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Abstract

The mortise—tenon joints in ancient Chinese timber buildings have a significant impact on their lateral resistance. To
explore the lateral resistance of timber frames with different mortise-tenon joint connections, this study references
existing ancient timber buildings from the Tang, Song, and Qing Dynasties in China. Three different double-span
timber frames with different mortise—tenon joint connections were designed and subjected to quasi-static tests
under a vertical load of 45 kN. The study analyzes the effects of mortise—tenon joints on the hysteresis curve, envelope
curve, stiffness degradation, and energy dissipation capacity of the timber frames. The results show that all timber
frames exhibit good deformation recovery capability, and the mortise-tenon joints can withstand significant lateral
displacement of the frames. The Qing frame has stronger resistance to deformation and higher energy dissipation,
with its maximum restoring force 1.76 times that of the Tang frame and 2.04 times that of the Song frame, but it

also experiences faster stiffness degradation. The Tang and Song frames exhibit similar energy dissipation capabilities,
but the Tang frame shows higher stiffness and maximum restoring force, while the Song frame has stronger deforma-
tion resistance and fuller hysteresis loops. Based on the experimental results, a restoring force model was established

for timber frames with different mortise-tenon joint connections.
Keywords Mortise—tenon joints, Restoring force model, Ancient Chinese timber buildings, Lateral resistance

Introduction

Chinese ancient buildings, as precious heritage of Chi-
nese civilization, carry rich cultural connotations.
Among them, timber buildings hold a significant place in
the existing ancient buildings. Given China’s susceptibil-
ity to earthquakes, studying the seismic performance of
ancient timber buildings is crucial for their preservation.
The timber frame is a key component of these buildings’
seismic performance, and its lateral resistance is of great
importance for the overall seismic study of the structure.
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It is well known that ancient Chinese timber buildings
have excellent lateral resistance due to the mortise—tenon
joints used in construction. Different types of mortise—
tenon joints affect the lateral resistance of timber frames
to varying degrees, and these joints exhibit distinct char-
acteristics across different historical periods.

In Tang dynasty timber buildings, Z4i mortise—tenon
joints were commonly employed. These joints inter-
sect with the column heads without reducing thick-
ness [1]. The early Song Dynasty continued the use of
Tang methods for mortise—tenon joints, but regional
differences led to variations in wall structures and,
consequently, in the binding capabilities of the joints.
Therefore, in early Song Dynasty, northern timber
buildings commonly used Zhi mortise—tenon joints,
while southern timber buildings often used mortise—
tenon joints with stronger binding capability, such as
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Yanwei mortise—tenon joint [2]. It should be noted that
the main hall of Baoguo Temple in Ningbo, China uses
the Niekou gumao mortise—tenon joint recorded in the
Yingzao Fashi (A.D.1103, Song Dynasty) [3]. Currently,
only two building examples of this joint remain, mak-
ing it particularly valuable for research [4]. In Ming
and Qing Dynasty buildings, the Yanwei mortise—tenon
joint is the primary form of mortise—tenon joint [5].
Besides the Yanwei mortise—tenon joint, the Gutou
mortise—tenon joint is also commonly used in Ming
and Qing Dynasty buildings, primarily at the inter-
sections of Fangs (a horizontal component in ancient
Chinese building) and columns at their ends and cor-
ners [6]. The embracing shoulder style mortise—tenon
joint also gradually became popular in the mid to late
Ming period. This method enhanced the structural
functionality of the joint and reduced the shear force
on the tenon root [7]. Analysis reveals that the mor-
tise—tenon joints from the Tang (A.D.618-907), Song
(A.D.960-1276), and Qing (A.D.1644—1911) Dynasties
exhibit distinct characteristics of their respective eras.
Given the significant time span covered by these peri-
ods in the history of Chinese architecture, they provide
a useful basis for comparing the mechanical proper-
ties of mortise—tenon joints and their impact on lateral
resistance of timber frames across different historical
periods.

In recent years, researchers have conducted extensive
experimental studies on Yanwei mortise—tenon joints
and Zhi mortise—tenon joints. They have used single
joint models [5, 8, 9] to carry out monotonic loading
tests or quasi-static tests, analyzing the failure modes
and mechanical properties of the joints. Xue et al.
conducted quasi-static tests on single joint models of
Yanwei mortise—tenon joints and Tou mortise—tenon
joints. The results showed that the Tou mortise—tenon
joint was lower than that of Yanwei mortise—tenon
joint. Moreover, the two types of mortise—tenon joints
exhibit different stiffness degradation patterns [10].
Chun et al. compared the mechanical properties of
various mortise—tenon joints and approximated the
skeleton curves of these joints as a three-linear model
[2]. Based on experimental studies, researchers have
also fitted restoring force models for Yanwei mortise—
tenon, through mortise—tenon, and half tenon joints
[5, 11]. The ancient timber buildings in East Asia have
certain similarities. According to a study conducted
by Li et al., the resistance of deep beams is affected by
beam-column joints, and the axial force of the deep
beam, in turn, retards beam—column joint damage [12].
Studies on Japan’s "Nuki" joints indicate that the force
conditions of the joints affects their moment, stiffness
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degradation, and energy dissipation capabilities [13].
Therefore, conducting tests on timber frames can bet-
ter simulate the actual force conditions of the joints,
providing a more accurate mechanical performance of
mortise—tenon joints.

