ISSN 2410-2547 63
Omip MatepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 103

UDC 539.3

THE STRESS-STRAIN STATE INVESTIGATION OF
UNDERGROUND STRUCTURES ON THE BASIS OF SOIL
MODELS WITH ADJUSTED INPUT PARAMETERS

LI Solodei,
DSc, Department of Structural mechanics

E.Yu. Petrenko,
PhD, Department of Geotechnics

Gh.A. Zatyliuk,
Postgraduate student, Department of Structural mechanics

Kyiv National University of Construction and Architecture

The article evaluates the possibility of using Hardening Soil Model and Coulomb-Mohr soil
models with corrected input parameters by investigating the stress-strain state (SSS) of underground
structures.

Keywords: underground structure, finite element method (FEM), Coulomb-Mohr model,
Hardening Soil model, stress-strain station (SSS).

Introduction. The modeling of underground structures has to take into
account a number of features fully: the difficult and nonlinear nature of the load,
which remains until the occurrence of areas with different histories of use in the
soil, as well as the nonlinear proper generation and deformation. Correct
numerical modeling of such nonlinear deformation of underground structures is
possible only for the use of modern soil models.

The selection and use of such models nowadays is a problem because of
their low prevalence and excellent tradition of soil mechanics in the countries of
the former Soviet Union, a large number of input parameters, the definition of
which is not verified by regulatory documents, and the availability of quality
reference literature, as most are written in foreign languages.

At present, various mathematical models of soil can be used in numerical
modeling: Coulomb-Mohr Model, Hardening Soil Model and its derivatives
(Hardening Soil Small-strain), Soft Soil and its derivatives, Cam-Clay, etc. They
are characterized by varying degrees of complexity and range of use.

In the practice of design, the simple Coulomb-Mohr elastic-plastic soil
model, which is based on the Hooke’s law and Coulomb strength conditions, is
very often used for geotechnical calculations. This model requires the
determination of all four calculated soil parameters: total modulus E, Poisson
coefficient v, clutch c, and internal friction angle ¢. The advantages of simple
models are the small number of input parameters and the simplicity of the
equations. However, the simulation results, when used, may be fairly
approximate and inconsistent with the actual data.
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The Hardening Soil elastic-plastic model is an advanced nonlinear soil
model that is versatile and suitable for modeling a wide range of soil soils. This
model describes soil behavior more accurately. It separates the shear and bulk
components of the deformations, since the dependences of the deformations on
the stresses during the triaxial compression method test (in fact, the deviatoric
load is modeled in the instrument) and the compression clutch (the isotropic
load is modeled in the instrument). The "strain-strain deviator" curve in the
model is described by a hyperbolic function. Unloading-reloading deformations
occur on a separate trajectory. Three modules of deformation are used for
realization of the above in the model: the modulus of deformation on the secular
at 50% strength Esy, - the modulus of deformation at unloading and reloading
Eu, the odometric module E,q. The problems that may arise when these and
other input parameters of the Hardening Soil Model are determined and the
solutions are described in [1].

Another advantage of the Hardening Soil Model is that it describes the
dependence of the deformation modules on the stress level:
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The purpose of this article is to evaluate the possibility of using the
Hardening Soil Model with insufficient input parameters using empirical
formulas, and the possibility of more accurate modeling using the Coulomb-
Mohr Model using the techniques proposed in the article.

In several sources attempts have been made to link the deformation modules
of the Hardening Soil Model [2], and the Plaxis software complex uses the
following dependencies, which are in the range of the indicated sources:

E, =3E5, 2)

Eoea =Eso- (3)

Another deformation parameter - the exponent m will be equal to 0.5, for the
reasons given in [1], as the minimum of those that are appropriate to use in the
Hardening Soil Model.

It is proposed, using these values and dependences for deformation
parameters, to investigate the SSS of underground structures and to compare
with the results obtained using the Hardening Soil model with the input
parameters, which were determined in the laboratory and reported in [3]. From
the same source we will use strength parameters. Their definition is clearly
regulated and no difficult to use.

Experiment 1. The SSS of the soil mass under the effect of a 10 m wide
stamp (plate) was investigated in the Plaxis. The considerable width was chosen
considering the fact that the Eoed parameter, which is responsible for the
volumetric component of deformations, will be subject of adjustment, since
such zones appear below the plates, it will be possible to give a more accurate
estimate of the possibility of using the calculated odometric module. The soil
characteristics for the Hardening Soil Model are from publication [3].

