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buildings
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Abstract 

Dou-gong is an essential part of traditional timber buildings in East Asia, having a decoration function and a load 
transfer function. The San-dou component, which is vulnerable to the lateral push force of the Gong, Fang, and purlin, 
is a critical structural component in the Dou-gong. In San-dou components, there are two distinctive types of surfaces 
subjected to lateral push force, perpendicular to the grain and parallel to the grain. However, few investigation into 
the structural performance of these two types has been done. Considering this shortcoming in the literature, in the 
current study, tests were carried out to obtain elasticity and strength characteristics on 90 timber specimens of fir and 
larch. After the material property test, 24 San-dou specimens were prepared to investigate the lateral push resistance. 
Consequently, an elastic–plastic damage assessment model was developed to calculate the load–displacement curve 
and possible damage distribution region of San-dou component, using the nonlinear finite-element analysis. Accord-
ing to the analyses, the failure mode for the San-dou component perpendicular to the grain is a horizontal crack 
parallel to the Dou-ear. Besides, the failure mode of the San-dou component parallel to the grain is an oblique crack, 
which begins from the inner edge of the Dou-ear to the lower part of the San-dou component. In the case of the 
other factors being the same, the bearing capacity of the larch San-dou component is 49.64–55.78% stronger than 
the fir San-dou component. Besides that, the bearing capacity of the San-dou component perpendicular to the grain 
is 32.85–38.22% higher than the San-dou component parallel to the grain. The research findings are expected to give 
a theoretical foundation for the structural evaluation of the Dou-gong system in traditional timber buildings and a 
scientific basis for elucidating the differences in the construction of traditional timber buildings in East Asia.

Keywords: Ancient architecture, Traditional timber buildings, Elastoplastic damage, Nonlinear finite element, Lateral 
push resistance
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Introduction
Dou-gong, a traditional symbol and vital element of 
Asian traditional timber constructions, has an aesthetic 
impact and serves as a vertical force transmission and 

lateral push resistance element [1]. Dou-gong is a type of 
complex timber structure with a variety of distinct com-
ponents. The San-dou component is a critical structural 
bearing block that supports the upper Gong, beam, and 
purlin. The San-dou component is vulnerable to lateral 
push force resulting from the upper Gong, beam, and 
purlin. As depicted in Fig.  1, the cracking or breaking 
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of the Dou-ear in San-dou component is a commonly 
occurred situation in practical timber buildings [2]. 
Therefore, examination of the lateral push resistance of 
the San-dou component in detail is a vital situation that 
needs to be performed immediately.

Based on the timber grain orientation aligning with 
respect to the beam direction, there are generally two 
types of placements for the San-dou component in the 
Dou-gong systems, according to the following investiga-
tion results of typical traditional timber buildings in East 

Fig. 1 Damage of San-dou component in Dou-gong
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Asia. The first type is when the traverse surface of the 
timber grain of San-dou component is placed perpendic-
ular to the beam direction (SDPP; Fig. 2a), while the sec-
ond type is when the traverse surface of the timber grain 
of San-dou component is placed parallel to the beam 
direction (SDPL; Fig. 2b). The SDPL was widely utilized 

in Japan’s Gangoji and China’s Foguang Temple, as pre-
sented in Figs. 3 and 4. The SDPP has also been employed 
in Japan’s Todaiji and China’s Baoguo Temple.

In this paper, the San-dou components, in Chinese 
traditional timber buildings were chosen as study exam-
ples. For this purpose, a detailed site investigation of 

Fig. 2 Schematic diagram of SDPP and SDPL

Fig. 3 San-dou components commonly found in the traditional Japanese timber building
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four typical traditional timber buildings found in both 
northern and southern China was created in this paper. 
The results elucidate that traditional timber buildings in 
North China primarily employ SDPL, whereas traditional 
timber buildings in south China mainly use SDPP. The 
findings reflect the difference in the construction tech-
nology of traditional timber buildings between northern 
and southern China. For example, San-dou components 
in Jinci Temple Hall and Buddhist Temple Hall in North 
China are almost entirely SDPL, as shown in Fig.  4a, b. 
On the other hand, the SDPP is widespread in the Baoguo 
Temple Hall and Shisi Temple Hall in south China, as 
shown in Fig. 4c, d. The existing literature [3] also veri-
fies the research results. Zhang Shiqing [3] points to the 
fact that “The machining process is the secondary effects 
for ancient craftsmen to choose SDPL or SDPP.” There-
fore, the motivation of this paper is to try to explain the 
difference between SDPP and SDPP in traditional timber 
buildings from the perspective of experimental research 
and nonlinear finite-element analysis.

