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Abstract
The response of linear dynamic structures can be decomposed into modal components, where each natural frequency is also represented by a corresponding
mode shape and damping ratio. While vibration-fatigue-damage identification
was recently expanded using modal decomposition, this research proposes a
modal-decomposition-based thermoelastic damage identification method. With
the proposed method, a thermal camera can be used to identify the damage
intensity of a particular mode shape. The proposed method is presented using
a randomly excited structure exposed to multiaxial loads. With this, the intensity of a particular fatigue source is clearly related to the underlying structural
dynamics.
Keywords: thermoelasticity, fatigue damage, modal decomposition,
frequency-domain

1. Introduction
When a flexible structure is excited at or close to one of its natural frequencies, significantly increased fatigue damage occurs [1, 2]. Frequency-domain
fatigue-life estimation methods are mostly preferred to time-domain approaches
for process description and computational efficiency reasons [3]. The damage
assessment is closely related to the structural dynamics, which is generally observed in the frequency-domain [4, 5]. Furthermore, in reality, structures are
generally subjected to random loads, which are usually described in the frequency domain by a power spectral density [6, 7, 5]. Moreover, only a subgroup
of modes generally participates in the structural response for the frequency range
of interest, in this case, modal reduction can be carried out and the efficiency of
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the frequency-based methods is increased [8]. In fact, in the past two decades,
several spectral damage-estimation methods have been developed [3], e.g., Dirlik [9], Gao-Moan [10], Petrucci-Zuccarello [6], Tovo-Benasciutti [4], WirschingLight [11] and Zhao-Baker [12]; Mršnik et al. [3] found that the Tovo-Benasciutti
method with its better theoretical explanation is also more accurate than the
Dirlik method. Moreover, in past few years, numerous frequency-domain-based
multiaxial damage-estimation criteria have been developed [13, 14, 15]. Experimental and numerical research has been conducted by Zhou and Tao [16] and
Benasciutti et al. [17]. Mršnik et al. [18] and Morettini et al. [19] compared
numerical methods and created a multiaxial fatigue parameters database, respectively. Mršnik et al. [20] also proposed the modal decomposition approach
in order to obtain the damage contribution of each participating mode.
In recent years the use of non-contact image-based measurement techniques in
structural dynamics applications has grown. Displacements and deformations
can be measured with cameras operating in the visible spectrum by applying
both digital-image-correlation and computer-vision methods [21, 22]. Furthermore, image-based modal analysis [23, 24, 25] and non-destructive testing algorithms have also been developed [26]. On the other hand, by operating in the
infrared spectrum, thermoelastic stress analysis is one of the most used methods
in order to perform image-based stress measurements [27, 28]. This technique
is based on the thermoelastic effect, which relates, for a dynamically loaded
structure, surface-temperature fluctuations to stress- and strain-tensor changes.
Thermoelasticity has the advantage of being non-contact, full-field and having a
high sensitivity comparable to standard local stress measurement methods (i.e.,
strain gauges). Thermoelastic stress analysis has been widely used for nondestructive testing. Defect identification was researched by Guo and Mao [29],
while Allevi et al. [30] used it for characterising plastic and metallic materials. Thermoelasticity has also been used to determine the stress-intensity factor
and crack propagation, as well as fatigue-limit parameters [31]. In particular,
Qiu et al. in [32] proposed laser-spot thermography for a quantitative estimation of surface cracks and Li et al. [33] researched the damage characteristics of
carbon-fiber laminates. An increasing temperature in the time domain during
an excitation load has been considered by Fargione et al. [34] as a fatigue-damage
indicator [35]. On the other hand, frequency-domain methods have been proposed by Stankovičová et al. [36] and Braccesi et al. [37] in order to perform a
modal analysis via a lock-in approach and to obtain a damage estimation with
an IR camera, respectively. Previous research showed that a thermoelasticitybased spatial damage intensity evaluation is possible [36]; however, the relation
of the identified damage was not decomposed to particular mode shapes of the
dynamic structure.
In this research thermoelasticity-based damage identification is investigated
with respect to the underlying structural dynamics, i.e., to particular mode
shapes. This manuscript is organized as follows. In Sec. 2 the theoretical
background is given on thermoelasticity, thermal image processing, vibration
fatigue and thermoelasticity-based damage intensity. Sec. 3 introduces the
thermoelasticity-based modal damage identification. In Sec. 4 the measurement
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setup and the results of the experimental research are presented and discussed.
Finally, Sec. 5 draws the conclusions.
2. Theoretical background
2.1. Thermoelasticity
Thermoelasticity, also known as Thermoelastic Stress Analysis (TSA), is a fullfield non-contact measurement technique based on the thermoelastic effect [27,
28]. According to this effect, if a structure is cyclically excited, its surfacetemperature response variations are proportional to the change in the stress- and
strain-tensor traces [38]. The theoretical foundation of thermoelasticity arises
from both thermodynamics and continuum mechanics laws [39]. For a closed
system undergoing a reversible process, from the first law of thermodynamics,
considering an elastic solid and introducing the Gibbs free energy relations, the
following relation is obtained [40]:
dT
∂ ij
dq
= ρ Cσ
+
dσij ,
T
T
∂T

