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ARTICLE INFO Abstract

RESEARCH PAPER This research uses a nonlinear finite element analygsdtuate and validate twexperimental
Article history: specimens. The Hognestatiessstrain modelis used toexpress the uniaxiatompressive
Received: behavior of concretéo define threalimensional concrete in the ABAQUS softwaned the
NovembeR021. linear modelis utilized tointroduce its tensile behavioFurthermore, abilinear model with
Revised: kinematichardeningis used to simulate the behavior of the st@althcornerand knegoints,
May 2022. . . . . . . .
Accepted: including transverse beams and slaé® investigatedising experimental results frodifferent
May 2022. aspecs, including force-displacement hysteresiagram the effect of stiffness deterioration,

fractural mode, energy absorption ratend thecontour d fracture andvonMises stres. This
study examines two different modetsich presenthe predictive modelingso it is shown that

\5eelma?tgg§:Analysis the current model hasemarkable power and high reliabilitpy taking into account some
Nonlinear Finite Element important effective parameters ihe modeling, such agulneralle regions design codes
Method defectsthe impaciof concrete confinemeint large plasticstrains,andlocal buckling. To sum
?;ﬁ?;co'”m” corner up, this researcmot onlyprovides a reliable model with the lowegtaccuracyin the study of

concrete corner beafmolumn under seismicload but also presenta simplificationin the
modeling procesthat highlyreduesanalysis time

Transverse Reinforcement

1. Introduction In recent decadeseismicvulnerability of beanto-column

This study investigates the behaviorreinforced concrete  external connections has beanserved in earthquake field
corner beantolumn joints affected by cyclic lateral loads in reports In many cases, the failure of the joint has been
one and two directions using nonlinear finite element identified as a contributing factor to the loss of the
analysis Reinforced concrete building®nstructegrior to str uct ubearirgcapacity §4q

the seismic desigregulationsaadopted bylesign codebave External cornefoints usually suffer greater damage than
many designmperfectionghattheir damage in earthquakes internal jointsduring seismic event&nginderiz citessome
hasresulted inirreversiblelosses and financial castSuch of the most important reasons for tigsue (a) thesejoints
structures exist throughout seismic regions of the world, anchave the least confinement between building connections

their risk for seismic events is not fully understood sincethe beara are connectednly from two sides; (b) lhe
Beamto-column connectionare thecritical components in  axial load on the outer columisusually lower thaon the
the deformation capability of these structisieeethey play  inner columnsand thisoadcan be reduced due to ttyclic
akeyrole in the performance atructuralsystems behaviorof the earthquake lateral loagt) the asymmetric

" — — presence of the beam and slab in the outer joints results in
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Iran. earthquake anthe structure completersion[4-5]. In 2008,
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Manfredi et al. simulated a bearolumn unidirectional  hasseveral defects, most notably the lack of transverse rebar
interconnection response to evaluate the resistancen the coupling core. The connection loading is applied in a
deterioration. The other goal of this study was to accept orcyclic mode and two steps. The second part of the work
reject the use of connection shear as an indicator to evaluatevolves the analysis of a knee joint with a slab which is
the performance of the joint [6]. In 2009, Lee et al. validated by the expenental results of Engindeniz [5]. This
investigated the cyclic response of a unidirectional internalconnection contains four major failures and is supposed to
beamcolumn joirt with insufficient steel bars in both have the worst seismic conditions. Both connections are
experimental and numerical approaches. In this study,designed byACI 31819 [14], and this code has been
several specimens were modeled as simple bzdomn formulated before adopting the seismic criteria

joints, and some others consisted of slabs and transverse

beams. The beams were extended to the effectivénwidt 2.1 Material behavioural models

