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“Study on Slip Load Behavior of Friction Type High Strength Bolted Joints Having Misalignment on the Contact Plane”

(SUMMARY OF THESIS)

This paper, which is entitled “Study on Slip Load Behavior of
Friction Type High Strength Bolted Joints Having Misalignment
on the Contact Plane,” discusses a theoretical calculation method
for the slip load of friction type high strength bolted joints having
misalignment of the contact plane by finite element method
analysis. The slip load of friction type high strength bolted joints
can be expressed by the product of the coefficient of slip of the
contact plane and the contact force generated at the contact plane.
Accordingly, when the coefficient of slip is constant, slip
resistance is due uniquely to contact force. On the other hand, the
contact force of joints having misalignment of the contact plane
varies depending on the bolt tightening method, tightening force,
splice plate thickness, and bolt tightening position; therefore, in
the analysis, contact force is calculated considering these items
as influencing factors. The validity of the analytical method is
demonstrated by experimentally verifying all calculated values
corresponding to the respective conditions. In this process,
contact force is verified using slip load as a substitutional
characteristic.

This paper comprises all of the following 6 chapters.

Chapter 1 “Introduction” This chapter presents the
purpose of this study based on a summary of the background of
the study and previous research. Specifically, friction type high
strength bolted joints are used in virtually all field joints of steel
structures. The friction type high strength bolted joint is a joining
method in which the joint materials are pressed together with
high strength bolts, and stress is transmitted depending on the
frictional force (slip load) generated between the joint materials.
A smooth flow of stress and high stiffness of the joint are
distinctive features of this joining method.

Misalignment of the contact plane sometimes exists in friction
type high strength bolted joints due to the dimensional tolerances
and fabrication accuracy of the component products and similar
factors. JASS6 "
irrespective  of the splice plate thickness. In this paper,

allows misalignment of up to 1 mm

misalignment is defined as the amount of misalignment in one
joint plane, as illustrated in Fig. 1.

The general tightening methods for high strength bolts are
the turn-of-nut method, in which tightening is controlled by the
nut rotation angle, and the torque control method, which is
controlled by the torque value when the nut is turmed. The
principles used in controlling bolt tension in the respective
methods can be expressed by Eq. (1) and Eq. (2), respectively.

As this implies, the effect of misalignment on introduced bolt
tension is different in the two methods. Therefore, in this paper,
the treatment of the slip load of joints having misalignment is
broadly classified by tightening method.

0 o 1 1 e
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Where, N : Bolt tension

6  : Nutrotation angle
p : Pitch of screws
Kb : Spring constant of bolts
Kp : Spring constant of splice plate
T  : Tightening torque
d  : Nominal diameter
Previous studies ¢ have shown qualitatively that the slip

load of friction type high strength bolted joints with
misalignment is reduced by influencing factors such as the
degree of misalignment, tightening method, splice plate
thickness, number of bolts, distance from the step edge to the No.
1 bolt on the misalignment side (inner edge distance), etc.
However, no study has attempted on a quantitative evaluation of
slip load by a comprehensive study of all influencing factors.

As described above, when misalignment exists in friction type
high strength bolted joints, which are used extensively in beam
joints in steel structures, failure to secure the designed strength
can be foreseen. As this has an important effect on the structural
safety of buildings, it is necessary to quantify the slip load of
joints with misalignment.

Therefore, the purpose of this paper is to propose an analytical
method which has general applicability and can follow the
changes in the slip load of fiiction type high strength bolted
joints with misalignment associated with respective changes in
influencing factors.

As used in this paper, the tum-of-nut method and torque
control method conform to JASS6. Namely, standard tightening
methods used herein are a method of rotating a nut 120° (6,)
after preliminary tightening to the specified torque value (termed
<Main plate . / Step edge
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Fig. 1 Definition of misalignment



the “standard turn-of-nut method”’) and a method of tightening to
the tightening torque which gives the standard bolt tension (N;)
(termed the “standard torque method”). The bolt tension and slip
load when a joint without misalignment is tightened by the
respective methods are used as standard values.

