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Abstract: This paperdealswith the analysisof reinforcedconcreteRC) structureswith specialemphasion modelingof theinteraction
betweenconcreteandreinforcementA new modefor consideratiorof the responsef the compositematerialat the member (structural)
scaleis proposedlt is obtainedfrom extensiorof the fractureenegy conceptoriginally developedor the simulationof crackingof plain
concreteto reinforcedconcrete Hereby the fractureenegy relatedto the openingof primary cracksis increasedn orderto accountfor
bond slip betweensteeland concrete.This increaseis determinedfrom the distribution of bond slip by meansof a one-dimensional
compositemodel introducedat the bar scale. The model consistsof steel bars and the surroundingconcrete.Betweenthesetwo
componentsa nonlinearbond stress-bond slip relationis consideredThe obtainedresultsat the bar scale, suchasthe averagecrack
spacingbetweenadjacentcracksandthe load-displacememntesponsef the compositematerial,form the basisfor determinatiorof the
increaseof the fractureenepgy at the member scale. The performanceof the proposedransitionof the steel-concretinteractionfrom the
bar scale to the member scale is assessetly meansof reanalysiof experimentperformedon RC bars.The applicationof the respective

materialmodelfor reinforcedconcreteto real-life engineeringstructuress reportedin Partll of this series.
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Introduction

Researclon the interactionbetweensteeland concreteaiming at
numericalanalysesn structuraldesignis characterizedby a con-
densatiornof information, finally providing realistic modelsfor a
descriptionof the compositebehavior The condensatiomf infor-
mationis performedby a changefrom a lower observatiorscale
to a higher one. In modeling of the steel-concreteanteraction,
three observationscalesmay be distinguished(Cox and Herr-
mann1998 (seeFig. 1):

» Therib scale refersto the observationscaleof single ribs of
reinforcementars.This scaleis significantly smallerthanthe
“unit cell for concrete,’i.e., much of the aggregatas larger
thantherib.

e Theactionof theribs is homogenizedt the bar scale, allow-
ing usto treatthe reinforcemenbaraswell asthe surrounding
concreteasa continuum.Theinteractionbetweerthetwo con-
tinua is describedby meansof (nonlineaj bond slip—bond
stressrelations. Theserelationsare either obtainedfrom nu-
mericalanalyseperformedattherib scale[transitionfrom rib
scale to bar scale, seeBen Romdhaneet al. (1998 and Cox
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and Herrmann(1998] or from curve fitting of experimental
resultsas provided by, e.g., Harajli etal. (1995 and Martin
and Noakowski(1981).

e At the member (structural) scale, either a structuralcompo-
nentor a completestructureis modeled.The reinforcemenis
usually describedby meansof the embedded-trusaodelin
caseof beamand frame analysespor by meansof the layer
modelin caseof plateandshellanalysesin generala uniaxial
strainandstressstateis assumedn the steeltrussor layer. At
the member scale, the effect of the steel-concreteteractionis
commonlyreferredto as*‘tensionstiffening.” This termstems
from the capacityof the intact concreteto carry tensileforces
betweeradjacentracks resultingin a higherstiffnessascom-
paredto the stiffnessof the respectivebaresteelbars.

Overthelast20years,severaimodelsfor consideratiorof tension

stiffening havebeenproposedn the openliterature.Most of them

belongto oneof the two following categories:

e The first one is characterizedby adding additional stiffness
andforce termsto the stiffnessmatrix andthe force vector of
the finite-element(FE) formulation. Theseterms may be re-
latedto the strainin the steelbar asproposedy Feenstraand
De Borst (1995. Already in 1967, Ngo and Scordelis(1967)
usedlinear springsbetweenthe reinforcing bar and the sur
roundingconcretein orderto computethe additionalstiffness
and force terms. In the past, this approachwas continuously
improvedby the introductionof nonlinearsprings,asreported
in Kwak andFilippou (1995 and Monti and Spacong2000.

« The use of a specific distribution of bond stressalong the
reinforcementbars allows for the determinationof so-called
tension-stifening factors.Already in 1982, Floegl and Mang
(1982 proposedhe determinatiorof a tension-stifening fac-
tor assuminga constantdistribution of the bond stress.More
recently this approactwasextendedo piecewiseconstantdis-
tributionsasreportedin (Choi and Cheungl1996.

Both approacheso accountfor tensionstiffening are character

ized by a scaletransitionfrom the bar scale to the member scale.
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Fig. 1. Scalesof observationn modelingof steel-concreteinterac-
tion accordingto Cox and Herrmann(1998

However different methodswere used.The introductionof non-
linear springsis basedon micromechanicakonsiderationsFor
determinationof tension-stifening factors,as reportedin Floegl
and Mang (1982 and Choi and Cheung(1996), the principle of
virtual work wasused.

