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Shear experiments on mortise and tenon joints with top and bottom notches in the beam end were conducted with
the length of the tenon as a variable. In addition, material experiments were performed to investigate the structural
performance of the fracture modes of the joint. The experimental results show that when the lower notch at the
beam end experiences splitting, the shear forces were identical for different tenon lengths and did not decrease. In
addition, the deformation performance of the joint up to yielding was largely due to the compressive deformation
perpendicular to the grain of the wood on the sides of the tenon. Based on the theory of the calculation method of
the splitting strength of a notched beam, a formula for the splitting strength when the end of the beam is moment-
resisting was proposed. It was confirmed that the proposed formula could estimate the shear force that caused the
splitting fracture of the lower notch. In addition, the increase in shear force after the lower notch experienced splitting
fracture was due to the increase in clamping force of the beam end due to rotational deformation.
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Introduction

In Japan, there is a growing trend toward the use of wood
in medium- to large-scale buildings. As part of this trend,
there has been a great deal of research on moment-
resisting timber joints. The results are summarized in the
“Design Manual for Engineered Timber Joints” [1] and
other publications. Some moment-resisting joints use
joints that resist tensile axial forces, such as lag-screw
bolts [2] and glued-in rods [3]. Such joints resist shear
force through the friction of the compressive force at the
end of the beam generated by bending. However, fric-
tional resistance cannot be guaranteed when the moment
acting on the beam is small or after the beam fails due to
bending. Therefore, the “Design Manual for Engineered
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Timber Joints” [1] states that a different resistance mech-
anism is needed to resist shear forces. In the case of beam
end joints, the joint is often made of a steel connection
joint to facilitate construction. When a steel connection
joint is used, notches are installed at the top and bot-
tom of the beam end, as shown in Fig. 1. However, there
is no previous research on uniquely shaped joints with
notches at the top and bottom of the beam end, and the
performance of such joints is not known. Therefore, in
this study, the shear performance of mortise and tenon
joints with top and bottom notches at the beam end was
analyzed.

For mortise and tenon joints, the structural perfor-
mance related to the tensile resistance [4, 5], moment
resistance [6, 7] and shear resistance [8, 9] have been
reported. Other special cases have also been reported,
such as structural performance with wood angles of
30°, 45° and 60° [10] and shear resistance with multiple
mortise and tenon joints [11]. Gamerro et al. [8] and
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Fig. 1 Moment-resisting timber joint

Tsukazaki et al. [9] studied the methods of estimating
the bearing capacity of the joints by classifying the failure
modes to determine the shear performance of mortise
and tenon joints. Although there is no previous research
on a joint with notches at the top and bottom of the beam
end, we can predict the actual possible failure modes of
the joint by referring to the reports of Gamelro et al. [8]
and Tsukazaki et al. [9]. If we exclude the failure modes
that are expected to have very high bearing capacity, we
can assume that there are two types of failure modes, as
shown in Fig. 2. Figure 2a shows the compression fail-
ure perpendicular to the grain on the side of the tenon.
Figure 2b shows a splitting fracture at the notch. In this
study, we conducted a shear experiment on a mortise
and tenon joint with notches at the top and bottom of
the beam end and compared the shear performance of
the joint with the structural performance of the failure
mode shown in Fig. 2 to analyze the shear performance
in detail.

Materials and methods

Shear performance of the joint

A schematic diagram of the joint shear experiment and
the beam end is shown in Fig. 3. Glued laminated tim-
ber composed of mixed-grade laminae (symmetrical

