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Abstract
Temperature has significant effects on modal parameters of a structure. However, it is difficult to do a full-field dynamic
measurement and identify modal parameters of the structure under high temperature and working conditions. In this work,
three-dimensional digital image correlation combined with Bayesian operational modal analysis is used to yield a full-field
non-contact thermal modal testing technique under ambient excitation. Thermal modal verification experiments are carried out
on a titanium plate with free boundary conditions under ambient excitation by a low-cost high-temperature dynamic measure-
ment system. Natural frequencies and mode shapes of the plate under different average high temperatures are studied in detail.
From the experimental process, it is believed that the thermal modal testing technique proposed in this work is an effective
alternative testing technique to traditional contact testing techniques, and after some improvements, one can achieve thermal
modal analysis of a structure under high temperature and working conditions.

Keywords Thermal modal identification . Dynamic measurement . Ambient excitation . Digital image correlation . Bayesian
operational modal analysis

Introduction

Modal analysis is one of the most important experimental tech-
niques to obtain dynamic characteristics of a structure. Thermal
modal experimental and analytical techniques under high tem-
perature are of great significance for high-temperature resistant
structures in aerospace and nuclear industries. A traditional con-
tact method usually uses experimental modal analysis (EMA) to
achieve identification of modal parameters of a structure under
high temperature by use of high-temperature resistant accelerom-
eters [1, 2]. However, the effect of additional masses of acceler-
ometers makes the contact experimental method difficult to sat-
isfy requirements for small structures or structures made of light-
weight materials under high temperature. It is also difficult for
such a contact method to obtain full-field three-dimensional (3D)
mode shapes of a structure with a complex surface. A laser

Doppler vibrometer (LDV) has been widely used in aerospace
engineering and other fields due to its non-contact feature, high
accuracy andwide range ofmeasurement frequencies. Especially
in recent years, a continuous scanning laser Doppler vibration
measurement technology can achieve efficient measurement of
operational deflection shapes of a structure through continuous
movement of a laser on its surface [3, 4]. With use of a LDV and
an impact series excitation approach, structural modal measure-
ments in thermal environments were achieved [5]. However, it is
usually necessary to provide single-frequency excitation or
mixed-frequency excitation in an experiment for obtaining mode
shapes of a structure. It is also difficult to use a LDV on a
structure with a large vibration amplitude.

Digital image correlation (DIC) is a full-field, noncontact
and remote sensing method in experimental mechanics. Two-
dimensional (2D) DIC (2D-DIC) originally developed in the
early 1980s needs a series of images of a specimen before and
after deformation of a structure [6]. In order to satisfy require-
ments of 3D deformation measurement on the surface of a
structure, Luo et al. [7] proposed a new 3D-DIC method,
which has been widely used to measure displacements, stress-
es and strains of structures in experimental mechanics due to
its full-field, noncontact and remote sensing characteristics [8,
9]. Extensive experimental studies using 3D-DIC have been
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conducted on static displacements and mechanical character-
istics of materials under high temperature [10–14]. With ad-
vancement of the performance of high-speed cameras and
improvement of the capability of computers, 3D-DIC com-
bined with operational modal analysis (OMA) or EMA is used
to identify modal parameters of a structure [15, 16]. However,
3D-DIC has some limitations for modal analysis due to limi-
tations of cameras, such as a low sampling rate and short
recording-data length. Bayesian OMA (BOMA) is well suited
to do modal analysis to overcome these difficulties. BOMA
adopts a Bayesian system identification approach for OMA.
Such a method values the traditional fast Fourier transform
(FFT) theory as a core and views modal identification as an
inference problem in which probability is used as a measure of
relative plausibility of outcomes given a model of a structure
and measured data central to Bayesian theorem [17]. In par-
ticular, the BOMA method is capable of extracting all the
information from ambient excitation history data through its
posterior statistics and its description method by probability
logic better satisfies properties of modal parameters of a struc-
ture under ambient excitation. Moreover, it is much more
convenient to use BOMA than EMA and conventional
OMA due to the following reasons: (1) BOMA can extract
modal parameters based only on response measurement and
can process response time histories at all measured degrees of
freedom (DOFs) of a structure. Only one set of response his-
tories is required [17]. (2) BOMA can directly use noisy mea-
surement without any difficulty and overcome challenges of

