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this thesis gives ihe result of an investigation of

reinforced concrei:e single layer panels and sandwich

panels subject to a..r:-aJ. compression and. lateral loads"

Þ.^o'ì ^¡nnn¡*i nn< r=i r,Fr,-^nì-a- ^' r.' r:l ti- ni a o¡ 4r¡e4 -IJ¿ vyvr v¡v¡.! ? ¡ v¿Á4

strength in the paneJ-s riers iÌi\restigiitocì" Appro>anaLe

relationships of l-oai-+.efl-ecli cr.t a,nd I oad-siz'¿Lin'"¡c:'e

also investigaied. the varfo,trs f¿iii',re ne.tte::ns îoi'
rn^*L -i' -l^'ì--r^- .^----l ^ ^- ; .-^.-;r'¡ *^ì- "..-ÐOr,fl SIlìgIe J.êyef lå..ir..I-S AnG SíìlìC--..1-C.1 OÍ:nCiS ür'11-û

VPÞvl v sq.

ït is iioped t,hert, thc rosui-ls -u¡hicir have bsen ob';ained

vrll1 be helpful i:: ,;raci:i-ca.l- a,c1:i:calj-ono
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This thesis is based upon aì'] invesü¿ation regsrdi:lg

the behaviour oÍ precasl reinforced conerete srngie layer

^*¡ ^^*J.'.l ^L .^^-eIso
é¡¡q Ðd¡¡q11¿9rr rucr¡¡

Tn renoni. 1t,3^h^ ^+ h^;*fOfCed COnCfeiO Sandr¿iCh¿l¡ a gvgllu J Eil ù p¿ qv4ùv ¡ ç4¡¡

panel-s are usually favored fo:' one-siory inciustrial

buildings "

,t- fei^r years ago the sanù{icÂ i,rali panels rvhich

consisted of lwo concrêiô face plates at'lC foui sicie

.olates reinÍoiced ";iLh rur::e j:.br-cu ¿i'C a layer of

insuiation beii¡eer: -v,'ere ì.{sed. by ihe I'ie'i:::opol:tan }linr.rpeg

Sewa.ge Troa-iliieni PIai'-¿ pro jeci, fii-rnl leg , iíe-nj.to'oa "

.Àfter the construction of the pr"ecasi concrete buiiciing,

ma:ly crec)<s appeared. orr -¿ire send;ich ;:anels as shown in

Plate no. l-. I'lì.en iìre au-Lhor visíLed the plant, he

observeC 'Lhe c:laeks ai:C got i::r'ueres-L¿d in doing son:,e research

on sa.ncÌv¡lch r:¿¡:els" Tiat, r"¡as ,ìre be¿iilnir:g oí lhis research

pi'o ject.

The precast rei¡rfoi'ced concrete sandr¿ich panel consisis

of two reinforcecÌ concreî.e lace plaor,es and four naruorr

concrete, sicìe piafes reiiCorceci v¡ith plain sLeeI bars aroltnd

^ I ^.ro¡ nf ÇÌrrnnfO¿:n inSUlatiOn COfo belWeen t,he ÞIaLeS aSé ¿4J s¡ V¿ U vJ ¡ v¡ va¡¡ ¿¡¡ru+

shor+n in Figure 2.



Tne function of ihe insul-a-Uion ccl"e is to st¿'bilize

the s'¿rroundrirg thln plates3 as a r'¡cod' Íol"in du:'ing the

pouring of the concre'úo inlo ilte cas:3ing fvarne.
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Precast reínforceci concre'i,o sandi'rich panels have a

high stiffness factor at lhe edges of panels. Thess

stifíer panels ¿re rela'¿ively neiin but have becoiie å:î'

important feature of the cons-Lïuc*,,ion industry"

The ordinary reinforceci concrete eonsirucilon rnvolves



concreting on site and reo,uires rnoneyo time and labour to

formo pou.rr eurer ana strip. It cror"ds valuable spaces

and involves d.eIay to other r'¡ork r+r'i-ich may have to be hel-d

up until site concr-eting operations are connpleted" There

i.s a}.rays the possibilty of unforeseen delay due to une4pected

inelentent. lteather, r,¡hich cen conrpl-ete]-y defeat the scheCuled

plans of constructiono

Relativeþ Lightez', strongeru a4d good' insulated. sanci'r'ricir

panels can be mass*cast uncer goocl plant condítions" It

is also easy to erect ancl maj-n'uain such unitS nte.de of sa"ndr'rich

pa:relso Attractive su-r'faces may be obtained by the

marrpfacturero su.ch as exposed. aggregate or three dirnensj-onal

patternsu Therefore the nel.ily developec precast concrete

sandr.¡j-ch panels are becoming more populær in the building

industry.

The shortage of housing at present and the potential at

the sa¡ne tj¡ne of incroa.sed production tbrough prefablication

ar"o Likeþ to lead to so:ne rapi-d reconslderation of structural

sandwich pa.nel design.

The appl1ce.tion of this ner¡ and untried metho'l of

construction to housing raises lnansr questions related direetþ

to d.esign, material selection, fa,blication meihodsu strength'

a¡d durabil:lY.
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PTATE No. 1" Cbacked Sandr'r1ch

Pane1 of Metropolltan Ï'Ilnn5.peg
Sewage Treatment Plant.
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The object of t,Ìús -uìresis ís -Lo ilrves',"igat.e cert:j.n

rrr^ohl .mc eô_¡eel n^r ';-!'^ i-'-^ ^-ñ1 icê.',¿ion of tìús nerr :nethodlJl VUtrUi¡¡ù VV¿¡VgI ¡r9q .'J4 VIl 9l¡V 4¡U*UI

in the concre'te sanolJ-lch Ðanels, nanely, relationships

betr.¡een the a>ral conpressive loaC cerrying abilities,

rr¡ne'l lr¡ônô".i.Jr ôn^ -^oi'^r3nr¡-i no ^-'r ^r'--^'^-+ì^ ^t ihg Sand-l,fiChUcltiti-L PI'\JIJL,I-U¿(JlIij, ¿'c-l.Ilj UI 9¿Iló I é1¡q Þ ul elró v!¡ v¿

panel-s compared vnt,h 'chose of the single layer panels'





Concrete sai-iC'','ich p:leJ-s irave a greai fu-u..ire for lire reasons

mentioned in the general ir,t:'oductio¡l to this -"hesis. It has

a history :nore lhan a hur:dred years oì,ì, ihcu¡h -uìle inte:rest

sìrowr, ir¡ iis use has not been ver-y' consisieni.I

The concrete sarrdinch princi:r}e t'¡cs a:olied, perli':ps for the

firsl i,:-ne, in l8{9 þv ,'.rillian irairbair;: in exoerirnerì-uing i{ilh

1--i 'l -- rì o.i ¡n The n¿;i.erials used -,+e¡e la.irinat eci 
"¡Ood. 

f Or deCk-uI ru6s trç ùrór l

i*- ^^r ^^-^-..+^ aS ¿i. CO:Ìi,-,OSfte bean.¿1r5 d¡¡q vv¡lul 9uç

In 1906 ihe enginect.: tn lhe Ü;i-l[ed Siaies ex¿;]nined ihe

possibiliij-es of corsiì;cL*r.5 s:ii';ic:-, collc;l'i':ie wnIls.

In I9)3 iri Si¡eien ¿ sai:i"¡ic:, i::-.n,,,i c.l iì-¿i:.i r,'ei-3i1i; concre'r,e

five iii. inick ¡,ni bo,':,1,.,.;.Lo dense in s,-;'-; co.icliìT,e t"ras nade. .4.

( /Â ¡ - *.¡.i ni¡ I -l ne ce:len-L iliol'l¿rÌ' lqr¡.s |hen ci¡ st,ere,:ì i-r.: ihe oulsicie)lv Lrt.

of the lightr",eigh*u coltci-i:¿e, block ns shoirn in ili-,;ure ]. The

exleri:ie:l; iJâ s a

i j, .) success. In the

Si'¡edish S;.ncìwich t¡trall .

Uniled St¿ìLe s, on

fhe o¿her oaacio in

^^l J ^+^-.. "^ ,.^-kwvrq Ð vvr dós rvvt

+ì^,- ^^,-^.^+ -1^-+LíÌC Ce:ne;.lU pllSi,ef).ng

,¡IaS one rncir ihick

on the insicìe face

or the coio. iace as

.hnr.rrr : ^ îi -'r¡o l],.
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4 ^ ^1, / 'In 194ó in tìre Uill,ted States
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Il"i. cìu Pont de ìl'e¡rroui's Co.

constructed Íor industriaL

1^,,¡f -¡;.^-^ ,;'" sarrdr^,¡-ich wa11swqtru¿¿ri3ù d+ v^À

i+ìrich useci corod gypsum filler

biock as tho inzulation

maLería1"

Sone four decades ago,

an ef:.'icient sand.r+ich panelz

co;riposeC of notal facings and

a ply,vood core r.ras produced

t. i it)'"1-ð
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Fig. 4, American Insr¿ia'Led
Sandwich ;iali,

co.nnerciaiþo Afler that

lr^-o.'¡^*È' n^¡^r piywooc sanci.,¡rcìr -canels have 'oeen developed ìryeg tv¡J v¡ vvs Ja¡s'¡¿v¡¡ ¡uql¡u¿9 r¡rlv I v9s

tìre Fores-" Proucis Laborato:q¡, Depa,rtnent o-f Agriculture, in
+L^ lï--i + ^-ì e+ ^+ ^vr^g wr4wçq uvewçjSo

?
'Ihere had been sone netal faced. sanci.l,¡icir constructionsJ

l^..+ i+,-^^ ^..^ì--r.,!{u J-u waÞ ujÁrJ aîler i'iorld hla¡ t .that th.rs type of construcLion

arouseci great int,eresi. ì{osi of ths rneia} faced sarrc.ii'-ich

constructions ere appüed to a:rcraft, and r,tissil-es. Tho

metals used rn ihis consiructj.on a-re al'¿'rúnr:.n alioys, "ciLa:runu

sleelso etc. 
,

Tn I95L S, B. Roberts reported -i,he constructior, of a

sandr..rich panel- of 6 x 10 ft , It consisled of a 2-in" layer

of ceilul-ar glass insulation and two i,r¿re mesh rein-forced slabsn
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.'i,,i li ,i i insul-a-uion

concreto'. j .i 'i -i ,i, . l'=-.*.cor."".,r"
outer watl-l ,; i i , ." i' ínner r¡al-I
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In rhe så.me yeaj.^ ihe archtecture,-L fj,rm
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of Shar+u ì"Íe'r,zo and

- ^.-'l' ; 
^'h -. ^ * ^lùd¡lui¡¿9¡r Pd¡gr éÞ

in Fig" 5.

În L952 P. iÍ. Grenne¡¡.)

reportcd -uhe cievelopnent

of the miner¡li zed wood

cÌrip sandr.rich panel in

lhe U¡ri'ued States.

Xachpanel'¡IasBxBft

arui conposed of tr¿o outer

w:l I s o," reolr-l rr. concreto

Ì:*" t,lr-ick rein-forced w-i'¿h

l. t, - ^ /- ^4 x 4 -10/10 r.¡-ire mesh.

in. rhick using cìremical-

/^tï.g. ó" Sa¡dw-j.ch Panol-

ì l,.l i -i'-,i
i"'-i-'-i-'''1. ; ., --Tier.¡alt"i rl ! , i-Ì-i'Jel-l-tl-erli.i

i l* i )16" f -:'artie andouter iri¡ ìwali mesir i l' i

z*z-ro¡ro j '' 
i

Fig. 5" Sanivr:-ch-;ype precas!
waII panel-"

Lrghti'-eight, precas¿ insuiation wes ij-

mrneral-izeci r,¡ood chr.os as agg;e3aie

as shor+n iir Fig. 6" iäges oi r,,:o

panei were t,ongue-and.-groove joenis.

Pa:rel-s l,rere assenbled rr¡ith a one

i nah r¡-i r! c i mr¡,rnvious fubbef stri o

inserted at the center o.f all joints"
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ïrt \g51 .,trsh¿n -+.,ririki^ró 
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precast concreie sanCr¡rch panei r.,rhiCh',{¡.s oblaiüed by rilacing a

:. ayer of fo¿:l 3Iass block insulation

beii^¡een -bwo sl.tbs concrete Lo fornt

a la.ninaled element as sho'u¡n in

Figure /"
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;rarly sludies in *r,he concreLo

se.nC'"¡ich slab conslruclion and

s¿.lid',¡ich wa lls i,¡e re n¡.iìe by F. T.

CoiÌir-rs in lj)54. Verniculile

sanii;ich r)€rnels -,Iere 'uesied for

qê\,'er:l -rc=rs b'¡ itin. îhe ver,ni-

cul-ite ''¡as olaced in a plasiic slate

ol-r i;iie Î;r'esìr loi¡r:r Ìryer o-f regular

coírcreie, å:iúì a tlvo inches -uop

i¿.;te¡ oi ::e,5uir.r coÌ'rcl'.¡le placed

on -\,ile ver:riculile -layer as soon

as ii has sc.',, su-Û-ûicj-r,nLly -uo ctrry

ihe rop l¡\'er" The ccÍrcrcLe shelis

are all.',cìi¿d bV; i,i. s:-;ru¡'rr..i¡I

shear reiiiforcitì6 sr):r.ci;J ;,:,ri-ically

'r¡r¿h .a :nÐrinun 4 tj;" c,'r'jì.í)î fo cenfer

s1r:l.cing. ihis rr¡rrc.i-;esign

is shoun Ín 'îi;ure ,3. In

i:l :w-r -- iþ-l¡, i r '"'

ii,".i1
=t ir,'.|iq' i,. Ì
t ii li

rqlg. /

iiii

îoanr GIass

S¿.ndiu'ich

PaneI.
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F\i a ,q , Vi r.mi nr:1ito S¿.ccÌ:".icir Panel¡¿É0 vo vI¡¡¡¡+vq

b'is opinion theid.eai design for precast sand','nch panei is

one which eonsists of p:'ostress€d outer" shells. Tiris

design is irot econol'Àc¿i îor sraal-ie:' .canels but su:+-abìe

for iarge 'ul.ro anC th:'ce s";oreJr b''iJ-dings" TÌ:e design is

shown irr Fig, 9. the t-'¡o exanples of open-f¿,ce sanciwich

| -"i ,,/ i

lj¡ i 
^r

i1,
ill

-'.i

ReguLar concrete - I
¡

2 x 2-l2ll2 l'iire mesh-i
¡

1 ^.
+ u¿rrqÞv¿q(a Þr¡ç4

rei:rforcing (na-:<" 4 ft
cenier-to-center

4 
^ 

rní . * ,:i ^,-+.-^ê^i ñ-
i a - UoI/J ¿lle u--rle _j¡ sùe¿ vlù¿¡¡ò

I r.,ì-res space<ì. ?;¿ 3 f'L cenllez's eild
i stressed iniiia-Liy l-o,ooo J-'o"

'\l
L = 11 ft 4 in\- --Re'tl-ar

¡

i -' Virnúculiùe concrele

i-

Perfito or
^.*-^^!-.t -ì ^-g,\lJ.lrssu ÐI4tí
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!
I'-/ 
ì

./i
,/i,', '|

I

I

cor¡cretc - 
-\

I

lag. p. Frestressed Sandlrich Panel
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eonstruction ancl one of the t¡ue tilt-up sanditich r'iall pane}s

r¡er'o also reported by him. In the open-'face typu, the waII

consists of just ti'ro layers of ¡raierial, a hard oute:' layer

and the second a soft insu-l-a'r,ion layer. Design of the open

-face viall panels is sì:olrn ln Figs. 10 and 11" t.he recentþ

RezuIar reinforced
concrete

Reinforced
virmiculj-ie
concrete

Reg-uI".rr
concrete --

lr,,l (n 
I

Fig. 10. Open-face
Sandi¡-ich Panel"

Fig. 1L. Open-face
Sandr¡ich Panel"

d.evelopecì. true tilt-up sa:rdr.rich ro¡aIl panel in Stieden is

coiaposed. of ir'ro inches ouier she'l ls of regular dense

concrete i.n_th four inches of e>rya.ncled shale concrete

between as sho".ln in Fig. )2" and rnetal ties betiteen

the outer shells were also usedn

:;::, 1
Vinniculj"te
conc:'ete --

' !,,,1".t^:
:';'1": ;.:
l,-:,1,",:

t3



Regular dense concrete

Þ^i nfarni -. tnesh-_¡!s¿¡4 v¡ vJ.¡¿Li ¡

-ì,let,a} 
shear ties

--Lightweight expanded shale
concrete

Fig. 12. Expanded Shale Sa¡dwich Panol

Ín 1959 V, F. LeabuT tesied. insulated sandvrich panels

and measured variaiion in colo;.-, icefficient heai lrans-

mrssion factor, ar:'å buiging oí panels' 'ihe tenperature

..-^^i a.¡i l-hnnrroh. four ciiffereni types of proca.st concrete
ót ót4çl¡v urs vq[¡¡¡

panels measured for a ternperature range of 10o F outsj-de

to 70o F inside are sltoi+n in Fig. 13' The sand-'ricìr

panel irith its hig|tly efÍicient insulafion shor+s the

greatest temperature differen'r,ia} and regular concrete

pairel 'r,he leasto
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Ín 1965 D. -'¡I" Pfeifer and J. A . Hanson tested 31 concrete

, _Bsanoi{f-cn Þai.ie¿s under Uniforrn fle;cUral- loeding" À speclmen

sj-ze of 3 x 5-ft rfas chosen and the over all thíckness of tho

panels varied. from Zf, i,o 6 in" The shells of most panels

contained a slngle layer of 2 x 2 - LU?LL wel-cled i"rire fa.bric.