Chapter 2 “Proposed Analytical Method” This chapter
proposes an analytical method for quantitative evaluation of slip
load based on establishment of finite element method model,
which is applied to the respective changes in influencing factors.

The balance of forces in a joint with misalignment is shown
conceptually in Fig. 2. As shown in this figure, the factors which
influence contact force C are the degree of misalignment e,
tightening force N (tightening method, bolt diameter, number of
bolts), splice plate thickness t, inner edge length L, and excess
length Y. Accordingly, these are considered to be the influencing
factors in the analysis.

The analytical model is a model of a friction type high
strength bolted flange joint in an H-shape steel beam joint.
Okada et al.  pointed out that not only the effect of the side
where the misalignment exists, but also the effect of the fixed
side where misalignment does not exist, cannot be ignored when
preparing an analytical model. Therefore, a model used in
analysis like that shown in Fig. 4 is used in the present research.
The model considers the test side, as indicated by the pinkish
color in Fig, 3, and the range as far as the position of No. 1 bolt
on the fixed side. Among the influencing factors, in this
analytical model, it is possible to change the degree of
misalignment, bolt diameter, number of bolts, splice plate
thickness, inner edge length, and excess length by changing e, t,
L,andY.

The boundary conditions of the analytical model are the fixed
side main plate and splice plate, X direction constraint; one side
corresponding to the center position of No. 1 bolt on the fixed
side, X, Y, and Z direction constraints; and bottom side of main
plate, Z direction constraint. Three-dimensional contact surfaces
are set as boundary conditions for the friction joint planes of the
washer and splice plate, the splice plate and filler plate, and the
splice plate and main plate.

The analytical model uses 8-node solid elements and has a
maximum of 2,392 elements with an arrangement of 3 bolts. To
secure calculation stability, the gap between the main plate is
connected by elements with 1/100 of Young’s modulus of other
elements. The general-purpose nonlinear structural analysis
program ADINAS.6 is used in the analysis.

High strength bolts were modeled assuming the bolt head and
washer comprise a unitary body and the shank is a cylinder
without threads, and the equivalent stress-strain relationship

Width
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| | Tightening force: N |
@ Tightening force: N Splice plate thickness: t
reaction force: R
Degrecof T
Misalignmentt e

© N=C+R

N
Contact forceé
(B) exlarge, N: small, t: large, L: small; (C) e: small, N: large, t: large, L: large

Fig. 2 Schematic diagram showing condition of balance of forces
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shown in Fig. 5 is set. As the method of setting this equivalent
stress-strain relationship, strain and stress are converted from the
measured values of the relationship of nut rotation angle and bolt
tension (Fig. 6) in a bolt tightening experiment in which the nut
rotation angle, bolt tension, bolt elongation, and bolt torsion were
measured when steel plates without misalignment were
tightened using high strength bolts. This method was adopted
because it was judged to be impossible to use the stress-strain
relationship obtained from product tensile tests in the analysis, as
torsion occurred in the bolt shank and thread parts and
plasticization occurred in the thread part when steel plates were
tightened with high strength bolts. Therefore, a new equivalent
strain-stress relationship was set for the high strength bolts.

The following presents the detailed method of setting the
equivalent stress-strain relationship for high strength bolts for the
example of M20, F10T. The relationship is set so that elongation
(A1) of 2.5 mm, corresponding to one thread ridge pitch, occurs
in the bolt at a nut rotation angle of 360° in the nut rotation
angle-bolt tension relationship in Fig. 6. This bolt elongation
(A1) includes elongation of the bolt shank part, incomplete
thread part, threaded part, and thread fitting part in the nut, and
compressive deformation of the steel plates. The length (1) used
in calculations of strain is the thickness of the steel materials
including the washer thickness. Strain is calculated as the value
obtained by dividing the bolt tension (N), which is converted
from the measured value obtained with a strain gauge attached
to the bolt shank, by the cross-sectional area of the bolt shank
(Ab). In this equivalent stress-strain relationship, yield stress is
regarded as a value which expresses plasticization of the
threaded portion, etc. Figure 5 shows an example of the
equivalent stress-strain relationship set by the method described
above. Because the nominal diameter and grade are changed
experimentally in this study as a means of changing the
tightening force, equivalent stress-strain relationships were also
set for F10T, M16 and F14T, M22 using the same method.

