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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 tool 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 workpart 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 attached 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 tool insert, and cutting
conditions, the chip formed may either be continuous or
discontinuous. The surface produced is known as bore. Surface
roughness in boring may vary between 0.0002 and 0.006 mm.
With the advancement of machining technology, the limita-
tions of boring with respect to geometric accuracy and material
hardness have been diminishing. With new grades of carbide
and ceramic tool inserts, the accuracy of boring and surface
quality has increased. The hole produced may either be
straight or tapered. The work holding devices used lathe could
be either three-jaw 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 workpieces.

In boring of steels, vibration of tool and workpiece are the
important limiting factor for volume of metal removed and
machining efficiency. 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 to
diameter of boring bar is one of the important factors that is
responsible for tool vibration. It has been established that
boring bars with a high length–diameter ratio tend to chatter.1

In the industry where metal cutting operations such as turning,
milling, boring, and grinding take place, degrading vibrations
Comprehens26
are a common problem. In internal turning operation, 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, tool life, and produc-
tion efficiency, and will also result in severe environmental
issues such as high noise levels. Boring bar vibrations are
usually directly related to the lower order bending modes of
the clamped boring bar.2,3

The concern today in the manufacturing industry is the
vibration induced by metal cutting, for example, turning,
milling, and boring operations. Turning 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 achieved,
extra care must be taken with production planning and in
the preparations for the machining of a workpiece. The
vibration problem associated with metal cutting 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 important step toward solving the
problem. In internal turning, the metal-cutting process
is carried out in predrilled holes or holes in cast, etc.
The dimensions of the workpiece 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 defor-
mation process in the turning operation. The boring bar is
generally the weakest link in the boring bar–clamping system
of the lathe. The boring bar motion 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
turning are usually denoted ‘self-excited chatter’ or ‘tool
ive Materials Finishing, Volume 1 doi:10.1016/B978-0-12-803581-8.09148-7
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vibration.’ Depending on the driving force of the tool vibra-
tion, the vibration is generally divided into one of two cate-
gories: regenerative chatter and non-regenerative chatter
(primary chatter).4–7 Primary chatter may arise from different
physical causes, for example, random excitation of the tool
holder’s eigen frequencies due to plastic deformation of
workpiece material and/or friction between the tool and the
cut material, the tendency of the cutting force excitation to
change with the cutting speed, and the dynamic effects of the
geometry of the cutting tool on the cutting process, etc.4,7,8

Regenerative chatter is induced by the undulation on the
surface of the workpiece which is produced during previous
successive cuts.4,9

During an internal turning operation, the cutting tool and
the boring bar are subjected to a prescribed deformation as a
result of the relative motion between the tool and workpiece
both in the cutting-speed direction and feed direction. As a
response to the prescribed deformation, the tool is subjected
to traction and thermal loads on those faces that have inter-
facial contact with the workpiece or chip. In the metal-cutting
process, during which chips are formed, the workpiece 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 clamping of the bar.2,10 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.4,11–13 In 1946, the principles of the tradi-
tional theory of chatter in simple machine-tool systems was
worked out by Arnold11 based on experiments carried out in a
rigid lathe, using a stiff workpiece but a flexible tool holder. In
this way he was able to investigate chatter under controlled
conditions. Later in 1965, Tobias4 presented an extensive
summary of results from various researchers concerning the
dynamic behavior of the lathe, the chatter theory, and further
Figure 1 Boring operation.2
developed the chatter phenomena considering the chip-
thickness variation and the phase lag of the undulation of
the surface. Also, in the same year, Merritt12 discussed the
stability of structures with n-degrees of freedom, assuming no
dynamics in the cutting process; they also proposed a simple
stability criterion.
1.2.2 Factors Affecting Boring Operation

Like any other machining operations, output results are
determined by the cutting conditions such as cutting speed,
feed rate, depth of cut (DOC), type of tool, tool geometry,
cutting fluid type, and method of application, machining type
and materials. Hence, researchers have employed some of
these cutting conditions to investigate how they affect the
boring operation in terms of surface finish, cutting force, too
wear, tool vibration, dimensional accuracy, etc. Akesson et al.14

investigated the dynamic properties of boring bars concerning
different clamping conditions. The experimental setup and
subsequent measurements were carried out on a Mazak
SUPERQUICKTURN – 250 M computer numerical control
(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 WIDAXS40TPDUNR15 boring bar with an
accelerometer and an embedded piezo-stack actuator. The
accelerometer was mounted 25 mm from the tool tip to
measure the vibrations in the cutting-speed direction (y-). This
position was as close as possible to the tool tip, but at a suf-
ficient distance to prevent metal-chips from the material
removal process from damaging the accelerometer. The stan-
dard WIDAXS40TPDUNR15 boring bar was manufactured
using material 30CrNiMo8 (AISI4330), 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 frequency 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 frequency were greater 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 frequencies 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 the 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 clamping conditions
in the experiments yield different dynamic properties of the

MAC_ALT_TEXT Figure 1


Figure 2 (a) An internal turning setup with a workpiece clamped in a shuck to the left and a boring bar clamped in a clamping housing to the
right. (b) The room in the Mazak SUPERQUICKTURN – 250 M computer numerical control lathe where machining is carried out.14

Figure 3 Workpiece.1
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clamped 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
clamped in a standard clamping housing with clamping screws
is likely to have a nonlinear dynamic behavior. The standard
clamping housing with clamp screws is the likely source of the
nonlinear behavior. Multi-span Euler–Bernoulli models of a
clamped boring bar incorporating pinned or elastic support
boundary conditions approximating the flexibility of the
actual screw clamping of the boring bar end inside the
clamping housing provide significantly higher correlation with
experimental modal analysis results compared to a traditional
fixed-free Euler–Bernoulli model.

The fundamental boring bar resonance frequencies decrease
with increasing excitation level. However, with regard to 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 increases 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 effects on damping properties and the clamp
screw tightening torque appears to affect the nonlinear behavior
of the boring bar. The investigation shows that the number of
clamping screws, the clamping screw diameter sizes, the screw
tightening torques, and the order the screws are tightened has
a significant influence on a clamped boring bars eigen fre-
quencies and its mode shapes orientation in the cutting speed –

cutting 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
demonstrated that a standard clamping housing clamping a
boring bar with clamping screws imposes nonlinear dynamic
boring bar behavior.

Rao et al.1 evaluated the cutting tool condition monitoring
by analyzing surface roughness, workpiece vibration, and
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 AISI1040 with length of 90 mm, outer diameter
of 100 mm, and inner diameter of 56 mm as shown in Figure 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.

MAC_ALT_TEXT Figure 2
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5. The steps one to four to be continued until the tool failed
and beyond that two or three passes performed on the
workpiece to observe the behavior of tool wear.

