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PR$FÂCE

ThiE Èhesj.s v¿as camied out with Èhe åntenÈ of deùer:rrinång

Èhe relíabålfty of smalL seale reinforced eonErete nodel"s of conplør-

stnretures a6 a, nEÈhod of desågn " A 1,/L6 scale uoder of a typÍeaå

ten story buål.ding hav5.ng shear r.¡alls for lateral stabiliÈy was

ehesen as the subjeeü for ånvestigatåon" Theoretieal design nethods

of shear a'alle and the experåmenÈal" results deÊermined. from êestfng

were to be compared and the ínteractàon of the shear v¡al} wiÈh j-,¡;s

eomponenf parts investigat,ed"

The conte¡rt of' this thesis realJ.¡r has two phases" First

ühe reLiabíIåby and teehnieal aceuracy of Èhe ¡nodel- was investigaied

aRd, seec¡nd1y the actuar deflected shape of the nodeL under Lates'a1..

Loading rì¡as eompared to a ÈheoreticaL derivationo Chapters T to V

deal mainJ-y r¡rith Èhe aseìÅracJ¡ of Êhe model and a dete¡nrination cf
the material propec"ües of the nodel" chapters vr to ri deaL ,w-iilr

the experi-mental results derived fron load,ing Èhe ¡aader asìd a

eanparison to äheory"
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Chapt,er ï

TNTRODUCTÏON

T'fodel- analysis as a metl'rod of' design Õr as a cheelt *n

r'êricus theoretiea]- desigrts has been i¡secl '¿o some ext,ent on ti:å;*

conti-nent but to a larger degre* in lìuropeéiÌl counirj-es, å,eo-o

Pr:rtugal" Spainn I'Lalyu and Britaj.n" The -imporLanee of ¡:rr=rÌe-L

arrai-;¡si.s as a check an i,heore'bíeai" designs has been reeogn-',,zecf mcre

-'cn this country ancl U"S.A' as evidenced by ihe numerotrs arbÍcl.es

rrj-nted on this t,*pic in the Porùland CsnenL Assoeiat,i,on, Iuner"iean

Concrete lnst,i'l,ut-e, anci A¡reiriean'Soeåe'Ì:1' of Ci't"i1 Engineerí:r€{ Jou.rnaie'

lÌn'¡,,i1, rer:eni;l-y p] exjBlass has rnaÍ-n1y i:een trs:ed for sm-a-.1--1" ecal-e morle.l-s

'becauge of j-'i:s ease *f'sha.ping, lramogen:i.eL.ir, and lnw mcd"ulus of

elasíicå'o;¡* llcwelre:' il: was Cifficul-1: io jilsi';:i1-r¡ uoing f,hj s urate::ie.i

to sirnulat e reinforced cnn¿vet €" Thus rna.ny Unívers--i-li.es ¿nd o{;her

çeíentlfåe bodies ha.r.,e been r?xpior:i.ng tht-: iise ilf mcdel-,':orler:ete as a

mocle-l- fia+;er"'ie.l-u lher:eas vii-i-Li ple>::j.,o;J"ass ib rsas nof- iltrccrnmon Lo u-se &

+cra-l.e f a.ctcy' ¿.s let¡ as l '/+O, a mittin'ii-ult s*aie factcr i"ov' i:einforceci

soncr,ele'sor:.1-d Ìrave to be established." À sca.Le of J-/"Ìr6 has been

s';ggested as gi'*ing satisfactory res¡I-is b.E the U¡j-"¿ersit¡r t:f l"ì-Iirrois

ín 'L.hei¡" i:,naL¡rsis of f1a¿ slabs" licv¡ever Ðirropean sû).år(:es seemedr to

j,nelicate lhat undesjrable scale effec'¿s ma.;r be in'¿rodtt':ed íi'l r¡,:del-s:

o:i a snail-er scal,e tl-rnn i¡À" IN a-ppeared Lira'l, as yei, noi enough

researeh has occt¿rreC using eonereÌ;i¡ es e model- mai,ev'ial. 'r.c justífy

ån:F ûne seale factor as 'ne5-ng a ini-nj.mum ì



L l-urPos,ç

The purpose of this thesis proJect wa6 to investigate tï:e

àheore'biea]- anal¡rsis þresenÈl¡r in use for shear v¡ar]- desigrrs, å,fld

elieck these methods with the o<perimental results obtained ft"on a

model-.. The onl-y seare faeÌ:or involved j n the model- was tha'b of

dimension and f:herefore theoretieally' åt r"ras called an |texact i.'rodel'î"

An imporÌ;ant corollary to this o'ojeetive was to s!:orø thaÈ the L/L6

scale mode] of a ten story reÍnforeed eonere'be l¡uilding wa.e i.n alr
praeticalit;rr an exaeb rnodeL" A 3-arge porLS-on of the ¡¡ork ånvolved

eons'br'uetion of the model- to the proper degree of aceurael anci åc"!

keeping sufficienÈ checks on material proner.tles"

i,i.-jgæ,'
The experime¡:tal it'ork has been j-j:nitec! to .i:he ana]ysj_s of

the shear l¡alls" Thís has resulted in a eomparíson of the eEpe-r:imenba.l-

z'esults with varicus 'Llleo:¡etieal rrretlrods of desi_gn"

-iår -Jhg-er'y--sf *M p-4el-_Þl,l¡dåe,p .

Tvro r+ays to Look ¿{: the experinental and theoreLicai ane}-;ysis

of this nodel exist" one v:e.s thab the model is in effeai; a nrode^i- and

tlrere is a prototype. HÕise\¡er" sinee the prototype exists an pa:Õer

onLy there r'{as no real, rvay of conparång the experj¡nenta,i. r.esults lvi'bir

tïiat of the prototype" There r-.'ere sliBhL dífferenees b etween the

niaterial properties of ihe pi"oposed prototype and that, of ilre e>;istÍ-ng

modei" These differenees ldere listed in Cl:apter I1,I, section '¡ as i;!le

di.fferences betneen the theore¡iea1 model and 'bhe actua3- model" Bub



these differenees had no effecb on the accuracy of the model properties

themselves if these acbual propertíes were used in predic,u5-ng the

behavíour of the model" The nrodel itself v¡as used in protot¡rpe forrn

as a comparison wíth varíous theoreticaL clesigns"

The relationship between a model and its prof,ot;rpe can be

summaz'ized in one general- statement; If 'che linear cll-¡nensions cf a

sÈr'ucture a,re scal-ed by a factor K, then the applied f orees ar"e

sealed by a factor (,?, the applied momenbs will be scaS-ed by a

factos' Y, the deflections r¿ill be sealed by a facton Ks and the

sfrains ancl stresses v¡ill be unehanged" This staternent applied onJ-y

if the pertÍi:enL mat er-ial properti_es of, model and prototype, as in

t'his 'chesis, rvëre the same"



DESCRTPTTON AND

Chapter Tï

pEÞIqu ag u0pEr PROTOTYPEAND

.å-u-Ðg-ssr+p&åEe"

The p ototype bullding r*as a hypotheüical case and miglrt

represent a typical m',:J-iåstory off"ice tor+er or apartment bl-oek bullt

of ¡'eÍnforeed conenete ancì eontaining a shear uall design" The

building for ease of construction cohsi.sted of a minimu¡i num'oer cf

bays in eiÈher dir.eetion" Thus 3 ba]¡e Lóe in length ln one dåreeti-em

and à bays lóe in lengbh in the other" were used" The,ru*Ou* of bays

was ehosen for ease of loading wÍth a wiff'l-e tree syet,e¡n. The búilcti.ng

r+as lC s'¿ories liigh r,.,ii:h 2 skrear walls runnång froi'n the first fLoor

ùo roof, t,he building being designed for'lateral support'in qrne

<iireci:j.on only" To be eonsÍstent, with eorrmon praetise the esLumn

and shear walÏ design was changed only 3 times ín the l0 stories"

ii" Desisn of Prototrroe"

The eniíre d.esign -,¡¡as of rernfos'eed concrete. The empirieat

<åesign v¡e'bhods as set out in'¿he ÂîI Bu5.lding tode (ACT 318-56) roere

usec- for the flat, p3at,e design, design of coLumns and parl:iall]r for"

the design of 'bhe shear waìls. The *omplete design r'¿ith calculations

can be found in Âppendix T" The shear r+alls rrrere assumed io '¿ake all
La'ï;eral loads and r.¡ere des:ì-gned. as two vertical canbilever bearusu TFre

lateral lvind loads r¡rere obteined from üle NBC supplemeni: //l-" The

ea¡rivalent wind }oad ç'as 1? psf wíth furÈher appropria{,e moclifieai;ì ons

f*r height coeffisients and height : breadth : length ratio, Each clear



fLoor height was 10e exeept for the first storey, lvith the Ín'bention

of inereasing stresses in this area and being eonsjsbent with prae*uj.eal

archiLeetulal features the first clear storqr height was ehosen aB l-6t "

Gross-seetions showing the shear walls and e>ôerior frame ruez'e shor,¡n

in figures l" and 2" Fígures 3u hu and ! ehow the different floor-pJ-ans

for i:,he three changes in column and shear i+a'11 design" Table IIe gave

the fínal design for the col-umns and shear ïqal-Is,

The entire design r¡as chosen with the prime purpose of

having a structure consist,ent wiüh preseni; praetieal design methods"

The exisbång office tswer aÈ the l¿lall Centre ProJect in Winnipeg had

a similar design in that it had lr shear wal1s for the fulL. height of

i.ts 10 si;ories designeC as vertical cant,ilever beams" Sirnil-arllf¡

the nev¡ $IilLbank Tower in London s a 31, storey offiee toweru ecnsÍeted

of a stiff central eore whi-eh acted as a massåve cantilever from the

foundatÍon" The e:úerior eoLunnns were not, eonsidered to offer" any

resistance to winC loading

The unít stresses used for design vrere as foll-ov¡s:

f !c * 3u0O0 pså

f,Y * l¡on@Ð pså
t

Es * 30 x 10u p*5,

F"e = 3 x 106 pså

n*10

iii" Design of the ModeL"

The model was

ef ¿¿Ìre protolype" Thus

an exact model on a scale of J-,/3-6

eharacteristies Here as follol*sc

buiit as

the model



Lrn * 1,/36 Ip

rlrr æ rp

&n= Ep

ltrr * ldp

An = LtrL6hp

tn * {,L/Lt)3 vtp

å** o (:-/¡.ó)2 A.p

*n = (rlr6)a pp

¡m = (rÆ¿)e rp

The model ma'ceri.als were chosen so as to have Ì:he same

pertinent properties as the prototype material-s" Chapters ITI ancl Il,¡

deserÍbe the material-s used and'Lhe cheek recorded on the acÈual-

. prêpertåes" Â discu.ssion on èhe adequae.r¡ of mcdel simirarÍ-ty was

given in Chapter TV seetion v, The design of the nrodetr ítseLf

eonsist,ed of appi-ying 'ohe ebor,ne model- ctraract,eristies to 'bhe proto'b3"pe

cesign to ar:'ive at the approprS.ate reÍnforeing stee'l and. conere{:e

d-i¡rensions"

The model was designed euch that its foundation was perfeef,Jty

rigrd ancl there was no possf-bility of sJ-f.ding" A base of standa:'d

31000 psl eoncrete was poured in a fonn ?J¿ttx 5t9ttx 5e6otgiving a

'LataL weight of approximately 3r0t0 lbs" ?o prevenb sl-iding .Lhis

base was butted agerinsfl a rigid steel t,esting fråme. 0n top of t,híe

base a lå,t slab &r3rt x 313t, vtas poured using the model conerete" This

slab r¡as securely anchored to the ?$,, base with nails aeting as steel

d,owels. Ti:e coLumn and shear wa}I steel was set in the 1$rr eLab as

it ro¡as poured" This insured no uplåfting of the slab or. rota'Lion of



the foundationu

TABI,E TTA

Desie.l gf Pro_!!,!ype_Col:umgçr:

3Bu 3Ge

(a)

MrAS rA4 rDzn
D3 eBle CLr85,
c5"
(ro¡

41,
D5"

(¿)

DIn ¿,5,, Shea.y. tla.Lls

1r\

l-et
Vertie al-s

Ties
Vert," ïJaLl Steel
Horia. WaLl Steel

4th
Vert ieale
Ties
Ver{, Vrlal"} SteeL

Iloriø" irlalL Steel,

8rh

Vertieals
Ties

Vert"
Hori-2"

Steel-

St,eeL

I¡JaLL

ldall

lgrr ;ç 1gm

10# r0

#3 tí"s É 18to

1órr ], l6fr
6ll -ro

#3 ttes @ l-6ß'

121r x f28t

14# I
#3 ties: @ 12ßo

I&er x 1&8t

8# 10

#3 ties @ 1¿ff

14Ût x 14úr

6#8
ll^,.i¡J lres @ ¿4til

12il x J?!e

Å+# e

#3 ties @ l-2!?

14!t x XÅ.Pi

6l/ I
/13 tiee @ 14rr

l?80 v 'ì?ec

¿+tr t5

#3 ¿ies i¿ Lano

12e0 x 121r

l+# I
#3 t:.es @ Ï2ro

161o x i-c,,

10# 10

#3 ties @ 10!r

#ó o :.8,'

#6 o Ìllou

tr610 s 8uu

?#s
#3 ties @ Bec

#6 o Lgon

lí6 @ ]-3"

i61o x Bo,

¡+# I
#3 tles @ 8oe

ir{6 @ ïBeo

116 @ L3t,
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Chapter ïII

UAPFEIA!å

l-¡r order i;o obtain a model to proiotype relationship as

described in Chapter I, it was necessary t,o find buil-ding materials

which have öhe required mechanical properties. This became a

<ìifÍisu1t problem as few of these materials were lilEely to be used on

a eo¡¡mrereial basis. This creates two problemse one of loeating the

material and one of being assured of a continuous supply t*ith

consístent propertíes" The seeond problem proved the more diffj-eult"

Sinee i"hese materials urere marlufactured for purposes ot,her than modeL

studies, there was ofüen no rêason for the manufac'curer io keep a

close cheek on their meehanjeal propertiesu As a result, nethocls haíl

t"o be developed in the laboratory for assuring consi.stent and aeeurat'e

matería} proper'ì;ies,

å*ia-{!-qt,"

There vrere several requirements for the model material- Èo

represent consrete" First" åt "*¡as hoped to obtain a scaled down

eone¡"ete of Jr000 psi" Secondly, thÍs concrete had to have the proper

slump and v¡orkability in order to elininate aår pockets and r,'oids"

At, the same time exeessive shrinkage had to be avoided" It, was aLso

imporLant 'co keep the individual eomponents of Èhe mortar eonsisten't

in proportion and moisture eontent,. Thus because of the smal} sizes

and quantiÈies involved it was neeessary to be øçact in al-l proporÈioning

and ào have mat,erials of consístenÈ properties,



1JL:'

The modeL aggregate and sand was obt,ained from the Selkirk

Sili^ca Co" Ltd" It r"¡as 100É silica sand and v¡as obtained frcm Black

Island on Lake Winnipegu lrlanj-toba. A si¡niLar graduation of particle

siue as used by the Universlt¡¡ of Illinoi"ol r.¡as used het"e" the sand.

partÍeles were nounded, the É moisture content was 0, the speci-fåe

gra.vfty of the sand was 2"65e and Lhe finess modul-us of the ec*npîe'l;e

aggregate v.'as 2"20, Tl're fi-ness modulus of that par{ uhieh rgas eonej.dered.

sand was 0"88 and the maximum aggregate sise was O"O8Ír" The f,oJ-louång

was the sieve analysi.e of the model aggregate usedr

TABLB IÏIa
U"S" Standard $ieve Sizee É Re{:alned S of Each Si-ze

/llo
#re
íÍga

íf sø

#loo

llmø
pan

2"X

¿r8"¿

76"5

9&.?

