Table 1  Test sequence I (For non-metallic gaskets)

Step St S2 S3 S4 S5 S6 S7 S8 S9 §10 | Si11
¢ N/mm? 5 10 20 10 20 30 40 20 10 5
P MPa 2

Table 2 Test sequence II (For spiral wound gasket)

Step St S2 S3 S4 S5 S6 S S8 S9 S10 | Stt
6 N/mm? 12.5 25 50 25 12.5 50 75 100 50 25 12.5
P MPa 4

MPa for sheet gaskets and spiral wound gaskets, respectively.
Compressive load of gasket is calculated by

W=Ao0. ‘ o)

The testing procedure is also shown in Fig. 2. In the testing
procedure, the gasket is loaded to half of the maximum gasket
stress, then, unloaded until one eighth of the maximum gasket
stress. The gasket is loaded again to the maximum stress,
then, unloaded again. This testing procedure simulates the
assembly process and the working condition of gaskets.

The internal pressures are 2 and 4 MPa for sheet gaskets
and spiral wound gaskets, respectively. The gasket is left for
5 minutes when the gasket stress is changed. Then, the leak
rate is measured using a burette. It takes about 15 minutes
for each measurement. Leak rate measurements for the 11
steps can be completed approximately within 3 hours.

1.25
s8
1
x s7
g 075
3 S3 Ss6 s9
b 05
s2 s4 s10
0.25 s1] [s5 st
0 L i3 1 1 1
0 0.5 1 1.5 2 25 3

Elapsed time hour

Figure 2 Testing sequence of gasket

Data processing and graphical representations of
test data

Effective gasket stress is calculated using the following
equation:

W-7d’P/4
o, =————.
A

where, the load W and the internal pressure P are measured
values.
"The test results are summarized in the following graphs:
- Effective gasket stresso,— deformation of gasket &,
- Fundamental leak rate L, —Effective gasket stresso,
- Fundamental leak rate L;— deformation of gasket &

®

TEST RESULTS

Figure 3 shows the fundamental leak rate L, as a function of
the gasket stress obtained using the loading-unloading
sequence shown in Fig. 2. The tested gasket is compressed
non-asbestos fiber sheet gasket #1995(Nichias Corporation), of
which thickness is 1.5 mm. The inner and outer diameters of
contact surface of gasket, d; and d,, are 61 and 96 mm
respectively.

The leak rate is expressed by the unit Pa - m’/sec
throughout this paper. The leak rate decreases with
increasing the gasket stress in the assembly process. When
the gasket is unloaded at about 20 MPa, which corresponds to
a working condition, the leak rate stays less than that in the
assembly condition. Leak rates for S5 through S10 could not
be measured because the leak rates were well under the
measurable limit of a burette. It can be seen that the leak
rates for loading and unloading cycles are different each other.
As shown in this result, the sealing behavior is complex and is
difficult to formulate.
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Figure 3 Sealing behavior as a function of gasket stress
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Figure 5 Sealing behavior as a function of gasket deflection

Figure 4 shows the stress-deflection diagram of the tested
gasket during the seal test. As shown in the figure, the
inclination increases as the gasket is compressed. This means
that the gasket becomes stiffer. When the gasket is unloaded
at about 20 MPa, a large plastic strain is observed compared
with the recovery of the elastic strain. The reason for this is
thought that the compressed fiber sheet gaskets are porous in
nature. Once they are compressed, the material cannot be
recovered due to its porous structure.

It has reported that the leak rate has a close relation with
the gasket strain or deflection [4, 5]. The leak rate is
arranged by the deflection of the gasket and the relation
between them is shown in Fig. 5. The leak rate is indicated
using a log scale. The solid line is an approximated result
mentioned later. As shown in the figure, experimental results
in the assembly process and those in the working condition
almost coincide each other and fall onto one straight line on a
semi-log graph. This fact strongly suggests that the leak rate
of gasket is directly related to the gasket deflection. The
reason for this is thought to be as follows: many micro leak
paths through the section of gasket exist because the gaskets
used in this study are porous. It is thought that the cross
sectional areas of the micro leak paths govern the leak rate and
the strain or deflection of gaskets is a direct measure of the
cross sectional area of the micro leak paths. Thus, the leak
rate has a good correlation with the gasket strain or deflection.
As the relation between the leak rate and the gasket deflection
is linear on a semi-log plot, the leak rate can be expressed by
the following equation:

L, =0.1675-¢7%%% [Pa-m’/s]. Q)

The calculated result by Eq. (9) is also plotted in Fig. 5. The
experimental data are well approximated by Eq. (9).

