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a b s t r a c t

There are several problems in engineering where the structural response may be

affected by conventional devices for displacement measurements. This work presents

an alternative methodology for the experimental dynamic analysis of structures, which

cannot be monitored by conventional sensors. This methodology is based on digital

image acquisition and processing techniques. The importance of this methodology is

that it enables one to perform non-contact displacement measurements, without

introducing undesirable changes in the structure’s behavior, as for example, in models

with an extremely reduced scale. The proposed methodology uses sticking markers of a

negligible mass in relation to the structure, facilitating the implementation of the

instrumentation of the experimental test. To evaluate the efficiency, precision and

accuracy of this methodology, two different experimental tests are carried out and the

obtained results are favorably compared with the theoretical results and with the ones

provided by conventional sensors. This has shown to be a highly cost-effective and easy

to implement experimental procedure for the analysis of very flexible structures, and

yet maintains the advantage of dynamic measurements with high resolution.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

A better understanding of the behavior of large-scale structures can be obtained by experimental analysis of properly
reduced scale models. For example, in the oil industry, modeling offshore structures for deep and ultra-deep waters leads
to extremely reduced models, even in large test tanks. Analyses using conventional sensors to study the behavior of large-
scale structures are not feasible because the introduction of the sensor’s mass can affect the behavior of the models.
Consider, for instance, a properly scaled reduced model of a riser 1000 in diameter and 1000 m long using a 1/100 geometric
scale. This would result in a model 0.100 in diameter and 10 m long. It is clear that, for this model, the use of conventional
instrumentation would completely change its structural behavior. For this reason, there is growing interest in developing
alternative techniques for measuring movement without making contact with the structure; such techniques include
interferometry techniques, such as speckle interferometries, speckle photography and hologram interferometry. Cloud [1]
presents a comprehensive description of the most important optical methods of experimental mechanics, including light,
interference, diffraction, interferometry, holography and hologram. Li et al. [2] present two experimental methods for
measuring the mechanical properties of thin films. Yuaanpeng et al. [3] discuss the application of the Fourier transform in
electronic speckle photography and derive an expression for the displacement field using Fourier transformation under
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conditions of equal and unequal displacement. Yang and Lee [4] use the phase-shifting method to modify a moiré system
into a micro moiré interferometer that can measure displacement field with highly improved sensitivity. Miao et al. [5]
measure the continuous out-of-plane displacement of a nano-membrane using a bulge test and time sequence speckle
pattern interferometry. Gibson et al. [6] present reconstructions of two- and three-dimensional geodetic grids, using
simultaneous frequency scanning interferometry measurements between grid nodes. Valin et al. [7] use digital holography
to make the microdisplacement determination of a square section steel bar, tested in air, and an aluminum sheet, tested in
air and submerged in water. The use of these techniques allow for reliable analyses of structural behavior, since
displacements of the structure can be measured with high accuracy.

In this work, an alternative experimental methodology is presented that allows for non-contact static and dynamic
displacement measurements using digital image processing techniques [8]. In this methodology, only adhesive markers of
negligible mass compared to the mass of the structure are used, thus facilitating assembly of the test instrumentation and
assuring precise results [9–11]. In addition to scale-reduced models, this methodology can be applied to large civil
structures such as bridges and viaducts [12]. A further advantage of this methodology is the low cost of the developed
vision system in comparison with the conventional systems and other vision systems found in the market. This is also a
promising technique for structures under finite deformations [13]. The use of digital image processing in real application is,
of course, more difficult than its use in a lab environment, where this technique is more appropriate. However, as
suggested previously by Lee and Shinozuka [12], this procedure can be used for large flexible structures such as bridges,
viaducts and high towers, where access for installation of conventional instrumentation is usually rather difficult. This
requires a texture recognition algorithm, projection of the captured image and calculation of the actual displacement using
target geometry, the number of pixels moved and a high-resolution camera. Wahbeh et al. [14] used black steel sheets on
which high-resolution red lights (LED) were mounted, enabling the measurement of the displacements and rotations of the
Vincent Thomas Bridge, located in California. The dimensions of the real structure (obtained from a design project) are also
essential for this procedure. Olaszek [15] used a computer vision system to study the dynamic characteristics of bridge
structures.

The present experimental methodology applies a computational vision system that integrates, on-line, the acquisition
of a digital image and its preprocessing—with the aim of improving the image quality—along with the identification of
points of interest (adhesive markers), through special image processing routines.

Digital image processing techniques are developing rapidly, mainly due to progress in image acquisition systems and
the development of computers, as well as in the algorithms and software used for general or specific applications. Digital
image processing techniques have been applied in several research areas, including structures monitoring [8–15], analysis
of the morphological characteristics of materials in order to improve understanding of their behavior [16], studies of the
fracture process in concrete [17], measurement of surfaces formats [18] and the kinematics of human movement [19–21].
Other important areas of analysis include objects analysis [22,23], medical imaging [24–26], characterization of materials
[27–29], non-destructive analysis [30–33], biomechanics [34] and surface inspection [35], among others.

2. Experimental methodology

The proposed experimental methodology comprises four steps. (i) Digitalization: The analogical images captured by a
video camera are converted into digital images through a monochromatic digitalization board (frame grabber). (ii) Digital

image processing: The quality of the acquired image is enhanced for better identification of the image coordinates (u, v) of
the centroids of the points of interest. (iii) Calibration: The purpose of this step is to determine the transformation matrix
that correlates the image coordinates and their respective actual coordinates. (iv) Reconstruction: This step consists of
obtaining the actual coordinates, using the transformation matrix and the image coordinates. In this way, it is possible to
obtain the actual position of the point of interest and compute the displacement without making contact with the
structure.

From these steps, a computational vision system based on the programming language LABVIEW, which deals with the
acquisition and the processing of digital images in real time, was developed. The program is called the image-sensor
program (ISP). This system allows camera adjustments such as zoom, focus, and image capture mode (frame or field) to be
performed via programming.

The cameras used in this study have analogical video signals. A standard analogical video signal (frame mode) is
composed of two fields, one containing odd horizontal lines (odd field) and the other containing even lines (even field). The
time interval between the even and the odd fields is 1/60 s, and the total time required to form a frame is 1/30 s. There is
also another image capture mode based on a non-interlinked analogical video signal, called field. In this mode, the image is
composed of a single field, even or odd, with a time interval of 1/60 s. The field mode results in an image with half the
height and twice the capture frequency of the frame mode, i.e. 60 frames/s.

2.1. Image-sensor program

The processing routine of the image-sensor program (ISP) consists of the following: (i) defining the area of interest of
the image under analysis, i.e., the boundaries of the region in the image that contains the object under investigation,
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