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Abstract

Ancient timber structures are important carriers of valuable cultural heritage, and their
structural safety directly determines whether historic buildings can remain in safe service
over time. Cracks represent one of the most widespread and important forms of damage in
ancient timber structures. They can directly lead to cross-sectional weakening of structural
members, degradation of load-bearing capacity, and the gradual development of overall
structural safety risks. To address the limitations of existing crack assessment methods,
such as strong subjectivity in weight determination, insufficient accuracy in grade boundary
discrimination, and inadequate coupling with mechanical performance, this study proposes
a crack safety assessment method for ancient timber structures based on an improved
entropy—fuzzy matter-element model. A multi-dimensional evaluation index system is
established, incorporating crack geometric characteristics, structural load-bearing capacity,
and service time effects. A mechanically driven load-carrying capacity degradation index
is introduced to quantitatively characterize the influence mechanism of crack propagation
on structural performance deterioration. The entropy weight method is employed to
objectively determine the weights of each indicator, and an asymmetric closeness degree
is introduced to improve the traditional fuzzy matter-element model, thereby enhancing
the stability and accuracy of safety grade classification. A case study of the Bawang
Academy, Shenyang Jianzhu University, is conducted. Crack parameters are obtained using
image recognition and three-dimensional laser scanning techniques, and a comprehensive
structural safety assessment is performed. The results indicate that the proposed method
can accurately reflect the actual damage distribution and deterioration level of the structure,
providing a reliable theoretical basis and technical support for crack safety evaluation and
preventive conservation of ancient timber structures.

Keywords: cracks; ancient timber structures; improved fuzzy matter-element model;
entropy weight method; safety assessment

1. Introduction

In the existing ancient building system in China, timber structures play a dominant role
and are widely distributed in important cultural heritage buildings such as palaces, altars,
temples, and monasteries, possessing significant historical, artistic, and scientific research
value [1]. As of 2024, China has 57 World Cultural Heritage Sites, among which 18 include
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timber structure heritage buildings. Relevant statistics indicate that timber structures
account for approximately 70% of the total existing ancient buildings in China. Due to
the inherent anisotropy of wood, wet-dry cycling, long-term loading, and environmental
degradation, ancient timber components are highly susceptible to various types of damage,
including cracking, insect infestation, and decay. Field investigations show that cracks
represent the most frequent and widely distributed form of deterioration in ancient timber
structures, accounting for more than 50% of all damage cases [2], posing a significant
threat to long-term structural safety. Cracks not only affect the appearance and functional
performance of buildings but also directly reduce the effective cross-sectional area of
structural members and degrade their mechanical performance. Under sustained loading,
environmental effects, and inadequate maintenance, crack propagation may lead to severe
consequences such as timber member fracture and structural deformation. In extreme cases,
it may even result in the collapse of the entire historic building. Therefore, it is of great
engineering significance and academic value to develop safety assessment methods for
ancient timber structures considering crack-induced damage.

Ar1 Akman et al. proposed a multi-criteria decision-making framework based on
the MABAC-AHP method to quantify authenticity loss in the adaptive reuse of buildings.
Nevertheless, the study mainly emphasizes heritage value and sustainability dimensions
and pays limited attention to structural damage evolution and mechanical performance
degradation, which restricts its ability to comprehensively assess structural safety risks [3].
Huan et al. combined the Analytic Hierarchy Process (AHP), grey fuzzy theory, and a
cloud model to establish a structural safety state assessment framework for ancient timber
structures [4-6]. Such multi-criteria evaluation methods demonstrate good applicability
in engineering practice; nevertheless, they are often constrained by experience-dependent
weight assignment and inherent subjectivity. To address uncertainty issues, fuzzy theory
and matter-element theory have been gradually incorporated into structural assessment
frameworks. For instance, Gao et al. proposed a fuzzy matter-element model based on
asymmetric closeness and combined it with finite element-derived load-bearing capacity
indicators for the safety evaluation of ancient timber structures. However, the influence
of cracks on mechanical performance is still predominantly captured through indirect
representations, which limits the physical interpretability of the evaluation results [7].
Wang integrated the Analytic Hierarchy Process (AHP) with a correlation function to
develop a matter-element extension model for evaluating the structural safety of brick—
timber ancient buildings [8]. Zhai et al. employed a matter-element model to evaluate
the post-earthquake safety condition of timber structures [9]. Although these studies
offer useful ideas for multi-indicator assessment of complex structural systems, dedicated
evaluation frameworks for crack-induced localized damage remain relatively limited.

