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1.2.1 Introduction

Boring is a process of enlarging a hole size that was already
made by drilling, or casting to the designed dimension. The
enlargement of hole can be made by means of a single point
cutting too! or a boring head containing multiple tools, The
boring of an engine cylinder or of a gun barrel is an example of
such process. In boring, either the boring head/bar can be
rotated or the worlkpart can be rotated. Boring machines or
boring mills usually rotate the boring bar against a stationary
workpiece. Also in turning machines, boring can be performed
where the boring bar auached to the tool post remains sta-
tionary against a rotating workpiece held in the lathe chuck.
The boring bar with insert attached to it is fed into an existing
hole. Depending on material, type of (ool insert, and cutting
conditions, the chip formed may either be conlinuous or
discontinuous. The surface produced is known as bore. Surface
roughness in boring may vary benween 0.0002 and 0.006 mm.
With the advancement of machining technology, the limita-
tions of boring with respect to geometric accuracy and malerial
hardness have been diminishing. With new grades of carbide
and ceramic ool inserts, the aceuracy of boring and surface
quality has increased. The hole produced may either be
straight or tapered. The work holding devices used lathe could
be cither threesjaw chuck, the four-jaw chuck, the collet, or the
faceplate. For round or hexagonal workpieces, three-jaw chuck
is used while four-jaw chuck and collet are used for irregular-
shaped workpicces.

In boring of steels, vibration of tool and workpiece are the
important limiting factor for volume of metal removed and
machining efliciency. In boring operations, the length of
boring bar is kept long, resulting in vibrations leading to tool
failure, poor surface finish, and chatter. The ratio of length Lo
diameter of boring bar is one of the imponant factors that is
responsible for ool vibration. It has been established that
horing bars with a high length-diameter ratio tend to chatter.'
[ri the industry where metal cutling operations such as (uming,
suiiling, boring, and grinding take place, degrading vibrations

are a common problem. In intemal tuming operaton, vibra-
tion is a pronounced problem, as long and slender boring bars
are usually required to perform the internal machining of
workpieces. Tool vibration in internal turning frequently has a
degrading influence on surface quality, ool lifz, and produc-
tion efficiency, and will also result in severe environmental
issues such as high noise levels. Boring bar vibrations are
usually direcly related 1o the lower order bending modes of
the clamped boring bar.**

The concern today in the manufacuring industry is the
vibration induced by metal cutting, for example, tuming
milling, and boring operations. Tuming operation and espe-
cially boring operations are associated with serious vibration-
related problems. To reduce the problem of vibration and
ensure that the desired shape and tolerance are achicved,
extra care must be taken with praduction planning and in
the preparations for the machining of a workpicce. The
vibration problem associated with metal cutling thus has
considerable influence on important factors such as pro-
ductivity, production costs, etc. Hence, the need for thorough
investigation of the factors that cause vibrations in machining
operation is therefore an imponant step toward solving the
problem. In internal turning, the metal-cutting process
is carried out in predrilled holes or holes in cast, elc.
The dimensions of the worlpiece hole generally determine
the length and limit the diameter or cross-sectional size of the
boring bar.

Usually, a boring bar is long and slender and is thus sen-
sitive to excitation forces introduced by the material delor-
mation process in the tming operation. The boring bar is
generally the weakesl link in the boring bar-clamping system
of the lathe. The boring bar mation may vary with time. This
dynamic motion originates from the deformation process of
the work material. The motion or vibration of the boring bar
influences the result of the machining in general, and the
surface finish in particular. Tool life is also likely to be influ-
enced by the resulting vibrations. The tool vibrations during
wurning are usually denoted ‘self-excited chatter’ or ‘tool
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vibraticn.’ Depeading on the driving (orce of the tool vibra-

ton, the vibradon is generally divided into one of two cale-

gories: regeneradve chauer and non-regenerative chatter

(primary chatter).””” Primary chatter may arise from diflerent

physical causes, for @ample, random excitation of the tool

holder's eigen [requencies due to plastic deformadon of
workpiece materizl and/or friction between the tool and the
cut material, the tendency of the cutdng [orce excitation to
change with the cutting speed, and the dynamic ellects of the
geometry of the curting tool on the cutling process, etc. "
Regenerztive chafter is induced by the undulaton on the
surface of the workpiece which is produced during previous
successive cuts.™”
During an intemal turning operation, the cutting tool and
the boring bar are subjected to a presaibed deformation as a
result of the relative motion between the tool and worlplece
both in the cutting-speed direction and feed direction. As a
response to the prescaibed deformation, the (ool is subjected
to traction and thermal loads on those faces that have inter-
fadal contact with the workpiece or chip. In the metal-cutling
process, during which chips are formed, the workpicce mate-
rial is compressed and subjected to plastic deformation. This
results in considerable strain and strain rates in the primary
deformation zone. Figure 1 shows a typical boring operation
process.

Also, the dynamic properties of a boring bar installed in a
lathe are influenced by the boundary conditions imposed by
the damping of the bar.*'” A number of theories concerning
the machine tool chatter and the behavior of the dynamic
system have been developed explaining tool vibration during
turning operations.™''~"* In 1946, the principles of the tradi-
tional theory of chatter in simple machine-taol systems was
worked out by Arnold'" based on experiments carried out in a
rigid lathe, using a stiff workpiece but a (lexdble tool holder. In
this way he was able to investigate chatter under controlled

conditions. Later in 1965, Tobias’ presented an extensive
summary of results from various researchers concerning Lhe
dynamic behavior of the lathe, the chatter theory, and further

The cutting
speed direction

Boring bal

T

The direction of
the feed motion

Workplece The cutting tool

Figure 1 Boring operation.”

developed the chauer phenomena considering the chip-
thickness variation and the phase lag of the undulaton of
the surface. Also, In the same year, Memit'? discussed the
stability of structures with n-degrees of freedom, assuming no
dynamics in the culting process; they also proposed a simple
stability criterion.

1.2.2 Factors Affecting Borilng Operation

Like any other machining operations, output resulls are

determined by the cutting conditions such as culting speed,

feed rate, depth of cut (DOC), type of tool, ool geometry,

cutling Nuid type, and methad of application, machining type

and materials. Hence, researchers have employed some of
these cutting conditions o investigate how they affect the

boring operation in terms of surface finish, cutting force, o

wear, tool vibration, dimensional accuracy, etc Akesson et alt

investigated the dynamic praperties of boring bars concerning
different clamping conditions. The experimental setup and
subsequent mcasurements were carried out on a Mazak
SUPERQUICKTURN - 250 M computer numerical conuol
(CNC) turning center. The CNC lathe has 18.5 kW spindle
power and a maximal machining diameter of 300 mm with
1005 mm between the centers, a maximal spindle speed of
400 revolutions per minute (rpm) and a flexible turret with a
tool capacity of 12 as shown in Figure 2.

Two different boring bars were used in the experiment. The
first boring bar used in the modal analysis was a standard
‘non-modified’ boring bar, WIDAXS40TPDUNR15F3D6G. The
second boring bar used was a modified boring bar, based on
the standard WIDAXS40TPDUNRIS boring bar with an
accelerometer and an embedded piezo-stack acuator. The
accelerometer was mounted 25 mm [rom the ool lip to
measure the vibrations in the cutting-speed direction (y-). This
position was as close as possible 1o the ool tip, but at a sul-
ficient distance to prevent metal-chips from the material
removal process from damaging the accelerometer, The stan-
dard WIDAXS40TPDUNR1S boring bar was manufactured
using material 30CrNiMo8 (AJSI4330), which is a heat
treatable steel alloy (for high strength), Shaker excitation was
used for the experimental modal analysis of the boring bars.
The utilized spectrum estimation parameters and excitation
signals’ properties were determined. A [requency range cover-
ing the significant part near the resonance frequencies was
selected, i.e., — 100 to — 200 Hz around the resonance peaks.
The coherence values for the involved transfer paths at each
eigen [requency were grealer or equal to 0.996.