Onlv tr^;o Þanels'were rei'nforced 6 x 6 - BIB welded '.iire fabt'ic"

ttr" or*¡o"rru ", the sand-u,rich pairels contained three ty'pes of

raetal shear connectors between the concrete shells as shoiun

ln Fig. Itl. The insula',,ing naterials useil betr.¡een the

Regular concrete
zxz-lLrllV meÅL-ú

TYpe

Z- #|-gaSe '"r-ires

f,/-gage wire
Z- #7-eage wires

Reguler concrete
TVpe g

Regular concrete -

zú. -14 I LLr_ 
"' 

e FLL#=+ 2x2-l4fL4 nesh
folded up fron
loi.rer shell

2x2-i4lLIþ nes-l1-i; 1lpe c.

Fig. 14', Shear lied Sand-v¡ich Pa¡els'

i i:.:,
Tn.rrl ¡f.i on 

-*: 

,:.

16

Regula:' concrete



concrete shells lrere a f oa'ned polyuretir.ane plastic, f oaneC

polystyrene plastic, glass fiber, foamed glasso ajld autoclaved

cellu] ar concrete. Tr*o inches tÌrick insulati-on has been used

for the greatez' nu-rnber of sandwich panels. the panels iuith

foameC glass in-sulaii-oir contbineC r'¡ith metal shear connectors

performed as r^r-ell- asr or better than, those vrith pl.astic or

glass fiber coiêso Panels con'uai-ni-ng auioclaved cellular

concrete cores, even though f¿.bricateC wíthout shear connec'uol'st

exiribit,ed moioent resistance ancl deflection stíffness generally

superio:: to al--l o-bher types of panels" This im1::'oveC behavior.¡-r'

was ascribed to the higher rnoCu-lus of e-l-astj-cit¡' oí the cellula¡'

concrete. It uas recogitized that the insulation values of these

differeirt cot'e rtateria.ls r.¡ouIcl vary, depenCing on their unit

weight anil nois'tuïe contentn Closer mesh spaci-ng of the r'¡elded

l¡iro reirrfoycament in the shells r¡Ias effectir¡e in reducing

deflection under the applied fl-e:nral loads.

-^// -Jn ryoo yreco t*";"* of B¡,u.+ lr-rnr.teci, itrnnipego ì'{anltobao

made precast sa:rCr.:-ich panels for Sconey l'Íountain Penitentiary.

The typical panel- r.¡as 7 x 15 ft. and 'o¡a.s comlrosed of two outer

-lshell-s r'rith $ in. of rigid i-nsulation betrreeno Ono shell

was 5 in. thlck and made of regular dense concreto rein-forced

lrith 4, x t+ -414 i^¡eldecl i.rire fabric, a:rci the oiher she]-l. v¡as 1¡l in.

thick r+ith 4 x lt, -10/10 fa'oric. The peneL had /¡¿l0-garge

geJ-vanized r,rire shear connecto¡s rrith a 2 fiu, B in, cenier-to

-center spacing vertically botlueen t'ç.¡o she-lls.

L7



31-Ltt',

örrrosPan
InsularLon
(4 t -g't x 8t-0" )

22t -6"

Ín 1967 ScheIL

Industrles lÅtited,

'lJoodstock, Ontario,

constructed exposed

aggregate sandwich

panels for a r¡arehouso

project at londono

Onta¡i.o. th1 s

exposed aggregate

panel was 22t -6"

x ]-0r -0rr x 6 tn"

thiek, and composed

of two outor shells

of rogular dense

concrote t+ith two

in. of SLyrospan

insula.tion between,

as shown in figure

14a.

r

QÀIIJ2
{t

.tu*-l¡u Wire-
Mesh-

Fig. 14a. Soction Vier¡ of E4Posed
Aggregate Sandw'ich Panel.
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3.1. DBSCRIPTION 0F TEST PAì{ELS

The speclmens of the experj-mental Pane1s were of two

general types - single layer and sandw'Ich panels"

A. Slngle Layer Panels

The slngle layer panels were eight ln number. The

thickness of the panels varied from one to two inches,

the wid.th fron twelt" io elghteen, and the length from

twenty fou¡ to sixty. lhe ratío of reinforcement area

to effectlve sectlon area of concrete 1n the panels ranged

from 0.J2 to 0,53 fi øtn 6 x 6 - 10/10 welded wire fabric,

The concreto compressive strength varied frorn J100 psi.

to JpBO psi. at age of 28 daYs.

B. Sandr,¡-ich Panels

The sandr¿lch panel-" tesbed were eleven ln nurnber. The

over-alL tll-ickness of the sandwich panols varj-ecl from five

to sj.x inches, the width fron eighteen to t'.venty four, and

the length frorn forty eight to sixty" One inch thick face

shetls were employed for all specimens of the panels. AL].

panels had lnsulating cores the thickness of r,¡Lrich varied

from three to four inches, The ratio of reir¡forcement a-rea

to effective sectlon a¡ea of concrete in the panels ranged

from 0,5 to I.5 dp wlth stoel bars 3116 and 1/8 tn' in cliameter'

20



The concrete compressive strength varied from 4900 to 5970 psi

at age of 28 daYs.

Both slngle layer anc sandwj.ch panels were generally tested

about fifty days after concrete was poured lnto the forns.

Electric strain gages, SR-4 type A-3-56, were mounted on all panels

to measure strains on the concrete surface and bo observe mode of

failure of concrete. The àrrangernent of the sR-4 straln gages on

the concrete faces of the panels verie¿ in the tests (see Section

4.?").

2L



j *2, l'fliTFiìIAiS

ñ^ ì,TnÈ Tf r¡!-¡wvr\ v;r'! A p

ILgi:. clarþ s-r,1"o:rgt}: p+rt."ì.ani cereont Cj-ass I|Í i.¡¿c u¡o,å ån

,ùho conctete ¡aåx r,¡-itb. a slralL a.riicun"b cÎ l?neu'cz'a\tzee vansol

resinîr tc improve rn¡o:"ka'n-r):i--i;y anci p]-asiicí'ay' lhs m'a;årnura

size of aggr.egate was 3/4 in. The rcix propor';ioT:s I'ieïe cì:oson

ì:y i;he ruoigir-sca1-e nei;ho¿ for baiehrng as shol'¡n in Table (1 ) "

parcfin paper racicls, síx incÌ:es ín d-:-a.¡ns-i;e: by t'u¡eive j-nche;

iong, -r¡ii;h base plai;ese 'Þtrere i--sei for cas-;in3 consl"o''ùe ryi-i-nCe:'s"

Fo-*r cylind.e:^s t'¡ero rnad.o for eeeh bateh" T;picai tolílllrossion

stress*s'Lr"aån cu¡ve fror¿ Airec-L coml:ression tests on six inches

by tiuelve inchos cy3j-:':Cers s¡e sncwn in Fig" i5"

REiì'FORCN'{Ui\T

A" Sing-Je iaYer Paneis

The single iayer panels r+e::e reinforced. r.¡:ith 6 x 6 * ;,CILA

rseld.ed- r.¡-lre fabric cc,;:foining to ÄSTì"i AiB5. The i,,=eic.eC'u¡rre

had, an aYe].age ultimaì;e s';::ength oí approd.rrlaieþ 7ó ksj- and

en alre:tage l,¿airn'.¡rn yíe1d. s'brength of approxirrla-';e1y 62 ks!"

B" Sandi'l-rch Pe.nois

Ti:e concreie outer shell-s of sanùvich ;oanels r,¡ere reii'if'o:lcea

ru-ith s,oeei bars l/J-ó anci i/8 in, in dianetey'" The steel

r^¡ires haci an average ultirnate sirength of appro;c-i'aately 70 ¿:rci

.L





I,ABLE (1) Mix desi-gn for I cu ft Batch

Mix A M1x B Mlx C Mlx D

Cement 58.0 lbs 6j.o fbs 67 "o ].bs 72.0 Lbs

water )2.7 lbs 34.0 lbs )7,0 lbs 37.2 lbs

3lt+'
Co a¡ se
Aggregate l-l2,n

5).6 lbs 2)t+.0 lbs

L?6.0 lbs 150.0 lbs 160.0 lbs

Fine
Aggregate

I20.0 lbs 138.0 lbs 150.0 lbs L42"0 lbs

A. Ao 0 "59 oz 0.67 oø 0.60 o?, 0 "62 oz¿

Average Cornpression
Strength from Dj'rect
Comnression lests on
Á x" 12 in- C\r'llndorv |¿J & LLt. vJ4

at ase of 28 days

5100 psl 5980 psl 4900 psl 5970 Psi

Specimen
#r, ll2, #3,
and #7

#L+, iþ5, #6,
and #8

#J2, lþl-),
#r4, #L5,
#16, ¿nd #17

',*9 ' #10 '#18, and
#ar
#L9

TABLB (2) Heat Transrnlsslon

Constructlon
Features

Therma].
Conductivity
ntu/sF/hr linlot

Tota].
thickness
In.

Heat
Trangnis slon
ntu/sr/nr/or

Reinforced
Concrete

72"0 2.O 24,0

Styrofoam
Insulation
at 40 oF mean
temperature

"2+
).0 " 

(/-

4"0 "96

24



?g ksi, and. an avel:ege núrúmum y-rold s:l'en5'ch of e-,:pz'o;3:rai;e1y

67 and,71 ksi" î/lricel st::ess-s'¿rain cuîye fc'r JlL6 in' in

diameì;e:' tension s'Leei ',c-jres 
aïù as sho'"ni irr F'g' 16"

ïrr.-,rñ 1ñT^'"1
Ii\. JU!l{.L Jvi.',¡

SarC',¡-ieh Paneis

The rigicl boa:rds oí s¡z:'ofo¡¡n j-nsulation r¡ere used as a

core of sandr..¡ich rÐane-i S,tì:r"oughcu-i ihe tost" Tl':'e sanCwich'

r:anel specimons of over'-aii'ciricknoss oí five and' six inches

usecj. ,¿h3eo and. fouz' inches -bl::cic i¡5¡.f¡i-ìon 3igid bo¿-ids,

rtl'nn -¡.-r:rtrrt ¡na-¡^'iinry i-.ar-n'":'l-,--l'''^ ^-1 Cn'":'n{an^* '-'ç-ì A--LO{\iil(j l¡i.e-:^lif¡Ul¡l' \/rJEf'av-LllÚ us.llrusi ¿vE s v¿ eeJ L vLv4t¿

for conilnuous Ìfse r""âs L65o ,t avelege a¡:c t-Lie:"¡ral co.i{uc'liVriy

of i;he insulaiion \.¡as t'21þ E¿'a per llr per 6cl 'fi per deg F irer"

in" at mean ten:,perabure of ¿i.0Õ F. lhe o¡¡er-ali cc,offieient

of hea'L iransnússíon ís gíven in labl-e (2). Avez'aqei-

^^---i 
+-¡ ¡.f ;n.r1!¿r¡,!gn boads r¿aS 2"5 pCf anc] i'¡aier abso:'pt.ionuvj¿Þ¿tJ w¿ ¿:¡ùqIév+v¡¡ vvsqe tra9 esJ i¿v¿

r+as less than 0 "?5 ,4 b;r voiurne. Typica.l coriipression stress

*si¡ain cUT.ve f::on direct cornp.r:ession tes-LS an 2 X 2 ir'" sc¡'li.l1l^o

- l. in, long a::e shor'rn in trIg " L7 " The tensile sirengih oÍ" the

S"tyrofoam insul-ation llas Lested. by 2 -lests on cci'r.ere-Lo*S"byiofoa;'c

-co:rcrete sancii'rich spoclnens in direct 'Lension. Lvera.ge

tensj-le sirength-strarn cùrve fron direct iensi'*n tesfs is

shor"¡n in Figure i/a"
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3.3n FASR"ICATIoN 0F SPECIMENS

A. Slngle layer Panels

The relrrforcement of 6 x 6 - fO/fO v¡elded w'1re fabrlc was

cut properþ before lt was placed 1n the olled forrns for castlng.

The panels were cast in horlzontal posltion. Ilorizontal castlng

may cause in practtce a dlfferential 1n strength across the cross

section of the panels but lt was not possíb}e to cast vertlcal\r

relatiVeþ Very nârrow panels. The panels were cast ln forms

built from p\nuood naíIed together. Spacers were used to keep

the r^¡'j-re meshes centored" in the formso A predetermrned weÍght

of eoncrete was ¡rixed. in a three cubic foot mixerr poUred, md

vibrated internalþ for proper panel thickness.

B' Sandlrlch Panels

The sandwlch panels were cast in olIed' plywood forms'

Reinforclng wlres ïIere connected with stoel r+ire #16-gage

for shell reinforcement of the panels. Then the reinforcelnent

of the bottorn shel] were posltloned with spacers ln the forms

as shown ln Plate 2. The procedure of preperlng ooncrete

mixture, pourlng, and vibratlng l¡as the sa:no as the one describd'

above ln the casê of single layor panels. After the botton

concrete shell had reached its initial set (Plate 3.), the

insulatlon was placed. as shov¿"n ln Plate 4. The reinforcement

of the upper shell was then posltloned on the lnsulation" The

rolnforcenent for the top shell was tled to the reinforcornont

27



for the bottom sholl- as sho¡*n ln Plate Jr and the concrete was

then ooured and vibrated.

Both panels were molst-cured under cotton cloth for seven

days at the roon temperature ard the fo¡rns nere then strlpped.

The panels lfere left to alr dry ln the rocxn until teste r¡ero held'

28
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) "4. TESTIì¡G PROCI'DURE

.4. SJ.ngle Lqyer Pane1s

Three slngle layer panels were testsd ln a 601000 lbs

capaclty Rlehle hydrau}lc testlng machlnen A vlew of the

machlne during the test of a panel ls shown in Plate 6.

The load was applied through pþwood at the top and bottom of

the panels and. it was applied ln increments of 21000 lbs. The

other panels r¿ere tested in a 200r000 Ibs capacity testlng frsme.

The loads were app]jled by hydrau]Jlc Jack r,rith gage as shown 1n

plate f. The smallest graduation represented approximateþ

4,000 lbs of a.xial load (tire gage was graduated 200 psi). Before

the tostlng, 200,000 lbs loadlng jack r,rlth gage wås callbrated ln

the Reihle strength testlng machine as shown ln Flgure 18. Drring

the loading, thin pþwoods were provided at the ends of the

specimens for the uni.axlal loadlng'(ntg. t9).

Bn Sandwich Panels

Al_1 sandwlch panels were subjected to uniexlal loa.ds in a

2OO,00O lbs capacity testlng frame as descrlbed above in the case

of slngle layer panels. Sorne panels were loaded i'¡-ith combined

Ðiåal and lateral loads. For lateral loadlng, testing frame

was f abrlcated wlth t, * 2) ¡U" T 5,? Lbsl)I I beams and steel

bars å 1n. ln d.lameter. This lateral losd was applied by a

)0
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Fig. 19, Testing
200, ooo

ú ?l!þ"-

-Ltllt
---2i\ ø- i!-e-ed--oÂ

jiydre!_l¿_q__¿eek

Bed df Flame

Specimen

!_lyqood

Arrangement ln
lbs Testing Frame,

201000 lbs capaclty hydraulic Jack with Budd portable strain

i"rdicator model P-35O

as shown in Plates I

and p. A sketeh of

the testlng 1n a

200,000 lbs capaclty

testlng frame for the

unlaxi.al- Ioad ls given

ln Flgure 19.

The concrete

stralns of both the

panels were measured

with SRJ+ type A-J-S6

strain Bages ard the

dial. gages wore also

proulded for deflect-

lons and latereL move-

monts of the panelsn

The locatlons of tho

, gages are shown ln

the detalled drawlng

. for each panel (Section

l+.2 
") o

For strain measuring Budd

3z





moir.ei A-110 d'igital s'¿i:ain inC'icator was used as sho"¡n ín

p]¿'¿es 6 anÔ. | ^ ;l-i aial geges ireïe reÌi1oved' "¡iien a sira:n

reachecl appro>irrrateþ 0,002 infin" The rel-a'Ì'-ionships of the

loaC. -'c,o ci-efleciion and' '¿he l-ce"ri' ''o si;ail: Lo f ail-u¡e r/Iero

rreasured is shoi"m in Àppenci'ices A anci B' Eaeh increiïrent

of loai.s l,ras t:í1a:n'[airred fo:: a lroriod. sulficieni to ::ea':' ihe

si:raans and d'efiections. l¡f'Ûer faiiureu ì;he c],¿..'J-:: Deùj;e].ns

of gach panoJ-.t^Ieî"e observ."eci" 'rhe panel w¿|S reIû.f,v"e* f::c'¡:' -bhe

ioacLing n.aeh-ine oi' f;:a:'no aacl' u'¿i;s then phciograpkreË"

?!-t"



PART - FOUR

DIDCUSSION 0F OBSERVATI0NS 3



4.}. GETIER,AL BEHAVIOUR

. Table (l) shows a sunmary of the test results for eight

slngle layer panels and six sandwlch panels based on the a:dal

load tests, and for ftve sandw'Ich panels based on the tests of

a:da1 and leterel loads comblned'

The authorrs origlnal lntentlon in this reseerch work wae

toappþard-a}loadsonlyonthepanels.Theavailable

equlpment had an axlal load capaclty of 200 klps whlch

was lnsufficient to produce fallure ln some sandwlch panels.

Therefore lateral }oad r¿as app}led ln addltlon to the aÉ-eL

Ioad to observe the fallure patterns of those panals.

