PREDICTION MODELS FOR SHRINKAGE OF CONCRETE -
OVERVIEW, CLASSIFICATION AND COMPARISON
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Summary: In assessment of the future
behavior of a designed concrete
structure, the data on the time
development of strains due to shrinkage
of concrete is of particular importance.
The selection of an appropriate
prediction method and model for
concrete shrinkage will affect the
accuracy of the estimation, but also the
duration and cost of the design. In order
to facilitate this selection, this paper
presents the fields of application, factors
that are considered, the classification
and the basic equations for four
frequently used prediction models for
shrinkage of concrete: ACI 209, GL
2000, MC 2010 and B4. The results
obtained by application of these models
on a few examples from literature are
compared and discussed.
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1. INTRODUCTION

The estimation of the magnitude and
rate of shrinkage strains of concrete is
carried out by application of empirically
and theoretically based models, using
known input parameters (defined by
design or experimentally determined).
Although having a similar basic form, the
models differ from each other in the

UDK: 666.972:532.135
DOI: 10.14415/zbornikGFS34.02
CC-BY-SA 4.0 license

Pesnme: MNpu npoueHn 6yayher noHa-
lWarka npojekToBaHe OeTOHCKe KOHCT-
pyKumje nocebaH 3Ha4vaj MMajy nogaum o
BPEMEHCKOM pa3Bojy aunatauuja ycneg
ckynmbawa ©OeToHa. W3bop oaro-
Bapajyhe wmetoge wun wMmogena 3a
npegsuiame ckynbawa 6eToHa yTu-
uahe Ha TayHOCT MpoueHe, ann n Ha
Tpajartbe M LUeHy npojektoBama. [a 6u
ce onakwao oBaj u3bop, y pagy cy
npernegHo npukasaHe obnactn npu-
MeHe, NapameTpu Koje y3nmajy y 063up,
Knacudpmkaumja m OCHOBHe jegHaunHe
3a yeTmpwu Yecto kopuvw-heHa mogena
3a npepsvhamwe Ckyn-rbawa OeToHa:
ACI 209, GL 2000, MC 2010 n B4.
YnopeheHu cy n komeHTapucaHu pesyn-
Tatn AobujeHn npumeHoM OBUX Moderna
Ha HeKonuKo Npumepa ns nuTeparype.

KrbyuyHe peun: bBeToH, ckynrbambe,
Mopenu, knacudgukaumja, nopehere

1. yBO.

MpoueHa BenuunHe n Gp3vHe passoja
AvnaTaumje ckynrbata 6eToHa BpLum ce
NPUMEHOM EMMUPUJCKN U  TEOPUjCKM
3aCHOBaHWX Mopena, y3 ynoTtpeby
nosHaTMx (NpojektoM AedUHMcaHMX
UNN  eKcrepuMMeHTanHo  yTBpheHux)
ynasHux napametapa. MWako umajy
CNWYHY OCHOBHY hOpMY, OBM MOAENM Ce
mMehycobHo pa3nukyjy no obnactu
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ranges of their applicability, type and
number of input parameters and the
shape of the function describing the time
development of shrinkage strain. The
estimated values of shrinkage strains,
obtained by different models, usually
differ significantly among themselves,
but also compared to the measured
values. Models for shrinkage and creep
of concrete are developed, calibrated
and compared with each other based on
the known data from laboratory tests
and measured deflections of existing
structures, mostly bridges. For this
purpose, databases of the
experimentally ~ obtained concrete
shrinkage and creep data are created.
Currently the most extensive, created by
the enlargement of the RILEM-ACI 209
database from 1992, is a database
developed at the Northwestern
University (NU) in the United States
between 2010 and 2013, which is still
regularly updated with data from the
latest experimental research [1].
Usability of this data directly depends on
the test duration, which usually does not
exceed 30 to 90 days. The shrinkage of
concrete is the most intensive in the first
three months to a year after pouring
(when 40 to 85 % of the twelve-year
shrinkage occurs [2]), but it continues to
develop even at greater ages. This
imposes the need for extrapolation of
experimentally determined data over a
longer period of time.

Although the causes, influencing factors,
shrinkage mechanisms and measures to
mitigate its consequences are relatively
well-explored and known [3, 4], at the
design stage only a limited number of
parameters describing the properties of
material and  conditions  during
construction and exploitation of the
structure are known. Therefore, some
models for shrinkage and creep of
concrete (e.g. EN 1992, fib Model Code
2010 (MC 2010) and Gardner and
Lockman GL-2000 model) take into
account only the influence of basic
parameters, such as the type of cement,
mean value of compressive strength,

npumeHe, BpcTM u Opojy ynasHux
napametapa, Te 00nuKy dyHKuuje

BPEMEHCKOr pasBoja avnarauuje
ckynrbawa. [lpouerweHe BpegHoOCTU
aunartauumja  ckynrbawba, nobwvjeHe

pasnuuuTM Moaenuwvia, Hajuewhe ce
3HayajHO pa3nukyjy mefycobHo, ann ny
ofHocy Ha MepeHe BpeaHocTu. Mogenu
3a CKynrbake U Tevewe OeToHa ce
pasBujajy, kanubpupajy u mehycobHO
nopege Ha OCHOBY NMO3HaTWX pesynTtaTta
nabopaTopujckmnx ucnuTMBama "
MepeHux Aedopmauuja roToBMUX
KOHCTpyKUWMja, NpeTexHo moctoBa. Y Ty
CBpPXy ce cdopmupajy 6ase
eKcrnepvMeHTanHmx nogataka o}
CKynrbamy v Tevewy 6eToHa. TpeHyTHO
HajoOMMHWja, HacTana npoLINPEHEM
RILEM-ACI 209 6a3e ns 1992. roaunHe,
je 6asa passujeHa Ha Northwestern
University (NU) y SAD nsmefly 2010. n
2013. rogvHe, Koja ce U faHac ypegHo
axypupa nogaumma w3 HajHOBMjUX
eKcrnepuMeHTanHmx ucTpaxusawa [1].
YnotpebrbmBocT 0BUX nopartaka
OVPEKTHO 3aBUCU O OYXWHE Tpa-jama
ucnutMBawa, Koja  Hajuewhe  He
npena3n 30 go 90 paHa. Ckynrbawbe
6eToHa je HajuHTEeH3MBHMje Y NpBa Tpu
Mecela A0 roAvHy faHa HaKoH yrpaghe
(kapa ce passmje 40 po 85 %
ABajeceToroavmer ckynrbawa [2]),
anu ce OHO HacTaBrba U y Behum
cTtapocTuma, WTOo Hamehe noTpeby
ekcTpanonauuje eKkcrnepvMeHTanHo
yTBpfleHMX BPEAHOCTM CKynrbawa Ha
OYyXK1 BpeMeHckun nepuopd. Wako cy
y3poum, yTuuajHu akTopu, MexaHu3mm
ckynibawa M Mepe 3a ybnaxaBawe
HEroBUX Mocrneavua penaTtmeHo 4o6po
ucnutaHn u nosHatu [3, 4], y dasu
npojekToBakm-a je Hajuellhe no3HaT camo
orpaHnyeH 6poj napameTapa  Koju
onucyjy CBOjCTBa MaTtepwujana v ycrnose
TOKOM n3sohewa " ynotpebe
KOHCTpyKumje. 360r Tora Hekn Mogenv
3a CKyrnibawe U Teyewe GeToHa (Hnp.
EN 1992, fib Model Code 2010 (MC
2010) n mogen Gardner-a n Lockman-a
GL-2000) y3aumajy y 063mp camo yTuLaj
OCHOBHMX MNapameTapa, kao LTO cy
BpCTa LUEMEHTa, cpefta BpegHocT
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dimensions of a member, and estimated
average ambient  conditions  in
exploitation - relative humidity (RH) and
temperature. On the other hand, more
complex models such as ACI 209R-92,
B3 (Bazant and Baweja 1995. and
2000.) and B4 (Bazant et al., 2013.)
encompass the influence of a large
number of parameters, describing the
composition of the mixture, consistency,
curing and drying conditions and others.
However, accuracy of the values of time-
dependent strains estimated this way is
not necessarily proportional to the
complexity of the model and the number
of input parameters.