A number of different phenomena were observed during
the experimental modal analysis of the boring bars for various
configurations and setups. For instance, large variations were
observed in the first resonance [requencies of the boring bar
for different tightening torques of the clamp screws. Also, the
order in which the clamp screws were tightened (first from the
upper side of the boring bar or first from (he underside of
the boring bar) had a significant impact on, for example, the
fundamental bending resonance frequencies. The results from
the experimental modal analysis of the two boring bars
demonstrate that the different controlled damping conditions
in the experiments yield different dynamic properties of the
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(@)

(b)

Figure 2 (a) An Intemnal turning setup with a workplece clampod In a shuck 1o the left and @ boring bar clamped in @ clamping housing to the
right. (b) The room in the Mazak SUPERQUICKTURN - 250 M computer numerical control lathe where machlning is carried out.'

damped boring bars. Hence, the different clamping conditions
result in different boundary conditions along the clamped part
of the boring bar. It was also established that a boring bar
damped in a standard clamping housing with clamping screws
is likely to have a nonlinear dynamic behavior. The standard
clamping housing with damp screws is the likely source of the
nonlinear behavior. Muld-span Euler-Bernoulli models of a
damped boring bar incorparating pinned or elastic support
boundary conditions approximaung the fexbility of the
actual saew camping of the boring bar end inside the
damping housing provide significandy higher correlation with
experimental modal analysis results compared to a traditional
fixed-free Euler-Bernoulli model.

The fundamentzl boring bar resonance frequendes decrease
with inaeasing exdtadon level. However, with regard (o the
behavior of relative damping as a function of excitation force
level; the results from the standard boring bar indicate that the
relative damping for the first mode inaeases with increasing
excitation force level, while the relative damping for the second
mode decreases with increasing excitation force level Also, the
results from the modified boring bar give an ambiguous indi-
cation of the effecs on damping properties and the damp

- sarew tightening torque appears to affect the nonlinear behavior
of the boring bar. The investigation shows that the number of
cdamping screws, the damping saew diameter sizes, the screw
dghtening torques, and the order the saews are tightened has
a significant influence on a damped boring bars eigen fre-
quendes and its mode shapes orentation in the cutling speed -
cuting depth plane. The results indicated that multi-span
Euler-Bernoulli beam models with pinned boundary condition
or elastic boundary condition modeling the clamping are pre-
ferable as compared to a fixed-free Euler-Bernoulli beam for
modeling dynamic properties of a clamped boring bar. It also
demonstated that a standard cdamping housing clamping a
boring bar with clamping saews imposes nonlinear dynamic
boring bar behavior.

[t20 ef al." evaluated the cutting tool condition monitoring
by 2nalyzing surface roughness, workpiece vibration, and

Figure 3 Workplece.'

volume of metal removed for AISI 1040 steel in boring. The
experiment was conducted on CNC lathe DX200 model, with
tool inserts of DNMG150608 and DNMG150604 having nose
radii of 0.8 and 0.4 mm respectively. The metal used in this
experiment was AlS11040 with length of 90 mm, outer diameter
of 100 mm, and inner diameter of 56 mm as shown in Flgure 3.

The following sequential procedure was used to carry out

the experiment under dry conditions.

1. Each test was started with a fresh cutting edge with one test
condition (trials) and machining stopped at the end of
each pass. After each pass the DOC was increased by
0.2 mm (fixed DOC was given in each pass) until the tool
failed. -

2. Vibration signals from the rotating workpiece were mea-

sured in the machining process using LDV,
3. After each pass the tool insert was removed and flank wear
and crater wear were measured with machine vision system,

4. After each cut the workpiece was also removed and its
surface roughness measured on Talysurf.
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5. The steps one to four to be continued undl the toal failed
and beyond that two or three passes performed on the
workpiece to observe the behavior of ool wear.

6. A new workpiece and new twol insert were loaded Lo the
machine and the above steps were followed with a new
working condition.

7 In each tral, surface roughness, volume of metl removed,
and time and amplitude of workplece vibrations were
identified when the tool failed based on Nank wear. ‘The
above procedure was followed for all the wials and in each

;n:: L:IE cutting panmeters were changed as given in the
able 1.

Taguchi, analysis of variance (ANOVA) and regression
analysis methods were used to analyze the experlmental data
to find out the eflect and contribution of cutting parameters.
According to selected orthogonal armay eight experiments
(trials) were conducted with two levels of cutling paramelers
such as workpiece rotatonal speed, tool insert nose mdius,
and feed rate. The results show that in each urial of experiment,
a strong correlation among the dependent and independent
variables was found. A noncontact monitoring syslem was
used with Laser Doppler Vibrometer to observe vibrauon of
workpiece during machining. Tool life was evaluated by ana-
lyzing surface roughness, amplitude of workpicce vibration,

and volume of metal removed with the help of Taguchi,
ANOVA, and regression analysis. The following results were

observed during the experiment.

1. Vibration amplitudes of workpiece are found to be
increased along with the progression of the tool wear.

2. Nose radius (45.81%) is the significant parameter for
affecting the amplitude of workpiece of vibration.

3. Feed rate (55.57%) is the significant parameter for affecting
the surface roughness.

4. Feed rate (51.26%) is the significant parameter for affecting
the volume of metal removed.

Andren et al.? studied the identification of motion of cutling
tool vibration in a continuous boring operation - corelation
(o structural properties. The experimental modal analysis and
the operating deflection shape (ODS) analysis were carried out
on a Mazak SUPER QUICK TURN - 250 M CNC turning cenler.
It has 18:5kW spindle power and a maximum machining
diameter of 300 mm; with 1007 mm between the center. The
cutting operations were performed as an external uming
operation using the WIDAX S40TPDUNRI1S boring bar. The
measurements were divided into two dilferent categories:
modal analysis and ODS analysis of the boring bar. In the

Table 1 Test trails for boring'

SN Speed (mmin=")  Feed (mmrev=")  Nose radius (mm)

1210 0.10 08
2 210 0.16 08
a3 10 0.10 08
4 170 0.16 08
5 210 0.10 04
6 210 0.16 04
7 10 , 0.10 04
g 1 0.16 04

P kil

x

modal analysis measurement the following equipment were
used: (1) 14 PCD 333A32 accelerometers, (2) OSC audio power
amplifier, USA 850, (3) Ling Dynamic Systems shaker V201, (4)
Brucl and Kjar 8001 impedance head, (5) Bruel and Kjzr
NEXUS conditioning amplifier 2692, (6) HP VX El432
front-end data acquisition unit, and (7) PC with IDEAS Master
Series venslon 6, The ODS data were collected using less sensi-
Uve accelerometers than those used in the modal analysis
measurement. For the ODS analysis, the boring bar vibration
was measured during a continuous culting operation and data
were collected using the following measuring equipment: (1)
14 PCBLI3ISAB1 1 accelerometers, (2) HIP VXl 1432 front-end
daia acquisition unit and (3) PC with 1DEAS Master Series
version 6,

The experimental madal analysis
madified dampling resulted in vwo identifie
mode in the cutting depth direction had a resonance {requency
of 570 Hz; and a relative (viscous) damping of 1.85%. The
sccond mode In the cutting-speed direction had a resonance
frequency of 595 Hz and a damping of 0.84%. The damping of
the first mode was noted to be slighty larger than prior o the
modification of the damping. The two modes were well
separated as dcfined by the cross MAC value and the synthe-
sized frequency response funcions comesponded well with the
measured functions. From the ODS resulls, it was apparent
that vibrations of the boring bar were dominating in the
cutting-speed direction during a continuous cutling operation.
The deformation pattern of the boring bar was according Lo
the ODS measurement dominating in the cutting-speed
direction at both resonance peaks. The ODS resulted in
eigen frequencies at a somewhat lower frequendes compared
with the modal analysis.

Saindane et al.'® investigated the effect of vibration
damping in boring operation using passive damper. Boring
bar of 16 mm x 16 mm cross section and 200 mm long of
WIDAX make was used. The boring operations were carried
out on a lathe machine as shown in Figure 4 using END as
workpiece material. The workpiece was mounted on the lathe
using a four-jaw chuck. The machining parameters were
selected based on the manufacturers recommendations and
were changed according to the proposed conditions. Also the
cutting speed, length of passive damper on boring bar, and
overhang length were varied as shown in Table 2 and experi-
ments were conducted to analyze the eflect of vibralion on
deflection of boring bar.

The boring operation was carried oul
diameler using passive dampers of nylo

Fast Fourier transform (FFT) analyzer and acceleromeler were
used to obtain various results for the experiments and the

deflections were measured in terms of acceleration by accel-

erometer as shown in Table 3.