Column Beam

N

Compression deformation

a Compression failure perpendicular to the grain of the tenon

Column Beam

B

i Splitting of the notch

b Splitting fracture of the notch

Fig. 2 Fracture mode of a mortise and tenon joint with notches at

the top and bottom of the beam end

composition, strength grade E65-F225) is used as the
material, as specified by the Japanese Agricultural Stand-
ard [12] for Japanese cedar (Cryptomeria japonica). The
cross-sectional area of the columns is 210 mm x 300 mm,
and that of the beams is 210 mm x 600 mm. Notches and
a tenon are provided at the end of the beam. The width
of the tenon is 105 mm, which is half of the beam width,
and the tenon lengths are 100 mm (J-L100) and 150 mm
(J-L150). The beam end is notched 180 mm x 150 mm at
the top and bottom. There are three specimens for each
tenon length. The mean and standard deviation val-
ues of the density are 39944 kg/m? for the beams and
403 £ 8 kg/m? for the columns. The density is the weight
of the specimen divided by the volume. The mean and
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a Schematic diagram
Fig. 3 Shear test of the joint

b Processing of the beam end

standard deviation values of the moisture content are
11.2+1.3% for the beams and 13.1+£0.5% for the col-
umns. The moisture content was measured by a moisture
meter (HM-520, Kett Electric Laboratory).

For the experiment, the load was applied at a constant
crosshead speed of 3 mm/min. Displacement was meas-
ured as the relative displacement of the column and beam
at the joint. The specimens were equipped with anti-rota-
tion jigs at the top and bottom to prevent the columns
from rotating under an applied force.

Splitting strength of the notch at the beam

Gustafsson [13] proposed an equation for calculating the
bearing capacity of crack fractures in notched beams. It
was derived by modeling the crack growth by increas-
ing the notch length. However, the formula to calculate
the bearing capacity of notched beams [13] is not appli-
cable to moment-resisting mortise and tenon joints [6,
7] because it assumes that the moment acting at the end
of the beam is zero. Therefore, a bearing capacity for-
mula for the case of moment resistance at the end of the

beam was derived using the same concept as that of the
notched beam bearing capacity formula [13].

A schematic of the notched beam model is shown
in Fig. 4. Figure 4a shows the external forces acting on
the beam, and Fig. 4b shows the moment diagram. As
shown in Fig. 4c, when a crack of length DAS occurs, it is
assumed that the part of the beam below the crack does
not contribute to the stiffness of the beam. The increase
A¢ in deflection at the load location at crack length DAS
is then the sum of the increase AJ; in deflection due to
shear deformation of the beam and the increase Ad, in
deflection due to bending deformation of the beam.

When the shear force Q and bending moment M are
constant and a crack occurs of length DAS, the increase
AS in deflection at the load location can be expressed by
Egs. (1-3):

AS = A8 + A8y, (1)
1.2 /A A
Xy o B
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3)
where B is the beam width, E, is Young’s modulus paral-
lel to the grain, and G,, is the shear modulus.

Then, the loss in potential energy AW when a crack of
length DA occurs can be expressed by Eq. (4):

AW = 0.5PAS = G.BDAB, (4)

where G_ is the mode I fracture energy.

Using Egs. (1-4) and setting A5 — 0, we can obtain the
formula for calculating the resistance to crack fracture in
Eq. (5):

B BDa/G./D
/06 —a2)/Guy + 6821 o — o) /Ec — (1 /e — ) (M/P)(E:D)
(5)

Since Ad is the deformation in the range of DAp, the
notch at the top of the beam end has no effect on the
performance. The notch length plus the crack length are
combined as Df (Fig. 5), and the bearing capacity after
the crack occurs can be calculated using Eq. (5).

In the formula for calculating the bearing capac-
ity of notched beams [13], the increase Ad in deflection
is Ad,+Ad,+AS, to account for the increase AJ, in
deflection due to the reduced clamping stiffness at the
transition between the full cross-section and reduced
cross-section. However, Smith et al. [14] derived an
equation for calculating the bearing capacity of a notched

P
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Fig. 5 Modeling of the crack after the crack initiation at the beam end
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beam with the increase Ad in deflection as Ad,+ Ady,.
They also reported that the formula agrees well with
the finite element calculations when the increase Ad in
deflection is A§,+ Ad,. Therefore, in this study, we deter-
mined that A§=A{§,+ Ad,, was applicable and proposed
Eq. (5). Other reasons for using Ad=Ad,+ Ad, were to
simplify the equation and to calculate the bearing capac-
ity after cracking using Eq. (5).