the slabs and were designed to simulate the confinement, tnis paper, the concrete damaged plasticity model is used
caused by transverse beam connections Ii7]2011, o simulate nonlinear concrete behavior by Farnam and
Akguzel conducted a comprehensive study on numerical anjezaie [1519). To express the compressive behavior of
experimental results of corner joints without transverse concrete, the Hognestad compression ma2i@lif used in
reinforcement and any slabetexamined a series of knee {pe ABAQUS finite element software2f]. Considering
joints  refined  byFRPlayers  without — transverse ¢ o n ¢ r e t -stréis mosidl conersts under tensile stress
reinforcement under simulated seismic loads. In this aynibits some nonlinedrehavior althoudn the behavior of
research, joints were affected by emay and tweway  concrete is linear up to 50% @6 tensile strength. The
lateral |l oads and the col unmdhdeherfadior & toncfele & Sucfthafeled aftdrtdachify
Furthermoredue to nominally identical details of the rebar {he maximum tensile strength, the concrete can still
in both oneway and tweway models, the effect of these \yithstand some of the tensile stresses perpendicular to the
loading and also the effect of higher joint confinement were crack this phenomenon is called residual tensile stiffness. In
evaluated and compared [8]. In a related paper by Deaton ifs study, by neglecting these small values, a simple linear
2013, a set of external coméeamcolumn joints with  odel is used to model the tensile behavior of concrete. A
insufficient bars was numerically investigated udi®g  pjjinear diagram with kinematic hardening is used to
DIANA finite element software [9]. In this study, corner simylate the behaviorfesteel. Initial studies showed that
joints were loaded alternatingly. To simulate the concretejoim behavior is not highly sensitive to steel behavior. In
behavior, the total strain rotating crack model, a ne@iin  qgition, the element embedding technique is also used to
orthotropic model proposed by Selby and Vecchio (1996 andmogel the bonding behavior of longitudinal and transverse
1997), was used [102]. bars. In this technique, the degrees e&ttom of embedded
Despite the advances presented in the studies, the behavigiements (bars) are bound to the degrees of transitional
of joints without transverse reinforcement located at the freedom of the host concrete elements. As such, it is
corner of the building under twway loading is sti not fully considered to be a perfect bond for the bars

understood, and various factors must be investigated tq-, meshing the concrete patte C3D8Relement is used,
determine the strength and deformability of these joints. Thegnd for the longitudiniabars and stirrups, where only the
American Concrete Institute, in ACI 352, calls for further gyial force is present and no moment is transferred,
research specifically on the behavioreafsting joints with  the T3D2 threedimensional truss element with elastoplastic
nonsei smic detail as foll ovwsnaviorish&iged. s 1 n the structur
constructed before extending the design criteria in the

current code do not satisfy the current needs and must b 5 Examined parameters
studied comprehensively to gieagineers a better view of

how these joints can be rehiitated In this study, the relativedisplacemenforce diagram,

stiffness deterioration, lgsof energy during loadingand
shear stress in the coupling caree investigatedfor each
joint. For both joints, theload is applied asforce or

In this research, one of the connections tested by Pantelidedisplacement to the endpoints of the beam, and the
et al. [13] is modeled and evaluated using displacement and the corresponding force are measured,
ABAQUS finite element softwardn this paper, the push respectively, so that the relative displacerdfente diagram
over analysis is used to model hysteresis load as far a§an be plottedTheloss ofenergy in eacleycleis equal to
possible well. Moreover, this analysis in ABAQUS is the area enclosed by the fordisplacement diagram of that
followed by the concrete damaged plasticity technique tocycle Figurel). The stiffness deterioration in each cycle is
better illustrate Thismnnecton n alclates nfeo thee forgdjsplaggment graph using

2. Numerical modelling
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Equation(1). In Figure 1, the parameters used rquation
(1) are presented.

0

)

i Displacement

X,

maxy,

Fig. 1: Stiffnessdeterioration antheloss of energy in cycle

(5].

