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Summary

The following work describes material modeling axgerimental investigation of concrete at
extremely early ages. At this age of hours, coecratcrostructure is undergoing a rapid
evolution which prohibits any assumption of constaaterial parameters in the modeling. As
hydration is governing the strength development@her qualities of concrete considered in
the design, the degree of hydration is chosen &scidption of concrete microstructure
development. A concept similar to that proposetha solidification theory is then used for
definition of a material model for solidifying arfidrther hardening concrete. An approach to
extension of the range of applicability of the Chmadel of plasticity also for the extremely
early ages by defining the model parameters astiurec of the degree of hydration is
presented. Since consistency of concrete at sudp ages is still rather soft, it prohibits
application of testing equipment commonly usedtfa already hardened concrete. Suitable
methods based on uniaxial testing are proposedjalah a new technique for measurement
of lateral deformation of concrete specimens usiiggtal image processing. Application of
the modified Chen model of plasticity and resulidamed from experiments to solution of
construction problems is demonstrated in two exaspl



Souhrn

PredloZzena prace popisuje materialové modelovanparearentélni vySébvani betonu velmi
raného std. Ve stdi n¢kolika hodin prochazi struktura betonu rychlym vjaro, kuli
kterému nelze povaZovat materialové parametry wZibdodelu za konstanty. Vzhledem
k tomu, Ze hydratacéidi nafst pevnosti a dalsi vlastnosti betonu uvazovanéwhu
Zelezobetonovych konstrukci, byl stipeydratace zvolen pro popis vyvoje struktury betonu
v modelu. Solidifik&ni teorie je zakladem popisovaného materialovéhdeatopro tuhnouci

a dale tvrdnouci beton. Apob roz&eni aplikovatelnosti modelu vyti®ného pro zatrvrdly
beton i pro beton tuhnouci a dale tvrdnoucifiedpeden na Chendwmodelu plasticity, kdy
uvazované materialové parametry jsou definovang jakkce stupé hydratace. Paivadz
konzistence betonu velmi ranéhoigfé velmi nekka, nelze pouzit zkuSebniizzeni Ezne
pouzivané pro zkousSeni ztvrdlého betonu. Proto jsmdeny vhodné metody pro zkouseni
tuhnouciho a dale tvrdnouciho betonu vychazejjedmoosého zkouSeni. Dale je navrzena
metoda pro rreni @icné deformace zkuSebnich vzorkpomoci analyzy digitalnich
fotografii. Pouziti modifikovaného Chenova modelasticity a vysled zkouSek praeseni
problémi pii vystavl® je predvedeno na dvouriladech.



Kli¢ova slova: tuhnouci beton, tvrdnouci beton, mdtariamodel, experimentalni
zkousSeni

Keywords: solidifying concrete, hardening concreteterial model, experimental
investigation



Table of contents

1. INTRODUCTION

2. MODELING OF CONCRETE AT VERY EARLY AGES
2.1 Evolutionary change in concrete at very eaggs
2.2 General approach to modeling
2.3 Modification of Chen model of plasticity

3. RECOMMENDED EXPERIMENTAL METHODS
3.1 Methods based on uniaxial loading
3.2 Image-processing-based method for measwategal deformation

4. EXAMPLES OF APPLICATION
4.1 Deformation of bridge deck during construction
4.2 Rate of pouring concrete in tall RC wall

5. CONCLUSIONS

Literature

Curriculum vitae

15
15
16
18
18
20
22
22

24



1. INTRODUCTION

The building industry is often used as an indicatoeconomy performance and as such
it also suffers from today’s global competition winiis defined by the earliest least expensive
delivery. This puts the building industry under enous pressure to erect structures of
standard quality swiftly and at low cost. In theseaf concrete structures it means to use
rapid hardening types of cement allowing earliexdiag, however, which brings about all
kinds of risk related to high temperature evolutigsually manifested by cracks. Applying
load at the extremely early ages may also lead vierl@ading which would result in
impairment of a structure, or on the contrary,aduction of detrimental effects related to the
rapid hydration. Either way, the evolution of cagter microstructure as a limiting factor in the
construction process has to be determined in advainich necessitates development of a
model for solidifying and further hardening coneretn order to develop a reasonable
material model it is also necessary to be ablebtaio at least a small number of material
parameters experimentally, which in the case afl§gihg concrete presents a challenge. For
its relevance to the current situation in the bogdindustry the modeling and experimental
work on concrete at the extremely early ages wasearnas the topic of this work.

