buildings [1, 2]. 
However, producing low-density fiber-reinforced 

foam concrete with sufficiently high strength remains 

a challenging technological task. As density 

decreases, the volume of pore space increases, the 

thickness of the inter-pore walls decreases, and the 

probability of forming a defective cement matrix 

increases. As a result, the material may exhibit 

reduced strength, increased water absorption, 

shrinkage deformations, and a tendency toward 

microcracking [3, 4]. Therefore, improving the quality 

of the cementitious system is one of the key 
approaches to enhancing the properties of non-

autoclaved fiber-reinforced foam concrete. 

 
a  https://orcid.org/0009-0009-7560-2691  
b  https://orcid.org/0009-0005-4832-4623 

The condition of the cement matrix forming the 

inter-pore walls is of particular importance. These 

structural regions carry the main mechanical load and 

determine the compressive strength of the material. If 
the cement matrix is characterized by increased 

capillary porosity, insufficient density of hydration 

products, or a large amount of weakly bound phases, 

the strength of foam concrete decreases even when the 

pore structure is relatively uniform. In this regard, 

modification of the cementitious system should be 

aimed not only at improving the workability of the 

mixture, but also at controlling the hydration and 

phase formation processes of cement paste. 

A promising approach to increasing the density 

and strength of the cement matrix is the combined 
incorporation of mineral and chemical modifiers. In 

this study, a modifying system consisting of 1% 

polycarboxylate-based superplasticizer, 5% 

microcalcite, and 5% microsilica is considered. It is 

assumed that the superplasticizer ensures dispersion of 

cement particles and reduces water demand, 

microcalcite acts as a microfiller and crystallization 

center, while microsilica contributes to the binding of 

calcium hydroxide and the formation of additional 

calcium silicate hydrates. 

The aim of this study is to investigate the effect of 
complex modification of the cementitious system, 

including 1% polycarboxylate-based superplasticizer, 

c  https://orcid.org/0000-0003-2483-9727 
d  https://orcid.org/0009-0004-3686-5695 
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5% microcalcite, and 5% microsilica, on phase 

transformations and the strength of fiber-reinforced 
foam concrete. To achieve this aim, a reference 

composition without modifying additives and a 

modified composition were compared. The 

effectiveness of modification was evaluated based on 

the results of compressive strength testing and X-ray 

diffraction analysis of the cement matrix. 

Literary analysis 
The production and application of foam concrete have 

been widely discussed in the scientific literature. In the 

work of K. Ramamurthy, E.K. Kunhanandan 

Nambiar, and G.I.S. Ranjani, studies devoted to the 

composition, production technology, properties of 

fresh mixtures, and characteristics of hardened foam 
concrete are systematized [1]. The authors note that 

the properties of foam concrete depend on the type of 

binder, mixture composition, foam stability, water-to-

solid ratio, and curing conditions. At the same time, 

not only the total porosity but also the quality of the 

formed pore structure plays an important role. 

A number of studies show that the strength of 

foam concrete is closely related to its porosity. E.P. 

Kearsley and P.J. Wainwright established a 

relationship between the volume of pore space and the 

compressive strength of foam concrete [3]. As 

porosity increases, the strength of the material 
naturally decreases; however, the nature of this 

decrease depends on the condition of the cement 

matrix and the pore distribution. This means that the 

strength improvement of low-density foam concrete 

cannot be achieved only by changing the number of 

pores; it is also necessary to improve the quality of the 

inter-pore walls. 

E.K.K. Nambiar and K. Ramamurthy 

investigated the influence of pore structure on the 

permeability and performance properties of foam 

concrete [4]. The authors emphasize that the size, 
shape, distribution, and degree of connectivity of 

pores significantly affect the water absorption and 

durability of the material. For non-autoclaved fiber-

reinforced foam concrete, this conclusion is of 

particular importance, since instability of the pore 

system can lead to increased open porosity, reduced 

strength, and deterioration of performance 

characteristics. 

Fine mineral additives are widely used to 

improve the structure of the cement matrix. One of the 

most effective active additives is microsilica. Its effect 
is associated with its high fineness and high content of 

amorphous silicon dioxide, which reacts with calcium 

hydroxide formed during cement hydration. As a 

result, an additional amount of calcium silicate 

hydrates is formed, contributing to the densification of 

cement paste, reduction of porosity, and increase in 

strength [5, 6]. However, the effectiveness of 

microsilica depends on its uniform distribution in the 

cementitious system and on a rational water-to-cement 

ratio. 

Along with active siliceous additives, limestone 

powder, or microcalcite, is widely used in cement-
based materials. According to the review by D. Wang 

et al., limestone powder can affect cementitious 

systems through several mechanisms, including the 

filler  effect, nucleation effect, dilution effect, and 

chemical interaction [7]. When used at a rational 

dosage, microcalcite contributes to microstructural 

densification, reduction of porosity, and acceleration 

of clinker mineral hydration. Under the conditions of 

fiber-reinforced foam concrete, this may promote the 

formation of a denser cement matrix and strengthen 

the inter-pore walls. 

An important component of the modified 
cementitious system is a polycarboxylate-based 

superplasticizer. Modern polycarboxylate admixtures 

possess high water-reducing capacity and provide 

effective dispersion of cement particles. Their action 

is associated with adsorption on the surface of cement 

particles, electrostatic repulsion, and steric hindrance 

between particles [8]. This makes it possible to reduce 

the water demand of the mixture without impairing its 

flowability, which is especially important for foam 

concrete, since an excessive amount of water may 

cause segregation, settlement, and disruption of the 
pore structure. 

The analysis of literature sources shows that the 

effects of microsilica, microcalcite, and 

superplasticizers on cement-based materials have been 

studied quite extensively. At the same time, most 

studies consider the action of these components 

separately or in relation to conventional cement 

concrete. The complex influence of the combined use 

of microsilica, microcalcite, and a polycarboxylate-

based superplasticizer on phase transformations in the 

cementitious system and the strength of non-

autoclaved fiber-reinforced foam concrete remains 
insufficiently studied. Therefore, a comparative study 

of reference and modified compositions using X-ray 

diffraction analysis is of both scientific and practical 

interest. 

2. MATERIALS AND METHODS  

The modified cementitious binder was prepared using 

cement, finely dispersed mineral additives, and a 

chemical modifier. The main characteristics of the 

materials used in the study are presented in Table 1. 

After the selection of the raw materials, two 

cementitious system compositions were prepared: the 

reference composition R and the modified 

composition M. The reference composition R did not 

contain mineral or chemical modifying additives and 

was used for comparative evaluation. The modified 

composition MK1 included a complex of additives: 
5% microcalcite, 5% microsilica, and 1% 

polycarboxylate-based superplasticizer by mass of 

cement. 
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Table 1 

Characteristics of the materials used for the production of fiber-reinforced foam concrete 

Material Origin Material characteristics 
Function in the modified 

system 

Portland cement 
CEM II/A-K  42.5 

N 

JSC ñAkhangarancementò, 
Republic of Uzbekistan 

Cement containing a 
mineral carbonate additive; 
strength class 42.5; used as 
the main hydraulic binder 

Main component of the 
cementitious system; 

ensures the formation of 
cement paste and the 

strength-bearing matrix of 
fiber-reinforced foam 

concrete 

Microsilica 
By-product of 

metallurgical production of 
JSC ñUzmetkombinatò 

Highly dispersed siliceous 
additive with SiO  content 
of more than 92%; particle 
size less than 1 ɛm 

Active mineral additive; 
participates in the 

pozzolanic reaction with 
Ca(OH)  and contributes 

to the formation of 
additional CïSïH phases 

Microcalcite 
(CaCO3) 

Product of carbonate raw 
material grinding / waste 
from marble processing 

Finely dispersed carbonate 
filler based on CaCO ; 
characterized by high 

fineness, with a specific 
surface area of 8735 cmĮ/g, 

and a filler-structuring 
effect 

Acts as a microfiller; 
improves particle packing, 

reduces defects in the 
cement matrix, and 

promotes nucleation of 
hydration products 

Polycarboxylate 
superplasticizer 
ñMaster Gleniumò 

Industrial chemical 
admixture for cementitious 

systems 

New-generation water-
reducing admixture; 

dosage in the modified 
composition ð 1% by 

mass of cement 

Improves the dispersion 
of cement and mineral 
particles, reduces the 
water demand of the 

mixture, and increases the 
homogeneity of the 
cement suspension 

Mixing water 
Tap water complying with 
the requirements for water 
used in concrete mixtures 

Used for cement 
hydration, preparation of 

the cement suspension, and 
preparation of the foaming-

agent solution 

Ensures cement hydration 
processes and provides the 

required working 
consistency of the mixture 

Cube specimens with dimensions of 20 Ĭ 20 Ĭ 20 

mm were molded from the prepared mixtures. After 

molding, the specimens were kept in the molds until 

demolding and then placed in a standard curing 

chamber. Curing was carried out at a temperature of 

20 Ñ 2 ÁC and a relative humidity of not less than 95%. 

Tests were performed at the ages of 3, 7, and 28 days. 

Compressive strength was determined using a 

hydraulic press in accordance with the requirements of 

GOST 310.4-81 ñCements. Methods for 
determination of flexural and compressive strengthò 

and GOST 10180-2012 ñConcretes. Methods for 

strength determination using reference specimens.ò At 

each curing age, specimens of both the reference and 

modified compositions were tested. 

X-ray diffraction analysis of the hardened cement 

paste was performed at the ages of 3, 7, and 28 days. 

The analysis was carried out to evaluate the phase 

changes occurring during the hardening of the 

reference and modified cementitious systems. The 

obtained XRD results were compared with the 
compressive strength test data. 

 

3. RESULTS AND DISCUSSION 

The experimental results demonstrated that complex 

modification of the cementitious system significantly 

influenced the strength development of hardened 

cement paste. At all curing ages studied, the modified 

composition M, incorporating 5% microcalcite, 5% 

microsilica, and 1% polycarboxylate-based 

superplasticizer by mass of cement, showed higher 

compressive strength than the reference composition 

R. 
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Table 3  

Compressive strength of the reference and modified compositions 

Composi
-tion 

Cement 
content, 

% 

Mineral and chemical additives, 
wt.% of cement W/C 

ratio 
Age, days 

Compressive 
strength, MPa 

CaCO3 
SP çMaster 
Gleniumè 

Microsilic
a 

R 100 - - -  
3 63,4 
7 74,3 

28 74,3 

ʄʂ1 90 5 1 5  

3 63,06 

7 67,73 

28 78,30 

 

As shown in Table 3, at the age of 3 days, the 

strength values of the reference and modified 

compositions were almost identical, amounting to 

63.40 and 63.06 MPa, respectively. This indicates that 

the replacement of 10% of cement with microcalcite 

and microsilica did not cause a noticeable reduction in 

the early strength of the cementitious system. 
At the age of 7 days, the strength of composition 

MK1 was 67.73 MPa, which was 8.8% lower than that 

of the reference composition R. This may be attributed 

to the reduced cement content in the mixture, as well 

as to the fact that the pozzolanic activity of microsilica 

does not manifest immediately, but develops gradually 

as calcium hydroxide accumulates during hardening. 
By 28 days, the modified composition reached a 

compressive strength of 78.30 MPa, whereas the 

strength of the reference composition remained at 

74.30 MPa. Thus, at the design age, MK1 exceeded R 

in strength by 5.4%. This result indicates the positive 
effect of complex modification on the strength 

development of the cementitious system at later curing 

ages. 

The increase in the strength of composition MK1 

by 28 days is associated with the combined action of 

microcalcite, microsilica, and the superplasticizer. 

Microcalcite contributes to microfilling of the 

structure, microsilica participates in the pozzolanic 

reaction with the formation of additional calcium 

silicate hydrates, and the superplasticizer improves 

particle dispersion. As a result, a denser cement matrix 
is formed, which ensures the strength gain of the 

modified composition. 

 
Fig. 1. XRD patterns of the modified composition 

MK1 at 3, 7, and 28 days 

To assess phase changes during hardening, X-ray 

diffraction analysis of the modified composition MK1 

was performed at the ages of 3, 7, and 28 days. The 

diffraction patterns are presented in Fig. 1. 

In the diffraction patterns of composition MK1, 

reflections of portlandite Ca(OH) , calcite CaCO , and 

residual unhydrated clinker minerals C S and C S 
were recorded at all curing ages. The presence of a 

pronounced CaCO  peak is associated with the 

incorporation of microcalcite, as well as with the 

carbonate component present in the cementitious 

system. The carbonate phase acts as a finely dispersed 

filler and contributes to the densification of the 

hardened cement paste structure. 

An amorphous region characteristic of poorly 

crystalline calcium silicate hydrates, CïSïH, is 

observed in the low-angle range. This phase is the 

main strength-forming component of hardened 
cement paste; however, due to its poorly crystalline 

structure, it does not appear in the diffraction patterns 

as sharp intense peaks. The formation of the CïSïH 

phase is associated both with the hydration of cement 

clinker minerals and with the possible pozzolanic 

reaction of microsilica with calcium hydroxide. 

As the curing age increased from 3 to 28 days, 

gradual development of the phase composition of the 

modified cementitious system was observed. The 

persistence of C S and C S reflections indicates 

ongoing hydration processes, while the presence of 

portlandite confirms the hydration of the silicate 
phases of cement. At the same time, microsilica may 

partially bind Ca(OH)  to form additional calcium 

silicate hydrates, contributing to the densification of 

the cement matrix. 

The obtained XRD data are consistent with the 

compressive strength test results. Although the 

strength of composition MK1 at 7 days was lower than 

that of the reference composition, by 28 days the 

modified composition reached 78.30 MPa and 

exceeded the reference composition by 5.4%. This 

indicates that the main effect of complex modification 
becomes more pronounced at later curing ages, when 

the combined action of microcalcite and microsilica 

contributes to the formation of a denser cementitious 

structure. 
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4. CONCLUSION 

The conducted studies showed that complex 

modification of the cementitious system with 

microcalcite, microsilica, and a polycarboxylate-

based superplasticizer changes the hardening behavior 

of hardened cement paste intended for the production 

of fiber-reinforced foam concrete. 

It was established that the modified composition 

did not provide a pronounced increase in strength at 

early curing ages. The main effect of the complex 

additive became evident by 28 days, which is 

associated with the gradual development of structure-

forming processes in the cementitious system. 
The results of X-ray diffraction analysis confirmed 

the presence of portlandite, calcite, residual clinker 

minerals, and an amorphous region corresponding to 

calcium silicate hydrates in the modified composition. 

The presence of calcite is associated with the 

incorporation of microcalcite, while the formation of 

calcium silicate hydrates is caused by cement 

hydration and the possible participation of microsilica 

in the pozzolanic reaction. 

The combined action of microcalcite, microsilica, 

and the superplasticizer contributes to the 
densification of the cement matrix due to microfilling, 

improved particle dispersion, and the formation of 

additional hydrate phases. This creates prerequisites 

for increasing the strength of the inter-pore walls of 

fiber-reinforced foam concrete. 

Thus, the application of the proposed additive 

system can be considered an effective approach to the 

targeted modification of cementitious binder for fiber-

reinforced foam concrete. 
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Physicochemical Fundamentals and Technological Efficiency of Non-Steam 

Production of Dispersed Reinforced Composites 
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1Tashkent State Transport University, Tashkent, Uzbekistan 

 

Abstract: The article examines aspects of the energy intensity of precast concrete production and the negative 

influence of steam curing on the formation of concrete structure. Based on the thermodynamic 

approach and the theory of heterogeneous nucleation, the possibility of transitioning to non-steam 

curing technology is considered. A mathematical model of strength development kinetics based on 

the Arrhenius equation is presented, and the role of carbonate microfillers in reducing the activation 

energy of the hydration reaction is demonstrated. Special attention is paid to the specifics of fiber 

reinforced concrete hardening: it is proven that the elimination of steam curing minimizes thermal 

deformations of polymer fibers, preserving the integrity of the adhesive bond. 

Keywords: Non-steam technology, activation energy, hydration kinetics, nucleation, polycarboxylates, fiber 
reinforced concrete, energy efficiency 

 

 

ʌʠʟʠʢʦ-ʍʠʤʠʯʝʩʢʠʝ ʆʩʥʦʚʳ ʠ ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʕʬʬʝʢʪʠʚʥʦʩʪʴ 

ɹʝʩʧʨʦʛʨʝʚʥʦʛʦ ʇʨʦʠʟʚʦʜʩʪʚʘ ɼʠʩʧʝʨʩʥʦ-ɸʨʤʠʨʦʚʘʥʥʳʭ ʂʦʤʧʦʟʠʪʦʚ 
 

ɸʜʠʣʭʦʜʞʘʝʚ ɸ.ʀ.1 a, ɹʘʙʘʞʘʥʦʚ ɸ.ʌ. 1 b 
1ʊʘʰʢʝʥʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʨʘʥʩʧʦʨʪʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 

 

ɸʥʥʦʪʘʮʠʷ: ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʘʩʧʝʢʪʳ ʵʥʝʨʛʦʝʤʢʦʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʙʦʨʥʦʛʦ ʞʝʣʝʟʦʙʝʪʦʥʘ ʠ 

ʥʝʛʘʪʠʚʥʦʛʦ ʚʣʠʷʥʠʷ ʪʝʧʣʦʚʣʘʞʥʦʩʪʥʦʡ ʦʙʨʘʙʦʪʢʠ (ʊɺʆ) ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ 

ʙʝʪʦʥʦʚ. ʅʘ ʦʩʥʦʚʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʠ ʪʝʦʨʠʠ ʛʝʪʝʨʦʛʝʥʥʦʡ ʥʫʢʣʝʘʮʠʠ 

ʨʘʩʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʝʨʝʭʦʜʘ ʥʘ ʙʝʩʧʨʦʛʨʝʚʥʫʶ ʪʝʭʥʦʣʦʛʠʶ ʪʚʝʨʜʝʥʠʷ. ʇʨʝʜʩʪʘʚʣʝʥʘ 

ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʢʠʥʝʪʠʢʠ ʥʘʙʦʨʘ ʧʨʦʯʥʦʩʪʠ, ʙʘʟʠʨʫʶʱʘʷʩʷ ʥʘ ʫʨʘʚʥʝʥʠʠ ɸʨʨʝʥʠʫʩʘ, 

ʠ ʧʦʢʘʟʘʥʘ ʨʦʣʴ ʢʘʨʙʦʥʘʪʥʳʭ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʡ ʚ ʩʥʠʞʝʥʠʠ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʨʝʘʢʮʠʠ 

ʛʠʜʨʘʪʘʮʠʠ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʩʧʝʮʠʬʠʢʝ ʪʚʝʨʜʝʥʠʷ ʬʠʙʨʦʙʝʪʦʥʦʚ: ʜʦʢʘʟʘʥʦ, ʯʪʦ 

ʦʪʢʘʟ ʦʪ ʊɺʆ ʤʠʥʠʤʠʟʠʨʫʝʪ ʪʝʨʤʠʯʝʩʢʠʝ ʜʝʬʦʨʤʘʮʠʠ ʧʦʣʠʤʝʨʥʦʡ ʬʠʙʨʳ, ʩʦʭʨʘʥʷʷ 

ʮʝʣʦʩʪʥʦʩʪʴ ʘʜʛʝʟʠʦʥʥʦʛʦ ʢʦʥʪʘʢʪʘ. 

Keywords: ɹʝʩʧʨʦʛʨʝʚʥʘʷ ʪʝʭʥʦʣʦʛʠʷ, ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ, ʢʠʥʝʪʠʢʘ ʛʠʜʨʘʪʘʮʠʠ, ʥʫʢʣʝʘʮʠʷ, 
ʧʦʣʠʢʘʨʙʦʢʩʠʣʘʪʳ, ʬʠʙʨʦʙʝʪʦʥ, ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʴ 

 

1. ɺɺɽɼɽʅʀɽ 

ʉʫʱʝʩʪʚʫʶʱʘʷ ʠʥʜʫʩʪʨʠʘʣʴʥʘʷ ʤʦʜʝʣʴ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʙʦʨʥʦʛʦ ʞʝʣʝʟʦʙʝʪʦʥʘ, 
ʩʬʦʨʤʠʨʦʚʘʚʰʘʷʩʷ ʚ ʩʝʨʝʜʠʥʝ XX ʚʝʢʘ, 

ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʠʥʪʝʥʩʠʚʥʦʡ ʪʝʧʣʦʚʣʘʞʥʦʩʪʥʦʡ 

ʦʙʨʘʙʦʪʢʝ (ʊɺʆ) ʠʟʜʝʣʠʡ. ʕʪʦʪ ʧʦʜʭʦʜ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʙʳʩʪʨʳʡ ʦʙʦʨʦʪ ʤʝʪʘʣʣʦʬʦʨʤ, 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ ʵʥʝʨʛʦʝʤʢʦʩʪʴʶ: 

ʟʘʪʨʘʪʳ ʥʘ ʪʝʧʣʦʥʦʩʠʪʝʣʠ ʜʦʩʪʠʛʘʶʪ 40% ʚ 

ʩʪʨʫʢʪʫʨʝ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʧʝʨʝʜʝʣʘ. ʂʨʦʤʝ ʪʦʛʦ, 

ʢʘʢ ʦʪʤʝʯʘʣʠ ʆ.ʇ. ʄʯʝʜʣʦʚ-ʇʝʪʨʦʩʷʥ ʠ ɸ.ɺ. 

ʋʰʝʨʦʚ-ʄʘʨʰʘʢ [1], [2], ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ ʥʘʨʫʰʘʝʪ ʝʩʪʝʩʪʚʝʥʥʫʶ ʪʦʧʦʣʦʛʠʶ 

 
a  https://orcid.org/0000-0001-5729-5178  
b  https://orcid.org/0009-0002-7990-0206  

ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʠʜʨʘʪʥʳʭ ʬʘʟ. çʊʝʧʣʦʚʦʡ ʫʜʘʨè 

ʧʨʠʚʦʜʠʪ ʢ ʦʛʨʫʙʣʝʥʠʶ ʧʦʨʦʚʦʡ ʩʪʨʫʢʪʫʨʳ, 

ʨʦʩʪʫ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʨʠʩʢʫ 

ʦʪʣʦʞʝʥʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʵʪʪʨʠʥʛʠʪʘ, ʯʪʦ 
ʢʨʠʪʠʯʝʩʢʠ ʩʥʠʞʘʝʪ ʜʦʣʛʦʚʝʯʥʦʩʪʴ ʢʦʥʩʪʨʫʢʮʠʡ 

ʠʟ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʙʝʪʦʥʦʚ. 

2. ʄɽʊʆɼʓ 

ɼʣʷ ʬʠʙʨʦʙʝʪʦʥʦʚ, ʘʨʤʠʨʦʚʘʥʥʳʭ 

ʩʠʥʪʝʪʠʯʝʩʢʠʤʠ ʚʦʣʦʢʥʘʤʠ, ʊɺʆ ʥʝʩʝʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʨʠʩʢʠ. ʂʦʵʬʬʠʮʠʝʥʪ ʣʠʥʝʡʥʦʛʦ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʧʦʣʠʧʨʦʧʠʣʝʥʘ (♪

Ͻ
ᴈ
) ʥʘ ʧʦʨʷʜʦʢ ʧʨʝʚʳʰʘʝʪ ʘʥʘʣʦʛʠʯʥʳʡ 

https://orcid.org/0000-0001-5729-5178
https://orcid.org/0009-0002-7990-0206
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ʧʦʢʘʟʘʪʝʣʴ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ (♪ Ͻ
ᴈ

). 

ʇʨʠ ʥʘʛʨʝʚʝ ʜʦ 80ÁC ʠ ʧʦʩʣʝʜʫʶʱʝʤ ʦʩʪʳʚʘʥʠʠ 

ʚʦʣʦʢʥʦ ʠʩʧʳʪʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʦʙʲʝʤʥʳʝ 

ʜʝʬʦʨʤʘʮʠʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʨʘʟʨʳʚʫ 

ʘʜʛʝʟʠʦʥʥʦʛʦ ʢʦʥʪʘʢʪʘ ʝʱʝ ʜʦ ʥʘʯʘʣʘ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʢʦʥʩʪʨʫʢʮʠʠ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʧʨʠʤʝʥʷʝʤʳʝ ʤʦʜʠʬʠʢʘʪʦʨʳ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ 
ʜʦʙʘʚʢʘʤ ʧʝʨʚʦʛʦ ʢʣʘʩʩʘ, ʧʨʠ ʜʦʟʠʨʦʚʢʝ ʦʪ 2,5 ʜʦ 

3% ʧʨʠʤʝʥʷʶʪʩʷ ʢʘʢ ʫʩʢʦʨʠʪʝʣʠ ʪʚʝʨʜʝʥʠʷ, ʘ ʚ 

ʢʦʣʠʯʝʩʪʚʝ ʜʦ 10% ʠ ʚʳʰʝ ï ʢʘʢ 

ʧʨʦʪʠʚʦʤʦʨʦʟʥʳʝ ʜʦʙʘʚʢʠ [3], [4]. 

ɸʣʴʪʝʨʥʘʪʠʚʦʡ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʚʥʫʪʨʝʥʥʝʡ ʭʠʤʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ 

(ʵʢʟʦʪʝʨʤʠʠ). ʉʦʚʨʝʤʝʥʥʘʷ ʬʠʟʠʢʦ-ʭʠʤʠʷ 

ʙʝʪʦʥʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪ ʧʨʦʮʝʩʩ ʪʚʝʨʜʝʥʠʷ ʢʘʢ 

ʩʣʦʞʥʫʶ ʛʝʪʝʨʦʛʝʥʥʫʶ ʨʝʘʢʮʠʶ, ʩʢʦʨʦʩʪʴ 

ʢʦʪʦʨʦʡ (v) ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʭʠʤʠʯʝʩʢʦʡ 

ʢʠʥʝʪʠʢʠ. ʉʦʛʣʘʩʥʦ ʟʘʢʦʥʫ ɸʨʨʝʥʠʫʩʘ, 

ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ (k) ʟʘʚʠʩʠʪ ʦʪ 
ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ: 

▓ ═Ͻ▄
╔╪
╡╣ȟ  (1) 

ʛʜʝ A ï ʧʨʝʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʤʥʦʞʠʪʝʣʴ; 

Ea ï ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʧʨʦʮʝʩʩʘ (ɼʞ/ʤʦʣʴ); R ï 

ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ; T ï 

ʘʙʩʦʣʶʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ (ʂ). 

ʊʨʘʜʠʮʠʦʥʥʘʷ ʊɺʆ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦ ʧʫʪʠ 

ʫʚʝʣʠʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ (T) [5]. ɹʝʩʧʨʦʛʨʝʚʥʘʷ 
ʪʝʭʥʦʣʦʛʠʷ ʨʝʰʘʝʪ ʟʘʜʘʯʫ ʧʫʪʝʤ ʩʥʠʞʝʥʠʷ 

ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ (Ea) ʠ ʫʚʝʣʠʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ 

ʢʦʥʪʘʢʪʦʚ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ. ʕʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ 

ʩʯʝʪ ʩʠʥʝʨʛʠʠ ʜʚʫʭ ʬʘʢʪʦʨʦʚ: ʬʠʟʠʯʝʩʢʦʛʦ 

ʩʙʣʠʞʝʥʠʷ ʯʘʩʪʠʮ (ʧʨʠʤʝʥʝʥʠʝ 

ʩʫʧʝʨʧʣʘʩʪʠʬʠʢʘʪʦʨʦʚ) ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʜʦʙʘʚʦʢ-ʥʫʢʣʝʘʪʦʨʦʚ. 

ʇʨʠʤʝʥʝʥʠʝ ʧʦʣʠʢʘʨʙʦʢʩʠʣʘʪʥʳʭ ʵʬʠʨʦʚ 

(PCE) ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʚʦʜʦʮʝʤʝʥʪʥʦʝ 

ʦʪʥʦʰʝʥʠʝ ʜʦ ʵʢʩʪʨʝʤʘʣʴʥʦ ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʡ 

(ɺ/ʎ < 0,3). ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʙʣʠʞʝʥʠʝ ʟʝʨʝʥ 

ʮʝʤʝʥʪʘ, ʩʦʢʨʘʱʘʷ ʜʠʬʬʫʟʠʦʥʥʳʡ ʧʫʪʴ ʠʦʥʦʚ ʚ 
ʧʦʨʦʚʦʤ ʨʘʩʪʚʦʨʝ. ʆʜʥʘʢʦ ʢʣʶʯʝʚʳʤ ʵʣʝʤʝʥʪʦʤ 

ʫʩʢʦʨʝʥʠʷ ʪʚʝʨʜʝʥʠʷ ʙʝʟ ʚʥʝʰʥʝʛʦ ʪʝʧʣʘ 

ʷʚʣʷʝʪʩʷ ʚʚʝʜʝʥʠʝ ʪʦʥʢʦʤʦʣʦʪʦʛʦ ʢʘʨʙʦʥʘʪʥʦʛʦ 

ʥʘʧʦʣʥʠʪʝʣʷ (ʤʠʢʨʦʢʘʣʴʮʠʪʘ). ʉʦʛʣʘʩʥʦ ʪʝʦʨʠʠ 

ʌʦʣʴʤʝʨʘ-ɺʝʙʝʨʘ, ʨʘʙʦʪʘ ʦʙʨʘʟʦʚʘʥʠʷ ʟʘʨʦʜʳʰʘ 

ʥʦʚʦʡ ʬʘʟʳ (Ahet) ʥʘ ʧʦʜʣʦʞʢʝ (ʯʘʩʪʠʮʝ 

ʥʘʧʦʣʥʠʪʝʣʷ) ʤʝʥʴʰʝ, ʯʝʤ ʚ ʦʙʲʝʤʝ ʞʠʜʢʦʩʪʠ 

(Ahom). 

═▐▄◄ ═▐▫□Ͻ█Ᵽȟ  (2) 

ʛʜʝ █Ᵽ ï ʬʫʥʢʮʠʷ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ, 
ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʡ ʚʩʝʛʜʘ <1. 

ʏʘʩʪʠʮʳ CaCO3 ʚʳʩʪʫʧʘʶʪ ʛʦʪʦʚʳʤʠ 

ʧʦʜʣʦʞʢʘʤʠ ʜʣʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʛʠʜʨʦʩʠʣʠʢʘʪʦʚ ʢʘʣʴʮʠʷ (C-S-H). ʕʪʦ ʩʥʠʞʘʝʪ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʙʘʨʴʝʨ ʥʘʯʘʣʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, 

ʫʩʢʦʨʷʷ ʧʝʨʝʭʦʜ ʦʪ ʠʥʜʫʢʮʠʦʥʥʦʛʦ ʧʝʨʠʦʜʘ ʢ 

ʧʝʨʠʦʜʫ ʫʩʢʦʨʝʥʠʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʜʘʥʥʳʤʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ 

ʤʠʢʨʦʢʘʣʦʨʠʤʝʪʨʠʠ [6] (ʨʠʩ. 1). 

 
ʈʠʩ. 1. ɺʣʠʷʥʠʝ ʢʘʨʙʦʥʘʪʥʳʭ ʮʝʥʪʨʦʚ 

ʥʫʢʣʝʘʮʠʠ ʥʘ ʪʝʧʣʦʚʳʜʝʣʝʥʠʝ ʮʝʤʝʥʪʘ: 

ʩʜʚʠʛ ʧʠʢʘ ʛʠʜʨʘʪʘʮʠʠ ʥʘ ʙʦʣʝʝ ʨʘʥʥʠʝ 

ʩʨʦʢʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʠʢʨʦʢʘʣʴʮʠʪʘ 

ɺ ʫʩʣʦʚʠʷʭ ʙʝʩʧʨʦʛʨʝʚʥʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʬʠʙʨʦʙʝʪʦʥʘ 

ʧʨʦʠʩʭʦʜʠʪ ʚ çʤʷʛʢʦʤè ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʨʝʞʠʤʝ 

(ʟʘ ʩʯʝʪ ʩʦʙʩʪʚʝʥʥʦʡ ʵʢʟʦʪʝʨʤʠʠ ʪʝʤʧʝʨʘʪʫʨʘ ʚ 
ʷʜʨʝ ʩʝʯʝʥʠʷ ʨʝʜʢʦ ʧʨʝʚʳʰʘʝʪ 40-50ÁC). ʕʪʦ 

ʠʩʢʣʶʯʘʝʪ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʜʝʩʪʨʫʢʪʠʚʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʛʨʘʜʠʝʥʪʦʚ. ɹʦʣʝʝ ʪʦʛʦ, 

ʦʪʩʫʪʩʪʚʠʝ ʊɺʆ ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʠʪʴ ʚʳʩʦʢʫʶ 

ʚʣʘʞʥʦʩʪʴ ʚʥʫʪʨʠ ʙʝʪʦʥʘ, ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ 

ʧʦʣʥʦʡ ʛʠʜʨʘʪʘʮʠʠ ʮʝʤʝʥʪʘ. ʇʨʦʚʝʜʝʥʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ [7], [8] ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʨʦʯʥʦʩʪʴ 

ʩʮʝʧʣʝʥʠʷ ʧʦʣʠʧʨʦʧʠʣʝʥʦʚʦʡ ʬʠʙʨʳ ʩ ʤʘʪʨʠʮʝʡ 

ʚ ʙʝʪʦʥʘʭ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʪʚʝʨʜʝʥʠʷ ʥʘ 15-20% 

ʚʳʰʝ, ʯʝʤ ʚ ʧʨʦʧʘʨʝʥʥʳʭ ʦʙʨʘʟʮʘʭ, ʟʘ ʩʯʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʦʣʝʝ ʧʣʦʪʥʦʡ ʠ ʤʝʥʝʝ ʜʝʬʝʢʪʥʦʡ 
ʤʝʞʬʘʟʥʦʡ ʟʦʥʳ. 

3. ʈɽɿʋʃʔʊɸʊʓ 

ɼʣʷ ʚʳʷʚʣʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ 

ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʥʦ-

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʧʨʦʚʝʜʝʥ 

ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʙʳʣʦ 

ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʢʘʯʝʩʪʚʝʥʥʫʶ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʫʶ 
ʦʮʝʥʢʫ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʠʩʭʦʜʥʳʭ ʢʣʠʥʢʝʨʥʳʭ 

ʤʠʥʝʨʘʣʦʚ ʚ ʛʠʜʨʘʪʥʳʝ ʥʦʚʦʦʙʨʘʟʦʚʘʥʠʷ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʙʠʥʘʨʥʦʛʦ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʷ 

(ʤʠʢʨʦʢʨʝʤʥʝʟʝʤ ʠ ʤʨʘʤʦʨ) ʠ 

ʧʦʣʠʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʤʦʜʠʬʠʢʘʪʦʨʘ K1W. 

ʆʮʝʥʠʚʘʣʦʩʴ ʠʟʤʝʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʘʤʦʨʬʥʦʡ ʬʘʟ, ʘ ʪʘʢʞʝ 

ʢʠʥʝʪʠʢʘ ʩʠʥʪʝʟʘ ʦʩʥʦʚʥʳʭ ʧʨʦʜʫʢʪʦʚ 

ʛʠʜʨʘʪʘʮʠʠ: ʧʦʨʪʣʘʥʜʠʪʘ, ʵʪʪʨʠʥʛʠʪʘ ʠ 

ʛʠʜʨʦʩʠʣʠʢʘʪʦʚ ʢʘʣʴʮʠʷ (CïSïH). 

ɺ ʨʘʤʢʘʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʪʨʝʭ ʙʘʟʦʚʳʭ ʩʠʩʪʝʤ: 
ʢʦʥʪʨʦʣʴʥʦʛʦ ʙʝʟʜʦʙʘʚʦʯʥʦʛʦ ʦʙʨʘʟʮʘ (ʨʠʩ. 2), 

ʢʦʤʧʦʟʠʪʘ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 0,9 % K1W (ʨʠʩ. 3)  

ʠ ʢʦʤʧʣʝʢʩʥʦ-ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʤʘʪʨʠʮʳ (ʨʠʩ. 

4). 

ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʵʪʘʣʦʥʥʦʛʦ ʮʝʤʝʥʪʥʦʛʦ 

ʢʘʤʥʷ (ʨʠʩ. 2) ʥʘ 28-ʝ ʩʫʪʢʠ ʪʚʝʨʜʝʥʠʷ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʨʦʬʠʣʴ, ʪʠʧʠʯʥʳʡ ʜʣʷ 

ʢʣʘʩʩʠʯʝʩʢʦʡ ʛʠʜʨʘʪʘʮʠʠ ʧʦʨʪʣʘʥʜʮʝʤʝʥʪʘ. 

ɼʦʤʠʥʠʨʫʶʱʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʦʡ 
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ñSamarali qurilish materiallari, konstruksiyalari va texnologiyalariò 

 

ʚʳʩʪʫʧʘʝʪ ʛʠʜʨʦʢʩʠʜ ʢʘʣʴʮʠʷ ð ʧʦʨʪʣʘʥʜʠʪ 

Ca(OH)2 (ʠʥʪʝʥʩʠʚʥʳʝ ʨʝʬʣʝʢʩʳ ʧʨʠ d = 4,897 ʠ 
2,443 ¡), ʤʘʩʩʦʚʦ ʛʝʥʝʨʠʨʫʝʤʳʡ ʧʨʠ ʛʠʜʨʦʣʠʟʝ 

ʘʣʠʪʘ ʠ ʙʝʣʠʪʘ. ʈʘʟʚʠʪʠʝ ʧʨʦʮʝʩʩʦʚ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʦʛʦ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʥʘʣʠʯʠʝʤ ʵʪʪʨʠʥʛʠʪʘ (d = 9,690; 

5,576; 4,241; 2,622 ¡). 

ʅʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ ʬʠʢʩʠʨʫʝʪʩʷ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʥʝʛʠʜʨʘʪʠʨʦʚʘʥʥʳʭ 

ʦʩʪʘʪʢʦʚ ʢʣʠʥʢʝʨʘ: ʘʣʠʪʘ (d = 3,381; 3,100; 2,316 

¡), ʙʝʣʠʪʘ (d = 2,768; 1,974 ¡) ʠ ʩʤʝʰʘʥʥʳʭ ʬʘʟ 

(d = 2,180; 1,922 ¡), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʥʝʟʘʚʝʨʰʝʥʥʦʩʪʠ ʛʠʜʨʘʪʘʮʠʠ ʢ 28-ʤ ʩʫʪʢʘʤ. 

ɽʩʪʝʩʪʚʝʥʥʘʷ ʢʘʨʙʦʥʠʟʘʮʠʷ ʦʙʨʘʟʮʘ ʚʳʨʘʞʘʝʪʩʷ 
ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʢʘʣʴʮʠʪʘ CaCO3 (d = 3,856; 3,027 

¡). ɻʠʜʨʦʩʠʣʠʢʘʪʳ ʢʘʣʴʮʠʷ (d = 7,272 ¡) 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʠʟʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ  

ʠ ʠʜʝʥʪʠʬʠʮʠʨʫʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʧʦ 

ʜʠʬʬʫʟʥʦʤʫ ʛʘʣʦ ʚ ʜʠʘʧʘʟʦʥʝ ʫʛʣʦʚ 2ɗ = 25ï35Á, 

ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʠʭ ʥʠʟʢʦʫʧʦʨʷʜʦʯʝʥʥʦʝ, 

ʛʝʣʝʦʙʨʘʟʥʦʝ ʩʦʩʪʦʷʥʠʝ. 

ʄʦʜʠʬʠʢʘʮʠʷ ʩʠʩʪʝʤʳ ʜʦʙʘʚʢʦʡ K1W 

(ʨʠʩ. 3) ʩʫʱʝʩʪʚʝʥʥʦ ʠʥʪʝʥʩʠʬʠʮʠʨʫʝʪ 

ʛʠʜʨʘʪʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ. ʆʪʤʝʯʘʝʪʩʷ 
ʩʥʠʞʝʥʠʝ ʧʠʢʦʚʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦʨʪʣʘʥʜʠʪʘ, 

ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʝʛʦ ʘʢʪʠʚʥʦʝ ʚʦʚʣʝʯʝʥʠʝ ʚʦ 

ʚʪʦʨʠʯʥʦʝ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʝ. ʇʘʨʘʣʣʝʣʴʥʦ 

ʚʦʟʨʘʩʪʘʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʨʝʬʣʝʢʩʦʚ ʵʪʪʨʠʥʛʠʪʘ 

(ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ d = 9,681; 5,581; 4,670; 2,741 ¡), 

ʧʦʜʪʚʝʨʞʜʘʷ ʫʩʢʦʨʝʥʥʫʶ ʛʠʜʨʘʪʘʮʠʶ 

ʘʣʶʤʠʥʘʪʦʚ ʥʘ ʨʘʥʥʠʭ ʩʪʘʜʠʷʭ. 

ʉʥʠʞʝʥʠʝ ʜʦʣʠ ʩʚʦʙʦʜʥʦʛʦ Ca(OH)2 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʨʦʩʪʦʤ ʜʠʬʬʫʟʥʦʛʦ ʬʦʥʘ (2ɗ = 

28ï35Á), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʛʝʥʝʨʘʮʠʠ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʙ ʲʝʤʘ ʘʤʦʨʬʥʦʡ 
ʛʠʜʨʦʩʠʣʠʢʘʪʥʦʡ ʬʘʟʳ. ɿʘʢʦʥʦʤʝʨʥʦ ʩʥʠʞʘʝʪʩʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʠʢʦʚ ʘʣʠʪʘ ʠ ʙʝʣʠʪʘ. ɼʘʥʥʳʝ 

ʩʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪ 

ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʬʫʥʢʮʠʶ K1W ʚ ʧʦʚʳʰʝʥʠʠ 

ʩʪʝʧʝʥʠ ʢʦʥʚʝʨʩʠʠ ʢʣʠʥʢʝʨʘ, ʯʪʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ 

ʨʘʥʝʝ ʫʩʪʘʥʦʚʣʝʥʥʳʤ ʨʦʩʪʦʤ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ. 

ʅʘʠʙʦʣʝʝ ʛʣʫʙʦʢʘʷ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ʬʘʟʦʚʦʛʦ 

ʩʦʩʪʘʚʘ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʤʘʪʨʠʮʝ, ʩʦʜʝʨʞʘʱʝʡ 

ʙʠʥʘʨʥʳʡ ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʴ ʚ ʩʦʯʝʪʘʥʠʠ ʩ K1W 

(ʨʠʩ. 4). ʂʣʶʯʝʚʳʤ ʤʘʨʢʝʨʦʤ ʩʠʥʝʨʛʝʪʠʯʝʩʢʦʛʦ 

ʵʬʬʝʢʪʘ ʷʚʣʷʝʪʩʷ ʧʦʷʚʣʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʳʭ 
ʦʪʨʘʞʝʥʠʡ ʥʠʟʢʦʦʩʥʦʚʥʳʭ ʛʠʜʨʦʩʠʣʠʢʘʪʦʚ 

ʢʘʣʴʮʠʷ (CïSïH-ʬʘʟ) ʧʨʠ  

d = 3,337 ʠ 2,741 ¡. ʀʭ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ 

ʠʥʠʮʠʠʨʦʚʘʥʘ ʧʫʮʮʦʣʘʥʦʚʦʡ ʨʝʘʢʮʠʝʡ ʤʝʞʜʫ 

ʚʳʩʦʢʦʘʢʪʠʚʥʳʤ ʜʠʦʢʩʠʜʦʤ ʢʨʝʤʥʠʷ 

ʤʠʢʨʦʢʨʝʤʥʝʟʝʤʘ ʠ ʧʦʨʪʣʘʥʜʠʪʦʤ: 

SiO2+Ca(OH)2+H2OŸCīSīH 

ɺʩʣʝʜʩʪʚʠʝ ʘʢʪʠʚʥʦʛʦ ʧʨʦʪʝʢʘʥʠʷ ʜʘʥʥʦʡ 

ʨʝʘʢʮʠʠ ʨʝʬʣʝʢʩʳ Ca(OH)2 ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʠʚʝʣʠʨʫʶʪʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʵʪʘʣʦʥʥʳʤʠ 

ʩʝʨʠʷʤʠ. ʇʨʠʩʫʪʩʪʚʠʝ ʤʨʘʤʦʨʥʦʛʦ 
ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʷ ʜʝʪʝʨʤʠʥʠʨʫʝʪʩʷ ʯʝʪʢʠʤʠ 

ʧʠʢʘʤʠ ʢʘʣʴʮʠʪʘ (d = 3,859; 3,026; 2,280 ¡). ɺ 

ʜʘʥʥʦʡ ʧʦʣʠʜʠʩʧʝʨʩʥʦʡ ʩʠʩʪʝʤʝ ʢʘʨʙʦʥʘʪ 

ʢʘʣʴʮʠʷ ʚʳʧʦʣʥʷʝʪ ʜʚʦʡʥʫʶ ʬʫʥʢʮʠʶ: 

ʜʝʡʩʪʚʫʝʪ ʢʘʢ ʫʧʣʦʪʥʷʶʱʠʡ ʤʠʢʨʦʟʘʧʦʣʥʠʪʝʣʴ 

ʠ ʩʣʫʞʠʪ ʮʝʥʪʨʘʤʠ ʥʫʢʣʝʘʮʠʠ ʜʣʷ 

ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʨʦʩʪʘ ʛʠʜʨʘʪʥʳʭ 

ʥʦʚʦʦʙʨʘʟʦʚʘʥʠʡ. 

 

 
ʈʠʩ. 2. ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʢʦʥʪʨʦʣʴʥʦʛʦ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʚ ʚʦʟʨʘʩʪʝ 28 ʩʫʪʦʢ ʪʚʝʨʜʝʥʠʷ  
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ʈʠʩ. 3. ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʩ ʇʌɼ ʚ ʚʦʟʨʘʩʪʝ 28 ʩʫʪʦʢ ʪʚʝʨʜʝʥʠʷ 

 
ʈʠʩ. 4. ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʢʦʤʧʣʝʢʩʥʦ-ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʩ ʙʠʥʘʨʥʳʤ 

ʤʠʢʨʦʥʘʧʦʣʥʠʪʝʣʝʤ (ʄʂ 10 % + ʄɸ 15 %) ʠ ʧʦʣʠʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʜʦʙʘʚʢʦʡ K1W (0,9 %) ʚ 

ʚʦʟʨʘʩʪʝ 28 ʩʫʪʦʢ ʪʚʝʨʜʝʥʠʷ 

ʕʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʨʦʩʪʫ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʠʢʦʚ ʵʪʪʨʠʥʛʠʪʘ ʠ 
ʬʦʨʤʠʨʦʚʘʥʠʶ ʧʣʦʪʥʦʡ ʢʨʠʩʪʘʣʣʦʛʠʜʨʘʪʥʦʡ 

ʩʝʪʢʠ. ʆʩʪʘʪʦʯʥʦʝ ʩʦʜʝʨʞʘʥʠʝ 

ʥʝʛʠʜʨʘʪʠʨʦʚʘʥʥʳʭ ʩʠʣʠʢʘʪʦʚ (ʘʣʠʪʘ ʠ ʙʝʣʠʪʘ) ʚ 

ʵʪʦʤ ʩʦʩʪʘʚʝ ʤʠʥʠʤʘʣʴʥʦ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʧʨʝʜʝʣʴʥʦ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʛʠʜʨʘʪʘʮʠʠ ʮʝʤʝʥʪʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʈʌɸ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʢʦʤʧʣʝʢʩʥʳʡ ʤʝʭʘʥʠʟʤ ʦʧʪʠʤʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨʳ: 

ʤʠʢʨʦʢʨʝʤʥʝʟʝʤ ʭʠʤʠʯʝʩʢʠ ʪʨʘʥʩʬʦʨʤʠʨʫʝʪ 

ʥʝʩʪʘʙʠʣʴʥʳʡ ʧʦʨʪʣʘʥʜʠʪ ʚ ʧʨʦʯʥʳʡ CïSïH 

ʛʝʣʴ, ʤʨʘʤʦʨ ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʠʢʨʦʫʧʘʢʦʚʢʫ 

ʤʘʪʨʠʮʳ, ʘ K1W ʢʘʪʘʣʠʟʠʨʫʝʪ ʢʠʥʝʪʠʢʫ 

ʨʝʘʢʮʠʡ. ʉʦʚʦʢʫʧʥʦʩʪʴ ʵʪʠʭ ʬʘʢʪʦʨʦʚ 
ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʚʝʨʭʧʣʦʪʥʦʡ 

ʢʦʤʧʦʟʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʯʪʦ ʧʦʣʥʦʩʪʴʶ 

ʚʘʣʠʜʠʨʫʝʪ ʨʝʟʫʣʴʪʘʪʳ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʠʩʧʳʪʘʥʠʡ ʦʙʨʘʟʮʦʚ. 

 

4. ɺʓɺʆɼʓ 

ʈʝʟʫʣʴʪʘʪʳ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ 

ʧʦʜʪʚʝʨʜʠʣʠ, ʯʪʦ ʢʦʤʧʣʝʢʩʥʦʝ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʥʠʞʝʥʠʶ 

ʩʦʜʝʨʞʘʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʧʦʨʪʣʘʥʜʠʪʘ, 

ʦʙʨʘʟʦʚʘʥʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʥʠʟʢʦʦʩʥʦʚʥʳʭ 

ʛʠʜʨʦʩʠʣʠʢʘʪʦʚ ʢʘʣʴʮʠʷ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʜʘʥʥʳʭ 

ʥʦʚʦʦʙʨʘʟʦʚʘʥʠʡ ʦʙʫʩʣʦʚʣʝʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ 

ʤʠʢʨʦʢʨʝʤʥʝʟʸʤʘ ʩ ʛʠʜʨʦʢʩʠʜʦʤ ʢʘʣʴʮʠʷ ʠ 
ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʫʧʣʦʪʥʝʥʠʷ 

ʩʪʨʫʢʪʫʨʳ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʠ ʧʦʚʳʰʝʥʠʷ ʝʛʦ 

ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ɹʝʩʧʨʦʛʨʝʚʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʬʠʙʨʦʙʝʪʦʥʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʫʧʨʘʚʣʝʥʠʠ 

ʢʠʥʝʪʠʢʦʡ ʛʠʜʨʘʪʘʮʠʠ ʯʝʨʝʟ ʩʥʠʞʝʥʠʝ ʵʥʝʨʛʠʠ 

ʘʢʪʠʚʘʮʠʠ ʠ ʛʝʪʝʨʦʛʝʥʥʫʶ ʥʫʢʣʝʘʮʠʶ, ʷʚʣʷʝʪʩʷ 

ʥʘʫʯʥʦ ʦʙʦʩʥʦʚʘʥʥʳʤ ʦʪʚʝʪʦʤ ʥʘ ʚʳʟʦʚʳ 
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ʩʦʚʨʝʤʝʥʥʦʡ ʵʢʦʥʦʤʠʢʠ. ʆʥʘ ʧʦʟʚʦʣʷʝʪ 

ʨʝʘʣʠʟʦʚʘʪʴ ʧʦʪʝʥʮʠʘʣ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 
ʚʷʞʫʱʠʭ ʠ ʩʠʥʪʝʪʠʯʝʩʢʦʡ ʬʠʙʨʳ, ʦʙʝʩʧʝʯʠʚʘʷ 

ʩʦʟʜʘʥʠʝ ʜʦʣʛʦʚʝʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʤʠʥʠʤʘʣʴʥʳʤ ʫʛʣʝʨʦʜʥʳʤ ʩʣʝʜʦʤ. 
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Analysis of Modern Research on the Impact of Desert Winds and Sand 

Processes on Railway Tracks 

 

A.Yu. Mamadaliev1 a, S. S. Jabbarova2 b  

1Ministry of Higher Education, Science and Innovation of the Republic of Uzbekistan 
2Tashkent State Transport University 

 

Abstract: The article provides an analytical review of modern domestic and foreign research dedicated to the 

impact of desert winds and sand processes on railway infrastructure. The climatic and aerodynamic 
features of arid regions, the mechanisms of sand drift formation, and their impact on the elements of 
the road's upper structure have been examined. A comparative analysis of modern engineering 
solutions for protecting railways from wind and sand impacts has been conducted. It has been 
established that foreign research is primarily focused on the application of CFD modeling, digital 
monitoring, and aerodynamic analysis of sand flows, while domestic research focuses on increasing 
the operational stability of the upper track structure and improving sand protection structures. The 
main scientific problems have been identified and promising areas for further research in the field of 

increasing the stability of railway infrastructure in desert regions have been identified. 
Keywords: Railway track, desert winds, sand drift, aerodynamics, arid regions, ballast layer, CFD modeling, 

engineering protection, operational stability 

 

ɸʥʘʣʠʟ ʉʦʚʨʝʤʝʥʥʳʭ ʀʩʩʣʝʜʦʚʘʥʠʡ ɺʦʟʜʝʡʩʪʚʠʷ ʇʫʩʪʳʥʥʳʭ 

ɺʝʪʨʦʚ ʠ ʇʝʩʯʘʥʳʭ ʇʨʦʮʝʩʩʦʚ ʥʘ ɾʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʇʫʪʠ 

ɸ.ʖ. ʄʘʤʘʜʘʣʠʝʚ1 a, ʉ. ʉ. ɾʘʙʙʘʨʦʚʘ2 b 

1ʄʠʥʠʩʪʝʨʩʪʚʦ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ, ʥʘʫʢʠ ʠ ʠʥʥʦʚʘʮʠʡ ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ 
2ʊʘʰʢʝʥʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʨʘʥʩʧʦʨʪʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

 

ɸʥʥʦʪʘʮʠʷ: ɺ ʩʪʘʪʴʝ ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʦʙʟʦʨ ʩʦʚʨʝʤʝʥʥʳʭ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʟʘʨʫʙʝʞʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦʩʚʷʱʸʥʥʳʭ ʚʦʟʜʝʡʩʪʚʠʶ ʧʫʩʪʳʥʥʳʭ ʚʝʪʨʦʚ ʠ ʧʝʩʯʘʥʳʭ ʧʨʦʮʝʩʩʦʚ ʥʘ 
ʞʝʣʝʟʥʦʜʦʨʦʞʥʫʶ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ. ʈʘʩʩʤʦʪʨʝʥʳ ʢʣʠʤʘʪʠʯʝʩʢʠʝ ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 
ʦʩʦʙʝʥʥʦʩʪʠ ʘʨʠʜʥʳʭ ʨʝʛʠʦʥʦʚ, ʤʝʭʘʥʠʟʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ ʠ ʠʭ ʚʣʠʷʥʠʝ ʥʘ 
ʵʣʝʤʝʥʪʳ ʚʝʨʭʥʝʛʦ ʩʪʨʦʝʥʠʷ ʧʫʪʠ. ɺʳʧʦʣʥʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʩʦʚʨʝʤʝʥʥʳʭ 
ʠʥʞʝʥʝʨʥʳʭ ʨʝʰʝʥʠʡ ʧʦ ʟʘʱʠʪʝ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʦʪ ʚʝʪʨʦ-ʧʝʩʯʘʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ. 
ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʟʘʨʫʙʝʞʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʧʨʠʤʝʥʝʥʠʝ 
CFD-ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʮʠʬʨʦʚʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʧʝʩʯʘʥʳʭ 
ʧʦʪʦʢʦʚ, ʪʦʛʜʘ ʢʘʢ ʦʪʝʯʝʩʪʚʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʧʦʚʳʰʝʥʠʠ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʚʝʨʭʥʝʛʦ ʩʪʨʦʝʥʠʷ ʧʫʪʠ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʠ 
ʧʝʩʢʦʟʘʱʠʪʥʳʭ ʩʦʦʨʫʞʝʥʠʡ. ɺʳʷʚʣʝʥʳ ʦʩʥʦʚʥʳʝ ʥʘʫʯʥʳʝ ʧʨʦʙʣʝʤʳ ʠ ʦʧʨʝʜʝʣʝʥʳ 
ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʧʦʚʳʰʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ 
ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʚ ʫʩʣʦʚʠʷʭ ʧʫʩʪʳʥʥʳʭ ʨʝʛʠʦʥʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ɾʝʣʝʟʥʦʜʦʨʦʞʥʳʡ ʧʫʪʴ, ʧʫʩʪʳʥʥʳʝ ʚʝʪʨʳ, ʧʝʩʯʘʥʳʝ ʟʘʥʦʩʳ, ʘʵʨʦʜʠʥʘʤʠʢʘ, ʘʨʠʜʥʳʝ 
ʨʝʛʠʦʥʳ, ʙʘʣʣʘʩʪʥʳʡ ʩʣʦʡ, CFD-ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʠʥʞʝʥʝʨʥʘʷ ʟʘʱʠʪʘ, ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʘʷ 
ʫʩʪʦʡʯʠʚʦʩʪʴ 
 

1. ɺɺɽɼɽʅʀɽ  

ʕʢʩʧʣʫʘʪʘʮʠʷ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʚ ʫʩʣʦʚʠʷʭ 

ʧʫʩʪʳʥʥʳʭ ʪʝʨʨʠʪʦʨʠʡ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʩʣʦʞʥʳʭ ʧʨʠʨʦʜʥʦ-ʢʣʠʤʘʪʠʯʝʩʢʠʭ 

ʬʘʢʪʦʨʦʚ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʦʩʦʙʫʶ ʦʧʘʩʥʦʩʪʴ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʨʝʛʫʣʷʨʥʳʝ ʧʫʩʪʳʥʥʳʝ ʚʝʪʨʳ, 

ʧʝʩʯʘʥʳʝ ʙʫʨʠ ʠ ʧʨʦʮʝʩʩʳ ʵʦʣʦʚʦʛʦ ʧʝʨʝʥʦʩʘ 

 
a  https://orcid.org/0009-0004-2390-6961  
b  https://orcid.org/0000-0003-3691-1079  

ʧʝʩʢʘ [1]. ʇʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʠʥʪʝʥʩʠʚʥʳʭ 
ʚʦʟʜʫʰʥʳʭ ʧʦʪʦʢʦʚ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʥʦʩ ʧʝʩʯʘʥʳʭ 

ʤʘʩʩ, ʧʨʠʚʦʜʷʱʠʡ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʝʩʯʘʥʳʭ 

ʟʘʥʦʩʦʚ, ʟʘʛʨʷʟʥʝʥʠʶ ʙʘʣʣʘʩʪʥʦʛʦ ʩʣʦʷ ʠ 

ʫʩʢʦʨʝʥʥʦʤʫ ʠʟʥʦʩʫ ʵʣʝʤʝʥʪʦʚ ʚʝʨʭʥʝʛʦ ʩʪʨʦʝʥʠʷ 

ʧʫʪʠ [2]. 

ʆʩʦʙʫʶ ʘʢʪʫʘʣʴʥʦʩʪʴ ʜʘʥʥʘʷ ʧʨʦʙʣʝʤʘ 

ʧʨʠʦʙʨʝʪʘʝʪ ʜʣʷ ʩʪʨʘʥ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ, 

https://orcid.org/0009-0004-2390-6961
https://orcid.org/0000-0003-3691-1079
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ɹʣʠʞʥʝʛʦ ɺʦʩʪʦʢʘ, ʂʠʪʘʷ ʠ ʉʝʚʝʨʥʦʡ ɸʬʨʠʢʠ, ʛʜʝ 

ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʣʠʥʠʡ 
ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʘʨʠʜʥʳʝ ʪʝʨʨʠʪʦʨʠʠ [3]. ɼʣʷ 

ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ ʚʦʧʨʦʩʳ ʦʙʝʩʧʝʯʝʥʠʷ 

ʫʩʪʦʡʯʠʚʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʚ ʫʩʣʦʚʠʷʭ ʧʫʩʪʳʥʴ ʂʳʟʳʣʢʫʤ ʠ 

ʂʘʨʘʢʫʤ ʠʤʝʶʪ ʩʪʨʘʪʝʛʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʚ 

ʨʘʟʚʠʪʠʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʪʨʘʥʩʧʦʨʪʥʳʭ 

ʢʦʨʠʜʦʨʦʚ ʠ ʦʙʝʩʧʝʯʝʥʠʠ ʪʨʘʥʩʧʦʨʪʥʦʡ 

ʙʝʟʦʧʘʩʥʦʩʪʠ [12]. 

ʉʦʚʨʝʤʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ 

ʩʫʱʝʩʪʚʫʶʱʠʝ ʤʝʪʦʜʳ ʟʘʱʠʪʳ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʥʝ ʚʩʝʛʜʘ ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʥʝʦʙʭʦʜʠʤʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʫʩʣʦʚʠʷʭ ʫʩʠʣʝʥʠʷ 
ʚʝʪʨʦ-ʧʝʩʯʘʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʢʣʠʤʘʪʠʯʝʩʢʠʭ 

ʠʟʤʝʥʝʥʠʡ [3, 4]. ɿʘʨʫʙʝʞʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʧʨʠʤʝʥʝʥʠʝ 

CFD-ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʮʠʬʨʦʚʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʠ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʥʘʣʠʟʘ ʧʝʩʯʘʥʳʭ ʧʦʪʦʢʦʚ 

[3, 4, 10], ʪʦʛʜʘ ʢʘʢ ʦʪʝʯʝʩʪʚʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʧʦʚʳʰʝʥʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʚʝʨʭʥʝʛʦ ʩʪʨʦʝʥʠʷ ʧʫʪʠ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʠ 

ʧʝʩʢʦʟʘʱʠʪʥʳʭ ʩʦʦʨʫʞʝʥʠʡ [12ï16]. 

ʅʝʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦʩʚʷʱʸʥʥʳʭ ʚʦʟʜʝʡʩʪʚʠʶ 
ʧʫʩʪʳʥʥʳʭ ʚʝʪʨʦʚ ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʫʶ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ, ʚʦʧʨʦʩʳ ʢʦʤʧʣʝʢʩʥʦʛʦ ʫʯʸʪʘ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ, ʛʝʦʪʝʭʥʠʯʝʩʢʠʭ ʠ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ ʦʩʪʘʶʪʩʷ 

ʥʝʜʦʩʪʘʪʦʯʥʦ ʠʟʫʯʝʥʥʳʤʠ. 

ɺ ʩʫʱʝʩʪʚʫʶʱʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʚʥʠʤʘʥʠʷ ʫʜʝʣʷʝʪʩʷ ʠʥʪʝʛʨʘʮʠʠ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʤʦʥʠʪʦʨʠʥʛʘ 

ʩʦʩʪʦʷʥʠʷ ʙʘʣʣʘʩʪʥʦʛʦ ʩʣʦʷ ʠ 

ʨʝʩʫʨʩʦʩʙʝʨʝʛʘʶʱʠʭ ʠʥʞʝʥʝʨʥʳʭ ʨʝʰʝʥʠʡ 

ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʫʩʣʦʚʠʷʤ ʘʨʠʜʥʳʭ ʨʝʛʠʦʥʦʚ 

ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ. 
ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʩʠʩʪʝʤʘʪʠʟʘʮʠʠ ʩʦʚʨʝʤʝʥʥʳʭ ʥʘʫʯʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚʳʷʚʣʝʥʠʷ ʩʫʱʝʩʪʚʫʶʱʠʭ ʥʘʫʯʥʳʭ 

ʧʨʦʙʣʝʤ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʠʥʞʝʥʝʨʥʳʭ 

ʨʝʰʝʥʠʡ ʧʦ ʟʘʱʠʪʝ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʫʪʝʡ ʦʪ 

ʚʦʟʜʝʡʩʪʚʠʷ ʧʫʩʪʳʥʥʳʭ ʚʝʪʨʦʚ ʠ ʧʝʩʯʘʥʳʭ 

ʧʨʦʮʝʩʩʦʚ. 

2. ʎɽʃʔ ʀʉʉʃɽɼʆɺɸʅʀʗ 

ʎʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʘʥʘʣʠʪʠʯʝʩʢʠʡ 
ʦʙʟʦʨ ʩʦʚʨʝʤʝʥʥʳʭ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʟʘʨʫʙʝʞʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʦʟʜʝʡʩʪʚʠʷ ʧʫʩʪʳʥʥʳʭ ʚʝʪʨʦʚ ʠ 

ʧʝʩʯʘʥʳʭ ʧʨʦʮʝʩʩʦʚ ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʧʫʪʠ, ʘ 

ʪʘʢʞʝ ʚʳʷʚʣʝʥʠʝ ʦʩʥʦʚʥʳʭ ʥʘʫʯʥʳʭ ʧʨʦʙʣʝʤ ʠ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ 

ʠʥʞʝʥʝʨʥʳʭ ʨʝʰʝʥʠʡ ʚ ʫʩʣʦʚʠʷʭ ʘʨʠʜʥʳʭ 

ʨʝʛʠʦʥʦʚ. 

ɿʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 
ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʙʳʣʠ 

ʦʧʨʝʜʝʣʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

- ʚʳʧʦʣʥʠʪʴ ʘʥʘʣʠʟ ʩʦʚʨʝʤʝʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʦʟʜʝʡʩʪʚʠʷ ʧʫʩʪʳʥʥʳʭ ʚʝʪʨʦʚ ʥʘ 
ʞʝʣʝʟʥʦʜʦʨʦʞʥʫʶ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ. 

- ʠʩʩʣʝʜʦʚʘʪʴ ʢʣʠʤʘʪʠʯʝʩʢʠʝ ʠ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʫʩʪʳʥʥʳʭ 

ʨʝʛʠʦʥʦʚ. 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʚʣʠʷʥʠʝ ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ 

ʥʘ ʵʣʝʤʝʥʪʳ ʚʝʨʭʥʝʛʦ ʩʪʨʦʝʥʠʷ ʧʫʪʠ. 

- ʚʳʧʦʣʥʠʪʴ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ 

ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ ʠ ʟʘʨʫʙʝʞʥʦʛʦ ʦʧʳʪʘ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʚ ʧʫʩʪʳʥʥʳʭ 

ʨʘʡʦʥʘʭ. 

- ʚʳʷʚʠʪʴ ʦʩʥʦʚʥʳʝ ʥʝʜʦʩʪʘʪʢʠ ʩʫʱʝʩʪʚʫʶʱʠʭ 

ʠʥʞʝʥʝʨʥʳʭ ʨʝʰʝʥʠʡ. 
ʆʧʨʝʜʝʣʠʪʴ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ 

ʜʘʣʴʥʝʡʰʠʭ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ɸʥʘʣʠʟ ʚʦʟʜʝʡʩʪʚʠʷ ʧʫʩʪʳʥʥʳʭ ʚʝʪʨʦʚ 

ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ ʧʫʪʴ 
ʇʫʩʪʳʥʥʳʝ ʚʝʪʨʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 

ʦʧʘʩʥʳʭ ʧʨʠʨʦʜʥʦ-ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ, 

ʥʝʛʘʪʠʚʥʦ ʚʣʠʷʶʱʠʭ ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʫʶ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ ʘʨʠʜʥʳʭ ʨʝʛʠʦʥʦʚ. ʇʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʠʥʪʝʥʩʠʚʥʳʭ ʚʦʟʜʫʰʥʳʭ ʧʦʪʦʢʦʚ 

ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʥʦʩ ʧʝʩʯʘʥʳʭ ʤʘʩʩ, ʦʙʨʘʟʦʚʘʥʠʝ 

ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ ʠ ʟʘʛʨʷʟʥʝʥʠʝ ʵʣʝʤʝʥʪʦʚ 

ʚʝʨʭʥʝʛʦ ʩʪʨʦʝʥʠʷ ʧʫʪʠ [1]. 

ʊʘʙʣʠʮʘ 1 

ʆʩʥʦʚʥʳʝ ʧʦʩʣʝʜʩʪʚʠʷ ʚʦʟʜʝʡʩʪʚʠʷ 

ʧʫʩʪʳʥʥʳʭ ʚʝʪʨʦʚ 

 ̄
ʌʘʢʪʦʨ 

ʚʦʟʜʝʡʩʪʚʠʷ 

ɺʣʠʷʥʠʝ ʥʘ 

ʞʝʣʝʟʥʦʜʦ 

ʨʦʞʥʳʡ 
ʧʫʪʴ 

ʆʩʥʦʚʥʳʝ 

ʧʦʩʣʝʜʩʪ 

ʚʠʷ 

1 
ʇʝʨʝʥʦʩ 

ʧʝʩʯʘʥʳʭ 

ʤʘʩʩ 

ɿʘʩʳʧʘʥʠʝ 

ʨʝʣʴʩʦʚ ʠ 

ʙʘʣʣʘʩʪʥʦʛʦ 

ʩʣʦʷ 

ʅʘʨʫʰʝʥʠʝ 

ʜʚʠʞʝʥʠʷ 

ʧʦʝʟʜʦʚ 

2 

ɸʙʨʘʟʠʚʥʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ 

ʧʝʩʢʘ 

ʀʟʥʦʩ 

ʨʝʣʴʩʦʚ, 

ʩʢʨʝʧʣʝʥʠʡ 

ʠ 

ʩʪʨʝʣʦʯʥʳʭ 

ʧʝʨʝʚʦʜʦʚ 

ʉʥʠʞʝʥʠʝ 

ʩʨʦʢʘ 

ʩʣʫʞʙʳ 

ʵʣʝʤʝʥʪʦʚ 

ʧʫʪʠ 

3 
ɺʳʩʦʢʘʷ 

ʩʢʦʨʦʩʪʴ 

ʚʝʪʨʘ 

ɼʝʩʪʘʙʠʣʠʟʘ

ʮʠʷ 

ʟʝʤʣʷʥʦʛʦ 
ʧʦʣʦʪʥʘ 

ɼʝʬʦʨʤʘʮʠ

ʷ 

ʞʝʣʝʟʥʦʜʦ

ʨʦʞʥʦʛʦ 
ʧʫʪʠ 

4 
ʇʝʩʯʘʥʳʝ 

ʙʫʨʠ 

ʆʛʨʘʥʠʯʝʥʠ

ʝ ʚʠʜʠʤʦʩʪʠ 

ʥʘ ʞʝʣʝʟʥʦʡ 

ʜʦʨʦʛʝ 

ʉʥʠʞʝʥʠʝ 

ʙʝʟʦʧʘʩʥʦʩ

ʪʠ 

ʜʚʠʞʝʥʠʷ 
5 
ɿʘʛʨʷʟʥʝʥʠʝ 

ʙʘʣʣʘʩʪʥʦʛʦ 

ʩʣʦʷ 

ʋʭʫʜʰʝʥʠʝ 

ʜʨʝʥʘʞʥʳʭ 

ʩʚʦʡʩʪʚ 

ʙʘʣʣʘʩʪʘ 

ʉʥʠʞʝʥʠʝ 

ʥʝʩʫʱʝʡ 

ʩʧʦʩʦʙʥʦʩʪ

ʠ  

ʧʫʪʠ 
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6 

ʕʦʣʦʚʳʝ 
ʧʨʦʮʝʩʩʳ 

ʌʦʨʤʠʨʦʚʘʥ

ʠʝ ʧʝʩʯʘʥʳʭ 
ʜʶʥ ʠ 

ʟʘʥʦʩʦʚ 

ʋʚʝʣʠʯʝʥʠ

ʝ 

ʵʢʩʧʣʫʘʪʘʮ
ʠʦʥ 

ʥʳʭ 

ʨʘʩʭʦʜʦʚ 
7 
ʊʝʤʧʝʨʘʪʫʨ

ʥʳʝ 

ʢʦʣʝʙʘʥʠʷ 

ɺʦʟʜʝʡʩʪʚʠʝ 

ʥʘ ʵʣʝʤʝʥʪʳ 

ʚʝʨʭʥʝʛʦ 

ʩʪʨʦʝʥʠʷ 

ʧʫʪʠ 

ʇʦʷʚʣʝʥʠʝ 

ʜʝʬʦʨʤʘʮʠ

ʡ ʠ ʪʨʝʱʠʥ 

8 
ʅʘʢʦʧʣʝʥʠʝ 

ʧʝʩʢʘ ʥʘ 

ʠʥʬʨʘʩʪʨʫʢ

ʪʫʨʝ 

ʅʘʨʫʰʝʥʠʝ 

ʨʘʙʦʪʳ 

ʩʠʩʪʝʤ 

ʩʠʛʥʘʣʠʟʘʮʠ

ʠ ʠ ʩʚʷʟʠ 

ʇʦʚʳʰʝʥʠ

ʝ ʨʠʩʢʘ 

ʘʚʘʨʠʡʥʳʭ 

ʩʠʪʫʘʮʠʡ 

ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ 
ʚʝʪʨʦʚʦʛʦ ʧʝʨʝʥʦʩʘ ʧʝʩʢʘ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ R.A. 

Bagnold, ʢʦʪʦʨʳʡ ʫʩʪʘʥʦʚʠʣ, ʯʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʧʝʩʯʘʥʳʭ ʧʨʦʮʝʩʩʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʢʦʨʦʩʪʴʶ 

ʚʝʪʨʘ, ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʧʝʩʢʘ ʠ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʧʦʚʝʨʭʥʦʩʪʠ 

[1]. ʀʩʩʣʝʜʦʚʘʥʠʷ Kok J.F. ʠ ʩʦʘʚʪʦʨʦʚ ʧʦʢʘʟʘʣʠ, 

ʯʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʥʦʩʘ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ 

ʟʘʚʠʩʠʪ ʦʪ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ, 

ʨʘʟʤʝʨʦʚ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʠ ʩʦʩʪʦʷʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʫʥʪʘ [2]. 

ɿʘʨʫʙʝʞʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʠʟʫʯʝʥʠʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 
ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ 

ʚʙʣʠʟʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ. Bruno 

L., Horvat M. ʠ Raffaele L. ʫʩʪʘʥʦʚʠʣʠ, ʯʪʦ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʥʘʩʳʧʠ ʠʟʤʝʥʷʶʪ ʩʪʨʫʢʪʫʨʫ 

ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ, ʚʳʟʳʚʘʷ ʣʦʢʘʣʴʥʦʝ 

ʥʘʢʦʧʣʝʥʠʝ ʧʝʩʢʘ ʚʙʣʠʟʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ 

ʧʦʣʦʪʥʘ [3]. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʥʘʠʙʦʣʝʝ 

ʦʧʘʩʥʳʤʠ ʟʦʥʘʤʠ ʷʚʣʷʶʪʩʷ ʥʘʩʳʧʠ ʠ ʩʪʨʝʣʦʯʥʳʝ 

ʧʝʨʝʚʦʜʳ, ʛʜʝ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʝʞʠʤʘ ʜʚʠʞʝʥʠʷ ʚʦʟʜʫʰʥʳʭ 

ʧʦʪʦʢʦʚ. 

 
ʈʠʩ. 1. ɺʦʟʜʝʡʩʪʚʠʝ ʧʫʩʪʳʥʥʳʭ ʚʝʪʨʦʚ ʥʘ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ ʧʫʪʴ 

ʀʩʩʣʝʜʦʚʘʥʠʷ Li X., Liu Y. ʠ Zhang N. 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʥʘʢʣʦʥʥʳʭ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ 

ʦʙʲʸʤ ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ ʜʦ 42 % [4]. Saraireh H. ʠ 

ʩʦʘʚʪʦʨʳ ʫʩʪʘʥʦʚʠʣʠ, ʯʪʦ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʝ 

ʧʦʣʦʪʥʦ ʚ ʧʫʩʪʳʥʥʳʭ ʨʘʡʦʥʘʭ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʠʥʪʝʥʩʠʚʥʦʤʫ ʦʩʘʞʜʝʥʠʶ ʧʝʩʢʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʫʪʠ [5]. 

ʆʪʝʯʝʩʪʚʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʠʟʫʯʝʥʠʝ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʚʝʨʭʥʝʛʦ ʩʪʨʦʝʥʠʷ ʧʫʪʠ ʠ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʧʝʩʢʦʟʘʱʠʪʥʳʭ ʩʦʦʨʫʞʝʥʠʡ 

ʜʣʷ ʫʩʣʦʚʠʡ ʧʫʩʪʳʥʴ ʂʳʟʳʣʢʫʤ ʠ ʂʘʨʘʢʫʤ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʊ.ʀ. ʌʘʟʠʣʦʚʘ, ʄ.ʄ. 

ʄʠʨʘʭʤʝʜʦʚʘ, ɸ.ʄ. ɸʙʜʫʢʘʨʠʤʦʚʘ, 

ʐ.ʐ. ɸʙʜʫʢʘʤʠʣʦʚʘ, ʉ.ʊ. ɼʞʘʙʙʘʨʦʚʘ ʠ ʄ.ʂ. 

ʄʫʟʘʬʬʘʨʦʚʦʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʟʘʛʨʷʟʥʝʥʠʝ 

ʙʘʣʣʘʩʪʥʦʛʦ ʩʣʦʷ ʧʝʩʢʦʤ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ 

ʝʛʦ ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ, ʫʭʫʜʰʝʥʠʶ ʜʨʝʥʘʞʥʳʭ 

ʩʚʦʡʩʪʚ ʠ ʫʩʢʦʨʝʥʥʦʤʫ ʨʘʟʚʠʪʠʶ ʦʩʪʘʪʦʯʥʳʭ 

ʜʝʬʦʨʤʘʮʠʡ ʧʫʪʠ [12ï16]. 

ʂʣʠʤʘʪʠʯʝʩʢʠʝ ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʧʫʩʪʳʥʥʳʭ ʨʝʛʠʦʥʦʚ 

ʇʫʩʪʳʥʥʳʝ ʨʝʛʠʦʥʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʚʝʪʨʘ, ʥʠʟʢʦʡ ʚʣʘʞʥʦʩʪʴʶ 

ʚʦʟʜʫʭʘ, ʨʝʟʢʠʤʠ ʪʝʤʧʝʨʘʪʫʨʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʠ 

ʘʢʪʠʚʥʳʤʠ ʵʦʣʦʚʳʤʠ ʧʨʦʮʝʩʩʘʤʠ, ʯʪʦ ʷʚʣʷʝʪʩʷ 

ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʝʩʯʘʥʳʭ 

ʟʘʥʦʩʦʚ ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʫʪʷʭ [1]. 

ʀʩʩʣʝʜʦʚʘʥʠʷ Bruno L., Horvat M. ʠ Raffaele L. 
ʧʦʢʘʟʘʣʠ, ʯʪʦ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʥʘʩʳʧʠ ʠʟʤʝʥʷʶʪ 

ʩʪʨʫʢʪʫʨʫ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ 

ʠ ʩʧʦʩʦʙʩʪʚʫʶʪ ʣʦʢʘʣʴʥʦʤʫ ʥʘʢʦʧʣʝʥʠʶ ʧʝʩʢʘ 

ʚʜʦʣʴ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʧʦʣʦʪʥʘ [3]. ʅʘʠʙʦʣʝʝ 

ʦʧʘʩʥʳʤʠ ʟʦʥʘʤʠ ʷʚʣʷʶʪʩʷ ʥʘʩʳʧʠ, 

ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʩʦʦʨʫʞʝʥʠʷ ʠ ʩʪʨʝʣʦʯʥʳʝ 

ʧʝʨʝʚʦʜʳ. 

ʉʦʚʨʝʤʝʥʥʳʝ ʟʘʨʫʙʝʞʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʦʜʪʚʝʨʞʜʘʶʪ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʨʠʤʝʥʝʥʠʷ CFD-ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ 

ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʜʚʠʞʝʥʠʷ ʧʝʩʯʘʥʳʭ ʧʦʪʦʢʦʚ ʠ 

ʦʮʝʥʢʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 
ʧʝʩʢʦʟʘʱʠʪʥʳʭ ʩʦʦʨʫʞʝʥʠʡ [3, 4]. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʠʩʩʣʝʜʦʚʘʥʠʷ Li X. ʠ ʩʦʘʚʪʦʨʦʚ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʧʨʠʤʝʥʝʥʠʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ 

ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ [4]. 

