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A Mode Shape Identification Method of Timber Pieces
Based on Relative Rigid Displacement Decomposition
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As a commonly used method in the field of structural dynamic
characteristics, mode shape identification currently relies largely on
animation demonstrations of finite element modal analysis. This method is
highly susceptible to the observer’'s perspective and subjective factors,

making it difficult to accurately identify the mode shapes of timber pieces.
To address this issue, the plane deformation decomposition theory of 2D-
4 node quadrilateral elements was adopted to perform relative rigid body
displacement decomposition on mode shapes, thereby achieving
quantitative and visual identification of the overall mode shapes of timber
pieces. The correctness of the proposed method was verified by
comparison with the modal mass participation ratio method. In addition,
this method can also determine the dominant rigid body displacement type
of each element in the mode shapes of timber pieces, which highlights its
superiority.
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INTRODUCTION

As a renewable and environmentally friendly building material, wood has unique
advantages for modern construction, such as relatively low density, high strength, thermal
insulation, and heat preservation (Ghiyasinasab et al. 2017; Augustino 2025). With the
continuous development of timber structures, the safety, stability, and durability of timber
pieces have attracted growing attention from designers and researchers (Gao et al. 2025).
Conducting in-depth research on the accurate analysis and efficient evaluation of timber
pieces performance is of great theoretical significance and engineering value.

Currently, the main research objects of building structural performance analysis are
reinforced concrete members and steel members, for which relatively comprehensive
theoretical systems and analysis methods have been established. In contrast, research on
the performance of timber pieces is lagging, due to the material’s inherent anisotropy
(Perlin et al. 2019), natural defects (Zhao et al. 2024) (e.g., knots and cracks), and the
discreteness of its mechanical properties (Caprio and Jockwer 2026). Traditional methods
for analyzing timber pieces performance mainly focus on conventional performance
indicators such as strength, stiffness, and stability (Véliz ef al. 2024; Ren et al. 2025; Sejkot
et al. 2025).

However, obtaining these indicators often relies on the design of specific load
cases. Both field loading tests and numerical simulation analyses require separate studies
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for different load levels, load forms, and loading positions, which not only consume
substantial human, material, and time costs but also struggle to fully cover the stress states
of timber pieces in complex real-world environments. Moreover, irreversible damage may
be inflicted on the pieces during the testing process (Renard et al. 2025).

As an analysis method based on structural dynamics, modal analysis boasts a core
advantage: it is only related to the material properties, geometric shape, and boundary
conditions of the structure, and it has no direct connection with external load cases. This
characteristic enables it to break through the limitations of traditional analysis methods that
depend on load design (Hamdi et al. 2021). In recent years, a series of advances have been
made in the modal analysis of timber pieces in terms of natural frequencies, damping ratios,
and mode shapes. Studies have shown that wood anisotropy, joint connection performance,
and boundary constraints significantly affect the natural frequencies of structures, and
variations in frequency can directly reflect changes in global stiffness (Cheraghi-Shirazi et
al. 2025; Yassine and Mustapha 2024). The damping ratio of timber pieces is mainly
influenced by factors such as material moisture content, wood defects, and ambient
temperature and humidity, exhibiting obvious discreteness and frequency dependence,
which can serve as an important basis for health monitoring (Jara-Cisterna et al. 2025;
Amaddeo and Martinelli 2025). From a theoretical perspective, the deformation of a
structure under any load can be expanded using mode shapes as a complete coordinate
basis (Bracci and Kunnath 1997). This means that the mode shape information obtained
through modal analysis can provide a comprehensive and universal foundation for
describing the deformation laws of structures. The inherent structural characteristics
contained in mode shapes can indirectly reflect the material uniformity, geometric
integrity, and potential damage of timber pieces, allowing indirect evaluation of structural
performance without the need for complex load application processes (Pan et al. 2023).
This mode shape-based analysis approach can effectively reduce the workload of field tests
and numerical simulations. In addition it can avoid the limitations caused by load case
design, thus gradually demonstrating its potential in the performance analysis of timber
pieces.

