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ABSTRACT

The objective of this thesis is to study the infloe of creep on residual mechanical
properties of concrete. The concrete of prestrestaattures is primarily subjected to
compressive stresses. During the life of the stnecttensile stresses may take place because
of the stress relaxation due to creep of the coecaed the applied load. To evaluate the
behavior of such structures, it is necessary towktiee value of the residual mechanical
properties after creep.

The work which concerns only with basic creep (aithwater exchange with the
surrounding environment), includes an experimem@att and a numerical part. In the
experimental part, compressive and indirect ter{8tazilian) creep tests were carried out on
the concrete using different loading levels thapligp at different ages of concrete. At the
end of each creep test, a strength test was caiedn the same concrete for determining the
creep effect on the residual mechanical propertresrder to distinguish between the effect
of creep and that of quasi-instantaneous loadirgnes Brazilian tests with quasi-
instantaneous preloading in compression were exhliz

The results revealed that the mechanical propedfesoncrete after creep depend
strongly on the loading age and the loading dioecti

Numerically, a mesoscopic model was used for sitmgahe creep and the mechanical
properties after creep. In fact, under a constaatihg level, only the cement paste creeps
while the aggregate act as an obstacle to thigpcreea result, tensile stresses arise at cement
past-aggregate interface leading to microcrackisigtzone.

The viscoelastic deformations are correctly repoaduat different levels of loading but
the change of the residual mechanical propertieponérete can not only be explained by the

microcracking at cement past-aggregate interface.



RESUME

L'objectif de cette these est d’étudier l'influenitefluage sur les propriétés mécaniques
résiduelles du béton. Le béton des structures ptégintes est essentiellement soumis a des
contraintes de compression. Au cours de la vie'deviage, des contraintes de traction
peuvent cependant apparaitre en raison de la telaydes contraintes due au fluage du béton
et de la charge appliquée. Pour évaluer le compertie de telles structures, il est ainsi
nécessaire de connaitre la valeur des propriétéanitgies résiduelles apres fluage.

Le travail se concentre sur le fluage propre (sé&fsange hydrique avec le milieu
environnant) et il comprend une partie expérimenélune partie numeérique. Dans la partie
expérimentale, des essais de fluage en compressemtraction indirecte (Brésilien) ont été
effectués sur le béton en utilisant différents aivede chargement appliqués a différents ages
du béton. A la fin de chaque essai de fluage, saiake résistance a été réalisé sur le méme
béton pour déterminer I'effet du fluage sur lesppgédés mécaniques résiduelles. Afin de
distingué l'effet de fluage et celui d'un chargetrgumasi-instantané, certains essais Brésiliens
avec préchargement quasi-instantané en compressidgalement été réalisés.

Les résultats ont monté que le comportement résiduwebéton aprés fluage dépend
fortement de 'age de chargement et du sens deitadlbn.

Numériqguement, un modéle mésoscopique a été uplsg simuler le fluage et les
propriétés mécaniques apres fluage. En effet, saushargement constant seule la pate de
ciment flue tandis que les agrégats agissent coommabstacle a ce fluage. Par conséquent,
les contraintes de traction se produisent a lfiater pate de ciment-agrégats conduisant a des
microfissures dans cette zone.

Les déformations viscoélastiques sont correctemegbduites a différents niveaux de
chargement mais la modification du comportementdué&$ du béton ne peut pas étre

uniquement expliquée par la microfissuration adliface pate de ciment-agrégats.
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GENERAL INTRODUCTION

1. Context

Creep of concrete is generally defined as thersttat occurs in addition to the initial
elastic strain under a sustained load. From anotiesvpoint, for a constant strain, a creep
phenomenon appears as a decrease in the stregsheSnva. This last is generally called
relaxation. Most of the time, concrete structurasigners do not take into account the creep
effects and apply simple approaches (for instatieepse of a degraded Young’s modulus as
in Eurocode 2) which may lead to an inadequatecieficy of the structure serviceability,
durability and long-time safety.

Creep has positive effects on the concrete stredike relaxation the stresses occurred
due to restrained shrinkage. However, it has negaifects on the serviceability, durability
and long-time safety. The effect of creep thateapp clearly and causes a problem from the
beginning i.e. during the construction is that negtress structures. In these structures, the
aim is to maintain the main part of the concretetise of a member under compressive
stresses even when external loads are applied. tDubeses stresses, creep arises and
manifests as a decrease of the prestress (cabstigss losses). The reduction in the stresses
due to the creep and the applied load, is very @él@ug as it can lead to tensile stresses and
then to cracking development. In such situatioe, darability of a structure is significantly

reduced due to the penetration of aggressive.

Tensior Tension

=

Compression Compression Compression Compression
Stresses due to the Compressive stresses The situation which Due to creep
applied load due to prestress it should be

Figure (1): Prestress reduction due to creep

In cases of repairing i.e. increasing the prestassequalification of the structure
(traffic increase for instance), the residual meotel properties of concrete must be
investigated. The effect of creep on the mechangaberties of concrete is not well
understood yet in the literature. If creep has tiegaffects on the mechanical properties of

concrete, the amount of prestress increase musutheient to overcome this damage in
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tension but should not exceed the compressive ggtresf concrete. Inversely, if creep has
benefit effects, the amount of repairing prestedgsuld be reduced to limit the cost.

2. Objective and Scope

In the context of an ageing structural patrimonyisiimportant to know if creep has
negative or positive effects on the evolution ofchenical properties of concrete. The
available experimental information about this sabjies very limited and not sufficient to
conclude clearly as each research is different fifwgrother in terms of curing conditions, age
of loading and direction of loading. Moreover vedew studied are devoted to concrete
properties after sustained load. The main objeaiivihis study is to evaluate the mechanical
properties of concrete after it was subjected &eprloading by comparing it with unloaded
one. To verify the effect of age, concrete was et to creep at both young age and late
age, and different loading levels in compressiod antension were used. It should be
mentioned here that to achieve creep in tensiona@maratus was designed to hold 3
cylindrical specimens arranged laterally one otierdther. The apparatus was installed in the
creep device so that the load is applied on thpseimens just like the way of Brazilian test
in which only 1 cylindrical specimen is used insted 3, as the case of this study.

To distinguish the effect of creep from the effetia quasi-instantaneous preloading,
some concrete specimens were loaded in compresstora specific level. Immediately after
this preloading an indirect tensile test (Braziliast) was carried out on these specimens until
the failure. The tensile strength results of thgsecimens were compared with the results of
specimens that were not subjected to compressaleguting.

For structural members prestressed in two direstiapparent creep Poisson’s ratio has
an impact on the orthogonal prestress level. Thesefto understand the effect of
compressive creep loading on the lateral stramafyparent Poisson’s ratio was studied.

In addition, to simulate creep and residual medwnproperties numerically, a
mesostructural model was developed to representretanas a composite material which
includes two different components; cement pasteaggiegate. These simulations aim to be
more representative of the reality than a homogem=mproach as under loading only cement
paste creeps while aggregate acts as an obstatties toreep due to its high stiffness. As a
result, tensile stresses arise at aggregate-cermpaste interface leading to cracking
development. The main objective of the mesoscapmalation is to highlight the phenomena
that occur in concrete which could explain the clampehavior observed at macroscopic

scale.
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3. Outline of the Thesis

The present study is divided into three chapteraddition to the introduction and the
conclusion. Chapter one includes a review of previliteratures that are mainly concerned
with factors that affect creep, creep effects, greetension and in compression, apparent
Poisson’s ratio and several creep models.

The experimental work devoted in chapter two inekié brief description about the
concrete used, apparatus and devices used andralcedpre of preparing and testing
specimens. In addition, the chapter includes thgeemental results with discussion and
comparison with the results of the other authors.

Chapter three which concerns the numerical workh study is based on an article
which was recently submitted. It includes the seioh of creep strains in tension and in
compression under different stress/strength lewdlh development of the mechanical
properties due to the creep effect. The chapter ialsludes a numerical calibration of the
creep parameters and mechanical properties of etnarsed in experimental work for
simulating Brazilian creep and to compare the teswith the experimental ones. The global

layout of this study is presented in a flowchaee(§igure (2)).
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Figure (2.b): Flowchart of thenmerical work
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CHAPTER I: LITERATURE REVIEW

This chapter includes creep terms used, a pregamtat experimental studies about
factors affecting creep, creep effect and creepd@ai's ratio and a comparison between creep
in tension and in compression. Finally, the chajpeludes a presentation of models that
simulate the creep behavior.

On the one hand, creep of concrete could be defisesml gradual increase in strain due
to sustained load. It is the strain which occursdldition to the instantaneous strain at the
time of loading. Creep of concrete could be clasdibccording to the following terms:

- Basic creep is defined as the creep that ocauleruconditions where there is no moisture
movement between concrete and ambient environment.

- Drying creep is the additional creep that ocauhen the concrete is allowed to be drying
under load.

- Transitional thermal creep is the additional présat occurs when there is an evolution in
temperature after the load application.

- Total creep is the summation of basic, dryingeprand transitional thermal creep (if there is
an elevating in temperature after loading).

- Creep recovery is the recoverable strain thatigcafter removing the sustained load. This
recovered strain must be distinguished from th@taneous recovery which is equal to the

elastic strain at a given age.

On the other hand, the creep of concrete coulkpeessed in different ways:

- Specific creep is obtained by dividing the cretqain on the corresponding applied stress
i.e. creep strain due to a unit applied stress.

- Creep coefficient is defined as the ratio of pretain to elastic strain.

- Creep compliance function is the summation o$tedaand total creep strains that occur due

to a unit loading stress.

Until nowadays, there is still an argument abow thechanism of concrete creep
phenomena. The water appears to play a fundanretgah the creep mechanism in addition
to the flow of cement gel (C-S-H).

As presented by Neville and Dilger (Neville and dei, 1970), a number of creep
theories have been proposed over the years asdpiissible that the actual creep involves

two or more mechanisims. These theories are: meziateformation theory, plastic theory,
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viscous and viscoelastic flow theory, elastic aéfect theory, solid solution theory, seepage
theory and contribution of microcracking to crebpdry.

Authors [(Reynouard and Pijaudier Cabot, 2005) @#ich and Acker, 1998)] revealed
that there are two distinct physical mechanismexain the basic creep of concrete: at short
term and at long term. The most logical and reasieraechanisms are as follows:

- At short term: The stress resulting from the agapFforce is transmitted, at a microscopic

scale, through amass of the hydration productsghabund the capillary pores (see Figure
(1.1)). This transfer of a microscopic stress irefua local thermodynamic disequilibrium

between the water molecules that are in the freeration zone and those in capillary pores.
To restore the balance, water molecules diffuseutiinout the adsorbed water layers to the
capillary pores, resulting in the deformation oiggkeleton [(Powers, 1968), (Lohtia, 1970),

(Wittmann, 1982) and (UIm and Acker, 1998)].

- At long term: It is considered that the viscodlow is a function of a tensile microprestress

carried by the bonds and bridges crossing the mpares (gel pores) in the hardened cement
gel. This microprestress is generated by the disjgi pressure of the hindered adsorbed
water in the micropores and by very large and Kidbtalized volume changes caused by
hydration or drying. The long-term creep is assuneedriginate from viscous shear slips

between the opposite walls of the micropores inctthe bonds or bridges that cross the
micropores (and transmit the microprestress) bagakreform. The long-term aging exhibited

by the flow term in the creep model is caused bgxadion of the tensile microprestress

transverse to the slip plane (Bazant et al., 198€ég Figure (1.2)).

a différentes échelles

mtrahydrates

Figure (1.1): Mechanism of basic creep at shoréti(Benboudjema, 2002) adapted from
(Ulm et Acker, 1998)]
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Capillary
Meniscus

Figure (1.2): Micropore in cement gel, disjoininggsure (Pd) and Microprestress (S)
(Bazant et al., 1997)

Summary of Chapter One

1.1 Experimental Studies

This part includes factors influencing creep, a partson between creep in tension and
In compression, apparent Poisson’s ratio and ceéfepts.
1.2 Numerical Models

In this part Regular Models, Analytic Model (Bazaabhd Prasannan, 1989) and
Rheological Models are presented.

In this chapter, creep phenomena have been stirdimddifferent aspects by presenting

studies that had been carried on, experimentattiynamerically.

1.1 Experimental Studies

This part includes a review of experimental studieshe creep behavior under different
conditions, effect of loading direction, the stra@tation between one direction and the other,

and creep consequences on concrete structure.

1.1.1 Factors Influencing Creep

There are many factors that influence the creepoatrete which may be divided into
intrinsic factors and extensive factors. Intrinfactors are related to material characteristics
which are fixed once concrete is cast, like thagiestrength, the fraction of aggregate in the
concrete mix and the elastic modulus of aggreddie.extensive are those that can vary after
the casting, like temperature, age, degree of ligdrarelative vapor pressure in the pores,

environmental humidity and the size of specimerzé®dand Wittman, 1982).

1.1.1.1 Water/Cement Ratio
The water/cement ratio has a major effect on teegwalue. In one hand, the strength

of concrete is inversely proportional to this factm another hand, it has an intrinsic relation
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with most of creep theories, especially the seepaue thermodynamic theories, which
explain the creep strain occurrence due to water.

When the water/cement ratio increases, the porogitgment paste increases as there is
not enough cement products to fill all the poreat twere occupied with water before the
hydration threshold. Increasing the porosity le&olsdecreasing the strength of concrete
(Neville and Brooks 2010). Thus, for a constant eetmpaste content, increasing
water/cement ratio results in increasing creepgiien in same reference, this relation was
proved by the work of Wagner (Wagner, 1958) whistpiesented in Figure (1.3). In this
figure, creep is expressed as relative to the ceem@ter-cement ratio of 0.65.

Relative creep

1
|
I
|
|
|
|
|
|
1

I
0.3 0.5 0.7 0.9

Water/cement ratio

Figure (1.3): Relative creep (creep expressedlasueto the creep at a water/cement ratio of
0.65) vs. water/cement ratio (Wagner, 1958)

According to Cinlar E. as presented by Bazant antdnvann (Bazant and Wittmann,
1982), the higher the water content, the highemiimaber of water moleculanigrating, and
therefore the higher is the rate of creep. Whenwhter content changes, large numbers of
water molecules move through the micropores, thatsghe sliding particles greater mobility

and increase the creep rate.

10



Ch.1 titature reviw

1.1.1.2 Aggregate

The volumes of aggregate content and the contenhydfated cement paste are
complementary fractions of the volume of hardenmtteete. So, considering one or the other
is strictly equivalent (Neville and Dilger, 1970).

The normal weight aggregates do not suffer creethatstress level that exists in
concrete while the hardened cement paste is tiggnaf creep. That means that the role of
aggregate is restraining the creep of cement p&te.when the quantity of aggregate
increases the creep value decreases. Howeverefiisséance depends on the aggregate type in
terms of its elastici modulus. As the elastic modubf aggregate increases, the restrained
offered by the aggregate to the potential creepeohent paste increases too (Neville and
Brooks, 2010).

A study by Gudmundsson (Gudmundsson, 2013) wasedaaut on the correlation
between the aggregate porosity and the creep vaheestudy showed that a reduction in the
modulus of elasticity of concrete is observed wperous aggregates are used. The researcher
found that an increase in aggregate porosity of 3% lower the elastic modulus of the
concrete up to 40%. As creep of concrete is imtkeld to the elastic modulus of the concrete,
higher creep strain is observed in concrete mateaggregate of higher porosity.

Hobbs (Hobbs, 1971) studied the decrease of cream Sn concrete &) with the

increase of aggregate volum®,). The author represented this relation by thévahg

equation:

& _1-D, (1.1)
En 1+D,
where creep4, ) is the strain in cement paste (). The author compared equation (1.1) with

some creep results plotted versus aggregate volooneentration obtained by Counto
(Counto, 1964), as shown in Figure (1.4).

11
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Figure (1.4): Variation of creep ratio or totalestrratio, &, / &,,, with aggregate volume
concentration [(Hobbs, 1971) adapted from (Couib®64)]

1.1.1.3 Applied Stress and Strength of Concrete

Creep of concrete increases with the increase @fattplied stress and/ or with the
decrease the concrete strength (Orchard, 1979).

Creep is related to the movement of water and getigles (as mentioned previously for
the creep mechanism). As well, some of researchverst beyond that to express creep
occurrence due to microcracking only (Rossi et 2013). Anyhow and whatever was the
mentioned causing the reason of creep phenomeaahidnge of the applied loading level
comparing to its strength, affect very largely theep rate and its value.

As presented by Orchart (Orchart, 1979), Lea anel (Lea and Lee, 1947) gave the
limit of stress/strength proportion between 25% &0@. This conclusion is similar to that
revealed by the experimental results of RanaivomarjRanaivomanana et al., 2013) on high
performance concrete, in which the nonlinearity wase somewhere between 30% and 50%
for creep in tension or in compression. The lasitlivas confirmed by lliston (lliston, 1965)
and Zongjin (Zongjin, 2011) who indicated that grée concrete is a linear function of stress
under a level less than 50% of its strength. Ferddise of a stress level higher than 50% but
lower than 75% of its strength, creep is a nonlirfaaction of stress. lliston (lllston, 1965)
stated that failure can occur under a sustainesgstf 75% of the ultimate. While Zongjin
(Zongjin, 2011) revealed that for the case of asstlevel higher than 75% of the concrete
strength, creep will rapidly increase infinitelydawill cause structure failure, as shown in
Figure (1.5)

12
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Creep

0.5 (.75 ol

Figure (1.5): Unstable rupture creep (Zongjin, 2011

As it was revealed by Atrushi (Atrushi, 2003), gmaled concrete loaded at early age of
3 days, relative tensile loadings up to between 60%0% the magnitude of creep seems to
be linear whereas a non-linear behavior takes @abegher loading levels.

For comparing the creep rate and valus underrdifitdoading levels, Roll (Roll, 1964)
studied the compressive creep under a wide rangareds/strength levels. The study was
achieved on concrete mixture of cement:sand:.gragelals to 1:2:5 submitted to creep
loading at age of 28 days. As it is shown in Figlie6), creep strain increase as

stress/strength level is increased.
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Figure (1.6): Creep strain vs. time of a concrebetume (Roll, 1964)

To clarify the effect of concrete strength (in awuoi to the applied stress level) on
creep, the study of Smadi et al. (Smadi et al.,7)1%8as analyzed. The experimental work
was carried out on three types of concrete; highedium-, and low-strength. The
stress/strength ratio was ranging from 40% to 806#thigh-strength concrete and from 40%
to 75% for medium- and low-strength concrete. Asphevious study (Roll, 1964), the results

revealed that, for any one of these three typeootrete, compressive creep increases as the

13
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stress/strength ratio is increased. In additiom,th® same stress/strength ratio, the creep
strain, creep coefficient and specific creep arallanfor high-strength concrete than for
medium- and low- strength concrete.

As a part of creep strain is attributed to the nmoset of adsorbed water within the
concrete microstructure, the rate and magnitud=edp associated to this process depend on
the relative volume of pores and spaces in the oemel, and on the amount of water
occupying these pores at the time of loading. Sneadil. (Smadi et al., 1987) related the
inverse relation between creep and strength ofretedo that lower strength concrete have
higher water-cement ratio which will results in g porosity and higher capillary as well as
adsorbed water, and therefore it will have largealf creep. In addition, high-strength
concrete have the lowest aggregate content intogheent paste i.e., lowest heterogeneity of

concrete system which is the reason of microcrackatong the aggregate cement interface).

1.1.1.4 Age of Loading

The age of concrete at loading application, ismapartant factor as in sites the load is
generally applied very early to limit the time dfet construction process. That means that
same loading stress is applied on the structurerdehe concrete obtains its design strength,
and that will result in a higher creep strain.

Browne and Blundell (Browne and Blundell, 1969¢asured long term creep on a
number of concretes in a sealed state, loaded28, 60, 180 and 400 days after casting, for
simulating mass concrete conditions in the strectlihe results reveals that in general, age
reduces the creep rate value as it is expectedaltiee effective reduction in stress level
associated with strength development with time.

In addition to relating the decrease in creep véte due to increasing of concrete
strength, De Schutter and Taerwe (De Schutter aatvie, 1997) found that this relation
between creep and age is true even if the stremsgsh ratio is kept constant at the age of
loading. Their experimental work was carried outtlh@ basic creep of concrete using three
cement types. Creep tests in compression wereedatit for different loading ages (1, 2, 3, 7
and 14 days) and by using two different stressl¢ewé 20% and 40% of the ultimate
compressive strength at age of loading. The reseltsal that, for the same stress/strength
ratio, the creep strain decreases as the age @ihfp@s increased. Nevertheless, at the very
young ages (1, 2 and 3 days) the relation is imherelated. The experimental results which
are presented in Table (1.1), are summarised inhanarticles by the same author De
Schutter (De Schutter, 1999).

14
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Table (1.1): Basic creep experimental results

Age of loading| Stress/strength Final basic creep
(days) ratio strain (m/m)
1 0.2 0.000095
1 0.4 0.000257
2 0.2 0.000097
2 0.4 0.000252
3 0.2 0.000117
3 0.4 0.000290
7 0.2 0.000106
7 0.4 0.000228
14 0.2 0.000084
14 0.4 0.000175

The effect of age was also studied on both badictatal creep in the work of Meyers
and Slate (Meyers and Slate, 1970). The experimgats carried on prismatic specimens
cured in water for 7 days, and then the specimeapaped for the basic creep test were
sealed. The specimens were loaded at different @gésulated from the end of curing) with
different stress levels to achieve the same ingiastic strain. As the previous results, except
at 0 day, the age is conversely related with basd drying creep as they are represented in
Figure (1.7) and (1.8), respectively. The authoentioned that the most important factors
that affecting creep are the amount of water pteaerthe start of loading and while the
specimens under loading and the amount of micr&srgadeveloped in the material before

and during the time of loading.
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Figure (1.7): Normalized creep of sealed specinfbleyers and Slate, 1970)
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Figure (1.8): Normalized creep of unsealed specebteyers and Slate, 1970)

1.1.1.5 Shape and Size of Specimen

The shape and size of a concrete specimen aresseprén terms of the volume/surface
ratio of concrete members. This factor arises aviign the specimen is allowed to be drying
i.e. when the drying creep takes place (Neville Biligier, 1970).