ɺ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʦʩʥʦʚʥʦʝ 

ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʠʟʫʯʝʥʠʶ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʚʝʪʨʦʚʦʛʦ ʨʝʞʠʤʘ ʧʫʩʪʳʥʴ ʂʳʟʳʣʢʫʤ ʠ ʂʘʨʘʢʫʤ, 

ʘ ʪʘʢʞʝ ʚʦʧʨʦʩʘʤ ʘʜʘʧʪʘʮʠʠ ʠʥʞʝʥʝʨʥʳʭ ʨʝʰʝʥʠʡ 

ʢ ʧʨʠʨʦʜʥʦ-ʢʣʠʤʘʪʠʯʝʩʢʠʤ ʫʩʣʦʚʠʷʤ 

ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ [12ï16]. ɺʤʝʩʪʝ ʩ ʪʝʤ ʚʦʧʨʦʩʳ 
ʮʠʬʨʦʚʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ 

ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʧʝʩʯʘʥʳʭ ʧʨʦʮʝʩʩʦʚ ʦʩʪʘʶʪʩʷ 

ʥʝʜʦʩʪʘʪʦʯʥʦ ʠʟʫʯʝʥʥʳʤʠ. 
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ʈʠʩ. 2. ɼʠʘʛʨʘʤʤʘ ʦʩʥʦʚʥʳʭ ʬʘʢʪʦʨʦʚ 

ʚʦʟʜʝʡʩʪʚʠʷ ʚʣʠʷʶʱʠʭ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ ʠ ʩʦʩʪʦʷʥʠʝ ʧʫʪʠ 

ɺʣʠʷʥʠʝ ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ ʥʘ 

ʵʣʝʤʝʥʪʳ ʚʝʨʭʥʝʛʦ ʩʪʨʦʝʥʠʷ ʧʫʪʠ 
ʇʝʩʯʘʥʳʝ ʟʘʥʦʩʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 

ʦʧʘʩʥʳʭ ʬʘʢʪʦʨʦʚ, ʚʣʠʷʶʱʠʭ ʥʘ ʪʝʭʥʠʯʝʩʢʦʝ 

ʩʦʩʪʦʷʥʠʝ ʚʝʨʭʥʝʛʦ ʩʪʨʦʝʥʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ 
ʧʫʪʠ ʚ ʧʫʩʪʳʥʥʳʭ ʨʝʛʠʦʥʘʭ. ʇʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʚʝʪʨʦ-ʧʝʩʯʘʥʳʭ ʧʦʪʦʢʦʚ ʧʨʦʠʩʭʦʜʠʪ ʟʘʛʨʷʟʥʝʥʠʝ 

ʙʘʣʣʘʩʪʥʦʛʦ ʩʣʦʷ, ʘʙʨʘʟʠʚʥʳʡ ʠʟʥʦʩ ʨʝʣʴʩʦʚ ʠ 

ʩʢʨʝʧʣʝʥʠʡ, ʥʘʨʫʰʝʥʠʝ ʨʘʙʦʪʳ ʩʪʨʝʣʦʯʥʳʭ 

ʧʝʨʝʚʦʜʦʚ ʠ ʩʥʠʞʝʥʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʫʪʠ [6ï9]. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ɻ.ʄ. ʐʘʭʫʥʷʥʮʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʙʘʣʣʘʩʪʥʳʡ ʩʣʦʡ ʚʳʧʦʣʥʷʝʪ ʬʫʥʢʮʠʶ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʛʨʫʟʦʢ ʠ ʦʙʝʩʧʝʯʝʥʠʷ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʝʣʴʩʦʰʧʘʣʴʥʦʡ ʨʝʰʸʪʢʠ [7]. ɸʚʪʦʨ 

ʫʩʪʘʥʦʚʠʣ, ʯʪʦ ʟʘʛʨʷʟʥʝʥʠʝ ʙʘʣʣʘʩʪʘ ʤʝʣʢʠʤʠ 

ʧʝʩʯʘʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʧʨʠʚʦʜʠʪ ʢ ʫʭʫʜʰʝʥʠʶ 

ʜʨʝʥʘʞʥʳʭ ʩʚʦʡʩʪʚ ʠ ʩʥʠʞʝʥʠʶ ʥʝʩʫʱʝʡ 
ʩʧʦʩʦʙʥʦʩʪʠ ʧʫʪʠ. 

ɽ.ʉ. ɸʰʧʠʟ ʜʦʢʘʟʘʣ, ʯʪʦ ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʧʝʩʢʘ 

ʚ ʧʦʨʦʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʙʘʣʣʘʩʪʘ ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ʬʠʣʴʪʨʘʮʠʠ ʠ 

ʫʩʢʦʨʝʥʥʦʤʫ ʨʘʟʚʠʪʠʶ ʦʩʪʘʪʦʯʥʳʭ ʜʝʬʦʨʤʘʮʠʡ 

ʧʫʪʠ [6]. ʀʩʩʣʝʜʦʚʘʥʠʷ ʂʦʣʦʩ ɸ.ʌ. ʠ ʅʠʢʦʣʘʠʪʠʩ 

ɼ.ʉ. ʧʦʢʘʟʘʣʠ, ʯʪʦ ʟʘʛʨʷʟʥʝʥʠʝ ʙʘʣʣʘʩʪʘ ʧʝʩʢʦʤ 

ʚʳʟʳʚʘʝʪ ʨʦʩʪ ʜʠʥʘʤʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ 

ʨʝʣʴʩʦʰʧʘʣʴʥʦʡ ʨʝʰʸʪʢʝ ʠ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʨʘʚʥʦʤʝʨʥʦʡ ʦʩʘʜʢʝ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʧʫʪʠ 

[9]. 
ɿʘʨʫʙʝʞʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʞʝ 

ʧʦʜʪʚʝʨʞʜʘʶʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʧʝʩʯʘʥʳʭ 

ʟʘʥʦʩʦʚ ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʫʶ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ. 

Bruno L. ʠ ʩʦʘʚʪʦʨʳ ʫʩʪʘʥʦʚʠʣʠ, ʯʪʦ ʥʘʢʦʧʣʝʥʠʝ 

ʧʝʩʢʘ ʚ ʟʦʥʝ ʨʝʣʴʩʦʚ ʠ ʩʪʨʝʣʦʯʥʳʭ ʧʝʨʝʚʦʜʦʚ 

ʥʘʨʫʰʘʝʪ ʨʘʙʦʪʫ ʩʠʩʪʝʤ ʩʠʛʥʘʣʠʟʘʮʠʠ, ʩʥʠʞʘʝʪ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʦʚ ʠ ʫʚʝʣʠʯʠʚʘʝʪ 

ʨʠʩʢ ʘʚʘʨʠʡʥʳʭ ʩʠʪʫʘʮʠʡ [3]. 

ʊʘʙʣʠʮʘ 2 

ʆʩʥʦʚʥʳʝ ʧʦʩʣʝʜʩʪʚʠʷ ʚʦʟʜʝʡʩʪʚʠʷ ʧʝʩʯʘʥʳʭ 

ʟʘʥʦʩʦʚ ʥʘ ʵʣʝʤʝʥʪʳ ʚʝʨʭʥʝʛʦ ʩʪʨʦʝʥʠʷ ʧʫʪʠ 

ʕʣʝʤʝʥʪ 

ʚʝʨʭʥʝʛʦ 

ʩʪʨʦʝʥʠʷ 

ʧʫʪʠ 

ɺʦʟʜʝʡʩʪʚʠʝ 

ʧʝʩʯʘʥʳʭ 

ʟʘʥʦʩʦʚ 

ʆʩʥʦʚʥʳʝ 

ʧʦʩʣʝʜʩʪʚʠʷ 

ʈʝʣʴʩʳ 
ɸʙʨʘʟʠʚʥʳʡ 

ʠʟʥʦʩ 

ʧʦʚʝʨʭʥʦʩʪʠ 

ʋʩʢʦʨʝʥʥʦʝ 

ʨʘʟʚʠʪʠʝ 

ʜʝʬʝʢʪʦʚ 

ɹʘʣʣʘʩʪʥʳʡ 
ʩʣʦʡ 

ɿʘʛʨʷʟʥʝʥʠʝ 
ʧʝʩʢʦʤ 

ʉʥʠʞʝʥʠʝ 
ʜʨʝʥʘʞʥʳʭ 

ʩʚʦʡʩʪʚ 

ʐʧʘʣʳ 
ʅʘʢʦʧʣʝʥʠʝ 

ʧʝʩʢʘ ʠ ʚʣʘʛʠ 

ʋʭʫʜʰʝʥʠʝ 

ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʧʫʪʠ 

ʉʢʨʝʧʣʝʥʠʷ 
ʀʟʥʦʩ ʠ 

ʟʘʩʦʨʝʥʠʝ 

ʆʩʣʘʙʣʝʥʠʝ 

ʢʨʝʧʣʝʥʠʷ 

ʨʝʣʴʩʦʚ 

ʉʪʨʝʣʦʯʥʳʝ 

ʧʝʨʝʚʦʜʳ 
ɿʘʩʳʧʘʥʠʝ 

ʧʝʩʢʦʤ 

ʅʘʨʫʰʝʥʠʝ 

ʨʘʙʦʪʳ 

ʧʝʨʝʚʦʜʦʚ 

ɿʝʤʣʷʥʦʝ 

ʧʦʣʦʪʥʦ 
ʕʦʣʦʚʘʷ 

ʵʨʦʟʠʷ 

ɼʝʬʦʨʤʘʮʠʷ ʠ 

ʦʩʘʜʢʘ 

ʧʫʪʠ 

ʕʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʧʨʦʙʣʝʤʳ 

ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʚ ʫʩʣʦʚʠʷʭ ʧʫʩʪʳʥʴ 
ʕʢʩʧʣʫʘʪʘʮʠʷ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʚ ʧʫʩʪʳʥʥʳʭ 

ʨʘʡʦʥʘʭ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʝʪʨʦ-
ʧʝʩʯʘʥʳʭ ʧʦʪʦʢʦʚ, ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʠ 

ʠʥʪʝʥʩʠʚʥʳʭ ʵʦʣʦʚʳʭ ʧʨʦʮʝʩʩʦʚ. ʆʩʥʦʚʥʳʤʠ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ ʧʨʦʙʣʝʤʘʤʠ ʷʚʣʷʶʪʩʷ 

ʧʝʩʯʘʥʳʝ ʟʘʥʦʩʳ ʧʫʪʠ, ʟʘʛʨʷʟʥʝʥʠʝ ʙʘʣʣʘʩʪʥʦʛʦ 

ʩʣʦʷ, ʘʙʨʘʟʠʚʥʳʡ ʠʟʥʦʩ ʵʣʝʤʝʥʪʦʚ ʚʝʨʭʥʝʛʦ 

ʩʪʨʦʝʥʠʷ ʧʫʪʠ ʠ ʥʘʨʫʰʝʥʠʝ ʨʘʙʦʪʳ ʫʩʪʨʦʡʩʪʚ 

ʩʠʛʥʘʣʠʟʘʮʠʠ [3, 10, 11]. 

ʀʩʩʣʝʜʦʚʘʥʠʷ Cheng J. ʠ Saraireh H. ʧʦʢʘʟʘʣʠ, 

ʯʪʦ ʩʠʣʴʥʳʝ ʚʝʪʨʳ ʠ ʚʳʩʦʢʘʷ ʧʦʜʚʠʞʥʦʩʪʴ 

ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʚ ʨʘʡʦʥʘʭ ɻʦʙʠ, ʉʠʥʴʮʟʷʥʘ ʠ 

ɹʣʠʞʥʝʛʦ ɺʦʩʪʦʢʘ ʚʳʟʳʚʘʶʪ ʨʝʛʫʣʷʨʥʳʝ 

ʧʝʩʯʘʥʳʝ ʟʘʥʦʩʳ ʠ ʧʦʚʳʰʝʥʠʝ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ 
ʟʘʪʨʘʪ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ [5, 10]. 

ʀʩʩʣʝʜʦʚʘʥʠʷ Fathali M. ʠ ʩʦʘʚʪʦʨʦʚ 

ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʚ ʧʫʩʪʳʥʥʳʭ 

ʫʩʣʦʚʠʷʭ ʥʝʦʙʭʦʜʠʤʳ ʩʧʝʮʠʘʣʴʥʳʝ ʠʥʞʝʥʝʨʥʳʝ 

ʨʝʰʝʥʠʷ ʠ ʢʦʤʧʣʝʢʩʥʳʝ ʩʠʩʪʝʤʳ ʟʘʱʠʪʳ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ [11]. 

ʇʨʦʚʝʜʸʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʩʫʱʝʩʪʚʫʶʱʠʝ ʤʝʪʦʜʳ ʟʘʱʠʪʳ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʣʦʢʘʣʴʥʳʝ 

ʠʥʞʝʥʝʨʥʳʝ ʨʝʰʝʥʠʷ ʠ ʥʝ ʦʙʝʩʧʝʯʠʚʘʶʪ 
ʢʦʤʧʣʝʢʩʥʦʛʦ ʫʯʸʪʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ, 

ʛʝʦʪʝʭʥʠʯʝʩʢʠʭ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ J. Cheng ʠ H. Saraireh ʧʦʢʘʟʘʣʠ, 

ʯʪʦ ʩʠʣʴʥʳʝ ʚʝʪʨʳ ʠ ʚʳʩʦʢʘʷ ʧʦʜʚʠʞʥʦʩʪʴ 

ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʚ ʨʘʡʦʥʘʭ ɻʦʙʠ, ʉʠʥʴʮʟʷʥʘ ʠ 

ɹʣʠʞʥʝʛʦ ɺʦʩʪʦʢʘ ʚʳʟʳʚʘʶʪ ʨʝʛʫʣʷʨʥʳʝ 

ʧʝʩʯʘʥʳʝ ʟʘʥʦʩʳ ʠ ʧʦʚʳʰʘʶʪ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ 

ʟʘʪʨʘʪʳ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ. 
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ʊʘʙʣʠʮʘ 3 

ʕʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʧʦʩʣʝʜʩʪʚʠʷ ʚʦʟʜʝʡʩʪʚʠʷ 

ʧʝʩʯʘʥʳʭ ʧʨʦʮʝʩʩʦʚ ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʫʶ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ 

 ̄

ʕʢʩʧʣʫʘ

ʪʘʮʠʦʥʥ

ʘʷ 

ʧʨʦʙʣʝʤ

ʘ 

ʇʨʠʯʠʥʘ 

ʚʦʟʥʠʢʥ

ʦʚʝʥʠʷ 

ɺʣʠʷʥ
ʠʝ ʥʘ 

ʞʝʣʝʟʥ

ʦʜʦ 

ʨʦʞʥʫ

ʶ 

ʠʥʬʨʘʩ 

ʪʨʫʢʪʫ

ʨʫ 

ʆʩʥʦʚʥʳʝ 

ʧʦʩʣʝʜʩʪʚ

ʠ ̫

1 

ʇʝʩʯʘʥ

ʳʝ 

ʟʘʥʦʩʳ 
ʧʫʪʠ 

ʇʝʨʝʥʦʩ 

ʧʝʩʢʘ 
ʚʝʪʨʦʤ 

ɿʘʩʳʧ

ʘʥʠʝ 

ʨʝʣʴʩʦ

ʚ ʠ 

ʩʪʨʝʣʦ
ʯʥʳʭ 

ʧʝʨʝʚʦ

ʜʦʚ 

ʆʛʨʘʥʠʯʝ

ʥʠʝ 

ʜʚʠʞʝʥʠʷ 
ʧʦʝʟʜʦʚ 

2 

ɿʘʛʨʷʟʥʝ

ʥʠʝ 

ʙʘʣʣʘʩʪʥ

ʦʛʦ ʩʣʦʷ 

ʇʨʦʥʠʢʥ

ʦʚʝʥʠʝ 

ʧʝʩʯʘʥʳ

ʭ ʯʘʩʪʠʮ 

ʚ 

ʙʘʣʣʘʩʪ 

ʋʭʫʜ

ʰʝʥʠʝ 

ʜʨʝʥʘʞ

ʥʳʭ 

ʩʚʦʡʩʪ

ʚ 

ʉʥʠʞʝʥʠʝ 

ʥʝʩʫʱʝʡ 

ʩʧʦʩʦʙʥʦʩ

ʪʠ ʧʫʪʠ 

3 

ɸʙʨʘʟʠʚ

ʥʳʡ 

ʠʟʥʦʩ 
ʵʣʝʤʝʥʪ

ʦʚ ʧʫʪʠ 

ɺʦʟʜʝʡʩ

ʪʚʠʝ 

ʧʝʩʯʘʥʳ
ʭ 

ʧʦʪʦʢʦʚ 

ʀʟʥʦʩ 

ʨʝʣʴʩʦ

ʚ, 

ʩʢʨʝʧʣ
ʝʥʠʡ ʠ 

ʦʙʦʨʫʜ

ʦʚʘʥʠʷ 

ʉʦʢʨʘʱʝʥ

ʠʝ ʩʨʦʢʘ 

ʩʣʫʞʙʳ 
ʠʥʬʨʘʩʪʨʫ

ʢʪʫʨʳ 

4 

ʅʘʨʫʰʝ

ʥʠʝ 

ʨʘʙʦʪʳ 

ʩʪʨʝʣʦʯʥ

ʳʭ 

ʧʝʨʝʚʦʜ

ʦʚ 

ʅʘʢʦʧʣʝ

ʥʠʝ 

ʧʝʩʢʘ ʚ 

ʧʦʜʚʠʞʥ

ʳʭ 

ʵʣʝʤʝʥʪʘ

ʭ 

ʉʙʦʠ ʚ 

ʨʘʙʦʪʝ 

ʧʝʨʝʚʦ

ʜʦʚ 

ʇʦʚʳʰʝʥ

ʠʝ ʨʠʩʢʘ 

ʘʚʘʨʠʡʥʳ

ʭ 

ʩʠʪʫʘʮʠʡ 

5 

ɺʦʟʜʝʡʩ

ʪʚʠʝ ʥʘ 
ʩʠʩʪʝʤʳ 

ʩʠʛʥʘʣʠʟ

ʘʮʠʠ 

ɿʘʩʦʨʝʥʠ

ʝ 

ʜʘʪʯʠʢʦʚ 
ʠ 

ʦʙʦʨʫʜʦ

ʚʘʥʠʷ 

ʧʝʩʢʦʤ 

ʅʘʨʫʰ

ʝʥʠʝ 

ʨʘʙʦʪʳ 
ʘʚʪʦʤʘ

ʪʠʢʠ ʠ 

ʩʚʷʟʠ 

ʉʥʠʞʝʥʠʝ 

ʙʝʟʦʧʘʩʥʦ
ʩʪʠ 

ʜʚʠʞʝʥʠʷ 

6 

ɼʝʬʦʨʤ

ʘʮʠʷ 

ʟʝʤʣʷʥʦʛ

ʦ 

ʧʦʣʦʪʥʘ 

ʕʦʣʦʚʳʝ 

ʧʨʦʮʝʩʩ

ʳ ʠ 

ʦʩʣʘʙʣʝʥ

ʠʝ 

ʛʨʫʥʪʘ 

ʅʝʨʘʚ

ʥʦʤʝʨ

ʥʳʝ 

ʦʩʘʜʢʠ 

ʠ 

ʜʝʬʦʨ

ʤʘʮʠʠ 

ʧʫʪʠ 

ʇʦʪʝʨʷ 

ʫʩʪʦʡʯʠʚʦ

ʩʪʠ 

ʞʝʣʝʟʥʦʜʦ

ʨʦʞʥʦʛʦ 

ʧʦʣʦʪʥʘ 

7 
ʈʦʩʪ 

ʵʢʩʧʣʫʘʪ

ʇʦʩʪʦʷʥ

ʥʘʷ 

ʋʚʝʣʠ

ʯʝʥʠʝ 

ʇʦʚʳʰʝʥ

ʠʝ 

ʘʮʠʦʥʥʳ

ʭ ʟʘʪʨʘʪ 

ʦʯʠʩʪʢʘ 

ʠ ʨʝʤʦʥʪ 

ʧʫʪʠ 

ʦʙʲʸʤʘ 

ʧʨʦʬʠ

ʣʘʢʪʠʯ
ʝʩʢʠʭ 

ʨʘʙʦʪ 

ʩʪʦʠʤʦʩʪʠ 

ʩʦʜʝʨʞʘʥ

ʠʷ 
ʞʝʣʝʟʥʦʡ 

ʜʦʨʦʛʠ 

8 

ʉʥʠʞʝʥ

ʠʝ 

ʩʢʦʨʦʩʪʠ 

ʜʚʠʞʝʥʠ

ʷ 

ʧʦʝʟʜʦʚ 

ʇʝʩʯʘʥʳ

ʝ ʟʘʥʦʩʳ 

ʠ 

ʫʭʫʜʰʝʥ

ʠʝ 

ʩʦʩʪʦʷʥʠ

ʷ ʧʫʪʠ 

ʆʛʨʘʥ

ʠʯʝʥʠʝ 

ʵʢʩʧʣʫ

ʘʪʘʮʠʦ

ʥʥʳʭ 

ʨʝʞʠʤ

ʦʚ 

ʉʥʠʞʝʥʠʝ 

ʧʨʦʧʫʩʢʥʦ

ʡ 

ʩʧʦʩʦʙʥʦʩ

ʪʠ ʣʠʥʠʠ 

3. ɸʅɸʃʀɿ ʆʊɽʏɽʉʊɺɽʅʅʆɻʆ ʀ 
ɿɸʈʋɹɽɾʅʆɻʆ ʆʇʓʊɸ 

ʕʂʉʇʃʋɸʊɸʎʀʀ ɾɽʃɽɿʅʓʍ 

ɼʆʈʆɻ ɺ ʇʋʉʊʓʅʅʓʍ 

ʈɸʁʆʅɸʍ 
ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʩʦʚʨʝʤʝʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʟʘʨʫʙʝʞʥʳʝ 

ʥʘʫʯʥʳʝ ʨʘʙʦʪʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʧʨʠʤʝʥʝʥʠʝ ʮʠʬʨʦʚʳʭ 

ʪʝʭʥʦʣʦʛʠʡ, CFD-ʤʦʜʝʣʠʨʦʚʘʥʠʷ, 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʠ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʧʝʩʯʘʥʳʭ 

ʧʨʦʮʝʩʩʦʚ [3ï5, 10]. 

ɺ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʟʘʨʫʙʝʞʥʳʭ ʫʯʸʥʳʭ ʦʩʥʦʚʥʦʝ 

ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʚʦʟʜʫʰʥʳʭ 
ʧʦʪʦʢʦʚ, ʦʮʝʥʢʝ ʜʚʠʞʝʥʠʷ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʠ 

ʨʘʟʨʘʙʦʪʢʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ. 

ɿʥʘʯʠʪʝʣʴʥʦʝ ʨʘʟʚʠʪʠʝ ʧʦʣʫʯʠʣʠ ʪʝʭʥʦʣʦʛʠʠ 

ʮʠʬʨʦʚʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʠ GIS-ʘʥʘʣʠʟʘ ʧʨʦʮʝʩʩʦʚ 

ʥʘʢʦʧʣʝʥʠʷ ʧʝʩʢʘ. 

ʆʪʝʯʝʩʪʚʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʧʦʚʳʰʝʥʠʠ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʚʝʨʭʥʝʛʦ ʩʪʨʦʝʥʠʷ ʧʫʪʠ, 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʠ ʧʝʩʢʦʟʘʱʠʪʥʳʭ ʩʦʦʨʫʞʝʥʠʡ ʠ 

ʨʘʟʨʘʙʦʪʢʝ ʦʨʛʘʥʠʟʘʮʠʦʥʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʤʝʪʦʜʦʚ ʵʢʩʧʣʫʘʪʘʮʠʠ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʚ ʫʩʣʦʚʠʷʭ 
ʧʫʩʪʳʥʥʳʭ ʪʝʨʨʠʪʦʨʠʡ [12ï16]. 

ʊʘʙʣʠʮʘ 4 

ɸʥʘʣʠʟ ʥʘʫʯʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ 

ʧʝʩʯʘʥʳʤ ʟʘʥʦʩʘʤ ʠ ʤʝʪʦʜʘʤ ʟʘʱʠʪʳ 

ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ 

 ̄
ʋʯʸʥʳ

ʡ 

ʇʝʨʠ

ʦʜ 

ʠʩʩʣʝ

ʜʦʚʘʥ

ʠʡ 

ʆʩʥʦʚʥʳʝ 

ʥʘʫʯʥʳʝ 

ʨʝʟʫʣʴʪʘʪ

 r

ʇʨʝʜʣʦʞʝ

ʥʠʷ  

ʠ 

ʨʝʢʦʤʝʥʜʘ

ʮʠʠ 

1 
ʉ.ʅ. 

ʇʦʧʦʚ 

1950

ï

1970 

ʆʙʦʩʥʦʚʘ
ʣ 

ʟʘʢʦʥʦʤʝʨ

ʥʦʩʪʠ 

ʨʘʙʦʪʳ 

ʙʘʣʣʘʩʪʥʦ

ʛʦ ʩʣʦʷ 

ʧʦʜ 

ʅʦʨʤʠʨʦʚ

ʘʥʠʝ 

ʜʦʧʫʩʪʠʤ

ʳʭ 

ʥʘʧʨʷʞʝʥ

ʠʡ ʚ 

ʙʘʣʣʘʩʪʝ 
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ʜʠʥʘʤʠʯʝʩ

ʢʠʤʠ 

ʥʘʛʨʫʟʢʘʤ
ʠ 

2 

ɽ.ʉ. 

ɺʘʨʳʟʛ

ʠʥ 

1960

ï

1980 

ʆʮʝʥʠʣ 

ʵʢʩʧʣʫʘʪʘ

ʮʠʦʥʥʫʶ 

ʥʘʜʸʞʥʦʩʪ

ʴ 

ʙʘʣʣʘʩʪʥʦ

ʛʦ ʩʣʦʷ 

ʂʦʤʧʣʝʢʩ

ʥʘʷ 

ʦʮʝʥʢʘ 

ʫʩʪʦʡʯʠʚʦ

ʩʪʠ ʧʫʪʠ 

3 

ʖ.ʇ. 

ʉʤʦʣʠ

ʥʩʢʠʡ 

1960

ï

1985 

ʈʘʟʨʘʙʦʪʘ

ʣ ʤʝʪʦʜʳ 

ʨʘʩʯʸʪʘ 

ʢʦʥʩʪʨʫʢʮ

ʠʡ ʧʫʪʠ 

ʆʧʪʠʤʠʟʘ

ʮʠʷ 

ʧʘʨʘʤʝʪʨʦ

ʚ ʚʝʨʭʥʝʛʦ 

ʩʪʨʦʝʥʠʷ 
ʧʫʪʠ 

4 

ɻ.ʄ. 

ʐʘʭʫʥ

ʷʥʮ 

1960

ï

1980 

ʆʙʦʩʥʦʚʘ

ʣ ʩʠʩʪʝʤʫ 

çʨʝʣʴʩï

ʰʧʘʣʘï

ʙʘʣʣʘʩʪè 

ʢʘʢ 

ʝʜʠʥʫʶ 

ʠʥʞʝʥʝʨʥ

ʫʶ 

ʩʠʩʪʝʤʫ 

ʂʦʤʧʣʝʢʩ

ʥʳʡ 

ʨʘʩʯʸʪ 

ʙʘʣʣʘʩʪʥʦ

ʡ ʧʨʠʟʤʳ 

ʠ 

ʟʝʤʣʷʥʦʛʦ 

ʧʦʣʦʪʥʘ 

5 
ʖ.ɺ. 
ɽʬʨʝʤ

ʦʚ 

1970
ï

1990 

ʀʩʩʣʝʜʦʚ

ʘʣ 

ʜʝʬʦʨʤʘʮ
ʠʶ 

ʙʘʣʣʘʩʪʥʦ

ʛʦ ʩʣʦʷ 

ʇʨʝʜʣʦʞ

ʠʣ ʤʝʨʳ 

ʧʦ 
ʫʢʨʝʧʣʝʥʠ

ʶ 

ʙʘʣʣʘʩʪʘ 

6 

ɻ.ʅ. 

ɾʠʥʢʠ

ʥ 

1970

ï

1990 

ʀʩʩʣʝʜʦʚ

ʘʣ 

ʠʥʞʝʥʝʨʥ

ʳʝ 

ʩʦʦʨʫʞʝʥ

ʠʷ ʜʣʷ 

ʟʘʱʠʪʳ ʦʪ 

ʧʝʩʢʘ 

ʄʝʭʘʥʠʯʝ

ʩʢʠʝ 

ʙʘʨʴʝʨʳ ʠ 

ʧʝʩʢʦʫʣʘʚ

ʣʠʚʘʶʱʠʝ 

ʢʦʥʩʪʨʫʢʮ

ʠʠ 

7 

ɸ.ʀ. 

ʂʠʩʪʘʥ

ʦʚ 

1970

ï

1990 

ʆʮʝʥʠʣ 

ʜʝʬʦʨʤʘʮ
ʠʶ 

ʙʘʣʣʘʩʪʘ 

ʧʦʜ 

ʚʦʟʜʝʡʩʪʚ

ʠʝʤ 

ʤʝʣʢʠʭ 

ʯʘʩʪʠʮ 

ʉʠʩʪʝʤʘ 

ʵʢʩʧʣʫʘʪʘ

ʮʠʦʥʥʦʡ 

ʦʮʝʥʢʠ 

ʙʘʣʣʘʩʪʘ 

8 

ʀ.ɺ. 

ʇʨʦʢʫ

ʜʠʥ 

1970

ï

1995 

ʇʨʦʘʥʘʣʠ

ʟʠʨʦʚʘʣ 

ʬʘʢʪʦʨʳ 

ʜʝʬʦʨʤʘʮ

ʠʠ 

ʟʝʤʣʷʥʦʛʦ 
ʧʦʣʦʪʥʘ 

ʊʝʭʥʦʣʦʛ

ʠʠ 

ʫʢʨʝʧʣʝʥʠ

ʷ 

ʟʝʤʣʷʥʦʛʦ 
ʧʦʣʦʪʥʘ 

9 
ʄ.ɸ. 

ʈʘʩʢʠʥ 

1970
ï

1995 

ʀʩʩʣʝʜʦʚ

ʘʣ 

ʧʨʠʯʠʥʳ 
ʜʝʬʦʨʤʘʮ

ʠʡ 

ʞʝʣʝʟʥʦʜʦ

ʨʦʞʥʦʛʦ 

ʧʫʪʠ 

ʋʩʠʣʝʥʠʝ 
ʵʢʩʧʣʫʘʪʘ

ʮʠʦʥʥʦʛʦ 

ʢʦʥʪʨʦʣʷ 

10 

ʃ.ʂ. 

ɻʨʦʤʦ

ʚ 

1970

ï

1990 

ʇʨʦʘʥʘʣʠ

ʟʠʨʦʚʘʣ 

ʚʣʠʷʥʠʝ 

ʵʦʣʦʚʳʭ 

ʧʨʦʮʝʩʩʦʚ 

ʥʘ 

ʪʨʘʥʩʧʦʨʪ 

ʈʘʟʨʘʙʦʪʢ

ʘ 

ʟʘʱʠʪʥʳʭ 

ʤʝʨʦʧʨʠʷ

ʪʠʡ ʥʘ 

ʦʩʥʦʚʝ 

ʚʝʪʨʦʚʦʛʦ 

ʨʝʞʠʤʘ 

11 
ʊʫʧʝ 

ʐʘʨʣʴ 

1970

ï

2000 

ʀʩʩʣʝʜʦʚ

ʘʣ 

ʵʬʬʝʢʪʠʚ

ʥʦʩʪʴ 

ʤʝʭʘʥʠʯʝʩ

ʢʠʭ 

ʧʝʩʢʦʫʣʘʚ

ʣʠʚʘʶʱʠʭ 

ʙʘʨʴʝʨʦʚ 

ʈʘʟʤʝʱʝʥ

ʠʝ 

ʟʘʱʠʪʥʳʭ 

ʙʘʨʴʝʨʦʚ 

ʧʦ 

ʥʘʧʨʘʚʣʝʥ

ʠʶ 

ʧʝʩʯʘʥʳʭ 

ʧʦʪʦʢʦʚ 

12 

ʏʝʤʫ 

ɾʠʣʴʙ
ʝʨ 

1970

ï
2000 

ʈʘʟʨʘʙʦʪʘ

ʣ ʤʝʪʦʜʳ 

ʟʘʱʠʪʳ ʚ 
ʧʫʩʪʳʥʥʳ

ʭ ʨʘʡʦʥʘʭ 

ɺʥʝʜʨʝʥʠ

ʝ 

ʧʝʩʢʦʫʣʘʚ

ʣʠʚʘʶʱʠʭ 
ʪʝʭʥʦʣʦʛʠ

ʡ 

13 

ʊ.ʀ. 

ʌʘʟʠʣ

ʦʚ 

1970

ï

2000 

ʈʘʟʚʠʣ 

ʪʝʦʨʠʶ 

ʟʘʱʠʪʳ 

ʞʝʣʝʟʥʳʭ 

ʜʦʨʦʛ ʚ 

ʫʩʣʦʚʠʷʭ 

ʂʳʟʳʣʢʫʤ

ʘ 

ʄʝʭʘʥʠʯʝ

ʩʢʠʝ 

ʙʘʨʴʝʨʳ ʠ 

ʧʝʩʢʦʫʣʘʚ

ʣʠʚʘʶʱʠʝ 

ʩʦʦʨʫʞʝʥ

ʠ ̫

14 

ɸ.ʅ. 

ʄʘʨʛʦ
ʪʴʝʚ 

1980

ï
2000 

ʀʩʩʣʝʜʦʚ

ʘʣ 

ʚʣʠʷʥʠʝ 
ʤʝʣʢʠʭ 

ʯʘʩʪʠʮ ʥʘ 

ʙʘʣʣʘʩʪ 

ʉʦʚʝʨʰʝʥ

ʩʪʚʦʚʘʥʠʝ 

ʩʠʩʪʝʤʳ 
ʦʯʠʩʪʢʠ 

ʙʘʣʣʘʩʪʘ 

15 
ʄ. 

ʂʫʨʝʣʴ 

1980

ï

2010 

ʀʟʫʯʠʣ 

ʜʚʠʞʝʥʠʝ 

ʧʝʩʯʘʥʳʭ 

ʧʦʪʦʢʦʚ ʠ 

ʙʘʨʭʘʥʦʚ 

ʄʘʪʝʤʘʪʠ

ʯʝʩʢʘʷ 

ʦʮʝʥʢʘ 

ʜʚʠʞʝʥʠʷ 

ʧʝʩʢʘ 

16 

ʈ.ʉ. 

ɿʘʢʠʨʦ

ʚ 

1980

ï

2010 

ʆʙʦʩʥʦʚʘ

ʣ 

ʢʦʣʠʯʝʩʪʚ

ʝʥʥʫʶ 

ʦʮʝʥʢʫ 

ʧʝʩʯʘʥʳʭ 
ʧʨʦʮʝʩʩʦʚ 

ʇʨʦʛʥʦʟʠ

ʨʦʚʘʥʠʝ 

ʚʝʪʨʦʚʳʭ 

ʠ 

ʧʝʩʯʘʥʳʭ 
ʧʨʦʮʝʩʩʦʚ 
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17 
ɽ.ʉ. 
ɸʰʧʠʟ 

1980
ï

2015 

ʀʩʩʣʝʜʦʚ

ʘʣ 

ʩʥʠʞʝʥʠʝ 
ʧʦʨʠʩʪʦʩʪ

ʠ ʠ 

ʜʨʝʥʘʞʘ 

ʙʘʣʣʘʩʪʘ 

ʈʝʛʫʣʷʨʥʘ

ʷ ʦʯʠʩʪʢʘ 

ʠ 
ʤʦʥʠʪʦʨʠ

ʥʛ 

ʙʘʣʣʘʩʪʘ 

18 

ɻ.ɻ. 

ʂʦʥʰʠ

ʥ 

1980

ï

2000 

ʀʟʫʯʠʣ 

ʵʢʩʧʣʫʘʪʘ

ʮʠʶ 

ʞʝʣʝʟʥʳʭ 

ʜʦʨʦʛ ʚ 

ʧʝʩʯʘʥʳʭ 

ʨʘʡʦʥʘʭ 

ʋʩʠʣʝʥʠʝ 

ʧʨʦʬʠʣʘʢ

ʪʠʯʝʩʢʦʛʦ 

ʦʙʩʣʫʞʠʚ

ʘʥʠʷ 

19 
ʃ.ʉ. 
ʃʘʧʠʜ

ʫʩ 

1980
ï

2005 

ʀʩʩʣʝʜʦʚ

ʘʣ 
ʫʩʪʦʡʯʠʚʦ

ʩʪʴ 

ʟʝʤʣʷʥʦʛʦ 

ʧʦʣʦʪʥʘ 

ɻʝʦʪʝʭʥʠ
ʯʝʩʢʠʡ 

ʤʦʥʠʪʦʨʠ

ʥʛ 

20 

ʅ. 

ʄʘʪʩʫ

ʦ 

1990

ï

2010 

ʈʘʟʨʘʙʦʪʘ

ʣ 

ʘʵʨʦʜʠʥʘʤ

ʠʯʝʩʢʠʝ 

ʤʦʜʝʣʠ 

ʜʚʠʞʝʥʠʷ 

ʧʝʩʢʘ 

CFD-

ʤʦʜʝʣʠʨʦ

ʚʘʥʠʝ ʠ 

ʧʨʦʛʥʦʟʠʨ

ʦʚʘʥʠʝ 

ʚʝʪʨʦʚʳʭ 

ʧʦʪʦʢʦʚ 

21 
ɸ.ʌ. 
ʂʦʣʦʩ 

1990
ï

2010 

ʀʩʩʣʝʜʦʚ

ʘʣ 

ʜʠʥʘʤʠʢʫ 
ʟʘʛʨʷʟʥʝʥ

ʠʷ 

ʙʘʣʣʘʩʪʘ 

ʕʢʩʧʣʫʘʪ

ʘʮʠʦʥʥʘʷ 
ʦʮʝʥʢʘ 

ʙʘʣʣʘʩʪʥʦ

ʛʦ ʩʣʦʷ 

22 

ɼ.ʉ. 

ʅʠʢʦʣ

ʘʡʪʠʩ 

1990

ï

2010 

ʆʮʝʥʠʣ 

ʩʨʦʢ 

ʩʣʫʞʙʳ 

ʙʘʣʣʘʩʪʥʦ

ʛʦ ʩʣʦʷ 

ʆʧʪʠʤʠʟʘ

ʮʠʷ 

ʙʘʣʣʘʩʪʥʳ

ʭ 

ʤʘʪʝʨʠʘʣʦ

ʚ 

23 
ʄ.ʄ. 
ʄʠʨʘʭ

ʤʝʜʦʚ 

1990
ï

2020 

ʈʘʟʨʘʙʦʪʘ

ʣ 

ʦʨʛʘʥʠʟʘʮ

ʠʦʥʥʦ-
ʪʝʭʥʦʣʦʛʠ

ʯʝʩʢʫʶ 

ʩʠʩʪʝʤʫ 

ʟʘʱʠʪʳ 

ʞʝʣʝʟʥʳʭ 

ʜʦʨʦʛ 

ʈʝʩʫʨʩʦʩʙ

ʝʨʝʛʘʶʱʠ

ʝ 

ʪʝʭʥʦʣʦʛʠ
ʠ ʠ 

ʧʨʦʬʠʣʘʢ

ʪʠʯʝʩʢʠʡ 

ʤʦʥʠʪʦʨʠ

ʥʛ 

24 

ʁ. 

ɸʰʢʝʥ

ʘʟʠ 

2000

ï

2020 

ʄʦʜʝʣʠʨʦ

ʚʘʣ 

ʜʚʠʞʝʥʠʝ 

ʧʝʩʢʘ ʥʘ 

ʦʩʥʦʚʝ 

GIS ʠ 

ʩʧʫʪʥʠʢʦʚ
ʳʭ 

ʜʘʥʥʳʭ 

ɼʠʩʪʘʥʮʠ

ʦʥʥʳʡ 

ʤʦʥʠʪʦʨʠ

ʥʛ ʠ 

ʧʨʦʛʥʦʟʠʨ
ʦʚʘʥʠʝ 

25 
ɸ.ʄ. 
ɸʙʜʫʢ

ʘʨʠʤʦʚ 

2000
ï

2020 

ʆʮʝʥʠʣ 

ʫʩʪʦʡʯʠʚʦ

ʩʪʴ 
ʟʝʤʣʷʥʦʛʦ 

ʧʦʣʦʪʥʘ ʚ 

ʧʝʩʯʘʥʳʭ 

ʨʘʡʦʥʘʭ 

ʄʝʨʳ ʧʦ 

ʟʘʱʠʪʝ 
ʟʝʤʣʷʥʦʛʦ 

ʧʦʣʦʪʥʘ 

26 

ʐ.ʐ. 

ɸʙʜʫʢ

ʘʤʠʣʦʚ 

2000

ï

2020 

ʀʩʩʣʝʜʦʚ

ʘʣ 

ʵʬʬʝʢʪʠʚ

ʥʦʩʪʴ 

ʧʝʩʢʦʫʣʘʚ

ʣʠʚʘʶʱʠʭ 

ʩʦʦʨʫʞʝʥ

ʠʡ 

ɸʜʘʧʪʘʮʠ

ʷ 

ʟʘʱʠʪʥʳʭ 

ʙʘʨʴʝʨʦʚ 

ʢ 

ʤʝʩʪʥʦʤʫ 

ʚʝʪʨʦʚʦʤʫ 

ʨʝʞʠʤʫ 

27 

ʉ.ʊ. 

ɼʞʘʙʙ

ʘʨʦʚ 

2005

ïʥ.ʚ. 

ʆʮʝʥʠʣ 
ʥʝʩʫʱʫʶ 

ʩʧʦʩʦʙʥʦʩ

ʪʴ 

ʟʘʛʨʷʟʥʸʥ

ʥʦʛʦ 

ʙʘʣʣʘʩʪʘ 

ʈʘʩʯʸʪ 
ʥʘʧʨʷʞʸʥ

ʥʳʭ ʟʦʥ 

ʠ 

ʤʦʥʠʪʦʨʠ

ʥʛ 

28 

ʄ.ʂ. 

ʄʫʟʘʬ

ʬʘʨʦʚʘ 

2010

ïʥ.ʚ. 

ʇʨʝʜʣʦʞʠ

ʣʘ 

ʤʘʣʦʟʘʪʨʘ

ʪʥʳʝ 

ʪʝʭʥʦʣʦʛʠ

ʠ ʟʘʱʠʪʳ 

ʦʪ 
ʵʢʟʦʛʝʥʥʳ

ʭ 

ʧʨʦʮʝʩʩʦʚ 

ʇʨʦʬʠʣʘʢ

ʪʠʯʝʩʢʦʝ 

ʦʙʩʣʫʞʠʚ

ʘʥʠʝ ʠ 

ʨʝʩʫʨʩʦʩʙ
ʝʨʝʞʝʥʠʝ 

29 

ɸ.ʖ. 

ʄʘʤʘʜ

ʘʣʠʝʚ 

2011

ïʥ.ʚ. 

ʉʦʚʝʨʰʝʥ

ʩʪʚʦʚʘʣ 

ʦʨʛʘʥʠʟʘʮ

ʠʦʥʥʦ-

ʪʝʭʥʦʣʦʛʠ

ʯʝʩʢʠʝ 

ʨʝʰʝʥʠʷ 

ʟʘʱʠʪʳ 

ʞʝʣʝʟʥʳʭ 
ʜʦʨʦʛ 

ʈʝʩʫʨʩʦʩʙ

ʝʨʝʛʘʶʱʠ

ʝ ʤʝʪʦʜʳ 

ʟʘʱʠʪʳ ʠ 

ʧʨʦʬʠʣʘʢ

ʪʠʢʠ 

ʅʝʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʝ ʜʦʩʪʠʞʝʥʠʷ 

ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʟʘʨʫʙʝʞʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʚʦʧʨʦʩʳ ʢʦʤʧʣʝʢʩʥʦʡ ʠʥʪʝʛʨʘʮʠʠ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʮʠʬʨʦʚʦʛʦ 

ʤʦʥʠʪʦʨʠʥʛʘ, ʛʝʦʪʝʭʥʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʠ 

ʨʝʩʫʨʩʦʩʙʝʨʝʛʘʶʱʠʭ ʪʝʭʥʦʣʦʛʠʡ ʦʩʪʘʶʪʩʷ 

ʥʝʜʦʩʪʘʪʦʯʥʦ ʠʟʫʯʝʥʥʳʤʠ. 

ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʜʘʣʴʥʝʡʰʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʨʘʟʨʘʙʦʪʢʫ 

ʩʦʚʨʝʤʝʥʥʳʭ ʠʥʞʝʥʝʨʥʳʭ ʨʝʰʝʥʠʡ ʧʦ ʩʥʠʞʝʥʠʶ 

ʥʝʛʘʪʠʚʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʫʩʪʳʥʥʳʭ ʚʝʪʨʦʚ ʥʘ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʧʫʪʠ. 

4. ɿɸʂʃʖʏɽʅʀɽ 

ʇʨʦʚʝʜʸʥʥʳʡ ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʦʙʟʦʨ ʩʦʚʨʝʤʝʥʥʳʭ 
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ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʘʣ, ʯʪʦ ʚʦʟʜʝʡʩʪʚʠʝ 

ʧʫʩʪʳʥʥʳʭ ʚʝʪʨʦʚ ʠ ʧʝʩʯʘʥʳʭ ʧʨʦʮʝʩʩʦʚ ʷʚʣʷʝʪʩʷ 
ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʳʭ ʬʘʢʪʦʨʦʚ, ʚʣʠʷʶʱʠʭ 

ʥʘ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʚ ʘʨʠʜʥʳʭ 

ʨʝʛʠʦʥʘʭ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʟʘʨʫʙʝʞʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʧʨʠʤʝʥʝʥʠʝ 

CFD-ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʮʠʬʨʦʚʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʠ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʧʝʩʯʘʥʳʭ ʧʦʪʦʢʦʚ, 

ʪʦʛʜʘ ʢʘʢ ʦʪʝʯʝʩʪʚʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʚʦʧʨʦʩʘʭ ʧʦʚʳʰʝʥʠʷ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʚʝʨʭʥʝʛʦ ʩʪʨʦʝʥʠʷ ʧʫʪʠ ʠ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʧʝʩʢʦʟʘʱʠʪʥʳʭ ʩʦʦʨʫʞʝʥʠʡ. 
ɺʳʷʚʣʝʥʦ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʱʠʝ ʠʥʞʝʥʝʨʥʳʝ 

ʨʝʰʝʥʠʷ ʥʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʢʦʤʧʣʝʢʩʥʦʛʦ ʫʯʸʪʘ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ, ʛʝʦʪʝʭʥʠʯʝʩʢʠʭ ʠ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ, ʯʪʦ ʩʥʠʞʘʝʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʟʘʱʠʪʳ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʚ ʫʩʣʦʚʠʷʭ ʧʫʩʪʳʥʥʳʭ ʨʝʛʠʦʥʦʚ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʚʳʧʦʣʥʝʥʥʦʛʦ ʘʥʘʣʠʟʘ 

ʦʧʨʝʜʝʣʝʥʳ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ 

ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚʢʣʶʯʘʶʱʠʝ 

ʨʘʟʨʘʙʦʪʢʫ ʢʦʤʧʣʝʢʩʥʳʭ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʤʦʜʝʣʝʡ ʧʝʩʯʘʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʚʥʝʜʨʝʥʠʝ 
ʮʠʬʨʦʚʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʩʦʩʪʦʷʥʠʷ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʧʫʪʠ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ 

ʨʝʩʫʨʩʦʩʙʝʨʝʛʘʶʱʠʭ ʧʝʩʢʦʟʘʱʠʪʥʳʭ ʩʦʦʨʫʞʝʥʠʡ 

ʜʣʷ ʫʩʣʦʚʠʡ ʘʨʠʜʥʳʭ ʨʝʛʠʦʥʦʚ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ. 
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Improving Saline Soils with a Fiberglass Reinforcing Layer 
 

Z. Kakharov 1 a, I. Purtseladze1 b 
1Tashkent State Transport University, Tashkent, Uzbekistan 

 

Abstract: This article examines the problems of saline soils, which lead to a decrease in their stability due to 
wetting and drying, using the addition of fiberglass. When fiberglass was added to soils in both dry 
and wet conditions, soil settlement and dynamic parameters significantly increased with increasing 
fiber content. Furthermore, settlement, velocity, and soil displacement decreased with the addition of 
fiberglass, while acceleration increased. The stability parameters of soil treated with fiberglass at any 

percentage significantly improve with increasing fiberglass content. The practical benefit of these 
results in engineering applications lies in their ability to construct buildings on challenging soils. 

Keywords: Soils, saline soils, collapsible soils, nylon composite, fiberglass, sand layer, reinforcement 

 

ʋʣʫʯʰʝʥʠʝ ɿʘʩʦʣʝʥʥʳʭ ɻʨʫʥʪʦʚ ʩ ʇʦʤʦʱʴʶ ɸʨʤʠʨʫʶʱʝʛʦ ʉʣʦʷ ʠʟ 

ʉʪʝʢʣʦʚʦʣʦʢʥʘ 

 

ɿ. ʂʘʭʘʨʦʚ1 a, ʀ. ʇʫʨʮʝʣʘʜʟʝ1 b 

1ʊʘʰʢʝʥʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʨʘʥʩʧʦʨʪʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 

 

ɸʥʥʦʪʘʮʠʷ: ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʨʠʚʝʜʝʥʳ ʧʨʦʙʣʝʤʳ ʟʘʩʦʣʝʥʥʳʭ ʛʨʫʥʪʦʚ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʩʥʠʞʝʥʠʶ ʠʭ 
ʫʩʪʦʡʯʠʚʦʩʪʠ ʠʟ-ʟʘ ʟʘʤʘʯʠʚʘʥʠʷ ʠ ʚʳʩʳʭʘʥʠʷ, ʩ ʧʦʤʦʱʴʶ ʜʦʙʘʚʣʝʥʠʷ ʩʪʝʢʣʦʚʦʣʦʢʥʘ. ʇʨʠ 
ʜʦʙʘʚʣʝʥʠʠ ʩʪʝʢʣʦʚʦʣʦʢʥʘ ʚ ʛʨʫʥʪ ʚ ʩʫʭʦʤ ʠ ʚʣʘʞʥʦʤ ʩʦʩʪʦʷʥʠʠ ʦʩʘʜʢʘ ʛʨʫʥʪʘ ʠ 
ʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʘʩʪʘʣʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʦʣʠ ʚʦʣʦʢʥʘ. ʇʨʠ ʵʪʦʤ 
ʦʩʘʜʢʘ, ʩʢʦʨʦʩʪʴ ʠ ʩʤʝʱʝʥʠʝ ʛʨʫʥʪʘ ʫʤʝʥʴʰʘʣʠʩʴ ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ʩʪʝʢʣʦʚʦʣʦʢʥʘ, ʘ ʫʩʢʦʨʝʥʠʝ 
ʫʚʝʣʠʯʠʚʘʣʦʩʴ. ʇʘʨʘʤʝʪʨʳ ʩʪʘʙʠʣʴʥʦʩʪʠ ʛʨʫʥʪʘ, ʦʙʨʘʙʦʪʘʥʥʦʛʦ ʩʪʝʢʣʦʚʦʣʦʢʥʦʤ ʚ ʣʶʙʦʤ 
ʧʨʦʮʝʥʪʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ, ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʘʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʦʣʠ ʩʪʝʢʣʦʚʦʣʦʢʥʘ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʧʦʣʴʟʘ ʵʪʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʠʥʞʝʥʝʨʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʥʠ 
ʧʦʟʚʦʣʷʶʪ ʩʪʨʦʠʪʝʣʷʤ ʚʦʟʚʦʜʠʪʴ ʟʜʘʥʠʷ ʥʘ ʩʣʦʞʥʳʭ ʛʨʫʥʪʘʭ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ɻʨʫʥʪʳ, ʟʘʩʦʣʝʥʥʳʝ ʛʨʫʥʪʳ, ʧʨʦʚʘʣʠʚʘʝʤʳʝ ʛʨʫʥʪʳ, ʥʝʡʣʦʥʦʚʦʝ ʢʦʥʮʝʥʪʨʘʮʠʷ, 
ʩʪʝʢʣʦʚʦʣʦʢʥʦ, ʧʝʩʯʘʥʳʡ ʩʣʦʡ, ʘʨʤʠʨʦʚʘʥʠʝ 
 

1. ɺɺɽɼɽʅʀɽ 

ʇʨʦʚʘʣʠʚʘʝʤʳʝ ʛʨʫʥʪʳ ʚʩʪʨʝʯʘʶʪʩʷ ʚ 

ʙʦʣʴʰʠʥʩʪʚʝ ʩʪʨʘʥ ʤʠʨʘ, ʚ ʦʩʥʦʚʥʦʤ ʚ 

ʟʘʩʫʰʣʠʚʳʭ ʠʣʠ ʧʦʣʫʟʘʩʫʰʣʠʚʳʭ ʨʝʛʠʦʥʘʭ. ʕʪʦʪ 
ʪʠʧ ʛʨʫʥʪʘ (ʟʘʩʦʣʝʥʥʳʡ ʛʨʫʥʪ) ʧʦʭʦʞ ʥʘ 

ʧʨʦʚʘʣʠʚʘʝʤʳʡ ʛʨʫʥʪ ʪʝʤ, ʯʪʦ ʦʙʘ ʪʠʧʘ ʪʝʨʷʶʪ 

ʩʚʦʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʘʛʨʫʟʦʢ 

ʠʣʠ ʚʦʜʳ, ʯʪʦ ʩʦʟʜʘʝʪ ʦʱʫʱʝʥʠʝ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʦʧʘʩʥʦʩʪʠ ʜʣʷ ʧʦʩʪʨʦʝʥʥʳʭ ʥʘ 

ʥʝʤ ʩʦʦʨʫʞʝʥʠʡ, ʢʘʢ ʪʦʣʴʢʦ ʦʥ ʥʘʤʦʢʘʝʪ. ɺ ʩʫʭʦʤ 

ʩʦʩʪʦʷʥʠʠ ʠ ʚ ʩʚʦʝʡ ʥʦʨʤʘʣʴʥʦʡ ʬʦʨʤʝ ʛʨʫʥʪ 

ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʨʦʯʥʦʩʪʴʶ ʥʘ 

ʩʜʚʠʛ ʠ ʞʝʩʪʢʦʩʪʴʶ; ʚ ʥʘʩʳʱʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʦʥ 

ʤʦʞʝʪ ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʫʤʝʥʴʰʝʥʠʝ ʦʙʲʝʤʘ (ʧʨʦʚʘʣʠʚʘʥʠʝ, 
ʛʠʜʨʦʢʦʥʩʦʣʠʜʘʮʠʷ, ʛʠʜʨʦʢʦʤʧʨʝʩʩʠʷ), ʘ ʪʘʢʞʝ 

ʧʘʜʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʜʚʠʛ. ʇʨʦʚʘʣʠʚʘʝʤʳʝ 

ʛʨʫʥʪʳ ð ʵʪʦ ʪʝ, ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪ ʵʪʦ ʷʚʣʝʥʠʝ 

ʧʨʠ ʥʠʟʢʠʭ ʫʨʦʚʥʷʭ ʥʘʧʨʷʞʝʥʠʷ. ʀʩʪʦʯʥʠʢʠ ʚʦʜʳ 

 
a  https://orcid.org/0000-0001-5965-3231  
b  https://orcid.org/0000-0003-2229-3302  

ʤʦʛʫʪ ʙʳʪʴ ʠʩʢʫʩʩʪʚʝʥʥʳʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʧʨʦʪʝʯʢʠ 

ʚʦʜʦʧʨʦʚʦʜʥʳʭ ʠ ʢʘʥʘʣʠʟʘʮʠʦʥʥʳʭ ʪʨʫʙ ʠ 

ʯʨʝʟʤʝʨʥʦʝ ʦʨʦʰʝʥʠʝ, ʠʣʠ ʧʨʠʨʦʜʥʳʤʠ, ʪʘʢʠʤʠ 

ʢʘʢ ʠʟʤʝʥʝʥʠʷ ʫʨʦʚʥʷ ʛʨʫʥʪʦʚʳʭ ʚʦʜ ʠ ʢʦʣʠʯʝʩʪʚʦ 

ʦʩʘʜʢʦʚ. ʉʦʚʤʝʩʪʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʚʝʩʘ ʠ 

ʥʘʩʳʱʝʥʠʷ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʦʙʨʫʰʝʥʠʶ, ʠʣʠ ʞʝ 

ʚʦʜʘ ʩʘʤʘ ʧʦ ʩʝʙʝ ʤʦʞʝʪ ʥʘʥʝʩʪʠ ʝʤʫ ʫʱʝʨʙ. 

ʆʜʥʘʢʦ ʪʱʘʪʝʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʵʪʠʭ ʛʨʫʥʪʦʚ ʩʪʘʣʦ 

ʚʦʟʤʦʞʥʳʤ ʙʣʘʛʦʜʘʨʷ ʨʘʩʰʠʨʝʥʠʶ ʩʦʚʨʝʤʝʥʥʦʡ 
ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʚ ʟʘʩʫʰʣʠʚʳʭ ʨʝʛʠʦʥʘʭ, ʯʪʦ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʤʘʩʰʪʘʙʥʳʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʚʦʜʳ ʠ ʧʨʦʙʣʝʤʘʤʠ, ʩʚʷʟʘʥʥʳʤʠ ʩʦ 

ʩʪʨʦʠʪʝʣʴʩʪʚʦʤ. ʆʙʨʫʰʝʥʠʝ ʛʨʫʥʪʘ, ʚʳʟʚʘʥʥʦʝ 

ʫʚʣʘʞʥʝʥʠʝʤ, ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʧʦʪʝʨʝ ʦʪ 2,0% ʜʦ 

6,0% ʝʛʦ ʪʦʣʱʠʥʳ. ʆʙʨʘʟʦʚʘʥʠʝ ʧʫʩʪʦʪ ʤʝʞʜʫ 

ʯʘʩʪʠʮʘʤʠ ʛʨʫʥʪʘ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʦʩʪʘʚʘ ʛʨʫʥʪʦʚʦʛʦ ʩʢʝʣʝʪʘ, ʯʪʦ 

ʚʳʟʳʚʘʝʪ ʨʝʦʨʛʘʥʠʟʘʮʠʶ ʯʘʩʪʠʮ ʛʨʫʥʪʘ ʠ ʩʥʠʞʘʝʪ 

ʥʝʩʫʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʛʨʫʥʪʘ ʜʣʷ ʟʜʘʥʠʡ, 

ʧʦʩʪʨʦʝʥʥʳʭ ʥʘ ʥʝʤ. ʕʪʦ ʫʩʢʦʨʷʝʪ ʩʢʦʨʦʩʪʴ 
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ʩʥʠʞʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʛʨʫʥʪʘ ʥʘ ʩʜʚʠʛ ʠ ʚʳʟʳʚʘʝʪ 

ʨʝʟʢʦʝ ʠ ʥʝʧʨʝʜʚʠʜʝʥʥʦʝ ʧʨʦʩʝʜʘʥʠʝ, ʯʪʦ 
ʧʨʠʚʦʜʠʪ ʢ ʩʪʨʫʢʪʫʨʥʳʤ ʧʨʦʙʣʝʤʘʤ ʜʣʷ ʟʜʘʥʠʡ ʠ 

ʩʦʦʨʫʞʝʥʠʡ, ʥʘ ʢʦʪʦʨʳʭ ʦʥʠ ʧʦʩʪʨʦʝʥʳ. ɼʣʷ 

ʪʠʧʠʯʥʳʭ ʟʜʘʥʠʡ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʧʣʠʪʥʳʝ ʬʫʥʜʘʤʝʥʪʳ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʵʪʠʭ 

ʧʨʦʙʣʝʤ, ʥʦ ʦʥʠ ʜʦʨʦʛʠ. ɿʘʩʦʣʝʥʥʳʝ ʧʦʯʚʳ 

ʩʦʩʪʦʷʪ ʠʟ ʛʠʜʨʘʪʠʨʦʚʘʥʥʳʭ ʤʠʥʝʨʘʣʦʚ ʛʠʧʩʘ 

CaSO4d ʠ 2H2O, SiO2, ʢʘʣʴʮʠʪʘ CaCO3 ʠʣʠ 

ʧʠʱʝʚʦʡ ʩʦʣʠ (NaCl), ʧʦʢʨʳʚʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʴ 

ʟʝʤʣʠ. ʋʨʦʚʝʥʴ ʛʨʫʥʪʦʚʳʭ ʚʦʜ ʧʦʚʳʰʘʝʪʩʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʝʡʩʪʚʠʷ ʠ ʥʘʛʨʝʚʘ 

ʛʨʫʥʪʘ, ʠ ʩʦʣʝʥʦʩʪʴ ʚʦʜʳ ʚ ʵʪʠʭ ʧʦʯʚʘʭ ʚʦʟʨʘʩʪʘʝʪ. 

ʕʪʠ ʬʘʢʪʦʨʳ ʪʘʢʞʝ ʫʚʝʣʠʯʠʣʠ ʢʦʣʠʯʝʩʪʚʦ 
ʦʩʘʞʜʝʥʠʷ ʩʦʣʝʡ ʪʘʢʦʛʦ ʪʠʧʘ ʧʦ ʤʝʨʝ ʠʩʧʘʨʝʥʠʷ 

ʚʦʜʳ, ʯʪʦ ʜʝʣʘʝʪ ʫʨʦʚʝʥʴ ʛʨʫʥʪʦʚʳʭ ʚʦʜ 

ʚʘʞʥʝʡʰʠʤ ʢʦʤʧʦʥʝʥʪʦʤ ʟʘʩʦʣʝʥʥʦʡ ʧʦʯʚʳ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʪʝʢʣʦʚʦʣʦʢʥʘ ʚ ʘʨʤʠʨʦʚʘʥʥʦʤ 

ʛʨʫʥʪʝ ʷʚʣʷʝʪʩʷ ʩʪʘʨʦʡ ʠ ʜʨʝʚʥʝʡ ʢʦʥʮʝʧʮʠʝʡ, 

ʩʦʛʣʘʩʥʦ ʵʪʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ. ɻʨʫʥʪ ʧʦʜʚʝʨʛʘʝʪʩʷ 

ʨʷʜʫ ʠʩʧʳʪʘʥʠʡ, ʚʢʣʶʯʘʷ ʫʧʣʦʪʥʝʥʠʝ, ʘʥʘʣʠʟ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʠ ʢʘʣʠʬʦʨʥʠʡʩʢʠʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ (ʂʅʅʉ), ʩ 

ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʩʪʝʢʣʦʚʦʣʦʢʥʘ (0,4%, 

0,8%, 1,2%, 1,6%, 2%, 2,5% ʠ 3%). ʋʧʣʦʪʥʝʥʠʝ, 
ʪʝʩʪ ʥʘ ʂʅʅʉ ʠ ʧʣʦʪʥʦʩʪʴ ʛʨʫʥʪʘ ʚ ʛʦʨʦʜʝ 

ʫʣʫʯʰʠʣʠʩʴ ʥʘ 1,2% ʠ 1,6% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ. 

ɼʦʙʘʚʣʝʥʠʝ ʩʪʝʢʣʦʚʦʣʦʢʥʘ ʚʣʠʷʝʪ ʥʘ 

ʧʨʦʯʥʦʩʪʴ ʥʘ ʩʜʚʠʛ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʣʠʥʠʩʪʦʡ ʠ ʧʝʩʯʘʥʦʡ ʧʦʯʚʳ. 

ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ 

ʩʪʝʢʣʦʚʦʣʦʢʥʘ ʚ ʧʝʩʯʘʥʫʶ ʧʦʯʚʫ ʩ ʧʣʦʪʥʦʩʪʴʶ ʦʪ 

35% ʜʦ 85% ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʘʝʪ ʝʝ 

ʜʝʬʦʨʤʘʮʠʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʛʣʠʥʠʩʪʦʡ ʧʦʯʚʦʡ. 

ʎʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʟʚʝʩʪʠ ʚ 

ʢʘʯʝʩʪʚʝ ʩʪʘʙʠʣʠʟʠʨʫʶʱʝʛʦ ʘʛʝʥʪʘ. ɼʣʷ 
ʙʦʣʴʰʠʥʩʪʚʘ ʛʝʦʪʝʭʥʠʯʝʩʢʠʭ ʧʨʦʝʢʪʦʚ ʵʪʦ 

ʵʢʦʥʦʤʠʯʝʩʢʠ ʚʳʛʦʜʥʦ. ʂʨʦʤʝ ʪʦʛʦ, ʦʥʠ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ, ʯʪʦ, ʧʦʩʢʦʣʴʢʫ ʧʦʣʠʤʝʨʳ 

ʙʳʩʪʨʦ ʟʘʪʚʝʨʜʝʚʘʶʪ, ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʪʦʣʴʢʦ ʚ ʦʧʨʝʜʝʣʝʥʥʳʭ ʩʣʫʯʘʷʭ. 

2. ʄɽʊʆɼʓ 

ʇʫʪʝʤ ʧʦʜʛʦʪʦʚʢʠ ʠ ʪʝʩʪʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ ʧʦʯʚʳ 

ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʩʪʝʢʣʦʚʦʣʦʢʥʘ (1%, 2%, 

3%, 4% ʠ 5% ʦʪ ʩʫʭʦʛʦ ʚʝʩʘ ʧʦʯʚʳ) ʧʨʠ 

ʩʦʭʨʘʥʝʥʠʠ ʥʝʠʟʤʝʥʥʳʤʠ ʦʩʪʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 
ʧʦʯʚʳ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʠʜʝʘʣʴʥʫʶ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʥʝʡʣʦʥʦʚʦʛʦ (ʩʪʝʢʣʦʚʦʣʦʢʦʥʥʦʛʦ) 

ʚʦʣʦʢʥʘ. ʉʨʘʚʥʝʥʠʝ ʦʩʥʦʚʘʥʦ ʥʘ ʜʠʥʘʤʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʘʭ ʠ ʦʩʘʜʢʝ ʧʦʯʚʳ ʢʘʢ ʚʦ ʚʣʘʞʥʳʭ, ʪʘʢ ʠ 

ʚ ʩʫʭʠʭ ʫʩʣʦʚʠʷʭ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʙʦʣʝʝ ʯʝʤ 2% 

ʷʚʣʷʝʪʩʷ ʵʢʦʥʦʤʠʯʝʩʢʠ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ ʠ ʜʘʝʪ 

ʨʝʟʫʣʴʪʘʪʳ, ʧʨʠʙʣʠʞʘʶʱʠʝʩʷ ʢ 2%. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʩʪʘʪʠʯʝʩʢʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʚʩʝʭ ʩʣʦʝʚ ʧʝʩʯʘʥʦʡ ʧʦʯʚʳ ʚ 

ʠʩʩʣʝʜʫʝʤʦʤ ʢʦʥʪʝʡʥʝʨʝ ʧʦʯʚʘ ʧʦʜʛʦʪʘʚʣʠʚʘʝʪʩʷ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʜʦʞʜʝʚʦʡ ʦʙʨʘʙʦʪʢʠ. 

ʉʦʟʜʘʥʠʝ ʧʝʩʯʘʥʦʡ ʧʦʯʚʳ ʚ ʵʪʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠ 
ʜʦʩʪʠʞʝʥʠʝ ʨʘʚʥʦʤʝʨʥʦʛʦ ʧʦʯʚʝʥʥʦʛʦ ʩʣʦʷ ʩ 

ʥʝʦʙʭʦʜʠʤʦʡ ʧʣʦʪʥʦʩʪʴʶ ʟʘʚʠʩʷʪ ʦʪ ʩʢʦʨʦʩʪʠ 

ʧʘʜʝʥʠʷ ʧʝʩʯʠʥʦʢ ʠ ʦʙʲʝʤʘ ʚʳʛʨʫʟʢʠ. ʇʨʠ ʚʳʩʦʪʝ 

ʧʘʜʝʥʠʷ 65 ʩʤ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʨʝʙʫʝʪʩʷ 

ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ 50%. ʇʨʠ ʚʳʩʦʪʝ 

ʧʘʜʝʥʠʷ 65 ʩʤ ʢʦʥʪʝʡʥʝʨ ʩ ʧʝʩʢʦʤ ʟʘʧʦʣʥʷʝʪʩʷ 

ʩʣʦʷʤʠ ʧʦ 10 ʩʤ ʥʘ ʢʘʞʜʳʝ 10 ʩʤ ʚʳʩʦʪʳ 

ʢʦʥʪʝʡʥʝʨʘ. ʇʦʩʣʝ ʟʘʧʦʣʥʝʥʠʷ ʧʝʨʚʦʛʦ ʩʣʦʷ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʜʲʝʤʥʳʡ ʢʘʪʦʢ, ʢʦʪʦʨʳʡ 

ʧʦʜʥʠʤʘʝʪ ʟʝʤʣʷʥʦʡ ʢʦʥʫʩ ʥʘ 10 ʩʤ, ʯʪʦʙʳ 

ʟʘʧʦʣʥʠʪʴ ʚʪʦʨʦʡ ʩʣʦʡ ʠ ʧʦʜʜʝʨʞʠʚʘʪʴ ʚʳʩʦʪʫ 

ʧʘʜʝʥʠʷ ʥʘ ʪʦʤ ʞʝ ʫʨʦʚʥʝ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2, 
ʵʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʧʣʦʪʥʦʩʪʴ 50%. 

ʕʣʝʢʪʨʦʥʥʦʝ ʠʟʤʝʨʠʪʝʣʴʥʦʝ ʫʩʪʨʦʡʩʪʚʦ, 

ʠʟʚʝʩʪʥʦʝ ʢʘʢ ʣʠʥʝʡʥʳʡ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʡ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ (ʃɼʇ), ʤʦʞʝʪ ʪʦʯʥʦ ʦʧʨʝʜʝʣʷʪʴ 

ʣʠʥʝʡʥʦʝ ʧʝʨʝʤʝʱʝʥʠʝ. ʕʪʦ ʫʩʪʨʦʡʩʪʚʦ ʩʦʩʪʦʠʪ ʠʟ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʩ ʚʥʝʰʥʝʡ ʢʘʪʫʰʢʦʡ ʠ 

ʮʝʥʪʨʘʣʴʥʳʤ ʩʝʨʜʝʯʥʠʢʦʤ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ 

ʟʘʤʝʥʷʪʴ. ʎʝʥʪʨʘʣʴʥʳʡ ʩʝʨʜʝʯʥʠʢ ʩʤʝʱʘʝʪʩʷ 

ʚʥʫʪʨʠ ʚʥʝʰʥʝʡ ʢʘʪʫʰʢʠ ʠʟ-ʟʘ ʩʪʨʫʢʪʫʨʥʳʭ 

ʠʟʤʝʥʝʥʠʡ, ʛʝʥʝʨʠʨʫʷ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʠʛʥʘʣ, 

ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʜʠʩʪʘʥʮʠʦʥʥʦ ʠ ʥʝʧʨʝʨʳʚʥʦ 
ʟʘʧʠʩʳʚʘʪʴʩʷ ʢʘʢ ʚ ʩʪʘʪʠʯʝʩʢʦʤ, ʪʘʢ ʠ ʚ 

ʜʠʥʘʤʠʯʝʩʢʦʤ ʨʝʞʠʤʝ. ʅʘʧʨʠʤʝʨ, ʤʘʢʩʠʤʘʣʴʥʦʝ 

ʥʘʙʣʶʜʘʝʤʦʝ ʩʤʝʱʝʥʠʝ ʤʦʞʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʜʣʠʥʳ 

ʩʝʨʜʝʯʥʠʢʘ LVDT, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ 

ʦʪ 10 ʜʦ 50 ʤʤ. LVDT, ʢʦʪʦʨʳʡ ʚ ʜʘʥʥʳʡ ʤʦʤʝʥʪ 

ʦʪʩʣʝʞʠʚʘʝʪ ʠ ʟʘʧʠʩʳʚʘʝʪ ʛʦʨʠʟʦʥʪʘʣʴʥʦʝ 

ʩʤʝʱʝʥʠʝ, ʙʳʣ ʟʘʪʝʤ ʧʦʜʢʣʶʯʝʥ ʢ ʨʝʛʠʩʪʨʘʪʦʨʫ 

ʜʘʥʥʳʭ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ LVDT ʚʢʣʶʯʘʶʪ 

ʠʜʝʘʣʴʥʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 2 ʤɺ/ɺ, 

ʤʘʢʩʠʤʘʣʴʥʫʶ ʩʢʦʨʦʩʪʴ ʧʝʨʝʤʝʱʝʥʠʷ 10 ʤ/ʩ ʠ 

ʩʘʤʦʦʧʨʝʜʝʣʷʶʱʫʶʩʷ ʣʠʥʝʡʥʦʩʪʴ 0,1 ʧʨʦʮʝʥʪʘ. 

ɼʚʠʞʝʥʠʷ ʚʧʝʨʝʜ ʠ ʥʘʟʘʜ ʦʮʝʥʠʚʘʶʪʩʷ ʥʘ 
ʨʘʩʩʪʦʷʥʠʠ 25 ʤʤ ʦʪ ʟʝʤʣʠ. ʆʥʠ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 

1. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ 

ʬʫʥʜʘʤʝʥʪʘ ʧʨʦʚʦʜʷʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʠʙʨʦʤʝʪʨʦʚ, ʠʟʤʝʨʷʶʱʠʭ 

ʫʩʢʦʨʝʥʠʝ, ʩʢʦʨʦʩʪʴ ʠ ʘʤʧʣʠʪʫʜʫ ʩʤʝʱʝʥʠʷ. ʆʥ 

ʧʦʜʢʣʶʯʝʥ ʢ ʦʜʥʦʢʘʥʘʣʴʥʦʤʫ ʮʠʬʨʦʚʦʤʫ 

ʚʠʙʨʦʤʝʪʨʫ (ʤʦʜʝʣʴ HG 6360) ʩ ʪʦʯʥʦʩʪʴʶ 0,001-

4,0 ʤʤ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʝʜʫʩʪʘʥʦʚʣʝʥʥʦʡ 

ʬʫʥʢʮʠʠ ʝʛʦ ʤʦʞʥʦ ʧʦʜʢʣʶʯʠʪʴ ʢ ʢʦʤʧʴʶʪʝʨʫ ʜʣʷ 

ʧʨʦʩʤʦʪʨʘ ʜʠʥʘʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. ɺʠʙʨʦʤʝʪʨ 
ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʚʠʙʨʘʮʠʦʥʥʦʡ 

ʨʝʘʢʮʠʠ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1 ʠ 2. 
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ʈʠʩ. 1. ʃʠʥʝʡʥʦ-ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʡ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʧʝʨʝʤʝʱʝʥʠʷ LVDT 

 
ʈʠʩ. 2. ɺʠʙʨʦʤʝʪʨ ʤʦʜʝʣʴ HG 6360 

ʀʩʧʳʪʘʥʠʝ ʤʦʞʥʦ ʧʨʦʚʦʜʠʪ ʚ ʩʫʭʦʤ ʠ ʚʣʘʞʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʣʝʜʫʶʱʠʤʠ 

ʵʪʘʧʘʤʠ: 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʧʳʪʘʥʠʷ ʤʦʜʝʣʠ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʪʘʣʴʥʦʡ ʢʦʥʪʝʡʥʝʨ ʨʘʟʤʝʨʦʤ (50 ʭ 

50) ʩʤ ʠ ʚʳʩʦʪʦʡ 55 ʩʤ. ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ 

ʦʪʩʢʦʢʘ ʚʦʣʥʳ ʚʥʫʪʨʠ ʢʦʥʪʝʡʥʝʨʘ ʥʘ ʩʪʝʥʢʠ 

ʢʦʥʪʝʡʥʝʨʘ ʙʳʣ ʥʘʣʦʞʝʥ ʩʣʦʡ ʨʝʟʠʥʳ ʪʦʣʱʠʥʦʡ 1 

ʩʘʥʪʠʤʝʪʨ. ɺ ʢʦʥʪʝʡʥʝʨʝ ʜʦʣʞʝʥ ʥʘʭʦʜʠʪʩʷ ʧʷʪʴ 

ʩʣʦʝʚ ʧʝʩʯʘʥʦʛʦ ʛʨʫʥʪʘ, ʢʘʞʜʳʡ ʚʝʩʦʤ 42,6 ʢʛ. 
ʆʙʱʠʡ ʚʝʩ ʛʨʫʥʪʘ ʩʦʩʪʘʚʣʷʣ 213 ʢʛ. ʀʩʧʦʣʴʟʫʷ 

ʪʝʭʥʦʣʦʛʠʶ ʜʦʞʜʝʚʦʡ ʧʦʜʛʦʪʦʚʢʠ ʛʨʫʥʪʘ, 

ʘʨʤʠʨʫʶʱʠʡ ʤʘʪʝʨʠʘʣ ʫʢʣʘʜʳʚʘʣʩʷ ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ 1 ɺ ʨʘʟʤʝʨʦʤ 50 ʭ 50 ʩʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʧʨʦʮʝʥʪʘ ʘʨʤʠʨʦʚʘʥʠʷ (1%, 2%, 3%, 4% ʠ 5%). 

ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʧʦʜʛʦʪʦʚʢʠ ʤʦʜʝʣʠ ʢʦʥʪʝʡʥʝʨ 

ʧʦʤʝʱʘʣʩʷ ʚ ʩʪʘʣʴʥʦʝ ʦʩʥʦʚʘʥʠʝ, ʘ ʚ ʮʝʥʪʨʝ 

ʢʦʥʪʝʡʥʝʨʘ ʥʘ ʟʝʤʣʝ ʫʩʪʘʥʘʚʣʠʚʘʣʩʷ ʬʫʥʜʘʤʝʥʪ 

ʤʘʰʠʥʳ. ɿʘʪʝʤ ʩ ʧʦʤʦʱʴʶ ʜʝʨʞʘʪʝʣʷ ʛʨʫʟʦʚ ʥʘ 

ʦʩʥʦʚʘʥʠʠ ʤʘʰʠʥʳ ʫʩʪʘʥʘʚʣʠʚʘʣʠʩʴ ʧʦʩʪʦʷʥʥʳʝ 

ʥʘʛʨʫʟʢʠ. ɺʝʩ ʤʘʰʠʥʳ ʩʦʩʪʘʚʣʷʝʪ ʧʷʪʴ 

ʢʠʣʦʛʨʘʤʤʦʚ, ʘ ʚʝʩ ʩʦʙʩʪʚʝʥʥʦʛʦ ʚʝʩʘ ð ʧʷʪʴ 
ʢʠʣʦʛʨʘʤʤʦʚ. ɺʠʙʨʦʤʝʪʨ ʠʟʤʝʨʷʝʪ ʩʤʝʱʝʥʠʝ, 

ʫʩʢʦʨʝʥʠʝ ʠ ʩʢʦʨʦʩʪʴ, ʘ ʮʠʬʨʦʚʦʡ ʪʘʭʦʤʝʪʨ ð 

ʯʘʩʪʦʪʫ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʦʩʘʜʢʠ ʬʫʥʜʘʤʝʥʪʘ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʣʠʥʝʡʥʳʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ 

ʧʝʨʝʤʝʱʝʥʠʷ (LVDT). ʇʨʠ ʚʢʣʶʯʝʥʠʠ ʜʚʠʛʘʪʝʣʴ 

ʧʝʨʝʤʝʱʘʝʪʩʷ ʚʥʠʟ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʟʝʤʣʝ. ʅʘ 

ʚʳʧʦʣʥʝʥʠʝ ʵʪʠʭ ʠʩʧʳʪʘʥʠʡ ʪʨʝʙʫʝʪʩʷ 30 ʤʠʥʫʪ, 

ʠ ʢʘʞʜʳʝ ʜʚʝ ʤʠʥʫʪʳ ʩʦʙʠʨʘʶʪʩʷ ʧʦʢʘʟʘʥʠʷ 

ʩʤʝʱʝʥʠʷ, ʩʢʦʨʦʩʪʠ, ʫʩʢʦʨʝʥʠʷ ʠ ʦʩʘʜʢʠ. 

ʀʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʷʪʩʷ ʩ ʯʘʩʪʦʪʦʡ 20 ɻʮ, ʘ ʵʪʘʧʳ 
ʚʳʧʦʣʥʷʶʪʩʷ ʧʦ ʘʥʘʣʦʛʠʯʥʦʡ ʤʝʪʦʜʠʢʝ ʚ ʩʫʭʠʭ ʠ 

ʚʣʘʞʥʳʭ ʫʩʣʦʚʠʷʭ. 

ʇʨʠ ʢʦʵʬʬʠʮʠʝʥʪʝ ʘʨʤʠʨʦʚʘʥʠʷ 1% ʧʨʠʚʝʜʝʪ 

ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʤʝʱʝʥʠʷ ʥʘ 25%, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʤʝʥʴʰʫʶ ʞʝʩʪʢʦʩʪʴ. ʆʜʥʘʢʦ ʙʦʣʝʝ ʚʳʩʦʢʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʘʨʤʠʨʦʚʘʥʠʷ ʧʨʠʚʦʜʷʪ ʢ 

ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʩʤʝʱʝʥʠʷ; 

ʫʤʝʥʴʰʝʥʠʝ ʥʘ 40% ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ 2% ʠ 3%, ʥʘ 

65% ʧʨʠ 4% ʠ ʥʘ 70% ʧʨʠ 5%, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʧʦʚʳʰʝʥʠʝ ʞʝʩʪʢʦʩʪʠ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʢʦʥʩʪʨʫʢʮʠʠ. 

3. ɺʓɺʆɼ  

ʆʩʘʜʢʘ ʟʘʩʦʣʝʥʥʳʭ ʛʨʫʥʪʦʚ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʩʝʭ ʧʨʦʮʝʥʪʦʚ ʩʪʝʢʣʦʚʦʣʦʢʥʘ 

(40%-75%) ʚ ʩʫʭʦʤ ʠ ʫʚʣʘʞʥʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʧʦʣʝʟʝʥ ʧʨʠ ʩʪʨʦʠʪʝʣʴʩʪʚʝ ʟʜʘʥʠʡ 

ʥʘ ʛʨʫʥʪʘʭ ʪʘʢʦʛʦ ʪʠʧʘ. ʇʨʦʛʠʙ ʛʨʫʥʪʘ ʚ 

ʫʚʣʘʞʥʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʫʚʝʣʠʯʠʪʩʷ ʙʦʣʴʰʝ, ʯʝʤ ʚ 

ʩʫʭʦʤ, ʥʦ ʚ ʮʝʣʦʤ ʘʨʤʠʨʦʚʘʥʠʝ ʦʯʝʥʴ ʭʦʨʦʰʦ 

ʫʣʫʯʰʘʝʪ ʟʘʩʦʣʝʥʥʳʝ ʛʨʫʥʪʳ, ʥʦ ʩʦʧʨʷʞʝʥʦ ʩ 

ʚʳʩʦʢʠʤ ʨʠʩʢʦʤ ʠʟ-ʟʘ ʧʨʠʩʫʪʩʪʚʠʷ (NACL) ʤʝʞʜʫ 

ʯʘʩʪʠʮʘʤʠ. ʈʝʢʦʤʝʥʜʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 2% 
ʩʪʝʢʣʦʚʦʣʦʢʥʘ ʠʟ-ʟʘ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

ʥʘ ʛʨʫʥʪ ʠ ʥʠʟʢʦʡ ʩʪʦʠʤʦʩʪʠ. 
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Assessment of the Effect of Geomats on Reducing the Intensity of Deflation 

of Sandy Soils on Railway Embankment Slopes 

 

K.S. Lesov1 a, A.Sh. Uralov1 b  
1Tashkent State Transport University, Tashkent, Uzbekistan 

 

Abstract: The article examines the effect of geomats on reducing the intensity of sandy soil deflation on railway 
subgrade slopes. The relevance of the study is ʦʙʫʩʣʦʚed by the fact that in sandy and desert regions, 
wind erosion leads to the removal of soil particles, deformation of slope profiles, contamination of 

the ballast layer, and a decrease in the operational reliability of railway tracks. Geomats are 
considered as geosynthetic protective materials forming a spatial structure on the slope surface, which 
limits the movement of sand particles and reduces the impact of wind-sand flow. The theoretical basis 
of the study is the classical relationship proposed by R.A. Bagnold, describing wind-driven sand 
transport considering wind dynamic velocity and particle characteristics. It is shown that, for railway 
subgrade slopes, deflation assessment should take into account not only wind impact parameters, but 
also soil properties, moisture content, surface condition, and the presence of a protective cover. In 
this regard, the necessity of considering the coefficient Cg, characterizing the retaining capacity of 

geomats, is substantiated. The use of this coefficient provides a methodological basis for 
mathematical modeling of anti-deflation slope protection and for evaluating the effectiveness of 
geomat application in sandy soils. 

