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The advantages of express methods of penetration and probing for evaluating the mechanical parameters of cohesive
sedimentary rocks over traditional methods of testing them in single-plane displacement devices, odometers, and stabilometers
are analyzed, such as: complete independence from the applied force and cone immersion depth; simplicity and reliability of
the equipment; high reliability of results, etc. The methodology and results of 185 sets of penetration-shear tests of various clay
rocks, from sandy loams to clays, are presented. Their results were used to determine the strength indicators of cohesive rocks
(angle of internal friction and specific adhesion). Through statistical processing of experimental data, it was confirmed that for
the water-saturated state of clay rocks there is an almost functional relationship between the penetration index and the porosity
coefficient.
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ITpoananizoBaHO MepeBaru eKcIpec-MeTOoAIB MEeHeTPaLlil Ta 30HyBaHHS JUIs OLIHIOBAaHHS MEXaHIYHUX IapaMeTpiB 3B’SI3HUX
0CaJIOBUX TMOPIJ Mepes| TpaauLifHUMK crocobamu 1X BUNPOoOyBaHb y MpUiaiax OJHOIUIOIIMHHOTO 3PYILIEHHS, OOMETpax i
cTabiioMeTpax, SK-TO: MOBHY HE3aIEKHICTh BiJl MPHUKIAICHOTO 3yCWIIS Ta TIMOWHH 3aHYPEHHS KOHYCa; MPOCTOTY W Hamii-
HIiCTh 00JTaTHAHHS; BUCOKY JIOCTOBIPHICTh pe3yJIbTATIB i T. iH. BuaineHo ramysi ix paioHaJIbHOTO BUKOPUCTAHHSA, y T. 4.: Jla-
0OpaTOpHi Ta MOJIBOBI METOIM BU3HAUCHHS MTApaMETPiB MIIIHOCTI i CTUCIMBOCTI Pi3HOBHIIB OCaIOBHX, & OCOOIHMBO 3B’ SI3HUX,
TIPCBKUX TIOPif; OOTPYHTYBAHHS PiBHSIHD B3a€EMO3B'SI3KY MK (DI3MIHAMH i MEXaHIYHUMH BIACTUBOCTSIMU PI3HOBHUIB TIOPi,
SKi MArOTh TOCTiMHI 1HMKAIliifHI XapaKTEPUCTUKHU 3a y3araJbHEHHSIM JOCIIIHUX JaHUX Ta iH. Bifg3HaueHo, Mo pe3yabTaTH
HEeHEeTPaIifHIX BUIPOOYBaHb BiIIOBIHO JI0 PillleHb BiCECHMETPUYHOT 3a4a4i Teopil rpaHWYHOI PIBHOBATrH OL[IHIOIOTH 32 M-
TOMHUM oropoM nenerpauii. [Togano Metoauky i miicyMku 185 KOMITICKCIB NeHeTpalliifHO-3pyIIyBATHHUX BUTIPOOYBAHb PI3HHX [JIHHUC-
THX TIOPiJI, BiJl CYmMicKiB 10 TNMH. IX pe3ynbTaTH BUKOPUCTAHO /TS BU3HAYEHHS MOKA3HMKIB MIilIHOCTi 3B’A3HHX Mopia (KyTa
BHYTPIIIHBOTO TEPTs. W MUTOMOTO 3ueruieHHs). IIIIaXxoM crarucTHYHOI 0OpOOKH JOCHITHUX JAHUX MIATBEPIKEHO, IO I
BOJIOHACHYCHOTO CTaHy TJIMHUCTHUX MOPiJT iCHY€e Maike (QyHKIIOHATBHUIT 3B’ 130K MiXK TIOKQ3HIUKOM MIEHETpaIlii 1 KoeillieHTOM
MopHCTOCTi. BcTaHOBIIEHO, 110 MUTOMI OMOPH 3PYIICHHIO TIIMHUCTHX MOPiJ 32 YMOBH OJHAKOBOTO (DI3HYHOTO CTaHy JIiHIIHO
B33a€MOIIOB’sI3aHi 3 BiAMOBITHAMH CepEeIHIMA BEIMYNHAMU MTUTOMOTO ONOPY TEHeTpamii mpu KoedilieHTi Kopesii OJI136K0
0,80. IIpoBeneHHs BHIIYKYBaHb 33 PEKOMEHIOBAHOI METOAMKOIO CYTTEBO 3MEHILYE 00CAT HOPMATHBHHUX BUIIPOOYBaHb Ha
OJTHOIIJIOLMHHE 3PYILICHHSI, a TAKOXK J1a€ MOXKIMBICTh OAEPKATH JOCTATHBO JOCTOBIPHI PE3yNbTAaTH 3 MEHIIOIO TPYIOMICTKi-
CTIO Ta TPUBAJIICTIO POOIT.