Mode I fracture energy

The fracture energy G, used in Eq. (5) is obtained by a
single-edge-notched bending test [15]. A schematic
diagram of the experiment is shown in Fig. 6. Glued
laminated timber composed of mixed-grade laminae
(symmetrical composition, strength grade E65-F225) as
specified by the Japanese Agricultural Standard [12] for
Japanese cedar (Cryptomeria japonica) was used as the
material. The test specimens were taken from laminated
wood manufactured with cross-sections with a width of
210 mm and height of 600 mm. The width of the speci-
men was 103 mm, which is half of the width of the glued

laminated timber due to the experimental setup. The
notch in the specimen was made at the location of the
inner lamina of the glued laminated timber. Eight speci-
mens were tested for each design: one design with a notch
in the center of the lamina (Fig. 7a) and one with a notch
in the adhesive layer (Fig. 7b). The mean =+ standard devi-
ation of the density of the inner lamina near the notch
was 384+ 18 kg/m? for the specimen with a notch in the
center of the lamina and 386 & 15 kg/m? for the specimen
with a notch in the adhesive layer. The mean =+ standard
deviation of the moisture content of the inner lamina
near the notch was 8.84+0.9% for the specimen with a
notch in the center of the lamina and 8.8 +£1.0% for the
specimen with a notch in the adhesive layer. After the
experiment, samples were cut out to measure the density
and moisture content. The moisture content was meas-
ured using a moisture tester (HM-520, Kett Electric Lab-
oratory). For the experiment, the load was applied at a
constant crosshead speed of 1 mm/min, and the load and
displacement of the crosshead were measured.

F
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Fig. 6 Schematic diagram of the single-edge-notched bending test
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a Specimen with a notch in the center of the lamina

Fig. 7 Lower surface of the representative specimen

b Specimen with a notch in the adhesive layer

Compression performance perpendicular to the grain

of the tenon

The compression performance perpendicular to the grain
of the tenon was determined by the experiment. A sche-
matic diagram of the experiment used to determine the
compression performance perpendicular to the grain is
shown in Fig. 8. C-H200 (Fig. 8a) is an experiment con-
ducted to check the compression performance perpen-
dicular to the grain of the side of the tenon of J-L100,
and the number of specimens is two. An experiment to
check the compression performance perpendicular to the
grain of the side of the tenon of J-L150 is not conducted
because the specimens could not be cut out. Experiments
C-1200 and C-I300 (Fig. 8b, c) were conducted to check
the performance of C-H200 (Fig. 8a) when there was no
extra length in the width direction, and there were three
specimens for each test. Experiments C-200 and C-300
(Fig. 8d, e) were conducted to confirm the performance
when the bottom surface was fully supported, and there
were six specimens for each test. To achieve identical per-
formance to C-1200 and C-1300, the heights of C-200 and
C-300 were halved to 120 mm based on the experimental
results of Ido et al. [16]. These specimens were cut from
the specimens in the joint shear experiments (Fig. 9).
The mean and standard deviation of the density were
381+1 kg/m?® for C-H200, 38942 kg/m> for C-1200,
3864 14 kg/m? for C-1300, 40048 kg/m? for C-200, and
399+ 11 kg/m? for C-300. The density is the weight of the
specimen divided by the volume. The mean and standard
deviation values of the moisture content were 10.2 +0.2%
for C-H200, 10.1+0.2% for C-1200, 10.3+0.3% for
C-1300, 13.5+0.2% for C-200, and 13.3+0.2% for C-300.
The moisture content was measured by a moisture meter
(HM-520, Kett Electric Laboratory).

For the experiment, the load was applied at a constant
crosshead speed of 3 mm/min. The displacement was
measured as the relative displacement between the cross-
head and the underside of the specimen at the loading
point.

