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Problem statement. The object of study is multi-
element tribo-fatigue boring bar front-end support 
system, which is one of the most critical components of 
heavy-duty horizontal boring lathe shown in figure 1. 
Multiple contact interactions with friction between 
its various elements and a non-contact bending of the 
boring bar occur in this system [1–9].

The purpose of work is the development of me­
chanical and mathematical models allowing des­
cription of the three-dimensional stress-strain state 
and multiple contact interaction of the elastic elements 
of the boring bar front-end support system.

The main methods of research are the ones of tribo-
fatigue, solid mechanics and computational mechanics.
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SPATIAL STRESS-STRAIN STATE OF BORING BAR FRONT-END 
STRUCTURE OF HEAVY-DUTY HORIZONTAL BORING LATHE

Mechanical and mathematical models describing the spatial stress-strain state and frictional contacts between 
elastic elements of the boring bar front-end structure of heavy-duty horizontal boring lathe were developed. All 
the calculations were performed using the finite element simulation package ANSYS Workbench Mechanical. 
Static formulation of the problem with the account of gravitational force and non-linear behavior of the materials 
in the vicinity of the cutting surface of the cutter was considered. Four different statements of the problem were 
analyzed. They illustrate the effect of the bolted connections pretension clamping the cutter on the stress-strain 
state of the system. The effect of front-end structure’s loading on the boring bar during cutting was investigated. 
The effect of the boring bar bending on front-end structure was analyzed. The carried out analysis showed 
that the components of the stress-strain state of the studied systems have similar distributions, regardless to the 
bending of the boring bar due to the force of gravity. Bending of the boring bar has significant influence only on 
the displacements. Stress concentrators were present in many regions of the studied system. This complicated 
the analysis of complex distributions of stresses and strains fields. Obtained results demonstrate the need of 
movement from the local characteristics of damageability (stress tensor components) to the integral ones – 
dangerous volumes.
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The boring bar has the shape of a hollow cylinder 
with an outer radius of 200 mm and inner radius of 
150 mm. Its loading scheme is shown on the figure 2.

Points A, B, C, D and E are the starting points 
of the areas fixed in all directions, l

I-J
  is the distance 

from the beginning of the section I to the beginning of 
the section J, d is the length of the front-end system 
of boring bar. The values of all the parameters are 
presented in table 1.

The front-end support structure of the boring bar 
consists of the upper support (1) where cutter is placed, 
middle support (2), the lower support (3) and the 
boring bar (4) (see figure 3).

The elements of the front-end support structure 
of the boring bar are connected by the groups of bolts 
shown in figure 4.

Within the current study four different calcu­
lations were made. Effect of bolts pretension clam­

ping the cutter as well as the impact of boring bar 
were considered (see figure 5). The codification of 
these calculations is shown in table 2 and mechani­
cal characteristics of the materials used [10] are 
given in table 3.

Suppose that rk is the particular configuration 
of the k-th body in space for calculated system (see 
figures  5,  6). In this case the following relations that 
determine the mechanical state of the particle of the 
body (the elementary volume) can be formulated: the 
continuity equation, the equations of equilibrium of the 
body’s particles, dependency between displacements 
and strains, and Hooke’s law [4, 9].

Boundary conditions of the first type for the sur­
faces S

u
 of the front-end support base of the boring bar 

where displacements  are set in calculations H 
and HN (see figure 6) are added to the equations that 
determine the mechanical state:

and boundary conditions of the second type for the 
surfaces Sσ of other elements of the system where the 
distributions of tractions  are set (see figures 5, 6):

where α
j
k are the direction cosines.

Interaction of the elements of the system consisting 
from n deformable bodies can be described using the 

(1)

(2)

Figure 1 — Heavy-duty horizontal boring lathe

Figure 2 — Boring bar loading scheme

Section Name Length, mm

A 540

B 540

C 540

D 540

E 468

l
A-B

1260

l
B-C

2703,8

l
C-D

3108

l
D-E

1400

d 166,7

l
0

6488,2

l
1

15596,7

Table 1 — Sections length

Figure 3 — Elements of the boring bar front-end support system

Figure 4 — Groups of bolted connections
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contact boundary conditions defined by the following 
relationships:

where S(lm) are contact surfaces for bodies l and m, 
, ,  

 
and  are vectors of tractions and 
displacements on the surface of k-th body,  are 
normal and tangential components of surface tractions, 

,   are 
vectors of displacements and tractions on the contact 
surfaces, f

lm 
 are friction coefficients for the corres­

ponding pairs of bodies.

