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Abstract 

The article studies the effect of cyclic loads on the strength characteristics and 

filtration in a porous medium, fatigue processes in the rock skeleton, and the pro-

spects for developing technologies for active stimulation of formations in order to 

clean the bottom-hole zone and intensify oil and gas production. The issues of for-

mation and growth of fatigue cracks in the rock under the influence of the pulse 

generator GKP-1 are also considered. 

Analysis of recent researches and publications  

The development of wells in low-permeability formations is asso-

ciated with many difficulties in their construction and completion, as 

well as in the specifics of the selection of equipment and develop-

ment of technologies. According to the world practice, in order to 

increase the initially low filtration and formation properties of the 

matrix of the formation rock, hydraulic fracturing is mainly used 

with various options for its implementation (interval, directional, 

acidic, local, multistage). However, when fracturing, highly permea-

ble sections and systems of fractures are mainly included in the de-

velopment, since the technology will most likely increase the length 

and openness of existing fractures rather than creating new ones. 

Therefore, technologies for active stimulation of the formation are 

being studied which allow creating, apart from main fractures, a net-

work of fatigue cracks of different sizes and thereby increase the ef-

ficiency of field development. 

Nowadays, a large number of experimental studies 

[2,12,17,18,21] confirms the hypothesis that under the influence of 

cyclic loads of a certain amplitude, the rock is actively destroyed at 
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stresses, significantly less than the tensile strength of given rock. To 

the static loads acting constantly on the rock during cyclic action, a 

dynamic component is added, which is superimposed on them by the 

principle of superposition. As a result, microcracks can open, grow, 

or stop their growth depending on the anisotropic properties of the 

rock and the distribution of local stresses, the scale factor, and non-

linear characteristics of the medium during the waves transmission 

[4,7,8,9]. That is, damage accumulation processes take place in a 

rock with a cyclic effect on it. Residual stresses are initiated before 

stress concentrators in the unloading cycle, and fatigue cracks devel-

op in the direction perpendicular to the load axis [12]. Thus, the evo-

lutionary process of existing microcracks growth and the formation 

of new ones takes place. This causes a change in the volume of fluid 

that is filtered through a unit of effective rock area per unit of time. 

Depending on the type of rock, fatigue during cyclic exposure occurs 

at loads of 60-80% of the maximum after 10-105 cycles [2,9,18,21]. 

Moreover, the presence of filtrate in the rock increases this effect 

[2,4]. According to the authors [5], in some cases, the activation en-

ergy of a fracture due to rock saturation with water can decrease by 4 

times. 

Numerous studies on the effect of alternating load on the rock by 

recording Kadomtsev A.G. acoustic emission [3,5], Morteza 

Ghamgosar computed tomography [17], Ko T.Y. video recording 

[12], Erarslan N. electron microscopy [13] show continuous accumu-

lation of irreversible deformation, energy of dissipation under cyclic 

loading, growth and coalescence of microcracks into mesocracks and 

confirm the occurence of fatigue cracks. The studies of X. L. Zhao 

and J.-C. Roegiers [14], T.B. Celestino [15] and Y. Chen [20] 

showed that the number of cracks during cyclic loading had in-

creased, along with their length, and the process had a three-stage 

nature: the first stage was for the growth of existing cracks; the sec-

ond stage was for the formation of a fracture propagation zone; stage 

3 - initiation of new crack growth (Fig. 1). 
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Fig 1. Stages of fatigue damage accumulation  

 

The dislocation of microdestructions in rocks is transcrystalline 

(intragranular, intergranular) [1,3,11,17]. Such violations form the 

fracture propagation zone (FPZ) [13,16,17]. This zone consists of 

microcracks, each of which has its own submicrocrack zones, which 

turn into mesocracks. Such a hierarchy of structure for fatigue pro-

cesses plays an important role since a large-scale effect is manifest-

ed. However, for shale rocks, as shown by studies with DIC surveys 

[10], the formation and growth of cracks is different, more complex 

and unexplored, due to the presence of a large number of layered 

structures. In [19], when conducting studies on the influence of the 

hydraulic pulses frequency on acoustic emission and formation char-

acteristics, it was shown that a low frequency causes greater energy 

release and a greater intensity of crack opening inside test samples 

compared to a higher frequency. Therefore, studies were carried out 

within the frequency range of 50-100 Hz. 

