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Stress relaxation behavior of wood 
in the plastic region under indoor conditions
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Abstract 

The stress relaxation behavior of wood in the plastic region was measured by clamping wood specimens with bolts 
for up to 5 years under indoor environmental conditions. An initial stress was applied by displacement control, 
whereby a steel plate or a washer was embedded in the radial direction of the wood. The difference in the stress 
ratio was small in the plastic region due to the difference in the initial stress level, and the higher the initial stress, the 
higher the stress that was maintained. By contrast, the clamp force virtually disappeared in the elastic region. The 
estimated stress ratio after 50 years was 15% in the elastic region and approximately 20–40% in the plastic region. Due 
to the influence of humidity fluctuation, it was difficult to maintain stress in the elastic region, but it seems to be pos-
sible to maintain the stress for a long time using partial plastic embedment with sufficient extra end distance.
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Introduction
Joints with dowel-type fasteners are the most common 
shear joints in timber structures. When the design forces 
are relatively large, bolt connectors are typically used 
instead of nails. In spite of their high load-carrying capac-
ity, bolt connections are characterized by a low stiffness 
at initial loading due to the effects associated with over-
sized lead holes because, unlike high tension bolts in steel 
structures, a significant frictional force generated by the 
tightening of the bolts is not expected due to the stress 
relaxation properties of wood. Consequently, according 
to the standard for structural design of timber structures 
[1], the initial clamping conditions for bolts are described 
such that the washer is slightly embedded in the wood, 
and no clear provision is given. However, in the destruc-
tive testing of bolted joints with an axial force applied at 
several levels using a torque wrench, high stiffness and 
strength values due to friction have been reported [2]. 
This indicates that the influence of the friction from the 
initial clamp force of the bolt is relatively large.

Awaludin et  al. [3] examined the effect of the preten-
sion force applied to the bolts used in moment-resisting 
joints and reported an increase in the initial rotational 
stiffness and hysteretic dumping in those joints. However, 
they also suggested that the initial prestressing effect 
must be considered negligible based on the results of the 
1-year stress relaxation tests without restressing [4].

We are also developing a high damping shear wall, 
in which the clamp force of bolts in the wood acts as 
frictional resistance between two timber members or 
between a timber member and a steel plate [5–7]. The 
relaxation behavior of the clamp force and controlling 
the clamp force are both considered in this study. When 
clamping is applied in the elastic region, the tighten-
ing torque method would generally be applicable [8, 9]; 
however, it has been reported that the stress tends to 
disappear in that region [4, 10]. Thus, we applied a form 
of displacement control by embedding a washer in the 
wood to control the clamp force. To obtain a stable fric-
tional force for a long period of time using the method, 
it is necessary to examine long-term stress relaxation 
behavior in the plastic region of wood.

While the rheological behavior of wood, such as 
stress relaxation and creep, has been studied exten-
sively [11, 12], in a report on stress relaxation of clamp 
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force associated with bolts or bars in the elastic region, 
for example, the study related to a stress-laminated tim-
ber bridge is described. Extrapolating the results of wood 
that was tensioned three times in the first 50 days, it was 
predicted that the stress ratio after 50  years would be 
84% [13], though as the authors also noted, the results 
used for extrapolation were obtained after only 100 days 
of observation, and did not take long-term losses due to 
temperature change or decreases in moisture content 
into account. Hislop [14] reported that bar tension force 
decreased by 67% during a 3-year monitoring period due 
to the large decrease in moisture content as well as wood 
stress relaxation. At the end of the monitoring, the bars 
were restressed, and during the subsequent 3  years, the 
force decreased by 50%. Ritter et  al. [15] recommended 
that stress-laminated bridges be stressed three separate 
times over a period of 6–8 weeks. For construction with 
sawn lumber, they also indicated that the bar force should 
be checked annually for the first 2 years after construc-
tion and every 2  years thereafter. Thus, restressing and 
regular bolt maintenance are necessary to maintain the 
axial force; however, it is unrealistic to periodically check 
the bolts inside the walls of wooden houses.