In terms of structural performance assessment under extreme loading conditions,
existing research has mainly focused on two representative scenarios, namely earthquakes
and fire events. In seismic engineering, particular attention has been given to structural
seismic performance and damage evolution mechanisms [10,11]. In fire-related studies,
considerable attention has been devoted to the degradation laws of the mechanical prop-
erties of wood under high-temperature exposure [12,13]. Lei et al. proposed a fire risk
assessment framework for historic timber structures by combining the entropy weight-
TOPSIS method with an XGBoost model, achieving quantitative prediction of fire risk
levels. Nevertheless, the model mainly emphasizes external hazard factors and pays lim-
ited attention to the progressive performance degradation caused by internal localized
damage, such as cracks [14]. Louiza et al. reviewed the principles of seismic assessment for
historic buildings and further demonstrated their application in engineering practice [15].
Standoli et al. combined machine learning and nondestructive testing techniques for the
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health assessment of historic masonry tower structures [16]. Overall, existing research has
mainly concentrated on the global structural response under extreme loading conditions,
whereas the progressive degradation behavior of crack-dominated local damage under
normal service conditions has received relatively limited attention.

In the field of structural mechanics, numerical simulation and experimental investiga-
tions have provided important approaches for evaluating the mechanical performance of
ancient buildings [17]. Deng et al. developed a refined finite element model of the Yingxian
Wooden Pagoda and performed a seismic safety evaluation [18]. Chen et al. integrated
finite element analysis and full-scale experimental testing to develop a quantitative relation-
ship between structural response parameters and seismic performance, enabling the safety
evaluation of historic timber structures [19]. Wu et al. combined three-dimensional (3D)
laser scanning point cloud data with finite element analysis to enable structural health mon-
itoring and safety evaluation of historic buildings [20]. Although these mechanical analysis
methods can effectively capture structural force mechanisms and damage evolution, their
results are typically expressed in terms of physical quantities such as stress, deformation,
and load-bearing capacity, which cannot be directly translated into comprehensive safety
level evaluations for practical engineering applications.

Based on the above literature, existing studies have achieved significant progress in the
comprehensive assessment and mechanical performance analysis of ancient timber struc-
tures. Nevertheless, important limitations remain in the assessment of crack-induced local
damage. First, most existing comprehensive evaluation models focus on global structural
behavior, while dedicated quantitative assessment frameworks for cracks are still lacking.
Second, disaster-based studies primarily consider extreme loading scenarios, which limits
their ability to represent the progressive deterioration of structural performance under
service conditions. Third, effective integration between mechanical analysis outputs and
multi-indicator safety evaluation models is still insufficient. Collectively, these limitations
significantly hinder the accurate and efficient safety assessment of ancient timber structures
under crack-dominated damage conditions.

To address the challenges in safety assessment of crack-induced damage in ancient
timber structures, this study focuses on developing a multi-dimensional evaluation frame-
work that integrates crack geometric characteristics, component load-bearing capacity, and
service time effects. A crack-specific safety assessment method based on the entropy weight
method and an improved fuzzy matter-element model is proposed. The main innovations
and contributions of this study are summarized as follows:

(1) A crack-centered specialized evaluation index system is established, enabling the
coupling of crack geometric features with structural load-bearing types, and allow-
ing differentiation of damage characteristics between load-bearing timber columns
and beams;

(2) A mechanically driven load-carrying capacity degradation index is introduced to
quantitatively describe the influence mechanism of crack propagation on structural
performance deterioration;

(3) The entropy weight method is employed to objectively determine indicator weights,
effectively reducing the influence of subjective judgment and expert bias;

(4) Anasymmetric closeness degree is adopted to improve the traditional fuzzy matter-
element model, significantly enhancing the classification accuracy and stability of
safety grading in boundary regions.
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2. Evaluation Index System
2.1. Construction of the Evaluation Index System

The safety risk of ancient timber structures primarily arises from the progressive
deterioration of mechanical performance induced by crack damage. Considering the
significant differences in stress mechanisms and crack-induced degradation behaviors
between timber columns and timber beams, this study defines these two components as
the fundamental evaluation units and constructs a hierarchical and multi-dimensional
crack-based safety assessment index system.

The selection of indicators focuses on the controlling effect of cracks on structural
load-bearing capacity and overall safety. Three aspects are considered, including crack
geometric characteristics, structural load-bearing performance, and service time effects [21].
Ultimately, six representative indicators are selected: crack length ratio, maximum crack
width, crack inclination, crack depth ratio, load-bearing capacity, and service time, which
comprehensively describe crack development characteristics and their influence on long-
term structural performance. The crack-based comprehensive evaluation index system for
ancient timber structures is presented in Table 1.

Table 1. Crack-based multi-dimensional hierarchical evaluation index system for ancient
timber structures.

Objective Criterion Indicator Layer In'dlca.t or
Layer Direction
Ci1 Crack length ratio —
. Ci2 Maximum crack width —
Loagitf:mg Ciz Crack inclination —
columns C Cia Crack depth ratio —
Comprehensive ! Ci5  Compressive loa.ld-b.earing capacity +
crack assessment Cie Service time -
of ancient timber Co1 Crack length ratio —
structures Load-bearin Co Maximum crack width -
timber beam% Cps Crack inclination —
C Coy Crack depth ratio —
2 Cos Flexural load-bearing capacity +
Coe Service time -

2.1.1. Crack Geometric Characteristics

Crack geometric characteristics directly reflect the damage level of structural compo-
nents and serve as the fundamental input parameters for comprehensive assessment. In
this study, four key geometric indicators—crack length ratio, crack width, crack inclina-
tion, and crack depth ratio—are selected to enable a complete quantitative description of
crack morphology.

