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Abstract. This study examines the behavior of buildings under seismic impacts
considering different soil models. Nowadays, along with the use of numerical methods
in the analysis and design of engineering projects, it is known that this method is widely
used in the analysis of problems related to geotechnical engineering construction.
Comparative data on displacements, moments, and forces have been obtained for the
Mohr-Coulomb soil model and the Hardening Soil Small (HSS) model. The software
Plaxis 2D is used for the analysis of both models. The application of such complexes
requires special attention to soil foundation models and parameter assignment. The
selection of appropriate parameters and soil models can significantly influence the
results of numerical analysis. The Mohr Coulomb elastic-plastic model is one of the
most widely used models adopted in cases of hardness estimation of materials
independent of surface tension. However, it was found that, the stress stiffness in the
behaviour model and the difference in stiffness between initial loading and
unloading/re-loading are important modelling aspects when discussing seismic effects
and play an important role in predicting ground motions. A comprehensive comparison
of the results for the Mohr-Coulomb and Hardening Soil models reveals several
important differences, which are presented in this article.
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MOP-KYJIOH TOIIBIPATBI MEH HARDENING SOIL
SMALL (HSS) MOAEJBJEPI FOMBIHIIIA CEHCMHUKAJIBIK
OCEPJIEPI'E KOHCTPYKIUAJIAPABIH
AEOOPMAIUAJTAPBIH ECEIITEY HOTUKEJIEPIH
CAJIBICTBIPY

A.C.ankam"* ®  E.T.Becumoaes! @, V.T.Beranmes 2 © | C.E. Huerdaii! ®

!Cornaes ynusepcuteTi, 050013, Anmatsl, Kazaxcran
2XanbIKapanblK aKIapaTThIK TEXHOJIOTUsANap yHuBepcuteTi, 720044, Bimekek, Kpiprei3cran

Aunarna. byn zepmmey opmypni monvlpax yacicinoeei ceucCMUKAnvly acepiepoeci
euMapammapobiy MiHe3-KYIKbIH Kapacmuipaovl. Kazipei yakeimma uncenepiix scobanapovl
manoay dcane Hcobanay Ke3inoe canowik 20icmepoi KOAOAHYMeH Kamap, 0¥ 20ic UHICeHePIK-
2€0N102USLIBIK KYPLLILICKA KABICMbL MANCHIPMAIapobl mandayoa KeyiHeH KONOaHbLIAMbIHbL
beneini. Mopa-Kynon monwsipax Mooeni yulin KO32anibiCmap, MOMEeHmmep, Kyul-Jicieep dHcone
monvipakmel  Kamaumameld Hardening soil small modeni OouviHwa canvlcmvipmaivl
Oepexmep anvindvl. Ocvl MOOenbOepOiy exeyin de manday ywin plaxis 2D baz0apramanviy
Jlcacakmamacsl  Koro0auuliadsvl. Mynoail  kewieHOepdi  KOIOaHy —MONbIPpAK — He2i3iHiy
MoOdenvoepine KHcaHe napamempiepoiy MAKCamvlHa epekule Hazap ayoapyovl Kajcem emeol.
Tuicmi napamempiep MeH MONLIPAK MOOENiH MAaHOAy CAHOLIK Manday Hamudicerepine
aumapnvlkmai acep emyi Mmymkin. Kynonuwiy cepnimoi-niacmukanvix Mopa mooeni-6emmix
Kepinyee Kapamacman Mamepuaioapobly KammublibleblH 0A2aniay #a20aiuvlHod Kabbli0aHeaH
ey Kon KOoNOaHbLIamuvlH Mo0envO0epliy Oipi. [lecenmen, Mmines-KYavlK Yyacicinoezi Kepuey
KAMMbLIbIELL  JHCOHEe OACMANnKbl JcyKmeme MeH mycipy/Kauma icyKkmey apacblHoazvl
KAmmulIblK  aublpMAUbLIbIbl CeUCMUKATLIK aceplepli MATKuLIay Ke3iHoe Mooenboeyoin
Mauwi30bl acnekminepi OObIN MAOUIAMBIHbL HCIOHE MORBIPAKMbIY AYbIMKYbIH 6014cayoa
MauvI30bl PONL amKapamviibl aHblKmanowl. Mopa-Kynon ocazdatinapel men monvlpakmoly
Kamarowvl Yuin Homuicenepoi moavlK CAIbiCIMblpy 0Cbl MaKaiaoa KenmipineeH keioip Manvi30vl
aubpMaubLIbIKMaposl bepedi.

