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APPLICATION OF SHASHENKO CRITERION TO PREDICTING THE STRENGTH OF
SANDY LOAM SOILS DURING HORIZONTAL DIRECTIONAL DRILLING

We pursued the goal of assessing how acceptable the strength criterion of A. Shashenko is for taking
into account the physical nonlinearity of sandy loam soils.

Theoretical studies of geomechanical processes using analytical and numerical mathematical
methods. Analysis and generalization of the results of theoretical research.

It is shown that, in the area of experimental data variation, A. Shashenko strength criterion allows one
to describe the strength properties of the soil more accurately than the Coulomb—Mohr criterion.

It was found that when extrapolating the curves to the region of low pressures, the Coulomb—Mohr
strength criterion is the most preferable.

For the first time, using specific experimental data, the question of using the strength criterion of A.
Shashenko to take into account the physical nonlinearity of the strength properties of sandy loam soil has been
investigated.

The results obtained by us allow us to reasonably apply A. Shashenko strength criterion to take into
account the nonlinear properties of sandy loam soil.

Key words: shear tests, Mohr—Coulomb strength criterion, A. Shashenko strength criterion, single-
plane shear device, shear strength, consolidated shear.

Introduction

Today, in the best foreign practice, 95% of the volume of work on the laying and
reconstruction of underground utilities is carried out by trenchless methods, which makes it possible
to reduce the costs of repairing pipelines by 10-40% (depending on their diameter) [1].

In many large foreign cities, the laying of engineering communications in an open way is
already prohibited. It should be noted that in Europe the number of objects is constantly growing,
where methods of trenchless technology of repair, reconstruction and laying of communications are
used. This growth is more rapid than in the United States, since the largest European cities were
mainly founded several centuries ago.

In order for horizontal directional drilling (HDD) to become the main method of carrying out such
work, several circumstances at once were required. First, technologies were to emerge that would make
horizontal directional drilling possible at all. Secondly, the use of HDD on an industrial scale should have
become profitable (otherwise everything would have remained at the stage of experimental work).

One of the most important tasks in HDD is to ensure the stability of the walls of the expanded
borehole from collapse during inevitable technological interruptions in the pipeline pulling.

Literature review

It is known that the experimental dependences «breaking shear stress — vertical load» has the
form of a curved line, which is sometimes called the Coulomb—Mohr envelope [2, 3].

According to the data of researchers with zero vertical load on the sample, the breaking shear
stress in clay soils is also zero. In this case, the Coulomb—Mobhr strength criterion gives the value of
the breaking shear stress equal to the specific cohesion (ie, nonzero; Fig. 1). This, in turn, leads to an
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overestimation of the holding forces when calculating the stability and strength of soil foundations
and structures.
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Fig. 1. Curves of ultimate shear strengths of cohesive clayey soils in an open system (consolidated-
drained; data by N.A.Tsytovich): a — dependences of soil porosity on load (KL curve) and
unloading (mL curve); b — shear curve

As a result of the analysis, it was concluded that the problem of taking into account the
physical nonlinearity of the strength properties of clayey soils is relevant, and one of the ways to
solve it is the use of A. Shashenko strength criterion, widely known in rock mechanics [4, 5].

The research task was formulated as follows:

1. Known experimental results of consolidated-drained tests of sandy loam soil in a single-
plane shear device.

2. It is necessary to:

2.1. Approximate experimental data using a linear relationship (Coulomb—Mohr strength
criterion).

2.2. Approximate experimental data using nonlinear dependence (A. Shashenko strength
criterion).

2.3. Using the relative root-mean-square error, evaluate the accuracy of the approximation.

2.4. Extrapolate the results of the approximation to the region of low pressures.

Methodology

Theoretical studies of geomechanical processes using analytical and numerical mathematical
methods. Analysis and generalization of the results of theoretical research.

Results

To determine the properties of the soil and its classification, we used the recommendations [4,
5]. The physical properties of the sandy loam tested by us are presented in table 1.
Table 1. Physical properties of sandy loam soil
IGE No. 3 - PALE-YELLOW AND YELLOW SUPES

NAME OF CHARACTERISTICS PRIVATE VALUES CHARACTERISTICS
1 2
Laboratory room 1 2 3 4 8 10 11 12 14
Development and its number w.20 | w.20 | w.20 | w.20 | w.20 | w.20 | w.20 | w.20 | w.20
Sampling depth, m 8,20 1 860 | 90 | 94 | 17,0190 20,0 | 21,0 | 30,0
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End of table 1

