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Comparative Analysis on the Mechanical Properties of
Mortise-Tenon Joints in Heritage Timber Buildings with
and without a ‘Que-Ti’ Component
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Three kinds of typical Chinese traditional mortise-tenon joints were tested.
The effects of sparging on the deformation, hysteretic behavior, strength
and stiffness degradation, and energy dissipation of the mortise-tenon
joints were studied via low-cycle reversed loading tests with and without a
‘Que-Ti" component. The results showed the following: the bearing
capacity of the straight-tenon joint was the strongest, and the hysteretic
loop of the through-tenon joint and half-tenon joint were asymmetric due
to the asymmetry of the tenon form. The half-tenon joint was most likely to
pull out the tenon, and the tenon pulling condition of the half-tenon joint
can be effectively alleviated by adding a ‘Que-Ti’ component. From the
perspective of energy consumption, it was found that the energy
consumption capacity of the mortise-tenon joints after adding a ‘Que-T¥’
component was stronger than the joints without a ‘Que-Ti’ component.
This shows that the ‘Que-Ti’ can be used as an effective component in
terms of enhancing the mechanical properties of the mortise-tenon joints.
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INTRODUCTION

A ‘Que-Ti’ is a special component in heritage timber buildings that plays the role
of both a mechanical and decorative component. It is a short wood piece placed under a
beam and at the intersection of a column (Lyu et al. 2016). A ‘Que-Ti’ is usually placed at
the intersection of the horizontal material (beam, i.e., Fang) and the vertical material
(column) of heritage timber buildings, and generally, it has three roles: the first is to shorten
the net span of the beam to enhance the bearing capacity (Lyu et al. 2017); the second is to
reduce the downward shear force between the beam and column (Dai 2020); and the third
IS to prevent the angle tilt between the horizontal and vertical wooden components (Yang
et al. 2020). The development of the configuration of the ‘Que-Ti’ began to take shape
during the Northern Wei Dynasty, and it was not until the Ming Dynasty that it began to
be widely used and became a unique heritage timber building component in the Qing
Dynasty (Chun et al. 2019).

A ‘Que-Ti’ component is assembled using the mortise-tenon connection
technology in heritage timber buildings. It is the combination of structural mechanics and
aesthetics, for it reinforces the mechanical properties of the mortise-tenon joints connecting
the Fang and the column in terms of the structural mechanics as well as the shaping of the
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wings attached to both sides of the column cap with interesting contour curves, paints, and
carvings at an artistic level (as shown in Fig. 1) (Li et al. 2020).

Fig. 1. A ‘Que-Ti’ component in heritage timber building

The mortise-tenon joint in heritage timber architecture is usually considered as a
semi-rigid joint in modern structural engineering, and the primary reason it is a research
focus by many scholars is due to its excellent seismic performance (Xue et al. 2018, 2019).
Taking the bending moment capacity of the mortise-tenon joint as the starting point for
research is an important means to measure the strength of the mortise-tenon joint and
evaluate its seismic performance. Generally, the factors affecting the bending moment
capacity and bending stiffness of mortise-tenon joints are the wood species, growth ring,
adhesive type, load type, tenon size, tenon geometry, etc. (Zaborsky et al. 2017; Hu and
Liu 2020). Considering the effects of the wood species, adhesive type, and tenon size on
the bending strength and flexibility of a T-shaped mortise-tenon joint, the test showed that
the stiffness of the mortise-tenon joint was positively correlated with the tenon length and
width, and the influence of the tenon width was more obvious than that of the length (Erdil
et al. 2005). Taking into account the function of the tenon geometry, grain orientation,
length, and shoulder fit, the bending moment capacity of the mortise-tenon joint with
complete insertion of the tenon was 54% larger than the bending moment capacity of the
joint without complete insertion. Additionally, a rectangular tenon has the largest bending
moment capacity under the same conditions (Likos et al. 2012). In terms of the influence
of the joint dimensions on the mechanical properties of the mortise-tenon joint, regression
functions in the form of a second power polynomial with interactions or in the form of a
power functions product can be used to express the relationship, and the influence on the
joint strength from strong to weak is the tenon length, tenon width, and tenon thickness,
respectively (Wilczynski and Warmbier 2003; Tankut and Tankut 2005). In addition,
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experiments have shown that the shape of the adhesive has a strong influence on the
strength of the tenon, and non-dilatational deformation can considerably limit the pressure
of the tenon on the mortise, thereby reducing the level of dangerous shear stresses (Prekrat
and Smardzewski 2010).