The column frame is the main load-bearing structure
in ancient Chinese timber buildings, consisting of col-
umns and Fangs connected by mortise—tenon joints
[14]. Research has shown that the energy dissipation of
the column frame is the primary mode of energy dis-
sipation in ancient timber buildings. As the earthquake
intensity increases, the proportion of energy dissipated
by the column frame within the overall structure also
rises. Thus, the energy dissipation capability of the col-
umn frame plays a decisive role in the energy dissipa-
tion of ancient timber building [15]. In recent years,
many scholars have conducted numerous quasi-static
tests on timber frames connected by Yanwei mortise—
tenon joints and Zhi mortise—tenon joints. The timber
frame forms include single-span [16], double-span [17],
and four-Fang—four-column [15], with the single-span
model being the most studied. The deformation mode
of timber frames exhibits a rocking deformation, with
hysteresis curves showing an S-shape [15, 18]. As the
horizontal displacement increases, the slip amount of
the mortise—tenon joints also increases. Researchers
have established restoring force models based on char-
acteristic parameters obtained from test results, such as
yield points, peak load points, and stiffness, to charac-
terize the hysteresis performance of timber frames [15,
19]. These restoring force models showed good consist-
ency with the test results. However, current research on
timber frames often uses single-span models and typi-
cally uses Yanwei or Zhi mortise—tenon joints. There
are limited types of models, and comparative studies on
timber frames connected by different mortise—tenon
joints are scarce. In addition, restoring force models for
joints and timber frames are mostly based on Yanwei or
Zhi joints, limiting their applicability.

This paper examined typical examples of existing tim-
ber buildings from the Tang, Song, and Qing Dynas-
ties and designed three double-span timber frames
connected by different mortise—tenon joints. Through
quasi-static tests, the hysteresis curves, envelop curves,
stiffness degradation, and energy dissipation of the
timber frames were analyzed. The objective is to com-
pare the lateral resistance of three timber frames and
to propose a restoring force model applicable to timber
frames with different mortise—tenon joint connections.
The findings aim to provide a reference for establish-
ing theoretical analysis models of timber frames and to
assist in the assessment and reinforcement of existing
ancient timber buildings.
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Test program

Test model

This study aims to investigate the influence of mortise—
tenon joints on the lateral resistance of the timber frame.
To reduce the influence of other structural factors on the
experimental results, uniform-sized timber frames were
used in the research. In the specimen design, the over-
all size, column height, column diameter, and general
structural form of each timber frame were maintained
uniformly. The impact of joint types on the lateral resist-
ance of timber frames was examined by adjusting only
the cross-sectional dimensions of beams and the types
of mortise—tenon joints, ensuring the comparability of
experimental results. Based on the height-to-diameter
ratios of columns in typical timber buildings and relevant
studies [20], the height-to-diameter ratio of columns in
traditional Chinese timber buildings typically ranges
from 8:1 to 10:1. The timber frames were designed to
maintain this proportionate characteristic, with a column
height of 2110 mm, a column diameter of 232 mm, and a
span of 1820 mm between columns. As shown in Fig. 1,
the models consist of columns and Fangs connected via
mortise—tenon joints to form frames with three columns
and two Fangs. Dou-Gongs are placed at the column
heads to transmit loads. The cross-sectional dimensions
of the Fangs and the types of mortise—tenon joints were
designed with reference to examples from typical timber
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buildings, including the East Hall of Foguang Temple
(Tang Dynasty), the Main Hall of Baoguo Temple (Song
Dynasty), and the Forbidden City (Qing Dynasty). The
Fang cross sections were proportionally scaled accord-
ing to the actual dimensions in these reference examples,
with the scaling factor determined by the ratio of the
experimental model’s column diameter to that of the ref-
erence examples. The cross-sectional dimensions of the
three Fangs are illustrated in Fig. 1. The dimensions of
the mortise—tenon joints were determined based on tra-
ditional practices documented in Traditional Techniques
of Timber Construction in Ancient Chinese Architecture
[21] and The Yingzao Fashi [3]. The joint dimensions
are provided in Table 1. The Dou had a diameter of
232 mm and a height of 151 mm, with Gong measuring
83%104%571 mm inserted in two directions. The mod-
els’ material was Chinese fir from Fujian (Cunninghamia
lanceolata (Lamb.) Hook.), with a moisture content of
13.8%, an air-dry density of 0.37 g/cm?, and mechanical
properties are shown in Table 2.

