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ABSTRACT

The hole-relaxation technique of determining surface
stresses was evaluated in load-induced linear stress fields
as high as 90 percent of the yield strength of the material.
Results indicate that an average accuracy of 5 percent is
possible if strain gages 0.050 in. long are used at a
distance of 5/16 in. from the center of a 7/16-in.-diameter
hole. Test results also indicate that a depth of hole equal
to one-half the hole diameter is sufficient to obtain all of
the relaxation strains on the surface at which the hole is
drilled.

Tests were also conducted using 5/16-in.-diameter
holes, and although good results were obtained, the overall
degree of accuracy was not as great as with the 7/16-in.-
diameter holes.

INTRODUCTION

Residual or locked-in stresses are present in every fabricated

structure. Even after heat treatment a structure will usually contain

locked-in stresses equal to or greater than the proportional limit of the

material at the stress-relieving temperature. In general, these residual

stresses have no effect on the static load-carrying capacity of a structure

for a yield-type failure; they may, however, affect the fatigue life of

most structures. Because of this possible effect of residual stresses on

the fatigue life of structures, prudent design procedures would necessarily

require a knowledge of the approximate magnitude of these stresses.

Unfortunately, in many areas, residual stresses cannot be measured

directly as are load-induced stresses; however, they can be measured in-

directly by measuring existing strains in the residually stressed structure.

The methods of measuring these strains can be classified in two broad

categories, physical and mechanical. The physical techniques (X-ray methods,

etc.) at the present time are not readily adaptable for field use or even

for rough laboratory use; therefore, the mechanical techniques appear most

promising on large-scale structures at this time. However, it must be

'References are listed on page 24.
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remembered that the mechanical techniques are not without drawbacks. In
general, these mechanical techniques are destructive in nature. It is for

this reason that the least destructive of the mechanical techniques, Mathar's
1

hole-relaxation method, is being evaluated herein.

In essence, the hole-relatation method entails the measurement of

relaxation strains around a small hole drilled into the area in question.

Further, in many instances the stress on one surface can be obtained with-

out drilling completely through the thickness of the material.

It is the purpose of this report to evaluate the hole-relaxation
technique in stress fields approaching the yield strength of the material.

Results indicate an overall accuracy of ± 10 percent and an average accuracy
of ± 5 percent at stresses as high as 90 percent of the yield strength of

the material.

THEORY OF THE HOLE-RELAXATION METHOD

The relationship between strain distribution in the presence of a

hole and strain distribution in an intact plate can be determined both

experimentally and theoretically. Conversly, biaxial stresses may be com-

puted if the difference between strain distribution in the presence of a

hole and strain distribution in an intact plate are determined experi-

mentally. This, then, is the basic premise of the hole-drilling technique,

and it may be applied to compute residual stresses theoretically or experi-

mentally.

The theoretical expressions relating the relaxation strains from

a rectangular rosette gage, located in the vicinity of a hole, to the

principal stresses as given in References 2 and 3 are developed in Appendix

A, and are as follows:

a 1 +'3 . -2 . e 2  + 21 1/ 2 [1.0]
1 4K1  4K 2 2 1 2 3

1 + -+ JZ 2 1)2 (+ 2 3)] 1/

2 4K 4K2
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where c is the major principal stress,

0c is the minor principal stress,

C1 is the relaxation strain in the horizontal direction,

C2 is the relaxation strain at the 45-degree direction,

s3 is the relaxation strain in the vertical direction,

Kis- (1 2E) a

K2 is (1 + v)- 4r

E is Young's modulus,

" is Poissonts ratio,

a is the radius of the hole, and

r is the distance from the center of the hole to the center of

the gage.

For the condition where the direction of the principal stress is known and

so only two strain gages are applied in the directions of the principal

stresses, the following relationships between relaxation strains and prin-

cipal stresses are obtained

S + e3 = 2K1 ( 1 + 2) [1.2]

e - 3 = 2K2 (0 1 - 02 )  [1.3]

It is noted that in this particular case e1 , because it is a

relaxation strain and of opposite sign from a load-induced strain, is the

minor principal relaxation strain but is associated with the major principal

locked-in stress. Therefore, to apply Equations [1.0] through [1.3], Young's

modulus and Poisson's ratio are the only properties of the material that

must be known.

