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ABSTRACT

.—

—

A non-destructive method far the determinant ion of the direction and rnag-

rd,twde of the principal s-tresses at arry location in a structure,, such as a ship or

a, bridge, has been investigated and developed as reported here, in an effort to

overcome the generally destructive and cost~y methods pre serrtly available.

T“his non-destructive method consists of attaching electric-wire strain gages

a.rcmmdthe point at which the stress is to be measured and then drilling a hole

{ 1 1/8 in. to 1 in. diameter) at that point. The gage reading before and after

the drilling of the hole are used to determine t“he stress.

Known stress values up to 15, 000 psi were applkd to test plates, and

me~,surem,ents were made by the hole relaxation method. When corrected for

the stresses Mitially contained in the plates, this hole relaxation?. Nkethod

c~,ec~ed the known applied stresses to within 1000 psi. The holes are easi].y

and eccmqcunicall y repaired.

—

—

.
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. 1. NOMENCLATURE

- .-..

—.

.—

E

.2Y

a

r

m

—

. .

.—

.-

Modulus of elasticity

Poisson’s ratio

Radius of final hole

Distance from
gage

Distance from

center of hole to center of strain

edge of final hole to nearest edge
of gage element oriented tangential to the
hole.

Distance from edge cf final hole to nearest edge
of gage element oriented radial to the hole

Guide hole diameter

Final hole diameter

Generalized change in strain as a re suit of
drilling a hole

Changes in strain indicated by strain gages A,
B, and C

Change in strain in directions of
minimum principal, stresses,

Normal stress in radial direction

maximum and
respectively

Normal stress in tangential direction

Maximum principal stress

Minimum principal stress

Stress in a specimen in a direction perpendicular
to the axis of ioadirq

UNITS

psi

. .

in.

in.

in.

in.

in.

in.

10
-4

in per in.

10
-6

in. per in.

10
-6

in. per in.

psi

psi

psi

psi

psi
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NOMENCLATURE —

l-r Stress in a specimen in the direction of loading
y

@ Angle between x and r axes measured in counterc-
lockwise direction

d *3 ~B, ~c Amgle between x axis and radii to fixed strain
gages A, B, and C, re spectiveiy

d~
1’ 2! Angle between x axis and directions of maximum

and minimum principal stresses, respect ivel.y

-q. @ -41 Angle between r ax~,s and direction of maximum
principal stress

Linear strain, in the radial direction

Linear strain in the tangential direction

Used as a subscript to denote the stress or strain
in the given direction in the solid plate; e. g.,
E
ro

Coefficient of sensitivity
tion of the stress

Coefficient of sensit Ivity

for stress in the direc -

for st,ress in the direc -
tian orthogonal to the stress

Constants which are functions only of the proper-
ties of the plate material and the geometry
of the gage and hole arrangem.errt

psi

degrees

degrees

degrees

degrees

MO per ii-!.

in. per in.

.H.-
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11. INTRODUCTION

-..,

—.

.

-—. “

.—

At the present time, the effects of initial stre ssesyfi upon the mechanical

performance of welded structures are not entirely understood. The lack of ade-

quate knowledge on this subject is reflected in the conflicting opinions held by

recognized authorities in the field. One example is the uncertain y regarding

the extent of influence of initial stresses on brittle fractures of welded steel

merchant vessels. Although many persons hold the opinion that stresses locked

into ship structures as the re suit of fabdication practices do not contribute mater-

ially to failure, contrary arguments can not be disregarded. The fundammtal

problem, the manner in which initial stresses influence structural performance,

is one of great interest and importance, not only to shipbuilders and operators,

but to all persons concerned with the use or fabrication of any welded structure

where such stresses may occur.

Several methods have been used in. the past to determine the magnitudes

of initial stresses. Of these, the technique found most practical for use on

ship structures is the trepan,ning method. Practical development of this method,

using electric -wtie resistance strain gages, was done by Meriam, 13eGarmo and

Jonassen. 1 In this technique, strain gages are mounted on a member at the point

where the magnitudes of the initial stresses are to be measured. A section of the

member ccmtainin,g the gages is then removed, Strain gage records taken before

and after removal (trepanning) of this section indicate the relaxation of strain in

the plug. The relaxation strains are then used to calculate the orientation and

magnitude of the principal stresses initially present. The plug must be ccmsid-

— erably larger than the gages moun,ted on it. In the determination of ir~itial stresses

in the field, removal of such a large plug is sometimes inconvenient and may also

$:~Forthe purpose of this report, initial stresses are defined as those internally
balanced stresses existing in bodies upon
loads . The se stresses have been referred
residual stresses and locked-in stresses.

removal of all currently applied eti.ernal
to in the literature as by such terms as
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weakenthe structure. Furthermore, the structure

stresses obtained must be ccmsidered as average

area.

must be repaired’, and the

values for a relatively large

T’he present project was devoted to the development of a similar but

less destrwti.ve technique for measurement of initial stresses. It utilizes

~be :re~axatian provided ,by the drilling of a relatively small hole i.n the rnern-

kx# . The method is considered relatively non-destructive inasmuch as the

small hcle requ irecl may he readily filled. The procedure employed in the

field l(S simple, and the required computations are no more complicated than

those of other similar methods.

The drilling of a hole to determine initial stresses was first proposed
2, 3

ty J. MatFJar in 193/2,, Matkmr worked on rolled sections using mechanical

and. optical extensometers to measure the change in displacement between

two points m the surface of a member when a hole is drilled between the points.

.Freliminary work using the drilled hole and electric wire resistance strain gages

W,~S carried out by’ C. Riparbelli4 at Princeton University from 1946 to 1948 un-

der the sponsorship of the Research Corporation. Re suits of this study ‘were

repmted to the Society for Experimental Stress Analysis in December, 1947.

Similar work was presented before the SESA in May, 1949 by W. Soete and R.

Vfmcmmlmgge 5.
The irr~estigat.iom reported here was sponsored by the Ship Structure

Cmmrnitttee. The work was done between February 1, 1?49 and June 30, 1,950,

——
>K~~~otig~ltkis method was p~~po~ed as early as 1~32, it had not by 1945

reached a state of development sufficient to make it practical for exte:ns i’~e
use. Th~,s was partly the result of the cumbersome nature of mechanica.[
stra~,n gages required in earlier applications.

—

.—

,,.-

-.

.-.
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111. THEORETICAL

The method reported

BASES FOR THE HOLE RELAXATION METHOD

here for determining magnitudes of initial stress de-

pends on the measurement of strain relaxation that occurs with the drilling of a

hole, The strain distribution is known for a plate with a small central hole sub-

jected to biaxial stresses within the elastic range. Thus the relationship be-

tween strain distribution in the presence of a hole and strain distribution in a

plate which is intact can be found as a function of the existing biaxial stresses.

Conversely, the biaxial stresses can be calculated if the difference between

strain distribution in the presence of a hole and strain distribution in an intact

piate can be determined experimentally. This is the basic premise of the hole

relaxation method. Only two properties of the material are involved--the rnodu-

Ius of elasticity and Poisson’s ratio; and these do not enter into the calculation

of stresses if a calibration method is used.

