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Abstract: A significant amount of research is concerned with dynamic modal parameters for damage detection of structural conditions due to their simplicity in use and feasibility. However, their use for damage detection should be performed with special attention, particularly in operational and environmental conditions subjected to temperature changes. Beams in construction industries experience different loading types, such as temperature changes leading to crack initiation and propagation. Changed physical and dynamic properties such as natural frequencies and mode shapes indicate that damage has occurred within the structures. In this study, vibration analysis of cantilever and cantilever simply supported beams has been carried out on intact and damaged beams to investigate the coupled effect of temperature changes and damage depth on natural frequencies. A numerical analysis of beams is completed using ANSYS software. The results of numerical simulation are validated using two other studies from literature. Numerical results revealed that in order to perform a successful damage assessment using the frequency shift, the vibration modes should be selected properly. In addition, an increase in temperature results in a decrease in structural frequencies. The assessment of the effect of damage depth on natural frequencies also confirms that when damage depth is increased, there is a significant decrease in natural frequency responses.
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1  Introduction

In recent years, a large number of useful approaches have been employed for damage detection and localization. These approaches rely on measuring changes in structures’ dynamic properties before and after damage occurs, such as natural frequencies and mode shapes. An inclusive survey of vibration-based SHM and damage detection methods for various mechanical and civil engineering structures has been conducted in [1]. The methods employed to detect structural damage through natural frequencies and damping change were reviewed in [2,3]. Methods concerning structural health monitoring of composite materials were discussed in [4]. Various methods of extracting temperature effects from modal parameters have been shown in the literatures [5–7].

Through the literature review, it has been found that there are mainly three types of studies about damage detection: analytical, numerical, and experimental studies [8–12]. The previous research of damage detection focused on aluminum alloys, steel alloys, conventional composites, functionally graded materials [13], and concrete structures.

Real civil constructions are susceptible to changing environmental and operational conditions like temperature. These topics have always been under investigation and continuous development of structural health monitoring in light of environmental changes and have become a popular research subject in the scope of civil engineering [14,15]. Wang et al. [16] examined the influences of ambient temperature changes on reinforced concrete (RC) slabs’ modal properties. The results demonstrated that the effect of temperature changes led to a significant change in natural frequencies compared to damping and mode shapes. Xia et al. [17] introduced a literature survey and a case study of temperature variation effect on vibration characteristics. In their conclusion, the effect of temperature increase on structural frequencies is more apparent than that on the mode shapes. The changes in structural frequencies are produced due to the variation in the modulus of materials under varying temperatures. Through an optimization problem, Ashwear et al. [18] studied the influence of changes in environmental temperatures on a cable-strut structure’s dynamic properties. They found that the first natural frequencies are less susceptible to temperature variations. Kita et al. [19] examined the impact of temperature changes on a historical building’s static and dynamic responses in Italy. The findings confirmed that an increase in temperature causes a clear and sometimes nonlinear decrease in natural frequencies. Also, the decrease in temperature below 0°C led to an increase in natural frequencies. Liu et al. [20] analyzed the effects of temperature differences on modal frequencies of an RC slab and beam. Ralbovsky et al. [21] measured the effect of temperature loads on the structural responses as damage indicators of two bridges.