Keywords: Geomat, deflation, sandy soil, railway subgrade slope, railway track, wind erosion, anti-deflation 
protection, coefficient Cg, wind-sand flow, geosynthetic materials 

_____________________________________________________________________________ 

ʆʮʝʥʢʘ ɺʣʠʷʥʠʷ ɻʝʦʤʘʪʦʚ ʥʘ ʉʥʠʞʝʥʠʝ ʀʥʪʝʥʩʠʚʥʦʩʪʠ ɼʝʬʣʷʮʠʠ 

ʇʝʩʯʘʥʳʭ ɻʨʫʥʪʦʚ ʥʘ ʆʪʢʦʩʘʭ ɾʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ɿʝʤʣʷʥʦʛʦ ʇʦʣʦʪʥʘ 

 

ʃʝʩʦʚ ʂ.ʉ.1 a, ʋʨʘʣʦʚ ɸ.ʐ.1 b  
1ʊʘʰʢʝʥʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʨʘʥʩʧʦʨʪʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 

 

ɸʥʥʦʪʘʮʠʷ: ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʣʠʷʥʠʝ ʛʝʦʤʘʪʦʚ ʥʘ ʩʥʠʞʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʣʷʮʠʠ ʧʝʩʯʘʥʳʭ 
ʛʨʫʥʪʦʚ ʥʘ ʦʪʢʦʩʘʭ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ 
ʦʙʫʩʣʦʚʣʝʥʘ ʪʝʤ, ʯʪʦ ʚ ʧʝʩʯʘʥʳʭ ʠ ʧʫʩʪʳʥʥʳʭ ʨʘʡʦʥʘʭ ʚʝʪʨʦʚʘʷ ʵʨʦʟʠʷ ʧʨʠʚʦʜʠʪ ʢ ʚʳʥʦʩʫ 
ʛʨʫʥʪʦʚʳʭ ʯʘʩʪʠʮ, ʥʘʨʫʰʝʥʠʶ ʧʨʦʬʠʣʷ ʦʪʢʦʩʦʚ, ʟʘʛʨʷʟʥʝʥʠʶ ʙʘʣʣʘʩʪʥʦʛʦ ʩʣʦʷ ʠ ʩʥʠʞʝʥʠʶ 
ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʥʘʜʸʞʥʦʩʪʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʧʫʪʠ. 
ɻʝʦʤʘʪʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʡ ʟʘʱʠʪʥʳʡ ʤʘʪʝʨʠʘʣ, ʬʦʨʤʠʨʫʶʱʠʡ ʥʘ 
ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʢʦʩʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʢʦʪʦʨʘʷ ʦʛʨʘʥʠʯʠʚʘʝʪ ʧʝʨʝʤʝʱʝʥʠʝ 
ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʠ ʩʥʠʞʘʝʪ ʚʦʟʜʝʡʩʪʚʠʝ ʚʝʪʨʦʧʝʩʯʘʥʦʛʦ ʧʦʪʦʢʘ. ʊʝʦʨʝʪʠʯʝʩʢʦʡ ʦʩʥʦʚʦʡ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʣʫʞʠʪ ʢʣʘʩʩʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʈ.ɸ. ɹʘʛʥʦʣʜʘ, ʦʧʠʩʳʚʘʶʱʘʷ ʚʝʪʨʦʚʦʡ 
ʧʝʨʝʥʦʩ ʧʝʩʢʘ ʩ ʫʯʸʪʦʤ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʯʘʩʪʠʮ. 
ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʦʪʢʦʩʘʤ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʦʮʝʥʢʘ 
ʜʝʬʣʷʮʠʠ ʜʦʣʞʥʘ ʫʯʠʪʳʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʧʘʨʘʤʝʪʨʳ ʚʝʪʨʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʥʦ ʠ ʩʚʦʡʩʪʚʘ 
ʛʨʫʥʪʘ, ʝʛʦ ʚʣʘʞʥʦʩʪʴ, ʩʦʩʪʦʷʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʥʘʣʠʯʠʝ ʟʘʱʠʪʥʦʛʦ ʧʦʢʨʳʪʠʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ 
ʦʙʦʩʥʦʚʘʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʫʯʸʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ Cg, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ ʫʜʝʨʞʠʚʘʶʱʫʶ 
ʩʧʦʩʦʙʥʦʩʪʴ ʛʝʦʤʘʪʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʦʟʜʘʸʪ ʤʝʪʦʜʠʯʝʩʢʫʶ ʦʩʥʦʚʫ 
ʜʣʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʦʡ ʟʘʱʠʪʳ ʦʪʢʦʩʦʚ ʠ ʦʮʝʥʢʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʛʝʦʤʘʪʦʚ ʚ ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʘʭ. 
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ɻʝʦʤʘʪ, ʜʝʬʣʷʮʠʷ, ʧʝʩʯʘʥʳʡ ʛʨʫʥʪ, ʦʪʢʦʩ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ, ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ ʧʫʪʴ, 

ʚʝʪʨʦʚʘʷ ʵʨʦʟʠʷ, ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʘʷ ʟʘʱʠʪʘ, ʢʦʵʬʬʠʮʠʝʥʪ Cg, ʚʝʪʨʦʧʝʩʯʘʥʳʡ ʧʦʪʦʢ, 
ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ 

1. ɺɺɽɼɽʅʀɽ 

ɺ ʧʝʩʯʘʥʳʭ ʠ ʧʫʩʪʳʥʥʳʭ ʨʘʡʦʥʘʭ ʦʪʢʦʩʳ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ 

ʧʦʜʚʝʨʛʘʶʪʩʷ ʠʥʪʝʥʩʠʚʥʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ 

 
a  https://orcid.org/0000-0002-9434-0713  
b  https://orcid.org/0000-0002-6124-5250  

ʚʝʪʨʦʚʦʡ ʵʨʦʟʠʠ, ʜʝʬʣʷʮʠʠ ʠ ʚʝʪʨʦʧʝʩʯʘʥʦʛʦ 

ʧʦʪʦʢʘ. ɺʳʥʦʩ ʤʝʣʢʠʭ ʛʨʫʥʪʦʚʳʭ ʯʘʩʪʠʮ ʩ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʢʦʩʦʚ ʧʨʠʚʦʜʠʪ ʢ ʥʘʨʫʰʝʥʠʶ ʠʭ 

ʧʨʦʝʢʪʥʦʛʦ ʧʨʦʬʠʣʷ, ʦʩʣʘʙʣʝʥʠʶ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

https://orcid.org/0000-0002-9434-0713
https://orcid.org/0000-0002-6124-5250
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ʩʣʦʷ, ʟʘʛʨʷʟʥʝʥʠʶ ʙʘʣʣʘʩʪʥʦʡ ʧʨʠʟʤʳ ʠ 

ʩʥʠʞʝʥʠʶ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʥʘʜʸʞʥʦʩʪʠ 
ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʧʫʪʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ 

ʨʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ 

ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʦʡ ʟʘʱʠʪʳ ʦʪʢʦʩʦʚ ʷʚʣʷʝʪʩʷ 

ʘʢʪʫʘʣʴʥʦʡ ʠʥʞʝʥʝʨʥʦʡ ʠ ʥʘʫʯʥʦʡ ʟʘʜʘʯʝʡ [9ï11]. 

ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʚʝʪʨʦʚʦʛʦ ʧʝʨʝʥʦʩʘ 

ʧʝʩʢʘ ʟʘʣʦʞʝʥʳ ʚ ʢʣʘʩʩʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʈ. 

ɸ. ɹʘʛʥʦʣʜʘ, ʛʜʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʥʦʩʘ 

ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʩʢʦʨʦʩʪʴʶ ʚʝʪʨʘ, ʧʣʦʪʥʦʩʪʴʶ ʚʦʟʜʫʭʘ, ʫʩʢʦʨʝʥʠʝʤ 

ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ ʠ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ [12]. ɺ 

ʜʘʣʴʥʝʡʰʝʤ ʜʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʦʣʫʯʠʣʠ 

ʨʘʟʚʠʪʠʝ ʚ ʤʦʜʝʣʷʭ ʚʝʪʨʦʚʦʡ ʵʨʦʟʠʠ, ʛʜʝ 
ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʯʠʪʳʚʘʶʪʩʷ ʩʚʦʡʩʪʚʘ ʛʨʫʥʪʘ, 

ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʚʣʘʞʥʦʩʪʴ, ʜʣʠʥʘ 

ʦʪʢʨʳʪʦʛʦ ʫʯʘʩʪʢʘ ʠ ʥʘʣʠʯʠʝ ʟʘʱʠʪʥʦʛʦ ʧʦʢʨʳʪʠʷ 

[13, 15]. ʆʜʥʘʢʦ ʧʨʠʤʝʥʝʥʠʝ ʵʪʠʭ ʧʦʜʭʦʜʦʚ ʢ 

ʦʪʢʦʩʘʤ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ 

ʪʨʝʙʫʝʪ ʫʪʦʯʥʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʜʝʬʣʷʮʠʷ ʚ ʜʘʥʥʦʤ 

ʩʣʫʯʘʝ ʨʘʟʚʠʚʘʝʪʩʷ ʚ ʫʩʣʦʚʠʷʭ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʠ 

ʦʪʢʦʩʘ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʙʘʣʣʘʩʪʥʳʤ ʩʣʦʝʤ ʠ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ [1ï4]. 

ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʨʝʰʝʥʠʡ ʜʘʥʥʦʡ 
ʟʘʜʘʯʠ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʛʝʦʤʘʪʦʚ. ɻʝʦʤʘʪʳ 

ʬʦʨʤʠʨʫʶʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʢʦʩʘ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʟʘʱʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʢʦʪʦʨʘʷ 

ʩʥʠʞʘʝʪ ʧʨʷʤʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʚʝʪʨʦʧʝʩʯʘʥʦʛʦ 

ʧʦʪʦʢʘ ʥʘ ʛʨʫʥʪ, ʦʛʨʘʥʠʯʠʚʘʝʪ ʧʝʨʝʤʝʱʝʥʠʝ 

ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʠ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʦʭʨʘʥʝʥʠʶ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ. 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʟʘʱʠʪʝ ʦʪʢʦʩʦʚ ʠ ʟʝʤʣʷʥʦʛʦ 

ʧʦʣʦʪʥʘ ʦʪ ʵʨʦʟʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʦʪʝʯʝʩʪʚʝʥʥʳʤʠ ʠ ʟʘʨʫʙʝʞʥʳʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ 
[5ï8, 14]. 

ɺʤʝʩʪʝ ʩ ʪʝʤ ʜʣʷ ʥʘʫʯʥʦʛʦ ʦʙʦʩʥʦʚʘʥʠʷ 

ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʦʤʘʪʦʚ 

ʚʘʞʥʦ ʥʝ ʪʦʣʴʢʦ ʦʧʠʩʘʪʴ ʠʭ ʟʘʱʠʪʥʦʝ ʜʝʡʩʪʚʠʝ, ʥʦ 

ʠ ʚʳʨʘʟʠʪʴ ʝʛʦ ʢʦʣʠʯʝʩʪʚʝʥʥʦ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚ 

ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʫʯʸʪʘ 

ʢʦʵʬʬʠʮʠʝʥʪʘ Cg, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ 

ʫʜʝʨʞʠʚʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʛʝʦʤʘʪʘ. ɺʚʝʜʝʥʠʝ 

ʜʘʥʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʟʚʦʣʷʝʪ ʘʜʘʧʪʠʨʦʚʘʪʴ 

ʦʙʱʠʝ ʧʦʣʦʞʝʥʠʷ ʪʝʦʨʠʠ ʚʝʪʨʦʚʦʛʦ ʧʝʨʝʥʦʩʘ 

ʧʝʩʢʘ ʢ ʫʩʣʦʚʠʷʤ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ 
ʧʦʣʦʪʥʘ ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʦʡ ʟʘʱʠʪʳ ʦʪʢʦʩʦʚ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʧʦʚʳʰʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʦʪʢʦʩʦʚ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʚ 

ʧʝʩʯʘʥʳʭ ʨʘʡʦʥʘʭ ʟʘ ʩʯʸʪ ʧʨʠʤʝʥʝʥʠʷ ʛʝʦʤʘʪʦʚ ʠ 

ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʢ ʦʮʝʥʢʝ ʠʭ 

ʚʣʠʷʥʠʷ ʥʘ ʩʥʠʞʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʣʷʮʠʠ. 

ʇʨʝʜʤʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʚʣʠʷʥʠʝ ʛʝʦʤʘʪʦʚ ʥʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʝʬʣʷʮʠʠ ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʦʚ ʥʘ 
ʦʪʢʦʩʘʭ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ. 

ʎʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ 

ʛʝʦʤʘʪʦʚ ʥʘ ʩʥʠʞʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʣʷʮʠʠ 

ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʦʚ ʥʘ ʦʪʢʦʩʘʭ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ 

ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʠ ʦʙʦʩʥʦʚʘʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʘ Cg, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ 

ʫʜʝʨʞʠʚʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʛʝʦʤʘʪʘ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʮʝʣʠ ʧʦʩʪʘʚʣʝʥʳ ʩʣʝʜʫʶʱʠʝ 

ʟʘʜʘʯʠ: 

1. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ 

ʚʝʪʨʦʚʦʛʦ ʧʝʨʝʥʦʩʘ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʠ ʬʘʢʪʦʨʳ, 

ʦʧʨʝʜʝʣʷʶʱʠʝ ʨʘʟʚʠʪʠʝ ʜʝʬʣʷʮʠʠ ʥʘ ʦʪʢʦʩʘʭ 
ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ.  

2. ʆʙʦʩʥʦʚʘʪʴ ʨʦʣʴ ʛʝʦʤʘʪʦʚ ʢʘʢ 

ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʟʘʱʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, 

ʩʥʠʞʘʶʱʝʛʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʤʝʱʝʥʠʷ 

ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʝʪʨʘ.  

3. ʉʬʦʨʤʠʨʦʚʘʪʴ ʤʝʪʦʜʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʢ 

ʫʯʸʪʫ ʢʦʵʬʬʠʮʠʝʥʪʘ Cg ʧʨʠ ʦʮʝʥʢʝ 

ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʦʤʘʪʦʚ ʠ 

ʧʦʩʣʝʜʫʶʱʝʤ ʤʘʪʝʤʘʪʠʯʝʩʢʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʟʘʱʠʪʳ ʦʪʢʦʩʦʚ. 

2. ʄɸʊɽʈʀɸʃʓ ʀ ʄɽʊʆɼʓ 

ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʦʪʢʦʩʳ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ, 

ʩʣʦʞʝʥʥʳʝ ʧʝʩʯʘʥʳʤʠ ʛʨʫʥʪʘʤʠ ʠ 

ʵʢʩʧʣʫʘʪʠʨʫʝʤʳʝ ʚ ʫʩʣʦʚʠʷʭ ʚʦʟʜʝʡʩʪʚʠʷ 

ʚʝʪʨʦʚʦʡ ʵʨʦʟʠʠ, ʜʝʬʣʷʮʠʠ ʠ ʚʝʪʨʦʧʝʩʯʘʥʦʛʦ 

ʧʦʪʦʢʘ. ɺ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʣʦʡ 

ʦʪʢʦʩʘ ʧʦʜʚʝʨʛʘʝʪʩʷ ʚʳʥʦʩʫ ʤʝʣʢʠʭ ʯʘʩʪʠʮ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʦʩʣʘʙʣʝʥʠʶ ʛʨʫʥʪʘ, ʥʘʨʫʰʝʥʠʶ 

ʧʨʦʝʢʪʥʦʛʦ ʧʨʦʬʠʣʷ, ʥʘʢʦʧʣʝʥʠʶ ʧʝʩʯʘʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʚ ʟʦʥʝ ʙʘʣʣʘʩʪʥʦʡ ʧʨʠʟʤʳ ʠ ʩʥʠʞʝʥʠʶ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʥʘʜʸʞʥʦʩʪʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ 
ʧʫʪʠ [9ï11]. 

ɺ ʢʘʯʝʩʪʚʝ ʟʘʱʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʛʝʦʤʘʪ ï ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ 

ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ, ʬʦʨʤʠʨʫʶʱʠʡ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʢʦʩʘ ʘʨʤʠʨʫʶʱʝ-ʟʘʱʠʪʥʳʡ ʩʣʦʡ. 

ɽʛʦ ʧʨʠʤʝʥʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʧʨʷʤʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ ʚʝʪʨʦʧʝʩʯʘʥʦʛʦ ʧʦʪʦʢʘ ʥʘ ʛʨʫʥʪ, 

ʦʛʨʘʥʠʯʠʪʴ ʧʝʨʝʤʝʱʝʥʠʝ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʠ 

ʧʦʚʳʩʠʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ 

ʦʪʢʦʩʘ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʫʢʨʝʧʣʝʥʠʠ ʦʪʢʦʩʦʚ ʠ ʟʘʱʠʪʝ 
ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʦʪ ʵʨʦʟʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ 

ʧʦʜʪʚʝʨʞʜʝʥʘ ʨʷʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʡ [5ï8, 14]. 

ɼʣʷ ʦʙʦʩʥʦʚʘʥʠʷ ʧʨʠʤʝʥʠʤʦʩʪʠ ʛʝʦʤʘʪʦʚ ʚ 

ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʘʭ ʩʠʩʪʝʤʘʪʠʟʠʨʦʚʘʥʳ ʠʭ 

ʦʩʥʦʚʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʦʛʨʘʥʠʯʝʥʠʷ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʥʝ ʪʦʣʴʢʦ 

ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʳʡ ʵʬʬʝʢʪ ʛʝʦʤʘʪʘ, ʥʦ ʠ 

ʫʩʣʦʚʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʝʛʦ ʧʨʠʤʝʥʝʥʠʝ ʪʨʝʙʫʝʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʥʞʝʥʝʨʥʦʛʦ ʦʙʦʩʥʦʚʘʥʠʷ (ʪʘʙʣ. 

1). 
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ʊʘʙʣʠʮʘ 1  

ʇʨʝʠʤʫʱʝʩʪʚʘ ʠ ʦʛʨʘʥʠʯʝʥʠʷ ʧʨʠʤʝʥʝʥʠʷ ʛʝʦʤʘʪʦʚ ʚ ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʘʭ 

 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣ. 1, ʛʝʦʤʘʪ ʦʙʣʘʜʘʝʪ ʨʷʜʦʤ 
ʧʨʝʠʤʫʱʝʩʪʚ ʧʨʠ ʟʘʱʠʪʝ ʧʝʩʯʘʥʳʭ ʦʪʢʦʩʦʚ ʦʪ 

ʜʝʬʣʷʮʠʠ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʝʛʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʟʘʚʠʩʠʪ ʦʪ ʫʩʣʦʚʠʡ ʨʘʙʦʪʳ ʟʘʱʠʪʥʦʛʦ ʩʣʦʷ. 

ʇʦʵʪʦʤʫ ʚ ʥʘʩʪʦʷʱʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʛʝʦʤʘʪ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʢʘʢ ʢʦʥʩʪʨʫʢʪʠʚʥʳʡ 

ʤʘʪʝʨʠʘʣ, ʥʦ ʠ ʢʘʢ ʬʘʢʪʦʨ, ʚʣʠʷʶʱʠʡ ʥʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʳʥʦʩʘ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ. ʕʪʦ 

ʪʨʝʙʫʝʪ ʧʝʨʝʭʦʜʘ ʦʪ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʦʧʠʩʘʥʠʷ 
ʟʘʱʠʪʥʦʛʦ ʜʝʡʩʪʚʠʷ ʛʝʦʤʘʪʘ ʢ ʝʛʦ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ 

ʦʮʝʥʢʝ. 

ʄʝʭʘʥʠʟʤ ʚʣʠʷʥʠʷ ʛʝʦʤʘʪʘ ʥʘ ʩʥʠʞʝʥʠʝ 

ʜʝʬʣʷʮʠʠ ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʦʚ ʥʘ ʦʪʢʦʩʝ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ 

ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1. 

 
ʈʠʩ. 1 ï ʉʭʝʤʘ ʚʣʠʷʥʠʷ ʛʝʦʤʘʪʘ ʥʘ ʩʥʠʞʝʥʠʝ ʜʝʬʣʷʮʠʠ ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʦʚ ʥʘ ʦʪʢʦʩʝ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ 

  

ʇʦʢʘʟʘʪʝʣʴ ʇʨʝʠʤʫʱʝʩʪʚʘ ʆʛʨʘʥʠʯʝʥʠʷ 

ʂʦʥʩʪʨʫʢʪʠʚʥʳʝ 
ʩʚʦʡʩʪʚʘ 

ʃʸʛʢʦʩʪʴ, ʛʠʙʢʦʩʪʴ, 
ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, 
ʚʦʟʤʦʞʥʦʩʪʴ ʧʣʦʪʥʦʛʦ 

ʧʨʠʣʝʛʘʥʠʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʢʦʩʘ 

ʊʨʝʙʫʝʪʩʷ ʢʘʯʝʩʪʚʝʥʥʘʷ ʫʢʣʘʜʢʘ 
ʠ ʥʘʜʸʞʥʦʝ ʟʘʢʨʝʧʣʝʥʠʝ ʥʘ ʦʪʢʦʩʝ 

ʇʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʦʝ 
ʜʝʡʩʪʚʠʝ 

ʆʛʨʘʥʠʯʝʥʠʝ ʧʝʨʝʤʝʱʝʥʠʷ 
ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ, ʩʥʠʞʝʥʠʝ 
ʚʦʟʜʝʡʩʪʚʠʷ ʚʝʪʨʦʧʝʩʯʘʥʦʛʦ 

ʧʦʪʦʢʘ 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʟʘʚʠʩʠʪ ʦʪ 
ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ, 

ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 
ʛʨʫʥʪʘ ʠ ʩʦʩʪʦʷʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ 

ʇʨʦʪʠʚʦʵʨʦʟʠʦʥʥʦʝ 
ʜʝʡʩʪʚʠʝ 

ʉʥʠʞʝʥʠʝ ʨʘʟʤʳʚʘ 
ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʢʦʩʘ ʠ 

ʫʤʝʥʴʰʝʥʠʝ ʚʳʥʦʩʘ ʛʨʫʥʪʦʚʳʭ 
ʯʘʩʪʠʮ 

ʇʨʠ ʠʥʪʝʥʩʠʚʥʦʤ 
ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʪʦʢʝ ʪʨʝʙʫʝʪʩʷ 
ʩʦʯʝʪʘʥʠʝ ʩ ʚʦʜʦʦʪʚʦʜʥʳʤʠ 

ʤʝʨʦʧʨʠʷʪʠʷʤʠ 

ɺʣʠʷʥʠʝ ʥʘ 
ʫʩʪʦʡʯʠʚʦʩʪʴ ʦʪʢʦʩʘ 

ʇʦʚʳʰʝʥʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ 
ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʠ 

ʩʦʭʨʘʥʝʥʠʝ ʧʨʦʝʢʪʥʦʛʦ ʧʨʦʬʠʣʷ 
ʦʪʢʦʩʘ 

ʅʝ ʟʘʤʝʥʷʝʪ ʢʦʥʩʪʨʫʢʪʠʚʥʦʝ 
ʫʢʨʝʧʣʝʥʠʝ ʧʨʠ ʛʣʫʙʠʥʥʳʭ 
ʜʝʬʦʨʤʘʮʠʷʭ ʦʪʢʦʩʘ 

ʕʢʩʧʣʫʘʪʘʮʠʦʥʥʘʷ 
ʧʨʠʤʝʥʠʤʦʩʪʴ 

ɺʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʥʘ 
ʧʝʩʯʘʥʳʭ ʠ ʩʣʘʙʦʩʚʷʟʘʥʥʳʭ 
ʛʨʫʥʪʘʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʘʨʠʜʥʳʭ 

ʨʘʡʦʥʘʭ 

ʊʨʝʙʫʝʪʩʷ ʫʯʸʪ ʧʨʠʨʦʜʥʦ-
ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ ʠ ʨʝʞʠʤʘ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʫʯʘʩʪʢʘ 

ʄʝʪʦʜʠʯʝʩʢʘʷ 
ʟʥʘʯʠʤʦʩʪʴ 

ʇʦʟʚʦʣʷʝʪ ʦʮʝʥʠʚʘʪʴ 
ʩʥʠʞʝʥʠʝ ʜʝʬʣʷʮʠʠ ʯʝʨʝʟ 
ʩʨʘʚʥʝʥʠʝ ʟʘʱʠʱʸʥʥʦʡ ʠ 
ʥʝʟʘʱʠʱʸʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʨʘʩʯʸʪʘ 
ʥʝʦʙʭʦʜʠʤʦ ʚʚʝʜʝʥʠʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, 
ʚʢʣʶʯʘʷ ʢʦʵʬʬʠʮʠʝʥʪ Cg 
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ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 1, ʧʨʠʤʝʥʝʥʠʝ ʛʝʦʤʘʪʘ 

ʠʟʤʝʥʷʝʪ ʭʘʨʘʢʪʝʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 
ʚʝʪʨʦʧʝʩʯʘʥʦʛʦ ʧʦʪʦʢʘ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʪʢʦʩʘ. 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʘʪʝʨʠʘʣʘ 

ʫʜʝʨʞʠʚʘʝʪ ʧʝʩʯʘʥʳʝ ʯʘʩʪʠʮʳ, ʩʥʠʞʘʝʪ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʝʬʣʷʮʠʠ ʠ ʧʦʚʳʰʘʝʪ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ. ɼʘʥʥʦʝ 

ʟʘʱʠʪʥʦʝ ʜʝʡʩʪʚʠʝ ʚ ʩʪʘʪʴʝ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʫʯʠʪʳʚʘʪʴ ʯʝʨʝʟ ʢʦʵʬʬʠʮʠʝʥʪ Cg. 

ʊʝʦʨʝʪʠʯʝʩʢʦʡ ʦʩʥʦʚʦʡ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʷʚʣʷʶʪʩʷ ʧʦʣʦʞʝʥʠʷ ʦ ʚʝʪʨʦʚʦʤ ʧʝʨʝʥʦʩʝ ʧʝʩʢʘ, 

ʟʘʣʦʞʝʥʥʳʝ ʚ ʨʘʙʦʪʘʭ ʈ. ɸ. ɹʘʛʥʦʣʜʘ. ɺ 

ʢʣʘʩʩʠʯʝʩʢʦʤ ʧʦʜʭʦʜʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʥʦʩʘ 

ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʜʠʥʘʤʠʯʝʩʢʦʡ 
ʩʢʦʨʦʩʪʴʶ ʚʝʪʨʘ, ʧʣʦʪʥʦʩʪʴʶ ʚʦʟʜʫʭʘ, ʫʩʢʦʨʝʥʠʝʤ 

ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ ʠ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ [12]. 

ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʵʪʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʦʣʫʯʠʣʠ 

ʚ ʤʦʜʝʣʷʭ ʚʝʪʨʦʚʦʡ ʵʨʦʟʠʠ WEQ ʠ RWEQ, ʛʜʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʯʠʪʳʚʘʶʪʩʷ ʩʚʦʡʩʪʚʘ ʛʨʫʥʪʘ, 

ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʚʣʘʞʥʦʩʪʴ, ʜʣʠʥʘ 

ʦʪʢʨʳʪʦʛʦ ʫʯʘʩʪʢʘ ʠ ʥʘʣʠʯʠʝ ʟʘʱʠʪʥʦʛʦ ʧʦʢʨʳʪʠʷ 

[13, 15]. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʜʝʬʣʷʮʠʶ 

ʢʘʢ ʧʨʦʮʝʩʩ, ʟʘʚʠʩʷʱʠʡ ʥʝ ʪʦʣʴʢʦ ʦʪ ʧʘʨʘʤʝʪʨʦʚ 

ʚʝʪʨʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʥʦ ʠ ʦʪ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʫʥʪʘ, ʩʦʩʪʦʷʥʠʷ 
ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʥʘʣʠʯʠʷ ʟʘʱʠʪʥʦʛʦ ʩʣʦʷ. 

ʄʝʪʦʜʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʦʩʥʦʚʘʥ ʥʘ ʩʨʘʚʥʝʥʠʠ 

ʜʚʫʭ ʩʦʩʪʦʷʥʠʡ ʦʪʢʦʩʘ: ʥʝʟʘʱʠʱʸʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʟʘʱʠʱʸʥʥʦʡ 

ʛʝʦʤʘʪʦʤ. ʊʘʢʦʝ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʧʦʟʚʦʣʷʝʪ 

ʦʧʨʝʜʝʣʠʪʴ ʩʪʝʧʝʥʴ ʩʥʠʞʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʚʳʥʦʩʘ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʛʝʦʤʘʪʘ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʳʥʦʩʘ ʛʨʫʥʪʘ ʩ ʝʜʠʥʠʮʳ ʧʣʦʱʘʜʠ 

ʦʪʢʦʩʘ ʟʘ ʦʧʨʝʜʝʣʸʥʥʳʡ ʧʨʦʤʝʞʫʪʦʢ ʚʨʝʤʝʥʠ: 

╘▄
Ў□

╕◄
 (1) 

ʛʜʝ ╘▄ ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʳʥʦʩʘ ʛʨʫʥʪʦʚʳʭ 
ʯʘʩʪʠʮ, ʢʛ/(ʤĮĿʯ);  

Ў□ ï ʤʘʩʩʘ ʚʳʥʝʩʝʥʥʦʛʦ ʛʨʫʥʪʘ, ʢʛ;  

F ï ʧʣʦʱʘʜʴ ʠʩʩʣʝʜʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʪʢʦʩʘ, ʤĮ;  

t ï ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʚʦʟʜʝʡʩʪʚʠʷ, ʯ. 

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʟʘʱʠʪʥʦʛʦ 

ʵʬʬʝʢʪʘ ʛʝʦʤʘʪʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʳʥʦʩʘ ʯʘʩʪʠʮ ʩ 

ʥʝʟʘʱʠʱʸʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʦʧʦʩʪʘʚʣʷʝʪʩʷ ʩ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʚʳʥʦʩʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʫʢʨʝʧʣʸʥʥʦʡ ʛʝʦʤʘʪʦʤ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʩʥʠʞʝʥʠʷ 

ʜʝʬʣʷʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʚʳʨʘʞʝʥʠʶ: 

Ɫ▄
╘▄ ╘▄▌

╘▄
ᶻ Ϸ (2) 

ʛʜʝ Ɫ▄ ï ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʥʠʞʝʥʠʷ ʜʝʬʣʷʮʠʠ, 
%;  

╘▄  ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʳʥʦʩʘ ʛʨʫʥʪʦʚʳʭ ʯʘʩʪʠʮ 
ʩ ʥʝʟʘʱʠʱʸʥʥʦʛʦ ʦʪʢʦʩʘ, ʢʛ/(ʤĮĿʯ);  

╘▄▌ ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʳʥʦʩʘ ʛʨʫʥʪʦʚʳʭ ʯʘʩʪʠʮ 

ʩ ʦʪʢʦʩʘ, ʟʘʱʠʱʸʥʥʦʛʦ ʛʝʦʤʘʪʦʤ, ʢʛ/(ʤĮĿʯ). 

ɼʘʥʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʦʪʨʘʞʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦʝ 

ʫʤʝʥʴʰʝʥʠʝ ʧʦʪʝʨʴ ʛʨʫʥʪʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 
ʛʝʦʤʘʪʘ ʠ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʡʪʠ ʦʪ ʢʘʯʝʩʪʚʝʥʥʦʛʦ 

ʦʧʠʩʘʥʠʷ ʝʛʦ ʟʘʱʠʪʥʦʛʦ ʜʝʡʩʪʚʠʷ ʢ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʝ. ʇʨʠ ʵʪʦʤ ʛʝʦʤʘʪ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʢʘʢ ʬʠʟʠʯʝʩʢʦʝ 

ʧʦʢʨʳʪʠʝ, ʥʦ ʠ ʢʘʢ ʬʘʢʪʦʨ, ʠʟʤʝʥʷʶʱʠʡ ʫʩʣʦʚʠʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʝʪʨʦʧʝʩʯʘʥʦʛʦ ʧʦʪʦʢʘ ʩ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʪʢʦʩʘ. 

ʉ ʫʯʸʪʦʤ ʪʝʦʨʠʠ ʚʝʪʨʦʚʦʛʦ ʧʝʨʝʥʦʩʘ ʧʝʩʢʘ, 

ʧʦʣʦʞʝʥʠʡ ʤʦʜʝʣʝʡ WEQ/RWEQ ʠ ʠʥʞʝʥʝʨʥʳʭ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ 

ʧʦʣʦʪʥʘ ʧʨʦʮʝʩʩ ʧʝʨʝʤʝʱʝʥʠʷ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʥʘ 

ʦʪʢʦʩʘʭ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ 
ʦʙʦʙʱʸʥʥʦʡ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ: 

╠▼ █○ȟ▀ȟⱬȟ╦ȟ╒▌  (3) 

ʛʜʝ ╠▼ ï ʧʦʪʦʢ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ, ʧʝʨʝʥʦʩʠʤʳʭ 
ʚʝʪʨʦʤ; v ï ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ, ʤ/ʩ;  

d ï ʩʨʝʜʥʠʡ ʜʠʘʤʝʪʨ ʯʘʩʪʠʮ ʛʨʫʥʪʘ, ʤʤ;  

ɟ ï ʧʣʦʪʥʦʩʪʴ ʛʨʫʥʪʘ, ʢʛ/ʤį;  

W ï ʚʣʘʞʥʦʩʪʴ ʛʨʫʥʪʘ, %;  

╒▌ ï ʢʦʵʬʬʠʮʠʝʥʪ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ 

ʫʜʝʨʞʠʚʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʛʝʦʤʘʪʘ. 

ɺ ʜʘʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʳ v ʠ d 

ʦʪʨʘʞʘʶʪ ʬʘʢʪʦʨʳ, ʫʩʠʣʠʚʘʶʱʠʝ ʜʝʬʣʷʮʠʶ, 

ʧʦʩʢʦʣʴʢʫ ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ ʠ ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʡ 

ʩʦʩʪʘʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʣʠʷʶʪ ʥʘ ʧʦʜʚʠʞʥʦʩʪʴ 

ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ. ʇʘʨʘʤʝʪʨʳ ɟ ʠ W ʭʘʨʘʢʪʝʨʠʟʫʶʪ 

ʬʠʟʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʛʨʫʥʪʘ ʠ ʝʛʦ 

ʩʦʧʨʦʪʠʚʣʷʝʤʦʩʪʴ ʚʳʥʦʩʫ. ʂʦʵʬʬʠʮʠʝʥʪ Cg 

ʚʚʦʜʠʪʩʷ ʜʣʷ ʫʯʸʪʘ ʟʘʱʠʪʥʦʛʦ ʜʝʡʩʪʚʠʷ ʛʝʦʤʘʪʘ ʠ 

ʦʪʨʘʞʘʝʪ ʝʛʦ ʩʧʦʩʦʙʥʦʩʪʴ ʫʜʝʨʞʠʚʘʪʴ ʧʝʩʯʘʥʳʝ 

ʯʘʩʪʠʮʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʢʦʩʘ. 
ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜʠʯʝʩʢʠʡ ʧʦʜʭʦʜ 

ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʛʝʦʤʘʪʦʚ ʥʘ ʩʥʠʞʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʣʷʮʠʠ ʧʫʪʸʤ ʩʨʘʚʥʝʥʠʷ 

ʟʘʱʠʱʸʥʥʦʡ ʠ ʥʝʟʘʱʠʱʸʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʝʡ. 

ɺʚʝʜʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ Cg ʩʦʟʜʘʸʪ ʦʩʥʦʚʫ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʦʡ ʟʘʱʠʪʳ ʦʪʢʦʩʦʚ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ. 

3. ʈɽɿʋʃʔʊɸʊʓ ʀ ʆɹʉʋɾɼɽʅʀɽ 

ʈʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʢʦ-ʤʝʪʦʜʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʛʝʦʤʘʪʦʚ ʥʘ ʦʪʢʦʩʘʭ 
ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʩʥʠʞʘʝʪ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʝʬʣʷʮʠʠ ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʦʚ ʟʘ ʩʯʸʪ 

ʠʟʤʝʥʝʥʠʷ ʫʩʣʦʚʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʚʝʪʨʦʧʝʩʯʘʥʦʛʦ ʧʦʪʦʢʘ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʅʘ 

ʥʝʟʘʱʠʱʸʥʥʦʤ ʦʪʢʦʩʝ ʚʦʟʜʫʰʥʳʡ ʧʦʪʦʢ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʦʟʜʝʡʩʪʚʫʝʪ ʥʘ ʛʨʫʥʪʦʚʳʝ 

ʯʘʩʪʠʮʳ, ʚʳʟʳʚʘʝʪ ʠʭ ʦʪʨʳʚ, ʧʝʨʝʤʝʱʝʥʠʝ ʠ 

ʚʳʥʦʩ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʩʣʘʙʣʝʥʠʶ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ, ʥʘʨʫʰʝʥʠʶ ʧʨʦʝʢʪʥʦʛʦ 

ʧʨʦʬʠʣʷ ʠ ʥʘʢʦʧʣʝʥʠʶ ʧʝʩʯʘʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ 

ʟʦʥʝ ʙʘʣʣʘʩʪʥʦʡ ʧʨʠʟʤʳ. 
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ʇʨʠ ʫʩʪʨʦʡʩʪʚʝ ʛʝʦʤʘʪʘ ʬʦʨʤʠʨʫʝʪʩʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʘʨʤʠʨʫʶʱʝ-ʟʘʱʠʪʥʘʷ 
ʩʪʨʫʢʪʫʨʘ, ʯʘʩʪʠʯʥʦ ʚʦʩʧʨʠʥʠʤʘʶʱʘʷ 

ʚʦʟʜʝʡʩʪʚʠʝ ʚʝʪʨʦʧʝʩʯʘʥʦʛʦ ʧʦʪʦʢʘ. ʆʥʘ ʩʥʠʞʘʝʪ 

ʧʦʜʚʠʞʥʦʩʪʴ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ, ʦʛʨʘʥʠʯʠʚʘʝʪ ʠʭ 

ʚʳʥʦʩ ʠ ʧʦʚʳʰʘʝʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʩʣʦʷ. ɿʘʱʠʪʥʳʡ ʵʬʬʝʢʪ ʧʨʦʷʚʣʷʝʪʩʷ ʚ 

ʤʝʭʘʥʠʯʝʩʢʦʤ ʫʜʝʨʞʘʥʠʠ ʯʘʩʪʠʮ, ʫʤʝʥʴʰʝʥʠʠ 

ʧʨʷʤʦʛʦ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʛʨʫʥʪ 

ʠ ʩʦʭʨʘʥʝʥʠʠ ʧʨʦʝʢʪʥʳʭ ʦʯʝʨʪʘʥʠʡ ʦʪʢʦʩʘ. 

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʥʝʟʘʱʠʱʸʥʥʦʡ ʠ ʟʘʱʠʱʸʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʦʟʚʦʣʷʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʮʝʥʠʪʴ 

ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʳʡ ʵʬʬʝʢʪ. ʆʩʥʦʚʥʳʤ 

ʢʨʠʪʝʨʠʝʤ ʷʚʣʷʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 
ʚʳʥʦʩʘ ʛʨʫʥʪʦʚʳʭ ʯʘʩʪʠʮ ʧʦʩʣʝ ʫʩʪʨʦʡʩʪʚʘ 

ʟʘʱʠʪʥʦʛʦ ʩʣʦʷ. ʏʝʤ ʙʦʣʴʰʝ ʨʘʟʥʠʮʘ ʤʝʞʜʫ 

ʧʦʢʘʟʘʪʝʣʷʤʠ ʜʣʷ ʜʚʫʭ ʩʦʩʪʦʷʥʠʡ ʦʪʢʦʩʘ, ʪʝʤ 

ʚʳʰʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʦʤʘʪʘ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʩʥʠʞʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʳʥʦʩʘ ʥʘ ʟʘʱʠʱʸʥʥʦʤ 

ʫʯʘʩʪʢʝ ʩʣʫʞʠʪ ʢʦʣʠʯʝʩʪʚʝʥʥʳʤ ʧʨʠʟʥʘʢʦʤ 

ʦʛʨʘʥʠʯʝʥʠʷ ʧʝʨʝʤʝʱʝʥʠʷ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʠ 

ʦʩʣʘʙʣʝʥʠʷ ʜʝʬʣʷʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ. 

ʆʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʢʦʵʬʬʠʮʠʝʥʪ Cg, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʫʜʝʨʞʠʚʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ 

ʛʝʦʤʘʪʘ. ɽʛʦ ʫʯʸʪ ʧʦʟʚʦʣʷʝʪ ʦʪʨʘʟʠʪʴ ʚʣʠʷʥʠʝ 
ʟʘʱʠʪʥʦʛʦ ʩʣʦʷ ʥʘ ʚʝʪʨʦʚʦʡ ʧʝʨʝʥʦʩ ʧʝʩʯʘʥʳʭ 

ʯʘʩʪʠʮ ʠ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʛʝʦʤʘʪ ʥʝ ʪʦʣʴʢʦ ʢʘʢ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦʝ ʧʦʢʨʳʪʠʝ, ʥʦ ʠ ʢʘʢ ʬʘʢʪʦʨ, 

ʠʟʤʝʥʷʶʱʠʡ ʫʩʣʦʚʠʷ ʨʘʟʚʠʪʠʷ ʜʝʬʣʷʮʠʠ. ɺ 

ʦʙʦʙʱʸʥʥʦʡ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ, ʨʘʟʤʝʨ ʯʘʩʪʠʮ, ʧʣʦʪʥʦʩʪʴ ʠ 

ʚʣʘʞʥʦʩʪʴ ʛʨʫʥʪʘ ʦʪʨʘʞʘʶʪ ʦʩʥʦʚʥʳʝ ʫʩʣʦʚʠʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʬʣʷʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʘ 

ʢʦʵʬʬʠʮʠʝʥʪ Cg ʧʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʟʘʱʠʪʥʦʛʦ 

ʩʣʦʷ ʥʘ ʩʥʠʞʝʥʠʝ ʧʦʜʚʠʞʥʦʩʪʠ ʯʘʩʪʠʮ. 

ʌʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ ʢʦʵʬʬʠʮʠʝʥʪʘ Cg ʩʦʩʪʦʠʪ ʚ 

ʫʯʸʪʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚʳʥʦʩʫ 
ʯʘʩʪʠʮ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʛʝʦʤʘʪʘ. ɽʛʦ ʧʨʠʤʝʥʝʥʠʝ ʧʦʟʚʦʣʷʝʪ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʮʝʥʠʪʴ ʟʘʱʠʪʥʦʝ ʜʝʡʩʪʚʠʝ 

ʤʘʪʝʨʠʘʣʘ ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʵʪʦʪ ʧʦʢʘʟʘʪʝʣʴ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʦʡ ʟʘʱʠʪʳ 

ʦʪʢʦʩʦʚ. 

4. ɿɸʂʃʖʏɽʅʀɽ 

ʇʨʦʚʝʜʸʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʛʝʦʤʘʪʳ 

ʤʦʛʫʪ ʵʬʬʝʢʪʠʚʥʦ ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ 

ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʦʡ ʟʘʱʠʪʳ ʦʪʢʦʩʦʚ 
ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ, 

ʩʣʦʞʝʥʥʳʭ ʧʝʩʯʘʥʳʤʠ ʛʨʫʥʪʘʤʠ. ʌʦʨʤʠʨʫʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʘʨʤʠʨʫʶʱʝ-ʟʘʱʠʪʥʳʡ ʩʣʦʡ, 

ʛʝʦʤʘʪ ʩʥʠʞʘʝʪ ʚʦʟʜʝʡʩʪʚʠʝ ʚʝʪʨʦʧʝʩʯʘʥʦʛʦ 

ʧʦʪʦʢʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʦʪʢʦʩʘ, ʦʛʨʘʥʠʯʠʚʘʝʪ 

ʧʦʜʚʠʞʥʦʩʪʴ ʯʘʩʪʠʮ ʠ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʦʭʨʘʥʝʥʠʶ 

ʧʨʦʝʢʪʥʦʛʦ ʧʨʦʬʠʣʷ. 

ʇʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʳʡ ʵʬʬʝʢʪ ʛʝʦʤʘʪʘ 

ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʦʮʝʥʠʚʘʪʴ ʧʫʪʸʤ ʩʦʧʦʩʪʘʚʣʝʥʠʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʳʥʦʩʘ ʛʨʫʥʪʦʚʳʭ ʯʘʩʪʠʮ ʩ 

ʥʝʟʘʱʠʱʸʥʥʦʡ ʠ ʟʘʱʠʱʸʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʝʡ. 

ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦ 
ʦʧʨʝʜʝʣʠʪʴ ʩʥʠʞʝʥʠʝ ʜʝʬʣʷʮʠʠ ʠ ʧʝʨʝʡʪʠ ʦʪ 

ʦʧʠʩʘʪʝʣʴʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘʱʠʪʥʦʛʦ ʜʝʡʩʪʚʠʷ 

ʢ ʝʛʦ ʨʘʩʯʸʪʥʦʡ ʦʮʝʥʢʝ. 

ʆʙʦʩʥʦʚʘʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚʚʝʜʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ Cg, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ 

ʫʜʝʨʞʠʚʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʛʝʦʤʘʪʘ. ɽʛʦ ʫʯʸʪ ʚ 

ʦʙʦʙʱʸʥʥʦʡ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʧʦʟʚʦʣʷʝʪ ʦʪʨʘʟʠʪʴ ʚʣʠʷʥʠʝ ʟʘʱʠʪʥʦʛʦ ʩʣʦʷ ʥʘ 

ʧʨʦʮʝʩʩ ʚʝʪʨʦʚʦʛʦ ʧʝʨʝʥʦʩʘ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʩ 

ʫʯʸʪʦʤ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ, ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʩʦʩʪʘʚʘ, ʧʣʦʪʥʦʩʪʠ ʠ ʚʣʘʞʥʦʩʪʠ ʛʨʫʥʪʘ. 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʩʦʟʜʘʸʪ ʤʝʪʦʜʠʯʝʩʢʫʶ 
ʦʩʥʦʚʫ ʜʣʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʦʡ ʟʘʱʠʪʳ ʦʪʢʦʩʦʚ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ. 

ʂʦʵʬʬʠʮʠʝʥʪ Cg ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʛʝʦʤʘʪ 

ʥʝ ʪʦʣʴʢʦ ʢʘʢ ʢʦʥʩʪʨʫʢʪʠʚʥʳʡ ʤʘʪʝʨʠʘʣ, ʥʦ ʠ ʢʘʢ 

ʨʘʩʯʸʪʥʳʡ ʧʘʨʘʤʝʪʨ, ʦʪʨʘʞʘʶʱʠʡ ʝʛʦ ʚʢʣʘʜ ʚ 

ʩʥʠʞʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʣʷʮʠʠ ʧʝʩʯʘʥʳʭ 

ʛʨʫʥʪʦʚ. 
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A Technical and Engineering Analysis of the Parameters for Protective 

Forest Plantations Along Railways in Areas with Shifting Sands 
 

K.S. Lesov a a, M.K. Kenjaliev 1 b, A.Kh. Mavlanov1 c 

1Tashkent State Transport University, Tashkent, Uzbekistan 
 

Abstract:  The article presents a computational and technological substantiation of the parameters of protective forest plantations 
along railways under conditions of mobile sands. It is established that the stability of railway infrastructure in arid regions 

is determined by the intensity of deflation processes, wind regime characteristics, and the condition of the railway right-
of-way. Based on the analysis of natural and climatic factors, sand transport calculations, and assessment of the 
aerodynamic effect of protective forest belts, rational parameters for their placement and structural design are 
determined. It is shown that protective plantations with a height of 4ï5 m form an aerodynamic influence zone 
extending over 60ï100 m, while a 30ï40% reduction in wind speed can reduce the volume of sand transport by 
approximately 75ï80%. The results confirm the effectiveness of using protective forest plantations in combination with 
engineering measures to reduce deflation load and improve the stability of railway ecotechnical systems. 

Key words: Protective forest plantations, protective forest belts, railways, mobile sands, sand transport, deflation, railway right-of-

way, aerodynamic effect, arid conditions, stability of ecotechnical systems 

_________________________________________________________________________________ 

ʈʘʩʯʸʪʥʦ-ʊʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʆʙʦʩʥʦʚʘʥʠʝ ʇʘʨʘʤʝʪʨʦʚ ɿʘʱʠʪʥʳʭ ʃʝʩʥʳʭ 

ʅʘʩʘʞʜʝʥʠʡ ɺʜʦʣʴ ɾʝʣʝʟʥʳʭ ɼʦʨʦʛ ɺ ʋʩʣʦʚʠʷʭ ʇʦʜʚʠʞʥʳʭ ʇʝʩʢʦʚ 

 

ʂ.ʉ. ʃʝʩʦʚ1 a, ʄ.ʂ. ʂʝʥʞʘʣʠʝʚ1 b, ɸ.ʍ. ʄʘʚʣʘʥʦʚ1 c 
1ʊʘʰʢʝʥʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʨʘʥʩʧʦʨʪʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 

 

ɸʥʥʦʪʘʮʠʷ:  ʉʪʘʪʴʷ ʧʦʩʚʷʱʝʥʘ ʨʘʩʯʸʪʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤʫ ʦʙʦʩʥʦʚʘʥʠʶ ʧʘʨʘʤʝʪʨʦʚ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ 
ʥʘʩʘʞʜʝʥʠʡ ʚʜʦʣʴ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʚ ʫʩʣʦʚʠʷʭ ʧʦʜʚʠʞʥʳʭ ʧʝʩʢʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʚ ʘʨʠʜʥʳʭ ʨʘʡʦʥʘʭ ʦʧʨʝʜʝʣʷʝʪʩʷ 
ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʜʝʬʣʷʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʧʘʨʘʤʝʪʨʘʤʠ ʚʝʪʨʦʚʦʛʦ ʨʝʞʠʤʘ ʠ ʩʦʩʪʦʷʥʠʝʤ 
ʧʦʣʦʩʳ ʦʪʚʦʜʘ. ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʧʨʠʨʦʜʥʦ-ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ, ʨʘʩʯʸʪʘ ʧʝʩʢʦʧʝʨʝʥʦʩʘ ʠ 
ʦʮʝʥʢʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʧʦʣʦʩ ʦʧʨʝʜʝʣʝʥʳ ʨʘʮʠʦʥʘʣʴʥʳʝ 
ʧʘʨʘʤʝʪʨʳ ʠʭ ʨʘʟʤʝʱʝʥʠʷ ʠ ʢʦʥʩʪʨʫʢʮʠʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʚʳʩʦʪʝ ʟʘʱʠʪʥʳʭ ʥʘʩʘʞʜʝʥʠʡ 4ï5 
ʤ ʬʦʨʤʠʨʫʝʪʩʷ ʟʦʥʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʣʠʷʥʠʷ ʧʨʦʪʷʞʸʥʥʦʩʪʴʶ 60ï100 ʤ, ʘ ʩʥʠʞʝʥʠʝ 
ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʥʘ 30ï40 % ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʦʢʨʘʱʝʥʠʝ ʦʙʲʸʤʘ ʧʝʩʢʦʧʝʨʝʥʦʩʘ ʧʨʠʤʝʨʥʦ ʥʘ 75ï80 
%. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ 

ʥʘʩʘʞʜʝʥʠʡ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʠʥʞʝʥʝʨʥʳʤʠ ʤʝʨʦʧʨʠʷʪʠʷʤʠ ʜʣʷ ʩʥʠʞʝʥʠʷ ʜʝʬʣʷʮʠʦʥʥʦʡ ʥʘʛʨʫʟʢʠ 
ʠ ʧʦʚʳʰʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʵʢʦʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ɿʘʱʠʪʥʳʝ ʣʝʩʥʳʝ ʥʘʩʘʞʜʝʥʠʷ, ʟʘʱʠʪʥʳʝ ʣʝʩʥʳʝ ʧʦʣʦʩʳ, ʞʝʣʝʟʥʳʝ ʜʦʨʦʛʠ, ʧʦʜʚʠʞʥʳʝ ʧʝʩʢʠ, 
ʧʝʩʢʦʧʝʨʝʥʦʩ, ʜʝʬʣʷʮʠʷ, ʧʦʣʦʩʘ ʦʪʚʦʜʘ, ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʘʨʠʜʥʳʝ ʫʩʣʦʚʠʷ, 
ʫʩʪʦʡʯʠʚʦʩʪʴ ʵʢʦʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ 

 

1. ɺɺɽɼɽʅʀɽ 

ʇʦʜʚʠʞʥʳʝ ʧʝʩʢʠ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 

ʦʧʘʩʥʳʭ ʧʨʠʨʦʜʥʳʭ ʬʘʢʪʦʨʦʚ, ʦʩʣʦʞʥʷʶʱʠʭ 

ʵʢʩʧʣʫʘʪʘʮʠʶ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʚ ʘʨʠʜʥʳʭ ʠ 

ʧʦʣʫʘʨʠʜʥʳʭ ʨʘʡʦʥʘʭ. ɺʝʪʨʦʚʘʷ ʵʨʦʟʠʷ, ʜʝʬʣʷʮʠʷ 

ʠ ʤʠʛʨʘʮʠʷ ʧʝʩʯʘʥʳʭ ʤʘʩʩ ʚʳʟʳʚʘʶʪ ʟʘʥʦʩʠʤʦʩʪʴ 

ʧʫʪʠ, ʫʭʫʜʰʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ, 

ʥʘʨʫʰʝʥʠʝ ʨʘʙʦʪʳ ʦʙʲʝʢʪʦʚ ʧʦʣʦʩʳ ʦʪʚʦʜʘ ʠ 
ʫʚʝʣʠʯʝʥʠʝ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʟʘʪʨʘʪ. ɼʣʷ 

ʧʫʩʪʳʥʥʳʭ ʪʝʨʨʠʪʦʨʠʡ, ʚʢʣʶʯʘʷ ʨʘʡʦʥ 

ʂʳʟʳʣʢʫʤʘ, ʚʦʚʣʝʯʝʥʠʝ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʚ 

ʜʚʠʞʝʥʠʝ ʥʘʯʠʥʘʝʪʩʷ ʫʞʝ ʧʨʠ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ 4ï6 

ʤ/ʩ, ʘ ʧʨʠ ʩʢʦʨʦʩʪʷʭ 10ï15 ʤ/ʩ ʧʨʦʮʝʩʩʳ 

 
ŀ  https://orcid.org/0000-0002-9434-0713  
ō  https://orcid.org/0000-0003-4622-5937  

ʧʝʩʢʦʧʝʨʝʥʦʩʘ ʧʨʠʦʙʨʝʪʘʶʪ ʠʥʪʝʥʩʠʚʥʳʡ 

ʭʘʨʘʢʪʝʨ [1, 2]. 

ɺ ʤʠʨʦʚʦʡ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʧʨʦʙʣʝʤʘ 

ʵʦʣʦʚʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʟʘʱʠʪʳ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʦʪ 

ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ 

ʰʠʨʦʢʦ. ʉʦʚʨʝʤʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʩʢʦʧʝʨʝʥʦʩʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʯʝʪʘʥʠʝʤ ʚʝʪʨʦʚʦʛʦ ʨʝʞʠʤʘ, 

ʩʚʦʡʩʪʚ ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʦʚ, ʨʝʣʴʝʬʘ ʠ ʩʦʩʪʦʷʥʠʷ 
ʨʘʩʪʠʪʝʣʴʥʦʛʦ ʧʦʢʨʦʚʘ [11ï14]. ɺ ʧʨʠʢʣʘʜʥʳʭ 

ʨʘʙʦʪʘʭ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʠʙʦʣʴʰʠʡ ʵʬʬʝʢʪ 

ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʩʦʯʝʪʘʥʠʠ ʠʥʞʝʥʝʨʥʳʭ ʠ 

ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ, ʚʢʣʶʯʘʷ ʧʨʠʤʝʥʝʥʠʝ 

https://orcid.org/0000-0002-9434-0713
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ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʧʦʣʦʩ ʢʘʢ ʜʦʣʛʦʚʨʝʤʝʥʥʦʛʦ 

ʩʨʝʜʩʪʚʘ ʩʥʠʞʝʥʠʷ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʠ ʫʤʝʥʴʰʝʥʠʷ 
ʦʙʲʸʤʘ ʧʝʨʝʥʦʩʠʤʦʛʦ ʧʝʩʢʘ [3, 11, 14]. ʇʦ 

ʦʧʫʙʣʠʢʦʚʘʥʥʳʤ ʜʘʥʥʳʤ, ʟʘʱʠʪʥʳʝ ʣʝʩʥʳʝ 

ʧʦʣʦʩʳ ʩʧʦʩʦʙʥʳ ʩʥʠʞʘʪʴ ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ ʥʘ 30ï60 

% ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʘʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʚʝʪʨʦʚʦʡ ʵʨʦʟʠʠ [3, 11, 13]. 

ɼʣʷ ʫʩʣʦʚʠʡ ʋʟʙʝʢʠʩʪʘʥʘ ʚʦʧʨʦʩʳ ʟʘʱʠʪʳ 

ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʦʪ ʧʦʜʚʠʞʥʳʭ ʧʝʩʢʦʚ ʠ ʚʝʪʨʦʚʦʡ 

ʵʨʦʟʠʠ ʥʘʰʣʠ ʦʪʨʘʞʝʥʠʝ ʚ ʨʘʙʦʪʘʭ [2, 4ï9], 

ʧʦʩʚʷʱʸʥʥʳʭ ʠʟʫʯʝʥʠʶ ʵʦʣʦʚʳʭ ʧʨʦʮʝʩʩʦʚ, 

ʠʥʞʝʥʝʨʥʦʡ ʟʘʱʠʪʝ ʧʦʣʦʩʳ ʦʪʚʦʜʘ ʠ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʥʘ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛʘʭ 
ʧʫʩʪʳʥʥʳʭ ʨʘʡʦʥʦʚ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʧʦʣʥʦ ʨʘʩʢʨʳʪʳ ʚʦʧʨʦʩʳ ʨʘʩʯʸʪʥʦ-

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʦʩʥʦʚʘʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ ʠʤʝʥʥʦ ʚʜʦʣʴ 

ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ, ʛʜʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʟʘʱʠʪʳ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʚʠʜʦʤ ʥʘʩʘʞʜʝʥʠʡ, ʥʦ ʠ ʠʭ 

ʚʳʩʦʪʦʡ, ʰʠʨʠʥʦʡ, ʢʦʥʩʪʨʫʢʮʠʝʡ, ʧʨʦʩʚʝʪʥʦʩʪʴʶ 

ʠ ʨʘʟʤʝʱʝʥʠʝʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʧʫʪʠ [2, 3, 6, 8, 

14]. ɼʣʷ ʥʝʙʣʘʛʦʧʨʠʷʪʥʳʭ ʫʯʘʩʪʢʦʚ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʣʠʥʠʡ ʨʘʩʯʸʪʥʳʡ ʦʙʲʸʤ 

ʧʝʩʢʦʧʝʨʝʥʦʩʘ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʟʘʱʠʪʥʳʭ 
ʤʝʨʦʧʨʠʷʪʠʡ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 55ï60 ʤį/ʢʤĿʛʦʜ [2, 

6, 8]. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʧʦʚʳʰʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʚ ʟʦʥʘʭ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʦʜʚʠʞʥʳʭ ʧʝʩʢʦʚ ʠ ʨʘʟʨʘʙʦʪʢʠ 

ʥʘʫʯʥʦ ʦʙʦʩʥʦʚʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʟʘʱʠʪʥʳʭ 

ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʩʥʠʞʝʥʠʝ 

ʜʝʬʣʷʮʠʦʥʥʦʡ ʥʘʛʨʫʟʢʠ ʥʘ ʧʦʣʦʩʫ ʦʪʚʦʜʘ ʠ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ ʧʫʪʴ [2, 3, 8]. 

ʇʨʝʜʤʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʨʘʩʯʸʪʥʳʝ ʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʦʙʦʩʥʦʚʘʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 
ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ, ʚʣʠʷʶʱʠʭ ʥʘ 

ʩʥʠʞʝʥʠʝ ʧʝʩʢʦʧʝʨʝʥʦʩʘ ʠ ʧʦʚʳʰʝʥʠʝ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ 

ʚ ʫʩʣʦʚʠʷʭ ʧʦʜʚʠʞʥʳʭ ʧʝʩʢʦʚ. 

ʎʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʚʳʧʦʣʥʠʪʴ ʨʘʩʯʸʪʥʦ-

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ 

ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ ʚʜʦʣʴ ʞʝʣʝʟʥʳʭ 

ʜʦʨʦʛ ʚ ʫʩʣʦʚʠʷʭ ʧʦʜʚʠʞʥʳʭ ʧʝʩʢʦʚ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʨʝʰʘʶʪʩʷ 

ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʧʨʠʨʦʜʥʦ-

ʢʣʠʤʘʪʠʯʝʩʢʠʝ ʠ ʚʝʪʨʦʚʳʝ ʬʘʢʪʦʨʳ, 
ʦʧʨʝʜʝʣʷʶʱʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʩʢʦʧʝʨʝʥʦʩʘ ʠ 

ʟʘʥʦʩʠʤʦʩʪʴ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʧʫʪʠ; ʚʳʧʦʣʥʠʪʴ 

ʨʘʩʯʸʪʥʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʟʘʱʠʪʥʳʭ 

ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ ʩ ʫʯʸʪʦʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʝʬʣʷʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʵʬʬʝʢʪʘ ʠ ʪʨʝʙʫʝʤʦʡ ʰʠʨʠʥʳ ʟʘʱʠʪʥʦʡ ʟʦʥʳ; 

ʦʧʨʝʜʝʣʠʪʴ ʨʘʮʠʦʥʘʣʴʥʳʝ ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ 

ʥʘʩʘʞʜʝʥʠʡ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʩʥʠʞʝʥʠʝ 

ʜʝʬʣʷʮʠʦʥʥʦʡ ʥʘʛʨʫʟʢʠ ʠ ʧʦʚʳʰʝʥʠʝ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʵʢʦʪʝʭʥʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ. 

2. ʄɽʊʆɼʓ ʀʉʉʃɽɼʆɺɸʅʀʗ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʥʘ ʦʩʥʦʚʝ ʢʦʤʧʣʝʢʩʥʦʛʦ 

ʨʘʩʯʸʪʥʦ-ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʠ ʠʥʞʝʥʝʨʥʦ-

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ, ʚ ʨʘʤʢʘʭ ʢʦʪʦʨʦʛʦ 

ʟʘʱʠʪʥʳʝ ʣʝʩʥʳʝ ʥʘʩʘʞʜʝʥʠʷ ʚʜʦʣʴ ʞʝʣʝʟʥʳʭ 

ʜʦʨʦʛ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʢʘʢ ʵʣʝʤʝʥʪ 

ʵʢʦʪʝʭʥʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ çʞʝʣʝʟʥʘʷ ʜʦʨʦʛʘ ï 

ʧʦʣʦʩʘ ʦʪʚʦʜʘ ï ʧʦʜʚʠʞʥʳʝ ʧʝʩʢʠ ï ʟʘʱʠʪʥʳʝ 

ʥʘʩʘʞʜʝʥʠʷè [2, 3, 6, 11ï14]. 

ʄʝʪʦʜʠʢʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ 

ʥʘʩʘʞʜʝʥʠʡ ʚʢʣʶʯʘʣʘ ʰʝʩʪʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 
ʨʝʘʣʠʟʫʝʤʳʭ ʵʪʘʧʦʚ, ʯʪʦ ʦʪʨʘʞʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 1. 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʚʳʧʦʣʥʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ï 

ʦʪ ʘʥʘʣʠʟʘ ʧʨʠʨʦʜʥʳʭ ʫʩʣʦʚʠʡ ʜʦ ʦʮʝʥʢʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ. 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʧʨʠʨʦʜʥʦ-

ʢʣʠʤʘʪʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ ʨʘʡʦʥʘ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʚʝʪʨʦʚʦʡ ʨʝʞʠʤ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʩʢʦʧʝʨʝʥʦʩʘ 

ʥʘ ʦʪʢʨʳʪʳʭ ʙʘʨʭʘʥʥʳʭ ʫʯʘʩʪʢʘʭ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʣʠʥʠʠ ɹʫʭʘʨʘïʄʠʩʢʠʥï

ʋʨʛʝʥʯïʍʠʚʘ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʦʨʠʝʥʪʠʨʦʚ 
ʧʨʠʥʠʤʘʣʠʩʴ: ʪʨʝʙʫʝʤʦʝ ʩʥʠʞʝʥʠʝ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ 

ʚ ʧʨʠʟʝʤʥʦʤ ʩʣʦʝ ʥʘ 30ï60 %, ʧʦʪʝʥʮʠʘʣʴʥʳʡ 

ʦʙʲʸʤ ʧʝʩʢʦʧʝʨʝʥʦʩʘ ʙʝʟ ʟʘʱʠʪʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ 

ʜʦ 55ï60 ʤį/ʢʤĿʛʦʜ, ʜʦʧʫʩʪʠʤʳʡ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʡ ʫʨʦʚʝʥʴ ʟʘʥʦʩʠʤʦʩʪʠ ʧʦʨʷʜʢʘ 

20 ʤį/ʢʤĿʛʦʜ ʠ ʩʨʝʜʥʷʷ ʧʨʦʝʢʪʥʘʷ ʚʳʩʦʪʘ 

ʟʘʱʠʪʥʳʭ ʥʘʩʘʞʜʝʥʠʡ 4ï5 ʤ [2, 6, 8]. 

ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʚʳʧʦʣʥʷʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʦʚ, ʦʢʘʟʳʚʘʶʱʠʭ 

ʚʣʠʷʥʠʝ ʥʘ ʨʘʟʚʠʪʠʝ ʜʝʬʣʷʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʟʘʱʠʪʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ. ʇʨʠ ʵʪʦʤ 

ʫʯʠʪʳʚʘʣʠʩʴ ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ, ʩʪʝʧʝʥʴ 
ʧʦʜʚʠʞʥʦʩʪʠ ʧʝʩʢʦʚ, ʦʩʦʙʝʥʥʦʩʪʠ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʠ ʫʩʣʦʚʠʷ ʟʘʢʨʝʧʣʝʥʠʷ 

ʧʝʩʯʘʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʅʘ ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʠʟʫʯʘʣʠʩʴ ʧʘʨʘʤʝʪʨʳ 

ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ, ʚʢʣʶʯʘʷ ʠʭ 

ʚʳʩʦʪʫ, ʢʦʥʩʪʨʫʢʮʠʶ, ʧʨʦʩʚʝʪʥʦʩʪʴ, ʧʦʨʦʜʥʳʡ 

ʩʦʩʪʘʚ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʟʤʝʱʝʥʠʷ ʚ ʧʦʣʦʩʝ ʦʪʚʦʜʘ. 

ɼʣʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʠʟʤʝʥʝʥʠʷ 

ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʟʘ ʟʘʱʠʪʥʦʡ ʧʦʣʦʩʦʡ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʟʘʚʠʩʠʤʦʩʪʴ: 

╤● ╤ ▄●╗ϳ , 

ʛʜʝ ╤  ï ʠʩʭʦʜʥʘʷ ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ; ╤● ï 
ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ x ʦʪ ʟʘʱʠʪʥʦʡ 

ʧʦʣʦʩʳ; H ï ʚʳʩʦʪʘ ʥʘʩʘʞʜʝʥʠʡ; x ï ʨʘʩʩʪʦʷʥʠʝ ʦʪ 

ʧʦʣʦʩʳ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ; Ŭ ï 

ʢʦʵʬʬʠʮʠʝʥʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, 
ʟʘʚʠʩʷʱʠʡ ʦʪ ʧʣʦʪʥʦʩʪʠ, ʨʷʜʥʦʩʪʠ ʠ ʧʨʦʩʚʝʪʥʦʩʪʠ 

ʥʘʩʘʞʜʝʥʠʡ. 

ɺ ʨʘʩʯʸʪʥʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʚʳʜʝʣʷʣʠʩʴ ʟʦʥʘ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʪʦʨʤʦʞʝʥʠʷ ï ʜʦ 5ï7H ʠ ʟʦʥʘ 

ʫʩʪʦʡʯʠʚʦʛʦ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʣʠʷʥʠʷ ï ʜʦ 15ï
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20H. ʇʨʠ ʚʳʩʦʪʝ ʥʘʩʘʞʜʝʥʠʡ 4ï5 ʤ ʵʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʘʱʠʪʥʦʡ ʟʦʥʝ ʧʦʨʷʜʢʘ 60ï100 ʤ. 
ʈʘʩʯʸʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʣʠʥʳ ʟʘʱʠʪʥʦʡ ʟʦʥʳ ʦʪ 

ʚʳʩʦʪʳ ʥʘʩʘʞʜʝʥʠʡ ʧʨʠʚʝʜʝʥʘ ʚ ʪʘʙʣʠʮʝ 1. 

ʀʟ ʜʘʥʥʳʭ ʪʘʙʣʠʮʳ 1 ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʠ ʚʳʩʦʪʝ 

ʟʘʱʠʪʥʳʭ ʥʘʩʘʞʜʝʥʠʡ 4ï5 ʤ ʬʦʨʤʠʨʫʝʪʩʷ ʟʦʥʘ 

ʟʘʱʠʪʥʦʛʦ ʚʣʠʷʥʠʷ ʧʨʦʪʷʞʸʥʥʦʩʪʴʶ 60ï100 ʤ. 

ʅʘ ʯʝʪʚʸʨʪʦʤ ʵʪʘʧʝ ʚʳʧʦʣʥʷʣʦʩʴ ʠʟʤʝʨʝʥʠʝ 

ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʝʩʢʦʧʝʨʝʥʦʩʘ, 

ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʦʮʝʥʠʪʴ ʬʘʢʪʠʯʝʩʢʦʝ ʠʟʤʝʥʝʥʠʝ 

ʧʘʨʘʤʝʪʨʦʚ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ ʠ ʜʝʬʣʷʮʠʦʥʥʦʡ 

ʥʘʛʨʫʟʢʠ ʚ ʟʦʥʝ ʜʝʡʩʪʚʠʷ ʟʘʱʠʪʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ. 

ʅʘ ʧʷʪʦʤ ʵʪʘʧʝ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʦʙʨʘʙʦʪʢʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʚʢʣʶʯʘʚʰʘʷ ʠʭ 
ʩʠʩʪʝʤʘʪʠʟʘʮʠʶ, ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʩ ʨʘʩʯʸʪʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʠ ʦʙʦʙʱʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦ 

ʦʪʜʝʣʴʥʳʤ ʵʣʝʤʝʥʪʘʤ ʟʘʱʠʪʥʦʡ ʩʠʩʪʝʤʳ. 
ʊʘʙʣʠʮʘ 1  

ɿʘʚʠʩʠʤʦʩʪʴ ʜʣʠʥʳ ʟʘʱʠʪʥʦʡ ʟʦʥʳ ʦʪ ʚʳʩʦʪʳ 

ʟʘʱʠʪʥʳʭ ʥʘʩʘʞʜʝʥʠʡ 

ɺʳʩʦʪʘ 

ʟʘʱʠʪ-

ʥʳʭ 

ʥʘʩʘʞʜʝ

-ʥʠʡ, ʤ 

ɿʦʥʘ 

ʤʘʢʩʠʤʘʣʴ-

ʥʦʛʦ 

ʪʦʨʤʦʞʝʥʠ

ʷ, ʤ (5ï7H) 

ɿʦʥʘ ʫʩʪʦʡʯʠʚʦʛʦ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦ

ʛʦ ʚʣʠʷʥʠʷ, ʤ 

(15ï20H) 

ʆʙʱʘʷ 

ʟʘʱʠʪʥʘ

ʷ ʟʦʥʘ, ʤ 

3 15ï21 45ï60 45ï60 

4 20ï28 60ï80 60ï80 

5 25ï35 75ï100 75ï100 

6 30ï42 90ï120 90ï120 

 
ʈʠʩ.1. ʉʭʝʤʘ ʤʝʪʦʜʠʢʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ 

ʅʘ ʰʝʩʪʦʤ ʵʪʘʧʝ ʧʨʦʚʦʜʠʣʘʩʴ ʦʮʝʥʢʘ 
ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ ʠ 

ʩʦʧʫʪʩʪʚʫʶʱʠʭ ʠʥʞʝʥʝʨʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ. ʅʘ 

ʵʪʦʡ ʦʩʥʦʚʝ ʦʙʦʩʥʦʚʳʚʘʣʘʩʴ ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʘʷ 

ʩʭʝʤʘ ʨʘʟʤʝʱʝʥʠʷ ʟʘʱʠʪʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ: 

ʘʞʫʨʥʘʷ ʚʝʪʨʦʦʩʣʘʙʣʷʶʱʘʷ ʧʦʣʦʩʘ ï ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ 50ï100 ʤ ʦʪ ʦʩʠ ʧʫʪʠ; ʧʣʦʪʥʘʷ 

ʧʝʩʢʦʟʘʱʠʪʥʘʷ ʧʦʣʦʩʘ ï ʥʘ ʨʘʩʩʪʦʷʥʠʠ 15ï40 ʤ; 
ʢʣʝʪʦʯʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʟʘʱʠʪʳ ï ʚ ʧʨʝʜʝʣʘʭ 10ï 

20 ʤ; ʣʦʢʘʣʴʥʳʝ ʧʦʯʚʦʫʢʨʝʧʠʪʝʣʴʥʳʝ ʥʘʩʘʞʜʝʥʠʷ 

ï ʥʘ ʫʯʘʩʪʢʘʭ ʚʪʦʨʠʯʥʦʡ ʜʝʬʣʷʮʠʠ ʠ ʦʪʢʦʩʘʭ [2, 6, 

8]. ʉʭʝʤʘ ʨʘʟʤʝʱʝʥʠʷ ʟʘʱʠʪʥʳʭ ʥʘʩʘʞʜʝʥʠʡ ʠ ʟʦʥ 

ʠʭ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʣʠʷʥʠʷ ʧʨʠʚʝʜʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 2, ʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʤʝʱʝʥʠʝ 

ʵʣʝʤʝʥʪʦʚ ʟʘʱʠʪʥʦʡ ʩʠʩʪʝʤʳ ï ʚ ʪʘʙʣʠʮʝ 2. 

ʊʘʙʣʠʮʘ 2 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʤʝʱʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʟʘʱʠʪʥʦʡ ʩʠʩʪʝʤʳ ʚ ʧʦʣʦʩʝ ʦʪʚʦʜʘ 

ʕʣʝʤʝʥʪ ʟʘʱʠʪʥʦʡ ʩʠʩʪʝʤʳ 
ʈʘʩʩʪʦʷʥʠʝ ʦʪ ʦʩʠ ʧʫʪʠ, 

ʤ 
ʆʩʥʦʚʥʦʝ ʥʘʟʥʘʯʝʥʠʝ 

ɸʞʫʨʥʘʷ ʚʝʪʨʦʦʩʣʘʙʣʷʶʱʘʷ 

ʧʦʣʦʩʘ 
50ï100 

ʇʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ 

ʠ ʫʤʝʥʴʰʝʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ʇʣʦʪʥʘʷ ʧʝʩʢʦʟʘʱʠʪʥʘʷ ʧʦʣʦʩʘ 15ï40 
ʆʩʥʦʚʥʦʡ ʙʘʨʴʝʨ ʦʩʘʞʜʝʥʠʷ ʠ ʘʢʢʫʤʫʣʷʮʠʠ 

ʧʝʩʢʘ 

ʂʣʝʪʦʯʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʟʘʱʠʪʳ 
10ï20 

ɺʨʝʤʝʥʥʘʷ ʩʪʘʙʠʣʠʟʘʮʠʷ ʧʝʩʯʘʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ 
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ʕʣʝʤʝʥʪ ʟʘʱʠʪʥʦʡ ʩʠʩʪʝʤʳ 
ʈʘʩʩʪʦʷʥʠʝ ʦʪ ʦʩʠ ʧʫʪʠ, 

ʤ 
ʆʩʥʦʚʥʦʝ ʥʘʟʥʘʯʝʥʠʝ 

ʇʦʯʚʦʫʢʨʝʧʠʪʝʣʴʥʳʝ 

ʥʘʩʘʞʜʝʥʠʷ 
ʃʦʢʘʣʴʥʦ 

ɿʘʢʨʝʧʣʝʥʠʝ ʦʪʢʦʩʦʚ ʠ ʫʯʘʩʪʢʦʚ ʚʪʦʨʠʯʥʦʡ 

ʜʝʬʣʷʮʠʠ 

ʈʠʩ.2. ʉʭʝʤʘ ʨʘʟʤʝʱʝʥʠʷ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ ʠ ʟʦʥ ʠʭ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʣʠʷʥʠʷ ʚʜʦʣʴ ʞʝʣʝʟʥʦʡ 

ʜʦʨʦʛʠ 

ʅʘ ʨʠʩʫʥʢʝ 2 ʧʦʢʘʟʘʥʘ ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʘʷ ʩʭʝʤʘ 

ʨʘʟʤʝʱʝʥʠʷ ʟʘʱʠʪʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʦʥʳ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ 

ʥʘʩʳʧʠ. 

ʊʘʙʣʠʮʘ 2 ʦʪʨʘʞʘʝʪ ʧʦʵʪʘʧʥʦʝ ʨʘʟʤʝʱʝʥʠʝ 

ʟʘʱʠʪʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ ʧʦ ʤʝʨʝ ʧʨʠʙʣʠʞʝʥʠʷ ʢ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʤʫ ʧʫʪʠ. 
ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʜʣʷ ʫʯʘʩʪʢʦʚ ʨʘʟʣʠʯʥʦʡ 

ʩʪʝʧʝʥʠ ʜʝʬʣʷʮʠʦʥʥʦʡ ʦʧʘʩʥʦʩʪʠ ʦʧʨʝʜʝʣʷʣʠʩʴ 

ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʦʣʦʩ. ɼʣʷ ʨʘʩʯʸʪʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʠʥʪʝʨʚʘʣʳ: 

ʧʨʦʩʚʝʪʥʦʩʪʴ ï 15ï35 %; ʯʠʩʣʦ ʨʷʜʦʚ ï 5ï8 ʜʣʷ 

ʫʯʘʩʪʢʦʚ ʚʳʩʦʢʦʡ ʟʘʥʦʩʠʤʦʩʪʠ, 3ï5 ï ʜʣʷ ʩʨʝʜʥʝʡ 

ʠ 2ï3 ï ʜʣʷ ʣʦʢʘʣʴʥʦʡ ʜʝʬʣʷʮʠʠ; ʰʘʛ ʧʦʩʘʜʢʠ ʚ 

ʨʷʜʫ ï 1,0ï2,0 ʤ; ʤʝʞʜʫʨʷʜʴʷ ï 2ï5 ʤ. 

