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Abstract 

This study was aimed at examining the mechanical performance of mortise and tenon joints reinforced with slot-in 
bamboo scrimber plates. 27 full-scale specimens were manufactured with engineered wood and bamboo products 
using computer numerically controlled (CNC) technology, then they were tested under monotonic loading. The initial 
stiffness and moment carrying capacity of joints with different reinforcing configurations were obtained from the 
established moment–rotational angle relationships. It was found that the initial stiffness of the reinforced mortise and 
tenon joints increased by 11.4 to 91.8% and the moment carrying capacity increased by 13.5 to 41.7%, respectively. 
The total width and grain orientation of the reinforcing plates had significant influence on the mechanical perfor-
mance of the mortise and tenon joints. Fastening the plates to tenon with dowels was beneficial to the mechanical 
performance of the joints. The embedment length and adhesive type had no significant influence to the structural 
performance of the joints. This study demonstrated the feasibility of pre-reinforcing mortise and tenon joints in 
new timber construction, and could assist to promote the application of mortise and tenon joints in modern timber 
structures.
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Introduction
A mortise and tenon joint consists of a tongue that 
inserts into a mortise cut in the mating piece of timber. 
As one of the oldest joinery methods used in timber 
structures since at least 7000 years ago [1], its formation 
and configuration have been in a long process of trial and 
error [2]. Until the middle of the 20th century, the mor-
tise and tenon joint was still designed and manufactured 
in terms of the experience of carpenters [3]. Fabrication 
of the mortise and tenon joint was also rather labor-
intensive and prohibitively complicated in comparison 
with other modern connection methods [4]. As a result, 
the mortise and tenon joint was once thought inappro-
priate in the construction of modern timber structures. 

However, with the development of computer numerically 
controlled (CNC) manufacturing technology in the late 
20th century, the cost-effectiveness of mortise and tenon 
joint was re-established. With the round timber being 
replaced by modern engineered wood products like glue-
laminated timber (glulam), laminated veneer lumber 
(LVL), etc., not only the dimension is more accurate, but 
also the mechanical performance of the joint is more reli-
able. This joinery method is reviving in wood construc-
tion industry [5] and has been used in timber structures 
like heavy timber buildings again [6]. It is believed that 
mortise and tenon joint will play an important role in 
modern industrialized timber structures.

There are a wide variety of mortise and tenon joints [7]. 
No matter how complex a mortise and tenon joint is, it 
can always break down into some basic types. The most 
common one is the straight mortise and tenon joint, 
whose tenon tongue and mortise hole are both rectangu-
lar. As shown in Fig. 1, the moment acting on the straight 
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mortise and tenon joint is carried by the contact force Fc 
between tenon tongue and mortise, friction Ff on top and 
bottom surfaces, and friction Fs on side surfaces. Because 
the modulus of elasticity of wood in its perpendicular-
to-grain direction is significantly lower than that in its 
parallel-to-grain direction [8], very large perpendicular 
compressive deformation is induced in tenon by the con-
tact force, and the mortise and tenon joints are usually 
very ductile [9]. The mortise and tenon joint transfers 
moment between beam and column in a semi-rigid man-
ner [10, 11]. Research showed that the mechanical per-
formance of mortise and tenon connected timber frame 
is governed by the behavior of mortise and tenon joints 
[11, 12]. The mechanical performance of the mortise and 
tenon connected timber frame can be improved if the 
strain and stress perpendicular to grain are reduced by 
appropriate reinforcing methods.

Efforts have been made to investigate the reinforce-
ment of the mortise and tenon joint; however, many of 
them were focused on reinforcing the joints in historical 
structures [2, 13–15]. The idea of pre-reinforcement has 
been applied to other timber joints. For example, both 
Lam et  al. [16] and Gehloff et  al. [17] tried to improve 
the perpendicular to grain properties of wood in bolted 

timber connections. Recent research on cross-laminated 
timber (CLT) showed that by assembling the lamination 
perpendicular to one another, CLT members could have 
better properties in perpendicular-to-wood-grain direc-
tion [18]. Blaß et  al. [19] introduced this concept into 
bolted glulam butt joint connections and found that it 
improved the performance excellently. Wang et  al. [20] 
pre-reinforced the bolted column joints with locally 
cross-laminated glulam members and found that the 
reinforcement method was effective. However, there is 
still no research about the pre-reinforcement of mortise 
and tenon joints in new wood construction. In this study, 
the concept of locally cross-lamination was applied to 
mortise and tenon joints to improve the perpendicular-
to-grain performance. The tenon was pre-reinforced with 
slot-in bamboo scrimber plates to enhance the mechani-
cal performance of the mortise and tenon joints.

