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ABSTRACT ~
L 3
Tarthquakes impose severe tipe varying lateral 1loadg
and displacements lon structures. For framed structures,
lateral loads cause large bending moments and shtear forces
in tha baém-column connections. Farthquake -notion causes

Teversals cof bending moments and shear forces and the baanm-

column cennzctions nust

vive saveral cycles of high in-

tensity loading wit t significant stiffness .degradation.

This thésis studi¥s the behavior of reinforced concrete

»
J

T
beam~celumn ferner joints. 1 systematic expeTimental study
i N

v -

©f the behavior of reinforced concrete beam-column corner

cornections wvas carried our by constructing ané loading nine
specizens to failure. Eour spepimens vere tested unde;.mon-
ctonic.lodding wvhile the Temaining 1 £ive ;ere' téétgd uaodar
increasing magnituda cyclic loadingifq sigulate the effect

cf severe earthquake loading. The principal variables of

the study were the flexural reinforcemant ratio and the re-

-

inforcem=nt detail of +he joint. Tests ware 'qonducted'on

corner joints with different reinforcemant details and the
flexural reinforcemzent ratios variad from 0.7 % to 1.27 %.,
21l speciaoens kad pominal b=am and coluza cross section. di-

mensions of 6%6.25 in. ({152X158 mn) , Teinforcing steal with

"N
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nominal yield strength . of 413.7 ¥Pa and a nozinal comcreta

assive strength of 34.47 pa.

{
Analys*s of the results shows that no dlfflcul ties were

oncounternd with reinforced concrete cormer joxnts subjactad

to a‘closing momant ¥hen beam-coluzn cernper joints were

subjected to an” opering Zoment, the diagonal tension.failure
at the corner lizited the capacity of the cormer . The be-=-
Hav;or of tha joint is sensitive to the load h*story annl*ed

Bl*h load reversals causing incremertal bond failure’ 'and

. .
shear cracks., Joint. performance, strength, ductlllty and

N

stlffness all lamproved with decreasing flaxural steel ratio.

The addition of diagonal reinforcement at, the cornex, of tha
same-size as the flexural reinforcezent, is necessary for a

¢crner jolnt under opening.moment, One specimea, ¥Xo. W 9,

vhich modelled an edge cormer joint, with beams perpendicu-

lar to tﬁe plame of tke joint, showed auch _morovad pe*fo*m-

ance’ comnared with:the spec1men vithout lateral bﬂams.
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Chapter I
7 INTRODUCTION - -
o
1.1 GIyfEaL _ V4
‘\\_\\
’ Earthquakes ayeé violent and unrredicable mevements of
q T

the earth's crust. TFor the structural engizeer, earthquakes

bring the challenge of designing structures that will not

RS

ccllapS®¥4n a Catastrophic ranner .during a major earthquake

and will remain reasonably serviceable after mos:t moderats

sarthgquakas,

; CPS\ |

. Figur te) s“ows the accelerogram of greund zovement
©f th= h.s.jkomponent of the Z1 Centro 1940 earthquake. To
a structure, the effect of translating the base of +he

structure is 2quivalent to applying a time varying ser;ﬂs of

1ateral loads tc the structure.

3 sizple structure, such as a singls bay single storey
portal frame can be mathematically represented as a single
degrze of <frezdom systen. If the natural freguancy and

-

damping properties of the sSystem are kmown and it can be"as;‘_____\\

suzed that the system is linear and elastic, the equation of
motion can be numerically intsgrated to g2t the responsa of

the system as is skown in Figure 2-a (&) Por a ground motion

—— i —— -k
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' identical to the 1940 =1 Centro carthkguake, Figure 2-a

represents th2 response™8F an clastic systen having a pericd

~
-

of vibration {T) of 1.0 second and a danping coefficient ()

» : A
of 10°'% of critical. This particular systea. undar *he r©l
Cantro sarthquake would Tesult ip a wmaxisum lateral disg-

pPlacement of 3,28 in. (83.3‘mm) after 4.3 seconds.

-~

Yost structural systems do not Temaln elastic ip re=-

$Pons2 to severe earthquake action: Numericdl aﬁalysis of

the system of Piqure assumin the structure Yas an elasto-
¥ g g SR >

plastic load-displacamernt® Tesponse witk a $i& isplacegent

©f 1.64 in. (41.7 zm) has been carried oyt wvith the rasults

illustrated in figure 2-b. I+ ¢an be poted that +the paximuz ™

digplacement is again 3.28 in (83.3 zn) but; at a time of 3
seconds. The nearly identical displacenents, even though at
different times, is ;%e basis of the:ductility design phi=-
losophy described later,

¥hen a simple structuréxhis subjectad to earthqﬁaka
ground wmcticn, tke response of the fraps to base translation
will bz éimilgr to that produced by a laterél load, as shown
in Piguze 3-a, and ths resulting bending mozents experiencad
by the frame due to base motion can be representad as in
Figure 3-b.ﬂ One corner is subjected to a wmcment which tends
*to opan themco:ner acd the other a cozent which tends to

close the cormer. The sense of the oomsn%s will be reverssd

W
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if the direction of the horizon+tal component cf the ground
i

- s

motion reverses, This shows the neéﬁssity of dé§igning 2

~

excitation,

bf‘ighre 3-b shows the benhing noment diagram for.a sipn-
gle storay porta;-frame undexr lateral load; it is useful.to
note that the maximﬁm bending moments occur at the bean=-col=-
uzn cornnections. The connection must be as strcn¢ as the
weakest coﬁnectiné mzenber, namely the veaker of either the

beas or the column. It zmust also be noted +that failure of a

connection in a structurs is catastrophic as it implies

failure ef both the beams and colunmns.

Two categoriss of structural behavior can be identified
s shown in Figuce 4, nazely brittle or ductile. Ip +he de-
sign of structures . for seisumic safety, +the ccncept' has been

adopted that the response of a structure to €arthquake exci-
tation be ductile so that the structure can ;arry load fe-
versals or overload by inelastic deformatiops of the mém—
bers,

It is unde:s;ood that during an €arthguake, signific;nt
overstrass in a stIucture is expectﬁd; The overstress in *he
coluzmns can be substantially :educgﬁ by the yizléding of the

beans, during which +he D2 JoTity of thke released €NeCgy can

corner to resist the Teversals, of moments during earthquake

._‘1’
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A ' L -
v . .

be absorbad by the beans througk inelatic deformation. It

is clasar that athough failuTe of a bean may not be cri<tical,
éslumq failure is usually accompanied by the collapse of the
siructure. Although a balance of the strengths of the beanms
and columns éppears to bé'applicable, a st:ong—colﬁmn-weak-
beax philosophy is to be recoamended in the design of ecartk-
guake resistant structures. Cver the ve2ars, a-design ﬁhi-

-

losophy has evolved to ilpprove the

[0 o
b
=
v

vior of earthquak:
resistant structures by increasing +the ductility of mambers
thus allowing the structurs to absorb enerqy By inelasti

deferaations.

When the lateral force induced by earthguaka ground
motion is so high that yielding is expected to occur, the
capacity of the structﬁre to d=2form bevond yield with mini-
muz loss of strengtk depends mainly on ths ductility of its
m2mdars. It has been cemmonly believed +hat failore of coo-
nections - is usually accompanied with the <failure of the
Structure; hence, corner connections sheuld. be designe& 50
that botk sufficient ductility and adeguate strength oz
sti-fné;s b2 achieved to ensure tke sucvival of structures
during a severe earthquake. . {.

’

T.1.1 Ductility

The dﬁctility ® /4 or 8§ [/ &, da2fipned ag the ra-
. u 4 u ¥ ,

tio of the paxinmum deformation develcped in a member to its

'
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elastic-linit deformation, is the most commonly used =zesasuce

of théldﬁbtiiity of'a-membg: bacause of its siaple-applica=-
‘tion; In the field of'the ea:;ﬁquaké-;esistaﬁt structural
design, thefgnncept'of energy absorption is praferrad. This
~

is equal <to the area wunder +*he fqrce-defo:mation curvae as
shown in Figure S . |

Frcem comparisons of .the stress-strain relationships of
the reinforcement steel and the coacrate, it is easily un-
derstood +ha*+t steel can develop. much more ductiliity, and
therefore, the rainforcement is usually +the critical factor
for a reinforced concrete saction to display ductility.

Clough and Penzien <°i, frem the coazparison of tie re-
sults of the nonlinear asalysis aand elastic analysis of a
structure, <found that the maxicus displacements are éssen-
tially identical ‘in both cases with the w@maximun displace-

ments of the nonlinear system only a fev percent larger. By

considering the nonlinear dynamic 2pd elastic deformations
beiag the sanme, Clough and Penzien dafin2d- the duacitility

factor, r ., as

max
TR
.Q
Y
wkere 6max is tke maximum deflection and év is +he

o

2lastic limit deformation. Tha results of a standard build-
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ing presented ig "D

.thdt tke use of appr

ynanmics of .Structurasn® (e) deaons:ra:ad

oxiazate lnelastlc*respcnse analysis pro-

Cednre can be adequate. The procedure anolves por‘oraan a

llnear eart hquake-'esponsa analysis and providing -the

s*rengths of all the

ber"fo:ces reduced )

sign strength can be

Tesponse force and

menbers with the conmputed elastic mege
Y a dﬁctility factor. The noaoinal de-
represented by tha 2lastic eazthguake-

a ductility factor specified for the

zember; as represented inp Figure S, it was obtained that:

In tkis case, t

Hh

of ipalastic deforma

be taken as :

ke ductility factor refers tc the amount

tions acceptable ip *+ha mz2azber and can

In the pas%t, the absorp+i 100 of energy by inelastic de-

fcrmation of the frame was not ¢ritical because buildings

were mostly constructed with noastructural partiticns apd-

valls vhose capaciti

€S for energy absorption were sufficient

and significang. On the other hand, the current kigh-rise

buildings with parti
depend on tke struc

absorb enkrgy.

tica walls of negligible weight hava to

tural frame +to provide +he capacity to
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Current earthquake-resistant design practice' ianvolves -

.

datailing the béam-column joints to carry the large lateral

loads and displacements and to mipimize stiffness degrada-

-

~

tion at the Jjoints. Where latsral 'displacement is con-

'cerngd,,the Paxizum values fregquently occur at the ﬁop story

corpers and this .is the reason the analysis of corzer joints

: is of equal impértdnce to that for interior Jjoints or other
(fzzﬁ\\ﬁg}imary members, if the integrity £ the ‘joint and the

Stzuctuze is to be zaintaif¥d under a severe earthquake.
-
I

o R

"1.2  STODY GOALS -

-

In an effort to iaprove the behavior of buildings and
structures to fglfill the necessary cequirerents for relia-
ble earthquake resistant desigrn, extensive research into +he
respoase of struétﬁres under earthqrake loads kas been caz-
ried out using model tests. Most research -has used two-di-
nensional reinforced concrete Specimens. This is for se-
veral reasons, vhich iIgpclude simplif%&ation oL the loading
Systeam, the construction apd tha theoféticél aralysis of tkte

Specipeuns. -

With a view to gradually improving the level of eacth-
&

quake resistace of buildings, +the purpose of this study is
to review apd evaluate, by @mears of small-scalad nodel

tests, the response of reinforced concrete correr joints <o

sinulatad seisaic action., A reinforcing detail is racon-




Y

\
. /
mendad to minimize +the damage to structures from future

L 4

2arthquakes, , G

Frb& the laboratory results, the efficiency of external
beam-column cormers, vwhick is defined as the ratio of the
measured maximuz moment capacity to the calculated flexural
capacity of the be2am, 4is found to be dependent cn the flex-
tral steel percentage and the geonetry of the reinforcemeant
cf the Jjoirt, The failure modes ébuld be ﬁsad for predic-

—

tion of the strengthk of the corners.

It has been shown in this study that the tipe seguance

.and the nmagnitudaes of tke loading program have a significant

influence on the non~elastic behavior of all reipforced-con-
A -

¢rete cornnections; consequently, detailed comparison of re-

sults with beam~column corner joints tests by other re-

- szarchers.are difficult and rarely succcessful. Eence, it

is suggested that the results and recommandaticns hercein

sunzarized be treated as a guidasline to the study of ths be-

bavior of corners under seisnmic loading conditicos. M2ap-
N

ingful comparisons of member or joint performance from vari-

ous researches can ke only achizaved using an internatiopally

recognized _standard test seguaace.
\/v

[



Chapter II

ANRLYSIS OF REINFORCEZD CONCRETE COEN
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For the purpose of structural analysis, it is commonly
assumed that the bzam-column ccnnectionslof reinforcz2d con-
crete structures are rigid zones. However, when reinforced
concrete frames are subjected to bending mozents fronm la:-

b . 4
eral forces as sﬁg;n in Figure &, the beam-cclumn connec-

tions are subjectad to large shear forces and large moments,

He

anéd thus the assum%}icn of a =rigid jeint block can be inap-

propiate.
With refereunce to ths —response of a structure undar

reversed tigh-intensity locads, flexural yielding as w¥z2ll as

ct

the ductility of the ccmponents should be emphasizad to en-
Sure th2 agount of energy dissipated. The primary objective
of this'study was to lnvestigate the belhavior ¢of beam-column
corners 0f reinforced coﬁcrete frares subjectzd to latsral

-

lcads,

In the analysis of reinforced concrste corner joiats of
a structural frase as seen frox Figure 6-b,” whken onsz cornsr

is subjected to an induced momen* which tends to open <hsz




corner, the other ccrner is closed by a moment suck that the

relative lateral displacement is assentially zero.