The foregoing expressions were based on theoretical stress con-

centration factors in the area of the hole. Another method of obtaining

the locked-in stresses is to relate stress and strain data from a cali-

bration plate to strain data obtained on the prototype structure. To use

this method the calibration plate should be of the same material and thick-



ness as the prototype material, and the hole diameter and the distance of

the strain gages from the center of the hole should be the same for the

prototype and for the calibration plate. The stress relationships when the

calibration plate is used are as follows:

a 0 a a
1 + 2 ( + + 2 0 O 90) [2.0]%= .... +( o - €0 ) [2.0]

2(s + 3) 90 2(1 - )

1 2 1  2-

90 2(e 1 + e 0 90 2(e1 - 3 )  0 90

where o0 is the major principal stress in the prototype,

a90 is the minor principal stress in the prototype,

o1 is the major principal stress in the calibration plate,

02 is the minor principal stress in the calibration plate,

1 and e3 are the measured strains in the calibration plate, and

0 and e90 are the measured strains in the prototype.

TEST PROCEDURES AND RESULTS

The hole-relaxation method was evaluated by testing, under both

tensile and bending loading conditions, a number of 6-in.-wide steel plates.

The thicknesses of the plates and the types of steel used were as follows:

1/2-in. plate (HY-80) 6 tension plates and 4 bending plates

1-in. plate (HY-80) 5 tension plates and 2 bending plates

1 1/2-in. plate (HY-80) 4 tension plates and 2 bending plates

1 1/2-in. plate (HTS) 2 tension plates and 2 bending plates

A total of 27 plates were tested, the first 8 of which were used

as a guide for developing the remainder of the test program. Table 1 is a

tabulation of all plates tested and of the maximum stresses applied to each

plate prior to drilling holes. Also listed in Table 1, are types of strain

gages used, location of strain gages from center of holes, hole diameters,

type of test conducted, and average yield strengths of the plate material.

It is noted that 2 different size holes were drilled in 12 plates.
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TABLE 1

Plates Tested and Maximum Applied Stresses

AVERAGE GAGES

YIELD TYPE DISTANCE HOLE a
PLATE HICKNESS MATERIAL STRENGTH OF GAGE FROM CENTER DIAMETER ax max

in. a TEST LENGTH OF HOLE in psi a
psi in. in.