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

7. In each trial, surface roughness, volume of metal removed,
and time and amplitude of workpiece vibrations were
identified when the tool failed based on flank wear. The
above procedure was followed for all the trials and in each
trial the cutting parameters were changed as given in the
Table 1.

Taguchi, analysis of variance (ANOVA) and regression
analysis methods were used to analyze the experimental data
to find out the effect and contribution of cutting parameters.
According to selected orthogonal array eight experiments
(trials) were conducted with two levels of cutting parameters
such as workpiece rotational speed, tool insert nose radius,
and feed rate. The results show that in each trial of experiment,
a strong correlation among the dependent and independent
variables was found. A noncontact monitoring system was
used with Laser Doppler Vibrometer to observe vibration of
workpiece during machining. Tool life was evaluated by ana-
lyzing surface roughness, amplitude of workpiece 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.3 studied the identification of motion of cutting
tool vibration in a continuous boring operation – correlation
to 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 center.
It has 18:5 kW spindle power and a maximum machining
diameter of 300 mm; with 1007 mm between the center. The
cutting operations were performed as an external turning
operation using the WIDAX S40TPDUNR15 boring bar. The
measurements were divided into two different categories:
modal analysis and ODS analysis of the boring bar. In the
Table 1 Test trails for boring1

S/N Speed (m min� 1) Feed (mm rev� 1) Nose radius (mm)

1 210 0.10 0.8
2 210 0.16 0.8
3 170 0.10 0.8
4 170 0.16 0.8
5 210 0.10 0.4
6 210 0.16 0.4
7 170 0.10 0.4
8 170 0.16 0.4
modal analysis measurement the following equipment were
used: (1) 14 PCB 333A32 accelerometers, (2) OSC audio power
amplifier, USA 850, (3) Ling Dynamic Systems shaker V201, (4)
Bruel and Kjær 8001 impedance head, (5) Bruel and Kjær
NEXUS conditioning amplifier 2692, (6) HP VXI E1432
front–end data acquisition unit, and (7) PC with IDEAS Master
Series version 6. The ODS data were collected using less sensi-
tive accelerometers than those used in the modal analysis
measurement. For the ODS analysis, the boring bar vibration
was measured during a continuous cutting operation and data
were collected using the following measuring equipment: (1)
14 PCBU353B11 accelerometers, (2) HP VXI E1432 front–end
data acquisition unit, and (3) PC with IDEAS Master Series
version 6.

The experimental modal analysis of the boring bar with
modified clamping resulted in two identified modes. The first
mode in the cutting depth direction had a resonance frequency
of 570 Hz; and a relative (viscous) damping of 1.85%. The
second 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 slightly larger than prior to the
modification of the clamping. The two modes were well
separated as defined by the cross MAC value and the synthe-
sized frequency response functions corresponded well with the
measured functions. From the ODS results, it was apparent
that vibrations of the boring bar were dominating in the
cutting-speed direction during a continuous cutting operation.
The deformation pattern of the boring bar was according to
the ODS measurement dominating in the cutting-speed
direction at both resonance peaks. The ODS resulted in
eigen frequencies at a somewhat lower frequencies compared
with the modal analysis.

Saindane et al.15 investigated the effect of vibration
damping in boring operation using passive damper. Boring
bar of 16 mm� 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 EN9 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 effect of vibration on
deflection of boring bar.

The boring operation was carried out for 51 mm internal
diameter using passive dampers of nylon and polyurethane.
Fast Fourier transform (FFT) analyzer and accelerometer 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 proposed method was an inno-
vative to 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 relatively cheaper than
other damped boring bars.

Khatake and Nitnaware16 studied the mitigation of vibra-
tion using passive damper in machining. The study involved
the use of particle damper, which is a passive damping concept



Figure 4 Experimental set up of boring bar with passive damper and accelerometer.15

Table 2 Experimental conditions15

S/No Cutting speed
(rpm)

Feed rate
(mm rev� 1)

Depth of
cut (mm)

Overhanging of the
boring bar (mm)

Material used
for damping

Percentage of
overhang damped

Length of
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 Nylon 3 36

Table 3 Experimental results15

S/No Without
damper (mm)

With damper of
polyurethane (μm s� 2)

With damper of
nylon (μm s� 2)

1 28 22 25
2 50 40 30
3 40 50 30
4 25 28 40
5 24 25 23
6 40 30 20
7 25 22 18
8 48 35 20
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that uses metal or ceramic particles or powders of small size
that are placed inside cavities within or attached to the
vibrating structures. Metal particles 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
treatment 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 particles and vibrating walls,
friction, impact restitution, and shear deformations. It is an
attractive alternative in passive damping due to its conceptual
simplicity, potential effectiveness over broad frequency range,
temperature, and degradation insensitivity and very low cost.
The principle adopted in the study was to enhance the
damping capability, minimizing the loss in static stiffness
through implementation of passive damper.

Boring bar of 20 mm� 20 mm cross section and 200 mm
long of WIDAX make was used on EN9 workpiece 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�1),
DOC (0.6 mm�1), clamping pressure (10 bar), etc., were
selected based on the manufacturers recommendations and
were kept 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. Boring 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�1.

MAC_ALT_TEXT Figure 4


Table 4 Experimental conditions16

Boring tool BT1 BT2

Overhang length L (mm) 30 60 90
Position of passive damper Vertical Horizontal
Cutting speed (rpm) 70 140 210

Table 5 Experimental results16

S/N Overhang
length of
boring bar
(mm)

Surface finish
(μm) without
passive
damper

Surface finish (μm) with
passive damper

Vertical Horizontal

1 30 2.63 2.41 2.63
2 60 2.59 2.51 1.46
3 90 2.80 3.19 3.25
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The result shows that the results prove the passive damping
technique has vast potential in the reduction of tool chatter. It
is therefore concluded that passive damping has a good effect
in improving surface finish in boring operation and significant
improvement was observed between the results of surface
finish obtained using boring bar without passive damper and
boring bar with passive damper.