The aim of this paper is to present a
general approach to the problem of the
estimation of concrete shrinkage strains,
the basic requirements that the
predicting models have to fulfill, give a
brief presentation of some of the most
well-known models, their classification
and the fields of application and briefly
illustrate and discuss the differences in
size, rate and graphical presentation of
concrete shrinkage strain obtained by
their application.

2. GENERAL REQUIREMENTS

Most of the proposed models for
predicting the shrinkage and creep of
concrete [5-11] make a compromise
between accuracy and simplicity (cost)
of application. The ACI Committee 209
[12] considers that the main issues in the
development and evaluation of a model
are as follows: what is the acceptable
level of complexity of the model and
which input parameters should be
required, what data should be used in
evaluating the model, how accurately
the model should describe the physical
phenomena and which statistical
methods are suitable for evaluating the
model.

According to RILEM Committee TC 107
and ACI Committee 209 the basic
requirements to be met by the concrete
shrinkage prediction models are:

yBpcTohe npu MNPUTUCKY, OWMEeH3nje
enemMeHTa, Te MpouUeHeHN MNpOoCeYHU
ambujeHTanHM ycrnosm y ekcnnoaraumju
- penatmBHa BnaxHocT (RH) wn
Temnepatypa. C  gpyre  cTpaHe,
komnnekcHuju mogenu nonyt ACl 209R-
92, B3 (Bazant n Baweja 1995. n 2000.)
n B4 (Bazant wn ocranu, 2013.)
obyxBaTajy yTuuaj Benukor 6poja
napametapa Kkojuma cy getarbHO
OonucaHn cacTaB MeLlaBnHE, KOH3UC-
TeHuuWja, yCnoBW Here 1 cylewa 1 ap.
MehyTM, Ta4HOCT OBaKO MPOLEHEHUX
BPEAHOCTH BPEMEHCKM 3aBUCHUX
avnaraumja Huje HyXHO nponopumo-
HanHa CcnoxeHocTn mogena u 6pojy
ynasHux nogaraka.

Linrs oBor paga je Aa npukaxe onwtv
npuctyn npobnemy npopayvyHa awna-
Tauvja cKkyrnrbawa OeToHa, OCHOBHe
3axTeBe koje Tpeba ga ncnyHe mogenmu
3a MpopayyH, Aa KpaTak npuKas Hekux
OA Hajno3HaTujux Mojena, HUXoBy
knacudmkauujy n obrnacti npyumeHe 'y
KpaTkMuM upTama rnpukaxe W Mpoau-
CKyTyje pasnuke y Benu4uHu, 6p3viHu
pasBoja M Ha4MHy npukasa gunarauvje
ckynrbarwa 6eTtoHa gobujeHe HUXoBOM
NPMMEHOM.

2. OIWTUN 3AXTEBU

BehunHa npegnoxeHux mogena 3a
npegsuhame cKkynrbarkba W Teyewa
6etoHa [5-11] npaBM  KOMMPOMMC
n3mehy TayHOCTM U jeOHOCTaBHOCTMU
(ueHe) npumeHe. ACI Committee 209
[12] cmaTpa ga cy rnaBHa nuTaka npu
pa3Bojy 1 oueHn mogena crnegeha: koju
je npuxBaTIbMBM HUBO CIOXEHOCTMU
Moena W Koju ynasHu napameTpu
Tpeba aa 6ydy 3axTeBaHu, KOju nogaum
Tpeba ga ce kopwcTe mpu esanyaumju
Moerna, KOMMKO MpeuusHo Mopern
Tpeba pa onucyje uanyke nojase u
Koje cTaTUCTUYKe MeToae Cy NpuknagHe
3a eBanyauujy mogena.

RILEM Committee TC 107 u ACI
Committee 209 kao OCHOBHe 3axTeBe
Koje Tpeba pga wucnyHe mogenu 3a
Ckynrbamwe 6eToHa HaBoae:
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— Drying shrinkage should have an
upper limit;

— Shrinkage equations should enable
extrapolation in time and size;

— Models can be evaluated through
comparison with the experimental data
obtained only on samples within the
field of applicability of each model;

— Expressions should be easy to use
and should not be highly sensitive to
small changes in input parameters;

—The shape of individual shrinkage
curves over a wide time range should
fit the test results;

— Equations should be able to adapt to
concretes containing mineral additives
and chemical admixtures;

— The models should include the effect
of specimen size;

— The models must take into account the
changes in relative humidity.

According to AClI Committee 209 [12],
each prediction model for shrinkage of
concrete should include at least the
following information: description of the
concrete through the mixture
proportions or through its mechanical
properties (strength or modulus of
elasticity), ambient relative humidity,
duration of drying and specimen size.

