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Аннотация: Представлен анализ известных способов бурения. Рассмотрены схемы сил, 
действующие на буровой инструмент, и осциллограммы процесса изменения силовых 
показателей при бурении породы различными способами. На основании сравнительно-
го анализа предложено по-новому осуществлять силовое воздействие на буровой ин-
струмент для повышения эффективности бурения, а именно внедрение лезвия долота в 
породу по винтовой траектории, шаг которой подобран из условия наилучшего сколоо-
бразования. Математическим и физическим моделированием внедрения лезвия долота 
в поверхность породного массива в зависимости от угла приложения ударной нагрузки 
установлено наличие существенного влияния данного параметра на эффективность ско-
лообразования в породном массиве. На специально разработанном стенде для изучения 
процесса внедрения долота с поворотом в породный массив подтверждено более эффек-
тивное использование энергии единичного удара на формирование скола породы, а не 
только дробления. Представленные результаты математического и физического модели-
рования внедрения лезвия долота в поверхность породного массива в зависимости от 
угла приложения ударной нагрузки подтверждают целесообразность продолжения иссле-
дований по установлению оптимального угла приложения и энергии ударной нагрузки в 
зависимости от физико-механических свойств породы и определения влияния геометрии 
бурового инструмента на эффективность бурения. 
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Introduction
In view of the current increase in drill-

ing activities and the need for less energy-
intense methods of rock destruction with 
a drilling tool, it is required to improve ef-
ficiency of drilling. Drilling efficiency is 
usually estimated by the rate and energy 
intensity of rock destruction. The drill-
ing rate is estimated by the drilling tool 
penetration per unit time and depends on 
such factors as rock strength, geometry 
of the rock cutting tool and the selected 
operating modes. The energy intensity of 
the drilling process is estimated by the 
amount of energy spent per meter of drill-
ing and primarily depends on the ratio of 
crushed and sheared rocks. In formation of 
large-size shears, the energy intensity of 
destruction will be less than in formation 
of small-size shears with increased crush-
ing. For a less energy-intense process of 
rock destruction, it is necessary to select 
optimal operating parameters for drilling 
in specific conditions. This is achieved 

with the help of adaptive control systems 
and software algorithms that consider en-
vironmental conditions, as well as using 
more advanced schemes of force impact 
on drilling tool [1—3]. Lower specific 
energy consumption often leads to higher 
drilling rates.

Comparative analysis  
of drilling methods
At present, drilling employs various 

tools and methods of force impact on 
rocks to be broken. The volumetric or sur-
face destruction of rocks is defined by the 
nature of rock deformation at the contact 
with drilling tool [4]. In volumetric dam-
age, the pressure on the rock–drilling tool 
interface exceeds the temporary indenta-
tion resistance. While in surface destruc-
tion, there is no penetration in rock since 
the specific contact pressure of the tool 
edge on rock will be less than the rock in-
dentation hardness. Rock destruction oc-
curs due to abrasion and is accompanied 
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by intense wear of drilling tool and by 
increased energy consumption of fracture. 
It follows from the foregoing that the ef-
ficiency of drilling to be increased needs 
long as possible operation of the tool in 
the field of volumetric fracture.

Rocks can be fractured using such me- 
thods of mechanical destruction as cutting, 
impact rupture and cutting with simultane-
ous impact effect. Accordingly, rotary drill-
ing, percussive drilling and rotary–percus-
sive drilling modes are distinguished.

In rotary drilling (Fig. 1), rock is frac-
tured in continuous rotation and transla-
tional movement of the drilling tool un-
der constant thrust force P and torque MT. 
The tool moves along a helical line with a 
relatively small pitch, and the tool edges 
or lips break the rock to a depth h. This 
means that the rotary drilling efficiency is 
determined by the zones of volumetric and 
surface fracture in rocks. Longer operation 
of the tool in the zone of volumetric frac-
ture promotes higher efficiency of rotary 
drilling.