Many mechanical engineering structures operate under different thermal conditions, such as spacecraft, engines, turbines, etc. The change of these conditions leads to changes in the material properties and the stress state, and thus, this will affect the static and dynamic performance during operation. Towards safety and productivity, in order to keep the machines in a healthy state, the effect of such parameters, especially temperature, must be recognized and taken into account. Several studies have examined the effect of temperature changes on the natural frequencies of structures in this regard. Karsh et al. [22] studied the effect of temperature changes on the first three natural frequencies of a functionally graded materials plate. Using the finite element method, Esfarjani et al. [23] studied the simultaneous effect of temperature changes and multiple damages on natural frequencies of an aluminum alloy beam. Sha et al. [24] examined the influence of temperature differences on natural frequencies of beam structures without and with damping. They found that the natural frequencies and damping ratios decreased linearly with increasing temperature. Qian et al. [25] numerically and experimentally studied the effect of thermal loading on dynamic and acoustic responses of a clamped aluminum plate. Dan et al. [26] considered the effect of temperature on guided wave propagation and frequencies drift of an aluminum alloy plate. Gupta et al. [27] examined the effect of the thermal gradient (an exponential temperature distribution) on the first three modes of natural frequencies of a rectangular plate. Talebian et al. [28] investigated the effects of temperatures on an electrostatically actuated microplate’s mechanical behavior. The findings show that the first natural frequency of the microplate greatly depends on the state of the design requirements. This indicates that the positive changes in temperature reduce the first natural frequency and vice versa. Ding et al. [29] numerically and experimentally studied a damage identification of a steel plate and beam under temperature variations effects. Also, they show the relationship between temperature change and Young’s modulus of the material properties, which led to a change in modal properties. Oh et al. [30] analyzed the effect of temperature variations on the turbine blades under thermal loading conditions. The results show that the increase in blade surface temperatures causes a decrease in the first natural frequency and an increase in blade length due to the thermal expansion. Abdus et al. [31] numerically and experimentally investigated the influence of pre-load and temperature changes on the natural frequencies of bolted joints. The results indicate that the temperature rise reduces the overall stiffness and thus decreases the natural frequencies. Talai et al. [32] investigated the effect of frictional temperature evolution on the natural frequencies of steel cantilever beam-like structures. Wang et al. [33] studied the effects of temperature elevation on the mechanical attributes of high-strength alloy steels. The results show that the steel stiffness and strength degrade with an increase in temperature, and the speed of degradation depends on the chemical composition of the steel alloys. Quan et al. [34] numerically investigated the effect of thermal loads (under a steady-state temperature) on the natural frequency of a steel alloy spur gear. The results show that the main cause of the shift in natural frequencies is thermal stress due to temperature changes. Recently, Gillich et al. [35] proposed mathematical expressions in order to study the effect of temperature variations on the natural frequencies of healthy and damaged beams. They performed experimental and numerical investigations on beams exposed to an axial force due to temperature variations. All these investigations show that changes in natural frequencies can be utilized as indicators for damage detection.

Beams are one of the most commonly used structural elements that can be seen in civil and mechanical engineering constructions. In most damage detection techniques, modal parameters are assessed considering constant environmental conditions. In real cases, many structures are susceptible to varying operational and environmental conditions that must be considered, like temperature variations leading to early state damage. Otherwise, incorrect data is obtained, and vibration-based damage estimation becomes inaccurate.

Beams fixed at one end and free on another are among the most used beams because the end support is not restricted and free to shift and is less affected by axial loads due to the thermal expansion caused by the increase in temperature. In practice, therefore, beams fixed at one end are typically used. In contrast, beams fixed at both ends are influenced mainly by temperature variations due to the generated axial loads resulting from thermal expansion. So, this kind of beam is usually avoided in practice [35]. More research is needed to understand the relationship between temperature effect and damage depth on natural frequencies in beam-like structures. The present investigations deal with two types of boundary conditions, cantilever beam and cantilever, simply supported beam.

In this paper, intensive numerical simulations are made to investigate the coupled effect of temperature changes and damage depth on the natural frequencies for intact and damaged steel beams. The main contribution of this paper is the use of the 3D representation of the relationship between the effect of temperature and damage depth on natural frequencies making it easy for modes to be compared and selected for accurate detection of damage. First, the effect of temperature on the natural frequency of intact beams is performed. Second, besides the effect of temperature, transverse damages with different depths are studied. Then, the findings are compared with similar research areas by introducing two examples from the literature. The validation results confirm that the present work using ANSYS is in good agreement with those from the literature.

