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& 1Z-year develojment of & device oslled a "stress
- meter" i3 described. This device is shown to be cepable of
indicating compressive stress in concrete substantially inde-
' pendent of differences in deformation between the device and
the concrete in shich it is embedded.

The stress meter is s fluid-filled diaphragm, sc
designed that the pressure in the fluid is slways sudsten-
tlally equal to the pressure of the surrounding concrete ly-
ing against the faces of the diaphragm. The fluié is in ¢on-
tact with & smsll internal ziste, which iz deflected slasti-
cally in direct proportion to the intensity of stress or
preasure. 4 sasll eleciric strain meter, mounted on one face
of the dlaphragm, detects the deflection of the internsl
plate amdé by means of conductor cable and testing set indi-
cates the deflection snd hence the stress st sny convenient
termination of the cable.

Anslyses sre described whieh substantiate the claim
that the stress can be indicated with only a smsll error when
‘the diaphragm tends to remain constant in thickness while the
surrounding concrete contracts. The effects of changes in
temperature and in modulus of elasticity also are diseussed,



Pinally, results are presented of tests on stress
meters embedded in large concrete cylinders subjlected to
independently-messured stress and strain. These results
supgort the results of the anslyses.



The design of comerete structures and the evalua-
tion of their marging of safety are bdased on caloulated
stresses, not on deformetions. Heasurements on structures
aimed toward determining thelr ssfety ané the zsnner in whieh
they support the applied loads have ususlly been confined to
 deformations, since stress measurement has heretofore been
impossible. From measured defurmations, sttempts have been
- made to calculste the stresses in devious ways.

The relation between stress and deformstion in a
asterial like conecrete 15 ususlly complicated by the simulta-
 neous occurrence of Ceformetions erising from causes other
than load. Consequently, the relation 13 not s simple ons.
Furthermore, the relaticn between stress end deformation in-
volves the age of the concrete, the durstion of the stress,
and the msgnitude of the stress. Before proceeding with the
éxplanation of & device for messuring direct stress, there-
fore, the limitztions of messurements of deformation as &
means of determining stress will be further outlined, Dias-
sussion of these may clarify the nesd for a separsate device

for measuring stress.
Firstly, the mcdulus of slasticity of concrete



gradually increnses ss the concrete hardens and only after a
month or more is the modulus substantislly constant. That
is 10 say, the deformation due to the quiek application of &
given stress becomes lezs and less as ths concrete becomes
older. Thus, even for the simple task of computing the mag-
nitude of stress which i3 applied guickly, the obsgrvad- strain
must be multiplied by a modulus of elastieity ahieé cepends
upon the age of the concrete. If this were the only factor
- to complicate the problem of translating deformation iate
stress, it would not be too difficult to apply to esch ob-
served chenge in deforamstion the appropriate modulus of elas-
ticity, as measured ct'nrieus ages on specimens of corre-
sponding concrete. But there are other complications,
Secondly, there is the abnormal effect of tempera-
ture changes upon deformations in concrete. In general, eon-
crete expands with esch degree of rise in temperature more
than it contraets upon ecoling, with the result that alterna-
tions in temperature csuse s %growth" of the dimensions.
Furthermore, in the esrly stages of hardening, there is an
additional growth due to hydration of the herd-burned oxides
of magnesia ané lime thet are contained in ordinary ceaent,
and this growth may mske the wmt eoefficient of expen-

sion as much as 50 to 100 per cent greater for the Tirst rise
in tempersture than for later heating or cocoling. Only if

concrete is made {rom cesent thet is free from the harde



burned oxides of magnesfia and lime is this growth effect ab-
sent.

The incressed difficulty of translsting deformation
fnto stress that is added by these "growth" effects is still
not too grest. GStress-free specimens of identical concrels
¢an be provided in cavities within the body of & concrete
structure snd these specimens will respond %o all csuses
other than stress., Deformations of these speclmens, as weas-
ured by means of embedded electric strain wmeters, can be
assumed to be ecusl to those of t&- neighboring concrete of

' the structure except for the effect of stress. When these

deformations are subtrscted, therefore, from those observed

at neighboring points of the structure itself, the remaindey
esn be sssumed %o result only fros stress. The stress could
then be computed by multiplying this remainder by the appro-
yrﬁte modulus of elasticity, provided no other fasctors were

- operative.

The probles is not yet solved, because there iz
the plasticity of the concrete to consider. Concrete contin-

‘ues to deform under stress &t & rate that depends upcn the
;uo, strength, =né intensity ef' stress. Although the plas-
‘ticity gredually diminishes with ineressing sge, even sfter
‘& month of hardening, the plastic deformation that accumu-

lates when the stress is continually spplied for about two



 =months will usually de as great ss the instsnlaneous, elastie
deformation., After learning that plastic deformetion is
approximstely sroportionsl to the intensity of stress, one
can resort to the use of & lower, spurious modulus of elas-
ticity, ecalled the "sustaihed modulus of elasticity,® and
thus trunslate deformation into stress with sutomatic allow
ance for plastic flow. The sisplicity of this atteck is up-
set by the necessity of knowing the sustained modulus of
elasticity mot only for the particular concrete, but also
for the partiocular age, time Interval of losding, and tes-
perature of hydration., Furthermore, the sismple expedient of
using & sustained modulus of elasticity does not take into
sccount the plastic flow éue to stress already existing;

- therefore, = separate correction must be made for each time
interval. The conversion of deformation into stress must be
& step-by-step process, considering one tize intervsl and
then sncther.

Finslly, the contraction of concrete upon drying is
80 grest that whenever drying occurs in apprecisble amount,
the contraction due to drying is likely to outweigh dJdeforma-~
tion due to sll other cmuses. Fortunately, the diffusion of
moisture from concrete i1s such & slow process theat drying is

- not & major Tactor except in thin-walled structures.

iny one of the several difficulties in the way of




translating deformation of concrete into stress might not be
too much for the engineer, but the combinstion of all of them
discourages the use of this mesns of determining stress. The
limitations of so-called "strain® neasurements zs & means of
»dnumuing stress were first reslized by the writer in 18586
during the testing of the full-scale experimental arch dam at
Stevenson Creek, California. ©Strains were nmessured both in-
ternally and on the surfaces of the dam on slmost 1000 gauge
lines. Although as computed from changes in deformetion,

the changes in stress due to the rapid filling of the reser-
volr were in reagonable agreement with corresponding stresses
in an elastic model of the dam, cracking occurred with ne
epparent relation to the tensile stress of the concrete. In
other words, vhile the rapid change in stress could be learned
from the deformation messurements, the amctusl, existing
stresses were not revesled. It waz then that the writer real-
ized the need for a device to measure stress substantially in-
dependent of deformstion, and he began the development of the
stress meter.®” Thus, the stress meter has been under develop~

ment for about 12 years. Three of the 1£ years of development
were spent in the lsborstories of the Hassachusetts Institute
of Technology.

Up to the present time, no device has been avsail-



able for messuring stress in abacrata. Therefore, 'm‘ineers
have resorted to the measurement of deformations by the use
of electric strain meters, despite the difficulties of
translating the reialta into stress.

Beasurements of deformetion csn be of resl value
in revealing probable changes in stress over short periods
of time and at later sges when the concrete hes atiained a
. falr degree of elasticity end wvhen tempersture fluctuastions
are small, Designing engineers usually sre more concerned
vith changes in stress due to load than with sctual streszes,
end in many cases, the deformations give reliasble indies-
tions of these load-coused changes in stress.

Concurrently with the develomment of the "stress
meter,™ the writer has developed the so-called "elastic-wire®
electric strain meter, which is now being used slmost exolu-
sively in this country for measuring internsl deformations
| of concrete. This strain meter, which functions by the
change in resistence of highly elesstic wire, seems to be the
best device for measuring strain within conerete up to the
present time. There was no greast difflculty in developing
the strain meter as comparsd with the stress seter, and
- therefore only a {ew yesrs of gradual development were re-
guired to meke it an zccepted instrument. More than 2000
strain melers have been used, slthough they have never been



advertised for sale. aAmong the more important structures in
which strain meters have been used, may be mentioned Boulder,
Horris, Hiwassee, Tygart, and Grand Coulee Dams, Colorado
River Agueduct, and San Francisco-Oakland Bridge. They have
also been used in several foreign countries. One reason for
not advertising strain meters for ssle has been the beliefl
that they may eventuslly be suprlanted largely by the stress
meter. Alsc, the interpretati-n of resulis from strain meters
has been so difficult that it has not seemed wise to encoursge
promiscucus installistions.

