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Ancient Chinese wooden structures exhibit remarkable organic characteristics, reflected in their highly
integrated construction and exceptional seismic performance. To explore the seismic-resistant
wisdom inherent in ancient wooden structures, this study provided an in-depth interpretation of
traditional construction techniques and carried out quasi-static and dynamic tests on two timber
structure models designed with characteristic Song dynasty architectural features. The structural
characteristics of key joints and their deformation behavior were clarified, the energy dissipation
mechanism and its correlation with seismic performance were analyzed, and the stiffness differences
among various structural layers and their collaborative seismic-resisting mechanism were revealed.
The results demonstrate that the ancient wooden structures possess the advantages of “weak

connections yet strong deformability,

weak energy dissipation yet strong seismic resistance,” and

“weak resonance yet strong synergy.” These findings systematically reveal the seismic mechanisms
of ancient wooden structures and offer valuable insights for the seismic design and improvement of

modern buildings.

Ancient Chinese wooden structures are distinctive for their magnificent
appearance, exquisite details, convenient assembly, and excellent earth-
quake resistance. Wooden structures entered a period of refinement in the
Tang Dynasty' and maturity in the Song Dynasty with the compilation of
the Yingzao Fashi’, which systematically elaborated on the design and
construction of official architecture in the Song Dynasty and featured several
high-grade, meticulously constructed wooden buildings’. The maturity of
Song Dynasty wooden structures is reflected in standardized and mod-
ularized construction*®, rigorous and scientific framingT, flexible and
diverse forms®, achieving an organic unity between architectural construc-
tion and structural performance™".

Ancient wooden structures are divided from bottom to top into the
column frame, Dou-gong, and roof layers (Fig. 1b). Column bases typically
use three connection methods: flat floating, Guan-jiao tenon, and Tao-ding
tenon''"". Flat floating column bases rest on plinths, constrained only by the
friction between the columns and plinths", making it the most common
column base connection. Guan-jiao tenon features a mortise in the center of
the plinth, connecting to the column via a wooden pin. Guan-jiao tenon is
similar but with a through-mortise in the plinth and a larger mortise size".
Column-head mortise-tenon joints commonly use straight'*', dovetail, and
hoop tenons'®. Straight tenons include through tenons and half tenons'**".
Dou-gong consists of multiple Dou and Gong components connected layer

by layer via mortise-tenon joints, connecting columns to Lu-dou through
An-xiao, and linking columns, beams, and Dou-gong via longitudinal and
horizontal components® . The positions and methods of each connection
node are illustrated in Fig. 1a.

Ancient wooden structures exhibit excellent seismic performance, with
structural mechanical characteristics and seismic properties showing both
commonalities and differences owing to the varying connection methods.
The hysteretic curves of the three column-base connections under hor-
izontal cyclic loading all exhibited an “S” shape™. Among them, the Tao-
ding tenon has the highest lateral stiffness'’, whereas flat floating has the
plumpest hysteretic curves, with an energy dissipation capacity approxi-
mately 1.28 times that of the Guan-jiao tenon and 1.50 times that of the Tao-
ding tenon, indicating that flat floating facilitates energy dissipation through
frictional sliding during earthquakes. The columns exhibited swaying
characteristics and good deformation recovery under horizontal cyclic
loading, with an “S”-shaped hysteretic curve. Even under ultimate loads, no
significant damage occurred to the column components, indicating that
column rocking resulted in weak energy dissipation but strong deform-
ability of the column frame layer™. These characteristics differ from those of
column-head mortise-tenon joints and Dou-gong nodes™. Column-head
mortise-tenon joints exhibited an inverted “Z”-shaped hysteretic curve with
significant pinching, accompanied by joint slippage and shear deformation.
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(a) Details of node structure

Fig. 1 | Basic structural characteristics of ancient buildings. a Details of node structure; b Song Dynasty wooden structure; ¢ Mechanical performance of nodes

(b) Song Dynasty wooden structure

(c) Mechanical performance of nodes
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Among these, dovetail tenons have the plumpest hysteretic curves, with the
strongest plastic deformation and energy dissipation capacity, whereas half
tenons perform the worst”. The deformation and relative displacement
between tenons and mortises are key to vibration reduction and energy
dissipation in wooden structures””’. Dou-gong nodes show a plump bow-
shaped hysteretic curve under horizontal cyclic loading, indicating good
energy dissipation performance®. Additionally, Dou-gong has a much
higher stiffness than the column frame layer’, with energy dissipation
achieved through sliding friction between the components™ and the plastic
deformation of the lower components. The mechanical performance of each
connection component is illustrated in Fig. Ic.

