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WATERPROOFING STRAIN GAGES
FOR LOW AMBIENT TEMPE RATURES
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________________ 1LSI MATIRIALS AND LQUIPMLNT

• i,—
v The materials selected for testIng wes e all commeu

- 
‘~‘ ~iaIin, available and, escept fur the waterproofing sys’

3 tems , were generally used in our labo atory,

Figure ?. Goges in I4’heutswne Beam mater ials
hr liitje, (‘antileve, beams were chosen as the test specimens

sinet’ tnui individual gages could be installed on them
In terms of c4uivalont strains we have hind tould be wi,ed into a Whcatctonc bridge cir u,l to

/ InOnIIISr possible zero shifts, The beam materials sel-

~~~ - • - a cried were those com monly used in our laborator~ as
4 R 1 R2 R 3 R4 f transducer ck’.ments and structur al ele ’nc ’nts, Three

materials were selected : M1020 low carbon merchant

(e - •e -e ) . quality ~tcel , 6061-16 aluminum, and 17-4 P11 stainless
1 2 3 ~ stee l. Ream ctoss’sectional dimensions of 1 .0.in, ~ idth

and 0.25-in , thickness were selected to reduce possible
Note from this equation that , if initial conditions stiffening effects from the waterproof ing systems. Thi’

(i.e. gage res istance and gage to-ground resistance) weic 17.4 PH stainless steel beams were hardened to tm ind i.
the same fur gages 1 and 2 and both gages decreased by lion H 1025, which is accomplished by heating the an’
the same amount in their gage~to-ground resistance, nealed beams to 1025°F, then cooling in air . Typical
these changes would offset each other and no zero handbook values loi these materials are yield ~trcngths
shill would occur . However, since resittances R 1 and of 15,000 lbf/in,’ fur mild steel (Joseph 1, Ryerso n &
R2 have effectively been shunted, a change in sensi- 5uns 1976) and aluminum (Aluminum Company of
tiv ity and hence calibration would occur. Thus some Amet ca 1~ S8) and 145 ,000 lbffj n,’ for stainless steel
t.Jutiofl must he used in interpreting the cause ol a (Armco Steel Corp. 1966). Young’s muduli tot thew
zer o shift in a bridge circuit . mate, ials aie 30* 10’ lbf/in.2 tot mild stcct , lOt. 10’ Ibm !

Assuming an Ini tial gagc.to.ground resistance of ~n
2 lot aluminum and 28,~ x 10’ lbf/ in.2 for sta inless

20,000 M1~ in a full bridge circuit , we c,’n calculate the steel.
zero offset th4t would result if the resistance to guound
in one gage decreased, for example, to 100 Nfl. Sihu c Strain gages
the gage factor for our gages was 2,05 and initial gage Micro.Measurcmcnts Series WK strain gages with in’
resistance was 350 ohms, the resulting equation Is tegral printed c ircuit terminals were used for thy tests ,

l’hesc foil gages are fully encapsulated in a glass tiher
(201000.’lOOJx IO~ reinforced eptl .n.5 ’phcnuiic tesin. The “K” j IIt’~ i~~iI

R~ 20,000* 101 (nickcl.chromium alloy) WaS selected because oh It’.
high endurance limit over wide Iemperatume rai ,~~es

and from eq 5 (freynik and Dittbenner 1976). good stabilit~, and the
sell-temperature compensation availability . Gages w ith

- 
1 (0.995) 350 the, mal expansion coeff icients oi 6~ 10”/°F w ere

2.05* 20,~~~Ti’~~ (1-0.995) 1 used isn the mild steel and st,hinless steel beams, atnd
13s~ lO”/ °F on the aluminum beams. Although self .

- 1.7* 10” temperature compensation is not always ncs,essar~ in
fufi bridge circuits because of ’ the inherent dcet,kai

or — 1,7 pin /in. compensatknn, it is desirable ii one gage in the c i t t . i i i t

fails and an external bridge ~ompIction resistor is used.
Ibis is the equivalent strain output from a lull bridge A gage length of 0 .25 in. and gage tesistanee oi 350
circuit due to the change in gage-to-ground resistance ohms wete specilicd. l’hv nominal gage tactur w , s 2,1,
indicated above. All gages to be mounted on each beam material weie

Since this is about the limit of readabtlity of our specified to have the same lot numbs’. to lurthei cInsu,i’
strain indicator and cxcceds even the 0.1% ,ii.cutat.y it’- that all gages would respond alike to environmental
qulrcd ol precision transducers (assunning 20(X) pi n,/ ,n . changes.
full scale indicated slr,iin), the 100 MU llmjt was sd’
ected as the failure point in our gage to-ground r~sis- Adhesives
tance measurements , tour adhesives were selected which would be ~nm-

pat ible with the epoxy-phenolic encapsulated gage’. and
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a, I oadinq app arat us with test beams u’Iampt ’d in p osi t ion,

b. Complete load ing apparatu s in operation.

r igure 3. Beani loading apparatus ,
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/ igurt’ 4. .‘utp u,,? ~1~.?gi’ / 1 , ~II;I ‘it ,)F? lif ’l.f~fl.l , sf1 lilt ’ hridcu’ in i / i t.

C in ts ’r t s io i i l , ss hule thsi’.e on the tst i t t t i l is al t ’  neg.I- 55lleR’ ‘ = hI idgi’ output st i lt,tgt’
