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Abstract. Digital Image Correlation technique (DIC) is a non-contact optical method for rapid structural
health monitoring of critical infrastructure. An innovative approach to DIC is presented using QR (Quick
Response) code based random speckle pattern. Reinforced Cement Concrete (RCC) beams of size 1800 mm
x150 mm x 200 mm are tested in flexure. DIC is used to extract Moment (M) — Curvature (k) relationships
using random speckle patterns and QR code based random speckle patterns. The QR code based random
speckle pattern is evaluated for 2D DIC measurements and the QR code speckle pattern performs
satisfactorily in comparison with random speckle pattern when considered in the context of serving a dual
purpose. Characteristics of QR code based random speckle pattern are quantified and its applicability to DIC
is explored. The ultimate moment-curvature values computed from the QR code based random speckled
pattern are found to be in good agreement with conventional measurements. QR code encrypts the structural
information which enables integration with building information modelling (BIM).
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1. Introduction

Indian Railways has more than 0.13 million bridges, out of which 800 are important, 11,000 are
major and 0.12 million are minor bridges. There are 5174 large dams (maximum height of more
than 15 m) in India with more than half of these aged at least 30 years. The cost of monitoring
each and every one of these structures is astronomical. DIC is an established, simple cost-effective
and practical imaging-based technique for condition monitoring of bridges, dams, nuclear industry,
defense and aerospace structures. DIC enables determination of the surface deformation of an
object (Mudassar and Butt 2016). The deformation components on the surface of an object are
obtained using DIC algorithms by recording the images of the surface before as well as after
loading. The algorithms available in the literature are Curve Fitting Gradient-Based, and
Newton-Raphson Algorithms. Among these algorithms, Newton-Raphson Algorithm gives stable
results with more accuracy (Lu and Cary 2000, Vassoler and Fancello 2010, Cofaru et al. 2010,
Yuan et al. 2015). However in some of the algorithms Su and Anand (2003) accuracy and speed
are not verified, while algorithms developed by Kozicki and Tejchman (2007) is highly expensive.
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Several researchers have applied the Gradient-Based Algorithm to DIC (Long et al. 2013).

Portable DIC and non-interferometric methods are widely used in the field of structural health
monitoring (Antos et al. 2017). The non-interferometric method determines the surface distortion
by evaluating the gray intensity variations of the object surface before as well as after deformation,
and normally have less rigorous expectations under experimental conditions (Pan et al. 2009). DIC
technique has been extensively accepted and frequently used as an effective and versatile tool for
surface distortion measurement as part of experimental solid mechanics. This method is based on
correlating the digital images associated with an object before and after deformation and,
additionally identifying the displacement and strain field for an object, depending upon the
position of the image (Sutton et al. 2009).

In the present study rectangular concrete beam specimens are tested under flexure in a UTM
(Universal testing machine). Strains and deformations are computed using both random speckle
and QR code based random speckle patterns applied on the specimens. Matlab® based open
source DIC software package Ncorr V1.2.2 is employed for image processing. Ncorr is an
open-source subset based 2D (Two Dimensional) DIC software that includes modern DIC
algorithms with some additional enhancements (Blaber et al. 2015). Ncorr software was used to
compare results of contact sensor devices, connected to the specimen with those obtained by dial
gauges.

An important aspect of DIC is to provide an appropriate pattern on the sample to be tested,
which has significant impact on the quality of results; hence it is important to achieve an optimal
pattern initially. All patterns irrespective of length scales should be spatially random. The
randomness assures that the DIC monitoring algorithm works properly. Systematic studies were
performed by previous researchers to determine the quality of contrasting speckle patterns on the
surface of test specimens that have a dominant influence on the spatial resolution and accuracy of
results (Carter et al. 2015, Bossuyt 2013). It is concluded that to achieve an effective correlation,
the pattern must be random, isotropic and highly contrasting. In addition to this, speckles should
be neither too small nor too large. Consistent speckle sizes has to be maintained ideally 3-5 pixels
in size. Correlation may fail with extremely large or small speckle pattern. The size of the speckles
combined with the size of the used pixel subset influences the accuracy of the measured
displacements (Salmanpour and Mojsilovic 2013, Lecompte et al. 2006). If the pattern is too large,
certain subsets may be entirely on a black field or entirely on a white field. Conversely, very
minute speckles can cause aliasing effect resulting in images that often show a pronounced moire
pattern in the measurement result. Strain resolution increases with increase in speckle density from
23% to 58% of area fraction. Speckle patterns containing medium-sized speckles and exhibiting a
limited spectral content yield the most accurate displacement measurements. Patterns well-suited
for DIC exhibit a sharp correlation peak, a broad correlation margin, and neither have features too
small to be resolved by the imaging system to be used nor large featureless areas. Applying
speckles on the surface of the specimen using a sharpie marker can be a good technique for
creating optimal speckle pattern. This type of technique is used on the surface of the specimens
which are involved in measuring very high strains. To achieve this, dots on the surface were
marked of the desired size. A black marker provides excellent contrast on a white base coat. An
optimal speckle pattern is necessary for using DIC with ease for practical applications.

