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A number of topical applied problems on studying the physical and mechanical characteristics of sedimentary rocks using the
already sufficiently tested high-speed penetration method are considered, such as: the influence of tip sizes on the value of the
static probing index of sands; the influence of the surface quality of conical tips on the results of penetration and probing;
improvement of the tip for penetrating rocks with anisotropic properties. New practical possibilities of using the equations of
the relationship between the physical properties of rocks and their mechanical parameters, in particular, the specific resistance
to penetration or the penetration index, to generalize the results of experiments are shown.
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PosrnsHyTO psin akTyanbHUX NPUKIAIHAX 33024 3 JOCTIIHKEHHS (i3UKO-MEXaHIYHUX XapaKTEPUCTHK OCAIOBUX T1PCHKHX II0-
pix i3 3aCTOCYBaHHAM B)Ke JOCTAHBO aripoOOBAHOTO MIBHAKICHOTO METOY MEHETpallii, 30KpeMa: BIUTUB pO3MipiB HAKOHEYHH-
KiB Ha BEJIMYMHY NOKAa3HUKA CTATUYHOTO 30H/IyBaHHS MICKiB; BIUIAB SKOCTI MIOBEPXHi KOHIYHUX HAKOHEYHUKIB Ha PE3yJIbTaTH
MeHeTpallii Ta 30HyBaHH:; yJOCKOHAICHHS] HAKOHEYHHKA JUIs IeHeTpalii MopiJ] 3 aHI30TPOITHUMH BIaCTHBOCTAMHU. [TokazaHo
HOBI NIPaKTHYHI MOXKJIMBOCTI BUKOPUCTAHHS PiBHSIHB B3a€MO3B’ 3Ky MDK (Di3MYHUMH BIACTHBOCTSIMHU TiPCHKHX MOPIZ i iX Me-
XaHIYHIUMH apaMeTpaMH, 30KpeMa MUTOMHM OITOPOM IEeHeTpallii Yi OKa3HUKOM MEeHeTpawil, [Uisl y3araJbHEeHHs pe3yJIbTaTiB
EKCIIePUMEHTIB. 30KpeMa. TOBEICHO. 10 3aCTOCOBYIOUH METO/I MIEHETPAIlil Ta MaKO4X 3HAYCHHS IIIJIbHOCTI-BOJIOTOCTI, B Oy /b~
SIKOMY €JIEMEHTiI MacHBY OCA/IOBHX TIPCHKHX ITOPiJ MOKIIMBO BH3HAUYUTH HEOOXiMHY XapakTepUcTHKy. LLImsxom xopemsmiii-
HOT'O aHaJIi3y OJHO3HAYHO BCTAHOBJICHO ITOBHY HE3aJIEKHICTh BEIMYMHH MMOKa3HUKA 30HIYBaHHS BiJl PO3MIpiB TTIaIKUX KOHi-
YHUX HaKOHEYHHUKIB JJISI MICKY KBapIEBOTO, KPYITHOTO, MAJIOTO CTYIIEHIO BOJOHACHYEHHS B MIMPOKOMY ialta3oHi 3MiHU HOTO
IIUTBHOCTI. EKCIIepHMEHTAIbHO BCTAHOBJICHO, 10 OIIp IPYHTY 3aHypEHHS ifeabHO MIOPCTKYBAaTHX HAKOHEYHHKIB OJJHOTO Ji-
ameTpa MPaKTHYHO He 3aJeKHUTh Bijl KyTa PO3KPUTTS KOHyca. HaBeneHo HaOYHI MPUKIAAH, IO MOKA3yIOTh BUCOKY e€peKTHB-
HICTb 1 JOCTOBIPHICTh BUKOPHCTAHHS PIBHSIHHS B3a€MO3B'I3Ky MK (i3HYHAMHM | MEXaHIYHUMH TTapaMeTpaMH TiPChbKHUX MOPiT
IpH BUPIILICHH] Pi3HUX eMIIPHYHUX 3aBJaHb JOCHiIKeHb. Po3pobieno Ta 3anareHToBaHo «HakoHeYHHUK Jyis meHeTpanii rpy-
HTIiB 3 aHI30TPOIHUMH BIACTHBOCTSIMU» Ta «Croci® BiU3HaueHHs KoedillieHTa aHi30Tpomii IPYHTY METOIOM MeHeTpawii», sKi
JTAFOTH MOJKJIMBICTH MiJIBUIINTH JOCTOBIPHICTH OILIHIOBAHHS HANpPYXeHO-Ie(OPMOBAHOTO CTaHy MACHBIB MAacCHBIB TipCHKUX
MIPY BUKOPHCTAHHI B iX MoJieNi (pi3MYHHX CIHIBBIIHONIICHb OPTOTPOITHOTO YH TPAHCBEPCAIFHO-130TPOITHOTO CEPEAOBHIIA.

