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Abstract: This paper comprehensively investigates the moment-rotation relationship of straight
mortise-tenon joints commonly used in Chinese antique timber buildings, focusing on analyzing
the local compression mechanism at the tenon end-mortise and the tenon neck-mortise contact
areas. Different compression tests were performed, and the experimental compressive stress-strain
curves displayed a typical bi-linear response comprising an elastic increasing response followed by
a plastic stage. The specimens subjected to middle local compression tests exhibited higher yield
stress, elastic modulus, and plastic modulus than the others. Cyclic loading tests were conducted
on twelve mortise-tenon joints with varying lengths, widths, and heights of the tenon to investigate
the rotational behavior of the joints under alternating loading directions. The hysteresis curves
of the tested specimens generally showed a “Z” shaped pinching effect, indicating limited energy
dissipation of the joints during cyclic loading. The length and width of the tenon were observed
to have a significant influence on the joint rotational behavior. Finally, a theoretical model was
proposed to predict the moment-rotation relationship of the mortise-tenon joint, considering the
proposed bilinear stress-strain relationship for wood under compression perpendicular to the grain.
The predicted results obtained by the proposed theoretical model were generally validated by the

experimental results.

Keywords: timber structure; straight mortise-tenon joints; local compression; moment-rotation
relationship; cyclic loading test

1. Introduction

A characteristic of the Chinese architectural culture is traditional timber structures.
Many antiqued timber structures (Figure 1) have risen in recent years due to the promotion
of traditional culture and the popularization of historical inheritances. Generally, the ancient
Chinese timber structures were built according to traditional construction technology,
dating back to the Song and Qing dynasties [1,2]. The Chinese traditional construction
technology is an experience-based construction method. The dimensions of components
and connections are more determined by geographical location than by structural demands.

In contrast, the construction of antique timber structures needs to conform to the
design concepts of modern engineering structures, which requires accurate calculation and
assessment of the structural performance of components, joints, and the whole system. It is
well-known that the mortise-tenon joint is a typical semi-rigid joint in traditional timber
structures, and the semi-rigid mechanical behavior of the joint is generally simulated
by spring elements in the structural analysis of the overall structure [3-5]. However, a
theoretical method for predicting the semi-rigid behavior of the mortise-tenon joints is still
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immature, and the input values for the parameters of the spring elements were usually
obtained by experiments. Therefore, it is essential to have further study and develop an
effective theoretical moment-rotation model for the joints.

Figure 1. Antique timber building in Nanjing.

Among the various types of mortise-tenon joints, the straight type is widely used
(Figure 2). When the joint is under loading, the tenon rotates in the mortise and the
mechanical behavior of the joint is mainly determined by the compression and the friction
between the tenon and the mortise. During the joint rotation, the compression area (Figure 3)
formed by the extrusion is decided by the width and length of the tenon and varies with
the length of the tenon in the mortise during the tenon pull-out. And the friction will take
effect when the tenon fits tightly with the mortise (Figure 3) during rotation.

Figure 2. Straight mortise-tenon in timber frame.

Several researchers have experimentally investigated the failure patterns and me-
chanical behavior of the mortise and tenon joints. Xie et al. [6-8] conducted a series of
surface topography and hardness tests to determine the critical parameters of the con-
stitutive model for the friction behavior between mortise and tenon. Guan et al. [9,10]
experimentally studied the mortise-tenon joints with different intercalation degrees and
analyzed the joint contact stress and strain using finite element modelling. Xu et al. [11]
performed a mechanical analysis to establish the mechanical models of straight mortise-
tenon joints. Chen et al. [12] performed low-cyclic loading tests of 23 groups of one-way
straight mortise-tenon joints to obtain M- skeleton curves, stiffness degradation, and
equivalent viscous damping of the joints. Lydia et al. [13] developed an experimental
investigation of the behavior of traditional timber mortise-tenon T-joints under monotonic
and cyclic loading. Besides experiments, theoretical works were also conducted to build
theoretical moment relationships considering gap, coefficient of friction, etc. Keita et al. [14]
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analyzed the mechanical performance of mortise-tenon joints with a gap and established a
theoretical equation to define the relationship between the bending moment and rotation.
Yang et al. [15,16] evaluated the influence of the gap on the performance of mortise-tenon
joints and deduced a formula for calculating the joint stiffness. Ma et al. [17] studied the
influence of clearance, coefficient of friction, and wood material on the performance of
mortise-tenon joints. Zhang et al. [18] investigated the effect of gaps on the rotational
behavior of straight mortise-tenon joints. He et al. [19] proposed a theoretical model of
the bending moment for a loose mortise-tenon joint. Previous research on mortise-tenon
joints mainly focuses on the influence of the coefficient of friction and the gap between
mortise and tenon. Theoretical models for the rotation of the joint were also proposed.
However, there has been limited research on the influence of different compressive patterns
perpendicular to the grain of the tenon on the performance of the mortise-tenon joint.