In orderto circumventthe shortcomingof the two approaches
suchasthelack of robustnessvhenconsideringhonlinearsprings
in the FE modelor constandistributionsof the bondslip asused
by FloeglandMang (1982 and Choi and Cheung(1996, a new
modeof scaletransitionis presentedn this paper It is basedon
the fractureenegy concept(Hillerborg et al. 1976. This concept
has been successfullyemployedover the last decadesfor the
analysisof plain concreteby meansof the FEM [see,e.g.,Feen-
stra(1993; EtseandWillam (1994; Meschkeet al. (1998; Piv-
onkaetal. (2001)]. The proposedransitionfor the consideration
of tensionstiffeningatthe member scale is basedn the extension
of this concepttowardsreinforcedconcrete The paperis divided
into two parts:

The first part dealswith the aforementionedxtensionof the
fractureenegy concept.Startingpoint is the determinatiorof the
averagecrackspacingof the stabilizedcrackpatternof reinforced
concrete.For this purpose,a one-dimensionatompositemodel
will beintroducedat the bar scale. This modelwill be employed
for thedeterminatiorof the maximumcrackspacing Theaverage
crackspacingwhich will be relatedto the maximumcrackspac-
ing, definesthe length of the one-dimensionatompositemodel
whenemployedfor the determinationof the influenceof tension
stiffening on the load-carryingbehaviorof reinforcedconcrete.
Hereby cracksare assumedo opensimultaneoushat a distance
of the averagecrack spacing.Thereafter the resultsobtainedat
the bar scale will be transferredto the member scale. The pro-
posedmodeof scaletransitionwill be assessetly meansof re-
analysesof uniaxial experimentsconductedby Rostay etal.
(1976.

The secondpart of the paperis devotedto the applicationof
the proposedmaterial model for reinforcedconcreteto real-life
engineeringstructures.

Fracture Energy Concept for Plain Concrete
(Hillerborg et al. 1976)

Dependingon the type of loading, the microstructureof concrete
leadsto different deformationcharacteristiceind failure modes.
Undertensileloading, the relatively low adhesivestrengthof the
cement-aggregatinterface causesa brittle material behavior
characterizedy the developmenbf cracks.Within the fracture
enegy concept,the discretejumps in the displacemenfield at
thesecracks[u] are replacedby the respectivedistribution of
plastic strains(smearectrack approach
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Fig. 2. One-dimensionaillustration of smearedccrack approachap-
plied to plain concrete:(a) discretecrack width [u] and (b) its rep-
resentationby meansof respectivedistribution of plastic strain P
(€.: sizeof finite element

[[u]]—>L £Pdx,, )

where x,=local coordinatenormal to the crack. For plain con-
crete,the zonerepresentinghe crack by meansof plastic strains
is localizedin onefinite element(seeFig. 2). Hence the width of
the plasticzonef . is relatedto the elementsize[see,e.g.,Oliver
(1989 andHuemeretal. (1999].

Becauseof cracking,the tensilestrengthq is decreasingThis
decreasés consideredy meansof an exponentiakofteninglaw,
given by

q=fexp—ala) )

where f,,=tensile strength at the onset of cracking and «
= internalvariableof the employedfailure criterion.Accordingto
the fracture enegy concept,the calibration parameterx is ob-
tainedfrom settingthe areaunderthe employedsofteningrelation
Eqg. (2) equalto the fractureenegy of one crackdivided by the
respectivecrackwidth, i.e., equalto G/ ¢,

Gf ) )

——= f Eda=J fruexp(—a/a)da=fa. 3)
tc Jo 0
Reformulationof Eq. (3) yields the calibrationparameteix asa
function of the elementsize ¢, andthe fractureenegy G'

Gf
__ 6" "
X @

Fracture Energy Concept for Reinforced Concrete

The presencef steelbarsin reinforcedconcreteresultsin a dis-
tribution of cracks,finally giving a stabilizedcrack pattern.The
averagedistancebetweentwo primary cracks{s dependson the
geometricproperties(concretecover, bar diameter etc) andthe
materialproperties(Youngs moduli of concreteandsteel,tensile
strengthof concretegtc). In contrastto assumingdocalizationof
plastic strainsin a single finite elementas in the caseof FE
analysef plain concrete the presenceof the reinforcemental-
lows for anincreaseof the appliedload evenif crackingof con-
cretewasinitiated. As long as no relative displacemenbetween
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Fig. 3. One-dimensionaillustration of smearectrack approachap-
plied to reinforcedconcrete:(a) discretecrackwidth [u] and (b) its
representatioly meansof respectivedistributionof plasticstraine”
(€5: spacingof primary cracks

steelandconcretes consideredthe increasingoad causesrack-
ing in every elementintersectedby the steel bar Hence, each
primary crackis distributedover the respectivecrack spacingf

along the steelbar and is representedy the respectiveplastic
strains(seeFig. 3). In the contextof the fractureenegy concept,
the width of the plasticzoneis equalto the averagecrackspacing
{. Hence,consideratiorof a stabilizedcrackpatternin the cali-

brationof the fracturecriterionis obtainedby replacingf. in Eq.

(4) by the averagecrack spacingf, giving

Gf
= 5
Tefu ®)

Determination of Average Crack Spacing €

The averagecrack spacingf of the stabilizedcrack patternis
computedin two steps:

1. In the first step,the maximum crack spacingbetweentwo
primary cracks, ¢ max. is evaluated.The maximum crack
spacingis defined as the distancebetweentwo adjacent
cracks opening simultaneouslywith the concretestressat
midpoint betweentheseadjacentcracksbeing equalto the
tensilestrength.

