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ABSTRACT

MOMENT..— RESISTANT CONNECTIONS IN PRECAST . CONCRETE

Emile Langlois *
Master Engineering Department of Civil Engineering
Tests are perforged.on two commercially available column-to-
base connection arrangements. vThe structural characteristics of both
systems are. presented in the form of moment-rotation curves. A method
by which these connectinnSWcan be:used in a practical design problem
is prOposed. | - T . ' o
One type of moment-resistant beam-to-column connection
for precast concrete is developed and tested in the laboratory. The
structural characteristics of three different sizesiof'prototypes
using the same arrangement are presented in the form of ‘moment-rotation
curves. The applicability to design of thesg connectiqns is outlined

through a brief theoretical study.
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CHAPTER I - INTRODUCTION

1.1- Introduction

For the past few years, the North American industry of
precasf boncretaﬁasfancoqplished.a great step forward. Especially
in Canada,«énevtd;i;s climaté, the use-of prefalyricatéd units has
spread widely. 'Tﬁis"rathSS.audgen oxéassib;lis e;plained by the
fact that the c%éice of pfefabriéated réinforced concrete members
as the strﬁctur;i'material results in appfeciabie economy in certain
types of buildings.

Along wifh"the“spread of a building material through the
spheres of construction, desigm procedures and erection technigues
pertaining to this material must be qvveloped simultaneously, in order
to insure safe and-economical structures.

Oﬁe-of the most intricate and most difficult problems arising
in both-design"#nd“construction of precast concrete is the joining up
of the elements. Until now the development of connections has been
carried out- by ‘engineers and contractors in many countries strictly
to meet the needs of a particular structure. - This development work
included a few tests, ﬁsually designed-to check the édequacy of a
specific-arrangement 'subjected to a particular system of forces.

But now that the precast concrete industry is undergoing,expanéion,
more precise design standards must be established. It is recognized

that only a systematic study of the most common types of connections
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can provide the exhaustive test data needed to develop general deéigﬁ
methods,

In precast reinforced concrete frames, the structural behavior
depends largely on techniques of joining the individual members., On
this continent, until recently, the “joints used have peen of a simple
type, providing 1iftle"or“n0'other continuity than ihat developed by
bond and friction.. The evidence of éatastrophic failures of structures
exhibitedfin'the“earthquake“in‘Anchoragel'points-out the clear need for

moment rigid connections..

-~ Purpose. of Investigpation .

A research program was initiated at McGill University during
the summer of 1967 to deal with the problems pertaining to the develoﬁment
of various momsent-resistant connections between precast concrete members.,
The objects of this study are to 1l: « Ihvestigate the moment-resistant
properties of some commereially available column-to-base- connections.

2 - Design a suitable moment-resistant beam-to-column connection and
study its structural characteristics, by means of a laberatory study.

Two'different column-to~base and -five beam-to-column full-=scale
prototypes are tested to failure. The:fixity properties of all the
arrangements are presented in the form of moment-=rotation curves. A
comparison of ~the-actual moment tramemitted through the comneetion with

the ultimate resisting moment of the connected member is also given,
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CHAPTER II = PREVIOUS WORK

whﬁie*nnmerbﬁé'étﬁﬂfms5o&"seuiaxiéié?cannections in stég}
have b.egn'r.epnrte'd' inthe .past, the literature survey on precast
concrete jotnts“yielﬁs”fewﬁﬁtperso

| Ebérbuch?-repartS?anfr&suixswofvwesting”square (6"x6™) -

columns. where the steel base plate .thickness is used as test variable. -
Lafraugh.andengnra?:rapantronuantextsnsive laboratory study of base
plate connections of .various types. Among the variables tested are
the sizeS"andtthiekneSBQQLof:steei bése plates; diameters of the-anchor
bolts and.the'ratio-ofsﬂ/P, Birkeland -and Birkeland4 disecuss the design .
and use of the "knife.connection" in the Washington State University
dormitories. Thts‘typeuorfjeint consist essentially of one embedded
steel plate protruding from the end. of. the beam and of two similar plates
projecting out~-ofthe columm, ~The beam-blade slides betwsen the tweo
plates.which'furmtthe;column'sheathxﬁnd-are“tightened“together'byvmeans
of bolts. No test data is reported.

-&hﬁhnnsﬂandtﬁnnd?npnesuntuawlahnratory study on-the: structural
behavior of six cancrete columns where load-is-appli=d -throngh-a -
vertically embedded . .steel plate... They were—abie to predict the load
which cause temesile cracking: of the columm, by analogy with the Brazilian
test of concrete ecylinders.

In respense to the"need“expressed:by”thewmamhers:of*the

Prestressed Concrete Institute regarding studies in the area of



connections, a special Technical Committ=e on joints was initiated in..
January 1961. & ccmprehunsi§e'list of the most common connections in
precast-prestressed concrete was collected and published as "Connections
Details for Precast - Prestressed Concrete Buildings",6 The details,
applicable toahuildings:nnlyjars.dividad.intorfour:catagoriasfasrfallows:A-
column-base, beam~to-column, beam-to-girders and bearing wall. However,
no report on:thnsaetuaigtastipg of 'any. of these connections is givsn,

The: ACI. - ASCE-committee 512 gives- suggestions for the -design
of connections: between:precast concretelmembeIS‘inz "Suggested Design
of Joints and;Cunneétinns;inAPreéast.Strugtural Concreta“,7 “The-Teport
presents methods by which. . joints in precast concrete construction may
be designed, No-test data :is given. Connection:details most common -
in currént.Canadianapractice‘are"coﬁjiled in the "CPCI Handbook"o.8
Characteristics of .each. .connection :are . described and design guidelines
are presentéd. No experimental data is presented. |

Thgs survey points out the scarcity of test data on moment-
resistant connections in precast structural concrete. In an effort to
varticipate to the development of this field, the present work aims at
providing some: experimental .information on the .structural behavior of

some moment-rigid joint prototypes..



 CHAPTER III - SCOPE. OF WORK

3¢l = Rc‘nircmcnts:nfﬁcnnnnntinn;Dcéi'ni

The'dcsignrofzccﬁhcntionS'in'precast concrete is usually based
on the following desirable requirements:

a) Eage of.. fabrication . and. ﬁinimizing'of total erection
costs; (lmbour and. equipmcnt)

b) Ecnnmmw of material,.

c) Saxiaitctinn.nf'xpccificd.dimcnsinnal_tnlcrancesa
d) Speed of erection.

e) Elimination of cast-in-place concrete such that
heated enclasures are omitted, during winter
concreting..

Many preessat concretemanufacturers believe that there is
generallyuiixtléﬁur=norappraciablc;s&ving]of materials involved in pre-
casting reinforced. concrefe-beams. and columns; any profit obtainable
must‘theroforc bevrcalizad an the formwork and 1abour precasting is
justiried whcnqthc overall’cast of casting, transportation, erection
and jcintngwisxamss:thccﬂthcncast~oﬁ.casting.the-mcmbers'in place or
where the: tamc,fnctor is: considcrcd as. being-the major consideration..
In. the 1ight ot thasn rcquircmnnhs, a fam typus of . cannectlons in

precast reinforced concrete will be studied.

3.2 - Types of Connections Studied

" a) Column-to-base
i) Pixity at the base
- In commercigl and residential-buildings, partitions and .

exterior walls are frequently omitted in the first story to permit



an open ground floor for parking and other facilities. A somewhat
similar situation arises in industrial buildings or in bduildings of
considerablewlnngthrwhars in-general no interior cross walls or bracing
are f;asibiauw-Inusuchacircumstancesufhe?problem of lateral stability
becomes predominant. -

| o Onz.currenmiy:usﬂd’%ﬁy"ofxovgrcamingfthis'ﬂifficuity is to
fix the columns-to their fonﬁdétiuns such that they will resist the
overturning moments produced by the lateral loqdé.

There exisis . many column=-to-base joint arrangements capable
of transferring moments.. Types that require site concreting or bolting
are used, depending on various.local conditions. The "pocket type"
connection, which:requires cast-in-place concrete has been successfully
used in the past and:is mostly suitable for mild weathér conditions.
However when concreting. .has to be carried out during winter, as is
currently dane:in‘Ganaﬂayrthe?etimtnazinntbf'castiin-plaec~cuncrate and
of heated enclosurss-is preferred; ' This requirsment is easily met by
using a bolted connection. Further advantages offered by this arrangement
are reasonahbly-low.laber costs, economy of material, speed of ~erection

PLACLING
and an unrestricted usability: Rlumbing.is greatly facilitated by means
of 1evelling'nutshsimilzr.toithose often used in steel construction.

Grouting at the.base, if necessary, may be postponed to summer time.

ii) Desecription of the. connections

- ‘The: connections studied in this thesis have been obtained

from Francon. of Canada.lLimited; they represent two of the types used



by this firm.. The column is designed as part of & single story

9'gnd nact0 code

multi-bay industrigl buildiné fall&ﬁfng.the-ACI
recommendkﬁions. Thqﬂcounectors~at the base are dimensibngd S0 as
to resist‘the'stresse% produced by an eccentrically applied ultimate
load of 16% Kips. | |

.Thevtwo connections differ in the arrangement of the baseof
"Type i; shown in Figufail, has cast-iﬁ'hardware at the féur corners,
Eaéh corner bar.is:welﬁed to its-respective:box,, The column is
fastehed to the base by anchor bolts érbjecting,intO“the;cnoés;seétional
arca of the col@mn; .Th§ hardware openings are'ﬁhenhgrouted touébtain
a‘s;oo;h surfac;mi Tyﬁglil, shown inrfiéﬁ;e.é;;haswhafdwaré in the form
of‘£r;§kets,'ﬁf&&écéiﬁgféutwards@' Each bfacket islﬂéelded to an anchor
bar and the &ﬁélégarraﬁgﬁmhnt.is.embedded in the cornef of the column,
®s shé;n in EigquGZoW.Details“bf”the reiﬁforcement"and“of'the'bESe

‘hardvare smbedment are presented in Figures 3, 4 and 5.

- -p) Beam—to-column.

i) Reasons _for rigid connections

While Qariéus moment-resistant column-base systems are
commgrcially%&vﬁiiahle; there exist few arrangements for beam-to-column.
that:ofﬁeritha:charanterisﬁinsunf:mnmgnt~&ransfertcapahiiitym;:A;snxvey :
carried .ameng .the laesl precast.concrets fabricators in the Montreal

area revealed. that.presently there exist only a few practical ways of



connecting beams and columns such that reasonable continuity is
achieved, Both the PCI booklet on connection details6 and the CPCI
Handbook8 present a collection of joint arrangements which can suit a
variety of needs. Types most currently used in single and multi-story
buildings are fully described. The designer -dealing with a connection
problem refers to either publications and selects the arrangement that
suits his situation. In most joint ;rrangements, however, shoring of
the beams and castqinvplace.concrete'have to be used. The elimination-
of these two costly operations motivates on the search for better
arrangements.

On the whole, the iqcreasing demand for precast reinforced
concrete in the metropolitan surroundings and the fulfilment of various
design requirements accentuate the need for more rational joining systems
between beams. and columns. Moreover, the fact that Montreal is classified-
in the most highly rated: earthquake intensity zone (No. 3) clearly
justifies the importance of obtaining moment-resisting connections.

The scarcity uf-tnfurmationﬁpertainingwto this field has con-
vinced the concrete research team .of McGill University to concentrate
their efforts an.the development-and study of some typical beam=to-

column joint arrangements..

i) Description of the connection

Past experience has shown that among the afore~mentioned

requirements relating to connections in precast concrete,ease of



erection and structural continuity are the two chief conflicting
requirements of the joints between beams and columns. Furthermore,

it is often desired that. continuity be achieved without recourse to
cast-in-place concrete so as to eliminate the need for heated enclosures
during the winter.:

The crane time is the controlling item when estimating the
erection cost: : Therefore the connection must be such as to permit the
crane to be freed immediately after the beam is placed. This requirement
is met by providing steel angles cast into-the'columno The angles act
as erection seats for the ‘beams. The stability during erection-is
provided by bolts which :do not have any infiuenceﬁun“the strength‘of‘
the connection. Once the beam has been set on thévseatvangles and -the -
bolts tightened,:the crane.is freed and can proceed further. Continuity
without recourse to cast-in-place concrete is obtained by site welding.
Fixity on the tension side is-made possible by site welding a loose
plate to hardware embedded.in the beam and in the face of the column.

In the compression-zone, the connection is fastened by site welding
together the plate cast in the beam and the erection angle in the
column., This summary description of the outside part of the connection

is detailed on Figure 6.

iii) Internal arrangement

- The: internal anchoring device at the commection must. be

proportioned and.arranged. such.that it can resist the loads transferred



by the outside hardware. Type B-Cla, which was first tested, had bars
welded to the anchor plates and extending longitudinally in the section
of the beam.".The laboratory investigation revealed that the internal
arrangement-was insufficient and therefore was subsequently modified
until testing showed that an-adequate anchoring system had been obtained;
a satisfactory design was achieved after the third-trial, with proto-
type B=Cle. -The sueceeszive modifications of the connection arrange-
ments are illustrated in-Figures 7 - 13,

At the same time, a brief study was made to examime the

adverse effects brought about by +the welding.

iv) Problens of welding

In the light of previous work on the damage due to welding

of precast concrete units;l’lz

an investigation was carried on three
cubes with cast-in- steel plates., Each cube was subjected to various
degrees of welding-exposure. Ultrasonic pulse tests were then performed
on each, in order. to detect any structural damage—due to the heat
developed by the welding. The results obtaimed indicated that—ao -.
harmful cracks developed in the specimens and that the‘étructural
properties of the coiicrete were for all practicml purposes, unaltered.

This study is detailed in Appendix C,

-Within the welding test program, tensile tests were conducted

on & number of No. 6:deformed reinforcing bars subjected to variable:

exposures of welding. The results showed that the welded bars had an
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ultimate .strain equal to approximately 65% of the plain ones. No
apparent differences between the yield or ultimate stresses were
noticed. Stress-straingcurves and structural- properties of the
specimens are presented in Appendix D,

This concluded the first stEp:of the beam-to-column con-
nection investigation.-program. Attention was now turned to the study

of the other possible arrangements.

v) Alternate possibility .