Results and discussion
Shear performance of the joint
Figures 10, 11, 12, 13, 14 and 15 show the final fracture
status of the specimen. The visually confirmed fractures
occurred in the following order: (1) crack in the lower
notch, (2) crack below the center of the beam, and (3)
crack above the center of the beam. The fracture in (1)
simultaneously occurred at the left and right joints.
When the deformation increased, the lower part of the
beam end was in contact with the column as the beam
end rotated due to bending deformation and deformation
caused by cracking at the lower notch. In the final frac-
tured joint in Figs. 10, 11, 12, 13, 14 and 15, the bottom of
the beam end and the column are not in contact, but they
were in contact before the final fracture appeared. Fig-
ure 16 shows the relationship between shear force P and
displacement § at the joint. The location of the P and § of
the first visible fracture at either side of the joint is also
shown in Fig. 16. P at the joint is 1/2 of the force point
load F. § is the relative displacement between the column
and the end of the beam. Table 1 shows the results of the
P-{ relationship evaluated by the elastic—perfectly plastic
model [17], which is evaluated in terms of the P-§ rela-
tionship with a maximum displacement of 30 mm.
Cracking at the bottom of the notch was observed
first during the shear test of the joint, which was visually



Okamoto et al. J Wood Sci (2021) 67:47 Page 7 of 23
| .
> N — (unit: mm)
S [ Steel plate
S (g — F | — F
: W Ly
—
=] gram T T
g Il Il
T T
I I [ |
150 [ 150 | 200 [ 150 [ 150 52.5, [105, B2.5
a C-H200
0 ! W Wy
= grain o orain
I [ [ | [ [ [ |
150 [ 150 | 200 | 150 | 150 100, J 150 J 150 J 300 J ISOJ 150 J 100,

b C-1200

W

§r i grain
/ /
l 240 J 200 l 240 l l@l

d C-200

¢ C-1300

L

4120

]
5
B

/ /

Fig. 8 Schematic diagram of loading perpendicular to the grain compression test

l 240 J 300 J 240 J
e C-300

J100]

C-H200, C-1200, C-I1300

C-200, C-300

Fig. 9 Schematic diagram of the compression specimen sampling

location perpendicular to the grain

observed when P was approximately 80 kN for both
J-L100 and J-L150. For a notched beam, as soon as a
crack occurs, the crack lengthens, and the load decreases

[18]. However, for this specimen, P did not decrease due
to cracking at the lower notch, and the cracks gradu-
ally lengthened as P increased. This may be due to the
moment resistance caused by the contact between the
lower beam end and the column, which increased the
splitting resistance. Another factor may be the differ-
ent load-carrying mechanism of shear and bending in
the short beam compared to the long beam. In addi-
tion, J-L100 and J-L150 No. 2 had joints where no split-
ting occurred at the lower notch, which may also be
due to the moment resistance at the beam end. Next,
a crack below the center of the beam was visually con-
firmed at § of approximately 40—50 mm for J-1L100 and &
of approximately 10—15 mm for J-L150. The crack below
the center of the beam gradually lengthened when the
crack displacement increased. A crack below the center
of the beam did not occur in some joints. Finally, a crack
above the center of the beam was visually confirmed, and
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Right side
(Final fracture)

|

Right side (Final fracture)
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Fig. 10 Final fracture state of the specimen (J-L100, No. 1)
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Fig. 11 Final fracture state of the specimen (J-L100, No. 2)

Right side
(Final fracture)

Right side (Final fracture)
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Fig. 12 Final fracture state of the specimen (J-L100, No. 3)
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Fig. 13 Final fracture state of the specimen (J-L150, No. 1)
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Fig. 14 Final fracture state of the specimen (J-L150, No. 2)
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P was significantly reduced. The crack above the center
of the beam became a large crack as soon as it occurred.
The fracture conditions in Figs. 10, 11, 12, 13, 14 and 15
indicate that the splitting fracture above the center of the
beam is due to the shear force.