The mortise-tenon joint is the weakest part and has a great influence on the
mechanical properties of heritage timber buildings; therefore, analyzing the damage of
mortise-tenon joint under seismic waves in terms of their strength, stiffness, and energy
dissipation is an important method to evaluate the seismic performance of heritage timber
buildings (Poletti et al. 2019). A specific research method is to use finite element analysis
software or physical tests to analyze the dynamic response of a mortise-tenon joint under
different seismic intensities to extract the moment-rotation (M-6) curve of the mortise-
tenon joint before and after damage, and to measure the energy dissipation of the mortise-
tenon joint with the area of the largest hysteresis loop as the quantitative indicator (Wang
and Jin 2014; Xie et al. 2020). To effectively simulate the seismic performance of mortise-
tenon joints, it is necessary to accurately evaluate the load-deformation hysteretic
performance of the joints (Xie et al. 2019). To achieve this evaluation, it is necessary to
establish the hysteretic models of the mortise-tenon joints, where the existing hysteretic
models of mortise-tenon joints can be divided into three categories, i.e., finite element (FE)
models, physical models, and phenomenological models (Xue and Xu 2018; Meng et al.
2019). The finite element models and physical models can effectively predict the hysteretic
performance of mortise-tenon joints but are not suitable for the structural model with a
large number of joints (Loss et al. 2018). However, the phenomenological models are
controlled by a set of mathematical equations with parameters to specify the envelope path
and hysteresis so that the application scope is wider and can be used in combination with
open-source software (Dong et al. 2021).

When utilizing mortise-tenon technology to connect the components of heritage
timber structures, the mortise-tenon joint is formed by inserting different shapes of tenons
into the corresponding mortise, and the typical mortise-tenon joints concluded from various
joint forms include straight-tenon, through-tenon, half-tenon, swallowtail-tenon, etc.
(Huang et al. 2017). Long-term stress at the mortise-tenon joints will lead to joint loosening
and tenon pull-out, which could moderately weaken the stiffness, bearing capacity, and
energy dissipation capacity of heritage timber structures. Therefore, it is of great scientific
importance to compare the mechanical properties of different types of mortise-tenon joints
(Yue 2014). In this paper, three typical mortise-tenon joints, i.e., straight-tenon, through-
tenon, and half-tenon, were selected as the research objects. Each mortise-tenon joint
pattern was made into two types: one type assembled with the ‘Que-Ti’ component and the
other type without. The influence of the ‘Que-Ti’ component on the mechanical properties
of the mortise-tenon joint was compared and analyzed from four aspects, i.e., the hysteretic
curve, skeleton curve, force and stiffness, and energy dissipation (Chun et al. 2011).

EXPERIMENTAL

Mechanical Property Tests of Pinus sylvestris var. mongolica

The standard values of the bending strength, modulus of elasticity, compressive
strength parallel to the grain, full surface compressive strength perpendicular to the grain
(tangential direction and radial direction), and sectional compressive strength
perpendicular to the grain (tangential direction and radial direction) were obtained by
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testing the mechanical properties of Pinus sylvestris var. mongolica. The experiments were
carried out according to the test specifications outlined by GB/T standard 1936.1 (2009),
GB/T standard 1935 (2009), and GB/T standard 1939 (2009). In this part of the test, the
measured values of each index were obtained according to the average values obtained
after the test of 15 specimens.

The specific processing of the material test is shown in Fig. 2, where (a) is the test
process of the modulus of rupture, (b) is the test process of the compressive strength parallel
to the grain, (c) is the test process of the full surface compressive strength perpendicular to
the grain, and (d) is the test process of the sectional compressive strength perpendicular to
the grain. The standard values of all the mechanical properties tested are shown in Table 1.