Next, the following presents the method of inputting the bolt
tension in the analysis with the two tightening methods.

i) As the method of inputting bolt tension in the case of
tightening by tum-of-nut control, the progress of the nut,
corresponding to the nut rotation angle, is converted to imposed
displacement following the principle of the turn-of-nut method
described previously. That is, in the case of one-side
misalignment, the relationship between the nut rotation angle
and imposed displacement is assumed to be imposed
displacement of one thread ridge pitch at a nut rotation of 360°.
Therefore, the imposed displacement is 2.5 mm for M20 and
M22 and 20 mm for M16. In the case of both-side

misalignment, the progress of nut rotation for one-side

misalignment is treated as one-half. This means the imposed
displacement at a nut rotation of 360° is 1.25 mm for M20 and
M22 and 1.0 mm for M16.

i) In tightening high strength bolts by torque value control, it is
clear from the above-mentioned Eq. (2) that bolt tension (Ny,)
will be uniform irrespective of misalignment or other
influencing factors. Therefore, in the case of tightening by torque
value control, bolt tension is input by a procedure in which the
relationship of bolt elongation corresponding to bolt tension
corresponding to the specified torque value is converted to
imposed displacement, in accordance with the principle of this
torque control method. As the concrete method of inputting bolt
tension in the analysis, an incremental displacement analysis is
performed, in which imposed displacement is given at the tip of
the bolt, and the point in time when bolt elongation
corresponding to the bolt tension (Nj,) corresponding to the
specified torque value is achieved, is considered to be
completion of inputting of the bolt tension in tightening by the
standard torque method. In the present study, Torshear type high
strength bolts, in which the torque value becomes constant, were
used as the test bolts in place of tightening to the specified torque
value using a torque wrench.

iii) As the method of inputting bolt tension when using 2 or more
bolts, after giving the imposed displacement at which the bolt
tension after preliminary tightening in order from No. 1 bolt
reaches the tension for the nominal diameter (M16: 28 kN, M20:
50 kN, M22: 85 kN, these being values obtained in the bolt
tightening experiment) at the bolt tip, the imposed displacement
set in each tightening method described above is given in the
same manner from No. 1 bolt.

The main output items in the calculated results are bolt tension
calN, contact force at the frictional contact surface calC, and the
nut rotation angle when tightened to the specified torque value
cal 6, Here, calN is a value obtained by multiplying the normal
unit stress of a bolt shank cross-sectional element by the
cross-sectional area of the element, calC is the integrated value
of the normal unit stress generated in 3-dimensional contact
elements set at the frictional contact plane, and cal 0 ;, is
converted using the fact that the nut rotation angle and imposed
displacement (number of analytical steps) have a proportional
relationship.

Chapter 3 “Application to Tightening by Turn-of-Nut
Control” In this chapter, the validity of the analytical method
in this paper is verified by calculating contact force when the
analytical method in the paper, as proposed in Chapter 2, is
applied to the case of tightening a joint with misalignment by
turn-of-nut control, and comparing the calculated value with the



experimental value of slip load, which is a substitutional
characteristic for contact force.

The principle of the turn-of-nut method uses the fact that a
proportional relationship between the nut rotation angle and bolt
tension can be obtained by causing contact between tightened
materials by tightening to the standard preliminary tightening
torque (T}), as shown by the black line in the schematic diagram
in Fig. 7. Accordingly, when a joint with misalignment is
tightened by the standard turn-of-nut method (red), the tightened
materials are not forced into contact, and the standard bolt
tension (N;) cannot be secured. Generally, the conceivable
methods of securing N; are a turn-of-nut method (blue broken
line) in which the preliminary tightening torque value is
increased (T5) and tightening is performed through a nut rotation
angle of 120° (), and a turn-of-nut method (green broken line)
=120° + A\0)
without changing the preliminary tightening torque value.
Therefore, in this chapter, the validity of the analytical method
proposed in this paper is verified by calculating the contact force
by applying the analytical method to these three turn-of-nut
methods and comparing the calculated values with the slip load

in which the nut rotation angle is increased (6,, =

obtained in experiments corresponding to the respective
conditions.

