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Abstract. Earth dams are the most commonly constructed type of dam worldwide. They are made from local materials, 

making them significantly more cost-effective than concrete dams. When designing earth dams situated in seismic zones, 

it is crucial to pay special attention to their structural integrity. Each earth dam has unique design specifications and 

location. The Charvak Dam, built in the Tashkent region, plays a vital role in supplying drinking water and electricity to 

the population. This article focuses on the dynamic analysis of the stress-strain behavior of earth dams under dynamic 

loads. A developed method for solving wave problems is employed to determine the stress-strain state of earth structures, 

specifically earth dams. The finite difference method is utilized to create an algorithm for solving problems, along with 

calculation formulas of the second-order accuracy in time and space. One of the key advantages of this method is its ability 

to implement complex nonlinear deformation models that account for structural changes and variations in soil moisture 

content. Using the Charvak Dam as a case study, the distribution of stresses across the dam's cross-section is determined 

considering its weight. Additionally, the dynamic response of the earth dam under seismic loads is analyzed numerically. 

The study quantifies the stress-strain state of the dam and tracks the changes in stresses, strains, and displacements at 

specific points within the dam over time. 

INTRODUCTION 

The potential for catastrophic consequences resulting from the failure of earth dams places a heightened demand 

on their reliability, which is reflected in relevant design standards. However, the processes that determine the 

performance of an earth dam built on natural foundations are still not sufficiently studied. Numerous scientists have 

conducted research on the strength, deformation and stability of earth dams under the influence of dynamic and static 

forces [1-15]. Predicting changes in stress and strain within earth dams due to various loads—such as the self-weight 

of the soil, water pressure, and seismic impacts—relies on understanding the soil's deformability and strength under 

stress conditions. The distribution of stress and strain is significantly influenced by the physical and mechanical 

properties of the soil within the dam body and its foundation, as well as by the geometric parameters of the structure, 

fluctuations in reservoir levels, seismic impacts, and other factors. Numerical methods are employed to assess the 

stress-strain state of dams. The design justification for the strength of an earth dam must be based on conditions that 

prevent ultimate limit states. Additionally, stress and strain values should be determined through an analysis of various 

parameters, including the results of stress-strain state calculations for the earth dam. This article aims to develop a 

method for analyzing the dynamic behavior of earth dams using the principles of the mechanics of deformable rigid 

bodies and to provide justification for this approach. 

PROBLEM STATEMENT AND SOLUTION 

We consider earth dams built on a rigid foundation (see Fig. 1). If the length of the dam is significantly greater 

than its width and height, its motion can be treated as a plane-strain problem. When seismic forces are applied to the 

foundations of earth dams (see Fig. 2), the particles within the dam's material begin to move. The equation of motion 

for an earth dam is as follows: 
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Here, х, у   are the particle velocities in the x and y directions; Sxx, Sуу, xy  are the deviator stress components; ρ is 

the density of the medium; P is the pressure. 

 
FIGURE 1.  Cross-section of an earth dam 
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FIGURE 2. Velocigrams recorded during the earthquake at the base of the Charvak Dam 

 

Naturally, the total stresses are determined by the following formulas: 
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The dam deformation model is taken in the form of nonlinear equations: 
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The general dependence of the ultimate strength vs pressure in the generalized von Mises condition has the 

following form: 
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Here, K and G are the bulk compression and shear moduli, respectively; V=ρ0/ρ is the relative volume; Y0 is the 

cohesion; μ is the friction coefficient; YPL is the ultimate shear strength of the rock fill;   is the functional defined by 

the following formulas: 
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It is necessary to add to the system of equations (1)–(7) the relations linking the components of the strain rates 

with the mass velocities. The soil continuity equation has the following form: 
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Consider the mechanical parameters of soil as functions depending on the moisture content in the following form: 

 ( ) ( )( )WKsatW IKIK −= 1exp  (11) 
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Here, Ksat  is the modulus of volume compression, Gsat is the modulus of shear, csat  is the cohesion force, μsat- is 

the coefficient of the angle of internal friction of completely saturated soil. IW is the parameter of the extent of soil 

moisture content; W is the current soil moisture content; Wsat  is the moisture content corresponding to complete water 

saturation. 