All panela were loaded to ultlmate fallure except specimen

ItcB 22.L.5.24.48- LZ which was oracked by belng dropped through

mishandLing.

the strain distribution on the panels ltas measured until

ultlnate load was ettalned as shown ln Appendlx Ao

The lateral deflectlons of the center of the panels due to

æråa1 loads were recorded and ere shown 1n Appendlx B'

An Slngle laYer Panels

The varlatlons of the ultlmate load capaclty of the single

layer panels were d,ue to dlfferences ln concrete compresslon

strength and slenderness retloo The panel proportl'ons, lengtht

)6
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r^rldth, and tþlekness, lnfLuenced the lateral deflectlon and the

avefage uLtirnate concrete stress due to the aråa} loed. Thin

paneLs showed a greriter LateraL defLeetlon than thicker panels

as shorn ln R[g. 20"

Ralslng of the slenderness ratlo brought about a. copesPordíng

deerease in the average ultimate concrete stress in the speclmen

and an lncreage of the l¡'idth of the speclnen caused a oorrespordlng

lnerease of thLs stress (TaUte 3)'

the first vlslble crack of panels appeared at a¡ound nlne

-tenths of the ultimate load"

The panels had two dlfferent nodes of fallure. The flrst

posslble mode of fellure ls cha¡aeterlzed þ a panel buckling

failure es shovm ln Hlates 10, 11, 12e and IJ. D¡e to the

buck}lng of the panels a brlttle faflure suddenlry resulted ln

the conerete compresslon block and thls brlttle faLlure ocsurred

as soon as the first vlslble craelclng lfas observd. These crecks

rapldly spread along the horizontal llnes of the mlddle part of

the panels" The na:råmum deflectlon due to a:d-al load occurred

ln the plane of symrett5r neaf the center of the panel" This ls

so because the thln ends of a panel could be easlly rotated

which caused buckllng of the panel, as shørm 1n Fig. 21" In

the dlscusslon of the bendlng at the center of a slender panel

38
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ur¡der the actlon of an eocentrio load due to deflectlon' tho

tenslon mey be neglected at the

ultimate loed becausê lt ls verY

$aLL ln conparlson ùith the
!''

oompresslon 1n the panel as the

panel was prerrlousþ compressed

hy aJåaJ. Ioad, Therefore, the

panel felIed þ crushing of the

concrete of the compression edge

due to comblned berdlng and sJdal

compresston at the center.

The second. possible mode of

failu¡e lnvolves the panels cracldng
Flg. 21. Slngle LaYer
Pa¡eI urder .Ald-el load. diagonalþ u'der the shearlng stress.

Immediateþ after the ultlmate 1oad,

ls reached, panels fafl wlth a dlagonal shearlng of the concrete

at the top of the panel. Thls fallure ls lJke a cone-shaped

faJ.lure of starda¡d eonpresslon concrete cyllnders as shom 1n

Hlates 14u 15, 160 ard 17" The reason for the secord possible

mode of fallu¡e seems to be due to these speclnens belng thlcker

and w1der tha¡ the speclmens l.n the first possl-ble node of fallu¡eo

trùhen slngle layer panels sterted to br¡ckle due to unlformly

applJ.d arC.al load, the edges of the upper ard lower erds of the

l+0
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dlstrlbution on the panel changed from the loads as shown ln ÊLg. 22.

to the loads as ghor¡n ln RLg. ?). atÅ, the lntenslty of the compresslve

edge load at the top of the panel lncreased untll the edge sterted to

oollapse.

Bn Sandwlch Penels

the tests show that compression sa¡¡dw'lch panel fallure ls a functlon

of concrete strength and panel proportlons' Steel area ls not an

lmportant functlon as long as the steel bars are approprlate\y placed

ln the panel. As shown

deflectlons at the center

Appendlx B, we ca-n soe that the lateral

sandwlch panels d.ue to axlal foads are

1n

of

nuch sraller than of sl-ngle layer panels. Very slender one lnch thick

lndlvldual face plates of the panels showed very hl.gh a.veregs ultlmate

concrete compresslve stress ln ccnnparlson r.¡ith the one lnch thlck

sfngle layer panels. The flrst vlslble creck ln the sardwlch panols

appeared at e¡ourd one-quater to one-haü of the ultilnate load.

The sandwlch panels also had two dlfforent modes of fallure. The

flrst posslble mode of fallure ln the sandr^rich panels ls simllar to

the second mode of failure ln the single layer panele which has been

described above w'ith the longitud.lnal sp}lttlng of the concrete on

the weak pJ-ane along the vertleal lJnes at the slde plates of the

panels (Plates 18, L9, 200 270 and 2B)"

The other mode of fallure ls assocLated w-lth cracHngn spllttlng,

a¡rd bendlng due to combíned axlal- end lataral loeds. The higher

42



comblnad stresses due to exial ard lateral loads on the sardr.rlch

panel are in effect longitudinal ccnrpresslve and shearlng stresses

aettng on the section between the lnsulation core and the eoncrete

face plate. The frictlon reslstance betr,reen the faces of the

core and plate 1s negliglble. .AJ-soo eompresslve a¡d shearlng

stresses of the St¡rrofoan Lnsulation cöre between concrete face

plates are very snall ln comparison ro'Ith the stresses of concrete

face p;Lates and almost do not affeet the strength of the sa¡dwich

panels. In thls case tha longitudlnal shear strength due to

cornblnd loads 1s wholþ dependent on the shear resistance of

horlzontal ba¡s ard concretE thíclcness of the narrow slde plates

ln the sandw-Ich panel, but these bars in the slde plates are not

l¡e}I enough enbedded 1n the eoncrete to develop bond agalnst over

a considerable,length of steel. Hence the longitudinal spllttlng

of the concrete on the weak plane along the vertlcal lLnes of the

edges of the lnsul.etLon cor6 faces oan be closeþ assoolated r,rlth

dlagonal tensf.on ard flenual oraekE,

Lþ3



4.2. INDIVIDUAT IIWESTTGATTON

1. SPECIIÍEN t¡gB 11.L"L2.24- I

As shown ln Plate 10, compresslon falu¡e þr buckI:lng resulted

ln the panel. As the compresslve straln was raised on the cornp-

resslon fece (back slde of the panel), å. corrêsponding lncrease ln
the ardar load occurred, Nea¡ the ultlnate load, the straln at

the center of the panel (flgr¡¡e 24, gage no, 9) increased sharpþ

to the value of 0.0024+8 1n/1n, as ls shor.m ln Rlgure 26. The

compresslve straln on the faca slde increaserl contlnuousþ urder

lncreaslng load untll the load reeched 301000 lbs. ard ln the range

from 101000 lbs to 40,000 lbs no apparênt straln change was observedn

Beyond the 40 klps load va1ue, the cornpresslve straj-n decreasedo and,

at the load of 40,zoo 1bs, tenslle strain ofo0004 in/ln wes neasured,

at the eenter of the panel (Figure 24, gage no. 5). Because thls

tensile straln ls very small ln conparlson r¡ith the conpressive straln,

the steel could not have developed any tenslle stress as lt was located

at the ce'nter of the conerete seetlon. The ratÍo of an average concf-

ete stress ln the panel to its standa¡d conorete cy}lnder strength ls

3850 to J100 psi o or ?6 É (taUte 3). the center d.eflectlon of the

panel lncreased under increaslng aliåa1 load and maasured to be O.ZJ 5,n.

at the load of J0 lclps (Fieure 20), so that a no¡nent of 6"9 in-lclps

was developed at the center due to the load of J0 lctps"

2o SPECIMEN hlCB jjl.l.þ,.3Ù,, 2

fhls panel falIed ln cornpression by bucküng es sho¡m in Elgure

t+4



27 and Plate 1l-.

The compresslve streins on the r€ar compresston face of the panel

lncreesed continuousþ und,er inoreasing ald,al load. Àt the center

the straln lncreased very rapldþ near, the ultlmate load, The flnal

fallure wes caused þ thls rapld i-ncrease of the concrete compression

at the center. On the face plate of the panel the compresslve stralns

lncreased continuously near the lop of the paneL urder lncreaslng load

untll lt reached J0 klps. Beyord. a load of 30 klps, ths stralns

decreased a l:lttle (F1,g.27, gage noso Ir 2, ard 3). The tenslle stralns

lncreased nea¡ the botton.of the panel under lncreasing load up to about

IJ kips¡ ard in the range from li klps to near the ultlmate 1oad, no

apparent sirain changes were observed (fig.2?, gage nos n ?, B, a.nd.9).

At the contsr of the panel no epparent stra.ins were observed below the

load, of l0 kips, but small amounts of rapld i.ncreases of tenslle stralns

were observed ln the load range from l0 kips to the ultlmate load (ELg. 27,

gage nos. 4, 5, and 6).

An average concrete stress of 2950 psi was found at the ultimate load

of )5'200 1bs ln the panel. The ratj.o of an averege concrete stress of

the panel to 1ts standard concrete cyl:lnder strength Ís 58 É (faUte 3).

The center deflectlon of the panol lncroased sharpþ u¡¡ier lncreasing

axlal l"oad and was 0"2J in. for a load of 25 klps (Fig. Z0), so that a

moment of 6.25 ln-klps was developed at t,he center due to the axla.l load

of 25 kips,

3. SPECITYEN I/üCB I1.1.L2.)6-j

As shown in Plate J2, cornpression fallure by buckling resulted

t+5
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TIATE No. 10. Vier¡ of F¿ne1
WCB 1I.I"W,24. I afte¡-Fellgfg:.. - i

l



ln. the panel.

0n the compression facer nea¡ fa.ce of the panel, tho conpresslve

stralns lncreased under j.ncreaslng alråa1 load and near the center of

the panel (Ftgure 10, gage no. 12), e very rapld lncrease of the straln

Ìùa6 nêa6ur"d (O,OOL6?4 at the loed of 35rOO0 lbs) before the concrete

fel-led. Thls rapld lncrease of the concrete compresslon ln the panel

near the ultlr¡ate load brought on the flnal faLlure, as shown in RLg'

30.

On the front face of the panel ln Plate 12, the conpresslve stralns

lnoreased under lnc¡:easlng load, end in the load renge from 20t000 lbs

to 301000 lbsr no aPpa-rent strain changes were observed |n the uppor

and central reglons of the paneln Beyond a load of 401000 lbs these

compressive stralns, exeePt at both end' parts of the panel¡ decreased

under lncreaslng load. Near the ultlmate load, a tenslle strain of

.000286 was measured at the center (gage no. 4) '

An average concrete stress of 2920 psl was found at the ultimate

load of 351000 lbs 1n the panel. The ratlo of an averege concrete

stress of the panel to its standard concreta cylLnder strength is 5?ft

(taute 3).

The center deflectlon of the panol tncreased more sharpþ than

the others urder lncreaslng alC.al load ard lras measured at 0'24 ln'

for a load of 20,000 tbs (Fagu¡e 20), so tbat a moment of 4'8 in-ldps

was developed at the center due to ard.al load of 20 ldps"

SPECLYEN l'\iCB 11.2. 13.48J{'

The mode of falluro for thls panel was a typlcal com¡rression

4.

50



fallure by buck}lng, as shown ln Plate 13' Observed stralns on the

compresslon and tension concrete faces et the "*t't"" 
of the panel are

presontedlnFlgure]1.Àsthestrainonthecornpresslonfaceofthe

panelwasraised,ecorrespondlnglncreaselnthea}cstloadoccurred.

Nearfallurethecompressivestrainlncreasedrapldþtothevalueof

o.oo2'280, ard concrete crushlng was evj.dent,glËead.lng horlzontalþ near

the m5-ddle of the Panelo Thàn flnal fa1lure was caused bry crushing

of the concrete at the compresslon face of the speciran' The strel.n

onthetensionfaceofthepanolincreasedgradualþundorlncreasing

ad-al}oadanå}Iasmeasuredatthevalueofooooo4J4foraloadof

9?,610lbs.Thestee}couldnothavedevelopedanytensllestrass

asltwaslocatedatthecenteroftheconcretesectlon.Thlsneesured

tensilo str¿in ls very srafl in comparison lrlth the compresslve streln

near the ultl¡ate load'

Anaverageconcretestressinthepanelwascomputedas4030psl

for an ulti:nate load of t06 klps, and' the ratio of an everage concrete

stressofthepanoltoitsstarrdardeoncreteey}Lnderstrengthwas

ó8 É (taure 3). .

Thecenterd.eflectlonofthepanel.lncreasedgradua}lyunder

lncreasùng ad-al load havlng a value of 0'102 in' at the load of

6L+r6gO lbs (Rlgure 20), so that a moment of 6"6 ln-klps was developed

at the center d'ue to an axial load of 64'690 lbs'

5. SPECIMEN WCB 12.2.r).u2-5

As shown ln Plate 14 and

resulted fron conPression'

Figure 14, the concrete panel fai'lure

On the face side of the Panel' the

5L
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ln Figure ]J. Near fallure, compresslon cracks were doveloped, spred-

lngdlagonal]yneertheupperpertonthefacesld'eofthepanel.

Theso wêro cauÊed by the rapld lnoreaee of the conorete straln, and

ftnel fetlure caueed þ cnrshlng of the conereten the concrete comp-

resslve streln at the face eide wes msesured at 0.002183 for a load of

97r610 rbs,

on the beck sld.e of the panel, no slgnifLcant compresslve straln

l.¡as obseryedn An aVerage concrete stress ln the panel !'IeE coÍtputed es

4060 ps:. for en ultlmate load of Io5'400 lbs and the ratio of an average

concrete stress of the panel to lts stendsrd ooncrete ryIlrder strength

wes 68 fi. Thls neglects the stress due to moment"

The centar d.eflectlon of the panel lncrsasd gradual\y urder lnerea-

sing axial loado Neat fallureo Very large deformatlon took place

practlcaLþ wlthout ary lncrease ln load untl1 the concrete falled'

ard, the compression steel buckld. The center defleetion of the panel

measured 0.102 ln. st the load of 811630 lbs (Figure 20), so that a

moment of 8.33 Ln-klps at the center was developed duo to an a:çLel loed

of 81,630 lbs.

?. SPECIIEII 'ìdCB 12.2,L8.60-?

As shown 1n Plate Ió, the panel falled in compresslon at the upPer

end.o Thls panel was tested r¿-tth a large number of SR-4 gages attached

to the fece of the panel. the distrlbution of straLns on the panel

feces is glVen in Flgqre 18. A general trerd of Lncreaslng stralns

ed.sts from both erds towards the center near the ulti¡rate load.

Às sho¡n 1n Figure 18, the attaohnent of sRJ+ stlÉi¡ gege no. Il+ was
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qultelmperfecteeirdtcetedbytheerraticstral.nrecord.

As the straln on the compresslon face of the panel was ralsed, a

corresponding lncrease in the axial Load occured. Near the ultimate

Ioad, the compresslve strain !,Ies meastlred et the value of 0.00214 at

the center, Near failureo due to buckling at the center and lateral

movenent at the lor¡er en{ of the pane}, edgeu-lse compresslon occured at

the upper erd (Efgure 2Ð W the reason mentloned above Ln Part 4.1.

Then compresslon cracks spreadlng horizontaLly across the top part of

the panel were developed and the flnal falture wes caused þ crushlng

of the concrete at the top of the panel" However' no slgnlfloant straln

on the rear faee of the panel ln Plate 16 was observedo Art average

eoncrete stress of 3430 psi was found at the ultimate load of Lz)''6

klps. The ra'blo of an avorage concrete stress to lts standard concrete

cylinder strength fs 6?þ (taule 3)'

fhe deflectlon at the center of the panel lncreas"ed gradually

under increaslng axial load and. near faill¡rer very large deformati'on

took place before the concrete falIed. as shown ln ftLgure ?0. The

center defleotlon of 0.266 ln. ¡ù45 measured at a load of 97tó10 1bst

so that a moment of ?5.96 ln-klps was developed at the oenter of the

panel due to an ad.al load of 971610 lbs'

B. SPBCI}ßN WCB }2 .2.T8.60-3

Conpresslonfallureresultedlnthepanel,asshor^¡ni¡rPlate17"

This panel was tested wlth ten SRJI gages attached to the face slde

and ttrree to tha back side of the panel. All stralns inCreased ln

compression urder lncreaslng load and the dlstrlbutlon of stralns ie

6z
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given in Rlgure lp. It ls noticed that a general trend of Increaslng

stralns e:råsts from the top towards the botton of the face side plate.

On the back slde of the panel, the eonpressLve stralns lncreased sim-

llarly from the top to the botton of the panel urder lncreaslng load'

At the load of L)j,200 1bs the naÉ.mr:¡n compresslve stralns .Ìrere ñ6a5-

r¡¡ed to be of O.OO114B at the face slde and 0.000620 at the back slde

of the panol" The fLnal faLlur'e was caused by crush-tng of the edge of thø

concrete at the top of the face side due to the reason that was des-

crlbed above 1n the lnvestlgation of the speclmen i'ICB-}}.2.L8,60'7.

An avera$e concrete stress of 4090 psl was found at the ultfunete

load of fî?,t+ klps ln the panel. The ratlo of an everage concrete

stress of the panel to lts standard concrete cyllnder strength ls

68ft (t"ate 3)"

The center deflection of the perrel due to a:åa] load increased

gradualþ ur.¡der lncreaslng load and.was measured at the value of 0.0J

in. at a load of ?2rp40 lbs (Flgure 20), so that a moment of 3.65 j.n-

klps occured at the center due to an a:åal load of 72,940 lbs.

g. SPECIMEN wCB 22.1.5.13 .t+!-g

lhis p"rr"l 1s an oxample of tension fellure of horlzontal reln-

forcement due to spJ-lttlng of the slde plate as shown ln Hlate IB"

This p"r."l ¡sas tested with slxteen ÞhJ+ gageg attached to the four

faces of the panelr loeo¡ etght gages horlzontalþ and eLght geges

vertlcalþ as shown ln ligure 40. AIl horlzontal straln gages ind-

ieated tenslle stralns and all the vertlcal ones compresslon. The

distrlbutlon of stral,ns on the faces of the panel ls given ln

6Z



ÊLgure 42. At the center of the paneI, no apperent horlzontal tenslle

stralns were observed before the panel reached the flnal fellure' The

vertlcal compresslVe stralns lncreaged contlnuous\y under increaslng

load except gage no. 2 on the back face plata of the panel l-n Plate 18'

Nea¡ fallurgr the concentrated compresslve streLn at the center of the

faceplatev¡e8re}easedrapldlyduetoarapidinoreaseofhorlzontal

elongatlons at the top (g"g" no. 1) ard' et the bottorn (gai¡a no' 16)'

fhen alr compresslve stralns at the center of the paner approached the

si¡n1Iar values 'near the ultfunate loado But these stralns were not

i-mportant factors in panel fallure because these meesured values at the

fellure were Very snell 1n comparlson wlth the concrete ultinate straln"

At the top of the panel, there wes no slgrrlflcant lncrease tn ths vertlcal

compresslve strelns urder lncreaslng load.. on the rlght slde of the panele

horlzontal tenslle strsin (g*g. no. 16) also lncreasod gradual\y untll a

load of about 120 klps was reached. Beyond the load of 120 Hps' the

tenslle straln on the sldo plate rapidþ increased untll the load nas of

about 1J0 klps when longltudlnal spllttlng of the concrete appoared along

the vertlcal edge }lne of the lnsulatlon cor6¡ ^Àt the seme tlme' very hlgh

compressive straln of 0.0021 ln/ln (g.g" no. 1l) at the road of 160'970 lbs

on the same slde of the panel affected the sptlt eoncrate' Then the flnal

fallure was eaused by the crushlng of the concrete at the side of the panel

aftertheconcretesplit,andthosteellnthesldeconcretereached

yleldlng. Án average concrete compressive stress of lft90 psi r¡as found

lnthepanelattheultinateloadofu6'ooolbs.Theratloofenave-

regeconcretecompresslvestresgofthepaneltolteetarda¡dconcrete

oylLrder strength ts ?0 É (taute 3). The daflectlon at the center of

68
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the back face plate of the panel in Plate 18 was not observed untl1 the

Ioad of 141000 lbs was app}led. Beyond thls load, the center deflectlon

lncreased gradually under lncreaslng load. The center deflectlon of

Âd.e]. Ióad

Gage No. 2
(compresslon)

Gage No. J
(tenslon)

Dlrectlon of
Laterel Movement

0,022 in. r¡as measured at the

load of 89,610 Ibs (Éigure 20).