Song Dynasty wooden structures, representative of the mature period
of ancient architecture, combine excellent seismic performance with har-
monious and unique architectural aesthetics. Their complex configurations,
diverse connection methods, and distinct seismic properties™ achieve an
organic unity between structural rationality and construction methods
through synergistic work™, reflecting craftsmen ingenious design for bal-
ance in Chinese wooden architecture®°. However, existing research focuses
on the mechanical properties and construction of wooden structures
separately, lacking a scientific exploration of the organic concept combines
the two. Thus, quantifying and verifying the seismic advantages of Song
Dynasty wooden structures through modern experimental methods and
establishing scientific correlations between seismic performance and
architectural configurations not only sheds light on Song Dynasty archi-
tectural technology but also provides a basis for improving modern building
seismic performance’”, promoting the inheritance and application of
excellent traditional culture.

Methods

Research object

Model testing serves as one of the important methods for studying the
seismic performance of ancient wooden structures. To more scientifically
elucidate the seismic resilience of these structures, this study conducted both
static and dynamic tests on two representative wooden structural models.
One model (M1) was constructed at a 1:2 scale based on the 7th-class timber
frame described in Yingzao Fashi—the Song Dynasty architectural standard
for wooden structures (Fig. 2). The other model (M2) was designed at a
1:3 scale, replicating the front-eave central beam frame of the first story of
the Goddess Mother Hall, a typical example of existing Song-style wooden
architecture in China. In both models, the columns are simply placed on the
foundation without any fixed connections at the base. The components are
connected using traditional techniques: Lan-e and columns are joined by
dovetail tenons, Pu-pai-fang are mounted on top of the columns, and Dou-
gong are installed on the Pu-pai-fang. These elements are further secured

using An-xiao. Compared to M1, model M2 incorporates an additional
sloped roof structure, as illustrated in Fig. 3. M1 uses camphor pine as the
model material. M2 uses larch as the model material, and the material
properties parameters are determined through material testing, as shown in
Table 1.

Research methodology

Quasi-static test T1 and shaking table test T2 were conducted on model M1,
while quasi-static test T'3 and shaking table test T4 were conducted on model
M2. The loading devices for T1 and T3 are shown in Fig. 4; those for T2 and
T4 are shown in Fig. 5, and the measurement devices are shown in Fig. 6. For
all four tests, westward loading was defined as positive, and eastward loading
as negative.

The vertical loads for the models were determined by referencing the
roof loads of similarly sized ancient buildings” and scaling down
calculations®, resulting in 45kN for M1 and 54kN for M2. For M1, a vertical
load in T1 was applied via three layers of concrete slabs totaling 45kN on the
Dou-gong, whereas T2 used 50 steel blocks (2200 x 40 x 20 mm) totaling
45KkN. For M2, T3, and T4 used three layers of 60 steel blocks totaling 54kN.
Both the concrete slabs and steel blocks can be regarded as non-deformable
rigid bodies, consistent with the assumption that the roofs of ancient
wooden structures behave as a rigid whole.

The horizontal ultimate displacement of four-column wooden struc-
tures is approximately equal to the column radius*". With a column radius of
97 mm for M1 and 89 mm for M2, the estimated ultimate displacements
were 90-100 mm for T1 and 80-90 mm for T3. The tests used 8 levels of
cyclic loading, with horizontal displacement amplitudes of 10 mm, 20 mm,
and so on, up to the ultimate state (Max). The horizontal cyclicloading time-
history curves for T1 and T3 are shown in Fig. 7.

T2 and T4 shaking table tests used sinusoidal excitation with a vibra-
tion amplitude of 6 mm. The shaking table was driven by a 30 kW servo
motor, with the motor speed gradually increasing from 0 r/min to 300 r/min
and then decreasing back to 0 r/min, corresponding to a table vibration
frequency from 0 Hz to 5 Hz and back to 0 Hz.