Column

Compression area

Tenon

Side contact ¥ Compression area
surface

Figure 3. The mechanical model of the mortise-tenon joint.

This study used compression perpendicular to grain tests in different compression
patterns to obtain the constitutive model for wood perpendicular to the grain. Then, cyclic
loading tests of twelve straight mortise-tenon joints were performed to investigate the
failure patterns and behavior of the joint. According to the analysis of the mechanical
behavior of the joint, a theoretical model of the moment-rotation relationship considering
the local compression effect was proposed to predict the rotational behavior of the mortise-
tenon joint and validated by experimental results.

2. Compression Tests Perpendicular to Grain

The compression patterns of tenon perpendicular to the grain can be generally classi-
fied into three types: middle local compression, end local compression, and full compres-
sion. Local compression perpendicular to the grain leads to higher compressive strength
than full compression perpendicular to the grain, as the wood fibers outside the pres-
sure surface also contribute to compressive force sharing [20-23]. In the rotation of the
mortise-tenon joint, the end of the tenon is, in the end, local compression perpendicular to
the grain, and the neck of the tenon is in the middle local compression perpendicular to
the grain. There probably be some difference between the stress and strain of the above-
mentioned two kinds of local compression patterns. As a result, it is necessary to conduct
local compression tests perpendicular to the grain to gain the constitutive relationship.
This will provide a basis for further theoretical derivation of the mechanical properties of
mortise-tenon joints.
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2.1. Materials

The timber used in this study was Chinese fir, having an average moisture content
of 14.2% and an average density of 510 kg/m?. Chinese fir was selected due to its wide
applications in antique timber structures. The mechanical properties of the wood obtained
according to timber material testing standards [24—27] are listed in Table 1.

Table 1. Mechanical parameters of wood.

Properties Values (MPa)
Elastic modules parallel to grain Ej 6400
Compressive strength parallel to grain f; 35.3

Tensile strength parallel to grain f; 67.2

Shear strength parallel to grain f; 5.6

2.2. Test Setup

To obtain the compressive stress-strain relationship perpendicular to grain at different
locations of the tenon, three kinds of local compression tests (middle, end and full) per-
pendicular to grain were carried out according to the Chinese National Standard GB/T
50329-2012 [28]. The details of the samples are shown in Table 2. All the samples were
made of the same batch of wood used for the mortise-tenon joints. Figure 4 shows the test
setup. The load was applied by a hydraulic servo test machine with a capacity of 60 tons
at a loading rate of 1 mm/min and recorded by a 5-ton load sensor. Two linear variable
displacement transducers (LVDT) were symmetrically set at the two plates welded to the
loading steel plate to measure compression deformation, as shown in Figure 4.

Table 2. Details of samples.

Sample Compression . . Number of
Group Code Pattern Length/mm Width/mm Height/mm Replicates
TY-H Middle local 240 80 80 5
compression
DJY-H End local 240 80 80 5
compression
QY-H Full compression 120 80 80 5

(b)

Figure 4. Compression perpendicular to the grain. (a) middle local compression, (b) end local

compression, (c) full compression.

2.3. Experimental Results

Figures 5-7 show the typical failure modes of the tested specimens. It can be seen
from Figures 5 and 6 that both the JY-H and the DJY-H samples exhibited serious failure of
wood fiber and splitting perpendicular to the grain. In the process of loading, the pressure
face under the loading plate showed concave deformation, then, the surface outside of the
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Wood embedment =

pressure area showed extrusion deformation with the growth of concave deformation due
to the connection of wood fiber, and the inverted triangle embedment-pressure area was
formed near the edge of pressure face (Figures 5a and 6a). At the end of the sample, far away
from the pressure area, the splitting failure perpendicular to the grain of wood fibers was
observed due to the tensile stress perpendicular to the grain, as shown in Figures 5b and 6b.
QY-H samples exhibited the crush in the middle of the sample and splitting perpendicular
to the grain in the middle of the side surface, as shown in Figure 7.

(b)

Figure 5. Failure patterns of JY-H samples. (a) concave deformation of the sample, (b) breakage of
wood fiber.

