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Abstract

The management of axial forces is an important issue when a joining method that takes into account the axial forces
generated by tightening bolts is applied to the bolted joints of a wooden structure during construction. This study
focuses on elastic interactions in which the axial force of adjacent bolts changes as a result of sequential tightening

of each bolt in multiple bolted joints affecting the deformation around each of the other bolts. To this end, tightening
experiments are conducted within the elastic range, with the tightening sequence, bolt spacing, and wood thick-
ness set as parameters. From the results, it was found that variations in axial force tended to decrease as bolt spacing
increases. In addition, an evaluation formula for calculating fluctuations in axial force due to elastic interactions was
derived. By comparing the calculated value to the experimental value, it was found that as bolt spacing was increased,
the calculated value tended to capture the experimental values well.
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Introduction

Bolted joints are the most typical kind of joint in wooden
structures [1]. During construction, when bolts are tight-
ened using a tool, such as a torque wrench, an axial force
is generated in the axial direction of the bolt. This axial
force cannot be maintained for a long period because
of stress relaxation and drying shrinkage of wood and is
currently not taken into account during joint design [2,
3]. However, recent research has reported that, when
bolts are tightened to reach the plastic region of wood
and are tightened in the direction of the grain of wood
and wood-based materials, a high axial force is main-
tained over a long period of time, even if subjected to the
effects of repeated drying and wetting [4, 5]. Research
and development regarding wood friction connectors
and prestressed timber joints that utilize this axial force is
currently underway and the authors have reported on the
high seismic performance of bearing walls incorporating
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wood friction connectors and the joint performance of
prestressed timber joints [6-9].

However, to implement these joining methods in actual
buildings, it is important to maintain the axial force for
a long period of time, and, in addition, axial force man-
agement during construction is also an important issue.
Thus far, the authors have revealed, with regard to axial
force management, that the so-called torque method,
which manages wood joints using a single bolt or a sin-
gle lag screw with a tool, such as a torque wrench, can
be applied and that axial force generated while tighten-
ing a lag screw is lower than the pull-out strength of the
lag screw, owing to the effects of friction at the threaded
part [10—14]. However, for joint types formed with multi-
ple bolts, such as the wood friction connectors proposed
by the authors, sequential tightening of each bolt affects
deformation around each of the other bolts. This leads
to elastic interactions in which the axial force of adja-
cent bolts changes. This is considered to be a problem,
because the axial force of bolts in bolted joints formed
from a metallic material cannot be uniform, since vari-
ations in axial force due to these elastic interactions are
unavoidable. Analytical and experimental studies on
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tightening sequences have tried to minimize variations in
the mechanism of the elastic interactions and in the axial
force [15-25]. However, research into elastic interactions
in bolted joints of wooden structures has not been found,
so it is necessary to proceed with basic research on the
implementation of the above-mentioned wood friction
connectors in actual buildings.

In the present study, as a first step toward such basic
research into elastic interactions in bolted joints of
wooden structures, tightening experiments within an
elastic range were performed to ascertain the effects of
the tightening sequence, bolt spacing, and wood thick-
ness on fluctuations in axial force. Furthermore, an eval-
uation formula for calculating fluctuations in axial force
due to elastic interactions was derived using the embed-
ment stiffness of the washers [26—28], and the extent to
which the calculated value captures the experimental
value was also considered.

Materials and methods

Tightening test

Figure 1 shows the outline of the experiments and Fig. 2
shows the state of a typical test piece. Japanese Cedar
(Cryptomeria japonica) was selected as the wood. M12,
S45C steel bolts with a pitch of 1.75 mm and double-
ended thread were selected. Round, SPCC steel wash-
ers with a diameter of 35 mm, thickness of 4.5 mm,
and bolt hole diameter of 13.5 mm were selected. S45C
steel nuts for M12 bolts were selected. Four levels of
bolt spacing S, namely, 48, 60, 72, and 84 mm were
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Fig. 2 Typical test piece (5:48 mm; T,: 45 mm)

selected (these dimensions correspond to 4d, 5d, 6d,
and 7d (where d is the bolt diameter). Three levels of
wood thickness T} were selected, namely, 30, 45, and
60 mm, and one test piece was used for each experi-
ment (for a total of twelve). The density and moisture
content of the test pieces are shown in Table 1. Four
tightening sequences were selected, as shown in Fig. 1,
namely, Se.l: A->B—-C—D; Se2: A-=D—-B—C;
Se.3: A—- C— B—D; and Se.4: B— C— A— D. Axial
force was measured with a strain gauge inserted into a
¢2 mm hole made in the center of the bolt. Note that
this bolt was subjected to the tightening experiment
after calibrating the axial force with a universal testing
machine. The initial axial force of the bolt was set to 2
kN, which is estimated to be within the elastic range
[11], and tightened with a torque wrench. Once the
axial force reached 2 kN, tightening was stopped and,
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Table 1 Basic properties of tightening test materials

