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Degradation of shear performance 
of screwed joints caused by wood decay
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Abstract 

Shear tests were conducted on screwed joints with decayed main members, and the degradation of shear perfor-
mance of screwed joints by wood decay was investigated. The differences between decayed and control specimens 
in yield load (Py), and maximum load (Pmax) were both significant at the 1% level, while the difference in the initial 
stiffness (Ks) was not significant at the 5% level. The extent of decay was evaluated through Pilodyn penetration depth 
and the decay depth. Pilodyn penetration depth had no significant relationships with Ks, Py, or Pmax of screwed joints. 
It is inferred that no significant relationship was found between Pilodyn penetration depth and the strength proper-
ties because the range of the measured Pilodyn penetration depth was narrow (16–23.5 mm). The decay depth had 
a significant inverse correlation with Ks of the decayed specimens. There was no significant relationship between the 
decay depth and Py, or Pmax. Multiple regression analysis was conducted on Ks, Py, and Pmax using the decay depth and 
sound wood density  (WDh) as 2 explanatory variables. The multiple regression of Ks, Py, and Pmax on the decay depth 
and  WDh were significant at the 1%, 5%, and 1% level, respectively. Ks, Py, and Pmax are inferred to be determined by 
both the decay depth and  WDh. The strength properties of screwed joints with one screw obtained in this study were 
compared with those of screwed joints with seven screws obtained in a previous study. The difference between Ks, Py, 
and Pmax of the screwed joints with one screw and those of the screwed joints with seven screws was not significant 
at the 5% level. It is inferred that shear performance of screw joints with multiple screws are sufficiently estimated 
from those of screw joints with one screw by simply multiplying the strength properties, even if the main members 
were decayed.
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Introduction
When degradation of wood occurs in wooden construc-
tion, the degraded wood member is reinforced or partly 
replaced. However, the replacing of the timber might 
necessitate the disassembly of the wooden structure 
which is difficult, costly, and requires skills and knowl-
edge. For these reasons, reinforcing is often preferred to 
repair the deteriorated wooden constructions. Among 
other causes of wood degradation, wood decay by brown-
rot fungi significantly degrades wood members. Most of 
structural damage to the indoors of buildings in Europe 

and North America is caused by brown-rot fungi [1], and 
it is estimated that approximately 80% of all in-service 
wood decay is caused by brown-rot fungi [2].

Numerous studies have reported on the effect of wood 
decay on the strength properties of wood such as bending 
strength [3–6] and compressive strength [7]. Although 
several studies have been conducted on the performances 
of joints with wood decay, the accumulated information 
is insufficient. Information on the remaining strength 
capacity of joints with decayed wood is required because 
the strength capacity of joints often affect the structural 
performance of the construction. Some studies that 
evaluate the degradation of shear performance of nailed 
joints caused by wood decay have already been reported 
[8–10].
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Screwed joints are used in combination with reinforc-
ing equipment to reinforce the wooden constructions, 
however, only a few studies have been conducted [11–
13], and hence data on the strength degradation of those 
with decayed wood has been poorly accumulated. Fur-
thermore, the deformation characteristics are unknown. 
In this study, we have investigated the effects of wood 
decay on the shear performance of screwed joints.

Materials and methods
Specimens
Figure  1 shows the outline of the specimens. The main 
members of the screwed joints were prepared from 
solid lumbers of Sakhalin fir (Abies sachalinensis) whose 
dimensions were 60  mm in width, 60  mm in thickness, 
and 300 mm in length. The average density was 442 kg/
m3 (standard deviation 57.1 kg/m3) and the average mois-
ture content was 10.2% (standard deviation 0.804%). 
These were measured from the sound part of the speci-
mens after the shear tests. The number of main members 
prepared as decayed and control specimens were 12 and 
9, respectively. Five out of nine control specimens had a 
width of 45 mm instead of 60 mm. The load–slip curves 
of screwed joints with a width of 45 mm showed no dif-
ference with those with a width of 60 mm (Fig. 7).

The side members were steel plates with a thickness of 
6 mm, having 2 holes with a diameter of 9.0 mm for fixing 
to the test machine and a hole with a diameter of 6.1 mm 
for the screw. The main member and the side mem-
ber were connected by a “TBA-65D” screw, which was 
designed to be used with hold-down hardware and made 
by Tanaka Co., Ltd. “TBA-65D” screws have an outer 
thread diameter of 6.0 mm, core diameter of 4.0 mm, full 
length of 69 mm, and length with screw thread of 55 mm 
as shown in Fig. 2. Average yield point of the screws was 
1117 N/mm2, which was obtained from the bending tests 
conducted by Takanashi et al. [13].