First, the relationship between the nut rotation angle and bolt
tension is calculated for the case where a joint with
misalignment was tightened with 1 bolt in order to grasp the
fundamental properties, and the change in bolt tension due to the
mutual influence of the bolts is calculated for a case where two
bolts are tightened by the standard tum-of-nut method, using the
degree of misalignment, number of misalignment planes,
tightening force (nominal diameter, grade), splice plate thickness,
number of bolts, inner edge length, and excess length as
variables.

Next, contact force is calculated for cases in which joints with
both-side misalignment (e+e) and one-side misalignment (e+0)
are tightened by the standard tum-of-nut method. The
influencing factor variables in the case of both-side
misalignment (e+e) are as shown in Table 1. In the case of
one-side misalignment (e+0), the influencing factor variables are
the degree of misalignment and splice plate thickness. Here, it is
assumed that the slip load for one-side misalignment (e+0) can
be evaluated by the contact force Ce + C, which is obtained as
the sum of the contact force of the side with misalignment Ce
and the contact force of the side without misalignment ,C. In
other words, Ce is the calculated value of the contact force for
both-side misalignment, and «C is regarded as the sum total of
the bolt tension analysis values X calN. In wverification
experiments, the both-side shear type slip specimen shown in

Fig. 3, which models the flange joint of an H-shape steel beam
joint, was used for both-side misalignment (ete), in the same
manner as the analytical model described previously, and the slip
specimen in which the both-side shear type joint was set at the
upper and lower flange parts of the H-shape cross section shown
in Fig. 8 was used for one-side misalignment (e+0). Among the
test specimen dimensions, the width and main plate thickness
were held constant in all test pieces in order to eliminate the
effect of geometry.

Further, the contact force of a joint having both-side
misalignment (e+e) is calculated by applying the analytical
method proposed in this paper to the turn-of-nut method in
which tightening is performed by increasing the preliminary
tightening torque value to two times T; (= T,) and turning the nut
through an angle of 120°, and the turn-of-nut method in which
the preliminary tightening torque value is not changed and the
turing angle is increased until the standard bolt tension is
secured. The influencing factor variables of these respective
methods are the degree of misalignment, and the splice plate
thickness and number of bolts. The verification experiments are
the same as the both-side misalignment slip experiment in Fig, 3.

Bolt tension N
No misalignment ,
Standard tum-of-nut method ~

Nu

J No misalignment, T

Misalignment,

Standard tum-of-nut method
Ty, 01 tum-of-nut method
Nizo

Ty, 0 , tum-of-nut method

Torque values for
preliminary tighte "
Ty T 01 N Nut rotation angle 0

Fig. 7 Schematic diagram of the turn-of-nut methods

Table 1 Variables in analysis of standard turn-of-nut method
(Both-side misalignment)

Misalignment |Splice plate
:e(mm) : t(mm)

Nominal
bolt size

Torque values for
preliminary tightening: T(N-m)

Inside edge Excess

No. of bolts length : L(mm)|length : Y(mm)

0 1 40
M20 12 60
1.2 2 T1:150 100
(F10T) 23 22 3 120 160
Fixed side

Filler plate *

Test side Mlsahgnment
PL- 22W PL_36
PL-36 I PL

— %/ /,rPL 22|} / S~ %}6 9

FB 21

Filler plate -

300 %
50]