Fig. 2. The specific test process of Pinus sylvestris var. mongolica: (a) test process of the
modulus of rupture; (b) test process of the compressive strength parallel to the grain; (c) test
process of the full surface compressive strength perpendicular to the grain; and (d) test process
of the sectional compressive strength perpendicular to the grain

Table 1. Physical and Mechanical Parameters of Pinus sylvestris var. mongolica

Physical Parameters Mechanical Parameters

MOR MOE CS-L FSC-R | FSC-T | SCS-R | SCS-T

D (g/cm3) | MC (%) (MPa) (MPa) (MPa) (MPa) | (MPa) | (MPa) (MPa)

0.49 11 59.48 6078.92 35.20 5.14 5.27 3.11 2.99

Note. D: density; MC: moisture content; MOR: Modulus of rupture; MOE: Modulus of elasticity;
CS: compressive strength parallel to the grain; FSC: full surface compressive strength
perpendicular to the grain; SCS: sectional compressive strength perpendicular to the grain; L:
longitudinal direction; R: radial direction; and T: tangential direction
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Design and Fabrication of the Specimens

The fabrication of the specimens was based on the Cai and Fen system (1 Cai = 15
Fén) stipulated in Ying Zao Fa Shi, Song Dynasty. In the Cai and Fen system, there are
eight grades (Grade I to Grade VIII) of Cai, and this paper takes Grade III, in which a Fén
is approximately equal to 16 mm. The specimens were designed at a 1 to 3.2 scale ratio to
ensure both moderate size and integral geometric dimensions of the components. In the
experiment, three types of mortise-tenon joint specimens, i.e., straight-tenon joints,
through-tenon joints, and half-tenon joints, were made. Two specimens were made for each
type of mortise-tenon joint, one of which was supported by a ‘Que-Ti’ component and the
other was not, for a total of six specimens. All specimens were made of Pinus sylvestris
var. mongolica, and the basic mechanical properties of Pinus sylvestris var. mongolica
were tested.

The mortise-tenon joint specimens without a *‘Que-Ti’ component are composed of
two parts: the column and the Fang, while the mortise-tenon joint specimens with a‘Que-
Ti” component were composed of three parts: the column, the Fang and the “‘Que-Ti’ (Fig.
3.). The basic dimensions of the ‘Que-Ti’ component were 63 mm x 180 mm x 450 mm
(width, height, and length), and the tenon of the *Que-Ti’ component was 15 mm x 135
mm x 75 mm (width, height, and length), while the other dimensions of each mortise-tenon
joint are shown in Table 2.

(a) Straight-tenon joint
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(b) Through-tenon joint

(c) Half-tenon joint
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(d) 'Que-Ti’ component

Fig. 3. The three types of mortise-tenon joints in the experiment

Table 2. Basic Dimensions of Each Mortise-Tenon Joint

Straight-

Through-

Member Part name Protgtype tenon Joint | tenon Joint Hglf—tenon
(Fén) Joint (mm)
(mm) (mm)
Column Diameter 42 210 210 210
Fang Height 36 180 180 180
Width 24 120 120 120
Tenon big-head height 36 180 180 180
Tenon small-head height 90 90
Tenon Tenon width 12 60 60 60
Tenon big-head length 42 210 210 140
Tenon small-head length 105 70

Loading Equipment

A low-cycle reversed loading test was carried out by an electronic universal testing
machine (Model: WDW-T100; Jinan Tianchen Testing Machine Manufacturing Co., Ltd.,
Jinan, China), which was primarily equipped with imported AC servo motors and a speed

control system (as shown in Fig. 4.).

Fig. 4. Loading equipment: (a) electronic universal testing machine; and (b) fixation of specimen
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The maximum output force of the electronic universal testing machine was 100 KN,
the relative displacement error was * 0.5%, and the maximum stroke was 2 m. The actuator
was connected to the end of the mortise-tenon joint specimen through bolts and steel plates,
and the specimens were subjected to low-cycle reversed loading.

Loading Scheme

In the test, the column bottom of the specimen was fixed on the test device, and the
vertical load on the top of the column was simulated by applying a 13.5 KN vertical load
through the jack. Then, the vertical low-cycle reversed loading was carried out from the
loading point on the Fang component at the top of the specimen through the actuator of the
universal mechanical testing machine.