In order to assist a non-contact strain measurement system, an open source DIC software
“Ncorr” was used as a tool for visualization of deformation history from initial unloaded stage to
failure. This method is relatively easy to set up and deploys a cost-effective ordinary optical digital
camera like a Digital Single-Lens Reflex Camera (DSLR) or smartphone camera, adapted
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according to the situations (Suryanto et al. 2017).

The demand for cement has been continuously increasing because of the growing
infra-structural activities of the country (Singh et al. 2015). It reveals that the necessity of cement
in India is probably high and would touch 550 million tonnes by 2020 along with a shortage of 230
million tonnes (58%). Consumption of conventional concrete is greatly reduced by use of GPC
leads to an eco-friendly and green construction as it is manufactured with environmental waste
materials like fly ash, GGBS and rice husk ash etc. In the present work reinforced GPC beams are
evaluated using DIC technique for determining the deflections and failure. The moment-curvature
relationship is established for different grades conventionally and results are compared with those
from DIC (Dutton et al. 2013, Swamy et al. 2018).

This study presents an innovative approach of using QR code as a speckle pattern in the field of
DIC. The main objective is to compare the experimental results obtained from the readings of their
deformations from the dial gauge and curvature meters with those obtained from DIC technique.

2. Experimental programme

The conventional program comprises of casting two beams each of three different concrete
grades (total 24 beams), with both under-reinforced (UR) and over-reinforced (OR) sections. For
each grade, two different types of speckle-pattern are used, one each for UR and OR sections. The
random speckle pattern and QR code based random speckle pattern are used for both UR and OR
sections with normal, medium and high strength concretes.

2.1 Materials used

Geopolymer concrete (GPC) is a new and alternative material for cement replacement. GGBS
and fly ash were used as source materials in the present investigation. GGBS was collected from
Toshali Cements Pvt Ltd, India. Fly ash was collected from a nearby National Thermal Power
Plant, India. The specific gravity of GGBS and fly ash used were 2.90 and 2.17, respectively. The
fineness of GGBS and fly ash were 426 m“/kg and 380 m?%/kg. The chemical composition of GGBS
and fly ash are shown in Table 1.

Table 1 Chemical composition of GGBS and Fly ash (% by mass)

Chemical Composition GGBS Fly ash

SiO, 34 60.1
Al,O; 20 26.5
Fe,0; 0.8 4.2
SO, 0.9 0.3
CaO 32.6 4.0
MgO 7.8 1.2
Na,O - 0.2

LOI 3.7 3.2
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Table 2 Physical properties of Fine and Coarse Aggregates

Physical Properties Fine Aggregate Coarse Aggregate
Specific Gravity 2.64 2.81
Fineness Modulus 2.56 7.40
Bulk density (gm/cc) 1.46 1.40

Table 3 Mix Proportions obtained for GPC

Quantity 30 MPa 50 MPa 70 MPa
Fly ash + GGBS
s 360 450 520
(kg/m”)
Fly ash.GGBS 70:30 60:40 50:50
Fine Aggregate
% 3g 776.39 760 718
(kg/m”)
Coarse Aggregate
g93 g 1081 972 916
(kg/m”)
Alkaline Solution (kg/m®) 203.5 248 286

Locally available river sand was used as fine aggregate, whereas, crushed granite was used as
coarse aggregate. Fine aggregate corresponds to Zone Il, while coarse aggregate with maximum
size of aggregate 20 mm was used in this study. The physical properties of fine and coarse
aggregates are shown in Table 2.