The material modeling presented here is derivenhfthe solidification theory presented
by Prof. Bazant in [1]. Firstly, some consideraian microstructure evolution of concrete
are discussed. Secondly, the basic concept of titerial model for concrete at very early
ages is described. The modification of Chen moéelasticity, [2], originally derived for the
already hardened concrete, is then presented asaanmple of possible approach to extension
of the applicability range of material models. Ty suitable testing methods for
experimental analysis of solidifying and hardenicmncrete are presented along with a
method developed for measurement of lateral defoomaf concrete specimen subjected to
uniaxial loading, which is based on processing igfital images. Fourthly, examples of
application of the modified Chen model of plastiaind the experimentally obtained data to
solution of two real structural problems are présen

2. MODELING OF CONCRETE AT VERY EARLY AGES

2.1 Evolutionary change in concrete at very earlgges

The evolution of microstructure of concrete is ggpbochemical process which depends on
many factors of varying importance. Eliminating tbetdoor factors, such as climatic
conditions, by maintaining constant ambient temjpeeaand humidity or establishing fully
adiabatic conditions, the effect of the intrinsictors related to the chemical composition of
constituents can be observed. The chemical reaatitime microscopic level depends mainly
on chemical composition and amounts of concretestdaents, which are roughly, however
sufficiently, described by the water-cement rattee type and fineness of cement and mix
proportions. In order to introduce the effects tedato internal material changes to the
material model, it is necessary to choose a s@tmibdérnal variable. The degree of hydration
is an internal variable whose concept is commonbepted and which implicitly involves the
physicochemical considerations.

As was mentioned, the degree of hydration as thesore of progress in the
development of microstructure also needs to refdfeicts of outer influencing factors, such
as climatic conditions. For this reason the degoéehydration is also a function of
temperature and of the amount of free water in ofiéme, as a variable, has to be
incorporated since time plays the role of a refegewhich is used for relating the external
effects to the model, such loading and changeBnratic conditions.



The evolutionary change is described by the degfdeydration, which is defined by the
following equation

h= f(a,t) (i=1..n), (1)

where g; are coefficients related to the influencing fastandt is time elapsed after mixing
water with cement. Among the influencing factorsiichh need to be taken into account are
the cement type, amount of cement, water-cemem, raggregate-cement ratio, sand-
aggregate ratio and ambient temperature and relatimidity.

An explicit form ofh can be introduced in the form of an exponentiatfion

= 1(t,) = & Clexeft,a,)* -1),
(32VV/C 378)/1000Q
a2 = 331+ 908W/C,
a, = 131+ 074W/C,

(2)

where t, is time normalized with respect to the final sgjtitime anda are empirical
parameters which depend on the influencing facéord which have to be identified from
experiments (Values obtained for concrete madetirhardening Portland cement concrete
with 28-day compressive strength in the range 36QdviPa are givenW/C is the water-
cement ratio in decimal). The evolutionary functexpressed by Eqg. (2) can be used for the
ages up to the final setting time. Eq. (2) is shawhRigure 1.

Another explicit form ofh, which can be used also for the ages beyond tia¢ $etting
time, is represented by the following monotonicatigreasing S-shaped hyperbolic function

a a4
- - agt, *
h=f(t,)=a, ] —"—]| ,
(n) I:Eal_'_ tnazj

a =10,

a, = 9.164- 72W/C, 3)
a, = 072,

a, =1

a, =15

where t, is time normalized with respect to the final sgjtitime anda are empirical
parameters which depend on the influencing facéord which have to be identified from
experiments (Values obtained for concrete madetirhardening Portland cement concrete
with 28-day compressive strength in the range 36QdviPa are givenW/C is the water-
cement ratio in decimal). The paramedgis used due to the normalization of the functional
value with respect to its value at the final settime. However, at normal use the parameter
as is omitted or its value is 1 because the evolatignfunction, same as the degree of
hydration, reaches unity at infinity.
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Figure 1: Comparison between normalized evolutipfianction and experimental data

2.2 General approach to modeling

In general, the deformational behavior of concetteery early ages resembles that of already
hardened one with the distinction of the pronoungedtic deformability which is at the ages
between the initial and final setting times pronmn&Vith the further increasing age the ratio
between the irreversible and the reversible deftoma decreases, which means, the
deformation can be distinguished according to #sire. For that reason, the total strain can
be split into four components

£(t)=e*(t)+ ")+ £ (1) +£°(1) ©)

where £2is the elastic or instantaneous straiti,is the reversible viscous straia' is the
irreversible viscous (flow) strain, ang’ is the stress-independent strain produced by the
hydration process such as autogeneous shrinkagethenthermal strain. The difference
between the deformational behavior of hardeningie and the already hardened concrete
is in the pronounced variation in magnitudes of strain components. At the ages ranging
from the time of mixing until about the initial sefy time, the irreversible viscous strain
component,e’, prevails. With progressing hydration the elastamponent,s® and the
reversible viscouss’, components are more pronounced while prevalehteedrreversible
viscous strain componenrt!, recedes. The strain component related to theakigdr process
and stress-independent influence$, is of varying importance throughout the solidiion
process, which is attributed to the increase dditerstrength of concrete.

