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Annotation. The article is devoted to development of methods for geofiltration calculations with taking into account 
peculiarities of changes of the rock physical and mechanical properties at water saturation. Methods: mathematical 
modeling of geomechanical and filtration processes with the help of finite element method and laboratory and 
underground studies. A mathematical model was formulated for solving a problem of elasticity theory by the finite 
element method, which took into account peculiarities of water-saturated rocks. Pattern of stress-strain state changing in 
the fractured water-saturated rocks under the action of critical loads, which occurred around the preparatory roadways 
during their operation, were established. In order to improve reliability of results of calculations, it is necessary to take 
into account concrete mining and geological conditions through testing minimum number of samples or conducting 
limited amount of geophysical measurements. In order to solve the filtration problems, a bank of collected initial data on 
physical and mechanical properties of water-saturated rocks was processed with the help of variation coefficients, which 
were taken into account by the method, which assumed calculation of the model loading with critical parameters. 
Processing of results of instrumental measurements at the stations and comparing the data obtained at watering and 
without watering shows that floor displacements increase over time by linear dependencies and feature close correlation. 
Water saturation of the floor rocks demonstrates its maximum effect on stability of the roadway floor during the first 20 
days; this fact is confirmed by data of laboratory experiments on the time characteristics of reduced strength of watered 
rocks. Application of preliminary floor consolidation under the studied conditions reduces relative displacements by 20-
40% depending on the volume of water input and depth of the consolidated zone. Therefore, the following actions should 
be undertaken: to regulate water inflow into the floor during technological operations; to make operational assessment of 
water effect on the rock strength properties adapted to specific mining and geological conditions and technology; to 
develop parameters for methods of the mine workings floor consolidation with taking into account water saturation. 

Keywords: water-saturated rocks, physical and mechanical properties of rocks, stress-strain state, floor stability of 
mine workings. 

 

Introduction. Underground mining of minerals almost always disturbs aquifers. 

However, the undermined aquifers change groundwater behavior, direction and 

intensity of water stream flowing into the fracture systems and, as a result, saturates 

the rocks, hence, essentially degrading their strength. Such hydro-geomechanical 

processes lead to intensive uncontrolled deformation of preparatory roadways, which, 

in their turn, become additional contours of the aquifer relieve. Therefore, it is 

obvious that study of the processes that occur during the mining activity require 

combined solution of geomechanical and filtration problems [1-5]. At the same time, 

a reliable prediction of only geomechanical state of the rock massif is complicated by 

the use of idealized models and generalized empirical dependencies, which do not 
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take into account a number of factors specific for real objects under the study [1, 4]. 

It is also quite difficult to create a filtration model adequate to real conditions due to 

the uncertainty of changes of the following basic filtration parameters: permeability 

coefficients, boundary conditions for specifying conditions for aquifer in terms of 

area and time, and anisotropy of water-bearing rocks. 

Practice shows that researches intended for reducing water inflows into the 

roadways under the influence of mining activity have not bring satisfactory results on 

preventing roof rock fall and floor heaving because it is rather difficult to determine 

in advance rate of water-saturated rock influence on stability of concrete roadway due 

to a number of objective reasons. First, despite availability of serious studies on 

determining stress-strain state of the rock massif, there are no reliable mathematical 

models, which take into account specificity of filtration processes occurred in water-

saturated rocks. Secondly, initial parameters of the rock physical and mechanical 

properties can be subjective and do not reflect the real object, hence, leading to 

miscalculation. Thirdly, patterns of the stress-strain state changes in the fractured 

water-saturated rocks under the effect of critical loads, which occur around the 

preparatory roadways during their operation, are not well studied. Therefore, 

scientific task aimed at developing methods for geofiltration calculations with 

considering specific changes of physical and mechanical properties of water-saturated 

rocks, is a pressing challenge for today. 