To analyze and compare the change in 
the force impact on the drilling tool over 
a period t for various methods of impact 
effects, the oscillograms of drilling were 
obtained. Fig. 2 shows the oscillograms of 
the thrust force P and torque MT in various 
drilling methods. It is seen in Fig. 2a that 
the drilling tool is subject to the constant 
thrust P and the jumping torque MT. The 

jumps in the torque are associated with 
different forces required for shearing dif-
ferent volumes of rocks in drilling.

The rotary percussive method (Fig. 3) 
is a combination of cutting with simultane-
ous impact loading of the drilling tool. In 
rotary percussive drilling, a  continuously 
rotating drill bit, the edge of which has the 
form of an asymmetric wedge, penetrates 
a rock to a depth h under the action of the 
significant thrust P and an impact momen-
tum Pim. The shock load contributes to a 
more effective penetration of the cutting 
edge of the drill bit in rock, and the high 
torque MT provides volumetric shearing of 
rock by the front face of the drilling tool 
[5]. 

In rotary percussive drill bits, the pow-
er of the rotator significantly exceeds the 
power of the shock mechanism. The rota-
ry percussive drilling method is the most 
effective in rocks with Protodyakonov’s 
hardness factor f = 6—12.

The oscillogram of percussive drilling 
in Fig. 2b shows that the change in the im-
pact forces over a period t is similar to the 
oscillogram of rotary drilling. However, 
a distinctive feature is the presence of im-
pact momentum Pim, which is applied to 
the drilling tool at a certain frequency.

In percussion rotary drilling (Fig.  4), 
the drill bit is affected by the similar 
forces as in the above-described method 
of drilling, but their ratio is fundamentally 

Fig. 1. Diagram of forces acting on drill bit in rotary drilling
Рис. 1. Схема сил, действующих на резец при вращательном способе бурения



Fig. 2. Oscillograms of thrust force P and torque MT: (a) rotary drilling; (b) rotary percussive drilling;  
(c) percussion rotary drilling
Рис. 2. Осциллограммы осевого усилия Р и крутящего момента Мкр: при вращательном бурении (а); при вра- 
щательно-ударном бурении (б); при ударно-вращательном бурении (в)

Fig. 3. Diagram of forces on drill bit in rotary percussive drilling
Рис. 3. Схема сил, действующих на буровой резец при вращательно-ударном способе бурения
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different. Penetration in rock to a depth h 
and bulk rock fracture is due to the impact 
momentum Pim. The constant torque MT 
rotates the drill bit and cleans up the face 
from crests of neighbor indents, while the 
constant and relatively low thrust only 
presses the drilling tool to the face [5].

The analysis of the percussion rotary 
drilling oscillogram in Fig. 2c shows that 
the process of the force change during t is 
identical to the oscillogram of rotary per-
cussive drilling, except for a higher value 
of Pim required for additional penetration 
of the drilling tool in the axial direction 
and for destruction of the bulk volume of 
rock.

The value of energy supplied to the 
rock-breaking tool in rotary percussive and 
percussion rotary drilling is always greater 
than in rotary or percussive drilling, and 
the nature of rock destruction can be both 
volumetric and surface depending on the 
ratio of specific static and dynamic loads 
acting simultaneously, and on the hardness 
of rock mass in its complex stress state. 
This means that increase in efficiency of 
percussion rotary and rotary percussive 
drilling requires volumetric fracture pro-
cess to be maintained for a longer period 
of time.

In percussion rotary drilling (Fig.  5), 
rock is destroyed by the impact Pim ap-

Fig. 4. Diagram of forces on drill bit in percussion rotary drilling: P—thrust; Pim—impact momentum;  
MT—torque; h—penetration depth; γ—rake angle
Рис. 4. Схема сил, действующих на долото при ударно-вращательном способе бурения: P — осевое усилие; 
Pуд — ударная нагрузка; Мкр — крутящий момент; h — глубина внедрения в породу; γ — угол развала борозды