The three sets of mortise—tenon joints combinations
are shown in Fig. 2a represents the Zhi mortise—tenon
joints of the east hall of Foguang Temple in the Tang
Dynasty, where the Fangs do not extend beyond the col-
umns head, and their thickness remains unchanged at the
intersection with the column head. (b) Represents the
Niekou gumao mortise—tenon joints of Baoguo Temple in

Gong

Fang size: 168%84 (Tang)
172x107 (Song)
186x155 (Qing)

Left column @232
S ”
I
1820
-

Fig. 1 Timber frame specimens (mm)

Fang size: 168%84 (Tang)
172x107 (Song)
186155 (Qing)

Right column 232

Middle column @232

1820
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Table 1 Sizes of mortise-tenon joints
Test model Mortise-tenon joint type Size (mm)
Tang Zhi mortise—tenon joint
66, 84
Song Niekou gumao mortise—tenon joint / g s
_ g 5
( ]
70
[]
C L1
Qing Yanwei mortise—tenon joint )

Gutou mortise—tenon joint

S

70,
70, 56

. 157 _64

24
7(

1

155
70, 221

148

Table 2 Mechanical properties of Chinese fir (MPa)

EL ER ET fL fR fT

11959 1337 832 287 25 20

E Compressive elastic modulus, f Compressive strength, L Longitudinal direction,
R Radial direction, T Tangential direction

the Song Dynasty, where the Fangs do not extend beyond
the columns head, and they are connected using a reverse
dovetail structure. (c) Represents the conventional mor-
tise—tenon joints of the Forbidden City in the Qing
Dynasty, where one end of the Fangs extend beyond the
columns head and are connected to the side columns
using Gutou mortise—tenon joints. The other ends are
connected to the middle columns using Yanwei mortise—
tenon joints. Both types of mortise—tenon joints use the
embracing shoulder style.

Loading device and loading system

The quasi-static test was conducted using a micro-
computer controlled electro-hydraulic servo combined
shear wall test system (YAW-250 J) supplied by Jinan
Bangwei Instrument Co., Ltd. (Shandong, China). The
horizontal hydraulic jack stroke range is + 250 mm, and
the maximum load is 250 kN. The vertical load (P) was

applied by a movable vertical hydraulic jack to simulate
the roof load. The vertical load was transferred from
the steel beam to the distribution beam, which then
disperses it to each column. Specifically, the middle
column bore half of the load (P/2), while each side col-
umn bore a quarter of the load (P/4). The distribution
beam was connected to the steel beam and the horizon-
tal hydraulic jack using M24 high-strength bolts. The
horizontal loading point was located 2400 mm away
from the bottom of the column. The columns of the
timber frame are directly placed on the base, simulating
the floating pedestal connection characteristic of actual
ancient Chinese timber buildings. Horizontal pushing
was defined as the positive direction, while horizon-
tal pulling was defined as the negative direction. The
lateral displacement and restoring force of the timber
frame were measured and output by the sensors located
at the horizontal hydraulic jack of the shear wall test
system. To measure the pull-out length and rotation
angle of the mortise—tenon joints and column bases,
20 displacement gauges were set up in pairs, each posi-
tioned at mortise—tenon joints and column bases. The
data from the displacement gauges were collected via a
30-channel TDS530 static data acquisition instrument.
The rotation angle (6) was determined by the ratio of
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Fig. 2 Three groups of mortise—tenon joints in timber frame specimens

the difference in readings from each pair of displace-
ment gauges to the perpendicular distance between
the two gauges. These measurements were taken at the
point of maximum displacement for each loading cycle.
The pull-out length (§) was defined as the relative dis-
placement between the position of the Fang’s centerline
and the edge of the column. It was determined by the
average of the readings from each pair of displacement
gauges (measurements were taken once after complet-
ing a cycle). The experimental loading device and the
arrangement of measuring points are shown in Fig. 3,
where #i represents the displacement gauge number.

To quantify the restoring force components of the
timber frame through the bending moment at the

mortise—tenon joints, strain gauges were arranged in
pairs at the positions indicated in Fig. 4. Strain data
were acquired with a strain gauge box (DH3816N), with
SG; denoting the strain gauge number. The bending
moment at the positions of the strain gauges was com-
puted using Eq. 1. Figure 5 illustrates the method for
calculating the bending moment at the mortise—tenon
joints [22], while the calculation formulas for the joint
moments M; and M, are provided in Eq. 2:

1
M =0W = _AeEW 1)
where o is the strain, W is the section modulus in bend-

ing, Ae¢ is the strain difference, E is the modulus of
elasticity:
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The meanings of the symbols in Eq. 2 are detailed in
Fig. 5.

The calculation of the vertical load is based on the roof
loads observed in the east hill of Foguang Temple, the

main hall of Baoguo Temple, and the Taihe Palace of For-
bidden City. The load was calculated in proportion to the
dimensions of the reference buildings and the test mod-
els. Upon calculating the average value, the vertical load
was determined to be P=45 kN.