10. SPjiCLV.tN \,'[CB 22.1.5.18"48-10

Thls panel ls an oxaraple

of tension failure of horlzon-

tal reinforcement as shown ln

Plate L9 and was tested with

twelve SR-4 straln gages att-

ached to the four faces of ths

panel, i.ê.¡ slx gages horLzon-

tal1y and slx geges vertlcalþ

Gage No" 1
(tenslon)

ELg" 44" Center Sectlon of
Wæ ??,n1'5"18.48- I0 after

as shown ln Fï.gure 41. 0n the

front face plate of the paúel
SÞeclmen
i,oadt-ng. in Plate 19, the tensile sträin

(g"ge no. 1) increased gradualþ

urder lncreaslng load until a load of 1001000 lbs was reached, and beyord

that load, the tensile strein increased rapidly until the load reached

near the ul-tlmate load as shown in Flgure 4J. The final fall-ure was

caused by the yielding of the steel at the top of the front faee plate

due to increasiirg concave deformation at the center of the panel, from

the face side towards the lnsulation core, ard due to the increasing of

the lateral movement at the lowsr end of the panel, urder Lncreasing load.

73



as shor^tn ln Elgr¡re l]4. Near the uLtimate load, the tenslle stralns

of 0.00301 in/in at the upper part (gage no.1), and of 0.00193 ln/in

at the lower pa.rt (g.g" no.3), on the front face r¿ere measured. The

conpresslve strain at the center of the panel (g"g" no.2) was onþ

of the value of 0.0006 in/ln. Most horlzontal stralns showed consider-

able increase ln tenslon ulder increaslng load, and the bottom straln

gage noo 9 on the rear face pläto lndicated the compressive straln'

i.ê.¡ O,OOQ/,?Z in/in at the ultj-mate l-oad of 17ó'500 lbs. The center

d.eflection at the rear fece plate in Plate 19 lncreased very gradually

under lncreaslng load ard the deflectton meesured was 0.02p in. at the

load of 121,200 1bs. Án average conorete stress of ¿lþ00 psl was found

!n the panel at the ultlmate load of IB4'B00 lbs. fhe ratio of an

average concrete compresslve stress of the panel to lts starda¡d eon-

crete cyllnåer strength ts ?4'í (teUte 3).

11, SPBCI}IEN wCB 22.L.5.ItJ.48-lI

Thls panel falled l-n tension as shown ln Plate 20, and was tested

wlth twelve SR4 straln gages attached to the four faces of the panellu

1.8. ¡ six horizontally and s|x vertically as sirown ln F5-gu-Èe 4J. At

the upper part of the panel ln Plate 20, no apparent vertlcal changes

wcre observed. but the horizontal tenslle stralns on the face plate

and the sid.e plate (gage nos' 3 ard 6) lncreased. very rapld'þ urlder

lncreaslng load" Near the ultlmate load, longitudinal splittlng of

the concrete appeared al-ong the vertlcal edge LLne of the lnsulatlon

core after the steel ln the sÍ.de plate at the upp.l part of tha panel

reached. yleldtng. The flnal falLure nas caused þ sudden cruehlng of

?+
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longttudlnal cracks appeared on the sJ-de plate nêar the load of 100'000

lbs, and at the same tlme, horlzontal tensile relnforc.enent ln the slde

plate was yleldlng. Near the load of l2OrO0O lbs, maJor cracks exterd-

lng horizontalþ ecross the upper part of the panel developed as shown

in P1ate 21. Near the load of 200 kips, longltudlnal spllttlng of the

concrete appeared along the vertlca.l edge ÏLne of the lnsulatlon core

after the steel in the side piate of the panel ylelded. the tenslle

straln of 0.OO55f tnf5,n wes i.rdlcated at the.upper slde plate due to

splJ.ttlng of the concrete at a load of L9Jr960 Ibs. As mentÍoned above

l-n Sectlon 4.1., the avaílab]e equiprnent had an axlal load capaclty of 200

klps onJy r*h:ich,was lnsufflclent to produce the flnal fallu¡e ln thls

panel. Before the lateral toad could be applled to observe the flnal

fallure, the panel broke due to rnlshandËng. At the center of the panel

vertlcal compiessive straín Íncreased contlnuously urder lncreeslng load

but the compresslve strain of 0.0008J in/in at a load o1 193'960 lbs

(S"g" no¡ B) r"y be considered negligible ln comparÍson wlth the tensile

straln on ths side p1at" (g"g" no.10). the center defleetlon at the

rear face plate lncreased very gradually under lncreaslng load due to

axlal 1oad, and the deflectton mea$lred. l¡as O.OO? ln. at a load of 1211200

lbs. Án average concrete compressive stress of 3r5IO psi was four'¡d 1n

the panel at a load of 200 klps. the ratlo of an averege concrete stress

of the panel to lts stardard concrete cy.lJhder strength ts ?2 É (faUfe 3).

!3" SPECIMEN WCB 22.L.5'24"tß-r3

ThLs panel ls an exanple of tensíon fallure at the top of the slde

plate as shom Ln PLa¿oe 22. Tbe panel was tested wlth fourteen SRJI

BO



stralngagesattachedtotwofaces,i.ê.¡rrlnegagesvertlca.llyonth6

faoe plate end flve gage' (2 horlzontally ard 3 verttoalþ) on tha eJ'de

plateaeshownlnRlgrrreJ0.T}rlspanelr¡asprovld'edwlthlatere].Ioad-

lngfraneardhyrdraulJ.cJaektoapplrleteralloedineddltlontoan

Äd.41 ioed

axlal load of 200 klPs as

shown in Plates I and 9' fhe

dlstributlon of stralns on ùho

conoretE faoes of the Panel

ls glven ln Flgure J2' No

apparent comPresslve stråLn

ard tenslle stratn were

observed excePt, ln the upPor

reglon of the slde Plate (gage

nos. I0 end 11). Untll

an axial load of about 50'000

lba was reached, no J.ateral'

movement at the lor¡er end of

the panel were observed'

Beyond tb-ls loado the hYdraulJ'o

Jack ln the lateral loading

Leteral Ioad

frameirdicatedlateralload'¡¡lthoutpunpingofthisJack'duetoa

deflectlon of the face plate end' a lateral movement at the lower end

of the panelo As soon as the lateral loe'd was fourd, the hydrau}lc

Jackpresgurewesreleased,andthelatera.lloadbecanOZgro¡The

vertLoal tenslle straln (g"g. no" 1I) a¡d' horlzontel conpresslve straJ'n

:

!

Speci.nen

Directlon of
Lateral Movement

Flsu¡e 49. DeveloPment of

" õl"gott"I Tenslon Crack'
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(g"g" no. 10) lncreased continuously urder increaslng a:dal load at

the top of the slde plate untll lt reached nea¡ the ultimate load due

to the reason mentloned above (Etgure 49). Near fallure, a sudden

decrease of the compresslve straln and a rapld lncrease of the tenslle

straln ur¡åer lncreaslng alåal load were observed. The lateral load of

0.2J ldps was measuned when the panel fal.led, The final failure caused

by the tenslon cracks, dtagonaùy¡ splittlng of the slde concrete plate

longltudlna1ly¡ and crushlng of the concrete horlzontalþ at the top of,

the panel (tlate ee), .An average concrete compresslve stress in the

panel was computed as 2460 psi for an ed.al load of 140 ld-ps, and the

ratlo of an average concrete compresslve stress of the panel to its

standa¡d eoncrete cyllnder strength was 50fr (TaUte 3).' ltre low ratlo

of 50fr v¡as due to the laterel movement at the lower erd of the panel

and the lateral loed on the lower pr€compressed specimeno No appar-

ent deflectlon at the center of the face plate wes observed untj.l an

axial 1oad. of about 80'OOO lbs was roachedr' ard beyord lt, a rapld

lncrease of the center deflectlon tras observed due to comblned a¡d.al

and lateral Load (Plgu-re 20).

14. SPBCTMIÌN v'tCB 22"1.5"24.48-L4

The mode of fallure for this panel r¡as a typtcal second mode of

fallure ln the sandwlch panel whlch has been descrlbed above 1n Part

4.1. the panel was tosted with eleven SRJI strain gages attached to

t¡¡o faces vertically¡ lno.¡ nine gages on the face plate and two gages

on the slde plater ae shown ln Elgure J1. The dletributlon of stralns

on the concrete faces of the panel ís sho¡rn ln Flgure J]. It should
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PTATE No. 23. Vi.e,¡r of Panel
WCB ?2.I,5.24.118-14 afte¡ Failure.



be notlced that al-l straln gag6e showod the tenslle strain except

gege nor 2 at the center Ln the uppor reglon of the face plate urder

axial loado Most conpressive strain at the ìrpper sLdo of the panel

(g"g" no. 10) was observed to lncrease sl-gnLff-cantþ untll an a:rC.al

load of 200 ktps was reached. Under comblned s:<feL a¡¡d latera3- Ioadst

no tenslle straln appeared on the gage and no apparsnt strain changes

were observed until e lateral ioad of 4,000 lbs r¿as appHed ln addltlon

to the axlal load of 2O0r00O 1bs. the flnal- failure was caused þ

the crushlng of the hlghþ precortpressed concrete at t'he top of the

slde plate due to the comblned load and the lateral movement at the

lower enC. This fallure 1s assoclated wlth longltudlnal spEttlng,

diagonal- tenslon cracks, and fle:aral- cracks due to combined Ð,åaI

and leteral loads. The defl-ectLon at the eenter of the face plate

lncreased very gradualþ under increaslng ÐråeJ- load until an atdal

load of 97,6i0 lbs was reached. For this loed the deflection was of

0.012 ln. (Figure 20). For an æclal load of 200 klps, the averago

concrete compresslve stress 1n the panel was found to be ]J10 psi'

and for comblned áxiel and lateral loads of 200 and J kips respectlveþ,

the average madmum extreme fiber conpressive stress wa6 computed as

4180 psl. The ratfos of these eøtrpressive stresses of the panel to

the standard. concrete cylinder strength s¡e ?2 and 8J $ respectlveþ'

15, sPEcIMn¡ wCts 2?.L.6"24.,1+8-15

thls panel ls an example of the seco¡¡d nde of failure 1n the

sardvrlch panel which has been mentloned in SectLon 4o1. and. as shovm ln

P1ate 24. For thls panel test, ten SRJI straln geges ¡¡ere atteched
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verttoalþ to two faees of the panel as shom in Figure /t. Elgrrre

56 shows graphicalþ the anount of strain observêd ln the panel durlng

the loadlng. In the central reglons of the panel¡ these compressive

stralns generally Lncreased contlnuousþ under lncreaslng ad.el load

untll an a:CsI loed of 200 ld.ps was reachedr ertd when the lateral load

was applLed ln addltlon to the ax1al load of 200 klps¡ these conPress-

. ive strains decreased. Espeói.df:y at the slde plate of the panel' the

¡ tensile etrel-n (gage no.'9) appearedr erd nea¡ fallure, thls strain

lncreased very rapldly under increaslng lateral load ln additlon to

the a:d-a1 load of 200 kips. In the upper reglons of the pa.neI, a snell

degree of tenslle streLn appeared on the face plate when flrst loaded'

ald the compresslvb straln on the slde plate lncreased under lncreaslng

ad.al load. Nea¡ an a:dal load of 200 ldps, these stralns at the upp.er

part of the panel beceme compresslve stralnso Durlng the lateral load-

ing 1n edditlon to the a5l.al load of 200 klps¡ no aPparent etraln

changes were obgerved. In the lower reglons of the panelr as the coütp-

resslve stralns hrere rai6ed¡ a oorrespond:ing increase in the axLal load

occured. l,Jhen lateral load was applied, no apparent straln changee

were observed at the face plate but near failure, a rapld lnorease of,

the tenslle straln was observed at the slde plate (g.g" no' 10). Thls

rapid lncrease of the tenslle straj-n at the slde plate of the panel

brought ebout a great deformation of the panel, and the f1nal fallure

, wes associated w1th the concrete crusb-lngo bond splittlng, dlagonal

tenslon crackse and f1e:mral cracks due to comblned arial ard lateral

loads. No apparent centar deflectlon at the face plate lras observed
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ì:::tii Éìn ;Jí.i",a--i. l-aei c:l i'A5r}t'lt ibs î'ías ap;r1-Í-ocl ,as sllrcldü'Ln i¡rg-ii:"e 2û*

ï,'*:. a;l .a-.áe,j- -i-o¡C +f 2{:3 klps 'r¡* 6¡:;:Titge conci"J'¿c 1;;ìr-r;:':css;'"'¿ s-L:'css

;;: ';i-lo ]f,¿:nel t;;'.ß c'?ili:rli'ied. as 3liil: p;-n aná Íc:' carn'i:i::¿i a-:'ia-' l'¡:f l-;'i*

s:lai l-cacis oi 2OC and. ió i;i-ps;:"espu*',";¡-ç:t':,'it'Lhs r¡'ia:;;1ij"-iìi û'Ï;l:e:":':'!'t'b:e

ccn:p:*oss!v*c sirssc wae fo-,.:.ná ¿a þe li99û psl in ?he pancl-" ?ha :a;ics

of 'Lhc;:o coinp;"ossilfe s¿:lesses oi 'i:i:e i:ane; 'io i';; s-"ia¡:cia,:"i i:rü¡:-;:'Gis

*yi-i-nri;r" s-L;'ciigib' a::o ó8 ana \AZ'/ ::ûs;ûú¿:'vû*l'-Íø

\6. s;'Dtiì.Í-ti'i l,icB 22.1-.6.zri"ii3*16

;,.s shor¡n j-n PiaSe 25, ;iís pancl .fa¿lure 's assc*íated i'åth ihe

cç¡:ez'e'to crusi:ín3u ;pi*'i'l-n3, i-i.agoäa} 'Lensi-or1 cïâc:(s¡ ài1C fì e:r;rer'

c:'aciçc, ,î7 is a::¡ exaä:pi-e oÍ the seccnd. Ïcde falLure oll -¿hc sa::d-våcþ

i:enein d.es'*;:l'¡ec1 ii: ?ar"'L ii.i. í'::iieen SR.-Jr. s1:r'a;n gíi'ges r¡c:l'e ettaciieê

'lo the pe.nel faces, ":-"s,.,.'r,rseive Vei"-L:-callJ ar:d'Lh¡iee hoil¿oi:tel-1y as

;...r,...:: :,-:i ii':-¿1::e 55" Lcad - S;r'aii'l cl;;vüs i:el'e been p'l.o'b'cei fo:: tliis

paneT-;s sììo,..¡n ir, Figü-t"e J/" Ïi:'i;he 'úpper reglons eî'¿ho p¡.nÛLe :io

signif:-oa¡r'í ver¿:.eal- sLraiirs lrere o'ose:'i'ec bi;.i: be)¡ond an ¿-rú¿ri l-caa o:l

abou.¿ i.ic ;-l:psn a ra;oid. .,nc:tase cf 'Lhe horizon''¿ai 'bensile siie:ln .,i,a.s

oose;'ved. (¡;ngu no" i0) uilrii;:' inci'easing 3-oad.. î'rr.r.s l"apii inc::ease af

'fhe tg::siie strai:¡r'Orought on ihe con*;'ete spì:'lti:rg ai tl:e -apper sid'e

pìaie. i¿n*ei.t¿Í¿e:-e,lûe of iì:e -;¿ie:a1 loaCrin ecd;-l1on 'l; an a>rj-al

l_oac cf Z¡C lips,'Lhe longt"buil-nai spi:iting ci"Lhs síd.e;ola'Le consi'e'Le

ei:ie¡:å<rc; aiong '¿lLe Ve::tiea-i eV.ge ii:is cí ihe '' nsula"¿¿cn sore froü: íhe

'¿oa'tci:,::.Cs tr.,e l-oi+er siie. In'[il,e cen';r'al tegions eî"Li:e ¡raneio a'ii

coirlp:.-e ;siVo stxa:nû 3.i.rei'oqsed 3:"aduaåiy' 'c"rdes i;:c-'eas1;:3 icad' ¿ì'Ì'['i i an

17;ú- j-oad cf 2Ût ldps t:åË ::caci:ÐC,- :¡:ä ¿1 i sf-'ai;ia c.ec;sa¿eC c;''lc:"



lateraL load r¡as applied in addltion to the a:åal load of 200 klps'

Noar failure, the rapid increase of horlzontal tenslle straln at tha

slde plate (gage no. 13) is sirnllar to the lncrease of the horlzontal

straLn at the center of slde plate .in the speclmen WCB 2?..L.6.21+o4B-15.

