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ABSTRACT: This paper presents a simple image-based measurement method to 
measure plane strain fields of specimen surface in earthquake engineering experiments. 
The method is cost-effective, easy to apply, and provides satisfactory measurement 
accuracy. This method integrates camera calibration, stereo triangulation, image metric 
rectification, and image template matching techniques. Applications of this method for a 
zero-strain test and an RC-wall experiment are presented in this paper. The zero-strain 
test results showed that the measurement accuracy achieves 0.04 pixels. That is, the 
relative displacement accuracy achieves 0.005mm and the strain accuracy achieves 0.001, 
in case of using eight-mega-pixel digital cameras, measurement region sized 16cm by 
23cm, and a 31-by-51 measurement grid. In the application for the RC-wall experiment, 
concrete cracks with 0.02mm width can be found by examining measured displacement 
fields. Falling of surface concrete can be detected by examining the measurement results 
of this method.  

 

1 INTRODUCTION 

Strain measurement plays an important role in structural experiments. A strain field presents the 
deformation distribution of a part of the tested structure, providing plenty of information to researchers 
and engineers. Locations with high tension, compression or shear strains may indicate high risk of 
different types of failure. Conventionally, strain gauges are commonly used for strain measurement. A 
strain gauge measures the longitudinal strain on the surface of the small area that the gauge is attached 
on. With multiple strain gauges, a strain field distributed over a region can be estimated.  

Using strain gauge is a conventional, inexpensive and accurate way for strain measurement. However, 
when the region of interests is a large region, it is normally impractical to paste hundreds or thousands 
of strain gauges distributed within a region of interests. Too many strain gauges may lead to the 
complexity of experimental data acquisition. Ubiquitously distributed wires of gauges not only cost 
tedious time on instrumentation but also obstruct researchers and engineers to observe the surface of 
the structure. In addition, for regions that are dangerous for people to approach, it may be difficult or 
impractical to deploy a large number of strain gauges, their wires, and data acquisition facilities.  

Image analysis offers an alternative way for strain measurement. By taking photos of structural 
specimens, the shapes and the surfaces of the specimens can be recorded in an image form. Their 
changes during the experiment can be recorded and analyzed as well. As the improvement of digital 
technology, digital cameras which are easily available on the consumer electronic market are now 
getting sufficient to carry out image-based measurement in earthquake engineering experiments. 
Considering the rapid developing digital technology, image-based measurement has good chance to 
become an important and cost-effective technique for experimental measurement and structural health 
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monitoring. Many researches have adopted image analysis technique for material tests (Tung et al. 
2010), strain field measurement of concrete slab tests (Capéran 2007) large and dynamic displacement 
measurement of shake table tests (Yang et al. 2008), large strain measurement of laminated rubber 
bearing tests (Lewangamage et al. 2004), particle trajectories in flows (Capart et al. 2002), and many 
other applications. 

 
Fig. 1. Camera setup for the proposed measurement method 

This paper presents the performance of a simple method to estimate the strain fields of concrete 
surface and applied this method to an RC-wall experiment using commodity digital cameras. The RC 
wall was subjected to a cyclic loading at its top (Chen 2008). Two rectangular regions at the bottom of 
the wall, which were major damaged regions in this experiment, were photographed by four 
commodity digital cameras. Further descriptions about the RC-wall structure can be found in Harris & 
Stephens' work (1988). The plane strain fields of these two regions of concrete were estimated through 
image analysis of the photos. Based on a 2D displacement analysis tool named ImPro (Yang et al. 
2008), software named ImPro Strain was developed in this work to conduct image-based strain 
measurement. The rest of this paper presents the formulations and procedures of the proposed method, 
image analysis techniques adopted in this work, and its applications for a zero-strain test and the RC-
wall experiment. 

2 STEREO IMAGE-BASED MEASUREMENT FOR PLANE STRAINS AND CRACKS 

The presented method assumes that the measurement region is a plane and remains a plane throughout 
the entire experiment. Based on the assumption, the measurement process is simplified and the 
measurement accuracy is improved. The proposed method is applicable to measurement of surface 
strain fields of walls, rectangular beams and columns, floors and ceilings. For a curved surface such as 
a cylinder column, the proposed method can be used but certain measurement error may be induced. 

