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Abstract: This study completely investigates the damage detection problem based on strain modal
characteristics using simply supported wooden beams as the research object. First, modal analysis
was performed, and finite element models of both damaged and undamaged timber beams were
created using ABAQUS. Second, a number of strain modal characteristics (strain modal, strain
modal difference, and strain modal curvature difference) were used to identify the damage to the
wooden beam construction. Lastly, the modal parameters of the wooden beam under various
damage scenarios were ascertained using damage identification experiments, and the test results
were contrasted with those obtained from a numerical simulation. The findings showed that, while
each of the three damage identification indices has a distinct identification effect, they can all locate
the damage to wooden beams. Strain mode curvature difference > strain mode difference > strain
mode is the order of them. The results of this study can be used as a reference to identify damage to
timber beams in the future.

Keywords: wooden beams; damage identification; strain modes; strain mode difference; strain mode
curvature difference

1. Introduction

A large portion of China’s historical and cultural legacy consists of the timber struc-
tures of ancient buildings [1,2]. However, due to factors like the external climate and the
material itself, wood components will unavoidably experience varying degrees of dete-
rioration throughout the course of their extended service [3–5]. This will affect the safe
use of the wooden building and lower its overall safety, applicability, and durability. The
preservation of historic buildings’ wooden structures depends on carrying out damage
identification research on their wooden components.

Researchers have been studying damage identification more and more in recent
years [6–8]. Damage identification is an essential part of keeping historic buildings’ timber
structures healthy. Among several damage assessment methods, vibration-based methods
are preferred as damage detection tools instead of static measurement methods [9,10]
because of their flexible evaluation techniques, information accessibility, and cost [11]. It is
being used more and more.

The underlying idea is that physical parameters are altered due to damage to the
structure, and these changes, in turn, affect the modal aspects of the structure, including
its natural frequencies and vibration mode. Therefore, the changes in these modal charac-
teristics can be utilized as an important indicator to determine the presence of structural
damage [12].
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Among the different damage detection indicators employed in structural modal pa-
rameter testing, the natural frequencies are the most straightforward to measure and have
the best accuracy [13,14]. However, natural frequencies are an international variable that
does not allow for the accurate localization of structural damage [15]. The value of its
variation is significantly smaller when the building is subjected to slight damage. It is
difficult to determine the precise site of structural damage since it fluctuates based on
environmental parameters, such as temperature and humidity [16]. Other related metrics,
such as curvature modes, strain modes, and strain mode curvature differences, can be
created based on the differentiation of the forms. The mode shapes carry more spatial
and damage location information than the natural frequencies. Pandey et al. [17] were
the first to propose the use of the central difference of displacement modes to produce
curvature modes, which could subsequently be used to diagnose damage to buildings.
He et al. [18] demonstrated how the curvature mode difference index, when combined with
finite element simulation and testing, can be used to determine the location and degree of
structural damage in cantilever beams. Xiang et al. [19] proposed an information entropy
based on curvature modal utility as a damage identification indicator; tests and numerical
simulations on supported beams are utilized to verify the validity of the index.

By simulating and analyzing reinforced concrete beams, Dawari and Vemawala [20]
provided a damage identification approach based on modal curvature and modal flexibil-
ity differences; the findings showed that the recommended method successfully locates
honeycomb damage in beams. When strain proportional to curvature was combined with
measured strain data for modal analysis, as performed by Yao et al. [21], the damage
diagnosis that resulted was more precise than when using the curvature modes approach.
The results showed the exceptional robustness and accuracy of the presented method for
localizing cable-stayed bridge girders. Xu et al. [22] used the distributed strain modal
method to identify the damage of large-span, cable-stayed bridges and established the
damage identification index of the residual trend of the distributed strain modal using
statistical trend analysis and confidence probability. Wang et al. [23] employed work modal
analysis and strain modal studies to pinpoint the damage on a four-span bridge model.
Cui et al. [24] used an eigensystem approach in combination with the strain modal damage
detection method to investigate the damage of cantilever girders under natural excitation.
The experiments showed that the approach could more accurately identify the damaged
section of the rafters.