The joint of fiear stress is defined as the average shear stres
imposed on a horizontal surface the mid-height of the
joint. The joint shear in the tei calculated based on the

value of external reactions at the end of the beam and

columns If V, is the appliedforceto the beam endt will

induce a moment equal tdl, on the connection side
thatly is the length of the bearonsideredrom the point of
load position to the connech side (Figure?). The induced

moment can be substituted by a pair of equal forces named

Cp andT,, with the distance gf from each other, as shown
in Equation(2). The moment arnjgq, is usually considered
equal to 0.8750f the effective depth ofthe beamd.
Therefae, the joint horizontal shear forgeVj,, can be
obtained fromEquation(3):

6 Y

)

Wp Op G 3)

Consequently, the shear stress of the joint is calculated by

dividing the obtained shear force by the area tié
transverse section of the joint in the middle pagt shown
in Equatiord. In this equatiorty, andh. are the beam width
and column width, respectively

.I.

(4)
v, l"

P-V,

P-vhf_ Ve

Fig. 2: Equilibrium of the joint and the forces exerted on it
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3. Results ofsimulated validation models

3.1The Corner joint

In order to validate the presented model in this study, the
corner joint tested by Pantelides et al. [6] has been examined
using the finite element method. The geometry, rebar details,
boundary conditions,ral strength of used steel and concrete
are in accordance with the above experimental study
Moreover, the first protocol for this test is defined as the
loading equipment and the loading protocol, as shown in
Figures3 and 4, respectively

REACTION
FRAME

LOAD CELL
HYDRAULIC
CYLINDER

o |

| LOADING COLLAR

I:=| BEAM
HYDRAULIC
INDER

=]

THREADED RODS

o
=
2

-l =

__._l

COLUMN

80

60

40

M I W‘u I M M"
"“MM'] |||‘|' ll

20

I\ |f\| \]‘l
H‘H\ \

|||||

Lateral Load (kips)
Lateral Load (kN)

-20

|H

-60

-80 T T
1000 2000
Time Step

3000

E_HA AN Mg AL \L M“‘LM
U'\U""""\j'ww\f

Displacement (in)
Displacement (mm)

-2.0 T T T T T T T ~ -50
500 1000 1500 2000

Time Step

2500 3000 3500 4000

Fig. 4: The loading protocol

3.1.1The corner joint details

The geometry and details of thant of the experimental
study ardllustratedin Figure 5. The compressivestrength
of concrete used in the experimental specinsefil MPa
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and the vyield strength of longitudinal bawé the beams,
columns and stirrups are 454.4, 469.5and 427.5 MPa,
respectively The @lumnof size 458 305 mm is reinforced
by 8 baswith 22-mm diameter, which makéke percentage
of longitudinal steekqual t02.54% Also, thebeamof size
4061 305 mm is reinforced by 4 bars wi#®mm diameter
in bothtop andbottomlayers. Bththe topandbottom steel
bars of the beanmareembeddedising a 90 standarchook
The columrd Bngitudinal barsare also cut and overlapped
at exactly 536 mm above the joint core.

t—\ 458 mm j=—
5ol

Column Reinforcement:

Lengitudinal: 8-#7 (22 mm)

Ties: 6-#3 (10mm) @ 150 mm
3-#3 (10mm) @ 76 mm

Cover: 38 mm
T '
11 406 mm
£ i

305 mm—t—e

T

Beam Reinforcement:
Longitudinal: 8-#9 (29 mm)
Tles: 843 (10 mm) @ 127 mm

443 (10 mm) @ 64 mm
Cover; 38 mm

1830 mm

() (b)

Fig. 5: Geometry, badetails ancboundaryconditionsby
Pantelidest al [6]

In this experiment, the columis positioned horizontally
and its two endarerestrained by pinned supports. Auitial
axial load (Pni) equal toEquation (5) is applied to the
column by a hydraulic jackChanges in axial loadre
measured by strain gauges embedded in the bars attached
the jack throughvhomthe forceis transmittedAs described

in the modeling sectiortp modelthejoint in the ABAQUS
finite element software and for verification purposes, the
applied force in he numerical models appled to the

columd s e n d absgringuasdi mogng its sUpppES
shownin Figure6 .
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Fig. 6: The cornejoint finite element model
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3.1.2Verification Results

