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EXPRESS METHOD FOR DETERMINING PARAMETERS
OF HEAVING OF WATER-SATURATED ROCKS

The task of predicting rock heaving, quantifying its magnitude, and delineating the spatial extent of its development
are critically important in the design of underground excavations, the planning of maintenance and rehabilitation mea-
sures, and the selection of effective methods to ensure the long-term stability of underground structures and utilities.

Purpose. To theoretically substantiate the mechanism by which excess pore fluid pressure in rocks influences
heaving processes in underground workings.

Methodology. The study is based on a theoretical analysis of geomechanically processes developing in the rock mass
surrounding horizontal underground excavations. Analytical and numerical mathematical methods were employed to
describe these processes, and the resulting theoretical solutions were analyzed, generalized, and systematized.

Findings. Simple analytical relationships have been derived that enable determination of the boundaries of the
basal zone in which heaving of water-saturated rocks occurs, as well as calculation of a stability coefficient for this
zone. The stability coefficient is proposed as the ratio of the projection of forces restraining the rock mass from uplift
to the vertical projection of forces initiating rock uplift. The obtained analytical expressions were calibrated for the
conditions of the Donbas region.

Originality. It is demonstrated for the first time that, under otherwise identical conditions, an increase in pore
fluid pressure leads to a reduction in the maximum depth of the basal heaving zone. It is also shown that increasing
pore pressure simultaneously decreases both the stability coefficient and the maximum heaving depth.

Practical value. The results provide a mathematical basis for predicting the stability of horizontal excavations sus-
ceptible to basal heaving of water-saturated rocks, taking into account excavation depth, geometric parameters, unit
weight, strength characteristics of the rock mass, and pore pressure. The proposed approach also allows determination
of the boundaries of the heaving zone under specific mining and geological conditions. In addition, the theoretical
conclusions are applicable to solving practical engineering problems of a technological nature, particularly in soil and
rock improvement by silicification, cementation, and high-pressure grouting. This makes it possible to determine the
maximum allowable injection pressure at which rock uplift or failure does not occur during the strengthening process.

Keywords: heaving of water-saturated rocks, Coulomb strength criterion, Shashenko strength criterion

Introduction. The construction of new underground
urban engineering and technological utilities, struc-
tures, and transportation corridors, as well as under-
ground storage facilities, industrial enterprises, civil de-
fense shelters, and other subsurface structures, has been
intensified by ongoing military activities on the territory
of Ukraine and is inherently associated with the excava-
tion of underground workings.

In addition, during urban development, the erection
of new buildings, embankments, and other surface struc-
tures above existing underground excavations may lead to
a significant increase in stresses acting on the rock mass.

All of the above is fully applicable to mine construc-
tion as well.

It should also be noted that, in recent years, under-
ground excavations have increasingly been driven in weak
rocks and soils, including water-saturated formations.

Heaving of rocks is a widespread phenomenon ob-
served during the construction of underground excava-
tions [ 1, 2]. Manifestations of rock heaving may occur in
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vertical, inclined, and horizontal underground excava-
tions [3, 4].

This phenomenon complicates both the construc-
tion and operation of underground excavations and, as a
consequence, leads to an increase in excavation time
and cost, as well as in maintenance duration and ex-
penses during their service life [5, 6].

The problem of predicting whether heaving of the
rock mass will occur in a specific case, as well as deter-
mining the heaving magnitude and delineating the
boundaries of the zone in which it develops, is of critical
importance in the design of underground excavations,
the estimation of anticipated volumes of repair work,
and the selection of effective methods for ensuring the
long-term stability of underground structures and utili-
ties located within underground workings [7, §].

Literature review. From the experience of construc-
tion and operation of underground excavations, it is
known that under certain mining and geological condi-
tions heaving of the rock mass occurs from the floor of
an underground excavation.

A large volume of studies devoted to the rock heaving
process has been carried out by M. M. Protod’yakonov,
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P. M. Tsymbarevych, M. P. Pokrovskyi, V. V. Orlov,
D. S. Rostovtsev, A. Labasse, A. V. Hurdus, I. L. Cher-
niak, O. M. Shashenko, and representatives of his sci-
entific school, including O. V. Solodiankin, S. M. Hap-
ieiev, and O. O. Sdvizhkova, as well as by other research-
ers[1, 5].