The main difference between the hardening concaett the already hardened one,
especially noticeable under sustained loading,his significant change in the material
parameters due to the hydration process which ngeloallows the simplifying assumption
that material parameters are constant during theleMength of loading. It also should be
pointed out that in the case of hardened concréiehnis loaded at higher ages the duration
of sustained loading can be, and usually is, medsas the time elapsed from the instant of
loading until the moment of interest, which is iocardance with the assumption of the



constant material parameters. In the case of hamgl@oncrete, duration of sustained loading
is actually prescribed in terms of time, however,rhodeling it is more convenient to express
the duration of sustained loading in terms of tlegrde of hydration, proposed above,
allowing more general considerations which canretekpressed as a mere time duration.
This is, for instance, the effect of elevated terapge due to hydration which further
accelerates hydration process and which resultslative contraction of the loading period.
Therefore, for the uniaxial response to uniaxiadiog, the strain should be expressed by

jJtthhdU) (5)

whered is the compliance functioin is the degree of hydration at the moment of irsigte
andh’ is the degree of hydration at the instant of loggdi’, ¢ is strain ando is stress. The
compliance functiond is a function of the internal variable, the degoéénydration, on the
level of definition of the model, however, on thatside the compliance functiohis a
function of time. This is consistent since thera isne-to-one mapping between the internal
variable and time for given conditions. The strann Eq. (5) represents the sum of the first
three components in Eq. (4), excluding the straimmonents®.

Eq. (5) can be differentiated with respect to titpgshich results in

delt) _ . \dolt) , (ea(tt) . ..
" =J(t,t) " +£ p dof(t), (6)

where J(t,t) in the first term in Eq. (6) represents the intdaeous modulus of elasticity
related to the elastic straia?, in Eq. (4) as a function of the degree of hydwath, at timet.
The second term in Eq. (6) can be further decontpwde two parts

t ' t Y ' f '
jaJ(t’t)do—(t')zj 03*(t.t) , 03 (t.t) dolt), @)
, ot A ot

whereJ " is the creep function related to the reversib&asiss straing’, andJ " is the creep

function related to the irreversible viscous flawai, &".
Eq. (4) can be rewritten as a rate-type relation

£(t)=e°(t)+£° 1)+ &' (1) +&°(1) ®

where the meaning of all entries is identical witlese in Eq. (4) and the superposed dot
indicates the differentiation with respect to tinidie exact definition of each component is
given in the following. The strain componegttis not dealt with in this work.

The elastic strain rate is given by

e(t) = FO[U(tI)E,(gtgt) U'(t), (9)

where E(t) is the instantaneous modulus of elasticity &pd(t), £ (t)] is a function which
expresses the effect of large stresses and the effeoading rate. The instantaneous modulus
of elasticity,E(t), can be assumed to be proportional to the miarcistral evolution which is
expressed by the degree of hydration and defined as



E(t) = Eh(t), (10)

where E; is an empirical constant and is a function representing the evolution of
microstructure related to the instantaneous resy@ush as the degree of hydration.

The elastic deformation comprises the deformatibthe solid particles of sand and
aggregate, the deformation of water and the defoomaf the already hardened cement paste
and the not yet hydrated cement grains. Theseclesttan be considered to be nonaging
constituents of concrete, which is consistent ftbephysicochemical point of view once the
effect of aging is dealt with separately. The agoan be defined, e.g., as a variation of
proportions among the constituents or a ratio betwan instant value of a quantity and the
value of the quantity when the hydration is comgddtnown as the degree of hydration.

The reversible viscous strain represents the stcamponent which later for the
hardened concrete becomes the strain usually Bedces the viscoelastic. For the sake of
consistency of the description of the deformation both the hardening and hardened
concrete, the reversible viscous strain comporgenséd for description of the deformation of
the hardening concrete, especially the time-dep@ndeéhich in its nature resembles that of
the already hardened concrete. Even though the teversible is used as the name of this
strain component, in the case of the solidifying &dardening concrete the reversible part of
the deformation is negligible when compared witke threversible part. This reasoning is
justified by the experimental data obtained bydh¢hor [4, 5] and also by the method of the
description of creep of concrete at the very eadgs (2 to 7 hours) adopted by Okamoto in
[6]. In his work Okamoto used the viscoelastic éhrand four-element rheological models
without any clear explanation about the possiblenmgbility of the creep deformation. This
may have been for the reason that there were neriex@ntal data on cyclic loading available
at that time.

The reversible viscous strain rate is expresséddllasvs

&'(t)= F[U(t%tt)f( )]J; 3, t)dolt). (11)

In Eg. (11)J Y(t,t') = J Y(t-t') is the creep function related to the reversikikcaus strain
component and it is considered to be a functiothefelapsed time during the period when
load is applied, which mean3,’(t,t') is a non-aging material parameter independenmtgef
The effect of the progressing hydration which colstievolution of the microstructure of the
hardening concrete is prominent at the age whewreta solidifies and further hardens and
so it needs to be included in the modeling. Thigratfcan be expressed directly by an
evolutionary function related to the reversiblecaigs strainh(t), multiplied by an empirical
constantga, as seen in the denominator preceding the intagiad). (11). The effect of higher
stresses is known to cause an increase in streenwhich is evidenced as the nonlinear
deformational behavior. This effect can be inclugethe description of the reversible viscous
strain as a non-dimensional parameter which isnation of the instant stress level at the
moment of loading. The strain rate does not affiwe reversible viscous component
significantly, partially because this strain comeonis used mainly for description of the
response under sustained loading, nevertheldssalgo considered in the modeling. Both the
effects of a higher stress level and a strain et expressed biq[o(t), £ ()] in the
numerator preceding the integral in Eq. (11).