In the experimental model, the loasl appliedto the end of
the beam in twphasedy a hydraulic jacknovingback and
forth in repeated cycles.hE loadis appliedby controlling

the force during nine steps and as displacementontrol
duringfour steps in théirst andsecondhases, respectively.
Each loading step consists of three cycles in the finite
element modelandto reducethe computation time, only
one cycle peeachstepis induded for the analysis:igure 7
shows the experimental and numerical specimen loading
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Fig. 7: Forcedisplacementliagramsf thebeamend: a)The
experimentakesult[3] andb) The rumericalresult

In Figure 8, the experimental anthe present numerical
results are shown simultaneousfgr comparison and
verification The horizontal axis numbers in this diagram
represent the relative displacement (drifiptained by
dividing the displacement valus the endof the beam by
1601 mm, the distance from the load effect point to the

col umnos

respectively extracted for

cent ® and Figarg 10scan b& i g u

the maximum force and
displacementsing the diagram ifrigure 8. According to

the graphk, it is found thkat there is a relatively good
agreement between the numerical and experimental results
in the early cyclesNeverthelessin the final cycles the
difference between the maximum beamforce in the
experimental and numerical models sksotlhiat concrete
deterioration in the numerical model happens later than in
the experimental specimenrThis discrepancy can be
attributed to the nature of the behavioral maafetoncrete
damaged plasticitand how the bondlipping behaviorof
barsis simulatedn the numerical model
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Force KN

== EXT.
—&—FEM

“Drift o
Fig. 8: Relative displacemetibrce diagram of the beaandin
the Panteligsd pint by pushover analysis

EXP [3] (-)
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= EXP [3] (+)

Comparison of Maximum Force
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Fig. 9: Comparison of maximum force of beam endhe
experimentaand numerical stueds

EXP [3] (-)
FEM ()

Comparison of Maximum Displacement

The Maximum Displacement of Beam

Cycle No.

Fig. 10: Comparison of maximurdisplacementf beam end in
the experimentednd numerical stues

The stiffness deterioration in the experimental and
numerical results is shown Figure11. It can be observed
that in the first cycle, the stiffness of the numdrinadel is
slightly higher than that of the experimental specimen.
However, in the subsequent cycles, the numerical mode

Numerical Methods in Civil Engineering;2 (2022)50-60

specimen. This difference in stiffness deterioration can be
attributed to the same cases as previously mentioned.

30

o T SRS, P

..

& 5] &

Stiffness (iK,,) ki/mm

.
=]

14
cycles

EXP  ——a— FEM

Fig. 11: Stiffnessdeterioration irthe experimental and numerical
resultsfor the joint tested bfPantelidet al.

Figure 12 shows the total amount of energy loss until
thenth cyclefor the experimental specimen and numerical
model.As seen, up to the 9th cycle in the first loading stage,
theenergy loss ismalldue to thdow vibrations However,

in the subsequent cycles, as the beam end displacement
increases, the energy loss in tgecimenand numerical
resultsbecome higheAlso, in the last cycle, the energy loss

in the numerical model igreaterthan in the specimen, but
due to the greater force in the numerical model than in the
experimental specimen, the enclosed area in this cycle is
expected to increase

The maximum nominakhear stress valuesf the finite
element model compared to the experimental specimen are
shown inFigure 13. The maximurmominal shear stresses

in both modelhaveoccurred in the negative displacement
of the 11th cycle, with the experimental specimbeovang
thestress of 14% higher than the numerical moaell 352
considerghe ratio of shear stress tioe squargoot of the
concret® strengthto equabne as the boundary ftiveshear
failure of the joint [6]. According to thetest and model
resuls, thejoint failure mode isashear failure .