Wilson (2008) proposed the modal mass participation ratio method for quantitative
mode shape identification, which determines the mode shape type by comparing the
participation coefficient relationships of spatial structures or components in six degrees of
freedom directions. Casalegno and Russo (2017) conducted experimental modal analysis
on textile composite bridges, calculated key modal parameters, and compared the results
with those obtained via the finite element method, yielding bending and torsional mode
shapes with high-frequency and high-damping characteristics. Patil e al. (2018) proposed
and verified a new method for obtaining a unified scaling factor, which can extract the
mode shapes of complex structures using only a pair of cameras.

The rigid body displacement decomposition method has been applied to achieve
quantitative mode shape analysis for concrete members (Sun et al. 2025). However, a
suitable mode shape identification system has not yet been established for timber pieces,
considering their dynamic characteristics of anisotropy, low stiffness, and high specific
strength. The elastic modulus of wood is much lower than that of concrete and steel,
resulting in low natural frequencies and a higher tendency to resonate under external loads
(Xu et al. 2024). In addition, natural defects in wood lead to significant discreteness in
dynamic properties, making traditional animation observation and the modal mass
participation ratio method unable to meet the requirements of high-precision identification.
Based on the deformation decomposition theory of 2D-4 node quadrilateral elements, this
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paper proposes a relative rigid body displacement decomposition method suitable for
timber pieces, which realizes quantitative and visual identification of mode shapes and
compensates for the shortcomings of existing methods.

THEORETICAL BACKGROUND

The core objective of this paper was to construct basis matrices for rigid body
displacements and fundamental deformations based on the plane deformation
decomposition theory of 2D-4 node quadrilateral elements, decompose the mode shapes of
timber pieces via relative rigid body displacement decomposition, and achieve quantitative
mode shape identification as well as visual determination of the dominant displacement of
each element.

The planar deformation of a 2D-4 node quadrilateral element can be divided into 3
kinds of rigid body displacement modes and 5 kinds of basic deformation modes, which
are shown in Figs. 1 and 2, respectively (Sun ef al. 2023). The rigid body displacement
modes are composed of rigid body linear displacement in X, Y direction and rigid body
rotational displacement in XOY plane, and the basic deformation modes are composed of
tension-compression deformation and bending deformation in X, Y direction, and shearing
deformation in XOY plane.

Y Y Y
=
o X 0 X 0 &— > X
(a) Rigid body linear (b) Rigid body linear (c) Rigid body rotational
displacement in X direction displacement in Y direction displacement in XOY plane

Fig. 1. Rigid body displacement modes of 2D-4 node quadrilateral element
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Fig. 2. Basic deformation modes of 2D-4 node quadrilateral element

Three base vectors of rigid body displacement modes and 5 base vectors of basic
deformation modes of the 2D-4 node quadrilateral elements were constructed as follows,
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where B, and Bs are the base matrices of rigid body displacement modes and basic
deformation modes, respectively. Row vectors from top to bottom in B, are rigid body
linear displacement in X and Y directions, and rigid body rotational displacement in XOY
plane, respectively. Row vectors from top to bottom in Bs are tension-compression
deformation in X and Y directions, bending deformation in X and Y direction, and shearing
deformation in XOY plane, respectively.

The 2D-4 node quadrilateral elements were adopted to mesh the timber pieces and
conduct modal analysis, and the relative displacement vector of the 4-th element in the j-th
mode shape is shown in Eq. 4

d:(Axl Ay, Ax, Ay, Ax; Ayy Ax, Ayy) 4)

where Ax; and Ay: are the relative displacements of the i-th node of the element,

respectively.
The relative displacement vector d can be decomposed by using the base matrix B,
as follows,

B, P
Bd_{Bjd_L’j ®
D
P, =D, (6)
Ps

where p1, p2 and p3 are the projection coefficients of the rigid body linear displacement in
X and Y directions, and relative rigid rotational displacement in XOY plane.

