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Crack Width Control for Combined Reinforcement of Rebars and
Fibres exemplified by Ultra-High-Performance Concrete

Torsten Leutbecher, Ekkehard Fehling

1 Introduction

Concrete shows a low tensile strength in comparison to the converessngth, which, in
addition, grows only under-proportionally with increasing compressreagth. At the same
time, the brittleness of the matrix increases. Thereforecedlyefor Ultra-High-Performance
Concrete (UHPC), fibres, usually high-strength steel fibres,aglded in not insignificant
quantities to improve ductility and to increase the (bending) testsdagth. However, for the
economic realisation of wide-span structures under systemidisatidn of the high concrete
compressive strength, additional non-prestressed or prestregsdedceznent in the tensile
zone is still necessary.

As a result of the interaction of continuous bar reinforcement andbdisid short fibres,

differences in the load-carrying and deformation behaviour arisemparison to the well-
known reinforced and prestressed concrete. Particularly, stiffaedscracking [Win98,

Bal99, Pfy01], but also load-carrying capacity and ductility [Scla®é]considerably affected
by the reinforcement configuration. Therefore, the calculatiostroictures made of UHPC
requires models and design procedures, which describe the mechaot=dupes under
tensile stress appropriately and thus allow a material adeqoastruction. Thereby, the
crack widths play an important role in the serviceability ligtétte (SLS). If these are limited
in sufficient manner (order of magnitude: 50 um), the protection ofeiinéorcement from

chloride-induced corrosion can then be ensured exclusively by the coomvetebecause of
the small permeability in the range of finely distributed hair-cracka(g, Bri05].

Habel[Hab04] investigated experimentally the behaviour of a composite togssf a
normal-strength reinforced concrete beam and an UHPC-toppingdppéed in the tensile
zone. The fibre-reinforced fine-aggregate UHPC (CEMFEGas) showed a fibre content
of 6 vol.-%. Fibres with a length of 10 mm and a diameter of 0.2 neme wsed. In the
UHPC-layer partially an additional bar reinforcement waarayed. In these cases, the bar
reinforcement content of the UHPC-topping was 2.0 %. Especiallyiffieeent crack patterns
of the exclusively fibre-reinforced layer on the one hand and of thi®QJtopping
additionally strengthened with rebars on the other hand are remarkébile without bar
reinforcement, the crack spacings, which are expected for the punelrsirength reinforced
concrete element, could be observed also in the UHPC-layer (fig, théanaximum crack
spacing with combined reinforcement was only 30 mm (fig. 1.1b).

As this example clarifies, the crack distribution and thus thekonadth can obviously be
controlled much more effectively by a combination of fibres andrsetb@n exclusively by a
high fibre content. Besides, experimental investigations in [LeuO7]roornhat the fibre-
reinforced UHPC does not have to show a hardening behaviour itself ininadion with
continuous reinforcing elements, in order to obtain an altogether hardeslvayiour and
thus a distributed cracking with very small crack spacingseak widths. Rather, relatively
small fibre contents of under 1 vol.-% are sufficient. Especiadiyfthe ecological view this
is very favourable, because the high employment of energy andaesowhich is necessary
for the production of thin high-strength steel fibres, can be limiethe same time, a crucial
economic advantage is given.
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Fig 1.1 Crack pattern at ultimate load [Hab07]
a) Exclusively reinforced with steel fibres (6 vol.-%), 3 cm thick UHPC-topping layer
b) Reinforced with steel fibres (6 vol.-%) and rebars (2 %), 5 cm thick UHPC-topping layer

In the following, the mechanical relations, necessary for an sisaty the crack formation
process, are derived. For this, in the sections 2 and 3 the perforofatheetwo reinforcing
elements "rebars” and "fibres* firstly are regarded sajgdy from each other. Afterwards, the
load-carrying behaviours are linked considering the equilibrium ok$oend the compati-
bility of deformations. Because of their universal formulation, thainbd relationships are
generally applicable to all types of concrete reinforcett vabars and fibres, i.e. they are not
limited to UHPC.

The load-carrying behaviour and the crack formation within the seildg range, observed
by LeutbechefLeu07]in experimentainvestigation®ncombinedeinforcedensilemembers,
are also reproduced very well by the presented mechanical mddematerial parameters
needed for this purpose were determined among others in pull-outrdsts @ntric tensile
tests on notched fibre-reinforced concrete prisms.

2 Crack Formation of Reinforced Concrete under Short Term Loading

2.1 Single Crack Formation

If theconcretdensionstresso, reachesheeffectivematrixtensilestrengthf,, of theconcrete
in a weak point of a tensile tie, then a crack forms in the appropriate cross $ggti2.1).
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\d ‘\ BRRREEES Fig 2.1 First crack of a
reinforced concrete tensile tie

The cracking load amounts to

F, =Al+a.Op)Cf, (2.1)

The term(1+ a: Ebs) considers, that, in the uncracked state, theamginfg bar participates in
load bearing in the relationship of its tensiofffrstiss to the total stiffness of the specimen.
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In the crack the external tensile load is carrigdh® reinforcing steel alone. There, the steel
tension amounts to

o, =(1+a.p,) e (2.2)

S

In a certain distance of the crack the tensile megnib in the uncracked state. A difference
between concrete and steel strain thus is preséypiroparts of the member, within the load
transmission length on the left and on the rigtié $if a crack (fig. 2.2).

Hence, the load transmission lendthcan be specified for the single crack as follows:
I —_ O-S ms —_ fctms
* 4'B—sm qu"' aE |$s) 43 smw S

with o steel stress in the crack

S

d diameter of the bar reinforcement

S

T, average bond stress over the load transmissigthlen

sm

(2.3)

The width of the single crack results from the average difference of steel amtiete strain
over the load transmission lendth.

w= 200, e, €. (2.4)

By assumption of a parabolic development of coecaeid steel strains (solidity coefficient of
about 0.6), the steel and concrete strains averagadthe load transmission lengtleg, and

&, can be described in good approximation as follows
£, =0.4Z" + 0.6Z, (2.5)
£, =0.6F = 0.6 (2.6)
with &'  steel strain in the crack
&, steel strain at the end of the load transmissagth
g concrete strain at the end of the load transmidsiagth, . = £!

i«— cracked cross section

Fig. 2.2 Strains in the state of single crack formation
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With equations (2.3) to (2.6), the crack width bé tsingle crack can now be determined as
follows:

0.52 ms fcztms
W= = 5
5|:Esm-sm[ql+aEws) 5|:Esm- sn@s

f1+a p,) (2.7)

Influence of shrinkage

By a modification of the well-known relations prased so far, the influence of shrinkage of
the concrete on the crack formation and the cradkwdevelopment can be considered. This
Is necessary for a realistic description of thesiterbehaviour particularly for UHPC, because
of the comparatively high total shrinkage.