In particular, these and other researchers have estab-
lished that rock heaving is influenced by many factors,
including the following [8, 9]:

- the strength properties of the rock mass in which
the excavation is constructed [9, 10];

- the load acting on the rock mass adjacent to the
excavation (and, consequently, the excavation depth)
and its deformations [11, 12];

- the spatial orientation of the excavation (vertical,
horizontal, inclined, etc.) [4];

- the geometry of the excavation [11];

- the spatial position of the rock layers in which the
excavation is formed [13];

- the spatial arrangement of structural elements of
the rock mass in which the excavation is driven [14];

- the spatial arrangement of textural elements of the
rock mass in which the excavation is formed [15];

- the type of support used for the roof and the floor
of the underground excavation [16];

- the surface relief of the area in which the under-
ground excavation is located [17].

The above-mentioned factors should be taken into
account during engineering investigations, as well as in
the calculation of deformations, strength, stability, and
operation not only of underground mine workings, but
also of such underground structures [18, 19] as:

- metro tunnels [20, 21];

- highway tunnels [22].

Below, the most well-known methods for determin-
ing the parameters of rock heaving are considered.

At present, the following physical models of a contin-
uous medium are used to predict rock heaving processes:

1) models based on various strength failure criteria
(as a rule, the Mohr—Coulomb or Hoek—Brown crite-
rion) and elements of the theory of limit equilibrium
(for example, Melentievich, S., Berisavljevic, Z., Beri-
savljevic, D., & Marafion, K. O. (2024), as well as [23,
24], and others);

2) rheological models (for example, Frenelus, W.,
Peng, H., & Zhang, J. (2022), and others);

3) elasto-plastic models (for example, Cui, L.,
Yang, W., Sheng, Q., et al. (2024));

4) based on the listed models, constitutive equations
are formulated, which must be supplemented by equilib-
rium equations, as well as boundary and initial conditions
(the latter only when the dynamic component and/or
rheological behavior of the process is taken into account).

A representative result of determining the basal heav-
ing zone of the floor of an underground excavation using
a continuous medium model was obtained by the au-
thors of [25].

This study is of interest from the following perspec-
tives:

- it is typical in terms of the application of numerical
methods and continuous medium models;

- it considers the influence of water on the heaving of
the floor of underground excavations, while employing
the Hoek—Brown strength criterion.

It should be emphasized that the mechanism of
groundwater influence on floor heaving considered in
that study fundamentally differs from the mechanism
analyzed in the present article. In the former case, water
infiltration into the floor occurs under pore pressures
close to zero, which leads to degradation of the proper-
ties of clayey soils. In contrast, the present study exam-
ines the effect of excess pore fluid pressure in water satu-
rating the rock pores, which may significantly differ
from zero and can induce rock failure.

A drawback of continuous medium models is the dif-
ficulty of generalizing and systematically analyzing the
results obtained using them. This is due to the fact that, in
such models, the calculation results are tied to specific
values of material constants. In addition, there is a limita-
tion in applying this approach to optimization problems,
which is associated with the large computational effort
required at each optimization step, especially when itera-
tive procedures are used to predict heaving processes.

Empirical methods occupy a special place in pre-
dicting heaving processes. These methods are based on
simple analytical relationships or nomograms (for ex-
ample, Mark, C. (2016), and Sakhno, 1., Liashok, I.,
Sakhno, S., & Isaienkov, O. (2022)).

The advantage of this approach lies in its simplicity
and low computational cost, whereas its limitation is the
dependence on the specific regions from which the sta-
tistical data were obtained.

In particular, for the geological and mining conditions
of the Donbas region, the following simple formula was
obtained to assess the susceptibility of rocks to heaving
S 1.22R,

(y-h)’
where a is the half-width of the excavation span; R, is
the uniaxial compressive strength of the rock mass; y is
the weighted-average unit weight of the rock mass over
the depth interval 0...4; & is the depth of the excavation
floor below the ground surface. This formula is present-
ed, in particular, in the works by O. Shashenko.

Despite the diversity of existing studies and the vari-
ety of methodological approaches employed, a common
limitation can be identified. In particular, the influence of
excess pore fluid pressure on the heaving of the rock mass
has not been sufficiently considered in previous research.

In other words, the works cited above entirely omit
the effect of pore fluid pressure on the heaving process
of the floor of underground excavations, although the
presence of pore pressure in the rock mass is a wide-
spread phenomenon [12, 23].