The paper is structured as follows. Starting from the equation of motion of the free vibration given by the Euler-Bernoulli beam theory, Section 2 formulates the concept of the natural frequencies of a uniform beam and the influence of temperature on the mechanical properties of structural materials. Section 3 displays the numerical simulation and modeling of beam-like structures. Section 4 shows the numerical results of the different studied cases using ANSYS software. Section 5 introduces two examples from literature in order to validate the present work. In Section 6, the discussions. Finally, in Section 7, the paper was concluded.

2  Fundamentals

This section provides an overview of the basics of vibrations in beams and the effect of temperature on the mechanical properties of structural materials.

2.1 Vibration of Beams

Consider a uniform beam shown in Fig. 1, the equation of motion of the free vibration is introduced by the well-known Euler-Bernoulli beam theory (thin beam theory) [36] as follows:


EIρA∂4v∂x4+∂2v∂t2=0
(1)
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Figure 1: A beam in bending [37]

where 
E
is Young’s modulus, 
ρ
is mass density, and 
I
is the moment of inertia of the cross-sectional area. And 
v
is the displacement in the vertical direction at a distance 
x
calculated from the fixed end. Recognizing that 
v
is dependent on time 
t
and distance 
x
, and the evolution in time is harmonic, the displacement expression becomes:


(x,t)=ϕ(x)⋅y(t)=ϕ(x)⋅sin⁡(ωt+),
(2)

By deriving Eq. (2) and substituting in Eq. (1), we get:


ϕiv(x)sin⁡(ωt+)−ρAω2EIϕ(x)sin⁡(ωt+)=0,
(3)

and, after simplification by 
sin⁡(ωt+)
:


ϕiv(x)−ρAω2EIϕ(x)=0,
(4)

The solution of Eq. (4) can be expressed as:


ϕ(x)=A∗sin⁡αx+B∗cos⁡αx+C∗sinh⁡αx+D∗cosh⁡αx,
(5)

where 
A∗,B∗,C∗
and 
D∗
are different unknown constants that can be determined from the initial conditions.


ρAω2EI=α4,
(6)

By deriving the Eq. (5) three times, one obtains:


{ϕ(x)=A∗sin⁡αx+B∗cos⁡αx+C∗sinh⁡αx+D∗cosh⁡αxϕi(x)=α(A∗cos⁡αx−B∗sin⁡αx+C∗cosh⁡αx+D∗sinh⁡αx)ϕii(x)=α2(−A∗sin⁡αx−B∗cos⁡αx+C∗sinh⁡αx+D∗cosh⁡αx)ϕiii(x)=α3(−A∗cos⁡αx+B∗sin⁡αx+C∗cosh⁡αx+D∗sinh⁡αx)
(7)

The above expressions are proportional to the vertical displacement 
v(x)
, shear force 
T(x)
, deflection 
θ(x)
, and bending moment 
M(x)
. For a clamped cantilever beam, the boundary conditions are:


ϕ(0)=ϕi(0)=ϕii(L)=ϕiii(L)=0,
(8)

The transcendental equation in order to obtain the previous constants is:


1+cos⁡λ⋅cosh⁡λ=0,
(9)

with 
λ=α⋅L
, Eq. (8) allows determining 
λi
values for any 
i
vibrations mode. The mathematical relationship representing the natural frequencies is then can be obtained from Eq. (6) as:


fi=λi22πEIρAL4,
(10)

The following function gives the mode shapes for the cantilever beam:


ϕi(x)=(cosh⁡αix−cos⁡αix)−(cos⁡αiL+cosh⁡αiL)(sin⁡αiL+sinh⁡αiL)(sinh⁡αix−sin⁡αix).
(11)

2.2 The Influence of Temperature on the Mechanical Properties of Structural Materials

Consider an exponential temperature distribution in a longitudinal plate that is, in the x-direction [27]:


T=T0e−exe−1,
(12)

where 
T
is the excessed temperature over the reference temperature 
TRef.
at any point, at a distance, 
X=x/a
and 
T0
is the excessed temperature over the reference temperature at the end, i.e., 
x=a
. The dependence relationship of the modulus of elasticity on temperature for a wide range of engineering materials was introduced by Nowacki [38]:


E(T)=E0(1−γT),
(13)

where 
E0
is Young’s modulus at the 
TRef.=0
, and 
γ
is the slope of variation of 
E
with 
T
. Considering the reference temperature and temperature at 
x=a
, the modulus of elasticity according to Eqs. (12) and (13) is given as:


E(x)=E0(1−αe−exe−1),
(14)

and


α=γT0(0−α<1).
(15)

where 
α
is known as the constant of the temperature.

