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Abstract

Field and laboratory express methods for studying physical and mechanical pa-
rameters of sedimentary rocks (penetration, static sounding, rotational displace-
ment), as well as traditional methods of evaluating their mechanical properties, are
considered. The peculiarities of detecting these characteristics for cohesive and non-
cohesive sedimentary rocks are clearly divided. Theoretical prerequisites have been
confirmed by experimental studies. It is proved that the objective credibility criteri-
on of the reliability of the penetration and sounding characteristics is their invari-
ance, embedded in the limit equilibrium equation. The method of determining the
strength of sands based on the results of penetration and sounding has been devel-
oped. For cohesive rocks, a method of combined testing by penetration and rotation-
al shear is proposed for this. The results of experimental studies are presented,
which confirm the sufficient convergence of the values of strength parameters ob-
tained by standard and express methods. The generalization of experimental data is
proposed according to the calculation schemes of the relationship of the properties
of sedimentary rocks.

Keywords: sedimentary rock, penetration, sounding, rotational displacement, in-
variance, equations of limit equilibrium, strength, relationship.

Introduction

To correctly determine the physical and mechanical properties of
sedimentary rocks, complexes of their laboratory and field tests were
conducted [1].

However, these complexes are usually quite time-consuming and
long. Therefore, a promising direction for studying the characteristics
of sedimentary rocks is the introduction of so-called express methods
[2-6]: in the laboratory, this is penetration and rotary cutting, and in
field conditions - sounding.

Thus, penetration is widely used for the classification of cohesive
rocks (clay, loam, sandy loam) [7-10], penetration and sounding - for
evaluating the strength of non-cohesive rocks (sands) [11-13], com-
bined penetration and rotary section tests - for a similar problem of
determining the strength of cohesive rocks [13-16].

Express methods have also been tested for a number of mining
and geotechnical problems, for example, penetration - to estimate the
parameters of the anisotropy of the environment [17,18], as well as
the study of mechanical properties of rocks under special conditions,
in particular, static sounding - to determine the strength of marine
sediments [19-21], etc.
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1. Interpretation of the investigation results of the physical
and mechanical rock properties by express methods

Processing of experimental data was carried out according to the
calculation schemes of the relationship of the properties of rocks, the
theoretical base of which was developed under the guidance of
V. Razorenov [3].

Ultimate force on a conical tip with an angle between the genera-
trix and the vertical a=15° with axisymmetric loading is determined
by the three-term formula

F = Uyyyh + Voyo bz + Nocy s kN (1)
where U, Vo,V - coefficients of the equation depending on the angle of
internal friction of the sedimentary rock ¢/ ; yi- specific weight of the

breed, kKN/m?; specific adhesion, kPa; /.- height of the conical part of the
tip, m; H - depth of the base of the cone from the earth's surface, m.

If the depth of immersion of the conic tip, A, is less than its
height, k., the process of rock penetration occurs. With H=0 and the
expression (1) takes the form

F = JT.It;.}qJ'i'a + Nﬂclhz: kKN. ()

The specific resistance of penetration, R, which is the ratio of the

penetration force, F, to the square of the depth of immersion of the
tip into the rock, is taken as a parameter of penetration tests [3]

F
R= fl—= = Ugrih + Nocy: kPa 3)
Let us consider three possible cases of using the equation (3).
Case 1: When ¢#0, C=0 it is characteristic of air-dry and com-
pletely water-saturated sands
R =Uyh: kpa. (4)
The penetration index was proposed as a characteristic of the

penetration tests of these sands
g R_F_,
“r R " e, )
Graphs of invariance of shallow, quartz sand with a low degree of
water saturation are shown in Fig. 1a.
The penetration index is defined as the tangent of the angle of in-

clination of the averaged straight line to the ordinate axis.
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Case 2: when @<24° and C#0 characteristic of clay soils. With
small sizes of conical tips (up to 100 mm), the first term of equation
(3) does not exceed 5% of the total value of specific penetration re-
sistance. It can be neglected.