Kadu et al.17 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 mathematical model for optimizing
the tool life in casting machining operation and its analysis in
this study involved two levels for each independent parameter
taken. 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 tool life, surface finish, bore
size variation, operation 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 meter and
stopwatch respectively. Pilot experiments were performed to
select test envelope and test points of process parameters 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 tool life, surface finish, bore
size variation, operation time, and spindle load were recorded
for formulation of mathematical model. In casting machining
operation observations were taken 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 generally proposed for engineering applica-
tions.18 The basic classical plan consists of holding all but one
of the independent variables constant and changing this one
variable 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. Simultaneous changing of all 09 independent
parameters was cumbersome and confusing. Hence all 09
independent process parameters were reduced by dimensional
analysis. Buckingham’s p theorem was adapted to develop
dimensionless p terms for reduction of process parameters. This
approach helps to better understand how the change in the
levels of any one process parameter of a p terms affects 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 approach. Regression equation models of tool life
were optimized by mini–max principle.19

The authors observed that (1) the dimensionless p term
have provided the idea about combined effect of process
parameters in that p terms. A simple change in one process
parameter in the group helped the manufacturer to maintain
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 cutting speed, nose radius, length,
diameter, and material of the cutting tool, cutting fluid pres-
sure and concentration, and DOC can be effectively utilized
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 can 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 obtained from
experimental data, mathematical model, and ANN. From the
values of percentage errors, 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.20 conducted an experiment to optimize the
cutting parameters in boring operation. Four parameters, i.e.,
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 34 orthogonal array
respectively. Total nine runs (L9) were conducted during one
trial. Trials were repeated to check the consistency in the out-
put. Cutting trials were conducted on Kirloskar make (Enter-
prise-500) center lathe machine. AISI 1041 carbon steel
cylinders with 100 mm outside diameter, 85 mm inside dia-
meter, and 75 mm length were used as workpieces.

Standard boring bars with Widax tool holder
S25TPCLNR12F3, S20SSCLCR09T3, and S16QSCLCR09T3
along with cemented carbide inserts having radius 1.2 mm
were used for metal cutting. Surface finish was measured off-
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.



Table 6 Test envelope and test points for cast iron boring machining operation17

Pi term Equation Test envelope Test points Independent variable with its own range
Q

1 Tool geometry parameters: LDpcNR
D3

� �
(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 D, 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
0.00121Q

2 Cutting speed: Vc
ðDgÞ0:5

� �
(0.46923–0.706782) 0.469237 g, mm sec� 2 – 9810

0.514024 D, mm – 50,60
0.645201 Vc-mm sec� 2 – 360,495
0.706782Q

3 Coolant concentration and pressure: g:Cc
PcD5

� �
(4.21E-06–1.88E-05) 4.21E-06 g, mm sec� 2 – 9810

5.05E-06 Pc-N mm� 2 – 10,15
6.31E-06 D,mm-50,60, Cc
7.57E-06 N mm� 3 – 5, 6
1.05E-05
1.26E-05
1.57E-05
1.88E-05Q

4 Material Hardness: Hm
Pc

� �
(1831.2–4414.5) 1831.2 Hm, N mm� 2

2746.8 Tn Carbide – 27468
2943 cubic boron nitride-44145
4414.5 Pc, N mm� 2–10,15

Table 7 Experimental levels20

S/No Control variables Level 1 Level 2 Level 3

A Spindle speed (rpm) 54 140 224
B Feed rate (mm rev� 1) 0.045 0.36 0.676
C Depth of cut (mm) 0.5 0.75 1
D L/D ratio for boring bar

(mm)
4 5 6.25

Table 8 Basic Taguchi L9 (34) orthogonal array20

Run A B C D

1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1
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The averages of surface roughness values obtained during
each trial (Ra1 and Ra2) and the Signal-to-Noise (S/N) ratio
calculated for the criteria of lower-the-better are shown in
Table 9.

The optimal values of the input factors A, B, C, and D were
obtained from S/N ratio as shown in Table 10 using the lower
the better characteristic. The S/N ratio for spindle speed is
higher at level 3, similarly for others the values are feed 1,
DOC 2, and L/D ratio 1. Hence the optimal combination of
control factors were given as 3-1-2-1 and this is represented on
the plot of Figure 5.

ANOVA was carried out to check the significant contribu-
tion of each input factor in response function. Table 11 shows
the results of the ANOVA for surface roughness. It can be
observed from the ANOVA result, that the parameters A, B, and
D are having significant contribution of 28%, 30%, and 36%
respectively in the response function (Ra) whereas the para-
meter C has relatively less contribution and thus is of less
importance.

The study shows that the control factors had varying effects
on the response variable and the use of the Taguchi parameter
design technique was considered successful as an efficient
method to optimize machining parameters in a boring
operation.



Table 9 Experimental results for surface roughness and calculated value for S/N ratio20

Run A B C D Ra S/N ratio

1 54 0.045 0.5 4 3.63 � 11.1981
2 54 0.36 0.75 5 11.30 � 21.0616
3 54 0.676 1 6.25 13.70 � 22.7344
4 140 0.045 0.5 6.25 5.97 � 15.5195
5 140 0.36 0.75 4 6.82 � 16.6757
6 140 0.676 1 5 10.20 � 20.1720
7 224 0.045 0.5 5 4.59 � 13.2363
8 224 0.36 0.75 6.25 7.66 � 17.6846
9 224 0.676 1 4 2.99 � 9.5134

Table 10 Calculated mean S/N ratios20

Level A B C D

1 � 18.33 � 13.32 � 16.35 � 12.46
2 � 17.46 � 18.47 � 15.36 � 18.16
3 � 13.48 � 17.47 � 17.55 � 18.65
Delta 4.85 5.16 2.18 6.18
Higher
S/N ratio

3 1 2 1
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Moetakef-Imani and Yussefian21 studied the dynamic
simulation of boring process. The study involved the use of
a boring bar with 20 mm diameter and 140 mm length
(L/D¼7) to implement the machining tests. Carbide inserts
with 0.4 mm nose radius and flat rake face were used to
machine the aluminum 6061 tubes. The dynamic properties of
boring bar and geometrical properties of the cutting tool are
presented in Tables 12 and 13 respectively.

The cutting speed, feed rate, and radial DOC were in the
range of 70–110 m min�1, 0.08–0.24 mm rev�1, and
0.2–4 mm respectively. Cutting force components were mea-
sured in three orthogonal directions by a KISTLER9255b
dynamometer. 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 cutting
tests were presented. The cutting conditions for these two
cutting experiments are shown in Table 14.

The DOC was set to 0.5 and 4 mm for tests A and B
respectively. All other conditions for these tests are equal. In
order to validate the proposed method, 30 boring experiments
were conducted. 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 tool continues to vibrate
periodically with relatively constant amplitude.

So the condition of test A was stable and chatter-free cut-
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 from the over estimation of the eigen frequencies by
the Euler–Bernoulli beam equation. When the results of
cutting force components measured by a dynamometer was
compared with the simulated results by the proposed algo-
rithm. The measured values of the cutting force components in
x, y, and z direction were predicted by 9%, 2%, and 12% errors
in magnitude. This amount of error was consistent with
the validity interval of 710% for the cutting force computa-
tion22 which could be due to the cutting force coefficient
computations.