noisy measurement data and short-length recording data [18,
19]. (3) It obtains not only optimal values of modal parame-
ters, but also uncertainties and signal-to-noise ratios that can
be used to evaluate analysis results [19, 20]. Based on the
above advantages, Hu et al. [21, 22] presented a novel dynam-
ic modal analysis method that combined 3D-DIC and BOMA.
By use of this method, advantages of 3D-DIC and BOMA are
integrated, and one can obtain modal parameters of a mem-
brane under ambient excitation and only output vibration of
the membrane needs to be measured under ambient excitation.

In a high-temperature environment, the temperature causes
changes in physical properties of materials and generate
stresses in structures due to factors such as their initial geo-
metrical imperfections, changes in constraints and nonuni-
form heating on a structure, thereby possibly impacting stiff-
nesses and vibration characteristics of the structures. Related
dynamic experimental studies that ignore influences of the
temperature would bring unpredictable consequences. Many
researchers used contact or noncontact testing techniques to
identify thermal modal parameters [1, 2, 5]. However, due to
influence of a high-temperature environment, development of
a thermal modal testing technique under working conditions is
still a challenging research area. Main difficulties lie in the
following aspects: (1) How to apply dynamic loads on a struc-
ture under high temperature? Themodal identification method
based on impact loads is not suitable for identifying modal
parameters of the structure under high temperature. (2) How
to create high temperature-resistant speckles and verify that

Fig. 1 Flow chart of BOMA
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the method is effective? (3) How to provide a stable
temperature field by a low-cost, easily implementable
heating method?

In this work, in order to obtain a stable temperature field, a
traditional electromagnetic induction heating method has been
improved, which can also be used to heat materials that are not
sensitive to electromagnetic induction heating. A noncontact
testing technique combined 3D-DIC and BOMA is used to
achieve identification of thermal modal parameters of a rect-
angular titanium plate with a small geometrical imperfection
and free boundary conditions under different high tempera-
tures and arbitrary excitation. From experimental results, one
can find that natural frequencies of the plate with the small
geometrical imperfection do not decrease with the

temperature. Natural frequencies of the plate first increase
and then decrease with the temperature.

Theory

It is difficult to obtain modal parameters of a structure under
high temperature due to effects of the temperature and work-
ing conditions. A 3D-DIC full-field dynamic measurement
method combined with the BOMA method has great advan-
tages in identification of thermal modal parameters of a struc-
ture under high temperature because such a method only re-
quires one set of response time histories under arbitrary exci-
tation, and only output vibration of a structure needs to be
measured. Using such a non-contact method, one can obtain
more vibration data compared with the traditional pointwise
measurement method, and achieve full-field dynamic dis-
placement measurement of a structure with complex surfaces.

3D-DIC combines a stereo-vision technique, the triangula-
tion method, and DIC. The surface of a measured structure
requires a random speckle pattern on it. By selecting one of
the images in the series as a reference image and dividing it
into subsets, a correlation algorithm is used on each subset to
identify corresponding subsets in all other images of the se-
ries. The corresponding subsets are matched by finding peaks
of the cross-correlation function or any other correlation met-
ric. The displacement vector is defined by the reference subset
and its matched subset in another image so that the displace-
ment distribution map is obtained. During experiments, the
surface of a specimen requires a random speckle pattern on
it. However, in a high temperature environment, paint parti-
cles tend to peel off or burn off. In order to resolve this prob-
lem, a laser engraving technology in [11] is used in dynamic
experiments in this work. Its most important features are that
the size, density, depth and distribution of speckles can be
controlled to obtain displacements with high precision, and
created speckles can sustain temperatures as high as the melt-
ing temperature of the structure.

BOMA directly uses calculated FFTs of measured data
without the need of smoothing or averaging the data [19].