Then

F
R=ﬁ=Noc,kPa. (6)

Graphs of the invariance of the specific penetration resistance are
shown in Fig. 1b.
Case 3: When ¢>24°, C0; characteristic of sands and loams. If Ry=NoCi
is accepted, then expression (3) taking into account (5) can be written as
R=R,+Uh xpa (7)

The graph according to equation (7) is presented in Fig. 1c.

Shown in Fig. 1 of the penetration graphs indicate the invariance
of the penetration index, U, or the specific penetration resistance, R,
i.e., the correspondence to the averaged straight line of the equation
describing one of the cases of penetration.

If the condition of invariance is violated, that is, the test points
deviate from the averaged straight line, this indicates factors that are
not taken into account by the calculation scheme and their nature
should be explained.

This can be the effect of the ring walls, the heterogeneity of the rock in
terms of penetration depth, malfunction of the penetrometer, etc.

Plotting the invariance, U, or, R, is usually done during the tests
themselves. This allows timely detection of deviations from the ac-
cepted calculation scheme that were not foreseen by the experiment.

Rotational section is a method of studying the mechanical param-
eters of soils by determining the resistance of the soil to the rotation
of wing tips formed by two intersecting planes.

When testing soils from the earth's surface, when the winged tip
is immersed in the soil only to its height, the self-weight of the soil
can be neglected and the ultimate resistance of the rotary section can
be taken as equal to the specific adhesion of the soil, C.

The ultimate resistance of the rotary section is defined as the ratio
of the maximum moment of the rotary section, Mmax, to the static
moment of the cut surface,
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Fig. 1. Penetration graphs: a - sands: u1 = 0,29 mN/m?; u2 = 0,84 mN/m?; uz = 1.6
mN/m?; b - loam: Ri = 7,8 kIla; R> = 16,8 kPa; R3 = 24 kPa; ¢ - loams: Roi = 16 kPa;
Ro2 =22 kPa; Ro3 = 35 kPa

When the wing tip is immersed in the soil only to its height, the
cut is made along the cylindrical and lower circular surfaces, then is
determined by the formula
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where D and & - diameter and height of the wing tip.
When penetrating clayey soils in case 2, the specific penetration
resistance is proportional to the specific adhesion. Solving equation
(6), we get

9

1
C N R =K,R. 10)
As a derivative of the carrying capacity coefficient, No, limit equi-
librium equation (1) coefficient K,=f(¢°) and is equal to
Ko =% (11)
Sounding is a method of studying the properties of rocks by de-
termining the reactive resistance of the rock to the conical tip when it
is immersed to a depth exceeding the height of the cone A..
In the equation (1) H#O.
Consider a type of static sounding of rocks, when the ratio of the
diameter of the cone to the diameter of the rods (dc / dm)z 1,6.

In this case, in addition to the complete or partial removal of fric-
tion on the side surface of the rods, the rock protrudes into the cavity
between the rod and the well wall. In this case, in addition to the
complete or partial removal of friction on the side surface of the
rods, the rock protrudes into the cavity between the rod and the well
wall.

For cohesive rocks at the value of the angle of internal friction
@<20° the first two terms of the expression (1) do not exceed 5% of
the total value, So,

F = Nc,h* (12)

As an objective characteristic of the results of static sounding of
cohesive rocks, the specific resistance of sounding is used Q

Q =1z =N,C
h; . (13)

The invariance of the specific resistance of sounding in a layer of
homogeneous rock is manifested in the fact that the sounding force
in it remains constant.
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On the sounding graph, this is expressed by a straight line parallel
to the ordinate axis (Fig. 2a).

Comparing equations (6) and (13), we can write that

@Q=R=N,C (14)

The values of the specific resistances of sounding and penetra-

tion of cohesive rocks are equal to each other due to the free protru-

sion of the rock from under the cone during penetration - to the sur-
face, during sounding - into the borehole cavity.