Excess pore pressure may arise in the following situ-
ations:

1. Inthe presence of a water column above the point
of interest at the excavation floor (hydrostatic pressure).
The water column can induce a phenomenon related to
rock heaving — hydraulic uplift of the rock — which must
be accounted for in the design of hydraulic structures.

2. Due to fluid movement within the pores of the
rock mass, resulting in hydrodynamic pressures, for ex-
ample, during pumping or injection of water, or when
excavating workings in water-bearing formations.

3. As a result of anthropogenic factors, such as ex-
plosions in water-saturated rock, injection of solutions
for rock silicification, cementation, bituminization, etc.

2-a (1)
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These factors may act individually or in combination.

In this study, the approach presented in [24] was ap-
plied to systematically investigate the influence of excess
pore fluid pressure on rock heaving, with a focus on the
following aspects:

1) the occurrence of heaving in water-saturated
rock under conditions of excess pore fluid pressure;

2) differences in the heaving behavior of water-satu-
rated and unsaturated rocks under the influence of pore
fluid pressure;

3) the spatial extent and shape of the heaving zone
in water-saturated rock;

4) the effect of pore fluid pressure on the strength
and stability of the rock mass during heaving.

Purpose. The aim of this study is to theoretically de-
termine how excess pore fluid pressure affects the heav-
ing of rock masses in underground excavations.

To achieve this aim, the following research objec-
tives were formulated:

1. To establish whether, and how, the heaving pro-
cess of water-saturated rock depends on the magnitude
of pore fluid pressure.

2. To determine the zones within an excavation
driven in water-saturated rock where heaving occurs, de-
pending on the magnitude of excess pore fluid pressure.

3. To identify and quantify the differences between
the heaving processes of saturated and unsaturated rocks
at the excavation floor.

Methods. The answers to these questions can be ob-
tained using the arching effect hypothesis, which was pro-
posed by M. M. Protod’yakonov and presented in [24].

The study was carried out in the following sequence.

At the first stage, an analysis was performed of the
solution presented in [24], which was obtained for a
foundation with zero pore pressure. It was concluded
that, in the first approximation, the foundation area in
which heaving occurs can be represented as a pointed
arch, with semi-arches subjected to forces that both re-
strain and displace the rock mass.

To determine the restraining forces, the Mohr-Cou-
lomb strength criterion was used, which describes the
strength of the rock mass under the influence of excess
pore fluid pressure [23, 26].

Next, a functional was constructed, numerically
equal to the ratio of the forces restraining the rock to the
forces displacing it (i.e., the stability coefficient of the
rock prone to heaving).

Subsequently, the value of the arch rise was deter-
mined at which the stability coefficient reaches its mini-
mum. This allowed the final solution of the problem to
be obtained.

Finally, the solution obtained was validated using as-
ymptotic estimates.

The research task was formulated as follows:

1. At the design depth, a long horizontal excavation
is driven in a rock mass with known physico-mechanical
properties.

2. The mining pressure at the upper part of the exca-
vation and the lateral pressure are supported by a com-
pliant support, which is capable of vertical movement.
Horizontal displacement of the support and its elements
is excluded. This is achieved either by anchoring the
support into the floor rock or by installing horizontal
struts (Fig. 1).

3. No support is provided at the excavation floor
(Fig. 1).

4. A pre-determined equation describing the shape of
the heaving zone beneath the excavation is known; how-
ever, the parameters of this equation are unknown and
must be determined during the solution of the problem.

5. The rock failure mechanism is shear, and there-
fore its failure is governed by the Mohr—Coulomb
strength criterion.

6. The horizontal and vertical stresses at the design
depth are known (Fig. 1).

7. The pore fluid pressure, P in the rock mass is
known.

8. It is necessary to determine:

- whether heaving of the rock mass occurs under
these specific conditions;

- the maximum depth below the excavation floor at
which heaving begins;

- how excess pore fluid pressure affects the heaving
of the rock mass.

The following is given

dx a
o= arctg{ dY(x)} =arctg [Lj
dx a

dy:dx-tg(oc):dx-i
a

ds:\/d2x+d2y =ﬂ-\/a2+f2
o

Results. As a result of solving the problem, it is nec-
essary to determine whether heaving of the rock occurs
in this specific case and to identify the boundary sepa-
rating the failed and intact rock in the excavation roof.