Methods. Research methods: analysis and generalization of literature and 

experimental data; mathematical modeling of geomechanical and filtration processes 

by the finite element method; underground studies of the rock physical properties by 

standard methods and equipment; statistical processing of measurement results. 

Results and discussion. In order to solve filtration problems, as well as when 

solving elasticity theory problems, area under the study is divided into elements with 

finite sizes, preference is given to triangular elements. Within each element, pressure 

gradients dH/dx and dH/dy are assumed to be constant, therefore, the pressure 

function within one element can be expressed as a linear function of Cartesian 

coordinates [6]: 
 

yaxaaH 321  ,                                                   (1) 
 

where а1, а2, а3 – are linearization constants. In the matrix form, it is: 
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where  Н  is pressures vector;  А  is coordinate matrix,  a  is vector of parameters. 

By differentiating equation (1), we obtain the expression for the pressure gradients: 

2/ adxdH  ;     3/ adydH  .                                          (3) 

Let’s write (1) in the matrix form: 
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    aBdH  ,                                                       (4) 
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From equation (2), we have: 

     НАа
1

 .                                                        (5) 

By substituting it into (4), we get 
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Filtration process follows the Darcy law: 
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properties; '' , yx kk  – are filtration coefficients along main directions. 
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where     1
CСk f  is equal to kf for isotropic medium. By analogy with elasticity 

theory, and considering that additional work of external forces is equal to additional 

work inside the contour, one connects additional pressure with additional water 

inflows through the matrix, which is similar to the system stiffness matrix. 

Thus, in isotropic media, formulation of solution of the plane problem of elasticity 

theory solved by the finite element method and the program for its implementation 

can, with an insignificant correction, be used for solving plane filtering problems 

(and similar problems). The essence of this correction lies in the fact that Poisson 

ratio µ and elastic modulus E (МPа) are changed in elastic matrix  D , which, for the 

case of plane deformation, has the form [6] 
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The Poisson ratio is assumed to be 0.5 (for incompressible medium), and element 

33 of the deformation matrix is multiplied by two (in this case, form of the matrix 

does not matter). Further, let’s assume that all nodes of the area feature zero 

movement along the y axis, and let’s apply filtration coefficient kf  (or thermal 

conductivity in thermal problems) instead of elastic modulus E and nodal inflows and 

pressure instead of the given nodal forces and displacements, respectively. Then, as a 

result of solving the problem, we obtain nodal pressures instead of nodal 

displacements along the axis x, pressure gradients dH/dx instead of deformations εx , 

pressure gradients dH/dy instead of deformations γxy , filtration rate νx instead of 

stress σx, and filtration rate νy instead of stress τxy.  

Preparation of initial information is a rather laborious process as each specific 

geomechanical and filtration problem requires construction of a new scheme 

(model) [7]. Furthermore, elements of subjectivity and randomness are typical 

phenomena in mathematical model at its dividing into elements; initial parameters of 

the rock strength, as a rule, do not reflect a real object, and often are absent at all, 

hence, affecting final results of calculations and their reliability. Geological services 

do not always have an opportunity to take samples for testing or they take them in 

minimum amount, though variation of parameters of the rock physical and 

mechanical properties can reach up to 30 % within one mine roadway. Effect of 

fractured rocks is either not taken into account at all, since rocks, when they are 

sampled, split along the cracks, or are taken into account indirectly. Therefore, in 

order to calculate parameters of the underground roadway stability, it is proposed to 

use averaged indicators of the rock physical and mechanical properties with taking 

into consideration depth and conditions of occurrence, stage of katagenesis, and, 

which is the most important, coefficients of parameter variation. The coefficients of 

variation are taken into account by the method, which assumes calculating the model 

at critical (minimum possible) and averaged strength parameters. If necessary, with 

the view to higher reliability of calculation results, it is possible to bring to 

compliance with specific mining and geological conditions basing on testing a 

minimum number of samples or conducting a limited amount of geophysical 

measurements, though, without relying on high representativeness of the samples 

taken. 