The horizontal hydraulic jack was loaded according
to the loading system shown in Table 3. The loading
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Fig.5 Calculation method of mortise—tenon joint moment

Table 3 Quasi-static test loading system table

Cycle (No.) Rotation angle (rad) Displacement
A (mm)
1 1/300 8
2 1/200 12
3 1/150 16
4 1/100 24
5 1/75 32
6 1/50 48
7 1/30 80
8 1715 160

is controlled by horizontal displacement. The rota-
tion angle in Table 3 is the rotation angle of the timber
frame corresponding to the displacement. The loading
refers to the loading system of wood frame shear wall
[23] and existing research [24]. Positive and negative
loading are performed once per cycle. The three timber
frame tests are, respectively, abbreviated as T-F, S—F,
and Q-F for convenience. In this context, the letters T,
S, and Q represent the Tang, Song, and Qing dynasties,
respectively, while F denotes frame.
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Results and discussion
Experimental phenomena
From the experimental tests, the deformations observed
during the loading process were similar among the
three test frames, and the components in the frames did
not fail. There was no obvious slippage at the column
bases, and the deformations of the frames were basically
restored after unloading. This was due to the column
bases being disconnected from the foundation, the semi-
rigid characteristics of mortise—tenon joints, and the
material properties of the wood.

Figure 6 shows the deformation of the frame when the
horizontal loading displacement is — 160 mm. At this
point, one side of column base was uplifted (Fig. 6g).

P ———— —

Tenons were pulle

in a triangular shape

Fig. 6 Deformation of the frame, joints, and column bases
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The tenons were pulled out, forming a triangular-shaped
extracted portion. When the Fangs positioned on the
loading direction side of the column (to the right dur-
ing negative loading), the extracted portion of the tenon
forms an upright triangle (Fig. 6a Zhi mortise—tenon
joint on the left column, Fig. 6b Niekou gumao mor-
tise—tenon joint on the left column, Fig. 6¢c Gutou mor-
tise—tenon joint on the left column); conversely, it forms
an inverted triangle (Fig. 6d Zhi mortise—tenon joint
on the middle column, Fig. 6e Niekou gumao mortise—
tenon joint on the middle column, Fig. 6f Yanwei mor-
tise—tenon joint on the middle column). Although the
pull out occurred in four types of mortise—tenon joint at
the maximum loading displacement, the pull-out lengths
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were small, and the joints did not fail. It indicates that the
mortise—tenon joints can withstand significant horizon-
tal lateral displacement in timber frames.

After tests, noticeable compression deformation
appeared on the lower surface of the tenon (Fig. 7), while
the compression deformation on the mortise of the

gy

Tenon compression deformation

(a) Zhi mortise-tenon joint
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column was smaller (Fig. 8). Due to the embracing shoul-
der design of the mortise—tenon joints in Qing frame,
compression deformation can be observed at the contact
area between the column surface and the tenon shoulder,
which is attributed to the higher compressive strength of
wood in the longitudinal direction.

Tenon compression deformation

(¢) Yanwei mortise-tenon joint

Tenon compression deformation

(d) Gutou mortise-tenon joint

Fig. 7 Compression deformation on the lower surface of the tenon after tests

Column compression
deformation

(a) Mortise of Yanwei mortise-tenon joint
Fig. 8 Compression deformation of Qing frame columns after tests

Column compression
deformation

(b) Mortise of Gutou mortise-tenon joint
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Based on the test results, there is no significant differ-
ence in the column base rotation angles among the three
frames. The rotation direction is defined as positive when
the angle between the Fang at the mortise—tenon joint
and the column decreases (Fig. 9). Figure 10 illustrates
the relationship between the mortise—tenon joint rota-
tion at different positions and the overall timber frame
rotation. Overall, the type of mortise—tenon joint has
a minor effect on the rotation angles. The four types of
mortise—tenon joints exhibit similar trends in rotation
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angles. The mortise—tenon joint rotation angles and the
timber frame rotation angles exhibit a linear relation-
ship. Although the differences are minor, the slopes of the
fitted curves for the joint rotation angles relative to the
timber frame rotation angles show the following order:
Zhi mortise—tenon joint > Niekou gumao mortise—tenon
joint> Yanwei mortise—tenon joint>Gutou mortise—
tenon joint. The stronger the deformation resistance
of the mortise—tenon construction, the more it lim-
its joint rotation. Consequently, the slope can indicate

=~ A

o -
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«/+ +\ «/+ +\
Fig. 9 lllustration of mortise—tenon joint rotation direction
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the deformation resistance capacity of mortise—tenon
joints. A reduced slope signifies enhanced resistance to
deformation.

The pull-out behavior of each mortise—tenon joint is
shown in Fig. 11. Among the different types of joints, the
Gutou mortise—tenon joint has good resistance to pull
out and effective reset performance. The Yanwei mor-
tise—tenon joint located at joint 3 has a greater pull-out
length due to the large gap that exists between the mor-
tise—tenon joints, whereas the Yanwei mortise—tenon
joint at joint 2 exhibits better resistance to pull out than
the Zhi mortise—tenon joint. Comparing the Zki mor-
tise—tenon joints and Niekou gumao mortise—tenon
joints at the four joint positions, it is found that as the
horizontal loading displacement increases, the Niekou
gumao mortise—tenon joints exhibit gradually superior
resistance to pull out compared to the Zki mortise—tenon
joints. This is attributed to the reverse dovetail struc-
ture within the Niekou gumao mortise—tenon joints. In
addition, in some cases, a negative pull-out length was
observed at certain joints (Fig. 11c, d), which is caused
by the initial gaps among components gradually disap-
pearing due to compression during the loading process.
From Fig. 11e, at the end of the experiment, the pull-out
length of each joint does not exceed 5 mm, indicating
that the timber frames have good deformation recovery
capability.