It was observed that the propos
vative o reduce the deflection of the boring bar in boring

operation. The results proved the passive damping technique
has vast potential in the reduction of deflection and depend on
the DOC. Passive dampers are also relatvely cheaper than

other damped boring bars.

Khatake and Nitnaware
tion using passive damper in
the use of particle damper, whi

of the boring bar with
d modes. The first

for 51 mm internal
n and polyurethane.

ed method was an inno-

16 siudied the mitigation of vibra-
machining. The study involved
ch is a passive damping concepl

Scanned with CamScanner



Author's personal copy

30  ERect of Cutting Variahles on Boring Process: A Review

i

Experimental set up of boring bar with passive damper and acceleromater.'?

Figure 4
Table2  Experimental conditions'®
SNo Cutting speed Feed rate Depth of Overhanging of the  Malerial used Porcentage of Length of
(rom) (mmrev=") cut (mm) boring bar (mm) for damping overhang damped ~ passive damper

1 100 0.02 1 100 Nylon 3 30

2 100 0.02 1 120 PU 6 72

3 100 0.04 2 100 Nylon 6 60

4 100 0.02 2 120 PU 3 36

5 120 0.02 2 100 PU 3 30

6 120 0.04 2 120 Nylon 6 72

7 120 0.04 1 100 PU 6 60

8 120 0.04 1 120 Nylen 3 36

Table3  Experimental resulls’ friction, impact restitution, and shear deformations. It is an

Sio  Without With damper of With damper of

damper (mm)  polyurethane ums=%)  nylon (ums™%)

1 28 22 25

2 a0 40 30

3 40 50 30

4 23 28 40

] 24 25 23
6 40 30 20
7 23 22 18
8 48 35 20

that uses metal or ceramic particles or powders of small size
that are placed inside cavities within or attached to the
vibrating structures. Metal partices of high density such as lead
or tungsten steel are the most common materials for better
damping performance. In contrast to viscoelastic materials
which dissipate the stored elastic energy particle damping
reatment focuses on energy dissipation in a combination of
collision, friction, and shear damping It involves the potential
of energy absorption and dissipation through momentum
exchange between moving paricles and vibrating walls,

attractive alternative in passive damping due to its conceplual
simplicity, potential eflectiveness over broad (requency range,
temperature, and degradation insensitivity and very low cost,
The principle adopted in the study was 1o enhance the
damping capability, minimizing the loss in static stiffness
dirough implementation of passive damper.

Boring bar of 20 mm x 20 mm crass section and 200 mm
long of WIDAX make was used on EN9 workpicce material.
The boring operations were carried out on CNC center lathe.
The workpiece was mounted using a pneumatic chuck. The
machining parameters such as feed rate (0.09 mm min™"),
DOC (0.6 mm™'), damping pressure (10 bar), etc, werc
selected based on the manufacturers recommendations and
were kepl constant for all the samples used. Only the cutting
speed, passive damper position on boring bar, and overhang
length were changed as shown in Table 4. Baring was carried
out for 110 mm internal diameter using newly designed tool
and conventional tool. The evaluation criteria were the
dynamic characteristics, frequency, and damping ratio, of
the machining system, as well as the surface roughness of the
machined workpieces.

Table 5 shows the results obtained for cutting speed of
210 rpm, DOC of 0.6 mm and feed rate of 0.09 mm min~",
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Table 4  Experiment conditions'®

Boring tool 811 872
Overhang langth L (mm) 30 60 90
Pasition of passive damper Vertical Horlzontal
Cutting speed (rpm) 70 140 210
Table 5  Experimental results'®
SN Owertang Surtace finish  Surface finish (um) with
length of (wm) without passive damper
boring bar passive
(mm) damper Vertical Horizonlal
1 30 2.63 241 2,63
2 60 2.59 2.51 1.46
3@ 2.80 3.19 3.25

The result shows that the results prove the passive damping
technique has vast potential in the reduction of ool chatter. It
is therefore conduded that passive damping has a good effect
in improving surface finish in boring operation and significant
improvemnent was observed between the results of surface
finish obtained using boring bar without passive damper and
boring bar with passive damper.

Kadu et al.'” formulated a mathematical model for the

investigation of tool wears in boring machining operation on
cast iron using carbide and cubic boron nitride tools. The
process of formulation of mathematial model for optimizing
the tool life in casting machining operation and its analysis in
this study involved two levels (or each independent parameter
uken. In tool life optimization process, the objective of the
experiment was used to gather information through experi-
mentation for formulation of mathematical model for cast
iron machining operation. During cast iron machining
operations, the measurement of ool life, surface finish, bore
size varation, operalion time, and spindle load was measured
using meter scale, surface finish tester, digital dia. test plug
gauges, digital stopwatch, and current in percentage amp.
Energy and time were measured using energy meler and
stopwatch respectively. Pilot experiments were performed to
select test envelope and test points of process paramelers for
experimental design. These process parameters as shown in
Table 6 were used in experimental design for the investigation
of process parameters like cutting speed, nose radius, length,
diameter, and material of the cutting tool, cutting fluid pres-
sure, and concentration and DOC for casting machining
operation. The observed values for taol life, surface finish, bore
size variation, operation tine, and spindle load were recorded
for formulation of mathematical model, In casting machining
operation observations were (aken out at two levels for each
independent parameter.

One hundred and twenty-eight experiments were designed
on the basis of sequential classical experimental design techni-
que that has been genenally proposed for engineering applica-
tions.'® The basic classical plan consists of holding all but one
of the independent variables constant and changing this one
yarizble over its range. The main objective of the experiments

consists of studying the. relationship between 09 independent

process parameters with the 05 dependent responses for tool

life optimization. Simultancous changing of all 09 independem

parameters was cumbensome and confusing. Hence all 09

Independent process parameters were reduced by dimensional

analysis. Buckingham’s n theorem was adapted to develop
dimensionless  terms for reduction of process parameters. This
approach helps to better understand how the change in the
levels of any one process parameter of @ n Lerms alfecs 05
dependant responses for cast iron boring machining operation.
Out of five response/dependant variables two dependant vari-
ables cutting time and surface roughness were evaluated. A
combination of the levels of parameters, which lead to max-
imum, minimum, and optimum response, can also be located
through this appraach. Regression equation madels of wol life
were optimized by mini-max prindple,”

The authors observed that (1) the dimensionless 7 term
have provided the idea about combined effec of process
parameters in that n terms. A simple change in one process
parameter in the group helped the manufacurer maintin
the required torque (To) and surface roughness (Ra) values so
that to get increased tool life. (2) The mathematical models
developed with dimensional analysis for different combina-
tions of parameters for cutling speed, nose radius, length,
diameter, and material of the cutting tool, culting fluid pres-
sure and concentration, and DOC can be effectively uulized
for cast iron boring machining operations. (3) The computed
selection of cast iron boring machining operation parameters
by dimensional analysis provides effective guidelines to the
manufacturing engineers so that they czn minimize To and Ra
for higher performances. (4) The models have been for-
mulated mathematically for the Indian conditions. The com-
parison of values of dependent term obuained from
experimental data, mathematical model, and ANN. From the
values of percentage errars, it seems that the mathematical
models can be successfully used for the computation of
dependent terms for a given set of independent terms. Indian
industries can use the data for calculation cutting time, tool
life, surface roughness, bore size variation, and spindle load
estimation for cast iron boring machining operations.

Badadhe et al.?" conducted an experiment (o optimize the
culling parameters in boring operation. Four parameters, ie.,
spindle speed, feed, DOC, and length-diameter (L/D) ratio of
boring bar were considered as input variables. Tables 7 and 8
show the input factors and levels used in the experimental
design and experimental matrix of 3" orthogonal armay
respectively. Total nine runs (Ly) were conducted during one
trial, Trials were repeated to check the consistency in the out-
put. Cutling trials were conducted on Kifloskar make (Enter-
prise-500) center lathe machine. AISI 1041 carbon stecl
cylinders with 100 mm outside diameter, 85 mm inside dia-
meter, and 75 mm length were used as workpieces.