Fig. 2 Dynamic measurement system: ① shaker, ② displacement
control platform,③ high temperature-resistant insulation cottons,④ cop-
per wires, ⑤ lighting system, ⑥ electromagnetic induction heating de-
vice, ⑦ titanium plate, ⑧ iron plate, and ⑨ digital image acquisition
system

(a)                        (b)

Fig. 3 (a) Back of the
electromagnetic induction heating
device: ① electromagnetic
induction heating device, ②
electromagnetic coil, and ③

electrical control cabinet; and (b)
the thermal imager
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One fundamental difference between Bayesian formulation
and conventional approaches that has been pointed out by
Au et al. [19] is that there are no stochastic averaging and no
decision on what average number to use. The analysis process
of BOMA is introduced as follows [19, 20]: (1) one obtains
measured response data D = {bx j∈ℝn: j = 1, …, n} of a struc-
ture, such as displacements and accelerations. (2) The FFT is
performed on the measured data and an augmented vector

{Zk} = [FT
k , G

T
k ]T∈ℝ2n that contains real and imaginary parts

of the FFT results Fk can be defined, where FT
k and GT

k are
real and imaginary parts of Fk, respectively. (3) An appropri-
ate frequency bandwidth near a resonant frequency is selected
from power spectral density (PSD) results. (4) A negative log
likelihood function L(θ) can be obtained as an objective opti-
mization function, where θ are modal parameters of a struc-
ture, including natural frequencies fi, modal damping ratios ζi,
mode shapesΦi, PSDs of modal forces Si, PSDs of prediction
errors Sei, and signal-to-noise ratios γi, where the subscript i
denotes parameters with respect to the i-th mode of a structure.
(5) Minimizing L(θ), one can obtain the most probable value
(MPV) of the modal parameters θ. The flow chart of BOMA
is shown in Fig. 1.

Method

High-Temperature Dynamic Measurement System

In order to satisfy requirements of the non-contact dynamic
measurement method in a high temperature environment, a
low-cost universal dynamic measurement system is designed,
as shown in Fig. 2. It consists of five subsystems: (1) an

electromagnetic induction heating device, which mainly in-
cludes an electrical control cabinet and an electromagnetic
coil, as shown in Fig. 3(a). (2) An iron plate is located at about
30 mm away from the surface of the electromagnetic induc-
tion heating device. (3) There is a lighting system with multi-
ple white light-emitting-diode illuminators. (4) A displace-
ment control platform can be moved by a stepper motor on
it to achieve precise control of the displacement of a measured
structure, and the measured structure can be hung on it. (5)
There is a digital image acquisition system with two symmet-
rically placed high-speed cameras with the model Phontron
FASTCAM Mini UX50 and two 28 mm/2.8D lens.
Traditional electromagnetic induction heating has a fast
heating speed; however, it is difficult to control the heating
temperature and make the temperature field of the structure
stable. In order to resolve this limitation, a composite heating
method by combining electromagnetic induction heating and
radiant heating is proposed. Such a method can be used to heat
materials that are not sensitive to electromagnetic induction
heating. The heating process is as follows: (1) the electromag-
netic induction heating device is used to heat the iron plate; (2)
by use of radiant heating of the iron plate, the titanium plate is
subjected to a stable temperature field, where the distance
between the iron plate and titanium plate is about 3 mm; and
(3) temperature control can be achieved by controlling the
output power of the electromagnetic induction heating device.
Note that high temperature-resistant insulation cottons with
the thickness 30 mm are used to fill the gap between the iron
plate and electromagnetic induction heating device and pro-
tect the surface of the electromagnetic induction heating de-
vice, and a thermal imager of the model FLUKE Ti55FT is

Table 1 Technical parameters of
the laser engraving system Output power Galvo scanning velocity Engraved range Power stability

20 W 7000 mm/s 100 mm×100 mm 1.2%

Fig. 4 (a) Speckles engraved on the surface of the titanium plate; (b) an
enlarged view of speckles in a normal region; and (c) an enlarged view of
speckles at boundaries between two regions Fig. 5 Size and distribution of speckles
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used to measure the temperature on the surface of the titanium
plate, as shown in Fig. 3(b).

The size of the titanium plate is 500 mm× 350 mm× 2mm
with its mass density being 4.51 × 103 kg/m3. The titanium
plate is hung on the displacement control platform by two very
thin high-temperature resistant copper wires, as shown in Fig.
2. With this method, one can simulate free boundary condi-
tions of the titanium plate. In order to simulate random envi-
ronmental excitation in the laboratory, a shaker with the model
hwv-200 is used to provide ambient excitation in the labora-
tory, which is located near the displacement control platform.

