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Abstract

Shear resistance of soil becomes vital in geotechnical design of dams and embankments, and also landslides stabilization. Historically, the
Mohr-Coulomb yield criterion was used for such problems solving — it appears to be suitable for the most of fine-grained soils. But in case
of gravel soils, it was noticed that they possess so-called "cohesion" although there is no physical mechanism of such behavior. This extra
shear resistance of non-friction nature is caused by the particle engagement. The engagement phenomenon was usually studied by hydro
engineers, but since deep excavations and heavy structures are becoming common in civil engineering, more precise calculation becomes
critical. This issue is dealing with the new yield criterion for gravel soils development. The most common criteria for non-cohesive soils and
the parameters they are based on are analyzed. The proposed yield criterion is based on invariant stress parameters and concerns friction,
cohesion and engagement between particles. It also takes into account second principal stress by using a non-fixed sliding plane. The
parameters of this criterion are physically justified and can be determined by a standard soil test. Although it still needs experimental
validation, this new criterion appears to be prospective for the usage in numerical modeling, as it is universal and versatile.

Key words:
yield criterion; soil strength; shear resistance; Mohr-Coulomb criterion; Matsuoka-Nakai criterion; Duncan-Lade criterion; particle
engagement

For citation:
Mirnyy A.Yu., 2019. Soil strength criterion with account for shear resistance caused by particle engagement. Engineering Geology World,
Vol. XIV, No. 1, pp. 36-42, https://doi.org/10.25296/1993-5056-2019-14-1-36-42

36 MupHbiii A 10, 2019
NHXXEHEPHAS FEQJIOTYIS! Tom XIV, Ne 1/2019 c. 36-42



SOIL MECHANICS

YGJIOBUE NPO4YHOCTU IPYHTA, VYUTHIBAIOLLEE
CONMPOTUBJIEHUE CABUT'Y, BbI3BAHHOE
SALUENJIEHUEM

MWPHbIIA A1
Mockosckuii rocynapctsenHbivt yHusepcntet um. M.B. Jlomorocosa, r. Mocksa, Poccus, MirnyyAY@mail.ru
Agpec: Jlenurckne ropsl, 4. 1, . Mocksa, 119991, Poccus

OpurvHaneHas cratbs
[octynnna B pegakuymio 14.01.2019 / MNpunsita k ny6mnkaumn 05.03.2019 / Lata ny6mvkayun 29.03.2019
© 000 «leomapketnHr», 2019

