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SUMMARY

The testing, modeling, and design of an innovalisidge column technology for application in seism@gions

is presented in this paper. This structural sofutombines a precast concrete hollow-core coluritin self-
centering behavior and energy dissipation. Theroal consists of two steel shells running for it8-fieight,
with concrete sandwiched in between. The sheltsagcpermanent formwork, the outer one substituting
longitudinal and transverse reinforcement, the firame preventing concrete implosion. Large inétasttations
can be attained at the end joints with minimal &trcal damage, since gaps are allowed to opennside at
these interfaces and to close upon load reversaelf-centering behavior is ensured by post-tensione
longitudinal bars, which are designed to resporabtally. Energy dissipation is provided by intr or
external steel devices which are allowed to yietchlly. Experimental findings from quasi-staticste are
shown, and numerical simulations of the tests dsaselesign considerations are discussed.
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1. INTRODUCTION

Current seismic design philosophies for ductilenfissiced concrete bridges (Caltrans, 2010) allow
them to respond beyond the elastic limit, with thelastic behavior localized within plastic hinge
regions at the bottom and/or top of the pier eldmefhe system is therefore built with regiond tha
will be sacrificed during moderate and strong eprétkes and may require from minor to expensive
repair work. In addition, the occurrence of sew#genage or partial collapse of a bridge system can
lead to critical consequences associated to ttrerimtion of a fundamental road path, such as
obstruction of rescue and recovery operations aodamical losses related to business interruption,
displacement of people, and goods (Palermo e2@D8). While the notion of structural damage is
accepted in design, resilient communities expeitigbs to survive a moderately strong earthquake
with little or no disturbance to traffic: this ime$ that partial or total bridge closures are ik with
uneasiness, particularly in heavily congested urdr@as. As a consequence, research efforts have
been prompted into advanced technologies that esdasidual damage to the main structural
elements, and encompass self-centering propertigshvallow the structural system to return to its
original position after an earthquake. Moreovkese innovative solutions need to be economically
viable when compared to existing technologies (Guiegt al., 2011).

The typical behavior of three alternative columiugons is schematized in Figure 1. A conventional
monolithic structure (Fig. 1(a)) offers large enedissipation, represented by “fat” hysteretic Ispgt

the expenses of structural integrity and significasidual deformations. A purely rocking column
(Fig. 1(b)) is characterized by non-linear elag@havior, due to opening of a gap at the base and
eventually at the top, with self-centering propstensured by gravity and post-tensioning forces;
however, very little dissipation is achieved herei hybrid-rocking system (Fig. (1c)) provides a
trade-off between these two extremes: balancind-ceekering forces with additional energy
dissipation leads to a flag-shaped response, m#ilsesidual displacements but relatively fat Isop
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Figure 1. Schematic comparison between hysteretic respo(@esonventional monolithic system; (b) rocking
system; (c) hybrid rocking system (Holden et 2003).

In response to the mentioned needs, researchirs dhiversity of California, San Diego (UCSD) are
developing aSelf-Centering Precast Concrete Dual-shell Seel Column solution for bridge piers,
which can be ascribed in the hybrid-rocking catgddiobolski, 2010; Guerrini et al., 2012). Use of
precast members, replacement of traditional tinresaming reinforcing cages with steel pipes, and
adoption of hollow cross-sections resulting in virtigeduction, are aimed to improve constructability
and to reduce on-site burdens. In parallel, thmkipation of unbonded post-tensioned joint
connections with specific energy dissipating devieasure seismic resilience, in the form of self-
centering capability, facilitation of structuralsk repair, and minimization of damage to the main
structural elements. As a consequence, traffi@utyy environmental disruptions, and life-cycletsos
can be reduced, responding to an initiative of W Federal Highway Administration (FHWA)
denominatediccel erated Bridge Construction (ABC).

