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Abstract: In this paper a review of progresses occurred along the years in measuring residual stresses by 

optical methods is presented. These methods allow to implement the hole drilling procedure for residual stress 

profile measuring, without applying the strain gage rosette. This approach presents several advantages such 

as easier and cheaper preparation of the test beside the possibility to avoid eccentricity issues and to increase 

the amount of available data in view of the fact that each pixel can be considered as a measure point. In 

particular the evolution of the Electronic Speckle Pattern Interferometry (ESPI) technique will be presented 

showing how set up, methodologies and calculation approaches have developed along the last three decades. 
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1. Introduction 

The stress field existing in some materials without 

application of an external source of stress, such as loads 

or 

thermal gradients, is known as residual stress. These 

residual stresses (RS) are generated in almost all 

manufacturing processes such as machining, grinding, 

forming, rolling, casting, forging, welding, heat 

treatment, etc. or may occur during the life of structures. 

The hole drilling method (HDM) is one of the most 

widely used techniques for measuring residual stresses. 

This technique consists in the localized removal of 

stressed material and in measuring the strain field 

consequent to the relieved stresses. The hole drilling 

method 

using strain gauge rosettes is a consolidated approach for 

stress determination and it follows the ASTM test 

standard. Even though strain gauges are usually used to 

measure these displacements, they have some 

disadvantages: the specimen surface has to be flat and 

smooth so that the rosettes can be attached, the surface 

of the material has to be accurately prepared, the hole has 

to be drilled exactly in the center of the rosette in 

order to avoid eccentricity errors, and time and costs 

associated with installing rosettes are consistent. 

Furthermore the amount of available data is limited: for 

each measurement, only three discrete readings are 

available (six in the case of some special rosettes), just 

sufficient to fully characterize the in-plane residual 

stresses. Due these considerations several attempts to 

replace extensimetric measurements by optical ones 

have been done along the years. For example the use of 

moiré interferometry for strain determination in RS 

measurements by HDM was investigated in many 

situations since McDonach et al. [1]. However, bonding a 

grating can also be time consuming. The feasibility of 

using holographic interferometry was shown by Antonov 

[2]. More recently Hung et al. [3] have used shearography 

in conjunction with a small ball indentation to 

determine RS. Also the possibility to release residual 

stresses by using local heat treatment, combined with 

electronic speckle pattern interferometry was attempted 

by Pechersky et al. [4] and more recently repeated on 

aluminum alloys in [5]. However the most explored 

approach consists in combining ESPI with incremental 

holedrilling; the basic idea is to adopt the same procedure 

for RS measurement as described in ASTM E837 but 

replacing data obtained by the rosette with data obtained 

by speckle pattern. Speckle interferometry approach, 

in fact, is based upon the observation that whenever a 

coherent beam of light shines on a surface a random 

intensity pattern is produced as a consequence of the 

interference of the light diffused by surface itself. 

Displacements of the surface introduce changes in the 

local phase. Having this in mind it is easy to understand 

that if an hole is drilled in a material and stresses are 

relaxed speckle patterns change and if the speckle pattern 

is subtracted from a reference pattern correlation fringes 

are obtained as those shown in Fig.1. 

 

Fig.1 Example of ESPI correlation fringes obtained during the 

hole-drilling process. Fringes are obtained by 

subtracting the speckle pattern recorded at a given drilling 

increment from the reference pattern recorded before starting 

the drilling procedure. Fringes represent the loci of points of 

isodisplacement along the direction of the sensitivity vector 

 

In this paper the evolution of the ESPI-HDM technique 

along the years is presented showing that systems have 

become increasingly compact and easy to operate, 

calculation methods have become more robust and faster 

and the field of application of the technique has 

increased more and more. 
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2. Origin of ESPI-HDM 

Pioneering works in the adoption of ESPI combined 

with Hole Drilling methods are those of Furgiuele et 

al.[6].The optical set-up adopted allowed to determine 

three components of the displacement in the plane of the 

specimen and two oblique to the plane. In order to verify 

the reliability of the method the system was tested on a 

steel specimen on which a well know stress state was 

introduced. The centers of the fringes were detected 

manually that is to say that it was a task of the user to track 

them on the images and to assign them the proper order 

of fringe. This allowed to determine the displacement on 

the pixel along the fringes and the to obtain stresses based 

upon calibration coefficients connecting the stress state to 

the displacement occurring as a consequence of the 

drilling procedure. In spite of the complexity of the 

optical configuration adopted and of the difficulties in 

speckle pattern elaboration authors obtained very 

promising results that paved the way to further 

developments. Analogous results, in terms of accuracy, 

were obtained two years later in [7] where, instead of a 

CCD camera as a recording media, photographic 

emulsions were adopted. 