The Institute of Geotechnical Mechanics named by N. Poljakov of National 

Academy of Sciences of Ukraine has obtained a great number of factual data as a 

result of research of the rock physical and mechanical properties. In Table 1, 

averaged basic parameters are shown, which characterize deformation and strength 

properties of the rocks: Е is elastic modulus, µ is Poisson ratio, γ is bulk density, С is 

adhesion, φ is angle of internal friction, σe and σ0 are limits of compressive and 

tensile strength, respectively. 



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Геотехнічна механіка. 2019. № 146 
 

 

135  135  

In order to determine input data for mathematical modeling, dependences of 

change of sedimentary rock strength under the influence of pressure and water 

saturation were established. Laboratory studies of more than three thousand samples 

were systematized. It was determined that rock water saturation led to decrease of 

their strength by 1.5-2.0 times (for sandstones and limestones) and 2.5-3.0 (for 

siltstones and mudstones) (Fig. 1). 

It was established that rock water saturation during 20 days led to disintegration 

and complete loss of compression resistance in 89.6 % of mudstone samples, 62.0 % 

of siltstone samples, 3.6 % of limestone samples, 12.8 % of sandstone samples. Tests 

of mudstones at dry and water-saturated condition showed that increasing of water 

content in the sample by 2.5 % reduced its compressive resistance by half, and at 

water content of 5 %, many samples lost their ability to resist compression during the 

first 20 days. During the same period, more than half of siltstone and limestone are 

soaked and completely lost their ability to resist compression. Sandstones, in most 

cases, were weakened slightly, and period of their disintegration, more often than not, 

exceeded 20 days. 
 

Table 1 – Averaged data on physical and mechanical properties of rocks 
 

Rocks 
E·10

-4
 

MPa 
µ 

γ, 

t/m
3
 

С, 

MPa 

φ, 

grade 

σe, 

MPa 

σ0, 

MPa 

Sandstone
1
 

Sandstone
2 

Sandstone
3
 

Sandstone
4
 

3.52 

2.0-4.0 

4.47 

1.8-2.2 

– 

0.1-0.3 

0.28 

0.24-0.25 

– 

1.9 

2.55 

2.4-2.6 

– 

15.0 

27.0 

20 

– 

38 

45 

30-32 

147 

72-100 

74 

– 

2.7 

– 

9 

– 

Siltstone
2
 

Siltstone
3
 

Siltstone
4
 

1.0-3.0 

4.42 

0.5 

0.2-0.3 

0.3 

0.15 

2.6 

2.0 

– 

 

18.7 

20 

30 

33 

25 

40-100 

52 

– 

– 

7.9 

– 

Mudstone
2
 

Mudstone
3 

Mudstone
4
 

1.0-4.5 

3.5 

1.3 

0.17-0.25 

0.29 

0.33 

– 

2.7 

2.4 

– 

13.6 

4 

30 

41 

20 

38-110 

26 

– 

– 

6.6 

– 

Limestone
2
 

Limestone
3
 

Fractured 

limestone
4
 

4.0-8.0 

5.0 

 

1.0 

0.27 

0.2 

 

0.2 

– 

2.71 

 

2.1 

– 

– 

 

3 

27 

– 

 

25 

12-25 

84 

 

– 

– 

10 

 

– 

According to data: 
1
Usachenko B.M .;

2
Baklashova I.V .; 

3
Grebenkina S.S .; 

4
Kirnichansky G.T. 

 

A similar result is shown by B.M. Usachenko on determining speed and shape of 

the rock disintegration in water. Ninety eight percent of all tested mudstone samples, 