(1) Crack length ratio

The crack length ratio is used to characterize the extent of crack propagation within a
structural member and eliminates the influence of component size differences on the evalu-
ation results. It is defined as the ratio of crack length to the total length of the component:

_ I
Length ratio = T 1)
where | denotes the crack length and L represents the total length of the structural member.
This parameter removes the influence of geometric size differences among components,

ensuring comparability of the evaluation results.
(2) Maximum crack width
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The maximum crack width is used to measure the degree of crack opening and directly
reflects the local reduction in the cross-sectional capacity of structural components. It is
obtained as the maximum crack aperture extracted from the surface of the component
using image recognition techniques.

(3) Crack inclination

The crack inclination is used to describe the relationship between the crack orientation
and the grain direction of the wood. It can be used to distinguish different crack types
and potential failure modes. It is defined as the sine value of the angle between the crack
direction and the longitudinal grain direction of the wood:

k=sin 0 )

where 0 denotes the angle between the crack direction and the wood grain direction. This
indicator is used to distinguish different crack types and their potential failure modes.

(4) Crack depth ratio

The crack depth ratio is used to quantify the reduction in the effective cross-section
of a structural member caused by crack penetration, and it serves as a critical geometric
parameter governing the degradation of load-bearing capacity. It is defined differently for
timber columns and beams as follows:

Timber Column:
_ 4

=75 3)
Timber Beam: p
o= 4)

where dq and d; denote the crack depths, D represents the diameter of the timber column,
and b is the cross-sectional width of the timber beam.

2.1.2. Load-Bearing Capacity of Structural Members

Crack development causes a reduction in the effective cross-sectional area and alters
the stress distribution within structural members, leading to a degradation in load-bearing
capacity. To capture the mechanical influence of cracks, the compressive resistance of
timber columns and the flexural resistance of timber beams are introduced as separate
evaluation indicators. The load-bearing performance is uniformly quantified using the
ratio of structural resistance to load effect, expressed as:

R

= R (5)

U
where 77 denotes the resistance-to-effect ratio; R represents the resistance of timber members;
Yo is the structural importance factor, which is generally taken as 1.2; and S denotes the
action effect of timber members under the ultimate limit state of bearing capacity.

(1) Compressive capacity of timber columns
The effect of cracks on the axial compression behavior of timber columns is reflected
in reduced stability, deterioration of the effective cross-sectional area, and amplification of
initial eccentricity. To integrate these factors, a comprehensive damage index is introduced
as follows [22-24]:
D.=1-DypD4De (6)

where Dy, Dp and D, denote the damage degrees of the stability coefficient, cross-sectional
area, and initial eccentricity, respectively.

The degradation coefficient . is further introduced: the load-carrying capacity degra-
dation index used in this study is developed based on structural mechanics principles and
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the damage evolution characteristics of timber members. It is not derived from laboratory
calibration or experimental curve fitting, but is constructed to represent the reduction in
effective load-bearing capacity induced by crack development and material deterioration.
The formulation is grounded in mechanical considerations and reflects the degradation
process of structural performance in timber components under progressive damage.

gc - leZ + kZDc +1 (7)

where ¢, denotes the degradation coefficient of load-carrying capacity, which reflects the
reduction in structural resistance caused by crack development and material deterioration.

The remaining compressive load-bearing capacity of the cracked timber column is
expressed as:

Rlzgc‘POAfc (8)

(2) Flexural capacity of timber beams

For timber beams, crack development may lead to a shift in the governing failure
mechanism from flexural control to shear control [25,26], and the load-bearing capacity can
be expressed as [27,28]:

4bh2 £, hfm =2
Ry — %fgzpy<1_L{ﬁ(1_y>
4bh fy

©)
It fo —
R Z{fv (1-7)

The beam capacity model is consistent with classical timber beam theory, where the
load-bearing behavior is governed by material properties, cross-sectional geometry, and
bending stress distribution. The proposed formulation extends this classical framework by
incorporating a damage-based degradation factor to represent progressive deterioration of
structural capacity due to cracking and material degradation.

Where h denotes the cross-sectional height of the timber beam; Ly, denotes the length
of the timber beam; py denotes the crack development index; fm, and f, denote the bending
strength parallel to the grain and the shear strength parallel to the grain, respectively; i
denotes the distance from the crack to the neutral axis, and the reduction coefficient ¢ is
introduced to quantify the weakening effect of cracks on the load-bearing capacity. The
value of ¢ is related to the crack condition and is given in Equation (10):

1-7°)
h m b7
L,{fv (1 - 1/2)

hWL
Lpy <1-72

L
¢= 1—py ’

(10)
17y2r Py >1-

In summary, the resistances of load-bearing timber columns and beams (R; and Ry) are
first calculated. These values are then substituted into Equation (5) to obtain the resistance-
to-load-effect ratios of individual components, which provide a quantitative basis for the
subsequent comprehensive structural assessment.