Because the viscous deformation of the solidifyamgl hardening concrete is mainly
irreversible, the irreversible viscous strain i thmost useful component for both the
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responses under short-time and sustained loadihg. iffeversible viscous strain rate is
formulated similarly to the reversible viscous strand is expressed by

t

£'(t)=Floft) )] 3' (t.t)dolt), (12)

0

where J ‘(t,t') = J f(t-t') is the creep function related to the irreversiblscous strain
component and the functidi o(t), ¢ (t)] expresses the effect of large stresses andffibet e
of loading rate.

Assuming a linear dependence of the irreversibéeouds strain rate on the stress, the
integral in Eqg. (12) can be transformed into

3 t)doft) = 20 (13)

n(t)

where 7(t) is the plastic viscosity which can be definedaagunction of an evolutionary
function with a similar meaning to the degree ofitagion. Also in the case of the plastic
viscosity, 77(t), it can be assumed that the evolution of thetjglagscosity is proportional to
the evolution of microstructure and the plasticumsty can be defined as

O t—y

n(t) = An(t), (14)

wherefis an empirical constant aht) is an evolutionary function related to the irnesiile
viscous strain. Then, Eq. (12) can be written as

¢ (t)=—F2[;§rt%'[)£(t)] o(t). 15)

In order to improve the predictive capability oétimodel it is desirable to introduce the
effect of loading rate into the model. It is knowrat a higher loading rate causes relative
stiffening of concrete which is caused by suppoessif time-dependent deformation. Also,
the nonlinearity which occurs at higher stresslegbould not be neglected especially for the
stress levels exceeding 50 per cent. Particularlyhe case of hardening concrete, higher
stress levels are common due to the yet develapingpstructure. The rapid development of
microstructure during solidification and hardenimlgo causes a significant decrease of the
load level when the solidifying or hardening conmeres subjected constant loading which
once left unaccounted for would lead to overestiomabf the time-dependent deformation.
The effect of high stress levels and loading rateloe jointly expressed by

F [U(t)’ é‘(t)] =FiFq, (16)

whereF;[ o(t), £ ()] is defined as a product of a functibn representing the effect of a higher
load level and a functioRg; representing the effect of loading rate. The indexnplies that
the functiondg=;; andFg; may not be the same for all strain components.flihetion Fi[ o(t),
£ ()] can be identified from experimental data.

The governing equation of the proposed model wrdelscribes the deformational
behavior of hardening concrete subjected to unids@ing can be written as the sum of the
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strain components, which were defined above. Ttaénstomponeng, is also included in the
governing equation. In the case of constant stiesgh is applied at timé&, the governing
equation of the proposed model can be expressad incremental form by Eq. (17) and in
absolute values by Eq. (18).

£ = {Elote]- 2+ leb (t)]}a(t)+ o0 an

ltt) = {F[U £ LKF[J '(t')+

h(t ah(t)

(t)
, Flott z i( )]jdt}a(t)wo(t)

(18)

t

whose parameters are described above.

The proposed uniaxial model for the deformatioredidvior of solidifying and hardening
concrete is extended to its three-dimensional femthat the model can be also applied to
multi-dimensional analyses.

For a general three-dimensional analysis Eq. (ddimes

e(t)=e°(t) +&"(t)+2" (1) +e°(t) (19)

wheree’® is the vector of elastic or instantaneous stragiss the vector of reversible viscous
strains, €’ is the vector of irreversible viscous (flow) strsj ande® is the vector of strains
produced by the hydration process such as thernaéh sautogeneous shrinkage and cracking
strain.

The creep Poisson’s ratio, necessary for multi-dsmanal analyses, is in general a
function of time, or of the degree of hydration.r Fardened concrete, the creep Poisson’s
ratio is assumed constant and is replaced by tihes®0s ratio, based on the experimental
data. This assumption simplifies the three-dimemadicreep analysis, and it is only necessary
to use the uniaxial response function.

2.3  Modification of Chen model of plasticity

Chen model of plasticity is a three-parameter mddelconcrete displaying isotropic
hardening [2]. This model expresses the elastapldsthavior of concrete. The typical
behavior of concrete is represented by the vargingss-strain characteristics under tension
and compression. Two different, but similar, fuang8 were proposed for each of the loading
surfaces, in the compression-compression region ianthe tension-tension or tension-
compression region.

The loading functiori; valid in the compression area is a parabola. ©hadihg function
f; defined in the tension-tension and tension-congiwasarea is a hyperbola. Since these parts
of the loading function are different, it is impamnt to determine the correct stress-state zone.
The zoning of the biaxial stress states is showthengoi, 0>) space in Figure 2.