High Temperature Speckles

Accuracies of dynamic measurements based on 3D-DIC with
high-speed cameras are closely related to quality of speckles
created on the surface of the titanium plate. As mentioned
earlier, the laser engraving technology in [11] is used to create
speckles and their size, density, depth and distribution can be
controlled. Since the speckle pattern is a part of the specimen,
it never comes off the specimen surface until reaching the
melting temperature of the material. Technical parameters of
the laser engraving system is listed in Table 1. In current
experiments, the titanium plate is divided into 12 regions to

create high temperature speckles since the laser engraving area
is not large enough to continuously create the high tempera-
ture speckles, as shown in Fig. 4. Distribution of speckles
slightly changes at boundaries between two regions due to a
random overlap of speckles during their creation, as shown in
Fig. 4. The diameter of speckles is about 0.7 mm in this work,
as shown in Fig. 5. It can be seen from Fig. 5 that distribution
of speckles is random due to a computer generated speckle
pattern by random points and the same radius of the speckles
used to create the speckle pattern on the surface of the titanium
plate [11]. Laser engraving speckles would cause slight dam-
age on shallow surfaces of a measured structure. Average
depths of speckles are from 20 μm to 50 μm, which has little
effect on measurements of macroscopic mechanical character-
istic parameters [11]. However, laser engraving speckles can
improve test accuracy of DIC measurements because the size,
density, depth and distribution of the speckles can be con-
trolled to suit a particular situation.

Dynamic Experimental Design and Process

The detailed dynamic experimental design and process under
high temperature consists of three steps:

Fig. 6 Distributions of temperatures of the dynamic experiments II ~ V, whose average temperatures are 53.2 °C, 93.5 °C, 142.2 °C and 211.3 °C in (a)-
(d), respectively

Table 2 Measured displacements
under different high temperatures
and corresponding relative errors

Temp. /°C 30 102 158 197 251

Disp. /mm −2.68585 −2.71181 −2.70051 −2.70362 −2.71456
Relative error −0.524% 0.4374% 0.0189% 0.1341% 0.5393%
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(1) Heating and temperature control. Modal experi-
ments of the titanium plate are designed for five
different temperature fields, which include a dy-
namic experiment I at room temperature, and four
dynamic experiments II ~ V under different high
temperatures. During the experiments, the electro-
magnetic induction heating device is used to heat
the iron plate, which subsequently heat the titanium
plate by heat radiation. In order to obtain a stable
thermal environment, when the temperature of the
titanium plate reaches the target temperature, a dy-
namic experiment is started after maintaining this
temperature for five minutes. Moreover, one

continues to heat the titanium plate and do its dy-
namic experiment at the next target temperature
when the dynamic experiment at the previous tem-
perature is achieved. By continuous dynamic exper-
iments under different temperatures, one can make
temperature distribution characteristics of the titani-
um plate under different temperatures consistent.
Temperatures of the titanium plate are measured
by the thermal imager. Distributions of tempera-
tures of the four dynamic experiments II ~ V are
shown in Fig. 6, whose average temperatures are
53.2 °C, 93.5 °C, 142.2 °C and 211.3 °C, respec-
t ively . I t is d i f f icul t to obta in a uniform

Fig. 7 (a) Displacements of the
titanium plate at room
temperature versus the number of
speckle images, and (b) speckle
images at points p1, p2, p3 and p4

Fig. 8 Displacements of the
titanium plate under different high
temperatures versus the number
of speckle images
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Table 3 Identified modal
parameters of the titanium plate
under different average
temperatures