Standard boring bars with Widax (ool holder
$25TPCLNRI12F3, S20SSCLCROIT3, and S16QSCLCR0IT3
along with cemented carbide inserts having radius 1.2 mm
were used for metal cutting. Surface finish was measured of(-
line by using HOMMELWERKE TURBO RAUHEIT V 6.14,
Swiss make surface recorder having 0.8 mm cut-off and
4.8 mm sample length. The ANOVA was carried out to find the
significant factors and their individual contribution in the

response function, i.e, surface roughness.
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Tshla &  Test envelope and test points for cast Iron boring machining aperation'”
P term Equ=teon Test anvalope Test points Indepondant variable with (s own range
M Toel geometry parameters: (L‘D‘&”—R) (0.000162-0.0012096)  0.000162 L, mm - 175,270
0.000227 Dpc, mm = 0.5,0.7
0.00025 NR, mm - 0.4,0.8
0.00028 0, mm~ 50,60
0.000324
0.00035
0.000392
0.000432
0.000454
0.0005
0.00056
0.000605
0.0007
0.000784
0.000864
0.00121
IE Cutting speed: (ﬁﬁn) (0.46923-0.706782) 0.469237 g, mm sec ™% - 9310
0.514024 0, mm - 50,60
0.645201 Ve-mm sec =% - 360,495
0,706782
nJ Coolant concentration and pressure: (ch_.r’gC) (4.215-05—!.385‘05) 4,21E-06 #, mm sec -2-9310
5.05€-06 Pe-timm =2 - 10,15
6.31E-06 D,mm-50,60, Cc
7.57€-06 Nmm~*-5,6
1.05E-05
1.26€E-05
1.57E-05
. 1.88E-05
g Material Hardness: (42) (1831.2-4414.5) 1831.2 Hm, N mm ~ 2
2746.8 Tn Carbide - 27468
2943 cubic boron nitride-44145
44145 Pc, Nmm~2-10,15
Table 7 Experimental levels2® The averages of surface roughness values obtained during
; each trial (Ra, and Ra,) and the Signal-to-Noise (S/N) ratio
Smlo  Contro! varia } 2
o coveLy Lovel 2 Level 3 calculated for the criteria of lower-the-better are shown in
A Spindle speed (rpm) 54 140 224 Table 9.
8 Feed rate (mm rev~") 0.045 0.36 0.676 The optimal values of the input factors A, B, C, and D were
C Depth of cut (mm) 0.5 0.75 1 obtained from §/N ratio as shown in Table 10 using the lower
0 /D ratio for boring bar 4 5 6.25 the better characteristic. The S/N ratio for spindle speed is
(mm) higher at level 3, similarly for athers the values are feed 1,
DOC 2, and L/D ratio 1. Hence the optimal combination of
control faclors were given as 3-1-2-1 and this is represented on
the plot of Figure 5.
) . ANOVA was carried out 1o check the significant contribu-
Tatle 8 Basic Taguchi Ly (3) orthogonal array™ tion of each input factar in response function. Table 11 shows
Run A B C D the results of the ANOVA for surface roughness. It can be
observed from the ANOVA result, that the parameters A, B, and
1 1 1 1 1 D are having significant contribution of 28%, 30%, and 36%
2 1 2 2 2 respectively in the response function (Ra) whereas the para-
3 1 3 3 3 meter C has relatively less contribution and thus is of less
9 2 1 2 3 Importance,
g g 2 3 1 The study shows that the control factors had varying elfects
3 1 2 on the response variable and the use of the Taguchi parameter
7 3 1 3 2 i
) 3 9 1 3 design technique was considered successful as an efficient
9 3 3 9 1 method to optimize machining paramelers in a boring

operation,
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Table 9 Experimental results for surf
aca roughness and calculated valuo for s/ ralig™
Aun A B c -
” = 0 Ra S/N ratio
0.
2 54 036 'y 4 363 ~11.1981
3 54 0.676 ?‘75 5 11.30 ~21.0616
1 140 0.045 6.25 13.70 -22,7344
5 140 0.36 05 6.25 5.97 - 155195
8 140 0.676 075 4 6.62 - 16,6757
7 224 0.045 1 5 10.20 -20.1720
8 924 096 0.5 5 459 -13.2363
aQ 29 0' 075 6.25 7.66 —17.6846
478 | 4 2.99 - 95134
Table 10 Calculated mean S/N 20 i
. ratios Cu(llng {orce componenl.s measured by a dynamomelcr was
Level A 8 c D compared with the simulated results by the proposed algo-
" rithm, The measured values of the cutting force components in
! - :?33 -13.32 -16.35 —1248 %) and z direction were predicted by 9%, 2%, and 12% errors
. = 13.43 -18.47 -15.36 -18.16 in magnitude. This amount of error was consistent with
et iy 5—117-‘17 —17.55 ~1865  the validity interval of $10% for the cutting force computa-
Higher g 5 6 2.8 6.18 tion”” which could be due to the cutling force coefficient
S/N ratio 2 1 computations.

Moetakef-Imani and Yussefan®' swdied the dynamic
simulation of boring process. The swudy involved the use of

a boring bar with 20 mm diameter and 140 mm length

(L/D=7) to implement the machining tests. Carbide inserts

with 0.4 mm nose radius and flat rake face were used to

machine the alurninum 6061 wbes. The dynamic properties of
boring bar and geometrical properties of the cuttng tool are
presented in Tables 12 and 13 respectively.

The cutting speed, feed rate, and radial DOC were in the
mnge of 70-110mmin~', 0.08-0.24 mmrev™', and
0.2-4 mm respecively. Cutting force components were mea-
sured in three orthogonal directions by a IISTLER9255b
dynzamometer The dynamic simulation program was also
implemented for every corresponding machining experiment
For the sake of comparison between the experimental mea-
surements and numerical simulations, two different cutling
tests were presented. The cutling conditions for these Lwo
cutting experimenis are shown in Table 14.

The DOC was set o 0.5 and 4 mm for tlests A and B
respectively. All other conditions for these tests are equal. In
order to validate the proposed method, 30 boring experiments
were conducied, Figure 6 shows the algorithm for dynamic
simulation of boring process.

Measured and predicted cutting force components for
boring with machining conditions of test A are depicted in
Figure 7. When the tool first engaged the cut, it undergoes
transient vibrations. But after several revolutions, the cutting
process becomes stable and the (ool continues to vibrate

periodically with relatively constant amplitude.

So the condition of test A was stable and chatter-free cul-
ting machining operation. The simulated peak frequency
occurred at 672 Hz with a deviation of 12.94% above the
measured value of 594 Hz. It was observed that the deviation
resulted fiom the over esumation of the eigen [requencies- by

the Euler-Bernoulli beam equation. When the results of

Experimental and simulated culling force components in

time domain for the condition of test B are shown in Figure 8.
It was observed [rom the measured data that the machining
process was unstable with chatering frequency around
573 Hz. In case of chatter, measured force components oscil-
late randomly and grow rapidly to large amplitudes. It could
be seen from Figure 8 that the simulated results had also
predicted the incidence of chatter vibrations. Although the
model was capable of truly predicting the chatier occurrence
for the conditions of test B, the variauon of simulated and
measured cutting force amplitudes is increased.

This is due to the fact that the measured cutting force
components have been amplified by chatter frequency.” As a
consequence of high-vibration amplitudes, the actual geome-
trical angles of the cutting too! will change from their nominal
values. [is well known that the variation of cutting tool angles
will affect the cutting force components significantly.**" The
high-reciprocating velocity of the tool tip makes the cutling
process be accompanicd with the plunging of the tool in to the
workpiece. The high acceleration of the tool increases the effect
of the tool inertia forces on dynamometer measurements. All
of these will make the prediction of dynamic characteristic of
the process under chatter vibration almost impossible. How-
ever, for any dynamic model the correct prediction of chatter
onsel is enough since no practical machining operation will be .
carried out under chatter conditions.