Research object 

In the conducted experimental studies, the main attention was 

paid to the influence of cyclic loads in combination with surfactants 

on the strength properties of rock models, as well as on the change in 

the filtrate volume for artificial and natural core samples. 

Research method 

The experiment was carried out in two stages. At the first stage of 

research, we studied the strength characteristics of samples of cement 

stone with dimensions of 30×30×160 mm by non-destructive testing 

using an ultrasonic analyzer "Pulsar 1.1" and their change during 

combined exposure. Samples were formed over 90 days and were 

saturated with a surfactant solution (solpen) in accordance with the 
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experimental design. Cyclic loading was carried out on a special in-

stallation with a retainer-holder, a loading system and a power con-

trol system. The study of the relative strength indices of cement stone 

samples was carried out in accordance with the Latin plan at five 

levels for three influential factors: surfactant content c, power I and 

time t of sample processing. Given the heterogeneity of the samples 

for strength testing, we studied the relative strength indicators aver-

aged over four facet-ways before sample stimulation started. 

To interpret the results of the studies, the relative strength index 

was used as the ratio of strengths after and before the experiment. 

The experimental data were processed using regression analysis 

methods with the aim of constructing the most adequate model ̂  in 

the class E of second-order polynomials 
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where rs - the number of estimated models’ parameters.   

The most adequate model ̂  dispersion efficacy 
42 10252  ,sS  

and vector of basis function b(c,I,t)=(1,c,I,t,cI,ct,cIt,c2,I2,t2)T with param-

eters’ estimations  

)101,385 ;102,26 ;106,471 ;108,898 0,030; (1,015; 6345  Ta  

According to the results of the experiment, the presence of the in-

fluence trend of the cyclic load intensity (correlation coefficient r=-

0.400) and the duration of the treatment (correlation coefficient r=-

0.664 on the relative strength index and the absence of surfactant 

concentration influence (correlation coefficient r=0.004) is con-

firmed. A graphical interpretation of the processing parameters influ-

ence of the rock model on the relative strength indices is shown in 

the dependences idemIcB ),( , as well as idemtIB ),(  

(Fig. 2). 
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Fig. 2. Influence isolines of processing time (a) and surfactant concentration (b) 

change on samples strength  

 

According to the results of the first stage, it was determined that 

for the experimental conditions there were areas of influential factors 

combinations that reduce the strength indices of rock models, as well 

as processing parameters and the necessary oscillation intensity for 

the technology to increase the FES [24] were selected. 

At the second stage, we studied the filtration processes in a po-

rous medium during the action of cyclic loads with different frequen-

cies and amplitudes. To obtain reliable results in the absence of oscil-

lation interference (which are present when using installations for 

studying the permeability of core samples of the UIPK type), in 

IFNTUOG, together with the scientific and production company IN-

TEX, a facility was developed for studying the permeability of a po-

rous medium in the process of hydraulic impulse loads on the core 

UDC-2 (Fig. 3). 

Using the installation, when filtering the working fluid through 

the core 2 in the liquid medium 3, periodic pressure hydraulic pulses 

were created and transmitted to the core and cause its cyclic loading. 

As the working fluid, it is possible to use distilled water, produced 

water, flushing and other process fluids or mixtures. The pressure 

draw-down across the core during filtration is supported by a pump 

10, manufactured with incorporated structural elements of a 

deadweight pressure-gauge tester, which allows maintaining a prede-

termined pressure value with high accuracy. Using a piezosensor 8 

and a personal computer 14, the stability of the pressure pulses am-
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plitude in a liquid medium is controlled. For periodic measurements 

of cyclic stress parameters on the core, a 795 M107V vibrometer is 

used. Measurement of oscillation parameters is carried out by insert-

ing the probe of the vibrometer into the fitting 12 before contact with 

the core. 