2. In the secondstep,the averagecrackspacingf( s is estimated
from {€smax following CEB-FIP (1990. According to
CEB-FIP(1990, ¢ canbe setequalto (2/3)€ s max-

In the following, the determinationof € . is outlined. It is

basedon a one-dimensionatompositemodel introducedat the

bar scale of the steel-concreténteraction.

One-dimensional Composite Model

For the evaluationof € ., a one-dimensionatodelof length¢
is used (seeFig. 4). The model consistsof the reinforcement
given by the steel areaper unit length, a; (mm?/m), and the
surroundingconcrete The concreteareais given by the effective
tensionheightof concreteh, « (m). It is estimatedaccordingto

middle surface
/between adjacent cracks

% %
%%

steel bars! heesy ‘

concrete

(primary) crack (primary)

) crack

r 1

Fig. 4. One-dimensionatompositemodelat bar scale (h, « : effec-
tive tensionheightof concretep,. : force actingon compositestruc-
ture)

CEB-FIP (1990 recommendationsFor the caseof distributed
reinforcemenby meansof, e.g.,reinforcemengrids, h 4 is ob-
tainedasdepictedin Fig. 5.

Thelengthof themodelf is equalto the distancebetweertwo
primary cracks.Betweenthesecracksboth steeland concreteare
treatedasa continuum A nonlinearbondstress-bondslip relation
is consideredbondslip is therelativedisplacemenbetweensteel
and concrete. In the following, the distribution of the bond slip
will be determinedor this relation.

Determination of Bond Slip Distribution

The changeof bond slip s betweenthe steel bars and the sur
roundingconcretes equalto the differencebetweerthe steeland
concretestrains,es ande,

ds 05 O¢
dx ®sTFTE.E, (6)

where o= stressin the steeland o .= stressin the surrounding
concrete E; and E.= Youngs moduli for steeland concrete re-

spectively The load p., actingon the compositestructure(see
Fig. 4), mustbe carriedby the reinforcementaindthe surrounding
concreteThis resultsin

pSC aS
Rl 7
heear — “Ne e %

InsertingEq. (7) in Eq. (6) and differentiatingwith respectto x
yields

Psc=0sast O'Chc,eff — 0=

d?s dog1+npg
dx? dx  Eg

notingthatp,. mustbeconstanin orderto satisfythe equilibrium
condition in direction of the steel bars. Hence, dpg./dx=0.

ith Es as (8)
Wi n=—, =7
Ec Ps hc,e\‘f

5 A hﬁl.‘:,, = min{2.5(c + 6,/2), (h — z)/3}
Ii; ! h2),, = min{2.5(c + 0,/2), t/2}

(1)
11 ceff I. ® o o o o .‘ AY_C . 1
s R with
¢ ... concrete cover
L ) z ... height of compression zone
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Fig. 5. Onevaluationof effective tensionheightof concreteh, « for
different arrangementsof reinforcement according to CEB-FIP
(1990
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Fig. 6. Bondstress-bondslip relationaccordingto CEB-FIP(1990

dos/dx is obtainedasthe force transferredrom the steelbarsto
the concrete(bond force) divided by the cross-sectionahreaof
the steelbars

dog ngm 4
X a "OTFe ©)

where ng=number of steel bars per unit length and &
=diameterof the reinforcementr(s) is the bondstresswhich is
afunction of s. SubstitutingEq. (9) into Eq. (8) yields the differ-
ential equationfor the bondslip as (Rehm1961)

d?s _ 4 1+nps

e kt(s)=0 with k= 7. & constant-0 (10)
In this paper the bondstress-bondslip relationgivenin CEB-FIP
(1990 is used(seeFig. 6). This relationis in accordancewith
experimentabatasuchasreportedin Ciampiet al. (1981, Elige-
hauseret al. (1983, and Ciampietal. (1982. In orderto avoid
numericalproblemsarising from spatialdiscretizationat the bar
scale, an analytical solution for the bond slip s is derived.The
origin of the coordinatesystemwith the axis x coincideswith the
onsetof the bondslip; the valueof s(x) increasesvith increasing
x. According to the nonsmoothbond stress-bond slip relation
depictedin Fig. 6, the analytical solution consistsof four parts.
The first partis relatedto the nonlinearpart of the bond stress-
bond slip diagram.It containsthe onsetof bond slip at x=0,
characterizedy s=0. Moreover a perfectbond at the onsetof
bondslip givese.=¢, yielding ds/dx=0 a& x=0 [seeEq. (6)].
For this type of boundaryconditions the analyticalsolutionof the
differential Eq. (10) referring to the first (nonlineaj part of the
bondstress-bondslip diagramis givenin the Appendix. For the
remainingparts,characterizedy linearandconstanbondstress-
bond slip relations,respectively the constantcoefficientsof the
solutionsgivenin the Appendixmustbe adjustedo the transition
conditions,i.e., to the valuesof s and ds/dx at the end of the
precedingpartof the analyticalsolutionof s(x). Fig. 7 showsthe
bondslip distribution obtainedfor a specificsetof parameterg,
S1, Sy, S3, Ti, and T FOr this set, characterizedy s;=s,,
the analyticalsolution consistsof threeparts.