(1)

where q is the heat transfer from the surroundings to the system, ρ is the material density, Cσ is the specific heat at constant stress (i.e., pressure), T is the
temperature and ij and σij are the components of the strain and stress tensors, respectively [41]. Considering an adiabatic process, dq = 0, and isotropic
material, ∂ij /∂T = α δij , where α is the thermal expansion coefficient and δij
is the Kronecker delta, Eq. (1) is simplified to:
ρ Cσ


dT
= −α δij dσij = −α dσx + dσy + dσz
T

(2)

where σx , σy and σz are the principal stresses.
Integrating Eq. (2) between the equilibrium states, the following is obtained:
ρ Cσ


∆T
= −α ∆σx + ∆σy + ∆σz
T0

(3)

where ∆T is the temperature variation at the surface of the body and T0 is the
ambient temperature. Under plane-stress isotropy (i.e., ∆σz = 0), the simplified
formulation of thermoelasticity is [28]:

∆T = Km ∆σx + ∆σy ,

(4)

where Km is the thermoelastic coefficient [41]:
Km = −

3

α T0
.
ρ Cσ

(5)

2.2. Thermal image processing
In general, the temperature variation caused by the thermoelastic effect is within
the noise produced by the infrared detector. Thus, thermal acquisitions are necessarily post processed in order to obtain readable results [42]. A two-channel
lock-in analysis is one of the most used techniques [43]; however, here a slightly
generalized frequency-domain approach is used [44, 45]. In vibrating structures
frequency-domain methods are reasonable and have been shown to enable displacement identification within the noise of the sensor; e.g. Javh et al. [23]
successfully identified the amplitudes of oscillation at the level of 1/100,000th
of a pixel. The frequency-domain approach is typically based on the Discrete
Fourier Transform (DFT) [46] or the Power Spectral Density (PSD); DFT is for
the N -points time series X defined as:
X(ω) =

N
−1
X
n=0



nω
Xn exp −i
N


,

(6)

while the PSD is typically estimated using Welch’s method [47, 48, 49]:
Sxx (ω) =

q
1X 1
2
XTwu (ω) .
q u=1 Tw

(7)

In Eq. (7) the time-domain data X is considered for length T , segmented in q
windows, each of length Tw . In this research a rectangular window was used.
2.3. Vibration fatigue using modal decomposition
Vibration fatigue is generally related to the high-cycle fatigue of flexible structures [1]. Flexible structures can be represented by N -degrees of freedom
(DOFs) systems using [50]:
M ẍ(t) + D ẋ(t) + K x(t) = f (t)

(8)

where M , D and K are the mass, damping and stiffness matrices, while f
and x are the excitation force and the displacements of the DOFs, respectively.
Assuming a harmonic excitation f (t) = F eiωt and a response x(t) = X eiωt ,
Eq. (8) can be written as [50]:
(K + ω D − ω 2 M ) X(ω) = F (ω)

(9)