Experimental and simulated cutting force components in
time domain for the condition of test B are shown in Figure 8.
It was observed from the measured data that the machining
process was unstable with chattering 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 chatter occurrence
for the conditions of test B, the variation 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.23 As a
consequence of high-vibration amplitudes, the actual geome-
trical angles of the cutting tool will change from their nominal
values. It is well known that the variation of cutting tool angles
will affect the cutting force components significantly.22,24 The
high-reciprocating velocity of the tool tip makes the cutting
process be accompanied 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
onset 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 relies
on the novel algorithms of geometrical modeling. In contrast
to the previous models that were only able to predict the
stability region, this model computes the dynamic cutting
force components and frequencies in stable boring operation.
The performed cutting experiments have shown that the cut-
ting force components and the vibration frequencies in
chatter-free dynamic boring operation could be predicted
within 715% error margin. The model is valid for both fin-
ishing (DOCor) and roughing (DOC4r) boring processes.
The model is also able to predict the chatter onset in boring



Figure 5 Plots for mean S/N ratios for A, B, C, and D.20

Table 11 Results of the ANOVA for surface roughness20

Source of variation df Sum of squares Mean square F-ratio Contribution (%)

Spindle speed (A) 2 60.30 30.15 59.66 27.65
Feed rate (B) 2 66.02 33.01 65.33 30.28
Depth of cut (C) 2 8.48 4.24 8.39 3.89
L/D ratio (D) 2 78.65 39.32 77.82 36.07
Error 9

Total 17

Table 12 Dynamic properties of boring bar21

Parameter Le (m) L (m) ξy w1y (Hz)

Value 0.1535 0.14 0.025 620

Table 13 Geometrical specifications of the cutting tool21

Parameter L (m) r (mm) as (deg) ab (deg) cs (deg) ce (deg)

Value 0.14 0.4 � 5 0 � 3 32

Table 14 Geometrical specifications of the cutting tools for tests A
and B21

Parameter Depth of
cut (mm)

c
(mm rev� 1)

V
(m min� 1)

DO
(mm)

Result

Test A 0.5 0.14 95 30.5 Stable
Test B 4 0.14 95 30.5 Chatter

21

34 Effect of Cutting Variables on Boring Process: A Review

Author's personal copy
operation. Due to the nonlinear geometry of the edge, the
influence of DOC and feed rate is interrelated and should not
be separately investigated. The instantaneous chip load is
computed to incorporate the effect of DOC and feed rate. The
influence of geometrical properties (like tool angles and nose
radius) as well as structural and process parameters could be
investigated using this model. The stability and efficiency of
the process depends on the combined effect of all these

Figure 6 Algorithm for dynamic simulation of boring process.
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Figure 7 Experimental and simulated cutting force values for test A.21
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parameters. Hence, the proposed model provides a better
understanding of a certain boring process.

Byung-Kwon Min et al.25 studied the use of smart boring
tool for process control. The experiment involved the evalua-
tion of the performance of the tool tip servo under real
machine tool operating conditions, cutting tests were per-
formed using a stationary Smart Tool boring bar and rotating
workpiece. For the cutting test, an aluminum workpiece made
from thick wall tube with a 180 mm diameter hole was used.
The Smart Tool boring bar was attached to a turning machine
tool post and the workpiece was attached to spindle. The tool
tip position measurement was recorded to the memory of the
controller computer. The spindle speed was 510 rpm corre-
sponding to a cutting speed of 4.8 m s�1. The feed rate was
0.21 mm rev�1. Step response and sine wave tracking were
conducted. The purpose of the step response experiment was
to determine what tolerances could be maintained in the
position of the tool tip relative to the fixture, as well as the
effects of cutting on the transient response of the tool tip servo.
The purpose of the sine wave tracking experiment was to verify
the ability of the system 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.

Figure 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 function
that is repeated with every revolution of the spindle.

Tool breakage also results in the deviation of the cutting
force from the normal cutting force generated by the boring
process. Cutting force is a monotonic function of the DOC and
feed rate.26 Consequently, if the feed is maintained constantly
and if the cutting force is accurately measured, the geometric
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 simulated cutting force values for test B.21
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component of the cutting force dramatically increases imme-
diately after tool fracture or chipping.27 Considering the small
cutting force generated by finishing process, an excessive rise in
the radial cutting force generally indicates finish tool breakage,
if the force is bigger than that observed in workpiece mis-
alignment error which will be detailed in the rest of this
section.

Based on above observation, the monitoring of fixture
misalignment and tool breakage of the Smart Tool boring
process can be carried out with force pattern recognition. The
radial cutting force estimation described in the previous sec-
tion has been considered as a method for the monitoring of
the Smart Tool boring process. The cutting force estimated by
Smart Tool during a single rotation is compared with the
radial cutting force measured by a tool dynamometer. The
cutting force 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 2.0 m s�1 and feed rate was 0.083 mm per revolution.
A random cutting profile was used to evaluate dynamic per-
formance of the estimator. The difference between the Smart
Tool estimation and the tool dynamometer measurement was
less than 10% of the cutting force and, thus, the cutting 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(d) show
the case of workpiece misalignment error and the event of tool
breakage respectively. Cutting condition of 2 m s�1 cutting
speed and 0.083 mm per revolution federate was used for all
experimental data. 0.25 mm DOC 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 to expedite breakage.
For the normal operation, as can been in Figure 10(b), the
cutting force has not deviated more than 10 N from its mean
value of 25.96 N and the center of the force plot is close to the
center of the graph. The response from misaligned cutting

MAC_ALT_TEXT Figure 8


Table 15 Model parameters25

Variable Value

Piezoelectric actuator
Young’s modulus Y E

33 (Pa) 4.8� 1010

Strain constant d33 (m V� 1) 5.5� 10�8

Maximum voltage Vmax (V) 100
Density mp (kg m� 3) 7500
Maximum current Imax (A) 2.0
Area Ap (m2) 1.0� 10�4

Length lp (m) 0.4

Tool tip translation mechanism
Width T(m) 0.025
Mass Mm (kg) 0.15
Length l (m) 0.016
Damping bm (N s/m) 0.025
Length Dl (m) 0.01
Young’s modulus Et (Pa) 2� 1011

Boring bar
Moment of inertia I (m2 kg) 7.1� 10�7

Young’s modulus Eb (Pa) 2� 1011

Ultimate strength Sut (N) 1.4� 1011

Damping bb (N s m� 1) 0.013
Yield strength Se (N) 3.4� 1010

Table 16 Monitoring variables25

Process
status

a b R (129.80) r (5.19) y

Normal 1.08 0.50 25.96 1.19 24.95
Workpiece
misalignment

30.79 � 29.17 24.79 42.58 � 43.44

Tool breakage 5.09 3.34 150.93 6.78 29.48

Figure 9 Nonuniform depth of cut due to workpiece misalignment
error.25
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plotted in Figure 10(c) also shows regular cutting force, but the
center of the force plot is shifted from the graph center. The
small partial circle in the plot is due to the negative reaction
force of the tool when the cutting insert lost the contact with
workpiece. The tool breakage recorded in Figure 10(d) shows
the chaotic behavior of the cutting force with huge force value.
As can be seen the plots in Figure 8, it is obvious that the
different process failures have different force patterns. There-
fore, if the difference between the force patterns can be spe-
cified quantitatively, monitoring of these failures is possible.