2.1.3. Service Time

Service time refers to the construction age of a timber structure or the year of its last
major renovation. This indicator serves as a key comprehensive parameter reflecting the
time-dependent deterioration of timber material performance during long-term service.
A longer service time indicates a greater duration of sustained loading, resulting in more
pronounced creep effects. Meanwhile, it also implies prolonged exposure to environmental
actions such as dry-wet cycles, freeze—thaw cycles, and biological degradation, which may
lead to progressive reductions in intrinsic mechanical properties such as strength and elastic
modulus. Therefore, under the same crack conditions, older timber structures generally
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exhibit lower safety levels. This indicator provides an important historical correction factor
for the evaluation system and is defined as:

T=T.—T, (11)

where T denotes the evaluation year, and Ty denotes the construction year or the year of
the most recent major repair.

2.2. Quantification of Evaluation Indicators

Considering the proposed crack-based evaluation index system for ancient timber
structures, and in accordance with relevant national standards as well as experimen-
tal observations, structural safety is classified into four levels: safe (I), relatively safe
(II), relatively dangerous (III), and dangerous (IV). To ensure consistency with previous
studies [4,6,7,29-32], the threshold ranges of each crack-related evaluation indicator under
different safety levels are further defined, thereby establishing a quantitative classifica-
tion criterion system (Table 2). The corresponding normalized transformation results are
presented in Table 3.

Table 2. Crack-based quantitative threshold ranges of evaluation indicators under different structural
safety levels for ancient timber structures.

Affiliated
Timber Inspection Item I II III v
Member
Cnp <1/s 1/8~1/4 1/4~1/2 >1/2
Cia <6 6~13 13~20 >20
C Ci3 <0.1 0.1~0.15 0.15~0.2 >0.2
1 Ciq <1/8 1/8~1/4 1/4~1/2 >1/2
Cis <1 0.95~1 0.90~0.95 <0.9
Cie 0~100 100~300 300~500 >500
Cn <i/s 1/8~1/4 1/4~1/2 >1/2
Ca <4 4~8 8~12 >12
C Cos <0.07 0.07~0.1 0.1~0.15 >0.15
2 Cos <1/9 1/9~1/4 1/41/3 >1/3
Cos >1 0.95~1 0.90~0.95 <0.9
Coe 0~100 100~300 300~500 >500

Table 3. Normalized transformation of crack-related evaluation indicators across different structural
safety levels (I-IV).

Evaluation Factors I 1I 111 v
Cn1 0~0.125 0.125~0.25 0.25~0.5 0.5~1.0
Ci2 0~0.22 0.22~0.48 0.48~0.74 0.74~1.0
Ci3 0~0.1 0.1~0.15 0.15~0.2 0.2~1.0
Ci4 0~0.125 0.125~0.25 0.25~0.5 0.5~1.0
Cis 0~0.25 0.25~0.5 0.5~0.75 0.75~1.0
Cie 0~0.07 0.07~0.2 0.2~0.33 0.33~1.0
Cxn 0~0.125 0.125~0.25 0.25~0.5 0.5~1.0
Coo 0~0.25 0.25~0.5 0.5~0.75 0.75~1.0
Cos 0~0.07 0.07 ~ 0.1 0.1 ~0.15 0.15~1.0
Coy 0~0.11 0.11~0.25 0.25~0.33 0.33~1.0
Cys 0~0.01 0.01~0.05 0.05~0.1 0.1~1.0
Coe 0~0.07 0.07~0.2 0.2~0.33 0.33~1.0

The classification thresholds presented in Tables 2 and 3 are determined based on
structural performance interpretation, existing studies on timber structure deterioration,
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and engineering practice. These threshold ranges are intended to reflect different levels of
crack-induced damage and corresponding structural safety conditions, rather than being
obtained through statistical optimization.

3. Evaluation Method

3.1. Fuzzy Matter-Element Model
3.1.1. Composite Fuzzy Matter-Element

The fuzzy matter-element model is an effective approach for dealing with fuzziness
and uncertainty in evaluation systems. Assume that the evaluation system consists of n
indicators, denoted as Cq, Cy, Cs, . .., Cn, with corresponding fuzzy quantities x1, xo, . . ., Xn.
Then R can be defined as an n-dimensional fuzzy matter-element, expressed as:

R=(M,CX) (12)

where M denotes the evaluation object, C represents the set of evaluation indicators, and X
denotes the fuzzy values corresponding to each evaluation indicator.