Hansen and Mattock (Hansen and Mattock, 1966) etudkperimentally the effect of
volume/surface ratio on creep of concrete by usliffgrent dimensions of cylindrical and I-
shape members. They found that the size and theesbbmember stored under drying
condition affect the rate and final value of craepersely, i.e. creep decreases when the

member becomes larger (see Figure (1.9)).
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Figure (1.9): Variation of creep coefficient witblume/surface ratio of cylinders at different
ages; (a) using Egine gravel aggregate concreteis{bg sandstone aggregate concrete
(Hansen and Mattock, 1966)
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For a very large member, the creep approachesaihe wof basic creep corresponding
to sealed specimen. The reseals also revealedigegaand shape of member affect the rate of
creep during about the first three months. At greages the rate of creep is equal to the rate
of creep of sealed specimen.

In the following two sections, the effect of envimental conditions (relative humidity
and temperature) was studied due to their conditerianportance in the development of

creep.

1.1.1.6 Relative Humidity

The humidity of the environment has an importarieafon creep as it affects the
moisture content of the concrete. If the concrstdried out before the load application, the
creep is very much smaller than if it containedastderable amount of free water (Orchard,
1979).

The effect of moisture condition on the creep aiarete was studied by Troxell et al.
(Troxell et al., 1958). In that work, specimensl&0mm diameter and 350mm length where
cured till the age of loaded at 28 days. After Zarg of loading under different moisture
conditions (water, fog, 70% and 50% RH), the cre#pin of specimens, as presented in
Figure (1.10), were 360xf0380x10°, 800x1(° and 1080x18 respectively. Thus it is seen

that, within this range, the lower is the moistaoaitent of surrounding medium the greater is

1200 I
| — ,
: Relative Humrdg 50 % -
£ N - 70%
8 A o
E o F
a 400 , i |
2 - | Water
U . t |
0 _1

Figure (1.10): Effect of moisture condition of stge upon creep (Troxell et al., 1958)

Hilaire (Hilaire, 2014) presented in his thesis texperimental studies of Wittmann
(Wittmann, 1970 and 1973):
- (Wittmann, 1970): 28 days after casting the cenpasste, the samples were dried at 105°C
for 2 days. Then they were saturated again for 8thsat different humidity. The water/

cement ratio was 0.4.

17
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- (Wittmann, 1973): The samples were first driedlematmosphere,P; then they were
resaturated at different humidity.

The author (Hilaire, 2014) arranged the result¢wio different figures (Figure 1.11.a and
1.11.b) to show the creep strains obtained forehfit internal relative humidity. It is clear

that the basic creep increases with increasingteenal relative humidity.
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Figure (1.11): Basic creep deformation versus fionelifferent internal relative humidity
[(Hilaire, 2014) adapted from (Wittmann, 1970 a®¥3)]

Comparing the results of Troxell et al. (Troxellat, 1958) with those of Wittmann
(Wittmann, 1970 and 1973), it could be seen they #re opposite i.e. for the first researcher,
the creep strain increases with decreasing th&welaumidity while for the second one the
creep strain increase with increasing the relabivenidity. That is related to the fact that
Troxell et al. (Troxell et al., 1958) had studidu teffect of relative humidity on the drying
creep addition to basic creep. So, when the reativmidity decreases the movement of
water out of the loaded specimen increases andrifieg creep increases as a consequences.
Relating to the study of Wittmann (Wittmann, 197@d973), it was carried on the effect of
relative humidity on the basic creep only. So, whbka relative humidity increases the
movement of water inside the loaded specimen iseea

Other researchers like Hansen (Hansen, 1960) stulkéeeffect of variation of ambient
relative humidity on creep. Several series of cammartar beams were loaded and the
deformation was measured during a period of 10&.dajter removing them from water at
age of 7 days, all the specimens were stored ufaér RH for 21 days before loading. Each
series follows a special program. Some of them veeqgosed to an alternating relative
humidity between 50% and 70% while the other stareder a constant relative humidity
(50%, 60% and 70%) throughout the time of loadifige results revealed that creep strain of
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the cement mortar stored under variable relativaidity (50% and 70%) is larger than under
the average of these two humidities (60%), andaagel as that stored under a constant
relative humidity of lowest limit (50%) (see Figuk12)).
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Figure (1.12): Creep curves, series 1 to 6 (Hank@60)

Another work on the effect of variation of ambieelative humidity on creep was
achieved by Zou et al. (Zou et al., 2014) but hlbesobjective of the study is to include the
influence of seasonal variations of ambient hurpidih the creep. The study was carried on
concrete shear wall specimen with thickness of IB0Mength of 1500mm and height of
1800mm. The specimen was moist-cured for 90 dagistlzen the shrinkage was monitored
for 32 days and then it was loaded with a constardl loading of 800 KN for 1 year. The
results revealed that the variation of ambient ityihas significant impact on the creep of
concrete development. Figure (1.13) shows therstfaieep and drying shrinkage) with
humidity variation thought one year. Figures (1al13L.13.b and 1.13.d) show the strains
along the loading direction, and Figure (1.13.@vehthe strains perpendicular to the loading
direction. The name of strain gages that begin \Yatter A, are fixed on the surface while
those which begin with B are embedded. The shartesirain increases more rapidly when
the monthly average ambient relative humidity dases and vice versa. Consequently, it is
not sufficient to describe the time developmentreep for a whole year using annual average

ambient relative humidity.
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Figure (1.13): Time dependent strains of the shedirunder sustained load,(Zou et al., 2014)

1.1.1.7 Temperature

Another environmental factor that affects profoyndhe creep of concrete is the
temperature which results in increasing the creleenat is elevated.

To study the effect of temperature on basic crédgsser and Neville (Nasser and
Neville 1965) submitted the concrete to a wide eanfj temperature (between 2T and
96°C), from the age of 1 day and onward. The resuitsved that the creep rate increases
with the elevation of temperature up to 71°C. Nev{Neville, 1962) considered that the
temperature increases the mobility of shear flowgeifand of adsorbed water and hence the
creep of these two phases. On the other hand, temperature higher than 71°C, this factor
affects inversely on creep. The authors Nasser [dedlle (Nasser and Neville 1965)
explained this behavior to be due to desorptiothefwater from the surface of the gel, so that
the gel itself becomes gradually the only deforregiilase.

The positive relation between the temperature dred dreep of concrete was also
validated by a recent study of Vidal et al. (Viealal., 2013). The work includes the effect of
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moderate temperature on the uniaxial compressiac bereep of four types of High
Performance Concretes (with and without fibres anida fume). Cylindrical specimens
(120mm diameter and 220mm high) were cured undeéern(@0°C) until the age of creep
loading at 427 days for 50°C test, and at 300 day20°C and 80°C tests. The specimens
were first heated and the temperature was mairttaitele they were loaded at 30% of their
compressive strength (measured on different sangil@9°C) at the age of creep loading.
The results revealed that creep strains at 50°@ggveoximately twice those obtained at 20°C
during 300 days of loading whereas at 80°C, themr@mplitude is multiplied by a value
between 4.4 and 9.2 after only 20 days of loadseg Figures (1.14) and (1.15)).
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Figure (1.14): Basic creep for CEM | and CEM V &t@, 50°C and 80°C (Vidal et al.,
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Figure (1.15): Basic creep for high performance esnat 20°C, 50°C and 80°C
(Vidal et al., 2013)

However, it must be distinguished between the efbé®levated temperature on creep
of concrete before and that after creep loadings Thfference is related to the creep
component which is called “transitional thermalegéand that occurs if the temperature is
elevated only after loading and to a level whictswat reached before (lliston and Sanders,
1973). It should be mentioned that the study stdlh and Sanders (lliston and Sanders, 1973)
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was carried on basic creep in shear where the medsa loaded in torsion. The authors also
mentioned that this component does not occur whentedmperature decreases under load.
The transitional thermal creep was also studiaelation with the compressive basic creep in
the work of Hauggaard (Hauggaard et al., 1999)s Work includes 2 groups of specimens,
the first one was kept in room temperature ofQMwhile for the second group, the
temperature was elevated fronf@1o 40C after loading, then reduced again to approach the

situation in a massive concrete structure (seer€i(ul6)).
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Figure (1.16): Creep of concrete subjected to thégradients (Hauggaard et al., 1999)

The study of Kammouna (Kammouna, 2001) was camgdon the total (basic and
drying creep) in compression. The results preseimdeigure (1.17) revealed that concrete
loaded in summer [series (2)] exposes lower crigap that loaded in winter [series (3)] as the
transitional thermal creep component occurs lateimcsummer season. It could be also seen
that the creep strain of series (3) approacheshéovialues of series (1) in which the
temperature was elevated just after loading. Instmae study and due to this conclusion, the
model of (Bazant and Paula, 1979) was developenhdking the temperature variable with

time under loading.
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Figure (1.17): Comparison of the observed creeprstrs. time load for series (1), (2) and (3)
(Kammouna, 2001)
lliston and Sanders (lliston and Sanders, 1973pated the transitional thermal creep
to the disturbance that occurs due to the riseimperature. Bazant and Wittmann (Bazant
and Wittmann, 1982) attributed the transient théroneep to special mechanisms. One of
these mechanisms could be related to the therradiegrt that occurs due to the temperature
change, which is followed by a moisture gradiersuteng in internal stress redistribution

which changes the creep rate.

1.1.2 Comparison between Creep in Tension and im{poession

The creep of concrete in tension is considerablyoitant in estimating the allowable
tensile stress in concrete beams subjected to riéxaading and when the concrete is
subjected to restrained shrinkage.

An experimental work was carried out by llistorisflbn, 1965) to study the effect of
different loading levels on creep in tension. Téwsile stress levels were 25%, 50% and 75%
of the ultimate stress at the time of loading. éssthe compressive creep (section 1.2.1.5), the
creep strains increase as the loading level ineeeasThe assumption of proportionally of

stress and rate of creep is probably justifiedaup% of ultimate stress (see Figure (1.18)).
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Figure (1.18): Effect of the level of tensile sg@s creep of concrete (lliston, 1965)

The strain under sustained tensile stress anditleto an equal compressive stress are
compared in Figure (1.19). The actual compressikess in the test was 6.89 MPa (about
20% of the ultimate) and the strains have beencetiin proportion to the level of the tensile
stress 0.9 MPa.
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Figure (1.19): Comparative rate of creep for cotectender unaxial tension and compression
(lllston, 1965)

The results revealed that both under tensile oeuodmpressive stress, the rate of creep
decreases with time under load. Nevertheless,nitialirate of tensile creep is much larger
than that of compressive creep, while in the latages the tensile creep rate decreases so that
the compressive rate may become greater (lllsto65)L

Brooks and Neville (Brooks and Neville, 1977) atsmmpared between tensile creep
and compressive creep. Their study involved twasargfdoading; 28 days and 56 days. All
the specimens were cured in water and thereafteerestored continuously in water (for
studying the basic creep) or in air (for studyirte tbasic creep and drying creep).

Classification of the Figures which represent tteep strains are as shown in Table (1.2).
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Table (1.2): Classification of the Figures of (Bks@and Neville, 1977) according to storage
conditions and age of loading

Loading age 28 days 56 days
Storage In water In air from the In water In air from the
conditions age of 28 days age of 28 days
Type of creep Basic Basic and drying Basic Bastt dnying
Figure No. 1.20 1.21 1.22 1.23

This investigation reveals that for loading at afj@8 days initial rates of basic creep in
tension and in compression are similar. Nevertseles contrast to basic creep in
compression, the rate of basic creep in tensiors du# decrease with time (see Figure
(1.20)). It could be remarked that after unloadithg, curve of tensile creep increases instead
of decreasing. That may be related to that therev@evas subjected to drying condition. Due
to that, when the negative strain value of shriekizgsubtracted from the positive strain value
of tensile creep, the result will be the summatidrthe both previous values and lead to

increase the curve of recovered creep.
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Figure (1.20): Basic creep in tension and compoeskir concrete loaded at the age of 28
days (Brooks and Neville, 1977)

As shown in Figure (1.21), the rate of total creepension is larger than the rate of total
creep in compression although at later time thesrate similar. This result about total creep
confirms the previous result of lliston (lllstorQ@5) i.e. initial rate of tensile creep is higher
than that of compressive creep. Even though, Higtston, 1965)mentioned that at later
stages, the tensile creep rate becomes much |taarkefore so that the compressive rate
may become the greatest while Brooks and Nevilld¢Bs and Neville, 197 7nentioned
that at late time, the both rates become similar.

Brooks and Neville (Brooks and Neville, 1977) reththese results to the extension of

the horizontal gel pores under tension promote enzjon which increase the disturbance of
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adsorbed water layer. Under compression, contretid the gel pores reduce the disturbance

and hence the creep occurrence.

100

applied sress
initial spacific elastic strain

0-95 Nimm?® 1 tension
20.4 3% 1078 per Wimm? J

speciiic elastic recovery;
 _p000000000-
50 —

- A
232 = 10-% per Nimm?
[ A S W Y

SPECIFIC CREEP PER N/mm? x 108

‘ 328 % 10-F per Nimm?
.?/ 0’8/ 346 % 10"petNl'mmi} campression
o
;aP
| | 1
0 15 a0 45 &0

TIME SINGE LOADING — days

Figure (1.21): Total creep in tension and in coragpi@n for concrete loaded at the age of 28
days (Brooks and Neville, 1977)
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Figure (1.22): Basic creep in tension andlncorsglcm for concrete loaded at the age of 56
days (Brooks and Neville, 1977)

Comparing Figures (1.20) and (1.22) with Figure21l and (1.23) respectively shows
that the effect of increasing age at loading redus&sic creep in compression while basic
creep in tension is not really reduced. The studfdiston (lliston, 1965) and Bissonnette et
al. (Bissonnette et al., 2007) on tensile creepakd that increasing the age of loading
results in decreasing total tensile creep. Figlir23) indicates also that for specimens which
have been allowed to dry before loading, total greeder both type of loads is reduced and

that total creep in tension is lower than thatompression (Brooks and Neville, 1977).
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Figure (1.23): Total creep in tension and in corapi@n for concrete loaded at the age of 56
days (Brooks and Neville, 19y7

To specify the effect of loading age, Atrushi (Atihis 2003) studied both tensile and
compressive creep for different ages of loadinge $tudy was carried out on basic creep of
high performance concrete at early ages of loadimgension and in compression. As
presenting in Figure (1-24), for the same strassigth ratio of 40%, the magnitude of creep
in tension as in compression increases with deicrgdise age of loading. Right after the load
application the creep in compression is high armd tthecreases to a progressively lower rate.
In contrast, creep in tension is initially loweathin compression, but an almost linear rate is
soon established which is much higher than in cesgion. Consequently, creep magnitude
and creep coefficient are larger in tension thacoimpression.
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Figure (1-24): Comparison between creep in tenaimhcompression of high performance
concrete (Atrushi, 2003)
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Another study that concerns the age effect is aelidy Briffaut et al. (Briffaut et al.,
2012). The study concerns basic creep of conctetiffarent early ages of loading (24h —
120h). Compressive creep tests were achieved umddress level equals to 30% of the
compressive strength while tensile creep tests wecemplished under a stress level equals
to 30% of the tensile strength (calculated fronitspg test) at the time of loading.

A similarity between compressive and tensile crsigins is observed. For the results
with the same loading age (120 h) it seems thatirtii@l rate for the compressive test is
slightly lower although this difference is not sifigant (see Figure (1.25)). So, it could be

concluded that at early age, compressive and &a®kep strains are similar.
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Figure (1.25): Compressive and tensile basic cséins: loading direction and age effect
(Tload= loading) (Briffaut et al., 2012)

These results of similarity between the rate ofdaseep in tension and in compression
are conformed to the results of Brooks and NeyBlmoks and Neville, 1977) that concerns
the first period of basic creep for the concretedied at age of 28 days. Even though, in the
work of this the last, the rate of basic creepampression, unlike creep in tension, does not
decrease with time. It could be mentioned here thathe work of Brooks and Neville
(Brooks and Neville, 1977) the loading level ingem and compression (with reference to
their ultimate strength) wasn’t the same convgtsilthe work of Briffaut et al (Briffaut et al,
2012),

Hilaire (Hilaire, 2014) collected several resulboat the ratio of specific basic creep in
compression to that in tension [Figure (1.26)]. Tehehor indicated that it is difficult to
compare these results due to the difference betthe@nparameters (concretes used, size and

geometry of specimens, environmental conditionslaading age). The author added that for
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concretes which are loaded at a time when the hgdrgrocess is almost completed, the
results appear to depend heavily on environmewtaditions. For the autogenous conditions,
compressive creep is much higher than tensile ®&spi et al., 2012) (Ranaivomanana et al.,
2013) and (Reviron, 2009)] while in submerged cbods, creep compliances do not seem to
depend on the direction of loading (Brooks and Nevi977).
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Figure (1.26): Comparison between specific baerin tension and in compression
(Hilaire, 2014)

The effect of relative humidity on the tensile grestrain was studied by different
researchers. Ward et al. (Ward et al., 1969) mepahat it is not correct to assume,
according to the seepage theory, that the mechanfissreep in tension is similar to that in
compression. These authors studied experimentilile creep in different relative humidity
conditions.

Three humidity levels (100%, 50% and 30% RH) wéwelied and the results are shown
in Figure (1.27). The series stored in water exbtihe highest creep, as it is expected by
seepage theory. However, the magnitude of creepgh®remaining two series was in the

reverse order.
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Figure (1.27): Specific tensile creep of concréteesl at different humidity. Age at loading=7
days; stress/strength=0.50 (Ward et al, 1969)

The initial microcracking and hence the rate okepréor the specimens stored in water
is lower than that for the specimens stored drywéleer, microcracks will exist in specimens
of 100% and will propagate via adsorption. For katiee humidity lower than 100%, the
proportion of tensile creep due to mechanisms efatisorption will decrease and the creep
will result from microcrack propagation. It can $een that it is possible for the magnitude of
microcracking creep of 30% RH to approach the ntagei of creep due to adsorption and
microcracking (100% RH).

To prove their proposition, the authors studied éffect of the cycle humidity on the
tensile creep. As it is shown in Figure (1.28),aading to the authors, the increase in creep
rate when the humidity is changed from 100% RHQ®&3RH can probably be attributed to
crack propagation resulting from the differentiafiskage. During re-saturation, the induced
stress state would be dissipated and the propagaficracks stopped. As the period of re-

saturation was relatively short, microcracking prdee to adsorption was small.
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Figure (1.28): Tensile creep of concrete storedhgging humidity-stored wet before loading.
Age at loading=28 days; stress/strength=0.30 (Véaed, 1969)

These results are confirmed with the results of Been(Domone, 1974). The author studied
the effect of curing the concrete specimens eitlyeimmersing them in water or by sealing
them till the time of loading (at age of 28 daysdamder stress of 35% of ultimate).
Thereafter, the specimens were kept under constdative humidity. It can be seen from
Figure (1.29.a) and (1.29.b), for both cases (insertrand sealed), the creep is increased in
the presence of drying. This result is similarhitattof compressive creep i.e. the compressive
creep strains under water or relative humidity ¢xa80% are lower than those under drying

conditions (see section 1.2.1.6 — Figure (1.10)).
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Figure (1.29): Combined creep and shrinkage ofispats: (a) cured sealed, (b) cured
immersed (Domone, 1974)
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The author also measured the creep of previoustyersed concrete subjected to cycles
of 4 days’ air drying, 3 days’ immersion, 4 day# drying and 3 days’ immersion while
under load. It had been concluded that creep isese#&or both gain and loss of moisture
(Domone, 1974).

The experimental work of Bissonnette et al. (Bissite et al.,, 2007) was about
studying the tensile creep of concrete loaded atagr days, under 50% relative humidity
and sealed, for two loading levels. Unlike the hssof Ward et al. (Ward et al, 1969) in
which the creep strains under 50% RH are lower ttlteose of sealed, the results of
Bissonnette et al. (Bissonnette et al., 2007) Hedethat creep strains of sealed concrete are
much lower than those under 50% RH (see Figur@®)L.3

180T —— x
—s— RIMPa-50%AH --+--03MPa- sealed
—o— 15MPa-50% RH. --c--15MPa-seakca]

1251

{isds 04}

Specific creep {x10%MPa)

Q 14 28 42 7 Fat]
Time under logd {d}

Figure (1.30): Specific creep strain vs. time foncrete loaded at age of 28 days (Bissonnette
et al., 2007)

Bissonnette et al. (Bissonnette et al., 2007) alsaluated the effect of cement paste
volume on creep value. An experimental test witkt@asolume of 22%, 27% and 32%,
named C22, C27 and C23 respectively, was performbkd.results which are presented in
Figure (1.31) reveal that tensile creep increas#s avreduction in paste content. This result
is confirmed with the previous work of Ward et @ard et al., 1969) which was carried on
two different volume paste contents. This relatimtween the volume of cement paste and

creep in tension is the opposite of the one that eserved with compressive creep behavior
(see section 1.2.1.2).
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Figure (1.31): Tensile test creep results for meguC32, C27 and C22 at 50% RH (test
starting atd=7 days) (Bissonnette et al., 2007)

This result is related to the microcracking inibat at the aggregate-matrix interface,
and propagates preferentially via this interfackee Tolumetric aggregate content must then
exert considerable influence upon the crack propagalf this is the case, the aggregate
content must also influence the magnitude of tensileep [(Ward et al., 1969) and
(Bissonnette et al., 2007)].