Due to shrinkage, the tensile member receives atpagn. However, the concrete cannot
deform freely because of the restraint exercisedhkyreinforcement. This leads to tensile
stresses in the concrete and compressive strestdessteel bars (fig. 2.3).

before shrinkage

tension in the concrete

after shrinkage

ARRRARR RO RN Fig 2.3 Inherent stress
compression in the steel ! COI’]dItIOf:I ofa ten.S|Ie tie due
to restraint of shrinkage
Al g, by the reinforcement

Consideringcompatibilityandequilibrium, the pre-straindueto shorteningAl, ., canbedeter-
mined for the flexible case according to equat@8)

£
Eel = cs 28

s,shr l+0’E ws ( )
with &,  free shrinkage strain of the concrete (shorteringgative value)

If shrinkage and creep run affine to each othes, ghadually increasing restraint is partly
reduced by relaxation of the concrete. In this ¢hegre-strain results in

g
Eoair = = 2.9
s,shr 1+aE ws [ql_i_pw) ( )
with ¢ creep coefficient at the moment of cracking

yo, relaxation coefficient, may be taken to 0.8 ineyah

Due to the restraint in the concrete, the exteload necessary to produce a single crack is
reduced. The cracking force of the tensile memberthe steel stress in the crack are thus
lower than in the case without shrinkage.
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The cracking force under short term loading amotmts

Fcr = A [ql-'-aE @s)[q fct+£s,shrEE 41) ) (210)

The corresponding steel stress in the crack reisults

05 = (1+ aE |$s) EE% + "':'s,shr[IE sj (211)

S

Directly at the crack surfaces the concrete is now ablédden freely. This deformation,
made possible by omission of the internal restraint, islpwelastic. Therefore, the concrete
strain at the crack surface results to

t'E.SD,shr = t'E.s;,shr[ﬂ:l'-'- a E@ ) (212)

Due to relaxation of the concrete during the hardeninggss until the moment of cracking,

the absolute value of the strain according to equation)(& Enaller than the absolute value
of the free shrinkage coefficient of the concrete. imgarison to the case of pure loading, the
strain at the end of the transmission length is reducedéwrtiount of the pre-strain. The

strains are illustrated in fig. 2.4.

Considering the influence of shrinkage, the load transomsdsngthl  results in:

L_gsshrEEs Ijjs
— 1+aE ms ' — fct ms
= 4B—sm 4B—smms

(2.13)

Thus, the result does not differ from that in the cagricé loading.

The strains of steel and concrete averaged alongétettansmission lengtla,, ande,,,
amount to

£, =0.4z" + 062, (2.14)
€., = 0.4, + 06 = Q42"+ 062 (2.15)
£
A

— cracked cross section

2 &, =04 +0.6[F

Y

g=¢

S [

gsD,shr = gs,shr qu-'- aE |$s)

+0.6 (%]

s,shr

g, =04[E]

Fig. 2.4 Influence of shrinkage on the strains at the state of single crack formation
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With the load transmission length according to equatior8f2ahd the average straisg,
and &, according to equations (2.14) and (2.15) the widtla afingle crack considering
shrinkage becomes

(0-3 - [E J d
— 1+aE ms s ) ° ] 0
w= oo (0.4 - 0.4z, | (2.16)

Inserting equations (2.11) and (2.12) results in

2

Js

(W‘%ﬁmms} ! He

w= S —d— _[1+a. [p,) (2.17)
SDES Ij-Sm 5|:ES Ij-Sm @S

Thus, in spite of the reduced cracking stress, shrinkage dot influence the width of a
single crack.

S[@1+ a.[p,) =

It can be summarised, that shrinkage causes an intarstahint for reinforced concrete
tensile members. Due to this, the cracking load level dexse&towever, the load trans-
mission length and the width of a single crack do not dfffan the case of pure action of
loading without any internal restraint.

Neglecting the concrete strain resulting from the actionadfitay, the required reinforcement
to limit the width of a single crack is obtained directly lansforming the equations (2.7) and
(2.17):

2
A= __Rd (without influence of shrinkage) (2.18)
5[IS Ij-sm Iij

A= K (considering influence of shrinkage) (2.19)

NISEES gsmHNk +£E,shr|:Es

with  F, tensile force, carried by the reinforcement inahack
&y CONcrete strain at crack surface after crack ftionaconsidering
shrinkage and relaxation of concrete; approximatelyal to the free

shrinkage coefficient of concrete

With the cracking force of the concrete cross sec{action of restraint), the required rein-
forcement arises independently of the amount ohkage:

—_ dS
A = ALf, D/—SEIES o W (2.20)

After the first cracking, new cracks develop dududher load increase within ranges with
higher concrete tensile strength. A condition isveeer that the tensile force, necessary to
generate a crack beside an existing crack, isfeaes from the steel to the concrete by bond
action, i.e. new cracks can appear only outsidb@ioad transmission lengths of the already
existing cracks.
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2.2 Crack Width and Crack Spacing at Stabilised Cracking

The crack pattern of a structural element changesirmiously by cracking, until the force
introduced from the steel into the concrete by bdads not reach concrete tensile strength
anymore. Then, slip between concrete and reinfoecéns present everywhere. This state is
characterised as stabilised cracking.

The possible crack spacings measure between the single and the double loadriasion
lengthl,.

=] _<s.< =20 2.21
S‘r,mln es r Sr,max e

with s ., the smallest possible crack spacing at stabilisacking
Sma the largest possible crack spacing at stabilisacking
For the border casg = 20 the strains at stabilised cracking are depictdir2.5.

