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1. Introduction

  Welding residual stress or locked-in stress is the stress, 
which exists in the welded structure after the all ex-
ternal loads are removed. In general, the welding re-
sidual stress and related distortion in the plates are do-
minated by uneven metal deformation, either through 
contraction or expansion, mainly in the heat affected 
zone (HAZ) and nearby area of the weld joint, as a re-
sult of heating and cooling effect of welding cycle. This 
is further influenced by the temperature dependent ther-
mo-physical and mechanical properties of materials in 
use such as specific heat, thermal conductivity, density, 
thermal expansion coefficients andyield strength of the 
material1). The welding residual stresses are classified 
as longitudinal stresses and transverse stresses depend-
ing on the direction of the stress magnitude with respect 

to the weld line, while alternatively it can also be classi-
fied as tensile and compressive stresses2), depending on 
the nature of the stress developed in the welded part. 
Significantly, residual stresses may also be categorized 
as macro & micro residual stresses, based on the char-
acteristic length, lo, which is the length considered for 
maintaining equilibrium condition of the stresses. Macro 
residual stresses are the long range stresses (type-I) 
where polycrystalline or multiphase nature of the mate-
rial is ignored. Micro residual stresses are described as 
the type-II and type-III stresses where the former one 
acts over a number of grain dimensions (3-10 x grain 
size) & the later one exits within a grain (≤ grain size), 
developed by dislocations and point defects3,4). Between 
the tensile & compressive residual stresses, tensile re-
sidual stress has detrimental effect on the welded part 
while the later one may contribute benefits in many cas-
es5). Welding residual stresses influence the factors af-
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fecting the weld-joint like fatigue life, corrosion resistance 
(stress corrosion cracking), brittle structure (hydrogen em-
brittlement) etc. which ultimately reduce the service life 
cycles of the component in multicycle fatigue (N>106 
cycles) 6). It has been observed by different researchers 
that the heat input during welding process acts as a 
prime source for such stresses where local heating & 
cooling of metal with differential cooling rate, related 
differential plastic flow of molten metal and phase 
transformations of the grains with volume changes dur-
ing cooling etc. in a combined way develop welding re-
sidual stresses7).

2. Welding residual stress measurement techniques 

  There are different measurement techniques to eval-
uate the welding residual stress in a welded component 
and mainly, all established methods are classified into 
two main categories1-3,6) viz. a) Analytical methods and 
b) Experimental Methods and the later one is further 
classified as Destructive & Non-destructive, based on 
the nature of the measurement procedure.

2.1 Analytical method

  The use of analytical method for calculating the weld-
ing residual stress in metal plates has been appreciated 
by different researchers for its simplified approach 
which can be adopted as an approximation for further 
analysis. A theoretical model, in connection with this, 
was proposed by Koichi Masubuchi and D. C. Martin8) 
by an empirical relationship, as stated in the equation 
no.1, based on modified parabolic stress distribution 
where the distribution of longitudinal stress with respect 
to the weld line was considered. 

  σx= σmax [ 1- (y÷b)2]×exp.[- 0.5(y÷b)2] (1)

  In this expression, longitudinal residual stresses, σx, 
has been approximated on Y-axis along X-axis putting 
the value of the yield stress of the weld metal (σmax) and 
the width of HAZ (b) from the weld centre line. 
Furthermore, the width of HAZ (b) from the weld cen-
tre line can be obtained from the another relationship as 
stated in the equation no.2, as derived by Adams3) and 
the same can be experimentally measured using suitable 
chemical etching on the properly prepared specimen 
through macroscopic study.

  1/ (Tp- To) = {(4.13×ρ×c×t×y)÷H} + {1÷ (Tm – To)} (2)

  In the stated relationship, Tp stands for Eutectoid tem-
perature (i.e. 723oC for steel) of the weld metal at a cer-
tain distance from the weld line, To indicates the initial 

temperature of the plate, ρ is the density of the parent 
metal, c is the specific heat, t is the thickness of the 
plate in use, y = yHAZ i.e. the distance from the weld cen-
ter line, H is the welding heat input and Tm is the melt-
ing temperature of the plate. 