The effect established by the results of numerous comparative
tests allows the results of penetration tests to be widely used also in
the analysis of data of static sounding of rocks with an extended con-
ical tip.
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Fig. 2. Graphs of sounding: a - loam of rigid plasticity:
1 - 0=f(H); 2 - Qf(H); b - shallov, loose sands V, = 0,34 M

Pa . medium density
m

V2 — 0,488 MPa . V23 -13 MPa
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Sometimes it is convenient to use the resistance value of the cone
rock, g

F
q: =5 =4433Q

(15)
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where A is the area of the base of the conical tip.

For non-cohesive rocks at C=0 (air-dry and water-saturated
sands), the sounding process is described by the first two terms of
equation (1), with the first term representing a constant value.

It is proposed to use the sensing index as the sensing characteris-
tics of such rocks V

_QQ:

H;-H . (16)

In a layer of homogeneous rock, the invariance of the sounding
index is manifested in the fact that the specific sounding resistance Q
increases linearly with the depth of sounding with the angular coeffi-
cient V - the sounding index (Fig. 2b).

The established regularity in a layer of homogeneous sand will mani-
fest itself up to a depth called critical. Below this depth, when the rock is
homogeneous, the specific resistance to sounding does not change.

The value 4. depends on the density of the sand and the size of the
conical tip. The greater the density of the sand and the greater the diameter
of the base of the cone, the more /., is. Similar regularities were observed
[11,12] during the immersion of piles and their models.

The following studies established a connection between the character-
istics of high-speed research methods and the physical and mechani-
cal properties of rocks.

2. Express determination methods of physical and mechanical
rock properties

General expression for determining the force on a conical tip with
an angle between the generatrix and the vertical a=15° during pene-
tration and sounding are given in (1). The physical characteristics in
(1) are represented by the specific gravity of the rock y. Strength
characteristics are in the form of specific adhesion C and bearing
capacity coefficients Uo, Vo and No, which depend only on the angle
of internal friction ¢. The bearing capacity coefficients of equation
(1) can be determined on the basis of the solutions of the axisymmet-
ric problem of the theory of limit equilibrium, performed, including
for conical stamps with an angle a=15°, by V. Berezantsev [3]. In
Fig. 3 shows the dependence of the coefficients Uy, Vo and N, on the
angle of internal rock friction ¢.

|4
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For the convenience of using these dependencies, they are pre-
sented in the form of correlation equations with the corresponding
statistical indicators

@®=2503+61Inl,, (17)
variance 0,15; coefficient of variation v = 0,014
@°®=150+7.03InV;. (18)
variance 0,17; coefficient of variation v = 0,03
@°=775+98InN,, (19)
variance 0,18; coefficient of variation v = 0,02
lgtgl{ﬂ =-1.29 lg'i'np —1.276 ; (20)

variance 0,12; coefficient of variation v = 0,014.

Fig. 3. Graphs of dependence of bearing capacity coefficients Uo,Vo,No on the angle
of internal friction ¢°

To determine the strength characteristics of sandy loams and sands,
when their angle of internal friction is more than 24°, a penetration
test method with a tip height #.=25 cm. Such studies can be carried
out only in field conditions using mechanized penetration units,
which allow the tips to be immersed in the array at a speed of no
more than 0,5 m/min. The sequence of operations for determining
rock strength characteristics is as follows.

1. At a given depth in a trench or pit, the surface of the array is
cleaned and penetration tests are performed with height tips. h.=25
cm and the angle a=15° in a quantity sufficient for statistical general-
ization (at least 6).

2. In parallel with the penetration tests, the density-moisture of
the test rock is determined.

3. The results of each penetration test are presented in the form of
a linear relationship (7) with the use of computer programs, with the
help of which the values are set Ry and Uy with determination of their
dispersion and coefficient of variation. According to statistical indi-
cators, the obtained results are rejected.

4. Using equation (17), the angle of internal friction is determined
by the value of Uy, ¢.

5. Specific adhesion is defined as a ratio

R,
Ny’ 1)
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where Ny is set according to equation (19) according to the already
known value of the angle of internal friction.