The researchers were able to develop a model to simulate
the dynamics of boring process. The developed model relles
on the novel algorithms of geometrical modeling, In contrast
to the previous models that were only able to predia the
stability region, this model computes the dynamic culling
force components and frequencies in stable boring operation.
The performed culling experiments have shown that the cut-
ting force components and the vibration [requencies in
chatter-free dynamic boring operation could be predicted
within +15% error margin. The model is valid for both fin-
ishing (DOC<r) and roughing (DOC>T) boring processes.
The model is also able to predict the chatier onset in boring

Scanned with CamScanner



gy

—y

Author's personal copy

gffect of Cutting Variablas on Boring Process: A Roviow

3

-12.0 A 5
*13.5 4
» .
. ~15.04 p.d
8 -16.5- e \
-E -18.0 P 4 h ==
P = \
- 1 2 ) - /
. : 2 C - : 2 ] l
: 3 -12.0 D
 -135 '\\
.15‘0 . \\
-16.5 e .
-18.0+ T N\
v T T ———
waLy ST NS ) k] 2 3
Flgure 5 Plots for mean S/N ratios for A, 8, C. and D™
Table 11 Results of the ANOVA lor surface roughness™
Sourca of variation dl Sum of squares Maan square F-ralio Conlribution (%
Spindle speed (A) 2 60.30 30.15 59.66 27.65
Feed rate (8) 2 66.02 33.01 65.33 3028
S%Dm t?l ?S; (C) 2 8.48 4.24 8.39 3.89
ralio 2 78.69 - :
Errot s 39,32 77.82 36.07
Total 17
Table 12 Oynamic properties of boring bar*'
Parameter L, (m) L (m) &y vty (H2)
Value 0.1535 0.14 0.025 620
Table 13 Geometrical specifications of the culting lool”'
Parameter L (m) 1 (mm) o (dag) aw (deg) s (deg) ca (doD)
Value 0.14 04 -5 0 -3 2
Table 14 Geomelrical specifications of the cutting tools for tosts A
and 8"
Parameler Depthof € v 0o Rosull
cut (mm)  (mmrev™")  (mmin~ 'y (mm)
Test A 0.5 0.14 95 305  Slable
Test B 4 0.14 95 30.5  Chatler
the  Figure 6 Algorithm for dynamic simulation of boring procassf“

he nonlinear geometry of the edge,
d feed rate is interrelated and should not
d. The instantaneous chip load is
the effect of DOC and feed rate. The
properties (like (ool angles and nose

operation, Due to t
influence of DOC an
be separately investigale
computed to incorporate
influence of geometrical

radius) as well as structural and process parameters could be
investigated using this model. The stability and cfficiency of
the process depends on the combined effect of all these
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Figure 7 Exparimental and simulaled culling force values for test A.?'

parameters. Hence, the proposed model provides a better

understanding of a certain boring process.
Byung-Kwon Min et al.”” swdied the use of smant boring

toel for process control. The experiment involved the evalua-
lion of the performance of the 100l tip servo under real
machine (ool operating conditions, cutting lests were per-
lormed using a stationary Smart Tool boring bar and rotating
workpiece For the cutuing test, an aluminum workpiece made
from thick wall wbe with 3 180 mm diameter hole was used.

The Smart Teol boring bar was attached to a turning machine

tool post and the worlpiece was attached (o spindle. The tool
Lip position measurentent was recorded o the memory of the

controller computer. The spindle speed was 510 mpm corre-

sponding to a cutting speed of 4.8 ms™". The feed rate was

0.21 mmrey™’, Step response and sine wave tracking were
conducted. The purpose of the step response experiment was
to determine what tolerances could be maintzined in (he
position. of the tool tip relative to the fixwre, as well as the
effects of culting on the transient response of the tool tip servo.

Frequengy (11z)

The purpose of the sine wave tracking experiment was to verify
the ability of the systern to follow sinusoidal references during
cutting. This is similar to the objective of isolating the tool tip
motion from boring bar vibration. The model parameters
and monitoring variables for the experiments are shown in

Tables 15 and 16.
Flgure 9 illustrates the geometry of finish boring process, As

can be seen, if the center of the pre-boring hole and the finish
boring tool position are offset due to fixture misalignments,
the DOC of the boring process becomes a periodic fundion

that is repeated with every revolution of the spindle
Tool breakage also tesults in the deviation of the cutting

force from the normal cutling force generated by the boring
process. Cutting lorce is a monotonic function of the DOC and
feed rate.® Consequently, if the feed is maintained constantly
and if the cutting force is accurately measured, the geornetric
profile of the cutting surface can be estimated from the force
data. Cutting tool insert breakage can be monitored in a cut-
ting force changes. For a boring process, the radial direction
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Figure 8 Experimental and simulaled culting force values for los| B.%'
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compenent of the cutling force dramatically Increases imme-
diately after tool fracture or chipping.”” Considering the small
culting force gencrated by finishing process, an excessive rise in
the radial quuting force senerally indicates hinish tool breakage,
if the force is bigger than that observed in workpiece rnis-
alignment error which will be detailed in the rest of (his
section,
Based on above abservation, the monitoring of fixture
misalignment and 1ol breakage of the Sman Tool boring
process can be carried out with foree pattern recognition. The
radial cutting toree estimauon described in the previous sec-
ton has been considered 45 3 methad for the monitoring of
the Smart Tool boring process. The cutting force estimated by
Smart Tool during a single rotation s compared with the
radial eutiing force measured by a wol dynamometer, The
cutting foree estimated by Smart Tool during a single rotation
is compared with the radial cutting force measured by a tool
dynamometer in a polar plot In Figure 10(a). Cutting speed
was 20m s~ and feed rate way 0.083 mm per reyolution.

Mg

F,

F, Qmpone=t [kgn

z 8.0c5 T T T T T T T T T
a

‘5 6.0cS | )

L !
é 4.0c5

‘E 20cS 1

a A A L A ' A A A A
0 100 200 }0 400 300 600 700 EOO SO0 1000
Fraquency (112)

A random cutling profile was used (o evaluate dynainic per-
formance of the estimator. The difference between the Smart
Tool estimation and the tool dynamomelter measurement was
less than 10% of the culling force and, thus, the culling force
based on disturbance estimation could be used to detect both
the dynamic and the static cutting forces,

Figure 10{b} shows the polar plot of cutting force during a
normal boring process operation. Figures 10(c) and 10(0) show
the case of workpiece misalignment error and the event of Lool
breakage respectively. Cutling condition of 2 myg ' culling
speed and 0.083 mm per revolution federate was used for all
experimental data. 0.25 mm DOG is used for normal cutting
and 0.25 mm desired DOC with 1.27 mm offset was used for
misalignment experiment For the tool breakage experiments,
inserts with a 2.0 mm notch was used 10 expedite breakage.
For the normal operation, as can been in Figure 10(h), the
cutting force has not deviated more than 10 N from its mean
value of 25,96 N and the center of the lorce plot is close to the
center of the graph, The response from misaligned cutting
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Table 15 Maoda parameters™®
\izmable Value
Piecoelectiic actuator
Youngs modulus Y (Pa) 48 %10
Strain canstanl dyy (M V™) 5510t
Madimum valtaga Vi, (V) 100
Density mp (kg m =) 7500
Maximum currenl o, (A) 20
Ara A, (m?) 1.0= 10~
Length & (m) 04
cal 1p Ranslation mechanism
Width T{m) 0.025
Mass My, (kg) D.15
Length /(m) 0.016
Damping by (N s/m) 0.025
Length O/ (m) 0.01
Yeung's medulus & (Pa) 2x 10"
Boring bar
Meoment of inertia / (m? kg) 7.1x107
Young's modulus &, (Pa) 2x 10"
Ultimata strength S, (N) 1.4 x 10"
Damping b, (Nsm~") 0.013
Vild strength S, (N) 3.4% 10"
Table 16  Manitoring varlables”™
FProcess a b R (129.80) r(5.19) 0
status
Normal 1.08 0.50 2596 1.19 24.95
Workpiece 3079 -29.17 2479 42.58 -43.44
misalignment
Tool breakage 5.09 3.34 15093 6.78 29.48
Engine block
{ Boring tool and -
cutting insert r
1
Crankshaft bore )
Workplece

/ misalignment

QOvarculling
region

Eiaur:s 9 Honunitarm depth of cut due o workplece misalignment
errar. ‘

ploted in Flgure 10(c) also shows regular cutting force, but the
center .of the force plot is shified from the graph center. The
small pardal dircle in the plot is due 1o the negative reaction

force of the ool when the cutting Insent lost the contact with
workplece, The ol breakage recarded in Figura 10(d) shows
the chaotlc behavior of the cutting force with huge force value
As can be seen the plots in Flgure B, it Is obvious that the
different process failures have different farce patterns, There-
fore, il the Jilference between the force patterns can be spe-
cified quantitatively, moniaring of these fallures is possible

In this expesiment, the B and r values caleulated from 10
mos! receni revolutions are used. The it is cqual 1o mean value
cutting force. Thereflore, regardless of exstence of workpiece
misalignment error, the excessive R value bigger than critical
value Is due 1o 100) breakage. The critical cuuing farce of the
tool breakage must be determined by experiment. In this
experiment, it Is set 1o 129.60 N which is 500% of measured
autting force, 259G N, from normal eperation ploued in
Flgure 10(b) As far as the mean cuuing lorce R is sinaller tan
critical value, the bigger r value indicates workpiece misalign-
ment error. The threshold of r value is also determined by
experiment. In the experiment, it is set to 5.19 N which is 20%
of normal operauon cutting force. This also means threshold
of the offset is approximately 20% DOC, even though that Is
not exact number due to nonlinear relauon between culling
force and DOC. From a and b values, which are x and y-
direcional components of the radizl cutting force, the mis-
alignment direction of the hole can be found. The a, b, R, 7,
and direction of least square center.