99"0

10c"o

tn

¿16"3
- .t.
29"1

18.2

1."3

L

The sand was obtained from Se1lci.rk Sål-fea ån 3 siues (passåirg

#:.ó tre:.¿ on #3O¡ passing #3o r¡elo on #6û; paesing #óo rret¿ on #LOo) 
"

0n further inspection in the laboratory Í'c was found thai these såeve

sizes were noi accurate" Ii, was also found t,hai: in buyíng sand on

cìifferent days meant obtaining sand of iÌifferent sieve si"aes yet

labeled the eame siue" Theref,ore it was Í'ound neeessarTr flo ee-såeve

the entj.re þateh and re*eombine i.n the propqr propürtiøtao Thie wa¡r

the gbove gr:adatìon was obtained to a high degree of acei:.racy"

rr' Soe Bibliography"
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One point here r'¡as of prime importance" rÌ: r"¡as felt that,

'bhe aì:ove procedure of re-sieving the sand to obtain a definiüe

propcrtion was unnecessary" Ho'øever, it was found that in ar'oiåraril-y

ehoosíng any sand for differeni: tesi:,s, ustng the sarne /e raiío and

fi aggxegateu that similar sÈrengths were not obtairred" Tìrerefore i'¿

woul-d seen reêsonalrl-e ttrat, if a sand of consistent parbicle sj-ae anri

graduation rtere used fo¡" all tests that eonsis'i;ent, strengbhs should

be obtai.ned" A suggest,ed size by the author would be #l_6 t,o #3o

(U.1" standard sieve sizes) Selkirk Sil-ica sand for 1fi-6 seale mcdel-

r,ùorku This rvoul"d reÞresent, fcr the raodel-, both the sand and gr.avel

or to'Lar aggregai:e for the mix" The actuat taboratory såeve analysis

of /ly6 +,o /l3O is shor&'n beLow in Tabl-e IlIb"

I-AB'IE ïITìl

!=e$..r--Þ!ÈaÈêLd-qiqve_ê_rseq I Éæ¿sed É.-eg-.Ss"r'-qåse-

1.5

¿sCI

" &9.5

?

2

#ro

.llr a
lï¿ö

Jlt¡"r

tfw

#roo

pan

t-" 5

i+L"5

9X

0ç¿

100



f4&E_Iïïe

U.S" Standac'd Såeve Sizee

' #ro

.th.a?l¿o

flso

#sa

#roo

Retaåned

0

!h

87

9?

100

lì"ó

É of each Si"ze

l'\

0

q)

1"0

ïn preliminary 'besÈíng the sieve ana3.ysis of tse.bi-e ïlla

reÞreeented 'q,he model" aggregate* In conJucÈ,ion w:i-th this sand a

more u,niform Selicirk Sil-iea sand having the eieve analysis of'

TaÌrLe Iïïe ivas used in one i;est irr order to eompaee the ulti¡¡rate

strenS.h"val-ues" For both tests (2 eyl-inclers per test) a w/e

rai:io of O"75 and É aggregate of 70 r,r'as used. ïn the ease of the

weJ.l gradecl sand (TaU:-e IIIa) the conerete si,rength +ras 2r&50 psÍ""

In the case of +,he unifo:"rn sand (taULe ITTe) the concrefe strengÍ:h

was luJf0 pei. Tï¡is dlfference aould be expiained by ùhe faet'LFrat a

lve-LJ. graded sand needs less past,e content (water & eenent) tt¡an a

poorly graded aggregaÌ;e. Here the r+/e ratio doee not neeessaril-y

govern,, but the dlstribution of the sand pariicles and resuS-'Ling

arrångeme¡r'b of void spaces to be filLed by paste and air is t;he

main eauee of diff,ererit strengrhs" ï$ o¡.der to obtain bebter

dispereùon an adinixLure (pozøolith) r,ras used i-n both lests and in al-I

rnorÈar used in t,he model, ThL',s the only safe eonclusion to arri:ye at

was that more testing would be required preferably using li|6 to #30
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sand as total aggregat,e and worki-ng oui by experimentatioy¡ a vt/e

ver'6u6 si;rengflh eurve@ Oiherwise ihe same sand as sho-vm irr

Tabtre IIIa eould be used again, but the t,íme and effort requlred io

re-sieve and proportion the sand '*as not thought worthr¿hnl-e"

Hlgh-Eanly-Strengbh lorùLand Cement r.{ag used rn order .Lo

obiain an early strength" This $râs neeessar.v in order bo mainta:i.r'r

an efficient eonstri¡ci;ion p3'ograrriineo

Thus the maùerials used for the model concrete t.reT.es the

pnoper sand, lligh:Fìar3.-v*Sbnength Portl-and CemenLo pozøolith, and v;eter.

Ïn order that there be as libtle shrinkage as possíble it was neeessery

t,o keep Lhe îí paste }ow. However, one other criteria Ín direet

conflict r+ith thís was the requirement of a high sJ-ump in order to

ensr¡.re proper placing of the morLar in confined areas. Several 'bests

(eee Teble TfId) with past content var.ving frorn l+O tc í]3fr and rirle

ratio from 0.&0 to 0"8$ ïrere earr.i.ed out" Mort,ar strengths and

workability were reccrcled" Usíng the lowest É pas'ei.hat would give

'bhe i'equired workabiS-ity and strengLh a mix of 7OÉ paste and r.y'e

ra'bio of 0.70 rcas seLeeted. (see Graph IfIa)"'

The admixbure (pozzol-ith) appear"ed t,o have a vëry pronoun.ceC

effeei on the results" Ït, vvas a diepersing agent anri its advertisers

elaim iù t¿ill inerease the strength ancl workabj"lfty of the eoncyete

uíth no increase ín ee'nent or water" The proportion of poøaolith

used(È# to 100# of eemeni;) was suggested by the suppJ-ier, Master

Builders Co" Ltd. Its effeeÈ can readily be dedr¡eed from the resul-i:s

as shorurn on Graph IIIa"

Vrii'bhout pozzoì-åth and a l-or* paste contenÈ of ?i+fru i'b was

for¡nd that as the w/c ratio decreased the sÈrength deereased," This is
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the opposite torFrat would be expected" However, beeause of ttre
fine material used it is necessary that there r+ould be suffjejeni; fluid
available to clÍsperse the ce,ment throughout the mortar, ?herefore

a¡r i-ncreased w/e ratio was one source, pozzoti-th vras another, anei

the ttrird and most suecessful solubion being a comb,ination of both

a trigher paste contenl and admi->úure, (hee sufficient means of

dispensing the eement was availabre the relatåonship of w/e ra'c,ia

veraus strengi;h appeared to function properJ-y, as illustra*r,ed ir.¡

the third eurve (3Ol paste ruith poazolith), AlL the mixing of the

nodel- concrete was earried out in a f su" f,¿" capaclty eJ-ectrie

mixer (see Plate 6)" Measurements b.y rrreight of aLl- materials were

öairen on a bal_anee scale to the near,-.st ounce"

Different eompositions for model_ eonc¡.ete håve þssn ¡se6

suceessfully in dífferent par-ts of the world" Tabie ïïre is a list of
sorûe of ùhe model concrete in use at presen,r"*t(2)

d+ See Bibliography"
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TABI,E ITId

PreiÍminary lrlortar DesJ.gn (See Graph IIIa)

Test cylinder eíze : 3tt r' $tt

Trial. %--4es"- ttlç Poøa"
Curi.ng

Procedure

lCuring
lTime 1n
I uavs fce

Avg"
fqe Itlorkabilit:¡ VíbraÈion

llr

#z

4fu,,

{i6

#"ì

J{ô¡70

#e

#:.o

?6

76

?6

?6

'/Ò

76

?6

?6

77

77

77

77

7V

70

7A

"82

"g¿

,76

"'16

.89

"89

"85

"c)

"¿lCI

"l+0

"50

1ìñ

"85

"70

.60

No

llo

No

No

No

No

No

l,JÕ"

Yee

Yes

Yes

ïen

Yee

Yes

Yes

llum" Room

Ht¡n" Roo¡n

Hrxn" Roon

Hum" Room

Hum" Room

Hwn. Room

Hum" Roc¡¡n

Hum" Room
air dried
? days

Hum" Roem

Hum" Roemr

Hum" Roorr
ai-r dríed
tr day

Hum" Room
aJ-r drled
1 day

Hum. Roon
air dråed
L day

Hun" Roo¡n
aír dråed
I day

Hu¡r" Rocm
air dried.
L day

7

7

7

7

{

?

v

{

7

7

7

7

7

7

2I2A

1"800

1230

1?]0

20I0

2r.60

2r?0

2690

ìnÉq

lCI60
l

I

I

235o1

23hÛl

ï
,*Ï

19ó0

u7a

?]085

LOT2
lmpossitrJ-e

ïmpossible

Fair

Excellent

Hieh Sl-rffilp

I{igh slump

Iioddiirg
Tampång

00

fl

It

90

?t

qt

lû

fi

il



IAFIE q.rd &el.'gL

Trial É tce wlE Poz?," Procedure

Curfng
Time ån

Daye foe
Avgn
fce VibreLioir

#al

#te

T¿n 4ÍtL)

?CI

72

72

.7)

72

61"

oii-

"50

"75

"75

t-J q,

qo

Yes

Yes

Yes

Yes

ïee

Yes

Yes

Hum. Room
air dried
I day

Curing
Comp"
Applied

Curing
Comp,
Applied

Curf,ng
Comp"
Applied

Curång
Comp"
Applied

Curlng
Conp"
Appliecl-

turing
Comp"
Applied

7

7

7

7

7

ñ(

{

1r070

?,290

31-10

2800

?"?rì

3tr?O

3230

firc

Reqsonabl-e | Êoddíng
I Tamping"

sriff EltLernaL
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ii" ReinforcinE Steel-:

There were three t¡4pes of morLe3. reinforcing sreel- .ûsed"

One type for i;he column and shear v¡aL} reinforcÍng steel, one for
the sLab steel, and another for the lateral column ties" ALI three

fypes were obtained in an¡¡ hardv.rare store of vanious gages" However

it was found important to buy all *,,he n'.aterj.al- of a required size

aÈ one ti-ue to ensìtre consfsten'l: size.

Black ,snnealed wire, more cor¡iaon1-y referred to as stovepipe

vr5"re, v¡as used as the nrodel rra'Ler.ial foc' the eoÀu:nn and shear waII

reínforeÍng steeL and for the 'i;ension steel used in the bes.l, beams.

The sizes used rr¡ith tìre appropriate gage number ac.e shor.rm l"ístred ån

TabSe IITe" The protoùyne steel and theoreLíeal- moCe} s.Leel requ!-recl

are al-so li.st,ed.

T4ELE "TTJS

Siøes of Bl-a,ek Annealed üJlre

r+TF¡e gage refer.red, to is i:,he ttBrítish Imperia3-

or English Legal- Sgand.ard VJiz'e Gage,rr The dianreter

s'eeor'ded ín this eolurnn is the diemeter of the wire

.afLeg eold working of the wirer,

The orígina] black anneal-ed wåre rvas iested to determine ihe

yj-erd pcint and ul-tima.te strength, The wire used in this test was

Prototr;ne

'#5 aar a"625n

#6 uar- 0,?50"

#8 uar l-"OCOr!

W
o'0390"

0"0¿!690'

0"0625''

3*4q_ tgå*geËsl

gage O"0395" j
gage O"0472" !
gage O"0628" +

tq

18

ðo

0"00ct5"

0"o0o5rr

0.0o151r



19 gage obtained in smaLl 8¡t djameter r.ol'Is" Tn order to free

rr¡ire from any kinks ii v¡as fåi:e"c l"oaded Lo 35i/ or about 30r0ûCI

(see Pi-aÈe tr). The criginaS- yie.Lri strength ra'as approi(ima.üeiy

35rtæ psl and i;he ul'bj¡rate strength apprcxima'ce3-y &7u000 psi" Col_d

rvorking of the st,eel r+as earried ouÈ fortwo reasons" It was neressary

to have perfectly straight v¡ire for fabricat,ion of the eolrrmn sLeei..

Seeondly, it was imporianN to have a consistent yield strengbh for

aLl- bhe col-umn ar:d shear "'ml-I s'¿eel" The desired yielcl s'Lr"eng'bh 'øras

chosen as ÀOut00 psi to be eonsist,ent vríth ACI design" The resul-taErt,

uLt irnai;e sflrength afLer eol-d r+or.kíng *ras 55r@Ð psi" Tabl-e ÏltÏf gives

ùhe mean value of a ni.unber of tests cary.ied out to detei"míne the

yi-eld s'Lrength of col-umn and shear v¡al-l stee}"

TAHLU-JJJg.

ïi.elq JLqere!!_q !*q q@ iggci.

ahe

pså

kes
19 cage

ïreld =åLrcne&h-

À0,750 pså

38"300 psi.

39,2CO Psi
&1,,500 pså

l+00300 psi
39,i.00 Psi-

åCn3O0 pså

39,5o0 pså

&0,15O pså

39,&0O Psi
39'l¿C0 Pså

40r40C psi
l+i,ü00 psi

Mean of Bach Tesf: "

39,å2O Psi

1ó gage

lr0r470 pså

1ì, ¡vzoe'

39"980 pså

trlr ¡Çage

40,50Ð pså

34ean value c¡f aLi tesi;s * 49_._010*pei.



,¿5

The reinforeing steel for the slabs (See Ptate 5Aj vras a

$rt galvanized screen mesh of 19 gage vrire. The required nodel steeL

to assimilate the prototype clesign r.¡as 19 gage wire at f$ o.e.

spacing for the bottom mat" The 19 gage steel spaeing requi.red over

the eolumns varied from ítro*e" spaci.itg to lrr o"c" spâeíng" Theref'ov"e

the use of the mesh sieel, althcugh in sosie eases o'¡erdesigneii, uas

fetr* Justifi-ed" The $rr gaJ-vanized sereen mesh was cbtained in one

roLl'L,hree feet wi.de, SroaLl- seetions vrere cu'L for over eaeh eoltunn"

Ûne solid mat'u¡as cut for the botbom steel. SampÏes of the mesh v.rere

aut, in the form of single sbrands and tested to cletermj.ne Èhe yield

s'brength and uïtimate strength" The u1öirnate fail-ure always oecured

rqrith fraeture at a sôldered JoinÈ" Jn eaeh case uL'oimaÈe faj-lure

oeeured before ihe yield point was reached, indicating Èhe weakening

effee'r, of the soldez'eci.joint" The average o:f the three tes'Ls earr:ied

ouÈ gave an uLtima'be sirength of 67100O pså" 
\

The later.al- co}:¡Tn ties r¡ere a1i faby'icated fnorn 2{ gage

br¿lse i'¡iren The diameter r'¡as 0"022tr v¡hich coruesponds to a. #3 bar

in the protot¡rpe desi.gn" The ì:rass wire '.¡¡as chosen beeau.se of its

ease in fabrication. The black arureaLed wire e ould not be obtaÍned

in siues smaller than 19 gage (Brhich corresponds to a #5 bar in the

pro'botype desågn)" This size nas Ímpossible to fabrieai;e aeeuratel-¡r

ini:o t;o&umn tles" The yieS-d strength of the braes wire wa,-e appsoli-

imately 241000 psi and its ultå-nafi,e strengbh 5800ffi psi"



Çhapter ïV

tOl\iTROL 0F I'ÍATERIAL PROPERTIES

It was quite evådent thai if adequate controL of t,he

rnaterial- proþer''Lies was not carr.:lecl out Èhe modei to protot¡rpe

reLationship eou-3-ri not be relied uponê Therefore eert,ain goal-s

t'¡ere att.empted in keepíng the properties of the differen'b mat,er-ials

r_rnifcr-n and aoeurate" rt r"ras at'i;m,rpted to keep cìjmensions of col.irnirsu

siiear r.;a11s, and slabs ào nfthin !5fr. That isu for coLr¡mr¡s and sleeaï'

wal3s i:hi.s r,¡cul-d be in ihe range of jo08¡r and for slabs 3"0A,'.

sirnilarå.y the properties of' mortar anci steel v¡ere also eareflllly

sheckecl anc, r'ee¡:vdcd" The methcds of eone'i;ructi.on were arc.ived at

witit i:he a:i¡r of ease and rapidít}r of eonst,:ruetíon, aceuraey of

cljme:rsion, and unífoz:aj-ty of proeedüre"

"i*"--JsÆ-ar*gs.åt*!l-li-q*Ëe.