2.2 Experimental method

  Though, destructive & non-destructive type measure-
ment approaches are included in this group but all pos-
sible varieties of measurement techniques are not equal-
ly effective. Some mostly used destructive stress meas-
urement techniques are a) Sectioning Method2,3,9) b) 
Contour Method10,11) c) Hole-drilling Method1,2,3) d) Slitting 
method12,13) e) Ring core Method14,15) etc. Nowadays, 
several advanced non-destructive techniques like X-ray 
diffraction (XRD) technique16,17), Neutron diffraction 
technique18,19), Ultrasonic technique20,21), Positron anni-
hilation spectroscopic technique (PAS)22), Barkhausen 
noise method23,24) etc. are equally adopted in the applied 
field to measure the welding residual stress. In con-
nection with this, a comparative statement has been 
summarized in the following table (Table 1) to under-
stand the advantages and disadvantages of different re-
sidual stress measurement techniques.

3. Hole-drilling(straingauge) method 

3.1 Theory of hole drilling method

  The hole drilling technique is one of the most com-
monly used methods for the measurement of residual 
stresses, in the industries as well as in academic field, 
which is less expensive, reliable in nature & stand-
ardized by ASTM E-83725,26). This technique is funda-
mentally divided into two categories viz. a) through 
hole drilling and b) incremental hole drilling and both 
are standardized by ASTM E-837. In case of through 
hole drilling process, a suitable hole is drilled in the 
specimen and the corresponding relieved strain is meas-
ured after completion of the drilling process. When in-
cremental hole drilling is considered, the drilling of the 
hole is done at small increments with equal depth and 
relieved strain is recorded after each increment. Here, 
different calibration constants are considered for each 
of the increments. The fundamental of the hole drilling 
technique is based on the evaluation of two principal 
stresses (σ1 and σ2) from the mathematical relationship 
between normal stresses (σx and σy) and shear stresses 
(τxy, τyx) with respect to a particular plane, when bi-axial 
stresses are in consideration. The relationship can be 
defined with the following expression, as stated in the 
equation no.3 and equation no.427), where σ1 and σ2 are 
maximum and minimum principal stresses respectively. 
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  Using the concept of equilibrium of forces, the stated 
expressions (i.e. equation no.3&4) have been derived 
using Mohr’s circle diagram as shown in the Fig. 1. In 
Mohr’s circle diagram, the principal stresses (σ1 and σ
2)and normal stresses (σx and σy) have been plotted on 
the abscissa, considering tensile stress as positive and 
compressive stress as negative. Correspondingly, the 
shear stresses (τxy, τyx) and the principal shear stress (τmax) 
are plotted on the ordinate, considering the clockwise 
rotation of the element under shear stress as positive 

and anticlockwise rotation of the element as negative27). 
From the following expressions, as stated in the equa-
tion no.5 and equation no.6 respectively, the principal 
stresses are evaluated from Mohr’s circle.
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  From the following elementary equation, as stated in 
equation no.7, the values of two normal stresses (σx and σy ) and shear stress (τxy) can be obtained putting the 
values of included angle of strain gauges (i.e. θ = 00, 
900, 2250) in the equation. The orientation of strain 
gauges is shown in Fig. 2 where strain gage no.1 is par-
allel to the weld centre line.

   
 



  cos  sin     (7)

3.2 Experimental set-up

  The experimental set-up of the hole drilling technique 
consists of different items which are interconnected 
with each other. Essentially, there must be one hole 
drilling apparatus for drilling the hole in the specimen, 
strain gauges around the hole to measure the relieved 
strain, data acquisition system to record the relived 
strain in the form of micro-strain (µε) and proper power 

Techniques (Destructive) Advantages Disadvantages

Sectioning Method Range of materials is broad,
Economic, fast and simple process Limited strain resolution, Less accuracy

Contour Method Range of materials is large, High-resolution 
maps can be developed

