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SUMMARY:

Some results of a wide experimental program caroetdon beam-column RC joints are presented. Adl th
experimental tests were performed at the Laboraib§tructures of the University of Basilicata,lytaCurrent
assessment procedures on existing buildings usuoaliject the variations of joint stiffness due #ahload
variations. Main objective of the paper is to shbaw the axial load value on the columns can affeath
ultimate capacity and stiffness of joints. To thigpose, the behaviour of three identical specintested under
different axial load values is analysed and congbameterms of ultimate capacity and deformationaeabur.
Results show significant variations of the joirffsess at increasing drift values and, moreovieat the main
source of deformability moves from the beam tojtiet panel when the axial load decreases. Theeas® in
joints’ deformability is mainly due to early cradkj of the joint panel as a consequence of the ssstxe
determined by low axial load values.

Keywords: Reinforced concrete, beam-column jomtast stiffness, ultimate capacity, collapse mode

1. INTRODUCTION

Design procedures of new buildings and assessmecégures of existing ones devote generally large
attention to beam and column members paying lessitetn to the intersection region. However,
under seismic actions the joint panel is subjecthitear action several times higher than that of the
framing members. This is due to both its aspe@ @td opposite sign of beam bending moments at
opposite faces of the joint (Fardis, 2009). Fos tréason, the panel can suffer brittle failure and
threaten the capacity of the entire structure, tiedsicing the benefits of an effective design adrbe
and column members. Indeed, past earthquakes fdgizzo 2009) have shown that joint
performances have a very important influence onstrength and the overall stability of RC framed
structures.

Frequently, experimental tests on beam-columngainncentrate on buildings designed to resist only
gravity loads (Hakuto at al., 2000), because oir thigher vulnerability and wide presence in many
earthquake-prone countries. Main objective is tatdish reliable methods for assessing resistance
and deformability of joints and, as a consequettcdevelop effective retrofit techniques.

Other investigations have been carried out ongdieionging to seismically designed structures with
the objective of verifying the influence of sometaike solutions on the behaviour and collapse
mechanism. Among them, some studies have hightigtite influence of the anchorage type within
the joint adopted for the longitudinal beam bararkP2002; Calvi et al., 2002; Kusuhara & Shiohara,
2008).

The present paper focuses on the experimental ai@uof the effects of axial load on the seismic
performances of beam-column joints. As a mattdact, axial force has a large influence on the shea
strength of the joint, as recognized in the capacibdels given in the literature (e.g. Paulay &
Priestley, 1992). Code-complying specimens have lieestigated, namely specimens designed to
mach the rules given by the past Italian seismiteddPCM 3274, which are substantially consistent
with the current Italian structural code (NTC08p8pand the EuroCode 8 (CEN, 2004b). Analysis of
performance is carried out taking into consideraboth ultimate capacity and deformation behaviour.



2. EXPERIMENTAL INVESTIGATION

The present paper is based on an experimentaltigatisn carried out in the framework of the DPC-
ReLUIS research project funded by the Departmei@iaf Protection (DPC) and coordinated by the
Italian Network of Earthquake Engineering Labore®r(ReLUIS). Specifically, the study was
included in the Research Line 2 devoted to the é8ssient and reduction of seismic vulnerability of
existing RC buildings”. All the experimental acties described in the paper have been performed at
the Laboratory of Structures of the University @diBicata, Potenza, Italy.

Globally, the experimental program foresees cyldaxling tests on 26 beam-column joint specimens
built in 2006. The experimental tests began sometihsdater and 14 tests have been carried out up to
date, 3 of them are specifically analysed in thesent paper. A full description of the experimental
program is reported in (Masi et al., 2012).