Ii’. C ill ., ti isl pi i’s slOlS) . ‘si u,, m__gn i t  tidi”. .tt pts ’ .u I sins 1 hr idge Input soIt age
1 .Ind 2 _ii s’ equal - and % t l . I i f l  magis In des at ps isi t h i n ’. F’. gage tau t Oh of ‘.11 .ti n gags’’..

and 1 ,~r t _  .uI’.o equal . I h illS -\ppendis ‘\ , eq -\ I . tht’
s t r a ~ it iss.iglsi tndes at ps i’ .u t i o r t s  I .iussl 2 .tie - i ’ - $ ‘ 1 1I%iltg .1 g.ugt’ f.tChil s it 2 0.5 f t _ i l  ths’ st’nes titi F~ s tl.uiil

ill irs - I 02 ’. 10 ’ ‘ its in - .irnt_ I 1 . 4 4  ‘s It) in. iii 1, ’? g.lge’., br uu lge outpUts at full beans &k’tit’t_ C i t _ l u ’  .uu’

the iss Id ‘.ls’s’l . .Ilunsilsuns , .intI ‘.t.tinls”.’. ‘.ts’t I  bs’alsss , I - ‘21 s 1(1 \ \ , I, S 52s lti ’ \ , , ,unsl .4 .24 ~ s it)

s t ’ s  I i It ess i ‘.e the ‘.t 1 .110 lit .igis h ides .11 ps.s i V \ f t_ il tf se 1111 Id ‘.tt’t’I , .0(1115 tnufls , .iiid 5 1.1 i I5l ’s’. steel

I’. is’ . .ind 4 .u s’ Q 1 ,fti ’. 10 ~ us , is . , I .41 7s I 0 ‘ beams , respec t u’.t’I’. , I he’.s’ ‘.oltagt’ 1,11 iii ’. t _ u ’ii t’SiiuiIid

in. his . .uiit_ l I S 4 ’ .  1 ~) in. it . h i  the salIle le’.IlCS l i St’ 1,1 un du~,its’d ‘.tiauns of ~~ Mit t . Ill ., ‘.() tS Cl 111 Ii -

t’ s’.ii’ts t~4 . 2 pin iii . tot the 5,11155’ I t’sps’~~t se ht ’ .ihlis .

l f i t _ ’ g ’ s i t  t~t1g t’tiu.iIu, uil t I ’t sIn _ i l l s s.~.u gt’’ lit _i ‘si, hs’,it
s t u iise lit itige ~i ‘a i lit-Id 1 ‘I ‘. 
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‘\ ‘.pe~ t i  t_ lstiItd i’s t I Ut’ l i S t ’ I t’ s t li ii the iii s’’.t_’t it_ C of
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ts .tk’i in .u sf,,ufl g.igi ’ .issemlsl’. i s _I flht’.ISIJiCIS)t ’llt of

4 ‘ I nsu Lu it_i ll resist .nt~ s’ bets’. ecu list’ gags’ .u nil gi on nid

1* •

1 
*-... I

Ir% • 
~‘S

.
- 

4;

•

/ ,q ui r t ’ Ii ~t’st hP nS t t id t Oc ’, n t J t i , iPt

(s

, . —‘ -. _ j _ ~~~~



- . - -~~~~ -- .  ~~~~ ‘ .~~~~~~ -~~‘- ~~~

( s i le,. i n i t u ’iO - ‘si ’. I i . ik .ugt _ ’ p. lii t i t t_  ui i ing hs’t~~t’t’ii the ii,,itiei ( - l l i . l1l  Ii) I i  I t_ t i u l i t i l s , is .i ‘.iii) It_ S

s I t  u ’ S  g.is~t_ . 1  nbc iej t_ I ss ir es tui guiiUltd ,if t t ’ t t s  the ~~~
- ItI’lt I , j i_ u d ’ f t t ’ i’, (I ,uil’, lt l t_ i,’il t s i l ic , ins ’ iuiiiit ’i ifs.i l us n m ’ i i t

‘1 liii ’ 5 t t . l iT i  f lt easnle fl sehst ’ ., .ifld it was shoss is tefltpel.Itune si l lualt i/ in g (R I~ ’ ) Ran ier C us .t I’.u .is . i i i

i’.u’ ic r t h u  .1 nt ’’.is t .i iis C u_hangs’ fron t .,tO ,t)00 M~_ lii ,ihIt’ Irons t it lis t disI rut,iu~~ut~ s u l u d(’r tither us,Irs’ies s t _ f  j s

1(10 \1~~ in .‘ i i t _ ’ g,uge iç ’ .uttS lit J I ~~~~~~~ ehtur , the simpl’, a tube ill I)t i~ I oi iillt~ 4 14( 1 R r’s uui .Ii t~: I i.is

\ ~~~~ ihss t r uun s en t ’ . 5.i . udel I 300 gags’ installation Id le, is .ilst _ i avai l_ ul rk ’ in I.it g ’r ,~ t u i r i l lL le ’ .  I’’ g u i%t ’n i i i i i t ’i i t  I

ss ,i’. used t , -f gage t , gi ound fl le ,t ’ .UrClslCll ts .iusd aI’.u age i t t _ i s ’s thr , tugh ( ,S -\ ,ind is tht’ s.lmt’ .1’. I edt ’ .tI “it. t_

pi is ‘ sit Cl rsi ~’.ii’’, I t  , jcu_ ur , u ts ’I’. ntt’as urlhsg gage r(’’.ist,int(’. Nuniher S~ ‘u T’t) I in uussuI. iiiiig t~ bfl spuiUhid . V i i’

the Wl ts ’ ,1 t s l , i i s t ’ bridge hot ik u ps , two RU I I Ice- n~tudified t ist’ le~ , i Ist f l t el t d t ’ uI _t Pi’l Ihs .i1101t ~~!t.t  it _ l i l t  c is’.

li i i,.’. s r i ’ “2 ’ .  ss ~ s~ hirtg .iuid balanc ing wi lt s  su i’ t C  l i r s i  .upp iy ing .i u_ i ’a I i l tg  t il \1~ i - ‘sl t_ ’ ,ishI s s ’ I r I  M (

used C , ’ ‘ t i ll’. ‘ d i n t _ i’ eac h i_ u rcU i t  ht’tnre each ~~~~~ 
I). Ih i~ was , il lows ’d t ’  su~ s’ I t _ i t  tw o  f i ,’u i  Il ls ii

‘\ ‘I. ‘h is  l i s s l r t u n s e t t t s  Model P 4 Sf ) ..\ digital ‘ .Ii.i ifl fl- log it \ I I t_  t , . -Ms ’ ,istilt’ hs st _ ’f lt’ . \l ( ‘ ‘ i i  H ss .1’. ,i1’~’~t_ ’d s i

,f i .. lIt_ li ‘.5 ,1’, 51 s t_ s I I, ’ r ssi ,f l i ( t_)n Ihe indicated ‘.Iy ,uiii un the M-( ss .it I) ,irsd i’’.It’rided t ip list’ gut_ t i ’ Is ’.tds lii .t. is

ii lii sigi ’ s i t s uit ‘‘ i’ I ig (‘I .ils i rss u l a t i , ’ n  ~li ~iit ’i L I i .It .\ ‘ n i ’i ,uil, ’ tl i t ’i t ’ . ’ . , ’ f t .  - i

thu t3 ,ir r iu’ t ( ‘ 5 5 J s  sp i ~~i i s t i  the t r i l l I a rc i  ‘I he K I \
_oati ng requ ires _ ippros Irss.iteh 2-i hi lt_ il’ . s i re  I u r ic  ‘ ‘i i

W 4.I I. R1’R(X,’)I IN(~ INS 1 A L L A T  ION s’ai lu 0 (12 in . css a t l r t g thit kits ’s’. .11 ‘ - i t t  t_ - u p,’: it u

.tncl SO’~. rel , i i ise liuntit_ IiI’ , -
Ins a l l  use s , the bC_ il lS ‘ .p t ’Cu h lst ’i is htst l ’ . t  he Pt O~~Cl I ’, H,trrit’r t), ,is ailablu’ f ri m t  131, 11 F. lt’t li’illih. s , ~ CV.

pr t-p.ui i’d for g.uge in’.t.ulI~hitln , t he stra In g,Igt’s insta lled , par t s’psss_ ’, I t’sin w hit is u_ msrn ’s us p~ t’nhi,’asurs ’s. r.i. ci’’