Average temp. /°C Mode f /Hz ζ /% Si mm2/Hz Sei mm2/Hz γ

25.5 1 35.69 0.187 1.25E-05 1.00E-06 1.21E04

2 46.13 0.090 5.66E-05 2.90E-07 1.89E05

3 79.88 0.002 1.96E-06 2.55E-07 3.14E04

4 87.17 0.215 2.47E-06 3.77E-07 1.43E04

53.2 1 37.30 0.260 1.12E-05 1.23E-06 8.37E03

2 47.28 0.354 9.46E-06 1.23E-06 1.21E04

3 81.36 0.041 2.97E-07 8.30E-07 1.79E03

4 87.34 0.235 3.16E-06 2.27E-07 5.78E04

93.5 1 41.70 1.036 5.13E-05 4.37E-07 2.24E04

2 52.04 1.051 1.56E-04 1.03E-07 2.26E04

3 85.89 0.166 3.67E-08 1.29E-07 2.36E03

4 92.46 0.180 6.08E-06 6.55E-08 3.30E05

142.2 1 43.97 0.077 1.13E-05 1.75E-07 8.31E04

2 55.74 0.392 1.26E-07 4.72E-08 3.92E03

3 89.01 0.184 3.61E-09 1.42E-08 1.09E03

4 101.90 0.093 7.01E-08 1.08E-08 5.43E04

211.3 1 37.13 0.553 1.12E-05 1.00E-07 1.53E04

2 47.07 0.222 4.38E-06 1.04E-07 4.68E04

3 81.52 0.257 1.01E-06 1.84E-07 2.06E03

4 87.21 0.002 8.25E-08 7.28E-08 5.82E04
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Fig. 9 (a) Time-history curves of
displacements of all measurement
points and (b)-(d) time-history
curves of displacements at points
A, B and C of the titanium plate,
respectively
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temperature field of a plate by a low-cost and eas-
ily implementable heating method. Electromagnetic
induction heating combined with radiant heating
used in this work can yield a stable temperature
field of the titanium plate to satisfy the need of
dynamic exper iments under di f ferent high
temperatures.

(2) Apply ambient excitation. In order to simulate ran-
dom environmental excitation in the laboratory, a
shaker is used to provide ambient excitation, which
is located near the displacement control platform. It
is noted that the ambient excitation cannot be too
large; otherwise it makes the titanium plate swing
back and forth, which affects temperature stability
of the titanium plate.

(3) Obtain full-field displacements using 3D-DIC. Two
high-speed cameras are located in front of the tita-
nium plate, and each camera has a certain angle
with respect to the titanium plate. In this work,
the angle between the two cameras is nearly 30°.
The measurement distance in this work is about
800 mm, the resolution of the two cameras is
1280 × 1024 pixels, and the sampling rate is 2000
frame/s to ensure that the high-speed cameras can
capture a sufficient number of images in a short

time duration and obtain accurate displacements of
the titanium plate.

Experimental Results

The key to the success of a high temperature dynamic exper-
iment lies in the following three aspects: (1) creating high
temperature speckles, (2) considering the effect of the thermal
gradient on DIC measurements for high temperature applica-
tions, and (3) considering radiation effects causing de-
correlation issues. Reliability and stability of high temperature
laser engraving speckles used in this work were validated in
Ref. [11]. The effect of thermal radiation is very small in this
work, because there are no changes in speckle patterns when
the temperature is below 300 °C. Since thermal radiation
would affect speckle patterns under very high temperatures,
each camera is equipped with a 532 nm narrow band filter
with a bandwidth of 10 nm to block out ambient light and
overcome difficulties of radiation from a specimen’s surface
[11]. In the following section, a rigid body motion experiment
is conducted to study the indices of refraction changes in the
line-of-site due to thermal gradients. The software used in this
work is VIC-3D; a step-by-step guide to conduct DIC tests is
outside the scope of this work, and the reader is referred to
such resources as the best-practices guide by the International
Digital Image Correlation Society [23]. Unless otherwise
specified, the subset and step size in this work are 25 and 7,
respectively.

Effect of the Thermal Gradient on DIC Measurements

Before the technique to investigate dynamic characteristics of
the titanium plate under high temperature is used, the effect of
the thermal gradient on DIC measurements for high tempera-
ture applications is studied by a rigid body motion displace-
ment of the titanium plate under different high temperatures.
Experimental processes are listed as follows:

(1) The titanium plate is hung on the displacement control
platform by two very thin high-temperature resistant
copper wires.

(2) Let the titanium plate slowly move −2.7 mm by the step-
per motor driver on the control platform.

(3) Use the 3D-DICmethod tomeasure displacements of the
titanium plate under different high temperatures.

