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SUEARY

The long term objective of the present iavestigation was the study
of the load distribution in a tension jolat with a view %o reducing
QM concentrations. For control purposes, the strain distribution
in a rectangular uild steel plate, loaded as axislly as possible in a
spocial mmohine, was fivst of ell investigated experimentally using res-
istance strain gauges. It was found that the strain readings obtained
on a plain reectangular plate did not vary linearly scross transverse
eross-gections. A nomelinear strain variation of a similar nature was
briefly noted by Batho and Samawai (ref. 1), but not investigated. In
s specimen with a eivoular hole, the writer found that the struin con-
centyations observed were absormally high in the region of the hole and
were also asymaustric. The main work of the thesis was therefore
directed to find the possible causes for the observed variations which
if ignoved uight give misleading results in more elaborate jolant tests.

The tests desoribed indicate that the nonelisear strein veriation
was not due to initial streins in the plate, Luder bands, the way the
plate was loeded, the plate shape and size, variation in the strain sen=
sitivity of resistance gauges, gauges being defective or the thickuess
of durifix used to stick the gauges. A series of teasile tests on

araldite specimens with or without edrculer holes, gave symsetricel strain
readings soross cross—section. These results mégut that the noue
linear strain varistion scross oross-sections of the mild steel

%




specimens used, was due t0 the material not being homogenecus enough
over the effective length of the resistance strain gauges used (sbout

1/if to 1/2%) for Ste Venant's theory to be strietly spplicebles These
variations mey be significant ceuses of scatter in fatigue and lmpact

test resultse
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The objective of th.s investigotion was the redustion of stresse
consentrations in joints, subjected to tensile loads. Fatigue tests
rosults on such jolnts have often given considerable scatter end in
order to provide o rellable datum from which studies could be extended,
it was decided to first lavestigate the behaviour of rectangular mild
steel plates, with or without holes, when subjeoted to tensile loeds.
These rectangular plates were losded in the elastioerange and beyond into
the plastic-range, to study how plasticity altered the strein distribute
ion. The plates were also subjeoted to cyoles of loading end uiloeding.

lost tosts were conducted in e special tensile testing machine,
wiidoh trausmits loads to a test specimen through orossed knife-edges thus
glving uore control than is obtainable in stenderd testing machines. 4
detailed desoription of this machine is glven in Chepter 3. Specimens
tested in this machine should be subjected to tension, at worst at a small
but fixed offset. Strain valucs at a given oross-section of the
specimen might then be expected to be constant or vary linearly., DBut
the strein values reglstored by resistance gauges on the sane crosse
seotion differed from one another and the variation was of the order of
19% out of ldnear. To continue with joint tests uatil the cause of
this has been studied wos undesirable snd in order to shed further light
on the yeason for thls discrepancy, rectanzuler mild steel plates of
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different shapes and siges were tested, using different types of res-

istance-gauges and loadiag machines. But the gauges indicated a non-
lincar strais pattern in every csse, irrespective of the shape sad sise
of the test specimen and the loading mechine, Similar results were

obtained with Hugsenberger extensoueters .

A stesl plate with s oiveular hole, i muetricelly placed et the
centre, also gave sgynuetricel strain varistion over crossegecilons and
this wes quite marked at the hole, when it was tested in axial tension,
using the special tensile testing mschine, These strain readings et the
hole were further checked by Huggenberger extensometers which alsc gave
similer results. HResistance-gauges, which gave larger strain velucs
when the specimen wes losded withis the elasticreage, also showed larger
lmnlmmmwﬁo slastio-range into the plastie
range .

Lectanguler mild steel plate with two circular holes did usot give
results which were agyauetrical to such & large degree as the specimen
with one holes This plate was also subjected to loads within sad beyond
the elastic limit, In this case, the styein behaviour wes as expected.

_w«mmwuummcumu.ﬁms,um.uau
possible sources of the nonelineer streinepattern observed., A suitably
chosen 42 oorrection of cbservations often Laproved Lincasity over cyosse
sections, but this did not give axially consisteat resultant loads and
offsets of load,
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In o further ondeavour to find the cause of non=lineey results,
rectangular areldite plates with or without circular holes were tested
in tension using the photoelastic techaique to indicate the strein
pattern, These tests gave & linear streia behaviour wiich agreed with
theory., The areldite specimen with e circuler hole, synuetrically
placed at the ceatre, also gave the expecte. strain pattern whea it was
tested in tension, in the special tenaile testing uechine, eud strains
were measured with resistance strain gauges. As a further chock the
tests were vepeated on the rectengular mild steel plate A (Chapter 8) but
these still again gave non-linesr results.

The final conclusion derived from these e:periments and celculatioans
is that the nonelinear strain variation in case of uild steel specinmens
is due to the materisl not being homogenous enough for the St. Venant's
theoxy to be strietly applicable.
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The stress-conventration due to boles in plates has a bearing on
the stress distribution in rivetted joluts. The relevant available
literature ou stresseconcentrations was thereforve studied.

Kirsch (vefu37, ps80) gives an enalytical solution for the stress

distribution around a circular hole in an infinite plete, subjected to

a tensile field and losded within the clastic renge. Iis sclution gives
the stress-conventration at the edge of & circular hole, as three times
the field stress. If the width of a plate is not less than four times
the dieneter of the hole in it, Timoshenko (vef. 37, p.81) shows that

Hirsch's vesult is less then 6% in error.

Tinoshenko (vef. 38, p.385) by using the elementary theory of bending
of curved bars, derives the values given in Teble 2.1 for the stresses
at the edge of a hole. These stress values depend on the vatio 1/4, the
ratio between the diameter D of a circle, the siresses at the circum=~
ference of which are uot materially aifected by the presence of e hole,
to the diameter 4 of the hole, see Fig. 2.1.

The incresse in the stresseconcentration wilch ocours in the table
beyond the value obtained whea J/d = 6 is physiecally unacceptable end is
due to errors vesulting from the use of the elewentary theory of curved
bars.
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Stresses around a circulay hole near a strasight boundaxry of & semie
infinite plate (Pig.2.2), under teusion perallel to this boundary were
asalysed by G.B. Jeffexy (ref, 23), using biwpolar co-ordizates. A
corrected result and e coumpawison with photoelastic tests wers givea
later by R. D. Mindlin (vef. 28).

Howland (ref.l8) investigoted the elastic stresses in the neighboure
Mnraammommuamumer.nnpmmmwmu

tension. He “ound that the stress~conceantration at the hole wos L.e32
times the mean stress,(i.0. l.i tines Kirsch's value of 3), when the
ddaseter of the hole was o half the width of the specimen. Howland's
solution is rapidly convergent vith holes of up to this alse, aud he states
that Coker, Chakiko and Sateke's results (ref. 4) agree satisfectorily
with his enalyeis. The holes used by the writer in his exporiments were
Oty times the width of the plates. For such holes,liowland's analysis
gives a stress-concentration of L.

The case of a plate of finite dimensions subjected %o axisl tension
and containing two c¢iroular holes, lying en the centre~line of the plate
hes not yet been anaiysed, but Howland (vef. 20) extended his sanlysis
%o study the stresses in o plate of infinite dimensions, conteining two
ciroulor holes, Lying in the direction of the stress field. He found

that the velues of the stress-concentration ractors at the edges of the
holes were considerebly redused. The value of stress-conseatration
feotor wes reduced by sbout 507 at poluts A aud B, Flg. 241, at the edges
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of 7/8 dnch diameter holes, in a plate of infinite dimensions. (The
value of stresseconcentration fector of 4 in case of a single hole, the
dlameter of which wes O.b44 times the width of the plate, reduced to 2 in
ease of two holes)s _

Reoently, Ling (ref. 26) has also analysed the probieu of straine
ddetribution in a plate of iafinite dimensions subjected to o tensile
field, aud containing two oircular holes. He found the value of stress-
concentration factor was 2.6 at points, such as A and B, Fig., 2.1,with
7/6 ineh diaseter holes. This result is 30 higher than thet obtained

Vory 1ittle theoretical work hos yet been done, which desls with tho
problen of OMMWM in a plate of finite dimensions, containe
ing & ciroulor hole, aymmetricelly pleced at the centre aad subjeoted to
loads beyond the elastic mumipmm ranges Ia 1945 Faerberg
(refs 13) gave an approximate solution of this problem on the basis of
the theory of elasto-plastic bending of & curved beam asd he found thet
the plastic zene which starts to form at the polats A and B, Fige2e3s,
et o tensile stress of one third the yield stress, extends rapidly around
the hole contour, ss the value of the mean tensile stress iscreases f{rou
a third to 0.65 times the yield stress. When the mesn tensile stress i8
greater than 0,65 tines the yield etress, the plastic sones grow in a
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direction perpendiculer to the teasile strosses and simultaneously
becone smaller at the contour of the hole itself. Iie also found that
with inereasing values of the tensile stress, the deformations near the
hole increased considerably wove rapidly than et the outside edges of the
plate.

At loads beyond the elastic limit, the streim-distribution in e
plate of finite dimensions, containing two circular holes, has not yet

Coker, Chakico and Satake (ref.l) investigated experiuentally the
stress distribution in tension members, due to presence of a hole end
theiy results as alrveady steted ave in agreement with those obtained fmn
Howlend's snalysis. Frocht (yefs lhy p.231) slso studied this problem
usiang the photoslastio~teshuique end found that his results were also in
agreement with those of Howland (i.e. he obtained e stress-concentration
factor of about 3.3 at the edge of & U.515 inch diemeter hole, symmetricelly
placed at the centre of a 1,041 inch wide plate; the Howland's asalysis
would indlcate & value of 3.36).

Very little experisental work has been done, for the cese of plates,
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mmmmumawmumwmemuu
the plasticersngs. Feerberg (ref. 13) studied the strela-distribution
is e rectangular duralium plate, 800x180x5 me.m., contelniog a circuler
10le 15 meBe, in redius, using a 2 mem. Huggenberger-tensoneter, when
l@k.ldwlnﬂlbmmmmmwmpluﬂnm. The
Wﬁlvﬂmmtm&d&ﬂmﬁymmuh&: theoretical
nmlhuphmhnsﬂestanef.hoﬂmwmﬁmnmu.
But beyood this value the experisentel results were not in agrecuent with
theory, s it is evident from Pig. 104 (vef. 36, pege 233).

Iammtm,mmm«cmmmmmmw
mmﬂum-mmmmmmmmmmwmeir-
mm«.mm-mnmmmmm;maa-m,um
the resistence geuges at the holes snd also at crossegections awny fyom
mmm.mmmmw, using a special
tonsile testing machine (see Chapter 3), in an endeavour to apply con=
trollgble loads end avoid bending.

mmun«mmum»rueww'w:
Whmmhmml&h’lm&muulmmumw
steel specimens, using the photosiastic techniques The results obtalned
were found in egreement with that of evailable theory.

A vectangular araldite specimen, coataining e circular hole,
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aysaetrically placed at the oeatee, ves tested in tension, in the special
mmmmmmmmammu
msm.»i The results cbtaizod fre= this test were symaetrical
but aid not agres with that of sveileble theory, Those results were
mﬂmmmmmm&m
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Conventionsl types of machines used for tensile tests bend, shear
and twist the specimen tested. The line of ection of the load sppiled
wmummumm. fven in the case of
mmmm.mum.s.v,awmmu.ppnw
wmmmn.mmmuumwmzm
at the lower end is indeterminate. BHven at the upper end the resulteat
Mmrmmnmmwmxmmm.

m-mmusmmmmummws.au
5&-MMWMMWMWM‘&0M“:M”&.%&
mamunxmmu-mmmmu.mwa
sanner. To this ead, load was applied through crossed kaife-cdges,
narked X ia Fig. 5.2(a), at the top and the botton of the sachine.
mwmmpmmmmmmmwa,s.:'.unaem.
mm.tmtm»mm.unmwmz‘am.

With 1o specimen in place, the bottom portion A of the uachine rests
on cheanel seotion S, while the top portion B of the machine hasgs
fyeely from the top channel G2,
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The specimen is inserted in Hlocks B and B2, which have Vetaper
type jaws and located in position by pins, which pass through the
Jews and blocks. These pins are used for initial centering of the
specimen, as explained later, ead if the procedures, detailed in
Mae.zm.mmuwumummm,
& state of pure axial teusion should be schievable. The machine is
mmnmmwwmm-uhwmusm
specisens up % & saximun leagth of 20", width of 13" and thickness
of ¥,



The base of the mechine consists of two channel sections, placed
besk to back but about 1 inch epart, as shown in Fig. 3.2(a)s Twe
such sections C1 ave placed et right angles to each other. At the ends
of these sections, as shown in Pig. 3.2(a) end (b), rvest four cylindrical
eamc,mmqmmmppmmmamumcanm
top and which ave of the seme dimensions as those at the bottom. Through
these ocolusas yun bars screwed at their ends aad used to prelead the
columns and deal with recoll forces, Steel wires which run diagonslly,
showm in Pige3.2(a) and (b), serve to brace the machine exterually.

A sevew jack J, which can either be operated by head or by a 2 H.F.
notor is bolted to the base Cf, Fige 3.2(a). The top of the sorew of
the jeck is pinned to the chasneleseotion S. Two 1 inch diameter rods
(MWWM»MQM.&&NMMMW
mmmt).mmmwmmamunsm
subsoquently bold H.3.JeBe One of the plates on which the knife-odges

‘bear is welded to the bottom of this R.S.J. The other Re3oJ 7y which

is of the sese dimensions as E, is plased at right angles and in between
the channel section S and Re3.J.E.  This Re8.J.F umﬁa. using

smmmumm. 31, widoh has Vetaper type of jaws.
fhe other plate on which the knife-dge beer is welded at the top of this
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ReBodWF. In this way, knife-odges are made 1o oross cach other at
right sagles. They rest ia Vegrooves in plates, wilch ave welded %o
s olroular block, shown in Pig. 3.3, one at the top ond other at the
bottom, ouoh that they lie at right sagles ¢o cach other. With no
spocimen in tho blocks, R.3.J. ¥ reets on channel section S aleng with
the block Bf, es it is evident fron Fig. 5e2(a)e

It consists of peirs of chamsel sections C2, placed st right engles
to one asother, as shown ia Fige 5.2(a), They rest on calumns C,
which in turn rest on base Ci.

The position of the bolts at top channel section $2, Fig.3.2(s), is
determined such that the straight lines joining the polats P and R,
Qaad&umﬁvﬁq.mumm.-emmlmwﬂnmuatup
channel G, end channel Section 5. This elso fixes the position of block
B2, such that it is in aligneont with block B1. The proper aliguuent
wﬂamwmm_mmmumumuuform
100ds 4n pure exial tension. '

These bolts hanging from chaanel seotion C2, Pig. 3.2(a), held
ReSeds G, to the top of which is welded ome of the plates oo which the
knifo-odges boar. The other R.S.J.H, vidoh 1ies et right angles and
ummmm.»wezmn.u.e,umﬂ-m
mmwmmn. m-mmummmww
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beay is welded to the bottom of this R.5.Js These knife~odges rest
in Vegrooves in plates wiieh are welded to & circulaer block, shown

in Flge 3030

mwmumuummmmm.s.z(s). These
have Vetaper type of jaws. The specimen is first held in position by
mmmammmmmww. The pins passing

ghrough asccurately centred holes in the jaws aud specimen are used for
Mﬁalmm«thenmmn.wmthajmuhaummﬂ.yMpthl
specimen, after a sufficient load required for eligning the speclunen,
has been applied through the pins. It was, however, found by the
mmmzmmmpmmmmbctmummm
aligned. smmmmmummmpmom.m
initially for this "liaoing up® %o ocour. - This, the writer fouud, could
hwzmwwmmrwamummw,u
shown in Figedebe
Mmmumuwm~wamnmmam.
Phis in turn pulls the R.5.J.E dowawards. Load is then transferved
mmmwua.a.sa..mmmm. Thus, the
Mlswgudum:wmhm.ummyprﬁmnmm
henging freely fyom the top chanuel C2+
Theoretically, when the poiat of intersections of the crossed
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Mwmmmnmmmm.msmm.u
u&-mm.s.z(.).mwmuummmmyww

specinen, mmmtmumwmmasmw
8cross the fages of the blocks. If the blocks ave sot ia alignment,
€his cas be schioved by moving the crossed knife-sdges. The knifoe
mmunuwsmmhmrm-mmmw
ﬁtmm“mtmaﬂuamwutbhmﬂuo.

This sechine had not been used before the writer started his work.
It wes found in initlal testing that the top and bottom blocks of the
asohine were uot in aligament, after the machine had been initlally set
ups They could not be aligued, oven by moving the orossed inife-cdges.
The following procedure wes therefore adopted for ceatering the top and
botton blocks :

A flexible picce of wire, strong emough to hold the weight of the
ummumm.mmwmm,mmmm
un~sorewed from the base of the machine, The loed was, thea applied,
whioh lifted the Jack upwards. At this stage, the bottom portion of
- the machine was hanging freely by this flexible wire. Thick steel
plates were now tightesed along the feces of the top and bottos blocks,
wmhnpns-w,ummm.s.s,mnmmm
blocks. The ides of using e thin flexible wire was to allow the blooks
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to align theuselves under the pressure of the steel plates, vithout
hinderanee. ‘

The machine was then unloaded snd the bottom portion wes allowed to
come down to the base under its own weight. The jeok wes then bolted
%o the base at this position. After this adjustment had been made, the
top and botton blocks were found in alignment, whea checked by putting
the straight-edge along the faces.

It is importaat to continually check the freedon of wovement between
the various parts of the machines This is ashieved by keeping at least
% inoh gep at load, between channel section S aad R.3.J.F and R.3.J.8
esd block Bf. Siuilerly in the topeportion of the mschine there
should be o gap between R.3.J. & and top of load indicating bar end
BeSeJsH end the topechsmnel C,» These geps can be arvanged by
adjusting the threaded rods to the required lengths.

A mild steel Proving Bing, the dimensioas of which sve given in
Fige 546, hod already boen dosigned to be used es & load indicator,
The ddal-gauge on the ring used was capable of measuring 1/10,000 of an
inch deflections The ring was slso fitted with resistance-gauges.

The material of the proving-ring showed signs of yielding, whea
the apecimen under test wes subjected to a load of about 7 ton. Thus,
it was of no use as o load indieator up to the 10 ton range of' the
maohine, unless it could be strain-hardened. The proviag-ring was
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then loaded %o gredually increasing teasile louds, using e 100 ton
mwmmmmmmm.muru.y‘s.
First yleldiag occurred et a load of about 7 tom and the proving=riag
was then loaded and reloaded severel times within this vange, until
it regained elestdedty. It was, theo subjected to higher and highey
loads, and loaded and unloaded at each increment of load, uatil elase
~ tieity was regained. in this way, the provingeving was loaded up to
15 toas, and appesred elsstic. DBut it gave unsatisfectory results os
& load indicator, becsuse the loading and subsequent unlosding ourves
wore loops, as shown i Fig. 5.7 (a)s The dialegauge residngs also
gave the seue kind of loop, as is evident from Fig. 5.7(b)e

This provingering was therefore veplaced by a 2" x 2" tensile bar
wiieh wes fitted with resistance streinegaugess

The deteils of the various parts of this load indicating bar, which
was designed for o load of 15 tons, is given in Fige 3¢8. It consists
of a mild steel rectanguler block A (3* x 2% = 6J"), which is fitted in
WM%NMWNM&&W.M The other square blodc-B
(23" x 14" x 164") is sorewod at one ond, inside the blockeA, aod is
belted to the 4" = 4" = 15" pla®e O, ot its other ends

Two resistance gauges are atteched %o emch fece of bar B, one aots
a3 an active and the other as 'dumay'. In celibrating the bar, esch
pair of activemd coumpensating gauges were connected ia separate
circuits, This wes loeded to gredually inerecasing teusile loads, using



1Be

ammmwmmmmmwmmm
in Pige 346. Phis yig was the sewe, as that used in case of the proving-
mmmswawxu':wm.mmmnmm
& x 34 x 15" top bar of the proving-ring, The resdinge obtained fwn
mmmwmmmmmm;mmsmu
Pige 3+9(a), (b), (o) and (3)s ALl four sets of gauges gave aifferent
veadings, when subjected to the sane load. The mean of geuge pairs
veried by about 2.6 PThis verietion, wiich is of the same nature as
mtawmmummwmnm-mw
| in Chapters 4y 5 aad 6, Tnis load indicnting ber was 1y" talok es
mnﬁmva'mWdemt-gm
| mauﬁmmumumtmumummse
haﬂmtmﬁnwmnﬂﬁmmm“mm
mmaw-mnmmwmmcwmmm
mmm.mmm’uthwmxymeum
ber thea with the test specimens.
mmwmmnem.umumm\mumu
Mm.snmmumﬁmam. The reedings
Mmmmoamwmummm.sm(a)mm.
mﬁnmmmm&ffmtﬂ“m.ho.#mt
maﬂhhmwmauammmm. The results
mmmmwsmm. The
Wmm-amamemppwwwmmntmoh
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was also used in separste circuits, was sbout 4% lower than the mesn
of individual slope. This varistion coafirss the noa-lineer charscter
of orosse-sectionsl resiings. The resistence gauges were protected from
nolsture by enclosing in & sesled envelope with silice jel orystals.

This mechine was found %o be sensibly accurate for loading the
specimens in axial tension, if the top and bottom blocks B end B2 were
in sligament snd the kmife-sdges were properly pleced in the grooves.
But it has some limitations to ite use, such as, that the maximum
length of & test specimen is 20", width 13" end thickness 3. It is
10t cesy %o often take the specimen cut of the machine, if some
alterations are to be made.

The following points should be taken into considerstion, while dolng
the experiments @

(1) Rubber pieces should be placed in between the jews %o
keep them apart at laitial loads.

(2) The machine should sot be ualoaded too much es 1%
pushes the top kmife-edges out of thelr seats.

(3) It should be checked before starting the cxperiment that the
Inife-sdges are properly placed in thelr grooves. Otherwise
mu.muunwofmmnzwmwm;w
to the specimen.
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{4) The top acd bottom blocks should be checked for alignment
before starting the experiment,

(5) It was sometimes found difficult to get the pins out of the
specimen, i they got sheaved, even by the technique of
serewing them out, against e steel plate, showmn in Fig.
3.12. It is desirable to avoid sheariag the pins.

Although not incorporated the following improvesents might well

be mede to this special machine i

(1) The seats for the knife-edges should be made deep in order
to prevent the knife-edges slipplng out of their seats.

