

  buildings-12-01778




buildings-12-01778







Buildings 2022, 12(11), 1778; doi:10.3390/buildings12111778




Article



CCTV Camera Array for the Displacement and Strain Measurement of a Beam Specimen in a Laboratory



Rujika Tuladhar 1, Punchet Thammarak 1 and Said Elias 2,*[image: Orcid]





1



Structural Engineering, Asian Institute of Technology, School of Engineering and Technology, Pathumthani 12120, Thailand






2



Department of Construction Management and Engineering (CME), Faculty of Engineering Technology (ET), University of Twente (UTWENTE), 7522 Enschede, The Netherlands









*



Correspondence: elias.rahimi@utwente.nl







Academic Editors: Shibin Lin, Donghui Yang, Sadegh Shams and Chunxu Qu



Received: 13 September 2022 / Accepted: 20 October 2022 / Published: 24 October 2022



Abstract

:

The available conventional sensors, like displacement transducers, used in the Structural Engineering Laboratory are expensive. In addition to that, the need for data acquisition devices also escalates the expense invested in point contact measurement systems. The recent appeal of vision-based measurement and the search for cost-effectiveness has led to an exploration of the established sampling moiré method using cheap closed-circuit television (CCTV) cameras as a viable option. The sampling moiré method is simple and analyzes the displacements from grating images by a phase-shifting method. Several trial experiments were conducted, which demonstrated that the setup is at least as accurate as the traditional measuring system. An experiment was conducted on a steel I-beam for displacement measurement, which displayed satisfactory results. In addition, the setup was also tested for strain measurement, and it has yielded promising results that need fine-tuning. This paper discusses the challenges, findings, and the possibility of incorporating vision-based displacement measurements in laboratory platforms.
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1. Introduction


The virtue of remote access and non-contact-based optical techniques are gaining popularity for deformation measurement. Traditional deformation measurement technologies such as Linear Variable Differential Transformers (LVDTs), strain gauges, etc., necessarily require physical access to a structure and are suitable for point measurements only. This interference has led to vision-based methods garnering great research interest in recent times [1]. Non-contact computer-vision-based monitoring techniques using cameras are gaining popularity in the sector of structural health monitoring (SHM) as efficient and effective sensing techniques.



The measurement of the displacement and distribution of strain has been the main concern for monitoring the integrity and safety of structures. They have been significant for the purpose of design validation, performance monitoring, and safety assessment. The available options to obtain displacement and strain distribution is by using sensors and strain gauges at various locations, which can ensure only measurement at one location. Apart from this, setting up these sensors requires considerable time and it is expensive, as well, to obtain a representative idea of the condition of a structure [2].



In order to overcome this condition, full-field noncontact optical methods have been used, such as the digital image correlation method, moiré interferometry, speckle interferometry, phase-shifting digital holography, the moiré grid method, holographic interferometry, shearography, etc. These methods are fairly effective to attain high spatial resolution within a short time interval in comparison to the point measurement technique. Particularly, the moiré method has been in practice as a measurement tool of displacement and strain as a vision-based method for whole-field information [3].



The sampling moiré method is a novel moiré method that uses a phase analysis technique through the image processing of the grating pattern to measure displacement, strain distribution, and shape. This method uses a charge-coupled device (CCD) or complementary metal-oxide semiconductor (CMOS) sensor to capture a single image of a specimen grating of known pitch during deformation. Only one image is handled to evaluate the phase distribution by generating multiple phase-shifted moiré patterns by the thinning-out, down-sampling, and interpolation of the sequential pixels through phase analysis [2,3,4,5,6,7,8,9,10,11,12,13,14,15]. Through the phase difference of the moiré fringe prior to deformation to that of post-deformation, the displacement distribution is attained.



Studies are available on the sampling moiré method ranging from those on performance and accuracy checking to applications in real-world cases. They have highlighted the fact that the method is a simple and easy procedure with high accuracy and analysis speed in addition to low-cost performance. Computer simulations were carried out to authorize the effectiveness of this method through a phase compensation methodology [5,6] to reduce the large phase error that exists when the sampling pitch does not match the grating pitch. Similarly, simulations were also performed to establish the accuracy of the method, concluding that cosinusoidal grating performed best while rectangular grating can perform just as well with camera defocusing [3,7]. Moreover, there have been experiments performed to confirm the effectiveness of the method through a three-point bending test conducted on a symmetrical rectangular steel beam for deflection measurement [2,3,4,16,17,18]. The results of the experiment display that the displacement values calculated by using the method comply with that of the displacement sensor and theory and ensure the accuracy of the method. In addition to that, there are studies that have determined the shape and displacement of the object along with strain determination at the same position points before and after deformation [19] and an experiment conducted to determine the three-dimensional (3-D) shape and strain distribution of a rotating tire [9,20]. Both of these were conducted using two cameras to capture the images and even the shape determination of a trapezoidal object by pasting the grating on the top of the object [20]. Moreover, the experiment conducted on grating over a rubber belt stretched in orthogonal directions for strain measurement revealed that the method was suitable for the calculation of large, deformed objects with little deviations from the theoretical strains [2,19,20]. Likewise, in terms of applications in the field of civil engineering, the method was able to detect submillimeter deflection effectively in an experiment conducted on a ceiling-traveling crane [7]. Another application was conducted on a fixed concrete bridge to conduct dynamic deformation measurements by the movement of a train in real-time [21]. Moreover, this has been expanded to the displacement measurement of a concrete bridge for a high-speed railway in Japan using retroreflective moiré markers. The two-dimensional (2-D) in-plane displacements at multiple locations could be easily measured from recorded digital images [11], even for the measurement of the deflection and vibration of a large-scale concrete bridge from captured video with a commercial cinema camera [12] in recent times. Further, in terms of experiments, comparative experiments conducted in a columnar cantilever beam connected to a loading jack and laser displacement meter demonstrated the effectiveness of the method for deformation measurement when the errors between the measurements were compared [14,21]. Different cameras were used for the damage detection of bridges under different loading conditions [22,23,24,25,26,27,28,29].



