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Abstract 

The mechanical performance of bolt joints in wooden structures is known to vary significantly with the initial tighten-
ing force (axial force) of the bolts during the construction work. When a joining method that considers axial force is 
applied to a structure, the control of the axial force is important. This study attempts to evaluate the elastic stiffness 
of bolted timber joints during tightening for the purpose of applying the turn-of-nut tightening method, one of 
the methods for controlling axial force. Considering the elastic stiffness of joints during tightening as a series spring 
model using the spring constant of the bolt and the embedment spring constant of the washer, elastic stiffness is 
calculated using the washer embedment spring constant obtained through a washer embedment test. This result is 
compared with the elastic stiffness obtained through the tightening test using four species of timber. It was found 
that while the washer embedment spring constant varies greatly with timber species, the calculated values agreed 
well with the test results.
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Introduction
The authors have developed a wood friction joint that 
utilizes the frictional resistance generated between mem-
bers when bolts or lug screws are used to tighten tim-
ber members with other timber members or with steel 
plates, and a load-bearing wall in which these joints are 
embedded. The authors further demonstrated high seis-
mic resistance in the wood friction joint through shaking 
table tests and other means [1, 2]. However, elucidation 
of the long-term stress relaxation behavior of timber 
and the establishment of a method for controlling the 
initial tightening force (hereinafter axial force) of the 
bolts, which manifest frictional resistance, are indispen-
sable to the practical application of this wood friction 
joint. Regarding the long-term stress relaxation behav-
ior of timber, it has been shown that, while temperature 
and humidity have influence when axial force in excess 
of the embedment yield of the timber is applied or 

when axial force is applied in the longitudinal direction 
of the timber, a relatively high axial force is maintained 
over a long period of time [3, 4]. Meanwhile, a torque-
tightening method has been applied to control the axial 
force by using a general tool such as a torque wrench. It 
was demonstrated that the torque coefficient varies with 
the tightening rate [5, 6] and that the axial force of the 
lug screw reduces below the pull-out strength of the lug 
screw owing to the coefficient of friction of the threaded 
part [7, 8]. Although the torque method enables easy 
control of axial force, it greatly depends on the coef-
ficient of friction of the threaded part of the bolts, etc., 
and the coefficient of friction of the seating surface. In 
addition, variations in axial force are unavoidable. Here, 
candidate methods for axial force control include the 
torque method as well as the turn-of-nut method. In the 
turn-of-nut method, seating is achieved using the rela-
tive tightening rotation angle between the bolt head and 
the nut as an indicator, after which the nut is rotated to 
the target angle to control axial force. However, with bolt 
joints made of ferrous material, the variation in the axial 
force in the elastic range using the turn-of-nut method is 
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as great as the variation using the torque method [9–11]. 
Conversely, when a material such as timber, which has a 
lower Young’s modulus than ferrous materials, is used for 
the members to be joined, the gradient in the relationship 
between the rotation angle and axial force in the elastic 
region is considered less than that when a ferrous mate-
rial is used. Accordingly, higher tightening accuracy can 
be expected than in the case in which the turn-of-nut 
method is applied to bolt joints made of ferrous materi-
als. However, no studies have investigated the effective-
ness of the turn-of-nut method applied to bolted timber 
joints as well as the elastic stiffness of joints during tight-
ening, which is a key indicator for setting the rotation 
angle to achieve the target axial force.

Therefore, as the first step toward the application of 
the turn-of-nut method to bolted timber joints, this 
study considered a series spring model using the spring 
constant of bolts and the embedment spring constant of 
washers as a model for calculating the elastic stiffness of 
joints during tightening. It further calculated the elastic 
stiffness of joints during tightening by considering the 
washer embedment spring constant obtained through 
washer embedment testing. By comparing this calcula-
tion result with the elastic stiffness obtained from the 
findings of the wood bolt joint tightening tests in [12], 
the authors ascertained the degree to which the calcu-
lated values conform with the test results, and the find-
ings are discussed.