Li et al. [25,26] and Chan et al. [27] employed measured stresses for their fatigue
investigation and life prediction of natural suspension bridges. Zhang et al. [28] employed
the strain mode curvature difference and the first-order strain mode vibration pattern
as damage identification indices to find structural damage in track slabs, such as cracks
and dehollowing. The outcomes proved how successful the chosen damage identifica-
tion indices were. Li et al. [29] promoted the use of strain modal difference as a tool for
identifying and detecting damage to cantilever beam structures, and they presented exper-
imental evidence supporting the method’s effectiveness in detecting structural damage.
Zhang et al. [30] were able to locate the damage to the structure by building a finite element
model of a three-span continuous bridge and using the variation in strain mode differential
vibration patterns at the damage site. To sum up, the strain modes and the indices that
are derived from them have the following advantages: they are more sensitive to local
structural changes and have a more accurate influence on the location of the structural
damage. Compared to displacement vibration mode and curvature mode, the strain modes
have two advantages: (1) they are also derived from differentiation, which amplifies the
displacement of the damaged portion of the structure, increasing its identification effect and
sensitivity to changes in structural damage; and (2) they are more effective than the other
modal parameters at differentiating between the damage of smaller and complex structures.

As science and technology have developed, deep learning (DL) and artificial intelli-
gence (AI) algorithms have been used extensively in recent years to evaluate and predict
the onset and spread of structural damage, which has a large potential for application in
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engineering challenges [31–36]. The systematic summary by Avci et al. [37] of the applica-
tion of deep-learning and machine-learning techniques as well as traditional methods in
vibration-based structural damage detection shows that these techniques have produced
notable improvements in structural damage detection and have the potential to increase
detection efficiency and accuracy. A novel damage detection technique was presented by
Nguyen et al. [38]. To precisely determine the position and degree of damage to beam
structures as well as the overall stiffness change in the structure, they employed Bayesian
deep learning and balancing composite motion optimization.

The cross-section of thin beams with heights significantly less than spans in genuine
engineering constructions is assumed to be free of strain both before and after deformation
and perpendicular to the central axis. The theory that explains the deformation and force
characteristics of such beams is called classical beam theory, or Eulerian–Bernoulli beam
theory [39]. A number of recent studies have been conducted in light of the sophisticated
theories previously discussed, elucidating the impact of damage on the vibration properties
of beams and bars [40–43]. We find that the theory more accurately characterizes and
predicts the dynamic behavior of structures when damage effects are taken into account.
These results are critical to the development of new preventative strategies as well as a
deeper comprehension of the diversity of structural vibration characteristics. This research
focuses on the problem of damage detection of Eulerian–Bernoulli beams whose spans are
significantly larger than their heights, building on the earlier work.

In light of this, this article proposes a method for identifying damage in simply sup-
ported wooden timbers by utilizing the curvature difference between strain modes. In
contrast to alternative modal parameters, the strain modal curvature difference index ex-
hibits a substantial precipitous change at the damaged location while displaying virtually
no abrupt change at the undamaged location. This characteristic contributes to the en-
hanced accuracy of damage identification. Specifically, numerical simulation and damage
identification tests are used to obtain the modal parameters of the beam under various
damage conditions; then, the damage identification indexes based on strain mode, strain
mode difference, and strain mode curvature difference are applied to the test data and the
numerical simulation data, respectively, to determine the damage localization. In order
to ascertain the damage localization identification indices that are most sensitive to the
local damage of wooden beams, the results of damage localization identification using
experimental data and numerical simulation data are contrasted.

2. Theory of Damage Identification
2.1. The Strain Mode Vibration Pattern’s Derivation

This paper develops the strain modal formulation of the Euler–Bernoulli beam based
on the Euler–Bernoulli beam theory [44]. Assuming that the supported beams vibrate
undamped, the influence of shear deformation is disregarded, and only the transverse
displacements of the beams are taken into account.

The structural displacement vibration response equation for a multi-degree-of-freedom
vibration system can be expressed as follows, using the theory of mode superposition [45,46]:

{x} =
N

∑
r=1

qr{ϕr}; qr =
{ϕr}T{F}ejwt

kr −ω2mr + jωcr
(1)

where {x} is a displacement response; qr serves as the modal coordinate; {ϕr} is the
displacement mode shape of the rth order; ω represents the inherent frequency; mr is the
modal mass; kr is the modal stiffness; cr is the modal damping; {F}ejwt is the force reaction;
and j is imaginary.