3. FIELDS OF APPLICATION,
INFLUENCING FACTORS AND
CLASSIFICATION OF MODELS

The majority of models developed up to
the late 1990s are adapted to the normal
strength concretes (NSC), which are
characterized by a water-to-cement ratio
(w/c) above 0.40 and the corresponding
quantities of ordinary Portland cement
(OPC), most often without mineral
additives. More recent models extend
the field of application to high-strength
(HSC) and high-performance concretes
(HPC), with low and very low w/c ratios,
high cement contents, mineral additives,
alternative aggregate types, wide
spectra and combinations of chemical
admixtures, etc. One of the important
characteristics of the models applicable

— Ckynrbame ycnea cywemna Tpeba ga
“ma ropmy rpaHuLy;

—W3pa3m 3a ckynrbawe Tpeba pfa
omoryhe ekcTpanonauujy y BpEMEHyY u
No BENMUYNHY;

— OueHa Mogena MoXe ce BPLUMTM KPO3
nopehewe ca eKkcnepumeH-TanHum
nogauvMma gobujeHum camo  Ha
y3opuvMMa Koju ce Hamnase yHyTap
obnacti npumeHe gaTtor Moaena;

— W3pasu Tpeba pa 6yny jea-HocTaBHU
3a ynotpeby m He cmejy 6utu jako
OCEeT/bLMBU Ha Mare npoMeHe yrnas-
HWUX NapameTapa;

— O6nuk nojeanHaYHNX KpUBMKX CKyr-
rbakba Kpo3 LUMPOK BPEMEHCKM pac-
noH Tpeba ga Gyne y carnacHocTu ca
pesynTatuma UCNUTMBaH-a,;

— WN3pasu Tpeba ga Oyay y ctamwy ga ce
npunaroge ©6eToHUMMa Koju cagpxe
MUHeparnHe 1 XxeMujcke JoAaTKe;

— Mopenu tpeba na obyxsate edekar
BENNYMHE Y30pKa;

— Mogenn Mmopajy y3etn y o63up
NpomMeHe penaTtuvBHE BraXHOCTW.

Mpema ACI Committee 209 [12] cBaku

Mozen 3a ckynrbawe Tpeba aa ykibyuum

MUHUManNHoO cnegehe wHopmMauuje:

onuc 6eToHa Kpo3 cacTaB MellaBUHe

NN NPEKO  HEroBUX  MEXaHWYKUX

cBojctaBa (4Bpctoha unu  moayn

€enacTu4HOCTW), penaTUBHY BRAXHOCT
cpeaviHe, Tpajarse Cylliersa N BENNYNHY
y30pkKa.

3. OBJIACTU NPUMEHE,
YTULAJHU ®AKTOPU U
KNACUPUKALIMJA MOLIESIA

BehnHa mopgena pasBujeHux OO Kpaja
AeBefeceTnx rogumHa npoLunor Beka je
npunarofeHa 6eToHUMa HopMarnHe
yBpctohe (BHY), koje kapakTepuy
BPeAHOCTU BoOAOLEMeHTHOr bakTopa
(w/c) wsHag 0.40 wu opgrosapajyhe
KONnyvHe OBWYHOr MopTnaHA LemeHTa
(Ony), Hajyewhe 6e3 MUHepanHux
popataka. Hosuju mogenu npowmpyjy
obnact npumeHe n Ha 6eTOHe BUCOKUX
yspctoha (BBY) wun nepdopmaHcu
(BBTT), ca HUCKMM 1 BEOMA HUCKMM W/C
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to HPC is the subdivision of total
shrinkage (TS) strain into the
components of autogenous (AS) and
drying shrinkage (DS). More details
about AS and DS and their contributions
to the total shrinkage of NSC and HPC
are given in [4].

The ranges of applicability of the most
well-known models for prediction of
concrete shrinkage are presented in
Table 1.

(haKTOpoM, BMCOKMM cagpxajem Leme-
HTa, MMHepanHMMm gojauvma, antepHa-
TUBHUM TWMNOBUMA arperarta, LUMPOKUM
CMEKTPOM M KoMmbuHaumjama XeMmjcKnx
popgataka u cn. JegHa o GuTHUX
KapakTepuctMka mogena npUMeHIbU-
Bux Ha BBIl je pasgBajatbe ykynHe
avnaTtaumje  ckynrbawa (YC) Ha
aytoreHy (AC) n KOMMOHEHTY ycneq
cywena (CYC). Buwe getarmma o AC n
CYC u HKMX0BOM [OMPUHOCY YKYNMHOM
ckynrbawy BHY v BBI1 gato je y [4].

Y T1abenn 1 cy npukasaHe obGnactu
nNpuMeHe Hajno3HaTujux mogena 3a
npeasviame ckynbara 6eToHa.

Table 1 - Parameter ranges for applicability of models

CEB-FIP

. Notations ACI fib
Input variables . MC B3 GL-2000 B4
[units]  209R-92 1990/99 MC 2010
Concrete mean f
compressive cm28 20t088 17t070 16t082 20t0130 15t070
. [MPa]
cylinder strength
Aggregate-cement alc B 3 2510 } ) 1.0to
ratio by weight 135 13.2
5 279to ) 160 to ) ) 200 to
Cement content ¢ [kg/m?] 246 720 1500
Water-cement ratio 0.35to 0.22 to
by weight wie : - ogs 041006 : 0.87
Relative humidity = RH [%] 40 to 100 40 to 100 410080 20to 100 40to 100 -
Type of cement NorR S,NNR S, N,R S,N,R S,N,R S,N,R
European (U.S.) (tor 1) (L, 1, 1y ¢, 0,1y (1, 11, 1) (1, 1,1y (1, 11, 1)
Duration of moist t, >lday <lddays >lday >lday <14 days -
curing
Duration of steam t 1to3 ) ) ) )
curing ¢ days
Temperature of the 2010
environmgnt during Teu [°C] - - - - . 30°C
curing
5do 30°C
Tempe_rature of the T ) 510 30°C ) ) (With s_omg -250 to
environment corrections:  75°C
0to 80°C)
Volume-surface VIS [mm] ) ) ) ) ) 12 to 120

ratio
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Table 2 presents the factors which
are taken into account in the models
considered here.

Y Ttabenu 2 cy npukasaHun gaktopu

Koje y3umajy y o63up oBge

pasmaTtpaHu Mogenu.

Tabena 1 — Oncer BpegHOCTV NapaMeTapa 3a nojeavHe mogene

OsHaka ACI
[leauHnue] 209R-92

YnasHa
NpOMeHIbUBA

CEB-FIP

B3  GL-2000 fib MC 2010 B4

1990/99

Cpepntba BpegHoOCT
yBpcTohe 6eTOHCKor

LMNMHAPa NpK femes [MPa] - 200088 170070 16 o 82 2070130 157070
NpUTUCKY
OpaHoc TexunHa alc ) 2.5 po ) ) 1.0 o
arperarta u uemeHTa 135 13.2
) 3 279 po 160 po ) ) 200 go
Cappxaj uemeHta ¢ [kg/m?] 446 720 1500
BoaouemeHTHU wic ) 0.3500 0.4 p0 ) 0.22 oo
dakTop, No macu 0.85 0.6 0.87
PenatusHa o 40 no 40mo0 20 po
BIIaXXHOCT RH [%] 100 A0A0100 144 100 40 Ao 100 )
BpcTa uemeHTta NumR S,N,R S,N,R S NR S,N,R S,N,R
esponcku (CAL) AT (R T () R (T 1) I (e T 1)) (1, 11, 1)
Tpajare Here y R
BNa3n tc >l paH <l4pgaHa >1padH  >1padH <14 paHa
Tpajane Here t 1003 ) ) ) )
3anapvBamem ¢ naHa
Temnepartypa Tew [°C] ) ) ) ) 20 po
cpeauHe TokoM Here 30°C
5p030°C
Te(r\:/ln:p;Jé/pa Teur [°C] - 5p0030°C - - (nocpeaHo ??D'EC‘ZO
pen 0 [0 80°C)
OpHoc 3anpemMuHe u VIS [mm] ) ) ) ) 12 70 120

nospuiunHe

Figure 1 presents the classification of
models for predicting the shrinkage of
concrete by several criteria. It should be
noted that the boundaries of the fields of
application are not strictly defined. For
example, the ACI 209R-92 model is not
based solely on the mechanical
properties of hardened concrete, nor
does it have a limited w/c ratio, which
leaves open a possibility for it to be
applied to HSC, even though it was
developed and calibrated based on data
obtained for NSC. If the lower limit of the
compressive strength of HSC is adopted
according to Eurocode 2 [13] as fem=63

