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a b s t r a c t 

Background radiation and airflow disturbance at high temperature reduce the quality of captured images, result- 

ing in a lot of noises in the displacement field obtained by digital image correlation (DIC) and decreased accuracy 

of strain measurement. A high temperature strain measurement method (IR-DIC) by combining digital image cor- 

relation of laser speckle and Improved Random Sample Consensus (IRANSAC) smoothing algorithm for uniform 

deformation is proposed. In the IR-DIC method, after obtaining the noisy displacement field by the digital image 

correlation of laser speckle, the IRANSAC algorithm is used to smooth the noisy displacement field by removing 

noises with an adaptive noise threshold selection for uniform deformation. Also, when fitting the displacement 

field, instead of using the minimal data model in the classical RANSAC algorithm, a subset with all the remaining 

effective data points after removing noises are used in the IRANSAC algorithm. An experiment on tensile test of 

a C/C composite sample at 2000 °C in the inert atmosphere was carried out. The results showed that, the strain 

curve calculated by the IR-DIC method is basically consistent with the result simultaneously measured by a high 

temperature contact extensometer. And compared with the least square algorithm, the mean deviation between 

the strain curve calculated by the IR-DIC method and the strain curve measured by the contact extensometer is 

reduced about 13.94%. 

1. Introduction 

With the development of aerospace engineering, more and more ma- 

terials need to serve in high temperature environment. In order to ac- 

curately characterize the mechanical behavior of materials at high tem- 

peratures, a lot of high temperature strain measurement methods have 

been developed in recent decades, among which digital image correla- 

tion (DIC) method [1–3] has attracted more and more research inter- 

est due to its advantages of non-contact, high accuracy and low sen- 

sitivity to complex environment. In 2011, Liu [4] presented a novel 

Deformation-Pattern-based Digital Speckle Correlation (DPDSC) method 

which improved the accuracy and reproducibility of CTE measurement 

of film at high temperature environment. In 2017, Dong [5] developed 

an integrated digital image correlation (I-DIC) method to address the 

difficult problem of the simultaneous and accurate identification of mul- 

tiple thermo-mechanical parameters of superalloy materials in compli- 

cated service condition. However, when DIC is used for high temper- 

ature strain measurement, there are still many problems to be solved 

[6,7] , such as the preparation of speckle, the strong background radi- 

ation, the airflow disturbance and the strain calculation from displace- 

ment field with noises. 
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Artificial speckle [8] and laser speckle [9,10] are commonly used in 

DIC. Traditionally, artificial speckle is formed by randomly spraying the 

specimen surface with black or white paint which can be distinguished 

from the color of the specimen. In 2017, LePage [11] showed that paint 

sequence can be important due to fundamental differences in paint pig- 

ments, and provided recommendations for optimum painted patterns 

for digital image correlation. Laser speckle is a phenomenon that is ex- 

perienced if an optical rough surface is illuminated by a high coherent 

laser source. In 2000, Lagattu [12] used the laser speckle method for the 

study of composite and polymer mechanical behavior. In 2000, Anwan- 

der [13] presented a laser-based noncontacting strain sensor suitable 

for temperatures up to 1200 °C, and performed a series of tensile tests 

with various materials at room temperature and high temperatures to 

test the applicability of the optical strain sensor. Compared with artifi- 

cial speckle and laser speckle [14] , artificial speckle is easy to prepare 

at room temperature, but it is more susceptible to human factors. And 

artificial speckle is more advantageous than laser speckle in large de- 

formation measurement of the specimen. However, in high temperature 

environment, artificial speckle has some shortcomings, such as speckle 

falling off, and discoloration. Laser speckle is more suitable for high tem- 

perature applications because it does not need to seek special adhesive 
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or speckle paint resistant to high temperature. But laser speckle pattern 

will also be influenced by background radiation and airflow disturbance. 

In order to reduce negative effects on the accuracy of strain measure- 

ment, many efforts have been exerted to optimize the process of image 

acquisition and data processing. One type of efforts mainly focuses on 

hardware improvement. In 2009, Grant [15] measured the Young’s mod- 

ulus and coefficient of thermal expansion of a nickel-base alloy from 

ambient to 1000 °C through combining filters and blue illumination. 