Most studies on the San-dou components in the Dou-
gong structures assume that the timber grain direction 
of the San-dou component was placed parallel to the 
beam direction [4–7], and the influence of the timber 
grain direction on the mechanical properties of San-
dou component has seldom been investigated. At this 
point, only Zhou Miao [8] and Zhang Shiqing [3] inves-
tigated the timber grain orientation of San-dou compo-
nent in traditional timber buildings, and the decoration 
and preparation process parameters were integrated into 
the investigation without structural analysis. However, 
several scholars have conducted significant research on 
timber grain orientation of the other geometric types of 
timber members [9–12], which may serve as a source of 
inspiration for the test methods and numerical analysis 
method used in this paper. According to the research 
conducted by the editorial team of the “Technical code 
for maintenance and strengthening of ancient timber 
buildings” [13], the main wood species used in tradi-
tional Chinese timber frame systems are larch, pine and 
fir. Moreover, the mechanical properties of wood paral-
lel to grain were also tested [13]. The mechanical prop-
erties of the Japanese complex Dou-gong system were 
researched using static horizontal loading and shaking 
table test by Fujita et al. [14, 15], and the effect of wood 
grain direction on structural stiffness was investigated. 
Yeo et al. [16, 17] proposed a mechanical model for Dieh-
Dou timber structures considering the effect of the wood 
grain direction, which provided high consistency with 
the experiment results. Yinlan et al. [18] and Wang et al. 
[19] simplified the timber beam or material specimens 
as an orthotropic model using the nonlinear finite-ele-
ment method of elastic–plastic damage, considering the 

Fig. 4 San-dou components commonly found in the traditional 
Chinese timber building
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variations in three-dimensional material properties of 
timber. Xue et  al. [20] used the three-dimensional elas-
tic–plastic finite-element method to perform a param-
eter analysis for the vertical compressive performance 
of Dou-gong made from Korean pine. Qin and Yang [21] 
investigated the material properties of aged and new 
Tibetan Populus cathayana. Yang and Zhang [22] stud-
ied the material properties of new Korean Pine. Nairn 
[23] implemented the finite-element method to simulate 
cross-sectional grain orientation in early and late timber 
caused by different cutting procedures. In the study con-
ducted by Mendis et al. [24] on the statistical analysis of 
timber cutting patterns in Sri Lanka’s architectural herit-
age, it was found that there are many components such as 
timber beams or columns that are found to be subjected 
to stress parallel and perpendicular to the grain direc-
tion. Guindos [25] proposed a method to calculate the 
fiber orientation and basic mechanical properties of soft-
wood using an integral calculation method. Chen et  al. 
[26] established a temperature-dependent three-dimen-
sional anisotropic plastic damage constitutive model for 
the numerical simulation of timber-based materials and 
connections.

To summarize clearly, the present study addresses the 
following issues lacking in the literature: (1) there are 
limited studies on SDPP and SDPL that only focus on 
architectural shapes and construction techniques. (2) In 
the present study, the numerical simulation and experi-
mental design of the Dou-gong are all carried out using 
SDPL, and there is little research on the SDPP. (3) Most 
of the experimental studies available on Dou-gong grain 
focus on pine and larch, while studies focusing on fir 
remain limited. Moreover, few studies compare these 
types of timber commonly used in traditional Chinese 
timber buildings. Based on these factors, in the present 
study, 90 timber samples were designed and produced in 
the first stage, and then the material properties of larch 
and fir were tested to provide a basis for numerical simu-
lation. In the second stage, 24 San-dou specimens from 
larch and fir were designed and produced to examine the 
lateral push resistance of SDPP and SDPL. Finally, the 
performance evaluations of SDPP and SDPL are investi-
gated based on the elastic–plastic damage model.

Materials and tests
Timbers
The current study was carried out using Larch (Larix 
gmelinii) and Fir (Cunninghamia lanceolate) samples. 
The timber splitting method performed in 3 differ-
ent directions along the grain, including longitudinal 
(L), radial (R), and tangential (T), is presented in Fig. 5. 
The material property tests included characteristics as 
follows: the tensile and compressive strength of wood 

parallel to grains; the radial tensile and compressive 
strength of wood; the tangential tensile and compressive 
strength of wood; the shear strength of wood in the sur-
face radial and parallel or tangential and parallel to grain; 
and the shear strength of wood in the surface tangential 
and radial to grain. The material property tests were car-
ried out using nine groups of samples, and each group 
contained five repeated samples.