A sampling moiré camera is a compact system with a CMOS sensor, memory unit, and processing unit that analyzes the grating images and provides output in real-time. The laboratory part of the experiment for close-range displacement conducted in a small displacement detection system to measure landslide [8] forms the basis for this study. The use of a translation guide to assure the accuracy of the displacement measurement has been carried out, similar to the study that uses an electronic motion stage. This study focuses on addressing the implementation and augmenting the usability of the principle of the moiré method at a laboratory scale using closed-circuit television (CCTV) cameras. Several laboratory trials were conducted to characterize the influence of factors such as the target distance from the camera and optimal grating size on measurement performance. This was established by verifying the performance of the sampling moiré method using the CMOS sensor Mars series and then using the scheme with CCTV cameras, a platform for trials to later be deployed to specimen testing.



The applicability of the principle of the sampling moiré method to the laboratory platform has been explored here. The implementation of this scheme could open new doors to supersede the functionality of traditional techniques that are otherwise expensive. For example, the cost of the displacement transducer alone is 50 K Baht, excluding the cost of the data logger. Even if 12 units of CCTV cameras, each costing around 2 K Baht (52.40 US Dollars), were used, the overall setup would cost us around 35 K Baht (917.08 US Dollars). This experiment seeks to make use of a vision-based measurement technique and find displacement and strain simultaneously for deployment in a laboratory environment.




2. Methodology


2.1. Principle of Sampling Moiré Method


This sampling moiré method is an efficient phase analysis technique that performs an analysis of phase distribution on a single shot image. The fundamental principle is illustrated in Figure 1. In this method, fringes are gained by “down-sampling” from sequential pixels followed by “intensity interpolation”. By phase shifting spatially, i.e., changing the start-sampling pixel point in succession such that the sampling interval is similar to the pitch of the specimen grating, a series of moiré patterns can be attained. Eventually, from the series of phase-shifted moiré patterns, the phase of the moiré fringe is analyzed by using the phase-shifting method [2,3,13,14,15].



In Figure 1h–k, the k-th phase-shifted images can be shown approximately as follows:


   I k    i , j   =  I a    i , j   cos    ϕ m    i , j   + 2 π  k N    +  I b    i , j     k = 0 , 1 , 2 , … ,   N − 1    



(1)




where 𝐼𝑏(𝑖,𝑗) represents background intensity in the image, 𝐼𝑎(𝑖,𝑗) represents the amplitude of the grating intensity, and    ϕ m    i , j     is the initial phase value of the moiré fringe.



The phase distribution of the moiré pattern can be obtained from frequency 1 of a discrete Fourier transform (DFT) algorithm or phase-shifting method using the Fourier transformation (PSM/FT) of Equation (1). Now, the value of the wrapped phase  ϕ  for frequency 1 is represented in the equation below.


   ϕ m    i , j   = −   tan   − 1       ∑  0  N − 1    I k    i , j   sin   k   2 π  N        ∑  0  N − 1    I k    i , j   cos   k   2 π  N       



(2)







The phase obtained by Equation (2) is wrapped by 2π and lies between −π and π, which creates discontinuous deformation while calculating. Thus, a phase unwrapping algorithm must be combed by a local phase unwrapping algorithm to ensure accuracy in the measurement of strain distribution [22].



Phase    ϕ m    of the moiré fringe is the subtraction of phase    ϕ r    of the reference grating from phase   ϕ  ϕ s    of the specimen grating, such that:


   ϕ m    i , j   =  ϕ s    i , j   −  ϕ r    i , j    



(3)







Phase    ϕ m    of the moiré fringe has to be analyzed while phase    ϕ r    of the reference grating remains unchanged. Thus,    ϕ s    can be calculated as represented in the equation below:


   ϕ s    i , j   =  ϕ m    i , j   +  ϕ r    i , j    



(4)







The displacement distribution can be derived by computing the difference in the distribution of the phase of patterns prior to and post-deformation. Phase differences    ϕ  m 0     and    ϕ  m 1     of the moiré pattern prior to and post-deformation are expressed as follows:


   ϕ  m 0   =  ϕ  s 0   −  ϕ r   



(5)






   ϕ  m 1   =  ϕ  s 1   −  ϕ r   



(6)




where    ϕ  s 0     and    ϕ  m 1     are phases of the grating pattern prior to and post-deformation, respectively. The phase difference   Δ  ϕ s    of the grating pattern prior to and post-deformation can be found from the difference in phase between    ϕ  m 0     and    ϕ  m 1    , as follows:


  Δ  ϕ s  =  ϕ  s 1   −  ϕ  s 0   =  ϕ  m 1   −  ϕ  m 0   = Δ  ϕ m   



(7)




(Equations were adapted from [23]).



Then, Equation (3) was used, and the displacement u and strain ε of the specimen grating can be obtained in the equations below.


  u = p   Δ  ϕ m    2 π   = − p   Δ  ϕ s    2 π    



(8)






  ε =   d u   d x   =  p  2 π     d   Δ  ϕ m      d x   = −  p  2 π     d   Δ  ϕ s      d x    



(9)




where p = the pitch of the grating. (Equations were adapted from [14]).




2.2. Instrumentation


The scheme was validated using the CMOS sensor Mars4072S-24uc model (Figure 2A) of sensor size 1/1.7” with a pixel resolution of 4000 × 3000 and a frame rate of 24 fps. The camera was directly connected to the computer using a USB cable and operated using its software, icentral, to capture photographs.



For the experiment, a Hikvision DS-2CE16D0T-IRF HD 1080P IR bullet camera (CCTV camera), with a 2-megapixel high-performance image sensor of 6 mm lens and a video frame rate of 25 fps, was used to capture video for the scheme. The videos were recorded in the DVR box and exported for further processing as shown in Figure 2B,C.