CONCLUSIONS

This paper discusses the gasket testing procedure HPIS
Z104 to obtain fundamental sealing behavior of gasket
established in Japan. It is shown that the fundamental
sealing behavior can be well characterized using the proposed
testing procedure.

The future project is to develop experimental formulas to
indicate the sealing behavior of gasket for various kind of
gaskets based on measured data obtained using the testing
procedure HPIS Z104.
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ABSTRACT

Elastic region tightening based on torque control method
is conventional method of tightening a bolt. Axial force of the
bolt is controlled by a torque wrench, however, it is not easy to
achieve uniform bolt tightening force. When torque method is
applied to flange joint assembly, the scatter of the bolt tightening
foeces are large. They might cause the leakage of the internal
fluid from a flange joint. Recently, plastic region tightening is
remarked for critical applications, which provides good
uniformity in bolt preloads and high preloads compared with
the elastic region tightening,.

In this research, the plastic region tightening is applied to
flange joint assembly and its superiority in uniformity of the
bolt tightening force is demonstrated. For the tightening tests,

‘JPI-4inch flange, spiral wound gaskets and M16 bolts were
used. Axial force and elongation of all bolts in the flange were
measured. Bolts were tightened by modified HPIS flange
tightening procedure which incorporates the angle control
method into the clockwise tightening sequence.

Experimental results show that variations of the axial force
in the plastic region was smaller than those in the elastic region.
The influence of the elastic interaction on the axial force in the
plastic region is also small. It is concluded that the application
of plastic region tightening to flange joint assembly is effective
for the leak-free joint and that the nominal diameter of the bolt
can be reduced.

INTRODUCTION

A flange joint with a gasket is widely used for the joint of
the piping and the pressure vessel in various plants. The
pressurized fluid contained are often under high temperatures
and harmful. It is difficult to prevent the leakage completely,
therefore there is a risk that the leakage causes an accident.
Many researches have been carried out to establish a method

Hirokazu TSUJI

Department of Intelligent mechanical Engineering,
Tokyo Denki University
Ishizaka, Hatoyama, Hikigun, Saitama, Japan
E-mail: tsuji@n.dendai.ac.jp

of design and assembly procedure of the leak-free flange joint,
though it has not been reached.

Conventional tightening method of the flange joint
tightened with multi-bolts is elastic region tightening by the
torque control method with torque wrench. In the elastic region
tightening method, variation of the friction coefficient under
tightening affect the uniformity of the tightening force.
Additionally, flange joint assembly brings some problems and
difficulties; the tightening force variation due to elastic
interaction, uneven flange gaps and the relaxation of the gasket.
They may cause ununiformity in the gasket stress and result in
the leakage of an internal fluid from the flange joint.

In the automotive industry, the plastic region tightening is
in attracted as practical tightening method in which the target
of tightening force is yield point or plastic region. The plastic
region tightening has advantages as follows; higher tightening
force, less variation of the tightening force. The yield tightening
force is determined by the mechanical properties of the material
and the effect of the friction coefficient of the bolt is small.
The plastic region tightening prevents advantageously the
fatigue fracture and the relaxation of the joint and may increase
the reliability of the joint. The diameter of the bolt is reduced,
the number of the bolt is decreased or the strength class of the
bolt is lowered. For the critical application, therefore, high
performance and cost reduction are achieved compatibly.

The plastic region tightening has been applied to various
fields. In the automotive industry, it is applied to the parts where
frequent disassembly and reassembly are not required such as
the cylinder head bolt and the connecting rod bolt in the engine
assembly, and its superiority is demonstrated. In an architectural
field, it is applied to friction grip bolts. Many researches have
been done to clarify the superiority of the plastic region
tightening and to establish a strength design of the joint.

Copyright © 2006 by ASME



Table 1 HPIS tightening procedure [2].

Step Loading

Hand tighten all bolts, then tighten 4 or 8 equally spaced|
bolts with gradually increased tightening torque to 100%
of'target torque on a cross-pattem tightening sequence.
Check flange gap around circumference for uniformity.

Install

Tighten all bolts with tightening torque to 100% of
target torque on a rotational clockwise pattemn for
specified iterations

(6 passes for 10 inch and greater flange, 4 passes
for others).