The clamp force in a stress-laminated bridge is con-
sidered to be the elastic region. Fujimoto et al. [16] con-
ducted stress relaxation tests in the plastic region by 
embedding a washer in spruce wood using bolts and 
reported that relaxation developed as the clamp force 
increases. Manrique [17] also reported similar behav-
ior in the compression of tropical wood. However, these 
results were obtained from a stress relaxation test from 
8 h to 1 week, in which the test period was too short to 
estimate the long-term performance.

In this study, under the premise that restressing is not 
performed, the stress relaxation behavior of wood in 
the plastic region was measured over a relatively long 
period of time. Practically, the tests were conducted in 
an indoor environment with temperature and humidity 
fluctuations, which are more unfavorable for the relaxa-
tion of wood than maintaining constant temperature and 
humidity [11, 12], and the influence of high stress, test 
period, and humidity was examined. Long-term predic-
tions of the stress retention of wood are also presented.

Materials and methods
Stress relaxation tests of wood subjected to a trans-
verse compressive force were conducted. The tests were 
divided into four series and details of the testing con-
figurations of each series are shown in Fig. 1. Series A 
shown in Fig. 1a is a method of embedding a steel plate 
into wood by tightening bolts and assuming a con-
nection with an extra area of wood on all four sides of 
the plate. Sufficient extra end distance was employed 

for both sides of the embedded steel plate in series 
B, as shown in Fig.  1b. The corners of the wood con-
tact surface of both the steel plates of series A and B 
are slightly chamfered. To evaluate the influence of the 
support area, a full surface compression test (series C, 
Fig.  1c) was also performed by sandwiching the wood 
with steel plates. Series D shown in Fig. 1d is a partial 
compression test in which a washer was embedded in 
wood using the pull-out reaction force of a lag screw. 
For series B and C, the ends of the specimens were 
waterproofed by paraffin.

Wood samples were obtained from sugi (Cryptomeria 
japonica) lumber and materials used in series A were 
cut from the same lumber. The specimens were stored 
at a temperature of 20 °C and a relative humidity of 60% 
for a week or more before the test. Table 1 summarizes 
basic properties of the specimens and the features of 
the tests.

The initial stress of each specimen was given by the 
transverse compressive displacement, as shown in 
Table 1. The displacement applied to series A and B was 
controlled by the rotation angle of the nut according to 
the pitch of the bolt. For 30-PE and 30-FE specimens, the 
initial stress level was set sufficiently below the resistance 
value of sugi in compression perpendicular to the grain to 
evaluate the behavior within the elastic region. Because 
the proportional limit was about 3 MPa for full compres-
sion and 3.3 MPa for partial compression from the static 
compression test of the end-matched specimens, the ini-
tial conditions for 30-PE and 30-FE shown in Table 1 are 
considered to be within the elastic region.

The bolts and the lag screw were tightened manu-
ally with a wrench, in which case the tightening period 

Tightening bolts (M8)Tightening bolts 
(M6)

Lag screw

Load cellRound washer
Square washer

Tightening bolts (M10)

a Configuration A b Configuration B

c Configuration C d Configuration D

Lead hole: φ8

Fig. 1  Configurations of stress relaxation tests (unit: mm)
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was not constant. Considering the stress relaxation that 
occurs during tightening, it is necessary to keep the 
torque imposition time constant [18]. Since the relaxa-
tion test periods are sufficiently long with respect to the 
torque imposition time, and it is difficult to keep the 
tightening time constant in actual construction condi-
tions, the imposition time was not considered in this 
study.