The curves in Figure 2 represent two extreme sitnat The inner curve represents the
initial yield surface defined by the initial yiektressed,. in compressionfy, in tension and
fyoc iN biaxial compression. The outer curve represéaitsre surface defined with ultimate
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stressesf; in compressiomn; in tension andi in biaxial compression. An expansion of initial
yield surface leads to subsequent loading surfaces.

SYA

tension

tension-
. . tension
compression-tension area area

tension

5

rd
fi 0y

%

compressio

compression-
compression areg

tension-
compression
area

compression

Figure 2: Biaxial stress space

Figure 3 shows the loading surfaces for generakststates in ther, o>, 03) space.
Also here the two extreme situations, initial yiesldrface and failure surface, again can be
seen. For the triaxial loading of concrete it i$ @asy to select the correct stress-state zone, as
in the case of the biaxial loading. The approprigggion for the general stress-state is
determined according to the first invariant of ssréensot; and the second invariant of stress
deviator tensod,.

o, Failure surface

Initial yield surface

Figure 3: Triaxial stress space

In our example, compression loading is consideredcé only the equations for the
compression-compression region are introduceddndxki.
The failure surface is assumed in the compressiompeession region

f(o,h)=3,+ Auéh) I, -72(h)=0. (20)

The initial yield surface in the compression-conggren region is given by
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fe(o,h)=J,+ Ab:gh)ll—rj(h)zo, (21)

where A(h), 7,(h) , A (h) andr,(h) are material constants which can be determined

from simple tests. They are determined as functminthe ultimate stresses under uniaxial
compression,f_(h), and under equal biaxial compressidp,(h), and of the initial yield

stresses under similar conditiorf,(h) and f,,.(h). The following relations are then used.

fyoe(N) = fye(h)

A = 1) -
2 fyc(h) fybc(h)(2 fy(:(h) B fybc(h) ( )
Iy(h) = 3 ~
(2£,5.(h) — f,c(h))
_ fe() - 1)
A (h) =
26, () - £, (0 )

Z.Z(h) - fc(h) fb(:(h)(2 fc(h) — fbc(h)
) 3(2f,.(h) = f.(h)

All material parameters used in the previous equatiare dependent on the function of
the microstructure evolutiom, Therefore, it is obvious that the loading surfaaee changing
with increasing time. With increasing strength ohcrete the loading surfaces are expanding.

This is evidenced in Figure 4, where the dotteddidenote the initial yield surface and
the failure surface at the age of 7 hours and ¢hid Bnes denote the initial yield surface and
the failure surface at the age of 9 hours.

The modified Chen model of plasticity was implensehto the existing open program
SIFEL, see [7].
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Figure 4: Evolution of initial yield and failure gace strengths
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3. RECOMMENDED EXPERIMENTAL METHODS

3.1 Methods based on uniaxial loading

The process of selection of a suitable testing otkeihvolves considerations about the
possible outcome of an experiment and to what éxtem results can be applied to the
modeling. The following methods are applicablelret very early ages. The pullout test in
which a steel plate is pulled out of solidifyingdahardening concrete, the penetration test
when a steel needle is driven into the solidifyargd hardening concrete, and the uniaxial
compression test known from testing the alreadyléra@d concrete. The equipment which
was used in the three testing methods is schertgtitesscribed in Figure 5.

T <+— Electric actuator
Strain gauge
L] «—

Load cell(chosen according
to the range of load)

. — Adapter

Load applicators
I -steel plate (pullout test)

\ -steel needle (penetration test)
<+—— -steel loading plate (uniaxial
compression test)

Figure 5. Schematic description of testing equipimen

The first two testing methods can be used at amytilwring the solidification process.
The uniaxial compression test contains the linotatielated to the necessity of demolding the
specimen before testinblevertheless, a methodology was developed whichnmaad this

effect, shown in Figure 6.
g <«— Horizontal mold

Teflon plate

«— Ol

/ Specimen

«— Ol

Glass pIate/'

Figure 6: Handling of specimen at extremely eaggsa
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3.2 Image-processing-based method for measuringéaal deformation

Due to the soft consistency of hardening concrate (of about 4 to 8 hours counted
from the instant when water touches cement), uskeotontact methods, which are common
in experiments with already hardened concretemigossible. The method of our choice is
based on processing of digital images capturedhguoading by a high-resolution CMOS
camera. The setup of the originally developed nekisoshown in Figure 7. In this method,
the image of the specimen alone is captured.

Curtain —_—

Teflon plate
Glass plate

gR Specimen
Camera

Figure 7: Setup of original method

The developed image processing method is basedearchsng for the greatest
differences in gray shades of the neighboring pix&he gray scale difference was further
refined with the center of gravity method, whicHiekred a result on the subpixel domain. In
order to pronounce the edges of the specimen,kacdiatain was installed behind the original
test set and the specimen was illuminated by tvadlights from each side. The focus of the
camera was then kept fixed throughout the expetim&he flow chart of the image
processing method developed and used with thenatiggst setup is shown in Figure 8. The
method was programmed in C and Matlab. More abdmstrhethod can be found in [8] and
more generally on the image processing tools ¢,[8].