Having obtained a suitable arrangement where welding is
the means through which: continuity-is achieved, efforts were oriented:
towards the -development of a system where bolts could be used as
fasteners. A thorough study of this alternate system was performed
and many possible .arrangements were discussed., For instance it was
intended to maintain-the dimensions of the sections unchanged; it was
hoped that a. suitable connection using bolts could be obtained and an
interesting comparison between the two different arrangements be
established. However the use of bolts as fasteners4in connections
between such prismatic members pfesent serious- problems; finally this
approach was shown to be impractical and was then rejected for the
following reasonsj

a) First, as the dimensions of the sections were unchanged,
it was found that the distance between the vertical face of beam to

the edge of the column was too small to allow the elements to be



connected by bolts according to the specifications of the Canadian
Standards AsSociatiohl3 relating to edge distances for fasteners,
Furthermore;“even“the5mtnimnm'distanee'provided~would not allow:the
impact wrenehrtn"firmingrtp”the“head?of"the“bolt.

b)“”Secand,“theﬁiﬂads"auting'atwthe:connectiun'had t0 be
resisted by a number of 1" di=meter bolts which extended beyond the
leg of the seat angle,.. - -

c) ‘Third,- the face - of the column which lies on the tension
side of the commection: has to-be free of projecting hardware such
that the- beam may be inserted freely.

This study points out the practical impossibility of-usiﬁg
bolts as fasteners in beam-to-column connections. In the light of
this it was -decided that the same-arrangement, using welds, be in-
vestigated for smaller. lozds. = Two more prototypes, BC-2 and BC-3
were désfgnsﬁ“andfteatad; Theﬂﬂescriptinn~ﬁnd'the“design:ﬂetails
are presented in FPigures 14-to 19.

The experimental -setup and instrumentation used-are now

discussed in detail.
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CHAPTER IV - EXPERIMENTAL WORK

4,1 Columnqtanasé;Gonneﬁtién“

a) Design and Fabrication of Test Specimen

The*coluhnuvés~&esigneﬂ’as é typicalvinteriof compression
member of a standard 4Q$;0" x 40'-0" (each way) building frame. A 15
inch x 12 inch section reinforced with four No. 10 bars was selected.
To accomodaxz:thevuluaranee?of'the"testing“mﬁchtne, an overall height
of 4'-0™ was chosens The configuration of a typical test specimen
is shown in Figufes%?, 2 and §L The corbel brackef through which
1o;d vas ‘applied-was ;imilar f§r both specimens. Its design was based
upon the findingk*of'anather'study.l4 The main reinforcement was
identical for: both-specimens. 'The hardware characterizing the base
was designed such“thatmit'resists“the“stresseg proauced by the ultimate
eccen£ric load:&cftng:nnuthE'cvlumn. Design recommendations of the
ac1? ana ¥BCO codes were followed.
TheftWO'protétypes were‘fabricated ét the Francon precast
concrete- factory, using the following material specifications:
| i) Concrete R -
Normal Type I Portland cement.
f;* = 4500 psi at 28 days.
Maximum size aggregates = 3/4‘5.:"inch°

Slump = 4 to 5 inches,
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ii) Reinforciné steel!
Deformed Intermediate Grade.
£, :sr 56000 psi (nominal).
Thre two specimens were cast in steel forms and cured under:
a plastic cover for three-days. They'were‘then'stured.in 8 moist room

for twentyydayaﬁéfter“which they were delivered to the structural

laboratory..

b) 'kssemblx-of‘connéétinns“.”

Foundatiﬁns f;r the two spéc;ﬁens.consisted;in two sécficns
of standard‘b?amS“counegted together as shown on Figures 4 andISr Due
to the high 1o;dwappiied5 the webs were stiffened in the fashion
indicated, ‘Ea;h anehaf"bolt vas then welded along one stiffening
plate throughnﬁt.tﬁazduﬁth*nf"the web, After the'bolté'weré'welded
on, the tw0'beamS'were‘alignedvand'attached together.

.The celumhs were then set over the anchor bolts and were
plumbed by adjusting'the;ievelling nuts. The nuts on the anchor bolts
inside the“sﬁeél poeckets were-tightened such as to Tirmly attach the
column to thE'beam'support.’ A non-shrink grout: was used as a: bearing
pad between the bhed- plate:rand: - the base. of the column. This commercislly
available grout (brand name: Embeco) completely filled the space between

the footing and the column base. At the same time, the recesses in

type I were.filled with the same mix in order to obtain a smooth

surface. The pad was. cured for at least four days prior to testing.
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Compression test carried on three 3" x 6" grout cylinders at the day

of testing showed that the desired f; (5000 psi) was obtained.

¢) Instrumentation and test setup

 Tw65SR;4?§ieétriEé1 sﬁidin"gagéé were glued on the bolts of
the tension side fﬁ;ordér to haﬁe"a continuous record of -their
elongation..‘ThiSAétteﬁpt:waé‘unéuccessful due to the deterioration
of the gages. It is believed that the grouting operation, although
performed with meticulous care, has damaged most of strain gages and
rendered them inoperative, even though these were waterproofed.

-Horizontal displacements of the specimens were measured at
four locations on the tension side.of the column by dial gages that
had readings of 1/1000 inch. Gages No, 1 and No. 2, respectively
situated at 4 inches and 24 inches: from the column top gave a con-
tinuous record of the.deflected shape. of the column, under ingreasing
load, Gages No. 3 and No. 4 both situated at 8 inches from the grout
pad recorded the- deflections used to compute the rotations of the
connecﬁion. Gage  No. 5 indicated any'verticalﬁmovement of the
supporting beems while: No., 6 detected any transversal deflections.
A typical arrangement of ‘the dial gages is shown in Figure 20)

It was also of interest to know how the hardware would
deform under increasing loads. Type 1 was provided.with reference
points on each of the upper and lewer plates forming the pocket;

readings were recorded from these punchmarks by means of spacers, at



every load increment. For type II, typical with its projecting
brackets, no other information than the momenterotaﬁion characteristics
vere obtained..

d) Test Procedure

A typical test setup is shown -in Figure 33, The specimen is
located directly beneath the Baldwin-lima hydraulic testing machine
and is accuratelypositioned so as .to get the proper eccentricity. In
order to prevent restraint of the column by the loading head of the
press, a-4'inches~rolle§-plate vas:placed”betﬁeen"the‘head:and-a 2 inch
x1 inch'flat'resting‘on'the corbel,

Prior to any application..of load, all dial gages were zeroed.,
Subsequent application and removal.of. a 4:kips load ‘was exerted on the
specimen after which all the gages.were set back to initial reading.
Load was. then applied in. increments.of 10 kips up to-failure. At each
incirement, the press maintained the . load while data was collected. .
During that constant load interval, all readings were recorded and
cracks, if any, were located.

In both cases the column failed at a load greater than the
ultimate design value of 165 kips. The failure mode was one of direct
shear of the corbel, 'accompanied by severs deterioration of the

connection hardware.

4.2 : Beam-to~Column Connection

a)‘ Degign and Fabrication of Test Specimen.

In this case the loads used for the design of the elements
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were computed from a typical interior panel of a hotel floor. The
span of the beams were 25 feet 0 inches, and the distance center to
center of beams. is 18 feet O inches. The calculated total ultimate
load of 4.48 kips per-linear foot acting on the beam developed a
méximum nega$i§;"mumznt“of‘200th93aft.man&*afmaxtmum shear force
of 50 kips. Us;ng’a.maximumusteelnratio of 0.131229, aﬁd uithuthe
aid of design graphs, a 12 in. x 18.5-'in. beam'efgxctive section
Areinforced;in,tansion:with"4-No. 8 bars was selected. To support
the loads tranémttted;by:the.beamsxat the story considered, a 16
in. x 16 in. colﬁmn”sectiou"rginforéqd'withMB-No;"8 was found to-
be adequati;' ‘After: the' dimemsioning of the ﬁtecvs»was'completed,
fhe design#ofwihe.cénnecting.elcmnntsuwas*initiated.

| - The proportioning of the connecting pieces and the: design
of welds were gchteved;by'using:theucurrent methods“of structural
steel destgn.~ ﬂhe.Iétes¥ﬁspecif1eaﬁtona=of'the Ganﬁdian.Standards

Association;3

w?ze~followed. Finally the tensile.and compressive . .
forces iudnccd~by*tha:nnﬁent-atrthp-conngction vere transmitted

from the%caﬁneettng;shapasuthrough"velds'intO'the'anchor'bars
eﬁbeddedflbngttuﬂinaiiyfinfthe‘beam; Theseuanchnrubars.were'designed
tbvresist“poth“tensign andmboﬁdbuaécording to the ACIchode9 recom-
mendations;“ Having:completedﬂthuudesign-ofAthe;nlenentS'and'the'"'
dimensioning“bf“the¢varinus"connecting"pieceswof this first proto-
typé, B-Cla%“dr#wiﬁgsauare"tssuedffur“fahricﬁtiona- Figures 6 to 1l

detail the.various.compoments-and show the typical dimensions of



this first series of specimens. ’ASjit vas mentioned wariier, the
first expenimental results“iqdicated'that further tests were
required:in’ ordsr. to improve .the. original design. The early
developmnntrufrczacksrfollpuedﬁhyr@ramature'fatlure of the right
beam lead.to.the significant. modifications noticed in the second
model, prototype B-Clb, Test results obtained from-this secbnd"
test revealsd:thatmmnw@vrepresentative figures should be obtained.
Finally, with few minor design-modificatioms, prototype B-Clec was
fabricated and: tested. Figures.12 and 13 illustrate the modified
arrangements. of prototypes B-Clb and B-Cle. ' The moment-rotation
curve obtained for. the third specimen shows ‘that a satisfactory
arrangement4hadcb5&m obtained and further studies -on other proto-
types were planned. Twe additional prototybes using the same -
welded arrangement-bui-designed to resist smaller loads were tested.
Prototype B~C2- was propartioned to: resist an: ultimate bénding moment
of 100 k~ft. and a shear: foroce -of 25 kips. Prototype B-C3 had an
ultimate moment .transfer capacity of 50-k-ft. and could resist a
shear force of 12.5 kips; Both: prototypes are described in detail
on Figures 14 to 19.

.It'iS'worth“mentioning tﬁét the same column stub: was
uged for:‘the testing:.of the first three specimens, B-Clm,iB;ﬁig
and B-Cle. None-of the-connecting parts were seriously.damaged
throughoutﬂthts-series“ofvtest; it can therefore he:saiﬁ:thatfihe

connaction arrangement in.the column adequately transferred the
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\
ultimate design load. A column stub having the same dimensionsand .

hardware. arrangement was used for connection B-C2; in this case,
however, no stiffener was pfovided for the seat angle. Prototype
B-C3 used a column with. the. same connection arrangement but was of a
smaller scale. .In brief, none of the three column stubs underwent
serious deterioration under the applied loads. From a practical
standpoint, the hardware arrangement in the column was fully satisfactory.
The concrete . used in all beasms and columns was made with type
III Portland Cement and.3/4 inch maximum size aggregate. The steel
specifications were the. same as.for.the column-base specimens. Proto-
type B=-Cla was entirely. fabricated in the structural laboratory, while
the steel cages and the various hardware components for the remaining
four were ordered from a local welding shop. A11 tgét specimens were
cast in plywood forms and.cured under a polyethylene sheet for a period

of 6 to 7 days, after which they were removed for assembly, -

b) Assembly of connections

The column stub . was set in a vertical position and the beams
were positioned on the erection seats. After the beams were properly
aligned the erection bolts were tightened and.the welding pérformed.
The fastening operation being completed, the specimen could then be
turned over in the testing ppsition and hauled under the hydraulic

press where the instrumentation was performed.



- 20 -

¢) Instrumentation and test setup

' i)“ Lgvei Bars
.‘Three identical level bars were used. for measuring the
deflections of the Spgcimen'uﬁaer load. Each one consisted of a
6 inch vial. level mounted on an aluminum channel 20 inches long. They .-
were designed so that 1/1000 inch mechanical-diai gages could be
attached to one end, while the other emnd was:the'fixedspoint about
which this 20 inch channel rotated. These level bars were fixed to
" the cdlumn stub and on the center line of the beam in theposition
shown on Figure-2l. From the measured deflections, rotation of the
beams relative to the column studb were computed to obtain momént-rotation

curves..

ii) Dial Gazes -

Mechkanical type dial gages were mounted on the center line
of the beams with- the plunger of the -dials in cogtact with the column
face (Dial Gages 4, 5, 6 and 7, Figure 21). The readings from these
gages were also used to ovbtain the rotation of thewbeams{relative to
the column. Gage No. 8 was used to detect any-lateral movement that
may have occurred. ~Contipmuous recaord of the vertical deflection was
obtained with DCDT's and a 320 Dual Channel Recorder coupled with a

Harrison DC Power Supply (Hewlett-Packard Co., Serial No. 6£204B).
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d) Test procedure

A“typical.Assémbly ready for testing is shown in Figure 38 (a),
The specimen is directly located beneath the hydraulic Testing Machine
with the beam supports placed at 45 inches from the face of the column
stub. This arrangement induces shear -and moment at the connection
when load is applied to the column.

An initial load of 4 kips was applied and maintained on..
the specimen for about. 15 seconds. It was then remowved-and all. the
gages were zeroed. The DCDI' Recorder was reset to initial position
and the first load increment was applied..

Loading of.specimen B-Cla was done by increments of 2
kips up to a load of 30 kips. Beyond that value,’4 kips increments
were applied. PFailure was.recbrded at a load of 70:7 kips. Proto-
tyres B=Clb-and B~Clc vwere loaded.with 4 kips increments up to failurg.
A maximum load of 100 kips was.attained for B-Clb while specimen
B-Clc failed a value of 120 kips. For the two smaller scale proto-
types, B-C2 and B-C3, load increments of 2 kips were applied throughout.
The recorded failure loads were respectively of 52.2 kips and 25 kips.
In all cases the same reading procedure was followed: After the
application of each load, the level bars were levelled and the values
of the mechantnai;gaggs were .recorded. Visual inspection of the various
components of the connection.was promptly carried out and cracks, if

any, vere marked..
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Characteristic moment-rotation curves and collapse mode of

each specimen are described in ‘detail in the following chapters.
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CHAPTER V -~ TEST RESULTS

5l Célggg~to-3a§e Connection .

‘The deflections recorded-by dial gages No. 2, 3 and 4
were used. to calcnlahewthefrotation9df“thetconnecttons. In both cases
it is observed that. the rotation computed from-gege No. 2 .and from
gage Nb. % and 4 are almost identical. - For type I, the average. of
the three sets of readings was taken. In.the .case of Type 1I, only
the deflections obtained. from gage Ne. 2 were used,:dials No. 3 and
4 having;ginen:incunsistent:zéadings. - Pigures 22 and 23 present
the moment<rotation:curves of. the two specimens;: both graphs are:
superposed, in Figure 24. For all practical purposes, the .two con-
nections: offer the same rigidity characteristics..

~In the case of Type I, the callipers rsadings:were used
to evaluate: the gradual deformations of the-steel pockets, as moment
increased. - Dividing :each gradual -imcrement by the. initial opening
gives a strain vwhich-characterizes the connection deformation. Figure
25 gives these results-in a graph showing the moment:at the connection
versus the measured strain. It can be noticed-that, as expected,
the compression side was the:most severely damaged. Tables of the

experimental results.and. calculation examples are given in Appendix A,

!