2. SYSTEM DESCRIPTION

The system developed at UCSD combines a precastaterhollow-core column with on-site post-
tensioning and supplemental energy dissipatione ddlumn consists of two concentric cylindrical
steel shells dual-shell technology) that run for the full-height of the lwmn, with concrete
sandwiched in between, as shown in Figure 2(a). duter shell acts as permanent formwork, and
provides longitudinal and transverse reinforcemdriie inner shell also behaves as permanent
formwork, and prevents concrete implosion undegdacompressive strains. Constructability is
enhanced by the use of a precast element of reduegght (hollow-core section) without a
reinforcing cage (Tobolski, 2010; Guerrini et 2D11).

Large non-linear rotations can be attained withim#h structural damage. These rotations are
accommodated within the connections themselvesugfr the formation of gaps at the column-
footing and column-bent cap interfaces (Fig. 2(bgps are allowed to open in tension under severe
lateral displacement demand, and to close subs#yugoon load reversal. Self-centering/rocking
properties are provided by gravity forces and onemore unbonded post-tensioning (PT) bars,
designed to respond elastically. A special conoedietween column, bent cap, foundation, and PT
bars allows for eventual bar replacement, shoutcbsmn or other damage to the bar be a concern.

Energy dissipation takes place through extensighlyig of internal dowel bars (Restrepo et al., 2200
Tobolski, 2010), as shown in Figure 2(b), or exaémhevices (Marriott et al., 2009; Toranzo et al.,
2009), preventing the main structural members feufiering significant damage. Under a strong-
intensity shake only these devices are expectaddergo multiple cycles within the inelastic ramde
response, with possible need of replacement, leusttincture is expected to remain functional overal
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Figure 2. Sketches of the proposed system: (a) column @estsen; (b) bent components and kinematics.

In order to obtain a flag-shaped hysteretic respomise self-centering forces (gravity and post-
tensioning) must be large enough to overcome tiestrength capacity of the energy dissipators, thus
forcing them in compression and closing the gapaah load reversal (Restrepo et al., 2007). Care
must be paid to prevent post-tensioning lossegayelding of the PT bars or crushing of the morta
that seals the joints. The first issue is addiedse placing rubber or urethane pads at the bar
anchorage, thus adding a source of elastic defdlitgalb series with the bars. The use of a high-
performance, fiber-reinforced mortar can insteaardecrushing.

3. EXPERIMENTAL PROGRAM
3.1 Test specimens

Two dual-shell column specimens were tested at the UCSD Powelictsral Engineering
Laboratories: unit 1A incorporated external bualdnestrained energy dissipators, while unit 1B had
internal dowel bars. They were loaded in a cargile€onfiguration, with fixed base and lateral fsc
applied at the top, as shown in Figure 3(a). Gihenprecast nature of footing, column, and load,st

it was possible to assemble them as unit 1A, themtapart after the first test, and reconnect taem
unit 1B. In fact, since only the bottom regiontioé column was subjected to large strains durieg th
first test, the same column could be flipped upsiden and reused in the second specimen, taking
advantage of both ends (Massari, 2012; Verveliid2; Guerrini et al., 2012).

The column had an overall diameter of 0.51 m (29 &amd a height of 0.84 m (33 in.); the total
cantilever span above the footing to the pointatéral load application was 1.13 m (44.5 in.). owv |
aspect ratio of 2.2 was chosen to induce a largpmate base shear, thus leading to a more critical
condition for sliding. Moreover, a short elemeah@ccommodate short post-tensioning bars, which
are more susceptible to yielding due to their loaeaal deformability.

The external diameter of the column outer shell &1 m (20 in.) and its thickness 6.4 mm (0.25
in.), while the inner shell had an external diameféd.36 m (14 in.) and a thickness of 3.2 mm26.1
in.), as shown in Figure 3(b). Both shells wer¢aoied folding and welding plates made of A572
Grade 50 steel. High-strength, normal-weight cetecwas used to cast column, footing, and load
stub. The specified concrete compressive streridib days was 62 MPa (9.0 ksi), the ones measured
at 28 days, 49 days (day of testing of unit 1A) 86ddays (day of testing of unit 1B) were 66 MPa
(9.5 ksi), 70 MPa (10.2 ksi), and 72 MPa (10.4 ,ksppectively. Six radially distributed 12.7-mm
(0.5-in.) thick steel brackets were welded to theeoshell (Fig. 3(b), above) for the installatiointhe
external dissipators of unit 1A. Six 50.8-mm (2-idiameter, 0.46-m (18-in) long, corrugated metal
ducts were left in the concrete for the installatad the internal dowels of unit 1B (Fig. 3(b), bwe);
three circumferential 9.5-mm (3/8-in.) weld beadstloe internal surface of the outer shell provided
tensile stress transfer between the dowels anshislé
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Figure 3. Specimen drawings: (a) test set(ip; column base cross-sections for unit 1A (abave) 1B (below).