 
Fig. 2. Speckle texture and control points of measurement region 

This method requires a pair of firmly mounted cameras to take photos of the measurement region. As 
shown in Fig. 1, the entire measurement region needs to be visible to one of the cameras (camera 1), 
and four corners of the rectangular measurement region are visible to the other camera (camera 2). 
This method is applicable to the situation that obstacles are placed between the measurement region 
and the camera 2. The obstacles may be a part of the experimental structure or its supporting frames, 
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which may be occasionally encountered in earthquake engineering experiments. 
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Fig. 3. Taking camera calibration photos 

It is required that the measurement region surface should have sufficient feature patterns or textures. 
Image analysis needs these features to trace the movement or deformation of the measurement region. 
A common way is to paint speckle texture on the measurement region. A speckle texture can be 
painted by speckle sprays. Three corner patterns are required to be pasted on the measurement region 
to represent three control points (named P1 to P3), as shown in Fig. 2. The location of the black-white 
intersection corner in the image coordinate can be positioned precisely by using many algorithms 
developed in the computer vision discipline, such as Harris & Stephens' algorithm (2008), which was 
adopted by this work. 

Cameras need to be calibrated before they are used for the presented method. It is done by following a 
widely used procedure, which is to analyze photos of a regular planer grid such as a checkerboard, as 
shown in Fig. 3. The size of a checkerboard cell needs to be measured (i.e., dX and dY in Fig. 3(a)). 
Measuring the checkerboard cell size is the only measurement that a conventional ruler is needed in 
the proposed method. It is suggested that at least ten pairs of photos of a checkerboard are taken for 
camera calibration (Bradski & Kaebler 2008; Heikkilä & Silvén 1997; California Institute of 
Technology 2008). 

 
Fig. 4. 3D positioning of three control points 

The 3D positions of the control points P1, P2, and P3, are found by using stereo triangulation. As 
mentioned, the image coordinates of the control points in both cameras can be precisely found using a 
corner finding method (Harris & Stephens 1988). With camera intrinsic parameters, the image 
coordinates are then transformed to the normalized coordinates. With extrinsic parameters, which 
characterize the relative locations between two cameras, three control points can be positioned. The 
measurement region is defined by the three control points as well, as shown as the blue rectangle in 
Fig. 4. 

Image metric rectification is a process to project an image of a plane to another image by a plane 
projective transformation (Liebowitz & Zisserman 1998). The lengths and angles on the plane in the 
world coordinate can be directly measured from the rectified image. Once the rectified images of the 
initial (un-deformed) and deformed measurement region plane are generated, the displacement and 
strain fields of the deformed measurement region can be estimated by analyzing the rectified images. 
A rectified image is generated through re-sampling light intensity of millions of points from the 
original photo.  
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This work employed OpenCV (Bradski & Kaebler 2008) to conduct image template matching. 
OpenCV is an open source computer vision library originally developed by a widely known 
technology company named Intel Corporation. The precision of OpenCV template matching is one 
pixel. This work further improves the precision to sub-pixel by using a two-level pyramid method 
(Adelson et al. 1984). 

3 ZERO-STRAIN TEST 

A zero-strain test was conducted to estimate the accuracy of the proposed method. The zero-strain test 
measures the strain fields of a rigid plane board. The zero-strain rigid board with random speckle 
texture is used to measure its strain fields. The stereo camera calibration was conducted in the zero-
strain test and the errors of calibration were presented in this section. 

 
Fig. 5. Optical resolution estimation using HYRes 

Optical resolution is an important factor affecting the accuracy of an image-based measurement 
method. It describes the ability of a camera to represent details of objects in the image. The number of 
pixels of a camera declared by the manufacturers is not an objective representation of image 
resolution. This work employs ISO 12233 standard chart (International Organization for 
Standardization 2000) to test the image resolution through a software tool named HYRes (Camera & 
Imaging Products Association 2003). The optical resolutions were estimated by analyzing the quality 
of images of wedge patterns as shown in Fig. 5. Table 1 lists the measured optical resolutions of four 
cameras used in this work. It should be noted that the estimated optical resolution may vary with 
different environment conditions such as ambient light, lens quality and photographer’s skills.  