5.2 Beam-to-Column Connection

The calculations converting the experimental deflections
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into final rotations. relative. to horizontal were performed on the
IBM 7044 computer. The computer program and the results are presented
in Appendix A.

Tiwo M-Q curves forneach“test,assembly.have been. plotted;
one is for the*left;hand,heamw(QL)mand}the other is for the.right hand
beam (QR). It can be noted from the. tabulation that botthLwand,QR
resulted from the average of.two seté of Q readings. One set is
obtained  from the- level barzreadipgs'given.by"gage-Nos. 1 and 2 (for QL)
and by gage Nos. 2 and 3.(for.QR). The other set is obtained from
gage Nos. 6 and 7 (for QL) and from gage Nos. 4 and 5 (for Qé). The
purpose of having these two independent methods of measuring was.
twofold.. First, ‘a double check is obtained and second, the average
of these two sets of readings yields more representative rotation
values..

From the experimental data provided by the DCDT Recorder,
Load~Deflection curves for each specimen are. obtained. With this
device, vertical deflections.were continuously recorded;, until collapse
occurred. Detailed observations on. the.experimental work and an

analysis of the obtained resultis follow.
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_ CHAPTER VI - ANALYSIS OF TEST RESULTS

6.1 Column-to-Base Connéctions,

a) Moment-rotation behavior

The rotation of this type of connection is influenced by
one major variable : the hardware.characteristics at the base. Its
effect on the M - Q curve is rather evident; a system made of a stiff hardwgre
arrangement will sustain low deformations and will correspondingly yield
small rotations. The present expgrimental.program analyses the stiffness
characteristics of two- different base arrangements and presents the
results through overall moment-rotation curves.

Both specimens are tested to failure with a nomiﬁal constant
moment to axial force ratio of .85. Figure 24 shows the superposed M-
graphs for the two test specimens. It is noticed that both curves depart
from linearity at the origin -and display significant ductility, as the
load is increased. Except at initial loading, where Type II is shown
to be slightly more rigid, the two specimens have almost the same rigidity
characteristicé,-up’tO'ulhimatem

Moment-rotation curves for some other column-to-bas§ arrange-
ments.are reported in an earlier stndy.? It is found that the curves
are made-up. of two phases, “The first one, nearly linear, characterizes the

elastic response of the connections. the second one, clearly non-linear

starts to develop at the onset. of. yielding of. the reinforcing. steel..

In the present study, although yielding of the steel is apparent, after
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the development and opening of cracks on the tension'faée, it is not possible.
to detect these two distinct phases., It is believed that the measuring
apparatus was-not'seﬁsitive~enough to record the transition from the
linear to the non-linear stagé.

For Type I, the deformations of the steel pockets at .the base
vere recorded throughout the testing. 'Figure:25rsho§slgraphs:uf:mnmant
versus defurmation'of:thg:pqckets'on.bdth*the"tension~anﬂ“compression
sides. It is'interestingrtn'note”that-thewharduare~on-theqcompression
side sustained . considerable defarmations as compared to the tension
side; due to the fact that cracks. have developed extensively on the

tensile face and thus relieved the stresses in the steel hardware,
b) Mode of failure

The crack”pattern:ahd:the:mode of. failure were identical
for both specimens. Cracks first appeared on the tension side of the
column at a moment approxima$e1y~equal to 30% of the ultimate. They
gradually developed toward the compressive zone, as the load was |
further increased. In the egse of Type I, concrete between the pockets
and the grout within the pockets on the compression side started to
crush at a moment of 140 kips.~ft. (70% of ultimate)° The horizontal
deflections of the column and the deformations of the pockets were

recorded up to a bending moment of 165 kips.~-ft. For Type II, the

region directly above the brackets on the compression side cracked and

'scaled off at a moment of 190 kipse~ft. (97% ultimate), Record of"

»
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the horizontal‘defléctions of the column was carried until a bending
moment of 200 kips.-ft. had been attained.

The two speqimens failed by shear at the face of the corbel,
At that stage, beﬁh-connections had undergone significant rotations,
as seen on the M- @ curves, The bases were damaged to the extent that
for all‘practiéal purpos?s,‘they were:considered as inoperative;,

Figures 34 and 35 show the two prototypes after failure.
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FIGURE 33, -~ COLUMN-TO-BASE CONNECTION.

TEST SET

up.
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FIGURE 33, - COLUMN-TO-BASE CONNECTION.

TEST SET

UP.



PIGURE 34. - COLUMN-BASE TYPE I AFTER FAILURE.
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FIGURE 34. - COLUMN-BASE TYPE I AFTER FAILURE.



- COLUMN-BASE TYPE II AFTER FAILURE.

FIGURE 35.
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COLUMN-BASE TYPE II AFTER FAILURE.
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c) Connection..f;xitx

Information of great interest to the designer -is the extent
of moment transfer developed through the connection. In order to
evaluate the fixitf characteristics of:the system, the following method
was used: With the actual cross . section of 12" x 15" and a practical
length of 20'-0", the M- @ characteristics of the column are cai,culated
assuming that the ends are pinned. This theoretical M- curve is
then superposed on the correspondingM-@ curve obtained experimentally.
The fixity of the connection is estiﬁated as the ratio of the yield
moment of the column to the moment developed in the connection, at
the same value of @®. This ratio, éxfreséed in percentage, gives an
indication of the connection rigidity. As shown in Figure %6, fixity
ratios of 67% gnd 70% are obtained for connections Type I and Type II
respectively. From these two values it is apparent that:the two con-
nections provide the same amount of fixity. For this reason, theA
selection criterion would be one of base arrangement and as such would
be determined by considerations of costs and aesthetics. Calculations

of the theoretical -rotations:are presented in Appendix B,

d) Applicabili @Lto design

In the light‘ of the experimental data obtained for these two
column-to<base connections,. sither . system wounld resist an ultimate
moment of. 180 kipssft. . .occurring.at. the base of a column, in any

precast concrete frame, The designer using the connection of his
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choice would be convinced of its reliability, ‘having in hand the
experimental proof that the selected connection has the capability
of transferring this calculated. ultimate moment with significant

ductility.

6.2 Beam-to-Columm Connections

a) Moment-rotation behavier

In the problem of joining beams and cdlumns, the first aim
is to obtain an . arrangement .capable of transferring moments, while
satisfying'thexpreviously'mentioned design requirements. The develop-
ment of a suitable system:is illustrated jn Figure 37, where the super-
position of the M- @ curwes obtained for the first series of prototypes
is given. The graphs.clearly show the gradual improvement of the
connection, from B-Cla to B-Clc. While ﬁhe'three.prototypes display
the same iﬂitial response to load, system B-Clc is seen to offer the
best characteristics of initial linearity.and subsequent ductility,
with higher ultimate: capacity.

- Ag -mentioned ‘earlier, both specimens B-C2 and B-C3 have the
same connecfion"arrangaments’but are designed to transfer smaller
moments. The M-@ curves obtained for these two connections show
that they have a noticeably lower stiffness than the first series of
tests (B-Cla, B-Clb and B-Clc), This observation is explained in

Graph A,
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Relative ratios of yield moments versus relative ratios of
moments of inertia are plotted. As expected, the curve is a straight
line having a positive slope; as the five specimens were tested with
the same- shear-to moment ratio of 0.25, sections having th; lovwest
stiffness EIt/L will rotate the most.

Inspection: of the moment-rotation curves yields the following
observations, as to .the behavior of the"connections under load:

i - From the origin to a moment—of mpproximately 50% of the
failure value, the curve is -seen to beﬁapproxtmately linear..

2 = Under increasing load, the.:steel components deform,
therefore contributing to.the rotation,  in addition to the cracks
developing in tho_boaméa The upper portion of the curve, from 50%

of the ultimste moment onwards shows that the specimen has significant

ductility.

Whea.cx&cksmpxnpagéted beyond the center line of the beams

and failure became imminent, all the mechanical dial gages were removed,



- 73 -

Only the DCDT Recorder was maintained on the specimen until failure

was reached,
b) Failnprse -mechanis=ms

The: first 'specimen; B-Cla, failed at a moment approximately
equal to 70% of the ultimate~design‘value“(189 kips:fto). Flexural
cracks in the beams started to develop at-a-moment of 85 kipssft. and
gradually propagated toward ihe compression zone, A moment of 130
kipseft. -had just bccuudevelnped‘thfough"the'cannection when failure
occurred. As shown on Figure 38(b), the mode is typical with a crack
extendingwdiagonﬁlli4across the corner -of the right beam, from the
tip of the: tension anchor plate to a vertical distance. equal to half
the depth of the section. Thiz premature failure-is explained by
the inadequacy of the link. bhetween the longitudinal reinforcement and
the plate anchor- bars.,

The M- Q curve. obtained for specimen B-Clc-demonstrates
that the:modified -design-is satisfactory;.:since the ultimate moment
capacity is exceeded: and that there-exists: sufficient: ductility,.

Two vertical bars extending throughuut”tﬁe.depth.of the section and
welded to the top and bottom plates eliminated the development of any
diagonal crack such. as occurred in B-Cla, The résult of this modi-
fication is that the. connection can develop a higher moment. In fact,
failure occurred:at . a load of 120 kips, developing a moment at the

connection equal to 116% of the ultimate design value. The two
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longitudinal. bars: welded {o the-plate-on:thectension side failed in.
& brittle-menner; a&s. illustrated in Figure 39(B). At-that time, severe
damage . in-the - connecting region was noticed; &. crack propagated: along
the vertical ‘ha.rs::and.---swddént—lya.Autdenzﬂt::uhm~'tm‘-uz;}:d""befbmm"thew .
vertical bars and the-tension plate: slippeds Figure 39(A) shows the
condition .of the coanection at failure.

Prototype B~C2 failed at & moment-equal: to the ultimate
design value; The crack-pattern.was.identical as that of_ B-Cle.
In this-case the two ‘longi.tudinal.l‘wn't up.bers-smapped-in a brittle
manner as in B-Cle. Figure# 40 .shouws the.deteriorated connection. after
collapse. |

Failure of -prutotype B-C3 occurred -when the butt weld, fixing
the loose plate to the column, broke im tension. A moment of 46 kipssft.
(92% of”ultimxta)*haﬁzjust~heenxreached:uhnnwthaﬁweld"broke.- No serious
deterioration was observed in: the- other parts of the connection. It
is evident that the: connection. would. have carried higher moments if
the weld would have:been properly applied. Figure 41 shows the specimen

after failure.,
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BEAM-TO~COLUMN CONNECTION. TEST SET UP

FIGURE 38. - PROTOTYPE B-Cla AFTER FAILURE.
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BEAM-TO-COLUMN CONNECTION. TEST SiT UP

FIGURE 38. - PROTOTYPE B-Cla AFTER FAILURE.
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FIGURE 39, - PROTOTYPE B-Clc AFTER FAILURE.
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FIGURE %9, - PROTOTYPE B-Clc AFTER TAILURE.
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FIGURE 40. - PROTOTYPE BC~2 AFTER FAILURE.
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FIGURE 40. - PROTOTYFE BC-2 AFTER FAILURE.
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FIGURE 41. - PROTOTYPE BC-3 AFTER FAILURE.



78

FIGURE 41. - PROTOTYPE BC-3 AFTER FAILURE.
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An estimate of the connection fixity is now presented in a

nanner similar to that used: in the case of the-column-base connections.

c) Connection fixity

The ‘moment trensfer capability: of the connection prototypes
is obtained simply. The-theoretical moment-rotation characteristics
of & simply supported beam with the same: dimensions and reinforcement
are compared to the carrexpon&ing”experimental date. This comparison
shows that the introductiof of ‘the connection into this beam reduces
its stiffness. The reduction is illuétrated=by~the:superposition of

the M- curves obtained inthe two cases, as shown in Figure B.

M
1 "“
T - o
1 H, heoretical M=-Q curve
1 a - Simply supported beam

4 % P

Experimental M-@ curve.

b - Same simply supported
F beam with connection

introduced at mid-span.




r1
@

C-Superposing the two curves.

®, @, P

= degree of fixity of the connection (%)
FIGURE B

To maintain similarity between the two systems the calculated
quantities must ‘correspond to those measured during testing. For instance
the computed-fotatianS"have:to be the ones actually occurring at a
section situated 40 inches from the support, as measured in the lab-
oratory. The values of the moments at yield and at ultimate are calculated
using Mattock's method 16; the corresponding rotations at yield or just
prior to are obtmined by the conjugate beam method 11 The rotations at
ultimate are: estimated by Mattz‘ock"s]:6 formulé for the ultimate curvature
vhich is then transformed to a rotationm taking place in the length of the
veam (40 inches)., The calculations are presented in Appendix B.

In the following FigureS‘(42, 43, 44)lL-0:curves for the right
and the left beams of each connection are superposed on the corresponding

theoretical M=@ curve. As for the column-to-base connections, an estimate

of the connection fixity for each system is given. Connection B-Clc has a
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degree of fixity equal to 96%. Values-of=80% and 77% are obtained

for BC2 and B-C%, respectively.

d) Applicability to design

This inveétigation has established the ultimate moment transfer
capacity of three different sizes of a typical beam—-to-column connection,
With the: same general arrangement, these three prototypes have shown
to adequately resist moments that could be present in a precast re-
inforced -comerete frame:building.

In engineering practice, typiéal ultimate moments of 200
kips.-ft., 100 kips.~ft. -and 50 kips.-ft. occurring at joints in a
multi-story building could be resisted respectively by connections
B-Cle, B=C2.and BC-%, As in the case -of column-to-base, the designer
who‘decides-to use the conneection arrangement studied in this thesis
would be convinced of ite structural efficiency, his choice being

backed up by experimental data.,

e) Material gquantities and weights

For each connection; quantities and weights of the connecting
hardware are given.  Por the sake of interest the cubic yardage of
concreté per linear foot for each specimen is also presented., From
these figures the fabricator can estimate his own labour time and

various costs.