A 12.7-mm (0.5-in.) thick mortar layer was creatmtween column and footing, to compensate for
lack of precision in the construction and positianiof the precast members. Upon rocking, large
compressive strains arise on the mortar, makinggh-fperofrmance material necessary to prevent
crushing and subsequent PT losses. BASF Embeca®@&6 with plastic consistency was used in
unit 1A, with a measured compressive strength of &Pa (6.7 ksi) and 49.2 MPa (7.1 ksi) at 29 and
49 days (day of testing of unit 1A), respectivelyor the bottom joint of unit 1B the same mix was
used, with the addition of polypropylene fibergte proportion of 0.035% by weight to increase the
material ductility; strengths of 53.4 MPa (7.8 kaijd 52.9 MPa (7.7 ksi) were obtained at 28 and 35
days (day of testing unit 1B). The upper jointvitn column and load stub, not critical because of
the low bending moment at this location, was realizvith hydrostone in both specimens. All
interface surfaces were roughened to improve dhieion. Bond breaker was applied to the bottom
surface of the column, to allow separation fromri@tar bed and opening of the gap.

Six external energy dissipating devices were ino@ed in test unit 1A, radially distributed around

the perimeter (Fig. 4). They were obtained froeekbars with a reduced diameter over a specific
length, where the dissipation was provided by hgsie of the material. Each 343-mm (13.5-in.) long
steel bar had a virgin diameter of 25.4 mm (1 iwhjch was reduced to 14.3 mm (9/16 in.) in the

dog-bone milled part for a length of 165 mm (6.5.iHot-rolled A576 Grade 1018 steel was used for
the external dissipators, with measured vyield gterof 331 MPa (48 ksi), ultimate strength of 490

MPa (71 ksi), and ultimate strain of 33.9%. Inartb prevent buckling, the milled part was encased
in a steel pipe and grouted; grease was used txeeftiction between bar and grout. The devices
were welded to anchors within the footing and ®dblumn outer shell brackets.

Unit 1B was equipped with six internal dowels a tlolumn-footing joint, acting as internal energy
dissipators (Fig. 5). 316LN Grade 75 stainlesslsté rebars were used for this purpose, debonged b
duct-tape wrapping for 178 mm (7 in.) across therface to confine yielding within this segment.
Material testing provided a yield stress of 745 MBP@8 ksi), ultimate strength of 889 MPa (129 ksi),
and ultimate strain of 25.7%. The dowels werd firouted within corrugated steel ducts predisposed
in the footing, then, after column placement on fiheting, they were grouted within the column
ducts. The footing grout had a compressive streafb2.7 MPa (7.6 ksi) on the day of testing, whil
the column grout had 59.2 MPa (8.6 ksi); in botbesa Embeco 885 with fluid consistency was used.

Post-tensioning was provided by four 34.9-mm (1B/Bdiameter, A722 Grade 150 DSI Threadbars.
The total effective post-tensioning force was 80l (k80 kips) in unit 1A and 890 kN (200 kips) in
unit 1B, after losses. The bars were running withie column hollow core, sleeved in ducts filled
with fluid BASF Embeco 885 grout to simulate cofoosprotection. The PT bars were screwed into
anchorage devices prearranged in the footing @a), to allow for subsequent replacement.
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Figure 4. External energy dissipators: (a) location arousidron perimeter(b) construction details; (c) dog-
bone milled steel bar; (d) assembled buckling-aéstd device.
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Figure 5. Internal energy dissipators: (a) dowels duringiowi placement; (b) construction details.
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The PT bars were screwed into anchorage devicesrargied in the footing (Fig. 6(a)), to allow for
subsequent replacement. In order to preserveelfeentering capacity of the system it is impottan
that, upon gap opening, the tensile strain increraerthe PT bars does not lead them to yieldingr. F
this reason, additional deformability was providedseries with the post-tensioning bars by placing
rubber or polyurethane bearings between the tofaaage plates and the load stub. With this
configuration the tensile deformation demand onkthes was partially transformed into compressive
deformation of the rubber pads.

