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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

THE ANALYSIS OF STRAINS INDICATED BY MULTIPLE—-STRAND
RESISTANCE-TYPE WIRE STRAIN GAGES USED AS ROSETTES

By Norrpis . Dow
SUMMARY

liethods are given for making the necessary correc—
tions to the strains indicated by multiple—strand
resistance—type wire strain gages used singly or as ro—
settes to measure strains at an angle to the principal
strain., The results of tests to determine the validity
of the methods of correction are reported.

A rosette arrangement having several advantages over
the arrangements now commonly in use is described.

INTRODUCT ION

The resistance—type wire strain gages are particu—
larly adaptable for use in strain rosettes because of
compactness and facility of reading. When used as ro—
settes, threg of the gages are generally arranged at
angles of 45 or 60° to each other or, less fregquently,

a fourth gage is added to the_45° arrangement. In any
arrangement, only one gage in the rosette measures the
strain at the gage length in question and the other gages
are mounted above or to the side of that gage.

A strain—rosette computing machine, described in ref—
erence l, has been developed for calculating principal
strains from the individual strain-gage readings of a
three—gage 60° rosette or a four—gage 45° rosette. This
machine cannot be conveniently used with a three—gage 45°
rosette. A rosette arrangement that combines the features
of the 45° and 60° rosettes and is particularly adapted
for use with this machine is herein described.

It has been recognized that rosettes made up of
resistance—type wire strain gages so wound that some of
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the resistance wire is at an angle to the axis of the gage
are affected by the component of strain acting at that
angle. ©Strains having an angular component different from
the angular component present in the calibration of the
gage will accordingly cause errors in strain indication
that are a function of the geometry of the grid of the re—
sistance wire. A method by Baldwin Southwark for correct—
ing these errors, by making a correction to each gage
reading, for the commercial SR—4 type R—1 rosette is given
in appendix A. '

Because the magnitude and direction of the principal
strains are usually of greater interest than individual
gage readings, a correction to be directly applied to the
indicated principal strains is generally more convenient
then corrections to each strain indication. " In'the use of
a rosette computing machine, some time might also be saved
by making corrections to the principal strains rather than
to the original gage readings, Methods, adaptable to any
wire strain gage, for making these corrections are described
in this report, together with the results of tests of SR—4
rosettes to determine the accuracy of the corrections.

T-DELTA ROSETTE

The strain rosette arrangements now in common use,
the three— and four—gage 45° star rosettes and the three—
gage 60° delta rosettes, have advantages and disadvantages
peculiar to each arrangement, A rosette made up of gages
at 60° forming a delta, with a fourth gage in the center of
the delta perpendicular to one of the three other gages,
designated T—delta appears to offer a maximum- of the ad—

.vantages of the usual arrangements., These advantages are:

1. The two perpendicular arms may be mounted in the
expected directions of the principal strains, which mini- .
mizes the errors introduced by incorrect angular alinement
of the gages.

2. The gage at the center may be mounted on the point
at which it is desired to measure the strain and along the
expected direction of principal strain, and the other three
gages will fall approximately as far from that point as tho
three gages in the usual delta.

3. The principal strains may be computed from the ro—
sette even if one of the gages fails during the test.
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! 4, A check on the accuracy of measurement is provided
by:-the fourth gage.

CORRECTION OF STRAINS INDICATED BY SINGLE

MULT IPLE-STRAND GAGE

The strain indications from a multiple—strand resist—
ance—type wire gage at an angle 8 to the direction of a
simple tensile or compressive stress (when one of the
principal stresses is zero) may be corrected for the ef—
fect of the width of the gage as follows:

1. The gage factor G, for the gage mounted in the
direction of a simple tensile or compressive stress is de—
termined by

AR
, Gy = g% (1)
in which
) resistance of gage
AR change in resistance
eo strain along stress direction

2. A correction factor @ is calculated from the
equation

e p} {]___[ 2(1 + W) cos 28 j:@}
Lo (1 + ) %; (1 — ) + (1 + p) cos 2o L

in which

Poisson's ratio for material used

)
L total length of resistance wire in gage
w width of grid of resistance wire

(2)
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The derivation of equation (2) is given in appendix B.

38, The strain at the angle 0 may now be calculated
as
AR
R
e = = ) ! (5)
g Go -

in Which. G’e == GoQ'.