When the evaluation object consists of m timber members, a composite fuzzy matter-
element matrix of dimension m X n can be established by integrating the crack-based
evaluation indicators of each member under damaged conditions. This matrix is denoted
as the composite fuzzy matter-element Rmn:

M, My - My,
G X11 X21 o Xml

Rum=|C X2  x2 -+ Xp (13)
Cn X1n X2n o Xmn

where M; denotes the evaluation object, withi =1, 2, ..., m; Cy denotes the comprehen-
sive crack evaluation indicator, with k =1, 2, ..., n; and xj represents the fuzzy value
corresponding to the k-th indicator for the i-th object.

3.1.2. Membership Matter-Element

The construction of the membership function is the key component of the fuzzy matter-
element evaluation model. In order to quantify the membership degree of each evaluation
indicator under different safety risk levels, membership calculations are carried out for
the composite fuzzy matter-element. As the indicator values are discrete and exhibit a
discrete distribution pattern, it is assumed that the membership degrees of homogeneous
data follow a normal distribution, i.e.,

H(x) = exp [— (x - koﬂ (14)

where t is a positive parameter (¢ > 0), ko represents the mean value of the corresponding

interval of the evaluation grade, and x denotes the fuzzy variable of the indicator. Since the
classification intervals of evaluation indicators are generally defined in interval form, their
boundary positions inherently involve uncertainty, and values located near the boundaries
may simultaneously belong to adjacent grades. According to the membership function,
u(x) reaches its maximum value of 1 when x = k(. At the boundary between two adjacent
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grades, the membership degrees of the two grades are assumed to be equal, i.e., both are
0.5. Hence, the following relationship holds:

2
u(x) =exp [— (x“ xh) ~ 0.5 (15)
2t
Thus, it follows that:
_ Xg— Xy Xg + Xp
t= 665 /K0 2 (16)

where x, and x;, denote the upper and lower boundary values of the corresponding evalua-
tion grade interval, respectively.

Accordingly, the normalized composite fuzzy matter-element of membership degree,
denoted as R, is constructed as follows:

M, M, o M,
G 5%} U1 T Mml

Run=1C M2 p2 - Mm (17)
Cn Hin Hon o Wmn

3.2. Entropy Weight Method for Weight Determination

The entropy weight method is a representative objective weighting technique that
assigns weights to indicators according to the degree of variation in their data. This
approach effectively reduces the influence of human subjectivity on the evaluation results.
Indicators with greater dispersion contain more information and therefore receive higher
weights in the comprehensive assessment. The detailed calculation procedure is described
as follows:

(1) Data normalization:

xij - minxij
bij=——"—+—"— (18)
maxx;j — minx;j

maxxl-]- - xl-]-
bij=——""—"— (19)
maxxij - mmxi]'
where x;; denotes the normalized value of the i-th indicator for the j-th sample.
If there are m timber members and n evaluation indicators, the normalized original

decision matrix is defined as R = (bij>mn'

M, My - M,
M G b1 by b
R= H=|C b bn - bp (20)
Ci by ) ) : L
Cn bln bZn T bmn

(2) The proportion Py of the indicator value for the i-th timber member under the j-th
indicator is calculated as: b
p._ b
Y
(3) The entropy value of the j-th comprehensive evaluation indicator is calculated and
is denoted as ¢;:

(21)

m
6]‘ = —KZ Pijh‘l Pij (22)
i=1
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where K = ﬁ When Pij, the term Pjj-In Py is defined as 0.
(4) The entropy weight W of the j-th evaluation indicator is calculated as:
1- ej .
j=1D;

where Wj =1, and Equation (23) indicates that a larger entropy value corresponds to a
smaller entropy weight and a lower contribution to the evaluation result, whereas a smaller
entropy value corresponds to a larger entropy weight and a greater contribution to the
evaluation result.

The entropy weight does not represent direct mechanical causality, but rather quan-
tifies the degree of information dispersion and variability of each mechanically defined
indicator across different structural states. All evaluation indicators are strictly constructed
based on structural mechanics principles prior to the weighting procedure, ensuring phys-
ical interpretability at the variable level. The entropy-based weighting scheme is subse-
quently introduced as an objective aggregation mechanism to reduce subjective bias in
multi-indicator fusion, thereby improving the robustness and consistency of the compre-
hensive evaluation results without compromising the underlying mechanical meaning of
the assessment framework.

3.3. Improved Fuzzy Matter-Element Model Based on Asymmetric Closeness Degree

Traditional matter-element evaluation models typically adopt the maximum mem-
bership principle for grade determination. This approach assigns the evaluation result
based on the maximum membership degree of indicators within a single grade interval.
However, when indicators fall within boundary regions between grades, the results may
be inconsistent with their actual state, thereby affecting the accuracy of the evaluation. To
address this issue, an asymmetric closeness degree is introduced to improve the model. By
calculating the degree of closeness between the evaluated object and each grade, informa-
tion from multiple indicators can be fully utilized, reducing the uncertainty in boundary
classification [33]. Consequently, the stability and applicability of the evaluation results are
improved. The specific calculation procedure is as follows:

(1) The membership degree vector of the i-th evaluation indicator is constructed as:

B=(by, by,..., bm)

24
= (WL u(xi), Wyl u(xip), - -+, Wi Xy u(xi2)) 29

where u(x) is determined from Equations (14)—(16).