. A/ /

s ; b v

Fowr =~
— ~

i

Fd
P~

/
. : Y 4

TSRS _ N el /
(a) (b)

(a) Deforrncr;ion and
(b) Bending Moments

Due to Lateral Forces
FIG. 6 FRAME SUBJECTED TO LATERAL FORCES

{
2.2 THZOPZTICAL ANALYSIS

2.2.1 Corners Subjacted to Closing Moment

OUsing the theory of elasticity, which is valid for con-

>
crete only before cracking occurs, and assuming the coznar

- 14 =



as on2 homogenasous body,'Paduart iz 1940 ¢20) derived an ex-
pression for the stress function of a point inside the joiant
block. The stresses thus givan satisfied thé‘eguilibrium
conditions of the element but npot the conditions applicable
to geometrical compatibility. The.‘calculatéd tensile ﬁnd
coapressive stre;;es perpendicular to the - ‘corner diagonals
are‘reproéuced as in Figure 7 which are valiad only within
the elastic linmit, i.e. €or an unc:ackad_section subjectad

to bending moment only.

As cracks develdp, the concrete can no longer be as-
sunad to be homogencous, isotopic and elastic angd the defor-
mations and forces of +the joint bhlock are usuvally repra-

S

/

s2nted as shown in Figure 8 .

It can be sesn from Pigure 8-a that the resulting force -
0f tha steel force (T) and tkz concrete force (C) is a diag-
¢nal compression force aiong'line ET. It has been realized
that detailing for this t¥pe ©of corper does not encounter
many difficulties. This is because the ccuopressive strzsszs
c€an pormally be resisted by the concrete without 2xceeding
the strength of the concrete, The relatively large tensile
forces indicated a+ pPoints A and B froz the elastic analysis
are easily provided for by the bearm and column stzel which
ccﬁtinue around thke outside of <he jolict. Pessible failure

S—— . . .
nodes are bearinmy splltfing, shear cracks or bond éd=steriora-

ticn, usually after yielding of the pain reinforcenent.

- 15 =



IHH tension

ot compressicn
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FIG. -7 STRESS DISTRIBUTION
THEQORY OF ELASTR!CIT?(

>

B £
T
M M
c—
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ci\/ T J2T

(a} forces
(b) deformations
FIG. 8 CLOSING CORNER AT ULTIMATE LOAD
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2.2.2 Corners Subjected +o Open

¥ost problems exist inp the detailing of beam-column
joints when the bending nmoments tend to open the corner..
With the.rapid development and availability of computer fac-
ities, 4 study bhas been mada of the s*resses in the region
of corner joints in a plane building frame, having meabers
of rectangular cross-éection using the Finite Elameﬁt Me-
thod. Tt divides tke cormer into several hundred triangular
elezents as shown in Figurs 9 ., The Concrete Structures Di-
vision of Chalmers University of Technology, Sw2den, have
developed a computer brograz in Fortran for thelanalysis of

stresses in the region of the joint before it cracks.

¥

Assumpticns were that:
1. the material is linearly elastic and

2. the applizd moments or the joint are replaced in
the analysis by point loads at the elenment boundg;-
ri=ss,

The results of tkhe analysis were pres=znted in the fornm

cated

}-

O stress flow witk the principal Stressss being ingd
in pagnitude and direction at the centroids of the glemants.

The =zethod of analysis assunmes thkat strains and thus

stresses are constan* in sack clenent.
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— Tonsile stress
—— Compressive Zlress
v=0,2

( Ref. 18)




Lkl

IHH tension

compression

FIG. [0 STRESS DISTRIBUTION
F@TE ELEMENT METHOD (Ref. |g)

It was Zound that, «wher the corner concrete is assumed
to be homogznecus, isotopic and elastic, the tensile stress
across the cormer sectionm is very kigh at tke inner angle,

which explains the reason why cracks develop in this region

at very lov loads, These tensile stressas acress t+he corner

diagonal rasemble a parabolic dis+ribution which is similar
to Paduart' s results, The Tesults ir the form of thz mag-
nitude and directions of priacipal stressas are reproduced

in Figure 10 . L




N {a) forces

(b) deformations
FI1G. I OPENING CORNER AT ULTIMATE LOAD

—

At ultipate 1oad, Pigure 11 =represents the forces and
defo;mations of the Jjoint which is now tegarded as a non-
homogeceous, Dnon-isotopic and inelastic system. In Figurce
.11=a, +he resultant force of the steel force (T) and conp-
crete force (C) is a tensile force along diagonal E?; This
Tesulting tensile force tends to cause diagonal tensile
cracks as showa in Figure 11-b. resulting in a sudden fail-
ure ¢f the menmber. It 1is understood that adéditional rain-
forcement along diagopal EF is necessary to carzy the diago-
nal tension force to m?intain the integrity of +he corner.

\
)

- 20 -
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2.3

In
jolnts

load or

"the reaa

Rk

i+ can

1.

MODES ©

ILO®

|12

4

-

order to accurately predict the behavior of corner

vhen subjected to oeither nonotonically -incraasing

repeated and reversed loading, it is esseptial that

sons for failure of the connection be understood.

20 a corner Joint is subjected to flexural baﬁding,

fail in any of the following five zodes :

Yielding of +tke Tension Teinforcement - Suck a
failure, caused primarzily by vielding of tke tan-

sion reinforcement is preferred to give a2 ductile

Iesponse To load. In thistfase, large deforza-
tions (&) are involved. Posssible consegquences

after the yielding of +the ternsion r€inforcezant
are illustrated in Figure 12 .
in the case of closing moment, Figure 12-a shovs

crusking of the concrste at th

i

-

irside cormer
whilst flexural «cracks developsd on the outsids
surface and extended *owards the inside corpar.
Figure 12-b shows diagonal tension cracks togethar

with fl=zxural cracks a2t the inner corner in the

case of an openinrg moment.

Compression Pailure - If the concrete strengtts

by

of the cernar cors and thg adjacent connec+tad mao-

bers are the sane, failurg by crushing of tke con-~

<.




SN

vl

>

3.

(a)

e

(b)

FIG. 12  DUCTILE FAILURE {a) closing corner

(b) opening comer

€I2te rarely occurs because the specifizd design

compressive sirength of concrete can usually re-

sist the conpression force.

Anchorage rFailure - Although sufficient anchor-

age lengtk has been provi

car occur dué to tha2 gra
caused by repeated and
cracks arnd slip of ¢he
served at failure: fle

cracks vill reduce the

ded, this pmode of failure
dral deterioration of borod
Teversed loadings. lLarge
Teinforcement would be ob-
xural cracks and diagonal

bond capacity with pulling

cut of the reinforcing bar as a consaguznce,

- 22
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5. Splitting Failure - When the co:ﬁer is subjected
to closihg moment, 'tensile stresses are expecﬁad
to occur perpendicular to tke direction cf the re-
inforcement at the bends." The tensile strass
causes splitting of the concrete at the bends re-

sulting in sudden failure of the joints.

S. Diagonal Tension Crack Failure =~ This occurs in
a corner if the lérge tensile forces developed in
tk2 corner core along the diageonals are not re-.
sisted by tensile reinforcerment. This £failure
happens often to a corner when it is subjected to

moment wvhick tends to open it,

In.Figure 13-a, using truss analogy, the concrete coa-
prassion zone 1is regarded as coapression strot (A'E'  and
B'ZTY) with ths tansion reinforcement as tension bars (A'F?
and B'F'). The resultarnt force across diagomal EF is a ten-
sile 'force of a wmagnitude J2 T or /2 ¢ as shown in Figure
A13-b. The theory of elasticity predicted a'parabolical dis-
tribution of stress across tpe-diagonal struts (A'B' and

E'P') and is shown ino Figuraz 14 .

If

Hh

t

width of the «connection and ldc is the <diagonal <crack
length, an expression for the occurence of thke first diago-

nal crack. can be found from the equilibrius of forces. In

S2

is the tensile strength of the concrete, b is the



truss- AERF — -~

e . \/EC /ET

O

TS5 ey N

{a) _ (b)

(@) forces in opening corner
(b) resulting forces and cracks

FIG. '3 DIAGONAL. TENSION CRACK FAILURE

Tigure 14-a, +the area of tension portion glong the diagonal

cTack l=angth ldc Ccan be written as :

Area = 2/3 1, f£_
de

-

¥ith the forcz thus produced eguivalent +o

o
To =2/3 1. £ %
rce / Lie I
{
If Fs is the tensile r2inforcement force at +the fi-ge
diagonal crack, the resultiag diagenal force J2Fs can be ex-

pressed as : s

- £
F 2/3 1dc £ b (a)

- 20 -
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According to Figure 15, the ‘corresponding moment by th2

tensile force Fs at the corner can be written as -

4

M=F g (b)
S a

thus, combining equations (a) and (b) and referring to

Figure 15 gives : . )

M o= ({5/3) 1o f b d | ()

Zguation §c3, which giwas.the noment to cause a d%}go-
nal.tension ¢rack, 1is dependent on +he value taken for tha
tensile strengtﬁ of concrete. ACI-318-77 suggests that a
conservative estimate for the tensile stréngth of concrete-

can be taken as €t = 6 4fc' (0.5J/fct) ,then sguation (<) be-

cones 3

or

Jr- - . et
( 208y Ly b4l (5.I. Units)

wEich can barused to predict the occuxence of the firse

.. diagenal crack at the ccrmar.



2.4 DUCTILITY AXD STIFFNESS OF STREUCTORES

2.4.1  Ductility

According to Blume, Newmark and Corning ¢(?) with refer-

. Y )
ence to Pigure 16, the yielding moment of a reinforcad con-

crete Cross section can be written as @

M =aA f 3d
y sy

and the curvature of a section as

v

°y ST ax .
where Po-= A /vd . yansile reinforcement ratio
n = CTE medular ratio

U

5 4
I}

Yieldng noment of cross section

[
1]

Cross section area of +tensile re2info-cement

For 2 reirnforced concrate seciion with only tension rcs-

-

infercement, the ductility ratioc of a z2mber, ¢/ & .
y u

¥
d=fipned as the ratio of deformation a+ ultimate to that a=+

yield, car be expressed as -

® € X
Y ¥y u
. = —at = [/
where Ku (p-p") "y/"cu
22
XK = f(p-o') 2"+ 2(p-0")n - (p=0")n

-27 -
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Tor specimens with compression reinforceazn%, the duc-
tility will be increa due to a decrease in the value of
Ru; Fintel ¢12) apnd ume a9t al ¢7?) poted that an incraasa

of ductility can be achieved by 2

1. a decrease inp the tensile reinforcement ratio,

which decreases the strength but increases tha

ductility of a section.

2. addition of compressiorn ceinforcerxant which does

ncrease the ductility of a section but +he influ-

1

2nce is of small value.

3. ' an increase in concrate compressive strength
4, decr2ase of yielé stzength of the reinforczmant
~ .

The ACI 318-77 Building Code feguirements dealing with

- earthgquake resistant design specify a uwinipum concrete

strength of 3,000 psi {20.68 MPa2),maximun yield strength'of

reinforcement of 60,000 psi (413.7 4Pa), and mipiguz and
L)

raximun flexural reinforcement ratios of 200/fy (1.4/fy) and

0.5 Pb respectively.

2.4,2  Stif

th

ness

Stiffaess is the anoment reguired +o d=velop unit lat-
2ral rotation. ZIn the case of a beam-coluzmn joint, the mag-
nitude of tha joint rotations gives wm=2asurenents of the

stiffness of the corner.




Svann (28) compared the deflection due to normal flex-
ural behavior, assuzing a rigid joint block, with the zeas-
ured rotation of the beanm. It wvas found that the aeasured

beam deflections wvere oftan greater than those expacted,

. -

Thus, bhke concludad ¢hat the additional deflection occured
because of the presence of the joint, i.e. rotation of the

jeirnt bleck,




Chapter IXI -
REVIEW OF LITERATURE

-‘
3.1 INTEODUCTORY PEMARKS

.

Oné of the problems in designing =xweinforced concreta
structures for seismic resistance is good detailing of
beam-ccluan joiats. YNumerous series of teéts and investiga-
tions have been carried out with most of them concentra*ed
on the analysis of the‘ interior or exterior bkeam-colunmn
joints. However; in this thesis, cnly those ccncerned wit

the belavior of corner jeints will be reviewed,

In general, the corner joint subjected teo an applied

mcment which tends to open 1its reentrant cerner is weaker

than a similar joint designed +to resist an apgplizd zoment

vbich tends to close the reentrant corcner. The strangth of
an opening cornexr depends to a great extent upom its datail-

ing, and zany possible details are applicable.

Ocless ctherwise stated, all the previous rescarch dz-

scribad in ‘tke following sections involved loading corner
‘joints under monotonic loading only.