Spring model
The model applies to bolted timber joints, as shown in 
Fig. 1. Considering the elastic stiffness Kj of a joint dur-
ing tightening of the bolt as a series spring model using 
spring constant Kb for the bolt and embedment spring 
constant Kew for the washer, the rotation angle φ during 
tightening can be calculated by the following equation:

Here, Fb is the axial force and P is the screw pitch.
From (1), Kj can be calculated as

or as

Kb can be calculated by the following equation [13] as a 
serial coupling of Kth, Ks, Kcyl, and Khd, which are the spring 
constants for thread engagement (Fig.  1 ①), thread play 
(Fig. 1 ②), bolt cylinder (Fig. 1 ③), and bolt head (Fig. 1 
④):

Here, Kth, Ks, Kcyl, and Khd can be calculated by the fol-
lowing equations [13]:
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Fig. 1  Bolted timber joints and bolt details
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where As is the effective cross-sectional area, whose value 
is obtained from JIS B1082 [14]; A is the cross-sectional 
area of the cylinder; and Eb is Young’s modulus, which 
is set to 205,000 N/mm2 here. Ls and Lcyl are the lengths 
of the thread play and the cylindrical part of the bolt. Lth 
and Lhd are the equivalent lengths of cylinders having the 
same axial stiffness as the thread engagement and the 
bolt head, and they can be calculated by the following 
equations in term of the bolt nominal diameter d [15]:

Materials and Methods
Tightening test [12]
An overview of the test setup is shown in Fig. 2. A tight-
ening tester (NST-500  Nm, Japan Instrumentation Sys-
tem Co., Ltd.) was used for the testing. Timber test 
pieces were 90 mm in the tangential direction (T direc-
tion), 90 mm in the longitudinal direction (L direction), 
and 30  mm in the radial direction (R direction), with a 
φ13-mm bolt hole drilled in the center. Four types of tim-
ber were used: Japanese cedar (Cryptomeria japonica), 
southern Japanese hemlock (Tsuga sieboldii), hiba (Thu-
jopsis dolabrata), and Japanese larch (Larix kaempferi). 

(8)Khd =
AEb

Lhd
,

(9)Lth = 0.85d,

(10)Lhd = 0.55d.

For the test pieces, planks with dimensions of 90 mm in 
the T direction, 30 mm in the R direction, and 600 mm 
in the L direction were left in a chamber with a constant 
interior temperature of 20 °C and relative humidity (RH) 
of 50% for about 3 months. From these, test pieces free of 
knots were collected and used for testing. The tightening 
was performed to perpendicular to the grain. The density 
and moisture content of the test pieces are as shown in 
Table 1. Bolts were M12 hex bolts made of SWCH with 
chromate-treated surfaces, length 85  mm, screw pitch 
1.75 mm, and thread length 30 mm. The metal washers 
were made of SPHC with width 40 mm, length 40 mm, 
and thickness 4.0 mm, with a φ14-mm bolt hole drilled in 

Timber member
90 90 t 30

Metal washer

Bolt
Nut

Socket

Load cell to measure axial bolt force

Measuring of
rotation angle

Steel base

M12, pitch :1.75,
length : 85

(UNIT : mm)

40 40 t 4.0
5 10 55

30

815
See A

A Dimension details

11.8

30

R-direction

L-direction

Fig. 2  Tightening test method (L longitudinal, R radial)

Table 1  Basic properties of tightening test materials

Ave average, S.D standard deviation

Wood species Density (kg/m3) Moisture 
content 
(%)

C. japonica Ave 377 9.1

S.D 32 0.5

T. sieboldii Ave 507 8.5

S.D 20 0.2

T. dolabrata Ave 446 7.5

S.D 4 0.1

L. kaempferi Ave 669 9.2

S.D 32 0.4
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the center. In the testing, after the materials were placed 
on the testing apparatus, tightening was performed at a 
speed of 1.7  rpm on the nut side, axial force was meas-
ured with a load cell, and the nut rotation angle was 
measured. The nut was manually tightened, and the time 
when the axial force reached 10 N was set as the test start 
point. Based on the relationship between the obtained 
axial force and the rotation angle, the linear gradient of 
the elastic region was calculated using the least squares 
method, and elastic stiffness Kj-exp of the joint was cal-
culated by Eq. (2). For each wood species, 12 specimens 
were used. 