$; = 0.6 mm
89 = 0.6 mm
83 = 1.0 mm

. bond slip s(z) [mm)]
_~part TIT

part I part II

z [mm)]

0 200 400 600 800 1000

Fig. 7. Analytical solution for bond slip consistingof three parts,
with k=2.6x10"% mm/N, 7,,=8.25N/mn?, andt;=0.15r .y
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Fig. 8. One-dimensionatompositemodelat bar scale: distribution
of bondslip andstrainin steeland concretefor caseof € =€ a4

Determination of Maximum Crack Spacing € g yax

The maximum spacing betweentwo adjacentprimary cracks
fsmax IS computed at the bar scale employing the one-
dimensionalcompositemodel depictedin Fig. 6. The length of
the model€ which, for the presentase,is equalto the maximum
crack spacingmustbe determinedFor this purpose the analyti-
cal solutionfor the bondslip s(x) is employed.The onsetof the
bondslip characterizedy x=0 is locatedat the middle surface
betweeradjacentracks(seeFig. 8). Consequentlythe maximum
stressin the concreteis obtainedat x= 0. Accordingto the defi-
nition of the maximum crack spacing,it is equalto the tensile
strengthof concretef,, .

The maximumcrackspacingis computedn aniterativeman-
ner. The startingpoint is the known force in the concreteat the
middle surfacebetweerthetwo adjacencracks,i.e.,atx=0. It is
given by

pc(o)zo'chc,eff:ftuhc,eff (11)

Then,theforcein the concreteat the crackface,i.e.,atx=¢/2, is
computedusing the analyticalsolutionfor the bondslip s(x)
e First, p.(€/2) is obtainedfrom considerationof the stress
transferfrom concreteto steelvia bondstressr[ s(x) ], reading
€2

pc(€/2) = pc(o) —Ng 0

whereng=numberof steelbarsper unit length.

¢ The secondmodeof determinatiorof p.(€/2) is basedon the
crackopeningu]] at x= €/2, givenby [u]=2s(€/2). Thefac-
tor 2 accountsfor the fact that bond slip takesplaceon both
sides of the opening primary crack. Assuming exponential
softening,the force in the concretels obtainedas

Pe(€/2) = fryNe e €xp(—[ul/[u]) (13)

where[u] = calibration parameteifor the exponentialsoften-
ing law, with [u]=G'/f,,. Note that no length scaleis re-
quiredfor the calibrationof the softeninglaw (13). In contrast
to Eq. (2), the softeninglaw (13) is controlled by the crack
width [[u] itself.
During the iteration, the length of the compositemodel ¢ is con-
tinuouslyincreasedintil both modesof determinatiorof p.(€/2)

G emt[s(x)]dx (12)



give thesameresult.If thisis the casef representshe maximum
crackspacinggiving £ s ma="{. Finally, the averagecrackspacing
can be estimated according to CEB-FIP (1990 as €

= (213)¢ s max-

Tension Stiffening

The openingof cracksis characterizedy a decreas®f the stress
in the concretewhich finally becomeszero. However the intact

concretebetweenthe primary cracksstill carriestensilestresses.

The stresgransferfrom steelat the locationof primary cracksto
the intact concreteis mainly controlledby bondslip. Becauseof
the residualload-carryingcapacityof crackedconcretein conse-
guenceof bondslip, the responsef crackedreinforcedconcrete
specimensgs stiffer than the one of an otherwiseidentical steel
bar which is not embeddedn crackedconcrete.This effect is
referredto astensionstiffening.

Sofar, theaveragecrackspacingof reinforcedconcretel  was
computed.lt allows for consideratiorof the openingof primary
crackswithin the fracture enegy concept.So far, however the
effect of tensionstiffening was disregardedIn orderto consider
this effect in the contextof the fracture enegy concept,the re-
sponseof the compositematerialis computedat the bar scale.
Again, the one-dimensionainodelis employed.Thelengthof the
model ¢ is setequalto the averagecrack spacing{s. The re-
sponseof the compositebar is divided in the following three
stages:

1. In thefirst stage,the concretestressis smallerthanthe ten-
sile strength,i.e., o.<f,. No crack has openedso far.
Hence,bondslip is not consideredThis stageis terminated
by the initiation of crackingof concrete with o.=f,,. At
this loading state the stressin the reinforcementis obtained
from the compatibility of strainsbetweensteeland concrete
as

fu_

SEC

The force actingon the compositebar is given by

os=Egs=Eg.=E nfy, (14)

Psc=PctPs= hc,eﬂ‘ octaws= hc,eff f(1+npy) (15)

The respectivedisplacemenimeasuredat the crack face is
obtainedfrom

¢ f 0
u(€/2) :SCE = E. 2
C

2. Thesecondstageis characterizedy the simultaneouspen-
ing of the two adjacentprimary cracks.The onsetpoint of
bond slip x=0 is located betweenthe crack face and the
middle surfacebetweerthe primary cracks(seeFig. 9). The
force transferredvia bondslip is obtainedas