Values of Gg for an SR—4 type A-1 gage for which
Gia=22,09, & = 5.0l inches, and:r W =40,16 Iinchiiare plotted
Q) 7 )
in figure 1.

CALCULATION, OF TRUE PRINCIPAL STRAINS FROM

INDIVIDUAL GAGE READ INGS

As shown by Eill in reference 2 and Sibert in refer—
elicer 8, the 'true principal strains may be calculated from
the true strains measured on thtree or more intersecting
gage lines from the fornulas '

ex = K(Y + 1) (4)

e:)r i K(Y-l) (5)

in whieh ex and ey are the true principal strains. The

constants K and Y are determined from the arrangement

of the rosette and strain readings. For a rosette composed

of three gages mounted on gage lines intersecting at angles
0

of 45

o s :
Ry = 0.707M//(e145 o egéa) i <eg45 5 0345> (6)
e + e
: e
. i 45 4.5
a5 = W f

A T sl
in which Bl | Ohe s, Tend Fea are the true strains
45 45 45

along the gage lines. Throughout this report true sirains
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will be designated e with appropriate subscripts.
Strains indicated by wire gages will be designated e'.o
For a rosette composed of gages mounted at angles of €0

/y 2 / ¢ e
X = 0,47 /(e — e + (e - e + e —e 8
60 V/\160 26é> \"Leo 36&) (260 360, (8)

e + e + e
lgo 260 360 G

Y. &=
60 e

For a rosette composed of a delta plus a fourth gage
at fhe eenter, that is, for .a T—delta rosette,

/ N
i -

2
= 0.577 /| pes +3/, 5 0
Keor J leor 6260T> \"2eor e4ao£> LR

or

e b et N2 2

Clgor T %4gor
YGOT x 2 (ll)
2EgoT

in which e, is the center gage, perpendicular to ej.

The true principal strains may be calculated from the
strains indicated by multiple—strand resistance—type wire
gages by use of these same formulas if the following method
is used:

i ilhe true strain-sensitivibty factor S for the
resistance wire in the gage is used for - obtaining strain
readings. The true strain—sensitivity factor is equal to
the gage factor for a single—strand wire gage and may be
determined experimentally or calculated as

S5 = GoQyus 038)

in which' Q45 18 given by squation (2) for B .= 457,

SRR S ? e ik - 2 ‘\
) \"Lgor®36on/ * [<8260T *bgon) * (SSs0rgon) ](ma)




o Dhe constaﬁts X! and Y! arel calculated from
equations (6) to (11) by substituting e! for e through-—
out.

3. These constants are corrected as

E, = Kt ,—-L—~—> (13)
L — 2w
L — 2W
SR “'i"“> (14)
Then
ey = Kr(Yr + 1) (15)
P = Kp blnw 1) (16)

CALCULATION OF TRUE PRINCIPAL STRAINS FROH

INDICATED PRINCIPAL STRAINS

The principal strains ex' and ey', calculated
directly from the strain indications of the multiple—
strand wire rosettes as by a rosette computing machine,
may also be corrected as follows:

1. The true strain—sensitivity factor S is used
for calculating all gage readings.

2. The principal strains are directly calculated
from these readings.

S N feon s tan't o G is determined as

e Sr!
045! g o gt by DR for a 45° rosette £ 199

e.' + e~ + eog!
Cagl = —2 2 5 for a 60° rosette  (18)

el' + ey
Coor' = -———§-:— for a T—delta rosctte (19)
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or
eX' 5 evt
C! = ————*— for any rosette (20)
2 .
in which e,' and ey' are the indicated principal
strains.

4, This constant C' is deducted from the major
principal strain ey' calculated from the strain indi-
cations.

5, The remainder is multiplied by the factor
i

e = woichsgives K.. Then

e e " r
e, = 0' + K, (21)
e = -_'-Kr (22)

Y

EXTENSION OF HILL'S SEMIGRAPHICAL METHOD TO ANALYSIS

OF MULTIPLE—-STRAND WIRE ROSETTES

Hill's semigraphical method may be readily extended
for use with multiple—strand gages. Many of the follow—
ing steps are taken directly from reference 2.