The strains of steel and concrete averaged ovelotte transmission length,, and €,
amount in this case to

f

£, =€ -0.603—2 (2.22)
IOS [IS
£ =0.60%= 063" @, (2.23)
C pS[IS

Therewith, the maximum crack width at stabilisegicking can be determined as follows:

fCt I]js
2 EES Ij-SITI ws

Woax = St € = & o) = [E(T S—O.GE-I;—“EQHU P ) (2.24)

concrete

#l - fct ms
4 Ijsm ms
47 Sr,mao( =2 EI]es

Fig. 2.5 Strains at stabilised cracking for the border case sy max= 2 (ks
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Influence of Shrinkage

If the influence of shrinkage on the crack widtlalsbe considered at stabilised cracking, this
has at first no effect on the crack distributiontlee possible crack spacings, as shown in
section 2.1. However, according to fig. 2.6 anuefice of the shrinkage on the development
of concrete strain is evident. Because the conatesn in the crack is, compared to the case
without shrinkage, reduced m;s,shr according to equation (2.12), the difference betwtne
strains of steel and concrete is increased by fieuat of £ compared to pure action of
loading. It follows:

s,shr

f

£, =€ —0.60—2— (2.25)
Ps HEs
fc
Em = OGG,OS—DtES |-_I‘JQ,E |$5+ gE,sh\ (226)

Considering the influence of shrinkage, the maximarack width at stabilised cracking
amounts to

f_ [d f
W_ =S58 .- J=— = __[Ng —-|06EF-L+¢ 1+a 2.27
max r,maxl:q sm Cl'f) ZEES Hsmwstﬁ S ( IOS SYSAT—_E JEG @ )5:| ( )

Thus, the same external tensile |dadeads to larger crack widths at the state of Btz
cracking when shrinkage is considered.

If the concrete strain caused by the action ofilogds neglected, the required reinforcement
to limit the crack width at stabilised cracking c@ obtained directly by transforming the
equations (2.24) and (2.27):

— ds D:cr E@ Fs_o'6D:cr)
Ag B ZENk Ij-sm EES

(without influence of shrinkage)  (2.28)

2[F - 0.6LF
A=Q EE—aESm+ \/52,sh2r+ 1 SQ E cr)J(considering influence of shrinkage) (2.29)

FCI' Eds

with Q=—="—>_
4Eka B-sm

(2.30)
F, tensile force, carried by the reinforcement inc¢heck
F,  cracking force of the cross section

F,=ALO, (2.31)
concrete strain at crack surface after crack faomaconsidering
shrinkage and relaxation of concrete; approximagglyal to the free
shrinkage coefficient of concrete

glj

s,shr

If the effective zone of the reinforcement doescuter the entire concrete tensile zone in the
uncracked state, then for the calculation of cradéth and crack spacing at stabilised
cracking the cross section aréa has to be replaced by the effective area of comdre
tension A ; (effective zone of the reinforcement).
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Fig. 2.6 Strains of steel and concrete at stabilised cracking for the border case s max = 2 s considering the
influence of shrinkage

3 Stress-Crack Opening-Relationship of Fibre Concrete under Short Term Loading

Modelling the stress-crack opening-behaviour, émsite strength of the plain concrete matrix

f., the cracking stress of the transformed crossogedt ., the imaginary cracking stress of
thefibre-reinforcedconcreteoy, ., aswell asthefibre efficiency o, (maximumtensilestress

of the cracked fibre-reinforced concrete) haveddaliscerned (fig. 3.1).

o« plain concrete matrix
\ : e
fibre activation | fibre pull-out - — pure fibre %Ctl;/atlon ) . tonah
ool @ (b ! ©) —— superposed stress-crack opening-relationship
i i i ' (1) fibre reinforced concrete with hardening
Octort ! WACKE behaviour after crack formation (ko> 0icr)
Octer+ ; (2) fibre reinforced concrete with softening
foT ?- : : behaviour after crack formation (g < Octer)
AV
iI i i (a) Eq. (3.11)
Y | (b) Eq. (3.8)
| 4 | (c) Eq. (3.9)
sl
] | THENG
€ W W, /2 w

Fig. 3.1 Stress-crack opening-relationship of fibre-reinforced concrete, acc. to Leutbecher [DAfStb08]

Until reaching the cracking stress; . of the transformed cross section, the fibre-recdd
concrete behaves widely linear-elastic (uncrackates The fibres participate in the load
transfer according to their tension stiffness meférto the total stiffness of the tensile speci-
men.
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According toReinhardt[Rei05], the cracking force of the fibre-reinfodceoncrete compared
to the unreinforced matrix increases by the factor

y =1+ p, ln @, -1) (3.1)
with  p, fibre content
n coefficient of fibre orientation
a. relationship between the moduli of elasticity ibfés and concrete
matrix

Equation (3.1) considers that, although the eriiime volume displaces concrete matrix, in
contrast to reinforced concrete only the proportbfibres described by the fibre orientation
coefficient is effective in tensile direction. Femall fibre contents and because of the lower
workability of the fresh concrete caused by theeh which entails frequently a higher air
void content of the fibre-reinforced concrete ahdsta smaller matrix strength, the cracking
stresso . of the transformed cross section actually incredsedly compared to the matrix

cf,cr

strength.

With incipient cracking, the forces that have tottansferred between the crack surfaces are
carried jointly at small crack widths by the matwkich softens in the opening crack and by
the already activated fibres. A stable growth o€nmiracks starts. The imaginary cracking
stress of the fibre-reinforced concretg,, marks as a (local) maximum the transition to the
macro crack. Contrary to the cracking stregs, of the transformed cross section, the imagi-
nary cracking stress of the fibre-reinforced cotect®, ., increases significantly with the fibre
content.

The fibre efficiencyo,, represents the maximum load-carrying capacityhefftbres in the
cracked state. For short fibres, for which ruptoegore the complete activation is avoided, it
marks at the same time the transition from the @luddibre activation to the phase of fibre
pull-out. Depending on the type of fibre and therdi content, the fibre efficiency can be
smaller or larger than the imaginary cracking strafsthe fibre-reinforced concrete. Accord-
ingly, the fibre-reinforced concrete shows a puoéiesing behaviour after cracking or a
hardening behaviour with pronounced multiple cragkiln the case that the fibres are
exclusively oriented parallel to the tension dii@ct the fibre efficiencyr,, can be derived
due to theoretical considerations ([Li92, Beh9&08f Jun06, Leu07] amongst others):

O.0 = P d—f:‘j—m‘ (fibres exclusively oriented in tensile direction) (3.2)
f
with 7, average bond stress between fibre and matrix

I, length of fibre
d, diameter of fibre

Thereby, the average bond stresscan be appreciated for UHPC-matrixes and smoo#i ste
wire fibres as follows:

r, =1.30F, (3.3)

with f mean centric tensile strength of the plain comcneatrix

ctm

The fibre efficiency according to equation (3.2yéached computationally at a crack width
w, according to equation (3.6).
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~

fm D]fz 36
E (3.6)

with  E modulus of elasticity of the fibre material

W, =

To consider the influence of fibre orientations idéug from tensile direction, equation (3.2)
can be extended as follows:

O, =Ny Lp, d.f“(“j—m‘ (fibres with arbitrary orientation) (3.7)
f
with 7 coefficient of fibre orientation
g coefficient of fibre efficiency

The coefficient of fibre efficiencyg in equation (3.7) considers the different pull-out
resistance of the fibres oriented with differenglas of inclination and the degradation of
bond conditions by matrix flakings near the emergmint of the fibre as well as by the
interaction of the fibres pulled-out within a groofpfibres. Therefore, the coefficient of fibre
efficiency is also called damage factor.