AHHOTaUMSA

ConpoTuBNEHIE TPYHTA CABUTY SABNSETCA NPUHLUMAANBHO BAXHBIM NPU NPOBEAEHNI Fe0TEXHUYECKMX PACHETOB aM0, HACbINeli u pacyeTax
YCTOYMBOCTM OTKOCOB. VICTOpMYECKM Ans peLleHns nogo6HbIX 3aj4ad Mcnonb30Banoch ycnosue Tekyvectn Mopa-KynoHa kak Hanbonee
noaxoAsLLee Ang 60MbLUMHCTBA MESTIKOAMCNEPCHBIX FPYHTOB. OHAKO B Cy4ae KPyMHOO610MOYHbIX FPYHTOB 6bIIO 3aMe4€eHO, YTO Npu
06paboTKe Pe3ynbTaToB UCMbITAHWA NPOSBAETCA «CLENeHne», X0Ta (OM3M4eCKOro MexaH3mMa [inia Takoro noBeAeHNs B 3TUX FPYHTAX HET.
970 [0MNOMHUTENbHOE CONPOTUBNIEHNE CABUIY, HE CBA3aHHOE C TPEHWUEM, BbI3BAHO 3aLernsieHeM Mexay Yactuuamu. SBfeHne 3auennequs
06bI4HO 1CCE0BaN0Ch MHXKEHEPAMU-TUAPOTEXHUKAMM, HO LUMPOKOE PacnpocTpaHeHme riy6oKMxX BbIpaboToK W TSKENbIX COOPYXEHNI B
rPXOAHCKOM CTPOWUTENbCTBE TPEOYET NPOBeLeHUs 60/1ee TOYHbIX PacyeToB. B JaHHOI CTaTbe paccMaTpuBaeTCs pa3paboTka HOBOMo
YCNOBWSA TEKYYECTN AN KPYNHOO06I0MOYHbIX FPYHTOB. [p0aHanu3npoBaHbl Hanbonee pacnpoCTPaHeHHbIe YCNOBUS TEKY4eCTI Ans
HECBSAHBIX FPYHTOB M UCMOMb3YEMble B HAX NapamMeTpbl, 0TMEYEeHbl UX NPeNMyLLEeCTBa 1 HeLOCTaTKL. [10Ka3aHo, YTO y4eT MPOMEXYTOYHOI0
TMABHOI0 HaNPMXXeHUs 0Ka3blBAET NPUHLMNNANBHOE BIUAHIE HA Pe3ynbTaT pacyeTa. lpeanaraemoe ycnoBue TeKy4eCTM OCHOBAHO Ha
VHBAPUAHTHBIX NapameTpax Hanps>KeHWA U y4uTbIBAET TPEHUE, CLENNeHNe 1 3aLenieHne Mexay yactuuamu. B Hem y4nTbiBaeTcs
MPOMEXYTO4YHOE NTaBHOE HaNpPsHXKEHNE U UCMOSb3YeTCs He3ahMKCUPOBAHHAsA NNOLAAKA CKONbXeHus. [TapameTpbl JaHHOr0 YCnoBus
(hn3n4eck 060CHOBAHBI U MOTYT BbITb ONpPeJeneHbl CTaHAAPTHLIMU UCTIbITAHUAMU TPYHTA. HECMOTPSA Ha TO, YTO JaHHOe ycnosue Tpebyet
J0MNOHUTENbHOI 3KCNEPUMEHTAITbHON NMPOBEPKM, OHO NPELCTABNAETCA NEPCMNEKTUBHLIM AN NPUMEHEHUS NPU YUCTIEHHOM MOAENMPOBAHNN,
TaK Kak SBNIETCS YHNBEPCANbHbIM U Y4NTHIBAET PasnnyHble (hakTopbI, 8 TaK XKe B CBA3M C UCMONIb30BAHNEM UHBAPUAHTHbIX NapamMeTpoB
HaNPSXKEHHOTO COCTOAHUSA 1 YHETOM NPOMEXYTO4HOIO [MABHOr0 HaNpsHXeHNs.

Knrouesbie cnoBa:
YC0BMeE TeKY4eCTH; NPOYHOCTb FPYHTA; CONPOTUBNEHNe cagury; ycnosne Mopa-KynoHa; ycnosue Mauyoka-Hakau; ycnosue JyHkaHa-Jlage;
3aLenneHne vyactuu
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Introduction

Under the soil strength its shear resistance is usually
recognized. It is a fundamental soil parameter, and its
appropriate value is vital for rational design of numerous
constructions, especially soil dams. The shear resistance of
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soil and its strength is determined by: a) inner friction forces,
depending on normal stress; b) reversible cohesion of water-
colloid nature, ¢) rigid structural cohesion'. Structural
cohesion is normal for rock soils and usually is not considered
in disperse soils. Thus, the most rational method for fine-
grained soils shear resistance description is the use of two-
parametrical yield criterion.

One of the most well-known yield criteria is a Mohr-
Coulomb criterion [12]:

The Mohr-Coulomb theory considers the sliding plane that
intersects the plane of the maximum and minimum principal
stresses and is parallel to the axis of the intermediate principal
stress. Many authors have noted that the Mohr-Coulomb
theory is most suitable for solving problems of a flat stress-
strain state, slopes stability problems mostly [3, 4, 6].

A significant drawback of this platform is its non-physical
hypothesis — intermediate principal stress takes an infinitely
large value, its effect is not considered [8]. This leads to an

! Maslov N.N., 1968. Soil mechanics and engineering geology basics. Vysshaya Shkola, Moscow. (in Russian)
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underestimation of the strength, as this plane is the most
dangerous, but is no likely to appear in complicated stress-
strain state therefore its application to strength and stability
calculations of the foundations of most buildings is not
recommended.

Experimental studies of different soils in a wide range of
stresses (from 0 to 4.0 MPa), performed by various
researchers? [1, 7] have revealed, that the intermediate
principal stress has an influence on the shear resistance, hence
the yield condition needs to account for this effect.