The measurement system is shown in Fig. 2. Two
PointGrey GRAS-50S5M-C CCD cameras of 2448 × 2048
pixels and two Schneider Xenoplan 1.9/35 mm lens are used
to record speckle patterns. In order to increase measurement

Fig. 10 (a) PSDs and (b) singular-value spectra from different measure-
ment points of the titanium plate
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accuracy, 31 speckle images of the titanium plate are recorded
during an experiment. Displacements of the titanium plate at
room temperature versus the number of speckle images are
shown in Fig. 7(a), and speckle patterns at points p1, p2, p3
and p4 as shown in Fig. 7(a) are shown in Fig. 7(b). Note that
average displacements in a rectangular area as shown in Fig.

7(b) are used in analyzing displacements of the titanium plate.
Displacements under different high temperatures versus the
number of speckle images are shown in Fig. 8, where temper-
atures at midpoints of the titanium plate are obtained by a non-
contact infrared thermometer with its accuracy reaching 1%. It
can be found from Fig. 8 that displacements under high

Fig. 11 Mode shapes of the titanium plate at room temperature and their corresponding 2D contours: (a) first mode shape, (b) second mode shape, (c)
third mode shape, and (d) fourth mode shape

Fig. 12 Experimental setup

Mode 1

Mode 2

Mode 4

Mode 3

Fig. 13 PSDs from different measurement points obtained by nine
accelerometers attached to the titanium plate at room temperature
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temperatures have weak oscillations because the heat flow
causes the titanium plate to weakly vibrate during the heating
process.Measured displacements under different high temper-
atures and corresponding relative errors are listed in Table 2,
where relative error = (measured displacement-2.7)/2.7 ×
100%. It can be found from Table 2 that the thermal gradient
has little effect on DIC measurements for high temperature
applications when the temperature is less than 251 °C.

Modal Identification of the Titanium Plate

Encouraged by the above verification experiment, full-field
dynamic displacements of the titanium plate under different
high temperatures are obtained by 3D-DIC. The sampling
time is one second due to the fact that the maximum storage
and sampling rate of the high-speed camera used in this work
a r e 4 GB and 2000 f r ame / s , r e spec t i ve l y . As
mentioned above, BOMA can overcome short-length record-
ing data from DIC measurements. In fact, one second of data
are enough for identifying modal parameters of the titanium

plate. However, in order to increase the accuracy of modal
identification, especially for identifying modal damping ra-
tios, experimental data under the same testing conditions and
external random excitation are recorded four times. Note that
external random excitation in these experiments is controlled
by the shaker shown in Fig. 2. Experimental data in the four
experiments are combined for modal identification. Time-
history curves of out-of-plane displacements of the titanium
plate at room temperature at all measurement points and spe-
cial points A, B and C with coordinates (0.05, 0.31), (0.25,

Fig. 14 Mode shapes of the titanium plate at room temperature obtained by accelerometers: (a) first mode shape, (b) second mode shape, (c) third mode
shape, and (d) fourth mode shape

Table 4 MAC values at different average temperatures

Average
temp. /°C

First mode Second mode Third mode Fourth mode

53.2 0.997 0.997 0.990 0.997

93.5 0.995 0.989 0.903 0.968

142.2 0.994 0.985 0.955 0.932

211.3 0.993 0.994 0.958 0.944
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0.15) and (0.45, 0.04), respectively, as shown in Fig. 4, are
shown in Figs. 9(a)-(d), respectively. One can see that the
maximum out-of-plane displacement of the titanium plate is
about 0.02 mm. Figures 10(a) and (b) show PSDs and
singular-value spectra [24] from different measurement points
of the titanium plate in the dynamic experiment I, respectively.
Peaks in singular-value spectra can be easily selected, where
four peaks can be obviously seen near 35 Hz, 45 Hz, 78 Hz
and 97 HZ in the 0 ~ 100 Hz range. Four frequency ranges
such as 30 ~ 40Hz, 40 ~ 50Hz, 75 ~ 85Hz and 85 ~ 95Hz are
then used to identify modal parameters of the titanium plate by
BOMA at room temperature. Figures 11(a)-(d) show the first
four mode shapes of the titanium plate at room temperature
and their corresponding 2D contours. Other identified modal
parameters at room temperature are listed in Table 3.