The displacement-response amplitude is given by Eq.(9) as:
X(ω) = (K + ω D − ω 2 M )−1 F (ω) = H(ω) F (ω)

(10)

where H(ω) defines the receptance matrix [50]. Using eigenvalues notation, the
receptance matrix can be written in diagonal form [50]:
H(ω) = Φ [ωr2 (1 + ηr ) − ω 2 ]−1 ΦT
4

(11)

where Φ is the mass-normalized matrix, r is the eigenvalue/mode index, ωr and
ηr are the natural frequency and the damping-loss factor, respectively. The
solution X(ω) is given in terms of displacements, while for a fatigue-damage
assessment the stress response Xs (ω) is required [20, 51]:
Xs (ω) = Φs [ωr2 (1 + ηr ) − ω 2 ]−1 ΦT F (ω) = Hsf (ω) F (ω)

(12)

where Φs is the stress modal matrix, and Hsf (ω) is the frequency-response
function (FRF) from force to stress. The FRF for a system with N -modes is
defined as [20, 50]:
Hsf (ω) =

N
X

r
Hsf
(ω) =

r=1

N
X
r=1

Asr
ωr2 − ω 2 + iηr ωr2

(13)

r
where Hsf
(ω) is the r-th modal stress FRF and Asr is the stress modal constant
matrix [52, 53].
Continuous systems have theoretically an infinite number of DOFs N , but typically only a small subset m of those modes (i.e. number of DOF) is within
the frequency range of interest. In this case, modal reduction methods can
be applied and the contribution of other (usually high-frequency) modes is neglected [54]. The FRF is defined for the reduced system from Eq. (13) as [20]:

H̃sf (ω) =

m<N
X

r
Hsf
(ω)

(14)

r=1

If the reduced modes can be considered as well separated, then the modal stress
PSD can be approximated to [20]:
S̃ss (ω) =

m<N
X
r=1

r
S̃ss
(ω)

=

m<N
X

r
r∗T
Hsf
(ω) · Sf f (ω) · Hsf
(ω)

(15)

r=1

r
where Sf f is the power spectral density of the excitation and S̃ss
(ω) is the stress
PSD contribution of the r-th mode.
Fatigue-damage-evaluation time-domain approaches typically refer to PalmgrenMiner’s rule [55]:
X ni
D=
(16)
Ni
i

where D is the total fatigue damage, and ni and Ni are the number of cycles
and the number of cycles to failure at a particular stress amplitude, respectively.
They are defined by the Wöhler diagram of the material, described by Basquin’s
equation [56]:
1
σ = BN − k
(17)
where B and k are the fatigue strength and the fatigue exponent related to the
endurance curve. Of the numerous methods developed in recent years [3], that of
Benasciutti and Tovo [4, 8] is one of the most promising [3]. The fatigue damage
5

using the Benasciutti and Tovo method is calculated as a linear combination of
the upper and lower fatigue-intensity limits, as follows [4]:
h
i
D̄T B = b + (1 − b) α2k−1 D̄N B
(18)
where b is the numerical determined factor, α1 and α2 are the spectral width
parameters and D̄N B is the narrow-band process damage intensity, defined,
respectively, by:

2.11 α2
(α1 − α2 ) 1.112 1 + α1 α2 − (α1 + α2 )
+ (α1 − α2 )
(19)
b=
2
(α2 − 1)
m2
m0 m4

√
k 
k
−1
= νp C α2
2 m0 Γ 1 +
2

α1 = √
D̄N B

m1
m0 m2

α2 = √

(20)
(21)

where νp is the peak intensity for broad-band processes, C is the material
fatigue parameter and Γ is the Euler gamma function, while m0 , m1 , m2 and
m4 are the 0-th, 1-st, 2-nd and 4-th spectral moments, respectively [57]:
r
1
m4
νp =
(22)
2 π m2
C = Bk

(23)

∞

Z

tz−1 e−t dt

(24)

ω i S̃ss (ω) dω

(25)