ʂʦʥʩʪʨʫʢʪʠʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ 

ʥʘʩʘʞʜʝʥʠʡ ʧʦ ʢʘʪʝʛʦʨʠʷʤ ʜʝʬʣʷʮʠʦʥʥʦʡ 

ʦʧʘʩʥʦʩʪʠ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 3. 
ʊʘʙʣʠʮʘ 3 

ʂʦʥʩʪʨʫʢʪʠʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʟʘʱʠʪʥʳʭ 

ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ ʧʦ ʢʘʪʝʛʦʨʠʷʤ 

ʜʝʬʣʷʮʠʦʥʥʦʡ ʦʧʘʩʥʦʩʪʠ 

ʂʘʪʝʛʦ

ʨʠʷ 

ʫʯʘʩʪʢ

ʘ 

ʇʨʦʩʚʝʪ

ʥʦʩʪʴ, % 

ʏʠ

ʩʣʦ 

ʨʷʜ

ʦʚ 

ʐʘʛ 

ʧʦʩʘ

ʜʢʠ 

ʚ 

ʨʷʜʫ

, ʤ 

ʄʝʞʜʫ

ʨʷʜʴʷ, 

ʤ 

ʂʦʥʩʪʨʫʢʪʠʚ

ʥʘʷ 

ʦʩʦʙʝʥʥʦʩʪʴ 

ɺʳʩʦʢʘ

ʷ 

ʟʘʥʦʩʠ
ʤʦʩʪʴ 

15ï25 5ï8 
1,0ï

1,5 
3ï5 

ʇʣʦʪʥʘʷ 

ʤʥʦʛʦʷʨʫʩʥʘ

ʷ ʧʦʣʦʩʘ 

ʉʨʝʜʥʷ

ʷ 
20ï35 3ï5 

1,5ï

2,0 
2ï4 

ɸʞʫʨʥʘʷ 

ʚʝʪʨʦʦʩʣʘʙʣ

ʂʘʪʝʛʦ

ʨʠʷ 

ʫʯʘʩʪʢ

ʘ 

ʇʨʦʩʚʝʪ

ʥʦʩʪʴ, % 

ʏʠ

ʩʣʦ 

ʨʷʜ

ʦʚ 

ʐʘʛ 

ʧʦʩʘ

ʜʢʠ 

ʚ 

ʨʷʜʫ

, ʤ 

ʄʝʞʜʫ

ʨʷʜʴʷ, 

ʤ 

ʂʦʥʩʪʨʫʢʪʠʚ

ʥʘʷ 

ʦʩʦʙʝʥʥʦʩʪʴ 

ʟʘʥʦʩʠ

ʤʦʩʪʴ 

ʷʶʱʘʷ 

ʧʦʣʦʩʘ 

ʃʦʢʘʣʴ

ʥʘʷ 
ʜʝʬʣʷʮ

ʠ ̫

20ï30 2ï3 
1,0ï
1,5 

2ï3 

ʇʦʯʚʦʫʢʨʝʧ

ʠʪʝʣʴʥʳʝ 
ʥʘʩʘʞʜʝʥʠʷ 

ʊʘʙʣʠʮʘ 3 ʧʦʢʘʟʳʚʘʝʪ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʡ 

ʚʳʙʦʨ ʢʦʥʩʪʨʫʢʮʠʠ ʟʘʱʠʪʥʳʭ ʥʘʩʘʞʜʝʥʠʡ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʝʧʝʥʠ ʜʝʬʣʷʮʠʦʥʥʦʡ ʦʧʘʩʥʦʩʪʠ 

ʫʯʘʩʪʢʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʪʦʜʠʢʘ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚʢʣʶʯʘʣʘ ʰʝʩʪʴ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ ʵʪʘʧʦʚ: ʘʥʘʣʠʟ 

ʧʨʠʨʦʜʥʳʭ ʫʩʣʦʚʠʡ ʪʝʨʨʠʪʦʨʠʠ, ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʦʚ, ʠʟʫʯʝʥʠʝ 

ʧʘʨʘʤʝʪʨʦʚ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ, 

ʠʟʤʝʨʝʥʠʝ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʠ ʧʝʩʢʦʧʝʨʝʥʦʩʘ, 

ʦʙʨʘʙʦʪʢʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʦʮʝʥʢʫ 
ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ. 

3. ʈɽɿʋʃʔʊɸʊʓ ʀ ʆɹʉʋɾɼɽʅʀɽ  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʳʧʦʣʥʝʥʥʦʛʦ ʨʘʩʯʸʪʥʦ-

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ 

ʦʪʢʨʳʪʳʭ ʙʘʨʭʘʥʥʳʭ ʫʯʘʩʪʢʦʚ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ 

ʣʠʥʠʠ ɹʫʭʘʨʘïʄʠʩʢʠʥïʋʨʛʝʥʯïʍʠʚʘ ʪʨʝʙʫʝʤʦʝ 
ʩʥʠʞʝʥʠʝ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʚ ʧʨʠʟʝʤʥʦʤ ʩʣʦʝ 

ʜʦʣʞʥʦ ʩʦʩʪʘʚʣʷʪʴ 30ï60 %. ʀʤʝʥʥʦ ʪʘʢʦʡ 

ʜʠʘʧʘʟʦʥ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʚʝʩʪʠ ʧʨʦʮʝʩʩ ʧʝʨʝʥʦʩʘ 

ʧʝʩʢʘ ʠʟ ʨʝʞʠʤʘ ʠʥʪʝʥʩʠʚʥʦʡ ʩʘʣʴʪʘʮʠʠ ʚ 

ʩʦʩʪʦʷʥʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʦʙʲʸʤ ʟʘʥʦʩʦʚ ʥʝ 
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ʧʨʝʚʳʰʘʝʪ ʜʦʧʫʩʪʠʤʳʭ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ 

ʟʥʘʯʝʥʠʡ ʜʣʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʧʫʪʠ [2, 6]. 
ʈʘʩʯʸʪʥʦʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʨʠ ʚʳʩʦʪʝ ʟʘʱʠʪʥʳʭ ʥʘʩʘʞʜʝʥʠʡ 

4ï5 ʤ ʬʦʨʤʠʨʫʶʪʩʷ ʜʚʝ ʭʘʨʘʢʪʝʨʥʳʝ ʟʦʥʳ 

ʚʦʟʜʝʡʩʪʚʠʷ: ʟʦʥʘ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʪʦʨʤʦʞʝʥʠʷ ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ 5ï7H ʠ ʟʦʥʘ ʫʩʪʦʡʯʠʚʦʛʦ ʚʣʠʷʥʠʷ ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ 15ï20H. ɺ ʠʥʞʝʥʝʨʥʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ 

ʵʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʘʢʪʠʚʥʦʡ ʟʘʱʠʪʥʦʡ ʟʦʥʝ 

ʧʦʨʷʜʢʘ 60ï100 ʤ [3, 6]. 

ɼʣʷ ʨʘʩʯʸʪʥʦʛʦ ʰʪʦʨʤʦʚʦʛʦ ʵʧʠʟʦʜʘ ʧʨʠ 

ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ U10 = 15 ʤ/ʩ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʩʥʠʞʝʥʠʝ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʥʘ 40 % ʫʤʝʥʴʰʘʝʪ ʝʸ 

ʟʥʘʯʝʥʠʝ ʚ ʟʘʱʠʱʸʥʥʦʡ ʟʦʥʝ ʜʦ 9 ʤ/ʩ. 
ʋʤʝʥʴʰʝʥʠʝ ʩʢʦʨʦʩʪʠ ʜʦ 0,6U0 ʧʨʠʚʦʜʠʪ ʢ 

ʩʦʢʨʘʱʝʥʠʶ ʦʙʲʸʤʘ ʧʝʨʝʥʦʩʘ ʧʨʠʤʝʨʥʦ ʜʦ 0,216 

ʦʪ ʠʩʭʦʜʥʦʛʦ ʟʥʘʯʝʥʠʷ, ʪʦ ʝʩʪʴ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʩʥʠʞʝʥʠʝ ʧʝʩʢʦʧʝʨʝʥʦʩʘ ʧʨʠʤʝʨʥʦ ʥʘ 75ï80 %. 

ʇʨʠ ʠʩʭʦʜʥʦʡ ʨʘʩʯʸʪʥʦʡ ʜʝʬʣʷʮʠʦʥʥʦʡ ʥʘʛʨʫʟʢʝ 

55ï60 ʤį/ʢʤĿʛʦʜ ʵʪʦ ʜʘʸʪ ʫʤʝʥʴʰʝʥʠʝ ʦʙʲʸʤʘ 

ʟʘʥʦʩʦʚ ʜʦ 13ï15 ʤį/ʢʤĿʛʦʜ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦ ʜʦʧʫʩʪʠʤʦʤʫ ʫʨʦʚʥʶ ʦʢʦʣʦ 20 

ʤį/ʢʤĿʛʦʜ [2, 6, 8]. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʠʙʦʣʴʰʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʘʷ ʩʠʩʪʝʤʘ ʟʘʱʠʪʳ, 
ʚʢʣʶʯʘʶʱʘʷ ʘʞʫʨʥʫʶ ʚʝʪʨʦʦʩʣʘʙʣʷʶʱʫʶ 

ʧʦʣʦʩʫ, ʧʣʦʪʥʫʶ ʧʝʩʢʦʟʘʱʠʪʥʫʶ ʧʦʣʦʩʫ, 

ʢʣʝʪʦʯʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʟʘʱʠʪʳ ʠ ʣʦʢʘʣʴʥʳʝ 

ʧʦʯʚʦʫʢʨʝʧʠʪʝʣʴʥʳʝ ʥʘʩʘʞʜʝʥʠʷ. ʆʩʥʦʚʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʨʘʟʤʝʱʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʟʘʱʠʪʥʦʡ 

ʩʠʩʪʝʤʳ ʚʜʦʣʴ ʞʝʣʝʟʥʦʡ ʜʦʨʦʛʠ, ʠʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʝ ʥʘʟʥʘʯʝʥʠʝ ʠ ʦʞʠʜʘʝʤʳʡ 

ʠʥʞʝʥʝʨʥʳʡ ʵʬʬʝʢʪ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 4. 

ʊʘʙʣʠʮʘ 4 

ʆʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʨʘʟʤʝʱʝʥʠʷ ʵʣʝʤʝʥʪʦʚ 

ʟʘʱʠʪʥʦʡ ʩʠʩʪʝʤʳ ʚʜʦʣʴ ʞʝʣʝʟʥʦʡ ʜʦʨʦʛʠ ʠ ʠʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʝ ʥʘʟʥʘʯʝʥʠʝ 

ʕʣʝʤʝʥʪ 

ʟʘʱʠʪʥʦʡ 

ʩʠʩʪʝʤʳ 

ʆʩʥʦʚʥʳʝ 

ʧʘʨʘʤʝʪʨ

ʳ 

ʨʘʟʤʝʱʝʥ
ʠ ̫

ʌʫʥʢʮʠʦʥʘ

ʣʴʥʦʝ 

ʥʘʟʥʘʯʝʥʠʝ 

ʆʞʠʜʘʝʤ

ʳʡ 

ʠʥʞʝʥʝʨʥ

ʳʡ ʵʬʬʝʢʪ 

ɸʞʫʨʥʘʷ 

ʚʝʪʨʦʦʩʣʘʙʣʷ

ʶʱʘʷ ʧʦʣʦʩʘ 

ʈʘʩʩʪʦʷʥʠ

ʝ ʜʦ 
ʧʦʣʦʩʳ 

50ï100 ʤ;  

H = 4ï5 

ʤ; 

ʘʞʫʨʥʘʷ 

ʢʦʥʩʪʨʫʢ

ʮʠʷ 

ʉʥʠʞʝʥʠʝ 
ʩʢʦʨʦʩʪʠ 

ʚʝʪʨʘ, 

ʫʤʝʥʴʰʝʥʠ

ʝ 

ʪʫʨʙʫʣʝʥʪʥ

ʦʩʪʠ 

ʆʩʣʘʙʣʝʥ
ʠʝ 

ʜʝʬʣʷʮʠʦ

ʥʥʦʛʦ 

ʧʦʪʦʢʘ ʥʘ 

ʧʦʜʩʪʫʧʘʭ 

ʇʣʦʪʥʘʷ 

ʧʝʩʢʦʟʘʱʠʪʥʘ

ʷ ʧʦʣʦʩʘ 

ʈʘʩʩʪʦʷʥʠ

ʝ ʜʦ 

ʧʦʣʦʩʳ 

15ï40 ʤ;  

H = 4ï5 

ʤ; 
ʧʣʦʪʥʘʷ 

ʇʝʨʝʭʚʘʪ ʠ 

ʘʢʢʫʤʫʣʷʮ

ʠʷ ʧʝʩʢʘ 

ʆʩʥʦʚʥʦʝ 

ʩʥʠʞʝʥʠʝ 

ʧʝʩʢʦʧʝʨʝ

ʥʦʩʘ 

ʢʦʥʩʪʨʫʢ

ʮʠʷ 

ʂʣʝʪʦʯʥʳʝ 
ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʟʘʱʠʪʳ 

ʈʘʩʩʪʦʷʥʠ

ʝ ʜʦ 
ʟʘʱʠʪ 10ï

20 ʤ  

ʉʪʘʙʠʣʠʟʘʮ

ʠʷ 
ʧʦʚʝʨʭʥʦʩʪ

ʠ 

ʇʦʜʘʚʣʝʥ

ʠʝ 
ʣʦʢʘʣʴʥʦʡ 

ʧʦʜʚʠʞʥʦ

ʩʪʠ ʧʝʩʢʘ 

ʇʦʯʚʦʫʢʨʝʧʠʪ

ʝʣʴʥʳʝ 

ʥʘʩʘʞʜʝʥʠʷ 

ʃʦʢʘʣʴʥʦ 

(ʦʪʢʦʩʳ, 

ʜʝʬʣʷʮʠʦ

ʥʥʳʝ 

ʟʦʥʳ) 

ɿʘʢʨʝʧʣʝʥʠ

ʝ ʛʨʫʥʪʘ 

ʇʦʚʳʰʝʥ

ʠʝ 

ʫʩʪʦʡʯʠʚʦ

ʩʪʠ 

ʦʪʢʦʩʦʚ 

ɿʘʱʠʪʥʘʷ 

ʩʠʩʪʝʤʘ ʚ 
ʮʝʣʦʤ 

4ï6 

ʨʷʜʦʚ; 8ï

12 ʤ 

ʤʝʞʜʫ 

ʧʦʣʦʩʘʤʠ; 
ʟʦʥʘ 60ï

100 ʤ;  

ȹU = 35ï

60 % 

ʂʦʤʧʣʝʢʩʥ

ʘʷ ʟʘʱʠʪʘ 
ʧʫʪʠ 

ʉʥʠʞʝʥʠʝ 

ʟʘʥʦʩʦʚ ʠ 

ʜʝʬʣʷʮʠʦ
ʥʥʦʡ 

ʥʘʛʨʫʟʢʠ 

ʊʘʙʣʠʮʘ 4 ʦʙʲʝʜʠʥʷʝʪ ʨʘʩʯʸʪʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʨʘʟʤʝʱʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʟʘʱʠʪʥʦʡ ʩʠʩʪʝʤʳ, ʠʭ 

ʬʫʥʢʮʠʶ ʠ ʦʞʠʜʘʝʤʳʡ ʠʥʞʝʥʝʨʥʳʡ ʨʝʟʫʣʴʪʘʪ. 

ʇʨʠ ʦʮʝʥʢʝ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʫʯʘʩʪʢʦʚ ʚʳʩʦʢʦʡ 

ʟʘʥʦʩʠʤʦʩʪʠ ʥʘʠʙʦʣʝʝ ʨʘʮʠʦʥʘʣʴʥʳ ʤʥʦʛʦʨʷʜʥʳʝ 

ʤʥʦʛʦʷʨʫʩʥʳʝ ʧʦʣʦʩʳ ʩ ʧʨʦʩʚʝʪʥʦʩʪʴʶ 15ï25 %, 

ʯʠʩʣʦʤ ʨʷʜʦʚ 5ï8, ʰʘʛʦʤ ʧʦʩʘʜʢʠ 1,0ï1,5 ʤ ʠ 

ʤʝʞʜʫʨʷʜʴʷʤʠ 3ï5 ʤ. ɼʣʷ ʫʯʘʩʪʢʦʚ ʩʨʝʜʥʝʡ 
ʟʘʥʦʩʠʤʦʩʪʠ ʮʝʣʝʩʦʦʙʨʘʟʥʳ ʘʞʫʨʥʳʝ ʧʦʣʦʩʳ ʩ 

ʧʨʦʩʚʝʪʥʦʩʪʴʶ 20ï35 % ʠ ʯʠʩʣʦʤ ʨʷʜʦʚ 3ï5. ɼʣʷ 

ʟʦʥ ʣʦʢʘʣʴʥʦʡ ʜʝʬʣʷʮʠʠ ʨʘʮʠʦʥʘʣʴʥʳ 

ʧʦʯʚʦʫʢʨʝʧʠʪʝʣʴʥʳʝ ʥʘʩʘʞʜʝʥʠʷ ʩ ʧʨʦʩʚʝʪʥʦʩʪʴʶ 

20ï30 % ʠ ʯʠʩʣʦʤ ʨʷʜʦʚ 2ï3 [3, 6, 14]. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʜʘʥʥʳʤʠ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ ʠ ʧʦʜʪʚʝʨʞʜʘʶʪ 

ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʧʦʣʦʩ 

ʚ ʩʥʠʞʝʥʠʠ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʚʝʪʨʦʚʦʡ ʵʨʦʟʠʠ [3, 11, 13, 14]. 

ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʟʘʱʠʪʘ ʞʝʣʝʟʥʳʭ 
ʜʦʨʦʛ ʚ ʫʩʣʦʚʠʷʭ ʧʦʜʚʠʞʥʳʭ ʧʝʩʢʦʚ ʜʦʣʞʥʘ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʝʜʠʥʘʷ ʨʘʩʯʸʪʥʦ 

ʦʨʛʘʥʠʟʦʚʘʥʥʘʷ ʩʠʩʪʝʤʘ ʨʝʛʫʣʠʨʦʚʘʥʠʷ 

ʜʝʬʣʷʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʧʦʣʦʩʝ ʦʪʚʦʜʘ. ʊʘʢʦʡ 

ʧʦʜʭʦʜ ʦʩʦʙʝʥʥʦ ʚʘʞʝʥ ʜʣʷ ʘʨʠʜʥʳʭ ʪʝʨʨʠʪʦʨʠʡ, 

ʛʜʝ ʚʝʪʨʦʚʦʡ ʨʝʞʠʤ, ʩʣʘʙʘʷ ʟʘʢʨʝʧʣʸʥʥʦʩʪʴ 

ʧʝʩʯʘʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚʳʩʦʢʘʷ ʧʦʜʚʠʞʥʦʩʪʴ 

ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʬʦʨʤʠʨʫʶʪ ʫʩʪʦʡʯʠʚʫʶ 

ʜʝʬʣʷʮʠʦʥʥʫʶ ʥʘʛʨʫʟʢʫ ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʫʶ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ [1, 2, 7, 8]. 

ʂʣʶʯʝʚʳʤ ʫʩʣʦʚʠʝʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʟʘʱʠʪʥʳʭ 

ʣʝʩʥʳʭ ʥʘʩʘʞʜʝʥʠʡ ʷʚʣʷʝʪʩʷ ʦʙʦʩʥʦʚʘʥʥʳʡ ʚʳʙʦʨ 
ʠʭ ʧʘʨʘʤʝʪʨʦʚ ï ʚʳʩʦʪʳ, ʰʠʨʠʥʳ, ʧʨʦʩʚʝʪʥʦʩʪʠ, 

ʨʷʜʥʦʩʪʠ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʤʝʱʝʥʠʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʧʫʪʠ. ʀʤʝʥʥʦ ʩʦʯʝʪʘʥʠʝ ʵʪʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʧʨʝʜʝʣʷʝʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ ʧʦʣʦʩʳ ʥʘ ʚʝʪʨʦʧʝʩʯʘʥʳʡ ʧʦʪʦʢ ʠ ʝʸ 
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ʨʝʘʣʴʥʫʶ ʟʘʱʠʪʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ. ɺ ʵʪʦʤ ʩʦʩʪʦʠʪ 

ʦʪʣʠʯʠʝ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʪ ʨʘʙʦʪ, ʚ 
ʢʦʪʦʨʳʭ ʟʘʱʠʪʥʳʝ ʣʝʩʥʳʝ ʧʦʣʦʩʳ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʢʘʢ ʦʙʱʝʝ 

ʩʨʝʜʩʪʚʦ ʩʥʠʞʝʥʠʷ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʙʝʟ ʜʝʪʘʣʴʥʦʡ 

ʫʚʷʟʢʠ ʩ ʨʘʩʯʸʪʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ 

ʧʝʩʢʦʧʝʨʝʥʦʩʘ ʠ ʫʩʣʦʚʠʷʤʠ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʧʦʣʦʩʳ ʦʪʚʦʜʘ [3, 11, 13, 14]. 

ʉ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʨʝʟʫʣʴʪʘʪʳ 

ʧʦʜʪʚʝʨʞʜʘʶʪ ʥʝʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ ʵʦʣʦʚʦʛʦ 

ʪʨʘʥʩʧʦʨʪʘ ʧʝʩʢʘ. ʈʘʩʯʸʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʘʞʝ 

ʩʨʘʚʥʠʪʝʣʴʥʦ ʫʤʝʨʝʥʥʦʝ ʩʥʠʞʝʥʠʝ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ 

ʥʘ 30ï40 % ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʦʢʨʘʱʝʥʠʝ 

ʜʝʬʣʷʮʠʦʥʥʦʡ ʥʘʛʨʫʟʢʠ ʧʨʠʤʝʨʥʦ ʥʘ 75ï80 %, ʯʪʦ 
ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʚʝʩʪʠ ʫʯʘʩʪʦʢ ʠʟ ʩʦʩʪʦʷʥʠʷ 

ʚʳʩʦʢʦʡ ʟʘʥʦʩʠʤʦʩʪʠ ʚ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦ 

ʜʦʧʫʩʪʠʤʦʝ ʩʦʩʪʦʷʥʠʝ [2, 6, 8, 11ï14]. 

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʩ ʜʘʥʥʳʤʠ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ 

ʧʦʢʘʟʳʚʘʝʪ ʩʦʜʝʨʞʘʪʝʣʴʥʫʶ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ɺ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ 

ʟʘʨʫʙʝʞʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʫʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ 

ʟʘʱʠʪʥʳʝ ʣʝʩʥʳʝ ʧʦʣʦʩʳ ʩʧʦʩʦʙʥʳ ʩʥʠʞʘʪʴ 

ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ ʥʘ 30ï60 %, ʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʚʝʪʨʦʚʦʡ ʵʨʦʟʠʠ ï ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ [3, 11, 13, 14]. 

ɺʤʝʩʪʝ ʩ ʪʝʤ ʧʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʦʪʣʠʯʘʝʪʩʷ 
ʙʦʣʴʰʝʡ ʠʥʞʝʥʝʨʥʦʡ ʢʦʥʢʨʝʪʠʟʘʮʠʝʡ 

ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʝ, ʧʦʩʢʦʣʴʢʫ ʫʯʠʪʳʚʘʝʪ ʥʝ ʪʦʣʴʢʦ 

ʦʙʱʠʡ ʚʝʪʨʦʦʩʣʘʙʣʷʶʱʠʡ ʵʬʬʝʢʪ, ʥʦ ʠ 

ʧʘʨʘʤʝʪʨʳ ʨʘʟʤʝʱʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʟʘʱʠʪʥʦʡ 

ʩʠʩʪʝʤʳ, ʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʦʝ ʥʘʟʥʘʯʝʥʠʝ ʠ 

ʦʞʠʜʘʝʤʳʡ ʠʥʞʝʥʝʨʥʳʡ ʵʬʬʝʢʪ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ 

ʚ ʪʘʙʣʠʮʝ 4. 

ʇʨʠʥʮʠʧʠʘʣʴʥʦ ʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ ʠ ʪʦ, ʯʪʦ 

ʟʘʱʠʪʥʳʝ ʣʝʩʥʳʝ ʥʘʩʘʞʜʝʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ 

ʩʦʯʝʪʘʥʠʠ ʩ ʠʥʞʝʥʝʨʥʳʤʠ ʩʨʝʜʩʪʚʘʤʠ ʟʘʱʠʪʳ. 

ʊʘʢʦʡ ʧʦʜʭʦʜ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʘʢ ʨʝʛʠʦʥʘʣʴʥʦʤʫ 
ʦʧʳʪʫ, ʪʘʢ ʠ ʩʦʚʨʝʤʝʥʥʳʤ ʟʘʨʫʙʝʞʥʳʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷʤ, ʚ ʢʦʪʦʨʳʭ ʧʦʜʯʸʨʢʠʚʘʝʪʩʷ, ʯʪʦ 

ʥʘʠʙʦʣʴʰʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤ ʧʨʠʤʝʥʝʥʠʠ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʠ 

ʠʥʞʝʥʝʨʥʳʭ ʨʝʰʝʥʠʡ [4, 5, 11ï14]. ɼʣʷ ʞʝʣʝʟʥʳʭ 

ʜʦʨʦʛ ʵʪʦ ʦʩʦʙʝʥʥʦ ʩʫʱʝʩʪʚʝʥʥʦ, ʧʦʩʢʦʣʴʢʫ ʥʘ 

ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʩʘʞʜʝʥʠʡ 

ʪʨʝʙʫʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʩʪʘʙʠʣʠʟʘʮʠʷ ʧʝʩʯʘʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʚ ʥʘʠʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʟʦʥʝ 

ʧʦʣʦʩʳ ʦʪʚʦʜʘ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʠʣʠ ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ. 
ʉ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʝʜʣʦʞʝʥʥʦʝ 

ʨʘʩʯʸʪʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʠʤʝʝʪ 

ʧʨʠʢʣʘʜʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ, 

ʧʨʦʭʦʜʷʱʠʭ ʧʦ ʪʝʨʨʠʪʦʨʠʷʤ ʩ ʘʢʪʠʚʥʳʤʠ 

ʵʦʣʦʚʳʤʠ ʧʨʦʮʝʩʩʘʤʠ, ʧʨʝʞʜʝ ʚʩʝʛʦ ʚ ʫʩʣʦʚʠʷʭ 

ʋʟʙʝʢʠʩʪʘʥʘ. ʆʙʦʩʥʦʚʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʨʘʟʤʝʱʝʥʠʷ ʟʘʱʠʪʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ ʧʦʟʚʦʣʷʶʪ 

ʧʝʨʝʡʪʠ ʦʪ ʦʙʱʠʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʢ ʧʨʦʝʢʪʥʦ 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤ ʨʝʰʝʥʠʷʤ, ʫʯʠʪʳʚʘʶʱʠʤ 

ʨʝʘʣʴʥʳʡ ʫʨʦʚʝʥʴ ʜʝʬʣʷʮʠʦʥʥʦʡ ʦʧʘʩʥʦʩʪʠ 

ʫʯʘʩʪʢʘ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʨʝʟʫʣʴʪʘʪʳ ʠʤʝʶʪ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʨʘʩʯʸʪʥʦ-ʘʥʘʣʠʪʠʯʝʩʢʠʡ 

ʭʘʨʘʢʪʝʨ ʠ ʪʨʝʙʫʶʪ ʜʘʣʴʥʝʡʰʝʡ ʥʘʪʫʨʥʦʡ 
ʧʨʦʚʝʨʢʠ ʥʘ ʢʦʥʢʨʝʪʥʳʭ ʫʯʘʩʪʢʘʭ ʞʝʣʝʟʥʳʭ 

ʜʦʨʦʛ. 

4. ɿɸʂʃʖʏɽʅʀɽ  

ɺ ʩʪʘʪʴʝ ʚʳʧʦʣʥʝʥʦ ʨʘʩʯʸʪʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ 

ʦʙʦʩʥʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ 

ʥʘʩʘʞʜʝʥʠʡ ʚʜʦʣʴ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʚ ʫʩʣʦʚʠʷʭ 

ʧʦʜʚʠʞʥʳʭ ʧʝʩʢʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʘʢʦʡ ʟʘʱʠʪʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ 

ʪʦʣʴʢʦ ʥʘʣʠʯʠʝʤ ʣʝʩʦʥʘʩʘʞʜʝʥʠʡ, ʥʦ ʧʨʝʞʜʝ 

ʚʩʝʛʦ ʠʭ ʦʙʦʩʥʦʚʘʥʥʳʤʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʤʠ, 

ʢʦʥʩʪʨʫʢʪʠʚʥʳʤʠ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤʠ 
ʧʘʨʘʤʝʪʨʘʤʠ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʚʳʩʦʪʝ ʟʘʱʠʪʥʳʭ 

ʥʘʩʘʞʜʝʥʠʡ 4ï5 ʤ ʬʦʨʤʠʨʫʝʪʩʷ ʟʦʥʘ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʣʠʷʥʠʷ ʧʨʦʪʷʞʸʥʥʦʩʪʴʶ 60ï

100 ʤ, ʘ ʩʥʠʞʝʥʠʝ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʥʘ 30ï40 % 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʤʝʥʴʰʝʥʠʝ ʦʙʲʸʤʘ ʧʝʩʢʦʧʝʨʝʥʦʩʘ 

ʧʨʠʤʝʨʥʦ ʥʘ 75ï80 %. ʆʙʦʩʥʦʚʘʥʦ, ʯʪʦ 

ʥʘʠʙʦʣʴʰʫʶ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʴ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʘʷ ʩʠʩʪʝʤʘ ʟʘʱʠʪʳ, ʚʢʣʶʯʘʶʱʘʷ 

ʘʞʫʨʥʫʶ ʚʝʪʨʦʦʩʣʘʙʣʷʶʱʫʶ ʧʦʣʦʩʫ, ʧʣʦʪʥʫʶ 

ʧʝʩʢʦʟʘʱʠʪʥʫʶ ʧʦʣʦʩʫ, ʢʣʝʪʦʯʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ 
ʟʘʱʠʪʳ ʠ ʣʦʢʘʣʴʥʳʝ ʧʦʯʚʦʫʢʨʝʧʠʪʝʣʴʥʳʝ 

ʥʘʩʘʞʜʝʥʠʷ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʩʦʚʨʝʤʝʥʥʳʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ ʦ 

ʚʝʪʨʦʦʩʣʘʙʣʷʶʱʝʤ ʠ ʧʝʩʢʦʟʘʜʝʨʞʠʚʘʶʱʝʤ 

ʜʝʡʩʪʚʠʠ ʟʘʱʠʪʥʳʭ ʣʝʩʥʳʭ ʧʦʣʦʩ, ʥʦ ʦʪʣʠʯʘʶʪʩʷ 

ʙʦʣʴʰʝʡ ʠʥʞʝʥʝʨʥʦʡ ʢʦʥʢʨʝʪʠʟʘʮʠʝʡ 

ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʝ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ 

ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʧʨʝʜʣʦʞʝʥʥʳʭ ʧʦʣʦʞʝʥʠʡ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʠ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʠ ʩʠʩʪʝʤ ʟʘʱʠʪʳ ʞʝʣʝʟʥʳʭ 
ʜʦʨʦʛ ʥʘ ʫʯʘʩʪʢʘʭ, ʧʦʜʚʝʨʞʝʥʥʳʭ ʚʦʟʜʝʡʩʪʚʠʶ 

ʧʦʜʚʠʞʥʳʭ ʧʝʩʢʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʱʠʪʥʳʝ ʣʝʩʥʳʝ ʥʘʩʘʞʜʝʥʠʷ 

ʩʣʝʜʫʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʙʘʟʦʚʳʡ 

ʜʦʣʛʦʚʨʝʤʝʥʥʳʡ ʵʣʝʤʝʥʪ ʟʘʱʠʪʳ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ 

ʦʪ ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ, ʘ ʠʭ ʨʘʩʯʸʪʥʦ-

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ï ʢʘʢ ʥʝʦʙʭʦʜʠʤʦʝ 

ʫʩʣʦʚʠʝ ʧʦʚʳʰʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʚ ʫʩʣʦʚʠʷʭ 

ʘʢʪʠʚʥʳʭ ʵʦʣʦʚʳʭ ʧʨʦʮʝʩʩʦʚ. 
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Assessment of Erosion Reduction on Railway Slopes Using Geomats 

 

A.Sh. Uralov1 a, D.K. Kenjalieva1 b 

1Tashkent State Transport University, Tashkent, Uzbekistan 

 

Abstract:  The article examines protective forest plantations as a factor contributing to the stability of railway ecotechnical systems 
under conditions of mobile sands. It is established that, in arid regions, the stability of railway infrastructure is largely 
determined by the intensity of deflation processes, the level of sand transport, and the degree of protection of the railway 
right-of-way. The study considers the role of protective forest plantations in reducing wind speed, decreasing deflation load, 
stabilizing sandy surfaces, and improving the operational stability of railway tracks. It is shown that the combined use of 
protective forest belts and engineering measures reduces sand accumulation on railway tracks and improves the reliability 

of railway operation under adverse natural and climatic conditions. The article concludes that protective forest plantations 
are an important factor in enhancing the stability of railway ecotechnical systems in areas affected by mobile sands. 

Key words: Erosion, geomat, geosynthetic materials, RUSLE model, railway slopes, C-factor, P-factor, soil loss, slope stability, 
hydraulic stability 

_________________________________________________________________________________ 

Temir Yoól Qiyaliklarida Geomatlar Yordamida Eroziyani Kamaytirishni 

Baholash 

 

Oóralov A.Sh.1 a, Kenjaliyeva D.K.1 b 

1Toshkent davlat transport universiteti, Toshkent, Oózbekiston 

 

Annotatsiya: Mazkur maqolada temir yoól qiyaliklarida eroziya jarayonlarini kamaytirishda geomatlardan foydalanish samaradorligi 
RUSLE modeli asosida baholandi. Tadqiqotda yogóingarchilikning eroziyaviy taôsiri, tuproqning eroziyaga moyilligi, 
qiyalik geometriyasi hamda qoplama-boshqaruv omillari tahlil qilindi. Asosiy eôtibor RUSLE tenglamasidagi C va P 
omillariga qaratildi. ASTM D6459 standart sinovlari hamda ilmiy tadqiqotlar natijalari asosida geomatlar va oósimlik 
qoplami qoóllanganda ushbu koeffitsientlar 0.4ï0.6 oraligóigacha kamayishi aniqlangan. Natijada qiyaliklarda yillik tuproq 
yoóqotilishi sezilarli darajada kamayadi. Geomatlarning suv oqimi energiyasini pasaytirishi, tuproq zarrachalarining siljishini 
cheklashi va oósimlik ildiz tizimi bilan birgalikda gidravlik barqarorlikni oshirishi asoslab berildi. Tadqiqot natijalari 
geomatlarning temir yoól yer polotnosi qiyaliklarini eroziyadan himoyalashda samarali geosintetik yechim ekanligini 

koórsatadi. 
Kalit soózlar: Eroziya, geomat, geosintetik materiallar, RUSLE modeli, temir yoól qiyaliklari, C-faktor, P-faktor, tuproq yoóqotilishi, 

qiyalik barqarorligi, gidravlik barqarorlik

 

1. KIRISH  

Oózbekiston temir yoóllarining asosiy qismlari shamol 

yoki suv eroziyasiga moyil hdudlarda joylashgan. 

Yillik yogôin miqdori kam boólgan hududlarda 

asosan shamol taôsirida eroziya jarayoni sodir boóladi. 

Buning natijasida turli xil infratuzilmalar (temir 

yoóllar, avtomobil yoóllari, sanoat va fuqarolik 

binolari), qishloq xoójaligi yerlari, insonlar va 

hayvonot olami turli zararlarga uchrashi mumkin.  

Soóngi vaqtlarda iqlim oózgarishi natijasida 

yogôingarchilik holati ancha oózgarib bormoqda, 

ayniqsa yomgôirlarning chastotasi va intensivligi 
oózgardi. Yomgôirlar avvallari yengil va uzoq davom 

etgan boólsa hozir qisqa muddatli lekin jala 

koórinishidagi yomgôirlar koóproq kuzatilayapti. Shu 

sababli kam yogôingarchilik boóladigan hududlarda 

ham qisqa ammo jadal yomgôirlar yomgôir eroziyasini 

ham rivojlantirmoqda. 

 
a  https://orcid.org/0000-0002-6124-5250  
b  https://orcid.org/0000-0003-4622-5937  

Eroziya jarayoni toógôri boshqarilmasa turli 

koóchishlar va yuvilishlarga sabab boólib, qiyalikning 

yemirilishiga olib kelib, infratuzilma yaxlitligini 

buzadi, taômirlash xarajatlarining oshishi, 
infratuzilmadan foydalanishlarda uzilishlarga hamda 

foydalanuvchilar xavfsizligiga aloqador xavflarni ham 

yuzaga keltirishi mumkin [1]. 

Qiyaliklarda eroziya muammosini hal qilish eng 

toógôri muhandislik yechimlarini qabul qilishni talab 

etadi. 

Soóngi yillarda butun dunyo qurilish amaliyotida 

zamonaviy qurilish materiallaridan foydalanilmoqda 

va ushbu materiallar ichida geosintetik materiallar eng 

keng tarqalayotganlaridan biri hisoblanadi [2]. 

Geosintetik materiallar ï temir yoól va avtomobil 
yoóllari qurilishi kabi turli sohalarda qoóllaniladigan 

sintetik mahsulotlarning umumiy klassifikatsion 

nomidir. Ular tarkibiga geotekstil materiallar, 

https://orcid.org/0000-0002-6124-5250
https://orcid.org/0000-0003-4622-5937
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geotoórlar (geopanjaralar), geosetkalar, 

geomembranalar, geomatlar hamda geokompozitlar 
kiradi. Mazkur materiallar yuqori mustahkamlik, 

kimyoviy taôsirlarga bardoshlilik, uzoq xizmat 

muddati (100 yilgacha), yuqori haroratga chidamlilik, 

kam material talab etishi va yengilligi kabi muhim 

xususiyatlari bilan ajralib turadi [3]. 

Eroziya jarayonlaridan qiyaliklarni himoyalab 

mustahkamlashda geosintetik materiallardan 

foydalanish boóyicha loyihalash qoidalari hamda 

standartlari mavjud [4,5]. 

Temir yoóllar yer polotnosi qiyaligini eroziya 

jarayonidan himoyalashda geosintetik materiallardan 

hajmli geopanjara va geomatlardan foydalaniladi [2]. 
Geosintetik materiallarni ISO TR 18228-8 

ñGeosintetiklardan foydalangan holda loyihalash ï 8-

qism: Yuzaki eroziyani nazorat qilishò standartining 

loyihasi boólib, ushbu standartda yogóin taôsirida 

yuzaga keladigan qiyalik eroziyasini cheklash uchun 

geosintetik yechimlarni loyihalash boóyicha tavsiyalar 

va koórsatmalar keltirilgan [5]. 

Qoóllanilgan eroziyaga qarshi chora tadbirlarning 

qanchalik foydali ekanligini bilish muhim bosqich 

hisoblanadi. Qiyaliklarda sodir boóladigan eroziya 

jarayonida tuproq yoóqotilishini hisoblashning bir 
qancha usullari mavjud.  

Geosintetik materiallarni eroziyaga qarshi 

qoóllangan holni RUSLE tenglamasida qarab 

chiqamiz. 

2. TADQIQOT METODLARI   

Wischmeier va Smith 1958-yilda yogóingarchilik 

energiyasi va uning tuproq yuvilishiga taôsiri boóyicha 

dastlabki tadqiqotlarni taqdim etdilar. ñUniversal Soil 

Loss Equationò (USLE) 1965-yilda AQSh Qishloq 

xoójaligi qoóllanmasining 282-sonida chop etilgan. 

Keyingi yillarda model takomillashtirilib, 1978-yilda 
RUSLE (Revised Universal Soil Loss Equation) 

shaklida nashr etildi. Renard va hammualliflar 

tomonidan ishlab chiqilgan ushbu modelda 

tenglamaning asosiy tuzilishi saqlab qolingan boólsa-

da, ayrim koeffitsientlar yangi ilmiy tadqiqotlar 

asosida qayta ishlangan [6]. 

RUSLE modeli universal xususiyatga ega boólib, 

turli geografik va ijtimoiy-iqtisodiy sharoitlarda 

qoóllanishi mumkin, biroq buning uchun ishonchli 

statistik maôlumotlar bazasi talab etiladi. 

Tenglamadagi omillar hududning iqlimi, tuproq 
xossalari, relyefi, yer qoplami, ekin turi va agrotexnik 

tadbirlarni tavsiflaydi [7]. 

Tuproq yoóqotilishining takomillashtirilgan 

universal tenglamasi ï RUSLE 

A=RẗKẗLSẗCẗP (1) 

Tenglamada: 

A ï oórtacha yillik tuproq yoóqotilishi (tn/ga yil); 

R ï yogóingarchilikning eroziya hosil qilish 

koeffitsienti; 

K ï tuproqning eroziyaga moyillik koeffitsienti; 

LS ï qiyalik uzunligi va tikligi koeffitsienti; 
C ï yer qoplami va boshqaruv koeffitsienti; 

P ï eroziyaga qarshi himoya tadbirlari 

koeffitsienti [7]. 

RUSLE modeli qurilish maydonlarida yuzaga 

keladigan eroziyani prognozlashda ham qoóllaniladi. 

U eroziyaga eng moyil hududlarni aniqlash, 

mulchalash va himoya choralarining samaradorligini 

baholash hamda choókindi hovuzlariga tushadigan 

sediment hajmini taxmin qilish imkonini beradi [6]. 

(1) formuladagi yogóinning eroziyaviy omili (R 

omil) har bir hududdagi yogóinning eroziya keltirib 

chiqarish salohiyatini ifodalaydi. U yogóin intensivligi 
hamda uning tuproq zarrachalarini ajratib yuborish 

qobiliyatini tavsiflaydi. Muayyan hududdagi 

yogóinning energiyasi va intensivligini baholash 

orqali uning eroziyaviy taôsiri aniqlanadi [1]. 

R omili yogóin maôlumotlari asosida hisoblanadi. 

Bunda yomgóirning kinetik energiyasi hamda maôlum 

vaqt oraligóidagi maksimal intensivligi inobatga 

olinadi [1]. 

Yogóin hodisasining energiyasi quyidagi formula 

yordamida aniqlanadi: 

▄► Ȣ Ͻ Ȣ ▄ Ȣ ░►  (2) 

bu yerda: er ï yogóinning energiyasi [MJ/ga]; ir 

ï koórib chiqilayotgan davrdagi yogóin intensivligi.  

Shundan soóng yogóinning eroziyaviy 

koórsatkichi quyidagi formula orqali hisoblanadi: 

╔╘ ▄►○►

▓

►

╘  (3) 

bu yerda: vr ï koórib chiqilayotgan davrdagi 

yogóin hajmi [mm/s]; I30 ï yogóin hodisasining 30 

daqiqalik maksimal intensivligi [1].  

Yakunda oórtacha yillik yogóin eroziya omili ï R 

omili quyidagi formula yordamida aniqlanadi: 

╡
▪

╔ ╘ ▓

□

▓

▪

▒

▄►○►

□

▓

╘  

 

(4) 

bu yerda: n ï kuzatilgan yillar soni; m ï j-yildagi 

yogóin hodisalari soni; k ï alohida yogóin hodisasining 

eroziyaviy koórsatkichi EI30.  

K omili ï tuproqning yogóin va yuzaki oqim 

taôsirida eroziyaga uchrash darajasini baholovchi 

koórsatkichdir. U yogóin energiyasining har bir 

birligiga toógóri keladigan siljishi mumkin boólgan 
tuproq miqdorini ifodalaydi hamda tuproqning ichki 

xususiyatlarini, jumladan zarracha oólchamlari 

taqsimoti, tuzilishi, suv oótkazuvchanligi va organik 

modda miqdorini aks ettiradi [1]. 

K omili tuproqning granulometrik tarkibi ï yaôni 

zarracha oólchamlari taqsimoti asosida aniqlanadi [1]. 
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Zarrachalar taqsimotini tahlil qilish orqali 

zarrachalarning geometrik oórtacha diametri Dg 

quyidagi formula bilan aniqlanadi: 

╓▌ ▄●▬Ȣ █░■▪▀░

╝

░

 (5) 

bu yerda: fi ï i-elak fraksiyasining foiz miqdori; 

di ï ushbu fraksiyaning oórtacha diametri.  

Zarrachalarning geometrik oórtacha diametri 

aniqlangandan soóng, tuproqning K omili hisoblanadi 

[6]. 

ἕ Ȣ

Ȣ ἭὀἸ
ἴἷἯἎἯ Ȣ

Ȣ
  

(6) 

Yogóin va tuproq bilan bogóliq omillardan 

tashqari, RUSLE modeli qiyalik geometriyasining 

tuproq eroziyasiga taôsirini hisobga oluvchi ikkita 

oózgaruvchini ham oóz ichiga oladi. Bular: qiyalik 

uzunligi omili (L); qiyalik tikligi  omili (S). Mazkur 

omillar yer yuzasining fizik  xususiyatlari eroziya 
jarayonlariga qanday taôsir koórsatishini tushunishda 

muhim ahamiyatga ega [7]. 

Qiyalik uzunligi omili (L) qiyalik uzunligining 

tuproq eroziyasiga taôsirini ifodalaydi va qiyalikning 

gorizontal uzunligi (ɚ) asosida hisoblanadi: 

╛
ⱦ

Ȣ

□

 (7) 

bu yerda m ï oólchovsiz koórsatkich boólib, u 
qiyalik tikligining funksiyasi hisoblanadi. 

Qiyalik tikligi  omili (S) qiyalik nishabligining 

eroziyaga taôsirini hisobga oladi va qiyalik darajasiga 

bogóliq holda quyidagi formula orqali aniqlanadi [7]: 

╢ Ȣ Ȣ ▼Ȣ ▼ (8) 

bu yerda: s ï qiyalikning foizdagi nishabligi.  

Qiyalik tiklashgan sari suv oqimi tezlashadi, 

natijada koóproq choókindi materiallar koóchiriladi va 
eroziya jarayoni kuchayadi. 

Amaliyot omili (P) va boshqaruv omili (M) 

loyiha doirasida qoóllaniladigan ekspluatatsiya va 

boshqaruv strategiyalari bilan bevosita bogóliqdir [9]. 

P omili suv oqimini boshqarish uchun konturli 

ishlov berish yoki turli toósiqlardan foydalanish kabi 

yordamchi tadbirlarning taôsirini ifodalaydi. M omili 

esa umumiy yer boshqaruvini, jumladan agrotexnik 

tadbirlar yoki gidroseyka (hydroseeding) kabi 

usullarni qamrab oladi [1]. 

Biroq, koóplab fuqarolik muhandisligi 
loyihalarida, ayniqsa yoól koótarmalari yoki 

qiyaliklarini qurish jarayonida, ushbu omillar 

koópincha 1 ga teng deb qabul qilinadi, yaôni ular 

neytral taôsir koórsatadi deb hisoblanadi. 

Buning sababi shundaki, koótarmalar sunôiy 

inshootlar boólib, odatda tabiiy qiyaliklardagidek 

rivojlangan oósimlik qoplami va tabiiy holatga ega 

boólmaydi. Shu sababli ularda shakllangan boshqaruv 

yoki himoya amaliyotlari mavjud emas [1]. 

C omili yoki qoplama-boshqaruv omili maôlum 

bir qiyalikda oósimlik qoplami, tuproq qoplami yoki 
boshqa boshqaruv choralarining himoya darajasini 

ifodalaydi [7]. 

C=1 boólsa, tuproq himoyalanmagan yoki juda 

kam himoyalangan boólib, kuchli eroziyaga moyil 

hisoblanadi.  

C<1 boólsa, tuproq himoyalangan deb qaraladi, 

masalan, oósimlik qoplami yoki geomatlar bilan 

qoplangan holatda.  

C qiymati qanchalik kichik boólsa, qoóllangan 

eroziyaga qarshi himoya yechimi shunchalik samarali 

boóladi. 

3. NATIJALAR VA MUHOKAMA  

Geomat qoplamasining eroziyaga qarshi 

samaradorligi RUSLE tenglamasidagi C va P 

koeffitsientlari orqali baholandi. Ushbu omillar 

qiyalik yuzasining himoyalanganlik darajasini hamda 

eroziyaga qarshi qoóllanilgan muhandislik 

choralarining samaradorligini ifodalaydi. Tadqiqot 

natijalari shuni koórsatadiki, temir yoól qiyaliklarida 

geomatlardan foydalanish tuproq yuzasini mexanik 

jihatdan mustahkamlab, suv oqimining bevosita 

taôsirini kamaytiradi va natijada tuproq yuvilishining 
oldini oladi [10]. 

C-faktorining qiymatlari ASTM D6459 

standartiga muvofiq laboratoriya va dala sharoitlarida 

oótkazilgan tajribalar asosida aniqlanadi. Mazkur 

standart geosintetik qoplamalarning yomgóir 

taôsiridagi eroziyaga qarshi samaradorligini 

baholashga moóljallangan boólib, real sharoitga yaqin 

qiyaliklarda sunôiy yogóingarchilik hosil qilish orqali 

tuproq yoóqotilishi miqdorini aniqlash imkonini 

beradi [8].  

Tadqiqotlar natijasiga koóra, geomat va oósimlik 

qoplami mavjud holatda C va P koeffitsientlari 

quyidagi oraliqqacha kamayadi: 

╒▌▄▫

╒
ᶰ ȟ ȟ ȟ (9) 

╟▌▄▫

╟
ᶰ ȟ ȟ  (10) 

Mazkur natijalar geomatlar qoóllanganda qiyalik 

yuzasining himoyalanish darajasi sezilarli ortishini 

koórsatadi. Himoyalangan holatdagi yillik tuproq 

yoóqotilishi quyidagi ifoda orqali aniqlanadi: 

═▌▄▫ ═ Ͻ
╒▌▄▫

╒
Ͻ
╟▌▄▫

╟
 (11) 

Tenglamadan koórinadiki, C va P 

koeffitsientlarining kamayishi yillik tuproq 

yoóqotilishining toógóridan-toógóri pasayishiga olib 

keladi. Tadqiqotlar geomat va oósimlik qoplami 

birgalikda qoóllanilganda eroziya intensivligi oórtacha 

40ï60 % gacha kamayishini koórsatdi. Bu holat 
ayniqsa kuchli yogóingarchilik va qisqa muddatli jala 
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yomgóirlari kuzatiladigan hududlarda muhim 

ahamiyatga ega [10]. 
Geomatlardan foydalanishning yana bir muhim 

afzalligi ð suv oqimi energiyasini kamaytirishidir. 

Geomatning uch oólchamli tolali tuzilishi suv oqimini 

mayda oqimchalarga ajratib yuboradi, natijada oqim 

tezligi hamda mahalliy yuvilish kuchi kamayadi. Shu 

bilan birga geomat tuproq zarrachalarining siljishini 

cheklab, yuzada qoóshimcha ishqalanish hosil qiladi. 

Bu esa tuproqning kritik kesuvchi kuchini oshiradi va 

qiyalikning gidravlik barqarorligini yaxshilaydi [10]. 

Oósimlik qoplami bilan birgalikda qoóllanilgan 

geomatlar yanada yuqori samaradorlikni namoyon 

etadi. Oósimlik ildizlari tuproq qatlamlarini bogólab 
turadi, geomat esa ushbu ildiz tizimini mexanik 

himoya qiladi hamda urugólarning yuvilib ketishini 

oldini oladi. Natijada qiyalik yuzasida barqaror 

bioinjenerlik tizimi shakllanadi. Bu tizim nafaqat 

eroziya jarayonlarini kamaytiradi, balki qiyalikning 

uzoq muddatli ekspluatatsion barqarorligini ham 

taôminlaydi. 

RUSLE modelida C va P omillarining kamayishi 

geosintetik materiallarning eroziyaga qarshi 

samaradorligini miqdoriy baholash imkonini beradi. 

Shu sababli geomatlardan foydalanish temir yoól yer 
polotnosi qiyaliklarini himoyalashda iqtisodiy va 

texnik jihatdan samarali yechim hisoblanadi [1]. 

Ayniqsa Oózbekistonning qurgóoqchil va yarim 

qurgóoqchil hududlarida qisqa muddatli kuchli 

yogóinlar taôsirida yuzaga keladigan eroziya 

jarayonlarini kamaytirishda geomatlar muhim 

ahamiyat kasb etadi [2,3,10]. 

4. XULOSA 

Temir yoól qiyaliklarida eroziya jarayonlarini 

kamaytirishda geomatlardan foydalanish yuqori 

samaradorlikka ega ekanligi aniqlandi. RUSLE 

modelidagi C va P omillari orqali olib borilgan 

tahlillar geomat va oósimlik qoplami mavjud holatda 

yillik tuproq yoóqotilishi sezilarli darajada 

kamayishini koórsatdi. Geomatlarning uch oólchamli 

tuzilishi suv oqimi energiyasini kamaytirib, tuproq 

zarrachalarining siljishiga qarshilik hosil qiladi hamda 

qiyalikning gidravlik barqarorligini oshiradi. 

ASTM D6459 standart sinovlari va ilmiy 

tadqiqotlar natijalari geomatlar qoóllanganda eroziya 

intensivligi 40ï60 % gacha kamayishini tasdiqlaydi. 

Oósimlik qoplami bilan birgalikda qoóllanganda esa 

qiyalikning uzoq muddatli barqarorligi yanada ortadi. 

Shu sababli geomatlar temir yoól yer polotnosi 

qiyaliklarini himoyalashda samarali, iqtisodiy va 

ekologik jihatdan maqsadga muvofiq geosintetik 

yechim hisoblanadi. 
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Predicting Railway Sand Drifts Using Meteorological Data 

 

M.K. Muzaffarova1 a 
1Tashkent State Transport University, Tashkent, Uzbekistan 

 

Abstract: 

 

This article investigates the patterns of sand drift formation on railway infrastructure located in arid 

zones. The study analyzes the dependence of track encroachment intensity on atmospheric process 
parameters, with a particular focus on moisture deficit in regions prevalent with dune sands. The 
research establishes a mathematical correlation between a decrease in annual precipitation and the 
maximization of sand accumulation on the track superstructure. Reduced moisture in the top sand 
layer causes a loss of cohesion, thereby intensifying deflation processes under wind loads. The 
findings enable the prediction of critical periods of track susceptibility to sand drifts and can be 
applied to optimize the design of protective structures and improve the scheduling of track clearing 
operations. 

Keywords: Sand drifts, railway track, dune sands, atmospheric processes, annual precipitation, arid zone, 
encroachment dynamics, wind-sand flow 

 

ʇʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʇʝʩʢʦʟʘʥʦʩʠʤʦʩʪʠ ɾʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʇʫʪʝʡ ʇʦ 

ʄʝʪʝʦʨʦʣʦʛʠʯʝʩʢʠʤ ʇʦʢʘʟʘʪʝʣʷʤ 

 

 ʄʫʟʘʬʬʘʨʦʚʘ ʄ.ʂ.1 a 
1ʊʘʰʢʝʥʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʨʘʥʩʧʦʨʪʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 

 
 

ɸʥʥʦʪʘʮʠʷ: ɺ ʩʪʘʪʴʝ ʠʩʩʣʝʜʫʶʪʩʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ ʥʘ ʦʙʲʝʢʪʘʭ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʘʨʠʜʥʳʭ ʟʦʥʘʭ. ɸʚʪʦʨʦʤ 
ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʟʘʥʝʩʝʥʠʷ ʧʫʪʝʡ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʘʪʤʦʩʬʝʨʥʳʭ 
ʧʨʦʮʝʩʩʦʚ, ʩ ʦʩʦʙʳʤ ʘʢʮʝʥʪʦʤ ʥʘ ʜʝʬʠʮʠʪ ʚʣʘʛʠ ʚ ʨʝʛʠʦʥʘʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʙʘʨʭʘʥʥʳʭ 
ʧʝʩʢʦʚ. ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʫʩʪʘʥʦʚʣʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʩʚʷʟʴ ʤʝʞʜʫ ʩʥʠʞʝʥʠʝʤ ʫʨʦʚʥʷ ʛʦʜʦʚʳʭ 
ʦʩʘʜʢʦʚ ʠ ʤʘʢʩʠʤʠʟʘʮʠʝʡ ʦʙʲʝʤʦʚ ʧʝʩʯʘʥʳʭ ʦʪʣʦʞʝʥʠʡ ʥʘ ʚʝʨʭʥʝʤ ʩʪʨʦʝʥʠʠ ʧʫʪʠ. ʉʥʠʞʝʥʠʝ 
ʚʣʘʞʥʦʩʪʠ ʚʝʨʭʥʝʛʦ ʩʣʦʷ ʧʝʩʢʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʝ ʝʛʦ ʩʚʷʟʥʦʩʪʠ ʠ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ 
ʜʝʬʣʷʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʝʪʨʦʚʳʭ ʥʘʛʨʫʟʦʢ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 
ʧʦʟʚʦʣʷʶʪ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʢʨʠʪʠʯʝʩʢʠʝ ʧʝʨʠʦʜʳ ʟʘʥʦʩʠʤʦʩʪʠ ʜʦʨʦʛ ʠ ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʟʘʱʠʪʥʳʭ ʩʦʦʨʫʞʝʥʠʡ ʠ ʧʣʘʥʠʨʦʚʘʥʠʷ ʛʨʘʬʠʢʦʚ 
ʦʯʠʩʪʢʠ ʧʫʪʝʡ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʇʝʩʯʘʥʳʝ ʟʘʥʦʩʳ, ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ ʧʫʪʴ, ʙʘʨʭʘʥʥʳʝ ʧʝʩʢʠ, ʘʪʤʦʩʬʝʨʥʳʝ ʧʨʦʮʝʩʩʳ, ʛʦʜʦʚʳʝ 
ʦʩʘʜʢʠ, ʘʨʠʜʥʘʷ ʟʦʥʘ, ʜʠʥʘʤʠʢʘ ʟʘʥʦʩʠʤʦʩʪʠ, ʚʝʪʨʦʧʝʩʯʘʥʳʡ ʧʦʪʦʢ 

1. ɺɺɽɼɽʅʀɽ 

ʆʧʫʩʪʳʥʠʚʘʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʛʣʦʙʘʣʴʥʫʶ ʵʢʦʣʦʛʠʯʝʩʢʫʶ ʧʨʦʙʣʝʤʫ, 

ʚʳʟʚʘʥʥʫʶ ʤʘʩʰʪʘʙʥʳʤʠ ʢʣʠʤʘʪʠʯʝʩʢʠʤʠ 

ʠʟʤʝʥʝʥʠʷʤʠ. ɺ ʘʨʠʜʥʳʭ ʨʝʛʠʦʥʘʭ ʜʝʬʠʮʠʪ 

ʫʚʣʘʞʥʝʥʠʷ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʚʝʪʨʦʚʦʡ 

ʘʢʪʠʚʥʦʩʪʴʶ ʦʧʨʝʜʝʣʝʥʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʚʳʩʪʫʧʘʝʪ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʝʪʨʦʧʝʩʯʘʥʦʛʦ ʧʦʪʦʢʘ, 

ʙʦʨʴʙʘ ʩ ʢʦʪʦʨʳʤʠ ʷʚʣʷʝʪʩʷ ʧʨʠʦʨʠʪʝʪʦʤ 
ʜʣʷ ʤʥʦʛʠʭ ʛʦʩʫʜʘʨʩʪʚ, ʚʢʣʶʯʘʷ ʋʟʙʝʢʠʩʪʘʥ 

[1, 2]. 

ɼʣʷ ʧʫʩʪʳʥʥʦʛʦ ʢʣʠʤʘʪʘ ʭʘʨʘʢʪʝʨʥʦ 

ʘʥʦʤʘʣʴʥʦ ʞʘʨʢʦʝ ʣʝʪʦ ʠ ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʦʩʘʜʢʦʚ ʚ ʟʠʤʥʝ-ʚʝʩʝʥʥʠʡ ʧʝʨʠʦʜ. 

 
a  https://orcid.org/0000-0002-0858-4704  

ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʘʤʧʣʠʪʫʜʳ ʟʜʝʩʴ 

ʵʢʩʪʨʝʤʘʣʴʥʳ: ʦʪ ʤʦʨʦʟʦʚ ʥʠʞʝ -35Áʉ ʟʠʤʦʡ 

ʜʦ ʟʥʦʷ ʚʳʰʝ +50Áʉ ʣʝʪʦʤ. ʇʨʠ ʵʪʦʤ 

ʫʨʦʚʝʥʴ ʛʦʜʦʚʳʭ ʦʩʘʜʢʦʚ ʥʝʨʘʚʥʦʤʝʨʝʥ: ʥʘ 

ʨʘʚʥʠʥʘʭ ʦʥ ʩʦʩʪʘʚʣʷʝʪ ʚʩʝʛʦ 80ï200 ʤʤ, ʚ 

ʧʨʝʜʛʦʨʴʷʭ ʚʦʟʨʘʩʪʘʝʪ ʜʦ 300ï400 ʤʤ [3, 4]. 

ʂʣʠʤʘʪ ʧʫʩʪʳʥʴ ʧʨʠʟʥʘʥ ʩʘʤʳʤ ʞʘʨʢʠʤʠ 

ʠ ʟʘʩʫʰʣʠʚʳʤʠ. ʆʩʘʜʢʠ ʟʜʝʩʴ ʥʦʩʷʪ 

ʩʣʫʯʘʡʥʳʡ ʭʘʨʘʢʪʝʨ, ʘ ʚ ʦʪʜʝʣʴʥʳʝ ʛʦʜʳ 

ʤʦʛʫʪ ʧʦʣʥʦʩʪʴʶ ʦʪʩʫʪʩʪʚʦʚʘʪʴ. ʊʘʢʠʝ 

ʩʫʨʦʚʳʝ ʫʩʣʦʚʠʷ ʬʦʨʤʠʨʫʶʪʩʷ ʠʟ-ʟʘ 
ʢʦʥʪʠʥʝʥʪʘʣʴʥʦʩʪʠ ʢʣʠʤʘʪʘ [2, 4]. ʉʫʪʦʯʥʳʝ 

ʢʦʣʝʙʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʢʨʘʡʥʝ ʨʝʟʢʠ: 

ʜʥʝʚʥʦʡ ʩʦʣʥʮʝʧʝʢ ʨʘʩʢʘʣʷʝʪ ʧʦʯʚʫ ʠ ʛʫʙʠʪ 

ʩʝʤʝʥʘ ʨʘʩʪʝʥʠʡ, ʘ ʥʦʯʴʶ ʚʦʟʜʫʭ ʠ ʚʝʨʭʥʠʡ 

ʩʣʦʡ ʧʝʩʢʘ ʩʪʨʝʤʠʪʝʣʴʥʦ ʦʩʪʳʚʘʶʪ. ʏʪʦʙʳ 

https://orcid.org/0000-0002-0858-4704
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ʦʧʝʨʘʪʠʚʥʦ ʦʩʪʘʥʦʚʠʪʴ ʚʳʚʝʪʨʠʚʘʥʠʝ 

(ʜʝʬʣʷʮʠʶ) ʧʝʩʢʦʚ, ʙʠʦʣʦʛʠʯʝʩʢʫʶ 
ʨʝʢʫʣʴʪʠʚʘʮʠʶ ʵʬʬʝʢʪʠʚʥʦ ʩʦʯʝʪʘʶʪ ʩ 

ʪʝʭʥʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ [5ï8]. 

ɺ ʨʘʥʝʝ ʚʳʧʦʣʥʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 

ʧʦʜʯʝʨʢʠʚʘʝʪʩʷ, ʯʪʦ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʝʩʯʘʥʳʭ 

ʜʶʥ ʥʘʧʨʷʤʫʶ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʪʨʦʚʳʤ 

ʨʝʞʠʤʦʤ ʠ ʢʨʠʪʠʯʝʩʢʠʤ ʨʘʟʨʝʞʠʚʘʥʠʝʤ 

ʨʘʩʪʠʪʝʣʴʥʦʛʦ ʧʦʢʨʦʚʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʧʣʦʪʥʦʩʪʴ ʨʘʩʪʠʪʝʣʴʥʦʛʦ ʧʦʢʨʦʚʘ ʥʘ 

ʧʝʩʯʘʥʳʭ ʩʫʙʩʪʨʘʪʘʭ ʥʘʧʨʷʤʫʶ 

ʨʝʛʫʣʠʨʫʝʪʩʷ ʣʦʢʘʣʴʥʳʤʠ 

ʛʠʜʨʦʪʝʨʤʠʯʝʩʢʠʤʠ ʬʘʢʪʦʨʘʤʠ. ɺ ʩʚʷʟʠ ʩ 

ʵʪʠʤ ʤʦʥʠʪʦʨʠʥʛ ʚʦʟʜʝʡʩʪʚʠʷ ʚʝʪʨʦʚʦʛʦ 
ʨʝʞʠʤʘ ʠ ʘʪʤʦʩʬʝʨʥʳʭ ʦʩʘʜʢʦʚ ʥʘ ʜʠʥʘʤʠʢʫ 

ʵʦʣʦʚʳʭ ʬʦʨʤ ʨʝʣʴʝʬʘ ʥʝʦʙʭʦʜʠʤ ʜʣʷ 

ʩʨʝʜʥʝʩʨʦʯʥʦʛʦ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ 

ʧʦʜʚʠʞʥʦʩʪʠ ʧʝʩʢʦʚ ʠ ʥʘʫʯʥʦ 

ʦʙʦʩʥʦʚʘʥʥʦʛʦ ʧʣʘʥʠʨʦʚʘʥʠʷ 

ʧʨʦʪʠʚʦʧʝʩʯʘʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ [9, 10]. 

ɼʚʠʞʝʥʠʝ ʧʝʩʢʦʚ ʥʝʩʝʪ ʩʝʨʴʝʟʥʫʶ ʫʛʨʦʟʫ 

ʵʢʦʥʦʤʠʢʝ: ʫʱʝʨʙ ʩʢʣʘʜʳʚʘʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʠʟ 

ʟʘʥʦʩʦʚ ʦʪʜʝʣʴʥʳʭ ʦʙʲʝʢʪʦʚ, ʥʦ ʠ ʠʟ 

ʧʦʩʪʦʷʥʥʳʭ ʨʘʩʭʦʜʦʚ ʥʘ ʦʯʠʩʪʢʫ ʜʦʨʦʛ, 

ʛʠʜʨʦʤʝʣʠʦʨʘʪʠʚʥʳʭ ʫʟʣʦʚ ʠ ʦʨʦʰʘʝʤʳʭ 
ʟʝʤʝʣʴ. ɽʞʝʛʦʜʥʦ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʩʣʫʞʙʳ 

ʚʳʥʫʞʜʝʥʳ ʨʘʩʯʠʱʘʪʴ ʦʪ ʧʝʩʯʘʥʳʭ ʟʘʚʘʣʦʚ 

ʚ ʩʨʝʜʥʝʤ ʦʢʦʣʦ 200 ʢʤ ʧʫʪʝʡ [8]. 

ɿʘʱʠʪʘ ʪʨʘʥʩʧʦʨʪʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʩʪʘʥʦʚʠʪʩʷ ʢʨʠʪʠʯʝʩʢʠ 

ʚʘʞʥʦʡ ʠʟ-ʟʘ ʨʦʩʪʘ ʩʢʦʨʦʩʪʝʡ ʧʦʝʟʜʦʚ ʠ 

ʧʝʨʝʭʦʜʘ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʩ ʜʠʟʝʣʴʥʦʡ ʪʷʛʠ 

ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʫʶ. ɺʥʝʜʨʝʥʠʝ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʧʘʩʩʘʞʠʨʩʢʦʛʦ 

ʩʦʦʙʱʝʥʠʷ ʥʘ ʩʪʨʘʪʝʛʠʯʝʩʢʦʤ ʥʘʧʨʘʚʣʝʥʠʠ 

ʦʪ ɹʫʭʘʨʳ ʜʦ ʄʠʩʢʝʥʘ ʧʨʝʚʨʘʪʠʣʦ ʙʦʨʴʙʫ ʩ 

ʧʝʩʯʘʥʳʤʠ ʟʘʥʦʩʘʤʠ ʚ ʢʣʶʯʝʚʦʡ ʬʘʢʪʦʨ 
ʦʙʝʩʧʝʯʝʥʠʷ ʙʝʟʦʧʘʩʥʦʩʪʠ ʜʚʠʞʝʥʠʷ. 

ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʨʘʟʚʝʨʥʫʪʳ ʤʘʩʰʪʘʙʥʳʝ 

ʨʘʙʦʪʳ ʧʦ ʤʦʜʝʨʥʠʟʘʮʠʠ ʩʪʨʦʠʪʝʣʴʩʪʚʘ ʠ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʚ ʘʨʠʜʥʳʭ 

ʟʦʥʘʭ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʦʙʝʩʧʝʯʝʥʠʝ 

ʙʝʟʦʧʘʩʥʦʩʪʠ. ʕʪʠ ʤʝʨʦʧʨʠʷʪʠʷ ʪʨʝʙʫʶʪ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʬʠʥʘʥʩʠʨʦʚʘʥʠʷ. ʉʦʛʣʘʩʥʦ 

ʤʥʦʛʦʣʝʪʥʠʤ ʵʤʧʠʨʠʯʝʩʢʠʤ ʜʘʥʥʳʤ 

ʜʠʩʪʘʥʮʠʡ ʟʘʱʠʪʥʳʭ ʣʝʩʦʥʘʩʘʞʜʝʥʠʡ, ʚ 

ʧʝʨʠʦʜʳ ʧʦʚʳʰʝʥʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʘʪʤʦʩʬʝʨʥʳʭ ʦʩʘʜʢʦʚ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 
ʵʦʣʦʚʦʛʦ ʧʝʨʝʥʦʩʘ ʨʝʟʢʦ ʩʥʠʞʘʝʪʩʷ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʫʩʪʘʥʦʚʣʝʥʠʝ ʪʦʯʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʤʝʞʜʫ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ ʠ 

ʦʙʲʝʤʦʤ ʘʪʤʦʩʬʝʨʥʳʭ ʦʩʘʜʢʦʚ ʧʦʟʚʦʣʠʪ 

ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʧʣʘʥʠʨʦʚʘʥʠʝ ʩʝʟʦʥʥʳʭ 

ʟʘʱʠʪʥʳʭ ʨʘʙʦʪ, ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʪʠʪʴ ʠʭ 

ʦʙʲʝʤ ʠʣʠ ʧʦʣʥʦʩʪʴʶ ʠʩʢʣʶʯʠʪʴ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʭ ʧʨʦʚʝʜʝʥʠʷ ʥʘ ʦʪʜʝʣʴʥʳʭ 

ʵʪʘʧʘʭ, ʯʪʦ ʤʠʥʠʤʠʟʠʨʫʝʪ ʬʠʥʘʥʩʦʚʳʝ 

ʟʘʪʨʘʪʳ. 

2. ʄɽʊʆɼʀʂɸ ʀʉʉʃɽɼʆɺɸʅʀʗ 

ʇʨʠ ʫʯʘʩʪʠʠ ʠʥʞʝʥʝʨʥʦ-ʪʝʭʥʠʯʝʩʢʦʛʦ 

ʧʝʨʩʦʥʘʣʘ ʜʠʩʪʘʥʮʠʡ ʧʫʪʠ ʅʘʚʦʠʡʩʢʦʛʦ ʠ 

ɹʫʭʘʨʩʢʦʛʦ ʨʝʛʠʦʥʦʚ ʦʩʫʱʝʩʪʚʣʝʥ 10-

ʣʝʪʥʠʡ ʤʦʥʠʪʦʨʠʥʛ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ ʥʘ ʠʩʩʣʝʜʫʝʤʳʭ ʫʯʘʩʪʢʘʭ. 

ʅʘ ʦʩʥʦʚʝ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʫʨʦʚʥʝʡ 

ʧʝʩʢʦʟʘʥʦʩʠʤʦʩʪʠ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʨʘʥʞʠʨʦʚʘʥʠʷ ʄ. ʄ. 

ʄʠʨʘʭʤʝʜʦʚʘ ʦʧʨʝʜʝʣʝʥʘ ʢʘʪʝʛʦʨʠʷʤ 
ʟʘʥʦʩʠʤʦʩʪʠ ʫʯʘʩʪʢʦʚ (ʪʘʙʣ. 1). 
ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥ 

ʤʦʥʠʪʦʨʠʥʛ ʧʘʨʘʤʝʪʨʦʚ ʘʪʤʦʩʬʝʨʥʳʭ ʧʨʦʮʝʩʩʦʚ 
ʚ ʘʨʠʜʥʳʭ ʟʦʥʘʭ ʧʦ ʜʘʥʥʳʤ ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʦʡ 
ʩʝʪʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʨʝʛʠʦʥʦʚ ʟʘ ʠʩʩʣʝʜʫʝʤʳʡ 

ʧʝʨʠʦʜ. 
ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʙʳʣ ʚʳʧʦʣʥʝʥ 

ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ 
ʦʙʲʝʤʦʤ ʛʦʜʦʚʳʭ ʠ ʩʝʟʦʥʥʳʭ ʘʪʤʦʩʬʝʨʥʳʭ 
ʦʩʘʜʢʦʚ, ʚʝʪʨʦʚʳʤ ʨʝʞʠʤʦʤ ʠ ʫʩʪʘʥʦʚʣʝʥʥʳʤʠ 
ʢʘʪʝʛʦʨʠʷʤʠ ʧʝʩʢʦʟʘʥʦʩʠʤʦʩʪʠ 
ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʧʫʪʠ. 

3. ʈɽɿʋʃʔʊɸʊʓ ʀ ʆɹʉʋɾɼɽʅʀɽ 

ʄʥʦʛʦʣʝʪʥʠʡ ʤʦʥʠʪʦʨʠʥʛ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʥʘ 

ʪʝʨʨʠʪʦʨʠʠ ʅʘʚʦʠʡʩʢʦʡ ʠ ɹʫʭʘʨʩʢʦʡ 

ʦʙʣʘʩʪʝʡ ð ʨʝʛʠʦʥʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ 

ʰʠʨʦʢʠʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʙʘʨʭʘʥʥʳʭ 

ʧʝʩʢʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʧʨʝʜʝʣʘʭ ʅʘʚʦʠʡʩʢʦʡ 

ʦʙʣʘʩʪʠ ʩʠʩʪʝʤʘʪʠʟʠʨʦʚʘʥʳ ʠ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʚ ʪʘʙʣ. 1. 

ʊʘʙʣʠʮʘ 1 

ʇʘʨʘʤʝʪʨʳ ʦʩʘʜʢʦʚ ʠ ʢʘʪʝʛʦʨʠʡ ʟʘʥʦʩʠʤʦʩʪʠ 

ʧʫʪʠ (ʧʦ ʛʦʜʘʤ) 

ɻʦʜʳ ʗʥ

ʚʘʨ
-ɹ

ʌʝ

ʚʨʘ

ʣ ɹ

ʄʘʨ

ʪ-
ʄʘʡ 

ʀʶ

ʥ-ɹ
ʀʶ

ʣ ɹ

ʉʝʥ

ʪʷʙ
ʨ-ɹ

ɼʝʢ

ʘʙʨ

 ɹ

ɿʘ 

ʛʦʜ 

ʂʘʪ

ʝʛʦʨ
ʠʷ 

ʟʘʥʦ

ʩʠʤ

ʦʩʪ

ʠ 

ʫʯʘʩ

ʪʢʦʚ 

ʅʘʚʦʠʡʩʢʘʷ ʦʙʣʘʩʪʴ 

2014 22 46,8 0 0 68,8 I 

2015 - - - - - III  

2016 0 2,6 0 45 47,6 I 

2017 63 47 0 22,4 132 II 

2018 25 16 0 30 84 I 

2019 49 168 29 20,4 266 III  

2020 91 116 2 19 228 III  

2021 26 105 3 22 156 II  

2022 55 123 3 37 218 II I 

2023 45 37 3 45 130 II 

2024 78 137 6 66 287 III  
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ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʘʷ 
ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ (I 

ʢʘʪʝʛʦʨʠʷ) ʬʠʢʩʠʨʫʝʪʩʷ ʚ ʧʝʨʠʦʜʳ, ʢʦʛʜʘ 

ʛʦʜʦʚʦʡ ʦʙʲʝʤ ʘʪʤʦʩʬʝʨʥʳʭ ʦʩʘʜʢʦʚ ʥʝ 

ʧʨʝʚʳʰʘʝʪ 100 ʤʤ. ʅʘʧʨʦʪʠʚ, ʜʣʷ ʣʝʪ ʩ 

ʫʨʦʚʥʝʤ ʦʩʘʜʢʦʚ ʙʦʣʝʝ 220 ʤʤ ʭʘʨʘʢʪʝʨʥʳ 

ʤʠʥʠʤʘʣʴʥʳʝ ʦʙʲʝʤʳ ʧʝʩʯʘʥʳʭ ʦʪʣʦʞʝʥʠʡ 

ʥʘ ʧʫʪʷʭ. 

ʇʨʦʤʝʞʫʪʦʯʥʳʝ ʟʥʘʯʝʥʠʷ ʛʦʜʦʚʳʭ 

ʦʩʘʜʢʦʚ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 100 ʜʦ 220 ʤʤ 

ʦʙʫʩʣʘʚʣʠʚʘʶʪ ʬʦʨʤʠʨʦʚʘʥʠʝ II ʢʘʪʝʛʦʨʠʠ 

ʧʝʩʢʦʟʘʥʦʩʠʤʦʩʪʠ, ʧʨʠ ʢʦʪʦʨʳʭ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʝʬʣʷʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ 
ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ ʩʝʟʦʥʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʣʘʛʠ. ʅʘʠʙʦʣʝʝ 

ʢʨʠʪʠʯʝʩʢʠʤ ʬʘʢʪʦʨʦʤ ʚ ʜʘʥʥʦʤ ʢʦʥʪʝʢʩʪʝ 

ʚʳʩʪʫʧʘʝʪ ʦʙʲʝʤ ʦʩʘʜʢʦʚ ʠʤʝʥʥʦ ʚ ʚʝʩʝʥʥʠʡ 

ʧʝʨʠʦʜ. ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ ʤʥʦʛʦʣʝʪʥʠʝ 

ʥʘʙʣʶʜʝʥʠʷ, ʜʦʩʪʘʪʦʯʥʘʷ ʚʣʘʞʥʦʩʪʴ ʧʦʯʚʳ 

ʚʝʩʥʦʡ ʩʣʫʞʠʪ ʧʫʩʢʦʚʳʤ ʤʝʭʘʥʠʟʤʦʤ ʜʣʷ 

ʤʘʩʩʦʚʦʛʦ ʧʨʦʨʘʩʪʘʥʠʷ ʩʝʤʷʥ ʧʩʘʤʤʦʬʠʪʦʚ 

ʠ ʬʠʪʦʤʝʣʠʦʨʘʥʪʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʚʝʨʭʥʝʤ 

ʩʣʦʝ ʩʫʙʩʪʨʘʪʘ. 

ʌʠʟʠʯʝʩʢʘʷ ʧʨʠʨʦʜʘ ʚʳʷʚʣʝʥʥʦʡ 
ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʦʙʲʷʩʥʷʝʪʩʷ ʜʚʫʤʷ 

ʬʘʢʪʦʨʘʤʠ. ɺʦ-ʧʝʨʚʳʭ, ʧʨʠ ʫʨʦʚʥʝ ʦʩʘʜʢʦʚ 

ʙʦʣʝʝ 220 ʤʤ ʝʩʪʝʩʪʚʝʥʥʦʝ ʦʙʚʦʜʥʝʥʠʝ 

ʧʝʩʯʘʥʦʛʦ ʤʘʩʩʠʚʘ ʚʨʝʤʝʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪ 

ʩʠʣʳ ʩʮʝʧʣʝʥʠʷ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʧʝʩʢʘ, ʯʪʦ 

ʨʝʟʢʦ ʧʦʚʳʰʘʝʪ ʧʦʨʦʛʦʚʫʶ ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ, 

ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ ʥʘʯʘʣʘ ʜʝʬʣʷʮʠʠ. ɺʦ-

ʚʪʦʨʳʭ, ʠʟʙʳʪʦʯʥʦʝ ʚʝʩʝʥʥʝʝ ʫʚʣʘʞʥʝʥʠʝ 

ʠʥʠʮʠʠʨʫʝʪ ʧʨʦʮʝʩʩ ʩʧʦʥʪʘʥʥʦʛʦ 

ʩʘʤʦʟʘʨʘʩʪʘʥʠʷ ʙʘʨʭʘʥʦʚ. ʌʦʨʤʠʨʫʶʱʠʡʩʷ 

ʨʘʩʪʠʪʝʣʴʥʳʡ ʧʦʢʨʦʚ, ʜʘʞʝ ʧʨʠ 

ʤʠʥʠʤʘʣʴʥʦʤ ʧʨʦʝʢʪʠʚʥʦʤ ʧʦʢʨʳʪʠʠ, 
ʩʥʠʞʘʝʪ ʧʨʠʟʝʤʥʫʶ ʩʢʦʨʦʩʪʴ 

ʚʝʪʨʦʧʝʩʯʘʥʦʛʦ ʧʦʪʦʢʘ ʠ ʥʘʜʝʞʥʦ ʬʠʢʩʠʨʫʝʪ 

ʧʦʜʚʠʞʥʳʝ ʧʝʩʢʠ. 

ʅʘʧʨʦʪʠʚ, ʚ ʵʢʩʪʨʝʤʘʣʴʥʦ ʟʘʩʫʰʣʠʚʳʝ 

ʛʦʜʳ (ʤʝʥʝʝ 100 ʤʤ ʦʩʘʜʢʦʚ) ʩʝʤʝʥʘ 

ʬʠʪʦʤʝʣʠʦʨʘʥʪʦʚ ʚʳʛʦʨʘʶʪ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʠʥʪʝʥʩʠʚʥʦʡ ʩʦʣʥʝʯʥʦʡ 

ʠʥʩʦʣʷʮʠʠ, ʥʝ ʚʳʭʦʜʷ ʠʟ ʩʦʩʪʦʷʥʠʷ ʧʦʢʦʷ. 

