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Abstract
Wood infill walls have significant effect on the seismic performance of Chinese traditional 
timber structure. Based on cyclic tests of wood infill walls, a 1:6 scaled traditional tim-
ber structure, one direction with wood infill walls and the other direction without ones, 
were fabricated and subjected to artificial and recorded earthquake waves through shak-
ing table tests. The dynamic characteristics, dynamic responses and energy dissipation 
in the two directions were comparatively discussed to quantify the contribution of wood 
infill walls. The test results indicated that the natural frequencies of the model with wood 
infill walls was much greater than that without ones, increased more than 25%, while the 
increase of damping ratio was relatively insignificant before experiencing earthquakes. 
And the acceleration responses of the structure incorporating wood infill walls were mod-
erately increased due to the additional lateral stiffness provided by wood infill walls, while 
the displacement responses dramatically decreased, especially under strong earthquakes. In 
addition, the wood infill walls effectively decreased the proportion of plastic strain energy 
in total energy, which can contribute to reduce structural damage.

Keywords  Chinese traditional timber structure · Wood infill walls · Shaking table test · 
Dynamic characteristics · Dynamic responses · Energy dissipation

1  Introduction

Timber structure is the most characteristic one in Chinese traditional architectures. Most 
have endured earthquakes without collapsing many times in more than a thousand years. 
The thick column (Suzuki and Maeno 2006; He and Wang 2018; Qin and Yang 2018), 
mortise-tenon joint (King et  al. 1996; Chang et  al. 2009, 2017; Chen et  al. 2016) and 
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Dou-Gong (D’Ayala and Tasi 2008; Wu et  al. 2018b), are considered to be the primary 
resisting elements in traditional timber structures due to the collaborative work of embed-
ment, shearing and friction (Kitamor et al. 2010; Yeo et al. 2016). However, frames con-
sisted of these elements are low in lateral stiffness and large in deformation (Katagihara 
2001; Shi et al. 2018; Yeo et al. 2018; Xie et al. 2020a, b).

Recently, more and more attentions have been paid to the infill walls as they not only 
can contribute to increase the lateral stiffness and strength but also be an efficient source 
of energy dissipation (Benavent-Climent et al. 2018; Yuan 2018). Various traditions, cli-
mates, and territorial situations result in different materials for infill walls all over the 
world. Studies have been conducted on contributions of stone, masonry, and earth (mud) 
infill (Tsuwa and Koshihara 2012; Branco et al. 2014; Vieux-Champagne et al. 2014; Dutu 
et al. 2015; Xu et al. 2015). As wood infill walls are commonly used in Chinese traditional 
timber structures, researches on mechanical properties of structures with wood infill walls 
have also been carried out. Chang et al. (2007a; b) proved that embedment between wood 
infill walls and timber frames dominated the deformation resisting earthquakes. Crayssac 
et al. (2018) experimentally demonstrated that wooden panels infill significantly improved 
the load carrying capacity, lateral stiffness and energy dissipation capacity for tradi-
tional timber structure. However, these researches are mainly focused on static tests, and 
few dynamic researches on traditional timber structure with wood infill walls have been 
reported.

In order to specifically clarify the influence of wood infill walls on the seismic perfor-
mance of traditional timber structures in term of dynamics, shaking table tests are use-
ful and indispensable. This study conducted shaking table tests on a 1:6 scaled traditional 
timber structure, one direction with wood infill walls and the other direction without ones. 
By comparative analyses, the contributions of wood infill walls were quantified in terms of 
dynamic characteristics, dynamic responses and energy dissipation capacity.

2 � Preliminary test

The major tests were conducted on a scaled traditional timber structure by shaking table. 
Before carrying out the complex shaking table tests, preliminary tests of structural element 
(wood infill wall) should be implemented to understand the mechanical behaviors.

Two specimens (as shown in Fig. 1), which took the wood infill walls installed on the 
first and second storeys of shaking table test model as prototype, respectively, were tested 
in the low cyclic loading tests. The wood infill walls were made by wood-based compos-
ite boards with a thickness of 18 mm. Other detailed geometric dimensions are shown in 
Fig.  1. The averaged modulus of elasticity, compressive strength and the corresponding 
coefficients of variation (in parentheses) of the composite wood were 12,277 MPa (0.13) 
and 21.7 MPa (0.09), respectively.