Ha crnvum 1 pata je knacudmkaumja
mMogena 3a npeggufame CKyn-rbama
OeToHa NO HeKONUKO ocHoBa. Tpeba
umatu Ha ymy ga rpaHuue obnactu
npuMeHe HUCy cTporo AeduHncaHe. Ha
npumep, mogen ACI 209R-92 ce He
3aCHMBA WCKIbYYMBO Ha MeEXaHWUYKUM
CBOjCTBUMA 04BpCror 6eToHa, HUTK My
je orpaHuyeH oncer w/c dakTopa, Yume
Ce He Wuckrbydyyje MoOryhHoCcT Heroese
npumeHe Ha BBY, unako je Hactao wu
kanubpucaH Ha OCHOBY nogaTaka
nobujeHnx 3a BHY. Ako ce pomwa
rpaHuua nputucHe uBpctohe BBY
ycBoju npema Espokogy 2 [13] kao

| JOURNAL OF FACULTY OF CIVIL ENGINEERING 34 (2018) |



MPa, it can be concluded that the GL- fem=63 MPa, moxe ce 3akrbyuuTn aa cy

2000 and B4 models are applicable not mogenun GL-2000 n B4 npumeHnen He
only to NSC, but also to the lower camo Ha BHY, Beh u Ha Hwke knace
classes of HSC. In addition, the ability of BBU. Mopepn Tora, moryh-HocT Mogena
the B4 model to separate AS and DS, B4 pa pasgeoju AC n CYC, kao 1 ga
and to take into y3Mme y 003up yTuuaj Benukor 6poja

Table 2 - Factors which are taken into account in the presented models
Tabena 2 — ®akTopu Koje npukasaHu Moaenu yaumajy y ob63vp

fib MC B4
ACL | o0 | 2010
Factors/®akTopu 209R-
9o | 2000 | As/| DS/ | AS/ | DS/
AC |CYC| AC |CYC
cement/ type/spcTa + S R e
uemeHT content/konuuuHa + +
type/BpcTa +
aggregate/  fine-total aggregate ratio/
arperat O[HOC KOMUYUHE CUTHOT U +
YKyMHor arperata
BMixture/ admixtures/ type/spcTa
eToHCka aanTuBn content/konuuuHa
MellaBuHa
air content/konnMumHa yBydYeHor Basgyxa +
wic
a/c
mass density of concrete/ +
3anpemuHcka maca 6etoHa [T Jkg/m?]
slump/cnerame
type/meton
Designand  curing/Hera duration/Tpajarbe +
construction/ temperature/Temnepatypa i i + +
MpojekToBame P patyp
¥ nssohere shape of the specimen/obnuk y3opka +
V/S + + + +
mean compressive cylinder strength/
cpeata uBpcToha umMnuHgpa npm + + +
Hardened npuTncKy
concrete/ effect of aging on elastic stiffness/ +
OuBpcnu yTULaj CTapewa Ha enacTuyHy KpyTocT
GeTon activation energies of hydration and
moisture diffusion/eHepruje akTnBauuje + +
xuapatauuje n gudpysuje Bnare
Environment/ temperature/TemnepaTtypa + + + +
OkonuHa relative humidity/penaTtvBHa BnaxHocT + + + +
duration of drying/Tpajame cylwena + + + +
AS/AC - autogenous (basic) shrinkage/aytoreHo (ocHOBHO) ckynrbawe; DS/CYC - drying
shrinkage/ckynrbatbe  ycnen cywemwa; i - indirectly, by temperature-adjusted concrete

age/MHONPEKTHO, KPO3 Kopekumjy cTapocTn 6eToHa
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account the influence of a large number
of factors, including the influence of
additives typical for HPC, makes it
suitable for predicting the shrinkage of
HPC. For this reason, in Figure 1,
dashed lines indicate the relative
affiliation of models ACI 209R-92, GL-
2000 and B4 to the group that can be
applied to HPC.

dakTopa, ykrbyuyjyhu yTuuaj gogaTtaka
TMNNYHKUX 3a BBI1, YnHM ra npuknagHum
1 3a npeaswuharse ckynrbaka bBI1. 36or
oBora je Ha cnvum 1 wucnpekngaHum
nvHKjama O3Ha4yeHa penaTvBHa
npunagHoct mogena ACI 209R-92, GL-
2000 n B4 rpynu koja ce Moxe
npumMeHnTN 1 Ha BBIT.

According to considered factors/
[pema dakToprmMa Koju ce y3umajy y o03up

) ( According to treatment of shrinkage/

[Ipema HauMHY TpeTHpama CKYIJbarba

echanical properties
of hardened concrete/
MexaHHUuKa CBOjCTBA
OYBpCJIOr OETOHA

Mixture/

CacTaB MeIIaBUHE

Autogenous and
drying separately/
PazzBojeHo ayroreHo

n ycleq cymema

Total only/
CaMo yKyIHO

MC 2010

Normal strength concrete only/
Camo OGeToHH HOpMalHE YBpcTohe

Both NSC and HPC/
BHY u BBI1

f

f

( According to fleId of application/ )

[pema obnacTi mpuMeHe

Figure 1 — Classification of models for predicting the shrinkage of concrete
Cnuka 1 — Knacudukauuja mogena 3a npeasuhame ckynrbamwa 6eToHa

4. A BRIEF OVERVIEW OF
MODELS

The general form of the expression for
concrete shrinkage strain can be given
by the following equation:

4. KPATAK NMPUKA3 MOLENA

Onwtn obnuk un3pasa 3a guna-tauujy
CKynrbaka 0eTOHa MOXe ce MpukasaTu
cnegehom jegHa4YMHOM:

esp (1) = egny -k (h)-f(t). 1)

&h(t) is the shrinkage strain of concrete
at age t, &hu is the final (ultimate) value
of shrinkage strain, f(t) the function

&h(t) je avnatauuja ckynrbawba 6eToHa
CTapoCTu t, &hu Kpajikba (ynTumaTvBHa)
BpeAHOCT Aunartaumje ckynrbawa, f(t)
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(usually hyperbolic) describing the time
development of shrinkage strain (Table
3), and the factor k(h) introduces the
effect of relative humidity. Most of the
factors that influence the magnitude of
shrinkage are introduced through the
ultimate strain gshu.