A complete derivation of the relationship between biaxial stresses and

the strain distribution in plates with and without holes i~ given in Appendix A

of this report. For the purpose of the following discussion of the experimental

work, a brief summary of the derived relationship will be presented,,

It can be shown from the theory of elasticity that, for a region of a plate

subjected. to a biaxial stress condition,

b = ~1(~1 + C+ + Jfz(rl - C=2)cos 2’~

where

b is change in strain caused by drilling a hole in an initially

intact plate as measured by a gage.
=@J is the angle between the direction in which strain is measured.

and the direction of maximum principal stress

‘1
and m2 are maximum and minimum principal stress, respectively, which

existed in the plate at a point that subsequently became the cen-

ter of a drilled hole.

.

—



K1 and K2 are constants which

of the plate material

hole arrangement.

-6-

are a function only of the properties

and the geometry of the gage and

-—

. .

—

It is apparent that for constant (but not necessarily known) values of wl

and W2, $ varies in a periodic manner as the angle ~ is increased, the maximum

and minimum values of ~, ($1 and ~z) occurring respectively in the directions of

~ and r2.
1

The unknowns in the problem are three: w,, mm, and T. Therefore, three
L L.

independent measurements will be necessary for soIution.

are obtained by locating three strain gages at equal angles

at equal (small) distances from the point where the hole is

The se measurements

from each other and

to be drilled. A zero

reading is taken for each gage; the hole is drilled and final gage readings are

recorded. Three strain differences, 6A, gfB, and AC will then have been obtained.

From these strain differences, and since the geometrical considerations and prin-

cipal stresses apply to all three gages equally, it is possible to obtain the values

of gfl and 62 that occur in the directions of ml and m2, respectively, and the ‘direc-

tion of u ~ with relation to the known direction of measurement of the strain gages.

This can be done using the dyadic construction and without having to evaluate the

constants K1 and K2.

It is now necessary to determine the values of crl and r2. This can be done

most conveniently by solving Equation (1) for ~1(~ = 0) and for gf2(~ = ~ ). The re-

sulting expression can be rewritten in the following form:

0-1 = +61 -22$2

(z)

.2 = Al&z -A261

For the purpose of this report, xl and 22 are denoted as “coefficients of sensi–

tivity for stres s“ and are limited in use to the restrictions implied by Equations (2) .
.,

—

,.—

, ..

I

—

r

.-”



-..

..

.-

...

,—.

.

.-

—.

-7-

These coefficients are functions only of the constants K~ and K2 and are there-

fore functions of the modulus of elasticity and Po.is.son’s ratio for the plate mat-

erial, the radius of the hole and the distance from the center of the Eoie to

the strain gage center.

It should have been apparent earlier, when the values of ~1 and ~2 wem

obtained, that the principal stresses of rl and a-2 could have been computed

directly on the bases of the strain differences (as shown by the three gages),

material properties and the geometrical arrangement of hale and gages

(evaluation of constants K1 and K2 and simultaneous solution of Equation 3).

In the same manner, ,1 ~ and.lz in Equations (2) can be calculated and the stresses

ml and r2 obtained after 41 and ti2 are derived from the gage readings.

However, in view of the finite strain gage area and the undetermiried in-

fluence upon the gage reading of stresses perpendicular to the gage length, the

values of ~1 and,~ axe obtained from calibration tests for various gage type .s,
*

hole diameters,

If Equations (2)

then,, by means

L

and gage configurations. This. is a comparatively simple matter.

are rewritten as follows,

of laboratory tests, values of g(~ and, 67 can be o“bta,im d for .kmow.n
L L

values of stress, ~
1’

arid applied to a plate loaded in uni,axi,a,l tension (r = O in
2

Equations (3) ), in which a hole of given diameter is drilled at the center of a

specific gage rosette.

Once the coefficients ~1 and 1-2 are determined for a given hole–gage

geometry, the stresses are obtained by using Equations ( 2), and inseti.ing the
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~?al,ues of g$l and gf2 mea su.red, with a, similar gage arrangement, cd a similar ho] e

d,ril,led at the point in the structure d which the sixes ses are desired.

krqeme.nt d the guide hole. The recorded, usefd ‘~~alues cd strain differences

stresses is applicable to this case as long as the calibration coefficknts are

obtained for the equivalent case, i.e. , enlarging a guide hole to final F,oj,e

diameter.

IV. DEVELOPMENT OF AN EXPERIMENTAL TECHNIQUE

A. Prei irn~na~ Cmnsideratiq~—..

When an attempt is made to devise a practical method for utilizi,uq the

section, several. problems are immediately encountered,. One as sumpticm,

7164 in.. wj.de by J./4 M. long was selected as the best compromise between

The biax~al. stress f~eld was assumed to he uniform in the theoretical

approach. In contrast to this, the magnitudes of initial stresses may vary

.
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hole and the strain gages as small as practicable. Experiments were made to

determine optimum values for these distances, and it was net@ ssary to com–

promise between the ideal and practicable conditions.

It is well known that the initial stresses are not uniform throughout the

thickness of a plate. For the purposes of this work, it was assumed that the

average of ~ measurements on opposite sides of the plate at a given point gave

a reasonable approximation to the average biaxial stress state throughout the

plate thickness. The accuracy of this assumption was not te steal, but indirect

justification was obtained in the agreement between the applied and experimen-

tally determined stress, as will be noted later.

B. The Method of Computation in the Laboratory and in the Field— ——

In order that the data and discussion to be presented may be meaningful,

a description will be given here of the computational procedures employed in

undertaking the hole relaxation method.

Laboratory tests investigating the effects of various parameters, such

as hole diameter, and tests for determination of ~..values were made orI stress-

relieved plates loaded uniaxially. It can be said with certainty that in such

tests, the principal stresses and strains are oriented along the longitudinal

and transverse axes of the specimens; any deviations from this orientation are

insignificant. This factor enables circumvention of the calculation of orienta-

tions and magnitudes of principal strains, if the strains are measured on the

appropriate axes. The simplified computations will be discussed first; the more

complex computations required for field applications, in which the direction and

magnitudes of principal strains are not known, will be taken up later.

Strain gages were placed at corre spending sites on each side of the plate,

and the changes in strain which resulted from drilling the hole were measured.

The strain changes indicated by the gages at the same point but on opposite sides
.. of the plate were then averaged, and the mean value was employed for all calcula-

., -,

—.
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tions. It was felt that this corrected for accidental bending in the plate.

In the calibration tests for the determination of ~. and ‘2 values, meas-

uring gages were placed on the longitudinal and transverse plate axes. Strains

at various applied tensile loads were then measured for the no-hole, guide hole

and final hole condition. The zero applied load strains for each hole condition

were then subtracted from the se strains. In this manner, the influence of

stresses initially present in the plate was eliminated. For any two hole condit-

ion, the difference [as measured by the two gages) in strain increment from a

no-load to a given load situation was, by virtue of the gage orientations, the

values of ~ and ~. When equations (3) are reduced to the uniaxial stress con–

dition, values of Xcan then be calculated from the known ~ and nominal stress

values, according to the following equations:

(4)

A guide hole was needed to ensure that the gages were placed at precisely cor-

re spending locations on opposite sides of the plate. Triangulation with a far-

removed hole accomplished this.