Γ(z) =
0

Z

∞

mi =
−∞

2.4. Thermoelasticity-based damage identification
For an elastic solid, under adiabatic conditions, the relationship between the
changes in the surface temperature ∆T and in the stress-tensor trace ∆(tr(σ))
is linear, Eq. (3) and Eq. (4). The proportionality between ∆T and ∆(tr(σ)) is
given by the thermoelastic coefficient Km (5), see [58] for experimental details.
The stress–strain relationship given by the linear elasticity [59] is defined as:
∆σx + ∆σy =


E
∆x + ∆y
1−ν

(26)

where ν and E are the Poisson’s ratio and the Young’s modulus of the material,
respectively. The approach used in this research relates the measured strain
amplitude ∆x + ∆y to the thermoelastic signal amplitude ∆Tavg , averaged
over the region where the strain gauge is bonded. As will be discussed in Sec. 4,
6

a uniaxial strain load at the surface was used for the calibration of Km . Under
uniaxial conditions, Eq. (4) and Eq. (26) result in:
Km =

∆Tavg (1 − ν)
E ∆

(27)

Once the thermoelastic coefficient Km is identified, the principal stress ∆σ(t)
(assuming the other two principal stresses are negligible) at the surface can be
identified from the temperature variation ∆T (t):
∆σi,j (t) =

∆Ti,j (t)
Km

(28)

where i and j are the indexes that identify the location of the pixels in the
infrared detector matrix (not to be confused with the ij indexes of the stressand strain-tensor components σij and ij in Eq. (1) and Eq. (2)). Later, the
modal strain at the surface will be researched, where the principal stress perpendicular to the surface is zero; similarly, the second principal stress is also zero
when a particular strain mode-shape is considered (due to the orthogonality
property) [50].
Once the stress–temperature relation in the time-domain is defined, the frequency approaches discussed in Sec. 2 can be used. Welch’s method is applied
along each pixel’s stress time-history to estimate the power spectral density of
the stress response of the vibrating structure. Thus, combining Eq. (7) and
Eq. (28), the entire stress PSD response of the i,j -th pixel Sssi,j (ω) is given by:
Sssi,j (ω) =

q
1X 1
∆σTwui,j (ω)
q u=1 Tw

2

(29)

As discussed in Sec. 2, once the entire stress PSD response is obtained, the spectral moments can be computed using Eq. (25), and the fatigue-damage intensity
is estimated with classic methods. In this research Tovo-Benasciutti’s [60] is
used. With Eq. (18), the damage intensity D̄T Bi,j is obtained for each pixel:

D̄T Bi,j = D̄T B Sssi,j (ω), C, k
(30)
This approach gives information about the total damage that occurred at the
surface of the structure. It is important to note here that for the damage
identification of a particular mode, separate experiments would be required:
one experiment for each mode.
3. Thermoelasticity-based modal damage identification
This study proposes a method to decompose the total damage and obtain the
damage contribution given by each particular mode from a single experiment.
As discussed in Sec. 2, the stress PSD response S̃ssi,j (ω) is represented as the
r
sum of the stress PSD responses S̃ss
(ω) of a particular mode (15). The mode
i,j
7

shapes are orthogonal [50] and, if also well separated, the stress PSD response
r
S̃ss
(ω) of each mode can be used to determine the damage intensity of a
i,j
particular mode [20]. If a particular mode is researched, then the amplitudes
of the response far from the natural frequency corresponding to this particular mode are negligible. Consequently, this modal response can be considered
as a narrow-band process. The stress amplitude is obtained from the stressamplitude spectrum ∆σi,j (ωr ), which is based on the Fourier transform of the
stress-time histories ∆σi,j (t). The load of this particular mode is harmonic,
defined with its natural frequency ωr .
For the mode r the narrow-band damage at the pixel i, j is defined using
Palmgren-Miner’s rule:
nr
,
(31)
D̄ri,j =
Nσi,j
where nr is the number of cycles per second related to the natural frequency of
the mode:
ωr
nr =
.
(32)
2π
Nσi,j is the number of cycles to failure at a particular stress amplitude σi,j , as
defined by Eq. (17):
!k
B
.
(33)
Nσi,j =
∆σi,j (ωr )
Combining Eq. (31), Eq. (32) and Eq. (33), the modal damage Dri,j is defined
as:

k
∆σi,j (ωr )
D̄ri,j = nr
,
(34)
B
where the stress-amplitude spectrum ∆σi,j (ωr ) is defined as (28):
∆σi,j (ωr ) = F

n ∆T (t) o
i,j
Km

(35)

and ∆Ti,j (t) is the measured temperature variation at the pixel location i, j and
F is the Fourier transform operator.
4. Experimental research
4.1. Measurement setup
In this research an aluminium-alloy Y-shaped specimen, shown in Fig. 1, was
used [61]. In particular, this sample geometry was chosen due to its structural
dynamics properties. In fact, by using two weights (each of 1054 g) fixed to
each of the branches, the structural dynamics (i.e., the mode shapes, natural
frequencies and damping) were adjusted to the research needs. A similar multiaxial setup to that employed in [18] was used. The surface of the specimen
was milled and fine ground. Then, a thin flat black coating was added to the
surface, in order to obtain a uniform and enhanced surface emissivity [62, 63].
8
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Strain
gauge

Reference
accelerometer

Figure 1: Y-shaped specimen with installed sensors

A multiaxial excitation test bench was set up using LDS V555 and LDS V406
electro-dynamical shakers, acting in the vertical and horizontal directions, respectively (Fig. 2). In particular, the V555 shaker was used as the primary
shaker, which had its kinematics controlled by a closed-loop controller, while
the second V406 shaker was used for dynamic excitation in the open loop. The
V406 shaker was connected to the fixation between the Y-shaped sample and
the V555 shaker using a stinger, as shown in Fig. 2, in order to have the optical
access required for the thermal camera measurement and also enough space on
the back side for the reference strain-gauge calibration procedure. The measurement setup also consists of a PCB T333B30 accelerometer and a PCB 208C01
force sensor used for monitoring the vertical and horizontal excitations, respectively. A triaxial Dytran 3133B1 accelerometer was installed on the specimen to
measure its response and a HBM 1-LY13-6/350 strain gauge was attached and
used for the calibration procedure, Fig. 1. The input signals were provided to
the shakers through a NI-9263 DAC module and the measurements were made
with the NI-9234 and NI-9237 ADC modules. During the test, the specimen’s
surface-temperature fluctuations were measured with a FLIR A6751sc cooled
thermal camera, operating at a 400-Hz sampling rate and a spatial resolution
of 128x160 pixels, focused on the critical fatigue area.
4.2. Thermoelastic coefficient identification
As discussed in Sec. 2, the strain gauge calibration procedure was performed
in order to define the thermoelastic coefficient of the A-S8U3 aluminium alloy.
The procedure involved a specimen made as the same material of the Y-shaped
9
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Figure 2: Measurement setup

sample, the same test environment and similar load conditions as the vibrationfatigue experiments. A strain gauge was attached to an area with a high signalto-noise ratio (S/N) and a low strain gradient, see Fig. 1. The calibration
specimen was harmonically loaded at 40 Hz and its surface’s thermal response
was measured [64]. The procedure was carried out on two different samples. A
total of 32 measurements at different strain-amplitude levels (range of 1–10 µ)
were obtained and then averaged to:
◦ 
C
−8
Km = 1.2 · 10 ± 15%
(36)
Pa
4.3. Multiaxial excitation
The experimental modal analysis was initially made in order to obtain the entire
FRF of the structure. The 1st and 2nd natural frequencies were determined as
well separated at f1 ≈ 33 Hz and f2 ≈ 55 Hz, and the corresponding orthogonal
mode shapes were considered. For the excitation, two flat-shaped PSD functions were defined: for the horizontal excitation the frequency band was from
23 Hz to 43 Hz and for the vertical excitation, the frequency band was from
10

45 Hz to 65 Hz. A total of 16 vibration tests at different RMS levels in the
horizontal and vertical directions were made, see Tab. 1. In detail: initially,
the horizontal excitation was at 4 [N2 /Hz] and the vertical was increased from
0.2 [(m/s2 )2 /Hz] to 0.8 [(m/s2 )2 /Hz] as given in the Tab. 1. Then the horizontal
level was increased to level 8 [N2 /Hz] and again the vertical excitation level was
increased as before. Similarly for horizontal levels of 12 [N2 /Hz] and 16 [N2 /Hz],
resulting in a total of 16 experiments.
Table 1: Experimental excitation levels