All the test specimens of material property tests and 
San-dou component tests were cut from the same wood, 
based on the specification GB/T 1928–2009 [27]. Before 
the loading process, all samples were kept at 20  °C and 
65% relative humidity until the moisture content reached 
12% ± 1%. The size of compressed specimens is presented 
in Fig. 6a, according to GB/T 1935–2009 [28] and GB/T 
1943–2009 [29]. The tensile specimen size was deter-
mined according to Yoshihara and Ohta’s suggestions 
[30], as shown in Fig.  6b. A pure shear stress state can 
be created by applying an asymmetric four-point con-
centrated load on the theoretical fracture surface of the 
sample under test. Therefore, as shown in Fig.  6c, the 
mechanical shear parameters were determined accord-
ing to the Iosipescu shear test method [31, 32]. The CMT 
5504 universal testing machine (Mechanical Testing 

Fig. 5 Wood splitting method
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Fig. 6 Wood property tests (unit:10–3 m)
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& Simulation(MTS) System Corporation, Eden Prai-
rie, United States) with a load capacity of 100 kN was 
for the determination of the material property, as given 
in Fig.  6d–f. The mechanical assessment of specimens 
was performed using a displacement-controlled loading 
method with a loading rate of 1.0  mm/min. The typical 
failure modes of specimens are shown in Fig.  6g–i, and 
the test results are shown in Table 1. As shown in Table 1, 
the parallel, radial, and tangential directions are repre-
sented with L, R, and T notations, respectively. Mechani-
cal properties such as elastic modulus (E), Poisson’s ratio 
(v), shear modulus (G), tensile strength (ft), compressive 
yield strength (fcy), shear strength (fLR, fLT and fRT) were 
directly obtained by strain gauges placed on the speci-
mens in the material properties test.

Test of lateral push resistance
San-Dou components lateral push resistance tests were 
performed on four basic sample groups: fir SDPP, fir 
SDPL, larch SDPP, and larch SDPL, and six samples were 
tested for each test group. The dimensions of San-dou 
component were determined according to ‘Yingzaofashi’ 
[33], and the size of SDPP and SDPL were determined to 
be the same (Fig. 7). An overview of the prepared speci-
mens is presented in Fig. 8.

During the test, the indoor temperature was main-
tained at about 23  °C, and the specimens were cured to 
about 11–13% moisture content. The test setup of the 
performed test is given in Fig.  9. A timber beam was 
placed on top of the San-dou component, and a horizon-
tal actuator was placed in the middle of the upper edge of 
the timber beam to apply the eccentric horizontal load. A 
pre-guided steel plate was mounted on the timber beam 

to transfer the upper load and convert it into vertical uni-
form force. In addition, during the testing, a balanced 
weight of 400  N was placed on the steel plate to simu-
late the uniform vertical load from the upper part of the 
San-dou component. The test procedure was performed 
by applying a horizontal displacement load with a loading 
rate of approximately 0.5 mm/min, and the loading pro-
cess was stopped as the specimens failed. In this paper, 
the failure of the specimens can be defined as the mode 
in which the displacement of the loading point increase, 
and the load measured will decrease rapidly. The jack 
load, San-dou component displacement, and the typical 
Dou-ear fracture pattern were all recorded throughout 
the tests.

Test results and discussion
Typical failure mode
The observation angles of the specimens were rotated 
90°, as presented in Fig.  10, to make crack propagation 
easier to observe. The typical failure mode of both fir 
and larch in SDPP specimens was the formation of the 
approximately horizontal cracks on the Dou-ear, result-
ing in a reduction of overall lateral bearing capacity, 
as shown in Fig.  10a and b. On the other hand, for the 
SDPL specimens, the oblique cracks were detected on 
the Dou-ear for the fir specimen. Oblique cracks propa-
gating from the inside of the Dou-ear to the upper edge 
of the lower part of the San-dou component eventually 
caused the Dou-ear to separate from the San-dou com-
ponent (Fig. 10c). The reason behind this was that under 
the action of lateral force, the tensile/compressive/shear 
strengths of wood parallel to the grain were signifi-
cantly greater than those of wood perpendicular to the 
grain, as shown in Table  1. These findings indicate that 
the timber fiber parallel to the grain is generally not easy 
to break. The phenomenon in such cases is the disloca-
tion between the timber fibers and then the formation of 
approximately radial cracks in the cross-section (i.e., per-
pendicular to the annual ring). However, an approximate 
vertical relationship between crack direction and annual 
ring direction for larch specimens could not be estab-
lished (Fig. 10d). This phenomenon can be attributed to 
the difference in mechanical properties between the two 
directions perpendicular to the fir grain is quite larger 
than that of larch(Table 1).