Figure 2 shows the test setup with one of the specimens. The restrained timber beam 
at the bottom was fixed to the bottom steel beam by L-shaped steel to prevent the exterior 
timber frame from having uplift and lateral movement. Meanwhile, the out-of-plane behav-
iors of the exterior timber frame were also avoided by a side support system with H-shaped 
steel beams, on which pulleys were attached allowing the exterior timber frame to travel 
in horizontal direction, at both lateral sides of the restrained timber beam at the top. In 
addition, mortise-tenon joints connecting beams and columns were replaced by bolted 
connections to eliminate the effect of joint stiffness of the exterior timber frame. And the 
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wood infill walls were connected to the exterior timber frame only by extrusion and friction 
without any connecting members. So the rocking behaviors of the exterior timber frames 
no longer provided any reaction forces and the force measured by cyclic tests was the bear-
ing capacity of the wood infill walls. No vertical load was applied on the specimens. The 
lateral cyclic load was applied at the top of the wood wall and controlled by displacement 
following the loading protocol proposed by ISO 21581 (2010). The displacement time his-
tory was presented in Fig. 3. The reference displacement, Δ, was determined by the height 
of wood wall (denoted by H), as H/15 (ISO 21581 2010). Same reference displacement 
(Δ = 40 mm, calculated from specimen 2) was used for the two specimens for the conveni-
ence of comparative analysis.

Figure 4 shows typical results in terms of upper horizontal displacement versus loading, 
i.e. hysteric curves and envelope curves. The hysteric curves were S-shaped. And obvious 
pinching behaviors were observed. It is principally caused by the slide between wood infill 
walls and exterior timber frames which is closely related to clearances induced by plastic 
deformations. The envelope curves exhibited clear nonlinearity and also could be simpli-
fied as a bilinear model before maximum load, i.e. elastic stage and plastic stage. The yield 
point was approximately determined by deformation rate method (Li et al. 2015; Xie et al. 

Fig. 1   Shaking table test model with wood infill walls

Fig. 2   Test setup for cyclic test (specimen 1): a Sketch of the test setup; and b photo of the test specimen. 
LVDT is linear variable differential transformer, which is used to measure lateral displacement
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2020a, b). The elastic stiffness and plastic stiffness of specimen 1 were 0.18 kN/mm and 
0.11 kN/mm with a yield displacement of 6.14 mm, which were lower than that of speci-
men 2 (0.21 kN/mm and 0.15 kN/mm in elastic stage and plastic stage with a yield dis-
placement of 3.96 mm). Tests were terminated with out of plane failure of wood infill walls 
at 72 mm and 40 mm for specimen 1 and specimen 2, respectively, as shown in Fig. 5. 

Fig. 3   Loading protocol for the 
cyclic tests of wood infill walls

(a) (b)

Fig. 4   Load–displacement curves: a Specimen 1; and b Specimen 2

Fig. 5   The final failure mode of wood infill walls: a Specimen 1; and b Specimen 2
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Simultaneously, the bearing capacity decreased rapidly and was nearly close to 0, as shown 
in Fig. 4.

3 � Description of the shaking table test

3.1 � Model similitude factors

Shaking table test model must be able to reproduce dynamic behaviors of the prototype by 
use of three independent factors according to the similarity theory (Sabnis et al. 1983). The 
dimension scaling factor Sl was 1/6 considering the size limitation of the shaking table. 
According to the wood material test results, the scaling parameter of elastic modulus SE 
was determined to 1.0. The acceleration scaling factor Sa was equal to 1.5 due to the limita-
tion of total weight of additional mass in laboratory. Then other parameters were deduced 
by dimensional analysis, and the main factors are listed in Table 1.