Thus, the system of differential equations (1)–(15) is closed and, with initial and boundary conditions, describes 

the pattern of dynamic behavior and stress-strain state of an earth dam. The slopes and crest of the dam are assumed 

to be stress-free. The initial conditions are assumed to be zero. 

The geometric dimensions of the earth dam are: height – 168 m, upper section width – 12 m, lower section width 

– 664 m, upper slope – 1:2, lower slope – 1:1.9, central core widths – 110 and 12 m. The following physical and 

mechanical parameters of the earth dam were taken: for the slope: the density - 1980 kg/m3, the modulus of elasticity 

-Edam=6210 MPa, the Poisson's ratio - νdam=0.3. The slope strength indicators (cohesion, friction coefficient, ultimate 

shear strength) were Y0=µ/800, µ=0.4,   Ydam=20Y0 . For the core: the density - 1760 kg/m3; the modulus of elasticity 

- Ecore=3105 MPa; the Poisson's ratio - νcore=0.3. The slope strength indicators (cohesion, friction coefficient, ultimate 

shear strength) were Y0=µ/1000, µ=0.3,  Ycore=20Y0. 

RESULTS 

We will consider numerical solutions to the dynamic problems posed, using the finite difference method and the 

scheme proposed by M. Wilkins for a quadrilateral mesh. In non-stationary problems, one independent variable—

time (t) - is particularly important. Discretization of the problem with respect to this variable means that the calculation 

is performed with discrete time steps, each representing the transition from the state at time t0 to the state at time t0 + 

Δt. The advantage of Wilkins' scheme is that the time step Δt is automatically determined during the calculation 

process based on stability and accuracy, allowing it to be adjusted as needed. 

To solve the static problem, we used the Plaxis 2D program, which is based on the finite element method. In this 

case, the water pressure and moisture content of the earth dam were taken into account. 
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For the dynamic forces, we applied harmonic forces. When a harmonic load is applied to the foundation of an earth 

dam, it causes movement in the particles within the dam body, resulting in deformation of the soil inside the dam. 

  
(a) (b) 

FIGURE 3. Change in horizontal (a) and vertical (b) stresses over time. 

The blue line is point A, the green line is point B, the black line is point C, and the red line is point D. 

 

 

 

FIGURE 4. Isolines of horizontal displacements on the cross-section of the dam 
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FIGURE 5. Horizontal displacement diagram in the middle of an earth dam 

 

 
FIGURE 6.  Isolines of vertical displacements of an earth dam on the cross-section of the dam 
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FIGURE 7. Vertical displacement diagram at the middle of an earth dam 

  

FIGURE 8.  Isolines of vertical stresses of an earth dam on the cross-section of the dam 
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FIGURE 9.  Vertical stress diagram at the middle of an earth dam 

 

 

FIGURE 10.  Horizontal stress diagram at the middle of an earth dam 

 

ANALYSIS OF RESULTS 

Figure 3 shows the change in horizontal and vertical stresses over time in the cross-section of an earth dam under 

the action of seismic forces. In this figure, the blue, green, black, and red curves represent stress changes at points A, 

Auto-generated PDF by ReView 3rd International Conference Advanced Mechanics: Structure, Materials, Tribology

044SultanovAMSMT2025.docxMainDocument AIPP Review Copy Only 8



B, C, and D, respectively. Analyzing these figures, we can conclude that the greatest horizontal and vertical stresses 

occur at the lowest point, point D, i.e., the highest horizontal stress is -2 MPa, and the highest vertical stress is -3.6 

MPa.  