A bearing made of five square rubber pads altednaith six square steel plates, with central hodes
accommodate the bars, was provided to each PTnbst unit 1A (Fig. 6(b)); each bearing had a
stiffness equal to 1.46x105 kN/m (836 kip/in). 8A-rubber pads, produced by Fabreeka
International, were used. A bearing made of fogfekliscs alternated with five circular steel ptate
with central holes to accommodate the bars, wagiged to each PT bar in test unit 1B (Fig. 6(c));
each bearing had a stiffness equal to 4.38x104 k{@&s0 kip/in). Fyfe discs were made of 90-
durometer-A adiprene, a special polyurethane natéeveloped by Edward Fyfe.

(b)

Figure 6. PT bar anchorages: (a) within the footing, wittelsdor external dissipator anchorages also visible
(b) unit 1A, rubber bearings above load stub; (o) LB, Fyfe-disc bearings above load stub.



3.2 Testing protocol and results

A vertical load, simulating gravity forces, was hpg to the specimen by two vertical jacks,
positioned above the load stub and connected tstthag floor by one 31.8-mm (1-1/4 in) diameter
tie-down rod each (Fig. 3(a)). Actual loads of Z98(63 kips) and 268 kN (60 kips) were applied to
unit 1A and unit 1B, respectively. Keeping thetigad force constant, the test unit was subjected t
quasi-static reversed cyclic loading by a horizbatduator in the north-south direction. Afterdér
force-controlled cycles to £111 kN (25 kips) andeth to +231 kN (52 kips) base shear, the test
proceeded in displacement control. Three cycletb6% drift ratio and 3 to £0.5% were completed.
Subsequent cycles composed of two large amplitydées, followed by a lower one at a level
corresponding to the previous large drift levelftdatios of +1%, +1.5%, +2%, +3%, +5%, +7.5%,
and +10% were targeted. Figure 7 shows the hyitéateral force-displacement response of the two
units. Lateral displacements are normalized byct@ilever span and thus expressed as drift ratios
while lateral forces are normalized by the appligdvity load (equivalent to the weight) and thus
transformed into base shear coefficients.

3.2.1Unit 1A

Testing of unit 1A resulted in cracks forming ag¢ gtolumn-mortar bed interface during the cycles to
+231 kN (52 kips) base shear; as a consequencst fofis of stiffness was observed on the diagfam o
Figure 7(a). The mortar bed started flaking duriigc% drift-ratio cycles, and showed extensive
flaking and permanent compressive deformation ennibrth and south sides (extreme fibers) during
+3% drift-ratio cycles (Fig. 8(a)), causing a suddass of stiffness. The mortar bed started cngshi
extensively during +5% drift-ratio cycles, with gifjcant loss of stiffness and self-centering apili

External dissipators started bending between theklimg-restrained central portion and the end
connections during £3% drift-ratio cycles (Fig. B(bdue to the rotation imposed by the rocking
kinematic. The north-west dissipator fracturedimyrthe first negative cycle to -7.5% drift ratio,
nearly at peak displacement. Two other dissipafi@stured on the south side during subsequent
cycles. Each fracture corresponded to a jump ergtaph of Figure 7(a). Due to failure of thre¢ ou
of six dissipators, the test was interrupted aferfirst cycle to £10% drift ratio. The condit®iof

the specimen at the end of the test are shownguar&i8(c): extensive mortar crushing is visible, as
well as distortion and fracture of energy dissipato

3.22Unit 1B

Similarly to the previous case, testing of unit teulted in cracks forming at the column-mortar bed
interface during the cycles to +231 kN (52 kips¥dahear; as a consequence a first loss of stffnes
was observed on the diagram of Figure 7(b). Thetanted started flaking during +2% drift-ratio
cycles, and showed extensive flaking and permac@mpressive deformation on the north and south
sides (extreme fibers) during +3% drift-ratio cygleausing a sudden loss of stiffness. Mortar bed
crushing progressed during +5% drift-ratio cyclest not abruptly; it became extensive under +7.5%
drift-ratio cycles, when the stiffness was evidgmdduced as well as the self-centering capacity.
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Figure 7. Hysteretic lateral force-displacement resporagufit 1A; (b) unit 1B.