The following brief description of the strain meter
is given .beeam this device, in modified form, is sn impor-
tant part of the present stress meter. Ain isocmetric view of
the standard strain meter as drawn by Jerome Raphsel (now
with the United States Bureau of Reclamation)is presented in
Pig. 1. From this figure it nﬁy; be scen that the strain
meter contains two eoils of wire looped arcund porcelain
= sgools. The wire is & very fine size of music wire having a
tensile strength in the neighborhood of 700,000 pounds per
sguare inech. The mounting of the poresiain spools on the
steel frame 13 such thet existing tension in the outer coll
is decreased 2s the ends of the meter are brought closer to-

gether, while tension in the inner coil is increased. Be-

cause of the lipear relationship between tension and slec-
tricel resistance, the resistence ratio of the two colls is



changed in direct proporticn to the change in gauge lengih.
Direct measurement of resistance ratic is made by connecting
to & testing set so as to form a Wheststone-bridge eircuit in
which two of the four arms sre in the testing set and the
others are in the strain meter. The resistsnce ratic is not
affected by changes in tempersture even though ths resis-
tances themselves are affected. Quite conveniently, tempera-
ture can be determined by & measurement on theé same colls of
wire and by =means of the same testing set. Por this purpose
connections are made so as %o permit measurement of the com-
bined resistance of both coils, becsuse as & result of the
compensating effect of any ineresse of tension in one coil
being offset by a decrease in tension of the other, this re-
sistance is substentially independent of the tensions in the
wires. For further details of thc strein meter, referconce is
- made to published papers.> '

1 Carlson, R. W., "Pive Years Improvement of the Flastic-¥ire
Strain Heter,® Eng. News-Reocord, ¥sy 16, 1935,

Davis, R. E. and Carlson, R. W., "The Electric Strain Heter
end Its Use in Measuring Internal Strain,” Proc. 4.8.7.H,,



‘The comception of the stress meter may be aprregi-~
sted most readily fros & roundabout explanation. Consider
shat would happen if a well-defined block of concrete could
be cut and removed from the interior of & concrete mass 50 as
to leave & cavity. For convenience, let us define the laagi-
| aary walls of the block before iis removal as the walls of
the "Mt cavity.® It will also be convenient later to de-
part from the usual definition of the word cavity snd
speak not -mly of an "empty cavity,” but slsc of the cevity
filled with an elastic body.

If stress existed in the concrete before the cavity
were cut, then when the cut wes mnade, local relief of stress
would deflect the walls of the csvity relative to the walls
of the uncut cavity. The walls mnié be returned to the "un-
gae.’ locations only by the application of exactly the same
stress as existed before the caviiy was cut. The ressoning
is the same if the cavity be assumed o exist before the
stress is applied; if the walls of the cavity were to be sub-
Jected to jJust sufficient stress to msintsin them nearly
where they would be if the caevity were uncut, the required
stress would be nesrly the sa@e sz that occurring if the



gavity were uncut. The converse of this statement is more
fmportant; if the walls of the cavity were to be maintained
nearly shere they would be if the cavity were uncut, the
stress on the walls of the cavity would of necessity be
nearly thst of the undisturbed concrete at that loecation.
There is nothing startling in this view; it is merely an in-
troduction leading up to the otherwise-difficult explanation
of how @ stress measurement can be almost independent of the
- magnitude of the atiendent strain.

The conditions in the assumed cavity become inter-
esting when the cavity takes the shape of a thin plate or
dise. If no stress is applied to the walls of the cavity,
the flat fsces are deflected & relstively large smount by
stress in the surrounding concrete. For example, consider s
cavity 10 inches in dismeter and one-tenth of an ineh thick.
If a stress of 100 p.s.i. is spplied to the surrounding con-
 erete in a direetion perpendicular to the plane of the cavity,
the deflection of the midpoint of each face (according to
equations presented later amd assuming a modulus of elasticity
of 2,000,000 p.s.i. for the concrete) will be 0,001 imch. If
now the cavity were fitted with 2 disc of the concrete bafore
the apslication of stress, the corresponding movement of
either fsce of the disc due to direct strain, would be only
©.000,00£,8 inch (.05 inch multiplied by 50 millionths




strain). In other words, the faces of the cavity when empty
would be deflected by stress in the surrounding concrete 400
tizes as much &= would the faces when the cavity was fitted

" with a concrete dise. 4s & further illustration, 1if the

- gavity were instesd fitted with a disc of material twlce as
compressible as the conerete, the movement of the faces due
‘to stress would still be small, being about 100 per cent =ore
‘than that of the concrete disc, but the excess being only
one-guarter of cne per cent of the sovement of the faces of
lm.upav eavity. In other words, a dise of material having
& modulus of elasticity only one-half that of the conerete,
when fitted to the cavity, maintains its faces nearly where
they would be were the cavity uncut. The stress through this
sore-yielding disc would, therefore, be almost exactly the
seme 55 though it had the ssme rigidity ss the conerste. Like-
wise, if this particulsr cavity were fitted with = disc pos-
‘sessing infinite rigidity, the faces would remain after appli-
gation of stress to the surrounding concrete nesrly where they
would be for the uncut cevity. That is to say, the faces of

~ the filling would not move at all, vhereas the faces of the
- uneut cavity would move 0.000,002.5 inch and the faces of the

empty cavity would move 0.001 inch. Thus, the deficiency in

movenent of the faces of the cavity filled with smaterial of
infinite rigidity would be only 1/4 of 1 per cent as much as




the excess of movement of the fuces of the empty cavity. It
follows that the stress through the non-yielding disec would
be nearly the same a&s though the cavity were uncut. From
these illustrati-ons, the conclusion i3 reached that the
stress and consequent strsin in a thin disc of elastie mate-
rial will bear a close relation with the stress but not nec~
| essarily with the deformeticn in surrounding concrete.
The stress meter takes advantage of the faet, which
- will be proved by analyses later, that when s thin plate is
cast in concrete, the stress transaitted through the rlate
‘m:m to its faces must necessarily be nesrly the same as
the stress in this direction in the neighboring concrete.
Provided it is granted that & thin platée embedded in conerste
will accept & stress which is nearly equel to that in the sur-
rounding conerets, it is mot difffcult to visuslize how the
plate might be converted into & stress meter. It is only nee-
essary then that thare‘b: some =eans of determining the stress
through the plate. Hention will be made of =means which were
sttempted in esrly stages of the development, and of the
means employed in the present stress écter, The esrly trials
are offered as & background for further develonment of the
' stress meter; becsuse slthough the present design sppears to
promise satisfactory results, better devices will undoubtedly
be developed.

is



The first stress meter consisted of wmica-insulated
ribbons of metal fo!l between sheets of steel, sesled arcund
the edges to form & plate-like device. The stress through
the cevice waz determined by measuring the change in elecotri-
¢al resistance of the metal ribbons. Soft metsls were pre-
ferred for the ribbons because of their relstively large veri-
ation in resistance ii'& stress as shown in Teble 1 below. 4
multiplication of the sensitivity, to sn extent of about &
fold, was obtained by meking the area of the ribbons only &
fractional part of the total.

38ble J. Change in Resistance of ¥etuls due to Change
in Pressure of One Lb. per 8q¢. In.

At O p.s.i. At 170,000 p.s.i.*

Indiua - .000086% - 000103%
1‘1!1 - tm - QW
Codmium - 000074 - 000059
Lead - 000100 - 000085
Zine - .000028 ~ 000088
Aluminum - 000030 - 000085
Copper - 000014 - 000015
Iren - 000017 - 000015
Entimony + 000086 + 000074
Bismuth + .000108 + 000016

® These values presented to indicate how nearly constant
reslstance coefficient remeins over large range of
pressure.

Hote:- All values are computed from data in Su:thsonian
Physicel Tsbles.



The firet stress meter geve only enough promise to
warrant trial of seversl modifications. Difficultlies were
{1) the sealing of the edges and the design of lead connec-
tiocns, (2) the assurance of initisl contact between steel
sheets, mics, and ribbon, (3) the elimination of continued
' plastic flow from the ridbons, (4) the correction for temper-
ature changes, and (.5) the obtaining of sufficient sensitivity.