In order to define the zone where rock heaving oc-
curs, the following assumptions are made:

1. The strength of the rock is governed by the Mohr-
Coulomb criterion [23]

> 3T TITITY <
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Fig. 1. Prior to determining the failure zone of the rock
mass at the floor of a horizontal excavation:
1 — restraining structure; 2 — heaving zone of the rock; 3 —
unloaded surface of the excavation floor; 4 — direction of
heaving deformations (P, — vertical stress; P, — horizontal
stress; f — rise of the support arch; a — half-width of the
excavation; x, y — coordinates)
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1=(c-P)-tg(p)+c=
(c-P) Rc_RP 1
= < [R.R = 2
2 R.-R, 2V ¢ 7 &)
(R.—R,)-(c—P)+R.-R,
2-JR,-R, '

Here t is shear stress; o is normal stress; for R, see
explanation for (1); R, is the same, for tensile stress; P is
pore fluid pressure.

2. In the first approximation, the equation for the
boundary of the heaving zone, using Heaviside func-
tions U,, can be represented as a pointed arch [27]

Y(x)=£~x~[1—U(a_x)J+
A T
a

Next, let us consider the forces acting at point M —
the restraining and shear forces (Fig. 3).

Since the cause of rock failure is shear, the forces re-
straining and displacing the rock are directed tangen-
tially to the curve M(x)at point M (Fig. 2). It should also
be noted that (Fig. 2)

T
B—E—Ot.

Considering the symmetry, only the left side of the
arch is further analyzed. First, the differentials of the
forces acting at point Mare determined. To do this, in-
finitesimal increments of the abscissa dx, ordinate dy,
and arc length dsare considered (Figs. 2 and 3).

Next, the differentials of the shear and restraining
forces are determined. The differential of the shear
force, dT,,, is equal to

S
W x.

The differential of the normal force, dN, is equal to

dT,, =P, -cos(B)-dx =P, -sin(a)-dx= P,

dN =P, -dx-cos(a)=P,-—2—.dx.  (3)
Jol+ /2
2a Y 2a Y
a a 1 a a 1
il il
a = a a = a
Tsd
Pv a h c
Tud| f ﬂ e\ Tud
N a ’B ﬂ N Tsd 'B
a b

Fig. 2. Determination of shear and restraining forces:

a — diagram for determining the restraining and shear forc-
es due to vertical load P,; b — the same, due to horizontal
load; o. — inclination angle of the semi-arch relative to the
abscissa axis; B =n/2-o; o=n/2-B; P, and P, — verti-
cal and horizontal components of mining pressure acting
per meter of excavation length (measured in kN/m? - m);
T,,and T,; — loads that, respectively, displace and restrain
the rock at a point on the surface of the semi-arch

Substituting (3) into the Mohr—Coulomb strength
criterion (2), we obtain

dT,, =(dN —dP)-tg(¢)+c-ds =

=[P, -cos(a)~ P] te(g)-dx + c-dx

cos(a)’

Here, dP = P- dx is the differential of the force due to
pore fluid pressure (measured in t/m?).

Next, the projections of the restraining and shear
forces onto the vertical axis are determined.

The projection of the shear forces onto the vertical
axis, Ty, is equal to

T, =2-[dT, cos(®)=

0
:2.Tpv.f/m-dx-008(ﬁ)= 4)
0

=2-P,-a f2/(f +a?).

The projection of the restraining forces onto the ver-
tical axis, 7,4, is equal to

Tud,y = ZJdT;Ad 'COS(B)+Q0p =
0

N i i it M
- @+ /) ’
xf+y-a-f.

Here, Q,,=7 - o fis the weight of the rock contained
within the heaving zone, and vy is its unit weight.

To simplify (5) and provide a certain safety margin,
we set Q,, = 0. In this case, a slight reduction in the sta-
bility coefficient is obtained.

