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Abstract
Vibration measurement is a common method used to assess a structure’s condition. The basic premise for the detection of 
damage in a structure is based on vibration measurement, whereby changes of stiffness, vibration mode, and energy dis-
sipation in the system can cause changes in the dynamic response. The vibration measurement is conducted by obtaining 
the fundamental period to judge the health condition of the monitored structure. This research used the high-speed camera 
(HSC) to capture the structure motion during the vibration of steel-plated structure. Laboratory experiments were performed 
on a thin steel plate (600 × 600 × 2.3 mm) and orthotropic steel deck. The HSC was used to measure the resonance frequency 
of the structure monitored.
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1  Introduction

Structure deterioration due to poor maintenance, especially 
steel structures may lead to the loss of structures that are 
worth thousands of dollars. One of the examples is steel 
sheet pile which acts as a retaining wall in quays, harbours, 
and river revetment structures. Generally, the assessment of 
structures is quite challenging due to the limited access to 
the structure. Without proper preservation of the existing 
structures, more money will be lost. Thus, there is the need 
for damage assessment. Accurate detection and characterisa-
tion of damage in the monitored structure can provide infor-
mation which are useful in developing maintenance strategy 
and remedial plan. Structural health monitoring (SHM) and 
non-destructive testing (NDT) are two main categories of 
techniques to assess and determine the health condition of 
the structure.

Most of the literature utilised the changes in measured 
vibration response for damage assessment and identifica-
tion due to the presence of structural damage that leads to 
the alteration in vibration characteristics, namely natural 
frequency, mode shapes, and modal damping [1–4]. SHM 
is a technique used to determine the damage by observing 
changes in vibration modes [5, 6]. The general SHM system 
usually comprised of detection, monitoring, and assessment 
of any event that may affect the health state of the structure 
globally. On the other hand, NDT can be described as a non-
invasive technique used to examine test object, component, 
or structure without disturbing the usefulness of the feature 
[7]. NDT is typically used to locate and evaluate any damage 
or changes in the local area [8, 9].

There are various established methods used in experimen-
tal testing to conduct vibration measurement. The common 
method used is the attachment of contact sensors such as 
strain gauges and accelerometers on the structure [10, 11]. 
Accelerometers are promising instruments that provide pre-
cise measurement. However, this method can only provide 
users with local point-wise information. It is impractical to 
attach thousands of sensors over a large monitored region. 
Conventional sensors can distribute the numbers of wiring 
in increasing setup time and contributing noise during the 
measurement. The information on deformation’s distribution 
cannot be obtained using these methods.
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To overcome the limitation of the contact method, there 
were extensive research on the feasibility of non-contact 
techniques for vibration measurement. The emergence 
of non-contact measurement technologies had improved 
the accuracy of structural assessment. Accurate vibration 
measurement is useful in providing a more accurate damage 
assessment of the monitored structure. The application of 
Laser Doppler Vibrometers (LDV) can be used on real-scale 
structures for vibration monitoring [12, 13]. The LDV was 
also used to measure the velocity and displacement of the 
targeted structure from the frequency shift of reflected light. 
The application of LDV provides users with good accuracy 
using its higher resolution. However, this technique requires 
the structure’s surface in becoming sufficiently reflective 
to achieve good measurements. Another method used for 
the measurement without making contact with the vibrated 
structure is speckle photography [14]. The Fourier transform 
is applied in electronic speckle photography. The digital 
holography interferometry was applied by Valin et al., to 
determine the micro-displacement of a square section steel 
bar [15]. The displacement of the specimen is conducted in 
air and submerged in water. The remote measurement tech-
nique can analyse the structural behaviour from the obtained 
displacement data.

Vibration measurement using video camera has lately 
received significant attention. Video camera measurement 
is advantageous for the measurement of the structure’s 
response mainly at complex, inaccessible, and unreachable 
region of the structure. One of the examples is its applica-
tion on marine structures where structure deteriorations are 
very common.