2.1 Test Specimens

The specimens are one-way external joints belonirtge first storey of an internal frame of a four
storey RC building (prototype structure) designedetsist earthquake loads according to the seismic
code OPCM 3274 (PCM, 2003) in effect in ltaly whitne specimens were designed. It is worth
remembering that the provisions of OPCM 3274 cariogrseismic design are substantially consistent
with the current Italian structural code (NTC0808Pas well as with the Eurocode 8 (CEN, 2004b).
The three specimens described and analyzed irollogving are designed to resist earthquake actions
considering a medium seismicity zone (Zoney2; 8.25g), wheregds the design ground acceleration
at the ultimate limit state (life safety).

The joints have beams with 300x500 mm cross seetimhcolumns with 300x300mm cross section.
The reinforcement is made up of deformed bars &GOBAclass.

The three joints are identical from the geometrid the detailing point of view but have been tested
under different values of the axial compressiomlaating on the column. They are, therefore, named
“Ixx", where “J” is for joint and “xx” is a numbeaepresenting the axial load level as a percentge o
the ultimate axial load: the specimen J5 has bested applying an axial load equal to 5% of the
ultimate valueN,=b h f;, the specimen J15 has been tested under an @xibehjual to 15% adfl, and,
finally, the specimen J30 under an axial load e¢m&0% ofN,. b andh are the column cross section
dimensions and. is the mean cylinder compression strength of tbeceete. In Fig. 1 the
reinforcement detailing arranged in the jointsigpthyed.
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Figure 1. Detailing of the joint specimens



In the design procedure of the prototype structusmil type A (rock or other rock-like geological
formation) was considered, assuming a behaviouofacequal to 4.095 coherently with the adopted
code provisions for the structural type under agiaJyand following the code requirements relateal to
low ductility class (CD B). It is worth specifyinthat low ductility RC structures do not have to
explicitly follow capacity design rules, but onlgda@pt prescribed reinforcement details and minimum
amounts of steel, thus implicitly providing appriape values of the members’ local ductility.

The reinforcement cage was built by workers usuaityployed in the construction of RC building
structures. Therefore, no special attention wad paiconstructing the specimens, so that they can
have the typical defects of real structures.

Differently from other experimental investigationghere concrete casting was made by putting the
formwork on a horizontal plane (e.g. Braga et2001), specimens were made by vertical casting. In
such a way, differences in concrete strength atbadeight of the columns can occur because of the
segregation effects of the aggregates and capiilsgyof water, as typically found in real struetswr
Before the execution of the cyclic tests on thatmialso the constituent materials were tested to
obtain their mechanical properties.

At the beginning of the experimental program, saraecrete cubes were subjected to compression
tests in order to estimate their strength, achgg@nmean value equal tg=21.5 MPa. Further tests
were performed during the program showing that cetecstrength remained practically constant.

In order to determine the main mechanical propeudfesteel, some bars were subjected to tensile tes
providing results in terms of yielding strendghtensile strength, and ultimate straia,. Test results
were consistent with the type of steel used, i45(&, in line with the current Italian structuraide
(NTCO08, 2008) and corresponding to hot rolled stafetlass C according to Eurocode 2 (CEN,
2004a). The mean value of the yielding strength eqsal to =480 MPa, while the ultimate strain
was equal t@,=11.4%.

2.2. Test Set-up

Different arrangements of the test set-up are usethe experimental investigations reported in
literature (e.g. Hwang et al., 2004), where thengcforce is applied either to the column or to the
beam.

The tests carried out in the present experimenmtajram have been carried out applying the load at
the top of the column, as shown in Fig. 2a. Thisioh allows to directly relate the measured
displacements of the joint specimen to the interest drift of a whole frame (Pampanin et al., 2002)
The axial load on the column is kept constant. &pglication of the vertical load is made through a
system able to rotate along with the column, so tthexload direction remains parallel to the column
axis without causing B-effects. Load application was cyclic quasi statider displacement control,
thus permitting an adequate correlation with séifi;mand strength degradation of the specimens.