( 2) Ao easier method of moving the knife-edges in their grooves
to achieve axiality of loading should be devised.
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in order to check the strain distribution prodused in nominelly
tensile tests, a series of axlal tension tests were conduocted on plain
rectangular uild steel plates. The strain reedings obtained on the
first aild steel specimen A, were not as expecteds This specimen wes
tested in the speciel temsile testing machine, snd British Thermostat
gauges wore first attached and then Tinmsley gauges to it. The observed
strains were nonelinear soross cross-soctions of the specimen., The
specimeon wes uade from ovdinary 'comserciel' mild steel and was ennealed,
before testing, ss explained ia pavegraph L.) to avoid possible effects
of initial stresses on strain observations, The non-lincar strein
variation aoross cross-seotions cemnot then be sssociated with the
presence of initial stresses in the specimen.

In exrder to investigate possible causes of this non=linearity, steel
to 5 3A was wsed instead of 'commercial' mild steel, and plates B, C,
and D of different shepes =nd sizes were tested, using &s well as the
specially designed machine, & 100 ton Buckton Universal testing
machine and & 6,5 ton Denison mechine. Also a different make of
Maw:mwﬁswmmmumﬂm,m
order to investigate whother the nome=linesrities in strein readings
were due to the gauges used, The results obtained from resistance-gauges
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were also checked by Huggenberger extensometer readingss

Specimen B, whidh was of rectang.lar shape sand about the same
size as specimen A was amnesled before testing, to awoid possible
effect of initiel stresses on the strein observetionse Avre
resistance gauges were attached to ite The strein readings obtained
again gave s non=linear strein varistion seross cross-sections, as
in case of specimen A« The results were checkud by Huggenberger
extensometers placed between the resistance-gauges snd these slso gave
results of the order expected from resistance-gaugess The change of
the material and the resistance~gauges had thus no effect on the non=
linear strain natterns, which were of similer nature to those obtained
on specimen Ae

To check whether the shape of the specimens were responsidle for
the non=linear strain veriation, specimen C had dimensions based on
those specified in B.5. 15 for standard tensile test specimense Avro
resistance~gauges were attached to ite It was tested in the as
‘received' condition and not annealed after cuttinge It was made frou
the seme batch of mild steel that was used in specimen B snd therefore
was expected to be free from initial stresses, except those produced
by cutting end machinings It wes first tested in a 100 ton Buckton
Universal testing machine ml' then in the special tensile testing
machine, in order to see whether the special machine used in the tests
was the cause of the non=linear strain veriation or nots But the
results obtained from tests in both the machines, were still non-lincare
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The resistance~gauge readings were also checked by Huggenberger
extensoneters which gave results of the order expected from resisisnce~
gaugess The non=linear strain veriation was therefore not due %o
either a characteristic peculier to the specially designed mechine or
the shepe or the process of annealing the specimenss

Finallys a small rectsngular mild steel plate, made from the same
bateh of steel as thet used in specimens B and G, but about half the
length of specimens & or B, was tested in a 6«5 ton Denison machine to
cheok the effect of specimen lengthe It was pot annealed end Avro
resistance-gauges were attached to ite The results obtained from
tests were non-lincer ncross a gauged cross-section, as in case of
specimens 4, B and Ce

In the tests the plates were fivrst losded within end then beyond into
the plasticerangee They were losded and unlosded seversl times in
order % see whether this affected strain resdings but non-linearity
across cross—sections persisted.



‘c 2e ME N SPECIMEN._A

Specimen A was a plain lé’ x 20" x 5/16" nild steel plates Neer
the ends of the specimen 1/," diemeter holes were drilled es shown in
Pige 4ele Pins through these holes and corresponding holes in the
special tensile testing machine jawegripss applied tie initial losds
which were intended to centre the specimens Fige Lele glves as well
as the dimensions of the specimen, the positions of the resistance-
gauges mhich were attached to ite IBritish thermostat resistance=
gauges were first attached to the specimen, as shown in Pige 4ol (a )e
They hed an eversge resistance of 1265 ohms and menufacturers stated
their geuge=-sensitivity factor to be 2.04L+ These gauges eventually
mauu.umamwm’mmmwmpmma. of the
specisen in the jaws (see persgraph 4e5)s  After this cocwrred, these
reslistance~gauges were replaced by Tinsley gaugess These had an average
gouge resistance of 98.4 ohs and the firm stated their gauge-sensitivity
to be 2417+ In both cases the set of gauges nesrest to the ends of the
specimen were about twice the width of the specimen from the end of
the gripping jewse The central gauges were 4«57 times the width of
the specimen fyom the end of the jawse

Timoshenko and Goodier (refe 3e7sy pe52) show that in such a
specimen at twice the width of specimen from a concentrated load, the
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stress distribution is eluost uniform. St, Venant's principle might
then be expected to apply to straineobservations at the geuge positions
of Pigs 4ot (a) and (b), 8o that the variation of strein over ayy one
cross-gection would be lineawr.

The specimen was tested in axial tension, using the specisl tensile
testing machine. The resistance-gauges were connected to & 2i~channel
strain-gauge set. The bridges were initially esch balanced end changes
of gelvenometer resdings were teken as measures of strain. Resistance
calibration was echieved by placing a known resistence soross the active-

ﬂuamiuu.hfmwwmnmmcl.mwmldm
order to get rid of initial stresses, whioh might have aff'ected strein
observations.

The specimen was inserted at roou tempersture in an Afco. electiric
mwmmmtmefﬂmi‘lmmmm:tdwm,
wnich 1t usually resches ia 6 to 7 hours. The specimen was kept ot
this temperature for about 6 to § hours. Then the furnace was switohed
m,mm.mmmmmmmmeuaummum
tenperature which takes about three days. This process should have
mm-mmmmmlammmdmwmrm

specimens.
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The specimen was first cleaned using cmergy paper, then degreased
with carbon-teotre chloride. Pencil lines were then drewn on the
specimen to locate where the gauges were to be struck. The resistance
gauges which had been previously coated with durdfix which had been
allowed to dry, were again coated with durifix eand pressed by thumb on
to the specimen which had slso been treated with durifix in the saue
way as the gsuges. By pressing from the centre to both sides of the
m.nm«wmmwmoﬁwtwmmp‘dumm
gauges and the specimen. The gauges were held pressed an to the
specimen for about 2 hours by means of wooden blocks, with rubber
pieses on top of the gauges as shown in Fig. 4e2. These wooden pieces
were hold together by light loads applied from screwed rods. Twenty
four hours after sticking, the clamps were removed and the wires soldered
to the gauges.

The specimen was then gently warmed in s streas of hot air to get
rid of moisture, the gauges wrepped with cotton pads, and the entive
gauged length of the specilmen wrapped in P.V.C. The connectiag wires
came out of the wrapping through a B.I.C. plastic band as shown in
Pige Leds

The gauges were then checked for resistance and resistance to ecarth,
i.es to the specimen. When incorporated into e wheatstone bridge
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network, the reading under no load remained constant, ieee there wes
no gero "drift“.

The above mentioned procedures for fixing end protecting the
resistance~gauges were adopted in case of active and also the tesperature
mﬁu gaugess The temperature compensating gauges, each
spproximstely of the same resistance value ss the sotive-gauges, were
attached to a seperate mild steel plates

Pigs Lele shows the results for British Thermostat gauge Noes 1 of
Fige 4e1(a)s These results ere sensibly linear during loesding and
subsequent unlosdings  Similar results were obtained with all the
other resistance-gauges and from the straight lines obtained, the values
sbown in table 4e1y columns 2(b) and 5(b) were obtained.

The stress values given in columns 3 and 6 are derived fyom the
resistance calibration of cach gauges A resistance of 250K ohm scross
a geuge (resistance 126+5 ohm) gave a galvanometer deflection of Le7 cme
There was a 2 volts battery supply to the bridge.

The firm's sensitivity factor for these gauges was 2404 It
follows that the strein equivalent of & resistance of 250K ohm across
126¢5 ohm gauge is

= 12645/250,000 x 204
= 28 x 107

and that this is equivelent to a galvanometer deflection of L7 cme
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4 om, deflection on the galvanometer is therefore egquivelent to :

s 2,48 x 20™/3.7
s 0.528 x 107

= 04685  tes.i., whem B = 13000  tesed. .

Theorotically, one should expect the strainevalucs of table L1 %o
be sensibly equal at all orossesections, snd any veriation across a
cross-section to be linsar. But the results in columns 3 end 6 are
different and further (as shown in column 8 of the table, in which,
because of the equal spacing of the geuges, all values at anyone cross=-
section should be egual), indicate s non~linear strain variation across
each crossegsection of the specimens

Pige L5 shows pictorically the observations at crosseseotions iio.
(i), (41) end (44i) and indicates possible correction which would have
whwmawmmnw.mmuenwumamu
section. The corvections in the readings from geuges 5 end 1k,
7 and 18, 11 and 22 ave very larges These results indicate the
presence of an offset of the load, slong the plane X=X end ¥-¥, as
mum.ms.umwmmmhmumﬁmofmomm-
slopes The values of the offsets of the loed along the plane I-X end
Y<¥ at cross-sections fo. (1), (ii) aud (4ii), corresponding %o mean
bending strain at the respective cross-sections, are calculated as
follows 3

Por oross-section lio. (1), the offset of the loed aleng the plane

X=X
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: 7.6 =g~

. 2s83/2 d W sk M M
746 12 16 16 216 5 1.75x5

= 20220
and slong the plane Ye¥

- - g

ol "1'2"“1"‘%?"’1.‘5:5 =2

= 20
The offset of the load along the pleane Y«Y, at cross-section lio. (i) is
not in egrecment with what might be expected from the results, at cross-
sections Noe (ii) end (§ii)s This ceanot be explained by the presence
of an offset of the loads Although the of'fset of the load sloang the
plane XX, is in the same direction at each cross-seetion, but the
results are not consisteat. The values of the offsets in imches at
oross~sectdons los (1), (41) asd (41i) along the plane X=X and Y=Y
are given in Fige 4.5, which cannot be exploined because the results
are not consistent at the crussesections. It is thus diffiocult to
explein even the corrected linearised sirain variation as due o the
presence of as offset of the load likely to be produced by the mechine.

While the experiment wes in progress aud the specimen was under loed,

& clicking souad wes heard. On investigation, the gauges et ocross~
sections (41) end (1ii) were found to be open circulted. One wonders
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whether these gauge failures were due %o strain waves of excessive
combined smplitude at the gauges.

The gauges were sow replaced by gauges manufactured by Tiansley.
Elghteen resistance~gauges were used as shown in Fige Le1(b).

In view of the essamolous results obteined with British Thermostat
gauges and in order to calibrate the new gouges, specimen-A was tested
in pure beading es shown in Fig. L5, using roller supports. Two sets
of rollers were used at both eands to provide fyeedon of movemeat in case
one set of rollors got jammed, during the experimeant, The loands were
applied usiag e four point loeding systen, which subjected the specimen
to a constant bending moment over its central seotion, A dialegauge
capable of measuring deflection to the nearest 1/10000 of aa inch was
used to measure the deflection of the beau.

In on eandeavour to check the strains indicated by the resistance~
gauges, lalhak vibratiogewire gauges were clasped st the positions
shown in Pige L.1(b)s The ligihais-gauges were held oa the specimen,
as indicated in Fig. 4 of Appendix A.

It was found, however, thut these 20 u.n. gauge length laihak
nw aad the essociated frequency measuring epperatus were
too insensitive to aot as a check on the resistance-gauges.

The resistance~gauges were coanected to a 2i=~chanuel atraln-gauge
set, as in the previous case. The bridges were each initially belanced
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and changes of galvenouneter reaiings were taken as measures of the strain.
Resigtant calibration was schieved by placing s known resistance across
the active-gauges. Temperature coupensati-n was avhieved by using

for each active gauge, & similer geuge attached to a separate ailde

steel plate. These "dumny” gauges replaced the British Theracstat
gauges, which were previously attached to this plate.

The results obtained are given in table Le2e¢ Fige Le7. shows the
results for geuges lo. 5 and 14, which were on opposite sides of the
om and ave typicals The strain-gauge sensitivity fastors, given
in table 4.2, were celoulated by the usual procedure detailed inparagraph.
of Appendfis C.. The variance of those results is' 2,756 L., 1 in 3
strein gauges cen be expected to have a sensitivity factor differing by
wore than 2,795 from the mean of 1.98 (The firm quoted 2.04).

The strainegauge sensitivity factors calculated can be altered
considerably by choesing different straight lincs to represeunt cbserva-
tions., A typical exemple is given in Fig. 4.8, where two possible
straight lines, such as No. (i) and (1i) can be drawn end which gives
gauge~feotor velues of 1.9 and 2403, respectively, It is thus
possible by appropriate edjustment of the slopes of lincs, to make all
the streinegauge sensitivity factors equal.

The Haihsk-gauge readings obtained are siven in Table he3(a) =nd
(b)s The comparative values of streins obtained from resistance=gauges,
Haihek gauges and dislegauges are given in Table Leb{a) and (b).
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The readings of columas 3 and 5, of Table L. (a) and (b) vary
sensibly lineerly with the loed, as shown in Fige 4e9 (8) and (b). The
three polnts in perventhesis in column 5, Table h.k (a), are not in the
straight line for gauge no, 1859, This might possibly be due to the
effect of backlash in the gauge at low loads, or gauge no. 18880 not
operating in the test glving column Se

The lalhaik=gauges were clamped first near resistance-gauge lo. 2
and 11 (Fige. bet) on opposite faces of the specimen, For a bending
mtohmpofloon.mmﬂusmmocbwwmcuht-
don with Bs 13000 tesei.;., froam the dial-gauge readings, from the
resistance-gauges, using the menufacturer's sensitivity factor and
wmmmwnmhmofw-u.u(a).
These should all be the sese but diiver considerably.

The ieihak-geuges were next clamped neer the resistance gauge
HO.Snﬂun&mm&“udhﬂmlmmmtwmumm
previous case. Mcmtinnoulumahmatmm:of
table Lok (b)e

Deoveasing the assumed value of & to 1.5 x 13000/1.585 = 12800 ton
per square inch, wiich is possible, brings into agreemeat the strain
Mmﬂhmuuwmmntwemmmmatobm
from bending theory.

wmmwmmwmmsumomum.
the strains indicated by these geuges differ by only ks This is
ﬂﬂand-«wdmmﬁaf&Mmyow.
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The resiste.ce gauges, if the fimms's geuge fector is corrected by 158
the mean difference of the strain values they indicate end that obtained
from the dlalegauge observations in table L.u{a) and (b), still differ
by % to Gi. These corrected values eve well within cbservational
ascouracys These results iadicate that Malhakegauges cannot be used
as a check to the resistasce-gauges asd it is therefore, diificult %o
say that the Mﬁﬁ.on in the resistacce-gauge readings was due to .tho
gauges being def'sctive. i

mmmommommimummuummm
wwm%Wﬂmlm“wmsmmM&
gauge factors, That 1 in 5 may differ from 1.98 by nore ma.?%n
perhaps the best result aveilable.

After initisl calibration of the gauges, the regauged specimen-A,
was agein subjected to axial tension, using the special tensile testing
meohine. The results obtained from the resistaice-gauges are given in
teble Le5. Caloulations of strein velues have been made first with
the gauge factor value glven by nanufacturer’s,columns 3(b) and 6(b)
andﬁuviihthomtmlnlmobumtdfcrmhwmmmm
besding test, column 3(a) sad 6(a). But the vesults in columns 3 and
smnnmtmm“uummoamaorw.n.s, in

whieh all values at any one cross-section should be egual, a non=
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linear strein variation scross scach orossesection of the specimen.
htﬁamuminammglu«hmlm,um
vietorically in Fig, 4410, if corrections of the order of & 2% ave made
in the cbserved values of strain. Strain readings obtained frou
resistance-gauges lo. 5 and 14, 8 and 17, crossesection No. (ii) and
(111), respectively, however need a far larger correction to obtein
linearity. These results iudicate the presence of an offset of the
1uanmmp1mx~xmz-r.ummng.a.1o.mmm
arrows indicate the direction of the strain slope, The offsect of the
load along the plane X=X, at cross-section lio. (1), is not in agreement
vith what might be expected frou the results, at cross-sections
Hoe (1) and (441). This szain cennot be explaincd by the presence
of an offset of the load. Although the offses of the load along the
planeY~Y, is in the same direction at each cross-gection, but the
result at cross-section lo, (1) is not in agreement with what might be
expected from those at crossesection Wo. (i1) and (iii). The values
dmmuumxmammmx-xmr-!mszmu
r"'m’
uumwwwmuuummwmuuu
in strain observations, strein values were calculated by teking suiteble
slopes on the graph between the loads appiied to the specimen and the
corresponding strains, as shown in Fige Le11, These strain values are
given in table 4.6, But ia this oese slso, the results in columns 3
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end 6 eve different and indicate, as shown is column 8, in which all
velues at any one crossesection should be equal, a noan-lincer strain
variation across eash cross-seotion of the spegcimen., These observations
can be npde lineer, as shown in Fige Le12, if apprexiuately 22%
corrections are made as previously. The offsets of the load obtained,
given in Pige 412, are not consistent at cross-seotions Ho. (i), (ii)
end (1ii1), The non~linear sirsin variation ecross cross-sictioms,
therefore, does not seem to be due to the offsets of the loed likely
be produced by the special mschine., In order to investigate the cause
of the non-linearity, specimen B made from a special steel, was there~
fore tested, reported in pavagraphs 4.8 to L.ll.

Specimen B wes e rectangular nild steel plate 2" x 20" x 3", The
steel from which it was made, unlike specimen A which wes ordinary
'Conuercial' mild steel, was deliberately chosen to conform to (Ii3A of
B.Se 970 (1955), pebdsbright finished ané normalised. The chemical
composition is 3

€ o416 mememe 415/425
84 = Trace === ,05/435
Hom oby] wmmen 40/ 490
§ = 4035 we== less than 06
P a (025 woen © " 06
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and the strength properties
TP = 16,01 $on

UsTeSs = 25,94 ton
and Elongation = 356 on 2%

Details of the specimen with position of the eighteen Avro 99.3
ummmnnawuuvrumwa.zsﬁmw
mw,nwuu,mmum.bu. The ends of
mmmwhmww-&u.ummwmw-
mumuumuummmwwm.rmmm.
nuutdmmtwmomwmammsbmtm
mum&nammrmmmwwm.

mlwimmmdﬂm-nnnsum’ﬂumuimmpo.
mwmrwmme-mmmmmm»
mmnumrmmm,mmtauuoauw
bede and Lelps respectively.

mmwmmsamwmnnmmby.tmm
ofthmﬂmthoh«h.toahmv&ohmle&&bym«
fmpdntlﬂhcmﬁn.uuhmhmgw The specimen was
mmmm.mmmmmwtmmom
codncided. mmummumm;waplatmum.u.zs.
for gauge lo. 1. A dislegauge capable of measuring 1/10000 of an indh
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was used to measure the deflection at the oceatre ol the bean.

The gauge factor ocaloulated by the ususl procedure detailed in
persgraph 28, appendix C was 2.4 as com ared 2.25 quoted by the suppliers
(Avro-ihitworth), 1.e. 7% different. The value of Young's ilodulus,
caloulated from these results is 31 x 10*° p.a.i,

The specimen wes tested in axial tension, using the special tensile
testing machine, The gsuges were conzected to a 24 channel straine
gauge set, as previously. The bridges were initially each balanced
asd changes of galvenometer resdings were taken as measures of the
streins, Resistance celibration was soideved by plaeing e khow:
resistance aoross tho sotive-jauges.

The resistance sauges were ohecked for "drift" at sero load, before
sterting tests. The maximua drift noted ia 3% hours, was not nore
thes 1 mm. which corresponds to a stress of about 200 p.s.i.

Rubber p?l.uu.’ which helped in ceatering the specinmen ss esplained
in Chapter 3, mﬁi&mmnhm& the jaws to keep
thes apart at initial loads.

The strain readings obtained fyou the unuMuéu when
loading was withia the clasticerange are givea ia columns 2(b) and 5(b)
of table 4.8. GCagues &, Y ead 18 elthough electrically continuous and
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epparently working, were insensitive to straine The results they gave,
will be iguored.
mMmWaMﬂGMMtw‘pplm1m,
mtanﬂh;&nomtlma,mttmnﬁ'mﬁo.a. This
mn.mmmmmmmtmm. In cal-
aﬂaﬁn;mnmmnmmnnawllm,numu
shown 1a Figs bel6 (a), from sero to the maximum load, has been taken
to indicate the strain, The vesults in columns 3 and 6, Table 4.8,
mﬂffm&u«:hﬂuﬁ,un&m&cﬂm&o{%h&hﬁi&
mmmatvmmuumuom.-m
nmmum.mouwmm-swuuottmlm. But,
if erbitrarily + 2% corrections ave mede in the observed vaiues of
umm.wmumumm.uﬁmomm«m
mmm&.amu.mm(t),mmmmyu
Fige 4s16(b), The readings from gauges lo. 2 aad 11 are very high and
a mﬁagmm«amtmmuumwbmm
into line with other readings. These results indicate the prese:ce
#mﬂuttt&lﬂdm%ﬂmlﬂ“!—i.nmtnm.b.m
(b), which is possible.  But, because the results at lesections Ho.(1id)
mMMttth,nMﬁMthMuﬂWh
conclusions, regarding the possibilities of the presence of such an

effsets*
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m-wm-utmxmwuamwmam
Mmmm-wnomumsmz.o.
& mean stress of 12 tes.ls The strain observetions were now checked
by Huggenberger=ixtonscmeters, located as shown in Fige Lel3. The
specinea wes loaded snd ualoaded several tises within the above reage
of stress, 1.0,y 12 te8.i., until loadiang end subsequeat unlosding curves
colnoided. mmmmmmmmtmma
wmmmwgnnmtm.mmxm
Hoe 2. mm.mwmmmmtmm
es in the elastio-raage. hmmwm-mtmm.w,
8 line s shown ia Fig. L.17 (a), fyou sero to the saxisus load has
boen taken to indicate the strals, The results given in eolusns 3 and
6 Table Le9, ave different aud indicate es shown in coluan 8 of table
beJy in which all the values ot cuch orossesection should be equal, a
Wuﬁﬂmﬁumcouhmmmwﬁuam
Mamwum.s.xm).umm;mmm
are aade in the observel values of strmin, the vesults can be made
um.uammmaw-mmm.zmu.mau
(1)

The Huggenberger Nxtensemoter resiings, given in teble 4410, are of
the omder expeoted fras the Gresistence-gauges, shown plotoricelly in
Fige 4eli{a)s The corrected resistance=-jauge results indleate the
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mm«tmmumlmmmmx-xmr-r.u
shown in Pige & 16(b), for crossesection lNo. (4).

