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Abstract 

The Digital Image Correlation (DIC) is a non-contact optical measuring technique based on the 
machine version technology. In order to evaluate its applicability and accuracy in stress and strain 
measurement, a material tensile test, in which the strain of the specimen was measured by use of both DIC 
and extensometer method, was carried out firstly. In addition, application of using the DIC to measure the 
stresses in a split-sleeve cold expansion experiment was conducted, and the residual stresses produced by 
the cold expanding process were measured by using the X-ray diffraction method as well. The measured 
data in these two tests are compared and analyzed in details. The results show that the measured strains 
obtained by the extensometer and DIC are comparable and close, which demonstrate that the DIC method 
has high accuracy compared with the traditional extensometer. The stresses measured during the cold 
expanding process give a direct indication of the stress variation around hole, which may help determine 
the expansion parameters to obtain a suitable residual stress field. 

Keywords: Digital image correlation, stress measurement, extensometer, residual stress, X-ray 

diffraction 

1 Introduction 

The digital image correlation is a 3D, full-field and non-contact optical measurement technique, 

which has been widely used in modern aircraft industry[1]. Since Yamaguchi, Peters and Ranson 

proposed the DIC in the 1980s[2-4], numerous researches have been carried out in the past few 

decades. The principle of the DIC method is to find matched regions with precise locations between 

the subsets in both the reference image and the target image using a correlation function, consequently 

realizing full-field deformation measurements. Due to its advantage of non-contact and whole field 

measurement, a lot of studies have been carried out in industry, Chevalier[5] applied the DIC into his 

research of rubber material, in which both uniaxial and biaxial tensile behaviour of material were 

measured and analyzed. Some researchers have also applied the DIC to measure the crack tip open 

displacement in crack growth analysis [6]. There are several factors influencing the accuracy of the 

DIC method, such as interpolation bias[7], image noise[8]and the subset size[9], etc. With the 

extensive use of digital cameras in various industries especially in some specific areas, high levels of 

accuracy of image measurements are required. Thus, it is essential to evaluate the accuracy of DIC in 

real application. It is well known that the residual stress generated by the cold expansion technique 

will prolong the life of joint hole. The cold expansion processes can be conducted by several different 

methods. The main differences of these methods are whether a sleeve is used during cold expansion 

and the shape of the oversized object. One of the more common methods of cold expansion is 
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conducted by a mandrel[10]. The residual stress can be measured by ultrasonic method or X-ray 

diffraction method, but these two methods can only obtain the static stress other than the stress 

variation during the expanding process. On the contrary, the DIC is able to capture the real-time 

deformation as well as the stress-strain field, which offers an optional method to monitor the stress 

variation and help determine and the expanding parameter. 

In view of this, the DIC method is tried to be used in measuring the stress around the hole in a 

cold expansion experiment. In order to evaluate the accuracy of the DIC method, a prior test was 

conducted firstly, in which a specimen bearing a uniaxial tensile load was tested and its strain was 

measured by both the DIC and extensometer. Afterthat, the DIC is applied in the cold expansion 

experiment to capture the stress variation during the expanding process. 

2 Principles of digital image correlation 

The DIC is based on digital image processing and numerical computing by the recognition of one 

or several points on the surface, as well as the gray level of a small area along the undeformed image 

finding the same area in the deformed image[11]. The principle of DIC is shown in figure1, any point 

P(x, y) in the reference image and its corresponding point P’(x’, y’) in the deformed image are 

associated with the translations and transformations occurred between the two images, this is: 
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Where u and v are the translations of the center point in x and y direction, respectively. (x0, y0) is the 

coordinate of the center point in the reference image which is undeformed; Δx=x-x0 and Δy=y-y0 are 

the distance between point P and the center point (x0, y0)；ux, uy, vx and vy are the first order 

component of displacement gradient. In the correlation process, the software identifies one object 

point or facet in both images of the cameras. Using the projection information (calculated during the 

calibration process) the system knows on which line in 3D these object point or facet is located for 

both cameras. 

 

Figure 1: Theoretical relationship of undeformed and deformed images 
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3 Accuracy analysis of DIC in a tensile test 

3.1 Test details 

The stress and strain state of the material or structure is very important for both the establishment 

of material constitutive model and failure model. For example, the tensile mechanical property of 

material is a basic data for engineer designers. Traditional measurement of tensile mechanical 

property (such as modulus of elasticity) is by use of extensometer or strain gauge, but these contact 

measuring techniques have their limitations. In order to evaluate the accuracy of DIC, a tensile test is 

conducted under monotonic load. A plate specimen is designed with a total length of 176mm, and its 

thickness is 4mm formed a net area of 100mm2.The material of the specimen is titanium alloy TC11. 

The test is carried out by a test machine CMT5205, whose maximum load is 200kN. The tensile test is 

carried out according to GB/T 228.1-2010. The load and displacement is obtained by the sensor of the 

test machine. The test is controlled by use of displacement control mode, and the maximum 

displacement is 2mm and 4mm, respectively. In order to take the loading speed into consideration, 

three loading speed is considered, that is 1mm/min, 2mm/min and 4mm/min. In order to measure the 

strain of the specimen, both the extensometer method and DIC are used. The gauge length of the 

electronic extensometer is 25mm and its displacement limit is 5mm. A full field 3D measurement 

system Q400 is chosen as the DIC equipment, apparatus of the tensile test as well as the measurement 

is shown in figure 2. 