88 % of siltstones, and 26 % of sandstone samples related to canal coals are 

completely disintegrated and transformed into a shapeless mass. At the same time, 

rocks related to gas coals are more resistant to disintegration: 69 % of siltstone 

samples and 87 % mudstone samples were disintegrated. Sandstones, in most cases, 

are weakly disintegrated in water. Intensity of clay rock deformation depends on their 

mineralogical composition. It should be noted that strength of sedimentary rocks 

decreases at water saturation and is linearly dependent on the initial strength. At the 

same time, the clay rocks are soaked completely, therefore, in the computational 
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methods, their residual strength can be taken as strength of completely disintegrated 

rocks (Fig. 1). 
 

a)  

b)  

c)  

Figure 1 –  Patterns of reducing the compressive strength of sandstones (a), siltstone (b)  

and mudstone (c) at water saturation with consideration of residual strength of completely 

disintegrated rocks 

 

Increase of clay fraction content contributes not only to strength decrease at water 

saturation, but also to greater variation of strength parameters (i.e. increase of 
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variation coefficient). The coefficient of variation was determined from the ratio 

  xxx
n

с
n

iV  
1

21

  ,                                          (11) 

where xi is i-th element of the sample; n is the sample; x  is sample average. 

It is established that coefficients of rock strength variation depend on the rock 

water saturation (Fig. 2). At water saturation, rocks have a greater variety of average 

values of the variation coefficients than in dry state. For mudstones and siltstones, 

change of this coefficient is approximately 48-58 % and for sandstones and 

limestones is about 44-52 %. That is, an increase of rock strength up to 60 % is 

observed at water saturation in comparison with variation of rock strength in the dry 

state. Values of variation coefficients allowed carrying out calculations with critical 

parameters of rock strength (minimum strength) both in dry and water-saturated state. 
 

 

Figure 2 – Changes of variation of rock compressive strength depending on the rock water 

saturation with taking into account residual strength of completely disintegrated rocks 
 

The method of geomechanical calculations based on parameter average values 

with taking into account variation coefficients  was used by the author of [8] in order 

to develop an information system for the safety underground mining activity. 

According to the proposed method, initial data for modeling stress-strain state of 

the rock mass are averaged indicators of the rock physical and mechanical properties. 

Under consideration was underground roadway located in a transversely isotropic 

medium at the depth of 1280 m. Imitation of sequential watering of rocks in the 

underground roadway was achieved by a gradual decrease of strength properties of 

the model elements, which corresponded to the disintegrated and water-saturated 

areas of the rock massif. Filtration features of rocks and open porosity coefficients 

were taken into account. Values of acting principal stresses were determined (Fig. 3). 

Investigated the stress-strain state of the soil during pre-hardening of rocks, 

which, if applied before the start of watering, significantly changes the nature of the 

deformations. The unloading zone is replaced by a zone of increased stresses at the 

hardening sites and indicates an increase in the carrying capacity of the array and a 
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decrease in its filtration properties. Deformations are distributed more evenly across 

the width of the excavation. Application in the studied conditions of pre-hardening of 

the soil generation reduces the relative displacement by 18-42 %, depending on the 

volume of water input and the depth of the hardened zone. 
 

a)   b)  
Levels of maximum principal stresses, MPa 

 

Figure 3 – The calculated maximum principal stresses around the preparatory roadway with bolt-

and-arch support using yielding pack (а) and rigid rib-side pack (b): 1 – preparatory roadway; 2 – 

deformations of roadway floor after water saturation; 3 – roof bolting; 4 – auxiliary measures to 

protect the roadway 

 

It is established that the stress-strain state of the rock massif below the level of the 

soil generation is unevenly distributed and is characterized by unloading zones in the 

middle and stress concentration from the sides. Extremely strained soil rocks with 

increasing water saturation quickly lose their bearing capacity in layers. 

The floor stress-strain state is investigated during preliminary rock consolidation, 

which, if it is applied before the watering starts, significantly changes nature of 

deformations. Relieve zone is changed into zone of increased stresses at areas of 

consolidation, being the witness of the fact that carrying capacity of the massif is 

increased while its filtration properties are degraded. Deformations are distributed more 

evenly across the width of the roadway. Application of preliminary floor consolidation 

under the studied conditions reduces relative displacements by 20-40 % depending on 

the volume of water input and depth of the consolidated zone. 

