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ABSTRACT

This paper presents simulation analyses conductedseries of RC columns with insufficient lap spé tested
under horizontal static loadings and on a shaldidet The analyses are performed using non linkear model with the
computer code CAST3M. Each fiber is described Inpa linear uniaxial constitutive law for concretesteel bars. A
law based on the Eligehausen model has been imeddio account for the bond-slip relationship betvehe
reinforcing bars and the surrounding concretes Ishown that despite its simplicity, the bond-stipdel used can
reproduce realistic behavior of the tested RC colimp to failure. The results suggest that thigl kaf non-linear
analysis can be used in the detailed re-evaluafi@xisting concrete buildings.

INTRODUCTION

Due to the moderate level of seismic activitiesFiance, many reinforced concrete buildings and aaucl
facilities constructed in the 1960’s and 1970'séheen designed without any seismic considerati@ceoording to the
building codes of that time, which no longer satife current seismic code requirement. In the cdsxisting nuclear
facilities, detailed seismic re-evaluations are essary for safety reasons and the applicationsuofent design
procedures to the existing structures tend to giwealistic and over-conservative results. Conseityjeexperimental
and analytical approaches have been developedtdate the actual behavior of RC structures beybadconventional
code limits in order to assess the influence ofdb& of relevant detailing on the overall postséitbehavior.

With the aim of improving modeling tools for obsmedetailing arrangements, IRSN (French instituate f
radiological protection and nuclear safety) ask&AGFrench atomic energy commission) to carry ogaepaign of
experimental tests and numerical simulations. Ttpeemental program aimed at investigating thersgdehavior of
RC columns with insufficient lap splices. It wasndacted on 5 scaled models with different transvesiamping
reinforcement. During the tests, failure due toarete splitting in the region of lap splices, befdully developing the
flexural strength of the section, was observedhoee of the five models tested.

This paper presents the post-test simulation aealperformed on the test models. They are carni¢dising
the general purpose finite element code CAST3M ldpesl in CEA. Fiber models based on a Timoshenkanbe
element are used. Each fiber is described by alinear uniaxial constitutive law for concrete oeetbars and a law
based on the Eligehausen model has been introdocadcount for the bond-slip relationship betwelss teinforcing
bars and the surrounding concrete. The numerigallations include:

- Calculations for three models tested staticallyhviite measured top displacement of each modelpas in

loading,

- Calculations for 2 models tested on the shakindetalith the measured base accelerations as the inpu

motion.
The primary objective of this study is to evalutite capability and performance of the fiber elenief@AST3M for the
seismic assessment of reinforced concrete fraretstes.

In the first part of this paper, the experimeredgram will be presented. The main principles ofmerical
modeling using fiber element will be reminded befdescriptions of the non linear constitutive lawwed. Comparisons
between numerical and experimental results wiliriaele for the validation of the proposed modelingraach.

EXPERIMENTAL PROGRAM

The experimental program was conducted on 5 saalkann models with rectangular section charactelrizy
insufficient lap splices. It was carried out in tiaboratories:

- Static tests on 3 specimens under horizontal cladidings, performed at CEBTP,

- Seismic tests on 2 specimens performed on a shédditgyin the CEA Seismic Laboratory.

Test specimens

The models, designated as Specimen 1 to 5, hadeallical dimensions as shown in Figure 1. Eaclrigpen
had a heavily reinforced foundation slab for figatnd a top slab to hold an additional mass dutiadest.

The reinforcement of the column was designed adcgri the French CCBA 68 code previsions to reftee
construction practice in the 1960’s and 1970's. Tie models contained the same flexural reinforertrbars (six 10
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mm diameter deformed bars) which were all lap spliat the bottom of the column. The splice lengts Wept constant
(340 mm) for all the models but the transverse plan reinforcement and the thickness of the coecoever were
varied as shown in Table 1 for the purpose of tvestigation.