Hysteresis curve and envelop curve
The hysteresis curves and envelope curves obtained from
the three experiments are shown in Fig. 12. The hyster-
esis curves of the three timber frames all exhibit a swing-
ing structure characteristic with full ends and pinched
middles. From the hysteresis curves of the three timber
frames, the curve of the subsequent loading cycle basi-
cally follows the trajectory of the previous cycle. This
indicates that the load-bearing capacity of the timber
frames does not show a significant decline, suggesting
minimal damage to the components. This demonstrates
that such structures maintain good resistance to dam-
age and load-bearing capacity under seismic forces. The
restoring force rapidly decreases at the beginning of the
unloading phase in each cycle, and the greater the hori-
zontal loading displacement and the greater the com-
pression deformation of the components, the more the
restoring force decreases. Meanwhile, the larger the
horizontal loading displacement, the smaller the overall
restoring force in the unloading phase. This means that
with increasing horizontal loading displacement, the
structure experiences more frictional sliding and plastic
deformation.

The fullness of the hysteresis curves of the three tim-
ber frames varies (Fig. 12a—c). The hysteresis curve of the

Page 11 of 21

Q-F is significantly fuller than it of the T-F and S—F. This
is due to the Gutou structure and the embracing shoulder
style causing higher restoring force and more compres-
sive friction in the later stages of loading, thereby absorb-
ing more energy. However, excessive compressive friction
also leads to a weakening of deformation recovery capa-
bility. From the hysteresis curves of the three timber
frames, it can be seen that the Q-F exhibits the largest
residual deformation, followed by the S-F.

The envelope curves of the three timber frames are
all antisymmetric (Fig. 12d), but their trends are signifi-
cantly different. The maximum restoring force of the T-F
appears at a horizontal loading displacement of around
32 mm. After that, its restoring force gradually decreases
as the horizontal loading displacement increases. For the
S—FE the restoring force stops increasing and remains
constant when the horizontal loading displacement
reaches 62 mm. The restoring force of the Q—F exhibited
two stages of increase, reaching its maximum at a hori-
zontal loading displacement of 160 mm. The peak restor-
ing force of the Q-F is 1.76 times that of the T-F and
2.04 times that of the S—F. A quantitative analysis was
performed to examine the factors contributing to these
differences, focusing on the bending moment of mor-
tise—tenon joints and the overall restoring force of timber
frames. The restoring force of timber frames is primarily
provided by the rocking of columns and the rotation of
mortise—tenon joints (Fig. 13). As illustrated in Fig. 14,
the column rocks under the horizontal force F, result-
ing in a column top displacement .. When ¢, is smaller
than the column diameter, the rocking column provides
a resisting moment M, due to the vertical load P.. In
this case, the rocking column contributes positively to
the restoring force of the timber frame. However, when
. exceeds the column diameter, the rocking of the col-
umn may cause structural collapse, resulting in a negative
effect on the restoring force. Since deformation occurs
during column rocking, altering the point of resultant
force application, the actual restoring force of the rock-
ing column follows a curve that initially rises and then
declines [25]. The moment equilibrium relationship of
the timber frame is expressed in Eq. 3. The sum of the col-
umn top moment M, and column bottom moment M,
represents the total moment M, produced by the rocking
column. The restoring force contributed by the rocking
column F_ is calculated as M /H, while the restoring force
provided by the mortise—tenon joints F, is calculated as
My/H. To eliminate discrepancies caused by installation
and material variations, the restoring forces under posi-
tive and negative loading directions were averaged:

FH = My + Mpe + My = M. + My, 3)
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Fig. 12 Hysteresis curves and envelop curves

The components of the restoring force for the three
timber frames are illustrated in Fig. 15. In all three
frames, the restoring force curves of the rocking col-
umns demonstrate the previously noted pattern of
initial rise followed by a decline. At minimal horizon-
tal loading displacements, the rocking columns are
the primary contributors to the restoring force. As the
horizontal loading displacement increases, the posi-
tive effect of the rocking columns declines leading to
a reduction in their restoring force and contribution
ratio. Simultaneously, the rotation of the mortise—
tenon joints increases, resulting in variations in the
restoring force. As the joint rotation angle increases,
the reverse dovetail structure within the Niekou gumao

Page 13 of 21

6
——S-F Envelop curve
————— S-F Hysteretic curve
4+
~ 2F
Z
<
B
L
ak
4+
1 1 1 1 1 1 1
-200 -150 -100 -50 0 50 100 150 200
Displacement (mm)
6
— T-F Envelop curve
——S-F Envelop curve
4P — Q-F Envelop curve
~ 2F
Z
&
k=
S of
2k
4L
1 1 1 1 1 1 1
-200 -150 -100 -50 0 50 100 150 200