The contour line illustrating horizontal displacements in the cross-section of the earth dam is presented in Figure 

4. The maximum-recorded horizontal displacement was 10.2 mm. Figure 5 displays the horizontal displacement 

diagram for the center of the earth dam. This horizontal displacement shifts to the right due to the water pressure from 

the left. In the center of the earth dam, the displacement increases from the bottom to the top, starting at zero at the 

bottom and reaching its maximum value at the very top. Figure 6 depicts the contour line of vertical displacements in 

the cross-section of the earth dam. The greatest vertical displacement of the earth dam is observed at the crest of the 

upper section, measuring -40.1 mm. Figure 7 illustrates the vertical displacements in the middle of the earth dam, 

indicating that the settlement at the base is zero, while the maximum displacement occurs in the upper section. Figure 

8 presents the contour lines of vertical stresses in the cross-section of the earth dam. This figure shows that the highest 

vertical stress is located in the central lower part of the dam. Notably, the stress values on the slope above the water 

level and the right slope are zero. In Figure 9, the diagram of vertical stresses in the middle of the earth dam indicates 

that the maximum vertical stress is also zero, and the lower part exhibits a significant stress value of -3.09 MPa. 

Figure 10 illustrates the diagram of horizontal stresses in the middle of the earth dam. Here, we can conclude that the 

maximum value of vertical stress is zero, and, at the very bottom, it has a high value of -2.05 MPa. 

CONCLUSION 

• The stress-strain state of the Charvak earth dam was evaluated under seismic loading, considering the 

moisture content of the dam material along with water pressure and the dam’s weight.  

• Changes in horizontal and vertical stresses at key points of the dam were analyzed in response to seismic 

action. 

• The static problem of the earth dam was addressed, resulting in the creation of isolines and diagrams that 

represent displacement and stress components, taking into account the moisture content of the dam 

material and water pressure.   

• Analysis of the generated graphs, which account for water pressure, indicates that the greatest vertical 

displacements occurred at the top of the dam, with vertical stresses reaching -40.1 mm and horizontal 

stresses measuring 10.2 mm. 
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insitutjon Иlеrе the Author ]s e,'llployed, pгovided по fee ls фаrgеd fo, access to the
Worji,
USe the voR for internal training and попсоmmеrсiаl buýinesý purpo8es Ьу thё
АШhог s еmрlоувr.
USe the VoR iп oral presentatjons made Ьу the Аuthог, such as а[ сопfеrопееs,
meetings, seminars, etc., provlded thoýe гесеiчiпg copies аге iпfоrmеd that they may
not fll(hеr сору оr d stnbute the WO,k,

Distгibute the VoR to фIleagues for попсоmmегсiаl Sch0lafiy uýe, pюv]ded those
rесеlчiпg copies ara irtf0пTed that they mау поt fuгthеr фру 0r dislribute the Wогk.
Poýt the VOR to their Ёýо{isl web page ог their еrпрlоуеrs web page 12 months
aff еr pub]icat]on Ьу AlP Publishing,
Depsit the VoR in ап institutlona] orfunder-designated героSitоry 12 months аftеr

рUЬ ication Ьу AlP PijbliShing,
Update а рriог posting With the VoR 0п а попсоmп]еrсiаl Sеrчеr ýuсh as arXiv, 12

months аftег pUbjicat]on Ьу AlP Publishing.

6,

7,

8.

9.

t1

1?,

Ачthоr wаrrапtiеs

Each Ацthоr апd copydght Gд,пёr fёрrýепts and warЁnts lo AlP Publiýhing ftё fulloцliflg;

1 , The WOrk iS the origi паl iпdёрелdепt сrеаti0п of each Аuthог апd does not infл пgб
any copyright 0г violate апу 0thвг пght of алу thiгd party,

2, The Wоrk has not Ьееп ргечIоUý]у published апd iS поt being сопSidеrёd fоr
pub]cation еlsеwhеrе in апу fоrгп, except aS а рrергiпt оп а попсоmmегсiаl sеruеr
SUch aS агХiч, 0r iп а thosiý ог dissertation,

3. Written pem]Ssion has Ьееп obИined for апу mаtеriаl usёd fr0m other sources and
copies о{ the репп]ssiоп g!,ants have been supp]ied to AlP Pubiishing to Ье included
in the mапuSсriрt file,

4. All th]rd-party mаtеrjs] for Which реппiss]оп has Ьееп obtained has Ьееп ргOреrlу
credited Wthin the mапUSсгiрt.

5, lп the event that the Author iS Subject t0 UпlчеБltу 0ре0 access policies 0г other
iБtrtutiona гeSEict]oБthatconf]ictWithanyof therightsorprovisionsofthrsLicense,
SUch AUthor has 0btained the necessary }чаiчеr from his ог hеr universjty 0r institution.