The application of camera for vibration measurement 
has been extensively conducted to measure the deforma-
tion of large scale infrastructure through the measurement 
of surface geometry, displacement, and strain [16–18]. The 
full-field measurement provided by digital camera is cost 
effective compared to the LDV method [19]. However, the 
optical technique has shortcomings, mainly in the accuracy 
of measuring small displacements. The smaller amplitude of 
vibrations also limits the vibration measurement using this 
technique. More attention should be given to the noise which 
has a significant disturbance to the structural response, if 
the noise frequency of the system is higher or close to the 
frequency of the vibrating structure. Higher resolution-based 
measurement offers significant improvement over the cur-
rent practices.

There was lack of research in the utilisation of camera for 
vibration analysis. The present study aimed to investigate 
the performance and accuracy of the optical measurement 
aided by HSC for vibration measurement on the surface of 
the steel structure. The results revealed that the optical meas-
urement with the HSC is one of the approaches to obtain 
resonance frequency of the monitored structure.

2 � Image analysis

2.1 � Correlation method

The image analysis by digital image correlation (DIC) is a 
technique used for the determination of displacement and 
displacement gradient based on the comparison of two video 
images captured before and after the deformation [20]. The 
fundamental of this technique is best described as the move-
ment of the pixel within a region of interest to another loca-
tion based on the changes in the intensity of pixel’s grayscale 
[21]. Figure 1 presents the schematic diagram of the basic 
principle of a two-dimensional DIC system. Generally, the 
DIC software uses the first image in a series as the reference 
image and the displacements for each consecutive image 
in the sequence are calculated based on the first reference 
frame [21]. Based on this principle, the computations of the 
displacement in each pixel or region of interest are possible 
for each image.

This research adopted motion analysis software, Movi-
asNeo to perform image tracking and extract the movement 
of targeted points. Several parameters need to be specified 
before image analysis including the subset size. The subset 
size is highly associated with the quality of subset image. A 
larger subset size can reduce the accuracy and lead to incor-
rect approximation, whereas smaller subset size can result in 
lower image quality [22]. Several subset sizes were defined 
to obtain optimum result. The subset size was varied from 
9 × 9 pixel2 to 20 × 20 pixel2. In the analysis from experiment 
1, it was observed that the results from the larger subset size 
of 12 × 12 pixel2 were closest to the conventional methods. 
However, it depends on the resolution of the camera.

Fig. 1   Schematic diagram of subset before and after deformation [21]



599Journal of Civil Structural Health Monitoring (2019) 9:597–605	

123

2.2 � Two‑dimensional camera setup

The experimental setup for optical measurement by the HSC 
does not require a complex system. However, the instrumen-
tation setup is important to warrant the accuracy and consist-
ency of the results [21]. For experiment 1, random speckle 
patterns were sprayed on the measurement region surface 
to provide grey-scale distribution with sufficient contrast in 
enabling the tracking from image to image when capturing 
the deformation of tested specimen. The pattern is made 
as thin as possible. The average size of speckles and their 
distribution in the random pattern play an important role. 
Bruck et al. used coarse–fine search method to correlate the 
images and found that the size of the speckle should be in 
two to three pixel’s size to achieve satisfactory correlation 
results [20]. For experiment 2, image tracking is conducted 
from the mark point made on the surface of the region.

Figure 2 shows a schematic diagram of the test setup. 
This arrangement represents the two-dimensional (2D) 
camera setup which allows the measurement of in-plane 
deformation. The camera is placed perfectly parallel to the 
measurement region before adjusting the distance. LED light 
sources were employed to illuminate the targeted region in 
minimising light disturbance from the surrounding testing 
area. The HSC data were synchronised with the measure-
ments by strain gauges. The camera has to be calibrated 
before proceeding to the testing. The planar calibration 
method is commonly used in combining the intrinsic and 
extrinsic parameters of the camera simultaneously [23]. 
The calibration also allows the transformation from image 
to coordinate into geometric coordinate while maintaining 
the data accuracy.

3 � Experiment vibration test 1

In the first experiment, the boundary condition of the plate 
was set as all sides are simply supported and the plate was 
subjected to out-of-plane harmonic excitation. The vibrator 
was used as a local excitation source on the flat plate steel 
structure. The excitation was applied at two different posi-
tions as shown in Fig. 3. The vibrator can produce mechani-
cal impedance which is the force required to produce the 
desired motion on the specimen.