50
45
40
35
30

20
15
10

Energy Dissipated (E.ymn) kM.m

0 —&

L 3

14

cycle#

==@==E{F —g—FEM

shows less stiffness than the experimental specimen due t0 Fig. 12: Comparison of the enerdgssto then® cyclein the

the higher displacement. Eventually, in the final cycle, the
stiffness of he numerical model becomes more than the
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Fig. 13:Nominal shear streds the joint testect Pantelides
joint.

Figure 14 illustrates thevon Mises stress contour in the last
jointloading cyclelt is observed that except for the supports
where relatively rigid components have been used to prevent
the concreteds crushiammglthet he
joint core also bear a great amount of stres

Fig. 15) _
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Fig. 15b)
Fig. 15:a) Contour of plastic strains itne numerical modelb)
Failure of the experimental specimen.[6]

3.2 The knee joint

As for the second part of the modeling, a knee joint including
a slab with four Seismic failures is investigated. This joint

was evaluated in an experimental test by Engindeniz [5].
Fig. 14:Von-Mises stress contotior concrete in the lasbading . . L . -
cycle This connection and itsan directions are shown in Figure

. N . 16. This connetion is the No. 1 example of a series of
Moreover,the contour of the plastic straiisdisplayedin . ) ) ' )
Figure 15, indicating the occurrence of cracks and fractures CONnections tested by Engindeniz and is designed per ACI
at the concrete surface compared toshecimenlt is found ~ 31863. In the designing process of this joint, as one of the
that the finite element modehn predictjoint behavior in most important seismic failures, the principle of the strong
accordance with the experimental results column weakbeam has been delibéely violated; the ratio

of the total flexural strength of the column to the connected
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beamsn both main directions, therefore, is considered 5 Lss3rn
approximately equal to 0.@ther defects in these models - T”—f T ekt
. . . ] TMI0@250
include the lack of transverse rebar in the coupling,co el e asom
. | 133 mm car cover
inadequate embedment l eng L —
longitudinal bars in the coupling core, and the inadequate | %™/l ||*™ -
l ength of the overlap in t ¥%Wm ﬁlsusmm bar s
L. 127mm |
above the joint . = ‘
3175 mm |
—‘_Slu;ﬂ‘jll?ﬁ T 7MH0@305 my 19 cearcoer
1640 o 1= y Eam
B T ' 891y @stomm _'_
— Mog 508 mm
— ¥ 20nm
| | L J 319 [T 610 @203 mm
4 4l d )
8 mm 3226 mm |

305 mm
Section1-1 Seetion 3-3 Section 44

Fig. 17: Details of the bars in the connection tested by Engindeniz
[5].

The loading of the joint is carried out as a displacement

control at four displacement levels to the points aetitof

the beamsThe distance of the load effect point from the

Fig. 16: Theconnectiortested by Engindeniandits defined

directions[s]. central axis of the column is equad 3050 mm.In the
numerical model, reduced cycles reduhe computation
3.2.1The knee joint details time (Figure 18).

The s p e dimemsions6asd bar details are shown
in Figure 17. The olumnd slimensionsare 356 356 mm
(14i 14 inches), and it is reinforced laypair of rebawvith

16 mm of diameteat each cornerThe barsareoverlapped
just above the connectiomith a length of 320 mm (12.5
inches). Thébeamhas 30Gmmwidth and 508 mm depth P

(12i 20 inches), and its upper layer is reinfortgd6 bas A

End of test for Specimen 2

with 19 mm of diameter and 3 rebars with 19 mm of Rate = 5.1 mmmin |-Rate = 7.5 mmimin-|
diameter in its lower layer. e beard sipperbars are Fig. 18.Loadinghistoryof the connection tested IBngindeniz
restrained bystandard90° hooks in the corewhile the [5].

beants lower reinforcemestinside hae been cutin the

core andarerestrainedlirectly inside the connectdor only 3.2.2Results andalidation of the knee joint

