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Long-term Flexural Behavior of HSC beams
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Abstract—This article presents the analysis of experimenta HIGH-STRENG THCONCRETECOMPOSITION

values regarding cracking pattern, specific straind deformability

for reinforced high strength concrete beams. Thamsehave the =~ Components Quantity
concrete class C80/95 and a longitudinal reinfoer@mratio of cement CEM 52,5R (C) 520 kg/m?
0, I 0,
2.01%, res_pectlvely 3.39%. The elements were stagen _erxure silica fume (SF) 52 kg/n?
under static short-term and long-term loading. Experimental a6 686.40 ka/r
values are compared with calculation values usihg tesign coarse aggregatesz 343.’0 kgg;mz
relationships according to Eurocode 2. river sand 0/ 686,40 k/nr®
water (W) 135.20 I/nd
Keywords—High strength concrete, beams, flexure superplasticiserz (Glenium ACE 30) 15.60%/m
wiC 0.26
I. INTRODUCTION W/B (B=C+SF 0.2¢

A worldwide use of high strength concrete during lemss

two or three decades and an expansion in the rahteri The experimental values of physical and mechanical
technology developments has made it possible tdgules characterist.ics obtained at the testing age ofttbems are
concrete having superior properties, regardingriaterial and Presented in Table Il. Specimens were cast fromstiee
structural behavior [1], [2], [3]. The use of HSE preferred batch as the relnforced.elements. The geometn(@mﬁlons

not only for economical design, but also for itsvamability for the tested specimens 3re as follzws. cubes . of
and durability [4] which are the main concerns dditemial 150mm><150mm>flSOmm to determine the compresion
engineering, especially when long-term service |ded strength - (fn), prisms of 1_00mm><100mm><300mm for the
sustainability are required. Load history and emwinental modulus of elasticity (&), prisms of 100x100x550mm for the

- ) . ] flexural tensile strength k) and cubes  of
conditions, as well as the non-linear and time-b&ha 141 mmx141mmx141mm for the tensile splitting strangt
modeling of concrete create difficulties in deflent

= - ] © ot (fesp. Tests were performed acording to RILEM [6]
prediction. Cracking, tension stiffening, creep ahdnkage of
the concrete complicate the serviceability caldoles [5].
Therefore an experimental study regarding flexirahavior
was conducted on four beams, two of them subjetctesthort
term loading and the other two at long-term loadibgng-
term loading step represents 40% from the ultinvaleie of
short-term bending moment. Short-term and long-teffacts
were evaluated considering the longitudinal reicéonent
ratio as a variable parameter.

Il. EXPERIMENTAL PROGRAM

A.Concrete Composition and Physical Mechanical
Characteristics

High strength concrete composition for design cl286/95
is presented in Table I. The physical-mechanicedataristics
of the concrete were determined for each beam ata®8 as
well as at the testing age of beams.
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TABLE Il
PHYSICAL —MECHANICAL CHARACTERISTICS
L. Beams
Characteristics 5 ; AD 1-2 AD2-1  AD2-2
fom(MPa) 107.26 115.20 106.94 106.45
45411 43708 44588 45108
Ecm (MPa)
4.94 6.06 8.04
forsp(MPa)
12.10 10.34 11.72 11.07
fr:t‘fl (M Pa)

B.Elements design

The beams had the cross-section ®hH120mnmx 240mm,
length 1=3200mm, effective span of 3000mm and ostecr
cover c=25mm. The reinforcement and test set-upeafims
are presented in Table Il and Fig. 1 and Fig. 2eT
longitudinal reinforcement and stirrups were matl8st500S
steel type, with characteristic yielding strengfkr$00MPa
and experimental yielding straigy,=2.720%0 [2]. Table I
presents the longitudinal reinforcement ratio anechanical
longitudinal coefficient for each beam.
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BEAMSTQE‘IBNLFIZIFLICEMENT displacements transducers (0.001lmm precision), \B@in
and WA/200mm models. The data acquisition giventhsy
Beams AD 1-1,AD 1-2 AD2-1,AD22  (jgital transducers was made by a HBM type datayeog
L:ngitudinal reinforcement 3314 318 system, Spider 8 model.
}(?éi)nforcement ratio for 2. Long-term loading
longitudinal reinforcement [7] AD 1-2 and AD 2-2 elements were subjected to flexith
= A 1100 @ p1=2.01% P =3.39 % long-term loading, having been previously loaded the
bid serviceability limit state (SLS), up to a maximunack width
Mechanical longitudinal max_ . .
reinforcement coefficient [7] of wg =0.1mm. Several loading steps were applied, each
A T, @ ©0s=0.164 0s=0.276 step of 1/5 of the final value of long-term loadisgt at 40%
ws = b f of the ultimate bending moment of the pair beanjestibd to
«d short-term loading. The test set-up was made d#fierstatic
LY L scheme used at short-term loading, that of simppypsrted
0 [ | [ | | I beam with two concentrated forces in the middledthin the
A = symmetry axis of the beams, sectional strains aflbations