According to the 1SO standard 16670 (2003), the loading scheme was controlled
by changing the displacement amplitude. The distance between the actuator and the upper
edge of the column was 570 mm, while the control displacement (the control displacement
values of the 6 joints obtained via monotonic loading test are shown in Table 3) was the
ultimate displacement determined by the unidirectional loading test (the ultimate
displacement was taken as the displacement when the load decreased to 80% of the ultimate
load during the test or the tenon joint was seriously damaged). First of all, 1.25%, 2.5%,
5%, 7.5%, and 10% of the control displacement value were used for the single cyclic pre-
loading, and then 20%, 40%, 60%, 80%, 100%, and 120% of the control displacement
value were used for the three cyclic loading tests. The specific loading system is shown in
Fig. 5. The partial experimental phenomena of the low-cycle reversed loading test are
shown in Fig. 6.

Fig. 5. Loading scheme
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Table 3. Control Displacement of Each Mortise-tenon Joint

Specimen Name Dz-1 ST-1 SB-1 Dz-2 ST-2 SB-2
Control Displacement (mm) 73.21 76.38 84.39 88.38 87.67 91.68
Note. DZ-1: straight-tenon joint without a ‘Que-Ti’; DZ-2: straight-tenon joint with a ‘Que-Ti’;
ST-1: through-tenon joint without a ‘Que-Ti’; ST-2: through-tenon joint with a ‘Que-Ti’; SB-1:
half-tenon joint without a ‘Que-Ti’; and ST-2: half-tenon joint with a ‘Que-Ti’

Fig. 6. Experimental phenomena: (a) splitting of the Fang; (b) damage of the tenon; (c) damage
of the mortise; and (d) damage of the ‘Que-Ti’

RESULTS AND DISCUSSION

Moment-rotation (M-0) Hysteretic Curves

A moment-rotation hysteretic curve, also known as a moment-rotation restoring
force curve, is a load displacement relationship curve obtained under reversed loading. The
moment-rotation hysteretic curve of a mortise-tenon joint can reflect its energy dissipation,
structural failure form, bearing capacity, stiffness, and strength degradation under reversed
loading, which is a comprehensive evaluation method and basis for seismic performance.
Generally, hysteresis curves can be divided into four types: shuttle-shape, arch-shape, anti-
S-shape, and Z-shape. The load displacement relationship of each joint in this test was
obtained via low-cycle reversed loading.
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(a) Straight-tenon joint without a ‘Que-Ti’

(b) Straight-tenon joint with a ‘Que-Ti’
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(c) Through-tenon joint without a ‘Que-Ti’

(d) Through-tenon joint with a ‘Que-T7’
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(e) Half-tenon joint without a ‘Que-Ti’

(f) Half-tenon joint with a ‘Que-Ti’

Fig. 7. The moment-rotation (M-6) hysteretic curves of the six mortise-tenon joints
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As a whole, the moment-rotation (M-6) hysteresis curves of the six mortise-tenon
joints (Fig. 7) in the test are similar to the inverted 'S’ shape, and the overall pinching effect
is obvious, which reflects that the mortise-tenon joints have a large slip phenomenon during
the loading process.

As shown in the hysteretic curve of the unidirectional straight-tenon joint DZ-1
(Fig. 7a), the peak value decreased after the third order amplitude displacement under
reversed loading. This was due to the continuous compression and pressure on the mortise
and tenon during the long-term repeated staggered movement of the mortise-tenon joint,
which led to wood splitting failure under the third order amplitude displacement control
loading, and the performance of the mortise-tenon joint sharply dropped. In the path of the
hysteretic loop, some uneven jitter could be observed, which was caused by the friction
between the tenon and mortise, uneven fiber of the mortise and mortise, and the staggered
movement of the tenon. Moreover, in the later stage of the test, the bending moment of
specimen DZ-2 (Fig. 7b) obviously increased.

The asymmetry between the forward loading curve and reverse loading curve of
ST-1 (Fig. 7c) and SB-1 (Fig. 7e) was obvious, which was consistent with the asymmetry
of the tenon shape. There were joints in the long tenon of the through-tenon joint ST-1
(Fig. 7c), which was one of the reasons that the hysteretic loop of ST-1 under reverse
loading was considerably larger than that under forward loading. The results showed that
the pinch effect of SB-1 (Fig. 7e) was obvious, and the slip was serious, which was due to
the small contact area between the tenon and mortise, and the tenon mortise was not fully
squeezed during loading.