1. The true strain—sensitivity factor for the wire
in the gage is determined. The true factor may be exper i
mentally determined or calculated by multiplying the gage
factor for the gage as normally calibrated by the value of
Q from equation (1) for 6 = 45°,

2. A master curve of the function f = cos 20 is
constructed on transparent paper or cloth, in which f is
plotted against 6 for the region —45°<9<135°, Mhis
master curve may be used each time that the method is ap—
plied to a set of strain data.

as ilbe wnilt strains 81"« Baly e3' indicated on the

three gages when the true strain sensitivity is used, are




divided by an adjustment factor K! to be determined from
the appropriate equation (6), (8), or (10), as

e
K A0, O7)d/ 5 ’\ e ' — ¢ '> (10)
60T < "GOT ®2gor ) - ( 260t 40T

4, The adjusted strain readings are plotted as ordi-—
nates to the same scale as used for f—values on the master
curve, The 0—values, that is, angles between gage lines,
abe the abseissas. The choice of origin for this graph
is immaterial; the relative positions of the three gage
lines  are important.

Aoy

9. An auxiliary horizontal line representing the
average of the adjusted strain values for gage lines 1 and
é isadrawn., The ordinate Y¥' for this line may bpe found
fron: equation (7), (8), or (11), as

@ 1 ¥ !
Loen o =6.0m
Pt | '
(T - K (330
2

6. A new adjustment factor X, is determined from
the egquation

:f <;~%——n> : (13)

7. A second guxiliary horizontal line is drawn, for
which the ordinate Y, <from the origin of the plotted

sERadngy is given by

8. The master curve is placed over the graph, with
its herizontal axis ‘colnciding with the first auxiliary
line of the .graph, and in such a position that the plotted
points fall on the master curve.

9., The abscissas of the maximum and the minimum points
of the master curve, referred to the origin of the graph,
indicate the directions of the principal strains and -the




ordinates, referred to the second auxiliary line, indicate
the nagnitude of their adjusted values. In order to ob—
tain the true magnitude of the principal strains, these
values must be multiplied by the adjustment factor Kp.

10, The principal stresses may be found from the
prircipal strains by the formulas

/ \\
™ I}
i Smgx T Hemin,
max T K 1 = — (24)
E]<E SO S J
DA, WL N (L o
cmin i (20)
in which E = Young!s modulus.

11, The directions of the principal stresses may be
found from the graph or may be. calculated fron

! el - 64 !
{cos 29\ = bk oL (26)
% J 60T 2K g i

12, The maximum shear stress Tpyax, acting at 45 to
the principal stresses, may be.found from
o] (o]

- _max min
Tmazx = 2 (27)

CHECK OF ACCURACY OF CORRECTIONS

Because the stresses at the center of a polygonal
dural block of 16 sides loaded in compression between par—
allel pairs of its 16 sides are combined, such a specimen
was used to compare the strains measured by Tuckerman op—
tical strain gages and by SR—4 type R—1 wire strain ro—
settes. A photograph of the polygonal specimen is given
as figure 2., This specimen had the further advantage that

the principal strains could be inclined at angles of 22%-;

45°, 673°, and 90° to the axis of any gage in the rosette.
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The properties of the specimen were first surveyed
by mounting Tuckerman gages on the front and the rear of
the block at the center of the block and parallel to the
line drawn between the midpoints of two opposite sides,
The specimen was loaded in a hydraulic testing machine
accurate to one—half of 1 percent, at angles of Oo, 22%0,
45° 67%0, and 90° to the axis of the Tuckerman gages and
the strains measured at each angle for load increments of
100,000 pounds. The gages were then rotated 45° and the
survey repeated; surveys were made at each 45° rotation
of the gages.

The properties of the specimen were found to be
sufficiently uniform. An average of the survey could
therefore be used to determine the strains at any angle
at the center of the block for a load increment of 100,000
pounds. The maximum variation from the average properties
as indicated by the Tuckerman gages was 0.91 percent, or
a strain of 0.000009 inch per inch.

The Tuckerman gages were replaced by SR—4 rosettes
and the surveys ropeated. The results are given in table
1l for the average true strains, for the average electrical
readings uncorrected, corrccted by the Baldwin Southwark
method, and corrected by the methods of the present report.