The mechanical properties of reinforcement and tiigdhe concrete used in this program were measired
standard material tests and are summarized in Tabiel Table 3.
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Fig. 1. Overall dimensions and reinforcement of thepecimens (unit = mm)
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Table 1. Clamping reinforcement and concrete cover

Transverse clamping ties Concrete cover forl
Specimen| Type of test Diameter Spacing* | Number of ties over flexural bars (mm)
(mm) (mm) the splice length
1 Static 5 70 5 12.5
2 (CEBTP) 4 120 3 11.5
3 5 150 2 9
4 Dynamic 5 150 2 9
5 (CEA) 5 100 3 9

* Constant along the height of the column

Table 2. Properties of the reinforcement

Dl(?nmn;e)ter Yle|(dl\l/|nF9;)lmlt Tensile strength (MPa)
4 180 300
5 190 300
8 555 605
10 565 655

Table 3. Properties of the concrete

Specimen Compressive Tensile Modulus of
P strength (MPa) | strength (MPa) elasticity (MPa)
1 30.5 3.05 28000
2 32.0 3.15 28500
2 25.0 3.10 23000
5 28.1 2.89 28700

Static tests

The static experiment setup is shown in Figurel# undation slab of the specimen was firmly bl the
test platform to provide full fixation during thedts. The top slab was loaded with 4 steel blodkis avtotal mass of
2500 kg to simulate the axial force in the columhe loading system consisted of two push-only hylitreactuators
supported by a reaction frame. Reversed cycliceorgere applied to the specimen at the level ofeceaf the top mass
which is 1.5 meters above the surface of the fotiodalab.
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Each specimen was subjected to a predeterminelintpgrogram. Initially, the increment amplitude swia
force but changed into displacement at later stelgen the maximal bearing capacity of the column vesxhed. At
each displacement level, one or two complete |laadytles were imposed. The specimens were testéal fagure.

Fig. 2. Static experiment setup

Shaking table tests

Figure 3 shows the dynamic experiment setup orskiaing table. The foundation slab of the specimas
firmly fixed on the surface of the table. As in thtatic tests, the top slab was loaded with antmadi mass of 2500 kg.
Each specimen was subjected to a series of aatifs@ismic excitations with increasing amplitudetagfailure. The
response of the specimen in acceleration and dispiant was recorded during the tests.
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Fig. 3. Dynamic experiment setup and seismic excttan

Test results

Figure 4 presents the envelopes of the laterakfdisplacement hysteretic curves of the specinmEhnes.test
results are summarized in Table 4. For SpecimendlSpecimen 2, a major horizontal crack at the lbdske column
was observed with the crushing of the concrete hendpposite side. The data of the strain gaugeseg@lan the
reinforcing bars near the crack suggested thafdaiere was induced by steel yielding. For Specim8rto 5, vertical
cracks appeared in the splice region at some sthffee loading and leaded to the concrete covettiggl at the final
stage. This is typical of lap splice failures.
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Table 4. Test results — overall behavior of the spanens

FORCE(KN)

Ultimate strength .
2000 | Specimen| Force Disp Curve | Failure
o spocmenn (KN) (mm) shape | mode
1000 | 1 22,7 21,6 Flexion Bar
00 r -23,0 -22,7 type | yielding
w | 5 23,3 19,3 Flexion Bar
0 -23,0 -19,9 type | yielding
18,5 19,2 . Concrete
3 : : Pinched e
a0 pecimen \ -18,5 21,4 splitting
20001 19,9 16,0 . Concrete
speciments 4 : ! Pinched L
725[108000 760‘00 7400; -20.00 ‘ 00 20‘00 400& 60. DD‘ 80.00 ‘ ‘ -21,1 -19’6 Spllttlng
DISPLACEMENT(MM) 23 3 23 0 ) Concrete
5 : ! Pinched o
. . -21,4 -18,0 splitting
Fig. 4. Force-displacement envelopes

FIBER MODELLING

The behavior of reinforced concrete members suclessns and columns under seismic loading can be
reproduced using 1D frame elements with non lin#aer models implemented in the computer code CA8T3
developed in CEA [1] [2] [3].

Timoshenko beam and fiber formulation
A simple Timoshenko beam element has been adoptetd fiber formulation in order to allow sheastdrtion
and so the use of non linear constitutive lawsamy for bending but also for shear and torsionodder to avoid shear

locking, this beam element has a unique Gaussratieg point. The axial strain, curvature and sheteasin remain
constant along the length of the element [4].

In the fiber formulation, the beam element is ideal as a group of parallel uniaxial fibers. Thessrsection,
which can be of arbitrary shape, is divided intb-slements (Figure 5). The axial and shear stiaiesach sub-element

are deduced directly from the average axjand shear strairg, &, the curvatures (in bending, ¢ and in torsiong)
of the beam element and the section geometry.