In addition, because of the small contact area between the tenon and mortise, the
tenon pulling phenomenon was obvious in the initial loading stage. The overall hysteretic
curve area was small, the energy consumption was small, and the asymmetry of the forward
and reverse loading was obvious. From the hysteretic curve of specimen SB-2 (Fig. 7f), it
could be found that the hysteretic loop surface under forward loading was caused by the
upward reaction of the displacement, and the value was obviously smaller than the value
under reverse loading.

The hysteretic area of the straight-tenon joints (DZ-1 and DZ-2) and through-tenon
joints (ST-1 and ST-2) were obviously larger, which indicated that the greater the contact
area between the tenon and mortise joint, the greater the bending moment that would be
produced. Under the same rotation angle, the reaction force of the tenon was larger, so the
area enveloped by the load displacement was larger. The hysteretic curves of the joints
with a ‘Que-Ti’ component were obviously plumper, which indicated that the ‘Que-Ti’
component had a positive effect on the mechanical properties of the joints.

Moment-rotation (M-8) Skeleton Curves

A skeleton curve is the envelope line formed by the peak point of the first cycle of
each loading stage when the specimen model is under cyclic loading, which can reflect the
deformation status and characteristic properties of the mortise tenon joint model in
different stress stages. Normally, the skeleton curves of mortise-tenon joints can be divided
into the following stages: the elastic stage, the yield stage, the strengthening stage, and the
failure stage.

According to Fig. 8, the skeleton curve of each mortise-tenon joint had a large slope
at the initial loading stage, which was caused by the elastic working stage of the mortise-
tenon joint. With the increase of the displacement amplitude, the angle increased, the
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extrusion between the tenon and mortise increased, and the slope of curve correspondingly
increased. As the test continued, with the increase of the displacement amplitude, the
extrusion force between the mortise and tenon groove increased, the plastic deformation
between the mortise and tenon gradually increased, the mortise and tenon joint became
loose, and the slope of the curve decreased. The mortise-tenon joint began to gradually
yield and entered the yield stage. When the rotation angle reached 0.08 rad, the growth of
the node skeleton curve was slow, even the peak point appeared, reaching the strengthening
stage. In the later stage of loading, as a whole, the curve was gentle, and some joint curves
obviously decreased, and entered the failure stage.

As shown in Fig. 8, it could be determined that the bending moment of DZ-2 was
considerably higher than the bending moment of DZ-1. At the beginning of loading, the
slope of the DZ-2 skeleton curve was greater than the slope of the DZ-1 skeleton curve
under positive loading. The bearing capacity of the DZ-2 specimen with a ‘Que-Ti” under
forward loading was considerably greater than the bearing capacity of DZ-1, which
indicated that the *Que-Ti’ component offered upward force. The skeleton curves of the
straight-tenon joints with and without a ‘Que-Ti’ were basically the same, which indicated
that the ‘Que-Ti’ component had little effect on the bearing capacity of this type of joint,
and tenon was the primary bearing part under loading.

The bending moments of the half-tenon joint with a ‘Que-Ti’ (SB-1) and without a
‘Que-Ti’ (SB-2) were obviously different, which indicated that the ‘Que-Ti’ component
had considerable influence on the mechanical properties of this type of joint. In general,
the joints with the ‘Que-Ti’ component could obviously produce a larger bending moment.

Fig. 8. The moment-rotation (M-8) skeleton curves of the mortise-tenon joints
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Stiffness Degradation Curves

The stiffness of the mortise-tenon joint specimen is related to the number of loading
cycles. With the increase of the number of loading cycles, the stiffness of the joint
decreases, which is called stiffness degradation. The stiffness value of the specimen can be
expressed by the secant stiffness under the same level of deformation, and the secant
stiffness (K;) of the joint is calculated according to Eq. 1,

|[+Fil+]|-Fil
LT Fexaxl (1)

where +Fi is the bending moment of the positive peak point under the i control
displacement cyclic loading, -Fis the bending moment of the reverse peak point under the
i"" control displacement cyclic loading, +Xiis the angle value of forward peak point under
the i™ control displacement cyclic loading, and -Xi is the angle value of reverse peak point
under the i control displacement cyclic loading.

Fig. 9. The stiffness degradation curves of the mortise-tenon joints

According to the overall trend shown in Fig. 9, the stiffness of each mortise-tenon
joint showed a gradual downward trend, and the initial stiffness of the joint was relatively
large. After 0.01 rad, the curve decreased slowly and tended to be gentle.