The effect of aggregate volume was studied as lseliDomone, 1974). The author
studied the uniaxial tensile creep for three agaegement ratios (4.5, 6 and 7.5) for two
water-cement ratios (0.55 and 0.6). The specimesre Waded with stress-strength ratio of
35% at age of 28 days, kept under the same cuondition (either immersed in water or
sealed) for all the time of loading (14 days). Tésults revealed that the specific tensile creep

decrease with increasing aggregate-cement raoHgsgire (1.32)).

30 - g immersed (wjc = 0-6)

£ .
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10 |~ sealed (wjc = 0-55)
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AGGREGATE/CEMENT RATIO

Figure (1.32): Influence of aggregate—cement napion specific tensile creep (specimens
loaded at 28 days) (Domone, 1974)

33



Ch.1 titature reviw

This result is opposite to the ones of the previmesntioned studies, where it indicates
that increasing the aggregate quantity resultsnoreasing the tensile creep due to the
cracking at interface between aggregate and cepasté. However, the author did not give
any explanation to this result. It could also bmaeked from the same figure that the creep of
sealed concrete is lower than that of immersedretec

Domone (Domone, 1974) also studied the effect adlilog level on basic creep (sealed
and immersed) in tension. Specimens were loadeliffatent stress levels, up to 90%. The
results revealed that creep strain increases Wwéhricreasing of loading (see Figure (1.33)
and (1.34)).These results are similar to those obtained frompressive creep (see section
1.2.1.3).

stress = 80% of uldimate

[
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Figure (1.33): Creep strain vs. time, for sealegtgpens loaded at age of 28 days (Domone,
1974)

100
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PERIOD OF LOADING—days

Figure (1.34): Creep strain vs. time, for immerspdcimens loaded at age of 28 days
(Domone, 1974)

From the previous studies, it could be concluded ténsile creep behavior is look like
that of compressive creep. The compressive creeprudrete is related to the movement of

water within cement gel and/ or moving the gellits&s concrete is a brittle material, when a
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tensile loading is applied, creep in tension i alslated to cracking in addition to the

previous causes.

1.1.3 Apparent Poisson’s Ratio

The ratio of the lateral strain to the longitudirsétain under sustained load is called
“creep Poisson’s ratio”. At low stresses, creeps8ani’s ratio is unaffected by the level of
stress, indicating that the longitudinal and ldtel@formations due to creep have the same
ratio corresponding to elastic deformations (Neyi2011). Giaccio et al. (Giaccio et al.,
1992) revealed that above a stress-strength rdti6. creep Poisson’s ratio increases
significantly and progressively with the increassustained stress. As well, it is presented by
Neville (Neville, 2011) that Loo and Base (Loo a@dalse, 1990) found that when the applied
stress level exceeds 0.8 to 0.9, the creep Possaiid exceeds 0.5.

The study about the creep Poisson’s ratio was eqghfor multiple loading like in the
study of Kim, et al (Kim et al., 2005) which incleslthe evaluation of basic creep in uniaxial,
biaxial and triaxial direction. Tests were carriedt on cubic specimens (200mmx200
mmx200 mm) for three different strengths of coreremely 26 MPa, 44 MPa and 54 MPa.
The creep strains were measured in three princpattions. From the measured strains,
Poisson’s ratio at initial loading, Poisson’s ratesulting from creep strain and Poisson’s
ratio resulting from the combined creep strain alagtic strain were obtained. These two last
are named “creep Poisson’s ratio” and “effectiveisBan’s ratio”, respectively. From
analyzing the test results, it was found that tlees$dn’s ratio at initial loading, the creep
Poisson’s ratio and the effective Poisson’s rati® approximately equal for each concrete
mix. Likewise, the Poisson’s ratio at initial loadi and the Poisson’s ratio due to the

combined strain slightly increase as the strenfitheconcrete increases (see Table (1.3)).

Table (1.3) Poisson’s ratio at initial loading, @pePoisson’s ratio and effective Poisson’s
ratio (Kim et al., 2005)

Poisson’s ratio at| Creep Poisson’s Effective

Concrete - . . ) ] .
initial loading ratio Poisson’s ratio

Cl 0.168 0.168 0.169
Cll 0.188 0.187 0.188
Cll 0.190 0.179 0.189
The symbols CI, Cll and CIll are related to the aete strength of 26 MPa, 44
MPa and 54 MPa, respectively.

The creep Poisson’s ratio for the three concreteesndoes not depend on the stress

states: namely the uniaxial, biaxial and triaxte¢ss states. Concerning to the creep Poisson’s
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ratio, the results which are shown in Figure (1.8&ealed the difficulty to determine

whether the Poisson’s ratio changes with time oraias constant due to the fluctuation.
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Figure (1.35): Creep Poisson ratio with time (Kitak, 2005)
Regarding to Figure (1.36), it seems that the &ffedoisson’s ratio is constant with time.

0-25

—l—cCl
—&—Cll
—A—clll
(=]
=,
2 020
n e
g A———a—eh———uhy poiane B4
ki 0182
& g8 o g-Eggel
8 015
i
010 - T L | T UL A |
1 10 50 100
Time: days

Figure (1.36): Effective Poisson’s ratio with tirffilém et al., 2005)

Another work for studying the behavior of the creBpisson’s ratio under three
dimensional loading was accomplished by Grasleylamdje (Grasley and Lange, 2007). The
experimental work includes four types of cement path different water-cement ratios and
three of these mixes include Type C fly ash (mirxix 2 and mix 4). The procedure involves
placing a specimen in a confining cylinder and gwiogl an axial compressive load. The
sealed specimens were loaded at the age of one Tdey.findings from the confined
compression experiment suggested that under mialtiepading, the creep Poisson’s ratio of
Portland cement paste is relatively constant wiil for a period of time, and then generally

increases as dilatational compliance comes to ta(beé Figure (1.37)). It should also be
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noted that the large volume fraction of elasticraggtes in concrete could damp the time-
dependency of creep Poisson’s ratio contributethbypaste fraction. Therefore, the potential
error introduced by approximating creep Poissoa®oras constant for typical structural
concrete problems would be significantly less tlifanement paste alone was considered

(Grasley and Lange, 2007).

0.5 ————

Poisson's ratio

() ()
Figure (1.37): Creep Poisson’s ratio as a funatibtime after loading (Grasley and Lange,
2007)

Like the previous result of Kim et al., 2005 (Kimmhad., 2005), it could be seen from
Figure (1.37) that the creep Poisson’s ratio of Bixvhere there is no fly ash in it) is almost
constant.

To fix a value for the creep Poisson’s ratio, Totrend Benboudjema (Torrenti and
Benboudjema, 2014) analyzed several uniaxial, aiead triaxial creep tests. Figure (1.38)
shows the results of this analysis in the caseafidil tests of basic creep. The results showed
that the creep Poisson's ratio tends to a valwedsst 0.15 and 0.35. Note that the most recent
test (Galenne, 2013), that was achieved on conotetiear power plant, led to a significantly

larger Poisson's ratio (Torrenti and Benboudjerfa42.
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Figure (1.38): Experimental evolution of creep Boiss ratio (Torrenti and Benboudjema
2014)

From Figure (1.38), it could be remarked that, fribra time of loading until about the
time of 100 days (except the results of Galennelgi@e, 2013)), the values of creep
Poisson’s ratio are between 0.1 and 0.2, whiclvarng close to those obtained by Kim et al.,
2005 (Kim et al., 2005) that were between 0.15@&&d

The study of Hilaire (Hilaire, 2014) presents th@sBon’s ratio obtained from the total
deformation (elastic + basic creep). The evolutboisson’s ratio decreases sharply during
the first 10 days and then it stabilized (see Fddr39)). As the previous mentioned results,
the apparent Poisson’s ratio stabilise after aayhbwever, the value obtained by Hilaire
(Hilaire, 2014), is much lower (see Figure (1.39)).
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Figure (1.39): Poison's ratio vs. time (Hilaire 12D

The most recent work to study the evolution of Baiss ratio of total strain due to
loading, in one and two directions of loading feaked and unsealed specimens, was done by

Charpin (Charpin, 2015). Biaxial tests were caroed on rectangular prisms while uniaxial
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tests were carried on cylindrical specimens. Faidoereep tests, it was found that the creep
Poisson's ratio decreases from 0.35 to 0.25 oeet@hyears for the two dimension case while
decreases much faster in the one dimension casstalitized around zero after about 1 year
of loading (see Figure (1.40)). For the drying preewas observed that the creep Poisson's
ratio is again slightly decreasing, from its elastalue, through 11 years of loading. At this
time, the results were close for one direction ordwo directions. The authors mentioned
that the main conclusion of their research is #ideast for two directions sealed creep test,
the creep Poisson's ratio is moderately decreablagertheless, and as the previous studies,
the authors also concluded that assuming the dPeegson's ratio as a constant value, is
correct.
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Figure (1.40): Development of creep Poisson’s naith time in one direction (1D) and two
directions (2D): (a) for basic creep, (b) for dryicreep (Charpin, 2015)
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Factors that affect creep were studied but it 0 alecessary to understand how the

creep strain affects the structure under sustdoest] positively and negatively.

1.1.4 Creep Effects

This section presents the creep effect on the aability, durability and concrete
performance. The objection is to give a generad idleout the advantages and disadvantages
of creep strain.

When creep strain occurs, it will cause a relaxatiothe existing stresses. For studying
this creep effect, the work of Al-Rawi and Al-Qasq#@Il-Rawi and Al-Qassab, 1986) was
carried on reinforced concrete beams which weréedas I-shape molds having a channel
section and subjected to drying shrinkage. For iecihg drying shrinkage, after curing the
beams for 3 days, they were transferred to be exptzsa temperature of 35°C and a relative
humidity of 35% and they were saved there untitack occurred and reached a fairly stable
state. The flange of the mold acted as end restrasulting in a tensile force and a cracking
across the length of the beam. Prior to crackihg,ténsile force which was very high (the
stress/strength ratio closes to unity) and thengrysondition promoted creep of concrete
which in turn, leaded to a relaxation of the temsiiresses in concrete. They observed that this
phenomenon increases the tensile strain capacityoérete and consequently reduce the
possibility of cracking (see Figure (1.41)). In duoh, after cracking occurrence, the tensile
stresses in concrete increase linearly from zetbeatrack location to a maximum at its end.

So, tensile creep took place at this zone, andtiegun a decreasing cracking width.

Tensile stress

Tensile strength

Ny

Stres:
Strengtl

e ™ Tensile stress
less cree

Commencement of drying

Age

Figure (1.41): Sketch of cracking development gstneise) (Al-Rawi and Al-Qassab, 1986)
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To study the relaxation effect, prestress beamse vgtudied by Mortensen et al.
(Mortensen et al.,, 2003). The study includes thenitndng of post-tensioned concrete
members (a single-cell box girder and a solid bedhgy measured the losses of prestress
due to shrinkage and creep strain throughout the &f loading. They found that the prestress
loss increases when the relative humidity decreaagsshrinkage and creep strains are
inversely proportional with the relative humidityn addition, from the measured prestress
losses, it was found that the box girders were nsaszeptible to the effect of moisture than
the solid beams due to the higher surface to volaties.

The work of Asamoto et al., 2014 (Asamoto et ab]14) was also on the relaxation
effect on prestress beams. The authors measurgudbiess loss, deformation and cracking
development with various prestress levels. Thetpaes force was applied at early age of 1
day then at age of 7 days the second prestressiog Wwas applied.

The result showed that the intentional creep indacby a higher first prestressing
(creep promotion) at early ages reduces the pesstoss after another prestressing at the age
of 7 days. As well, the flexural behavior of press beam (there where creep promotion), is
not different from the beam which has the same dsioms but it was not exposed to the
prestress (there where no creep promotion). Althptige maximum flexural crack width is
slightly increased by the creep promotion. This fasult is in contrast with that of Al-Rawi
and Al-Qassab (Al-Rawi and Al-Qassab, 1986) whielienled that tensile creep leads to
decreasing cracking width (as it was explained ipresly).

Concerning the creep effect on the mechanical ptiegeof concrete, Roll (Roll, 1964)
studied the compressive creep effect on the comipeestrength of 1 mix of concrete and 3
mixes of mortar. The stress/strength ratios ataddeading (28 days) were 25%, 35%, 50%
and 65%, for the mixtures of both concrete and amsrtThe results revealed that for all the
mixes, there was a slight increase in the strenlgih to sustained load (creep load). The
strength's ratio of concrete creep specimens tsethichich were unloaded at the end of the
test (1141 days) were 1.06, 1.08, 1.12 and 1.1$tfess/strength ratios of 25%, 35%, 50%
and 65%, respectively.

Liu et al. (Liu et al., 2002) also studied the basieep effect on the compressive
strength of concrete. The work included two kindsl@ading; in biaxial direction on
specimens of 100mmx100mmx10mm with age of loadargying between 14 days and 60

days, and in uniaxial direction on cube of 100mnthvége of loading ranging between 60
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days and 90 days. The result revealed that creepirspns which were subjected to a
sustained load in two directions at an early aged8&ys) have higher strengths than those
specimens with no sustained loading at the same Hge same result was obtained for
specimens loaded in one direction at age of 60 #dyke this phenomenon weakened the
concrete at the age of loading of 90 days (seeeTl@b#)). However, it must be mentioned
here that for the last case, the applied loadingl60%) was higher than that in the previous
cases (30%). In addition, and by using an optic#h wariable focus, it has been observed
that the cracks tend to disappear under biaxialptession load. The authors indicated that
the load helps the cement-based material at ay egd to compact the whole cement gel
framework and to promote the hydration. Besides, tliidration product may come close
more easily under a moderate load and the hydgEds around the cracks probably come

closer with time if the humidity is appropriate whicould resulting in closing the cracks.

Table (1.4): Creep specimen strength results (Lal.e2002)

Loading Loading Strength of | Strength of
duration creep noncreep
No. Creep type | age (days) (days) | Specimens| specimens
(MPa) (MPa)
A-1 Biaxial 14 45 - 8.2
A-2 Biaxial 60 90 14.4 11.3
B-1 Biaxial 30 28 10.8 5.5
B-2 Biaxial 60 30 10.7 7.0
C-1 Uniaxial 60 12 19.7 18.3
c2 | Highstress 90 18 19.8 20.9
uniaxial

Although the work of Roll (Roll, 1964) was carriea total creep (basic and drying)
while that of Liu et al. (Liu et al., 2002) was basic creep, both of the researchers illustrated
that the compressive strength increases due tp twading.

The work of Asamoto et al. (Asamoto et al., 2014swarried out to examine the effect
of the creep on the mechanical properties of thecraie at early ages. A sustained
compressive load was applied at an age of 1 dalyaa®cond load was applied at an age of 7
days. The results revealed that if creep inducehlimvthe elastic range, both the compressive
strength and Young’s modulus of the cylindrical @pens were higher than those of the

unloaded specimen (without creep). This findingfeors the results of Roll (Roll 1964) and
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Liu et al., 2002 (Liu et al., 2002). Asamoto et(@lsamoto et al., 2014) explained the increase
in the strength with the seepage of the moisturthénfine pores, resulting in denser pore
structure. However, when the direct tensile tess warried out, the tensile strength and
Young’'s modulus were almost the same for the bgtk bf specimens. On another hand, the
creep promotion under a high stress beyond théelamnge has no effect on the compressive
strength and may reduce the tensile strength (abeT1.5)).

Table (1.5): Mechanical characteristics of conc(égamoto et al., 2014)

Compressive Compressive | Tensile . :
Tensile Young’s

Specimen * strength Young'’s strength
P MPa) | Modulus (GPa) (Mpa) | Modulus (GPa)
Non-loaded 37.70 27.22 3.04 25.60
0.2, 1d-0.2§ 7d 40.62 29.38 3.01 25.01
0.3f 1d-0.2§ 7d 44.07 30.77 3.10 26.83
0.4f._ 1d - 0.4f 7d 39.51 29.19 2.57 25.42

* The names of specimens defined: stress level abfabday — stress level at age of 7days.

Another study the residual to evaluate capacitgasfcrete after loading was done by
Saliba et al. (Saliba et al., 2012). Here, the ¢édiasic creep in bending was carried out on
concrete beams (100mmx200mmx800mm). After cunmgvater for 28 days, three-point
bending creep tests were performed on the specimgrsading them with 85% of their
maximum strength. After 4 months, these creep apats with the control specimens were
all subjected to three-point bending test up ttufai The acoustic emission technique was
used to evaluate the influence of creep on thekorgaevelopment. The results indicated that
when concrete is submitted to a sustained loadgdugh), two opposite effects appear:
consolidation and consequently strengthening in dbmpression zone, and cracking and
consequently weakening in the tension zone. It alss reported, that the fracture energy is
higher for creep specimens than those of contnogeneral, the fracture energy increases as
strength increases. This increase in fracture gnergy be explained by the strengthening

effect due to basic creep (Saliba et al., 2012).

1.2 Numerical Models
Creep could be modeled using different ways lilkmdard codes, analytical models or
rheological models. Some of these models take actmunt the effect of temperature and

relative humidity on the creep strains. This staeoncerns with the effect of applied stress
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and the nonlinearity between this applied stresstha creep deformation. Since, neither the
effect of temperature nor the relative humidityaken into account.
1.2.1 Models Used in Standard Code

The regulation models are the models that calcttegereep strain in a simple way like
the AClI Committee (ACI Committee 209R-921, 1992)dmloand the CEB-FIP (CEB-FIP,
1998) model. These models do not take into accalirthe factors that affect creep, like
temperature or relative humidity. So, creep straibtined by using these models are not

accurate. Even though, it is practical to use thegive a primary estimation of creep strains.

1.2.2 An Example of Analytical Model (Bazant and &annan, 1989)

The model that was proposed by Bazant and PrasgdBaaant and Prasannan, 1989) is
the most famous and the most used. This modedgedon the solidification theory which
uses a micromechanical analysis to express adingidh a suitable model, as a growth of
the volume fraction of load-bearing solidified neatti.e. the cement hydrated. The
microscopic component itself is proposed as nongagiscoelastic material due to its physic-
chemical nature.

The author adopted the rheological model whicliustrated in Figure (1.42), to reflect
the concrete strains. This model represents aging aonsequence of the growth of the

volume fraction of the solidified matter associaigth the viscoelastic and viscous strains.

STRAINS
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Figure (1.42): Model for role of solidification oreep (Bazant and Prasannan, 1989)

As it is illustrative in Figure (1.42), total strak and creep straia® could be expressed

as follows:
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e=Z v 10 (1.2)
EO

e=¢g"+¢' (1.3)
where o is the stressE, is the Modulus of Elasticityg/ E, is the elastic straing®is the

strain which is independent on stress like shriekand thermal dilatationg’is the
viscoelastic strain, and’ is the viscous strain (flow).

The basic hypothesis illustrated by this modehat the volume elementdv(t) solidified at

various times are all subjected to the same stvéingh is equal to the overall (macroscopic)
creep strain. This hypothesis implies the couploicall these volume elements to be in
parallel.

The micro-stres (v,t) introduced in the solidified matter at tinte is defined as

the stress at the location where solidification basurred and when the volume of all the

solidified matter was/. A layer of thicknessiv(r) is assumed to solidify and bind with the

previously solidified matter at tintg at which the volume of all the solidified mattsrv.
The solidifying material at microscale is considete be non-aging and linearly viscoelastic.
Since, on the one hand, the creep curve contirmebdnge for long ages, and on the
other hand, the growth of volume fraction of hydchtement terminates earlier, the latter
cannot be related to the effect of aging on cré@dm® solidification theory of Bazant and
Prasannan (Bazant and Prasannan, 1989) solvebtitimdiction by introducing the effective

load-bearing fraction as a moderate interpretabiougt) . This fraction can continue to grow

up to long ages as a result of progressive formatib bonds between hydrated cement
particles, e.g., the phenomenon of polymerizationicalcium silicate hydrate in cement gel.
The solidification theory gives a good indicationoat the creep rate at low loading
levels but not at high levels at which the creefe raecomes to increase rapidly. The
increasing in creep rate leads to nonlinearity betwcreep strain and stress. This nonlinearity
is physically related to the damage that occurscamcrete due to creep effect. This

phenomenon gave the motivation to develop creepadarmodels.

1.2.3 Rheological Models Based on Spring and Dashigaits

This paragraph presents some rheological modetlsatbabased on spring and dashpot

units of Maxwell and/ or Kelvin-Voigt arranged ianallel or in series.
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1.2.3.1 Nonlinear Creep-Damage Model under Uniaxi@bmpressive Load (Mazzotti and
Savoia, 2003)

A rheological nonlinear creep-damage model was Idped by Mazzotti and Savoia
(Mazzotti and Savoia, 2003). The model takes intooant both creep nonlinearity and
damage propagation growth at high stress levels.cféep strain is modeled by extending the
solidification theory of Bazant (Bazant, 1977) imanlinear range which is evaluated as a
function of a damage index, using a law calibrafenn experimental results. It is also
assumed that most of the creep strain does noupeodamage and that only a fraction of it
contributes to damage evolution with time.

The general time step, the pseudo-elastic increah@tguations governing the creep
nonlinearity and damage growth with time are inaen in a closed form by considering

mean values of damage index and of nonlinear cvagpbles. So, an effective stra&, is
defined for the creep-damage instead of the ecqgmvastrain £,,defined by Mazars and

Pijaudier-Cabot (Mazars and Pijaudier-Cabot, 1989).