A nu¡n'ber of ?r¡:c 6"'t,est eyl-incters r+ere eas.b ancl tested (See

P1ate 2) wi'f,h varying rnixes and curjng proceduyes before a final-

design and curi.ng procedure ?ras chosen. The main purpûse of easi;ång

t,est cylinders for this projee'b v¡as È@ be able Èe pr.edict the properbÌ.es

¡¡f åhe mori;a.r actualJ-y ptr-e.eed in 'bhe moder" The me'bhod cf curlng the

norL'ar plaeed in the model would 'Lherefore have to be the same method

*ppJ-ied 'uo the test, e;ylitd erso ¡lf ber careful eonsÍderaticn, å'¿ rças feït
that applieation of a standard cr:ring conpound j¡ûiedtately ¿11¿sr init,ial
se'b of the eonerete or removal of fo:srs was best adapt,ed to this project"

Tlrus Èhe top of the fl-eor slabs þrere sprat¡ed before inÍtial set oil the



26i

mor¿aro AJ.l other surfaees were first sprayed with v¡aier on removal-

of forms and then *¡íth euring cômpol¡nd approxi.rnately five ¡rånu-les

iatern The sæne method of curing wa.s applied'r,e Nhe test c.yl-ånders.

ÅlÈhough this niay not be consi.dered as the most j.deaL ¡nethod f ot'

obtaining maximun strengbh of eoncret'e, i'c rqas felt that thj.s nethed

of curing i.¡ould €ive e materíai of mor"e uniforrn sir"en¿$h" Tha¿ is"

sinee'Lhe constrr¡etion period earried on frorn March 1?th to T4ay:?2nd,

aoproxii'ratel¡r 2 nonihs, the curing period varied frcrar ?S days ta

2.!. days" llowevei:n because of Lhe euring procedure adop'L,ed, the

average si;rength did not cÌrange wit,hin 'Lhis tine period" Gra,pir ITa

will iU-ustra'be this more clea:'I;r.

Two test cylinders -for each floor and /¡ tes+" calinders for

each set, of col-u¡'i:ns åirC shear" rtall-s rrrere nor"mally east. A t,otal of,

?i. test, c¡¡J-inders l{ere east and iested for eo¡rtra1 purposes" (see

lable TVa) " A si¿atistice.l- anafysis gave en average sþËgi:gþ& gg

Aëg p*å egg Êgæeã¿ Égyå#s q *-.6:- p*i pS L#*Éé. A curnr.ri.aiå.rye

prcbabiJ-it,], curve r.ras shor¡n on Gna¡:h IVb" A comparisön e¿n bsJ dr.akm

betweeir pz'obe-oility curves published b), tkre l.ls"ssachuseLt,s .Inst,ituÈe of

Technology showing a coner-ete havin6 rrgsodrr and rspoorlt control""{g)

Six '"est cyl5.nder"s were inst¡'r¡^¡nented vr'j-th mechanj cai- cìj-al-

gages and sliress*strain curves i,,,ere plotted" 'Ihe stress-st¡"al.n

.06 psi " ( See Gr.apÌ: llie ) ,

the a*;erage uLtirnate strer.igtli of t.hese six cylinders was 19?0 psi"

tÍ- Sçe BÍbl,iograpÐr
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TIEIF* ïva-

Morùar Test, Cylinders

Síze = Jtt ¡ç $tt
l+/c = 0"?O
fr agçregave * 69 t,o ?OÉ

lith

Location Date Cast
Date I Curíng

Tested I Ti.me foe tiorkability

lsL f'l oor
l-sä floor

Cols" lst t,o Znd
Cole, lst to 2nd
CoLs. Ls'b to Znd
Cols. lsÈ to 2nd
Cols " l-s'r, to 2nd
tais" let to 2nd

Zsrd flooz'
2nd, flooi:
2n<l floor
2nd floor

Cols, 2nd 'co 3rd
toLs. Znd to 3i"d
CoIs" 2nd t;o 3:"d
Cols. Znd to 3rd

3rd fl"oor
3rd fLoor

Cols" 3rd to Åth
Col-s" 3rd to åth
Cols 3rd to &th
CoLs, 3rd io å'bLr

4th fl-oor
åth floor'

tols" 4th to 5th
Cola. Atlr to 5th
CoLs" 4th to 5ilh
CoLs, l+t,h t,o 5Èh

l'Lh floor
5i:h fLosr

toLs" 5'i,h t,o óth
eoLs" 5th to 6'i;fi

t t,tuoJ-so )t,n t'o oEn
CoLs " 5th to 6tfi

óÈh floor
6gh fLoor

CoLs" ótir to 7'Ufr
Cois" óth to Tttr
Cols. 6trr to ?ttr
cols" 6ttr to ?tn

Mareh 18
Mareh 18
Mareh 25
Mareh 25
Mareh 25
l4aralr 25
l{a¡:eh 25
þIar"eh 26
Apríl n
April i-
Apr5.tr- 2
April 2
April 5
April 5
ApriJ^ 5
April 5
April 7
April ?
April 9
April 9
Apri} I
AprlJ- 9
April 13
Apr5.1 13
/{pril 23
ApniS- 23
April" 2]
þril 23
April 2!
Aprj.i- 25
Apri3. ã
Aprltr 2f
.4pri1 ??
April- 2?
Àpril 29
Apritr 29

May I
May I
i{ay I
May 1

Mareb 25
Mar.ch 25

June 11
June 11
June ïå
June 11
June 1l
June Ll"
June L2
June L2
J¡¡ne 12
June 12
June 1"2

April 28
Apriì- 28
.Iune LI
June LP
June Lä
June l-1
.June IX
June l-2
June ll"
June 12
June L2
June 11
June 12
June trtr
June Ll-
June 12
Jurre Ï2
June L2
clune 12
June 12
June l1
J-une 12
June L2
Ju¡¡e l2
June 12
June 12
Ji:ne 12

7 days
7 days

?8 days
78 daye
?8 days
f8 days
78 days
JJ days
?2 days
?2 days
7l days
71 days
68 days
2J days
2J days
67 days
ó6 days
6ó days
63 oays
63 aays
6¡r aays
63 dayo
ó0 days
ó0 days
l+9 days
!O days
du9 d ays
49 days
lr8 days
4B day's
d¡ó days
l+6 days
4'6 days
Ål5 days
lçd days
&4 days
l+2 days
l+2 days
S2 days
&2 dqys

2575
3030
1410
1630
r57a
2070
2l3CI
2L5A
2!+54
22gO
2660
2250
2r$a
2900
268A
2190
19]O
1900
2660
2220
2060
2350
23LO
2350
úw
21t80
i.860
2ã-00
2570
2600
1860
2100
2100
18År0
2250
21?O
19¿$o

2.2r+e

2j+7A
2illLO

ExcelLen{:
Exe ell-en*
ExeelLent
Exeeller¡'¿
Excel-lenü
Exeel-Ìen'li;
Exeel-Lenù
ExceLlent
sriff
ståff
Exeel-l-e¡nt
ExcelLent
ExeeLl"ents
Excelle¡.iic
Excellent
Excell-ent
ExeeLl-ent
Excellent
F,:ccelÏenû
Excell-ent
Exeell-enb
ENcellent
lixeellent
ENeellent,
Exeell-enù
Exeel-l-ent
ExcelÏenÈ
Exeell-ent
ExceLl-ent
ExceLlent,
ExeeLtrent
Exeel-l-ent
ExeeLLent
ExeeLl-enü
ExeeLlenÈ
Exeellent
Exeellent
Exeell-ent
ExceLlent
ExeelLenü



TåErE_tv_ (contod)

l,ro¡'tar Test Cyllnders

Sise*3ilx6*
w/æ * O"?t
fi aggregate * 69. Ècr ?0É
Admixture * pouzoj-ith

Cols"
Col"s 

"
Cels"
tols "

Cols "Cols.
Ools"
Cols"

CoIs 
"

Cols"
üotrs"
Cols,

Cols.
Cols"
0ols.
Cols"

'lÐÏr floos'
?th fLoor

7'[:h 'Lo 8th
7th Èo 8th
?.th Èo Bth
?th to Bth
Bt,h floor
8Èh fLoor

8th to 9th
8'Lh to 9th
&Lh to 9th
8th 'bo 9th
9th floor
9th floor

9th to 10th
9th to l-Oth
9th to l-Oth
9th bo 10-Lh
10th flooe
10th fl,eor
10th Èo rocf
10'bh to roof
Iûfh to roof
IG1:h 'Lo roc¡i

Roof
Roof

May ,&

Ì'iay 4
l{ay 6
l"{,ay 6
May 6
Ma.y 6
M,arr "F

!4ay 7
Mav I
l{ay 9
Mav 9
May I
lrî¡¡r 'l l
May lX
l4a;¡ 12
May .!-2
t{ay 12
stay .!-z
l"lay 13
May J.3
May 19
May Ì-?
Saay 19
May 19
May 22
M.ay 22

June L2
Jr¡re 1Ï
June 1l-
June l"L
.June LI
June lI
June 12
¿une L2
June l-2
June X2
June 1"2
June Ll"
June iì2
June l-2
June 12
June tr2
Ju:re 12
June l"I
June 12
Jui:.e l1
June trX
Jirne 1À
.ïune 12
June 12
June 1"2
Jr-:ure LP

39 days
38 days
3ó days
36 days
36 days
3ó daye
J6 days
36 days
3Ár days
3l+ days
3l+ days
33 days
32 days
32 days
33. days
3ir days
3Ï days
30 days
J0 days
2p days

Curing
Tåme

23 days
23 d qys
24. days
2S dayo
23" d ays
2l days

293A
2720
2t¡3t
2820
¿ö¿{)
].95t
22gA
233C
2L2A
L?35
1950
1ó60
1950
2tû0
2020
11,.20

1Er5
2r"gCI
xFil¡rLI)J
1600
2350
2fio
2750
237A
2260
25¿¡0

woi:L<aþiliI,f.

Exeel-l-ent
SxeeLlt-entb
.-f L3. f er
Sti-ffer
rJUIl. L çl'

5Èåffer
Ðxe eïIen'b
ENeeLlenir
Hfgh slurnp
I{igh sJ-uinp
High slu.:n¡r
llågÌr sJ-ungr
ExceLLee{¿
Exeeilent,
Exe ellien'i;
lixe<;i^1e¡r{:
Exeel-l,ent
Exe el-l.ent
-s'ülffer
Stiffer
Exeel,ner¡t
F¿ceellient
trlxcel-nen'L
ExceLlLenù
F¡tceiLent
E¡¿eell,e¡r1i



ii" Bean Tests.

Several bean tests were carried out in order to arrive at

some concLusion as to the seale effect, if anyo in eoing from fulL

scale to L/L6 scale" Part of the /+th ¡¡ear CivS-I Engineering course

involved tes'cing L?rt x 1/otr * 60¡t concrete bearns having different

t¡rpes of steel reinforcing" Ream il+ of this seri.es was used as 'i,he

prototype and five t ests arbltraril¡r chosen from .l:he "ast, 1O yea}"s

ueï'e recorded for comp;rrison" The sbmctural cletails cf the p::ototype

beam and corresponding 1/16 seale nodel beam are shorm in Tablte I\Ib"

Prel-iminary beam 'r,ests r¡ere f j-rst atf;empted in orde:: to

a::ri.ve at an efficfent and aeeurate method of loading and recording

deflect,ions" Ït was found neeessary to use see.l-ed riov¿n 'bearing plat,es

for load and supporb points as shokrn ln the foll-ouing sket,ch (a.!-so

see Plaies 3 and 5b) "

The .fir.st

as listed

With t,his method of loading two test: series vrere carried outo

tesf series involved 5 model beams with ph¡rsieal propertj.es

in Table IVb" The protoÈype failed due to an initial tension
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TABI,E TVC

Test Pesults of Model Beam Series l-

Beam No" Ulti¡rate Loaej

362 #
3Lo #
303 ff
3r+7 lt
3i+A #
332 #

I¿

3
¡),

A

mean

)

Load
ån# SÈrese Centre line defleetion in inehes

St,ra5-n

P wla d¿ l" e! 5 Average Æ/u

f\

25
Kfl

75
100
1tq
1 Htì

L75
200
250
275
J\lL'
325

57
å¿t+
'1 ?'t

229
256
3¿*3
lrOO
l¿58
{:,fi)

629
687
7 t+l+

0

,00L9

"0o30
"oa29
.oo3B
.0039

"001+8
.0o58

"008s
,009?

"01_08
"ol_I8

0

"û019
,0030

"00l}0
"0051-
"0059
"0060
.CI07û

"0088
"oÏ20
"t149
"o26t

o

"o0l-g
"oo3t
"0039
"00¿17

"ooÀg
"o059
.0070
.0087

"01_2lt
'Otr51ì'
"U¿O¿

o
,001-2

"oo20
.CI028

"0t38
"00Å,2
'0052
"0062
"oo7Ï
"0088
,01L2
.0120
"û190

0
CI

"oco?
"0010
"001-8
.0029

"003?
"@37
"00/o0
"4457
"0068
"0û88
"oLCI1-

o
,001-,?

"û02J-
"aQzg
.ao37

"00&3
"00¿}9
.CIO5?

"0069
.0093

"CI1_l-5

"01-6?

CI

"00c32
"00û5¿)
"oco??
"00099
"00L1-5
"00131
.,-10i-5?

"00x84
"û0248
.0030?
,û0i+4ç6



114ÞLE lgd

Test--Eeeg-1!s--qg--Me4-el -Eee[-Ðpq-å-eÞ_-tL

Load in #
P

Stresg
pl/u a4

Centre l{ne defleetion {n inahe.e Strai n
ét!La, Averaee

ü

)U
¡t1

iot
-r 'ill.\

L75
é\..|u

,qfl
¿.{ )
?¡/r¡n

îel,r
-,*{,.,1

0
57

1 't,t,

-L7l
,'Q

286
3!+3
,l.r1\

l+58

5L5
5?2
629
ó8?
4tl
{ L+tll

801
858

0

"o015
,002t
"4425
"0029
"0031+
"0039
"0041+
,cc&.ó
.oo55

"006/+
"00?5
*0ü81"

'coFO

.ol-1ü

o
"ctl_O
"0û19

,aa35

'00¿lt
"00&9
,0059
.û0?0
"0080
,0c8?
"0088
"Ða95
"OTÛ}
*$11_û

"01_19

0

"0033
,oCI20

"0025
,co32
"o03?
"0O/rÅ'
"oÕ52
"o058
"0có?
"Qú',|3
"0081,
o\JUÕC)

.0095

.01-05

"01Ì5

"00CI35
"c0053
"00û6?
"coO85
.00t99
"0c11?
"CIüi_39
"û01_55
"û0T78ñ¿1\ ¿l s
øl-r'V.L', )

"uulitQ
"üo235
"00254.
"0û28ü
.003Ü6

9"$s*þ-s

fx

mean

Ultimate Load,

397
20?