The elastic mechanics principle [47] states that the expression for the strain response
is as follows, based on the conversion relationship between strain and displacement.
Strain and displacement modes both satisfy the modal superposition because they are two
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different ways to describe the same energy balance. From Equations (1) and (2), we are
aware that, in three-dimensional space, the formula is expressed as: {εx}{

εy
}

{εz}

 =
N

∑
r=1

qr


∂

∂x{ϕu
r }

∂
∂y{ϕv

r }
∂
∂z{ϕw

r }

 =
N

∑
r=1

qr


{

ψεx
r
}{

ψ
εy
r

}{
ψεz

r
}
 (2)

where {εx},
{

εy
}

, and {εz}, correspondingly, signify the three-way primary strain.
The rth order strain modes in the x, y, and z directions, respectively, are defined as

∂
∂x{ϕu

r } =
{

ψεx
r
}

, ∂
∂y{ϕv

r } =
{

ψ
εy
r

}
, and ∂

∂z{ϕw
r } =

{
ψεz

r
}

.
The strain and displacement modes have the same modal coordinates. Given ψε

r that
denotes the strain mode’s vibration matrix and ε that represents the total nodal strain vector
of the structural unit, the strain mode is

ε =
m

∑
r=1

qrψε
r =

ψε
r{ϕr}T{F}ejwt

kr −ω2mr + jωcr
(3)

2.2. Mutual Correspondence of Strain Modes with Displacement and Curvature Modes

Every order displacement mode needs a corresponding strain mode, since the displace-
ment mode is differentiable once to yield the strain mode. In addition, the curvature and
strain modes are in the same energy balance mode in the center plane and show orthogonal
superposition features. The theory of elasticity states that there is a corresponding curva-
ture mode for each order of the displacement modes, and that the curvature modes during
beam deformation may be produced using the quadratic derivation of the displacement
modes [48].

According to the mechanics of materials, the bending vibration curve function of a
straight beam has the following characteristics at any cross-section x:

q(x) =
1

ρ(x)
=

M(x)
EI(x)

(4)

where the curvature is 1
ρ(x) , EI(x) represents the beam’s flexural stiffness, and the beam’s

bending moment is expressed as M(x).
The deformation equation for straight beam bending can be loosely expressed as follows:

1
ρ(x)

=
d2u
dx2 (5)

where u is the transverse vibration displacement at the section x of the beam.
Express Equations (4) and (5) in difference terms as

un+1 − 2un + un−1

∆2 =
M(x)
EI(x)

(6)

where un−1, un, and un+1 are three successive, equally spaced measurement sites on the
beam, representing the lateral displacements, respectively, and ∆ is the distance between
the calculation nodes.

The curvature modes of the structure can be computed from Equation (6) if the
displacement modes of its uniformly spaced nodes are known. Applying the formula for
the central difference:

ϕrm
′′ =

ϕr(m−1) − 2ϕrm + ϕr(m+1)

∆2 (7)

where ϕrm is the vibration pattern for the rth order displacement mode, m is the calculation
point, and ∆ is the distance between the calculation nodes.
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The positive strain in the x-direction at a measurement station is given, if h(x) is the
length of the beam that connects that measurement site to the neutral layer, as

ε = −h(x)
ρ(x)

= −h(x)q(x) = −h(x)
un+1 − 2un + un−1

∆2 = −h(x)
N

∑
r=1

ϕr
′′ (x)qrejwt (8)

where ejwt is the vibration mode of the structure.
This is observed from the agreement between the strain modes obtained from Equation (8)

and the curvature modes that the curvature modes and the strain modes differ by just one
constant term only. Therefore, by determining the curvature modes of the structure, the
corresponding strain modes are likewise determined.

2.3. Modal Differences by Strain

If a wood beam’s strain modulus is ψε
r0 before damage and is ψε

rd after damage, the
strain modulus differential damage index is stated as follows:

∆ψε
rm = ψε

rd − ψε
r0 (9)

2.4. The Difference in Strain Mode Curvature

The rate at which the strain mode slope varies with location is represented mathe-
matically by the strain mode curvature. The expression for the strain mode curvature is
as follows, and this rate can be calculated with the strain mode vibration using the center
difference method:

ψε
rm
′′ =

ψε
r(m−1) − 2ψε

rm + ψε
r(m+1)

∆2 (10)

where m is the calculation point, ∆ is the distance between the calculation nodes, and ψε
rm

is the vibration pattern of the rth order strain mode.
Using Equation (10), the curvature difference between the strain mode forms can be

calculated using the following formula:

∆ψε
rm
′′ = ψε

rd
′′ − ψε

r0
′′ (11)

where ψε
r0
′′ represents the wood beam’s strain modal curvature before damage, and ψε

rd
′′

represents the curvature of the beam following damage.