'




3.2 PEZVIOUS RESTEARCH e

As early as 1934, wastlund €29 conducted laboratory
tests on beam-coluan connections with corner reinforcamaat
consisting of loops, as shown in Figure 17 . Parapeters
considered included concreta quality(gc), the radius of cur-
vature of the loop(r), tha width of tha concrete spaciman
perpendicular to the plane of the loop( ), model scale and,
20st important of all, tke capacity of concrete +o resist

bearing stress caused by such reinforcemsnt loops.

FIG. 17 CORNER. TESTS BY WASTLUND (1934)
( Ref. 29)

Fastlund derived an szpirical formula which sxpressed

o
(=
1D

steel siress ({ o }  at failure of the concre+e in ta2t2s




of the conmpressive strength of the concrete, radius of th=
loop as well as the dianeter of the reinforcenent bar. The

eéxpression is nov reprocducad as follovws :

. . y2/3 5, 0.8 £ 1.0.3 |
o, = 3.53 (cc) : (;) (:p) (¢) kgf/cm

Cc

I}

coppressive strength of concrete kgf/cn?2

H

radius of loop : : cn

6
il

diameter of bar cm’

However, tke forpula is certainly out of date duz to

— i

the differences ia concretz strengtk, steel gualities, angd

bond characteristics corparad to those used in current prac-

tica.

In 15933, Posay and Rofoid (22) performed tests on'opén-
ing corners, The Teinforcing details developed consisted of
inner cerner main bars, diagomal corner bars and tripming
hbars all velded togetﬁer at +the inner corper of tke main

bars as shown in Figuce 18 .

In a study of corner joints unéer opening awmoments ip

1943, Guazensky €13) proposed the use of reinforcing loops




\ﬂm‘ band

, 'A‘i‘__\ \ 'b
-diggonal .
main bar bar

(trimming -
g bar }

FIG: 18 CORNER DETAIL BY POSEY & KCFOID
' - (1943) (Ret.22)

-

and a crossbar. It was noted that, when tle external nozent
tends toc open the cormer, the concrete itsalf coulé cever
develop sufficient resistance to +He tensile force inducad

in th2 Jjeint and thus, a reinforce

}J-

ng strip is necassary so

as to provide the concrete core with tension reipforcezen+t.

Ostlund €19 ip 1963 investigated the risk c¢f splitting

falluce of the concrete at the corner

-
ith th

4
W

restults suz-
marized in the Swedish Cconcrete Building Code, T"2egulations

for Concrate Structures",.




- Cem .
Ostlund developed an expression for the tensile forca

in the reinforcement band in teras of-tﬁg:concrete coﬁpres-
sive streng+th, steel Yield stress, diazeter of the bgnd and
the diameter of the reinfozcament; the formula so decivagd
can bz used to péedict the occurrence 'of the splitting fail-

ure at the bends.

Sandbye‘<2"25'2°) published threa +echnical acticles
on the béhavio: of corner joints between 1967 and 1970.
Sandbye's tests vere coecducted simply by applying upi-direc-
tional moments either opening or closing <*he joigt. It is
vorth noting that, for the loading af:angements ¢f spscinmens
as shown in Pigure 17 and Figure 19, tke load wvas applied at

an aggle of 45 degrees to the beanm section whils*t the majoc-

'Jt

ty of otker inpvestigations us2d force applied perpendicu-

larly to the bzaum sectien.

Considerable Hcrk‘was carried out by Swann <é93'at the
Cement and Coapcrete Association, Tngland, between 1969 and
19705 in which eighteen reinfo;ced conczete speéimens of
beam-columzn corper joints werz tested with thir+een of then

subjected to opening zoments and five to closin poments,
J g

A4 bean reinforcement ratio as bigh as 3 %(0.667 °b) was
used in Swvarnn's. tests. Nevertheless, joint efficiencies,

which were defined as +he ratio of the measured coment ca-




21 &2 181

1700 _
| {em] F—T _
, Ii 18
% : e I
x . A
o |- 1o
Cross secion Cross section
Test series | and 2 ' Test series 3
FI1G. 19 CORNER TESTS B8Y SANDBYE (i967)
{ Ref 24)
Pacity to ths theoretical moment capacity, as/high as 90 %
¥2re obtained when <the- applied'moment tended to open—the
ccrner for two reasons. Firstly, +the area o0f +the diagonal

stiffeners was twvice <that of the mair rainforcemert in the
corner, and as a result, the joint cors was 2xpected +to b2
able +o resist +the fesulting diagoral tension forces with

the diagonal steel. Secondly, the nominpal Yield strength of
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the main reinforcement vas low with a valne éf uS{OOO psi’
(310.3 Héa). Ls menticned in Chapter II, a decrease in tha
teinforcement yield Strength increases +he ductility of the
aember, Due to the heavy reinforcement a+ the ‘corner.'
‘failures of the corner vwere observed to be mainly by split-

ting cracks undar the bends of the reinforcement,

1
Swann Tecozmandad the use of a4 steel-frame design at

the joint, Three very important conclusions can be pade

fTom Swann's ¥oTrk, namsly : -

1. a high percentage of flexural steel ratio should

be avoided;

2. bearing failure 1limited the strength cf the

Specimens and

3. the use of trimming bars at the inper corner
does pot increase the strengtk of the corner sig-

nificantly.

Test results on six corners uander ¢pening nmorents con-

ducted by Kordina and Tuchs €163 in 1970 we:e.satisfacto:y
with corner efficiencies as bigh as 99 =, The oethod of
loading was similar to that used by Sandbye. The reinforc-
ing details énd crack-pattsrns @Tf2 reproducad in Figuras 20 .
The respective Eo;ne: efficiencies of g8, 88, 53, 97, 99 and
96 pércent accordingly could be explained by the use of a
very ;ow reinforcement ratio of,Q.78 £( =0.28 pb)
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Similar tests vere ca:rigd out on light v2ight coancrete
corners by Bennison et al in 1971 and 1972 €+'S) | It wvas
concluded that "the use of two sets of mutually perpendi&y-

lar diagonal reinforcement was a promaising method for davel=~

oring flexural strength, raducing crack widths, and produc-

ing rsascnably ductile bekavior."® However, in the Taport of

®ay, 1971, after testing 48 reinforced light veight ‘concrete

coraers, Becnison et al observed that, when the’applisd load
openea the corner, "Rone of the details tes*ted developed the
full strengtk of the bending members.
‘ . - .
Qf tke 28 types of :einforcemept detail tested, Benni=-

son et al reported that detail 26, shown in Figure 21, gave

the bas+t perfermance. The diagpeter o¢f +hke main reirpforca-

ment used in detall 26 wvas 0,39 in. (10 mm), which is egquiv-
alent to a steel ratio of 0.65 %(0.26 pb). TFSr the diagomnal
ceinforcument, the dianete; of eack of the stirrups and trim-
2ing bars was also 0.39 in. (10 om); i.e. the corner was re-
inforce@jexcessively vitk zwo mytually perpendicular diago-
nal bars . In additidﬁ, it ¥as suggzsted +hat +he three

stirfups pay be replaced by equal area reinfo-cement vithout

™

significantly reducing the strengxhk.
- -
The work of XNilssomn in 1973 <17v1s) ig especially
vorthwhile of note for the various types of joints testad.

¥ilsson compared the aeasured results witk sevsrzl coun-




\

'tries"building design codas and commented that many coun-

tries did not put €nough 2mphasis on the reinforcement da=

tailing of corner joints. ‘phly the codes of Gerzany and the

U.5.S.F. state that special considerations be given to the

fallure criterion of joints,

Teinforcement and *ties.

-

and recommend use of diagonal

Nilsson catalogued the five ' zodes of failure described

earlier, opanmely,

splitting crack

chorage failure

ble rasults and

Nilsson's study

diagonal tension cracks in <ha corner,

failvre, yielding of main reinforcement, an=-

and concrete cozpression failure. Reascna-

also valuable

dealing withk

/4

conclusicros can bew dravn frogm

eack of th2 criteria TIp es-

s2pc2, Nilsson's conclusions and reconnendations were rala-

v

ted to the corners subjected o mohgtouic loading cnly; the

laboratory tests were all conducted or tkhe specimens simply

by loading the corners to failure in one direction. It is

.

,

hovever, in the present study, recommended that considera=-

tions be given to the establishpen+ ¢ analyses of thae cor-

ner joints under seisnmic loading, because, a ccrmer joint

vill be sibjected tc cpenieg

the structure is subjected o

P

Nilsson mentioned of +he

efficiency of

+he flexural

-
e

the corner by

einIcrcenent pe

-

moment and closing momest when,

|.l|

earthguake mot

-

on.

considerabl;hzﬁfluence on the
the reinforcement details and

rcentage. For ccrcners sub-



jec_;ed to opening zoments, Nilssor proposed a reinforcing
layout of the corneér as in Pigure 22, vhich consis-tﬂed of re-
inforcement at the outside corner of compression <zone and
the insids diago_nal steel. An area of approxizately 50 % of
thét of the  main steel-l vas proposed for the tripaing bars.

In Yilsson's tasts, the reinforcement percentage of the
pe

flexural menber was choser to b2 less than 1.2 %.

3

—

FiIG. 22 CORNER DETAIL PROPOSED BY
NILSSON (Ref. 18)
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Nilssdn conéluded that the paximum reinforcament per-
centage should be limited to 1.2 % for reinforcing stesl
having a yield strength of 60,000 psi (413.7 MPa). The pro-
posal for design of corners according to Nilsson, subjected
to opening moment kas been incorporated in+o the Bridge

Specifications of the Swedish Road Board (Statens Vagverks
B:obxqﬁQEEi‘ifvishingar, 19¢9, Clause 13.322) -

3.3 EEVIEW OF BUILDING DESIGN CODZSS

—t——

Reinforcing details set by several builsings design
/
-

codes agé reviaved in this saction, for corzer Jjoints sub-

L 3

jected to opening moments.

FiguTe 23 shows the detaiisoconsidefed by the Joiat
Committes of the Concrete Society and the Institution of
Structural Engineérs in 1970 ¢r3), for the corner to resist
8 bending :gment tendinpg tg open tke joint, of the.three
details shown, the coﬁmittee agreed that éetail 'a' with
locpad reinforcement should be avoided, Howvever, it is =2vi- .

7

dect that detail 'h! ig never effective for the cornar ra-

Sisting the operning momznt, the result of a test cn a sipi-

lar detail will be presented in a later chapter

-

3]

urtheraore, detail ‘¢, similar tc specimen ¥ 5 in this
stuedy, does not appsar to be capable of developing the full
. £laxural strengih when the joint is subjected to opening =o=-

Eent.




] [

{a) | (b) ' (c)

FIG. 23 DETAILS BY A BRITISH COMMITTEE
(Ref, 15)

S1d.90* .
hocks N

Sl iesice e
b | outsice

Lo i locded
e

FIG. 26 CORNER DETAIL BY ACl 318-74
{Ref. 1)
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Thke American Concéete Institute (ACT 318=74) (1) devel-
oped a Sinple corner detail sipilar to Figure 24 , It wvas
shown on‘the "Proposed Ravision of ACI 318-7u Manual of
Standard Practice for Detailing BeinforcingIConcreta Struc-

tu:eé, 1S870m,

This particular detail doas not attairn the . £full flex-

ural'st:ength as a siailar Jetail, specizen ¢ 4 ,wvas +ogted
'

in this study. Depending on the reinforcemen+t percentage,
th2 corner effieiency wvas in +h rangé 0f .40 to §0 % with
failure due to the excessive tensile stresses in ?he con-
crete cere. The current building design code, ACI 318-77
does not ﬁentidn thke importance of nor the necessity of ad-
ditional diagopal steel AT 2. Corner to resist the tapsile

stress produced in the concrete of joint.

On the contrary, as stated earlier, thke German and Rus-
sian Building Cod2s do introduce diagonal tensile steal to
the Joints +o €arry the resulting tensile stresses. Figure
25 is the reinforcement detail ccmzonly accapted in Germany

.
Mut /Muc (ra-

€113, ¥ilsson Teported *hat, <+he efficisncy of
tio of the measured flexural aomert capacity to the computed
theorstical momens« capacity} of suck a detail was as lov as
32 % witkout the diagonal stirrups, and 80 ¢ with -the stir-

Tups. For detail 'k* inp Figure 25, with reinforcaman+t loops

and ¥itkout diagonal stirrups, tke corner €fficizpey lay be-




FI1G. 25 ~ STANDARD CORNER LAYOUT RECOMMENDED
IN GERMAN BUILDING CODE (Ref. i1}

FIG. 26 STANDARD CORNER LAYOUT RECOMMENDED
IN RUSSIAN BUILDING CODE (Ref. 8)
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tween 30 to 77 S. Comparisons between the efficiencies did
imply that the reinforcing detail with diagonal tensile

stizrups gave more consisteat and relaible perfcrmance.

For a cormer subjected to opening moment, the Russian
Bullding Design Code (> givas the sclution shown in Figura
26 It is similar to de*ail ta' of the Germany regulations,
with an efficiancy of 80 &. - It was clearly s+tated that di=
agonal stirrups were introduced to éarry the resultant diag-

onal force induced by the flexural reinforcament stresses.