T, S Density Moisture
[mm] [mm] lkg / m’] content
[%]
30 48 390 103
60 347 10.1
72 353 105
84 402 104
45 48 371 1.1
60 367 108
72 369 104
84 392 105
60 48 368 103
60 372 102
72 380 10.7
84 370 100

Cross head

‘ ‘ Load cell : Capacity 5kN

Load

Washer : ¢35x t 4.5 l Wood : Cryptomeria japonica

! Nut  Cut bolt
(Bolt hole diameter: 13.5) \.—ﬁ:n-./ /
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Fig. 3 Schematic of the apparatus for the embedment test of metal

washers (L: longitudinal)

after waiting for 1 min, the next bolt was tightened. The
tightening direction was set perpendicular to the grain.

Embedment test of metal washers

To obtain the embedment stiffness K, of the wash-
ers, embedment tests were performed on the washers
at each bolt location (A, B, C, and D) in the test piece
used in the tightening experiment. In the experiment, a
universal testing machine (AG-50kNX-Plus, Shimadzu
Corporation, Japan) was used to monotonically load up
to 2 kN perpendicular to the grain, as shown in Fig. 3.
The test speed was 1 mm/min. The amount of displace-
ment was determined by the amount of movement of
the crosshead. From the relationship between load and
displacement that was obtained, the secant gradients of
1.0 kN and 2.0 kN were calculated and used as K.
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Results and discussion

Residual axial bolt force

Figure 4 shows typical results for the axial bolt force ratio
over time for a test piece with a thickness T} of 30 mm
and a bolt spacing S of 48 mm. Here, the axial force ratio
is calculated using

Fr
o= A (1)

where F; is the initial axial force (2 kN) and F; is the axial
force T [s] thereafter.

First, looking at Se.l, it can be seen that when the
bolts are tightened in this order, the axial force of the
previously tightened bolts is reduced by approximately
16% upon completion of tightening. This trend is also
observed in Se.2. After all the bolts have been tightened
in Se. 1 and Se.2, the bolt tightened last (i.e., bolt D and
Cin Se. 1 and Se. 2, respectively) has different axial force
ratio of other bolts. However, looking at C in Se.3 and B
in Se.4 reveals that tightening the two bolts adjacent to
bolts results in the axial force ratio decreasing twice, and
unlike in Se.1 and Se.2, where the axial force ratio was
not uniform after all the bolts had been tightened, the
variation in axial force ratio was large. Furthermore, a
difference can be observed between the first and the sec-
ond decreases in the axial force ratio of bolt B in Se.4.

Tables 2, 3, and 4 show the axial force ratios of all
bolts after tightening. The tables also include the ratio
between the maximum and minimum axial force ratio as
Max./Min. First, with regard to T, =30 mm in Table 2,
there is a tendency for Max./Min. to decrease as the
bolt spacing S is increased. This indicates that the axial
forces of all the bolts are approximately uniform. Next,
as shown in Table 3, Max./Min. for T; =45 mm becomes
higher than that for 7}, =30 mm, and for $=48 mm, the
Max./Min. value in Se.3 and Se.4 is four times higher
than for T}, =30 mm. In particular, both of bolt C of Se.
3 and bolt B of Se. 4 are affected by two decreases in axial
force, resulting in respective axial forces of 0.17 and 0.16,
which can be understood to cause the large Max./Min.
However, the Max./Min. for S=84 mm ranged from 1 to
1.1, regardless of the tightening sequence, which was the
same as for 7, =30 mm. However, it is difficult to con-
clude that there is an explicit relationship between bolt
spacing and Max./Min. Similarly, as shown in Table 4,
Max./Min. for T, =60 mm becomes higher than that for
T,=30 mm in a similar manner as for 7, =45 mm. For
S§=84 mm, the Max./Min. range is 1.26 to 1.68, which is
a large variation compared to the ranges for S=84 mm
for T;, =30 mm or 7}, =45 mm.