The HSC used in this research is the product of NAC 
Image Technology, namely MEMRECAM HX-7s. The cam-
era has a maximum speed of 200,000 frames per second with 
the highest resolution up to 2560 × 1920 which is equivalent 
to 4,915,200 points of pixels. In experiment 1, the motion 
of the plate was recorded at 10,000 frames per second at 
the resolution of 640 × 592. Figure 4 shows the setup of the 
instrument with the object being monitored which is a steel 
plate with dimensions of 600 mm × 600 mm with an intact 
thickness of 2.6 mm. A strain gauge was mounted at the 
centre of the steel plate to validate the strain measurement 
from the camera.

The resonance frequency of the plate was determined 
using theoretical calculation and finite element method 
(FEM). The plate model was constructed using a three-
dimensional FEM with a commercial FEM package called 
Abaqus, version 6.14. This research performed Eigen-
value analyses to obtain the natural frequencies and mode 
shapes. The Lanczos eigensolver in Abaqus was chosen 
in this analysis to solve the matrices. The following are 
the material properties of the steel in this research: den-
sity, ρ = 7850 kg/m3; Poisson’s ratio, v = 0.3; and Young’s 
modulus, E = 210 GPa. The plate was modelled using S4R 
elements, which are four-node conventional shell elements 

Fig. 2   Schematic diagram of test setup
Fig. 3   The location of the excitation, Point 1 and Point 2 on steel 
plate
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with reduced integration. Uniform size of elements of 5 mm 
was used and the boundary conditions were set as a simple 
support for all edges of the plate as the experiment setup.

Table 1 presents the natural frequency results for the 
specimen which is monitored from FEM and theoretical 
values computed using Eq. 1 [24]. In Eq. 1, D is the flexural 
stiffness; ρ is the density of the plate; h is the thickness of 
the plate; ω is the natural frequency; and a and b are the 
length and width of the plate. The mode shape of the first six 
resonance frequency is depicted in Fig. 5. There is a good 
agreement between the FEM and the theoretical equation for 
the obtained frequency.

The mode shape describes the pattern in which the plate 
vibrates on its own natural frequency. In the first mode shape 
of vibration for m = 1 and n = 1, the vibration occurs in the 

whole plate, which causes the plate to move up and down 
regardless of the aspect ratio. Modes 2 and 3 of square plate 
have an identical mode shape pattern where two independ-
ent regions of vibration are separated by a nodal line in the 
middle of the plate. In mode 4, there are four independent 
regions that vibrate alternately up and down. Furthermore, 
modes 5 and 6 are also described as identical modes with 
nearly equal values of natural frequency but different pat-
terns of vibration. Both modes 1 and 5 show that the vibra-
tion is dominant at the centre part of the plate.

The strain data obtained from the measurement were 
filtered with the cut-off frequency for a low-pass filter of 
50 Hz. Javh et al. stated that the measurement conducted 
by optical measurement is usually burdened by noise [25]. 
Moreover, the displacement amplitude of the vibrating 
object monitored is small and it is usually in the range of 
micrometre, depending on the type of structure and distur-
bance by the noise from the camera. Figures 6 and 7 show 
the results of strain data for the excitation at Points 1 and 
2, respectively. The data were converted to the frequency 
domain by fast Fourier transform (FFT). Figure 8 shows the 
FFT result of the strain gage data for the excitation at Point 
1; while, Fig. 9 shows the frequency domain data when the 
excitation is applied at Point 2. The clear peak is observed at 
30 Hz, 60 Hz, and 80 Hz. The 30-Hz frequency is identical 
to the resonance frequency for the first mode of the specimen 
monitored. The peak of 60-Hz frequency represents the fre-
quency of electric supply for the vibrator during the testing 
and the frequency of around 80 Hz represents the second and 
third resonance frequency of the plate.