ThisLicenseпustbeSignedbytheAutho(S) and inthecaýeofaWoгkMadetoгHire,alsobythe
copyright ОWпеБ, Опе Authorlcopyrlght ОWпег may sign 0п behaif of all the сопtriЬutоrslоwпsБ
опiу i{ they all have authonzed the signing, approved of the License, and аgгаеd to Ье bound Ьу it.
Тhе ýigning Author and, in thв casa of а Work Made fог Hire, the Signing Соругight О8пеr wагrапts
that hё/ýhe/it has Ju]l auth0rity to ёпtёг intO this LiсеrБе апd to make the gгапtS Иis Licёnse contains.

1, The Аuthоr must please sign hеrе is а U.S, then
please sign uпdеr #3 beiow)

karim sultanov 28.11.2025
Autho(s) Signature Print Name

2. The Соругiоht 0wпеr fгOm the Autho0 mшSt please sign hеге:

Name оf copyright owner Authoгized Signature and Title Date

З. lf ап Author ]s а U,S. Gочеrпmепt employBe, SUch Author must please sign beiow,
The signing AUthoi certilies that the W0* WaS чrrittеп aS ра( of hisfiег Ofi]cial duties апd ls therefore
not elig]Ыe fог copyгight proteclion iп the United Stat8s.

Name of U.S, Gочеrлmепt lnýtjtution (e,g,. Naval Research Laboratory, NIST)

Date

PLEASE NоТЕ: |tlATlONAL ЦВоRАтоRIЕS тНАт ARE ýPONSORED ВY U.S, GоVЕRNмЕNт
AGENCIEý BUT ARE INDEPEi}DEýTLY RUN АRЕ Nот соNS|DЕRЕD GоVЕRNмЕNт
iNSTITUTiONS. (Fоr axamplo, Аrgшппэ, Вюоkhачеп, Lawвnee Lir/еrпrlоfе, ýandia, and othaБ,}
Aultto{ý at thase typsý of inslitulioпs shou|d sign under #,| от #2 аЬоче.

i' the WOrk was аUthоrеd undёr а U.S. Goчёrпmепt сопtгасt, and the U,S, Gwemmeilt wishes tO

r€dain for iвelfand others acting 0п jts behalf. а paid-up, попвхсlusiче, irrечOсаЫе, wondФde i,censa
jn tha WOfk t0 rергоduее, рfараrё Jfivative w0rks {r0m, distributa cop]es to lhe public, реrform
publicly, and diýplay publiely, Ьу 0r оп behalf 0l ti1ё Govefnrn8nt, pleaýe ciieek Ие Ьох ЬоlоW апd
add the rеlечапt Сопtгасt пumьев,

if

tr contвct #(S) l1,16.1j
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Ассеэtеd iiаячsс{iрt {АШ): The fiпаl чеrsiоп g{ ап authods mапчsсriрt that has
Ьееп acceptd {ог puýication and incorporates all tie editorial сhапgеs made to

the mапusоilрt after submission апd рееr review, The АМ does not yet reffect апу
of the publisher's enhancements to the wоrk sчф as copyФiiing, pagination, and
other standard fоrmаttiпg.

аrХiu Arr elecfonic archive and distribution ýerver fоr rеsеаrй artide preprints in

the fiеtdэ of фрiсs, rnathematics, соmрutёr science, quantitative biology,
quantitaiirв fiпапсё, and statistics, whiф is оъчпеd and орегаtеd Ьу Соrпеll
Univetsity, httn://aпiv,orq/.