Materials and methods
Materials and specimens
The beam and column were glulam members manufac-
tured with finger-joint-free laminations from No. 1 Cana-
dian Douglas fir dimension lumber, respectively. The 
physical and mechanical properties of the wood prod-
uct are listed in Table 1, where the ultimate compression 
strength properties parallel and perpendicular to grain 
were determined from full-scale specimens.

Bamboo scrimber is an innovative bamboo-based 
product that was improved by Yu and Yu [21] and has 
been popularized in China in the past decades. More 
information about the fabrication, material properties, 
and application of the bamboo scrimber was introduced 
in [22]. Bamboo scrimber was chosen as the reinforcing 
material because its strength and moduli are higher than 
wood. The physical and mechanical properties of bam-
boo scrimber used in this study were determined from 
small specimens, whose sizes were similar to the small 
clear specimens of wood. These properties are listed in 
Table 2.

Two kinds of adhesives provided by local suppliers 
were used to glue the reinforcing plates, one-compo-
nent polyurethane resin (PUR) and modified epoxy resin 
(EPOXY).

As shown in Fig.  2, the T-shaped mortise and tenon 
joint specimen was an assembly with a beam and 
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Fig. 1  Sketch of the force and deformation in a straight tenon–mortise 
joint

Table 1  Material properties of Douglas fir (average)

E0 and E90 are the longitudinal and transverse modulus of elasticity, respectively. G12 and G23 are the longitudinal and rolling shear modulus, respectively. Nu12 
and Nu23 are Poisson’s ratios. ft,0 and ft,90 are tensile strength parallel and perpendicular to grain, respectively. fc,0 and fc,90 are compression strength parallel and 
perpendicular to grain, respectively. S0 is the shear strength parallel to grain

E0 (MPa) E90 (MPa) G12 (MPa) G23 (MPa) Nu12 Nu23 ft,0 (MPa) ft,90 (MPa) fc,0 (MPa) fc,90 (MPa) S0 (MPa)

12,360 682 910 213 0.36 0.42 98.4 1.5 46.0 3.3 9.2
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column. The dimensions of the column were 180 mm in 
width, 180  mm in depth, and 900  mm in length, while 
the dimensions of the beam were 120 mm in thickness, 
180 mm in depth, and 1000 mm in length. To efficiently 
use the materials, two 80 × 180 mm mortises were carved 

through the column and a tenon tongue with the same 
dimension was processed at each end of a beam. Thus, 
one beam and one column can be used to make two 
joints, with each tenon and mortise being used only once. 
Slots were cut in the tenon tongue to accommodate the 
reinforcing bamboo scrimber plates. All the carpentry 
work was done by the Joinery Machine K2i (Hundegger), 
except that the filet corner of the mortise was manually 
trimmed.

The bamboo scrimber panels were processed into 
10-mm-thick plates with aimed dimension. After the 
adhesive applied, the plates were inserted into the slots 
cut in the tenon. Then, the beam was cured in a cham-
ber for 2 weeks with two steel clamps pressing the tenon 
and reinforcing plates tightly. As shown in Fig. 3, there 
were two reinforcing plates in both Patterns i and ii 
while three reinforcing plates in Pattern iii. The Pattern 
ii resulted in a 20/10/20/10/20-mm layup in the tenon 
region. The grain of bamboo scrimber may be arranged 
parallel or perpendicular to the wood grain. Moreo-
ver, steel dowels were installed in some tenons. Two 
16-mm-diameter dowels were made with Q335 steel 
[23] and embedded into the tenon at a 30 mm edge and 
end distance. The dowels were used to avoid cracking 
in the tenon by mitigating the shear stress in wood. The 
dowels were installed only in the lower end and upper 

