
ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Геотехнічна механіка. 2019. № 145 
 

 

119  

UDC 621.926: 622.7                                          DOI: https://doi.org/10.1051/e3sconf/201910900105 
 

MODELLING OF MINED ROCK THIN LAYER DISINTEGRATION TAKING INTO 
CONSIDERATION ITS PROPERTIES CHANGING DURING COMPACTION  

1Tytov O.O., 2Haddad J.S., 1Sukhariev V.V. 
1
Institute of Geotechnical Mechanics named by N. Poljakov of National Academy of Sciences of 

Ukraine, 
2
 Al-Balqa Applied University 

 

МОДЕЛЮВАННЯ ДЕЗІНТЕГРАЦІЇ ТОНКОГО ШАРУ ГІРНИЧОЇ МАСИ З УРАХУВАННЯМ 
ЗМІНИ ЇЇ ВЛАСТИВОСТЕЙ ПІД ЧАС УЩІЛЬНЕННЯ 

1Титов O.O., 2Хаддад Дж.С., 1Сухарєв В.В. 
1
Інстиут геотехнічної механікм ім. М.С. Полякова НАН України, 

2
Аль-Балька прикладний 

університет 
 

МОДЕЛИРОВАНИЕ ДЕЗИНТЕГРАЦИИ ТОНКОГО СЛОЯ ГОРНОЙ МАССЫ С 
УЧЕТОМ ИЗМЕНЕНИЯ ЕГО СВОЙСТВ ПРИ УПЛОТНЕНИИ 

1Титов А.А., 2Хаддад Дж.С., 1Сухарев В.В. 
1
ИГТМ им. Н.С. Полякова НАН Украины, 

2
Аль-Балька прикладной университет 

 

Annotation. The aim of the work is modelling of stressed condition of the loose mined rock thin layer between two 
parallel working plates of disintegrator, taking into consideration the dependences of the layer porosity and its side thrust 
coefficient on the maximum main stress value with hereditary model of deformation accumulation. Here, as the porosity 
decreases, the side thrust coefficient rises gradually up to one unit. The equations of extreme balance of mined rock 
compactable thin layer are obtained for the case of its compression with partial sliding on working surfaces. Solving of 
these differential equations has been provided step by step, beginning from the peripheral layer to the central axis of 
symmetry of the working zone. The iterative procedure has been made with specification of the layer density for each 
step, connected with the layer porosity and the level of maximum main stress, until the preset error has been reached. 
After the final distribution of stresses on the working surfaces had been determined, the total compression force on the 
surfaces has been calculated. It is shown, that there is no sliding of material along the working surfaces in the central 
area of deformed zone, unlike the peripheral area. The stresses on working surfaces have been determined in terms of 
quasi-two-dimensional model, which is created based on the set of linear finite elements, allowing to determine the 
stresses distribution on all volume of the disintegrators flat working zone. It is more acceptable and precise than simple 
linear model, which doesn’t take into consideration the change of stresses in the direction being perpendicular to working 
surfaces, because of accumulation of systematic error during the following integration. The iterative algorithm for 
parameters calculation of the layer stressed condition for the hypothesis of symmetric parabolic distribution of the axial 
normal stresses in the directions being perpendicular to the plates is developed. The distributions of the side thrust 
coefficient in the layer, the effective coefficient of external friction and the stresses of disintegrators working surfaces are 
grounded. The practical value of the research is the possibility to determine precisely the contact forces while crushing of 
fine-grained material taking into consideration its compactibility. 

Keywords: disintegrator, loose mining rock, partial sliding, layer porosity, side thrust coefficient, finite elements, 
distribution of stresses. 

 

Introduction. Determination of the disintegrators operating parts rational 

parameters includes an important stage of mined rock and crushing elements 

interaction forces calculation, together with stresses distribution on their surfaces. 

Different models of mining rock mass substitution by an element or a set of elements, 

resisting to applied loadings, are used for this purpose.  

The easiest models consider the deformed mined rock as a single localized mass, 

added by elements of elasticity, viscosity and plasticity. In order to describe the 

destruction of  a single lump  of rather hard  mined rock,  it is  enough  to use the 
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destruction model with force changing in terms of Hooke‘s law up to the ultimate 

strength. The model also deals with the ultraboundary deformation stage, which 

deformation curve depends on the so called ―fragility module‖ [1]. The elements of 

viscosity and plasticity are put in the calculation model for the materials featuring 

non-elastic deformations [2]. But, these models are phenomenological ones, so the 

rheological coefficients for each definite case must be determined anew on a rather 

complicated procedure. 