(16)

pbs@ = nsf:@S’lTT[S(X)]dX (17

where x=x=location of the crack face. The force in the
concreteat the crack faceis obtainedfrom the bondslip at

X=X, S(X),
pc&j:hc,eﬁ ftu eXF(_[[U]]/[[U]]) (18)
with [u]=2s(X). p. attheonsetof bondslip, i.e.,atx=0, is

givenby p(0)=p(X) + pps - At this point, e,=¢.. Hence,
the respectiveforce in the reinforcementcan be computed

e 7% O
- :

i |
|
=1,

s
analytical fundtion

for bond slip, is(z)
s=0,ds/dz=0~ |  \l."
N

R et > 1
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Ee : T
- z
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Fig. 9. One-dimensionatompositemodelat bar scale: distribution
of bondslip andstrainin steelandconcreterespectivelyfor onsetof

bond slip located betweencrack face and middle surfacebetween
adjacentcracks

from
Es Es po(0)
P(0)=aws=aEses=aEe .= asE Oc= asE ho =psnpc(0)
C c !lceff
19)
where use of the definition for n and p [seeEq. (8)] was
made.The force acting on the compositebar at the onsetof
slip is given by
Psc(0)=pe(0) +Pp<(0)=(1+psn)p(0) (20)

Recall, ps. mustbe constantin orderto satisfy the equilib-
rium condition in direction of the steelbar Hence,pg.(X)

= ps:(0)=constant.The displacement at the crackfaceis
computedrom integrationof the strainsin the steelbar (see
Fig. 9), reading

uX)= 85(0)(£—ﬁ + f T ed0)+ %I(Em)dx (21)
0 S

with
pr(X):nSJ:@STrT[S(X)]dX. (22)

Psc(X) =ps:(0) and the correspondingdisplacementu(x)
aredeterminedor differentvaluesof x, with 0<x=<¢/2.

3. In the third stageof the responseof the compositebar, the

onsetof bond slip hasreachedthe middle surface.Hence,
X={/2. From this loading stateon, a constantioad transfer
from steelto concreteis assumedyith

2
Pos=Ns | Demr[s(X)]dx. (23)
0

Bondslip at the crackfaces(€/2) is continuouslyincreasing
during this part of the simulation.The force in the concrete
at the crackfaceis obtainedfrom the exponentialsoftening
law, reading
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Fig. 10. One-dimensionatompositemodel at bar scale: (a) unde-
formedand (b) deformedconfiguration

P(€/2) = fi he o exp(—[ul/ul), with [u]=2s(£/2)
(24)
The force in the concreteat the middle surfaceis obtained
from p.(0)=p.(€/2)+ pyps. The forcein the reinforcement
is computedfrom the compatibility condition of the dis-
placementat the crackface (seeFig. 10)

Us— U =S(£/2) (25)

Replacingthe displacementsn Eq. (25) by the respective
integralsover the strainsgives
dx=9(¢/2)

f(’/Z pbs(x) dx— J‘€/2
0 0
(26)

es(0)+ k.
Using &4(0)=ps(0)/(asEs) and &(0)= pc(o)/(hc,e‘f Eo)
givesthe forcein the reinforcementat the middle surfaceas

Pc(0) = Pps(X)  Pos(X) d
hc,a‘f Ec as Es %
(27)

Finally, the force in the composite bar is obtained as
Psc(X) =Psc(0)=p(0)+ps(0). The corresponding dis-
placementu is equalto the displacemenbf the steelbar at
x={/2 (seeFig. 10). It is computedrom thefirst integralin
Eq. (26), reading

pbs(x)
hc,eff Ec

ec(0)—

= 2
ps(0)= A { s(€/2)+ Jo

/
_ f ¢ 2[ Ps(0)+ Pos(¥)] 28)

B aSES

0

. —

-

Ds %==i_(y

s

7 “bare steel
e bars

(a) (b)

Fig. 11. Schematidoad-displacemenelationatthe bar scale for (a)
embeddedsteelbarsand (b) baresteelbars
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Fig. 12. Definition of reducedaveragecrack spacing?™ for rein-
forcementbarsintersectingcracksnonorthogonall CEB-FIP 1990

The analysisis terminatedwhen the yielding of steelis encoun-
tered at the location of the crack. Finally, a load-displacement
responseof the composite bar as depicted in Fig. 11(a) is
obtained.

Transition from Bar Scale to Member Scale

The input parametefor the fractureenegy conceptfor the simu-
lation of crackingof plain concreteis the enegy releasediuring
the openingof one single crack, referredto as fracture enegy.

Thefractureenepgy is assumedo be a constanimaterialproperty
In the extensionof the fractureenegy conceptto reinforcedcon-
crete, the releasedenepgy in consequencef both cracking of

concreteand bond slip servesas the input parameter Conse-
quently the main objective during the transition of the steel-
concretenteractionfrom the bar scale to the member scale is the
preservationof the releasedenegy. Basedon the alreadycom-
putedload-displacememntesponsenf the compositematerial, pg.