Most previous studies show that an increase in temperature leads to decreased natural frequencies and vice versa. Also, it was found that these changes rely on temperature range and the properties of the materials, especially the modulus of elasticity.

The section presented some basics of vibrations in beam-like structures considering the effect of temperature changes on mechanical properties. Numerical investigations and validation results pertaining to a cantilever beam and a cantilever simply supported beam under temperature and damage depths changes are reported in the following sections.

3  Numerical Simulations

This section investigates the coupled effect of temperature variations and damage depth on natural frequencies of the carbon steel (ASTM A36) beam. A 3-D FE model has been created using ANSYS, shown in Fig. 2. The specimen used in the numerical simulation has the following geometrical characteristics: length (L), width (B), and height (H). The material properties of the carbon steel (ASTM A36) beam are listed in Table 1. The damage is located at 
xc=0.249m
from the fixed end.
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Figure 2: Geometry of the cantilever beam and damage location
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Two cases are investigated here, intact beams and damaged beams. Two types of beams are studied, a cantilever and cantilever, simply supported beams. All numerical investigations are conducted using ANSYS. The first investigation was conducted under the influence of temperature changes on two intact beams; a cantilever beam and a cantilever simply supported beam. Secondly, damage depth has been introduced in ten levels in addition to the effects of temperature.

3.1 Healthy Beam

This subsection studies the effect of temperature variations on natural frequencies. Both intact beams, cantilever and cantilever simply supported beams, are investigated. Moreover, in order to study the effect of the support type, two kinds of supports are simulated to detect the effect of temperature on the natural frequencies. The first attempt is made to investigate the effect of temperature on both types of intact beams. Modal analysis for beams at temperatures between 0°C and 50°C with a step of 5°C is carried out. The simulation findings are exploited for the frequency analysis made for all studied temperature cases.

3.2 Damaged Beam

As mentioned before, the second attempt is performed to examine the coupled effect of temperature and damage depth on natural frequencies of damaged beams for each temperature in the range between 0°C and 50°C with a step of 5°C. For analyzing the impact of the damage depth, ten depth levels are simulated separately, where the damage is located at a distance 
x=0.249m
from the fixed left end. All damage scenarios have the same width 
w=2mm
and a depth ranging from 
δ=0.35mm
to 
3.5mm
, which means a small loss of masses.

4  Numerical Results

This section summarizes and discusses the important findings of the present work. The first six mode shapes of vibration of the intact cantilever and a cantilever, simply supported beams, are displayed in Fig. 3. The natural frequencies under the effect of temperature for an intact cantilever beam and cantilever simply supported beam are presented in Tables 2 and 3, respectively. The first six natural frequencies of the steel beams are illustrated as a function of temperature in Fig. 4, and it can be found that temperature is an important factor affecting the natural frequencies. The results prove that there is a significant linear negative relationship between temperature changes and natural frequencies.
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Figure 3: The first six mode shapes of vibration of the undamaged steel beams, (a) a cantilever beam, (b) a cantilever, simply supported beam (at 20oC)
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Figure 4: Frequency shifts of the first six bending modes of vibration of the intact cantilever beam (Left side) and the cantilever, simply supported beam (Right side)
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Frequency changes as a function of temperature and damage depth of the first six bending modes for the damaged cantilever and cantilever simply supported beams are presented in Figs. 5 and 6, respectively. The three-dimensional illustrations of natural frequency curves charted for the cantilever beam and cantilever simply supported beam for damage depth between 0.35 mm and 3.5 mm are shown in Figs. 7 and 8, respectively.