Every type of technological equipment has such important factor as power 

efficiency [3]. One of the rational modes during disintegration of fine-grained 

materials is ―crushing in layer‖. In this case, the maximum lump size is up to several 

times less than the gap between working surfaces [4]. This disintegration method 

leads to the process energy consumption reduce because of the grains destruction by 

shift forces, including the selective crushing along the minerals cleavage planes [5]. 

But, the main part of the grains relative movement directions in a loose material is 

influenced by its stressed condition [6], unlike destruction of the monolithic rock 

massif, where the directions of shift planes coincide often with the defect space 

orientation directions [7]. 

The distribution of stresses for the disintegrator flat working zone is grounded in 

the work [8], based on the Mohr–Coulomb model with incompressible material 

having constant value of the side thrust coefficient. But, further experimental research 

[9] has shown the sufficient ruggedization of results for such an approach, that may 

be explained by ignoring of the porosity decrease and the side thrust coefficient 

increase at the pressure growth. 

This conclusion is proved in the research works [10, 11], where the sufficient rise 

of pressure leads to the side thrust coefficient approaching to one unit. 

The last reasons have been taken into consideration in the work [12]. They have 

brought to the development of the hereditary model of loose mined rock deformation 

models being characterized by the following equations: 

- the current porosity coefficient of the material: 
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where jic ,  are the coefficients corresponding to the Pascal triangle of u  exponent, 1  

is the maximum main stress, 10  is the basic value, 0e  is the initial porosity 

coefficient; 

- the current side thrust coefficient: 
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where 1b , 2b , … , mb  are the approximation coefficients, 0  is the basic value of the 

side thrust coefficient. 

The results of the work have good coincidence with experimental data. 

Today, the analysis of stressed condition for the bodies of complex shape or with 

deviations from absolutely elastic model demands application of specialized 

computer programs for calculations, for example [13-15]. And, for our calculation 

case, when the properties of mined rock change in process of the loading growth, the 

problem solution is possible just on the basis of special calculation algorithm with 

finite elements and step-by-step calculation of all stressed condition parameters and 

material properties. 

Summing up all the above-mentioned, it is necessary to determine in this work the 

parameters of stressed condition of loose mined rock between two parallel working 

plates of disintegrator, taking into consideration dependences of the layer porosity 

and the side thrust coefficient on the main stress value in terms of the hereditary 

model of deformations accumulation, that is an actual scientific problem. 

Conditions of extreme balance of the mined rock thin layer having 

hereditary-dependent properties during compression between rigid plates. Let‘s 

consider the extreme balance of the material small element between two horizontal 

plates of disintegrator (Fig. 1). 

 

Figure 1 – Calculation scheme for the loose mined rock deformation between two rigid plates 
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Here z  is the normal stress along Z axis, r  is the horizontal normal stress, 3  is 

the minimal main stress, H  is the current height of the material layer, r is the 

distance from the central axis of the deformed zone to the element‘s iternal edge,    

m-indexes designate the stresses component values at the working surfaces, and       

a-indexes designate the average values on layer height. 

The following assumptions are accepted for further calculations: 

a) the current porosity coefficient of material is determined by equation (1); 

b) the ratio of main stresses depends on the maximum stress value and the initial 

porosity coefficient value: 

 01
1

3 ,e
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
,      (3) 

 

for example, in accordance with equation (2); 

c) shearing stresses in the layer are symmetric with the reversed sign concerning 

X axis. 

According to the last assumption, the shearing stresses on X axis are equal to 

zero, and the stresses on plates surfaces reach the values being maximum on the 

module and equal to 
 

zmefm f  ,              (4) 

 

where eff  is the effective friction coefficient. 

The equation of the extreme balance of small element along X axis (Fig. 1), in 

accordance to [6], should be written as follows: 
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Here, the following expression is usable for the effective friction coefficient: 
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where f  is the friction coefficient of the mining rock sliding on the working surface; 

  is the internal-friction angle being the function of the acting maximum main stress 

and the initial porosity. 

In this case, we don‘t consider the peculiarities of friction in conditions of large 

amount of moisture in loosened material, changing sufficiently the values of 

mentioned coefficients [16, 17].  

The values of dimensionless normal stresses on axes of coordinates are developed 

taking into consideration (3) and (4) expressions: 
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The parabolic distributions of stresses z  and r along Z axis are set with 

extrema points located on X axis (Fig. 2): 
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where zс  and rc  are the axial normal stresses in the center of layer for height. 

 

Figure 2 - Previously set diagrams of normal stresses for small element 

 

In addition, the equation of balance forces along Z axis, according to [6] without 

material weight, looks as follows: 

rrr

qqzq 










,                              (11) 

 

where 
r

zq




 and q  are, correspondingly, the gradient of vertical normal stress and 

the shearing stress for the points located on a quarter of height from the working 
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surfaces (they correspond to the average values for the upper or the lower half of the 

layer). 