The axial (vertical) force was applied by a staddaydraulic jack located at the top of the upper
column. The jack is self-balanced through four Istieerods able to transmit the load to the bottom
face of the lower column. The lower column is rasied by means of a pin connection to the reaction
structure while the beam is restrained with a st&et that acts as a pin roller restrain. In sackay

the joint specimens approximately experience thesses distribution (bending moment and shear) of
a real frame structure subjected to lateral loads.

The horizontal displacements were imposed at tkeoéthe upper column with an actuator placed at
a height such that the distance from the lower dniisgexactly equal to 300 cm, which is the desired
inter-storey height.

The instrumentation was made up of load cells tasuee applied forces and reactions, displacement
transducers (LVDTSs) to measure deformations and wansducers to record displacements. The load
cells were used to measure the axial compressamhdpplied to the column, the beam reaction (i.e.,
the beam shear), and the horizontal load appliethéactuator. Specifically, the deformations & th
joint panel were detected through 8 LVDT transdsi¢di1-N8 in Fig. 2b).

Furthermore, 8 LVDTSs of the same type were appiieithe beam (T1-T4) and to the columns (P1-P4)
near to their intersection. Finally, 2 wire tranceits were arranged for the measurement of the
absolute horizontal displacements at the top ofctslemn and at the beam end. The LVTDs used to
measure the deformations of the joint panel enathleddletermination of its contribution to the total



drift of the specimen, as discussed in the follgwin
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Figure 2. Test set-up a) and instrumentation arrangement b)

During the tests, three cycles for each drift atndke were performed, similarly to other experimenta
campaigns (e.g., Braga et al. 2001), so that tlssiple strength degradation under repeated te#its wi
constant amplitude can be evaluated. Once thrdescyere made, the drift amplitude was increased
until observing a state either of severe damagd pear collapse.

The choice of the drift values has been made takitmgconsideration expected (nominal) drift values
at cracking and at yielding, which are around 1.0%x this reason, the drift increasing step was
smaller until drift values equal to 1.5% (a ste@@5% was chosen), and larger (0.5%) when the drif
exceeded 1.5%. In such a way it was possible tquadely follow cracking and yielding phenomena
which occurred during the tests. It has to be ndtetl a drift limit equal to 0.5% is considered whe
verifying the damage limitation in RC buildings @y non-structural elements of brittle materials
attached to the structure (NTCO08, 2008; CEN, 2004it)e maximum value of the drift was
specifically decided during each test by obsertimgevolution of the damage conditions in order to
reach a near collapse condition compatible withsthfety conditions of the entire test apparatug Th
rate of application of the displacement was conistad equal to 4 mm/s.

3. TEST RESULTSAND DISCUSSION

In this section the main results in terms of ultieneapacity and deformation behaviour found on the
specimens under examination are reported and disduBifferent performances due to the amount of
the axial load are analysed on the basis of tharaiét envelopes and of the observed damage
mechanisms. Further, the variation of the joirffretss under increasing drift and the contributdn
the joint-panel deformability to total deformalyliof the joint have been analysed.

3.1. Damage mechanisms

In Fig. 3 a picture displaying the damage statib@end of each test is reported. As can be seep, v
different damage patterns can be recognized foihtiee joints.

In specimen J5, tested under 5% of the ultimatal admpression load (i.e. 96 kN), damage affected
prevailingly the joint panel with a series of diagb cracks and the spalling of the concrete cover i



the rear face of the column, probably because @fptlshing effect of the beam reinforcing bars. A
very small sub-vertical crack was detected at #gmnibcolumn interface, whose size did not increase
while increasing the drift. Also, the faces of jbint panel were affected by an extensive spalbihg
concrete discovering the hoops placed in the joore. The first cracks in the joint panel were
observed when the drift reached a value approxignagual to 1.75%. However, the presence of
damage at earlier stages, for example in the ipadrof the joint panel, cannot be excluded.