INPUT: ROUTINE 2: OUTPUT:
Strip images =p Detection the edges| . Average width of
(256 gray scale) of the specimen specimen
ROUTINE 1: ROUTINE 3:
Conversion of - Calculation of -
image files into widths of each strip
arrays of digits image

Figure 8: Flow chart of image processing

The experiments took place at the age of about84hiours, when hardening concrete still
contains a large amount of free water. During logdhe free water was squeezed out of the
specimen to its surface which resulted in a glisggreffect caused by the spotlights. The
glistening effect made the specimen appear slintimen it actually was. This presented an
inherent drawback, which, however, affected oné/dhata for the load level below 20 %, as can
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be seen in Figure 10. It was attempted to overcthisedrawback by introduction of various
corrective measures, but none was fit for genesalin combination with the original test setup.

Therefore, the setup was modified so that the shadahe specimen was captured instead
of the specimen. The modified setup is schemayiaddipicted in Figure 9. The modified
method not only overcame the drawback relateddagtistening of the squeezed-out water on
the illuminated surface of the specimen, it aldovad incorporation of the thin layer of the
squeezed-out water into the measured lateral dateom Concrete is a composite which
comprises cement, sand, aggregate and water. oher¢fie squeezed-out water represents a
legitimate component of the lateral deformation.

Whiteboard Actuator
~N

=4 Teflon

il plate
-]  Specimen

Shadow of
specimen

Camera Spotlight

Figure 9: Modified test setup

The obtained results are shown in Figure 10 asaiae between the apparent Poisson’s
ratio and the load level (defined as the ratio leetwthe applied stress,and the compressive
strength at the instant of loadirfg),
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Figure 10: Apparent Poisson’s ratio vs. load I®@fd¢lardening concrete
The solid tri-linear curve indicated in Figure tdpresents a formula which can be readily

used in multi-dimensional analyses of hardeninge. In the formula (24) is the apparent
Poisson’s ratio an8 =1/ f.
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4(S) = 025 s0(0,03)
u(s)= 025+ 05(s-03) for sO{0308) (24)
(s)= 05 so(o81)

4. EXAMPLES OF APPLICATION

4.1 Deformation of bridge deck during construction

The Border bridge is a part of the newly constrddB8 highway connecting Prague
(Czech Republic) and Dresden (Germany). This coitgtsidge is about 500 meters long
and overpasses a deep valley, see Figure 11. Téeniediate columns are circa 50 meters
tall, which prohibits pumping concrete directly fimathe bottom of the valley to the bridge

CZ - GER

5=-0,50%
1=430m

_ _ | border

Praguew ‘ Dresden

S

Figure 11: The Border bridge

deck, which is designed as a reinforced concretle. STherefore, the concrete needs to be
transported to the location of placement acrossabteady finished reinforced concrete deck.
As falling behind schedule was very possible threspecially when the construction site was
located in a mountainous area, where it was a subjeunfavorable weather conditions, a

tool for estimation of the earliest possible enteato the newly concreted section of the deck
was desirable, moreover, when the tool also pravideme information on the possible

damage caused by premature loading.

Table 1: Strength characteristics of hardening reiedn MPa

Age of concrete Jye fe
6 hours 0.46094 | 0.76823
7 hours 0.66242 | 1.10404
8 hours 0.89387 | 1.48979
9 hours 1.15042 | 1.91736

10 hours 1.42726 | 2.37877
11 hours 1.71994 | 2.86657
12 hours 2.02442 | 3.37404
14 hours 2.65513 | 4.42522
18 hours 3.93361 | 6.55601
24 hours 5.72713 | 9.54522

The material characteristics of concrete in thdyemges are obtained from experiments
with simple techniques based on the uniaxial cosgio@ and penetration tests, [10, 11], see
Table 1. Also, the experimental data gathered bfpByyielded, from today’s point of view,
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very useful data on the evolution of modulus ofsetity and compressive strength of
solidifying and further hardening concrete, [3].

Table 1 summarizes the yield stresses and the atltirstresses from experimental data
for concrete of the ages of 6 to 24 hours. Chdndrpaper [12] introduced formulas acquiring
material parameters for his model from the uniag@npressive strength. Even if only the
ultimate stress in compression is known, it is gidedo calculate the remaining values from
the following simple formulas

f, = 009f,,
f,, = 116f,,
f,. = 06f, (25)

f, =0.054f, = 009f ,
f o0 = 06f,, = 116f,,.

From Table 1 it is obvious that the yield stresapproximately equal to 60 %, which is
in accord with the corresponding equations (25)r&fore, the application of the relations
(25) is justified for our use. In the example prasd, the compression-compression area only
is dealt with and so it is sufficient to calculatee biaxial yield and ultimate strength in
addition to the experimentally obtained uniaxiainpressive strength.