152 mm (6 inchesBoth bems are rodded exactly the In this study, the models used were modeled by the Concrete
same, but in ordep avoid theénterference ofthe barsinthe =~ Damaged Plasticity technique of the ABAQUS software in
core theposition of thdongitudinalbars of thebeamin the ~ pushover analysis. As a resuih bothFigure19andFigure

X direction is 19 mm upper thahe longitudinabars of the ~ 20, the hysteresis forceelative displacement diagrams
beamin the Y direction (equal to the atheter of a single ~ obtained from the finite element analysie illustrated in
bar).Steel bars of siz€0mm arechoserasthe slab bars and ~comparison witlthe experimental resultsr the knegoints.

all transverse bardhe $ab thicknesss equa| to 127 mm, The maximum amount of fors®btained foithe jOint tested
and the distanceof bars from each other in the upper and by Engindenizn theEW and NS directionbeamsare listed
lower layers of theslabare 305 mm (12 inches) and 610 mm in Figure21 andFigure22.

(24 inches), respectively. Ubing the test the concrete

strength othelower column, joint core, beanend slalwas

equal to25.8 MPawhile the upper column concretgength

was 34.1MPa.Theyield stresof bars 10,16, and 19mm is

equal to 367, 352, and 3MPa, respectively

Story drift ratic, 8 (%)

=31.87%
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Force kN
o

Drift %

—-0--EXP
—e—FEM

Fig. 19: Forcedisplacement diagram f&\W directionbeamby

pushover analysis

Force kN

-50
Drift %

——o—-EXP
—e— FEM

Fig. 20: Forcedisplacement diagram for tiNS directionbeam
by pushover analysis
The lowest andhighest ratis of force from numerical

analysis tdhe experimental result (FEM/EXR)rfthe beam
in the EW direction ocur in the negative direction of the
first cycle and the positive direction of the fourth cycle,
equal t00.9 and 1.33, respectivelffhese minimum and
maximum ratios for theeamin the NS directioralso occur
in the same cycles and directions, with esof 0.93 and

1.2, respectively .
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Fig. 21: Maximum beam end forces the EW direction
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Fig. 22: Maximum beam end forces the NS direction

We can show the stiffness deterioration during loading using
the tables above and &ation(4). The stiffness of thgint

in each cycle is calculated usirigguation (4), which is
illustrated in comparison witlthe experimental results in
both Figure 23 and Figure 24. It is observed that in both
directions excepfor the first cycle in other cyclesthe
stiffnessin the numerical model is higher than the specimen

57



F. Rezaieet al.

[
in

stiffness (Kpp) kM/mm
3 =

Cycle #

==g==EXP ——g—FEM

Fig. 23: Stiffnessdeterioration irthe testand numerical models
for theEW direction

stiffness {Kpp) kN, /mm

Cycle #

-=g=-ENF —a—FEM

Fig. 24: Stiffnessdeterioration irtheexperimental and numerical
models foithe NSdirection.

The energy los in each cycle for the numerical and
specimenss shown in Figre 25. In the first three cycles
less energy is lost in the numerical mqdbeit by the end of
the loadingthe energy loss in the numerical apkcimens
is approxinately equal .

|

o

(0]

Energy Dissipated (E.,m o) KN.m

cycle #

==g==fXf —g— FEM

Fig. 25: Total energyossto then" cyclefor thejoint tested by
Engindeniz.
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The maximum nominal shear stress valuesf the finite
element model compared the experimentalspecimens
for the EWand NS directionsare $iown in Tabls 1 and?2.
The maximum shear stress valireshe testand numerical
resultsoccur in the first cycléor both directionsTherefore,
there is acontradictionbetween the shear stress of the joint
and the displacement directi@gwhen the displacemeigt
downward in the negative direction, the shear stress is
positive and upwarchowever,this can be expectetlie to
themoment induced to the joint core.