395

#

#
trrî
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TABLE TITE

Ul-ti:nate LoedEeÊn*Ngs

lL=
lf J-

Jl.;
lld

tÍ3
-ll ¡
rr!+

#5

mean

g5"4k

g2.21<

g5"gln

gL.0k

Bg"?5k
g4"6k

f 1r.*,

ãñ'u
308O po5r

23/+0 psi.

3t+&0 pså

2790 psl
2876 psi

Tsst Results of Protcitype Bea¡ns

Load
in
kips
P

Stre ss

M,lb dt

Centre line defLêetion ín inches St,r'aån

x ¿. ) ¿' 5 Average A/i'

J
¿\.,

a\,.!

tfr-

35
[+u

l+5
6lftr

60
b,
rydl

85

0
ÅÐ

87
130
LW+
2W
26r
30!+
347
390
l+3[r
/.r?V

?¿\)
)oj
606
6¿rg
693
736

0
,01?
.o2B

"û39
"0¿+8

"059
"0?û
"oæ
"091
"Lt6
.l-l-g

"L31.
":-46
"L59
.1?O

"18É
øá()
"339

0
.015

"029
"03g
"05n
"o65
"o7g
"09)L
"og5
"_!-¿t,

'ù ?Ã

"11e9
"L62
^L?g

"?35
"338

o
oUl4,

"031
.03S

"0&?
,060
,CI?4

"o86
"ogg
øå.!-é

"L25
"136
.L50

"16,/+
"1?g
__rQ?

a éLlC>

Ð

"o10
"o?+
"o32
"0/s&
"a55î\rì?'tevf I

"o83
"095
,105
"L2Ï
"\3¿v
"n45
"1"60
.1?2
_ rô1

o
l.\ì rn

"016
"o2.5
"o36
"O/+8n/.ô

"o?3
.086

"LoLI ?,)
tqd.,

.x39
"I52
"1ó6

0
.0tr5

"o25
,o3¿+

"ab5
.o55
"o73.
.083

"og3
.LAg

"1.p.2

l¡ó
sJ.AO

"L63
"L?6
"201+

"2?1
"338

0

"tût25
"0CICI"&.2
.cÐo5?

"CI0075
"tCIcgz
"(x):!-2CI
"û01-38
"QO1.55
"001182
"00203
"@aa5
"002&?
"00Ê??
.0029&

"0CI34.0
"oo/+50
.û05ó5
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failure in the eoncrete and ultimate fail-ure due tc compression at the

top eentre portion of the beam. rt is more than adequa-bely desígned

for shearo Howeveru the resul-ts of test series tr gave all shear

faifi¡¡ss" ùr closer inspeetÍon ii rgas found that .ùhe stii,ru.ps had

fa:il-ed in h,ond due to the fact that the return hook on both ends of

Èhe stfrrups x{ere cut shor.b" Thus the bond faíl-ure in the stirrup
eaused cliagonai- i:ension eracks to rievel-ope" This ey,ror in fabrieat,ion

vras corrected in test seríes fI" The rei;urn hook on the stirn;ps
rvas ¡nanuf,actured aecording t,o standard specifåeations" The -$.v¡o

nrodeL beams of test series ïI fail ed inibial]-y due t,o yiel_cling irr

the steel and uLtím'rtely cÌue to erushing in the eonerete (iden.bieal

i'ail-ure to the prototype) " The ph¡rsical properties of -besÈ serues rr
ioey'e âlso reeorCed in TabÏe IlIb"

lvi'¿h

Foz' t,est series r anc Tr centre line defl.ect,åiln r¡as ¡'ecorded

increase in loacls" stress '¡s stra:in r{ag reeorded in the forni

rrs Êt/ï, for lest series I ancÌ II end for .i:he prctctype b eèm"

Tables "&, d and e ga-o-e 'che r.esults of the indivictual tests and .uhe

everâ.ge for each test" The ar¡erage values ror each of lhe br,¡o teet

seråes and the average value for the prototSrpe ee3'ies are il-1u-s-brat,ed

in Graph TVd"

A eompanison between ultlmatè l-oad eapacity cf protct¡pe to

model to theory has been worked out for modeL test series trI and al-so

two preJ"iminary bean tests which did not have a prema'cure bond fa.il¡rre"

The ratio of fail-u:r"e load to ui-tj.mate design load for" these three modeL

tpsts is compar'ed to '¿he ratio of faílure l-oad to ul-ljma.Èe desågn loacl

for the proto'bype" This alloro¡s a trr¡e eomparison of rnodel Èo

proüotype as aLI di.screpaneies between the theoretical_ model anrj.

"?r4lbd*



¡".fì

aetuÂl- nodel ?rould be considered in ùhie ratåo"

Pr_el¡¡lneqv l,lqeeå Tee! gsesr fl-_

No" of beams = I
A- = .OO500 sq" åns" b = "5ggtrB

f ?c = 19óO psi d * "?j6',
f* = ÅOrO0O psi

d

Po = 35o#

faålure * initial- tension faålure-* ulti¡nate eonpression in ec¡ner.eüe

.Å ñ'

n = ---u1¿ -=Qg5*¿.-&9".0!9-_- .FtrjY bd f ee ,50O x 0"736 x 19ó0 '' oe( t

ô
UL'b:t¡nat,e l{srnent - bd' Íoc q (l - o"59q¡

Õ

- "5AO ("''i36)'1960 ( "277) (1 - "163)

* ]-,23'o#

if, "= 
:+3å ,* -r e?#'u-- 
"625 

!/ttt

il¿tio of failure load to ultirnate design l-oad = # = t¿gLY(

o*#ffi#fis *1"36fr

lqel_r¡lj-lalv. Medel 3É &es dê-

No" of beams * I
A" * "007O{ sq" ins, b = "500r

f îe - 2450 psi d = .?36"

f = ,,01000 psi-v

Pu * l,7O#

failure = lnitíal- tension -f aiJ-ure, uitimate ccnpression in conerete"



Theoretieai F-- * 27211u

rat,io of faiLure Load to nLtimate design load l¿lO*m.= L"13"

p * L"gzlÉ

Iuiodel Test Serles TI:

l,to" of beanns * 2

A= * "0O525 sq. ins.

f"e = 2570 psi^

fU = åt,000 ps5-

Pw = 395#

fallure = initiai t,ension faí]-ure,

Thec¡reticåL Pu * 2L6rÍ

ra'iio of faj lure loacl to ultimate design

u]-timat"e compressi-on j-n e6'ner€te.

road = W^ * ¿dA"¿NA

b

d

É .500rt

= "736,

.00525x1-û0 i,?.d.¡lF.-==È:aâv -' 
'5co x "?36 

* Lot+"'Pq

fug$rËq"
itio" of beamg

A^.
gr

fîe

f_
vÈ

P
1I

failure

q

1"å9 sq. ins"

2.tl?6 psi

55,O00 pst

sJ+uó00#

b

d

-,- !Jll

: 12rr

= inibial tensíon faitr-ure, ul-t,imate compression in the

ccncrete,

Theöreticat Po = 81c00O#

rati o of failure 10a<Ì to uLt,i:'nate clesign 10ad, = ## = 1:-Q&."

P = L"55ft

ór uNrvEns/>

LIBRARY

9F ulNrroe\
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tYlieal rrack ilistributior-r on

t¡ /'¡
\/ L

fe,il-u,T'e of model beans

o /'t

p'/'>

T-,ipJ-cal crã.c1< dj"stributÍon on faflnre Ðf

t:/>L/ L.'

irrotol;rpe" beams

/ir'l !ìLlT'e O:



1,2,

The average of the three ratios for the model beams rsas

1"78 + 0.05" The ratio for the profotype was l"0l¿" That is, the

prototype eonrpared withio h% of ultimate theory and the modeL be¿une

had a capacitxr 78ñ higner ihan ultimate theory would prediet" There

v¡as therefore an increu.se in flexr:ral streng'bh of .71+fi due to nscaLe

effeetsrl .

There was aiso ã pronouneed dlfference ín the crack

dísLribution on failure" Thfs r*as lLlust¡'atec in fígure ó whåch

shor"¡ed the model ancÌ protot¡rpe beanrs after failure" In the proto,cype

(see Plate 5e) the terrsion cracks t¡ere dist,ributed throughou'i; 'Lhe

bea¡n in the fors, of nu¡nerous smaLl cracks" Hoiveveru in ihe modei

all bea;n fail"uv'es de¡¡eloped one and at nos'c ti.ro ]-arge tensiorr craeks

and no further e racÌ< disi;ributíon"

aL]' " CoSunln ies'r,s.

i4odel_ morta.r co'ì.i¡mns r,,rere desígned- and. tesÌ;ecl ¡,¿itir the

purpose of esùablishin.q a reLaüionship between full ssale arrcl J-rli-6

sc¿.Le eol-umns. ïn i;his case there was no prota'bype to y'elale baeli

'too A comparison has been rvorked out between naclel resul-t,s ar¡d

Èheoretj-eal deslgn me'bhods "

One type of eol"unm was {,ested" It has a sirnilaï. clesign -bo

'ihe upper lifts (eoLumns B'i;h fi.oor to roof,). Eleventests v¡ere car-r-.ied

oun í'os' thÍs.design" All model coLumns are in i:he shoEt column

category" Sjx eolwrns of ccLumn tes'b series l- were iested to faj-lure

using the J0r00CI pounci Ba1dr¡i¡r tes*ing nachi:re (see PlaÈ6 4,)*

Del'lection readin.ss þrere 'baken and one sR{ gage was placed r:n each

eohmrno Hor+ever, the meihod of t,esting pr.oved raot too sat,isfatory



t.:
¿a1 !¡

as tl¡e eoLumns appeared to f,a:it pnema;burely cìue to unsyaueÈ¡"åea1

loading anc irond, failure of the eor¡.¡mn st,eeL in ihe upper or 3o.;¡¡er

portions of i:he column" Thr¡s most of the col-umns falLed by a corner

shearing off wíth lj-fùle or no load beÍng transfec.red -bo åhe steel.
Fo:' the results of eoLumn tesè series i see Tar¡Le r.,l G., Thege e:r,ì"crs

in testing vrere corrected in coluinn test seríes 2" Filre eol,.uæns ofl

the previous {:est series were cut sÌ:ortei'using a dis,mon<f se;ç¡ f::orn Èhe

Geo-l-ogy Del:ar"tntent. Thus t,he 3-en54th was eu't f rqour ? " to app:'oxi:ne.bely

Åråt'" As the ?rtcoli¡rnn wa.s wiùtrin the shor.t eolu¡:t eategory an:ines"ease

in strength should no{: be expeeted. due te, the shor"+.er" colugm" Thls
'bime, hoi*evero the surfaees rtf the col-u.rnns Þrere ground srncoíh top and

bot'bo¡r a¡rd tile concr"el,e r:a,s f lush 'ø:tth Í;he eteel_" irlo sul-fui: cap rr
spherical hea'd r+ere used" The ies'iling proceciurts ap,i)eåre<j- çatjsfact,6i'y

and 'typieaL colilmn failures csc¡J:ryed-" Fcy 'b!re resul'*,s u.j' tlrÍs coJ-ul¡f¡

series .sincl- a ccmpa::ison wi'i;h a 'bheonetj-real- ana:l_)'s:i.s see Ta;¿ie rv h_

The properties cf t,he morÈar mcd.eL colurnvls are gívei'r a.s

foll-ows forLhe di-ffei'ent series;

_Qpåqlqq tes{; sez"ies l_c

fec

sfae of, eoltrnns

Ag

fy

As

nr* of coLs" tesüed

êYerage ul-tl-ma"be loacì

Èies

p¡.
o

= 2/+20 psi

* 9* * .5¡s -. "r¡r''¿+^4'4f

J-* O"5S å .t-, sq" inso

* dl0u000 pså

= o"o124- sq" ins" {¿-fe gages wj_ree)

=.6

= LL23!f

= ãk gage brass r¡¡1re åies @ f;îr spacrng.

* Z"J,Þ



J,E

C oh¿nn- t é_Þ!__E-qq¿eQ_a .

f oc = 2Å'2O psÍ

size of eolumns * 'fto ,, *,, ,o 4#-¡

Ag * o"5c i o"ot sq" ins"

-f,þ * À-01000 psi

As = O.OLP4 sq, ins" (¿ - l¿ ga.ge wires)

no. of eols. tested = 5

åï¡erê.gÐ ultj.mate Lcact .= L27O#

'cies = 23- gage brass v¡i-l'e ties @ ër*" spaeing"

Po * Z"Lfi
þ

Ïn coLunn trest series 2 'bhe theoreticaj- si,rain readj.R¡'rc

,;¡ey-e a.rrtved at by +;he foi.l-ow:tng s:i_nçle derivai:j.ons

ï), op +P1¿es
s$ A +S Aceccìgg

=6(g "{ +E A}* ci e 3 S"

€ * Po,/Eu É"u +- E* Au

where 11," = noCul-us of elast,j.eity of concr.e.lle * 3"2:e l_CÐu

pså

A,^ * 0.58 - "01 : A"57 sq" inso{ii

E* = modulus of elasti-cit¡r of st,ee1 *. JO x 1.06 psÍ

A^ = 0"012Ly sa, insu

% * total 3,oad appliect to üre coLuran"

Tl¡ene seemecl to be littre e ov,s.el-abi.on be'Lvreen ',he thg"ee

differen't, sets of' varrres for st,rain. The theoretíeal vaLueg r.¿ere

lowest, the SPu& et,rain readings carne nexb by a factor o.f appro:rimatel-y

-1-"fn and thed5.a1 gage readings tuere highest, by a faetor of appro:ci_-,

mately /¡.t" Fur*her testing v¡opLd be neeessary to gíve aelequale
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TABLE TVf

Column Yesb Series I

S{.,rain Read5-ngs in Micro inches/ineh

Col. " #1 Col-" #2 CaL, #3 CoL, #Ir CoL" #5 Co3, ít6

Load DiaÏ sRl+ Dial- SR¿s DiaI sRJ+ ÐiaI slì4 Di.al sR/+ Dial- brfl¡

0

æo

40t
óoo

BÛO

L00û

l_200

1.400

CI

1300

2L5e

3l+3O

4600

672s

n

L'

CI

3-55

5h.o

0

L575

L770

?11,n

2¿+6t

303ö

o

$6
2'7t7

38L

&.90

635

0

¿,ll0

7TA

w3a
2000

0

4)

95

r85

0

3t+Ð

585

lCIi.0

L73a

2600

0

2t3

380

2¿v

/00
287

0

585

u60
fu+30

1630

2030

0

6"1

i?r
2t+$

350

lr90

0

3h5

ÐÀ)

485

l-l-60

t3i0
¿)y\-,

1?¿'0

o

23t

385

5lt
53Ð

75t
tøa

YöJ

!gM-$s-.
/lntî)-
-Llatt¿

tr.1

1l¡
lîJr

#5
11r'
îfÐ

Arreyage

!&!,åEegs&q4
u2r#

9851f

s30#

La65{í

tL?5íÍ

156c#

rLÐ{f
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TABI,E I]IEæ
Êql-umn Test Series 1l

Gol-umn i\o"
tlt

'ÌT Å.

Jt*lt¿

ff)

trle

#5

Aver.age

ul--!¡sg9-e__!eq4

ßa3ll
Je30#

:Ì_000#

L3á¡.5/¡!