Fig. 5. Drill bit–rock interaction in percussion rotary drilling: α—angle between impacts; β—tool angle
Рис. 5. Схема взаимодействия долота и разрушаемого массива при ударно-поворотном бурении: α — угол 
между ударами; β — угол заострения бурового инструмента
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plied along the axis of the drill bit at a cer-
tain frequency, and by turning the tool be-
tween impacts by the angle α. Percussion 
rotary drilling creates a complex stress 
state in rock mass. Under the action of the 
compressive stresses, a compacted core of 
crushed rock is formed under the destruc-
tive face of the tool, and under the action 
of the shear stresses from the forces N, 
shearing of rocks takes place at an angle 
γ > β in the direction of the open plane. 
The drill bit penetrates rock to a depth h 
governed by the unit impact energy of Pim. 

The main factors affecting the efficien-
cy of percussion rotary drilling are the en-
ergy and frequency of impact load applied 
to the tool, as well as the tool turn angle α 
between impacts.

Fig.  6 shows the dependence of the 
penetration depth h of the drilling tool 
edge on the angle of the impact load dur-
ing percussion rotary drilling for t. It is 
seen from the diagram that the penetration 
depth of the drilling tool edge increases 
in direct proportion to the percussive load 
period tp. The impact load angle α is zero 
since the drilling tool penetrates without 
turning relative to its axis.

Then, the tool returns to its zero posi-
tion during the time tzr and rotates at an an-
gle α = 15—20 degrees out of the contact 
with rock during ti. After that, the rock–
drilling tool interaction cycle is repeated.

Study concept 
An increase in the efficiency of percus-

sion rotary drilling is achieved by penetra-
tion of the drill bit in rock along a helical 
path at a pitch sufficient to ensure devia-
tion of the vector of the impact load on the 
drill bit from the axis by an angle of the 
most efficient shearing. 

Fig. 7 shows the diagram of the drilling 
tool–rock interaction to explain this idea. 
It is obvious that the combination of num-
ber of shears and frequency of impacts 
should theoretically coincide in phase, i.e., 

the composition of the thrust and impact 
load vectors will have a determining in-
fluence on increase in efficiency of rock 
breaking by the cutting edge of the drill-
ing tool. However, this process is unpre-
dictable and directly uncontrollable. At the 
same time, it is obvious that control over 
the direction of the vector of Pim and its 
value can improve the shearing efficiency 
and increase the penetration rate as a re-
sult. Applying the impact load Pim to the 
tool with simultaneous rotation can both 
increase the energy transferred to rock for 
destruction and ensure its targeted action 
on the face.

Thus, the proposed method of drilling 
differs from the regular percussion rotary 

Fig. 6. Penetration depth h of drilling tool versus im-
pact load angle α in percussion rotary drilling during 
time t: tp—percussion loading duration; tzr—zero-
point return of drill bit; tturn—turning time; til–impact 
load time; ti—idle rotation time of drilling tool
Рис. 6. Зависимость глубины внедрения h лезвий 
бурового инструмента от угла приложения удар-
ной нагрузки α при ударно-поворотном бурении за 
время t: tу  — время действия ударно-поворотной 
нагрузки;  tв — время возврата инструмента в ис-
ходное положение; tпов — время, затрачиваемое на 
поворот инструмента; tрп — время, затрачиваемое  
инструментом на ударную нагрузку; tхп  — время 
холостого поворота бурового инструмента
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drilling by the fact that in the power stroke, 
the drill bit penetrates rocks with rotation 
at a small angle. The illustration is given 
by the curves of the penetration depth h of 
the drilling tool edge and the impact load 
angle α during the time t in Fig. 8. During 
movement of the drilling tool toward the 
rock mass and in the tool penetration in 
rock during tp, the tool edge moves at a 
strictly defined angle α relative to the drill 
bit axis and makes helical movements in 
the time ti.