2.2 Mix proportions

Mix Proportions was done following the information from literature review (Rao et al. 2016,
MLV and Kumar Rathish 2012, Patankar et al. 2013). The final mix proportions are presented in
Table 3.

UR and OR beams of three different grades of concrete (30, 50 and 70 MPa) are cast and tested for
deformations using dial gauges and curvature meters and DIC technique was employed to check its
suitability of employing speckle patterns (Random and QR Code based random pattern).

3. Digital image correlation

3.1 General principle

DIC is based on comparing two images (reference image and deformed image) which are
acquired at different states by a CCD (Charge Coupled Device) camera, before and after
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deformations. After the acquisition, the images are digitized and two subsets are picked
respectively from the reference and deformed images for correlation in form of a matrix (nxm). A
fine search involving pixel by pixel is performed within the region of interest in the deformed
image. The nearest location of the point of interest at the pixel level is selected based on the
occurrence of the best-matched pattern which has the minimum value of mutual cross-correlation
coefficient. Ncorr V1.2.2 uses an algorithm for correlation, which is programmed to detect the
local displacement of a particular point by comparing the two image subsets and the result is in the
form of pixel displacement. Pixel displacement is then converted to engineering units by using the
camera to work effectively; the pixel blocks need to be random and unique with a range of contrast
of 8-bit grey scale image intensity levels that vary from 0 to 255 shown in Fig. 2. It doesn't require
any special lighting and in several cases, the natural surface of the structure or component has its
own sufficient image texture for DIC to work without the necessity of special surface preparation.

(a) Random speckle pattern (b) QR code random speckle pattern

Fig. 1 Testing of RCC beams under four point loading

] 255

0

Mean: 110.091 Max: 258 StdDev: 39.388 Mode: 147 (435232)
StdDev: 45,853 Mode: 159 (63442)
(@ (b)

Fig. 2 Surface histogram of concrete beam (a) Random speckle pattern and (b) QR code based random
speckle pattern showing grey scale intensity
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(a) Using Random speckle pattern (b) Using QR code random speckle pattern
Fig. 3 Subset tracking procedure using DIC

Digital images are divided into a number of smaller regions which are termed subsets and these
subsets undergo deformations when the image distortion takes place. The deformation location of the
subset might not be at the integer location. That is why interpolation functions need to be used to get the
gray intensity value at non-integer location.

The correlation function (C) is defined as the similarity between the deformed state and the
undeformed state of the image subset. In general Pearson correlation coefficient lies between (-1 to +1)
for optimal speckle patterns. To correlate the similarity index between the reference image subset and
deformed image subset, a correlation analysis is done. In order to obtain the deformation subset, 2D DIC
algorithm arrives at values of the extreme correlation cost function (Nguyen et al. 2017). This function
can be written in the form

C= Jam (FG)) (6(xo+U.y+V)) dA "
[f an [FQo)I2dA [ gy [G(x0+Uyo+V)]2dA ]1/2

Where F and G are respectively references and deformed images having grayscale intensity functions
at a specified location (x,, yo) and (X%, y') a function of deformed location in Eq. (1).

Maximum correlation coefficient can be easily calculated using a simple Matlab® function.
“normxcorr2” to find the correlation between two subsequent images (reference and deformed). It is clear
that, the overall correlation is found to be higher in the case of QR code based random speckle pattern
images from a three dimensional graph plotted between calculated correlation value and pixels, as shown
in Fig. 3.

The physical size of 1 pixel might range between 1 nanometer to 1 centimeter approximately. DIC
compares digital photographs of the test piece or component at different stages of deformation by
identifying blocks of pixels. The system can also measure surface deformation as shown in Fig. 4 and full
field 2D deformation vector fields and strain maps.