AN
i 1o : i 1 = were measured. Along the beam the crack widthsuéeal
within time were studied. After loading at 4@¥t, the beams

P P
o~ — v v — 2 were kept in a climatic chamber at T=20°C+2°C terapge
— and RH=60%x5% relative humidity (Fig. 3). The expemtal
Fig. 1 Longitudinal reinforcement and test set-up program regarding the beams subjected to long-teating
was conducted considering both concrete class and
'—éféw environmental conditions as constant parameters.
= | 26/300 Stirrups
<4 Bst5008 26/300
lAs Bst500S
Bst500S
120

Fig. 2 Cross section

C.Equipments and testing of elements

The experimental study was conducted in two dioestias
presented in Table IV.

Fig. 3 Aspects regarding beams subjected to long-izading

Ill.  EXPERIMENTAL RESULTSAND DISCUSSIONS

TABLE IV
TESTINGTYPE A.Short-term loading
Beams Loading type AD 1-1 and AD 2-1 beams were tested aiming the eslu
AD 1-1  Elements subjected to short-term loading to fajlirehe associated at the appearance of maximum cracksh vafit
AD2-1  ultimate limit state (ULS) We™=0.1 mm, respectively 0.2 mm and elements failure
AD 1-2  Elements subjected to flexure up to a service hmdinit, moment.
AD 2-2  with cracks in the serviceability limit state (S|.8ploaded A comparative study between beams with different
and then subjected to lo-term loadin longitudinal reinforcement ratigp=2.01% sip=3.39% was

conducted considering the experimental values tfate
bending moment () and specific strains in concrete and
reinfforcement for loading step of JWM=0.40. The
experimental characteristics values of the bearbfested to
short-term loading to failure are presented in &a%l and
Table VI.

1. Short-term loading

All beams were subjected to four-point flexure logdas
shown in figure 1. Beams AD 1-1 and AD 2-1 subjdcte
short-term static loads were tested and -cracksenpatt
elements deformability and the ultimate bending moi{M,)

were followed. At each load increment, of 1/10 @nding . )
design capacity, the concrete strains were measwitd The deflection was calculated according to Euroc®dé]

mechanical gauges (precision of 0.01mm) and digitgln the elements subjected to pure bending usindé¢neling

microcomparator gauges (0.001mm precision), witbn2@ Moments values obtained at MMAD.40 loading step.
measurement base, applied on the same side ottra.The Equatlor_l (1) was used to determine the design cifles by
cracks widths were determined with a measuring doop summering the crack and uncracked states effect.

0.1lmm precision. The deflections along the reirdgdrc

concrete beam were measured not only with mecHanica

gauges (0.1lmm precision), but also with HBM type
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TABLE V
EXPERIMENTAL AND DESIGNVALUES AT LOADING STEPM/M (=0.40

B. Long-term loading
Long-term behavior was conducted in terms of midnsp

Beams AD1-2 AD2-1 deflection, evolution of crack pattern within timas also
pr (%) 2.01 3.3¢ regarding the specific strains in concrete andfoeiement.
Failure My (kN-m) 53.1( 76.6% . . .
Experimentz values a= 40%M, Expgrlmental values .recorded when service loadirgs w
Msts (kN-m) 20 25 applied are presented in Table VII.

AZF (mm) 8.63 11.13 Cracking pattern regarding the maximum and meanesal

I/x /348 11270 ) AR N :
&™ (%) 0.611 0.960 of cracks widths within time is presented in Figart Fig. 5
&< (%o) 1.684 1.660
Mss/Mu 0.3¢ 0.3 EXPERIMENTI?\B/I;EUYEZ AT LOADING
Design values according to Eurocode 2 [7]
A% (mm) 6.97 4.2( Beams AD 1-2 AD2-1
A9eSITY AP 0.80 0.38 pr (%) 2.01 3.3¢
os 0.16¢ 0.27¢
MsLs/My 0.3¢ 0.32
TABLE VI Wer, ™ (mm) 0.0€ 0.11
CRACK PATTERN IN SERVICEABILITY LIMIT STATE (SLS) number of cracks 24 25
Beams AD 1-2 AD2-1 S"i‘e‘ (mm) éSZ)S80 jfgo
A mm . .
P (%) 201 339 & ((%o)) 0.360 0.410
Failure M, (kN-m) 53.10 76.65 g (%) 0.788 0.375
Experimentz values a~ 40%My
MsLs (kN~m) 20 25
W™ (mm) 0.12 0.15
g™ (mm) 0.07 0.07 Immediately after long-term load application of
Cracks number 21 22 Mg .<0.38M,, AD 1-2 beam ¢=0.164) presents a maximum
MsidMuy 0.38 033 crack width of w™=0.06mm and the mean value achieves
We,"%=0.03mm. After 90 days of monitoring the mean csack
A=, + (1— g)ml (38) width values attenuation occurs (Fig. 5).
Where: M 4 AD 2-2 beam §~0.276) presents for a ratio of
ere. ¢=1-p8 EQTAC') Q) Mg gM,=0.33 a maximum crack width of #**=0.11mm and