KuirouoBi cjioBa: ocajioa ripckka mopojia, MeHeTpailist, HAKOHEYHHUK JUIs IEHETpallii, MOKa3HHUK MEHEeTpallii, TUTOMHUH OITip
THeHeTpallii, IiIbHICTh CKeNIETy TipChKOi MOPO/IH, B3a€MO3B'I30K, aHi30TPOIIis.
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Introduction

The penetration method, together with probing,
composite testing, and rotary sectioning, is traditionally
referred to as the so-called high-speed methods for
studying the physical and mechanical properties of
sedimentary rocks (soils).

It is based on the slow immersion of a conical tip into
the rock to a depth A, which should not exceed the
height of the cone 4. When conducting penetration
tests in the laboratory, the load is usually transferred in
stages, while recording the depth of the tip immersion.
The duration of exposure of each individual load stage
is taken to be the same (usually 1-2 minutes) [1].

The generalized parameters of these penetration
studies were obtained by V.F. Razorenov on the basis
of solutions to the axisymmetric problem of the theory
of limiting equilibrium [2]. In particular, for cohesive
sedimentary rocks (clay, loam, sandy loam), this
indicator is the ratio of the penetration force P to the
square of the cone immersion depth, which is called the
specific penetration resistance R, MPa.

Practice has shown that the main advantage of
penetration studies of homogeneous sedimentary rocks
is the so-called invariance condition of the results
obtained, i.e., complete independence from the applied
force and the corresponding depth of the cone
immersion, and, taking into account the constants of the
tips used, independence from the angle of their
opening. Consequently, in this case, the results of the
study do not depend on the means of recording the
penetration resistance and the design of the
penetrometers themselves [3].

Review of the research sources and publications

The method of penetration testing of rocks, in partic-
ular, is recommended for:

— quantitative assessment of changes in the state and
mechanical properties of various sedimentary rocks
under any type of external impact on them (compaction,
moistening, drying, freezing, thawing, etc.). The effect
of the impact is determined by the ratio of the values of
the specific resistivity of penetration R/Ry (or
penetration indices U/Uy) obtained before and after the
impact [4];

— control of the results of mechanical tests of rocks
performed by traditional methods [5];

— identifying the relationship between physical
condition indicators and strength characteristics of
sedimentary rocks [6, 7].

In the current practice of penetration testing of
sedimentary rocks, several quite popular areas can be
identified. First of all, the equipment for penetration
and static rock probing and the methods of processing
and interpreting the results of these studies continue to
be improved [8, 9].

Another modern trend in the penetration studies of
sedimentary rocks, to the development of which the
specialists of National University "Yuri Kondratyuk
Poltava Polytechnic" (NU "Poltava Polytechnic") made
a significant contribution, is the comprehensive
substantiation of the equations of the relationship
between the physical and mechanical properties of soils

for certain types of rocks that have constant, so-called,
indicative characteristics (e.g. plasticity number,
mineralogical composition, structural features, etc.
etc.) based on the results of generalization of numerical
experimental data [10-12].

Thus, the general relationship equation of the form (1)
has already been well tested for solving applied
problems of determining the physical and mechanical
characteristics of both cohesive and non-cohesive
sedimentary rocks.