3.2 � Model construction

The test model, taking Xi’an Bell Tower as the prototype, represents a typical traditional 
timber structure in China. The model is a two-storey timber structure with additional cor-
ridor around the periphery at each storey, as shown in Fig. 6a. It is symmetric at the two 
principal axes, one of which in east–west direction was denoted as X-axis and the other was 
denoted as Y-axis, as shown in Fig. 6b, c. The total height of the model is 4.27 m, and that 
of the ground storey is 1.44 m. The columns and beams are connected by mortise-tenon 
joints with different styles (number 1–3 in Fig. 6a). And the columns are placed on the top 
of cornerstones by inserting small protruding tenons at the bottom into grooves in the cor-
nerstones (number 4 in Fig. 6a). Dou-Gong (also called bracket complex) in different styles 
(number 5–8 in Fig. 6a), consisted of rectangular blocks (Dou) and bracket arms (Gong), 
are located on the surface of cover beams to support upper load. All the members were 
fabricated according to traditional practices adopted by the prototype structure. The cross 
section sizes of the main components were shown in Fig. 6b and c. Scotch pine (Pinus syl-
vestris) was used to make these components and the mechanical properties obtained from 
standard material properties tests (GB 1927 ~ 1943–91 1992) were listed in Table 2.

The wood infill walls as partition between outside principal columns were fabricated by 
wood-based composite board without considering the influence of doors and windows with 

Table 1   Main similitude scaling 
factors of the model

Parameter Relationship Scaling factor Remark

Length Sl 1/6 Independent factor
Elastic modulus SE = Sσ 1 Independent factor
Stress Sσ 1
Acceleration Sa 1.5 Independent factor
Density Sσ/(Sa·Sl) 4
Mass (Sσ·Sl

2)/Sa 1/54
Force Sσ·Sl

2 1/36
Frequency Sl

−0.5·Sa
0.5 3

Time Sl
0.5·Sa

−0.5 1/3
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openings (as shown in Fig. 1) on the lateral stiffness in the model structure. Three speci-
mens with the same aspect ratio were only installed in X direction in each storey to com-
paratively analyse the influence of wood infill walls to the overall structure, as shown in 
Fig. 7. The infill walls also have a ability to bear load out of plane, which is closely related 
to the connection between infill walls and frames. In order to minimize this impact, the 
connection between wood infill walls and timber frames only depended on friction without 
any connecting members.

(a)

Cornerstone (240 mm 240 mm)

Inside principle column ( D 120 mm)

Eave column (D 60 mm)

Outside principle column (D 100 mm)

Dou-Gong

X

Y

Beam (55 mm 77 mm)

Wood infill wall

Wood infill wall

X

Y

Core beam (78 mm 136 mm)

Beam (30 mm 50 mm)

(b) (c)

Fig. 6   Detailed information of the model (Xie et al. 2019): a Elevation and section views of the model; b 
Section A–A; and c Section B–B. D is the diameter of timber column
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In order to meet the requirement of mass similarity, a total of 5.84 tons additional mass 
with rectangular steel blocks (215  mm × 100  mm × 60  mm, 160  mm × 80  mm × 60  mm) 
were evenly fixed on the overhanging roofs (1.58 tons, 1.06 tons and 1.92 tons on first, sec-
ond and top overhanging roof, respectively) and the floor panel of the second storey (1.28 
tons). The complete test model is shown in Fig. 7.

3.3 � Test procedure and measuring schemes

Considering the local soil condition, the dynamic characteristics of the structure and the 
specified acceleration response spectrum according to seismic code (Zhou and Lu 2016), 
three earthquake records were selected for testing: Lanzhou wave (artificial wave record), 
Kobe and Wenchuan waves (natural earthquake records). Figure 8 summarizes the accel-
eration response spectra of the selected earthquakes.

The acceleration amplitude and time duration of the waves were scaled considering the 
prescribed similitude scaling parameters. Table 3 lists the complete sequence of excitation. 
Five seismic hazard levels with peak ground acceleration (PGA) of 0.1 g (scaled PGA of 

Fig. 7   The test model on the 
shaking table

Fig. 8   The acceleration response 
spectra of the selected seismic 
inputs
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frequent earthquake of intensity 8, described in the Code for Seismic Design of Buildings 
of China (GB 50,011–2010 2010)), 0.2 g (frequent earthquake of intensity 9), 0.3 g (design 
earthquake of intensity 8), 0.6 g (rare earthquake of intensity 8 or design earthquake of 
intensity 9) and 0.93 g (rare earthquake of intensity 9) were carried out. White noises with 
the PGA of 0.035  g were inputted between the intervals of the seismic hazard levels to 
identify the changes of the dynamic characteristics. In the case of 0.6 g, deformation in Y 
direction without wood infill walls was too large approaching to collapse. In order to pre-
vent the model from collapsing, only excitation in X direction was conducted at the PGA 
of 0.93 g.