Criticality in sample preparation, Complex 
approach

Hole-drilling Method
Simple and fast process, Widely used, Range 
of materials is broad, ASTM standardized 
(ASTM E 837)

Less resolution, Limited strain sensitivity

Ring-core Method Larger surface strain can be measured Specimen damage is more due to complexannular 
slot, less convenient, less used

Nondestructive Advantages Disadvantages

X-ray diffraction technique Range of materials is large, Macro and micro 
residual stress can be measured

Less amount of penetration, Less area covered, 
Non-standardized, Not suitable for coarse grain, 
Data interpretation is complex

Neutron diffraction technique
High penetration ability, High resolution,3D 
mapping is possible, High accuracy, Macro 
and micro residual stress can be measured

High cost, Specialized facility is required

Ultrasonic technique Fast process, Low cost, Portable, Easily 
available

Low resolution, Low deviation in signal with 
change in stress

Positron annihilation 
spectroscopic technique

High penetration ability, High 
accuracy,Microstructure - sensitive

Critical set-up, High cost, Specialized facility, 
Non-availability

Barkhausen noise method
Fast process, Very high Penetration, Micro- 
structure - sensitive, No direct contact, sub- 
surface stress can be measured

Limited to ferromagnetic
Materials, Proper signal identification is needed 
using amplification & filter.

Table 1  Some residual stress measurement techniques-advantages and disadvantages
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Fig. 1 Mohr’s circle



R. Chakrabarti, P. Biswas, and S. C. Saha 

412  Journal of Welding and Joining, Vol. 36, No. 4, 2018

78

supply to activate data acquisition system. Strain gauges 
are bonded on the specimen and terminals of the gauges 
are connected with data acquisition system.
  The working principle of this method is based on the 
introduction of a very small hole into a residually stressed 
element due to which the stress at that location is 
relaxed. This relaxation changes the stress-pattern in the 
immediately surrounding area of the drilled hole and 
the relieved strain on the surface around the hole of the 
test object is28) displayed in the monitor through data ac-
quisition system. The hole-drilling technique for meas-
uring residual stress around the hole by a mechanical 
extensometer was first introduced by Josef Mathar29) in 
1934 and his observations in the form a paper was pub-
lished posthumously in the Transactions of the American 
Society of Mechanical Engineers.

3.3 Assumptions & considerations for uniform 
stress measurement

  The measurement of residual stress by the computa-
tion of thermo-mechanical-elasto-plastic strain parame-
ters by hole-drilling technique is dependent on some 
important considerations, like a) the material should be 
isotropic in nature and b) the mechanical properties as 

required for such computation should be properly known 
and c) drilling a hole at the desired position is possible. 
Further, additional care should be taken to control the 
noise at minimum level in order to avoid its interference 
during measurement. It is beneficial to drill the hole 
near to the weld centre line, within heat affected zone 
(HAZ), for obtaining the effective tensile residual stress 
magnitude, as the nature of stress is changed from ten-
sile to compressive with the increase in distance from 
weld centre line.

3.4 Application and selection of strain gauges with 
placement procedures

  Application of strain gauges to measure the relieved 
strain in the field of hole drilling method was first in-
troduced by W.Soette and R.Vancrombrugge30) together 
in 1950 based on the fundamental working principle of 
strain gauge. The mostly considered parameters for se-
lecting strain gauge are a) Gauge factor of the strain 
gauge b) Gauge width and gauge length of the strain 
gauge c) Resistance of each gauge element d) Backing 
material of strain gauge e) Temperature of the applied 
field 
  It is equally important to prepare the surface in the 
correct way and the strain gauge should be pasted on 
the surface of the specimen31) using appropriate adhe-
sive, as recommended by the manufacturer. Ideally, the 
surface of the test material should be flat and the hole 
location should not be nearer to any edge to avoid any 
error in data. Three separate uniaxial strain gauges may 
be fixed on the surface around the hole to be drilled, in 
a rosette pattern, to get the radial strain readings ε1,ε2, ε3 

in three directions. As per ASTM standard,3) the size of 
the drill should maintain the following relationship:

  2.5< D/D0< 3.4 (8)

Where D is the diameter of the gauge circle and D0 is 
the diameter of the drilled hole. The design of strain 
gauge rosette has been extended with the introduction 

Fig. 2 Strain gauges’ angle orientation

Display
micro strain

Data acquisition
system

2

1

4
3

1,2,3-stain gauges
4-Drilled hole

Fig. 3  Experimental set-up

Strain gauge direction Electrical wires

Gauge backingGauge tabsGauge resistane wires

Fig. 4 A typical strain gauge
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of 8-gauge design32), 12-gauge design and 6-gauge33) 
design in the applied field for obtaining better measure-
ment results. but 3-gauge rosette design has been given 
preference to other design due to simple orientation and 
less cost. 

3.5 Strain gauge data collection

  The output of strain gauge is generally obtained in the 
form of micro-strain (µε) from the multichannel data 
acquisition system. Strain gauge may become a part of 
wheatstone bridge circuit in the form of quarter bridge, 
half bridge or full bridge where the sensitivity of the 
later one is twice that of the former one34-36). As and 
when the through hole in the specimen is done with the 
suitable drill, the released strain is recorded and the re-
lated stress can be calculated,accordingly. However, the 
use of small depth increment during drilling in the 
specimen up to full depth25) has been suggested by 
ASTM E837 for obtaining more precision in the meas-
urement26). 

3.6 Blind hole complexity

  Few experiments have been carried out incorporating 
blind hole in the plate instead of through hole, but sat-
isfactory outcome has not been achieved as the blind 
hole shape and subsequent stress strain relationship was 
found complex for further computation and the same 
was observed by Kelsey37) in 1956. Rendler and Vigness38) 
have examined both blind hole & through hole con-
dition in the experimental plates, in 1966, and inves-
tigated the distribution of relieved stress pattern in both 
cases. They observed that stress distribution in blind 
hole condition, as shown in Fig. 5, was critically close 
to the through hole condition up to a certain level. They 
introduced the coefficients and   as geometric func-
tions of modulus of elasticity (E) and Poisson’s ratio (µ) 
for the materials in use. The following expressions were 
formed with new variables E, v and Z/D to define and  .

  = fA (E, ν, r, Z/D)  (9) 
 = fB (E, ν, r, Z/D)     (10)

where r=R/Ro, (R ≥ Ro) , R= Radius of the gauge circle 
& Ro= Radius of the drilled hole, Z/ D = Ratio of blind 
hole depth to strain gauge pitch circle diameter (dimen- 
sionless).
  However, the local yielding39,40) may take place due to 
high stress concentration around the hole and it affects 
significantly in stress calculation when the magnitude 
of residual stresses lies in between 60 percent to70 percent 
of the yield strength41) of the material in consideration.

3.7 Influence of hole eccentricity and high speed 
drill

  It reveals from different experimental observations of 
the hole drilling measurement technique that hole ec-
centricity and size throughout the specimen contribute a 
significant changes in the value of strain. The eccen-
tricity in the drilled hole induces error in the measure-
ment of residual stress42-45) and in some cases, by using 
optical alignment the eccentricity can be minimized. In 
line with this, Rendler & Vigness38), conducted many 
experiments and observed that the accuracy of the hole 
drilling method was influenced mainly by two factors 
viz. 1) Improper fixation of drill at the appropriate point 
and 2)Eccentricity developed in the drilled hole due to 
wrongly adopted drilling technique. The use of abrasive 
jet machining (AJM) for making stress-free holes has 
been tested by Bush and Kromer46) in 1972, and later, 
by Procter and Beaney47), and by Bynum48) in 1974 where 
satisfactory outcome could not be achieved due to some 
limitations. Though stress free holes were found possi-
ble to generate in virtually all materials but its chief 
limitation was lying in the changing of hole shape, spe-
cially tapering of holes with the increase of depth of 
hole as depicted in Fig. 6. Furthermore, the total set-up 
is very complex, costly & not portable which ultimately 
has made AJM a less suitable technique for measuring 
relieved strain by hole drilling technique.