The clamp force was monitored by strain gages attached 
to the bolt, and the influence of temperature changes was 
corrected with dummy gages. The axial force of the lag 
screw was monitored by a load cell. The test data were 
recorded at intervals of 1  s when tightening the speci-
men, and thereafter it was recorded at 30-min intervals. 
The test start dates were different, as shown in Table 1, 
and the maximum interval was 870 days among the tests. 
The specimens were placed in an indoor environment 
where the temperature and humidity were not constantly 
controlled, but the room was heated occasionally during 
the day during winter months.

Results and discussion
Effect of embedded displacement
The stresses calculated by dividing the clamp force by 
the area of the embedded steel plate for the first 113 days 
obtained from series A are shown in Fig. 2 with the tem-
perature and relative humidity of the surroundings. 
Table 2 shows the maximum initial clamp forces on each 
specimen. 20-P0.5 and 20-P1 display virtually the same 

initial stress, both of which are considered to reach the 
plastic region of wood because the proportional limit was 
about 3 MPa from the static compression test, owing to 

Table 1  Basic properties of materials and testing conditions

MC, moisture content; SG, strain gage; LC, load cell; OD, outside diameter; ID, inside diameter; T, thickness
a  Average value of 20-P0.5 and 20-P1
b  Obtained from the end-matched specimen, Paraffin: End of specimen is waterproofed by paraffin

Designation 
of specimens

Dimension (mm) Density 
(kg/m3)

MC (%) Paraffin Embedment size (mm) Initial condition Sensor Delay days

A

 20-P0.5 95 × 20 × 50 318 13.2 – 47 × 30 0.5 mm SG 0

 20-P1 95 × 20 × 50 321 12.7 – 47 × 30 1 mm SG 0

 20-P2 95 × 20 × 50 325 12.9a – 47 × 30 2 mm SG 0

B

 30-P1.5 200 × 30 × 45 358 9.5b ○ 30 × 45 1.5 mm SG 650

 45-P1.5 200 × 45 × 45 354 9.8b ○ 30 × 45 1.5 mm SG 650

 30-PE 200 × 30 × 45 358 9.5b ○ 30 × 45 2.2 MPa SG 650

 30-P1.6A 200 × 30 × 45 470 11.5b ○ 30 × 45 1.6 mm SG 869

 30-P1.6B 200 × 30 × 45 421 11.7b ○ 30 × 45 1.6 mm SG 870

 90-P1.6 200 × 90 × 45 403 12.4b ○ 30 × 45 1.6 mm SG 870

C

 30-FE 45 × 30 × 45 344 9.5b ○ 45 × 45 0.8 MPa SG 636

D

 L45-P2.3 240 × 45 × 45 329 9.7b – Round washer
OD: 32, ID: 13.5, T: 2.3

2.3 mm LC 307
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Fig. 2  Stress-relaxation curves obtained from series A and ambient 
air condition during the first 113 days. RH relative humidity, T 
temperature
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the configuration A performed on the end-matched spec-
imen. However, 20-P2 maintained a higher stress than 
other specimens (Fig.  2), but the overall observations 
indicated the stress followed the same pattern as the 
other specimens. After rapid stress relaxation for the first 
20 days, the stress of each specimen was relatively stable 
under the influence of relative humidity. The humidity of 
the surroundings continued to decrease for about 20 days 
from the start of the test, thus, indicating that the initial 
rapid stress reduction was influenced by the change in 
humidity. 

Since the speed of data acquisition while tightening 
was relatively slow and the tightening speed was also 
indefinite due to manual fastening, the maximum clamp 
force could not be recorded. Therefore, the clamp stress 
was normalized as the stress ratio by the σ1  min which 
is the clamp stress 1  min after tightening is completed. 
Figure 3 shows the stress ratios obtained from series A. 
Although 20-P0.5 showed a slightly lower tendency, each 
specimen showed virtually the same stress ratios over 

the experimental observation period, and the difference 
in the stress ratio due to the difference in the initial dis-
placement was not clearly observed. Thus, a high initial 
stress is considered to maintain a high clamp force.