Decay treatment
The species of fungus used was Fomitopsis palus-
tris which is a type of brown-rot fungi [14]. Nutrient 
agar, floras of Fomitopsis palustris, and 17 small pieces 
(W16 × L16 × H8 mm) of Sakhalin fir were filled into 
congealed nutrient agar containers as shown in Fig.  3. 
The containers were placed in a closed environment at 
28  °C and 75% relative humidity for 4  weeks until the 
hyphae grew sufficiently.

Furthermore, each container was attached to two wood 
specimens using stretch wrap and the specimens were 
placed in a closed environment at 28 °C and 75% relative 
humidity for 22 weeks. The center of the container coin-
cided with the screwed point (80 mm) as shown in Figs. 1 
and 4. After the decaying period elapsed, the containers 

were detached from the wood specimens. The speci-
mens were placed in room temperature and humidity for 
2 weeks to be air-dried.

The container in which floras of wood decay fungus 
and small wood pieces were put on congealed nutrient 
agar is called “rot fungus feeder unit”. Decay tests using 
rot fungus feeder units have been conducted on nailed 
joints [8], multiple screwed joints [13], and column–sill 
joints [15]. This decaying method is suited to decay only a 
limited part of a wood member.

Decayed and air-dried wood members were connected 
to the steel plates by screws without predrilled hole, leav-
ing a slight gap to avoid initial friction between main and 
side members. The end distance of screwed joints was 
80 mm.

Test methods
The main member and the side member were fastened 
to the testing machine and single shear tests were con-
ducted on the screwed joints. The loading direction was 
parallel to the grain for the main member. The relative 
slips between the main and side members of the screwed 
joints were measured by two displacement transducers, 
located on the two sides of the main member as shown 
in Fig. 5.

The load was applied to a relative slip of 1.2 mm, and 
subsequently, reduced to a relative slip of 0  mm. This 
loading procedure was repeated to produce relative slips 
of 2.4, 4.8, and 9.6  mm, and subsequently, the load was 
kept monotonically applied until the tests were termi-
nated when the relative slips reached 30  mm or screw 
breakages occurred. The slip level was determined from 
the yield displacement obtained from the preliminary 
monotonic loading test of the screwed joints with an un-
decayed main member, which was 2.4 mm, and the rela-
tive slips of 1.2, 2.4, 4.8, 9.6 mm were equivalent to 1/2, 1, 
2, 4 times of that yield displacement, respectively.

After the shear test, pin penetration depth using Pilo-
dyn was measured near the location of the screwed 
point to evaluate the extent of decay. To determine the 
moisture content and wood density, subsamples were 
cut from the decayed and sound part of the main mem-
bers. The size of subsamples from the decayed and sound 
part were approximately 20–60 mm in width, 60 mm in 
thickness, and 85–129  mm in length and 18–60  mm in 
width, 25–60 mm in thickness, and 20—45 mm in length, 
respectively.

Subsequently, all the specimens were cleaved to observe 
the failure modes of the screwed joints and determine the 
decay depth in the screwed point. The decay depth was 
obtained from the difference between the thickness of 
the main member and length of the sound part as shown 
in Fig. 6.
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Results and discussion
Envelop load–slip curve
Figure  7 shows the envelop load–slip curves of the 
screwed joints. Decayed specimens had roughly lower 
loads than control specimens, as observed in the curves. 
The slopes of the load–slip curves up to 10  mm slip of 

decayed specimens had larger variables in comparison 
to those of control specimens. The points in the curves 
where the load drastically drops are the breaking points 
of the screws as shown in Fig.  8. The screws were rup-
tured in 11 out of 12 decayed specimens and 7 out of 9 
control specimens and this result coincides with the 
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Steel Plate
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Ø 9.0

Ø 9.0

Center line

30 Screw

130
25

60 60
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a�ached rot fungus 
feeder unit

89
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Fig. 1 Outline of the specimen



Page 4 of 11Ueda et al. J Wood Sci           (2020) 66:42 

number of curves in which the breaking points are 
observed.

To evaluate the shear performance of the joints, the 
maximum load (Pmax), yield slips (Dy), yield load (Py), 

and initial stiffness (Ks) are determined from the curve 
as follows [16]:

1. Two straight lines were drawn on the envelope load–
slip curves. One line (line I in Fig. 9) passes through 
the 2 points on the curves corresponding to 10 and 
40% of Pmax and the other (line II in Fig.  9) passes 
through the 2 points corresponding to 40 and 90% of 
Pmax.