The authors were able 10 develop 2 mechauonic metal cut-
ting tool to improve the accuracy and Rexdbility of line boring
machining in the automotive industry. Laser position sensors
and piezoelecuric acuator were integrated into the rotating body
of the boring tool, and to compensate the boring bar droop and
effeas of cuuing forces, a fast tool servo utilizing feedback
control of the boring 100l insert position was designed and
embedded in the rotating Lool assembly. In addition to position
contrel, a self-monitoring algorithm that utilizes disturbance
estimalor was put together in the conuoller. Sell-monitoring
capability is an imporant feature in automated machine tool
syslems and it is more critical when sophisucated mechatronics
is used to control the process. This chapter has proposed a tool
monitering method that utilizes the process information and
estimated cutting force during tool tip servo control. A new
measurement technique of the cutting force based on dis-
turbance estimation was developed and integrated into a sen-
sorized boring tool. The proposed cutting process monitoring
method was effective to detect tool failure as well as process
failure due to workpicce misalignment errors which ocourred in
the boring process. ‘The force measurement by the proposed
method matches well with the conventional force measurement
using a tool dynamometer. The developed acaurate cutting force
estimation method is not anly useful for process filure mon-
itoring, but it is also useful as a substitute for 100l dynam-
ometers, espedially in cases where the ool dynamometer is
difficult to be placed, such as in a rotating (ool tip.

Kanase Sandip et al*™ conducied an experiment on the
improvement of surface roughness (Re) value of boring
operation using passive damper. The workpicce was mounted
using a pneumatic chuck in CNC tuming center and the
cdlamping pressure was set at 10 bars. The machining para-
meters like feed, DOC, clamping pressure, etc, were selected
based on the manufaciurers recommendations and were kupl'
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Figure 10 Cutting force measured at Smart Tooi. 02
tool dynamometer measurement, (b) normai cutting, (c) wo

Table 17  Experimental parameters™”

Poring tool BT, 8Ty

Overfiang length L (mm) 40 80 120
Impact damper pocition Vertical Horizontal

Glearance CL (mm) 04

Spindle rotation N (rpm) 80 160 240
Feed rate S (mmmin™") 09

Depth of cul t (mm) 06

constant for all the samples used Only the cutting speed,
passive damper position on baring bar, and overhang length
was changed. The recammended cutting speed, feed, pocC,
elc, are shawn in Tatle 17. Boring was carried out for 105 mm
intemal diameter as shawn in Figure 11,

Twenty five numbers of experiments were conducted 10
analyze the effea of vibration on. surface finish. Baring bar of

30 gum X 20 mm (Toss secon and 200 mm long of WIDAX

ptn of cut 0.25 mm; feed rate 0.083 mm rev ™ ' cutting soeed 2
rkpiaca misaligned (tool oflset 1.27 mm), and (d) ol breakag

|m-|

(a)

= I R Y
¢ m . {2} COmpaTsan Uath]

Figure 11 Samplo workpleco.”

aperatlons were conducted on
ake using ENO workpiece
as used 1o determnine
Tables 18-21 show
Brained for all the expenments conducted andel

make was used. The boring
CNC trning center of ACE ™
material. A Mitutoyo S]-201 apparaus w
the suiface roughness of the bored sucface.
the resulls o
different condillons
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Table 18 Surfaca roughness withaut passive damper (cutting
spead 240 pm, doc 0.6 mm and feed rate 0.09 mm min ~ )28

SMo  TestA  Overdang Responsa (surface roughness, Ry
length
(mm) ! 2 3

3 3 10 272 272 273

9 2 L] 2.37 247 2.69

3 5 120 282 2,90 2.60

The results proved the passive damping technique has
vast potential in the reduction of tool chatter, Also the sup-
pression in tool chatter by using impaat damper boring bars
was very significant. Boring bars with impact damping are also
relatively cheaper than ather damped boring bars. It is there-
fore concluded that impact damping has a good effect in
improving surface finish in boring operation.

Pardeep Kumaret al-" conduaied an experiment to analysis
and optimized the parameters that affect bore deviaton (BD)
in boring process. A systematic method as outline in the form
of flow chat as shown in Figura 12 was used (o optimize the
cutting parametars 10 achieve minimum BD of the Crankease
made up of gradz FG 260 of IS: 210-1978.

Randomization of the run order and analysis sequences
was arried out according to the run order by Design Expent
software 9.0. Full facorial design of three fadors with fwo
having three levels and one factor having two levels which
consist of 18 runs were adopted. The overall experimental
results comesponding Lo each run generated by the software are
shown in Table 22. The machining response that was analyzed
was BD. All data obtained was then used as input to the
Design Expert software 9.0 for further analysis, according to
steps outline for full factorial with optimal design,

Design Bpent software was used Lo analyze the results
obtained in order to identify the significant factors and inter-
aqjons between the [actors under studied, ANOVA provides
information of analysis of variance and case statistics for further
interpretation as shown in Table 23, Normal probability plot,
main effect plot, and interaction plat for the dependent para-
meters that significantly affect the response were obtained (o
show the reliability of (he results obuined from the experiment.

From the experiment, it has been observed that the existing

paramelers for finish tappet bore was cutting speed (137 m
min~'), feed rate (0 1mmrev''), and culting allowance
(0.5 mm™*), wheress for the same dimensions the oplimum
cutting parameters was cutting speed (160 m min™'), feed rate
(0.3 mm rev™'), and cutting allowance (0 3 mm™') Further,
on companng te values of BD of exisling and optimum
parameters, the BD was 0.021 mim when the experiments were
performed with existing cutting  parameters whereas BD
obtined with optimum parameters was about 0.015 mm.
Therefore there was an Jpprodmaiely 40% of reduction in BD
by emploving the opuimum paramerers.

1.2.3  Application of Boring Process in the Building
of Tunnel

Boring process is not only restricted (o workshop, in fact, it has
been: applied in the building of tunnels for transportation

Purpose. Since the need for infrastructure to handle the

intercity wansportation of people and goods has steadily

increased. The construction of such facilities often requires the

excavation ol long, deep tunnel such as the base tunnels of the

Alptransit Project in Switzerland,™ the Brenner Base tunnel

between Austria and laly,'" the Lyon-Turin tunnel belm:e.n

France and ltaly,"* or the Cibraltar Strait tunnel between Spain
and Moroceo.™" The application of boring process in l_his
complex operation involved a large special engineering
machine for wnnel boring known as unnel boring machine
(TBM). In using TBM, it has been observed that several factors
alfect its operation. Robbins'' stated that, it was always
impossible 1o find a route that will avoid the problem of
excavating in difficult geological zones with a sufficient degree
of cemainty, The extent and frequency of the difficulties
encountered can be decisive in terms of economical viability
or even in terms of the technical feasibility of a TBM drive. And
In some cases, a very great potential damage, a single event can
cast the entire profect into doubt. The length and the number
of critical stretches are very imponant in this respect. Short
tunnel streiches with unfavorable but well-known geological
conditions are not particularly risky for the economic success
of a TBM drive provided that adequale countermeasures are
planned in advance.””