—u responsgseeFig. 11(a)], and the reactionforce for the re-

spectivebaresteelbarsp, [seeFig. 11(b)], the enegy releasen

consequenc®f cracking of concreteand bond slip at the bar

scale-relatedto the areaof concrete-isobtainedas

W=Wsc—Ws=f Do Pe gy
0

29
hc,e\‘f ( )

At the member (structural) scale, W is assignedo the material
respons®f concretep,. andp, [seeEqg. (29)] werecomputedon

thebasisof a compositemodelof length€. Hence the extension
of the calibration of the fracture criterion given in Eq. (5) to

consideratiorof tensionstiffening takesthe form

_ W (30)
Ot
Eq. (30) canbe rewrittenin the form
Gf
e,

S

B

Where€;ed=artificially reduced averagecrackspacing definedas
€= ¢ G'/WW. Thetwo modesof computinga accordingto Egs.
(30) and (31) are equal for the one-dimensionaktase.For the
plane-stressituation,however useof the reducedaveragecrack

spacingé’rsed is advantageoufor the extensiorof the calibrationto



Table 1. GeometricDataandMaterial PropertiesProvidedfor Specimend/1 to V4 Accordingto Rostay et al. (1976 (fsy : yield stressof stee)

Experiment & (mm) A, (mn?) E (N/mn?) fy (N/mn?) A; (mn?) f e, cupe (N/MTP) fru (N/mm?) ps (%)
V1 6 565 209,000 611 150,000 7.5 0.98 0.375
V2 8 503 206,000 544 150,000 8.7 0.85 0.333
V3 8 1,005 206,000 544 150,000 10.0 1.24 0.667
V4 8 1,508 206,000 544 150,000 8.8 0.98 1.000

reinforcementarsintersectingthe crack nonorthogonallyand to
orthogonallyreinforcedconcretemembers.

Extension to Aligned Cracks

For the generalcaseof reinforcementbars intersectingcracks
nonorthogonally¢™®is computedfrom (CEB-FIP 1990

red

red_ S,p
b= |coso,| (32)

where 6 ,= angle betweenthe direction of the reinforcement(p)
andthe normalto the cracks(seeFig. 12). In Eq. (32), {5;63 refers
to the reducedaveragecrack spacingcorrespondingto cracks

normalto the reinforcement.

Extension to Orthogonally Reinforced Concrete
Members

For orthogonallyreinforcedconcretemembersthe describeccal-
culationprocedurdor the evaluationof thereducedaveragecrack
spacingis performedfor both directionsof reinforcementyield-

ing €§g andE’S?g (p andq denotingthe two orthogonaldirections.
¢*** for alignedcracksis thengiven by (CEB-FIP1990
|cos6,| [sin6,|]?
?d: ored + ored . (33)
s.p 5,9

Verification of Model

The proposedransitionof the steel-concreténteractionfrom the
bar scale to the member (structural) scale is assessedy the
recalculatiorof RC barswith variablereinforcementatiosp and
bar diametergds. The barsare subjectedo uniaxial tension.

Material Properties

Table 1 containsthe geometricdata and the provided material
propertiesfor the consideredspecimens/1 to V4 (Rostay et al.
1976. The missingmaterialparameterssuchasYoung’s modulus
andthe fractureenepgy of concrete are computedfrom the com-
pressive strength following the CEB-FIP recommendations
(CEB-FIP1990

Table 2. Missing Material ParametersComputed According to
CEB-FIPRecommendation€CEB-FIP 1990

Experiment feu (N/mmP) E. (N/mn?) G (Nmm/mn?)
V1 6.0 18,133 0.0210
V2 7.0 19,090 0.0234
V3 8.0 19,959 0.0257
V4 7.0 19,090 0.0234

fcu 13 . . fcu 0.7
feu=0.-8f cucuver  Ec=Eco m , G'=Gg feuo
(34)

wheref ; o=10N/mn? andE,= 21,500N/mn?. G| depend®n
the maximum aggregatesize d,.«. In the presentcaseof d, .
=16 mmit is givenby G{=0.03Nmm/mnft. Table2 containshe
computedmaterialparameters.

Use of the experimentally obtained values for the tensile
strengthfor concrete(seeTable 1) led to deviationsbetweenthe
experimentakndnumericalresultsat the onsetof crackingof the
reinforced bars. Taking into accountthe large scatterof these
values,they were adaptedto the experimentallyobtainedload-
displacementcurves of the RC bars. The adaptationwas per
formed such that good agreementof the load at the onset of
crackingbetweenthe experimentsand the numericalresultswas
obtained.The employedtensile strengthsand the computeddata
neededfor calibration of the fracture criterion for concreteare
listedin Table3. It containghe averagespacingof primary cracks
€ andthe reducedaveragecrackspacingf’fd. It is noteworthy
that the reducedaveragecrack spacingis 15 to 20 timessmaller
than the average crack spacing €5, i.e., €J/¢*=W/G'
=15-20. The ratherhigh value of the ratio ¢4/¢ % is a conse-
quenceof the poor concreteemployedin the experimentaltests
by (Rost®sy etal. 1976, characterized by Gf
<0.026Nmm/mn?. For the concrete/shotcretdealtwith in Part
Il of this series(Lacknerand Mang 2003, ¢/ is mainly be-
tween5 and10. This agreeswith numericalresultsgivenin Feen-
stra (1993 [see,e.qg., reanalysisof panelstestedby Kollegger

(1988].