3.4 AIn oF

-]

HE INVESTIGATION

Tha oﬁject of this study vwas to invgstigate the bzhav-
ior of beam-column corner connections of a r2inforced con-
Crete frame squeczed to sizulated earthguake loads, ana te
determine the Joint requirements to ensure obtaining ulti-
date capacities fer the beams ang columns subjected to nmyl-
ti-reversals of loadings of major earthquake magnitude.

Por this purpose, nige specimens vers tested statically
under various load schedules whick were either monotonic or
high~stzess cyclic. The flexural reinforcempen+ ratio, tha
arrangerzents of +the reinforcing bars and the loads .varied
for each specimen, and tke cracks and failure behavior of

thesa ceonnections are discussed for eack srecimsn tast.

<

B e T




Chapter IV

IXPERIMENTAL WORK AND INSTFUNENTATION

4.1 GEKERAL COHSIDEPAEEQE

Tke experimental investigation wvas conduocted in the

-

structeral laboratory of the Department of Civil Fnginearing

at the University of bttawa. The basic concept of the ip-
vestigation was to load to.fail ~€, under repeated and rev-
ersed loading,a number of corper joints with conmonly used
Teinforcemant datails, Tvo series of tests vere conducted
°h 2 total of nine reinforced concrete bear~cclumn cormers
subjected to either nni-dirscticnal loading or stati& cyelic
loading to sizulate the effect of severs 2acthquake loading.
Two different test Set-ups, which will be discuss2é in d=2-
tail later in tke chapter, were used for the t¥o series of
tests. The schedule of specimens and the loading procedure
are given ig Table 1

In selecting the 2xperimental systers, thie mezber sec~
ticns and “he nmaterials to be tested, the Zfellewing as;ec;;

vere consid*d :

1. ﬁil Specimens had norinal bean and column cross

secticn dimensicns of §.00 X 6.25 in. (152x158 o)
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Specimen Date(1980)

[

i~

of Castc

June 11

June 20

Aug. 19

Sept. 3

Oct. 3

Oect, 29 .

Nov. 7

- Nov. 21

Dec. 4

TABLE

1

Test Schedule

Flexural Load
Steel Ratio Procedure
)
1.27 openiag
1.27 closing
1.27 closing
1.27 eyvelie
0.70 cyelie
1.27 cyelic
0.70 eyelic
1.27 opening
1.27 eyelic

- 48 -
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+

were reinforced wi+h 60;000 PSi (413.7 MPa) -nomi-
nal yielaqd reinforcing stael and a nowminal concrate
compressive strength of 5,000 psi (38.47 MPa}. -
The section dimensions were chosen o give steel
ratios of Pb/u and b2 with standard ¥o.3 (9.5 an
diameter) and No.u4 (13 =zn diameter) Teinforcing

bar.

2. in designing tke speciheus, the current recom-
menrdaticns and procadures of ACI 318-77 Building
Design Code was folloved; nazely, stzel ratio lasg
than Fp/2, tie Spacings of d4/2 were chosen for
the beam sections and six inches for the column

sections, which is the szpallast dimension of thga

column.

3. - The l&ad systez for all tests wvas desigrned +o
give a bending zoment distribution sipilar to tha+
expected in a laterally loaded franme 25 shown in

Figure 3 .

#.2 ONI-DIRTCTIONAL LO2DING ’
Tke first series of four specimen tests on $1, 2, 3 and
8, was preliminpary. It vas used to test and determina +he

problers in coamnmonly used reinforcing details of coIners and

the problems in tha testing procedure.




.21 Test Set-Up and Load Simulation

The specimens vere tested om a large steel frame whick

supported the specimen at four points as shown ip Figura 27

The supports wvere rolless or ball-joints which allowed
rotation and horizontal translation. With this test frane,
the first series of tes*s vere gmade on three specizzans, i.2.
specizens % 1,2 and 3 in which the loads vere applidd in one
directioQ only using two 10=-ton capacity ZSnerpac hydraulic
jacks, «coanected to separate Eﬁerpac cuagps. Specin2n ¢ 1
was tested 'with load opening the corner apd Specimens § 2
and # 3 witk lecad closing the cormer. Tests o0f the firsgt
three specimens Gdeaxonstrated that ball-jointed connections
cculd be used efficiently between *he lecad cells and ths
concrete sectlions; tkis elipminated éhe effdets due to
large deformations of thke flexural zeabers in keeping the

lead applied effectively to the membars.

4.2.2 Test Proceduyre

by

[

cT all the tests, load surplied by +the Zmerpac puzp
vas contrelled @anually with the load level measured by load
,’——-"", -
cells. Por the tests oo specimans #1, 2, 3 and 8, the load
/_h \—’/ . r ’ ’
vas appliad in sevaral inc-aments <o collapse of the speci-

man. hfter 2ach increment, +he load vas Stabilizad and
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—— 4'(1220.)—-‘
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FIG. 27 TEST'RIG FOR ONE-WAY LOADING
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32asurenents vere nade of deflections, s*eel strains and

concrete strains, In addition,  the specimen wvas exaninzd

for crack formation.
%

4.3 CYCLIC LOADIN

Tke second series of four specimen tests cn #4,5,6 and
7 was designed to determin2 the effact on the behavior uandacg
evclic lcad;ng of‘the folloving variables: flgxural staal
raﬁig and modes of failure and to develop a :einforcin§ ac-

S . .
- Tangenpent t®, -loCrease the efficiency of the corner. The

I
0

test on the last or the nin+h specimern was to cobserve ¢
influénce' of additional connectirg beanms -to the corasar;
«2.," tkhe diffefence of results betweern two¥dimensional ahd
three-dimensional specimens. Tke 'additicnal beazs had

Cross—saection dimensions of é.iSXG.ZS in. (158X158 2m.)

4.3.1 Tost Set-0Gp and Load Simulation

The test set-up described in section 8.2.1 wvas iaprac-
tical for cyclic loading so an alte:nativé test rig wvas de-
velcged.' Tke systen consisted of clamping *ke coluzn of +the "
specimen to a strong floor and- applying ar incliped lcéd to
tte end of the bean, Cyclic loadiag was achieved by ra2vers-
ing the pressures ip the double acting jack, vhich has a ca-
pacity of 25 tons. Using 2 specially designed stecl cage

connected to +tke bean, loading o open or close the corner




*n

b

-

vas then possible without zoving the spcimens. The test rig

", which was used during the second series of test is .shown in

Pigures 28, 29 and 30 .
The hygfaul;c rac ‘used was a Miller model ph83b double
actwng hydraulic cylinder, 4-in. bore, 12-in stroke, service

pressure of 5,000 psi (3&.47 MPa). The load was applied at

.an aagle of 45 degrees to the beanm secticn as illustrated in

el

. Piguza 30 , o r

] “’\“ |
The cocluan was supported om a 2~ft, wide by 3- long
+wo—~nch tkick (610x1220x51 nR) steel plate by mneans of four

5x5x0.5 in. (127x127x13 am) steel hollow box sec+ions bolted-

to tha basg;btael ‘plate as-shown in Pigure, 29 ., Tk2 base

plate itself vas bclted %o the laboratory ‘loor by two 1.5

in. (38‘mﬁ) dlametnr threaded rods..

Tiguré 30 shows the load systen. A load cage was at+ta--
cked to.the bega_sectionuat a spéc fied locat-o&ﬁas sktown in
Figure ;0 ~-b. ,;he lcad cell, connected toc the hyd-aul*c ram,
vas poltgd.to the gteel cage so that the loading force woulé
be tranémitted fro£ the shaft to t;e beam through the steel
cage. The hydraﬁlip'ram reacted zfains+t a lérge frame vhich
had been‘assumed.tp reﬁain steady and stable with concern to
its size .and the felgtively low r2action by <+he hydraulic

ram.

;

1 . N
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F1G. 28 TEST RIG FOR.TWO-WAY LOADING
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FIG. 29  BASE OF TEST RIG
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\. ,— hydraulic jock
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load cage
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(a) load set up

{b) lood cage

FIG. 30 POINT LOAD SYSTEM AT SEAM- SECTION
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The applieq moment, as in Pigure 31, simulated the re-
sulting moments of a coerner 3joint when subjected to larga
lateral locads, - e'qu'ivalenté.to the horizontal shear that
would arise upder seisnic 2xcitation, as presented earligr

iz Figures 3 apnd § .

—. |
M= L
. F
“ r/
4 .
/. "t M
S/
/
' 450
AR

F > L]
l f=Z
f ,

——

. j' ‘.."‘-\__
() opplied force_ - {b) moment diegram

FIG. 31 SIMULATED MOMENTS
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8,3.2 Test Procedures
S

~

. . L1
For the tests on speciaens ¢ 4,5,€,7 and 8, each test

included five to six cycles of - point lead applied at 2.75
fr. (838 mm) from the centre line of tke joint or onme foot
(305em) " from the beam end. Tach cycle consisted of a com-
pleté reversal of lcading with the load‘increasiné until tﬁ;
full flexural strength of the beam was achievedl Id=ally,
each test should be éontinuods until'destrucéion, vith rCead-

ings takensat Tegular timed intervals,

Great difficulties arose igp decdding what loading his-

tory should be applied to represent simulated earthquake’

lecads if load and deflection vere considered, Atbitarcily,
it wvas decid2d teo test the specimens under .a load sequance
such tkat failure would occur in about five cycles as shéuﬁ
in Pigure 32 , Positive and negative values of the applied
loads, deflections and strains cofrésyondéd t0 2 closing wmo-
ment and an opening moment fespectively. Upfortunately, in
Some cases, the load obtained in onpe direction was not.pos-

sible in thke other direction in whichk case the displacemant

vas limited to that obtained in +he first direction.

The increments of load were varied . to give approxi-
mately 25. to 55 increments or sets of rezadings,. for =ach

conplete cycle of loading, Cnz complete cycle consistad of

loading the specinmen UP to a certain level, unloading to

.



[+ . -

x V1 A A : closing
2 V \/ .
S _opening
- ‘?-'..

7 ] LOADING HISTORY

FIG. 32 TYPICAL LOADING HISTORY

zero, loading the specimen in *he reverse sense and
unicading +o zero again, A single cycls of reversed loading
took from two or Sour hours d2pending op *“he’ number of meas-
urements to be taken.

it loads é;ose to the ultimate load, the load tendead to
drop off due to the yizlding -of tha reinforcing ste:zl
wvbtersas the deflections and straiﬁs remained constant. It
vas therefora decided that ths locad bé recorded both at the
time of 'starting to collect data of steel strains and é=-
flections and after thé;collection of thess data. Usipg the

samz procadure for eachk lecad increment shoulédé give r2ason-

ably accurat2 readings of the stézl strains and deflesc-ions

at load point as well as *tke rotation of the corner with ra-'

spact to the averaged load levels.

- 59 -
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All visible cracks wsre parked at the time they vere
discovered with two different color nargers: vhen tha2 load
vas appliad ¢o open tke corner, red vas used to mark the

Tacks, and vhen the ioad vas reversed, the black ink marker

vas used.

4.4  FPORMWOKEK

formwork made of steal cdhannel sactions was uséd for
all specimens except for specimén £ 9, wﬁich vas cast in the
steel ferm with additional piywood forms placed vertically
above the joint as shown in Figure 33 and Figure 34 fespec-_
tively. After ths ccocreta ¥as poured in the forz, it was
compacted by o@means of a high frequency vibrétor. For a+
least the first three dafs,' the beams and cyliﬁders were
cured under plastic at 70 dagree F; The specimens wergéthen

stripred and were kept under wet sacking umtil one day be-

fore testing,

For the 1last specinmen «¥S, before casting the T3ady

"mixed concrete into the form, stezl ties were wirad to the
I

vertical reinforcement cage <tc prevent the movement of the

Teinforcemzent relative to  the forr during +ke placepmant of

the concreta,

L)




{b)

FIG. 33 PLANE FORMWORK

P COLOURED Prerypes



: - SRINLIIAL.  qI¥NOY0OD

THREE - DIMENSIONAL FORMWORK
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4.5 TEST SPECIMEXNS

The dimensioas of the test specinens and the layout of
reinforcement for the detail tests are presented 3ip figure

. .. \ .
35 and Pigure 36 . In this investigation, +the column anad

TN T

b2an cross sections of 6X6.,25 in. (152x158:mmi vere kept

constant for all tests and the lengtk of both nembers was
identical, 4=-Pe. (1220 ®@) as in Figure 36~a. FHovever, in
the last spacimen, ¢ 9, the additicnal beans cn botk sides
at the corner were 6.25x£.25 in, (158x158 mm) section and
18 in. (457 am) long as showa in Figure 36-b. Figures 37 to
44 in App2odix A and Table 2 in Appeadix 3 skow the specinpen
layout and propertigs in detaii.