Shear (kN)

T i —
L. i
r
| ™
. |
= 10 | + 5 s
s |
5 0 i—i—
® i
ﬁ -10 i........._..j... z
-20 | -
80
e
40 |
| 1 1
50 | | I
& 5 4 3 -2 1 0 1 2 3 4 5

Drift (%)

-

/

/
Y

1” P

-20
e,
-50

Shear (kM)
8 (=]
P

Drift (%)

Figure 3. Shear-drift behaviour and final damage states

Specimen J15, tested under a larger value of tle lmad (15% of the ultimate value, i.e. 290 kN),
showed a damage pattern similar to that observéairit J5, plus an additional large cracking at the
beam-column interface. The latter damage was ffidgtected with drift values around 0.75%. First
diagonal cracks in the joint panel were detected @tift value equal to 2.5%, higher than that fbun



in joint J5 (i.e. 1.75%). This result can be asadibo the higher value of the axial load that piledi a
larger confining effect to the joint panel.

Specimen J30, tested under a value of the axidl égaal to 30% of the ultimate value (i.e. 580 kN),
exhibited a damage pattern made up of sub-verflealiral cracks concentrated at the beam-column
interface. The first cracks were observed at ddfties around 0.75%. Collapse was reached because
of the failure of bottom beam rebars. This unexpe&cesult was caused by buckling effects on beam
rebars that, resulting in strain concentration thedrebars to oligocyclic fatigue failure.

It is worth pointing out that no damage has beesenied in the columns of all tested specimens. This
result was expected comparing the flexural stremgthes of columns and beam.

3.2. Shear-drift behaviour

Shear-drift envelopes in Fig. 3 clearly show tHéedént hysteretic behaviour of joint J30 with resp

to the other joints. In fact, Joint J30 exhibitdeas degrading behaviour, thus dissipating a larger
amount of energy mostly due to the plastic defoionadf beam rebars. Comparing joints J5 and J15,
hysteresis cycles with smaller width are foundha former one. As a consequence, it can be stated
that, for the joints under study, the larger isdlk&l load the larger is the dissipated energy.

Further evidence of the role of axial load on theas-drift behaviour can be found with regard t® th
different strength drop. Joint J30 has a smalhgfite drop after the peak shear value. With drifiadq

to 5%, J30 lost about 20% of its strength, whileh&t same drift value joints J5 and J15 lost about
60% of their maximum strength. As a consequence,pthteau in the shear drift envelopes of the
joints tested under smaller values of the axialdl¢dd5 and J15) is shorter, leading to lower
deformation capacities.

In Tab. 1 the yielding and the ultimate deformattapacities in terms of drift values, @nd O,
respectively, are reported for what concerns ttestipe loading direction, i.e. the positive quadrah
shear-drift relationships in Fig. 3. The ultimatglue is determined according to Panagiotakos and
Fardis (2001) that proposed to conventionally disfalthe ultimate value of the chord rotation as th
value at which the strength shows a 20% drop. Tuwildy valuesp=D,/D, clearly show how the
axial load value (i.e. the only difference betweabe tests) can strongly influence the seismic
performances of sub-assemblages like those hersiesd.

It is worth specifying that the above results ar&inty due to the joint panel damage related to the
considered axial load values, then larger valuesdegermine different effects.

Table 1. Strength and deformation capacities of specimens

Joint (Ifl{l) Dy Dy H

J5 41.19 1.75% 3.5% 2.00
J15 39.28 1.25% 3.25% 2.60
J30 39.50 1.00% 4.96% 4.96

3.3. Variation of joint stiffness

In the following Fig. 4, the shear drift envelopges are plotted. The curves are based on the shea
values (obtained from the first cycle) at incregsinift amplitudes. As it can be noted, joints 3l a
J15 show a small although evident variation ofdheve at very low drift values, say around 0.25%.
Joint J30, instead, shows a substantially lineamdrof the curve until reaching drift values around
0.5%, with a slight variation beyond this value.