Embedment test of metal washers
To obtain the washer embedment spring constant Kew, a 
washer embedment test was conducted using the surplus 
plank material left over from the tightening test. In the 
testing, monotonic loading was performed perpendicu-
lar to the grain as shown in Fig. 3, using a universal test-
ing machine (AG-100kNIS, Shimadzu Corporation). The 
testing speed was 3 mm/min. Specifications of the timber 
test pieces and the washers were identical to those in the 
tightening test. The density and moisture content of the 
test pieces are as shown in Table 2. The crosshead stroke 
of the universal testing machine was used as the amount 
of displacement, measured as the average of the readings 
from the displacement meters attached on the test table 
at two locations. Based on the relationship between the 
obtained load and displacement, the linear gradient of 
the elastic region was calculated using the least squares 

method and was used as Kew. For each wood species, 12 
specimens were used.

Results and Discussion
Axial bolt force–rotation angle and load–displacement 
relationships
Figure  4 shows the representative relationship between 
the axial force and the rotation angle obtained by the 
tightening test. Figure  5 shows the representative rela-
tionship between the load and displacement obtained by 
the washer embedment test. As shown in Fig.  4, at the 
initial stage, the axial force increased little as the rota-
tion angle increased, and the slip behavior was exhib-
ited. The axial force increased almost linearly through 
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Fig. 3  Schematic of the apparatus for the embedment test (L longitudinal, R radial)

Table 2  Basic properties of embedment test materials

Ave average, S.D standard deviation

Wood species Density (kg/m3) Moisture 
content 
(%)

C. japonica Ave 392 8.8

S.D 22 0.5

T. sieboldii Ave 504 7.8

S.D 9 0.4

T. dolabrata Ave 446 7.5

S.D 6 0.1

L. kaempferi Ave 670 9.2

S.D 25 0.6
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the so-called snag point [16], after which it exhibited 
a tendency to increase non-linearly. These behaviors 
were nearly identical to the relationship between washer 
embedment load and displacement shown in Fig. 5. Here, 
the yield stress of the bolt used in the test was not inves-
tigated; however, on the assumption that it corresponds 
to bolt tensile strength rank 4.8, the bolt’s yield axial force 
was approximately 27 kN. In Fig. 4, if the axial force point 
at which the nearly linear portion changes to a non-linear 

portion is defined as the yield axial force, then the yield 
axial force of each test piece is clearly less than the bolt’s 
yield axial force of 27  kN. Accordingly, the yield axial 
force of each test piece can be recognized as nearly iden-
tical to the yield load of each test piece in Fig. 5, and can 
be inferred to be manifested by the washer embedment.

Calculation of Kj in bolted timber joints using Kew
Table 3 shows Kj-exp obtained through the tightening test, 
Kew obtained through the washer embedment test, and 
Kj-cal calculated from Eq.  (3). Here, Kj-exp and Kew were 
derived using the least squares method, with intervals of 
2–4 kN for C. japonica and T. sieboldii and 4–6 kN for T. 
dolabrata and L. kaempferi assumed as the linear gradi-
ents in the elastic region. The results indicate that Kj-cal 
was 1.2 times Kj-exp for C. japonica, but the values were 
generally in agreement for other wood species. Figure 6 
shows the relationship between Kj-exp, Kj-cal, and density 
for the test pieces of each wood species. For C. japonica 
and L. kaempferi, both Kj-exp and Kj-cal tended to increase 
as density increased. For L. kaempferi, the distributions 
of Kj-exp and Kj-cal nearly overlap. In case of Kj-cal for C. 
japonica, the test piece group with a density of over 
400  kg/m3 exhibited a high value. From this test piece 
group, it can be understood that the difference between 
Kj-cal and Kj-exp in Table 3 increased. For T. dolabrata, no 
clear tendency was seen in the relationship between den-
sity and Kj-exp or Kj-cal; however, the distributions of Kj-exp 
and Kj-cal can be seen to generally overlap. Conversely, for 
T. sieboldii, Kj-exp was clearly lower in five test pieces than 
in the remaining test pieces; however, the distributions 
of Kj-exp and Kj-cal in the remaining test pieces generally 
overlapped.