Equations (4 and 5) allow the strength of the rock in
the heaving zone to be assessed by introducing a stability
coefficient in the form of the vertical-axis projection of
the ratio of restraining forces to shear forces. The fol-
lowing is obtained

ku :—Tud’y =
Ty (6)
_ o+ 2 Pea-tg()+ P, -a’ -tg(@)+c(a’ + f2)
- f-P-a '

This approach allows a straightforward determina-
tion of the state of the foundation zone beneath the ex-

y

X

Fig. 3. Diagram for determining the differentials of shear
and restraining forces
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cavation (stable, neutral, or unstable). Specifically, if the
rock in the heaving zone is in a stable state, the

T,
k, =—%Y > 1. If the rock in the heaving zone is in a
sd,y

T
neutral state, then &, =Y _1. Finally, if the rock in
sd,y

the heaving zone is in an unstable state, then

From equation (6), it follows that by assigning differ-
ent values to the arch rise f, different values of the stabil-
ity coefficient k, can be obtained. However, of interest
are those values of the arch rise f for which the stability
coefficient reaches a minimum. From a mathematical
point of view, the above statements correspond to the
formulation of a problem for finding the minimum of a
certain functional.

To find the extremum, the first partial derivative of
functional (6) with respect to the variable f is taken and
set equal to zero. The following is obtained

T
k, =y q,
sd,y
u =
of a2+ f2P o
from which

—_ [q2 2
j:vat__ o +Z0

K

ok [—wa-QOW—Cﬂ2+on]Va2+f2+P%f@0w_0

—Jo2+ f2-P-o-tg(e)+ P, -a* - tg(e) +c(a® + f2)

il

:kll:

st,sat

" 6-c Z

’ 7 +2 [1)
3
Z ——£[—108-P-tg((p)+12 3223 . 3 ]'CZJ

7, =4-tg(@) -c- P} -27-tg(9)*- P*-c
23 =24-1g(0)* -c- P? +48-tg(¢)-c*- P, +32-¢*

In equation (7), K, and f,, are, respectively, the
minimum value of the stability coefficient for water-sat-
urated rock and the corresponding maximum heaving
depth.

Next, the critical values of the maximum depth at
which heaving occurs and the stability coefficient for
non-water-saturated rock are determined. From this,
we obtain

. a-y/tg(e) P, -c+c?
fa’ry = Llir(l)(-f;'at) =

C

. 8
) 2-\Jtg()- P, -c+c? ®)
Ksr,dry = }}%(Kst,sar) = P

v

Here, K, 4, and f,,, are, respectively, the minimum
value of the stability coefficient for non—water-saturat-
ed rock, k,, and the corresponding maximum heaving
depth, f.

It is worth noting that results fully coinciding with
(8) for a non-water-saturated foundation were previ-
ously obtained by the authors of [25] using a completely
different physical model of the foundation.

In rock mechanics, it is customary to operate with
strength characteristics such as the uniaxial compressive
strength R, and the uniaxial tensile strength R,. There-
fore, it is appropriate to consider the results obtained
above in terms of these strength characteristics R, and R,

To transition to these strength characteristics, we use
relationships (9), which relate the compressive and ten-
sile strength of the soil (rock) to its internal friction an-
gle and specific cohesion (i.e., the material constants of
the Mohr-Coulomb strength criterion).

z —[i+2—tg(q))'PV +2'cj.a

f.})v.a

(7

From this, we obtain

. [R-R 1
go:arcsm{R +R”J; c=5~1/Rc.Rp}. )

14

Assuming P = 0 in (7), and taking into account (9)
for a non—water-saturated foundation, we find:

1) for the maximum depth of the foundation where
heaving occurs

(10

2) for the minimum value of the stability coefficient

\/RC-RP+PV-(RC—RP)
st,dIy: P .

A%

an

It is worth noting that the results fully coinciding
with (10 and 11) for non-water-saturated rock were pre-
viously obtained by the authors of [24] using a com-
pletely different physical model.

Next, we compare the dependencies of the maxi-
mum depth of the heaving zone and the rock stability
coefficient on the pore fluid pressure. To illustrate the
obtained results, we consider the problem of determin-
ing the dimensions of the heaving zone in the founda-
tion of horizontal excavations with a span of 6 meters,
located at different depths 4 equal to: 10, 100, 200, 250,
and 500 meters.

The following input data are used: the unit weight of
the rock y = 20 kN/m?; compressive strength of the rock
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R. = 5,000 kPa; tensile strength R, = 900 kPa. These
strength values were used by the authors of [24] and are
characteristic of subsiding rocks such as siltstone, argil-
lite, marl, chalk, and weak limestone in a fully water-
saturated state.