 

Figure 2: Apparatus of the tensile test with both DIC and extensometer measurement 

3.2Results and analysis 
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The tangential strain in tensile direction and principle strain obtained by the DIC method are 

shown in Fig. 3(a) and (b), respectively. In order to compare these results with those measured by the 

extensometer, the results should be processed. Since the gauge length of the extensometer is 25mm, 

the strain in a local area with 25mm×25mm size on the surface of specimen is averaged. The 

compared results are shown in Fig. 3(c) and (d). The horizontal ordinate in the figure represents the 

loading steps, and the ordinate represents the measured strain by both of DIC and extensometer. It can 

be seen from the figure that the results are very close, and the curves obtained by the extensometer are 

smoother than that obtained by DIC, this may be due to the relatively lower data acquisition frequency 

of DIC. 

 
(a)                                                                           (b) 

 
(c)                                                                       (d) 

Figure 3: Strains measured by both the extensometer and DIC method 

4 Application of DIC in cold expansion experiment 

4.1 Experimental details 

A split-sleeve cold expanding experiment was carried out, the holes were drilled and then reamed, 

and subsequently expanded using a mandrel with the split sleeve, as shown in Fig. 4. The details of 

this kind of experiment can be found in reference[12]. The material of the specimen is titanium alloy 
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TC4, with chemical composition, 0.008% N, 0.009% H, 0.01% C, 0.07% Fe, 0.13% O, 0.15% Si, 4.22% 

V, 6.0% Al and Ti balanced. As a medium strength alloy, TC4 consists of two phases α and β, which 

contains 6% Al as the α stable element and 4% V as the β stable element. The material was subjected 

to the following heat treatment: 730℃ for 1.5 h and then air cooling. TC4 has an elastic modulus of 

109 GPa, Poisson ratio of 0.34, density of 4440 kg/m3, yield strength of 880 MPa, and ultimate tensile 

strength of 938 MPa. 

 

Figure 4: Schematic of hole expansion process. 

4.2 Stress measured via DIC and X-ray diffraction 

In order to capture the stress field around the hole during the cold expanding process, DIC 

technique was used, figure 5(a) shows the experiment and measuring process. Firstly, the surface of 

the specimen was cleaned and painted with black and white paint droplets to produce speckles before 

the experiment is carried out, and the light path has to be adjusted to ensure that the optical axis of the 

camera was vertical to the screen. Secondly, according to the size of specimen, an appropriate 

calibration target was selected and held it in the field of view of both cameras simultaneously to finish 

the calibration process. Thirdly, images were recorded and saved during the cold expanding process. 

Finally, evaluation process which is directly linked to a measurement data series is performed. Figure 

5(b) shows the strain measured around the hole via DIC method. 

As a comparison, X-ray diffraction method was adopted to measure the residual stress produced 

by the cold expansion, A portable Xstress 3000 stress analyser operated at 30 kV and 6.7mA was used 

(as shown in figure 5(c)). The diffractrometer is used in Ω mode with the sin2ψ method, the explosion 

time (15s) of detector and oscillation techniques are used to ensure the accuracy. Diffraction with a 

Bragg diffraction at 2θ=137.4° for Ti is studied to plot the interplannar spacing amoungst in both 

positive and negative ranges. The measured results are shown in Fig. 5(d), in which both the stress 

measured by DIC and residual stress measured by X-ray diffracton are given. It can be seen that the 
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residual compressive stress increases firstly and then decreases along with distance away from the 

edge of hole. The maximum residual stress is about 600Mpa, while the stress measured via DIC 

during the cold expanding process is much larger than the produced residual stress. This is because 

the stresses measured by the DIC method include the elastic component. 

 

(a)                                                                       (b) 

 

(c)                                                                         (d) 

Figure 5: Stress measured via DIC and X-ray diffraction 

5 Conclusions 

The application of digital image correlation in stress and strain measurement was studied in this 

paper. In order to evaluate its accuracy compared with traditional measurement method, a verification 

test was carried out firstly, in which both the DIC and extensometer were used to measure the 

displacement and strain. The results show that the strains measured by these two methods are very 

close, which demonstrate that DIC method has great prospects in material test. Secondly, an 

application of DIC in a split-sleeve cold expansion experiment was conducted, in which both the 

stress variation during the expanding process and the residual stress were measured, the results show 

that the residual stress around the hole increases firstly and then decreases, the maximum stresses 

occurred at the position of 5mm away from the edge of hole, and the stresses measured by DIC is 

0 5 10 15 20 25 30

-1600

-1400

-1200

-1000

-800

-600

-400

-200

0

200

S
tr

e
s
s
/M

P
a

Distance/mm

 Residual Stress in X direction

 Residual Stress in Y direction

 Stress measured by DIC



15th Asia Pacific Conference for Non-Destructive Testing (APCNDT2017), Singapore. 

[ID114]  7 

much larger than the residual stress. The stress during the expanding process and the produced 

residual stress may have a close relationship, this can be studied more deeply in the future. 
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