There was an interesting yield condition (2) performed by
A.L. Botkin [2, 8], who suggested that the Mohr-Coulomb
condition is satisfied on the octahedral plane, equally tilted
to the axes of principal stresses:

Tj =G tg(poct + Coct ? (2)

* \/(01 _03)2"'(02_63)2 +(63_01)2

where 1, = 3

stress on the octahedral plane; 6 = (5, + o, + 6,)/3 — normal
stress on the octahedral plane; ¢, — inner friction angle for
this plane; ¢, , — cohesion for this plane.

This theory takes into account the intermediate principal
stress, however, also has certain inaccuracy. The magnitude
of the normal stress on this plane is equal to the arithmetic
mean of the three principal stresses. This decision leads to
the overestimation of the normal stress. The shearing stress
on this site has a small value, as calculated on the basis of
deviations of the values of the principal stresses from the
average, and obviously cannot be very large.

Malyshev M.V. [5] noted the «phenomenological»
character of this theory, as plane selection is dictated by
mathematical simplicity. An important element of this theory
is the notion of the angle 6, defining the direction of shearing
stress acting on the octahedral plane.

The results of the studies summarized by L.N. Rasskazov 3 [11]
confirm significant influence of intermediate principal stress
on the shearing resistance (up to 10°); the nonlinearity of the
envelope of the Mohr circles in the majority of cases
(reduction of up to 15°); the effect on the strength of the
loading trajectory and Nadai-Lode parameter (change in the
range of 2—4°). In addition, to date there is no possibility of
accounting for engagement of particles in coarse-grained soils
and the resulting increase in strength.

These phenomena are especially important in the
calculation of foundations and earth structures composed of
coarse-grained soils with sand or clay filler. P.I. Gordienko [5]
suggested to assess the strength of coarse-grained soil by
using not the ¢ and ¢ parameters, but the shearing angle v,
determined with ¢ = 0. Each value of y has appropriate 6, o,
and ¢, values. Changing of y for gravel materials, depending
on the stresses as per suggestion of P.I. Gordienko, can be
approximately estimated by the formula (3).

— shearing

W, =y, —Slg 2t - )

Oy

where y, — shearing angle at 6, — 0, 6, = (26,6,)/(5, + 0,) —
normal stress on the sliding plane; 6, = 0.2 MPa.

Unfortunately, these relationships are markedly empirical
and must be adjusted for each particular site.

At present, a large number of yield and strength conditions
where developed for non-cohesive soils. Some of them, such
as the Matsuoka-Nakai and Lade-Duncan criteria [9, 14], take
into account the magnitude of the intermediate principal stress
and are applicable at different values of Nadai-Lode
parameter, but are single-parametric. Others, such as the
Drucker-Prager criterion, use the same parameters as the
Coulomb-Mohr, but have disadvantages, expressed in
incorrect results for volume strain and dilatancy [12].

The strength criteria, introduced by Lade and
Duncan [9] (4), or Matsuoka and Nakai [9] (5) were obtained
by Mohr-Coulomb criteria modernization and have smooth
yield surface without any angles. This yield surface deviator
section form was verified by the axisymmetric triaxial
compression tests. Both of these criteria are based on strength
invariants, i.e. are suitable for complicated stress states. On
the other side, none of them takes cohesion or engagement
into account, assuming that the critical line is straight and
starts from the origin of coordinates.

£= (—3—Sil’l(p)3 (4)
1, (—l—sin(p)(—1+ sin(p)

c a2
IDA _ 9—sin 0. (5)
I, 1-sin’¢

where 1, 1,, 1, are the corresponding stress invariants.

In this study the authors made an attempt to develop the
yield criterion, taking into account all the described above
regularities and phenomena. The yield condition suitable for
the description of shear resistance of coarse soils should meet
the following requirements:

— it should consider the influence of intermediate
principal stress and type of stress state. This is achieved
by consideration of the sliding plane, which is not fixed
in space of principal stresses and is determined by the
current values of stresses;

— take into account the physical nature of the strength of
fine-grained soils;

— parameters for this condition should be invariant, i.e.,
should not depend on the method of their estimation.

The authors deliberately omitted the question of the shear
resistance dependence of soil density, since, in practice, coarse-
grained soils are often used when the density is close to
maximum, and the compaction during loading is negligible.

