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Generalization of Tsytovich strength conditions
for soils of anisotropic structure

The problem of developing a new generalized strength (plasticity)condition is applied to soils of anisotropic,
in particular a transversal-isotropic (trans-structural) structure. This condition is derived by generalizing
the known Coulomb-Moore plasticity condition o. for two directions: along the layers parallel and crosswise
to layers, that is, for the perpendicular directions to the layers, relative to the isotropy plane for the
transtropic soil, systematized for thefirst time by A.K. Bugrov and A.I. Golubev. It is proposed to analyze
the possibility of generalizing theconditions of plasticity (strength) in the principal stresses o1 and o2, as
well as on the values of the critical principal stress o1, and 2. , proposed and developed in due time for
soils of the isotropic structure N.A. Tsytovich and N.S. Bulychev. Following the approach of W. Witke,
who proposed to apply such a criterion to rocks of an orthotropic structure, the formulated criterion is
proposed, which allows to detéermine the moment of the onset of plastic destruction of anisotropic soil and
the direction of its further spread from the initial point. The table contains critical values of anisotropic soil
in two orthogonal/directions of the coordinate axes, calculated with the help of the proposed new criterion,
which allows us to solve a new class of problems of fracture mechanics.

Keywords: soil, loam, isotropy, anisotropy, plasticity, isotropy plane.

Introduction

Most soils in nature have an anisotropic structure. For example, cover soils of mountain slopes, which are
accompanied by landslide processes or construction sites, leading to a heel of the foundations of a building, and
so on. Existing methods and approaches in soil mechanics are based on the assumption that soils are inherently
isotropic in structure. Mechanical structures of such soils are determined by two parameters: Young’s modulus
E and Poisson coefficient v. Whereas the properties of soils of an anisotropic structure are determined by five
parameters: two Young’s moduli E, Es, two Poisson’s coefficients 11, 15 and a shear modulus G5. This limits
the ability to solve soil stability problems by analytical methods. Moreover, there are no criteria to determine the
strength of the soil. Therefore, there the question of developing a criterion of strength for soils of an anisotropic
structure arises.
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Task 1. Below in Figure, on the left, the subsurface sandy sand (upper layer) and loamy structure (lower
layer) is shown, and on the right, the denser one — solid pebble soil and anisotropic. Such structures have soil
construction sites. And in the mountain slopes, where landslide processes are often observed, the cover soils have
not only sandy-loamy and pebbly structures, but also have more complex, sloping structures. It is not difficult
to see that if the soils on the left figure have horizontally layered structures, then on the right figure are visible
the destroyed soils, under the road, which have sloping structures.

Figure. Natural soils layered anisotropic structure

Now for the development of the criterion of strength we start from the well-known classical Coulomb-Moore
strength (plasticity)condition developed for soils and rocks of an‘isotropic structure [1, 2], which looks like:

7. = C + oatgep; (1)

where 7. is the tangential component of the tear-off voltage; C'is the adhesion force, o,, is the normal stress at
the slip site; ¢ is an angle of internal friction. Unaxial.compression strength expressed by next formula:

2C cos
S 2)

“T —sing’
The condition of plasticity (strength)<n the principal stresses (o3-does not affect the strength) expressed
by next formula:

Ol = Omaze = Oc + B02¢, (3)
where £ is the bulk strength parameter [2]:
1+4sing

p= 1—sing

(4)
The condition of limiting equilibrium for disconnected loose soils is written according to N.A. Tsytovich [1]:

Oc1 — 0c2 .

Tl ~9e2 _ ging, (5)
Oc1 + 0c2

where 0.1 and 0.0 are the limiting principal stresses. Hence, to obtain the expressions for o.s, we transform the

expression (5)

02¢ = {01c, (6)
where L 1o
—sing
= —- = — 7
¢ B 1+sing Q
Also, from (6) using (4) we get
Olc = 13020~ (8)

Now expression (6) with regard for (7) can be represented as

02 2 o ¥
— =tg“(45° £ -). 9
) 9( 2) ()
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This expression is widely used in the theory of pressure of soils on fences. The minus sign in parentheses
corresponds to the active pressure, and the plus sign indicates the passive resistance of loose soils. Now we write
down the condition of maximum equilibrium for cohesive soils

01— 02

— = —sing, 10
o1 + o2 + cctgp v 10)

whence .
o1 — 09 = 25111@(% +cctgp, (11)

or n
o1 =09+ 2sin<p(7(71 02) + cctg . (12)

2

This well-known N.A. Tsytovich criteria should be generalized taking into account the anisotropy of the
soil shown in Figure. It should be noted that in recent years the issues of anisotropy of soils have been actively
pursued by Kazakhstan scientists. For example, the authors of [5-10], in addition to researching the stressful-
deformed state of soils and rocks of anisotropic structure, surface, underground and other engineering structures,
develop and special criteria for destruction.