This experimental data were used for investigatibthe reinforced concrete deck of the
composite bridge, where a section of the concretek dsee Figures 12 and 13) under
compression was modeled and analyzed at the ages@rto 24 hours. Figures 12 and 13
show deformation of the hardening concrete undeektessive compressive load.

The main objective was to describe the behavidhefconcrete deck under compressive
load corresponding to the truck carrying fresh cetec The data for loading force were
obtained at a construction site and compared wittoéode [13]. The force representing the
truck tire is 90 kN for one wheel axis.
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Figure 12: Section of analyzed concrete deck utigefront wheel - deformation
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Figure 13: Section of analyzed concrete deck utigerear wheel — deformation
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Figure 14: Vertical displacement at various ages

For the front axis, the pressure on the slab wawetk from a force of 45 kN. The
standard value of the contact area under the whaglcirca 20 x 30 cm. In the case of the
rear axis, the pressure on the slab was derived &dorce of 22.5 kN for each of the four
contact areas. The dimension of the contact arsaalga 20 x 30 cm.

Figure 14 shows results of the analysis, where dhereasing displacement with
increasing age of the concrete under constantrigaciain be seen. The effect of increasing
strength at the ages from 6 to 12 hours is pronimethis graph.

4.2 Rate of pouring concrete in tall RC wall

During construction of Létany subway station in Prague, a situation occuwkdn it
was necessary to decide the maximum possible fafguring concrete in a reinforced
concrete wall, which was 10.75 meters tall. Thesoaang was not related to the stiffness of
the formwork, but to the new expansion joint filemd the vague description of its material
properties provided by distributor. The expansiomtj filler was 40 mm thick and placed
with spacing of 50 m in the wall. The joint fillean be seen as the gray layer on the face of
the wall in Figure 15.
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Figure 15: Investigated wall with formwork

At this station, use of the classical joint fillerade of polystyrene was rejected because
of possible chemical degradation of the connectingerground waterproofing membrane.
Since the stress-strain diagram of the materiavigenl by distributor was obviously
incorrect, additional tests were conducted at Rgcaf Civil Engineering of the Czech
Technical University in Prague, which confirmed tbiescrepancy and showed that the
stiffness of the material at the decisive regiontla# stress-strain curve was half of that
declared by the distributor. Other important infatman for the analysis was the mix
proportions of concrete and the rate of supplyafccete to the site. The designer expected
that concrete could be supplied to the site at i%en hour, which meant about 1.25 m per
hour increase in height of the placed concretbénvtall. Since the design office allowed only
few days for an analysis with quantified resultdiich put any rigorous multi-dimensional
numerical analysis out of question at that time,ftilowing simplified method was adopted.

From Paulini's paper on development of Poisson'Ssoraver time, [14], it was
established that for ages of 4 to 6 hours the valuke Poisson’s ratio was about 0.35, which
corresponded to the data obtained in our expersrfentthe load level of about 50 % (Figure
10) and thus it justified the use of the relationkq. (24). From Figure 10 and Eg. (24) it was
evident that unconfined concrete subjected to leadls above 80 % split and thus it could
not support itself. It was assumed that the jaiterfprovided little confinement compared to
the relatively much stiffer formwork and that siarilbehavior as in Figure 10 obtained from
the experiments with unconfined concrete specimemdd be expected in the direction
normal to the joint filler. Based on the mix propons of concrete and Eg. (3) the
compressive strength evolution of concrete wasnegéid. Then, for the estimated pouring
rate the evolution of vertical load induced by se#ight of concrete was calculated. The
horizontal stress was estimated from the vertitaks and equation (24), which showed how
much concrete could support itself and when ittethbulging. The maximum value of the
Poisson’s ratio was reduced to 0.425, reported byliR in [14], which reduced the
hydrostatic pressure due to squeezing free water trapillaries to air-filled pores within the
microstructure of concrete, which might be lessrgeigcally demanding than compressing
the joint filler. The calculated horizontal stresseere then used for estimation of deformation
of the joint filler using the provided stress-straiiagrams. The results are shown in Table 2,
where the original deformation was obtained ushwygtress-strain diagram provided by the
distributor and the updated deformation was obthimigh the stress-strain diagram measured
at our laboratory.
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Table 2: Deformation of expansion joint filler

hour | strength | vertical load | load/strength| lateral load | orig. def.| upd. def.
(MPa) (MPa) MPa % %

1 0.00 0.02 15.6 0.01 1 1
2 0.01 0.05 5.9 0.04 4 7
3 0.02 0.08 5.2 0.07 5 19
4 0.05 0.11 2.2 0.09 9 32
5 0.12 0.14 1.2 0.12 22 41
6 0.32 0.17 0.5 0.15 45 46
7 0.60 0.2 0.3 0.06 45 46
8 1.00 0.23 0.2 0.07 45 46
9 1.50 0.27 0.2 0.08 45 46
10 2.20 0.3 0.1 0.09 45 46

5. CONCLUSIONS

Basic concept of modeling of concrete at the exélgnmearly ages can consist in
separation of the aging effect or definition of thaterial parameters as a function of age. A
model based on the solidification theory was preskmlong with two functions describing
the evolution in microstructure whose parametetrdccbe obtained from simple experimental
measurements. An extension of a model for hardepnadrete for use in the very early ages
was presented in an example when the material gaeasmused in the Chen model of
plasticity were defined as a function of microstawe evolution. Simple testing methods
based on uniaxial testing, which made use of thepeeent present in most laboratories, were
described and a contact-free method for measuailegdl deformation of a concrete specimen
was proposed. Applicability of the modified Chendabof plasticity and the experimentally
obtained data was shown in two examples.