Underground studies were conducted in the field gas gathering roadway of the seam 

m3 in the A. Zasyadko Mine at the depth of 1280 m. Displacements of the roadway floor 

in the dry (station 23) and water-saturated (station 36) states were measured. 

Observations show that intensity of heaving is increased significantly due to the floor 

rock watering during the drilling operations (Fig. 4, Diagram 1). The studies were 

conducted in similar mining and geological conditions, so the conclusion that difference 

between the two displacement diagrams is closely connected with the roadway watering 

during the technological processes (in our case, flushing of the drilling wells with water) 

is obvious. This fact necessitates consideration of hydrogeological factors when planning 

technological operations in preparatory roadways. 
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a)  b)  
 

Figure 4 – Dependences between the changes in floor rock displacements (a) and relative rate of 

heaving change (b) and time period obtained by underground experiments in the field gas gathering 

roadway of the seam m3, horizon of 1280 m: 1 – at water saturation (measuring station № 23);  

2 – at dry condition (measuring station № 36) 

 

Processing of results of instrumental measurements at the stations and comparing the 

data obtained at watering and without watering shows that floor displacements increase 

over time by linear dependencies and feature close correlation (linear models with water 

saturation u=0.026t – 0.08, and without water saturation u=0.01t – 0.04, R
2
=0.95, Fig. 

4, a). Water saturation of the floor rocks demonstrates its maximum effect on stability of 

the roadway floor during the first 20 days (Fig. 4, b); this fact is confirmed by data of 

laboratory experiments on the time characteristics of reduced strength of watered rocks. 

Ratio of heaving rate when water gets the roadway floor to the displacement of the dry 

preparatory roadway increases 1.5-4.5 times during the first 20 days. Then decrease 

relative rate of heaving change was observed, and after 60 days of observation, the 

intensity was stabilized. 

Conclusions. 
On the basis of the research findings, the following scientific results are obtained: 

- a mathematical model was formulated for solving problems of elasticity theory by 

the finite element method, which differs by taking into consideration deformation of 

water-saturated rocks. In order to estimate the rock massif stress-strain state, it is 

proposed to use average values of bank of collected initial data on the rock physical and 

mechanical properties with variation coefficients, which are taken into account by the 

method, which assumes calculation of the model loading with critical parameters. In 

order to improve reliability of results of calculations, it is necessary to take into account 

concrete mining and geological conditions through testing minimum number of samples 

or conducting limited amount of geophysical measurements;  

- analytical methods establish and underground experiments confirm patterns of the 

stress-strain state changes in the fractured water-saturated rocks under the effect of 

critical loads, which occur around the preparatory roadways during their operation. 

Water saturation of the floor rocks demonstrates its maximum effect on stability of the 

roadway floor during the first 20 days. Ratio of heaving rate, when water gets the 

roadway floor, to the displacement of dry preparatory roadway increases 1.5-4.5 times 



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Геотехнічна механіка. 2019. № 146 
 

 

140  140  

during the first 20 days. Then decrease of heaving intensity was observed, and after 60 

days of observation, the intensity was stabilized; 

- application of preliminary floor consolidation under the studied conditions reduces 

relative displacements by 20-40% depending on the volume of water input and depth of 

the consolidated zone. Therefore, the following actions should be undertaken: to regulate 

water inflow into the floor during technological operations; to make operational 

assessment of water effect on the rock strength properties adapted to specific mining and 

geological conditions and technology; to develop parameters for methods of the floor 

consolidation with taking into account water saturation. 
––––––––––––––––––––––––––––––– 
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––––––––––––––––––––––––––––––– 
Анотація. Стаття присвячена розвитку методів геофільтраційних розрахунків з урахуванням особливостей зміни 