the ls ’jd V. l it ’s tt’s t t _ ’u_t m d  soldered 10 the gages , and the whth a se parat o r I’ t_ ’I w i t _ f l  thu i es int arid (hi h,i’ l ii i

Ct i iss p lele i rs s t_ ul lat i u i n ag.i irs ,.Ie.tnt’t_ l Iii i t _ rOoSt ’ .iII grs’.isi’ the eposs is mused f i’. ‘s - rn is rig thc si p_i t i t -  I

,otd oil beft _ ’ re ,lpp l isa t iu uls ot the 55 ,i(t’I piooliflg s’, stem , kneading the b.ug f u r  ,ihiisul l i S t  rsliflLIC’., t h e  r i ’ ’’’ ’’

“Si the se prel ill 11,115 p1 otet_ lures V. crc per formed - ol- app lied w ills a sp.IIuI.l ‘s sb .i t irlg ‘I t_ ~‘. th,i’ ‘
~ ill

low l u g  the mars ufac I cii ers ’ lus h ut_ I ~i t s , arid II C u_u s- thick ness us rs ’comrsseirdt ’d to asuid it’ if l f1’r t_ .~~~~ the

cussed ins detai l  iii .-\ppenduces H. 1 , and 1) I Ise I ii spec imeis , I t_ ’ i  I. rtg Ii’’ 01 w ,utt’i mnsnle rs iors , I’.’. ‘

lowing paragrap h’. pr i’. lu_it’ dc’t.tilcd ~lesc t iptit_ ins f t _ i , of Is’s” than ,t, -in . thucLness each art r ‘c mm tnded.

app l~ ing ‘ u ,. Is of the t t u a t l i l gs . I gur u’s 7 thrllligh 14 Because our specius sems ’. were onI~ ~ in
. thick , we

show consplt’Ied insl,illj tit iils (St all w .iierproof ing sss- plied only one coating It_ S aso id possible 5 i f ts ’n i ’ ’  ‘ I

tCfllS u’.&’d . the test beans . ihe coating ‘.‘..i s t’s.ts’llded I 
~ ~~ ‘ ‘ 5  ‘11.1

I k i r r u e r  ‘s us .i RI II Ilei_ tr tsn ic ’t product consisting three edges of t he gags-c ,und 1
,, urs , up th~ lead w i t ’s

~t .i tu h~’rgI,iss I eflon pressurc .sdhtSit iVe silicone adhesive l’he coating w.us u tu re d  tor 1/2 Iss one hour under .u heat

apt’ .ind a si licone se,tlc r Althoug h the system ap- lamp with spet men tc rnpc rat urcs of 1 ~() 
‘ tsi 20t)’ I

pcj rcd lii he s eny  sililpIc to insstall . w e es perienced Barl icr I , , Ih t thh h Ci  13111 iIecttt_ in ics pItidUct , i s  J ‘.,ul I

mans prohls ’ isrs w d i s irs,ti ,0 attempts at insta llation . But’,-l rubhel ss it is .1 p,utJs ii  unf.ubrut .ilt_’d N op ’ s t i c

1 he specimen surf ace wa s cleaned w i t h  methyl eth’, I rubber for meclsanical protection . the p.ult li w..’. iii

Itetone (MI k). A puece of tape lalge enough to Cs - to si/c , allowing .r 1” 4 - i n , border ,truund the gage ,ind

te nt_I ,un , beyond the gage edges and ‘j  in . up j h~ in, beyond tt~c’ termin.tls ,i( the lead end lhe p u t t _ h  s’. us

lead w i t ’’, wa s cut  .tnd pressed ill ml’, l i S t _ I  the gage .us then applied I i  l iSt ’ c p t _ ’ cullse ns .111(1 pres sed t i  m i s  ~s tb

sens hls ‘s he.u’.’. ct iatung of si licone rubber w .Is ap’ the fingers. 1 tic Neoprene was rullei ’ .~at s ‘.ligh:k .ii

plit’d , os’t’rlapp iusg th~ spet imen and the tape about ~-i the lead exit clsd ,ind the Huts I ubbel kist ’aded . lbtht l l ld

~n Ahotut ‘ hour . i I t t_ ’i the sealer was applied , t il t ’ tape and under the Is’,id w iut’s . Then the Nt’iips eri c it_ kel

edges hcg,iii I’  curl up. Seve r,m I app lications were at- Was replaced .usd pressed t i rmi s to escl sut le all .iui huh-
tt ’rrsp(u’t _ f i’.i t f i  i l t I l s  pu ti,iI ‘,Ut_t_ C u t , , Finall’. the ku ‘.u ,is bk’s, Thus ’.’. a’. Is’. Iii liii ’ s’.t s it_ ’st ‘.s .itt ’rpi,i ut u i ) g t_~ u .u t i l tg

returned Its Bill 1,It’u_ tr onics , and their tests in’ to app1’,’ and nequiled fl u (UI 115g.

dicated .i detec t in list ’ t ape, i’s new kit was sent and 13,51 nc r  WC , dis h ihuted b’s UL II LIs-c t i  uli OC’ ., is J h,irul

nui prob lem’. w etc espenienced w i th this . More th.ini micruici yst~Iline ‘.c.is . The w ,u ’. ss ,is hc,ttt’d It_ i  .SPPI “..I

tint’ applications it ‘.t’alt’r w. ,s applied It_i the least u’s it maId ’s 1 70’ I’ I s  issel l ,mnid then hi usht ’d s in th~’ spct _ i

area , siisce th u le.itlc ‘‘ wuc kcd’up” some of the sealer , men, which had been prche.sted Its ,uppi o’sirss , itt’l’.
l’he sea ler did null appear S is~ t_ s u i ’ .  enough to ,ulls iw .ip. 1100 1, The ‘,S ,1S 55,1’, applied irs I.u’, ci’, I’ .tbt utit ~ iii

pltc ~l It’ll of this ‘.‘. sI~ n1 usns s ertic ,iI cu rf ’j ces , The sealer thick ,tnd I itsaII ’ . smoothed i’ .t_’i ‘.‘. Iii .1 ise,sIed lllt ’ t ,( l

curt”, ins u ’ i5C hour .hI b u m  tenlpc r.itulre hsswt’vei , ir rt _~ - p.ttL ll.u . On tile ls- ,t d s’’.,it skis’ itt the gages the coa tmng

ns.iins ‘‘ t i c ks ’’ indet’ilsit t’l’s ext e nt_ It’d ic ta r as i’t .it_’lit’Jl , 5511110(11 in( u’ if t ’r ifsg %‘ .u tit
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F igure 7, Barrier .‘l installation,
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Figure 8. BarrIer C installation.
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lb5 lit - _ u n  u I,iitips , ,iit tl ‘ ‘ u t  Its’’. t u t u iltu’ I s ’n i ,ulnuii g g ig s’ uu u ul ’ . I 550 Iituuu ‘. as i t t ,  ‘ umtuils ’i is lu ’uI , V.5 u mi u ‘nut ‘ ‘ ut- t i  illi

i’dgt ’s Iliac st a lin g .l n l I lu ’ t  be’ apitileut tu b ve ’ r t ut_ aI cut- gags’ - to grotir ii lt’si ’ .IJItt_ e and when this sj lut ’ i’ ‘.u