QR code as speckle pattern for reinforced concrete beams using digital image correlation 73

€ (xo,¥0) o, yh)

Reference image Deformed image

(a) Reference subset before deformation (b) Target subset after deformation

Fig. 4 Schematic representation of subsets

Getting the Image from the location

Y

Key Point identification and
formation of pixel area in two images

Y
Matching the points in two images

Y

Processing the data in Ncorr V1.2.2
alogorithm using MATLAB R2015a

v

Converting the Pixel displacement to
Engineering units to measure the
deformation

Fig. 5 Flowchart showing the image processing technique

3.2 Computation of strain measurement

In Cartesian coordinate system (X, y, z) the strain metrics can be calculated based on measured
tangential displacement field (u, v, w) as shown in Egs. (2)-(4). Strains are calculated from displacement
data and the four displacement gradients are used to find the Lagrangian strains (Nguyen et al. 2017).
Which are as follows

ou w2 av\2
E, =05 [25 +(Z) +(2) ] @)
u v ou ou v dv
Eyy =05 [5 P @3)
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The flowchart shows in Fig. 5 briefly explains the procedure adopted for validation of DIC software
along with the contact sensor devices.

This approach has been utilized successfully for large deformation measurements. Due to its
simplicity, the DIC technique has been further extended to deformation and curvature studies. According
to the technique, if the specimen attains the natural texture of random gray intensity value there is no
necessity of specimen preparation for DIC.

3.3 DIC system setup

Two dimensional DIC technique presented in this study involves three consecutive steps, (1) Spraying
speckle pattern on the specimen surface in order to obtain the random grey color intensity distribution; (2)
Capturing the digital images of both undeformed and deformed specimen surfaces using low cost DSLR
camera; (3) Post processing with Ncorr V1.2.2 DIC software for obtaining full-field displacement and
strain. The minimum deflections/strains expected is measured in the order of 0.01 mm/micro strains. The
size of the QR code is 150 mm by 150 mm, which was sprayed on flexural portion of the beam. The
minimum radius of the subset considered in this study was 1.5 mm described circle with a step size of 1.5
mm up to 21 mm (as there was no significant difference in the results after 18 mm until 21 mm). The
optimal radius of subset was found to be 13 mm based on the results obtained, which are in good
agreement with conventional results.

4. Testing procedure

The experimental program is focused on comparison of the flexural behavior of reinforced GPC
beams which is extracted using DIC technique for different speckle patterns. A comparison of
conventionally measured moment and deformation/curvature obtained using combination of both QR
Code based random speckle pattern and random speckle pattern is conducted. Low cost of-the-shelf
equipment (Nikon D5200 DSLR camera with 24.1 MEGAPIXEL DX-format CMOS sensor) was used to
capture the images while testing the RCC beams. After capturing the sequence of images, image
processing was done by Ncorr, an open source DIC code using MATLAB® R2015a. The parameters
varied in the investigation are normal (GPC 30 MPa), medium (GPC 50 MPa) and high strength (GPC 70
MPa) concretes as well as variation in the speckle patterns. Two different types of speckle patterns,
random speckle pattern and QR Code based random speckle pattern are used. The cross section
dimension of beams are 1800 mm x 150 mm x 200 mm. These beams are cast and tested for both UR
and OR design category. Dial gauges (least count 0.01 mm) are used as conventional contact sensors and
placed on the bottom surface of the beams to measure the deflections. The position of the Dial gauges is
shown in Fig. 6. Curvature meters are used in compression zone as well as in tension zone and are 200
mm apart from the middle frame. The schematic drawing of the equipment, used for testing using random
speckle pattern applied throughout the cross-section, is shown in Fig. 6.

The beams are quasi-statically tested using a UTM having a capacity of 1000 KN with a strain rate
loading of 1.5 mm/min. With the application of loading and as the testing starts, images are captured at
consecutive uniform intervals of loading using DSLR camera. The conventional results from the Dial
gauges and curvature meters are then compared with DIC results.



QR code as speckle pattern for reinforced concrete beams using digital image correlation 75

Machine head Loading beam
Lo ] (Rolled steel-joist)

Curvature meter

Test Beam
-:4——.:-‘_—-—‘—-

-200mm-{-200mnmi-$-200mm-{

Support B

Support A | |

Deflection gauge |-~

|

Pi,‘,i l————AOO mn'%j ht,/44

—L/2- J' L/2-

Fig. 6 Schematic diagram of Random Speckle Pattern test set-up

A QR code pattern stencil as shown in Fig. 7 is applied at critical locations of the beam surface for
different beams (grades of concrete, OR and UR). In order to attain randomness of the pattern, QR codes
are rotated and applied at critical locations. DIC results obtained using QR and random speckle are
computed with deformation, curvature and strains obtained from conventional sensors. The schematic
drawing of the equipment used for testing QR code random speckle pattern is shown in Fig. 8.