B-Cle B.C2 B-C3
ITEM
Column Beams |Total Column: Beams|Total Column Beams | Total
Steel Angle (1bs) 100 100 100 100 35 35
Steel Plate (1bs) 27 131 158. 27 70 97 119 35 54
Anchor Bars (lbs) ,
(No reinf. incl.) 71 18 89 1 1% 84 12 6 18
Total Hardware
weight 367 301 107
Fillet Weld (ins.)
(3/8" Typ.)
(Length, Ext. & Int.) 180 189 369 180° 110 | 290 92 92 184
Butt Weld (3/4") (5/8") (1/2)
(ins.) 22 22 16 16 1?2 12
Concrete
(Cu., Yd./1in. ft.) 0.26 0.26 | 0,52 0,26 0.19 |0.45 0,17 0.09 | 0.26
Rein., Steel (lbs)
(Bars and Stir.) 89 142 231 89 100 | 189 50 84 134
Total Spec., Weight
(1bs) 2700 2310 1440

ngg-
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CHAPTER VII — CONCLUSIONS

- Based on the test results obtained in this study, the

following conclusions are drawn,

7.1 Column-to-Base Connections .

a) The $wo -column-to-base -arrangements, Type I and Type II
present the same moment-resisting characteristics., Both are shown
to resist the ultimate design moment of 138 kips-ft. with a rigidity
factor of approximately 70%. Significant ductility is displayed by
both systems- before eollapse - occurs.

b) Either system can be used in a building where such a
moment is to be resisted at -the column base: The choice of the arrange-

ment is left to the designer and could be one of aesthetics.
T.2 'Beag-to-Column Connections

a) This conrection arrangement is proportioned following
various-designVcriteria pertaining to the precast concrete construction.
The tes£ results show that the arrangement adequately resists the
ultimate--design -mewent and displays some ductility, prior to failure,

b) The steel parts of the connection did not deform sig-
nificantly under loading. In -all cases, failure occurred after
numerous cracks had develdped and propagated in the connection region

of the beams. The column stube remained unaltered.



c) Degrees of fixity of 96%, 80% and 77% are obtained
respectively for prototypes BC-la, BC-2 and BC-3. The structural
characteristics of each specimen are preéented in the form of moment-
rotation curves,

d) Ultimete design moments of the same magnitude as those
considered and occurring -at-any joint "in- a-building frame-ean be
resisted by theuappropriate:connection. ‘The--experimental M-@ curve
is a reliable proef of the structural adequacy of the connection under
consideration.

@) Extensive-welding between the units does not apparently
affect the-structural charseteristies-of the system. However care
must be taken that the welding is performed -afteér sufficient hydration
has taken place. The -assembly can-be-safely-done-after the time required
for the complete development of the specified.f;Ahaswelapsedo

f) Continuous-and tackwelding performed on the reinforcing
steel bars does not affect the yield stress but reduces the ultimate
strain by about 65%.

e This experimental work may constitute the basis of many
complementary projects. The next chapter summarizes a few subjects

toward which future work may be oriented.
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CHAPTER VIII -~ FUTURE WORK

&) In current engineering practice, the hardware characterizing
the connection is proportioned such that it transfers the ultimate-
loads, according to the ACI -and NBC specifications. The research-
worker may be- interested in knowing the-stress-distribution in the
external -and internal. steel components of the joint. _Such a study
would permit- to -establish -mere- definite-design-criteris and would
subsequently lead to the--dimensioning of a lighter and more economical
connection. This-wonld-neeessarily take the  form of an -experimental
study since- the- theoretical considerations would be quite hard to
handle,

b) A study of the stresses due to creep and shrinkage
on the conneeted members onee the--ends-are- restrained will lead to
some useful observétions, This is an important aspect in design.

c) It mey also be of interest to establish the amount of
displacement of a typical joint and the deformation induced in the
members of an actual building frame- when- the welding of the units is
performed. It is easily viswalized that the expansion of the steel
parts due to weldimg brings about a stress distribution which could

have some important secondary effects on the frame as a whole,
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APPENDIX A

MOMENT-ROTATION (M-@) CALCULATIONS

1) Column-to-Base Connections .

The: rotation of the conneétivu'"'i:S‘-'com’putedf' from the horizontal
deflections recorded by dial gages No. 2, 3 and 4, as:shown on the following

sketch., The average value of these three readings is tzaken as the rotation.

O\- fis)
. l
, i | L‘. ”l
1% T’ Lyy=8' FIGURE A
Lz 3 4
i ik

sanple calculation l
from the f-a-ble- of readings, column=bzse type 1.

a) for a moment of 20 k.=-ft.

= n - "
A2 .008" , L, = 24
n @, =82 = ,008 =.00033 ; @, = .00033
T 24 2
2
= o " L - L]
By, = 005" s Iy, =8
0 =A3.4 =.,005 = .o00062 ; @ = .00062
3454 L 8 354
344
now average @ = @, + @ 3.4
' 2
@ ® = .00033 + .00062 = .000475 rad.

2
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COLUMN.BASE TYPE I - ECCENTRICITY - 8 INCHES
Load | Moment | B8, | @, [A, L @ A3.4 _03,4 e Q, &4, ,
(Kips)| (B.=ft.)|(In.) |(rad.) |(in.) (rad.) [in.) |(rad.) (rad.)
0 0 .000 |.0000 | .000 | .0000 |.000 |.0000 ,0000
10 6.66 | .014 |.0003 | .002 | .00008].001 |.0001 - 00009
20 | 13.33 | .0%0 |.0007 | .005 |.0002 |.003 |.0004 .0003
30 20,00 | .046 |.0010 | .008|.0003 |.005 |.0006 .0005
40 26,66 | .062 |.0014 | .014 | .0006 |.007 |.0009 .0007
50 33,33 | 077 [.0017 | .022 | .0009 |.010 J.0013 . 0011
60 40,00 | .094 |.0021 | .0%0 ] .0013 |.012 |.0015 .0014
‘70 | 46.66 | .114 |.0026 | .039 | .0016 |.005 |.0019 .0018
80 53,33 | .134 |.00%0 | .049 ] .0020 }.018 |.0022 . 0022
90 60.00 | .155 |.0035 | .063 | .0026 |.018 |.0022 .0024
100 | 66,66 | .181 [.0041 | 074 | .0031 |.025 [.0031 0031
110 73.33 | .202 |.0046 | .086 | .0036 |.029 |.0036. 20036
120 80.00 .228 | .0052 .0981 0041 | .033 .0041 0041
130 86.66 | .254 {.0058 | .112] .0047 |.038 |.0043 . 0045
140 | 93,33 | .285 |.0068 | .127| .0053 |.042 |.0052 .0052
150 | 100.00 | .317 |.0072 | .145| .0060 |.047 |.0059 . 0060
160 | 106,66 | .355 |.0081 | .164 ] .0068 |.047 |.0069 .0069
170 | 113.35 | .394 [.0090 | .181 | .0075 |.060 |.0075 0075
180 | 120,00 | .426 {.0097 | .205| .0085 |.067 |.0084 .0085
190 | 126.66 | .475 | .0108 | .240] 0100 | 078 |.0097 »0099
200 | 133.33 | .530 | .0120 | .267] 0121 |.088 |.0110 ,0110
210 140,00 «595 | 0135 «3231 .0135 | ,096 0120 0127
220 | 146.66 | .686.|.0155 | .380| .0158 | - - .0158
230 | 153.33 | .805 | .0183 | .466| 0194 | - - .0194
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COLUMN-BASE TYPE 11

- ECCENTRICITY = 10 INCHES

Load

Moment

b, O | B2| Q2 | B3| @3,
(Rips) | (Ke=ft.) | (In.) (raa) | (in.){ (rad.) (in,) (rad.)
0 0 -000. 20000 | .0000| .0000 20000 | .0000
10 8433 001 . .0001 | .0001] .00005 | .o01 00004
20 16.66 .009 0002 | ,002 { .0001 004 »00008
30 25 .00 .016 0004 | .007 | .0003 -007 0003
40 33,33 022 0005 | .012 | .0005 015 0006
50 41.66 . 035 .0008..024 | .0009 023 0009
60 - 50.00 . 044 0020 | .0% | .0015 -031 .0013
700 58033 ~185 0042 | 049 0020 036 .0015
80 66.66 458 -6104 | ..055 .0023
90 75 .00 «633 00144 | ..065 0027
100 83.33 761 0173 | 086 | .003%6
110 91.66 - 844 .0192] .097 | .0041 2037 0016
120 100.00 . 872 00197 | .122 0051 ~047 20019
130 108,33 . 880. 20200 | .146 | .0060 059 0025
140 116.66 » 906 20206 | .167 0070 075 -.0031
150 125.00 915 0208 | .183 | .0076 094 0039
160 133,33 .927 00211 | .223 | ,0093 108 - 0045
170 141.66 2990 .0225} .2535 | ,0104 0121 +0050
180 150.00 1.108 | .0246| .288 | ,0120 2135 0056
190 158,33 1.149 0261 | .302 | .0125 159 0066
200 166.66 1.189 00271} 365 | .0152 179 0075
210 175.00. 1.211 .0275 | .405 | .0172 204
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2) Beam-to-Column Connections

“Figure B shows how the- test-assembly can deform and rotate

through the angles shown when load is applied..

FIGURE B

O - dial identification

DLR = rotation of left beam with respect to the horizomtal

DCR = rotation of column stub with respeet to the vertical

DRR = rotation of right beam with -respect to the horizental

ROL = rotation of left beam -with respect to column axis

ROR = rotation of right beam with respect to column axis
D=

deflection recorded on diasl gages
By interpreting the experimental readings from-dial gages 1,
2 and 3, the-rotation of the beams relative to the axis of the column

can be computed.
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Sample calculation

from the readings obtained for prototypes BC-la for an applied moment

of 44 k.ft.
Load Moment DL DC DR
0 0 0 0 0
24 44 .008 . 004 2002
tan X = DL = 008 =-4.0x10-4 s DLR = 3,9999 x 10-4 rad,
20" 20
tan Y = DC = ,004 = 29.0}(10-4 H DCR = 1.9999 x 10-4 rad.
20" 20
tan Z = DR = ,002 = ]..0::10-4 s DRR = ,9999 x 10"4 rad,
20" 20

Referring to figure B, +the rotations ROL and ROR with respect
to the column axis are -expressed as:

ROL = DLR = DCR

ROR = DRR = DCR

for the case considered (BC-la)

ROL = DLR - DCR
ROR = DRR + DCR
So ROL = (4 - 2) x 1074 red = 2.0 x 10™% raq
ROR = (1 + 2) x 10™% red = 2,9999 x 10™* raa.

- Another set of readings is also obtained from dial gages 4, 5,

6 and 7.

@
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A
35 3/16" tan A = TL + BL.
< 35 3/16"
7 | — ¥ o |
2 L)

. bL,
Sample calculation
{

From the-readings-obtained for prototype BC-la ; for an applied

y

moment of 44 K.~ft.

Load Monment IL BL TR BR

0 0 0 0 ) 0
24 44 ,0020 .0020 .0010 .0020
tan A = ,0020 + .0020 = 1.40 X 10'4'; RLV = 1,387 x 10"~ rad
35 3/16"

similarly, from dial gages 4 and 5:

5

tan B = ,0010 + ,0020 - 8,000 x 10’5 s RRV = 8,5409 x 10 ° rad.

9
35 3/16"

The final rotatiom of the- connection is obtained by taking the average

rotation computed from these two independent sets of readings:

(Applied moment : 44 koft.)



- 97 =

Angle of rotation-of connection (1eft side)

from dial gages 1 and 2 : ROL = 1,9999x10 " rad.

from dial gages 6 and 7 : RLV = 1,1387x10" " Tad

RML = ROL + RLV = 1.9999 + 1.1387 x 1o"’4 = 1.3193 x 10”4 rad
2 2 e NN [a

Angle of rotation of conmection (right side)

from dial gages 2 and 3 ¢ ROR = 2,9999 x 10_4‘rad.

from dial gages 4 and 5 : RRV. = 8.5409 x 10-5 rad,
EMR = ROR + RRV = 2,9999 + .85409 x 10-¢
2 U . 2
CRMR = 1.9270 x 10°% rad,

R e

Theexperimental results for the- five beam-to-columm prototypes

are tabulated in the following pages.
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/J0B GO,NOMAP
/FTC LIST
APPENDIX A
ROTATION CALCULATIONS
P IS THE VALUE OF LOAD (KIPS)
DL= DEFLECTIONS OF LEFT BEAM (IN.)
OC= DEFLECTIONS OF COLUMN (IN.)
DR= DEFLECTICMS OF RIGHT BEAM (IN,)
XM= MOMENT AT CONNECTION (KIPS-IN.)
DLR= ANGLE OF ROTATION OF LEFT BEAM (RAD)
DCR= ANGLE OF ROTATION OF COLUMN THROUGH VERTICAL (RAD.)
DRR= ANGLE OF ROTATION OF RIGHT BEAM (RAD.)
X= TAN OF ROTATION ANGLE (LEFT BEAM, RAD.)
Y= TAN OF ROTATION ANGLE (COLUMN, RAD,)
Z= TAN OF ROTATION ANGLE {(RIGHT BEAM, RAD.)
RoL= ANGLE OFf ROTATION OF LEFT BEAMy COLUMN VERTICAL (RAD.)
ROR= ANGLE OF ROTATION OF RIGHT BEAM, COLUMN VERTICAL (RAD.)
TL= DEFLECTIONS OF COLUMN RELe. TO LEFY BEAM, RECCRDED ON TOP LEFT
BL= DEFLECTIONS OF COL, RELe. TO LEFT BEAM, RECORDED ON BOTTOM LEFT
TR= DEFLECTIONS OF COL., RELe TO RIGHT BEAM, RECORDED ON TOP RIGHT
BR= DEFLECTIONS OF COLe REL. TO RIGHT BEAM, RECORDED ON BOTTOM RIGH1
A= TAN OF ROTATION ANGLE OF CONNECTION (LEFT SIDE)
B= TAN OFf ROTATION ANGLE OF CONNECTION, (RIGHT SIDE)
RLV= ANGLE OF ROTATION OF CONNECTION, LEFT SIDE (RAD.)
RRY= ANGLE OF ROTATION OF CONNECTION, RIGHT SILDE (RAD.)
DIMENSION P{50)y DL{50)s DC(50)y DRI(SD) sy XM(5G), X(50), Y(50)
DIMENSION Z(50), DLR(50), DCR{(50), DRR{59),s ROL{5))s ROR(S0)
DIMENSION TL(50), BL(50), TR(50}), BR{SD), RLV(5D), A(SD), B(50)
DIMENSION RRV(50)+ RML(50) s RMR(50)
C READ AND WRITE LOAD AND DEFLECTION DATA
READ (5,101) MM
101 FORMAT (12)
NCOUNT=0 "
35 READ (541) Ny Ky XL
1 FORMAT (213, F8.,3)
WRITE (6431)
31 FORMAT (1H, 12HNOe. OF VALUE, 5Xs; 4HLOAD, S5Xy 2HDLy 9X,y 2HDC, 9X, 2
2HDR// /) .
READ (5,2) (P(I),y, I=1,N)
2 FORMAT (10F5.1)
READ (543) (DL(I),y I=1,N)
READ (543) (DC(I)y I=1,N)
READ (543) (DR{I)y I=1,4N)
3 FORMAT (10F5.3) "
WRITE (6432)(14 PU{I)y DLUI), DCUI} s DR(I),y I=1,4N)
32 FORMAT (5Xy 113, 9Xy 1F6al,y 4Xe LlFb6alay 4Xy 1LFbaly 4Xy 1lF6.4)
C COMPUTE MOMENTS, ANGLES OF ROTATION AT LEFT e CUNTER, RIGHT
WRITE (645) '
5 FORMAT (1H, 3X, 6HMOMENT, 9X,s 13HLEFT BEAM R(QTs 8X, 1"HCOLUMN ROT,
26Xy 14HRIGHT BEAM ROT///)
00 &4 I=]14N
XM{I)= (P(1)%*]1,833)
X{I)= DL(I1)/20.0
DLR{I)= ATAN(X(I})
Y(I)= DCL1)/20.0
DCREI)= ATAN(YI(I))
Z{1)= DR{1)/20.0