Table 2  Material properties of bamboo scrimber (average)

fc,0 and fc,90 are compression strength parallel and perpendicular to grain, respectively. ft,0 and ft,90 are tensile strength parallel and perpendicular to grain, respectively. 
S0 is the shear strength parallel to grain. E0 is the longitudinal modulus of elasticity and ρ the density

fc,0 (MPa) fc,90 (MPa) ft,0 (MPa) ft,90 (MPa) S0 (MPa) E0 (GPa) ρ (g/cm3)

73.46 12.75 112.78 3.73 52.41 16.31 1.11

Fig. 2  Mortise and tenon joint specimen

Fig. 3  Reinforcing methods of tenon
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root of the tenon. As the joints were loaded monotoni-
cally, the dowels located as far as possible away from 
the action point of the force that they can carry all of 
the forces in the part of plates above the dowel. And 
the edge and end distance were chosen to avoid local 
fracture in wood. The beam was installed to the column 
with the dowel at the end placed downwardly.

In this study, 27 specimens of mortise and tenon 
joints were manufactured. The specimens in the con-
trol group C1 were straight through mortise and tenon 
joints without any reinforcement, while the tenons in 
other groups were reinforced with bamboo scrimber 
plates with different configurations including pattern 
of slots, grain of bamboo scrimber, adhesive types and 
whether dowels applied. The configuration of each test 
group is listed in Table 3.

Methods
As illustrated in Fig.  4, the column was fixed to the 
reaction frame by constraining the horizontal and ver-
tical displacements at both ends. At each end of col-
umn, one thick steel plate was fastened to the reaction 
frame with 2 anchor bolts which pressed the column 
tightly to the reaction frame. Two rib-stiffened steel 
arms were used to clamp the column from top and 
bottom ends, and some thin steel plates were inserted 
into the gap between the upper arm and top end of 
the column to prevent vertical rigid body movement. 
The vertical load was applied to the free end of the 
beam via a steel cage hooked around the beam and 
away from the tenon. The cage was hinged to an MTS 
actuator (MTS Systems Corporation, USA), which was 
anchored to a portal reaction frame with a ball hinge. 

Table 3  Configuration of specimens in each test group

a is the length of the reinforcing plates extended into the beam beyond the tenon shoulder

Group ID Replicates Plate configurations Connection between plates 
and tenon

a*/mm Pattern Grain Adhesive type With dowel

C1 6 – – – – –

B-i-//-E 3 50 i // EPOXY No

B-i-//-D-E 3 50 i // EPOXY Yes

B-i-//-D-P 3 50 i // PUR Yes

B-i-⊥-D-P 3 100 i ⊥ PUR Yes

B-ii-⊥-D-E 3 50 ii ⊥ EPOXY Yes

B-ii-⊥-D-E0 3 0 ii ⊥ EPOXY Yes

T-iii-⊥-D-E 3 100 iii ⊥ EPOXY Yes

230590

Y

X1

X2
180

Unit: mm

a 2D drawing b 3D illustration
Fig. 4  Schematic of the test setup
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The loading capacity of the actuator was 250 kN and 
the stroke range was 250  mm. The loading rate was 
8  mm/min, i.e., the crosshead movement. The joints 
were loaded to failure or when the actuator reached 
the stroke limit.

The load applied by the actuator was measured by 
a build-in load cell, and the relative displacements 
between beam and column were measured by two dis-
placement transducers denoted by X1 and X2 horizon-
tally mounted on top and bottom surface of the beam, 
respectively. Besides, the vertical displacement of the 
beam was measured by a transducer denoted by Y as 
well. The outputs of the X1 and X2 were used for the 
subsequent computations of rotational angle, and the 
output of Y served as a reference for result check-
ing. All data, including load and displacements, were 
recorded by the data logger TDS530 (Tokyo Sokki 
Kenkyujo Co., Japan) at a frequency of 1 Hz.