3. Simulations with Numbers
3.1. Simply Supported Wooden Beam Modeling

As an example, think about the wooden beam that is simply supported. It measures
2400 mm in length, 120 mm in width, and 180 mm in height. Along its length, it can be
divided into 30 units, as Figure 1 illustrates. Figure 2 illustrates how this study uses the
C3D8R unit in the ABAQUS finite element program to create the three-dimensional solid
model of simply supported wooden beams. The wood used in the model is poplar, and the
material properties were determined by consulting the papers of other researchers in the
group [16], as indicated in Table 1. To obtain the modal parameters of the damaged wooden
beams accurately, the mesh is divided into three sections: 80 mm cells along the beam
length (X) direction with a total of 30 cells; 20 mm cells along the beam width (Z) direction
with a total of 6 cells; and 9 mm cells along the beam height (Y) direction with a total of
20 cells. Additionally, mesh sensitivity analysis is carried out on the model to bring the
simulation results closer to the actual values.

Figure 1. Schematic representation of a simply supported beam (unit: mm).
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Figure 2. Wood beam finite element model.

Table 1. Material parameters of wood beams.

Elastic Modulus [MPa] Poisson’s Ratio Modulus of Shear [MPa] Densities [kg/m3]

EL ER ET µLR µLT µRT GLR GLT GRT 5089752.17 2058.57 452.90 0.490 0.410 0.353 585.13 731.41 175.54

3.2. Damage Condition

By decreasing the cross-section dimensions of the cells at the bottom of the beams
throughout their length, finite element software is used to simulate the damage at different
locations and depths of the timber beams, assuming that a drop in cross-section height
produces structural damage. The ratio of the wooden beam height he to the rectangular slot
depth h, or S = he/h, is the damage degree. The particular damage case is shown in Table 2.
The wooden beam’s finite element model under various damage scenarios is displayed in
Figure 3.

Table 2. Simply supported wooden beam damage conditions simulation.

Status Number Injury Types Damage Unit Damage Depth [mm] Damage Degree

Case 0 - - - -

Case 1

single damage

5 3.6 2%
Case 2 5 9 5%
Case 3 5 14.4 8%
Case 4 5 18 10%
Case 5 5 27 15%
Case 6 5 36 20%
Case 7 15 3.6 2%
Case 8 15 9 5%
Case 9 15 14.4 8%

Case 10 15 18 10%
Case 11 15 27 15%
Case 12 15 36 20%

Case 13

two damages

5, 26 3.6 2%
Case 14 5, 26 9 5%
Case 15 5, 26 14.4 8%
Case 16 5, 26 18 10%
Case 17 5, 26 27 15%
Case 18 5, 26 36 20%



Buildings 2023, 13, 3035 7 of 21

Figure 3. Finite element model for damage at different positions of wooden beams: (a) Damage to
the support area; (b) Mid-span area damage; (c) Two damage locations.

3.3. Analysis of Modes
3.3.1. Modal Frequency

The Lanczos method eigenvalue solver was used to perform modal analysis on
wooden beam models under different operating conditions, and the first three natural
frequencies of the wooden beam under different operating conditions were obtained, as
shown in Table 3.

Table 3. Simulated simply supported wooden beams for each working condition natural frequencies.

Working
Condition

1st Order 2nd Order 3rd Order

Frequency
[Hz]

The Absolute
Difference in Value

Frequency
[Hz]

The Absolute
Difference in Value

Frequency
[Hz]

The Absolute
Difference in Value

0 57.79 - 206.34 - 401.82 -
1 57.79 0.00 206.31 0.03 401.71 0.11
2 57.78 0.01 206.27 0.07 401.65 0.17
3 57.78 0.01 206.22 0.12 401.55 0.27
4 57.77 0.02 206.20 0.14 401.51 0.31
5 57.77 0.02 206.15 0.19 401.43 0.39
6 57.76 0.03 206.12 0.22 401.60 0.22
7 57.77 0.02 206.34 0.00 401.73 0.09
8 57.75 0.04 206.34 0.00 401.65 0.17
9 57.72 0.07 206.34 0.00 401.55 0.27