фізико-механічних властивостей гірських порід при водонасиченні. Методи: математичне моделювання геомеханічних і 
фільтраційних процесів методом скінченних елементів, лабораторні та шахтні дослідження. Сформульована 
математична модель вирішення задачі теорії пружності методом скінченних елементів, що враховує особливості 
водонасичених порід. Встановлено закономірності зміни напружено-деформованого стану тріщинуватих 
водонасичених порід в умовах граничних критичних навантажень, які виникають навколо підготовчих виробок в період 
їх експлуатації. Для підвищення достовірності результатів розрахунків, здійснюється прив'язка до конкретних гірничо-
геологічних умов на основі випробувань мінімальної кількості проб або обмеженого обсягу геофізичних вимірювань. 
Для вирішення фільтраційних задач оброблені показники зібраного банку вихідних даних фізико-механічних 
властивостей водонасичених гірських порід з урахуванням коефіцієнтів варіації, які враховуються методикою, яка 
передбачає розрахунок навантаженості моделі при критичних параметрах. Обробка результатів інструментальних 
вимірювань на станціях і зіставлення отриманих даних при обводнюванні і без обводнення показали, що зміщення 
підошви виробок збільшуються в часі по лінійним залежностям і мають тісний кореляційний зв'язок. Попереднє 
зміцнення підошви виробок дозволяє знизити відносні зміщення підошви гірничої виробки на 20-40% в залежності від 
обсягів надходження води і глибини зміцненої зони. Тому в глинистих породах потребують вирішення питання: 
регламентації надходження води на підошву виробок при технологічних операціях; експлуатаційної оцінки ступеня 
впливу води на властивості міцності порід, що адаптовані до конкретних гірничо-геологічних умов і технологій; 
розробки параметрів способів зміцнення підошви виробок з урахуванням водонасичення. 

Ключові слова: водонасичені гірські породи, фізико-механічні властивості порід, напружено-деформований стан, 
стійкість підошви гірничих виробок. 

 

Аннотация. Cтатья посвящена развитию методов геофильтрационных расчетов с учетом особенностей 
изменения физико-механических свойств горных пород при водонасыщении. Методы: математическое 
моделирование геомеханических и фильтрационных процессов методом конечных элементов, лабораторные и 
шахтные исследования. Сформулирована математическая модель решения задачи теории упругости методом 
конечных элементов, учитывающая особенности водонасыщенных пород. Установлены закономерности изменения 
напряженно-деформированного состояния трещиноватых водонасыщенных пород в условиях предельных 
критических нагрузок, которые возникают вокруг подготовительных выработок в период их эксплуатации. Для 
повышения достоверности результатов расчетов, осуществляется привязка к конкретным горно-геологическим 
условиям на основе испытаний минимального количества проб или ограниченного объема геофизических измерений. 
Для решения фильтрационных задач обработаны показатели собранного банка исходных данных физико-
механических свойств водонасыщенных горных пород с учетом коэффициентов вариации, которые учитываются 
методикой, предусматривающей расчет нагруженности модели при критических параметрах. Обработка результатов 
инструментальных измерений на станциях и сопоставление полученных данных при обводнении и без обводнения 
показали, что смещения почвы выработок увеличиваются во времени по линейным зависимостям и имеют тесную 
корреляционную связь. Предварительное упрочнение почвы выработки позволяет снизить относительные смещения 
почвы горной выработки на 20-40 % в зависимости от объемов поступления воды и глубины упрочненной зоны. 
Поэтому в глинистых породах, требуют решения вопросы: регламентации поступления воды на почву выработок при 
технологических операциях; эксплуатационной оценки степени воздействия воды на прочностные свойства пород, 
адаптированные к конкретным горно-геологическим условиям и технологиям; разработки параметров способов 
упрочнения почвы выработок с учетом водонасыщения. 

Ключевые слова: водонасыщенные горные породы, физико-механические свойства пород, напряженно-
деформированное состояние, устойчивость почвы горных выработок. 
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