Results and discussion
Failure modes
Unreinforced joints
With the increasing vertical load, the beam rotated 
about the rotation center. As shown in Fig.  5, for the 
unreinforced joints, the upper surface of the end part 
of the tenon was pressed to the mortise tightly, and 

perpendicular-to-grain compressive deformation was 
observed in the tenon end; meanwhile, the bottom sur-
face of tenon gradually separated with the mortise. 
Moreover, the upper end of tenon had the trend of with-
drawing from the mortise, but the tenon did not sepa-
rated with the mortise.

The joints were disassembled after test to check the 
deformation and fracture in tenon tongue and mortise. 
Considerable perpendicular-to-grain compressive defor-
mation was observed at two locations: the upper surface 
of tenon at the end and the bottom surface of the tenon 
near the shoulder, indicating that the contact forces in 
these two regions were critical. Besides, there was a crack 
sighted at the lower section of tenon in some specimens, 
which might be caused by the perpendicular-to-grain 
tensile stress that balanced the compressive stress near 
the shoulder. There was no obvious deformation found 
inside the mortise hole; however, local compressive 
traces were found in column at the contact area between 
beam shoulder and column.

Reinforced joints
For the reinforced joints, besides withdrawing and sep-
aration of the tenon with the mortise, different kinds of 
cracks were observed at the end of tenons during the 
loading process, as shown in Fig.  6. For specimens in 

Fig. 5  Failure mode of the unreinforced mortise and tenon joint (specimen C1–2)
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group B-i-//-E, whose reinforcing plates were glued then 
to the tenon without dowel, the tenon vertically cracked. 
This was because the MOE of reinforcing plate was much 
higher than wood, and thus, they absorbed more contact 
forces than wood. There were force differences between 
the reinforcing plates and beam, which caused shear 
stress distributed in the glue line and within wood near 
the glue line. As the rolling shear strength of wood was 
too small to undertake the shear stress, thus the wood 
cracked. However, in reinforced joints where dowels were 
added, this kind of failure was not found. Horizontal 
cracks were sighted in bamboo scrimber plates in ten-
ons where the reinforcing plates were placed parallel to 
the tenon grain; however, there was no horizontal crack 
in the perpendicularly placed bamboo scrimber plates, 
because the parallel-to-grain tensile strength was much 
higher than the perpendicular-to-grain strength for bam-
boo scrimber. In almost all of the specimens, there was 
no crack in the glue line between bamboo scrimber and 
tenon, indicating that the bond strength of both adhe-
sives was good.

The joints were dismantled after the tests. As shown in 
Fig. 7, the excessive perpendicular-to-grain compressive 
deformation of tenon was significantly reduced due to 
the presence of reinforcing plates. For tenons reinforced 
with bamboo scrimber plates in parallel or perpendicular 
to the tenon, the reinforcing plates did not deform simul-
taneously with the wood. Although the wooden part of 
tenon still underwent rather large compressive deforma-
tion, there was nearly no obvious compressive deforma-
tion sighted in the reinforcing plates. For the reinforced 
tenon with perpendicularly plated scrimber plates, it was 
also found that the bamboo scrimber cracked perpen-
dicular to grain. The cracks were caused by the horizon-
tal frictional force, which applied on the upper surface 

of the tenon and produced perpendicular-to-grain ten-
sion stress in the reinforcing plates. For the tenons where 
reinforcing plates extended 100  mm into the beam, i.e., 
the groups B-i-⊥-D-P and T-iii-⊥-D-E, bending failure 
was found in the beam, suggesting that the reinforcing 
plates worked well with the tenon as a whole.

Fig. 6  Cracks observed in the reinforced mortise and tenon joints

Fig. 7  Failure modes of the reinforced mortise and tenon joints



Page 7 of 9Wu et al. J Wood Sci           (2019) 65:38 

For the reinforced joints, it was found that strip-like 
traces were found in the mortise hole at the correspond-
ing position of the reinforcing plates. This was because 
the bamboo scrimber was much stronger than wood.

Results and analysis
Curves and data
The intersection of the neutral axes of beam and col-
umn was assumed as the center of rotation. The 
moment was generated by the applied vertical load with 
respect to the rotation center. And the rotational angle 
was calculated from the two horizontal transducers. 
The moment–rotational angle curves of specimens in 
each test group were averaged and shown in Fig. 8. For 
the reinforced joints, the peak load was reached before 
0.10 rad, but for the unreinforced joints, the load could 
keep increasing until the actuator’s limits were reached. 
However, it should be noted that in practice the rota-
tional angle of mortise and tenon joints could not gen-
erally exceed 0.1 rad, at which the horizontal drift of a 
3-m-high column could reach about 300 mm.