Many previous studies have indicated that wood can 
be treated as a linear viscoelastic material within certain 
limits of stress, but at higher levels it became nonlinear 
[11, 12]. On the other hand, Manrique [17] reported that 
stress relaxation of wood is not a linear stress function at 
any stress level.

Kuwamura [18] suggested that the judgment of linear-
ity of wood is unclear in previously conducted research 
due to differences in the imposed time needed to reach 
the target load or strain, merging creep strain at sup-
ports, and individual difference between specimens. He 
carried out the experimental tests excluding the above 
pitfalls and concluded that the viscoelastic behavior of 
wood is nonlinear even at a low stress level. However, 
in the case of restressing wood in its plastic region, the 
behavior was reported to be close to linear [19]. It is 
important to note that Fig.  3 was generated from the 
results without restressing, which showed virtually the 
same curves, regardless of the difference in stress level 
mentioned above. From Fig. 7 in that report [19], the vis-
coelastic behavior without restressing was close to linear 
within the plastic region, where the embedded displace-
ment exceeded 0.2  mm in radial load on the late wood 
surface. Therefore, the effect of imposition time can be 
neglected over the long term, and the behavior of the 
wood appeared to be relatively close to linear viscoelas-
tic, regardless of embedded displacement in the plastic 
region.

Effect of clamping in the plastic region
Figure  4 illustrates the stresses obtained for 30-P1.5, 
30-PE and 30-FE as a function of time. The stress σ1 min 
of 30-PE was as low as the allowable stress level of sugi in 
partial compression perpendicular to the grain, as shown 
in Table  2, and over time, the stress was lower than 
that of 30-P1.5. Translating the stress of 30-PE at about 
1 MPa on the vertical axis, however, over time, the stress 
became virtually the same after 90 days. The stress σ1 min 
of 30-FE was 0.8 MPa, which is the same as the allowable 
stress of the full transverse compression of sugi, and the 
stress decreases to zero after 30 days from the start of the 
test.

Figure  5 shows the stress ratio σ(t)/σ1  min of each 
specimen. Although σ1  min of 30-PE was less than half 
that of 30-P1.5, the fluctuation of stress after 90  days 
was similar, which resulted in an emphasis on the fluc-
tuation of the stress ratio. The stress ratio of 30-PE vir-
tually disappeared (i.e., decrease to about 3%) at around 
300  days. Thus, it is difficult to conclude that a clamp 

Table 2  Observed initial stress

Init, initial stress; 1 min, stress 1 min after tightening

Designation 
of specimens

Init (MPa) 1 min (MPa) 1 min/init

20-P0.5 3.83 3.47 0.91

20-P1 3.86 3.40 0.88

20-P2 5.00 4.45 0.89

30-P1.5 5.14 4.56 0.89

45-P1.5 5.17 4.42 0.85

30-PE 2.20 2.11 0.96

30-P1.6A 6.14 4.87 0.79

30-P1.6B 7.53 6.09 0.81

90-P1.6 8.02 6.93 0.86

30-FE 0.88 0.80 0.91

Lag45-P2.3 6.41 5.66 0.88

Fig. 3  Stress ratio curves obtained from series A
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force can be maintained over a long period of time. In 
addition, it is difficult to maintain a clamp force over 
the long term under full compression in the elastic 

region because the stress of 30-FE decreased to zero at 
the early stage.

Figure 6 shows a comparison of stress ratios of 30-P1.5, 
45-P1.5, 30-P1.6A, B, and 90-P1.6 with different thick-
ness. Materials 30-P1.5 and 45-P1.5 had virtually the 
same density and the stresses σ1 min were also quite simi-
lar. In addition, the time histories of the stresses were 
substantially similar, as shown in Fig.  6a, and no differ-
ence was found due to the difference in thickness. For 
specimens 30-P1.6A, B and 90-P1.6, the density was 
not uniform, and the difference in the stress σ1  min was 
large, but the stress ratio trends were consistent with one 
another, as shown in Fig. 6b. Accordingly, the influence of 
the thickness of the specimen on the stress ratio is small 
in this test condition.