In this experiment, the R and r values calculated from 10
most recent revolutions are used. The R is equal to mean value
cutting force. Therefore, regardless of existence of workpiece
misalignment error, the excessive R value bigger than critical
value is due to tool breakage. The critical cutting force of the
tool breakage must be determined by experiment. In this
experiment, it is set to 129.80 N which is 500% of measured
cutting force, 25.96 N, from normal operation plotted in
Figure 10(b). As far as the mean cutting force R is smaller than
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 operation cutting force. This also means threshold
of the offset is approximately 20% DOC, even though that is
not exact number due to nonlinear relation between cutting
force and DOC. From a and b values, which are x and y-
directional components of the radial cutting force, the mis-
alignment direction of the hole can be found. The a, b, R, r,
and direction of least square center.

The authors were able to develop a mechatronic metal cut-
ting tool to improve the accuracy and flexibility of line boring
machining in the automotive industry. Laser position sensors
and piezoelectric actuator were integrated into the rotating body
of the boring tool, and to compensate the boring bar droop and
effects of cutting forces, a fast tool servo utilizing feedback
control of the boring tool insert position was designed and
embedded in the rotating tool assembly. In addition to position
control, a self-monitoring algorithm that utilizes disturbance
estimator was put together in the controller. Self-monitoring
capability is an important feature in automated machine tool
systems and it is more critical when sophisticated mechatronics
is used to control the process. This chapter has proposed a tool
monitoring 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 workpiece misalignment errors which occurred in
the boring process. The force measurement by the proposed
method matches well with the conventional force measurement
using a tool dynamometer. The developed accurate cutting force
estimation method is not only useful for process failure mon-
itoring, but it is also useful as a substitute for tool dynam-
ometers, especially in cases where the tool dynamometer is
difficult to be placed, such as in a rotating tool tip.

Kanase Sandip et al.28 conducted an experiment on the
improvement of surface roughness (Ra) value of boring
operation using passive damper. The workpiece was mounted
using a pneumatic chuck in CNC turning center and the
clamping pressure was set at 10 bars. The machining para-
meters like feed, DOC, clamping pressure, etc., were selected
based on the manufacturers recommendations and were kept
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Figure 10 Cutting force measured at Smart Tool. Depth of cut 0.25 mm; feed rate 0.083 mm rev� 1; cutting speed 2 m s� 1. (a) Comparison with
tool dynamometer measurement, (b) normal cutting, (c) workpiece misaligned (tool offset 1.27 mm), and (d) tool breakage.25

Table 17 Experimental parameters28

Boring tool BTA BTB

Overhang length L (mm) 40 80 120
Impact damper position Vertical Horizontal
Clearance CL (mm) 0.4
Spindle rotation N (rpm) 80 160 240
Feed rate S (mm min� 1) 0.9
Depth of cut t (mm) 0.6

Figure 11 Sample workpiece.28
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constant for all the samples used. Only the cutting speed,
passive damper position on boring bar, and overhang length
was changed. The recommended cutting speed, feed, DOC,
etc., are shown in Table 17. Boring was carried out for 105 mm
internal diameter as shown in Figure 11.

Twenty five numbers of experiments were conducted to
analyze the effect of vibration on surface finish. Boring bar of
20 mm� 20 mm cross section and 200 mm long of WIDAX
make was used. The boring operations were conducted on
CNC turning center of ACE make using EN9 workpiece
material. A Mitutoyo SJ-201P apparatus was used to determine
the surface roughness of the bored surface. Tables 18–21 show
the results obtained for all the experiments conducted under
different conditions.
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Table 18 Surface roughness without passive damper (cutting
speed 240 rpm, doc 0.6 mm and feed rate 0.09 mm min� 1)28

S/No Test A Overhang
length
(mm)

Response (surface roughness, Ra)

1 2 3

1 3 40 2.72 2.72 2.73
2 2 80 2.37 2.47 2.69
3 5 120 2.82 2.90 2.60
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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 impact damper boring bars
was very significant. Boring bars with impact damping are also
relatively cheaper than other damped boring bars. It is there-
fore concluded that impact damping has a good effect in
improving surface finish in boring operation.

Pardeep Kumar et al.29 conducted an experiment to analysis
and optimized the parameters that affect bore deviation (BD)
in boring process. A systematic method as outline in the form
of flow chat as shown in Figure 12 was used to optimize the
cutting parameters to achieve minimum BD of the Crankcase
made up of grade FG 260 of IS: 210–1978.

Randomization of the run order and analysis sequences
was carried out according to the run order by Design Expert
software 9.0. Full factorial design of three factors with two
having three levels and one factor having two levels which
consist of 18 runs were adopted. The overall experimental
results corresponding to 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 Expert software was used to analyze the results
obtained in order to identify the significant factors and inter-
actions between the factors 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 plot for the dependent para-
meters that significantly affect the response were obtained to
show the reliability of the results obtained from the experiment.

From the experiment, it has been observed that the existing
parameters for finish tappet bore was cutting speed (137 m
min�1), feed rate (0.1 mm rev�1), and cutting allowance
(0.5 mm�1), whereas for the same dimensions the optimum
cutting parameters was cutting speed (160 m min�1), feed rate
(0.3 mm rev�1), and cutting allowance (0.3 mm�1). Further,
on comparing the values of BD of existing and optimum
parameters, the BD was 0.021 mm when the experiments were
performed with existing cutting parameters whereas BD
obtained with optimum parameters was about 0.015 mm.
Therefore there was an approximately 40% of reduction in BD
by employing the optimum parameters.
1.2.3 Application of Boring Process in the Building
of Tunnel

Boring process is not only restricted to workshop, in fact, it has
been applied in the building of tunnels for transportation
purpose. Since the need for infrastructure to handle the
intercity transportation of people and goods has steadily
increased. The construction of such facilities often requires the
excavation of long, deep tunnel such as the base tunnels of the
Alptransit Project in Switzerland,30 the Brenner Base tunnel
between Austria and Italy,31 the Lyon-Turin tunnel between
France and Italy,32 or the Gibraltar Strait tunnel between Spain
and Morocco.33 The application of boring process in this
complex operation involved a large special engineering
machine for tunnel boring known as tunnel boring machine
(TBM). In using TBM, it has been observed that several factors
affect its operation. Robbins34 stated that, it was always
impossible to find a route that will avoid the problem of
excavating in difficult geological zones with a sufficient degree
of certainty. 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 project into doubt. The length and the number
of critical stretches are very important in this respect. Short
tunnel stretches with unfavorable but well-known geological
conditions are not particularly risky for the economic success
of a TBM drive provided that adequate countermeasures are
planned in advance.35

TBM performance can be affected by geological conditions
in a great variety of ways.36 For instance, boreability problems
in hard rock, steering difficulties or severe vibration of the
cutter head due to mixed face or blocky rock conditions, major
water inflows, cave-ins ahead of the tunnel face, or
unstable excavation walls in highly fractured or weathered rock
as well as crossing fault zones may represent difficult tunneling
conditions. ITA37 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 tun-
neling, the need for well funded, thorough investigation of the
risks, the technical 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
kept engineers busy for more than 30 years.38–40 Due to the
increased economic importance of mechanized tunneling
associated with the demand for long-deep tunnels, the appli-
cation of boring operation is particularly relevant today.