Acceleration and displacement sensors were used to accurately capture responses of 
interest. In total, 20 accelerometers and 10 displacement sensors were installed on the 
model according to the layout shown in Fig. 9.

4 � Experimental results and discussion

4.1 � Damage patterns

In the case of minor earthquakes (below the PGA of 0.2 g), no difference in deformation 
was observed between the two directions. With the gradual increase of PGA, deformation 
in the Y direction was obviously larger than that in the X direction. The main reason is 
that there was no wood infill wall to provide additional stiffness to resist lateral forces in 
the Y direction. When the PGA reached 0.6 g, obvious incline deformation was observed 

Table 3   Test program

K, L, and W represent the earthquake of Kobe, Lanzhou and Wenchuan, respectively; X and Y are the 
directions of the input earthquake, respectively

Phase Test case Case name PGA (g) Phase Test case Case name PGA (g)

I 1 WN-I-XY 0.035 IV 18 L-IV-X 0.3
II 2 K-II-X 0.1 19 L-IV-Y

3 K-II-Y 20 W-IV-X
4 L-II-X 21 W-IVY
5 L-II-Y 22 WN-IV-XY 0.035
6 W-II-X V 23 K-V-X 0.6
7 W-II-Y 24 K-V–Y
8 WN-II-XY 0.035 25 L-V-X

III 9 K-III-X 0.2 26 L-V–Y
10 K-III-Y 27 W-V-X
11 L-III-X 28 W-VY
12 L-III-Y 29 WN-V-XY 0.035
13 W-III-X VI 30 K-VI-X 0.93
14 W-III-Y 31 L-VI-X
15 WN-III-XY 0.035 32 W-VI-X

IV 16 K-IV-X 0.3 33 WN-VI-XY 0.035
17 K-IV-Y – – –
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in the Y direction (the maximum inter-storey drift reached up to 1/52 approaching to the 
threshold value (1/30) of severe damage defined by Katagihara (2001)). Then earthquake 
waves were only applied to X direction. Up to the end of 0.93 g, no substantial damage was 
observed in both directions, except some slight pulled-out tenons in mortise-tenon joints, 
some minor damages in Dou-gongs and extrusion deformations in sparrows, as shown in 
Fig. 10. In addition, some wood infill walls in the X direction collapsed out of plane. Simi-
larly, the collapse phenomena of wood infill walls were also observed in other traditional 
timber structures (Xue and Xu 2018) and actual structures (Zhou et al. 2010). It is indi-
cated that wood infills wall can act as the first line of defense against earthquake.

4.2 � Influence of wood infill walls on dynamic characteristics

Dynamic identification was carried out by white noise before and after each seismic hazard 
level, aiming at evaluating the variation of dynamic characteristics. Based on transfer func-
tions of measuring points resulting from white noises, the dynamic characteristics, includ-
ing natural frequency and damping ratio, were obtained (Xie et al. 2019).

The Fourier spectra established by transfer functions based on the responses of WN-I-
XY excitation are shown in Fig. 11. The natural frequencies in the original state without 
damage were 2.85 Hz in X direction and 2.23 Hz in Y direction. Figure 12a illustrates the 
variation trend of natural frequency with seismic intensity. It can be seen that the frequen-
cies in both direction decreased with the increase of the PGA. It is principally because the 
stiffness decreased due to cumulative damage. The fundamental frequency in X direction 
remained basically unchanged (2.85–2.77 Hz) with a low decrease less than 3% during the 
PGA of 0–0.2  g indicating that no damage almost occurred, which was consistent with 
the observed phenomena during tests. As the PGA gradually increased to 0.6 g, the model 
was subjected to stronger earthquakes, resulting in 11% decrease from 2.77 to 2.46 Hz in 
X direction which demonstrated that minor damage had occurred. However, the frequency 
in Y direction decreased rapidly and was only 1.76 Hz at the PGA of 0.6 g, 21% reduction 
with respect to the initial frequency. In addition, it is obvious that the frequencies in X 