Fig. 7 shows that Mode-2 is more susceptible to temperature changes than Modes-5 and 6, where the influence of temperature changes is more significant than the influence of damage depth on the natural frequencies of a cantilever beam. Mode-1 is less affected by temperature changes. Also, Modes-3 and 4 are moderately affected by temperature and damage depth changes. Therefore, Modes-1, 3, and 4 can be selected for damage evaluation. Fig. 8 shows that Modes-1 and 5 are the most affected by temperature changes. Modes-2, 4, and 6 are moderately affected by temperature and the damage depth changes. While Mode-3 is less affected by temperature changes. Therefore, Modes-2, 3, and 6 can be chosen for damage evaluation.

[image: images]

Figure 5: Frequency shifts as a function of temperature and damage depth for the first six bending modes of the damaged cantilever beam
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Figure 6: Frequency shifts as a function of temperature and damage depth for the first six bending modes of the damaged cantilever, simply supported beam
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Figure 7: A 3D representation of the frequency changes of the first six bending modes of the damaged cantilever beam
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Figure 8: A 3D representation of the frequency changes of the first six bending modes of the damaged cantilever, simply supported beam

In Fig. 9, one can see that the highest relative shifts of the damaged cantilever beam are for Mode-1 and moderate for Modes-3 and 4, while Modes-2, 5, and 6 have slight relative frequency shifts. Also, it can be seen that the most significant relative frequency shifts are for the damage depth 3.5 mm for each mode.

[image: images]

Figure 9: Represents the relative frequency shifts (RFS) of a cantilever beam at 20oC

In Fig. 10, it can be found that for the damaged cantilever simply supported beam, the highest relative shifts are for Mode-3 and intermediate values achieved for Modes-2, 4, and 6, while Mode-1 has the smallest relative shift of frequencies. Also, it can be found that the largest relative frequency shifts are for the damage depth 3.5 mm for each mode. So, the appropriate vibration modes should be selected correctly in the damage estimation process.
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Figure 10: Represents the relative frequency shifts (RFS) of a cantilever simply supported beam at 20oC

The relative frequency shifts (RFS) of any vibration mode obtained from the analyses are indicators of damage presence, severity, and location. This is determined using the mathematical expression [35]:

RFSi=fiU−fiDfiU

where 
fiU
represents the frequency of an intact beam for the 
ith
bending mode of vibration and 
fiD
is the frequency of the beam containing the damage.

5  Validation

In this section, two examples have been introduced in order to validate the present work. The first example shows the temperature’s influence on the natural frequencies of intact and damaged steel beams clamped at both ends. The second example presents the influence of damage depth on the natural frequencies of healthy and damaged steel beams fixed at one end.

5.1 Example 1

The validation shown here was based on the numerical investigation of Gillich et al. [35]. They used the SolidWorks simulation software in order to investigate the effect of temperatures on intact and damaged steel beams. In this example, ANSYS finite element software is used.

In order to validate the present work, two cases are considered here; an intact beam and a damaged beam with completely fixed ends. The damaged beam has a transverse crack with a width 
w=1mm
and a depth 
a=4mm
and is located at a distance 
xc=235mm
from the left end. The temperature was in the range of 0°C to 50°C. The thermal and mechanical parameters of the investigated beams are shown in Table 4. Modal analysis was performed to obtain the natural frequencies for the damaged and intact beams. A comparison of the results obtained using SolidWorks in the [35] and the present work using ANSYS to show the relationship between frequencies and temperatures for the first six bending vibration modes are listed in Tables 5 and 6 and displayed in Fig. 11.

One can notice that, for the damaged case, the highest relative shifts are for Mode-3, and there are no relative shifts for Modes-1 and 5. Therefore, the appropriate vibration modes should be selected carefully in the damage evaluation process. The first vibration mode should be excluded at high temperatures, and higher-order vibration modes should be used instead [35].