In the Table 1 shows the data for the determination of the angle of
internal friction ¢ and the specific adhesion C of quartz, fine sand, of
medium density, saturated with water at the site in the city of
Kremenchuk on the right bank of the Dnieper according to the data

of penetration tests.
Table 1
Calculated data for determining the angle of internal friction and ideal sand adhesion
of the site by the penetration method

Specific gravity of the Penetration rate
Conditions of the | Number| Coefficient of| soil, y
experiment of trials |water saturation| v, KN/m? Coefﬁ_cient U. Her Coe_fﬁf:ient
of variation, v of variation, v
The water level is
below the surface of 47 0,92 20,1 0,13 7.2 0,18
the rock
The water level
s above the rock 54 1,00 10,5 0,11 3,15 0,17
urface
Conditions of thq Indicator Parameter. Spfamflc
L xperiment U, Angle, 0 N, R, kPa coe'fﬁ.ment of | cohesion, C,
variation, v kPa
The water level i
below the surface o 3,44 33 18.5] 25 0.16 1.4
he rock
The water level i
Lbove the rock leve 3,01 32 16 13 0.15 0.8

Table data 1, as well as the results of research conducted at other
research sites, show that:

1. The considered method of processing the results of sand pene-
tration tests allows determining the strength characteristics based on
the results of one immersion of the conical tip at 6-8 degrees of load.

2. The high sensitivity of the penetration method draws attention.
With its help, the adhesion value of 0,8-1,4 kPa with the coefficient
of variation was established v=0,15, which is practically impossible
to achieve by the single-plane displacement method.

3. With an increase in specific adhesion and a decrease in the an-
gle of internal friction within the limits that characterize cohesive
soils, the capabilities of the proposed method certainly decrease. It is
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already difficult to set the value of the penetration index U when the
general characteristics R are scattered ¢=22.

As the penetration tests of sands have shown, they can have a cer-
tain amount of cohesion. Let's consider the regularities that occur in
the sand during sounding. Calculation schemes of sand penetration
and sounding are shown in Fig. 4.

e
U,

4

b

Tip immersion depth, H

Specific sounding resistance, Q

Fig.4. Schemes of sounding graphs of sands to the critical depth:
1 —at C=0; and 2 — at C#0

When C=0, the sounding indicator
. Uh,

h, -~ (22)
In the presence of cohesion, the graph of the penetration index
shifts parallel to the right from the origin of the coordinates

_ R, + Uh,
hy (23)
Dividing both parts of (23) by expression (22), we get
V R, 1 +1
—=—x—+1.
V. U h (24)

It follows from this that the systematic error in the sounding index
is a linear function of the soil specific adhesion C.

As the angle of internal friction increases, the systematic error in
the sounding index, V', due to adhesion will noticeably decrease.
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The value of the absolute error can be calculated using the formu-

la

AV=V' -V= &
hy (25)

Therefore, for cohesive sands, the sounding index, V', is defined
as the tangent of the angle of inclination of the sounding graph to the
ordinate axis below the depth of penetration, is a function of the an-
gle of internal friction, ¢, and the specific adhesion, C.

This provision makes it possible to solve the problem of deter-
mining the characteristics of the strength of sandy soils based on the
data of static sounding with conical tips of two different sizes. Then,
accordingly, Vi<V, and the differece between them will be

R 1 1
v =—D[—-—];
. - g hez hey

(26)
or
R, Vi —Vi:
T o1 1
vV hes hey 27
On the basis of (25), the equality can be established
AV, xh, =AV, xhga; (28)
then
v, =V
AV, =V -V=-21
hcl -1
hcf
Vs -V
AVL,=V-V=-2_2
1- E
h;, (29)

It can be seen from expression (29) that the corrected value of the
sounding indicator is equal to the measured value V/(V)) minus the
systematic error

V=W -AV = -AT. (30)

With a known value of soil specific gravity vy, the generalized

sounding indicator V, is
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¥ (31)
With a known value of soil specific gravity y, the generalized
sounding indicator Vj is and Ug;No.
The specific cohesion can be determined as a result of the trans-
formation of the formula (3.25)

c=—Lo

AV, xh, (32)
0tVo

The considered method of determining the strength of sands based on
the data of static sounding with an extended conical tip with an angle be-
tween the vertical and horizontal 0=15° is widely used in engineering and
geological surveys.