The dimensions of the soil model in the first case were taken from the
considerations given in [4] — the lower boundary at a depth of 12 m, and the side
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faces at a distance of 12 m from the edge of the plate. In the second case the
dimensions are taken twice as large — 24 m respectively.

The results of the research showed that the accuracy of the simulation using
the calculation modules depends on the initial relationship between the
deformation characteristics of the soil. The greatest differences are predicted to
arise when the true ratios differ substantially from those adopted empirically by
formulas (2-3). So the difference between the deformation values for the loam
(E50 =40 MPa, Eoed = 30 MPa, Eur = 160 MPa, m = 0.7) is about 15%, and for
the loam (E50 = 170 MPa, Eoed = 85 MPa, Eur = 850 MPa, m = 1) 35%. It
should be noted that even such a difference can be considered satisfactory due to
characteristics of the soil. Thus, the comparison of sediment values got in the
software complex and calculated by the layer summation method showed a
significant difference - the results of settlements using Hardening Soil Model
are 1.5-2 times bigger than those calculated by the layer summation method.
This can be explained by the fact that the original deformation modules (with
reference index) were determined at a reference pressure pref = 100 kPa, which
actually measures up to some depth yref. According to formula (1), the values of
the modulus of deformation at a smaller depth are smaller, and in the layer-by-
layer method, the output module belongs to the "bottom surface" and increases
with depth. It should be mentioned that the formulas in the Hardening Soil
Model well describe the soil hardening itself, so it is recommended to choose
the lowest reference pressure for this engineering-geological element (GEE) [1].

In addition, soil hardening (actually "scattering" of stresses with depth) in
the layer-by-layer method is based on the theory of linearly deformed medium.
The change of pressure with depth here does not depend on the characteristics of
the soil, but only on the size of the platform that exerts pressure on the base:

2-p n g-m-(1+n” +28%)
= =% (arctg( )+ ), (4)
M arcgc-x/1+c2+n2 M> +C%)-(1+8H) 1467 +1?

where 1 — the ratio of the sides of the site, { — the relative depth to the width of
the site, p — the average pressure under the sole of the foundation.

In Hardening Soil, soil hardening is described by its characteristics,
including density and depth.

The usage of the Coulomb-Mohr Model gives approximate values of
precipitation to the calculated by layer-by-layer summation. However, only if
the recommendations for the selection of boundaries of the calculation area are
fulfilled. As the depth of the model increases, the SSS values at the base and
plate increase in proportion to the depth. This problem and one of the possible
ways to solve it are described in [5].

The described method has demonstrated its effectiveness once again.
However, because of the features and differences discussed above, the
Hardening Soil Model and the theory of linear deformed medium on which the
methodology is based there is no need to speak about the convergence of results.

The Article [3] describes another approach to modeling soil hardening with
depth. The model is broken down into layers, the modulus of deformation for
each is calculated using formula (1). In this formulation, a fairly good
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convergence of the deformation values with those obtained using the Hardening

Soil Model is achieved. However, the stresses in the soil array and plate are not

so well matched, but closer than usual using the Coulomb-Mohr Model.

| | Experiment 2. The SSS of the
underground tunnel was investigated

| |
|
' v Y to investigate the effect of the thickness of

(Fig. 1). The depth of the tunnel was varied

4 _the soil mass above the tunnel rim on the
| SSS. The lower boundary of the model also
| wvaried for the same reasons. The lateral face
| was simulated at a sufficient distance to

3 I minimize its impact on the SSS.
|
|
|

The direct dependence between the load
on the soil mass above the underground
structure and the depth of its deposition is

% preserved and does not depend on the soil

i' W | models used. Such a change in constant

RS e ol st Joads does not correspond to the true state

Fig. 1. The scheme of numerical of affairs at great depths. This problem is
experiment 2 considered in article [6].

As the thickness of the array under the
tunnel increases, the value of raising the
lower part of the tunnel frame increases.
When using the Coulomb-Mohr Model, no
direct correlation is observed without
adjusting the parameters.

When using the Hardening Soil Model,
the absolute values of the bottom of the
tunnel are lower, because the model uses a
deformation module during unloading-
reloading, and the process of the excavation
of soil from the tunnel space is accompanied
by some unloading of the soil mass below it.
In addition, the dependence of this module
on the level of stresses in the soil array
reduces the influence of the values of the thickness of the array under the
underground structure on the value of deformations.

The use of the Hardening Soil Model with the corrected parameters again
confirms the conclusions drawn in the previous experiment and depends on the
initial relationships between the deformation characteristics of the soil while
maintaining the benefits of the model.