 

Fig. 3. Installation for studying the permeability of the pore medium in the process 

of pulsed core loads UDK-2: 1 – casing; 2 – core; 3 – working fluid; 4 - power 

plunger; 5- rubber plug; 6 - ram tester; 7 - sealing plug; 8 - piezoelectric transducer; 

9 - pressure gauge; 10 - pump; 11 - pressure pulse generator; 12 - fitting; 13 - meas-

uring container; 14 - computer 

 

Installation technical parameters 

pressure draw-down on the core, MPa     до 3; 

lateral pressing, MPa                 до30;  

pressure pulse repetition rate, HZ   50,100;                                         

amplitude range, MPa             0.5-2; 

duration of the pressure pulses leading edge, no more, ms    2; 

operating temperature range, °С            20-70.  

The volume of the filtrate, which is filtered through the core over 

time, directly indicates the state of spatial permeability, which varies 

depending on the conditions under which the filtration occurs. Since, 

during filtration and simultaneous cyclic influence, the fluid moves 

in the pores and microcracks of the core, changes in its rheological 

properties, the movement of uncemented particles (pollutant or par-
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ent rock) [6], electrokinetic processes, opening, closing, development 

of new microcracks, the amount of filtrate per unit time can vary 

within certain limits. In this case, it is necessary to investigate what 

kind of the filtrate volume will be before, during, and after the treat-

ment with pressure hydroimpulses, and evaluate the changes in com-

parison with the initial results. It is also necessary to determine the 

characteristics of materials removed during core filtration by apply-

ing the methods of lithological-petrographic analysis. 

In this regard, a set of experimental studies was determined on the 

effect of cyclic loads on core material in order to establish patterns of 

change in the volume of fluid that is filtered under given conditions 

depending on the amplitude and number of load cycles 

For research purpose, we used an artificial core made on the basis 

of a sand-cement mixture according to the methodology [22], as well 

as a natural core made of sandstone for research according to the 

standard method of UkrNDPI PJSC Ukrnafta. The core was saturated 

with formation water during its evacuation. Mineralization of pro-

duced water was 50 g/l. 

The amplitude of the hydraulic pulses was chosen at the level of 2 

MPa based on the capabilities of the hydraulic pulse generator GKP-

1 of the INTEX company. The indicated amplitude did not exceed 

the fatigue strength limit for sandstone [11]. The value of the pres-

sure amplitude was determined by measuring the vibration accelera-

tion on the core surface using a 795 M107V vibrometer. The number 

of load cycles was taken equal to 105, taking into account the repeti-

tion rate of hydro pressure pulses of 50 Hz and the processing time 

of 30 minutes 

Lateral pressure on the core was maintained equal to 20 MPa. The 

pressure draw-down across the core was maintained at 1.3 MPa. The 

operating temperature of the installation was within 20±1 °С. Meas-

urements of the filtrate volume were carried out after 30 min in a 

measuring container 13 during filtration without core cyclic loads, 

during loads, and also after loads. The effect of processing was de-

termined by the ratio of volumes during and after processing to the 

volume of the filtrate without treatment. To assess changes in the 

inner surface of the pore space due to fatigue fracture of the rock, a 

fluid analysis was carried out, for which, fluid samples with removed 

particles of rock were taken into special ceramic cups before and af-
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ter loads. Samples with object glasses inserted into the cups were 

dried, after which they were subjected to lithological and petrograph-

ic analysis under a microscope with a magnification of 1000x. For 

each core, the initial parameters were determined by pumping 8 pore 

volumes, the first 5 of which were not taken into account, and the 

average value was taken from the last three. Such a sequence of ac-

tions makes it possible to minimize the influence of electrokinetic 

processes and processes occurring on interfaces at the beginning of 

filtration in a pore medium and to obtain statistically reliable infor-

mation. After determining the initial values for the cores, a series of 

10 experiments were carried out during the treatment with hydraulic 

pulses and 10 experiments after treatment. To build the dependen-

cies, the average value of each indicator was taken. 