Seversl years after the first stressz meter had beem
abandoned, Dr. P, ¥, Bridgaan of Harvard University suggested
to the writer that he use manganin ridbon =nd thus eliminate
the need for temperature compensation., 4s regards the elimi-
nation of tempersture troubles, the mangenin is execellent,
because it has almost no resistance change due fo temperature.
But the pressure sensitivity of mangsnin is low, ﬂ:e echange in
resistance being only 0.0016% for & change in pressure of 100
peSsi. 4 multiplication of sensitivity of more than 100-fold
would have to be accomplished to obtain sufficient sensitivity
for fielé measurements, wvhere long lead wires and portable
test sets must be used. The local stresses in the materials
of the stress meter would be likely %o exceed scceptable lime
its if such & large multiplication were to be attempted,

' The second siress meter consisted of s sheet of
cellulolid or bakelite between sheets of steel, with cells of
granulated carbon in the celluloid or bakelite. The stress
wes indicated by change in resistance of the carbon cells.




It wes believsd that if the design gave sufficient promise,

a more sultable material than the cellulold or bakelite

could be found. The greatest difficulty was luck of repro-

duelbility, presumebly due tc the instability of the carbon.

Bo granular zaterial can be sxpected to return exsctly to

' its originsl econdition after being loaded, Because of this |

great failing, the .sm was abandoned, desplite great sensi-
tivity.

The third stress meter employed fine steel wire
embedded in a sheet of celluloild, so arranged that stress
through the celluleid sheet would change the stress snd resis-
tance of the steel wire. This design showed a considerable
amount of promise but failings were that the celluloid was not
& suitsble materisl becsuse of its high thermal expansion and
high Polssonsz ratio, péepar elastic modulus could not resdily
be obtained, sensitivity wasz very low, and teamperature com-
pensation was dAifficult. The scheze seemed to offer sromise
| with possible improvement but in view of the indicated large
amount of necessary development, the ides was set aside.

The fourth stress meter was a fluld-filled diaphregs
with & pressure-sensitive detector located in & cavity acces-
sible to the fluid. The pressure-sensitive detector was 2
 hollow, elastic bulb wrapped with a fine size of elastic wire.
Under pressure, the bulb was compressed snd the tension end



resistance of the surrounding wire were reduced. The scheme
seemed to have more promise than any previously tried but
wss set sside for future development when & more sstisfactory
p;*nmm—maitivc detector might be obtalned. 4s it was de-
signed, with = detector consisting of a glass bulb wrapped
with music wire, the sensitivity was not sufficient and pro-
vision for ﬁlpmwra correction was not readily made,

€. PEresent Form of Stress Heter

The design of stress meter that has ofTered a con-
siderable amount of promise and is now being used in certiain
modern dams consists of a fluié-filled diaphragm, in which
the pressure of the fluid deflects & szall internal 5;1315«.
A cross sectisn of this stress meter is shown in Fig. 8. The
esaentials of operatiocn are as follows: When the concrete
surrounding a stress meter is subJected to compressive stress
which has & component perpendicular to the faces of the die-
phrags proper of the stress meler, the conorete presses
against the fsces of the disphraga. The pressure in pasaing
. through the diaphrasgm, must also passs through the mercury
fils. The pressure, or compressive stress, i1s thus converted
into fluild pressure in the mercury film. The fluid pressure,
acting in all directi ns, deflectz the internal plate uﬁttrd,
elastically. The elastic deflection of the internal plate is




éirectly proportional %o the intensity of the #luid pressure,
which 18 in turn ecusl $o the compressive stressz sprlied to
the diaphragm. The deflection of the internal plate is
therefore an index of the compreszive stres:z in the concrete.
The deflection of the internal nlate of a stress
‘meter 1s measured by means of a small elastic-wire strain
‘meter mounted in one fact of the disphragms. As ;;rmbnsly
‘stated, the strain meter contsins two electrical-resistance
‘eoils (mot shown), which are msde by looping fine steel wire
over porcelalin spools, with the wire under & predeterained
amount of initisl tension. The sounting of the porecelain
spools is such that as the deflection of the internsl plate
increases, steel bar ¥A" (see Fig. £) moves upward snd the
tension and electrical resistance of the strands of one eo’l
increase while the tension snd electricsl resistance of the
segond ¢oll decrease. The ratic of the resistances of the
two eoils increases ;ampartmm:iely as the deflection of the
szmemz plate incresses. Because this ratic is ndependent
of the change in resistance due %o change in teamperature, and
}bocmxu lead wire effects are largely compenssting, field
Beasursuents of ratic can be made readily to an sccursey of
0.01%. Tuis sensitivity is ample to permit stress messure-
sents to 5 p.s.i. or less., HoreoV®r; temperaturcs can be
deterained by mesns of the same coils that are used for



indicating the ;lete deflection, because the combined resis-
tance of the two colls varies substantislly only with temper-
ature and not with deflection.

The essentisl steps in the functioning of the stress
meter are then as follows: (1) Compressive stresg in the con-
srete subjects the rima file in the diaphraga of the stress
meter to s fluild pressure of &n intensity substantially equal
to the component of compressive stressz normal to the dis-
phragm; (2) The fluld pressure in turn deflects the internal
plate by as smount which is proporticmal te the intensity of
the pressure; (Z) The deflection of the internal plate moves
a steel bar on which one end of each of two sels of tensed
wires irc mounted snd thus increases the tension in one sst
of wires of theé strain-meter unit end deoresses the tension
in the other set, both in direct proporticn to the deflection;
(4) The changes in tension in the two sets of elastic wires
changes their electricsl resistance ratis in direct propertion
to the changes in tension; cnd (5) The change in electrical
resistance ratio changes the beslance reading or "observed re-
sistance ratio® in a speéiai ¥heatstone-bridge type of test-
ing set whieh 1s connected to the strain-meter unit by a 3-
wire conductor; any changes in the observed resistaence ratio
denotes s change of stress in the conerete around the stress
meter. When it is stated that compressive stress is "measuresd®



by means of the electrical testing set, or even by means of
the stress seter, it should be understood that the messure-
ment is indirect to the extent noted in this peregraph. An
indication of how closely the stress meter spprosches the
fdesl functioning just outlined will be srovided later in
the form of analysss end of zetual test re—s’u_lt:.

The strain-meter unit of the stress meter 1s cove
ered with cloth to isclate it from the herdened concrete as
indlested in Fig. £. This protects the unit from being Gis-
torted by volume changes of the concrete and also prevents
it from transmitting unwanted stresses to the diaphragm, Be-
cause the covered strain-meter unit has & sectional area of
less than one square inch, its siauintim of & void in the
goncrete can be shown to have little effect.

The rim of the diaphragm proper, as shomm in Fig,
2, is thinner than the remainder, in order to be scmewhat
flexible. The rim is covered with cloth to keep it from be-
ing in close contact with the concrete. Thus, the rim, like
the strain-meter unit, acts ss & stress-free void in the con-
erete. In this way is avoided the uncertainty of an unknown
amount of stress being tsken by the econtinuous metsl rim,
fcetuelly, the analyses of behavior to be presented latsr take
account of the fact that the wrapred rim is stress-free,

The strain-meter unit contains two chambers, one of



vhieh housss the elastic steel wires, while the other is &
sealing chamber for the lead-wire terminals. This duplies-
ticn is purposely made in order that the chamber containing
the steel wires can be kept free from all conteminating mate-
rial, such as the rubber shesthing of the lead wires. Far-
 thermore, it 12 not easy %o make & positive seal 2t the point
| where the lesd cable enters the metal ocsse. Therefore, the
sealing chamber is filled ﬁth‘aable joint compound, & mate-
' rial derived from coal tar, thet is solild at ordinary temper-
atures., The elastic-wire chamber is filled with castor oil,
which has been found to be the best liénid preventative of
gorrosion for the steel wires under the prevailing conditioms.
Besides being o ;rekmatiw for the steel wires, the castor
oi1l prevents serious tempersture rise of the extremely fine
wires during pssssge of electrical curremt in the measurenent
of their relative resistsnces.