The possibility of using Coulomb-Mohr to involve techniques of increasing
the modulus of deformation with depth allows to reduce the effect of the
thickness of the array under the tunnel on the values of deformations, which still
remain inflated compared to the values obtained using the model Hardening
Soil.

Fig. 2. The nature of the plot of the
moments in the tunnel frame
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In addition, the values of the moments in the frame, when calculating using
the Coulomb-Mohr Model, are almost doubled compared to Hardening Soil.
The nature of the charts remains unchanged. It somewhat reduces the value of
modeling efforts to strengthen the soil with depth.

Experiment 3. The value of the modulus of deformation during unloading-
reloading clearly illustrates an example of the calculation of a pit.

During the excavation of the soil, the bottom of the pit is washed out, due to
the removal of its own stresses from the soil massif. However, in the absence of
the unloading-reloading module, excavation modeling using the Coulomb-Mohr
Model results are in an
overestimation  of  the —
deformation values. 23,857

The validity of this 21714
model and the above 19,571
assertion that due to the lack ki
of dependence of the
modulus of deformation on
the stress level in the soil
array, the value of
deformation depends
essentially on the thickness

— 15.286

13,143

1 11.000

8.857

6.714

of the soil layer under the 0.286

plt -1.857
According to formula _ T

(3), an increased value of the (b)

modulus of deformation in Fig. 3. Lifting the bottom of the pit after modeling

the Coulomb-Mohr Model the excavation process, mm:

was speciﬁed for the entire (a) when using the Coulomb-Mohr Model

massif and separately for the (b) when using the Hardening Soil Model

part of the excavated soil below the pit.

In both approaches, the results of the excavation of the bottom of the pit
correspond to the obtained values when using Hardening Soil Model. Some
differences are observed in the values of efforts in the retaining wall, the nature
of the diagrams is consistent.

The use of the Hardening Soil Model with the adjusted parameters gave the
expected results, which are consistent with the conclusions reached after the
previous tasks have been solved.

Conclusions. The obtained results show that the possibility of using the
Hardening Soil Model with the corrected parameters got using empirical
formulas depends directly on the initial relations between the deformation
characteristics of the soil. Therefore, formulas (2-3) should be refined depending
on the type of rock, depth of occurrence, etc. after appropriate research. The
same applies to the parameter m. It is necessary to carry out research for
different breeds of different regions and to systematize the results obtained in
tabular form, as they tried to do it in the publication [7].

At the same time, even such rough modeling with the Hardening Soil Model
allows to use its advantages - nonlinear dependence between deformations and
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stresses, separation of the shear and bulk components of deformations, separate
trajectory of deformations at unloading-reloading, dependence of deformation
characteristics on the level of stresses in basis, etc.

However, not all software systems allow the use of Hardening Soil Model.
Therefore, it is urgent to clarify the results when using the Coulomb-Mohr
Model. The methods discussed in the article will help reduce the impact of this
model's disadvantages on SSS and can be used depending on the task separately
or in combination.
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Conooeit 1., Illempenro E.FO., 3amuniox I'.A.

JOCIIKEHHSAT HAINIPYXXEHO-IE®OPMOBAHOI'O CTAHY MIA3EMHUX
CIIOPYJ], HA OCHOBI I'PYHTOBHUX MOJEJEN 3 KOPETOBAHUMM BXIJTHUMH
IMAPAMETPAMMU

B cratTi naHa OLiHKa MOXJIMBOCTI 3aCTOCYBaHHS IPYHTOBHX MOJIEJICH 3 KOPErOBAHUMH BXiTHUMU
napamerpamu, uusixom gociimkerns HJC migzemMaux cropy.

Cporozui icHye BelnKa KUIBKICTh PI3HHX MaTeMaTHyHHX Mogeneill rpynry: Kymona-Mopa,
Hardening Soil Model Ta ii moxinui (Hardening Soil Small-strain), Soft Soil Ta i moxizui, Cam-Clay
TOI10. BOHH XapaKTepu3yOThCsl PI3HUM CTYIICHEM CKJIaJIHOCTI Ta Jiarna30HOM BUKOPHCTAHHSI.