(A1, D1)
(A2, D2)

(A3, D3) (A4, D4)
(A5) (A6)

(A7, D5) (A8, D6)

(A9, D7) (A10, D8)
(A11) (A12)

(A13, D9)
(A16)

(A15)

(A17) (A18)

(A20)(A19)

(A14, D10)

Fig. 9   Arrangement of measuring points. Letters A and D represent the accelerometer and displacement 
transducers, respectively
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Fig. 10   Damage patterns of the model

(a) (b)

Fig. 11   Fourier spectra of different measuring points under WN-I-XY: a X direction; and b Y direction. 
The first and second peak points in the Fourier spectra are the frequencies of first-order and second-order, 
respectively., respectively
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direction were significantly greater than those in Y direction with 25% higher on average. 
Even at the PGA of 0.93 g, the frequency (2.15 Hz) in X direction was still close to 96% 
of the initial frequency in Y direction. It is indicated that wood infill walls can effectively 
improve the natural frequency of the structure.

By comparison of the damping ratios between the two directions (shown in Fig. 12b), 
it can be seen that the damping ratios in X direction were slightly higher than that in Y 
direction in the initial state due to the wood infill walls which is also regard as a addi-
tional source of structure damping. However, with the increasing amplitude of earthquake 
inputs, the damping ratio was gradually smaller than that in Y direction during the PGA of 
0.2–0.6 g. The contributing factor is that with the increase of earthquake intensity, more 
serious damage in Y direction led to greater increase of damping constant and larger deg-
radation of structural stiffness. And according to the theory of viscous damping (Chopra 
2001), the damping ratio is proportional to damping constant and inversely proportional 
to structural stiffness. Therefore, the increase of damping ratio caused by structural dam-
age exceeded that provided by wood infill walls. Subsequently, when the PGA reached 
0.6 g, although the damping ratio was also 0.2% lower than that in Y direction, the rate of 
increment had already been significantly larger than that in Y direction. It is indicated that 
significant damage began to form in X direction. Therefore, it can be predicted from the 
overall development trend of the damping ratio (Fig. 12b) that damping ratio in X direction 
will be significantly greater than that in Y direction under larger earthquakes, such as at the 
PGA of 0.93 g. A similar phenomenon also was found in a traditional column-and-tie tim-
ber structure carried out by Xue and Xu (2018).

4.3 � Influence of wood infill walls on stiffness

Equivalent inter-storey stiffness, which is derived from hysteresis loop (inter-storey 
shear force versus relative displacement) of white noise by linear regression analy-
ses assuming a zero intercept (Wu et  al. 2018a), was often used to estimate the lat-
eral resistance of a structure. Figure 13 illustrates the hysteretic curves of the first and 
second storeys in both directions computed by the test data of the WN-I-XY excita-
tion. Based on this, the differences of equivalent inter-storey stiffness between the two 
directions of the first and second storeys were obtained with the values of 0.71 kN/mm 
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and 1.01 kN/mm at the initial stage, respectively, which were basically equal to storey 
stiffness of the wood infill walls (0.72 kN/mm and 0.84 kN/mm, calculated by accumu-
lating all the stiffness of wood infill walls with the same aspect ratio in each storey). It 
is indicated that the equivalent inter-storey stiffness can reasonably reflect the lateral 
resistance of a structure. Figure 14 shows the degradation of the equivalent inter-storey 
stiffness in both directions. The inter-storey stiffness decreased drastically during the 
PGA of 0–0.2  g in the first and second storeys in X direction. One possible reason 
for this is that the wood infill walls in X direction also act as the first line of defense 
against earthquake. Under earthquakes in earlier stages, the wood infill walls squeezed 
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with beams and columns resulting in irreversible extrusion deformations at contact 
surfaces. Eventually, gaps that resulted from irreversible extrusion deformations men-
tioned above between walls and beams or columns led to a rapid decrease in stiffness. 
Subsequently, the stiffness in X direction dropped slowly during the PGA of 0.3–0.6 g. 
One primary reason is that the stiffness of wood infill walls were basically unchanged 
after the displacement (6.65 mm in the first storey and 5.43 mm in the second storey 
under the PGA of 0.3 g, as shown in Fig. 18) exceeded a certain value i.e. the yield 
points of the wood infill walls (6.14 mm in the first storey and 3.96 mm in the second 
storey, as shown in Fig. 4). When the PGA reached 0.6 g, the stiffness of the first sto-
rey and second storey in X direction were 1.67 kN/mm and 1.87 kN/mm, 43% and 37% 
greater than that in Y direction, respectively. And the degradation rate of the stiffness 
in X direction was less than that in the other direction during the PGA of 0.3–0.6 g. In 
the case of the PGA reached 0.93 g, the equivalent inter-storey stiffness (1.52 kN/mm 
in the first storey and 1.73 kN/mm in the second storey) in X direction was still higher 
than that (1.17 kN/mm in the first storey and 1.37 kN/mm in the second storey) in Y 
direction with the PGA of 0.6 g. In addition, the stiffness of Dou-Gong in X direction 
was almost equal to that in Y direction at the initial state due to the same structural 
form and arrangement. With the increase of the input seismic intensity, the reduction 
of the stiffness in X direction was obviously greater than that in Y direction (as shown 
in Fig.  14c). It is principally because that the stiffness of the structure below Dou-
Gong storey in X direction is significantly larger than that in Y direction (as shown in 
Fig. 14a, b), which led to obviously stronger structural response in corresponding Dou-
Gong storey (as shown in Fig. 18a, b) resulting in more serious damage. Therefore, it 
demonstrated that the wood infill walls not only can significantly increase the lateral 
stiffness of the corresponding storey, but also has an significant influence on the varia-
tion in stiffness of adjacent storey under earthquake.