The fibre efficiency can be determined in centensile tests on notched specimens. Fibres
that do not cross the crack orthogonally have tettsghtened firstly when they are activated
(fig. 3.2). Therefore, depending on the fibre otaion, o, is usually reached within a test at
a somewhat larger crack width than predicted byaton (3.6).

Fig. 3.2 Deflection of a fibre inclined to the crack direction [Voo03]
a) Fibre crossing a crack
b) Fibre pull-out

The tensile stress of the fibre-reinforced concresmsferred over a macro crack can be
described according to equation (3.8) in the filac8vation phase and according to equation
(3.9) in the fibre pull-out phase:

_ ool W _ W
Iet = Ocro w, w,) (phase offibre activation) (3.8)
2
Tet = oo Eél_ ng] (phase of fibre pull-out) (3.9)

with o, fibre efficiency according to equation (3.7)
w actual crack width
W, crack width according to equation (3.6), refert@the fibre efficiency
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Equation (3.9) provides a good agreement with testlts especially for short fibres. If
matrix flaking at the emersion point of the fibed. due to high defection forces for long
fibres) or fibre rupture play a substantial roleert also a more rapid softening than predicted
by equation (3.9) can be observed in the phaséboé pull-out. Compared to the rise of
tensile stress in the activation phase, the strassferred by the fibres in the pull-out phase
decreases however only slowly with increasing cragitth. Therefore, in the margin of
deformations relevant for the limitation of craclkdth in good approximation also a constant
course on the level of the fibre efficiency caralbeepted instead of equation (3.9).

O, =0y (phase of fibre pull-out, simplification for craekdth control)  (3.10)

Within the range of very small crack widths, theess-crack opening-relationship of the
fibre-reinforced concrete is received by superpasiof the descending branch of the matrix
(fictitious crack model according tdillerborg [Hil76]) and the equation (3.8) for the fibre
activation. If the cracking stress of the transfedntross sectiowr, . is approximately equal
to the matrix tensile strength, the stress-cradnom-relationship results in

wf W w
= f, Pl-——2 |+ 0, [ 20— -—
et = T EE ZE(BF] UdO[E W, \%] (3.11)

with  G.  fracture energy of the plain concrete matrix

Equation (3.11) is based on a linear descendingchraf the stress-crack opening-relation-
ship representing the matrix (fig. 3.3a), as itasommended in [Ma03] for fine-aggregate
UHPC (maximum aggregate size 0.5 up to 1 mm). Taedre energy can be assumed inde-
pendently from the compressive strength to be aqmetely 50 up to 60 N/m. If a bi-linear
softening branch is adequate (e.g. for normal-gtieconcrete or coarse-aggregate UHPC), in
the aforementioned relationships only the parhefftacture energy marked in grey colour in
fig. 3.3b may be considered & (the initial descending is proper).

The crack widthw” for which equation (3.11) becomes maximum, carfiobed setting the
first derivation to zero. One obtains

W= L B
3.12
2 |]J-Cfo |:(BF
A A Fig. 3.3 Stress-crack opening-

relationship of the matrix and
approaches of the fracture energy
Gk for the determination of the
imaginary cracking stress of the
fibre-reinforced concrete aicf,cr

—h
=)
Q
—h
o

—h
iy

concrete tensile stress Gt
concrete tensile stress dgtr

Wet W1 Wet

crack width w crack width w

a) linear approach b) bi-linear approach
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The coefficient of fibre efficiencyg in equation (3.12) is determined as follows frdma fibre
efficiency received in centric tensile tests:

g - Uch def
ntp, Gy, O (3.13)

The coefficient of fibre orientation can be determined either experimentally or computa
tionally in an appropriate way (e.g. according e approach of [AFGC02]). Thereby, as
both the investigations dflarkovic [Mar06] and the revision of the tests béutbecher
[Leu07] show, a predominantly two-dimensional filmmeentation orthogonally to the casting
direction can be assumed in good approximationfifmes with a slendernesd, = 80.
However, for compact fibres the orientation is Wydéree-dimensional.

If there exist doubts regarding the fibre oriemmation the safe side an predominantly two-
dimensional fibre orientation should be chosen wénduating equation (3.13). In this way,
the coefficient of fibre efficiency is likely to be overestimated and the imaginagckmg
stress of the fibre-reinforced concrete is lik@yoe underestimated.

The imaginary cracking stress of the fibre-reinéatconcretes,, . amounts approximately to

f,cr

TR S TRALLALE P ) L
cf.cr ct 2 |:GF cfo WO V\6 (3 14)

with  w”  crack width according to equation (3.12), refetied"

cf.cr

The stress-crack opening-relationship representeditatively in fig. 3.1 has been confirmed
experimentally in centric tensile tests on UHPOfimiced with different fibres and fibre
contents [LeuQ7]. Besides, in [Leu07] the equati@8) and (3.9) have been extended to en-
able the consideration of the influence of shrigkam the stress-crack opening-relationship.

4 Limitation of Crack Width under Short Term Loading for Combined Reinforce-
ment of Rebars and Fibres

4.1 Crack Width of a Single Crack

If the external load is increased beyond the imagircracking stress of a tensile member
reinforced with rebars and fibres, firstly a softenbehaviour results from the superposition
of the concrete softening and the stress increatieeireinforcement. For the fibre-reinforced
concrete this is represented in principle in fid..3Jnder force controlled loading thus an
unstable crack growth of one of the microcracksilteswithin the fracture process zones,
until the fibre and the bar reinforcement are sidfitly activated in order to transfer the
external tensile load in the macro crack withouttabution of the concrete. Considering
equilibrium of forces in the crack leads to:

I:cr = A% [Ql-'-aE @s) |jj-icf,cr: Fs + l:f = Us ms-i- Ucf DA‘c (41)

with F cracking force of the tensile member

cr

F tensile force, carried by the bar reinforcemenhmcrack

S

F tensile force, carried by the fibres in the crack

In contrast to equation (2.1), the matrix tensitergyth is replaced by the imaginary cracking
stress of the fibre-reinforced concretg ., .
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Assuming that the cross sections remain planegigtigbution of the total tensile force to the
two types of reinforcement has to consider thatréhative displacement between rebars and
concrete matrix on the one hand as well as betweefibre reinforcement and the concrete
matrix on the other hand must lead to same cradkhwcompatibility).