For J-L100, all the specimens showed the same P-§
relationship, and the displacements leading to final
fracture were all in the approximate range of 40 mm
to 50 mm. For J-L150, only No. 2 showed a significant
decrease in stiffness after cracking occurred at the lower
notch, but the displacements leading to final fracture
were all in the approximate range of 25 mm to 30 mm.
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In No.1 and No.3 of J-L150, half of the wood fibers on
the surface of tenon were fractured (Fig. 17a), but in the
other specimens, all wood fibers on the surface of the
tenon were fractured (Fig. 17b). The shear force P after
the splitting fracture of No.1 and No.3 of J-L150 was
high, although it is unclear whether this high shear force
affected the results.

The concern with the experiment in Fig. 3 is the short
distance from the force plate to the beam end. It is pos-
sible that the influence of the force plate restrains the
fracture. First, we consider (1) a “crack in the lower
notch” According to the finite element analysis results
for notched beams [19], the load decreases as soon as the
crack starts, and the load is approximately 1/2 when the
crack reaches the position shown in Fig. 18. Thereafter,
the load increases as the crack lengthens due to the force
plate. Therefore, we can expect that the load increases
when the crack length is more than 90 mm in the experi-
ment shown in Fig. 3. For J-L100, the crack length was
less than 90 mm, and for J-L150, the crack length was
more than 90 mm. Therefore, J-L150 may have sup-
pressed the fracture due to the restraint of the force plate,
but J-L100 is not considered to have suppressed the frac-
ture due to the restraint of the force plate. Next, for a (2)
“crack below the center of the beam’, cracks occurred
near the force plate in J-L100 (No. 2, No. 3) and J-L150
(No. 3), where this fracture occurred. There is a possi-
bility that P was reduced by this fracture, but this could
not be confirmed in this study. Finally, for a (3) “crack
above the center of the beam’ it can be said that there is
no effect due the force plate because the load was signifi-
cantly reduced when the crack was identified.

Compression performance perpendicular to the grain

of the tenon

Figure 19 shows the relationship between the force point
load F and displacement § for C-H200 (Fig. 8a) and
J-L100 (L =100 mm in Fig. 3). § in C-H200 is the relative
displacement between the force plate and the bottom sur-
face of the specimen at the force point. § in J-L100 is the
relative displacement between the column and the end of
the beam. The relationship between F-§ of C-H200 and
J-L100 is almost identical up to around the yield point.
The results show that compressive deformation perpen-
dicular to the grain at the side of the tenon has a signifi-
cant contribution on the deformation performance of
J-L100. After the yield point, the rate of increase in load
was larger for J-L100 than for C-H200. The exact reason
for this is unknown, but it may be due to the frictional
resistance at the point where the beam end is in contact
with the column due to rotational deformation.
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J-L100 J-L150

Left side Right side (final fracture) Left side (final fracture) Right side

No.1 No.2 No3 Ave No.l No.2 No3 Ave No.l No.2 No.3 Ave No.1 No.2 No3 Ave
K (kN/mm) 2467 2429 2285 2394 2082 2376 1795 2084 4091 3427 6063 4527 3220 2905 5743 3956
Prnax (KN) 101.56 8795 91.02 9351 9952 8848 9437 9413 10971 11078 11303 11117 10973 11075 11305 111.18
Py (kN) 5323 4729 4493 4849 5400 4922 5055 5126 6483 7227 6254 6655 7103 7021 6270 6798
P, (kN) 8294 7753 7717 7921 8018 7810 80.57 7962 10603 9755 10823 10394 10357 9731 10891 103.26
Ps—imm (KN) 4189 3771 3766 3908 3421 3881 3554 3618 4824 5866 6137 5609 3716 5474 5966 5052
Ps—omm (KN) 5246 4759 4514 4839 4959 4864 4589 4804 7468 7120 8394 7661 66.62 60676 8337 7225
Ps—3mm (KN) 5737 5275 4965 5326 5624 5402 5126 5384 8949 7772 9717 8813 7909 7382 9662 8318
Ps—amm (KN) 5984 5560 5245 5596 5924 5779 5435 5713 9839 8145 10503 9496 89.04 7828 104.11 90.48
Ps—smm (KN) 62,12 5854 5511 5859 6126 61.02 5775 6001 10007 8385 10927 9773 9525 8155 10843 9507
8p,., (Mm) 29.80 30.00 3000 2993 3000 2990 30.00 2997 710 2890 620 1407 1950  29.80 6.50 1860
éy (mm) 2.16 1.95 197 202 259 207 282 249 1.58 2.1 1.03 1.58 221 242 1.09 1.90
6, (mm) 336 319 338 331 385 329 449 388 259 285 1.78 241 322 335 1.90 282
6, (mm) 3000 30.00 3000 3000 3000 3000 3000 3000 2610 3000 2960 2857 2980 3000 2830 2937