Tightening

Ifnecessary, wait a minimum of four hours and tighten

Post-tightening by the previous step, but 1 or2 passes.

Yield clamping force
Ultimate cleAl/mp ing force

/

9 Yield point
&
i_%‘ Rupture
Elastic region Plastic region
0
Elongation
Fig.1 Relation between axial force and

bolt elongation under tightening.

Table 2 Tightening control method.

Tightening control method Index Tightening Txghte.mng
area coefficient Q

Torque control method Tightening torque elastic region 1.4-3

. . elastic region 1.5-3
Angle control method Tightening angle - -

plastic region 1.2
Torque gradient Tightening t(')rque gradxent clastic limit 12
control method for tightening angle

Today, the advantages of the plastic region tightening has
been noticed. However, the characteristics of joints with multi-
bolts tightened to the plastic region such as the flange joint is
not yet shown.

In this research, the plastic region tightening is applied to
flange joint assembly. Tightening procedure for the multi-bolt
joint according to the plastic region tightening method is
proposed and the superiority in the uniformity of the bolt
tightening force is demonstrated. The uniformity of the bolt
tightening force contributes to the leak-free service of the flange
joint. Since the plastic region tightening obtains higher
tightening force compared with the elastic region tightening, it
enables the bolt and the flange joint to be downsized.

OVERVIEW OF THE BOLT TIGHTENING PROCEDURE
FOR FLANGE JOINT ASSEMBLY
Although the importance of bolt tightening force control is
recognized and the torque control method is applied widely, it
is difficult to achieve accurate tightening force. The friction
coefficient may varies even if the torque wrench is carefully
used, and it follows that the scatter in tightening force becomes
at least +17% [1].
JPVRC BFC committee has proposed a new tightening
method (HPIS procedure, namely clockwise pattern tightening
method[2]), with the aim of a simple and effective procedure

which achieves uniform bolt preloads and accurate flange
alignment [2].

Table 1 shows the steps of the HPIS tightening procedure.
The bolts are tightened to 100% of the target torque in all steps
to decrease the number of tightening steps, except for the install
step to prevent the flange misalignment by snugigng and
tentative tightening. In all steps, the clockwise-pattern bolt
tightening sequence is employed with the aim of a simple
procedure to prevent human errors.

HPIS tightening procedure (Clockwise-pattern tightening
method) achieves a comparable uniformity of the bolt tightening
force, while the total tightening steps/rounds required for the
joint assembly is decreased, compared with ASME method
which employes the torque increment steps and a cross-pattern
bolt tightening sequence[3]. HPIS procedure reduces both the
cost and the human errors to avoid the complicated specification
on the torque increment rounds and the tightening sequence,
so that the method is practical with effectiveness and simplicity

(2],[4].

THE CONCEPT OF PLASTIC REGION TIGHTENING
Table 2 shows various tightening control methods. The

torque control method is applied to the elastic region tightening.

The angle control method and the torque gradient method are

applied to the plastic region tightening. The tightening factor
Copyright © 2006 by ASME



Q=F, . /F, . shown in Table 2 means a scatter in the
tightening force. The value of Q for the plastic region tightening
including the yield point tightening is smaller than that for the
elastic region tightening.

Figure 1 shows the relation between axial force and
elongation of bolt under tightening to rupture.

Plastic region tightening is a method of tightening to the
plastic region where the tightening force is greater than the
yielding load (yield clamping force in Fig. 1) of the bolt. The
tightening force of the bolt, which depends on its mechanical
properties and the friction coefficient, is 80-90% or more of
the tensile strength of the bolt. Since the control of strength of
the bolt is easier than the control of friction coefficient, the
scatter of tightening force by the plastic region tightening is
smaller than the elastic region tightening. The plastic region
tightening method has higher efficiency of the strength
utilization of the bolt.

For the plastic region tightening, the tightening force is
not controlled by the torque control method, therefore, an angle
control method, i.e. the control of the rotational angle of the
nut, is employed. Since the slope of curve at plastic region
shown in Fig.1 is small, effect of the error of the rotational
angle on the scatter of the tightening force is small.

ESTIMATION OF YIELD TIGHTENING FORCE BASED
ON RIGID-PLASTIC MODEL

Estimation method of yield tightening force of bolts based
on rigid-plastic model was proposed by Tsuji et al. [5], [6]. It
is possible to estimate the yield tightening force in the plastic
region tightening by the use of the material constant obtained
by uniaxial tension of the bolt. The yield tightening force F P of
the bolt is expressed as

ﬂdszo‘ys
2
414303 %0 P 55, D
2 dg\ nd,

where d, is pitch diameter, d, is diameter of net cross-sectional
area, Pis pitch, o _isyield stressand p _is friction coefficient
of thread.

