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Abstract. The deep hole drilling technique (DHD) received much attention in recent years as a 
method for measuring through-thickness residual stresses. However, some accuracy problems 
occur when residual stress evaluation is performed by the DHD technique. One of the reasons 
is that the traditional DHD evaluation formula applies to the plane stress condition. The second 
is that the effects of the plastic deformation produced in the drilling process and the 
deformation produced in the trepanning process are ignored. In this study, a modified 
evaluation formula, which is applied to the plane strain condition, is proposed. In addition, a 
new procedure is proposed which can consider the effects of the deformation produced in the 
DHD process by investigating the effects in detail by finite element (FE) analysis. Then, the 
evaluation results obtained by the new procedure are compared with that obtained by 
traditional DHD procedure by FE analysis. As a result, the new procedure evaluates the 
residual stress fields better than the traditional DHD procedure when the measuring object is 
thick enough that the stress condition can be assumed as the plane strain condition as in the 
model used in this study. 

1. Introduction 
Residual stresses are found in weld joints because of the localized heat input, the difference between 
the expansion coefficients of joint members, and the restraints around welded zones. In particular, 
high residual tensile stresses occur near welded zones. These stresses can affect the fracture and 
fatigue behaviours in welded structures1. Therefore, residual stresses in welded structures should be 
assessed in detail for the appropriate design, production, and maintenance. These are necessary for 
environmental consciousness of welded structures. For this purpose, the inner residual stress fields are 
as important as surface residual stress fields. The neutron diffraction technique is a well-known 
evaluation method of inner residual stress fields2. However, it is not always possible to conduct the 
evaluations with this technique easily because it requires huge experimental facilities and a stress-free 
sample. In addition, this technique cannot be applied to the residual stress evaluation of plates more 
than several tens of millimetres in thickness. Therefore, a new technique for evaluating inner residual 
stress fields is needed when the neutron diffraction technique cannot be applied.  

Consequently, the deep hole drilling (DHD) technique has received much attention in recent years 
as a method for measuring through-thickness residual stresses3-5. The DHD technique measures the 
diametric change of a reference hole drilled thorough the component between before and after the 
residual stress release. The residual stress release is performed by trepanning a column of material 
containing the reference hole. The DHD technique has some advantages over the neutron diffraction 
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technique, such as simpler test devices and procedures, applicability to thick plates, and in-field testing. 
Therefore, the DHD technique has merits that differ from those of the neutron diffraction technique. 

However, some accuracy problems relevant to the appropriate design, production, and maintenance 
of structures occur when residual stress evaluation is performed by the DHD technique. The reason is 
the traditional DHD evaluation formula applies to the plane stress condition. In addition, the effects of 
plastic deformation produced in the DHD process are ignored. These can affect the accuracy of the 
evaluation results obtained by the DHD technique. Therefore, the traditional DHD evaluation 
procedure does not perform actual precise evaluation of the residual stress fields.  

In this study, a new evaluation procedure is discussed for the high accuracy evaluation of residual 
stresses by the DHD technique. 

2. Traditional DHD technique 
Figure 1 provides a schematic illustration of the measurement method, which consists of following 
four experimental steps: 
 
Step 1  A reference hole is drilled through the specimen with a gun drill. 
Step 2  The initial diameters d0 of this hole are measured accurately at several depths and  

angles using an air probe. 
Step 3  A column of material containing the reference hole as its axis is coaxially freed  

using electro-discharge machining (EDM). 
Step 4  The final diameters d of the reference hole are re-measured at the same depths and  

angular positions as those in step 2. 
 
Let the direction of drilling the reference hole is denoted by z-axis, the depth from the top of the 
reference hole is denoted z, the angle from the x-axis is denoted by θ, (See Figure 1(e)) the differences 
between d0 and d at depth z and angle θ is denoted by Δd and the normalized diametric distortion Δd/d0 
is denoted by ur(z, θ). The relationship between ur(z, θ) and remote stress fields σx, σy, σxy is given by 
the elastic solution for a hole in an infinite plate, as follows6: 

!! !, ! =
! !, ! − !! !, !

!! !, !
=
Δ! !, !
!! !, !

　　

= −
1
!
[ 1 + 2 cos 2! !x + 1 − 2 cos 2! !y + 4 sin 2! !xy], 

(1) 

where E is Young’s modulus. Therefore, three ur(z, θ)-θ relationships at each depth give one 
evaluation result of σx，σy，σxy. 
 

 

 

 
(a) Step 1  (b) Step 2 

Figure 1.  Steps in the DHD technique. 
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(c) Step 3  (d) Step 4 

 

  

(e) Difinition of the each systems   

Figure 1.  Continued. 