For field measurements, as indicated before, the principal values of

~ may be found by measuring the changes of strain at three separate locations,

radially equidistant from the hole and on opposite sides of the plate. Employ-

ing the three measured quantities, the principal strain differences can be deter-
6

mined by means of the dyadic strain-circle construction ~ The two unknown

principal stresses in the solid plate are then computed from the linear equations

involving the two principal strain cliff erences (6 values) and the two experimental
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constants (xl and ~.2) found by calibration tests. Orientations of the principal

,- stresses are assumed to be identical with the orientations of the principal strain
. . differences, which are determined with respect to arbitrary reference axes in the

dyadic strain-circle construction.

C. Materials, Instrumentation and Measuring Techniques

AU tests reported here were performed on steel supplied by the Depart-

ment of the Navy, conforming to grade M, Navy Department Specification 48S5.

The size of plate in each test is indicated in Table 1. All plates from Tests 20

through 79, with the exceptions of 69, 70, 71, 77, 78 and 79 were heat treated

for the relief of initial stresses at a temperature af 1200 F for 3 hours. The tem-

perature was then slowly lowered by putting the plains in a shut down oven until

they were cool enough to be handled ( 140 F). The plate for Test 77 was stress

relieved by heating at 1350 F for from 4 to 5 hours, It was then cooled 10° per

hour until it reached a temperature of 1050 F. At this point the relay failed and

the plate cooled to room temperature in about 5 hours. The plates for Tests 78

and 79 were stress relieved by heating at 1350 F for about 4 hours; they were

then cooled gradually in irregular steps totaling 500 per day until they reached

700 F, and then in steps of 1500-- 2000 per day until they reached room tempera-

ture.

Commercial electric-wire re .sLstance strain gages (SR-4, Type A-7), hav-

ing a 7/64 in. by 1/4 in. gage element, were used in all tests; it was felt that

these gages represented the smallest size that could be conveniently handled in

the field,. The plates were carefd.ly sanded with a power sander in the vicinity

of the gage locations to remove rust,

they were smoothed with emery cloth

then, applied with commercial cement

mill scale, and irregularitiess, after which

and cleaned with acetone. The gages were

at predetermined locations on opposite sides

of the plates and allowed to dry in air for 2 hours. Subsequently, the plates were

heated by means of a 500-watt cane heater to a temperature of from 70--75 C



TABLE I -- INDEX OF TESTS

HRS Commercialhot-rolled steel
Ps Project steel
SR Stress reiieved
NSR No? stress relieved

L~d

T Tension
c Compression

B Bending

CAL Calibration

s special

TD Twist drill

CB Counterbom

R
,

Reamer

12-- 1/8 in. Tws Lve overlapping 1/8 in. holes

Test Plate
Edge

Type of Type of Final Hole Drilling Maximum Distance

No, Material Size, in. Test Gage dz, in. Method Load, lb e, in.

1

2

3

4

5

6, 7

8

9
10

11

12

13

14

16

17, 18

19

20

21, 22

23

24

26, 27

28

29

31, 32

33

34

35

36

37

38, 39

41--44

45

46

47, 48

49

51

52

53

54, 55

56

58

;:, 61

62

63

64, 65
66, h7

68

69--71

72, 73

74

75

76

77--79

Duraiumin

HRS NSR

,,
,,

,!

Ps
,!

!!

,,

HRS
p~

,!

,,

,,

,,

,,

es
,,

,!

,,

,!

,,

,!

,,

,!

!,

,,

,!

,,

,,

,,

!,

,,

,!

,,

,,

,!

!,

,!

,,

,,

1,

,,

,,

,,

,,

,,

,,

,!

U

,!

,,

,,

,,

,,
!,

,,

!,

!,

!!

,,

,,

,!

,,

1,

,,

,,

,,

SR
,,

!,

,,

i,

,,

,,

,!

,,

,,

,!

,,

,,

,!

,,

,!

,!

,,

,,

,,

,,

,,

,,

r,

U

,,

,,

,,

,,

,,

!,

NSR

SR
,,

,,

,,

i,

1/8 X 24 X 48

l/?. x6x36

,!

,!

,!

3/8x2x18

11/4x6x12
,,

3/8x6x12

3/s x 30 x 30

3/8x6x12

11/4x6x12
,,

,,

,!

3/8x bx36

3/8x6x24

3/8x6x36

11/4x6x12

3/8x6x36

,!

,(

3/4x6x36

,,

,!

,!

,,

3/8x6x36

,,

,,

3/4x6x36

3/8x6x36
,!

3/8 X 12 X 72

3/4x 12 x72

3/8 x 12 X 72

3/8 X 12 X 36

3/8x6x6
3/8x6x36

3/8 X 12 X 36

3/8x6x36
,,

,,

,,

!,

!,

,,

!,

,,

,,

,,

,,

,!

s
cAL&s
T&B

CAL, T.%B
,,

,!

s

CAL, c
!,

s
,,

,,

CAL c
,!

GAL G
,,

s
,,

GAL T&B

GAL G

CAL T&B

C)LTb B

,,

,,

,,

CAL T

CAL T&B

,,

,,

s

CAL T
,{

,,

s

CAL T
,,

!,

s

,,

CAL T

s

CAL T

GAL T&S

CAL T
,,

.,,

,,

!!
,,

,!

,,

s

CAL T
,,

,!

AR- 1

A-7

,!

,,

1,

,,

,,

,,

A–7 & ~–l

A-7
,,

,,

A-7
,,

A-1
,,

A-7

,,

A-7

,,

,,

,,

,!

!,

,,

,,

A-7 Rosette

A-7
,,

,,

A-7 Rosette

A-7
,,

,!

A-7 Rosette

M-l & M-2

A-7
,,

A-7 Rosette

AR- 2

A. 7
,,

,,

,,

.

,,

,,

,,

,,

,,

,,

,,

,,

,,

1/2, 1, 2

1/8

1/4

1/2

L
--

1/2

1
1/8 , 1/4, 1/2, 1

1/2 L Plugs

Plug s

1/2

1/4

1/2

1/8

Plugs
,,

1/8

1/4

1/2

1/4

1/s

1/4

1/2
,,

1/8
1/2

,!

,,

,,

,,

,,
,,
,,
,,
,,

1/8-- 1/2

1/2
,,

!,

,,

,,
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during a minimum time limit of 3 hours; this temperature was then maintained for

,.. at least 12 hours. While the gages were still warm they were covered with a

thin coat of wax to minimize effects of humidity changes on gage readings.

Lead wires from the gages were soldered to small mounting strips at-

tached to plastic blocks cemented. to the plates; this provided insulation from

the plate and protected the gages from accidental damage. Leads were ccm-

nected to a switchboard so that any gage could be read as either a measuring or

a compensating gage. A reversing switch enabled. both normal and reverse read-

ings to be taken, thus providing checks against instrument zero shift as weU as

against errors in reading. Strains were read on a commercial electronic strain

indicator,

Loads were applied to the tensile specimens by means of a 200, 000-ib

hydraulic testing machine. The loads were applied uniformly acress the plates

through linkages attached to the ends of the plates. To remain safely within.
.

the capacity of the linkages, the maximum load employed was 55, 000 lb.