Breakage of wood fibesgs

Splitting perpendicular to grain

(@) (b)

Figure 6. Failure patterns of DJY-H samples. (a) concave deformation of the sample, (b) breakage of

wood fiber.

Figure 8a—c depicts the local stress-strain relationship curves obtained by the compres-
sion tests, and the average curves are shown in Figure 8d. It is observed from Figure 8d
that the curves exhibited a typical bi-linear response of the elastic and plastic stage, which
is characterized by an initial increasing response followed by an obvious yield plateau
to failure indicating good ductility. In the elastic stage, the average curves of the three
groups almost coincide at the beginning and then begin to separate at a strain of 0.005,
indicating a significant difference in elastic modulus. In the plastic stage, the stress of JY-H
and DJY-H samples exhibits a hardening trend, while the stress of the QY-H sample keeps
a near horizontal growth trend.
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perpendicular to grain
el - £

Crush in the middle of the sample

(b)

Figure 7. Failure patterns of QY-H samples. (a) crush deformation of the sample, (b) splitting

perpendicular to grain.

5.0 5.0
4.5 - 454
4.0
354
3.04
< fo ]
o .
< s 25 DJIY-H-1
3 © 20+ —— DIY-H-2
154 ——DJY-H-3
1.04 — DJY-H-4
05 ——DJY-H-5
0.0 T T T T T 0.0 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12
€ €
(a) (b)
5.0 5.0
4.5 —— QY-H-1 45
4.0 —— QY-H-2 4.0
3.5 QY-H-3 354 po-mmmmmmm - :
—— QY-H-4
3.0 Q 304 | I
S ——QY-H-5 o | :
2.5 2.5
= =27 |
5 2.0 204 ! i !
1 —__ _Plasticstage 1
1.5 154 =
1.0 1.0 ! Y
: : \ ——DJY-H
05 05 1 Elastic stage ——QY-H
I
OO T T T T T 00 . T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10
13 €

(c) (d)

Figure 8. Stress-strain curve of three groups of samples. (a) group JY-H, (b) group DJY-H, (c) group
QY-H, (d) average curves of three groups of samples.

2.4. Constitutive Model for Wood Perpendicular to Grain

To simplify the experimental stress-strain relationships, a bi-linear model was used to
characterize the constitutive model for wood perpendicular to the grain. Several methods
have been proposed to estimate the yield point of the curves without an obvious yield
point [29-32]. The standard GB/T 50329-2012 [28] and ISO 13061-5 [33] reported that the
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yield point A, as shown in Figure 9a, is determined from the diagram of compression
perpendicular to grain as the ordinate of the point where the tangent of the angle formed
by the tangent to the curve with the stress axis is 50% greater than its value in the linear
portion of the diagram. In the standard BS EN 408-2010 [34], the yield point A is defined by
the intersection of a line parallel to the linear elastic part of the strain-stress curve, offset by
1% of the specimen strain, as shown in Figure 9b. In the methods above, it can be found
that the actual yield point A does not coincide with the yield point B of the simplified
bi-linear curve, which causes the yield strain of the bi-linear curve to be smaller than the
actual yield strain.
OA OA
—Testing curve
—=Bilinear curve

—Testing curve
=== Bilinear curve

0.40

0.10

S«

0.01Eu Sy Eu
(a) (b)

Figure 9. Methods used for the estimation of the yield point. (a) method of ISO 13061-5 and GB/T
50329, (b) method of BS EN 408.

This paper used a “most approximate area” method to estimate the yield point of the
strain-stress curves, as shown in Figure 10. The basic principle of this method is that the
energy area under the bi-linear curve is the most approximate to the area under the real
experimental strain—stress curve. The advantage of this method is that the estimated yield
point is in the real strain-stress curve. According to the most approximate area method, the
elastic modulus perpendicular to grain E, is defined as the gradient of the straight line
from original point O to yield point A, the plastic modulus perpendicular to grain Ej is
obtained by calculating the secant stiffness from the yield point A to the ultimate point B.
The bilinear model can be expressed by Equation (1), which lists the relative mechanical
properties in Table 3. It is observed that the yield stress of the JY-H group is 14.0% and
32.4% higher than that of the DJY-H and QY-H groups, respectively. The elastic modulus
of the JY-H group is 25.1% and 36.5% higher than that of the DJY-H and QY-H groups,
respectively. The plastic modulus of the JY-H group is 27.1% and 97.7% higher than that of
the DJY-H and QY-H groups, respectively. Generally, it is found that the specimens that
experienced the middle local compression test exhibited the highest yield stress, elastic
modulus and plastic modulus compared to the other specimens.