B reorexHivHil NpaKkTHLi U IPOBEACHHS PO3PAaXyHKIB IyXKe YacTO BHUKOPHCTOBYETHCS
HaWMpocTila ieaabHO MPYKHO-TUIACTHYHA IPpyHTOBA MOelb Kynona-Mopa, sika Mae psiji HeqOJIKiIB.
Hardening Soil Model — BrockoHaneHa HemiHiiiHA MOZENb IPYHTY, SKa € DOCHTh yHIBEpCaJIbHOIO i
HIIXOQUTH TSl MOAEIIOBAHHS LIMPOKOrO JAiana3oHy IPyHTIB 0CHOB. Jlo ocoGamBOCTEll MOzesi MOXKHA
BIIHECTH BHKOPUCTAHHS HENIHIHHOI 3aIeXHOCTI MiX AedOopManisiMi Ta HAIPY)KCHHSIMHU, PO3ALICHHS
3CYBHOI Ta 00’eMHOI CKIanoBHX Aedopmariii, okpema TpaekTopis Aedopmaiiii Ipu po3BaHTAKECHHI-
IIOBTOPHOMY HABaHTAXCHHI, 3aJIOKHICTh AedOpMalifiHUX XapakTepUCTHK BiJ PIBHS HAIPYKEHb B
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ocHOBI Tomo. OfHAaK, BeIUKA KUIbKICTh BXITHUX MapaMeTpiB, BU3HAYCHHS SIKUX HE PErJaMEHTOBAHO
HOPMATHBHUMH JOKYMCHTaMH, yCKJIAIHIOE MOYKIIUBICTD 1i BUKOPUCTAHHSL.

AHami3yeThesl BIUIMB Ha BEIMYHHA Ta XapaKTep PO3HOIULy HampyXeHO-IepOpMOBAHOro CTaHy
HiI3eMHUX CIOPYA NpH BHKOpHcTaHHI Moxeni Hardening Soil 3 kopuroBaHuMH mapamerpami,
OTPUMAaHHUMH 32 JIOTIOMOTOK0 eMITIpHYHUX (OpPMYII.

TakoX aKTyaJbHHM € MUTAHHS MOXKJIMBOCTI BHKopucTanHs Moxeni Kymona-Mopa 3 3amydeHHs
Meroauk (pi3Hi BapiaHTH 30inblIeHHS MOmynst Aedopmarii 3 TIMOMHOI, BHKOPHCTaHHS MOJYJIS
nedopmarii B, npu po3dBaHTaXeHHI Ta IOBTOPHOMY HAaBaHTA)KEHHI), sIKi 03BOJISTH 3MEHIIMTH BILIMB
HEZOMIKIB Li€l MOJENi Ha HAaIPyKeHO-Ie(GpOPMOBAHUI CTaH MA3EMHHX CIIOPY.

KuarouoBi cioBa: migsemna cropyaa, meron ckinuenHux enementis (MCE), moxens Kysona-
Mopa, Hardening Soil Model, nanpyxeno-nedopmosanuii cran (HIC).

Solodei L1, Petrenko E.Yu., Zatyliuk Gh.A.

THE STRESS-STRAIN STATE INVESTIGATION OF UNDERGROUND STRUCTURES
ON THE BASIS OF SOIL MODELS WITH ADJUSTED INPUT PARAMETERS

The article evaluates the possibility of using Hardening Soil Model and Coulomb-Mohr soil
models with corrected input parameters by investigating the stress-strain state (SSS) of underground
structures.

Today there are many different mathematical models of soil: Coulomb-Mohr, Hardening Soil
Model and its derivatives (Hardening Soil Small-strain), Soft Soil and its derivatives, Cam-Clay, etc.
They are characterized by the varying degrees of complexity and the range of use.

In geotechnical practice, the simplest perfectly elastic-plastic soil model of Coulomb-Mobhr is used
very often for calculations, but having several disadvantages. Hardening Soil Model is an advanced
nonlinear soil model which is versatile and suitable for modeling a wide range of soil bases. The
features of the model include the use of a nonlinear relationship between strains and stresses, the
separation of shear and bulk components of deformation, a separate trajectory of deformation during
unloading-reloading, the dependence of deformation characteristics on the level of stresses at the base,
etc. However, the large number of input parameters, which are not verified by some regulations, makes
it difficult to use.

The influence on the magnitude and nature of the distribution of the stress-strain state of
underground structures using the Hardening Soil model with the corrected parameters obtained using
empirical formulas is analyzed.

Also the question is relevant regarding the usage of the Coulomb-Mohr method with the extension
of the methods (different options for deformation of the module with depth, using E,, deformation
module during loading and reloading), it may be possible to reduce the number of inaccessible issues in
order to inflict on the deformed condition of underground structures.

Keywords: underground structure, finite element method (FEM), Coulomb-Mohr model,
Hardening Soil model, stress-strain station (SSS).