D. Investigation of Gage Arrangements

For the purposes of the laboratory calibration tests, which were made

on uniaxially loaded stress-relieved plates, it was only necessary to measure

~ values on the axes through the hole (parallel and transverse to the loading

direction) in order to abtain principal 4 values directly. In the first tests, gages

were mounted as shown in Fig. 1, which enabled ~ values to be measured by

three different gage arrangements, depending on which gages were read. These

possible gage arrangements are indicated in Table 11.

Far a given hole size, k ~ and ~2 valuws vary somewhat with cliff erer,t thick-

nesses of the plate. This variation was found to be most pronounced for Amange-

rnent 11, whereas the .l and )2 values for Arrangement I were essentially corwa,v.t
1

for ail plate thicknesses. Use of Arrangement 111 showed an intermediate degree

of .~~s’ dependence on thickness.
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TABLE JJ

Gage Arrangements for Calibration Tests

(see Fig. 1)

Arrangement

I II III

Measuring Gage
Al AZ 11 A2 xl A2
1 7 Y 3 -’i- 4

Compensating Gage Dummy* Dummy~ Dummy~ Dumrny~ 2 3

~~ummy gages were mounted on unstressed plates.

—

Fig. 1. Gage Location for Calibration Tests
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values appropriate for

be
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d.esirable in field applications to have one pair of 3.

plate thicknesses of a material, it was decided to

employ Arrangement I in, subsequent tests. According] Y, gages wer@ mounted

M a double Arrangement 1, as depicted in Fig. 2; each set was read independe-

ntly, thus making POSsible the use of average values, with greater confidence

in the re suits.

In a field application, it is necessary to make three independent mea$~r@-

ments of strain changes at radially equidistant points to enable determination of

principal $ values. Here it is recommended that gages be placed in a manner

ar~a]agous to a multiple Arrangement I, as shown in Fig. 3. The reasons for this

will be discussed in the next section.

To approach the conditions assumed in the derivation of the theoretical

bases of the hole relaxation method and to obtain the greatest possible sensi-

tivity from the method, it is desirable to place the strain gages as close to the

final hale as practicable. Several tests were performed in which the distance

from the hole to the strain gages was varied. The re suits are shown in Table III

for plates with f irml holes of 1/2 in. diameter.

Table IV compares tlm average l;~values obtained in the sequential test

procedure (no hole to final hole) for various edge d,istances as averaged from the

test results given in Table 111 and. calculated from Equations A– 20 and A-22 given

in Appendix A. Tables 111 and, IV indicate that there is some advantage to mifii-

mizi,nq the distance between the hole and the gages, since errors in locating the

gages would then have much less effect on the values of l..

During preparation, of the test specimens, it INa,s foumd difficult to preTfent

damage to the strain gages while drilling holes with diameters equal, to or greate,~

than 1/2 in., when the edge distance between the hoLe and the gages was 1/16 i,rt.

Since such damage would be even harder to avoid in, field applications, it was ac-

cordingly decided to use a l/8-in. edge distance as standard for f in.al hole diarr-

eters of 1./2, in. or larger,, An edge distance of 1/16 in. was satisfactory for final

hole diameters of 1/8 in. or 1/4 in.
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TABLE III—

AVEIWGE ~1 ANDI ~ VALUES FOR TENSION

1 No Hole to Final Hole
I

Guide Hole to Final Hole

Method Plate No. i
No.

21 1 ,21 22
of Drilling Thickness of Tests

.“‘,z lof Tests i
in. 106 psi 106 psi 106 psi 106 psi

for Edge Distance e = 1/16 in. I

(a) l\2° Twist Drill 1/2 & 1 1/4 2 -61.6 2,2.4 2 -61,8 1906 ,

for Edge Distance e = 1/8 in.
$ 1

1!2” TwLst Drill 3/8
1

9 -62.2 24.8 9 -67.0 2602
I* 3/4 i’ -61.7 23.4 7 -64.3 23.6

[b) 81 11/4 \ 2 -67,0 26.1 2 -70.3 jl~05
11 3 Thicknes ses 18 -62.5 I

12 = 1/8” holes
24.4 18 -66.3 2!5.2

3/8 14 -63.1 25.2 13 -67.5 26<>3.
l~2° Cm.mterbore 11 2 -58.1 21.7 2 -60.9 21.5 :
All Tests 34 -62.5 24.6 33 -66.4 25.4

for Edge Distance e = 3/16 in.

12- 1/8” holes 3/8 2 -78.0 34.2 2 -81.1 34,)0
1/2” Counterbore 11 2 -74.4 31.7 z -78.5 32.5
All Tests 4 -76.2 33.0 4 -79.8 33.3

for Edge Distance e = 1/4 in.

12- l\8 “ hOkS 3/8 2 -95.7 42.4 } z -=102.0 44.0
Iii?” Churiterbore 11 2 -92.9 40.5 2 -96.7 40.8
All. Tests 4 -94a3 41.5 4 -99.4 42.4 /

—,

(a) G@ tension and one ccunpre ssicm test
(b) Compression tests
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Fig. 2. Double Arrangement I of Gages to obtain

an Average iivalue

Y

,

/ \
Fig. 3. Rosette for field-type test

Tl@LEIV

COMPARISON OF MEASIJREDANDCALCUJ_AT~DVALUESOr Al
AND~z FOR VARIOUS EDGEDISTillJCES

Xl, psi x 106 12, psi x 106

EdgeDistance
e, in. ?Jeas. * GalC.** Meas Calc.-

1/16 -61.6

1/8 -62.5

3/16 -76.2

1/4 -94.3

*Average Value,$f~om ~ab~e

**Calculated from~quat~ons
aml~ = .290

-52.5 +22.4 -!=18.9

-66.2 +24. 6 +26. 8

-82.0 +33. o +35.2

-100.1 +41. 5 +45. 1

m
A-20 and A-22, Appendix A with E = 30 x 106 psi



E. Inve stigat ion ~ Effects

Tests. were made an
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of Final Hole Size and Methods @ Drilling the Hole—— —— . ——

a series of specimens in which the size of the final,

hole was varied; the diameters studied were 1/8 in,,, 1/4 in., 1/2 in. and 1 in,.

Cansider~g the relative numbers of tests involved, the most cons isten,t values

of Al and A2 were obtained for a diameter of 1/2 in. As may be seen, from Fig. 4

insufficient data are available to assess the suitability of a 1-in. diameter final

hole. As indicated previously, however, the smallest practical hole is the most

desirable; for this reason, it is recommended that a l/2-in. diameter f in.al hole

be employed in the field use of the hole relaxation method.

Since there are many ways in which the holes can be drilled., a study

made of POSsible effects. of several d,ifferent methods. For all tests reported

both guide and final holes were drilled under a load of 35, 000 lb in the plate

was

here,

speci–

men, since in field applications holes are drilled in plates under stress. Dri.lJ

guides” were used to ensure that the hole would be perpendicular to the plate sur-

face. It is recommended that this precaution be observed in field use also.