Bolts with reduced shank of hollow cylinder were used
for the tightening test in order to adjust the yield tightening
force. The yield tightening force of the bolt with reduced shank
is also calculated based on the solution extended to a hollow
cylinder.

For the rigid-plastic hollow cylinder, the yield criterion
under the combined loads of axial tension and torque is

F, =

expressed as follows :

(7] {z)- ®

where F’ ", 1s axial tension and T , is torque. The value of F and
T, are yield point loads when the hollow cylinder is subjected
to axial tension only and torque only, and expressed as follows

Fy="dg (1= K)o, 3)
i
T, =54 -, )

where T, is the yield stress (under uniaxial tension), d, is
outer diameter of reduced shank body and k = d/d, is diameter
ratio of hollow cylinder. Shearing yield stress = w0, / /3
is derived from von Mises yield criterion.

Since thread torque T, is proportional to the axial force of the
bolt F}, the relation between yield tightening force ny and yield
thread torque T . is expressed as

(P
T, =Fﬁ,~2—(;+1.155,u3d2j &)
Knowing « F, is obtained from Egs. (2)-(5) as follows :
P rdy (1-K)o,,

- . 2
4\/14_3{2&(1-1{ )}(L+1.155,U,J (6)

2d, (1-F) |\ zd,

When o= 900MPa obtained from uniaxial tension test
is substituted for Eq.(6), ny=42.8kN. Calculated yield
tightening force is decreased by 8% compared with the yielding
load 45.1kN obtained by the uniaxial tension.

PRELIMINARY TIGHTENING TEST OF BOLT
INDICATOR TYPE OF BOLT
Characteristic of plastic region tightening of the bolt used

is examined before the tightening test of the flange joint.
Figure 2 shows the indicator type of bolt for the measure-
ment of the bolt elongation. Nominal diameter of the bolt is
M16. The material of the bolt is SNB7, and of the nut is S45C.-
The middle part of the bolt was machined to a reduced shank
body. A through hole of the diameter 6mm is drilled and a indi-
cator rod of diameter 4mm is passed through the bolt to mea-

Indigator rod
__32_,‘ \ M16
/

Z 7]

Weld
o }f/ S TT7777% 777

e
=
AS

G100

150

Fig.2 Indicator-type of bolt.
Copyright © 2006 by ASME



sure the bolt elongation. An edge of the rod is fixed by weld-
ing, and a flat gage head is set on the other edge.

TIGHTENING TEST CONDITIONS

Figure 3 shows a assembly of a bolt and a elongation
detector and Fig. 4 shows a setup for the plastic region
tightening test of the bolt. Voltage change of a potentiometer
by the displacement of the indicator rod is measured with a
digital multimeter and recorded by a PC. A load cell which
measures the tightening force is placed between nuts. The
lubricant used in the test is a dry coating spray of MoS,
(molybdenum disulfide) used in many plants.

Firstly, the bolt is tightened by hand lightly. After that, the
bolt is tightened untill the bolt breaks by the angle control
method using a torque wrench with a ten times torque

amplifying device.

CHARACTERISTIC OF BOLT UNDER THE PLASTIC
REGION TIGHTENING

Figure 5 shows the test result of the plastic region tightening
of a set of the SNB7 bolt and the nut. Figure 5 (a) shows the
relation between the nut rotational angle and the bolt tightening
force and (b) shows the relation between the bolt elongation
and the bolt tightening force. The bolt yielded when its
elongation reached to 0.3 mm, and ruptured at 2.1 mm in
elongation. The yield tightening force is 47.9kN, determined
by 0.2% permanent set of the reduced shank body length. These
behaviors are similar to those of general high-strength bolt
tightened to the plastic region.

To obtain the relation between the nut rotational angle and
the bolt elongation, the compression compliance of the joint
should be taken into account, besides the pitch of the bolt. Since
the compression compliance of the flange joint is large due to
the gasket and the flange rotation in the case of the following
flange tightening test, the target value of the tightening angle
should be chosen to make sure that bolt is settled into the plastic
region.