Fig. 7. Scheme of forces on drilling tool in its penetration in rock along helical path: P—thrust; Pim—directional 
impact load; Pp—penetration resistance; Pz—cutting resistance; α—possible domain of impact load change
Рис. 7. Схема сил, действующих на буровой инструмент при внедрении его в породу по винтовой траекто-
рии: P — осевое усилие; Pуд — направленная ударная нагрузка; Pу —сопротивление породы внедрению; 
Pz — сопротивление породы резанию; α — возможная область изменения ударной нагрузки

Fig. 8. Penetration depth h of drilling tool edge and 
impact load angle α in percussion rotary drilling 
along a helical path during t: tp—percussion loading 
duration; tzr—zero-point return of drill bit; tturn—turn-
ing time; til–impact load time; ti—idle rotation time 
of drilling tool
Рис. 8. Зависимость глубины внедрения h лезвий 
бурового инструмента от угла приложения удар-
ной нагрузки α при ударно-поворотном бурении 
по винтовой траектории за время t: tу  — время 
ударно-поворотной нагрузки по винтовой траекто-
рии; tв — время возврата инструмента в исходное 
положение; tпов  — время, затрачиваемое на пово-
рот инструмента; tрп — время движения бурового 
инструмента по винтовой траектории; tхп — время 
холостого поворота бурового инструмента

This force impact generates additional 
shear and tensile stresses. Since the ulti-
mate shearing and tension strength of rocks 
is significantly less than the compression 
strength of rocks, we can expect that such 
force impact produced by the drilling tool 
on rock mass forms more large-size shears, 
and, therefore, the efficiency of shearing 
and the rate of drilling will increase. Upon 
completion of the power stroke, the kin-
ematics of the drilling tool movement is 
identical to the rotary percussive drilling 
kinematics, namely, the tool returns to its 
zero position in the time tz and turns at an 
angle α = 15—20 degrees in the time tturn.
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As a result of percussion rotary drilling 
with the bit penetration in rocks along a 
helical trajectory, in comparison with tra-
ditional rotary percussive drilling, the ef-
ficiency of shearing increases. The direc-
tional movement of the drill bit at an angle 
will form not only the forces necessary for 
penetration but also the forces required 
for shearing. Fig. 9 shows the conditional 
scheme of shearing in regular rotary per-
cussive drilling (A) and in drilling by the 
proposed method (B). The diagram shows 
that in regular rotary percussive drilling 
(A), in section ab–a'b', tool penetration 
and shearing towards the open plane are 
equal to the angle of rotation of the tool 
between impacts. In the case of drilling 
with penetration of the drill along a helical 
trajectory (B), additional shear stresses ap-
pear in the rock section ab–a'b', which will 
increase the efficiency of shearing and, 
thus, ensure the process of rock destruc-
tion at the lowest energy consumption as 
compared with classical rotary percussive 
drilling.

Aimed to confirm this statement, the 
goal was set to perform mathematical and 
physical modeling of the drill bit edge 
penetration in rock mass, to obtain the 
dependences of the influence exerted by 
the angle of impact load application to the 

surface of penetration on the efficiency of 
shearing and use the dependences to find 
an efficient pitch of the helical trajectory 
of the power stoke. 

Mathematical modeling
The finite element method was used for 

the stress–strain analysis of rock under the 
drilling tool due to the action of a wedge 
simulating the drill bit edge. ANSYS 
Workbench was used as a software pack-
age for this study. As a result of modeling 
various force effects generated by the cut-
ting wedge edge 1 mm wide on rock mass 
with Young’s modulus E = 1 · 109 Pa and 
Poisson’s ratio μ  =  0.3, we obtained the 
stress–strain behavior patterns in rock in 
the zone under the edge (Fig. 10).