Kaiwouogi cioBa: cBeputoBrHa, 0CaI0Ba 3B’ s13HA TiPChKa TIOPO/Ia, MIITHICTh, EKCIIPEC-METOT IIEHETPALlii, TUTOMHIA OITip TeHe-
Tpaii, OAHOIUIOIMHHE 3PYIICHHS, KyT BHYTPIlIHBOTO TEPTSI, IMTOME 34CIJICHHS, PiBHIHHS B3a€MO3B SI3KY.
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Introduction

The level of technical reliability and cost-
effectiveness of innovative design and technological
solutions for underground components of modern
mining facilities, in particular, various types of oil and
gas wells [1, 2], etc., significantly depends on the
correct determination of the physical and mechanical
characteristics of sedimentary rocks of natural massifs.

Typically, cylindrical samples of sedimentary rocks
of natural structure, pre-selected during field surveys,
are tested in the laboratory in a relatively simple
compression device (odometer) to assess their
deformation properties, and then to determine the
strength parameters in a uniaxial shear device.

However, the most realistic stress-strain state (SSS)
of the rock in the massif corresponds to the study of its
cylindrical (sometimes cubic) samples in much more

complex three-axis compression devices
(stabilometers). The results of such tests can be used to
determine  both  compressibility and  strength

characteristics [3-5].

Various types of stamp tests are used in field studies.
However, these well-tested and reliable methods are
quite labor-intensive, and for large volumes of the same
type of tests, they are also time-consuming.

Therefore, in rock mechanics, the so-called express
methods of studying the physical and mechanical
properties of sedimentary rocks, such as penetration
and probing, have become quite widespread.

This method of penetration is based on the slow
immersion of a conical tip (indenter, cone) into the rock
to a depth %, which does not exceed the height of the
cone itself /. During penetration tests in the laboratory,
the load is usually transferred in stages, while
simultaneously recording the depth of the indenter. The
duration of the load steps is kept constant (most often
1-2 minutes).

The generalized parameters of penetration tests were
obtained on the basis of known solutions to the
axisymmetric problem of the theory of limiting
equilibrium. In particular, for cohesive sedimentary
rocks (sandy loam, loam, clay), the ratio of the
penetration force P to the square of the tip immersion
depth - the specific penetration resistance R, MPa - is
taken as such an indicator.

Practice has proven the main advantage of penetration
tests of homogeneous sedimentary rocks, the so-called
invariance condition of their results, i.e., complete
independence from the applied force and the
corresponding depth of the indenter immersion, and,
taking into account the constants of the cones used, also
independence from the angle of their opening. Thus, the
results of the research do not depend on the means of
recording the penetration resistance and the design of
the penetrometers.

In addition, the penetration method is distinguished
by: simplicity and reliability of the equipment; high
reliability of test results; effective control over their
probability; the ability to set up numerous experiments
both in the field and in the laboratory; the ability to
determine the mechanical parameters (mainly strength)

of any natural and artificial materials, from gelled
systems to rocks [6-8].

Thus, further development of high-speed penetration
and sensing methods is relevant to reduce the labour
intensity and duration of work to determine the
mechanical properties, primarily strength parameters,
of sedimentary rocks for the subsequent correct design
of underground components of modern mining
facilities.