The fundamental relation of national frequency f, generalized mass M, and struc-
tural stiffness K of a single degree of freedom system (Chopra 2001) is expressed as 
follow:

Assuming that the mode shapes change little during testing, the degradation factor γ 
of the overall stiffness can be approximately calculated as Eq. (2) (Vieux-Champagne 
et al. 2017):

 where K0 and K are the initial stiffness and the stiffness after test, respectively. f0 and f are 
the frequencies corresponding to K0 and K. Figure 15 shows the degradation factors of the 
overall stiffness of the model in both directions. It can be seen that the degradation ampli-
tude of the stiffness in Y direction was obviously larger that in X direction. When the PGA 
reached 0.6 g, the stiffness in Y direction decreased about 38%, while only 25% in X direc-
tion. In the case of the PGA reached 0.93 g, the degradation amplitude of the stiffness in X 
direction suddenly increased. It is relevant to the phenomenon that some wood infill walls 
were fell down out of plane, and the tenons were also noticeably pulled out from mortise 
due to the reduced constraint from wood infill walls.

(1)f =

√

K∕M

2π

(2)� =
K0 − K

K0

=1 −
(

f
/

f
0

)2
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4.4 � Influence of wood infill walls on acceleration response

Test results showed that the acceleration responses of the model were similar under the three 
earthquakes. Therefore, the acceleration responses excited by Wenchuan wave were only ana-
lyzed as an example. Figure 16 represents the peak accelerations of different storeys in X and 
Y directions. It was found that under the same PGA, the peak accelerations at the first and 
second storeys in X direction were obviously greater than those at the similar locations in Y 
direction. One primary reason is that the wood infill walls restricted the rotation of mortise-
tenon joints resulting in reduction in energy dissipation. Meanwhile, the relatively smaller 
deformation in X direction (as shown in Fig. 18) due to the increased stiffness also restricted 
the full use of energy dissipation ability of wood infill walls. Furthermore, in the case of severe 
earthquakes (0.3–0.6 g), the increasing rates of the peak accelerations at these locations in X 
direction were close to that in Y direction. It reveals that significant deformation in wood infill 

Fig. 15   The degradation factor 
curves of overall stiffness
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Fig. 16   Peak accelerations at different measuring points under Wenchuan wave: a first storey; b second 
stroey; and c dou-gong storey
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walls due to the structure damage is able to greatly weaken the structure acceleration response. 
In addition, the peak accelerations at the Dou-Gong storey also had the similar trend, namely 
the peak accelerations in X direction were greater than that in Y direction, due to the large 
ones of adjacent storey (the second storey) in the same direction.