Langley lMemorial Aeronagutical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.
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APPENDIX A

BALDWIN SOUTHWARK METHOD OF COMPUTING STRAINS

FROM TYPE R—1 ROSETTE

The following slketch and method of computing strains

from an SR—4 type R—1 rosette was obtained from direc—
tions accompanying the gages, which were manufactured by
Baldwin Southwark Division of The Baldwin Locomotive Works.

true

g
LT, aca e
3 i) L
/4-:_} // /
P AN
2 // I { .
J I\

The ntmbers 1, 2, and & indicate the gage axes. The
strains along the gage axes are designated el, ez,
The strains indicated by instrument are designated

62’, and e,!'. Then, according to Baldwin Southwark
(®)

!
- ' — —— (S
o AT pntl
Bl L 1 DY i AR t)
2 ¥ 2 45 1 S
e eyl U L 1
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Thsicymboles s e, ety gnd
R

stead of Rl, o endi R

es' have here been used in—

z given in the original directions,

to conform with the other symbols in the present report.

APPENDIX B

ANALYSIS OF STRAIN

INDICATIONS GIVEN BY

MULTIPLE—STRAND WIRE GAGES

The true strain eg at an angle 6 to the direc—

Lion=or prineipad strailn is
reference 1

ee=

o |
fTr el

given by the equation from

_(ex + ey> + (ex — ey) cos 361 (A-1)

in which ex and ey are the principal strains.

If the gage is attached at an angle 6 to the prin-—

cipals strgin, the length of

wire in the gage minus the

width of the wire grid is subjected to the strain ey and

the width of the gage 1is su
angle (8 + 90°). The stra

then expressed as follows:

w
-

ARG oy ( ) ) o] (L h;\
. ila S [(extey)+(eg—e ) cos 2 i

in which

bjected to the strain at the
in indicated by the gage is

[(exﬁey)+(ex—ey)cos 2(9+90o)]<%> (A-2)

T

G constant
%? change in resistance of gage divided by gage resistance
g8, and e principal strains

y

L and W previously defined

GG =
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The strain indicated by the gage as normally cali—
brated, that is, with the axis of the gage parallel to
the direction of simple tension or compression is there—
fore

AR . : N\ : ' N
c s l T 4 L'—Td 3 3
or
AR r (L-w> <w}]
—— = Cc |eyx | — - pe — o+
Ry L e e L/. (4-3)
For a simple tensile or compressive strain of unity
(ex = 1, ey = —u), the result Q of dividing the strainf
indicated by the gage mounted at an angle 6 4 o tthe
direction of ex, and so subjected to a strain eg > by

the strain indication that would be calculated at that
angle from substituting eg in equation (A-3) is

AR
8 , A
gk Rg u% [(1-p)+(@Q+u)cos 26] (?;5 oy %— [(1-p)+(1+p) cos 2(6+90°)] %£>
ARQ i . :
A s i /b-d ji\ [(l-u)+(l+p)cos 206]
Rg, 2 L/

or q = LQ-p)+(l+pleos 28] (L-¥) + [(1-p)+(1+p)cos 2(e+90°)] (W)
(L=Wep®) [ (1-p)+(1+p)cos 26]

w}> (21)

1 [ [ 2(1+)cos 26
1-(1+y) —L"f 1 'L (1-1)+(1+w)cos 26 | L

or Q,:

e

{

In order t0 show that Hill's semigraphical analysis
may be applied to the readings given by nultiple—strand
wire gages to give the true princivpal strains, it is neces—
sary to show that the variation in indicated strain with
change of angle is a function of the form
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A+ B cos 28
If equation (A—2) is rewritten
AR g
= e
----- s goe me BTV b (i B cos 2@ LB
e 1 L
B F By
in which T oW
. Ex — fp ex — e\ .
and B = 5——i cos 2(0 + 90°) = —cos 26<.£_§1J9
Then
AR g
Rg | L1 = W)
—H = 44 B cop 20 (4~6)

Fguation (A—6) is in the required form and Hill's
semigraphical method may be used if the proper corrections
arc applied to the adjustment factor X and to the ordi-
nate. of the auxiliary horizontal line. The constant X
is given in reference 2 by

7 3
Ii - O 707J(el s 62)~ 9= (ez R 63)2

imiwlad ch €15 ©o, and eg are the true strains measured

: : ’ o)
on gage lines intersecting at angles of 45°.