Atu--wummmmmmmm
-mmummmcmmmammmm
%o the preseunce of local Luder's basds. To shed further light on this,
mmmmmmuwmu-m.mmn
stretohed G in its leangth. (nmuumumum
Mlhlﬂh“l?'.bucmthomlmthofnhuuosm
wtmhhsmmw-mmmmmmmumao').
mnncwmmmrmnbomnnmmm-o
strain changes were measured using the Huggenberger axbensometer. The
nmm.ebmmummmrmuhma@m
loops, i each case, during losding and subsequent wnloading, Ia
caloulating the strein rate, e line, as shown ia Pig. 4,19(a), from
gero to the meximum losd, has been taken to indicate the strain, The
nmuobmmmummmmmw,m
shown piotoricelly ia Pige 4e19(b), when the specimen wes subjected to
e mean stress of 17.4 t.8.i. mmuumswamm
mwmunmmmuswmu.n.mmm
mmmatwmm-mmmahow.nmr
smmmmmwﬂuﬁmur&ecm This rules
mtmmnmzvumm-mnh.ummum
presence of Luder's bands.
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!hoctfoetdmhgthoﬁhodpolmruhﬂntoﬂu

specimen was also roughly studied. The resulls obtained are givea in
table 4.12, hm-mm.mmﬂummmm-m
hmmammtmemummetmnn.
mmmommor-mmmwmm
MM%M&MM&:M“N.M@. This

smcm.mmwwawmmmwmer
widoh were based on B.85.15 (1948) specifications for teasile testing of
netals. mmmm»uwmmmmmm
ummmm-mmunmmuoumunw
elter the strain petteras obteined. It was of the sane batch of mild
steel wiich was used in specimen B, Details of the speciumen with
muwug\m-nnmss.smmummmu&.m
sensitivity feotor of 2.25, as indicated by zanufecturers, attached to
it, are shomn in Pig, 421, (2) end (b). The ends of the speoimen had
mhmm&:iﬂm.um:mquwmmomw
nuhimmmtﬂhmuahmmarw-m The set of
mwrmummmmtz.s.mmmmotm
specimen from the end of the jaws.
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mmmnmmmmrmuarmnqmmmn
mmhammwrmmnwmwmawmm
the cause of the nomelinesr strein verietion, It wes tested is the
a8 "rogeived' condition, because the steel used wes expeoted to be
ressonably fyvee from initlal stresses.

The strain-readings obteined from resistence-gauges were checked
by Huggenberger extensometers reedings, whdch were clamped at ositions
shown in Fig. 4.21(a).

The specimen was fivst tested inm s 100 ton Buckton wniversal
mmmmum-p«mmmum. The
Geuges were conuected o & 24 channel strainegauge sot, es in previous
casess The bridges were initlally ssch balanced sud changes of
galvenometey yeadings were talcen ss messure of styein, Nesistansce
calidration was achieved by plaging s known resistance aoross the
astive=jauges.

The resistance-gauges were checked for "drift" at zero load, before
sterting the experiment, The saximun drift noted in 4 hours time was
20 move then 0.05 ma., which correspands to & stress of less than
160 p.sed.

Rubber pleces, which helped ia centering the specimen, as in the
previous cases, were placed in betwsen the jJaws of the special tensile
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testing machine, to keep then apart at initisl loadse

All the gauge readings when plotted against the applied load were
found t0 give streight lines as shown in Pigese22(n)s when tested in
Bucictons but some of thems ieoe gouge Noe 6 and 15, gave swall loopss.
when tested in the speciel temsile testing machine, dwring loading and
subsequent unloadings 1In caloulating streins from gavges shich gave
small loopss & line, as shown in Fige 4¢22 (b) from sero to the
maximun load has been taken to indicate the straine The strein resdings
obtained from the resistance=gauges when the specimen was tested in
Buckton and the special tensile testing machine, are given in tebles
4ell and kells respectively. The results in columns 3 and 6 ave
different and indicate, as siown in column 8 of tables 4el3(a) and
4eli(a)s in which all the velues at each eross~section should be equal,.
& non-linear strein variation scross each oross~seotion of the specimens
ME“WWMmmmuhMMMN» the
results can be mede linear as shown picm«uv in Pigse 4e23(a) amd
be2i(a) with the exeeption of those on gauges Noe 7 and 18 in Pigehe23(a)
end 8 in Fige 4e2h(a), section (111)e These resdings cen be ad justed
to bring them into line with other wesults, if eorrections of the order
of sbout 8 are made in their values: The results shown in Fige 4+123(a)
when the specimen was tested in Buckton, indicate an offset of the loed
along the plane X~X and Y=Ye The offset of the loed, indicated by
the results at X~section Nos (111), both slong the plene X~X and Y-¥
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are not 1n agrecment with those, at Xeseotions lo, (1) and (ii). The
»umﬂmmﬁoawmohdmthmmtuwwthe
presence of as offset of the load.
The strain readings obtained from resistance~gauges were checked
by Huggenberger extensometer readings, givea in tables Le13(b) and
bell(b), which also gave the same non-linear strain behaviour across
the crosse-sections of 'he specimen. The comparative pictures of strain
readings obtained from resistence-gauges and Huggenberger extensometers,
when the specimen was tested in Buekton and the special temsile testing
aachine, are shown in Figs 4.23(b) and L.24(b), respectively.

The specimen was now subjected to loads beyo.d the elastic into
the plesticerange, using the special tensile testing machine end yielding
started at a load of about ’ ton 1.0+, & mean stress of 16 t.s.i.
The strain observations were also checked by Huggenbergor extensoucters
readings, located at the positions shown in Pige. . The
resistasce~gauges at cross-section lo. (iii), showed mowe extensive
yielding than that at other seotions. This wes probably due to local
yielding, All the gauge readings when plotted ageinst the load now
gave small loops during loading aad subse uent unlosding. In caleule
atiig the strain rate in these cases, & line as shown ia Fig. 4.25 from
sero to the maximun load has been taken to indicate the strain, The
straia values obtalsed frox resistance-gauges are givean in table L.l%(a).
The results ia colua:s 3 and € are again different end indicate, as
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muomexmmﬁu).umhmmmsnmw
mﬁmnhonuhom.amtmrsmmﬁmmum
cross-sections of the specimen, But they ceu be made linear, if corre
nﬂmwﬁmﬁmmhwWmeanm
in Fig. 4.26. These results indicate an offset of the load along the
mz«mr-r.ummmmmmmmmh
mamumwm.mammmahuwmc. But, beceause
thomﬂﬂat!mﬁ.uﬂo.(&)mmm. it is theverore
urmtwaMuudermummm.mmmw
such an offset.

mmmwmamwmmmBamwmm
mmumwmmmm are given in table 4.15(b).
Mnlmduwuhﬁ-mdhmmutmmu-
sections of the specimen.

SOUCLUSIONS

xtnmwmmcmmmnobwehtmmmu
the speclmen and the type of the mechines, used for tests, hed little
affect on the observations of the strain distributions. These were
non-linear soress cross-sections in each case.

Specinen D was a rectanjular mild steel plate 9" x 2" x §*, It
vas deliberately made ebout half the leagth of Specimens A, B or ¢ and
mmu.&smmumuum“mmm
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of the specimens or the type of machines used in the previous tests,
were the oauses of the nonelineer strain varietion. It was also, of
t&mﬁlﬂ.ﬂl%mmﬂhnﬂ%ﬂmc. Ten Avro,
97:5 Q resistance-gauges with a gauge-sensitivity factor of 2.25 as
wumwmw,m;mmun. Detalls of the speoce
dmen with position of resistence-gouges is shown in Pig.le27(a). The
ut#mnmmtmmmnnabwtl.ﬁmsmmmotm
specimen froam the ends of the jaws.

The specimen was not annealed end was tested in the as ‘received

The specimen wes tested in a 6.5 ton Denison, shown in Fig.le27(b).
The resisteace-gauges in this case, were alsc connected to the 24-
channel strainegauge set, as in previcus cases. The bridges were
initially cach balanced end changes of galvenoueter readings were taken
as measure of strein., Resistance calibration was achieved by pleeing
e known resistance across the active gauges.

The resistance gauges were checked for "drift" at sero load,
before starting the tests sud they gave no drift. The strain readings
obtained from the resistance-gauges ave given in table L.16, All
these gauge readings whes plotted agelost the applied load, gave
straizht lines, The results in columns 3 and 6 are different and
indicate, as shown in coluan 8 of the above table, in which all the
values should be equal, a nonelinear strein variation aoross the
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eross-seotion . But, if corrections of the order of 227 are made in
the observed values of strains, the results can be mede lineer, as
shown pietorically in Fige 428 These results indicate the presence of
an offset of the load along the plane X=X end Y-Y, shown in Pige 428,
in widch the arrows indicate the direction of the strain siope. The
value of the offset of the load has been calculated, considering the
mean bending strains at the cross-section » But if separate values
of the bending strains are considered which varies from 0.05 em to
Oek ome elong the plane X=&; the presence of the offset of the load
cannot be justifieds Similar is the case with the values of bending
streins dm the plane Y~¥, which are also not consistent across the

cross=sections -

The specimen wes now loaded beyond the elastic-range into the
rlastic-range and ylelding started at a load of about L ton, iege 2
mean stress of 16 tessis All the gauge readings when plotted against
the applied load now gave small loops.  The strain readings recorded
in teble 4+17, have been ealculated by taking a line from gsero to the
maximum loads as shown in Fige 4429« The results of columns 3 and 6 are
different and indicate, as shown in column 8, in which all the velues
should be eguel, & non-linesr strain variation across the cross-section
of the specimene But, if arbitrarily 227 corrections are made in the
observed values, the results cen be mede to very linearly, as shown
in Pige 4e30¢ The values of the offset of the load obtained along the
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plane X=X, coisidering the average value of the beading strain can be
Justified, But that obtained slong the plane Y«Y, considering the
mmmefmm;m-mthmtmmmw
velues of the bending strains are not consisteat ecross the eross-section.
mmmmummmummmsmmam.
mamMmsammwmhwmmmmm. The
rosults now obtained ror & load of J+5 tom, i.0. & mean stress of 14
Son per sqe iach, ere given in table L.18. These results were
caloulated from the straight line portion of the leading ourve, shown
in Fige 4e3l(a), for gauge Ho. 2 eid are stil. showing the same sone
linear strain veriation across the crossesection. This ceniot be
Mh%mmﬂ&“'lw.mmspeeimenmm
bee: subjected to cycle of loadings end unloadings and these must have
covered the entire length of the specimens
. The residuel straians built up during loadings and subsequent
unloadings, have been calculated from the results, sush as that shown
in Fige 4e31(b) and are given in table L«19. These values again
confiru tha pattern of strain readings obtained from the previous tests.
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The experimental results obtained on plain rectangulay mild steel
plates, tested in sensibly axial tension, indicate e non-linear strain
variation across the cross-sections of the specimen, irvespective of
the shape and sige of the specimen and the type of mechine used for
tests, These non-linear strain variations cen be made lineer, if
;Whmmﬂoﬁcofwmw:%mmmmebumd
values of strains. Dy woving the crossed kaife-edges of the special
tensile testing umachine, in an endeavour to produce orfset loading,
msmmmw»mmmmmmmtmc,m
were smell compared with the ofiset initielly presecnt as indicased by
straia geuge readings. The results obtalned, thus indicete either
(1) that the strein resdings obtained do not give an scourate measure
of the actual strains, but checks with different gauges seem to indicate
that this was unlikely, because they slso gave non-linear straia
readings, or (il) thet over a strain geuge length of about 5" to 3*
the annealed wild steel used is not the homogeneous materisl it is
usually considered to be. The rendos scatter of strain observations,
which should have been equal, &s well as the large improbgble and
inconsistent offset of loading in the specimen, which they indicate when
corrected to vary linearly over cross-sections, would be consistent
with "local" lack of homogeneity in the mild steel specimens, being
the cause of the ananolous strain resdings.
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Tae strein resdings obtained from tests on plain rectangular mild
steel plates, reported in Chapter 4, were non~linear across ocroass-sectl ous,
imlmﬁndihohnmmdduofttunm&uumﬁﬂu@ef
machines used. The none-lincerity was also not due to the resistence-
geuges used belng defeotive, because the results obtained from
Huggonberger extensometers placed between the resistance-gauges, were
of the order expected from resistance-gauges. It was therefore,
decided to continue teasion tests on a veotangular nild steel plate E
with & circular hole, symsetrically placed at the centre, ia order to
806 how the non~linear strais variation obteined in case of plain
rectangular mild steel specimens, effects the stress-concentretion at
the hole. | m-tnfomﬂmcouldbodmthdptnﬂuatu&yof
load distribution in joints. The specimen was tested in the special
tensile testing machine, described in Chapter 3. It was sanealed
before testing, as expleined in paragraph L3, to avold possible effects
of initial stresses on the strein observations,

The test results obtained from resistance-gauges indicate a-
symsetrical strain variation scross oross~seotions of the specimen,
which was quite mariked at the hole. The strain readings obtained
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m-milmw.attMMauuMdbyﬂwW
extensometers, Mmmnmww. They also gave
w-mmm. which were of the order expected from
resistance=zruges,

Inmuﬂndoutmomermmmtmmﬁm,
various tests, reported in paregraphs 5.4 0 5,16 were made, but
results obtained indicate that probably the materisl used was not
homoseneous Wm-ahe S%. Venant's theory to be strictiy
epplicable, ;

In the tests, the plate was rirst loaded within the elestic end
then beyond into the plastioerange. It was loaded asd unloaded seversl
times in order to sce whether this affected strain readings, but
asymetrical strain veriation across eross-sections persisted.
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tmmzinlﬁmmm:mwhrxlwx%'.
conteining a §* diameter hole, symsetricslly placed at the centre.
It was made from the seme batoh of mild steel as thet used in specimens
B ond € (Chapter 4). lNear the ends of the speeimen i* diameter holes
were drilled as shown in Fig. 5.1(a). Pins through these holes and
mmmummmmmmmm« grips,
epplded the initial loads which were intended to centre the specimen,
a8 in previous tests. The ends of the specimen had to be raduced to
.mwkammmwm-mmuammm
were not wide enough to take a 2" wide speciuen,

The specimen wes snnealed after cutting end drilling, The
mmrumungmnmmmmmmm
mm-wmwm.mmtmmmww
bed cud Lol

wmmmnmmmatmum
'a' near the hole as shown in Fig, 5.1 (a)s These zauges were used
to check the strain-pattern obtained from resistence=-gauges. The gap
in between the resistance-gauges which hed to be left to attach the
demountable Huggenberger extensometer gauges, were sealed with B.I.C,
ﬂumumwmtmm-wmmm.

The fiirst set of resistasce-gauges nearest the ends of the
specimen were about 1,5 times the width of the specimen from the end of
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the jaws, as shown in Fig, 5.1 (a). The next set of gauges were
sbout 2,5 times and gauges at the hole were about 3.5 times the width
of the spesimen, from the end of the Jawse

Timoshenico aad Goodier (ref 37, page 52) show that at twice the
width of the specimen frou a concentyated load, the stressedistribute
ion is uniforms St. Venants principle might then, be expeoted to be
almost applicable to the first set of gauges, which are twice the
width of the specimen frou the hole end about one and a helf times the
width firom the end of the Jjawss



Gauge sensitivity factor vaiues given by the fimm were checked.
Two resistance-gauges were taken from each of the three packets, cone
taining 100 resistance-gauges. One of the resistance gsuges fron
each pair, was attached to the tension side and other compression, of
the mild steel beem, which was loaded by mesns of & four polat loading
system, as shown in Pig. Lelk. A dlal=-gauge capable of measuring
deflections to nearest 1/10000 of an inch was used to measure the
bean deflection.

The beax was loaded to 100 1b., by equal inerements of 10 1b. and
subsequently unloaded %o 0. The readings of resistance-gauges and
dial=gauges are given in table 5.1, The null poiut method of balance
ing the bridge was used. Pigs 542y for gauge Ho. 4, is typicel of
the results obtained.

The slope of the graph gives the geuge-sensitivity factors given
at the bottom of table 5.1, The mean value of 2,34 was used for the
caloulation of stresses in the tests reported later here. It will
be noted that fisure guoted by the manufesturer's was 2.25, e large
difference (some 4%), ss coapsred with varlance here of sbout 1% in
the six tested,



The specinen was tested ia axlel tension using the special tensile
testing machines The gauges were conueoted to a 24 chennel box, 6
channel box and 2 seperate boxes. These bozes were connected as siown
in Pig. 1 of appendix A,so that only one galvenoueter was used for
mm_muatofbam,mhmﬁhomnersm
taken (the null point method of measuring the velues of strain was uot
used) s

The resistance~gauges were checked for "drift" at sero load before
starting the tests. The maximun drift noted im 3 hours was not more
than 0,05 ems which corresponds to a stress of about 150 pes.. Over
an intervel of one hour which is larger than the usual period of one
test, the drift wes negligible.

Rubber pieces were placed in between the jews to keep them apart
at initial loads, wiich helped in centering the specimen, a8 explained
in Chapter 3, pavagraph 3.b.

lost of the gauge-readings when plotted against the applied load
were found to give straight lines, as shown in Pige 5.3 for gauges
Hoe 7y 9y 20, 23, 24, 25 and 26, but for geuge iio. 8, a nean line
was drawne From these graphs, the change of galvanometer readings
for & load change frow 0.154 %0 0,616 ton (vis 0.462 ton) ere, as shown
in column 2(b) and 6(b) of table 5.2(a), in which horisontel lines
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separate different cross-sections,

Resistance-gauges arked with asterisk in table 5,2(a) gave higher
odtbaﬂmwuuﬁmmm:pm, for the same velue of rese
istence, placed aoross esch in turn, This was, because, these gauges
were comnected to the 6 channel box which hed fixed arus of s different
values The results are showa diagramuetically in Fig. S5.4{a) and the
$8uge readings marced with an asterisk have been multiplied by
2485/3475. |

The results obtained at crossesections: No (i), (4i), (iv) and
(v) of Pig. 5.1, indicete & nonelinear strain variation over sach
oross~scction, as shown in Pig. S.i{a). Arbitrarily correcting the
mmw:)mpauhwmtofuptomgﬁtom
"oorrected values" shown in these diegrans, makes the strain distribu~
ﬁumﬂuum.ﬁ.mnryumﬂy.mtmmm
gauges No. 28 and 31 were vexy much too high to fall into this linear
pattern. Even with these oorrections, the mean of the strains
observed at each crosseseotion varied, as showa ia Pig. S.4 (), from
1,325 to 1.2 (1.0, 10%) and move than night be expected, An arbitrary
value of 1,15 cme has been assigned to gauge No. 22, which was not
working, This value was arrived at, to fit iu linearly with other
values at the cross-section,

Resistance-gauges No. 1, 2 and 3 at crossesections lo. (i), gave
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higher strain values thaa thelr respective partuers lo. 19, 16 and 17,

ou the other face of the specimen shown in Fig. 5Se4{a). Also, rese
Mﬁe-lm&&nammum&mtsimw goeuge
Ho. 2MMhMunh1Mm&uwmﬂo. 3« Similariy
gauge Nos 19 gave ilgher struin reading then thet of gauge Ho. 18 and 17.

Mmﬂuaw‘tmmﬁmﬁ'fﬁtwmmam
the plane I=i and Y«¥,

Similar results were obtained at oross-seotions lo, (1), (iv) am
(v), which also indlcate the presence of the . offset of the load ia
the above mentioned directions. The values of the offset of the load
obtained at these crossesections are not consistent, which cannot be
explained.

Por beading sbout Y=1, the values of the bending streins, st
cross~sections No. (1), (11), (iv) and (v) are 0.5, Ouky 0u45 asd 0.6 ca.
If St. Venants bending theory holds at these cross-sections, then the
mmmmm.mammzmwm specinen must
um.mm-mulmmnmom. The
observed variation is however not linear and so either 3t. Venants
mumwnmwsmmummuuew-
numwmhmymofrntoflm‘w&nsammam
equivalent €0 0.5 cm., i.e, & load offset equivaleat to 0.1",

For bending about X=X, the bending-strains at croca=gections lio.
(4), (14), (iv) end (v) are 0.55, 0,7, 0.1 and 0.35 oite, respectively.