Commercial апd попсоmmаrсiаl Echolarly use: Nолсоmrпеrciаl schotarly uses
аrе those that fuфer the research рrосеss for authoв апd rеsеаrсhеý оп ап
individuai basis for their оwп реrsопаl purpоses. They аrе ачthог-tо-ачtrоr
interactions meant for the ехсhапgе of ideas. Саmmейаl чsеs fall outside the

author-tbauthor ехФапgе апd include but are not limited to the copying оr
distTibution о{ ап a*ide, either in hard сору fотm or dBctюnically, Фr rвsale оr
licensing to а third party; posting of the АМ or VOR of ап arlicle Ьу а site оr seМce
whеrs an access fee is ФаrgФ or йiсh is supported Ьу соrпmеrсiаl paid

advertising оr sponsoвhip; use Ьу а fоrgrоfit епtiф for апу type of promotional

рчФOsе. Соrпmеrсiаl uses require the permission of AlP Publishing,

ЕmЬагqо ýёriоd: The priod of timB during whiф free access to he full text of ап
article is ddapd,

ЕmоIоче/s wеЬ раgе: А wеЬ page оп ап еmрlоуе/s site йat highlighis the
accom$ishments and reseach interests of the company's еmр|оуееs, йich
usually includes fiair pub|ications. (See also; Personal wеЬ page and ýcholarly
Collaboration Network).

Ехсlчзitл License Ь publish: Ап exclusive license to publish is а written

аgrееmепt iп whiФ tire copyright оwпеr gives ihe рчЫýhеr exclusivity over сеrtаiп
inherent rights associated wih the copyright iп the wоrk. Those rights iпсlчdе the

right io rерrоduсэ the work, to distribuФ сорiеs of the wоrk, to реrfоrm апd display
the wогk publicly, and to authorize others to do the sаmе, The publisher does not

hald the copytight to the wой, whiф oontinuв to reside with the author. The terms
of trЪ ýР Pцblishing License io Publish епшчrаgе authors to make full use of thвir

wоrk and help them to mmр|у йth requirements impsed Ьу еmрlоуеrs,

instittlýons, and fu пdев.

Fчll Сrеdit Line: AlP Publishing's ргеfеrгеd format fоr а credit line is as follows

{you will пееd to iпsеrt the specifc citation information iп place of the capital
letters): "Reproduced from IFULL ClTATlON]. with the permission of А|Р
Publishing." А FULL C|TATION would арреаr as: Jоurпаl аЬЬгечiаtiоп, чоlumе

пumЬеr, aftide lD пumЬеr оr page пчmЬеr (уеаф. Fоr ехаmр|е: Appl. Phys. Lett.

107,021102 (2015),

lnstitutional repositorv: А uпiчегsiý ог research instifution's digital collection of

аrtiсlеs that have Ьееп authored Ьу its staff and which аrе usually made publicly

accessible. As ацthоrs аrе encouвged апd sometimes required to include their
published articles iп thеiг institution's rероsitоry, йе mаjопtу of publishers allow fог

deposit of the Acoepted Manuscript fоr this purpose. AlP Publishing also a|lows for
the VОR to Ье deposited 12 months аftеr publication of the Work.

Jоцrпаl editorial office: The contact point for authorý сопсеrпiпg matters relaied
to the publication of their manuscripts, Contact information fоr the jaumal editorial
offices mау Ье fочпd оп the jоurпаl websites under the "About" tab,

Linkinq to the Veвion of Record [VOR}: То create а link to уоur article in ап AlP
Publishing ,ioumal оr proceedings, you need to know the CrossRef digital object
identifier {doi}. You сап find the doi оп the article's аЬstгасt page. Fог instructlons
0п liпkiпg, please refer to our Web Posting Guidelines at

Nаtiола| Laboratories: National laboratories are sponsored апd funded Ьу the
U.S. Gочеmmепt Ьчt have iпdерепdепt попрrоfit affiliations апd еmрlоу private

sector rеsourсеý, These institutions аrе classifiф as Federally Fuпded Rеsеагсh
апd Deveiopment Сепlев {FFRDСs}, Authors wo*ing at FГRСs аrе поt

considered U.S, Gочеmmепt employees for the puposes of copyright. The Master
GочегпmепtListоfFFRDСsmауЬfоuпdаt:,:.,,',., :,' .,.
Реьопа| wеЬ paqe: А web page that is hosted Ьу the author or the authols
institution and is dedicated to the author's реrsопаl rеsеаrсh inteгests апd
publication history, An authot's рrоfilе page оп а social media site оr scholar|y

collaboration network site is nof considered а personal web page, (See also:
Sсhоlаrlу СоllаЬоrаtiоп Netwиk; Employels web page).