las s’s . hs ’ws ”.u ’m , it is quits ’ s’a~~ to _ippl’,’ 1st warm hou I I t) ,(X)t~ Mt~, we ssuii ’ .iski i’d t he toat log pi .tIiu ’i i~ ni t

!u_ inlal s~ u ~~~~~ We iosa,W s ta l i ng  limes ol up to this’s’ di’ .’. at I tuol I t

tUu iii ’, WI ) , also dusti ibuie’d Ii’s tILl I F It’Ctttuilil, s, ls ’nsps’ rat ut e sc s i  C res lu ll ed ts s’ t e iu s’ ‘.uhse’ u l uue i l t  I ii c i ’

i s a suit I li_ is le ’ uk5 ’ was which can bet applied to a csqd u tunid be ,ipplus’d I’.ii t is ulau u,u s’ sliuiulul lie hj k, ’ ui I. -

siji t acs’ with a spatula . ( he’ wa~ t entauuis soft after p ts’vt’rt l nlul%’e’nh’(It t a t  the lead W il e ’s dun ing ti , ’ s ‘ i i i  i t ’

appt uc ati sut and pius ides no mechanical protection , sit Mt  0.11 ill , S i l l s  C hiss’ su it ’ ,  I i uisul.t i suit lieu umi l l s ’s s eu

I he’ ‘‘ but te , ung ’’ n cthud of applic~utisin was used, cs ’ f I aisd is suss’t’pl iblt’ 1st damage’. t he ’ s u r is I .igaiii f ’
St i l t_ i ’ f m s ’ ,u tu u m g the w as has ,a Lt ’ui uie’nu ’ ’.’ to eh’gude its (sli m’ s te’I,ilis’ e’i’. tu isu gh .It tei th us s u u .itlilg li i’. nil ’,

,iulttc’.is e u hal ,tt_ t el 1st it ’ ., I st i a sa m t’ was take is to ettat pi oputi I’, -

bt’ne.u i is iltu’ Is’,ts t wi l t ’ s , At Ie’r applms ,tt it imt , the’ lead f.t - ( ‘oat (.I. is d ist u u t m u u t~ ut 1’’, Mit it ‘ Me,i’.i m r ,‘rn m, ’u i t s

cciii”. sct ’i C ‘.e’u_ ui i’d let p1 eVent .115’, illut Ss’iltt’itt which us a two-p a m t , I lISP’- ‘.utliuis 1i,ui ’, ‘.uilt is le ’ iits’ tl i t u ’,1 ‘i’ ,’ ’’.
uiUi ul ts i i it ) ,.,lt.titiic ls fun ’ 55’.tlt’m till 5151510 . Al thsiiigh in .1 penn able’ I olin I ‘I lou ig - t s ’ m Ut us , i t e ’u unUIls ’I ‘.1’ ‘ Ii ,

the’ im t ,inu tas lou i’m its onsnts’nd’. hs’,it ung the Spin itnen Ihi’ ittant, tat tin s’i u cc l u l l  mel id’. lh .it ,u p m t ’  u ‘ .11 t m ‘0 ( , ‘ i t

II (lilt I .‘t - 
I’ ’ I ‘itI I it P’ 

imusibIs’ , sc’s’ slit1 osit deu this his’’ t 1, whit h us a ssu I’. e’rtt I liii ui t , ’ ei .it_ I 5 I It , its ’ i ’ i i u  s l i t _ u  I ,‘li ill

.15155’ the’ pal intai use len thi’. u,i.stu ng 55,151 Id pv eihabls’ at e’a i’s, It’uullng app i ups,  1111.1 ti’l’. ~ 
i i i  fit ’s , ‘Il s f Cli ,’ g,i ct

ht’ in h i l t 1  umt ’ .tal l.itiu ’it’. whe re heating i r u ,i’. not 1st’ esigs’s , Ibis u t b ,i t lu i g 1 5 5 5 1 5  t i i uii , liii’s Rus l iu i r ~ ,u I i I mlut ,u t i .  ‘ m u

P~ S’.Il5 ’ t’ 511 ) ce l h u t _ a l  surtau t”.. Ui’ f t u r u ’ ,uppl’s um ig M t • ‘ i t I I  - if i ,

M4,’suat I , f rom Mit’r ,m’Measurenments . con s ists emi an lt’j tj wir es welt’ 5 ,‘,lti ’t J w it h  M ( o,It It I , i i is t  t uict i I1l.’I’

.asssulmu’nt s’t itiater iàls including a colt and pliable Cli’. Jc ismu’s-isiusl’, tir s um utse ’ul . His’ Mt u ’ .ul I I  w . , S

Itt,t’,I teihhei st ’,iIj nt , Neoprene mubber sheets , alum,. mmcesl and pours’tI u u ’ . t ’m the g.ug u’ .tss u’n’ thI’. - intl ii is is

‘nun I, m ul t.ipe’, a uid M t ’ui .lt B I whit- is is a sstlvs ’nt cmnuuti lhrel with .i glass 111,1 - t_ ik ing .ii C I’ i as ‘id Ii

thinned lilt , ule r ubber , Wç tucetl .i saniplt’ it_ ut itt Mit t_ a t p u g  ,i u l ~ s lh i hile ’s i i i  tb, t_ .‘ .i t i i i g  lilt’ s l i t ’ .  I i~ ui m’

I, whis h uIu,l not teiflt,*iil the ,thsllflmflelfli l it’s ’, imtcte, iui ti u ml i  ,te:cs ’e I ‘.,‘iliu’ ‘ ti it kirm g ’’ . 1  liii ’ u ’ .u I -uu g, sc h u  I’ m m ’

a Heat ’ . I ruibtse’r tape with a hs’as’. ,sleaiisinun~ h i d ht ,is is sj tui i t’ul ,i re’s ~1.11 il l liii ’ k’atl w i l e ’ ,ir ,‘.u I li,s t

ing (3~ % Ss s i t u_ t i  I ,tpe’ Net “~ 
-8060\1 is ,i’. stIbStittIted, sh,itiiul 1st’ .tpt mlus ’si i l l  - i is s ’~I venh il,tt u’ui ,lls ’ ,I t u t u s ’ is is

the’ lejd Wil e’s were first coatruj nc,ir the gage area csiniplt’tc in 24 itimsulc , .imssl the ts u atmn g at t~eu uus ’d .u ‘ ‘1

with M.i.’~mj t III - ‘u/ ,hen this primer di it’d, a I3tatyl rub’ rubber’, t_ u ’ l t s i ’ . i i’lh s

ber is.itl is is cut 151 rs,te’nd apprs simately “I, in. beyond
the’ three edge’s sit the’ sit .ain gages and ,thsui 1 in, up
the lead W iICs , The’ But’s- I rubber wa ’ . placed user the’ TI ST PRO(’I I)LIRI
gage are., ,umd e,uefufly formed around the lead wires
to eliminats’ possible leakage paths. Since we used An ideal lest w utt ulsi u’sas II’,- duplicate’ .ull ant Is l l iahu ’sI

aluminum toil tape over lhe complete assembly, the oper.ltiflg u ,inditusins , humis’s’s’e’r , ( isis is •utt t ’tt Imnpossihls ’
Nce’spr emst’ p.itu_ h was cut ahsna t I in. snialler than the in the habit, ator’. . lit ill sls ’i Iii eleup lus .1Cm ’ I ut ’l(l t’ ,’l)eli t i su l t s

Hut’.’l rubber , which provided a smetsi th contour tor as s leisety ,us psi’.stble’ the tu~lItuwing tes ts w5’l C pru~iio’.u’ul