Comparing the absolute values of pi, p2 and ps3, the rigid body displacement
corresponding to the projection coefficient with the largest absolute value was defined as
the main rigid body displacement of the element. Yellow and green were assigned to
represent the rigid body linear displacements in the X and Y directions, respectively, while
blue was assigned to represent the rigid body rotational displacement in the XOY plane.
By assigning the corresponding colors to each element, the relative rigid body displacement
decomposition diagram was obtained, thereby enabling the visual analysis of the mode
shapes of the timber pieces.

The X direction rigid body linear displacement coefficient of the timber pieces was
obtained as follows,
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D === (7N

where 7 is the number of elements dominated by the rigid body linear displacement in X
direction, and #: is the total number of elements. Similarly, the Y direction rigid body linear
displacement coefficient Dy and the XOY plane rigid body rotational displacement
coefficient Rxoy of the timber structure were obtained, thereby enabling the quantitative
analysis of the mode shapes of the timber pieces.

EXPERIMENTAL SETUP

Material Parameters and Source

In this paper, the elastic modulus of the timber was 9 GPa along the grain, 0.5 GPa
perpendicular to the grain, and the Poisson’s ratio is 0.3. The parameters are taken from the
conventional material properties of timber specified in Standard for Design of Timber
Structures, GB/T 50005 (2017).

Finite Element Modeling Assumptions

The orthotropic mechanical behavior of timber was numerically simulated by
defining distinct elastic modulus values for the finite element in the X and Y directions,
respectively. In this numerical model, timber was assumed to be a purely elastic material,
where plastic deformation and material damage were not taken into account. Additionally,
the impacts of ambient environmental factors including temperature and relative humidity
were excluded from the analysis.

Mesh and Calculation Settings

Timber pieces were modeled with 2D-4 node quadrilateral elements (ANSYS
PLANEI182). After conducting mesh convergence verification, an element size of 40 mm
was determined for the numerical model. The Block Lanczos method was adopted to
extract the mode shapes of the timber pieces.

EXAMPLE VERIFICATION

Planar Timber Column

A planar solid timber column with a fixed base and a free top was selected as the
research example, which had a vertical height of 2000 mm and a square cross-section of
400%400 mm. The vertical axis of the column was aligned with the grain direction of the
timber. A finite element model of the timber column was constructed in ANSY'S, upon
which modal analysis was subsequently conducted. The first eight mode shapes of the
column are presented in Fig. 3. The mode shapes were decomposed using the method
proposed in this paper, and the corresponding relative rigid body displacement
decomposition diagrams were plotted, as shown in Fig. 4. The first three orders of mode
shapes were used as examples to illustrate the recognition results of the two methods.

Figure 3a shows a timber column that exhibits an overall lateral bending
deformation under the 1% mode shape. Combined with the mode shape mass participation
ratio presented in Table 1, the 1% mode shape is identified as the first-order lateral bending
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mode shape. It can be concluded from Fig. 4a and Table 1 that, except for the fixed end,
the elements dominated by the X direction rigid body linear displacement (yellow area)
almost cover the entire timber column, with the X direction rigid body linear displacement
coefficient reaching 0.865. Therefore, the 1% mode shape can be identified as the first-order
lateral bending mode shape.

Figure 3b shows a timber column that exhibits an overall lateral bending
deformation under the 2™ mode shape, with an inflection point appearing in the mode shape.
Combined with the mode shape mass participation ratio presented in Table 1, the 2" mode
shape is identified as the second-order lateral bending mode shape. It can be concluded
from Fig. 4b and Table 1 that, except for the fixed end, the elements dominated by the X
direction rigid body linear displacement (yellow area) almost cover the entire timber
column, while elements dominated by the rigid body rotational displacement (blue area)
emerge at the bending center. With the X direction rigid body linear displacement
coefficient reaching 0.768, the 2"! mode shape can thus be identified as the second-order
lateral bending mode shape.