Mn»ummumuzymmlmwwm.mbut
mumMmotO&u.,mMm%svmmloffutof
the load equivalent to 0.0031",

umm%omﬁmmmwmmum:
the results can be mede to vary linearly. The high readings of
mzﬂmwmhuﬂuﬁue@ammlunwmm
than £ 2%, but there is little other evidence of unsatisfactory £auges.
Mnmh‘nm'hwumlmmannltmghtlm
variation during loaddsg sod subsequent unloading,

6 JSULDS AT 51 HOLE

The results at cross-section o, {1i1) containing the cireular
m.‘mmmwntummtu@thmmmmmnuu
obtained at eross-sections No. (i), (1), (4v) and (v). Thus rese
hm-m.uo.nﬂ.?uum.mmb.mmmg:vomm
linlm«um thea thelr respective partners lo, 26, 25, 2k, and 23,
htmlmmdinma !hosma.:!.entfmgwsolctostuu?u
mummmmmmxumuma,. The results
ﬁh&u&fmthodhemllyeppodh resistance-gauge o, & ani 2,
5 and 25 respectively, sdded ‘ogether in order to effect somecoupensae
ﬁnmmmntarbwns,mmnﬁol.wtl. Hevertheless,
these results at the hole, ave checked by Huggenberger extensoucters
reedings, shown in 7ig. 5.4(b). The strain readings at the hole thus
doMmhi‘&lu.mtummiehﬂnmnnﬁthm&um-
tions eway from the hole.
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m:ﬂmmmmmwtoamwmﬂtml.o.a
mean 8tress of 34080  teseds . liesistaace gauges at the edge of the
hﬁh,l-a.mﬁo.&?.&mﬁﬁmnloondﬁnalmam&
subsequent unloading, while the readings obtained from the rest of the
gauges, were still lincar, when plotted against the applied loed.
These loops do not indicate any sign of yielding, es it is evideat
from Figs 5.5(a) and (b). The cheage of galvanometer reading for a
load change from 0.154 to 0.77 ton (vs 0.616 ton) at various cross~
sections of the specimen, ave given in column 2(b) and 6(b) of table
S5¢3(a)s  In caleulating strain from geuges, which gave loop during
loading and subsequent unloading, strein vaiues, shown in Fig. 5e.5.(a)
and (b),are teken from straight line portion of the c.rves.
mmwm.nmmmmtmmmmmm
arbitrary value of 3.6 cm., shown in Fig. 5.6 (&)«

The results at the cross-sectiouns eway from the hole, indicate
& nonelinear streineveriation, ss in the previous test, but can be
explained by 5t. Vensnt bending, shown pletorically in Fig. 5.6(a),
if erbitrerily %25 corrections are uade in the observed velues. The
strain readings indlcate an offset of the load, along the plane Yef
aad Xel, equivelent to au average value of 0,125" and 0.,0042" respecte
ively, The mean observed streins, shown in Fig. 5.6(s), at crosse
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seotions lo. (1), (11), (4v) and (v) are about in the sane ratio, as
that in the previcus test, This suggests that the strain readings
are um"

The results obtained at oyossesection o, (114), containing the
osmma.msmmwmmmmmt. These
umummwﬁwmmmm.mu
Plgs 5.6(d). Huggenberger extensoneters readings, gave loops as
mmm.s.?.wmmmtmwzm.mm-
mm-mtmmmtswsmmwmemm-
Been ‘taken to indicate the straia, '
| The speciuea wes now subjected to & load of 1,08 tea, i.e. s
mmww. teseds . . Resistonce-gauges at the hole, i.e.
§auges 0. 7, 6y 9, 40 eis 23, 2, 25, aad 26 gave loops durdag loading
aad subsequent unloading, This tize, the loops were larger than in
the previous case, as shown in Fig, 5:8(n) and (b)s Resistasce=
mﬁo.ﬁuﬂﬁ.mnﬂmﬂmulu,mmm-s.@mdwmeh
:matmtmhbhmmmonnmtwmmmlm-
mmm&mmmauimum. Strein
Wmmmmmmum.nmmumw
the specimen, for o load change from 0.158 ton %o 1.08 tea (vis 0,922
ton) ere given in table 5..{a), Is caloulating stysin from gauges
which gave loops, straln values show: in Fig. 5.8 (a) end (b), awe



taken from straight line portion of the curves. Resistance=gauge
No. 22, which was not working, has been assigned an arbitrary velue
of L35 eme; shown in Fige 5410 (B)c

229 RESULTS AT THE CROSS-SECTIONS AWAY FROM THE HOLE

The results at the cross-sections eway from the hole are
indicating a non-linear strain-variation, as in the previous tests,
but can be made linear, if arbibrarily 42% corrections are made in the
observed values, The offset of the load along the plane Y=Y and X=X,
is equivelent to an average value of O,10L" and 0,004 respectively.
The mean observed strains, shown in Pige 5.10(a), at cross-sections
Noe (i), (i1), (iv) and (v)s ere in the same retio as thet in the

previous tests.

The results at the cross-section iNo, (1ii), containing the
circular hole, sre similar to those obtained in the previocus tests.
These readings are checked by Huggenberger extensometers readings,
shown in Fig. 5.,10(b). Huggenberger extensometers readings gave loops
but strain values, ere taken from the straight line portion of the
curves.

In the above tests;the ratio of the mean strein at the cross-
sections away from the hole, i.e. o, (i), (i1), (iv) and (v) ave
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foirly consistents The vesults at crosseseotions Ho. (iii), cone
hMuthoa&muhrhm,auhanahwtmmumnmh
test. mmmutmamwmmmmuy.

In order to shed further light on the observed strein varistion
e0ross the orosse-sections of the specimen, strain readings were obteined
at the hole, by woving the crossed knife~cdges of the special tensile
testing machine, in an endeavour to produce sa offset loading, The
nmmummu.maumznm-mmmm
time, the knife-edges were moved to & new positdon, but the changes
produced were not large, as shows in table 5.5, Strein readings were
also obtained, bringing the top end of the specimen to the botton jaws
and viee verss, and also turning the specimes through 180%  But the
resistance-gauges, whioh gave higher strain resdings, were still
showing higher values, irrespective of' the josition of the knife-cdges.
These results were also checked by lluggenberger extensomcters readings,
which were of the order expected from the resistance gsuges results,
as shown pietoricelly in Fige Selle

The non~linear variatios, therefore, seems uanlikely due to any
offset of the loed, likely to be produced by the loading machine, If
the Huggenberger extensoseters realings had not agreed with values
obtained by resistance-gauges, these would have been uore suspect
end lack of homogenity in the steel specimen vemeins as the most
likely csuse of the nonelinear end other snomolous results obtained,
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The nmzmmmm value at the hole cas be caloulated as
follows i~

The value of the mean~stress applied to the specimen under invest-
igation, was taken as the mean-value of streas st oross-sections ilo.
(1)5 (14), (iv) and (v) as showa in table 5.2(a) which is s

o % (1,87 + 2483 ¢ 1,75+ 1.8 ) =180
and the mean-value of stress at the hole at poiats Kt' Mm}
(shown in Figs 5.1 (a)) pe

® % (5457 # 2425 # 5455 @ 4ad ) = 4a07
and

= 5 (1e335 ¢ 0465 « 3494 + 3402) = 24231,
respectively,

The mean stress~concentration values at polnts KY' and K2' is then

L4e07/1.81 = 2,25 and 2.231/1,8 = 1,23,

Froa Howland's theory (ref 18), the stresseconceantration factor
at the edge of the hole, which has & disueter of O.u4 tinmes the width

* in vhat follows the word "stress” is used in abbreviation for
Wixstrain® unless otherwise stated.



of the plate, is egual toh,uommus. 5,12, The stress-cone=
centration values at polnts X1' and K2' of 2.25 sad 1.23, obtained
froam the average values from resistance-gauges,are ebout the sene &8
the theoretical results showa ia Fig. 5e15. But the stress~coucentra=
mmm»mmtmmu«wmmvumww
podats E1'end E21,shown ia Fige 5.k, indicate & large veriation from
that of the theorctical results.

As showa in Pig. 5.15, the values of the stresseconcentrations
around the hole very fros a negative value of =15 at i to ’a positive
value of 4 at Ki. The resisteance-gauge at the edge of the hole,
substends aa angle of about 11,5° to the ceatre of the hole, es shown
in Pig. 5:15. The strain-velues recorded by the resistasce-gauges at
ﬁuﬂadmmc.mﬂdmmmumwwtmommbom
polats Ki' end Kb', which 1le at the peatre of the resistance-geuge
and substend an angle of 0° end 11,5° respectively, to the centre of
the hole (Figs 5e15)s  Thevefore, theovetically, one would expect ti®
strain-values at poiats K1', which are at o disteace of about 3/ 32"
fron the edge of the hole, i.e. the centrs of resistance-gauge, to be
244, instead of 2.5 as obtalned from Howland's Analysis (ref. 18).

But the strein values obteined exporizeantally, in the case under
veview, at points K1' is 2,25 insteed of 2k, 1.0. about 6% lower than
the theoretical result.
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The values of "cross-stresses” xx/T and yy/T,where T is the applied
tensile stress,on a longltuiingl sections through the hole, for the
case of a plate, containing a circular hole, the dlamoter of which is
0.5 times the width of the specimen, were calculated by R.C.J. Howland
and are given in table AV, reference 16, The writer calculated the
values for a plate, conteining a circulay hole, the dianeter of which
18 0.4 tines the width of the plate and these ave given in table 3
of Appendix Co . The values o the constants used in the equations
for calculating the cross-giresses, i.e. xx/? and yy/T were those,
given by R.C.J. Howland, table=X, reference 18,

The graphs so obtained for plates with hole diemeter/width ratios,
Ay ,of Oub and 0.5, are shown in Pige 5.16. A curve sketched between
memmwommmmfwﬁﬁemdcphuommn-
m.«mw,mmmumohno.uuﬁammwof
the plate.

The values obtained from Huggenberger extensometers at point X was
0.34ke This point is about 0.85" from the point K3 and the theoretical
value is about 0,38,

2sdd. CONCLUSIONS

liean velues of stress-coancentration factors thus agree reasonably
well with those which can be obtained from Howland's theory, but the
actual local values depart considerably froum the mean values just as
the strain weasurements across a supposedly uniformly stressed plain
specimens were non-uaniiorm.



The lplotmn Wwas now loaded beyond the elastioerange. Resistascee
gauges at the hole, Myhldingutcludoraboutl.%m. l.0.

8 mean stress of 6,16 tes-i.s . in the speoimen while the results
obteined from the resistuuce=juuges at other sections, were still
M.mww»tm»pucdlm. The load was gredually
inereased at each cyle of loading. The strain readings obteined, from
mmm-—gm.tmmommayzummhumm
specimen wes subjected to @ higher load then that of the previous cyele.
But, each time on unloading, an aluost linear stress/strain lise , as
shown in Pigs. .17 and 5.18 for gauges iio. 8 end 25, was obtained.

The strainereadings obtained fron resistance-sauges et various
orossesections of the specimen, for a load change, from 0,16 to 1.70
ton (vis. 1.5k ton), ave given in table 5.6(a)s The results obteined
at the hole gave loops during losding and subsequent unloading. In
caleulatiag straing for these cases, straight line portion ol the curves,
88 shown in Pige 5.15, bas been teken to indicate the strain.

The results obtained from the resistance-gauges at orosseseetions
Hos (1), (41), (iv) and (v), indicate a non=linear strain veriation
across the erossegsections. These results,if corrections of the order
of 32% are made in the obsorved values of strains, as shown piotorically
in Fig. 5.19(a), vary linearly across cach crossesection. The mean
observed strains at these cross-sections arc in the ratio of 130,988;
110,935, which are very nearly the same as previously obteined, in the
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elastic-range. With the exception of section (i1), the calculated
offset of load along the Y-¥ direction is sensibly constant (0.06")
and that along X-X small (2 to 4 thousands of an inch).

6 U L HOLE

The pattern of strain readings obtained at the hole, is the saue
as that in the elastic-range. Corresponding strain readings obtained
on each face are different, thus those from resistance-gauges lio, 8
and 25, 9 and 24 are in the ratio of 1.6 and 1.46 respectively., The
results at the hole were checked by Huggenberger extensometers readings,
shown in Fig. 5.19(b), which are of the order expected from resistance=-
gauges results.

The plastic residusl strains built up during loadings and sube
sequent unloadings are siven in table 5.7(a), and were obtained from
the results, such as thet shown in Figs. 517 and 5.18 and Pigs. 5.20
end 5.21(a) ead (b), for gauge nos. 7 and 26, 8 and 25 respectively.
The values of the residual strains at the hole were also checked by
Huggenberger extensometers readings, shown in Fig. 5.21(a) and (v),
waich are in agrecment with those of resistance~gauge results, as shown
in Fige 5,21(c)s These results indicate, far greater residusl strains
at the stations 23, 24, 25 and 26 than at tie corresponding st:tions
on the other face. They teud to ebnfim that the anamolous strain
behaviour recorded in the elastic~ range was actuelly present since,
where the strains were high considerable yielding has occurred and



left large residusl strains on unlonding,

momhnnmnwmbjuudtoulmwz.wtﬂ,ho.n
mean atress of 8,72  tesei.. The vesults obtained for & load
change from 0.16 to 2.18 ton (vis 2,02 ton) ave given in table 5.8.
mm-watmmcmmmmmumn
mmm-mmﬂuommmmummmn
orossegections No. (i), (ii), (iv) and (v), were linear when plotted
against the epplied load. These results indiecate a non=linecar straine
veriation across the cross-sections away from the hole, but as before,
wmm:‘murwpmxo.zamn,wmbomum
to be linear, if corvections of the order of $2% are made in the
observed values of struins, a8 shown pictoricelly in Fig. 5.22.
Gauge lo. 20 and 31 gave loops during losding end subsequent unloeding
and large corrections ere necessary in their resdings to bring them in
line with other results.

In a further endeavour to find the cause of this non-linear strein
variation, specimen wes strotched ebout F% of its leagth (the extension
was messured using a dividers). The specimen wus afterwards subjected
t0 & load of 2.66 ton, i.e. & meen stress of 104  t.s.i.. . ead the
mﬁmrmuloaemmo.mwz.ssm(mz.sm)
are given in table 5.9(a)s The results at the hole were obtained,
using the Huggenberger-extensometers and ave given in table 5.9(b).
The results at crossesections No. (i), (1i), (iv) and (v) ere non-
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linear, but cen be made linear,as shown in Pig. 5.23,4f corrections
of about 25 are uade in the observed values. The values of the
offset of the load obtained givenm in Fig 5.23, ave not consisteant at
erossesections No. (1), (41), (iv) and (v), which cennot be explained
by aa offset of the load likely to be produced by the special nachine,
The possibility of the nen~linear strein variation over the cross=
sections being.due to Luder's banis can now be ruled out becuase these
-mt‘hsn«:-ﬂdthnmﬁalmotwmmum
stretohed 5%, '

In an axially losded tensils specimen with & civoular hole,
vef, 15, the plastic sone will begin to owrm et the poduts A and B,
Fige 245+ It will be of the shape, shown hatohed in the figure snd
will not neoessarily completely surround the hola.i An approdmate
mmmm-mmmmmmmwwtwmu
(refs 13) on the basis of the theory of elastowplastic bending of &
curved beam, He found for an idealised saterial represeutative of
Muwu,waw.umrmmfmmwulmmm
stress/strain curve, that the plastic zose which sterts to fom et
podnts A and B ot & uean tensile stress of one third the yleld stress,
extends rupidly sround the hole contour es the value of the tensile
stress inoreases frum & third to 0.65 times the yield stress. When
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the tensile stress if greater than 0.65 times the yield stress, plastic
Bomes grow in a direction perpendicular to the tensile strosses and
simultangously become smaller at the contowr of the hole itoelfe o
elso found that with incressing velues of the tensile stress, the
deformations neer the hole inoreased conslderably more rapidly than at
the outside edges of the plates His experimental values for the point
A arc aluost the same as his theoretical values, for mean tensile
stresses up to 0«5 times the yield stresse

In the tests mede by the writers the streins were not symmetrical
agross "gross-sections" so tist the growth of the plastic zones described
by Paerberg could not be verifieds The deformetions near the hole
inoreased cousiderably more rapidly than they did on the outside edges
of the plate, which can be scen from Pige 5.18 and 5¢20(a)e The
permanent sot remeining af'ter the specimen has been subjected to a
tensile streas of Ge8s tesele are given below, for cross-section
Hoe (444)e

Solunn Yo 4 2 3 s 5 = 1 - Z

Line | ReGe | Permanent | ReGe | Pormenent | Sim of 11”) m‘ I
Hoe Fo | Residusl Nos | Residual | Columm of

Strein in Strain in | 2&3 | Limenmn | ., o ¢

P Liie, L.,

1 7 8e5 26 19.8 2843 1.86

2 8 21e3 25 31435 527 Sel
3 9 8465 2 20 28465

N 10 0.2 23 5e6 58 | 4095




mmmuwmmthuumm-mw
mmum;.«mmcumwﬂmm«hmm

This agrees with the Faerberg's results, shown i Figs 102 and 103
(refs 13).



COLL LUSIONS

The results obtained at crossesections No. (1), (41), (iv) asd (v)
ewey from the hole, indicate a non-linear streineveriation across the
eross-sections of the specisen. These results can be mede to very
lineerly, if arbitrerily & 2% corrections are mede in the observed
values of strains. The velues of the offset of the loed required to
produce these linear stre.n variastions are exially not consistent with
a line of loading pessing through the knife-edges.

.ﬂa results at cross-section Ho. (iii), containing the circular hole
wore asy.metrical end also not in agreement with, what might be
expected from the results at cross-sections No. (1), (ii), (iv) and
fv)s This cennot be explained by the presence of au offset of the
loads Turther, the results et the hole were checked by moving the
crossed knife-edges of the special tensile testing machine, in en
endesvour to produse an offsct of the load. The strain readings were
affected in the sense expected, but changes produced, were not of the
onder of anamolies. The resistance-gauges, w.ich gave higher strain
readings, were still showing similar results, at the new positions of
the crossed kmife-edges, The nonelinear strain variation ecross the
eroas-seotions of the specimen, therefore, seens unlikely due to any
offset of the load, likely to be produced by the loadlng machine.

The none-linear strain variestion, also sceus unlikely due to the
variation in the gauge-sensitivity factors of the resistunce-gauges
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used, because the results at the hole were checked by Huggenberger
extansoneters readin:s, which confirmed the resistanceo=-gauge results.

The resistance-gauges which gave higher struin readings ia the
elastic range, also guve higher values of plestie residuslestrains,
af'ter the apecimen had been subjected to loads which took it into the
plastic-range. The resulis obtained from resistance-gauges were also
consistent in each test and no appreciable "drift" was recorded at serc
loads The non=lincer strain variation is not likely to be due to
defective resistance-gauges.

The specisen waes annealed, as explained in paragraph ived
before starting the tests., The presence of large initial strains in
the material is thus sn unlikely cause of the nonelinesr streis varie=
tion. The specimen wus also stretched about 56 of its length, but
the results were still nonelinear over the crossesections of the
tpnﬁnn. The nonelineer veriatios due to luder's band, can now be
ruled out becusmse these must have covered the eutire length of the
specimen, when it was stretched Hi.

The strainepattern obtained at cross-section No. (iii) which is
0ot in agresuent with, what might be expected from the results at
crossegections lo. (1), (ii), (iv) and (v), indicates the presence
of locel bending et this crosgeseotion. But the speciuen was tested
on a flat plate, before the resistance-gauges were atdached to it and
to the naked eye it appeared to have contact and day light was not
soon between the specimen and the plates Thus, the nonelinear strain
variation cannot be due to the lack of straightness of the speciumen.
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The values of the strain per ton obteineds from the resistance-
mctmmu«uoum«hmchonumulmnaintbo
elastio~range and that, after the specimen had been subjected to loads
which took into the plastic-range are shown in columns 2 end 4, table
56106 These results indicate s change in their values from tost I
to test II, hm'mm senners leee rise in some case end vice-
versas  This again indicatess that probably the strein wos not
linearly distributed servss cross-seotions of the specimen, in different
testse

In the light of above srguments, it scems that probably the stecl
specinen wes not homogenous enough for Sts Venant's theory to be
striotly applicsble and taat the streins over 1/4" gsuge lengths will
be sensibly different from those esleulated on the sssumption thet the
nﬁcﬂthdﬁw&mvﬂmmhmﬁhmomﬁb&y
with such theory.
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In the study of joints, it is very important to see, how the

stress-concentration is affected by the presence of more than one hole,
which are neer enough to influence each other. In order to study this
effect and also that of asymietricel strain variation obtaisned in case
of speciuen B, containing a circular hole, a rectanguler uild steel
plate ¥, containing two equal circular holcs, was therefore, tested in
exial teansion ia the specisl teasile testing wmachine. The specimen
was made frow the same batch of mild steel, that wes used in specimen
Ee It was annealed before testing, as explained in peragraph 443,

to avold possible effects of initial stresses on the strain observae
tions, Avro resistance-gauges were attached to the specimen and the
results obtained from theu were further checked by Huggenberger extene
someters.

The results obtained from resistance-gauges indicate asymuetrical
straln variation across cross-sections of the specimen, which was not
quite as marked at the hole es that in case of speciuwen B, The results
obtained fron resistence-gauges at the hole were also checked by
Huggenverger extensometers, placed between the resistance-gauges.



They gave results which were of the order expected from resistance=
Jeuges.

In the tests, the plate was first loaded within the elastic and
then beyond into the plastic~resge. It was loaded and unloaded
several times in order to see whether this affected strain readings,
but the asyumetrical strain variation across cross-sections persisted.

mmrm.mwmmanmﬁhurxm'xr.
containing two circuler holes, each §" in diameter, as shown in Fig.
6ed{a) ad (b)s It w.s made from the saue batch of mild steel, as
that used in specimens B C Chapter L.

liear the euds of tue speoimen, " dlaseter holes were drilled, s
shown in Fig 6.1(a) to align the specimen in the special testing
machine and the ends of the specimea had to be redused to s width of
14", becuase the jows of the special tensile testing machine were not
wide enough to teke a 2" wide specimen,

The specimen wes annealed after cutting and drilling., The
procedure adopted for annealing the specimen and the fixing aud
protecting the resistance=-gauges fron molsture, was that detailed in
paragraphs L.) and Lol

Details or the speeimen with the position of the thirty Avre
resistance gauges, attached to it, are shown in Fig. 6.1 (a)s The
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usnufacturers quoted o sensitivity factor of 2.25 asd an aversge value
of resistauce of J9€.9 ohm, for these gauges.

Huggenberger extensometers readings were also taken at _ositions
‘a' near the holes, as shown in Pig, 6.1(a)s These gauges were used
%o check the strain patiern obtained fros the resistance-gauges. The
gap in betwees the resistasce-gauges at the holes, which had to be left
to attach the desountable Huggenberger exteasometers, were sealed with
Belsle plastic, in order to protect the resistance-gauges from moisture.

The set of resistance-gauges at the oross-section lo. (i), were
about twice the width of the specimen and those at the orossesection
lioe (u),ms.smwm&asmsmg;a.mmmwm
top jaws, The resistance-gauges at the crossesection io. (v), were
1425 times the width of the specimen from the end of the botton jews,
as shown in Fig.6.1.(a).



This spesimen was tosted im exial tension, using the special
tensile testing machine, The resistasce-gauges were connected to a
2l channel box and 6 channel box, which were connected to each other
&nam oirouit, as explained in Appendix C s0 that only osne zalvenoe-
seter wea used to weasure the bridge out of balance, which measured
the strain (the null peint method of ueasurin: the values of strain
was not used).

The resistance-gauges were checked for "arift" at sevo load,
before starting the tests, but no Arift was recorded, even after
3 hours,

Rubber pleces were placed in between the jaws to keep them apart

at initial loeds, which helped in centering the specimen, as explained

in Chapter 5, paragraph Jeb.

The strain readings obtained fron the resistanse-gauges at the
crosg-sections of the specimen wwe given in columus 2(b) and 6(b) of
table 6,1(a) for a load change, from 0.25 ton to 1.5 ton (vis 1,25
ton), L.00 & Besn atress of 5 tessi.