E.ce

{ 0<e<egy,
g =
Eecey + Epc(e — €y)

8>€y

)

Table 3. Average mechanical properties of the samples.

Group of Samples

Yield Stress o, (MPa)

Yield Strain &y

Elastic Modulus
Perpendicular to
Grain E.. (MPa)

Plastic Modulus
Perpendicular to
Grain E,; (MPa)

JY-H
DJY-H
QY-H

1.96
1.72
1.48

0.010
0.011
0.010

199.3
159.3
146.0

25.3
19.9
12.8
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Figure 10. A “most approximate area method” for the bi-linear model.

3. Cyclic Loading Tests

The straight mortise-tenon joint is a typical semi-rigid joint in a traditional timber
structure and rotates obviously under lateral load. To study the rotational behavior of the
mortise-tenon joints, cyclic loading tests were carried out to obtain the mechanical behavior
of the joints in alternating loading directions.

3.1. Testing Specimens

According to traditional timber construction technology, twelve T-shaped straight
mortise-tenon joints, as shown in Figure 11, were designed to experience cyclic loading
tests. Table 4 summarizes the test matrix and details of the specimens in this study. The
experimental variables mainly include the tenon’s length, width, and height. The length
direction of the tenon corresponds to the longitudinal direction of the wood grain, while
the height and width directions of the tenon align with the transverse direction of the
wood grain. Specimen L170 (length)-W50 (width)-H140 (height), regarded as a controlled
specimen, is the mortise-through-tenon joint with a tenon length equal to the diameter
of the column. The height and width are equal to the beam height and 1/3 width of the
beam, respectively [35]. Specimen L128-W50-H140 was fabricated with a 128 mm tenon
length to investigate the influence of the tenon length (L). Specimens L170-W40-H140 and
L170-W50-H120, with the width and height of 40 mm and 120 mm, respectively, were used
to investigate the influence of the tenon width (W) and tenon height (H).

Mortise

- Tenon

Beam

Column

Figure 11. The mortise-tenon model.
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Table 4. Details of specimens.

Dimensions of the Tenon (mm)

Specimen Code Number of Replicates
L w H

L170-W50-H140 170 50 140 3

L128-W50-H140 128 50 140 3

L170-W40-H140 170 40 140 3

L170-W50-H120 170 50 120 3

3.2. Test Setup and Loading Protocol

The test setup for cyclic loading tests is shown in Figure 12. The column was placed at
a steel boot. To simulate a real situation, A axial force of 10 kN was applied to the column
by a hydraulic jack. Two LVDTs (LVDT1 and LVDT 2) were placed on both the top and
bottom of the beam near the joint area to record the relative displacement and to calculate
the rotation angle of the joint. Moreover, LVDT 3 was set at the end of the tenon to measure
the pull-out displacement of the tenon. The cyclic load was applied at the end of the beam
by a hydraulic servo actuator, as shown in Figure 12.

Beam

Actuator Steel plate

rLoad sensor

rHydraulic
jack

LVDT3

-

LVDT2 —-Column

t-Steel strand

S“"""m

Figure 12. Schematic representation (left) and actual photograph (right) of the test setup.

The loading protocol is shown in Figure 13. First, a single loading cycle was performed
at displacement amplitudes of 5, 10 and 20 mm, followed by two additional loading cycles
at 40, 60, 80, 100, 120, 140 and 160 mm. The test was terminated when the load dropped
below 85% of the ultimate load, or the specimen was severely damaged.

200
160
120 A

80 1

" il
VT

-80

Displacement(mm)

-120

-160

—-200 T T T T T T T T
0 36 60 84 108 132 156 180 204

Time(min)

Figure 13. Loading protocol.
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3.3. Typical Failure Modes

Figure 14 illustrates the typical failure modes of the specimens that experienced cyclic
loading tests. At the loading amplitude of 20 mm, no obvious damage was observed for all
the tested specimens, but squeaky sounds were headed during testing due to squeezing
and slipping between the mortise and tenon. As the loading displacement increased to
60-80 mm, the tenon was gradually pulled out (Figure 14a), and a partial fracture of
wood fiber in the tenon at the contact area was observed in Figure 14b. When the loading
displacement reached 120-160 mm, the end of the tenon cracked transversally due to
extrusion (Figure 14c), and the load dropped dramatically.