300 |
600

P
N
430 50 600

1730

Fig. 8 One-side misalignment test specimen



The following summarizes the conclusions obtained in
Chapter 3.
1) The calculated value of slip load calPs was calculated by
applying the analytical method in this paper to the case in which
a joint with misalignment is tightened by turn-of-nut control,
using the degree of misalignment, number of misalignment
planes, splice plate thickness, number of bolts, inner edge length,
and excess length as influencing variables. The validity of the
analytical method in this paper could be verified from the fact
that this value was in good agreement with the experimental
values consistent with the respective analytical conditions.
2) The calculated values for nut rotation angle and bolt tension in
the case of tightening with 1 bolt, in which all the influencing
factors were changed, showed good consistency with the
experimental values, as shown in Fig. 9. The variation of bolt
tension due to the mutual influence of the bolts in the case where
2 bolts were tightened by the standard tum-of-nut method were
in good agreement with the experimental values, independent of
influencing factors, as shown in Fig. 10.
3) In the case in which a joint with both-side misalignment (e+e)
was tightened by the standard turn-of-nut method, the calculated
value of slip load calPs when the influencing factors were
changed and the experimental values were in good agreement,
respectively, as shown in Fig. 11.
4) The distribution of contact force obtained by the analytical
method in this paper was in good agreement with the
experimental values, as shown in Fig. 12. From this fact as well,
it can be said that the contact force (C) obtained by this analytical
method is appropriate.
5) Although few experimental values were available for the case
in which a joint having one-side misalignment (et+0) was
tightened by the standard tum-of-nut method, the calculated
values of slip load for this case were also in good agreement
with the experimental values, as shown in Fig. 13.
6) The calculated value of slip load calPs obtained by applying
the analytical method in this paper to the turn-of-nut method in
which the preliminary tightening torque value is increased to T,
and the nut is turned through an angle of 120°, and tum-of-nut
method in which the preliminary tightening torque value is not
changed and the nut rotation angle is increased, showed good
agreement with the experimental values, as shown in Fig. 14 and
Fig. 15, respectively. Furthermore, the correlation of all
calculated values and experimental values for the case in which
tightening is performed by tum-of-nut control in this chapter
displays extremely good agreement, as shown in Fig. 16.

Accordingly, it can be concluded that the analytical method
proposed in this paper is a method with general applicability,
which can also be applied to cases in which tightening is

performed to an arbitrary preliminary tightening torque value or
an arbitrary nut rotation angle.
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Chapter 4 “Application to Case of Tightening by Torque
Value Control”

The slip load (Ps) in cases where joints with misalignment are
tightened using torque value control is calculated by the
proposed method, and the possibility of application of the
method proposed in this paper to tightening using torque value
control is verified by comparing the calculated values and
experimental values.

First, slip load is calculated for the case in which a joint having
both-side misalignment (e+e) is tightened by the standard torque
method. Here, the variable influencing factors are as shown in
Table 2. Verification experiments are performed in the same
manner as the both-side misalignment slip experiment in Fig. 3.

Next, slip load is calculated for the case in which a joint
having one-side misalignment (e+0) is tightened by the standard
torque method, considering the degree of misalignment and
number of bolts as variables. Here, the slip load for one-side
misalignment is calculated using the calculated value of contact
force calC for both-side misalignment, as in Chapter 3. In the
verification test, the test specimen shown in Fig. 8 is used, as in
Chapter 3.

The conclusions obtained in Chapter 4 are summarized
below.

1) The calculated slip load calPs for the case in which a joint
with misalignment was tightened by torque control was
calculated using the analytical method in this paper. The validity
of the analytical method proposed in this paper could be verified
by all calculated values when the influencing factors used here
(i.e., degree of misalignment, number of misalignment planes,
nominal diameter of bolts, splice plate thickness, number of bolts,
inner edge length, and excess length) were varied with the
experimental values corresponding to the respective conditions.
2) The calculated value of slip load for the case in which a joint
with both-side misalignment (e+¢) was tightened by the standard
torque method showed good agreement with the experimental
values consistent with the respective analytical conditions when
the influencing factors were varied, as shown in Fig. 17 and Fig.
18.

3) The calculated values of slip load for the case in which a joint
with one-side misalignment (e+0) was tightened by the standard
torque method were in good agreement with the experimental
results, as shown in Fig. 19. From this, it can be said that slip
load for one-side misalignment (e+0) can be evaluated by taking
the sum of the contact force on the side with misalignment and
the contact force on the side without misalignment.