10 57.71 0.08 206.34 0.00 401.51 0.31
11 57.68 0.11 206.33 0.01 401.44 0.38
12 57.66 0.13 206.32 0.02 401.41 0.41
13 57.78 0.01 206.28 0.06 401.64 0.18
14 57.77 0.02 206.18 0.16 401.34 0.48
15 57.76 0.03 206.06 0.28 400.90 0.92
16 57.75 0.04 205.98 0.36 400.60 1.22
17 57.74 0.05 205.96 0.38 401.05 0.77
18 57.74 0.05 205.90 0.44 400.99 0.83

However, when this paper simulates the damage of wooden beams by changing
the local cross-sectional area, the natural frequencies of the structure sometimes increase.
This is because, as Table 3 illustrates, the overall change in frequency before and after the
damage of wooden beams is small, indicating that the frequency change is not sensitive to
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the damage of wooden beams. Therefore, there are numerous limitations when it comes to
utilizing frequency variation to determine whether the structure has been harmed.

3.3.2. Displacement Mode Shapes

This part focuses on the first three modes of wooden beams for a thorough analysis to
better the identification of the damage, since the damage impacts all orders of modes. To
extract the displacement vibration data values of the nodes at the axial position in the wood
beam model under different operating conditions, a total of 30 units and 31 nodes were
used with each unit separated 80 mm apart. Based on the coordinate link between the nodes
and the wooden beam model, the first three modes of the single positional damage and the
double position damage displacement mode forms are transformed into two-dimensional
diagrams, as illustrated, correspondingly, in Figures 4–6.

As illustrated in Figures 4–6, there is relatively little variation between the displace-
ment vibration curves of the wooden beam’s first three orders under either one or two
damage circumstances. It is challenging to determine the damage to the wooden beam
using displacement vibration curves because there is no abrupt shift at the damage location.

Figure 4. The displacement mode shapes for the first three modes of cases 1–6: (a) First-order dis-
placement mode shapes; (b) Second-order displacement mode shapes; (c) Third-order displacement
mode shapes.

Figure 5. The displacement mode shapes for the first three modes of cases 7–12: (a) First-order dis-
placement mode shapes; (b) Second-order displacement mode shapes; (c) Third-order displacement
mode shapes.
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Figure 6. The displacement mode shapes for the first three modes of cases 13–18: (a) First-order dis-
placement mode shapes; (b) Second-order displacement mode shapes; (c) Third-order displacement
mode shapes.

3.4. Identification of Damage Using Strain Modal Parameters
3.4.1. Modal Damage Identification Metrics Based on Strain

Via Equation (8), the link of mutual conversion between strain, curvature, and dis-
placement modes can be found. The numerical simulation data are then processed using
Origin software to create the associated strain mode vibration patterns, which are shown in
Figures 7–9. The abrupt shift in the strain mode vibration patterns is then used to identify
the damage localization for the wooden beams.

Figure 7. The strain mode for the first three modes of cases 1–6: (a) First-order strain mode; (b) Second-
order strain mode; (c) Third-order strain mode.

Figure 8. The strain mode for the first three modes of cases 7–12: (a) First-order strain mode;
(b) Second-order strain mode; (c) Third-order strain mode.
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Figure 9. The strain mode for the first three modes of cases 13–18: (a) First-order strain mode;
(b) Second-order strain mode; (c) Third-order strain mode.

The first and third modes of the vibration of the wooden beams under cases 7–12 have
small mutations at the damage location; the pre-damage position is on the node of the
second-order vibration mode; therefore, there is not an apparent mutation. As shown in
Figures 7 and 8, for single damage, the strain modes for the first three modes of the wooden
beams under cases 1–6 all have a slight mutation at the damage location, unit 5, and while
it can be recognized that there is a damage in the structure, the recognition effect is not
satisfactory, and the mutation is easily ignored.

The strain modes of the first three beam modes under working cases 13–18, as observed
in Figure 9, have mutations at the damage location of units 5 and 26. However, the tiny and
easily ignorable mutations created at the damaged unit suggest that the ability of the strain
mode damage index to locate the beams is limited. In conclusion, the damage location
experiences brief, easily missed alterations in the strain modal index.