Ramoni and Anagnostou41 carried out a comprehensive
literature search on case histories involving TBMs under
squeezing conditions in order to identify the specific problems
associated with the use of TBMs. They observed that squeezing
behavior may become problematic at different distances
behind the tunnel 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 (e.g., jamming of
the back-up equipment, inadmissible convergences of the
bored profile, damage to the tunnel support). In addition to
the difficulties that are directly caused by squeezing behavior,
adverse events such as clogging of the cutter head, insufficient
bracing of the grippers, or instabilities of the face or the tunnel
wall may also occur when boring through weak ground. It was
equally difficult or even impossible to distinguish the different
phenomena from each other. For example, when driving
through poor-quality ground it may remain uncertain if the



Table 19 Surface roughness with passive damper (boring bar overhang length: 40 mm, depth of cut: 0.6 mm, and feed rate: 0.09 mm min� 1)28

S/No Speed (rpm) Test No. Vertical position Test No. Horizontal position

Response (surface finish Ra in μm) Response (surface finish Ra in μm)

1 2 3 1 2 3

1 80 7 3.16 3.30 3.28 14 3.29 3.46 3.31
2 160 4 2.70 2.61 2.65 15 2.96 2.78 2.94
3 240 6 2.37 2.39 2.51 23 2.76 2.79 2.73

Table 20 Surface roughness with passive damper (boring bar overhang length: 80 mm, depth of cut: 0.6 mm, and feed rate: 0.09 mm min� 1)28

S/No Speed (rpm) Test No. Vertical position Test No. Horizontal position

Response (surface finish Ra in μm) Response (surface finish Ra in μm)

1 2 3 1 2 3

1 80 1 2.61 2.40 2.50 16 3.14 3.27 3.35
2 160 8 2.56 2.37 2.31 21 2.38 2.47 2.71
3 240 9 2.61 2.40 2.50 22 1.26 1.38 1.56

Table 21 Surface roughness with passive damper (boring bar overhang length: 120 mm, depth of cut: 0.6 mm, and feed rate:
0.09 mm min� 1)28

S/No Speed (rpm) Test No. Vertical position Test No. Horizontal position

Response (surface finish Ra in μm) Response (surface finish Ra in μm)

1 2 3 1 2 3

1 80 13 3.23 3.29 3.11 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 3.11 25 2.99 3.35 3.09

Figure 12 Flow Chart of Experimental Method.29

Table 22 Design of Experimental set up29

Run Factor 1 (A) Factor 2 (B) Factor 3 (C) Response

Cutting
allowance
(mm)

Cutting speed
(m min� 1)

Feed rate
(mm rev� 1)

Bore
deviation (m)

1 0.3 120 0.1 0.017
2 0.5 120 0.1 0.022
3 0.3 140 0.1 0.02
4 0.5 140 0.1 0.019
5 0.3 160 0.1 0.018
6 0.5 160 0.1 0.02
7 0.3 120 0.2 0.021
8 0.5 120 0.2 0.021
9 0.3 140 0.2 0.02
10 0.5 140 0.2 0.021
11 0.3 160 0.2 0.016
12 0.5 160 0.2 0.019
13 0.3 120 0.3 0.023
14 0.5 120 0.3 0.022
15 0.3 140 0.3 0.021
16 0.5 140 0.3 0.021
17 0.3 160 0.3 0.014
18 0.5 160 0.3 0.015
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Table 23 ANOVA for bore deviation29

Sources Sum of
square

df Mean
square

F-value Desirability

Means vs.
Total

6.806E-003 1 6.806E-003

Linear vs.
means

5.356E-005 3 1.785E-005 4.55

2FI vs. Linear 3.146E-005 3 1.049E-005 4.92 Suggested
Quadratic vs.
2FI

7.556E-006 2 3.778E-006 2.14 Aliased

Residual 1.587E-005 9 1.764E-006

Total 6.914E-005 18 17.59
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ground pressure acting upon the TBM is due to squeezing or
raveling behavior.35

A marked difference exists between conventional and
mechanized tunneling as a result of the magnitude of the
potentially problematic deformations. Due to the geometrical
constraints imposed by the equipment, even convergences as
small as one or two decimeters may lead to difficulties in the
machine or in the back-up area of a TBM drive Kovári.42 Again,
experience in some stretches of the Gotthard Base Tunnel has
shown that hard but highly fractured rocks may also exhibit
relevant deformations and challenge TBM tunneling, particu-
larly if encountered at great depths. Tunneling experience
shows that the ground deformations may develop very rapidly
and very close to the working face. In such a situation, the
achieved gross advance rate would play a secondary role (the
TBM would become jammed even if operated at the highest
feasible speed). Furthermore, standstills of TBM operation
cannot be completely avoided.39,43 Besides adverse ground
conditions, unpredictable stops due to technical problems
(e.g., electric power stoppages, mechanical breakdowns of the
TBM, problems in the back-up system) have to be considered.
For example, during the excavation of the Evinos–Mornos
Tunnel (Greece) the cutter head of one of the gripper TBMs
(D¼4.20 m) became jammed during an excavation standstill
which was caused by an interruption of the electric power
supply.

When tunneling by a single shielded TBM (or a double
shielded TBM in the so-called (auxiliary mode), the tunnel
support (lining by precast segments) forms part of the
thrusting system. There have been negative experiences in cases
where a proper backfilling of the segmental lining was not
achieved. For example, the double shielded TBM (D¼2.91 m)
that excavated a part of the Stillwater Tunnel (USA) probably
became trapped in squeezing ground because of the impossi-
bility of fully utilizing its installed thrust force. Firstly, it was
not possible to drive the double shielded TBM in the ‘gripper
mode’ and secondly, the improperly backfilled segmental
lining was not able to withstand the combined loading of
ground pressure and thrust force generated in the ‘auxiliary
mode.’ In this case there was a further difficulty in relation to
the telescopic part of the shield, which had a smaller diameter
than the front and the rear shield, favoring the accumulation
of loose material in this area, and thus leading to an increase
in the friction that had to be overcome when moving the
double shield. Similar problems also arose with gripper
bracing, the backfilling of the segmental lining, and the tele-
scopic part of the shield during the excavation of the Los
Rosales tunnel (Colombia, double shielded TBM, D¼3.54 m).
Possible problems in the back-up area include inadmissible
convergences of the bored profile or damage to the tunnel
support. Such problems are basically the same as in conven-
tional tunneling, the main differences being that in conven-
tional tunneling (1) there is the option of excavating a
considerably larger profile in the critical stretches (in order to
accommodate the deformations) and (2) there is also more
flexibility concerning the location of support installation
(stabilization measures can be taken practically wherever and
whenever required).