TBM performance can be affected by geological conditions
in a great varicty of ways.” For instance, boreability problems
in hard rock, steering difficulties or severe vibration of the
cutter head due (o mixed face or blocky rock conditions, major
water infllows, cave-ins ahead of the tunnel face, or
unstable excavation walls in highly fractured or weathered rock
as well as aossing fault zones may represent difficult tunoeling
conditions. ITA*" observed that squeezing ground conditions
may also slow down or obstruct TBM operation and some-
times even call into question the [feasibility of a TBM drive.
Because of the nature of this complexity in mechanized Lun-
neling, the need for well funded, thorough investigation of the
risks, the technlcal feasibility, and the cost of TBM application
cannot be overemphasized. Hence, it is not surprising that the
question of TBM applicability in squeezing conditions has
kepl engineers busy for more than 30 years.*™ Due (o the
increased economic importance of mechanized tunneling
associated with the demand for long-deep wnnels, the appli-
calion of boring operation is particularly relevant today.

Ramoni and Anagnostou®' camried out a comprehensive
literature search on case historics involving TBMs under
squeezing conditions in order Lo identify the specific problems
associated with the use of TBMs. They observed that squeczing
behavior may become problematic at different distances
behind the wnnel face. Hence, the specific potential hazards
concern both the machine area (sticking of the cutter head,
jamming of the shield) and the back-up area (eg., jamming of
the back-up equipment, inadmissible convergences of the
bored profile, damage 10 the tunnel support). In addition 1o
the difficultics that are direcly caused by squcezing behavior,
adverse events such as dogging of the cutter head, insufficient
bracing of the grippers, or instabilities of the face or the tunnel
wall may also occur when boring through weal ground. 1t was
equally difficult or even impossible (o distinguish the different
phenomena from each other. For example, when driving
through poor-quality ground it may remain uncertain if the
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Table 19 Suaco roughness with passive dampar (horing bar overhang tengun: 49 mm, depth of cut: 0.6 mm, and feed rate: 0.09 mm min~ ')
Sho Spoeirpm) e Vertlca! position Tes! No, Horizontal position
Responsa (surface finish Ra In pm) Responss (surfaca finish R, in pm)
) 2 3 1 2 3
2 180 / e 20 3.28 14 329 345 a3
3 240 § Y 261 265 15 2.96 278 294
37 2.39 251 29 2.76 279 273
Tatla20  Surlace roughness with passive dampar (boring bar overhang length: 80 mm, depth of cul: 0.6 mm, and feed rate: 0.09 mm min - 'y
She Speed (rpm)  Test o, Vertical posiilon Tes! No. Horlzontal pasition
Response (surface finish Ra In um) Responss (surface finish Ra in um)
! 2 3 1 2 3
; ng 1 2.61 2.40 2.50 16 3.4 327 335
3 240 8 2.56 237 2.31 21 238 2.47 2N
9 2.61 240 2.50 22 1.26 1.38 1.56
Table 21 . Suroface roughness with passive damper (boring bar overhang length: 120 mm, depth of cut: 0.6 mm, and fzed rate;
0.09 mm min ~ )2
Smlo Speed (pm)  Test No, Vertical posilion Test No. Horizonlal position
Response (surface finish Ra in pm) Response (surfacs finish Ra in um)
1 2 3 1 2 3
1 80 13 323 3.29 N 19 3.30 3.13 3.20
2 160 11 2.41 2.51 2.30 24 2.80 2.61 3.07
3 240 10 3.23 3.29 3N 25 299 3.35 3.09
Ly 1 ; 2
Study o fexisting process Table 22 Deslgn of Experimental set up
l Run  Factor 1 (A)  Faclor 2 (8) Faclor 3 (C)  Response
- Cutting Cufting speed  Fead rale Bore
Selection of cuttng parameters range allowance (mmin=") (mmrev=")  deviation ()
(mm)
¥
: : 1 b s .
Desien of Experiments 2 g g 123 g 11 g 212;
l 3 03 140 0.1 0.02
4 0.5 140 0.1 0.019
Experimentation 5 0.3 160 01 0.018
I 6 0.5 160 0.1 0.02
l 7 0.3 120 0.2 0,021
i 8 05 120 0.2 0.021
Determination of surface ronghness 9 03 140 02 0.02
aud Bore deviation 10 05 140 0.2 0.071
1 03 160 0.2 0.016
12 05 160 0.2 0.019
Application of ANNOVA 13 03 120 0.3 0.023
14 0.5 120 0.3 0.022
r 15 03 140 03 0.021
T : 16 05 140 03 0.021
Optimization of cutting parameters 17 03 160 03 0.014
) 18 0.5 160 0.3 0.015
Figure 12 Flow Chart of Experimental Method 2
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Tahla 20 ANOVA tor bore doviation™
Sounces Sum of di AMean Fvaluo  Dostiabitiy
squar square
Means vs 6.806E-003 1 6,00GE-003
Tokal
Linear vs 5.J5GE-003 3 1.705E-005 459
means
2lvs Unear J14GE-005 3 1 0M9E-005 402 Buggastal
Quadrafic vs  7.85BE-006 2 37706-000 219 Niased
2f
Residual V507E-005 0 1 764E-000
Total GOME-QS 18 175D

ground pressure acting upon the TBM Is due (o squrezing of
favehing behavior, '

A maked JUference exista between conventlonal and
mechanized tunacling a3 a resull of the magninde of the
petentially problemauc deformauons. Due to the geometrleal
constraints imposed by the equipment, even Converpences ay
small as one ot two decimetens may lead o difficultles tn the
machine or in the back-up area of 4 TUM drive Kovirl,** Agaln,
experience in some stretches of the Gorthand Base Tunnel hay
shown that hard but hughly fracured rocks may also exhibit
relevant deformations and challenge TBAM winneling, particu-
larly if encountered at preat depths. Tunneling experience
shows that the ground defunmations may develap very rapidly
and very cluse 1o the working face In such a situation, the
achieved pross advance rate would play ¢ secondary role (the
TBM would become jammed even 1f eperated ar the highest
feasible speed). Funhenmore, sundstlls of TBM operation
aannat be completely acoided "' Besides adverse ground
conditions, unpredictable stops due o wehneal problems
(eg. electrir power stoppages, mechanical breakdowns of the
TEM, problems in the back-up systemn) have 10 be considered.
For wample, during the excavaton of the Fvinos-Momos
Tunnel (Creece) dhe cutter head of one of the gripper THEMs
(D=4 20 m) became jammed during an excavation standsll
which was caused by an interruption of the electric power
supply.

When wnneling by a single shiclded TBM (or a double
shielded TBM In the so-called (auxibary mode), the tunnel
support (hming by precast swgments) foans part of the
thrusting systens. There have been negative expericnces In cases
where a proper bacldilling of the segrental lining was not
achieved. For wanmple, the double shiclded TUM (12=291 m)
that excavared a part of the Sullwater Tunned (USA) probably
beaame wapped i squeczing pround becanse of the impossi-
bulity of fully wtilizing its installed thrust foree, Tistly, it was
not possible to divve the double shiclded TBM in the ‘gripper
mode’ and sceondly, the impropuly backfilled segmental
lining was not able to withstand the combined loading of
ground pressure and thust force gencrated i the “auxiliary
mode’ In this case there was a further difficulty in relation to
the telescopic part of the shield, which had a sinsller diameter
than the frunt and the rear shield, favoring the accumulation
of loose malerial in this area, and s leading 10 an increase
in the friction that had w be overcore when naving the
double shield. Similar problems also arose with gripper

braciig, e backilllng of the sepmental Jining, and the tele
seople pare ol the shickd dndng the excavation of the Loy
Rosalen tunnel (Colombila, dotble shlelded TR, [1273.54 mn)
Pomsible puoblem i die Back-ug area Include Inadimlssible
comvergenees of the boned profile or damage o the nne)
suppont Such problvs ave baseally the same aa In conwen-
tonal tunne Hoge, e sn dlittewnees being that Inconven.
tunal wpnchiogg (1) there i the optlon of cecavatlig a
consicerabily Linger paatile b the caitieal stret by (I order 1o
dccomnidae the ddunnatiaons) and (2) there by also moe
Nesthility conveming e loeaion of sappon Insallation
(atabiilieanion measures can bie Laben pracically vierever and
whenever e d)