Per the first series of ta2st, only tension reinforce-
aent was provided. For the second series of tests,in whkich
specimens were subjected to repeated and reversed loadings,

eack test specimen had egual tensile and conpressive reip-

}re

H

w
o '\ .
5

forcement, or positive and negative moment tensior

forcemsnt. The calculated ultipate mozent capacities of

+,

Leags were virtually the saneip boetk direction. . For all

h

1]

tests , each test specimen consisted Of sinilarly reinforced

beans and cclumns,

Transverse reinforcegen+ ia the beams and ccluarns con-

-

sisted of & 2 (dlapeter f.4mm) closed Stirrups; for all

tests, stirrups were spaced at 2.5 in. (Eu‘mm) for the beams
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p (158) 475

(121)
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{a)

gb-l/z "(13) 0.25" (6.4)
, stirrups
FI1G. 35 Member Cross sections - (mm)

(@)  for monotonic loading
(b) for seismic loading

and € in. (152 mm) for the coluomns. Stirrups in the beanms

OT coluerns were placed 2long the members and adjacent to thsz
joint to minimize shear distress to the joint.. Clear cover

of the ccacrete was 0.5 ino. (13 m2) to tkhe stirrups amininpum
4

. ~

in all cases.

a .

8.6 MAT

tr)

RIAL PROPZETT

tu

S

4.6.1 Concreze

The concrete mix was designad to provide a nominal cyl-

inder streangth of 5,000 pPsi (34.47 ¥Pa) at 28 days and an

- 64 -
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FIG. 3  DIMENSIONS OF SPECIMENS
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average,coupreSS£$e Strength of 3,000 psi (27.58 2Pa)y az 7

days.

Maximun aggregrate size wvas 3,8 in. (9.5 am) and the
sluap of the concrete ¥as 3 in. (76 zm) excépt for specinmen
# 9 which had a sluap of 1 in. (25.4 ma) fér casting conven=-
ience. Standazd € inch by 12 ipck (152 «x 305 mm) control
cylipdecs were taken-fron_each batch to obtain stTengths at
7, 14 and 28 days.réspectively as vell as the day of tast.
Average concrete '§tfengths of the specimens on the day of
test are listed in Table 2 and the compressive strengths of

_ the specinpens Te plotted in Figure 4S5 against th2 age of

the concrete,.

Tests were norpally conducted 7 to 10 days af+er cast-
ing to enable concrete to have a representative sStrength
wvithout expanding the duration of the test Programn unreason-

ably.

ill reinforcing steel for the specipens wvwas Grads €0

\
¥it2 a nomiral yield strength of €0,000 psi (413.7 xpa) .
?or the baans, _With flexural steel ratio of 1.27 4, VXo.u&
bars with a rozipnal diameter of 0.5 in., {13 mo) was used afad

tn

¥o. 3 bars with a nominal diameter of 3/8 in. (5.5 mz) wa

used for 0.7 % steel ratic. Typical stress~-strain diagrazs
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for the No. 2, No. 3 and ¥o. & reinforcing steel are shown

in Fign:e 4e

. . ' 8.7 INSTRUMENTATION

During each test, load level (P), deflection (8), reip-

forcement strains (cs ), concrete strains (€. ) and cormer

- e,

-Eo{ations ¥era Rneasured,

» B iy : .

. t. . Load Level : Universal Flat load Cells, tr;in-
Sert model. FL25U-2SGKT were used to measure the
applied load on the beam or £he_c$lumn. The load
cells wvere connected to a BLE Electrogics, porta-

ble Digital Strain Indicator, zodel. 12008,

- 2; Deflaction : Tip deflections of.the bear .and de-
flections at other locations of the menbers werce
neasured witk precise dial gauges of 0.071 om sen-

i sitivity. ' In' the racording of the dial  gauge
r2adings, problems arose due to the friction ba--
tween +the plunges‘of the dial gauge and the rough
surface of the concrete section. This was solvad

—

. ) by glueing plastic pieces .at the Corresponding lo-

b V. P . .

cations to the concrete to ensure a swooth surfacsz
. . .

.to reduce the inefficiency by the slight movemzent

i

. . of the dial ‘gauge on-the.rough surface as a result
. y ! .

_of lérée deflection at.load. point.
: LT u . ;'\ - ‘/,
j : - 69 -
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3. . - Peinforcemen*t Strains.: At the loca*ions speci-

~—

- £iad on the bar, <+the surface of chh location was

machined and a groove was milled for installation

of strain gauges; thke gauges used were Kyowa

Strain Gauges, type KFC-5C1-11. The gauges vara

cemented in the base of +¢the groove and wvater-

proofed,

[

Aloost half of the auamber of strairn gauges were locatad

at the  corner region suck ;hét details of the behavior of

the reinforcemant at the corner could be exanined. The lo-

cations of the strain guages of the specipens are specified

in Figures 37 to 44 in Appendix A.

© 8,701 Concrete Strain

For several specimerns, #1 +o0 #5, electrical resistance

gauges ware

joint.  For

nounted on the surface of +he concre*e at the

the-others, two-inch (51 mm) Demec gauges were

used, The former gave the concrete strains bafore cracking

| s : ‘
at several. specified ‘locations only, whilst the latter gava

- -

neasuremnents
‘at the jeint

measurenents

of concrete strains ewer aftar cracking occured

but with less accuracy due to the fact that the

wvere made zmechanically.

£




8.7.2 Cornar Rotations

The rotations of +tha coIner were measured for aach

spacimen,
as shown in Figura 47 .

culated fron the

This wvas done by means .of tvo dial gauges mountad
The rotation of the corner was cal-

measured deflections of the beam at the tvo

specified locations withk the distance between the locations

.0f the two dial gauges kept constant at 10 in, (25¢ om) .

SO D4
CBAa A

- L-——--zs_?s"

6125

(679)—(i56)l=

d, — L
corner rotation {radians)
A - A

= 2 3

X

FIG. 47
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—

Y 38"(914)
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The rotations of the corner can be computed

folloving expression;

. ) ‘ rotacion = L1 =/

vhere Ll is equal to 10 inches or 254 mm.

. el

vitk the
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Chapter v

PRESENTATION AND DISCUSSION OF PESULTS

5.1 INTRODOCTION

This chapter presents the Tesults of the two series of

tests on nine specimens sizulating corner joints in a roin-

-

forc2d concrete structure under different types of loading
Se as to study the behavior of the joipts with different ra-
inforcing details. The pres=ntation and discussion reportad
here are designed to:imgrove tﬁe-understandihg of how réin-
foced concrete beam-coluamn connections respond to 2ither

monotonic or cyclic loading.

5.1.1 Load-Deflection Curves

It has been assumed that- the ratio between the daflzc-
tion at the first yield and at the ultinmate load can be

taken as a measure of the ductility of +the menber. In all

the fests, the axial deformation of the ceclumn at the joint,

contributed less than 3 % Lo the overall displacement of ¢he

beam: only the deflection at fhe load point on the b=oaz is

" then of main cencern - about the load-deflection relationship

of the meazber,

s - 73 -
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Results of measured deflectiorn at load point versus the
locad/moment are shown in Pigﬁres”ua to 56 for individual

4 : .
specimen accordingly with thas discussion of the curves pres-

ented later in the chapter.

5.1.2 Moment—-Rotaticn Curves

Reotation of the béam gives appropriatz measuraments of
the corner angle rotatidns which in +turn reflects the stiff=-
ness of the cormer joint, In a framed structure, aost of
the work done in the course of the.lateréi deflection of the
structure is dde to energy absorption at the joints. Thus,
the area under tke %oment..,-rotation curves of a joint gives a
good measure .of the energy ébsorbinq capacity of a reiﬁ;

forcad concrete sectiom subjected +o earthquake effects.
Figures 88 to S5€ present-a faamily of curvas that illus-
trate the bebkavior of the cormer rotation wvitk _[respect to

the applied moment.

5.1.3 Stee]l Strain-load Curves

Strains in the reinforczment were zeasurad with strain

-
[

gauges which were mounted at specified locations on.+he re-
inforcement in evary -specinen. The readings of the gauges

vere expected to give-the ne2cessary information about tha

R o

reifforcement bekavior -at various stages as well -as at the

>

ultimate load conditions. . N

v

@
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Because of the fact that the electrical resistancs
strain gauges could have “beeﬁ damaged anytim2 during the
test, tha measurenen£5 of the stqel strain were not neces- -
sarily accﬁrate‘. Furthermore, the strain gauges Herg_in—
stallaa onég at certain locationé, and it wvas understood
that using two gauges at every locatica alvays gave ' a morgi
rgliable indication of the bshavior of tha steel during tha
test. In addition, although calibrétion tests had been nade
0 ensure that there wvas little influence by tke bending of
the steel to the actual readings of gauges on the indicator,
the measuréd values of the steel strainp vere expectedAto
have includad a very small percentage of the banding strain

of tke reinforcenment. - -

S3.1.4 Concrete Strain-Momant Curves
. LN

Tk

0

tensile apnd compressive strains in the concrete at
the cors verz2 also zeasured by électrical resistance strain
qauges. For specimens # 1 to % 5, four gauges were mounted
on the face of the concrete cormner as shown in Figure S7-a.
I+~ was obvious that gauges could be damaged an}tiae there
wvas a crack at the vicinity of the corner and the_reading$
vould ba meaningfﬁi orly at the most until djust ba2fore
crackg developed in ihe cormner.

-

-
In specimens 4 6, #7 and 2 8, thfgconcrete strains at

the corper & were measured by means of Demec Strain gauges;
» .

o
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{a) strain gauges jon concrete surface

L - ( m m)
2‘1 ‘

(‘I{ demec strain gauges
Ty <

FIG. 57 CONCRETE STRAINS MEASURE ENTé



four Demec m<asurements were made as showvn in Pigure 57-b

-

~for each tvo-inch (51_mm) . distance. The . surfacé strain
measurements from the Demec readings were used to glve an

anLght 1nto the bond stresses of the bars in the 301nt. In
specizen tr7 after the main reinForcement yield=d high
strain measurements vere roco*ded on t%e concrete indicating
that in sonme areas, "very high bond stresses were eipected
due to and resultip§ from th2 bond deterioration and as a
resuit, intersecting diagonal cracks got wider and eitendad

ia length.

Due to the fact that the measurements zade with the D2-
‘me¢ strain gauges gave only r2ascnably accurate readings and
that only speciman ¢ 7 performed effectively under_‘the
cfclic load schedule, only tke measurements for Specinen # 7‘

. ¥ill be skown in Pigurés S4-k and Su-].

5.2 PRESZNTATION OF 2ESOULT

——

5.2.1 Minotoric loading :

#
5.2.1.1 Specimen # 1

,

This was the first test \conducted during this stud) of §

corner joints., 2s a.result of badly choszn load increaznts

the cornar failed soon aftar the test started and no parti-
»
:&nt data was collected.

L -
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. , : *
Zarly cracks, at a locad of 900 1lb. (4,000 N) occur=ad at

-

the inside of the,corner‘ﬁue' to the stress c?ﬁcentration at
that region. Durirng .ghe aext load incfemént’—of 1099
1b. (4.98 KN), another diégonal cTack éontinued along the
beat main reinforcezent out towards thelcompression zone un-
til the corner zone became detached . Bafore there vas any

visible flexural crack, the cormer failed due to this diago-

- nal crack causing sudden failure. Figure 48-a shows the di=-

agonal crack following tha main reinforcenent. In Figure

48-a,  *he outside corner vas removed to show that there was

no bond failure nor anchorage slippage. Because the con-

crete could , not resist the resulting tensile force in tha
corner, the cormer failed with an efficieacy of c¢nly 30 &% of

the paximum flexural strength with & paxinmum load of 1040

\

L

1b. (8.€ KN).

5.2.1.2 Specimen # 2

The £first test cnder closing moment vas successful with
full <£flexural strength daveloped. The load-deflzction

curves and tke load-steel strain curves are shown in Figures

-

[+]
ag:a/d. At ultimate ldad, the deflection at load point was

17 am., i.e. <the pdmber devaloped kigh ductility when sub-~
jected to closing moment. As shown in Pigure 49-c, the main
reinforcenent yielded before reaching tke raxizus load, and

- ' . . -
at failure, there was ¢rusking of the ipner concrete .

L4
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Pirst crack vas visible at tha inper cerner at a load

_of 950 1b. '(3.23'KH) vhilse the first flexural crack vas

hl

first cbserved ‘adjacent to the joint region at a load of
1630 1b., (7.38 KN) . AS the load increAQQ&, poth the inper
corner cracks aad the fiexural cracks extended-touards 3ach
other and consgquanily, they joined together at failure of
the joint, The corner failed vhen the load.reached‘B,GOO
lb.  (1€.20 KN) which is more- than 100 % of tkhe caldﬁlated

bear flexural capacity. - /

In tke construction o€ most reinforced concrete gem-
be;s, this mode pf failura, designed to ‘have Yielding of
nain flexural reinfercenent bafore cTushing of the concrete
+0 avéid sudden failure, is desirable.

’ v
5.2.1.3 -Specizan # 3

Tte specinmen was reinforced to resis+ clesip moment,
3]

. 8
but instead of haviag continuous gmaig reinforcerent for the

bean -and the columa as in spacigen 2 2, thé® colump bars wars

2]

=

anchored into the beam-and vice versa. Again, £full flexura

/

"strength was obtaiﬁed and the mactanisn cf failure was idan-

tical to specimen ¢ 2, with crusking of the corner concrate

aftter <he yialding of main reinforcement of the, bean a%

failure.