It clearly shows that the specimens of control group 
C1 (no reinforcement) exhibited lower stiffness. The 
slot-in plates reinforcing mortise and tenon joints cre-
ated completely stiffer and stronger joints than the 
unreinforced joints. The loads carried by the unrein-
forced joints kept increasing without obvious peak and 
it seemed that they carried more load than some rein-
forced joints when rotational angle was large enough. 
But as stated above, in practical the mortise and tenon 
joints were not allowed to undergo such large rotational 
angle.

The moment carrying capacity of the joints was 
determined based on the peak point (or the ultimate 
point in case no failure occurred) of the moment–rota-
tional angle curves. Then, the portion of curve rang-
ing between 15 and 40% (this range was subjected to 
slight change if apparent nonlinearity was observed 
in this portion) of the peak moment was fitted with a 
linear function to find the initial stiffness. The aver-
age and coefficient of variation (COV) of moment car-
rying capacity and the initial stiffness of specimens in 
one group were determined and listed in Table 4. And 
the reinforcing effect was evaluated with the index of 
increasing rate of reinforced joints to the unreinforced 
joints for both moment carrying capacity and initial 
stiffness. These two rates are listed in Table 4 as well.

Discussion
As listed in Table 4, the initial stiffness of the reinforced 
mortise and tenon joints increased by 11.4 to 91.8% and 
the moment carrying capacity increased by 13.5 to 41.7% 
in different reinforcing configurations. This indicated 
that the proposed reinforcing method was an effective 
way to enhance the mechanical performance of the mor-
tise and tenon joints.

The COV of the initial stiffness of the mortise and 
tenon joints with bamboo scrimber plates placed in 
parallel to the tenon was lower than that of joints with 

Fig. 8  Average moment–rotational angle curves of each group

Table 4  Moment carrying capacity and initial stiffness of each test group

Group ID Moment carrying capacity Initial stiffness Increasing rate (%)

Average (kN m) COV Average (kN m/rad) COV Moment Stiffness

C1 9.37 0.05 189.58 0.12 – –

B-i-//-E 11.96 0.20 211.18 0.03 27.6 11.4

B-i-//-D-E 12.20 0.05 245.98 0.09 30.3 29.7

B-i-//-D-P 12.30 0.18 227.30 0.03 31.3 19.9

B-i-⊥-D-P 11.55 0.07 356.24 0.24 23.3 87.9

B-ii-⊥-D-E 10.64 0.12 269.54 0.11 13.5 42.2

B-ii-⊥-D-E0 11.10 0.28 355.02 0.45 18.4 87.3

T-iii-⊥-D-E 13.28 0.18 363.71 0.35 41.7 91.8
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bamboo scrimber plates placed perpendicular to the 
tenon. Because in perpendicularly placed bamboo scrim-
ber plates, vertical cracks took place, which introduced 
non-uniformly distributed stress in the bamboo scrim-
ber plates and caused different influences on the fric-
tional force between the tenon and mortise in different 
specimens.

Effect of  dowel  Both the moment carrying capacity 
and initial stiffness of joints in B-i-//-D-E were larger 
than those of the B-i-//-E, indicating that the presence 
of mechanical fasteners provided a positive effect on the 
structural performance of the mortise and tenon joints.

Effect of adhesive type  Adhesive type was the only dif-
ferent factor in groups B-i-//-D-E and B-i-//-D-P. By 
ANOVA (analysis of variation) analysis, it was found that 
the adhesives used in this study had no significant con-
tribution to the mechanical performance of the mortise 
and tenon joints. This agreed well with the phenomenon 
that no glue line failure was observed in joints with either 
adhesive. Thus, further analysis was performed without 
taking the adhesive type into account.