ïle1ding ln reLnforcement followed', and crushlng of the concrete at

tho slde plate took place after a great lncrease ln defornatlon wlth-

out any lncrease ln load. In'the lower reglons of the panel¡ Do co¡r-

siderable change of the compressivo straln liras observed rqhen the lat-

eral load was applled ln add,ltion to the ad.al load of 200 ltlps' For

the axlal load of 200 k1ps, an average concrete compressive stress of

))40 ps]- was fourd, ad for conblned adal and lateral loads of 200

and 20 lclps respectlvelyo the mard.mum eÍtneme flbre compressive stress

ln the panel vras computad as J400 psl. the ratios of these compressLve

stresses of the panel to its standard eoncrets cytlrder strength are

68 and 110É respectively, No apparent center deflecti-on of the face

plate of the panel r¿as observed until an æd.al load of about BI ktps

was reached (Eleure 20).

r?, SPECIMEN WCB 2?.!.6.24.48-17

ThÍs panel was tested with fifteen SR-l* straln gages attached to two

faces of the panel, io€or nine gages on the face plate and slx gages on

the side plate

concrete faces

shown 1n Figure JB" The straln dlstrlbuti-on on the

the panel is shown ln Figure 60" At the upper part

of the panel (lower part of the pa:nel ln P}ate 26), no apparent stralns

were observed on the face plate but on the slde platee the vertlcel

corapressive straln lnareasod contlnuousþ under lncreaslng axlal loado

as

of
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Especlalþ, the horlzontal tenslle strain on the s5-de plate increased

very rapldly beyord a load of abÖut 40 kips (gage no' 10)' Near I

load of p0 klps, longltudfnal splitting appeared at the top of ths side

plate, and near failure, lts horlzontal tenslle sl,raln of 0.0031L ln/tn

lras neasured. At the central part of the panel, all vertical comp-

resslve strains lncreased. continuously urder lnereasing load, end tn-

creasf.ng rate of the side plale strain Ìfes eoout üw1ce as much as the

face plate straln. .[lnost no horlzontal strain was observed at the

central part of the side plate. Àt the lower part of the panel (upper

part of the panel in Plate 26), no apparent strains r"¡ere observed before

the panel f¡iled. At an ultlmate axial load of 1/2 klps' longltudlnal

splltting at the side plate ln the upper reglon of the panel extended

rapldly¡ and at the same tlrneo a great latcral movement at the bottom

of the panel occurred. Then suddenly the E¡dd strain indicator for the

Iateral loading hydraulic jack indlcated a lateral load of 0.0J klpst

and the final fai-Iure of the panel occuned as shown in P1¿rte 26. this

node of fallure 1s similar to the mode of fai-lure of the speci'nen

22.I.5.24.48-13. A very srnall center deflection at the face plate $ras

observed until an axial load of about 81 kips was reacÌred as sho¡¡n fn

Figr¡re 20. the average Congrete compresslve stress of )3?0 psi was

found for a.n axial load of 1?2 lctps, and the ratio of the everege eon-

crete stress of the panel to its standard concreto cylirder strength

ls 6)$.

18. SPECTMEN WCB 22.1.6.18.60-18

This panel was tested rrlth twelve SR-4 straln gages attached to
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the four feces of the'panol¡ 1.ê.¡ six gages horlzontal\y and slx gage6

vertlcally, es shown ln Rlgure 59. In the lower reglons of fhe panel¡

the tensiie straln (g"g" no. 12) at the side pIa.te increased very råpld-

ty under lncreasing load unttl a load of l52rl20 lbs r+as applied, ard

longltudl-nal spllttlng of the concrete appealed from the top towards

the lowcr side¡ At the same time, a great lateral movement at the lower

erd of the panel occurred.o and the tenslle straln of 0.001982 in/in at a

loed of l5Z)720 lbs started. to d.ecrease under lncreasing loadras sÌrown

Ln Ftgure 61. Then the final fallure ttas caused by crushing of the con-

crete in the cornsr reglons at the upper part Of the panel¡ as shown ln

Plate 27" At the center of the panel¡ Vertlcal compressiye stralns

(grge nos. 2 and 5) lncreased continuously under increasing load' but

these strains dld not bocome factors of eonsiderable lmportance ln the

fai.lure of the panel, In the other reglons, no appalent straj.ns lfere

observedo An average concrete comprosslve stross of 41ii0 psi was found

ln the panel at the ultlmate l-oad of 184 ldps. The ratio of an everage

conerete stress of tfre panel to its standa¡d concrete cylinder strength

is ?O'ft. The deflectlon at the centor of the face plate ln Plate 2?

increased gradualþ under lncreasing load, but no apparent deflection

r¡as observed until an axlal load of about J0 ldps was applJ-ed. The

center deflectlon at the face plate was neasurd at 0.041 ln. for e

loa.d of 8t,630 Ibs.

19" SPECIMET\ WCB ?2.1.6.18.60-19

Thls panel wes tested wlth six

faees verticalþ¡ I.€.r three on the

SR-4 straln gages atteched to two

face plate and th¡ee on the side
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Fig" 62. sTRrtIN GAUGB LOCATIONS 0F !^ICB 22,r"6.L8"60- 19"

PLATE ivo, 28" Fbont, Vierv of
WCB 22.1"6,18.60.- 19 af'uer Faífure.

PLATE ìdo" 28.A..

wcB 22.1.ó.19.60_ 1g
Slcle Vier'i of
after Failure.
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plate as shown in Figure 62. In the central regions of the panelr the

conpressive stralns (gaga nos. 2 and 5) increased considerabþ under

lncreaslng load as shor.¡n in Figure 6J. No apparent conpressive and

tenslla strains were observed 1n the lower reglons of the panelr Plate

28. In the upper regions of the panel, the compresslve straln (gtge

no. I) increased very sharply.under lncree-sing load at the face platet

and nea¡ the ultlmate load, the compressive strain of 0.00296 tnltn

was ilee$lredo Beyond a load of 45 Hp", conpression cracks exLendlng

horlzontally across the upper face plate developed¡ ard longltudlnal

spllttlng of the side plate concrete appearcd frorn the top. The tensile

straln which had lncreased. rapidly before the }oad reached 97'610 lbsr

sta¡ted deéreaslng sharpþ beyond that load due to a rapld lncrease of

lateral movement at the lower end of the panel towards the front, and

due to the widening of the longitudlnal splltting of the concrete et

the top of the slde p1ate. The flnal failure was caused by the crushing

of the concrete at the r¡pp6r part of the panel after the compresslon

steel ln the face plate reached yleldlng" Then compresslon steel buckled

wlthout increase in load. after failure of the concrete ln compression

took p1ace. Convex defonnatlon ¡res observod at the face plate due to

axlal load, and the center deflectlon of 0.024 in" wes measured at a load

of 811630 lts (Figure 20)o An average concrete compresslve strees ln the

panel was conputed as 3710 pst for an ultlmate load of 163 kips. The

retio of en average concrete stress of tbe panel to Lte standerd concrete

cyllrder strerrgth Ls 62fi.
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oapecl.ty. It Ls necosserJr to revLse the strength equatlon glven tot

: RPo

= (t.t3 - o.oo¿l l,/r) (0.85 få ¡c +

(b) sANü¡itclf PANEIS

The ultltrrete load carrylng abiutles for the sarvl¡rlch panela

are estlnated as though they are hollo¡ rectangular tled columne ag

shown ln ftlgure C-2.

By uslng lhe equatlons of (þ"1) and (11.2), the followlng

equatÍ.on for the ultlmate load of the sardnlch panels, axÍ41\y

loeded, is obtalned:

(t.26 - o.od++ +)(0.45 rå A" t fy Ast) (4.r1)

But sone of the sandwich panels are applled the latereL load

ln addltlon to the axlal load because two hundred lclps. of naximum

allowed axlal load of the frame ls not enough 1[o fell them' For

these panelso 1t ls assumed that a sectlon ls controlled by comP-

resslon because eccentriclty of ad.a1 load at the erd of the manbert

measured frø the plastic centrold. of the panel sectiory ls relatlve\r

much smaller then the eccentricity of the balancd load F6 neazured

fron the plastlc oentrold. of panel sectlon. For thLs asøumptlon

the ultl-nate l.oad of panela 1s glven:

Pu

-u

(4.e)

t" u"r) (4.3)

P=
u

L05



9o
r



p'op'Lt - 1*((Po/F¡)-

e3 (Fo/Fo)-r ub

7-ãî-,îî-( Po/Pb) - I

- 
-\--t**

*J "i "b (1t," 5)

(4.6)

Later¿.1

o?

In esii¡aating the bending oí a sleirder sanC:¡ich pe"nel under the

action of an eccentric Io;,d, îj'¿" 6Lvo the rnonent due to an eccent-

ricity of l-oa.d is equivalent to F,,.u. Then it is assuÌried that such

an æc-al 1oa,l r.¡ilh ihe bending nrornent , P. .Lf +, at the ¡riddl-e of the
u

panel as sho,rn in Fig " 65, i5 er1'¡iuale,rt t'¡ e-n eccentz'ic loacì."

Eccentric Load Fig" 65" Cornbined Axial and
I¡ads

P:_u ^r^^-,.^ i.^ E\ ^. At¡..tit éÞ Þj19;1 1I ¿i] 1'IÉ. V-l ,

so that

I

i

11
I

I

---r-
I

I

Þ*"u = T"'rl4

1ñJ

\+"t/



Sr¡bstltuting equation (4.6) in

tFo/F¡ - 1) %Fu (F/F. -r)'o'-b

this equatf-on, ¡re obtatn

t Fçt'14

(4.9)

PO and eO ln this equatlon can be obtained from Appendlx C-2.

phil M. F"rgo"orrll states that strength reductlon factor, &t,

for an eccentiûc Loaded long column dependa upon the ratio of

P"/Pb erd R" Then the equation (4.8) w-111 be¡

F.,1 A (I"/Eu-- r) eu F"! (PolPb : 1) l,

F..¡ :

Rr = 1- -}tt 1- n )
.Pu

(,+.8)

(¿1,10)

t' +.r-R['"-+*gp) (4.r1)

where

108



t+.4. coItcLusIoNS

The follordng coneluslons are besed on the result of thLs

lnvestlgation¡

TLrLs study shows that very Ìrlgh averege concrete compresslve

strength ln the serd¡rl.oh panels was fourdo The tr¡o concrete slde

plates contalning a st¡æofoam tnnrtation core betweon have been

shown to be an irnportant factor for obtalning greater values of

stlffness and reslstlng shear strength 1n the sand.r,¡'ich panelo

Therefore, preeast conerete sandldch panels rnay be oonsidered better

for the purposes of reslstlng heat transfer and beerlng load than

ordlnary dense concrete panels for ono story tnrildings,

The concrete faee plate thlckness of one lnch nay be realJstfo

1n practlce 1f proper shear coru:ectors or concrota rlbs aro used

longitudi.nally betweon tr¡o fece platos.

¡rdal.ly loaded sardv¿'ich panels resist very h"tgh bendlng streEg"

Hovrever, when lr¡ltla].lir leteral load ie appJJ.ed on the sard¡vlch

panels they can not carr'¡r rnuch of the a¡d-al. Ioad due to lateral

defonnatLon of the panele.

The most important flntlngs heve boen suruna¡ized ln Section

4"1o

The behavlour of slngle layer arxl sardr¿'Lch relnforced conorete

panels for bearing load can be predLcted epprod.matg\y as though

they were wLde end hollo¡r rectangular colurnns" The prdf.ctLon of

109
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STRAIN/LOAD READING

LoAD (r¡s) - STRAIN(mlcro lnlln)

Gauge Gauge Gaugegg10
o

-48
-I03
-137
-u4
-2r2
-246
-288
-332
-380
-4eo
_r+7,+

-528
-584
-644
-712
-788
-874
-964

-ro76
- n98
- r344
- 1514
-r8oo

o
-26
-¡8
-8r

-110
-139
-170
-210
-252
-299
-3t+5
-396
-450
-510
-57)
-6\6
-730
-832
-940

-roTB
-r242
-t462
-L752
-e448

o
+4

-T?
-¿6
-46.
-72

-102
-136
-t7 6
-222
-268
-318
-3TL
-4zT
-486
-556
-6¿8
-720
-8zo
-934

-ro7o
-1240
-r450
-t786

Gauge Gauge GaTge

,0
+4
+6

-11
-39
_65
-85

-119
-130
-150
-170
-rg2
-2t9
-227
-240
-252
-z6z
-e64
-264
-25\
-z3z
-204
-154
-40

APPENDIX A

o'oooo
-\e -53 -34 -10 -26
-Bà -ú6 -10 -zT -66

-t25 -t75 't22 -57 -1IO
-úq -23\ -L69 -94 -r5T
-zo6 -285 -zt6 -r29 -2o2
-ã+> -330 -zrq -1$ -24L
-zt(¡ -1ío -¿80 -186 -278-
-ãiB -[ ia .:,zo - er4 itç
-í¡A -441 -rrr+ -24) -32\
-1(,1 -4TB -36+ -zçç -3Bq
-igà -5oi -4ro -aBB -416
-"4ft -sto -43! -3Le -446
-+¡6 -55o -\s0 -327 -47?
-r4á -sø+ -416 -344 -)eç
-t+í o -ít + - 490 -35? -5Lç
-+a+ --Srz -+gz -3tq -5?ç
-488 -lsa -4q4 -34q -5ll
-4gz -Sl+ -466 .328 - 54I_úé[ -í-a0 -430 -zeo -53q
-+oe -436 -:80 -z4o -5qp
-+Je -3ó8 -ágz -144 -464
-táz -1s6 -16o o -4o2
-áøo +244 +ao4 +4oo -256

t{cB- 11- 1- ]-2-2t+-r

Gauge Gauge Gauge
234Gauge

1

o
-8t

-164
_z3z
-295
446
-394
_434
-4Tz
-5lo
-542
-570
-597
-6zo
_638
_652
_658
-6s6
-646
-62)
-588
-532
_458
-320

Axlal
Load

0
2000
4000
6ooo
Eooo

10000
12000
14000
r6ooo
tEooo
20000
22000
?4000
z6ooo
zSooo
30000
32000
34000
36Ooo
38ooo
40000
4aooo
44000
46000

P
ß



Gauge Gauge Gauge Gauge
9- 10 11 12

oo006 -z -36 -75
40 -2 -90 -171
78 -2 -147 '27ð

r19 -18 -2\2 -390
L5i -2Q -zqz -160
r83 -40 -360 -6zT
2oB -64 -434 -725
232 -97 -5r3 -B2g
245 -134 -603 -91b
aiL -180 -Qge- -1012
z6o -232 -806 -rro4
z6o -zgz -9?4 -rr99
260 -352 -1042 't27-6
àq+ -\28 -1184 -1360
z++ -5L6 -1364 -141q
210 -704 -L752 -154Q
168 -Bz4 -zt6o -1618
136 -872 -2440 -1630

- sTRAIN(mlcro rn/rn)

Gauge
I

0
36
88

r27
IT6'
212
268
3L2
346
3To
382
39t+
394
396
392
382
394
344
308

Gauge
7

o
31
T3

119
rBo
24r
289
322
337
346
344
344
334
320
300
272
?32
r68
rzB

t{cB-11-1-12-3O-2 toAD(1bs)

Gauge Gauge Gauge GaYge Gauge-à" 3- 4- 5- 6

oooo-fB rz -15 -36
-L53 t2 -?7 -7?
-zt6 12 -37 -9q
-276 L2 -46 -118
-¡28 14 -53 -131
-3t+ t6 -i5- -1lo
-4is 22 -56 -145
-448 z6 -56 -I4q
-471+ 34 -54 -146
-4qB 48 -48 -144
-si¿ 64 -36 -r32
-qzz 78 -ao -1oo
-;lz 1o4 2 -9-2
-s1e 144 16- -60
--sáo 22o 86 -4
-4i8 522 272 190
-4õ6 8rt+ 456 416
-406 gg2 63¿ 644

0
-54

-113
-168
-zz3
-276
-319
-356
-392
-474
-444
-464
-482
-496
-504
-504
-4eo
-400
-400

Axlal Gauge
Load 1

0
-39
-96

-t1>6
-220
-278
-338
-39r
-440
-479
-514
-548
-572
-594
-604
-608
-502
-472
-470

0
2000
4ooo
6ooo
Sooo

10000
12000
14000
16000F rSooo\' 2oooo
22000
e4ooo
a6ooo
zSooo
3O0OO
32000
34OOo
35ooo



^^..^^ 

ô^'.-a

\rd, uèls rré u5s
l I 12

oooooo0
-27 *27 -24 -1I -52 -19 52
-60 -56 -52 -26 -rol -Br \T
-gz --Az -1e -42 - 146 - 130 zB

^rzz ."11 2 -104 -60 -198 -L69 2

-úò -r+5 -13e -Bz -zrQ -2\7 -3rt
-i6i -168 -164 -roz -3oB -267 -t4
-zt4 -196 -2oo -l4o ^36? -3r7 *112
*zt.t6 -zzg -z3t+ - 178 -416 -379 - 15r+