Because the bean end vag not provided with a ball-joint
in this test, deflection ﬁt 1oad point was obviously low.and
40 unreasonable deflection of oﬁly 3 q;. ¥as :reco}ded as
shown in figure 50-t. Figure S0=c shows the reinforcement

strains during the test, the steel yielded before the ulti=-

nate amoment was obtained. N

s

Thera vere - zo major diffecencss batween the behdv}crg'

0f spacimens & 2 and & 3 duting the tests, and it is certain
. . .

"that the «ccrner cac deve;og full flexural st:éngth of tha

fTaning nembers whap tke corger is subjected to closing zo-

zept.

5.2.1,8 Specipern ¢ € . ;

: - ‘
The reinforcing details of this specizer vere tha same-

as thosz of sp2cigen ¢ 1. It-Zailed at a lcad of only 1049
1b.  (4.72 K¥) vhichk is eguivalent-+o only 30 § of the flex-
ural strengthk of tke- bearp . Diagenal cracking w%s tke rea-

son wiy the ccraer failed so early and at failure, the paxi-~

puz steel strain vas only 0.08 % (Figure 55~&] which is
. 2 . | -

equivaloo Psi (165.5 MPa) of the steel stress.

N . \ ‘- ‘ .. p . ) .

f H
o . .

rd
Figures 55~b/c ‘shows the load-deflectiog and moment-ro-
a . 3 . .": i . :
tation r=2lationships of the specinmen. Thahicg;ner failzd
vhen the deflection was.a little more than 7. za1. which is

lov in the consideration of a2nergy -dissipation., s shown in
o S . ‘ '

. .,', .
. - . . /
.

+

g
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Pigure 55-b/c, tke energy absorbing capacity was not

effective since the maximum rotation was less than 0.009 ra-
dians at failure. Inspite of sufficient anchorage capacity,
specimen ¢ 8 did not show reasonmable bebavior against-a mo-

v
@ent vwhich tended to open the corner.

Vith the cowmparison of test results of specimens . ¢ 1

~

and & 8, it is evident that the reinforced concrete coraer
joict did not develop the full Strength when it is subjected
to opening moments whilst littleedifficulty was encounterad

in the case of closing momzent.

Study of the latter +est Tesults will give a better un-
derstanding of +the behavior of the_corners under repeated

reversal loadings in which both opering and closing moments

are inclunded.

5.2.2 Cvclic lpoading
5.2.2.‘i Speqimen - )

Figures 51-a to S1-e show +he relationships betwesen no-
ze2nt-deflection, moment-rotation and moment-steel strains of
specimen # 4 raspectlvély. Failure was at a load of 3280 1b.
(18.76 KN) apnd a deflection at load point of 14,4 ¥p durﬂng
the fourtk cycle of clesing moment, disin?eg:ation of th=2
concrete in the corner over the Hull width of the cclumn and-

b2am just at the regicn of <he Adorner core vas accompaniesd

e e —— - -
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-

], . . ’ .
by spalling of the cdrmer regqior duz to *he baaring failwre

S

at the reinforcement bepd,

- .

As the load increased during the first and second cy-

-

glés. fle;gral cracks developed_but did not éxtend.or propa-
.gate répidly. Crack at the inner corner cccurrad ag*a load
'6f 1095 1b.  (4-.9€ KN) during the first opening cycle and
the firss diagonai tensicn crack' occurred.vhen the load was
.1u73 ib.(6.63 KN) - of the +<thizd bpening cycle. -Fiexural
c:acks.extended and .widened obvicusly after the third cycle

of closing goment in wkich the applied nmoment reached 3206

1b. (14.8 K¥y with a maximum deflection of 11.28 om.

Bondtdegradation tnder repeata2d cyclic loadngs. 1l=2d <o
the pulling out and pdshing‘ in simultaneously of the same
bars at thé.face,of'ihe column'and tﬁis accelerzated ihe to-
tal slippage of the bean reinforceqentlcausiﬁg large fixed-
end rctations betwée& the beam and the column. Tkhe ceacreta
deéerioraticn produces unstable-hysteresis loops which de-

Teas2d the momen;ygapacity from one cycie to tkte neit, T~
sulting in contipually ghangiﬁg structural response charac=-
teristics,

When the specimen was loaded to failure _ﬁnder closing
pom2nt in éycle # 8, yielding of pain rginforcement was re-

ﬁsrded at the cornmer of thke colusn Tegion and as a result of

L3
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bond and bearing failure at the cerner, wide cracks were

visible after the . termination of +the tests. Thkis in turn

caused the strength, stiffnass, and energy dissipation of
the members to diminish substantially, as indicated by the

rapid drop of the slopes of +he momeﬁt-rotatioh and zoment-

deflection curves in FPigures 51-b/c.

-

'Throughout the <test, <realativel§y <fev flexural cracks

wera marked when opening doment vas applied. This vas sioply
T —

i

(J
because the corner could not davelop enough resistance aftag

the load had reached 1600 1b. {7.20 X¥),  and as a result,

S

—

the appL&ad lcad was reversed us;ng dzsplacemcnt as a con-.

ko
- trol regardless of the low load leval attaineif/ﬂ

5.2.2.2 Specipen ¢ S

T -

' .
This specimen c¢onsisted of the sanme reinfercement de-
L ‘ .

tail as specimen # 4 but }iggaa. lower reinfercement ratio,

0.7 & instdad of 1.;7 S for specimen & 4, ”be,spec*man

o

failed during the fifth cycle of c1051ng moment at a load o"

2700 1b. (6.75 K¥) and a deflecticn at load point of 18.40

om.

Inner cprner 'crack occured at a load of 944 1b, (4.47

KN) togethar with the first diagonal tersion crack at 1187

1b. (5.34 KN) of the seccnd cycle oi openipg moment. Flax-

ural cracks close to the joint regior developed and extended

%
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Shortly after the discovery of the diagonal tension cr&éks
but they were not serious until the fifth gycle of loadipé
in which the corner was loaded to faiiure Ep closing hqument
at its maximun capééity.

The overaﬂg response 0 the -corner was bet+er than that
of specimen ¢ 4, and the corresponding relationships b=tween

load, deflecticn, steel strains, and rotations are presanted

in Figures 52=-a to e. It was found that the corner exhib~- .

-

ited better ductility characteristics than . specimen ¢ 4,
Besides, specizen # 5 indicatad higher efficiency of the
corner subjected to cyclic load reve;sals, due to the -educ-
tion of the stresses concentratad at the Jjoint by . using
lover flexural reinforcement ratio. |

Duelté the @amagé éf the Jjoint bf tensile and compras-
sive yielding, ‘rapid decrease of tgé str2ngth and stiffness
of the specimen were cbvious; - especially, vwhan they were
subjected to resvarsal load;ngs..' Hovever, it is easily to

notice that, as coppared to Figures 52-b/c and "Figuras

S1-b/c, thz drop of tpe Slopes-of the moazent~delfection anad

4
\

the poasnt-rotation curves in specimen # 5 were nmuck less

than” that in specimen ¢ 4, -

.

.Again, a similar node of failure to specimen. % 4 was

ocoserved, 1in this case, <the concrete under “hkz bend of th's

T
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beam steel failed in bearing and spalled off the side of the

joint, Onder cyclic loading, the bond of reinforcement

within the joint was expected to déte:iorate_underIAltarnar;

™~

ing loads. : : N

5.2.2.3 Specimen % € {

. Spacimen ¢ 6 was tested with the~\;ame rginfo:cing d=-
tail apd reinforcement ratio as specizen # 4 except that in
specimen # €, diagonal reinforcement vas érovided at the
corner to resist the :esulting tensile force at that regioq,' '
The behavior of specimens # 4 angd % 6 vere drazatically
different, as «can be ééen by -comparing the twvo seriss of *
- curves in Figures 53 and Figuress 351 , Yieléing of the oem-
bers occurrad -in specipen ¢ § at a larger displacement apd
larqger ldaa than in specimen ¢ 4. This was épe‘ to sone
stiffness degradation of the jeint in the_eafiier‘cycles in
vhich specimen # 4 was subjected to lowar loads with +hz ab--

sence of the supplementary re;pf%fcemeng.
“NInper corner crack was firs+t observed at a load of 77¢
1b, (3.49 KN) ~ of the first cycle of opening momen£. ‘After
~ .
the thizd cfclg 8%7cpening zozent, mere flexural cracks were
discovered after a load of 1191 1b. (5.36 K¥) and sudden di-
agonal tensicn cracks appeared at a load of 2045 lb. 8.2

KX). Befgre tte corner failed at a lcad of 2000 1b. (9.0 KN)

and deflection at load point of 29.63 oz in the £ifth cycle
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AN
of opening moment, na

the previously developnd flexural cracks did not get wider

or extend, After the corper joint Fallnd in the Flfﬁ’;9ycl=

of oponlng mcment -mary of the strain gauvges had baen dam=- -

aged and were not functioning d%f;kg—therfsft of -the test,
* . "t . . .

k-]

Althoﬂgh there migkt be/;ome difference in tke concrete
strengths of the tvo specimeﬁs, it is believeé that thé
main reason for the observed difference is the bond deterio-
Tatioen a* the joint causad by cyclic loadlngf if ng diagonal

forcenent is prov;ded.

»
-y

4 noticable drop in stiffnesd occur2uponly during the

LY

sixth cycle cf opening moment after the failure of the cor-

- , ' <
ner as shown by -the decrease in the slope of *he curves inp

Figure 53-b, Nevertheness, it should be pointed tha+ thers
R .
¥as no significant change in the slopes of the curves when

the moment tended to close the corner, aven after +he corner

failed at the Previcus cycle of loading," . ' T

Fer curves in Figures 53-4 to j» the fact that the tan-

- . - - - J . >
Sile strains ian the Raln «c2iniorcenent or thae diagonal barw
Bever recovered explains why the wid+ih of the diagonal
cracks incrsased witk progressive cyclic loading. 2t this
stage of opening nmoment, the kysteretic curves had becona so

Pinched that the amount of energy being dissipated by the

more fléxural cracks were found but



~—

‘drapt of the graphs.

W § e

. . : . :
subassenblage, deternined by the area enclosed -by the mo- .

ment~rotation curves,'had_decreased cycle by cycle very rapi

idly to only small percéntage of the peak momen*t which oc-
. . - :
cured’ during the previous cycle, ¢ S, When the moment

closed the corner, it cap be shown from Pigures S53=b/c that,

af%er the corner-failed at cycle ¥ 5 of opening zcment, the-

behavior of the corper dig change from tke previous cycle #
% o closing moment, and the ctapnge of behavior <emainad un-

N .
cha&@%d for .tke following cycles, i.e. cycles #'S5 and # 6,
. ~

~

as indicated by the last loops of curves in, the first qua=-

’
L

For the beam-column joints witk relatively high rein-
forcement’ ratio, the overall response of specigen # 6 to the
slou-reéersed logding ;as better than that of specigen # 4 .
although it dig davelop only €0 % of the full strength of

the joint, it perforzed cossiderably better ‘when diagonal

steel was ipstalled, which proved to inc;ease the strength

of the joint and the eénergy dissipating capacity very effi- -

ciently. Diagonal reinforcemeat limited +he bearing Stress
induced at the bent of the @main reihfo:cement: however,
sliﬁpage was expected to have hap?ened along the cracks as
cfushing occured. | |
™~
In Figures 53-b/c, it can be observed that diagonal

cracks developed and enlatged rapidly after the corner

+
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-

failgd in opening moment of cycle ¢ 5, Bond conditions for

. the columr may become too severe for ‘the ' reinforcement to '
particibate in the column momant transfer, since the stress
induced is proportional to the bar size. Moreover, the

sralling of tha.- cover conérete may extend ,Eeyonduéhe joint

area and significantly reduce t?e flexural s&rgngth of the

colunns.