Eoq = i<£f‘"“ >i (1.4)

where<£ie"d>+ Is the positive principal component of the damelgstic strain and is defined

in the following equation:

eld

M =gt el (1.5)

where £ represents the instantaneous elastic strain wdfileepresents the damage strain.
The effective strain is defined as the summatiomstantaneous damaged elastic strain and a

fraction of creep strain, as it is presented indfiqun (1.6).

£, =%+ pe’ (1.6)
The coefficients represents a fraction of creep stra#i ) contributing to damage evaluation
and is considered, for simplicity, independentoafding level.

The model is able to capture the creep-damageattten mechanism of concrete under
uniaxial compression, covering the whole rangetadss levels, from low stress where the
behavior is substantially viscoelastic, to nonlmeaeep for medium-level stresses (not
accompanied by significant concrete damage), ty hggh stresses where failure may occur

by tertiary creep.
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Later on, the damage coefficienB} was also used in the models of Reviron et al.

(Reviron et al. 2007), Benboudjema and Torrentinfgeidjema and Torrenti 2008), Omar et
al. (Omar et al. 2009) and Briffaut et al. (Briftaat al. 2011).

1.2.3.2 Nonlinear Chemo-Thermo-Viscoelastic Damadgedel (Benboudjema and Torrenti
2008)

This model which was developed by Benboudjema aodefti (Benboudjema and
Torrenti 2008) is simple and robust. The mechanietiavior of concrete is modeled by
coupling the elastic damage model of Mazars (MazH986)with creep represented by a

rheological model. The assumptions that were adojtelevelop this model are as follows:

- Chemo-thermal model

The evolution of hydration is achieved by using ¢hemical affinity.

£= A& exp(-

Ea
=) (1.7)

R
where E, is the activation energy (J m9] R is the ideal gas constant 8.3145 (Jri<ol™),

T is the temperature (K) is the hydration degree ané{ £ {s)the chemical affinity (3
given by the following equation:

A() =a+bE +c& +d&® +es* + &5 + g&° (1.8)
where a,b,c,d,e, f,g are constant parameters of a material which caidified from a

semi-adiabatic test.

- Elastic damage model

The relationship between apparent stressesffective stresseg , damageD, elastic
stiffness tensoiE, total straine , elastic straing,, basic creep straing,., thermal strairg,,,,

autogenous shrinkage,,and total straire are represented by Equations (1.9) and (1.10).
c=(1-D)7 (1.9)

c=(1-D)E(&) &, and 7 = (1-D) E(&) (¢ - &, — 60y — &4) (1.10)
The damage criterion defined by Mazars (Mazars6) 88

f () = €eq =Ko () (1.11)
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where £, is the equivalent tensile elastic strain, dgd¢ i6 Jhe tensile strain threshold and

it is equal to Eég
If £,,<ko(&), D=0 (1.12)
Otherwise, D = 1—?[(1+ A)exp(-B, .£,) ~ A exp(-2B,.£,,)] (1.13)

€q

where A and B, are constant material parameters which contr@stftening branch in the

stress-strain curve in tension.

In the finite element analysis, strain softening ¢@ad to a mesh dependency which
produces a failure without any control of energgsiation (Pijaudier-Cabot and Bazant,
1987). To overcome this shortcomings, a charatiedsngth which is related to the mesh
size [(Rots, 1988) and (Cervera and Chiumenti, A0@6introduced.

For this model, damage considered coming only ftensile stress and the density of the

dissipation energy is given by Equation (1.13).

(&) 1+ A12) (1.1
. .

t

9q($) =

While the characteristic length is calculated from the fracture ener@y (£) , and density of

the dissipation energy, (£) .

NG
©g4(&)

(@)1

- Basic creep model

To represent the basic creep model, several rhealoglements of Kelvin-Voigt

combined in a series are used (see Figure (1.43)).

i n
N be N be
s B i = U .
o = i —* G
A l"-.f""'x-'ﬁ_l VWV
1 n
k bc K bc

Figure (1.43): Kelvin-Voigt elements for predictingeep strain (Benboudjema and Torrenti
2008)
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The incremental equilibrium equation for the Kelpigt unit named is:
g =0,+0,, (1.16)

where 5sp and 3dpare the effective stresses acting on the spring @amdhe dashpot,
respectively.

The behavior law of the spring is:

T =koc($)érc (1.17)
The behavior law of the dashpot is:

T o =(€)étc (1.18)

where ki, and 7,. are the stiffness of spring and viscosity of tshpot, respectively, of

Kelvin-Voigh unit. The effect of age on basic crespconcrete is taken into account by the
dependency between the material parameters andlébese of hydration. The stiffness
parameters for each Kelvin-Voigh unit are calcudafeom the following equations (De

Schutter, 1999):

- - 0473 -
kl - kl _ 062 .
ool€) = Koe o 5 1 608 (1.19)
- - 0473 -
j —pl _Foe2
e &) =1 . 2081 160G 4 (1.20)

By combining the Equations (1.16) - (1.20), a nime#dr second-order differential equation is
obtained represented by Equation (1.21).

.(€) K.(€) (-2

wherer, _is the characteristic time which is considered tamts In solving this last equation,

k;)c(f) + 1] Ellac - 5-

i i
Tbcgbc + [Tbc

the deformation of each Kelvin-Voigt element che@m be calculated.
This model allows predicting the damage of mateimakension if the compressive
stresses are small compared to the compressivegireOn the contrary, it is not suitable for

describing dilatancy and behavior of high biaxiah@h triaxial compressive stresses.
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- Coupling between creep and damage

To represent the nonlinearity of creep at a higbsstlevel, the proposal of Mazzotti and
Savoia (Mazzotti and Savoia, 2003) was adoptedit s mentioned previously (section

1.2.3.1), the authors proposed to include a partreép strains into the expression of the

equivalent strain £, .) defined by Mazars (Mazars, 1986):

geq = \/(Eel + ﬂgbc)+ : (Eel + ﬁgbc)+ (122)

where &, is the creep strairg,, is the elastic strain and is a fraction of creep strain

contributing to damage evolution.

1.2.3.3 Nonlinear and Viscoelastic Model (Selli@Q09)

Another nonlinear and viscoelastic rheological madgs developed by Sellier (Sellier,
2009) this model proposes for non saturated coatheit the applied stress changes the effect
of the capillary pressure. In addition, the damatge (microcracks) that exists around the
unsaturated capillary pores is also supposed tiepend on the applied stress. So, the applied
stress may lead to either close or open these anawks. As a result, that will decrease to
either increase or decline the transmission oflleapieffects to the solid skeleton.

This theory is supported by using a numerical madel composite material including
an elastic matrix, elastic inclusions (more rigidthe matrix) and capillary pores with lower
pressure (in an unsaturated case), (see Figurd)]1Bhe nonlinearity of capillary effect,
which depends on the applied stress, providesapalility to simulate shrinkage and drying
creep. The model consider the difference in creeggchanism under deviant stress of a
dominate part for slipping without volume variatji@and of a hydrostatic part which is tangle
with the slipping. As a result, a volume variatiweppens due to the reduction in the space of

the pores.
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o : total stress

KV o' . spherical part on solid skeleton

¢'®: deviator part

=" : hydraulic stress due to the capillary
depressiorP".

e s: represent the spherical model

d: represent the deviator model

Figure (1.44): Stresses partition partially sprerideviator and hydraulic stress (Sellier,
2009)

1.2.3.4 Linear Creep-Damage Model (Thai et al. 2014

This model which was presented by Thai et al. 200l#ai et al. 2014) describes the
creep of cement-based materials with the effectdarhage. The model represents the
cement-based materials behavior based on the pstiailo approach of Schapery (Schapery,
1984) coupled with the isotropic damage model ozMa (Mazars, 1986). This procedure
relies on the material represented as a compositsisting of spherical elastic inclusions
(aggregates) and voids (pores), embedded in ar lingeoelastic matrix (cement paste) whose

behavior is assumed to be ruled by 3-chain gezedMaxwell model (see Figure (1.45)).

kﬂ "uL]
k, u/\/\/\/ n ko, k : moduli of generalized Maxwell model describing
the effective bulk modulus of the material
o1 /\N\/ [E G Mo, K : moduli of generalized Maxwell model describing
k; 4, . the effective bulk modulus of the material
W\/ M 7™k ™M viscositie:
L1

Figure (1.45): Generalized Maxwell model with 3icisaused to describe the behavior of the
matrix (Thai et al. 2014)

1.2.3.5 Basic Creep Model (Hilaire, 2014)
The rheological diagram chosen by Hilaire (Hilaig§14) to model the basic creep

consists of two aging elements: a Kelvin-Voigt ysldced in series with a dashpot. The basic
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creep observed at young age is modeled mainly &K#ivin-Voigt element while the long-
term basic creep is modeled by using a second daghp(see Figure (1.46))

kk'u

o

Nam ( t )

—a—>0
Nk
1 2
€kv €am

€be

Figure (1.46): Rheological model of basic creeddire, 2014)

This model take into account the non-linear charactf basic creep and delayed
fracture of concrete under high mechanical loadoygadding the coefficient of Mazzotti and
Savoia (Mazzotti and Savoia, 2003) in equivalergistequation of Mazars (Mazars, 1986). It
is worth to be mentioned that the model is capableompute basic creep in tension and
compression. This model is able to take into actthn complacency difference between the
tensile basic creep and the compressive basic.creep

As was seen, there are no sufficient experimeetallts about the creep effects on the
residual mechanical properties of concrete to belooled. So, the effects of creep on the
development of mechanical properties of concreteu@®g’s modulus, compressive strength
and tensile strength) was adopted in this studypmesented in chapter two.

The previous presented models didn't take into actdohe effect of the difference in
stiffness between aggregate and cement paste.effbid is represented by the resistance of
aggregate to the creep of cement paste under fhliee@dpoading. This resistance produces
tensile stresses which generate microcracks adgbeegate-cement paste interface. Recently,
mesoscopic mesh has been used to study the faifucencrete beam under flexural load
which highlight the presence of microcracking do¢hte sustained load (Saliba et al., 12).

So, in our study, mesoscopic model was adoptedsiimulating the concrete as a

material which is composed from aggregate and cempasie, as it is presented in chapter
three of this study.
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CHAPTER II: EXPERIMENTAL INVESTIGATION OF MECHANICA L
CHARACTERISTICS OF CONCRETE

The objective of this work is to study the effeEtoeep and quasi instantaneous loading
on the concrete mechanical behavior. This chaptdudes a description of the materials that
have been used and the laboratory experimental tiest were carried out. Creep tests were
realized on cylindrical concrete specimens foretdéht concrete loading ages and loading
levels.

Summary of Chapter I

2.1 Fabrication of concrete and system used for mearing its mechanical properties

This paragraph includes the steps of casting, guand preparing the concrete
specimens to be suitable for the tests that wec&lée to be achieved. It also includes the
description of the devices and the apparatus useddhout performing the tests.

2.2 Effect of preloading in compression on the conete tensile strength

The section of a prestressed structure is subjdcstly to compressive stress followed,
for part of it, by a tensile stress due to exteidonal or creep strain. Before finding out the
creep effect on the tensile resistance, it wasdaelcio verify the effect of quasi-instantaneous
loading. So, specimens were loaded in compressitihaudetermined loading level and then
indirect tensile test was performed on these pdeldapecimens.

2.3 Compressive creep

The work presented in this paragraph was carrigdmovercome the lack in studying
the compressive creep effects on the residual nméddaproperties of concrete. Therefore,
compressive creep tests were carried out on censptcimens at different loading levels.
Thereafter, either the compressive strength test gaaried out for evaluating the elastic
modulus and the compressive strength or the indiresile strength was achieved for
evaluating the tensile strength. In addition, as ®oisson’s ratio is important in two
directions prestressed structures, the apparess®us ratio was studied here.

2.4 Creep in tension (Brazilian creep)

Concrete beams subjected to flexural loading amttrete under restrained shrinkage
are subjected to tensile stresses that lead tdeemsep. To verify the effect of tensile creep
on residual tensile strength, indirect tensile préests were carried out followed by the
indirect tensile strength test.
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2.1 Fabrication of Concrete and Experimental Device

2.1.1 Concrete Composition

It was important to cast concrete with high-perfanoe to obtain reliable results. So,
cement, sand and gravel of high-quality were u3dsk objective was to cast concrete that
creeps under the load that could be applied byethepped creep apparatus in the laboratory.
To achieve this purpose, it was necessary to castrete with rather high quantity of cement

paste. The slump was decided to be:1Txm (which is quite high), the water/ cement ratio

was decided to be equal to 0.5 and that of sara/etjequal to 1.2 (the sand/gravel ratio is
same as the standard concrete used in the 3SRatabr Therefore, the Abraham test was
carried out several times until the decided slungs wbtained. Thereafter, the quantity of

cement, sand and gravel were calculated accordititat (see Table (2.1)).

Table (2.1): Type and quantities also of concreramositions used

Concrete compositions and properties Quantitiesvahuks
Water 174 kg/m
Cement (CEM | B 52.5) 348 kg/m
Sand (1.8 mm) 826 kg/m
Gravel (0.5/8 mm) 991 kg/m
Concrete compressive strength at age of 42.1 MPa

30 days

2.1.2 Casting of Specimens

Mixing of the concrete ingredients was achievedibiyng a mixer of 25 liters capacity.
The mixer was damped then charged with the ingnéslias follows: half amount of the
gravel, half amount of the sand, all the cemend, then the residual half of the sand followed
by the gravel. The mixer was operated for mixing itihgredients until a homogeneous colour
was remarked which took about 2 minutes. Then, evtiie mixer was operating, the water
was added for about 30 seconds thereafter the miasrleft working for 3.5 minutes. After
that, the mixer was stopped and the ingredientewaped out of it. The slump test was
achieved for each batch of concrete immediatetii@end of mixing.

For all the tests, PVC cylindrical molds, of 70mmmer diameter and 140mm high,
were used. A needle vibrator of 18mm diameter wsesddor compaction the concrete layers
after casting it inside the molds. The concrete p@sred in 2 layers; the first one which was

about third of the mold height, was vibrated fopab5 seconds then after the second layer
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was cast which took the rest of the height, botltheftwo layers were vibrated for about 15
seconds.

2.1.3 Curing Conditions

After molding, the fill molds were covered with gethylene sheets to prevent the
water evaporation. After 24 hrs, the concrete spens were carefully unmolded and placed
in a water tank until the age of creep loading Whias decided to be 30, 60 or 90 days. All
the specimens that were kept for the creep test weasipped by aluminium scotch to prevent
the water evaporation. Afterword, these specimeasewransferred to be stored in air under
controlled conditions of (21 1)°C and (5@t 5)% RH throughout the time of creep test which
persisted for 30 days for all the creep series.

2.1.4 Preparing the Surfaces of Specimens

To allow the load to be distributed uniformly oube area of loading, the parallel top
and bottom surfaces of the specimens had been Beroof grinding machine mark Tour
Colchester which is presented in Figure (2.1), used for smoothing the circular surfaces of

all cylindrical specimens that were used in thiskvo

Figure (2.1): grading machine (Tour Colchester)
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Figure (2.2.a) and Figure (2.2.b) reveal the sarflewvel variation (0.1mm/70mm) of
random samples that had been certificated by ggadischine (Tour Colchester).
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Figure (2.2): (a) Surface level of sample AB7, $oiyface level of sample AB8
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2.1.5 General Description Of The Schenck Press

To measure the elastic modulus and to perform cesspre strength tests, the Schenck
press device was the best choice for its capadityits ability to record the strain during
compressive tests.

The Schenck device (Schenck Hydropuls) is a sexhatjic press of 1 MN capacity
fully controlled hydraulically. It is capable of @&oping the displacement of the axial jack
with a speed ranged from 10um/min to 25mm/s, (sger& (2.3)). This machine has a very
precise force sensor positioned in the lower plales force sensor of a wide range (1 MN) is
able to cover all the tests. It is also equippethwi displacement sensor of range = 125mm
that isinstalled in the axial jack to control the displamnt during the test. The system of the
Schenck device is able to register the data offtlhee sensor, strain gauge sensor and
displacement sensor.

To permit the applied load to be distributed uniity over the specimen bearing
surfaces even if they are not perfectly parallehirege is placed and centered on the upper
bearing surface of the specimen before initiatihg test. In addition, 2 apparatus were
fabricated in the 3SR laboratory for preventing #teentricity of the load to be applied on
sample surfaces. One of them is composed of 2 tratscould be joined together by screws
to form a square plate with a circular hole to sund the circumference of the upper part of
the cylindrical specimen (diameter equal to 70mntje size of the square plate is 20cm to
permit the plate which is placed on the upper fafdbe loaded specimen to be fitted inside it,

see Figure (2.4).

Figure (2.3): Schenck device

57



Ch.2 Experimental investigation of mechaniazharacteristics of concrete

The other one is a ring with inner diameter justtifie circumference of cylindrical
specimens of 70mm diameter while the outer diametehis ring is designed to be of the
same size asne of the circles that are drawn on the lowereptitthe Schenclevice. The
ring is composed of 2 parts that could be joinedstngws to be placed at the bottom of the
loaded specimen, see Figure (2.4). It must beiomed that both of the square plate and the
ring are removed as soon as the jack of Schdewice touch the upper loading surface of a

specimen for preventing any lateral confinement.

Piece of
Schenck
composed from
two parts

\
Square
_ \plate

-

Ring

Figure (2.4): Centering system of Schenck pressgRind square plate both of them omposed
from 2 parts
To fix the cylindrical specimen which is prepared the Brazilian test, an apparatus
which is presented in Figure (2.5) was designed fabdcated in the 3SR laboratory. This
device is supplied with screws for positioning tgecimen laterally at the center of the
device. These screws are released as soon ascthefj&chenckdevice touches the upper
lateral side of the specimens to prevent any laterainement.

Figure (2.5): Apparatus used to hold the testedispen throughout the Brazilian test

" The device is explained in details in section®.4.
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2.1.6 Extensometer Used for Measuring the Specinsrains

An extensometels assembled around the specimen as a belt whicdlledd diametrical
belt, see Figure (2.6.a). This equipment also ohetu3 LVDT (hamed Ex1, Ex2 and Ex3)
arranged in a parallel way to the axial loadingspécimen for measuring the longitudinal
strain throughout the test. Another LVDT (named Ei4Aplaced parallel to the tangent of a

specimen to acquire the diametrical strains duttegtest.

Hinge
Piece of Schenck
composed from

, - two parts
Pins for fixing P
the equipment Orthoradia
LVDT
Axial LVDT
-6000 -4000 -2000 2000 4000 6000 8000
T
o
>3
[%)]
n
o
7 ‘K
3 i X A o
- ,' PN o o Ex1-Axial
® e g 000 -60 A opogo ° o Ex2-Axial
» Ex3-Axial
+ Ex4-Orthoradial

=1

Strain (um/m

(b)

Figure (2.6): (a) Specimen equipped for achievirgdompressive test, (b) Stress vs. strain
results obtained throughout the test

The acquired data of the displacement with tha&aél stress are useful for drawing
stress—strain diagrams and for computing the elastodulus, see Figure (2.6.b). For

obtaining the strain for each step of the applieess, the different between the actual and the
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initial displacements is divided by the distancewsen the pins that are fixing the
extensometer, see Figure (2.6.a).

2.1.7 Compressive Strength and Elastic Modulus Oepenent with Time

The results obtained from compressive strengths tegtich were carried out on the
sound specimens, i.e. specimens had not subjeoted grevious loading, throughout the
experimental work (different casting but the sanoenpositions ratios), are presented in
Figure (2.7) and (2.8). The development of compvesstrength with time is represented in
Figure (2.7). A modified Eurocode formula is alsegented in the same figure and fitted with
the experimental results to have a standard dewiatquals to 4.1. The formula of this

equation is as follows:

fc :eXp[S(l_\/?)] X f28 (2-1)

wheref_is the compressive strength in MPa at the presem {t) in days, f, is the

compressive strength at age of 30 days (= 42.1 MRd} is the factor that was found to be
equal to 0.6.
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Figure (2-7): Compressive strength developmenting for sound concrete
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The formula of f, (Eq. 1) was submitted in the Eurocode equatiocaddéulating the

elastic modulus (instead df, value) to be modified with the experimental restitat varies

with time. The standard deviation equals to 6.1 thiedformula of this equation is as follows:

)%
E =22x (—j
9

where, E is the elastic modulus in GPa which evaluates viitle in days.
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Figure (2.8): Elastic modulus development vs. tforehe sound concrete

2.2 Effect of Quasi-Instantaneous Preloading in Cpmession on the Concrete Tensile
Strength

For structures that are loaded in compression,disigner takes all the necessary
precautions to make its compressive strength adeqioa support the load. Prestressed
structures are first subjected to compressive stgeduring the prestress process and then can
be submitted to tensile stresses. In these stesgtuhe section is subjected firstly to
compressive stresses followed for part of themebgite stresses due to external load or creep
strain which lead to relaxation of stresses. Stredinding out the compressive creep effect
on the tensile resistance, it is important to yetife compressive preloading effect. If the
tensile strength of concrete decreases after difgeit to compressive creep loading, the

negative effect could occur due to creep or as ssamcompressive load is applied.
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2.2.1 Steps Followed for Achieving the Study of Bempressive Preloading Effect

This test consists of loading a concrete specinmgih & specific level and then doing a
Brazilian test on it. To determine the preloadimg @ifferent compression stress/strength
levels, the compressive strength must be evaluagéate. This was done on 3 specimens at
age of 1 month for each casting (2 castings wergenaa it will be explained in this section).
After finding the maximum compressive strength @naete, 3 levels of compressive
preloading were achieved at the levels of 80%, @0/ 95% of the strength of concrete for
the series 1QB80, 1QB90 and 1QB95, respectively Table (2.2). In fact, 3 concrete casting
were made; the first and the second for achievimg Ibading level of 80% and 90%,
respectively. The third casting was prepared toaplish the loading level test of 95% in
addition to the level of 90%. The specimens weaedgaded in compressive for about 15
minutes and test stopped at a specified level (8% or 95%, depending on the series). At
the end of preloading test, an indirect tensilé (Bsazilian test) was done on the preloaded

specimens. The number of the specimens used fartescis indicated in Table (2.3).