Results

Correlation between node connection and structural
deformation

Both of the models M1 and M2, consist of the column frame layer and Dou-
gong layer, with connections at column bases, column heads, and Dou-
gong. Column bases are flat floating with 6 degrees of freedom (translation
along x, y, z axes and rotation about the three axes). Column-head dovetail
tenons are semi-rigid joints with 3 degrees of freedom (translation along x
and z axes, rotation about y axis)”’. Dou-gong, formed by mortise-tenon
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Fig. 2 | M1 model component name and
dimensions.
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Fig. 3 | M2 model component name and
dimensions.
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Table 1 | Wood properties for M1 and M2 models (Unit:MPa)

Model E; Er Egr oL or OR
M1 8300 184 377 41 5.4 4.6
M2 8268 490 1369 64 11 7

o compressive strength, E elastic modulus, L parallel to grain, T tangential, R radial.

lapping of multiple Dou and Gong components, plays a role in vertical and
horizontal vibration reduction and energy dissipation“’“, and can be sim-
plified as multi-member hinges with stiffness and energy dissipation
capacity, multi-plastic hinges, shear elastic hinges”, or spring-damper
models™. Dou-gong connects Pu-pai-fang and column heads via An-xiao,
with 4 degrees of freedom (rotation about x, y, z axes and translation along z
axes). Its stiffness is approximately 6.5-14.3 times that of the column frame

Fig. 4 | T1 and T3 loading devices. a Perspective
view of the loading device; b Front view of the
loading device.
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Fig. 5 | T2 and T4 loading devices. a Perspective
view of the loading device; b Front view of the
loading device; ¢ Photo of the loading device.
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Fig. 6 | Measuring device. a M1 measuring device;

b M2 measuring device.
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Fig. 7 | Horizontal load time history curve.

layer”’, and the diameter of the An-xiao is approximately 1/5 that of
columns™”. Under increased horizontal displacement, the An-xiao are
prone to plastic deformation or fracture, further weakening the connection
between the Dou-gong and columns. Thus, all nodes in M1 and M2 are
“weak connections”.

The overall structural deformations in the T1 and T3 tests are shown in
Fig. 8a, b, respectively, with the skeleton curves shown in Fig. 8c. Both
models exhibited significant rocking deformation during the quasi-static
tests. At the maximum displacement, although the horizontal force did not
decrease significantly, the displacement continued to increase under a
nearly constant load, indicating that the structure reached a state near
failure. The maximum westward displacement in T1 was 87.5 mm (89.7%
of the column radius), and the eastward displacement was 84.0 mm (86.6%
of the column radius). For T3, the maximum displacement in both direc-
tions was 80 mm (90% of the column radius), indicating the strong
deformability of the wooden structure.

After the four tests, all the column bases showed varying degrees of
slip (Fig. 9), with more significant slips in T3 and T4 (Table 2). The slip of

Column 1 in T4 reached 56% of its total radius. Additionally, all column
bases exhibited lifting (Fig. 10), which was more easily observed in tests T1
and T3. At the maximum displacement, the column inclination angles in
T1 and T3 ranged from 2.3° to 4.37° (Fig. 11), corresponding to inclination
ratios of 1/25 to 1/13, far exceeding the allowable inclination for reinforced
concrete structures (typically 1/550 of the height, with a collapse risk when
exceeding 1/50). In summary, ancient Chinese wooden structures exhibit
significant column slip, lifting, and inclination under both static and
dynamic loading.

All four tests showed loosening of the column-head mortise-tenon
joints, with deformation easily observed in T1 and T3. Under horizontal
loading, the tenon pull-out and compaction states on both sides were
opposite. During cyclic loading, the tenon underwent a repeated cycle of
pulling out and compacting. The deformations of the column-head mortise-
tenon joints at the maximum load in the final cycles of T1 and T3 are shown
in Figs. 12 and 13, respectively.

In the dynamic tests T2 and T4, the maximum structural displacement
response (X) and displacement magnification coefficient (Bx, directly
reflected the degree of structural deformation. The f, is calculated using
Eq. 1, where X, denotes the input displacement from the shaking table. The
maximum displacement response and magnification coefficients are sum-
marized in Table 3. It is obviously seen that the displacement response of the
column frame layer was much greater than that of the other two layers,
indicating its high deformability and contributing to the overall structural
resilience. In contrast, the roof and Dou-gong layers demonstrated higher
stiffness and greater resistance to horizontal deformation.