It is seen from Fig. 10a that the stress–
strain fields ahead of the front edge of the 
wedge and under the cutting edge are ap-
proximately the same in simulated rotary 
drilling. In case of the thrust applied to the 
wedge (Fig.  10b), the wedge penetrates 
rock a little deeper. This can indirectly be 
judged by the patterns of the stress–strain 
fields in rock mass. When the thrust and 
impact load moment act on the wedge 
(Fig. 10c), the stress–strain fields arise in 
a larger volume as against the other cas-
es, which is reflective of additional shear 

Fig. 9. Diagram of shearing in regular rotary percussive drilling (A) and in percussion rotary drilling along  
a helical trajectory (B)
Рис. 9. Схема образования сколов при ударно-поворотном бурении (А) и при ударно-поворотном бурение 
по винтовой траектории (Б)
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stresses in rock mass. This force impact 
will provide less energy-intense fracture 
of rock due to the transfer of more energy 
in the form of strains to rock, which will 
allow a larger-size shear, will reduce fric-
tion between the wedge and rock, and will 
increase the shearing efficiency and, thus, 
the drilling rate [6—8].

The Abaqus/CAE finite element ana- 
lysis software package was used for the 
mathematical modeling of the depend-
ence between the shearing volume and 
the angle of the impact load application 
to the wedge. The Holmquist–Johnson–
Cook fracture criterion was chosen as the 
fracture model. The mentioned criterion is 

Fig. 10. Stress–strain behavior of rock mass in simulation of various drilling methods: a— rotary; b— rotary, 
with additional impulse thrust; c—rotary, with additional impulse thrust and load moment on wedge
Рис. 10. Схемы напряженно-деформированного состояние породного массива при имитации различных 
способов бурения: вращательного (а); вращательного с дополнительным импульсным воздействием осе-
вой нагрузки (б); вращательного с дополнительными импульсными воздействиями осевой и моментной 
нагрузками на клин (в)

used to model mechanical damage of brit-
tle materials (ceramics, concrete, etc.) in 
a range of strain rates. The model is ap-
plicable to plane strain, axially symmet-
ric and three-dimensional solid elements, 
and can be used in both Lagrangian and 
Eulerian regions [9—11]. The modeling 
of the cutting edge penetration at a rate 
of 0.8  m/s to simulate the working edge 
of a drill cutter 0.5 mm wide, with a cut 
thickness of 2  mm, in the mode of the 
directional impact loading produces the 
qualitative pattern of large-size shearing 
in Fig. 11 [12—14].

It is seen in Fig.  11 that for different 
values of the load application angles rela-

Fig. 11. Large-size shearing at different angles of impact load application to wedge: a—30 deg; b—45 deg; 
c—55 deg; d—90 deg
Рис. 11. Схемы формирования крупных сколов при различных значениях углов приложения ударной 
нагрузки к клину: 30 ° (а); 45° (б); 55° (в); 90° (г)
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Fig. 12. Shearing volume versus impact load application angle
Рис. 12. График зависимости объема скола от угла приложения ударной нагрузки

tive to the drill axis, different size shears 
are produced. At the impact load angle of 
30 degrees (Fig. 11a) to the cutting plane, 
a shear 5 mm3 in volume is formed. With 
an increase in the angle of the impact load 
application to 45  degrees (Fig.  11b), the 
volume of sheared rock grows to 8 mm3. 
In case when the angle of the impact load 
is 55 and 90 degrees (Figs. 11c and 11d, 
respectively), the shearing volume de-
creases to 6 mm3 and and 2 mm3 [15].

These results of mathematical mode- 
ling prove advisability of changing the di-
rection of the impact load application to 
the drill bit edge to increase the shearing 
efficiency. Fig. 12 shows the curve of the 
shearing volume and the angle of the im-
pact load application to the wedge simu-
lating the working surface of a drill bit.

It is seen from Fig. 12 that the increase 
in the angle of the impact load application 
to the wedge to 45 degrees has a positive 
effect on the volume of rock shearing, 
while the higher angle has a negative in-
fluence. However, these results are rather 
qualitative in nature. Therefore, to obtain 
quantitative data and confirm the mathe-
matical modeling data, physical modeling 
was carried out on a specially designed 
test bench for penetration of drill bits in 
rock mass at various impact load applica-
tion angles and shock energy applied to the 
drill bit (Fig. 13). The test bench is made 