3. Modification of the evaluation formula 
The traditional evaluation formula applied to the plane stress condition. However, when inner residual 
stress fields are evaluated, the stress condition around the reference hole is close to the plane strain 
condition. Therefore, the diametric change of the reference hole before and after the residual stress 
release is produced by the release of the in-plane residual stress field and the restraint of deformation 
in the axial direction. When the residual stress release under the plane strain condition is performed, 
the expansion of the cylinder is caused by the release from the stress, which is denoted by σz’: 

!z’ = −! !x + !y , (2) 
where υ is Poisson’s ratio. Thus, the diametric change caused by σz’ is calculated as follows:  

The relationship between ur(z, θ) and the residual stress field is given by the elastic solution in the 
following equation: 

!! !, ! = −
1
!’
[ 1 + 2 cos 2! !x

+ 1 − 2 cos 2! !y + 4 sin 2! !xy] −
!2

!
(!x + !!), 

(4) 

where E’=E/(1-υ2).  

4. FE analysis condition 
Numerical analysis is used for evaluating the effects of plastic deformation produced in the DHD 
processes. Figure 2 shows the object used for finite element analysis. This is the 1/4 model and  
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Electrode

Air probe
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Cutting direction ofthe reference hole

x
y

z

θ
O

Reference hole

! − !0  
!0

=
!!z’
!

= −
!2

!
(!x + !y). (3) 
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the size of the model is large enough not to interfere with the deformation around 
the reference hole. Figure 3 shows the sizes of the reference hole. The diameter of the reference hole is  
2 mm. The thickness of the cylinder is 2 mm. The thickness of the trepanning is 1 mm. The sizes of 
the mesh in the radial direction and the through-thickness direction are approximately 0.3 mm and 0.5 
mm, respectively. The arc of the reference hole is divided into 18 meshes in 
the θ-direction. The numerical analysis software is ABAQUS FE code Ver. 6.9. The model 
change option is used for removing elements. The drilling process and the trepanning process 
are represented by this operation. The initial residual stress fields are represented by the initial 
conditions option. Young's modulus, Poisson's ratio and Yield stress used for the analysis 
are discussed in each of following sections, because the properties change according to the purposes of 
the analysis. 

 

5. Effects of plastic deformation produced in the drilling process 
Stress concentration increases around the reference hole. Plastic deformation does not occur when the 
stress that exists before the drilling process is low. Therefore, the reference hole deforms elastically 
after the stress release by trepanning. In contrast, plastic deformation occurs when the stress, which 
exists before the drilling process, is high. When the stress is higher than one-third of the yield stress, 
plastic deformation occurs because the stress concentration factor around the hole is 3. When plastic 
deformation occurs, the trepanning process no longer produces complete stress release. Namely, the 
relationship between ur(z, θ) and the residual stress field differs from that obtained by equation (4). 
Therefore, in this section, a quantitative evaluation method for evaluating the relationship between the 
residual stress field and the change in diametric change of the reference hole caused by the plastic 
deformation is discussed. This method makes it possible to evaluate the effects of the plastic 
deformation produced in the drilling process. 

In the numerical analysis in this section, the material is assumed to have an elastic perfectly plastic 
body (E: 206 GPa, υ: 0.3, Yield stress: 500 MPa). Trepanning is performed at a time to remove the 
effects of the trepanning process. Figure 4 shows the relationships between (dx)plastic, (dy)plastic and the 
applied stresses in the x direction under the uniaxial tensile stress state obtained by the numerical 
analysis, where (dx)plastic, (dy)plastic are the values calculated by subtracting the diametric change obtained 
by the FE analysis from that obtained by equation (4). These values represent the effects of the plastic 
deformation produced in the drilling process. Here, the two factors that define these relationships are 
assumed as follows. The first factor is the maximum stress in the x- and y-axes around the reference 
hole calculated by the elastic solution. This factor represents the direction of the deformation of the 
reference hole and the drive force for deformation. The second factor is the von Mises equivalent 
stress at a position far enough away from the reference hole. This factor represents the ease of 

 

 

 
Figure 2.  Object used for FE analysis.  Figure 3.  Sizes around the reference hole. 
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expanding the plastic area. Namely, (dx)plastic, (dy)plastic are given by the unknown functions fx, fy as in the 
following equations: 

!x plastic = !x
3!x  
!Y

,
!
!Y  

+ !y
−!x    
!Y

,
!
!Y  

 

!y plastic
= !x

−!x  
!Y

,
!
!Y  

+ !y
3!x    
!Y

,
!
!Y  

, 
(5) 

where σY is Yield stress, and ! is von Mises stress. fx, fy are determined by using the results shown in 
Figure 4: 

!x plastic = !
3!x  
!Y

!
!Y  

!
+ !

−!x    
!Y

!
!Y  

!
 

!y plastic
= !

−!x  
!Y

!
!Y  

!
+ !