The general relationship equation in this case is as
follows

1-M
g R, L P T
Ry € Ps %0
,(1
My pu My W

where R — specific penetration resistance, MPa;

Ryo=1 MPa;

Wr — moisture content of water-saturated rock at Ry =1
MPa;

1
€y -
My, =1 —é% )

e
1/eg and 1/e — are the angular coefficients of the linear
equations, respectively, for the case of complete water
saturation of the rock and under the condition of
constant moisture;
pw — water density (1 g/cm?);
pa — density of dry soil (or soil skeleton).

Thus, having equations of the form (1) for specific
types of sedimentary rocks, defined as a certain
engineering and geological element, it is possible to
determine the corresponding values of: specific
resistance to penetration, R; modulus of deformation,
E; angle of internal friction, ¢; specific adhesion, c,
based on their known values of the porosity coefficient
(e) and moisture content (/).

And wusing similar expressions obtained from
equation (1) [10, 11], it is possible to determine the
mechanical properties of the rock based on the known
values of the specific resistance to penetration, R, and
the moisture content, W: E; ¢; c.

It should also be noted that the methodology for
assessing the physical and mechanical properties of
sedimentary rocks using the relationship equation (1)
has been repeatedly tested in the study of compaction
zones in various piles and foundations [10].

A number of publications [13-15] are devoted to the
interpretation of the results of penetration tests of
sedimentary rocks on the sea shelf.

Recently, the use of penetration studies to evaluate
the anisotropic properties of sedimentary rocks has also
gained some popularity [16, 17]. Thus, the definition of
the coefficient of anisotropy of the mechanical
characteristics of the rock as the ratio of the values of
the specific resistance to penetration at a certain angle
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to the plane of isotropy to the same parameter, but at a
zero angle, has been tested.

Definition of unsolved aspects of the problem

However, the application of the equation of the form
(1) is possible to solve a number of other relevant
phenomenological problems of studying the physical
and mechanical properties of sedimentary rocks.

Problem statement

Therefore, the purpose of the work was to expand the
scope of applied problems for studying the physical and
mechanical parameters of sedimentary rocks using a
sufficiently tested high-speed penetration method.
Some of them will be considered below.

Basic material and results

Influence of tip sizes on the value of the sands probing
index.

When developing a general methodology for static
probing of sands, this issue is of some interest.

The experimental studies were carried out in the
laboratory at the laboratory probing unit LZU-1
designed by  National University  “Poltava
Polytechnic”.

The sand studied was quartz, coarse, homogeneous,
air-dry with a SO content of 98.7%.

In the tray, the sand was given six values of its
skeleton density ps = 1.50, 1.52, 1.55, 1.60, 1.64,
1.67 t/m>.

The density of sand was achieved for the loose state
by pouring through a funnel, and for the dense state by
surface and deep vibration with loading.

The probing was carried out with smooth conical tips
with an angle between the base and the vertical of o =
15°.

The tips of five different sizes were used with cone
base diameters a. =2.9, 3.5, 3.9, 4.5, and 5.0 cm.

In all cases, the ratio of the cone diameter to the rod
diameter dc/dsh>1.8 was maintained. The tip immer-
sion rate in the rock did not exceed 0.25 m/min.

For each experiment, the probing index V was deter-
mined [11].

Each value of this indicator corresponded to a certain
value of rock density, 1/pa.

To summarize the test results, they were presented in
the coordinates "inverse of the dry soil density, 1/p4 -
logarithm of the probing index, /gl

This graph is shown in Fig. 1.
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Figure 1 — Results of sand probing with tips of different sizes

Interpreting it in accordance with equation (1), we
obtain the linear equation (3)

i=0.886—0.0716lg%, 3)

Pa

with the correlation coefficient » = 0,99.

Thus, as a result of the correlation analysis, the
complete independence of the value of the probing
index, V, from the size of smooth conical tips for quartz
sand, coarse sand, and sand with a low degree of water
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saturation in a wide range of changes in its density was
unequivocally established.