(3)

(4)

Calculations F and H describe the behavior 
of the front-end support of the boring bar for the 
bolts of group  A clamping the cutter by maximal 
bolts pretension force F

a 
= 24949,5 N (see table 4 

and figure  4). Calculations FN and HN describe the 
behavior of the front-end support under absent bolts 
pretension force F

a
 = 0.

Friction coefficient f equals 0,18 for all calculations.
Methodology described in [11, 12] was used for the 

calculation of bolts pretension force (see table 3). Main 
assumption for this calculation is that this force should 
produce stresses in the bolts which do not surpass the 
yield limit.

Finite-element models with applied boundary 
conditions are shown in figures 5, 6. For a correct 
comparison of the obtained results calculations H 
and HN were performed using the same mesh in the 
vicinity of the front-end support of the boring bar as in 
calculations FN and F.

Cutting load was defined according to the 
data provided by Harbin University of Science and 
Technology:  = {–3118; 3619; –8620} N. Force  
was applied to the three external faces of 4 mm length 
of the cutter.

All calculations were performed in the finite element 
simulation program package ANSYS Workbench in 
static formulation considering gravitational force field 
and non-linear behavior of the materials in the vicinity 
of the cutting surface of the cutter.

The calculations for all models were divided into 
two steps: the first step took into account the bolts 
pretension, the second one — cutting load.

Figure 5 — Finite element mesh and loading scheme 
for calculations FN and F

Loading 

conditions

Boring 

bar with 

loosed bolts 

holding 

the cutter

Boring 

bar with 

tightened 

bolts 

holding 

the cutter

Front-end 

support with 

loosed bolts 

holding 

the cutter

Front-end 

support with 

tightened 

bolts holding 

the cutter

Calculation’s 

code
FN F HN H

Table 2 — Codification of calculations

Material
Poisson’s 

Ratio, n

Young's 

modulus, 

E, GPa

Yield 

strength, 

σ
т
, MPa

Strength 

limit, σ
в
, 

MPa

Steel 18HGT, 
(for bolts)

0,3 211 885 980

Steel 18HGT 0,3 211 730 980

Table 3 — Mechanical properties

Figure 6 — Finite element mesh and loading scheme for calculations 
HN and H

Screw type Group Bolt pretension, N

M8x1 – 6g A F
a
 = 24949,5

M10x1 – 6g B F
b
 = 43048,7

M14x1,5 – 6g C F
c
 = 82341,3

M24x2 – 6g D F
d
 = 264903

Table 4 — Bolts pretension forces
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At the second step the distribution of forces and 
displacements produced by bolts pretension were 
applied as the boundary conditions.

Stress-strain state of full models. In all calcu­
lations before cutting maximum von-Mises stress σ

eqv
 

values were concentrated in the vicinity of the bolted 
connections of group B (see figures 4, 7, 8). Such high 
values (about 1,7 GPa for all calculations) are caused 
by rather coarse mesh of the fillet under the bolt head. 

During cutting the maximum stresses occur on the 
cutting surfaces of the cutter while stresses of the bolted 
connections of group B remain almost unchanged. 
Outside the region of the bolted connections of group 
B σ

eqv
 do not exceed materials yield limit.

Comparison of von-Mises stress σ
eqv

 for calcu­
lations with boring bar (FN and F) bending and without 
it (HN and H) showed the same distribution pattern in 
the cutter, upper and middle supports, bolts of A and B 
groups for the same pretension of group A bolts. Only 
lower support has different σ

eqv
 distribution due to bo­

ring bar bending (see figures 7, 8).
Pretension of group A bolts does not change the 

position of the maximal of von-Mises stress but causes 
significant increase of σ

eqv
 in the upper support and 

the cutter.