Splitting perpendicular to grain

Crush in local compression Crush in end local compression

Figure 14. Failure patterns observed in the specimens: (a) Tenon pull-out; (b) Compression crush
at the neck of the tenon; (c) Crack at the end of tenon; (d) Crush in local compression; (e) Split
perpendicular to grain; (f) Fracture of the neck of the tenon.

The failure patterns of the specimens can be categorized into three primary types:
(1) Tenon pull-out, observed in all specimens during the loading process. The tenon pullout
amount of specimens L 128-W50-H140 was larger than that of the specimens with 170 mm
tenon length, which indicates that the initial length of the tenon in mortise may affect the
pull-out amount during rotation. (2) Crush in local compression, observed at the neck and
end of the tenon, as depicted in Figure 14d,e. The shape of the compressive area at the
neck of the tenon is an inverted triangle, and the shape of the compressive area at the end
of the tenon is a right-angled triangle. (3) Fracture of tenon, which was only observed in
specimen L170-W50-H120, as shown in Figure 14f.

3.4. Hysteresis Curves

Figure 15 indicates that the hysteresis curves of the tested specimens generally exhibit
a “Z” shape indicating a typical pinching effect. The slope of the unloading curve was close
to zero, and the load dropped rapidly in each hysteresis loop. These phenomena suggest
that the anti-rotation ability of the joint decreased gradually due to the plastic deformation
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in the loading phase, as evidenced by the near-horizontal loading force in the unloading
phase. As the displacement amplitude increased, the peak value of the bending moment
tended to be flat, but the hysteresis loop area increased, and the energy dissipation of the
mortise-tenon joint also increased.

3
3T —Tr70-wsomi40-1 —— L128-W50-H140-1
—— L170-W50-H140-2 5 [~ L128-W50-H140-2
21 L170-W50-H140-3 —— L128-W50-H140-3
el g
e 1
) ]
S 0 sl ] s 07
g g
] o
= -1 S -1
24 -2+
-3 T T T T '3 T T T T
03 -02 01 00 01 02 03 03 02 01 00 01 02 03
Rotation(rad) Rotation(rad)
(a) (b)
3 T L170-wao-mi40-1 3 T Ti70-wsomi20-1
5 [7— L170-W40-H140-2 5 [7— L170-W50-H120-2
T—— L170-W40-H140-3 _ T— L170-W50-H120-3
g g
E S
,,,,,,,,,,,,, =
E :
=
'3 T T T T '3 T T T T
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(c) (d)

Figure 15. Hysteresis curves of the specimens. (a) Specimen L170-W50-H140, (b) Specimen L128-
W50-H140, (c) Specimen L170-W40-H140, (d) Specimen L170-W50-H120.

In each group of specimens, asymmetries were observed between push and pull di-
rections. Several hysteresis curves of specimens slightly deviate from the abscissa axis,
especially for specimen L128-50-140-3, which is mainly attributed to the inherent vari-
ability of timber properties, the influence of natural timber defects, and the error during
specimen fabrication.

3.5. Skeleton Curves

Figure 16 presents the moment-rotation (M-6) skeleton curves extracted from the
hysteresis curves of the specimens. Among the four groups of specimens, the three skeleton
curves of group L170-W50-H140 are the closest to each other, while the three skeleton
curves of other groups exhibit scatter. This might be due to the material and construction
defects. The average skeleton curves of each group of mortise-tenon joints are drawn
in Figure 16e. It is observed that the average skeleton curves generally exhibit a clear
nonlinear behavior with three stages: elastic stage, yield stage and failure stage. For all
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Moment (kN.m)

Moment (kN.m)

specimens, the elastic proportion limit is around 0.02 rad. The yield stage of the curves
generally ranges from 0.02 rad to 0.13 rad. The failure stage starts from 0.13 rad to the end.
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Figure 16. Skeleton curves of the specimens. (a) specimen L170-W50-H140, (b) specimen L128-W50-
H140, (c) specimen L170-W40-H140, (d) specimen L170-W50-H120, (e) average skeleton curves.
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3.6. Stiffness Degradation

Stiffness degradation refers to the negative correlation between the peak load and the
number of cycles under the cyclic loading with constant peak displacement. K; represents
the secant stiffness of the specimen in the ith cycle of loading, which can be expressed as:

M|+ =M

K = 2
T el el ?

where +M; and —M,; are the peak moment in the ith cycle of positive and negative loading,
respectively, and |+6;| and |—6;| the peak rotation in the ith cycle of positive and negative
loading, respectively.