Tyiiin ce3nep. Plaxis 2D, Hardening Soil Small, Mopa-Kynon, xamatimy, monwipax
Moderi.
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CPABHEHMUSI PE3VJIBTATOB PACUETA JE®OPMAIINI
KOHCTPYKIIMHA HA CEUCMHMNYECKOE BO3JIEHCTBHUS 11O
MO/JIEJISIM 'PYHTA MOPA-KYJIOHA U HARDENING SOIL
SMALL (HSS)

A.C.Maakam'* ®  E.T.Becumbaes! @ , V.T.Beranues 2 @, C.E. Huerdaii! ©

!Carnaes ynusepcuter, 050013, Anmartel, Kazaxcran
MeskTyHapOaHbIi YHHBEPCUTET HHPOPMAITMOHHBIX TexHonmorui, 720044, bumkek,
KbIpreizcran

AHHOTAmMA. B smom uccredosanuss paccmampugaemcs nogedenue 30aHull npu
cellcCMUYecKux 6030elCmeusx npu pasHou moodeiu epynma. B nacmoswee epems, napsady c
UCNONB308AHUEM HUCTIEHHbIX Memo008 NpU AHAIU3e U NPOEKMUPOBAHUU UHIHCEHEPHBIX
NPOEKMO8, U3BECTNHO, YMO IMOM Memoo WUPOKO NPUMEHSIEmcs: Hpu auaiuze 3aoay,
CBAZAHHBIX C UHICEHEPHO-2e0N102udecKuM cmpoumenbcmeom. llonyuenvl cpagrumenvhbie
OaHHble No nepemeujeHUsM, MOMEHMAM, YCUnuam oaa mooenu epynma Mopa-Kynona u moodens
meepoerowuii epynma Hardening soil small. [{na ananuza obeux smux mooenetl UCHONb3Yemcst
npocpammuoe obecneuenue Plaxis 2D. Ilpumenenue maxux xomniexcog mpebyem 0cobozo
BHUMAHUA K MOOENIM EPYHMOB020 OCHOBAHUA U HA3HAYeHUs napamvempos. Bwvibop
COOMBEMCMBYIOWUX NAPAMEMPO8 U MOOeNU 2SPYHMA MONCem OKA3amsb CYujecmseeHHoe
GUAHUE HA Pe3YTbMAMbl YUCIEHHO20 anausa. Ynpyeo-niacmuyeckas modens Mopa Kynoua
- 00Ha U3 Haubonee WUPOKO UCHONbIYEMbIX MOOelel, NPUHUMAEMbIX 8 CAYYAiX OYEeHKU
meepooCmu Mamepuailos He3asUCUMo Om NO8epPXHOCMHO20 Hamsadxcenus. OOHako 6bL10
OOHAPYIHCEHO UMO, IHCECMKOCMb NHO HANPANCEHUIO 8 MOoOenu HOBe0eHUs U pa3Huyd 8
AHCECMKOCTNU MENHCOY HAUANLHOU HASPY3KOU U PA32pPy3KOU/NOBMOPHOU HASPY3KOU AGNAIOMCS
BAJMCHBIMU ACNEKMAMU MOOEIUPOBAHUA NPU OOCYHCOEHUU CEUCMUYECKUX B030eUCmBeUll u
ucpalom  8AaJNCHYI0 polb 8 NPOSHO3Uposanuu Korebawuti epymma. Ilonnoe cpaguenue
pesyibmamos 01a cayuaed Mopa-Kynona u ynpounenus noygvl oaem HeKomopble 8aiCHvle
PAaznuyUs, KOmopule npedcmasiieHsvl 8 Mot Cmamaoe.