the’ ,tleimuruo ssu tape. After the Neoprene W.IS placed ls~~sI cycling tl~t’ hu’sl he’,snss .11 re bOO t ts’Il)pt’l ,*luii 5’ li t ,lui

in pti ’ .iti tlms , the’ alsimimiuns tape was installed and the ,itid under 55,Itu’I , .Ini1 the’ t h u  t he’i ht ” .hl iS g ,,uI liii’ iiu’,irit’.
edges ,ifleI 5uurners se’~led with M-Coat Hi , We esperi~ in ,III .11 32 ’ I ,uut ul unele ’m us .ite’r .11 2” 1 lii .tslef ul i , au

s’iit e’d some’ problems with the M’Coat F system , On fIes’ft’~thaw u’ .~ lu - ts ”.t’ . ws ’l e un w ut hs meu t  Iuiaui I ‘. t  h u g

the fir st umuctal lat it in atte’ntpt a heavy layer of M~Coat (sinu S’ i t  ‘.% .l’. unipsissibls ’ Ii, t Ie”. hits ’ u s e ’ ciii Ii(Itlt’tI h,’,ulli’.)

14T w as appiis’st to the’ lead wires with ihe idea that at tempe’r.,Iuus’s hi l il t ) l’s It’ ,5)fl~~ -

this ~~s’ui lsl hs’lp till un lIst’ gaps heits~e’t’ms the Is’ad wire’s, I he’ t u i ’ .h  li_ lu t tO t lus ’ lu’ sl pal ,mgi ,itsr iii’. umISt ’ ti tu ’s t i u i g

I he’ re’,mi,*I,sslcr sit the installation w,ts ps’i lesrms’d ac’ 12 bs’,ir’ns , whiu h m u  ie itte ’t l tu ’ uu i u’ ,iu ls of t i te’ lit lit sls ’ s ’i ,

se di;tg I,. iii, ’ manufacturer ’s insti uchitins, When ,tll ,akaisiitsunl , ,Ims ul s t , i u nk’sc 51cc ’1 spat’s lllt e ’u ls . I Its’ t u _ s i  ‘.u’t

~ imphs’Ied llI’.I.i ll.ltisitsS were checked , the gage’s wui u’ te st e d iou Iuideul e’,Iu it tO Ills’ Iuuiii g,l gt ’ .ss lllu’si’.s’s (I l’\
esc t’nt iallv shsi i he’d 10 ground, Appars’nliy the I.t’, ci of 1 St), 1 PY - .1 ‘tI), P h ’ s  104 ) ansI M~ti 10) ,ifl uj loCh ‘.s,t159

M.(~si ,it Hi’ was tsb o thic k , preventing release of come prss ti i ing %5 ste’nss: h4 ,~, I i i i  WI -

‘ 
13,11’ it’u \~t l’s , ‘ii C u’ah C ‘t.,
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tj lluri’ and removed them , (‘sn his’ second i,istallatui’is str ,lu nc w j ilt this’ Iie’,iinis ei iss it’tli’u tes i •insl lull’. sie ’ t l u’ u It’d.

.tits’nipt , insteaei sit allowing the M-( ’si,tt (31’ Iii sir’.’ flU I he’ ti i’ ,Ilris %St’i s ’ t iIi ’ iI Ii m ,it_ I t ’ .  t letl I i)0,flt)1) tilts ,”. ull 
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each of the environments described above, Alter each TEST RESULTS
lest, mu,dsuren’icnts were again taken on each gage and
each bridge to determine if failures had occurred and The test results are summarized in Tables I through
possible cause-s ot the failures, The bridge circuits ill, Table I shows that Ba’ ncr  D was the oni’s w ats ’m~
were then reicroed before load cycling in a new proofing system that passed ill tests Wi thsmut an’, lamI
environment, ures. As noted earlier , only one coat of this epos’s w i ’ s

I’he second set of 12 beams tested also included the applied instead of the two coats recommended, three
same beam materials and adhesives as the previous set; systems, M-Coat GL, M”Coat F , and Barrier C, each had
however the waterproofing systems were Barrier A, one failure out of 12 installations; while Barrier A only
Barrier C, Barrier D, and Barrier C, The beams were had two failures out of 12 installations.
subjected to the same env ironmen t s and load cycles Failures of the M-Coa t GL, M-Coat F , and Barrier I
as before, and identical measurements were taken to systems occurred at the very sLum I of the tests, indicat’
determine the gage assembly integrity. ing that these installations may have been initially faulty.

The test apparatus was constructed to load the Tables II and III show the correlation between ad’
beams in only one direction, and so two gages on each hesive type or specimen material and waterproofing
beam were loaded in tension for each set of tests, and failure, Although more failures occurred on mild steel
the other two were loaded in compression. It was
originally intended to turn the beams over after the Table I. Gage assembly failures related to waterproof-completion of one lest series so tha: r ich gage asscm-
bly would esperience both tensile ‘~‘sd compressive ~~
strains, One set of beams was load cycled in air at Ii,toI Fai/ures
70°F and 32°F and in water at 32° F, then turned Wuaterproof/ng ausr ’mblies l ’o//ures (

~)
over and the tests repeated. No additional failures
were recorded after the beams were turned over, The Barrier WC 12 12 100

M’CoahLL 12 1 8other set of 12 beams was tested under identical con- Barrier WI) 12 6 50
ditions and the beams turned over as before. The M-Coat F 12 1 8
loading apparatus failed before completion of the fast BarrIe r 0 12 0 0
tes t series, We decided not to repair the loading appar- Barrie r A 12 2 17

atus and complete this test series since, as stated 1e. Barrier E 12 1 8
- , , BarrlerC 12 3 25fore, no additional failures had occurred in the other

set of beams after turning them over .
Both sets of beams were then placed in containers

of water and put through a more rigorous freeze-thaw
cyc le without loading the beams, Initial readings were Table II. Gage assembly failures related to specimenta ken at room temperature in air and in water. I-our