Similarly, 2-D gratings of 4 mm, 2 mm, and 1 mm pitch were used as shown in Figure 3. The grating used for measurement requires constant pitch and a sharp variation of contrast. Initially, gratings printed on normal A4 paper using a laser printer were used. Later, these were printed on 4″ × 3″ matte photo paper and finally upgraded to gratings printed at Amarin Printing and Publishing Public Company Limited, a publishing house, with 300 dpi on matte art paper by using a digital printing technique.



The Matlab code for processing was prepared using the phase analysis method. It requires captured grating photographs as input. The phase difference of the grating before and after deformation provided the displacement values, the procedure of which was carried out as illustrated in Figure 4.



The sampling pitch in pixels and the position of the pixel at which the displacement is required are the input values used for processing. The sample pitch pixels were counted by observing the pixels that make up one pitch in the photograph.




2.3. Basic Setup


The general setup was such that the linear guide was used for displacing the grating. The grating, held inside the acrylic holder, was mounted on a linear guide secured by tape over the moving stage of the guide. This setup was arranged such that the grating was illuminated using two 50 W LED floodlights. The amount of displacement was controlled by the displacement transducer which was connected to a data logger. The moving stage was displaced at intervals of 1 mm and 0.5 mm in translation in the x-direction with to-and-fro motion using a displacement transducer.




2.4. Trial Experiments Using a CMOS Sensor


First, the suitability of the scheme was established with a series of trial experiments performed using CMOS sensor Mars and gratings of 4 mm and 2 mm pitch.



The first trial with a short tripod and A4-printed grating, and the second trial with a long tripod and matte photograph grating, were displaced at intervals of 1 mm to 0.25 mm for various cases. By corresponding the displacement values given to those measured using the code, the credibility of the code was assured.




2.5. Trial Experiments Using CCTV Camera


Sixteen cases were trialed for three setups with 4 mm-, 2 mm-, and 1 mm-pitch grating to determine a suitable pitch and distance for the experiment. The linear guide was displaced up to double the pitch in one direction and equal to the pitch in both directions for the experiment. The camera setup distances from the grating panel were maintained throughout the trials at distances of 5 cm, 10 cm, and 15 cm for 4 mm and 2 mm pitch and at 5 cm and 10 cm for 1 mm pitch. The trials differed in the improvements in the camera settings and the use of upgraded matte art grating.



All in all, 4 mm and 2 mm pitches delivered consistent outcomes and the distances of 10 mm or less seemed to work better. With the 1 mm pitch, the deviation values under the theoretical band of error were not achieved for all cases. The theoretical band of error is the p/100th of the grating pitch for this method.





3. Experiment Conducted on The Specimen


The specimen used in the experiment is a steel I-beam which is 1170 mm long. The span between the two supports was 1000 mm. The total height and width of the beam were 150 mm each. The web was 7 mm thick while the flange was 10 mm thick.



3.1. Experimental Setup


An asymmetric three-point bending test was performed on the specimen to measure the deflection at the point of loading and determine the strain values. The displacement transducers were located at the bottom flange of the beam at a distance of L/4th of the way along the span, as seen in Figure 5. The gratings were also pasted on wooden panels at the same positions facing the array of three cameras. Eight strain gauges were installed such that four were laid on either side of the mid-span between the L/4th positions, as shown in Figure 6. The specimen was loaded at the middle of the beam by a loading frame of 15 tons of capacity.



In the experiment, Figure 7, 4 mm and 2 mm gratings were used to capture the x-direction and y-direction displacement simultaneously from the array of cameras. The CCTV cameras were kept at a 10 cm distance from position A and position C and at a 5 cm distance from position B. The sample was pre-loaded at 1 ton at the center of the top flange of the sample with the load cell at every 0.5-ton interval up to 8 tons and unloaded back to the pre-loaded position. The displacement values were analyzed at the pixel at which the L/4th position of the specimen was marked on the grating panel, as seen in Figure 8.




3.2. Displacement Measurement


Overall, the RMS error calculation revealed that irrespective of distance, the average resolution of 55 µ and 35 µ was obtained for 4 mm grating and 2 mm grating, respectively. The first graph for each position from Figure 9, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14 show us how the displacement values vary over loading and unloading in both methods, while the graph comparing each position from Figure 9, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14 show the variation of error values that are within the p/100th of grating pitch and the ones that exceed. Similarly, the plot of the comparison of displacement values by both the sampling moiré method and the displacement transducer shows a good degree of correlation.




3.3. Strain Measurement


Strain is the deformation incurred in a solid when stress is produced on it due to the application of force. Therefore, strain is the amount of deformation per unit of its original length.





   Here ,   strain   ( ε ) =    relative   change   in   x  −  displacement      Δ l      gauge   length       L 0        











Strain gauges of gauge length 5 mm and resolution 1 µε were installed at certain locations, as seen in Figure 6. Thus, a 25 mm gauge length (as in this case), would require a 0.025 µm resolution for displacement measurement. If p/100th of the grating was taken to be 0.025 µm, the size of the grating would be 2.5 µm, which is too small and would require the nano-printing of the grating pitch.




3.4. Outcome of the Measurement Scheme and its Limitations


Taking a conservative approach, even if the fluctuation of 10% of the maximum strain is allowed, a 0.25 µm resolution is needed, which is still small. The inherent amount of error in the current scheme is 186 µε. In the results, the x-displacement is towards the left and thus all the values tend to be negative. The plot henceforth is carried out taking solely magnitude.