The two recent models (MC 2010 and
B4) separate the AS and DS strain, while
the total shrinkage strain is determined
by the superposition of these two
components.

dpyHkuMja (Hajuewhe xunep6onuyka)
Koja onucyje pasBoj Agunatauuje
CKynrbama y TOKy BpemeHa (tabena 3),
pok daktop k(h) ysogu yTtuuaj RH.
BehuHa dpaktopa Koju yTuU4y Ha
BENMNYMHY CKynibaka YBOAU Ce Kpo3
yNTUMaTMBHY Aunartauujy &shu.

[Ba HoBuja mogena (MC 2010 u B4)
pa3gBajajy aunatauunjy ycneg AC u
avnatauunjy CYC, npu 4yemy ce yKynHa
annarauuja CKynrbawa onpehyje
CynepnosnumjomMm oBe ABe KOMIMOHEHTE.

Table 3 - Function f(t) in analyzed prediction models for shrinkage of concrete
Tabena 3 - dyHkuuja f(t) y pasmaTpaHMm Moaenvma 3a ckynibamwe 6eToHa

Model/Mogen f(t)
ACI 209R-92 w where/ca a =1
f+(t-te)"
0.5
t—t
GL-2000 c 5
t—t. +0.12-(V/S)

for autogenous shrinkage/
3a ayTOreHo CKynrbame

[Js(t)

1—exp(—0.2~xﬁ)

MC 2010

cywena

[ ds(t-ts)

for drying shrinkage/
3a cKynrbame ycnes

0.5
t—tg
0.035-h? +(t-t)

for autogenous shrinkage/
3a ayTOreHo CKynrbake

B4

ot
14| tau_
t+tg

for drying shrinkage/
3a cKynrbame ycneq

cyweha

tanh /i
Tsh

where/rge je:

t - age of concrete, in days/ctapoct 6eToHa, y AaHMa
tc, ts - age at the start of environmental exposure, in days/ctapoct 6eToHa Ha NoYeTKy

n3narawa oKpyxemwy, y gaHnma

f - constant dependent on the type of curing/koHCcTaHTa 3aBWCHa Of HayMHa Here:
f=35 for 7 days of moist curing/3a Hery BnaxehemMm y Tpajamby 7 AaHa 1
f=55 for 1 to 3 days of steem curing/3a 1 o 3 gaHa Here 3anapuBatem

VIS - volume-surface ratio/ogHoc 3anpemuHe y30pKa 1 MOBPLUNHE U3TOXEHE CYLUEY,

(mm)

h=2Ac/u - the notional size of the member/HomnHanHa BenuynHa enemeHTa, (mm)
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Ac - cross-section/noBpLuMHa nonpeyHor npeceka, (mm?2)

u - the perimeter of the member in contact with the atmosphere/o6um enemeHTa
KOju je y KOHTaKTy ca atmoccepom, (mm)

&h, gu - drying and autogenous shrinkage halftime, respectively/speme nonyckynrbama
ycneq cyllesa 1 ayToreHor nonyckynibama, pecrnekTMBHO

t - temperature corrected exposure duration, in days/Tpajare W3MNOXEHOCTU
CyLLeHy KOpUroBaHO 3a yTulaj TemnepaType, y AaHuma
fo - temperature corrected age at exposure, in days/cTapocT Ha NOYeTKy CylleHa

KOpUroBaHa 3a yTuuaj Temneparype, y JaHuva

4.1. ACI 209R-92

Model ACI 209R-92 [5] is empirically
derived and easy to use, at least in its
original form for "standard conditions".
The shrinkage strain of concrete at the
age of t days, measured from the
beginning of drying tc (in days) can be
calculated from the expression:

4.1. ACI 209R-92

Mogen ACI 209R-92 [5] je emnupujcku
3acHOBaH W jegHOCTaBaH 3a MpUMEHY,
Gapem y cBOM W3BOpPHOM 06nuKy 3a
"ctaHpapaHe  ycnose".  [dunatauuja
ckyrnrbakba 6eToHa crapoctu t AOaHa,
MepeHa of noyeTka cywewa tc (y
AaHy“Ma) MoXe ce 0ApeanTn U3 npasa:

esp (tte) =f(tte) espy - (2)

The function f(t,tc) is given in Table 3,
while &nhu  represents the ultimate
shrinkage strain, which has a value of
&n=780x10® mm/mm for standard
conditions (relative humidity 40 % and
k(h)=1). This strain can be modified
through seven correction factors which
introduce the non-standard conditions of
duration of curing (shi), ambient
relative humidity (ysnrH), sSize of the
member (jhvs), the slump of fresh
concrete (y%hs), the content of fine
aggregate (%n,y), cement content (ysh.c)
and air content (jsh,a), according to the
following expression:

PyHkumja f(t,tc) je aata y Tabenu 3, gok

Eshu npencrasrba ynTUMaTMBHY
aunartauujy — ckynrbawa, koja  3a
cTaHgapgHe ycnose (BnaxHocT

Basgyxa 40 % u k(h)=1) uma BpegHocT
&hu=780x10* mm/mm. Oea gunaTauuja
ce Moxe MoaucmKoBaTM Mpeko cegam
KOpEeKLUMOoHUX dpaktopa, Kojuma ce
obyxBaTajy HecTaHgapgHuW  YCroBM
Tpajaa Here (&htc), BNAXHOCTU
Ba3gyxa (JshRrH), AMMEH3Wja enemeHTa
(yshys), crierara cexer 6eToHa (Jshs),
cagpxaja CuUTHUX dpakumja arperaTa
(%h.y), cagpxaja uemeHTa (Jhc) W
cagpxaja yByyeHor Basgyxa (Jsha),
npema cneaehem m3pasy:

-6
Eshy = 78075y x10°mm/mm,  yg, = Ysh,tcYshRHYsh,vsYsh,s¥sh,y¥sh,cVsh,a 3)

4.2. GL-2000

The main advantage of this model is that
it requires only those input parameters
that are already available at design.
Shrinkage strain is calculated from the
expression (4) [8]

4.2. GL-2000

OcHoBHa NpegHOCT OBOM MOAenNa je WTo
3axTeBa Camo OHe ynasHe nogaTke Koju
cy nosHaTtu Beh NPUIMKOM
npojekToBawa. [unaTtaumja ckynrbama
ce npopadvyHaBa n3 n3pasa (4) [8]
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€sh (t' tc) = €shy -B(h)f(t, tc) ) (4)

where f(t,tc) is shown in Table 3. The
ultimate shrinkage strain is given as a
function of the mean compressive
strength of a concrete cylinder at the
age of 28 days fcmz2s (in MPa) and the
cement type expressed through the
constant k, as follows:

Eepy = 9001{

The accuracy of the expression above
can be increased if the prescribed
values of concrete cylinder strength are
replaced by the values measured at
certain time intervals.