In order %o calculate the new adjustment factor K.,
it is necessary only to find the relation between the
principal strain as indicated by multiple—strand gages and
the true principal strains, The principal strajns indi-
cated by the multiple—strand gage, when the true strain—
sensitivity factor is used, are

! 1
B eq 2 €x

oy! = —2——H_ 4+ K (4=7)
~
eq! +4ept
' i 3
e"x]r‘ 53 o 3 = K! (_&—8)

13V)

NCC—r
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with
Kpg' = 0.70'7/(e1' = an¥ 18 9l ife AT LG
in which el‘, e5', and ez' are the strains indicated by
the wire gages,
Bquation (A—-2) also gives ex' and ey! when
e Sl 0 = 900, respectively, as follows:
4 /L—w\ 1
ex' v 2 [(ex+%) + (ex— evﬂ I /'+2 [(ex+ey) (ex— €y ]\L/
(L — W\ £\
Bl = By + eyl = | A—9
X };\\ i / '/\.L/ ( )
and
L - W /W\
e L) ! i)
ey! = ey< T >+ ex\r/) (a~10)

Combining equations (A-7) and (A—9) and equations (A-8)
and (A—10) and solving for ex and ey gives

g1' % e R
= e + K1 o= T \ A—
o 2 <L - 2%/ (41
e1' + eq!
ey=~L-i—Kr/-L § (A-12)
2 \L - 2w/

The expression for K, as given by Hill, may De written

/ : 2
= O, O /(G\X —-645)\ + (845—-33,)" (Bl )
in whieh e45 18 the true strain at an angle of 45° %o
principal strains. Frnom equation (A4A-2)
N LN
b e 1 L& 14

Combining equations (A~11), (A-12), and (A~14) gives
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f N\ ! 1 N ”’
ey = % i e B /hji__) T e K!<}lL_)i}ﬁEﬂ_ + %
[ y

> \L-2W, 2 a1
el + eg!
i 3
From the expressions for ex, e45, and ey, an ex—

pression for Xy may be written

o= 0oy ol Ter i mup o + (' aphd (B
A -2 : _ 2
o /{ E:L!:ti_i 4 T \ «?1'4-6374 r+ _('_1_.2'33__._ ,E._L,*e?, +,Kl( L \\]
e L-2W/ Ry 2 2 \I-2W/
7/
Lt Q£—5L5§> (4-18)

and for the new ordinate Yy

b TR
B, K :
Ty = ——— (A-19)
o AL M R A W i e
2
Yr » ¢ o
2K,
Lo R
K K, EfL
or
/L — 2W
y O \__im__> (A—21)




TABLE 1
COMPARISON OF STRAIN MEASUREWENTS TAKEN WITH TUCKERMAN OPTICAL STRAIN
GAGES AND WITH SR-U4 TVPE R-1 ROSETTES

(411 strains given in microin. per in.]

; True ~ Electrical stroin indications R Electrical strains |
straln Uncorrected | Corrected by method| Corrected as indi— | Corrected by Eill's |
Angﬂe'(av (Goge factor = 2.09)|  of appendix A xv1dual gage reealnpsrsemlgranhlcal analysig
(de@)iTuckorman | Reading | Difference| Reading ]DlLfCTCDCOiDeadWH“ | Difference|Reading Differencd
ireadings) ~Lfrom true | from true ’ i from true | from true |
? value ! value ‘ | value ' value l
{ ! |
| . 1 |
S =979 2 -992 w1t ; =979 | 2 978 ‘ 3
=) |
1l ] -922 -919 5 -3930 -8 =918 i 4 -919 ' 3
22% l =75l ~-{Hi 0 -758 ~T ~749 2 -749 | 2
33 | -ug6 500 b =502 -6 | -ugw | o gk | 2
us j 194 -203 -9 -198 =l ~197% 1 -192 : 2
Ko i 121 108 =13 119 ) 124 3 122 , 1
673 | 362 345 17 362 0 362 0 362 | 0-
784 : 534 515 ~19 % 1 534 0 534 ; 0
. 5 572 el HoM 1 593 | 0 sk o

LT
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Figure 1.- Variation in gage factor with angle between SR-4 type A-1 gage
and direction of stress.Gg =2.09; L=5.01 inchesy W=0.16 inch.
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Polygonal specimen for testing rosettes.