ʇʦʣʥʦʝ ʦʪʩʫʪʩʪʚʠʝ ʝʩʪʝʩʪʚʝʥʥʦʛʦ 

ʨʘʩʪʠʪʝʣʴʥʦʛʦ ʙʘʨʴʝʨʘ ʚ ʩʦʯʝʪʘʥʠʠ ʩ 

ʧʦʪʝʨʝʡ ʩʚʷʟʥʦʩʪʠ ʠʩʩʫʰʝʥʥʦʛʦ ʧʝʩʯʘʥʦʛʦ 
ʛʨʫʥʪʘ ʜʝʪʝʨʤʠʥʠʨʫʝʪ ʤʘʢʩʠʤʘʣʴʥʫʶ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʝʬʣʷʮʠʠ ʠ ʦʪʨʳʚʘ ʯʘʩʪʠʮ 

ʚʝʪʨʦʚʳʤ ʧʦʪʦʢʦʤ. ɺ ʪʘʢʠʝ ʧʝʨʠʦʜʳ ʦʙʲʝʤʳ 

ʟʘʥʦʩʦʚ ʥʘ ʚʝʨʭʥʝʤ ʩʪʨʦʝʥʠʠ ʧʫʪʠ 

ʜʦʩʪʠʛʘʶʪ ʧʠʢʦʚʳʭ ʟʥʘʯʝʥʠʡ, ʧʝʨʝʚʦʜʷ 

ʫʯʘʩʪʢʠ ʞʝʣʝʟʥʦʡ ʜʦʨʦʛʠ ʚ ʢʘʪʝʛʦʨʠʶ 

ʧʦʚʳʰʝʥʥʦʡ ʦʧʘʩʥʦʩʪʠ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʘʥʘʣʠʟʘ 

ʦʧʨʝʜʝʣʝʥʳ ʛʨʘʥʠʯʥʳʝ ʟʥʘʯʝʥʠʷ ʦʩʘʜʢʦʚ, 

ʨʘʟʛʨʘʥʠʯʠʚʘʶʱʠʝ ʫʨʦʚʥʠ ʦʧʘʩʥʦʩʪʠ 

ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ 

ʧʫʪʷʭ (ʪʘʙʣ. 2). 
 

 

 

ʊʘʙʣʠʮʘ 2 

ʆʮʝʥʢʘ ʚʣʠʷʥʠʷ ʘʪʤʦʩʬʝʨʥʳʭ ʦʩʘʜʢʦʚ ʥʘ 

ʜʠʥʘʤʠʢʫ ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ  

ʆʩʘʜʢʠ, ʤʤ ʂʘʪʝʛʦʨʠʷ 

ʧʝʩʢʦʟʘʥʦʩʠ

ʤʦʩʪʠ 
ɺ ʛʦʜʫ 

ɺ ʪʦʤ ʯʠʩʣʝ 

ʚʝʩʥʦʡ 

D Ó 220 D Ó 110 III  

150 < D < 220 50 < D < 110 II  

D < 150 D Ò 50 I 

4. ɺʓɺʆɼ 

ʂʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ ʩʥʠʞʝʥʠʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʛʦʜʦʚʳʭ ʧʝʩʯʘʥʳʭ ʟʘʥʦʩʦʚ ʥʘ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʫʪʷʭ ʷʚʣʷʝʪʩʷ ʛʦʜʦʚʦʝ 
ʢʦʣʠʯʝʩʪʚʦ ʦʩʘʜʢʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ 

ʝʩʪʝʩʪʚʝʥʥʦʝ ʟʘʨʘʩʪʘʥʠʝ ʧʝʩʯʘʥʳʭ ʤʘʩʩʠʚʦʚ 

ʧʩʘʤʤʦʬʠʪʥʦʡ ʨʘʩʪʠʪʝʣʴʥʦʩʪʴʶ. ɺ ʩʚʷʟʠ ʩ 

ʵʪʠʤ, ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʫʨʦʚʥʷ 

ʧʝʩʢʦʟʘʥʦʩʠʤʦʩʪʠ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʧʨʦʚʝʜʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʫʩʪʘʥʦʚʣʝʥʠʝ ʢʦʨʨʝʣʷʮʠʠ 

ʤʝʞʜʫ ʦʙʲʝʤʦʤ ʛʦʜʦʚʳʭ ʦʩʘʜʢʦʚ, ʜʠʥʘʤʠʢʦʡ 

ʨʘʟʚʠʪʠʷ ʨʘʩʪʠʪʝʣʴʥʦʛʦ ʧʦʢʨʦʚʘ ʠ ʦʙʲʝʤʦʤ 

ʘʢʢʫʤʫʣʠʨʦʚʘʥʥʦʛʦ ʧʝʩʢʘ. 
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Application of Composite Sleepers on Railway Bridge Approaches 

 

Z. Fazilova1 a 

1Russian University of Transport, Moscow, Russian Federation 
 

Abstract: Laying composite sleepers on the approach to the bridge is a scientifically based and proven method 
of dealing with transitional rigidity. The main effect is achieved by smoothing the jump in elasticity 
and increased damping, which prolongs the life of the entire structure. The assessment of cyclic 
strength, elastic and damping properties of composite sleepers under the influence of a variable load 
simulating the passage of wheelsets was carried out in the loading mode: 60-80 kN (span 20 kN) with 
frequencies of 5, 10 and 15 Hz. Number of cycles: up to 5000. The results showed that the material 

is subject to cyclic strengthening. Initial instability (0-200 cycles) is replaced by stable strengthening. 
Keywords: Approaches to bridges, composite sleeper, cyclic tests, loading mode, frequency of action, damping 

properties, deformation, modulus of elasticity 

 

ʇʨʠʤʝʥʝʥʠʝ ʂʦʤʧʦʟʠʪʥʳʭ ʐʧʘʣ ʥʘ ʇʦʜʭʦʜʘʭ ʢ ɾʝʣʝʟʥʦʜʦʨʦʞʥʳʤ 

ʄʦʩʪʘʤ 
 

ʌʘʟʠʣʦʚʘ ɿ.1 a 

1ʈʦʩʩʠʡʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʪʨʘʥʩʧʦʨʪʘ, ʄʦʩʢʚʘ, ʈʦʩʩʠʡʩʢʘʷ ʌʝʜʝʨʘʮʠʷ 

 

ɸʥʥʦʪʘʮʠʷ. ʋʢʣʘʜʢʘ ʢʦʤʧʦʟʠʪʥʳʭ ʰʧʘʣ ʥʘ ʧʦʜʭʦʜʝ ʢ ʤʦʩʪʫ ʥʘʫʯʥʦ ʦʙʦʩʥʦʚʘʥʥʳʡ ʠ ʧʦʜʪʚʝʨʞʜʝʥʥʳʡ 
ʧʨʘʢʪʠʢʦʡ ʤʝʪʦʜ ʙʦʨʴʙʳ ʩ ʧʝʨʝʭʦʜʥʦʡ ʞʝʩʪʢʦʩʪʴʶ. ʆʩʥʦʚʥʦʡ ʵʬʬʝʢʪ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ 
ʩʛʣʘʞʠʚʘʥʠʷ ʩʢʘʯʢʘ ʫʧʨʫʛʦʩʪʠ ʠ ʧʦʚʳʰʝʥʥʦʛʦ ʜʝʤʧʬʠʨʦʚʘʥʠʷ, ʯʪʦ ʧʨʦʜʣʝʚʘʝʪ ʨʝʩʫʨʩ ʚʩʝʡ 
ʢʦʥʩʪʨʫʢʮʠʠ. ʆʮʝʥʢʘ ʮʠʢʣʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʠ, ʫʧʨʫʛʠʭ ʠ ʜʝʤʧʬʠʨʫʶʱʠʭ ʩʚʦʡʩʪʚ 
ʢʦʤʧʦʟʠʪʥʳʭ ʰʧʘʣ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʧʝʨʝʤʝʥʥʦʡ ʥʘʛʨʫʟʢʠ, ʤʦʜʝʣʠʨʫʶʱʝʡ ʧʨʦʭʦʜ ʢʦʣʝʩʥʳʭ 
ʧʘʨ, ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʨʝʞʠʤ ʥʘʛʨʫʞʝʥʠʷ: 60ï80 ʢʅ (ʨʘʟʤʘʭ 20 ʢʅ) ʩ ʯʘʩʪʦʪʘʤʠ 5, 10 ʠ 15 ɻʮ. 

ʂʦʣʠʯʝʩʪʚʦ ʮʠʢʣʦʚ: ʜʦ 5000. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʤʘʪʝʨʠʘʣ ʧʦʜʚʝʨʞʝʥ ʮʠʢʣʠʯʝʩʢʦʤʫ 
ʫʧʨʦʯʥʝʥʠʶ. ʅʘʯʘʣʴʥʘʷ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ (0ï200 ʮʠʢʣʦʚ) ʩʤʝʥʷʝʪʩʷ ʫʩʪʦʡʯʠʚʳʤ ʫʧʨʦʯʥʝʥʠʝʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʇʦʜʭʦʜʳ ʢ ʤʦʩʪʘʤ, ʢʦʤʧʦʟʠʪʥʘʷ ʰʧʘʣʘ, ʮʠʢʣʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ, ʨʝʞʠʤ ʥʘʛʨʫʞʝʥʠʷ, ʯʘʩʪʦʪʘ 
ʚʦʟʜʝʡʩʪʚʠʷ, ʜʝʤʧʬʠʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ, ʜʝʬʦʨʤʘʮʠʷ, ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ 
 

1. ɺɺɽɼɽʅʀɽ  

ʋʯʘʩʪʢʠ ʧʝʨʝʤʝʥʥʦʡ ʞʝʩʪʢʦʩʪʠ ʥʘ ʧʦʜʭʦʜʘʭ ʢ 

ʤʦʩʪʘʤ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʧʝʮʠʘʣʴʥʳʝ 

ʠʥʞʝʥʝʨʥʳʝ ʢʦʥʩʪʨʫʢʮʠʠ, ʧʨʠʟʚʘʥʥʳʝ ʨʝʰʠʪʴ 

ʧʨʦʙʣʝʤʫ ʨʝʟʢʦʛʦ ʧʝʨʝʧʘʜʘ ʞʝʩʪʢʦʩʪʠ ʤʝʞʜʫ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʜʘʪʣʠʚʦʡ ʥʘʩʳʧʴʶ ʠ ʞʝʩʪʢʠʤ 

ʤʦʩʪʦʚʳʤ ʩʦʦʨʫʞʝʥʠʝʤ. ʊʘʢʦʡ ʧʝʨʝʧʘʜ ʷʚʣʷʝʪʩʷ 

ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʦʙʨʘʟʦʚʘʥʠʷ çʧʨʝʜʤʦʩʪʦʚʳʭ 

ʷʤè ʠ ʫʩʢʦʨʝʥʥʦʛʦ ʠʟʥʦʩʘ ʧʫʪʠ [1]Ƅ[2]. 

ʅʘ ʛʨʘʥʠʮʝ ʤʦʩʪʘ ʠ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ 

ʚʦʟʥʠʢʘʝʪ ʨʝʟʢʠʡ ʩʢʘʯʦʢ ʞʝʩʪʢʦʩʪʠ. ʇʨʠ ʧʨʦʭʦʜʝ 

ʧʦʝʟʜʘ ʵʪʦ ʚʳʟʳʚʘʝʪ ʥʝʨʘʚʥʦʤʝʨʥʳʝ ʦʩʘʜʢʠ ʠ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʜʠʥʘʤʠʯʝʩʢʠʝ ʥʘʛʨʫʟʢʠ, 
ʚʠʙʨʘʮʠʶ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʩʢʦʨʝʥʥʦʤʫ ʠʟʥʦʩʫ 

ʨʝʣʴʩʦʚ, ʰʧʘʣ, ʙʘʣʣʘʩʪʥʦʛʦ ʩʣʦʷ. ʀʩʧʳʪʘʥʠʷ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ʧʫʪʠ ʥʘ 

ʪʠʧʦʚʦʤ ʞʝʣʝʟʦʙʝʪʦʥʥʦʤ ʤʦʩʪʫ ʧʨʠʤʝʨʥʦ ʚ 1,5 

ʨʘʟʘ ʚʳʰʝ, ʯʝʤ ʥʘ ʧʦʜʭʦʜʝ ʢ ʥʝʤʫ [3]Ƅ[4].  

ʂʦʥʩʪʨʫʢʮʠʠ ʧʝʨʝʤʝʥʥʦʡ ʞʝʩʪʢʦʩʪʠ 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʣʘʚʥʦʝ, ʧʦʩʪʝʧʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ 

 
a  https://orcid.org/0000-0001-5933-1208 

ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʧʦʜʨʝʣʴʩʦʚʦʛʦ ʦʩʥʦʚʘʥʠʷ ʥʘ 

ʧʝʨʝʭʦʜʝ ʦʪ ʥʘʩʳʧʠ ʢ ʤʦʩʪʫ, ʯʪʦʙʳ 

ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʜʠʥʘʤʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʦʪ 

ʧʦʝʟʜʦʚ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʫʯʘʩʪʢʦʚ ʧʝʨʝʤʝʥʥʦʡ ʞʝʩʪʢʦʩʪʠ 

ʧʨʠʤʝʥʷʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʠʥʞʝʥʝʨʥʳʝ ʨʝʰʝʥʠʷ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʪʘʙʣʠʮʝ 1. 
ʊʘʙʣʠʮʘ 1 

ʂʦʥʩʪʨʫʢʮʠʠ ʫʯʘʩʪʢʦʚ ʧʝʨʝʤʝʥʥʦʡ ʞʝʩʪʢʦʩʪʠ 

ʊʝʭʥʠʯʝ-
ʩʢʦʝ 
ʨʝʰʝʥʠʝ 

ʇʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʕʬʬʝʢʪʠʚ-
ʥʦʩʪʴ 

ɾʝʣʝʟʦʙʝʪ
ʦʥʥʳʝ 
ʧʝʨʝʭʦʜ-
ʥʳʝ ʧʣʠʪʳ 

ʇʣʠʪʘ ʦʧʠʨʘʝʪʩʷ 
ʥʘ ʫʩʪʦʡ ʤʦʩʪʘ ʠ 
ʛʨʫʥʪ ʥʘʩʳʧʠ, 
ʨʘʩʧʨʝʜʝʣʷʷ 
ʥʘʛʨʫʟʢʫ ʥʘ 
ʙʦʣʴʰʫʶ ʧʣʦʱʘʜʴ 

ʋʣʫʯʰʘʶʪ 
ʧʣʘʚʥʦʩʪʴ 
ʭʦʜʘ, ʥʦ ʠʭ 
ʵʬʬʝʢʪʠʚ-
ʥʦʩʪʴ 
ʦʛʨʘʥʠʯʝʥʘ 
ʜʣʠʥʦʡ 
(ʦʙʳʯʥʦ ʜʦ 
6-8 ʤ) 
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ɸʨʤʠʨʦʚʘ
ʥʠʝ ʛʨʫʥʪʘ 
(ʩʚʘʠ, 
ʛʝʦʤʘʪʝ-
ʨʠʘʣʳ) 

ɹʫʨʦʥʘʙʠʚʥʳʝ 
ʩʚʘʠ ʠʣʠ 
ʛʝʦʨʝʰʝʪʢʠ 
ʫʢʨʝʧʣʷʶʪ ʛʨʫʥʪ 
ʥʘʩʳʧʠ, 
ʫʚʝʣʠʯʠʚʘʷ ʝʛʦ 
ʞʝʩʪʢʦʩʪʴ 

ɿʥʘʯʠʪʝ- 
ʣʴʥʦ 
ʧʦʚʳʰʘʶʪ 
ʞʝʩʪʢʦʩʪʴ 
ʦʩʥʦʚʘʥʠʷ 
ʥʘ ʧʦʜʭʦʜʝ, 
ʫʤʝʥʴʰʘʷ 
ʨʘʟʥʠʮʫ 

ʂʣʠʥʦʚʠʜ
ʥʘʷ 
ʟʘʩʳʧʢʘ - 

ɿʘ ʤʦʩʪʦʚʳʤ 
ʫʩʪʦʝʤ 
ʫʩʪʨʘʠʚʘʝʪʩʷ ʢʣʠʥ 
ʠʟ ʤʘʪʝʨʠʘʣʘ ʩ 
ʧʦʩʪʝʧʝʥʥʦ 
ʫʤʝʥʴʰʘʶʱʝʡʩʷ 
ʞʝʩʪʢʦʩʪʴʶ 

ʉʥʠʞʘʝʪ 
ʥʝʨʘʚʥʦ-
ʤʝʨʥʦʩʪʴ 
ʦʩʘʜʢʠ ʥʘ 
42.2% 
ʩʦʛʣʘʩʥʦ 
ʠʩʩʣʝʜʦʚʘ-
ʥʠʷʤ 

ʇʨʠʤʝʥʝʥ
ʠʝ 
ʫʧʨʫʛʠʭ 
ʵʣʝʤʝʥʪʦʚ 

ʋʢʣʘʜʢʘ 
ʧʦʜʙʘʣʣʘʩʪʥʳʭ 
ʤʘʪʦʚ ʠʣʠ 
ʧʦʜʨʝʣʴʩʦʚʳʭ 
ʧʨʦʢʣʘʜʦʢ ʨʘʟʥʦʡ 
ʞʝʩʪʢʦʩʪʠ ʜʣʷ 
ʧʣʘʚʥʦʛʦ ʧʝʨʝʭʦʜʘ 

ʇʦʟʚʦʣʷʝʪ 
ʪʦʯʥʦ 
ʥʘʩʪʨʘʠʚʘʪʴ 
ʞʝʩʪʢʦʩʪʴ 
ʧʫʪʠ ʥʘ 
ʨʘʟʥʳʭ 
ʫʯʘʩʪʢʘʭ 
ʟʦʥʳ 
ʧʝʨʝʭʦʜʘ 

 

ʉʦʛʣʘʩʥʦ ʥʦʨʤʘʪʠʚʘʤ, ʤʠʥʠʤʘʣʴʥʘʷ ʜʣʠʥʘ 

ʫʯʘʩʪʢʘ ʧʝʨʝʤʝʥʥʦʡ ʞʝʩʪʢʦʩʪʠ ʟʘʚʠʩʠʪ ʦʪ 

ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʦʚ ʠ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 15 ʜʦ 
25 ʤʝʪʨʦʚ. ʆʜʥʘʢʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ 

ʵʪʦʛʦ ʯʘʩʪʦ ʥʝʜʦʩʪʘʪʦʯʥʦ, ʠ ʜʣʷ ʥʘʜʝʞʥʦʡ ʨʘʙʦʪʳ 

ʥʘ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʠ ʛʨʫʟʦʥʘʧʨʷʞʝʥʥʳʭ 

ʣʠʥʠʷʭ ʪʨʝʙʫʝʪʩʷ ʠʥʜʠʚʠʜʫʘʣʴʥʦʝ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʩ ʫʯʝʪʦʤ ʨʝʘʣʴʥʦʡ ʜʣʠʥʳ ʟʦʥʳ 

ʨʘʩʩʪʨʦʡʩʪʚ [5]Ƅ[7]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʯʘʩʪʢʠ ʧʝʨʝʤʝʥʥʦʡ ʞʝʩʪʢʦʩʪʠ 

ð ʵʪʦ ʥʝ ʧʨʦʩʪʦ ʧʣʠʪʘ, ʘ ʢʦʤʧʣʝʢʩʥʘʷ ʩʠʩʪʝʤʘ 

çʧʨʦʣʝʪʥʦʝ ʩʪʨʦʝʥʠʝ ð ʫʩʪʦʡ ð ʟʝʤʣʷʥʦʝ 

ʧʦʣʦʪʥʦè, ʢ ʢʘʞʜʦʤʫ ʵʣʝʤʝʥʪʫ ʢʦʪʦʨʦʡ 

ʧʨʝʜʲʷʚʣʷʶʪʩʷ ʩʚʦʠ ʪʨʝʙʦʚʘʥʠʷ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʧʣʘʚʥʦʩʪʠ ʭʦʜʘ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʧʫʪʠ [8]Ƅ[9]. 

2. ʀʉʉʃɽɼʆɺɸʅʀɽ 
ɼɽʄʇʌʀʈʋʖʑʀʍ ʉɺʆʁʉʊɺ 

ʆʜʥʠʤ ʠʟ ʵʬʬʝʢʪʠʚʥʳʭ ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʝʜʣʦʞʝʥʠʡ 

ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʧʝʨʝʭʦʜʥʦʡ ʞʝʩʪʢʦʩʪʠ 

ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʢʦʤʧʦʟʠʪʥʳʭ ʰʧʘʣ ʥʘ 
ʧʦʜʭʦʜʘʭ ʢ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʤ ʤʦʩʪʘʤ. ʆʥʦ 

ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʪʴ ʩʨʦʢ ʩʣʫʞʙʳ 

ʧʫʪʠ ʠ ʩʥʠʟʠʪʴ ʟʘʪʨʘʪʳ ʥʘ ʝʛʦ ʩʦʜʝʨʞʘʥʠʝ. 

ʂʦʤʧʦʟʠʪʥʳʝ ʰʧʘʣʳ ʨʘʙʦʪʘʶʪ ʢʘʢ "ʫʤʥʳʡ" 

ʙʫʬʝʨ. ʆʥʠ ʞʝʩʪʯʝ, ʯʝʤ ʜʝʨʝʚʷʥʥʳʝ (ʢʦʪʦʨʳʝ 

ʯʘʩʪʦ ʣʝʞʘʪ ʥʘ ʧʦʜʭʦʜʘʭ), ʥʦ ʧʨʠ ʵʪʦʤ ʦʙʣʘʜʘʶʪ 

ʙʦʣʴʰʝʡ ʛʠʙʢʦʩʪʴʶ ʠ ʜʝʤʧʬʠʨʦʚʘʥʠʝʤ, ʯʝʤ 

ʪʷʞʝʣʳʡ ʞʝʣʝʟʦʙʝʪʦʥ. ʂʣʶʯʝʚʳʝ ʵʬʬʝʢʪʳ ʦʪ ʠʭ 

ʧʨʠʤʝʥʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 2. 

ʅʘʠʙʦʣʝʝ ʫʙʝʜʠʪʝʣʴʥʳʝ ʜʘʥʥʳʝ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʚ ʭʦʜʝ ʤʘʩʰʪʘʙʥʳʭ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ 

ʠʩʧʳʪʘʥʠʡ, ʧʨʦʚʝʜʝʥʥʳʭ ʚ ʉʐɸ (TTC) ʥʘ ʩʝʪʠ 

ʜʦʨʦʛ Union Pacific [6]. ʅʘ ʦʜʥʦʤ ʠʟ ʫʯʘʩʪʢʦʚ ʙʳʣʠ 

ʫʣʦʞʝʥʳ ʪʨʠ ʪʠʧʘ ʰʧʘʣ: ʞʝʣʝʟʦʙʝʪʦʥʥʳʝ (ʩ 
ʨʝʟʠʥʦʚʳʤʠ ʧʦʜʢʣʘʜʢʘʤʠ ʠ ʙʝʟ), ʘ ʪʘʢʞʝ 

ʢʦʤʧʦʟʠʪʥʳʝ. ʏʝʨʝʟ ʧʨʦʧʫʱʝʥʥʳʡ ʪʦʥʥʘʞ ʚ 245 

ʤʣʥ ʪʦʥʥ ʙʨʫʪʪʦ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʠʤʝʥʥʦ 

ʢʦʤʧʦʟʠʪʥʳʝ ʰʧʘʣʳ ʦʙʝʩʧʝʯʠʣʠ ʥʘʠʤʝʥʴʰʠʡ 

ʨʘʟʙʨʦʩ ʞʝʩʪʢʦʩʪʠ. ɿʥʘʯʝʥʠʷ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʥʘ 

ʤʦʩʪʫ ʠ ʥʘ ʧʦʜʭʦʜʝ ʩʪʘʣʠ ʧʨʘʢʪʠʯʝʩʢʠ 

ʦʜʠʥʘʢʦʚʳʤʠ. 

ʂʦʤʧʦʟʠʪʥʳʝ ʰʧʘʣʳ ʧʦʢʘʟʘʣʠ ʚʳʩʦʢʠʝ 

ʚʠʙʨʦʧʦʛʣʦʱʘʶʱʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɺ ʭʦʜʝ ʪʝʭ 

ʞʝ ʠʩʧʳʪʘʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʫ 

ʢʦʤʧʦʟʠʪʥʳʭ ʰʧʘʣ ʙʳʣ ʩʦʧʦʩʪʘʚʠʤ ʩ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʫ ɾɹ-ʰʧʘʣ ʩ ʨʝʟʠʥʦʚʳʤʠ 
ʧʨʦʢʣʘʜʢʘʤʠ (ʦʢʦʣʦ 0,15), ʪʦʛʜʘ ʢʘʢ ʫ ʦʙʳʯʥʳʭ 

ɾɹ-ʰʧʘʣ ʦʥ ʩʦʩʪʘʚʠʣ ʚʩʝʛʦ 0,10. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ 

ʧʫʪʴ ʩ ʢʦʤʧʦʟʠʪʥʳʤʠ ʰʧʘʣʘʤʠ ʙʳʩʪʨʝʝ ʛʘʩʠʪ 

ʚʠʙʨʘʮʠʠ ʧʦʩʣʝ ʧʨʦʭʦʜʘ ʢʦʣʝʩʘ. 

ɿʘ ʚʝʩʴ ʧʝʨʠʦʜ ʥʘʙʣʶʜʝʥʠʡ ʧʨʠ ʠʥʪʝʥʩʠʚʥʦʤ 

ʜʚʠʞʝʥʠʠ ʥʘ ʤʦʩʪʘʭ ʩ ʢʦʤʧʦʟʠʪʥʳʤʠ ʰʧʘʣʘʤʠ ʥʝ 

ʙʳʣʦ ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʧʦʷʚʣʝʥʠʷ ʪʨʝʱʠʥ ʠʣʠ 

ʨʘʩʩʪʨʦʡʩʪʚʘ ʧʫʪʠ. 

ʊʘʙʣʠʮʘ 2  

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ 

ʰʧʘʣ 

ʇʘʨʘʤʝʪʨ ʕʬʬʝʢʪ ʦʪ 
ʧʨʠʤʝʥʝʥʠʷ 

ʢʦʤʧʦʟʠʪʥʳʭ ʰʧʘʣ 

ɺʳʨʘʚʥʠʚʘʥʠʝ 

ʞʝʩʪʢʦʩʪʠ 

ʉʥʠʞʘʶʪ ʨʘʟʥʠʮʫ ʚ 

ʞʝʩʪʢʦʩʪʠ ʤʝʞʜʫ 

ʧʫʪʝʤ ʥʘ ʤʦʩʪʫ ʠ ʥʘ 

ʧʦʜʭʦʜʝ 

ʉʥʠʞʝʥʠʝ ʜʠʥʘʤʠʢʠ ʋʜʘʨʥʳʝ ʥʘʛʨʫʟʢʠ ʠ 

ʚʠʙʨʘʮʠʠ ʛʘʩʷʪʩʷ ʟʘ 

ʩʯʝʪ ʧʦʣʠʤʝʨʥʦʡ 

ʤʘʪʨʠʮʳ 

ʉʦʧʨʦʪʠʚʣʝʥʠʝ 

ʩʜʚʠʛʫ 

ʊʝʢʩʪʫʨʠʨʦʚʘʥʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʣʫʯʰʝʝ 

ʩʮʝʧʣʝʥʠʝ ʩ 
ʙʘʣʣʘʩʪʦʤ (ʫ 

ʢʦʤʧʦʟʠʪʥʳʭ ʰʧʘʣ 

ʦʥʦ ʚ 1,5 ʨʘʟʘ ʚʳʰʝ, 

ʯʝʤ ʫ ʜʝʨʝʚʷʥʥʳʭ) 

 

ʆʮʝʥʢʘ ʜʝʤʧʬʠʨʫʶʱʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʥʳʭ 

ʰʧʘʣ ʦʜʥʘ ʠʟ ʢʣʶʯʝʚʳʭ ʟʘʜʘʯ, ʪʘʢ ʢʘʢ ʠʤʝʥʥʦ ʵʪʠ 

ʩʚʦʡʩʪʚʘ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʶʪ ʠʭ ʧʨʝʠʤʫʱʝʩʪʚʦ 

ʥʘʜ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʞʝʣʝʟʦʙʝʪʦʥʥʳʤʠ ʰʧʘʣʘʤʠ 

(ʩʥʠʞʝʥʠʝ ʚʠʙʨʘʮʠʠ ʠ ʰʫʤʘ, ʫʣʫʯʰʝʥʠʝ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʫʪʠ ʠ 

ʧʦʜʚʠʞʥʦʛʦ ʩʦʩʪʘʚʘ). 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʪʘʥʜʘʨʪʘʤʠ AREMA ʙʳʣʠ 
ʧʨʦʚʝʜʝʥʳ ʣʘʙʦʨʘʪʦʨʥʳʝ ʠʩʧʳʪʘʥʠʷ ʥʘ 

ʮʠʢʣʠʯʝʩʢʫʶ ʥʘʛʨʫʟʢʫ ʰʧʘʣʳ ʜʣʷ ʠʤʠʪʘʮʠʠ 

ʧʦʩʣʝʜʫʶʱʠʭ ʧʦʝʟʜʦʚ, ʧʨʦʭʦʜʷʱʠʭ ʥʘʜ ʰʧʘʣʦʡ ʚ 

ʪʝʯʝʥʠʝ ʝʝ ʩʨʦʢʘ ʩʣʫʞʙʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʥʘʙʣʶʜʘʪʴ ʫʩʪʘʣʦʩʪʥʳʝ ʵʬʬʝʢʪʳ ʠʣʠ ʧʦʩʪʦʷʥʥʫʶ 
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ʜʝʬʦʨʤʘʮʠʶ ʠ ʜʦʢʘʟʳʚʘʪʴ ʥʝʩʫʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ 

ʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʰʧʘʣʳ (ʨʠʩʫʥʦʢ 1). 

 
ʈʠʩ. 1. ʀʩʧʳʪʘʥʠʝ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʪʥʦʡ 

ʰʧʘʣʳ ʥʘ ʮʠʢʣʠʯʝʩʢʫʶ ʥʘʛʨʫʟʢʫ 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʧʳʪʘʥʠʡ ʥʘ ʮʠʢʣʠʯʝʩʢʫʶ 

ʫʩʪʘʣʦʩʪʴ ʢʦʤʧʦʟʠʪʥʦʡ ʰʧʘʣʳ ʥʘ ʦʩʥʦʚʝ 

ʧʝʨʝʨʘʙʦʪʘʥʥʦʛʦ ʧʣʘʩʪʠʢʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʘʭ 2 ï 4. 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʪʨʠ ʦʩʮʠʣʣʦʛʨʘʤʤʳ, 

ʦʪʦʙʨʘʞʘʶʱʠʝ ʜʠʥʘʤʠʢʫ ʠʟʤʝʥʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ 

ʦʙʨʘʟʮʘ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʮʠʢʣʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʠ ʚ 

ʜʠʘʧʘʟʦʥʝ 60ï80 ʢʅ. ʅʘ ʚʩʝʭ ʛʨʘʬʠʢʘʭ ʚʠʜʥʦ, ʯʪʦ 

ʩʠʩʪʝʤʘ ʚʳʰʣʘ ʥʘ ʫʩʪʘʥʦʚʠʚʰʠʡʩʷ ʨʝʞʠʤ 
ʢʦʣʝʙʘʥʠʡ ʧʦʩʣʝ ʥʘʯʘʣʴʥʦʛʦ ʧʝʨʝʭʦʜʥʦʛʦ 

ʧʨʦʮʝʩʩʘ. ɺ ʧʨʦʮʝʩʩʝ ʠʩʧʳʪʘʥʠʡ ʥʠ ʦʜʠʥ ʠʟ 

ʦʙʨʘʟʮʦʚ ʥʝ ʨʘʟʨʫʰʠʣʩʷ. 

ʅʘ ʚʩʝʭ ʪʨʝʭ ʯʘʩʪʦʪʘʭ (5, 10 ʠ 15 ɻʮ) ʩʠʩʪʝʤʘ 

ʫʩʧʝʰʥʦ ʦʪʨʘʙʘʪʳʚʘʝʪ ʮʠʢʣʳ ʥʘʛʨʫʞʝʥʠʷ "60-80 

ʢʅ" ʙʝʟ ʧʦʪʝʨʠ ʬʦʨʤʳ ʩʠʛʥʘʣʘ. 

ɻʨʘʬʠʢ ʥʘ 5 ɻʮ ʧʦʢʘʟʳʚʘʝʪ ʨʘʟʤʘʭ ʜʝʬʦʨʤʘʮʠʠ 

ʦʢʦʣʦ 0.8 ʤʢʤ (ʥʘ ʫʨʦʚʥʝ 9.5-10.3 ʤʢʤ), ʪʦʛʜʘ ʢʘʢ 

ʛʨʘʬʠʢʠ ʥʘ 10 ɻʮ ʠ 15 ɻʮ ʧʦʢʘʟʳʚʘʶʪ ʛʦʨʘʟʜʦ 

ʤʝʥʴʰʠʡ ʨʘʟʤʘʭ (0.1 ʤʢʤ) ʠ ʘʙʩʦʣʶʪʥʦ ʜʨʫʛʠʝ 

ʟʥʘʯʝʥʠʷ (ʚ ʨʘʡʦʥʝ 31 ʤʢʤ). ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦʡ 
ʧʨʠʯʠʥʦʡ ʪʘʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʤʦʞʥʦ ʩʯʠʪʘʪʴ 

ʠʟʤʝʥʝʥʠʝ ʞʝʩʪʢʦʩʪʠ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʟʘ 

ʩʯʝʪ ʫʧʣʦʪʥʝʥʠʷ ʤʘʪʝʨʠʘʣʘ. 

ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʯʘʩʪʦʪʳ ʩ 5 ʜʦ 15 ɻʮ 

ʘʤʧʣʠʪʫʜʘ ʜʝʬʦʨʤʘʮʠʠ (ʥʘ ʜʘʥʥʦʤ ʢʦʥʢʨʝʪʥʦʤ 

ʚʨʝʤʝʥʥʦʤ ʩʨʝʟʝ ʠ, ʚʝʨʦʷʪʥʦ, ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʦʡ 

ʞʝʩʪʢʦʩʪʠ) ʥʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʘ ʥʘʦʙʦʨʦʪ (ʥʘ 

ʚʪʦʨʦʤ ʠ ʪʨʝʪʴʝʤ ʛʨʘʬʠʢʘʭ) ʬʠʢʩʠʨʫʝʪʩʷ ʚ ʙʦʣʝʝ 

"ʫʟʢʦʤ" ʜʠʘʧʘʟʦʥʝ. ʕʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʥʝʢʦʪʦʨʳʭ 

ʪʠʧʦʚ ʠʩʧʳʪʘʥʠʡ, ʛʜʝ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʢʦʨʦʩʪʠ 

ʥʘʛʨʫʞʝʥʠʷ ʤʘʪʝʨʠʘʣ ʚʝʜʝʪ ʩʝʙʷ ʙʦʣʝʝ ʫʧʨʫʛʦ 

(ʵʬʬʝʢʪ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ 
ʫʧʨʫʛʦʩʪʠ). 

 
ʈʠʩ. 2. ɼʠʥʘʤʠʢʘ 10 ʮʠʢʣʦʚ 60-80 ʢʅ (5 ɻʮ) 

 
ʈʠʩ. 3. ɼʠʥʘʤʠʢʘ 10 ʮʠʢʣʦʚ 60-80 ʢʅ (10 ɻʮ) 

 
ʈʠʩ. 4. ɼʠʥʘʤʠʢʘ 10 ʮʠʢʣʦʚ 60-80 ʢʅ (15 ɻʮ) 

ʅʘ ʛʨʘʬʠʢʘʭ ʨʠʩʫʥʢʦʚ 5 - 7 ʧʦʢʘʟʘʥʦ ʠʟʤʝʥʝʥʠʝ 

ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʣʠʯʝʩʪʚʘ 

ʮʠʢʣʦʚ ʥʘʛʨʫʞʝʥʠʷ.  

 
ʈʠʩ. 5. ʄʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ʧʨʠ 60-80 ʢʅ (5 ɻʮ) 

 
ʈʠʩ. 6. ʄʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ʧʨʠ 60-80 ʢʅ 

(10 ɻʮ) 

 
ʈʠʩ. 7. ʄʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ʧʨʠ 60-80 ʢʅ (15 ɻʮ) 
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ʅʘ ʚʩʝʭ ʪʨʝʭ ʛʨʘʬʠʢʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ 

ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ 
ʮʠʢʣʦʚ. ʕʪʦ ʷʚʣʝʥʠʝ ʥʘʟʳʚʘʝʪʩʷ ʮʠʢʣʠʯʝʩʢʠʤ 

ʫʧʨʦʯʥʝʥʠʝʤ (ʠʣʠ çʨʘʟʨʘʙʦʪʢʦʡè ʤʘʪʝʨʠʘʣʘ). 

ʄʘʪʝʨʠʘʣ ʩʪʘʥʦʚʠʪʩʷ ʞʝʩʪʯʝ ʧʦ ʤʝʨʝ ʪʦʛʦ, ʢʘʢ 

ʧʦʜʚʝʨʛʘʝʪʩʷ ʧʦʚʪʦʨʷʶʱʠʤʩʷ ʥʘʛʨʫʟʢʘʤ. 

ʇʨʠ ʥʠʟʢʦʡ ʯʘʩʪʦʪʝ (5 ɻʮ, ʨʠʩʫʥʦʢ 5) ʤʘʪʝʨʠʘʣ 

ʧʦʢʘʟʳʚʘʝʪ ʦʪʯʝʪʣʠʚʳʝ ʵʪʘʧʳ ʫʧʨʦʯʥʝʥʠʷ. ʇʦʩʣʝ 

~4400 ʮʠʢʣʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʝʜʠʥʠʯʥʳʡ ʨʝʟʢʠʡ 

çʧʨʦʚʘʣè ʚʥʠʟ (ʜʦ 2.5 ɻʇʘ), ʯʪʦ ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ 

ʥʘ ʢʨʘʪʢʦʚʨʝʤʝʥʥʫʶ ʬʣʫʢʪʫʘʮʠʶ ʠʟʤʝʨʝʥʠʡ ʠʣʠ 

ʣʦʢʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ, ʧʦʩʣʝ ʢʦʪʦʨʦʛʦ 

ʤʘʪʝʨʠʘʣ ʧʨʦʜʦʣʞʠʣ ʫʧʨʦʯʥʷʪʴʩʷ. 

ʉ ʧʦʚʳʰʝʥʠʝʤ ʯʘʩʪʦʪʳ ʜʦ 10 ɻʮ ʩʠʩʪʝʤʘ ʩʙʦʨʘ 
ʜʘʥʥʳʭ ʨʘʙʦʪʘʝʪ ʥʝʧʨʝʨʳʚʥʦ. ɹʦʣʴʰʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʠʟʤʝʨʝʥʠʡ ʩʦʟʜʘʝʪ çʦʙʣʘʢʦè ʜʘʥʥʳʭ. 

ɿʜʝʩʴ ʯʝʪʢʦ ʚʠʜʥʘ ʜʠʥʘʤʠʢʘ ʧʨʠʨʘʙʦʪʢʠ: ʨʝʟʢʦʝ 

ʧʘʜʝʥʠʝ ʥʘ ʩʪʘʨʪʝ (0ï200 ʮʠʢʣʦʚ) ʚʳʟʚʘʥʦ 

ʧʝʨʝʭʦʜʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ʚ ʩʠʩʪʝʤʝ ʥʘʛʨʫʞʝʥʠʷ ʠ 

ʨʝʣʘʢʩʘʮʠʝʡ ʤʘʪʝʨʠʘʣʘ, ʟʘʪʝʤ ʥʘʯʠʥʘʝʪʩʷ 

ʫʩʪʦʡʯʠʚʳʡ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʡ ʨʦʩʪ ʫʧʨʦʯʥʝʥʠʷ. 

ʇʨʠ ʯʘʩʪʦʪʝ 15 ɻʮ ʛʨʘʬʠʢ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʝʱʝ 

ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʚʘʨʠʘʪʠʚʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ, ʯʪʦ 

ʪʠʧʠʯʥʦ ʜʣʷ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪ (ʚʠʙʨʘʮʠʷ ʠ 

ʠʥʝʨʮʠʦʥʥʳʝ ʵʬʬʝʢʪʳ). ʆʙʱʘʷ ʪʝʥʜʝʥʮʠʷ ʨʦʩʪʘ 
ʩʦʭʨʘʥʷʝʪʩʷ. ɺʘʞʥʦʝ ʦʪʣʠʯʠʝ: ʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʤʦʜʫʣʷ (ʧʦʩʣʝ ʩʪʘʙʠʣʠʟʘʮʠʠ) ʥʘ 15 ɻʮ (~2.28 ɻʇʘ) 

ʚʳʰʝ, ʯʝʤ ʥʘ 10 ɻʮ (~2.22 ɻʇʘ). ʕʪʦ ʤʦʞʝʪ 

ʫʢʘʟʳʚʘʪʴ ʥʘ ʯʘʩʪʦʪʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʫʧʨʫʛʠʭ 

ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ: ʧʨʠ ʙʳʩʪʨʦʤ ʧʨʠʣʦʞʝʥʠʠ 

ʥʘʛʨʫʟʢʠ (15 ɻʮ) ʤʘʪʝʨʠʘʣ ʚʝʜʝʪ ʩʝʙʷ ʞʝʩʪʯʝ, ʪʘʢ 

ʢʘʢ ʚʷʟʢʠʝ ʢʦʤʧʦʥʝʥʪʳ (ʝʩʣʠ ʰʧʘʣʘ ʧʦʣʠʤʝʨʥʘʷ) 

ʥʝ ʫʩʧʝʚʘʶʪ ʨʝʣʘʢʩʠʨʦʚʘʪʴ. 

ɸʥʘʣʠʟ ʜʝʤʧʬʠʨʫʶʱʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʥʦʡ 

ʰʧʘʣʳ, ʠʩʭʦʜʷ ʠʟ ʛʨʘʬʠʢʦʚ ʠ ʬʠʟʠʢʠ ʧʨʦʮʝʩʩʘ 

ʫʩʪʘʥʦʚʠʣ ʩʣʝʜʫʶʱʝʝ: ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ ʚ 

ʜʠʘʧʘʟʦʥʝ 60ï80 ʢʅ ʢʦʤʧʦʟʠʪʥʘʷ ʰʧʘʣʘ 
ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʫʧʨʫʛʦʝ 

ʧʦʚʝʜʝʥʠʝ ʙʝʟ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʨʘʩʩʝʠʚʘʥʠʷ ʵʥʝʨʛʠʠ 

ʚ ʚʠʜʝ ʠʩʢʘʞʝʥʠʷ ʬʦʨʤʳ ʢʦʣʝʙʘʥʠʡ (ʩʠʛʥʘʣ 

ʯʠʩʪʳʡ ʩʠʥʫʩʦʠʜʘʣʴʥʳʡ); ʧʦʩʢʦʣʴʢʫ ʩ ʨʦʩʪʦʤ 

ʯʠʩʣʘ ʮʠʢʣʦʚ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ 

ʨʘʩʪʝʪ (ʤʘʪʝʨʠʘʣ ʩʪʘʥʦʚʠʪʩʷ ʞʝʩʪʯʝ), ʝʛʦ 

ʩʧʦʩʦʙʥʦʩʪʴ ʛʘʩʠʪʴ ʢʦʣʝʙʘʥʠʷ (ʜʝʤʧʬʠʨʦʚʘʥʠʝ) 

ʜʦʣʞʥʘ ʧʦʩʪʝʧʝʥʥʦ ʩʥʠʞʘʪʴʩʷ; ʧʨʠ ʧʝʨʝʭʦʜʝ ʩ 5 

ɻʮ ʥʘ 15 ɻʮ ʞʝʩʪʢʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʘ 

ʟʥʘʯʠʪ, ʥʘ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ ʜʝʤʧʬʠʨʫʶʱʠʝ 

ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʥʦʡ ʰʧʘʣʳ ʨʝʘʣʠʟʫʶʪʩʷ ʭʫʞʝ, 
ʯʝʤ ʥʘ ʥʠʟʢʠʭ.  

3. ɿɸʂʃʖʏɽʅʀɽ 

ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʛʨʘʬʠʢʦʚ (ʜʠʥʘʤʠʢʘ 

ʜʝʬʦʨʤʘʮʠʠ ʚʦ ʚʨʝʤʝʥʠ ʠ ʠʟʤʝʥʝʥʠʝ ʤʦʜʫʣʷ 

ʫʧʨʫʛʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʠʩʣʘ ʮʠʢʣʦʚ ʧʨʠ 5, 10 
ʠ 15 ɻʮ) ʤʦʞʥʦ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʩʣʝʜʫʶʱʠʝ 

ʦʙʱʠʝ ʚʳʚʦʜʳ ʧʦ ʠʩʧʳʪʘʥʠʷʤ ʢʦʤʧʦʟʠʪʥʦʡ 

ʰʧʘʣʳ ʧʨʠ ʥʘʛʨʫʟʢʘʭ 60ï80 ʢʅ: 

1. ʄʘʪʝʨʠʘʣ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʮʠʢʣʠʯʝʩʢʦʝ 

ʫʧʨʦʯʥʝʥʠʝ. ʅʘ ʚʩʝʭ ʪʨʝʭ ʯʘʩʪʦʪʘʭ (5, 10 ʠ 15 ɻʮ) 
ʥʘʙʣʶʜʘʝʪʩʷ ʫʩʪʦʡʯʠʚʘʷ ʪʝʥʜʝʥʮʠʷ ʢ ʨʦʩʪʫ 

ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ 

ʮʠʢʣʦʚ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʥʘʛʨʫʟʦʢ ʚ ʜʠʘʧʘʟʦʥʝ 60ï80 ʢʅ 

ʤʘʪʝʨʠʘʣ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʞʝʩʪʢʠʤ ʠ ʫʧʨʫʛʠʤ 

(ʚʝʨʦʷʪʥʦ, ʟʘ ʩʯʝʪ ʫʧʣʦʪʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ 

ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ/ʚʦʣʦʢʦʥ). 

2. ʇʨʦʮʝʩʩ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʧʦ ʤʝʨʝ ʨʦʩʪʘ 

ʮʠʢʣʦʚ. ʅʘ ʚʩʝʭ ʛʨʘʬʠʢʘʭ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ 

ʚʠʜʥʦ, ʯʪʦ ʥʘʯʘʣʴʥʳʡ ʵʪʘʧ (0ï1000 ʮʠʢʣʦʚ) 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʥʘʠʙʦʣʴʰʝʡ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴʶ ʠ 

ʙʦʣʝʝ ʢʨʫʪʳʤ ʨʦʩʪʦʤ. ɺ ʜʘʣʴʥʝʡʰʝʤ (ʧʦʩʣʝ 2000ï
3000 ʮʠʢʣʦʚ) ʨʦʩʪ ʟʘʤʝʜʣʷʝʪʩʷ, ʤʘʪʝʨʠʘʣ 

ʧʝʨʝʭʦʜʠʪ ʚ ʩʪʘʜʠʶ çʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ 

ʫʧʨʦʯʥʝʥʠʷè. 

3. ʏʘʩʪʦʪʘ ʥʘʛʨʫʞʝʥʠʷ ʚʣʠʷʝʪ ʥʘ ʠʟʤʝʨʷʝʤʳʡ 

ʤʦʜʫʣʴ, ʥʦ ʥʝ ʥʘ ʭʘʨʘʢʪʝʨ ʫʧʨʦʯʥʝʥʠʷ. ʅʘ 5 ɻʮ 

ʬʠʢʩʠʨʫʝʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʦʝ ʘʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ 

ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ (~2.5 ɻʇʘ) ʠ ʜʠʩʢʨʝʪʥʳʡ 

(ʩʪʫʧʝʥʯʘʪʳʡ) ʭʘʨʘʢʪʝʨ ʝʛʦ ʠʟʤʝʥʝʥʠʷ. ʅʘ 10 ʠ   15 

ɻʮ ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʥʠʞʝ (~2.2ï2.3 ɻʇʘ), ʘ 

ʛʨʘʬʠʢʠ ʠʤʝʶʪ ʥʝʧʨʝʨʳʚʥʳʡ, ʩʠʣʴʥʦ 

ʟʘʰʫʤʣʝʥʥʳʡ ʚʠʜ.  
ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʠʩʧʳʪʘʥʠʡ ʥʘ ʨʘʟʥʳʭ ʯʘʩʪʦʪʘʭ 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʩʢʦʨʦʩʪʥʳʝ ʵʬʬʝʢʪʳ 

(ʚʷʟʢʦʫʧʨʫʛʦʩʪʴ) ʤʦʛʫʪ ʜʘʚʘʪʴ ʩʠʩʪʝʤʘʪʠʯʝʩʢʫʶ 

ʨʘʟʥʠʮʫ ʚ ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʷʭ ʤʦʜʫʣʷ. 

4. ʉʠʩʪʝʤʘ ʩʙʦʨʘ ʜʘʥʥʳʭ ʠ ʘʣʛʦʨʠʪʤ ʨʘʩʯʝʪʘ 

ʠʤʝʶʪ ʦʩʦʙʝʥʥʦʩʪʠ. ɻʨʘʬʠʢʠ ʥʘ 10 ʠ 15 ɻʮ 

ʧʦʢʘʟʳʚʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʫʨʦʚʝʥʴ ʰʫʤʘ 

(çʪʦʣʩʪʘʷè ʣʠʥʠʷ), ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ 

ʥʝʧʨʝʨʳʚʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʠ ʙʳʩʪʨʳʭ ʮʠʢʣʘʭ. 

ʉʪʫʧʝʥʴʢʠ ʥʘ 5 ɻʮ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʪʝʤ, ʯʪʦ 

ʨʘʩʯʝʪ ʤʦʜʫʣʷ ʫʩʨʝʜʥʷʝʪʩʷ ʟʘ ʙʣʦʢ ʮʠʢʣʦʚ, ʘ ʥʝ 

ʚʳʜʘʝʪʩʷ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ. 
5. ʆʪʩʫʪʩʪʚʠʝ ʧʨʠʟʥʘʢʦʚ ʨʘʟʨʫʰʝʥʠʷ ʚ ʨʘʤʢʘʭ 

ʠʩʧʳʪʘʥʠʡ. ʅʘ ʚʩʝʭ ʛʨʘʬʠʢʘʭ ʚʠʜʥʦ, ʯʪʦ ʧʦʩʣʝ 

5000 ʮʠʢʣʦʚ (ʠʣʠ 1500 ʜʣʷ 15 ɻʮ) ʤʘʪʝʨʠʘʣ 

ʧʨʦʜʦʣʞʘʝʪ ʨʘʙʦʪʘʪʴ ʚ ʫʧʨʫʛʦʡ ʟʦʥʝ ʙʝʟ 

ʢʘʪʦʩʪʨʦʬʠʯʝʩʢʦʛʦ ʧʘʜʝʥʠʷ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ 

(ʨʘʟʨʫʰʝʥʠʷ). ɽʜʠʥʠʯʥʳʝ çʧʨʦʚʘʣʳè ʥʘ ʛʨʘʬʠʢʘʭ 

(ʥʘʧʨʠʤʝʨ, ʥʘ ʛʨʘʬʠʢʝ 1) ʥʦʩʷʪ ʣʦʢʘʣʴʥʳʡ 

ʭʘʨʘʢʪʝʨ ʠ ʥʝ ʧʨʠʚʦʜʷʪ ʢ ʧʦʪʝʨʝ ʥʝʩʫʱʝʡ 

ʩʧʦʩʦʙʥʦʩʪʠ. 

ʀʩʧʳʪʘʥʥʳʝ ʦʙʨʘʟʮʳ ʰʧʘʣ ʧʦʢʘʟʘʣʠ ʚʳʩʦʢʫʶ 

ʮʠʢʣʠʯʝʩʢʫʶ ʩʪʦʡʢʦʩʪʴ ʠ ʩʧʦʩʦʙʥʦʩʪʴ ʢ 
ʫʧʨʦʯʥʝʥʠʶ ʧʦʜ ʥʘʛʨʫʟʢʦʡ 60ï80 ʢʅ ʥʘ ʚʩʝʭ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʯʘʩʪʦʪʘʭ (5, 10 ʠ 15 ɻʮ). ʄʘʪʝʨʠʘʣ 

ʩʦʭʨʘʥʷʝʪ ʩʚʦʶ ʫʧʨʫʛʦʩʪʴ ʠ ʞʝʩʪʢʦʩʪʴ ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ 5000 ʮʠʢʣʦʚ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʝʛʦ ʧʨʠʛʦʜʥʦʩʪʠ ʜʣʷ ʨʘʙʦʪʳ ʚ ʫʩʣʦʚʠʷʭ 

ʧʦʚʳʰʝʥʥʳʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʥʘʛʨʫʟʦʢ ʥʘ ʫʯʘʩʪʢʘʭ 

ʧʝʨʝʤʝʥʥʦʡ ʞʝʩʪʢʦʩʪʠ ʚ ʧʨʝʜʤʦʩʪʦʚʦʡ ʟʦʥʝ.  

ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʣʘʥʠʨʫʝʪʩʷ ʧʨʦʜʦʣʞʠʪʴ 

ʠʩʧʳʪʘʥʠʷ ʜʦ ʤʦʤʝʥʪʘ ʫʩʪʘʣʦʩʪʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ 

ʤʘʪʝʨʠʘʣʘ ʢʦʤʧʦʟʠʪʥʦʡ ʰʧʘʣʳ ʠ ʦʧʨʝʜʝʣʝʥʠʷ 

ʧʨʝʜʝʣʘ ʝʛʦ ʚʳʥʦʩʣʠʚʦʩʪʠ. 
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ɹʃɸɻʆɼɸʈʅʆʉʊʀ 
ɸʚʪʦʨ ʙʣʘʛʦʜʘʨʠʪ ʨʫʢʦʚʦʜʩʪʚʦ ʠ ʩʦʪʨʫʜʥʠʢʦʚ 

ʆʆʆ çɸʂʉʀʆʅ ʈʋʉè ʟʘ ʧʨʝʜʦʩʪʘʚʣʝʥʥʳʝ 

ʦʙʨʘʟʮʳ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʠʭ 

ʠʩʧʳʪʘʥʠʡ. 
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Assessment of the Operational Reliability of Railway Water Pipelines in 

Seismically Active Areas 

 

S.T. Djabbarov1, E.B. Abdualiev1 
1Tashkent State Transport University, Tashkent, Uzbekistan 

 

Abstract: In this study, the stress-strain state of the railway subgrade and the water pipeline system under 
seismic and operational loads was assessed based on digital modeling. Calculations were performed 
using the finite element method based on a three-dimensional model. The research results revealed 
that soil moisture, embankment height, and pipe wall thickness significantly affect the deformation 
and reliability of the structure. An increase in soil moisture leads to a decrease in the deformation 
modulus and an increase in the amount of settlement. Decreasing the pipe wall thickness reduces the 

rigidity of the structure and does not ensure seismic safety. It has been substantiated that digital 
modeling methods are an effective tool for assessing the stability of railway infrastructure and 
developing optimal engineering solutions. 

Keywords: Seismic safety, railway track, culvert, digital modeling, finite element method, sustainable 
engineering, operational reliability 

 

Seysmik Faol Hududlardagi Temir Yoól Suv Oótkazuvchi Quvurlarining 

Ekspluatatsion Ishonchliligini Baholash 
 

Djabbarov S. T.1, Abdualiyev E.B.1 

1Toshkent davlat transport universiteti, Tashkent, Oózbekiston 

 

Annotatsiya: Mazkur tadqiqotda temir yoól yer polotnosi va suv oótkazuvchi quvurlar tizimining seysmik va 
ekspluatatsion yuklamalar taôsiridagi kuchlanish-deformatsiya holati raqamli modellashtirish asosida 
baholandi. Hisoblashlar chekli elementlar usuli yordamida uch oólchamli model asosida amalga 
oshirildi. Tadqiqot natijalari grunt namligi, koótarma balandligi va quvur devori qalinligi 
konstruksiyaning deformatsiyasi va ishonchliligiga sezilarli taôsir koórsatishini aniqladi. Grunt 
namligining ortishi deformatsiya modulining kamayishiga va choókish miqdorining oshishiga olib 
keladi. Quvur devori qalinligining kamayishi konstruksiyaning bikirligini kamaytirib, seysmik 

xavfsizlikni taôminlamaydi. Raqamli modellashtirish usullari temir yoól infratuzilmasining 
barqarorligini baholash va optimal muhandislik yechimlarini ishlab chiqishda samarali vosita 
ekanligi asoslandi. 

Kalit soózlar: Seysmik xavfsizlik, temir yoól yer polotnosi, suv oótkazuvchi quvur, raqamli modellashtirish, chekli 
elementlar usuli, barqaror muhandislik, ekspluatatsion ishonchlilik 

1. KIRISH  

Zamonaviy temir yoól infratuzilmasini loyihalashda 

seysmik xavfsizlikni taôminlash, qurilish jarayonlarini 

raqamlashtirish va barqaror muhandislik yechimlarini 

qoóllash muhim ahamiyatga ega. Temir yoól yer 

polotnosi ostida joylashgan suv oótkazuvchi quvurlar 

konstruksiyaning muhim elementlaridan biri boólib, 

ularning deformatsiyasi temir yoól izining umumiy 

ishonchliligiga bevosita taôsir qiladi. 

Seysmik faol hududlarda gruntning fizik-mexanik 

xossalari, namlik darajasi va konstruktiv 

parametrlarning oózgarishi konstruksiyaning 

kuchlanish va deformatsiya holatini sezilarli darajada 

oózgartiradi. Shu sababli, zamonaviy raqamli 

modellashtirish usullaridan foydalanish 

konstruksiyaning real holatini aniq baholash imkonini 

beradi. 

Ushbu tadqiqotning maqsadi temir yoól yer 

polotnosi va suv oótkazuvchi quvurlar tizimining 

deformatsiyasi va ishonchliligini raqamli 

modellashtirish asosida baholashdan iborat. Tadqiqot 

uchastkasi sifatida 8 ballik seysmik xududda[1] 

joylashgan  Toshkent viloyatidagi temir yoól linyasi 

qabul qilingan (1-rasm). 
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1-rasm. Oózbekiston Respublikasining seysmik 

rayonlashtirish xaritasi 

Tadqiqot yoónalishi geotexnika, seysmik 

muhandislik va raqamli modellashtirish 

texnologiyalari (FEM, BIM) kesishmasida rivojlanib 

kelmoqda. Jahon va mahalliy ilmiy maktablarda 

gruntïinshoot oózaro taôsiri (SoilïStructure 

Interaction, SSI) hamda temir yoól inshootlarining 

seysmik barqarorligini baholash masalalari keng 

oórganilgan. 

Jahon miqyosida Z.G. Ter-Martirosyan [2] va 

D.A. Karpenko [3] gruntlarning dinamik xususiyatlari 

hamda zilzila sharoitida yer polotnosining kuchlanish-

deformatsiya holatini chekli elementlar usuli (FEM) 

asosida modellashtirish boóyicha fundamental nazariy 

asoslarni ishlab chiqqanlar. Ularning ishlari dinamik 

hisoblash algoritmlarini takomillashtirish va noxatolik 

zonalarini aniqlashda muhim ahamiyat kasb etadi. 

Yaponiya olimi K. Ishihara [4] gruntlarning 

suyuqlanish (liquefaction) hodisasini chuqur oórganib, 

uning transport inshootlari, xususan temir yoól 

poydevorlariga taôsir mexanizmlarini aniqlagan. 

Uning tajriba va empirik modellari zilzila paytida 

ballast va lyoss gruntlarining mustahkamlik yoóqotish 

sharoitlarini baholashda keng qoóllaniladi. 

N. Kyriazis va G. Gazetas [5] tomonidan yer osti 

inshootlari, jumladan quvurlar va grunt massivining 

seysmik toólqinlar ostidagi kinematik oózaro taôsiri 

oórganilgan. Ular tomonidan taklif etilgan analitik va 

yarim empirik modellar quvurlarning 

deformatsiyalanish chegaralarini aniqlash hamda 

stress kontsentratsiyasini baholashda samarali 

hisoblanadi. 

Temir yoól izi oraligói 1520 mm boólgan 

mamlakatlarida temir yoól yoónalishida raqamli 

modellashtirish boóyicha kuchli ilmiy maktab 

shakllangan. E.S. Ashpiz [6] temir yoól yer 

polotnosining ishonchliligini baholash va diagnostika 

qilish boóyicha kompleks metodikani ishlab chiqib, 

raqamli modellarning natijalarini real monitoring 

maôlumotlari bilan integratsiyalash tamoyillarini taklif 

etgan. V.V. Vinogradov [7] esa seysmik hududlarda 

temir yoól inshootlarining barqarorligini hisoblash 

usullarini takomillashtirib, dinamik koeffitsientlarni 

aniqlash va xavfsizlik zaxirasini baholash 

metodikasini rivojlantirgan. 

Oózbekiston sharoitida, hududning yuqori seysmik 

faolligi sababli, ushbu masala dolzarb ahamiyatga ega. 

Akademik T.R. Rashidov [8] tomonidan yer osti 

inshootlari, ayniqsa quvurlarning seysmodinamikasi 

boóyicha ilmiy maktab yaratilgan boólib, uning nazariy 

ishlanmalari zilzila sharoitida quvurlar chidamliligini 

baholashda metodologik asos vazifasini bajaradi. G.H. 

Xodjayev [9] temir yoól yer polotnosining dinamik 

yuklamalar ostidagi barqarorligi va lyoss 

gruntlarining fizik-mexanik xususiyatlarini tadqiq 

qilgan. Sh.M. Góulomov [10]va boshqa tadqiqotchilar 

esa raqamli texnologiyalarni joriy etish, shuningdek, 

TDTU olimlari suv oótkazuvchi quvurlarning 

ishonchlilik koórsatkichlarini matematik 

modellashtirish orqali baholash yoónalishida ilmiy 

ishlar olib bormoqdalar [11,12].Umuman olganda, 

mavjud adabiyotlar grunt va inshootlarning alohida 

yoki integratsiyalashgan holda seysmik tahlilini 

yoritadi. Biroq temir yoól koótarmasi, ballast qatlami 

va suv oótkazuvchi quvurlarning yagona uch oólchamli 

dinamik FEM modeli asosida kompleks baholanishi 

yetarli darajada tizimlashtirilmagan. Mazkur tadqiqot 

aynan shu boóshliqni toóldirishga qaratilgan boólib, 

temir yoól izi konstruksiyasining ekspluatatsion 

ishonchliligini seysmik sharoitda raqamli 

modellashtirish orqali baholashni maqsad qiladi. 

2. TADQIQOT USULI  

Hisoblash modeli. Hisoblash chekli elementlar usuli 

asosida quyidagi tenglama yordamida amalga 

oshirildi: 

[K]{u}={F}  

bu yerda: [K] -konstruksiyaning bikirlik 

matritsasi; 

{u} - tugun siljishlari vektori; 

{F} - yuklanishlar vektori. 

Uch oólchamli model tetraedrik chekli elementlar 

asosida qurildi. Modelda grunt asosi, ballast qatlami, 

yer polotnosi va temir-beton quvur va seysmik holat 

hisobga olindi ( 2-rasm). 

 
2-rasm. Hisobiy model 
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Hisoblash parametrlari. Hisoblashda quyidagi 

parametrlar qabul qilindi: 

- koótarma balandligi: 2ï6 m; 

- oóqiy yuklama: 25,5 t/oóq; 

- grunt namligi: 18% va 28%; 

- quvur devori qalinligi: 0,07ï0,10 m; 

- grunt deformatsiya moduli: 38ï110 MPa. 

Grunt materiali Mor-Kulon modeli asosida, quvur 

materiali esa elastik model asosida modellashtirildi 

[13]. 

Natijalar.  Grunt namligining taôsiri grunt namligi 

oshganda deformatsiya moduli sezilarli darajada 

kamayishini koórsatdi. Natijada yer polotnosi va quvur 

deformatsiyasi ortdi. Maksimal choókish qiymati 

yuqori namlik sharoitida ikki baravargacha ortdi. Suv 

oótkazuvchi quvur devori qalinligi t = 0,10 m 

boólganda (8 ball seysmikani hisobga olgan holda) 1-

jadvalda keltirilgan. 

1-jadval 

Suv oótkazuvchi quvur devorining qalinligi t = 0,10 m boólganda yer polotnosining choókish qiymatlari 

Tr/r 

Koôtarma 

balandligi 

(H), m 

Namlik 

(W), % 

Bosim 

(q), 

MPa 

Bosim 

(q b), 

MPa 

Cho'kish 

(ŭ), mm 

Cho'kish 

(ŭ b), mm 

Ishonchlilik 

(R), % 

Ishonchlilik 

(R b), % 

1 2 18 18 18,90 9,9 10,40 97 92,2 

2 2 28 30 31,50 22,8 23,94 84 79,8 

3 3 18 19 19,95 10,4 10,92 96 91,2 

4 3 28 31 32,55 24,3 25,52 83 78,9 

5 4 18 20 21,00 10,9 11,45 95 90,3 

6 4 28 32 33,60 25,4 26,67 82 77,9 

7 5 18 20 21,00 11,5 12,08 94 89,3 

8 5 28 33 34,65 27,3 28,67 81 77,0 

9 6 18 21 22,05 12,1 12,71 93 88,4 

10 6 28 34 35,70 28,7 30,14 80 76,0 

Suv oótkazuvchi quvur devori qalinligi t = 0,07 m 

boólganda (8 ball seysmikani hisobga olgan holda) 

natijalar (t = 0,07 m, 8 ball, ks=0,05)  2- jadvalda 

keltirilgan. 

2-jadval 

Suv oótkazuvchi quvur devorining qalinligi t = 0,07 m boólganda yer polotnosining choókish qiymatlari 

Tr/r 

Koôtarma 

balandligi 

(H), m 

Namlik 

(W), % 

Bosim 

(q), 

MPa 

Bosim 

(q b), 

MPa 

Cho'kish 

(ŭ), mm 

Cho'kish 

(ŭ b), mm 

Ishonchlilik 

(R), % 

Ishonchlilik 

(R b), % 

1 2 18 18 18,90 11,2 11,76 94 89,3 

2 2 28 30 31,50 24,5 25,73 79 75,1 

3 3 18 19 19,95 12,0 12,60 93 88,4 

4 3 28 31 32,55 25,8 27,09 77 73,2 

5 4 18 20 21,00 12,8 13,44 91 86,5 

6 4 28 32 33,60 27,6 28,98 76 72,2 

7 5 18 20 21,00 13,5 14,18 90 85,5 

8 5 28 33 34,65 29,8 31,29 74 70,3 

9 6 18 21 22,05 14,3 15,02 88 83,6 

10 6 28 34 35,70 32,4 34,02 72 68,4 
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Quvur devori qalinligini 0,10 m dan 0,07 m 

gachakamayish natijasida: 

- choókish miqdori 12ï14% ga ortdi; 

- konstruksiya bikirligi kamaydi; 

- ishonchlilik koeffitsiyenti kamaydi. 

 

 
2-rasm. Suv oótkazuvchi chegarasida quvur 

devori qalinligini 0,07 va 0,10m oraliqda 8 ballik 

sesysmikani inobatga olgan holda temir yoôl 

izining choôkishi 

 

 

 
3-rasm. Suv oótkazuvchi chegarasida quvur 

devori qalinligini 0,07 va 0,10m oraliqda 8 ballik 

sesysmikani inobatga olgan holda temir yoôl 

izining ishonchliyligi 

Koótarma balandligining taôsiri. Koótarma 

balandligi oshishi bilan kuchlanish va deformatsiya 

qiymatlari ortdi. Eng katta deformatsiya 6 m 

balandlikda kuzatildi. Maksimal kuchlanish qiymati 

10 MPa gacha yetdi. 

Muhokama. Natijalar grunt namligi konstruksiya 

deformatsiyasiga sezilarli taôsir koórsatishini 

koórsatdi. Namlik ortishi grunt bikirligini kamaytiradi 

va choókishni oshiradi. Quvur devori qalinligini 

kamayishi konstruksiyaning seysmik xavfsizligini 

kamayadi va deformatsiya ortadi. Raqamli 

modellashtirish usullari konstruksiyaning real holatini 

baholash va optimal loyihaviy yechimlarni ishlab 

chiqish imkonini beradi. 

3. XULOSA 

Oótkazilgan tadqiqot natijalari  quyidagicha xulosalar 

qilish imkonini berdi: 

- grunt namligi konstruksiya ishonchliligiga 

sezilarli taôsir koórsatadi; 

- quvur devori qalinligini kamayishi 

konstruksiya ishonchliligini kamaytirdi; 

- koótarma balandligi deformatsiya va 

kuchlanishga bevosita taôsir qiladi; 

- raqamli modellashtirish seysmik xavfsizlikni 

taôminlashda samarali vosita hisoblanadi. 

Raqamli modellashtirish usullarini qoóllash temir yoól 

infratuzilmasining barqarorligini oshirish va seysmik 

xavfsizlikni taôminlash imkonini beradi. 
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Modern Principles of Sustainable Bridge Design 

 

S. Salikhanov1 a 

 1Tashkent state transport university, Tashkent, Uzbekistan 
 

Abstract: This paper addresses modern principles of sustainable bridge design developed within the framework 
of the Sustainable Bridge Design concept. The analysis focuses on four key directions of the 
sustainable approach: environmental performance, reduction of carbon footprint, life-cycle 
management, and reuse of materials. Particular attention is paid to the integration of international 
standards (EN 206, Eurocode, AASHTO) and modern digital tools (BIM, LCA, digital twins) into 
bridge design, construction, and operation processes. Examples of life cycle assessment (LCA) and 

calculation of the eco-economic efficiency indicator (K ) are presented. A methodology for selecting 
design solutions considering climatic, operational, and socio-economic factors is proposed. The study 
is based on doctoral research aimed at promoting sustainable development of transport infrastructure 
in Uzbekistan. 

Keywords: Sustainable design, bridge life cycle, carbon footprint, environmental efficiency, material reuse, K , 
LCA, BIM, reinforced concrete bridges 

1. INTRODUCTION  

Under conditions of global climate challenges and the 
need for rational use of natural resources, the 

importance of a sustainable (environmentally 

oriented) approach to the design of engineering 

structures, including bridges, is steadily increasing 

(Fig. 1). 

 
Fig. 1. Modern pyramid of sustainable bridge 

design 

The figure illustrates a four-level methodological 

framework of modern sustainable bridge design based 

on principles of environmental responsibility, digital 

transformation, and climate adaptation. 

Regulatory compliance forms the base of the 

pyramid and includes fulfillment of all applicable 

construction codes and standards such as SP 35.13330 

[11], SP 63.13330 [8],, Eurocodes [1],[2],[3],[4], 

AASHTO [5],, and others. This represents the 
minimum acceptable level of design ensuring 

structural safety and functionality. 

Å reduction of CO  emissions; 

 
a  https://orcid.org/0000-0002-0883-7257  

Å rational use of construction materials; 

Å application of LCA (Life Cycle Assessment) 

and LCC (Life Cycle Costing) principles; 
Å reduction of energy and water consumption 

throughout the bridge service life. 

Digitalization and innovation involve the 

implementation of modern technologies to enhance 

design accuracy and monitoring: 

Å BIM and digital twins; 

Å structural health monitoring systems (SHM); 

Å automation of design solutions. 

Climate adaptation, representing the top of the 

pyramid, reflects the transition to bridges capable of 

withstanding changing climatic conditions: 
Å temperature variations, intense precipitation, 

wind and seismic loads; 

Å durability of materials under aggressive 

environmental conditions; 

Å resilience margins against extreme and 

catastrophic impacts. 

Traditional approaches focused solely on strength 

and operational characteristics are no longer sufficient 

for assessing bridge performance over the entire life 

cycle. 

Figure 2 presents six key stages of the bridge life 

cycle in the form of a closed loop: 
Å Design ï selection of structural system, 

materials, strength, durability, and environmental 

assessments; 

Å Construction ï erection processes, 

technology selection, control of emissions and waste; 

Å Operation ï traffic loads, condition 

monitoring, routine maintenance; 

Å Maintenance ï scheduled and unscheduled 

strengthening, repairs, corrosion protection; 

Å Residual life assessment ï diagnostics, 

inspections, durability forecasting; 

https://orcid.org/0000-0002-0883-7257
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Å Demolition / reconstruction ï dismantling, 

reuse of materials, recycling, environmental 

restoration. 

 
Fig. 2. Bridge life cycle 

This diagram emphasizes the necessity of an 

environmental approach at all stages of the bridge life 
cycle, from design to demolition. Implementation of 

this approach enables application of LCA principles 

and Sustainable Design in bridge engineering. 

Modern approaches to sustainable bridge design 

are based on reducing carbon footprint (CO ), rational 

resource use, durability, and minimizing 

environmental impact throughout all stagesðfrom 

design to dismantling. According to international 

standards (EN 206, ISO 14040, AASHTO LRFD), 

environmental performance is determined not only by 

energy consumption and emissions but also by the 
potential for reuse of materials and structures. 

This paper presents a generalized approach to 

sustainable bridge design based on doctoral research, 

focusing on reinforced concrete structures of high-

speed highway viaducts characteristic of Uzbekistanôs 

transport infrastructure [4-7, 12-15]. 

2.  MAIN PART  

Methodological essence of the concept 
In bridge engineering, sustainable design is interpreted 

as a decision-making methodology that minimizes 

total environmental impact while maintaining 

required levels of reliability, safety, and economic 

efficiency. 

It integrates three fundamental components: 

¶ Durability ï the ability of a structure to 

maintain its performance throughout the design 

service life under climatic, seismic, and operational 

effects; 

¶ Environmental performance ï minimization 

of CO  emissions, energy consumption, and 

ecosystem impact; 

¶ Economic performance ï reduction of total 

costs related to construction, operation, and end-of-

life stages (Life Cycle Cost, LCC). 

Methodologically, these components are 

combined into an integrated efficiency criterion: 

╚eff╚durẗ╚envẗ╚eco 
where 

╚durï durability coefficient characterizing 

technical reliability; 

╚envï environmental efficiency coefficient 

(ecological footprint); 

╚ecoï economic efficiency coefficient. 

This approach allows bridge design to be treated as 

a multi-objective optimization problem, where each 
alternative is evaluated not only by load-bearing 

capacity but also by cumulative environmental and 

economic impacts. 

2.2. Principles of sustainable bridge design 

The sustainable design methodology includes a 

system of interrelated principles reflecting current 

scientific and regulatory trends (Table 1). 

Table 1 

 Principles of sustainable bridge design 

No. Principle Description 

1 
Life cycle 

thinking 

Assessment of resource, 

cost, and environmental 

impact throughout the 

entire bridge life cycle 

2 
Low carbon 

design 

Reduction of CO  

emissions through 

optimized cement and 
steel production, use of 

RCA, slags, silica fume 

3 

Resource 

efficiency and 

reuse 

Application of secondary 

materials, prefabricated 

and modular systems 

suitable for dismantling 

and recycling 

4 

Environmental 

compatibility 

of materials 

Use of low-clinker 

concretes, stainless or 

composite reinforcement, 

environmentally safe 

coatings 

5 Smart design 

Use of BIM and digital 

twins for life-cycle 

management, 
degradation forecasting, 

and maintenance 

optimization 

6 
Climate 

adaptation 

Consideration of rising 

temperatures, humidity 

changes, aggressive 

precipitation, and wind 

loads 

These principles form the basis of a new 

engineering philosophy in which a bridge is viewed as 

a ñliving systemò operating within a dynamic natural 

environment. 
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Quantitative assessment of environmental 

efficiency 
Key tools of sustainable bridge design include Life 

Cycle Assessment (LCA) and Life Cycle Costing 

(LCC), providing quantitative evaluation of 
cumulative impacts and costs over the service life. 

Environmental efficiency can be formally 

expressed as: 

╚env
╒╞ȟbase

╒╞ȟproj

 

where ╒╞ȟprojrepresents specific CO  emissions of 

the designed solution, and ╒╞ȟbasecorresponds to a 

conventional reference solution.  

Lower values of ╒╞ȟproj indicate higher 

environmental efficiency. 

In international practice, carbon footprint values 

for concrete range from 0.12ï0.35 kg CO /kg, and for 

reinforcement steel from 1.8ï2.1 kg CO /kg. For 

reinforced concrete bridges with optimized concrete 

composition and recycled materials, emission 

reductions of 25ï30% are achievable. 

Integration of environmental and 

engineering aspects 
Methodologically, Sustainable Bridge Design 

integrates theoretical, analytical, and economic 

assessments into a unified system. 

Environmental performance is not treated as an 
additional criterion but as an integral part of the design 

algorithm. A solution is considered optimal only 

when: 

ἵἩὀ╚eff█╚durẗ╚envẗ╚eco 
This relationship enables multi-factor analysis of 

design alternatives, where durability, environmental 

safety, and economic efficiency are treated as equally 

important objectives. 

Relevance for uzbekistan 
Given Uzbekistanôs climatic and operational 

conditionsðhot climate, seismicity, humidity 

variations, and use of de-icing saltsðthe application 
of sustainable design principles is particularly 

important [9]. 

Key priority directions include: 

¶ optimization of concrete composition and use 

of recycled aggregates; 

¶ protection of reinforced concrete elements 

against carbonation and corrosion; 

¶ reduction of energy consumption in 

construction material production; 

¶ transition to digital life-cycle modeling of 

bridges (BIM + LCA). 

Thus, sustainable bridge design becomes not an 
optional trend but a mandatory element of modern 

reinforced concrete bridge engineering, ensuring 

durability [10, 12-15], resilience, and socio-economic 

efficiency of transport systems. 

 

3.  CONCLUSION 

Sustainable bridge design represents a key element of 

transport infrastructure development. Application of 

Sustainable Bridge Design principles makes it 

possible not only to reduce environmental impact but 

also to ensure durability, investment efficiency, and 

operational reliability. Integrated use of digital 

technologies, analytical models, and eco-economic 
indicators enables informed decision-making at early 

design stages. The methodology developed within the 

doctoral research framework can be successfully 

adapted for Uzbekistan and other regions with harsh 

climates, high traffic intensity, and the need to 

modernize aging infrastructure. 
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Methodological Framework for Assessing Durability and Reliability of 

Reinforced Concrete Bridge Structures 
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Abstract: This paper addresses methodological issues related to the assessment of durability and reliability of 
reinforced concrete bridge structures throughout their service life. The study examines conventional 
deterministic design approaches alongside contemporary international standards, including EN 206, 
AASHTO LRFD, FIB Model Code 2010, and ISO 15686. Particular attention is paid to service life 
design principles and to the role of material degradation models in the prediction of long-term 
structural performance. From an engineering standpoint, it is shown that the exclusive use of 

deterministic methods does not adequately reflect time-dependent deterioration processes. To 
overcome this limitation, a multi-level assessment methodology is proposed, integrating 
deterministic, semi-probabilistic, and probabilistic approaches for evaluating structural reliability and 
residual service life under environmental exposure. 

Keywords: Service life design, durability, reliability, reinforced concrete bridges, degradation modeling, 
environmental exposure, probabilistic assessment 

 

1. INTRODUCTION  

From the authorôs engineering experience, durability-

related failures of bridge structures are most often 

associated not with insufficient strength, but with 

underestimated environmental degradation 

mechanisms. 
Modern research in the field of reinforced concrete 

bridge design considers durability as a multi-level 

performance characteristic that defines the ability of a 

structure to maintain its functional and safety 

properties throughout the intended service life under 

the combined effects of environmental, operational, 

and anthropogenic factors [2], [4], [10]. In this 

context, durability is no longer treated as a secondary 

consequence of strength reserves, but rather as a 

governing design parameter influencing structural 

performance over time. 
From a methodological perspective, durability 

should not be associated with individual empirical 

coefficients or isolated verification checks. Instead, it 

is more appropriately represented by an integrated 

system of models that jointly account for mechanical 

behavior, physicochemical degradation processes, and 

environmental exposure within a unified framework 

for service life assessment (Fig. 1). 

 
a  https://orcid.org/0000-0002-0883-7257  

 
Fig. 1. Diagram of the influence of climatic and 

anthropogenic factors on durability 

The methodology for assessing the durability and 

reliability of reinforced concrete bridges developed in 

this study integrates the following interrelated 

approaches: 

Durability assessment methodology R(t), 

addressing the time-dependent degradation of 

concrete and reinforcement, including concrete 

strength reduction, carbonation, reinforcement 
corrosion, chloride diffusion, and the associated loss 

of cross-sectional area and elastic modulus. This 

methodology is based on the regulatory framework of 

EN 206, Eurocode EN 1992, and SP 63.13330.2018 

and aims to answer the question: ñHow long can the 

structure retain its performance characteristics?ò 

Reliability assessment methodology S(t), focusing 

on limit states, reliability factors ɔ, probabilistic 

characteristics of loads and resistances, and the 

probability of failure over time. This approach relies 

on EN 1990, AASHTO LRFD, and GOST 27751-
2014 and addresses the question: ñWhat is the 

probability of failure-free structural performance 

throughout the service life?ò 

https://orcid.org/0000-0002-0883-7257
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Life Cycle Cost (LCC) methodology, which 

considers initial construction costs, operational 
expenses, maintenance and strengthening measures, 

as well as reconstruction and end-of-life processes. 

This methodology is based on life-cycle economic 

models and LCC/LCA principles and answers the 

question: ñWhat is the total cost of the structure over 

its entire service life?ò 

Environmental efficiency assessment 

methodology ╒╞ȟ╚eco, addressing greenhouse gas 

emissions, material intensity, recycling potential, and 

resource efficiency within the framework of 

sustainable design principles and life-cycle 
environmental indicators. This methodology aims to 

answer the question: ñTo what extent is the design 

solution environmentally justified?ò 

By integrating these approaches, the proposed 

methodology for assessing the durability and 

reliability of reinforced concrete bridges is based on 

the combined application of four interconnected 

components: durability assessment R(t), reliability 

assessment S(t), life cycle cost evaluation (LCC), and 

environmental performance assessment ╒╞ȟ╚eco. 
Their joint application provides a comprehensive 
engineering, economic, and environmental 

justification for design decisions (Fig. 2). 