From the stiffness degradation curve of the half-tenon joint, it could be seen that
the initial stiffness of the half-tenon joint had a very obvious strengthening effect after
adding the ‘Que-Ti’ component. In the test results of the mortise-tenon joint without a
‘Que-Ti” component, the initial stiffness of the half-tenon joint was the smallest. This
indicated that the ‘Que-Ti’ contributed the most to the tenon of the half-tenon joint.
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The stiffness degradation law of the six types of mortise-tenon joint specimens was
almost the same, and all of them showed a sharp decrease at first and then tended to be
gentle with the increase of the rotation angle.

As shown in Fig. 9, the stiffness degradation curves of each mortise-tenon joint
with and without the ‘Que-Ti’ component could be compared and analyzed. As a whole,
the stiffness values of the tenon-mortise joints after adding the ‘Que-Ti’ were considerably
improved, but the stiffness degradation trend was not very different. From a stiffness point
of view, the stiffness values of the three types of mortise-tenon joints were increased to
varying degrees after adding a ‘Que-Ti’, and the contribution of the ‘Que-Ti’ component
to the three types of mortise-tenon joints was as follows: the half-tenon joint was greater
than the through-tenon joint, which was greater than the straight-tenon joint.

Energy Dissipation

The energy dissipation capacity of the mortise-tenon joint model is measured by
the area surrounded by the bending moment rotation hysteresis loop, i.e., the equivalent
viscous damping coefficient (Fig. 10). The equivalent viscous damping coefficient of
energy dissipation is usually used to evaluate the energy dissipation capacity. The larger
the equivalent viscous damping coefficient is, the stronger the energy dissipation capacity
is, which is calculated according to Eq. 2,

1 S
h, = = x (ABC+CDA) (2)
2w S(OBE+ODF)

where Sacp+cpa) IS the area surrounded by the moment-rotation hysteresis loop, and
Sose+oDF) IS the sum of the area of triangle OBE and triangle ODF.

F.l

CE

Fig. 10. Diagram of the equivalent viscous damping coefficient calculation
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Fig. 11. The equivalent viscous damping coefficient curves of the mortise-tenon joints

Although the length and form of the mortise-tenon joints were different, the
variation law of equivalent viscous damping coefficients were similar, which decreased
with the increasing of the displacement amplitude. In the early stage of loading, when the
specimens entered the failure stage, the energy consumption slowly decreased, and the
energy consumption of some joints slightly increased. This was because in the early stage
of loading, the mortise-tenon joint was subjected to pressure continuously. After plastic
deformation, with the increase of the displacement amplitude, the deformation gradually
decreased, and the ability of energy dissipation also gradually decreased. When the
mortise-tenon joint was continuously loaded and entered the failure stage, the strong
extrusion force cleaved the wood fibers, and the energy consumption capacity of the
mortise-tenon members was slightly improved. As a whole, the equivalent damping
coefficient of the mortise-tenon joints with a *‘Que-Ti’ component was larger and the
energy dissipation capacity was better. Especially in the early stage of the test, it could be
seen that the energy dissipation curve of each joint was higher, and the energy dissipation
capacity was enhanced. When the displacement amplitude increased and the rotation angle
increased, the displacement gradually increased, and the energy consumption of all the
joints obviously decreased.

CONCLUSIONS

1. Among the three mortise-tenon joints (straight-tenon joint, through-tenon joint, and
half-tenon joint), the straight-tenon joint had the strongest bearing capacity.
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2. Due to the asymmetry of the tenon form between the through-tenon joint and half-tenon
joint, its hysteresis loop also presented asymmetric characteristics. Among the three
joints, the half-tenon joint is most likely to pull out.

3. After adding the ‘Que-Ti’ components, the tenon pulling situation of the half-tenon
joint can be effectively alleviated. From the perspective of energy consumption, it was
determined that the energy consumption capacity of the mortise-tenon joints after
adding a *Que-Ti’ was stronger than the energy consumption capacity of the mortise-
tenon joints without a ‘Que-Ti’, which also shows that the ‘Que-Ti’ component can be
used as an effective component to enhance the mechanical properties of mortise-tenon
joints.
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