The average strain gauge values agree better through both conditions for Zone 2 and lags for loading conditions for Zone 1. However, the calculated strain values do not follow the pattern of the averaged values for either zone, as seen from the third figure of the graphs. From the second graph in each of Figure 15, Figure 16, Figure 17 and Figure 18, it is seen that Zone 2 captured the tentative pattern better, as is evident from the R-squared value of the 4 mm grating. All things considered, the RMS error has not exceeded the error of the measurement scheme of 186 µε.





4. Comprehensive Summary


In the specimen experiment, a 4 mm grating pitch yielded better results for both the y-displacements and strain values calculated. The average resolution was found to be 50 µ for a 4 mm grating pitch and 40 µ for a 2 mm grating pitch on the liberal side. Observation revealed that the resolution of the displacement transducer along with the data logger fluctuates by 10 µ in unloaded conditions and up to 40 µ when the sensor is loaded for a certain time. Considering the setup that was not devoid of a number of factors that could affect the calculations, the displacement measurement is satisfactory for laboratory conditions.



As far as strain measurement is concerned, Zone 2 has captured the progression of strain to some extent. It has demonstrated that strain measurement is possible by the moiré measurement scheme with improvement in resolution.




5. Discussions


The sampling moiré method originally proposed by Morimoto and Fujigaki (2009) was assessed for displacement measurement through a series of tests conducted using the CMOS sensor to establish the efficacy of the method. Further, the same tests were conducted with a CCTV camera to examine if the results were reproducible. Finally, an experiment was conducted on the specimen by loading to obtain displacements in both directions and calculate strain from x-displacement.



We can conclude that this method is a promising visual displacement measurement technique for the Structural Engineering Laboratory using CCTV cameras. It displays adequate performance unaffected by the input voltage and temperature changes, unlike other traditional sensors. Low-cost, low-resolution CCTV cameras have adequate resolution to perform consistently, which is preferable. Strain measurement is also viable from this measurement scheme, as is evident from the above results, with improvements.



There are some inherent constraints in the moiré scheme that have to do with both the grating and the camera. In the case of the grating, the quality of printing is critical. Even with the 300 dpi digital printing technique, the best that could be procured, there exist inconsistencies in the printing, which is evident when the camera is close to the specimen. Similarly, a CCTV camera has a limited usable area coverage for analysis due to its wide-angle lens. In this case, only a circular area at the center, with a radius of 1/4th of the width of a frame, is at disposal. Likewise, for the short gauge length issue, the displacement resolution of 55 µ from the available measurement scheme to achieve a 7 µ resolution as calculated above for strain measurement from the current setup is indeed challenging. For this, an immense improvement of about seven times the current resolution is required.



The recommendations for further improvement of the scheme would be to resolve the issue of the printing quality of the grating pattern optimized over the resolution sought. Moreover, exploring the strain measurement by the scheme by improving the resolution, adjusting the gauge length, etc. Furthermore, upgrading the physical video retrieval system as of now to real-time displacement measurement could be a prominent scope for laboratory platforms.
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Figure 1. Phase analysis by sampling moiré method: (a) Sampling points of the camera; (b) specimen grating; (c) sampled image of (b); (d) thinned-out image from (c) (N = 4, α = 0); (e) thinned-out image from (c) (N = 4, α = π/2); (f) thinned-out image from (c) (N = 4, α = π); (g) thinned-out image from (c) (N = 4, α = 3π/2); (h) interpolated image of (d); (i) interpolated image of (e); (j) interpolated image of (f); (k) interpolated image of (g) (Adapted from [6]). 
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Figure 2. Photographs of the (A) CMOS sensor, (B) CCTV camera, and (C) DVR box. 
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Figure 3. Two-dimensional grating [4]. 
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Figure 4. Diagram of the image processing of the captured images. 
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Figure 5. Schematic diagram of the experiment. 
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Figure 6. Schematic designations of the instruments on the beam. 
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Figure 7. Photograph of the experimental setup in a specimen with labels. (1) Loading cell, (2) I-beam specimen, (3) grating panel, (4) linear guide (5) CCTV camera, (6) monitor for operating the camera, (7) DVR box, (A–C) camera positions. 
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Figure 8. Photographs showing the pixel position (column, row) at which the analysis was performed for the cameras. (a) At A (433, 233), (b) at B (335, 374), (c) at C (542, 256). 
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Figure 9. Various graph plots for displacement values (coefficient correlation = 0.985) by the displacement transducer and the sampling moiré method and their derivatives at camera position A for 4 mm grating. (a) Force–displacement, (b) displacement and measurement error, (c) displacement and sampling, (d) position A of the beam. 
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Figure 10. Various graph plots for displacement values (coefficient correlation = 0.9945) by the displacement transducer and the sampling moiré method and their derivatives at camera position B for 4 mm grating. (a) Force–displacement, (b) displacement and measurement error, (c) displacement and sampling, (d) position B of the beam. 
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Figure 11. Various graph plots for displacement values (coefficient correlation = 0.9936) by the displacement transducer and the sampling moiré method and their derivatives at camera position C for 4 mm grating. (a) Force–displacement, (b) displacement and measurement error, (c) displacement and sampling, (d) position C of the beam. 
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Figure 12. Various graph plots for displacement values (coefficient correlation = 0.9866) by the displacement transducer and the sampling moiré method and their derivatives at camera position A for 2 mm grating. (a) Force–displacement, (b) displacement and measurement error, (c) displacement and sampling, (d) position A of the beam. 
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Figure 13. Various graph plots for displacement values (coefficient correlation = 0.9969) by the displacement transducer and the sampling moiré method and their derivatives at camera position B for 2 mm grating. (a) Force–displacement, (b) displacement and measurement error, (c) displacement and sampling, (d) position B of the beam. 
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Figure 14. Various graph plots for displacement values (coefficient correlation = 0.997) by the displacement transducer and the sampling moiré method and their derivatives at camera position C for 2 mm grating. (a) Force–displacement, (b) displacement and measurement error, (c) displacement and sampling, (d) position C of the beam. 
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Figure 15. Various graph plots for strain values (coefficient correlation = −0.291) by strain gauge and the sampling moiré method and their derivatives for Zone 1 using 4 mm grating. (a) Force–strain, (b) average of strain gauge and measured strain, (c) number of frames and strains, (d) position of Zone 1 of the beam. 
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Figure 16. Various graph plots for strain values (coefficient correlation = −0.8181) by strain gauge and the sampling moiré method and their derivatives for Zone 2 using 4 mm grating. (a) Force–strain, (b) average of strain gauge and measured strain, (c) number of frames and strains, (d) position of Zone 2 of the beam. 
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Figure 17. Various graph plots for strain values (coefficient correlation = −0.2281) by strain gauge and the sampling moiré method and their derivatives for Zone 1 using 2 mm grating. (a) Force–strain, (b) average of strain gauge and measured strain, (c) number of frames and strains, (d) position of Zone 1 of the beam. 
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Figure 18. Various graph plots for strain values (coefficient correlation = −0.6157) by strain gauge and the sampling moiré method and their derivatives for Zone 2 using 2 mm grating. (a) Force–strain, (b) average of strain gauge and measured strain, (c) number of frames and strains, (d) position of Zone 2 of the beam. 