(2) Normalized membership vector B;:

First, by is arranged in the first position. If |j; —j| < [j2 — j|, where ji, j2 € Jm and
j1,j2 #j Um=1,2, ..., m), then bijl is placed before bijz. After normalization, it is denoted
as B{

(3) Fuzzy subset of structural characteristics Dy:

D]':(dlle/”'/dm)(]'le 2/”‘/”) (25)

where d; denotes the membership relationship corresponding to the j-th feature with respect
to the i-th feature. When j =i, d; = 1; otherwise, di =0i=1,2, -- -, m).
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(4) The asymmetric closeness is calculated as:
The asymmetric closeness between vectors A and B, denoted as N(A,B), is defined

as follows: ;

1 m
N(4,B)=1-— ) ‘#Xp(xk) — g (xyy (26)
pac}

where P is a regulating factor, and P =1 is adopted to guide the evaluation results toward a
more favorable state.

Then, the asymmetric closeness between the membership degree Bjj and the fuzzy
subset of object characteristics can be obtained as N(B;;,D;):

. L j
N(B] D) =1 Y |8l - Dj| 27)
]:
(5) Assessment results:
* Ny N te Nj
k= (B* N(BK,Dx) N(BX,Dx) --- N(BX Dg) ) 28)
K _ K .
N(Bl- ,DK) = max N (Bl- ,D]> (29)

4. Case Study
4.1. Engineering Overview

The Ba Wang Academy was originally the main building of the Eight Kings Temple in
Shenyang. It was first constructed in the 13th year of the Yongle reign of the Ming Dynasty
(1415 AD) and was relocated to Shenyang Jianzhu University in 2008. The building is a
single-eave hipped-roof timber structure, with five bays in width and one bay in depth. It
has a total length of 18.0 m, a width of 9 m, and a height of 9 m. The main load-bearing
components include eight timber columns and four timber beams. The actual view and
plan layout of the building are shown in Figures 1 and 2.

Figure 1. Three-dimensional view of Bawang Academy.
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Figure 2. Plan view of Bawang Academy.

4.2. Data Acquisition and Analysis
4.2.1. Data Acquisition

To accurately capture the crack geometric features and structural parameters of the Ba
Wang Academy, a multi-source non-contact sensing approach integrating high-resolution
image acquisition and 3D laser scanning technology was adopted. The YOLOv8-based
crack detection model was adopted due to its demonstrated effectiveness in previous
studies on ancient timber crack detection, where it has shown high precision and recall
in comparison with other representative detection models [2,34]. YOLOv8 model was
employed to automatically identify and extract cracks from the collected images, from
which two-dimensional geometric parameters, including crack length and width, were
derived [13,34]. In addition, three-dimensional laser scanning point cloud data were used to
determine crack depth and the geometric information of timber members. In our previous
studies [35,36], it has been demonstrated that 3D laser scanning is effective for crack depth
measurement in ancient timber structures. The root mean square error (RMSE) of crack
depth measurement was found to be 0.6 mm for curved surface cracks and 0.4 mm for
planar cracks, indicating good performance.

Multi-station terrestrial laser scanning of the Ba Wang Academy was performed using
a Faro Focus 3D X330 system. A complete 3D geometric model was reconstructed through
point cloud registration and stitching. The scanning equipment and on-site layout are
presented in Figure 3.

4.2.2. Determination of Structural Parameters

Based on the processing results of the 3D point cloud data, the geometric parameters
of the main load-bearing components of the Ba Wang Academy are determined as follows:
the timber columns have a diameter of 0.25 m and a height of 4.9 m; the timber beams have
a length of 7.75 m and a cross-sectional size of 0.38 m x 0.43 m. The structural material
is Northeast Chinese pine. In combination with relevant design codes and previous
studies [37], the mechanical property parameters of the timber and related calculation
coefficients are determined, as listed in Table 4.
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(a) Three-dimensional laser scanner (b) Field measurement
Figure 3. Scanner and measurement site.
Table 4. Relevant parameters of timber members in Bawang Academy.
Parameter Value
ac 0.95
be 1.43
B 1
Ex/ fa. 300
Diameter of timber column D 0.25m
Length of timber column L; 49m
Length of timber beam L; 7.75m
Width of timber beam b 0.38 m
Height of timber beam H, 0.43m
Compressive strength parallel to grain f. 32.16 MPa
Bending strength parallel to grain fm 64 MPa
Shear strength parallel to grain f, 6.18 MPa
Slenderness ratio of intact timber column A 78.4
Standard value of roof dead load 3.04 KN /m?
Standard value of roof live load 0.5 KN/m?
Standard value of roof wind load 0.052 KN /m?
Standard value of roof snow load 0.481 KN /m?