Load–displacement curve
The load–displacement curves of each group of speci-
mens are demonstrated in Fig. 11, and the bearing capac-
ity is given in Table 2. L-S means larch SDPP specimens, 
L-P means larch SDPL specimens, F-S means fir SDPP 
specimens, F-P means fir SDPL, and number means 
the sequence number of repeat group. In general, no 

Table 1 Test results of timber

Coefficient of variation in parentheses, unit: %, where L represents the parallel 
direction, R represents the radial direction, and T represents the tangential 
direction

Larch Fir

EL(106 Pa) ER(106 Pa) ET(106 Pa) EL(106 Pa) ER(106 Pa) ET(106 Pa)

14,870 
(7.04)

1318 (4.39) 866 (8.67) 11,563 
(5.78)

896 (5.37) 676 (4.63)

GLR(106 Pa) GLT(106 Pa) GRT(106 Pa) GLR(106 Pa) GLT(106 Pa) GRT(106 Pa)

1102 (4.76) 872 (8.72) 79 (5.17) 759 (4.95) 650 (3.94) 60 (7.42)

fcyL(106 Pa) fcyR(106 Pa) fcyT(106 Pa) fcyL(106 Pa) fcyR(106 Pa) fcyT(106 Pa)

38.3 (5.66) 10.7 (4.86) 8.96 (3.29) 27 (3.94) 5.2 (6.98) 5.0 (2.28)

vLR vTL vRT vLR vTL vRT

0.42 (6.65) 0.028 (6.44) 0.62 (4.59) 0.35 (3.42) 0.023 (1.96) 0.43 (6.01)

ftL(106 Pa) ftR(106 Pa) ftT(106 Pa) ftL(106 Pa) ftR(106 Pa) ftT(106 Pa)

30.1 (5.27) 3.53 (7.66) 2.93 (5.64) 27 (4.53) 2.12 (2.87) 1.36 (3.01)

fLR(106 Pa) fLT(106 Pa) fRT(106 Pa) fLR(106 Pa) fLT(106 Pa) fRT(106 Pa)

10.3 (5.93) 10.71 (7.74) 2.3 (7.35) 6.2 (1.31) 6.1 (1.76) 0.66 (6.18)
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high level of inconsistency was observed for each group 
except that L-S-5 and F-P-4 failed at the lower load lev-
els, which means that the data obtained from the tests 
could be used for the following analysis about the ulti-
mate bearing capacity (Fig. 11). The premature failure in 
the note of Table 2 means that the ultimate load is 15% 
less than the mean value. The load–displacement curves 
of SDPP and SDPL samples showed essentially the same 
behavior in the region of increasing load: At the first, 
the specimens had an apparent linear elastic stage. Fol-
lowing that, larch and fir specimens exhibited the plas-
tic hardening at the approximately 500  N load until 

their ultimate bearing capacity was reached. Finally, the 
sample was damaged and exhibited softening behavior. 
In general, for SDPP samples, when the load reached 
the ultimate load levels, brittle fracture occurred, and 
the bearing capacity of the sample was rapidly reduced. 
However, for SDPL samples, once the ultimate load was 
reached, the load dropped immediately and could be 
held at more than 60% of the bearing capacity in a cer-
tain loading time, and eventually, the sample was com-
pletely damaged. The fir specimen exhibited a gradual 
softening behavior up to about 80% of its bearing capac-
ity, after which final cracking occurred. The reason for 

Fig. 7 San-dou component size diagram (unit:10–2 m)
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this difference can be demonstrated in Fig.  10c, d, in 
which the larch specimen exhibited multi-stage crack-
ing during the failure process; however, the fir specimen 
occurred timber fiber dislocation gradually. It should 
be noted that there are apparent differences in the part 
where the load decreases for each sample group due to 
the different splitting methods of the samples.

Furthermore, the bearing capacity of the larch speci-
mens showed higher performance in the range of 49.64–
55.78% compared to the fir specimens with the same size 
and specimen type (SDPP or SDPL) (Table  2). Besides, 
for the same size and tree species, SDPP’s bearing capac-
ity was 32.85–38.22% higher than SDPL.