Рееr X-Press: А web-based mапчsсriрt sчЬmissiоп system Ьу which authors

submit their manuscripts to AlP Publishing fоr publication. соmmuпiсаtе with the

editorial offices, апd track the status of their suьmissiопs. The Рееr x-press
system provides а fully e|ectronic mеапs of completing the License to Publish. А
hаrd сору of the Аgrееmепt will Ье supp|ied Ьу the editorial off]ce if ihe author is

uпаЬlе to complete the electronic чеrsiоп of the form, (Сопfеrепсе Proceedings
аuthогs will сопtiпuе to submit their manuscripts апd forms direcfly to the
Соп{еrепсе Editors.)

!дgддiд!. А чеrоiоп of ап author's manuscrtpt intended fоr publication but that has
паt Ьееп рееr reviewed апd does not reflect any editorial iпрut or publlsher
епhапсеmепts.

Professiona| Publication Ethics: AlP Publishing provides iпformаtiоп оп what it

expects frоm authors iп its ''Statement of ethics апd responsibilities of authors
submitting to AlP Publishing journals" ( , , . ,, ,. ., ). AlP
Publishing is also а mеmЬеr of the Committee оп Pub|ication Ethics (СОРЕ)

, ., which provides пumеrоus rеsourсеs апd guidelines
for authoв, editors, and publisheB with regard to ethical standards and accepted
practices in scientific publishing.

Scholarlv Collaboration Network {SСШ: Рrоfеssiопаl пеМоrkiпg sites that
facilihte collaboration аmопg геsеаrоhеrs as well as the shаriпg of data, resulis,
and publications, SCNs include sites such as Academia,edu, ResearchGate, and
Mendeley, аmопg others.

Suррlеmепtаrч Material: Rdatф material that has Ьееп judged Ьу рееr review
as being reievant t0 the цпdеrstапdiпg of the article but that mау Ье too lепgthу оr
of too limited interest for inclusion in the article itself. Suррiеmепtаry Material may
indude data tables оr sets, appendixes. mочiе or audio dips, or other multimedia
files.

U.ý. Gочеmmепt еmпlочееs; Ачthоrswоrkiпg at Gочеrпmепt organizations who
аuthоr works as part of their official dutieg апd whо аrе поt аЬlе to license rights to
th€ Wоdq siпсё п0 copyright exists. Gочеmmепt vyorks аге in the public dоmаiп
within the united ýtates.

YeBion of Record {VORI: The final published veвion of the artide as it арреаrs
iп the фпtеd jоumаl/рrосееdiпgs 0r оп the Scitation wgbsitё. li incorporates all
editorial input, is fоrmаttеd in the рuЫishе/s standaгd sýlе, апd is usual|y viвwd
in РDF form.

lUаiчеr: А request made to а university or iпstitufiоп to ехеmрt ап article from its

open€ccess policy rэqчirеmепts. Fоr example, а conflict will exist with апу policy
that rеquirеs the аuthоr to gвnt а попехсlчsiче licerýe to the universiý оr
institution that епаьlеs it to |iсепзе fie work to otheв. lп all sчсh cases, the Ачfirоr
must obtain а wаiчеr, which shalt Ье included iп the manuscTipt file.

lIUо*: The 'Work" is considered dl ttre material lhat comprises the article, including
but поt limited to the abstract, tables, figчrез, imарs, muliimedia files that аrе
directly embedded within he text, апd the text itself. The \ffоrk dms not include
ttte Suррlеmепtаry MaЫal (sее Supplementary Material abovB).

liljo* It{ade fог Нirе: Uпdеr copyright law, а work рrераrеd Ьу ап еmрtоуее within
the scope of еmрlореп| оr а wо* that has Ьееп specially ordered оr
commissioned forwhiф tha pah.es have agreed in wTitiлg to consider as а Wо*
Made for HiB. The hiring рф cr еmрlоуы is coпsideвd ttte gчthоr апd оwпеr of
the copyright, поi the рsол йю сrеаtеs the wofk,
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