Due to the contribution of the fibres to the tramsif the tensile force in the crack, the tensile
stress of the bar reinforcement in a single craskehses to

(1+ aE |195) |]Ticf,cr - acf

L= (4.2)
P
Through this, the load transmission lengthof the bar reinforcement is reduced to
| — (Js _a-lcf,crmE)Eds: (a-lcf,cr_acf)ms (43)
= 4|j—sm 4|j-sm|$s

Thereby, the steel and concrete strains averaged thve load transmission lengtles,,
and &, can be determined analogously again accordimgyt@ations (2.5) and (2.6). Fig. 4.1
shows qualitatively the courses of strain of thereaforcement, of the concrete matrix, and
of a fibre, crossing the crack centrically. Thedrd,-II* represents the state of micro-
cracking, i.e. the transition from the uncrackeatesto the completely cracked state (macro
crack), and marks the strain referred to the imagircracking stress of the fibre-reinforced

concreted

cf.er®

i4— cracked cross section

gl = ghil = gfl-ll =, )

concrete B

Fig. 4.1 Qualitative courses of strain of the bar reinforcement, of a fibre, crossing the crack centrically, and of the
concrete matrix for a single crack

Thewidth of asinglecrackw of atensilemembereinforcedwith rebarsandfibresamountgo

w=20, e, ~€ )

S - :3 Cl'ij ms iC Cf_ Ci |]j S i (4'4)
o SZE‘SE ) [, JZ& ; gbz D1+ ae 0p.) =0 ]
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Because the tensile stress of fibre-reinforced iae,, depends itself on the crack width,
the crack width according to equatih4) can be determined only iteratively. In costyaf
the limit of the crack width is known, then the wegd bar reinforcement can be calculated
directly neglecting the average concrete strairseduy the action of loading:

F-F) @
A= % (without influence of shrinkage) (4.5)
SDES Ij-sm DNk
Fh (considering influence of shrinkage) (4.6)

Agz
’SDEslj-stNk +£thr DES

with F total external tensile load in the crack

F tensile load, carried by the fibres in the crack
F =AW, (4.7)
concrete strain at crack surface after crack faomaconsidering
shrinkage and relaxation of concrete; approximagglyal to the free
shrinkage coefficient of concrete

If n different types of fibre (fibre cocktail) are coméd with one kind of bar reinforcement,
then in equations (4.5) and (4.6) the tensile stdsfibre-reinforced concreteg,, is to be

determined from the sum of the contributions ofrittgpes of fibre.

With the cracking force of the concrete cross sacfaction of restraint), the required bar
reinforcement arises independently of the sizéefshrinkage coefficient:

d

A= A\:[Qo-icf,cr_o-cf)lj m (4.8)

4.2 Stabilised Cracking and Progressive Crack Formation

Similar to a reinforced concrete tensile membeo &iss sections with higher imaginary
cracking stressrfzflcr, which are outside of the load transmission lesgthalready existing
cracks, crack under further load increase, untlifierence between the strains of concrete
matrix and bar reinforcement exists everywheregsba stabilised cracking). The spacing of
these cracks amounts then, similar to the stadilcsacking of a reinforced concrete tensile
member, to the simples(,,,) up to the double load transmission lenggh, () of the bar
reinforcement according to equation (4.3).

In fig. 4.2, the courses of strain in the statestaibilised cracking are depicted qualitatively
for the case that shrinkage is neglected.

In the state of stabilised cracking a new crackeariif between the end of the transmission
length of the fibres and that of the bar reinforeamthe imaginary cracking stress of the

fibre-reinforced concrete’, . is reached again (progressive crack formation)s Ban be

cf.cr
achieved due to the increase of the bond stressebat concrete and bar reinforcement
according to the bond stress-slip-relationship el as by further fibre activation. The latter
requires, that the fibres are not yet in the puliqphase after single cracking. With the fibre
contents and fibre dimensions common for UHPC, tosdition is generally met. As
confirmed by the investigations in [LeuQ7], theréikreinforced concrete itself does not have
to show a hardening behaviour.
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£
M,
f i
i\ a— fibre
i teel
£l K
concrete - i 218, U, Ty
.......................... - £, =06 Lar, Cp, + == Lay,
1 s L___ ______...,__{.' I:E ds DES Q’ Es E
: : g = X

Fig. 4.2 Qualitative courses of strain of the bar reinforcement, of a fibre, crossing the crack centrically, and of the
concrete matrix in the state of stabilised cracking

Assuming a constant matrix tensile strength andeven fibre distribution, the following
condition for the formation of a new crack can leevkd:

m‘ 28 Uy 4o, (W)2 0y, (4.9)

S

The first term in equation (4.9) represents thecoete tensile stress introduced from the bar
reinforcement into the concrete by bond action. $&eond expression corresponds with the
load contribution of the fibres in the crack aceogoto equation (3.8) or (3.10).

Depending on the different bond behaviour of therbanforcement and the fibres, the crack
spacings halve themselves under further load isereantinuously, until either the fibres get
into the pull-out phase after complete activatioasg A, fig. 4.3a) or, for fibre concretes with
hardening behaviour, the crack spacings becomemsdl shat also the load transmission
length of the fibres affect each other at adjaceatks before the fibre efficiency is reached
(s <20, case B, fig. 4.3b). The latter means, that incégtre between two existing cracks,
not the entire tensile load carried by the fibreghie crack is available, in order to form a new
crack. For both cases the mechanical relationgrpsleduced in [Leu07].

In the following, exclusively the case with shalirés and low fibre contents, in which fibre
pull-out is proper for the end of progressive crmiknation (case A), is contemplated.

Transformation of equation (4.9) delivers for tbése the following maximum crack spacing
in the phase of progressive crack formation:

(U(i:fcr _Ucf) I—_(us
Smax =5 (4.10)
Y 2D’sm @S
The steel strain averaged over the maximum craakisg amounts to
Ué:fcr U )

£, =& -06

4.11
on = €5 £ b, (4.11)
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Fig. 4.3 Qualitative courses of strain of the bar reinforcement, of a fibre, crossing the crack centrically, and of the
concrete matrix in the phase of progressive crack formation
a) Case A: Transition to the fibre pull-out phase

a) Case B: Load transmission lengths of the fibres influence themselves mutually (s; < 2 lef; further details see

[Leu07])

The average concrete strain is

O.i
£, =060 [@r_[p,
Elp, ©

S

(4.12)

The maximum crack width can then be calculateabevis:

Wmax = Sr,maxl:qgsm_ & cw)
(ai acf) [dl,

cf,cr

2|:ES lj-sm @S

0,-0.605 [f1+a, [p) + Q 625

Ps

(4.13)
P
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In equation (4.13) the steel stress in the crack is

g,=F _a (4.14)
AP

After complete activation of the fibres (reachihg fibre efficiency), a new crack can only be
initiated by an increase of the bond stress betveesigrete and bar reinforcement. If rigid-
plastic bond law is assumed for the bar reinforgemihe crack pattern is completed when
reaching the fibre efficiency.