KumroueBsie ciioBa: Plaxis 2D, Hardenig Soil Small, Mopa-Kynona, ynpounenust, mooens
2pyHma.
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1 INTRODUCTION

One of the most successful examples is the ideal elastoplastic Mohr-Coulomb model. Based on
typical results from indoor soil tests, this model describes the stress-strain conditions across the entire
range of load variations up to the limit values. However, many years have passed since the development
of this model, and today there are models that surpass it in terms of the realistic representation of soil
behavior (Sokolova, 2021).

The Hardening Soil (HS) and Hardening Soil Small (HSS) models have recently gained popularity
among designers. This is primarily due to the active urban development, which demands precise and cost-
effective calculations for excavations and assessments of impacts on neighboring buildings, for which the
HSS model is essential (Schanz et al., 1999, Benz et al., 2009).

2 LITERATURE REVIEW

A nonlinearly deformable spherical elastoplastic model, reinforced with volumetric compression
and shear, accounts for the natural stress state of the soil. It distinguishes between primary and secondary
loads. This model is recommended for drilling and similar tasks where shear deformation dominates. It
can be used for modeling weak soils (but only if the model's behavior and laboratory curves can be
verified), viscous soils, and sandy soils. It optimally describes loading and unloading tasks (Alekseev et
al., 2019). This model represents an evolution of the hardening soil model, which accounts for low-stress
areas. Unlike the hardening soil model, it better captures the consequences of deformation and more
accurately determines compressible layers and zones that affect nearby buildings. Recently, the HSS
(hardening soil) model or the hardened soil model has been widely used in soil environment calculations.
These models are typically divided into specific groups characterized by independent laws of soil behavior
under different deformation modes. The Hardening Soil model corresponds more closely to the actual
behavior of soil as it uses a hyperbolic relationship between strain and deviatoric stress. The main
advantage of using the hardening soil model is that it allows for the consideration of plastic deformation
under different loading paths. However, it also has some drawbacks. Firstly, the complexity of applying
the model to real-world practical tasks, and secondly, the excessive strain on the model due to
mathematical dependencies (Vakili et al., 2013).

3 MATERIALS AND METHODS

In this article, we describe a comparison between parameter selection and calculation results for a
soil model, conducted using the Plaxis 2D software package. The task was set in a two-dimensional
configuration. Engineering-geological data were taken from specific sections typical of Almaty. In this
study, a soil mass of 10x10 meters was modeled, and characteristics were sequentially assigned to each
engineering-geological element (EGE) selected from a typical geological profile of Almaty. Special
attention was given to silty and clayey soils with low strength and stiffness properties (Figure 1).

Figure 1 — Calculation scheme (author's material).
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Table 1

Basic soil characteristics and additional parameters for the Mora-Coulomb and HSS models

Name of soil

Main characteristics of soils

Additional parameters for the HSS
model

IGE-1. dusty grey sandy loam with
plant remains, with interlayers of
sand, flowing

vy=18.8 kN/m?, v=0.35, c=7 kIla, ¢=
21, E=5400 kPa.

ELSf=5400 kPa, EIL=5400 kPa,
Eref=16200  kPa,  Ko=0.642,
G=74644 kPa, v, ,=0.34*¥10"3

IGE-2. dusty grey grey loams,
vaguely layered with plant remains,
flowing

vy=18.9 kN/m?, v=0.35, c=4 kPa, ¢=
17, E=5000 kPa.

ELSf=5000 kPa, EIL=5000 kPa,
ESf=15000  kPa,  Ko=0.708,
G=75203 kPa, y,,=0.376*1073

IGE-3. dusty grey sandy loam with
gravel, pebbles, with interlayers of
loam, plastic

y=21.4 kN/m3, v=0.35, c=20 kPa,
¢=21, E=12000 kPa.