A1l of the main perts of the strzin-meter unit are
of steel, including the wires, the frame, and the cover which
acts ss a part é!’ the frame, The varicus parts then expand
egually, and consequently the thermsl expansion of strain

meter parts 18 gopcensating. It has slready been explained
that the strain-meter unit is designed s¢ as to permit measure-
ment of resistance ratios of the steel wires instead of sctual
resistances and thus to be compenssated also for the effect of



temperature change on electrical resistance, There remains,
however, & third effect of tempersture for which the stress
meter ss a whole 18 not compensated, namely, the therzmal expen~
sion of the disphragm and its fluld film. The last nsmed ther-
mal effect is & sericus one which is discussed st length later
in this thesis. '

The proper embedament of a stress meter in concrete at
time of casting is important, especially when ﬁu stress meter
is to be placed horizontally to measure vertical stress,
Changes in thickness of the disphraga sre not many millionths
of an inch under most conditions and therefore the contzct with
the concrete must be good. The bleeding, or tendeney of water
to rise to the surface of concrete as séné particles settle,
must be substentially zerc or & water film will ecollect on the
under side of the stress mester diaphrm before the conerete
hardens., The most satisfactory procedure seems to be, before
embedding the stress meter to weit until the concrete has be-
gun to stiffen and all bleeding has stopped. IA flat surfece
is made at the proper depth in the concrete and the bottom
slde of the disphrags {s "bedded" into this surface., Then the
rezainder of the stress meter is cerefully covered with con-
erete and the lesd-wire cable i3 caerried to the desired terami-
nal point or switchboard.



The behavior of & stress meter in coneretes is fully
defined by two actions which may be considered separately.
 Pirstly, there is the simple acticn when the concrete and dia-
phrags tend to compress equally. 8econdly, there is the ef-
 fect of unegual diwmensional changes due to vhatever cauze, or
in other words, the common case where the thickness of the
alaphragn tends to change by a different amount than does an
egual thickness of adjecent concrete. The unequal dimensional
changes may be due %o a variety of causes, of which the moast
important are (1) uneqgual thermsl expansion of conerete znd
disphrags, (2) unequel modull of elasticity, (2) plastic flow
of gonerete, and (4) shrinksge or growth of concrete., Whea
the moduli of elassticity, or compressibilities, of diaphrage
' and concrete are not ecusl, the case can be trested as though
the compressibilities are equal dut that either the diaphrags
or the concrete has s contraction or expansion in addition.
Thus an snalysis of the effect of umequal dimensional changes
provides the basis for all depsrtures from the ideal action
in which the disphrags and concrete tend to compress equally.

It has slready been explained that when the appli-
cation of stress causes Atbe concrete and the stress meter



diaphragm to compresz equally (disregsrding the effect of the
wrapped rim for the present), it is inevitsble that each be
under the same stress., The fluid in the diaphregm then re-
ceives the full compressive stress cof the conerete and the
internel plate ig deflected a esrreapaésdmt smount. PFor this
- idoalized case, tho shape of the dlaphraga is of no conse-
guence because mtmr the shape, the diaphragm simulates

~ the concrete and 1s equivelent to thé concrete it replaces
ag far as stresses ere c@eneerned.‘ This suggests =t once the
desirability of making the coupresaibility of the disphrags
&t least approximetely equel to that of the concrete.

The shape of the stress meter becomes important,
however, when differences in deformsticn of stress meter and
conerete are invelved., If the concrete shrinks, for example,
some compressive stress will be applied to the dlaphragm by
the shrinking concrete, although there mey have been no stress
in the surrounding concrets, Similerly, if the concrete is
wore compressible than the dlaphragm, then when the concrete
is loaded, the extra contraction of the concrete will &pply
an extrs compressive stress to the diaphregm. Thus, vhenever
the diaphregm and the concrete tend to compress uneguelly,
there will be an error in the stress indicated by the stress
meter. The smount of this error is closely related to the
ratio of thickness to dismeter of the stress meter dlaphraga,



a8 well as to the extent of the difference in deformation.
If the diaghragm is thin, the error will be small, as will be
proved below,

As a; preliminary to sctusl anslyses, an attempt is
made in Fig. 2 to demonstrate the fact that only 2 small
~ stress can be thrown on the stress meter disphrags when sur-
rounding eoncrete contrsets. This illustrstion is made up of
three parts, (a) = cross section of s hslf of the stress meter
diaphragm to nstursl scale, (b) & partisl cross seetion of the
half diaphragm to greztly magnified vertical sesle (about
7000 times) so as te portray an assumed conerete contraction,
and (e) & repetition of (b) but showing slso the extent of the
&bsurdity that results if the contracting conerste 13 sssumed
to compress the diaphragm to the full extent of the contrae-
tlon desired by the concrete; i.e., the smount the dlaphragm
Iéuld contract if 1t were concrete.

Fig. 8c shows why the shrinkage of conerete sround
& stress meter diaphragm subjlects it to very little stress.
The figure shows that the shrinking eoncrete cen be "warped®
around the diaphrage by a relatively smell reasction fros the
disphrags. Thiz figure is bssed on an sssumed shrinksge of
100 millionths of an inch per inch. If the disphrags wers to
be compressed by this full amount, the stress through the

disphrags would necesssrily be 200 p.s.i., beosuse the effeo-
tive modulus of elasticity of both diasphrags and concrete is



assumed to be £,000,000 p.s.i, But if there is 200 p.s.di.
on the diaphrsga, there must also be 800 p.2.1. on the con-
crete with which the diaphragm is szsumed to be ln contact,
The sbsurdity of suech a2 large siress on the dlaphragm be-
comes apparent when it is shoen thet 200 p.s.i. i3 able %o
push the concrete away from the disphragm by an asmount eof
more thanlﬁeﬁ millionths of an inch (computed according to
method deseribed later). If the concrete is to eompress the
diaphragm at all, its average deflection must be iéss than
18,7 militonths (the equivelent of 100 milllonths shrinkage
over the 0.187-inch half thickness of the diaphragm).

It should be clear that neither cen the disphraga
be compressed by such & large force as thet corresponding fc
the full centraction of the concrete, nor cen ii entirely
avoidé being compressed as the concrete contracts. The inter-
mediate condition that actually results sné provides both
force eauilibrium and continuity, is thet & small frsotionel
. part of the 200 p.s.i. is thrown on the diaphrags to com-
press it slightly, and this same force deflects the concrete
from its desired position just suffieclently to keep it in
gonteet with the dlaphragms. It iz the purpose of the analy-
ses to reveal the true conditions cuantitatively for ssversal

designs of stress melers.



B. Helhod of jnalvsis

Analyses were made by s trial-and-error process o
determine to just what extent stress meter disphragms of var-
lous designs would be influenced by differences in tenden-
cies of dlaphrage and adjacent concrete to deform. An imagi-
nary midplsne through the diaphrags and extending into the
surrounding concrete was assumed to exist. In view of the
fact that the concrete and diaphragm were assumed to be sym-
metrical sbout this plane, it was necessary thot the imagi-
nary plane remain plene or continuity would not be preserved,
The concrete and helf diaphragm on one gide of the plane were
treated as s semi-infinite solid,with no regerd for the other
half of the solid except thsat in the end the plsne must stiil
be plane in order that the two halves fit. The concrete was
assumed to contract by an asmount of 100 millionths of sn inech
per inch, or 18.7 millionths of an inech over the 2/168 inch
half thickness of the diaphragm. 4s a first step, it was
assumed that there was no stress in the half disphragm, in
which case it protruded 18.7 millionths outward from the
m of the gontracted comerete. In order to restore the
plane, compressive forces were applisd to the half disphragm
in an attempt to bring it into the plane of the concrete.
Such forces brought the diaphragm back, but they upset force
equilidrius st the same time as they distorted the surrounding



eoncrete. Therefore tensile stress was apslied outaide the
boundary of the diaphragm to maintain force eguilibrium and
to keep the concrete surfsce in the plene. Thus, by trisl,
varisble compressive stresses were imposed on the dia—‘phrags
and exactly balancing tensile stresses were lmposed on the
surrounding concrete until the plane had been restorad,

In making the analyses, sdvantage was tsken of the
fact thet the forces to be applied to the half diasphragm and
surrounding concrete were symmetrical sbout the axis of the
diaphragn. For pmt:a#l purposes, therefore, the plane
eould be considered to be made up of concentric rings of var-
ious radii, eaech ring to be subjected to some intensity of
stress as found by trisl. It was cdesired, then, to know the
deflections thet would be produced at verious raedii by unit
intensity of stress on any ring. For convenience, s plene
through one face of the diaphrags was taken instead of the
midplane sz the surface of the semi-infinite solid; the defl-
ormations of the half thickness of the diaphragm and of
like thiokness of wﬁcmdms concrete wers computed separ-
ately and added to the deflecti-ns of this plane.