During the calculations, the pressure at the design
depth was determined using the formula

P,=v-h. (12)

After that, using formulas (7 and 9), the maximum
depth at which heaving occurs and the stability coeffi-
cient of the rock involved in the heaving process were
determined.

The calculation results obtained using formulas (7
and 9) are summarized in Table 1.

Next, to compare our results (first column in Table
1) with the data of other authors, formula (1) was rewrit-
ten in the form

_1.22-R,
st.emp 2ayh’
where K, is the empirical stability coefficient.

The stability coefficient values calculated using for-
mulas (11 and 13) are shown in Fig. 4.

(13)

The curves shown in Fig. 5 coincide, indicating
successful calibration. Therefore, in order to apply our
results to the conditions of the Donbas region in for-
mulas (7, 10 and 11), the actual vertical stress P,
should be replaced with the so-called calibrated stress.
This stress should be determined using the following
formula

P =1.4691- P, +0.0038- P2. (16)

The adjusted values of the maximum heaving depth

fo, and the stability coefficient K ;’W of water-satu-
rated rock, calculated taking into account (16), are pre-
sented in Table 2.

The data shown in Fig. 4 indicate that the stability
coefficient values calculated using formulas (1 and 11)
differ. This is because in formula (1) the stability coeffi-
cient is determined under the condition of a 20 cm heav-
ing of the excavation floor, whereas in formula (11) it is
determined under the condition of complete failure of
the foundation in the heaving zone.

Therefore, when applying formula (11) to the condi-
tions of the Donbas region, it requires adjustment
(sometimes referred to as calibration). Formula (11) can
be rewritten in the form

Table 1
Results of determining the rock stability coefficient and the depth of the heaving zone
Pore fluid pressure P, kPa

No h,m |b=2-a,m| Parameter name 0 50 500 750 1,000
1 10 6 furm 3.26 3.03 2.76 2.42 1.94
K., s, UNILS 11.53 9.86 8.13 6.28 423

2 100 6 fury M 5.04 4.93 4.82 4.70 4.57
K., ., UNts 1.78 1.64 1.50 1.36 1.21

3 200 6 fou 6.47 6.40 6.33 6.26 6.18
K,, .., units 1.14 1.08 1.01 0.94 0.88

4 250 6 fuy M 7.07 7.01 6.96 6.90 6.83
K., .0r, units 1.00 0.95 0.90 0.84 0.89

5 300 6 Soar» M 7.63 7.58 7.53 7.48 7.43
K, s, units 0.90 0.86 0.81 0.77 0.73

Notes: 1. In Table 1, the following notations are used: 4 — depth of the excavation floor; b = 2 - a — excavation width; f;,, — maximum heaving

depth of water-saturated rock; K;

; K s — stability coefficient of water-saturated rock in the heaving zone. 2. Critical values of the stability coefficient

and heaving depth are indicated in italics

Table 2
Adjusted values of the rock stability coefficient and the depth of the heaving zone

No h,m |b=2-a,m| Parameter name 0 750 Pore fluid psrg(s)sure P, kPa =5 000
| 10 6 fon m 3.56 3.36 3.13 2.85 2.53
K;,,M,, units 5.64 4.93 4.19 3.42 2.61

1 495 6 L, m 7.07 7.01 6.96 6.90 6.83
K ;qm, units 1.000 0.945 0.895 0.842 0.790
) 100 6 fon m 12.56 12.54 12.52 12.50 12.48
K, o> unNits 0.49 0.48 0.46 0.45 0.44

Notes: In Table 2, the following notations are used: 4 — depth of the excavation floor; b = 2 * @ — excavation width; f;” — maximum heaving

depth of water-saturated rock; K’

st,sat

— stability coefficient of water-saturated rock in the heaving zone. See the explanation for Table 1. 3. Some

critical values of the heaving depth and stability coefficient have been excluded from the table, as they have neither scientific nor practical

significance
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Stability coefficient value, Kst
o

0 — —_—  —
] 50 100 150 200 250 300 350

Vertical pressure, Pv,kPa
w=@==Line | =@=Line 2
Fig. 4. Dependence of the stability coefficient K,, on the
vertical stress P,:

Line 1 — calculation performed using (11); Line 2 — the
same, using (13)

* _\/Rc'Rp—i_Kcor'Pv'(Rc_Rp)

K, = ) 14
st,dry Kwr i PV ( )
where K :,’ ary 18 adjusted stability coefficient; K, is cor-

rection factor, which should be determined by compar-
ing (14 and 13). It was found that this factor is equal to

K., = 1.4691 +0.0038 - P,. (15)

The stability coefficient values calculated using for-
mulas (14 and 13) are shown in Fig. 5.