ELSf=12000 kPa, EF¢4=12000 kPa,
Eref=36000  kPa,  Ko=0.642,
G=136620 kPa, y,,~0.248*1073

IGE-4. dusty grey sandy loam with
gravel, boulders with loam
interlayers hard

vy=21.8 kN/m’, v=0.35, c=21 kPa,
¢= 30, E=16000 kPa.

ELef=16000 «Ila, EX¢f=16000 kPa,
Eref=48000 kPa, Ko=0.5, G=149326
kPa, Yo 720258*10_3

The building is located in the city of Almaty. It is a 12-story building with a basement. The basement
height is 4.5 meters, and the typical floor height is 3 meters. The building's width is 15.6 meters, and its
length is 30 meters. The structural system of the building is a wall-frame system. The thickness of the
basement walls is 300 mm, while the walls above the basement are 200 mm thick. The thickness of the
foundation slab is 1000 mm, made of concrete class B25. The foundation slab has a preparation layer of
100 mm, made of concrete class B7.5.

FREE FIELD
FREE FIELD

COMPLIANT BASE COMPLIANT BASE

NCTOUHUK

Figure 2 — Boundary conditions in PLAXIS 2D (author's material).

When performing calculations using the finite element method, it is essential to correctly assign
boundary conditions. Seismic waves generated within and beyond the computational model can propagate
over long distances, so the boundaries of the computational model must accurately reflect the real
conditions that need to be simulated (Brinkgreve et al., 2011).

4 RESULTS AND DISCUSSION

To analyze the effectiveness of the software, validation calculations were performed based on real
engineering-geological conditions and building projects in the Medeu district of Almaty. Computational
models were considered using the Mohr-Coulomb and Hardening Soil Small models. The results of the
calculations for normal force and moment are shown in the figure below. It can be observed that the results
from the Mohr-Coulomb model almost agree with the analysis results. The linear elastoplastic Mohr-
Coulomb model of ideal plasticity contains five input parameters: Young’s modulus (E) and Poisson’s
ratio (v) for soil elasticity, cohesion (c) for soil plasticity, the friction angle (¢), and the dilation angle ().
The Plaxis team recommends initially using this model to analyze existing problems. For each layer, an
average constant stiffness is assessed. Due to this constant stiffness, calculations are generally completed
relatively quickly, providing an initial estimate of deformations (Merkulova et al., 2021). On the other
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hand, the hardening soil model uses three types of stiffness (E50, Eur, Eoed), which depend on stress. ES0
is resistant to the primary load, and its behavior at this level is highly nonlinear. Eur is the stiffness
coefficient representing the stress path without load. Eoed is the oedometer modulus under the initial
stress conditions. In addition to these stiffness values, cohesion (c), friction angle (), dilation angle (),
stress level (m), vur, KOnc, pref, and the initial conditions of the soil model are also used to determine the
compaction behavior of the soil (Jesus et al., 2015, Rafal et al., 2018). It was found that the results of
both models differed. Since the hardening soil model has additional parameters, it allows for more
accurate and reliable results. In finite element analysis, appropriate stiffness values for the soil are required
to provide a reasonable prediction of displacements. We observed that there are many differences between
the two models. In the Mohr-Coulomb model, the deformed mesh or maximum displacement is 61.7x1073
meters, as shown in Fig. 3. In the Hardening Soil Small model, the displacement of the deformed mesh is
52.3x107® meters, as shown in Fig. 4. Thus, we conclude that the mesh deformation or maximum
displacement is smaller in the Hardening Soil Small model, which is associated with the stiffer behavior
of the HS model (Arjun et al., 2017). Similarly, the total displacement of the building is 66.2 mm, as
shown in Fig. 5, and 28.7 mm, as shown in Fig. 6, for the Mohr-Coulomb model and the Hardening Soil
model, respectively. The negative sign indicates the direction (Lina et al., 2018).