4.2.3. Calculation of Evaluation Indicators

Based on the extracted crack geometric characteristics and structural member prop-
erties and following the established crack-based evaluation index system, all evaluation
indicators are quantitatively calculated for the Ba Wang Academy (Table 5), reflecting the
degree of crack development and its influence on structural performance. Subsequently, a
normalization process is performed to eliminate dimensional inconsistency among indica-
tors and to ensure comparability, and the normalized results are presented in Table 6.

Table 5. Quantitative values of crack-based evaluation indicators for Ba Wang Academy.

Indicator Value Indicator Value
Cnn 0.277 Cxn 0.310
Cro 9.450 Cx 10.000
Ci3 0.034 Co3 0.058
Cig 0.150 Coy 0.200
Cis 0.980 Cos 0.960
Cie 17 Coe 610
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Table 6. Calculated values of crack-related evaluation indicators for the structural assessment of Ba

Wang Academy.

Evaluation Factor

Indicator Value

Evaluation Factor

Indicator Value

Cn
Ci2
Ci3
Cus
Cis
Cis

0.277
0.350
0.034
0.150
0.020
0.011

Coy
Ca
Co3
Coy4
Cas
Cos

0.310
0.625
0.058
0.290
0.040
0.407

4.3. Evaluation Model Calculation

4.3.1. Membership Fuzzy Matter-Element

The parameters ky and t are determined based on Equation (16) and Table 4. The

membership degrees uij of the crack-based structural condition of the BaWang Academy

are then calculated using Equation (14). Accordingly, the membership fuzzy matter-element

matrix describing the crack condition of the Ba Wang Academy is presented in Table 7.

Table 7. Membership degree fuzzy matter-element matrix of crack-based structural conditions for

different safety grades.

No. Indicator M; M, \Y B My
1 Ci1 0.000 0.241 0.653 0.084
2 Cip 0.054 1.000 0.043 0.000
3 Ci3 0.931 0.000 0.000 0.249
4 Cia 0.257 0.779 0.106 0.018
5 Cis 0.613 0.004 0.000 0.000
6 Cip 0.720 0.081 0.000 0.000
7 Co 0.000 0.070 0.829 0.117
8 Coo 0.000 0.062 1.000 0.062
9 Cos 0.741 0.105 0.007 0.359
10 Coy 0.000 0.181 1.000 0.420
11 Cos 0.000 0.841 0.256 0.411
12 Coe 0.000 0.000 0.037 0.000

4.3.2. Calculation of Indicator Weights

The normalized values p;; are substituted into Equations (21)—(23) to compute the
entropy-based weights Wj for each indicator. The results are reported with three decimal
places, as presented in Table 8.

Table 8. Entropy Weight Values of Each Indicator W;.

Evaluation Indicator

Ay Ay Aj

Ay

As Ag

By

B,

B;

By

Bs Bg

0.057 0.104 0.088

0.051

0.136  0.107

0.080

0.097

0.049

0.050

0.041 0.140

4.3.3. Membership Degree and Asymmetric Closeness Degree Calculation

According to Equations (24) and (26) and the data in Table 8, the membership degrees

of the structural condition assessment of the Ba Wang Academy under crack states are

calculated. The membership matrix B is then normalized to obtain B{ (i=12--,4)).

Subsequently, the asymmetric closeness degree N (Bg, D]-) is calculated, and the results are

presented in Table 9.
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Table 9. Normalized Bi and Non-Closeness N (Bi, Dj).
Evaluation Index I 1I III v

B 0.297 0.277 0.276 0.098

B(1) 0.297 0.277 0.276 0.098

B(2) 0.227 0.297 0.276 0.098

BG®) 0.276 0.277 0.098 0.297

B® 0.098 0.276 0.277 0.297

N ( B, D].) 0.806 0.771 0.818 0.742

The effectiveness of the proposed asymmetric closeness approach is evaluated through
consistency analysis between the computed evaluation results and the actual observed
structural conditions of the load-bearing timber members in the Bawang Academy case
study. The final evaluation results exhibit good agreement with the identified damage
characteristics of key structural components, indicating that the proposed method can
effectively reflect the actual structural condition.

A separate numerical comparison between the traditional symmetric closeness for-
mulation and the proposed asymmetric closeness method is not explicitly conducted
in this study. Instead, the improvement is demonstrated through the overall consis-
tency between the final evaluation outcomes and the engineering observations of timber
member conditions.

4.4. Evaluation Results and Analysis
From Equation (29), it can be obtained that max N (BX,D;) = N(B®), D;) which

1<j<m

indicates that the fuzzy matter-element evaluation ]r;sult of Bawang Academy based on
the entropy weight method is classified as Grade III (relatively dangerous). This result
suggests that the damage indicators of some key structural components have exceeded the
safety threshold, and structural performance degradation has occurred. If no appropriate
intervention measures are taken, the damage in certain components may further develop
under environmental influences or loading conditions, potentially leading to an increase in
the overall risk level.