As a consequence, different values of drift at Whtee full yielding is attained, [Dare shown by the
specimens: Pincreases with decreasing axial load values. Sdifiirences have been found when
changing displacement direction, as shown in Talvh@re F values and corresponding drift values
Dy, in both positive and negative quadrants, arertego

Joint J5 reaches the full yielding at a drift vallmut 70% larger than that of joint J30, whilajal15
shows not so large difference with respect to jdiB®. As a consequence, considering the values
relevant to the positive quadrant, joint J30 haseant stiffness ¥ at the shear/Fabout 67% higher
than that of joint J5, and nearly 30% higher thantjJ15.



Table 2. Drift and secant stiffness values at the fulldjieg
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Figure 4. Shear-drift envelopeurves

Negative quadrant

Positive quadrant

Joint Fy Dy Ksec Fy Dy Ksec
(kN) (%) (KN/mm) (kN) (%) (KN/mm)
J5 -45.16 -1.75 0.86 41.19 1.75 0.78
J15 -44.24 -1.24 1.19 39.28 1.25 1.04
J30 -45.50 -1.18 1.29 39.50 1.00 1.31

It is worth remembering that the only differencéwien the test on joints J5, J15 and J30 is thed axi
load value, therefore detected stiffness variatamesto be ascribed to axial load variations.
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Figure5. Secant stiffness-drift envelope curves

In Fig. 5 the secant stiffness values (positivedgaat) with increasing drift is plotted. As candeen,

significant differences between the examined joitas be found for drift values up to 1-1.5%.
Besides, a line representing the theoretical elastiifness of the joint is reported in blue. This
stiffness value is calculated on a linear modet @ame for the three joints being the axial forae n
accounted for) of the joint considering a concrdtaving a Young modulus equal to



03
E.= 22000%%} ,.where f, is the mean cylinder strength assumed equal ®MPa.

As can be noted, the theoretical value is highen tine experimental values also for very low values
of drift, i.e. when cracking effects should be ngigle. For drift values in the range 0.5-1.0% the
theoretical secant stiffness is about 3-4 timebkdrghan the experimental one.

3.4. Joint panel deformations

In order to determine the causes of the largerrdedbility measured under the lower values of the
axial force acting on the column (as pointed ousexdtion 3.3), the local deformations of the joint
panel have been calculated through the measurewiethts LVTDs placed on it. As can be seen from
Fig. 2b, diagonal displacement transducers (nanfedrd N2) are placed on the joint panel.

Damage occurred at the joint panel of specimerand5]15 did not allow to record their measurement
up to the maximum drift values applied during thst$. Indeed, for high drift values, some LVDTs
were removed because of concrete cover spalling.tiiie reason, the joint panel deformations
measured on the three specimens are plotted (Fagndsanalysed for drift values up to 3.0%.

As can be seen, for low drift values (i.e. arour®), joint panel deformations in the specimen J15
and J30 are nearly coincident (0.12% and 0.15%egertively), while joint panel of J5 already shows a
larger deformation value (0.23%). When the totdft dncreases the gap between J15 and J30
increases too, as well as the gap between J5 &nth&tefore it clearly brings out that the lowsthe
axial load the larger are the joint panel deforovaj particularly for increasing drift values. Qret
contrary, test results on joint J30 show that Iatefiormations in the joint panel are very low and
insensitive to drift increments because damagectffieonly the beam at the column interface. In
joints J5 and J15, joint panel deformation valu2g)(increase more than linearly with the drift.
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Figure 6. Total drift-joint panel drift envelope curves

It is interesting to analyse the contribution of B the total joint drift D. Tab. 3 reports theiosat
D,#/D (in percentage) at increasing D values. As illdde noted from the previous Fig. 6, for the
joint tested under the lower axial load value (18) most of the drift is due to the joint panel
deformation: at a total drift of 3.0%, the jointngh provides 76.7% of D, with BD values always
higher than 47%. For specimen J15, joint panelrdmriton to drift gets up to a maximum value equal
to nearly 50%, while specimen J30 shows lower \&aluigh decreasing trend at increasing D values
and, moreover, they are around 10% at the highealles Summing up, it is clear that beam-column
joint panel can be the principal source of defonfitghin RC framed structures depending on the
value of the axial load applied to the column a®a result, to the collapse mechanism of the.joint

A further proof of this result can be found anahgsihe beam end deformation provided by the LVDT



with label T3 (see Fig. 2b), that measures therdedtions at the bottom face of the beam near to the
column interface (LVDT length equal to 320 mm).