(c)
Figure 8. Testing of unit 1A: (a) mortar bed flaking durittg8% drift-ratio cycles; (b) dissipator distortion
during + 5% drift-ratio cycles; (c) specimen at thal of the test.
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Figure 9. Unit 1B after testing: (a) crushed mortar bed;d&)manent deformations of concrete and steelsshell

A first dissipator fractured on the north side dgrithe second negative cycle to -7.5% drift ratio,
nearly at peak displacement. A second dissipaastidred on the north side and two on the south sid
during subsequent cycles. Each fracture correggbmal a jump on the graph of Figure 7(b). The
conditions of the specimen at the end of the tessshown in Figure 9. Extensive mortar crushing is
visible in Figure 9(a). Permanent compressive madtion of the column concrete between the shells,
and permanent deformation of the shells themsaduwesto concrete lateral expansion, is shown in
Figure 9(b); the same residual damage was also@ubat the other end after unit 1A test.

4. NUMERICAL MODELING

A 3D numerical model of the tests was built anddated with the experimental results. For this
purpose the software OpenSees, developed by thicFHaarthquake Engineering Research Center
(PEER), was used. Details can be found in VeriglzD12, and Guerrini et al., 2012.

The column was modeled with two elastic frame el@sén series, connected to the mortar joint at
the base and to the load stub at the top; theneigiate node was needed to link the energy dissipat
elements. Multiple non-linear truss elements regméed the mortar at the interface between column
and footing; the length of each element accountdspreading of inelastic behavior within the
column, modeled as elasti€pncrete01 non-linear material model was used. The postidairg bars
were modeled as non-linear truss elements, withitial stress equal to the effective prestress, @m
equivalent stiffness accounting for the rubber ioegrin series with the bars; they were fixed &t th
base and connected to the top node of the columrigiiy elements. External energy dissipating
devices for test unit 1A were represented by noedi frame elements, as well as internal dowel bars
for unit 1B; in both cases, the dissipators’ lowads were fixed to the footing, and their uppersend
were connected to the column intermediate nodegiy links. Steel02 non-linear material model was
assigned to PT bars and dissipators. A node viaglirced just above the column, at a distance equal
to half the load stub height, for the applicatidrttee vertical load and lateral displacement histor



since the deformations of the loading stub are egpeto be negligible, the node created in that
position was linked to the top of the column wittigid element.

The analysis was performed in two stages: firg,whrtical load was applied and held constant; then
the cyclic quasi-static lateral displacement histaras assigned to the load stub centroid. The
Newton-Raphson algorithm was chosen to solve thdimear residual equation. The analysis was
performed under the hypothesis of small displacéspear linear geometric transformation in
OpenSees language: in fact the vertical load wasieapusing tie-down rods, which were leaning
together with the column under lateral displacemasta consequence, the applied force was always
directed along the column axis with no interactiogtween axial load and lateral displacement.
Special care was given to reproduce the systemvimhéor drift ratios up to 5%, since larger
displacements would be too demanding for a bridgestructure. Moreover, modeling the material
behavior near collapse requires the implementadionomplicated routines and the knowledge of
parameters that were not available from experinhéesss.