[image: images]

[image: images]

[image: images]

[image: images]

Figure 11: Relationship between temperature and natural frequencies obtained using SolidWorks in the [35] and the present work using ANSYS of the intact and damaged steel beams under the effect of temperature

5.2 Example 2

This example is based on the experimental work provided by Nedelcu et al. [39] that was conducted in order to detect small changes in frequencies in beam-­like structures. The specimen is a steel cantilever beam with a length (L), width (B), and thickness (H). The dimensions and mechanical parameters of the steel beam utilized in this example are presented in Table 7.

Investigations were performed on an intact beam and damaged beam at four damage depth levels. The natural frequencies of the first five bending modes of vibration found using the work in [39] through experimental work and those obtained using ANSYS and ABAQUS are listed in Table 8 and charted in Fig. 12. The results agree well with those reported by [39], where the maximum error was within 1.5%.
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Figure 12: Represents the natural frequencies evolution curves as a function of damage depth obtained from ANSYS and ABAQUS and compared with results from [39]

The reason for the slight difference in the results between SolidWorks in the [35] and ANSYS is that both programs are designed for different purposes, as SolidWorks is used to create parts and CAD almost more than for analysis. ANSYS is a program designed primarily for the purpose of analysis for a wide variety of finite element applications and is used in the analysis of forces, thermal, vibration, etc. The ANSYS program has the advantage of providing better results for thermal analysis investigations [40]. ANSYS is the solution of elastic mechanics, and SolidWorks is the solution of mechanics of materials. The theory of elasticity interests itself mainly with more mathematical analysis to determine the exact distributions of strain and stress in a loaded body. The mechanics of materials concentrates primarily on the more or less approximate solutions to practical problems. It can be concluded that the difference between these approaches is mainly in the nature of the simplifying assumptions used. More details about this subject can be found in [41].

6  Discussions

This section discusses the effect of temperature changes, damage depth, and boundary conditions on natural frequencies changes in beam-like structures.

First, the modal analysis was performed on intact steel specimens with different boundary conditions using ANSYS software. Modal analysis of the beams was performed at temperatures between 5°C and 50°C, with a step of 5°C. The analysis results show that the natural frequencies decrease with increasing temperature, as shown in Tables 2 and 3 and Fig. 4.

Second, the modal analysis was performed on steel specimens containing open cracks at different depths and under temperatures ranging from 0°C to 50°C with a step of 5°C and different boundary conditions. The results indicate that the changes in temperatures, crack depths, and boundary conditions affect the natural frequencies. This analysis concluded that the effects resulting from temperature changes must be taken into account when evaluating the damage in beam-like structures based on natural frequencies changes. Also, it was found that the change of dynamic features caused by the damage may be less than the change of dynamic properties due to temperature change. Furthermore, the result shows that choosing an appropriate vibration mode is necessary for damage assessment as was observed in the case of the cantilever beam where Modes-1, 3, and 4 are most appropriate, and in the case of the cantilever, simply supported beam the Modes-2, 3 and 6 are also more appropriate to get better results.

Finally, in order to validate the current work, numerical simulations were performed using two examples from the literature to study the effect of crack depth and temperature changes. The validation results confirm that the present work using ANSYS agrees well with that in the literature.

7  Conclusions

Damage detection based on structural dynamics features, such as natural frequencies and mode shapes, is an important research field. In the measurement process, obtaining accurate results for structural dynamics properties is challenging. Operational and environmental conditions such as temperature variations caused by seasonal weather or radiation from sunlight lead to changes in structures’ dynamic characteristics. An interesting observation is that dynamic features change caused by damage may be lower than dynamic properties change due to temperature variations. Also, damage can affect the frequency response. In this study, the coupled effect of the damage depth and temperatures on the natural frequencies of the carbon steel (ASTM A36) beam is assessed numerically. The ANSYS finite element software is used for numerical analysis. Modal analysis is used to analyze natural frequencies obtained from the numerical simulations. In addition, damage signatures at temperatures ranging from 0°C to 50°C have been obtained. The study was also conducted at different damage depths, starting from 0.35 mm to 3.5 mm in ten levels. The numerical results demonstrated that an increase in temperature reduces the structural frequency. The assessment of the influence of damage depth on natural frequency displays that when damage depth is increased, there is a considerable decrease in the natural frequency. It is expected that the decrease in natural frequencies at higher temperatures will be higher.