1 2
Moisture at the fluidity limit, unit | 14 | 19 | 923 | 021 | 0,19 | 021 | 020 | 0,18 | 0,20
fraction
Humidity at the border of rolling, | 16 | 16 | 0,17 | 0,17 | 0,15 | 0,17 | 016 | 015 | 0,15

unit fraction
Plasticity number, unit fraction | 0,03 | 0,03 | 0,06 | 0,04 | 0,04 | 0,04 | 0,04 | 0,03 | 0,05
Natural humidity, unit fraction | 0,04 | 0,04 | 0,06 | 0,04 | 0,06 | 0,09 | 0,14 | 0,09 | 0,12
WaterSat“r?:;‘é?igr‘lo'““re' unit 1023 [ 0,25 | 0,27 | 0,27 | 0,24 | 0,20 | 0,20 | 0,16 | 0,17
Indicator of fluidity, unit fraction | -4 -4 |-1,83|-3,25|-2,25|-2,00|-0,50 | -2,00 | -0,60
Density of soil particles, g/lcm® | 2,67 | 2,67 | 2,61 | 2,67 | 2,67 | 2,67 | 2,67 | 2,67 | 2,67

Soil density, g/cm® 168 163|168 158 |170|185]|194 | 200] 2,03
Density of dry soil, g/cm® 162|157 |152|152|160|170|170|183]| 181
Porosity, unit fraction 0,39 1041,043]043]0,40|0,36 | 0,36 | 0,31 | 0,32

Porosity coefficient in natural | o | o 70 | 076 | 0.76 | 0.66 | 057 | 0.57 | 0.46 | 0,47
constitution, unit fraction

Moisture degree, unit fraction 0,16 | 0,15 | 0,21 | 0,14 | 0,24 | 0,42 | 0,66 | 0,53 | 0,68

Lack of water saturation, unit | 19| 551 | 921 | 023 | 0.18 | 0,11 | 0,06 | 0,07 | 0,05
fraction

The strength of the soil was determined in accordance with the recommendations [6].
The results of determining the strength of the soil at its natural moisture content are presented
in table 2.

Table 2. Test results for sandy loam soil of natural moisture in a single-plane shear device

IGE No. 3. PALETO-YELLOW AND YELLOW SUPES
RESISTANCE TO SHEARING SAMPLE IN NATURAL STATE (SHIFT CONSOLIDATED)

Vertical load o, MPa Breaking load 7, MPa
0,200 — ]0,132]/0163] - ]0,148]0,128 | 0,123 | 0,148 | 0,145
Vertical load o, MPa Breaking load 7, MPa
0,400 - 1025210275 | - ]0,265]0,225 | 0,234 | 0,265 | 0,269
0,600 - 103500271 - 10,361 0,313 | 0,323 | 0,359 | 0,352
Partial values of strength characteristics (standard method; Coulomb—Mohr strength criterion)
Internal friction angle @, | 29 7 B 28 25 97 28 97
degrees
Specific adhesion C, MPa| — | 0,027 |0,062| - |0,045| 0,037 | 0,027 | 0,026 | 0,048

The analysis of the data presented in Table 1 allowed us to conclude that the properties of the
sandy loam soil we tested are typical for the Dnieper region.

To determine the material constants of the Coulomb—Mohr strength criterion, which has the
form we used the generally accepted technique [6]:

r=0-19(p)+c,
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where 7 —destructive shear stress; o — vertical load on the soil sample, ¢ and C —material constants

to be determined (respectively, the angle of internal friction and specific cohesion) of the Coulomb—
Mohr strength criterion.

In this case, we used the technique described in [6] to determine the material constants of the
A. Shashenko strength criterion, which has the form:

TZ\/G-C'tg(¢)+C2.

It turned out that the dependence of the soil strength on the vertical pressure on the sample
within the framework of the Coulomb—Mobhr strength criterion has the form:

r=0-0,4793+0,0512.

where tg(¢)=0,4793 from where ¢ = 25,61 degrees and ¢ = 0.0512 MPa.

It turned out that the dependence of the strength of the soil on the vertical pressure on the
sample in the framework of the A. Shashenko strength criterion has the form:

r=4/0-0,2289-0,0259,
where ¢ -0,0259, whence c¢= £0,161-i MPa;  tg(¢p)=F1422-i, whence
@=F(90+50,04-i). Herei =/~1 is the imaginary unit.
The obtained values of the material constants included in the strength criterion of A.
Shashenko are either imaginary (specific adhesion) or complex (angle of internal friction) numbers.

The results of approximation of the dependences «breaking load — vertical load on the sample»
are shown in Fig. 2.

2

To assess the
e compliance of strength criteria
e ‘ with experimental data, we use

o 4 the formulas
0,25

0,2 o 1
0,15
0,1
0,05 /
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-0,1 6E-16 0,1 0,2 0,3 0,4 0,5 0,6
Vertical pressure on sample, MPa
Fig. 2. The results of determining the curves «breaking load —
vertical pressure on the sample». Row 1 — experiment; row 2 —
criterion of strength of Coulomb-Mohr; 3 — A. Shashenko the breaking shear stresses; i —
strength criterion test number; n — the total
number of tests.
It turned out that in the case of the Coulomb—Mohr strength criterion &= 0,101, and in the
case of A. Shashenko criterion ¢ =0,0,094. On this basis, it was concluded that in the field of changes

in experimental data(g c {2,0...6,0} MIYa) A. Shashenko strength criterion is more accurate.