The stiffness degradation of all the tested specimens is depicted in Figure 17. It
is found that all the mortise-tenon joints exhibited a degradation in stiffness. The joint
stiffness decreased rapidly as the rotation 6 increased from 0 to 0.02 rad, and the stiffness
degradation slowed once the rotation exceeded 0.05 rad. In general, the change of tenon
width and height seems to have less effect on the stiffness degradation. However, the
embedment length of the tenon in mortise significantly affects the stiffness degradation.

60
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—@— L170-W50-H140-2
50 —A— L170-W50-H140-3
—m— L128-W50-H140-1
—@— L128-W50-H140-2
—A— L128-W50-H140-3
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~~
=)
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z 307 gl —m— L170-W50-H120-1
=2 ‘ —@— L170-W50-H120-2
. | —A— L170-W50-H120-3

20 =
10+
0 T T

T T T — T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Rotation (rad)
Figure 17. Stiffness degradation of the specimens.

4. Theoretical Predictions

Since it is unrealistic to perform experiments for all mortise-tenon joints to obtain the
moment-rotation relationship, a theoretical model was proposed to predict the moment-
rotation relationship of the joints so that the structural design of mortise-tenon joints can
follow scientific and reasonable methods instead of traditional empirical methods.

4.1. Basic Assumptions

There are two extrusion regions between the mortise and tenon during the rotation
of the tenon, namely, the contact area A at the bottom of the tenon and the contact area
B at the top of the tenon, as shown in Figure 18. The area A of the tenon is in the middle
local compression state, and the area B of the tenon is in the end local compression state.
When the tenon rotates in the mortise, the extrusion stress is approximately distributed
along the length of the contact areas A and B triangularly, as shown in Figure 18. Moreover,
the friction-resisting tenon sliding in the contact areas was also considered. The extrusion
pressure and the frictions in the two regions jointly resist the bending moment generated
by the external load.
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i

Figure 18. The deformation status of the straight mortise-tenon joint.

To predict the moment-rotation relationship, the following assumptions are made in
this study:

(1) The local extrusion deformation in the mortise was neglected. This is because the
mortise is in compression parallel to the grain, so the local extrusion deformation is
far less than that of the timber perpendicular to the grain.

(2) The bi-linear local compression model proposed in this paper is used to simulate
the mechanical behavior of wood in different compressive modes perpendicular to
the grain.

(38) The friction between the side surfaces of the mortise and the tenon was neglected.

4.2. Geometrical and Physical Condition

The deformation status of the straight mortise-tenon joint during rotation is shown in
Figure 18. Point O is the rotation center of the tenon, and the rotation angle is represented
by 0. I, and J, are the extrusion length and extrusion deformation of the neck of the tenon in
extrusion area A, respectively; I, and Jj are the extrusion length and extrusion deformation
of the end of the tenon in extrusion area B, respectively. g is the initial gap between the
tenon and mortise (Figure 19). The tenon’s length, width, and height are indicated by [s, bs
and h;, respectively. b, and b, represent the width of the beam and column, respectively.
The amount of tenon pull-out is represented by J,.

hs

Figure 19. The initial status of the straight mortise-tenon joint.



Buildings 2023, 13, 1839

15 of 21

According to geometrical conditions of the joint, J,, I, I, and &,, J;, can be expressed as:

h
0o = itan@ 3)
Is g h 0

le=(3 =% = 55ng T 3 Ang)/ cos @
A ©

2 2sin6
s = lstan b (6)
op = lptan @ (7)

4.3. Theoretical Derivations

As shown in Figure 20, when the joint rotates, the extrusion pressures F, and F, and
the frictions f, and f, were generated in extrusion area A, B respectively. The extrusion
pressure is perpendicular to the tenon surface, and the friction force is opposite to the
direction of the tenon sliding. The moment produced by the squeeze pressure and the
friction force jointly resist the bending moment M. According to the experimental results,
the theoretical mechanical model can be regarded as three stages: the sliding stage, elastic
stage and plastic stage.

Figure 20. Stress and deformation state of the joint in rotation.

Figure 21 shows the stress state of the tenon in the contact areas A, and B in the elastic
stage, the shaded area is the extrusion area between the mortise and tenon and varies with
the rotation angle. 61, J is the extrusion deformation at the edge of extrusion areas A and
B, which can be obtained by the following equations:

hs 0 8 2
- 45 8
X0 ztan2+25'1n6+l”cos 0 (8)
5 — 5llf(x—%tang—2sfﬁ)tan9 0<x<xg )
1 (5”:(’lzitan%+25§n9+la—x)cot9 x> X

tang— ng )tan6 (10)
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Figure 21. Stress state of the tenon in the elastic stage. (a) area “a”, (b) area “b”.