In order to validate the accuracy of the above identified
results at room temperature, a verification experiment is con-
ducted. An experimental setup with 9 accelerometers with the
model Kistler 8763B050BB is shown in Fig. 12.. The titanium
plate is hung on the displacement control platform by two very
thin high-temperature resistant copper wires, and the sampling
rate is 8000 frame/s. PSDs of signals obtained by the acceler-
ometers are shown in Fig. 13. Similar to the above identifica-
tion process, four frequency ranges of 30 ~ 40 Hz, 40 ~ 50 Hz,
75 ~ 85 Hz and 85 ~ 95 Hz are used to identify modal param-
eters of the titanium plate by BOMA at room temperature.
One can identify that the first four natural frequencies of the
titanium plate are 34.8 Hz, 45.1 Hz, 78.2 Hz and 87.0 Hz,
respectively. Figures 14(a)-(d) show the first four mode
shapes of the titanium plate at room temperature. It can be
seen that modal parameters of the titanium plate at room tem-
perature obtained by the accelerometers are consistent with
results obtained by the non-contact method in Fig. 11. Note
that slight differences between these results in Table 2 are due
to additional masses of accelerometers. Hence, the method in
this work is would be effective and correct with the verifica-
tion experiment of the titanium plate at room temperature.

PSDs of different measurement points of the titanium plate
in the dynamic experiments II-V are shown in Figs. 15(a)-(e),
where the average temperatures are 53.2 °C, 93.5 °C, 142.2 °C
and 211.3 °C, respectively. Similar to the above processing
method, frequency ranges are selected near peak values of the
PSDs to identify modal parameters under high temperature by
BOMA. Changes of natural frequencies of the titanium plate
versus the average temperatures are shown in Fig. 16, respec-
tively. Relative errors of the first four natural frequencies of
the titanium plate at high and room temperatures are shown in

Fig. 17, where relative error¼ f Hi − f
R
i

� �
= f Ri � 100%, in

Mode 1

Mode 2

Mode 3

Mode 4

Mode 1

Mode 2

Mode 3

Mode 4

Mode 1

Mode 2
Mode 3

Mode 4

Mode 1

Mode 2
Mode 3

Mode 4

(d)

(c)

(b)

(a)

�Fig. 15 PSDs of different measurement points of the titanium plate under
different average temperatures: (a) 53.2 °C, (b) 93.5 °C, (c) 142.2 °C, and
(d) 211.3 °C
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which f Hi and f Ri are natural frequencies of the titanium plate
at high and room temperatures, respectively, and the subscript
i = 1,2,3,4 denotes the i-th mode of the titanium plate. From
experimental results, one can find that the first four natural
frequencies of the plate do not monotonically decrease with
the temperature; they first increase and then decrease with the
temperature. This is the case possibly due to a nonuniform
temperature field and geometrical imperfection of the titanium
plate. It is noted that there was a small geometrical imperfec-
tion in the plate, which was a slight bending deformation
along to the long side of the plate, and the maximum defor-
mation was close to 1 mm. The effects of a nonuniform tem-
perature field and geometrical imperfection on natural fre-
quencies of the plate under high temperature would be carried
out in some further theoretical research. Identified modal pa-
rameters under different average temperatures are listed in
Table 3. The first fourth mode shapes of the titanium plate
of the dynamic experiment V with the average temperature
211.3 °C are shown in Fig. 18. In order to evaluate the effect
of the temperature on mode shapes of the titanium plate, the
modal assurance criterion (MAC) [25] is used: MAC ¼
φT bφj j = φk kð bφk kÞ, where bφ andφ are mode shapes at high
and room temperatures, respectively. MAC values at different
average temperatures are listed in Table 4. It can be seen that
the MAC values are from 0.90–0.99, which indicates that the
temperature has little effect on mode shapes of the titanium
plate with free boundary conditions. Comparing MAC values

of the first four modes, one can find that high temperature has
a relatively large effect on the third and fourth mode shapes,
while the first and second modes are little affected.