Nonlinear evaluation model
Although the dimension of the San-dou component was 
small, it can be seen from the test phenomenon in the 
previous section that it had a variety of cracking direc-
tions under the action of lateral push force. Then, a simple 
estimation can be carried out using failure area obtained 
from Fig.  10 multiplied by the shear strength obtained 
from Table  1. The estimation results show that the cal-
culation bearing capacities of Fir SDPP, Larch SDPP, Fir 
SDPL, Larch SDPL are 24,208 N, 37,780 N, 2746 N, and 
12,131 N, respectively. These calculation results are very 
different from those in Table 2, which means the San-dou 
components are not bearing the pure shear stress but the 
complex stress. Furthermore, the San-dou component is 
merely a part of the Dou-gong system, which serves as a 
load transfer system in practical engineering. Therefore, 
it is difficult to predict the damage development and 
stiffness degradation process using the traditional linear 
analysis model, which makes it challenging to accurately 
reflect the effect of San-dou component in the Dou-
gong system. Hence, it is necessary to develop a nonlin-
ear evaluation model to serve as a foundation for further 
research into Dou-gong system. The nonlinear study was 
performed using ANSYS (version 19.0) finite-element 
software to obtain the mechanical properties of the San-
dou specimens. For a San-dou model, the solid185 ele-
ment was employed to simulate the mechanical behavior 
of timber, and 40,334 elements were created. Besides, the 
conta174 and targe170 elements were used to simulate 
the contact behavior between the timber beam and the 
San-dou component, and the friction coefficient was 0.4 

Fig. 8 San-dou specimens

Fig. 9 Overview of the test setup
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Fig. 10 Typical failure modes of SDPP and SDPL

Table 2 Test results of lateral bearing capacity

The brackets in the table are coefficient of variation, unit: %

Symbol ’/’ represents premature failure of components

The premature failure means the ultimate load is 15% less than the mean value

Numbering Ultimate load (N) Mean value (N) Numbering Ultimate load (N) Mean value (N)

L-P-1 1663 1677 (2.73) L-S-1 2222 2318 (2.68)

L-P-2 1682 L-S-2 2368

L-P-3 1699 L-S-3 2385

L-P-4 1700 L-S-4 2346

L-P-5 1731 L-S-5 /

L-P-6 1585 L-S-6 2270

F-P-1 1059 1120 (4.44) F-S-1 1421 1488 (4.88)

F-P-2 1143 F-S-2 1633

F-P-3 1160 F-S-3 1519

F-P-4 / F-S-4 1437

F-P-5 1062 F-S-5 1483

F-P-6 1176 F-S-6 1437
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[4, 5, 26]. The finite-element model of San-dou is shown 
in Fig. 12.

Timber is an orthotropic material characterized by 
brittle tensile failure, and tensile strength parallel to the 
grain is greater than the tensile strength perpendicular 
to the grain. Compression parallel to grain displays plas-
ticity and damage softening behavior, and during bear-
ing perpendicular to the grain, compression may exhibit 
a secondary hardening phenomenon [26]. Therefore, 
the nonlinear material model for timber was generated 
under the framework of an elastic–plastic damage model, 
as mentioned in the literature [19]. The model was con-
structed in ANSYS based on the Fortran language to sec-
ondary development in Usermat. The material model’s 
analysis framework adopts an implicit analysis method 
characterized by a stress–strain relationship, plastic 
model, damage model, and consistent tangent matrix. 
The algorithm flowchart is depicted in Fig. 13.

Stress–strain relationship with viscosity regularization
The second-order tensor of total strain ε can be decou-
pled, as shown in the following equation:

where εe is a second-order tensor of elastic strain and εp 
is a second-order tensor of plastic strain.

The second-order tensor Cauchy stress σ is used to 
describe the real stress, and the second-order tensor 
effective stress σ  is used to describe the stress caused by 
the elastic strain under the action of the undamaged stiff-
ness matrix. As illustrated in Eq. (2), σ  can be utilized to 
identify the position of the stress state in plastic space 
and damage space:

(1)ε = εe + εp

(2)σ = C(d = 0) : εe σ = C(d) : εe

(a) Larch SDPP                  (b) Larch SDPL

(c) Fir SDPP (d) Fir SDPL
Fig. 11 Test load–displacement curves
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where the fourth-order tensor C(d) is the damage stiff-
ness tensor, which can adopt Voigt’s notation [34]:

where Cij is the orthogonal anisotropic stiffness elastic 
parameter. Besides dL , dR , and dT are damage variables of 
parallel, radial, and tangential to grain, respectively. As 
previously stated, timber has different tensile and com-
pressive properties [35]. Furthermore, because damage 
softening behavior can lead to numerical solution non-
convergence, the viscosity regularization correction 
approach proposed by Duvaut, Lions [36], and Wang 
et al. [19] was adopted in this paper to express the dam-
age di as in the following equation:

where subscript c represents compression, t represents 
tensile, and n represents the n-th step of the implicit 