In the Table 2 shows some data of such definitions.

Attention is drawn to the close convergence of the strength values estab-
lished for the site in Kremenchuk, based on the results of penetration and
sounding tests of fine watered sand.

The method of combined tests of cohesive soils by penetration and rota-
ry section allows determining the angle of internal friction ¢ and the specific
adhesion C of clay rocks in the field and in the shortest possible time in a
quantity sufficient for statistical processing.

For combined tests in the field, mechanized static sounding installations,
additionally equipped with devices for rotary cutting, are used.

Preferably, separate tips are used for penetration in the form of a cone
with an angle between the vertical and vertical 0=15° and for a rotational
section in the form of two planes intersecting at an angle of 90°.

During the study on each horizon, the points of penetration and
rotational section are arranged in a staggered order with a distance between

adjacent points of at least 6D, where D, - diameter of the base of the cone.
The equation of the relationship between the physical and me-
chanical properties of sedimentary rocks is established for their indi-
vidual varieties, which have constant indicative parameters (for ex-
ample, plasticity number, mineralogical composition, structural fea-
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tures, etc.), by means of statistical processing of a sufficient sample
of random values [3, 13-15].

Applying the penetration method and having the density-moisture
value, it is possible to determine the required characteristic in any

element of the array.

Table 2
Calculated data for determining the angle of internal friction and specific adhesion
of sands based on static sounding data

Experimental value of
.| Typeof | Number of | Tip height [the sounding indicator, I| Indicator
Ground 5 = — =r7
sand experiments | /i, cm L7 coefficient of | U. kN/em;
kN/em® | variation , v
Kherson| medium- 5 9.0 1,78 2 i
region | sized, wet 3 15,0 1,37 ;10 D58
shallow ¢ x
Kremen-| 25,0 0,35
satery ) ’ i
chuk watery 129 90 0.72 0,16 0.11
sand
9.0 1,20
11,0 1,06
13.3 1,01
15.0 0,92
Myko- : ‘
4 large : 18,4 091 7
laiiv re- n 40 219 0.87 0,09 0.65
gton 9.0 0,31
11,0 0,27
133 0,26
15,0 0,23
large wa- ) )
oy 0,075 0,165
Soil slaec1t1§“g1-?1\-'1ty’ ! {_rcncrul_lzcd ARlS e Ba_’lrmf__v ca- [Specific ad-
. _s|coefficient ofjsounding indica- i pacity factor, hesion
v. KN/m’ i Sl nal friction, ¢ 4 ~
variation, v tor, Vs, Us C, kPa
16,7 0,08 58,6 41,6 0,0046 0,33
10,5 0,15 10,5 32,2 0,019 1.00
17.0 0,06 38 39.4 0,0062 0.3
10,0 0,06 16.5 35 0,0126 0.4
Conclusions

The description of sounding and penetration of sedimentary rocks
by the traditional three-step formula of the limit state of the massif
made it possible to establish the objective parameters of penetration
and sounding. The features of detecting these characteristics are
clearly divided for cohesive and noncohesive rocks. Theoretical pos-
tulates have been confirmed by experimental studies.

An objective criterion for the reliability of the penetration and
sounding parameters is their invariance, embedded in the limit equi-
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librium equation. Features of the invariance of penetration and
sounding characteristics for cohesive and noncohesive rocks have
been recorded. Violation of the invariance of the penetration and
sounding parameters indicates the presence of factors that were not
taken into account when planning the experiment. Invariance control
is a way to detect them.

To determine the bearing capacity coefficients in the three-term
equation of the limit state of rocks during penetration and sounding,
the solution of V. Berezantsev for axisymmetric deformation was
taken as a basis. Techniques have been developed for assessing the
strength of sands, including those with cohesion, based on the results
of penetration and sounding, and in cohesive rocks, combined pene-
tration and rotary shear tests should be used for this. Sufficient con-
vergence of the values of strength parameters obtained by normative
and express methods was confirmed.
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