3!x    
!Y

!
!Y  

!
, 

(6) 

 where ! = 3.61×10!!,! = −2.69×10!!. When a biaxial stress exists, 3σx, -σx are substituted for 
3σx –σy, 3σy-σx. Then, it is assumed that (dx)plastic, (dy)plastic satisfy equation (4) when they are regarded 
as Δd. dplastic, which is the change in diametric change in each angles, is calculated as follows: 

!plastic
!

= −
1
!’

1 + 2 cos 2! !x’ + 1 − 2 cos 2! !y’ −
!!

!
!x’ + !!’ , (7) 

where, σx’, σy’ are obtained by (dx)plastic, (dy)plastic and this equation. Namely, σx’, σy’ are functions of σx, 
σy. Therefore, σx’, σy’ are functions of in-plane stresses σx, σy, σxy when σx, σy are regarded as the 
principal stresses σ1, σ2. Therefore, the relationship between the in-plane residual stress field and the 
change in diametric change are obtained using equations (6) and (7). 

6. Effects of deformation produced in the trepanning process 
EDM is performed from one side to the other in the trepanning process as shown in Figure 1. In other 
words, the process continues to release the sectional stress. The diameter of the reference hole of the 
stress-unreleased area is affected by the deformation of the stress-released area, as shown in Figure 5. 
When plastic deformation is produced, the relationship between ur(z, θ) and the residual stress field 
differs from that obtained by equation (4). Therefore, a quantitative evaluation method for evaluating 
the effect is discussed in this section. The effects at depth z0 can be seen as the additional stresses 
Δσx(z0), Δσy(z0), Δσxy(z0) produced by deformation of the stress-released area. The additional stresses 
are applied from an area far enough from the reference hole. These additional stresses can be 
calculated by subtracting the actual residual stresses from the stresses (σx)max, (σy)max, (σxy)max 
calculated by equation (4) and using the maximum diameter and the final diameter when the object is  

  
Figure 4.  Differences between the diametric  
changes calculated  by equation (4) and by FE  
analysis. 
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 caused by the sectional stress release 
in the trepanning process 
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an elastic body. If the object is an elastic perfectly plastic body, (σx)max, (σy)max, (σxy)max are calculated 
by equations (4) and (7). Here, it is assumed that the additional stresses at depth z0 can be determined 
by the in-plane stresses (σx)basic(z), (σy)basic(z), (σxy)basic(z) (0>z>z0) calculated by equation (1) using the 
initial diameter and the final diameter. The effects of deformation of the stress released area are 
represented by (σx)basic, (σy)basic, (σxy)basic. Namely, Δσx(z0), Δσy(z0), Δσxy(z0) are determined by (σx)basic, 
(σy)basic, (σxy)basic. When the diametric changes at 0 and 90 degrees are used, Δσxy(z0), (σxy)basic can be 
ignored. Using the unknown functions gx, gy, the following equation can be used to find Δσx(z0), 
Δσy(z0): 

Δ!x = !x !x  (!!-‐!) basic, !y  (!!-‐!) basic
     !"  

!!

!
   

Δ!y = !y !x  (!!-‐!) basic, !y  (!!-‐!) basic
     !",

!!

!
 

(8) 

where l is the distance from the measurement depth. Then, Δσx(z0), Δσy(z0) are not affected by the 
mechanical properties of the specimens, because the stresses are an additional stress, not an additional 
strain. Also, gx((σx)basic, (σy)basic) = gy((σy)basic, (σx)basic) because gx, gy should be symmetrical. As a result, 
gx, gy can be determined under every stress state when gx, gy are determined under a uniaxial stress 
state. By numerical analysis, gx, gy can be determined. The material is assumed to have an elastic body 
(E: 206 GPa, υ: 0.3) in the numerical analysis used in this section. The trepanning process is divided 
into 25 steps. Figure 6 shows the diametric change in the trepanning process. In this analysis, the 
applied stress is 300 MPa. It is assumed that gx((σx)basic, 0), gy(0, (σx)basic) are the products of (σx)basic 
and a function that outputs the maximum value at l=0 and the minimum value at l=10 by referring to 
the results. Then, 

!x !x basic, 0 = ! 10 − ! ! !x !! − ! basic   
!y 0, !x basic = ! 10 − ! ! !x !! − ! basic,   

(9) 

where ! = −5.44×10!!, ! = 1.77×10!!, and 

Δ!x = ! 10 − ! ! !x !! − ! basic + ! 10 − ! ! !y !! − !
basic

!"  
!!

!
 

Δ!y = ! 10 − ! ! !y !! − !
basic

+ ! 10 − ! ! !x !! − ! basic!".
!"

!
 

(10) 

Here, when z0-l is less than 0, σx(z0-l) and σy(z0-l) should be assumed to be zero because the area does 
not load the additional stress to the evaluation depth z0. These equations can only evaluate the 
additional stress effects under the biaxial stress states. When the x- and y-axes are regarded as 
principal axes, the additional stress effects can be evaluated under every in-plane stress state.  