- ) E =

- e 3

Broken presure, MPa

where ¢ is the relative root
mean square error between the
experimental (z,;) and

calculated (Tp,i) the values of

Further, we extrapolated the strength criteria to the region of low pressures (Fig. 2). It turned
out that with a vertical load less than 0.1 MPa, A. Shashenko strength criterion gives us negative
values of the breaking load, which contradicts modern ideas about the nature of destruction of soils
and rocks.
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In this regard, in the pressure range (Je {0,0...6,0} MHa) A. Shashenko strength criterion

should be presented as:

Oato < 0,113;
' =15 -0,2289 —0,0259 ato > 0,113.
5 In the course of further analysis, we
S - \ compared the dependences of the angle of
- ! i | friction (Fig. 3) and specific
B 6 L 3 interna C g. p
= e \ cohesion (Fig. 4) on the pressure on the
S8 ] ground.
S g4 \ —_— To determine the «tangent» angle of
c @ \ . .. ‘e .
S T3 Sl —-—— 2 internal friction and specific adhesion at a
] 20 - e point with the current coordinate «o» we
g 10 i used the formulas:
0
-0,1 6E-16 0,1 0,2 0,3 0,4 0,5 0,6 {87 }
_ p=arctgs—;
Vertical pressure on sample, MPa oo
Fig. 3. Results of determining the curves «angle of or
internal friction — vertical pressure on the sample». C=7- U‘g-
Row 1 — Coulomb—Mohr strength criterion; _
2 — A. Shashenko strength criterion It follows from Fig. 3 that the angle
of internal friction established within the
01 framework of the Coulomb—Mohr
al 7 strength criterion does not depend on the
S oo / pressure on the ground.
& / In this case, the «tangential»
2 0,06 /7 1 angle of internal friction calculated
< 4 — _ 3 Within the framework of the strength
© ~6;04 4 ‘ criterion depends on the normal pressure
&= ” / on the ground. In this case, there is a
Q 6,02 clear tendency for the angle of internal
) / S . .
5 7 friction to decrease with increasing load

on the soil.

It follows from Fig. 4 that the
specific adhesion established within the
framework of the Coulomb—Mohr
strength criterion does not depend on the
pressure on the ground.

In this case, the «tangential»
specific cohesion calculated within the framework of the strength criterion depends on the normal pressure
on the ground. In this case, there is a clear tendency for the specific cohesion to increase with increasing
soil load.

It should also be noted that in the case under consideration, the results obtained using A.
Shashenko strength criterion are in good agreement with modern concepts of soil failure during shear

-0,1 6E-16 0,1 0,2 0,3 0,4 0,5 0,6
Vertical pressure on sample, MPa
Fig. 4. Results of determining the curves «specific
cohesion — vertical pressure on the sample». Row 1 —
Coulomb—Mohr strength criterion; 2 — A. Shashenko
strength criterion

in the range of experimental data (i.e., at o e (2,0...6,0) MIla).
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Conclusions

The research materials presented in this work made it possible to draw the following
conclusions:

1. It has been established that the soil strength criterion proposed by A. Shashenko may well
be used to predict the strength of sandy loam soils.

2. It is shown that in the area of experimental data variation the dependence "breaking load —
vertical pressure on the ground”, established within the framework of the strength criterion of A.
Shashenko, has a better agreement with the experiment than the analogous dependence established
within the framework of the Coulomb—Mobhr strength criterion.

3. It has been established that the extrapolation of experimental data to the region of low
pressures using the A. Shashenko strength criterion gives worse results than using the Coulomb—
Mohr strength criterion for similar purposes.

In general, it was concluded that the strength criterion of A. Shashenko may well be used to
predict the strength of sandy loam soils.

B.I'. llanoBai, O.A. Ilamenxo, C.P. JKunincbka, B.JI. Xomenko, I'.Il. IBanoBa

Hayionanenuti mexuiunutl ynisepcumem «/[Hinpogcoka nonimexuikay

3ACTOCYBAHHSA KPUTEPIIO ITAIIEHKO JJI1 HIPOT'HO3Y MINHOCTI CYHIIIIAHUX
TPYHTIB IIPU TOPU3OHTAJIbHO-HAIIPABJIEHOMY BYPIHHI

Hamu nepecnioysanacs mema oyiHumu, HACKIIbKU NPULHAMHUM Ol8 6PAXYE8AHHA (Di3UUHOT
HeniHitinocmi cyniwjanux pynmie € kpumepiu miynocmi O. Llawenxo.