 
Fig. 2. Methodology for assessing the durability 

and reliability of reinforced concrete bridges 

Classical approaches to durability assessment 

Historically, durability considerations in bridge 

design were incorporated indirectly through safety 

factors and strength reserves. In national standards 

such as SHNK 2.05.03-22 [9] and Russian regulations 

including SNiP 2.05.03-84, SP 35.13330.2011, and SP 

63.13330.2018 [8], durability was primarily 

associated with parameters such as concrete cover 

thickness, water resistance grade, frost resistance, and 

reinforcement type. This approach was essentially 

deterministic, with environmental conditions assumed 

to be constant and time-invariant. 
While such design practices ensured compliance 

with safety requirements, they did not allow for a 

realistic prediction of the actual service life of bridge 

structures. In practical applications, this limitation 

often resulted in the need for repairs and strengthening 

measures well before the intended design life was 

reached, particularly in aggressive environments such 

as areas exposed to de-icing chemicals, coastal 
regions, and zones characterized by high temperatures 

and intense solar radiation. 

2. MAIN PART 

Regulatory framework for durability and reliability 

assessment 

The assessment of durability and reliability of 

reinforced concrete bridges cannot be performed 

without reference to existing regulatory frameworks. 

European standards, such as EN 206 (Concrete ï 

Specification, performance, production and 

conformity), establish fundamental requirements for 
concrete taking into account environmental exposure, 

strength, and serviceability [1]. Within bridge design 

practice in the European Union, Eurocode provisions 

play a central role, particularly EN 1990 (basis of 

structural design), EN 1991 (actions on structures), 

and EN 1992 (design of concrete structures). These 

documents enable the consideration of both structural 

safety and service life performance within a unified 

design framework [2]ï[4]. 

The American approach is represented by the 

AASHTO LRFD Bridge Design Specifications, where 
structural reliability is assessed using probabilistic 

concepts based on limit state design principles [5]. In 

the post-Soviet regulatory space, SP 63.13330 governs 

the design and analysis of reinforced and prestressed 

concrete structures, addressing requirements related to 

durability, deformations, strength, and stiffness [11]. 

Contemporary concepts and international 

standards 

International standards and guidelines, including 

FIB Model Code 2010, EN 206, ISO 15686, and 

AASHTO LRFD Bridge Design Specifications, have 

introduced a fundamentally new methodological 
paradigm known as Service Life Design. Within this 

framework, durability is treated as a design parameter 

equivalent in importance to strength and stability [1, 

6, 11-15]. 

The key principles of this concept include: 

- definition of the required design service life 

╣design   depending on the structural category (typically 

50, 75, or 100 years); 

- identification of degradation stages: 

- initiation stage (penetration of CO2, 

chlorides, and moisture); 

- propagation stage associated with 

progressive reinforcement corrosion; 

- ultimate limit state stage; 

- evaluation of degradation parameters, such as 

diffusion coefficients, concrete cover thickness, and 

environmental aggressiveness; 

- calibration of degradation models using 

inspection, monitoring, and diagnostic data. 
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According to ISO 15686-1 (2011, 2022) [7], 

durability is defined as ñthe ability of a component to 
perform its required functions over a specified period 

of time without unacceptable degradation of 

performanceò. Consequently, durability becomes an 

explicit function of time and exposure conditions, 

forming the basis of modern service life-oriented 

design methodologies. 

It should be emphasized that the presented 

standards differ not only formally, but also 

conceptually in their treatment of time-dependent 

degradation. 

Integration of durability and reliability 

The reliability of bridge structures is defined as the 
probability that a structure will maintain its load-

bearing capacity and functional performance 

throughout the specified service life. From a 

methodological standpoint, the relationship between 

durability and reliability may be expressed as: 

╟ǎǳǊǾ◄ ▄ⱦ◄ȟ 
where ╟ǎǳǊǾ◄is the probability of failure-free 

performance and ɚ(t)represents the degradation 

intensity as a function of environmental exposure and 

material properties. 

In this context, durability can be interpreted as a 

time-integrated reliability indicator: 

╚ŘǳǊ◄
╡◄
╡

▄♪◄ȟ 

where R_tis the residual load-bearing capacity at 

time t, and R_0is the initial capacity. This formulation 

enables the use of probabilistic time-dependent 

models that link limit state design with environmental 

degradation mechanisms. 
Service life prediction methodologies 

Within the methodological framework for 

durability assessment of bridge structures, three 

principal approaches are commonly applied: 

Table 1 

Main methodological approaches to the 

assessment of bridge durability 

Approach Description Advantages 

Deterministic 

Use of normative 

environmental 

coefficients, water 

resistance and 

frost resistance 

grades 

Simplicity, 

regulatory 

compatibility 

Semi-

probabilistic 

Resource 

estimation using 

empirical 

relationships 

╡◄
╡▄♪◄accounting 

for exposure 

category 

Applicable in 

engineering 
practice, 

enables service 

life estimation 

Probabilistic 

time-

dependent 

Modeling of 

diffusion, 

carbonation, 

Highest 

accuracy and 

flexibility; 

(Service Life 

Design) 

fatigue, and limit 

state exceedance 

adopted in FIB 

and Eurocode 

 

Service life design methodology integrates these 
approaches: semi-probabilistic analysis is typically 

applied at early design stages, while detailed 

probabilistic models are used for refined assessments 

and optimization. 

Conceptual framework of durability-oriented 

design 

In a generalized form, durability-oriented bridge 

design may be represented as a sequence of five key 

stages: 

- classification of environmental exposure 

conditions (according to EN 206 and SHNK 2.05.03-

22); 

- specification of the design service life ╣design; 

- time-dependent modeling of material 

degradation ╔◄, ╡◄, and ╚dur;; 
- evaluation of failure probability ╟█◄and 

identification of governing limit states; 

- optimization of design solutions with respect 

to durability, environmental performance, and 

economic efficiency. 

Within this framework, durability emerges as a 
governing criterion of structural reliability, while 

reliability assessment becomes a quantitative tool for 

evaluating environmental impacts on long-term 

structural performance. This integrated approach 

constitutes the methodological basis for incorporating 

environmental effects into the design of reinforced 

concrete bridges. 

In practical bridge design, the selection of an 

appropriate methodological level largely depends on 

data availability and the expected aggressiveness of 

the operating environment. 

3. CONCLUSIONS 

The conclusions of this study are based on a 

combination of regulatory analysis and engineering 

generalization of long-term bridge operation practices. 

The systematization of methodological approaches 

to assessing the durability and reliability of reinforced 

concrete bridges presented in this paper allows several 

important conclusions to be drawn, which are relevant 

for both the scientific community and engineering 

practice. 

First, the analysis of regulatory documents, 
including EN 206, Eurocodes (EN 1990ï1992), 

AASHTO LRFD, SP 63.13330, FIB Model Code 

2010 [6], and ISO 15686 [7, 13], demonstrates a clear 

international trend toward the transition from formal 

normative design to service life-oriented design 

methodologies. Unlike traditional deterministic 

approaches based on strength reserves and fixed 

design parameters (such as concrete cover thickness or 

frost resistance class), contemporary design concepts 
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require explicit consideration of time-dependent 

material degradation and the integration of 
environmental effects into structural assessment 

models [12, 15]. 

Second, a key outcome of this study is the 

justification for adopting a multi-level methodological 

framework that includes: 

¶ a deterministic level, ensuring compliance 

with existing regulatory requirements; 

¶ a semi-probabilistic level, based on empirical 

relationships and engineering judgment; 

¶ a probabilistic time-dependent level, 

incorporating models of carbonation, reinforcement 
corrosion, and fatigue degradation within the 

framework of limit states and failure probability 

analysis. 

The integration of these levels provides a robust 

basis for predicting the residual service life of bridge 

structures and enables more substantiated engineering 

decisions during the design process. 

Third, the results highlight the necessity of further 

harmonization between national regulations and 

international standards, particularly with respect to: 

¶ classification of environmental exposure 

conditions (in accordance with EN 206 and ISO 
15686); 

¶ service life prediction using approaches 

adopted in FIB and Eurocode frameworks; 

¶ implementation of diagnostics and Structural 

Health Monitoring (SHM) as an integral component of 

both design and operational management strategies. 

¶ Overall, the proposed methodology makes it 

possible to: 

¶ improve the accuracy of service life 

assessment for reinforced concrete bridges; 

¶ enhance the efficiency of maintenance and 
rehabilitation planning; 

¶ substantiate design decisions at both 

conceptual and detailed design stages; 

¶ increase the adaptability of bridge structures 

to climatic variability and anthropogenic impacts. 

Under conditions of increasing operational 

demands, economic constraints, and stricter 

sustainability requirements for infrastructure 

development, the development and implementation of 

integrated durability and reliability models should be 

regarded as a priority task for transport construction in 
Uzbekistan and other regions characterized by severe 

climatic conditions. 
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Abstract: This article discusses the design principles, calculation methods, and stability conditions of reinforced 
retaining walls composed of modern prefabricated elements. The study analyzes the main loads acting 
on retaining walls, soil pressure, the working principles of reinforcing elements, and their influence 
on the structural strength of the system. In addition, the overall stability conditions of the wall, 
including overturning, sliding, and foundation stability, are evaluated based on engineering 
calculations. The technical and economic advantages of using modern prefabricated elements, as well 

as their role in accelerating construction processes, are also considered. The article presents the 
practical application of retaining walls reinforced with geosynthetic materials and metal 
reinforcements, together with the standard design approaches used in their calculation. The obtained 
results are important for ensuring the reliability and long-term serviceability of reinforced retaining 
walls used in highways, railways, and other transport infrastructure facilities. 

Keywords: Reinforced retaining wall, prefabricated elements, soil pressure, stability conditions, geosynthetic 
materials, strength analysis, sliding, overturning, foundation stability, engineering structures, 
deformation, reinforced soil, geotechnics, structural solutions, load effects 

 

Zamonaviy Yigóma Elementlardan Iborat Tirgak Devorlarni Hisoblash 

Usullari va Barqarorlik Shartlari  
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Annotatsiya: Ushbu maqolada zamonaviy yigóma elementlardan tashkil topgan armaturalangan tirgak devorlarning 
konstruktiv xususiyatlari, ularni loyihalash va hisoblash usullari hamda barqarorlik shartlari 
yoritilgan. Tadqiqot davomida tirgak devorlarga taôsir etuvchi asosiy yuklamalar, grunt bosimi, 

armaturalovchi elementlarning ishlash prinsipi va ularning konstruksiya mustahkamligiga taôsiri 
tahlil qilingan. Shuningdek, devorning agódarilish, sirpanish va poydevor boóyicha umumiy 
barqarorlik holatlari muhandislik hisoblari asosida baholangan. Zamonaviy yigóma elementlardan 
foydalanishning iqtisodiy va texnik afzalliklari, qurilish jarayonini tezlashtirishdagi oórni ham koórib 
chiqilgan. Maqolada geosintetik materiallar va metall armaturalardan foydalanilgan tirgak 
devorlarning amaliy qoóllanishi hamda ularni hisoblashda qoóllaniladigan meôyoriy yondashuvlar 
keltirilgan. Olingan natijalar avtomobil yoóllari, temir yoóllar va boshqa transport inshootlarida 
qoóllaniladigan armaturalangan tirgak devorlarning ishonchliligi va uzoq muddatli xizmat qilishini 
taôminlashda muhim ahamiyat kasb etadi. 

Kalit soózlar: Armaturalangan tirgak devor, yigóma elementlar, grunt bosimi, barqarorlik shartlari, geosintetik 
materiallar, mustahkamlik hisobi, sirpanish, agódarilish, poydevor barqarorligi, muhandislik 
inshootlari, deformatsiya, armaturalangan grunt, geotexnika, konstruktiv yechimlar, yuklama taôsiri 

1. KIRISH  

Hozirgi kunda avtomobil va temir yoól transport 

infratuzilmasining jadal rivojlanishi murakkab geologik 

sharoitlarda ishonchli va iqtisodiy jihatdan samarali 

muhandislik inshootlarini barpo etishni talab qilmoqda. 

Bunday inshootlar tarkibida tirgak devorlar alohida 
ahamiyatga ega boólib, ular grunt massasining 

barqarorligini taôminlash, koóchki va surilish 

hodisalarining oldini olish hamda yoól poyi 

mustahkamligini oshirish vazifalarini bajaradi. 
 

a  https://orcid.org/0000-0003-2530-5516  
b  https://orcid.org/0000-0003-3594-5170  

Anôanaviy monolit tirgak devorlar bilan bir qatorda, 

zamonaviy yigóma elementlardan tashkil topgan 

armaturalangan tirgak devorlar keng qoóllanilmoqda.  

Shu bilan birga, armaturalangan tirgak devorlarni 

loyihalashda grunt bosimi, tashqi yuklamalar, 

armaturalovchi elementlarning ishlash mexanizmi va 

konstruksiyaning agódarilish, sirpanish hamda 

deformatsiyaga qarshi barqarorligini aniq hisoblash 

muhim masalalardan biri hisoblanadi. Zamonaviy 

hisoblash usullarini qoóllash konstruksiyaning 

ishonchliligi va uzoq muddat xizmat qilishini 

c   https://orcid.org/0000-0002-7898-077X  
d  https://orcid.org/0000-0002-0883-7257  

https://orcid.org/0000-0003-2530-5516
https://orcid.org/0000-0003-3594-5170
https://orcid.org/0000-0002-7898-077X
https://orcid.org/0000-0002-0883-7257
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taôminlaydi. Mazkur maqolaning maqsadi zamonaviy 

yigóma elementlardan iborat armaturalangan tirgak 
devorlarni hisoblash usullarini oórganish, ularning 

barqarorlik shartlarini tahlil qilish hamda amaliy qoóllash 

imkoniyatlarini yoritishdan iborat. Tadqiqot natijalari 

transport va geotexnik inshootlarni loyihalashda samarali 

konstruktiv yechimlarni tanlashga xizmat qiladi.[1] 

2. TADQIQOT METODIKSI  

Hozirgi kunda respublikamizda koópriksozlik 

sohasida koóplab yangi turdagi metod va usullardan 

foydalangan holda koópriklarning elmentlarini 

mustahkamlikka va chidamlilikka hisoblashmoqda 

shu jumladan ushbu ishda ham yangi turdagi 

zamonaviy yigóma elementlardan iborat tirkama 

devorlarning ustuvorligini hisoblashda amal qiladigan 

shartlar va ketma-ketlik qoidalari keltirilgan. 
Tasma armaturali tirgak devorlarini hisoblashda eng 

birinchi dastlabki loyiha tuziladi. Dastlabki loyihalashda 

armatura kesimi va umumiy armaturalar soni 

hisoblangandan soóng inshootning barqarorligi 

tekshiriladi. Tasma armaturali tirgak devorining 

barqarorligi tashqi va ichki barqarorlik sifatida ikki 

bosqichda hisoblanadi. 

Tashqi barqarorlik  

Tasma armaturali tirgak devorining tashqi barqarorligini 

hisoblashda yigóma panellarning ogóirligini hisobga 

olmasdan, tizim ogóirlik devori kabi ishlaydi deb 
hisoblanadi. Ushbu taxminga koóra quyidagi tekshiruvlar 

amalga oshiriladi (1-rasm). 

a) Asosdan siljish tekshiruvi 

b) Agódarilish tekshiruvi 

c) Koótarish qobiliyati tekshiruvi 

d) Umumiy yemirilish tekshiruvi 

 

 

 
1-rasm: Tashqi barqarorlik tekshiruvlari  (TS 7994) 

Agar yigóma elmentlardan iborat tirgak devor 

inshootni ogóirlik devori deb hisoblasak, bu inshootga 

taôsir qiladigan tashqi kuchlar: aktiv grunt bosimi (Pa), 

passiv grunt qarshiligi (Pp) va devor ogóirligi (Pw) 

hisoblanadi (2-rasm). [2-3] 

 

 

2-rasm: Tasma armaturali devorga taôsir 

qiluvchi tashqi kuchlar  

3. MUHOKAMA VA NATIJALAR  

Ho balandlikdagi devorga taôsir qiluvchi umumiy yon 

kuch yon bosimning balandlik boóylab (Ho) 

integrallash orqali aniqlanadi. Shunday qilib, devorga 

taôsir etuvchi umumiy aktiv bosim (Pa) va umumiy 

passiv bosim (Pp) quyidagi tenglamalar bilan 

aniqlanadi (TS 7994). 

╟╪ ᷿ ╚╪♬ ◑ ╚╪♬╗
╗

 (1) 

╟▬ ᷿ ╚▬♬ ◑ ╚▬♬╗
╗

 (2) 

Bu yerda ♬ - toóldiruvchining birlik hajmiy 

ogóirligi, Ka - aktiv gruntning yon devorga bosimi 

koeffitsiyenti va Kp - passiv gruntning yon devorga 

bosimi koeffitsiyentidir. 

Ushbu yon kuchlar (Pa va Pp) yon grunt bosimining 

taqsimlanish diagrammasining markazida taôsir qiladi. 

Boshqacha aytganda, bu kuchlar taôsir qiladigan daraja 

diagramma asosidan boshlab Df/3 ga teng. Agar yer osti 

suvlari mavjud boólsa, yer osti suvidan kelib chiqqan 

suv kuchini ham yon devor kuchlariga qoóshish kerak. 
Bir nuqtadagi suv bosimi (u): 

u = hw z'. Devorga taôsir qiluvchi umumiy suv kuchi 

ham suv bosimining suv taôsir qiladigan chuqurlik 

boóylab integrallash orqali olinadi (TS 7994). 

╟◌ ᷿ ♬◌◑ ♬◌▐◌
▐◌

  (3) 

Agar yuzaga bir tekis q kuchlanishi qoóllanilgan 

boólsa, bu kuchlanishdan kelib chiqadigan bir tekis yon 

kuchlanish, faol yoki passiv yon tuproq bosimi 
koeffitsiyenti bilan koópaytmasiga teng boóladi (TS 

7994): 

▲▼╪ ╚╪▲▼   (4) 

▲▼▬ ╚▲▲▼   (5) 

Yuza yuklanishidan devorga taôsir etuvchi umumiy 

aktiv va passiv kuchlar esa quyidagi tenglamalar bilan 

aniqlanadi (TS 7994): 
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╠▼╪ ᷿ ╚╪▲▼ ╚╪▲▼╗
╗

  (6) 

╠▼▬ ᷿ ╚▬▲▼ ╚▬▲▼╗
╗

  (7) 

Bu kuchlarning taôsir markazi devor balandligining 

yarmi darajasida joylashgan. 

Maôlum bir chuqurlikda grunt, yer osti suvlari va sirt 
tarangligi natijasida yuzaga keladigan kuchlanishlar 

yigóindisi quyidagi tenglamalardan aniqlanadi (TS 

7994): 

Ɑ●╪ ╚╪Ɑ◑ ╚╪▲▼ ◊  (8) 

Ɑ●▬ ╚▬Ɑ◑ ╚▬▲▼ ◊  (9) 

Gruntdan, suvdan va sirt yuklanishidan yuzaga 

keladigan yon bosimning devorga taôsiri 3-rasmda 

koórsatilgan. 

 
3-rasm: Grunt, suv va sirt yuklaridan kelib 

chiqadigan yon bosimning devorga taôsiri 

Qiya sirt va ishqalanishsiz devor orqasida (2.20-

rasm) gruntdan kelib chiqadigan devorga taôsir etuvchi 

bosimlarni aniqlashda qoóllaniladigan KaR aktiv va 

KpR passiv Rankin bosim koeffitsientlari quyidagi 

formulalar orqali hisoblab topiladi. (TS 7994): 

╚╪╡
ἫἷἻ ♫ ▪ ▼░▪ⱴ ▼░▪ⱴ╬▫▼Ᵽ╪

╬▫▼╬▫▼♫▼░▪ⱴ ▼░▪♫

 (10) 

╚▬╡
ἫἷἻ ♫ ▪ ▼░▪ⱴ ▼░▪ⱴ╬▫▼Ᵽ▬

╬▫▼╬▫▼♫▼░▪ⱴ ▼░▪♫

 (11) 

Ᵽ╪
Ⱬ ⱴ ♫

▼░▪
▼░▪♫

▼░▪ⱴ
 (12) 

Ᵽ▬
Ⱬ ⱴ ♫

▼░▪
▼░▪♫

▼░▪ⱴ
 (13) 

Aktiv va passiv yon kuchlar devor normali bilan 

quyida berilgan ♯ burchaklarni hosil qiladi (TS 7994): 

♯╪ ◄╪▪
▼░▪ⱴ▼░▪Ᵽ╪

▼░▪ⱴ╬▫▼Ᵽ╪
  (14) 

♯▬ ◄╪▪
▼░▪ⱴ▼░▪Ᵽ▬

▼░▪ⱴ╬▫▼Ᵽ▬
  (15) 

Devor va grunt oraliq yuzasi vertikal boólgan holda 

esa, aktiv va passiv yon kuchlar grunt yuzasiga 

parallel boóladi. 

 
4-rasm: Devor sirti qiya boólganda hosil boóladigan 

va devorga taôsir etuvchi kuchlar 

Asos boóylab sirpanish tekshiruvi 

Asos boóylab sirpanishga qarshi xavfsizlik koeffitsienti 
ushbu formula orqali aniqlanadi. 

╖▼▼░►▬╪▪░▼▐
В╕╡

В╕▀

╣█ ╟▬

╟╪▐

В╥◄╪▪ⱴ ║╬ ╟▬

╟╪╬▫▼♪

 (16) 

Eng kam xavfsizlik koeffitsienti 1.5 qabul qilinishi 

kerak (TS 7994).  

Bu yerda: ×FR - siljishni oldini oluvchi kuchlar 

yigóindisi, ×Fd - siljituvchi kuchlar yigóindisi, ×V= 

W+PasinŬ - devor asosiga taôsir etuvchi vertikal kuch,  

B - panel tasmasi uzunligi (devor asosi kengligi), 

c2 va ű2 asos zaminining kogeziyasi va ichki 

ishqalanish burchagi. Agar inshootning iqtisodiy 
xizmat muddati davomida devor oldidagi gruntda 

qazish ishlari olib borilmasligiga ishonch hosil 

qilishning iloji boólmasa, u holda (16) tenglamadagi 

gruntning passiv qarshiligi (Pp) eôtiborga olinmaydi. 
[4] 

Agódarilishni tekshirish 

Agódarilishga qarshi xavfsizlik koeffitsiyenti quyidagi 

tenglikdan aniqlanadi. 

╖▼╪▌▀╪►░■░▼▐
В╜╡

В╜

╦ ║Ⱦ ╟╪▼░▪♪ ║

╟╪▼░▪♪ ╗Ⱦ
 (17) 

Bu yerda: 

×Mo - C nuqta (28-rasm) atrofida agódarishga harakat 

qiluvchi kuchlarning momentlari yigóindisi 

×MR - C nuqta atrofida agódarilishga qarshilik qiluvchi 

kuchlarning momentlari yigóindisidir. 

Agar konstruksiyaga taôsir etuvchi kuchlar va 

eguvchi momentlar bitta normal kuchga (N) 

aylantirilsa (31-rasm), bu kuch devor oórtasidan 

ekssentriklik (e) gacha uzoqlashadi. Agar 

ekssentriklik e<B/6 dan kichik boólsa, agódarilish 
sodir boólmaydi va agódarilishni tekshirishga hojat 

yoóq (Maksimovich, 2008). 

Yuk koótarish qobiliyatini tekshirish 

Ekssentriklik (e) ortib B/6 dan katta boólganda, qmin 

manfiy boóladi va bu holda asosda choózilish 

kuchlanishlari paydo boóladi. Bu istalmagan holat, 

chunki gruntning choózilish kuchlanishlariga 

qarshiligi juda past. Bunday holda, devordagi 

nisbatlarni qayta aniqlash orqali choózilish 
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kuchlanishlari paydo boólishining oldini olish kerak. e 

Ò B/6 (31-rasm) holatida asos bosimi (TS 7994); 

▲□░▪
□╪● В╥

║

▄

║
  (18) 

Yuk koótarish qobiliyatini nazorat qilishda qmax 

tekshiriladi, maksimal asos bosimi poydevorning yuk 

koótarish qobiliyatidan oshmasligi kerak. 

 
5-rasm: Ekssentrik yuklangan tasma bilan 

mustahkamlangan tuproq armaturali tayanch 

devori ostida asos bosimining taqsimlanishi. 

Agar yigóma panellardan iborat tirgak devori 

lenta(tasmasimon) poydevor sifatida qaralsa, uning 

yakuniy(chegaraviy) koótarish qobiliyatini Karl va 

Terzagi tomonidan taklif etilgan koótarish qobiliyati 

formulasi (19) boóyicha aniqlash mumkin. 

▲◊ ╬╝╬ ╓█♬╝▲ Ȣ║♬╝♬ (19) 

Bu yerda: c - devor ostidagi tuproqning bogólanish 

koeffitsienti, B devor asosining kengligi (poólat 

armatura uzunligi), Df - poydevor chuqurligi, Nc, Nq va 

Nɔ - poydevor gruntining ichki ishqalanish burchagiga 

(ű) bogóliq koótarish qobiliyati omillari. 
Koótarish qobiliyati xavfsizlik koeffitsienti (TS 7994): 

╖▼ἳἷȬἼἩἺἱἻἰ ἹἷἪἱἴἱὁἩἼἱ
▲◊

▲□╪●
 (20) 

taôminlanishi zarur. 

Yuk koótarish qobiliyatini tekshirish 

Tasma bilan mustahkamlangan armaturali tirgak devori 

uchun barcha tekshiruvlar oótkazilganda, garchi 

xavfsizlik koeffitsientlari kerakli qiymatlarda 

taôminlangan boólsa-da, koóp hollarda qazish natijasida 

yuzaga kelgan oózgarishlar devor oórnatilgan hududda 

tuproqning muvozanatini yoóqotib, devor bilan birga 
buzilish ehtimolini oshiradi. Shuning uchun umumiy 

buzilish tekshiruvini oótkazish talab etiladi. Turgóunlik 

tahlili Shvetsiya boólaklar usuli bilan amalga oshirilishi 

mumkin. 

Shvetsiya boólaklar usulida ABCDA maydoni 

vertikal boólaklarga boólinadi (32-rasm). Boólakning 

yon tomonlariga taôsir etuvchi kuchlar bir-birini 

muvozanatlaydi deb hisoblanadi. Ixtiyoriy (i) 

boólakning ogóirligi (Wi) boólak asosida, normal (Ni) 

va urinma (Ti) yoónalishlarda ikkita tarkibiy qismga 

boólinishi mumkin. 

 
6-rasm: Shvetsiya boólaklar usuli (TS 7994) 

╝░ ╦░╬▫▼♪░          ╣░ ╦░▼░▪♪░ (21) 

Bu yerda: 

Ŭi - boólak asosi yoy markazi. O markazi bilan 

birlashtiruvchi toógóri chiziq, O markazidan oótuvchi 

vertikal yoónalish bilan hosil qilgan burchakdir. 

Boólakning siljishiga qarshilik koórsatuvchi kuch 

gruntning siljishga qarshiligidan hosil boóladi va u 
quyidagicha (TS 7994). 

╣█░ Ў╛Ⱳ█ Ў╛╬ Ɑ▪◄╪▪ⱴЎ╛╬
╝

Ў╛
◄╪▪ⱴЎ╛╬╝◄╪▪ⱴ   (22) 

ȹL - boólakning yoy uzunligi. Xavfsizlik 

koeffitsienti siljishga qarshi qoóyilgan momentlar 

yigóindisining, siljituvchi kuchlar momentlari 

yigóindisiga nisbatiga teng (TS 7994). 

╖▼
ВЎ╛╬╝◄╪▪ⱴ►

В╦▼░▪♪►
  (23) 

Bu ifodada moment yelkalari teng boólgani uchun 

quyidagi koórinishni oladi. 

╖▼
╛╬◄╪▪ⱴВ╝

В╣
  (24) 

L - AD yoyning uzunligi (2́rɗ/360). 

Ichki barqarorlik  

Ichki muvozanatda armatura(tasma)ning tortish 
kuchlanishlari ostida uzilishi va yetarli boólmagan 

ishqalanish tufayli toóldirilgan gruntdan sirpanishi 

oórganiladi (TS 7994). Ushbu tekshirish natijasida, 

zarurat tugóilganda, armaturalar soni, oólchamlari va 

toóldirgich ichiga joylashtirish oraliqlari qayta 

belgilanadi. 

Armatura(tasma) uzilishini tekshirish 

Armatura(tasma) tayyorlangan materialning tortish 

mustahkamligi tegishli xavfsizlik koeffitsientiga 
boólingan holda topiladi. Armatura koótara oladigan 

maksimal tortish kuchi Ti (7-rasm) quyidagi ifoda 

orqali hisoblanadi (TS 7994). 

╣░ ╣▐░ ╣▲░ ╣▼░ ╣█░ ╣□░ (25) 

Bu yerda: 

Thi: Grunt yukidan hosil boólgan tortish kuchi  
Tqi: Oózgaruvchan yukdan hosil boólgan tortish kuchi  

Tsi: Vertikal yukdan hosil boólgan tortish kuchi  

Tfi: Gorizontal yuk 
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Tmi: Vertikal yukdan hosil boólgan moment taôsiri. 
Grunt yukidan hosil boólgan tortish kuchi Thi 

╣▐░ ╚╪♬▐░ ╬╚╪╢◐  (26) 

Yoyilgan yukdan hosil boólgan tortish kuchi Tqi 

╣▲░ ╚╪▲▼◐   (27) 

koórinishida hisoblanadi. S - armaturalar orasidagi 

vertikal oraliq, q - yoyilgan yuk maônosini anglatadi. 

 
7-rasm: Tortishga taôsir etuvchi kuchlar (TS 7994) 

 

Vertikal yukdan hosil boólgan kuch Tsi (34-rasm); 

╣▼░ ╚╪▼◐
╢░

╓░

▄

╫
 (28) 

▐░ ▀ ╫ ╫▫ᴂ■▼╪ ╓░ ▐░ ╫   (29) 

▐░ ▀ ╫ ╫▫■▼╪ ╓░ ▀
▐░╫ (30) 

 
8-rasm: Tashqi yuklarning armaturaga taôsiri 

(TS 7994) 

Gorizontal yuk Tfi esa 7-rasmdan 

╣█░ ╢◐╕░╠ ▐░╠   (31) 

╠
ἼἩἶ 

ⱴ

▀
╫   (32) 

Vertikal yukdan hosil boólgan moment taôsiri; 

╣□░
╚╪▼◐╜░

╛░
  (33) 

╜░ ╕░▐░   (34) 

koórinishida hisoblanadi. 

 
9-rasm: Gorizontal yukning armaturalarga taôsiri 

(TS 7994) 

Bu yerda: Li - armaturalangan sohaning effektiv 
uzunligi, Si - vertikal yuk, Fi - gorizontal yuk, b 

yoyilgan yuk kengligi, hi - tasmalar ustidagi toóldirish 

balandligi, d - yoyilgan yuk oórtasi va devor yuzasi 

orasidagi masofani anglatadi (2.25-rasm). Maksimal 

tortish kuchi hisoblangandan soóng, tasmalarning 

uzilish mustahkamligi quyidagi mezon boóyicha 

tekshiriladi (TS 7994). 

╣░□╪● ╟╪◄╫▼◄  (35) 

Bu yerda: Pat - ruxsat etilgan tortish kuchlanishi, bs 

- armatura kengligi va t - armatura qalinligini 
anglatadi. 

Armatura(tasma) sirpanishini tekshirish 

Armatura sirpanishini oórganishda, 

toóldiruvchining yuqori yuzasidan hi chuqurlikda va Li 

uzunligida armaturaning ikki tomonida yuzaga 

keladigan ishqalanish kuchi (sirpanishga qarshilik), 

armaturaning qalinligini eôtiborsiz qoldirish mumkin 

boólgani uchun; 

╣░
╟░ ╛░♬▐░ ▲ ╬╛░  (36) 

ifodasi bilan hisoblanadi (TS 7994). Bu yerda Pi = 

Ŭtanű ishqalanish koeffitsiyenti boólib, u (0,5 < Ŭ < 1) 

qiymatlar orasida boólishi kerak. [4-5-6] 

4. XULOSA 

Xulosa qilib shuni aytish mumkinki yuqorida 

keltirilgan formula va sxemalardan koórishimiz 
mumkinki yigóma elementlardan iborat tirgak 

devorlarni hisoblash qoidalari anôanaviy turdagi tirgak 

devorlarni hisoblash ketma-ketligidan biroz farq 

qiladi, shu sababdan yigôma elementdan iborta 

tirkama devorlarni hisoblash qoidalarini oórganish 

alohida ahamiyat kasb etadi. Bunday turdagi 

maqolalar Oózbekiston respublikasining ilmiy 

bazasini boyitadi.  
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Analysis of the Strength Characteristics and Micro-Crack Formation 

Boundaries of Ceramic Concrete During Compression 

 

G. Malikov1 a  
1Tashkent State Transport University, Tashkent, Uzbekistan 

 

Abstract: The article examines the physicochemical, strength, and deformation properties of keramzit concrete 

under short-term and long-term axial compression. Particular attention is paid to the kinetics of the 
microcracking process and the determination of parametric pointsðthe lower (R_crc^o) and upper 
(R_crc^v) boundaries of microcracking in the structure of light concrete. Based on an analytical 
review of the research, the influence of the heterogeneity of the porous filler and the strength of the 
mortar part on the overall deformability and prismatic strength of the material is demonstrated. 
The limitations of applying O.Ya. Berg's classical logarithmic dependencies in evaluating modern 
concretes were demonstrated, and new universal empir ical formulas were analyzed, accounting for 
the constant ratio of load levels ((ɖ_crc^o)/(ɖ_crc^v )=const) and the low density of keramzit 
concrete. The obtained results can be used to improve methods for designing and assessing the stress-

strain state of concrete and reinforced concrete structures.  Keywords: Keramzit concrete, lightweight 
concrete, prismatic strength, Poisson's ratio, deformability, microcracking, lower boundary of crack 
formation, upper boundary of crack formation, stress-strain state. 

Keywords: Ceramic concrete, light concrete, prismatic strength, Poisson's ratio, deformability, micro-cracking, 
lower crack formation boundary, upper crack formation boundary, stress-strain state 

 

ɸʥʘʣʠʟ ʇʨʦʯʥʦʩʪʥʳʭ ʍʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ɻʨʘʥʠʮ 

ʄʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ ʂʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʧʨʠ ʉʞʘʪʠʠ 

 

ʄʘʣʠʢʦʚ ɻ.1 a 

1ʊʘʰʢʝʥʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʨʘʥʩʧʦʨʪʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 
 

ɸʥʥʦʪʘʮʠʷ ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʦʪʨʝʥʳ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ, ʧʨʦʯʥʦʩʪʥʳʝ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ 
ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʧʨʠ ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʤ ʠ ʜʣʠʪʝʣʴʥʦʤ ʦʩʝʚʦʤ ʩʞʘʪʠʠ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ 

ʫʜʝʣʝʥʦ ʢʠʥʝʪʠʢʝ ʧʨʦʮʝʩʩʘ ʤʠʢʨʦʨʘʟʨʫʰʝʥʠʷ ʠ ʦʧʨʝʜʝʣʝʥʠʶ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʪʦʯʝʢ ð 
ʥʠʞʥʝʡ (R_crc^o) ʠ ʚʝʨʭʥʝʡ (R_crc^v) ʛʨʘʥʠʮ ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʣʝʛʢʦʛʦ 
ʙʝʪʦʥʘ. ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʦʙʟʦʨʘ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 
ʧʦʨʠʩʪʦʛʦ ʟʘʧʦʣʥʠʪʝʣʷ ʠ ʧʨʦʯʥʦʩʪʠ ʨʘʩʪʚʦʨʥʦʡ ʯʘʩʪʠ ʥʘ ʦʙʱʫʶ ʜʝʬʦʨʤʘʪʠʚʥʦʩʪʴ ʠ 
ʧʨʠʟʤʝʥʥʫʶ ʧʨʦʯʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ. ʇʦʢʘʟʘʥʘ ʦʛʨʘʥʠʯʝʥʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʢʣʘʩʩʠʯʝʩʢʠʭ 
ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʆ.ʗ. ɹʝʨʛʘ ʧʨʠ ʦʮʝʥʢʝ ʩʦʚʨʝʤʝʥʥʳʭ ʙʝʪʦʥʦʚ ʠ 
ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʥʦʚʳʝ ʫʥʠʚʝʨʩʘʣʴʥʳʝ ʵʤʧʠʨʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ, ʫʯʠʪʳʚʘʶʱʠʝ ʧʦʩʪʦʷʥʩʪʚʦ 
ʦʪʥʦʰʝʥʠʷ ʫʨʦʚʥʝʡ ʥʘʛʨʫʟʦʢ  (ɖ_crc^o)/(ɖ_crc^v )=const ʠ ʥʠʟʢʫʶ ʧʣʦʪʥʦʩʪʴ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʝʪʦʜʦʚ 
ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʦʮʝʥʢʠ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʙʝʪʦʥʥʳʭ ʠ 
ʞʝʣʝʟʦʙʝʪʦʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ.  ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʂʝʨʘʤʟʠʪʦʙʝʪʦʥ, ʣʝʛʢʠʡ ʙʝʪʦʥ, ʧʨʠʟʤʝʥʥʘʷ 
ʧʨʦʯʥʦʩʪʴ, ʢʦʵʬʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ, ʜʝʬʦʨʤʘʪʠʚʥʦʩʪʴ, ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʝ, ʥʠʞʥʷʷ 
ʛʨʘʥʠʮʘ ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ, ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʘ ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ, ʥʘʧʨʷʞʝʥʥʦ-
ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʂʝʨʘʤʟʠʪʦʙʝʪʦʥ, ʣʝʛʢʠʡ ʙʝʪʦʥ, ʧʨʠʟʤʝʥʥʘʷ ʧʨʦʯʥʦʩʪʴ, ʢʦʵʬʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ, 
ʜʝʬʦʨʤʘʪʠʚʥʦʩʪʴ, ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʝ, ʥʠʞʥʷʷ ʛʨʘʥʠʮʘ ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ, ʚʝʨʭʥʷʷ 
ʛʨʘʥʠʮʘ ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ, ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ 

1. ɺɺɽɼɽʅʀɽ 

ʂ ʯʠʩʣʫ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʞʝʣʝʟʦʙʝʪʦʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ, 

ʦʪʥʦʩʷʪʩʷ ʧʨʦʯʥʦʩʪʥʳʝ ʠ ʜʝʬʦʨʤʘʪʠʚʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʝʪʦʥʘ ʧʨʠ ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʤ ʠ 
ʜʣʠʪʝʣʴʥʦʤ ʩʞʘʪʠʠ ʠ ʨʘʩʪʷʞʝʥʠʠ. 

 
a  https://orcid.org/0000-0003-3691-1079  

ɺʦʧʨʦʩʘʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʦʥʩʪʨʫʢʮʠʡ ʠʟ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʦʚ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ 

ʪʝʭʥʦʣʦʛʠʠ ʠʭ ʧʨʦʠʟʚʦʜʩʪʚʘ ʙʳʣ ʧʦʩʚʷʱʝʥ ʨʷʜ 

ʚʘʞʥʳʭ ʨʘʙʦʪ ɸ.ɸ. ɸʰʨʘʙʦʚʘ, ɹ.ɸ. ɸʩʢʘʨʦʚʘ, ʏ.ʉ. 

ʈʘʫʧʦʚʘ, ɺ.ɺ. ɹʦʥʜʘʨʷ, ɸ.ʀ. ɺʘʛʘʥʦʚʘ, ʂ.ʇ. 

ɼʝʣʣʦʩʘ, ɺ.ɻ. ɼʦʚʞʠʢʘ, ʀ.ɸ. ʀʚʘʥʦʚʘ, ʀ.ɻ. 
ʀʚʘʥʦʚʘ-ɼʷʪʣʦʚʘ, ʅ.ɸ. ʂʦʨʥʝʚʘ, ɸ.ɸ. ʂʫʜʨʷʚʮʝʚʘ, 

https://orcid.org/0000-0003-3691-1079
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ɸ.ɽ. ʇʠʨʘʜʦʚʘ, ʀ.ɸ. ʇʦʧʦʚʘ, ʄ.ɿ. ʉʠʤʦʥʦʚʘ, ɸ.ɸ. 

ʍʦʜʞʘʝʚʘ, ʀʥʦʟʝʤʮʝʚa ɸ.ʉ., ʂʦʨʦʣʝʚa ɽ.ɺ.,  
ɸʥʜʨʠʘʥʦʚa ɸ.ɸ.,  ʀʩʘʝʚa ɺ.ʌ.,  ʌʘʣʠʢʤʘʥa ɺ.ʈ.,  

ɿʚʝʟʜʦʚa ɸ.ʀ., ʂʦʥʜʨʘʱʝʥʢʦ ɺ.ʀ., ʄʝʰʢʘʫʩʢʘʩa  

ʖ.ʀ., ʆʨʝʥʪʣʠʭʝ ʨa ʃ.ʇ., ʗʨʤʘʢʦʚʩʢʦʛʦ ɺ.ʅ., 

ɾʠʪʢʝʚʠʯ ʈ.ʂ., ɻʫʟʝʥʢʦ ʉ.ɺ., ɿʚʝʟʜʦʚʘ ɸ.ʀ., 

ɻʫʯʢʠʥʘ ʀ.ʉ., ɹʘʢʨʘʜʟʝ ɼ.ɼ., ɹʫʞʝʚʠʯʘ ɻ.ɸ.,  

ɻʦʨʯʘʢʦʚʘ ɻ.ʀ., ɼʦʥʘ ɸ.ʀ., ʀʩʪʦʤʠʥ ɸ.ʉ. ʠ ʨʷʜ 

ʜʨʫʛʠʭ, ʠ ʤʥʦʛʦ ʜʨʫʛʠʭ ʟʘʨʫʙʝʞʥʳʭ ʫʯʝʥʳʭ. 

ʄʥʦʛʦ ʜʠʩʢʫʩʩʠʡ ʚʳʟʳʚʘʝʪ ʚʦʧʨʦʩ ʦ 

ʧʨʠʟʤʝʥʥʦʡ ʧʨʦʯʥʦʩʪʠ ʙʝʪʦʥʦʚ ʥʘ ʧʦʨʠʩʪʳʭ 

ʟʘʧʦʣʥʠʪʝʣʷʭ. ʀʤʝʶʪʩʷ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʦʧʳʪʥʳʝ 

ʜʘʥʥʳʝ, ʧʦ ʢʦʪʦʨʳʤ Rb/R  ʜʣʷ ʵʪʠʭ ʙʝʪʦʥʦʚ ʚʳʰʝ, 

ʯʝʤ ʜʣʷ ʪʷʞʝʣʦʛʦ ʙʝʪʦʥʘ. 
ʊʘʢ, ʧʦ ʜʘʥʥʳʤ ɸ.ɹ. ʇʠʨʘʜʦʚʘ [1], ʜʣʷ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ 

╡╫ ȟ ╡,  (1) 

ʇʦ ʦʙʦʙʱʝʥʥʳʤ ʜʘʥʥʳʤ ʅʀʀɾɹʘ [2] 

Rb/R ȟ ȟ ╡,  (2) 

ʇʦ ʜʘʥʥʳʤ ʂ.ʀ. ɺʠʣʢʦʚʘ [3] 

╡╫Ⱦ╡ ȟ ȟ ╡   (3) 

ɺ ʂʄʂ 2.01.03ï95 [70] ʜʣʷ ʪʷʞʝʣʦʛʦ ʠ ʣʝʛʢʦʛʦ 

ʙʝʪʦʥʦʚ ʧʨʠʥʷʪ ʝʜʠʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʠʟʤʝʥʥʦʡ 
ʧʨʦʯʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʧʦ ʚʳʨʘʞʝʥʠʶ 

╡╫■╡╫ϳ ȟ ȟ ╡  (4) 

ʂʦʵʬʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ ○▄ ʢʘʢ ʠʟʚʝʩʪʥʦ, ʚ 

ʜʝʡʩʪʚʫʶʱʠʭ ʥʦʨʤʘʭ ʧʨʠʥʷʪ ʜʣʷ ʪʷʞʝʣʦʛʦ ʠ 

ʣʝʛʢʦʛʦ ʙʝʪʦʥʘ, ʨʘʚʥʳʤ 0,20, ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʚʠʜʘ 

ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʦʩʪʦʷʣʠ. ʇʦ ʜʘʥʥʳʤ ʨʷʜʘ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʢʦʵʬʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ ʧʨʠ 

ʩʞʘʪʠʠ ʜʣʷ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʢʦʣʝʙʣʝʪʩʷ ʚ 

ʧʨʝʜʝʣʘʭ, 0, 12é0, 28.  

2. ʄɽʊʆɼʓ ʀ ʈɽɿʋʃʔʊɸʊʓ 
ʀʉʉʃɽɼʆɺɸʅʀʗ 

ʆʩʥʦʚʥʳʤ ʫʩʣʦʚʠʝʤ ʥʦʨʤʘʣʴʥʦʡ ʨʘʙʦʪʳ 

ʞʝʣʝʟʦʙʝʪʦʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʷʚʣʷʝʪʩʷ 

ʩʦʚʤʝʩʪʥʦʩʪʴ ʜʝʬʦʨʤʘʮʠʡ ʙʝʪʦʥʘ ʠ ʘʨʤʘʪʫʨʳ. ʇʦ-

ʵʪʦʤʫ ʟʥʘʯʝʥʠʝ ʧʨʝʜʝʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʩʞʘʪʠʷ 

ʙʝʪʦʥʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʩʪʝʧʝʥʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʘʨʤʘʪʫʨʳ ʚ ʢʦʥʩʪʨʫʢʮʠʷʭ, ʢʨʘʡʥʝ ʥʝʦʙʭʦʜʠʤʦ. 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʳ ʦʙʣʘʜʘʶʪ 

ʧʦʚʳʰʝʥʥʦʡ ʜʝʬʦʨʤʘʪʠʚʥʦʩʪʴʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʘʥʘʣʦʛʠʯʥʳʤ ʧʦ ʧʨʦʯʥʦʩʪʠ, ʪʷʞʝʣʳʤ ʙʝʪʦʥʦʤ. 

ʇʦʵʪʦʤʫ ʚ ʩʞʘʪʳʭ ʟʦʥʘʭ ʣʝʛʢʦʙʝʪʦʥʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʠ ʢʦʥʩʪʨʫʢʮʠʡ ʩʪʝʧʝʥʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʘʨʤʘʪʫʨʳ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʡ. 

ɺʦʧʨʦʩʘʤ ʠʟʫʯʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʠ ʜʝʬʦʨʤʘʮʠʡ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʦʚ ʧʨʠ ʩʞʘʪʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʨʘʟʣʠʯʥʳʭ ʬʘʢʪʦʨʦʚ ʧʦʩʚʷʱʝʥʳ ʨʷʜ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. 
ɺ ʨʘʙʦʪʝ [4] ʠʟʫʯʘʣʘʩʴ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʯʥʦʩʪʠ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʧʣʦʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʦʩʝʚʦʤ 

ʩʞʘʪʠʠ ʦʪ ʝʛʦ ʩʦʩʪʘʚʘ, ʧʦʢʘʟʘʪʝʣʝʡ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʞʝʩʪʢʦʩʪʠ 

ʙʝʪʦʥʥʦʡ ʩʤʝʩʠ. ʆʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʚ ʠʟʫʯʝʥʥʳʭ 

ʧʨʝʜʝʣʘʭ ʚʳʙʨʘʥʥʳʝ ʬʘʢʪʦʨʳ (ʧʨʦʯʥʦʩʪʴ 

ʢʝʨʘʤʟʠʪʘ ʚ ʮʠʣʠʥʜʨʝ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʝʨʘʤʟʠʪʘ ʚ 

ʙʝʪʦʥʝ, ʧʨʦʯʥʦʩʪʴ ʨʘʩʪʚʦʨʥʦʡ ʯʘʩʪʠ, ʞʝʩʪʢʦʩʪʴ 

ʙʝʪʦʥʥʦʡ ʩʤʝʩʠ ʠ ʢʨʫʧʥʦʩʪʴ ʢʝʨʘʤʟʠʪʘ) ʥʘ 87% 
ʦʧʨʝʜʝʣʷʝʪ ʚʘʨʠʘʮʠʶ ʧʨʦʯʥʦʩʪʠ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ. 

ʅʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʧʨʦʯʥʦʩʪʴ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʦʢʘʟʳʚʘʝʪ ʧʨʦʯʥʦʩʪʴ ʨʘʩʪʚʦʨʥʦʡ 

ʯʘʩʪʠ (72% ʠ ʛʦʨʘʟʜʦ ʤʝʥʴʰʝ ʧʨʦʯʥʦʩʪʴ ʢʝʨʘʤʟʠʪʘ 

(12%). 

ɺ ʨʘʙʦʪʝ [5] ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ 

ʦʙʲʝʤʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʢʝʨʘʤʟʠʪʘ ʧʨʠ ʧʨʘʚʠʣʴʥʦʤ 

ʚʳʙʨʘʥʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʝʛʦ ʬʨʘʢʮʠʡ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʚʳʰʝʥʠʶ ʧʨʦʯʥʦʩʪʠ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ. ʇʨʠ 

ʵʪʦʤ ʩʥʠʞʘʝʪʩʷ ʨʘʩʭʦʜ ʮʝʤʝʥʪʘ ʠ ʦʙʲʝʤʥʘʷ ʤʘʩʩʘ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ. 

ɺ ʨʘʙʦʪʝ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʬʦʨʤʳ 
ʠ ʨʘʟʤʝʨʦʚ ʟʝʨʝʥ ʢʝʨʘʤʟʠʪʘ ʚ ʧʨʝʜʝʣʘʭ 5 ï 20 ʤʤ 

ʧʨʦʯʥʦʩʪʴ ʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ, ʧʨʠ 

ʚʩʝʭ ʧʨʦʯʠʭ ʨʘʚʥʳʭ ʫʩʣʦʚʠʷʭ, ʠʟʤʝʥʷʝʪʩʷ ʥʘ 10 ï 

15% ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʩ ʧʨʦʯʥʦʩʪʴʶ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʢʦʥʪʨʦʣʴʥʦʡ ʬʨʘʢʮʠʠ 5 ï 20 ʤʤ 

ʙʝʟ ʨʘʟʜʝʣʝʥʠʷ ʧʦ ʬʦʨʤʝ ʟʝʨʝʥ. ʅʘʠʙʦʣʝʝ 

ʦʧʪʠʤʘʣʴʥʳʝ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ 

ʢʝʨʘʤʟʠʪʘ ʠ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʥʘʙʣʶʜʘʣʠʩʴ ʫ 

ʬʨʘʢʮʠʡ ʩ ʨʘʟʤʝʨʦʤ ʟʝʨʝʥ 15 ʤʤ ʧʨʠ ʣʶʙʦʡ ʠʭ 

ʬʦʨʤʝ. 

ɸʚʪʦʨʳ ʨʘʙʦʪ [6, 7] ʨʘʩʩʤʘʪʨʠʚʘʣʠ ʧʨʦʯʥʦʩʪʠ 
ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʦʯʥʦʩʪʠ 

ʨʘʩʪʚʦʨʥʦʡ ʯʘʩʪʠ, ʧʦʢʘʟʘʪʝʣʷ ʧʨʦʯʥʦʩʪʠ 

ʢʝʨʘʤʟʠʪʘ ʠ ʝʛʦ ʦʙʲʝʤʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʙʝʪʦʥʝ. 

ɸ.ʀ. ɺʘʛʘʥʦʚ [4] ʫʩʪʘʥʦʚʠʣ, ʯʪʦ ʥʘ ʧʨʦʯʥʦʩʪʴ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʧʨʠ ʩʞʘʪʠʠ ʚʣʠʷʶʪ ʧʨʦʯʥʦʩʪʴ 

ʨʘʩʪʚʦʨʥʦʡ ʯʘʩʪʠ, ʚʦʟʨʘʩʪ ʠ ʫʩʣʦʚʠʷ ʪʚʝʨʜʝʥʠʷ 

ʙʝʪʦʥʘ, ʨʘʩʭʦʜ ʢʝʨʘʤʟʠʪʘ, ʝʛʦ ʟʝʨʥʦʚʦʡ ʩʦʩʪʘʚ ʠ 

ʧʨʝʜʝʣʴʥʘʷ ʢʨʫʧʥʦʩʪʴ. 

ʄ.ɿ. ʉʠʤʦʥʦʚ [8] ʦʪʤʝʯʘʝʪ, ʯʪʦ ʧʨʦʯʥʦʩʪʴ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʧʨʠ ʩʞʘʪʠʠ ʟʘʚʠʩʠʪ ʦʪ ʧʨʦʯʥʦʩʪʠ 

ʥʘ ʨʘʟʨʳʚ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ, ʩʮʝʧʣʝʥʠʷ ʝʛʦ ʩ 

ʟʝʨʥʘʤʠ ʟʘʧʦʣʥʠʪʝʣʷ, ʘ ʪʘʢʞʝ ʦʪ ʚʦʟʨʘʩʪʘ ʠ 
ʫʩʣʦʚʠʡ ʪʚʝʨʜʝʥʠʷ. 

ɹʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ 

ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʙʝʪʦʥʘ 

ʠʤʝʶʪ ʪʝʦʨʠʠ ʧʨʦʯʥʦʩʪʠ ʠ ʨʘʟʨʫʰʝʥʠʷ ʝʛʦ ʧʨʠ 

ʩʞʘʪʠʠ, ʚ ʯʘʩʪʥʦʩʪʠ ʧʦʥʷʪʠʷ ʦ ʛʨʘʥʠʮʘʭ 

ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ (╡╬►╬
▫  ʠ ╡╬►╬

○ ), 

ʧʨʝʜʣʦʞʝʥʥʳʭ ʘʚʪʦʨʘʤʠ ʨʘʙʦʪ [6, 7]. ʉ ʠʭ 

ʧʦʤʦʱʴʶ ʤʦʞʥʦ ʧʨʦʠʟʚʝʩʪʠ ʦʮʝʥʢʫ ʢʠʥʝʪʠʢʠ 

ʧʨʦʮʝʩʩʘ ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʙʝʪʦʥʝ. 

ɻʨʘʥʠʮʳ ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ (╡╬►╬
▫  ʠ ╡╬►╬

○ ), 

ʧʨʠ ʩʞʘʪʠʠ ʩʣʝʜʫʝʪ ʨʘʩʩʤʦʪʨʝʪʴ ʢʘʢ ʚʘʞʥʫʶ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʙʝʪʦʥʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʘʜʝʞʥʦʡ 

ʨʘʙʦʪʳ ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠ ʵʢʩʧʣʫʘʪʘʮʠʠ. 

ʀʩʩʣʝʜʫʷ ʚʣʠʷʥʠʷ ʧʨʦʯʥʦʩʪʠ, ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 

ʠ ʚʣʘʞʥʦʩʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʝʨʘʤʟʠʪʘ ʥʘ ʛʨʘʥʠʮʳ 

ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ ╡╬►╬
▫  ʠ ╡╬►╬

○  

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʢʣʘʩʩʘ ɺ15éɺ25 ʠ ʠʭ 

ʭʘʨʘʢʪʝʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʮʝʩʩʘ 

ʤʠʢʨʦʨʘʟʨʫʰʝʥʠʡ ʘʚʪʦʨ ʨʘʙʦʪʳ [9] ʩʦʦʙʱʘʝʪ, ʯʪʦ 

ʚ ʦʙʨʘʟʮʘʭ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ (ʢʦʛʜʘ ╡╫Ⱦ╡╫ , ʛʜʝ 

╡╫  ʠ ╡╫ ï ʧʨʦʯʥʦʩʪʴ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʨʘʩʪʚʦʨʥʦʡ 
ʯʘʩʪʠ ʠ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ) ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ Ɑ
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╡╬►╬
▫  (ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʫʰʝʥʠʝ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ 

ʢʝʨʘʤʟʠʪʘ, ʘ ʧʨʠ   (Ɑ ╡╬►╬
▫  ʥʘʨʷʜʫ ʩ 

ʧʨʦʜʦʣʞʘʶʱʠʤʠʩʷ ʤʠʢʨʦʨʘʟʨʫʰʝʥʠʷʤʠ ʟʝʨʝʥ 

ʢʝʨʘʤʟʠʪʘ ʠʥʪʝʥʩʠʬʠʮʠʨʫʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ 

ʤʠʢʨʦʪʨʝʱʠʥ ʚ ʨʘʩʪʚʦʨʥʦʤ ʢʘʨʢʘʩʝ. ɺ ʦʙʨʘʟʮʘʭ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʦʜʥʦʨʦʜʥʦʡ ʤʘʢʨʦʩʪʨʫʢʪʫʨʳ 

(ʢʦʛʜʘ ╡╫Ⱦ╡╫ ) ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ Ɑ ╡╬►╬
▫  

ʬʠʢʩʠʨʫʝʪʩʷ ʥʘʯʘʣʦ ʠʥʪʝʥʩʠʚʥʦʛʦ ʨʦʩʪʘ 

ʤʠʢʨʦʨʘʟʨʫʰʝʥʠʡ, ʧʨʘʢʪʠʯʝʩʢʠ, ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ 

ʦʙʦʠʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʢʦʥʛʣʦʤʝʨʘʪʘ. ʊʘʢʞʝ 
ʩʦʦʙʱʘʝʪ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʚ ʙʝʪʦʥʝ ʤʘʣʦʧʨʦʯʥʦʛʦ 

ʢʝʨʘʤʟʠʪʘ ʧʨʠʚʦʜʠʪ ʢ ʟʘʤʝʪʥʦʤʫ ʩʥʠʞʝʥʠʶ (ʜʦ 

15%) ʝʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ 

ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ  ╡╬►╬
▫ Ⱦ╡╫ ʠ ╡╬►╬

○ Ⱦ╡╫.  
ɺ ʨʘʙʦʪʝ [10] ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ 

ʩʚʦʡʩʪʚ ʟʝʨʝʥ ʢʝʨʘʤʟʠʪʘ ʫʩʠʣʠʚʘʝʪ ʢʦʥʮʝʥʪʨʘʮʠʶ 

ʥʘʧʨʷʞʝʥʠʡ ʚ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʝ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ 

ʫʩʠʣʠʚʘʝʪʩʷ ʜʦʣʷ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʧʨʠ 

ʩʞʘʪʠʠ, ʩʥʠʞʘʝʪʩʷ ʫʨʦʚʝʥʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ 

ʪʦʯʝʢ ╡╬►╬
▫ Ⱦ╡╫ ʠ ╡╬►╬

○ Ⱦ╡╫ ʠ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ, ʘ 
ʪʘʢʞʝ ʧʦʚʳʰʘʝʪʩʷ ʜʝʬʦʨʤʘʮʠʠ ʧʦʣʟʫʯʝʩʪʠ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ. 

ɸʥʘʣʠʟ ʠʩʩʣʝʜʦʚʘʥʠʡ ʨʝʟʫʣʴʪʘʪʦʚ ʛʨʘʥʠʮ 

ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʵʪʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʝʦʜʥʦʟʥʘʯʥʦ ʩʚʷʟʘʥʳ ʩ 

ʧʨʦʯʥʦʩʪʴʶ ʥʘ ʩʞʘʪʠʝ Rb ʠ ʤʦʛʫʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʨʘʟʣʠʯʘʪʴʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ, ʚʠʜʘ ʠ ʨʘʩʭʦʜʘ ʢʨʫʧʥʦʛʦ 

ʟʘʧʦʣʥʠʪʝʣʷ ʠ ʜʨʫʛʠʭ ʬʘʢʪʦʨʦʚ. 

ɿʥʘʯʝʥʠʷ ʛʨʘʥʠʮ ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ 

(ʥʠʞʥʝʡ Ɫ╬►╬
▫  ╡╬►╬

▫ Ⱦ╡╫ ʠ ʚʝʨʭʥʝʡ Ɫ╬►╬
○ ╡╬►╬

○ Ⱦ
╡╫ )ʜʦʚʦʣʴʥʦ ʚʘʞʥʳ ʜʣʷ ʦʧʠʩʘʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ 
ʨʘʙʦʪʳ ʙʝʪʦʥʘ, ʧʦʩʢʦʣʴʢʫ ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ 

ʚʳʚʦʜ ʦ ʩʪʘʜʠʠ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ (ʥ.ʜ.ʩ.) [11].  

ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʦʙʳʯʥʦ ʫʜʝʣʷʝʪʩʷ ʚʝʨʭʥʝʡ 

ʛʨʘʥʠʮʝ ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ, ʧʦʩʢʦʣʴʢʫ 

ʜʦʩʪʠʞʝʥʠʝ ʫʢʘʟʘʥʥʦʡ ʛʨʘʥʠʮʳ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʧʝʨʝʭʦʜ ʢ ʪʨʝʪʴʝʡ ʩʪʘʜʠʠ ʥ.ʜ.ʩ., ʪ. ʝ. 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʤʠʢʨʦʪʨʝʱʠʥʳ 

ʩʣʠʚʘʶʪʩʷ ʚ ʤʘʢʨʦʪʨʝʱʠʥʳ, ʜʝʣʷʪ ʩʪʨʫʢʪʫʨʫ 
ʙʝʪʦʥʘ ʥʘ ʙʣʦʢʠ, ʢʦʪʦʨʳʝ ʧʦʜ ʥʘʛʨʫʟʢʦʡ 

ʩʤʝʱʘʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ, ʯʪʦ 

ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʨʘʟʨʫʰʝʥʠʝ ʙʝʪʦʥʥʦʡ ʤʘʪʨʠʮʳ  

[11 ï 12]. ɽʩʣʠ ʞʝ ʫʨʦʚʝʥʴ ʥʘʛʨʫʟʢʠ ʙʣʠʟʦʢ ʢ 

ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝ ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ, ʥʦ ʥʝ 

ʧʨʝʚʳʰʘʝʪ ʝʝ, ʧʣʘʩʪʠʯʝʩʢʠʝ ʜʝʬʦʨʤʘʮʠʠ ʚ 

ʫʩʣʦʚʠʷʭ ʩʪʘʪʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʩʦ ʚʨʝʤʝʥʝʤ 

ʩʪʘʙʠʣʠʟʠʨʫʶʪʩʷ (ʜʘʞʝ ʧʨʠ ʮʠʢʣʠʯʝʩʢʦʤ 

ʠʟʤʝʥʝʥʠʠ ʥʘʛʨʫʟʢʠ [13]).  

ʅʠʞʥʷʷ ʛʨʘʥʠʮʘ ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ 

ʜʣʷ ʦʙʳʯʥʦʛʦ ʙʝʪʦʥʘ ʦʧʨʝʜʝʣʷʝʪ ʧʨʝʜʝʣ 
ʚʳʥʦʩʣʠʚʦʩʪʠ ʧʨʠ ʤʥʦʛʦʢʨʘʪʥʦ ʧʦʚʪʦʨʷʶʱʝʡʩʷ 

ʥʘʛʨʫʟʢʝ [13]. ʇʨʠʯʝʤ ʚ [14] ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʜʦʢʘʟʘʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʝ 

 Ɫ╬►╬
▫ ╡╬►╬

▫ Ⱦ╡╫ ʷʚʣʷʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ 

ʦʜʠʥʘʢʦʚʳʤ ʢʘʢ ʧʨʠ ʦʜʥʦʦʩʥʦʤ, ʪʘʢ ʠ ʧʨʠ 

ʜʚʫʭʦʩʥʦʤ ʩʞʘʪʠʠ ʚ ʫʩʣʦʚʠʷʭ ʦʪʩʫʪʩʪʚʠʷ ʪʨʝʥʠʷ 

ʧʦ ʧʝʨʠʤʝʪʨʫ ʦʙʨʘʟʮʘ, ʘ ʚ ʫʩʣʦʚʠʷʭ ʜʚʫʭʦʩʥʦʛʦ 

ʩʞʘʪʠʷ (ʩ ʪʨʝʥʠʝʤ ʧʦ ʢʦʥʪʘʢʪʥʳʤ ʧʦʚʝʨʭʥʦʩʪʷʤ 

ʦʙʨʘʟʮʘ ʠ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ) 
ʤʠʢʨʦʨʘʟʨʫʰʝʥʠʷ ʚ ʦʙʨʘʟʮʝ ʚʦʟʥʠʢʘʶʪ ʧʨʠ ʙʦʣʝʝ 

ʚʳʩʦʢʠʭ ʥʘʧʨʷʞʝʥʠʷʭ, ʯʝʤ ʧʨʠ ʦʜʥʦʦʩʥʦʤ 

ʩʞʘʪʠʠ.  

ʈʘʙʦʪʳ ʆ.ʗ. ɹʝʨʛʘ ʩʪʘʣʠ ʢʣʘʩʩʠʢʦʡ ʪʝʦʨʠʠ 

ʨʘʙʦʪʳ ʙʝʪʦʥʘ ʠ ʞʝʣʝʟʦʙʝʪʦʥʘ. ʆ.ʗ. ɹʝʨʛ 

ʧʨʝʜʣʦʞʠʣ ʩʣʝʜʫʶʱʠʝ ʵʤʧʠʨʠʯʝʩʢʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʳʭ 

ʟʥʘʯʝʥʠʡ ʥʘʛʨʫʟʦʢ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʥʠʞʥʝʡ ʠ 

ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʘʤ ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ: 

Ɫ╬►╬
▫ ╡╬►╬

▫ Ⱦ╡╫ ȟ ■▌╡╫ ȟ    (5) 

Ɫ╬►╬
○ ╡╬►╬

○ Ⱦ╡╫ ȟ ■▌╡╫ ȟ    (6) 

ʛʜʝ ╡╫ ï ʩʨʝʜʥʷʷ ʧʨʠʟʤʝʥʥʘʷ ʧʨʦʯʥʦʩʪʴ ʙʝʪʦʥʘ 
ʥʘ ʦʩʝʚʦʝ ʩʞʘʪʠʝ. ɼʘʥʥʳʤʠ ʟʘʚʠʩʠʤʦʩʪʷʤʠ ʧʨʠ 

ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʫʩʧʝʰʥʦ ʧʦʣʴʟʦʚʘʣʠʩʴ ʤʥʦʛʠʝ ʠʟʚʝʩʪʥʳʝ ʫʯʝʥʳʝ 

ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʜʣʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ, ʧʦʩʢʦʣʴʢʫ 

ʦʥʠ ʦʙʝʩʧʝʯʠʚʘʣʠ ʜʦʩʪʘʪʦʯʥʫʶ ʩʭʦʜʠʤʦʩʪʴ ʩ 

ʦʧʳʪʥʳʤʠ ʜʘʥʥʳʤʠ.  

ʆʜʥʘʢʦ ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʤʠʨʝ ʧʦʤʠʤʦ 

ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʙʝʪʦʥʘ ʚʩʝ ʯʘʱʝ ʧʨʠʤʝʥʷʶʪʩʷ 

ʜʨʫʛʠʝ ʚʠʜʳ ʙʝʪʦʥʦʚ, ʠʤʝʶʱʠʝ ʩʧʝʮʠʬʠʯʝʩʢʠʝ 
ʩʚʦʡʩʪʚʘ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʪʝʭ ʠʣʠ 

ʠʥʳʭ ʮʝʣʝʡ ʩʪʨʦʠʪʝʣʴʩʪʚʘ. ʅʘʧʨʠʤʝʨ, ʰʠʨʦʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʩʝʛʦʜʥʷ ʥʘʭʦʜʷʪ ʚʳʩʦʢʦʧʨʦʯʥʳʝ 

ʙʝʪʦʥʳ, ʣʝʛʢʠʝ ʙʝʪʦʥʳ, ʙʝʪʦʥʳ ʩ ʜʠʩʧʝʨʩʥʳʤ 

ʘʨʤʠʨʦʚʘʥʠʝʤ, ʥʘʧʨʷʛʘʶʱʠʝ ʙʝʪʦʥʳ, ʙʝʪʦʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʚʠʜʦʚ 

ʟʘʧʦʣʥʠʪʝʣʝʡ ʠ ʪ. ʧ. ɺ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʟʘʚʠʩʠʤʦʩʪʠ 

(5) ʠ (6) ʪʝʨʷʶʪ ʩʚʦʶ ʘʢʪʫʘʣʴʥʦʩʪʴ, ʪ. ʢ. 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʝʩʷʪʠʯʥʦʛʦ ʣʦʛʘʨʠʬʤʘ ʥʝ 

ʧʦʟʚʦʣʷʝʪ ʧʨʠʤʝʥʷʪʴ ʵʪʠ ʟʘʚʠʩʠʤʦʩʪʠ ʚ ʰʠʨʦʢʦʤ 

ʜʠʘʧʘʟʦʥʝ ʧʨʦʯʥʦʩʪʝʡ, ʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʨʘʩʯʝʪʝ 
ʪʦʣʴʢʦ ʟʥʘʯʝʥʠʷ ʩʨʝʜʥʝʡ ʧʨʦʯʥʦʩʪʠ ʦʛʨʘʥʠʯʠʚʘʝʪ 

ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʨʘʟʥʳʭ ʚʠʜʦʚ ʙʝʪʦʥʘ. ʇʦʵʪʦʤʫ 

ʚʳʚʝʜʝʥʠʝ ʥʦʚʳʭ ʬʦʨʤʫʣ, ʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʭ, 

ʧʨʠʤʝʥʠʤʳʭ ʜʣʷ ʙʝʪʦʥʦʚ ʨʘʟʥʳʭ ʚʠʜʦʚ ʠ ʢʣʘʩʩʦʚ, 

ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ [11].  

ɸʚʪʦʨʘʤʠ ʩʪʘʪʴʠ [11] ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʙʦʪʳ 

ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ ʙʝʪʦʥʘ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʢʦʪʦʨʳʭ 

ʧʨʝʜʣʦʞʝʥʳ ʥʦʚʳʝ ʵʤʧʠʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʛʨʘʥʠʮ 

ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ:  

Ɫ╬►╬
▫ ╡╬►╬

▫ Ⱦ╡╫ ȟ ▓╬►╬■▪ ╡╫ ȟ  

(7) 

Ɫ╬►╬
○ ╡╬►╬

○ Ⱦ╡╫ ȟ ▓╬►╬■▪╡╫ ȟ   (8) 

ʛʜʝ ╡╫ ï ʩʨʝʜʥʷʷ ʧʨʦʯʥʦʩʪʴ ʙʝʪʦʥʘ, ʄʇʘ;  

 kcrc ï ʵʤʧʠʨʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ.  

ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʝʞʜʫ ʟʥʘʯʝʥʠʷʤʠ 

ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʥʘʛʨʫʟʦʢ ʜʣʷ ʚʝʨʭʥʝʛʦ ʠ ʥʠʞʥʝʛʦ 

ʧʨʝʜʝʣʦʚ ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ ʩʫʱʝʩʪʚʫʝʪ 

ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ [15]. ʆʪʥʦʰʝʥʠʝ ʟʥʘʯʝʥʠʡ 
ʫʨʦʚʥʷ ʥʘʛʨʫʟʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʥʠʞʥʝʡ 

ʛʨʘʥʠʮʝ ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ, ʢ ʟʥʘʯʝʥʠʶ 

ʫʨʦʚʥʷ ʥʘʛʨʫʟʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʚʝʨʭʥʝʡ 

ʛʨʘʥʠʮʝ, ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ ʥʝʟʘʚʠʩʠʤʦ ʦʪ 
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ʢʣʘʩʩʘ ʙʝʪʦʥʘ, ʪ. ʝ. Ɫ╬►╬
▫ ȾⱢ╬►╬

○ = const.  

ɺʝʣʠʯʠʥʘ ʦʪʥʦʰʝʥʠʷ Ɫ╬►╬
▫ ȾⱢ╬►╬

○  ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʠʥʷʪʘ: 

 ╖  Ɫ╬►╬
▫ ȾⱢ╬►╬

○ ȟ  ï ʜʣʷ ʥʦʨʤʘʣʴʥʦʛʦ ʙʝʪʦʥʘ 
[13]; 

 ╖ Ɫ╬►╬
▫ ȾⱢ╬►╬

○ ȟ  ï ʜʣʷ ʩʪʘʣʝʬʠʙʨʦʙʝʪʦʥʘ 

(ʉʌɹ) ʥʘ ʦʩʥʦʚʝ ʬʠʙʨʳ çVulkan Harexè 

ʟʘʚʦʜʩʢʦʛʦ ʠʟʛʦʪʦʚʣʝʥʠʷ [13]; 

 ╖ Ɫ╬►╬
▫ ȾⱢ╬►╬

○ ȟ  ï ʜʣʷ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ; 

 ╖ Ɫ╬►╬
▫ ȾⱢ╬►╬

○ ȟ  ï ʜʣʷ ʙʝʪʦʥʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʪʭʦʜʦʚ ʣʠʪʝʡʥʦ-

ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʭ ʧʨʦʠʟʚʦʜʩʪʚ ʚ ʢʘʯʝʩʪʚʝ ʤʝʣʢʦʛʦ 

ʟʘʧʦʣʥʠʪʝʣʷ (ʆʄʇ-ʙʝʪʦʥʘ) [16] (ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʨʠʤʝʥʝʥʠʷ ʦʪʭʦʜʦʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʜʣʷ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʙʝʪʦʥʘ ʦʙʦʩʥʦʚʘʥʦ ʚ ʨʘʙʦʪʘʭ [17]).  

ʕʤʧʠʨʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ kcrc, ʧʨʠʥʷʪʳʡ ʥʘ 

ʦʩʥʦʚʘʥʠʠ ʟʥʘʯʝʥʠʷ Ɫ╬►╬
▫ ȾⱢ╬►╬

○  ʤʦʞʝʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʨʘʩʯʝʪʦʚ ʙʝʪʦʥʥʳʭ ʠ 

ʞʝʣʝʟʦʙʝʪʦʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ:  

▓╬►╬ ▓╬ Ɫ╬►╬
▫ ȾⱢ╬►╬

○   (5) 

ʅʠʟʢʘʷ ʧʣʦʪʥʦʩʪʴ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ 

ʫʯʠʪʳʚʘʝʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʦʤ kc1, ʟʥʘʯʝʥʠʝ 

ʢʦʪʦʨʦʛʦ ʧʨʠʥʷʪʦ ʨʘʚʥʳʤ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 1,2, ʪ. ʝ. 

kc1 å 1.2 ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʙʝʪʦʥʘ ɟ < 2200 ʢʛ/ʤ3.  

3. ɿɸʂʃʖʏɽʅʀɽ 

ʅʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʦʙʟʦʨʘ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʤʦʞʥʦ ʩʜʝʣʘʪʴ 

ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʚʳʚʦʜʳ: 

1. ʂʣʘʩʩʠʯʝʩʢʠʝ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʆ.ʗ. ɹʝʨʛʘ, ʧʨʝʜʣʦʞʝʥʥʳʝ ʜʣʷ 
ʦʧʨʝʜʝʣʝʥʠʷ ʛʨʘʥʠʮ ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ, 

ʪʝʨʷʶʪ ʩʚʦʶ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ 

ʩʦʚʨʝʤʝʥʥʳʤ ʚʳʩʦʢʦʧʨʦʯʥʳʤ, ʣʝʛʢʠʤ ʠ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʙʝʪʦʥʘʤ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʜʝʩʷʪʠʯʥʦʛʦ ʣʦʛʘʨʠʬʤʘ ʠ ʫʯʝʪ ʪʦʣʴʢʦ ʩʨʝʜʥʝʡ 

ʧʨʦʯʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʩʫʱʝʩʪʚʝʥʥʦ ʦʛʨʘʥʠʯʠʚʘʶʪ 

ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʦʯʥʦʩʪʥʳʭ 

ʢʣʘʩʩʦʚ.  

2. ʅʦʚʳʝ ʫʥʠʚʝʨʩʘʣʴʥʳʝ ʵʤʧʠʨʠʯʝʩʢʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ, ʫʯʠʪʳʚʘʶʱʠʝ ʣʠʥʝʡʥʫʶ 

ʚʟʘʠʤʦʩʚʷʟʴ ʫʨʦʚʥʝʡ ʥʘʛʨʫʟʦʢ ʜʣʷ ʚʝʨʭʥʝʛʦ ʠ 

ʥʠʞʥʝʛʦ ʧʨʝʜʝʣʦʚ ʤʠʢʨʦʨʘʟʨʫʰʝʥʠʡ (
Ɫ╬►╬
▫

Ɫ╬►╬
○

╬▫▪▼◄), ʧʦʟʚʦʣʷʶʪ ʙʦʣʝʝ ʪʦʯʥʦ ʦʧʠʩʳʚʘʪʴ ʩʪʘʜʠʠ 
ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ (ʅɼʉ) 

ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ ʙʝʪʦʥʘ. ɼʣʷ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ 

ʜʘʥʥʦʝ ʦʪʥʦʰʝʥʠʝ ʩʪʘʙʠʣʴʥʦ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 

0,60. 

3. ʉʧʝʮʠʬʠʢʘ ʩʪʨʫʢʪʫʨʳ ʣʝʛʢʦʛʦ ʙʝʪʦʥʘ ʠ 

ʝʛʦ ʥʠʟʢʘʷ ʧʣʦʪʥʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦ ʫʯʠʪʳʚʘʶʪʩʷ 

ʚʚʝʜʝʥʠʝʤ ʵʤʧʠʨʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ kcrc ʠ kc1 

(ʧʨʠʥʠʤʘʝʤʦʛʦ ʨʘʚʥʳʤ 1,2 ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʙʝʪʦʥʘ 

ɟ<2200 ʢʛ/ʤ3). ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ 

ʩʭʦʜʠʤʦʩʪʴ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʩ ʦʧʳʪʥʳʤʠ 
ʜʘʥʥʳʤʠ.  

ʇʦʚʳʰʝʥʥʘʷ ʜʝʬʦʨʤʘʪʠʚʥʦʩʪʴ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʷʞʝʣʳʤ 

ʙʝʪʦʥʦʤ ʘʥʘʣʦʛʠʯʥʦʡ ʧʨʦʯʥʦʩʪʠ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ ʚʦʚʣʝʯʝʥʠʶ ʠ 
ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʧʦʪʝʥʮʠʘʣʘ ʘʨʤʘʪʫʨʳ ʚ ʩʞʘʪʳʭ 

ʟʦʥʘʭ ʠʟʛʠʙʘʝʤʳʭ ʠ ʩʞʠʤʘʝʤʳʭ ʵʣʝʤʝʥʪʦʚ, ʯʪʦ 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʦʧʪʠʤʠʟʘʮʠʠ 

ʧʨʦʝʢʪʥʳʭ ʨʝʰʝʥʠʡ. 
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Analysis of the Influence of Loading Time And Technological Factors on 

the Deformation of Long-Term Creep of Lightweight Concretes 

 

V.M.  Soy1 a, U.Z. Shermukhamedov1 b, A.R. Babaev1 c,  

N.R. Mukhammadiev1 d, G.B. Malikov1 e 

1Tashkent State Transport University, Tashkent, Uzbekistan 
 

Abstract: The article analyzes the developmental patterns of linear and nonlinear creep deformations in 
lightweight prestressed ceramic concrete structures under prolonged compression. The joint influence 

of the water-cement ratio, temperature effects up to 900C, and the stiffness of the porous filler on the 
kinetics of stress redistribution in the concrete structure was investigated. The mathematical 
dependence for determining the nonlinear creep of keramzit concrete was considered, taking into 
account the time factor and the age of the concrete at the time of loading (t1>16 days). It has been 
established that the linear creep limit of high-strength lightweight concretes reaches 65% of the 
compressive strength, which is significantly higher than the indicators of conventional concretes. The 
obtained results and refined empirical formulas significantly increase the accuracy of calculating the 
deflections and load-bearing capacity of bending and eccentrically compressed elements of transport 

structures. 
Keywords: Porous concrete, light concrete, porous concrete, nonlinear creep, deformability, water-cement ratio, 

porous aggregate, age of loading 

 

ɸʥʘʣʠʟ ɺʣʠʷʥʠʷ ɺʨʝʤʝʥʠ ɿʘʛʨʫʞʝʥʠʷ ʀ ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʌʘʢʪʦʨʦʚ ʅʘ ɼʝʬʦʨʤʘʮʠʠ ɼʣʠʪʝʣʴʥʦʡ ʇʦʣʟʫʯʝʩʪʠ ʃʝʛʢʠʭ ɹʝʪʦʥʦʚ 
 

ɺ.ʄ. ʉʦʡ1 a, ʋ.ɿ. ʐʝʨʤʫʭʘʤʝʜʦʚ1 b, ɸ.ʈ. ɹʘʙʘʝʚ1 C, ʅ.ʈ. ʄʫʭʘʤʤʘʜʠʝʚ1 d,              

ɻ.ɹ. ʄʘʣʠʢʦʚ1 e 

1ʊʘʰʢʝʥʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʨʘʥʩʧʦʨʪʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 
 

ɸʥʥʦʪʘʮʠʷ ɺ ʩʪʘʪʴʝ ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʨʘʟʚʠʪʠʷ ʜʝʬʦʨʤʘʮʠʡ ʣʠʥʝʡʥʦʡ ʠ ʥʝʣʠʥʝʡʥʦʡ 

ʧʦʣʟʫʯʝʩʪʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʧʨʷʞʝʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʠʟ ʣʝʛʢʦʛʦ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʧʨʠ 
ʜʣʠʪʝʣʴʥʦʤ ʩʞʘʪʠʠ. ʀʩʩʣʝʜʦʚʘʥʦ ʩʦʚʤʝʩʪʥʦʝ ʚʣʠʷʥʠʝ ʚʦʜʦʮʝʤʝʥʪʥʦʛʦ ʦʪʥʦʰʝʥʠʷ, 
ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ ʜʦ 90 C ʠ ʞʝʩʪʢʦʩʪʠ ʧʦʨʠʩʪʦʛʦ ʟʘʧʦʣʥʠʪʝʣʷ ʥʘ ʢʠʥʝʪʠʢʫ 
ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʚ ʩʪʨʫʢʪʫʨʝ ʙʝʪʦʥʘ. ʈʘʩʩʤʦʪʨʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 
ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʝʣʠʥʝʡʥʦʡ ʧʦʣʟʫʯʝʩʪʠ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ, ʫʯʠʪʳʚʘʶʱʘʷ ʬʘʢʪʦʨ ʚʨʝʤʝʥʠ ʠ 
ʚʦʟʨʘʩʪ ʙʝʪʦʥʘ ʚ ʤʦʤʝʥʪ ʟʘʛʨʫʞʝʥʠʷ (t1>16 ʩʫʪʦʢ). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʝʜʝʣ ʣʠʥʝʡʥʦʡ 
ʧʦʣʟʫʯʝʩʪʠ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʣʝʛʢʠʭ ʙʝʪʦʥʦʚ ʜʦʩʪʠʛʘʝʪ 65% ʦʪ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ, ʯʪʦ 
ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ ʧʦʢʘʟʘʪʝʣʝʡ ʦʙʳʯʥʳʭ ʙʝʪʦʥʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʫʪʦʯʥʝʥʥʳʝ 

ʵʤʧʠʨʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ ʧʦʟʚʦʣʷʶʪ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʨʘʩʯʝʪʘ ʧʨʦʛʠʙʦʚ ʠ 
ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʠʟʛʠʙʘʝʤʳʭ ʠ ʚʥʝʮʝʥʪʨʝʥʥʦ ʩʞʘʪʳʭ ʵʣʝʤʝʥʪʦʚ ʪʨʘʥʩʧʦʨʪʥʳʭ 
ʩʦʦʨʫʞʝʥʠʡ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʂʝʨʘʤʟʠʪʦʙʝʪʦʥ, ʣʝʛʢʠʡ ʙʝʪʦʥ, ʢʝʨʘʤʟʠʪʦʙʝʪʦʥ, ʥʝʣʠʥʝʡʥʘʷ ʧʦʣʟʫʯʝʩʪʴ, ʜʝʬʦʨʤʘʪʠʚʥʦʩʪʴ, 

ʚʦʜʦʮʝʤʝʥʪʥʦʝ ʦʪʥʦʰʝʥʠʝ, ʧʦʨʠʩʪʳʡ ʟʘʧʦʣʥʠʪʝʣʴ, ʚʦʟʨʘʩʪ ʟʘʛʨʫʞʝʥʠʷ 

1. ɺɺɽɼɽʅʀɽ 

ɹʦʣʴʰʦʡ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ ʪʝʦʨʠʠ ʧʦʣʟʫʯʝʩʪʠ 

ʚʥʝʩʣʠ ʫʯʝʥʳʝ ɸ.ɸ. ɸʰʨʘʙʦʚ, ʈʘʫʧʦʚ ʏ.ʉ., 
ɸʥʜʨʠʘʥʦʚ ɸ.ɸ. ɼʝʣʣʦʩ   ʂ. ʇ., ɹʝʨʛ ʆ.ʗ., 

ʑʝʨʙʘʢʦʚ ɽ.ʅ., ʇʠʩʘʥʢʦ ɻ.ʅ., ɸ.ɸ. ɻʚʦʟʜʝʚ ʠ ʜʨ. 