Neglecting the average concrete strain, the redloee reinforcement in the phase of progres-
sive crack formation can be determined directlpgfarming the equation (4.13) as follows:

A \/[(F “R)-08R, )R R)® L shrinkage) (415

2 DES Ij-sm Iij
with  F total external tensile load
F tensile load, carried by the fibres in the crack
Fo=Alo, 4.7)
F. cracking force of the cross section of the fibkegyorced concrete
Fo =AW (4.16)

Considering the influence of shrinkage results in

F-F)-060F,_—F
A=Q —sfhr+\/£§hf+25( ) QEE[SG ter f) (considering shrinkage) (4.17)

F_-F )
with QzM (4.18)
4ka Ij-sm

F total external tensile load
F tensile load, carried by the fibres in the crack

F=Aloy (4.7)
F.. cracking force of the cross section of the fikegyorced concrete
l:f,cr = A\: |]T::f,cr (416)

£, concrete strain at the crack surface after crackomsidering the
influences of shrinkage und relaxation of concrapgroximately equal
to the free shrinkage coefficient of the concrete

For the cracking force of the cross sectip (tensile stresses caused by the action of
restraint), the required reinforcemefyt is independently of the size of the shrinkage ftcoef
cient and can therefore always be determined argptd equation (4.15).

If the effective zone of the reinforcement doescmter the entire concrete tensile zone in the
uncracked state, then for the calculation accordinthis section the cross section arga
again has to be replaced by the effective areawoérete in tensiord, ;. To what extent a
fibre addition affects the sphere of action of tamforcement has not been investigated so

far.
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5 Examples of Typical Applications

The application of the relationships derived in pinevious sections to UHPC is illustrated in
the following on the basis of two examples. The&# of long term and cyclic loading on the
bond behaviour is thereby considered accordinglhd ID45-1 [DINO1] by a reduction of the
solidity coefficients from 0.6 down to 0.4 descnipithe course of the average concrete and
steelstrains. The transferability of this reduction ddior normal- and high-strength concretes
to UHPC requires however still an experimental fieation. In particular, the influence of
long term and cyclic loading on the pull-out belwaviof the fibres is to be clarified.

5.1 Example 1: Limitation of Crack Width of a thin UHPC-Topping Layer for the
Action of Restraint

Fig. 5.1 shows the cross section of a thin UHP (Qitagplayer, which is applied on an existing
concrete slab for rehabilitation purposes. ForUkH>C-topping layer the crack width is to be
limited to w, =0.05mm under centric restraint due to shrinkage. The bbativeen the
UHPC-layer and the subfront is not subject of thesent example.

Two cases are examined:

Z1: the restraint acts only in one directitrefpretical case); the UHPC-topping layer is
reinforced uniaxially with rebars BSt 500 (Fig. &) 1

Z2: the UHPC-topping layer is reinforced ogbaoally with rebars BSt 500 (Fig. 5.1b)

UHPC-topping layer UHPC-topping layer

—o—
—o—

A0 MM —————

40 mm (] (] () ®

——
——

! ! !
| | |
| |
| | | |
I I l l
I I l l
| | | |
a) I ! b) ! ]

Fig. 5.1 Cross section of a thin UHPC-topping layer, applied on an existing concrete slab
a) reinforced uniaxially
b) reinforced orthogonally

The topping layer is made of a fine-aggregate UHP@e mixture M2Q [Feh05]. 17 mm
long steel wire fibres with a diameter of 0.15 mra added. A rather small fibre content of
£ =0.9 vol.-% shall be used in order to obtain an ecological@whomic solution. For this
fibre-reinforced concrete mixture the relevant it parameters and other characteristics
were determined directly by tests or analyticallgy07]. The required parameters are sum-
marised in table 5.1.

Table 5.1 Characteristics of the fibre-reinforced UHPC mixture

UHPC-matrix
1 - matrix tensile strength fg in N/mm2 8.5
2 - fracture energy of the matrix G in N/m 60
fibres
3 - fibre length It in mm 17
4 - fibre diameter ds in mm 0.15
5 - modulus of elasticity Es in N/mm2 200,000
6 - fibre content ps in vol.-% 0.9
7 - bond stress Tim in N/mm2 11
8 - coefficient of fibre efficiency g 1.13
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Z1. UHPC-topping layer isreinforced uniaxially

According to the findings in [Leu07] concerning tfilgre orientation, a predominantly two-
dimensional fibre orientation perpendicularly te ttasting direction is assumed. Because of
absence of an influence of lateral formwork surfadie coefficient of fibre orientation
amounts in the present case to

n=n,,=0.637

Thereby, the influence of the rebars on the fibrentation has been neglected conserva-
tively.

The average value of the fibre efficiency resuttsoading to equation (3.7) in:

O =nHLp, Grmé_mf = 0.6371L 1310 0043}01#:57 = 808 N/mn
f .

Based on the results of investigations in [Leu®7¢, 5-% quantile of the fibre efficiency of
the present fibre-reinforced concrete mix can r@pmated as follows:

UfOk;OOS =0.7lo

C

= 0.708 08= 566 N/mm (5-% quantile)

cfOm

The crack width referred to the fibre efficiencyhdze determined according to equation (3.6):

2
w=lmle 07 o000
E [6, 200,00000 15

The imaginary cracking stress of the fibre-reinfarcconcrete is calculated according to
equations (3.12) and (3.14).

i - WDchtm woow
ch,crk;OOS_ fctm 1_ﬁ +JCf0k005 2 W —E
F 0
:8_5[@1_0.56535]%6 056110 _ 056 18 _ ¢ o it
2[60 Q106 0 106

using w’'= W, = 0.1061L6 _0.56um
2
e W2 ) [}, 010685001
210 o.005 B 2[5.6606010°

According to equation (4.16), the cracking forceha fibre-reinforced cross section amounts
to:

Fo=A Bfizf’cr woos—0.04008B 96= 0 358 MN/r
The tensile force carried by the fibres in the kragoadetermined according to equation (4.7):