Review of the research sources and publications

The express method of penetration in rock
mechanics has been gaining some popularity
gradually.

In particular, it is advisable to highlight the
following most important stages of its development,
in the authors' opinion.

1. Use of penetration testing to assess the condition of
clayey rocks by consistency (or flowability).

2. Comprehensive substantiation of theoretical
schemes of interaction of conical dies (indenters) with
non-cohesive (sand) and cohesive (clay) rock.

3. Substantiation of the interaction between conical
indenters and sedimentary rock from the standpoint of
the theory of limit equilibrium, which was already ap-
proved at that time.

4. Introduction of research on sedimentary rocks by
means of their ball tests.

5. Proposals for the use of resistivity and pene-
tration index, as well as their use to establish the rela-
tionship between the physical and mechanical proper-
ties of cohesive (clay) rocks.

6. Further spreading of penetration tests for quantita-
tive assessment of mechanical properties of sedimen-
tary rocks, mainly their strength parameters and to a
lesser extent - their deformability properties.

The most commonly used method for testing
sedimentary rocks is with a tapered tip with a taper
angle of o = 30°.

In the modern practice of penetration testing of
sedimentary rocks, it makes sense to highlight a
number of popular areas. First of all, the equipment for
penetration and static rock sounding, as well as the
methods of processing and interpreting the results of
these studies, continue to be improved [9, 10].

In recent years, the theoretical foundations of the
penetration method have been improved by
mathematical modelling using the solution of an
axisymmetric problem by the finite element method in
a physically and geometrically nonlinear formulation of
the stress-strain state of a continuous medium around
conical indenters (tips) when they are immersed in a
certain volume of sedimentary rocks [11-14].

Mining practice has shown that various variations of
the method of penetration testing of sedimentary rocks
have been successfully tested for:

— classification of sedimentary rocks [15];

— 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.) [16], as
well as under dynamic (e.g., seismic) impact [17]. The
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quantitative effect of the impact on rock properties is
usually assessed as the ratio of the values of the specific
resistivity R/Ry for cohesive rocks (or the penetration
indices U/Uj for non-cohesive rocks) obtained before
and after the impact;

— control of the results of mechanical tests of rocks
performed by traditional methods [18];

— laboratory and field methods for determining strength
parameters [19-21] and sometimes deformability
(compressibility) [22] of dispersed sedimentary rocks;

— identification of a certain relationship between the
physical state indicators and strength characteristics of
genetically homogeneous sedimentary rocks [23];

— substantiation of generalising equations of the
relationship between the physical and mechanical
properties of individual rock types that have constant,
so-called, indicative characteristics (e.g., ductility
number, mineralogical composition, structural features,
etc.) based on the results of generalising numerical
experimental data [24];

— interpretation of the results of penetration tests of
sedimentary rocks in certain characteristic regions, in
particular, on the sea shelf [25-27];

— evaluation of anisotropic mechanical properties of
sedimentary rocks, in particular, determination of the
anisotropy coefficient of mechanical characteristics of
the rock as a ratio of the values of the specific resistance
to penetration at a certain angle to the isotropy plane to
the same parameter, but at zero angle [28];

— comprehensive geophysical, geomorphological and
geotechnical studies to identify risk zones in landslide
massifs composed of clayey rocks (such data are useful
for understanding the mechanisms of landslide
triggering, its depth, shape and condition of the material
in the landslide body) [29];

— to assess the degree of heterogeneity of artificial
massifs of sedimentary rocks [30];

— to assess the hydraulic conductivity of marine and
deltaic sediments based on piezocone testing [31].

Definition of unsolved aspects of the problem

However, despite the noted advantages of rapid
penetration and sensing methods for assessing the
mechanical parameters of cohesive sedimentary rocks
over traditional methods of testing them in single-plane
displacement devices, odometers and stabilisers, these
high-speed methods have not yet been widely tested
and are almost not reflected in regulatory sources.

Problem statement

Therefore, the aim of the work is to test the
penetration method for rapid but reliable determination
of the strength of sedimentary cohesive rocks.