In TBM tunneling, the space available for ground defor-
mations and tunnel support is largely predetermined by the
fixed geometry of the excavated cross section. The possibility of
enlarging the boring diameter locally is very limited (up to
30 cm, if at all possible). Besides the typical problems men-
tioned above, jamming of the back-up equipment is an
additional hazard scenario to be considered, particularly for
gripper TBMs. This has been experienced, for example, during
the excavation of the Strada Section of the Tavanasa–Ilanz
Tunnel (Switzerland, gripper TBM, D¼5.20 m), in the
Northern Section of the Vereina Tunnel (Switzerland, gripper-
TBM, D¼7.64 m), and, recently, in the Faido Section of the
Gotthard Base Tunnel (Switzerland, gripper-TBM, D¼9.43 m).

In furtherance of their research, Ramoni and Anagnostou44

extensively studied the TBMs under squeezing conditions
under the following subheadings:
1.2.3.1 Ground–Equipment–Support Interactions

They identified the relevant interfaces between the main sys-
tem components and understanding their interactions was
very important to an assessment of the critical situations. This
might affect the performance, or even the feasibility of a TBM
drive taking into consideration the peculiarities of existing
TBM types with respect to thrusting systems, tunnel support,
the presence or absence of a shield, and the achievable gross
advance rate. They observed that the large number of interfaces
between ground, tunneling equipment, and support in com-
bination with the possibility of conflicting requirements
and feedback effects introduces a high level of complexity,
which necessitates an efficient mapping of the system and of
its interfaces in order to identify and analyze the relevant
interactions.
1.2.3.2 Boring and Thrusting

They have observed that the jamming of the TBM represents a
major hazard as it may lead to serious damage, necessitating
lengthy standstills for freeing or repairing the machine. Besides
being important from a practical point of view, this potential
problem is also theoretically very interesting and has attracted
several research efforts over recent years. The researchers that
have work in this area includes Graziani et al.,45 Ramoni and
Anagnostou,46,47 and Sterpi and Gioda.48 Ramoni and Ana-
gnostou44 further investigated the following conditions as it
affects boring and thrusting.
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1.2.3.2.1 Restart after standstill
If the ground behavior is time dependent, which is very
common for squeezing conditions, a radial ground pressure
may develop upon the machine during a standstill. In order to
resume TBM operation, i.e., to move the TBM forwards and
to rotate the cutter head, the thrusting system must be able to
cope with the frictional forces acting upon the cutter head and
the shield (Figure 13). In order to move the TBM forwards,
both the installed thrust force and the bearing capacity of the
thrusting system must be higher than the frictional resistance
(static friction).

The frictional resistance was observed to increase with the
radial pressure acting upon the machine (which may be high
in the case of squeezing ground) and with the size of the
loaded area (i.e., with the diameter and length of the cutter
head and of the shield). However, it depends on the type of
the ground and on the surface roughness of the cutter head
and of the shield as they are relevant with respect to the skin
friction coefficient.
1.2.3.2.2 Immobilization during ongoing excavation
TBM immobilization during the boring process can be seen
as equivalent to the borderline case of a zero net advance
rate. In the case of intensively squeezing ground, however,
one should bear in mind that before the machine moves
forwards the extrusion of the core has first to be compen-
sated. Under normal conditions (characterized by the usual
values for penetration and rotational speed), the effect of
the core extrusion is small, but it may become relevant in
the case of a low-penetration rate or a low-rotational speed.
In extreme cases, the cutter head penetrates and rotates
without moving forward (the penetration is used-up just
for removing the axially deforming ground at the working
face).
1.2.3.2.3 Tunnel support
Maidl et al.49 stated that the application of tunnel support
usually took place at two locations: in the machine area and
later in the back-up area at a distance of 30–60 m behind the
tunnel face. The locations of the support installation are
determined by the design of the tunneling equipment. In the
Figure 13 Loads acting on the TBM at restart (the shear and normal stress
Ramoni, M.; Anagnostou, G. Tunnel Boring Machines under Squeezing Cond
back-up area it is generally possible to install the tunnel sup-
port without slowing down the rate of TBM progress. Support
application in the machine area, however, interferes con-
siderably with TBM operation because, as a rule, it necessitates
a halt of the machine. Furthermore, the support in the
machine area may influence the ground pressure acting upon
the shield. According to Schneider et al.,50 particularly critical
in this respect is the zone between the first and the second
tunnel support installation points. In order to reduce the risk
of problems in this area (e.g., jamming of the back-up
equipment, inadmissible convergences of the bored profile,
damage to the tunnel support) the installation of a higher
quantity of tunnel support may be needed in the machine
area, and this, as said before, will affect general TBM
performance.
1.2.3.2.4 Single and double shielded TBMs
The differences between single and double shielded TBMs
include the TBM length, the thrusting system, the tunnel
support, and the advance rate. Single shielded TBMs are longer
than gripper machines. As the area exposed to the squeezing
pressure is larger, a higher frictional resistance has to be
overcome and, consequently, all other parameters being equal,
the risk of shield jamming is higher. The disadvantage of a
longer shield is, nevertheless, not of absolute significance
because single shielded TBMs usually have a higher installed
thrust force than gripper TBMs.
1.2.3.3 Counter Measures

In order to influence system behavior, counter measures are as
follows (1) cutter head, (2) geometry, (3) overboring, (4)
shield, (5) thrust force and torque, (6) back-up equipment,
and (7) tunnel support. While the tunnel support was studied
under (1) practically rigid supports, (2) yielding supports, (3)
deformable longitudinal joint elements, and (4) on the
appropriate support concept.

In conclusion, the authors observed that, the result of a
complex interaction between the ground, the tunneling
equipment (TBM and back-up) and the support affect the TBM
performance. Hence, the factors resulting from the three main
es at the face apply only in the case of a significant core extrusion).
itions. Tunn. Undergr. SP. Technol. 2010, 25, 139–157.
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components of the system affect the TBM drive simultaneously
and are usually coupled with each other.