Displacement (mm)

(d)

mortise—tenon joint begins to compress, resulting in
higher restoring force and better deformation resist-
ance compared to the Zhi mortise—tenon joint. The
restoring force of the Q-F exhibited two stages of
increase. During the initial stage, when the horizon-
tal loading displacement is relatively small, the restor-
ing force is primarily provided by the rotation of the
columns. As the horizontal loading displacement
increases, the compression of the mortise—tenon joints
intensifies, resulting in an increase in the restoring
force generated by these joints, while the restoring force
provided by the columns decreases. Consequently, the
mortise—tenon joints become the dominant source of
restoring force. Under the strong binding effect of the
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Fig. 13 Moment equilibrium in the timber frame

P

Fig. 14 Schematic diagram of rocking column

Gutou mortise—tenon joints, the frame’s restoring force
experiences a second stage of increase. Moreover, the
strong binding effect of the Q-F significantly increases
its maximum restoring force. This is partly because the
Gutou mortise—tenon joint restricts further rotation of
the columns, and partly because the Q—F uses embrac-
ing shoulder style mortise-tenon joints, where the
tenon shoulder compresses against the column, which
could also be found in Fig. 8.
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The restoring force contribution ratio is defined as the
percentage of the restoring force produced by the col-
umns or mortise—tenon joints in relation to the overall
restoring force of the timber frame. Figure 16 illustrates
the ratio of restoring force contribution between col-
umns and mortise—tenon joints. During the initial
loading stage (horizontal displacement of 8 mm), the
contribution ratios of the restoring force from the rock-
ing columns in the T-F, S-F, and Q-F frames were
96.91%, 92.24%, and 82.45%, respectively. At this stage,
the mortise—tenon joints in the T-F and S—F frames
made a minimal impact, but the joints in the Q—F frame,
due to their stronger resistance to deformation, were
able to provide a certain amount of restoring force even
at the beginning. As the horizontal loading displacement
increased, the contribution ratio of the restoring force
from the mortise—tenon joints increased. The stronger
their capacity for resistance to deformation, the more sig-
nificant increase in their contribution ratio. At a loading
displacement of 160 mm, the contribution ratios of the
restoring force provided by the mortise—tenon joints in
the T-F, S—F, and Q-F frames were 37.41%, 64.26%, and
87.17%, respectively.

Stiffness

The stiffness for the three test frames were calculated
according to Eq. 4 [26]. The stiffness degradation curves
for the three frames are shown in Fig. 17:

_|+Fl + |-Fil

= - 4
G + 1—Xi] @)

L
where+ F; and — F; are the peak loads in the positive and
negative directions for the i-th cycle, respectively, +X;
and — X; are the displacement values corresponding to
the peak loads in the positive and negative directions for
the i-th cycle, respectively.

The stiffness in the three tests rapidly decreased dur-
ing the first five loading cycles (horizontal loading dis-
placement <32 mm). This can be explained by that at
the initial stage of small horizontal loading displace-
ment, the rotational stiffness of the columns plays a
decisive role in the overall stiffness of the timber frame.
In the previous research conducted by Wu et al. of the
mechanical behavior of single columns [27], it was also
shown that the initial rotation stage exhibits signifi-
cant stiffness degradation of the columns. During this
period, the static compression constitutive relationship
of the wood in the perpendicular grain direction is in
a weak linear hardening state, and the mortise—tenon
joints and other areas under perpendicular grain com-
pression rapidly develop plastic deformation. When
the horizontal loading displacement is large, the rota-
tion angles of the mortise—tenon joints increase, and
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Fig. 16 Ratio of restoring force contribution between columns and mortise—tenon joints

the binding effect becomes more pronounced, which
slows down the degradation of the overall stiffness of
the frame. Subsequently, as the wood becomes more
compressed and densified, it enters a significant hard-
ening stage [28]. The force required to produce plastic

deformation increases rapidly, and the rate of stiffness
degradation gradually slows down.

The stiffness of the T-F slightly increases after the 6th
loading cycle (horizontal loading displacement >48 mm).
This is mainly due to the gradual disappearance of some
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initial gaps between components [15]. This phenom-
enon is related to the tenon squeezing into the mortise
at joint 3 (Fig. 11c). The same phenomenon also occurs
in the S—F, but since the degree of the tenon squeezing
into the mortise is less than that in the T-F (Fig. 11b,
c), the rate of stiffness degradation in the S—F remains
essentially unchanged after the 6th cycle (horizontal
loading displacement >48 mm). The Yanwei mortise—
tenon joints and Gutou mortise—tenon joints used in the
Q-F experience more compressive deformation, accel-
erating the stiffness degradation of the frame. However,
when the horizontal loading displacement is large, the
strong binding effect of the Gutou mortise—tenon joints
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significantly mitigates the stiffness degradation of the
frame. Therefore, the stiffness of the Q-F degrades rap-
idly before the 7th loading cycle (horizontal loading dis-
placement <80 mm). After this point, the rate of stiffness
degradation significantly slows down.