(‘Ex)i =&Y lg, +z @y
W) =v -2 o, W) =v. +vi Og, (@)

The axial forceN,, bending moment#l,, M,, shear forced,, T, and torsional momeril, are calculated by
integrating the axial and shear stresses on ttss arection.

N, :JJXdS M, :jz W, dS M, :—jy 7,dS @)
S S S

Tyzjryds TZ:jTZdS MX:I(y T, - 27, )dS
S S S

Constitutive laws

Each fiber supports a uniaxial lam(€) representative of concrete or steel behavior. réighi shows the
Hognestad laws [5] used for concrete with softeimgompression and tension and the Menegotto-Rawo[6] for
steel with hardening, Bauschinger effect and bugkliSince the axial stregg is used for both global axial force and
bending moment, the fiber model implicitly takesoimccount the coupling between these two genediliarces. This
may be important for RC elements with low reinfonemt ratio and/or high axial force.
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Beam level: (U, )= (€0, 0Y) (M,N,T)

Fiber level: (&Y) = (Ox Ty, Txd)

Fig. 5. Non linear fiber beam model
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Fig. 6. Uniaxial constitutive laws for concrete andteel

Bond stress-slip law

For the reinforcing bar elements in the anchoraggon, a special law has been introduced to addourthe
bond stress-slip relationship between the steelt@doncrete. It can be used to simulate therfaidd lap splices. An
approach similar to that implemented by Monti ap&&ne [7] has been adopted in CAST3M. The unidaialo(€) is
based on the partition of the total strain betwienreal strain in the reinforcing bagsand the slippage between the
bar and the concrete (Figure 7). This partition lsanwritten in the following incremental form:

A = Asg + 45
anc

With deg = A4e and 4s = Ly, .(1-1)4¢s

wherel,, is the length of the anchorage or spli¢¢he partition factor.

The axial stress in the steel baxss determined by the Menegotto-Pinto law descrieadier. The bond stress
7 which is assumed constant along the length ofi@rage is governed by the Eligehausen bond-slipetn@tdgure 7)
[8] [9]. The partition factord can be calculated iteratively using the staticildgyium between the axial force inside the
steel bar and the bond force applied on the surface
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a) Stress distribution b) Eligehausen bor-slip mode

Fig. 7. Bond-slip model for bar anchorage and lapgices
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POST-TEST NUMERICAL SIMULATIONS

The fiber models described above were used to penimst-test calculations to simulate the overalidvior of
the test models. These simulations included staticulations for Specimens 1, 2 and 3 tested uogdic loadings and
dynamic calculations for Specimens 4 and 5 testetth® shaking table.

Finite element model

Figure 8(a) shows how the test model was dis@@tiz cgnter
into frame elements. The upper part of the modakising of of mass S
the top slab and the steel blocks (additional mass) modeled —z
with rigid elements. The RC column itself was ditized into
5 Timoshenkdiber elements as shown in Figure 8(b) with the :
first 4 elements representing the nominal sectibth® column - U
and the last element representing the lap spligome In this :
bottom element, the steel fibers are offset in etaoce with 1.5m
the reinforcement design shown in Figure 1. Thedkslip law
was applied to the reinforcing bars in additioritédMenegotto-
Pinto constitutive law.

According to the experimental setup and the tasi,d v
a fixed-base condition was assumed for the bottocha the
column in the analysis.

I

The element meshes were almost the same for the 5 (5) piscretization with (b) Fiber e|mem mesh
specimens. The only difference between them wapdbk#ions frame elements for the column
of the reinforcing bars which were slightly variadcording to
the concrete cover thickness defined in Table 1. Fig. 8. Finite element model

Static calculations

Non linear static analyses have been performedh®ffirst three models with their weight and theameed
center-of-mass lateral displacement as input lagdifiable 5 presents the bond stress-slip law pgeEamgiven by its
author Eligehausen [8] [9]. The results of the gsialdepend directly on the value of these paramete

Table 5. Parameters for the mean bond stress-sliglationship (deformed bars) [8] [9]

Confinement of Unconfined concrete Confined concrete
concrete (concrete splitting) (concrete shearing between the ribs)
1 2 3 4

Bond conditions Good Other Good Other

Sy 0.6 mm 0.6 mm 1.0 mm

S 0.6 mm 0.6 mm 3.0 mm

S 1.0 mm 2.5 mm Clear rib spacing

o 0.4 0.4

Tmax 2.0,/f, (MPa) 1.0/f, (MPa) 25/f, (MPa) | 1.25/f, (MPa)
T 0.151ax 0.4 nax

In the case of Specimen 1 and Specimen 2, as myatensplitting was observed in the lap spliceaegthe
parameters of the last column in Table 5 have lagepted in the analyses. It can be shown by a sifmphd calculation
that these parameters should lead to a splicegttrdsrger than the yielding strength of the colufhis was confirmed
by the results of the numerical computations whach in good agreement with the experimental resadtshown in
Figure 9.