Literature

[1] Z.P. Bazant, S. Prasannan. Solidification tlgedor concrete creep. Journal of
Engineering Mechanics, ASCE, 115(8): 1691-17259198

[2] W.F. Chen. Plasticity in reinforced concreBsbourne-McGraw-Hill, New York, 1982.

[3] S.G. Bergstrém, J. Byfors. Properties of ceterat early ages. 32nd Meeting of RILEM
Permanent Committee: 265-274, 1979.

[4] P. Stemberk, T. Tsubaki. Uniaxial deformatibbehavior and its modeling of solidifying
concrete under short-time and sustained loadiogisnal of Applied Mechanics, JSCE,
6: 437-444, 2003.

[5] P. Stemberk, T. Tsubaki. Modeling of creegsolidifying concrete at various load levels.
Cement Science and Concrete Technology, 57: 2232281B.

[6] H. Okamoto. A study on creep properties of cete at very early age. 30th Japan
Congress on Materials Research: 171-174, 1987.

22



[7] http://cml.fsv.cvut.cz/~sifel/index.html

[8] P. Stemberk, A. Kohoutkova. Image-analysisdobmeasuring of lateral deformation of
hardening concrete. Materials Science, 11(3): 282-2005.

[9] R. Gonzalez, R. Woods. Digital image procegskrentice-Hall, Inc., New Jersey, 2002.
[10] I. Monz6n Hualde, P. Stemberk, O. Lojkasek.s®@tion of material properties of
hardening concrete inside deck of composite bridRyec. of Engineering Mechanics

2006, CD-rom: 1-9, 2006.

[11] M. Frantova. Modification of Chen model ofapticity for early ages applications.
Mechanika, 58(2): 11-16, 2006.

[12] A.C.T Chen, W.F. Chen. Constitutive equaticarsd punch-indentation of concrete.
Journal of the engineering mechanics division, EQ1): 889-906, 1975.

[13] EN 1991-1-1: Actions on structures - Generatiams - Densities, self-weight and
imposed loads. European CEN, 04/2002.

[14] P. Paulini, N. Gratl. Stiffness formation o&rey age concrete. Thermal cracking in
concrete at early ages, Eds. R. Springerschmid AN&pon, London, 1994.

23



Ing. Petr Stemberk, Ph.D.

Katedra betonovych a &dych konstrukci, Fakulta staveb@VUT v Praze
Thakurova 7, 166 29 Praha 6, tel: +420-224-354-8&nberk@fsv.cvut.cz

Education:

1993-1998  M.Sc. study (Civil Engineering)
Czech Technical University in Prague, FacultZofil Engineering, Prague,
Czech Republic.
Defense of M.Sc. thesis: 6/1998
M.Sc. thesis: Heat and Moisture Transfer in Cetec

1998-2000  Ph.D. study (Civil Engineering)
Czech Technical University in Prague, FacultZofil Engineering, Prague,
Czech Repubilic.
Defense of Ph.D. thesis: 9/2000
Ph.D. thesis: Fuzzy Set Theory - Applications

2000-2003  Ph.D. study (Civil Engineering, Architeet and Marine Technology)
Yokohama National University, Yokohama, Japan.
Defense of Ph.D. thesis: 9/2003
Ph.D. thesis: Evolutionary Material Model of idaning Concrete under
Uniaxial Loading

Professonal position:

2003-present Assistant Professor in Departmenbocfete and Masonry Structures,
Czech Technical University in Prague, FacultZofil Engineering

Teaching activity:

Design of concrete structures
Design of masonry structures
Concrete technology

Research activity:

Special interest in thermodynamics of concrete,hology of testing of solidifying and
hardening concrete, material modeling of concretd acorporation of uncertainties in
material description based on soft computing aadyfiset theory.

Project leader of research projects: (32 103/04/1320 (Application of fuzzy set theory in
modeling of material uncertainties in concrete ctires, 2005-2006), GAR 103/05/2244
(Experimental methods for investigation of concre®ded at extremely early ages and its
modeling, 2005-2007) and G/R 103/07/1462 (Fuzzy-logic-based system for evainadf
construction procedures for concrete structure@72D09).

Representative of Association for Advancement ofdblibng and Simulation Techniques in
Enterprises for the Czech Republic.

24