TARGET VALUE OF NUT ROTATIONAL ANGLE
Figure 6 shows the method to determine the target value

of the nut rotational angle . In order to minimize the influ-

ence of the variation of the nut rotation angle on the tightening

Housing

Adopter

Indicator rod T— "‘_ 55 -

Test bolt/‘—L C;‘7—"—:} -
L] N

Potentiometer

Fig.3 Assembly of bolt and elongation detector.

o
7
@ Torque wrench @ Ten times torque amplifying device
@ Load cell @ Potentiometer  ® Strain amplifier

® Digital multi- meter @ Personal computer

Fig.4 Setup for plastic region tightening test.
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]

(a) Relation between axial force and bolt elongation.

60

40 /
30 /
20 /
10 /
0

0 90 180 270 360 450 540
Nut rotational angle deg

Axial force kN

(b) Relation between axial force and nut
rotational angle.

Fig.5 Result of plastic region tightening test.
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force, ¢,shown in Fig.6 seems to be suitable for the target
value. Necking of the bolt starts just after the maximum point
8,,, so that the weakening effect of the reduction in the cross-
sectional area is dominant and the tightening force decreases
until the bolt ruptures. It might be undesirable to generate neck-
ing immediately after tightening. Considering the assembly
efficiency in the site and the reuse of the bolt, nut rotational
angle should be as small as possible. Then, the mean value of
0,and 6,,, is considered as the optimum target value of the nut
rotational angle 8, ,

6=, +6,) 9

The value of 8, is set to 420 degrees by the preliminary
flange tightening test, taking into account of the compliance of
the actual flange joint.

PLASTIC REGION TIGHTENING TEST OF THE
FLANGE JOINT
SETUP FOR TIGHTENING TEST

Figure 7 shows a setup for the plastic region tightening test
of the flange joint. Bolt tension is controlled by the angle con-
trol method where a torque wrench and a ten times torque am-
plifying device are used for tightening operation. Tightening
force of each bolt is measured using a load-cell with strain
gages and the flange gaps are measured by a vernier caliper.
Elongation of the bolt is measured using the potentiometer.
Measured data are recorded by a personal computer through a
digital multimeter. The test flange is the 4 inch class 150 1b
(material: SFVC2A), raised face slip-on welding type flange
specified in JPI (Japan Petroleum Industry). The test bolt (stud)
is nominal diameter of M16 with nuts (bolt material: SNB7,
nut material: S45C). Figure 8 shows a test gasket, spiral wound
gasket (SWG) made of non-asbestos filler with an outer ring
(No.591, Nippon Valqua Co.).

TEST CONDITIONS

Tightening test procedure follows the slightly modified
HPIS procedure which employs a rotational clockwise pattern
tightening sequence, to achieve an assembly efficiency and the
joint reliability. The angle control method is used for tighten-
ing instead of the torque control method. As an install step,
bolts are hand tightened, and are tightened by a cross-pattern
tightening sequence with a snug torque corresponding to 10kN
of the bolt axial force. As a main step, bolts are tightened in a
rotational clockwise pattern sequence and the nut rotational
angle is 60 degrees. Since the tightening force is 49kN when
the bolt completely reaches the plastic region by the prelimi-
nary test, target value of the nut rotational angle is set to 420

degrees, corresponding to 7 passes. Lubricant used in the test
is a dry coating type spray of MoS, (molybdenum disulfide)
applied to many plants.

®\—,Erk _
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[
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RESULTS AND DISCUSSIONS
Figure 8 shows the result of the tightening test of the flange
joint: Figure 8 (a) shows the relation between the pass number

and the bolt elongation and (b) shows the relation between the
pass number and the axial force. The axial forces of all bolts
are measured during the tightening process. The bolt elongation
increases in proportion to the pass number from pass No.1 to
pass No.4. The rate of the bolt elongation increment changes
when the bolts reaches the plastic region (Fig. 8 (a)). In pass
No.5, the bolt axial force becomes 40kN and reaches the yield

U
— ’
“ Y,
[0
2
2] X
8

72}

Nut rotational angle &

Fig.6 Detemmination of target of nut
rotational angle.

rﬂ'ljm
| )
|
@ Ten times torque amplifying device @ Clamp lock
@ Hexagonnut & Load-cell

Strain amplifier
Personal Computer

@ Flange joint
® Bolt
© Digital multimeter

@ Potentiometer

Fig.7 Setup for flange tightening test.
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point. In pass No.6, all bolts reach the plastic region. Their
final axial force, namely tightening force are about 45 kN at
&, Scatter of axial force is 10% or less when tightening was
completed. The uniformity of bolt tightening forces obtained
by the test is equivalent or superior to that of the elastic region
tightening. A favorable result is obtained compared with the
data of HPIS procedure for the elastic region tightening, In the
case of the bolted joint tightened by many bolts such as the
flange joint, the scatter of the bolt axial force is small by the
plastic region tightening.