It follows from Table 2 that, for the conditions of the
Donbas region and the rock properties considered, rock
heaving begins at a depth of approximately 49 meters.

The analysis of the data presented in Tables 1 and 2
made it possible to draw the following conclusions:

1. The data presented in the fifth column of Table 1
fully coincide with the results obtained by the authors of
[9] for rocks with zero pore fluid pressure.

2. At the same time, the data presented in the fifth
column of Table 2 fully coincide with those calculated
using formula (13). If excess pore fluid pressure is pres-
ent in the foundation, the following regularities are ob-
served:

2.1. There is a pronounced tendency toward a de-
crease in the stability coefficient, and consequently in
the rock stability within the heaving zone.

2.2. With increasing pore fluid pressure, the maxi-
mum depth from which rock heaving begins decreases.

Conclusions. The obtained research results allow the
following conclusions to be drawn:

6

w

-

Stability coefficient value, Kst
- ™ w

————n

2000 3000 4000 5000 6000
Vertical pressure, Pv,kPa

e

g

=g=Line | —8—Line 2

Fig. 5. Dependence of the stability coefficient K, on the
vertical stress P,:

Line I — calculation performed using (14); Line 2 — the
same, using (13) Lines I and 2 coincide

1. It is shown that the modification of the arching
effect theory of M. M. Protodyakonov, proposed by the
authors of [24], can be effectively used to determine the
geometric dimensions of the floor rock heaving zone in
underground excavations under conditions of excess
pore pressure.

2. To solve the problem, it is proposed to introduce
the stability coefficient K|, ,,,, which is numerically equal
to the ratio of the forces restraining the rock in the heav-
ing zone to the forces causing its sliding. In this case, if
K, .., > 1, the rock in the heaving zone is in a stable state;
K, .= 1, inaneutral state; K, < 1, in an unstable state.

3. It is shown that:

3.1. At zero pore fluid pressure, the results obtained
fully coincide with the data reported in [24] for non-
water-saturated rocks.

3.2. If excess pore fluid pressure is present in the
floor rocks, there is a clear tendency toward a decrease
in the stability coefficient, and consequently in the rock
stability within the heaving zone.

3.3. An increase in pore fluid pressure leads to a de-
crease in the maximum depth from which rock heaving
begins.

4. An algorithm for calibrating the obtained results to
specific engineering and geological conditions is pre-
sented.

5. Scope of application of the obtained results:

5.1. Prediction of the state of the rock mass in the
floor of a mining excavation (i.e., whether heaving oc-
curs or not).

5.2. Approximate determination of the boundaries of
the floor rock zone in which rock heaving occurs.

5.3. Determination of initial input data for the first
approximation when solving problems related to the de-
termination of heaving zone parameters using numeri-
cal methods with iterative procedures.
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3ajaya MporHO3yBaHHS 3NIMMaHHS TipChKUX MOPIJ,
BU3HAYEHHS WMOr0 BEIMYMHU ¥ OKPECIEHHS MEX
obiacTi, e BOHO MPOSBISETLCI, € HaA3BUYANHO
BaXJIMBUM Il 4Yac IIPOEKTYBaHHS TiA3€MHUX
BUPOOOK, IUIAaHYBaHHSI OOCSTIB PEMOHTHUX pOOIT,
a TakKoX BHOOpY e(peKTMBHMUX METOMIB 3a0e3IeueHHs
TPUBAJIOL CTIMKOCTI MiA3eMHUX CIIOPY/ i KOMYHIKaLIiif,
1110 pO3TalllOBaHi y BUPOOKaXx.

Mera. TeopeTryHe BCTAHOBJIEHHS] MEXaHi3MY BIUTUBY
HaJJIMIIKOBOIO TUCKY PiIMHU B MOpax TipChKOi MOpoau
Ha MPOILIEeCH ii 3MMMaHHS B yMOBaXx IiI3eMHUX BUPOOOK.