Distributions of von-Mises strain ε
eqv

 have the 
pattern similar to the distributions of von-Mises stress 
(see figures 9, 10).

In all calculations after bolts pretension the cut­
ter moves along the x axis with the displacement 
u

x
 ranging from 0,007 mm (calculations F, H) to 

0,01 mm (calculations FN, HN) (see figure 11). During 
cutting the largest displacements in the system occur 
in calculations F (–1,67 mm) and FN (–1,68mm). 
In both these calculations motion of all parts of the 
system occurs in the negative direction along the x 
axis which is caused by the bending of boring bar (see 
figure 12). Rotation of the cutter counterclockwise 
about the z axis occurs in calculations H and HN 
during cutting.

Due to the lack of symmetry in the supports 
and mainly due to the impact of gravity after bolts 
pretension the whole front-end support system ex­
perienced rotation about the x axis counterclockwise 
which follows from the distribution of displacements u

y
 

and u
z 
(see figures 13–16). Maximal u

z
 displacements 

in this case are 5,85 mm and 5,94 mm for FN and F 
calculations respectively. During cutting maximal dis­
placements u

z
 are 10,86 mm and 10,9 mm for FN and F 

calculations respectively.

a			      b

c			      d

Figure 7 — Distribution of von-Mises stress seqv after the first 
loading step bolts (pretension): a — FN; b — F; с — HN; 

d — H, MPa

a			       b

c			       d

Figure 8 — Distribution of von-Mises stress seqv after the second 
loading step (cutting): a — FN; b — F; с — HN; d — H, MPa

a			       b

c			       d

c			       d

a			       b

Figure 9 — Distribution of von-Mises strain eeqv after the first 
loading step (pretension): a — FN; b — F; с — HN; d — H

Figure 10 — Distribution of von-Mises strain eeqv after the second 
loading step (cutting): a — FN; b — F; с — HN; d — H
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The total displacements of the cutter after bolts 
pretension are 5,85 mm and 5,95  mm for FN and F 
calculations, respectively.

The total displacements of the cutter during 
cutting are 11,01 mm and 11,04 mm for the FN and F 
calculations, respectively.

In calculations HN and H the absolute values of 
maximal u

z
 displacements are 0,07 mm and 0,11 mm 

after bolts pretension, 0,02 mm and 0,34 mm during 
cutting respectively (see figures 15, 16).

The total displacements of the cutter after 
bolts pretension are 0,26 mm and 0,15  mm for the 
calculations HN and H respectively.

The total displacements of the cutter during cut­
ting are 1,51 mm and 0,39 mm for the HN calculation 
H respectively.

Thus, gravity has a significant (about 53 %) impact 
on maximal deflection of the boring bar.

In calculations without boring bar the bolts pre­
tension together with gravity force contribute up to 
17 % and up to 37 % in total deflection of the cutter, 
upper, middle and lower supports in calculations HN 
and H respectively.

a			       b

c			       d

a			       b

c			       d

Figure 11 — Distribution of displacements ux after the first loading 
step (bolts pretension): a — FN; b — F; с — HN; d — H, mm

Figure 12 — Distribution of displacements ux after the second 
loading step (cutting): a — FN; b — F; с — HN; d — H, mm

a			       b

c			       d
Figure 13 — Distribution of displacements uy after the first loading 

step (bolts pretension): a — FN; b — F; с — HN; d — H, mm

a			       b

c			       d

Figure 14 — Distribution of displacements uy after the second loading 
step (cutting): a — FN; b — F; с — HN; d — H, mm

c			       d

a			       b

Figure 15 — Distribution of displacements uz after the first loading 
step (bolts pretension): a — FN; b — F; с — HN; d — H, mm

c			       d

a			       b

Figure 16 — Distribution of displacements uz after the second loading 
step (cutting): a — FN; b — F; с — HN; d — H, mm
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Conclusion. Mechanical and mathematical models 
allowing description of the three-dimensional stress-
strain state of the boring bar front-end support structure 
of heavy-duty horizontal boring lathe were developed. 
Contact problems for the elements of the boring bar front-
end support multi-element system were formulated. The 
effect of the bolts pretension on the upper support was 
studied. The effect of boring bar bending on the stress-
strain state of supports was analyzed.