From the results outlined above, it can be concluded that the
analytical method proposed in this paper is an analytical method
which enables quantitative calculation of the slip load (contact



force C) when various influencing factors are changed, including

cases in which tightening is performed by torque control, in the

same manner as with turn-of-nut control.

Table 2 Variables in analysis of standard torque control method

(Both-side misalignment)

Nominal
bolt size

:e(mm) :t(mm) | bolts |preliminary tightening: T(N-m)|length:L(

M16(S10T) 0

124 1 60

Misalignment|Splice plate| No. of Torque values for Inside edge Excess

mm)|length: Y(mm)

40

M20(S10T) 12 2 T1* 120 100
M22(s14T)| 23 22 180 160
*1:0nly M20, *2:100(M16), 150(M20), 300(M22)
M : Calculated value, X : testvalue (M16)
1.0 M : Calculated value, 2\ : test value (M20)
- M : Calculated value, O : test value (M22) @
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Chapter S “Examples of Application to Actual Work”

This chapter presents examples of two methods in which the
slip load of joints that were found to have misalignment during
execution and during design was studied using the analytical
method proposed in this paper.

In one method, the calculated slip load calPs in Chapter 3 and
Chapter 4, as calculated by the tightening methods in the
analytical method proposed in this paper, is converted to the
equivalent number of bolts by dividing calPs by the slip load of a
joint without misalignment, which is used as a standard, and the
bolt effectiveness ratio is then calculated for each bolt tightening
position.

In the second method, an analysis is performed considering
the degree of misalignment and splice thickness as variables,
using the analytical method in this paper for each of the
tightening methods, and a condition in which slip load is reduced
in a joint tightened with multiple bolts is studied. As the object of
analysis, an analytical model of a 3-bolt arrangement with a
3-hole test piece is used because slip load does not decrease with
No.4 hole bolt position using bolts with a nominal diameter of
M20. Variables in analysis used with the two tightening methods
are shown in Table 3 and Table 4, respectively.

The conclusions obtained in Chapter 5 are presented below.

1) The equivalent number of bolts in case of tightening of a joint
with misalignment by the standard turn-of-nut method is shown
in Fig. 20; the equivalent number of bolts in tightening by the
standard torque method is shown in Fig. 21. It can be understood
that this equivalent number of bolts decreases as the splice plate
thickness increases or the tightening force decreases, and the
effectiveness ratio of the bolts at each tightening position differs
depending on the splice plate thickness and tightening method.
Table 5 shows the effective bolt ratio at each bolt tightening
position calculated based on this equivalent number of bolts.
However, it can be confirmed that the slip load of a joint with
misalignment is of a order that ignores No. 1 bolt.

2) For a joint with 3-bolt arrangement of bolts with a diameter of
M20, F10T, which are tightened by the standard tumn-of-nut
method, the slip load decrease ratio relative to the slip load of a
standard joint without misalignment in the case of a joint with
both-side misalignment of 1 mm + 1 mm (slip load decrease
ratio: 3 ;+1)) and a joint with one-side misalignment of 1 mm +
0 mm (slip load decrease ratio: 3 (1+9)) can be expressed by the
following equations as a function of the splice plate thickness (t),
as shown in Fig. 22.

B iy =—00222 - tH0.945  --- (3)
B w0 =—00143 + t+1.072  --+ @)
where, 9 mm=t=36 mm
3) For ajoint with 3-bolt arrangement of bolts with a diameter of



M20, F10T, tightened by the standard torque method, the slip
load decrease ratio relative to the slip load of a standard joint
without misalignment in the case of a joint with both-side
misalignment of 1 mm + 1 mm (slip load decrease ratio: 1)
and a joint with one-side misalignment of 1 mm + 0 mm (slip
load decrease ratio: .0 can be expressed by the following
equations as a function of the splice plate thickness (t), as shown
in Fig. 23.
Y @ =—0.0185 - t+1.097
Y o =—0.0120 - t+1.067
where, 6 mMM=t=28 mm
4) As shown in Fig. 23, it can be said that the slip load of joints
with both-side misalignment of 1 mm + 1 mm and one-side

®)
©)

misalignment of 2 mm + 0 mm, which have the same degree of
misalignment, display similar decrease ratios relative to the slip
load of the standard joint without misalignment. The applicable
range is splice plate thicknesses from 9 mm to 28 mm and a bolt
diameter of M20, F10T. This phenomenon can be confirmed in
tightening by both the standard turn-of-nut method and the
standard torque method.