The study demonstrated that choosing an appropriate vibration mode is necessary for damage assessment. The effect of temperature must be taken into account when measurements are carried out in changing environmental conditions. The relative frequency shifts (RFS) of any vibration mode obtained from investigations can be used to indicate the existence, severity, and location of the damage. The future work is intended to study the effect of temperature on the dynamic characteristics of a beam containing fatigue-breathing crack in beam-like structures. The temperature range can be expanded to provide a better analysis under high temperature conditions. Moreover, the coupled effect of temperature-crack depth can be studied for various materials and the effect of various kinds of practical cracks, i.e., V-, U- and rectangular- shape cracks can be evaluated. Also, the effect of crack geometry, depth, and location on the beam stiffness can be discussed.
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Table 3: The influence of temperatures on the natural frequencies of the intact cantilever, simply supported

beam

Temperature Mode-1 Mode-2 Mode-3 Mode-4 Mode-5 Mode-6
- [Hz] [Hz] [Hz] [Hz] [Hz] [Hz]

0 18.505 59.625 124.264 212.446 324.205 459.578
5 18.450 59.523 124.085 212.162 323.790 459.004
10 18.394 59.420 123.906 211.879 323.375 458.430
15 18.338 59.317 123.726 211.595 322.959 457.855
20 18.282 59.214 123.547 211.311 322.543 457.279
25 18.226 59.111 123.367 211.027 322.127 456.703
30 18.169 59.008 123.187 210.742 321.710 456.126
35 18.112 58.904 123.006 210.457 321.293 455.549
40 18.055 58.800 122.826 210.172 320.875 454.971
45 17.998 58.697 122.645 209.886 320.456 454.392
50 17.940 58.593 122.464 209.601 320.038 453.812
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Table 8: Natural frequencies obtained from the [39] and using ANSYS

Depth Mode-1 Mode-2 Mode-3 Mode-4 Mode-5
() ANSYS Exp. % ANSYS Exp. % ANSYS Exp. % ANSYS Exp. % ANSYS Exp. %
Error Error Error Error Error
[Hz] [Hz] [Hz] [Hz] [Hz] [Hz] [Hz] [Hz] [Hz] [Hz]
0 4.1 404 138 2566 2568 0.08 71.86 72.03 024 140.84 141.56 0.51 232.88 233.77 0.38
0.5 4.09 404 1.16 25.65 2570 022 71.79 72.06 0.38 140.65 141.56 0.65 232.57 233.79 0.53
1 4.08 404 1.01 2564 25.7 021 71.76 72.02 037 14044 14142 0.70 232.26 233.64 0.59
1.5 4.07 403 1.01 2565 2569 0.19 71.7 71.93 0.32 140.11 141.17 0.76 231.78 233.41 0.70
2 4.05 3.99 1.38 25.65 25.68 0.15 7159 71.69 0.13 139.58 14041 0.59 231.04 232.54 0.65
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Table 4: The thermal and mechanical parameters of the steel beam utilized in the [35]

p [kg/m’] E [GPa] v o [1/°C] L [m] B [m] H [m]

7850 200 0.3 1.15 x107° 1 0.05 0.01
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Table 7: Thermal and mechanical parameters of the steel beam utilized in the [39]
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Table 1: The thermal and mechanical parameters of the carbon steel (ASTM A36) beam

p [kg/m’] E [GPa] v o [1/°C] L [m] B [m] H [m]

7880 210 0.3 1.1 x 107 1 0.05 0.005
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Table 6: The natural frequencies of the damaged beam obtained using SolidWorks 1n [35] and the present
work using ANSY'S

Mode-1 Mode-2 Mode-3

Temperature SolidWorks ANSYS Error [%] SolidWorks ANSYS Error [%] SolidWorks ANSYS Error [%]