3. Development of the technique 

Attempts to simplify the optical system with respect 

to pioneering works were firstly done in [8] where a 

system based upon a couple of optical fibers was used to 

implement a double Lendeertz configuration showing 

potentialities of this technique to be implemented in a 

easy to operate set-up. A similar system will be also used 

later for industrial application such as RS measurement in 

CD disc [9]. A simplified set up was also adopted later 

where an ESPI out-of-plane interferometer was built 

however, in that case, the chemical etching procedure was 

used instead of hole drilling to get stress relaxation along 

the depth. In the direction of implementing the technique 

in a robust a portable device it is noticeable the work done 

in [10], in this paper by the use of a conical mirror, an 

optical configuration was obtained so that the sensitivity 

vector is directed along the radius for each point of the 

analyzed specimen. The system was also tested on the 

field by measuring residual stresses on a pressure vessel 

while the same interferometric configuration was adopted 

in combination with indentation instead of hole drilling in 

[11] even if a numerical model for quantitative evaluation 

of RS is missing. Very huge work from the side of system 

development, data analysis development and automation, 

error sources evaluation and results validation was done 

in the series of papers [12-15]. The system described in 

those papers is quite compact; the sample is illuminated 

just from one side by an optical fiber while a reference 

beam is sent directly to the camera CCD by a second 

optical fiber. A database of finite element solutions was 

built allowing to determine surface deformation for each 

combination of Young’s modulus and Poisson’s ratio, 

hole geometry and stress state. Full field least square 

technique was implemented to determine the stress state 

as the combination of σx, σy and τxy that minimizes the 

differences between the measured displacements and the 

modelled ones. The algorithm allowed also to take into 

account the rigid body motion that can occur during the 

measurement. Furthermore some sources of errors 

connected with the measurement such as the error on the 

determination of the illumination and observation angles 

or in the determination of the pixel size are taken into 

account. Further work in this sense has be done later on 

in [16] where effects of drilling parameters are considered 

for aluminum and stainless steel or in [17] where 

analogous analysis is carried out for Titanium grade 5. In 

[18-19] other sources of errors are considered such as the 

extension of the analysis area that is to say the effective 

region of the acquired interferogram that will be used for 

the analysis. In [20] was explored,  with a good success, 

the possibility to perform remote drilling operation that 

means to afford issues connected with replacement of the 

sample and consequent fringe decorrelation. The issue 

was overcome by using a kinematic mount with two pins 

and two bolts and by implementing rigid body correction 

algorithms.  Optimization of the entire measurement 

processes are analyzed in [21] by considering the problem 

of full exploitation of all available data and in [22] by 

considering the problem of the choice of the number and 

distribution of drilling steps. 

4. Recent Progresses 

In the last decade the number of works where hole 

drilling method an ESPI are used in combination to 

measure residual stresses has increased very much with 

applications ranging from measurement on submerged 

arc welded parts [23], TIG welded structural elements 

[24], FHPP welded part [25] etc.. At the same time some 

alternatives approaches also started to be attempted, for 

example in [26] incremental grooving was used instead 

than drilling while in [27-28] cross slitting and dual-axis 

ESPI were introduced demonstrating that this 

configuration gives better results with respect to the 

determination of the shear stress profile. Most recent 

works are devoted to the improvement of calculation 

methods; in [29] the integral method for stress 

computation in incremental hole drilling was modified so 

that the speckle image recorded at each drill increment is 

not correlated with the initial reference state but with the 

image obtained at the previous step.  The matrix that rules 

the problem in such a case connecting incremental strain 

to stresses turns out to be diagonally dominant so that all 

the system is better conditioned and error amplification is 

reduced. 

5. Final Considerations 

Literature review clearly displays how the use of ESPI 

in combination with hole-drilling method has greatly 

developed along the years. Technological evolution in 

terms of smaller, cheaper and higher resolution CCD 

camera as well as smaller and higher quality laser sources 

allows now to obtain very robust and compact setup. At 

the same time calculation algorithm have been refined 

along the years and a series of tools have been introduced 

so that fringe analysis can be considered to be a semi-

automated process that can be quite easily managed also 

by a trained but not expert operator. Due to these 

considerations technology appears to be mature as it is 

also witnessed by the presence of commercial systems 

available on the market and based upon this approach. It 
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is easy to foresee that this kind of approach will be 

subjected to further development and spread. At the same 

way it can be speculated that new research will be done 

on the topic in the next years for example in the direction 

to extend its application to non-isotropic materials or in 

the direction to compare this approach with a more recent 

one based upon detection of displacement fields by 

Digital Image correlation. 
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