CracklYield Criteria for Concrete and Steel

The crackl/yield criteria employedfor simulation of cracking of
concreteandyielding of steelaregivenas

f=0—g=0, (35)

whereo denotesthe uniaxial stressandq representshe respec-
tive materialstrength For concretethe exponentiakofteninglaw

accordingto Eq. (2) is used,with @ computedaccordingto Eg.

(31). For thereinforcementa nonlinearhardening/softeningela-

tion is consideredseeFig. 13).

Table 3. AdaptedTensile Strengthsand ComputedParametergor
Calibrationof FractureCriterion for Concrete s and ¢

Experiment fou (N/MMP) €5 (mm) €9 (mm)
V1 1.10 481 24
V2 0.90 541 32
V3 1.15 419 27
V4 1.25 380 23

Note: For bond stress-bondslip relation, the following parametersvere
used: $;=0.6mm; $,=0.6mm; S3=1.0mm; Tn=2V i Tf
=0.157 ax; anda=0.4 (CEB-FIP1990).
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quadratic softening

idedlly
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'
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fsy(o 81+ 35\/a(2 0. 0083 a))

Y

0.002 0.0083 0.05 0.12

Fig. 13. Employedhardening/softeningelationfor cold-drawnsteel
bars(Dilger 1966 (f, : yield stres$

For both concreteandsteel,the internalvariablea is setequal
to the respectiveplastic strain.

Numerical Results

Fig. 14(a) containsthe numericalresultsfrom the simulation of
the RC Bars V1 to V4. They indicate good agreementwith the
experimentalresults.Fig. 14(b) showsthe influenceof the pro-
posedmodeof consideratiorof tensionstiffening by meansof the
reducedaveragecrack spacingfor the RC Bar V3. For this pur-
pose,a dimensionlesparameteg is introduced 8 =1 represents
full consideratiorof tensionstiffening, whereasn caseof =0
tensionstiffening is neglectedA continuousdecreasef the in-
fluenceof tensionstiffening in the materialmodelfor concreteis
achievedby increasingthe reducedaveragecrack spacingégEd
from its original value, i.e., ¢©°%=27mm, to the averagecrack
spacingf ;=419mm

€°9B)=4191-p)+273[ mm] (36)

e @XDeriment
numerical result

200
€ [%]
0+ + } +
0 0.1 0.2 0.3
(a)
P/A, [N/mm?
oo/ As IN/mm’]
400+ experiment
— =1
1 -----$=0.95
200t~ 7 T £=0.75
=0
. | | = %)
0 0.1 0.2 03

Fig. 14. P/As— e curveson basisof proposednodeof transitionof
steel-concreténteractionto member scale: numericalresultsfor (a)
ExperimentsV/1 to V4 and(b) reductionof influenceof tensionstiff-
eningfor ExperimentV3 by meansof dimensionlesparamete. Ag
denotesareaof reinforcementbarsof respectiveRC bar
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Fig. 14(b) contains numerical results obtained for B

€{1,0.95,0.75,p A decreasing/alue of 3 resultsin anincrease
of the reducedaveragecrack spacingt®® [seeEq. (36)]. As ¢

increaseslesscracksareassumedo openand,henceessenegy

is released Consequentlythe load-carryingcapacityof the RC

Bar V3 is underestimated.

Conclusions

In this paper thetransitionof the materialresponseesultingfrom
the steel-concret@teractionin reinforcedconcretg RC) from the
bar scale to the member (structural) scale wasdealtwith. Forthis
purposethefractureenegy conceptcommonlyemployedfor the
analysisof plain concretewasextendedowardsconsideratiorof
the reinforcement.

At the bar scale, a one-dimensionatompositemodelwasin-
troducedlt consistof steelbarsandthe partof concreteassigned
to therespectivaeinforcementThe interactionbetweenrsteeland
concretewasmodeledby meansof a nonlinearbondstress-bond
slip relation. The responseof the compositemodel was trans-
ferred to the member scale by increasingthe enegy relatedto
crackingof concrete.

The performanceof the proposedconsiderationof the steel-
concreteinteractionat the member scale was assessetly means
of reanalysesof experimentsreportedin (Rostay etal. 1976.
Basedon the obtainedresults,the following conclusionscan be
drawn:

* Good agreemenbetweenthe numericalresult and the avail-
able experimentadatawas observed.

« Disregardof the steel-concreténteractionin the calibrationof
the concretemodelresultedin an underestimatiorf the load-
carrying behaviorof the investigatedRC bars.

In contrastto previousapproachedor the transition of the
steel-concreteinteraction from the bar scale to the member
(structural) scale, the proposedmode allows considerationof a
nonlinearbondstress-bondslip relation. The computationsat the
bar scale for determinationof calibrationparametersequiredat
the member scale were performedin advance Hence,no addi-
tional analysesare neededduring structuralanalysisat the mem-
ber scale, renderinga robustmaterialmodel for reinforcedcon-
crete.This robustnesss a necessaryprerequisitefor the analysis
of real-life structuressuchasreportedin Partll of this paper:The
RC cooling tower Il Ptolemas SES (Greece and the shotcrete
tunnel shellinstalledat the Lainzertunnel (Austria). Both struc-
tureswererecentlyinvestigatedat ViennaUniversity of Technol-

ogy.