[1, 2, 3, 4]. 

ʈʘʮʠʦʥʘʣʴʥʦʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

 
a  https://orcid.org/0009-0004-2390-6961  
b  https://orcid.org/0000-0003-1718-5331  
c  https://orcid.org/0000-0001-5045-8288  

ʥʘʧʨʷʞʝʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʠʟ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ 

ʤʦʞʝʪ ʙʳʪʴ ʦʙʝʩʧʝʯʝʥʦ ʪʦʣʴʢʦ ʧʨʠ ʫʩâʣʦʚʠʠ 

ʧʨʘʚʠʣʴʥʦʛʦ ʫʯʝʪʘ ʪʘʢʠʭ ʚʘʞʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, 

ʢʘʢ ʫʩʘʜʢʘ ʠ ʧʦʣʟʫʯʝʩʪʴ ʧʨʠ ʩʞʘʪʠʠ [1, 2, 5]. 

Neville A.M. ʩ ʩʦʘʚʪʦʨʘʤʠ [6] ʥʘʩʪʘʠʚʘʶʪ, ʯʪʦ 

ʜʝʬʦʨʤʘʮʠʠ ʧʦʣʟʫʯʝʩʪʠ ʷʚʣʷʶʪʩʷ ʦʯʝʥʴ 

ʩʫʱʝʩʪʚʝʥʥʳʤʠ ʠ ʚʩʝʛʜʘ ʜʦʣʞʥʳ ʫʯʠʪʳʚʘʪʴʩʷ ʚ 

ʜʦʧʦʣʥʝʥʠʝ ʢ ʥʘʯʘʣʴʥʳʤ ʫʧʨʫʛʠʤ ʜʝʬʦʨʤʘʮʠʷʤ. 

d  https://orcid.org/0009-0004-2390-6961  
e  https://orcid.org/0000-0003-3691-1079  

https://orcid.org/0009-0004-2390-6961
https://orcid.org/0000-0003-1718-5331
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ʕʪʦ ʥʘʛʣʷʜʥʦ ʠʣʣʶʩʪʨʠʨʫʝʪʩʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ, 
ʧʦʢʘʟʳʚʘʶʱʠʤʠ, ʯʪʦ ʜʝʬʦʨʤʘʮʠʠ ʧʦʣʟʫʯʝʩʪʠ 

ʯʝʨʝʟ ʛʦʜ ʧʦʩʣʝ ʟʘʛʨʫʞʝʥʠʷ ʚ 2-3 ʨʘʟʘ ʧʨʝʚʳʰʘʶʪ 

ʥʘʯʘʣʴʥʳʝ ʫʧʨʫʛʠʝ ʜʝʬʦʨʤʘʮʠʠ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ 

ʨʦʩʪʘ ʧʦʣʟʫʯʝʩʪʠ, ʦʜʥʘʢʦ, ʩʦ ʚʨʝʤʝʥʝʤ 

ʫʤʝʥʴʰʘʝʪʩʷ ʠ ʯʝʨʝʟ ʥʝʢʦʪʦʨʦʝ ʚʨʝʤʷ ʧʦʣʟʫʯʝʩʪʴ 

ʥʦʩʠʪ ʫʩʪʘʥʦʚʠʚʰʠʡʩʷ ʭʘʨʘʢʪʝʨ. 

2. ʄɽʊʆɼʓ 

ʅʘʙʣʶʜʝʥʠʷ ɼʝʚʠʩʘ ʟʘ ʧʦʣʟʫʯʝʩʪʴʶ ʙʝʪʦʥʘ, 

ʧʨʦʜʦʣʞʘʚʰʠʝʩʷ ʚ ʪʝʯʝʥʠʝ 30 ʣʝʪ, ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʜʝʬʦʨʤʘʮʠʷ ʧʦʣʟʫʯʝʩʪʠ ʯʝʨʝʟ 1 ʛʦʜ, ʧʨʠʥʷʪʘʷ ʟʘ 

ʝʜʠʥʠʮʫ, ʚʦʟʨʘʩʪʘʝʪ ʯʝʨʝʟ ʜʚʘ ʛʦʜʘ ʜʦ 1,14, ʯʝʨʝʟ 5 
ʣʝʪ - ʜʦ 1,2, ʯʝʨʝʟ 10 ʣʝʪ - ʜʦ 1,26, ʯʝʨʝʟ 20 ʣʝʪ - ʜʦ 

1,33 ʠ ʯʝʨʝʟ 30 ʣʝʪ - ʜʦ 1,36. 

ɺʩʝ ʩʦʛʣʘʩʥʳ ʚ ʪʦʤ, ʯʪʦ ʙʝʪʦʥʳ ʩ ʙʦʣʝʝ 

ʥʠʟʢʠʤʠ ɺ/ʎ ʦʪʥʦʰʝʥʠʷʤʠ ʧʦʢʘʟʳʚʘʶʪ ʤʝʥʴʰʫʶ 

ʧʦʣʟʫʯʝʩʪʴ, ʯʝʤ ʙʝʪʦʥʳ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ɺ/ʎ. 

ʀʟʫʯʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʩ 

ʦʜʠʥʘʢʦʚʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʮʝʤʝʥʪʘ, ʥʦ ʩ 

ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʚʦʜʳ ʧʦʢʘʟʘʣʦ ʵʪʫ 

ʪʝʥʜʝʥʮʠʶ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʢʠʥʝʪʠʢʘ 

ʥʘʨʘʩʪʘʥʠʷ ʧʨʦʯʥʦʩʪʠ ʙʝʪʦʥʘ ʥʝʨʘʟʨʳʚʥʦ ʩʚʷʟʘʥʘ 

ʩ ʚʝʣʠʯʠʥʦʡ ɺ/ʎ. 
ʇʦʣʟʫʯʝʩʪʴ, ʧʦ ʩʫʱʝʩʪʚʫ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʮʝʤʝʥʪʥʦʤ ʢʘʤʥʝ, ʢʦʪʦʨʳʡ ʥʝ ʩʦʚʩʝʤ ʫʧʨʫʛʠʡ, ʘ 

ʟʘʧʦʣʥʠʪʝʣʠ ʞʝ ʧʨʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʥʘʛʨʫʟʢʘʭ 

ʜʝʬʦʨʤʠʨʫʶʪʩʷ ʫʧʨʫʛʦ, ʘ ʥʝ ʧʣʘʩʪʠʯʝʩʢʠ, ʪʝʤ 

ʩʘʤʳʤ, ʦʛʨʘʥʠʯʠʚʘʷ ʧʦʣʟʫʯʝʩʪʴ. ʇʦʵʪʦʤʫ 

ʢʦʣʠʯʝʩʪʚʦ ʠ ʞʝʩʪʢʦʩʪʴ ʢʨʫʧʥʳʭ ʟʘʧʦʣʥʠʪʝʣʝʡ ʜʦ 

ʥʝʢʦʪʦʨʦʡ ʩʪʝʧʝʥʠ ʚʣʠʷʶʪ ʥʘ ʧʦʣʟʫʯʝʩʪʴ. ɹʦʣʝʝ 

ʞʝʩʪʢʠʡ ʟʘʧʦʣʥʠʪʝʣʴ ʚʦʩʧʨʠʥʠʤʘʝʪ ʙʦʣʴʰʫʶ 

ʜʦʣʶ ʥʘʛʨʫʟʢʠ, ʨʘʟʛʨʫʞʘʷ ʮʝʤʝʥʪʥʳʡ ʢʘʤʝʥʴ. ʇʦ 

ʤʝʨʝ ʧʨʦʷʚʣʝʥʠʷ ʜʝʬʦʨʤʘʮʠʡ ʧʦʣʟʫʯʝʩʪʠ 

ʧʦʩʣʝʜʥʝʛʦ ʠʜʝʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʷʞʝʥʠʡ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ ʝʱʝ ʙʦʣʴʰʝʛʦ ʥʘʛʨʫʞʝʥʠʷ 
ʚʳʩʦʢʦʧʨʦʯʥʦʛʦ ʟʘʧʦʣʥʠʪʝʣʷ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʟʘʧʦʣʥʠʪʝʣʠ ʚ ʙʝʪʦʥʝ ʪʦʨʤʦʟʷʪ ʨʘʟʚʠʪʠʝ 

ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʠ 

ʪʝʤ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ, ʯʝʤ ʙʦʣʴʰʝ ʥʘʩʳʱʝʥ 

ʙʝʪʦʥ ʟʘʧʦʣʥʠʪʝʣʝʤ ʠ ʯʝʤ ʚʳʰʝ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ 

ʟʘʧʦʣʥʠʪʝʣʷ. ʇʦʵʪʦʤʫ ʣʶʙʦʝ ʫʚʝʣʠʯʝʥʠʝ ʵʪʠʭ 

ʜʚʫʭ ʬʘʢʪʦʨʦʚ ʫʤʝʥʴʰʘʝʪ ʧʦʣʟʫʯʝʩʪʴ ʙʝʪʦʥʘ [5]. 

ɺ ʩʚʦʝʡ ʢʥʠʛʝ Neville A.M. ʩ ʩʦʘʚʪʦʨʘʤʠ 

ʦʙʩʫʞʜʘʣʠ ʚʣʠʷʥʠʝ ʟʘʧʦʣʥʠʪʝʣʝʡ ʥʘ ʧʦʣʟʫʯʝʩʪʴ 

ʙʝʪʦʥʘ. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʦʩʥʦʚʘʥʥʳʝ 

ʥʘ ʧʨʝʜʰʝʩʪʚʫʶʱʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ, ʧʦʢʘʟʘʣʠ, ʯʪʦ 
ʤʘʢʩʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ʠ ʛʨʘʥʫʣʦʤʝʪʨʠʷ 

ʟʘʧʦʣʥʠʪʝʣʝʡ ʥʝ ʚʣʠʷʶʪ ʥʘ ʧʦʣʟʫʯʝʩʪʴ, ʝʩʣʠ ʙʝʪʦʥ 

ʧʦʣʥʦʩʪʴʶ ʫʧʣʦʪʥʝʥ.    

ʅʝʣʴʟʷ ʦʪʨʠʮʘʪʴ ʠ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʩʘʤ ʧʦ ʩʝʙʝ 

ʧʦʨʠʩʪʳʡ ʟʘʧʦʣʥʠʪʝʣʴ, ʠ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ 

ʢʝʨʘʤʟʠʪ, ʧʦʜʚʝʨʞʝʥ ʟʥʘʯʠʪʝʣʴʥʳʤ ʧʣʘʩʪʠʯʝʩʢʠʤ 

ʜʝʬʦʨʤʘʮʠʷʤ ʠ ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʶ ʧʨʠ 

ʜʣʠʪʝʣʴʥʦʤ ʜʝʡʩʪʚʠʠ ʥʘ ʥʝʛʦ ʩʞʠʤʘʶʱʠʭ 

ʥʘʛʨʫʟʦʢ. ʕʪʦ ʪʘʢʞʝ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʬʘʢʪʦʨʘʤʠ, 

ʠʥʪʝʥʩʠʬʠʮʠʨʫʶʱʠʤʠ ʧʦʣʟʫʯʝʩʪʴ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ. 
ʊʝʤʧʝʨʘʪʫʨʘ ʪʘʢʞʝ ʚʣʠʷʝʪ ʥʘ ʧʦʣʟʫʯʝʩʪʴ, ʭʦʪʷ 

ʜʣʷ ʥʘʠʙʦʣʝʝ ʪʠʧʦʚʳʭ ʩʦʦʨʫʞʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨʘ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʤʝʥʝʝ ʚʘʞʥʳʡ ʬʘʢʪʦʨ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʯʝʤ ʦʪʥʦʩʠʪʝʣʴʥʘʷ 

ʚʣʘʞʥʦʩʪʴ. ɹʦʣʝʝ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʠʚʦʜʠʪ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʥʘʯʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʧʦʣʟʫʯʝʩʪʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʙʝʪʦʥʦʤ, ʠʩʧʳʪʳʚʘʝʤʳʤ ʧʨʠ 

ʥʦʨʤʘʣʴʥʦʡ (ʢʦʤʥʘʪʥʦʡ) ʪʝʤʧʝʨʘʪʫʨʝ. ʕʪʦ 

ʦʙʫʩʣʦʚʣʝʥʦ ʫʚʝʣʠʯʝʥʠʝʤ ʧʦʜʚʠʞʥʦʩʪʠ ʚʦʜʳ ʠ 

ʘʢʪʠʚʘʮʠʝʡ ʧʨʦʮʝʩʩʘ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. ʆʜʥʘʢʦ 

ʨʦʩʪ ʧʦʣʟʫʯʝʩʪʠ ʩʦ ʚʨʝʤʝʥʝʤ ʧʨʝʢʨʘʱʘʝʪʩʷ ʠ 

ʩʪʘʥʦʚʠʪʩʷ ʦʜʠʥʘʢʦʚʳʤ ʜʣʷ ʚʩʝʭ ʪʝʤʧʝʨʘʪʫʨ. ɺ 
ʩʣʫʯʘʝ ʠʩʧʳʪʘʥʠʡ ʙʝʪʦʥʘ ʚ ʨʘʥʥʝʤ ʚʦʟʨʘʩʪʝ 

ʧʦʣʟʫʯʝʩʪʴ ʧʨʠ 900ʉ ʚ ʪʨʠ ʨʘʟʘ ʚʳʰʝ ʧʦʣʟʫʯʝʩʪʠ 

ʧʨʠ 200ʉ [6]. Alexander K.M. ʩ ʩʦʘʚʪʦʨʘʤʠ [10] 

ʦʪʤʝʯʘʝʪ, ʯʪʦ ʩʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʪʚʝʨʜʝʥʠʷ 

ʙʝʪʦʥʘ ʩ 23 ʜʦ 50ʉ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʧʦʣʟʫʯʝʩʪʠ ʜʦ 

40%. 

Smadi M.M. ʩ ʩʦʘʚʪʦʨʘʤʠ [7] ʦʪʤʝʯʘʝʪ, ʯʪʦ ʫ 

ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʙʝʪʦʥʦʚ ʩʫʱʝʩʪʚʫʝʪ ʙʦʣʝʝ 

ʚʳʩʦʢʠʡ ʧʨʝʜʝʣ ʣʠʥʝʡʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ 

ʫʨʦʚʥʝʤ ʧʨʠʣʦʞʝʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠ 

ʜʝʬʦʨʤʘʮʠʷʤʠ ʧʦʣʟʫʯʝʩʪʠ. ʕʪʦʪ ʧʨʝʜʝʣ 
ʥʘʙʣʶʜʘʣʩʷ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʥʘ ʫʨʦʚʥʝ ʥʘʛʨʫʟʢʠ 

65% ʦʪ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ ʜʣʷ ʚʳʩʦʢʦʧʨʦʯʥʦʛʦ 

ʙʝʪʦʥʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 45% ʦʪ ʧʨʦʯʥʦʩʪʠ ʥʘ 

ʩʞʘʪʠʝ ʜʣʷ ʥʠʟʢʦʧʨʦʯʥʳʭ ʠ ʥʦʨʤʘʣʴʥʳʭ ʙʝʪʦʥʦʚ. 

ʊʘʢʞʝ ʥʘʙʣʶʜʘʣʦʩʴ, ʯʪʦ ʚʳʩʦʢʦʧʨʦʯʥʳʡ ʙʝʪʦʥ 

ʠʤʝʝʪ ʧʦʚʳʰʝʥʥʫʶ ʧʨʦʯʥʦʩʪʴ ʧʨʠ ʜʣʠʪʝʣʴʥʦʡ 

ʥʘʛʨʫʟʢʝ. ʅʘʧʨʷʞʝʥʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ 

ʨʘʟʨʫʰʝʥʠʝ ʙʝʪʦʥʘ ʦʪ ʜʝʬʦʨʤʘʮʠʡ ʧʦʣʟʫʯʝʩʪʠ 

ʩʦʩʪʘʚʣʷʶʪ ʧʨʠʤʝʨʥʦ 80% ʦʪ ʧʨʦʯʥʦʩʪʠ ʫ 

ʚʳʩʦʢʦʧʨʦʯʥʦʛʦ ʙʝʪʦʥʘ ʠ 75% ʦʪ ʧʨʦʯʥʦʩʪʠ ʜʣʷ 

ʙʝʪʦʥʦʚ ʥʠʟʢʠʭ ʠ ʩʨʝʜʥʠʭ ʤʘʨʦʢ. 

ɺʩʝ ʜʘʥʥʳʝ ʧʦ ʧʦʣʟʫʯʝʩʪʠ ʧʦʣʫʯʝʥʳ ʚ 
ʦʩʥʦʚʥʦʤ ʧʨʠ ʠʩʧʳʪʘʥʠʠ ʙʝʪʦʥʘ ʧʦʜ ʧʦʩʪʦʷʥʥʦʡ 

ʥʘʛʨʫʟʢʦʡ. ɹʝʪʦʥ, ʧʦʜʚʝʨʛʘʶʱʠʡʩʷ ʮʠʢʣʠʯʝʩʢʦʤʫ 

ʥʘʛʨʫʞʝʥʠʶ ʠ ʨʘʟʛʨʫʞʝʥʠʶ, ʪʘʢʞʝ ʧʦʢʘʟʳʚʘʝʪ 

ʧʨʦʛʨʝʩʩʠʨʫʶʱʠʡ ʨʦʩʪ ʜʝʬʦʨʤʘʮʠʡ. ʆʜʥʘʢʦ ʧʨʠ 

ʠʩʧʳʪʘʥʠʠ ʦʙʨʘʟʮʦʚ, ʟʘʛʨʫʞʝʥʥʳʭ ʚʥʘʯʘʣʝ 

ʜʣʠʪʝʣʴʥʦ ʜʝʡʩʪʚʫʶʱʝʡ ʧʦʩʪʦʷʥʥʦʡ ʥʘʛʨʫʟʢʦʡ, ʘ 

ʟʘʪʝʤ ʮʠʢʣʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʦʡ, ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ 

ʪʦʣʴʢʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʜʝʬʦʨʤʘʮʠʡ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʭ ʫʨʦʚʥʝʤ, ʧʦʣʫʯʝʥʥʳʤ ʧʨʠ 

ʜʝʡʩʪʚʠʠ ʧʦʩʪʦʷʥʥʦʡ ʥʘʛʨʫʟʢʠ [6]. 

ʄʥʦʛʦʢʨʘʪʥʦʝ ʧʦʚʪʦʨʝʥʠʝ ʮʠʢʣʦʚ ʟʘʛʨʫʞʝʥʠʷ 
ʠ ʨʘʟʛʨʫʟʢʠ ʙʝʪʦʥʥʦʡ ʧʨʠʟʤʳ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʩʪʝʧʝʥʥʦʤʫ ʥʘʢʘʧʣʠʚʘʥʠʶ ʥʝʫʧʨʫʛʠʭ 

ʜʝʬʦʨʤʘʮʠʡ. ʇʦʩʣʝ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ 

ʮʠʢʣʦʚ ʵʪʠ ʥʝʫʧʨʫʛʠʝ ʜʝʬʦʨʤʘʮʠʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʘʥʥʦʤʫ ʫʨʦʚʥʶ ʥʘʧʨʷʞʝʥʠʡ, 

ʧʦʩʪʝʧʝʥʥʦ ʚʳʙʠʨʘʶʪʩʷ, ʧʦʣʟʫʯʝʩʪʴ ʜʦʩʪʠʛʘʝʪ 

ʩʚʦʝʛʦ ʧʨʝʜʝʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ, ʙʝʪʦʥ ʥʘʯʠʥʘʝʪ 

ʨʘʙʦʪʘʪʴ ʫʧʨʫʛʦ. ʊʘʢʦʡ ʭʘʨʘʢʪʝʨ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ 

ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʰʴ ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ, ʥʝ 

ʧʨʝʚʳʰʘʶʱʠʭ ʧʨʝʜʝʣ ʚʳʥʦʩʣʠʚʦʩʪʠ. ʇʨʠ 

ʙʦʣʴʰʠʭ ʥʘʧʨʷʞʝʥʠʷʭ ʧʦʩʣʝ ʥʝʢʦʪʦʨʦʛʦ ʯʠʩʣʘ 
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ʮʠʢʣʦʚ ʥʝʫʧʨʫʛʠʝ ʜʝʬʦʨʤʘʮʠʠ ʥʘʯʠʥʘʶʪ 

ʥʝʦʛʨʘʥʠʯʝʥʥʦ ʨʘʩʪʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʨʫʰʝʥʠʶ 
ʦʙʨʘʟʮʘ [5]. 

ɸʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʜʝʬʦʨʤʘʮʠʠ ʧʦʣʟʫʯʝʩʪʠ ʙʝʪʦʥʘ ʷʚʣʷʶʪʩʷ ʦʯʝʥʴ 

ʩʫʱʝʩʪʚʝʥʥʳʤʠ ʠ ʚʩʝʛʜʘ ʜʦʣʞʥʳ ʫʯʠʪʳʚʘʪʴʩʷ ʚ 

ʜʦʧʦʣʥʝʥʠʝ ʢ ʥʘʯʘʣʴʥʳʤ ʫʧʨʫʛʠʤ ʜʝʬʦʨʤʘʮʠʷʤ. 

ʃʠʥʝʡʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʜʝʬʦʨʤʘʮʠʷʤʠ 

ʧʦʣʟʫʯʝʩʪʠ ʠ ʚʝʣʠʯʠʥʦʡ ʧʨʠʣʦʞʝʥʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʩʫʱʝʩʪʚʫʶʪ ʪʦʣʴʢʦ ʜʦ 

ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʫʨʦʚʥʷ ʥʘʧʨʷʞʝʥʠʡ. ɺʝʨʭʥʠʡ 

ʧʨʝʜʝʣ ʣʠʥʝʡʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʚ ʦʩʥʦʚʥʦʤ 

ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 50% ʜʦ 60% ʧʨʦʯʥʦʩʪʠ 

ʧʨʠ ʩʞʘʪʠʠ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʙʝʪʦʥʦʚ. ɺʳʰʝ ʵʪʦʛʦ 
ʥʘʧʨʷʞʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ 

ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʝ ʠ ʩʦʦʪʥʦʰʝʥʠʝ 

ʩʪʘʥʦʚʠʪʩʷ ʥʝʣʠʥʝʡʥʳʤ. ʍʦʪʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʜʝʬʦʨʤʘʮʠʡ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʜʣʠʪʝʣʴʥʦʤ 

ʩʞʘʪʠʠ ʙʝʪʦʥʘ ʩ ʩʘʤʦʛʦ ʥʘʯʘʣʘ ʟʘʛʨʫʞʝʥʠʷ, ʩʪʨʦʛʦ 

ʛʦʚʦʨʷ, ʥʝʣʠʥʝʡʥʘ, ʦʜʥʘʢʦ ʜʣʷ ʙʝʪʦʥʘ ʥʝ ʦʯʝʥʴ 

ʨʘʥʥʝʛʦ ʚʦʟʨʘʩʪʘ ʧʨʠ ʥʝʙʦʣʴʰʠʭ ʥʘʧʨʷʞʝʥʠʷʭ 

ʩʞʘʪʠʷ ʵʪʘ ʥʝʣʠʥʝʡʥʦʩʪʴ ʙʳʚʘʝʪ ʩʣʘʙʝʝ ʚʳʨʘʞʝʥʘ, 

ʧʦʵʪʦʤʫ ʚ ʧʨʘʢʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʘʭ ʠʥʦʛʜʘ 

ʥʝʣʠʥʝʡʥʦʩʪʴ ʜʝʬʦʨʤʘʮʠʡ ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ. ʅʦ ʵʪʦ 

ʩʧʨʘʚʝʜʣʠʚʦ ʣʠʰʴ ʜʣʷ ʥʝʙʦʣʴʰʠʭ ʫʨʦʚʥʝʡ 
ʥʘʧʨʷʞʝʥʠʷ. ɼʣʷ ʤʥʦʛʠʭ ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ 

ʧʦʣʝʟʥʦ ʨʘʟʣʠʯʘʪʴ ʫʩʣʦʚʥʫʶ ʛʨʘʥʠʮʫ ʧʝʨʝʭʦʜʘ 

ʦʙʣʘʩʪʠ ʣʠʥʝʡʥʦʡ ʧʦʣʟʫʯʝʩʪʠ, ʦʙʥʘʨʫʞʠʚʘʝʤʦʡ 

ʦʙʳʯʥʦ ʧʦ ʧʨʦʰʝʩʪʚʠʠ ʢʦʨʦʪʢʦʛʦ ʚʨʝʤʝʥʠ ʧʦʩʣʝ 

ʜʣʠʪʝʣʴʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ (ʩ ʩʠʣʴʥʦ ʚʳʨʘʞʝʥʥʦʡ 

ʥʝʣʠʥʝʡʥʦʩʪʴʶ ʚ ʧʨʦʮʝʩʩʝ ʥʘʛʨʫʞʝʥʠʷ) ʦʪ 

ʦʙʣʘʩʪʠ ʩʫʱʝʩʪʚʝʥʥʦ ʥʝʣʠʥʝʡʥʦʡ ʧʦʣʟʫʯʝʩʪʠ 

ʙʝʪʦʥʘ, ʯʝʪʢʦ ʦʙʥʘʨʫʞʠʚʘʝʤʦʡ ʚ ʧʦʩʣʝʜʫʶʱʝʝ 

ʚʨʝʤʷ ʜʣʠʪʝʣʴʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ. ʋʯʝʪ ʥʝʣʠʥʝʡʥʦʡ 

ʧʦʣʟʫʯʝʩʪʠ ʩʫʱʝʩʪʚʝʥʥʦ ʚʘʞʝʥ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʠʭ 

ʨʘʩʯʝʪʦʚ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʧʨʷʞʝʥʥʳʭ 

ʠʟʛʠʙʘʝʤʳʭ, ʚʥʝʮʝʥʪʨʝʥʥʦ ʩʞʘʪʳʭ ʠ ʥʝʢʦʪʦʨʳʭ 
ʜʨʫʛʠʭ ʵʣʝʤʝʥʪʦʚ. ʇʨʠ ʫʨʦʚʥʷʭ ʥʘʧʨʷʞʝʥʠʷ, 

ʧʨʠʙʣʠʞʘʶʱʠʭʩʷ ʢ ʧʨʝʜʝʣʫ ʧʨʦʯʥʦʩʪʠ ʙʝʪʦʥʘ, 

ʧʦʣʟʫʯʝʩʪʴ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʨʘʟʨʫʰʝʥʠʶ 

ʩʪʨʫʢʪʫʨʳ [5].  

ɺ ʨʘʙʦʪʘʭ [8, 9] ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʜʝʬʦʨʤʘâʮʠʠ ʥʝʣʠʥʝʡʥʦʡ 

ʧʦʣʟʫʯʝʩʪʠ ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʟʘʚʠʩʠʤʦʩʪʴ: 

Ⱡ●ȟ▬◄ȠⱲ Ɑ╫■ ♪Ɑ╫■╒╫◄ȠⱲ ȟ       (1) 

ʛʜʝ Ɑ╫■ï ʜʝʡʩʪʚʫʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʚ ʄʇʘ; 

a ï ʯʠʩʣʝʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʠʟ 

ʦʧʳʪʘ; 

╒╫◄ȠⱲ ï ʤʝʨʘ ʣʠʥʝʡʥʦʡ ʧʦʣʟʫʯʝʩʪʠ 

ʢʝʨʘʤʟʠʪʦʙʝʪʦʥʘ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦ 

ʧʨʝʜʣʘʛʘʝʤʦʡ ʚ [2] ʟʘʚʠʩʠʤʦʩʪʴʶ: 
╒╫◄ȠⱲ

╡╫Ⱳ ╡╫

╡╫ ╡╫Ⱳ
Ⱦ

 

ȟ╡╫ Ⱳ ȟ╡╫

╡╫
▄◐◄Ⱳ (2) 

ʛʜʝ   ╒╫◄ȠⱲ ♬ ȟ Ⱦ╡╫     (3) 
ʚʪʦʨʦʡ ʤʥʦʞʠʪʝʣʴ ʚ ʬʦʨʤʫʣʝ (4.3) ʫʯʠʪʳʚʘʝʪʩʷ 

ʧʨʠ t1>16 ʩʫʪʦʢ. 

3. ɿɸʂʃʖʏɽʅʀɽ 

ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʩʫʱʝʩʪʚʫʶʱʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ 

ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʜʝʬʦʨʤʘʮʠʠ ʧʦʣʟʫʯʝʩʪʠ ʣʝʛʢʠʭ ʙʝʪʦʥʦʚ ʠʤʝʶʪ 

ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʡ ʥʝʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ, 

ʟʘʚʠʩʷʱʠʡ ʦʪ ʢʠʥʝʪʠʢʠ ʥʘʨʘʩʪʘʥʠʷ ʧʨʦʯʥʦʩʪʠ 

ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ, ʞʝʩʪʢʦʩʪʠ ʧʦʨʠʩʪʦʥʰ 

ʟʘʧʦʣʥʠʪʝʣʷ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʬʘʢʪʦʨʦʚ. 

ʇʨʠʤʝʥʝʥʠʝ ʫʪʦʯʥʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ, 

ʫʯʠʪʳʚʘʶʱʝʡ ʚʦʟʨʘʩʪ ʙʝʪʦʥʘ ʚ ʤʦʤʝʥʪ 
ʟʘʛʨʫʞʝʥʠʷ (t1>16 ʩʫʪʦʢ), ʧʦʟʚʦʣʷʝʪ ʥʘʫʯʥʦ 

ʦʙʦʩʥʦʚʘʪʴ ʩʤʝʱʝʥʠʝ ʛʨʘʥʠʮʳ ʣʠʥʝʡʥʦʡ 

ʧʦʣʟʫʯʝʩʪʠ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʣʝʛʢʠʭ ʙʝʪʦʥʦʚ ʜʦ 

ʫʨʦʚʥʷ 65% ʦʪ ʧʨʠʟʤʝʥʯʰʫ ʧʨʦʯʥʦʩʪʠ. ɼʘʥʥʳʡ 

ʧʦʜʭʦʜ ʨʘʩʢʨʳʚʘʝʪ ʤʝʭʘʥʠʟʤ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʥʘʧʨʷʞʝʥʠʡ ʤʝʞʜʫ ʮʝʤʝʥʪʥʦʡ ʤʘʪʨʠʮʝʡ ʠ 

ʢʝʨʘʤʟʠʪʦʚʳʤ ʟʘʧʦʣʥʠʪʝʣʝʤ, ʧʨʝʜʦʪʚʨʘʱʘʷ 

ʧʨʦʛʥʦʟʠʨʫʝʤʦʝ ʤʠʢʨʦʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʝ ʚ 

ʩʪʨʫʢʪʫʨʝ ʤʘʪʝʨʠʘʣʘ. 
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Passive Cooling Strategies in Residential Architecture of Hot-Dry Uzbek 

Cities: A Design-Screening Model 

 

E. Urazxanova1 a, K. Markabaeva1 b 
1Karakalpak State University, Nukus, Uzbekistan 

 

Abstract: The article analyzes passive cooling strategies for residential architecture in hot-dry urban 
environments of Uzbekistan, with attention to the climatic conditions of Karakalpakstan and the lower 
Amu Darya region. The research evaluates orientation, compactness, shading, natural ventilation, 
courtyard design, envelope thermal resistance and reflective roof surfaces. A comparative design-
screening model is proposed for four residential block variants. The results show that the highest 
cooling-load reduction is achieved through a combined passive package: east-west orientation 

control, external shading, ventilated roofs, improved wall insulation, night ventilation and shaded 
courtyards. The proposed approach supports energy-efficient housing design and can be used in early-
stage architectural planning. 

Keywords: Passive Cooling, Residential Architecture, Hot-Dry Climate, Nukus, Courtyard Housing, Shading, 
Energy Efficiency, Urban Heat Island, Sustainable Design 

 

1. INTRODUCTION  

Residential buildings in hot-dry cities face a dual 

challenge: they must protect occupants from high 

summer temperatures while keeping energy demand 

affordable. In the cities of Karakalpakstan, climatic 

stress is intensified by low humidity, strong solar 

radiation, dusty winds and the limited cooling capacity 

of urban vegetation. Therefore, architectural solutions 

should reduce heat gains before mechanical cooling is 

required. 

Passive cooling is not a single technique but a 

coordinated design logic. It includes orientation, 

shading, compact planning, thermal mass, ventilation, 

roof protection, courtyard microclimate and envelope 

performance. The relevance of this topic is increasing 

as climate projections and urban heat-island effects 
indicate higher exposure of urban populations to 

extreme heat [1], [2]. 

The aim of this article is to develop a practical 

design-screening model for evaluating passive cooling 
strategies in residential architecture. The model is 

intended for preliminary architectural decisions and 

can be adapted to local building codes and available 

materials. 

2. RESEARCH METHODOLOGY  

The study uses a comparative design-screening 

method. Four residential block variants were formed: 
V0 - conventional block without systematic passive 

measures; V1 - orientation and shading improvement; 

V2 - improved envelope with ventilated roof; V3 - 

integrated passive package, including optimized 

orientation, external shading, insulated envelope, 

night ventilation and a shaded courtyard. The cooling-

 
a   https://orcid.org/0009-0007-8846-1686   
b   https://orcid.org/0009-0007-1710-8228 

load reduction index was estimated using normalized 

architectural parameters rather than full dynamic 

simulation. 

CLI = 0.30O + 0.25S + 0.20E + 0.15V + 

0.10C 
(1) 

where CLI is the passive cooling index, O is the 

orientation score, S is the shading score, E is the 

envelope performance score, V is the ventilation score 
and C is the courtyard microclimate score. Each 

component is normalized from 0 to 100. The model is 

designed for early-stage design comparison before 

detailed energy modeling. 

Table 1 

 Residential design variants used in the 

comparative assessment 

Variant  
Main design 

features 
CLI  

Cooling 

load 

reduction 

V0 

Conventi

onal 

Weak shading, 

ordinary roof, 

random orientation 

28 0% 

V1 

Shading/
orientatio

n 

Long facades 

controlled, external 
shading 

49 14% 

V2 

Improved 

envelope 

Insulated walls, 

ventilated roof, low 

WWR 

63 24% 

V3 

Passive 

package 

V1+V2, night 

ventilation, shaded 

courtyard 

78 36% 

 

https://orcid.org/0009-0007-8846-1686
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3. RESULTS AND DISCUSSION 

The results show that single measures provide 

measurable benefits, but the strongest effect is 

obtained when measures are combined. Orientation 

reduces direct solar exposure on long facades; shading 

protects windows and walls; roof ventilation limits 

heat transfer from the most exposed surface; and the 

courtyard creates a semi-private shaded microclimate 

that improves thermal comfort. 

 
Fig. 1. Modeled cooling-load reduction by 

residential design variant 

Figure 1 demonstrates that the integrated passive 

package can reduce cooling demand by more than one 

third compared with a conventional design. This result 

is consistent with the general principle of bioclimatic 

architecture: energy performance depends on the 

interaction of building form, envelope and 

microclimate. 

 
Fig. 2. Effect of shaded courtyard area on 

modeled peak operative temperature 

Table 2 

Passive architectural measures and their design 

implications 

Measure 
Design 

recommendation 

Architectural 

effect 

Orientatio

n 

Limit east/west 

glazing; use narrow 

east-west exposure 

Lower solar 

heat gain 

External 

shading 

Deep reveals, screens, 

pergolas, balconies 

Window 

protection 

Ventilated 

roof 

Air gap and reflective 

upper layer 

Reduced roof 

heat flow 

Wall 

envelope 

Lightweight insulation 

or insulated masonry 

blocks 

Stable indoor 

temperature 

Courtyard 
Trees, pergolas, 

permeable surfaces 

Cool semi-

open space 

The relationship between courtyard shading and 

indoor comfort is important for hot-dry cities because 

courtyard housing is compatible with local spatial 

traditions. However, courtyards should not be 

designed as closed heat traps. They need controlled 

proportions, nighttime air exchange, shaded surfaces 

and vegetation selected for low water demand. 

 
Fig. 3. Comparative benefit/cost index of passive 

cooling measures 

Table 3 

Recommended envelope targets for preliminary 

design 

Compone

nt 

Recommended 

solution 

Target 

indicator  

External 

wall 

Insulated lightweight 

masonry or composite 

block 

U-value < 0.55 

W/(mĮĿK) 

Roof 
Ventilated and 

insulated roof build-up 

U-value < 0.35 

W/(mĮĿK) 

Windows 
Low solar-gain glass 

with external shade 
WWR 20-30% 

Openings 
Opposite vents and 

secure night ventilation 

ACH increase 

at night 

Urban plot 
Trees and shaded 
pedestrian edge 

Shade > 40% 
of main path 

Application in residential design practice 

The proposed model can be applied at three levels. At 

the urban level, the orientation of streets and 

residential blocks should reduce prolonged solar 

exposure of east and west facades. At the block level, 

semi-open courtyards and shaded pedestrian passages 

should be arranged to support air movement rather 

than block it. At the building level, the envelope 

should be designed as a protective thermal filter 
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consisting of shaded windows, insulated walls, 

ventilated roofs and controllable openings. 

A major advantage of passive cooling is that it can 

be implemented using local construction practices. 

Deep window reveals, balconies, perforated screens, 

verandas and courtyard galleries are compatible with 
regional architectural traditions. When these elements 

are combined with modern insulation and rational 

glazing, they create a bridge between cultural identity 

and energy efficiency. 

The economic effect of passive measures is 

strongest when they are introduced during the design 

stage. Retrofitting external shading or roof ventilation 

is possible, but it is more expensive and less 

integrated. Therefore, municipal architectural 

guidelines should include a passive-cooling checklist 

for new residential districts. 

Table 4 

Passive-cooling checklist for preliminary 

architectural review 

Criterion  Recommended check 
Risk if 

ignored 

Orientatio

n 

Long axis near east-

west; minimize west 

glazing 

High 

afternoon heat 

gain 

Window 

shading 

External shade for 

south/west windows 

Overheating 

and glare 

Roof 

protection 

Ventilated or highly 

insulated roof 

Strong ceiling 

heat flow 

Courtyard 

comfort 

Shade, vegetation, 

night flushing 

Courtyard 

becomes heat 

trap 

Natural 

ventilation 

Cross-ventilation and 

secure night openings 

Dependence 

on mechanical 

cooling 
 

The limitations of the model should also be noted. 

The calculated indices are comparative and should be 

verified through thermal simulation, field 

measurements and post-occupancy evaluation. 

Nevertheless, the model is useful because it 

transforms general climate-responsive principles into 

a measurable decision-making tool for architects and 

planners. 

4. CONCLUSIONS AND 

RECOMMENDATIONS  

The study confirms that passive cooling should be 

treated as a system of mutually reinforcing measures. 

In hot-dry cities of Uzbekistan, the largest effect is 

achieved by combining orientation, external shading, 

roof ventilation, improved envelope insulation, 

controlled openings and shaded courtyards. 

For architectural practice, the following 

recommendations are proposed: (1) introduce passive-

cooling checklists at the concept design stage; (2) 

regulate window-to-wall ratio and external shading for 
residential facades; (3) encourage ventilated roofs and 

reflective roof surfaces; (4) integrate courtyard 

microclimate into residential planning; (5) connect 

building-level cooling strategies with district-level 

green corridors. 

The scientific contribution of the article is the 

formulation of an integrated passive-cooling index for 

early design comparison. The practical contribution is 

a compact checklist that can be used in residential 

design review, educational studios and pilot housing 

projects in hot-dry regions. 
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Systems for Operated Flat Roofs in Nukus Conditions 
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Abstract: The paper examines the technological performance of modular green roof systems for operated flat 

roofs under the climatic and construction conditions of Nukus. The study combined regulatory 
review, comparative analysis of roof alternatives, functional and organizational modeling, and 
chronometric observations carried out for the installation of a modular greening system. An operated 
roof with a total area of 324 mĮ was taken as the reference object, while detailed timing measurements 
were performed for a 10 mĮ installation zone. The average duration of modular installation was 3.52 
h per 10 mĮ, and the total labor input was 10.56 person-hours, which corresponds to a rational crew 
of three workers. Comparative calculations for six constructive-technological alternatives showed 
that the modular option with 0.5 m modules achieved the best overall result: 167 person-hours and 

18 shifts for the full roof, versus 231ï233 person-hours and 20 shifts for pedestrian hard-surface 
alternatives. A system of efficiency indicators was used to separate the labor contribution of the 
multilayer substructure from that of the greening layer. The results show that the modular solution 
slightly increases the labor share of the green layer itself, but compensates for this by reducing labor 
in the supporting roof structure, shortening the work cycle, and improving maintainability. 

Keywords: Modular green roof; operated flat roof; labor intensity; technological efficiency; chronometric 

observation; Nukus; organizational and technological modeling 

 

1. INTRODUCTION  

Cities in arid regions do not have the luxury of treating 

the roof as a passive enclosure only. In Nukus, where 

dense development, dust-laden winds, sharp summer 

overheating, and limited land resources act at the same 

time, the roof increasingly becomes a reserve urban 
surface. Yet the question is not simply whether a roof 

can be greened. The more practical question is how 

such a roof can be built without turning the technology 

into an expensive and slow construction exercise. 

Most published work on green roofs focuses on 

thermal behavior, environmental benefits, drainage, or 

plant selection. Those issues are essential, but they do 

not fully answer a contractorôs everyday concerns: 

how many operations are needed, which stage 

concentrates the highest labor input, what crew is 

rational, and which variant is more manageable during 

installation and maintenance. This gap becomes 
especially visible when operated roofs are compared 

with pedestrian hard-surface roofs and with 

continuously greened roofs. 

The purpose of this study was to substantiate a 

constructive-technological solution for modular 

greening of operated flat roofs and to evaluate its 

efficiency through measured process parameters. The 

article relies on the final dissertation materials devoted 

to the technology of constructing roof coverings used 

together with greening systems and presents them in a 

compact journal format. 

 
a  https://orcid.org/0009-0009-8649-0592 

2. MATERIALS AND RESEARCH 

METHODS 

The research combined several mutually connected 

methods. First, the normative and scientific background of 
green construction, operated roofs, and roof retrofitting was 
reviewed. Second, six alternative constructive-technological 
variants were compared: two pedestrian roof solutions 
(V1A, V1B), two continuously greened roof solutions 
(V2A, V2B), and two modular green roof solutions (V3A, 
V3B). Third, the process structure of modular installation 
was decomposed into individual operations and formalized 

through organizational and technological modeling. 
Chronometric observations were then carried out for a 

10 mĮ installation zone of a modular greening system. The 
measured operations covered marking, placement of 
adjustable supports, slope correction, fixation of connectors, 
laying of the grating deck, module anchoring, and filling 
with substrate and planting material. The study used average 
duration, labor input, crew composition, and stability of the 

time series as the main process indicators. 

For the full-scale comparison of roof alternatives, 

an operated flat roof with an area of 324 mĮ was 
accepted as the reference object. This made it possible 

to compare not only local installation operations, but 

also the labor contribution of the multilayer roof 

substructure and the upper operating or greening layer. 

The evaluation logic intentionally separated these two 

groups because in practice they behave differently: 

some solutions reduce labor in the upper layer but 

overload the substructure, while others do the reverse. 

https://orcid.org/0009-0009-8649-0592
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Technological framework for the modular 

green roof 

The proposed modular roof system is built around 

adjustable supports, a grating deck, detachable 

modules, geotextile containment, substrate, and 

vegetation. This arrangement was selected for three 

reasons. First, it protects the waterproofing layer from 

direct repeated mechanical stress. Second, it creates a 
technical gap where irrigation lines and service 

elements can be placed without dismantling the whole 

roof build-up. Third, it allows damaged modules to be 

replaced locally, which is an important practical 

advantage for roofs exposed to strong sun and wind. 

From a construction standpoint, the process is 

divided into three stages. The first stage forms the 

working base and the adjustable support system. The 

second stage creates a stable deck. The third stage 

installs the greening modules and fills them with 

substrate and planting material. This staged logic is 
simple enough for site control, but detailed enough to 

support chronometric measurement and crew 

planning. 

 
Fig. 1. Staged technological framework for 

constructing an operated flat roof with a modular 

greening system 

3. RESEARCH RESULTS 

The chronometric observations showed that the 

installation process is not evenly distributed in time. 

Stage I, where the support system is laid out and 

adjusted, is the most time-consuming block. Within 

this stage, the adjustment of support slope takes the 

largest share because it directly affects future surface 

stability and water drainage. Stage II is comparatively 

compact, while Stage III combines medium-duration 

assembly operations with the physically heavier task 

of filling the modules. 
The sum of the average operation durations 

reached 211 min, or 3.52 h for 10 mĮ. With a total labor 

input of 10.56 person-hours, the rational crew size is 

obtained as: 

Nz = Tum / t = 10.56 / 3.52 = 2.98 å 3          (1) 

In practical terms, this means one 3rd-grade roofer, 

one 2nd-grade roofer, and one 3rd-grade green-

construction worker. That composition is balanced: 
the roof specialists carry the accuracy-sensitive 

operations, while the green-construction worker 

absorbs the operations connected with module 

preparation, anchoring, and filling. 

Table 1 

Average duration and labor input of modular roof 

installation operations (per 10 mĮ) 

Operation Stage 

Average 

duration, 

min 

Labor 

input, 

person-

hours 

Surface marking Stage I 20 1.00 

Support 

placement and 

gluing 

Stage I 22 1.10 

Slope adjustment 

of supports 
Stage I 40 2.00 

Fastener fixing Stage I 14 0.70 

Laying the 

grating deck 
Stage II 26 1.25 

Fixing the grating 

deck 
Stage II 17 0.85 

Installing a 4-

module group 

Stage 

III  
22 1.10 

Fixing the 

module group 

Stage 

III  
20 1.00 

Filling with 

substrate and 

planting material 

Stage 

III  
30 1.50 

The comparison of constructive-technological 

variants confirmed that the best local process indicator 

does not automatically produce the best full-roof 

result. Pedestrian hard-surface roofs remain relatively 

straightforward in their upper layer, yet they 

accumulate significant labor in heavy surface 

finishing. Continuously greened roofs reduce hard-

surface operations, but the arrangement of the 

greening layer is less flexible in maintenance terms. 

The modular solutions redistribute work more evenly 

and reduce the labor intensity of the substructure, 
especially when smaller modules are used. 

Among the six alternatives, V3Bðthe modular 

roof with 0.5 m modulesðshowed the lowest total 

labor intensity, 167 person-hours, and the shortest 

work cycle, 18 shifts. This is a strong result because it 

is achieved not by simplifying the roof function, but 

by reorganizing the technological chain. The work 

becomes more segmental, better suited to phased 

delivery, and easier to maintain after commissioning. 

 

Fig. 2. Total labor intensity of the compared roof 

alternatives; duration is shown above the bars 
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Table 2 

 Comparative labor intensity and duration of 

constructive-technological roof alternatives 

Varia

nt 
Description 

Stag

e II: 

roof 

subs

truct

ure, 

pers

on-

hour

s 

Stag

es 

III+I

V: 

uppe

r 

layer 

and 

gree

ning, 

pers

on-

hour

s 

Total 

labor 

intensi

ty, 

perso

n-

hours 

Durati

on, 

shifts 

V1A 

Pedestrian 

roof, variant 

1 

86.6 45.0 231 20 

V1B 

Pedestrian 

roof, variant 

2 

89.3 45.0 233 20 

V2A 

Continuously 

greened roof, 

variant 1 

71.6 29.1 200 20 

V2B 

Continuously 

greened roof, 

variant 2 

51.8 22.9 174 20 

V3A 

Modular 

green roof, 

module 

diameter 1.0 

m 

59.6 35.1 194 18 

V3B 

Modular 

green roof, 

module 
diameter 0.5 

m 

3
6.6 

31.1 167 18 

 
Fig. 3. Comparison of the efficiency indicators for 

the continuous and modular green roof solutions 

Formalized efficiency assessment 

To avoid a one-sided reading of total labor intensity, 

the assessment used three coefficients. The first 

describes the labor intensity of the multilayer roof 

structure, the second isolates the labor of the greening 

system, and the third shows how large the labor share 

of the greening layer is within the entire roof 
technology. 

Kml = Qml,i / Qml,av                  (2) 

Kgr = Qgr,k / Qgr,av                   (3) 

Ktgr = Qgr,k / (Qml,i + Qgr,k)           (4) 

For the continuously greened roof, the coefficients 

were obtained as 1.09, 0.43, and 0.04. For the modular 

roof, the corresponding values were 0.90, 1.20, and 

0.13. These values deserve a careful reading. The 

modular system does demand more labor in the 

greening layer itself, which is why the greening 

coefficient rises above one. At the same time, it 

reduces labor in the multilayer roof base, which is why 

the multilayer coefficient drops below one. The 

overall share coefficient of 0.13 places the modular 

solution in the acceptable range and shows that the 
additional work connected with the green modules 

does not dominate the full technology. 

DISCUSSION 

For Nukus conditions, this result is more important 

than a simple reduction in person-hours. A roof 

technology that is easier to zone, easier to repair, and 

faster to execute is usually the safer and more durable 

option in a sharply continental climate. Wind 

exposure, rapid summer overheating, and the need for 

flexible irrigation all favor a system in which the roof 

can be serviced by fragments rather than as one 

monolithic layer. 
This is where the modular approach shows its real 

strength. It does not eliminate work; instead, it shifts 

work from wet and difficult-to-correct site operations 

toward more controllable assembly operations. From 

the contractorôs perspective, that means cleaner 

sequencing and less technological uncertainty. From 

the ownerôs perspective, it means easier replacement 

of damaged fragments and a more manageable service 

life. 

The comparison also suggests that the main 

reserve for labor saving is often not in the visible green 
layer, but in the substructure beneath it. Once this is 

understood, design decisions become more rational. A 

seemingly simpler roof may in fact be less efficient if 

it relies on labor-intensive underlayers or heavy 

surface finishing. 

4. CONCLUSION 

1. The modular greening system for operated flat 

roofs can be organized as a clear three-stage 

technological process that is suitable for site control, 

crew planning, and phased execution. 

2. Chronometric observations established an 
average duration of 3.52 h and a total labor input of 

10.56 person-hours for a 10 mĮ modular installation 

zone, with a rational crew size of three workers. 

3. In the full-roof comparison, the modular 

alternative with 0.5 m modules (V3B) produced the 
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best integral resultð167 person-hours and 18 shiftsð

outperforming pedestrian and continuously greened 
alternatives. 

4. The efficiency indicators make it possible to 

distinguish between the labor of the multilayer roof 

base and that of the greening layer, which leads to a 

more balanced technological assessment of roof 

alternatives. 
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Abstract: Engineering geological mapping is essential for infrastructure planning, geohazard assessment, and 

sustainable urban development, particularly in rapidly urbanizing regions. The growing complexity 
of spatial data requires efficient tools capable of integrating and analyzing diverse geological and 
terrain information. This study evaluates the practical importance of QGIS, an open-source 
Geographic Information System, for engineering geological mapping using Tashkent city as a case 

study. A structured and reproducible workflow was developed by integrating geological maps, Digital 
Elevation Models (DEMs), and field-based observations within the QGIS environment. DEM-derived 
morphometric parameters, including elevation, slope, aspect, and hillshade, were analyzed to 
characterize terrain conditions and assess construction suitability. Spatial overlay techniques were 
applied to combine geological and morphometric factors, enabling the identification of areas with 
potential geotechnical constraints. The results indicate that QGIS significantly enhances the accuracy, 
efficiency, and interpretability of engineering geological analyses. Three-dimensional visualization 
and thematic mapping improved the understanding of terrain morphology and spatial relationships 

between geological factors, supporting more informed engineering decision-making. Overall, the 
study confirms that QGIS is a robust, cost-effective, and flexible platform for engineering geological 
mapping in urban environments. 

Keywords: Engineering geological mapping; QGIS; Digital Elevation Model (DEM); morphometric analysis; 
slope analysis; spatial overlay; 3D visualization; geotechnical risk assessment; urban geology 

 
1. INTRODUCTION  

Engineeringïgeological mapping plays an important 

scientific and practical role in the planning of modern 

infrastructure projects, the assessment of geological 

hazards, and the sustainable development of 

territories. Reliable information on subsurface 

conditions, lithological composition, 
geomorphological structure, and hydrogeological 

characteristics is a decisive factor in ensuring the 

safety, stability, and long-term performance of 

construction facilities [1]. Under conditions of rapid 

urbanization and the expansion in scale of engineering 

structures, traditional mapping methods increasingly 

limit the possibilities for comprehensive analysis of 

spatial data. 

Geographic Information Systems (GIS) have 

marked a new stage in the collection, processing, and 

analysis of spatial data in engineering geology. In 

particular, the open-source QGIS (Quantum 
Geographic Information System) platform stands out 

due to its user-friendly interface, extensive analytical 

capabilities, and continuous development supported 

by an active user community [1, 2]. QGIS enables the 

creation of digital geological maps, the integration of 

data obtained from various sources, and the 

implementation of spatial analyses required for 

informed engineering decision-making [3, 4]. 

The widespread use of QGIS in professional 

practice and educational processes demonstrates its 

 
a  https://orcid.org/0000-0002-4753-390X  
b  https://orcid.org/0000-0002-9880-8547  

growing importance in engineeringïgeological 

mapping. Owing to its cost-effectiveness and high 

adaptability, it is increasingly being chosen by many 

organizations and research institutions as an 

alternative to licensed software solutions [7, 8]. This 

study is aimed at analyzing the practical significance 

of QGIS technologies in engineeringïgeological 

mapping, as well as their application potential, 
advantages, and limitations. 

Literature review   
Over the past decades, the use of Geographic 

Information Systems (GIS) in the fields of geology 

and engineering sciences has expanded significantly, 

becoming one of the principal scientific tools for 

digital geological mapping, geotechnical 
investigations, and the assessment of natural hazards 

[1, 11, 16]. According to the scientific literature, the 

transition from traditional paper-based mapping 

methods to GIS-based digital environments has 

enabled more accurate data representation, improved 

spatial consistency, and enhanced reproducibility of 

analytical results in engineering geology [12, 23]. 

This, in turn, has contributed to the development of a 

reliable scientific basis for engineering decision-

making. 

A number of studies emphasize that QGIS 
(Quantum Geographic Information System), as an 

open-source GIS platform, is capable of competing 

functionally with commercial software such as 

ArcGIS [8, 15, 17]. Researchers highly evaluate QGIS 

https://orcid.org/0000-0002-4753-390X
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for its analytical capabilities, data processing 

efficiency, and visualization quality, while 
particularly highlighting that its open-source 

ecosystem allows for flexible expansion in accordance 

with user needs [2, 10]. The absence of licensing costs 

is identified as a key factor driving the widespread 

adoption of QGIS by higher education institutions, 

governmental geological services, and engineering 

consulting organizations, especially in developing 

countries [7, 8, 16]. 

The scientific literature extensively documents the 

effectiveness of QGIS in visualizing and interpreting 

complex geological data, including lithological units, 

networks of tectonic faults, stratigraphic boundaries, 
and hydrogeological objects [11, 12, 13]. The platform 

enables the integration of vector and raster data within 

a single environment, allowing geological maps to be 

analyzed together with digital elevation models 

(DEM), satellite imagery, and geotechnical borehole 

data [1, 6]. This capability ensures a comprehensive 

and systematic approach to engineeringïgeological 

assessments. 

The extensive plugin ecosystem of QGIS further 

broadens its practical applicability. Scientific studies 

report the effective use of plugins such as GeoTrace, 
QGIS2threejs, as well as tools oriented toward 

geostatistical analysis and spatial modeling in 

engineeringïgeological research [2, 10, 24]. These 

plugins facilitate the identification of spatial 

orientations of geological structures, the assessment of 

slope stability, and the visualization of terrain 

morphology in both 2D and 3D environments [10, 18]. 

This is of critical importance for improving the 

understanding of geological processes and for the 

early assessment of engineering hazards. 

Applied studies confirm the significance of QGIS 

in landslide susceptibility assessment, urban area 
planning, and the implementation of large-scale 

infrastructure projects [7, 9, 16, 18]. In landslide-

prone areas, GIS-based modeling has contributed to 

the identification of high-risk zones by integrating 

geomorphological, geological, and climatic factors, 

thereby providing a foundation for the development of 

engineering measures aimed at risk mitigation [18]. 

Furthermore, studies conducted in the field of urban 

planning demonstrate that QGIS is effective in 

analyzing land-use dynamics, forecasting 

infrastructure demands, and implementing ñsmart 
cityò concepts [16, 19]. 

At the same time, the literature also identifies 

certain limitations associated with the use of QGIS in 

engineeringïgeological mapping. Data accuracy and 

reliability remain among the primary challenges, as 

GIS analyses are highly dependent on the quality, 

resolution, and timeliness of input data [12, 20]. In 

addition, interoperability issues between GIS 

platforms and engineering software such as CAD and 

BIM often require complex format conversions, which 

may result in additional time and cost expenditures 

during project workflows [16, 20]. 
Another frequently cited challenge is the shortage 

of highly qualified GIS specialists in the fields of civil 

and geotechnical engineering [20, 21]. Although GIS 

technologies are widely taught in environmental and 

urban planning disciplines, their full integration into 

engineering education programs has not yet been 

sufficiently achieved in many regions. This situation 

indicates that, despite the significant technical and 

economic advantages of QGIS, its effective 

application requires systematic professional training, 

standardized data practices, and institutional support. 

In summary, the existing literature confirms that 
QGIS technologies possess strong scientific and 

practical potential in engineeringïgeological 

mapping. At the same time, addressing issues related 

to data quality, professional training, and software 

interoperability emerges as a critical prerequisite for 

the more effective application of QGIS in engineering 

practice. 

Data collection method 
Engineeringïgeological mapping implemented using 

QGIS is based on the integration of spatial and non-

spatial data. Commonly used data types include 

geological maps, digital elevation models (DEM), 

satellite imagery, field survey records, and GPS-based 

point observations [1, 6]. 

Data are typically collected from open geospatial 

repositories, national geological services, and field 

investigations. Prior to analysis, the data undergo 

preprocessing stages such as coordinate system 
standardization, data cleaning, and attribute 

verification. Quality control measures include the 

validation of spatial data through comparison with 

field observations and the verification of results using 

comparative analysis methods [1]. 

The integration of GPS technologies within the 

QGIS environment enables real-time positioning 

during fieldwork, thereby enhancing the accuracy and 

reliability of geological data collection [6]. This 

synergy between remotely sensed data and field-based 

observations provides a solid foundation for the 
effective implementation of engineeringïgeological 

analyses. 

2. METHODOLOGY  

In this study, the methodology for applying QGIS 

technologies to engineeringïgeological mapping was 

structured around a systematic and reproducible 

workflow. The methodological approach comprises 

several key stages: 

Stage 1. Data collection and preparation. Spatial 

and non-spatial data required for engineeringï

geological analysis were collected from open 
geospatial sources, national geological services, and 

the results of field investigations. These data included 

geological maps, digital elevation models (DEM), 
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satellite imagery, geotechnical borehole data, and 

GPS-based point observations [1, 6]. All datasets were 
transformed into a unified coordinate reference 

system, attributes were verified, and data cleaning 

procedures were performed. 

Stage 2. Integration of data into the QGIS 

environment. The prepared datasets were imported 

into QGIS in both vector and raster formats. At this 

stage, data obtained from various sources were 

integrated within a single environment, ensuring 

spatial compatibility and topological consistency [7]. 

This process provided a reliable spatial database for 

subsequent analyses. 

Stage 3. Terrain and morphometric analysis. Based 
on the DEM, terrain parameters were calculated, 

including elevation, slope, and aspect, as these 

indicators are essential for assessing land suitability 

for construction and identifying geological hazards 

[1]. The morphometric analyses served as a 

fundamental basis for engineering decision-making. 

Stage 4. Geological and structural analysis. 

Geological units, tectonic structures, and fault 

networks were generated as thematic layers. Using 

specialized QGIS plugins such as GeoTrace, structural 

elements were digitized, and their orientations and 
three-dimensional characteristics were evaluated 

based on the DEM [10]. This stage enabled a more in-

depth analysis of the spatial structure of the geological 

environment. 

Stage 5. Hazard assessment and thematic map 

production. Based on the analytical results, thematic 

maps illustrating hazard-prone areas (e.g., zones of 

low slope stability) were produced. Overlay analysis 

of multiple spatial layers was employed to identify 

areas posing engineering risks, and their spatial 

distribution was visualized [2]. 

Stage 6. Validation and visualization of results. 
The analysis outcomes were validated through 

comparison with field data and presented in a clear and 

interpretable form using visualization tools. Both 2D 

and 3D visualization techniques were applied to create 

maps suitable for use in the engineering decision-

making process. 

The selected workflow enables high spatial 

accuracy, efficient data integration, and 

reproducibility of geological analyses within the open-

source QGIS environment. This approach serves as a 

reliable methodological framework for supporting 
scientifically grounded decision-making and the 

proactive assessment of hazards in engineeringï

geological mapping. 

3. RESULTS AND DISCUSSION 

The application of QGIS technologies in engineering 

geological mapping significantly enhanced the 

efficiency, accuracy, and interpretability of spatial 

analyses. DEM-based morphometric analysis 

provided a detailed representation of the terrain 

structure and elevation variability within the study 

area. As illustrated in Fig. 1, the spatial distribution of 
key morphometric parametersðsuch as elevation, 

slope, aspect, and hillshadeðclearly reflects the 

geomorphological characteristics of Tashkent city. 

These parameters form the fundamental basis for 

engineering geological assessment and support the 

identification of terrain conditions relevant to 

construction suitability. 

 

 
Fig. 1. DEM-based morphometric analysis of 

Tashkent city including elevation, slope, aspect, 

and hillshade maps used for engineering 

geological assessment 

Slope analysis derived from DEM data proved to 

be a critical factor in evaluating geotechnical 

constraints. The slope gradient map presented in Fig. 
2 highlights areas characterized by varying slope 

classes, allowing the identification of zones with 

increased susceptibility to geotechnical hazards. Areas 

with higher slope gradients were recognized as 

potentially unfavorable for construction due to an 

elevated risk of slope instability, ground deformation, 

and related engineering challenges. This analysis 

demonstrates the importance of slope as a key 

indicator in engineering geological risk assessment. 
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Fig. 2. Slope gradient map of Tashkent city 

derived from DEM data, highlighting areas with 

varying slope classes and potential geotechnical 

constraints 

An integrated engineering geological evaluation 

was achieved through overlay analysis of geological 

units, structural features, and DEM-derived 

morphometric parameters. The resulting integrated 

map, shown in Fig. 3, provides a comprehensive 
spatial representation of hazard-prone and relatively 

stable zones across the study area. This integrated 

approach enables a more holistic understanding of 

subsurface and surface conditions, supporting 

informed decision-making in infrastructure planning 

and development. 

Overall, the results confirm that QGIS offers a 

robust and flexible framework for engineering 

geological mapping. The combination of DEM-based 

morphometric analysis (Fig. 1), slope assessment (Fig. 

2), and integrated spatial evaluation (Fig. 3) 
demonstrates the effectiveness of QGIS in analyzing 

complex geological environments. These capabilities 

contribute to improved risk identification, enhanced 

visualization, and scientifically grounded engineering 

decisions, reinforcing the practical value of QGIS in 

modern engineering geological applications. 

 

 
Fig. 3. Integrated engineering geological risk map 

of Tashkent city based on overlay analysis of 

geological units and DEM-derived terrain 

parameters 

4. CONCLUSION 

The results of this study demonstrate that QGIS 

technologies have significant practical value in 

engineeringïgeological mapping by effectively 

supporting spatial analysis, data integration, and 

visualization processes. As an open-source and 

economically efficient platform, QGIS provides 

extensive opportunities for making scientifically 

grounded decisions and ensuring sustainable 

infrastructure development in the fields of geology 

and engineering. 

At the same time, the integration of QGIS with 

artificial intelligence, machine learning, the Internet of 
Things (IoT), and cloud-based GIS platforms has the 

potential to further enhance its role in predictive 

modeling, automated analysis, and collaborative 

geological research in the future. This, in turn, will 

contribute to safer and more sustainable decision-

making in engineering practice. 

REFERENCES 

[1] Erharter G., et al. Geological Maps with 

QGIS: A New Guideline for Digital Geological 

Mapping. 2023. Available as PDF. 

[2] Hatari Labs. 5 Best QGIS Plugins You 

Should Know About. Available at: 

https://hatarilabs.com/ih-en/5-best-qgis-plugins-you-

should-know-about 

[3] Boxer G. Using QGIS in Mineral 

Exploration. Draft Report, 2023. 
[4] Krumm C. Q1 2023: 3 Maps I Made Using 

QGIS 3.30 & the Lessons I Learned. LinkedIn Pulse, 

2023. Available at: 

https://www.linkedin.com/pulse/q1-2023-3-maps-i-

made-using-qgis-330-lessons-learned-claire-krumm 

[5] QGIS in Mineral Exploration. Using QGIS 

for Geological and Mineral Exploration Applications. 

Available at: https://qgis-in-mineral-

exploration.readthedocs.io/en/latest 

[6] Mergin Maps. Open-Source Geological 

Mapping with the British Geological Survey. 

Available at: https://merginmaps.com/case-
studies/open-source-geological-mapping-with-

british-geological-survey 

[7] GIS Cloud. GIS Mapping and the Benefits of 

Online Solutions. Available at: 

https://www.giscloud.com/blog/gis-mapping-and-

benefits-of-online-solutions 

[8] ialeUK. Mapping and the Benefits of QGIS. 

Available at: https://iale.uk/mapping-and-benefits-

qgis 

[9] Erharter G.H., Steinbichler M., Eder M., 

Hintersberger E., Jaeger D. A New Guideline for 
Geological Maps with QGIS // Austrian Journal of 

Earth Sciences. 2023. Vol. 116. P. 147ï150. 

https://doi.org/10.17738/ajes.2023.0008 

https://hatarilabs.com/ih-en/5-best-qgis-plugins-you-should-know-about
https://hatarilabs.com/ih-en/5-best-qgis-plugins-you-should-know-about
https://www.linkedin.com/pulse/q1-2023-3-maps-i-made-using-qgis-330-lessons-learned-claire-krumm
https://www.linkedin.com/pulse/q1-2023-3-maps-i-made-using-qgis-330-lessons-learned-claire-krumm
https://qgis-in-mineral-exploration.readthedocs.io/en/latest
https://qgis-in-mineral-exploration.readthedocs.io/en/latest
https://merginmaps.com/case-studies/open-source-geological-mapping-with-british-geological-survey
https://merginmaps.com/case-studies/open-source-geological-mapping-with-british-geological-survey
https://merginmaps.com/case-studies/open-source-geological-mapping-with-british-geological-survey
https://www.giscloud.com/blog/gis-mapping-and-benefits-of-online-solutions
https://www.giscloud.com/blog/gis-mapping-and-benefits-of-online-solutions
https://iale.uk/mapping-and-benefits-qgis
https://iale.uk/mapping-and-benefits-qgis
https://doi.org/10.17738/ajes.2023.0008


Journal Engineer           ISSN: 3030-3893 Special Issue| 2026 
 

 
                                                                 139                                         27-iyun, 2026 

ñSamarali qurilish materiallari, konstruksiyalari va texnologiyalariò 
 

[10] QGIS Plugin Repository. GeoTrace: 

Geological Structure Tracing and Orientation 
Analysis Plugin. Available at: 

https://plugins.qgis.org/plugins/GeoTrace 

[11] Hatari Labs. Open Webinar: How to Make a 

Geological Map with QGIS (April 27ï29, 2021). 

Available at: https://hatarilabs.com/ht-en/open-

webinar-how-to-make-a-geological-map-with-qgis-

apr-27-29-2021 

[12] Encardio Rite Group. GIS in Civil 

Engineering: Applications, Benefits, and Future 

Trends. Available at: 

https://dev.encardio.com/blog/gis-in-civil -

engineering 
[13] Bedrock Engineering. Viewing Geotechnical 

Data in QGIS. Available at: 

https://bedrock.engineer/guides/viewing-qgis 

[14] QGIS Geo Mapping Masterclass (Video). 

Available at: 

https://www.youtube.com/watch?v=py78PmQNURA 

[15] GIS for Geologists. Why Learn to Use 

QGIS? Available at: 

https://www.gisforgeologists.com/pages/why-learn-

to-use-qgis 

[16] Encardio-Rite. GIS in Civil Engineering: 
Applications, Benefits, and Future Trends. Available 

at: https://dev.encardio.com/blog/gis-in-civil -

engineering 

[17] Forr M.B. Why QGIS Still Matters, Even If 

Youôre Beyond the Basics. LinkedIn Post. Available 

at: https://www.linkedin.com/posts/mbforr_why-

qgis-still-matters-even-if -youre-beyond-activity-

7381523739336937472-iJZV 

[18] Mathew B.V., Jayakrishnan R., Chandran A., 

Pranav A., Rishikesh V.S. GIS-Based Landslide 

Mapping and Analysis Using QGIS: A Study in 

Palakkad, Kerala // International Journal of 
Engineering and Management Research. 2025. Vol. 

15, No. 1. P. 142ï150. 

https://doi.org/10.5281/zenodo.15070403 

[19] QGIS Plugin Repository. Geology Plugins 

for QGIS. Available at: 

https://plugins.qgis.org/plugins/tags/geology 

[20] Encardio. GIS in Civil Engineering: 

Applications, Benefits, and Future Trends. Available 

at: https://www.encardio.com/blog/gis-in-civil -

engineering 

[21] New Zealand Geotechnical Society (NZGS). 

Geotechnical Investigations Using QGIS Software. 
Available at: 

https://www.nzgs.org/event/geotechnical-

investigations-using-qgis-software 

[22] Mittal A., Pandey G., Siddiqui N.A., Mondal 

P., Molokitina N.S. QGIS: An Effective Tool in 

Assessing the Quantity and Quality of Groundwater 

Resources // Water Supply. 2025. Vol. 25, No. 1. P. 

48ï64. https://doi.org/10.2166/ws.2025.004 

[23] Perret J., Jessell M.W., B®tend E. An Open-

Source, QGIS-Based Solution for Digital Geological 

Mapping: GEOL-QMAPS // SSRN Electronic 

Journal. 2024. 27 p. Available at: 
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=

4814451 

[24] Carroll Engineering. Enhancing Civil 

Engineering with GIS Models. Available at: 

https://www.carrollengineering.com/enhancing-civil -

engineering-with-gis-models 
 

INFORMATION ABOUT THE 

AUTHORS 

Sh.R. 

Khalimova 

Tashkent State Transport 

University, the Department of 

Urban infrastructure 

engineering and artificial 

intelligence 

E-mail: xalimova_sh@tstu.uz  

Tel.: +998 95 833 01 37 
https://orcid.org/0000-0002-

4753-390  

A.M.  

Karabaev 

Tashkent State Transport 

University, the Department of 

Construction of Buildings and 

Industrial Structures 

Tashkent State Transport 

University, the Department of 

Urban infrastructure 

engineering and artificial 

intelligence 

E-mail: karabaev_a@tstu.uz  

Tel.: +998 95 957 19 51 
https://orcid.org/0000-0003-

3691-1079  

 

  

https://plugins.qgis.org/plugins/GeoTrace
https://hatarilabs.com/ht-en/open-webinar-how-to-make-a-geological-map-with-qgis-apr-27-29-2021
https://hatarilabs.com/ht-en/open-webinar-how-to-make-a-geological-map-with-qgis-apr-27-29-2021
https://hatarilabs.com/ht-en/open-webinar-how-to-make-a-geological-map-with-qgis-apr-27-29-2021
https://dev.encardio.com/blog/gis-in-civil-engineering
https://dev.encardio.com/blog/gis-in-civil-engineering
https://bedrock.engineer/guides/viewing-qgis
https://www.youtube.com/watch?v=py78PmQNURA
https://www.gisforgeologists.com/pages/why-learn-to-use-qgis
https://www.gisforgeologists.com/pages/why-learn-to-use-qgis
https://dev.encardio.com/blog/gis-in-civil-engineering
https://dev.encardio.com/blog/gis-in-civil-engineering
https://www.linkedin.com/posts/mbforr_why-qgis-still-matters-even-if-youre-beyond-activity-7381523739336937472-iJZV
https://www.linkedin.com/posts/mbforr_why-qgis-still-matters-even-if-youre-beyond-activity-7381523739336937472-iJZV
https://www.linkedin.com/posts/mbforr_why-qgis-still-matters-even-if-youre-beyond-activity-7381523739336937472-iJZV
https://doi.org/10.5281/zenodo.15070403
https://plugins.qgis.org/plugins/tags/geology
https://www.encardio.com/blog/gis-in-civil-engineering
https://www.encardio.com/blog/gis-in-civil-engineering
https://www.nzgs.org/event/geotechnical-investigations-using-qgis-software
https://www.nzgs.org/event/geotechnical-investigations-using-qgis-software
https://doi.org/10.2166/ws.2025.004
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4814451
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4814451
https://www.carrollengineering.com/enhancing-civil-engineering-with-gis-models
https://www.carrollengineering.com/enhancing-civil-engineering-with-gis-models
mailto:xalimova_sh@tstu.uz
tel:+998974552979
https://orcid.org/0000-0002-4753-390
https://orcid.org/0000-0002-4753-390
mailto:karabaev_a@tstu.uz
tel:+998974552979
https://orcid.org/0000-0003-3691-1079
https://orcid.org/0000-0003-3691-1079


Journal Engineer           ISSN: 3030-3893 Special Issue| 2026 
 

 
       27-iyun, 2026 140 

         ñSamarali qurilish materiallari, konstruksiyalari va texnologiyalariò 
 

Integrating Roadside Greening and Urban Microclimate into Pedestrian 
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Abstract: Rapid urbanization has intensified the urban heat island (UHI) effect, particularly in hot-climate 
cities, affecting pedestrian mobility and comfort. While roadside greening provides important 
environmental benefits, its role in transport accessibility remains underexplored. This study develops 
a climate-sensitive accessibility model by integrating roadside vegetation and microclimate factors in 
Tashkent city. 

Remote sensing data (LST and NDVI) and GIS-based network analysis were used to assess thermal 
conditions and walking accessibility (5, 10, and 15 minutes). A Thermal Comfort Index (TCI) was 
developed to incorporate temperature, vegetation, and shading into accessibility evaluation. 
Results show that conventional models overestimate accessibility by ignoring environmental 
conditions. High-temperature, low-vegetation areas have reduced real accessibility, while green and 
shaded corridors improve pedestrian conditions. 
The study proposes a new framework linking greening, microclimate, and transport accessibility, 
supporting more sustainable and climate-responsive urban planning. 

Keywords: Urban Heat Island (UHI), Roadside Greening, Pedestrian Accessibility, Urban Microclimate, GIS-

Based Analysis, Thermal Comfort, Climate-Sensitive Accessibility, Land Surface Temperature 
(LST), NDVI, Sustainable Urban Planning 

 
 

1. INTRODUCTION  

Rapid urbanization and the expansion of transport 

infrastructure have significantly transformed urban 

environments worldwide. Modern cities are 

increasingly characterized by dense road networks, 

high traffic volumes, and extensive impervious 

surfaces, which collectively contribute to 
environmental challenges such as air pollution, 

increased surface temperatures, and the urban heat 

island (UHI) effect. These issues are particularly 

pronounced in rapidly developing cities, where 

transport planning has traditionally prioritized 

vehicular mobility and efficiency, often at the expense 

of environmental and human-centered considerations. 

Urban roads are not only mobility corridors but 

also important public spaces where people are directly 

exposed to environmental conditions. In this context, 

roadside environments play a crucial role in shaping 

urban microclimates and influencing human comfort. 
Numerous studies have demonstrated that vegetation, 

particularly trees and structured green elements along 

streets, can significantly reduce air temperature 

through shading and evapotranspiration, thereby 

mitigating the negative impacts of UHI. For example, 

roadside vegetation has been shown to lower land 

surface temperatures and improve thermal conditions 

at the pedestrian level, especially in dense urban areas 

where heat accumulation is most severe [1]. 

 
a  https://orcid.org/0000-0002-4005-9766    
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Beyond thermal regulation, roadside greenery is 

increasingly recognized as an integral component of 

urban green infrastructure. It provides multiple 

ecosystem services, including carbon sequestration, 

air pollutant removal, stormwater management, and 

biodiversity support. Recent studies highlight that 

roadside forests and vegetation belts can store 

substantial amounts of carbon, reduce atmospheric 

pollutants, and contribute to climate-resilient urban 
development [2]. In addition, vegetation barriers along 

roads can reduce pedestrian exposure to traffic-related 

pollutants by influencing airflow and enhancing 

particulate deposition, thereby improving public 

health outcomes [3]. 

At the same time, the relationship between 

roadside greening and pedestrian comfort has gained 

increasing attention. Thermal comfort is a key 

determinant of outdoor activity, particularly walking 

behavior in urban environments. Street-level 

conditions such as shading, tree canopy coverage, and 

spatial configuration of vegetation significantly 
influence perceived and actual comfort. Studies have 

shown that tree shading can reduce pedestrian heat 

exposure and improve the usability of urban spaces, 

especially during extreme heat conditions [4]. 

However, most of these studies focus on 

environmental or design aspects, without explicitly 

linking these factors to transport accessibility. 

Transport accessibility is traditionally defined in 

terms of travel time, distance, and network 
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connectivity. Conventional models, including 

isochrone-based analyses, assume that all routes 
within a given distance or time threshold are equally 

accessible. However, this assumption does not reflect 

real-world conditions, particularly in hot climates 

where thermal stress can significantly influence 

pedestrian movement. In cities such as Tashkent, 

where summer temperatures frequently exceed 35ï

40ÁC, walking behavior is strongly affected by 

environmental conditions such as shade availability 

and surface temperature. 

Despite the growing body of research on urban 

greening, microclimate, and ecosystem services, there 

remains a critical gap in integrating these aspects with 
transport accessibility analysis. Existing studies tend 

to examine vegetation effects, thermal comfort, or 

transport systems in isolation, with limited efforts to 

develop a unified framework that captures their 

interdependencies. In particular, the influence of 

roadside greening on ñrealò pedestrian accessibilityð

defined not only by distance but also by environmental 

comfortðhas not been sufficiently addressed. 

Therefore, this study aims to bridge this gap by 

integrating roadside greening into urban transport and 

microclimate systems. Using the case of Tashkent 
city, the research evaluates how vegetation structure, 

thermal conditions, and street-level environmental 

factors influence pedestrian accessibility. The study 

proposes a climate-sensitive approach to accessibility 

assessment, in which roadside greening is treated as a 

key variable affecting both environmental quality and 

transport usability. By doing so, it contributes to the 

development of more sustainable, resilient, and 

human-centered urban transport planning 

frameworks. 