-ùB -a's} -zil -22,o -L+73 -'!?9 -201
-jos 'z1a -313 -269 -53q -486 -25o
-ã:+ -3rB -s{t -329 -5-9ç -r5? -394
-áóe *i,+s -sg't -¡zB -668 -6zt+ -361
-1iz -saa -4:'+ -439 -T"I': -7oç -)+22
-i:(ã -ã7s -+60 -5ÞÇl -85ç -Br'1 -rrtlg
- ã6li - ís+ - 5oB - iq8 -slï -e?o -\6,tt
"áág -irz -6+o -oeo :1140 -1140 -660
-áliB -i3[ ->ez -rso -r3Tz -112f -lB0
1rá -áéB -ír+ -Bie -.r5\2 -1624 -834

ln,/1 nl

Gauge Ga.uge Gauge
BgIO

LOAD(rus) - srRArN(mtcro

Gauge Gau.ge
/'n
VI

r¡cn- 1 ]- 1- tz-36-3

Ga.uge Gauge
45

0
-ro

-)o
-74

al'-9'."
-111
- 130
- ]48
*th\

- rBo
*.1 qll

rnO_ TYO
* | Lrrì
*r /o
-144

-tR
6o

l_96

o
-12

-48
-64

Qa-ut
-gB

* 118
-r aJr

-1q?
-rol
-).77
- rBr
-tz(^¿¡v

-lÃl!
- 1l.o

- ll4
104
zB6

Gauge Gauge
23

0
-l o

lrn-+¿.
rl- o¿+
Qr-(J l-

* 100
-r20

1Jr-
-L'ie

- l-ot
¡Ql¡- lL|i

*202
ar )r*a11'

- ¿¿v
nnÇ)- ¿vn

-'ì 02

22

OO
10 -3
^^ ^ô¿v -¿é
18 -5o
B -BO

-14 -111
¡/' a )r -F <ñ - | ¿! 1
Jv

-6Lr - lTB
-qB -216
-r35 -258
-'i 7l+ *2a7

+ | ¡ 
-/ 

|

-2tB -334
-260 -368
-z9B -396
-336 -4oB
-3TB -420
-4r2 -420
-ß6 -376-l4B -336

Ax1al Gauge
Loa,d I

ô
2000
4 000
6ooo
Booo

10000
12000
14000
16000
18000
20000
22000
24 000
26000
zBoco
3O000
32000
340O0
3500o

FÈr



Axj.i:l
Loa.r.i

o

9720

219O0

2930o

41300

4 goTo

6rroo

6BBoo

B r630

B g6lo

97610

r
H\^

lonn( rus )

l^IcB-r1-2-13-48-4
Gauge Gauge

T2

o

vl

:21 t
-<l/

-¿r7l

-599

-7gt

-926

- 1238

-t59z
naQn

arnP^T.lll/-'! ¡nnu¡ Á\Õtrr \¡¡¡rv¿ v

^

¿v

42

It.-t,l

49

q2

ô'¿_

l¿

L¿O

l-96

I q.lr

i^/cB- r2-2- l3-48-5
Gauge Gau.ge

t2

0

Jv

- 120

*rBB

-?t o

-4 ro

-68z

-B6o

- r4Bo

-20?n

ln,/{n\

0

-J+

- l0B

- rB0

- 334

- 408

-4t6

-)UÕ

rl'n- ).lu

-^20

-210

wcB- 12-2- 13-48-6
Gauge Gauge

L2

0

ì. a)
-¿+o

rnQ-- J. L,,U

- LIJ¿

-zItB

-44 3

-F'42

-782

-tl1tl

-'¿ Ló 3

l:'
ì..
t-,

i
!.
l¡

^

-20

-^)

-B)l

-'l7'l

-22?

- 
?48
nn lr

- 244

- rC)O



LOÄD(rbs) - S'TRAIN(m1cro 1n/1n)

PPo\

Axlal
Load

o
9720

174 30
25750
33570
4 13oo
4go7o
57Ooo
6\690
729\o
81630
B96ro
97610

ro5O4O
113120

Gauge Gauge
t2

Gauge
3

o
-]o
_69

-r2T
- IB2
-250
-3r2
-377
_433
-508
-60+
-684
-BOB
-958

-r2o5

Gauge
4

o
-14
-go

- 170
-245
- 331
-4 r1
-4 93
-564
-659
-784
-884

- 1048
-1256
-1624

Gauge
5

o
-16

-rl0
-205
-294
-395
-484
-584
_669
-789
-940

- }068
- I2BO
-$56
-2140

Gauge
6

o
-ro
-go

-L72
-25)
- 350
_4 39
-533
-6tz
-730
-876

- 1000.-1214
-L4B4
_2030

Gauge
7

o
-16

-Ir3
-216
- 31r
-\zo
-5L6
-623
-7 ]O
-832
-986

- 1112
-I328
- 15BB
-2llo

0O
^ -'7-¿ I

-lo -54
-16 -96
-20 -132
-31 -rBl_L5 _227
-13 -274
- r.6 -3L7
-24 -378
-44 -\52
-60 -522
-TB -63q

-102 -736
-184 -944

Gauge
B

o
-16

-ß6
-26r
-373
-4gg
-6ro
-7t2
-8z6
-958

-1120
_]r-252
- I464
- rToB
-2 140

Gauge
9

0
-26

- 154
-292
- 420
-556
-674
-Bor
-9r3

- 1068
-1222
-]354
- 1540
-L796
-2120

Gauge
IO

o
-IB

- 130
-250
-360
-478
-578
-684
-769
-Bts
-992

- 1080
-1198
- T2BB
-1336

Gauge
11

o
-4

-23
-40
-6o
-gL

-I22
-L69
-2l^2
-272
-T6
-406
.4BB
-560
-6oB

Gauge
L2

o
-4

-14
-26
-40
-6+
-Bg

- 120
- 146
-r74
-L96
-2 14
-204
- 168

-24

Gauge
13

Gauge
14

o
2

43
Bo

106
r22
L22
r14
IOB
108
106

94
124
$6
2].6

0
-3
-5
-B

-l.5
-28
-)+6
-73
-02

.TT2
- 118
-130
-96
-28
2L2



AxlaI
Load

0
9720

174 30
25750
33570
4 r300
49070
57OOO
64690
729\o
81630
B96ro
9T6to

Ì05040
I I3 l2O
12 1200
128820
r332Oo

O0
-18 -B
-40 -)+7
-BB -97

-146 -156
-r97 -295
-256 -264
-316 -32!
-37o -374
-427 -)32
-lro2 -4q4
-557 -5i)
-618 -604
-616 -664
-t46 -734
-Bz4 -Bzo
-goo -9O-2
-944 -960

Gauge
1]

o
-6

-48
-66
-Bz

- 103
-r23
- r4B
-775
-zoB
-245
-z1z
-320
- 360
-4oB
-1t56
-528
-584

Gauge
l2

o
-17
-64

- 110
-r37
-ß6
-202
-z4z
-272
- 300
-329
- 361
-404
-432
-460
-4BB
- 500
-532

Gauge
r3

o
-2
-6

-t5
-33
-60
-97

-r42
- 190_ù5
-299
-35)
-400
-444
-)92
-540
-596
-6zo

tvcg- L2-2-rB-60-8 LOAD(t'us ) - sTRATN(mlcro In/l-n)

GaugeGaugeGaugeGaugeGaugeGaugeGaugeGaugeGaugeGauge
12345678910

PP{

0
-2
-2
-3
-6

-10
-14
-30
-44
-64
-86

- 106
-124
- t38
-150
-168
-208
-224

o
o

-1
-2
-6

-14
-)2
-72
-gB

- 130
- 164
-204
-232
-258
-292
-332
- 410
-446

o
-4

-20
-45
-gI

- ]38
-L96
-260
-JIO
- 382
-456
-530
-592
_652
.T28
-Bre
-916
-972

0
-4

-25
-60

- roB
-r52
-203
-257
- 304
456
-4r4
-47r
-520
-570
-6z8
-692
-758
-796

O0
-10 -6
-67 -6ç

- r34 - l3b
-zo8 -2r9
-269 -268
-ji4 -330
-[ór -3e6
-)55 -44q
-5L6 -508
-586 -274
-6sz -652
aia -T 18
-7 sz -78-6
-868 -862
-952 -9\B-

-1036 -ro39
-ro84 -109b

OO.B -T
-76 -r4
-156 -129_239 -'.¿4\
-306 -288
476 -354
-444 -416
-506 -468
-569 -525
-&5 -592
-z>6 -662-iõB -7zB
-Bt6 -794
-s52 -861

-1020 -936
-1100 -1010
-1r48 -ro52



i\rCB- 22*:-5-18-48-9 LOAD(rls) - S'IRAIN(mlcro tn/tn)

Gauge Gauge Gauge Gauge Gauge Gauge Gauge Gauge Gauge Gauge Gayqe Gauge Gauge Gauge Gauge Gauge

tz3456uoîu-g1ð]îIã-1314Lt16
0
1
4

13
1B
24
^o¿()
35
44
4B
52
56
6o
6z
64
64
6B
6B
58
56
36

HP
oo

Axlal
Load

o
9720

174 30
25750
33570
4 r3oo
49oZo
57Ooo
64690
729\o
Br63o
B96ro
97610

1 05040
r 13120
r2 1200
128820
1 36490
144200
L52T20
r6097o

0
3

22
56
79
Bt
96

t10
r24
I58
192
ZBB
384
476
548
638
726
944

1350
ù72
1620

o
-2

-40
-gB

-r52
-207
-263
-318
-376
-428
- 484
- 540
-592
-64o
-684
-736
-784
-834

- 1340
- r984
- 1064

o
I
9

¿¿
35
4S
lB
T4
92

104
116
r36
148
164
182
t96
2r6
236
264
300
360

0
o

-zB
-14
-97

-r32
-r59
-2I2
-z6z
- 348
- 410
-464
- 504
-536
- 584
-6z8
-686
-752
-864
-944

-I100

o
o
3

14
19
z4
4I
65
BB

roB
tz6
144
r58
L76
r90
200
zrB
242
264
z68
268

o
-4

-20
-60
-gB

-l ?o
- r90
-238
-292
-336
- 394
- 448
-\96
-540
-5BB
-640
-692
-74)
-BoB
-B9z
-952

o
2

29
64
g)

l-23
r20
100

B6
l4
64
S6
5o
44
3B
3o
rB
'4

-B
-B

-72

o
o

-50
-229
-378
- 540
-68z
-Bra

- r036
-ttT6
- r3oo
-r4zo
-r500
- r568
- 1634
- 17OO
-tt68
- rB3+
- r96o
-zoBo
-2100

o
o

-32
-fo

-r16
-t6z
-212
-z6t
-3r2
- 360
-\20
-4Bo
- 539
- 580
-oJb
_696
-748
-BOB
-Blz
-984
-920

o
0

-13
-34

I
5

23
40
5o
l4
96

L36
r64
220
276
308
T6
370
4oB
768

rBoo

00
-j -4

-20 -20
-64 -44

-114 -60-rB4 -Br
-zSB -102
-3rz -tz6
-364 -r52
-4ù - r8o
-4BB -210
-5\) -235
-604 .-272
-64o -295
-660 -325
-684 -350
-7ro -37)
-726 -398
-752 -420
-Boo -448
-T60 -460

00
-1 0

-13 2
-31 4

-5t 6
-14 B

-r04 ro
-131 12
-16o 16
-196 2?
-zz6 28
-e8o 36
-316 44
-360 52
-404 6o
-448 72
-5oB 86
-560 96
-6tz re8
-7OO 116
-7j6 t52

o
I
6

r4
rB
24
3o
34
44
4B
52
6o
66
72
Bo
BB
g6

ro6
1Ì2
r32
112



I¡JCB- 22-.I-5- rB-48- rO LoAD(rts) - STRAIN(mlcro Ln/In)

Axlal-
Load

o
9720

174 30
25750
33570
413o0
49oZo
570o0
6469o
7294o
81630
Bg6ro
97610

10504 0
I 1312O
12 1200
rz88eo
1 36490
144200
152720
t6og7o
r6838o
rT6500

Gauge
1

o
2

z\
23
40
B6

135
170
254
32o
4oz
4go
626
782
932

r 168
I 548
tT64
2020
z38o
z64o
2B3o
3010

Gauge
2

o
-4

-rB
-¿¿
-36
-55
-76

-IO2
- 134
- r6o
- 198
-zz]
-260
-298
-336
-372
-4 12
-452
-492
-532
-556
-564
-6oo

Gauge
3

0
2

r6
66

tz6
rB4
zrB
247
310
385
492
578

' 693
Brz
904

1056
tt56
r3 r6
1470
t6zo
r84o
rBBo
1930

Ga.uge
4

o
-2
-3

-16
-rB
-34

-112
-t6z
-236
-z\z
"362
-4oB
-l+ 4B
- 484
-5r7
- 548
-572
-604
-6tz
-6>z
-696
-72\
-752

Gauge
5

Gauge

^
n

-3
-31
-lB
-79

-rr6
-rLtT
- 163
- r6o
*r32
- 120

r¡O_ 
-L -LO

-rr4
- 100

-93
-a)
-BB
-56
-r6

64
roB
112
T2II

Ga.uge
T

0
z6
t4

tz6
rB4
255
322
369
399
5l.6
540
56r
596
6zti
6'so
Áon
TT2
736
(>o
Boo
B16
B¡B
Bse

Gauge
B

Gauge
9

0
-10
-48
-90

-rrB
- 149
-t4g
-r5i
-l7q.IJ

-236
-z9z
* 301
- 5¿t)

-r_ ì- ))L
*<lì{
-37o

a-tO-)i.)
- 390
-+ r6
- 4:0
-¿+ou
-I+To
-4Tz

Gauge
l_o

o
6

10
ZB
¿Lo

Bz
1to
133
r52
r4B
tBl+
zz6
29t+
504
6E4
796
QO2

1004
1004

t)<)

864
B6o
Bzo

Gauge Gauge
1l_ 12

o
-2

-26
-56
-Bz

- 120
- 154
-l02
"235
-276
-326
-36\
-406
-45r
-49o
- 548
-'s96
-642
-68B

o¡t-IJU
-Bz4
-84B
-864

Hts\o

00
l0
BTB

t6 3220 48
24 77zB ro4
30 r22
34 t)+z
¡B t5o
40 t6zt+6 v(6
46 ]84
4l 196tt6 zo9
46 zzot,6 2?o
,2 244
64 256
è a ^-.4)o ¿(o
(]Õ zÕ0
79 296
BB 3c4

0
-1
11
24

-37
52
7o
BB

ro6
)22
150
r68
189
209
¡:rl¡
¿ -)'i
zBz
?t )l

? ?li
JJ I

348
376
4oc
424
448



lucB-22-T-5- rB-48- rr lonn(rus ) - STRAIN (nitcro tn/tn)

Axla] Gauge
Load 1

Gauge
2

Gau.ge
3

0
34

273
I ]gB
r254
14 12
r69z
2O7O
22BO
25IO
2720
2896
3030
32 r0
3310
3440
3440
3430
3I4o

Gauge
4

0
13
33
40
52
64
7O
/o
BO
Bo
Bo
atô
ÕÕ

10r+
lc4
112
112
124
140
160

Ga.uge
5

Gauge
6

o
l4

111
6zB
Bre
ooÁ

r 104
1 tz8
1 168
1360
l6I0
2r66
zirgo
2730
2B9o
2Bgo
38ro
4100
3130

Ga.uge
7

o
I
¿

36
6o
o)
9tt

I16
204
272
400
75?
BOB
84B
õ-aÕ)c
B4B
BzB
Bzo
Boo

Gauge
B

Gauge
9

o
3B

L27
176
rBB
200
208
a¡l¿ )-\)
2L6
n6
180
I4 )+

oo().)
ll4
\2

-bú
- ]20
-tl+o

Ga.u.ge
10

o
-32

-TTI7
-258
- 348
-4gB
^592
-6.s6
-zc)t
*7Bl+
*Br+B
*90li
*956

- 1014
- r"032
- I0.30
- ]12C
- I1¿iO
- 1150

Gauge Gauge
1l 12

o0
-16 -20
-50 -84
-go -1Bo

-]28 -23O
-r70 -276
-22O -296*268 -2BB
-304 -2BB
-360 -ù+B
-412 -/tB*L+Tz -248*5?It -248
-568 -248^624 -zL+B
-68o -z4B
-7r2 -232
-740 -22O
-750 -140

ß
O

o
9720

174 30
25750
33570
4 13oo
49oZo
57ooo
6t+6go
72940
Br630
896ro
97670

lO5Ol+O 1
rI3l20 I
121200 r-128820 

1
136490 1
144200 r

o
-19
-)c
.-42

- 128
*r72
-220
-z6t+
-308
- 368
-llr6
*480
-528
- 584*648
*TOll
- (30
-790
-780

o
4

T2
1B
20

2Ll
nl¡¿+
nl¡¿+
24
2.4
z4
nl¡¿+
Zh,
2)
JL

44
40
40
4o

o
1
2
4
O

B
10
16
16
nlr
¿'a

32
JO
40
40
44
4B
5B
7o
50

o
L
¿

I2
76

202
33?-
5Lt4
704
792
BBo
952
982
020
020
044
04B
0Bo
090



wcB-zz-r-5-24-48- rz LOAD(rus) - STRAIN(rnlcro tn/tn)

0
-IB
-29
-49
^72

* 198
-tz6
-$6
-l ac)

-23r
-z6z
-- 301f
- 332
-372
-,+oo
-448
-4BB
- )Jo
-576
-64o
-630
'[¿v
-730
-74 0
-B3o

P
¡\)
H

Axla I
Load

'o
9720

17430
25750
33570
41300
4 go30
57o00
64690
7294o
81630
B96ro
9T6to

ro5o4o
113r,20
]21 200
tzBBzo
r 36490
144200
152720
t6o9To
r6838o
tT65oo
rB49eo
t93g6o

Gauge
I

o
4

10
4o

'52
BO

73
añ
oÕ

7r
69
72
64
64
6B
64
6t{'
(¿
64
6o
72
90
6o
Bo

100
120

Gauge
2

0
4

10
10
13
22
36
52
6B
Bz
gB

120
r4o
r56
tT2
zo4
zz4
256
256
z68
zBo
z6o
270
240
zBo

Gau.ge
3

o
10
43

t25
104
76
6o
50
52
52
6o
56
o'¿
6z
6B
64
56
4B
64
52
6o
40
6o
20
6o

Gauge
4

o
-5

-45
- 120

rOn_ TQ¿
-zoB
^zt6
-2 10
- 190
.. 186
- 168
-r,llR
- 144

r ^O- rll)
-tz4
- 112

oa-(JU
-Bo
-Bo
-72
-6o
-40
-40
-40

o

Ga.u.ge
5

o
-12
-:B
-6r
-gB

- 130
-t6z
-200
-231t
-273
- 304
-338
*38c
*4tz
-l+40
-4t6
-5r2
-544
-604
-6t6
-66o
-68o
-690
-720
-7 40