Results

Following V. Vitke’s [10] approach, proposed in due time for rocks of an oerthotropic structure, the criterion
of strength (1)—(12) is extended for soils of a transtropically anisotropic structure. Here the plasticity in soils
can develop along the isotropy plane (parallel) or (and) in directions crosswise to it (perpendicular). They will
differ significantly from each other. Therefore, condition (1) is written separately for these two directions

e = C) + ojnlgeyls (13)

Tie=0CL +ointgp, (14)

where 7|, 71 are the tangential stresses on slip sites; ||, C are cohesion forces, normal stresses on slip planes
in parallel oy|,,, and perpendicular o, directions to the isotropy plane are determined from the experiment or
removed from Mohr’s circles, ¢, ¢ are internal friction angles. For oblique-laminated anisotropic materials,
we denote the slope angle of the isotropy planes by . It should be recalled that the angles » and ¢ have
completely different meanings that are mot related to each other. The tensile strength for uniaxial compression
is written in the form

2C) cos

T)je = i [Raid 4T (15)
1 —sin QDH
2C

g, = 2L CBPL (16)
1—sinpy

Also, the plasticity(strength) condition in the principal stresses will have the form
O|lc = Omaz|jc = Ojc + Bj|02||ci (17)

Olc = Omazle =01lc+ BLUQL(:v (18)

where ), 8. —are parameters of bulk strength:

1 +Sin(p||.

_ 19

ﬂ” 1—sin<p||’ ( )
1 +sin

Br=g—p oL (20)
—sinp

The condition of limiting equilibrium for non-cohesive bulk solids written by next expressions:

Ocl|| — O¢2||

= sinpy; 21)
Oc1|| T Oc2|| ! (
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Ocll —0c21

=siny,, 22
Oc1l +0c21 4 ( )

where 011 and o)) are the limiting principal stresses. Similarly, we write expression (6) in the following form

Tacl| = §||01c|; (23)
02c1 =&101cL, (24)
where ) |
— Sy
=—=—-; 25
5” 6” 1+SlntpH ( )
1 1—singp;
gJ_ BJ_ 1+ sin 01 ) ( )
or from the expressions (11), (12) using (7), (8) we obtain
T1el| = B)|02); (26)
O1cl = B1o2c1- (27)

Expressions (11) and (12) with allowance for (13) and (14) with respect to the isotropy plane can be represented

in the form
O2¢||

o Pl
=tg?(45° £ ); 28
e~ ( 5) (28)
T2el _ 1g7(45° + 2, (29)
Olcl 2

It is known that, in the isotropic version, these expressionsdn the form (9) are used in the theory of pressure
of soils on fences. And here, in expressions (28) and (29) the minus sign in parentheses corresponds to the active
pressures, and the plus sign to the passive resistances of free-flowing soils.If the barrier is a retaining wall, then
the pressure on this wall according to expression (29)-acts either perpendicularly or at an angle, depending on
the slope of the layers of the isotropy planes of soils with an inclined anisotropic structure.Since the pressure
in expression (28) acts across the layers of isotrepy, then relative to the wall, they act parallel to the wall at
the points of adhesion, that is, on the boundary layer. Now we write the condition of limiting equilibrium for
connected soils by analogy with N.A. Tsytevich

Olc|| — O2¢| .
= siny; 30)
Gicl| + 02 + Cietgyy) ! (
Olel — 02¢L .
=siny;. 31
O1cl +02.1 +Clrctgpy 4 (B
We transform these expressions to the next form:
. 01| + 02
o)) — gy = 2sin gy (2 5 L4 Cjetgen); (32)
. 011 + 021
O'IJ__O'QJ_:2SIH@L(f+CLCt‘g@L)7 (33)
or.to calculate the largest principal stresses, we represent them in the form
. 01| + 02
a1y 202H+281n%0u(7” 5 ! + C)ctgepy)); (34)
. O11 + 021
U]J_:UQJ_+QSIHSDJ_(f+CJ_Ctg(‘0L). (35)

The need to develop such generalized criteria, allowing to determine not only the state of pre-failure, but
also the direction of damage propagation, confirms Figure. There are their experimentally determined values.
Such single data is available, for example, in [3]. The following table shows the critical values § for some of the
main types of surface soils. For comparison, limit values § for limestone and concrete are also given. These data
also confirm the need to develop a criterion for destruction for soils of an anisotropic structure.
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Table
Critical parameters of anisotropic plasticity for soils of an anisotropic structure
Volume | Strength Young’s Shear Poisson’s Clutch Internal Main
. weight | parameter Modules modulus | coefficients Strength friction stresses
No Soils
v, kH € EH’ E, G”J_, v v C“7 [ 0 0 P P
/m3 0 Muna | Mna Mua I + Mna | Mma | 7l | #4 el ek