OO0 0O0O0
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WRTTE (74 25) XM(1}y DLR(I}, DCR(I), DRR{I)
25 TLRMAT ( 2Xs 1FBely 6Xy 1PEL6eTy 5Xy LPELG6eTs 2Xy 1PEL6.T)
4 CUNTINUE
WRITE (647) '
7 FORMAT( 1Hs 3X, 6HMOMENT, B8Xs 13HABS. LEFT ROT, 6Xy 14HABS. RIGHT
2ROT///}
IF (K-1) 649,412
c COLUMN GOES RIGHT
6 DO B8 I=1,N ‘
ROL{I)= DLR{II+DCRII)
ROR(I)= DRR{I)-DCR{I)
WRITE(6526) XM(I),ROL(I),s ROR(I)
WRITE (7, 26) XM(I), ROL(I), ROR(I)
26 FORMAT (1Xy 1FB8ely 6Xy LPE16e7y 5Xy 1PE16.7)
8 CONTINUE
GO 70 15
- C COLUMN STAYS VERTICAL N
9 DD 11 I=1,N
ROL(I)= DLR(I)
ROR{I)= DRRII
WRITE {6427) XM(I), ROL(I), ROR(I) *
WRITE (7, 27) XM(I), ROL{I}, ROR(I)
27 FORMAT (1Xxy 1FBely 6Xy 1PE16.7y 5Xy 1PEL6.T)
11 CONTINUE
GO TG 15
C COLUMN GOES LEFT
12 DO 14 [=1,N
ROL{Y)= DLR{I)-DCR(I)
RCR{I)= DRR{I)}+DCR{I) :
WRITE(6,28) XM{I}y ROL{(I),y RORII)
WRITE (7,28) XM(I}, ROL(I), ROR(I)
28 FURMAT (1Xy 1lFBely 6Xy L1PEl6eTy 5Xy LPE16.7)

14 CONTINUE

GO 10 15 .

C READ AND WRITE DEFLECTIONS OF BEAMS RELATIVE TO COLUMN

15 READ (5416) (TLU{I)y I=1,N)

REAU (5,16) (BL(I)y I=1,4N)

READ (5516) (TR(1I)s 1=1,4N)

READ (5,16) (BR{I)y I=1,N)
16 FORMAT (1<¢F5.3)

WRITE (5,33)
33 FORMAT (1H, 12HNO. OF VALUE, 5Xy 4HLOAD, 5Xs 2HTL, 9X, 2HBL,s 17X,

22HTR e 1i*Xy 2HBR/Z//) .

WRITE (6434) (1o P(I)y TL(I),y BL(I)y TRUI)y BREI)y I=1,N)
34 FORMAT {S5Xy 113y 99Xy LF6ely 4Xy 1F6eby 4Xy 1F6ehdy 44Xy 1Fbo4y 4X, )

C COMPUTE ANGLES OF ROTATIGN OF CONNECTION

WRITE (6417)
17 FORMAT{ 1H, 3X, 6HMOMENT, BX, 13HLEFT VERT ROT,s 6Xs 14HRIGHT VERT

2ROT//7 /)

CO 18 [=14N

ATY= ATLCLIHBLTID) ) /XL

BUI)= (TR(OI)4BR(I)}) /XL

RLVI{I)= ATAN(A(I))

RRV{TI)= ATANI(B(I]1))

WRITE(6929) XM{I)s RLVII)}, RRVI(I)

WRITE (7,29) XM(1), RLVI{I),s RRVII)
2% FGRMAT (1X, 1F8s1y 6Xy LPE16e7y 5Xy 1PEL16LT)
18 CONTINUE




- 100 =

COMPUTE AVERAGE ROTATIONS

WRITE (6420)
20 -FORMAT (1Hs 3X, 11HNO OF VALUE, 3X, 6HMOMENT s 9X, 13HMEAN ROT LEFT

29 8Xs 14HMEAN ROT RIGHT///)

DO '19 I=1,N '

RMLUI)= (ROLCIDI+RLVII)}) /2.0 -

RMR{I)= (ROR(I)I+RRV{I})/2.0:

WRITE (64 30) I -9 XM(L)y RML(I) s RMR(I)
30 FORMAT- (2Xs 114, 9X1 1F8.1, X9 1PE16.71 6Xy 1P51607l
19 CONTINUE ‘
~ NCOUNT= NCOUNT+1

IF(NCOUNT-MM) 3511007100

100 STop
END
/DATA
C PROTOTYPE BC-1A
READ ING LOAD DL DC DR

1 440 - 0. 0040 : 0.0020 - D.0020 -

2 6.0 - 0.0040 - 040020 - 0.,0020 -

3 8.0 - 0. 0040 0.0020 : 060020 :

4 100 - 0.,0040 - 0+0030 - 0.0020 -

5 12.0 - 0.00650 . 0.0030 - 060020 -

6 14,0 0.0050 - 00030 - 0s0020 -

7 16.0 0.0060 : 0+0040 - 0,0020 -

8 18.0: 0. 0060 - 0.,0040 - 0.0020 -

9 2040 - 0, 0070 040040 - DsOD20 -

10 : 2240 - 0.0070 040040 - 00026 -

11 24.0 - 0.0080 - 0+0040 - 0.0020:

12 26,0 : 0.0080 0. 0040 - 040020 :

13 3040 - 0.,0100 - 0.,0040 : 00020 :

14 34,0 0.0100 : 0.0040 - 0.,0020

15 3840 0..0100 - 0. 0040 - 0.0030 :
lé 4240 - 0. 0100 0.0040 - 0+0050 :

17 4640 - 0.0130 : 0.0050 - 00050 -

18 5040 - 0.0140 - 0.0050 - 040060 :

19 5460 - 0.0140 . 0.0050 - 040120 ¢
20 5840 - 0.0150: 0.0050 - 0.0130 -

21 62.0 0.0260 - 0.0050 - Ns0140 -

22 6600 0.0290 : 0.,0080 - 00170 :

23 70.0 0.0350 : 00,0130 : 040210 -

MOMENT - DLR ' DCR ' DRR

T7¢3 1. 9999983E~-04 949999990 E-NS 9+999999N E~-05
11,0: 1. 9999983E-04 969999990 E-05 949999990 E~-N5
14,7 1l. 9999983E~04 9,9999990 £=05 9,.,9999990E-05
18,3 le 9999983E-04 1.4999998E~D4 9,.9999990 E~05
22.0 2¢499998BlE-04 164999998E-D 4 G +.9999990 E-05
257 2¢ 4999981E~-04 1.4999998E-04 949999990 E-05
2903 20 999994SE-04 149999983 E-N4& 9 49999990 E-D5
33,0 2¢ 999994 9E-04 19999983 E~04 9 «9999990 E-05
3667 3¢ 4999964E-04 1 9999983E—04 99999990 E~-05

- m e~ -

N nonanafnc_nNg



~101-

4440 3. 9999955E-04 1.9999983E-04 9.9999990E-05
7ol 3. 9599955E-C4 1.9999983E~04 99999990 E-05
5560 - 4¢ 9999962E-04 19999983 E<04 949999990 E-D5
62.3 4+ 9999962E-04 1.9999983E<04 9.9999990 E=05
69.7 4e 9999962E-04 19999983 E-04 1.4999998E<04
T7.0 4e 9999962E-04 1,9999983E-04 244999981 E~04
84.3 6+ 4999959E-04 244999981E-<04 204999981 E-04
91.6 60 999995 1E-04 2¢4999981E-04 2¢9999949E-04
99.0 64 9999951E~-04 2+4999981E-04 509999968 E=D4
1G6.3 1. 4999942E-04 2¢4999981E-04 6.4999959E-04
113.6 1+ 2999992E-03 244999981 E-04 6.9999951E-04
121.0 - 1.4499987E-03 349999955 E-04 84999949 E-04
128.3 le 7499980E-03 664999959E-04 1.0499994E-03
MOMENT ROL ROR
7.3 - 9¢ 999984 5E-05 1.9999998E-04
11.0: Se 999984 5E-05 1.9999998E<04 -
14,7 $69999845£-05 1. 9999998E-04
18.3 449999857E-05 2¢4999981E=04
22.0 9.9999830E-05 264999981E-04
25.7 9.9999830E-05 204999981E-04
29.3 96 9999656E-05 209999972E~04
33.0 - 94 9999656E-05 249999972E-04
36e7 14999980E~-04 249999972E-04
403 1l 4999980E-04 2¢ 9999972E-04
44.0 1.9999972E-04 2¢9999972E-04
4T«7 1:49999972E-04 249999972E-04
550 - 24 9999972E-04 2¢9999972E-04
6243 24 99999 72E-04 2¢9999972E-04
69,7 2+ 99999T2E-04 344999964E-04
T7.0: 269999972E-04 40499994 TE-04
B4e3 3. 9999979E-04 449999962E-04
91.6 %¢ 49999T0E-04 5¢4999930E-04
99.0 - 4e4999970E-04 8¢ 499994 9E-N4
10643 449999962E-04 8¢ 9999940E-04
113.6 1.0499994E-03 9.4999932E-04
121.0 1,0499991E-03 142499990E-03
128.3 1.0999984E-03 1.6999990E-03
READING MOMENT - TL BL -~~~ TR BR
1 4.0 - C.0010 : 000190 - 0.00810 - 40010 -
2 640 : 2.0010 - 040010 - 0.001C - 0.6010:
3 8.C 0. 0010 - 0.0010 - D.0010 - 240010 -
4 10.0 - 0.0010 - 040010 - D.0010 - De0QO10 -
5 12.0 - 0.0010 - 0.0020 0.0010 - 00010 -
6 14.0 0.90020 -~ 0.0020 - 0.,0010 - De0N1D -
7 16.0 - 0.0020 0. 0020 : 040010 - N.0020 -
‘G@? 8 18.0 - 0.0020 - 0.0020 : 040010 - D«0020 -
9 20.0 0.0020 - 0+0020 - 0.0010 - D020 -
10 : 2240 - 0..0020 - 040020 - 040010 - DeiD20 -
11 24.0 - 0.0020 - 00020 - 0.0010 - 003020 :
12 2600 - 0.0030 - 0.0030 : 0.0020 : de0020 -
13 30.0 - 0.0030 : 0.0030 - 00020 - C.0030 .
14 34.0 0. 0030 : 0.0040 - 0.0020 - DG030 -

15 38.0: 0. 0040 - 0+0040 - 040030 - De0D3D -



16
17
18
19
20 .
21
22
23

MOMENT -

T3
11.0:
l4e7
18:3
2260 -
2547
2943
33.0:
367
4043
44,0
477
55.0
6243
6947
77.0*
B84.3
91.6
9900f

106.3
113.¢
121.0
128.3

READING

- :
=OOVO~NOOUVPHWN =

N 0= ot oot gt Pt et b ot
SVEe~NOWVMPUWUN

- 102 -

D+0050 -
00050 -
0400590 :
0.0020 :
00020
040020 -
: 040020 -
2 040020 -

RGD30
00040 -
040040 -
0.0040 :
040050 -
040090 :
040110
00150 -

42,0 °  0.0040
46,0 - - 20050 -
5050 00050 :
54,0  0.0070 -
58,0 -  0.0080 -
62,0 ©  0+0090 :
66:0 - 0,010
7040 -  0.0150
A

546939491E~05
5.6939491E-05
5.6939491E-05
5.6939491E~05
845409236E-05
1.1387891E-04
1.1387891E-04
1.1387891E-04
1.1387891E-04
1,1387891E-04
141387891E=-04
1. 7081 841E-04
1.7081841E-04
1.9928813E-04
2, 2775783E-04
245622 756E- 04
2.8469716E-04
2.8469T16E-04
2.5622756E-04
284696 S3E=04
3. 13166 T6E=04
3, 7010643E-04
4. 8398529E-04

MOMENT

B

546939491E-05
5.6939491E<05
546939491E<05
5¢6939491E-05
5.6939491E<D5
5.6939491E=05
8:5409236E-05
845409236E<05
845409236E<05
845409236E-05
84540923 6E-05
151387891E-0%
1.4234871E=04
1.4234871E<04
1.7081841E-04
1.9928813E-04
2,2775783E-04
2.27T5T83E-04
2.5622756E<04
2.8469T16E~04
3.9857603E-04
541245512E-04
T.9715252E-04

RLV

T3
‘110 -
14. 7

18,3

2200:

25.7
29.3

33.0‘

367
4043

44,0 -

47.7

5550 -

62,3
69.7

77.0 -

84¢ 3
91.6

99,0 -

106.3

7. 8469660E-05
7. 8469660E-05
T+ 8469660E-05
5¢ 34696 74E-05
9, 2704533E-05
1.0693936E-04
1. 069392 7E-04
1. 069392 TE-04
1.3193930E-04
1.3193930E-04
1. 5693926E<04
1.8540898E-04
24354090LE=<04
2.4964381E-04
2.6387861E-04
2+ 7811364E-04
3.4234836E-04
3.6734832E-04
34 5311352E-04
3. 923482TE-04

00040
00040 -
040040 -
0.0050 -
0:0059 -
- 0e0059 -
0.0070 -
040130 -

RRV

1.2846966E-D4
1.2846966E-04
1.2846966E-04
1.5346962E-04
1.5346962E-04
1.5346962E-04
1.9270438E-04
1.9270438E~04
1.9270438E-04
1.9270438E=04
1.9270438E-04
2.0693929E~-04
2.2117421E-04
2.2117421E-04
246D 4089TE-D 4
34 2464368E-04
3:6387867E-04
348887840E-04
5.5311341E-04
5.9234817E-04