4.3.1. Sliding Stage

At the sliding stage, the tenon did not touch the mortise, the bending moment action
did not exist, and the rotational deformation of the mortise was less than the initial gap.
The sliding stage can be expressed by the following equation:

When 6, < g/2sin6, 6, < g/2sinb

M=0 (11)

4.3.2. Elastic Stage

The elastic stage starts when the rotational deformation of the tenon exceeds the initial
gap and ends when the tenon emerges as plastic deformation. As shown in Figure 21a,
the root of the tenon is in the middle local compression perpendicular to the grain. The
force F; and moment M, in the pressure area A are composed of two parts, expressed
in Equations (14) and (15). As shown in Figure 21b, the end of the tenon is in local end
compression perpendicular to the grain. The force F, and moment M, in the extrusion
areas are expressed in Equations (16) and (17). The equations mentioned above E,;c Ecec
are elastic modulus in the middle and end local compression perpendicular to the grain,
respectively, ¢4y and ¢j,, mean the yield strain in the middle and end local compression
perpendicular to the grain.

Say = Eayhs (12
Opy = byt -
When g/2sin6 < 81 < &,y
E —b, tan2+la cos? § Eemcfslld b /itan 2+zsm9 +la Eemcory dx (14)
! % tan S+ 58 % tan 4 g Hacos?0 s

h—stan + +1, cos? 0 ’t 1
2t 2sine tla E 1) an §+ &5 +a Eenicd
M, = b /h i =W i + b / =g (15)

S tan 2+25m9 hs tan 2+25m9 +1,cos2 0 hs
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When ¢/2sinf < J; < 5by

5 Epecd
F, = b / ’ Beec®2 4 (16)
hTStan%JrZsfnG hs
Is
5 E
My=bs[" y Feec®2 (17)
%‘tan%+ﬁ hs

4.3.3. Plastic Stage

The yield strain ¢, is the critical point between the elastic and plastic stages, which
means the joint enters the plastic stage when the compressive strain exceeds the yield strain
€ay Epy- In the plastic stage, the deformation region can be divided into elastic and plastic
regions, as depicted in Figure 22. The force F;, F, and moment M,, M}, in the plastic stage
are expressed in Equations (23)—(26). Eppc and Epec mean the plastic modulus in the middle
and end local compression perpendicular to the grain, respectively.

%=&ww+%u%—w> (18)
0y = Eeecepy + Epec(% — €py) (19)
Yayl = %tang + 25§n9 + taéfly€ (20)
Yayr = la+ %tang + 25§n9 B c(cs)atye @)
Yoy = %tang + 25§n9 t;sflyﬂ (22)

Ihstan$+585 L

2s1n6
Va

: 1 i ]
plastic region plastic region

[
I Jy
} yj 5by

T,lastic region !

] Yr A )
(a)

Figure 22. Stress state of the tenon in the plastic stage. (a) area “a”, (b) area “b”.

When 61 > by

hs 0 g
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hs [
Mo=b [ " Eemedin g g [ BoncOur g [ e 4
e hs t Q+ 8 h s l’l S a
2 N 3T 7sing s Xayr s Xayl

When é; > by,
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X
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Is

X,
M, = bs/ Y ereC(Szdx + bs/2 xopdx

h, 0
= tan 5 hs Xpy

(26)

4.3.4. M-0 Curve

The total moment of the mortise-tenon joint consists of the moment produced by the
squeeze pressure and the friction force, which is expressed by Equation (29). The friction
forces f, and f}, are obtained by Equations (27) and (28), and the coefficient of friction
between the tenon and mortise in this paper was taken 0.45 for Chinese fir [36]. Finally, the
M-0 curve of the mortise-tenon joint can be calculated as:

fa:HFu (27)
fo = ukp (28)
hs hs

4.4. Validation of Theoretical Results

According to the derived Equations (8)—(29), the theoretical M-6 curves were obtained
by inputting the geometric and physical parameters of the mortise-tenon joints reported in
Tables 3 and 4, specifically, the initial gap is set as 0 because there is no gap between the
tenon and the mortise in this study. The comparison of the theoretical and experimental
M- curve is shown in Figure 23.