The comparison between experimental and numergsallts up to 5% drift ratio shows an accurate
representation of the strength, stiffness, andcgaifering capacity of the system. In the casendf

1A (Fig. 10(a)) the numerical model slightly ovemesmtes the stiffness of the system, predicting
higher lateral forces in particular after 2% dritio cycles; in the case of unit 1B (Fig. 10(linktead,
the model underestimates the stiffness for driftiios between 1% and 3%. The hysteretic axial
strain-stress response of the north-west exteisaipator of unit 1A is also satisfactory captubsd
the model (Fig. 10(c)): the different behavior émgion and compression, observed from experimental
data and due to the additional compressive stremgitided by the grout in the buckling-restrained
segment, is well reproduced by the model; an otiematon of the dissipator strength, both in tensio
and compression, is visible for low drift-ratio ¢ég8. Figure 10(d) show a comparison between
numerical and experimental strain histories ofgbeth-west PT bars of unit 1B up to 5% drift ratio:
good agreement is observed, in particular for &lag drift ratio between 1% and 3%; a slight
overestimation of the tensile strains is eviderttigher drift ratios. The progressive loss of pess
due to gradual failure of the mortar at the rockimgrface is well captured by the model, resuliimg

a good prediction of the overall behavior of theteyn.

5. DESIGN CONSIDERAITONS

Hybrid systems require a good balance betweencseliering (gravity and post-tensioning) and
dissipating forces. In order to ensure self-cémpebehavior, the first ones need to be large endag
overcome the overstrength capacity of the energgightors; for this purpose, the following upper
bound for theself-centering index A is suggested:

A =Feoy/(Fore +R)<0.70 (1)

whereFgp, is the sum of all energy dissipators ultimate k)esrength,Fpr is the effective post-
tensioning force after losses, aAgdis the design axial load. However, in order tovisle a minimum
dissipative force, a lower limit for the energydmation index\ is also recommended (Restrepo et
al., 2007):

/\D = I:ED,u (FED,u + FPT,y + Pu) 20.10 (2)

whereFgr, is the sum of the yield forces of all post-tengigrbars.

Another condition to be checked is that post-tamisig bars are not yielding under gap opening. For
any joint rotationd , the force FFSTb) on barb, located at a deptﬂg}) from the extreme compressive
fiber, is then limited by:
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where F)_is the effective prestress on tbarFFE?y its yield strngth Lypr its unbonded lengtlter its

PT.e

elastic modulus, an@\(ﬁ) its arean; is the number of column ends subjected to joitdtion (1 or 2);

c is the neutral-axis depth correspondingg4g andKgg is the stiffness of the rubber or urethane
bearing in series with the bar. The effective pess should be limited to 25% of the yield stréngt
and the bearing stiffness can be adjusted to gueichature bar yielding.

The base sheavg, should not exceed the shear-friction capacithainterfaces at any drift ratio:

V, < u,C, (4)
where 1 is the shear-friction coefficient an@c is the compressive resultant on the concrete.
Moreover, to limit strain demands on concrete awdtan, the neutral axis deptt),should not exceed

20% of the outermost column diameteg, , at the target design drift ratio:

¢/D,, <0.20 (5)



6. CONCLUSIONS

The use of internal dissipators in the form of litudjnal dowel bars (unit 1B), crossing the column-
footing interface, offers the advantage of avoidaegthetic interference. However, for inspectiod a
replacement of damaged dissipators would requiténguand repairing the outer steel shell: for this
reason, accessible external devices (unit 1A) cdudd advantageous. Improvements to the
connections of external buckling-restrained devaesrequired in order to avoid bending of the bar
ends. Dissipating and self-centering forces nedzbtwell balanced using equations (1) and (2).

The adoption of post-tensioning bars instead afnsts allows for re-tensioning or de-tensioning and
replacement, in case of damage. Bars can be wegtrédrom the foundation anchorage and
substituted together with the grouted ducts whidahtget them from corrosion. The introduction of
bearing pads at the top anchorage is effectiveaagmting PT bars from yielding.

The use of a high performance material retards andméd crushing and subsequent PT loss,
especially if polypropylene fibers are added torttie. The neutral axis depth should be controlted,
limit strain demands on mortar and concrete. Skkding at the joint does not represent an issue
even for short aspect-ratio members.

Comparison between experimental and numerical (Spes) responses shows satisfactory accuracy
in terms of overall system behavior and single conemts response. The self-centering behavior was
accurately represented up to 5% drift ratios.
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