The deflections of the surface of a semi-infinite
g0lid due to stress sprlied over sn aree in the shspe of &
ring were obtained indirectly from squations giving the de-

flections due %o stress sp-lied over circulsr areas. The



deflections due to uniform coupressive stress applied over
the entire ares within the larger of two concentric eireles,
were added to the deflections (negative) due to temsile
stress of egqual intensity apylied over the aree within the
ssaller circle, the net result being the deflections due to

& pure compressive stresa over the ring sres included be-
tween the two circles. Bguations for the defleetion of the
surface of & semi-infinite solid subjectsd %o normal load

- over a clreular ares are developed in most books on the theory
of elasticity. Ouoh an equaticn for the normal deflection of
the surfece of & semi-infinite solid Baving & modulus of
elasticity "E" and & Poissons ratic of m, due to normal stress
of intensity "q® aprlied over & cireular ares of radius "a®
i3 as follows for any distance "r" from the center and SUISILE

 the loaded area:

3 ®

. Deflection = (x-_n*) ?} ./1 - g;sin' ede -




in vhich ® is the angle between (1) & line through both the
point where the deflectisn is desired and through the sle-
mental area, and (£) the redius through the point where this
line strikes the circle. The terms of th; sbove equation can
be expressed n any convenlent units; {or engineering pur-
soses, it is convenient to adopt units of pounds, inches, and
radians raé force, length, snd angle, respectively.

The solution of the sbove equation and spplying
only to the ares OUTSIDE the loaded e¢ircle is as follows:

pect. = B ) 1 - BT 8- oD AT DT A5 -

(et fuch” S0 D S GED S )

Inside the losded area, the corresponding equstion
is

1T
T

Peflection = %E& {(1-a®*) j; - 5 sin® ¢ & #

in which 5-%-»9‘

The corresponding series solution for this emuetion apprlying
only to the ares INSIDE the loaded eirele is
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In computing the deflections for points neer the
boundary of & loasded ares, where "r¥ and %"a" are nearly equal,
the above series converge very slowly snd the extension to
even as many a8 80 terms does noi provide sufficient acouracy
for determining deflections due to losded rings. Therefore,
an sttempt wes made to differentiaste the ecustions for deflec-
tions due to load applied over & circular sres 8c &s %o ob-
tain directly the deflections due to load applied over & ring
area. In the triasls which were mede, no advantage resulted,
but it is believed that a better solution i3 possible ané
thst & good problem 12 here provided for & mathemetics stu-
dent.

For the present purpose, a gatisfactory solution of
the problem of determining sccurste deflections due to load
applied over & ring of any limiting rsdii was obtained by
making use of the dimensionless charscter of the main por-
tions of the sbove equations. A single set of curves was de-

veloped from which the deflecticons due to load on rings of
- any size or shape could be determined, all as sxplained below.

The eguations for deflections due to load on gireu-

- lar areas were written zs follows:



A= %;? (1-=®) [ & -~ (1 ~ ::-) E]l= 3%3 (1-m®) (outside
| loaded

area)

A= %—% (2-a®) & = %—1 (1-a%) (inside loaded area) v

in which equations, 4 snd K sre the elliptic integrals as

follows:
1o o
z
i snmvimin F3
A= Jz—-:;sxn'oaa or fx«f;na'aa¢
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T
K= -
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while F i3 & varisble fector having a different vslue for

each value of £ or 'f ss defined by the eguations.

Values of the factor "F¥ were computed for various.
wvalues of "a/r" and of %“r/a" from O to 1, In all, 180 values
were computed, corresponding to the ninety vslues esck of the
elliptic infegrels "A" and "K7, which are avellable to 8§ sig-
nificent figures in Peirce, "4 Bhort Teble of Integrals."®
The integrsl "A" 1s designated ¥E" by Pelrce but it is
_changed to "A™ here to avoid confueion with the symbol for



modulus of elasticity. Only the ninety factors correspond~
ing to the avallsble values of the elliptical integrals were
used, because the computation of additional fsctors to sufl-
ficient sccursey by means of the series solutions would have
been laborious and unnecessary. Poissons ratio sas sssumed
to be zere in computing the factor "F" because the £.50 per
cent difference (.18 squered) resulting from its inelusion
was not considered to be significant here. '

The 180 fectors are presented in Table 2. In prep-
aration for computing factors for ring areas, the factors in
Table 2 for cireulsr areas were plotted to large scale and
curves wers drawn to permit intermediate factors to be read
to egual securacy. It is important to note that the factors
apply for any radius of loaded oircle, as well as for any
loading intensity and any modulus of elasticity. In view of
the fsct that the plotted curves of factors for circular
areas are quite numercus and are only an nteraediate step,
they are not inecluded in this report. Table £ eontains all
the basie data of this step.

Prom the factors for eireular aress, actors for
ring areas were computed by difference. A complete series of
factors was obtained for rings covering a wide range in slen~

derness, which is here defined as the ratio of ring width to
average radius. Thus sgain, the fuctors were kept independent



Table 2. PFactors for Determining Deflections due %o NHormsl Load
over Circular Area on Surface of $¢ni-znrin£tg Bolid,
(See equation below)

Ratie Pactors F | ﬁ&tiﬁﬂ Factors F | Ratio Factors F
Radii” | Outer Inner Bsdii | Outer™] Inner
+0175 i <8746 | 4380 | 7650
-«m .Bm H om .vm "?m
’m oﬁw -‘m ;?539
0688 9168 .8888 | 4888 | 7470
0878 «9139 § 9088 4784 | 7410
+31045 «B071 | 9185 | 4881 | 7851
+1819 « 9088 JBE05 | 4877 | 7298
<1398 8978 SOR7E | LBOTL | .TR24
+ 1564 3988 <9388 | .5164 « 7177
1788 5870 +S807 | 6254 | 7181
«1908 8817 <2485 | .5B42 | ,T085
+ BOT9 8764 «35811 | 5431 «T011
+ 2850 | «8710 9585 | 8518 | .8087
«£419 8855 +9615 | .58585 | .6008
<2658 8509 | .0650| .5872 | .685%
E756 8548 9708 | 5748 +8304
«29E4 . 3488 «2744 | BBEE 8758
« 3080 L2428 97811 .5888 + 8710
+ D256 8870 «3816 ] . 5858 | .6688
+ 5480 8818 «5848 | .8015 | 6888
3584 «BEDHE 8877 | 6075 | 6585
8748 +5194 «9803 | 8180 6544
3807 8134 «S0BB | 8174 +8809
« 4087 8074 +089458 | 6820 5477
+4EES 8014 9988 | 88862 . 5448
4384 7958 | 0076 | 6897 | .eaze
« 4540 . 7892 9986 | 63828 | 8401
4695 7832 || .99094 | .6348 | .638¢
4548 v JTTTL §| 2999 | 62858 J8ETE
tm cim b??il ' 1.3090 -5385 .Sm

Deflection = Eg; r(c&téﬂde lozded area) - gﬁg 3(133163 losded ares)

2 = radius of loaded eircle, r = distance from genter of eirele
to point where deflection 1s desired, q = load per unit ares,
E = modulus of elestieity.

1 sRatio of Radil" represents location, expressed as a/r or r/a,
outside or inside loaded circle, respectively.

£ outside circular area over which load is applied,
® Inside circular ares over which load is applied.



of sctual dimensions, in order that one set of curves would
permit the sclution for rings of any sise or slenderness,

The deflection factors for losded rings are presented =s a
urics of curves in Figs. 4 and 5.

’ ¥ith the help of the curves in nga. 4 snd 5, the
analyses were made of embsdded stress meters to determine the
#ffect of tmoqual tendencies of diaphregs and concrete to
contrsct. The utm of trial snd error which was used i3
closely analogous to the trisl-load amethod of analysis used
for designing an arch dam. In the present instance, the de-
flections of diaphragm and adjoining concrete are made to
coincide shile mainteining force egquilibrium, and in the
analysis of sn arch dsa the deflecticns of horisontal snd
verticel elements are made to coincide at coumon points, also
maintalning force eguilibrium,

It has already been explained that wshen the dias-
phragm and the surrounding concrete tend to compress equally,
the stress through the diaphragsz will be ecuasl to thst in the
surrounding concrete. But if the concrete tends to compress
more or less than the diaphregm, the stres: through the dis-
| phrags will be slightly different. A single analysis, sssum-
ing the concrete to contrzct while the disphragam tends to
remain constant in thickness, serves for & variety of cases.