Huo et al.51 investigated the effect of disk cutters plane
layout design of the full-face rock TBM based on different
layout patterns. The study involved formulation of a nonlinear
multi-objective mathematical model with multiple constraints
for the disk cutters plane layout design, and analyses the
characteristics of a multi-spiral layout pattern, a dynamic star
layout pattern, and a stochastic layout pattern. The emphasis
was put on the study of superiority of three different layout
patterns as shown in Figure 14.

Different layout patterns were adopted in practice during
the layout design of the disk cutters, while taken into con-
sideration the engineering technical requirements and the
corresponding structure design requirements of the cutter
head. Genetic algorithm was employed to solve a disk cutter’s
multi-spiral layout problem and a cooperative coevolutionary
genetic algorithm (CCGA) utilized to solve a disk cutter’s star
or stochastic layout problems. An instance of the disk cutter’s
plane layout design was solved by the proposed methods
using three different kinds of layout patterns. 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 cutters for the full-face rock TBM directly affects 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 multi-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

Available 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.
Figure 14 Different layout patterns of the disk cutters.51
Studies have shown that cutting fluid types and method of its
application could affect the outcome of an investigation dur-
ing machining processes.52,53 Efforts have been concentrated
on how vibrations, ratio of length to diameter affects the
results of boring operation and not much have been reported
on how cutting fluids type or it methods of applications affect
boring operation. Even when cutting fluids are used, it is never
discussed as a factor that could affect the outcome of the result.
For instance, Chang54 used two nose radii in his work to
evaluate the effect of vibrations on tool life and surface
roughness. He found that surface roughness and tool wear
were strongly affected by the vibration amplitude and fre-
quency and that improper tool geometry and nose radius will
produce more vibrations than the DOC. Huang and Chen55

discovered that two types of vibrations may occur in
machining, such as forced vibration and self excited vibration.
Forced vibration was noted to be associated with bad gear
drives, unbalanced machine-tool components, misalignment,
or motors and pumps, etc., while self-excited vibration
occurred due to chatter which was caused by the interaction of
the chip removal process and the structure of the machine tool
and resulted in disturbances in the cutting zone.

Similarly, Lin and Chang56 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 Vosniakos57 investigated the
relative motion between cutting tool and workpiece on the
surface finish profile, using the ratio between vibration fre-
quency and spindle rotational speed. While, Salgado et al.58

studied the cutting parameters such as feed rate, spindle speed,
DOC, tool nose radius, nose angle, and vibration data which
are the input information for evaluation of tool life by
adopting two levels of spindle speed, feed rate, and nose
radius. Korkut and Kucuk59 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
failure in boring was identified by observing higher power
consumption, poor surface finish, dimensional inaccuracy,
appearance of a burnishing band on machined surface, tool
vibrations, workpiece vibration, etc.

A lot of experimental and analytical studies have been
employed to study boring bar dynamics and most researches
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were usually carried out on dynamic modeling of cutting
dynamics and concentrated on the prediction of stability
limits. Parker60 investigated the stability limit of a slender
boring bar in external longitudinal turning, experimenting
with alternative regenerative cutting conditions at different
cutting speeds and inclination angles. The vibration was
measured in the cutting-speed and cutting-depth direction. He
developed a two-degrees-of freedom analytical model of
the boring bar with two input forces, one proportional to the
variation of chip thickness and the other proportional to the
penetration velocity. Based on boring bar point receptance
estimates, the modal constants of the model were determined.
Stability limits were predicted with the aid of the model; these
were then compared with the experimental results. However,
there was a wide range of cutting speeds resulting in extensive
vibration in the cutting-speed direction, which was not pre-
dicted by the model. The experimental results indicated that
the direction of vibration was either in the cutting-speed
direction or in between the cutting speed and cutting depth
direction.

Rao et al.61 introduced an analytical dynamic boring force
model which included the instantaneous variation of chip
cross-sectional area under dynamic conditions. They produced
a continuous system model of boring dynamics based on their
dynamic boring force model and an uniform Euler–Bernoulli
cantilever beam with a circular cross section. They studied
boring with a zero side cutting edge angle and calculated
chatter frequencies (fundamental eigen frequency of the bor-
ing bar) and amplitudes; these were then compared with the
experimental results. They claim that their model correlates
well with the experimental results.

Jayaram et al.62 attempted to model the chatter stability
limit in boring using a simplified analytical model of boring
bar dynamics based on the direct point receptance functions
and a linear regenerative cutting force model for three ortho-
gonal directions. Jayaram et al.40 claimed that estimates of the
direct point receptances were produced based on hammer-
excitation. Moreover, they experimentally determined stability
limits for turning to validate their model. Kuster et al.63

developed a computer simulation model of boring bar
dynamics based on a three-dimensional model of regenerative
cutting. Using the knowledge of the radius of curvature of the
cutting tool tip as a base, their model differentiates between
roughing and finishing in boring.

Marui et al.64 investigated primary chatter of boring bars
(with a rectangular cross section) and a tool holder shank
using experiments in which they cut the top of a square thread
in external longitudinal turning operations. The displacement
of the boring bars was measured in both the cutting-speed and
cutting-depth direction. With respect to the tool holder shank,
both the cutting force and the displacement were measured in
the cutting-speed direction. They used displacement and force
as a function of time and chatter mark on the workpiece as
well as displacement versus displacement to study primary
chatter. They found that the vibration of the tool was dom-
inating in the cutting-speed direction. The frequency of this
self-excited vibration was slightly lower than the first natural
frequency in the cutting-speed direction of both the boring
bars and the tool holder shank. While, Taskesen65 used a
closed-loop feedback circuit in on-line vibration control
system to measure the relative vibration between workpiece
and cutting tool. He used root mean square of workpiece
vibration velocity to evaluate the tool life.
1.2.5 Conclusions

It has been established that one of the important factors that
affect manufacturing cost is the cost of tooling; therefore any
reduction in tooling cost will result in the reduction of man-
ufacturing cost. This reduction in tooling cost can be achieved
through proper selection of tool material, tool geometry, cut-
ting speed, feed rate, DOC, and cutting fluids. Following the
literature review on effect of cutting parameters during boring
operation, it is observed that experimental investigation of the
effect of cutting fluid types and its method of application in
boring operation still remain an area of research that has not
been studied.

Thus, it is of importance to investigate the effect of cutting
fluids on the dynamic properties of the clamped boring bar,
surface roughness, and tool wear during boring operation in
order to gain further understanding of the dynamic behavior
of clamped boring bars in the boring process. It is equally
observed from literature that the TBM performance depends
on a very complex interaction between the ground, the tun-
neling equipment (TBM and back-up), and the support.
Hence, these factors resulting from the three main components
of the system affect the TBM drive simultaneously and are
usually coupled with each other.
See also: 1.1 Factors Affecting Surface Roughness in Finish
Turning. 1.3 Finish Machining of Hardened Steel
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