3.4.2. Strain Modal Difference Damage Recognition Indicator-Based

To demonstrate the viability and validity of the strain modal difference for damage
identification, Equation (9) was used to determine the first three modes of the wood beams’
modal differences under each operating condition in Table 1, as shown in Figures 10–12.

As can be observed in Figures 10 and 11, the strain mode difference for the first three
modes appears to have mutated at the damage location of either unit 5 or unit 15 in the case
of single damage and at the damage location of units 5 and 26 in the case of double damage.
Under changing operating conditions, the mutation values of the differential strain modal
indices rise in proportion to the degree of damage. Minor alterations also take place at the
nearby nodes of the injured units concurrently. Since the article’s wooden beam model is
based on solid elements, alterations to the local cross-sectional area may have an impact
on the damage surrounding units. As a result, wood beam damage can be identified by
integrating the first three modes of strain modal difference.

Figure 10. The strain mode difference for the first three modes of cases 1–6: (a) First-order strain
mode difference; (b) Second-order strain mode difference; (c) Third-order strain mode difference.
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Figure 11. The strain mode difference for the first three modes of cases 7–12: (a) First-order strain
mode difference; (b) Second-order strain mode difference; (c) Third-order strain mode difference.

Figure 12. The strain mode difference for the first three modes of cases 13–18: (a) First-order strain
mode difference; (b) Second-order strain mode difference; (c) Third-order strain mode difference.

In conclusion, the strain modal difference index performs better in terms of recognition
ability and accuracy than the strain modal damage identification effect, and it can correctly
identify single and double damage locations in wood beams.

3.4.3. Strain Modal Curvature Difference Damage Recognition Indicator-Based

To demonstrate the viability and validity of the strain modal curvature difference for
damage identification, Equations (10) and (11) were used to determine the first three modes
of strain modal curvature difference of the wood beams under each operating condition in
Table 1, as shown in Figures 13–15.

Figure 13. The strain mode curvature difference for the first three modes of cases 1–6: (a) First-order
strain mode curvature difference; (b) Second-order strain mode curvature difference; (c) Third-order
strain mode curvature difference.
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Figure 14. The strain mode curvature difference for the first three modes of cases 7–12: (a) First-order
strain mode curvature difference; (b) Second-order strain mode curvature difference; (c) Third-order
strain mode curvature difference.

Figure 15. The strain mode curvature difference for the first three modes of cases 13–18: (a) First-order
strain mode curvature difference; (b) Second-order strain mode curvature difference; (c) Third-order
strain mode curvature difference.

For a single damage, Figures 13 and 14 show that the strain mode curvature difference
for the first three modes of the beams has mutated at the damage location of either unit 5 or
unit 15; for a double damage, Figure 15 shows that the first three modes of the beams’ strain
mode curvature difference have mutated at the damage locations of both units 5 and 26.
Furthermore, the strain modal difference index mutation values grow in tandem with the
degree of damage. This suggests that single- and double-damage areas in timber beams
can be efficiently located and identified using the strain modal curvature difference index.
Because the first three orders of the strain modal curvature difference of the uninjured
position are almost entirely superimposed and have a value of zero, the strain modal
curvature difference index is more accurate than the strain modal difference in identifying
single- and double-damage positions of the beam.

4. Experimental Validation
4.1. Experimental Program Design

Eighteen wooden beams of the same material were selected for the damage identifi-
cation test, and their sizes matched those of the simulation stage in order to confirm the
viability of the approach. The wooden beams were evenly divided into 20 pieces, each mea-
suring 120 mm inside the clear span, resulting in 20 units and 21 nodes. The dimensions of
the wood beam cross-section were altered in this test to mimic damage. Specifically, along
the length of the beam, hand cuts were made to longitudinal horizontal rectangular slots at
different depths and locations. Single damage and two damages are the two categories into
which the damage situations are divided. Table 4 and Figure 16 provide specific examples
of the damage circumstances. The ratio of the wooden beam height he to the rectangular
slot depth h, or S = he/h, is the damage degree. Using Unit 10’s wooden beam damage as
an example, the detailed illustration of the wooden beam damage is found in Figure 17.
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Table 4. Test wood beam damage case setting.