Por example, if the diaphregm has & compressibility, or mode
ulus of elasticity, which is grester than that of the con-
crete, 30 that the concrete tends to compress more under
load, the case can be treated as 'thoﬁsh the compressibili-
ties were equsl but the concrete had e contraction in addi-
tion. An analysis of the effect of this contraction will
show how mugh different will be the stress indicated by the
stress meter. 8imilarly, the same snalysis will spply if
the concrete tends to deform more or less than the diaphrsgm
beczuse of changes in temperature. In fact, the anslysis
applies for any case where the concrete tends to deform dif-
ferently from the diaphraga. '

The performance of & stress meter composed of s
diaphraga of given shape and rigidity can best be expressed
by the colned term "independence {zctor," which defines the
degree to which the device is independent of extranecus def-
orsation. The independence factor used to express the per-
formance of a given stress meter for the gensrsl case when
concrets and diephrsgs tend to deforsm unequally is arbitra-

rily taken as the rstioc of the intemsity of stress i{mposed
on the disphragm te the stress Which would have been iaposed

if the diaphragm had been compressed in thickness to the
full amount of the contraction of the concrete. Thus, if =
stress meter were o have an independence factor of 0.1 and



ite diaphragm were to have an effective modulus of elasticity
eqgual to that of the concrete, the disphrags would be com-
pressed only one-tenth the amount of any extra contraction
of the conerete. As a more explicit example, if stress were
- to be applied to concrete mtai;m;; such a siress 'mt@r end
if the concrete were tc have 2 medulus of elastielity 10 per
cent different from thaet of the diaphregm, the error in in-
dlcsted stress would be only sbout 1 per cent. According to
the definition, the lower the independence factor, the better
the stress aeter.

In order to simplify the determination of indepen~
dence fsctors, the steel plates comprising the disphregm of
the stress meter are assumed to be either completely flexible
or gompletely inflexible, HNo intersediate conditions need be
considered, because ii will be shown that the resistance of
the disphragm to bending does not grestly affect the indepen~
dence factor. .

The conditicns at the rim of a stress meter dia-
phragm have already been mentioned, dbut they willl be recalled
before results of analyses are discussed. If the welded rim
wore lef't bare vhen & diephragu were cast in concrete, an un-
known amount of stress would be transmitted directly through
the solid-metal rim, In early stress meters, expensive
slots were provided in relatively thick disphragms so as to



transfer load from the rim to the mercury film some distence
in from the edge. This design was so unsatisfactory that a
simpler design was adopted for which the festure wes s fabric-
wrapped rim. This wrap:ing produces s vold arce as far as
Stress is concerned, and the stress that would norsally fall
on this sreea is shared about equally by the élaphragn and
surrounding concrete; only & mn stres:z escapes arvound the
metal z‘in; This makes the érroetira ares of the disphregm
somewhat grester then the net eres in contsct with concrete,
and tests indleste that to include half of the rim sres vf;th
the diaphruegm is spproximstely correct. :

€. Results of fnalvses

It is recslled again that no snalyses are necess-
ary for the simple case when & stress meter tends to gon-
tract under load exactly as much =5 the surrounding concrete.
The stress meter must then indicste the true compressive
stress, provided the calibration is sccurste. Analyses are
necessary only for the purpose of determining the extent of
érror when concrete snd diasphregm tend to coupress unegually.

In Fig. 8 are shown the eonditions which result
when & stress meter tends to contrsct by 2 different sasunt
from the surrounding concrete., Becsuse, as previcusly ex-

plained, only the effect of & difference in desirsd deforma-
tion need be analyzed, the diaphragm is ss-umed to have no



desired deformation, while the conerete eontracts by & nomi-
nal 100 millionths of an inch per ineh. The results in Pig.
6 are for s stress-meter dughraga which is completely flexl-
bles The upper two disgrams are suarter sections of a stress-
-meter diaphragm (strein-meter unit omitted) bsfore snd alter
the contraction of the conerete. The verticsl seale is
greatly enlarged so a3 to show the deformsations; for this
reason the section has been cut to confine attention mainly
to the boundary of the diaghrags that is in contact with the
concrete. The space marked "void® represents the wrapped rim,
which cannot aeetﬁt stress from the eonerete,

4 comparison of the two uppermost diasgrams in Fig. 6
shows thet the concrete upon contracting has "warped® around
the stress-meter diaphrags snd has bent it without having coa-
pressed 1t noticeably. The third dlagram, nesr the bottom of
Fig. 6, shows the forces which are consistent with the defor-
mations. No ocredence should be given to the zprsrent discon-
tinuity of the stiress distridution in the surrounding con~
grete, as the method of analysis necessitates the assumpiion
of uniform stress on exuch ring of finite width., The more re-
fined the analysis, the ocloser the stress distribution would
approach & amooth curve. The stress over the face of the dise
phragm 18 necessarily uniform in this case; because the dla-
phragm is assumed to be flexible and it contains & fluid film.



.It m2y be noted that the compressive stress on the dicphragn
is only 7.8 p.s.i., vherezs if the dizphragm had been eon-
pressed to the full extent of the conerete eontrection, the
stress would have been 800 p.s.i. (E = £,000,000 p.s.i.).
Thus, the Independence fsctor is 0,089 (= 7.8/800), in se-
cordance with the definition previously stuted, The total
compressive stress on the disphraga is exactly balsnced by
tension in the surrounding conerete as iz required by the
conditions of the snelysis.

In Fig. 7 sre the graphical results of an anslysis
for an inflexible diaphragm. In this case the compressive
stress on the disphragm need not be uniform, but the dia-
phragm must remain substentially plane. The variazticn from
planeness reflects the inexset nature of the analyais. Again,
the diaphragm 1s compressed by only a fractionmal amount of
the concrete econtraction. The sverage stress on the diaphrnﬁ
amounts to 9.0 5.s.1,, which may be compared agsin with the
200 p.s.i. corresponding to full controetiocn of the cencrete,
The independence fuctor in this case is 0.045. Comparing the
latter fzctor with the factor of 0.089 ss found above for a
flexidle diaphraga, it may be scen that the differsnce is not
great., For practical purposes , the aversge of the two fuce
tors is considered to be sufficiently sccurste for an actual
stress meter, whose diaphrags is someshat flexible.



A sample computation sheet is presented as Table
3 to show the originm of such results as are inecluded in
Pigs. 6 and 7. The dsts in Table & coaprise one final
trisl to determine the stress distribution on and arcund a
particular stress meter due to & contraction of the con~
erete, atcording to the method explained sbove. The con~
grete is assumed to contraect 100 millicnths of an ineh per
inch while the diaphragm tends to remain at fixed thickness.
The finel stresses must be such that the entire ares of the
diaphragn in contact with the concrete is deflected rela-
tively to the currounding conecrete by 100 aillionths of an
inch per inch, or 18.7 millionths in the hslf thickness of
the diaphragm. The data can best be visuslized by assuming
&8s & first step that a plane is cut through the concrete and
the disphrags midway Som the two faces of the dlaphragm.
After the concrete contraction, the diaphrage will extend
out 18.7 millionths of sn inch froz the plane of the con~
erete, becsuse in the cut condition there cen be no compres-
sion on the diaphragm. The stresses shown in Table 3 are
such 23 to deflect the diaghraga back into the plane of the
concrete and yet %o maintsin the conecrete plane and %
leave no unbalanced forces. FHe deflections are zotually

reckoned from the plame of the diaphragm fsce instead of
the midplane and the additicnal deflections if the half



TABLE 3. EXAMPLE OF TRIAL ANALYSIS TO DETERMINE EFFECT OF CONCRETE CONTRACTION

UPON INFLEXIBLE STRESS METER OF 3.4-INCH NET RADIUS.