Table. 1: Maximum nominal shear stregstheEW direction in
theconnectiortested byEngindeniz

Maximum
nominal
shear stress
Cvele Relative
y displacement Direction EXP FEM
No.
(%)
- 0.35 0.40
1 0.93
e -045 -0.51
EW 2 0.93 - 0.26 0.25
e -0.29 -0.26
- 0.21 0.25
1.4
3 0 e -0.30 -0.27
4 187 - 0.19 0.21
e -0.25 -0.22

Table. 2: Maximum nominal shear stregstheNSdirection in
the connectiortested by Engindeniz.

Maximum
nominal shear
stress
Cvcle Relative
Y displacement Direction EXP FEM
No.
(%)
- 0.39 0.14
1 0.93
e -0.40 -0.38
- 0.30 0.33
NS 2 0.93
e -0.29 -0.24
- 0.28 0.33
3 1.4
e -0.29 -0.25
- 0.23 0.28
4 1.87
e -0.25 -0.21

In Figure 26, the wn Mises stress contodor the inner
cornerof the jointis shown It is observedthat the inner
corner of the joint suffers the most strés® to the bending
stress induceih thejoint corebecause athe displacemest
of thebeamends.
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Fig. 26:Von Mises stress contour in the final loading
cycle for the inner corner of tlennection

Figure 27 also displays the contour of the plastic strains
showing the occurrence of crack and failure on the concretci]
surface comparedo the specimensAgain, this image
illustrates that the finite element model can predicfdie
behaviorvery well.
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(a) (b)
Fig. 27:a) Contour of plastic strains ithe numerical modk b)
Internalcornerfailure inexperimentakpecimeng$s].

4. Conclusion

This paper studied two different experimental approaches to
provide a strong and reliable numerical model for the corner
concrete bearcolumn connection without transverse
reinforcement.In this paper, the behavior dfvo knee
concrete jointavasinvestigded Thefirst joint wasloaded
intwophasesandv al i dated wusing
Theshear failure was identifiegs the main failure mode for
this connection. fle second jointonsists of a transverse

beam and a slab, verified using Enginden 6 s
most important results of this study are as follows
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The reduction of the number of loading cycles in
numerical models does not significantly affect the
results, and the load magnitude or the displacement is
more effective than theumber of repetitions of cycles
Therefore, it is recommended tisgtecial attention be
paid to the confinement of the connecting core in knee
joints. The internal corner of the joint, in addition to the
confinement of the cores, should be considered.
Eventhough the selected behavior of concrete has some
defects, it is an efficient model for concrete modeling
under cyclic loads.

In the early loading cycles, there is a relatively complete
agreement between numerical and experimental results.
For example, th force ratio of the beam in a numerical
model to the test for the corner joint in the initial loading
cycle is less than 13%, although, in the last loading
cycle, this ratio increases up to 50%. This discrepancy
in the last cycle can be attributed to tegure of the
selective behavioral model in delaying concrete
deterioration and the weakness of the embedded
element technique in restraining the bars

In the present study, due to the selected behavioral
model for concrete and the use of the embeddedezie
technique for the barso
cycles, the foreelative displacement diagram always
shows more force in the numerical model than in the
specimen

Stiffness deterioration in initial cycles in both numerical
models and specimerigdicates a good agreement.
However, in the last cycles, the stiffness of the
numerical model is higher than the specimen; in fact,
the comparison of the stiffness in the refined and
unrefined models illustrates that the stiffness in the
refined models inthe same cycles is significantly
different from the unrefined models. In addition, in the
refined models, the stiffness deterioration occurs in a
delay.

Shear failure is identified as the fracture mode for the
joint tested by Pantelides et al. Neverthelesthe joint
tested by Engindeniz, in the experimental test, the
deterioration of not onl
slipping is reported as the main cause of the fracture.
The numerical model in this study is in exact agreement
and illustrates both diéfrent fracture mechanisms,
except for the delays in thHiacture due to the embedded
elements technique

The study also provided a prediction method with different
effects, including vulnerable points,
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occurrence of large plastic strains, cracking, and local

designing code
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