I T anneding, the space avalabile lor gronund defor-
mationa and tansel suppeost by Logely predetennined by the
lied geomarry of e eaca catiad croms sectlon, Nhe possibilitg of
enlaging the bonng dometer locally 1y wery lunied (up 1o
W 00 ar all possible) PBestdes the typleal proablems men
toned abave, Jaminlng of the badcup eqprent is 2n
alddidanal hazand ecenano 1o be considered, partioglarly (o
gripper TBMs. Thia hias been experienced, Tor example, dunng
the excavation ol the Sirada Section of the Tavanasa-lanz
Tunnel  (Switzerland, pripper TEM, D-520m), in the
Northen Section of the Vereing Tunnel (Seatzerland, gripper-
TBM, D =764 ), and, recently, in the Faido Section of tw
Gotthard Base Tunned (Swizerland, gnpper-TEM, D= 9.43 m)

In furtherance of their rescarch, Pamonl and Anagnostou®*
extensively studied the TBMs under squeezing conditions
under the lollowing subheadings

1.2.3.1 Ground-Equipment-Support Interactions

They Identified the relevant Interfaces between the main sys-
tem components and understanding their intetactions was
very important to an assessinent of the eritical situations, This
might affect the performance, or even the feasibility of a TBM
ditve waking Ine consideration the peculianties of existing
TBM types with respecy 10 thrusting systems, wunnel suppon,
the presence or absence of a shicld, and the achicvable giass
advance rate. They observed that the large number of interfaces
between ground, tunncling equipment, and support In com-
bination with (he possibility of conllicing requirements
and feedback cffeas introduces a high levd) of complexdty,
which necessitates an efficlent mapping of the system and of
its interfaces in order (o ddentify and analyze the relevant
Interactions.

1.2.3.2 Boring and Thrusting

‘They have observed that the famming of the TBM represents a
major hazard as it may lead to serions damage. necessitating
lengthy standstills for frecing or repaliing the machine, Besicles
being imporant from a practicsl point of view, this potential
problem is also thearetically very intcresting and has attracted
several research effarts over recent years. The researchers that
have work in this arca includes Graziani ef al,** Ramoni and
Anagnostou,’™" and Sterpi and Gioda ™ Ramoni and Ana-
pnostou’ further Investipated the following conditions as it
alfects boring and thrusting.
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fricton coellicient.

£.2.3.2.2 Imnobilization during angolog excavalion

TOM mmobilization during the bonng process can be seen
as equivident w the boaderline case of a e ner advane
rate, Iy the case of inwensively squevobing pround, hawew
one should bear in mind that before the madine moves
forwards the extusion ot e o has st o be compen-
sated, Under normal conditions {charscterizad by the usual
values for penctration and @tanonsl spead) ihe eftect ol
the core extrusion s small, but v may Bovoms wedevand in
the case ol a low-penciratien mte o1 a fowsononal spead
In exweme casey, the cuter head percrares and rotares
without moving forward (e penaraden s wsal-up just
for removing the axtally deferming ground st the workang

face).

1.2.3.2.3 Tunnel support
Maldl et @l ' stated that e appheation of wuanel suppon

usually ook place at owo locationz in the machine area and
later in the back-up area at s disunee of 30-60 m behind the
wnnel face The locations of the support installation are
determined by the design of the waneling equipment. In the
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longer shield s, nevenbicless, not ol sbange gn Do
because single shiclded TRMs unialiy hoe 2 hogher mmailed
thrust lorce than gripper ThMs
1.2.3.3 Counter Measuras

rem TrE 22

In order to influence system behavicr, eaumiar momsure 102 22
follows (1) cuter head, (2) geomeiry, (2] cvzihonng, (4
shicld, (5) thrust force and torque. (6} bacieup eguipment
and (7) wnnel support. While the tunne suppom was stadied

under (1) practically dgid supponts, (2) pelding supparia. (2}

deformable longiludinal joint clements. z2nd (4) on the
appropriate support concept.

In conclusion, the authors abserved that the result of a
complex interaction  between the ground, e tuancling
cquipment (TBM and back-up) and the suppon affect the TBM
performance. Hence, the factors resulting from the three main

Figure 13 Loads acling an (ha TBM at restart (the shiear and normal slresses at tho face apply only In tha case of a significant cara extrusion).
Ramenl, M.; Anagnostou, G. Tunral Barlng Machines under Squeazing Conditions. Tunn. Undargr. SP. Technol. 2010, 25, 139-157.
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components of the system alfect the TBM drive simultaneously
and are usually coupled with cach other.
Huo er al.”' investigated the effect of disk cutters plane
layour design of the full-face rock TBM based on different
layour pattes. The study involved formulation of a nenlinear
mulu-objective mathematical medel with multiple constraints
for the disk cutters plane layout design, and analyses the
chanaeristics of 3 muld-spiral layout pattern, a dynamic siar
layout pattarn, and a stochastic layout pattern. The emphasis
was put on the study ol superiority of thice different layout
patieras as shown in Flgura 14.
Different layout pattems were adopted in practice during
the layout design of the disk cuttess, while raken Inio con-
sideration the engineering technicl requirements and the
comesponding structure design requirements of the cutter
head. Genetic algorithm was employed (o solve a disk cutter'’s
multi-spiral layout problem and a cooperative coevoludonary
genetc algorithm {CCGA) ullized to solve a disk cutter's star
or stochastic layout problems. An instance of the disk cuuer's
plane layout design was solved by the proposed methods
using three different kinds of layout pauerns. Experimental
results showed the effectiveness of the method of combining
the mathematical model with the algorithms, and the pros and
cons of the three layout patterns. Some of the observations
made were as follows (1} the quality of plane layout design of
the disk cuteers for the full-face rock TBM dircaly alfeas the
balance of force distribution on the cutter head during exca-
vation, (2) the layout design of the disk cutters belongs to a
complex optimization problem, so there was a need to make
use of the advanced optimization methods to solve the pro-
blem, (3) the mult-spiral layout pattern can make the disk
cutters distribute more evenly on the cutter head and can
improve the stress distribution of the cutter head, and (4) the
stochastic layout pattern can provide infinite possible solution
space for the layout of the disk cutters and can produce the

best solutions with the best performance indices.

1.2.4 Future Research Direction In Boring Operation

Availab!e literatures in boring operation have shown a gap that
needs to be investigated in order to fully appreciate how the
various input factors affect the output factors or variables.

(a) Multi-spiral layout pattern

Figure 14 Different layout patterns of the disk cutlers.”

(b) Star layout pattern

Studles have shown that cutting fluld types and method of its
applicaton could affea the outcome of an investigation dur-
ing machining processes.’”*' Efforts have been concentrated
on how vibratlans, ratio of length o diameter affects the
results of boring operation and not much have been reponed
on haw cutiing lluids type or it nethods of applications affea
baring operation, Even when cutting flulds are used, it Is never
discussed as a factor diat could affect the outcome of the result.
For Instance, Chang'! used two nose radli in his work o
evaluate the cffect of vibradons on tool lifec and surface
roughness, He found that surface roughness and tool wear
were strongly aflected by the vibradon amplitude and fre-
quency and that improper taol geometry and nose radius will
praduce more vibrations than the DOC. Huang and Chen”’
discovered (that two 1ypes of vibratons may ocrur in
machining, such as forced vibratlon and self excited vibration.
Farced vibration was nated to be associated with bad gear
drives, unbalanced machine-1ool components, misalignment,
or motors and pumps, ctc, while sclf-excited vibration
occurred due to chatter which was caused by the interaction of
the chip removal process and the stuaure of the machine Lool
and resulted in disturbances in the cutting zone

Similarly, Lin and Chang'® studies show that vibrations
have strong correlation with surface roughness, when effects of
vibration signals on tool wear, surface quality, and machining
time were studied. Bernardos and Vosniakos™” investigated the
relative motion between cutling tool and workpiece on the
surface finish profile, using the ratio between vibration fre-
quency and spindle rotational speed While, Salgado ¢t al**
studied the culting parameters such as feed rate, spindle speed,
DOC, ool nose radius, nose angle, and vibration data which
are the input information for evaluation of tool life by
adopling two levels of spindle speed, feed rate, and nose
radius. Korkut and Kucul® had proved that the best length to
diameter ratio that results in less vibration in boring process is
three. They obtained minimum vibration of tool and work-
piece when the value of L/D ratio was taken as three. Tool
failurc in boring was identificd by observing higher power
consumption, poar surface finish, dimensional inaccumcy,
appearance of a bumishing band on machined surface, ool
vibrations, workpicce vibration, etc.

A lot of experimental and analytical studies have been
employed (o study boring bar dynamics and most researches

bl 250

(c) Stochastic layout pattern
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