5.2.2.4 Specizen % 7 .

This specimen gave the overall best results against.the
sizulated eartkhquake loadings, with an efficiency very close
» -

o 100 % of the flexural strength of the framing penbers

ye

Q. tﬁé joint developed its fuyll Strength against repeatad
and Teversed loading bafore the fail&re of the rt=2an. The
relatiénshipé between . the loads, deflections, rotations,
. steel strains and concrete sérains are illustrated ig Pig=-

o

ures 54-a to 1 resfBctively. . -

it a loaéd of 990 1b.(4.45 KN} of the £iré§+ cycle of
opening moment, £first crack at the inper corper was discov-
ered. First flexural cracks appearad very close to.the col-
uan and Fjoint boundary at a load of 421 lﬁ. (1.90 KN) of the
first cycle of closing moment.  ¥ore flexural cracks devel-
oped but the propagaticn of thesé €racks was pnot cbvious ba-
Zfore tke occursnce ¢f the first diagonal‘tensicn crack at a

load of 1264 lbx(5.69 RN) in the third cycle of op2ring mo-

=



ment. Hhen. the éorher failed durin§ -the £iftk cycle of
openipg-moment, the ultihate_lquﬁattained was 1950 1&.(8,78
K¥) at a’ deflection at load point of-3i.80 oW. \ -

The flexural yielding o5 the - beap praépminated over
'6ther nrodes of failure; +the corner ﬁoints‘shoued févorable
. deformation characteristics even in the range of large da_--Q
formation as shown in Figures 54-b/c, |

When the joint developed diagenal cracks, -the opening
sides of. the joint.pontinued to enlarge.as increments of de-
flectiog vare applied to the bean 5ut the joint remained
Stiff under‘closing moment, Pigures Sﬂ—é/b as vell as the
mozent-cdncrete strain curves in Fiéureé Si-k/1 show tha*

the diagonal cracks haé developed and intercennected over

the core of | the corner vhich weakens the joint in response
-

»
-

to répeatad-cyclic loa@ing. The diagonal tars, "by their

ability to yiel&.in tension and coampressicn, contributed
very much to thé shear resiétance o thz Jjoin+, it can Ee
seen from Figures Sﬂ-b/c and Figures 53-b/c tha+ the diago-
nal cracks devéloped.in the corner coré wa2re not aé critical
in sp9cimen # 7 as that in specimen.# 6. .

from the results, it can be said that, very high beam
- ”

4
rotations vere observed and this, too nay possikly b2 ax-

. . N . .
plained by the yleldling -of Ah=2" steel at the joint. In the
- ) - A

L]
kv-

-



. last ;oa& cycle of cpening moment, tte Eorner jciné:had beeﬁ
badly damaged at the end of the beam section 3nd subses
quently'ihe beam could barely ;ustain more load, ‘vhich»ra—
sulted in the éeflection at load pbint feéching as high as
26 mm. with the load capacity at thié stage only QOES of

its designed capacity.

- ."v\ r 'q‘
Althéugh the marxioum load levels attained were differ-

e;t fbr‘spe;imens # 6 and ¢+ 7, the sunmation of the paxipun
displacements in apening.modent and closing mcment of the
£ifth cfcle were-both equal to €7 ma. This indicated that
‘Specinen ‘2 T devélopad a relatively higg- ductility whilst
specimen #¥ S depmonstratad its stiffress due. . tc the higher

-

Teinforcement ratio.

.~ Figures Sugj/k éhow that +he concrete strains remained
v

elastic at ve:yalou locad before thé\develdpment cf diagenal
cracks which intersected each other during successive cycles
cf loading. The last major crack formed -¥as the inclipead

€rack in the column in the joint zone.

¢

In cdnclusion; additonal diagonal reinforcement 4id in-
cresase thg)strength, stiffness and +tHe duqtiiity of the cor-
‘ .
ner, Use ©f a higher reinforcemernt ratio did increase the

strength of ke corper but only a mere 20 % , arnd the use of

lover reinforcemént ratis ipcreased tkhe ductility by aocre



N

v *

,than 50 % vhich is more dasirablz in the ‘design of rain-

. 8 St .
forced coacrete members under earthquake actions.

-

"5.2.2.5 Specimen ¢ 9

L4

It was observed that the stiffness and the strength of
the connections yére iméroved by the intersecting béams, and‘
Pigufes 'Ss‘show the relatioaships betwveen loa?, _ zoment,
steel straifs, rotation and déflectioﬁ at Yoad peints for
the test. For tﬁis specimép, # 9, although no diagonal
steel wvas used, satisfactory results wveres recorded and the

Tesults obtained were definitely better than those for spac-

"izen # 4 which had ‘identical.reinforcemant layout as speci-

men # 9 butgwithout the additional intersaecting beans. As

fllustrated in Figures S6-~c of* k=0 curves, the slopes of the

‘curves vere almost identical from c¢ycle to cycle even after

thte corner failed in opening aoment of .load cycle # 5.

L

"hen the specimen wvas loadad to failure in +he £ifth

tycle of opening moment, +the maximum lcad reached 2824
iﬁ;(12.7 KN) and-the maxizmum bearg deflaction at loaé,point
was 26.78 am. - Lfter the failure of the corner stubjectzad to
opening moment, vwhen +hke load ‘reversed to_close the cornsr,
the corner still could carry a load of 3488 “1b.(15.7 KXN) ,
vkich is the flexural strength of the beam, ‘and thefmaximum‘

tip deflection of the beam reached 11.12 maz. It was inger-~-

i

S

. 9 ~ .. . . )
esting tc pots that, aQuring the sixth cycle oL c%bszng Qo=

- 91 -
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ma2at, th2 respoase of the_co:ner ¥as consistant in that the

uwltimata.appliad load vas 3588 1b. (16.11 KX) with a de2flec~-

.tion at load point of only 12.72 en.

Due to the high.nain reinforéement-percan;ageA;;;;?.the
specimen did not illustrate better ductility than.epecinen ¢
6 as compared Figures 56 to Figures 53 . When the corner was
subjeCted to opening moment, specimens 39 and #6 developed
maxizunm d;splacements of 26.87 mm and 29.63 mm respec‘iyaly:
the e;frespondlng maxionuz displacements were 11.12 an aad
32;65 am for specimens #9 ggg@}é_;in the case of .a closing

noment, /

On the basis of the comparison of eest results of spec-
imens # 4, # 67and ¢ 9, it can be concluded that the }eselts
of tests’ on iyofdimensional specimens are @expected *o be
conservative; for the sake of convenience in the test pro-
grawnze, laboratory tests eon twvo-dimensional menmbers are pre-

ferrable as +he test results are on tke safe side.
. L ]

ERE AL

— e et

5.3  DISCUSSON OF RESULTS o7 ' ‘

Por all the specimens, the first crack was at the igper
ccrner under both onenlng and closing moments. In an open--
ing: corner, the 1c:.**st Crack was a flexural crack and in an

clos*ng cornor, lt was tke crushlng of concrete at ghe irnear

. corner. Flexural cracks at the junction of tLe pembers ap-

- G2 -
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peared sho*tly after these first ctacks and aftnr this, the
flexural bahavior of the-specimens was norn§1 until the 3i-
agonal cracking moment of the Jjoint was reachad. Wkaa the
jo%nt devefoped diagonal cracks due to the opening moment,
the cracks continued to op2n as increments of load wera ap-
plied to the bgam. It is reascoable to say fhat, in aost
cases, failure was produced by side splitting of the joint

and not by pullout of the hooked bar.

) For the five specimens, + 8, S,°6, 7 and 9, under slow
reversal loadipg, it wvas pbéerved that the faﬁlure of spaci-
o2ns # 4 and # 5 was due to +he slippage of reinforcemaent or
bond failure together witk the bearing failure at tka bend
which resulted Splitting and spalling of the coﬁcrete at the

corner, and the maximum loads 6f these tests vwere wall below

the desizable strength of the corne

Flexural.cra&&i in the connectién appeared in all fouk
specimens & 4, 5, €, and 7. during thke first loading cycle,
and moreoﬁéf, 'before thg beam or c¢oluan reinforcemegt
vield=d at subsequent cycle loadings. Tke cracks were visi-
ble first at only 20 % of the ultimate load and the cracks
;idened and extendad as the load increésed, buet the propaga-

*ion of these cracks was not serious under ipncrementally ip-

3 J-

creasing cyclic loading.

*+
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At the cerner, - beed failure started at cracks apd ra-

sulted in splitti&g of the concfete along the bars, either
Vin vertical planes or inp horizontal planes. Ia addition,
the bars at the inside corner, being in tension when the
joint was subjected to é Closing mﬁmeﬁt, tended to

e

straighten and pulled through the cencrete cover. -

Genarally, anchorage conditions at the corner joints
are less c¢ritical than at the interior beam~coluon joints

because %the corrper joint absorbs actions frenm one beam only

and beam bars can be anchored more favorably by bending thenm-

toward the core beyond the face of the column. Rowvevar,,
kigh radial stresses, exerted by bends where large diamater
bars bear against cere concrete that has been damaged by in=-

»
Fersecting diagonal cracks, may lead +to excessive hoop de-

&Qrmations and consequent slip, The coacrete cover ovar

these coluan bars tends to spall rélafively easiiy, particu-

larly when heavy reinforceme is used.
' €

S5.3.1 ¥onotonic Loading

5.3.7.1 Specimens # 1, 8

o

Initially, a set ofrthree tests on spscimens £ 1, 2 énd
3 wvwere condufted‘to.study the response of thg corner joints
withk’ geﬁgfélly proposed reinforcing detaﬂﬂf subjécted to
opéning or.élosihg mdmen;s; In the first test, sSpecimen #

1, due to thé.specimen—kailing at a low loagd, vgri little

——



i;formation vas obtained, and a duplicate ngciQen, specimen

t 8, cast identically to specimen” ¢ 1,'uas‘tésted by locading
the cornmer to failure unidirectiofally. Specimen ¢ 1 was
‘subjectéd.to monotoniéizgeninq mement only. - The reinforce-
ment consisted of Qpeniﬁg cqéne; s;eel*eﬁd stizpps as ded
tailed in.Piéure 37,',v£thkga main steel reinpfor ent ratio
of 1.27 %. ,Specimen.i'sngk a duplicépe of specimen # 1 and
vas to bé loaded undar mopotonic cofnéf opening mcment. The
gailﬁre node of disgonal Esasioﬁ hcracks.cdn be clearly seen
Figures 48-a and S5-a for both ;pecij§hsr h;n'both tegég;bn

A

specizens #1 and #8, the load-steel strain curves shov that

-

the measured steel strains did not exceed the yield strain.

el ‘;g;rb-. . -~ . -
e A
=

b}

. It w?s sesz that, even during monotonic loading, the

. ] ) . .
specinm + 1 and ¢ 8 subjected to opening moment never

P .
reached the desired strength of.t&s;corner. e Actually, a
: AN . e
mefe—iﬁ’é efficigncy - of the <corner was attained, which was
zainly associated with'thg diagonal tensipn"cracks devel~

\sh,/ oped. The failurs was sudden, witk the entire outsidz cor-

n2r spall=ad away ard load dropping_immediately' and rapidly

P

™ to a wvery lov level.:
.
5.3.1.2 . Spacimeng # 2, 3
] > .
\Eﬁh It,wqé demonst¥ated that, from the test results of

specinens # 2 and ¥ 3, -ccrnz2r joints subjected to closing

zonents encountered no difficulty. The two specipqu\did
i\ __\)’ ’\_,/‘
pul !
| !
Y
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develop full flexural strength. At failure,. the nmain

Teinforcement yielded with splitting and bearing cracks as
the conseduences. The relavant test results are recorded in

Table 2 in Aﬁpendix B.

—

As night be exptectad, the shear developed in tha bean

wvas low and the transverse stirrups previded excellent crack

control.

5.3.2 'Cyclic Loading \\\\)
\5.3.2.1

Specinens # 4, 5

Based on the previous test results on opening moments,
i1t was neoted that the concrete in the corner did not provids
enough sistance for the resultifdg diagonal tensila force
davelopad lacross from the inner to the outer corner; Before
considering providing tensila rasistance by means cf supple-
mentary reinforcemest to the corner, tests¥on spécimens 2 4
and # 5 ware carried out to study tke bzhavier of the corner
wher subjected to slow Teversal loadng, two different reip-
forcement ratios were esed, 1.27 % for specimen # 4 and 0.7

for specimen % 5.

It vas cbservad that, during the test, +he behavior of
the "joint of both specimens was pot desirable i1f the applied
moment was to open the corner. Both specimens were loadzad

3

o failure in closirg noaent, and the failure zode of these



- ~

joints was Sy spliﬁking cracks ard ¢rushing of the c?ncreif‘d’/

struts betwveen the crackéA&{fer the main reinforcement '

Yielded at the previous cycle. -

Although the flexural cracks aloﬁg the beams and into
the core never widened or extended progressively, the cyélic.
locading was seen tc reduce the strength of the Jjoint core
due to the development of the/intersecting diagonal cracks.
With more steel in the corner, larger forces wili be gener-
ated diagonallfiand eventually diagonal tensile cracks will
degsigéland,significantly reéuce the energy dissipation; in
other words, the ductility of éhe member is not directly
pro;ortional ‘to the amount of +the tensile reinforcement
used. It can be observed that 4he decrease 1ip main rain-
forcement ratio does not eliminate the necessity of the di-

~agonal steel to attain the required strength or the ductil=-

ity of the structure-

The slopes taken from load-deflection curves can be
used as a mesasure, of ﬁhe stiffpness of the bean .at vaTrious
stages during the tests, The slopes of the lcad-dzsflection
curves in Figures 51-b and 52-b reflect éhe gradual rsduc-
tion in stliffness of the.member with increasing damage priorc
to failzre. L rapid decrease ip the slopes of load-deflec~
tion curvas, after the corner was loaded to failﬁre it +the

previous cycle of loading, 3indicate +that the bear lost its




stiffness significahtly'as the stress of reinforcing bar

/

/

. . L {
reached vall bayond <the yield point and cracks p:ogréggég)/

However, the reduction in the slopes of the load-deflection

curves for specimen #5 with lower reinforcement ratio was

'less serious than that for specimen #4 with higherﬂrein-

-
-

-
forcement ratio.