TARERRS o T T

ode shape  (c) 3 mode shape  (d) 4™ mode shape

(a) 1% mode shape  (b) 2" m

(ERENNRLL

(e) 5t mode shape  (f) 6" mode shape (g) 7" mode shape  (h) 8" mode shape

Fig. 3. Finite element mode shape diagrams of the timber column

Figure 3c shows a timber column that exhibits an overall vertical tension-
compression deformation under the 3™ mode shape. Combined with the mode shape mass
participation ratio presented in Table 1, the 3™ mode shape is identified as the first-order
vertical tension-compression mode shape. It can be concluded from Fig. 4c and Table 1
that the elements dominated by the Y direction rigid body linear displacement (green area)
almost cover the entire timber column, with the Y direction rigid body linear displacement
coefficient reaching 0.985. Therefore, the 37 mode shape can be identified as the first-order
vertical tension-compression mode shape.
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This case study demonstrates that the results of mode shape identification obtained
by the method proposed in this paper are consistent with those derived from the traditional
animation observation method and the modal mass participation ratio method (Wilson
2008).

[JRigid body linear displacement [l Rigid body linear displacement [Rigid body rotational displacement
in X direction inY direction in XOY plane

(a) 1¢t mode shape (b) 2nd mode shape (c) 3 mode shape (d) 4t mode shape

(e) 5t mode ”shape (f) 6" mode shape (g) 7' mode shape (h) 8t mode shape
Fig. 4. Relative rigid body displacement decomposition diagrams of the timber column

A comparison of the mode shape identification results based on the modal mass
participation ratio method and the relative rigid body displacement decomposition method
is presented in Table 1. The variation trends of each rigid body displacement coefficient
are consistent with those of the modal mass participation ratios in the X, Y, and Rot
directions, and the mode shape descriptions are also identical, which verifies the validity
of the mode shape identification results based on the rigid body displacement
decomposition method. The relative rigid body displacement decomposition diagrams
show that for the first-order lateral bending mode shape (Fig. 4a), the timber column has
no inflection points except at the fixed end, and its elements are mainly dominated by the
X direction rigid body linear displacement (yellow area). The second-order lateral bending
mode shape (Fig. 4b) has one inflection point (green and blue areas); the third-order lateral
bending mode shape (Fig. 4d) has two inflection points (green and blue areas), and so forth.
The first-order vertical tension-compression mode shape (Fig. 4c) has no inflection points,
with its elements mainly dominated by the Y direction rigid body linear displacement
(green area). The second-order vertical tension-compression mode shape (Fig. 4f) has one
inflection point (yellow area); the third-order vertical tension-compression mode shape
(Fig. 4h) has two inflection points (yellow area). The relative rigid body displacement
decomposition diagrams fully reflect the intuitiveness of mode shape identification. In
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addition, the method proposed in this paper can also determine the dominant rigid body
displacement type of each element in all mode shapes, which highlights its superiority.

Table 1. Comparison of Mode Shape ldentification Results for the Timber Column
between FEM and the Relative Rigid Body Displacement Decomposition Method

FEM Relative Rigid Displacement
Decomposition Method
Mode Relative rigid
shape Mass participation ratio Mode shape displacement Mode shape
in different directions o decomposition in -
description different directions description
X Y Rot Dx Dy Rxoy

st st
1t | 0616 | 0.000 | 0.944 1b lateral | ge5 | 0.105 | 0.030 | 1" lateral
ending bending

nd nd
2nd | 0.203 | 0.000 | 0.023 2b lateral | 768 | 0.177 | 0.055 | 2 lateral
ending bending
1t vertical 1t vertical
3rd 0.000 | 0.814 | 0.023 tension- 0.015 | 0.985 | 0.001 tension-
compression compression
4n | 0071 | 0.000 | 0.003 3; lateral | 705 | 0205 | 0.074 | O lateral
ending bending
50 | 0.036 | 0.000 | 0.000 | 4"Materal | g egs | 0217 | 009 | 4" lateral
bending bending
2" vertical 2" vertical
6 0.000 | 0.090 | 0.003 tension- 0.047 | 0.950 | 0.004 tension-
compression compression

th th
70| 0.021 | 0.000 | 0.000 5b lateral | o 674 | 0.221 | 0.105 | O lateral
ending bending
3 vertical 3 vertical
gt 0.000 | 0.032 | 0.001 tension- 0.089 | 0.900 | 0.011 tension-
compression compression