Table (2.2): Definition of series name

_ Definition of series
Series : - _
name | Typeoff | Age of I Loadlntg levell Type of 79test| Age at
test loading of 1*test failure test
1ccso| Comp. creep| 1 month 50% Comp. strength 2 months
1cces5| Comp. creep| 1 month 65% Comp. strength 2 months
1BB50 Brazilian 1 month 50% Brazilian 2 months
creep strength
1BB80 Brazilian 1 month 80% Brazilian 2 months
creep strength
1BB90 Brazilian 1 month 90% Brazilian 2 months
creep strength
>CB80 Comp. creep| 2 months 80% Brazilian 3 months
strength
3ccso| Comp. creep| 3 months 50% Comp. strength 4 months
3ccso| Comp. creep| 3 months 80% Comp. strength 4 months
10QB80 Comp. quasi- 1 month 80% Brazilian 1 month
instantaneous strength
1QB90 Comp. quast-| 4 i 90% Brazilian 1 month
instantaneous strength
1QB95 Comp. quast-| 4 i 95% Brazilian 1 month
instantaneous strength
Note: The number situated in the beginning of #rges name represents the age of
loading. This number is followed by two lettergépresent the name of first and
second test while the last number represents duirig level.
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Table (2.3): Number of specimens prepared for éaeating test

Specimens No

Casting| Series : — :
order name Compressive test Brazilian test Comp. preloadingt
on sound specimenson sound specimens Brazilian test
First 1QB80 3 3 3
Second| 1QB90 3 3 3
4
Third | tQB90 3 6
1QB95 4

2.2.2 Results Obtained from the Compressive Quasithntaneous Preloaded Preloading

The indirect tensile strength values obtained frtime Brazilian tests that were
accomplished on sound specimens and on those sf-pgéantaneous preloaded specimens
in compression are presented in Figure (2.9) andiable (2.4). The values in this figure
represent the average of 12 specimens for unloglémt each one of casting 1 and 2, and 6
for casting 3), 7 specimens for preloading leveB0% (3 for the first casting and 4 for the
second) while for preloaded until the level of 95%specimens of the second casting was
realized, see Table (2.3).

It could be seen from Figure (3.9) that the comgivespreloading level of 80% has no
significant effect on the concrete tensile strengtbwever, the compressive preloading has
negative effect for preloading levels higher th&%63 It could be seen from Table (2.4) that
the decreasing in the tensile strength is 16% f@opding level of 90% and 20% for
preloading level of 95% i.e. the negative effecr@ases with increasing the preloading level.
As concrete is a quasi brittle material, the extanshat occurs in the transverse direction,
due to the Poisson ratio effect, generates miccsran the direction parallel to the applied
load. These microcracks increase as the applietingdevel is increasing until it reaches the
level of failure (loading level equal to 100%). Hen when the compressive preloaded
concrete specimen is subjected to the Braziliah tefails with a loading value lower than
that applied on sound specimens. However, as theilBmn test gives scattered results, more

tests will need to be carried out to better qudtilyse results.
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Table (2.4): Effect of quasi-instantaneous prelogdin compression on tensile strength

Compre_sswe 0% 80% 0% 0505
preloading level

Indirect tensile

strength (MPa) 3.91 3.90 3.27 3.13
Decreasing in tensile ) 0.26% 6% 0%
strength *

* Decreasing in tensile resistance= 100x(Resistaefare preloading -
Resistance after preloading) / Resistance befaiegualing

4,5

.|_
35 [
3
o |
2
1,5
1
0,5
0 \ \ \

0% 80% 90% 95%

Indirect tensile strength (Brazilian test) (M

Applied compressive preloading le

Figure (2.9): Effect of compressive preloading iffedlent levels on the tensile strength

2.3 Compressive Creep

As it was seen in chapter one section 1.1.4 [thekwb Roll (Roll, 1964), Liu et al.
(Liu et al., 2002), Asamoto et al., (Asamoto et 2014) and Saliba et al. (Saliba et al., 2012)]
that very few studied were done to evaluate efééatreep on the mechanical properties of
concrete. For covering the lack on this subject enderify creep effect, the creep test was
carried in tension and in compression.

The compressive creep effects on the compresgieegih, tensile strength and elastic
modulus were studied and presented in this section.
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2.3.1 Creep Device

The creep device used was designed and fabricat8& R laboratory. This device
which is seen in Figure (2.10)orks by transforming a force into a moment thesmits to a

multiplier system into a much larger force thanithigal one to be applied on the specimens.

Upper
plate

Lower
plate

(b)

Figure (2.10): (a) Side view of the creep devitg,Hront view of the creep device after

arranging the specimens inside it

As it is shown in the sketch of the force systenicihs represented in Figure (2.11),
weights are placed at the end of beam 1 to applydite k. The moment which is composed
from F on beam 1 is transmitted to beam 2 by the forcth&t is applied at joint 1 {Jand
then its reaction at joint 24J The moment which is due tg@ Bnbeam 2 is balanced by.An
fact, i, has a direction inverse to,Hifts the lower plate on which the creep sames
placed. As the upper plate which is over the colwhrihe creep specimens is fixed, the
distance between these two plates will decreasdirfgpthe creep specimens to be in touch
with the upper plate. So, the compressive forgettrat is applied on the specimens is given
by the following equation:

E,=F, {M @} (2.3)
X, X,
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where X, =75cm, X, = 5m, X, = 995cm and X, =10cm. So, if 1kg is being placed at

the free end of beam1, the applied load on therugide of the loaded specimens (support 2)
will be equal to 159 kg.

X3 X4 A
F3, bean?2 F2
J, .\
f
1 J1 bean 1
A
xl F3 Xl Fl
v

Figure (2.11): Sketch of the force system of theeprdevice

The cylindrical concrete (high=140mm) specimenseniaserted in the creep frame
tester to form a 3-cylinder column of height 420mumich is adequate considering the space
between the upper and the lower plates. Then sgailges were connected to a digital strain
meter for measuring strains. These measured stragmesent the total strain due both to the

loading (initial and creep strains) and to the éwahthermal and/or shrinkage strain.

2.3.2 Specimen Preparation and Instrumentation

For each creep test, 6 specimens were preparefl ttgem were loaded while the 3
others named control specimens remain unloaded.cbh&ol specimens were stored under
the same conditions of those loaded to measurstthan taken place without external load
i.e. eventual thermal expansion or drying. The nemdf channels of strain measurements
was limited so only 2 of the loaded specimens and the control specimens were equipped
with strain gauges. After taking all the specimens of water, 2 of the chosen specimens to
be loaded were instrumented with 3 strain gaugdter Aeaving the specimens in air for 1
day, 2 of the strain gauges were glued verticallg @pposite sides while thé®3ne was
glued circumferentially, adjusting their centrestla¢ middle of the specimen height. The
same arrangement was used for the control specinmevever for this specimen the
circumference strain gauge had not been used anlkhtiral strain was proposed to be equal
to the axial strain. The gauges adapted were of-N@AOCBE-350 type and of length equal
to 28mm, and the glue used for sticking them waSA$2 type. Both the gauges and the glue

were fabricated by Vishay Micro-measurements Comp@he specimens were left for 1 day
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in the air so that the glue takes its hardnesserA#tiining the wires with the strain gauges,
paste of CAF4 type was applied on the gauges arttieoparts of wires joined with them, to
protect them from the humidity. When the paste bezrdry, within 6 hours, all the specimens
were immerged again into the water tank. At the @igeading, all the specimens were taken
out of water. As only the basic creep was decidedet measured, the creep and the control
specimens were covered with aluminum scotch fovgeng the evaporation of water out of
the specimen. It should be mentioned that at e&s, she conductivity of the wires was

verified by the multimeter device, see Figure 2.12.

(b)

Figure (2.12): (a) Fixing the wires and verifyirigetconductivity by a multimeter, (b)
Applying CAF4 paste, (c) Covering the specimen vaithaluminum scotch

2.3.3 Compressive Creep Effect on Residual CompvesStrength and Elastic Modulus

As it was mentioned previously, the principal aifrttos study was to find out the creep
effect on the residual mechanical properties ofcoete. Here, for studying the effect of
compressive creep on the development of compressigagth and of elastic modulus, two

different ages of loading were used, 1 month antbths.

2.3.3.1 Steps Followed for Achieving the Study loé tCompressive Creep Effect

At the age of loading, the compressive strengthves carried out for determining the
ultimate compressive strength and consequentlyddegithe load that should be applied to
attain the chosen loading level for the creep t@$te compressive creep test was then carried
out on series named 1CC50 and 1CC65 at age of thmdrile series 3CC50 and 3CC80 at
age of 3 months, see Table (2.1). At age of logdimg compressive strength test was carried
out on 3 specimens for each one of the series 1&@AAACCE5S while for the series 3CC50
and 3CC80, the test was achieved on only 3 spesifitenmepresenting the two series because

both of them were made from the same casting. A& mentioned previously, for each test,
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3 specimens were loaded in the creep device namesgp specimens and 3 were unloaded
named control specimens.

After measuring the maximum compressive strendtl, compressive loading level
(stress/strength ratio) was decided for each cseejps. The chosen loading levels were 50%
for series 1CC50 and 3CC50, 65% for series 1CC6&,80% for the rest series, see Table
(2.1). The conditions of storage during the cressp were the same for all the series. So at the
end of water curing duration (1 month or 3 montkis, creep and the control specimens were
covered with aluminum scotch and stored in ai2at-( C and (50+5)% RH

At the end of creep loading which persisted for @nth for all the series, Young’s
modulus and the compressive strength test wereuateal on the creep and on the control
specimens. After the compressive strength testmbeéulus of elasticity was computed from
the average of 3 strains measured by the axial LMIXf the corresponding applied stress.
The modulus of elasticity was calculated within thage from 22 MPa to 28 MPa for which
a plateau of the elastic modulus is observed igssitown for an arbitrary chosen specimen in
Figure (2.13). This range was determined accortbniipe more stable results obtained from
the relation between the derivation of elastic noslwerses the applied compressive stress
throughout the compressive strength test for ramga@mosen specimens, see Figure (2.14).
The elastic modulus and the obtained maximum cosspre strength from the compressive

strength test for the creep and the control spatsmere compared for each series.
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Figure (2.13): Stress vs. strain of compressivensgiih test of one specimen (named A)
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——Specimen A
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——Specimen B
——Specimen C

Figure (2.14): Derivation of the elastic modulus stsess of three specimens

2.3.3.2 Results Obtained from the Compressive Creep

To obtain the total strains due to the loading ti@hi and creep strains), the
measurements obtained from the strain gauges &irexbntrol specimens are subtracted from
those fixed on loaded specimens at each time ainstegistration. The results of total axial
strains due to loading are shown in Figure (2.1Bjlevthose of total circumferential strains
are presented in Figure (2.18). Creep strainsdbtdined after subtracting the initial strain
(strain occurs immediately after the applied fareaches to the required limit) from the total
strain due to loading, are presenting in FigurelgR.and Figure (2.19), for axial and
circumferential creep, respectively. The specifieep strains i.e. creep strain divided by the

corresponding applied stress are represented urd-i®.17) for the axial strain and Figure

(2.20) for the circumferential strain.
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Figure (2.15): Total axial strains (elastic andegevs. time due to compressive load
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Figure (2.16): Axial creep strain vs. time due eonpressive load
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Figure (2-17): Axial specific creep vs. time duectimpressive load
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Figure (2.18): Total radial strains (elastic anelegr) vs. time due to compressive load
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Figure (2-19): Radial creep strains vs. time dueampressive load
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Figure (2.20): Radial specific creep strains waetidue to compressive loading
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As it was expected for the same age of loading taked strain due to loading (elastic
and creep), creep and specific creep strains iseraa the stress/strength level is increased,
and that for both axial and circumference directionhat is related to the nature of creep
phenomena which occurs when an external load iBegppesulting in water seepage and gel
flow and slide one over the other inside the loadedcrete. So, it is well known that the
creep strains increase as the applied stressnisaised for the same concrete characteristics
(see section 1.1.1.3 and 1.1.1.4).

It could also be remarked from Figures (2.15), §2.12.17), (2.18), (2.19) and (2.20)
that for the same stress/strength level, as theoadmading is increased, creep and specific
creep strains increase too. These results arecor@ance with to the results of Polivka et al.
(Polivka et al., 1964) as it is presented by Newvilhd Dilger (Neville and Dilger, 1970). The
results of their work revealed that, for concraibjscted to the same stress/strength ratio, a
creep of 130x18 when loaded at 3 days and of 110%10hen loaded at 1 day, for creep
measured after 25 to 28 days. Neville (Neville &ilder, 1970) related this finding to the
growth in strength under loading. For concrete éuhdt earlier ages, the gain in the strength
is higher than that at later ages. Therefore, ftoe same initial applied stress, the
stress/strength ratio decrease faster with tingeiltiag in smaller creep.

Another justification that could be given here fbrs result is that when concrete is
aging and with available of free water, the hydnmatprocess continues. Progressively, the
pores inside the concrete will be filled up withmant products. So, when concrete is loaded
at later ages, the water and gel particles will fiotl enough spaces to flow inside the
concrete skeleton. Consequently, the energy pral/die these particles on the hardened
cement paste will lead to microcracks occurrencea/esult and due to these microcracks,
there will be an increase in the amount of creegirsin addition to the relatively small flow
of water and gel particles.

Moreover, an additional creep strain could arise ttu microcracks at cement paste-
aggregate interface. These microcracks occur aleet tensile stresses as under the applied
loading level of concrete, only the cement pastengoes creep while the aggregate act as an
obstacle to this creep. Even though, at mesossmaile, as the flow of cement gel and water
is more accessible at young age than that at Igg¢e the concentration of stresses at the
aggregate-cement paste interface for new concrake ba relaxed faster than those for old
concrete. Therefore, the microcracks at the agtgegament paste interface for new concrete

are expected to be less than those for old concrete

72



Ch.2 Experimental investigation of mechaniazharacteristics of concrete

The results obtained from the compressive stretegts which were done on creep and
control specimens at the end of creep test, areepted in Table (2.5), Figure (2.21) and
(2.22). It could be seen that when concrete had besded at age of 1 month, after 1 month
of loading i.e. at age of 2 months, the compresstvength and the modulus of elasticity of
creep specimens is greater than that of contratismns, for the both loading levels (50%
and 65%). On the contrary, when concrete had besed at age of 3 months, after 1 month
of loading i.e. at age of 4 months, the creep spews have lower compressive strength than
those of control specimens, for 50% and 80% loatiagls.

These results are in accordance with the resul®atif (Roll, 1964), Liu et al. (Liu et
al., 2002), Asamoto et al. (Asamoto et al., 2073t) Saliba et al. (Saliba et al., 2012). All the
findings of these studies agree that concrete stdgjeo compressive sustained load at early
or young ages reveal higher compressive strengtth fagher elastic modulus according to
the work of Roll (Roll, 1964) andsamoto (Asamoto et al., 2014)] than unloaded cetecr
Even though, the work of Liu et al. (Liu et al.,X) gave conflicting findings for uniaxial
loaded concrete at late age (90 days) with higkll€80%) i.e. the creep specimens revealed
lower compressive strength than the control speténsee section 1.1.4 for more details.

The explanation that could be given is that whemcoete is being loaded at young ages,
the applied load pushes the cement gel to be mfveedtheir places to a wider place, to fill
the pores inside the cement paste. With time awdlétine sustained load, the size of concrete
specimen becomes smaller and denser than that wiasmot loaded. As a result, the dense
specimens (creep specimens) reveal higher resesthao those which are less dense (control
specimens). While in the case of loading concretatar ages, most of the pores had already
been filled with the rehydration products. Therefowhen the load is applied at these late
ages, there will be not sufficient place availalolethe water and the cement gel particles to
move easily. So, these moving particles becomepfdyaa pushing force on the hardened
cement resulting in microcracking occurrence. ldigoin, as it was mentioned previously,
tensile stresses take place at aggregate-cemertipteyface due to the incompatible strains
between the cement paste and the aggregate. Treestfmesoscopic scale, unlike the case of
loading at young age in which the cement gel aedutater can flow easily and may result in
relaxation of these stresses, these tensile strésad to microcracking at the cement paste-
aggregates interface. Consequently, the old candoatded specimens which become weaker

due to these microcracks, give lower resistance tha unloaded specimens.
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Table (2.5): Compressive strength and elastic medof concrete after compressive creep

tests
Age at beginning of creep loading 1 month 3 months
Time duration of creep loading 1 month 1 month
Casting number 1 2 3
Creep loading level (%) 65 50 80 50
fc before creep (MPa) 41.2 48.0 53.3
E before creep (GPa) 27.3 30.4 42.7
fc of control specimens (MPa) 45.9 534 61.2
fc variation with the age * + 11.4(%) + 11.3(%) %))
fc of creep specimens (MPa) 48.5 59.7 57.3 57.6
fc variation due to creep ** + 5.7(%) +11.8(%)| 6.4(%) - 5.8(%)
E of control specimens (GPa) 33.3 37.2 40.4
E variation with the age * + 21.9(%) + 22.4(%) #A(B0)
E of creep specimens (GPa) 36.9 42.1 40.5 40,0
E variation due to creep ** + 10.8(%) +13.2(%) 025(%)| -1.2(%)
* Fc variation with the age %= 100 x (Fc (or E) ofrdool Spec- Fc (or E) before creep)/ Fc
(or E) before creep
** ¢ variation due to creep %= 100 x (Fc (or E) okep Spee. Fc (or E) of control Spec.)/ Fc
(or E) of control Spec.
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Figure (2.21): Compressive strength vs. time feeprand control specimens
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Figure (2.22): Elastic modulus vs. time for creegd aontrol specimens

It could be seen that at loading age of 3 monthes,modulus of elasticity is about the
same for creep and control specimens and thathfiboth loading levels (50% and 80%).
This means that there is no significant effectreep loading on the elastic modulus when the

creep loading is applied at age of 3 months.

2.3.3.3 Tomography Test for Verifying Creep Effart Microcracks Development

To confirm that creep specimens at the highestihgatevel used (65%) at age of 1
month were sound and free from microcracks, a toapgc scan was done.

For creating radiographic images, X-Ray is apploedthe concrete sample through
which the ray passes to be dropped on a detectos. detector analyses this dropped ray
which is an integration of the X-Ray attenuationtbé object for developing an X-Ray
radiograph. So, for an object of composite material X-Ray radiograph contains different
shades from white to black colour, depending onatbsorption degree of the X-Ray photons
by the materials existing in the object. As thisage of X-Ray radiograph is of 2 directions,
the tomographic technique was evolved for composinthree direction field of X-Ray
attenuation coefficient inside an object. For tlmmbgraphy of the laboratory 3SR, the object

is rotated and different projections are colledigén image acquisition system.

75



Ch.2 Experimental investigation of mechaniazharacteristics of concrete

2.3.3.4 Results of Tomographic Test

The tomographic images with a voxel (volumetricgbix size of 25um of the inner
45mm of the creep specimen that was loaded at fijenmnth with stress/strength ratio of
65%, revealed that there are no visible macrocratkbis scale (see Figure (2. 23)). Even

though, may be that there are cracks at smallég.sca

B

Figure (2.23): Tomographic slice of creep specimie®5% loading level that applied at age
of 1 month

This result confirms the justification given in fea 2.3.3.2 that creep loading at
relatively young ages (here 1 month), does not gedihe mechanical characteristic of

concrete.

2.3.3.5 Permeability Test for Verifying Creep Eftemn Microcracks Development

Another way to verify the occurrence of microcradks creep specimens for the
concrete loaded at age of 3 months with a loadivgllof 80% is to perform permeability
test. The test was achieved by an instrument dpedldy laboratory 3SR which is shown in
Figure (2.24).

2 Pressure
4 regulato
Flowmete < -?..aa-.;. ) ;
34
Tested "
specimen
Tube pumpin(\f‘_y > _ =
gas ‘}“ \..“.“ T ol :,3;:;;?’:""

Figure (2.24): Permeability instrument developeddbpratory 3SR
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Samples of 2 control specimens (of 70mm diametdr4imm length) and of 1 creep
specimen (of 70mm diameter and 34mm length) weosamto achieve the permeability test.

Gas was used for measuring the longitudinal peritigadf the gas. In this test, the gas
is injected with a chosen pressure at the bottothe@fpecimen and the device measures the
flux of gas at the output of this specimen. Fagventing the gas to exit from the lateral
direction (parallel to the axial axes) of the cgliical specimens, all the specimens were
covered with aluminium scotch, rubber plate theress necklaces .

For measuring the permeability by using gases, iitat sufficient to inject the gas with
only one pressure. In fact, the permeability ofremompressible fluid can be directly obtained
by applying the equation of Darcy which is as falfo

gq= —% grad p (2.4)

Darcy's law is only valid when the flow of fluid melating through the medium is of
laminar type, the physicochemical interactions leev the medium and the fluid are
neglected, and viscous forces of the fluid are dami compared to inertial forces.