Influence of tapered tip surface quality on penetration
and probing results.

Studies by many experts point to the influence of the
surface quality of the conical tip on the results of pene-
tration and probing.

It is customary to use a polished metal cone for these
tasks [11].

However, the surface of the cone is disturbed during
operation, especially in the field. Meyerhoff introduced
the concept of a rough cone when the friction along its
lateral surface is equal to the tangent of the angle of in-
ternal friction of the test sedimentary rock. He proposed
a concrete wedge and a copper cone treated with sand
for testing.

A new design of a so-called perfectly rough cone was
proposed at National University "Poltava Polytechnic".

The scheme of this stepped conical tip is shown in
Fig. 2.

It includes a cone and a shank and is characterized by
the fact that, in order to create friction conditions on the
ground, the cone is made with cylindrical steps.

The tip consists of a cone - 1 and a shank - 2.

The cone is made with cylindrical steps having a ratio
of 0/h. = tga, and the ratio of the step height to the cone
height is taken to be 0.05 - 0.1.

When the tip is buried in the soil under the cylindrical
steps, areas of compacted soil are formed, which move
with the tip and form a soil jacket in the form of a cone
with a base at an angle to the vertical, a.

The proposed tip clearly meets the conditions of a
rough cone and creates conditions for friction between
soil and soil.

Penetration and probing tests were conducted in
sandy and clay soils to identify the expected
phenomenon.

The methodology of these studies was based on a set
of experimental data on penetration and probing of soils
of various types and conditions, and then generalization
of the results obtained in accordance with the
conditions adopted for equation (1).

Fig. 3, a shows the experimental data on the penetra-
tion of coarse, homogeneous, quartz, air-dry sand by a
smooth and stepped conical tip with the same geometric
parameters:

a = const;

hc = const;

dc = const.

The test was performed using a laboratory penetrom-
eter LP-1.

The porosity coefficient of the sand varied from 0.90
to 0.72 and, accordingly, the angle of internal friction
from 32° to 36°.

Line 1 establishes the relationship between the in-
verse of the dry soil density, //pa4, and the logarithm of
the penetration index, U, obtained with a smooth metal
cone.

Figure 2 — Stepped conical tip for penetration and prob-
ing:
a - section; b - plan; 1 - conical part; 2 - shank,
hc - height of steps; 6 - ledge; o - angle between the verti-
cal and the cone face

Line 2 establishes a similar relationship, but with a
stepped tip.

There is a large difference between the values of the
penetration rates - they are 3 times higher for stepped
tips.

Fig. 3, b shows similar data for a loam of a disturbed
structure.

The angle of internal friction of the soil varied be-
tween 14 and 16°.

All things being equal, the specific penetration re-
sistance obtained with a rough tip is 1.3 times greater
than for a smooth one.
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Figure 3 — Results of penetration tests of soils with smooth and stepped conical tips:
a - sands; tips: 1 — smooth, 2 - stepped;
b — loam; tips: 1 — smooth; 2 — stepped

The results confirm the notion that a soil shell is
formed around the stepped tip, which moves along with
the tip. This causes friction between the soil and the tip.

This value determines the value of the penetration in-
dex for sands and the specific penetration resistance for
loams. If we assume the coefficient of friction of the
metal on the soil f'=0.10 - 0.12, then the results can be
confirmed by calculation.

Thus, the greater the angle of internal friction of the
soil, the greater the error when using a conventional
smooth metal tip in penetration tests. It is noticeable
when testing sands and may be negligible when pene-
trating water-saturated clay soils.

Fig. 4 shows the results of probing coarse, homoge-
neous, air-dry, quartz sands in laboratory conditions us-
ing the LZU-1 installation with tips with different an-
gles, a, between the base and the vertical of the cone.

Conical tips with the same cone base diameter d. =
const were used.

Fig. 4, a shows the data for smooth tips, and
Fig. 4, b — for stepped tips.

For each value of the angle a, the probing was per-
formed at seven values of the dry soil density, p4, of
both smooth and rough tips.