A 0.5 HY80 86,600 TENSION 0.125 0.375 0.313 77,160 0.89

B 0.5 HY80 86,600 T 71,850 0.83
86,600 57,360 0.66

C 0.5 HY80 -88,300 BENDING -57,240 0.65
86,600 57,300 0.66

D 0.5 HY80 -88,300 B -57,900 0.66

E 1.5 HTS 41,000 T 26,880 0.66

F 1.5 HTS 41,000 T 27,150 0.66
41,000 33,750 0.82

G 1.5 HTS -42,600 B -33,240 0.78
41 ,000 " 1 33,450

H 1.5 HTS -42,600 B 0.125 0.375 0.313 -32,250 0.76

I 1.0 HY80 92,500 T 0.050 0.313 0.313 and 0.437 69,300 0.75

J 1.0 HY80 92,500 T 72,000 0.78
2,50 73,800 0.80

K 1.0 HY80 -98,400 B -74,700 0.77
92,500 66,750 0.72

L 1.0 HY80 -98,400 B -67,500 0.69

M 1.5 HY80 85,000 T 65,880 0.77

N 1.5 HY80 85,000 T 65,700 0.77

0 0.5 HY80 94,000 T 73,140 0.78

P 0.5 HY8O 94.000 T 73,440 0.78
85,000 77,100 0.91

Q 1.5 HY80O -89,100 B -71,850 0.80
85,000 70,350 0.83

R 1.5 HY80 -89,100 B -67,000 0.75
94,000 63,300 0.67

S 0.5 HY80 -96,100 B -59,850 0.62
94,000 59,850 0.64

T 0.5 HY8O -96,100 B 0.313 and 0.437 -59,850 0.62

TENSION
INCRDMENTAL

U 1.0 HY80 92,500 DRILLING 0.437 93,450 1.01

V 1.5 HY80 85,000 T ID 67,050 0.79

W 0.5 HY80 94,000 T ID 85,500 0.91

X 1.0 HYSO 92,500 T 85,900 0.93

Y 0.5 HY80 94,000 T 68,700 0.73

Z 1.5 HY80 85,000 T 82,100 0.97

AA 1.0 HY80 92,500 N 0.050 0.313 0.437 68,200 0.74
DRILLING
WHILE LOADED

0max is the maximum test stress without the hole as calculated by nmultiplying the average strain at
maximum load by the Modulus of Elasticity.

All minus signs are compressive yield strength.



A typical strain-gage array is shown in Figure 1. Figure 2 is a

photograph of the types of strain gages used in the tests. The larger gage,

C6-121, has a 0.125-in.-long gage element and was used in the earlier stages

of the test program. The shorter gage, C6-1X1M50A, is 0.050 in. long and

was not available until after the program was underway. Both types of gages

are manufactured by the Budd Company. Figure 3 shows the typical arrange-

ment for applying tensile and bending loads in the 600,000-lb Universal

Testing Machine at the David Taylor Model Basin.

Although only two different loading arrangements were used, four

different type tests were conducted. The following types of tests and

procedures were used to determine the relaxation strains.

TENSION TEST

A total of 13 plates, Figure 3a, were subjected to uniform tensile

loading. The original plates were loaded in tension until nonlinear surface

strains were noted. The plates were then loaded 10 times before any other

strain readings were taken. Strains were then measured before the hole was

drilled as a function of applied load and were averaged from both sides of

the plate for stress computations. The hole was then drilled under zero

load, and strains were once again measured as a function of applied load.

The strain difference from the no-hole condition to the condition with the

hole at each load was taken as the relaxation strain. The solution of a

typical problem is shown in Appendix B.

BENDING TEST

A total of 10 plates, Figure 3b, were subjected to bending. The

virgin plates were loaded until nonlinear surface strains were noted.

Each plate was loaded 10 times before initial no-hole readings were taken.

The same procedure, except the averaging of strains from each side of the

plate, was followed as in the tension test to determine relaxation strains.

INCREMENTAL DRILLING

Three plates, Figure 3a, were subjected to uniform tensile loading.

Strains were measured on one surface, before the hole was drilled, as a

function of applied load. The hole was drilled in very small increments of

depth. Strains were then measured at each increment of hole depth as a
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Figure 1 - Typical Straianage Arr4

Figure 2 - Relative Size of Strain Gages Used in Tests

I - -



Figure 3a - Typical Test Setup for Tensile Loading

Figure 3b - Typical Test Setup for Bending Loading

Figure 3 - Typical Test Arrangements in the 600,000 pound
Universal Testing Machine
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function of applied load. The difference in strain from the no-hole con-

dition to the condition with each incremental depth of hole for each in-

crement of loading was then taken as the relaxation strain for the partic-

ular condition of hole depth and applied load.

DRILLING WITH LOAD ON PLATE

One as rolled plate was subjected to a constant uniform tensile

load and a hole was drilled through the plate. The same procedure as used

in the tension test was used to determine the relaxation strains. When

the load was removed from the plate, another hole was drilled through the

plate to determine the relaxation strains resulting from the rolling

stresses in the plate itself. The differences of these two relaxation

strains were then taken as the true relaxation strains for the loaded

condition.

The drilling of the holes in all 27 plates was accomplished by

what was considered the best field technique. No particular precautions

were taken, that would be peculiar to laboratory tests only and could not

be duplicated in a field test of a prototype structure.

The loading conditions applied to the plates were such that the

strain and stress distribution through the plates would always be linear.

Further because the only concern was surface phenomena, in all but the one

case previously described, the rolling stresses inherent in the plates were

ignored. However, it is noted that the average changes in strain under

zero-loaded condition after the hole was drilled were in general less than

100in/in.