The volumetric rate (m*/s) of unidirectional flow is:

Q=P Ly
Where, L is the length of the material in the flow directi@nd S is the percolation surface.
As gases have a compressible character and tloeirifi not purely viscous throughout a
porous medium, the Darcy's law could not be useectly for calculating its permeability.
Thus, when gas flows, its speed varies at eacht path the pressure. However, since the
flow rate of the mass remains constant that makessiple to determine the apparent
permeability. If the flow measurement is done & dlutput, the apparent permeability of the

material can be given by the following equation:

K, =_21PLQ, (2.6)

S( pi2 - p:tm)
where, Q, is the total volume flow measured at the outpyts the applied pressure (initial),
Pam IS the left pressure (atmospheric). Klinkenberdinkenberg, 1941) proposed a linear

relationship between the apparent permeabijtyand the intrinsic permeabilitly .

k, = k(1+pﬁj 2.7)
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where, p,, is the average pressure of gas gfidis the intrinsic coefficient (Klinkenberg,

1941). The idea of this equation is to translate itifluence of the morphology of the pore
space on the intensity of the sliding phenomenomrdquation (2.7), the apparent permeability
evolves in a linear way versus the inverse of trexage pressure, see Figure (2.25).

kaA
5 Slide
k
Viscous

Tpm

Figure (2.25): Method of Klinkenberg (Klinkenbeff41) for determining the intrinsic
permeability

Thus, the intrinsic permeability k shown in Fig2e25) corresponds to the value of the
apparent permeability wheb/ p,, tends to zero. As well, the coefficieft which depends
on the geometry and morphology of the pore spackrimulated by Klinkenberg, 1941
(Klinkenberg, 1941) as follows:

4cAp,,
—

B= &p.

Where, ¢ is a constantr is the radius of the pore amtl the mean path of the gas molecules.
Thus, thel coefficient increases as the pores are closgrdctice, the gas permeability is

not purely intrinsic in the material, because ipeleds on the degree of saturation. Namely, it

decreases as the saturation of the medium increases

2.3.3.6 Results of Permeability Test

After injecting the gas with 4 different pressumneeiach specimen (2 control specimens

and 1 creep specimen), the apparent permeabkity) versus the inverse of average pressure
of the gas 1/ p,, ) was drown. Three equations (1 for each specimeng identified to find

out the intrinsic permeabilityl ), see Figure (2.26).
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Figure (2.26): Apparent permeability vs. the ineeo$ average pressure of the gas

It can be seen from Figure (2.26) that the intdnm@rmeabilityk of the creep specimen
(7E-17 nf) is very close to those of control (6E-f¥ for the both specimens). That means,
and contrary to what was expected, this test isadetquate for revealing the existence of

microcracks in creep specimen.

2.3.4 Compressive Creep Effect on the Tensile Sgtan

Structural beams that are subjected to prestread kre first completely under
compressive stresses. Due to this compressives sthescreep phenomenon takes place. Later
on, due to stress relaxation or flexural loadiihg, tensile stress may take place in some zones
of the beam. Hence, to know if cracks may appeah&se tensile zones, it is important to

study the effect of compressive creep on the coatemsile strength.

2.3.4.1 Steps Followed for Achieving the Study

The compressive strength test was carried out gme8imens of series 2CB80 at age of
2 months, see Table (2.1).

After measuring the compressive strength, the cesgive loading level (stress/strength
ratio) was decided to be 80%. As for the othereserat the end of water curing duration
which was for 2 months in this case, creep androbapecimens (3 specimens for each one)
were covered with aluminium scotch and stored img{20+2JC and (50+5)% RH.
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At the end of compressive creep loading which eadar 1 month, a Brazilian strength
test was carried out on all the specimens of 3 hwate, and then a comparison between the
maximum indirect tensile strength of creep specsramd control specimens was made.
2.3.4.2 Obtained Results

As it was mentioned previously, by subtracting #i@ins of control specimens from
those of corresponding loaded ones, the totalnstrdile to loading (initial and creep strain) is
obtained. The results of total axial strains dudotiling are shown in Figure (2.15) while
those of total circumference strains are shownigurde (2.18). Likewise, the compressive
creep strains which are shown in Figure (2.16) tfoe axial and Figure (2.19) for the
circumference are obtained by subtracting the ahistrain from the total strains due to
loading. The specific creep strains i.e. creep tduk MPa, are represented in Figures (2.17)
and (2.20) for the axial and the circumferencepeetvely.

The results of the Brazilian test that was cardatiat the end of compressive creep test,
on the creep and control specimens are represémtEdyure (2.27). The average indirect
tensile strength is 4.51 MPa for creep specimedsdadil MPa for the control specimens. As
the results are very close, that means that wheaorete is subjected to compressive creep of
loading level 80% at age of 2 month for 1 montke tknsile strength of concrete is not
significantly affected.

Asamoto et al. (Asamoto et al., 2014) also studiedcompressive creep effect on the
tensile strength using a direct tensile strengst. t&he results revealed that the tensile
strength was almost the same for creep and cospeatimens loaded with compressive creep
levels of 20% and 30% while for higher level (4086mpressive creep may reduce the tensile
strength, see Table (1.5). The last result is cor&d to the previous study of Liniers (Liniers,
1987) which was carried out to investigate the @ffedf compressive preloading (for up to 7
days) on the tensile strength by using the Braziliest. The results revealed that very
important tensile strength losses are obtained afbenpressive loading over 40% of the
compressive strength as microcracks takes placerusdch loading. Likewise, tensile
strength decrease and damage increases with imgedke time of preloading in
compression.

Comparing the previous results with those of theiacstudy, it could be seen that the
effect of compressive creep on the tensile streoftthe actual study where the preloading
level was 80% is similar to that of Asamoto et (@samoto et al., 2014) for compressive

creep levels of 20% and 30%.
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Indirect tensile strength (MF

Control specimens Creep specimens

Specimens type

Figure (2.27): Effect of compressive creep of logdevel 80% and loading age of 2 month
on the concrete tensile strength

As it was seen previously, loading concrete at goage (1 month) has a positive effect
on the compressive strength due to the flow of egngel to fill out the larger provided
spaces resulting in concrete more dense. Nonefhelden concrete is going on age with the
availability of water, the hydration process contie consequently. Progressively, the pores
inside the concrete will be filled up with cemembgucts. Hence, when concrete is loaded at
rather later ages (here 2 months), there will mosbfficient spaces for all the water and the
gel particles to diffuse inside the hardened cerpast when the creep loading is applied. As
a result, the force incited by these particles witate microcrakes in the hardened cement
paste. So, the effect of these microcracks thakkereahe concrete may be equivalent and

compoundhe effect of the flowed gel that made the concdeteser.

2.3.5 Apparent Poisson’s Ratio (Concept and Regults

The Poisson’s ratio is the ratio of the laterahistrto the longitudinal strain and is
usually calculated in the elastic zone. As concetequasi brittle material the Poisson'’s ratio
is an important parameter to know the effect of possive loading on the lateral
deformation.

In this work, the Poisson’s ratio has been inves#ig at elastic limit that is between 22

MPa and 28 MPa which is the same investigation zm¢hat of the elastic modulus. The
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Poisson’s ratio is calculated by dividing the latestrain by the average of the 3 longitudinal
strains measured by the LVDT. Figure (2.28) shokes Poisson’s ratio versus time of a
random specimen, knowing that the time was compfrted the stress level of 3 MPa until
the end of the test. It could be seen that thesBais ratio is about 0.18, always measured, as
mentioned before, between 22 MPa and 28 MPa. Altésted specimens had about the same

Poisson’s ratio which their values were situatethiwithe range of 0.18 to 0.23.
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Figure (2.28): Poisson’s ratio vs. time of compresstrength test (sample subjected to creep
loading level of 50%)

The importance of the Poisson’s ratio arises atso prestressed structures in two
directions in which the cracking occur within a ganhigher than that for uniaxial
compressive load. To understand the effect of cesgive creep loading on the lateral strain,
what is called creep Poisson’s ratio was studied.liEhe creep Poisson’s ratio is obtained by
dividing the lateral creep strain on the longitwdicreep strain. As well, by dividing the
combined creep and elastic lateral strain to tlidomgitudinal one, the effective Poisson’s
ratio is obtained. To compare the creep and thectfe Poisson’s ratio in one hand and the
elastic Poisson’s ratio (the one usually measuradl wsed) in another hand, the Poisson’s
ratio at elastic zone throughout the compressnangth test was also studied.

Figure (2.29) represents the effective Poissortie far different loading levels and at
different ages of loading. It could be seen from thse of loading level of 65% in which the
concrete was loaded at age of 1 month. After al®uatays of loading, the value of the

effective Poisson’s ratio is equal to 0.2. Thisueais similar to the Poisson’s ratio of concrete
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measured in the elastic zone. This result is smidahat of loading level of 80% at loading
age of 3 months which is stabilized after 5 dayakadut 0.18. This result is similar to the
result of Kim et al. (Kim et al., 2005) for the tliag in 2 and 3 direction in which the
Poisson’s ratio was about 0.19 while in 1 directibwas little bit less and equal to about
0.17.

0,25

Effective Poisson's rat

0,05

X 65% - 1 month

o 80% - 2 months

a 50% - 3 months

0 o 80% - 3 months
T T T T T T

0 5 10 15 20 25 30 3
Time (days)

Figure (2.29): Effective Poisson ratio calculatesiri the combined elastic and creep strains
vs. time due to compressive load

These results are not similar to those for the skmading level (80%) at age of 2
months. Here, after 5 days of loading, the effecBwisson’s ratio reaches its maximum value
which is equal to 0.17 then it begins to decread# tne end of loading. Figure (2.18) shows
that the lateral strain gives the same shape ofbfithe Poisson’s ratio i.e. the curve increases
and then decreases.

For the loading level of 50% at age of 3 months, ¢hrve is increasing continuously
until the end of loading. This shape is similartbat of lateral deformation of the same
specimens, see Figure (2.18). To understand tmeegcthe loading duration should probably
be longer until the Poisson’s ratio reaches a staalue.

The creep Poisson’s ratio is represented in Fi¢RiR0) for different loading levels and

at different age of loading.
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Figure (2.30): Creep Poisson's ratio vs. time dusotmpressive load

The behavior of the creep Poisson’s ratio for theding the level of 65% and loading
age of 1 month is similar to that of the loadingeleof 80% and the loading age of 3 month.
For the both cases, the curve increases thengittsli decreases, although the maximum
values are different. It could be seen that for Itheding level of 65% where the concrete
loaded at age of 1 month, the curve of creep Poissatio reaches its maximum value at the
age of about 7 days which is equal to 0.31 whiletlie case of loading level of 80% where
the load was applied at age of 3 month, it readsesraximum value of 0.25 at the age of
about 4 days. That means, as time progresserbéudinal strain becomes more important
than that of lateral. These results are similahtse of Charpin (Charpin, 2015) for the basic
creep in 2 direction in which the values of cregisBon’s ratio decrease from its maximum
value of 0.35 to the value of 0.25.

The results of the creep Poisson’s ratio for logdevel of 50% at age of 3 month, give
the same curve shape of that for the effectived®ais ratio. Here, the values of the curve
increase until they reach their maximum value atehd of loading. As it was explained for
the effective Poisson’s ratio, to understand tHaesof the creep Poisson’s ratio, the loading
duration should be longer at least to catch theimam value and to see if this value
becomes stable or decreases. Even though, thik i®sinalogous to the results of Bergues
and Habib (Bergues and Habib, 1972), and Jordadnllaton (Jordaan and lliston, 1969), as
presented by Benboudjema (Benboudjema, 2002). ikden§ of these works show that the
curves of creep Poisson’s ratio continue to increatil the end of loading, see Figure (1.38).
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The curve of the creep Poisson’s ratio for the ilogdevel of 80% and at the age of
loading of 2 months has a similar shape to thahefeffective Poisson’s ratio. Here, the curve
increases to reach its maximum value at the agedafys to be equal to 0.26 then it decreases
to reach a zero value at the end of the test. fifidéng is similar to that of Charpin (Charpin,
2015) for the basic creep of 1 direction loadingf,tevhere the value of the Poisson’s ratio

decreases (from about 0.15 - 0.2) to stabilizerad@ero.

2.4 Creep in Tension (Brazilian Creep)

In addition to determine the effect of compressiveep, it is important to study the
effect of tensile creep on the residual tensilersggth as the concrete beams subjected to
flexural loading and the concrete under restrastethkage are subjected to tensile stresses.

2.4.1 Instrument Used for Fixing the Specimens tlughout the Brazilian Creep Test

In order to perform the tensile creep test, it wegposed to do a Brazilian tensile test.
Specimens laterally loaded into a frame device amehsuring the lateral strains (the
elongation in the diameter that is perpendiculaio&ding) throughout the application of
sustained compressive force. In order to accompkishBrazilian tensile strength test on the
creep and control specimens at the end of cre¢pitte@gas necessary to apply the creep test
on at least 3 cylindrical specimens. As it is ahredifficult to achieve the Brazilian test
which is applied on only 1 cylindrical specimen,whs necessary to design a frame to
maintain the 3 specimens to be arranged laterthlly xis of the specimens is horizontal and
perpendicular to the applied load) one over theemtimroughout the creep test. So the
apparatus which is illustrated in Figure (2.31) #2®82) was designed and fabricated in the
3SR laboratory. This apparatus is composed froractangular base plate (14.5cmx20cm)
over which the specimens are arranged laterally e the other. At the corners of this
plate, there are 4 columns joined to carry 6 beg@ha each side) that slide vertically on these
columns. Each beam is supplied with 2 screws (ibtankce from centre to centre between
these screws is 11cm) to hold the specimens. Tal agstraining the specimens, these screws
are released as soon as the specimens becomeimviith the creep load {F Another plate
includes a rectangular hole is joined at the upe of the columns. Inside this hole, a beam
which has a base of 2cmx15cm and a height of 5chamslled to transport the creep force
(F) to the creep specimens. In addition, 2 plates amanged at the outer sides
perpendicularly to the axis of the specimens. Thsates have slots to allow the plywood
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strips of 1cm in width and 16cm in length, aligrieztween the cylinders, to slide inside them
during the creep test.

Figure (2.32): Arranging the specimens in the Biaziapparatus

This apparatus is loaded in the same creep dehaewas used for achieving the

compressive creep test, see Figure (2.33).
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Brazilian
apparatu
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Figure (2.33): The Brazilian apparatus installethie creep device

2.4.2 Instruments Used for Measuring the Tensileg@p Strains

Like the compressive creep, 3 specimens were dpa be loaded (creep specimens)
and the other 3 were unloaded (control specimésik)he specimens were taken out of water
to be dried in air for one day in order to stick 8trews with them a displacement transducer
is joined at time of creep loading. Displacemeinsducers, type PI-2-50 equipped from
Tokyo Sokki Kenkyujo Co., Ltd., where used for maasy the displacement during the
creep test, see Figure (2.3%he displacement transducer used has a simplesteuaf strain

gauge attached to the end of an arch-shape sgdate p

PI-5-50
Input/Ouiput cable

i
30

50 (Gauge length)
70

PI-5-50 2— 445

*CEEETE

Figure (2.34): Displacement transducer type PI-2-50

For each test, 3 transducers were used; 2 weed fix 2 creep specimens and another
one was fixed on one of the control specimens. d@reeluct used for sticking the screws of

displacement transducers was Sikadur-31 CF frora. $iker one day, the Sikadur becames
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hard so all the specimens were immerged againtitavater tank and take out again at the
age of loading. To avoid drying and take only tlasib creep into account, the creep and the

control specimens were covered with aluminium dtagee Figure (2.35).

Screws for fixing
displacement transducs

Displacement
transducer

Specimen
covered with

Figure (2.35): Fixing the displacement transduceaspecimen

2.4.3 Brazilian Creep Effect on the Concrete Temrsitrength

As it was mentioned before, the aim of achievirng ténsile creep test was to determine

its effect on the concrete tensile strength.

2.4.3.1 Steps Followed for Achieving the Study lo¢ Brazilian Creep Effect

At the end of water curing (at age of 1 month) Brazilian test was carried out on 3
specimens for each series named 1BB50 and 1BB8@ witipecimens were tested for series
1BB90 to find the tensile strength, see Table (2After achieving the indirect tensile
strength test, 3 indirect tensile loading levelses/strength ratio) were chosen for carrying
out two creep tests. The applied compressive loadnpose the indirect tensile stress is
computed from the following formula:

P=a(f dIGr/2) (2.9)

where,P is the applied compressive loaal,is the percentage of loading level to be applied,

f, is the indirect tensile strengthand| is the specimen diameter and length, respectively.

The adopted loading levels were 50% for creep ser®B50, 80% for series 1BB80
and 90% for series 1BB90. The conditions of storgiéng the creep test were the same for
all the series and they are identical to that ohpressive creep. Hence, at the end of water
curing duration, the creep and the control specéweere covered with aluminium scotch and
stored in air under temperature of (20°%1)nd relative humidity of (50+5)% throughout the
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creep test. As it was already stated, for each 3especimens were loaded in the creep device
called creep specimens and 3 other were unloadeé tsed as control specimens.

At the end of creep test which persisted for 1 mdat all the series, the Brazilian test
was carried out on the creep and control specintemsapplying the Brazilian test, the creep
specimen is placed in the same position as thatfarasreep test. The maximum indirect

tensile strength f,) was computed by using Equation (2.9) and a coisparbetween the

creep and the control specimens was done.

2.4.3.2 Results Obtained from the Brazilian Creeest

As explained previously, the total strain due t fiteading is obtained by subtracting the
strains of control specimens from those which weagled. The creep strains are obtained by
subtracting the initial strain from the strains daehe sustained load. So, it was difficult to
obtain the creep strain. It could be seen from led@.35) which represents the creep strain
of 2 loading levels that, as expected the creepeases with increasing the loading level. It
could also be remarked that the curves are not 8mdbe disturbance is probably related to
the temperature variation between the night andidye

The results of the Brazilian test that was caraatlat the end of Brazilian creep test, on

the creep and control specimens, are presentedhble T2.6)and Figure (2.37).

0.03
0.025
£
E
= 002
[}
£
8
& 0.015
o
K]
S
& o001
g
O
0.005 ¢
E o Loading level =50%
i o Loading level =80%
0 4 T T T T T T 1
0 5 10 15 20 25 30 35
Time (days)

Figure (2.36): Lateral creep strains vs. time ad&lian creep test
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Table (2.6): Variation of concrete tensile strengfifer tensile creep

Age at beginning of creep loading 1 month

Time duration of creep loading 1 month 1 month 1 month
Casting number 1 2 3
Creep loading level 90% 80% 50%
f; before creep (MPa) 3.4 3.0 2.9

f, of control Spec. 3.8 3.5 4.0

f, variation with the age * +12(%) +17(%) +38(%)
f, of creep specimens 3.7 3.7 4.8

f, variation due to creep ** -2.6(%) +5.7(%) +20(%)
* f; development with the age %= 100 kdf control Spec.— before creep)/f
before creep

** f. development due to creep %= 100poffcreep Spec.+&f control Spec.)4 bf
control Spec.

Tensile strength (MPa)

—E
3
2
1
0

Control ‘ Control ‘

Creep Control Creep Creep
50% 80% 90%
Loading leve
Figure (2.37): Experimental results of tensilesgth vs. loading level for creep and control

specimens

After creep loading level of 50%, the creep spedisneave higher tensile strength than
those of control specimens while when the creeplleas 80% and 90%, the tensile strength

is about the same for the creep and control spesme
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The justification that could be given here is tHat, the lowest tensile creep loading
(50%), the applied compressive load works on movitegcement gel to the larger provided
spaces resulting in concrete more dense in thectdire of loading and the direction
perpendicular to loading (due to Poisson’s ratlédwever, as concrete is a quasi brittle
material, the microcracks develop quickly in theediion of tensile stresses i.e. the lateral
direction. So, when concrete is being loaded aelleef 80%, the negative effect of
microcracks become to exceed the useful effecebflgw inside the pores. When the applied
load is increased to reach the level of 90%, theraoracks amount becomes greater and
more detrimental that lead to weaken the concésgewell, as the Brazilian test results are
more scatters than those of compressive strengthrmre experiments must be achieved to

validate these results.

In this chapter, creep tests in compressive as a®lin tension were realized for
different ages of loading and for different loadileyels. In addition, quasi-instantaneous
preloading tests (loading until a certain levelyevachieved. The objective was to study the
creep and the preloading effect on the developrotiite residual mechanical properties of
concrete. From the performed tests, the followiam{s were concluded:

1- The compressive preloading level of 80% hasigoificant effect on the concrete tensile
strength. Even though, higher loading levels haggative effect on the tensile strength of
concrete. This negative effect increases with imsireg the preloading level. The decreasing
in the tensile resistance was 16% for preloadingllef 90% and 20% for preloading level of
95%. That could be related to concrete propertidsch is considered as a quasi brittle
material. So, when a compressive load is applied togh loading level, microcracks will
occur in the direction parallel to the applied loaud these microcracks increase with the
applied loading up to failure (loading level equats 100%). Hence, when the concrete
specimen is subjected to the Brazilian test, ieads a lower resistance than that of unloaded
specimen. However, as the Brazilian test givestesaat results, more tests would be needed
to confirm this result.

2- For the same compressive loading level, whenate of loading increases, creep and
specific creep strains increase too. When con@sedging and because of the presence of free
water, the hydration process continues and thespafreement past are filled up with cement
product. So, when concrete is loaded at later dgedjow of water and gel particles will not
find enough spaces for diffusing inside the corecsiieleton. As a result, the energy provoked

by these moving particles on the hardened cemesté paill lead to microcracks occurrence.
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Due to these microcracks, there will be an increpsn creep strains in addition to creep
strains due to the relatively small movement ofawvaind gel particles.

3- When concrete is subjected to compressive caégge of 1 month and for 1 month, the
compressive strength and the modulus of elastafityreep specimens are greater than those
of control specimens, for the loading levels thealtwith this study (50% and 65%). On the
contrary, when concrete had been loaded at agembrghs, after 1 month of loading the
creep specimens have lower compressive strengththiwse of control specimens, for 50%
and 80% loading levels.