Figure 5 shows the relationship between Max./Min.
and S for each tightening sequences. According to Fig. 5,
Max./Min. tended to decrease as S increased regardless
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Fig. 4 Relationship between axial bolt force ratio and time (7}, 30 mm, S: 48 mm)
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of T, and tightening sequences. On the other hand, no
clear trend was observed between Max./Min. and T,
These results suggest that, within the scope of these
experiments, when S is increased, a suppression in vari-
ation of axial forces due to elastic interactions can be
expected, regardless of which tightening sequence is
employed.

Calculation of axial bolt force ratio under elastic

interaction

As mentioned above, bolt spacing greatly affect variations
in axial force due to elastic interactions and it is assumed
that the embedment stiffness of a metal washer is closely
related to it. Washer embedment stiffness greatly depends
on the side length ratio of the washer (washer’s side length
to thickness) [27, 28]. The side length ratios of the wash-
ers used in these experiments were 7.8 (35 mm/4.5 mm
~ 7.8) and for such side length ratios, it is considered that
there is almost no bending deformation of the washers due
to bolt tightening [11, 27, 28]. It is also assumed that the
washer became embedded into the wood side while main-
taining an almost rectangular shape (a state in which the
washer can be regarded as a rigid body). Figure 6 shows a
diagram of the deformation when bolts are tightened with

washers, which are assumed to be rigid bodies. As men-
tioned above experimental results, when evaluating the
bolt axial force ratio, it is sufficient to consider the influ-
ence of two adjacent bolts, and three bolts are joined. First,
as shown in Fig. 6a, when bolt 1 is tightened by an initial
axial force F;, a deformation §; occurs directly beneath the
washer. Next, as shown in (b), when bolt 2 is tightened by
a force F;, the deformation directly beneath the washer of
bolt 1 is affected by the deformation directly beneath the
washer of bolt 2, thus changing the deformation 4, to 4,
and changing the axial force to F| ,. Furthermore, as shown
in (c), when bolt 3 is tightened by a force F;, the deforma-
tion directly beneath the washer of bolt 1 is affected by the
deformation directly beneath the washer of bolt 3, thus
changing the deformation 6§, to §,; and changing the
axial force to F, 3. An evaluation formula for the axial force
ratio « is derived from this deformation diagram. Note that
changes in axial force due to stress relaxation and creep of
wood were not taken into account when deriving the evalu-
ation formula in this study. First, the deformed shape of the
additional length part in the direction of the grain from the
washer end is expressed as an exponential curve, and if it is
further assumed that the length from the end of the washer
to a position, where becomes almost zero is 1.5 times the
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Table 2 List of axial bolt force ratios after tightening all bolts (7, 30 mm)

Ty S Bolt Number Axial bolt force ratio
[mm] [mm]
Se.1 Se.2 Se.3 Se.4
A—-B—C—D A—-D—-B—C A—C—B—>D B—-C—A—->D
30 48 A 0.81 0.84 0.86 094
B 0.79 0.82 0.95 0.78
C 0.78 0.95 0.70 0.81
D 0.95 0.83 0.96 0.95
Max./Min 122 1.16 1.37 1.22
60 A 0.76 0.78 0.79 091
B 0.75 0.82 0.90 0.74
C 0.84 0.90 0.78 0.84
D 0.91 0.87 0.93 0.93
Max./Min 122 1.15 1.19 1.25
72 A 0.80 083 0.85 0.90
B 0.78 0.86 091 0.78
C 0.75 0.88 0.74 0.83
D 0.88 083 0.91 092
Max./Min 118 1.07 1.23 118
84 A 0.89 0.90 0.89 0.91
B 0.88 092 091 092
C 0.88 092 0.90 0.90
D 0.88 0.86 0.90 093
Max./Min 1.02 1.06 1.03 1.03

Table 3 List of axial bolt force ratios after tightening all bolts (7,;: 45 mm)

Th S Bolt Number Axial bolt force
[mm] [mm]
Se.1 Se.2 Se.3 Se.4
A—-B—-C—D A—-D—B—C A—-C—B—D B—-C—A—-D
45 48 A 0.64 0.57 0.55 0.96
B 0.55 0.54 0.92 0.16
C 0.44 0.92 017 057
D 0.93 057 0.94 093
Max./Min 2.12 1.70 5.61 6.01
60 A 0.85 0.89 0.89 0.94
B 0.82 0.86 0.92 0.81
C 0.84 091 0.81 0.89
D 0.89 0.85 093 0.94
Max./Min 1.08 1.07 1.15 1.16
72 A 0.77 0.81 0.77 093
B 0.73 0.73 0.94 0.65
C 0.73 0.94 0.61 0.78
D 091 0.77 091 0.93
Max./Min 1.26 1.29 1.55 142
84 A 0.85 0.90 0.89 0.92
B 0.88 091 093 092
C 0.92 0.95 0.95 0.94
D 0.93 092 0.94 0.94