Figure 18. Various graph plots for strain values (coefficient correlation = −0.6157) by strain gauge and the sampling moiré method and their derivatives for Zone 2 using 2 mm grating. (a) Force–strain, (b) average of strain gauge and measured strain, (c) number of frames and strains, (d) position of Zone 2 of the beam.



[image: Buildings 12 01778 g018a][image: Buildings 12 01778 g018b][image: Buildings 12 01778 g018c]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png





media/file52.png
(=] (=1} = [&=)
Zonel -
= (=] = =
A B C

RMS Error 58.7971 Microstrain
Mininum Error 12.5442 Microstrain
Maximum Error  112.5944 Microstrain
Average Error 51.4619 Microstrain

(d)

W Strain Gage
@  Displacament ransducer
e Greting panel





media/file48.jpg
 Comparison of Strain values using 4mm at Zone2

— Compursan

]

3
H
H
H
g
3
H
g
-
:
H
<
H

o 50 00 50 =0
‘Average of stain gage measurement (c)
®

Variation of Srain values ofgrating dmm at Zone2






media/file27.png
Y-displacements of grating 4mm at position C

0.0 X @ Displacement by Displacement Transducer

A Displacement by Sampling Moire

I I
N o
> N

Displacement (mm)

1 2 3 4 5 6 7 8
Load force (tons)
(a)

Error of Y-displacement of grating 4mm at position C

—— p/100t" of 4mm at position C

0.10
@ Displacement Error(mm)
°
~—0.08
=
E e e
| S
g 0.06 e
L o -
"qc'; [ ]
0.04
E s Y
o o ® °
>
n ® ® o
@ 0.02 ®
) °
> °
1 ]
[ o [
0.00 ° ° o
0.0 0.2 0.4 0.6 0.8

Displacement by Sampling Moire (mm)
(b)





media/file21.jpg
Measurement Exror (mm)

Displacement (mm)

Y-displacements of grating 4mm at position B

o0 . isiacomant b Dot Tonsaicr
< Cusicomut by Somping o

Load force (tons)
@

Error of Y-displacement of grating 4mm at position B
o [
OugocamensEroe)

Displacement by Sampiing Mo (mm)

®





media/file44.png
Strain values(ue)

250

200

50

Load Vs Strain Curve of grating 4mm at Zone1

2 3 4 5 6 7
Load force (tons)

@ Strain from displacement by sampling moire method(ug)
A Average of strain gage measurement(ue)

(a)





media/file55.jpg
-
- - - -
. e C - Gege
S Dipace s

RMS Error 125.2799 Microstrain — e
Mininum Error  0.8986 Microstrain
Maximum Error  211.3301 Microstrain
Average Error 1003734 Microstrain

(d)





media/file35.png
Y-displacements of grating 2mm at position B

® Displacement by Displacement Transducer
A Displacement by Sampling Moire

0.0

Displacement (mm
S S
()] B

I
o
o

1 2 3 4 5 6 7 8
Load force (tons)

(a)
Error of Y-displacement of grating 2mm at position B

—— p/100t" of 2mm at position B

0.08 e Displacement Error(mm)
o}
=}
E &) o ®
é0.0G .
—
(@)
=
Ll L °
+ 0.04 =
o °
() L °
= L °
o . .
-
0.02 ® Y
% o @ ®
(0] Y [ ] [ )
= [}

o
o
S
o
[ J

0.0 0.2 0.4 0.6 0.8 1.0
Displacement by Sampling Moire (mm)

(b)





media/file7.jpg
interpolation

Fourier Transform

e
Captured Image

images Processing

“." Down sampling and intensity
- Phase analysis using Discrete

- _ Phase difference before and after

Displacement values





media/file28.png
Comparison of Y-displacements of grating 4mm at position C

—— Comparison

o
o

I
o
(N

Sampling Moiré method (mm)

-0.4 =0:2 0.0

.8 -0.6
Displacement Transducer (mm)
(c)

= =] == =]
o Zone 1l Q Zone 2 Q
[ i [ i

A : N T e
@y Grating panel
RMS Error 0.0385mm
Mininum Error 0.0009 mm
Maximum Error  0.0902mm
Average Error 0.0303mm
(d)





media/file10.png
Loading Jack

113

Al 3merzions are N mm

T L comm L L

o 85 250 " - 250 - 250 2+ 85

N 1170 "

Schematic diagram of the loading arrangement on beam specimen





media/file49.jpg
- -
Zonet
- -
A

RMS Error
Mininum Error
Maximum Error
Average Error

1=

58.7971 Microstrain
12.5442 Microstrain
112.5944 Microstrain
51.4619 Microstrain

(d)