as a gravity pendulum impact machine and 
consists of a table  1, base  2 and a head-
frame 3 with studding 4 to the base by 2. 
For kinematic connection between the 
headframe  3 and pulling  6, the machine 
is equipped with bearing units 5. An out-
put element 7 is connected to the pulling 6 
through the bearing units 5 and to the drill 
bit 8 by the bolt 10 set in a through hole. 
To change the impact energy on the rock 
surface 19, the weights 9 with mass m1, m2, 
m3 are put on the shank of the drill bit 8. 
To raise the drill bit 8 with a mass m to the 
height H = 1 m, the test bench is equipped 
with winch 12, which is fixed through the 
hole on the drill bit shank 20 by the pulling 
rope 13, rollers 15 and a hook 17. To detach 
the hook 17 from the drill bit shank 20, the 
rail 18 is equipped with an eye bolt 21. To 
change the impact load application angle 
α, the inclined plate  11 is equipped with 
the rail  18 with through holes  16. Using 
the locking bolt  15, the plate is fixed at 
a preset angle α. The change step for α 
is 5 degrees.

After the drill bit impacts on rock mass, 
the shearing products were weighed on a 
scale with an accuracy of 0.01 g.To deter-
mine the dependence of the sheared rock 
volume on the angle of the impact load ap-
plication, 10 shears were made on a rock 
sample at 9 values of the angles. The ta-
ble presents the mass values of shearing 
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products and the averaged values of this 
parameter depending on the impact load 
application angles.

Based on the physical modeling data 
on the shearing product volume versus the 

application angle of impact load, a graph 
was plotted (Fig.  14). The graph shows 
that an increase in the impact load appli-
cation angle increases the mass of sheared 
rock up to the highest value achieved at 

Fig. 14. Shearing product mass versus impact load application angle
Рис. 14. График зависимости массы продуктов скола от угла приложения ударной нагрузки

Fig. 13. Test bench, general view
Рис. 13. Общий вид стенда
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the angle of 35 degrees. As against the test 
at the angle of 0 degrees, the mass of the 
shearing products at the impact load appli-
cation angle of 35 degrees grows 15 times 
approximately. 

The results obtained, to a first approxi-
mation, give reason to believe that bit drill 
penetration in rocks should follow not a 
linear but a helical path. In order to apply 
load impact to the drill bit edge at an angle 
of 30—40 degrees relative to the axis of 
the drill bit, the pitch of the helical path 
should be 4—6 diameters of a drill hole.

Conclusions
1. The percussion rotary drilling effi-

ciency can be increased by changing the 
mode of drill bit penetration in rock, name-
ly, by driving the drill bit not along the ax-

ial but along the helical path, and the pitch 
of the helical path should ensure deviation 
of the impact load vector of the bit edge 
from the hole axis by the value sufficient 
for the most effective shearing. 

2. The mathematical and physical mo- 
deling of drill bit penetration in rock at 
various angles of impact load application 
exhibits significant effect of this parameter 
on the shearing efficiency. 

3. The results obtained prove advisabil-
ity of further research to optimize applica-
tion angle and energy of the impact load 
depending on the physical and mechanical 
properties of rocks and to determine the 
influence of the drilling tool geometry on 
the drilling efficiency, which will certain-
ly serve as the basis for improving drilling 
equipment. 

Dependence of shearing product mass on impact load application angle 
Зависимость массы продуктов скола от величины угла приложения ударной нагрузки

Rock Plate tilt 
angle, deg

Shearing product mass, mg Averaged mass 
of shearing 

products, mg
1 2 3 4 5 6 7 8 9 10

Gypsum

0 1 1 3 2 4 1 1 3 1 2 1.9
5 2 6 3 2 5 2 3 2 2 5 4.1

10 7 11 7 9 8 9 10 7 11 6 7.6
15 11 13 10 12 10 12 9 14 11 12 11.4
20 12 13 16 15 17 16 15 14 18 17 15.8
25 19 21 23 21 20 22 19 20 22 19 20.6
30 24 23 24 26 22 27 26 25 27 24 24.9
35 28 31 32 30 32 31 29 32 31 30 30.6
40 24 29 27 26 28 29 28 30 27 26 27.4
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