Research results 

As it is seen from Figure 4, the processing of natural and artificial 

core mainly caused an increase in the filtrate volume during filtration 

for the same period of time. The highest growth was observed for 

artificial cores 2,4 during processing and is equal to 36-38%. After 

processing, this figure drops to 30-32%. However, for artificial cores 

7,11,15, despite the increase in the filtrate volume during processing 

by 24%, 19.8% and 7%, respectively, when the effect is removed, it 

decreases to the initial and even lower. For other artificial cores the 

filtrate volume increases on average by 20% during processing, and 

after processing this figure decreases by about 4 times. For sample 1, 

there was a slight increase in the filtrate volume by 6% during pro-

cessing, and a further increase of the rate to 29.5% under filtration 

conditions after treatment. Only for sample 18, treatment with pres-

sure hydroimpulses did not give statistically significant results, since 

the change in volume was only 1-2%. Dispersion for the obtained 

results is in the range of 8-15%, depending on the specific core. The 

situation is similar for natural cores. The maximum increase in fil-

trate volume was observed for cores 2,12,16 by 30-32% during pro-

cessing and 17-42% after processing respectively. For natural cores 

5,10,14 negative results were obtained - the filtrate volume decreased 

by 8-26%. 

The analysis of fluid samples showed that, when filtering without 

core cyclic loads, the samples mainly show the presence of lumpy 

oxidized clay mass, as well as dusty clay particles and very small 
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grains of quartz are present in an insignificant amount. Hydro-

pressure pulses during filtration caused a significant increase in the 

samples of brownish clay mass and quartz grains coated with a clay 

film, and with further filtration without the action of hydraulic puls-

es, a gradual increase in rock cement particles is observed compared 

to the number of particles removed from the core before processing ( 

by an average of 50%). The change in the filtrate volume for an arti-

ficial core is in the range of 5-30%, and natural 10-42%. The indicat-

ed indicates the appearance of additional fracturing of the rock. As 

for a natural core, processing is effective due to the presence of mi-

crofailures and microcracks in the samples that are not present in the 

artificial core, which is confirmed by the results of lithological and 

petrographic analysis. During filtration under the conditions of hy-

droimpulse exposure, core clay material, quartz particles are re-

moved, and, consequently, the internal specific surface of the porous 

medium changes. 

Based on the results of experimental studies, technologies and 

equipment have been developed for active impact on the productive 

horizon in conditions of repression or depression on the formation [23].  
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Fig. 4. Changes of filtrate volume during processing of natural and artificial core 

The technology of hydroimpulse effects on the reservoir dur-

ing depression. 

The following equipment is used to implement the technology:  

1. Multifunctional jet pump UEOS-4 with incorporated hydro-

pulse generator GKP-1.  

2. Coiled tubing installation;  

3. Mechanical packer PMKV;  

4. Depth pressure gauge;  

5. Three-section calibrated container of 12-15 m3. 

The technology allows the following operations in wells:  

1. Decreasing the bottomhole pressure only in the sub-packer 

space of the well and causing inflow from the reservoir. This elimi-

nates the possibility of oil emissions and collapse of the casing 

string. 

2. Hydropulse effect on the formation using a hydro-pulse genera-

tor and a jet pump with the subsequent generation of controlled de-

pression in order to clean completely the bottom-hole formation zone 

(PZP) from the mud. 

3. Injection of acid or other chemical reagents during repression 

and simultaneous hydro-pulse treatment of the formation. 

4. Selecting of reaction products from the formation at the time 

required by the technology with controlled depression and simulta-

neous hydroimpulse effects on the formation. 

5. Hydrodynamic investigation of wells in order to assess the ini-

tial and final state of the near-bottomhole zone of the formation by 

recording and decoding the pressure recovery curve of the HPC. The 
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recording and comparison of hydrodynamic parameters can be car-

ried out with various depressions on the reservoir.  

When performing technological operations, the working fluid is 

supplied to the nozzle of the jet pump through tubing pipes, and to 

the hydraulic pulse generator through a flexible pipe.  

The fluid pumped out from the reservoir moves to the surface 

along the annular space. 

The operations (Fig. 5) are performed as follows:1) the body of the jet 

pump (2) and the mechanical packer (3) are lowered into the well to the 

calculated depth at the tubing (1); 

the packer is installed, as well as the pressure testing of the tubing and 

the packer is performed by using special inserts; 

after the packing operation, a hydro-pulse generator (5) is descended 

into the sub-packer zone on the flexible pipe (4).  