- st
0 Osenersasn
= Gringyerel





media/file19.png
0.0

I
o
N

-0.4

Displacement (mm)

I
o
o

Y-displacements of grating 4mm at position A

@ Displacement by Displacement Transducer
A Displacement by Sampling Moire

1 2 3 4 5} 6 7 8
Load force (tons)

(a)

Error of Y-displacement of grating 4mm at position A

0.10
—— p/100t" of 4mm at position A
@ Displacement Error(mm)
°

0.08
= ° .
E .
5 0.06 ° ® e o o o
= ° o
L [ ] [ ® o Y ®
b= o
& 0.04 o =
= °
(O} ()
=

°

& 0.02
5} L ¥ ©
P )

0.00 o}

0.0 0.2 0.4 0.6 0.8 1.0

Displacement by Sampling Moire (mm)
(b)





media/file45.png
Comparison of Strain values using 4mm at Zone1

° —— Comparison

N
a
(=
]
[ ]

N
o
o

-
(&)
o

-
o
o

Strain from X-dispacement by Sampling moiré method (p¢)

50 ¢ 2
° [ ]
[ ] [ ]
0 ° -
0 25 50 75 100 125 150 175
Average of strain gage measurement (jg)
(b)

Variation of Strain values of grating 4mm at Zone1

Strain values(u)

0 5 10 15
Number of frames

@ Strain from displacement by sampling moire method(pe)
A Average of strain gage measurement(pe)

()





media/file11.jpg
o i






media/file6.png
lllIIlllll:p





media/file36.png
Comparison of Y-displacements of grating 2mm at position B

00 —— Comparison

|
o
(N

|
e
~

Sampling Moiré method (mm)

-0.4 -0.2 0.0

-0.8 -0.6
Displacement Transducer (mm)
(0)

= L] = =
Zone 1 Zone 2
= (&=} (==} (==}

@y Grating panel
RMS Error 0.0377 mm
Mininum Error 0.0003 mm
Maximum Error 0.0752mm
Average Error 0.0310mm
(d)





media/file15.jpg





media/file62.png
Strain values(pg)

250

200

50

Load Vs Strain Curve of grating 2mm at Zone2

2 3 4 5 6 7
Load force (tons)

® Strain from displacement by sampling moire method(ug)
A Average of strain gage measurement(ue)

(@)





media/file54.jpg
Comparison of Strain values using 2mm at Zone1
3 — Gonparson

¥

8

z

B 0w W @ w
‘Average of strain gage measurement (pe)

®
Variaton of Strin values o grating 2mm at Zone1

‘Strain from X-dispacement by Sampling moiré method (e)






nav.xhtml


  buildings-12-01778


  
    		
      buildings-12-01778
    


  




  





media/file2.png
0 B388

(k) DDDDDDDDDDUD

BO00000000005ME!
BECO000000

'IIIIIIIIIIEBBBBBBBBBBE

[wiw/m(m (=] |
S H

B00000000006!

DOO000000EE





media/file53.jpg
Load Vs Strain Curve of grating 2mm at Zone1

250

200

150

100

Strain values(pe)

50

1 2 3 4 5 6 7 8
Load force (tons)

©  Strain from displacement by sampling moire method(ye)
4 Average of strain gage measurement(uc)

(a)





media/file59.jpg
Strain values(p)

250

200

150

100

50

Load Vs Strain Curve of grating 2mm at Zone2

; 3 3 4 5 6 7
Load force (tons)

©  Strain from displacement by sampling moire method(e)
4 Average of strain gage measurement(ue)

(a)






media/file24.png
Comparison of Y-displacements of grating 4mm at position B
—— Comparison
0.0

Sampling Moiré method (mm)

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
Displacement Transducer (mm)

(c)

- [ - -
@ Zone 1 o] Zone 2 o
[ [ - [

“ . e
ey Srating panel
RMS Error 0.0653mm
Mininum Error 0.0044mm
Maximum Error 0.1240mm
Average Error 0.0555mm
(d)





media/file29.jpg
Y-displacements of grating 2mm at position A

oo o ot Ditocament Trnsior
2 Cusicaruny Songing e

Displacement (mm)

Load force (tons)
@
Error of Y-displacement of grating 2mm at position A

S —,
« OupscmonErarn)

Fow

£ .

[ L . 2

Bl | . 1T T .17 |
H e . .

S LA S

Displacement by Sampling Moire (mm)

®





media/file1.jpg





media/file12.png
V12 W2 . U112 W12 . U2 L2
L4 L4

[e) Transducer

Gretn oo Diagrammatic illustration of positions of strain gage

 s—
—— Gratng paned





media/file9.jpg





media/file22.jpg
o
s
s

3
5
H
5
El
=3
<

s
8

2

Sampling Moiré method (mm)
¢

placements of grating 4mm at position B

B
Displacement Transducer (mm)

©

Mininum Error
Maximum Error
Average Error

0.0653mm

0.0048mm

0.1240mm

0.0555mm
@

[ —





media/file56.png
Strain values(jg)

250

200

50

Load Vs Strain Curve of grating 2mm at Zone1

P 3 4 5 6 7
Load force (tons)

@ Strain from displacement by sampling moire method(u¢)
A Average of strain gage measurement(ug)

(a)





media/file47.jpg
Strain values(p)

250

200

150

100

50

Load Vs Strain Curve of grating 4mm at Zone2

2 3 4 5 6 7
Load force (tons)

©  Strain from displacement by sampling moire method(ji)
A Average of strain gage measurement(uc)

(@)





media/file17.jpg
Y-displacements of grating 4mm at position A

i) o DapcamectyDepicomen Tavaticor
< oupcamanty Samgig e

Displacement (mm)

Load force (lons)
@

Error of Y-displacement of grating 4mm at position A

e — 0%t t g

Em . - )
o 5T e o
gum%
H DI D

Displacament by Sampiing Moi (mm)
79y





media/file26.jpg
n
9
$or & oz 3

Sampling Moiré method (mm)