Deformed mesh |u| (scaled up 50.0 times) (Time 10.00 s) Deformed mesh |u| (scaled up 50.0 times) (Time 10.00 s)
o R LR T SR S Maximum value = 0.05230 m (Element 41 at Node 6420)

(a) (b)

Figure 3 — (a) Deformed scheme by Mohr-Coulomb , (b) Deformed scheme by HSS (author's material).

——— —
M ¥
Total displacements u, (scaled up 500 times) (Time 10.00 s) Total displacements u,, (scaled up 200 times) (Time 10.00 s)
= Cem=e ke e Maximum value = 0,02506 m (Element 57 at Node 6337)

i - =103
Minimum value = 8,467=10 -3 m (Element 1 at Node 5880) Mirimum value = -0.02877 m (Element 6 at Node 5833)

(a) (b)

Figure 4 — (a) Mohr-Coulomb displacements, (6) HSS displacements (author's material).
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We obtained higher stress values in the HSS model compared to the MC model. Additionally,
several other results were found, such as the bending moment, which is 1686.0 kNm/m and 1702.0
kNm/m in the MC and HS models, respectively. The axial forces obtained in the HSS and MC models
are -2104.0 kN/m and -2113.0 kN/m, respectively (the negative sign indicates the direction). All these
values are shown in the figures, providing a more realistic comparison between both models (Amjad
et al., 2019, Endra et al., 2012).

Axial forces N (scaled up 5.00*10 3 times) (Time 10.00 s) Axial forces N (scaled up 5.00%10 -3 times) (Time 10.00 s)
Maximum value = 347.4 kN/m (Element 102 at Node 7123) Maximum value = 371.7 kN/m (Element 102 at Node 7123)
Minimum value = -2104 kN/m (Element 96 at Node 7123) Minimum value = -2113 kN/m (Element 94 at Node 7271)
(a) (b)

Figure 5 — (a) Mohr-Coulomb axial force N, (b) axial force N by HSS (author's material).

A
Bending moments M (scaled up 5.00%10 "3 times) (Time 10.00 s) Bending moments M (scaled up 5.00*10 -3 times) (Time 10.00 s)
Maximum value = 1686 kN m/m (Element 100 at Node 7545) Maximum value = 1702 kN m/m (Element 102 at Node 6737)
Minimum value = -557.0 kN m/m (Element 101 at Node 7123) Minimum value = -524.6 kN m/m (Element 101 at Node 7271)
(a) (b)

Figure 6 — (a) Bending moment M by Mohr-Coulomb, (b) Bending moment M by HSS (author's material).
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To determine the maximum displacements, a point was selected for each floor. The graph shows
a sharp increase observed on the sixth floor. From this, it can be concluded that the difference in
maximum displacement is 33 percent (Charles et al., 2021).

Table 2
Maximum Floor Movements by Floor Level for Different Soil Models

Maximum floor movements, mm

Floors

basement 1 2 3 4 5 6 7 8 9 10
Mora-

5,05 6,55 10,5 13,5 17,24 23,43 32,34 40,20 44,67 53,81 58,92
Coulomb
HSS 5,18 597 5,36 8,41 11,72 17,64 26,22 29,5 32,92 31,71 39,32

Displacement diagram of the floor slab
70

(=2}
o

wu
o

™~
o

—MC

w
o

HSS

displacements, mm

= ]
o =]

(=]

-1 1 2 3 4 5 6 7 8 9 10
Storey

Figure 7 — Displacement diagram of the floor slab (author's material).
5 CONCLUSIONS

Ground movement under seismic impact on buildings is smaller in the HSS model compared
to the MC model, which is due to differences in the unloading behavior of both models.

Stress-dependent stiffness in the behavioral model and the difference in stiffness between
initial loading and unloading/reloading are critical aspects of modeling when discussing seismic
impacts and play a significant role in predicting ground oscillations. Therefore, it is recommended
that analysts use advanced models for seismic impact simulations.