K: elastic stiffness, P,,,,.: maximum shear strength, P,: yield shear strength, P,: ultimate shear strength, P5_, ,,..: shear strength at a displacement of T mm, Ps_, !
shear strength at a displacement of 2 mm, Ps_; ,: shear strength at a displacement of 3 mm, P;_, ., shear strength at a displacement of 4 mm, Ps_s ,,..: shear
strength at a displacement of 5 mm, 8p,,..,: displacement at the maximum shear strength, §,: yield displacement, ,: P, /K, and 6,,: ultimate displacement

a L150, No. 1 and L150, No. 3

Fig. 17 Fracture of the tenon

b Other Specimens

Figure 20 shows the relationship between the force
point load F and displacement J for C-H200 (Fig. 8a) and
C-1200 (Fig. 8b). J is the relative displacement between
the force plate and the bottom surface of the specimen
at the force point. The widths of the force surface are
slightly different for various specimens, namely, 105 mm
for C-H200 and 100 mm for C-I1200, so F of C-1200 is
multiplied by 1.05 to make CI200 comparable to C-H200.
The ratio of the average values of P (C-H200/C-1200) is

1.48 for §=2 mm and 1.47 for § =4 mm, demonstrating
a large difference in load due to the difference in the extra
length portion.

Figure 21 shows the relationship between the force
point load F and displacement § for C-1200 (Fig. 8b)
and C-200 (Fig. 8d), and Fig. 22 shows the relation-
ship between the force point load F and displacement §
for C-1300 (Fig. 8c) and C-300 (Fig. 8e). J is the relative
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displacement between the force plate and the bottom
surface of the specimen at the force point. C-I300 finally
fractured in bending or shear. Although the specimen
heights of C-200 and C-300 are half of those of C-1200
and C-1300, the F-¢ relationships are almost identical.

No experiment was conducted for C-H200 with an
applied force length of 300 mm (C-H300), so the load
F 11300 (car) for each displacement § was estimated using
Eq. (6):

Fc-nzoo(cal) = Fc-mo0 + 1.05 - (Fc-1300 — Fc-1200)5
(6)
where F¢ 11500 is the average value of load F for C-H200,
Fc 1200 is the average value of load F for C-1200, and F.
1300 is the average value of load F for C-1300. The coef-
ficient for transforming the width from 100 to 105 mm
is 1.05.

Figure 23 shows the relationship between the force
point load F and displacement § for C-H300 (cal.) and
J-L150 (L=150 mm in Fig. 3). § for J-L150 is the rela-
tive displacement between the column and the end of
the beam. The relationships between F-§ of C-H300 (cal.)
and J-L150 No. 2 are almost identical until reaching the
yield point. This result shows that compressive deforma-
tion perpendicular to the grain at the side of the tenon
has a significant contribution to the deformation perfor-
mance of J-L150 and J-L100.

The F-§ relationship for C-200 and C-300 can be
obtained using the formula for the compressive perfor-
mance perpendicular to the grain [20]. Therefore, C-1200
and C-I300, which have approximately identical perfor-
mance to C-200 and C-300, can be estimated. Although
we expected the performance of C-H200, C-H300 (cal.)
and C-200 and C-300 to be generally identical, the

difference in bearing capacity that we could confirm in
our experiments was very large. The formula for com-
pressive performance perpendicular to the grain of the
wood [20] does not give the performance for unique
shapes such as C-H200 and C-H300 (cal.). A future
method should be proposed to estimate the compressive
performance perpendicular to the grain of the wood for
unique shapes such as the side of a tenon.