The strain velues obtaiased Ivou tihe resistance-gauges at the
holes and also from resistasce-gauges lio. 6, 10, 21 and 25 gave 1.ops
during loading and subsequent unloaiing. In these cases, strain
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values tabulated, ave taken frou straight line portion of the curves
shown in Fige 642, The strain values obtalaed from the other resistonce=
gauges lios. 7, 8, 9 and 22, 23, and 24 gave straight lines, when
mmﬂmmmmusmmmmcw
iumnomumanm. 63+ Similar vesults were
obteined fron resistance-gauge loss 1, 15, 16 and 30,

mmuhMGmmtimmmiuymm. The
mummmnummao.sma.wmw,n
eross=section No, (1i), indicate the strein slope of QL0 cm., in the
mmmmwmem,aummmeahmommmu
obtained from resistance-gauges iio, 2 end 5, 20 and 17, indicate strain-
slope in the reverse direction from that at the edge of the hole.
Mw-mslopesmtbcdmwmoffutafﬁwappuﬂ
loads The results at crossesection Hoe (iv), ave of the same nature.
The results obteined fyou the resistance-gauges lios, 35 Uy 18,
19 aad 12, 13, 27, 28, at the edges of the holes, differ by less than
b,  The yesults at the hole, were checked by Huggenberger extenso=
neters, which gave as indicated in Pig. 6.5 results of the order cxpected

from resistance=gauges.



The results at cross=scctions Nos (1) ami (v)s indicate the
presence of bending sbout the X=X axis. The bending strains at
rosssection Nos (1) and (v) are the equivelent of £0:17 eme end
20412 emes respectively. But these results are the differences of
quentities of about twenty five times thelr values so that it scoms
thw-&rnmagommettoom omey egulvalent o o
straln of 0417 x 107, % represent the bending strain at thess
erose=sectionse The meen value of strain at both tlhe eross-seetions
vig JebB cme ond 3452 cm, is about the same and & bending strein of
20015 eme corvesponds to an offsct of 0.00089% The calouleted
mesn tradn from the average valu of 223800ek8 | 5.5 o0, iy
E= 13000 tesede is 3¢9 x 107,

The strain valucs obteined scross cross-sections Noe (444) of
the specimen, ieee in between the holes, can be made more symmetrical
8cross the eross-section, if eppropriate corrections of the order of
%mmthMmawanoulhmhng- Golyo
Mnmﬂ.hmmtcnmnmmaatﬁwwntx’. shown in
Pige 6e6(a)e The strain velues obitained et the potntuxamka
both about equals ieee about 4425 ames while that obtained at K, is
6ol omes deoe wmmmatathMwmuam
in Pige 6e6 (b)s



The values of the stress~conceatration factors obtained at points
BY, K2 and K3 ere 0,042, 1.2 end 1.7%,respectively,
The stress~concentration value et the holes has been calculated as
follows ie
(1) Tue value of meenestress applied, is taken es the mean-value
of stress at crossesections o, (1) and (v), whdeh is about 3.5 oms
(11) The mean values of stresses at the holes at podats K5 asd K
mhknut&unnaoortmmﬂuncm)nﬁhspdnﬂ. 3» by
18, 19, 12, 13, 27, 26 and 2, 5, 17, 20, 11, 14, 26 and 29 viz 723 om.
and L33 oms, respectively.
(i11) The stress-soncentretion at polnts X5 and X is
7425/345 ® 2406 and Le33/345 = 1,23 times the mean stress,respectively,

lo theoretical solution is aveilable for a plate of finite width
subjected to tension ead conteining two cireular holes, but the
stress-concentration in au infiaite plate Las been calculated by
CHIH=BI LING (yef.26)s For the hole pitoch of 1,5 used in the
present work, the stresseconceatration fector ot the edge of the
holes, given by Chih-Bi Ling's theory is 2.7, as indicated in Fig.6.7
and by Howlend's solution 2, seen in Fig. 6,8, for plates of
infinite dimensions and containing circular holes. An outline of
the solutions of Ling and Howland aere given in Savin's book (ref,36
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mmum.mm-:wmw)-

mmu-mm'mmmcmamm which ia
approximetely the centre of the resistance-gauges Noss 3y 4, 12, 13,
19, 27, and 28, is founi to be 1+25 from Howlend's resulis, as shown
h&c%ﬂh&MﬂtﬁwmmeMh
is 2+14s Lvee sbout 717 highere As shown in Fige 6:8, the values of
stress~consentration factors across cross-ssetion Noe (1i1) have deen
caleulated by interpolation from Howlends results and the value of
stress-concentration factors, so obtained are 0e0L7 and 140 at points
K1 and K2 respectivelys The mean exparimental velucs, obtained here
are Celh2y and 142 respectively.
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The specimen wes now su:jected to larger loads, which produced
plastic~streins. laterisl at the edges of the holes, started yielde
ing ot o mean styess of 6485  t.s.i. . The yielding was largest
at podnts K5, 1.e. at the edges o the holes, Although in the
elastio-range, the strain at polats X3 was higher than that et points
m”ﬂumammmurmm.uat.tumum.uu
is evideat from Fig: 6.9 and 6.2 for gauges lios 2 and 6 respectively.
This was, because the plastice-sones, which first form at the edges
of the holes, i.e. at the points K5 have a considerable affect on the
strains at the points Xi., The plastic-gones at the edges of the
holes, grow in the direction perpendiculer to that of the tensile
foroes and simulteneously become narrower, i.e. does not extend so
far along the length of the specimen, as Feerberg found (ref 13), for
the case of a plate, conteining o ciroular hole and subjected to
loads which produced appreciable plastic-straing.

The speciuen was now unlosded and on reloading egain to the same
mean stress of 6,85 tes.iey ., the specimen was found to have regained
elasticlity. The loading snd subsequent unloading curves, within
this range, followed the unlomding curve of the previcus case, as
shown in “ig. 6.2,

The straianereadings obtain.d from the resistancewgauges at the
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Mmmﬁmoftmsm&m, for a load change, from

0425 ton to 1,705 ton (vis 1.465 ton), ave given ia columns 2(b)
ead 6(b) of table 6.2(a).

The ratio of the mean strains, at 3, 4, 18 19 and 12, 13, 27, 28
et the edges of the holes is 1.01, as comparcd with 1,02 in the
previous tests. This suggests that the strainereadings are con=
sistent, but in this test also, the results obtained, for exacple
from gauge=i is greater than thet at gauge=3, while that at gouge-2
is greater then thet at gauge=5, i.e. indicate an inconsistent change
of strain over the cross-section, & change which camnot be explained
by an offset avplied load, Similer results were obteined at crosse
section No.(iv). The strein differences at corresponiing peints ave
aot wore than 107 of the observed values. A veriation of strains
gauge sensitivity betwoen gauges of this order would thus be necessary
to explain the diserepmncy in the results. The results at crosse
section Ho. (11) were also checked by Huggesberger exteansometers
readings, shown in Pigs 6,10(a). The reaiings were of the order
ecpected from resistance-gauges results,

-

649+ RESULTS AT CROS3-SECTIONS NO, (L), (2i1) AD (v).
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The results at crvss~seotions Mos (1) end (v),indicste the presence
of bending and the velue of the beniing strain et each cross—seetiocns
Boe (1) and (v) Ls equivalent to 2 0e075 cme The mesn value & the strain
at these cxoss~seotions is 3¢07 ame and 4eOB cmes respectively (ieee
differing by about 57)e

The results at cross-section Noe (4ii) can be mede to vary linesrly
over the cross-sections if corveotions of tho order of 227 are maie in
the observed values of straine, as shown ia Fige 6e10(b)e The strein
values st K2 and K are nearly ecual, as in the provicus case.

The aversge stress~concentration factors at the points K2, K3, Ki and
KS are 1e2, 1e7h: 16275 2407 respectivelye

The plastic-residunl streins obtained ef'ter each unloading, are given
in teble ée3(a) and weve caleulated from the resultss as those of Pige
6e11(a) and (b)s for gouges Nose 4 and 18¢ The velues at one of the
holes wes also obteined by liug enberger-ixtensomcterse 'n;arnulu
cbtalned from thens are siown in Figs 6412(a) end (b),but are not reliable
becsuse the pointer of the gauges had to be reset, when apprecisble
yielding ocouwreds

The plsstic residusl strains obtained from resistance-gsuges Nose
8 end 23 were compressive and also those obtalned from resistsnce~gsuge
Noe 7 ond 9 21 and 25, es shown in Fige Gel) af'ter the specimen has been

subjeoted only wp to & mean stress of GelF  tesede .. Buty when it wes
subjected to a slightly higher mgan stress of about 71 teselesy . rose

istance~gauge ose 7 and 9 21 snd 25, now gave residusl tenslle strelns,
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but resistanco=gauge Yo« 8 and 25 were still showing compressive
residual atrain.

The loading and subsequent unloading grephs in the plastie renges
as shown in Fige Gell(a) and Pige 642, indicate that the materizl was
Jielding, even at a mean stress of 1 teseie . This was bocause enough
time wes not given, between loading and he previous unloading, end
the material could mot regain elasticitye These results are in
agreenent with those obtained by S. Timoshenko {(refs 37)e

The strain measurements obieined at the edges of the holes,; vary
by sbout 2 107 fyom one another, in the clsstic end also in the plastic~
ranges The results alsc indicate a reduetion of about 47 in the velue
of stress concentration at the edges of the holes, compared to that
obtained in case of one holes

The results at cross=section Noe (111), which is in between the
holes, indicate the presence of compression at podnt K1, shown in Fige
6e6(a)s The strein reedings, at the points K3 are higher than tiet at
the points Kis by about 457« The stress~-concentretion factors at points
K and K5 ot the holess vis 2, 5» 17, 20 and 11, l4s 265 29 and 35 4e
18, 19 end 12, 13, 27, 26, obtained from the experimental results are 36.5¢
and 717 in excess of those obtained from the theoretical anslysis of ReGCede
fowland (refs 20) for plates of infinite dimensions and containg circuler
holese

The plastic residusl-strains bullt wp, during loeding in the plastie
range and subsequent unloading rose to & larger velue (m36¢8:10"’)
at the points K4 (lees at gauges Moe 2, 5, 175 205 11, 14926 and 29)e
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then thet obtained at the points K3 (viz 11e2 x 10™*) from gauges Noe
6s 10, 21 and 25« The plastic-zones, which first develop at the points
KSs ie0e at the edges of the holes, markedly affect the results at the
poimnumuothomulhattho’point:l()mmtuoafﬂotdmdthu
indicate lower residusl plastic strains remaining at K3« These results
agree qualitatively with the results of Paeberg (refe 13) wiich he obtained
for the case of a finite plate, containing a eireular hole ard subjected to
loads into the plestic=ranges

The strein-slope per tons given in columns 2(‘1) and 6(a) of table
6+1(a)s 4n the elastio-range, is nesrly the same, as that obtained after
the specimen has been subjected to loads, which took it intoc the plastie~
renges given in columns 2(e) and 6(a) of tedle 6¢2(a)s This sugsests
that the behaviour of the materisl, in the elastic-renge and also, after
it has been subjected to loads beyond the elastic into the plastie-range
remeined nearly the sames



The experimental results, obtained on mild steel specimen E, con=
taining e oircular hole asd reported in Chapter 5, gave concentrations of
stress wiich were different from one enother and from the theoretical
values. Also the streins as measured by the resistanceegauges were
a0t linesr at sections where they might have beea expected to be so.
The distribution over cross-gections was non-linear a:d mot obviousiy
related to the concestrations whieh wight have been expected to ccour
at holes.

Observations sround holes, in photoelastic specimens, reported by
Frocht (refs b, pes 231) gave results in sgreement with theory. In view
of the results obtained with the steel specimens tested, it was there-
fore, decided to check the stresseconcentration around e hole in an
eraldite specimen i, of the same diuensions as that of the steel specimen
fis Tests were also made on other araldite speciunens.

The photoelastie fringe pattern would correspond to the meen strain
through the thickness, The resistance=gauges would give the swface
values only which aight or might not correlate with the mean. Any
difference in the test results obtained with resistance- cujes on the
steel and araldite specimens could be expected to be due to the change in
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the saterial, oue being sore uaifora then the other or the strainegauges

giving nore consistent measurements of streins when attached to the one
rather than the other.

The areldite used for making the specimess tested, wes cest by the
writers The detalils of the cesting techolque ere given in peregrophs
6 and 7 of Appendix Bs The ingredicuts of araldite were uixed by a
wixer, the speed of which could be so adjusted to aveid the formation
of air wolds ia the mixtures The ususl procedure of wixiag the
ingredients by hond with o stick wes found to be wost unsatisfactory,
because it produced many air volds.

The woulds used for cesting the specimens, were designed so that
little machining sad dvilling hed to be done to the cast spocimens.

The sraldite mixture, the ingredieats of which hod elvealy been thoroughly

wixzed, was introduced iato the mould from the bottom, shown ia Fig. 6,
of Appendix B, in an endssvour to avoid air volds getting iato the fiaal
caste If air wes tvapped in the mixture, the air bubbles could go up

with the amizture snd out of the csstinge This would not have been

possible, had the mixture been poured from the tope The iunside of the
mould wes lubriceted by Silicons Zeleusal 42 order to svoid the mould
stickiag to the cust apecimens. Araliite specimens with oune or two
holes were casted ian this way without drilling cud with no air voids.
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Wﬁommcm'-nm“la.wsmo
ifications for tensile tests and & specimen besed oa the dimensions
MWM(M.Mmlﬂ).tuulouhmmmxm
ummm.-nmtmmmhmummm
mmmmum.aunms. The load was
mnuw.mmm,mmmwmm
and the loading frames The specimens were subjected to graduslly
inereasiang tensile loads. The loed iutervals betweea successive
extinotions was constant suu gave the principal streas dirference
between fringe orders. Those were 277 Peseds for the Frocht specimen
and 288 pessis for the B.S. 15 specimen. The conplete extinetion
across specimen G and Frocht control specimen iniicate that the strein
was unifom aocross the erossesections, sway from the ends of these
specinens.

Bp.ollinﬂ.vhuhbnduoircuhrholo.mmm.tﬂn
centre, wus tested in exial tension, using the loading frame, deteiled
in paregreph 9 of Appendix Bs The formation of fringes was studied
for equal inorements of load on the specimen, The fringe-order values
were calculated by counting the number of fringes pessing through a
particular polnt during the application of the load (The position of an
isotropic point was not known)s Fige 15 of Appendix B shows the fringe
patterns obtained at various losds. These were sketohed in by hand.
Fig. 16 shows a photograpgh of the fringe pattern obteined at a losd of
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260 1bs. oo the specimen. Because it was not possible to get & cleer
ploture of isoclinic lines from the areldite specimen, 8°isoclinic lines
wihich are essential for eveluating the vertical and horigental stresses
p and ¢ respectively, were obtained from tests on a perspex specimen
having the dimensions of the araldite specimen i,

Speciamens I and J, which had two ciroular holes (the diameters of
which were Oebk and 0.5 tlaes the width of the specimens) were tested in
a siniler manners The fringe patterns obtained at varicus loads are
shown in Fige 25 and 54 of Aprendix B. Fhotogrephs of the fvinge
patterns obteined at o load of 260 1bs. oan the specimens are shown in
Pige 26 and 35 of Appendix B, The 0° isocclinie lines were agaia obtoined
from tests on porspex specimens of the same dimensions,

The procedure followed for calculating the values of the vertical
asad horisontal stresses p and g respectively, for specimeans H, I sud J,
from the fringe patterns of Figs 16, 26 and 35 (Appendix B), is given in
Appendix B. The stress distribution
(a) eoross cross-sections (i) perpendicular end (ii) peraliel to the
appiied tensile stress and passiag through the ceatre of the holes,
(b) aeround the edges of the eircular holes,
(e) wlong the edge of the specimens parallel to the applied tensile
atress,
was calouleted using the sethods indicated by Frooht (Ref. 14, pe23l)e
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The writer extended this procedure to find out the values of stresses
p and @, in specimens I and J, across crossesection perpeadicular to
the applied teusile stress and passing between the holese

Rectangular araldite speciuen H, conteining = eiveular hole asd
tested in axial tension, gave symuetricel strein veristion across crosse
seotions. The stresseconcentration velue obtained at points K i.e. at
the edges of hole, from the fringe-pattern is about 12.5% higher than that
obteined from the theoretical analysis of Howland (ref. 18).

- Reotangular araldite specimens I and J, conteining two eirculsr
holes, also gave symuetrical strain pattern. The stresse-conceatratlon
values, obtained from the fringe-patterns st the edges of holcs, poiats
K5, Pigs. 24 aad 33 of Appendix B, ave not in agreement with those
obtained from lHowlaxd's asalysis for plates of infinite dimensions and
containing circular holes (refs 20). The results indiecate a veduection
of about 23% to 22/ in the saximun strosseconcentration, compered with
that obtained from tests on specimen l, which conteined a circular hole.

Specimen ! was tested in ariel teasion, in the special teasile
testing machine and stresseconcentrations at the hole were measured
with resistance=-gauges. The resulis obtained from tests, at points
K1', 1.0, the centre of the resistence=-gauges from the edge of the hole,
indicate a reduction of ebout LOL in the values of maximum stress-con=
ce:tration, compared with that obtained from Howland's anslysise The
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reason for this is not knowns

Ls6._CONCLISIONS

~ The results cbtained on rectangular areldite specimens indicate
symmetrical strain pattern across cross-sectionse This suggests that
the araldite cast by the writer is more s homogeneous than the steel
used by bhdme The non-linear strain varistion ncross cross-sections,
thmg-udsmmom.nmmnulyuh
due to the mom~homogenity of the mild steele
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The results obtained from tension and bending tests on rectangular
mild steel plates, using wireeresistance gauges, geve unexpected
variations in the measured strains. Differences of some 10/ to 156
were foudd Detween gauge recdings which theoretically might have been
expected to be equal, Heasurcments of stress=concentrations around
& oircular hole, symuetrically plsced im a rectangular plate, which it
vas thought, wes axially leaded through crossed knife-edges, were also
asymaetrie and differed from the average by up to L5k.

That these diff'erences were due to the prosence of residual stresses
in the bars can be discounted because the bars were anaealed at 600C for
6 to B hours end allowed to cool in the furnsce for 2 to 5 days. The
memmwudmmmw-mmmuu
tost specimens. The discrepancies were also not due to the res’stance
gauges "drifting” i.0. changing their zero values which weve fairly
steadys The resistances of the gauges were also cousistest aud of
the value expected. Their resistance to carth was highe Strain
measure.ents on loading in the clastio-renge and subsequent unloading
codncided.
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The tension testin: sachise used was of special design, in that
Mmmumemuawm.. The objective of this
WNMMmemi&&unmthMapplhdto
mmum»nouhwnu. The position of the knifewcdges
ulnﬂn%hplpnmnomahmnutommmcumm
of'f gentre,. Mnthiamdm.sdtshtmnmmm
mummwmmpmawummw.
remsined. very neerly the seme (see Figse 4420 and 5115 Chapber b & 5),

mmunm*mwmum.cmm-momn
the machine, the end . mmmumuymmmoamm
bottonm jaws of the wmachine, Tuis did not produce any appreciable change
in the observed strainepattera. This suggests that local effects from
the machine are not responsible for the anomslous resultss Ia ths
test demounteble lluggenberger lover Wpe extonsoueters were placed
botween the stick on rosistance-gauges. These tended to confimm the
general nature of the streinepatteru obtained from the resistancewgauges
(800 Fig 5.11).

4s o further cheok, the effect of twisting the specimen grip
relative to cach other was iavestigated and is deseribed in paregraph
8.3+ Othor gauged specimens were also tested in s 100 ton Buckton
universal testing machine and 6.5 ton Denison machine, These strein
geuge readings also showed unexpected veristions, which were also
confirmed by Higgenberg r extensonetor reedings. All these mechines
have in comaon Vetaper type of Jaws and the effect of the jaw grip ia i
special machine, referved to is deseribed in paragraph 8.4.
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A unifornm bending test on one gauged specimen indiceted that the
strainegsensitivity fector of the gauges ou this particular speciuzen
veried some 105 to 158, But the range of observed values were so
suall, that possible errors ocan bring down the percentage voriation to
@ negligible asount. Also the galvometer wiich was used to measure the
bridge out of balance was found to be some 4 to G non-linear over pert
of its rangeyas seea from table B.7. DBetween * 6 cus,it was however
sensibly linear ( e null point method of neasur.ag vut of balance was
a0t used in the tests, as galvanometer of the %ype used were k.own to
be sensibly linear)s. These two latter effects may contribute to the
anomalous reaiings of strain obtained.

In order to shed souwe light o: the causes of the saocmslous behaviow
noted aud to check results obtained, tests already made on plate A were

repeated aacd Curther special tests made.

ia the testing nachise which loads the specimea through the imife=
edges, the possibility exists of a suall smount of twist occuring of
one ead of the speciuen relative to the other.

Twiasting the end grips et no load and algo under load, velative
to each other indicated that e large twist wes neced®sary to produce
varigtions of the order of the anomalliesy; The anouslies are thea
unlikely to ve due to twist in this machine. [lHevertheless, the measure

strein accompenying the twist were also agymnetrical ascross a transverse
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sections end exhibited snoualies, s shown in teble 8.1(a) and (b).

The presense of beuding might have been the esuse of the veristions
in the strainegeuge veadings. The effeet bending was checked by moving
mhtmmwmmh,nmmmhmuy. This was
muuummnmmmm«xmmws
in the strain gauge readings, as shown in table 8,9(a). These readings
were obtained by epplylug a knowa latersl displaceseat, The changes
in the roadiags of resistence-gauges equi-distent from the neutrel exis
were 0ot elweys of equal emounts, as might be expected from 3t. Venent's
bendinge A possibility of the departure from S5t. Venaut's bending
night be ia the nature of the grip ;rovided by the Vetaper type of jews
useds It might have been possible that they grip the specimen unevenly
as illustrated in Figs Uele To accentuate such an effect rubber pioces
were placed between the botton jaws nud the specimen, as shown in Fig.
842, ﬁeummuuoummmuemnh&butmmaﬁem
enges wore found on the strain pativrn observed as seea from table
8+2(a) and (b). This could not be interpreted as corresponding solely
with 3t, Veuant's beunding and torsioa.

Next copper strips were placed on one side ouly of the botton jaws,
a8 shown in Fig. 8.5« These copper pieces did change the readings, in
the s cnse expocted but again the strais observations sivesn ia table 8.3
could not be e:plained by 3t. Veusat bending asd torsion oaly, Iana
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the specimen by four pleses of mild steel which were thicker than the
specimen. The eatire lced was now transferred through pins to the
specimen, es shown in Plg. B.ke In this test strainegauge readings
ﬂmtnhblibo&mmtml, even in the central portion of the

specinen and their variastion cennot be oxplained by St. Venant beanding
and torsions

These experiments indicate that cither (i) Strain patterms w.ich
do not conform %o 5t. Venant's theory are comiiuually presesat, (11)
strain-gauge sensitivitios and galvenoueter nonelinearity ere giving
misleading results, or (1ii) tho matorial used was not homogeneous
esough farthe St. Venant's theory to be strietly applicable.