Discussion

This work is a beginning of high-temperature thermal modal
experiments with use of 3D-DIC combined with BOMA. The
purpose of this work is to verify the effectiveness of the

Fig. 16 Natural frequencies of the titanium plate versus the average temperatures, where (a)-(d) are the first four natural frequencies of the plate,
respectively

Fig. 17 Relative errors of the first four natural frequencies of the titanium
plate at high and room temperatures

268 Exp Tech (2021) 45:257–271



experimental technique in high-temperature thermal modal
experiments. However, there are still some difficulties in the
study of thermal modal identification of a structure:

(1) Heating and temperature control. The heating system in
this work has low heat utilization efficiency; thus an
insulation chamber can be added to improve the heating
efficiency. It is also difficult to obtain a uniform temper-
ature field of the titanium plate with the size of 500 mm×
350 mm× 2 mm. In this work, the maximum relative
temperature fluctuation is less than 15% when the area
of the titanium plate is Γ0 : {(X, Y)|X ∈ [0.1 cm, 0.4 cm],
Y ∈ [0.2 cm, 0.35 cm]}, where the maximum relative

temperature fluctuation is defined as (Tmax − Tmin)/

Tavg × 100%, in which Tmax, Tmin and Tavg are maximum,
minimum and average temperatures in an area, respec-
tively. The temperature field in the other area of the plate
is less uniform than that in Γ0, but it is stable and can
satisfy the need of high-temperature dynamic testing. A
more uniform temperature field in thermal modal exper-
iments can be provided by a more controllable heating
system.

(2) Effect of the thermal gradient on DIC measurements.
The effect of the thermal gradient on DIC measurements
for high temperature applications is studied in this work
by a rigid bodymotion displacement of the titanium plate
when the average temperature is less than 251 °C. The
effect of the thermal gradient on DIC measurements for

Fig. 18 Mode shapes of the titanium plate of the dynamic experiment V with the average temperature 211.3 ° C: (a) first mode shape, (b) second mode
shape, (c) third mode shape, and (d) fourth mode shape
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higher temperatures needs to be studied. Developing
techniques to reduce and compensate for the effect of
the thermal gradient on DIC measurements is still a chal-
lenging task.

(3) Random reliability of a thermal modal experiment.
Relative to modal experiments at room temperature,
there are many random factors that can affect random
reliability of thermal modal experiments, including qual-
ity of a high-contrast speckle pattern under high temper-
ature, temperature field of a structure, testing system and
method, initial geometrical imperfection, and so on. One
needs to carry out quantitative evaluation of random re-
liability of a thermal modal experiment.

Conclusions

A full-field non-contact thermal modal testing technique un-
der ambient excitation that combines 3D-DIC and BOMA is
proposed in this work. Thermal modal experiments are carried
out on a titanium plate with free boundary conditions under
ambient excitations by a low-cost high-temperature dynamic
measurement system. Experimental results are shown to as-
sess its validity and effectiveness. Four key problems have
been addressed for the thermal modal experiments:

(1) The thermal modal testing technique under ambient ex-
citation that combines 3D-DIC and BOMAhas twomain
advantages: easy operation during an experiment, and it
has a seemingly high potential as an alternative to do
thermal modal analysis of a structure with complex
high-precision surfaces under extreme working condi-
tions because it is a noncontact test method and can be
used under ambient excitation without human
participation.

(2) Laser engraved speckles are first used in dynamic testing
under high temperature; the effect of the thermal gradient
on DIC for high temperature applications is addressed in
this work by use of a rigid body motion displacement of
the titanium plate under different temperatures. It is be-
lieved that the laser engraving technology would be ef-
fective in high-temperature thermal modal experiments
under higher temperature.

(3) A stable temperature field is obtained by a low-cost,
easily implementable heating method that combines
electromagnetic induction heating and radiant heating,
which can meet the need of dynamic testing under high
temperature.

(4) Some interesting experimental results were obtained.
Measured natural frequencies of the titanium plate do
not monotonically decrease with the temperature, possi-
bly due to geometrical imperfection of the plate and a

nonuniform temperature field. They first increase and
then decrease with the temperature. More detailed theo-
retical research on thermal modal analysis of a plate with
geometric imperfection should be carried out to explain
this phenomenon.
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