The acceleration amplification factor β is usually used to evaluate the shock absorption of a 
structure (Xue and Xu 2018). It is defined as the ratio of peak acceleration between the top of 
the structure (roof storey) and the shaking table. The acceleration amplification factors of the 
roof storey under different earthquakes are plotted in Fig. 17. It can be seen that the accelera-
tion amplification factors in X direction were always larger than that in Y direction, as expect, 
which is mainly due to the effect of wood infill walls. This fact proved that the wood infill 
walls can not only increase the stiffness of corresponding storey, but also enhance the struc-
tural integrity resulting in increase in overall stiffness. In addition, the acceleration amplifica-
tion factors in X directions were always less than 1.0, which were similar to other traditional 
timber structures without wood infill walls (Zhang et al. 2011; Song et al. 2017; Xue and Xu 
2018; Xie et al. 2019). Also, the differences of the acceleration amplification factors in both 
directions were relatively small with a maximum value of 16% at the PGA of 0.3 g under 
Wenchuan wave. It indicated that the shock absorption capacity of the traditional timber struc-
ture is less susceptible by wood infill walls.

4.5 � Influence of wood infill walls on displacement response

The maximum relative displacements in both directions of each storey under Wenchuan wave 
are plotted in Fig. 18. It was found that the maximum relative displacements of the first and 
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second storeys in X direction were lower than those in Y direction due to the increased stiff-
ness resulting from wood infill walls. In addition, the maximum relative displacement of the 
two storeys in X direction almost changed linearly. These implied that the stiffness of struc-
ture without wood infill walls degraded severely due to the serious damage under the same 
earthquake. In the case of the PGA of 0.93 g, the maximum inter-storey displacement were 
26.37 mm and 18.7 mm in the first and second storeys (Fig. 18a, b) in X direction, whereas 
from the cyclic tests, an ultimate value of 72 mm and 40 mm were found (Fig. 4a, b). It is indi-
cated that the structure in X direction was less damaged, far from the limits of severe damage. 
However, as for the Dou-Gong storey, the maximum relative displacements in the X direction 
were noticeably bigger than that in the other direction (Fig. 18c). It implied that the degrada-
tion of the stiffness in X direction was more serious than that in Y direction, as shown in 
Fig. 14c.

4.6 � Influence of wood infill walls on energy dissipation

The energy-based evaluation method considered the contributions of various energy terms 
during earthquakes is also used to evaluate the seismic performance of a structure. It is initi-
ated by Zahrah (1982) and given in Eq. (3).

 where EI is the relative total energy (Uang and Bertero 1990); EK is the kinetic energy; 
Eξ is the damping energy; EE is the elastic strain energy; EP is the hysteretic (irrecoverable 
plastic strain) energy.

EK and EE transformed each other over time during excitation and vanished at the end of 
vibration, which are related to instant response of a structure. In addition, they are negligi-
bly small compared with Eξ and EP (Shen and Akbaş 1999). Thus, the total input seismic 
energy approximately appears in the form of damping energy Eξ and plastic strain energy EP, 
as following:

The energy input EI can be easily calculated by Eq. (5) from masses mi, relative displace-
ment xi, and acceleration ẍg of the shaking table. However, it is not possible to accurately cal-
culate Eξ due to the complex mechanism of damping. In order to effectively assess Eξ, viscous 
damping model was usually used. First, the tested structure was idealized as a multi-particle 
model with three lumped masses (The top roof placed on the Dou-Gong storey was also regard 
as a rigid body, so the Dou-Gong storey and the top roof were simplified into a concentrated 
mass), as shown in Fig. 19. Then, the viscous damping of the structure was represented by the 
traditional Rayleigh damping matrix, which applied the frequencies related to the first and sec-
ond vibration modes (Benavent-Climent et al. 2014a, b) and adopted the same damping ratio 
ξ for both modes obtained from the shaking table tests. Finally, Eξ was determined by Eq. (6).