1 Loam 17.0 0.60 13.4 | 26.4 7.6 0.16 | 0.24 | 0.025 | 0.050 | 26 | 26 0.80 |[-0.160
2 Sand 17.0 0.43 23.0 | 16.0 7.0 0.30 | 0.30 | 0.005 | 0.005 | 27 | 33 0.16 |0.180
3 Loam 20.0 0.48 30.0 | 15.0 7.6 0.36 | 0.24 | 0.030 | 0.060 | 19 | 23 | 0.084 | 0.197

saturated
4 Priming 19.0 1.00 10.0 | 20.0 7.4 0.30 | 0.40 | 0.080 | 0.120 | 20 | 24| 0.230 | 0.370
5 Loam 9.4 0.65 12.0 8.0 3.4 0.39 | 0.35 | 0.010 | 0.014 | 20 | 24 | 0.029 | 0.043
6 Loam 8.0 0.65 6.0 4.0 1.7 0.39 | 0.35 | 0.050 | 0.007 | 15 | 18 .| 0.130 | 0.019
7 Loam 9.2 0.65 9.0 6.0 2.5 0.39 | 0.35 | 0.006 | 0.008 | 18 | 22 | 0.017 | 0.024
8 Sandy loam 19.8 0.53 19.6 | 18.4 7.1 0.31 | 0.30 | 0.003 | 0.003 | 18 21 | 0.008 | 0.009
9 | Loam is hard 19.9 0.58 39.8 | 27.0 10.0 0.36 | 0.35 | 0.02 0.02 13 | 17 | 0.005 | 0.054
10 Sand fine 21.1 0.25 81.3 | 85.0 32.7 0.28 | 0.30 | 0.002 | 0.002 | 35 . 37 | 0.008 | 0.008
11 . Rock 2.5 0.33 3200 | 1600 1185 0.38 | 0.32 47 0.25 al 31 |29 | 116.1 | 0.849

Limestone I

Concrete N
12 BIT-PE 1.65 4941 | 4941 1930 0.28 | 0.28 201.4 | 0.849

polyester

Conclusion

A justified criterion of strength is proposed, which makes it possible to determine the direction of propagation
of a fracture of earth fractures relative to the isotropy plane of inhomogeneous layers. They are directions
parallel to the layers and perpendicular.The developed parameters of strength (plasticity) for soils of natural
anisotropic structure allows to solve the class of geomechanics tasks associated with the definition of stress-
deformed condition of the covering soils of mountain slopes necessary for the prediction of landslide processes
and the state of stability of under foundation seils of construction sites.
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P.B. Baiimaxan, A.P. Baiimaxan, 3.M. A6auaxmerosa,
A.A. Ceitnacunosa, ['."M. Baiimaxanosa

AHn30TPONTHI KYPHLIBIMABI TOIIBIDAKTAPFA apHAJFaH
IpITOBUYTHIH KATaHABIK IIapTTApPbIH 2KaJITblJIayFa apHaJFaH
TPUPOTUKAJIBIK, KYIIENTYIepIiH CUHTE3i

TaceiMasiayAblH TPAHCBEPCAJABI-U30TONTHIK, (TPAHCTPOITHIK) KYPbUIBICTAPBIHA KATBICTHL XKAHA AHU30-
TPONTBIK, TPYHTTHI KOJJIAHYFa, aPHAJFAH KaHa 6epiKTIK (IIACTUKAJIBIK) YKAJIBLIAHTAH MAPTHIH KYPY Mo-
cesieci Tajkputanapl. Myaaai mapr 6enrisi Kymnon-Mop o, 6epikTik maprbhiH eKi 6aFbITTa KaIlbLIay1aH
mIBIFaIBL: KabaTTapra mapaJjuiesib XKoHue Kabarrapra Kapebl, srau, A.K. Byrpos xene A.M. Tony6es asramn
peTr XKyiiesereH TPAHCTPONTHI KYPBLIBIMBI Oap TOMBIPAKTAP/IBIH, N30TPOMHUS  2KA3BIKTHIFBIHA KATBICTHI Ka-
OarTapra IepleHIuKyasap OareiTrap yiiiH. Herisri o1 »koHe 02, coHbiMeH Karap ke3inge IlpiToBny >xoHe
H.C. BysnbrdueBnen yCbIHBIIBII JAMBITLIIFAH O1c »KOHE 02. HETi30i KPUTHUKAJILIK KepHEyJIep MoHi OoibIHIIA
minrimrikTig (6epiKTIKTIH) MAPTTAPBIH *KaINbLIAY MYMKIHIITIHE Tajaay YCHIHBULALL. B.BuTkKe yCBIHBICHI
OOUBIHIIIA, OCBI KDUTEPUIl OPTOTPOITHI KYPBUIBIMIBI Tay »KbIHBICTAPbIHA KOJIJIAHYbI €CKEPE OTBHIPHII, aHU-
30TPONTHI KYPBLIBIMBI 6ap TONBIPAKTAP/IBIH, INIACTUKAJIBIK, KHPAy MOMEHTIH KoHe 6aCTalKbl HYKTEIeH apbl
Kapail TapaJiy OarbITBIH aHBIKTayFa MYMKIHIIK OepeTiH KpuTepuil Kypy VCHIHBLIABIL. Kupay mMexaHuUKachl
ecelTepiHiH *KaHa KJIACHIH IIellyre MYMKIH/IIK TYFbI3aThIH 2KaHa KPUTEPHUIIMEH €CelTesIreH €Ki OpTOrOHaJI-
JIbI OCbTep OAFBITHIHIA AHU30TPONTHI KYPBLIBIMBI OGP TOBIPAKTAPILIH, KPUTHKAJIBIK, MOHIEPIH KAMTUTHIH
Kecre Gepijrex.