Status Number Injury Types Damage Unit Damage Depth [mm] Damage Degree

Case 0 - - - -

Case 1

single damage

4 3.6 2%
Case 2 4 9 5%
Case 3 4 14.4 8%
Case 4 4 18 10%
Case 5 4 27 15%
Case 6 4 36 20%
Case 7 10 3.6 2%
Case 8 10 9 5%
Case 9 10 14.4 8%

Case 10 10 18 10%
Case 11 10 27 15%
Case 12 10 36 20%

Case 13

two damages

4, 17 3.6 2%
Case 14 4, 17 9 5%
Case 15 4, 17 14.4 8%
Case 16 4, 17 18 10%
Case 17 4, 17 27 15%
Case 18 4, 17 36 20%

Figure 16. Cont.
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Figure 16. Diagram of different damage cases of wooden beams: (a) Cases 1–6; (b) Cases 7–12;
(c) Cases 13–18.

Figure 17. Detailed drawing of damage to Unit 10 of wooden beam (unit: mm): (a) Elevation view;
(b) Section view.

Nineteen acceleration sensors are arranged along the upper surface of the central
axis of the beam, as shown in Figure 18a. As observed in Figure 18b, this test makes
use of a single point of excitation, several places of beam pickup vibration for signal
acquisition, and a force hammer to hit the surface of the 7 # acceleration sensor measuring
point on the wooden beam three times. The Hui series of multifunctional data acquisition
analyzer (model INV306N2) and DASP (V11) signal analysis software is used to gather and
analyze the data; Figure 18c shows the results of the field test. Table 5 displays the primary
equipment details used in the experiment. The China Orient Institute of Noise & Vibration
invented the force hammer, sensor, and acquisition equipment.
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Figure 18. Wooden beam damage identification test site: (a) Acceleration sensor arrangement;
(b) Hammering process; (c) Signal acquisition process.

Table 5. Major equipment information.

Device Name Model of the Device Manufacturer City Country of Origin

Acceleration sensors INV9822
China Orient Institute of Noise

& Vibration
Beijing ChinaIEPE Hammer INV9312

Acquisition instrument INV3065N2

4.2. Analysis of Test Results

Each wooden beam had two tests with the identical test parameters in order to lessen
the impact of random factors on the testing process. The average value of these mea-
surements served as the specimen’s self-oscillation frequency. Beijing Oriental Institute
of Vibration and Noise Technology’s modal analysis software was used to process and
analyze the data in order to extract the first three orders of frequency and displacement
vibration patterns of the wooden beams. Table 6 shows the comparison of these results
with the inherent frequencies of the timber beams simulated numerically.

Table 6. The first three natural frequencies of experimental and simulated wooden beams.

Mode Number Calculated with the Finite
Element Method (Hz)

Obtained from Experimentally
Observed Data (Hz) Error (%)

1 57.79 59.89 3.51
2 206.34 201.32 2.49
3 401.82 372.9 7.76

Table 6 presents the error of the first-order natural frequencies between the finite
element model and the first-order natural frequencies of the test timber beams. The errors
of the second-order and third-order natural frequencies are 2.49% and 7.76, respectively,
and all fall within the acceptable range. The reasons are broken down as follows: first, it
is challenging to simulate the test simply supported beams’ boundary conditions to an
ideal state; second, errors occur during the testing and signal processing phases of the
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process; and third, because the wood is relatively discrete, the timber properties parameters
measured during the test are regarded as the average value of the same batch of wooden
beams. The finite element model and the test results may be confirmed because of the
above study, which increases the wooden beam finite element model’s reasonableness
and accuracy.

4.3. Identification of Damage Using Strain Modal Parameters
4.3.1. Modal Damage Identification Metrics Based on Strain

To demonstrate the viability and validity of the strain modal difference for damage
identification, Equation (8) was used to determine the first three modes of strain modal of
the wood beams under each operating condition in Table 4, as shown in Figures 19–21.

Figure 19. The strain mode for the first three modes of cases 1–6: (a) First-order strain mode;
(b) Second-order strain mode; (c) Third-order strain mode.

Figure 20. The strain mode for the first three modes of cases 7–12: (a) First-order strain mode;
(b) Second-order strain mode; (c) Third-order strain mode.

Figure 21. The strain mode for the first three modes of cases 13–18: (a) First-order strain mode;
(b) Second-order strain mode; (c) Third-order strain mode.
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Comparing the strain modes of wood beams under different damage situations to
those of intact wood beams, Figures 19–21 show that there have been varied degrees of
abrupt changes; nevertheless, the size of these changes is tiny, and the abrupt changes are
readily overlooked. This implies that the identification effect is not up to par and that the
strain modal indexes are not sensitive enough to wood beam deterioration.