21 113.6
22 121.0

23 - 12863

PROTOTYPE BC-18B

- 10% -

6.8158307E-D4
T« 1005267E-04
7491991 83E-04

Doc -

0+.0010 -
00010 :
- 040030 -
00030 -
0.0030 -
0+0030
060040 -
0.,0040 -
0+0050 -
- Q#0050 -
0.0060
040060 -
0+0180 -
0+0310 -
0. 0430
040600 -
00,0690 -
0.0740 -
0&0860‘
0611301
0412690 :

DR

04,0030 :
0.0040 -
0.0050 -
00070 -
N,00680 -
0.0100 -
0€0120"
"De0130 -
D+0130 -
040130 -
- 040150
00150 -
0.0170 -
O¢@41G:
0.0520 -
040640 -
040770 -
0,0820 -
0:0940 -
0e1190 -
- Qel350 -

DCR

6. T42B756E-04
848122697E-D4
1.2485757E-03

DRR

READING LOAD DL
1 4,0 - 0.0010 -
2 8.0 0..0010 -
3 12,0 - 0.,0020 -
4 16,0: 040020
5 2040 - 0.0030 -
6 24,0 0.0040 -
7 28,0 - 0..005G :
8 32,0 0.-0050 -
9 36.0 - 04,0050 -
10 - 40.0 - 0.,0060:
11 4440 : 0.0070 -
12 4840 - 0..0k00 -
13 520 - 0.0180 -
14 56,0 - 0.0270 -
15 6040 - 0.0400 :
lée 640 00520 -
17 68,0  0.0630:
18 720 : D.0650
19 76,0  0.0830:
20 : 80,0 01030 -
2l 84,0 - 0.1150 .
MOMENT © DLR
Te3 4¢ 9999988E~-05
1467 4+9999988E-05
2240 - 9. 9999990E-05
2943 9, 9999990E-05
367 1¢4999998E~-04
44.0' 109999983E-O¢
5103 20 4999981E-04
5867 204999S81E~-04
66,0 - 2+ 4999981E-04
7363 24 9999949E-04
80.7 30 4999964E-04
8840 - 40 9999962E-04
9543 8+ 9999964E-04
102.6 143499991E-03
110.0 - 1. 9999971E-03
117.3 20 5999940E-03
124.6 3.1499879E~-03
132.0: 36 4499837E-C3
139.3 4-1499697E'03
146.6 5.1499531E‘03
154.0 : 5. 7499334E-03

4,9999988E-05
449999988 E-05
1.4999998E-04
1.4999998E-04
1.4999998 E-04
1.4999998E-04
1.9999983E-04
1.9999983E-04
24999981 E=04
2.4999981E-D4
2.9999949E=04
2.9999949E-04
89999964 E-04
1.5499988E<03
2.1499968E-03
2,9999912E<03
3.4499837E=03
3.6999802E-03
442999722E-03
5e 6499355 E-03
642999129E-03

1.4999998E=04
1.9999983E-04
2.4999981E<04
3.4999964E=04
3.9999955E-04
4499999 62E-04
59999968 E-04
644999959 E~-04
644999959 E-04
6+4999959 E-04
7+4999942E~04
7.4999942E=04
8 «4999949 E-04
2.0499970E=03
245999940 E<03
3,1999869E-03
3.8499797E~03
4.0999725E<03
4.6999604E~03
549499256 E-03
6.7498945E-03 .



MOMENT

Te3
l4.7
22.0
29.3
3667
44.0
51.3
5867
6640 -
73.3
8Ge7
88B.0
95.3

102.6
110.0
117.3
124. ¢
132.6G
139,3
14646
154.0

READING

bt ot ot ot ot s
VP WD OO N -

P
o

INE
WO O~

- N
[

MOMENT

73
14.7
2240
29.3
3647
4440
51.3

ROL

9499999 76E~ 5
9+ 99999 76E~05
2.4995981E-04
244999981E- 04
2+ 9999996E-04
344999964E~%4
4499994 TE-04
4¢ 499994 TE-N4
44 9999962E~04
5. 499993 0E~04
60499991 3E-04
74999991 1E-04
1o 7999993E-03
2. 8999979E-03
44149992 CE~-03
5.5999830E-03
6¢5999702E-03
7.1499608E~03
8+ 4499419E~03
1.0799889E-02
1.2049846E-02

MOMENT B A B

4-0 E O.G

- 104 -
ROR

e 9999990E~05
1.49999856-04
9. 9999830E-05
1. 9999966 E~04
2.4999958E-04
3.4999964E-N4
3. 9999979E-D4
44 49999T0E-D4
349999979E~04
3.9999979E-04
4¢%999993E-04
444999993E-114

~5.0000148E-C5
449999822E-04
444999T14E-N4
1.9999570E-04
3.9999606E-G4
3,9999234E-04
3.9998814E-04

2.9999D18E-04 -

40 4998154E-04

BL TR

D0 00010

8.0 Ce 0L L 0.0010 D.iD20
12.G - 00014 340010 DeND3

16.0 Ce OGLC - 90010 0.0030

20,0 G. 3010 2.0010 G+ 0048

240 - e 01020 Ge00010 - N40050

28.0 0.0039 D.0010 - Se0060
32.0 - 0. 0030 D320 0.0070
36003 0.0040 0.0020 NeDGI

40.0 0.0050 . 0.0020 - De01L00 -
44,0 0. G070 - 0eN29 00120 -

48,0 0.0080 - 0.,0020 - 040140
52.0 Q.0100 Q.0029 - 040160

566G C. 012D 0.0020 - 20180 -

600 0.0130 - N.0020 - NeN21C

64e 0 P15 fe03020 - 0.02410
68,0 0.0160 $.0020 Ge028C

"T260 0s0220 D.L320.  Dg0320
160 C 0.0220 3402020 D Q360
80.0 0.0220 CeiN20 De041C

0.0

5¢6939491E-05
50¢6939491E-0i5
546939491E-05
5.6939491E-GS
84 54009236E-05
1.1387891E-04

B

20 8469T745E-05
8+5409236E-05
1.1387891E-C4
1.1387891E-04
le4234861E-04
1,9928813E-04
2,2775783E-04

BR

Y LIS

DeNO1D
D10
NeGOLD :
De3O1D -
DN020 -
N020 -

040020 -

DaiN 2N
1453020 -
006020
neGn20

. De0D2G

DeN020
DeG020 -
N.0N20 -
a1 20 -
N.G020 -
HeD20
De0N20 -
Ne3N20



5807
66.0 ‘
73.3
80.7
88,0
95.3
102.6
110.,0
117.3
124,06
132.0 .
139.3
1464,6

READING

Pt et pd el ek fund gk ’
CUVPLPWNPFOOOLOND WN -

1.4234871E-04
1. 7081831E-04
1.9928813E-94
2.5622756E~-04
2. 84696 93E~04
3.4163659E-04

3+9857603E-04

44 2T704563E-04

4,8398529E~04
5:124551 2E-04
6, 8327365604
6+ 8327365E-04
6+ 8327365E-04
6+ 83273 65E-04

MOMENT

14,7
2230 -
2943
3647
44,0 -
51.3
58:7
6640 -
73.3
80&?
8840 -
95,3
102.6
11040 -
124.6
132.0:
139,3
146,86
15400 -

PROTGTYPE BC-1C

READING

VOO N H WA

10 -

“LOAD DL

430 - 0.0 -

8.0 0.,001l0:
12.0- 0.0010 :
16.0 - C.0N20
200 0.0020
24.0 - 0.0020 :
28,0 0.0020 :
32.0: 0.0020 -
360 - 0.0020 :
4040 - 00030 :
44,0 - ' 0+0030 "
48,0  0.0030 -

- 105 =

2.5622756E-04
3.1316676E~04
344163659E~0%
3.,9857603E-G4
4.5551546E-04
5124551 2E~04
5.6939456E ~04
6+5480382E-D4%
724021309E~-04
8.5409195E-04
9:679TLOSE-04
1:0818499E-03
1.2241986E-03..
1.3380772E-03

4e 9999988BE-05

- T 8469733 E=05

1. 5346962E-04
1.5346962E-04
1. 784696 9E=<04
2. L770434E-04
2+ 8193905E-04
24 961 7408E~-04
3,3540884E-04
3, 7464360E-04
4.5311335E-04
5¢4234802E<064
1.0708179E-03
1.6492868E-03
2.2885185E~03
3.041982TE-03
3.5562124E-03
3.9166138E=03
4.5666061E-03

5.7415776E-03

643665584E-03

DC DR
0.0 00010 :
04,0020 - 040030 :
0.0020 - 00050 :
040050 - 0.0070 -
0.0050 -  0.,0090:
0.0060 - 04,0110
0.0070 - 0s0130 -
0+,0070 : 040140 -
040080 - 00160 -
0.,0090 - 0.0190 -
0.,.0X00 - N.0190:
00100 -

050210

RRV

6+4234860E-05
1.1770453E-04
1:0693936E-04
1.5693926E-04
1.9617402E<04
2.T46437TE~04
3.,1387876E-04
3:5311352E=<04
3.5658316E<04
3,7081819E-04
442428T98E-04
4.5275T58E-04
2.3122T49E=04
5.346962TE<04
5.5240048E-04
4.T010439E-04
642704389E-04
6.8398169E-04
7.4091903E-04
7.6209428E-04
8.5402939E-04



- 106 -

14 560 . 00050 0.010H0 - DeD24D -

15 60, & - 0..0060 : D+0110 - 0.0260

16 6440 : 0.0080° - 0,0110: QD270 -

17 6840 0,010 00110 0,0290 .

18 72,0 0.0110: 0.0110 - 0e0310

19 766 0} 0. 0130 - 0.0110: 040330 -

20 800 - 00140 - 0.0110 : N0360

21 84.0 '  0.0150 040110 - 00380

22 88,0 040186 - D,0110 - Ds0410

23 92.0 . 00200 - 0.0110: N.0420

24 9640 : 040230 : 00110 - 0.0450 -

25 100.0: 040290 0,0110 : 0.0510 "

26 104.0: 00330 : 0.0Xk10 - 00550 -

27 108:0 - 0:0370: 0.,0110: 04,0590

28 11220 040430 0.0110:- 04065C-

29 116.,0 - N+0500 - 00110 - 00700 -

30 - 120.0 - 0a0800: - 040150 - 0+0980 -
MOMENT DLR : DCR - DRR

7.3 0.0 ‘ 00 - 4+.9999988E~05
14,7 44 9999988E-05 9.9999990 E-NS 14999998 E-04
2240 - 4 9999988E-05 9¢ 9999990 E-D5 24999981 E-04
29.3 9¢ 9999990E~-05 24999981E-04 3¢4999964E-04
3667 9, 9999990E-05 20499998 1E-D4 44,4999970 E-04
4440 9 9999990E-05 29999949 E-D4 54999976 E-04
513 9. 9999990E-05 344999964E-04 64999959 E-04
5847 9, 9999990E-N5 304999964 E-D4 6+.9999951E-04
6640 9. 9999990E-05 3,9999955E-04 749999957 E-04
7343 1+4999998E~-04 444999970E-D4% 9+4999955E-04
8047 1.4999998E-04 449999962E-04 9.4999955E-04
8840 : 1le 4999998E-04 449999962 E-04 1.0499994E-03
95,3 1 9999983E-04% 449999962 E-D4 1.0999995E=03
102.6 2.4999981E-04 4.9999962 E=04 141999994E~03
1100 - 2+ 999994 9E-04 5¢49999T6E-04 1.2999992€-03
117.3 3+ 9999955E~04 504999976 E-04 1.3499991E~03
12446 4+9999962E-04 54999976 E-04 1.4499987E-=03
132.0 - 5¢4999976E<04% 54999976 E-04 1.5499988E-03
139,3 6+4999959E-04 54999976 E-D4 1.6499986E-03
1464 6 66 9999951E=04% 5¢4999976FE-04 1.7999979E-03
154.0 7 4999942E-04 54999976 E-D4 1.8999977E-03
161.3 8¢ 9999964E-04 504999976 E-04 2:04999T0E~03
168.6 94999994 TE-04 544999976 E-04& 2.0999971E-03
1760 1e 1499994E-03 504999976 E-N4 2.2499962E-03
183.3 1.4499987E-03 54999976 E-04 2¢5499947E-03
1904 6 1.6499986E-03 5¢4999976E-04 2.7499937E-03
198.0 - 1. 8499978E+03 54999976 E-04 2+9499910E~-03
205.3 2¢1499968E-03 54999976 E-04 342499882E-03
21246 2¢4999946E-03 544999976 E~04 3.4999859E~-03
220.0 349999746E~03 74999942 E-04 4+48999563E-03

MOMENT ROL" ROR

14.7 1+.4999998E-04 4, 9999988E~-05
22.0 1.4999998E-04 1.4999982E-04



367
44,0
51.3
58.7
66,0
733
80.7
88.0
95,3
102. 6
110,0 -
117.3
124.6
132.0
139.3
146.6
154,0
161.3
16846
176.0
183, 3
19046
198,0
205.3
212.,6
22060'

READING

o
O OVONOVMPD WN -

N\ ot ot fud ol pus ot ot b
DOO~NOOVHPWLN

NN N
S W -

N NN
~Nowm

NN
O @

3e4999964E-14
30 9999932E~-04
4e499994TE-04
44499994 TE-04
4¢ 999993 8E-04
5.9999968E-04
6¢4999959E-04
6+4999959E~04
6.9999928E-04
1¢4999942E-04
8¢ 4999925E~04
94 4999932E-Q4
1.0499994E~-03
1,0999995E-33
1¢1999994E-023
1.2499993E-13
1.2999992E-03
1.4499994E-03
1,54999G2E-03
1+ 69999G2E-93
1.9999985E-03
241999984E-03
2¢3999976E-03
20 6999966E-"3
3e0499944E-23
4, T499724E~-03
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1.9999989E~-04
2¢50D0027E-04
2+ 9999996 E~0C4
3+4999987E-04
4.0000002€E-04
4¢9999985E~-04
4e4999993E-04
5+4999976E-04
5¢9999991E-04
6¢ 9999974E-04
Te4999942E-04
Te9999934E-04
849999894E-04
9+ 9999900 E-04
1.0999988E-D3
1¢2499981E-03
143499979E-03

© 1e4999972E-03

14 5499974E-03
10 6999964E-03
1.9999950E~03
201999939E-03
20399991 3E-03

MOMENT TL
4e0 Ce D
8.0 0.9
12.0 - Co} -
1640 Oa D
20,0 Qe
24.0 ¢ GdGOLQ
2840} 0. 0010 -
32,0 De G010 -
3640 - Qe 0010 -
4060 - 00020 .
44,0 : Ce0030 -
4840 Ge Q30
52.0 0, 3050
5648 Ge GOS0 -
60.,0 Ce 0O70Q
6440 0. 0080
68,0 G.0090C
72,0 0. 0100
76,0 (e 0120
BCL. O A, NGO
84.0 ;e 0L50 -
8840 0eNLT70 ¢
92.0 e 0190 :
96,0 0.0210
100.0 Ge 0250 :
104, C 0e 3270
108,80 - 1 0290
112,00 0.0320 -
116.0 0« 0350