Computer modeling based on finite element 
method was made for the boring bar front-end support 
system considering multiple contact interactions of its 
elements, bolts pretension, cutting process and non-
contact deformation due to boring bar bending.

Four different statements of the problem were 
developed and analyzed. They showed how the stress-
strain state of the system was influenced by bolts pre­
tension clamping cutter and boring bar bending due to 
the gravitational force.

In general, it should be noted that both bolts 
pretension of bolted connections A and B and cutting 
process had strong impact on stress-strain state of the 
upper support in the area of cutter fastening. At the 
same time, the middle support had the same von-Mises 
stresses and strains after bolts pretension of group B 
bolts and during cutting. It was shown that even under 
absent bolts pretension of group A bolts the cutter was 
held in the upper support during the cutting.

The carried out analysis showed that the com­
ponents of the stress-strain state of the studied system 
had similar distributions (maximal von-Mises stresses in 
the cutting region vary from 1,71 GPa to 1,72 GPa for 
all calculations) regardless to the boring bar bending by 
virtue of the Saint-Venant principle. Boring bar bending 
had significant influence only on the displacements.

Gravity had significant (about 54  %) impact on 
the maximal deflection of the boring bar in z direction. 
Displacements u

x
 and u

y
 made insignificant contribution 

to the total deflection of the boring bar.
In calculations without boring bar the bolts pre­

tension and force of gravity contributed up to 17  % 
and up to 37 % to total deflection of the cutter, upper, 
middle and lower supports in calculations HN and H 
respectively.

Stress concentrators were present in many regions 
of the contacting bodies. This complicated the analysis 
of complex distributions of stresses and strains fields. 

This demonstrates the need to move from the analysis 
of local characteristics of damageability (stress tensor 
components) to the analysis of integral ones — dan­
gerous volumes [4, 13–17].

This work was supported by National special project 
for international scientific and technological cooperation 
of the People’s Republic of China (2012DFR70840).
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ПРОСТРАНСТВЕННОЕ НАПРЯЖЕННО-ДЕФОРМИРОВАННОЕ 
СОСТОЯНИЕ РАСТОЧНОЙ ОПРАВКИ ШПИНДЕЛЯ 
СВЕРХНАГРУЖЕННОГО ГОРИЗОНТАЛЬНО-РАСТОЧНОГО СТАНКА

Разработаны механические и математические модели, описывающие пространственное напряженно-
деформированное состояние и контактные взаимодействия с трением между упругими элементами 
расточной оправки шпинделя сверхпрочного горизонтально-расточного станка. Все вычисления были 
выполнены с использованием пакета конечно-элементного моделирования ANSYS Workbench Mechanical. 
Рассмотрена статическая постановка задачи с учетом силы тяжести и нелинейного поведения 
материалов вблизи режущей поверхности инструмента. Проанализированы четыре различных варианта 
постановки задачи, иллюстрирующие влияние усилий затяжки болтовых соединений, прижимающих 
режущий инструмент, на напряженно-деформированное состояние системы. Исследовано влияние 
нагрузки расточной оправки на шпиндель во время резки. Проанализировано влияние изгиба шпинделя 
на расточную оправку. Проведенный анализ показал, что компоненты напряженно-деформированного 
состояния исследуемых систем имеют схожие распределения, независимо от изгиба шпинделя из-за силы 
тяжести. Изгиб шпинделя оказывает существенное влияние только на перемещения. Во многих местах 
изучаемой системы присутствовали концентраторы напряжений. Это осложнило анализ сложных 
распределений напряжений и полей напряжений и деформаций. Полученные результаты демонстрируют 
необходимость перехода от локальных характеристик повреждаемости (компонентов тензора 
напряжений) к интегральным — опасным объемам.

Ключевые слова: трибофатика, многоэлементная система, напряженно-деформированное состояние, 
конечно-элементное моделирование, сверхнагруженный расточный станок, шпиндель, расточная оправка
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