Algorithm of stresses determination in terms of quasi-two-dimensional 

model. The solving of (5) and (11) differential equations will be provided step by 

step, beginning from the peripheral layer to the central axis Z (Fig. 1). The formulas 

of calculation algorithm by Euler‘s method of the first order with a constant step are 

given below as an example. 

The number of calculation intervals is set equal to n. Some values of the initial 

approach of the working zone radius 10 Rr   and of the corresponding to it 

integration step 1r  must be set for the first iterative step. 

Such dependences, as  01;e  and  01;ee   are supposed to be 

previously known, together with the initial porosity values distribution 
 

 Me 0 ,                             (12) 

where M is the current material mass value, accumulated on the interval  0,RrX  . 

The average horizontal normal stress from equation (5) is 
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here, for the symmetric parabolic distributions of type (9) and (10), the following 

expression is acceptable: 
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The average gradient of the vertical normal stress for a half of the layer is 
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The value of the horizontal normal stress on the plates surfaces is determined as 

follows: 
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The value of the vertical normal stress on the plates surface is 
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The maximum main stress of the plates surface is calculated in such a way: 
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Further, the coefficients j , jeff , , jzk ,  and jrk ,  are calculated by the formulas 

given above. Also, the missing characteristic values of stresses components on the 

layer height are determined. 

Besides, the accumulated value of the material mass, corresponding to the current 

coordinate value, must be calculated: 
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where   is the real density of mined rock. 

The total accumulated mass 1,sumM  is known at the end of the first iteration. This 

value may differ from the real material mass sumM . If the error exceeds the 

acceptable level, the another initial approach 2R  of external radius must be taken. 

The calculations proceed up to i-iteration with satisfactory coincidence of isumM ,  and 

sumM  values.  

The total compression force can be calculated, after the final distribution of 

stresses on the surfaces of plates is determined: 
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Results and discussion. The quasi-two-dimensional model, allowing to 

determine the stresses distribution on all volume of the disintegrators flat working 

zone, is created based on the set of linear finite elements. Simple linear model, 

consisted only from equation (5) without equation (11), is insufficient because of the 

following. On the one hand, the errors of piecewise linear approximation of stresses 

on the working surfaces can be compensated by decrease of the integration step. On 

the other hand, the substitution of constant on height horizontal normal stress value in 

the basic equation (5) leads to the accumulation of systematic error during the 

following integration. So, the parabolic distributions have been applied to take into 

consideration the changing of normal stresses on height, and they are very similar to 

the distributions of real stresses. 

One of the main factors, the taking of consideration of which makes scientific 

novelty while calculating the parameters of the stressed condition of disintegrators 

working zone, is the material initial porosity for a certain area. It corresponds to 

usage of the hereditary model of the layer deformations accumulation, mentioned in 

the work [12]. 
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Another factor is the dependence of the material side thrust coefficient on the 

maximum main stress. 
 

 

Figure 3 – Distributions of the side thrust coefficient, the effective friction coefficient and the 

vertical normal pressure on the disintegrator‘s working surfaces 

 

The third considered factor is the dependence for the ratio of shearing and normal 

stresses on the disintegrator‘s working surfaces on the proportion between 

coefficients of the external sliding friction and the material internal thrust. 

It is set, that an extensive peripheral zone of deformed material is featured by 

conditionally low value of the side thrust coefficient combined with sliding of 

particles on the disintegrator‘s working surfaces. Also, there is rather small central 

zone inside cR  radius with absence of sliding and having the side thrust coefficient 

more than some critical value с , depending on the maximum main stress and the 

initial porosity. 

The qualitative dependences of the side thrust coefficient, the effective friction 

coefficient and the surface vertical normal stress on the horizontal coordinate are 

shown in Fig. 3 (see above). 

As approaching to Z axis, the gradient of normal stresses increase will gain the 

scale of  1X  and will strive to infinity for the non-limited number of calculation 

intervals n. But, the gradient of the total compression force increase will have the 

scale of  1X , so, the final value of P force, determined by equation (20), will be 

limited value. Here, the main part of this force is concentrated just inside cR  radius. 

Conclusions. The quasi-two-dimentional model of compression by rigid plates of 

the loose mined rock thin layer is offered. The layer has hereditary-dependent 
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properties, influenced mostly by the maximum main stress and the initial porosity 

distribution. 

The algorithm for stresses components calculation in the layer, based on 

symmetric parabolic distributions of axial normal stresses, is developed. 

The difference in the modes of material interaction with working surfaces is 

shown. Particles slide on the surface in the peripheral area of deformed zone, but 

there is no sliding in the central area. 

The distributions on working surfaces of the side thrust coefficient, the effective 

friction coefficient and the vertical normal stress are presented. 