To evaluate the effects of various drilling methods, 1/2-in. diameter holes

were made with twist drills, with count erbores, and by overlapping twelve I/&-in.

holes to form a l/2-in. hole with a scalloped edge. In all instances, the guide

hole diameter was 1/8 in. The values of ~ determined, for specimens with the

variously prepared hoIes are shown in Table 111. It may be seen that for the Pro-

posed standard conditions ( 1/2-in. diameter final ho~e, 1/8-in. edge d~,stance),

there is little difference between ~.values obtained by twist–d,rilling holes. and

those procured by overlapping l/8-in. holes. The holes made with counterbores

led to lower A values for all edge distances. Additional tests were ,performed on

stress-relieved plates in whi,ch holes were drilled at zero applied load by the

methods I.isted below at points around which strain gages had been placed:

1. Counterbored from both sides

2. Cut with speed saw

3. Drilled with .a twist drill

.—

—

.: _
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..
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100

“/5

50

25

0

-25

-50

-75

-1oo

-125

-150

–175

-2ilo

-225

-250

of Tests

‘2
e

0

1
4

0.250

0.063

15

0.500

0.125

Al

‘4 1

0.125 1.000

0.063 0.125

Fig. 4. a and X2 values for various hole diameters in~rangement
I~rom no hole to a final twist drilled hole. All tests were
performed in tension on an approxir!lately equal number
of 3/8-in. thick and 3/4–in. thick specimens. The length
of bar indicates the range of values and the horizontal line
in each bar represents the average value for the indicated
number of tests .



-20-

4. Drilled by overlapping twelve l/8-in. holes to form a l/2-in. hole.

5. Drilled and reamed

6. Attacked with acid

7. DrUled and filed

Methods 6 and 7 above, which eliminated. the strain disturbances found

ad,ja,cent to the hole as a result cd drilling, gave negligible changes in strain

readings. Method 4 also produced negligible changes. Other methods led to ap-

preciable permanent strains.

On the basis of these results, the procedure prescribed as standard. for

field use is the drilling of twelve overlapping 1/3-in. holes to form a l/2-in.

hole with scalloped edges.

V. ACCURACY OF THE HOLE REIJWATION METHOD

The values of Aare functions of the modulus of elasticity, Poisson’s

hole diameter and the location of strain gages with respect to the final

Determination of the elastic modulus and Poisson’s ratio for a series of

plates has led to the conclusion that the lvaJ.ues presented here are valid for

all ship steels, so long as the gage type, location relative to the hole, and

hole diameter are the same. Thus a separate determination of Al and 1. is not

required. for each plate investigated.

A series of cal.ibratian tests was made under conditions similar to those

that would be encountered in field use of the hole relaxation method, with the

Qbj ective of evaluating the method’s accuracy. Holes were made in various

‘ways und,er a load of either 55, 000 lb or one that would correspond ta a stress

of 15, 000-psi in the particular size of the plate, depending on whichever was

the lower. Gages were placed cm the principal axes of the specimens so that

principal changes in strain could be determined directly; the changes in strain,

far bath the solid plate and the plate with a final hole were then measured using

a load, equal to that under which the hole was drilled and again at zero external
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,.. .

load. Fran the principal $ values for the loaded plates and the appropriate co-

effic ients of sensitivity for stress (J), the principal stresses in the solid plate

at particular loads were computed and compared with the stresses calculated

from the external load and the cross sectional area of the specimens. The re-

sults of these tests, expressed as the differences between computed and known

e@.ernal stresses, are given in Table V in the columns headed “uncorrected Am “1
and “uncorrected aw “

2“
It may be noted that the differences between the applied stresses and

experimentally determined stresses vary from 2000 to 12, 000 psi. It is believed.

that these are the stresses that were present in the plates as initial stresses,

even though the plates were stress-relieved. The values of the initial stresses

are of the same order of magnitude as those obtained for the plates that were

stress-relieved at the same time and in the same manner. It has been reported

by the Lukens Steel Co.
7

that after heat treatment, a body contains initial stresses

which are never less than the proportional limit of the material at the stress-relieving

temperature. The proportional limit of ordinary carbon steel is about 2500 psi at

1150 F. This corresponds approximately to the lower limit of the initial stresses

that were actually found; stresses higher than the proportional limit probably re-

sulted from less complete stress–relief.

The differences in strain between the solid plate and the plate with a final

hole, when they are under no external load, corre spon.d to the strain changes brought

abcmt by relief of the initial stresses at the location of the final hole. If, them the

principal strain differences measured under the applied load are corrected for the

strain changes under no load, the computed principal stresses should corre spend to

the stresses resulting from externally applied load; by comparing the computed and

the applied stresses, therefore, it is possible to assess the accuracy of the hale

relaxation method. The differences between computed stresses, corrected for the

imitial str.es ses, and the actual applied loads are also given in Table V under the



DIFFERENCES BETWEEN COMPUTED AND APPLIED STRESSES PSI

iJ

— .—.. .

7596, 9(J73 3(1$12 3485 I 8 1387 -6371 -490 -448
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,. ... colu,mns headed “corrected~ ml” and “corrected(fi~u2. ” The se differences show

agreement within ~ 500 psi for 7570 of the tests and within ~ 1000 psi for all

-. tests except one in which the edge distance was insufficient. On this basis

then, it may be stated that the hole relaxation method may be used to determine

— stresses with a probable accuracy of 500 to 1000 psi.

Two field-type tests were made on stress-relieved plates, in which l/’2-in.

diameter final holes were drilled with twist drills at a nominal uniaxial stress of

15, 500 psi, In the first tests, gages were placed as indicated in Fig. 5. Using

the appropriate ~ values and principal A values, which were determined in the

dyadic strain-circle construction from the strain changes as measured on Gages 1,

2 and 3, the principal stresses were found. A comparison of the computed with the

applied stresses summarized in Table VI, where e is the angle between the trans-

verse specimen, axis and the direction of the maximum principal stress. It can be

seen that when corrections were made for the difference in strain (at zero external
-1- oad) between the solid plate and the plate with the final hole (i. e., the strain

changes due to relief of the initial stresses), the calculated stresses were found
— to be in good agreement with the applied stresses.

The orthogonal Gages 4, 5 and 6 were not utilized, but could have been
.

employed for measurements corresponding to Arrangement 11.

A similar test was performed using the gage arrangement depicted in Fig. 3.

‘This placement of gages in rosettes, corresponding to a double Arrangement I, ena-

bles the use of the average measurements of strain changes and is therefore recom-

mended, for field applications. Experimental determinations of changes in strain

—

were corrected for relaxation of initial stresses as

principal stresses given below:

Calculated. {Corrected)

‘2
378 psi

‘1
15,} 739 psi

Q 90°

above, leading to the computed

Applied

O psi

15, 300 psi

90°

—
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TABLE VI——

Comparison of Computed and Applied Stress in Field Type Test

‘1

‘2

0

285

Calculated Calculated
-“ Uncorrected Corrected~

15, 500 psi 17, 753 psi 15, 842 pSi

o psi - 1, 137 psi 502 psi

90” 86° 45’ 89°

*Corrected for difference in strain between solid plate
and ,plate with final hole at zero applied load.