Energy dissipation

The equivalent viscous damping coefficient ¢, of the
frame were calculated using Eq. 5 [26] to evaluate the
energy dissipation capacity of the frames. The calculation
results are shown in Fig. 18a, and the energy dissipation
for each cycle of the three frames is shown in Fig. 18b:
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1 Sloop

geq=g° Sg

(5)

where S, is the area enclosed by the hysteresis curve,
representing the energy dissipated by the frame during
one loading cycle; S is the energy absorbed by an elasto-
mer when it reaches the same displacement.

From the variation pattern of §,, in Fig. 18a, the energy
dissipation capacity of the three timber frames shows a
declining trend during the initial loading cycles. This is
partly due to the gradual disappearance of initial gaps in
the frames caused by frictional sliding, and partly because
the frames are still in the elastic deformation stage, with
small residual deformations and not full hysteresis loops.
As the horizontal loading displacement increases, the
compressive deformation and frictional sliding between
components also increase. The energy dissipation capac-
ity of each frame starts to show a significant improve-
ment at different loading cycles. In addition, the extent of
the increase in energy dissipation capacity for the three
timber frames is related to the slip resistance of the mor-
tise—tenon joints used, the stronger the slip resistance,
the slower the increase in energy dissipation capacity.

As shown in Fig. 18b, the energy dissipation and its
growth rate for the three timber frames increase with
the horizontal loading displacement. It is noteworthy
that the energy dissipation values for the T-F and S-F
are very similar, but the reasons for their energy dissi-
pation are not entirely the same. The T—F has a higher
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maximum restoring force, while the S—F has a stronger
ability to limit deformation and a fuller hysteresis loop.
The energy dissipation of the Q-F is significantly higher
than that of the other two types of frames, and the differ-
ence increases with the horizontal loading displacement.
This is because, in the later stages of loading, the embrac-
ing shoulder style Gutou mortise—tenon joints and the
Yanwei mortise—tenon joints in the Q-F frame generate
higher restoring forces and more plastic deformation,
thereby increasing the energy dissipation of the frame.

Restoring force model
To reflect the hysteresis characteristics of the frames
and to characterize its restoring force features, a restor-
ing force model was established with reference to the
research of several scholars [18, 29, 30]. To eliminate the
asymmetry in the hysteresis curves caused by material
anisotropy and other factors, the characteristic param-
eters were taken as the average of the test results for
both positive and negative loading directions. All three
frames use a four-linear restoring force model, with T-F
and S—F models in Fig. 19 and Q-F model in Fig. 20. It is
important to note that, except for the method of deter-
mining the position of point C, Figs. 19 and 20 repre-
sent the same restoring force model. The restoring force
model is applicable to timber frames with mortise—tenon
joint connections between columns and Fangs.

As shown in Fig. 19, the envelope curve is simplified
into a four-linear model: elastic stage OA, first yield stage

Fig. 19 Restoring force models for T-F and S—F

Displacement
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Fig. 20 Restoring force models for Q-F

AB, second yield stage BC, and descending stage CD. The
occurrence of two yield stages may be due to the com-
bined effects of the mortise—tenon joints and the rocking
columns. As shown in Fig. 20, the Q—F does not exhibit a
peak load point during the mid-stage of horizontal load-
ing due to the influence of the Gutou mortise—tenon
joints. From the results of the T-F and S-F, it is found
that the peak load point in the mid-stage of loading is
similar in horizontal loading displacement to the peak
load point in the mid-stage of unloading (points C and H
in Fig. 19). Thus, the peak load point C during the mid-
stage of horizontal loading for the Q-F is determined. K;

Unloading displacement (d): —§
D d<|a) =
@ 4| <d<|a)

O |4yl <d<|a], |2a] < |4

@ |4 <d <4, [2a] >|4|

O la|=d , 24| <|4)

®|a|=d , 24] >4] o
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is the initial stiffness, while K,, K, and K, are the secant
stiffnesses for their respective stages.

The stiffness degradation of the unloading branch in
the restoring force model is depicted in Fig. 21. The fol-
lowing scenarios are considered:

(1) When d<|A,|. The element remains in the elas-
tic stage without any plastic deformation or dam-
age. Stiffness degradation is not considered during
unloading. Loading follows path OA and unloading
retraces the original path.

(2) When [A,|<d <|4g|. The loading stiffness degrades

to K,. At the start of unloading, due to an abrupt

recovery, the path first follows a near-vertical seg-
ment of length / to point E (horizontal loading dis-
placement=A,), Then, unloading continues with
stiffness K, to point ] (horizontal loading displace-
ment=4,), followed by reverse loading toward

point A’.