Splitting strength of the beam at the notch

The relationship between the mode 1 fracture energy
G, and density p obtained from the experiment in Fig. 6
is shown in Fig. 24. Additionally, Eq. (7) [21] for the
relationship between G, and p for Nordic redwood is
included in Fig. 24:

Gco(N m/m?) = 1.07 x p(kg/m®) — 162. (7)

The experimental values of G, for the specimen with
the notch in the center of the lamina and the specimen
with the notch in the adhesive layer were almost identi-
cal. Therefore, the calculation can be performed with-
out changing the value of G, whether splitting fracture
occurs in the center of the lamina or near the adhesive
layer. It was also confirmed that Eq. (7) yielded approxi-
mately identical values to the average experimental
values.

The average value of G, (G,=279 N m/m?) is used
to obtain the splitting strength by Eq. (5). E, and G, in
Eq. (5) are the values of the interval DAS in Figs. 6¢ and
7. The cross-sectional configuration is shown in Fig. 25,
and the equivalent Young’s modulus, which is the bend-
ing stiffness of this section divided by the moment of
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inertia, is E,=5368 N/mm? All the notched sections
at the beam end are the inner lamina (L40). There-
fore, these values were used, assuming that the Young’s
modulus ranges from E,=4000 N/mm? (the value for
inner lamina L40 given in Japanese Agricultural Stand-
ard [12]) to E,=5368 N/mm? The shear modulus is set
to G,,=E,/15 [20]. The exact location of P and M acting
on the end of the beam is unknown. Figures 10, 11, 12,
13, 14 and 15 show that the side of the tenon is deformed
to some extent with equal displacement. Therefore,
it was assumed that P and M acting on the beam end
acted at the center position of the tenon (D =200 mm

for J-L100 and DS =225 mm for J-L150 in Fig. 6c). The
M/P values are 0 mm and 250 mm for J-L100 and 0 mm
and 262.5 mm for J-L150. When the beam end does not
resist the bending moment, M/P is 0 mm; when the beam
end is rigidly connected and the bending moments at
the beam end and the force plate end are identical, M/P
is 250 mm and 262.5 mm. In addition, the values of Df
in Fig. 7 were varied to obtain the splitting strength for
crack lengths of 0-100 mm.

The comparison between the experimental values and
the calculated values of the splitting strength and the
relationship between the calculated values of the splitting
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strength and crack length are shown in Figs. 26, 27. The
calculated splitting strengths of both J-L100 and J-L150
when M/P=0 mm were approximately identical to the
shear force when the splitting fracture was visually iden-
tified. In addition, the calculated values of the splitting
strength for both J-L100 and J-L150 when M/P =250 mm
or 262.5 mm were approximately equal to the maximum
strength. The splitting strength after crack initiation
decreased little by little as the crack length increases.
However, experiments showed that the crack length
gradually increased as the load gradually increased after
crack initiation. These results suggest that the lower

notch crack with the beam end barely resisted the bend-
ing moment, and the bearing capacity did not decrease
because the degree of fixation of the beam end increased
when the deformation progressed. However, since the
distance from the force plate to the crack was short for
J-L150, if the distance from the force plate to the crack
increased, the bearing capacity might decrease before
reaching the maximum bearing capacity of the experi-
mental value.

The mortise and tenon joints of the specimen shown
in Fig. 3 were machined with very high precision, and
special tools were used for assembly. When used in a
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building, the degree of fixation at the end may be smaller
than that of the specimen shown here. Therefore, the
bearing capacity of the joints should be designed with the
assumption that the beam ends have very little bending
resistance.