Effect of the test method and the test period
The entire period of stress ratios obtained from 20-P2, 
L45-P2.3 and 30-P1.5, 30-P1.6A, subjected to partial 
compression in the plastic region is illustrated in Fig.  7 
based on the test start date for 20-P2. The test periods 
were relatively long, over 3 years for 30-P1.5, 4 years for 
L45-P2.3, and exceeding 5 years for 20-P2. All the speci-
mens showed a tendency to asymptotically approach 
some value under the influence of humidity fluctuation 
after the initial rapid stress relaxation.

Using a lag screw in L45-P2.3, a stress ratio of about 
50% was maintained, which was higher than the other 
specimens. In addition, short-term fluctuations due to 
changes in humidity were considerably smaller compared 
with other specimens, despite their lack of moisture-
proof treatment. These behaviors may be attributed to 
the uniform shear stress distribution in the axial direc-
tion of the threaded portion [20], unlike the bolted joints 
where the strain concentrates around the washer [16].

With the larger embedded displacement of 20-P2 com-
pared to that of 30-P1.5 and 30-P1.6A, the trend in the 
stress ratio of 20-P2 was low. Since the influence of the 
embedded displacement was considered to be small in 
the plastic region as described in the previous section, 
the stress ratio may be affected by the extra end distance 
of the specimen.

Although the tightening date for 30-P1.6 occurred 
219  days after the tightening for 30-P1.5, the time his-
tory of the stress ratio of 30-P1.6 behaved similarly to 
30-P1.5 at 230 days after stressing of 30-P1.6, as shown in 
Fig. 7. This indicated that the stress reduction appeared 
to be suppressed approximately 230  days after stressing 
under this condition. This observation was similar to the 
finding of Quenneville and Dalen [21] who reported the 
stress ratios becoming asymptotic to some residual value 
at approximately 250 days.
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Long‑term trend and prediction of residual stress
Although creep deformation, which is viscoelastic behavior 
in wood, is often evaluated by the power law [22], Eq.  (1) 
is used to predict creep deflection in Japanese structural 
design guidelines for wood frame construction [23].

where δ1  min is deformation at time = 1  min, δt is the 
deformation at time t, e and f are constants. Ohashi et al. 
[24] reported the creep in I-beams is more accurately 
predicted with Eq.  (1) compared to using the conven-
tional power law. In this study, the stress relaxation is 
estimated by Eq. (1) by replacing creep deformation with 
stress. The relationship between the common logarithm 
of time and the common logarithm of σ1 min/σt for 30-P1.5 
and 30-P1.6A is shown in Fig. 8 with regression lines. The 
predicted curves obtained with Eq.  (1) are depicted by 
the dashed curves in Fig. 9 with experimental results for 
the two specimens. Both predictive curves were consist-
ent with the observed experimental trends.

Table  3 shows the constants for each specimen 
obtained from the regression and the predicted values 
σ50/σ1  min after 50  years. The predicted stress ratio of 
30-PE after 50  years was estimated to be 15%, which is 
too low to maintain the stress under the assumed humid-
ity fluctuation. On the other hand, except for 30-PE, the 
predicted ratios were all more than 20%. In particular, 
the predicted stress ratio of L45-P2.3 was 40%, and the 
change in stress due to humidity fluctuation was smaller 
than that of other specimens, which suggests that it is 
possible to maintain high stress stably.

Figure  10 shows σ50/σ1  min predicted by adding data 
every half year from 1  min after tightening to verify the 
influence of the test period. The values go up and down 
every 6 months. This fluctuation is related to the humid-
ity fluctuation and depends on the season at the begin-
ning of the measurement. For the 20-P2 specimen, which 
had the longest measurement, the overall predicted trend 

(1)δ
1min/δt = 10

etf

a Embedded displacement=1.5 mm b Embedded displacement=1.6 mm
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decrease, and there a tendency to converge had not yet 
been observed. The plastic embedded specimens of series 
B displayed low values at an early stage. However, the 
decreasing stress trend was not observed after 1 year of 
measurement; the predicted value increased for longer 
periods of evaluation.