(3)EI = EK + E� + EE + EP

(4)EI ≅ E� + EP

(5)EI= − ∫
t

0

{ẋ}T[M]
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ẍg
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∑
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∫
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miẍgẋidt
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The total energy E dissipated by a structure was equal to the energy input EI during an 
earthquake. Table 4 lists the energy dissipation in the two directions under earthquakes. It 
is clear that the total dissipated energy in X direction was relatively smaller than that in Y 
direction. It is principally because that wood infill walls restricted the rotation of mortise-
tenon joints, which are the key elements to dissipate energy in traditional timber struc-
tures (Zhang et al. 2011). However, when the PGA was up to 0.6 g under Wenchuan wave, 
energy dissipation in X direction was obviously larger than that in the other direction, 
increased by nearly 25%. It is indicated that the wood infill walls, regarded as a source of 
damping, may contribute to the total energy dissipation of traditional timber structure only 
when experiencing significant damage.

In addition, the Eξ/EI ratios were given in Fig.  20, which reflected the dependency 
of the damping energy on the structural responses. Generally, the ratios in both direc-
tion were only slightly less than 1 at initial stage and reduced rather quickly as the PGA 
increasing. When the structure was mainly in elastic range, the damping energy Eξ 
played a dominant role in dissipating input energy EI. As the structure suffered larger 
inelastic deformation under stronger earthquakes, the plastic strain energy EP, which is 
considered to be the major contribution to the damage of a structure, dissipated more 
from EI, and Eξ became less. Moreover, Fig. 20 also reflected that the wood infill walls 
significantly reduced the decline rate of Eξ/EI. When the PGA was 0.6 g, the average 
value in the X direction was close to 63% in X direction, larger than that with the value 
of 41% in Y direction. Even though the PGA reached 0.93 g, the damping energy Eξ still 
occupied 40% of the total energy in X direction. The reason for less damage of the tra-
ditional timber structure with wood infill walls was revealed from the energy dissipation 

Fig. 19   Lumped mass model

Table 4   Energy dissipation in the 
two directions (unit: N·m)

Earthquake Direction PGA

0.1 g 0.2 g 0.3 g 0.6 g 0.93 g

Kobe X 11 38 128 768 1323
Y 18 82 248 1013 –

Lanzhou X 36 98 194 732 1524
Y 26 180 354 1013 –

Wenchuan X 81 144 305 1283 2750
Y 53 160 330 1029 –
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mechanism, i.e. traditional timber structure with wood infill walls is less vulnerable to 
damage compared with that without ones.

5 � Conclusion

Static tests and shaking table tests have been conducted on 1:6 scaled specimens (wood 
infill walls) and model (a traditional timber structure with wood infill walls installed 
only in one direction), respectively. The contribution of wood infill walls to the seismic 
performance in term of dynamic properties, dynamic responses, equivalent stiffness and 
energy dissipation were discussed and quantified. Based on the tests and comparison 
results, the following conclusions were obtained:

1.	 Wood infill walls can enhance the earthquake resilience of traditional timber structure as 
the structure without ones suffered greater inter-storey deformation and it was vulnerable 
to collapse under severe earthquakes.

2.	 Wood infill walls in traditional timber structure obviously increase the natural frequency 
of the structure and effectively reduce the decaying rate of frequency under earthquakes. 
As a source of structure damping, the wood infill walls can improve the damping ratio of 
the structure before the earthquake. However, with the increase of earthquake intensity, 
the gradually accumulated structural damage may contribute to more damping ratio than 
that provided by wood infill walls.

3.	 Wood infill walls effectively increase the stiffness of corresponding storey, resulting in 
reduction in displacement response and increase in acceleration response under earth-
quakes. Also, it aggravates the damage of adjacent structural storey without wood fill 
walls, resulting in reduction in stiffness and increase in inter-storey displacement.

4.	 Under minor earthquakes, the energy dissipation of the traditional timber structure with 
wood infill walls was slightly weakened due to the restrict rotation of mortise-tenon 
joints resulting from wood infill walls. Only in the case of large deformation can the 
wood infill walls contribute to the total energy dissipation of the structure.

5.	 The distribution of EI between Eξ and EP is significantly affected by the characteristics 
of structure. The wood infill walls as a source of damping increase the proportion of 
damping energy dissipation in total energy and decreased the proportion of plastic strain 
energy related to structure damage.
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