L285ll

r27alf

Strain ReadÍngs in

Col" #1" to]- . #2 tel-. #3 CeL. #+ CaL" #5

Load Ðial- sR4 Dial- SR& Diaï Sru¿ Di.el SR4 DiaI t SRå Desfprì

0

200

Å.0c

lna
UL,,Ii,'

BÛO

1000

J,¿\J'ù

.Ï{'OC

0

267
8 AA
L,,u,e+

61 '¡

!))

975

1380

0

180

3L6

!+53

593

730

S¿rO

n

tg2
886

L3LLA

L99ø

259t

31i0
) (ou

0

318

t+l+B

573-

6¿o

693

785

900

U

265

707

1l_00

2210

0

)'7 E

t+gv

670
n, Ê(44

'7',{2

0

23e

ir?5
'1535

:¡"9?0

2Ê50

âtå80

cl ol ol o

,3 lasalzsa I n,

53 f loeslua+ | :.ee

L65 l:¡.:ço i 6z:. I ,rs
zw l:.roo I zer | ,u,,
Lasl lezr I dss
5óol5¿76lsz+ i l¿¿
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reasons -for the variat,ion"

However, the ultimate failures was typåcal of laterar tled
reinforee<i eoncrete col-umns" Â11 faiLures occured due to buekling

of verticaL steel between the lateral ties" ALso .Lhe ul-i:i¡rate

failure checked reasonably close t,o uLt,imate theory"

The average of, the resulis of test series p was I_TQÉ, fuft
(see Tabl-e iv h)" By- ul-tjmate design theory the column eapaeiiy x{ass

p *d(o"85roe (A_-=¿_)+A f )-LL , g *sr,-s*y,
'¿¡heFe $ * A"7Ðo a reduction factor for unavoidable eeeent,rÌ-ci,cyu

p* * 0"?o (o"85 (,zaza)(o.5go - 0"012) + 0.012& x J+O9CO0 .)

* l"tó5#

Tliris 'bhe tesi results were approxirnateJ:y Lofl hÍgher th¿n theareÈåea1

¡'esu-!-ts 
"

¿gs*9Je!¿Je_.F-üg

Four slab tests we'e ca*ied ou{: in order to give an

j.nclieation of the inerease i.n streng'i;h ç¡ith the use of, 19 gage vrire

mesh" Al-L sl-at¡s were Loadecr at t,hethj-rd points as two-way s]_abs

ali:liough reinforctirg sbeet was pJ-acecì running in both dlree.L,ions_

Two slabe l'¡ere reínfo:'ced rtrith black anneal"ed wire on a parr grid

a¡rd ùiso sl-abs ç¡ere reinforced r,,iåi;h t,he 3¿r, wire mesh" (see Fl-ate 5a)

However the sa¡ne si-ue of slab and area of reinforcing steeì- (ån tr,e

direct,ion of ma:úmuun siress) were used in all /l sl-abs, The structural

¡:roperi:ies, of these sl-abs are list,ed as fol-Lorsss
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TAÞI,E -TÏb.

Structural Properties of Test Slabs

No* of sanples

Srze

Type of steel

d

h

As in 'bension

!"
l. \¡

f f',e

P
9t''l:-

P

"!!Jri x 1"99'8
$ 5"OtÊr

blaclç annealed.
wíre

"i+ïi+et

l"ggel

"OA375 sÇ" lns"

,la0r000 pså

J-96ü psi

Y?{f

e5l/

e5#

"49þ

Test 1"1

"523n H 2"02tr
x !"flçtt

å" 19 gage v;åz.e
nesh

¡ qJ ÍP-4É4"

2"û2!s

"00379 sq" ìns"

6?,ûco psi

2c+5û psl.

t¿¡.1l

L9Åíl

a +âJl¿()tlir

nsd
6 All+ro

-r
Ll

Reinforcing steel- for test 1 eoileistetl of 3:åg g*6e bj.aek

¿:ineel-ecl wi.res r'unníng in the longiludinal dii"eetion anci ? :in àhe

transverse dj.reetj-on" All- r.rire was eoLd r,¡orlced .î;c, 4.ü¡0C0 pçj.

riel-d. The rrli;år'a'ue design of these two slabs rras &s foil-crss;

"kå*tu.
AF

^ Ð .*c_JY'- bdfoe'-

u}çi.nate ynoment-

" -"-993?5it¿E oCIt:=- Í1{ì?1"99x "i+11,.xf9óÐ - 
ot'7)

=bd?foeq{}-o"5gq}

Teet å
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L"gg ("Ìour)z tg6o (,ogj) (r-.055)

58"8"#

Po= ffi æ ?A"hfÍ

ra'cåo of fairure road Èo urtimate r-oad = & s L"35

ReÍnforcing steel for i:esÈ LL consisted of the $sr Hire

mesh" Three 'trlres ïIere r'unning in i:he longitridinal direei;ion and

eLeven in the transferse cij-ree'Lion" The ul-t,Ímate design of t"hese

tr.¡o sLabs r.Jas as foltor¡s;

.ilecqf&å

_=@3i8_Ëi"--.*__!l*a_oQ.ci r= 2"õã- J€i_ _.ç al_Tö

ultimate ilôlileflt e 2"A?.

-= LC{Jtr#

1C)0A- *' -#å 13 L4ûílð¿ "öJ)

rat,io of failure load to
'l ó(å

utr'binate Load * Tãõ ïì \"57

The elastie behaviouy' of the slabs should be -j_der¡tíeal-

l¡ut tire ultimate lcad in flexr¡re of the sl-a?: reinforeed uith wire rnesh

i,rgs a]¡lr:sù tv¡ice t,hat, of the slab reínforeed wi-th the sarne area

*lf 1-"1-aek anneal-ecl wlre aÈ l+t"000 pså yÍel<i" The rnain reason for

i:he inc::ease ån the sl-ab reinforeed t¡ibh wire rnesh rras the higlå

yield stress (6?1000 pså). The fact that a rr.eater. area of ste¡eÌ

was aetually used. in the modeL (mesh is at $u spe.eing while desågn

call-s for flm spacing) wåi-I alsc i¡rcrease Èhe eapaeity o.t- .bhe

= "121"

(,trztr)2 paw t"lzt) (:--"o?r3)
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existing modeL sLabs* Thus ì;he model- buítd5-ng slabs woul-d fail al:
rl Ê,

å8S x e# /'IA"L Õr i+"tCI times the predie+;ed design" The -ratio
ê l\.,

of failure load'Lo ultínrate design load for the sLab reinforeed with

blask anneaLed. w-ire and the slab reinfo¡"ceC wi-'t:h -"'¡i-re mesh r.+as 1"35

and l-,57 respectively" Thue there ?tas an íncrease in fle:zurai s'brength

of 'bhe 1,/16 saa.l-e sl-abs over uLtimate desS.gn theory of 35 'ia 57fr, The

Þ of steel in tl-rese siabs was Less than $É"

The cs.aek patterns again wes'e outsta.rrdÍng in that ihev'e was

no e::ack dists'ibu-È5.on" All four sl-abs f,ail-ed due ta bhe deo;el-oÊerent'

of one and et mosi tr¿'o tensicn er&eks"

lro ååessqåLoe *qs Aqssgess sg- Usgså ÐåHååg-r;![s.

Thre previe¡us 'tests in thap'cer llr* ruere all perfor"meC te>

debermine the aceu'¡..aey of a r'einl"crcecl concrete msdel- of l- flo ló ssiallæ

i:: pred5-eting p'::otoi:ype behar.¡åour'. Thev'e tte:'e i;vJo nain ques'i,j-ons

'ryhj.eh had f,o be ansr^lered, 'fhe fj.rs't ¡¡¡as v.¡hethe:'Í:he model eoaJ-d be

buålt a,ccuratel¡¡ in dinens:!-cn E¿ncl the s'svr:ctural propert'ies ef a-l l-

íte neirr-hers aecure"'Lel¡r celntrolled" The seeond tr"'as rq:hether tliei'c

iv(3:'e unexpJ-ain.:ble trseale effeeÈsr¡ ceaur'ång in this sea.le r"ange and

j.f so v¡hat i,¡ere the;r, and v;hal effeei did bhey haue cn t he ultima'be

eapaei'Ly and el-astic range of the nodel-.

The firsÈ questi-on apoeaz'ed tc b e éìnsr¡rered " The contr'o1 on

'Lhe eoncrete poured a.nri reinforeing steel pi-aced was adequaTe" A:-Ï

reínforei¡'ig sf,ee1 ín i:he noCel (exeept for the í3cor sLa.t: s'bee.L) i,ças

maintaÍned ai; lç0rCI00 pså yielC and rr,ell v¡ithån !5ß. Th* f-l-oçr' sLa'r,

steel-, r.r-hen the increase in yield sùrength, grid s'paeing etLd Ê'sea.!-e

effeetstt 'crere eonsidez"erl, i,ras overçlesigned by a faet,or stigh'b3-y .!-arger'



than fouro He¡we\¡er, this r,*as not eonsidered serious as the eraståe

beharr:-our of the slabs shoul-d not be altere<l" The physíea} dimensjons

of the sLabs r.emeined within 5fi and, the smal-X ã of reinforeing sieel-

(less 'rhan Ì/2) woulcl not affeet the frexuraL rigi-dåiy of the srab"

The ulti¡late strength of the eoncrebe was determàned from an adequate

nunrber o-f conere'î'.e test, cyiÍnders and founcì to have a stancard

devi.a.tion from the mean steeng'lh of lú.6É. This was belíevecl well

i'¡ithín ncr*rna} eontrol- e:rpectal,i.ons as il-1us'Lra.ì;ed by Graph TVìr"

The answez" "¿o 'bhe seecnd questlcn r.rl-bh respeet to 'ûseaLe

ef-fect'ssr Þraß trore dåfilieul'¿ to anatr-yse, There r4,'as a definite inc:rease

in strengt,h ir¡ the me¡c,el- beams as eompar.ed to the pr*ototype beÐ-rnsô

lfhi.s ine¡'ease -,ñrè.s a6ain evident, in ¡nodel" slab tests" Both of these

i:ea't"s {mcideJ- bee¡rs ai-icl slabs} i"iere st::ie'u1y fle:mra1 failures. T¡e

iirsr-'ease in strength oÍ model. io proto'bype var"ied frs)n 35.ß La *flof;,"

Ï'L vras e:leeptionally eonsisbent for the t,hree di.f.îerent mod.e1 bean'r

test s lrei.ng an i¡:ar-ea.se of f U.f' t==yfrj" The iiist¡"ibr¡tåon oí i',enslon

crecks in i;he rnod<¡J- beanrs and sla.i¡s va¡'ied eonsiderab-J-y from ihe

patterri d.everciped in the pro''cot¡rpe beamso (see Figure 6 and plai',e !o)

Ílhe n/3-ó seale moeie3- bea¡ns d.e've-l,oþed. cne or tr¡rô .Large eracks r,.¡hi-l-e the

pi'ctctype had a d,is'bribution of numerous f:ine cr-ackg" lúithin ihe

elasi;jr: tanf,e '¡,Ìre nlcdel- bearns compared. quite fa.vourabLy to i:he

pioto'i;rpe" The rnrd.eÏ, hewever'" appeared to be slightì-y sLj.ffer. 'bhan

.i;ire prot,c;1,¡rpe" This could be e;çl_ai.ned by i;he earn-y. deveS-opr.ent af

fine cracks in t'he proto'i;ype and the resulting deviation fron the

loaci deflectioR crtrre of 'Lhe modei (see Graph lVd)"

The inabilit:l o.f srna1l scale rnoclel-s of reinforced conerete

t,o dist-r"-ibuie concret e cracking i,hroughou'b 'i;ìre I-ength of i;he msnber
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had been evident for sorne t:-me" Tn a serj.es of tes't,s carried ou.o by

Massachusett'e; Tnstitute of reehnoi-ory in eonjuncts.on with the

ilnivers:-dad central in caracas, venesuala on model- ¡u*uu*(?) åt ruas

found thaà an i ncrease in f'l e;mral strengüh v¡as evfdent" with ínerease

i¡r seal-e faeto¡". Also, thie inez'ease in s'brength rvas related. direetly

Èo "bhe S of reinforcing steer r¡sed" rf Sarge pereen'i;ages of, sÈeeJ-

r¡ere used (i,n the order of ¿}Ë) there ".rere signifi-ean't, inereases'ìn

stz'engf;h for smaIl seaie mcclel-su As the percentage of sÈeeL deereased

tlre increase in s'creng'th r..'as no'L as pronouncecl" The pereent o.f

reinforeing s'Lee1 ln the modetr slabs v¡as less than åÉ and the inerease

iir si',rengbh varied fra¡n 35fr lo 5"ifl" The pereent of z.einforcing

süeel- in the moclel L¡ea"ins r,vas l-.ó7Í and the jne¡"ea.s,è ín s'r,rer:gùh i,;aet

consis'¿ent af" ?/.yîá" Tliis r,^¡oi,ll-d appear to be comparabLe r,.a"ch ',:he

oxperi.ments stated aboveo These test,s deaJ- oirly with fLexurai behavlour"

The rnode.l- eulumns tested Ín Seciion :r-iå of Chapt,eû IV indie¿r'Led. ar¡

i¡:c¡'ease iir s't,rengtlz over. uI'¿imate design '+heor¡r of -i-OS" Thus Íü

sti'aigh't compression ther"e appeai"ed to be a less sign-ir:fieant, ine¡:ease

Í-n st'rengLh due to ti-qeal"e effeetsrÌ"

Tb t¡¡ould b e reasonabLe to e:<peet exceiLent comparison of Èhe

1rl1ó seale rnodel- wíth full- seal-e resu-l-ts r¡f'Uhin the elastie range"

llowevero at, ultimate f¿liLure there would be a pronorlileed iRcneaee

ån eapaciiJ' of ihe 1Æ-ó scal-e mcdel- (depending on íhe percent of

reínfo::cing slr,eel) in ihe orcler of 75fi ior fle:mral- failures" Bond

failures r'¡ere not anal-}assd exLensively but ff,orn erperienee in t,esbi.ng

and prin-bed litere;bure bond defecÈs. csuJ-d be a probiem" The expec{,ed

'¡+ See tsibliogragp"



Et,

increase 5-n strengbh fer eærpression fallures wouLd be in the clrder

of åOÉ" Theee figureo of inerease of st,rength due to ttseaXe effeetsrt

wetuld be used as a guíde only as not enough test5_ng l^ad been earsíed

i¡ut in eaeh ease to justify an exaeÈ sûatement,,
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All si:ee1 was plaeed aecording to 'i;hre Ameriean Conereüe

Tns'¿i'L,ute Bull<li.ng Cdeu 195é edition" The lateral ties for coLr¡¡agì

and shear waLL steel were soïdered irr pcs:l-tíon r¡ith the use of

1{Ll-SflaÈe Paste Eolcler (see Plate L2 a-nci I3). Before Èhe sa:lcler

weuld a.dhere ëo the r¡d¿a1 the proteei:ive eort of paint on the r"r¿re

had'i;o be removed" This r.-'as earr'íed oui by dåpp5"ng t,he ruir'eu aften

eol-d w<¡rkångo ån a L to & hydroehl-oy.åc.acicl be.th for approxiid:ely

fj-ve minutes" Tl;ie re.moved the p,ain'L givine a c3-ear surfaee Í'or

p¡:oper: solderÌng" The ¡¡aLL steeL fol: the shee:{. r'¡al.i-s ¡¡as soldered

'Loget'her:-n the form of a vertical n:at" .41I ccl'anin sgteel" ar:d sÌ^rea¡..-

''uall- sÈeel- was faby'iea-bed irr three 3errgl;hs" The first faLrrieatiori

v¡as con{,inr-xöus for tl¡e firsì; three stcríes, ihe second fabrieaLion

for the ne:* four sÈories, and the thÍrd fabrication forLhe top

'bhree stories" Dot¡¡eLs i*ere plaeed at t,Ê:e forrrth and eigTri,h fioor

levetrs for aclequaÈe bond" 1i'he fj.rsù fabrieaLåcn of eoLurnn ahci sh¡ear

uaÏl- steel- is shor,¡rr in pXaoe ln P1a'be ?" To determìne the effeet

of the acid baih and hea't due t,o so3-dering on the yield point 'Ltre

wire v¡as tested after cold ",vor.rring, afÈer the aeicl bath and t,hen

afùer soldering. The results of these t,es'bs indieated a negligible

change in the yield strength"