Table 3. Contribution of joint panel deformation,&to the total drift D

Total Drift J5 J15 J30

(%) D;p(%) Dy/D (%) | Dap (%) Dy/D (%) D (%) | DsdD (%)

0.5 0.24 47.1% 0.12 24.4% 0.15 29.6%
1.0 0.48 47.9% 0.32 32.3% 0.18 18.3%
1.5 0.86 57.5% 0.38 25.6% 0.22 14.5%
2.0 1.39 69.3% 0.64 31.8% 0.25 12.6%
2.5 1.80 71.8% 0.94 37.7% 0.24 9.8%
3.0 2.30 76.7% 1.45 48.2% 0.26 8.7%

The elongation measured by T3 divided by the heiftihe beam provides the mean rotation of the
beam due to flexure deformation in the potentiabpt hinge zone.
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Figure 7. Beam end rotation at increasing total drift value

Results are plotted in Fig. 7 that shows how thenbend rotation of joint J5 is almost negligible
ranging from 0.001 to 0.0012 rad, while in joint$ And J30 there are higher values of the beam end
rotation. These results are coherent with the danégerved in the joints during and at the enthef t
tests. Actually, joint J5 showed no significant dam at the beam-column interface, contrarily to
joints J15 and, particularly, joint J30.

The present analysis confirms that also for seisooide-complying joints, as in this case, heavy
damage can affect the joint panel, reducing sigaifily the ductility demand in the adjacent framing
members, similarly to what found by Calvi et al0@2) for gravity load designed joints. This damage
mechanism appears to be directly dependent orxtaecmpression load acting on the columns.

4. FINAL REMARKS

The paper reports and analyses some results ofl@ experimental program carried out on beam-
column RC joints relevant to structures with eautideg resistant design. Main objective of the paper
is analysing how the axial load value on the colsitan affect both ultimate capacity and stiffness o
joints. To this purpose, cyclic tests have beeffiopgred on three identical specimens but varying the
axial load level.

Results have shown how the value of the axial @dinfluence the joint behaviour in terms of both



ductile and energy dissipation capacity. Defornratiapacity found in the joint tested under thedarg
value of axial load (J30) is more than twice thiajoints with lower axial loads (J5, J15). In fait,
presence of a lower axial load, damage shifts adrtfjoint J15) or totally (joint J5) from the bma
column interface to the joint panel resulting irsevere cracking. However, it is worth noting that
although joint panel damage occurred in jointsild HL5, the presence of hoops into the panel did no
allow instability in supporting the axial load.

According to the observed damage pattern, anabysi@int panel deformation and of beam end
rotation confirmed that under low axial load thentwbution of joint panel deformation to the total
joint drift remarkably increases. Particularlyjaint J5 this contribution increases up to aboo

the total drift. This effect, in turn, has repeioss on the secant stiffness of the joint as alevhip
fact, significant differences in the stiffness \edihave been found among the three specimens. Joint
J30 shows a higher stiffness at the yielding sheiati] 70% larger than the value of joint J5. By
examining secant stiffness trend at increasing tiitti values in J30, no significant variationanclae
found except in the drift range 0.5%-1.0%.

Finally, it should be considered that due to thertarning effects caused by lateral loads, thelaxia
load on the columns can experience significantatiarnm during a seismic event. Considering the
results provided by the tests at variable axiatl I@vels, this variation could have some influenoe
the beam-column performances.
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