Metonuka. JlocnimkeHHs] BAKOHAHO T€OPETUYHUM
LIJISIXOM Ha OCHOBIi aHaJli3y TeoMeXaHiYHUX TPOLIECiB,
110 PO3BUBAIOTHCS B 30HI HABKOJIO TOPU3OHTAIBHUX
TipHUYMX BUPOOOK. JIJIs1 IbOTO 3aCTOCOBaHI aHATITUYHI
1 yKceabHI MaTeMaTUYHI METOAU, a TAKOX MPOBEACHO
aHaji3 i cucremMaTv3alilo OTPUMMAHUX TaKWM YHMHOM
TEOPETUIHMX PE3Y/IBTATIiB.

Pesyastatu. BcTaHOBNEHI TPOCTI  aHATITAYHI
CMiBBiHOILIEHHS, 1110 JO3BOJISIIOTh OOUMCITIOBATU MEXi
0o0JIacTi OCHOBM, J€ TPOSBISETbCA 3OUMAHHS
BOJIOHACUYEHUX TIOpiA, 1 BM3HAYaTH KOEMILliEHT
CTiliKOCTI 1i€i obmacTi. B sikocTi Takoro koedilieHTY
3aMpoOIrOHOBAHO  BUKOPUCTOBYBATU  BiTHOILEHHS
MPOEKIii CUJI, 10 YTPUMYIOTb MTOPOIHUI MacHUB Bil
3IMMaHHsI, Ha BEPTUKAJIbHY BiCh 10 MPOEKIIii CUII, SIKi
iHILIIIOIOTh 3MMMaHHS Mopoau. BukoHaHa kaniOpoBKa
OTpPUMAaHUX Y JOCHTiIKeHHI (hopmyn 10 ymMoB JloHOAcy.

HaykoBa HoBM3HA. Ymepuie [0BEIEHO, 110 3i
30UIbIIEHHSIM TUCKY TOPOBOI PiAMHM 3a OIHAKOBUX
YMOB  BiIOyBa€ThCs  3MEHILEHHS MaKCUMaJbHOI
MIMOMHM 00J1aCTi 31MMaHHsI OCHOBU. [Toka3zaHo Takox,
1110 3pOCTaHHS MOPOBOTO TUCKY CIIPUYMHSIE OMHOYACHE
3MEHIIIEHHS KoedillieHTa CTIMKOCTI 1 MaKCUMaJbHOL
TIMOVHU 3AMMaHHSI.

IIpakTyna 3HaumMmicts. OTpuMaHi  pe3yabTaTh
TIO3BOJISTIOTH i3 BUKOPUCTAHHSIM MaTeMaTUYHUX METO/IiB
BUKOHYBAaTU TIPOTHO3 CTiKOCTi TOPM3OHTATbHUX
BUPOOOK, CXWIBHMX [0 3[AMMaHHS TOpil TiIOIIBH,
YPaxoBYIOUHU IIMOMHY iXHBOTO 3aKJIaJIcHHS,
reoMeTpUYHi mnapamMeTpu, IIMTOMY Bary I MillHIiCHi
XapaKTepUCTUKU TOPid, a TaKoX TUCK Yy mopax. Kpim
TOTO, BOHU J1al0Th MOXKJIMBICTh BUBHAYATH MEXi 00J1aCTi
3MMMaHHS B KOHKPETHUX TipHUYO-T€OJIOTIYHINX YMOBAX.
TeopeTyHi BUCHOBKM POOOTH MOILIMPIOIOTHCS W Ha
BUpILIEHHS MpPUKIAAHUX 3aBIaHb TEXHOJIOTTYHOTO
XapakTepy, 30Kpema Iii yac Culikatu3allii, LieMeHTallii
1 BMCOKOHAIIpHOI 1LieMeHTalii IpyHToBUX OcHOB. lle
3a0es3nevyye BU3HAYEHHSI MaKCHMMaJbHO JOMYCTUMOTO
TUCKY Y BODTHO-CUJIIKATHUX PO3UMHAX, 1110 HATHITAIOTHCS
B OOy, 3a SIKOTO He BIiIOYBA€TbCS DPYMHYBaHHS
OCHOBM Y TIpOLIECi 1i 3MILITHEHHS].

KmouoBi cioBa: 3dumarnus eodonacuuenoi nopodu,
kpumepiii miynocmi Kyaoua, kpumepiii miynocmi Illa-
WeHKa
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