2. A straight line (line III in Fig. 9) was drawn as it has 
the same slope as line II and it is tangent to the curve.

3. The load and slip corresponding to the intersection 
of line I and III are obtained and defined as Py and 
the yield slip, Dy, respectively. The slope of the line 
passing through the origin and the coordinate D−

y  
and Py is obtained and defined as Ks.

9.0 6.0

65.04.0 (Unit: mm)

55.010.0

Fig. 2 Outline of the screw “TBA-65D”

Small piece of Abies sachalinensis
(width = 16, length = 16, height = 8 mm)

Flora of Fomitopsis palustris

Polypropylene container
(width = 129, length = 89, depth = 43 mm)

Fig. 3 Rot fungus feeder unit

80 mm

Center line

Stretch wrap

Rot fungus feeder unit

Fig. 4 Attachment of the rot fungus feeder unit
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Three specimens (1 from decayed specimens and 2 
from control specimens) could not be evaluated to obtain 
the yield load from this method because the slope of 
line I and line II was nearly the same. These specimens 
were evaluated to determine Py, Dy, and Ks using 3 points 
on the curves corresponding to 10, 60, and 80% of Pmax 
instead of those corresponding to 10, 40, and 90% of Pmax. 
In the case the specimens other than the three specimens 

were calculated Py using 3 points on the curves corre-
sponding to 10, 60, and 80% of Pmax, the values were 1.09 
times in average of those corresponding to 10, 40, and 
90% of Pmax. The former was close to the latter.

The values of Ks, -Py, and Pmax are shown in Fig. 10. The 
difference between decayed and control specimens in Py 
and Pmax was both significant at the 1% level. However, 
the difference in Ks was not significant at the 5% level, 
though the mean of Ks of the control specimens was 
higher than that of the decayed specimens. This can be 
attributed to the large deviation in the values of Ks and 
presumably does not mean that Ks will not change even 
if the member was decayed, as is reported in preceding 
studies [10, 13].

Evaluation of the extent of decay
The extent of decay on the main members was evaluated 
by Pilodyn penetration depth and the decay depth. The 
relationships between Pilodyn penetration depth and Ks, 
Py, and Pmax are shown in Fig. 11.

Displacement
transducer

Screw

Steel PlateTransducer bed

Main member

Loading direc�on

Ø 8.0 mm Bolt

Ø 8.0 mm Bolt

Fig. 5 Setup of shear tests for screwed joints

60 mm d’

Decay depth (mm) = 60 - d’

Browned area

Fig. 6 Way to determine the decay depth
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Pilodyn penetration depth had no significant relation-
ships with Ks, Py, or P-max. Mori et al. reported that Pil-
odyn penetration depth had an inverse correlation with 
the yield load of screwed joints with decayed wood [12]. 
The difference between these results would be attributed 
to the range of Pilodyn penetration depth obtained from 
the tests. Whereas the value of Pilodyn penetration depth 
measured by Mori et al. ranged from 10 to over 40 mm, 
the value of Pilodyn penetration depth in this study was 
16.0 to 23.5 mm. It is inferred that no significant relation-
ship was found between Pilodyn penetration depth and 
the strength properties in this study because the value 
of Pilodyn penetration depth was not so widely ranged, 
and did not cover the whole length of the part with screw 
thread.

The relationships between decay depth and Ks, Py, and 
Pmax, are shown in Fig.  12. The decay depth had a sig-
nificant inverse correlation with Ks at the 1% level and 
Ks corresponding to 20  mm of decay depth was about 

0.5 times that of the mean of control specimens. Py and 
Pmax corresponding to 20  mm of decay depth were also 
0.5 times those of the mean of control specimens, respec-
tively, however, the decay depth had no significant rela-
tions with Py or Pmax at the 5% level.

Multiple regression of the shear performance on the decay 
depth and the sound wood density
Multiple regression analysis was conducted on screwed 
joints with decayed wood using Ks as a dependent vari-
able and the decay depth and the sound wood density 
 (WDh) as 2 explanatory variables. The result of multiple 
regression analysis is listed in Table 1. The multiple deter-
mination coefficient (R-