 
Figure 6.  Relationship between diameter and trepanning depth at z= 25 mm. 
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7. New evaluation procedure 
From the results of the above discussion, the evaluation procedure in this study is performed in the 
following steps. 

 
Step 1  Calculate the stresses (σx)basic, (σy)basic, (σxy)basic by equation (4) using the initial diameter and 

the final diameter. 
Step 2  Calculate Δσx(z0), Δσy(z0) using equation (10). 
Step 3  Calculate the stresses (σx)max, (σy)max, (σxy)max using equations (4) and (7) and the maximum 

diameter and the final diameter. 
Step 4  Calculate the actual residual stresses by subtracting the stresses obtained in step 3 from those 

in step 2. 

8. Suitability of the proposed procedure 
The numerical analysis is used to discuss the suitability of the proposed procedure. The evaluation 
results are compared with that obtained by the traditional technique. In this traditional technique, the 
maximum diametric change is used for Δd to consider the effect of the deformation in the trepanning 
process. In the other words, this technique ignores the effects of the plastic deformation produced in 
the drilling process and considers all the deformation produced in the trepanning process as plastic 
deformation. This technique is called the iDHD technique and is now considered the most precise 
technique7. A material is assumed to have an elastic perfectly plastic body (E: 206 GPa, υ: 0.3, Yield 
stress: 500 MPa) in the numerical analysis used for this section. The trepanning process is divided into 
25 steps. Applied stresses are uniform in the model. The stresses are evaluated at the 
through-thickness center. Naturally, the evaluation results are changed by the evaluation depth. 
However, the deformation state (d-d0)/d0 is nearly unchanging in area between the depth z=10 mm and 
z=40 mm, as shown in Figure 7. In this graph, the two deformation states are shown. One is calculated 
by using the initial diameter in x-axis as d0. The other is calculated by using the maximum diameter in 
the x-axis direction as d0. Namely, the deformation state in the DHD process is almost the same in the 
area between the depth z=10 mm and z=40 mm. Because the DHD technique is a technique for 
evaluating the inner stress fields, comparing the results at through-thickness center is enough for 
discussing the suitability of the proposed procedure. 

Figure 8 shows the evaluation results obtained by the proposed procedure. In the graph, σx varies 
and σy is 200 MPa. Figure 9 shows the relationships between the evaluation results in the x’-y’ system 
and the applied stresses along the x-axis. The x’-y’ system is rotated 30 degrees clockwise from the 
x-y system. Each figure also shows the results obtained by the traditional technique using equation (1). 
In addition, Figures 10 and 11 show the errors calculated by applied stresses and evaluation results. 
The results indicate that the proposed procedure can evaluate the residual stress fields better than the 
iDHD technique at all applied stress levels even though the applied stress level is low enough that the 
plastic deformation does not occur. Figure 12 shows the evaluation results when the material is 
assumed to have an elastic perfectly plastic body (E: 206 GPa, υ: 0.3, Yield stress: 1000 MPa). Figure 
13 shows the errors calculated by applied stresses and evaluation results. The results indicate that the 
evaluation results obtained by the proposed procedure are in good agreement with the applied stresses 
when the yield stress is changed. 
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Figure 7.  Relationship between deformation state (d-d0)/d0 and depth. 

 
 

 

 

 
Figure 8.  Evaluation results by the proposed  
procedure. 

 Figure 9.  Evaluation results by the proposed 
procedure (x’-y’ system). 

 

 

 
Figure 10.  Evaluation errors calculated from  
(Evaluation stress)-(Applied stress). 

 

 Figure 11.  Evaluation errors calculated from  
(Evaluation stress)-(Applied stress) (x’-y’  
system). 
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Figure 12.  Evaluation results with the  
proposed procedure (σY=1000). 

 Figure 13.  Evaluation errors calculated from  
(Evaluation stress)-(Applied stress)  
(σY=1000). 

9. Conclusions 
A new highly accurate evaluation procedure of internal residual stress fields by the DHD technique 
was proposed. In addition, the new procedure was applied to evaluate inner stress fields by FE analysis. 
The results indicated that the proposed procedure evaluates the residual stress fields better than the 
traditional DHD procedure when the measured object is thick enough that the stress condition can be 
assumed as the plane strain condition, such as in the model used in this study. Using the proposed 
procedure, the DHD technique can have wider applicability. In addition, when the procedure for 
considering the effects of the stress distribution in the through-thickness direction and the effect of the 
changes in deformation state near the surface, which is not considered in the traditional DHD 
procedure and the procedure proposed in this study, is proposed, the DHD technique will be able to 
evaluate the residual stress fields more precisely. 
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