This section discusses the analysis from the image cap-
tured by the camera during testing. This research considered 
two targeted points, namely P1 and P2. P1 and P2 are located 
11.73 mm apart which is equivalent to 94 pixels. Generally, 
the pixel size does not have a particular or specific size and 
the pixel size is highly dependent on the camera resolution. 
In this analysis, 1-pixel size is equivalent to 0.1248-mm dis-
tance apart.

The deformation on the reference points of P1 and P2 was 
calculated in both x- and y-directions. The strain was then 
computed from the deformation result. The Y-axis strain 
data for both cases of excitation are presented in Figs. 10 
and 11. Table 2 presents the summary of strain data. The 
maximum and minimum strain information in time domain 
obtained from the HSC has a slight difference from the 
strain data obtained from strain gauges. However, the strain 
measurement from HSC has better accuracy in capturing 
small changes in the plate movement which is below 1 με 
with several decimal places. In practice, measurement using 
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Fig. 4   The complete setup of the instrument

Table 1   The natural frequency of plate by FEM and theoretical equa-
tion

Mode number FEM (Hz) Theoretical 
by Eq. 1 (Hz)

1 31.42 31.42
2 78.55 78.54
3 78.55 78.54
4 125.66 125.66
5 157.14 157.08
6 157.14 157.08
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Fig. 5   The first sixth mode shape and natural frequency of intact square plate
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Fig. 6   The time history of strain data by strain gauge due the excita-
tion at Point 1 for original and filtered signal
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Fig. 7   The time history of strain data by strain gauge due the excita-
tion at Point 2 for original and filtered signal
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Fig. 8   The FFT of strain data by strain gauge due the excitation at 
Point 1
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Fig. 9   The FFT of strain data by strain gauge due the excitation at 
Point 2
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strain gauges is limited to capturing the minimum strain of 
1 με without any decimal place. The strain data were further 
evaluated for frequency domain.

Figures 12 and 13 present the frequency result for HSC 
at two different locations. Table 3 summarises the results of 
frequency data from both techniques of strain data measure-
ment, and the data show good correlation for both methods. 
The resonance peak was identical when the plate was excited 
at different points. However, the third peak at around 80 Hz 
could not be identified by HSC corresponding to the ampli-
tude of this peak which is small in the strain gauge data.

4 � Experiment vibration test 2

This section summarises the vibration measurement using 
HSC on the part of an orthotropic steel deck model with 
an intact thickness of 10 mm. The plate was subjected to 
out-of-plane harmonic excitation using a vibrator. The fre-
quency of excitation was set to 10 Hz. The plate was excited 
for about 1 min and the measurements were recorded by 
the HSC system. This experiment aimed to investigate the 
capability of HSC to capture small in-plane deformation on 
the vibrated steel-plated structure. The measurement setup 
of two-dimensional camera was adopted in allowing in-
plane measurement. This test did not conduct verification 
by a conventional method using strain gauges because the 
applied load was in out-of-plane direction and the amplitude 
of vibration was too small.
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Fig. 10   The time history of strain data by HSC due the excitation at 
Point 1
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Fig. 11   The time history of strain data by HSC due the excitation at 
Point 2

Table 2   The minimum and maximum value of strain from HSC in 
Y-axis direction

Details Excitation at Point 1 Excitation at Point 2

Strain (με) Stress (kPa) Strain (με) Stress (kPa)

Maximum 0.83822 176.02 1.26699 266.07
Minimum − 1.69372 − 355.68 − 0.38055 − 79.92
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Fig. 12   The FFT of strain data by HSC due the excitation at Point 1
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Fig. 13   The FFT of strain data by HSC due the excitation at Point 2

Table 3   Summary of peak frequency on FFT graph of strain data by 
two different measurement technique which is strain gauge and opti-
cal image technique

Details Excitation at Point 1 (Hz) Excitation at Point 2 
(Hz)

Strain gauge HSC Strain gauge HSC

Peak 1 29.98 29.95 30.03 29.68
Peak 2 59.91 59.91 60.01 59.37
Peak 3 80.13 – 79.98 –
Peak 4 89.89 89.86 90.04 89.13
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This experiment used the same HSC which was used in 
the previous experiment. In this test, the deformation of the 
plate was recorded at 10,000 frames per second at the reso-
lution of 640 × 592. The camera resolutions should be suf-
ficient to capture the spatial data on the object. The frame 
rate was set to track the frequency excitation on the struc-
ture. In this analysis, 1-pixel size is equivalent to 0.034 mm. 