The objective of the study is to establish possible
quantitative relationships in sedimentary cohesive
(clay) rocks in a water-saturated state between the
penetration index and the porosity coefficient, as well
as between the specific shear resistance and the
corresponding average values of the specific
penetration resistance.

The object of the study is the interaction of conical
indenters (stamps) and sedimentary cohesive rocks.

The subject of the study is the strength parameters of
sedimentary cohesive rocks determined using the rapid
penetration method.

Basic material and results

Theoretical justification of research methodology.

First of all, it should be noted that the presence in the
theoretical expression of the resistance of a cohesive
(clay) rock to shear of two conditional, but generally
accepted, parameters of its strength, namely the angle
of internal friction ¢ and the specific cohesion c,
somewhat complicates the practical application of the
penetration method.

The methodology for calculating the angle of internal
friction @ of clay rocks of disturbed and natural
structures is based on the known condition of
proportionality between the specific cohesion ¢ and the
specific resistance to penetration R, which is based on
the basic theory of the limiting equilibrium of the
medium from the immersion of a conical tip

c=K, R, (1)

where K, — is the proportionality function, which
depends on the taper angle a and the dimensionless
coefficient M,, which in turn is a function of the
internal friction angle ¢, or

K,=1/(D,-7-1g’al2), ()

Theoretically, the coefficients M, and K, were

calculated for a certain range of values of the rock
internal friction angle ¢ =0+20° and a tip with a taper

angle o = 30°, in particular for:
p=0° M, =16,0 and K, = 0,87,
p=10°, M, =215 and K, = 0,646;
»=20°, M,=37,0 and K, =0,376.

At the same time, however, the genesis of the
sedimentary rock itself and the peculiarities of
experimental methods for determining the angle ¢ were
not taken into account.

Subsequently, the Geotechnical School of National
University "Yuri Kondratyuk Poltava Polytechnic"
determined the values based on the data of combined
tests of lake-glacial clay (with the plasticity number
1, =20,4% and the moisture content at the yield point
W, =41,7%).

The experiments were conducted using a well-tested
laboratory penetrometer LP-1 with a rotational shear
attachment and a combined tip with a taper angle of
o = 30°, which had mutually perpendicular wings.

This made it possible to obtain the specific
penetration resistance in each experiment, and, after
rotational displacement, the maximum torque M .

Then, using the tip constant K_, the specific

resistance to rotational displacement 7 was determined,
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and identifying zand c, the coefficient K, =c/R and

the value of the internal friction angle ¢ were
determined.

The results of numerous field experiments of this clay
were summarised in the graph ¢ = f(R), from which

the value of K, as the tangent of the angle of

inclination of the line drawn from the origin to the axis
of the coordinates was derived. For a certain number of
experiments, the average values of R, ¢, and K , were

determined under conditions of similarity of rock
moisture and density.
It turned out that the values of K, give angles ¢ very

close to those theoretically obtained for the values of
the internal friction angle of the rock ¢ =0+20° and a

tip with a taper angle a = 30°.

Methodology of penetration-shear tests of clay rocks

At 60 sites in the Poltava region, 185 sets of penetra-
tion and shear tests were performed on various quater-
nary clay rocks, from sandy loam to light clay (with a
plasticity index of Ip = 1-18 %).

Their results became the research basis for identifying
the relationship between the specific resistances to
shear 7and penetration R of these rocks.

The algorithm of laboratory tests, in particular, in-
cluded the following blocks.

1. Cutting out samples from the cores taken from the
boreholes using cutting rings 33-35 mm high and 70-71
mm in diameter, and determining the parameters of the
initial physical state of the rock (moisture content,
porosity coefficient e, etc.).

2. Preliminary compaction of the samples with their
soaking.

3. Penetration tests of samples on both sides with 4-7
degrees of loading for each geological element (rock
layer) and determination of the average value of its
specific resistance to penetration R .