Using roller supports.plate A weas also tested in pure bending, as
shown in Fig. 4.6,in order to avcoid the axial tension. There was

vardations in the gauge readings.as seen froa table 8.5, whiecn could

be hhtpntod a8 gouge-sensitivity~factor variations for these rese
istance=gauges of some 10% to 15ls Closer inspection of th. results
showed thot possible vorrections coul! reduse these variastions to a
negligible amouat. The readings obteined were zlso found to be
different from vhe$ the, were when this specimen was first calibrated,
Tho variations between these two set of readings.given in table 0.6,
MlAw&z.mm@hm- Diversc and perhaps varying gauge
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sensitivity to strain to whioh the gouges were subjeoted, may then be
& cause of the devietions from Ste Venont bending which were observed.

Gelvanoneter corrections, with appro riate straine=gauge sensitivigy
fegtors did in a nuaber of cases produce corrected results which obeyed
Ste Venmat's theory, but the procedure wes not very satisfectory and
suggests that 4t is .ot easy to be sue that cumulative errors due to
galvanoneter reading, streinegauge sensitivity asd galvanometer none
lincarity have not been incurred.

If 8te Venant's theory holds in the testswhich have been made and
the anomalous results have been obtalned because geuge factors vary
from gauge to gauge, then calculations cen be made as to whet the
relative gauge factors weres First in the initdal calibration test,
when speciuen A was beat by & four poiat leadiag systeam end secondly when
this test wao repeated some months later, the results obtained are as
shown in coluans 2 ead 3 of table 8,.. In tuis table gauge Hoe 1 has
arbitrarily been sssigned a factor of 1. Ia the case of gauge 15 two
identical tests between which the epparatus was not even fully unloeded,
gave relative gauge-factors of 1,075 and 0.95. All other gauges gave
sensibly consistent results in these tests. IU can therefore be
concluded that gauge Hos 13 is not reliable. There is slso little
orrelation between the relative gauge~factors obtained in Loth tests.
Load was sctually epplied to the specimen by clamping plates on each side
et the ends. Such loading might approximate to that givea by Vegrips
asd leck of correlation in the geuge factors in the two tests alght well



be due to 3t. Venaut's thoory not epplying.
Tests made with the load applied
(1) throush piss centrally located near the cnds and
(41) through copper strips w ich were offset and so produced
considerable bending,
give a possible meaus of caleulating the relative gauge seansitivities,
if 1t is sssused thot the streln-iistribution aoross the cross~sections
is lincar. The: for exanple, the mcaa of strein messurements teken ot
positions (1) end (10) Fig. Us5, should be the sase at equal loads in
both test conditions (1) ead (ii)s If o end b are the gauge factors
for these gauges, tho results of table 8.5 and 8.h. Coluan 3,8lve
3e7e - + 5ebb = LeJa + 2.8
which gives,
8/ 8 LeD=3eT/3ekm246 = 1.2/0.6 » 2/2
8 ratio well outside the renge of values previously obteincd, Using
this procedure, in sone ecases, oven negative velues of relative gauge
factors were obtuined, Por exauple, considering the central sectiom
of the speecimen, if ¢ and 4 are the yelstive gauge fectors of gauge &
and 13, thes fyom the results of teble 8.3 and 8.4, Colum 3,
54850 + Sekd = Lel50 ¢+ 34504
0/a & 3455%30l/ 3e85me35 = «0.15/8.5 & =3/10
These auswers indicate thot the approach is giving ervoneous vesults.
Possible reassons for this sre
(a) that the loads assused the same iu tests (1) end
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(u)uwwmmtm».
(b) That these ere reading errors,
(o)‘ that the strein distribution is not lis.aw.

uwxm»pw.ammnmummtwmmmm
and the meen of the readings on each crossesection is taken s an
indication of the applied loed, then three different values of the
relative applied losds e:re obtained vis 1,06 (for gauges 1 to 3, 10 to 12)
1,09 (for gauges & %o 6, 13 to 15) and l.1; (for gauges 7 to 9, 16 to
18).  Arbitrerily meking these respoctive corrections aad foulowiag
the procedure alveady ovtained, the relative gauge-fsctors now obtained
ore os indicated in @olumn 4, table 8.8, Thess valucs are more
sensible than the figures of 2 and »3/10 previously obtained but thore
hl&%&%ﬁmfu%al@mﬂm%tﬁsww
WaY e If o mean correction of 1,09 is mede, i.e. if the loed thought
to be equal in both tests were 9 Mozﬁnt. relative gauge=fsctors can
be re-caloulated. Soue of the differcnces arising in the celoulations
are small ead if cbservationel correctiocuns of the megnitude shown in
columa 5, table 8.8,ave sade in the necessary directios, ell the
relative gauge-factors now be made unity.  Five of the oighteen
corrections are larger than likely observational ervors. A further
sttcapt wes now mede to calculate the true value of the relative ajplied
loads in the tests referred to. This was done by assuming that the
loads appiled were in the retic of X34, Then if g, ¢, 4 and £ sre the
gauge factors of the resistauce=gauges lo. 1, 3 10 and 12 respectively,
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at which the strein readings are the numerical veluecs shown in Fige
8-10(.).

Cbserved

e HH

Observed value 3450 Leld
of strain

(Fige 8.10(a)
Then, if strains vory linearly, the mean velues must be egual,

de0e K ( 3eTa #+ 5el5¢ ) a { Le%a ¢ 2:8¢ ) esnvsse (1)
= K ( 3¢78 + 30450 ) = K (3458 # 36450 ) sesnses (2)
| = LeDa + 2087 s Leld + Jejo esavses (3)

quantities.
If a =¢ =d af = 1, we have as meen strains, the average of
( 37 # 3045 # 3645 + 3¢5 ) = Liel
and (409 4 303+ 28 ¢4t ) =151
These give a mean value of K = 15.1/1‘&,-1- 1.07¢ If we sssume
that K = 1407, then from (1),
[ 1607 ( 3678 # 36450 ) = L% + 2:8f
| whence 8/f = 009/0495
The possible error in observations is of the order of £ 0«05 so that

i These constitute three distinet equations end contein {ive unknown
|
E
|
|
:
E
i

this result can be modified to make e = £+ Also fyom (2) end (3)s
1e07(3.54 + 3ek50 ) = Leld + 3ele
whenoe o/d = 0e35/0e4 end thds con again be modified to make
¢=de Weo have thus demonstrated that s = £ and ¢ = d to the cxder of
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the acouracy of experimental cbservationse These results give
fron 1) K= 707/7415 = 14075
from (2) d= 74150/6495 = 1403a
and from - (3) A= 7e7/7ebh Ko = leOhn
We have thus ervived at a possible solution of (1) (2) end (3) ;
with K = 14075 & = £5 o=d 1403500
If wo bad made lesser corrections to our estimated retios of off
and o/d we might have had
£f=1020 and 4= 1020
bow (1)s (2) end (3) give
K= 2476/1022 = 14073
d= 7622/7602 = 1e03a
end d = 7e76/7s47 = lelha
dece luanantdeaummumtm
sensitive to the corrections made in arriving et the ratios of o/f and o/de
If we take the values, = 1¢07, a=f=1, csd=ls035e,; the observed
relative strein values correct to the values shown in Pige 810(b) which
vary lineerly, are indicated by thie numbers in the disgrame

Observed strain o <——M_« 0 - De&t8 34
(relative) i

gaugd Noe - 2773 g by
gavge loe 41 75> 40 14 77 >4

Relative-strain 30622 SehSa 4e258 2402
PAf{e in Strain Ged2 0ed2 0e62 Quf2
reading (top to

bottom)

(Pige Be10(b) )
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In @ like menner the observed streins cem be corrected to give a
linear vardation over other cross-sections. The relative gauge~Tactors
now obtained ere those shown in colum (6) of table 5e8 and the cbservat
ional corrections which have to be made to obtain these results are those
shown in column (7)s The load rationvaluss are those in column (8) end
these canmot varye They give @ mean X = 1l and with this value and the
corrections shown in column (10), the relative geuge=factors now obtained
are those shown in column (9)e

It is «ummt to sce why observational errors should be conveniently
positive or negative ar larger than £ 0«05 ame, or indeed that the load wes
107 different from the value it wes intended to applys If these
corrections are not scceptable, then departures from o linear strain
distribution aust have been presente If the corrections are scoeptable,
they imply thet the mean semsitivity factor for these pﬁn was 0«99 x 1
and the stendard deviation 0.0336. The variance of these results is Self 5
deee 1 in 3 strain gauges can be expected to have a sensitivity-factor
differing by 347 from the mean of 0s99e

The non-linear strein readings obtained from the tests, across eross-
sections given in tables Be2(a) and (b),8e3 and ek can e mede to vary
limearlys if arbitrarily £ 2 corrections are mede in the observed values
of streinse The valucs of the offset of load obtained, given in Pigse
8465 Bo7s BeB and 849 are not consistent at crossesoctionse This suggests
that errors of 227 are not the csuse of non~iinear observetionss
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in o further attenpt to discover the cause of the non=linesr strein
varintion aseross Sross=sections, speciuen A was again tested in the
special tensile testing machines and the strain readings were recorded
using a galvanometer which was fowr times as sensitive as the one used
in previous testss But the atrain readings obtained, given in table 549
8gain gave a non-lincer strein variation seross cross=-scctionse The
results can be made to vary linearly, ss shown in Pige 8e10(0)s if
mmmmummmummmwam
Buts the values of the offsct of the load obteineds given in Fige 8410(c)
are not consistent at cross-sectionse Tids suggests that errors of 229
are not the cause of non-linsar observationse

In order te re=check, whether the sticicing of the Tinsley resistance~
gauges, was the ceuse of nom=linger strain variation, resistence~gauges
8t the central seetion of the specimen, deee crossesection Noe (i),
mun‘m&cmwwmmmmmmmwmem
Thermostet gaugese The specimen was kept in the machine, while the
mwmmm.mmmmMMwmm
Rot attached to the spesimen by the writers The position of Tinsley
thimmcnc)ohtamam to be attached, were merke. on
ﬁommduatwtuau&o to attach the new gougess, exactly
at the same positioms, s¢ that the results can be compereds

The strain resdings obtained from British Thermostat gaugess were of
the same neture ss thet éb'huinod previously from tests with Tinsley gaugess
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nnmmulumommm-&ccmcwvmmﬁmu
hbh&l%mthomutbuobﬁiudpnvimlﬁ The individual
mnmmmmnmmm-mmummmﬁ:m
Same as those obtained from the Tinsley gaugess; as seen from teble Se1l,
which were previously ettached in these positionse This might have been
Mhﬂuﬁnmwtummmmhtpmumtm
ummtbuw‘mmﬁmaumﬁmMnm
previcusly attacheds This again confims the fact that mild steel useds
was not homogeneous across cross-sections, as it is normally assumed to
bes because a little change in the position of the gsuges seems to affect
the readings.

Finally, sll eighteen active resistance~gauges on the specimen were
mommmmmmxwmmumummm-dem
reiseds in order % see which of any gauges, burnt out before the other and
80 iniicate o difference in ihe adhesion to the specimens The voltege
ombh&odnﬂtmshlymmumwlu.thomtmm
Nnmhﬁ.nu&utmmtmtmmbmtwh All remained
eleotrically continuouse This high current carried sugcests that the
gavges were properly stuck to the specimen and the non=lincarity was not
due to improper stickings

The non-linear strain variations across trensverse cross-sections of o
similar nature were found by Batho end Samawai (Refed) in their joint test,
but not investigatede They found that the strein was & meximum at the




centre and o mininum near the odges of each side, the difference between

the maximum and the minisun being 12% The ratic of the streins on the
two faces of the plate wes 1+22 (Aee about 227 varistion)e
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The experimental results obtained on plain rectanguler mild steel
specimens, gave non-linear strain varintions seross transverse
cross-sectionss Tids wes not associnted with the presence of bendings
because considerable movement of the crossed knife~edges, through which
specimens were loaded in the speciel tensile testing machine, produced
changes whioh were not of the order of the ancmalies, although the
changes were in the sense expecteds Also the specimens were
sensibly straighte

The gauges gave consistent reedings during loading end subsequent
unloading and Huggenberger extensometers, wiich were used to check strain
readings, gave results of the order expected from resistance-gaugess
The non-linear strein variations were then probably not due to defective
resistance~gauges being used in the tests, or due to variation in the
strain sensitivity faotors of the gaugese

The non~linpar strain veriation was also not due to the shape
and sige of the specimens tested or the type of machine used to load the
specimens, All tests showed this feature.

Host of the specimens tested were snnesled before tests were mede
on them, and therefore, initisl local strains in the material seem
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unlikely to be the cause of the non~linear strein variatione Some of
the specimens were stretched by about 57 of their length, in en atteapt
to get Luder bends spread over the whole length of the specimens, but
etill, the strain readings obtained, were non~linear across the
eross-sections.

Rectangular mild steel specimen E, with s circular holes symmetrically
placed at the centres also gave ssymnetricel strein veristion across
oross=sectionss These were quite marked at the holee

Rectanguler nild steei specimen P, containing two circulsr holes,
elso gave asymmetricel strain variations, but asymuetry was not as marked
88 in specimen E. :

Photoelastie, resistance-gauge and Huggenberger extensometer
observations on rectengular araldite specimens with one and two circular
holes, symmetrically rlaced at the centre, tested in tension, were
sensibly symmetrical across transverse cross=sections

The lineer variation of strain over the transverse sections of the
areldite specimens and the non=linear strain veristion for the mild
steel specimens) scoms from the preceding observations most likely o
hmhmmwwnmlbwamlmwmmmm
material than it is ususlly considered to bee Thie should be borne in
mind in any detsil investigation of strains on mild steel specimense

9e2¢  OTHER RESULTS OF TisTs

The average stress concentration obtained with mild steel specimen E,
which hed a cireuler hole, synmetrically placed at the centre, sgrees
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epproximately with the theoreticel snalysis of Howlande But the
individual results diffcred from the average by up to sbout 457 and
indicates that the mon~linearity of about 15¢ cbserved in the tests on
plein specimens is here accentuated some three or four timess The
stress~concentration values obtained by photoelastic technique, on an
eraldite specimen with e circuler holc, on the other hand agreed with
Howland's theorys

The stress=concentration obtained in mild steel specimen F, with
two ciroular holes) did not agree with the corresponding theoreticel
analysis of Howland for a plate of infinite dimensions, and may have e
bearing on the scatter often found in fatigue end impact tests in which
failures stert from local areas of relatively high concentration of streine
But the results obtained indicate a reduction in the meximum stress=
congentration of about &7y compared with thot obtained on mild steel
specimen with a eirculer holee

The meximus stress=goncentration values, cbtained near the edges of
the holes, in araldite specimens with two eircular holes,; were some 207
less then those obtained with araldite specimen having only one holes
The results suggests that in the design of tension joints it mey be
possible to so space tie holes as to reduce stress—concentrationse

The results obtained on mild steel specimen F with two circular
boles, tested in axisl tensiom, indicate that the strain resdings in the
elastic-range were higher at points neer the edge of the specimen, at
cross~sections perpendiculor to the spplied tensile stress and passing
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between the holes, thnthucntpmtsmthomuﬁum
.sm-mmmmumummmmm-mu
passing tiwough the centre of the holess  But the plastic residusl
mmtwdwmmmumuumplumum
m»»wluarvdmeatpouhmtbmofmmo
otmmmmwmmxwm-.mmut
pmhmhmodmmnﬁcmunmcnm
betwoen the holess Tiis wes Becsuse the plostic zoness which first
mmnmmmm.«mwummywmm
muh.tmuu&omwmmatmsmmmm
through the centre of the hole, while the results at points neer the
edge of the specimen, at the cross-section between the holes are not
u«mmmumutmmunummm-mmm
at these points.



A schematic cirouit diegram of the wheatstone bridge when used
with & galvanometer end o multiway spex umit is shown in Fige 1(a)e
The apex unit aveilsble had 2 channels which can be brought into service
separately by using a 2, point selector switche Helleoal potentiometers
having 10 turns and 2 ohms resistance were used in this unite With
these potentiometers it was possible to balance the bridge very accurately
and without difficultye

The selector switoh used had the following charscteristiocs:-

(a) Snap sction for changing from one position to the other.

(b) The contact resistence was nearly comstent snd had an
average value of one milli ohme
(¢) The meximum thermal venefs genereted when the switch
has been opersated several times is less then 1 g ve
(@) The installation resistence between any two adjacent
studs end between any studs and the collection ring is
not less than 5,000 mege ohuse
The fixed arms resistances were supplied by electrical resistance
strein-gauges which are attached to metallic piecese The selector switch
and fixed arm resistanceswere put in e box, in order to reduce the effect
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nhmmmszuﬁumhhmmmum anothey
box having ¢ channels and 2 separate boxess each having one channels
were connected to 2h-channcl box, by using a switeh in the cireuit, so
that only one galvanometer wes necessarys The circuit deteils are
given in Pige 1(e) and the apparatus is shown in Pig 1(b)e
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A geuge, employing lever magnification, has been developed by
Huggenbergere The prineiple of the operetion is shown dlagremmetrically
in Fige 2.

The sensitivity of each gauge depends on the megnificetion due to
the length of leverse The gauges used had a gauge length of " and &
magnification of the order of 1900+ The scale could be read to about a
tenth of a scale division, which corresponds to e strain of 10 x 10.6 or
a stress of sbout 300 peseis in steels

Only a small force is required to actuate the gauge, 80 that the
method of attachment needs only sufficient pressure to hold it in
positions A variety of equipment is available to mount the gauges but
generally a simple clemping arraugemcnt, os shown in Fige 3(a) end (b) is al.
that is needed.

The mein advantages of this geuge are thet it islight end cen
easily be attached to & test plecee But dwing the tests, it was found
that there wes a little 'backlash' during loading and subseguent unloading,
which gen lead to quite mislesding results. But repeated loading
reduged the 'becklash' to negliglble proportions and suggests that it is
due to the krnife-edges bedding into the specimens
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' This is in principle e vibrating wire strain-gauge and is useful
for long temm tests on structures, becouse of its inherent stabilitye
The gauge consists of a stretohed steel wire, held at its two ends to
the meuber unier test and mede to vibrate et its natural frequemeye If
the meubor suffers a change in strain, the wire undergoes e change in its
tension and consequently its frequoncy changess

The law conneeting frequency and strain is of the form

n® = constant x o/L°®

where B s frequency

e = strain

and L = the free length of the wires

The "Maihak®' gauge is available with gauge lengths varying from
20 mme to 100 mme and those used in the tests mentioned in Chapter 4,
were of type ¥DS 15, having a gauge length of 20 mme

With the measuring eguipment gvilable, these gauges are theoretically
capable of detecting a strain of 1 x 10-6 {30 pesedies in steel), But it
was found rather difficult to record such e smell anount of strain, because
even the temperatwre veriation end the error that can eassily be made in
recording the frequency chsnges ocan give readings which correspond o a
strain of about 5 x 10"Cs

The frequengy change that can be measured with these gauges is about
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900 ayeles/sec (ises from £ = 900 to 1800 cyoles/sec) which corresponds
to0 a strain of about 6000 x 10", The renge of strain that can be
mmnﬁum-.mnooxm“weoooxm“. with an acouracy
of & 57

In order to eliminate errors resulting from an operator synchronising
the frequencies inaccurately by audible mesns, an electrical meens of
comperison has been used similar to that developed by the stalf of the
Bullding Research Station (ref,43) The vibrations of the geuge snd o
signal fyom a buddt~in oscillator of verisble frequency are transmitted
eleotrically to a cathode tube, each vibration producing a linear traces
The individual traces =re perpendiculer to each other, end consequently
when the two vibrotions have the seme frequency, the figures produced by
combining the signals is a circle, or am eliipse if the two amplitudes
are differents Initielly the two vibrations are synchronised, and when
strein is applieds a calibrated disl is turned until the vibrations are
egain gynchronisede The diel reading is converted into a change of
frequency, and the value of strain obtaineds This system suffers from
the disadvantage that only static strains can be measureds

The advantages of this gauge are thot it is robust and highly
sensitive, with 2 useful working renge both in tension snd coupressions
It is stable and can be used for long term measurementse

The disadventage of this gauge is that suxiliery apperatus of
special design is reqguirede

The calibration of the 'MYaihak' gauges and the oscillator set
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¥alhak-gauges were attached to the specimen under tests as
indicated in Fige 4+ Two rectangular mild steel pletes A were comected
to each other by means of 1/4" diemeter threaded bars B. The Maihak gauges
were tightened ageinst the specimen by adjusting one of the serewed rods Ce.
The other was Just kept agesinst the other Meihak gauges

In this way, it is possible to apply e suiteble pressure to both
Halhak=-gaugess until setisfactory response was achieved in oscillator
set and frequency at constent strain was steadys This arrangement wes
found to be essy to use in pure bending tests but it csn also be used
in tension and compression tests.