Fig. 7 Representative QR code pattern
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Fig. 8 Schematic diagram of QR Code with Random Speckle Pattern test set-up

5. Results and discussions

Beams of cross section size 1800 mm x 150 mm x 200 mm, are cast and tested to evaluate the
load-deflection and moment-curvature relationships for both UR and OR beams. After completion of both
the conventional and DIC analysis, flexural deflections corresponding to load obtained from the UTM are
plotted. The averaged load vs flexural deflection of two beams, extracted from DIC using QR and random
speckle patterns and compared with conventional measurements which is shown in Fig. 9.

GPC 30-OR
280
240
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é 160
k-]
38 120
—
80 —a&— GPC-30 OR Crosshead Motion

Random Speckle Pattern-DIC
—e— Dial Guage
—&— QR Code Speckle Pattern-DIC

0 2 4 6 8 10 12 14 16 18
Deflection (mm)

Fig. 9 GPC 30 Over-Reinforced RCC concrete beam
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Fig. 10 GPC 30 Under-Reinforced RCC concrete beam
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Fig. 11 GPC 50 Over-Reinforced RCC concrete beam

Similarly, Figs. 9-14 shows a comparison of the conventional measurements and DIC with the
crosshead movement of the conventional curve for GPC 30 (OR and UR), GPC 50 (OR and UR) and
GPC 70 (OR and UR) specimens.
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Fig. 12 GPC 50 Under-Reinforced RCC concrete beam
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Fig. 13 GPC 70 Over-Reinforced RCC concrete beam
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5.1 Experimental moment-curvature (M-k) relationship

The curvature of the beams is measured by placing curvature meters in both the compression as well
as in tension zones. Curvature meters having least count of 0.001 mm are fixed between two rectangular
frames, one at the top and another at the bottom. Schematic view of the test setup is shown in Fig. 15.
Based on radius of the top and bottom curvature meters, the average curvature is calculated. The
deflections are measured using two load points, which is at the midpoint of the beam and at the points
located midway between the supports and the midpoint, using dial gauges.

5.2 Comparison of the measured flexural behavior of concrete beams

A comparison of the moment-curvature values obtained from conventional (dial gauge,
curvature meter and crosshead motion) measurements and DIC with different speckle patterns is
shown in Figs. 16-18. Tables 4-6 shows the ultimate M-k values of both UR and OR concrete GPC
beams obtained from both conventional measurements and DIC technique using different speckle
patterns.

Figs. 16-18 shows the M-k relationship of both UR and OR beams with different speckle patterns for
GPC beams. It is observed that the M-k curves extracted using QR code random speckle pattern are
closely match the curves obtained from conventional measurements.

As expected closely matching, the moment carrying capacity of OR beams is higher compared to UR
beams. However, with the increase in grade of concrete the moment carrying capacity increases while the
curvature of the beam at ultimate moment decreases.

Machine head Loading beam

(Rolled steel-joist)

Curvature meter

Test Beam

200mm-1-200mm—-200mm

Support A Support B

‘ " Deflection gauge =7 l

L 1 400 mm i i
| L2 | L2 |

Fig. 15 Schematic view of the test setup for Reinforced concrete beam
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Fig. 16 M-k curve for GPC 30 concrete grade
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Fig. 17 M-k curve for GPC 50 concrete grade
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Table 4 shows the experimental M-k data for which ultimate values compared between normal
(30 MPa), medium (50 MPa) and high strength (70 MPa)concretes for both UR and OR categories.

5.3.1 Digital image correlation M-k at ultimate using random speckle pattern

Table 5 shows the DIC M-k data at ultimate values where the beam is tested with random
speckle throughout the cross-section of the beam. After testing the beam, results are extracted
using Ncorr, a Matlab® based DIC software (Fig. 5). The results obtained from the software are
compared with the conventionally obtained data.