In the zero-strain tests, three plane strain components, εXX, εYY and εXY, of the rigid board were 
measured. As the measurement region is a rigid board (which strains are known as zero), the measured 
strains represent the accuracy of the proposed measurement method. Figure 6 shows an example of a 
measured displacement field (UX) and a strain field (εXX). This example is one of the zero-strain 
tests, which measurement grid is 31x51 and the cell size is 40 pixels. That is, there are 31x51=1581 
regular cells in the measurement region. Each cell is roughly a 40-pixels-by-40-pixels sub-image in 
the original photo. 

Table 1. Image resolutions and tested optical resolutions 

Camera code name Image size (Horizontoal x 
Vertical) 

Tested optical resolution 
(Horizontoal x Vertical) 

N7 3008 x 2000 2644 x 1655 
N8 3872 x 2592 2782 x 2033 
C2 3504 x 2336 2615 x 1683  
C3 3456 x 2304 2645 x 1820  

The zero-strain test results show that refinement of the measurement grid is one of the factors affecting 
the strain measurement accuracy. The strain measurement accuracy is better (smaller) in a coarser grid 
than in a more refined grid. It is similar to the fact that a large strain gauge has better accuracy than a 
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smaller one (Lang & Chou 1998). Further information can be found in Yang et al. (2011).  

Accuracy is never a superiority of image-based strain measurement when it is compared to 
conventional strain gauges. The accuracy of conventional strain gauges used in earthquake 
engineering experiments is commonly 10-4 to 10-6 (dependent on gauge type, data logger performance, 
temperature effects and many other factors), much better than 0.001 to 0.008 mentioned above. In case 
of the 31x51 grid, majority of cells achieves 0.02 pixels of equivalent pixel accuracy (see the standard 
deviation lines); about 99% of cells were better than 0.03 pixels (see the 99.5 and 0.5 percentile lines). 
Even the worst cell among 1,581 (31x51) cells achieves 0.04 pixels of equivalent pixel accuracy. 
Compared to the equivalent pixel accuracy of 0.02 pixels through the help of industrial (professional 
and in good quality) cameras and sophisticated correction algorithms in past research work (e.g., Goh 
et al. 2004), the equivalent pixel accuracy achieved in the zero-strain tests using commodity cameras 
in this work may be acceptable. 

 
(a) measured disp. UX 
(blue:0  red:0.1mm) 

(b) measured strain ε XX 
(blue: -0.002  red:+0.002)  

Fig. 6. Example of measured fields in zero-strain test (measurement grid: 31x51) 

4 CRACK MEASUREMENT ON AN RC-WALL EXPERIMENT 

The presented strain measurement approach was applied to a large-scale RC wall experiment (Chen 
2008). Figure 7 presents the measurement regions of the south corner and the north corner. Each 
measure region is 30cm by 20cm, shown as a blue rectangle in Fig. 7. The blue rectangles were plotted 
on the photos, not on the specimen. The RC wall was subjected to a series of cyclic lateral 
displacements.  

 
(a) South corner (b) North corner  

Fig. 7. Measurement regions 

Small horizontal cracks appeared at the early stage of the test, and were observed using the proposed 
method in the RC-wall experiment. Figure 8(a) shows the measured strain εYY at where  the roof drift 
ratio (DR) was -0.15%. At least three horizontal cracks can be seen in the measured strain εYY shown 
in the circled areas in Fig. 8(a). The strain εYY measured at where the roof drift ratio was -0.3%, 
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reveals these cracks clearer, as shown in Fig. 8(b). Note that the measured results do not represent the 
strain values if there were cracks. The measured strain values along there areas were larger than the 
limiting tensile strain of common concrete. When cracks appear, the distance between the cells across 
the crack increases. It leads to large measured strain values around the crack. 