Figure 9 shows the elastic interaction in the tightening
processes: Fig. 9 (a) shows variation of the bolt axial force in
the pass of the elastic region and (b) shows variation of the
bolt axial force in the pass of the plastic region.

When two adjoined bolts have been arranged relatively
closely, the influence of the elastic interaction on the variation
of the bolt axial force is significant under the elastic region
tightening (torque control method). The influence of the elastic
interaction appears in the elastic region under the plastic region
tightening by the angle control method as well as the elastic
region tightening by the torque control method. When bolts
reach the plastic region, tightening of a bolt does not influence

—&—Bolt No.1 —#~ Bolt No.2 —& Bolt No.3 —&~ Bolt No.4
-0 Bolt No.5 & Bolt No.6 —4— Bolt No.7 —©- Bolt No.8

1.4
.

E 10

0.8

06

0.4

0.2
0.0

10n

elongat

0 1 2 3 4 5 6 7
Pass number

(a) Relation between pass number and bolt
elongation.

—9— Bolt No.1 B Bolt No.2 ~& Bolt No.3 ~9~ Bolt No.4
—©—Bolt No.5 - Bolt No.6 &~ Bolt No.7 —&~ Bolt No.8

Axial force kKN

0 1 2 3 4 5 6 7
Pass number

{b) Relation between pass number and bolt
elongation.

Fig.8 Result of tightening test of flange joint.

the axial force of the neighboring bolts. An increase in the axial
force is very small in the plastic region, so that the influence of
the elastic interaction is also small. It is effective in the
uniformity of the bolt tightening force.

The flange gaps are measured at four points of the flange
circumference in order to check the uneven clamping.
Ununiformity of flange gaps measured are from 0 mm to 0.4
mm. :

These data are the comparable to the data of the elastic
region tightening by HPIS procedure. Uneven clamping does
not appear in the plastic region tightening,

In this research, bolts with the reduced shank of cross-
sectional area A, = 50.3 mm? are used to adjust the tightening
force and their yield clamping forces are 50 kN. Standard
tightening force for the combination of the test flange and the
gasket is 35kN. Assuming that the number of bolts and the
strength class of bolts are constant, equal tightening force can
be achieved by using M8 bolts (stress area 4, = 36.6 mm>).
Application of plastic region tightening to the flange joint is
able to downsize the bolts and the flange due to higher
tightening forces and their uniformity.

- Bolt No.1 & Bolt No.2 ~&— Bolt No.3 ~®- Bolt No.4
—©~ Bolt No.5 ~8~ Bolt No.6 —&— Bolt No.7 —©~ Bolt No.8

Bolt No.
(a) Pass at elastic region.(Pass No.2)

9 Bolt No.I ~& Bolt No.2 "% Bolt No.3 ~® Bolt No.4
—©Bolt No.5 ~&~ Bolt No.6 ~% Bolt No.7 ~©~ Bolt No.8

Bolt No.
(b) Pass at plastic region. (Pass No.6)

Fig.9 Variation of axial force during one pass.
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CONCLUSIONS

This paper described the application of plastic tightening

bolt to the flange assembly. The following results were obtained.

(1) The behavior of the plastic region tightening of the
bolt made of SNB7 was examined. There was no
difference between the SNB7 bolt and the high
strength bolt for the automotive application.

(2) The estimation method of the yield clamping force of
the bolt with reduced shank of hollow cylinder was
proposed.

(3) The flange joint was tightened to the plastic region of
the bolt by the modified HPIS tightening procedure
with the angle control method.

(4) Under the plastic region tightening, the influence of
the elastic interaction appeared in the elastic region
as well as the elastic region tightening by the torque
method. When bolts reached the plastic region,
tightening the bolt does not influence the axial force
of the neighboring bolts. Uniform tightening force is
achieved, so that scatter of final tightening force was
10% and less.

(5) When the plastic region tightening is applied to the 4
inches standard flange joint, equivalent tightening
force can be achieved by using M8 bolts in place of
M16 bolts.
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