<6
Displacement Tr:

on of Y-displacements of grating 4mm at posi

— Comparion

04

Mininum Error
Maximum Error
Average Error

EI=L

0.0385mm

0.0009mm

0.0902mm

0.0303mm
)

ansducer (mm)

o tuseiursane





media/file57.png
Comparison of Strain values using 2mm at Zone1

o —— Comparison

N
[6)]
o

N
o
o

il
(&)
o
[ ]
L]

=X
o
o

(&)
o
®
®

o
®
[}

0 20 40 60 80 100 120 140
Average of strain gage measurement (jg)

(b)

Variation of Strain values of grating 2mm at Zone1

Strain from X-dispacement by Sampling moiré method (pg)

200

-
o
o

Strain values(u)
)

0 5 10 20 25 30

15
Number of frames

@ Strain from displacement by sampling moire method(pe)
A Average of strain gage measurement(ue)

(c)





media/file34.jpg
Comparison of Y-displacements of grating 2mm at position B
a0 — Comparson

E
5
B

0 o8 s w4 w2 00
Displacement Transducer (mm)

©

e o002

" - ¢ [—

Bmceres s

RMS Error 0.0377mm

Mininum Error  0.0003mm

Maximum Error  0.0752mm

Average Eror  0.0310mm
Iy





media/file60.jpg
] g g [ ;

‘Strain from X-dispacement by Sampling moiré method (e)
2

‘Strain values(y)
s f & ¥ B

3
El
B

ison of Strain values using 2mm at Zone2
— comparsan

0w W m om0
‘Average of stain gage measurement (je)

®
Variation of Sran values o

ing 2mm at Zone2.

NomborGtrames

©





media/file31.png
Displacement (mm)

Measurement Error (mm)

Y-displacements of grating 2mm at position A

0.0 ' ® Displacement by Displacement Transducer
\ A Displacement by Sampling Moire

|
o
N

|
o
~

I
o
fo)

1 2 3 4 5 6 7 8
Load force (tons)

(a)

0E1!1'ror of Y-displacement of grating 2mm at position A
. —— p/100t" of 2mm at position A

@ Displacement Error(mm)

0.12
o
0.10
o )
0.08 o ®
0.06 e}
° ° PY o
0.04 2 Qo
o
o
°
0.02 5 °® °
o @
0.00 [ L Ie)
0.0 0.2 0.4 0.6 0.8

Displacement by Sampling Moire (mm)
(b)





media/file39.png
Y-displacements of grating 2mm at position C

® Displacement by Displacement Transducer

0.0 By
A Displacement by Sampling Moire

02
E
S
[=
o 04
£
O]
o
L
Q.
n -0.6
()]

-0.8

1 2 3 4 5 6 7 8

Load force (tons)

(a)
Error of Y-displacement of grating 2mm at position C

—— p/100t" of 2mm at position C
@ Displacement Error(mm)

o
o
)
[

e °
&
| .
g 0.04 ®
1] ® ° ° °
.E [ )
g [
L °
D 0.02 . ®
3 . o o
o () [ J @
= ° ° . ®
0.00 ¢
0.0 0.2 0.4 0.6 0.8

Displacement by Sampling Moire (mm)
(b)





media/file3.jpg





media/file18.jpg
Comparison of Y-displacements of grating 4mm at position A

— Comparson

PO

Sampling Moiré method (mm)

Displacement Transducer (mm)

08

04

02

00

T=[=]

RMS Error
Mininum Error
‘Maximum Error
Average Error

0.0491mm
0.0101mm
0.0851mm

0.0450mm
@

o s
— Gareea





media/file42.jpg
Comparison of Strain values using 4mm at Zone1
. — comparson

H

]

Strain from X-dispacement by Sampling moiré method (i)

0

w0

% e o

D N I
‘Average of srain gage measurement (uc)
®
Variation of Strai valuss of rating dmm at Zono

2
i

Numbor o fames

©





media/file23.png
Measurement Error (mm)

Displacement (mm)

Y-displacements of grating 4mm at position B

0.0 @ Displacement by Displacement Transducer
A Displacement by Sampling Moire

1 2 3 5 6 7 8

4
Load force (tons)

(a)
Error of Y-displacement of grating 4mm at position B

0.14 . N

—— p/100™" of 4mm at position B

® Displacement Error(mm)
0.12

©
. ®
0.10 ®
® . o
0.08 ®
- °
°
0.06 ® p
® o o °

0.04 o—©

e o

°
0.02 ®
® o
®
°
0.00 ®
-0.02
0.0 0.2 04 0.6 0.8 1.0

Displacement by Sampling Moire (mm)
(b)





media/file58.png
0 - 0 Zone2 @

A B C

RMS Error 125.2799 Microstrain
Mininum Error 0.8986 Microstrain
Maximum Error  211.3301 Microstrain
Average Error 100.3734 Microstrain

(d)

] Strain Gege
(o] Displacement ransducer
mmmmm  Grating panel





media/file40.png
Comparison of Y-displacements of grating 2mm at position C

00 —— Comparison

I
o
[N

Sampling Moiré method (mm)

-0.2 0.0

-0.6 -0.4
Displacement Transducer (mm)
()

- o
0 zone 1 Q Zone2 ©
- @ (-

A : B 5o
g Gratirg panel
RMS Error 0.0289mm
Mininum Error  0.0008 mm
Maximum Error  0.0589mm
Average Error 0.0234mm
(d)





media/file33.jpg
Y-displacements of grating 2mm at position B

~ . Dapocamant by Dpiacament Trnseer
£ Copcarantty Ssrnghioe

Displacement (mm)