206999884E=03
2.9499861E-03
441499548E-03
BL ' TR
0.0 040:
0.0 00010 -
D8 : 04001C -
0.0 - 00020 -
0s0 000206 :
0.0 0400630 -
0.00190 0.0030 :
OdOOIO 0.0040 -
0.0010 0.0040 -
0.0010 0s005C
2.0010 0.0060 :
0.0010 040070 :
0.0020 00070 -
00020 0.,0080 -
040030 : 04,0100 -
0.00490 : 0.0100 :
0.0059 - 00120 :
00050 : D40130:
0.0060- 040140:
0.0070 - 040160
0.0080 - De0170 :
0.0080 : 0s0190 .
0.0100 : 0.0210 -
0+0110: 040230 :
0.0130 - 0.,0280 -
Ve 0140 040300 -
C.0150 : 040320 -
0.0170 0.0350C -

0.0200

00380

BR

N0 -
040 -
D010 -
N.00190 -
00010 -
0.0010 -
00020 -
040020 -
00020 -
040020 -
00020 -
Ds0020 -
040020 -
N:0020 -
De0020 :
00020 :
0.0020 -
040020 -
00020 -
00020 -
00030 -
040030 :
00030
040030
040030 -
00030 -
040040 -
040060 :
N«0080 -



30 -

MOMENT -

Te3
147
2200 *
2943
36,7
4440 :
513
66,0 -
733
80«7
8840 :
9543

l1°€°1
117.3
124.6
13240 -
139.3
146,6
154,0 -
1613
168.6
17640 :
183.3
190.6
198.,0 -
2053
212.6
22040 -

READING

VONOWRLLNM-

12050 - 0.0930 :

0,0

" 040 -

040 -

000 =

0.0 -
2¢8469745E+~0S
5 6939491E~05
546939491E+05
5,6939491E-05
8. 540923 6E-05
1.1387891E~0%
1,1387891E-04%
1.,9928813E-04
1.9928813E*04
24846971 6E~04

34416365904

3:9857603E~04
44 2704586E-04
5.12455126-04
5/ 9786439E~04
64 5480382E~-04
741174325604
8425622356~ 04
9. 11031 62E~-04
1,081 8499E-03
1.1672592E-03
1.2526684E-03
1.3950167E-03
1.5658350E~ 03
4,6405345E-03

MOMENT

T3
l4s7
2240 -
29:3
36.7.
4430 -
51.3°
66,0 -

-T343
8047
88,0 -
9543

102.6

- 11040 -

117.3
1244, 6 .
132:0 -
139:3
146,46

- 040700 -

- 108 -

060 -

20846974 5E-05
5¢6939491E-05
8.5409236E-05
845409236E-05
1.1387891E-04

1442348 71E-04

1.7081831E-04
1.7081831€E-04
1.9928813E-0¢
2.2775783E-04
205622756 E=04
2.5622756E-04
2+8469693E=04

3:4163659E<04
3¢4163659E<04

3.9857603E-04

44 2TO4563E~04

44 5551546E~04

5:124551 2604
546939456E~0%
642633399E-04
6¢ 8327369E=04

T+.4021309E=04
882861 7T8E~04
9,3950122E-<04
1.0249102E<03
1:1672589E-03
1.3096076E-03
3. 7010489E=03

0:0850 -

RLV

040 : ’

Te 4999989E-05
7. 4999989E~05
1. 7499982 E-04
1. 7499982 E-04
201423446E-04
205346945 E-04
24 5346945E-04
2-78469415‘04
3042704365-04
3. 819391 1E-04
3.8193911E-04
4e 49643 TOE-04
4e T4 64366E-04
5. 6734821E-04
604581 796E-04
1. 24287TOE-04
T+ 6352269E-04
85622724E-04
9. 23931 83E-04

0:0450 -

RRV

2.4999987E-05
3.9234859E-05
1.0346965E-04
9. 2704533E-05
1.4270446E-04
1.8193957E-04

"2¢2117T433E-04

2.6040897E-04
2.8540916E04
3,496438TE=04%

3¢38878T72E-04

4,0311366E-04
4.2811362E<04
4,9234834E-04
5.4581789E-04
5.7081785E-04
6¢4928737E<04
7.1352231E-04
T.7T775703E-04
8.8122650E-04
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21 15440 - 9« TT40139E-04 945969625E-04
22 161.3 1.0808713E-03 1.0631655E-03
23 168.6 1.1878107E-03 141166355E~03
24 17640 1.3055154E~-03 1.2201048E-03
25 183.3 1.5409242E-03 1e4412783E-03
26 190.6 1.6836287€E~-D3 1.56974T7T5E-03
27 198.0 - 1. 8263329E-03 - 1e7124508E-03
28 20543 2004 75052E~-03 1+9336236E-03
29 212.6 2.3079142E-D3 241297969E-03
30 220.0

40 6952516E-03

3.9254986E-03

PROTOTYPE BC-2

READING LOAD DL DC DR

1 240 Qe - 0.0 - D«

2 440 Qe GOLE - 0,0 Ds0030 -

3 6.0 0. 0030 - 0,0 - 0+.0040

4 8,0 0. 00650 - 0+001) N.0050

5 10.0 0. 0060 0.0C10 00070

6 12.0 - 0.0080 0.0010 . 0.0070 -

7 14,0 0. 0090 - 0.0010 C.0100 -

8 16,0 0.0100 : 0.0010 DeD120 -

9 1840 - 040120 00,0010 - 0.0140 :

10 20,0 : 0.0130 0.0019 - D0150C -

11 22.0: 0.015¢ 040010 - 0.0150 -

12 - 2440 : 0.0180 0.0010 - 040190 -

13 26.0 0s0190 0.0010 - 540210 -

14 2840 CeN21% 0.0010 - D.0220 -

15 30.0 0.0230 0.C010Q - 0,0240 -

16 32.0 - 0. 0250 : 0.0010 - 00260 -

17 34,0 0. 0280 0.0010 0.0290 -

18 36.0 - 0.0310 0.00190 - 0.0320

19 38.0 0e 034 G«0G01D 00350 -

20 40,0 0.0380 0.0020 D.0380 -

22 44,0 0. 0476 - 0.0030 - 0.0460 -

23 46,0 0.0G51¢C 00,0049 - 00,0500

24 48,0 0. 0560 00040 0.0560

25 5.0 0.0620 0.,0053G - 040590 -

26 52.0 0. 0690 0.0050 : NeD660 -

MOMENT " DLR DCR DRR

37 N0 - DD - N0

743 %44 9999988E-05 De0 1e64999998¢-04
11.0 1.4999998E-04 0.0 149999983 E-04%
147 2¢4999981E~-G4 4 4 9999988BE~DS 24999981l E-04%
18+ 3 209999949E -4 4+9999988 F-05 3.4999964E-04
2240 3+ 9999955E-04 449999988 E~05 3e4999964E-04
257 4449999T0E~-04 4 49999988 E-05 4 09999962 E-04
2943 44 8999962E-04 44 9999988 E-05 5e9999968€E~-04
33,0 5, 9999968E-C4 449999988E~0S 649999951 E-04
3667 64 4999959E-04 4+ 9999988 E-D5 T ¢4999942 E-0Q4
403 Te 4999942E-04 449999988 E~05 T+4999942E-04
44,0 84 9999964FE-04 449999988 E-S 9+.4999955E-04
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;

409999988E-D5

477 Se 4999955E-114 1.:499994€E-D3
51e3 1.0499994E~-(3 449999988E~-05 1.£999995E~03
55.0 - 1.1499994E~-03 409999988 E~-D5 1.1999994€E-03
5847 1. 2499993E~03 44 9999988E~05 1.2999992E-03
€243 1.3999988E~-03 449999988 E~-D5 1.4499987E-D3
6640 145499988E-03 4¢9999988E<05 1.5999987E-03
69.7 1.6999983E-03 449999988 E<-05 1¢7499980E-03
733 1. 899997703 909999990 E=DS 1.8999977E<03
T7.0 2. 0999971E~03 99999990 E-05 2:0499970E-03
8047 24 3499958E-03 1.4999998E~04 202999961E-03
843 2¢5499947E-03 1.9999983E<04 204999946E-D3
88.0 - 24 71999927€-03 1.9999983E~D4 247999927E-D3
91.6 3.0999898&-03 2+4999981E-04 2.9499910E-03
9543 3.4499837E-03 244999981 E-04 342999874E-03
MOMENT ROL ROR
3.7 040 - 0.0 -
7.3 4, 9999988E~05 1.4999998E-04
11.0 1¢4999998E-04 1.9999983E-04
14,7 24 9999972E-04 1.9999982E-04
18.3 3¢4999941E~-04 2049999949E-04
2240 40499994 TE-D4 24 9999949E+04
257 449999962E-04 44499994TE=04
29.3 5¢4999953E~-04 5¢4999953E<04
33.0 €+ 4999959E-04 664999936E~04
36,7 6¢9999951E-04 649999928E=04
40.3 T7¢9999934E-04% 6e 9999928E-04
44,0 - 94 4999955E~ 04 84 9999940E~D4
47,7 9¢ 999994 TE~ 04 9. 999992304
51.3 140999993E-03 1.0499994E-03
55.0 1.1999994E~-03 1.1499992E~-03
58,7 1¢2999992E-03 142499999E-03
6243 144499987E-03 1.3999986E<03
66,0 1.5999987E~-03 1.549998SE=03
69,7 le 7499982E-03 1.6999978E~03
73.3 1.9999975E-03 1, 7999976E~-03
770 21999970E-03 149499969E-03
80.7 244999958E-03 2¢1499961E-03
8443 2e T499944E~-03 202999947E-03
8840 20999992 3E~03 25999928E-03
91.6 3+ 3499897E-03 20 6999912€E-03
95.3 346999835E~03 3.0499876E~-C3
READING MOMENT TL BL TR~ BR
1 2.0 040 : 0.0010 00010 - 040010
2 400 - 0,001 : D.0010 640020 - 00010 -
3 6.0 0.0010 - 0.0020 - 040030 - D.0010 -
4 8.0 0.0020 - 0.0020 - 0.0040 : 00010 -
5 1040 - 0.0030 0.,0020 - 0.,0050 - Ds0020
6 12.C 0.0040 - 0.0030 00060 : D.0020"
7 14,0 - 0.0050 0.,0039 0+0080 : 040020
8 16,0 0.00690 0.0040 - N.0110 040020 -
9 18.0 0.0080 - 0.0040 - 0.,0110 - D«0D 30 -
10 - 2040 0.0090 - 0.0040 - 060120 - 00030 -
11 22.0 ¢ 0..0100 n.nnan . n-on1an . n_nnan .
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12 246 0.0120 - (e G050 - DeN150 - 0e0030
13 26,0 0.,0130 - 0. 0050 : 0,060 De0030 -
14 2860 0.0150 : 0.0050 - 00170 0.0030
15 30.0 0. 0160 - D«0050 - 00190 : 040030 -
16 320 - C.0180 - Ce. 0060 - 040196C - 060030 -
18 3660 - 0.0220 - 040069 - 040250 - - 04,0040 -
19 38,0 04,0240 : 0.0070 - Q40270 0.0040 -
20 40.0 0.0270 - 0.0070 - 042900 - 040060 -
21 42¢0 - 0,0290: 0.0070 - 040310 - Ds0060 -
22 4440 - 0.0330 - 0+0100 - 040340 : 0:0070 -
23 4640 0.0350 - 0+0)20 : 00360 - 040090 -
24 48,0 - 0+ 0390 : 0.0130 : 00390 : 040110 -
25 500 0.0420 - 00150 - 0+0420 - 040120 -
26 520 0+,04590 - 040190 - 00460 - 040150-
MOMENT A B
3.7 443243228E-05 8 6486471E~05
Te3 Be 64864 71E-05 1.2972971E-04
11.0 1.2972971E-04 1. 7297284E-04
1447 1. 72972 84E-04 2¢1621601E-04
18,3 2.162161 TE-04 3.0270219E-04
22.0 3.0270219cE-04 344594536E-04
2547 344594559E-04 4¢3243193E-04
29.3 443243193E-04 5.6216167E~04
33.0: 5:1891827E-04 6+ 0540508E~04
3647 5.6216167E-04 6.4864825E-04
40.3 6.0540484E-04 69189142E-04
44,0 Te¢3513458E~04 T« 7837T7TT5E-04
47,17 T« 7837775E~-04 862162116E=D4
51.3 84 6486433E-04 846486433E-04
5540 9:0810773E-904 9¢5135090€E-04
58,7 1.0378370E-03 9¢5135090E-04
62.3 1.1243236E-03 le1675667E-03
66,0 1.2108102E-03 1.2540533E-03
69,7 1.3405394E-03 14 3405394E-03
7363 1le4702689E-03 - 142799300E-02
T77.0 1.5567555E-03 1+45999987E~03
8047 1.8594575E-03 1« 7729709E-03
84,3 2:0324292E-03 1+9459436E-03
88.0 2.2486446E-03 2¢1621590E-03
91.6 24648597E-03 23351309E-03
95,3 2. T7675582E-03 2.63T78315E-03
READING MOMENT RLYV RRV
1 37 2¢1621614E-05 443243228E-05
2 Te3 60 8243229E-05 1.3986474E-04%
3 11.0 139864 T4E=04 1.8648629E-04
4 14.7 2+3648620E-04 2.,0810787TE-04
5 183 2 8310763E-04 3.0135084E-04
6 2260 - 3. 7635071E-04 3,22972542€E-04
7 25.7 4¢2297249E-04 4.4121570E-04
8 29.3 4¢9121561E~-D4 5.5608062E-04
9 33.0 5¢ 8445893E~-04 6.27T72210E-D4
10 3667 603108047TE-04 é;?4323645—0#
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1l 4043 7.02T0L9TE-D4 609594523E-0'4
12 440 84 4256TRTE-D4 843918846E-04
13 477 8,8918861E-D4 90 1081019E-G4
14 5143 9+ 8243169E-D4 9e5743174E-04
15 55.0 1.0540534E-03 L.O5N6T51E=D3
16 58¢ 7 1.1689181E-93 Lo 10Q6T5LE=D3
17 6243 1.2871611E-03 1.2837825E<03
18 66440 1. 45354044E-03 1.40200258E-03
19 69.7 1.5452688E~03 1.5202686E-13
20 73.3 147351331E-033 Te299646T7TE-D3
21 17.% 1487837T61E-D3 Le7T4997TE-I3
22 8ReT 241797251E-33 1.9614827E-03
23 8443 243912117E-0G3 241229684E-03
24 88, ¢ 2.6243188E~03 238101 732E-03
25 9146 2. 9174233E-03 2,51 75605E~:3
26 953 342337699E-13 2.8439093E~03
c PROTOTYPE BC-3
READING LOAD ] 0C DR
1 200 0e G030 Gall G003
2 403 - e RCBE Del} D.0N8L
3 Gef) e {1130 GeHG1D - 301310
4 8al CaBLTD Qe 20BLY Ne0180
5 1840 - e D220 Ga2D1Y - - BeD250
7 14C Ge 0350 DalG15 Deli410
8 16,6 Ge 3424 (e 2020 e 3491
9 18.C - (2o 0558 Qe 00:37 N 580
10 2060 Ge {I580 SeGii4N - Deli681:
11 2240 e D680 112069 302800
12 2401 Te 1820 De 34180 10980
MOMENT DLR DCR DRR
3.7 ls 49G9998E~14 {ed 1.4999998E~-D4
Te3 34 99G9955E~-(4 Qe 3.9999955E-"4
11 6¢ 4999S959E~{:4 449999988E~15 64999959 E-124
l4e7 Be 4999949E-14 449969988E-"5 89999964E~34
1863 1+2999995E~-03 449999988E-15 1,2499993€E-13
2240 1.3959988E~03 449999988E-05 1.5999987E~13
251 1, 7499984E={3 4+9999988E-125 204999 THE-D3
2943 24{3G99G71E-03 9.999999NE-25 2e4499949E-13
33.0 20 4999946E~123 144999998E-14 28999920 E-733
6.7 24 8999920E~103 1,9999983E-i4 343999849E-"3
40Ge3 3.3999849E-03 2+9999949E-14 3e9999746E~13
4407 447999725E-13 3.9999955E-14 4+8999563E-D3
ROL - ROR
3.7 1.4999998E-D4 144999998E-4
7.3 3. G999955E~ 14 349999955E~1:4
11.9 6 9999G51E~C4 54 9999945E~04
1447 80699994 0E-24 8w 4999949E~4
18.3 1.14999G4E~-03 1.1999991E-13
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1¢5499985E-03