The generator is lowered with a sealing unit (6), which is fixed in the 

landing seat of the jet pump housing.  

Later, a set of technological operations is carried out to affect the BFZ 

in accordance with the work plan. 

 
 

Fig 5. Schematic illustration of equipment for formation stimulation 

1-tubing pipe; 2-jet pump UEOS-4 (UEOS-4B); 3-packer PMKV; 4-flexible pipe;  

5-pulse generator GKP-1; 6-sealing unit 
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The technology of impact on the colmatage reservoir with hy-

draulic pressure pulses of adjustable amplitude.  

The effect of pressure pulses with a leading edge duration of up to 

5 ms and an amplitude of up to 6 MPa on the BFZ makes it possible 

to create alternating pressure gradients up to 1.5 MPa/m in the for-

mation, resulting in fatigue cracks in the rock as well as a decrease in 

the viscosity of the colloidal-dispersed structure in the BFZ. After 

such BFZ processing, the final stage of well development is carried 

out using a jet pump. 

Calculation of parameters for elastic oscillations and generator 

acoustic power, necessary for the arising of fatigue cracks in the 

sandstone formation. 

To simplify the calculations, the generator operation in the hori-

zontal part of the wellbore is considered and a number of assump-

tions is adopted: 

- a cylindrical wave is propagated in the formation; 

- the direction of wave propagation in the horizontal part of the 

wellbore is perpendicular to the rock layers; 

- the thickness of the layers is constant; 

- to assess the fatigue strength of the rock, the cyclic loads of the 

formation with alternating pressure were taken into account; 

- strength (strength limit p) and acoustic (density , longitudinal 

wave propagation velocity in the reservoir cn, absorption coefficient 

k of elastic oscillations in a given frequency range f) rock character-

istics were constant and consisted of: 

rock tensile stress limits p=13 MPa (it was assumed in calcula-

tions: p=2,4 MPa); 

rock density = 22002600 kg/m3; 

longitudinal wave propagation velocity in the rock cn=3000 m/s; 

absorption coefficient of elastic oscillations in the frequency 

range 1-100 Гц –k=10-4 м-1. 

Elastic oscillations in the rock arise due to the action of hydraulic 

pressure pulses in the borehole space. The oscillation generator in 

this case is an acoustic system consisting of one or more generators 

of pressure pulses, the fluid of the well and part of the perforated 

casing. Such a system emits cylindrical elastic waves (Fig. 6). 
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Hydraulic pressure pulses create elastic oscillation packets in the 

reservoir medium. The duration period of the elastic oscillations at 

the point x1is the shortest and, and in the first approximation it is de-

termined according to the expression: Φ41
xT , where  is the 

leading edge duration of the  hydraulic pressure pulse in the well 

media. The first quarter of fluctuations period in the package is the 

forced oscillation of the borehole medium, which is arisen in the res-

ervoir during the action of the hydraulic pressure pulse. Depending 

on the acoustic characteristics of the formation, the frequency of 

elastic oscillations, when propagating in the formation, will decrease 

due to the absorption of high-frequency components of the oscilla-

tions package (Fig. 7). The high-frequency components of the oscil-

lation packets during propagation in rocks damp at small distances 

from the generator. At distances of about 20-100 m, oscillations in 

the frequency range 30-80 Hz are dominant for low-permeable rocks. 

 

 
Fig 6. Schematic representation of a borehole emitter of a cylindrical wave and 

packets of elastic oscillations in the formation: 1 - formation; 2 - perforated casing;  

3 - pressure pulse generator; 4 - working fluid; 5 - column tubing; 6 - hydraulic pres-

sure pulse; 7 - packages of elastic vibrations in the formation 

 
For further calculations, the frequency of elastic oscillations in 

the reservoir was taken up as 50
2
xf  Hz. The limit of the rock 

fatigue strength B  was taken up at the level of 0.5 from the limit of 

its tensile strength. Then B=1.2 MPa. Based on the conditions of 

fatigue cracks formation in the reservoir, when the amplitude of the 
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alternating pressure 
2xP ) exceeds the fatigue strength limit, it was 