2 1 

4 

3 

d 

1,2 - Plate surface
3 - Tapering of hole 
4 - Hole depth
d - Hole diameter

Fig. 6 Tapering of hole

Strain gauge Strain gauge

Z

D

Do

Fig. 5 Blind hole geometry
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  In the way of upgrading the measurement process for 
obtaining better result, hole drilling technique with high 
rpm has been introduced to reduce the additional stress 
induced by the drilling process itself49). Though the 
technique has the several advantages like better accu-
racy in result, less induced-stress by the process but the 
frequent tool wear is a major disadvantage. Such wear 
in tool during operation may invite significant measure-
ment errors50) and removal of broken tool from the 
specimen is not easy. In 1982, Flaman51) first used a 
high-speed (up to 400000 rpm) air turbine with an at-
tachment of carbide cutter for drilling the hole in the 
specimen. But, this technique has not been adopted 
widely in the practical field due to non-availability of 
such experimental set-up and high cost involvement 
with this. As a part of alternative approach, the electric 
discharge machining (EDM) process has been in-
troduced in the field of measurement, for making highly 
precise holes on various metals. In the investigation 
process based on EDM by Ghanem et al.52), it is ob-
served that a tensile residual stress is generated within 
the EDM transformation layer. Ekmekci et al.53) con-
ducted different experiments to investigate the influence 
of dielectric fluids and electrode on residual stress with 
various EDM parameters and developed an empirical 
relationship between residual stresses and EDM 
parameters. Olabi and Hashmi54,55) used the hole drilling 
method to investigate the magnitude and distribution of 
residual stresses in high-chromium steel. Liuet al.56) 
have conducted the experiments on thick aluminum 
plates to understand the nature of residual stress dis-
tribution by this method. Schajer, Flaman, Ajovalasit 
and other investigators57-60) have conducted several ex-
periments with uniform and non-uniform stress field by 
hole drilling method. Introduction of finite element 
method (FEM) in the measurement field has consid-
erably increased the accuracy, particularly in non-uni-
form stress field. Power series method, a modified ap-
proach of integral method, has been used by Schajer 
based on some specific assumptions where stress mag-
nitude changes with respect to depth. L.R. Lothhammer 
et al.61) conducted the experiments on the UOE and 
ERW pipes to investigate the nature of residual stress 
developed on the outer and inner surfaces of the pipe-
lines by the DSPI hole drilling combined technique and 
traditional hole drilling technique. Results on UOE 
pipes and ERW pipes were compared and it was ob-
served that the first half of the longitudinal and circum-
ferential stress profile was compressive in nature while 
the later half revealed the tensile residual stress, in both 
the cases. 

4. Summary and Conclusions

  It reveals from the preceding discussion that the hole 
drilling strain gauge method is a widely acceptable de-
structive process, in the industry as well as in the aca-
demic field, to find out the welding residual stress for 
its low equipment cost, versatility and reasonable accu-
racy and standardized by ASTM E-837. 
  The advantages of traditional hole drilling method in-
clude the following:
  1) The method can be used on large components at site 
as the related equipments are portable
  2) The actual test is quick and inexpensive and can be 
done on a wide range of materials including polymeric 
samples
  3) The test can be carried out on curved or flat surfaces
  4) The process is suitable for both uniform and non- 
uniform stress field 
  5) It is possible to quantify the principal residual 
stresses along the depth of hole of the specimen 
  6) The technique is acceptable worldwide and stand-
ardized by ASTM E-837.
  It appears that application of strain gauge hole drilling 
technique is significant in the field of residual stress 
measurement and substantial work can be carried out 
with this method. However, precautions on some pa-
rameters have to be taken into consideration so that 
noise level can be minimized. Today, the rapid develop-
ment of different software pertaining to this field has 
made the process more accurate with high speed com-
putational ability through which the simulation of the 
stress field distribution is possible taking proper thermo 
physical parameters in consideration.
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