4.3.2. Strain Modal Difference Damage Recognition Indicator-Based

To demonstrate the viability and validity of the strain modal difference for damage
identification, Equation (9) was used to determine the first three modes of strain modal
difference of the wood beams under each operating condition in Table 4, as shown in
Figures 22–24.

Figure 22. The strain mode difference for the first three modes of cases 1–6: (a) First-order strain
mode difference; (b) Second-order strain mode difference; (c) Third-order strain mode difference.

Figure 23. The strain mode difference for the first three modes of cases 7–12: (a) First-order strain
mode difference; (b) Second-order strain mode difference; (c) Third-order strain mode difference.

Figure 24. The strain mode difference for the first three modes of cases 13–18: (a) First-order strain
mode difference; (b) Second-order strain mode difference; (c) Third-order strain mode difference.

The strain mode difference results for the first three modes have significant abrupt
changes at the damage location, regardless of whether there is single or double damage,
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and the severity of the abrupt changes increases as the damage degree increases, as shown
in Figures 22–24. The damage to wood beams can be calculated by combining the first
three orders of strain modal difference, since the damaged unit exhibits a minor mutation
at the neighboring nodes. When locating the damage to the timber beam, the strain modal
difference index is more accurate than the strain modal index.

4.3.3. Strain Modal Curvature Difference Damage Recognition Indicator-Based

To verify the viability and validity of the strain modal curvature difference for damage
identification, the first three modes of the wood beams’ modal curvature difference under
each operating condition in Table 4 were calculated using Equations (10) and (11), as shown
in Figures 25–27.

Figure 25. The strain mode curvature difference for the first three modes of cases 1–6: (a) First-order
strain mode curvature difference; (b) Second-order strain mode curvature difference; (c) Third-order
strain mode curvature difference.

Figure 26. The strain mode curvature difference for the first three modes of cases 7–12: (a) First-order
strain mode curvature difference; (b) Second-order strain mode curvature difference; (c) Third-order
strain mode curvature difference.

Figure 27. The strain mode curvature difference for the first three modes of cases 13–18: (a) First-order
strain mode curvature difference; (b) Second-order strain mode curvature difference; (c) Third-order
strain mode curvature difference.
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The strain mode curvature difference for the first three modes, as shown in Figures 25–27,
shows pronounced abrupt changes at both single and double damage locations, and
the value increases as the damage degree increases. This suggests that the strain mode
curvature difference is extremely sensitive to damage and can locate the wooden beam’s
damage location with high accuracy.

The strain mode curvature difference index is more stable and has fewer interference
terms than the strain mode difference index. It also has a higher accuracy of damage
identification because the first three modes of the strain mode curvature difference values
at the location of the undamaged unit are almost completely superimposed, and the value
is zero.

5. Conclusions

The damage localization identification of the wooden beam is carried out using the
damage identification indexes based on the strain modal parameters (strain modal, strain
modal difference, and strain modal curvature difference), respectively, based on the data
obtained from the wooden beam test and the numerical simulation data. A comparative
analysis of the identification effects of the three kinds of damage identification indexes is
carried out to obtain the following:

1. We find that the relative error between the measured and simulated intrinsic frequen-
cies is less than 8% by comparing the modal analysis results of the test and numerical
simulation of wooden beams under various working conditions. This confirms that
the simulated wooden beam model can more accurately reflect the modal parameters
of the actual wooden beams and provides a basis for the structural damage analysis
that follows.

2. The results of the numerical simulation agree with the findings of the three damage
identification indexes on the damage localization identification of the test data. The
preliminary evidence for the viability and validity of the damage identification indexes
based on the strain mode, strain mode difference, and strain mode curvature difference
on the damage localization identification of the timber beams is provided by the
identification effect of the three damage identification indexes, which is strain mode
curvature difference > strain mode difference > strain mode.

3. By slotting on wooden beams, this specimen simulates damage that differs from the
real condition, such as fractures, decay, insect infestation, etc. More study is required
to adjust the findings of the current studies to reflect the real circumstances.
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7. Zielińska, M.; Rucka, M. Assessment of wooden beams from historical buildings using ultrasonic transmission tomography. Int. J.

Archit. Herit. 2023, 17, 249–261. [CrossRef]
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