I

I
/359

\

\
/65”

Fig. 5. Gage arrangement field type on stress -relieved plate
(Test 37)

—

.

—

—

---

.

,—,.

.—

-.
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The results of the field-type tests lead to the conclusion that these tests

may be carried out with the same probable accuracy (500-- 1000 psi) as the cali-

bration tests.

VI. DISCUSSION OF

By studying several specimens,

method were evaluated in the course of

Suits;

MISCELLANEOUS TESTS

various features of the hole relaxation

this inve stigat ion, with the following re -

One specimen of reduced cross-section was loaded to a stress of

32, 600 psi, with the objectives of studying the behavior of the strain gages

in the plastic range and obtaining information on the technique necessary to

measure plastic strains. Gages were mounted on the longitudinal and trans-

verse axes of the specimen through a l/8-in. diameter hole. Results show that

many of the gages were rendered useless by the plastic deformation. Further

studies should be made on this subject to increase the usefulness of the hole

relaxation method.

Relief of Initial Stresses b~ Trepan.ning—. .—

In order to obtain accurate values of .2.for a particular hole size and

gage arrangement, it is necessary to know the stresses existing in the test

specimen; it was therefore desirable to use plates that for the calibration tests,

had been relieved of initial stresses to the maximum practical degree. Three

tests were made, two on hot-rolled plates and one on a stress-relieved plate,

tcI obtain an indication of any advantages that would accrue through use of

stress-relieved plates in the calibration tests. Strain gages were mounted

with parallel axes acress the faces of the three plates, readings were taken,

and then the plugs containing the gages were cut from the plates. The changes

in strain in, the three plates concomitant to relaxation of strain in the plugs are



shown in Fig. 6. It may be seen that the changes in strain, and hence the rnag-

ni,tu,des of the initial stresses in the solid plate, were significantly less for the

stress-relieved material than for the hot-rdied plates. In view of this, it was

decided to use stress-relieved plates for calibration, tests. It is recognized

that S.UCh experiments are cnly of qualitative value.

One additional specimen was tested so as to provide a comparison be-

tween the initial stresses found by trepann,ing and those found, by the hole re-

laxation method,. Rosettes of six qages each were rnouzted on a specimen around

2 points b–in. apart. The gages were read. with the plate under zero load, and

then the plugs ( 3 in.. x 4 in. ) containing the rosettes were cut from the plate. The

gages were read, again, after which a 1/2-in. diameter hole was made in the cen–

ter of each rosette by drilj..ing twelve owerlappir:g 1/8– in. diameter holes. Follow-

ing this, a final set of readimqs was taken. By removing the plug, it was possible

to calculate the fol],awing principal initial stresses in the plate:

Non 1 Plug r = -4-:05 psi = 676 psi
x ‘Y

No. 2 Plug o- = -260 psi
x = 268 psi

‘Y

Because of the relaxation provided. by drilling the l/2-in. diameter hole

th,e fal~ owing inj.tial, stresses remaining in the plug after rem ~val from the plate

were obtainable ~

No, 1 Plug r = 1497 psl = 1741 psi,
x ‘Y

No. 2 PllJg o- = ~590 psi = 1719 psi
x ‘Y

The size of the plug probably tended, to exaggerate the relaxation provided,

by d,rilling t“he ho~e. (Less constraint against changes in strain is provided by

such, ..a small specimen in comparison to the test plates used in determining A

values. ) Hence the plug ccwta. ined. apparemi, 1:.~h,igher values of init j,al s.tres ses

than would. have been found, if the h,cde had been drilled in a solid, plate. It

seems reasonable to conclude that the hole relaxation method provides mere corn-,

plete relaxation of stress than trepanning and :herefore leads to mare accurate re–

su,lts .
-—

.

.—
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VII . RECOMMENDED PROCEDURE FOR USE OF THE HOLE RELAXA-
TION METHOD IN THE FIELD

It is. recommended that the following techniques be followed in the field

when applying the hole relaxation method to the determination of initial stresses:

1. Drill a l/8–in. diameter guide hole at the point where the stresses are

ta be evaluated. This hole and all other holes (including the reference hole)

should be made using a drill. guide to ensure that the hole is normal to the plate

surface.

2. Remove paint, rust, and mill scale cm both sides of the plate, and

smooth the area around the guide hole by sanding or grinding. Finish with a fine

emery cloth until the surface is smooth and bright.

3. Choose a reference point on opposite sides of the plate. This can be

done by drilling a hole a minimum distance of 12 in. away from the guide hole, if

no other reference point is available.

4. Use the centers of the guide and reference holes to establish a refer-

ence axis on both sides of the plate; from the reference axis lay out radial lines

from the center of the guide hole 60 e apart. Scribe a 3/4-in. diameter circle

around the center of the guide hole on each side of the plate,,

5. Clean the plate with acetone. Center and cement one strain gage

along each of the six radial lines on both sides of the plate, with the gage-length

edge of the wire grid tangent to the 3/4–in. diameter circle. Mow the gages to

air dry or bake as. recommended by the manufacturer. Wax the gages lightly after

moisture has been removed. -.

6. Solder flexible wire to gage leads, and attach free ends to the terminal

barrier strips. Fasten soldered connections to small plastic blocks cemented to

the plate so as to absorb any accidental pull on the gage leads. Attach wire from

the gage selector switchboard to the terminal barrier strips. .-
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7’, Take a complete set of readings. Read all gages against the dummy

compensating ga,ge of the same lot number, resistance, and gage factor,, AISO

.— read all cf the gages cm the drilling side of the plate against those on the

pasite side. This second set of readings indicates a value that is double

bending strains. Read all gages in both, normal and reverse positions.

8. Drill twelve overlapping l/8-in. holes with their centers 3/16

op-

the

in.
—

.

.-

—

-.

from the center of the guide hole. A jig for drilling these holes

9. Take a complete set of readings as in No. 7 above.

is desirable.

10. Subtract the readings for the guide-hole condition from the readings

for the final-hole condition. The sign is correct for normal reading, and oP-

posite for reverse readings.

11. Average the strain differences for normal and reverse readings with

proper sign.

12. Correct these strain differences by subtracting one-half the bending

s.tratn with the proper sign from the gages on the drilling side and adding one–

half the be~d.img strain to the gages on the opposite side.

13. Compare gage circuits 180° apart and. cm both faces of plate. Dis-

card, any apparent erroneous strain. Average the remaining values. This gives

~, gfB, and gfG.the values $

14. From the d~adic strain circle construction (or any other preferred

procedure], find the principal strain differences $1 and, A2 and their directions

wdi~,hrespect to the reference axis. Substitute the principal strain cliff erences

aud the ktlo-w,ncoefficients X and 1 for Arrangement I ( l/8-in. edge distance,
1 2

g M.de hole enlarged to final 1/2-in. hole) in the following equations;

nl=~#l-~2b2

f12”.J+2-~2b~

(2}

.-
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This gives the principal stresses existing i’ the plate at the point being investi-

gated.