material,frce,c.thaw cycles wer e performed at temperatures of
+22°F and +75°F i- s’spcctis-ely and situ more cyc les per. Ii,rul Fr,iliirr ~formed at l’recze-Ihaw Iempcratures of ~30° and +75 °F Mu!rrit,’/ i,s,st ’ni bties / ui/urcs (

~1
respectively. The gages were tested for leakage follow’
ing each individual cycle and then finally monitored Mild sled 32 11 34

- o . StaInless seed 32 9 28for two days while drying in air at +75 F. This gave Aluminum 32 7 22
an indication of which assemblies contained trapped -

moisture that could not be easily dried. The fact that
Shut direction of load cycling was not reversed on the
one set of beams was of no concern since the majority
of failures occurred during the more rigorous freeze~ Table Ill. Gage assembly failures related to adhesive.
thaw cycles.

At the completion of all assembly testing, the lead l’oIul I allures
w ires were removed from all gage assemblies that were Ae~esive osien,blies l a/lures 

— 
(‘~

)

determ ined to be faulty, Resista nce-to-ground mcas-
~PY.iS0 24 8 23urements wer e again performed on the wires only to IPY-350 24 6 25

determine if leakage occurred through the lead wire P10-700 24 6 25
insulation, M’tiond 610 24 iu 2S

1,3
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specimens than on the other two, it is difficult to draw The epoxy is viscous enough to apply on v ert cal sun-
any conclusions about the possible cause of this. Also, faces. Although two thin coats are recommended for
more failures occurred on the strain gages cemented water immersion, one coat performed well in our tests.
with EPY-1 50 adhesive; however , again it is impos- The system requires elevated temperature curing, which

sible to draw any conciuskins from these test results. may limit its application.
When the test beams were oven.dried for 24 hours Barrier E is simple to apply since it consists of only

at 122°F at the completion of the testing program, a rubber patch. Extr a care must be taken to k nead the
five Barrier WD installations and one M-Coat F instal~ soft rubber around the lead w ires, which may be diffi-
lation failed to regain resistance-to-ground values of cult in confined areas. The rubber patch remains p h -
100 M12. This indicates that the moisture was trapped able at low temperatures and will not cause significant
in the gage assembly or that deterioration within the localized reinforcement in the specimen.
gage assembly had begun. M-Coat F provides more mechanical protection and

All 17-4 PH stainless steel beams broke before load a longer path length against water intrusion than Barricr
cyc ling tests were completed. The reason for these C because of the aluminum foil. Although application
failures is uncertain, since the beams were hardened is more complex than for either Barrier D or Barrier 1,
to condition H 1025 with a minimum yield strength there may be certain applications where this extra ci-
of 145 ,0CC Ibf/ in. 2 and an impact strength of 40 ft-lb fort is justified.
at -40°F (Armco Steel Corp. 1966). The fatigue M-Coat GI is not to be used on open-faced gages
strength of condition H 1025 material is 88,000 lbf/in.2 or where it will come into contact with strong acids or

~t 10 million cycles and 74,000 lbf/in.2 at 100 million solvents. It does not cause as much localized reinforce’
cycles; therefore, since the maximum theoretical stress ment as Barrier D, which makes it a more useful epoxy
induced in these beams was 75,000 lbf/in 2 , they coating for thin or low modulus specimens.
should have endured almost 100 million cycles in- Although our tests indicated one waterproofing sys-
stead of the 150,000 to 400,000 cycles which they tern to be superior to all others, it should be empha-
exper ienced, sized that installation technique is very critical for all

Only two gage installations were found to have systems.
faulty lead wires at the conclusion of the tests. One
Qf the wires was mechanically damaged, and indica-
tions were that failure occurred afte r all temperature LITERATURE CITED
and strain cycling was completed, leading to the con-
clusion that the insulation was probably damaged Aluminum Company o F AmerIca (1958) Alcoa struiiural
when removing the beam from the test apparatus. handbook.

The other lead wire was faulty throughout its entire Armco Steel CorporatIon (1966) Armco 1 7-4 P/I  stainless
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APPENDIX A.: CANTILEVER BEAM DESIGN

‘\ liee.body diagram of a typical be.sm is shown in p

hgurcAl. the basic diffe rentia l equ.stion b r  a loaded M 1 PI( ‘

~: = -~~~~~- (A l )

Figure 41, Free body diagram of
where M bending momen t cantilever beai’n , where P is applied

modulus of elasticity force, R react/on force, and M the
I = moment of inertia, react/on moment,

For the loading shown in Figure Al 
~~~~