2. LITERATURE REVIEW  

Urban road corridors are increasingly recognized not 

only as transport infrastructure but also as 

multifunctional ecological systems. Previous studies 

indicate that roadside vegetation provides a wide 

range of ecosystem services, including microclimate 

regulation, air pollution mitigation, carbon 
sequestration, and improvement of pedestrian comfort 

[1ï3]. 

Roadside vegetation plays a critical role in 

regulating urban thermal environments. Li et al. [1] 

demonstrated that the structure and composition of 

vegetation significantly influence land surface 

temperature (LST), with tree-dominated areas 

producing the strongest cooling effects in dense urban 

environments. Similarly, urban greenery enhances 

thermal comfort through shading and 

evapotranspiration, thereby reducing pedestrian 
exposure to heat stress [4]. 

From a green infrastructure perspective, roadside 

vegetation is an essential component of sustainable 

urban systems. Niu et al. [2] highlighted that roadside 

forests contribute to biodiversity, climate regulation, 

and urban resilience, while also providing measurable 
ecosystem services such as carbon storage, air 

pollutant removal, and stormwater interception. 

Moreover, the effectiveness of roadside greening 

varies depending on road type, suggesting that 

context-specific planting strategies are required rather 

than uniform approaches. 

In addition, vegetation acts as a natural barrier that 

reduces exposure to traffic-related air pollution. 

Barwise and Kumar [3] emphasized that the 

effectiveness of vegetation barriers depends on plant 

characteristics such as leaf structure, density, and 

spatial configuration. These findings underline the 
multifunctional role of roadside greenery in improving 

both environmental quality and human well-being. 

Despite these advances, a significant research gap 

remains. Most studies focus on the environmental and 

ecological aspects of roadside vegetation, while 

transport accessibility is typically assessed using 

distance, travel time, and network connectivity. Such 

approaches neglect thermal conditions, shading, and 

pedestrian-level comfort, which are particularly 

important in hot-climate cities such as Tashkent. 

Therefore, this study aims to integrate roadside 
greening into transport accessibility and microclimate  

analysis by incorporating environmental comfort 

factors into accessibility assessment, thereby 

developing a climate-sensitive approach to urban 

mobility evaluation. 

3. DATA COLLECTION METHOD  

This study integrates multi-source spatial, 

environmental, and transport datasets to analyze the 

e relationship between roadside greening, 

microclimate conditions, and urban transport 

accessibility in Tashkent city. The overall data 
collection and integration framework is presented in 

Figure 1. 

 
Fig. 1. Integrated Framework for Data Collection, 

Processing, and Climate-Sensitive Accessibility 

Analysis 
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The figure illustrates the workflow of the study, 

including data sources (remote sensing, transport, and 
greening data), GIS-based processing, network 

analysis, environmental assessment, and the 

development of a climate-sensitive accessibility  

model. 

3.1. Remote Sensing Data 
To assess the urban thermal environment, satellite 

imagery was used to derive Land Surface Temperature 

(LST) and vegetation indices. Landsat 8/9 thermal 

infrared bands were utilized to calculate LST, while 
Sentinel-2 imagery was employed to compute the 

Normalized Difference Vegetation Index (NDVI), 

which represents vegetation density and distribution. 

These datasets provide medium-resolution (10ï30 m) 

spatial coverage suitable for city-scale analysis. 

3.2. Road Network and Transport Data 
The urban road network and pedestrian-accessible 

paths were extracted from OpenStreetMap (OSM). 

Public transport data, including bus stops and metro 
stations, were collected from available geospatial 

datasets and local sources. These data were used to 

construct a network-based accessibility model, 

including walking isochrones (5, 10, and 15 minutes). 

3.3. Roadside Greening Data 
Roadside vegetation characteristics were assessed 

using a combination of spatial and visual data sources. 

Vegetation distribution was derived from NDVI maps, 

while additional information on tree canopy coverage 
and street-level greening was obtained through street-

view imagery and GIS-based interpretation. Where 

available, building footprints and land-use data were 

also incorporated to better represent urban 

morphology affecting shading and microclimate 

conditions. 

3.4. Microclimate and Environmental 

Variables 
In addition to LST and NDVI, environmental 

variables influencing pedestrian comfort were 

considered. These include surface temperature, 

vegetation density, and proxy indicators of shading, 

such as tree canopy coverage and urban form. These 

variables were used to evaluate the thermal conditions 

experienced by pedestrians at the street level. 

3.5. Data Integration 
All datasets were processed and integrated within a 

Geographic Information System (GIS) environment. 

Spatial layers were harmonized to a common 

coordinate reference system (WGS 84 / UTM Zone 

42N) and analyzed using network analysis tools. The 

integration of remote sensing data, transport networks, 

and environmental indicators enabled the 

development of a climate-sensitive accessibility 

framework. 

 

 

 

4. METHODOLOGY  

This study proposes an integrated framework that 

combines urban transport accessibility analysis with 

microclimate and roadside greening factors. The 

methodology consists of four main stages: (1) data 

preprocessing, (2) conventional accessibility 

modelling, (3) environmental factor assessment, and 

(4) development of a climate-sensitive accessibility 

model. 

4.1. Data Preprocessing and Spatial 

Framework 
All spatial datasets were processed in a GIS 

environment. The road network, public transport 

stops, and environmental layers (LST, NDVI, 

vegetation coverage) were projected into a unified 

coordinate system (WGS 84 / UTM Zone 42N). Raster 
datasets were resampled to a consistent spatial 

resolution (30 m) to ensure compatibility. 

The study area (Tashkent city) was divided into 

analysis units based on a regular grid system. Each 

grid cell was assigned environmental attributes, 

including land surface temperature, vegetation index, 

and proximity to green infrastructure. 

4.2. Network-Based Accessibility Analysis 
Accessibility was calculated using a network-based 
approach. The pedestrian-accessible road network was 

used to generate walking isochrones (5, 10, and 15 

minutes) around public transport stops. 

The conventional accessibility index was defined 

as: 

═▪▄◄◌▫►▓ ╦░

▪

░

 

where: 

╦░ - accessibility weight based on walking time 

threshold. 

This model assumes equal accessibility within a 
given time threshold, without considering 

environmental conditions. 

4.3. Environmental and Microclimate 

Assessment 
To incorporate environmental conditions, two key 

indicators were used: 

½ Land Surface Temperature (LST) ï 

representing thermal exposure  

½ Normalized Difference Vegetation Index 

(NDVI)  ï representing vegetation density  

Additionally, proxy indicators such as tree canopy 

coverage and urban form (building density) were used 

to estimate shading conditions. 

A Thermal Comfort Index (TCI)  was developed 

to represent the environmental suitability for 

pedestrian movement: 

╣╒╘ⱷ ᶻ ╛╢╣▪▫►□ ⱷ ╝z╓╥╘▪▫►□
ⱷ ╢z▐╪▀▄ 

Where: 

╛╢╣▪▫►□- normalized land surface temperature 

╝╓╥╘▪▫►□- normalized vegetation index 
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╢▐╪▀▄- shading indicator (tree canopy / urban 
morphology) 

ⱷ ; ⱷ ; ⱷ - weighting coefficients 

4.4. Climate-Sensitive Accessibility Model 
To reflect real pedestrian behavior, environmental 

factors were integrated into the accessibility model. 

The proposed real accessibility index is defined 

as: 

═►▄╪■═▪▄◄◌▫►▓ᶻ ⱦ╣╒╘ 
ⱦ- environmental sensitivity coefficient. 

This formulation adjusts conventional 

accessibility by incorporating thermal comfort and 

environmental quality. 

In this model: 

½ areas with high temperature and low 

vegetation Ÿ reduced accessibility  

½ areas with shading and high greenery Ÿ 
increased accessibility  

4.5. Spatial Analysis and Mapping 
The final stage involved spatial overlay analysis to 

combine accessibility and environmental layers. The 

results were visualized using GIS-based maps, 

including: 

½ conventional accessibility maps  

½ thermal comfort distribution  

½ climate-sensitive accessibility maps  

Comparative analysis was conducted to identify 

differences between traditional and environmentally 
adjusted accessibility patterns. 

4.6. Validation and Interpretation 
The model results were interpreted in relation to urban 

structure, road types, and distribution of green 

infrastructure. Particular attention was given to 

identifying: 

½ areas with high accessibility but low thermal 

comfort  

½ areas where greening significantly improves 
accessibility 

5. RESULTS AND DISCUSSION 

5.1. Spatial Distribution of Urban Thermal 

Environment 
The analysis of Land Surface Temperature (LST) and 
vegetation density (NDVI) in Tashkent city reveals a 

strong relationship between urban thermal conditions 

and the spatial distribution of greenery. High-

temperature zones are mainly concentrated along 

major road corridors, densely built-up districts, and 

areas with limited vegetation coverage. In contrast, 

urban areas characterized by higher vegetation density 

demonstrate noticeably lower surface temperatures. 

The results indicate that roadside greenery and 

urban vegetation contribute significantly to mitigating 

thermal accumulation within the urban environment. 
Areas with continuous vegetation cover and tree 

canopy exhibit improved thermal conditions 

compared to impervious and highly urbanized 

surfaces. These findings confirm the important role of 

green infrastructure in reducing urban heat exposure 
and improving environmental comfort in transport-

oriented urban spaces. 

5.2. Conventional Accessibility Patterns 
Network-based accessibility analysis shows that a 

large portion of the study area falls within 5ï10 minute 

walking distance to public transport stops. According 

to the traditional model, these areas are considered 

highly accessible due to their proximity and 

connectivity within the road network. 
However, this model assumes uniform conditions 

across all routes and does not account for 

environmental factors such as heat stress or shading. 

5.3. Thermal Comfort Distribution  
The Thermal Comfort Index (TCI) results indicate 

significant spatial differences in environmental 

suitability for pedestrian movement. Areas with high 

vegetation density and shading demonstrate higher 

TCI values, indicating more comfortable conditions. 
Conversely, zones characterized by high LST and low 

vegetation show low TCI values, reflecting 

unfavorable thermal conditions. 

The results highlight that thermal comfort is not 

evenly distributed and is strongly influenced by the 

presence and structure of roadside greenery. 

5.4. Climate-Sensitive Accessibility 
When environmental factors are integrated into the 

accessibility model, significant changes are observed. 
The climate-sensitive accessibility (A_real) shows a 

reduction in accessible areas in zones with high 

temperatures and low vegetation. 

In contrast, green corridors and streets with 

continuous tree canopy coverage maintain higher 

accessibility levels even under high-temperature 

conditions. This demonstrates that roadside greening 

can effectively enhance real pedestrian accessibility 

by improving thermal comfort. 

5.5. Comparative Analysis 
A comparison between conventional accessibility 

(A_network) and climate-sensitive accessibility 

(A_real) reveals that traditional models overestimate 

accessibility in heat-exposed areas. In several 

locations, areas classified as accessible under the 

network-based model become partially or fully 

inaccessible when thermal conditions are considered. 

This discrepancy is particularly evident in central 

urban zones and major road corridors lacking 

sufficient greenery. 

5.6. Key Findings 
The results of this study demonstrate that: 

½ Urban heat significantly reduces real 

pedestrian accessibility  

½ Roadside vegetation improves thermal 

comfort and enhances accessibility  

½ Accessibility is strongly dependent on 

environmental conditions, not only distance and time  
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½ Traditional accessibility models fail to 

capture spatial inequalities caused by microclimate 
factors. 

DISCUSSION 
The results of this study demonstrate that urban 
transport accessibility cannot be fully understood 

without considering environmental conditions, 

particularly microclimate and roadside greening. 

While conventional network-based models classify 

large areas as accessible based on distance and travel 

time, the integration of thermal and vegetation factors 

reveals significant spatial differences in real 

accessibility. 

The findings confirm that roadside vegetation 

plays a critical role in shaping the urban thermal 

environment and pedestrian experience. Consistent 
with previous studies, areas with higher vegetation 

density and tree canopy coverage exhibit lower 

temperatures and improved thermal comfort. This is 

mainly due to shading effects and evapotranspiration 

processes, which reduce solar radiation exposure and 

ambient temperature at the street level. As a result, 

these areas support more favorable conditions for 

walking and outdoor activities. 

In contrast, zones characterized by high land 

surface temperatures and limited vegetation 

demonstrate reduced environmental suitability for 

pedestrian movement. These areas, often located 
along major road corridors and dense urban structures, 

are subject to intensified urban heat island effects. The 

results suggest that such conditions can discourage 

walking behavior, even when transport infrastructure 

is physically accessible. This highlights a critical 

limitation of traditional accessibility models, which 

assume uniform conditions across all routes. 

The integration of the Thermal Comfort Index 

(TCI) into accessibility analysis provides a more 

realistic representation of urban mobility. The 

comparison between conventional accessibility and 
climate-sensitive accessibility clearly shows that 

environmental factors can significantly modify 

accessibility patterns. In particular, the presence of 

continuous roadside greenery and shaded routes 

enhances accessibility, while heat-exposed areas 

experience a reduction in effective accessibility. 

These findings have important implications for 

urban planning and transport policy. First, they 

emphasize the need to move beyond purely network-

based approaches and incorporate environmental 

quality into accessibility assessment. Second, they 

highlight the strategic importance of roadside 
greening as a tool for improving both environmental 

conditions and transport usability. Rather than being 

treated as an aesthetic or secondary element, 

vegetation should be considered an integral 

component of transport infrastructure. 

Furthermore, the results support the concept of 

climate-sensitive urban planning, where green 

infrastructure is used to mitigate the negative impacts 

of urban heat and improve human well-being. In the 

context of Tashkent, where summer temperatures 
frequently exceed 35ï40ÁC, integrating greening into 

transport systems is particularly important for 

ensuring sustainable and inclusive mobility. 

Despite these contributions, the study has several 

limitations. The use of remotely sensed data may not 

fully capture micro-scale variations in shading and 

thermal conditions at the pedestrian level. In addition, 

the Thermal Comfort Index is based on selected 

indicators and weighting assumptions, which may 

require further calibration using field measurements or 

behavioral data. Future research should focus on 

incorporating real-time climate data, pedestrian 
surveys, and high-resolution 3D urban models to 

improve the accuracy of climate-sensitive 

accessibility analysis. 

6. CONCLUSION 

This study demonstrates that urban transport 

accessibility cannot be accurately assessed without 
considering environmental conditions, particularly 

microclimate and roadside greening. While 

conventional accessibility models rely on distance and 

travel time, they fail to capture the influence of 

thermal stress and environmental quality on pedestrian 

movement. 

By integrating remote sensing data, GIS-based 

network analysis, and environmental indicators, this 

research developed a climate-sensitive accessibility 

model for Tashkent city. The results show that high 

temperatures and low vegetation coverage 

significantly reduce real pedestrian accessibility, 
whereas shaded and green corridors enhance walking 

conditions and improve accessibility. This highlights 

the critical role of roadside vegetation in mitigating 

urban heat and supporting more comfortable 

pedestrian environments. 

The study contributes to the existing literature by 

linking three traditionally separate domainsð

transport accessibility, urban microclimate, and green 

infrastructureðinto a unified analytical framework. It 

introduces a Thermal Comfort Index (TCI) to adjust 

accessibility based on environmental conditions, 
providing a more realistic representation of urban 

mobility. 

From a practical perspective, the findings 

emphasize that roadside greening should be treated as 

an essential component of transport infrastructure 

rather than a purely aesthetic element. In hot-climate 

cities such as Tashkent, integrating vegetation into 

road design and planning can significantly improve 

thermal comfort, promote walking, and enhance 

overall urban sustainability. 

In conclusion, the proposed climate-sensitive 

approach offers a valuable tool for urban planners and 
decision-makers to design more resilient, livable, and 

environmentally responsive transport systems. Future 
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research should focus on incorporating high-

resolution data, field-based measurements, and 
behavioral analysis to further refine accessibility 

models and better understand the interaction between 

environment and human mobility. 

Climate adaptation and planning 
implications 
The findings of this study highlight the importance of 
integrating environmental factors, particularly 

roadside greening and microclimate conditions, into 

urban transport planning. Based on the results, several 

policy recommendations can be proposed to improve 

pedestrian accessibility and support sustainable urban 

development in Tashkent. 

Integration of Greening into Transport 

Infrastructure  
Urban planning policies should recognize roadside 

vegetation as an essential component of transport 

infrastructure rather than a purely aesthetic element. 

Municipal authorities should incorporate tree planting 

and green corridors into road design standards, 

especially along major pedestrian routes and public 

transport access paths. 

Climate-Sensitive Accessibility Planning 
Transport accessibility assessments should move 

beyond traditional distance- and time-based 

approaches by incorporating environmental indicators 

such as temperature, shading, and vegetation 

coverage. Planning guidelines should adopt climate-

sensitive accessibility models to ensure that pedestrian 

routes remain usable under extreme heat conditions. 

Development of Shaded Pedestrian Networks 
Priority should be given to the creation of shaded 
walking corridors connecting residential areas to 

public transport stops. Continuous tree canopy 

coverage, combined with appropriate urban design 

elements, can significantly improve thermal comfort 

and encourage walking behavior, particularly during 

summer periods. 

Strategic Placement of Public Transport Stops 
The location of bus stops and metro access points 

should consider not only network efficiency but also 
environmental conditions. Stops should be placed in 

areas with adequate shading and vegetation or be 

equipped with artificial shading structures where 

natural greenery is insufficient. 

Targeted Greening in High-Temperature 

Zones 
High-temperature areas identified through LST 

analysis should be prioritized for greening 

interventions. These zones, often located along major 

road corridors and densely built environments, require 

targeted planting strategies to reduce thermal stress 

and improve environmental quality. 

Adoption of GIS-Based Decision Support 

Systems 
Urban planning institutions should implement GIS-

based tools that integrate transport, environmental, 

and climatic data. Such systems can support evidence-

based decision-making and enable the identification of 
priority areas for greening and infrastructure 

improvements. 

Climate Adaptation and Urban Resilience 

Strategies 
Given the increasing frequency of extreme heat 

events, roadside greening should be included as a key 

component of climate adaptation policies. Integrating 
green infrastructure into transport systems can 

enhance urban resilience, reduce heat-related risks, 

and improve overall quality of life. 
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Reinforcing the Subgrade in Sandy Soils 
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Abstract: This article examines current issues in enhancing the stability and load-bearing capacity of the 

subgrade for transport structures built in the complex engineering and geological conditions of sandy 
soils. It also analyzes the main deformation factors inherent to desert regions, including wind erosion 
and low soil cohesion. The paper proposes a set of resource-saving structural elements and 
organizational-technological solutions based on the use of modern geosynthetic materials and 
methods for stabilizing local barchan sands. These proposed technologies make it possible to 
significantly reduce transportation costs for imported soils and to minimize environmental damage. 
The practical significance of this work lies in the development of effective process flow diagrams 
that ensure the durability of the subgrade while optimizing material and technical expenditures. 

Keywords: Earthwork, sandy soils, resource conservation, structural solutions, soil stabilization, volumetric 
geogrid, geotextile, arid zone 
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ɸʥʥʦʪʘʮʠʷ: ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʘʢʪʫʘʣʴʥʳʝ ʚʦʧʨʦʩʳ ʧʦʚʳʰʝʥʠʷ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʥʝʩʫʱʝʡ 
ʩʧʦʩʦʙʥʦʩʪʠ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʦʦʨʫʞʝʥʠʡ, ʚʦʟʚʦʜʠʤʳʭ ʚ ʩʣʦʞʥʳʭ 
ʠʥʞʝʥʝʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʦʚ. ɸ ʪʘʢʞʝ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʦʩʥʦʚʥʳʝ 
ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʬʘʢʪʦʨʳ, ʧʨʠʩʫʱʠʝ ʧʫʩʪʳʥʥʳʤ ʨʝʛʠʦʥʘʤ, ʚʢʣʶʯʘʷ ʚʝʪʨʦʚʫʶ ʵʨʦʟʠʶ ʠ 

ʥʠʟʢʫʶ ʩʚʷʟʥʦʩʪʴ ʛʨʫʥʪʦʚ. ʇʨʝʜʣʦʞʝʥ ʢʦʤʧʣʝʢʩ ʨʝʩʫʨʩʦʩʙʝʨʝʛʘʶʱʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ 
ʵʣʝʤʝʥʪʦʚ ʠ ʦʨʛʘʥʠʟʘʮʠʦʥʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʧʨʠʤʝʥʝʥʠʠ 
ʩʦʚʨʝʤʝʥʥʳʭ ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ ʩʪʘʙʠʣʠʟʘʮʠʠ ʤʝʩʪʥʳʭ ʙʘʨʭʘʥʥʳʭ 
ʧʝʩʢʦʚ. ʇʨʝʜʣʘʛʘʝʤʳʝ ʪʝʭʥʦʣʦʛʠʠ ʧʦʟʚʦʣʷʶʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʪʨʘʥʩʧʦʨʪʥʳʝ ʨʘʩʭʦʜʳ ʥʘ 
ʜʦʩʪʘʚʢʫ ʧʨʠʚʦʟʥʳʭ ʛʨʫʥʪʦʚ ʠ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʵʢʦʣʦʛʠʯʝʩʢʠʡ ʫʱʝʨʙ. ʇʨʘʢʪʠʯʝʩʢʘʷ 
ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʘʟʨʘʙʦʪʢʝ ʵʬʬʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ, 
ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʜʦʣʛʦʚʝʯʥʦʩʪʴ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʧʨʠ ʦʧʪʠʤʠʟʘʮʠʠ ʤʘʪʝʨʠʘʣʴʥʦ-
ʪʝʭʥʠʯʝʩʢʠʭ ʟʘʪʨʘʪ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ɿʝʤʣʷʥʦʝ ʧʦʣʦʪʥʦ, ʧʝʩʯʘʥʳʝ ʛʨʫʥʪʳ, ʨʝʩʫʨʩʦʩʙʝʨʝʞʝʥʠʝ, ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʨʝʰʝʥʠʷ, 
ʩʪʘʙʠʣʠʟʘʮʠʷ ʛʨʫʥʪʦʚ, ʦʙʲʝʤʥʘʷ ʛʝʦʨʝʰʝʪʢʘ, ʛʝʦʪʝʢʩʪʠʣʴ, ʘʨʠʜʥʘʷ ʟʦʥʘ  

1. ɺɺɽɼɽʅʀɽ  

ɺ ʤʠʨʝ ʫʜʝʣʷʝʪʩʷ ʦʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʨʘʟʚʠʪʠʶ 

ʩʪʨʦʠʪʝʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʪʨʘʥʩʧʦʨʪʥʦʡ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ, ʦʙʝʩʧʝʯʝʥʠʶ ʙʝʟʦʧʘʩʥʦʩʪʠ 

ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʚ ʩʣʦʞʥʳʭ ʫʩʣʦʚʠʷʭ, 

ʧʦʚʳʰʝʥʠʶ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʠ ʚʦʟʚʝʜʝʥʠʠ 

ʥʘʩʳʧʠ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʚ ʪʝʭʥʠʯʝʩʢʦʡ 
ʩʠʩʪʝʤʝ çʚʝʨʭʥʝʝ ʩʪʨʦʝʥʠʝ ʧʫʪʠ ï ʟʝʤʣʷʥʦʝ 

ʧʦʣʦʪʥʦ ï ʦʩʥʦʚʘʥʠʝè, ʫʢʨʝʧʣʝʥʠʶ 

ʦʪʢʦʩʦʚʥʘʩʳʧʠ, ʨʘʟʨʘʙʦʪʢʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʨʝʩʫʨʩʦʩʙʝʨʝʛʘʝʤʳʭ ʤʝʪʦʜʦʚ ʠ ʪʝʭʥʦʣʦʛʠʡ ʧʦ 

 
a  https://orcid.org/0000-0002-9434-0713  
b  https://orcid.org/0000-0001-9748-2568  

ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʦʤʫ ʠ 

ʧʨʦʪʠʚʦʜʝʬʦʨʤʘʮʠʦʥʥʦʤʫ ʫʢʨʝʧʣʝʥʠʶ [1-3]. 

ɸ ʪʘʢʞʝ  ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʥʘ 

ʨʘʟʨʘʙʦʪʢʫ ʥʦʚʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʧʦ ʧʦʚʳʰʝʥʠʶ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʥʘʩʳʧʠ, 

ʚʦʟʚʝʜʝʥʥʦʡ ʠʟ ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʦʚ, ʫʢʨʝʧʣʝʥʠʶ 

ʦʪʢʦʩʦʚ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ, ʫʤʝʥʴʰʝʥʠʶ 

ʜʝʬʣʷʮʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ ʛʨʫʥʪʦʚ ʥʘʩʳʧʠ ʠ 
ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʪʝʭʥʦʣʦʛʠʠ ʨʘʙʦʪ ʧʦ 

ʫʢʨʝʧʣʝʥʠʶ ʦʪʢʦʩʦʚ [3-5]. 

ʆʜʥʘʢʦ ʥʠʟʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʦʡ ʠ 

https://orcid.org/0000-0002-9434-0713
https://orcid.org/0000-0001-9748-2568
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ʧʨʦʪʠʚʦʜʝʬʦʨʤʘʮʠʦʥʥʦʡ (ʇɼʇɼ) ʟʘʱʠʪʳ 

ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ, ʚʦʟʚʝʜʸʥʥʦʛʦ ʠʟ ʧʝʩʯʘʥʳʭ 
ʛʨʫʥʪʦʚ, ʘ ʪʘʢʞʝ ʧʨʦʙʣʝʤʳ ʨʘʟʚʠʪʠʷ 

ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʪʨʦʠʪʝʣʴʩʪʚʘ ʚ ʨʝʛʠʦʥʘʭ, ʛʜʝ ʚ 

ʝʩʪʝʩʪʚʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʟʘʣʝʛʘʶʪ ʧʝʩʯʘʥʳʝ 

ʛʨʫʥʪʳ, ʟʘʥʠʤʘʶʱʠʝ ʟʥʘʯʠʪʝʣʴʥʫʶ ʯʘʩʪʴ 

ʪʝʨʨʠʪʦʨʠʠ ʋʟʙʝʢʠʩʪʘʥʘ, ʪʨʝʙʫʶʪ ʨʝʰʝʥʠʷ ʨʷʜʘ 

ʩʣʦʞʥʳʭ ʥʘʫʯʥʳʭ ʟʘʜʘʯ [6]. 

2. ʆʉʅʆɺʅɸʗ ʏɸʉʊʔ 

ʉ ʮʝʣʴʶ ʥʘʫʯʥʦʛʦ ʨʝʰʝʥʠʷ ʚʳʰʝʫʢʘʟʘʥʥʳʭ 

ʧʨʦʙʣʝʤʳ ʥʘ ʦʩʥʦʚʝ ʧʨʠʢʘʟʘ ʧʨʝʜʩʝʜʘʪʝʣʷ 

ʧʨʘʚʣʝʥʠʷ ɸʆ çʋʟʙʝʢʠʩʪʦʥ ʪʝʤʠʨ ʡʫʣʣʘʨʠè ʦʪ 

2020 ʛʦʜʘ ˉ 729-ʅ çʆ ʧʨʦʚʝʜʝʥʠʠ 
ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ 

ʫʢʨʝʧʣʝʥʠʶ ʦʪʢʦʩʦʚ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʥʘ 

ʫʯʘʩʪʢʝ ʞ.ʜ. ʣʠʥʠʠ ɹʫʭʘʨʘïʄʠʩʢʝʥè ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ 

ʧʨʠʤʝʥʝʥʠʶ ʩʦʚʨʝʤʝʥʥʠʭ ɻʥʝʨʛʦʩʙʝʨʝʛʘʶʱʠʭ ʠ 

ʨʝʩʫʨʩʦʩʙʝʨʛʘʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʫʢʨʝʧʣʝʥʠʷ 

ʦʪʢʦʩʦʚ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʧʨʦʚʝʜʝʥʳ ʥʘ 

ʧʝʨʝʛʦʥʝ ʂʠʡʠʢʣʠ ï ʍʠʟʠʨʙʦʙʦ ʢʤ 4199 ʇʂ 1 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʣʠʥʠʠ ɹʫʭʘʨʘ ï ʄʠʩʢʝʥ 

(ʈʠʩʫʥʦʢ 1-2). 
ɼʣʷ ʥʘʫʯʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʦʚ   ʚʳʙʨʘʥʳ  

ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʨʘʟʨʘʙʦʪʘʥʥʳʝ 

ʤʝʩʪʥʳʤ ʧʨʦʠʟʚʦʜʠʪʝʣʝʤ OOO çSANFA 

ENGINEERINGè. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʥʘ ʦʪʢʦʩʳ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʧʫʪʠ ʙʳʣʦ ʫʣʦʞʝʥʦ 1400 ʤ2 

ʛʝʦʪʝʢʩʪʠʣʷ ʠ 1200 ʤ2 ʦʙʲʝʤʥʳʭ ʛʝʦʨʝʰʝʪʢʠ. ɼʣʷ 

ʢʨʝʧʣʝʥʠʷ ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪʢʦʩʫ 

ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʘʨʤʘʪʫʨʥʳʝ 

ʘʥʢʝʨʳ ʦʙʱʝʡ ʜʣʠʥʦʡ 2400 ʤʝʪʨʦʚ.           

 

 
ʈʠʩ. 1. ʇʨʦʮʝʩʩ ʫʢʣʘʜʢʠ ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʪʢʦʩ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ 

 

 
ʈʠʩ. 2. ʇʨʦʮʝʩʩ ʟʘʧʦʣʥʝʥʠʷ ʷʯʝʝʢ  

ʛʝʦʨʝʰʝʪʦʢ ʫʣʦʞʝʥʥʳʭ ʥʘ ʦʪʢʦʩʳ ʤʝʩʪʥʳʤ 

ʛʨʫʥʪʦʤ ʠ ʧʦʩʝʚ ʩʝʤʷʥ ʧʝʩʢʦʣʶʙʠʚʳʭ ʪʨʘʚ 

ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʥʦʚʳʭ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ, 

ʩʪʨʦʷʱʠʭʩʷ ʚ ʧʫʩʪʳʥʥʳʭ ʨʘʡʦʥʘʭ ʋʟʙʝʢʠʩʪʘʥʘ, 

ɸʆ çɹʦʰʪʨʘʥʩʣʦʡʠʭʘè ʨʘʟʨʘʙʦʪʘʥʘ 
ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ ʫʢʨʝʧʣʝʥʠʷ ʟʝʤʣʷʥʦʛʦ 

ʧʦʣʦʪʥʘ ʚ ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʘʭ. ʇʦ ʜʘʥʥʦʡ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʭʝʤʝ ʧʨʝʜʫʩʤʦʪʨʝʥʦ 

ʫʢʨʝʧʣʝʥʠʝ ʦʪʢʦʩʦʚ ʥʘʩʳʧʠ ʩ ʫʩʪʨʦʡʩʪʚʦʤ 

ʙʝʨʤʳ ʠ ʫʢʣʘʜʢʦʡ ʨʘʩʪʠʪʝʣʴʥʦʛʦ ʛʨʫʥʪʘ 

ʪʦʣʱʠʥʦʡ 0,15 ʤ  (ʈʠʩʫʥʦʢ 3). 

 
ʈʠʩ. 3. ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ ʫʢʨʝʧʣʝʥʠʷ 

ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʥʘ ʧʝʩʯʘʥʳʭ ʛʨʫʥʪʘʭ, 

ʨʘʟʨʘʙʦʪʘʥʥʘʷ ɸʆ çɹʦʰʪʨʘʥʩʣʦʡʠʭʘè 

ɺ ʮʝʣʷʭ ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʟʝʤʣʷʥʦʛʦ 

ʧʦʣʦʪʥʘ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ, ʚʦʟʚʝʜʝʥʥʳʭ ʠʟ 

ʙʘʨʭʘʥʥʳʭ ʧʝʩʢʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 
ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʥʘ ʦʩʥʦʚʝ 

çʇʨʦʛʨʘʤʤʘ ʠ ʤʝʪʦʜʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʫʢʨʝʧʣʝʥʠʶ ʦʪʢʦʩʦʚ ʟʝʤʣʷʥʦʛʦ 

ʧʦʣʦʪʥʘ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛè ʧʫʪʝʤ ʫʢʣʘʜʢʠ 

ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ (ʛʝʦʪʝʢʩʪʠʣʴ, 

ʦʙʲʝʤʥʘʷ ʛʝʦʨʝʰʝʪʢʘ) ʨʘʟʨʘʙʦʪʘʥʘ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ 

ʧʨʦʪʠʚʦʜʝʬʣʷʮʠʦʥʥʦʛʦ ʠ 

ʧʨʦʪʠʚʦʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʫʢʨʝʧʣʝʥʠʷ (ʈʠʩʫʥʦʢ 

4). 
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ʈʠʩ. 4. ʂʦʥʩʪʨʫʢʮʠʷ ʥʘʩʳʧʠ ʩ ʫʢʨʝʧʣʝʥʠʝʤ 

ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ 

1-ʛʝʦʨʝʰʝʪʢʘ (ʦʙʲʝʤʥʘʷ), 2-ʟʘʧʦʣʥʝʥʠʝ 

ʤʝʩʪʥʳʤ ʛʨʫʥʪʦʤ ʷʯʝʝʢ ʛʝʦʨʝʰʝʪʦʢ (ʧʦʩʝʚʦʤ 

ʩʝʤʷʥ ʧʝʩʢʦʣʶʙʠʚʳʭ ʪʨʘʚ), 3- ʘʥʢʝʨ 

ʘʨʤʘʪʫʨʥʳʡ, 4- ʛʝʦʪʝʢʩʪʠʣʴ ʥʝʪʢʘʥʳʡ 

ɻʝʦʩʠʥʪʝʪʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʫʢʣʘʜʳʚʘʶʪ ʧʦ 

ʧʦʜʛʦʪʦʚʠʪʝʣʴʥʦʤʫ ʩʣʦʶ ʠʣʠ ʩʣʦʶ 

ʨʘʩʪʠʪʝʣʴʥʦʛʦ ʛʨʫʥʪʘ, ʚʳʧʦʣʥʷʷ ʦʧʝʨʘʮʠʠ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʭʝʤʦʡ 

ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪ 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʫʢʨʝʧʣʝʥʠʷ 

ʦʪʢʦʩʦʚ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 5 

 
ʈʠʩ. 5. ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʫʢʨʝʧʣʝʥʠʷ 

ʦʪʢʦʩʦʚ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ  

ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ 

3. ʄɸʊɽʄɸʊʀʏɽʉʂʆɽ 
ʆʇʀʉɸʅʀɽ ʋʂʈɽʇʃɽʅʀʗ 

ɿɽʄʃʗʅʆɻʆ ʇʆʃʆʊʅɸ, 

ɺʆɿɺɽɼɽʅʅʆɻʆ ʀɿ 

ʇɽʉʏɸʅʓʍ ɻʈʋʅʊʆɺ 

ʅʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʸʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʧʦʣʫʯʝʥʥʳʭ ʚʳʚʦʜʦʚ 

ʨʘʩʩʤʦʪʨʳʤ  ʤʝʪʦʜʳ ʨʘʩʯʝʪʘ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʦʪʢʦʩʦʚ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʩ ʠʩʧʦʣʟʠʚʘʥʠʝʤ 

ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ɺʤʝʩʪʝ ʩ ʪʝʤ, ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ, ʪʨʝʙʫʶʱʝʡ 

ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʜʭʦʜʘ, ʷʚʣʷʝʪʩʷ ʚʳʙʦʨ ʪʠʧʘ 

ʧʦʣʦʪʥʘ, ʝʛʦ ʦʮʝʥʢʘ ʠ ʦʙʝʩʧʝʯʝʥʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ 
ʦʪʢʦʩʦʚ. ɿʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʜʦʣʞʥʦ ʙʳʪʴ 

K Ó 1,2 [7-8].   

ɼʣʷ ʪʝʦʨʠʪʝʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʦʪʢʦʩʦʚ ʥʘʩʳʧʠ ʟʝʤʣʷʥʦʛʦ 

ʧʦʣʦʪʥʘ ʠʩʧʦʣʴʟʫʝʤ ʬʦʨʤʫʣʫ, ʨʘʟʨʘʙʦʪʘʥʥʦʡ 

ʧʨʦʬ. ɻ.ʄ.ʐʘʭʫʥʷʥʮ [9]. 
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ʇʨʠ  ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʬʦʨʤʫʣʳ (1) ʨʝʟʫʣʴʪʘʪʦʚ 

ʨʘʩʯʝʪʘ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʦʨʤʘʪʠʚʥʦʝ ʟʥʘʯʝʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʦʪʢʦʩʦʚ ʥʘʩʳʧʠ KÓ 
1,2 ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʚ ʛʨʫʥʪʘʭ ʢʨʦʤʝ ʧʝʩʯʘʥʳʭ. 

ʇʨʠ ʨʘʩʯʝʪʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʦʪʢʦʩʦʚ ʩ ʫʢʨʝʧʣʝʥʠʝʤ ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʤʠ 

ʤʘʪʝʨʘʠʣʘʤʠ ʥʝʦʙʭʦʜʠʤʦ ʚ ʬʦʨʤʫʣʫ (1) ʚʥʝʩʪʠ 

ʠʟʤʝʥʝʥʠʷ ʠ ʜʦʙʘʚʠʪʴ ʧʨʝʜʣʘʛʘʝʤʳʝ 

ʫʜʝʨʞʠʚʘʶʱʠʝ ʩʠʣʳ ʊʛʝʦ.ʨ  ʠ ʊʛʝʦ.ʪʢʦʪʦʨʳʡ ʙʫʜʝʪ 

ʫʯʠʪʳʚʘʪʴ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ ʢʘʞʜʦʡ i-ʡ 

ʷʯʝʡʢʝ ʛʝʦʨʝʰʝʪʢʠ ʠ ʛʝʦʪʝʢʩʪʠʣʷ.  

ʇʦʩʣʝ ʵʪʦʛʦ ʩ ʬʦʨʤʫʣʘ (1) ʧʦʣʫʯʠʣʠ 

ʩʣʝʜʫʶʱʠʡ ʬʦʨʤʫʣʘ (2). 

ʇʨʠ ʨʘʩʯʝʪʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʦʪʢʦʩʦʚ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 
ʫʜʝʨʞʠʚʘʶʱʠʭ ʩʠʣʳ ʊʛʝʦ.ʨ ʠ ʊʛʝʦ.ʪ  ʩʫʤʤʘʨʥʘʷ 

ʫʜʝʨʞʠʚʘʶʱʘʷ ʩʠʣʘ ʧʦʚʳʰʘʝʪʩʷ . ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʵʪʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʂʫʩʪʧʦʚʳʰʘʝʪʩʷ   ʠ ʚʩʝʛʜʘ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʪʨʝʙʫʝʤʦʝ ʫʩʣʦʚʠʝ ʂÓ1,2.  

ʇʨʠ ʨʘʩʯʝʪʝ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʢʘʞʜʦʡ i-ʡ 

ʷʯʝʡʢʝ ʛʝʦʨʝʰʝʪʢʠ ʚʦʟʥʠʢʘʶʪ ʫʜʝʨʞʠʚʘʶʱʠʝ 

ʩʠʣʳ ʦʪ ʛʝʦʨʝʰʝʪʢʠ ʊʛʝʦ.ʨ, ʩʦʛʣʘʩʥʦ ʨʘʩʯʝʪʥʦʡ 

ʩʭʝʤʝ  ʠ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ ʬʦʨʤʫʣʳ: 

)( Nfʊ iʛiʛiʛ
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+=ä

=
lc

n

i
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ʈʠʩ. 6.  ʈʘʩʯʝʪʥʘʷ ʩʭʝʤʘ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ 

ʢʘʞʜʦʡ i-ʡ ̫ʯʝʡʢʝ ʛʝʦʨʝʰʝʪʢʠ 

ʋʜʝʨʞʠʚʘʶʱʘʷ ʩʠʣʘ ˟̄ ̆Ȣ̏̓ ʧʨʠʥʠʤʘʝʪ 

ʩʣʝʜʫʶʱʠʡ ʚʠʜ. 

gag ÖÖ+ÖÖÖ= baʩʦsldTʛʝʦ.ʪ
   

(4) 
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ʈʠʩ. 7.  ʈʘʩʯʝʪʥʘʷ ʩʭʝʤʘ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ 

ʛʝʦʪʝʢʩʪʠʣʴ 

4. ɿɸʂʃʖʏɽʅʀɽ 

1. ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʥʝʙʣʘʛʦʧʨʠʷʪʥʳʭ 
ʧʨʠʨʦʜʥʦ-ʢʣʠʤʘʪʠʯʝʩʢʠʭ, ʛʠʜʨʦʣʦʛʠʯʝʩʢʠʭ, 

ʪʝʭʥʦʛʝʥʥʳʭ ʠ ʜʨʫʛʠʭ ʬʘʢʪʦʨʦʚ ʚ ʛʨʫʥʪʘʭ ʪʝʣʘ 

ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʧʨʦʠʩʭʦʜʷʪ 

ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʠʝ ʧʨʦʮʝʩʩʳ, ʢʦʪʦʨʳʝ 

ʚʳʟʳʚʘʶʪ ʦʩʪʘʪʦʯʥʳʝ ʜʝʬʦʨʤʘʮʠʠ ʦʩʥʦʚʥʦʡ 

ʧʣʦʱʘʜʢʠ ʠ ʦʪʢʦʩʦʚ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ. 

ʆʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʦʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʠ 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʪʨʘʥʩʧʦʨʪʥʦʤ 

ʩʪʨʦʠʪʝʣʴʩʪʚʝ ʩʧʦʩʦʙʦʚ ʫʩʠʣʝʥʠʷ ʟʝʤʣʷʥʦʛʦ 

ʧʦʣʦʪʥʘ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ 

ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

2. ʆʙʦʩʥʦʚʘʥʦ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʴ 
ʧʨʠʤʝʥʝʥʠʷ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʭ 

ʠ ʨʝʩʫʨʩʦʩʙʝʨʝʛʘʝʤʳʭ ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ (ʛʝʦʪʝʢʩʪʠʣʴ, ʦʙʲʝʤʥʘʷ ʛʝʦʨʝʰʝʪʢʘ) 

ʧʨʠ ʫʢʨʝʧʣʝʥʠʠ ʦʪʢʦʩʦʚ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ. 

3. ʈʘʟʨʘʙʦʪʘʥʘ ʧʨʦʛʨʘʤʤʘ ʠ ʤʝʪʦʜʠʢʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ 

ʫʢʨʝʧʣʝʥʠʶ ʦʪʢʦʩʦʚ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ, ʥʘ 

ʦʩʥʦʚʝ ʤʠʨʦʚʦʛʦ ʦʧʳʪʘ ʧʨʠʤʝʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ 

ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʩʫʱʝʩʪʚʫʶʱʠʭ, ʨʘʟʨʘʙʦʪʢʝ 

ʥʦʚʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʧʨʠ 
ʫʩʠʣʝʥʠʠ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ. 

4. ʆʧʨʝʜʝʣʝʥʦ ʫʚʝʣʠʯʝʥʠʝ ʫʜʝʨʞʠʚʘʶʱʝʡ 

ʩʠʣʳ ʊʫʜ  ʥʘ 18-25 % ʧʨʠ ʫʢʨʝʧʣʝʥʠʠ ʦʪʢʦʩʦʚ 

ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʚʦʟʚʝʜʝʥʥʦʛʦ ʠʟ ʧʝʩʯʘʥʳʭ 

ʛʨʫʥʪʦʚ ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʟʘ ʩʯʝʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʨʘʩʯʝʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ   ʊʛʝʦ. ʨ ʠ 

ʊʛʝʦ.ʪ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʚʳʰʘʝʪʩʷ ʥʘ 14-23 % ʠ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʪʨʝʙʫʝʤʦʝ ʫʩʣʦʚʠʝ ʂ Ó 1,2. 

5. ʆʧʨʝʜʝʣʝʥʳ ʫʤʝʥʴʰʝʥʠʝ ʟʘʪʨʘʪ ʪʨʫʜʘ ʠ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ 14 -18 % ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʨʘʙʦʪ ʧʦ 
ʫʢʨʝʧʣʝʥʠʶ ʦʪʢʦʩʦʚ ʟʝʤʣʷʥʦʛʦ ʧʦʣʦʪʥʘ ʩ 

ʛʝʦʩʠʥʪʝʪʠʯʝʩʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ. 
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Management of Transformation Processes in Uzbekistan's Railway 

Industry: Challenges, Solutions, and Initial Results 
 

U. Dosmetov1 

1JSC çUzbekiston temir yullariè, Tashkent, Uzbekistan 
 

Abstract: This article analyzes the initial results of transformation processes in Uzbekistan's railway industry. 
It examines in detail the goals, key areas, initial experiences, and results of transformation processes 
across the entire network of UTY. It also describes the specifics of managing transformation 
processes based on current regulations, analyzes existing problems, adopted solutions, and the initial 
changes achieved.   In recent years, important policy documents have been adopted at the government 
level to transform the operations of  UTY. Strategic objectives have been defined at the industry, 

regional, and national levels, and roadmaps and plans have been developed for structural changes in 
the industry, the implementation of major investment projects for the construction of new lines, and 
the reconstruction and electrification of railways, based on a introduction of advanced international 
practices in transformation processes.   The experience of managing transformation processes in the 
industry, the analysis of project implementation problems and the comprehensive solutions 
considered by the author have important practical significance for the industry and make it possible 
to avoid complications in managing transformation processes in the railway industry in the future. 

Keywords: Railway industry, transformation, projectôs implementation, management of processes, executive 

directives, consulting. 

 

ʋʧʨʘʚʣʝʥʠʝ ʇʨʦʮʝʩʩʘʤʠ ʊʨʘʥʩʬʦʨʤʘʮʠʠ ʚ ɾʝʣʝʟʥʦʜʦʨʦʞʥʦʡ 

ʆʪʨʘʩʣʠ  ʋʟʙʝʢʠʩʪʘʥʘ:  ʇʨʦʙʣʝʤʳ,  ʈʝʰʝʥʠʷ ʠ ʇʝʨʚʳʝ ʀʪʦʛʠ  

 

ɼʦʩʤʝʪʦʚ ʋ.ʉ.1 

1ɸʆ çʋʟʙʝʢʠʩʪʦʥ ʪʝʤʠʨ ʡʫʣʣʘʨʠè, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ  
 

ɸʥʥʦʪʘʮʠʷ ʉʪʘʪʴʷ ʧʦʩʚʷʱʝʥʘ ʘʥʘʣʠʟʫ ʧʝʨʚʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʮʝʩʩʦʚ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʚ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ 
ʦʪʨʘʩʣʠ  ʋʟʙʝʢʠʩʪʘʥʘ. ʇʦʜʨʦʙʥʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʮʝʣʠ, ʦʩʥʦʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ, ʥʘʯʘʣʴʥʳʡ 
ʦʧʳʪ ʠ ʠʪʦʛʠ ʧʨʦʮʝʩʩʦʚ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʧʦ ʚʩʝʡ ʩʝʪʠ ɸʆ  çʋʟʙʝʢʠʩʪʦʥ ʪʝʤʠʨ ʡʫʣʣʘʨʠè (ɸʆ 

ʋʊʁ), ʘ ʪʘʢʞʝ  ʦʧʠʩʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʘʤʠ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʥʘ ʙʘʟʝ 
ʜʝʡʩʪʚʫʶʱʠʭ ʥʦʨʤʘʪʠʚʥʳʭ ʘʢʪʦʚ, ʘʥʘʣʠʟʠʨʦʚʘʥʳ ʩʫʱʝʩʪʚʫʶʱʠʝ ʧʨʦʙʣʝʤʳ, ʧʨʠʥʷʪʳʝ 
ʨʝʰʝʥʠʷ ʠ ʜʦʩʪʠʛʥʫʪʳʝ  ʧʝʨʚʠʯʥʳʝ ʠʟʤʝʥʝʥʠʷ.   ɼʣʷ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʜʝʷʪʝʣʴʥʦʩʪʠ ɸʆ ʋʊʁ ʚ 
ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʥʘ ʧʨʘʚʠʪʝʣʴʩʪʚʝʥʥʦʤ ʫʨʦʚʥʝ ʧʨʠʥʷʪʳ ʚʘʞʥʳʝ ʜʠʨʝʢʪʠʚʥʳʝ ʜʦʢʫʤʝʥʪʳ. ʅʘ 
ʦʪʨʘʩʣʝʚʦʤ, ʨʝʛʠʦʥʘʣʴʥʦʤ ʠ ʨʝʩʧʫʙʣʠʢʘʥʩʢʦʤ ʫʨʦʚʥʷʭ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩʪʨʘʪʝʛʠʯʝʩʢʠʝ 
ʟʘʜʘʯʠ, ʩʦʩʪʘʚʣʝʥʳ ʜʦʨʦʞʥʳʝ ʢʘʨʪʳ ʠ ʧʣʘʥʳ ʧʦ ʩʪʨʫʢʪʫʨʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʚ ʦʪʨʘʩʣʠ, 
ʨʝʘʣʠʟʘʮʠʠ ʢʨʫʧʥʳʭ ʠʥʚʝʩʪʠʮʠʦʥʥʳʭ ʧʨʦʝʢʪʦʚ ʩʪʨʦʠʪʝʣʴʩʪʚʘ ʥʦʚʳʭ ʣʠʥʠʡ, ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʠ 
ʵʣʝʢʪʨʠʬʠʢʘʮʠʠ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ ʥʘ ʦʩʥʦʚʝ ʚʥʝʜʨʝʥʠʷ ʧʝʨʝʜʦʚʦʛʦ ʟʘʨʫʙʝʞʥʦʛʦ ʦʧʳʪʘ 

ʧʨʦʮʝʩʩʦʚ ʪʨʘʥʩʬʦʨʤʘʮʠʠ.  ʆʧʳʪ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʘʤʠ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʚ ʦʪʨʘʩʣʠ, ʘʥʘʣʠʟ 
ʧʨʦʙʣʝʤ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʝʢʪʦʚ ʠ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʘʚʪʦʨʦʤ ʢʦʤʧʣʝʢʩʥʳʝ ʨʝʰʝʥʠʷ ʠʤʝʶʪ ʚʘʞʥʦʝ 
ʦʪʨʘʩʣʝʚʦʝ ʧʨʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ, ʧʦʟʚʦʣʷʶʪ ʠʟʙʝʞʘʪʴ ʦʩʣʦʞʥʝʥʠʡ ʚ ʫʧʨʘʚʣʝʥʠʠ 
ʧʨʦʮʝʩʩʘʤʠ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʦʪʨʘʩʣʠ  ʚ ʙʫʜʫʱʝʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ɾʝʣʝʟʥʦʜʦʨʦʞʥʘʷ ʦʪʨʘʩʣʴ, ʪʨʘʥʩʬʦʨʤʘʮʠʷ, ʨʝʘʣʠʟʘʮʠʷ ʧʨʦʝʢʪʦʚ, ʫʧʨʘʚʣʝʥʠʝ ʧʨʦʮʝʩʩʘʤʠ, 
ʜʠʨʝʢʪʠʚʥʳʝ ʜʦʢʫʤʝʥʪʳ, ʢʦʥʩʘʣʪʠʥʛ. 

1. ɺɺɽɼɽʅʀɽ 

ɸʆ çʋʟʙʝʢʠʩʪʦʥ ʪʝʤʠʨ ʡʫʣʣʘʨʠè (ɸʆ ʋʊʁ), 

ʷʚʣʷʝʪʩʷ ʚʘʞʥʝʡʰʠʤ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʫʶʱʠʤ 

ʟʚʝʥʦʤ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʠ ʨʘʟʚʠʪʠʠ ʵʢʦʥʦʤʠʢʠ 
ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ (ʈʋʟ). ʋʩʪʦʡʯʠʚʦʝ 

ʨʘʟʚʠʪʠʝ, ʩʪʘʙʠʣʴʥʦʩʪʴ, ʚʥʝʜʨʝʥʠʝ 
ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʜʠʥʘʤʠʯʥʦʝ 

ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʦʚ ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʠ 

ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʨʦʩʪʘ ʧʨʝʜʧʨʠʷʪʠʡ ɸʆ ʋʊʁ 

ʩʦʟʜʘʶʪ ʙʣʘʛʦʧʨʠʷʪʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʨʘʟʚʠʪʠʷ 

ʪʨʘʥʩʧʦʨʪʥʦʡ ʦʪʨʘʩʣʠ ʠ ʚʩʝʡ ʵʢʦʥʦʤʠʢʠ 

ʨʝʩʧʫʙʣʠʢʠ ʚ ʮʝʣʦʤ. ʆʪʨʘʩʣʴ ʧʨʦʜʦʣʞʘʝʪ ʩʚʦʶ 

ʘʢʪʠʚʥʫʶ ʜʝʷʪʝʣʴʥʦʩʪʴ ʧʦ ʨʝʘʣʠʟʘʮʠʠ ʥʦʚʳʭ ʠ 

ʩʦʚʨʝʤʝʥʥʳʭ ʠʥʚʝʩʪʠʮʠʦʥʥʳʭ ʧʨʦʝʢʪʦʚ, ʧʦ 

ʤʦʜʝʨʥʠʟʘʮʠʠ ʠ ʪʝʭʥʠʯʝʩʢʦʤʫ ʧʝʨʝʚʦʦʨʫʞʝʥʠʶ 

ʨʘʥʝʝ ʧʦʩʪʨʦʝʥʥʳʭ  ʦʙʲʝʢʪʦʚ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ.  

ʇʦʩʪʨʦʝʥʳ ʥʦʚʳʝ ʩʢʦʨʦʩʪʥʳʝ ʠ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʝ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʣʠʥʠʠ, 

ʟʘʚʝʨʰʘʝʪʩʷ ʵʣʝʢʪʨʠʬʠʢʘʮʠʷ ʦʩʥʦʚʥʳʭ 

ʤʘʛʠʩʪʨʘʣʴʥʳʭ ʣʠʥʠʡ, ʪʘʢʘʷ ʨʘʙʦʪʘ ʧʨʦʜʦʣʞʘʝʪʩʷ 
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ʠ ʧʦ ʚʘʞʥʳʤ ʫʯʘʩʪʢʘʤ, ʩʚʷʟʘʥʥʳʤ ʩ 

ʤʝʞʜʫʥʘʨʦʜʥʳʤʠ ʪʨʘʥʩʧʦʨʪʥʳʤʠ ʢʦʨʠʜʦʨʘʤʠ.  
      ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʝʨʚʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʮʝʩʩʦʚ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʚ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʦʪʨʘʩʣʠ  ʋʟʙʝʢʠʩʪʘʥʘ. 

ʇʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʮʝʣʠ, ʦʩʥʦʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ, 

ʥʘʯʘʣʴʥʳʡ ʦʧʳʪ ʠ ʠʪʦʛʠ ʧʨʦʮʝʩʩʦʚ 

ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʧʦ ʚʩʝʡ ʩʝʪʠ ɸʆ  çʋʟʙʝʢʠʩʪʦʥ 

ʪʝʤʠʨ ʡʫʣʣʘʨʠè (ɸʆ ʋʊʁ), ʘ ʪʘʢʞʝ  ʨʘʩʢʨʳʪʳ  

ʦʩʦʙʝʥʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʘʤʠ 

ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʥʘ ʙʘʟʝ ʜʝʡʩʪʚʫʶʱʠʭ 

ʥʦʨʤʘʪʠʚʥʳʭ ʘʢʪʦʚ, ʘʥʘʣʠʟʠʨʦʚʘʥʳ 

ʩʫʱʝʩʪʚʫʶʱʠʝ ʧʨʦʙʣʝʤʳ, ʧʨʠʥʷʪʳʝ ʨʝʰʝʥʠʷ ʠ 

ʜʦʩʪʠʛʥʫʪʳʝ  ʧʝʨʚʠʯʥʳʝ ʠʟʤʝʥʝʥʠʷ.   
ɺ ʦʩʥʦʚʫ ʩʪʘʪʴʠ ʧʦʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʷ 

ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʜʭʦʜʘ ʠ ʩʠʩʪʝʤʥʦʛʦ ʘʥʘʣʠʟʘ 

ʧʨʦʮʝʩʩʦʚ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʚ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ 

ʦʪʨʘʩʣʠ. ʊʝʦʨʝʪʠʯʝʩʢʦʡ ʦʩʥʦʚʦʡ ʜʣʷ ʩʪʘʪʴʠ 

ʧʨʠʥʷʪʳ ʧʫʙʣʠʢʘʮʠʠ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ, 

ʧʦʩʚʷʱʝʥʥʳʝ ʘʩʧʝʢʪʘʤ ʫʧʨʘʚʣʝʥʠʷ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʤʠ ʧʨʦʝʢʪʘʤʠ ʚ ʮʝʣʦʤ ʠ 

ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʘʤʠ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʚ 

ʦʨʛʘʥʠʟʘʮʠʠ, ʚ ʯʘʩʪʥʦʩʪʠ. ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʦʩʥʦʚʘʥʳ ʥʘ ʦʟʥʘʢʦʤʣʝʥʠʠ ʟʘʢʦʥʦʜʘʪʝʣʴʥʳʤʠ ʠ 

ʥʦʨʤʘʪʠʚʥʳʤʠ ʜʦʢʫʤʝʥʪʘʤʠ, ʥʘ ʩʨʘʚʥʠʪʝʣʴʥʦʤ 
ʘʥʘʣʠʟʝ ʧʣʘʥʦʚʳʭ ʠ ʬʘʢʪʠʯʝʩʢʠ ʚʳʧʦʣʥʝʥʥʳʭ 

ʤʝʨʦʧʨʠʷʪʠʡ.   

 Å ʥʝ ʚʝʜʫʱʠʝ ʢ ʨʦʩʪʫ, ʢʘʢ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, 

ʪʘʢ ʠ ʙʝʟʦʧʘʩʥʦʩʪʠ;  

Å ʚʝʜʫʱʠʝ ʢ ʨʦʩʪʫ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, ʥʦ ʥʝ 

ʩʧʦʩʦʙʩʪʚʫʶʱʠʝ ʨʦʩʪʫ ʙʝʟʦʧʘʩʥʦʩʪʠ;  

Å ʚʝʜʫʱʠʝ ʢ ʨʦʩʪʫ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʥʦ ʥʝ 

ʩʧʦʩʦʙʩʪʚʫʶʱʠʝ ʨʦʩʪʫ ʵʬʬʝʢʪʠʚʥʦʩʪʠ;  

Å ʚʝʜʫʱʠʝ ʢ ʨʦʩʪʫ, ʢʘʢ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʪʘʢ ʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʢʦʤʧʣʝʢʩ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ 

ʩʨʝʜʩʪʚ ʢʦʥʪʨʦʣʷ ʩʦʩʪʦʷʥʠʷ ʫʟʣʦʚ 
ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʢʨʝʧʣʝʥʠʡ ʦʪʥʦʩʠʪʩʷ ʢ 

ʯʝʪʚʝʨʪʦʡ ʢʘʪʝʛʦʨʠʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʚʳʰʝʥʠʝ ʙʝʟʦʧʘʩʥʦʩʪʠ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʙʝʩʩʪʳʢʦʚʦʛʦ ʧʫʪʠ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʩʥʠʞʝʥʠʝ ʫʱʝʨʙʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʤʫ ʪʨʘʥʩʧʦʨʪʫ 

ʠʟ-ʟʘ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʚʳʙʨʦʩʦʚ ʧʫʪʠ ʧʨʠ 

ʜʚʠʞʝʥʠʠ ʚʩʝʭ ʚʠʜʦʚ ʧʦʝʟʜʦʚ. 

2. ʈɽɿʋʃʔʊɸʊʓ ʀ ʆɹʉʋɾɼɽʅʀɽ 

ʀʉʉʃɽɼʆɺɸʅʀʗ  

ʇʨʘʚʠʪʝʣʴʩʪʚʦʤ ʈʋʟ ʧʦʩʪʦʷʥʥʦ ʫʜʝʣʷʝʪʩʷ 

ʧʨʠʩʪʘʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʢ ʜʝʷʪʝʣʴʥʦʩʪʠ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʚ ʮʝʣʦʤ ʠ 

ʦʪʨʘʩʣʝʚʳʤ ʧʨʦʮʝʩʩʘʤ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʚ 

ʯʘʩʪʥʦʩʪʠ. ʇʨʠʥʠʤʘʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʯʘʩʪʠʝ ʚ 

ʜʣʠʪʝʣʴʥʳʭ ʧʨʦʮʝʜʫʨʘʭ ʧʦʜʛʦʪʦʚʢʠ, ʩʦʛʣʘʩʦʚʘʥʠʡ 

ʠ ʫʪʚʝʨʞʜʝʥʠʡ ʥʦʚʳʭ ʜʠʨʝʢʪʠʚʥʳʭ ʜʦʢʫʤʝʥʪʦʚ ʧʦ  

ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʚ ʨʘʟʣʠʯʥʳʭ ʚʳʰʝʩʪʦʷʱʠʭ 

ʠʥʩʪʘʥʮʠʷʭ, ʟʥʘʷ ʠ ʧʦʩʪʦʷʥʥʦ ʠʩʧʦʣʴʟʫʷ 
ʜʝʡʩʪʚʫʶʱʠʝ ʜʠʨʝʢʪʠʚʥʳʝ ʦʪʨʘʩʣʝʚʳʝ ʤʘʪʝʨʠʘʣʳ 

ʚ ʧʦʚʩʝʜʥʝʚʥʦʡ ʨʘʙʦʪʝ, ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʦʚ 

ʦʩʥʦʚʥʳʭ ʜʠʨʝʢʪʠʚ ʤʦʞʝʤ ʧʨʠʚʝʩʪʠ  3 ʜʦʢʫʤʝʥʪʘ 

[1,2,3]. ɺ ʧʝʨʚʦʤ ʜʦʢʫʤʝʥʪʝ  ï ɿʘʢʦʥʝ 
çʆ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʤ ʪʨʘʥʩʧʦʨʪʝè ʦʪ 30.09. 2024ʛ. 

-  ʦʪʨʘʞʘʝʪʩʷ ʩʠʩʪʝʤʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ 

ʪʨʘʥʩʧʦʨʪʘ ʈʋʟ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʨʝʙʦʚʘʥʠʷʤʠ 

ʩʦʚʨʝʤʝʥʥʦʡ ʨʳʥʦʯʥʦʡ ʤʦʜʝʣʠ. ɿʘʢʦʥ ʥʘʧʨʘʚʣʝʥ 

ʥʘ ʨʘʟʚʠʪʠʝ ʨʳʥʦʯʥʳʭ ʧʨʠʥʮʠʧʦʚ ʚ ʪʨʘʥʩʧʦʨʪʥʦʡ 

ʩʬʝʨʝ, ʫʛʣʫʙʣʝʥʠʝ ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʨʝʬʦʨʤ, 

ʩʦʟʜʘʥʠʝ ʫʩʣʦʚʠʡ ʜʣʷ ʧʨʝʜʧʨʠʥʠʤʘʪʝʣʴʩʢʦʡ 

ʜʝʷʪʝʣʴʥʦʩʪʠ ʚ ʦʪʨʘʩʣʠ, ʰʠʨʦʢʦʝ ʧʨʠʚʣʝʯʝʥʠʝ 

ʠʥʦʩʪʨʘʥʥʳʭ ʠʥʚʝʩʪʠʮʠʡ,   ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ 

ʤʝʞʜʫʥʘʨʦʜʥʦʛʦ ʩʦʪʨʫʜʥʠʯʝʩʪʚʘ ʚ ʩʬʝʨʝ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʝʨʝʚʦʟʦʢ. ɺʪʦʨʦʡ ʜʦʢʫʤʝʥʪ - 

ʇʦʩʪʘʥʦʚʣʝʥʠʝ ʇʨʝʟʠʜʝʥʪʘ ʋʇ-329 ʦʪ 
10.10.2023ʛ. ñʆ ʤʝʨʘʭ ʧʦ ʢʦʨʝʥʥʦʤʫ 

ʨʝʬʦʨʤʠʨʦʚʘʥʠʶ ʩʬʝʨʳ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ 

ʪʨʘʥʩʧʦʨʪʘ ʈʋʟò.  ɼʘʥʥʳʡ ʜʦʢʫʤʝʥʪ  ʦʧʨʝʜʝʣʠʣ 

ʨʷʜ ʘʢʪʫʘʣʴʥʳʭ ʠ ʮʝʣʝʚʳʭ  ʟʘʜʘʯ ʦʪʨʘʩʣʠ ʥʘ 

ʙʣʠʞʘʡʰʫʶ ʧʝʨʩʧʝʢʪʠʚʫ ïʚʥʝʜʨʝʥʠʝ 

ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʫʧʨʘʚʣʝʥʠʷ, ʵʬʬʝʢʪʠʚʥʦʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʨʘʥʟʠʪʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʝʪʠ ʨʝʩʧʫʙʣʠʢʠ,  ʫʩʢʦʨʝʥʠʝ 

ʨʘʙʦʪ ʧʦ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʠ ʮʠʬʨʦʚʠʟʘʮʠʷ ʙʠʟʥʝʩ-

ʧʨʦʮʝʩʩʦʚ, ʩʦʟʜʘʥʠʝ ʢʦʥʢʫʨʝʥʪʥʦʡ ʩʨʝʜʳ, 

ʨʝʬʦʨʤʠʨʦʚʘʥʠʝ ʦʪʨʘʩʣʠ ʩ ʚʦʚʣʝʯʝʥʠʝʤ ʯʘʩʪʥʦʛʦ 
ʩʝʢʪʦʨʘ ʠ ʪ.ʜ.  

ʊʨʝʪʠʡ ʜʦʢʫʤʝʥʪ ï ʈʘʩʧʦʨʷʞʝʥʠʝ ʇʨʝʟʠʜʝʥʪʘ 

ʈʋʟ ˉʌ-70 ʦʪ 31.12.2024ʛ. çʆʙ ʫʩʢʦʨʝʥʠʠ 

ʧʨʦʮʝʩʩʦʚ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʚ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ 

ʩʬʝʨʝè. ɺ ʜʦʢʫʤʝʥʪʝ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʚ ʮʝʣʷʭ 

ʧʦʚʳʰʝʥʠʷ ʠʥʚʝʩʪʠʮʠʦʥʥʦʡ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʩʪʠ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʬʝʨʳ, ʩʦʟʜʘʥʠʷ ʙʦʣʝʝ 

ʚʳʛʦʜʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ ʨʘʟʚʠʪʠʷ ʯʘʩʪʥʦʛʦ ʩʝʢʪʦʨʘ 

ʠ ʫʩʢʦʨʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʪʨʘʥʩʬʦʨʤʘʮʠʠ 

ʫʪʚʝʨʞʜʘʝʪʩʷ ɼʦʨʦʞʥʘʷ ʢʘʨʪʘ ʩ  ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ 

ʚʥʝʜʨʝʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʧʦʜʭʦʜʦʚ ʚ ʫʧʨʘʚʣʝʥʠʠ 

ʠʥʚʝʩʪʠʮʠʦʥʥʳʤʠ ʧʨʦʝʢʪʘʤʠ, ʰʠʨʦʢʦʛʦ 
ʧʨʠʚʣʝʯʝʥʠʷ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʬʠʥʘʥʩʦʚʳʭ 

ʦʨʛʘʥʠʟʘʮʠʡ ʢ ʧʨʦʝʢʪʘʤ ʪʨʘʥʩʬʦʨʤʘʮʠʠ, ʦʙʫʯʝʥʠʷ 

ʠ ʧʦʚʳʰʝʥʠʷ ʢʚʘʣʠʬʠʢʘʮʠʠ ʨʘʙʦʪʥʠʢʦʚ ʧʨʦʝʢʪʦʚ 

ʪʨʘʥʩʬʦʨʤʘʮʠʠ, ʧʦʚʳʰʝʥʠʷ ʦʪʚʝʪʩʪʚʝʥʥʦʩʪʠ 

ʨʫʢʦʚʦʜʷʱʠʭ ʨʘʙʦʪʥʠʢʦʚ ʦʪʨʘʩʣʠ ʟʘ 

ʩʚʦʝʚʨʝʤʝʥʥʦʝ ʧʨʝʜʦʩʪʘʚʣʝʥʠʝ ʟʘʧʨʘʰʠʚʘʝʤʳʭ 

ʧʨʠʚʣʝʯʝʥʥʳʤʠ ʟʘʨʫʙʝʞʥʳʤʠ ʢʦʥʩʫʣʴʪʘʥʪʘʤʠ 

ʩʚʝʜʝʥʠʡ ʧʦ ʪʨʘʥʩʬʦʨʤʘʮʠʠ. ʇʨʝʜʫʩʤʦʪʨʝʥʦ 

ʩʦʟʜʘʥʠʝ ʨʘʙʦʯʝʡ ʛʨʫʧʧʳ ʩ ʰʠʨʦʢʠʤʠ 

ʧʦʣʥʦʤʦʯʠʷʤʠ ʧʦ ʨʝʘʣʠʟʘʮʠʠ ʧʨʝʜʫʩʤʦʪʨʝʥʥʳʭ 

ɼʦʨʦʞʥʦʡ ʢʘʨʪʦʡ ʤʝʨʦʧʨʠʷʪʠʡ.  
ʆʩʥʦʚʥʦʡ ʮʝʣʴʶ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʠ ʨʝʬʦʨʤ ʚ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʦʪʨʘʩʣʠ ʋʟʙʝʢʠʩʪʘʥʘ ʷʚʣʷʝʪʩʷ 

ʚʥʝʜʨʝʥʠʝ ʩʦʚʨʝʤʝʥʥʳʭ ʙʠʟʥʝʩ-ʤʝʭʘʥʠʟʤʦʚ, 

ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʩʪʚʫʶʪ ʨʘʟʚʠʪʠʶ ʥʝ ʪʦʣʴʢʦ ʩʘʤʦʡ 

ʢʦʤʧʘʥʠʠ ɸʆ ʋʊʁ, ʥʦ ʠ ʷʚʣʷʶʪʩʷ 

ʜʨʘʡʚʝʨʦʤ ʫʩʪʦʡʯʠʚʦʛʦ ʨʘʟʚʠʪʠʷ ʚʩʝʡ ʵʢʦʥʦʤʠʢʠ 

ʈʋʟ. ʇʨʠʦʨʠʪʝʪʦʤ ʨʘʙʦʪʳ ʤʝʥʝʜʞʤʝʥʪʘ ʦʪʨʘʩʣʠ 

ʦʩʪʘʝʪʩʷ ʙʝʩʧʝʨʝʙʦʡʥʘʷ ʨʘʙʦʪʘ ʞʝʣʝʟʥʦʡ ʜʦʨʦʛʠ, 

ʧʦʚʳʰʝʥʠʝ ʝʝ ʦʧʝʨʘʮʠʦʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ 

ʬʠʥʘʥʩʦʚʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ, 

ʢʣʠʝʥʪʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʩʪʴ ʠ ʧʨʦʟʨʘʯʥʦʩʪʴ 
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ʜʝʷʪʝʣʴʥʦʩʪʠ ʢʦʤʧʘʥʠʠ. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʧʦʩʪʘʚʣʝʥʥʳʭ ʛʦʩʫʜʘʨʩʪʚʦʤ ʤʘʩʰʪʘʙʥʳʭ ʟʘʜʘʯ ʚ 
ʦʪʨʘʩʣʠ ʨʘʟʨʘʙʦʪʘʥʘ çʉʪʨʘʪʝʛʠʷ ʨʘʟʚʠʪʠʷ ɸʆ 

ʋʊʁ - 2030è, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪ ʮʝʣʝʚʳʝ 

ʧʘʨʘʤʝʪʨʳ ʨʘʟʚʠʪʠʷ ʢʦʤʧʘʥʠʠ.  ɻʣʘʚʥʳʤʠ 

ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʫʩʢʦʨʝʥʠʷ ʧʨʦʮʝʩʩʦʚ 

ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʚ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʬʝʨʝ 

ʧʨʠʥʷʪʳ: 

- ʨʝʦʨʛʘʥʠʟʘʮʠʷ ʧʨʦʮʝʩʩʦʚ ʫʧʨʘʚʣʝʥʠʷ 

ʜʝʷʪʝʣʴʥʦʩʪʴʶ ɸʆ ʋʊʁ; 

- ʮʠʬʨʦʚʠʟʘʮʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ 

ʩ ʨʘʟʨʘʙʦʪʢʦʡ ʩʪʨʘʪʝʛʠʠ ɸʆ ʋʊʁ ʚ ʜʘʥʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ; 

- ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʩʠʩʪʝʤʳ ʟʘʢʫʧʦʢ ʩ 
ʚʥʝʜʨʝʥʠʝʤ ʢʦʤʧʣʘʝʥʩ-ʢʦʥʪʨʦʣʷ; 

- ʧʦʚʳʰʝʥʠʝ ʦʧʝʨʘʮʠʦʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ 

ʩʦʢʨʘʱʝʥʠʝ ʟʘʪʨʘʪ; 

- ʦʙʝʩʧʝʯʝʥʠʝ ʫʩʪʦʡʯʠʚʦʛʦ ʨʘʟʚʠʪʠʷ ʥʘ ʦʩʥʦʚʝ 

ʧʝʨʝʜʦʚʦʛʦ ʟʘʨʫʙʝʞʥʦʛʦ ʦʧʳʪʘ ʧʨʠʤʝʥʝʥʠʷ 

ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʜʝʷʪʝʣʴʥʦʩʪʠ 

ʦʪʨʘʩʣʠ;  

- ʨʝʘʣʠʟʘʮʠʷ ʧʨʦʝʢʪʦʚ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʩ 

ʧʨʠʚʣʝʯʝʥʠʝʤ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʬʠʥʘʥʩʦʚʳʭ 

ʠʥʩʪʠʪʫʪʦʚ; 

- ʨʝʘʣʠʟʘʮʠʷ ʠʥʬʨʘʩʪʨʫʢʪʫʨʥʳʭ ʧʨʦʝʢʪʦʚ. 
ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʦʩʪʘʥʦʚʠʤʩʷ ʥʘ ʨʝʘʣʠʟʘʮʠʠ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʥʳʭ ʧʨʦʝʢʪʦʚ.  ʋʩʧʝʰʥʘʷ 

ʨʝʘʣʠʟʘʮʠʷ ʚʥʫʪʨʝʥʥʠʭ ʠ ʟʘʨʫʙʝʞʥʳʭ 

ʠʥʚʝʩʪʠʮʠʦʥʥʳʭ ʧʨʦʝʢʪʦʚ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ 

ʩʪʨʦʠʪʝʣʴʩʪʚʘ ʷʚʣʷʝʪʩʷ ʥʘʛʣʷʜʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ  

ʧʦʜʨʷʜʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ɸʆ ʋʊʁ. ɺ ʊʘʙʣ.1 

ʧʨʠʚʝʜʝʥ ʧʝʨʝʯʝʥʴ ʟʘʚʝʨʰʝʥʥʳʭ ʩʠʣʘʤʠ 

ʩʪʨʦʠʪʝʣʝʡ ɸʆ ʋʊʁ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʨʦʝʢʪʦʚ ʩ  

2005 ʛʦʜʘ ʧʦ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʩʪʨʦʷʱʠʭʩʷ 

ʦʙʲʝʢʪʦʚ ʩʦ ʩʨʦʢʦʤ ʩʜʘʯʠ ʚ ʵʢʩʧʣʫʘʪʘʮʠʶ ʜʦ 2027 

ʛʦʜʘ, ʘ ʪʘʢʞʝ ʪʨʝʭ ʥʦʚʳʭ ʧʨʦʝʢʪʦʚ ʥʘ ʩʪʘʜʠʠ 

ʧʨʝʜʧʨʦʝʢʪʥʦʡ ʧʦʜʛʦʪʦʚʢʠ. ʇʨʠ ʵʪʦʤ ʟʘʤʝʪʥʦ, ʯʪʦ 
ʦʩʥʦʚʥʦʡ ʫʧʦʨ ʜʝʣʘʝʪʩʷ ʥʘ ʧʨʦʝʢʪʳ ʧʦ 

ʵʣʝʢʪʨʠʬʠʢʘʮʠʠ - ʚ ʊʘʙʣ.1 ʚʠʜʥʦ, ʯʪʦ ʠʟ 15 

ʢʨʫʧʥʳʭ ʧʨʦʝʢʪʦʚ 12 (80%), ʧʦʩʚʷʱʝʥʳ 

ʵʣʝʢʪʨʠʬʠʢʘʮʠʠ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʳʭ ʫʩʠʣʠʡ ɸʆ 

ʋʊʁ  ʧʦ ʨʘʟʚʠʪʠʶ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʝʪʠ,  ʥʘ 

ʥʘʯʘʣʦ 2026ʛ. ʦʙʱʘʷ ʧʨʦʪʷʞʝʥʥʦʩʪʴ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʣʠʥʠʡ ʚ ʋʟʙʝʢʠʩʪʘʥʝ 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 7,5 ʪʳʩ. ʢʤ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʧʨʦʪʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʬʠʮʠʨʦʚʘʥʥʳʭ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʣʠʥʠʡ ʩʦʩʪʘʚʣʷʝʪ ʙʦʣʝʝ 50%  
ʩʝʪʠ.  ʅʝʜʘʚʥʦ ʟʘʚʝʨʰʝʥʘ ʵʣʝʢʪʨʠʬʠʢʘʮʠʷ ʠ 

ʚʚʝʜʝʥʦ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʝ ʜʚʠʞʝʥʠʝ ʥʘ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʣʠʥʠʠ ɹʫʭʘʨʘ-ʄʠʩʢʝʥ-ʋʨʛʝʥʯ-

ʍʠʚʘ ʩ ʩʦʚʨʝʤʝʥʥʳʤ ʧʘʩʩʘʞʠʨʩʢʠʤ ʧʦʜʚʠʞʥʳʤ 

ʩʦʩʪʘʚʦʤ ʧʨʦʠʟʚʦʜʩʪʚʘ ʂʦʨʝʠ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʟʘʚʝʨʰʘʶʪʩʷ ʨʘʙʦʪʳ ʧʦ ʵʣʝʢʪʨʠʬʠʢʘʮʠʠ ʠ 

ʧʦʜʛʦʪʦʚʢʝ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʜʚʠʞʝʥʠʷ ʥʘ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʣʠʥʠʠ ʄʠʩʢʝʥ-ʅʫʢʫʩ. 
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ʧʨʦʝʢʪʳ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʩʪʨʦʠʪʝʣʴʩʪʚʘ ɸʆ 

ʋʊʁ 

 ̄ ʅʘʠʤʝʥʦʚʘʥʠʝ ʦʙʲʝʢʪʘ ɻʦʜʳ 
ʨʝʘʣʠʟ
ʘʮʠʠ  

1 ʉʪʨʦʠʪʝʣʴʩʪʚʦ ʥʦʚʦʡ 
ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʣʠʥʠʠ 
(ʞ.ʜ.ʣ.) ʊʦʰʛʫʟʘʨ ï ɹʘʡʩʫʥ - 
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ï ʄʘʟʘʨʠ-ʐʘʨʠʬ 

2010-
2011 

4 ʕʣʝʢʪʨʠʬʠʢʘʮʠʷ  ʞ.ʜ.ʣ.  
ʊʘʰʢʝʥʪ ï ʉʘʤʘʨʢʘʥʜ 
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1
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1
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ʕʣʝʢʪʨʠʬʠʢʘʮʠʷ ʞ.ʜ.ʣ.  ʅʘʚʦʠ 
- ʋʯʢʫʜʫʢ   

ʅʘ 
ʩʪʘʜʠʠ 
ʊʕʆ 

1
5 

ʄʦʜʝʨʥʠʟʘʮʠʷ ʩʫʱʝʩʪʚʫʶʱʝʡ 
ʣʠʥʠʠ ʠ ʩʪʨʦʠʪʝʣʴʩʪʚʦ ʚʪʦʨʳʭ 
ʧʫʪʝʡ ʵʣʝʢʪʨʠʬʠʮʠʨʦʚʘʥʥʦʡ 
ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʣʠʥʠʠ 
ʊʘʰʢʝʥʪ ï ɸʥʛʨʝʥ  

ʅʘ 
ʩʪʘʜʠʠ 
ʊʕʆ 

ʇʨʦʝʢʪʳ  ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʩʪʨʦʠʪʝʣʴʩʪʚʘ 

ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ (ʥʦʚʦʝ 

ʩʪʨʦʠʪʝʣʴʩʪʚʦ, ʚʪʦʨʳʝ ʧʫʪʠ ʠ ʨʝʢʦʥʩʪʨʫʢʮʠʷ,  

ʵʣʝʢʪʨʠʬʠʢʘʮʠʷ) ʠʤʝʶʪ ʦʪʣʠʯʠʪʝʣʴʥʫʶ 

ʠʥʚʝʩʪʠʮʠʦʥʥʫʶ ʦʩʦʙʝʥʥʦʩʪʴ - ʚʦ ʚʩʝʭ 

ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʧʨʦʝʢʪʘʭ, ʥʘʨʷʜʫ ʩ ʤʝʩʪʥʳʤʠ 

ʢʦʤʧʘʥʠʷʤʠ, ʤʦʛʫʪ ʫʯʘʩʪʚʦʚʘʪʴ: 1) 
ʤʝʞʜʫʥʘʨʦʜʥʳʝ ʬʠʥʘʥʩʦʚʳʝ ʠʥʩʪʠʪʫʪʳ; 2) 

ʠʥʦʩʪʨʘʥʥʳʝ ʧʦʜʨʷʜʯʠʢʠ, ʚʳʧʦʣʥʷʶʱʠʝ 