1. The hole method. may

accuracy of 500 to 1000 psi. In

VIII . SUMMARY

be used, to determine stresses with a probable

the tensile tests performed, 75% of the tests

checked within 500 psi and all tests checked within 1000 psi.

2. With the exercise of proper care in the determination of the exp.eri-

rnent al coefficients of sensitivity far stress, -11 and 12, these coefficients will

be independent of stresses initially present in the calibrating plate. Measure-

ments in a field-erected structure, however, will yield the sum of the stresses

re sultirig from fabrication and applied loads, plus the stresses initially present

in

(6

the plate prior to its incorporation into the structure.

3. A preferred gage arrangement is the double Arrangement I rosette

gages at 609 to one another as shown in Fig. 3). Theorstic al cons iderattcm .s
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APPENDIX A
-—

BASES FOR THE HOLE RELAXATION METHOD
-\

-.

For theoretical purposes, we consider a region of a plate in which a distribu-

tion of stresses is present. The stress distribution considered is in the plane of the .

plate, and in this analysis, is assumed as two-dimensional. Bending stresses and

stress gradients in the direction perpendicular to the plan,e of the plate are d.eliber-

ateJy neglected.

NO restriction is imposed on t“he two-dimensional stress distribution, whit h

is as surned unknown; the principal stresses are unknown in magnitude and directl.on,,

The cliff iculty of measuring initial or E sid.d stresses lies in the fact that

they are permanent, so that it is not possible to read the strain, gages before and

after the application of the stresses and to work out the stress d,istributio:~. ix the —.

structure from the elongation readings. The methods utilized for deterrnin,iz.g residual

stresses are usually destructive. The present method, which is only partially destruc- :—

tive,, consists of the following procedure: -.

...

—.

1)

2)

3)

Apply strain gages to the plate im the neig’hborlmod, of a chosen p~in.t
....

with an opportune disposition.

Drill a hole at the point considered..

Read the gages, before aKId after d.rill,lr.ug. The difference in the ,+

read ings allows the d,etermi:n aticm cd the direct~ ~~),~,and magn I,tude of

the principal stresses.

The unknowns of the problem as formulated are three: the principal st.re sses

‘1 and w , and the angle formed by rhe d,irec-iiion. of me of them to a clirecti,cw arb~.tm~-
2

,--

ily chosen for reference. Th.erefme, three independent measurements will, be neces-

sary. .,4

At the point considered, assume a system. of polar coordinates, with cente~

0 and angle B measured from a pre-e stabl.ished direction x. (Fig. A-1.). .

. .
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, —.

.. .

- ,,
Fig. A-1. Elementary Polar Coordinate System

.

—

—

-.

-.

—

—
Fig. A-2. Placement of Gages for Measuring Strain in the Radial Direction

for Arrangement I

.- ,.
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At a distance r from the center 0, place a strain gage G, having the wires parallel

to the radial direction i. e., measuring changes in strain in the radial direction.

Now, let us imagine that we can vary ~, that is, that we are able to rotate

the gage around the center O and at the same time read its indication. Fuflher-

more, we imagine that we are able to rotate the gage about the center and simulta–

neously read it once before drilling the hole at O and again after drilling the hole

atOo

Thus, we can establish a polar diagram of the difference between gage

indications in the solid and in the perforated plate. By inspecting such a diagram,

we observe the position of its maximum and minimum, obviously corre spending to

the directions of the principal stresses.

The system composed of a gage measuring in the radial direction we call

Arrangement 1.

Obviously, in reality, we cannot ratate one gage at a given distance from

the center. Therefore we choose three arbitrary directions, OA, OB and OC, form-

ing angles ~- = 0, ‘B, and ~
Go

re spectivel,y, with the X- direction; we then lo-

cate radially oriented strain gages at points A, B and C. (Fig. A–2)

After reading the gages at A, B, and G, (or setting indicators at 0), we

drill a hole at the center. The differences in the readings re suiting from the hole

we call bAg tiB, AC.

From the se three indepe nde,nt read~ngs, knowing that the polar diagram

previously

particular,

angles ~
1

described will be bisymmetric, we can construct the whole diagram. In

we can find the maximum and minimum values of ~ (~ ~ and fiz) and the

and ‘2 formed by the directions of ~1 and g$z with the x-axis.

The construction using the Dyadic circle is best suited for this purpose.

No analytic deductions are needed for the application of this method. Only a

calibration showing a relationship between 6 , ~ and the principal stresses m ,
12 1

is necessary.
‘2

Analytic relationships can also be found for the point gage

(when the strain gage is assumed to act at a point) in different arrangements as

illustrated by the following method:

.

.

-.

. .
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Arrangement I—
.

—.

.-

—

Consider a region of a plate where the stress distribution can be taken as

uniform. We assume an origin O and an x-axis from which we measure angles

(Fig. A-3]. ~ is the variable angle, and %1 is the angle formed by the direction

of one principal stress (u ~) with the x-axis. At radius r and angle 8 (variable)

with x, we consider a point gage G measuring in the radial direction (Arrangement

1). The angle of the gage G with ml will be (e - @l).

@l is ~nk~ow~ in the dete~~j.nation. However, the stresses will have maxi-

mum and minimum values when ~ = -l and when ~ = ~1 ~ ~ . Therefore, to simplify

the expressions, we put (See Fig. A-3):

--q. Q-.+, (A- 1)

We now compute the indication of the point gage G while q varies in the.—

solid plate, before the hole is drilled. We indicate with wro the stress in the ra-—. —.

dial direction while~ varies, and with rto the stress in the direction orthogonal

to the radius while~ varies (Fig. A-3).

and
,-

(A- 3)

—,. The strain in the radial, direction is

1
E— ro

= ~ (mro -.29 qo)

Wee Timoshenko, Theory Q Elasticity, 1,

-.

(9)
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Fig. A-3. Description of Terms as Used in Arrangement I
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r-

1 ‘1 + ‘2
(1 -i]

‘1 - ‘2
E ‘E; 2 )+(l+u)~ CQS 27 (A-4)X
ro

L J
From this expres s.ion for the solid plate follows the construction to find

the direction and magnitude of the principal elongati~ns from three elongations in

arbitrary directions. *X

We now form the come spending expressions for the perforated. plate, with

hole of radius a.

Kirsch’s equations for uniaxial stress (r, # 0, mm= 0) give for stress in

the radial direction:

and for stress in the

For the other

( See Fig. A-3).

and find

direction orthogonal to the radius:

a’ ‘1
4

-— l~3a~)cos2T+7) 2 (
r r

(A-5a)

(A-5b)

(A-6)

Wee also Hetenyi, Handbook of Experimental—
Par. 5, Eq. 15’

Stress Analysis, Chap. 3,

~K’~Hetenyi, Chap. 9, Par. 34, Fig. 9--26
,-- .

.-
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Substituting cos (37 + 27) = - cos 27 in Equations A–6 and adding

Equations A-5a and A- 5b to their respective values in Equations A-6, the ex-

pres sions given below for rr and wt for both u ~ and iT2 different from zero are

obtained.