Structural forces, such as axial and shear forces in the walls, are higher in the HSS model
compared to the MC model. Similarly, stress values are greater in the HSS model than in the MC
model, and the factor of safety in the HSS model is also higher than in the MC model. Practical
examples have proven that for different types of soil models under seismic conditions, where
unloading behavior of the soil is crucial, the Hardening Soil Small (HSS) model provides more
realistic and accurate results than the Mohr-Coulomb (MC) model (Semet, 2023).

REFERENCES

1.  Sokolova, O.V. (2014). The selection of soil models parameters in Plaxis 2D. Magazine of Civil
Engineering 48(4). https://engstroy.spbstu.ru/en/article/2014.48.2/

201


https://engstroy.spbstu.ru/en/article/2014.48.2/

QazBSQA Xa6apubicel. Ned4 (94), 2024. Kypbuibic

2.

10.

11.

12.

13.

14.

15.

Schanz, T., Vermeer, P. A., Bonnier, P. G. (1999). The hardening soil model formulation and
verification. In book: Beyond 2000 in Computational Geotechnics (pp.281-296).
https://www.taylorfrancis.com/chapters/edit/10.1201/9781315138206-27/hardening-soil-
model-formulation-verification-schanz-vermeer-bonnier

Benz, T., Schwab, R. & Vermeer, P. (2009). Small-strain stiffness in geotechnical analyses.
Bautechnik 86(S1):16-27. https://doi.org/10.1002/bate.200910038

Alekseev, A.V., Yovlev, G.A. (2019). Adaptation of the Hardening Soil model for geotechnical
engineering conditions of St. Petersburg. Mining International and Analytical Bulletin
2019;4:75-87. https://www.giab-online.ru/files/Data/2019/4/75_87 4 2019.pdf

Vakili, K.N., Barciaga, T., Lavasan, A.A., Schanz, T. (2013). A practical approach to
constitutive models for the analysis of geotechnical problems. Conference: The Third
International Symposium on Computational Geomechanics (ComGeo III)At: Krakow,
PolandVolume:1
URL:https://www.researchgate.net/publication/266563320_ A PRACTICAL _APPROACH T
O_CONSTITUTIVE_MODELS_FOR_THE ANALYSIS OF GEOTECHNICAL PROBLE
MS

Brinkgreve, R.B.J., Engin, E. & Swolfs, W.M. (2011). Material models manual, Plaxis 2D.
Plaxis bv, Delft, Netherlands. URL: https://communities.bentley.com/cfs-
file/__key/communityserver-wikis-components-files/00-00-00-05-

58/0118.PLAXIS3DCE _2D00_V20.02_2D00_3_2D00_Material 2D00_Models.pdf
Merkulova, A.D., Zubarev, V.S. (2021). Hardening soil: practical experience in applying the
results ~ of  geotechnical  engineering  surveys.  URL:https://mosproekt3.ru/wp-
content/uploads/2021/10/metro-i-tonneli-oktyabr-2021.pdf

Jesus, F.R., Luis, M.R. (2015). Application of an advanced soil constitutive model to the study
of railway vibration in tunnels through 2D numerical models. A real case in Madrid (Spain).
Revista de la construccion 14(3):55-63. http://dx.doi.org/10.4067/S0718-915X2015000300007
Rafal, F.O., Andrej, T. (2018). The hardening soil model — practical guidebook.
URL:https://www.zsoil.com/zsoil_manual 2018/Rep-HS-model.pdf

Arjun, G., Ankit, S. (2017). Comparison of different soil models for excavation using retaining
walls. IJCE Journal Volume 4 Issue 3. https://doi.org/10.14445/23488352/1JCE-V4I3P110
Lina, J., Yehya, T., Fadi, H.C., Yasser, E. (2018). Effect of soil — Structure interaction
constitutive models on dynamic response of multi-storey buildings. Journal of Engineering
Science and Technology Review 11(3):56-60.
http://www.jestr.org/downloads/VolumelllIssue3/fulltext81132018.pdf

Amjad, H.B., Shahnawaz, Z., Ghulam, S.B., Muhammad, A.Z., Riaz, B., Bashir, A.M.,
Muhammad, M.B. (2019). Mohr-Coulomb and hardening soil model comparison of the
settlement of an embankment dam. Engineering, Technology and Applied Science Research
9(5):4654-4658. https://doi.org/10.48084/etasr.3034.