Gauge
6

0
-lo
-r6
-19
-.29
-42
*44
*49
-*r
-)Õ
-64
-7O
-Bo
-96*]12

- ra4
- 144
- rBB
- rBB
-2I2
-z4o
-z6o
- 300
-230
*270

Gauge
7

o
Ir

36
rt5
LA
46
6B
9I

rrB
ILTT
170
l_96
zt4
220
221+
224
zt6
220
zt6
zoB
220
220
240
240
z6o

Gauqe
B"

Gauge
9

o
B

32
6o
Bg
g6
99
B4
7o
4g
2A

l5lt
596
556
512
440
360
)I¿
z4B
rBo
100

5o
-40

- r00
-240

Gauge
]o

o
o

]o
:B
72

rl8
t96
4ì0
674
oÁc

ttT6
1240
t5z4
zoSo
2390
27LO
2gLO
3370
3590
3910
\z6o
45Bo
4z3o
498o
55To

Gauge Gauge
11 12

o0
4-z

16 -lozB -zr
36 -24
40 -29
4z -26t+z -zrrt6 -t6
trr -A)L v

BB2g6 16
ro4 t2
104 Bro8 B
104 12
120 t6
104 20ro8 zt+
1I2 24
140 20
140 10
100 0
100 -20
Ìgo -40



wcB-22-I-5-24-48-13 LOAD(rus) - STRAIN(mlcro tn/tn)

o
B

24
39
55
To
B4
g6

roB
r23
r37
150
t6z
r6B
tT6
rBo
L76
178
r54

o
1
6

10
rB
2l
3o
36
42
49
6o
6o
6o
56
)2
3o
z4
36
6o

K
¡\)

Axlal
Load

o
9720

I7430
25750
33570
4r3oo
49o70
570o0
&69o
729)o
81630
B96ro
9T6to

ro5o4o
113 r.20
121200
r zBBzo
r 364 9o
140000

Gauge
1

Gauge
2

o
2
3
5
B

L2
5o
6B
95

12]
r52
189
23\
zzB
240
ZBB
318
344
372

Gauge
3

0
2
4
0

-6
4

r6
rB

4
-16
-44
-56
-68
-Bo
-96

- 112
-120
- ro6
- ro6

Gauge
4

o
-I
-6

-r4
-z)
-36
-50
-72
-94

- 114
- 144
- t70
-202
-236
-266
- 306
-340
-368
- 300

Gauge
5

o
-5

-24
-43
-65
-85

- 1IO
- 136
-t66
-r97
-?33
-272
-300
-342
-376
-422
-468
-520
- 534

Gauge
6

0
-1

-25
-43
-66
-92

-r22
- 146
- rBo
-ao8
-e4B
-ZBB
-320
-364
-404
- 444
-4BB
- 548
-7)6

Gauge
T

o
6

19
23
'¿o

rB
-r4
-33
-)o
-Bz

- ro4
- 130
- 158
-200
-224
-z6z
-306
- 320
-392

Gauge
B

0
o
2

-5
-3

-20
-94

- 135
- rB4
-23)
-290
-344
-398
-460
-508
-570
-636
-696
-Boo

Gauge
9

o
-1L
-44
-72

- ro6
- 151
-207
-246
-z84
-320
-363
-404
-444
-492
-526
-568
-6o6
-648
-6TB

Gauge
10

o
rB
42
6z
gB

t69
222
265
332
400
4zB
530
632
T58
BBB

roZ4
r 341
t6>6
2r23

Gauge
I1

o
-rB
-Bl

-145
-222
-300
- 384
- 468
-5Bo
_694
-814
-9IB
-998

-roB4
- 1I48
-tzt6
-tz3z
-1304
- ro3g

Gauge
T2

Gauge
r3

0
-5

-27
-45
-68
-92

-rrB
- 140
- 168
- 194
-222
-25L
-274
-304
-328
- 364
-396
-408
-396

Gauge
14

o
-6

-36
-59

- 104
-r55
-208
-256
- 304
-350
-4oo
- 441
-4BB
-538
-578
-624
'6Tz
-708
-740



lydcB-22-r-5-21+- 4B- 14 lonn(Ibs) - STRATN(mlcro tn/tn)

o
-12
-t+z
_65

- 101
- 136
-ß5
-21 l
-254
-JUO
-346
-392
-424
*466
-486
-54 0
-58o
_638
-658
-704
-748
-782
.BsB
-Bjz
-BBo
.B9z

o
-4

-10
-B

-r6
-zt+
-35
-68

-r16
-r52
- tB3
-218
-234
-z6z
-279
- 300
-322
-352
-38o
-[tz
-4 44
-4Tz
-4gB
-522
-550
-558

F
N)
\^)

Axlal
Load

o
9720

17430
25750
3357 0
4r3oo
4 9o7o
57000
6t+6go
T z94o
Br63o
B96ro
9T6to

ro5o4o
1 13120
] 2 1200
rzBBzo
r 3649o
14 4 200
152720
r 6o9Zo
16838o
r765oo
r849zo
t9396o
200000

Gauge
I

0
-11
-zt+
-36
-44
-50
-60
-Bg

- 110
-r32
-156
- rB4
-2r3
_2rs2

-272
¡lrO-J"i (J

-4zz
-488
-548
-6tz
-674
-736
-Boo
-864
-c))
- 944

Gauge
2

o
-T
r6
rB
t+f

99
177
252
343
412
440
448
444
431
I+26

368
310
252
200
r4B

g4
Ê,)

I2
-26
-54
-62

Gauge
3

Gauge
4

o
-4'-lo

-¡B
-62
-Bg

-t66
- r50
- lgo
_z3z
-z68
-3tB
- 36o
-408
-430
- 504
-54-B
-6oo
-652
-706
- loÐ
-Bzo
-BzB
-944

- 1C04
- roe8

Ga.uge
5

o
-B

-36
_63

- r00
- 140
- rBB
-232
-eBo
"320
-3To
-423
-4r+
*522
-550
-6zo
-6rz
-730
-T86
-84 4
-904
-956

- ror6
-ro8o
- 1130
- 1Ì48

Gauge
6

Gauge
7

0
-3

o
-15
-33
-56
-16

- I02
- 128
- 150
-t69
-r95
-zt6
-e4o
*252
-eBo
- 304
-336
- 364
-396
-432
- 464
-496
-5?o
-562
*572

Gauge
o()

o
-4
-6
-4

o
-2
-7

-to
-?Ĵv
- Ãl^l

-73
-1 lB
- 139
- ]78
- lgB
-256
-296
- 334
-37 4
-4 14
-462
- 514
-556
-6t6
-668
-6BB

Gauge
o

o
-20
-68
-93

-r37
- r8r
-zz4
-z6z
-306
-34's
-3Bo
-43r
-470
-516
-539
-6oo
_638
-686
- l¿o
-770
-B¡o
-Bse
-BBB
-936
-960
-970

Gauge
10

0
-12
-75

-l-44
-zt6
-299
-386
- 484
-594
-6Tz
*746
-Õu)
-B5z
-902
-930

- roo6
-to6z
-1120
-rrB4
-r360
- 1348
-1436
-r5I2
- r6o4
-r688
-t736

Gauge
11

o
-14
-5r
-76

- r33
- r8o
-220
-254
-z86
-32r
-356
-392
-4 ]B
-44 B
-462
-504
-534
-560
-592
-o'¿'¿
-6jz
-684
-704
-726
-738
-T\z



Lateral
Load

500
1000
2000
3o00
4000

Gauge
I

-956
-966
-96t+
-97o
-9BB

Gauge
2

-62
-618
-Bo, -BB

. -IOB

Gauge
3

- 548. -5\4
-544
- 544
-556

Gauge
4

- 1020
-996
-952
-gr2
-Bt u

Gauge
5

-T148
-]]30
- 11]6
- l060
- ro32

Gauge
6

-BzB
-854
-Br 4
-TT4
-742

Gauge
7

Gauge
B

-712
-720
-732
-748
-tt¿

Gauge
9

-982
-98o
-984
-984
-98B

Gauge
10

Gauge
11

-7 44
-748
-756
-7To
-Bo4

-t3zz
-1844
- 1844
-LB5z
-IBBO

-576
-572
-57 \
- 5Bo
-5gB

tst\)



ldcB-22-1-6-24-48-15 LOAD(lbs) - STRAIN(mlcro tn/tn)

Axlal
Load

9720
174 30
25750
33570
4 13oo
49070
57O0o
6469o
72940
B]630
896ro
9T6to

105040
I I 3120
12 1200
reBBeo
r36490
1 44200
152720
160970
r6838o
tT65oo
rB49zo
t9396o
200000

Gauge
1

o
4

¡B
r46
244
314
362
394
4zz
440
462
t+Bz

\29
252
211
174
l-2l

B6
50

4
-32
-14

-rr6
- r64
-aoB
-24 0

Gauge
6

o
4

r5
32
64

100
Br
64
40

B
-29
-ö>

- 128
-t66
-zo4
-247
*zB6
-JIO
-354
-396
-428
-470
-508
-548
- 58B
-624

Gauge
7

o
4

13
"32
,5O
7B

100
llo
114

B4
64

6
-¡B
-72

- rrB
-153'
-eoB
-254
-300
-358
-406
-466
-522
-592
-666
-720

Gauge
10

Gauge Gauge Gauge Gauge
2345

Gauge GaugeB 9,
o' '22

-tz6
-22L
-289
-360
-44 I
-5]B
-574
-626
-684
-738
-785
-öJb
-BB4
-930
-984

- 1016
- 1O5O
-lOBB
-:-rz8
-ll8o
-1220
-l268
- 1320
- 1358

oo
-14 -ro-¡B -45
-64 -74
-9r -rrBtzz -149r54 -rBBl9o -zz4zz9 -z68z5B -304299 -348
339 -390
353 -4oz
38Ì -\zT412 -45844r -4894ZB -jzz
508 -554
546 -592
5BB -6326zo -662664 -ZoB
7oo -T4o
744 -7BB
T86 -BzBBtz -BSz

o
6

27
43
6r
53
36
15
-B

-35
-61,
-o)

-tz6
-234
-269
-318
-344
- 398
-4 ]2
-456
-492
-540
-584
-6t6
_674
-708

s
\.rr

o
-4
-B

-t2
-20
-37
-66
*gB

- 131
-178
-zz1
-272
*31¿+

-356
- 394
- 43r
-414
-5r2
-554
-614
-6jz
-704
-754
-Bre
-866
-BgB

oo-zz -44-54 -Bz
-BB -116

-124 - 154
-$6 - rB5
-193 -22I
-zz1 -2j4
-266 -z9o
-301 -322
-339 -372
-378 -396
-419 -442
-4SA -4Bz
-489 -5L6
-jz[ -556
-566 -584
-6oo -678
-636 -664
-674 -Tr\
-Tr2 -744
-T5z -T86
-T9z -8o6
-BzB -B4B
-866 -BB4
-Bgo -9rB



Lateral
Load

3000
6ooo
9OO0

12000
15OOO

Gauge
1

-282
-316
-368
-4oB
-484

Gauge
2

-700
-674
-6Tz
_638
-648

Gauge
3

-BZB
-736
-644
-\Tz
-208

Gauge
)Jt

-772
*704
-640
-562
-46o

Gauge
5

Gauge
6

-6zz
-6oo
*592
-576
-570

Gauge
7

-Bo4
-B68
-960
-996

-ro76

Gauge
B

- 1374
- 1404
-r52O
-$56-
-1682

Gauge
9

Gauge
10

-834
-760
-704
-420
Bzo

-Bro
-734
-66)
-374
932

-B16
.744
-olo
-)oo
-4oB

H
N)o\



r¡icB- 22 - t - 6- Z+- 4 B - 16 LoAD(r¡s) - STRATN(mlcro tn/tn)

Ax1al
Load

o
9720

174 30
25750
335To
4l3oo
4907o
57o00
6469o
72940
B163o
896ro
9f6to

1O5O4O
I 13120
1 2 1200
rzBBzo
r 364 9o
r44zoo
152720
r6o97o
r683Bo
tT6joo
rB49zo
w396a
200000

Gauge
4

o
-4

-22
-47
-7I

- 100
- 130
- r68
-zoB
-252
-298
-346
-390
-)zT
-470
-5ÌO
-552
-594
_632
-6TB
-725
-770
-Bzz
-BTz
-928
-960

Gauge
1

Gauge
¿

o
4

63
16r
t9T
zoB
zt6
240
257
z6o
277
296
324
347
376
404
4eB
453
468

'484
486
4BB
290
eB6
474
468

Gauge
3

o
6

29
t)
6o
34
-6

-)2
-lB

-L22
- 16o
-zo4
-/+6
-29\
-y7
-4oo
- 448
-4gB
-546
-6o6
-664
-72)
-794
-Bsz
-9t6
-958

Gauge
5

o
-10
-)o
-48
-66
-84

-]02
-r20
- 134
-$6
- r6o
- r68
-179
-too
-2r9
-239
-2bb
-302
- 330
-370
_407
-434
-478
-524
-570
-6oo

Gauge
6

0
-6

-30
-¡4
-lB

-ll2
-$6
-r97
-236
-z8o
i26
-372
-4 16
-4so
-4gB
-542
-583
-6zj
-66\
-712
-76r
-Br4
-B6z
-9r2
-964
-996

Gauge
7

o
6

24
r6

-ll
-39
-79

-tz6
-r74
-?.24
-27\
- 313
- 354
-386
-4zo
-453
-4Bz
-515
- 544
-576
-6or
_632
-666
-o90
-720
-738

Gauge
tt

0
l_o
34
54
-Òf()

105
r30
r32
144
r64
169
t6z
r55
144
tz6
102

73
44

B
-38
-79

-rrB
-212
-aBo
- 360
-438

Gauge
9

0
10

I lt
7

-34
-18

- 103
-t37
-L69
-292
-zz6
-25r
-27\
-293
- 314
- 334
-350
-372
-396
-4 16
-437
-460
- 500
-528
-558
-576

Gauge
IO

o
o

-3
-6

- 1C)

-6
rB
34
51
7o
8B

113
134
r55
rB6
zz\
264
398
573
786
9r6

to72
tz7B
t5t6
l-736
rBBa

Gauge
1I

o
-12
-o)

-r29
-r92
-zz9
-z6t
-296
-324
-355
-394
-\26
-45r
-\76
-498
-5ú
-540
-552
-570
-Ã,ol
-6zz
-652
-6Bo
-6g8
-720
-722

Gauge
t2

Gauge
r3

o
o

-30
-56
-84

- 118
- 134
- 164
- 193
-222
-252
-zB4
- 314
-3\2
-37 )
-404
-431
-460
-490
-522
-553
- 584
_638
-65o
-678
-696

Gau
1

Gauge
t5

o
-2

-r6
-32
-53
-73

- 102
-tz6
-r52
- t7B
- lg8
-zt6
-233
-250
-z68
-zjz
- 301
-320
-336
-356
-374
-3BB
-4 12
-4 12
-446
-456

t
O

4

0
-2
-6
-6
-I

¿

7
14
22
zB
?2
3B
44
49
S6
64
69
7)
Br
B6
95
gB

110
112
120
120

o
10
10
1l
r5
IB
22
23
23
23
z6
2õ
z6
'¿ö

zB
?2
36
40
4B
4B
53
6z
72
B4
92
96

o
2

36
134
r6o
b6
r52
148
140
reB
113
99
B4
7o
55
40
z6

9
-4

-20
-36
-52
-7O
-90

-I12
- rzB

K-\)



Lateral
. Load

3000
6ooo
9000

12000
1500o
lBOOO
20000

H(v
OJ

Gauge
I

-r24
- 128
- 128
- 112
- 100

-BB
-144

Gauge
2

432
4oo
352
272
2r2
144
-40

Gauge
3

-965
-952
-936
-g2B
-Bg6
"Blo
-BTz

Gauge
4

-BBB
-792
.708
-6oo
-480
-308

O-(J

Gauge
5

- 560
-504
-448
-376
-ABB
- rB4

96

Gauge
6

-936
-864
-792
-692
-596
-460
-r92

Gauge
7

-728
-712
-712
.68B
-6Tz
.688
-664

Gauge
B

-520
-592
-68o
-748
-BoB
-BBo
-908

Gauge
9

-568
- 548
-544
-528
-520
-524
-4Bo

Gauge
IO

2110
at4o
217O
2 rg0
22IO
2220
24TO

Gauge
11

-6g6
-68B
-684
-696
-6rz
-6go
-69ø

Gauqe
I2

56
I2

-40
-40
-72

- 124
oÁ

Gauge
13

-664
-62\
-572
-520
_\32
- r64
1370

Gauge
14

120
120
144
148
148
144
zo4

Gauge
15

-\Tz
'4go
-532
-56o
-6oo
-6so
-784



wcB-22-r-6-2\-48-l-7 LoAD(rbs) - STRATN(m1cro 1nlrn)

0
0, _?2

-TO
- 102
- 139
- 158
- 182
-208
-240
-268
-296
-320
- 328
-356
-376
- ?o2
- 416
-432
-460
-472
-504

o
o
o
7

I2
c)

o
2
o
o
o
o

-2
o

-4
-B
-4
-B

o
o
o
o

0
-3
-9

-14
-23
-22
-19
-25
-19
-2)
-28
-16
-10

4
-16
-76
-84

- 120
- 164
-208
-224
-272

H
¿v\o

Axlal
Load

o
9720

174 30
25750
33570
413OO
4goTo
57OoO
64690
72940
Br63o
896ro
97610

1O5o4O
1 13r20
121200
rzBBzo
1 364 90
144200
152720
t6o97o
r6838o

Gauge
I

o
-4
-7

-10
-26
-)5
-68
-94

-tl B
- 164
-204
-244
-zBo
- 312
-35?
-376
-420
-4 48
- 4Bo
-508
-528
-568

Gauge
2

o
r6
z6
lB
B6

148
217
279
372
426
454
448
452
448
4¡e
444
4¡o
424
412
392
392
5/o

Gauge
3

Gauge
4

o
-B

-rB
-26
-¡B
-55
-77

- 104
-13r
_ 170
-aoB
-242
_27 )
-3t2
-344
-372
-4oB
-44 0
-4t6
-520
-528
-58B

Gauge
5

0
-rB
-29
-50
-72
-92

-r-14
- 136
- 16o
-t96
-222
-222
-236
-256
-292
-312
-336
-372
-404
-440
-)52
-4BB