F =A o, =0.04006 10= 0204 MN/n

With 0, = 000020k - M | = 566 zq/%—ﬂ = 510 N/mrh
‘ W, W, 0.106 0.106
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Because the local imaginary cracking stress ofitire-reinforced concreter, ., depends on
the fibre distribution, the plateau in the stresais-relationship in the phase of single
cracking, well known for reinforced concrete, can be observed evidently. For pure action
of loading this is without meaning. However, fostraint action as in the present case, the
restraint depends significantly on the stiffnesgha tensile member and thus on the crack
formation. In order not to receive results on theafe side by underestimating the stiffness
of a tensile member, the cracking stress of a csestion with favourable fibre efficiency
(95 % quantile) should be assumed as restraing forc

The cracking stress is determined as before. Howexg,.,,s is replaced by .qos-
Assuming a symmetrical distribution of the fibréi@éncy with respect to its mean value it
results in:

O o005 = 1.3 o= L 3B 08= 10 50 N/mfr (95-% quantile)

cfom
The upper quantile of the cracking force of thedibeinforced cross section amounts to

Fioaes = AT 4 00s=0.0400 97= 0399 MN/r

with  w'= Wo = 0.1060116 —171um
2
1+vvon—ctmEg 14 0-106CB 51113
2|]D-cf0k;(195m3F 2110 50]60]103

O.i _f 1_\NDchtm +0 2 E_E
cf,crk;095 ctm 2 [(BF cfOk 095 Wo V\{)
_g5 1_1.71[85+105 /17]]1(5‘_ 17m 10 ~ 997 N/mA
2[60 Q 106 0106
Furthermore, the average bond stressis needed in order to determine the required rein-
forcement for the limitation of crack width accardito equation (4.15). If a linear relation-
ship between the bond strength, ., and the mean matrix tensile strength, is assumed,

then, based on pull-out tests on ribbed reinfordags with different relative rib areas, the
normalised average bond stresses represented h2igre obtained (details see [Leu07]).

rebars (BSt) stabilised cracking

- = = rebars (BSt) single crack
ribbed prestressing steel (St) stabilised cracking

------ ribbed prestressing steel (St) single crack

Fig. 5.2 Normalised average bond stress
Tsm/fam as a function of the crack width w

0,00 0,05 0,10 0,15 0,20
w [mm]
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For a crack widthw, =50 um, demanded here and relevant especially regardingbdity
(effect of chlorides), the following values are abed:

I, =2.000F,, for rebars (BSt) withf;, = 0.072 (5.1)

r,,=1.20F ., for ribbed prestressing steel (St) with = 0.024  (5.2)
For the present example, the evaluation of equa{idri) and (5.2) results in

7., =2.0085=17 N/mm for rebars

r,,=1.2[8.5= 10 2 N/mm for ribbed prestressing steel

If in equation (4.15) the degradation of the bomthdviour under long term loading is con-
sidered by a reduction of the solidity coefficiérdm 0.6 down to 0.4, as described before,
then with F = F, o4, 7., =17 N/mnt (rebars BSt 500 S), and, =8 mm the following is
obtained:

A%:\/[(F—E)—OAE@EU—E)]E@Fm—Ff)ws

2 Eka Ij-sm DES

:1dR/[(o.399—0204— 04f 0358 0204 .0358.03(1)312536.95(:”% "
2[0.05(1L 70200 000

According to equation (4.10), the maximum crackcgmaresults in

(Ff,cr - Ff ) l]js (0358_ 0 204[]

Sm "o AL 20170695

8
10* =52 mmr

Z2: UHPC-topping layer isreinforced orthogonally

Compared to the topping layer reinforced uniaxjalhge action of fibres is reduced signifi-
cantly by the transverse reinforcing bars. Thersftie load carried by the fibres is deter-
mined for a cross section diminished by a trangveeinforcing bar. However, the tensile
force necessary to form a new crack is determimedah unweakened cross section. The
further calculation corresponds to that of the ey example and is thus not described in the
same detail as before.

The tensile force carried by the fibres in the kricthe region of a transverse reinforcing bar
amounts to:

F =A ., =(0.040- 00030516 0163 MN/

If the degradation of the bond behaviour under ltamg loading is considered by a reduction
of the solidity coefficient from 0.6 down to 0.fetrequired reinforcement results in:

A - J[(F—a)—o-maa—a)}z@eﬂ—Ff)ms

2 Eka Ij-sm DES

_10f E{/[(0.399— 0163- 04f 0358 0143 .0358.0 )63 I P
2[D.05C1L 70200 000
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The maximum crack spacing is:

(Fie~F). _(0358- 016308,

201, (A 201708 51

o' =54mm

Sr,max =

If the topping layer is reinforced orthogonally viin axial space ad =50 mm (d, =8 mm/
a=50mm£10.06 cnf /), it is likely that a crack is formed near to evdransverse
reinforcing bar.

5.2 Example 2: Limitation of Crack Width of an UHPC Tensile Member under Action
of Loading

Fig. 5.3 shows the cross and longitudinal sectioanoUHPC tensile member reinforced with
four rebars, that has been heat treated aftercttimn. The crack width is to be limited under
serviceability loadF =0.500 MN to w, =0.10 mm.

t
40 F F
+— [ [ —~— =

150 70

B [ [

40

& . . .

T dimensions in mm

150

Fig. 5.3 Cross section (left hand side) and longitudinal section (right hand side) of an UHPC tensile member

Two cases are examined:
L1: the UHPC tensile member is reinforced wehars and steel fibres
L2: the UHPC tensile member is reinforced omith rebars

Based on these two examples, the very favourafileemce even of a small fibre content on
the crack widths and on the required bar reinfoex@mshall be illustrated.

L1: TheUHPC tensile member isreinforced with rebars and stedl fibres

The same fibre-reinforced UHPC mixture as in exa&nipls used. The required material and
bond characteristics can be found in table 5.1.

Considering the favourable influence of the formkvesurfaces according to fig. 5.4, the
coefficient of fibre orientation results as follovassuming a predominantly two-dimensional
fibre orientation:

Mo 0 +17,, b ~1,) _ 107+ 0637( 156 1)7_
b - 150 -

0.68

,7:

Thereby, the small influence of the reinforcingsan the fibre orientation is neglected again.
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The mean value of the fibre efficiency accordingguation (3.7) amounts to:
O =nHLp, dfr&—mf = 0.6801 1310 0093101L:57 = 862 N/mn
X :

The characteristic value of the fibre efficiency is

O o005 = 0.7 o, = 0.70B 62= 6 03 N/mi:

cfom

¢ casting direction

&
T I
_ | . . | 7 1D
| 1
150 70 I TTop I
+— le o]
40 | |
9 | | measurements in mm
,/2=85 ! 133 ! 8,5
Fig. 5.4 Determination of the coefficient of fibre orientation
150 assuming a predominantly two-dimensional fibre orientation

The imaginary cracking stress of fibre-reinforcasharete results according to equations
(3.12) and (3.14) in:

i = V\Fchtm V\F V\ID
ch,crk;OOS_ fctm 1_E +Ucf0k005 2 W _E
F 0
]
:8l5[€1_0.63E85j+60 (063010 __ 06810|_ ¢ oy nympt
260 Q106 0 106

using w” = W = 0106010 =0.63um

2 2 2
1+V\/0Df—mEg 1+0.106E8§D11
2 wchk;o, 0s [ Gk 2[6.037607110°

According to equation (4.16), the cracking forcelw# cross section of fibre-reinforced con-
crete amounts to

Fo=A Bfizf’crk;m: 0.15G (0.0 0203 M}
The load carried by the fibres in the crack caudldétermined according to (4.7) as follows

F =A o, =0.150 16 03= 0136 M!