Vertical excitation [(m/s2 )2 /Hz]
Horizontal excitation [N2 /Hz]

0.2
4

PSD level
0.4 0.6 0.8
8
12 16

During the several preliminary experiments performed in order to define the
load excitation RMS levels, 4 samples were broken due to the fatigue damage.
Then, in the final experiments, 1 fresh sample of the same batch was used. In
fact, from preliminary tests and from previous research [61, 65], the vibration
fatigue damage, under the loads defined in Tab. 1 and the duration discussed
later in this article, can be considered negligible.
The 1st natural frequency is primarily excited in the horizontal direction and
the 2nd natural frequency in the vertical direction, respectively. As the number
of experiments is relatively high, special attention will be given to four experimental setups, which we denote with the level to which a particular mode is
excited:
• low 1st mode - low 2nd mode: horizontal excitation 4 [N2 /Hz], vertical
excitation 0.2 [(m/s2 )2 /Hz]
• low 1st mode - high 2nd mode: horizontal excitation 4 [N2 /Hz], vertical
excitation 0.8 [(m/s2 )2 /Hz]
• high 1st mode - low 2nd mode: horizontal excitation 16 [N2 /Hz], vertical
excitation 0.2 [(m/s2 )2 /Hz]
• high 1st mode - high 2nd mode: horizontal excitation 16 [N2 /Hz], vertical
excitation 0.8 [(m/s2 )2 /Hz]
The duration of each experiment was 20 seconds. This was defined considering
the required frequency resolution and the level of noise. In fact, by using the
Welch method on a 20-s-long signal with 4096 points per segment, 50% overlapping (i.e., 2048 points) and the Dirichlet window, the frequency resolution
400/4096=0.09765625 Hz was achieved and the noise was significantly reduced.
The stress-amplitude spectrum of the four load combinations outlined above
is shown in Fig. 3. The spectrum was obtained using the thermal information, combined with the thermoelastic coefficient Km , as discussed in Sec. 2
and Sec. 3. The stress amplitude was evaluated separately at two particular
locations, which correspond to the 1st and 2nd mode damage locations. In each
11

Stress amplitude [MPa]

amplitude spectrum, two peaks (i.e., at f1 = 33 Hz and f2 = 55 Hz) due to the
direct and the cross axis excitation can be observed. However, the significantly
higher peak is the one that, at the particular location, corresponds to the particular mode shape. The stress-amplitude spectrum close to zero frequencies is
a methodological error and corresponds to the static surface temperature.

a)

1st mode location
2nd mode location

101

c)
Stress amplitude [MPa]

b)

d)

101

0

20

40
60
80
100
0
20
40
60
80
100
Frequency [Hz]
Frequency [Hz]
Figure 3: Stress amplitude spectrum at 1st and 2nd mode damage locations: a) low 1st mode
- low 2nd mode; b) low 1st mode - high 2nd mode; c) high 1st mode - low 2nd mode; d) high
1st mode - high 2nd mode.

As discussed in Sec. 2, thermal information was used to compute the spectral
moments mi using Eq. (25). Then, the damage intensity D̄T Bi,j was obtained
through Tovo-Benasciutti’s method using Eq. (30); this research used the fatigue
parameters [66]:
k = 6.51 B = 800.26 [MPa]
(37)
Spatial representations of the damage intensities D̄T Bi,j , relative to the four experimental setups of interest presented above, are shown in Fig. 4. The damage
intensity of Figs. 4 a), b) and c) was magnified to obtain more readable and
comparable results.
The maximum values of the damage intensity, considering the entire thermal
camera’s field of view, are shown in Fig. 5 for all 16 experiments. The results at
high levels of excitation directions are not consistent with our expectation; the
highest damage intensity should be at the high excitation level for both natural frequencies in focus. The reason for this inconsistency can be attributed to
the relatively high level of the noise in the thermal camera measurement. This
noise propagates in the damage-intensity-identification method to the spectral
12

a)

b)