_ X

ﬁx_ |X|g

)

In summary, under seismic action, the ancient wooden structures tend
to exhibit slip and uplift at the column bases, significant rocking deforma-
tion of the column frame layer, and tenon pull-out at the column heads.
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Fig. 8 | Structural deformation as a whole.
a Overall deformation of T1 structure; b Overall
deformation of T3 structure; ¢ Horizontal loading

skeleton curve.
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Fig. 9 | Column foot slip. a T3 No.1 column; b T3
No.3 column; ¢ T4 No.1 column; d T4 No.2 column.

Table 2 | The base of the column slides (Unit:mm)

displacements. This mechanism enables substantial structural deformation

without significant damage to individual components.

Energy dissipation mechanism

Test No.1 column No.2 column No.3 column No.4 column
T3 4 2 6 3
T4 50 47 28 16

Hysteresis curves can intuitively reflect the hysteretic performance of

However, the displacement-load curves, post-test structural stability, and
component integrity all indicated good resilience of the structure. The “weak
connection” characteristic of the joints provides “strong deformation”
capacity, allowing the structure to avoid collapse even under large horizontal

the structure, and their fullness can characterize the strength of the
structure’s energy dissipation capacity. As shown in Fig. 14, the hys-
teresis curves of the two models obtained from the quasi-static tests are
very similar, and neither curve is full. The hysteretic curves exhibit an
unfull shuttle shape in the first-cycle (Fig. 14a, b) and become narrow
S-shaped after the second cycle (Fig. 14c, d). Furthermore, the energy
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Fig. 10 | Column base lifting. a T1 No.1 column;
b T3 No.1 column; ¢ T3 No.3 column.
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Table 3 | T2 and T4 displacement magnification coefficients

dissipation capacity of the structure can be quantitatively evaluated

through cumulative hysteretic energy dissipation and equivalent viscous

Test  Location Max displacement Displacement amplification damping coefficient. The cumulative energy dissipation of T1 was
response factor px . . . . .
= o 389 6.48 561.72 kN mm (Fig. 14e), with an equivalent viscous damping coeffi-
ou-gon d : . . . . Lo
gong cient of 0.062-0.110 (Fig. 14f); while the cumulative energy dissipation
Pu-pai-fang  32.1 5.35 of T3 was 583.04 kN mm (Fig. 14g), with a coefficient of 0.065-0.080
T4 Ji-lin 34.4 5.73 (Fig. 14h). These values are much lower than those obtained from the
Si-chuanfu 335 559 separate tests on Dou-gong™ or beam-column joints*. Moreover, the
Pu-paifang  32.8 547 equivalent viscous damping coefficient of reinforced concrete frame
- : structures with infill walls of similar span ranges from 0.2 to 0.4, far
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Fig. 14 | T1 and T3 hysteretic curves and energy dissipation. a T1 First cycle; b T3 First cycle; ¢ T1 Full cycles; d T3 full cycles; e Cumulative energy consumption of T1;
f Equivalent viscous damping of T1; g Cumulative energy consumption of T3; h Equivalent viscous damping of T3.
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higher than that of wooden structures. The above indicates that the
energy dissipation capacity of such timber structure is weak.

It is obvious that energy dissipation is not the primary way for the
ancient timber structures to resist earthquakes; however, the rocking
deformation endows it with a special energy conversion mechanism, which
plays a key role in the seismic resistance. The energy balance equation for
wooden frames in quasi-static tests is shown in Eq. 2°', where E; is the total
energy input by horizontal external loads; Ep is the energy dissipated
through friction and plastic deformation between wooden components
(hysteretic energy dissipation); Eg is the gravitational potential energy
stored owing to vertical lifting; and Ep is the elastic strain energy stored in
the elastic deformation of wooden components.

E; =Ey +Ep +Eg 2

Table 4 | Ductility coefficient

The total energy input to the wooden frame in T1 is shown in
Fig. 15a, and the proportion of hysteretic energy dissipation in the total
input energy is illustrated in Fig. 15b. The hysteretic energy dissipation
accounted for 52% in the first cycle of T1, decreasing significantly with
increasing horizontal displacement to 33% in the eighth cycle. This
indicates that when the horizontal displacement amplitude is small, the
structure dissipates more energy through hysteresis. After the fifth
cycle, hysteretic energy dissipation was no longer the main method for
resisting earthquakes.