With 0, =00 00120k - % | =60 @/ﬁ_ﬂ = 603 N/mrh
‘ W, W, 0.106 0.106

For the crack widthy, =0.10 mm, the average bond stress between matrix and bar
reinforcement can be determined for approximateliissed cracking according to fig. 5.2 to
be aboutr_, = 3.3, = 3 338 =28 N/mnt .
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Furthermore, the evaluation of equation (4.17) mmeguan assumption of the concrete strain
on the crack surface after crack formation. If thlaxation of the concrete is neglected on the
safe side, thergl corresponds with the free shrinkage coefficienthaf concrete. For the

shr

mixture M2Q this amounts to aboat, = -1 %o .

With a soldity coefficient of 0.4 instead of 0.6danith d, =16 mm equation (4.17) results in

A%:Q[E_‘Emh +\/£Dh2+ZE(F_Ff)_O'4[QFf,cr_Ff)J

QLE,

0.500- 013¢- 04 0203 01
=0.0957 0 00%,/ O 0CGL+ é 6 4@ 3 oy
0.09571200Q 000

=6,72 cnf

F_-F ) -
(Fe-F) . _(0.203 013()516:0_095”?
40w, [T, 4[0.1028

with Q=

According to equation (4.10), the maximum crackcgmamounts to

(Fio ~F )78, _(0.203- 01340116,

ST AL 20286 72

o' =28 mm

It is still to be proven that the bar reinforceméntin the elastic range. The tensile force
carried by the bar reinforcement arises to

F,=F-F =0.500- 0 136= 0364 M

With a provided bar reinforcement consistingfd, = 16 mm(= 8.04 cnf), the steel stress
amounts to

0.364

o, =

: =% =110 = 453 Nimnf < f,, = 500 Nimt

In spite of the comparatively small crack widthe téteel stress is already very high. There-
fore, in most cases, the determining factor ofglesg the bar reinforcement under action of
loading will not be the crack width control but therification of the load-carrying capacity in
the ultimate limit state.

L2: TheUHPC Tensile Member isReinforced only with Rebars

In order to clarify the influence of the fibres tive crack formation, the crack width shall be
limited for the tensile member examined before dmjyar reinforcement.

The cracking force of the plain concrete matrix ants to:
F, =AU, =0.150 B 5 Q191 MM

The remaining parameters can be taken from exahipl@he possible degradation of bond
conditions between matrix and bar reinforcementmainaitting the fibres is neglected here.
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Hence, the required bar reinforcement for the &tion of crack width amounts to

n=a s et o DA

Q'E,

=0.27290 000% | 00Gw 200" Q49T 4n 13658
0.27297200 00

Fold, _ O.I9LL6 _ 5709 1

with Q'= =
4T, [T, 40.10028

The maximum crack spacing is

o o Ful _ 019116y 400
"o, A, 2028013 82

With a provided bar reinforcement consisting8ofd, = 16 mm (£16.08 cnf), the steel stress
amounts to
0.500

0, = 5 205905 - 319 Nimind < f, = 500 N/mrt
A 16.08

The bar reinforcement ratio results for examplewith o, =0.9% in p,=3.0% and for
example L2 inp, =6.1%. In this way, a reinforcement configuration opsed with regard
to economic efficiency can be found for each stiadtelement.

6 Summary

In [Leu07] a mechanical model is developed, whigmbines the mechanical relationships of
the crack formation of reinforced concrete and $ivess-crack opening-behaviour of the
fibre-reinforced concrete considering the equilibri of internal and external forces and the
compatibility of deformations. The relationshipsekant for the calculation of crack width
are summarised and documented in the present paper.

During the process of crack formation, the phasthefsingle cracking, the state of stabilised
cracking, and the phase of progressive crack foomatare distinguished. The derived

mechanical relationships permit also the considmradf the influence of shrinking on the

crack formation.

By transforming and simplifying the quite compleglationships a design procedure for

practical use is derived, that allows to deterndirectly the bar reinforcement required for

the limitation of crack width. The use of this pedare demands only the knowledge of the
fibre efficiency of a fibre-reinforced concrete mixe. Because of several influences that are
not investigated sufficiently so far, the fibreie#ncy can only be determined experimen-

tally. Centric tensile tests on notched specimeasrast appropriate for this.

Based on examples, the application of the propatesign procedure is illustrated and
explained. Even with comparatively low fibre eféocies a substantial improvement can be
obtained compared to reinforced concrete. Thergiander action of loading in most cases
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instead of the crack width control the verificatiothe load-carrying capacity in the ultimate
limit state will be the determining factor.

As experimental and theoretical investigations lieu07] show, a satisfying behaviour of
UHPC in tension can be targeted by sufficientlyigiesd bar reinforcement and without
uneconomically high fibre contents. The securethtion of crack width to definite less than
0.1 mm ensures at the same time the durability umakavourable expositions.

The mechanical relationships derived in the prepaper form in [Leu07] also the basis for
the determination of the load-deformation-behaviotia UHPC tensile member with com-
bined reinforcement. Considering the variabilitytbé material and geometrical character-
istics a model is developed, where also statisfigabhmeters, like e.g. the scatter of fibre
distribution, are integrated. Thereby, a fictitiduslPC tensile member is divided into a finite
number of elements of discrete length. These elesrae the so-called crack elements. They
represent the fibre distribution and the spectrdirthe possible crack spacings at the state of
stabilised cracking. By incremental load incredise,crack formation in the phase of progres-
sive crack formation is simulated for each elensd thus for each load step the frequency
distribution of the crack spacings, of the crackiths, as well as the average tensile strain of
the entire structural element are received. In Way, beside the process of crack formation
also the load-deformation-behaviour of an UHPC itemreember with combined reinforce-
ment can be reproduced consistently.
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