The accuracy of strain measurement was enhanced by improving the 

quality of speckle pattern through using the natural contrast from the 

sample. In 2011, Pan [16] employed the band-pass filter to eliminate the 

influence of black-body radiation of high-temperature objects on the in- 

tensity of captured images and obtained high-quality digital images at 

high temperatures up to 1200 °C. In 2011, Novak [17] obtained accu- 

rate measurement of thermal expansion coefficient at temperatures up 

to 1500 °C by using an air knife to mitigate the effect of heat haze. In 

2016, Chen [18] proposed a two-dimensional ultraviolet digital image 

correlation system to obtain high quality speckle pattern by minimizing 

the radiation effect and a method using an air controller in combination 

with image average algorithm to reduce the effect of heat disturbance at 

different temperatures up to 1200 °C. However, the higher the tempera- 

ture is, the faster the background radiation increases and the more seri- 

ous the airflow disturbance will be. It is difficult to completely suppress 

the influence of background radiation and airflow disturbance by only 

improving the hardware. It has to seek other solutions to handle with 

the problem of poor correlation between images before and after defor- 

mation, which will result in random noises in displacement field and 

low accuracy of strain measurement. Thus, another type of efforts has 

been carried out, aiming at the improvement of the algorithm of strain 

measurement. In 2015, Su [19] proposed an effective grayscale-average 

technique to minimize the thermal disturbance effect on strain measure- 

ment accuracy under high-temperature atmosphere environment. How- 

ever, the method of image gray averaging is only suitable for a static 

thermal process, such as thermal expansion experiment, in which the 

images collected at the same temperature are considered to have no de- 

formation. In 2010, Pan [20] proposed a solution for local de-correlated 

regions caused by black-body radiation through combining transient 

aerodynamic heating simulation device with the reliability-guided digi- 

tal image correlation and then measured the thermal deformation field 

of the chromium nickel austenite stainless steel sample from room tem- 

perature to 550 °C. In 2013, Pan [21] combined a novel active imaging 

optical system and a robust reliability-guided displacement tracking al- 

gorithm with an automatic reference image updating scheme to extract 

full-field thermal deformations of a chromium–nickel austenite stainless 

steel sample which was heated from room temperature to 1300 °C and 

a woven C/SiC composite at 1550 °C. Although the quality of the image 

and the correlation between images before and after deformation can 

be improved, the noises in the displacement field can’t be completely 

eliminated. Therefore, in order to improve the accuracy of strain mea- 

surement, the noisy displacement field should be smoothed firstly. 

These existing noisy displacement field smoothing methods can 

be divided into two categories, local smoothing methods and global 

smoothing methods. The typical local smoothing methods include the 

least squares method and its improved versions [22–24] . In the local 

smoothing method, only a small part of the displacement data defined 

in a calculation window are used for computation by a given fitting func- 

tion. The widely used global smoothing methods are the thin-plat spline 

smoothing method [25] , the finite element based smoothing method 

[26] and its improved versions [27,28] . In the global smoothing meth- 

ods, all the displacement data points are considered and fitted as a 

whole. In both of the two kinds of smoothing methods, the noisy dis- 

placement field is smoothed by fitting. When isolated outliers exist, and 

especially when abnormal regions which contain many outliers exist, 

the performance of fitting will be greatly decreased, because the condi- 

tional fitting methods regard the abnormal regions as common data and 

the outliers cannot be effectively removed or suppressed. 

The extensively used outliers removing method is the “3- 𝜎” princi- 

ple. However, the “3- 𝜎” principle is effective only for isolated outliers 

and ineffective for the abnormal regions. Therefore, in order to smooth 

the noisy displacement field with isolated outliers and abnormal regions, 

new methods should be taken into consideration. Random Sample Con- 

sensus algorithm (RANSAC) [29–31] is a powerful fitting tool. Unlike 

other smoothing methods by finding a best fitting among all the data 

points, RANSAC algorithm removes the outliers and abnormal regions 

before smoothing. The classical RANSAC algorithm is a resampling tech- 

nique that generates the optimal minimal data model by using the mini- 

mum number of data points [32] randomly selected in an iterative way. 

If the whole dataset has a large number of points, the instability of the 

optimal minimal data model will result in poor robustness of the algo- 

rithm. This is the case that has to be faced when the classical RANSAC 

algorithm is used for smoothing the noisy displacement field. In this 

paper, an Improved Random Sample Consensus (IRANSAC) algorithm 

is presented. An adaptive noise threshold selection method for uniform 

deformation is put forward. Also, in order to improve the algorithm ro- 

bustness, a subset with all the data points after removing the outliers 

and abnormal regions, instead of the minimal data model which con- 

tains the minimum number of data points, is used to fit the displacement 

field plane. 

An experiment on tensile test of a C/C composite sample at 2000 °C in 

the inert atmosphere was carried out. Laser speckle was used as the char- 

acteristic pattern. The DIC method was applied to obtain the displace- 

ment field and the IRANSAC algorithm was implemented to remove the 

noises and smooth the displacement field before strain calculation. Ex- 

perimental results showed that the strain measured by the proposed 

method was basically consistent with the result simultaneously mea- 

sured by a high temperature contact extensometer. Comparative study 

with the method by DIC and least squared algorithm was also carried 

out, and the effectiveness of the proposed method was verified. 

The rest of this paper is structured as follows. In Section 2 , the princi- 

ple of DIC method is briefly introduced and the proposed IR-DIC method 

is described with a numerically simulated example. In Section 3 , an 

experiment on room temperature tensile test of stainless steel speci- 

men is introduced. In Section 4 , an experiment on high temperature 

tensile test of a C/C composite sample at 2000 °C in the inert atmo- 

sphere is introduced. Finally, the discussions and conclusions are given 

in Sections 5 and 6 . 

2. Basic principles 

2.1. Laser speckle 

When the laser irradiates the surface of an object with optical rough 

surface (compared with the wavelength of light wave), the surface of 

the object scatters numerous coherent wavelets, which interfere with 

each other in the space around the object. If the phase difference of 

the scattered wavelet satisfies the condition of constructive interference, 

these scattering wavelets will form a bright spot. On the contrary, if the 

phase difference satisfies the condition of cancellation interference, the 

dark spot will be formed. Because the phase of the scattered wavelet is 

random distribution, a number of bright spots and dark spots formed by 

the scattered wavelets are randomly distributed around the surface of 

the object. The bright spots and dark spots are called laser speckle. 

2.2. Displacement field measurement by DIC 

Digital image correlation uses random intensity distributions on the 

specimen surface to obtain the full-field displacement by matching sub- 

sets of interest before and after deformation. Thus, mechanical prop- 

erties of the material can be analyzed. The basic principle of DIC is 

schematically illustrated in Fig. 1 . The recorded image before defor- 

mation is regarded as “reference image ”, and the recorded image after 

deformation is regarded as “deformed image ”. In the reference image, 
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