The gravitational potential energy calculated from the average
vertical displacement in T1 is shown in Fig. 15¢, and its proportion of the
total input energy is shown in Fig. 15d. The gravitational potential
energy accounts for a negligible proportion in the first two cycles. With
increasing horizontal displacement, vertical lifting of the wooden frame
became significant, and gravitational potential energy increased linearly,
accounting for 57% of the total energy dissipation in the eighth cycle.
This indicates that under horizontal earthquake action, column frame
layer rocking causes vertical lifting of the roof, converting seismic input

Test Yield Extieme Ductility coefficient energy into gravitational potential energy stored in the wooden structure
point (mm) point (mm) and significantly reducing component damage. This energy conversion
T1 215 85.8 3.99 mechanism is key to the ability of traditional wooden structures to resist
T3 12.8 80.0 6.27 multiple earthquakes (especially strong ones) and explains their weak
RC ~ ~ 3.37-4.16°25 energy dissipation but strong seismic performance.
ST i i py— The 'ela}stlc. strain energy, ce'tlculated by 'subtractlng the hysteretic
energy dissipation and gravitational potential energy from the total
Masonry structure - - 2.04-4.24% . . . . oo . .
input energy, is shown in Fig. 15e, while its proportion to the total input
Fig. 16 | Stiffness coefficient. a T1 Overall; b T1 210 210
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energy is presented in Fig. 15f. From cycle 1-3, the elastic strain energy
increased significantly and accounted for more than 50% of the total
energy input in each of these three cycles. After the third cycle, the elastic
strain energy barely increased any further. However, due to the con-
tinuous growth of the total energy input, the proportion of elastic strain
energy decreased markedly, dropping to 10% in the final cycle.

Displacement ductility refers to the ability of a structure to with-
stand deformation without a significant loss of load-bearing capacity,
which can be quantified using the displacement ductility coefficient. A
higher coefficient indicates stronger deformability and higher seismic
resistance. The ductility coefficients of T1 and T3 and other typical
structures are listed in Table 4, in which the yield point refers to the
point on the skeleton curve where there is an obvious deviation from
linearity. By comparing the ductility coefficient of other structures, it is
shown that the timber structure has strong ductility and good bearing
capacity under large deformation.

In summary, the unfull hysteretic curve, low cumulative energy
dissipation, and low equivalent viscous damping coefficient all indicate
weak energy dissipation capacity in the ancient wooden structure.
However, through its rocking behavior and gravitational potential
energy conversion mechanism, the structure exhibits excellent ductility.
As a result, the ancient timber structure demonstrates structural
characteristics of low energy dissipation coupled with strong seismic
resistance, a feature that effectively minimizes damage to the wooden
components during earthquakes.

Table 5 | Stiffness of each structural layer (N - mm™")

Dynamic characteristics of the structure

The resonance frequency refers to the characteristic frequency at which a
structure exhibits a significantly amplified amplitude owing to the coin-
cidence of its natural frequency with the frequency of external dynamic
excitation. When the resonance occurs, a large amount of energy accu-
mulates in the structure, potentially leading to excessive vibrations or
damage. The natural frequency of a structure is determined by its mass,
stiffness, and damping properties. Under normal circumstances, when the
mass and damping are constant, the structural frequency increases as the
stiffness increases.

The stiffness of the overall structure, column frame layer, and Dou-
gong layer is calculated using the displacement-load relationships
obtained from tests T1 and T3. As shown in Fig. 16 and Table 5, the
stiffness of the column frame layer is slightly greater than that of the
overall structure, and both exhibit a consistent decreasing trend with
increasing horizontal displacement amplitude. The stiffness of the Dou-
gong layer is approximately 8-12 times that of the column frame layer.
Due to significant differences in horizontal stiffness between layers, the
natural frequencies of each structural layer differ substantially. Thus,
during an earthquake, the column frame layer and Dou-gong layer do
not resonate simultaneously, significantly reducing the overall reso-
nance effects and mitigating the acceleration.