. 
3Ec (~-’x )Y~~5~ ,

(A2)
dx 2 El The mas~imum stress due to bending must be less than

the yield strengt h of the beam material , ]hjs masimurn
and the boundary conditions are at ~s = 0, dy/ dx = 0, stress occurs at x = 0 in eq A7 , which gives
y = 0, and at x = Q,y =Ym~s’ Integrating eq A ? and
applyirg the first boundary condition, we obta in ~ 

3
~~Yma~ (AS)

2 
~

(A3)
dx L I ~ 2 where s~~ is the yield strengt h ol beam material .

Solving eq A8 for length gives:
Integrating again and appl~ ing the second boundat y 

-

condition gives ~ / 3~ CY~~~ (A9)
V 5yp

I’ ( 3 _ ~~J ), (A4)
611 For minimum ~-icld slrengths oh 3 5,tXXJ IbI/in .2 for

mild steel , 35 ,0(X) lhl/in.2 Ion aluminum, and 143 ,000
The stress due to bending in a beam is given by lbfjin.2 for stainless steel , minimum respective

lengths of 10.98 in., 6.34 in., and 5,36 in. were ..tl’

= ~~ (AS) culated from eq A9.
I Since it was desirable to lest as many beams as

possible at one time , it was decided that I? beams be
where s is the fiber stress and c the distance from tested, w hich would allow the test apparatus to be of
neutral axis to point of interest, a reasonable tire for handling. Ream lengths chosen

Substituting the applicable bending moment for were 11.25 in. for mild stee l, 8.75 in. b r  aluminum,
thic cantilever beam we obtain and 7.50 in. for 1 7-4 PH stainless steel , Substituting

these values for ~ in eq Al and evaluating the stress

= P(~~~ c 
- (A 6) at .5=0 , we obtain the following n’ia~imum bending

I stresses: 33 ,333 lhf/in.3 , 18,367 Ibffin. 2 , and 74 ,000
lhi/in.2 in the mild steel , alum inum , and stain less

Combining eq A4 and Ab and using the third boundary steel beams, respective ly.
condition for the beam, the hollowing equation for F rom eq A4 and the third boundary condition for
stress results: the beam, we obtain the following expression for the

load required to deflect the beam:

15
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3El Ym~ (MO)
Q3

When deflected 0.375 in., the forces required to
deflec t the beams are approximately 31 Ibf for the
mild steel , 22 Ibf for the aluminum, and 103 lbf for
the stain less steel. Total force required to simultan-
eously def lect four beams of each material is 624 IbI.

The strains at any point on the beam can be cal-
culated by dividing A7 by the modulus of elasticity
E.

(Al l )
Q3

where e strain,

ii,

16 

—-—~~~~---- ‘ - - ~~ —~- ‘ - -



—-‘~~~~~~~~~~ “-~~~~~~~~~ - -~~ —~~~~~ -~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ - - .

APPENDI\ B: SPECIMEN PREPARATION

I went~ tesur canti lese ’i he’arir specimens eight I he beams w e - re’ then turned user , being ca relul nut t~
e.eh of mild steel , aluminum, and stainless steel we re contaminj te the cleaned areas , and the same procedure’
prepared. I our str.rin g.tges w ere  applied to eac h. lollowed on the other side.
which required cj retul cleaning and degreasing of each Jo bring the’ sur face condition back to .sn alkalinity

~f these locations. 1 went~ -tour gage’ sites , on two of between It) and 7,5 pH fo r optimum strain gagt
beams of cjch ot thi’ three mate rials , were prepared at adhes ion, a neutralizer was required . Like the j c i d ,
ofle’ time , since one .tdhcsive would he used on these neutralizer was applied with a cotton swab making 4.5
24 gages, passes always in th~ same direction and alwa ys starting

Ihe .sre.is whe,e the gages ssere to he located were within the cleaned area. The surface was dried as he-
initulI~ degie’.ssed , then saisdblasted to remove rust , fore , using two clean gauze pads arid wiping in two
o~ide~ and .~aIc , and suhseque’ntl~ smoothed using a single strokes irs the same direction. lhe surface was

small hand grindei - the areas w ere then sanded by then ready Ioi gage installation .
hand using progressivel’, liner sand pape r , tinalI ’, end- I.ach indisidual step w as completed on both sides

ing with 300-grit paper -At this stage the gage area of the’ he.ims befo re proceeding to the next step.
must he’ t ree from pi ts tsr scr .itehes, ~s hi~h may cause Otherwise . for e’s.imple, it one side’ o f  the beam had
erroneous s train indai,ations . been neuti.ilized be’lore the’ opposite side was 0ondit ioncd

t hloiothe’ne’ NI) tlegr- e.rst’i .i chIt~ irij te~J h~ dro- w ith the’ acid solution, sonic ul the acid m a y  have acci-
carbo n , w as used to clean the entir e (scans . I he beans dentally been in contact with the neutralized surfaces,
was then placed on a c lean glass surf ace and the gage resulting in a poor adhesive bond between the gage and
s ite s arid imnscdiate surrounding .sie.is s’-ere moie the specirueri. Therefore , the beam was placed on a
thoroughl~ degreased. Alter both sides ot each beam clean tissue paper during the gage preparation proce-
w ere dc-greased, the gage s i t e ’s wer e’ etched using 300- dure; this tissue paper was changed after each indisi-
grit emery paper wetted w i th M-Pre’p Conditioner A , dual step to avoid recontamination .

Is ich is a weak phosphoric .tc id compound. (;,rge cage instalLitiori immediatel’ , fo llowed specimen
alignment marks were then laid out using a degrea~ed preparation (i.e. t he gage was mounted on the beam
tiler and a ball pes iril pen. imniediatc’ls af ter the neutraliiirsg ste p); other wis e’

T he alignment marks w e’re nude wit h ors l~ enough o~ ieLtt ion ssoeiid has-c occurred tin the pi~pared c ur -
pre ’ssut e’ to lease iisihle marks af te r the’ ink w as f. ice . C.is e’ was tak e’n not to touch the’ c leaned area
washed of f . Cotto n sw abs soaked in the jcid w e’ re ’ because natural skin oils would ,ilso contaminate ’ the ’
then used to iepe’ate’dls scrub the gage areas. I he sui- area.
f.ie e was concidei eel sufficient I’, clears when a clean
cotton tip did not discolor dun ing scrubbing. Su l Ie  ie’n I
.i id w.r s used to rilairstain a wet nse’t.iI surl ace during
the scrubbing proces s . When the surface was juelge’el to
be suffi c iently clean , a cotton swab s~j ked in the’ acid
w as passed over the c lej ned area in uric diiectio is ,
this w as repeated 4 S times using a clean swab after
each p.sss .ind alwas s wiping in the’ same ’ direction.
then a clc.in gao /c’ pad was used to drs the area by
making a single slow stroke through the c k’arsed are .s.
)hi~ str o ke lit-g.m inside the’ cleaned are.i to present
dragging contaminants inks the cleaned area. Then
another clean gauze’ pad was used and, beginning in the
cleaned area again, a singl e stroke was made in the
same direction . 1 his conditioning process w as re-
pe.~k’d f u r  both gage s ites on one side of each beam.



APPENDIX C: GAGE INSTALLATION

(sages were bonded with two general types of A uniformly thin coating of adhesive was then applied
adhesive room temperature curing and elevated to each gage bonding surface and to the specimen , with

temperature curing. The only major difference in the exception that EPY 150 and EPY 350 we re applied
me)unt ilsg pnocedure between the two types was that to the gage bonding surfa~e only.
the elevated temperature cure required use of Teflon Thc tape was then rolled back to its original p(ss i tiufl

tape, while ordinary ce llophane tape could be used to with the gage still accuratel y ali gned. A piece ‘if cleaii

p’JsiIiors the gages that were bonded with room tern- gaule was wiped firmly over the gage assembly, whic h

perature curing adhesive, picked up any excess adhesive squeeied from thc edges
Gages were removed from the packages using a of the tape and left a thin uniform layer of adhc’sicc

clean degreased pair of tweezers and placed , bonding between the gage and the specimen . A thin sheet of
side up, on a chemically clean glass sheet. The bond- Teflon was placed over the gage area to prever.t the ad’
ing surface of each gage was cleaned using M-Prep hesion of the rubber pad, which was next installed to
neutra irer. After the neutralizer had dried, the gage distribute clamping pressure evenly over the gage .
was turned over using clean tweezers. Pieces of tape Finally, an aluminum pad was placed over the rubber

long enough to extend beyond the edges of the gages pad and the entire assembl y taped down prior to clamp-

and to persvit folds at one end were applied to the ing. The assembly was clamped to provide recom-
gages. The tape-gage assemblies were then lifted very mended clamping pressures for the particular iristalla-
carefull y off the glass surface and towered over the lion. Spring clamps were used in this application be-
gage alignment ni-sarks on the specimens. The tape over cause of their convenience. The adhesive was then
the properly aligned gages was smoothed to eliminate cured according to the manufacturers ’ recommendat ions ,
any air bubbles. After all four gages were aligned on wh ich arc summarized in Table CI. A typical corn-
eac h spec imen , the tapes and gages were carefu lly peeled picted gage installation on one side of a beam is shown
back from one end taking care to leave one end of the in Figure Cl.
tape adhered to the specimen to aid in gage realignment.

Table Cl. Curing schedule.

Clamping pressure Cure temperature Cure time
Adhesii ’e (lbf/in. ’J ( C F) (hr)

EPY 150 5-15 +70-4150 1-72

EPY 350 5-15 350 2

PLO 700 35-45 500 2Y7

M 4lond 610 30-40 340 11/i

* Depending upon temperature ,
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Figure Cl. Completed gage installation before waterproofing application.
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