When |Ag|<d<|4p| and |AA,| £|Ag|. The loading

stiffness further degrades to K;. During unload-

ing, the curve initially follows segment DE to point

E (horizontal loading displacement=A4), then

unloads with stiffness K; to point G (horizontal

loading displacement=A14), continues with stiff-
ness K, to point ] (horizontal loading displace-

ment=4,), and finally reverses loading toward A"

(4) When |4p|<d<|Ap| and |AA,|>|4g|. The loading
stiffness remains K3, and the unloading curve con-
sists of five segments. It initially unloads along DE
to point E (horizontal loading displacement=A4),

3)

T T
® ® ®000
Fig. 21 Stiffness degradation of the unloading branch
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then with stiffness K to point G (horizontal load-
ing displacement=1\A ), further with stiffness Kj to
point I (horizontal loading displacement=Ay), then
with stiffness K, to point ] (horizontal loading dis-
placement=A,), and finally reverses loading toward
A

When |4p|<d and |14,|<|4,|. The loading stiff-
ness degrades to K,, The unloading curve follows
the same pattern as the case |Ag|<d<|4,| and
N4, >|Ag.

When [4p|<d and [A4,|>]4,]. The loading stiffness
degrades to K, and the unloading curve consists of
six segments. The curve initially unloads along DE
to point E (horizontal loading displacement=A4),
then with stiffness K to point G (horizontal load-
ing displacement=AA ). Subsequently, the unload-
ing stiffness changes to K. As the frame unloads,
the horizontal loading displacement decreases, the
positive effect of the rocking column enhances,
causing the restoring force to rise toward point H
(horizontal loading displacement=4,). Unloading
then continues with stiffness K; to point I (horizon-
tal loading displacement =Ap), further with stiffness
K, to point ] (horizontal loading displacement=A4,),
and finally reverses loading toward A’.

(6)

Table 4 Characteristic parameters of the restoring force model
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The characteristic stiffness and coefficients for each
stage of three frames are determined based on the results
of three tests (Table 4), with K; and Kj fitted from the
experimental results. The coordinates of each point
(points E, G, H, I, and J) of the unloading branch are
determined from Egs. (6)—(10):

Xg=Ay YE=Yp—! (6)
Xg = AAy, Y = K5(Xg — Xg) + YE 7)
XH = Ap, Yy = Ke(Xn — Xg) + Yg (8)
X1 = Ap, Y1 = K3(X1 — Xp) + Yy 9)
Xj =4y, Y =KX - Xi) + Y1 (10)

The comparison between the test results and the cal-
culation results of the restoring force model for the three
frames are shown in Fig. 22. It can be observed that the
calculated restoring force curves fit the test results well,
accurately reflecting the restoring force characteristics
and stiffness changes of the frames at various stages dur-
ing both loading and unloading processes. Moreover, this
model effectively reflects the restoring force of timber
frames using different types of mortise—tenon joints.

Test Stiffness Coefficient
(kN-mm™)
K, K, K, K, Ks Ke A ]
T-F 0.22336 0.08855  0.02280 —0.00333  0.08062e70039%4, 011300078844 2.35247211-0.01682 0.8 0.62
S—F 0.12945 002931 001047 —0.00128  0.04553e00024484.9 1850 4 1100064464 38964728%-0,007031 0.9 057
Q-F  0.19852 005822  0.02398 001386  0.1232e700136544.0,009221%01434 7159472°21-0.0072 08 0.69

- te ¢ . 6 .
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Fig. 22 Comparison of calculated and test results
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Conclusions

This paper investigated the lateral resistance of three tim-
ber frames in ancient Chinese timber buildings. Quasi-
static tests were conducted on three timber frames with
different mortise—tenon joint connections to study the
impact of these joints on the frames’ lateral resistance.
The main conclusions are as follows:

(1) All three timber frames exhibited good deformation
recovery capability. When the timber frames expe-
rienced significant horizontal lateral displacement,
the mortise—tenon joints did not fail but produce
plastic compressive deformation. Among the four
types of joints, the Gutou mortise—tenon joint had
the strongest ability to limit rotation and the best
resistance to pull out. The Zkhi mortise—tenon joint’s
ability to limit rotation was slightly lower than that
of the Niekou gumao mortise—tenon joint and Yan-
wei mortise—tenon joint, and its resistance to pull
out was also weaker than that of the Niekou gumao
mortise—tenon joint at large horizontal loading dis-
placements.

(2) The hysteresis curves of the three timber frames all
exhibited a swinging structure characteristic with
full ends and pinched middles. However, due to the
strong binding effect of the Gutou mortise—tenon
joint, the maximum restoring force during the load-
ing phase of the Q—F reached 1.76 times that of the
T-F and 2.04 times that of the S—F.

(3) The energy dissipation capacity of the three timber
frames initially decreases and then increases with
the increase of horizontal loading displacement. In
addition, the extent of the increase in energy dis-
sipation capacity for the three timber frames was
related to the slip resistance of the mortise—tenon
joints used, the stronger the slip resistance, the
slower the increase in energy dissipation capacity.
The different mortise—tenon joints caused differ-
ent plastic deformations in the three timber frames
during the loading process. Due to greater com-
pressive and plastic deformations, the energy dissi-
pation of the Q—F was significantly higher than that
of the T-F and S-F.

(4) A four-linear restoring force model suitable for tim-
ber frames with mortise—tenon joint connections
between columns and Fangs was proposed. This
model fit well with the test results and effectively
reflected the restoring forces of timber frames using
different mortise—tenon joints.
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