The displacement time-history and spectrum curves obtained from T2
and T4 are shown in Fig. 17. It can be observed that although the amplitude
input by the shaking table remains constant, the displacement response of
the structure significantly changes with variations in the input frequency. In
both the T2 and T4 tests, the displacement response of the structure reaches
its maximum at a specific input frequency, which is close to the natural
frequency of the structure, resulting in a resonance effect. According to the

Test Overall beam frame Column frame layer Dou-gong layer test results, the resonant frequency of the structure in the T2 test is 0.98 Hz,
T 49-117 53-143 473-609 with a maximum displacement response of 38.9 mm, while in the T4 test,
T3 50-160 60-180 793-1004 the resonant frequency is 0.67‘Hz, with a maximum displacement response
of 34.4 mm. The maximum displacement response of the structure in both
Fig. 17 | Time history curve and spectrum curve. 60 0.020 0.98 ot
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tests is only 1/5 of the column diameter, which is far from reaching the
ultimate displacement of the structure. This is primarily due to the sig-
nificant difference in stiffness between the column frame layer and the Dou-
gong layer as analyzed above, which prevents simultaneous resonance of the
structural layers, thereby reducing the overall structural response. Addi-
tionally, due to the lower stiffness of the column frame layer, vibrations at
higher frequencies are difficult to transmit through the column frame layer
to the layers above it. Therefore, under higher frequency excitation (input
frequency exceeding 2 Hz), the responses of both the column frame layer
and the Doug-gong layer are relatively small.

The ancient wooden structures exhibit functions analogous to
modern seismic isolation and energy-dissipating structures. The low-
stiffness column frame layer acts as an isolation layer, blocking the
transmission of high-frequency vibrations to the upper layers. The Dou-
gong layer performs the function of energy-dissipating, reducing
vibrations of the structure via inter-component friction. Synergistic
work between layers enables the superior seismic performance char-
acterized by “weak resonance, strong synergy”.

Discussion

(1) Connections in ancient wooden structures, such as flat floating column
bases, column-head mortise-tenon joints, and Dou-gong joints, all possess
more than three degrees of freedom and are prone to deformation. During
mechanical testing, the column bases exhibit obvious slipping and lifting,
while the mortise-tenon joints experience noticeable pull-out deforma-
tion. Despite these localized deformations, the overall structure can
achieve a maximum horizontal displacement of up to 90% of the column
radius, with a maximum rotation angle of 5.36°, far exceeding the defor-
mation limits allowed in modern structures. Thus, the ancient wooden
structures demonstrate a unique characteristic of “weak connections yet
strong deformability”.

(2) The hysteresis curves of the ancient timber structure obtained
from the quasi-static tests are highly unfull, with an equivalent viscous
damping coefficient ranging only from 0.061 to 0.110, indicating rela-
tively low energy dissipation capacity. However, the rocking behavior of
the structure provides a distinct energy conversion mechanism. During
horizontal deformation, vertical uplift transforms a portion of the input
energy into gravitational potential energy, which is stored within the
structure. This converted energy can account for over 50% of the total
input energy. As a result, the structure exhibits favorable ductility and
significantly reduced earthquake-induced damage to its components,
demonstrating a characteristic of “weak energy dissipation yet strong
earthquake resistance”.

(3) The column-frame layer and the Dou-gong layer exhibit significant
differences in stiffness, and under dynamic excitation, these two layers are
not susceptible to synchronous resonance. Consequently, the displacement
response of the overall structure remains within a safe range even when the
external excitation frequency approaches the natural frequency of the
structure. Furthermore, the various layers demonstrate a effective colla-
borative working mechanism under dynamic excitation. The more flexible
column-frame layer serves as an isolation system, effectively inhibiting the
transmission of high-frequency vibrations to the upper layers. Simulta-
neously, the Dou-gong layer contributes to energy dissipation and vibration
damping through friction and compression among its numerous compo-
nents. This mechanism of “weak resonance yet strong synergy” enhances
the structural resilience during seismic events.

In summary, the semi-rigid mortise-tenon joints, differentiated
structural layer combinations, and the inherent properties of wood collec-
tively contribute to the “three strong and three weak” characteristics of
ancient Chinese wooden structures. This study reveals the scientific essence
of ancient earthquake-resistant wisdom through structural mechanical tests,
demonstrating the organic balance of wooden structures optimized through
empirical practices despite material limitations. This research mainly
focuses on the mechanical organic of three important column-frame joints.
However, the organic of ancient timber structures is also reflected in the

more detailed structure and the use of materials, which needs to be further
studied. Those studies not only deepen understanding of traditional con-
struction techniques but also provide new insights for developing sustain-
able, low-damage seismic systems.

Data availability
All data generated or analyzed during this study are available from the
corresponding author upon reasonable request.
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