()

A proper cucice of the materisl, to be used in the photoelastic
investigations, is very essential, becsuse the results depend on
the workability of the materiale Some of the essential points to
be borne in mind while selecting the material, are as follows :-

(a) MACHINIABILITY = The material should be such that it can
be machined by means of ordinary workshop
tools, without producing a lot of machining
stresse



(v) USITIVITY = The materials should have high fringe
orders for stresses well within the elastic limit and in
feirly thin models, so that (p=g) can be determined at esch
podnt with setisfactory scowrscy by the mere counting

process without resort % special instruments such as

(e)
should mot depend on small change in times but on the
loed and the models ihder constent loads there exists
an optical oreep which menifests itself in smally
econtinuous increeses in the fringe order as time goes
on even though the loads are constante

(d)  FREEDON FROM INITIAL STRESSES

(e) IsomnoPY
(f) LINEAR STRESS STRAIN AND LINEAR STRESS FRINGE RELATIONS

(g) PROPER HARDNESS

Some of the materials used for the photoelastic investigation
by various investigators are (i) Celluloid (ii) Bakelite (1i1) Marblotte
(iv) Xyloite (v) Trolon (vi) Araldite, as well ms gless and
gelatine

Areldite Dy is very suitable for photoelastic investigatious, as
it jrovidess very nesrly, all the requisites of a good photoelastic
material, and it was therefore, selected for the present testse  The



material used for easting the specimens was "Areldite Y753 and
hardner Y951 (manufacturers references llos)s Araldite MY753 s in
liquid form of mediun viscositye



lioulds, for casting the arsldite specimens, cen be medes either
of metal or perspexe In the case under review, perspex wns selected
for making the moulds, because it is essy to cut to a required shapes
¥hile making the moulds, the mein consideretion wes to arrive at a
design, 80 thot the machining of the cast specimens could be avoldede

Two mein rectangular plates 4" x 24" x 3/8" two rectanguler strips
1" x 2" x 1/4" end = small rectangular piece 1" x 2" x 1/4" were made
of perspexe Two eireuler dises, 7/8" in diaseter and 1/4" thick were
also made of perspex to be used for casting specimens with circular holese

The two main rectangular plates were put on top of each other snd
in between them,were pleced the two rectangular strips, small rectonguler
pPiece eond the circular dises (one or two depending on the nusber of holes
bhwmmthamtapm),uahminmép leaving a space
of 2 in between the rectangular stripse They all were fastened together
by meens of clampss as shown in Fige 6, which were attached to the stondss
The mould was held in positions such that the end with rectangular pieces
1" x 2" x 1/4" was at the bottom and thot, the open end was at the top,
as shown in Fige 6. ‘

A bole just under 1/4" in diameter was drilled in the rectengular
pdece 1° x 2" x 1/4™ end through which passed a metel tubee The rubber tube
which wes connected to the funnel, was in turn connected to the metal
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tube, es shown in Fig. 6e

Flasticine wes used on the outer surface of the mould, as shown im
Fige Gtouwpmhm@ortho arsldite mixture, through the spertures
in between the main  lates amd the stripse It was found to be most
suitable, beonuse Bostik sealing Stri; dissolved in the araldite mixture
and turned it to white colour, which was then of no use as a photoelastic
materiele

The inside of the mould was lubricated with Silicone Releesal, in
order to mvoid the mould sticking to the cast specimense

7

draldite MY 753 and hardner HY 951, were mixed together st room
teaperatwre, in the retio of 100 parts by welght of areldite and 8 to 10
parts by weight of hardners The ingrediecnts were mixed togethers by
meens of a variable speed mixer, the speed of which can be so adjusteds
as o avoid the formation of the air voids in the mixtures It usually
takes 30 to 45 minutes for proper mixing of the two ingredientse If they
are thoroughly mixed, the final mixture would be of shining colours It
is very essentisl that the two ingredients should be properly mixed,
otherwise the finel ¢ast will not set properlye

The final mixture was poured in the funnel, which was counected to
a rubber tubesy as shown in Pige 6 and which in turn was connected to a
metal tube, at the bottom of the moulde The araldite uixture was povred
into the mould from the boitou, in an endeavour to aveid the aire-voids,
getting into the final oceste If air was trapped in the nixture, the air



1250

bubbles could go wp with the mixture, and out of the casting which would
not bave been possidles hed the mixture boen powred from the tope

When the arsldite mixture reached the required height ia the mould,
rubber tube was cut at the bottom and tightened by means of a small clamp,
widoh was left in thet position, until the final cast was properly scte
This usually takes about 2. hourse

Araldite specimens with one or two holes were casted in this wey
without drilling them and with no sir voids prosents The specizen with
one hole) had o be made of the shape, shown in Fige 1, at the ends, so
that it could be testod in the special tensile tosting machines Also
specdmens, such as that based on B.Se 15 specifications end one used for
caloculating the material end model fringe values, were machined %6 nake
then of the required shapes Buty specisal care was taken to avoid
machining stresses being developed in the specimense The specimens were
machined slowly and whenever they became toc warm, machining was stopped
until the specimen again became colde In this way the development of
machining stresses in the specimens could be sveideds Cutting tools
should be correctly grouni and feather edges removed, otherwise the
workpiece will tend to chatter or chips The cutting speed was
mainteined medium to high ond the feed was lowe
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The set up of the bench used in the present photoelastic
investigations was that suom in FPige 7+ This wes availeblee It
wes made of light engle seotionse 4t the centre of the frame, run two
rods, as shown in Fige 7y to which the various opticsl components are
attached and can slide on the rodse The bench is made of two perts and
in between them is the loading frenee

(9)  LOADING-TRAYE -

The frame used for leeding the specimens is that shown in Fige 8.
The losd wes applied vis pins which passed through the spocimen end the
loading~fremes s shown in Pige 8+ In this ways it was possible to loed
the specimen, sensibly in axisl tensione The position of the specimen
can be adjusted by means of handles A end B, so that it can be brought
on the axis of the light and a clear picture of the fringes can be
obteineds

The specimens were placed at the positions, shown in Pige 8 in the
tests reported hore laters and were attached at points ¢ and R by means
of pinsy which were 13" from the fixed end Ps The bar carrying the
load pan Py was fized at poiant P, which was 45" from the centre line
of load pen Fe

A load of 1-1b in the pan would then produce & load of

45/13 = 3eL6~1be on the spocimens



The dimensions of the specimen, used for caloulating the model and
materiel fringe values of the arsldite used in the present photoclastic
investigations, are those recommended by Frooht (reference 1li, page 160),
and shown in Pige 9(c)s The specimen wes 1/4" thicke

The specimen was subjeoted to gradunlly inereasing loeds in tension
using the loeding frame, which was placed in the polariscope at the
positionss, shown in Fige 7+ The formation of the fyinges were studied
for each inerement of one pound load in the load pan Py (3e4é=bls on
the specimen)s The fringe~petterns cbtalned for each increment of
3e4f~1be loed on the specimen, were drewn by hande Those for
fringe orders wp t three sre shown in Fige 9

At 8 loed of 17.35-1b on the specimen, the entire length and
width of the specimen was covered with o black fringe and that wes
the 1lst order fringe (reforence lis page 137)s Then, at a load of
ebout 24+2-1bs, the entire length and width of the specimen, on the
contrerys becamne wiite. This wes 1«5 order fringee On further
subjecting the specimen 0 & 10ad of 34e6=lbsss the entire length
and width of the specimen was again covered with a bleck=fringe and
thet was & 2nde order fringes In this way, the fringe eoxder
values were obtained.

A change of fringe order of unity was thus scen t0 be caused
by a load of 17+3~1b on the specimen leee 8 principal stress difference
Of 173 x 16 = 277 peseds



mmam-;wm,mum.rmt. are therefore
equdvalent to 1/2 x 277 = 1385 pesede and 1/ (13845) = 3406 peseie
respectivelye

126e



iz27

An araldite specimen, shown in Fige 10 of the dimensions specified
in BeSe15 for tensile tests was tested in tension, to caleulote the velues
of modulus of elasticity snd Polsson's ratio. It was made from the same
Bateh of areldite, that wes used in the photoelastic investigstions,
reported here laters

Two resistance-gaugess ome ot right engles to the other, as shown in
Fige 10 were attached on both sides of the specimens such thet resistence-
€auge Nod 1 and 35 2 end 4 were directly on opposite sides of each others
Besistance=geuge o+ 1 and 3 meesured the longitudinel strain md those
Nos 2 and 4s the lateral straine

The procedure adopted for I'i:ing and protecting the resistance-gauges
t’m moisture, was thot mwud in peragraphs Lehs exoept that, care was
taken not to keep the specimen in the stresm of hot air for a long time.

The resistance-gauges were checked for drift, iees changing sero
position at no loads but no apprecisble drift was recorded even after
3 hours.

The results cbtained from the resistence-geuges, whos the specimen
was tested in a 100 ton Buckton universal testing machine (used in its
20 ton range) axd a 6e5 ton Denisons ave given in Table s coluans 2 and 3,
respectivelys The results obtained from tests in both mechinmes, gave
loops dwring loeding ond :uﬁmnt unloading, but the straight line portion
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of the ourves,es shown in Figs 11 (a) snd (b) respectively for gauges
~ Noe 1 and 2,were taken to glve the strain velues tabulatede

SALCULATY N3

Load epplied to the specimen = 0.07 ton

Avea of the specimen = 1/2 x 1/4 square inch
Stress is therefore, equivalent to 0e07 x 22,0 x 1/8
= 1255 peseds

A resistance of 1355K cha ncross a gauge (resistence 100 oham)
éave a galvanometor deflection of lsi ome There wes a 2 wolt battery
suply to the bridges The firm's sensitivity factor for these gauges
attached to B.Se 15 specimen, was 2.25. It follows that the strzin
equivalent of a resistance of 15545K ohm scross 100 ohm gave a galvanometer
deflection of lek cme

1 eme, deflection on the galvenometer is therefore, equivalent to

100/135500%2+ 25x1 oL
= 2435 x 207

The values of the longitudinel and leteral strains obtained from
the average values of resistance-gauges ios 2 and 3, 2 end 4 die@e 15 gme
and 5468 omes respectively, from tests in a 100 ton Buckton Universal
testing machine, eve equivalent to 3542 x 10™* and 13e4 x 107,
respectively. The velues of the modulus of elasticity and Poisson's

retio are therefore, equivalent to lzs&/ss.mo-# = 0354 x 106 and
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l’:ﬁ‘:ﬁ:g 38, respectively.

Similarly, the values of the modulus of clasticity and Polsson's ratios
obteined from tests in a 645 ton Denison machine are equivalent to
035 x 10‘ and Oe40 respectivelys

The aversge values of the modulus of elasticity and Poisson's ratio
(from tests in Buckton and Denison Machines), are therefore equivelent to

0e35 x 10‘ end 039 respectivelys

12 750 OV SPECINEN G

The dimensions of the specimen G, given in Pige 12(c)s were based
on BeSs 15 specificationse It wes made from the same batch of araldites
that was used in the previous tests, for caloulating the model and material
fringe values and modulus of elasticiye

The specimen was subjected % graduslly increasing leads in tension
using the losding frame, placed in the polarisvope, shown im Fige 7 The
formation of the fringes were studied for sach inerement of one pound of
load in the load pen Py shown in Fige 8; Leee & load of 3¢46 1b on the
specimens The specimen was subjected to a maximus load of 31 x 3646 lbes
and the fringe~patterns obtained at veriocus loads were drawn Ly hande
These are given in Fige 12(a)s (b)s (e)s (@) and (o) for Op 38+1bes55s5=1bes
72¢5=1bsy end 107-1bs load on the specimene At a load of 38~1be on the
specimeny the entire length and width of the specimen wes covered with a
black fringes as shown in Fige 12(B) and thet was the lst order fringes At
e load of 55¢5-1bs the entire length and width of the specimens on the
contrary became white and that was 1.5 order fringe. On further loading
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0 7245 1bey when the load becane sufficient enough to produce retardation
of two wave lengths; agaln black fringe covered the entire length and
width of the specimen and thet wes 2nde order fringes Fige 13 shows
the photogrephs of the fringe pattern, obtained at gere end 125~1be load
on the specimen which corresponds to a fringe order velue of O snd 3¢5,
respectivelys

The load required on the specimen to produce one fringe order change
is sbout 36~1be oquivalent to & principle stress differcnce of 288 peseie

The fringe patterns obbained indicate symsetrical strain variation
seross eross-section end were linear with the loeds
13« ZEST ON SPECIMIN Y

Specimen H was a rectangular araldite plate 2" x 18° x 1/4°
conteining & edreular hole 7/2"" dianeter hole, symmetrically placed at
the centres It was made from the same bateh of ersnldite that was used
in the previous testse It was tested in tension, Iiret by photoelastic
technique and then in the special tensile testing machine, using
resistence~gauges, which were attached at positionsy shown in Fige lie

The specimen was subjeched %0 greduelly incressing losds in tension
using the loading«freme; detailed in peragreph 9 The formation of the
fringes were stulied for each ineremont of 3e46 lbe load on the
specimens The fringe order values were calculatod by counting the
number of fringes,; passing through a perticular point during the
application of the loade (The position of en isotropic point was not
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known)s The fringe patterns obtained at verious loads were drawn by
hends These are given in Pige 15 (a)s (b)s (e)s (d) and (o) for sero
17¢31bes 34e6lbey 521be, and 260~1be 1oad on the specimen, respectively
A photograph of the fringe~pattern obtained at 260-1be load is shown in
Fige 16e

It was not possible to get a clear picture of isoclinic lines
from the eraldite specimen,that obtained is shown in Fige 17 for o®
iscolinies, & perspex speciuven of the dimensions similart to those of the
araldite specimen, was made and tested in tensione The perspex specimen
gave e clear picture of isoclinic lines, as shown in Fige 18(a) and (b)
for 0° and 85° susoelinies,respoctively, at 260-1be losd on the specimens
The positions of the cupic points iy cen sasily be determined from 0°
isoclinic lines cbtained froa the perspex specimens The separate values
of the vertical and horizontal stresses p and g,are determined with the
help of the owpic points ¥, as explained in paragraphs 15 to 18

15

Firsts plot the (p~q) curve, shown in Fige 19 which is obtained
from the photoelastic stress pattern, shown in Fige 16« The position of
oupic points U is taken from the serc degree isoclinic lines, shown in
Figure 18(a).

Nexts ulculgte and lsy off the aversge stress 8a in the fringes,
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on & line perpendicular to the line OA, which in the case unier
consideration is represented by segment AA' or 00' and equals to
3e3k fringess
This stress 8a is computed from the equation
8a = P/2AF vhere Py A and F denote the applied load,
the not ares of the section of symmetyy, end the shear fringe value of
the model, respectivelye
Now draw tangents to (p=g) curve at points B end D which are
designated by (Tpg)b end (Tpq)y respectively. Point D is directly ever
the cupic-point Y, Fig 19+ Then calculate the slopes of the g curve at
0 and is given by
tan (8q), = - (rv,)/- = By,
° LA
We note that tan (pq)o is in fringes per arbitrary unit lengthe
Thus, if OA is taken as one unit then
| P, = B/AY = 037/0e563
= 0775 unit of OAe
muatmmmm%hs.s. we obtain for

ten (8), = B45/0a775 = 11 fringes per unit length
of OA
At point A, the redius of curvature is infinite, and therefore
tan (Bg), =0
Further singe the boundery st O is convex, it follows from article 7eJ
(reference lis pe28) that dg at O has the same sign as p and that it
remains of the same sign throwhout the section OA, i.¢e the tension. The
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g ewve, Pige 197&00‘0” lies sbove X-axis end p cwrve, that is the
cwrve of the normal stress, is everywhere above (p=g) cuve except at
pointe B and C where the two owrves meete For obviously, p = (p=q) + @
and if q is positives p is greater than (p=g)e

Ve next determine the direction of the tamgent to the p curve at B
ise (Tp)y» 1In this, we follow the procedure reported by Froeat (refelss
pe223)e Through point B, then drsw » line (Tp), parallel to (Tpg), which
denotes the tengent drewn to the (p~q) curve at Dy Fige 19

The tangent (Tpq), is parallel o (Tp) s The angle between (Tp),
end (rp).dnnm.nnmmw f+ The bisector of tiis angle
locates point E end the segment ED is the first approximation to the
maxinum velue of ge

Since point A is also o cupic point, the p and (p~q) curves have a
comuon tengent et Ce lNow draw a smooth curve BE"C as shown in Pige 19,
which is the first spproxisation to the required p curvee lessure the
avea under this curve, using s planimeter and compare it with that under
AA'00" curves ieo¢ the average stress curves The two aress show a
considerable difference, the approximate p curve is adjusted until
equilibrium is satisfieds In this cese three attempts had to be mede to
arrive at a result which is within 57 (l.e+ ares under p curve is only
5¢ higher then that under the average stress curve AA'00')s  After
determining p curves g curve cen now be determined, becsuse the values of
q stresses at points Oy ¥ end A are known, being serc, maximum {deee
equivelent o ED) and szero,rvespectivelye The p and gcurves thus obtelned
are shown in Fige 19+ The methed of drawing p curve is only approximate,
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but the results obtained are sensibly sccurates
16.

In order to determine the principsl stresses p and qs along the axis
of symuetry O& parsllel to the epplied tensile stress, shown in Fige 20,
first draw (p~g) curve obtained from the fringe-patterns shown in FigelGe

The boundary stresses st O and A and the slopes of the stress curves
at these points are knowne Thus at 0, the vertical stress p vanishes and
the horiszontel stress g is compressive. The magnitude of stress q at O is
given by OB’ of the (p=g) curve, since here the value of p is seros
Similerly at point A, where pure tension begins, horizontel stress g
vanishes and vertical stress p is given by

p = P/2AF = 260/2 x 2 x 1/4 x 13845
= 1488 fringese.
The slope of p ourve at O is caleulated by (refe i pe 59)

ép 7T (;,--q)/l2 = 2:8/r
The slopes of the p curve and g curve at Ay are evidently both zero,
singe the stress trajectory through A sre straight liness The slope of
q ourve at B'; B Fige 20 i found from the reletion
q=p = (p=q)
99/08, = 3p/os, - 2(p=q)8S, or tan (B = tan (Bp), - ten (Fou)d
The angles (52),%s (B0), end (Spg), sre measured from the lime Oas
The graphical genstructio: used for determining the tangent t g curve
at B* is as foliows :-
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FPirst, the position of point ¢, which is at a distence r, the
m\nmarmmmoumuumuuo» Then drew
rectengles 0BCIC and 0BC2Cs  Join the lines OCY amd BGs which give the
Mihymﬁmmu()audnmby(‘!p)eﬂ(rp)hc
respectivelys Nexts drew the tangent ® the (p=g) ourve st B denoted
by (%pa)yse  The distance KieRS, shown in Figs 20, between the tangents
(!pq)bm(b),am»momuqm.tpmtn% The
ocurve of q stresses, which startsas a compression st peint B, Fige 20
change into a tension at some point betwsen B' and Ae The final curve
is determined by adjusting the tensile sres resting on FAs th equal to
the compressive erea OB'F. After two or three trisls, the two areas cen
hlqumlMthonnﬂmoﬁmuWrmmtqm
hvnhnlqucmwmdomh-patuamanmuy
© be caloulateds mtiulcurvuotpandqcm-nomahmun&
200

The vertical wnd horizontal stresses p snd g» respectively, around
the edge of the holo, are determined as follows :-

First drew the (p=~q) ourve, as shom in Fige 21 obtained from the
fringe-pattorn of Fige 16¢ It is evident from Pige 21, that the velue
of (p=q) curve is B85, zero and 248 fringe orders st points A, B and C
respectivelys

The hole is free from the initisl stresses and therefore only one
of the principal stresses, elther p or q exist at a time, around the
edge of the holee We know tint the value of g stress is sero at peint
A end therefore (p=q) curve gives the value of p stress at this pointe
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!tumroumm(rq)mtmmuumn.-»nm
velue is seros mmmaumtcmnmmq-m-m.u
shown in Fig 21, while p stress is seros There are fouwr points, such as

The stresses elong the edge of the specimen, parallel to the applied
tensile stresss, aro determined as foliows :-

Ve know thet the values of q stresses st thi edge of the specimen are
56¥0 ani therefore (p=q) curve gives the value of the verticsl stresscs pe
The curves shown in Fig. 225 1s the curve of p stresses along the edge of
hmohmfmmthemho&ﬁelwhﬁpolntA:hnthopmtamion
beginse It is obtained by plotting (p=q) eurve in terms of fringe-order
values; &mmmd@orﬂnspomunmotmﬂumm
of the hole to point As

19« GALCWATIONS

Fringe-omier value ot the odge of

the holes i.ee at points K4 = B85
er value at points X2 = le5

Average stress velue in terms of

Finge=order = % a ﬁ;—x—l}s.s s 188

Stress=concentretion factors at points K1 and X2 are therefore,
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equivalent to 845/1488 = 445 end 1.5/1.88 = 0.8, respectively.

The theoretical values of stress-concentration, at points K1 end K2,
obtained, as shown in Pig. 5¢12,from Howland's analysis, for the case under
review are 4 and 0«85 times the average stress, respectively (i.os the
theoretical value at points X1 is about 127 lower than that obtained from
photoslastic results, while that at points K2 is about equsl)e

The theoreticsl values obtained from lowland's analysis, along the
axis of symmetry OAs parallel to the applied tensile stresss shown in
Figure 516+, are in agreement with those of photoelastic rosults, shown
in Fige 200 Por exemple ot podnt X3, Pige 20, which is at a distance of
2r from point Oy the theoretical vaiue of p atress is 045 times the
average stress, while that obtained from w;ri-nﬁl results is CeiB
times the avernge stress (i.e+ 67 higher then the theoretical value)e

The theoretical values of stress-concentration srcuni the edge of
the hole, shown in Pige 5¢15,al%0 agree with those of the experimental
valuese For axample at point C,the theoretiesl velue of stresse
concentration is le5 times tho average stress,while that obtained from
experimental results, shown in Fige 2ley is 1le49 the average stresse
Point B, where both the vertical snd horizontsl stresses p and g are
2ero, uohmgo" and 60°,m. 21y both in case of theoretical amd
experimental curvess :
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The aversge valuo of stress concentration factors obtaineds in
case of mild stecl plate B, tested in the special tensile testing machines
at points n" end K2, shown in Fige 5.1(.)}1... the centre of the
resistangemgauges,; are 2+25 and 123+ The photoclastic results at
these points, obtained from Fige 19, are 5¢25/1+88 = 2475 and
2025/1488 = 1e2 (iees the photoelastic result at points K1', is about
227 higher than thet of steel specimen).