[°C]

0 70.74 68.61  3.00 169.05 166.62 1.44 308.17 305.37 0.91
10 64.04 61.78  3.52 158.68 156.13 1.61 295.74 293.09 0.90
20 55.96 5398 3.54 147.73 144.82 1.97 283.31 280.26 1.08
30 47.29 44.67  5.53 135.60 13248 2.30 270.08 266.79 1.22
40 36.26 32.54 10.26 122.30 118.78 2.88 255.84 252.61 1.26
50 18.13 9.85 45.68 107.24 103.15 3.81 241.20 250.84 3.99
Mode-4 Mode-5 Mode-6

Temperature SolidWorks ANSYS Error [%] SolidWorks ANSYS Error [%] SolidWorks ANSYS Error [%]
[°C]

0 494.90 49222 0.54 726.80 724.08 0.37 991.68 989.04 0.27
10 482.04 479.12 0.61 712.69 710.54 0.30 977.08 97497 0.22
20 468.16 465.63 0.54 699.49 696.73 0.39 963.22 960.69 0.26
30 454.69 451.73 0.65 685.37 685.43 0.01 948.61 946.20 0.25
40 440.41 437.38 0.69 670.64 683.05 1.85 933.27 93148 0.19
50 425.51 422.54 0.70 655.60 680.65 3.82 918.42 916.52 0.21
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Table 2: The influence of temperatures on the natural frequencies of the mtact cantilever beam

Temperature Mode-1 Mode-2 Mode-3 Mode-4 Mode-5 Mode-6
- [Hz] [Hz] [Hz] [Hz] [Hz] [Hz]

0 4.186 26.230 73.445 143.940 237.994 355.623
5 4.181 26.199 73.358 143.770 237.713 355.204
10 4.176 26.168 73.271 143.599 237.431 354.784
15 4.171 26.137 73.184 143.429 237.150 354.363
20 4.166 26.106 73.097 143.258 236.868 353.942
25 4.161 26.075 73.010 143.088 236.585 353.520
30 4.156 26.044 72.923 142.916 236.302 353.098
35 4.151 26.012 72.835 142.745 236.019 352.675
40 4.146 25.981 72.748 142.574 235.736 352.252
45 4.141 25.950 72.660 142.402 235.452 351.829
50 4.136 25.918 72.573 142.230 235.168 351.404
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Table S: The natural frequencies of the intact beam obtained using SolidWorks in [35] and the present work

using ANSYS

Temperature Mode-1 Mode-2 Mode-3

°C

e SolidWorks ANSYS Error [%] SolidWorks ANSYS Error [%] SolidWorks ANSYS Error [%]
0 70.57 68.82 248 170.42 168.22 1.29 312.16 309.56 0.83

10 63.49 6191 249 160.24 157.70 1.59 300.10 297.36 0.91

20 56.41 54.01 4.26 149.10 146.36 1.84 287.64 284.62 1.04

30 47.37 4456  5.92 137.16 133.99 2.32 274.37 271.27 1.13

40 35.77 32.18 10.03 123.67 120.26 2.76 260.30 257.21 1.19

50 18.08 7.82 56.74 108.80 104.61 3.85 245.63 250.76 2.09
Temperature Mode-4 Mode-5 Mode-6

°C

e SolidWorks ANSYS Error [%] SolidWorks ANSYS Error [%] SolidWorks ANSYS Error [%]
0 497.76 495.11 0.53 727.42 72543 0.27 1001.58 1000.59 0.10

10 484.29 481.97 0.48 712.99 711.72  0.18 986.98 986.48 0.05

20 470.82 468.46 0.50 698.88 697.73 0.16 972.87 972.18 0.07

30 457.14 454.54 0.57 684.76 688.49 0.55 958.52 957.65 0.09

40 442 .86 440.17 0.61 670.03 686.08 2.40 943 .42 942.90 0.05

50 427.96 42531 0.62 655.29 683.67 4.33 928.32 927.92 0.04
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