Figure 14 shows the complete experimental setup for vibra-
tion measurement with HSC.

The movement of targeted points on the plate was cap-
tured and summarised for further analysis. The position of 
targeted points, Point 1 and Point 2 are shown in Fig. 15. 
Then, the displacement and strain were computed. From the 
data, the strain can be defined as ratio of change in length to 
the initial length. The results of displacement and strain were 
summarised in the time domain and were further converted 
to the frequency domain by fast Fourier transform (FFT). 
The results of time domain and FFT of plate excited with 
10 Hz are shown in Figs. 16 and 17, respectively.

In the result for the time domain of displacement, the 
propagation of the harmonic wave with frequency with 
10 Hz was clear. The amplitude of wave propagation was 
around 3.7 µm for displacement measurement at Point 1, 
whereas higher amplitude around 4.5 µm was obtained at 
Point 2. The event is explained in Fig. 18 which shows the 
wave propagation on the thin plate simulated by commercial 
finite element (FEM) software, Abaqus 6.14. The arrivals of 
wave packets from the source for the two different targeted 
points were different. Additionally, the propagation of elastic 
wave through the structure can interact with multiple reflec-
tions, mode conversions, and interferences of longitudinal 
and shear wave from the structure’s boundaries.

The amplitude of the strain result was around 4.5 με in 
the time domain computed between Point 1 and Point 2. 
The amplitude obtained was larger than expected probably 
due to the resonance phenomena where the vibrating struc-
ture oscillated with greater amplitude at certain frequen-
cies. The displacement and strain data were then further 
evaluated in terms of frequency domain. The distinct peak 
observed around 10 Hz represented the frequency of excita-
tion. Overall, it can be concluded that the HSC was able to 
perform vibration measurements for the 10 Hz frequency 
of excitation.

Two strain gauges were mounted on the surface of the 
orthotropic steel deck model to verify the results from the 
HSC. Point 1 and Point 2 represented the horizontal strain 
gauges, whereas the Point 3 and Point 4 were used to verify 
the strain data from the vertical strain gauges.

5 � Concluding remark

A thorough understanding of the vibration of a structure is 
important in resolving any vibration problems. This research 
conducted vibration measurements and obtained the follow-
ing conclusion:

•	 In general practice, measurements using strain gauges 
are limited to capture strains above 1 με. However, it was 
observed that the strain measurement from HSC could 

Fig. 14   The complete setup of the instrumentation used for localised 
vibration measurement on orthotropic steel deck

Fig. 15   The position of Point 1 and Point 2 on the orthotropic steel 
deck model
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capture measurement changes in the plate for below 1 με 
with several decimal places. This finding could help 
engineers to overcome the limitation of the current strain 
measurement method.

•	 The FFT graph showed a distinct peak at 30 Hz which 
represented the resonance frequency for mode 1 of the 

specimen. The second peak was around 60 Hz which was 
equivalent to the frequency of the current supply for the 
vibrator during the testing. The third peak was around 
80 Hz which represented the second and third resonance 
frequencies of the plate. The results matched very well 
with the resonance frequency of the steel plate.

•	 In experiment 2, the HSC was more capable in detecting 
the harmonic wave which was applied to the test struc-
ture at lower frequencies. However, the measurement at 
higher frequencies tends to produce inconsistent ampli-
tudes.

The strain data from strain gauge measurements and HSC 
measurements confirmed to have good correlation in terms 
of frequency measurement. Hence, the application of HSC 
can be optimised in the engineering field.

Acknowledgements  The authors would like to express their gratitude 
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Fig. 16   The vertical time domain response on plate excited by 10-Hz frequency

Fig. 17   The frequency domain response on plate excited by 10-Hz frequency

Fig. 18   The wave propagation on the thin steel plate simulated by 
FEM
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