The above results indicate that the photoelastic results are
different from those cbtained on mild steel specimen E, but agree
fairly well with the theoretical results, obteined from Howland's
snalysis (refe 18)

220

Ten Avro 100 O resistance-gauges with a geuge sensitivity factor of
2425, given by manufagturers, wore now attached to the arsldite specimens
which hed alrecdy been tested by photoclastic~technique, at positions
shown in Fige lie The resistance-gauges, which were attached at the
hole, were cut fiom the sides, in order to provide space between the
resistance~gauges, to be used by luggenberger extensometerse This
operation does not affect the workebility of the resistance-gauges, os
was proved by an experiment, done by the writer and descrided in
appendix Ce The Huggenberger extensometers were used to act as a
chogk to the resistance-=gauges readingse

The procedure adopted for cutting the resistance gauges, was as
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follows ;-

The resistance~gauge wes placed on a perspex plate with e light
source at the bottoms as shiown in Pige 23(a), so that the wires of the
resistance gauge could be seene The resistance=-gaugo was then slightly
pressed against the perspex plate with en irem role and cut from the
sides, wing o sharp wiifes Care was taken that the wires of the
resistance=gauge were not effocteds

The procedwre adopted for fixing and protecting the resistance=ghuges
from moisture was thet detailed in paragrephs Le3 and Lebe The
uMmmmwtwmmmmmm
no drift was recorded even af'ter 2 hourse
| Resisteuee~gauges Noe 5 and 10 at cross-section Noe (1) were at e
distance of about two times the width of the specimen and thoss at
eross=section lioe (41) were sbout 3¢5 times the width of the specimen
fros the end of the jews of the special tensile testing mechines The
5%+ Venant's thoory night then be expected t0 apply st these cross=sectionse

The results obteined froo tho resistance-gauges, wien the specisen
mhﬁhmimhhawmhaMMMm
¢dven in table 2+ The strainwrecdings obteined,gave loops during loading
end subsequent unloading, sa shown in Pige 23(b),for gauge Nos J and L
but strelght line portion of %o curve has desn taken to give the streins
tabulateds These results give the figures siown in coluan 9, lines 2 w
5 of table 2 and indlcate symuctrical strain behaviour of the specimen
at the sections through the holee This symuotyy was not obtained with
any of the steel specimens and suggests that the araldite was behavicg es
e more bosogeneous material »
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The resistance~gaugos results were checked by Huggenberger extenscmeters
readings, which were attached at positions shown in Fige 14 The
strain-readings obteined fro: these gauges; not only confirm the
resistende=-geuge results, but also indiente a symuetrical strain
patterns  iluggenberger extensometers @ave equal resdings, om both
faces of the specimen, given in table 4e

IARLE &
Gross-Section| Position of |Huggenberser sition  [HeBe |
Noe erger| extens 8 of e‘judug Strain
extensometer| reading uggenberger
extensomcter
(44) Betwoen Between
1418 1.18
resistance 1e12 : ;_ resistance| ; .. y
? 84 8 and 9

The strain-readings obtained from the average resding of resistance=
gauges Noe 4 and 95 3 and 8 are 0489 x 1070 and le6), x 10”‘5. respectivelys

The comparative picture of the strain readings,obtained from
resistance=gauges and Huggenberger extensometers;is shown below :-

le6l x 2077
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The results obtained from tests on areldite specimen with
resistance gauges at the hole end tested in the special tensile testing
machine are not in agreement with those obtained from fringe-pattern snd
nild steel specimen Ee The comparstive results obtained from tests
on mild steel specimen X and araldite specimen H, are shown in table 5.

ZABLE 3o
STRES TRATION FACTORS
| The theoretical anslysis 25 ’ 1.2
of Howlande |
2+ The Fringe~pattern 2475 1.2
J¢ The arsldite specimen
tested in special 1.5 Oe82
tensile tosting machine
with resistante i
gauges attached at the
holes
he Mild steel specimen E 225 1.23

The results obtained from tests by photoelastic technique snd thet
in the speeial tensile testing mechine, with resistance-gaugesat the hole,
indicate a symmetricel strein pattern across cross=-section perpendicular
to the applied tensile stress and pessing through the centre of the holes

23+ ZEST ON SPRCINENI

Specimen I shown in Fige 24y was » rectangular areldite plate
2" x 18" x 1/4" containing two circulsr holes, each 7/8" in alemeter
and placed at 2 pitch of 1.5 ",
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The specinon was subjected to graduslly inoreasing losds in tension,
using the losding fraue shown in Fige 8. The fametion of the fringe
m-mnruawmempomzmznlmamam1-.-
alouof}owlbcouthlpm The specimen was subjected to a
maximun loed of 260 1be The fringe-patterns obtained at various loeds
were drewn by hande These are éAven in Fige 25, for Oy 34e6~1be,
121=1bes and 260-1be 10ad on the Specimens Pige 26 shows the photograph
of the fringe-pattern, cbtained st 260-1bs. load on the specimen.

The isoclinic lines were obtained from tests on a perspex specimen,
which was of dimensions; similar to that of araldite specimens becouse
ld‘&mﬁuwﬂ'hocliniolmuomﬂdwtboobwmdtmnmarddih
specinens Fige 27 shows 0° isoclinie=lines at 260 =1be, losd on the
perspex specinens |

The position of cuplc=point ¥, wes determined from 0°~isoclinic linese

‘nanlmofmmmmumlm-mpmdqontheanl
of symmetry OAs perallel and perpendiculer to the appliod tensile stress,
mommummua.zsmas.ummmumtu
ocase of specimen e Swomapandqmundﬁhoﬁaormholo.muong
mdatﬁomdn&ﬁmum.”mdn',mdwhm
ummmumtummqumnmm.

The separate values of stresses p and g, at eross-section O-O}bmm
mhmavmdoWumMsz-

Pirst, draw the (p=q) curve, as shown in Fig. 32(a) from the
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fringe=pattern of Fig. 26. The position of the oupie point ¥ is
deternined from the 0° isoclinte=line, which subsequently determines
hmuenctuzhuqur»n mnmtuiowpmqstrnm
“Mn‘hbmmS.oo-ﬂuulwd'qlmuumntmho
end therefore the (p=q) curve gives the value of p stress at these polntse
!ln-lmefﬂnmmuhthopmdqom.atpequmehekmm
mum.umuwmuumwommmuwwu
these pointse Further, the values of (p=q) curve is serc, ss shown in
Mn(c)mmtthAmMm“mmhprqm
are again horizontal at these points.

Mm..lcaamumwfordotmmﬁwpmhh
muﬁatuﬁﬁrmnuww-mmdongmmaot
symnetry OAs perpendicular to the spplied tensile stress and passing
through the centre of holese The p curve is determined by adjusting
the area under p curves until it is equivalent to the aversge stress-curve.
m«m”m&ma.ﬂnmmn-muﬂﬁnw(huhom
unier p-curve was only 4 higher than that under the aversge-stress
ourve)e

mmuorqmnamm-pom.-hmmus-sa(.)
which is equivalent to kD. The magnituie and slope of the g curve at
points O andl 2 are known and slse the position of cupic point ¥, where
ﬁ.vdud‘qntrnuhmbmcqunlmtwm. A smooth
eurve, as shown in Fige 32(a) was then drawn to give q curves
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!hhammxzuuuthedct&mpuaqm. but the
rosults obtained are sensibly accurates Fige 32(b) gives the values
of p and q stresses; betweon the holes along the cross-section parallel
%o the spplied tensile stress end passing through the centre of the holes.

2o

Fringe order velws et the edge of the

holes is0¢ at points K5 s 6§
Fringe=order value at point Ki = 18
Aversge stress velue in terms of

fringe order = P/24F = 260/2x2x1 /4313845 = 1.88

Stress~concentretion factors at points K5 and K, are therefore,
equivalent to 6e5/1+88 = 3e45 and 1+5/1.88 = 08, respectivelys

The theowetical values of stress-concentrations, obtained at points
Kis K2, Kj and K5, from Howland’s analysis for plates of infinite
dimensions and containing ciroular holes (refs 20) are OsOhs 140, 25 0e9
times the average stress, respectively.

The comparative results obtained from theoretical enslysis, of
fowland, Araldite specimen I and those obtained on mild steel specimen ¥,
are given in Table 6.



RESULTS OBTAINED FRO®- s
analysis of 240
Howland

2 The Fringe 040 1.6 048 3048
pattern

3¢ M4 steel Wy T e
specimen F Q.02 1.2 1.23 214

4 Fringe=patteran 0s0 1.6 1.23 229
Theoretigal
Anglysis of Oe 1.0 1.25
Howland :

The sbove results indicate that the theoreticel results are not in
agroement with those obtained from the fringe patterns The results
obtained on mild steel specimen F are sbout the same as those obtained
from fringe~patterns

The tests results obtained, indicate o symmetricel strain pattemrn
across cross-sections perpendiculsr to the applied tensile stress end
passing through the eentre of the holgs and between the holes,

26+  TEST ON SPECIVEN J
Specimen Jy shown in Pige 33,was e rectengular ersldite plate 175" x
18" x 1/, ocontaining two eireuler holes, (the diametersof which were

0s5 times the width of the plate)s The holes were at a piteh of 1e5%
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The specimen was tested in tension, as in the mrevious tests on
specimen I+ The fringe=pattern cbtained at various loads were drawn by
hende These are shown in Fige 34 for Oy 34e6~1by 121=1be, snd 260=1b.
loed on the specimensPigs 35 shows the photograph of the fringe-pattern
obtained at a load of 260~lbe on the specimen.

The isoclinie lines, shown in Fige 36 were obtained from tests on
& perspex spocimen of dimensions similer to those of araldiite specimene

The graphical constructions, shown in Figse 37, 38, 39, 40, 41, and
42,were made in the same way as thet in case of specimen I. Fige 41
indicates a smell amount of compression at point Xie

27 QALCULATIONS

Fringe order value at the cdge of the
holes ises at points K5 = 745

Pringe order value at podnt Ki = 145

Average stre i in terms
Mmdcr': ;72: = 26q/2x1 75:1/&:138.5 a 2415

Stress~concentration factors, at points K5

and K, are thorefore, equivalent to

74572015 = 345 and 1e5/2415 = Oe7,

respectivelys

The tests results obtained, indlcete o symmetrical strein pettern
across cross~sections perpendicular to the spplied temsile stress and

pessing through the centre of the holes and between the holes.
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The gouge=sensitivity factor values of the resistence gauges can be
ealoulated as follows :-

The cauge=sensitivity feetor is the ratio between the change of gauge
resistence to the strain causing the changes i.ee

Fe &R x 1/strain
(1) The strein values for various 10sds applied to the specimen in
bending ean be caloulated from disl-gauge readingse

nnmu«mmmawoun-mmhbmm
mmwcmmuhmbdumwntonmva-
lm'k:&!otn'hkhlhﬂumdiuorhmtwoofﬁubmb
the neutral exis and 8 the measured deflsctions

®-a/2)® o (e-a/2+8)? & (12)°
s (R-a/2)2 +8%-2(-a/208 2

Lz/k = m-a-a’m 8 is small and 4 is
small compared with Re

This gives
B’ = L%. nnonoco-ou..oonu-nnnou(f)

The strein is then 4/2 x 1R = luﬂl/ba on substitution from equation (1)«
(11) The velue of change of gouge resistance per ohm, ises dR/R
can be caloulated, considering the wheatstone bridge circuit
and knowing the galvenometer resistance eni its deflection
per micro ampe
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Svpuoihtwudlyﬂnwpom-emobrwmatm
potential, and the battery terminals ot a potential E/2 and =E/2y Fige bhe

Now suppose the sotive gauge is strained and thet its resistance
changes a small amount dRe The battery voltage remains constent, but the
mm«m“mmnmmummwa&o.m
both 84 0 are smalle The current flowing in the various arms of the
mmnu&mum-umbym'-mn

(B/2=8) =11 (R+an) sssvasessosense (2)

(8 +5/2) = (11-4g)x sossssmmsissans  (3)

(B/2-0 )= 430 ssesssssssssses (&)

(0 » 8/2) = (3g+ 43) re vessssvsessanse (5)

B0 ) =igemg sesssssancsesss (6)
Subtracting (2) from (3) gives

28 = =igeR = i1edR sesssssssssssse (7)
Also from (2)

i1 = (5/2 - 8)/R(1 + dR) = B/2R + small termsss (8)
Substitution in (7) gives

M = = 4geR - (§/2)e (an/m) ssnsssssnsssse (9)

Similarly subtraction of (4) from (5) gives

20 = igeRf sesssesssssesses (10)
and subtraction of (10) from (9) gives

2(8=0) =-1g (R+2f) = (5/2) (8BAR) sasees (11)

= 2 igeRg from (6)

ig = =§/2¢ 1/ReRf+2Rg x dR/R
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the galvanometer current, thus measures the value of dR/Re The
gelvanometer wed in the tests reparted in chapters 4s 5, 6, 7 and 8 hed
the following specifications

Resistance = 9«4 chus
Periodic time = 2 seoonds

Deflection per
miaro=ampe = 45 ome

Considerings gauge Noe 1 (chapter Ls Specimen A)
i/2 = 5/32"

L = 12"
and 8 = 136:5/10%inehs for a load of 40-1be
the strain is then + =  4aB/A2
= ha5x136.5/16xlu 0

s 185 x 107
The value of change of gauge-resistence per ohm is then

/R = 2 ig/E (R + Bf + 20g)
s 2 m/msu..szz (98e4 + 110 + 1948)
whore ig = 1/10° x 45 per ome
= %Ws x 45 per eme deflection of

aB/2 (for load of 40=1b) = ke@x228,2/20°%ke5
It is howevery better to apply e known resistance across the gauge and
record the gelvanometer deflections [lence celculate equivalent resistance
change of straine
The gauge semsitivity factor valwe is therefore,equivalent to
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ar/R =x 1/ strain
®  Lelxy226.2 x 1&/18 X 4e5 x 1185
= 1975
The gauge~fastor velues of the resistence gouges ars given in table 4e2,
chapter 4e
29

The strain-velues from Meihakwgauge reedings can be celoulated
os follows :-
Ve know that
Strein = K x (change in £2/1000)

shere K = Gauge fector value of Halhak-
gauge (which hed slresdy been ealculated
in the Department and are 3110'6 for
MeGe Noe 16889 and 25 x 10'6 for Heleloe
18892)

The valuss of £2/1000 were obteined fyom the cslibration chert which
was veilable.

Then, for emamples for gauge No. 18892, we have the following resdings
on frequency meter :
2t sero load 89542 and at 4O 1lbe 899.8, with a possible ervor of
e
The values of £2/1000 for the sbove resdings from the calibration
chert ave 1521 and U471+  The change in £2/1000 for a loed of LOlbe is thens

= (1521 = .7)
= 50



This gives the strain = X x (change in £2/2000)

-&5!10.‘:50

= 125:10.‘ on using the calibration
constant obtained in the
departmente
The stress change = 125 x 1067 x 30 x 20°
= 3750 peseisy where E is taken as 30 x 10° pesele
The stress given by the dial~gsuge, corresponding to this
= 3550 peseds
The stress caloulsted from the applied bending moments
s 3500 peseis
The other values glven in teble 45 (a) and (b) of chepter 4 were

Pour resistance strain-gauges, two as supplied by the manufacturers
and the other two, which had been out from the sides, were attached to o
Miﬂ“anﬁ&mhﬁﬁ”mﬂamwmiﬂhm:ynu.
a8 shown in Pige 4elie Two of the resistence-geuges; one as supplied by
the manufacturers ani the other, which had been cut from the sides, were
attached to the tension side end the other two to the compression sidee

The procedure adopted for cutting the resistance-gsuges from the sidess
was that expleined in paregraph 22 of Ap endix Be

The resistence-gauges were checked for Arift at serc losd before
starting the tests, but no drift was recorded even efter one and helf
houre
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The bean was ioeded to 16 1bs by an equel inorement of 2=1b, and
subsequently unloaded to Os The strain-readings obtained from
resistance~gauges Noe 1 and 3, which were attached to tension and
compression sides, respectively are plotted in Fige 45+ The results
obtained fros these gauges are codneiding during loeding and subsequent
unloading, as shown in Fige 45 and suggest that the workability of the
resistance geuges sre not affected, if they are cut from the sidess as
long as the offective portion of o gauge ie.os the gauge-wires,is not
affected from such an operstion.

The solution of this problem wiich is due to ReCe Jo Howland (ref.18)
will sow be outlineds
Ve consider s strip of isotropie slestic meteriel ,bounded in the X,
Yeplane by the lines Y=2fb, and of uniform thickness perpeniicular to
this planea
The hole will be supposed to have its centre at the origin, and to
be of radius a (<b)e Polar co~ordinates (r,@) will alsoc be used,and
4% will be convendent to %oke the initial line along the Y-axis amd
positive diroction of & oslockwise,Pige 46e
Then the relation between the two systems of co-ordinates is
X = rasind
Y = » cosd sessssnsesseanss(t)

%e shell also write
A = ab Esxd 0=y pe nfd e (2)
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80 that §» 1 and p are co-ordinetes messured in o unit equal to half the

width of the strip, and N 4s the radius of the hole measured in the seme

unite Tho value of A greater than 0«5, will not be considereds
&mmmmnnwmwuma-uuwmuupum

stress, specified by a stress~funmction X»  This function must satisfy

the following ecnditions :-

(a) At points within the material,

"xIO. [10..% Qﬁ%' 0%:0] ssses (3)

(b) the stresses

b Bom b v b

tend to definite values at infinity; dn perticulers in the tension
problems XX » T (Conste), yye0, Xyw0 uhen X+200.
(e) On the stroight edges, n = 21.
s&X
y 777
(d) At the rim of the holes p = A
®
n-%.[%,%,‘ui-%] = £ (0) cone ()

e-Lid ) = (0)

Yhere £(0) and ¢(0) are given functions, both even and both symmetrical
sbout @ = fw; in particular, in the tension problem, the rim of the hole
is free from stress ond £ (@) end $(0) both vanishe
To satisfy these conditions, we write
Xew xl»x. Xy 2Xg 4+ essscssssess (5)
where the terms of the series ere eech, sepsrately, solutions of the
bi~harmonic equation (3) end have, in sddition, the following properties :-
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& ¢lves the stresses at infinity and none on the odges 7 = * 1«

¥ +X  sotisfies the conditions at the rim of the hole and at
infinity, but not on the edges ieos it is the solution for em infinite
plates This will be supposed Imowm, Xy being expressible in the fom

sk O
x. l"”‘(O) 1“’ ‘021 (%}_}. + ;‘%)) Cos 2nd 2%006e (6)

Xy cancels the stresses due to Xy on the edges n = %1, but introduces
stresses on the rim of the holej Xg cancels these, but again produces
stresses on the edges.

dor ¢ an, oxb“ gives zero stresses on N = 21, while
x,ar_ﬂl 01& glves gerc stresses over p = Ae For definitencss we add the

conditions that the stresses dus to X, shall tend to Uy when p » e while

2r
those due hlm' shall be finite at the origin and throughout the
finite part of the stripe

All the strese functions sre then fully determinate and X will setisfy
the required conditions, provided that the series in (5) and its
derivetives @p to the fowrth are uniformly convergente

If the series is truncated afterxzﬂ, it will give 2 velue of X
satisfying all the conditions exeept thuse on the edges § = M. If the
residucl Wﬁmdmﬂwlammﬁwm this value of X iss for
prectical purposes, the value requirede Similerly, if the series ls
truncated mzm,. the resulting walue of ¥ satisfies "1l the
conditions except those at the rim of the hole p = Ae If the additional

tractions dus to l&“ sre small enoughs the solutionm is again suificient
in practices
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In neither case is there any problen of convergence; but it is clear
that, if' the method is to be practicables it is necessary that there
should be terms fairly early in the series which correspond to tractions
of negligiblo amownte It is founl thet if A does mot excoed 0«5, it
ummwmwaa. while if M is less than 025, it is
possible to stop @t Xa+ Values of A much lerger then 0s5 lead to very
labourious computationse

To obtain the solution for a tension T epplied to the stwrip, the rim

of the hole as well as the edges of the strip being free from stresss

wo start with
Xy= 21" T p* (1ecos20)
x..-}b' T [-2® logp - (A° -v/'.) Cos 20}

the corresponding stresses being
n,-i![(i-x',’.)-(1-#1',’.037“):%-8]
005 = FT[(1 407 )+ (143%,,) Cos2s)

»
ﬁ..ir(uu'/'_-w/p‘) Sin 20

Fow wo have
p,(0) = & ¥'D*, D,(0) = /4 ¥ B°

12(0) = =5 Poe
and the other coefficients being sero, we obtain from equations (32)
end (34)s (vefs 18, page 59)

1gy(0) = ¥ n’[i(ua. -ng) + f gy M)

¥,,(0) = VT 1'(*('!,’ ~ng) ¢ % ny‘l' ]
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From these it is easy to calculate the values of the coefficients of
X, and %0 proceed to those of Xg» retaining A as a parametere The
ecaloulation has been carried out for N = Usly0e250¢350eks0s5y and the
coefficients are recorded in tebles VI to IX (ref 18+ pe70)where the follow=
ing ebbreviations have been useds

(r) (r)
8,77 BV A% azn(®) . Dzn(') 2,
(r) (r) (r) (r)
% I Iz cln %
(=) (r (r) {r)
.‘ = u° )hzw uh = "a /bzr
The approximetion is in each case carried out until tie greatest residusl
stress on the edge of the strip is 17 of T or lesse Since the distribution
of stress neer the hole is the metter of greatest interest, the
approximetion is elwesy ended with o stress function of even order so that
the hole is free from residusl tragtionss The final value of X (summing
the various stress functions) may be written

o i & ® .
X = 3 % 4° (10c0028) + 7T (=3, log o+ up” ’.‘.1{5“"}2%'2

(g, + By #° ™) Conzed]s
where 4, « 3 (a)% = 2 4, ()

.2 oh(’).l.,m =3 1a,(")

‘e

2n

.b-:l(') '; w
mm‘.:o - -

nl2n+ )d (ne1)(2n=1) @
""(i(‘m)*zn'g'?a{—'ﬁ;a——mo T——a*
n(2ne1) (1,p™ % (a=1 )(in&.:ﬂ‘mﬁ.ge
00 = T [$(14Cos0)e2 , ¢ ;ﬁ .z Lw’mm g

n=1
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n(2n=1 )123"“"’34 (ne1)(2041) -u’u}w !
= T[2sin2 ¢ 3;2: {MM)ﬂdh’a‘- ;.-E-) + n{2041) .(lm!a‘ i

) T
These equations; together with table~X (refs 18, page 73) which gives
the coefficients for verious values of A, give the complete sclution for
the stresses in the neighbowrhood of the holes

The values of stresses at the circumference of the hole sni at
cross=ssotion A=Ay Fige 46, perpendicular to the epplied tensile siress,
were caleulated by Z«CeJ. Howland for values of A = Osly Oe2, Cods Oslys and Oef
end are given in table XII and XIVe Tables XV and XVI, gives the values
of stresses for A = 0«5 at cross-soction 04, Pigs 46, ap parallel to the
epplied tenslile stress and at the edge of the strip, respectivaly.

The values of stresses along the axis 04y parallel to the applied
tensile stress, were olso calculated by the writer for A = Oy givenm in
table 3+ The values of the coefficients used in the above calculations,
were those given in table X, (Refs 18)s

The value of stress obtalped from Houlemi's enslysis, at the edge of
a dlroular hole; at @ = O, Pige 46, the diameter of which is 0«5 times the
width of the plates is 432 times the epplied tensile stresss ieoe ledd tine
the Kirsch's results
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