=

N ey
T A
e e
- LIS

g . i

Son o r &

Displacement by Sampling Moire (mm)
"





media/file32.png
Comparison of Y-displacements of grating 2mm at position A

0.0

Sampling Moiré method (mm)

I
o
o

—— Comparison

-0.8 -0.6

-0.4
Displacement Transducer (mm)

()

=0.2 0.0

@  Dispiacement Transoucer

— — = =
Q Zone 1 @ Zone 2 (
}—] — ]  — |
- B C . Strain Gage
mmmmm Gratng panel

RMS Error 0.0583mm
Mininum Error 0.0006 mm
Maximum Error 0.1209mm
Average Error 0.0481mm

(d)





media/file14.png





media/file41.jpg
250

200

150

100

Strain values(ue)

50

Load Vs Strain Curve of grating 4mm at Zone1

2 3 4 5 6 ¥
Load force (tons)

©  Strain from displacement by sampling moire method(e)
A Average of strain gage measurement(e)

(@)





media/file37.jpg
Y-displacements of grating 2mm at position C

. o ooy DiconentTanssicer
2 Cupcarn o Sampg s

£y

Displacement (mm)
H

o8

Y

S —
+ Ouscaman Eren)

H

H

Measurement Error (mm)

H
S

Displacement by Sampling Moire (mm)

®





media/file46.png
1=

RMS Error 91.5737 Microstrain

Mininum Error 23.4123 Microstrain

Maximum Error  184.6403 Microstrain

Average Error 79.3876 Microstrain
(d)

. Strain Gage
(¢} Displacement transducer
o Grating pancl





media/file16.png





media/file20.png
Comparison of Y-displacements of grating 4mm at position A

—— Comparison

0.0

I I I
= bt &
o IS [N

Sampling Moiré method (mm)

-0.8 -0.6

-0.4
Displacement Transducer (mm)

(c)

=0:2

0.0

@  Dispiacement Tansoucer

s | | —1] = p=—=]
¢ Zonel ¢ Zone 2
= s P | [-—]
- B W Strain Gage
mmmmm Gratng panel

RMS Error 0.0491 mm
Mininum Error 0.0101mm
Maximum Error  0.0851mm
Average Error 0.0450mm

(d)





media/file63.png
250Comparison of Strain values using 2mm at Zone2

—— Comparison

N
o
o
[ ]

—
[6)]
o

-_—
S
o

Strain from X-dispacement by Sampling moiré method (pg)

50
L]
0 e °
[ ]
0 50 100 150 200 250
Average of strain gage measurement (ug)
(b)
Variation of Strain values of grating 2mm at Zone2

250

200
=
2
E 150
©
>
o
§ 100
n

50

0 4
0 5 20 25 30

15
Number of frames

@ Strain from displacement by sampling moire method(ue)
A Average of strain gage measurement(ue)

(©)





media/file50.png
Strain values(peg)

250

200

150

100

50

Load Vs Strain Curve of grating 4mm at Zone2

1 2 3 4 5 6 7 8

Load force (tons)

® Strain from displacement by sampling moire method(pe)
A Average of strain gage measurement(ue)

(@)





media/file5.jpg
..

p

SiP





media/file38.jpg
Comparison of Y-displacements of grating 2mm at position C

00

£
£
3
2
3
£

— Comparon

o8 06 04 02 0
D\sp\acemsm Transducer (mm)

[ZI=1

s
o Saeerusacn
= Gy
RMS Error 0.0289mm
Mininum Error  0.0008mm
Maximum Error  0.0589mm
Average Error  0.0234mm
()





media/file25.jpg
Y-displacements of grating 4mm at position C

“ o iicanentty Dapiconan Tonscr
2 Oupnconentty Sonping s

Displacement (mm)
H

Load force (tons)

@
Error of Y-displacement of grating 4mm at posi

T —

TR
-

s .

- .

g .

13 L .
i I, R .

Displacement by Sampling Mre (mm)
»





media/file61.jpg
- - - -
- o | o
e
@ Osplacement ansducer
RMS Error 76.0313 Microstrain m— Groting porel
Mininum Error 0.4973 Microstrain
Maximum Error  244.2413 Microstrain
Average Error 54.2877 Microstrain

(d)





media/file0.png





media/file30.jpg
Comparison of Y-displacements of grating 2mm at position A

— Comparson
00

Sampling Moiré method (mm)

0o 06 -0 02 o0
Displacement Transducer (mm)

T=1]

RMS Error 0.0583mm

Mininum Error  0.0006mm

Maximum Error 0.1209mm

Average Error  0.0481mm
@

©  eenmrvone





media/file8.png
-  Down sampling and intensity
interpolation

Phase analysis using Discrete
Fourier Transform

- Phase difference before and after .

o ————
1
e - - — —

Captured Image

images Processing Displacement values





media/file51.png
300Comparison of Strain values using 4mm at Zone2
—— Comparison

N
[&)]
o

N
o
o

-
(&)}
o

=
o
o

Strain from X-dispacement by Sampling moiré method (p€)

50
) [}
0 °®
0 50 100 150 200
Average of strain gage measurement (u¢)
(b)
Variation of Strain values of grating 4mm at Zone2

250

200
=)
w
8 150
©
>
<
8100
(2]

50

0 4
0 5 10 20 25 30

15
Number of frames

@ Strain from displacement by sampling moire method(pe)
A Average of strain gage measurement(pe)

(c)





media/file64.png
A . W Strain Gage
. Displacement Transducar
RMS Error 76.0313 Microstrain @ Greting panel

Mininum Error 0.4973 Microstrain
Maximum Error  244.2413 Microstrain
Average Error 54.2877 Microstrain

(d)





media/file43.jpg
A O =

RMS Error 91.5737 Microstrain

Mininum Error 23.4123 Microstrain

Maximum Error  184.6403 Microstrain

Average Error 79.3876 Microstrain
(d)

- saniae
0 Dislerert e
= cawesn