As indicated in Table 1, the maximum stress in the plates ranged

from 60 percent of the yield strength of the material up to the yield

strength of the material. In Table 2, maximum applied stresses as determined

from strain measurements in the no-hole condition and those computed from

the relaxation strains when the holes were drilled are tabulated. It is

noted that the ratio of the two have a maximum variation of approximately

± 16 percent for the 5/16-in.-diameter hole and approximately ± 7 percent for

the 7/16-in.-diameter hole.

The summary of all data for the plates with a 5/16-in.-diameter

hole is plotted in Figure 4; similar data for plates with the 7/16-in.-

-~~'~""""aqilr~



TABLE 2

Comparison of Maximum Applied Stresses and Maximum Relaxation Stresses

MAXIMUM MAXIMUM RELAXATION STRESS
APPLIED a' , psi ama

PLATE STRESSES max

7max 5A16" HOLE 7/16" HOLE 516" HOLE 7/16" HOLE
psi

A 77,160 88,860 0.87

B 71,850 83,900 0.86
57,360 54,050 1.06

C -57,240 -55,250 1.04
57,300 48,670 1.18

D -57,900 -47,b00 1.21

E 26,880 24,175 1.11

F 27,150 31,840 0.85
33,750 31,620 1.07

G -33,240 -43,360 0.77
33,450 29,830 1.12

H -32,250 -41,000 0.79

I 69,300 68,350 65,800. 1.01 1.05

J 72,000 61,885 72,100 1.16 1.00
73,800 65.600 80,700 1.12 0.91

K -74,700 -80,000 -80,800 0.94 0.86
66,750 66,500 67,800 1.00 0.98

L -67,500 -77,800 -71,700 0.87 0.94

M 65,880 67,100 65,400 0.98 1.01

N 65,700 59,200 65,500 1.11 1.00

0 73,140 73,900 68,700 0.99 1.06

P 73,440 76,800 69,100 0.96 1.06
77,100 78,000 73,200 0.99 1.05

Q -71,850 -94,700 -77,300 0.77 0.93
70,350 72,900 68,400 0.96 1.03

R -67,000 -90,600 -71,200 0.74 0.94
63,300 59,900 62,400 1.06 1.01

S -59,850 -58,600 -59,000 1.02 1.01
59,850 54,300 58,100 1.10 1.03

T -59,850 -57,900 -56,500 1.03 1.06

U 93,450 100,000 0.93

V 67,050 70,000 0.96

W 85,500 93,000 0.92

X 85,900 90,800 0.95

Y 68,700 68,300 1.01

Z 82,100 79,800 1.03

AA 68,200 70,400 0.97

All minus signs are conpressive stress
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 4 - Ratio of Actual Stress to Relaxation Stress for Plates with
5/16-Inch-Diameter Holes
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diameter hole are presented in Figure 5. Figure 6 presents the results

obtained during the incremental drilling tests of plates U, V, and W, with
holes of 7/16-in. diameter.

Stresses computed from the relaxation strains obtained on plate AA,
which was drilled while being subjected to tensile loadings equivalent to
68,200 psi, indicated a surface stress of ±25,400 psi. However, surface

relaxation strain measurements obtained on the unstressed plate indicated

a surface residual stress of -45,000 psi. Therefore, subtraction of the

inherent residual stress of -45,000 psi from the relaxation stress of

+25,400 psi under load results in a true relaxation stress of ±70,400 psi

or 3 percent higher than the applied stress.

The results of the tests of plate AA indicate possible residual

compressive stresses in all of the plates tested; however, as mentioned

earlier, the other plates were loaded until nonlinear strain action was

observed, and the hole drilling under no-load indicated negligible residual

stress.