As a characteristic of sand probing, the value V4 was
taken, which is calculated by the following formula

=k

= ) 4
HxA4

where 4 — cone base area.

The obtained data confirm the well-known statements
[11] about the formation of an elastic core under flat
and conical dies.

According to these ideas, the shape of the elastic core
is close to conical, and its angle a ~ 22.5°.

If the smooth tip has a 2a < 22.5°, the core is not
formed, and friction occurs on the metal.

If 20> 22.5°, then elements of this core appear, and
the larger a, the more elements of the elastic core are
formed.

A flat die has a complete elastic core.

The graphs in Fig. 4, a show that with the formation
of elastic core elements, the intensity of the increase in
the probing index decreases, i.e., the effect of friction
on the soil is manifested.

Fig. 4, b shows the graphs obtained using stepped
tips.

According to these data, the soil resistance to pene-
tration of perfectly rough tips of the same diameter is
practically independent of the cone opening angle.

There is a slight tendency to increase the probing re-
sistance with an increase in the angle a, which confirms
Meyerhoff's conclusions.

These examples show the high efficiency and relia-
bility of using the relationship equation (1) in solving
various phenomenological research problems.
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Improving the tip for penetrating soils with  slightly from the direction of the central axis: for exam-

anisotropic properties.

At National University "Poltava Polytechnic", a "Pen-
etration tip for soils with anisotropic properties" was
created (Patents for: invention No. 17737 and industrial
design No. 1473) (Fig. 5).

Figure 5 — Tip for penetrating soils with anisotropic
properties

Due to the small angle between the working faces and
the concavity of the side faces (which eliminates the in-
teraction of the rock with the side surfaces), the tip in-
troduces minor measurement errors in anisotropic sed-
imentary rocks.

The interaction of the soil occurs only along the sur-
faces of the working faces, i.e. at an angle that differs

ple, if the angle between the working faces is 8, the an-
gle by which the working surface of the faces is devi-
ated from the central axis is 4°.

The side faces do not interact with the rock (they are
still lubricated with grease).

To improve the accuracy of n, we developed a
"Method for determining the soil anisotropy coefficient
by the penetration method" (Patent for Invention No.
49904).

It involves stripping at least two adjacent areas to the
shape of planes located at different angles a to the hori-
zon and penetrating each of them in a direction perpen-
dicular to its tip according to Patent No. 17737.

Penetration in each direction is carried out with at least
four tips with different angles between the working
faces, for example, g =20, 15, 10, and 5, with the deter-
mination of R for each direction of penetration and each
angle f, calculation of the values of the coefficient 7z,
for the corresponding angles f, approximation of the data
of the dependence nr, = f{f}), in particular, by a power
function, and extrapolation to the value of ng, corre-
sponding to = 0°.

Thus, in cases where the values of soil anisotropy co-
efficients differ significantly from n, = 1.0, the accuracy
of estimating the stress-strain state of rock masses can be
increased by using physical relations of orthotropic or
transverse-isotropic media in their model.

Conclusions

Thus, by expanding the subject matter of applied
problems for studying the physical and mechanical
parameters of sedimentary rocks using the tested high-
speed penetration method, the following was
established.
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1. The equations of the relationship between the
physical and mechanical properties of soils are
established for individual varieties that have constant
indicative  characteristics ~ (plasticity =~ number,
mineralogical composition, structural features, etc.)
based on the results of generalizing numerical
experimental data. Using the penetration method and
having the density-moisture values, it is possible to
determine the required characteristic in any element of
the soil massif.

2. The possibility of using the equations of the
relationship between the physical and mechanical

characteristics of soils to generalize the results of
experiments in solving research problems is proved.

3. The "Penetration tip for soils with anisotropic
properties”" and the "Method for determining the soil
anisotropy coefficient by the penetration method" were
developed and patented, which make it possible to
increase the reliability of the assessment of the stress-
strain state of rock masses when using physical
relations of orthotropic or transversal-isotropic media
in their model.
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