The task of developing the yield condition can be divided
into three fundamental stages. The first step is to define the
most dangerous plane, where all the stresses are considered.
The second step is to choose invariant parameters,
corresponding to the physical meaning of the described
phenomena. Finally, in the third stage it is necessary to establish
the mathematical relationship between these parameters and
the components of stresses at the selected plane, allowing
describing the nature of the envelope of the Mohr circles
observed in the experiment. This division greatly simplifies the
solution to this problem, since the definition of the stress state
and the identification of plane is a mathematical abstraction,

2 Mendoza T., 1984. The strength of coarse-grained soils with sand filler in terms of spatial stress state. Ph.D. Thesis. Moscow Institute of Construction Engineers, 1984. (in Russian)

3 Goldin A.L., Rasskazov L.N., 2001. Soil dams design. ASV, Moscow. (in Russian)
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but the yield condition, on the contrary, should have reference
to the nature of the phenomenon in the medium.

Choosing a sliding plane

The account of all three principal stresses is possible when
considering the plane, which is determined by the magnitude
of the principal stresses at the ultimate state. It is obvious that
such a plane will have a different angle relative to each of
axes of principal stresses. General view of such a plane is
shown in fig. 1.

The position of the plane may be set by the guiding cosines
of the normal vector. The module of this vector is expressed
as follows (6):

6,0,0,

(6)

B 2 2 2 2 2 2"
\/61(52+0263+G301

From the consideration of triangles values of the guiding
cosines can be obtained:

_ b 0,03
cosa=—= 2 2 2 2 2. 2° (7)
\/01(52+0263+G361
6,0,
cosﬁ—— =. ®
\/0 02+0 c53+($(51
0,0,
CcosY =—= 9)

\/Gfoi +0,0, + GG,
Using the known formulas of solid mechanics to determine
the normal and shearing stresses on any plane we can get the

expressions for these stresses:

_ 2 2 2
G, =0,C0s8 0+ G,cos B+ o,cos"y,  (10)

2 2 2 2 3 2 2
T, = \/01 cos” a+ G, cos” B+ o, cos”y—o, . (11)

After substituting the previously obtained values of the
guiding cosines (7-9) these expressions take the form:

6,06,0,)(0,0,+0G,0 +06)
( 3) 2 3

(12)

G0, + 630, + 5.0,

T, = #jﬁ_sch\ﬁ(c 0 +0.0] + 0.0, ) (6,6, +6,6,+ 6,6,)" (]3)

These values of normal and shear stresses are proposed to
use in determining invariant sets of the strength parameters.

If we consider the simplest stress states for this criterion, we
can see, than in case of hydrostatic compression (6, =6, =06, =0)
normal and shearing stresses on the plane appear to be:

()l see)

o, =c, (14
o' +o'+o’ 30

\V9s* -96*
30

In the case of axisymmetric compression with Nadai
parameter A = —1 (¢, > ¢, = G,) we have:

=0. (15)

n

T 3 3(30) (30 )2

[NIABHBIX HANPSZKeHUH

Fig. 1. General view of a suggested plane in principal stress space

Puc. 1. O0uuii BHA npeiaraeMoii mIomaaKu CKoJbKeHHs B TPOCTPAHCTBE

- (5163)(261 + 03) , (16)
! 26} + 0]
005
+ 2
T, = 26° + 02 2 \/61 c; —20,0; (17)

For axisymmetric compression with Nadai parameter
A =+1 (o, = 0,> 0,) the result is will be similar, except for
the corresponding main stress factor:

_ 9% (01 + 263) (18)
o; + 20,

n

L= o 063 f\/01+03 26,6, . (19)

+ 2(53

The expressions (17) and (19) comparison shows, that for
Nadai parameter A = +1 shearing stress on the considered
plane is smaller, then for A = +1. It correlates well with the
experimental data obtained by many researchers.

Choosing the invariant strength parameters

Many years of experience in the application of the Mohr-
Coulomb criterion in soil mechanics has shown that the two-
parameter model is reasonable representation of the shear
strength of fine-grained soils. However, studies on the shear
resistance of coarse-grained soils in a wide range of stresses
show poor convergence with the experimental observations.
In the works of many researchers, in particular, G.G. Boldyrev,
the discrepancy in the values of the strength parameters
obtained by various methods is shown. This fact leads to the
conclusion about insufficiency of our ideas about the nature
of strength of fine-grained soils.