N
NS

Accordin§ to the test rasults, it can be concluded that
tha previously proposed reinforcing details nreedad *to b2
modified with respect +to the diagopal tensile force to de-
crease or ef&minateféhe failuze at the Jjoint. The problen
0f diagenal failure at joints could be sélved .in a geﬁaral
mannér by an additiom of reinforéement éﬁfficient to resist

the tensile forces produced in the concrate.

5.3.2.2 Spacinens # 6 , 7

Tests were conducted on speciﬁens # 6 and 2 7, with
identical reinforcement ratio and reinforcing details as
specimeﬁs $# & and # 5 but with the installation of supple-
mentary reinforcement,'egual in area to the main steel which
¥as expectad to allew greater rotational capacity of +the
ceraer to attain equivalent nozent capacities se as to ab-
scrb the induced energy dus to +the ground motion; Tha £fact
fhat, sSpecinmens #:p and # 7 performed effectively undar the
sinulated earthquake loadings indicated the effectiveness of

the additional diagonal reinforcerment.




The additional diagenal steel wvas proved to hava in=-

creased-the concrete’tompr9551ve and tensile resistanca at

the qprner; the rotgtioral capacity of the corner, the con~-

finement of confrete in tha corner . as well as that cf the
reinforcement oj}the cOre: ~ The results of these two tests
vere listed in/Table 2 in Appandix’ B, It zust be noted
these specinmens wvere heavily reinforced against diagonal
tension failure, with the result that the concrete was con-
strai;ed more than if tte transvefse steel had been thz op-
tinua in PrTeventing the diagonal tension failure of the
joint, It was intefesting to note that the connection could

develop its capac;ty in one dlrectlon after baving dev=loped

it in the oppcszte direction.

With referencz to Figures S3-b ang S54~b, it,is-clear
that a gradual decrease in slopes of the load-deflection
" Curves was cbserveq due to the érackiﬁg of the concrate.
Again, after the failure of the corner in the fiftk cycls of

opening moment, the rapid decrease in slopes of tke load-de-

flection curvaes was more sa2Tious for Specimsn #6 with kigher

Teinforcement ratio +han that for specimen #7 Witk lowar re-

P

inforcement ratio. i -

LY

These specimens failed due +o the boné deterioration

afier tke yielding of the maip reinforcement as a reslt of
b4

Teversed and repeated loadinrg. Large flexural cracks were

—



) [
obvious but . there was no spaliing of the corner concrete
vhen the tes£ vas teraipated. Por specipen f 7, the cornar
failed at a load level very close to the ul£1mate'fleiural
strengih {57.5 %) of £he bean section, End the réinforcemeﬁt

details are believed to be acceptable. T

5.3.2.3 Sp3cimen # 9

The last specimen , & 9, wvith identical reinforcement
details as specimen * 4 i.e. reinforcement ratio of 1.27 %,
but with additional coapecting beanms at the joint was tessed

2gainst reversed loading. although no diggonal steel was

-

[

usad, the|specimen gave as high as 80 % eofficie of tke
corner joint W failed in opzning moment sim%}é/::: to the
confinement of the joint by +he .connecting earxs and the
greater area of cancrete to resist tha -iagon 1l tensile

force,

5.4  COMPARISON GF RESULTS

In the tests reported in previous secticns, the effi-
ciency to.uhich €ach specimen performed varies anéd is shown
in Table 2 in Appandix B, In nearly every case, the pmeas-
'ured values cf ultimate load were less than those computad.
Only specimeﬁ:# 7 developed moment capacity rslatively éiose
to the calculated considering both the orening =zoment and

the closing poanert.

- 100 -
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. "'
corpers with' lower steel rétio eéxhibited considerably more

OQ;\\f‘ the most szgni;lwént dlffnreuces is that the
rotational capacity and_relatively bigher efficiency than
.the corners witk highex ratio; £for instance, tke applied
load reachéd 75 % 0of the ultimate flexurallstrength for the
section with reinforcement ratio of 0.7 % and only 47 % for
the section  with ratio of 1.27 %. This agrees well with
that concluded‘by the other investigators as the comparisons
.of the results are éhéun in Figure 58 .

t

“ 1s stated by Swann, and also according t¢ the rain-~
§ _ ’ )
forcezent details adapted in Germany and Russia, +the trim-

mihg bar had been shown to be of little advantage. In the
report of Nilésén, ﬁifﬁout diagonal tensile ste2l, cornar
efficiency of 100- A vas attained simply because of tha use
cf low reinéorcement ratios of C.5 ¥, 0.75 % and 1.215 re-
spectively. ) In tkis study, for the reinfofcement datails
vitbeont diagonal steel, +the efficiency was £ound to b2 80.%
for a steel ratio of 0.7 % and only 50 & for a steel rafio
of 1.27 %. It is also believed that +ia load hisfbfy af-
fects the behavior of the ceinforced concfete membérs.' The
differencz in behavior indicates that +he respense updar
;onotonic loading cannot be used to predict the response un-
, der cyclié loading. 2 comparison of the results of this
stBdy with respect to +the reinforcement pErcentages are

shown ip Pigure 58 and Table 2 .

pa . T

_10.2_
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Chapter VI

CONCLUSION AND RECOMMENDATION

CONCLUSION

‘.

Sased on the few experimental results presented hereS,

/geveral

Telated to the design and construction of reinforced con-

conclusions can be drawn for detailing opractices

crete corner joirts in a structuyre,

Generally, _there is no problen encountered with

2 corner joint subfgcted to closing acmans.

For the-Corner jeints, the methed of anchorage
of be€am bars recommended in the ACT 318-77 code
appears to be adequate- providing the joint Tegion

remaicns intact.

The energy dissipated by specimens 7 apd 8 ‘was

“very small cozparad to the amount for speciger 4,

The difference 1lies in the two differant loading
histories applied to %he specimens, pamely, mono-
tonic loading to Specimens & 1 and # 8 wi+h cyclic
loading to specimen ¢ 4,

When excessive amounts./Ef beam steel are re-

uired to bz carried into the joint and anchored,
q

‘:‘t'
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- . . J 4

the Jjoint zone ‘may not be able %b previde sl

<

potential strength of the nmembers framing into. it.

It is essential that the applied force simulates
s Al
N } .
to some extent the forces acting on the corner
joints of a strﬁE;hre under ground zctions by

earthquake, .

The characteristics of +he loading kistory have

a miigggfgffect on theé bond deterioration and tha
node -f?Zlure. s a result of the gradual bend
deterioration, the énergy absorption diminishes

but the additional secondary reinforcement seemad

to have constrainted +he hcok movements.

Cycles of loading after *te Yielding of *he main
[

e Orcement produce concrete deterioration and
podified steel EIoparties dausing changes ip tha
cyclic energy absorétion and the load-deflection
curves, Cyclic :everéed_loading induces a pro--

gressive deterioration of bond between concrete

and reinforcing bars.
b

.
[

It 1s seen that Good agreement exists betwezan
the obssrved results of the study and those of
Previcus studes: namely, an increasas in main reinp-

forcerzent decreases the efficiency of +he torners. Fﬁ\‘\

]

}\; —
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9. Size of wmain bars and pafée:ns"o‘ arrangeuen*

are shoyn.'tdﬁbe a’ cr1t1ca1 aspect of jo'n* pcr-
' 4

formance. 'The Styles of conflneaent and jolnt da-

-

‘ ta;llng are xmportant.' Good reinforceaent layoutf-

gvb

at the corneb assures satlsfacto TY behavzorr

- 104 In the current studx. ' same size of :einfo—cfng'

bars had been used for tha flexural and d*agonal
‘einforcement. 1; is evldent that the addltlon of
d;agonal re*n:orcement dld _mprove the behavior oFo

+he corner subJected to earthquaka ground =zotion.

_ﬁ12 oBigher:'reinforcénéﬁﬁ» ratlos ' genetafe"highe
stﬁeséeé in .+he co;ner £ore; the diagonal reip-
forcemént of specima;'#s reéached 3 higher stress
‘than that of.specioen- 7 with lover reinforcenant..

Tatio.

v
12, The assumption of a rigid joint is not accurate
at large ductilities and at the yield levels under

both monotonic ard cyclic leading.

6.2  RECOMMINDATION

{

]

The folloving recommendations are for pProportioning and
detailing reipforceé concrete coreer jOlDtS in structures
and are based on laboratory experience together with +tha

previous investigation results,

~ 105 -
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It is, however, important that these recommendat

icgs
suitable to coraners off equal colunn aﬁd bean _vidt&}:P a

v/

be

nd

though it appears to be conservative to the design of cor-

ners with wider column sections, corresponding valuable re-

searchés are needad. -

1.

5.

*-\Q’

Tﬁe principal aim of the pfoposed design details
stould be t;) increase the resistance of +hea con-~
crete 1n the core to resist the diagonal tensile
forces developed u@én the joiﬁgﬂis subjected to

opening moment,

O

The intention of the design should ensure that

ne tensile cracks at the joint caused *he failﬁﬁgfga

¢ . ] )
Lew reinforcement - ratio and the application of

diagonal steel should be designed—~to resist the
diagoﬁal cracks to ensure a desirable dyctility

ard kence the response of +hn - Structure to +he

seismic loading. !

—

The size cf the diagonal Teinforcement varies:.

-
but Ef/leas: half of the main reinforcement ar=a'

is reccommended.

Stirrups are required for +ke vhole lengtkh o

Fh

4

both the beam and the c¢oluon and adjacent to +

W

I3

corner ““joint to =minimize the distress at the

~

joint,
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6.

10.

‘be negql

n

-~

1

Haia bar sizes skould belseverely restricted if

their slippage,is to ba avo

Effect o

]
EOr a corner joint subjected to closing moment,
he equations in the ACI 318-77 Building besign

Code cany be dsed to qut the flexural require-

-

- meants.

4

From a vider point of view, a frame type arc=-

Tangement of the :ze rs at the dJoint

seens . to be <capable of , restrainy the <corner

joint from <£failure due to either noments closing

the join¥ or ‘opening the jo;?.‘

In the —present study, thé objective had*pﬁﬁg
aized to iaprove tke response of tke corner jeints

-

. . . N
to seismic loading so that <+ke corner would not

-

fail.c§before reacking the vuvltimate flexural
stre;gth of the connecting beanm, i.e. failute at
the corner was alloved aftg{\feaching the vltimate
load of the team. To ensure that the hinging of
nembars occurs at the beams so as to méintain thsa
integrity of the, structﬁrés by means of <+he col-

uerns, it 1s advisable that strong-ccolumn-w2ak-bean

; .
phigosophy be followed, napely, on tke basis of

N
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P

using lov- éteel'ratios. the reinforcement ratio

should be. less for the beams than for the celunns,

- 1’ o
An 1idealized reinforcepent detailing =may be

thought of as the set up similar to that in ?igure
42 with the  Possibility that both the ccluﬁn and
bean Sars will be in the form as specimen ¢ 7 and
thus, the detailings cén also be ap?licable vhan
dealing with a colggy slab joint o ‘a retaining

- ’

vall, ' = }
[y / .

It is.not possible kere to develop a completz and sound

r2inforcement detailing the corner joints, the main point

¢f the
*reated

joints.

above conclusion and recommendation cam just

(o)

as guidelines +o tha constructioen design

=
.

Definitely, more efforts have o be put in the
»

4

searcches on botk T}he construction ﬁesign of st;§Cturas

be
the
re-

and

the casues and prediction of earthguake, because after all,

earthquake-resistant structure is never 2arthgquake proof.

#
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Appendix B

TABLE 2

Specimens Properties and Test Resulrs

Specimen Diameter

f Main  vield
Bars
_ (=m) (¥Pa)
1 15 313.7
2 13 413.7
3 13 413.7
& 13 413.7
3 9.5 413.7
A\
H
6 13 413.7
7 9.5 413.7
8 13 413.7
9 13 413.7

Yominal C(Comgrete
Strength
Strength At Tast

(MPa)

)
Y.
L

[
W
.

(73]

31.0
38.6

28.6

34.5
31.0

34.5

- 121 -

Type of
Moment
at

Failure

opening

closing

closing

closing

closing

cpening

opening

opening

Efficiency
attained
(closing)

X

100

100

100

100

100

100

100

Efficiency
attained
(opening)

(2

o~
~4

80

75

30

80

.



Appendi'x_c

RESULTS
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FIG.-48

illustration of specimen

{1} _
when test was termingted

TEST RESULTS - SPECIMEN |
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49

(@)

illustration of specimen when test was terminated

TEST RESULTS - SPESIMEN 2

—
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{a) iilustration of specimen when test was ‘erminated

FIG. 50 TEST RESULTS - SPECIMEN 3
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{i)

(i)

(@) illustration of specimen when test was terminated
FlG. 51 TEST RESULTS - SPECIMEN 4
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{a) illustration of specimhen test was terminated

FIG. 52 TEST RESULTS - SPECIMEN 5
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COAOUKEL  FrCTURES

FIG.

{a)
53

llustration of specimen when test was terminated

TEST RESULTS - SPECIMEN &
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(a) iilustration of specimen when test was terminated
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FIG. 56
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o (1)
illustration of specimen when test was terminated
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