The influence of the ambient relative
humidity is introduced through the factor
Ah) (h is the dimensionless ambient
relative humidity):

roe je f(t,t) npukasaHo y Tabenn 3.
YnATuMaTuBHa gunarauuja ckynibama je
aata y dyHuuju cpegwe BpeaHOCTU
yBpcTtohe npu npuTucky BeToHckor
uunuHgpa crapoctn 28 paHa femes (y
MPa) n BpcTe LemMeHTa uspaxeHe Kpos3
KOHCTaHTy K, npema:

2
30 } <1075 (5)
fcm28

TayHOCT  MpoueHeHux  BpPeaHOCTH
ckynrbamwa Moxe ce nosehatu ako ce y
ropkM n3pas yHecy MepeHe BpeLHOCTU
yBpcTohe, ycTaHOBIbeHe Y oapeheHnm
BPEMEHCKNM MHTEpBannva.

YTuuaj BRaxHOCTU cpeauHe yBoau ce
kpo3 caktop A(h) (h je penatuBHa
BMaXXHOCT CpeAuHe wuspaxeHa 6esgu-
MEH3MOHaIHO):

B(h)= (1—1.18h4) . (6)

According to this model swelling of the
specimen occurs for ambient relative
humidity h> 0,96.

4.3. MC 2010
The MC 2010 model [10] subdivides the

total shrinkage strain into two
components: the drying shrinkage strain

lMpema oBoM Mogeny 3a penatuBHy
BnaxHocT cpeauHe h>0.96 gonasu go
OyGpersa y3opka.

4.3. MC 2010
Mogen MC 2010 [10] pa3agBaja yKynHy

AunaTauumjy ckynrbaka Ha gunartauujy
CKynrbamwa ycrnen cylwewa &ds(tts) u

&ds(t,ts) and the autogenous shrinkage aunarauujy — ayToreHor  CcKynrbawa
strain &ebs(t,ts): &ebs(t,ts):
€cs (tvts) = €cds (t! ts) + &chs (t) . (7)

The drying shrinkage strain is
determined by the following expression:

Junataumja ckynrbawa ycnep cyluera
ce ogpehyje us cnegeher uspasa:

€cds (t, ts) = €cds0 (fcm)'BRH (RH) “Bds (t - ts) . (8)

&eds,0(fem) is the nominal drying shrinkage
coefficient expressed as a function of
the mean value of concrete cylinder
compressive strength fem and the
cement type (through the coefficients

ads1and aus2). fru(RH) is the coefficient

&eds,0(fem) j& HOMMHaNHM koeduuMjeHT
CKynrbawa ycnen Cylewa Koju ce
m3paxaBsa Yy  QyHKUMjKM  cpearbe
yBpcTohe 6eTOHCKOr UunuMHApa npu
npuTtncky fem 1 BpcTe uemeHTa (npeko

koedmumjeHaTa qasi U us2). Pre(RH) je
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which introduces the influence of

ambient relative humidity, while Sus(t-ts)
is given in Table 3.

KoedUUMjeHT KojuM ce yBOAM YTULAj
penatuBHe BRaXHOCTW Ba3gyxa, AOK je
Pas(t-ts) nato y Tabenu 3.

Eeds0 (fcm) = [(220 +110- OLdsl) ’ eXp(_adsz “fem ):. 10°°. (9)

The expression for autogenous
shrinkage also follows the general form:

Mspa3 3a Aaunatauumjy ayTtoreHor
CKynrbama Takofe npatu onwTn obnumk:

€chs (t) = €cbs0 (fcm ) Bos (t) ) (10)

where fs(t) is a function of time (Table

3), while &bso(t) is the basic nominal
coefficient of shrinkage:

£chs0 (fcm) = ~Ops [

avs is a coefficient dependent on the
cement type, and is given in [10].

44. B4

B4 is the most recent model, created by
improving the previous B3 model, which
aspires to take into account a large
number of influencing factors and their
interactions in assessment of the
magnitude and time development of
shrinkage strain. This makes the model
extremely complex, with a large number
of correction coefficients. The B4 model
has the potential to be improved and
adapted to new materials and
combinations thereof, but its calibration
and verification calls for the existence of
a large database built on conscientious
experimental research carried out in
accordance with the standard
procedures [14], with coherent, precise
results presented in detail. The
procedure for calculating the shrinkage
strain by the B4 model [11] and the
meaning of the applied factors are
shown in Table 4.

0.1y,
6+0.1f,,

rae je [fhs(t) BpemeHcka dyHKUMja
(Tabena 3), OOK je &bso(t) OCHOBHU
HOMMHAMNHN KOeULMEHT CKyNIbarba:

25
] 107°. (11)

Qs je KoeduumjeHT 3aBucaH of BpCTe
uemeHTa, aaty [10].

44. B4

B4 je HajMnahu Mogen, HacTao
yHanpeheweMm npetxogHor B3 mogena,
KOju TeXw Aa npu MNpoLEHU Bern4YMHe
avnaTtaumje  CKynfbawa W HeHOr
BPEMEHCKOr pasBoja y3me y 063up
BeNMkn ©Opoj yTuuajHux daktopa u
HUXOBMX WHTepakumja. OBO Mogen
YMHU N3Y3ETHO CIIOXKEHWM, Ca BENNKUM
OpojeM KOpeKkuMoHuX KoedumLmjeHaTa.
Mogen B4 wuma noTteHumjan pa ce
ycaBpwiaea W npunarofasa HOBUM
MaTepvjanMmMa ” HUXOBUM  KOMOU-
HaumMjama, anuM je 3a  HEeroBy
Kanmbpauujy M npoBepy HEONXo4HO
noctojawe Benuke 6a3e nopartaka,
narpafeHe Ha ekcrnepMMeHTMMa Koju cy
M3BEdEHN CaBECHO, MO CTaHAapOHWUM
npoueaypama [14], ca jacHo, npeuunsHo
M KOH3UCTEHTHO NpuKasaHuM pesyn-
Tatuma. Tok npopadyHa Aunartauuje
ckynrbawa npema mogeny B4 [11] n
3Hayewe NPUMEHEHNX akTopa
npukasaHu cy y Tabenu 4.
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Table 4 - Calculation of shrinkage strain using model B4
Tabena 4 - MNMpopayyH gunatauuje ckynrbawa npema mogeny B4