By the way, the property of invariance of the
resistivity of penetration with respect to a certain initial
value of the cone immersion was also confirmed, which
depends on a number of factors related, in particular, to
the quality of preparation of the sample surface for
penetration, the state of the cohesive rock under the tip,
etc. The influence of these factors can be excluded if
the first one or two degrees of loading on the tip are not
taken into account.

Fig. 1 shows the test of a clay rock sample using the
laboratory penetrometer LP-1, which was improved (by
including a clock-type indicator in the process of fixing
the indenter's immersion value in the rock) at Poltava
Polytechnic.

4. Testing of these samples for rapid uniaxial shear
according to the consolidated-drained scheme,
determination of the specific shear resistance = and the
corresponding strength indicators ¢y, ¢y . It should be
noted that in the experiments, the actual height of the
specimens allowed the shear plane to be created below
the penetration mark.

5. Determination of the final values of moisture

content and density of clay rock samples.

6. Determination of the coefficient K, =c, / R for
each geological element.

7. Comparison of the values of K, from penetration-

shear experiments and ¢y from the results of
consolidated-drained shear, i.e: K, = f(¢) .

Figure 1 — Testing a clay rock sample with an advanced
laboratory penetrometer

The range of variability of the strength properties of
clay rocks was as follows: R =60-600 kPa;
¢, =8-65kPa; ¢, =9-36'; K, =0,061-0,329.

The penetration and one-plane shear indices of water-
saturated and pre-compacted clay samples of the same
physical condition obtained from the comprehensive
penetration and shear tests allowed us to make the
following generalisations of the results.

Results of penetration-shear tests of clay rocks

The processing of the results of shear and penetration
showed that it should be carried out in a differentiated
manner, separating a group of experiments related to
sandy loam and a group of experiments that included
loams and clays.

It turned out that the most effective relationship
between the penetration and uniaxial displacement
indicators exists between the average specific
resistance to penetration R and the specific resistance
to displacement 7 under conditions of constant vertical
pressure o=const.

Both parameters characterise the strength of the rock
and, after statistical processing, make it possible to
establish the relationship between R and .
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Thus, it is advisable to develop one of the possible
methods of using the penetration index R for practical
calculations of rock strength parameters ¢ and c.

In Fig. 2 shows the test points and the corresponding
approximated graph of the dependence of K, = /() .

Fig.3 shows the experimental points and the

corresponding graph of the dependence between R
and 7 at a vertical pressure of o=const=100 kPa for

processed).

Fig. 4 shows similar dependences between R and r
at a pressure of o=const=100 kPa for loams and clays
(more than 130 complexes were statistically
processed).

In all cases, the correlation coefficients of these em-
pirical dependencies were about 0.80, which for rocks
indicates a close connection.

sandy loam (50 complexes were statistically
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Figure 2 — Dependence of the coefficient K, on the angle of internal friction ¢

<
& 150
o
(]
Q
=]
<
S
1]
7
5] 100
=~ o o ° -
E o 0/
) % ° / °
<= qd o / o
7] o o
2 O e e @ °
— o
S.E ru;oo ° o o° o
3 50
(=%
n

0

n an 1nn 1&n ANN &N 2nn

Figure 3 — Dependence between the specific resistance to penetration R and the specific shear
resistance 7 at a pressure of c=const=100 kPa for sandy loams
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The equation of the relationship between the
penetration indicators and the strength of sedimentary
cohesive rocks

Based on the results of determining the relationship
between the specific resistances of penetration R and
one-plane displacement 7 under the condition o=const,
we have

o =100 kPa, r = 0,2156- R +36,86; 3)

o =200 kPa, 7 = 0,5378- R +15,03. (4)
Then

0,5378-R+15,03—(0,2156- R +36,86)
8¢, = =

200-100
=0,003- R —0,1883
and the specific adhesion (from the expression
c, =T—0-1gQ,)is
¢, =(0,5378- R +15,03)—200-(0,003- R —0,18) =
=-0,1062- R +32,68
Let's look at an example of such a calculation.

The average value of the specific resistance to pene-

tration R =152,2 kPa was obtained on the clay rock
samples of the site after their compaction and water sat-
uration.