Endra, S., Dayu, A. (2012). Settlement of a full trial embankment on peat in Kalimantan: Field
measurements and finite element simulations. Jurnal Teknik Sipil 19(3):249.
https://doi.org/10.5614/jts.2012.19.3.6

Charles, C.L.C., Derek, S.M.C., Frankie, L.C.L., Julian, S.H.K., Alex, C.O.L. (2021). Back
analysis of two deep excavations of Hong Kong Using the Mohr-Coulomb Model with linear
elasticity and the hardening soil model. Vol. 7, Issue 1, p.137-163.
http://dx.doi.org/10.4417/1JGCH-07-01-07

Semet, C. (2023). Comparison Mohr-Coulomb and Hardening soil ,models numerical
estimation of ground surface settlement caused by tunneling. Journal of the Institute of Science
and Technology 7(4):95-102. https://dergipark.org.tr/tr/download/article-file/419657

202


https://www.taylorfrancis.com/chapters/edit/10.1201/9781315138206-27/hardening-soil-model-formulation-verification-schanz-vermeer-bonnier
https://www.taylorfrancis.com/chapters/edit/10.1201/9781315138206-27/hardening-soil-model-formulation-verification-schanz-vermeer-bonnier
https://doi.org/10.1002/bate.200910038
https://www.giab-online.ru/files/Data/2019/4/75_87_4_2019.pdf
https://www.researchgate.net/publication/266563320_A_PRACTICAL_APPROACH_TO_CONSTITUTIVE_MODELS_FOR_THE_ANALYSIS_OF_GEOTECHNICAL_PROBLEMS
https://www.researchgate.net/publication/266563320_A_PRACTICAL_APPROACH_TO_CONSTITUTIVE_MODELS_FOR_THE_ANALYSIS_OF_GEOTECHNICAL_PROBLEMS
https://www.researchgate.net/publication/266563320_A_PRACTICAL_APPROACH_TO_CONSTITUTIVE_MODELS_FOR_THE_ANALYSIS_OF_GEOTECHNICAL_PROBLEMS
https://communities.bentley.com/cfs-file/__key/communityserver-wikis-components-files/00-00-00-05-58/0118.PLAXIS3DCE_2D00_V20.02_2D00_3_2D00_Material_2D00_Models.pdf
https://communities.bentley.com/cfs-file/__key/communityserver-wikis-components-files/00-00-00-05-58/0118.PLAXIS3DCE_2D00_V20.02_2D00_3_2D00_Material_2D00_Models.pdf
https://communities.bentley.com/cfs-file/__key/communityserver-wikis-components-files/00-00-00-05-58/0118.PLAXIS3DCE_2D00_V20.02_2D00_3_2D00_Material_2D00_Models.pdf
https://mosproekt3.ru/wp-content/uploads/2021/10/metro-i-tonneli-oktyabr-2021.pdf
https://mosproekt3.ru/wp-content/uploads/2021/10/metro-i-tonneli-oktyabr-2021.pdf
http://dx.doi.org/10.4067/S0718-915X2015000300007
https://www.zsoil.com/zsoil_manual_2018/Rep-HS-model.pdf
https://doi.org/10.14445/23488352/IJCE-V4I3P110
https://doi.org/10.48084/etasr.3034
https://doi.org/10.5614/jts.2012.19.3.6
http://dx.doi.org/10.4417/IJGCH-07-01-07
https://dergipark.org.tr/tr/download/article-file/419657