2) of Ks was 0.85. The multiple 
regression was significant at the 1% level and the decay 
depth and  WDh were both significant as the explana-
tory variable at the 1% level. Therefore, Ks of decayed 
specimens is inferred to be determined by both the decay 
depth and  WDh.
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Fig. 7 Load–slip curves of screwed joints. Black line curves obtained yield load using 3 points on the curves corresponding to 10, 40, and 90% of 
the maximum load; red line curves obtained yield load using 3 points on the curves corresponding to 10, 60, and 80% of the maximum load; solid 
line curves of specimens with a width of 60 mm; broken line curves of specimens with a width of 45 mm
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Likewise, multiple regressions of Py and Pmax on the 
decay depth and  WDh were obtained, respectively. 
The multiple regression of Py was significant at the 5% 
level and as explanatory variables, the decay depth and 
 WDh were both significant at the 5% level. The multiple 
regression of Pmax was significant at the 1% level and as 

Fig. 8 Ruptured screw and the specimen after the test

Fig. 9 Method of evaluating shear performance of screwed joints. 
Note: Pmax, maximum load; Py, yield load; Dy, yield slip; Ks, initial 
stiffness
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explanatory variables, the decay depth and  WDh were 
both significant at the 1% level. The multiple determi-
nation coefficients for Py and Pmax were 0.53 and 0.74, 
respectively, and those values were significant at the 5% 
and 1% level, respectively. Py and Pmax of screwed joints 
with decayed wood also could be estimated by both the 
decay depth and  WDh.

Comparison with the screwed joints with multiple screws 
of previous study
Previously, Takanashi et al. conducted a research on the 
screwed joints with seven screws using the same wood 
species and screws as this study and reported the effect 
of decay of the main members on the shear strength 
[13]. Therefore, in this study, we conducted a compari-
son between joints with a screw and those with multiple 
screws regarding the effect of decay. The value of Pilodyn 
penetration depth in the study of Takanashi et  al. was 
about 20–30  mm and the extent of decay of decayed 
specimens is inferred to be the same as this study. The 
strength properties per screw of the screwed joints are 
shown in Fig. 13.

The difference in Ks per screw between screwed joints 
with one screw and those with seven screws was not sig-
nificant at the 5% level, regardless of the decay. The dif-
ferences in Py and Pmax per screw were not significant at 
the 5% level as well. This means that shear performance 
of the screwed joints with seven screws can be suffi-
ciently estimated from the results of the loading tests of 
the screwed joints with one screw. This holds true even if 
the main members were decayed, so long as the extent of 
decay is the same.

Conclusions
Shear tests were conducted on screwed joints with a 
decayed main member and the degradation of shear 
performance of screwed joints by wood decay was 

Table 1 Coefficients and  determination coefficient (R2) 
of  multiple regressions of  Ks, Py, and  Pmax on  the  decay 
depth and  WDh

D = decay depth (mm)

WDh = sound wood density (kg/m3)

*  Significant at the 5% level. ** significant at the 1% level

Y Multiple regression: R−2

Y = a D + b  WDh + c

a b c

Ks − 0.0176 0.00130 − 0.141 0.85**

Py − 0.0734 0.00838 − 0.827 0.53*

Pmax − 0.1243 0.01206 − 0.433 0.74**
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investigated. The extent of the decay was also inves-
tigated by means of Pilodyn penetration depth and 
the decay depth to evaluate shear performance of the 
screwed joints. The obtained results can be summarized 
as follows:

1. The differences between decayed and control speci-
mens in Pmax and Py were both significant at the 1% 
level. In contrast, the difference in Ks was not signifi-
cant at the 5% level, though the mean of Ks of control 
specimens was higher than that of decayed speci-
mens.

2. Pilodyn penetration depth did not have significant 
relationships with Ks, Py, or Pmax of the screwed 
joints, because the range of Pilodyn penetration 
depth was not narrow.

3. The decay depth had a significant inverse correlation 
with the Ks at the 1% level. The multiple regression 
of Ks on the decay depth and  WDh was significant at 
the 1% level. Ks is inferred to be determined by both 
the decay depth and  WDh. The multiple regressions 
of Py and Pmax on the decay depth and  WDh were sig-
nificant at the 5% and 1% level, respectively. There-
fore, Py and Pmax are also inferred to be determined 
by both the decay depth and -WDh.

4. The shear performance of screwed joints with a 
screw obtained in this study was compared with 
those with seven screws obtained in the previous 
study. The difference between  Ks of the screwed 
joints with a screw and those per screw with seven 
screws was not significant at the 5% level, regardless 
of the decay. The differences in Py and Pmax per screw 
were not significant at the 5% level as well. Therefore, 
it is inferred that shear performance of the multi-
screw joints could be sufficiently estimated from the 
results of the loading tests of screw joints with one 
screw, even if the main members were decayed so 
long as the extent of decay is the same.

Abbreviations
Pmax: Maximum load; Py: Yield load; Dy: Yield slip; Ks: Initial stiffness.
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