Planar Timber Beam
To further validate the method’s universality, a planar simply supported timber
beam (1920 mm in length, 480 mm in height, 300 mm in thickness) was analyzed, with the
length direction as the timber grain direction.
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(d) 4" mode shape

Fig. 5. Finite element mode shape diagrams of the timber beam
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Its first four mode shapes are given in Fig. 5, and the corresponding relative rigid
body displacement decomposition diagrams in Fig. 6. Table 2 presents the identification
results obtained by the modal mass participation ratio method and the relative rigid body
displacement decomposition method.

[JRigid body linear displacement [l Rigid body linear displacement [Rigid body rotational displacement
in X direction inY direction in XOY plane

(a) 15t mode shape (b) 2" mode shape

(c) 3" mode shape (d) 4" mode shape
Fig. 6. Relative rigid body displacement decomposition diagrams of the timber beam

Table 2. Comparison of Mode Shape Identification Results for the Timber Beam
between FEM and the Relative Rigid Body Displacement Decomposition Method

FEM Relative Rigid Displacement Decomposition
Method
L Relative rigid
Mode Mass participation .
shape ratio in different Mode dlsplacer_n_ent_ Mode shape
directions shape decomposition in description
description different directions P
X Y Rot Dx Dy Rxoy
st 1%t vertical Stomas ,
1 0.000 | 0.913 | 0.690 bending 0.000 | 1.000 | 0.000 | 1%t vertical bending
nd i
o | 0.004 | 0.050 | 0.258 zbe‘r’%ritr']‘;a' 0.101 | 0.892 | 0.007 | 2" vertical bending
d 15t |ateral ot
3 0.965 | 0.000 | 0.032 shear 1.000 | 0.000 | 0.000 1st lateral shear
rd i
4n | 0.000 | 0.026 | 0.013 3be"n%ritr']‘;a' 0.076 | 0.910 | 0.014 | 3% vertical bending

Under the 1% mode shape, the timber beam exhibited an overall vertical bending
deformation (Fig. 5a). Combined with the modal mass participation ratios in Table 2, the
1° mode shape was identified as the 1% vertical bending mode shape. As can be seen from
Fig. 6a, all elements of the timber beam were dominated by Y direction rigid body linear
displacement (green elements), with the Y direction rigid body linear displacement
coefficient being 1. Therefore, the mode shape identification results based on the relative
rigid body displacement decomposition method were consistent with those of the modal
mass participation ratio method. By the same token, the 2™ to 4" mode shapes were
identified as the 2™ vertical bending mode shape, the 1° lateral shear mode shape, and the
3 vertical bending mode shape, respectively.

The above results indicate that the mode shape identification method based on
relative rigid body displacement decomposition exhibits good applicability to different
types of timber pieces.
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CONCLUSIONS

1. Based on the deformation decomposition theory of 2D-4 node quadrilateral elements,
a relative rigid body displacement decomposition method for mode shapes of timber
pieces was established to realize quantitative mode shape identification.

2. Verified through comparison with the traditional finite element animation method and
the modal mass participation ratio method, the proposed method yielded consistent
results while possessing the advantages of both quantitative accuracy and visualization.
It can determine the dominant rigid body displacement type of each element.

3. The proposed method can rapidly identify the mode shapes of timber pieces, providing
a reliable basis for seismic design, health monitoring, and damage identification. The
visualized decomposition diagrams enable engineers to intuitively judge the weak
regions of pieces, reduce subjective identification errors, and are applicable to dynamic
characteristic analysis of various timber pieces.
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