Max./Min 1.09 1.05 1.07 1.02




Matsubara et al. Journal of Wood Science (2022) 68:53 Page 6 of 11
Table 4 List of axial bolt force ratios after tightening all bolts (7, 60 mm)
Ty S Bolt Number Axial bolt force
[mm] [mm]
Se.1 Se.2 Se.3 Se.4
A—-B—C—D A—-D—-B—C A—C—B—>D B—-C—A—->D
60 48 A 0.68 0.62 0.54 0.98
B 049 0.50 0.93 017
C 048 0.94 0.21 0.56
D 0.94 049 0.94 0.93
Max./Min 1.95 1.90 457 5.81
60 A 0.71 0.68 0.61 0.97
B 0.58 0.59 0.98 033
C 0.57 0.94 029 0.64
D 0.95 0.57 0.96 0.95
Max./Min 1.65 1.66 342 295
72 A 0.84 0.87 0.86 0.93
B 0.81 0.83 0.94 0.77
C 0.75 0.92 0.72 0.84
D 0.92 0.83 0.94 094
Max./Min 1.22 .11 131 1.23
84 A 0.78 0.81 0.78 0.95
B 0.76 0.77 0.96 0.62
C 0.72 0.95 0.57 0.78
D 0.92 0.75 0.95 0.95
Max./Min 1.28 1.26 1.68 1.52

wood thickness T}, then the function can be expressed as
[29]

Fo) = i T D)

where x is the distance from the washer end and J; is the
amount of deformation directly beneath the washer. This

can be calculated using the embedment stiffness K,,; of
the washer and initial axial force F;:
D
T Kewi (3)

Here, §, , of Fig. 6 can be calculated from Eq. (4) using
the amount of change in axial force AF, , [22] of bolt 1 due
to tightening of bolt 2 and Egs. (2) and (3):

_ AF1, F
B Kewl 1<ew2

3
6_ 2Ty, S—¢)

81,2 (4)

Similarly, 8,5 can be calculated using the amount of
change in axial force AF, ; [22] of bolt 1 due to tightening of
bolt 3 after tightening bolt 2:

AFy3 F

_ o) N
I<ew1 ]<ew2

+
K ew3

o TS

823

(5)

From the compatibility conditions of the elastic deforma-
tion, Egs. (6) and (7) hold using the bolt elongation 6, ;:

S1a+ by = AFi F e—ﬁ(s—w) N AFi15 _
’ Kew1 Kew? Kp1
(6)
AF F, -3 (s—
823+ Gp1 = 2 4 L MY
Kewl I<ew2 (7)
Fi _.3 (s— AF
LA dhse AP
Kews Kbl

Here, K}, is the stiffness of the bolt and can be calcu-
lated by the equation in Ref. [30]. The sums 4§, ,+ 6, and
0,3+ 0y, can be calculated from Egs. (6) and (7), respec-
tively, and AF| , and AF, ; can be calculated from Egs. (8)
and (9), respectively:

3
AFyp = —Fre %Y !
’ ( L L) K. (8)
Kew1 Kp1 ew2
1 1
N (Kew * K )
AFy3 = —Fle 2 S=9) A2 Tews ] 9)

1 1
(Kewl + Kby )
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Fig. 6 Diagram of deformation when tightening bolts. (a) When bolt 1
is tightened, (b) When bolt 2 is tightened, (c) When bolt 3 is tightened

Therefore, the axial force ratio a of bolt 1 in Fig. 6b, c
can be calculated from Egs. (10) and (11), respectively.
The axial force ratio a of bolt 1 in Fig. 6b is

o (F +F?F1,2) (10)

and the axial force ratio a of bolt 1 in Fig. 6c is

oy (F1 + AFy3) (11)
Fi

The axial force ratio a was calculated from the above
series of equations and compared with the experi-
mental results. Table 5 shows a list of values for the
washer embedment stiffness K, obtained from the
washer embedment experiment for use in the calcula-
tions. Tables 6,7 and 8 show a comparison between
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Table 5 Results for embedment stiffness of a metal washer into a timber member
Bolt Number T, [mm]