Table 3 Variables in analysis of standard turn-of-nut method

Nominal Bolt Misalignment Splice plate
bolt size | arrangement ete (mm) thickness (mm)
1.0+1.0 6
q2+12
M20 3 bolts Q3+23 16
10+ 0 @
20+ 0 36

O Circled items indicate item was verified experimentally.
Table 4 Variables in analysis of standard torque control method

Nominal Bolt Misalignment Splice plate
bolt size | arrangement et+e (mm) thickness (mm)
1.0+1.0 9
M20 3 bol 2.3+2.3 16
olts @ D
10+ 0 @
20+ 0 28
O Circled items indicate item was verified experimentally.
3.0 -
—_ X Test value (splice plate: 12 mm)
2 O : Test value (splice plate: 22 mm)
) M : Calculated value (spice plate: 12 mm) X
e @ : Calculated value (splice plate: 22 mm)
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Table 5 Effective bolt ratio at each bolt tightening position

Tightening | Nominal |Misalignment |Splice plate| No. 1 hole | No.2 hole [ No.3hole | No.4 hole
method bolt size e (mm) t(mm) [lposition o |position 0 ,[position o 3[position o4
S 12412 12 0.2 0.8 1.0 1.0

G 22 0.0 0.2 1.0 1.0

il |20 12 0.0 06 10 10

thod l U d d
methe 28423 T 0.0 0.1 03 10
M16 1.2+1.2 22 0.1 0.5 0.8
Standard 12 0.6 10 1.0
torque control|  M20 1.2+1.2 - - :
e 22 0.1 0.8 1.0
M22 1.2+1.2 22 0.3 1.0 1.0
Slip load when no misalignment (standard)
1.0 “J ;
One-side misali it: 1 mnH0 mm
] e) y=-0.0143x+1. 072
0.8 (7 =0, 986
% 06 \8\ ~g
S Bothsidepislgnment | vt o | @
S 04 y=-0. 0222x+0.
973 \
02 O : Testresult tC (both-side misalignment:1.2mm+1.2mm) \. ---------
@ : Calculated resultcalC  (one-side misalignment: Tmm-+0mm)
00 W : Calculated result calC  (both-side misalignment:1mm-+1mm)
0 30 40

10 20
Splice plate thickness(mm)

(Both-side misalignment: 1 mm-+1 mm, One-side misalignment: 1 mm-+0)

Fig. 22 Relationship of slip load and splice plate thickness
with standard turn-of-nut method
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e y=-0. 0185x+1. 097
=0.984
x : Testresult tC (one-side misalignment:2.3mm+0mm)
O : Testresult tC (both-side misalignment:1.2mm+1.2mm)
@ : Calculated result calC  (one-side misalignment:2mm-+0mm)
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Chapter 6 “Conclusions of this Study”

The results obtained in this study are summarized. The main
conclusions are presented below.

This paper proposed an analytical method for quantification
of slip load in friction type high strength bolted joints having
misalignment in the contact plane, and is also applicable to
changes in influencing factors such as the tightening method,
degree of misalignment, bending stiffness of the splice plates,
bolt arrangement, etc. The validity of this analytical method was
demonstrated by verification that the calculated values of slip
load obtained with this method are in good agreement with the
slip loads obtained in experiments corresponding to the
analytical conditions when the respective influencing factors are
changed.

The knowledge obtained in connection with this analytical
method is summarized below.

1) In cases where misalignment exists in a friction type high
strength bolted joint, such as an ordinary beam joint or the like,
decreased slip load is unavoidable irrespective of the splice plate
thickness, degree of misalignment, and tightening method, and
the strength after decrease is roughly on an order which ignores
No. 1 bolt.