(3)

(dn+1
i

)v =

{

η
η+�T

(d n

t , i)
v + �T

η+�T
d
n+1
t , i if σ i ≥ 0

η
η+�T

(d n

c , i
)v + �T

η+�T
d
n+1
c , i

if σ i ≤ 0
i = L, R, T

Fig. 12 Finite element model of San-dou component

Fig. 13 Algorithm flowchart

C(d) =





















(1− dL)C11 (1− dL)(1− dR)C12 (1− dL)(1− dT)C13 0 0 0

(1− dL)(1− dR)C21 (1− dR)C22 (1− dR)(1− dT)C23 0 0 0

(1− dL)(1− dT)C31 (1− dR)(1− dT)C32 (1− dT)C33 0 0 0

0 0 0 (1− dL)(1− dR)C44 0 0

0 0 0 0 (1− dL)(1− dT)C55 0

0 0 0 0 0 (1− dR)(1− dT)C66
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solution. In addition, �T  represents the virtual time 
interval (controlled by substeps) in the solving process, 
and η represents the viscosity regularization coefficient 
which is 0.001.

Plastic model
The plastic model is generally specified by the yield cri-
terion, flow rule and hardening criterion. In this paper, 
the Hill yield criterion [37] was applied to simulate the 
orthogonal anisotropy of wood. The yield function satis-
fying the Kuhn-Tucker condition is shown in in the fol-
lowing equation:

where σT
H - iso is the isotropic hardening equivalent effec-

tive stress and Matrix H is the Hill criterion anisotropic 
matrix:

(4)f =
√

σT : H : σT − σT
H - iso

procedure. First, the elastic modulus, compression 
strength, compression yield strength, and stress–strain 
curve of the entire compression process are determined 
using a uniaxial compression test. A portion of data 
points from the yield stress to the ultimate stress on the 
stress–strain curve, called the nonlinear quasi-hardening 
branch, can be selected [19]. This section’s elastic strain 
is computed using the elastic modulus, whereas the plas-
tic strain is determined using Eq.  (1). Then, the expres-
sion’s parameters Q and b can be fitted into Eq.  (6). In 
addition, εp is the equivalent plastic strain, which can be 
calculated by the backward Euler scheme using the clos-
est point projection algorithm. The relevant content has 
been extensively discussed in the work of Simo, Hughes 
[39], Wang et al. [19], and Chen, Morozov [35].

H =
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where f0 is the reference stress value, which can be con-
sidered as the strength value in the L direction. The 
meaning of notation about the material parameter is the 
same as defined in “Timber” section.

As indicated in Eq.  (5), the associated flow rule is 
employed to define the plastic strain increment:

where εp is the plastic strain increment and d� is the plas-
tic flow multiplier increment.

The hardening behavior of timber takes on the harden-
ing criterion proposed by Voce [38], as shown in in the 
following equation:

where σT
0 - iso is the yield surface without hardening, 

which can be obtained by introducing the material 
parameters into Eq.  (4). Q and b are hardening param-
eters that can be calibrated according to the following 

(5)dεp = d�
∂f

∂σ

(6)σT
H - iso = σT

0 - iso + Q(1− e−bεp)

Damage model
The damage model can be used to describe the soften-
ing behavior of materials. The initial damage threshold, 
threshold evolution, and damage evolution are the three 
basic components of the damage model. Due to the com-
plexity of compression softening of timber transverse 
grains and the weak contribution to the bending behav-
ior of timber beams, only the compression damage paral-
lel to grain was considered based on the suggestions of 
Wang et al. [19]. The damage threshold expression pro-
posed by Sandhaas [40] was utilized in current study, as 
shown in the following equation:

(7)

σ L > 0, φt,L = σL
ftL

σ L ≤ 0, φc,L = − σL
ftL

σR > 0, φt,R =
(

σR
ftR

)2
+

(

σLR
fLR

)2
+

(

σRT
fRT

)2

σT > 0, φt,T =
(

σT

ftT

)2

+
(

σ L T

fLT

)2

+
(

σRT

fRT

)2
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where σ L,σR,σT represent three normal stress and shear 
stress components of the second-order tensor σ  . The 
other notations are defined in “Timber” section.