It was determined after 12 tests of 6 samples on both
sides of the ring to the cone immersion depth #>10 mm.

Based on the results of one-plane shear of the same
samples, 12 values of the specific shear resistance 7
were obtained, and after their statistical processing, the
values of the internal friction angle ¢;=16° and the
specific adhesion c;=36,4 kPa were calculated.

According to the above dependences 7 = f(R), we
have 7,,, = 66,67 kPa and 7,,, =96,89 kPa, respec-
tively, at a vertical pressure of o =100kPa and
o0 =200 kPa .

Then

1gp, =(96,89—-66,67)/(200—100)=0,302;
the angle of internal friction is equal to ¢, =16,8° and
the specific adhesion
¢y = —0,1062-152,2+52,69=-16,16+52,69 =36,5kPa .
Thus, the results of the established relationship between
the parameters R and 7 made it possible to determine
the strength of the experimental heavy dusty loam (with
a plasticity number 7, =14,5% ), which practically co-
incided with the data of its tests for uniaxial shear.

The validity of these generalisations can be easily
checked by looking at the porosity coefficient e, the
flowability (consistency) index [/, and the water

saturation coefficient S, for clayey rocks.

As an example, for semi-hard clays, Table 1 shows
the calculated values of K, and R.

The final equation for the dependence of 7 = f(R),

which does not depend on the porosity coefficient e, is
as follows

r=(11,75+0,206- ) +(0,166+0,00047- &) R (5)

Thus, it is possible to determine the strength
parameters of clay rock (internal friction angle ¢ and
specific adhesion c¢y) from the average value of the
specific penetration resistance R of compacted
samples after their water saturation (usually reduced to
the water saturation coefficient S, >0,80).

Of course, similar calculations and tables can be
drawn up for other clay consistency values, as well as
for loams or sandy loams.

It makes sense to establish the final equations of the
relation 7= f(R) for a sufficiently wide range of

variability of the clay rock yield factor, for example,
0<1, 0,75, in the form
t=A+B-c+(C+D-0)-R (6)

where 4, B, C, D — are the empirical coefficients of
the equation.
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Table 1 - Estimated values of the coefficient K, depending on the rock strength parameters @i and R

Clay porosity coefficient e

0,55 0,65 0,75 0,85 0,95 1,05

K, =f(®) 0,196 0,204 0,211 0,219 0,235 0,250
R= ¢, /K 413 333 255,1 2142 174,6 143,9

v
Specific shear resistance 7, kPa, at vertical pressure o, kPa
0=100 kPa 119,0 104,0 88,4 79,5 69,7 60,9
06=200 kPa 157,7 140,8 122,9 112,0 98,3 85,8
0=300 kPa 190,2 177,2 157,2 144,8 127,0 110,8
Conclusions 3. The use of the expressions K, =jf(p) and

1. It has been experimentally confirmed that for the
water-saturated state of a cohesive (clay) rock, there is
a practically functional relationship between the
penetration index and the porosity coefficient. The
specific shear resistances of clayey rocks, under the
condition of the same physical state, are linearly
interrelated with the corresponding average values of
the specific resistance to penetration.

2. From the interrelation equations of the type (8), it
is easy to determine the specific resistance to
penetration obtained in the experiment from the
average value of the specific resistance to shear of clay
rocks at least at two values of vertical pressure, and then
- the strength of the cohesive rock and (and, if
necessary, taking into account the reliability factors,
their calculated values).

K, =c/R gives grounds for the use of simplified tests

of cohesive rock for uniaxial shear, which consist in the
penetration of pre-compacted water-saturated samples
with the determination of the specific resistance to
penetration, the performance of uniaxial shear at the
minimum possible pressure and the establishment of
the corresponding value of the specific cohesion.

4. Conducting surveys according to the recommended
methodology significantly reduces the volume of
regulatory tests for single-plane displacement, and also
makes it possible to obtain sufficiently reliable results
with less labour intensity and duration of work. Further
testing of the penetration method for determining the
strength of cohesive rocks opens up prospects for a
wider reflection of this express method in regulatory
sources.
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