30 45 60

S[mm]

48 60 72 82 48 60 72 82 48 60 72 82

K., [kKN/mm]
A 10.0 84 6.8 119 4.7 124 7.2 9.0 52 58 114 58
B 12.3 82 6.4 1.3 54 13.0 5.1 1.3 6.0 6.1 104 56
C 133 89 6.5 104 54 10.0 49 12.8 6.0 5.7 9.8 5.7
D 13.9 10.6 6.4 10.2 49 128 49 144 54 5.7 10.8 59

calculation values and experimental values. Note that
Se.3 (bolt C) and Se.4 (bolt B) for 7, =30 and 45 mm
and S=48 mm, and Se.3 (bolt C) and Se. 4 (bolt B) for
T,=60 mm and S=48 and 60 mm produced a nega-
tive value, and Cal./Exp. is recorded as “0.00” Fur-
thermore, after tightening, a decrease in axial force of
several percent due to stress relaxation and creep over
time is confirmed, as shown in Fig. 4. However, it is
considered that this decrease in axial force due to stress
relaxation and creep is also included in the fluctuations
in axial force due to elastic interactions. As such, when
comparing the experimental values with the calculated

values from the proposed evaluation formula, which
does not consider stress relaxation and creep into
account, it is appropriate for the experimental value
to also exclude this stress relaxation and creep. How-
ever, it is assumed that the stress relaxation and creep
characteristics differ depending on the variation of the
wood material directly beneath each washer or on the
tightening speed [31] and conducting an evaluation
excluding stress relaxation and creep is very difficult.
As such, in this study, the experimental values were set
to include stress relaxation and creep and were set to

Table 6 Comparison between experimental results and calculation results for axial bolt force ratio (Tj,: 30 mm)

T,Imm] S[mm] BoltNumber Axial bolt force ratio
Se.1 Se.2 Se.3 Se.4
A—-B—C—D A—-D—B—C A—-C—B—D B—-C—>A—-D
Exp. Cal. Cal/Exp. Exp. Cal. Cal./Exp. Exp. Cal. Cal./Exp. Exp. Cal. Cal./Exp.
30 48 A 081 059 073 084 059 070 0.86 0.59 068 - - -
B 079 054 068 082 054 065 - - - 078 —0.08 0.00
C 078 052 067 - - - 070 —002 0.00 081 052 0.64
D - - - 083 048 058 - - - - - -
60 A 076 072 0% 078 072 091 0.79 072 091 - - -
B 075 074 099 082 074 090 - - - 074 047 063
C 084 077 091 - - - 0.78 047 0.60 084 077 091
D - - - 087 067 077 - - - - - -
72 A 080 084 105 083 084 101 0.85 084 098 - - -
B 078 084 107 086 085 099 - - - 0.78 0.71 0.90
C 075 085 1.13 - - - 0.74 068 092 083 084 1.01
D - - - 083 085 103 - - - - - -
84 A 089 091 102 090 091 102 0.89 091 1.02 - - -
B 088 091 104 092 091 099 - - - 092 083 091
C 088 091 104 - - - 0.90 084 094 090 091 1.02
D - - - 086 092 106 - - - - - -
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Table 7 Comparison between experimental results and calculation results for axial bolt force ratio (Ty,: 45 mm)
T,Imm] S[mm] BoltNumber Axial bolt force ratio
Se.1 Se.2 Se.3 Se.4
A—-B—C—D A—-D—B—C A—-C—B—D B—-C—A—->D
Exp. Cal. Cal/Exp. Exp. Cal. Cal./Exp. Exp. Cal. Cal./Exp. Exp. Cal. Cal./Exp.
45 48 A 064 045 070 057 045 078 0.55 045 081 - - -
B 055 037 068 054 037 068 - - - 016 —036 0.00
C 044 029 067 - - - 017 =034 0.00 057 029 0.52
D - - - 057 043 075 - - - - - -
60 A 085 061 071 089 061 068 0.89 061 068 - - -
B 082 046 056 086 046 054 - - - 081 003 0.04
C 084 068 080 - - - 0.81 036 044 089 052 0.58
D - - - 085 047 055 - - - - - -
72 A 0.77 060 078 081 060 0.75 0.77 060 0.78 - - -
B 073 070 096 073 070 096 - - - 065 050 0.76
C 073 072 099 - - - 0.61 044 0.73 078 072 0.92
D - - - 077 071 093 - - - - - -
84 A 085 085 099 090 085 094 0.89 085 095 - - -
B 0838 083 095 091 083 092 - - - 092 0.60 0.65
C 092 084 091 - - - 0.95 063 0.66 094 084 0.89
D - - - 092 079 086 - - - - - -