This difference in the results is related to the afjloading, i.e. when concrete is being
loaded at young ages, the applied load promoteseiment gel to be moved from their places
to a wider place to fill up the pores inside theneat paste. As a result, the size of concrete
specimen becomes smaller and denser than that washnot subjected to creep. So, the
dense specimens (creep specimens) reveal highstaree than those which are less dense
(control specimens). On the contrary, the conctiete had been preserved under water, is
loaded at later ages, most of the pores had alrbady filled with the hydration products.
Hence, when load is applied at these late agese thidl be not sufficient place available for
the water and the cement gel particles to moveyed30o, these particles apply a pushing
force on the hardened cement resulting in micrdeamcurrence. As a result and due to
these microcracks, the creep specimens give lowsistance than those of control.
Nevertheless, it could be seen that at loadingaig® months, the modulus of elasticity is
about the same for creep and control specimendaariabth loading levels (50% and 80%).
This means that there is no effect of creep loadmghe elastic modulus when the concrete is
loaded at age of 3 months.

4- Tomographic images with a voxel (volumetric pp»sze of 25um of the inner 45mm gave
evidence that creep specimens that were loadegeabfal month with loading level of 65%
are sound and free from macrocracks at this scale.

. The permeability test did not confirm the progogaven here about the microckracs
occurrence when concrete is loaded at 3 month ladttiing level of 80%.

5- The results of the Brazilian test that carriad at the end of compressive creep test
revealed that tensile strength of creep and cospetimens are very close. It remains to be
saidthat compressive creep test was carried out abhg8emonth with loading level of 80%
and persisted for 1 month.

Creep loading concrete at 1 month has a positifieetedbn the compressive strength due

to the flow of cement gel inside the pores resgltim concrete more dense. However, for
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aging concrete, the pores inside the concrete kall filled up with cement products.
Therefore, when concrete is loaded at rather latgs (here 2 months), there will not be
enough spaces for all the water and the gel pestitth diffuse inside the hardened cement
paste when the creep loading is applied. As a tiethd force promoting by these particles
will create microcrakes in the hardened cementepast a result, the negative effect of these
microcracks may be equivalent the useful effecthef flowed gel that made the concrete
denser.

6- The results obtained for the effective Poissaoat® and for the creep Poisson’s ratio, for
different creep loading levels and ages of loadiaigg not homogeneous. The results of
loading level 65% at age of 1 month have aboustme shape and maximum value of that of
loading level 80% at age of 3months. Moreover, rémilts of creep Poisson’s ratio of those
both cases become stable after several days dhtpadd reach about the same value (0.2 for
loading level 65% at age of 1 month and 0.18 fadlog level 80% at age of 3 months).
These results are also similar to that for Poisseatio calculated within the elastic range
(between 0.18 and 0.23).

7- The tensile creep specimens of loading level 50&ve higher tensile strength than those
of control specimens while for loading level of 8@&d 90%, the tensile strength was about
the same for the creep and control specimens. ddwdtl be related to the useful effect of
creep process at the rather low tensile loadingl1€30%) where the applied sustained load
works on moving the cement gel particles to thgdaprovided spaces resulting in concrete
more dense. However, as concrete is a quasi bmlerial, the microcracks develop quickly
in the direction of tensile stresses i.e. the &tdirection (due to Poisson’s ratio). So, when
concrete is being loaded at higher level of 8098@%, the negative effect of microcracks is
compensated by the effect of gel flow inside theepoFor very high loading level (90%), the
microcracks amount becomes greater and more degguwhich leads to weaken the
concrete. Even though, as the Brazilian test resale more scatters than those of
compressive strength test, more tests must be tdacenfirm these results.

93



Ch.3 Mesoscopic simulation for predicting conteecreep and for evaluating residual mechanical pegties

CHAPTER Ill: MESOSCOPIC SIMULATION FOR PREDICTING
CONCRETE CREEP AND FOR EVALUATING RESIDUAL
MECHANICAL PROPERTIES

The existing models for estimating creep strainscofcrete generally assume that
concrete is a homogeneous material. The couplingwdssn creep and damage
(microcracking) was done by adding a coefficienta@dtti and Savoia, 2003) which is
difficult to calibrate (De Larrard, 2010). As coetg is a composite material, these models
could not take into account the incompatible sgdietween cement paste and aggregate
during creep loading. So, mesoscopic model wastadadp this study for simulating concrete
as a composite material and thus creep is comp@adeording to the parameters of concrete
composite materials (aggregate and cement padteyefore and due to sustained load, the
cement paste creeps while the aggregate act asbstacte to this creep resulting in
microcracking at the aggregate-cement paste iterfBhese microcracks in turn may lead to
the deterioration of mechanical properties of ceteerand increasing creep rate and thus
nonlinearity relation between the creep strain #mal applied load. Thus, creep strain is
coupled with damage (microcracking) in an adequaner.

The effects of creep strains on the residual machhproperties of concrete mainly:
Young modulus, compressive strength and tensikength were not clearly mentioned in
previous creep studies (see for instance, Salita. €1012). As it was presented in chapter
two, the experimental results of this study revealeat, the compressive creep has two
different effects on the development of residuathamical properties of concrete depending
on the age of loading. In other words, when corcigloaded at young age (1 month), creep
strain improves the residual mechanical properBes, when the load is applied at late age (3
months), creep strain leads to the deterioratiorthete properties for each loading level.
However, concerning the indirect tensile creep, theep effect on the tensile strength
depends on the loading level. Namely, the tensiée loading level (50%) increases the
tensile strength while the high loading level (90%gcrease the tensile strength of concrete.
So, a mesoscopic simulation was used because lidasthought that, the mesoscopic scale
may manifest the results that had been obtainedrarpntally due to microcracking at the
aggregate-cement paste interface, as it was mewatiabove.

Therefore, the first objective of this chapterasshow the effect of microcracks on the
decrease of the elastic modulus and the strengtoraérete The second aim is to show the

role of microcracks at the aggregate-cement pasteface on the increase of the creep strain
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level and on the apparent nonlinearity behaviocrefep strain with respect to the loading
level.

This chapter is inspired from an article that wagten by Zainab Kammouna, Matthieu
Briffaut and Yann Malecot, with the same title dfist chapter. This article includes the
presentation of a viscoelastic model which was sstbor computing creep strains of a
mesostructure composed of aggregate and cemerg paser variant loading levels, in

tension and in compression.

After a short presentation of the model and thehimgstechnique used in this study, the
creep of concrete in compression and in tensiore wardied in the first part of this chapter.
This part allows verifying the ability of the model estimating the creep of concrete under
different loading levels and mainly for studying thonlinearity of creep strain with respect to
stress level. The experimental results of Roll ([Rb®64) for the compressive creep and of
lliston (lllston, 1965) for the tensile creep weadopted and used to verify the effect of
microcracks generated by incompatible strains @vetbping the creep strains under different
stress/strength ratios.

These results from literatures were adopted becdngsexperiments done in this study
took a long time especially the one concerningilogdoncrete at late age (3 months curing +
1 month loading). In addition, the apparatus ofdima creep specimens throughout the
Brazilian creep test was long to be designed antufaatured.

As the existing models for estimating the creeparicrete do not take into account the
changes in the mechanical properties of concretmtfinout the time of loading, the creep
calculations may be under or over estimated. Thezethe second part of this chapter
presents the evolution of the concrete behaviordae to incompatible strains and damage

generated throughout long term loading.

In addition, simulations of Brazilian creep strand its effect on the tensile strength
that were not included in the mentioned articleevéeveloped and prestressed at the end of
this chapter. It must be mentioned that this stisdyainly dedicate to massive structures in
the first modelling step and thus only basic crisejaken into account, but drying creep could

also been considered.
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Summery of Chapter Il

3.1 Creep—Damage Coupling Models
The paragraph presents the existing models tlsatnas concrete as a homogeneous
material for estimating creep. In addition, the ose®pic models that assume concrete as a

material composed from aggregate and cement pastgresented.

3.2 Creep Simulation
This paragraph includes, the adopted model and suep@ mesh generation used for
representing concrete as composite material. Heeejamage occurs at the aggregate-cement

paste interface as the cement paste creeps whikgijregate acts as an obstacle.

3.3 Simulation of Stress-Strain Evolution
To evaluate the creep effect on the residual mecabproperties, stress-strain relation
was simulated by using the mesoscopic model befeep and after creep in tension and in

compression.

3.4 Simulation of Indirect Tensile Creep (BrazilianCreep)
To evaluate the magnitude of indirect tensile cretgins that were experimentally
measured, the Brazilian creep strain was simulatetithen the results were compared with

the experimental ones.

3.1 Creep-Damage Coupling Models
3.1.1 Macroscopic Scale Models

The existing models for estimating creep of corgréiased on a reheological model
generally assume that concrete is a homogeneowsialass it is the case for instance in the
models of Sellier (Sellier, 2009), Benboudjema drairenti (Benboudjema and Torrenti,
2008) and Bazant (Bazant, 1978). Therefore thenmpatdible strains between cement paste

and aggregate throughout creep loading could ntalen into account.

It is well known that the relation between the st¢réevel and creep strains is not linear.
This nonlinearity could be attributed to the migeuks at aggregate-cement paste interface
which is directly related to the stress level. kediecreep of concrete is mainly related to the
creep of cement paste rather than that of aggregatkthis the lasts act as an obstacle to the
global creep. Consequently, tensile stresses elase to the interface between cement paste

and aggregate which could lead to microcracks is #one. Therefore, a decrease in the
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elastic modulus and in the concrete strength, antherease in the amount of creep strain
under the same loading level is expected. Thisesse in the creep strain is seen as
nonlinearity of the strain with respect to the s¢rdevel. To reproduce this nonlinearity at
macroscopic scale, a coupling between damage aeb avas proposed by Mazotti and
Savoia (Mazotti and Savoia, 2003) and used by Revet al. (Reviron et al., 2007),
Benboudjema and Torrenti (Benboudjema and Torr&@@8), Omar et al. (Omar et al.,
2009) and Briffaut et al. (Briffaut et al., 201However, this coupling coefficient which was
introduced in the equation of equivalent strainMgzars (Mazars, 1986) remains difficult to
calibrate (De Larrard, 2010). Another work carrmd to find another solution was to use a
rheological law which depends on the stress leNelertheless, with this last method the
tertiary creep could not be achieved because therete is considered to be a homogenous

material without coupling with damage.

3.1.2 Mesoscopic Scale Models
Mesoscopic approaches were already used for modelldrying shrinkage

incompatibilities at ambient temperature (Grasslkt 2010 and Lagier et al., 2011), at
elevated temperatures (Grondin et al., 2011, arassbiand Pearce, 2010) and for modelling
the autogenous and thermal shrinkage (Briffautlet2®13 and Schlangen et al., 2006).
Another mesoscopic model developed by Saliba €Galiba et al., 2012) has also been used
to study the failure of concrete beam under fleklmad and highlight the presence of
microcracking during the sustained load. RecentiaiTet al. (Thai et al., 2014), represent
concrete as a composite material which consispbéscal elastic inclusions (aggregate and/
or voids) imbedded in a linear viscoelastic mathevertheless, the model does not take into
account microcracks at cement-aggregate interfagel which occurs due to incompatible

deformations between these two materials.

As it was mentioned previously, the aim of this miea is to study the influence of
microcracks, due to incompatible strain between argnpaste and aggregate, on the creep
strains amplitudes. Hence, a viscoelastic damagdemdeveloped by Benboudjema and
Torrenti (Benboudjema and Torrenti, 2008) was agldpbr computing creep of cement paste
using a mesoscopic mesh technique for represetitengreatest size of aggregate (more than
1mm) in the cement paste (Nguyen et al., 2010).
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3.2 Creep Simulation
3.2.1 Mesoscopic Mesh

The algorithm of mesh generation used in this stwdg developed by Nguyen et al.
(Nguyen et al., 2010). Numerical simulations arefiggened in two dimensions (plane strain)
on a Representative Elementary Volume (REV) of oetecof 100x100 mm? (see Figure
(3.1)). In this mesoscopic approach, two phasesa@msidered; cement paste and aggregate. It
is essential in this mesh generation to represenfihe aggregate when simple behavior law
is considered. Even though, using an aligned meshrdpresenting aggregate, strongly
increase the number of the element to perform ctiyr¢he fine aggregate. So, the mesh is
not adapted to the exact shape of aggregate, bydrtperties of the material are projected on
a finite element mesh square grid. The model use@dgregate is an elastic damage model
whereas the cement paste is described with a Jestaedamage model. The advantage of
using a mesoscopic approach arises in the posgibfliusing simplified behavior laws. The
macroscopic damage occurs due to the geometriegeptation of cement and aggregate
which have different material properties. The seuof complex behavior observed at the
macroscopic scale is assumed to be due to geomgprriesentation of the constituents and the
contrast between material properties. At the medesthe rupture is assumed to be only due
to extension. Therefore, the damage due to compesssess is not considered.

Figure (3.1): Mesh of the REV

3.2.2 The Adopted Model

The chemo-thermo-viscoelastic damage model usessribed in Benboudjema and
Torrenti 2008, and Briffaut et al. 2011 (Benboudgeand Torrenti 2008, and Briffaut et al.
2011). This model allows predicting correctly tregcadation of material in tension. However
it is not suitable for describing the behavior afthbiaxial/ triaxial compressive stresses.
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The relationship between apparent stressesffective stressed , damageD, elastic

stiffness tensoiE , total straing, elastic straing,, basic creep strains,., thermal strairg,,,

autogenous shrinkage,,, total straine , is given by:

0=(1-D)5 =(1-D)E(¢)éc = (- D)E(E) 4 = €0 — é) (3.1)
The damage criterion defined by Mazars (Mazarsgl8&ads:
f=¢,-k(D) and k(D)=¢, if D=0 (3.2)

where ¢, is the equivalent strain angj, is the tensile damage threshold and it is equal to
f,
=

Fichant (Fichant, 1996) developed two damage modaisisotropic one to solve
unilateral problems and an orthotropic one for sgvmore complex loadings. In these
models, the damage development is controlled byctheking energy. These models could
take into account the plasticity and the lateréaf In this study, the isotropic model was
chosen because the idea of mesoscopic simulatotes use simple behavior laws for each

constituent associated with a complex geometry.

In this model, damage affects the elastic parth&f $tress-strain relation behavior
(Fichant et al., 1999):

0y =(1-D)(g;) +(1-D)*(q;) (33)
g = Ci?kTmagegm (3.4)
where a is a parameter control the contribution of damageampressive parC"f’k"j‘magels the

stiffness of the damaged material wheregsand ¢, represent the components of the stress

tensor and elastic strain tensor, respectively.

The equivalent straing(,) is calculated from the elastic straig,J of Mazars (Mazars,

1984) and the damage affects the elastic portiostress-strain behavior law. The damage

evolution law is expressed as follows:
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D=1-S®exp(B(4- £, ) With 12D>0 (3.5)

eq

The parameteB, is calculated as a function of the cracking eneggyand of the element

size h by the following equation:
B, =hf /G, (3.6)

where f, is the tensile fracture stress of the materials Tegularised technique based on the

proposition of Hillerborg et al. (Hillerborg et al1976) allows avoiding strong mesh
dependency. In this technique, the analysis campdyéormed with a rather coarse mesh
because there are no stress singularities and rtteairdg of absorbed energy is not very

sensitive to the mesh size (Hillerborg et al., 1976

The basic creep model used is composed of threescKalvin Voigt (KV) combined

in a series with a dashpot (see Figure (3.2)).
7, 7, o
Hbc
LT L —
k. k. k.
Figure (3.2): Kelvin-Voigt elements for predictiogeep strain (Benboudjema and Torrenti,

2008)

This model could take into account the effectsyafrhtion (¢ is the hydration degree).

The deformation of one KV chain can be obtainedsbiving the following differential
equation (Benboudjema and Torrenti, 2008):

mﬁhq%_ 4 e (3.7)

Tti)céli)c + (Tti)c i i and Tbc i
kbc (E) kbc (5) kbc
where 7, is the characteristic time (constarkj, and, . are the stiffness of the springs and

the viscosities respectively (function of the dego¢ hydration).

The stiffness parameters for each chain are caémilfrom the following equations (De
Schutter, 1999):
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_& and pl ()=l .0z (38)

| | 0473
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3.2.3 Compressive Creep Results
The experimental compressive creep results of Rdlll, 1964) for four loading

levels (25%, 35%, 50% and 65% of the compressinangth) were simulated. The creep law
parameters were calibrated for the lowest loadawgll whereas the mechanical properties
were calibrated with ordinary cement paste valldgugen et al. 2010) and to obtain no
damaged element after creep loading of level 2%%6. hentioned here that according to the
concrete properties the loading levels which cques to the above loading levels are 7.5
MPa, 10.5 MPa, 15 MPa and 19.5 MPa, respectivdig garameters used in the numerical

model are illustrated in Table (3.1).

Table (3.1): Set of parameters used for viscoetldimage models to reproduce (Roll, 1964)
and (lllston, 1965) creep tesgyandc, stands respectively for aggregate and cement paste

Parameter Unit Value
Eagg Pa 6el10
Ft agg Pa 6e6
G agg J/m? 60
0 lagg - 30
Vagg - 0.2
Eep Pa 2.5e10
Ft cp Pa 2.5e6
Gt cp Jim? 20
alcp - 10
Vep - 0.2
klbc,cp Pa 2e9
K%be,cp Pa 1.2e9
ksbc,cp Pa 0.18e9
lec,cp days 5
szc,cp days 50
stc,cp days 500

A comparison between the experimental results hadrtesoscopic approach with and
without damage are presented in Table (3.2) andr€&i¢3.3). It is observed from Table (3.2)
that in the case where there is no damage, théorelaetween the stress and the creep

remains as expected linear. Figure (3.3) highligims the simulations of creep evolution with
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damage due to strain incompatibilities are closghé experimental ones than the simulation
curves without damage. Assuming that creep of @eaooccurs without damage means that
there are no microcracks at the interface betweemeat paste and aggregate. Consequently,

there is no additional creep strain that occurstdubese microcracks.

By comparing the field of damage for two loadingdks 25% and 65%, it is remarked
that the damage amount is higher for 65% than that25% as strongly expected. The
increasing of the damage amount is related to ipatiible strains between the cement paste
which creeps throughout the loading, and the aggeeghich act as an obstacle to this creep
because of their higher stiffness. Thus, tensikesses develop at the cement paste-aggregate
interface leading to the cracking development. Aeep strain of cement paste is directly
related to loading level, the damage at the interfaetween cement paste and aggregate

increases.

Table (3.2): Comparison of the experimental congivescreep results (Roll, 1964) with
those of mesoscopic approach with and without damag

Loading level With damage Without damage
Exp. results Sim Sim Nonlinearity
(gexp ) 10° ' sim/ sim/ %
MPa | o/ 675 results < results iy
(ena) 10° | 35 | (wod) M.
10°
10.5 1.4 | 1153 at210| 1026 1.65 594 1.39 77.2
days
15 2 2108 at 209 1719 2.77 836 1.97 69.4
days
19.5 26 | 3183at209| 2476 3.99 1087 2.56 66.3
days
N0n|lnear|ty% = 1oof(wd = SWOd) / (gexp = Swod)

102



Ch.3 Mesoscopic simulation for predicting conteecreep and for evaluating residual mechanical pegties

D

T l £ iu 75
L B— | | | B
>~ e | | | % ) oy
BN~ T - Y e — PRtk 0
N TS~ ‘Q“\‘J‘L
mTm - »
“ -
-1000-- -K - - - B S e
\X\‘
|~
E T
S -1500- - % - - - - - - B e — ¢
= |
=
£ !
g -2000----—-—-—-—-—- - *:***** T e
n .
— Sim. creep stress/strength=25%
— — -Sim. creep stress/strength=35%
-2500 — Sim. creep stress/strength=50%
Sim. creep stress/strength=65%
= Sim. without damage stress/strength=6
23000 O Exp. creep stress/strength=25%
[J Exp. creep stress/strength=35%
X Exp. creep stress/strength=50%
k Exp. creep stress/strength=65%
-350! p p g o
0 50
Time (days)
(a) (b)

Figure (3.3): (2) Compressive creep strain evotutgmmparison between experimental data
and mesoscopic approach with and without damagé&i¢hd of damage
The linear models propose that the creep stramlirectly proportional to the applied

load and develops in the same percentage. Thiopabs not like the reality where the creep
strains increase in a higher percentage (due tontbeocracks) than that of the applied load.
As the mesoscopic simulation represents the miaoksr occurrence, the linearity between
the applied load and the creep strains is decreaSedfor representing the shift between the
mesoscopic model and the linear models, the mep@sceeep value is subtracted from that
of linear. When the obtained result is divided by difference between the experimental and
the linear creep values, the nonlinearity is aedithanks to the misoscopic model. So, the
percentages of the nonlinearity predicted by theaweopic approach are equal to 77.2%,
69.4% and 66.3% for the loading levels of 10.5 MBaMPa and 19.5 MPa, respectively.

Figure (3.3) shows that, a difference between tlesastructure simulation results and
the experimental results still remains. This défere could be attributed to three facts.
Firstly, when concrete is loaded in compressioa,riticrocracks occur due to shear stress and
tensile stress (Poisson ratio effect). As the asbptnodel Benboudjema and Torrenti
(Benboudjema and Torrenti, 2008) does not compgalevelopment of shear damage till the
failure, there will still be a part of microcrackéfect on increasing creep which does not be
taken into account. Secondary, assuming an eldatiage model (damage due to expansion)
is perhaps not sufficient. So, the plastic strahest probably occur could also explain the
remaining difference in creep strains amplitudee Tthird reason is related to that the

simulation was achieved in two dimensions. Fordhase of tensile creep, modelling in two
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dimensions is appropriate because cracks are dyopatpendicular to the loading axis,

inversely in compression case, the crakes pattecars in three dimensions. Nevertheless,
simulating creep in three dimensions by using \etzstic and damage models is very heavy
with applying fine mesh. The problem could be sdltag using coarse mesh but in this case,

representation of the fine aggregate becomes intpgess

It is worth noting that the use of a mesoscopic malkows retrieving a part of the
nonlinearity with respect to loading level withdwaving to introduce coupling between creep
and damage. Although these mesoscopic simulatienbased on simple assumptions as the
form of aggregate (circular), a 2D plane strairtestand the absence of Internal Transition
Zone (ITZ), it is observed that for the loadingdewf 65% the percentage of nonlinearity due
to the strain incompatibilities and associated dgema about 66%.