4.4.1. Safety State Analysis of Load-Bearing Timber Columns

According to the evaluation results, the overall safety state of the load-bearing timber
columns is classified as Level I (safe), with no evidence of buckling instability or com-
pressive failure. The service time indicator remains within the safe range, suggesting
that material aging has a limited impact on the current structural performance, which is
consistent with the post-repair condition in 2008.

In terms of geometric and load-bearing indicators, the compressive capacity of the
timber columns is within the safe threshold. Nevertheless, crack propagation has been
observed, and the crack length ratio of several columns has reached Level III. Field investi-
gations further indicate the presence of through-cracks propagating along the longitudinal
direction of individual columns, resulting in a reduction in effective cross-sectional area
and moment of inertia, as illustrated in Figure 4.

A comprehensive analysis shows that the timber columns have not undergone buck-
ling instability, and their load-bearing capacity remains sufficient for current service
demands. Nevertheless, localized cracking has introduced potential risks to structural
safety. Continued crack propagation may further degrade the overall stability performance.
For timber columns with through or propagating cracks, enhanced monitoring is recom-
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mended, and appropriate strengthening measures should be implemented depending on
the actual condition.

Figure 4. Current condition of load-bearing timber columns in the Bawang Academy Ancient
Timber Structures.

4.4.2. Safety State Analysis of Load-Bearing Timber Beams

The evaluation results indicate that the overall condition of the load-bearing timber
beams is relatively dangerous and plays a controlling role in structural safety. In particular,
the service life of the timber beams falls within Level IV (dangerous), indicating significant
material deterioration.

From the perspective of geometric characteristics and load-bearing capacity indicators,
although the flexural capacity of the timber beams remains within a relatively safe range,
a clear degradation trend has been observed. The crack-related indicators exhibit unfa-
vorable characteristics, where both the crack length ratio and the maximum crack width
have reached Level 1], indicating a pronounced degree of crack development. The crack
inclination angle is 0.058, which is lower than the threshold value of 0.1 specified in relevant
codes for flexural members requiring immediate intervention. This suggests that the crack
morphology has not yet become the dominant factor affecting the stress behavior. However,
the crack depth exceeds one-quarter of the beam diameter and is classified as Level 1II,
indicating that the crack has propagated into the interior of the cross-section and has caused
a reduction in the effective load-bearing area, necessitating timely countermeasures. The
cracks in the beam are shown in Figure 5.

—_—

crack |

Figure 5. Current condition of load-bearing timber beams in the Bawang Academy ancient
timber structures.
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A comprehensive analysis indicates that the load-bearing timber beams have not
experienced global failure; however, crack development has already exerted a substantial
influence on their load-bearing capacity. Under sustained loading and environmental
effects, further degradation of structural performance may occur. It is recommended that
priority monitoring be conducted on timber beams with pronounced crack development
and that targeted strengthening measures be implemented based on the actual stress
conditions to prevent further deterioration of the damage.

5. Conclusions

This study proposes a comprehensive crack assessment model for ancient timber struc-
tures based on an entropy-weighted improved fuzzy matter-element method and validates
its effectiveness through an engineering case. The following conclusions are drawn:

(1) A multi-level evaluation index system centered on crack damage and applicable
to timber columns and beams in ancient buildings was established. By coupling
crack geometric characteristics with structural load-bearing behavior, the method
enables a quantitative representation of the influence of crack damage on structural
performance degradation.

(2) The entropy weight method was incorporated into the evaluation model to achieve
objective determination of indicator weights, effectively reducing the subjectivity
associated with traditional expert-based weighting and improving the stability and
reliability of the evaluation results.

(3) The traditional fuzzy matter-element model was improved by introducing an asym-
metric closeness degree, which addresses the limitations of the maximum membership
principle near class boundaries, such as misclassification and poor robustness. This
significantly enhances the accuracy and reliability of grade identification.

(4) The engineering case study demonstrates that the proposed method is highly con-
sistent with the actual structural damage conditions. It can accurately identify the
differentiated safety levels of timber columns and beams, providing a practical tool
and theoretical basis for crack-based safety assessment and preventive conservation
of ancient timber structures.

In summary, the proposed method demonstrates strong engineering applicability
and decision-support capability in the comprehensive assessment of cracks in ancient
timber structures. It can provide a technical basis for structural condition evaluation and
the formulation of conservation strategies. It should be noted that the proposed method
still has certain limitations. First, the validation is currently conducted based on a single
representative case study of Bawang Academy, and further verification on additional
heritage timber structures is required to enhance the generality of the method. Second, the
determination of some classification thresholds and model parameters relies on engineering
interpretation, which may introduce a certain degree of subjectivity. Third, a systematic
comparison with other established structural safety assessment methods has not been
fully explored in this study. Future research will focus on addressing these limitations by
expanding case studies, improving parameter robustness, and conducting comprehensive
comparative analyses with existing methods under different structural conditions.
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