These results indicate that elastic stiffness Kj during 
the tightening of bolted timber joints can be calculated 
with high accuracy using the embedment spring con-
stant Kew of the washer and the spring constant Kb of the 
bolt. In addition, assuming that the turn-of-nut method 
is applied to bolted timber joints, it can be understood 
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Table 3  Comparative of Kj-exp and Kj-cal

Ave average, S.D standard deviation

Wood species Kj-exp (kN/mm) Kj-cal (kN/mm) Kew (kN/mm)

C. japonica Ave 11.5 14.0 14.9

S.D 2.5 3.5 3.5

T. sieboldii Ave 12.1 12.0 12.6

S.D 3.4 1.9 1.9

T. dolabrata Ave 18.3 19.6 21.4

S.D 4.4 1.5 1.5

L. kaempferi Ave 19.4 18.3 19.9

S.D 6.4 3.6 3.6
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from Eq.  (3) that lowering Kb or Kew will decrease Kj. 
However, Fig.  6 shows that variation in Kew, while dif-
fering in degree according to wood species, is unavoid-
able. Furthermore, it can be predicted that Kj will change 
depending on timber thickness. We hope to further 
investigate on how this variation in Kew and effect of tim-
ber thickness affects tightening accuracy in application of 
the turn-of-nut method.

Conclusions
The elastic stiffness of joints during tightening, an 
important index for setting the rotation angle to obtain 
target axial force for bolted timber joints, was consid-
ered and calculated from a series spring model using 

the spring constant of bolts and the embedment spring 
constant of washers. This was compared with the elas-
tic stiffness obtained from the tightening test. The find-
ings of the study are as follows:

(1)	 The relationship between the axial force and the 
rotation angle obtained from the tightening test 
conducted for four wood species was similar to 
the relationship between load and displacement 
obtained from the washer embedment test con-
ducted for the four wood species. Furthermore, the 
relationships initially show slipping properties, after 
which the axial force and load increased nearly lin-
early. However, from the point of yield onward, a 
non-linear relationship was displayed. In addition, 

5

7.5

10

12.5

15

17.5

20

300 350 400 450 500

K j
-e
xp
,
K j

-c
al

[k
N
/m

m
]

Density [kg/m3]

C. japonica

: Kj-exp
: Kj-cal

10

12.5

15

17.5

20

22.5

25

400 425 450 475 500

K j
-e
xp
,
K j

-c
al

[k
N
/m

m
]

Density [kg/m3]

T. sieboldii

5

7.5

10

12.5

15

17.5

20

400 450 500 550 600

K j
-e
xp
,
K j

-c
al

[k
N
/m

m
]

Density [kg/m3]

T. dolabrata

5

10

15

20

25

30

35

600 650 700 750

K j
-e
xp
,
K j

-c
al

[k
N
/m

m
]

Density [kg/m3]

L. kaempferi

: Kj-exp
: Kj-cal

: Kj-exp
: Kj-cal

: Kj-exp
: Kj-cal

Fig. 6  Relationship between Kj-exp, Kj-cal, and density



Page 7 of 7Matsubara and Teranishi ﻿Journal of Wood Science           (2022) 68:32 	

the yield axial force was manifested by the embed-
ment of the washer.

(2)	 The results calculated using the series spring model 
was able to capture the results of the tightening test, 
and the calculation can be performed with high 
accuracy.

At the same time, the embedment spring constant of 
the washers exhibited considerable variation. The effect 
of this variation on tightening accuracy under the turn-
of-nut method remains a topic for further study.
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