2) In the case of misalignment of 1 mm, the slip load of friction
type high strength bolted joints is the strength reduced by Egs.
(3), @), (5), and (6), which are expressed as functions of the
number of misaligned surfaces and the splice plate thickness
with the respective tightening methods.
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4. 2. 2 (c) HEOMLYVETHMSTL-FTy FEEKH

FEO M ZMETCHBIT X (1.2mm+1.2mm) O H 5 82 H H8 & %6+
FEREO Sy el ERFN T H, T2 TIE, 4. 2. 1 TITo 7 by
Bm RN F TR Ty T — WO L 7 (Tein) TOF v
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4. 3. 2 EBREE

MEED 72O D FHEHALT & (e+t0) Db DHEAI DO T XV (i /) F B Ix,
iE 2. 6. 1HTHFERLZ, HEBMEO ET7 7 0PI 2t A
MOEEHE L DHRBRE L LT,

ks, BEEIIAE 2. 6. 2 HTHERLAEMETIZ Y v F7J 2k
B L T TEAEEITH) L TH —REEZHE - T,

CITIEHL AR E T T VORI 4 T =T L —bEFAT DL
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PVOEODEARMTANL PAK 2K (ETFE4AK), 3K (LT3 6
K) LLEcit bk THD, ZEBERNFOERHEZE 4. TIZHRT,

AEBTIT S10T, M20 &AL & L, WKREIT 22mm & L 7=,

AV N ORI T IXEEME RO E TITo70%, B 1AL E2BIEIC
BRED AV 7E (T1) T1RMMOHBICHE 1ALV EFENLIEICHEHRLV S F
MW TE YT — vl S0, fAITHEM R L L, 5HlE
HIZAL FOE, HE, 450#AEOTRIVENTH D,
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4. 3. 3 MHBR EBERBLIUEE

(EH#HER]

FEMT & (e+0) Db 5 HEAME LIE ML IE TR 256 O
Wik B x4, 8ICRT,
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calC (e+o) © Ao LY & BE i JE fiF AT calCe+ZcalN (kN), %4
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@%Fﬁﬁﬁ(wmwm/mm6%@%%@@T%oko@?48
D X5 )

@WMRE 22mm TRV R AREN D2 NVTE, LT & (e) BRKEL
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e, FmALT & (et0) OT UM NITHEKRIEICKE S EET
HrE 2D, (£4. 8DOX55MH)

(B HRDORE TOREL]

FEALT & (e+t0) OB LEAME LM N L I IE TR T 26 O FE
B R 2R 4. 9T, B, RPITITE 4. 8 1T/ LM E 4% OF
L TW5b,

KPORLFIEU TR THEAEEERMBEELTRIL VWD, 0B, —#4A
MO EFZRE (tC (es0)) 1L 2. 6. 2 H TR LKA L T DT
TOMmMONKBAEEEEM 6 KOT LR FEHME (ps=0.73) T, —
BEAmOT OIS (tPs (e+0)/2) ZBR L THEE L DO TH D, £,
KHIOEFIZTEPTOHBIZHIEL TWD,
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tPS(e+O) : T D) EBME (KN), %1
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Iz, FEATE (et0) O LA AL LU NV 7 IETHIMN T 25
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DMHEZK 4. 6 [COHRITad, 9 oAb i3 2 Kk oo (b 82 i = A% A 8
(calC (e+oy / €0C) %, HMEHENITERME (tC (evo) / e0C) Z/RL TW D,
ek, HICIIATE 3. 3. 2HTHEELELAEINT E (e+0) O H 5B
B LT MEIESEE (T, 01) THRIMT T 256 2 XHAITHR L 72,

P2t AR AT E (calC) & EBME OB ITEARBE B D v a R vt
ISR FE LN, ZTOZEnD, FEANTE et0 OHLEEH O T D
i, AL EMoEfE (Ce) AT OB OEAME (e0C) %
RBLAEDLELZLETHMTETDEEFR D,

LEDzZ s, FENT E (e+t0) O HHEAEW A KLY N L 7 ET
it S Aaod i (Ps) &, MW+ & (e), "/ FARHIZX
P ARGOMIIEZEMA L CHEELZEME (C) TEEMICHEE T
HES A D,
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