First and foremost this statement refers to the evaluation
of internal friction through internal friction angle. The internal
friction in dispersed soils is caused not only by sliding friction
the Amontons-Coulomb, but the rolling friction when turning

Mirnyy A.Yu., 2019
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Fig. 2. Basic engagement mechanism: a — starting position; b
d — no shearing resistance for material
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Fig. 3. Limit lines with different values of n
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the particles, the roughness and roundness of the particles
and, consequently, their engagement. Obviously, part of these
phenomena does not depend on the normal stress applied and
can be related to the cohesion forces.

At the same time, the strength parameters are a function
of the loading rate. For example, during a very slow loading,
internal links partially recover and the sliding friction is not
transformed into the rolling friction.

Thus, as the invariant of the strength parameters of the soil
the following should be considered:

—the inner friction parameter, for sliding friction
determined by soil mineralogy. If is considered peak
strength could be accounted for. As a residual value of
the natural slope angle should be taken;

— the cohesion parameter c, reflecting the influence of
internal relations, regardless of their reversibility and
applied stresses. It is constant, due to physical and
chemical parameters of the soil;

— the engagement parameter, reflecting particle roughness
and its influence on the shearing resistance.

The most difficult task is to identify the role of engagement

in the shear strength of fine-grained soils. From physical
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sense of engagement, it follows that its magnitude does not
depend on the compression, as even in the absence of
compression with only shear forces applied there is a
resistance due to engagement. The magnitude of this
resistance will be constant for an infinitely strong material,
as the destruction of the engagement irregularities will not
occur. With decreasing strength of the material the
irregularities will begin to split. In the course of the shearing
there will be gradual bridging of the bumps. Finally in the
case of extremely fragile material, engagement will not be
observed, since the shear plane will pass through the material
of the particles. This mechanism is presented in fig. 2.

At the same time, the magnitude of compression will
change the amount of friction; the magnitude of the normal
force to the surface of the prong is greater than the magnitude
of the force normal to the cut surface due to the tilt of prongs.
Chipping of prongs will occur when the shear stress exceeds
the shear strength of the particles. Thus, the contribution of
the engagement in shear resistance is easier to evaluate in the
form of increased friction. The engagement is implemented
before the start of the shearing prongs, and then begins to
decline to zero with smoothing irregularities.
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The invariant yield criterion development
Yield criterion is taking the form:

r*=0-tg(p-(1—(1+n)°_R)+ c, (20)

where R — axial compression resistance of particles material,
n — parameter, depending on shear resistance of particles
material and obtained experimentally.

This yield criterion takes into account the shear resistance
due to the engagement and its gradual decrease due to the
prongs shearing.

The parameter n can be expressed, provided that we know
the shear resistance of the particles, however, it is more
convenient to define it on the basis of experimental data. It
should be guided by the following values:

— n =0 — there is no friction in shear resistance;

— n = 0.2 — the prongs are nearly indestructible.

On the fig. 3 there is a graph of a limit line function
7" = f{o) with different n values.

It is obvious that such view explains the definition of
engagement by many authors as an additional constant
component close to cohesion. This is due to the application
of the linear form of the limit line. Holding such line through
any three points of the curve shows initial shear strength,
different from zero, which is interpreted as «engagement.

In its final form, the proposed yield criterion can be
formulated in the form of three equations, allowing to
determine the stress components for the sliding plane and the
interaction between them:

_ (0'1(5203)(0'1(52 +0,0,+ 0,0,)

n

2 2 2. 2 2. 2
6,0, + 0,05 + 050,

6,0,0

_ 17273 2.2 2.2 2.2) 2

=555 Z\/3(6102+6203+0361) (0,6, + 6,0, + 0;0,) (21)
G,0, + G505 + 00,

TH

= G.tg¢<(]—(l+n)&R)+ c

It should be noted that the friction angle in this criterion
is not numerically equal to the friction angle for other yield
conditions, in particular the Mohr-Coulomb and von Mises-
Schleicher-Botkin. The technique of definition of the
parameters in general is similar to the conventional test
methods, however, when interpreting data it is necessary to
consider the range of stresses in the test. The angle of
internal friction and cohesion should be determined
according to the initial part of a limit line, where even in
the area of stress concentration the strength of the particles
is not exceeded.

For more obvious comparison of this new criterion with
the others, it appears to be useful to draw the yield surface.
Unfortunately, there are some mathematical difficulties in this
task. Nevertheless, on the fig. 4 there are three sections of
the surface with planes, normal to the lower main stress axis.
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