Shear strength of the beam end

The final fracture mode of a mortise and tenon joint is
splitting fracture by shear force. In this specimen, the
joint can be safely used in buildings as long as the resist-
ance values to compression failure perpendicular to the
grain on the side of the mortise (Fig. 2a) and to splitting

fracture at the notch (Fig. 2b) are known. In addition,
the severe damage to the tenon makes it is difficult to
estimate the maximum bearing capacity from the shear
strength of the wood. For these reasons, we did not con-
duct any experiments to determine the shear strength of
wood. However, an estimation of the bearing capacity
using a simple study will be useful when calculating this
maximum bearing capacity, so we decided to conduct a
simple study using the existing experimental data [22].
The beam end experienced a significant reduction
in bearing capacity due to the splitting fracture by the
shear force of the tenon (Figs. 10, 11, 12, 13, 14 and 15).
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Therefore, the maximum bearing capacity P, is esti-
mated from the cross-sectional area and shear strength

of the tenon using Eq. (8):
Prax = Fs x A/1.5, (8)

where F, is the shear strength of the tenon (inner lam-
ina L40). A is the cross-sectional area of the tenon
(105 mm x 240 mm).

F, used in Eq. (8) is based on existing experimental
data [22] obtained from the test methods of JIS Z 2101
[23] and ISO 13910 [24]. The existing experimental data
[22] are F, of the inner lamina L40 of glued laminated
timber composed of mixed-grade laminae (symmetri-
cal composition with a strength grade of E65-F225) for
Japanese cedar (Cryptomeria japonica). The F, val-

S

ues obtained by the JIS Z 2101 test method [23] are
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F,=9.4 N/mm? (average value of 30 specimens where
the average value of the density is 405 kg/m?) for the
test with a 25 mm x 25 mm shear plane and F,=7.7 N/
mm? (average value of 30 specimens where the aver-
age value of the density is 423 kg/m?) for the test with a
120 mm x 120 mm shear plane. The value of F, obtained

by the test method of ISO 13910 [24] is F,=7.2 N/mm?
(average value of 30 specimens where the average value
of the density is 424 kg/m?®) for a three-point bending test
with a span of 600 mm, specimen width of 120 mm, and
specimen height of 150 mm.

The comparison between the experimental values and
the calculated values of the maximum bearing capacity is
shown in Fig. 28. Although the value of F, differs depend-
ing on the test method, the calculated value is slightly or
significantly higher than the experimental value, possibly
since the stress bias caused by the force acting from the
side of the tenon and the severe damage at the beam end
resulted in a lower bearing capacity at shear fracture.

Conclusion

In this study, shear experiments were performed on mor-
tise and tenon joints with top and bottom notches at the
beam end. Then, material experiments were conducted
to investigate the structural performance of the fracture
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mode of the joint and clarify the shear performance of
the joint. The following results were obtained:

1. The shear force at the splitting fracture at the lower
notch was identical for different lengths of the tenon.
In addition, it was confirmed that the shear force that

caused the splitting fracture of the lower notch could 160 ﬁﬂi/‘“_‘“
be approximately estimated by the calculated split- 140 |
ting strength when the beam end did not resist the F,= 7.4 N/mni?
& 8 120 1F,=7.2 N/mm?
moment. _ |
2. The shear force increased without decreasing even £ 100 el ¥
when the lower notch splitting fractured. One rea- 5 = ho|
. i g 80 A
son is that the degree of fixation at the beam end 2 N
increased with rotational deformation. 8 60
3. The deformation performance of the joint until yield- s 0 TreelBa® ||
Xpl-0-L100 Left side)
ing was largely due to the compressive deformation _ --=exp| (J-L100 Right side)
perpendicular to the grain on the side of the tenon. 20 : :::i; gzhgg i fé;f g:l)e)
4. The final fracture of the joint was a shear fracture, 0 » D Shear fracture
but the bearing capacity was lower than the shear 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
capacity of the tenon, which was estimated from the Displacement & (mm)
Fig. 28 Calculated shear strength vs. experimental values

shear strength of the wood.
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