Stress

Ring DEFLECTIONS AT VARIOUS DISTANCES FROM CENTER,
Intensity Redii millionths inch °
(p.s.1.) 0 1.0 2.0 ] 3.0 l 3.2 l 3.4 I 3.8 l 4.0 l 4.5 | 5.0 6.0 7.0
(DUE TO COMPRESSION ON STRESS METER)
5 0.00- 1.94 9.7 9.0 5.8 3.4 3.2 3.0 2.5 2.3 2.1 1.9 1.6 1.4
8 1.94- 2.37 3.4 8.7 5.7 3.0 2.7 2.5 2.2 2.1 1.7 1.5 1.3 1.1
10 2.37- 2.90 5.3 5.5 6.5 6.8 5.7 5.1 4.4 4.1 3.5 3.1 2.4 2.0
13.5 2.90- 3.20 4.1 4.2 4.7 7.9 6.9 5.3 4.2 3.9 3.3 2.9 2.3 1.9
28 3.20- 3.37 4.7 4.8 5.2 6.9 9.2 8.3 5.4 5.0 4.2 3.1 2.8 2.3
103 3.37- 3.40 3.5 3.6 3.9 4.9 5.6 8.5 4.4 4.0 3.2 2.8 2.2 1.8
Total positive deflection| 30.7 | 30.8 |31.8 | 32.9 |33.3 [32.7 |23.1 |21.4 |18.0 |15.3 12.6 [10.5
(DUE TO TENSION IN SURROUNDING CONCRETE)

35 3.80- 3.84 1.3 1.4 1.4 1:7 1.8 1.9 3.5 2.1 1.5 1.3 1.0 0.8
15 3.84- 4.03 2.9 3.0 3.2 3.6 3.8 4.0 5.5 6.0 3.5 2.9 2.3 1.8
10 4.03- 4.46 4.3 4.3 4.6 5.0 5.2 5.4 6.1 i | 6.8 4.8 3.7 3.0
2.2 4.46- 5.45 2.2 2.2 2.3 2.4 2.5 2.5 2.7 2.8 3.5 3.7 2.4 1.9
0.35 5.45- 8.15 0.9 0.9 1.0 1.0 1.0 1.0 1.0 1.0 1.1 1.2 1.4 1.4
0.2 8.15-12.2 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.9 0.9 0.9 1.0
0.1 12.2 -18.3 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.8 0.6
Total negative deflection| 13.0 | 13.2 | 13.9 |[15.1 |15.7 |16.2 20.2 [ 20.4 (17.9 |15.4 [12.3 |10.5
Net deflectioh 7.7 (17.6 |17.9 |17.8 |17.6 |16.5 2.9 1.0 0.1 |-0.1 0.3 0.0

Direct Strain Correction 1.0 1.0 1.0 1.0 1.0 1.0 |-3.3 [-1.4 |-0.2 |-0.2 o] o]
Final deflection 8.7 | 18.6 | 18.9 |18.8 |18.6 |17.5 |[-0.4 |-0.4 |-0.1 |-0.3 0.3 0.0

SUMMARY : -

Contraction of concrete assumed 100 millionths per unit, or 18.7 millionths inch
for the half thickness of diaphragm.

Stress which would result if diaphragm were compressed full amount is 100
millionths multiplied by the assumed "E" of 2,000,000 p.s.i., or 200 p.s.i.

Stress found by the analysis above is 441 1b. total compression on diaphragm
divided by the effective area of 40.8 inches, or 10.8 p.s.i.

Independence factor is then 10.8 divided by 200, or 0.054.

(Total tension in surrounding concrete is approximately 440 1b.)

NOTE: -

"Direct Strain Correction"is the adjustment to allow for the strain between the
plane of the diaphragm face and the midplane of the diaphragm.
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thickness of the disphragm are added under the label "Direct
strain correction.® It will be noted that the deflections
over the diaphragm are substantially 18.7 millionths ineh

s required and that the concrete is maintained substan-
tially undeflected,

In the case of a flexible diephraga, the procedure
is the same as for the inflexible disphragm represented by
Table & except that the deflection need not be uniform over
the dlaphragm. Instead, the stress on the diaphragm must
be unifors snd the weighted average deflection must be 18.7
millionths inch.

Results of a few snalyses of stress meters having
the approximate dimensions of those now in use are presented
in Table 4 below. Aimong the results shomn, the best inde-
pandence factor of about 0,04 is indicsted for a stress meter
having & wide wrapped rim (0.8 in.). For such s stress
meter, the modulus of elasticity of conorete and disphrage
gould differ by about B85 per cent without csusing an error
of more than 1 per cent. But the wide stress-fres rim in-
troduces a considerable amount of uncertainty as to how mugh
streas goes to the disphrege and how much to the surrcund-
ing concrete. A more satisfactory disphragm is the one with
& wrapped rim 0.4 inches wide, for which the independence
fzetor is sbout 0.05, which is as low s need be. The



diaphrags with & stress-free rim only 0.1 inch wide hss a
sufficiently low independence factor, but with such a small
sllowance it is impracticable to avold passage of an appre-
ciable amount of stress through the welded rim.

Table 4. Independence Factors for Btress Meters
of Varying Peripheral Widths

Bet Effective ®¥idth of AUCSDENCeNCS s ECLOT
Disphraga Ares Stress-Pree| Inflexible | Flexible
Radius Rim Disphrage | Diaphregm
B4 in. 48.8 0.8 in. 0.048 0.038
Z.4 in. 40,6 0«4 in. 0.054 0.045
8.7 in. 44.8 2.1 in. 0.078 £.083

Hote:~ 4ll diaphragms 2/8 ineh thick and of same
compressibility as concrete.

The sensitivity of = stress meter gan be varied
almost at will in the design, but zccount mt be taken of
the relation between sensitivity snd renge, sand of the



resulting compressibility. Among the nrimary factors to be
gonsidered in the dcéiga are the dimensions and ssximum
stresses of the internal plate, and the composition of the
metal or alloy to be used., Obviously these gquantities sre
related. For example, if the dimensions of the plate are
such as %o csuse high stress, & wmetal or slloy with &
corresponding elastic limit sust be g-mioygﬁ‘ Curves show-
ing the relaticn of (1) meximum stress, (£) deflection due
to & nominal load, (3) thickness, and (4) rsdius, all for &
plate clamped at the rim, are presented in Pig. 8. The
curves are not preelse, nor need they be, becsuse not only
- 48 there always some doubt gbout the fixity of the riz of
such & plete, but every stress meter is individually cali-
brated.

In the present stress meters, the internsl nlate
has a radius of 0.75 inch and a thickmess of 0,08 ineh.
This results in a flexural stress at the rim of about 40,000
P:8.1. for an applied load of 600 p.s8.i., which is the ordi-

nary range. A good grade of carbon steel serves very well
for this set of conditions. The resulting deflection for
800 p.s.i. is about 0.008 inech, anﬂltht least reading is
about B p.s.i.

One of the most diffieult problesms in the design



of a stress meter is to secure substantial independence
from the effect of tempersture changes. The problem is not
with the strain-meter unit which detects the deflectiocn of
the internel plate, because this unit is compenssted for
temperature effects. It has been shown by anslysis as well
&s by sctual test that as long as the essential members of
the strain-meter unit are all of steel there is no sensidle
efTect of tempersture on the scouraste detection of deflec-
tion, Instead, the problem is to secure a composite dia-
phragn which has sprroximately the same coefficient of ex-
pansion with respect to thickness as does sn equal thickness
of eoncrete. It appeers to be sasential that the diaphragm
contain & fila of fluid, and high tmm expansion is a
charscteristic of nearly sll fluids, s= compared with solids.
In the following table, m cublcal expansion of steel is
compared with that of each of several fluids whieh might be
considered for use in stress meters.

Haterial cu:tacl Ex siin S ee l‘.
Bteel 20x10"8 mm““-
Hercury 101 101
Glycerine 281 289
Petroleum Bag - 588

~ Water 180 205 _ A




At first thought, the expsnsicn of & thin fils of smercury
Wmtmt«oqucmefwaim, because the
coefficlent is only five times that of steel. In fact, for
the early stresa meters only slight sttention wa2 paid to
the guestion of tempersture effects, it being believed that
if the mercury filam were reascnably thin there would be no
trouble.

But the expansion of the fiuid film in the stress
meter is mostly confined to the one e&::etiaa‘ As the tem-
perature rises and the materisls expand, only 18.8 per eent
of the wolume expansion of the mercury 1s permitted later-
ally; the remainder must take place normal to the diaphrags.
Thus, there results an effective linear expansion of 87
millionths of an inch per inch per degree ¥F. tending to
change the thicknesz of the mercury fila. This value is 13
tizes the linear expansion of the steel, instead of only &
tizes., The importance of reducing the file thickness to a
minimum is obviocus.

The magnitude of the correction whieh must be ap~
plied to indicated stress to obtain true stress will depend
upen several fsctors. The lowest correction results under
the following conditions:

1. 8tress meter baving & winimun thickness of
mercury fils,

2. Biress meter having a low independence factor,



8, Concrete having = high thermal o::;mnsica, and
4. Concrete having a low wodulus of elasticity.

A simple ecustion can be written for the tentative
correction by expressing the fact that the correction in
pounds per square ineh i1s equsl to the product of (1) the
excess expansion of the disphrage thicknessz above that of
the concrete, (2) the independence factor, snd (Z) the mod-
ulus of elasticity of the concrete. The resulting ecuation
is included in Plg. . The squation is also yresented &5 a
series of disgrams in the same Tigure.