Total
shrinkage . . .
strain/YkynHa Esh,total (t, to) =£gp (t, to ) + &4 (t, to)
aunatauuja
CKynrbama
drying shrinkage/ckynreare ycnen | autogenous shrinkage/aytoreHo
cylena CKynrbake
General . _ _ o ~
form/OnwTn €gh (t, to) = €5heo (to)khs(t) €au (t, to) = €au00f (t)
ob6nuk

o
~ T
Time curve/ ) 7 f(t) = 1*[@?% ]
BpeMeHcku S(t)ztanh ’— 0
Tsh

TOK

2
, D
Shrinkage Tgh = ToK [k —j
halftime/ o T imm B w/c Y
Bpewme (a/c )pm [ we j"m [ 6.5¢ J"w fau = Taucem| g 3g
nonyckyn/b. | 7o =1 —— — —_—
“ni 6 0.38 p
. E(7B7p, + 600,
Final €shwo (to) = 780kga Q

E(t, +
shrinkage/ (0 TShBTS)

r, .
. a C ea W C EW
Kpajtea a/c "= ((w/c P (6.5 P | €aum :_Sau,cem[ / ] ( ; j
avnartaumja | €0 = &cem| 5 — —_— 6 0.38

6 0.38 P
CKynrbaHka
p = 2.350 kg/m®

D=VIS - effective thickness of the member/edekTnBHa nebromHa enemenTa, (mm)

ks, K - the aggregate type dipendent correction factors/dpaktopu kojuma ce ysoau
yTuuaj BpCcTe arperata

ks - shape parameter/dakTop obnuka ysopka

E(f ) - temperature corrected elastic modulus at age t/mogyn enactnyHocTn 6eToHa
cTapocTu t, KopurosaHe 3a yTuuaj TemnepaType

Pm, Prs - factors that introduce the influence of temperature on the age of concrete/
hakTopu KojuMa ce yBOAM yTMLAj TemnepaType Ha ctapocT 6eToHa [11]

Ecems Pear Pews Pecr Teems Pras Prws Prer Tty Ty Eau,cem » Feas Tows Tau,cem r -

™wW

parameters depending on cement type/napameTpu 3aBUCHU 0f BPCTE LieMEeHTa

[11]
In addition to representing the total OcMm  WTO  yKyMHYy  guvnartauujy
shrinkage strain &y, o (£.f) as a Ckynrbamwa &, o (,f)  Npeactaema
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superposition of the DS strain ¢ (f,)
and AS strain ¢, (f,f)), this model

provides the opportunity to take into
account, when determining the
shrinkage strain, the effect of aggregate-
cement ratio a/c by weight, water-to-
cement ratio w/c, cement type and
content ¢ [kg in 1m?], mass density of
concrete p [kg/m?)], aggregate type, size
and shape of the concrete
specimen/member, the temperature
during curing and drying, ambient
humidity, changes in the modulus of
elasticity during the aging of concrete,
and even the types, quantities and
combinations of concrete additives.

The coefficient kn is determined as a
function of the ambient relative humidity
h:

_J1-n®
" l12.94(1-h)-0.2

In the conditions of relative humidity at
100 % (h=1) factor kn has a value of
-0.2, which enables the model to predict
the amount of swelling.

The influence of the type, quantity and
combination of mineral and chemical
additives on concrete shrinkage is
introduced through scaling factors,
which adjust the value of the parameters
Tcem, &au,cem, Faw AN Tg.

All of the values of the parameters which
are not presented here are given in [11].

5. COMPARISON OF RESULTS OF
THE MODELS' APPLICATIONS

Figures 2, 3 and 4 represent the total
shrinkage strains of concrete at various
ages with OPC or with addition of silica
fume (SF), and w/c=0.26, 0.35 or 0.5,
which are estimated by the application
of the above presented models and
compared with the measured values. In
Figures 5 and 6 the autogenous
shrinkage curves according to the MC
2010 and B4 models are compared with

kao cynepnosvuujy aunataumje CYC
g4 (E.%) n punataumie AC &, (.5),

oBaj Mogen npyxa MoryhHoCT Aa ce npwu
odpehuBamwy Aunatauvje cKyn-reamwa
y3ame y ob63up yTuuaj ogHoca Maca
arperata M UeMeHTa alc, BoOJoO-
LLeMeHTHOr haktopa wi/c, BpcTe M
KonuMumHe uemeHTa ¢ [Kg y 1m?),
3anpemuHcke Mace 6eToHCKe Melua-
BuHe p [kg/m?3], BpcTe arperata, Aume-
H3uja n obnuka GeTOHCKOr y3opka/ene-
MEeHTa, Temnepatype cpeavHe TOKOM
Here W Cyllena, BMaXHOCTU cpeavHe,
nNpoMeHe MoAyna enacTu4HocTM ca
cTapeweM OeToHa, nNa 4Yak M BpCTe,
KonuyvHe u kombuHauuje ApopaTaka
6eToHy. KoeduumjeHT kn ogpehyje ce y

yHKUMjK penatvBHe BNa)XHOCTU
Basgyxa h:
<
h<0.98 . (12)
0.98<h<1

Y ycnosuma penatusHe snaxHoctn 100
% (h=1) daktop kn mobuja BpegHoCT
-0.2, wrto wMogeny omoryhasa pJa
npeaBuan BenuuuHy Oybpersa. YTuuaj
BpCTE, KONMMYMHE U  kombuHauwje
MUHeparnH1ux U XeMujCKMxX goaartaka Ha
ckynrbawe OeToHa yBoAM Ce Kpo3
6e3aMMeHs3noHanHe  MynTunnaukaTope
KOjMa ce Kopuryjy BenuuuHe napame-
Tapa tcem, &au,cem, lew U e

BenuuvHe cBUX CMOMEHYTUX Napame-
Tapa Koje OBAEe HUCY NpuKasaHe, aaTte cy

y [11].

5. YNOPEQOHW NMPUKA3
PE3YNTATA NMPUMEHE
MOJENA

Cnuke 2, 3 u 4 npukasyjy YKynHe
avnaTtaumje ckynrbawa 6eToHa |y
pas3nnuntnum ctapoctuma ca OlL nnm
ca gogaTkom cunukaTHe npawmHe (CIT),
n w/c=0.26, 0.35 nnn 0.5, npoueneHe
NPMMEHOM rope npukasaHux mogena u
yrnopeheHe ca mMepeHVM BpegHocTUMa.
Ha crnvkama 5 un 6 ynopeheH je
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values measured on  concrete BPEMEHCKM TOK ayTOreHor CcKynibaka
specimens with w/c=0.26 and 0.35, with npema mogenumva MC 2010 n B4 ca

and without the addition of SF. BpegHOCTUMa U3MEPEHVM Ha y3opunma
6eTtoHa ca w/c=0.26 n 0.35, ca n Ges

popatka CI.
1400 OPC/ONL, w/c=0.26 800 - OPC/OrL, wic=0.50
1200 - 700 q
© ©
° :
< 1000 1 —— MC 2010 % 600
o —=—B4 X
= -= 500 1
3 800 ACI 209R-92 S
5 —=— GL 2000 g 400 4
S 6001 - -%-- Measured/MepeHo S <% —+—MC 2010
= S 300 4 { —=—B4
£ 400 £ ; ACI 209R-92
& 5207 T¢ —=— GL 2000
2001 1004 ¥ --%-- Measured/MepeHo
t (days/natm) - t (days/nanm
04 ) X o . . ‘ . . t(days/nanm)
0 20 40 60 80 100 0 20 40 60 80 100 120 140