Conooei U.U., [lempenko I.F0., 3amviuiox I'.A.

HUCCIEJOBAHUE HAIIPSI>)KEHHO-JE®OPMHUPOBAHHOI'O COCTOsIHUS
MOJA3EMHBIX COOPYXXEHU HA OCHOBE TPYHTOBBIX MOJEJEA C
KOPPEKTUPOBAHHBIMU BXO/IHBIMH TIAPAMETPAMHU

CeronHs cymiecTByeT OOJIBLIOE KOJMYECTBO PA3NMYHBIX MATEMAaTHYECKHX MOJENEi IOuBbL:
Kynona-Mopa, Hardening Soil Model u ee npoussoxusie (Hardening Soil Small-strain), Soft Soil u ee
npousBoHbie, Cam-Clay Tomy 1momo0Hoe. OHH XapakTepU3yIOTCsl Pa3HOM CTENEHBIO CIOXKHOCTH H
J(MANa30HOM HCIIOJIb30BAHHMSL.

B reorexHHYECKO# MPaKTUKE IS IIPOBEACHHUS PACIETOB OYCHb YAaCTO MCIONIB3YeTCs IIPOCTEHIIas
HJICANIHO YIIPYTO-IUIaCTHIECKask TpyHTOBast Mozaenb Kynona-Mopa, KoTopasi UMEeT psii HEOCTaTKOB.
Hardening Soil Model — ycoBepiueHcTBOBaHHAsI HENMHEHHAss MOAEIb IOYBBI, KOTOPAs SIBILSICTCS
J0CTaTOYHO yHl/lBepCaﬂbHOﬁ U TOAXOOUT MJIs1 MOACIUMPOBAHUS WLIMPOKOro JguariasoHa TI'PYHTOB
ocHoBaHHil. K 0COOEHHOCTSIM MOJENH MOXKHO OTHECTH HCIOJb30BAHUE HEIHHEHHOI 3aBUCHMOCTH
MeXIy aeopMalsMH W HANPSHKCHUSIMH, Pa3/ICliCHHe CABUIOBOM M OOBEMHOW COCTaBIISIFOIIMX
nedopManuii, OTAeIbHAs TpaekTopust JedopManuii NpH  pasrpy3Ke-IIOBTOPHOM HArpyKEHUH,
3aBHCHMOCTb Je()OPMALIMOHHBIX XapPAKTEPHCTHK OT YPOBHsI HANPSDKEHHiT B OCHOBaHUH H T.A. OxHaKo,
0OJBIIOE KOJNMYECTBO BXOAHBIX I1APAMETPOB, ONPEIETICHHE KOTOPBIX HE PEeriaMeHTHPOBAHO
HOPMaTUBHBIMU JOKYMEHTAMH, 3aTPYAHACT BO3MOXXHOCTb €€ UCII0JIb30BaHU.

AHanu3upyercst BIMSIHUE Ha  BEJIMYMHY W XapakTep paclpelelieHUst  HaNpsHKEeHHO-
n1e(hOPMIPOBAHHOIO COCTOSTHUSI TIOJ3EMHBIX COOPY)KCHHI MPH Mcroib3oBannu Moaenu Hardening Soil
C KOPPEKTHPOBAHHBIMH IIAPAMETPAMH, ITOJIYYCHHBIMH C IIOMOLIBIO SMITUPUYECKUX (HOPMYIL.

Takke aKTyaJbHBIM SIBJISETCS BOIPOC BO3MOXKHOCTH HCHONb30BaHMsi Moxenu Kymona-Mopa ¢
HCIIOIB30BaHUEM METONHK (pa3iMYHbIe BapHAHTHI yBEIMYCHUS MOAYIS AeopMalHi ¢ TIyOHHOI,
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HCIOJb30BaHne MOyt Aedopmaruu E, mpy pasrpyske u MOBTOPHOM Harpyske), KOTOPBIC TO3BOJISIT
YMEHBILIHUTh BJIMSHHE HEJOCTATKOB 3TOM MOJEIM Ha HANPSKEHHO-IC(POPMHUPOBAHHOE COCTOSHHE
HO/I36MHBIX COOPY)KEHUI.

KiroueBble cjI0Ba: IOJ3EMHOE COOPY)KEHHME, METOA KOHeuHbIX 3neMeHtoB (MKD), moxpens
Kynona-Mopa, Hardening Soil Model, nanpspkerHo-neopmuposantoe cocrosinue (HZC).
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