Table 8 Comparison between experimental results and calculation results for axial bolt force ratio (Ty,: 60 mm)

T,[Imm] S[mm] Bolt Number Axial bolt force ratio
Se.1 Se.2 Se.3 Se.4
A—-B—C—D A—-D—B—C A—-C—B—D B—-C—A—-D
Exp. Cal. Cal./Exp. Exp. Cal. Cal./Exp. Exp. Cal. Cal./Exp. Exp. Cal. Cal./Exp.
60 48 A 068 039 057 062 039 063 0.54 039 072 - - -
B 049 030 061 050 030 060 - - - 017 —051 000
C 048 021 044 - - - 021  -049 0.00 056 0.21 038
D - - - 049 037 076 - - - - - -
60 A 071 051 072 068 051 074 0.61 051 082 - - -
B 058 045 077 059 045 075 - - - 033 —=010 000
C 057 048 084 - - - 029 -001 000 064 048 0.75
D - - - 057 048 084 - - - - - -
72 A 084 059 070 087 059 068 0.86 059 069 - - -
B 081 060 074 083 060 072 - - - 0.77 025 033
C 075 066 088 - - - 0.72 030 043 084 066 0.79
D - - - 083 058 070 - - - - - -
84 A 078 070 090 081 070 087 0.78 0.70  0.90 - - -
B 076 072 095 077 072 094 - - - 062 045 0.72
C 072 072 1.00 - - - 0.57 043 0.75 078 0.72 0.93
D - - - 075 071 094 - - - - - -

the values after tightening was completed (the same

values as in Tables 2, 3, and 4).

According to Tables 6, 7 and 8, in the case of
T, =30 mm, S=72, 84 mm, it was found that the cal-
culated value tended to capture the experimental value
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with approximately +10%. However, in other cases, the
accuracy of the calculation decreased and was underesti-
mated, but as S increased, the calculated value tended to
be slightly closer to the experimental value. This is con-
sidered to be, because, when S is 72 mm or greater, the
value of S— ¢ is sufficiently large, and after the adjacent
bolt is tightened, the vertical displacement added to the
compressed wood part directly beneath the target bolt is
almost 0. On the other hand, when S=72 mm or less, the
effect received by tightening adjacent bolts is significant,
and the vertical displacement added to the compressed
wood part directly beneath the target bolt becomes sig-
nificant. Since Eq. (2) is a function for when the com-
pressed part of the wood has a flat shape, it is considered
that it cannot be applied to the geometric change of the
compressed part of wood due to the tightening of adja-
cent bolts. From the above, when S is large, the proposed
evaluation formula can ignore the influence of geomet-
ric changes. However, the evaluation formula for when §
is small will be left as a future subject. In addition, this
calculation method does not consider the effects of stress
relaxation on wood. It is very difficult to quantitatively
evaluate how much stress relaxation affects the fluc-
tuation of axial force due to elastic interactions, but it is
speculated that the effect may be greater depending on
the material and this could also be investigated in future
studies.

Conclusions

Tightening experiments were conducted within the elas-
tic range on multiple bolted joints in a wooden structure
with the tightening sequence, bolt spacing, and wood
thickness set as parameters and the manner in which
each factor affected variations in axial force due to elas-
tic interactions was investigated. The following findings
were obtained within the scope of this study:

(1) Variations in axial force tended to be smaller as bolt
spacing S increased and it was found that whichever
tightening sequence was employed there was a ten-
dency for the axial force of all the bolts to become
roughly uniform.

(2) By deriving an evaluation formula that calculates
variations in axial force due to elastic interactions
and comparing calculated values against experi-
mental values, it was found that for the case of
wood thickness 7,=30 mm and bolt spacing
§=72,84 mm (6d and 7d (where d is the bolt diam-
eter)), the calculated values tended to capture the
experimental values well. However, for other cases,
the accuracy of the calculated values decreased and
was found to be underestimated.
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From the above, it was suggested that variations in axial
force due to the elastic interaction can be avoided by suf-
ficiently increasing bolt spacing S. On the other hand, the
derivation of an evaluation formula considering the case,
where the effects of stress relaxation/creep and defor-
mation due to the tightening of adjacent bolts cannot be
ignored has become an issue for the future.
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