taken up that 21
2

,xP  MPa. It should be noted that the expansion 

of the rock during the wave propagation would be carried out in the 

phase of pressure decreasing, which with the appropriate number of 

oscillation cycles would cause the occurence of fatigue cracks in the 

rock. In the pressure increasing phase, the rock will undergo com-

pression, in which the rock strength is much higher and, accordingly, 

there is no fatigue cracking. The intensity of the fluctuations neces-

sary to create the amplitude of alternating pressure 
2xP  in the reser-

voir, is determines by the expression 

22
2 xnx IcP  , 

where 
2xI  - distance of oscillations intensity x2 meters from well 

generator, when nxx cII 22

22
 . After calculations, it is received: 

2xI =10,435 W/cm². To evaluate the intensity fluctuations 
0xI  on the 

emitter surface, necessary to get the intensity
2xI  in the formation, so 

the expression to determine the change in the intensity of the cylin-

drical wave depending on the distance to the generator can be ap-

plied 

20

2

2

2

kxx

x e
x

I
I  , 

where x2 - distance from the generator to the point of the reservoir, 

taken up equal to 2 m 

After calculations it is receives: 
0xI =21 W/cm². For an intensity 

of 21 W/cm², with an average radiation area of the pressure pulse 

generator 300 cm², the acoustic power of the generator should be at 

least 6.3 kW. The hydraulic power of such a generator based on its 

acoustic power of 6.3 kW is to be determined. As a fact, the power 

created by hydraulic downhole devices can be determined by the 

values of the pressure draw-down across the device and the amount 

of working fluid passing through the device per unit of time accord-

ing to the expression 
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



600

ΔPQ
N , 

where N - hydrogenerator power, kW P- pressure draw-down 

across the generator, bar; Q - fluid flow through a hydrogenerator, 

l/min;  - device efficiency. 

The maximum pressure draw-down across the hydrogenerator 

type Intex GKP-1 is 7 MPa at a flow rate of 900 l/min. Thus, the hy-

draulic power generated by the generator is 94.5 kW. Taking up the 

coefficient of hydraulic energy conversion into acoustic energy equal 

to 0.3, the acoustic power of the generator is obtained equal to 28.35 

kW. On the radiation area, in the zone of maximum oscillation inten-

sity equal to 300 cm², the intensity of the oscillations in the well is 

94.5 W / cm². Given the loss of acoustic energy during the transition 

from the liquid medium of the well into the formation, the transmis-

sion coefficient of acoustic energy is taken up as 0.8. Then the inten-

sity of oscillations at the entrance to the formation (on the surface of 

the cylindrical emitter) will be 75.6 W/cm². 

These calculations confirm the possibility of alternating pressure 

occurrence with an amplitude of more than 1.2 MPa in the reservoir 

at a distance of 2 m from the downhole hydrogenerator. The time 

required for processing the reservoir is to be deternimed. The recy-

cling frequency of the hydraulic pressure pulses of the GKP-56M 

generator is in the range of 20-70 Hz. For the value of the recycling 

rate of 50 Hz and the number of rock loading cycles N=106, the ob-

tained treatment time of the formation is equal to 2 hours 47 minutes. 

The effect of surface-active substances (SAS) on the processes of 

crack formation in rocks under cyclic loads, in particular the Re-

binder effect, is not taken into account in the above written issues.  

Conclusions 

Industrial testing of technologies that took place in the oil wells of 

Ukraine and Dagestan [24], showed their effectiveness and promis-

ing for exposing the depleted and marginal wells on the bottom-hole 

zone. So in most cases, cleaning of the bottom hole from the mud 

was performed and restoration of well productivity lasted for a peri-

od of 6-18 months. Well productivity was restored in some cases by 

200-300% of the initial values. 



 200 

This result makes it relevant to develop new technologies for ex-

posing the formation used in the development of oil and gas wells, 

intensifying the production of shale gas and oil, coal beds degassing 

and before hydraulic fracture operations. 

Further development and improvement of technologies for wells 

stimulation with low permeable or colmatage formations will occur 

in the direction of combining cyclic hydro-pulse wave action and 

hydraulic fracturing, as phased components of a basic technology for 

intensifying oil and gas recovery. 
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