1500x

3x

1.0e-19

c)

d)

50x

1x

5.0e-20

Damage intensity

7.5e-20

2.6e-20

1.0e-21
Figure 4: Estimated damage intensity in the spatial domain via Tovo-Benasciutti’s method: a)
low 1st mode - low 2nd mode, magnified 1500x; b) low 1st mode - high 2nd mode, magnified
3x; c) high 1st mode - low 2nd mode, magnified 50x; d) high 1st mode - high 2nd mode
vertical.

moments’ identification mi (25). Outside of the natural frequencies, the spectral
moments rely on relatively uncertain data, resulting in a potentially uncertain
damage intensity. It is important to stress here that this uncertainty is expected to impact all the damage identification methods that rely on spectral
moments (not only the one discussed here). As will be shown in the following,
the modal-damage-intensity method, introduced in this research, is resistant to
this uncertainty.
4.3.1. Thermoelasticity-based modal damage identification
As presented in Sec. 3, the fatigue-damage contribution D̄ri,j can be evaluated for each mode shape separately with Eq. (34). Spatial representations of
the damage-intensity contribution of the 1st mode shape D̄1i,j for the selected
experiments are presented in Fig. 6. For an easier comparison between the different methods and different experiments, the same scale as in Fig. 4 is used
and the damage intensity is magnified. The numerical results of the max(D̄1i,j )
for every combination test are presented in detail in Fig. 7.
Analogously, the fatigue-damage intensity D̄2i,j at the 2nd mode shape are
presented in Figs. 8 and 9.
The modal damage intensities as presented in Figs. 6-9 are consistent with
expectations. A high level of excitation always results in a higher level of damage
intensity. As the excitation in the horizontal and vertical directions are slightly
13

Vertical excitation PSD [(m/s2 )2 /Hz]
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0.6
0.8

1e-21

4
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81.70

44.00
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400
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837.00
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Damage intensity

Horizontal excitation PSD [N2 /Hz]

800

200
16

3.32

24.10

61.60

158.00

Figure 5: Estimated maximum damage intensity via Tovo-Benasciutti’s method

coupled, we observe a slight increase in the damage intensity of the 2nd mode
also when the excitation related to the 1st mode is increased, and vice versa.
The contribution of both mode shapes D̄1i,j + D̄2i,j is shown in Figs. 10, 11.
As the modal damage identification relies on the information at resonance, the
method is not impacted by the uncertainty observed in the spectral moments
method.
5. Conclusions
This study researches the vibration-fatigue estimation on a flexible structure
using thermal information. Time- and frequency-domain-based approaches are
used to estimate the damage intensity. While the established spectral methods
for the damage-intensity identification give good results with high-dynamicrange sensors (e.g, piezo accelerometers), these methods have a relatively large
uncertainty with relatively small-dynamic-range sensors such as a thermal camera. Furthermore, the spatial information from a thermal camera can be used
to obtain spatial damage-intensity information. Based on the recently presented
modal-damage-decomposition approach, this research introduces a modal-damageintensity identification based on the thermoelastic principle. Due to the fact
that the modal-damage-intensity method relies on the modal information at the
natural frequency, the uncertainty is reduced, if compared to classic spectral
methods. More importantly, the damage intensity can be decomposed to particular mode shapes. With the modal damage information, the source of the
14
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Figure 6: Estimated modal damage intensity D̄1i,j in the spatial domain caused by the 1st
mode shape: a) low 1st mode - low 2nd mode, magnified 60000x; b) low 1st mode - high 2nd
mode, magnified 60000x; c) high 1st mode - low 2nd mode, magnified 500x; d) high 1st mode
- high 2nd mode, magnified 1000x.

damage is clearly revealed.
Experimental research using an aluminum alloy Y-shaped specimen under multiaxial excitation is presented. A total of 16 different excitation setups, resulting in different levels of modal damage, were researched. The modal-damageidentification method was compared with the established spectral methods.
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Figure 9: Estimated maximum damage intensity D̄2i,j caused by the 2nd mode shape
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