Plaeine of Sl-ab St,eel-"

The slab steel- eonsfsÈed o{ the $'rr ga}vanized sereen mesÞi

3J- c
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as deseribed in chapter rrr. ii, was neeessary to place tr,,ro rayers

of eteeL ån a sLab having a totaL depth ar 6þ/x6 inehes. small

pieees of the trg gage r¡¡ire rnesh were praeed u¡der the mat to aesure

the proper cover of, eonerete on the bottom eteel-" smal-l- staples

were then used. to hold the bottom mat down on top of these spacerso

The stapS.e !ìras driven into the sLab forsns ancl small pieees of balsa

r';ood we<lged betv¡een the staple and the bq¡ttom steel. plate I shoç¿s

'she boütom steel. for one floor in ptaee and being poured" The top.

s'beel vras p3aeed immedåat,e1y after the sl-ab was poured and t-rowelLed"

Smalt maùs rcere plaeed over eaeh eol-umn and shear '*¡aII aceonding to

the anpårieatr design proeedure set oui in the ,&n-eriean conereüe

lnsti+.ube eode" Figure 7 sLrows the placing of the t,op sieel for aL}

slabsr "

iii " ÐeÞn!e_.a!i_o_+ o{ Igry___.Ë,"

The slab forrns r+ere macle frorn square f ooi; panels of f n

pl-¡¡vcod with a ï/8rr blreh coveru The t/8* bireh shee'b was glued to
'bhe i:ly-r.rood in srder io gíve a srnooth finish" The pr"oper notches

r+ere cut fron each cÕi3ner of the panel i;o allou¡ the e<¡Lumn and shear

r¡*11 fo::ms to be plaeed ín their cor¡'ect positS-ons" The J-2 separate

paners uere then assembLed together" A seb of ihree panel-s vrere

assembled i.¡íth two Ïtr x 3tr l-aÈhs and wood screws" Then t,he four

eets of three r'rere essefiìbJ-ed by nail-ing the¡n to two rigid wooden

supports appro:cimaÈely 5å feeû long running parallel to the ]_ongåtudina].

cJirection of the buil-di-ng. The eni:ire assembly was then suppor-{ed as

slroi,itn in plates 15 to 27. The proper d epÈh of sLab v¡as mai-ntained by

usíng süee} d.exion angle iron as the dge f,oyms. These v¡ere f astened
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r,rith serer¿s to the rvooden panels. Tiveni;y:four hours af'ber each slab

uas poured ihe forms were removêd" The saJïe panel for:ns'!ì¡ere r.eassembled

fos' each of the ten s'labs poured"

The eolunn and shear v¡alI forms Ïirere all fabrieated frc¡m

plexiglass, They were maehi.ned to Hl-thin 5y'lrGCIOt' aeeuraeyo

Plexiglass hras used for several reasonso Sinee the colurnn ancì, shear

i.+all-s contained sèeeL in such a eonfined spaee ít was important to

be assuc'ed that, there vrere no voids l,rithin 'bhe forms when the eone:'e'be

r,ras plaeedo Sånee t,he plexiglass is transpapenr, ià made it possåble

'bo J-oeate aln large air bubbles and *¡åbz'a"ue the forms in the

proper J-oeation to remove 'i:heri" AJ-so, p3-exiglass is easiJ-y rnaehÍneii

and accuraey of ci.!nens:!.on vras easiiy maintained" The smooi;h surfaee

of' 't'he plexiglass al-Iows for be"¿ter f3-or+ of the concrete i,han woul-d be

possibJ-e rn'ith r'¡ood- forfis" PLate 13 shor'¡s several- of the eolumh fos.fris

staeked end orie assembled" The coLirmn forms !üere reused for the

ent,ire buå1ding" (See pJ-atus 9a 3-0, and .13 for method of fcr.inlng

eoJ.rrnns). The shear" r,''al.I f orrns t'rere repJ.aced v¡illh new ones aft,er ühe

íifth storey.

ivo qç¡gJ.ægligg lf*o*e_edgr.e"

Tab1e 1i6 gives the eonstruetion t inetabLe from b eginn5-ng to

end of construetion" PLate ? ilLust:rates how the gråd systen fo:i. the

fiz'si: lift of columns rvas origínal1y set or¡t " The posii:Lcn of the

col"tunns vsas marked ou.t, on the coircrete base and a laÈh gr-i-d suppor'¿ed.

a-pproxi-mately ttoro feet above the base" The column and shear walL

steel all had a one ineh 9ûo bend in the steeL at the base" Th-,¡-s r.ras

to ensure proper anehorage i-n the Iå-tu tt*u* fl-cor sl-ab" The 'bo¡: of
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the eolumn steel was then anchored to the lath grid in the proper

position. the first fl-oor slab r¡as then poured" The column forme

were then plaeed and the floor paneJ. assembly dropped over the eolumn

steeL and anchored in plaee røíth the use of the corner supÞorts"

The coLumns were then poured and tr'renÈy.-four hours later the sl-ab"

The sLab r+as allowed Nwenty-four hours to cure and then the sLab

forms removed" The process was repeated in the same sequenee unf,í3

complet,ion' víbration of the conerete for p]-aeing was carrÍect out

wil:h the use of a ftc utuu'¿rie dril},
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EAgtE__ge

Construction Tirne{:able

Date De.gg,Lo_pnent þ!s
lMareh J-? I O*--bar eomplete to fourLh floor,

i uarcrr rs I uu*st floor poured"tt
|iøareh 25 | nirst 'i;o seccnd, fLoor v¡alLs poured andI f col-umns Z^e 5h, 58, 5C"it
lÌ'tar*h 26 I oust, of cori¡mns fl-rst, to second vrere poured,

I uo*=.u l- | o"e hatf of second floor poured,t'l--
I nprtL Z I t*cond floor completecl"tt
I April 5 | second ùo thi-i"d columns completed,"tt
I npri.l" ? | frl=rd fl.oor poured.tt
I LprS.t 9 I ttrird to fourilr coLumns poured"
tt
I Aprrl- 1] | t"urth fLoor poured.
i{
i Aprål 23 I Fourth Èo fif'r,h eoLumns poured"
ti
I April 25 i O*f.Lh ftoor pcured,
tt
I npril 2? I Uafth Èo sixth eot-umns poured.ttit
I April 29 I t¿xbh fLoor poured*
tt
itt* L l tty;th to seventh columns pouredoti
I t"iaY L I t*venth f:ioor poured.
rl I

May 6 I t*venth to eighth columns poured"
I

May ? I nighth fJ-oor poured"
I

May' I Í ttghth to ninth coh:mns poured"¡"
May 1Ì I *rn",,h fLoor poured"

i
May J-2 I *tn1[h to tenth eo].umns poui:ed.

!
Ì.{ay i3 I Tun.Lh fLoor. poured o

I
i'lay l-9 I **n'{,h io roof eolwrms poured" 

I

r¿e¡*3?-***"-L---***J=rþ p-o:qe.j. 
I

L5

¿6

r(f

ìa

20

2J-

7e.

7

22

a2

21",

25

26

2"f
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Chapter Vl

ÏI,ISTryE¡ùIATIAü ¡NÐ !A4ÐINq PROCEDUNES

ALl readings of direet }ateral defl"eetion and 1oea] eonerete

strains were obt,ained v¡ith the use of mechanieal dial indicators and

sR:,& strain gages" The design of a loadlng apparatus rqas r-equired

Lo apply a unifôrm lateral load to assimul¿te rv'ind J-oading"

io F3:& Saees_,

AIX wrre SR-/ç gages were of $ ineh gage 3-engtho type A-.go

resi.stance L20 ohms, gage faeton 2"0Ïo anci manufactr¡c.ed by the

Baldvd.n-Li-ma-Hamilton corporatÍon. The sR-,& gages rvere plaeed as

shov¡n on Figure 8" The gages vrere positioned on the third floon

sLab for the purpose of obtaining ùhe point of infl-eetion b e'uvreen

the shear v¡al-l- and exLerior columns" Loeation of the poånts of,

infl-eet,ron were rcquired fon a theoreticaL franre anaJ-ysis of èhe

bu.ildíng' Gage numbers 9 to 18 l*ere positi-oned to determíire the

behaviour of the sLab to eclumn joint" From these readings a defleeted

shape for t'he exberior col-t¡-mn in the plane of the shear nal-1.. ar¡d eolumn

to sLab eonnection cor¿-ld, be determinedo The range of t!¡e
readings were fvorn 2 or 3 mieroi-nehes to ro0 mieroinehes. For

reeording readings the manuaL SÞ=å Straín Indícabor Type N nanlfactured

Uf naflwfn-Lima-Hanilton Corporation vras usedl"

ii, yeehe[igel !iê! Gegeq.

Mechanieal diaS indieators were used to obtain lateraL

defl-ections at each floor l"evel. They rvere atÈ¿ched to a rigåd
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frame and p,age readings to the nearest Vl"Ouooo Íneh v¡ere reeorded

at each floor tevel (except at t,he tenth fLoor level). The gages

røere numbered from roof to first froor as gages L to 9, Fon rateraL

loading in the direction of the shear walls the qages were attached

so that they read the lateral defleetion at the niddle of eaeh slab

along the centre frame" Thus the defleeted shape under varj-ous loads

couLd be determined' For lateral loadlng ín the direetion perpendieular

to the shear walls the same method of fixing the gages v¡as used. Thus

Lateral defleetions lìIere again obtained for eaeh floor level and the

deflected shape of the model- under different l-oads could ncr+ be obtafned

for a build5.ng frame wÍthout shear walls"

iii-" lqgd¿le 4ppereÈus_,

The purpose of the loadång method, was to appl-y a uniform

lat,eral- l-oad to assimårate v¡ind loading" The Loadång apparatus for
J^oad application in the direction paralle1 to t,he shear walLs eonsisüecl

of a w-lffle tree systern. "l-r.¡o fxoors x.Jere loaded together with the

use of wooden slabs (see Plate 30)" Black anneal-ed rsjre and aluminum

piping were used to assemble the horizontal yoke system" small"

pulxeys were then useri wfth a S.oading frame (see pl-ate zg) for appl$.--

eatíon of dead weights to assi¡dlate unífom loading for two fl_oors,

For applying a uniform laterar road for alL floors såmultaneousl-y

a different system was used, Four of the fíve horizontaX- yoke systenrs

were again yoked together in a vertiear prane. Thue from one road

apprication the applied load wourd be unifonnly dist,ribut,ed to eíght

ftroorso This l-oad was applied usíng a pulley systern and ÈurnbuekLe



Ð¿

ivith a dynamometer for reeording the load" The top tr,ro floors rdere

loaded using the loading frame as before and applving dead weights"

The wiffle tree systøn ïras arran.-ed so that the proper portion of

the load was appJ.ied at, each f1oor. For design load this is
illustrated in Figure 9" The same horizontal yoke system was used

for load appllcation in the directåon perpendicular to the prane of

the shear walLs,
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CH¡',PTER, VIT

T!;ST PRoCEDURU AN STéI_RESUI,TE"

The model v¡as loaded in two direetions to obtaín

(a) the defl-ected shape of the model eontaining shear wall-s and

{U) the defleet,ed shape when no shear v¡allLs were aetÍng" In the

shear v¡aII direction tuo t¡rpes of loads were applied" One v¡as the

appi-ication of riead weightsu the l-oad being dåstríbuted to tr,vo fl-oors

onJ-y. The seeond r,¡as with t,he applieat,ion of a turnbuekle at one

poJ.ntn the load being df.stributed to eight fl-oÕrs and the top two

f'loors helng loaded by. dead we5-ghts" Thus the ent,j.re model was

load.ed simultaneous3-y wi,th a unåfo:'n l-ateral load" The loading of

tioio floors at a tj-me u¡ith clead vreights was t,he onJ-y method used in

';he direction perpendlcuLar t,o the p3-ane of the shear vral-l-"

The t,est resul-ts ;rre div'ided inÈo Lhree categories:

lalera.l defleetions, sl-ab defonïations, and joint defornraì:ions"

1" La.tera1 Defleeti-ons,

The tests earried out to detennine lateral deflection

(see Figure 9 for location of gages) was divided into tr+o parts"

The first part dealt wj.th lateral defLeetions and resulÈing defleeted

shape of the model in the plane of the shear v¡alis" Three ies'b series

l'Jere earried. out as folLor,*ss

Þ. €eråeq r:

The model was loaded u¡ith dead weights two fl-oors aÈ a

tlme and the lateral- defleetions recorded fos" each fLoor level,
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This test seri-es involved three trials. The three trials and a.verage

values were recorrìed in TabLe VIIa. B¡¡ superposition tl;e defl-eeted

s.lÞpe clr;e to t,otal uniform lateral loading was determined from the

âverage of the t,hree trials" The deflected shapes were shown jn

Graphs VIIa and VIle for one half clesign load increments {,o twice

design l-oad.

Test--Ðer:ies-JI:

In this series tlie model was loaded with a t,ot.aL uni-fom

1a'Ueral loading apptied sinultaneously. Again three tri¿L rt¡ns kr€re

carried out and the lateral de.fLe,c'bions recorcled Ín Tabl-e trrÏTb"

The latera1 loadln65 varied from one haLf clesign load to twåce desågn

l-oad in one hal-f d.esågn load lncrer¡ent,s" A cornparj-sr-.n .,våth test

series l and ïT and with theory r{(¡re illus'brated in Graph r./lÏc.

&É-Hes:lIÃ:
les'b series IiT is identieaL '¿o 't,est series fI exeep'L .ihai;

lcsding was eontinued in one hal-f design-loaC increwents unt,il- failui:e

of'the loading rnechanism oecufiedo I'b r"¡as attemp'bed to load i:he rrode]

to failur-e but suecessir¡e fail-ures of the loading apparatus preventecl

ulti¡rate fajlure of the model being reached in thi-s test series"

Thus the r,rodel r,¡as 1oaded to a mæ.i.mr:n of four ij¡nes design loacl.

This brought the model- into the plastic renge (see load defleetion

curve on Graph VTlk) as a definite permanent set was recorded.