Gauge
6

o
-10
-41
_86

-I22
-t70
- 214
-252
-292
-340
- ?o2
-434
-4Bo
-520
-560
-6t6
-648
-72)
-'7 Ê,a)

l)L

-Boo
-Br6
-864

Gauge
7

o
-36

- 102
-68
-7o
-21
-¿ö
-32
-Bo

- r64
-2I2
-)so
-4 12
-400
-372
- 344
-312
-zBo
- e4B
-2r2
-200
-200

Gauge
B

o
B

zB
63
BB
BB

lB
64
4B
t6

-12
-36
-56
-72
-90

- 104
-140
- r68
-r76
- r84
- rB4
- 136

Gauge
9

o
-6

-r2
-41
-93

- l38
- t68
* 190
-207
-zzj
-244
-264
-276
-296
-316
-332
-368
-392
-4 16
-432
-440
-432

Gauge
10

o
4

3o
B6

183
333
578
658
9r6

rr84
r 38B
t568
tr50
rgBo
2150
2350
25OO
z65o
27gO
2950
2970
31 10

Gauge
I1

o
-10
-Bg

- r8z
-298
-433
-560
-68o
-782
-920

- 1000
- 107O
-rr38
-tzt6
-t264
- 1330
- 1384
-l-456
-I52O
-r576
-t596
- 164o

Gauge
I2

Gauge
13

o
-3

-zB
-56
-84

- r20
-ry6
- 186
-a:.8
-256
-ABB
- 318
-350
-492
-4tz
-\52
-480
- 504
-540
-576
-592
-636

Gauge
t4

0
?
¿

10
z6
36
42
46
5o
6o
7o
f4
Bo

100
1.04
]c4

g6
112
tr20
't ?t
144
\92

Gauge
15



ldcB-22- r-6- lB-60- rB LOAD(rls) - STRAIN(mlcro In/7n)

o
]

-30
-6r

-r99
-14]
-]Bl
*223
-zoo
-3II
- 368
-4 13
*)+j6
-500
*556
- 6ro
-6=6
-704
_T58
-804
-üe
-856
-B9z

P\,)o

Axlal-
Load

o
9720

17430
25750
3357 0
4130o
49070
57000
6469o
Tzgt+o
8163o
896ro
gT6to

1O504O
1 1312O
12 1200
rzBBeo
r 364 9o
r44 200
152720
r6o97o
r6B38o
n65ao

Ga.uge
I

o
2

56
Bo

l-45
200
zzB
240
230
zt6
204
200
2l-2
204
204
r64
r52
ro4

92
B4
6I+
6o
56

Gauge
2

o
2

-54
-tlg
- 168
-236
-295
-352
-403
-4¡B
-522
-565
-6tz
-652
-708
-758
-Boz
-B>z
-900
-96a
-984

- roo8
- r032

Gauge
3

o
o

51
183
z6o
297
330
360
378
3Bo
306
272
e4o
zoB
r66
re4
9o
52
44

B
-L2
-32
-48

Gauge
4

o
I

-6
-11
-19

T
30
43
4B
52
4z
4ll
î+
6o
B4

roB
120
t52
rB6
rBB
rB4'L52
rB4

Ga.uge
5

Gauge
6

o
2

-23
-12
r6
25
22
l6
r4

6
-10
-31
-50
-66
-92

- 112
* rz8
- r46
*172
-200
-zt6
-zt6
-240

Ga.uge
T

o
4

z4
roB
rt2

92
Bg
g6

100
ro6
r02
102
110

92
BB
Bii
BB
96

roB
104

Bo
BB

22\

Ga.uge
B

o
0
B

13
r7
zt+
29
34
43
55
66
76
BB
96

108
Ì20
t32
140
r4B
r68
l.72
r84
rB4

Gauge
]1

0
2

10
.16
"20

27
?)
Jo
harJ
5c
6o
66
76
Bo
BB

100
roB
112
t24
144
148
144
I20

Gauge
T2

o
¿

rB
4z
63

rrB
t7B
aB4
404
556
Boe
o7)
)tL

tzz4
I4Bo
t6zz
rT12
rBz4
19t+z
T97B
tgBz
1954
rBzo
t63z

Gauge Ga.uge
910

0
-zB

6
59

roB
144
4o
10
12
L2
10
36
36
20
54
54
72
6o
8B
72
8B

104
r00

I
I

1

1
1

I
l
1

o
4

5o
9o
20
6B
57
'¿o

z4
31
35
52
64
7a
76
BB
g4
o4
L2
40
44
6o
5z



Axlal
Load

o
gT20

174 30
25750
33570
4 r3oo
\9oTo
57000
6469o
7294o
B r630
B96ro
9T6to

ro5o49
1 13120
I 2 1200
raBBzo
r 36490
144200
I52T20
t6o9To

Gauge

o
-36
-76

-230
-560
-960

-I29O
- 1540
- rTBo
-2000
-2r7O
-2310
-2430
-256o
-z6oo
-2770
-zB3o
-zB6o
-29OO
-2920
-296o

Gauge
2

o
-40
-92

- 120
- r8o
-220
-250
-300
-330
-360
-4 10
-450
-480
-520
-560
-6ro
-66o
_670
-6go
-700
-730

loao(tbs )

Gauge
3

o
14
64

150
210
300
220
220
230
220
220
210
200
200
200
lgo
rBo
rBo
rBo
r6o
r6o

Gauge
5

o
-45
-BB

- 140
- 170
-220
-zBo
-340
-390
-46o
-500
-560
-6ro
-66o
-69o
-740
-790
-Bzo
-B5o
-Bzo
-900

GauEe
b

0
-34
-68
-Bo

- 100
- ]20
- 150
- r6o
- r8o
-200
-240
-270
-29c
-320
- 340
-390
-420
-430
-460
-4zo
-4Bo

wcB-22- r-6- rB-60- r9 - STRAIN(mlcro tn/tn)

Gauge
4

F
\J)

F

0
,13
66

190
3To
490
640
770
920

1 120
IT20
2350
eBoo
ro6o
7]O
4zo
310
z6o
rBo
120

40



Axla 1
Load
(rus)

o
1000
5000

1o000
15000
20000
25000
30000
33570
4 r3oo
49o7o
57000
6469o
Tz94o
81630
B96ro
9T6to

I O5O4 0
1 1 312O
12I200

Remark

ts\,
r\

l¡JCB
I

.o

.01

.04

.o6

.08

.11

.15

.23

WCB
¿

.a

.01

.05

.09

.\2

.16

.¿)

WCB

3

.o

.01

.04

.og

.16

.24

APPENDIX B

LATERAL DEFLECTIONS

WCB
4

.o

.001

.oo7

.'02l

. o32

.043

.067

. oBz
, I02

WCB

5

.o

l,c/qB i{IcB !,/cB lå/cB WCB6TBeió

DBFLEcTT oru/lono READTNG

OF CENTERS DUE TO AXTAL LOAD IN INCHES

.000 .000 . ool

.005 .OOg .012

. or8 . ot4 .o2r

.o2g .020 .o33.o37 .024 .o4g.054 .036 . o5B.069 .042 .064.094 .o6r .068
. oB4 .o9o
.102 .rr4

.133

.266

.o .o .o

. oo0 . ooo . oo0

. oot . oo5 . ooo

.0

. oo4 . oo4 . oo1 . o10

. o19 .010 . oo2 . Ol2.o24 .011 . oo2 .013.035 .013 . oo3 .014.o39 .013 .012 . O]4.044 .017 .O1B .011
. o5o .020 . o2o . oog

. o2t . o2t . oo8.o22 .O23 .005
.oz6 .oo4
.o27 . oo4
. oa8 .oo3
'o29 . ool

51 de
Pane ]

I./cB
11

.o

.000

. oo6

.o

WCB
I2

.0

.000

.001

. o0r

.004

.006

. oo5

. oo4

.005

.006

.006

. oo6

.006

. oo8

. o0B

.007

l,IcB
13

.o

.000

.002

. oo3

.004

. oo4

.004

.005

. oo6

. oo6

.007

. o12

.024

. o32

.038

. o53

WCB WCB
14 15

.o

.001 .001

.oo3 .003

.005 .oo6

.oo5 . oo2

.004 . ool

. oot .002

.002 .001

.oo3 .ooo

. oo4 . oo1

. oo6 . ool

. oo8 . oo2

. o10 .004

.012 .005

WCB hICB16 rT

.o .0

.00Ì .000

.002 .002

.oo2 .003

.oo3 . oo4

. oo6 . oo3

. oo3 . ool.oo3 .oo2

.004 . ool

. oo6 . oo4

.oo7 . oo8

WCB WCBrB L9

.o .o

.000 .001

.002 . OO7

.oo9 . o16

. or6 . ot5

. o2o . o16

.o2z . or6.o25 . o14

.oz6 . or6

.o32 .020

. 041 .o24

.o



APPBNDIX C SO}TE RELBVAIJT FOfu{U],/T

C- 1" TH!] ULTI,IATE LOAÐ C,APA.CITT OF BA],fu'iCED RECTAJ'IGULAR I'IÉUBER

slnce i{. Ritter presenied the theory of paraboli-c s'r,ress dì s-

tribution in 1899, many stu.dies of inelastic concreio st'ress dist-

ribution in fle>ru::al :nenbers based on the parabo3j-c stress distri-

bution have been donen

The author ass¡nes that the stress-strain relation for the

flexural- analysis of the bal-anced member due to flexural load triay

be e>ipressed as shorrn i-n Figure C-le and that stress distribufion

pattern at fa1lure in conpression is m degree parabofa '[figure C-],

(b)Ï, Then for a rectangular member of depth d and width b:

J-n

-'olo

fJll-c

re
I

¿o
f Äru
'c *r"

(c,1)

(c"z)

(a)

Fi-gure C-1, Balanced Menbero (a) Stralns"

(b)

(b) Stresses and

L33

Force s n



rf it is assurnec that r,ridth of rectangular stress bfock is k3 f"

= .85 flo the result¿¡t coíntoression for balanced rectanguJ-al. ne¡nber

may be obtained as fol-lo',us:

% = .85 tL z(c _ fo)b

Substitute equation (C.3) into this expressron,

Frorn equa.tion-s (C.l) and (C.Z),

õ¡= rnbcfð/(r+n)

to= (J.1m)c/(r+em)

Hence,

^ " t¿fO+ n) = .85 x z rf c(l -ffi1

m = Z"jjj

m c fl lQ + m) : c ri r<, r<,

k, = 0.824

whele an a.ccepted value for k3 = 0 "35

(c"3)

(c.4)

(c.5)

Si-nco ,1

J" t. dy = kI c r<, r!

I31,



a=kl-c=0.324c

Therefore

k., k" = 0"E24 x 0.85 1 A"7

Since

I^R1 = Kl l¿

kz = o '4L2 Iv"oi

.¡L^^^ 'r^'ì'. ^^ r- k.¡ and k2 u are plo'LlecÌ on iligure C-2. JinvindIllsÞs v ¿.rqsù, ^l ) +

ilognestad.lz p"""ur.ted a srudy oí ;he ulc:-naie sLren3th of colu:nns

ín L957. i.-igure C-2 shor+s vafues oi i<1 k3 and k2 of :^ognestadts,

ACI Code-L963, and the aur;horrs finir-ngs fron the assu,nption of *th

^.r.ì-rnl o fnr cnng¡slg slress Cii,sLi^ibu'r,iOn.|J4¡ dvv¿4 Àv¡

According to ACI Ccde Arf. L5O3 g-L963, trie fraction factor k1 shall

be laken as .BJ for strengihs up to 4000 psi and sha1-l be recÌuced

continuously at a rate of "0J for each 1000 psi of strength in excess

4OO0 psi.



h0õ

U)

O

.rl
Ð

P
(ú

C\)

E

(f\
V

r-l]{

1"0

^Q

0.6

0.2

r)

------

IOOO 2ooo 3000 4ooo 5o0o 6ooo 7000

Standard C-vl-inder Srrength
.* inpsi

Figure c-2. values of kl k" and. k, for Reinforced concrete Member.

From equatlon (C.5) the íoi-Iowing equa'Uions rnay be derived:

ACI CoCe-19ó3
5^^-^^+ ^r {'-^- ^olwinsllV5I¡VJ v4 4 ¡ v¡r¡ .vr

Auihor

.7fåb

Çi nna

where

ttvl^ ,

M,

rolu.)* a

(c"7)

( c"8)

\v.Y )fl i a'n ¡l¿C .J v v $

i \ug +

t)o



C-2" THE U_ITX.IÄTII LCI.AD CÂPÀCITY A.{D ITS ECCEì,iliUCIlT FOR BA.LAIICBD

SÁ.i'iDi i-I CH P,A-ì,iEL

Às sho-un in Figuro C-J, the bala-rrced load and its eccentricity

for sandwich panels are cal-culatecl a.s for holl-oi¡ rectangular tied

col'¿lnns:

These values take aecount of concrete di-spÌaced by steel, then

;^,*tsI - ^s1'y

ñ ^-rr îts? - ^s2 "s Ls2

Flom C- I may be obtained. :

" = fo ¿/(Éo ç r"/n")

6"r = fylîs

ê"2 -* 6sr(dz + åt - c)/(¿ - c)

6ål = f,r(" -, d' )/c

CLz=6u(c-ät+az)/"

õ"r = ¡år(ry €í1e.1 - .85 r[)

-r* 
= Aå2(ry €LzlÇr - .85 rå)

-Cc 
= .85 fl(a b - * bt + zb1 dt )

( c"10 )

(c"tt)

(c.re )

(c"r3)

(c,14)

r37

where

ao"8?4c



li,.ll
i 'a2 a.2i I I

i I --É.# l.iì,,rr
* ä ' ---Cr- '*--qL -id 'ilirnoj,l' A"i AsZ ^sZ hsl

Figure C-2.
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Sandr.^rich Panel loads.



. t+ b-, dP + (b - u1)o2
ar -- L& * -*-- -

4 bI dt rr Za(b - br)
(c"15)

v¡hen 
{år I €ur,

€Lz I €*,
--@̂r¡q 

€sz S €sI.

Al.l internal forces in the sandi.d-ch panel-, õ", õ"t, õ"zn õ"lo and

I uZ, are in equ-ilibriu-,n with F6 n" shoi,'ir in Figure C-l o ihen

Fb = .cc + Csl- * Cs2 - Tsl - 1s2 (c'16)

õ* á' *. (õ"r 1 î"1)d.1 + (d"e + î"r)a,
(c.17)eb=

Fb

'l?q



APPEì'{DIX D NOTATIOÌ\Ï

. some of the letter synbols have'oeen defined in this thesis when

they are 1ntrod.uced.. The co¡nraon sp,rbols used aro listed here for easy

reference i

.d = aîea

Ac = net area of concrete

fu = gross area of concrete

As area of longitudi-nal reinforcement

a * kI c = depth of equivalent reciangular stress block

b = panel r'ridth

C = compresslve force

C = internal forco,in corrpression concrete
c

I = ì-*e¡¡¿f foree in conpression reinforcenentas +¡¡u(

c = distance from extreme compression fiber to centroid of iension

reínforcenent

Ec = modulus of elasticity for concrete

Ef = Toungrs modulus

+ = reduced modulus of olasticitY

Es = mod.ulus of elasticity for steel

E = tangent modulus of elasticitY

s l eccentrlcíty of the resultant load. on a panel, measured from

the gravitY axis

eb I ma:d-nrr:¡n perni.ssible eccentricity of F5

fc = concreto stress

fs ' stress in tension reinforcement

I J¡ 
^I+V

'v



fy ø ¡rre1d-point stress for sleel

f"u = avorage ultirnate concrete conpressive stress due to axial load

få = conpressive strength of standard concrete cylinder

'pt = movi¡1¡11 ultiniate concrete stress In extreme fiber due to.cu - I¡æ

combined a:ci"al and lat,era]. loads

G = shear modulus of elasticiiy
' I @ moment of Lnerti¿r of concrete panel section

jd = arÍÌ between õ and. õ internal forces

k - nu¡nerical faclor

kI = ratlo oi e,verage stress to ma-.cirnurr siress in fl-t¡xural ¡nr:inber

kZ = ratio of. d.epth 'r,o resultani of colnirressive stress ai:d. dopth

to neutra] axis

kj * ratio of maximum conpressive stress io cylinder strength

L : panel length

n = ratio of modulus oi elasr,icity of sfeel to that of concrete

Po = axral }oad 'capacity of actual mem'oer

Pu = a:cì-al load capacitY of Panei

Þb = ulfi¡nate ]oa.d. of eccenirical]-y loaC.ed. panel at simultaneous

crushing of concrete and yielding of tension reinforcenieirt

F- = ultimate load. of laterally loadeo pe:rel in ad,ditiotr to axial
)r

load

õ - ì,'ì+inate load. of a,ria.}}y loaded panel when eccentricity is zero
^o - qlvJ

Pr, = ultinate load of axially Loaded panel

p = A"/fu

R = reduction factor

14L



r s radius of g-yra.tion

T = tensrle force

T- = inLelnal force in t,ension rei'nforce:nent

t = over-aI] depth of panel secti-on '

tc = thickness of insulation core

tt = face plate tìrickness of sarrdwich panel

'w = weight of concrete

C = rr-ì t{noj'o Stfa]n in COnCfetetrg - UIUJ-lrl'd'uE

. = .i.-oìn in reinforce¡reniP - Ð9¿ 4¡¡ ¿¡.
LS

ì lr 
^
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