22.0 - 1.4499987E-03
25.7 1.7999979E-03 14999996 8E<03
29.3 261999970E-03 243499948E-03
3340 - 24 6499946E-03 267499921E-03 -
3647 3.0999917E~03 341999850E<03
4043 3.6999844E-03 346999751E-03
4440 - 44499971 9E~03 444999532E-03
READING MOMENT ~ + TL BL TR BR
1 ‘2s0: 040020 0.,00k0 - 0s0020- 040010
2 4,0: 0s0050: 040020 04,0050: 04,0010
3 640 040070: 0s0030: ~ 040070 0s0020:
4 840 : 0s0100: 040030: ' 0,000 0s0030:
5 1040 0s0140: 0.0040: 0s,0120:- 040030
6 12,0 0s0170: 040060 . 0s015C 040040
7 14,0 040210- 040090 0.0L80- 040050:
8 1600 040250: 040110: 040210- 0.0070-
9 1840 0+0300: 0.,0150- 0s0250: 0.0080:
10 - 2040 -  0+0360: 040190 0+0280: 040100
11 22,0 - 040410 040230 040320 040110
12 24,0° 0,0500° 0+0300: 040430: 0s6130:
MOMENT A , B
3.7 1.2972971E-04 1.2972971E-04
7.3 3.027021 9E-04 2+ 5945925E-04
11.0- 443243193E-04 348918876E-04
1407 5.6216167E-0% 546216167E-04
18.3 T+ 1837775604 60 4864B25E-04
2240 - 9. 94593 84E-04 842162092E~04
25.7 1.2972965E-03 9.9459384E-04
29,3 145567555E~03 1.2108102E-03
33.0 1.9459436E~03 144270255€E-03
3647 243783741E-03 1.6432416E-03
4043 2.7675582E-03 1+8594575E~03
4440 3.4594452E+-03 2¢4216163E-03
READING MOMENT RLV ™ RRV
1 3.7 1. 39864 T4E<04 1.3986474E~04
2 743 3.51350T5E-04 3.2972940E-04
3 11.0 - 546621572E~04 4,9459399E-04
4 l4e 7 7.3108054E-04 7.0608058E-04
5 1843 9 6418848E-04 94:2432369E-04
6 22.0 1.2222962E-03 1.1858097E-03
7 25.7 1.54864T2E-03 1.4972952E-03
8 29.3 1.8783761E~03 1.7804024E-03
9 33,0 2.297967T7E=03 2.0885076F-03
10 : 3647 2, 739181 TE=03 2.4216119E-03
11 4043 3.2337699E-03 2.7797148E-03
D 12 4440

/END READ---NO MORE DATA CARDS

309797053E-03

3,4607835E-03
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APPENDIX B

CALCULATIONS OF THEORETICAL MOMENT-ROTATION RELATIONSHIPS
/ :

1. Column-to-Base Connections

g) Conditioms at yield and ultimate

In order to obtain the degree of fixity of the base arrangement
at yield, the'yieldﬂmoment”(My) of the column must be determimed, The
problem consists in-finding the load, applied at an actual eccentricity
of 10 inches, that:will meke- the: column yield. The calculations involved
are cumbersome-and-lengthy. Moreovér, the terms "yield point load" and
"ultimate load"-imn-the case of tied columns are not quite distinmct.
Previouswtestsla’ggwhavefshown that when a tied column is yielding, it
means that-its ultimate-capacity is attained. A more representative

estimate“of'thnwhasewfixttywwould'bewbbtainadmby”comparing the theoretical

rotation occurring-at-the-base of the columnm (when*pinned) with the actual

at the ultimate design moment level. Inany case, the degree of fixity

will be referred to as "degree of fixity at yield".

b) Ultimate capacity of the columm (USD)

i) Properties of the materials

: 45 b
fC' = 4500 pSi m = fy/.45 fc = 13.08
£, = 50000 psi |
vos 10 lbs./ft.3 By = wl,Sx 35 f:v = 3,87 x loaﬁpsi
’ E, =30 x 10° psi
n = Es/Ec =7.75
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ii) Balanced eccentricity : 8.65 in.

Since actual e = 10 in., tension controls.
iii) Determine P

ACI Code formula (19-5):

Ultimate load = Pﬁ = 235 kips

Ultimate moment = Mu

2:5 X 10 = 196 ko 'ft--
12

B = P = .70 x 235 = 165 kips.

Ultimate design load u u

Ultimate design moment = M; = 165 x 10 = 138 k.-ft..
12

e¢) Corresponding rotations _

i) The theoretical rotation at yield (at ultimate design value)

is obtained by the Euler formula:

d = e (sec al - 1)

2
where a = P
EIt“
where It@ = moment of inmertia (transformed, uncracked section)

The term d is the mid-height horizontal deflection for a pinned-ends
column acted on by an eccentric load (eccentricity : e). The formula

is applicable in this case under the condition that the stresses in both
materials (concrete and steel)are still in their respective range of

linear proportionality. (In other words, we are in the region just

prior to yield).
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for @ = 10 tn., P = 165 kips, I, = 5675 in?,

d = 550 im.

And the rotation-at-the ¥nds & .0046 rad.

ii) The rotation at ultimate is obtaimed from the compafibility

of strains diagram16

‘pu = E + E = 0000362

As the curvature is actually measured over a lemngth of 44 inm,

Qu = qru x 44" = ,01159 rad,

2. Beam-to~Column Connections

a) Assumptions

i) At yield,"therstress in the tension reinforcement equals

the yield stress, (fs=fy).

ii) The compression reinforcement is neglected im the calcu-

lations.

b) Conditions at yield -and ultimate

The moments at yield and ultimate are obtained by using Mattock's

analysis..l6

i) Properties of the materials

ft = 4000 psi g w = 145 lbs./ft.3 3 Ec = 3.65 x 106 psi
fy = 50000 psi ; Eé = 30 x 106 psi
n=E/E =8,22
g8 ¢
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M =1 f kbd (1 - x/3)
y 5 ¢ |
2 k, p
Mu = bd pPs l 2 f's
| klkacj

1

¢) Rotations at yield

- The rotatfoﬁs at yield are computed by the conjugate beanm
method.” The rotation at 40 in. from-the- support- (where it iz measured
in the laborat‘ory)---t‘s_ obtained by computing-the - shear force at the same *

distance, in the conjugate system,

2" H/EI

, T = 11.4 M (x 12 x 10°)
40 1

£06*

d) The rotatioms at ultimate

The rotations.at ultimate are obtained fr_om- the compatibility

of Btrains diagram

¢u=Ecu+E

Qu = ‘Vu x 40"

e) Sample calculation

for the case of BC-la

i} Yield~
M = 189 kc fto
y -4
¢Y (a0") = 14,26 x 10 rad
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ii) Ultimate.

M
u

@,

A table summarizing all the calculationss follow,

213 k. ft.
3

q;u x 40" = 10.2 x 10" ° rad.
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THEORETICAL M-

CALCULATIONS

fy = 48900 psi

f, = 4000 psi ; By '= 30 x 10° psi

c. = 3-65 X 106 'pSi

k, =+85%; k, = .425; k3=.84 BC-lc BC - 2 BC - 3
bxd 12" x 18.5" 9" x 14" 7.5" x 10"
A ' 5,14 in%. 2.37 in° 1.67 1a°
I, ( 4968 in" | 1780 in' 670 in"
;"f; T 2260 psi 2490 psi 2680 psi
=y :g&::_”m;;mmm4A¢:;;ﬁ»:gié,_.'m:? .ﬁgig;;mmmgqﬁﬂgﬁu,:giéﬁngian“ng
M 189 k.-ft. 100 koft. 49.6 k.-fto
M 213 k.-ft. 116 keft. 57.3 k.-ft.
P, (10m 14.3x10~% 21x10™ % 27.7x10‘f
P, 102x10™% 134x10~% ~188x10”*
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APPENDIX C

ULTRASONIC PULSE TEST

The ultrasonic pulse test was developed in an attempt to measure,
in a nonsdestructive manner; -some-physical- properties of concrete. The
method is particularly effectivein estimating the quality of concrete
and in detecting-the-development of -cracks in-structures and to check
deterioratiom "due~to-frost or chemical action.

The-apparatus consists of & transmitter driver and of a piezo-
electric crystal transducer emitting vibrations at its fundamental fre-
quency. 'The*transducer¥iS“in“contact with the concrete, so that the
vibrations travel—tlrough-itt—=hd are picked up by another tramsducer
in contact with the-opposite- -face: of the specimen under test. The wave
velocity"iS“ﬂetermin!d“directiy'from’thé'time=taken“by a pulse to travel
a measured distance s in our case, one foot, the thickness of the specimen.

- ~The purpose of this test was to evaluate the damage due to
welding of embedded steel elements between precast concrete units. It
was expected"that“theiheat“produced by the welding would result in the
developmentof-cracks: in the concrete, both on the surface and in the
volume of the-specimen. ~The ultrasonic test will detect the cracks by a
decrease in the velocity of sound propagation.

Velding was performed on three specimens; fillet size of 1/4",
3/8" and 1/2" were applied, each fillet resulting in a different §9ﬁper-
ature gradient that had to-be-dissipated throughout the section. A fourth

cube was used as a control specimen and had no welds.
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It is obsérved from the curve that a 8% variation'in the ultra-
sonic velocities were obtained bhetween the most severely heated specimen
and contrél. The results show that the physical properties of conérete have
been altered to an extent which is negligible.

~Furthermore, inspection of the beam-to-column comnections after
failure did not -reveal—any apparent damage due to the heat developed

during welding..
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ULTRASONIC PULSE TEST

SPECIMENS = 12" x 12" x 12" CONCRETE CUBES (4)

12" x 4" x 1/2" STEEL PLATES

EMBEDDED IN SECTION 4 0
s 4
//// i,z:'.:"_ =
# !
/// /——'
//
|
P FILLET WELD, VARIAELE SIZE

2" 4* ARV
L 1@
4" S
- @’ [>=~~
4/!
3
@ ‘5




@ - 12% -

VELOCITY .

(f:fsec.) 1 0%

. CONTEOL $PECIMEN #
" (vo wewd)

R 9§
,\
o C!'Oo -
n —~—
eT——

! 0
PO
13
1z . — . + ' -
Y /. Yy 1 SIZE OF FILLET (I.)
0 6. % 5370 8.0% % pEDUETION IN

VEWOCITY RELATIVE
JO_CoNTROL SP.
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APPENDIX D

MATERIAL PROPERTIES
1. Tension Tests

Within- the welding test program, tension tests were conducted
on a number of 3/4“ dismeter deformed barS’(50,000 psi) on which differenmt
velding intensities were applied. The purpose of this investigation
was to detect any structural deficiencies in the material resulting
from the-heat developed by the welding.

Tension tests were performed on two bars without welds,
two barsron which continuous welding was performed and two bars sub-
jected to spotwelding only. The measurements were taken over a 8 in,
gags length, on which the weldinz was applied. The results are pre-
sented in the following - table and stress-strain curves are plotted
using the—average of the two readings. It is noticed that while the
yield stress is approximately the same for the three cases, the ulti-
mate strain is reduced"by 40% in the case of continuous welding and

by 65% for spotwelding application.




ya
7Y
4 &.k ll.@
- ya
S ¢ 9 K2
J]
I
4
/
/

AN/ a

— A
3
[Ty

o |
| gan §
%
G- -
1. -
“ A
——
o™ |
-
“
= l&
Y/ Q' ]
[e, 4 P




~

-

1AL

o7

o ¥

A

3
5

L)

h \y
[N

[ VN

S

o

D




¢

¥ M

s

- 127 =

]

A
~

.

h, N
X

5%

|
T




- 128 =

2, Compression Tests on Concrete Cylinders.

-mFor"each“prctbtypewtested, the value of the compressive

étrength”waswobtained”by“taking“the"average*crushing“forcefof~three

6 in. x 12 in, cylinders.

The results are tabulated below.

COMPRESSIVE STRENGTH (f; = psi)

B=C3

C.aB, C.<B.. B-Cla B-C1b B-Cle | B-C2
TYPE T TYPE II
CYLINDER NO.|(28 Days)|(28 days) | (28 days)|(7 days)|(7 days)| (7 days)|(7 days)
(6" x 12")
No. 1 4060 5060 2800 5150 2180 2700 3820
No. 2 4175 5835 3330 4950 3900 3500 3890
No. 3 5200 4525 3500 5100 3070 3600 2960
Av. 4480 5140 3210 5070 3350 3600 3900
GrouT | (3"x6")
CYLINDERS
PAD
No. 1 4700 4850
No. 2 4900 4600
No. 3 5925. 5450
Av.. 5170 4970