The results of the work allow to fulfill exact calculation of the disintegrators 

operating parts parameters taking into consideration the continious changing of the 

fine-grained mined rock properties during compaction. 
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_______________________________ 
Анотація. Мета даної роботи полягає в моделюванні напруженого стану шару сипкої гірничої маси між 

двома паралельними робочими плитами дезінтегратора з урахуванням залежності пористості шару та його 
коефіцієнта бокового розпору від величини максимального головного напруження у межах спадкової моделі 
накопичення деформацій. Тут, по мірі зменшення пористості, коефіцієнт бокового розпору поступово зростає до 
одиниці. Отримані рівняння граничної рівноваги тонкого шару ущільнюваної гірничої маси під час стискання з 
частковим ковзанням по робочим поверхням. Розв’язання цих диференційних рівнянь було виконано крок за 
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кроком, починаючи від периферичного шару у напрямку до центральної вісі симетрії робочої зони. Ітераційну 
процедуру було виконано з уточненням щільності шару для кожного кроку, пов’язаної з пористістю шару та 
рівнем максимального головного напруження, до тих пір, поки на було досягнуто попередньо встановлену 
похибку. Показано, що під час деформування центральної частини робочої зони проковзування матеріалу по 
робочим поверхням відсутнє, на відміну від периферичної зони. Напруження на робочих поверхнях було 
визначено у межах квазідвувимірної моделі, яку створено на основі лінійної сукупності кінцевих елементів, що 
дозволяє визначити розподіл напружень по усьому об’єму плоскої робочої зони дезінтеграторів. Вона є більш 
прийнятною та точною, ніж проста лінійна модель, яка не враховує зміну напружень у напрямку 
перпендикулярному до робочих поверхонь, через накопичення систематичної похибки під час наступного 
інтегрування. Розроблено ітераційний алгоритм розрахунку параметрів напруженого стану шару для гіпотези 
симетричних параболічних розподілень нормальних напружень у напрямку перпендикулярному до плит 
Отримано розподілення коефіцієнту бокового розпору у шарі, ефективного коефіцієнта зовнішнього тертя та 
напружень на робочих поверхнях дезінтеграторів. Практичне значення полягає у можливості точного 
визначення контактних зусиль на робочих поверхнях дезінтеграторів під час дроблення дрібнодисперсного 
матеріалу з урахуванням його ущільнюваності. 

Ключові слова: дезінтегратор, сипка гірнича маса, пористість, коефіцієнт бокового розпору, ущільнення, 
контактні зусилля. 

 

Аннотация. Цель данной работы заключается в моделировании напряженного состояния слоя сыпучей 
горной массы между двумя параллельными рабочими плитами дезинтегратора с учетом зависимости пористости 
слоя и его коэффициента бокового распора от величины максимального главного напряжения при 
наследственной модели накопления деформаций. Здесь, по мере уменьшения пористости, коэффициент 
бокового распора постепенно возрастает до единицы. Получены уравнения предельного равновесия тонкого 
слоя уплотняемой горной массы при сжатии с частичным скольжением по рабочим поверхностям. Решение этих 
дифференциальных уравнений было выполнено пошагово, начиная с периферического слоя в направлении к 
центральной оси симметрии рабочей зоны. Итерационная процедура была выполнена с уточнением плотности 
слоя для каждого шага, связанная с пористостью слоя и уровнем максимального главного напряжения, до тех 
пор, пока не достигалась предварительно установленная погрешность. Показано, что при деформировании 
центральной части рабочей зоны проскальзывание материала по рабочим поверхностям отсутствует, в отличие 
от периферической зоны. Напряжения на рабочих поверхностях были определены в рамках квазидвумерной 
модели, которая создана на основе линейной совокупности конечных элементов, позволяющей определить 
распределение напряжений по всему объему плоской рабочей зоны дезинтеграторов. Она является более 
приемлемой и точной, чем простая линейная модель, которая не учитывает изменение напряжений в 
направлении перпендикулярном к рабочим поверхностям, из-за накопления систематической ошибки при 
последующем интегрировании. Разработан итерационный алгоритм расчета параметров напряженного 
состояния слоя для гипотезы симметричных параболическим распределений осевых нормальных напряжений в 
направлении перпендикулярном плитам. Получены распределения коэффициента бокового распора в слое, 
эффективного коэффициента внешнего трения и напряжений на рабочих поверхностях дезинтеграторов. 
Практическое значение заключается в возможности точного определения контактных усилий на рабочих 
поверхностях дезинтеграторов при дроблении мелкодисперсного материала с учетом его уплотняемости. 

Ключевые слова: дезинтегратор, сыпучая горная масса, частичное скольжение, пористость слоя, 
коэффициент бокового распора, конечные элементы, распределение напряжений. 
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