Since the damage of the material is irreversible, updat-
ing the damage threshold of the material is also irrevers-
ible, which means that the updated damage threshold ri 
can be expressed as in the following equation:

The material is considered to undergo damage in the con-
dition that the effective stress satisfies Eqs. (7)–(9):

In this paper, regarding continuity and computational 
stability, the damage evolution model proposed by P. 
Linde et al. [41] and R. Faria et al. [42] was adopted. The 
damage variables are given in the following equation:

where Gt, i is the tensile fracture energy of timber, which 
can be calibrated by the envelope area of the whole pro-
cess of the load–displacement curve obtained based on 
the uniaxial tensile test. In this paper, the values of the 
tensile fracture energies were determined in the light of 
the research of Chen et al. [26], and Wang et al. [19]. In 
finite-element analysis,Lch = 3

√
Ve , is the element’s char-

acteristic length, which can be calculated by the cubic 
root of the element volume and can be utilized to allevi-
ate the mesh dependence problem in the material’s sof-
tening stage [43]. A and B are damage parameters, which 
can be calibrated in the following steps. First, the data 
points are chosen from the section from ultimate stress 
to final failure in the stress–strain curve, called the sof-
tening branch. Second, by decoupling the uniaxial plastic 
strain and elastic strain with Eqs. (1) and (6), the effective 
stress at any point on the curve can be computed. Then, 
the updated threshold and damage can be solved accord-
ing to Eqs. (7) and (10) for dc, L . The values of A and B 
can be calibrated after any two points on the curve are 
selected.

The consistent tangential stiffness matrix
The consistent tangential stiffness matrix dσn+1/dεn+1 
can be utilized to update the strain increment and 
strain in the (n + 1)th step of the strain-based implicit 
technique. In this paper, Eq. (11) for the consistent tan-
gential stiffness matrix can be derived from Eq. (2) [19, 
44]:

(8)ri = max {1, max {φi}}i = tL, tR, tT, cL

(9)φi − ri > 0.

(10)
dt,i = 1−

1

rt,i
e

[

(1−rt,i)
Lch(ft,i)

2

EiGt,i

]

i = L,R,T

dc,L = 1−
1

rc,L
(1− A)− Ae[B(1−rc,L)]

In the plastic iteration, the effective stress increment can 
be solved by the plastic consistent tangential stiffness 
matrix, that is, Eq. (12):

Equation (13) can be obtained by substituting Eq. (11) 
into Eq. (12):

where C−1(dv = 0) is the undamaged flexibility matrix 
and C(dv)n+1 is the damage stiffness matrix obtained 
after viscosity regularization correction at the (n + 1)th 
substep, which can be solved by Eqs. (2) and (3). Accord-
ing to the suggestion of Chen et  al. [44], Calg

n+1 can be 
stated by the following equation:

where ��n+1 is the updated flow multiplier increment 
obtained by the backward Euler method in the (n + 1)th 
substep plastic solution. Then, there is only one unknown 
quantity 

(

∂C(dv)
∂εe

: εe
)

n+1
 in Eq. (13), which can be stated 

as Eq. (15) by the indicial form:

where i, j, k,ξ = [1–6], α,β = [1–3], respectively. Matrix 
(Jij)n+1 is an asymmetric matrix, which needs to be solved 
by the asymmetric Newton method.

Model validation
Damage distribution pattern
The damage distribution indicates the distribution of 
the stiffness contribution loss during the stress process 
of the specimen. The calculated damage distribution of 

(11)
dσn+1

dεn+1

=
[(

∂C(dv)

∂εe
: εe

)

n+1

+ C(dv)n+1

]

:

C
−1(dv = 0) : dσ .

(12)dσ = C
alg
n+1 : dε.

(13)

dσn+1

dεn+1
=
[(

∂C(dv)

∂εe
: εe

)

n+1

+ C(dv)n+1

]

:

C
−1(dv = 0) : Calg

n+1

(14)

C
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(
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∂fn+1

∂σ n+1

)

⊗
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∂fn+1

∂σ n+1
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∂σ n+1
: Cn+1 :
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∂σ n+1
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p
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∂2f

∂σ 2
n+1

(15)

(Jij)n+1 =
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∂C(dv)ikεe, k

∂εe, j
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n+1

=
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εe, k
∂C(dv)ik

∂dα

∂dα

∂rβ

∂rβ

∂φβ
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∂σ ξ
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each specimen is shown in Fig. 14. The larger the dam-
age index (red area) is, the more prone the region is to 
macrocracks. Note that the observation angles of the 
specimens were rotated 90 degrees in Fig.  14 to make 
crack propagation easier to observe. The damage distri-
bution cloud trend generated by the assessment model 
in this research was consistent with the crack direction 
determined by the test, as shown in Fig.  14. Therefore, 
the damage model used in this paper can be considered 
to meet the accuracy requirements.