Kiam cesdep: TONBIpAK, M30TPOITHIK, aHU30TPOMKSITBIK; MIITIIMITIK, H30TPONTHI *KA3BIKTHIFHI.

P.B. Baiimaxan, A.P. Baiimaxan, 3.M. A6auaxmerosa,
A A’ Ceitracunosa, [."M. Baiimaxanosa

O6061menne ycaouii mpounoctu IlprroBuya
JJisi TPYHTOB aHU30TPOITHOTO CTPOEHUS

Paccmorper BOIPOC pa3spaboTKU HOBOIO OGOBIEHHOIO YCIOBHA IPOYHOCTH (IUIACTUIHOCTH ) HIPUMEHUTEILHO
K TPYHTaM @HU30TPOITHOIO, B YACTHOCTH, TPAHCBEPCAJIBHO-U30TPOIHOIO (TPaHCTPOIHOr0) crpoenusi. Takoe
yCJIOBHE BBIBOAUTCST 0000IIEHNEM H3BECTHOIO yCaoBus mmacruanoctu Kynona-Mopa o, my1s1 AByx Hampas-
JIEHWIA: BJIOJIb CJIOEB IIaPAJIJIEJIbHO M BKPECT CJIOSIM, T.€. [IJIsi HAIIPABJIEHUI, NEPIEHINKYJISIPHBIX K CJIOSM,
OTHOCHTEJILHO INIOCKOCTH U30TPOIINH JJIsI TPYHTOB TPAHCTPOITHOTO CTPOEHUSI, CUCTEMATH3NPOBAHHOIO BIIEP-
Boie A.K. Byrposeim u A.U. Tony6esbim. Crestan aHam3 BO3MOXKHOCTH 0OOOIIEHNS YCIOBUI IIACTUIHOCTH
(mpouHOETH) 1O TTIABHBIM HAIPSIXKEHUAM 01 U 02, & TAKXKE 110 3HAUEHUAM KPUTHIECKUX [VIABHBIX HAIIPsIZKe-
HUN O1c U O2¢, IPEUIO’KEHHBIN 1 PA3BUTHIA B CBOE BpeMsI JiuIst 'PYHTOB u3oTponHoro crpoennst H.A. Iprto-
suueM u H.C. Bynbraeseim. Cremyst moaxoay B.Burke, KoTOpBIi npeaIoKu IPUMEHUTb TaKOW KPUTEPHUit
K TOPHBIM HIOPOJIAM OPTOTPOITHOIO CTPOEHUS, IPEJIOXKEH CHOPMYINPOBAHHbBIN KPUTEPUii, KOTOPBIHA O3B0~
JISIET OIIPEJIEIUTh MOMEHT HACTYIUIEHMS IJIACTUYIECKOTO Pa3pyIIeHHUsI IPYHTOB aHM30TPOITHOTO CTPOEHUS U
HaIIpaBJIEeHUE €ro JajIbHeIero pacnpocTpaHeHusl OT HadaIbHON Touku. IIpuBesena rabura, cogepKaras
KPUTHYECKUE 3HAYEHUsI TPYHTOB AHM30TPOITHOIO CTPOEHUSI B JBYX OPTOIOHAJILHBIX HAIIPABJIEHUSX KOODJIH-
HaTHBIX OCEH, BBIYMCJICHHBIE C IOMOINBIO IIPEIJIOKEHHOIO HOBOI'O KPUTEPHUsI, KOTOPBIH ITO3BOJISIET PEIINTH
HOBBIHI KJIACC 3aJad MEXaHUKH Pa3pyIIeHNUsI.

Kmouesvie caosa: TpyHT, H30TPONNS, AaHH30TPOINS, IIJIACTUYHOCTD, INIOCKOCTh H30TPOINN.
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