A comparison of the temperzture corrections for
serly stress meters snd for those recently constructed is
useful to demonstrate the progress that has been mede as
well as to show the magnitude of the correction under spe~
eific conditions. The thickness of the mercury film in
early stress meters was asbout 0,125 tizes the diaphragm
thickness, as compared with sbout 0.08 for recent meters,
The performance factor for early meters wag about 0.10 as
compared with 0.06 for recent meters. Assuming an aver:zge
concrete with a thermal expension of 6 millionths per de-
gree F,, the following correcticns are found from Fig. 1

E= 2,000,000 pegeds E = 4,000,000 pe2ai.

~Eheta
%mﬁtiiﬁif meters il Peseds/10 B, 4.2 p.s.i./1° T
Corrections for re- 0.6 *® = : 1.0 % w

cent stress neters




The correction is not negligible sven for the re-
cent stress meters, especially if the modulus of elesstiecity
of the concrete is high. However, the effect of tempera-
ture is less then one-fourth of that which prevailed in
early stress meters, and further isprovement is now asssured
through & further reduction in thickness of the mercury
film. The thinness of the mercury film has been limited by
the inability of welding the rim of the disphrags without
some subseguent buckling of the diaphrsgm plates, The
welding technique has grasdually been improved to provide
continuous filas of less than 0.02 ineh thickness.

The temperature correction of a stress meter is
directly proportional ¢o the modulus of slasticity of the
conerete. Thus, the correction is greater for aguick changes
in temperature becsuse of the sbsence of plastiec flow, whiech
would operate to reduce the effective modulus of slasticity.

_ The effect of a difference in the compressibility
of the stress meter and that of the asdjacent concrete can
be found by applying the independence fzctor to the differ-
ence in desired contraction under load. The following

equations express the simple relations,

-
Difference in desired contraction = !“ - ﬁ
¢




where tc i3 compressive stress in conerete in the diree-
 tion perpendicular to the plane of the diaphraga, E, is
the modulus of elasticity of the concrete, and Bu is the
effective modulus of elaszticity of the stress meter,

It follows that,
T f

E
Stress error = Eg:--%; EF = Pf, {z-é}
vhere P is the inedpendence fzctor.

The above equations sre not exact, because the
independence factor is developed on the assumption that
compressibility of concrete and diaphrags are squal., Actu~
ally, the compressibility of the diaphragm alters the inde~
pendence factor only slightly, so long ss the compressibility
of the diaphragm is not more then twice that of the concrete.
Therefore, the above equations can be used for sll diaphragms
whose compressibilities lie within the great range from in-
finite rigidity on the one hand to one half of the rigidity
of the concrete on the other.

Whenever the dlaphraga is smore rigid than the con-
crete, the greatest error that can possibly be attributed o
difference in modulus of elasticity is the full nroduct of
concrete stress and performsnce faetor. This maximum error

occurs vhen the diaphragm has infinite rigidity. It amounts
to § per cent for recent stress meters having performance
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factors of 0.056. This is sn important fact whers modulus
of elasticity is unknown or indefinite. For example, if the
stress meter should be applied o & soil instead of gon-
crete, and the 2oil were to have = compressibility of 100
times (10,000 per cent) its assumed value, the error eculd
nevertheless be limited to & per cent or less.

¥hen the disphragm is less rigid th&ni the concrete,
the greatest error can conceivsbly reach 100 ver cent. In
other words, if the diaphragms cen be compressed sz wueh as
the surrounding conerete by negligible forces, no stress
would be Indleated. Whenever the modulus of elasticity of
the conerete is in doubt, therefore, the chance of large
error is lessened by holding the compressibility of the dls-~
phragm on the low side,

The effective compressibility of & stress meter
disphragm is the result of a combination of ‘causes, The
contribution due to direct compression of the steel is
small compared with that due to "bulging" of the parts not
in close contact with the concrete. The compressidbility of
the meroury is also a minor fsctor, The effective compres-
8ibility may be determined by evaluating separately the re-
duction in thickness of the diaphragm due to esch gause.

For example, the following computatiocns ap;ly specificslly
to one of the recent stress meters:
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Assumptions: (a) thickness of diaphragm .275
ineh, of which 0,35 is steel and 0.085 is
mercury, (b) dlameter of internal plate 1.8
inch and thickness sueh asz to deflect 00,0007
ineh due to uniform pressure ef 100 p.s.d.,
(¢) radius of diaphragm 3.6 inches, of whigh
outer 3/8 inch has a wall thickness of only
1/18 ineh and is not in contaet with the
sonerete.

Results: The reduction {n thickness of the dis-
Wuamleémtoastrenefm
PeS.1, 12 as follows:

2. Due to compression of 0.6 = -
geroury »
8. Bue ta balge of ocuter 44 = a
4, Dnn to bulge of inter-
nal plate (ave. defl. 12,7 " "
D.48 of m:)
Total 18.9 7 “

The compressibility per inch of thiskness is then
18.9 divided by the thickness (3/8 ineh) or 50 millionths,
and the effective modulus of elasticity is then 2 million
pounds per sguare inch. This haprens to be & good sverage
value for ordinary concrete. True, the ususal quick-loading
tests give higher values, but the value that governs here
is the "sustained® modulus of elaaticity, which ineiudu
the plastic flow due to continusd load,




Resulis from stress meters in service concrete
are not yet complete encugh to prove the dependadbility of
the device as now W&mcted. Pield measurements to date, .
however, appear to be reasonable.

Stress meters embedded in lsboratory specimens of
concrete have consistently shown good results except under
temperature change. As discussed sbove, the temperature
correction has been especially high in early stress meters.
The trouble is magnified by the fact that conerete ususlly
hardens at an elevated temperciure, esvecislly when cast in
large masses., The mercury fils in the disphrigms is then ex-
panded, with the result that lster cooling frees the dle~
phraga from the concrete. in aprreeisble initisl eompres-
sive stress is then recuired before the siress meter begins
to operste. This typcof behavior is demonstrated in Fig.

10.

The diagrams in Pig. 10 represent actual observa-
tions on two stress meters embedded in large concrete @yl-
inders. Omne of the stress meters was constructed im 18985,
before the magnitude of the temperature correction wes appre-
giated, and the other was constructed in 1828, In both cases
the concrete hardened at an elevated temperature. Loads were
later applied with specimens st room tempersture. The initial




compressive stress required to bring each siress meter into
operstion is an indication of the magnitude of the tempers-
ture correcticn. It may be noted that the error in the
early meter is about 180 p.s.i. a3 compared with about 20
P+8.i. for the recent meter. Detailed consideration of
these dlsgrams is not werranted becsuse, although tempera-
ture histories were regorded, there waes no accurate knowl-
edge of the elastic and plastic properties of the concretes,
nor of thelr thermal expansions. gJuffice 1t to say that the
diagrems indicate the successful reduction in temperature
correction that has been achieved in recent stress meters.
The performance of & reeent stress meter embedded
in a concrete specimen and loaded at emnstsnt temperature is
shown in Fig. 11, In this figure are two charts, the upper
one showing indicsted stress plotted against applied stress,
ané the lower one showing measured strain alsc plotted
against spplied stress. The specimen wss & 15-ingh diameter
syiinéir of conerete containing cne of the recent stress
meters on ite axis snd containing also a strain meter placed
alongside the stress meter parsllel to the axis. The e¢yl-
inder was loaded when the concrete was only four days old,
and sgain when the age was 145 days. During this intervel
of tise the conerete increased noticesbly in rigidity, as
revealed by the stress-straln curves in the lower charé.




In fact the strain for 500 p.s.i. was 40 per cent greater
at 4 days then at 143 days. The indicated stress, however,
was substantially the same &t both ages, and 1t agreed well
with the sctual aprlied stress at both ages. Purthermore,
the stress meter indicated the true stress whether the load
was increasing or decreasing, despite the fact that the
strains were widely different. This is believed to be the
aost convineing sroof that the stress mter.indieates eon-
presaive stress largely Iindependent of the uagnitude of tha'
accompanying strain.

In conclusion, it should be stated that the results
shown in Fig. 11 represent tests on only cne of many stress
meters embedded in concrete cylinders &nd tested similarly.
The earliest such test on & stress meter of the general type
now in use was mede in 1922, In genersal, there was a gradusl
improvement and each successive test showed & closer aggreé&
to the goal of independence from extraneous deformsticns.
The results shown in Pig. 11 are the best that have been ob-
tained thus fur, but further imyrovensent in the stress meter
is anticipated, especially in the correction due to tempere-
ture change.