Figure 2 — Total shrinkage of concrete with OPC for w/c=0.26 (left) and w/c=0.5 (right)
Cnuka 2 — YkynHo ckynrbakwbe 6eTtoHa ca OrlL 3a w/c=0.26 (neso) 1 w/c=0.5 (gecHo)

200 OPC/ONLL, w/c=0.35

700 4 SF/CM 10%, w/c=0.35
o 600 L 600
=) o
% 500 % 500
< o
3 400 A kK 5 400 4 . -
S 300 1 x “B"f 2010 S 300 X% —+—MC 2010
g % ACI 209R-92 g B4
S0yl £ oL 2000 £ 200 ACI 209R-92
2] —-%- Measured/MepeHo » GL 2000
100 100 —-x—- Measured/MepeHo
. t (Qays/ﬂaﬂm) t (days/naHw)
iy o ) ;
0 20 40 60 80 100 120 o 2 w0 0 8 100 120

Figure 3 — Total shrinkage of concrete with OPC (left) and 10 % SF (right) for w/c=0.35
Cnuka 3 — YkynHo ckynrbane 6etoHa ca Ol (neso) n 10 % CI1 (aecHo) 3a w/c=0.35

OPC/OrNL, w/c=0.35

OPC/OnNU, w/c=0.35

700 7 700 1 —e— MC 2010

. —=—B4
%, 600 1 © 600 - ACI 209R-92
S | e —=— GL 2000
el 500 : 500 1 --x-- Measured/MepeHo
= o
= 400 4 5 1
g 3 400 X
2 300 &
é[ ——MC 2010 S 300
T 200 =B84 g
£ < 200
T ACI 209R-92 s X
& 100 —=— GL 2000 a 100 ¥
. ‘ i Nlegsured/l\/legeuo P t-ty (days/naHw)
0 20 2 60 80 100 0
0.01 0.1 1 10 100 1000 10000
t (days/nanu)

Figure 4 — Total shrinkage of concrete with OPC for w/c=0.35 in linear (left) and
semi-logarithmic (right) scale
Cnuka 4 — YkynHo ckynrbane 6etoHa ca OllL, 3a w/c=0.35 y nuHeapHoj (neso) u
nonynorapMTamckoj (4ecHo) pasmepu
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OPC/OnL, w/c=0.35
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Figure 5 — Autogenous shrinkage of concrete with OPC (left) and 10 % SF (right);
w/c=0.35
Cnuka 5 — AyToreHo ckynrbane 6etoHa ca OlL (neso) n 10 % J1M (gecHo); w/c=0.35
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Figure 6 — Autogenous shrinkage of concrete with OPC (left) and 5 % SF (right);
w/c=0.26
Cnuka 6 — AytoreHo ckynrbanwe 6etoHa ca Ol (neeo) n 5 % J1MN (aecHo); w/c=0.26

The analysis shown in Figure 2 right was
done based on the Al-Saleh's test
results [15], in Figure 4 according to the
results of Tongaroonsri and Tangterm-
sirikul [16], while other analyses used
the results of the tests carried out by
Zhang et al. [17]. In Figure 4 right the
shrinkage is shown for a longer period of
time, in a semi-logarithmic scale in
accordance with the requirements of
Bazant [7, 11], where t-to is the age of
the concrete measured from the
beginning of the drying of the specimen.
Presenting the data in this manner
makes it easier to notice that the actual
shrinkage strain for concrete of a greater
age (several years) tends to the value
predicted by the B4 model. All other
diagrams present the shrinkage of
concrete only up to the age to which the
experimental tests were carried out (98,
125 and 28 days). The accuracy of the

AHanusa npvkasaHa Ha cnuuy 2 AecHO
ypahleHa je Ha ocHoBYy pesynTaTta
ucnutusawa Al-Saleh-a [15], Ha cnvum
4 npema pesyntatuma Tongaroonsri-a n
Tangtermsirikul-a [16], 4ok cy y ocTanum
aHanusama kopuvwheHn pesyntaTu
ucnuTuBaka Koje cy cnposenu Zhang u
octarm [17]. Ha cnvuu 4 pecHo je
CKynrbawe  MNpuKasaHo 3a  AyXu
BPEMEHCKV nepuoga, y nonynoraputam-
CKOj pasmepu y cknagy ca 3axTeBuma
Bazanta [7, 11], npu 4yemy je t-to cTapocT
6eToHa MepeHa oA MoyeTKa Cylleha
ysopka. OBakB/M MpuKa3oM ce jacHuje
yoyaBa ga CTBapHa pAgunarauuja
ckynrbama 3a 6eToHe Benuke cTapocTu
(BMWE roguHa) TeXW BENUYUHU KOjY
npeasuha mogen B4. Ceu octanu
Avjarpamu npukasyjy ckynrbare 6eToHa
camo [0 CTapocCT¥ [0 KOjUX Cy BpLUeHa
ekcnepumMmeHTanHa wucnutuBawa (98,
125 n 28 paHa). TauHocT mogena ACI
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ACI 209R-92 and GL-2000 models can
be increased through correction of the
age of concrete for the influence of the
ambient temperature.

6. CONCLUSION

Although some international organiza-
tions favor the application of a particular
model for the prediction of concrete
shrinkage, consensus on how to assess
their accuracy, both methodologically
and numerically, has not yet been
reached. From the analysis carried out
by the author, based mainly on data
from the database [18], for the age of the
concrete up to which the tests were
carried out (up to 130 days), some
observations, confirmed by the literature
[19], can be made:

- The accuracy of the prediction of TS
according to the model MC 2010 has a
very low dependence on the wi/c ratio
and the addition of SF. However, the
estimated AS strain for concrete with
SF is lower than the measured values
by over 50 %;

- Estimated AS of concrete with wic
<0.4 according to the B4 model greatly
exceeds the measured values for the
OPC, while DS is underestimated,
which can lead to a relatively accurate
estimation of total shrinkage. For
concretes with 5 to 10 % SF, this
model gives a more accurate
assessment of AS;

- All models have greater deviations of
the estimated TS from the measured
values for young concrete than for
concrete of a greater age;

- ACI 209R-92, GL 2000 and MC 2010
models provide predictions of similar
accuracy, especially if the age of the
concrete is corrected for the influence
of the ambient temperature.
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