Table 4 Ultimate moment and corresponding curvature, compressive strain and tensile strain obtained from
conventional measurements

Grade M (kN-m) k% 10® €cx10° €sx 10
GPC 30 UR 19.35 68.23 2416 9865
GPC 30 OR 375 525 5054 4410
GPC 50 UR 28.5 64.77 2865 8794
GPC 50 OR 57.24 4752 5375 3178
GPC 70 UR 34.54 60.21 3168 7670
GPC 70 OR 76.28 43.35 5841 1965
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Table 5 Ultimate moment and corresponding curvature, compressive strain and tensile strain obtained using
DIC (Random Speckle pattern)

Grade M (kN-m) k% 10° €cx10° €sx 10°
GPC 30 UR 17.12 79.48 4333 9975
GPC 30 OR 34.51 57.33 6120 4200
GPC 50 UR 24.21 68.55 3760 8580
GPC 50 OR 52.21 55.18 5813 4120
GPC 70 UR 29.64 57.52 3121 7234
GPC 70 OR 71.55 51.65 7096 2201

5.3.2 Digital image correlation M-k at ultimate using QR code as speckle pattern
Table 6 shows M-k DIC data at ultimate values for which the beam was tested with QR Code
based random speckle pattern.

Table 6 Ultimate moment and corresponding curvature, compressive strain and tensile strain obtained using
DIC (QR Code)

Grade M (kN-m) K x 10 €cx10° €sx10°
GPC 30 UR 18.26 73.45 4007 9215
GPC 30 OR 36.21 53.46 5755 3869
GPC 50 UR 26.23 70.76 3922 8815
GPC 50 OR 54.58 52.26 5422 3986
GPC 70 UR 31.65 58.24 3125 7269
GPC 70 OR 73.71 49.68 6932 2012

Table 7 Comparison of ultimate moments and ultimate curvatures of beams obtained using Random and QR
code random speckle patterns with that of conventional method of testing

Specimens Conventional Random speckle pattern QR code speckle pattern

Designation M K M K Mm* K M K M* K

GPC 30 UR 1935 6823 1712 79.48 1152 1649 1826 7345 563 7.65
GPC 30 OR 37.5 525 3451 5733 797 920 36.21 5346 344 183
GPC 50 UR 285 6477 2421 6855 1505 584 2623 7076 796 9.25
GPC 50 OR 57.24 4752 5221 5518 879 16.12 5458 5226 4.65 9.97
GPC 70 UR 3454 6021 29.64 5752 1419 447 3165 5824 837 327
GPC 70 OR 76.28 4335 7155 5165 620 1915 73.71 49.68 3.37 14.60

M : % error in Moment (kN-m); k" : % error in Curvature
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Higher moment capacity is consistently observed when QR code based random speckle pattern
is used in comparison with random speckle pattern. The maximum percentage error in ultimate
moment is 15% in the case of random speckle pattern where as it reduces to 8% in case of
combined QR code and random speckle patterns. The maximum percentage error in ultimate
curvature is 19% in the case of random speckle pattern where as it reduces to 14% in case of
combined QR code and random speckle patterns. The results obtained from the QR code based
random speckle pattern are closer to the results obtained from conventional measurements.

6. Conclusions

Based on flexural response extracted using conventional measurements and DIC technique on
GPC beams, the following conclusions are drawn:
e The M-k relationships for GPC beams obtained from conventional dial gage and crosshead
readings are compared with DIC results obtained using different speckle patterns. An innovative
approach to use QR code as a speckle pattern in the field of DIC is proposed with comparative
results.
o It is observed that M-k values extracted using QR code based random speckle pattern
compare well with conventionally obtained M-k results. The ultimate moment carrying capacity of
RCC (reinforced GPC) beams extracted from QR code based random speckle pattern is more
consistent, with less scatter when compared with the ultimate values obtained from M-k random
speckle pattern.
. The more random the speckle pattern, closer are the DIC results are in comparison with
conventional measurements.
. The QR code serves the dual purpose of embedding data in the structural component as well
as functioning as random pattern for DIC which is helpful for non-contact sensor-based condition
monitoring, as well as integration of component level data with BIM.
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