SIGNIFICANCE OF RESULTS

The data plotted in Figures 4 and 5 indicate that the best accuracy

is obtained by using a 7/16-in.-diameter hole in conjunction with 0.050-in.
-long strain gages located 5/16 in. from the center of the hole. Further,

average relaxation stresses in load-induced tensile stress fields as high

as 90 percent of the actual yield strength of the material are within 5 per-

cent of the actual stress. For use in any predictions of fatigue life an

accuracy of 10 percent is considered adequate. This is especially true be-

cause only gross relationships exist which relate laboratory fatigue data

to prototype fatigue data. Further, the relaxation stresses obtained were

usually in excess of the actual stress. In any fatigue consideration this

would tend to increase the magnitude of the tensile component of the stress

range, and therefore indicate a conservative fatigue life prediction.

The curves of Figure 6 indicate that it is not necessary to drill

completely through the thickness of the material to determine the relaxation

stresses. A depth of hole equal to one-half the diameter of the hole is

sufficient to obtain all of the relaxation strains on the surface at which

the hole is drilled. The fact that a hole 7/16 in. in diameter by 7/32 in.

sl I I I I I Ic --
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Figure 6 - Ratio of Actual Stress to Relaxation Stress as a Function
of Hole Depth
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deep is all that is needed to assess the magnitude of the surface residual

stresses in a prototype structure does not necessarily eliminate the

problem of repair. But it is noted that weld undercuts greater than these

dimensions are not uncommon, yet adequate repair of the undercuts are

possible.

It is also noted that the percentage errors obtained were approx-

imately constant at all stress levels. It is very probable that had the

best laboratory procedures rather than the best field procedures been used

much closer agreement would have been obtained at the low stress levels.

Unfortunately, the capacity of existing facilities at the Model

Basin precluded the conduct of tests under pure compressive loading to

stresses on the order of the yield of the material. However, compressive

built-in stresses should tend to increase fatigue life, and it was the purpose

of this study to measure stresses that may tend to decrease fatigue life.

CONCLUSIONS

1. It is possible to measure tensile load-induced surface stresses

as high as 90 percent of the yield strength of the material by the hole-

drilling technique if the following are adhered to:

a. A 7/16-in.-diameter hole.

b. Strain gages 0.050 in. long are used at a location of 5/16 in.

from the center of the hole.

2. A depth of hole equal to one-half the hole diameter is sufficient

to obtain all of the relaxation strains on the surface at which the hole is

drilled.

3. The hole-drilling method is considered to be an adequate

technique for the determination of surface residual stresses of prototype

structures in a linear stress field of a magnitude as high as 90 percent of

the yield strength of the material.
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APPENDIX A

DEVELOPMENT OF RELATIONSHIPS BETWEEN RELAXATION STRAINS
AND RESIDUAL STRESSES

The strains radial to a hole are more sensitive than those tangen-

tial to a hole at the same given distance from the hole. Consider the

stress field shown where the subscripts 1 and 2 refer to principal stresses,

and R and T, radial and tangential stresses. a a
R 1

2-

VIRGIN PLATE

R_ 1
s (0
R E R

1 2 + 1 2 cos 20
R 2 2

S+  2 i 2 cos 20T = 2 2T

[A-1 ]
0 + a a 2

) 2E 2E cos 29 (1 + V)
2E 2E

PLATE WITH HOLE OF RADIUS a

The subscript o refers to the same type stresses

hole in the plate.

when there is a

a 1 i+ a2  2 a4 a2o _+2 2 1 1 + 3 a 4  cos 2
Ro 2 r2 2 4 2

r r

a T a1 2 2 + - 2 + 3 Cos 2e0 2 r 2 2 i+ 4

esRo= 1 (eo - VCTo)

---- -- - -=--- Y 1101WIY41111, iil , i 1 il i 4 j I IW II rII



1 a 7 a

S 1+ 2 ( )2 1 2 1 +[
S2E r r 2

1 + 3 a -4 cos 2e [A-2]r4 -r

The relaxation strain er is the difference between

hole and the strain with the hole

the strain without the

6 = 6 - e
r R Ro

a a a ai4 2
1+2 2 3l (I4 (2 _) cos 20- (+ 1 + v) 2 a cos 20

2E r 2E r

[A-3]