See Table VIÏs for tabulation of the lateral deflections" Gr"aph VIïd

jllustrates the defleeted slrape of the model under clifferenb totaS

load increments and eornpares them rqiÈh the theory"

The seeond parì; of the test result,s involving 1a{,eraJ-
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clefl-eetions deali with t,he defleeted shape of the modeL uhen l-oaded

ín the d.is'ecticn perpendieular to the pLane of th'e shea¡: vralI. Thi.s

ga\¡e a eomparison between a structure rel¡ring on frarne rugid'Ly only

(no shear wall-s) r,vith the previous resuJ-'Ls" Foutr test, series were

carried ouL as foIlov,¡s:

LesL-Qe{åçË-Jg:

The mod.el was loaded wij;h e. n0/l la'ceraL tr-eedy'fJ-oor, 3-oading

being applied two fl-oors at a time and lateraì defleeitions being

recorded at alL fLoors (except J-CIth floor)" 0n1-y one ts'ía1 r"'as carried

oLtt" The defSeetions r¡i€rê r€corrìed ín TabLe VIIC ¿rnd t,he defSeellions

due to t o'caL laùeral loading found by superposition. Gra'¡:hs ViIe and

l¡ïTj shor"'t,he defl-ectecl shape of t!:e ¡ncdel arrd a comprison r*ith

theoretical values,

H-Ðesissl:
Tesf; sries V was car.¡'ied out íclentical to'besi; se¡'ies lV

exeept that a 2O# lat^eral loady'floor r¡å.s t¿sed-u The defieetions are

'{;abu1a'b.ed in Tab1e VIIe end 'che defl-eeted shape r'¡ith a corna.rison 'co

theory t¡¡ere il-lustrai;ed in Graphs iJ.tÏf and- VITj"

Ie.E!-tgr¿-eë--l{I:

The loads l+e::e again applied tr¡o fl-oors at a. 'Ui-¡ne buü

j-n t,his 'best the defleet,íon r¡as se'i; and t,he load required +;o procluce

Èhis defleei:ion fcund" The pirrpose of' the test r,roas 1:o fånd the

rigidity of t,he bulldång l-oacled perpendieular to 'bhe shear nal} as

compared to the rigidíty in i;he direetron of tl'¡e shear rvall-. Thus'¿!'le

ì-oad reo;rrired {;o pnociuee èhe sa¡zre defleetíon at c.oÐf l-evei wculd be
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proportional to the rigidit¡r of the building" The roof deflections

of test series I at twiee desågn rsere used" The results were recorded

in TabLe VIIf. The deflected shape of the model v¡ith a cornparison to
theory v¡ere il-l-ustrated in Graph VIIg.

Ispl-jeåss vf,L:

Thís test seri.es was identieat to test, series VI except

ùhat, the defleetions used were obtained from test series r-1-T at

four times design load" The results were recorcred in TabLe vÏrg"

The defl-ecied shape of the nrodel r¡ith a cc'rparison .¿o theory were

illustraÈed in Qraph Vllh"
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ùt1iJri

íi" glab @,
SR-i.¡ gages as described in Chapter VI, part J-o vr'ere pJ-aced

on.the third f?oor slab" i

The cleflected slBpe of t,he slab aeting as a beam betv¡een

tl¿e shear v¡all- and exterior coLumns coul-d be deten¡ined, Atrso -fsr

further theoretieal airalysis the Soeation of the poånts of infl-eetio¡r

eoulri. be deterrnined. The gages were nunbered fron one to 'ben and vrere

plaeed ae shown Ín F'ågure 8" Table VIIh gave 'Lhe arrer.age values

obtained by superpcsi-tion f rom test series r " Tab.!-e vrrj an<i vrrk

.gave the aver'åge r"esulÈs of ùest serj-es rr and rrl respeet,ively"

'fne rief,Ieeted shape of 'Lhe model es deråved by the ¡'age readings

was il.l-us{:rated in Ftgi.ii"e 3-û"

i.ii " ftlg! !ete&L+__t_i-onq "

SR:{ .gages r.,rere p3-aced. on the sterioz' col-r¡tn ir1 the plane

oí i;he shear He,tr:i- for one storey heig;ht abÕr,e and beloiir t,he 'Lhiyci fle¡or"

The s*act locai;icn of lhese fiages eah be ob,¿aineii from figure I

{nurnber"s }L bo lu} " Fi'on L,he sage readings the defleeted sTrape of the

eol-umn can be ob't,ained antl'lccatio:'¡ of i:oints of inflec'i;ion deterrlíned"

TabLe vrÏl ga.ve the a."¡era.ge values obi:eined by super.posj-tion frcrn

ùest ser"ies To Tab.Le vrTm and vtrrn gave the averag;e resul'cs of tesÈ

ser-'r-es II and Il l respectively. The defleeted shape was ill-ustratect

in Figure 3.CI"

¡



CHAPTER irril

_piåqqÊEr-aq sg wHE

The eent,rol on maiberia1 propertiee and eonsÈruet,åon

quaLíty showed the moetel" '¿o be r+åthin '¿he Iåmifs of aeeureey exp€eted

en a .fuLL-scale etrueture (see elepeen Trl and rvfi" The fol]_ovrång

diseussion r.¡ålL ínvol-ve tl'¡e eLastíe behaviour of the mocleL" Freun .L,he

diseus$Íon on adequaey- of inedeL simi.l-a.rj.ty ån chapt,e¡: trlr part v
1t' w¿s conel-uded tÏra'u the nr+del wouLd represenÈ aeeuralei.y e f,ti3-ì--,

sealie repi.iea ¡sÍthín the el-aetie e,opaci'i:y of the s*cru_atu.re, This

ha¡ beeil bo¡"ne cltl wåi-,h'L,he experi¡rental r.esuJ-'bs ae ilLuE¡t,rated ici

[.ri'a.phs FT]{a ùo tr7ÏIj a.nei ti:eår *ompar5.son te t.neoz.y.

io Thees'e{:.i.cal îIeeüì.'t*^r ._ __.::tr:i-

Theoty in tl:j-s case refers t$ .[:he tr{as¡-i. ¡ieilrcd. +f analys:'"s;+(i+)

-iÌor free Í'r-arnes e.ntÍ err a.d.a,pt,ai:i.on of th:r,s n:eùhcel Lo íne-1.t¡de frames

.eo¡:rteL:ring shear nal"iso 'llhe líeni iue-bhq:r"1. eif anaJ_ysj,s foi: bùt?¡ free

.f:fer¡les an.d f'or frarres eantaànirig sl:ear r,+ål-I-s ha.s been p3"Õgï,å.îrrrilei! fo3

*i1e l-62Û *unpurle:''by "o:'tlfessor G" þfutr¡"ås" The use e¡f,.btzis pr.ogrg¡tame

h¿s inade i-c possibLe t,o úÕïul)åi.e al-L later-.sL defleetj.ons cieiernåned

h;r e,xpe:'åmeni Èo a 'bheore'bi.caJ- ana3-ysåsn The genei'ær princåp-{-es

å;rvEll-ve,l- i¡: 'h-l"¡e Kanå ¡nethec and i{:s adapta.Lion to frases ineJ-udíng

shesr v;a'lrg has beer¡ i?lustrat;eci ån þpendåx Trr, The on.Ì-;r

rissunptåons requ:red ån ,¿ltås anaLl,sås r+eres

{r) '¿!ie wåci?:,Fi of eLab v;håeh ur:uLd aet, ín b esm aeticn es part of the

ftråsle*

(a) !-,oeat,åen of the poånÈs of infl-eetåon in these

The width of sl-ab used. "dìras 5 inehes" R*fo**nuu*(3)

ti See Eibl_i.ography*

r¡beåæsslo.

r"ras Ësed t,o ac.yi-ve



(ií- |

at, this fig.ire, The analysis by' Khan and. Sharounis invoLved the u_se

of, a model to detecTnine the effeetive r¡irìùh of slab io be used as a

beam elernent. The l-oeation of t,he points of inflection Ín'¿his beam

eLernen'b v¡as êaken â.s one half the eleay span" This rEas derived

from the results of the SR-I¡ gaSes placed along i;he slab in '¿he shear

wall- frame" All- the pertinent data required for the compu'i;er analysùs

rv¿s listed in Åppendix III" All of bhis dat,a was either La.l<en di-rect,J-y

from lhe model itself or from test,s carz.i-ed oui, in eonJunctåon wii;l¿

íhe rncdel tes'r,5-ng"

Graph l¡II'n was de¡.j-ved frcrm the me'¿hod men'cioned abÐve.

The loLai- uniform lateral- clesígn lcad was applåed'¿o eaeh of, t,he

fj.ve frames" The lcad Lake:r by eaeh frarne was f'ounrì by relaiing t,ire

:r'eiative stl"ff¡'iess of eaeh frame to t,!re shea¡: uail st,iffness" Tire

rela'ij.r¡e siiÍfiless v¡¿s fcund. by cornparilrg 'ohe l-atereL Cef.l-ee+,iorr ef

eaeh fra.me a1,'bhe 8th flooy'. Then t,he ciefl-ecter3 sha-pe of tl:e i:l.¡r.ee

franes ac'oinB 'rogether ï,¡as comÐã.r.ed r,.,ri'f,h the defi.eci;ecl shai:e of i;l.¡e

shear r,vall- fra¡res (Curve i and 2 on Graph VTIb) " ?1:e nei6h*;ed airerage

oi'ihe tuo shapes hras'Lhen referred tc¡ as'[he tlrec:"eLica1 cìesigrr curue

fori:ire bui-]-ding (curve J on Gra.ph VlIb). It u¡as Íouncl i;ha¿ Lhe 'Lircr

shear rorail frames toolc 91F of Ì;he lateral j-oa.d and the rlil:.ee f::ee

fi'a"çres look the remai-ning 9%" lJiiìrin the shee.r wal-l fre¡re li:self it

uas found thaè the contr.ibu'¿ion to l-ate¡:al stiffness of i;he Írame

b¡r'che e.rberior colurnns was negligíble (l-ess tha¡r 1É)" Thus if "cìre

res'ï stance to l-ateral loading þrå.s â.ssruï.recl bo consis'b of the -br.+o

sirea¡' walls acting as cantilever be¿r¡ns and t,he resisting n,:ments

due Lo the intereonnected slabs taken into account (see Ai:pendi:.:. ITI)

Èire design woul-cì be eonse¡'va'Líve 'o:f 9%. Ho,¡¡everbhis rnaCeL he.s r-iui'ue



l-arge shear walLs (one fuli bay l.eng'ch'¡ and it shoul-d not'ue aseu¡red

that the eanlile'¿er' design rnethod Ì¡.,oül-d be applicable for. l,esser

shear r.'ail-s,

The discussion of +.he resujts has been div:i-cled i.nio three

cat,egor.ies; later"al deflec'rionsu slab deforma,.'cåons, and joåni;

defcrmatåons 
"

ii " -ïne!er-eå !4eg.þåege:

Grapl: V"[]ia shov¡s t,he defl_ecied shape of t]re r"ode1 due äo

po:in'[ loads bein,q appli.ed iatera-l]:i¡ in tþre p]ane of the shear v¡a3_3"

These resul-i:s v¡hen c<¡mbì.ne.d b¡¡ superpositton to r"epr.esent bhe defl-ee.bed

shape of ùhe rnoce-L cìue ""o a unlforrn ]ai,er"a..l- icad do noi compare

exa.c'';-i.y r"¡i'L,h'i;he y'esu-ils ob'La:lnecì h3r.iesi: sey,ies Tj. in,¡hich t,he

sa¡ie unj-fo::nr l-a"íera-i- -Lced was e.pplÍ-ed. simu-!-'banecusl_y {see curves

L a,'id 2 in Graph tiïl-::)- Tlie ::esr-il-'Ls obj:ained -b1,' símulta.neous l_oadírrg

í.r,úes'i, series li_l wer.e grea..;er b;y- ió,¡o igfl" .it shou.id be not,eci from

'i:hr: recor'<ìecj i.'esulLs'uhat. ¿ìs nore lcad eycles ?iere appLieci. Lhe lateraj,

r-ie:i'.lec'i;iron readin¡4s increa.sed. Table vfTTa r,'i1-'l- -il-ltlstrate ihi-s:



.,!,tJ.-L

TABLE

.In_erçeÞe ie IteE¿ÞiIå.W ts¿lh

Vïfïa

Isereesg ig !'Jlj[rÞsq -q{ -qvq_Le_Ë"

li

)
A

t!+

5
6

7
.{(f
ó

Ir\l
1l_

T2

6o#/ttaov
t¡

Preliminary
Preliminary
PrelÍnrinary

ï
ï
T

ïï
ÏI
ff

rn:
ÏIT
trTT

l'-'
l+7 

"111r7.8
Lg "t3

55.O
57 "A
58 "!+

61"0
62"3
/o3 

"û

35 "g
35"O
38"6

!+3 "Q
!+5"A
!r7 "A

l+9 "5
50"0

Thås inerease in fLexibflity vuith l,tre n-cnber of lo¿d. cyc_t-es çou.l_d

e:"plain i,he dåff,erence in lest serj-es I and IT"

Tire ecilpa-;:ison b etr¡een 'the e:iper.ímen'Lai r-esults and i;i:eol1v

as j-lLus'traÙed by Graph lrlSd ro,as excellen1:. Graph VfTk l.¡oulti índicaêe

ùhat, ¡z5.elci of the stru.ctuz-e unde:: la,cerai }oadång seemecl to oecui^ at

3å times design loacl" The modeì lvas noi, l-oaded to ultjmat,¿ feilure"
The results of ilre test,s carriecr out on the rnodel ,,,¡hen

'?cading perpendiculay.ì:o t,he shear walL (see Graph VTTe to VTIJ)

a].so compared qui'be weïl wíbh theory" The resuli:s of Graphs vTre

and l'rrf' by superpos:l'bion v¡ere also used t,o develolæ a clefieei;ed

shape of the strueture ciue t,o toial unåform load as illust,ratred åzr

Gral:h vÏl*d" From the compaz"ison Lo theory it *¿oul_d see¡r tirat t!:e
ffi/l/ttoot- uniform loac br-ought the model into t!:e pLaståc range€

Tesb Series Gage No. X"

x lat,eral clefl-ee'Lion in inehes x 1t-3



tc')

This rrras also verified by the larger <ìeflections oeeurríng r.¡hen the

poínt l-oads vrere appJ-ied to 'i;he top tr+o flocrs (Graph VIfe and VITf ) "

ïn test neríes VI and VTI it was found that due to the

dj,fference in defleeted shape of ihe free franre and shear wa]1 frarne

the relaùive rigidíties of the 'bwo varied with st,ore.7 height" The

free :"::arne lvoulcl ad.d more rigidity to the strr.eture in the uþper

sÈories than in the lou¡er st,orj-es" The rel"a'bive rigidÍty between

the two frames varíed as foll-ows:

!_qqeÈèeq--ag-Betr!--Lqadq Eelegrvq_¡is.igiE

Test Senåes VT Test Series r¡TI

änd and 3rd f.l-ooc'

J+åh ¿nd 5th fl oor

6th aud 7'i:ir fl-oor

Ëbii a¡rd 9th floor

l-Otb and roof

1l-"3

7"2

5"L

ü"5

l+"8

¿v64

0 o/t,

è.r. " 
(

&"0

å. "û

Thus rçhen the modeL ,".ias loaded in 'i;he plane of, the shear r,¡a]-l-s it was

,,rìrcu{":, fi','e tír'nes as rig!-d ¿s '¡hen loaced Ín the p3.ane perpendicuLar

'Lo the shear waIls" The value for ¡:elatÍve rigidity uhen the lcads

';iere applied t o the 10th flooy' and r.oof v¡as used -because this is

the pci-nt at -r¡hich i;he ]-ateral de.fl-ections have been maintained the

saneo lest series VII involrled defl-eetíons and loads r.¡hen the moclel

hras sgspected of being in the inelastie range for both díreet,ions of

loadíng" Therefor-e the values of rel-ative r.igidity vroul-cl no"" be as

reliat¡te for tesÌ; series VIï as for teså series VI"



I Ê ¡<

:ì i i^ Sl-ab ÐefarnaÈionso+

the sH-/+ gages were placed on tï¡e slabe t'o obtai-r¡ Èire

point of i-nfleetion in the beam elenrents. ?hj-s loeation r+as *chera

requårr+d. (see Appendix III) to eompute Èhe resisÈi-ng moment' esntributeó

by the sLabs Èo tl¡e shear *raLf-o It wae fsuwrd that i'he oeaondary

eompression effeeÈ eaused by the ciireet Ïateral^ Ieeciing *n Èhe slabs

.[ended "b,e inerease Èhe e ompressive stresses asd deerease ùhe tr;ensien

st,reases ån e!:e eJ.ab, the resuJ.t was that the poi-nt of infåe*Èio¡l

rr¡e¡uld be off set^ i.¡a ocre dj-¡'eeêisn for bci;li beaw el-e¡nents o TF¡åe is

å}1-ust'raüed in the fol'}or*äsrg Èabtre;

TABI-E VÏÏÏ13

3eËeggq-e pi æulc gå gls!;sg ;å ghÊ. Ðåsrt

Test Senies Gageo #1 'eo #5t+ Gages #6 iÇ #1"0ìt

3: 3 "gott 5"óOt¡

TI l+"52'u 5 "éÐuu

ifr ¿+"56u 5o60tt

I'iean ¿e.¿.1-t? 5.60*

#ffhese E¡easuremenÈs represent the locaÈion of the pof-n'|, of

ínfloation f:rcn the edge of Èhe s|¡ear walL"

It, was noted ÈhaÈ ån test ser'íes ][lI after a l¿¿'t'eral

Loadång of 2x deslgn the poånt of, ånflectS.on began to ereep Èewa¡'ds

i;he shear we.lI" The point of infleetìon liad approached 3"1+ot'

{gages #I to #5) fron Èhe shear rsa}l at Èhe maxi:nu¡a l-ead reached ii'.

test series lll" This would indíeate a loaal eoncentraÈion çf stræss



iili.r

at èt¡e e:slllrnn Èa slab joÍ-n'Í;" Ilue tç È'he seeondåry effeeÈs J-t i,¡ori.?-d

see&s as bornç out by 'Ê;he experS-ne¡ltaå z'eaciång,s, thaÈ the eoncentratiæ¡'¡

ef stvesa v¡euLd be greater aå.the joínå Iec.¿,ted neeresÈ 'ba gage #ji

i"ather ûhan gage SJ-O. Thils as Éhe lateral l-e¡ad was ånereased å't, r,¡cr¡ld

seen 3'eå.sonabLe i;o eNpect an in-ttia-I failure ín f;l¿e sLab at Èhe e6lug¡¡¡

'*:s sLab joånÈ aÈ gaSe #1.