mean value of W"*=0.05mm. These crack width values were

M. — Cracking design moment,

M — Bending moment,

B — Coefficient regarding the loading duratiop=0.5 for
short-term loading=1.0 for long-term loading).

AD 1-2 beam §=2.01%) was loaded to long-term bending
at a loading value corresponding to AD 1-1 senbdéwg limit
state; this value was obtained at the achieveménth®
following values of AD 1-1 beam: loading step of
Ms dM,=0.38, maximum crack width of }W*=0.12mm and
mean cracks width of @'*=0.07mm. The experimentally
measured short-term deflection represents 1/348th wi
approximately 25% above the design value. The maxim
experimental concrete strairg™ represents 17.5% of the
ultimate compressive strain in the concrgie3.5%0 and the
ratio between the specific strain in the reinforeatrand yield
value isedes,=0.62.

AD 2-1 beam (=3.39%) presents an experimental
deflection of /270, exceeding up to 2.65 times thesign
value calculated for a loading value correspondmgSLS.
The maximum crack width recorded wag"#=0.15mm. The
concrete maximum strains achieve approximately %7 df
£.~3.5% and in the reinforcement the ratio betweea th
specific strains and yield value iges=0.61. AD 2-2 beam
was subjected to long-term loading ag M, = 0.33 loading
step.

016
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measured immediately after load was applied. Figh&ws
that similar to beam AD 1-2 the mean cracks wid#bitizes
after the age of 90 days.

B =0 164

1l

Bog=0.276

Fig. 4 Maximum experimental values of cracks widths
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Fig. 5 Mean experimental values of cracks widths

The mean crack width is stabilized a3"W=0.04mm after

90 days of monitoring for 2.01% longitudinal reirdement
ratio, respectively at wW'**=0.06 mm for p=3.39%. The
experimental results show a good behavior regarding

cracking state, both at loading {#*=0.06mm forp;=2.01%,
respectively w"™<=0.11mm for p=3.39%), and also after
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approximately 1 year of observation W=0.10mm,

IV. CONCLUSION

respectively w"*=0.13mm). The cracking pattern has a The experimental study presents a good behavidbdams

strong influence on the beams deformability. Far beams
with the mechanical longitudinal coefficient afs=0.164
approximately 50% of the total crack number havatirely
equal values. Significant higher widths cracks welbserved

subjected to flexure under long-term loadings dytine 330
days of monitoring. Long-term deflections after 830 days
are relatively small, around 1/270, representinguat?7% of
the initial instantaneous deflectiai Attenuation of long-term

at beam withws=0.276 for 1/3 from the total number of yeflections is observed around the age of 90 dagenw

measured cracks.
Specific concrete strains and beams deformabiligrew
analyzed for all the beams subjected to long-teznding.

S0days . is approximately 80% of the final experimental

value at 330 days. An overestimation of the desiglues
calculated according to Eurocode 2 was observedrisivthe

Fig. 6 shows the creep and shrinkage coefficient fQyperimentally obtained values. The number of catil not

concrete strains development in time.
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Fig. 6 Evolution in time of creep and shrinkagefioent for
concrete strains

For C80/95 high strength concrete class, the craegh
Et

shrinkage coefficient ¢* = —2%= of the maximum

cetes
£

croncrete strains at a higher longitudinal reinéonent

coefficient (vs=0.276) presents a 50% increase compared f

values obtained fans=0.164.

The final long-term deflection is composed from th

instantaneous deflection' obtained by load application an
the additional time-dependent deflectit..., which depends
on cracking development and the reduction in st#fover
time, as well as the increase in curvature at eacs-section
due to concrete creep. The creep and shrinkagdiciest
t

value ¢* = A
to Eurocode 2 [7] (by using the equation (3)) pneseralues
of approximately 8 times higher than the experiraliynt
obtained values (Fig. 7).
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Fig. 7 Creep and shrinkage coefﬂmqﬂ@ = Zcores for
cces Al

experimental and design values of long-term defiest

% for the deflection calculated according

increase in time in about 1 year of monitoring leams under
long-term loading. An attenuation of mean crackthsdwas
observed after 90 days of loading. The long-ternximam
crack width does not exceed,¥=0.15mm, which is smaller
than the design value given by Eurocode 2, respeyti
0.4mm for XC exposure classes.
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