[A-3a ]r =K 1 (o1 + 2) + K2 ( a 02) COS 20

If relaxation strains are now measured radial to the hole by a 3-element,

45-deg rosette as shown, the following relationships are obtained between

the measured relaxation strains Ca, Cb' and ec and the principal stresses

of Equation [A-3a]: 1

a = K (1 + a2) + K (a - 2)

eb = K1 (c 1 + 02) + K2 (1 - a2)

S= K1 (01 + 2) + K2 (a - 2 )

Equations [A-4] may be written

a = K (al + 02) + K2 (al - d2)

b = ('1 2) + K2 (1 2)

cos 26

cos 2 (45 - e1 )

cos 2 (90 - 81)

cos 20

sin 20

eC = K (al + G2) - K2 (al - 02) cos 281

[A-4 ]

[A-4a]

I II I I I I I a rl



Simultaneous solution of Equation [A-4a] gives

a+ 2 2 1 / 2

ac (eb ea) + (eb -ec)
1 4K1  4K2

[A-51

= a +c b - ea) 2 + (b ) 1/2

2 4K1  4K2  L

Equations [A-5] are used when the directions of the principal stresses are

not known and a 3-element, 45-deg-rosette gage is used to measure relaxation

strains. For the case where the directions of the principal stresses are

known and e and e are oriented in these directions, then cos 2e = 1 and
a c

simultaneous solution of Equations [A-4a] gives

a + e = 2 (al + a2)
[A-6 ]

S-e = 2K2 (a - a2 )
at c2 1 a2



APPENDIX B

SOLUTION OF A TYPICAL PROBLEM

Tables B-1 and B-2 indicate the mechanics of the computations for

plate Z. The prime superscripts designate the relaxation strains and

stresses. A 7/16-in.-diameter hole and strain gages mounted 5/16 in. from

the center of the hole were used in the tests.

Therefore

(1 + v)

2E

(a )2
\r /

(1 + 0.3) (0.219 2

(2)(3ox10o6) 0.313

3(1 + )a4 - 4 a) 2 l 3 (1 + 0.3)r r (2)(30x106

0.219 4  (0.21921

0.313 4 0.313/

K2 =- 170.7 x 102

K_1

2 2E

= - 106.17 x 10

[B-1 ]
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TABLE B-1

Relaxation Strains and Stresses for Plate Z

TABLE B-2

Computation of Relaxation Stresses for Plate Z

AD 106 9 6 +  0 ego K K2  0 90 - 90
S x s x 10 10 6 x 10 0  

x10 2 K1  2 K2  2

X 10 - 4  x 10 - 4  1

100K - 394 + 84 - 310 - 478 -106.17 -170.7 +1.46 +1.40 +1.43

200K - 774 +192 - 582 - 966 +2.74 +2.83 +2.78

300K  -1154 +334 - 820 -1488 +3.86 +4.36 +4.11

400 K -1550 +549 -1001 -2099 +4.71 +6.14 +5.42

500K -2045 +780 -1265 -2825 +5.95 +8.28 +7.11

570 -2316 +962 -1354 -3278 -106.17 -170.7 +6.37 +9.59 +7.98

Plate thickness = 1 1/2 in.

2 K1 = - 212 .3

'2 K2 = - 341.4

PRIOR TO ILLING AFTE DRILLING HOLE all

IAD LOCATION HOLE
Average e1 01  Average e ' '- el al '  a1

100K  Longitudinal + 467 +14,000 +73 - 394 +14,300 1.02

Transverse - 126 -42 + 84

L + 942 +28,300 +168 - 774 +27,800 0.982

T - 259 - 67 + 192

L +1424 +42,700 +270 -1154 +41,100 0.986
300

K
T - 387 - 53 + 334

400 K  L +1907 +57,200 +357 -1550 +54,200 0.948

T - 517 + 32 + 549

500K  L +2385 +71,600 +340 -2045 +71,100 0.994

T - 642 +138 + 780

L +2736 462,100 +420 -2316 +79,800 0.973

570 T - 742 +220 + 962

All strains are in nicroinches per inch

Plate thickness - 1 1/2 in.
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