In the case of Specimen 3, as the failure wasced iy concrete splitting, the parameters of tlterseé column
in Table 5 were adopted for the analysis in thst filace. As can be seen in Figure 10(a), thisutation leaded to a
yielding failure as in the case of Specimens 1 2aad the strength of the column was largely ovenesed. The main
reason for this is that the transverse reinforcematio of Specimen 3 is so small that it is indeed of the scope of
Table 5 [8]. A second calculation has been perfarimgreducing the value of the bond strengih toO.Gl\/Tc and by
adjusting the parametess ands; between the values given by columns 2 and 4 in€T&blFigure 10(b) presents the
computed force-displacement relationship. A vergdjagreement has been achieved with the testsesult

Dynamic calculations

For Specimen 4 and 5 which were tested on the sbalkible, the analysis started with a non lineaticst
calculation with the specimen weight as input logdit was then followed by a succession of dynacaiculations with
the measured table accelerations of increasingimplas input motions. For each dynamic calcutatibe final state



Transactions, SMiRT 19, Toronto, August 2007 Paper # K15/1

of the specimen in the previous calculation watored as the initial state of the structure so thatdamage caused by
each dynamic test (even the white-noise test fotdhle calibration) was taken into account.

The numerical model validated for Specimen 3 waeduThe calculations were performed using the Nankm
integration scheme with a time step of 0.001 s%Adamping ratio was assumed based on the white-iess results.

For Specimen 4, very good numerical results haenlobtained up to the fourth seismic tests (0,8Bigure
11(a)). Even for the last (N°5) test, the numeriemponse was rather close to the recorded onkthmtfailure of the
column during the test (Figure 11(b)). The resfdtsSpecimen 5 (Figure 12) also show that the nicaemodel used
can simulate the overall behavior of the columnafailure.
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Fig. 9. Calculated (red) and experimental (blue) fice-displacement curve for Specimen 1 and 2
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Fig. 10. Calculated (red) and experimental (blue)drce-displacement curve for Specimen 3
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Fig. 11. Calculated (red) and experimental (blue)@eleration response for Specimen 4
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Fig. 12. Calculated (red) and experimental (blue)@eleration response for Specimen 5
SUMMARY AND CONCLUSION

In the first part of this paper, static and shgkiable tests on 5 scaled column models have betined. The
experimental program aimed at investigating thersi& behavior of RC columns with insufficient laplises at their
base (splice length = @ which can be found in existing buildings consteacin France in the 1960’s and 1970’s. By
varying the quantity of the transverse clampingficcement and the concrete cover thickness, sfititere was
obtained for 3 of the 5 models during the testqdexnental data have been briefly presented.

The second part of the paper focused on the pestrumerical simulations. These analyses have been
performed using non linear fiber model with the pomer code CAST3M. Each fiber is described by a lioear
uniaxial material constitutive law. A bond-slip agbnship proposed by Eligehausen and adopted BrEIE 1990 [8]
has been used to model the lap splice of the neiimig bars. It is shown that despite its simplicitye bond-slip model
used can reproduce realistic behavior of the teRteadolumns up to the failure. The results sugthetthis kind of non-
linear analysis can be used in the re-evaluatiaxisting concrete buildings even with very pootailings.

It should be noted, however, that the resulthiefrtumerical simulation depend strongly on therdgtetion of
the model parameters. In the case of the 3 spesinvith lap splice failures reported here, the tvanse reinforcement
ratios were so small that they were indeed ouhefdcope of the bond-slip model originally defirmdits author. To
make the numerical analysis predictive, one sheutdnd the field of validity of the model and impeathe rules for the
determination of the bond-slip parameters. This lmamone by performing elementary tests with stoallero quantity
of transverse reinforcement.
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