Appendix

This appendix contains analytical solutions of the differential
equationfor the bond slip. The generalform of this differential
eguationis given as

s"—cs*=0 (37)

In thefollowing, Eq. (37) will be solvedfor differentcasesarising
from the employedbond stress-bondslip law.

Case 1: a=0, c>0

The solution of the resultinglinear differential equations”=c is
obtainedby integration



cx?
S= 7 +Cix+C,

whereC; and C,=integrationconstants.

(38)

Case 2: 0<a<l1, c>0

This nonlineardifferential equationis solvedby choosings” as
(Vismann1995

s”=kxP (39)
Integrationof Eq. (39) yields
r— _ ypt+1 - ypt2
s p+1X +C; and s (p+1)(p+2)x +Cix+C,
(40)

The nonlinearpart of the bond slip—bond stressrelation consid-
eredin this caseis only relevantat the onsetof bondslip, char
acterizedby s=0 ands’ =0. Accordingly C, andC, in Eq. (40)
becomezerofor a coordinatesystemwith its origin placedat the
mentionedonset point. Insertings and s” into the differential
equationone gets

K «
SR TES VTR XW) “D

A comparisorof the power of x and of the coefficientyields

ck®
p=(p+2)a and k:—(p+1)°‘(p+2)°‘ (42)
finally giving
2a c 11—«

P=1—q 2 k:(<p+1>“<p+2>“) “39

Case 3: a=1, c<0

For the differential equationof the type s”—cs=0 one obtains
the characteristiequationusings=e"*, giving in s"=x2%e"*, as

A2—c=0— \N=*.c where c<0 (44)
The solutionfor this caseis given by
— iV—Cx —iv=cx
s=C,e +C,e or (45)

s=C} cos/—cx+C3 siny—cx

with the constantsC; andC, (or C; andC3).

Notation

The following notation is used in this paper:

A, = concreteareaof reinforced-concretéar;
A, = steelareaof reinforced-concretéar;

a; = steelareaper unit length;

Cc = concretecover;
dnax = Maximumaggregatesize of concrete;

E. = Youngs modulusof concrete;

E., = referencevaluefor Youngs modulusof

concrete;
E; = Young’s modulusof steel;
f.u = uniaxial compressivestrengthof concrete;

f.wo = referencevaluefor uniaxial compressive
strengthof concrete;

= uniaxial compressivestrengthof concrete
obtainedfrom cubic specimens;

fcu,cube

S1, So, S3

= vyield stressof steel;

uniaxial tensilestrengthof concrete;
fractureenegy of concrete;
referencevaluefor fractureenepgy of
concrete;

heightof concretememberfor one layer of
reinforcement;

= effective tensionheightof concrete;

constantparameter;

length of one-dimensionatompositemodel
at bar scale;

width of plasticzonewithin fractureenegy
conceptrelatedto size of finite element;
averagecrack spacingin reinforced
concrete;

maximumcrack spacingin reinforced
concrete;

artificially reduced averagecrack spacingin
reinforcedconcrete;

artificially reduced averagespacingof
cracksnormalto reinforcemenin p
direction;

artificially reduced averagespacingof
cracksnormalto reinforcemenin q
direction;

ratio betweenYoungs moduli of steeland
concrete;

numberof steelbarsper unit length;

force transferredoy meansof bondstress;
force actingon concretebar;

force actingon reinforcementars;

force acting on uniaxial compositestructure;
tensilestrengthof steel/concrete;
bondslip;

= materialparameterslescribingbond

stress-bondslip relation;

heightof concretememberfor two layersof
reinforcement;

displacemenvector;

displacemenfor uniaxial loading;
displacemenbf concreteat the crackface;
displacemenbf steelat the crackface;
crackwidth;

calibrationparameteffor fracturecriterion;
enegy releasedn consequencef cracking
of concreteandbondslip;

= strainenegy of baresteelbars;

strainenegy of compositematerial,
heightof compressiorzonein concrete
member;andlocal coordinatefor analytical
solutionof bondslip;

position of crackfacegivenin thelocal
coordinateof analyticalsolutionof bond
slip;

coordinatenormalto crack;
internalvariableof fracturecriterion;
calibrationparameteof fracturecriterion;
dimensionlesparametefor consideration
of tensionstiffening;

tensorof plastic strains;

uniaxial plastic strain;

uniaxial strainin concrete;

uniaxial strainin steel;
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0, = anglebetweendirectionof reinforcemeni(p)
andthe normalto the crack;

w = 3.14...;

ps = reinforcementatio, givenby ag/h « ;

o = uniaxial stress;

o = uniaxial stressin concrete;

uniaxial stressin steel,

bondstress;

Ti, Tmax = Mnaterialparameterslescribingbond stress-
bondslip relation;and

diameterof reinforcemenbar.
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