Load–displacement curve
The calculated load–displacement curve is plotted in 
Fig.  15 and the calculated ultimate bearing capacity is 
recorded in Table  3. The overall trend of the load–dis-
placement curve is close to the experimental results due 
to the consideration of damage and plasticity, as dem-
onstrated in Fig.  15. In particular, the rising part of the 
load–displacement curve in Fig. 15d is similar to the test 
results; however, the ductility of the descending part is 
lower than the test results. That is because, in the process 

Fig.14 Damage models
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of the numerical analysis, the actual wood softening pro-
cess was simplified. According to Eq.  (10), the softening 
stage is assumed as a given function. However, the actual 
softening stage of wood is very complex and creates an 
intense uncertainty. This shortcoming of the method 
needs to be discussed in further study.

Table 3 reveals that the bearing capacity error between 
finite-element analysis and test results is in the range of 
−  2.92 to 2.08%, indicating that the evaluation method 
suggested in this research can accurately assess the bear-
ing capacity of SDPP and SDPL.

Conclusions
SDPP and SDPL are two varieties of San-dou compo-
nents that widely exist in traditional East Asian timber 
constructions. However, they are vulnerable to the lat-
eral push force from the Gong, beam and purlin. There-
fore, the structural performance of SDPP and SDPL was 
analyzed through tests and finite-element analysis to 
evaluate the lateral push resistance of these two San-dou 
component types. First, the material properties of larch 
and fir were tested to obtain the material parameters 

(a) Larch SDPP (b) Larch SDPL

(c) Fir SDPP (d) Fir SDPL
Fig.15 Calculation results of load–displacement curve

Table 3 Comparison of finite-element analysis and test results

Name of specimens Test results (N) Calculated 
results (N)

Calculated 
errors (%)

Larch SDPL 1677 1628 − 2.92

Fir SDPL 1120 1123 0.27

Larch SDPP 2318 2291 − 1.16

Fir SDPP 1488 1519 2.08
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that would be employed in numerical simulation. Then, 
24 San-dou specimens were produced to investigate 
the effect of SDPP and SDPL on lateral push resistance. 
Finally, the SDPP and SDPL evaluation models are devel-
oped using the elastic–plastic damage model. In this 
paper, the following conclusions can be drawn.

(1) In the lateral push resistance test, the failure mode 
has a typical law: for the SDPL, the failure mode is 
a horizontal crack parallel to the Dou-ear. For fir 
SDPP, the mode of failure is an oblique crack per-
pendicular to the annual ring extending from the 
inner edge of the Dou-ear to the upper edge of the 
lower part of the San-dou component. The failure 
mode of the larch SDPP is similar to that of the fir 
one, except that the crack direction is not perpen-
dicular to the annual ring, and the crack is from the 
inner edge of Dou-ear to the bottom of the speci-
men.

(2) The lateral push resistance of San-dou components 
is heavily influenced by the timber species and tim-
ber splitting method. Under the same conditions, 
the bearing capacity of larch San-dou component is 
stronger than that of fir San-dou component, with 
an increment of 49.64–55.78%. The bearing capac-
ity of the SDPP is generally higher than that of the 
SDPL, with an increment of 32.85–38.22%.

(3) The orthogonal anisotropic elastic–plastic damage 
model used in this paper can accurately simulate 
these two types of San-dou components (SDPL and 
SDPP) in the traditional timber building. The error 
between the calculated bearing capacity and the 
test results is between -2.92–2.08%. In addition, the 
load–displacement curves and damage distribution 
modes are also highly close to the test results.

However, it should be emphasized that Dou-gong is a 
complicated timber structure system widely used in East 
Asia. Moreover, San-dou components in traditional Chi-
nese timber buildings differ slightly from those in tradi-
tional Japanese timber buildings and traditional South 
Korean timber buildings in terms of architectural form, 
wood material, and construction technique, which need 
further research. The conclusions obtained in this paper 
can be directly used to reveal the structural performance 
of Chinese San-dou components and provide relevant 
research methodologies and foundations for those of 
other East Asian countries. Furthermore, the effect of 
the pith position on the lateral push resistance of San-
dou component was not considered in the current study; 
however, this can be investigated in future research.

Abbreviations
SDPP: San-dou component perpendicular to the grain; SDPL: San-dou compo-
nent parallel to the grain.
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