The average 't'aì-ue {}f, the SceeÍ-ion er.fl 'she pûånt of ånfle¡e Låon

(values fe¡r lclads up èo ãx design) sn eåaher såde of i;ire nhear uiall
-t,,ttiåd be 5.0ttt, Sfr¡se seeontla:y e-ffeetrs Låke 1[he ahrçve wer.e not te.ken

:into aeecrmi i¡r *þ¿e th*os'eÈåeal- de*i¿gr ihe val-u.e f,ar lceatio:n ef

pc-''-nb* of å¡rfl-eetíon uas Èaken as 5"0Ðtr for ever;r slah for the t:onpu_.{;er"

¿¡s¡åSyeris n

1r' 
"¿g¿L!" lsIeqaåssäe

Gagets itu"m'5ered 10 te 1.8 t'a;¡:e used i:o il"l-ustr.a'ile t!;e deflected

ohape of flro ¡aedeL at Èhe thi.r'*.:flaeir sl.¡¡h t* eolu¡¡rn join-t fur'{;ire pl*,ne

of the ahea:: u¡el]., fn all '¿.hs'e* test aeyies riir the reee:'¡ied val.ues $i'

strain readings i.n the eu'iÈical &.tses.ß eeaapareci ""+lÈhin 3 or ,l+ m-'rc¡'¡-

i-¡iches" lÈ v¡as found t"hat, lhe &rea.s of l-gsa-} strees ecncenf,,a"ar.i-oa

?.íÊre ånmedåatel¡r arcund tire sLab to co]"u¡mi joinè" Tlre pain'N, *;f

híghest styess ecneenr,:.aù¿on È,ras at, gage #'ló {See Fågure I and -l-CI)

.].seei'ed, on the exÈerier faeo of Èhe,e:<teri.er coJ-unn a'b ihæ ti¡i:d,

fLoor" Gages plaeed. ei-Èhe¡' side of i.t¡e co1unri cåj-d not, r.ioüjlräj"Ðo

lhås t"¡oul-d be due to tlie ¡rcantilever effeet* of the butlding arii:rg

+.s a unåt," Seesndðry rÕmFressi.ve s"r,ressee t¡ca¡l-d be d.evel*peel i.n Èh*

coåu.rur due Èe the reacÈíc¡:. of the slab or trbeasi erementt¡ ¿t, the jo:Lnt.



Thr¡s in the co}¡mn iÈself there rqrr¡Ld be a rotaèion

r¡hieh would. produee equal and opposíte stresses on

eonumn and a direct conpressive stress produeing pure coapressåon"

This compressj-on effeeÈ would be most sev-ere ån the lor,¡er sÈsråes"

This r"¡as illustrated by the experimenÈal :'esul-ts as it v¡as found Èlaet

there ìÉra.s no point of inffeetÍonbelor*r the Èhird fÌoer" Thal ís, çre

direet' compressio& ?ras greater than any tensil_e stress deve3-oped d,ue

to bending. A. poånt of in.f,l-eetic,n rqas l-ocaÈed /+o86il above Èhe thårrrå

fl-oor" ThaÈ is, above the Èhird fleor the ÈotaL e+mpress:ìve sLress

develeped by Èhe reaetion of the s labs v¡as not large ene,ugh ,cç offset
Èhe flexura3 tensil-e stness cleveloped due to slab rotati-gn a.nd la.Ëeræj.

di.aplacemenô" The deflecÈed shape is il_"LusÈ,rated. in Figure J-o,

and dispiaeemont

eåther face of ti:e



CHAPTFJR TX

CONCLUSÏONS

The conclusåons v:iI} be divÍded into tr¡o categories:

adequaey of model similarity and frane rigidity"

i " -ÂÈçs¿aei¡ g!-4ed.e1-Þirilêqitg"

(") The conlrol on material properties and construction qualit¡r

shoi.¡ed i:he model to 1¡e r.¡ithin tlie l-imits of accuracy e,apeeüed

on a fulI=.seal-e sÈz"ueture"

(U) A TlL6 scal-e model- vror,:.ld be expected 'i;o b¡ehao¿e aecurateÌ5r

under lov¡ Loads uithin the elastie behe.rriour of '¿he stn¡e'rlug"eo

(oi There rdas à notecl. inr:r.ease 1n ul-timate capacit¡' of i,/3"6

Bcal-e ¡nodel- bearns ancl slabs as compiìred to uLti-rna'be rlesågä

theori¡ o!' the acLua.l- Þroto'ùype beams" 'Ihis incr"ease va::ieri

fran 351.' in "ll+fr depending on Lhe percent of s-beel. reínforcing

u.se.l. All- ef i;he above speeirnens had fl_exural faj.'lureso

{d.) Ther"e rdas a notåcab}e d¿fferenee in '¡:he ulLirna't,e erack

pati,ern j.n Lhe fl-exural fajlures bebu¡een moclel e-nd prototype"

The rnodels eieveloped one or tr¡o tensj-oil cracks while the

prot,otype on failtii"e developed nu'neri:u.s .'line diagonal tenlsicn

eragk$ "

{e) The nrodel columns showed. an inerease of on1y, }-0É over

ultj¡nate design theor.y"

{f } Forcept for the d-ifference in c rack pai;terns and a noted

inerease in ulti¡¡laïe capaeity the r,rode3. beam failures v¿er.e

similar fo the prototype behaviour" These two dåfferenres
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have been noted ån other technical

*f(&)"

IiteraÈurs +(a) and

3ji- o Isess nåsiÈiËtr"

(*) The t(ani nethod o.f frame analyeís ar¡d iÈs ad,aptation 'ao

shear wal} frames colnpares exceLlently wiÈh the theoretieaL

results withir¡ the elastic range of stress"

(b) Khan and Sbarounises nethod of deÈer¡ninÍ-ng effeeÈåve slab

widåhs for beam actfon applled ibseLf euecessfulfy.o(3)

(e) The slrear r"¡a}]. frames took up to 9]-% oî Èhe ùotal }aùeral

3.oad applied" The approxlmaûe cantåLever mett¡oti of shear

wa}l analyais aould therefore be usecl for Èhis ¡noclel as the

design would be onì-y 9É eo¡'¡sern¡e"Èive"

(d) The comparaÉive rigidity of Ék¡e mociel s,'hen loaded in bot'h

dåreetions rsåÈþ¡in Èhe elastic range '¡as approxj-mate}y 5"

Thås value, due to thc different deflecÈed shapes ånr¡olvecà

in a free frame and shear l*all frerueÐ hl as open to var¡'ing

lnterprelations wibh respect to where 'r,o eompare the ì ¿rterai-

deflectione"

(*) Îhe free fraoe v¡ould con'oribube msre 'Lo the lateral rigidity

of a et,ructure in the uppev's Èorfes than Ín the Lower

sÈorles. Tl¿e relative rigidity of e shear Haåtr frffne to

free frame varied accordlngly"

"ir See Biblíography"



1 lìô
,:L\)7

(g) Tt, was noted thaÈ the model tended to ånc¡'eaee in fJ.exåbility

with en increase i¡r the nunber of l_o*d *;reles6

{g} The pojnÈs of i-nflection i.n the tlbea¡n el-emenbst! w*êhin brre

shear wal} frame ?retre offset in the direeèion of loading

due Èo the conpression developed Ín the slabs from direeÈ

IaÈeral loading.

(fr) The average value f,or Èhe locaÈion of the poj.nts of

ånflec'bion was 5"@¡r fron the edge of the shear wa-Ll.

(í) The courpreesive stress developed in the exterior corunn due

to slab reaetions and dead weight of the model was enough

&o sffse$ any flexural strees developed by rotation

or lateral displacement below the third fLoor level. (:-n ttre

plane of the shear wa11)"
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APPEND]X IIÏ

The frani neÈhod of analysis of mul-Èisto:'ey f'rames j-ntradueea

r¡a timss¿ying me*r,hod of analysis, i*i.'uh eonsideratåsn of dÍ-spJ-aceab1e

joinÈs, presenting an iterai:ien proeedure suith auton'¿atie el"rûr

elimirraÈiont'""(5) In the franí neËhocI moments pr'odueed by notatåon,

l-eüeraL dispì-aeenrent, and direct lcading are def:,er¡rined and c1Í.stríbuÈed

vrith èhe use ef appreiprlaôe d.istribuù:isn faetors" The monents

¡xoduced kry laberal displaeemenf and member rciabåon r.r€re deveioped iry

tFre e3.ope def,LeeÈion equationsa ?he aetuel aneSysis eonsisÈed of Èe'o

si-mple operatíons, @ne for dietribution of theromen'[s and a second for

side sway, iahicLr Þrere repeated r¡ntil Èhe ascuraeJr requirecl rq,as reached"

For" a Èen sÈorey buíIding, alttrough bhe p3'oeess woul-el be simple and

.repeÈitive, lihe time invoLved in a comple'oe analysís cf each frane

manually would be praetically impossibJ-e. $lowewer 'che eompJ,ete procedure

has been programned for the 16?0 compuber" Â}.} 'bhat r,¡ould be required

aenuall-y is io feed in the followi-ng data;

1o lJ'¡¡rÌ¡er of spans aied numbcr or steries"

2o Span lengths"

3" SÈorey heights"

4, Beam monents of inertia"

5" CoLumn momente of i¡ertÍa"

6" IaÈeral loads"

7, !{odulus of elasticity of eoncrete.

the loeaÈåon of the point of inflection in the eonneeting

slabs nas rec¡uired. thle had been deternlined experimenÈally fro¡r i,he



nriei; ênö iq-&s takei: es Z/F" bh.,e r¡nsuppüi:11,f;d l-e,-lg'i;3t. Ti:e l.¡j-a'i;h cf

sl-ah ;:cij-ng å!t â. ât3¡ea¡n gJ-g¡1gp.r-,r iiías d€i",er'riìj-il*rj a.s uen'ri.e¡:ed :!:t ül!.'a¡i'[å¡'
.\.

\¡T-L'SÐ .í¡'rcm i;erk carr'j-ed e-ua; by l'ih+.n ang S''rra:'i:ì.:ï¡is^ t3i "

Th* eenrpui;ec' pï"*c*æd-s 'trr lg,¡¡"k ci:¿t o"he ap'pr'+p.nåa,'Le ri:ì-ç'Lr:i.br.¿'lio;:¡

f,aete¡rs and cariry cr¿t,'bÌ:e:i'i;era.lå'¿¡r pr"cl*e.$s r¡¡i'b!-i-'i::e d.esi::erì aeci.ii'acy

is reacired" /+1"1 ¡=esr:iiing e::.*- moiuei:li:s ¿ät*i åaÉ;r:r',il- ilsp3::can€ïtås Ì,irl.'."e

then. :'ece-t'Ce¿Ì. 
"

Tl¿e frane analyoís lf,r'Õ6raiÌr'me r¡;¡.s ei.s* ada¡;ted. i:s frr+r¡äs

cs¡ri,aiirli:g sliear igail"s. ?l:e Fr*grerì'¿rtls all*;.ied. ii:e si:r:':"¡:- l:¿ùf i"s¡3r::3-ji'

'fo !¡e eoalyseC es a.f,:'ee *;.ni,ilc=¡e¡" i,"d,th z'es¡trair:ång rriûinÈ:'1',:e sie¡relspei

et e¿eh floçro Ti¡¡:s Lhe:ei;atj.en- ab.;e.eh f3*r:¡: i.¿es det,¿rT'jri.:-ned.:i::e¡¡i

'the anai-ysis CIf 'Lh.e ea;ríi--l*ser r¡¡:clei'fabei'aL -ïæarlii:g ¿:,nd tir*lirr)¡ae¡:t,

-in'bg'çdrieeei h¡r tire s-1al: d.u.e i'o t,his rc;'àaflicn e ¿ll-l:iil.a.'r'scL, Usång l-,he

c<::¡:bi.neci nnments f:'r:n lat"erei- lçadj-ng a::Cr slai: r-e=sisùariç:e {¿i:e laÈe:'a-L

d-efleeticns fûi? tlro sh.ear rqral1s r¡ere deÈermi.:rei. TÌ-re r-ü!ìla'inil,år of 'r;Lie

f,rai'ne bias tlien f;reated. as a free freurp end. e s¡ral3- ¡:ercenl ef tire

ùo*¿,al- l"aÈeral J-eiad a.p3rJ-ied. to ùhis fr¿me, The '!.;¡or¿nÈ o"f }aÈerali

J-*ael5.ng a'rt,r:ibuùed Èo bhe free fya¡re portion l*as deteni¿neii by t,ri¿i-

and evror" tJhen èhe assumed lateral Loarl appLie¿l öo tlhe f::ee :fï¿*;ne

partåen p='odueed. l-ate:'e} defleetions -r,;hj-eh vrer* eqrú'ualent ta the sheas,

i'-'a]l- the eapacå'by oi'the free fra:re portí*ri was detes-¡¡i-ir¿æd, Sj.nee th:i-e

r,¡as forencÈ ts be l-ess than LF, ø! tire 'aot'J l*ad 'Lhe defle*teci shapæ of

Êhe shear wall- ae ting alene (incLr.nding eff*c| of slab rest,ra*rt ) uas

assuued t,o represenÈ the entj-¡'e fiaÍae. Onee the cleflectecå shape af

eaeh shear r.¿a1} frame and tire l"eaei-ning '¿hree free fra¡oes lt-as reeorded

fo:' clesign lssd the a.u¡orurt, *f l"ater'a.l J-oadi:rg eÈtribuËed Ì;o each



frame ecu.l-d be clei;ex'mi-ned ¡¡ranueå}y by the relai;ive stiffness of the

fy.â¡nes. This was c¿¡,ried out as iÏ}usÈrabed in Chapter VÏII"