Teopemuuni 0OCRIONCEHHS 2COMEXAHIYHUX NPOYECi8 (3 GUKOPUCIAHHAM AHANIMUYHUX | YUCETbHUX
mamemamuyHux Memoois. Ananiz i y3azanibHenHs pe3yivmamie meopemudHux 00Ci0NHCeHD.

Iloxaszano, wo 6 obnacmi 3miHu exchepumenmanvhux oanux xpumepiv miynocmi O. Llawenxo
00360151 Oib MOuHO, Hide kpumepiu Kyrona — Mopa, onucamu énacmueocmi MiyHOCmi [pYHmMY.

Ipu yvomy 6cmanosneno, wo npu excmpanoisyii Kpugux 8 001acms Maiux mucKié Haukpawum €
Kkpumepiii miynocmi Kynona — Mopa.

Bnepwe 3 suxopucmanHsmM KOHKpEMHUX eKCNePUMEHMATbHUX OAHUX OOCTIONCEHO NUMAHHA NpO
suxopucmanns xpumepito miynocmi O. Ilawenxo 0ns 061Ky Gizuunol HeniHiuHOCMI XapaKmepucmux
MiyHOCmI énacmusocmeli CynijaHo2o IpyHmy.

Ompumani Hamu pe3yibmamu 00360JA10Mb 0OIPYHMOBAHO 3ACMOCO8Y8amU 01 00NIKY HeMIHIIHUX
enacmugocmeti cyniwjanoeo rpynmy kpumepii miynocmi O. Lllawenxo.

Knwwuogi cnosa: sunpobysanns na 3pis, kpumepii miynocmi Mopa — Kynona, kpumepiii miynocmi O.
Llawenxo, npunad 0OHONIOWUHHOSO 3CY8Y, MIYHICMb HA 3Di3, KOHCOMIO08AHE 3PYUIEHH.

B.I'. IllanoBan, A.A. Ilamenko, C.P. )Kununckasn, B.JI. Xomenko, A.Il. UBaHoBa

HGZ/;Z/IOHClﬂbeluv MmexHu4ecKuil YHUeepcumem «ﬂﬂenpoecsz noaumexnHuxka»

NPUMEHEHUE KPUTEPUS HHAIIEHKO J1J151 IPOIHO3A ITPOYHOCTU CYIIECYAHBIX
I'PYHTOB INIPU T'OPU30OHTAJBHO-HAITPABJIEHOM BYPEHUU
Hamu npecnedosanace yeivb oyeHums, HACKOIbKO npuemiem Oas yuema QuuiecKkoll HeluHetuHocmu
cynecuaHuvlx epynmos kpumeputi npounocmu A. Lllawenko.
Teopemuueckue UCCIE008AHUA 2€0MEXAHUYECKUX NPOYECCO8 C UCNONb30BAHUEM AHANUMUYECKUX U
YUCTEHHBIX MAMEMAMULECKUX Memo0os. Ananusz u 0b6obujenue pe3yibmanmos meopemuieckux Uccieo08aHuUll.

119



Bunyck 23. IHCTPYMEHTAJIBHE MATEPIAJIO3HABCTBO
http:/altis-ism.org.ua

IHokazano, umo 6 obracmu uMeHeHUs IKCHEePUMEHMANbHBIX OAHHbIX Kpumeputi npounocmu A.
Hlawenxo nossonsem bonee moyro, uem xpumeputi Kynona — Mopa, onucams npouHocmuele ceolicmea
epynma.

Ilpu smom ycmarosneno, 4mo npu KCMpPAnoOIAYUY KPUssblx 8 001acmb MAIbIX 0deieHull Hauboee
npeonoymumenvHuIM Aeagemcs kpumepui npoynocmu Kynona — Mopa.

Bnepsvie ¢ ucnonvzosanuem KOHKPEMHbIX IKCHEPUMEHMANbHBIX OAHHBIX UCCAE008aH 8ONPOC 00
ucnonv3osanuu Kpumepus npoynocmu A. lllawenxo ona yuema @usuueckoil HeIUuHelHOCMU NPOYHOCHIHBIX
CB0UICME CYNnecuaHo20 epyHma.

THonyuennvie Hamu pe3yrbmamovl HO3601AI0M 0OOCHOBAHHO NPUMEHAMb OJid yuemda HeNUHelHblX
ceolicme cynecuanozo epyuma kpumepuii npounocmu A. Lllawenxo.

Knioueevie cnosa: ucnvimanus ua cpes, Kpumepuu npounocmu Mopa — Kynowna, xkpumepuu
npoynocmu A. Lllawenko, npubop 0OHONIOCKOCMHO20 CO8U2d, NPOYHOCMb HA CPe3, KOHCOMUOUPOBAHHDIL
cogue.
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