3.0 3.0
——L170-W50-H140-1 —— L128-W50-H140-1
—L170-W50-H140-2 —— L128-W50-H140-2
2.5 1 1.170-W50-H140-3 2.54— L128-W50-H140-3
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Figure 23. Comparison of the theoretical and experimental M- curve. (a) Specimen L170-W50-H140,
(b) Specimen L128-W50-H140, (c) Specimen L170-W40-H140, (d) Specimen L170-W50-H120.
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As is shown in Figure 23, the theoretical M-0 curves are generally consistent with the
experimental M-f curves. It can be observed that the yield point of the theoretical curve
coincides with the yield point of the experimental M-8 curve basically, which indicates that
the bi-linear model of wood compression perpendicular to grain proposed in this paper
has an advantage in depicting the yield point of the M-f curve. Among the four groups,
the initial stiffness and yield moment best agree with the experimental curves of specimens
L170-W50-H140, L128-W40-H140 and L170-W40-H140. The max deviation of the experi-
mental and theoretical initial stiffness and yield moment values is 6.41% in the three groups,
as shown in Table 5. In the group of L170-W50-H120, the theoretical initial stiffness and
yield moment have a deviation of about 17% from the experimental values. This may be
due to the difference between the theoretical and experimental pull-out amounts. The
theoretical pull-out amount of the L170-W50-H120 model is smaller than the experimental
pull-out amount, resulting in a higher theoretical moment and stiffness than experimental
values at the same rotation.

Table 5. Comparison of the theoretical and average experimental initial stiffness and yield moment.

My (kN.m) K (kN.m/rad)
Specimen
Avg. Exp. Theo. Dev. Avg. Exp. Theo. Dev.
L170-W50-H140 0.78 0.83 6.41% 36.83 3791 2.94%
L128-W50-H140 0.43 0.42 —2.33% 19.74 18.98 —3.85%
L170-W40-H140 0.63 0.66 4.76% 28.97 30.33 4.71%
L170-W50-H120 0.70 0.82 17.14% 33.33 39.00 17.01%

Note: My means yield moment, and K means initial stiffness.

The theoretical analysis in our previous study [37] employed an ideal elastic-plastic
model for the compressive behavior of wood perpendicular to the grain, overlooking the
stress-strain relationship during the plastic compression stage. In contrast, this paper
employs the proposed bilinear stress-strain relationship for wood under compression
perpendicular to the grain, resulting in more accurate computational analysis results.
Although the proposed method can predict the mechanical behavior in the elastic and
yield stage of the curves well, it needs to be improved in predicting the failure stage of
the joints. Firstly, the relationship between tenon pull-out amount and rotation angle
needs further study, for the decrease of the moment and stiffness of the joints is relative to
the embedment length of the tenon in the mortise. The mechanical model of wood split
perpendicular to grain may need to be considered because, in the failure stage, several
specimens exhibited splitting and cracking failure of the tenon. In general, the theoretical
model proposed is reasonable and feasible in predicting the elastic and plastic mechanical
behavior of mortise-tenon joints.

5. Conclusions

This paper presents a comprehensive investigation of the moment-rotation relationship
of straight mortise-tenon joints, including local compression tests perpendicular to the
grain in three different compressive modes and cyclic loading tests of four groups of joints.
Finally, a theoretical moment-rotation model was proposed to predict the mechanical
behavior of the mortise-tenon joints. The main results are summarized as follows.

(1) The results of the compression tests perpendicular to grain indicated that the yield
stress, elastic modulus, and plastic modulus in local compression perpendicular
to grain are greater than that in the end local compression and full compression
perpendicular to grain. A most approximate area method was used to estimate the
yield point of the strain-stress curve, which is good at estimating the theoretical
yield point.

(2) The cyclic loading tests showed that the mortise-tenon joints mainly failed by tenon
pull-out, crush in local compression, splitting perpendicular to grain and breakage of
the tenon. The hysteresis curves of the tested specimens generally exhibit a “Z” shape,
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which indicates a typical pinching effect. As a result, the moment and initial rotation
stiffness of the joint both decrease with the reduction of the tenon length (L), width
(W), and height (H). The parameter tenon length and width have a more significant
influence on the mechanical behavior of the joints because the mechanical behavior is
mainly determined by the compression area formed with tenon length and width.

(3) A theoretical model based on physical and geometric parameters of the mortise-tenon
joints was proposed to predict the mechanical behavior, considering middle local
compression in the neck of the tenon and end local compression at the end of the
tenon. By comparing the theoretical M-8 curves with the experimental M-6 curves, it
was found that the theoretical model proposed is reasonable and feasible in predicting
the elastic and plastic mechanical behavior of mortise-tenon joints but needs to be
improved in predicting the failure mechanical behavior.
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