Effect of embedment length  The influence of the embed-
ment length (denoted by “a” as shown in Fig.  3) of the 
reinforcing plates can be investigated by comparing the 
moment carrying capacity and initial stiffness of groups 
B-ii-⊥-D-E0, B-ii-⊥-D-E, whose extension length was 
0 and 50  mm, respectively. ANOVA analysis was per-
formed to compare the difference and it was found that 
the embedment length actually had no significant influ-
ence on the moment carrying capacity and initial stiffness 
to the joints at the significant level of 0.05. This could be 
explained based on the experimental observations that 
deformation of the joint was localized to the tenon; the 
effect of increasing the embedment length to the mechan-
ical performance was marginal.

Effect of grain mode  As the embedment length had no 
significant influence on the mechanical performance of 
the mortise and tenon joints, ANOVA analysis was per-
formed to compare the moment carrying capacity and ini-
tial stiffness of joints in groups B-i-⊥-D-P and B-i-//-D-P. 
At the significant level of 0.05, there was no significant 
difference between moment carrying capacity of joints 
with different grain orientation. However, the probabil-
ity that the initial stiffnesses were identical for joints with 
different grain orientation was only 6.6%, suggesting that 
the grain orientation had a considerable influence on the 

initial stiffness if taking the limited specimen number into 
account.

Effects of slot pattern  Although the location of plates was 
different in slot patterns i and ii, but the total width was 
the same; however, the total width of the plates was larger 
than both slot patterns i and ii. ANOVA analysis was per-
formed to compare the moment carrying capacity and 
initial stiffness of joints in groups B-i-⊥-D-P and B-ii-⊥-
D-E. It was found that there was no significant difference 
between the slot patterns i and ii of both moment carry-
ing capacity and initial stiffness, indicating that the loca-
tion of slots has no significant influence to the mechanical 
performance if the replacing rate was the same.

Then ANOVA analysis was performed to compare the 
moment carrying capacity and initial stiffness of joints 
in groups B-i-⊥-D-P and T-iii-⊥-D-E, both the carry-
ing capacity and initial stiffness were significantly differ-
ent for these two groups. And both the moment carrying 
capacity and initial stiffness were the largest in all test 
configurations for joints in group T-iii-⊥-D-E, indicat-
ing that the more the wood was replaced, the better the 
structural performance of the mortise and tenon joints 
was, at least below the replacing rate of 3/8.

Conclusions
The method of reinforcing the mortise and tenon joints 
with slot-in bamboo scrimber plates was developed and 
the effect of different configurations on the initial stiffness 
and moment carrying capacity was experimentally inves-
tigated. The main conclusions could be drawn as follows:

(1)	 Both the capacity and stiffness could be effectively 
increased by the proposed slot-in bamboo scrimber 
plates pre-reinforcing method. Within the range of 
parameters investigated, the stiffness of the rein-
forced mortise and tenon joints was increased by 
11.4 to 91.8% and the moment carrying capacity 
was increased by 13.5 to 41.7%.

(2)	 The total width and grain orientation of the rein-
forcing plates had significant influence on the 
mechanical performance of the mortise and tenon 
joints. Both adhesives were interchangeable because 
failure does not happen in the glue line. There was 
no obvious influence by extending the reinforcing 
plates beyond the shoulder into the beam. And the 
presence of mechanical fasteners provided a posi-
tive effect on the mechanical performance of the 
mortise and tenon joints.
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Abbreviations
CNC: computer numerical control; LVL: laminated veneer lumber; Fc: contact 
force; Ff: friction on top and bottom surfaces; Fs: friction on side surfaces; CLT: 
cross-laminated timber; E0: longitudinal modulus of elasticity; E90: transverse 
modulus of elasticity; G12: longitudinal shear modulus; G23: rolling shear 
modulus; Nu12: Poisson’s ratio; Nu23: Poisson’s ratio; ft,0: tensile strength parallel 
to grain; ft,90: tensile strength perpendicular to grain; fc,0: compression strength 
parallel to grain; fc,90: compression strength perpendicular to grain; SX: shear 
strength parallel to grain; ρ: density; PUR: one-component polyurethane resin; 
EPOXY: modified epoxy resin; MOE: modulus of elasticity; COV: coefficient of 
variance; ANOVA: analysis of variation.
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