Such a difference in the tendencies of series A and B is 
considered to have a large effect of extra end distance of 
the specimen, as described above.

30-P1.5 and 30-P1.6A showed virtually the same stress 
ratio after a certain period of time as described in the 
previous section; however, the predicted value was lower 
for 30-P1.6A because the stress relaxation of 30-P1.6A 
was suppressed due to the high humidity environment 
during the first month of measurement, and the slope of 
the regression line increased, as shown in Fig. 8. Hence, 
to investigate the long-term performance of wood in an 
environment where temperature and humidity are not 
controlled, it is necessary to consider the humidity condi-
tions at the beginning of the test.

Conclusion
Stress relaxation testing of wood (C. japonica) in the 
plastic region was conducted over a relatively long period 
of time. The indoor test environment did not have tem-
perature and humidity control, though it was occasion-
ally heated in winter. The following conclusions were 
drawn as a result of the tests.

1.	 The difference in stress ratios due to the difference in 
the initial clamp force was small in the plastic region, 
and the higher the initial force, the higher the main-
tained force. Although the torque imposition time 
was not considered in the tests for reasons previously 
stated, the stress relaxation behavior of wood in the 
plastic region appeared to approach linear viscoelas-
ticity.

2.	 The clamp force disappeared in the early stage of full 
elastic compression, and the stress ratio decreases to 
about 3% in partial elastic compression. Considering 
the fluctuation in the clamp force due to changes in 
humidity, it was difficult to maintain the stress for a 
long period of time in the elastic region.

3.	 Since the specimens that were subjected to partial 
plastic compression at different times showed virtu-
ally the same stress ratio after 230  days, the relaxa-
tion behavior was suppressed within 1  year under 
indoor environmental conditions.

4.	 Plastic clamping using the pull-out reaction force 
of lag screws resulted in a high stress ratio, and the 
short-term fluctuation in stress due to humidity fluc-
tuation was small.
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Table 3  Constants and  stress ratio after  50  years 
estimated by  Eq.  (1) replacing creep deformation 
with stress

e and f, constants estimated by Eq. (1) replacing creep deformation with stress; 
σ50/σ1 min, stress ratio after 50 years

Type f e σ50/σ1 min

20-P2 0.124 0.174 0.20

30-P1.5 0.091 0.174 0.27

45-P1.5 0.098 0.155 0.27

30-PE 0.154 0.154 0.15

30-P1.6A 0.120 0.097 0.25

30-P1.6B 0.126 0.143 0.21

90-P1.6 0.122 0.104 0.24

L45-P2.3 0.057 0.155 0.40
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5.	 The stress ratios after 50  years according to Eq.  (1) 
were 15% for the elastic region and more than 20% 
for the plastic region. When a lag screw was used, 
the predicted ratio was estimated to be very high (i.e., 
40%).

6.	 When the stress ratio after 50  years was calculated 
every 6  months during the measurement period, 
there was an overall decreasing trend in the predicted 
values, and there was no tendency to converge for 
the specimen without sufficient end distance. By con-
trast, in the specimen with sufficient end distance, 
the predicted value displayed a tendency to increase 
over a longer measurement period and appeared to 
be indicative of the long-term performance.

7.	 Since a difference was observed in the long-term pre-
diction depending on the humidity environment at 
the early stage of the tests, it is necessary to consider 
the start season in tests where the temperature and 
humidity conditions are not controlled.

Abbreviations
σ1 min: stress 1 min after tightening; σ50: stress at time = 50 years; σt: stress at 
time t; δ1 min: deformation at time = 1 min; δt: deformation at time t.
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