(a) ε YY at DR: -0.15% 
(blue:-0.005  red:+0.005) 

(b) ε YY at DR: +0.3%) 
(blue:-0.005  red:+0.005)  

Fig. 8. Measured small horizontal cracks 

Vertical cracks appeared on the north corner at step 4128 (while roof DR was +1%). As shown in Fig. 
9(a), theεXX of most area of the north corner was close to zero, while two vertical lines of high strains 
at the right hand side were observed. Each high strain line represents a vertical crack. According to the 
measured displacement UX as shown in Fig. 9(b), the widths of the left and right cracks were about 
0.2mm and 0.3mm, respectively. These vertical cracks were visible in the rectified image, as shown in 
Fig. 9(c), and were also apparently visible at site of the experiment. 

(ε XX: blue: -0.005 red: 0.05)   (UX: blue:-0.8mm red:0mm)
(a) ε XX          (b) UX     (c) Rectified image 

 
Fig. 9. Measurement at step 4539 (DR: 0%) 

In addition to displacement, strain and crack measurement, the present method indicates out-of-plane 
movement and surface fallen apart. Out-of-plane movement of the concrete surface leads to significant 
strain measurement error. Concrete fallen apart even leads to mismatching of image template 
matching, and results in error displacement results. The coming-off situation and the falling-apart 
situations can be detected by the proposed image-based measurement result through examining the 
similarity factor field, as shown in Fig. 10(a). A high similarity factor (close to one) of a cell means 
that a well matched sub-image in the deformed image can be found. A low similarity factor may be 
induced by many reasons, including a crack passing through the cell, very large strains, out-of-plane 
movement, or surface material falling off. Figure 10(b) is the rectified image of the measurement 
region about at then end of the experiment. It shows the areas that surface concrete was fallen off or 
coming off from the original concrete surface plane. If low similarity factor cells were an area, it is 
likely that the concrete in this area was either coming off from the original plane or has fallen apart. It 
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is roughly estimated that, the similarity factors were about between 0.85 and 0.95 where the surface 
concrete was coming off the original plane. The similarity factors were about less than 0.8 where the 
surface concrete fell apart. 

(a)Similarity factor field (b) Falling-apart, coming- off areas and large 
cracks  

Fig. 10. Similarity factor field and rectified image with plots at end of experiment 

5 CONCLUSIONS 

A simple method integrating camera calibration, stereo triangulation, image metric rectification, and 
image template matching techniques are integrated in this work to measure concrete surface strain 
fields in a reinforced concrete (RC) wall experiment. Surface strain fields were estimated by analyzing 
pairs of images taken by commodity digital cameras, which are commonly affordable by most of the 
earthquake engineering laboratories. Camera calibration was carried out to correct geometrical and 
optical distortions. Stereo triangulation technique was employed to position measurement regions in 
the 3D space. Image metric rectification was adopted to generate un-distorted images of initial and 
deformed measurement regions. Image template matching technique was employed to estimate in-
plane displacement fields of the measurement regions. Strain fields were calculated according to the 
measured displacement fields.  
The measurement is applicable for static and pseudo-dynamic experiments that experimental photos can be taken 
clearly by digital cameras. For dynamic experiments such as shake table tests, high-speed cameras are needed so 
that specimen photos can be taken clearly. For practical applications on real-time structural health monitoring, 
further studies on camera movements and vibrations, temperature effects, image noises filtering (induced by rain, 
dusts, shadows, etc.), hardware fault tolerance, data communication and power supply are required.  

The measurement accuracy of the proposed method was carefully estimated by conducting a zero 
strain test. Relative displacement measurement accuracy can be within +/-0.04 pixels, resulting in a 
strain measurement accuracy of 0.001 while a 31-by-51 measurement grid with cell size of 40 pixels 
was used. In addition to the strain fields, surface cracks can be detected by examining the measured 
displacement and strain fields. Small concrete cracks with 0.02mm width can be found by examining 
the measurement results. Compared with commercial products, this method is cost effective and easy 
to use, and provides satisfactory accuracy for strain measurement and crack examination for 
earthquake engineering experiments. For those experiments which are dangerous for people to 
approach, this method is a safe way to monitor deformation, strain fields, and surface cracks. 
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