‘1 + ‘=2 a’ ‘1 “ ‘2
—w~l

‘t= 2
-—{1

2
r

From the se, the strain in the radial direction

4
+3~”4

a2— ) Cos z~
r2

r

4

+3%) Cos 27
r

is

(A-7)

‘\

.

-i

--’)

(A-8)

The change in strain in the radial direction caused by drilling the hole in the

stressed plate is what we have called d, a function of the angle~ .

..
-.

.

—
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—

—

..-.

.-
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(A- 10)

where
2

‘1 + ‘2
K1=-;ay(l+~)~

r
(A- 11)

are constants because of our assumptions. The gage is always at the same distance

r from the center while q varies. The Dyadic circle (Fig. A-4) illustrates the rela-

tionship.

The Dyadic Construction

We start again f~-omthree abritrary directions, forming angles ‘A, ‘B, ‘c

with the x-axis. IrI those directions we measure gfA, ~B and, AC, the strain changes

caused by drilling the hole.

TCIconstruct the illustrative example, Fig. A-5, the strain differences are
6

multiplied by 10 and the angles are:

~A = 300 L:,’= (-J
A
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Fig. A-4. The Dyadic Circle
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P.

Fig. A-5. Example of the Dyadic Construction
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—

A center, P, is assumed. With P as origin, 3 lines, A, B, and C are drawn at

angles of 2 ~ 2 dB, and 2 ~. with the ~-directi~n.— A’
Along A, a segment is taken proportional to 4A; along B, a segment is

taken proportional to gfB; and along C, a segment is taken proportional to ~C.

At the end of each. segment, a normal to the line is drawn. The normal excludes

the region not containing P if ~ is positive; it excludes the region containing P

if ~ is negative. In the example, 4A, ~B, and gfC are positive, so that the

region for the sub sequent construction is the triangle included within the three-..

.

-.. --

—

--

—

-.

normals.

The

center C to

Dyadic circle is drawn tangent to the three normals. A line from

any point. D on the circle is the radius K, and a perpendicular to
L

the

this line from P establishes the length Kmcm 2 ~ from the center. C (See Fig. A-4).

The maximum and minimum value: of 6 are determined by the diameter of

which PC is a segment; the diameter also gives 2 ~1 and 2 ~ ~, or the orientation

xl and a, of the p~i~cipa~ st~es Ses with re~pect to the X- dtiect ion.

In Arrangement 1, the maximum indication is of opposite sign to the maxi-

mum stress measured, and it occurs for ~ = O.

One may observe that the real strain gage covers a finite area, which is

not negligible when compared to the hole and, to tb.e region of the plate in which

we operate. It is also knom that strain gages measure strains not only in the

direction parallel to the grid also in the orthogonal direction. This will certainly

affect the readings, to the extent that the computation of stresses in the plate

from the simple imilica.tion, the assumption that the centroid, of the gage is the

point representing the whole gage, and the use of the deduced formulae are not

valid .

The se considerations, however, will not change the period,icity of the

indication and the double symmetry of the palar diagram. Therefore, the con-

struction determining the maximum and. minimum values of ,gfand their orientation
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WW still be valid. The passage from “dmatimum and ~minimum to ml and U2 must

neces saril,y be done by calibration.

Arrangement q

We consider again a polar coordinate system and a radius vector rotating

about the origin, carrying a point gage at constant distance from the origin and

measuring strains in the direction orthogonal to the radius. The angle measured,
x..

is still between an arbitrary x–axis and the measuring direction of the gage (Fig.

A-6). The reason for this convention is that it permits a combination of

tions of Arrangements I and II to form Arrangement 111.

With this convention, we repeat the analysis as for Arrangement

The strain <to in the direction defined by ~~ in the solid plate is still the

same as for Arrangement I (See Eq. A-4), since definition of ~ is the same. With

relation to the hole, however, the gage measures a tangential strain:
- ..,-,. .._.

(

In tlhe perforated plate, the strain measured by the gage is
,,. . .-..—

.—

and the stresses are

(A-13)

i- -r’

—.

—

,.—

,: ...-

.L

.

.
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Fiq. A-6 . Description of Terms as Used in Arrangement II
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.



-44-

‘1 + ‘2 ‘1 - ‘2
42

= —(l. <).” —2—
2

(1+3;- ~24~)cos2~
r 1’

{A- 14)
continued

(since Cos (z T-q)= -Cc.ls 27)

L

r-

.3’+—
2

r

the change in strain may be calculated

---!

-i
‘-?

-J

as follows.

—.

..

_.

..

‘-l ,—

.-.

I



—.

. .

- _
(A- 16)

‘C+ DCOS27

The deductions and the construction valid for Arrangement I are also valid here.

In Arrangement 11, the maximum indication is of the same sign as the maximum

stress measured, and it is at’q

In order to increase the

in an arrangement in which two

❑ 0.

Arrangement 1~

sensitivity, Arrangements I and 11 can be coupled

gages are connected so that they are parallel

{Fig. A-7). One of them is radial as in Arrangement I; the other is orthogonal to

the radius as in Arrangement II.

The two gages are connected to opposite sides of the measuring bridge,

so that the two indications can be added (Fig. A-8). Denoting by AI the indica-

tion of Arrangement I and by gfll the indication of Arrangement II,

dlll = dl + 411 (A- 17)

Arrangement III is not preferred to Arrangement I: it is more expensive

and lack of space may make it difficult to cement six gages around the zone of

the hole.

Evaluation of the Stresses——
—

By using the procedures described, it is possible to find the values gfl

and fi2 (the maximum and minimum changes in strain), as well as the orienta–

tion of their directions, which coincide respectively with the directions of the

principal stresses ml and W2. If certain considerations are ignored, such as
.

the finite strain gage area and influence of stresses perpendicular to the gage
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-,

Fig. A-7 . Placement of Gages--Arrangement III

I

—

II

... ..-——

Fig. A-8 . Connection of Gages in Pleasuring Bridge for Arrangement III

....-
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length upon the gage reading, the magnitudes of the principal stresses may

be calculated by solution of Eq. A- 10. Using Arrangement I, for examPle,

and rewriting Eq. A- 10, first with A = ~,’3 = O, and then with ~ = 42, ‘q = ~ :

$2=K1 (ITl + U2) - K2 (q - W2)

where ‘

K1=- ~+ <(1 +2)
r

— —1

(A- 18)

(A-19)

(A-20)
and I

4
i

4a2 ‘ll”l+y) +-y:
K2=2y$

L r r_

Kl and K2

material.

are, therefore, functions o- of the geometry of the system and the

Solving Eq. A* 19 for m, and cr>,

c1 =

4KI ‘2

4K1 ‘2

K1 + K2

4K1 K2

(A-21)

.

‘1 - ‘2
4K1 K2

(A-22)



-48-

vw see that for the ideal gage,

In considering the real gage, it ~s necessary that we obtain the cons-ta,~ts

which is the same as the result obta~ned above.

values of >Lis included in the text oi the report.
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