3.2.4 Direct Tensile Creep Results

Figure (3.4) represents numerical and experimeassllts of lliston (lliston, 1965) for
two levels of stress/strength ratio in tension (588d 75%). As for creep in compression, the
parameters of the numerical model were calibratadtlie lowest loading level and the
mechanical properties were calibrated with theradi cement paste values of Nguyen et al.
(Nguyen et al., 2010). According to the concretepprties the loading levels which
correspond to the above loading levels are (1.4 Btitgb2.1 MPa).
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Figure (3.4): (a) Direct tensile creep throughitwat time, (b) Field of damage
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Figure (3.4) and Table (3.3) show that for the séneile loading level, results of creep
simulation without damage are much lower from thosexperiments while the results of
simulation with damage are close to the experimemes.

Table (3.3): Comparison of the experimental tensiéep results (lliston, 1965) with those of
mesoscopic approach with and without damage

Loading level| Exp. With damage Without damage
results . . Nonlinearity
wpa | O | g | O™ | sim/ | SIM- ) simy %
X . .
6142 10_2 results | sim, 4, | results | simy 4
(Swd ) (Swod)
213 | 15| 190at | 454 | 562 76 1.54 95.3
112 days

Nonlinearity% = 100 X&uq- €wod) / (Eexp - Ewod)

As for compressive creep, in the case where tlsene damage, the relation between the
stress and the creep is linear. The mesoscopioagipreveals the nonlinearity between the
creep strain and the applied load. The percentagleeononlinearity due to the mesoscopic

approach increases up to 95.3% for a loading levéb%.

3.2.4 Stress-Strain Results

Figures (3.5), (3.6), (3.7) and (3.8) show the trefship between strain and stress
obtained from the tensile or compressive strengsh ®n a mesostructure for 3 situations in

tension and 5 in compression as presented in Tablg

Table (3.4): Stress/strength ratios used in a nteszigre simulations that are presented in
section 3.2.3 and 3.2.4

Type of the test|  Tensile strength Compressive strength

Creep loading | Before 50 | 75 Before o5 | 35 | 50 | 65
level (%) creep creep

Creep loading | _ 100 | 120 - 250 | 250 | 250 | 250

duration (days)

The initial damage fields of simulations “after epé are the damage fields obtained at
the end of creep simulations. The mechanical mpdedented before does not allow failure
due to shear stress because the residual sheas sloes not tend to 0 MPa. Thus, for

simulating the stress-strain relation for concre¢fore and after creep, the damage model
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developed by Fichant et al. (Fichant et al., 199%)sed. This model with the parameters used
allows obtaining shear stress which tends to zdrermthe deformation reaches to the value
corresponding to the maximum shear strength. Maeothis model is based on damage
enabling the use of the damage field, displacerfielost and stress field identified at the end

of numerical creep test.

Figure (3.5) displays the constitutive law for téadehavior, both before and after
creep in compression for several percentages afirigalevels (from 25% to 65% of the
compressive strength). That means the initial vadiedamage and displacement of the
instantaneous behavior is the one of the last sitep of the creep simulations to a stress level
of 25% or 65%.

Figure (3.5) and Table (3.5) reveal that the maxmmesistance and that the Young’s
modulus for the specimens under higher loadingl$éeigelower than those which were under
lower loading levels. As it is presenting in TalgBb), the decrease in the resistance varies
from 15.5% (for the loading of 7.5 MPa) to 40.6%r(19.5 MPa) relatively to the specimens
that were not subjected to the creep test. Likewils® Young modulus decrease varies from
17.3% (for the loading of 7.5 MPa) to 78.2% (foe tloading of 19.5 MPa), with respect to
the specimens which were not subjected to the destpThat result is related to the damage

which occurs during the creep loading and increastsincreasing the level of this loading.
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Figure (3.5): Mesoscopic unilateral behavior imsien before and after creep in compression
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Table (3.5): Changes of the mechanical properfies ereep test

Loading in tension after creep Loading in compression after
Loading level for test creep test
creeptest M U TFt%| Et | Et% | FGux | FC%| EC |E %
MPa | (%) GPa | (* MPa * GPa | (*)
_o| Berel og | | 4s8| | 344| | 487 -
IS5 creep
7
GBJ_ 7.5MPa 1.8 155 404 17.3 34.2 o)r 486 0.3
£
S 10.5MPa| 1.7 22.3| 32.7| 329 33.7 2.1 481 12
£
3 15MPa 15 30.3 19.2 60.7 32.7 48 443 9.0
g
©)
19.5MPal 1.3 40.6( 10.8| 77.9 29.8 134 36/5 251
c
o | Before o | | 488 | 344| | 487 -
c creep
g
'E_ 1.4AMPa 2.1 02| 47.7 2.4 35.1 20 487 Q.1
()
8 2.1MPa 2.1 1.8| 43.0 12 34.9 -16 487 0|01
(*) % of decrease (Ft, Fc, Et, Ec) = 100x (valuobecreep - value after creep)/
value before creep

Figure (3.5) shows that, the ductility increaseghas compressive creep loading level
increases. This result is in accordance with tisalte obtained by Heinfling et al. (Heinfling
et al., 1998) and Briffaut et al. (Briffaut et @013). This increase is explained by the fact
that the damage location is distributed in the wholesostructure during the creep test
whereas the tensile strength test generates maifdgalised macrocrack. As the amount of
damage is directly related to the loading leveé toncrete which was under higher creep
loading level includes more damage than that whvels under lower one. As a result, the
amount of cracking energy that is released durgwgite strength test is higher for the

concrete specimens that were under higher creelinigpéevels.

Figure (3.6) shows the effect of creep in tensinrihe evolution of the tensile behavior.
It represents the behavior law of the tensile gfitetest after creep in tension had taken place

for different creep loading levels. From Table §3tccould be remarked that the maximum
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resistance is about the same before and afterrigaéiven though, the specimens that were
under high creep loading levels, the Young modutusslightly lower than the others.
Compared to the specimens that were not subjecteahy creep test, the percentage of
decrease in resistance is 0.2% for the loading leivé.4 MPa and 1.7% for the loading level

of 2.1 MPa while the decrease in Young modulus48®and 12%, respectively.
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Figure (3.6): (a) Mesoscopic unilateral behaviotension before and after creep in tension,
(b) Field of damage after creep of level 75%, (eJd-of damage before creep

Figure (3.7) represents the compressive behavidh Ibefore and after creep in
compression had taken place. This figure and Téb® reveal that the maximum strength
and the Young modulus are lower for the concretispens that were under high creep
loading levels. Comparing with the specimens thatewnot subjected to creep test, the
decrease in the resistance for specimens that weter creep loading of 7.5 MPa and 19.5
MPa is equal to 0.7% and 13.4% while the decreadkd Young modulus is equal to 0.4%

and 25.1%, respectively.
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Figure (3.7): Mesoscopic unilateral behaviour impoession before and after creep in
compression

Figure (3.8) shows the behavior law of a comprestegt both before and after creep in
tension had taken place. It is noticed that theimam resistance in compression and Young
modulus are almost the same for all the creep hopldivels (see Table (3.5)).
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Figure (3.8): Constitutive law - compressive tesfolbe and after creep in tension had taken
place

3.3 Simulation and Results of Indirect Tensile Cretest (Brazilian Creep)

To evaluate the magnitude of indirect tensile cretgins that were experimentally
measured, the Brazilian creep strains were sinuailatel then the results were compared with
the experimental ones. Firstly, the stress-straiation of Brazilian test was simulated and the

materials parameters were changed to obtain ddeststngth value that is close to the value

109



Ch.3 Mesoscopic simulation for predicting conteecreep and for evaluating residual mechanical pegties

obtained in the experimental work. The averageevaluultimate tensile strength of indirect
tensile tests that achieved thought out the expariat work on the sound concrete and at age
of 1 month was 3.5MP®&btaining the value of 4.2MPa from the numericaiidation model

is satisfied since the results of the Brazilian tesery scattered (from 2.7MPa to 4.7MPa).

The second step was to calibrate the creep paresndtee compressive creep strain of
the concrete used in experimental work of this wtuds simulated using the model of
Benboudjema and Torrenti (Benboudjema and Torré@@)8). Then parameters of creep
were calibrated by comparing the compressive crsi@pulation results with those of
experimental for loading level of 80% applied at tage of 3 months (see Figure (3.9)).

Figure (3.10) represents the field of damage aetiteof compressive creep test.
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Figure (3.9): Calibrating the compressive creepuation with those of experimental
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Figure (3.10): Field of damage due to compressige

Thereatfter, the obtained creep and material paemnetere used for simulating the indirect
tensile creep (Brazilian creep) by using the modél Benboudjema and Torrenti
(Benboudjema and Torrenti, 2008). Figure (3.11yasents the numerical and experimental

results of Brazilian creep for loading levels ofb@nd 80%.
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0025 o Experimental with stress/strain= 5
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Figure (3.11): Numerical and experimental resultBrazilian creep vs. time for loading
levels of 50% and 80%

It is clear that for the both loading levels (50%d&80%) the difference between the
simulation and the experimental results is impdrtarhis difference may be due to
experimental and/or numerical defects. The loath@Brazilian strength test is applied on a
cylindrical specimen arranged laterally (its axiperpendicular to the applied load). This test

is considered delicate as there is an occasionthieatylindrical specimen roles. Therefore,
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for the Brazilian creep test where 3 cylindricabsimens are used, the test is much more
sensitive. In addition, the defect may be relatedthte displacement transducer used to
measure the displacement during the creep Braziéisn In this apparatus, a strain gauge is
fixed on a metal which has an arch shape and ibsemds are glued on the concrete i.e. the
strain gauge is not glued directly on the concfsé Figure (2.34) in chapter two). The arch
metal, on which the strain gauge is fixed, is deresito the temperature which is clear from
the zigzag observed on the experimental resultspite of performing the test in a control
room. Numerically, the principal of creep model dige this study depends on applying stress
on the series of Kelvin-Voigt for obtaining creepag. Consequently, the same strain
magnitude is obtained if the stress is appliedoimgressive or in tensile direction and so that
may be not completely right. In addition, as thmwdation was achieved in two dimensions,
the microcracks that occur in the third directimuld not be taken into account. So, for the
Brazilian creep test where a compressive loadpdiegh simulating the indirect creep strain is
not precise.

Figure (3.12) represents the numerical simulatiohghe Brazilian creep for the both
loading levels (50% and 80%). Figures (3.13) an@l4Bshow the field of damage at the end
of Brazilian creep test for the loading levels 686 and 80%, respectively.
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Figure (3.12): Numerical results of Brazilian creeyp time for loading levels of 50% and
80%
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Figure (3.14): Field of damage due Brazilian cregdoading level of 80%

It is clear from Figure (3.12) that the creep valage not linear with respect to the
loading levels. That means that the model is abl@rmulate the nonlinearity that occurs due
to the increase of damage at the aggregate-cemaste mterface. Figures (3.13) and (3.14)
give the evidence that the damage due to loadingl lef 80% is much larger than that of
50%.

In this chapter, mesoscopic model was developed sforulating creep strain in
compression and tension for different loading Isvél addition, for verifying creep effect on
the residual mechanical properties, these thewast simulated before and after creep. The
aim from these simulations was to represent effetisicrocracks that generate due to the
local incompatible strain between cement paste aggregate. The results of mesoscopic

simulations that were used are as follows:
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- Significant nonlinearity between the creep sisaand stress rate. For compressive creep
strain the nonlinearities were 77.2%, 69.4% an®%6for loading levels 35%, 50% and
65%, respectively (see Table (3.2)). As well, nogdirity for loading level of 75% was
95.3% (see Table (3.3)).

- This microcracks appear to have an impact on rdsdual mechanical properties of
concrete. The decrease in the compressive strehgthto compressive creep, comparing
with the unloaded specimens, was varied from 09%3t4% while the elastic modulus was
ranging from 0.4% to 25.1%, for compressive creeading level of 35% and 65%,
respectively. As well, the decrease in the tensitength due to compressive creep load
was ranging from 15.5% to 40.6% and elastic modwhas from 17.3% to 78.2% for
loading level of 35% and 65%, respectively (seeld §B.5)).

- It could say that, the tensile creep strain tefis almost no effect on the residual
mechanical properties of concrete except for logdavel of 75%, the decrease in the
elastic modulus was 12% (see Table (3.5)).

- After calibrating the creep and the material pagters according to the experimental results,

a numerical simulation of Brazilian creep test wlase and the results were compared with

those of experimental Brazilian creep tests. Fdahboading levels (50% and 80%), it was

clear that the numerical results are very far fribwd experimental ones (see Figure (3.11)).

The reason may be related to the fact that theilgnazreep test is difficult to control. The

reason may be also related to the numerical mda@delassumes the deformation due to the

applied stress is the same if the stress is applidlte tensile or in the compression direction.

Moreover, the simulation was done in two dimensj@tsthe microcracks that occur in the

third direction could not be taken into accountendiore, for the Brazilian creep test where a

compressive load is applied, simulating the indicgeep strain is not precise.
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CONCLUSION

The aim of this thesis is to study the change ofhmaaical properties of concrete due to
creep effect, experimentally and numerically. Thepezimental work was carried out to
overcome the lack of available information on ttopic in literatures. Chapter two which
concerns experimental work includes creep testengion and in compression at different
loading levels and at different concrete ages.h&t énd of each test, either a compressive
strength test or an indirect tensile strength (Bsazilian test) was done both on creep and
control specimens for highlighting the creep effentthe residual mechanical properties of
concrete. The following points were concluded fribra obtained results:

- For the same compressive relative loading les@ep strains increase with increasing the
age of loading.

- For young age of loading (1 month), the compressirength and the modulus of elasticity
of creep specimens are larger than those of cosfretimens. Inversely, for late age of
loading (3 months), creep specimens have lower cessp/e strength than those of control
specimens while the modulus of elasticity valuealmut the same for creep and control
specimens.

The justification given for the both previous cargibns was related to the age of
loading linked to the continuity of the hydratioropess. With the availability of free water
the hydration process continue, resulting in fglinp the pores of cement paste by cement
hydrated products. Therefore, when concrete isddaat late ages, there will not be enough
spaces for the water and the cement gel to diffisa their narrow places to wider spaces
inside the cement skeleton. Thus, the energy irtlune these moving particles on the
hardened cement paste will provoke microcracks. Dubese microcracks, there will be an
increasing in creep strains, and decreasing botltoimpressive strength and in elastic
modulus. On contrary, when concrete is being loadedoung ages, the applied load
promotes the cement gel to move from its placewoadr place to fill up the pores inside the
cement paste. Consequently, the size of concreteirapn becomes smaller and denser than
that which was not subjected to creep loading. Asesult, the dense specimens (creep
specimens) reveal higher resistance than thosehvelnecless dense (control specimens).

In addition, in concrete under sustained loadiegels, cement paste creeps while
aggregate acts as an obstacle. So, tensile stragsesat aggregate-cement paste interface
leading to microcracks at this zone that parti@patdecreasing the compressive strength of

creep specimens. At mesoscopic scale, as the flm@ment gel and water is more accessible
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at young age than that at late age, the conceorafi stresses at the aggregate-cement paste
interface for new concrete may be relaxed fasten tihose for old concrete. Therefore, the
microcracks at the aggregate-cement paste inteffaagew concrete are expected to be less
than those for old concrete.

It could be added that, the microcrack that octus to creep will generates new path
for the hydration process to continue and that ohegrease the width of the microcrack. As
the unhydrated cement in new concrete is expeaiebet more than in old concrete, the
hydration process is more active in new concretet Teads to, that the concrete loaded at
young age has less microcracks (or at least thiwidth of microcracks) comparing with the
concrete loaded at late ages.

The tomographic scan gave evidence that creeprapasithat were loaded at age of 1
month with loading level of 65% are sound and freen visible cracks.

Furthermore, a Brazilian strength test was caraetlat the end of compressive creep
test in which the loading level was 80%. This teas achieved to simulate the tensile zone of
structural beam that is subjected to prestressrigaifVhen the prestress load is applied, the
main part of the section of a beam is under congpresstress. Afterward, due to the stress
relaxation and to the applied load, tensile stiesselld take place. The results revealed that
the compressive creep has no significant effecthentensile strength as the creep and the
control specimens have about the same tensilegstren

To check the effect of compressive creep on thsileerstrength and distinguish this
effect from that of quasi-instantaneous loadindes®s of quasi-instantaneous preloading in
compression were carried out up to three differgpecified loading levels. The results
revealed that, the compressive preloading leveéd(86 has no effect on the concrete tensile
strength while higher preloading levels have negagiffects on the concrete tensile strength.
When the compressive load is applied up to a higldihg level, microcracks will appear in
the direction parallel to the applied load. Intely, these microcracks increase as the applied
loading level is increased until it reaches theslexf failure (loading level equal to 100%).
So, when the specimen is subjected to the Brazilest after the quasi-instantaneous
compressive loading test, the preloaded specimens $ower resistance than the unloaded
specimens.

In addition, the apparent Poisson’s ratio was dated throughout compressive creep
tests. Among the results of the creep Poissonis vatich are inhomogeneous, results of two
cases become stable after several days of loadingate about the same value (0.2 for

loading at age of 1 month at level 65% and 0.18dading at age of 3 months at level 80%).
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These values of creep Poisson’s ratio are sinoldhase of Poisson’s ratio (calculated within
the elastic range) of current work (between 0.18@23).

Finally, indirect tensile creep tests were carr@mtt by applying the load on three
specimens together. The application of load onsheximens is similar to the Brazilian test
by replacing the one cylindrical specimen with #rgpecimens. So, an apparatus was
designed and fabricated in 3SR laboratory for mmgdithe three specimens together
throughout the creep test and for preventing ecioéigt between them. The test was very
sensitive and needed to a lot of accuracy. It vy difficult to prevent errors coming from
the slip of specimens after the loading applicatgod from the release of the screws of the
apparatus that were holding them. The displacenramisducer used for measuring the
displacement throughout the test is not sensitiveugh as it is not glued directly on the
concrete but it is fixed on an arch shape metaichvis sensitive to the temperature, and their
two ends are glued on the concrete.

The effect of tensile creep on the tensile stiteegblution was measured as follows:

- For low loading level (50%), the creep specimbasge higher tensile strength than those of
control specimens while for loading level of 80% &0%, the tensile strength was about the
same for the creep and control specimens.

As it was justified for the effect of compressiveep, at rather low tensile loading level
the applied sustained load works on moving the cemel particles from their narrow spaces
to larger spaces resulting in concrete more dekisthe same time, microcracks could appear
in the direction of tensile stress i.e. in the fakelirection (due to Poisson’s ratio). So, when
concrete is being loaded at a higher level, thextieg effect of microcracks perhaps becomes
equivalent to the useful effect of gel flow insithe pores.

Numerically, a mesoscopic model was used to shaweffect of microcracks at the
aggregate-cement paste interface with increasiegpcistrain values and to show that the
heterogeneity of concrete could be the main cafisewlinearity between creep strain and
loading level. Another objective was to represéet participation of these microcracks in the
decrease of the elastic modulus and of the consted@gth. Creep in tension as well as in
compression were simulated then the residual mécdlaproperties before and after creep
were also simulated. The following could be coneldidrom the mesoscopic simulations

results:

- Considerable nonlinearity is remarked betweeasstrate and creep strains whether in

tension or in compression.
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- For numerical point of view, damage appears teeha negative effect on the residual
mechanical properties of concrete as the compresirength, the tensile strength and the
elastic modulus were decreased after compresseapcHowever, tensile creep has nearly
no effect on the residual mechanical propertiesafcrete except for the higher loading
level (75%), the elastic modulus was slightly dasesl (12%).

These results are not conformed with the experiad@mes and that may be related to that
the aggregate was supposed to be round in the ooggosimulation which is not similar to
the experimental work where the angular aggregate used. In addition, the simulation
used in this study depends on the deformation in tlirections. The simulation is
acceptable for tensile case as the cracks occilreimlirection perpendicular to the applied
load but for compressive case the model is not wateq as the cracks may occur in three
directions. Therefore, the simulation needs to belifred.

- The creep and the material parameters were asgitbraccording to the experimental results
of this study. After that, the numerical simulatiohBrazilian creep was achieved and then
the results were compared with those of experimhé@riazilian creep tests. The numerical
results are very far from those of experimentale Téason could be related to the fact that
the Brazilian creep test is very difficult to casitperfectly and depends a lot on boundary

conditions.

Perspectives

The actual study includes two parts; experimentdl mumerical. The recommendations

that are given here could enrich the present stibijebe future.

1. Experimental recommendations

- It had been planned that creep tests are caotgcdhat two loading ages (1 month and 3
months) for each loading level. Due to an expenitaleerror, the high loading level of 80%
at age of 1 month was replaced by 65%. So, ittteb& carry out the creep test for the same
high loading level at different ages of loading&iter compare the results.

- To check the soundness of concrete after cresp teis valuable to use both, the
tomographic technique and the permeability test.

- The results of indirect strength test (Braziltast) are very scattered so more tests should be

achieved to check the results obtained from thigahevork.
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- The designed apparatus for holding the specirtteasighout the Brazilian creep test must

be improved to obtain more accurate results. Feiairce, make a slot along and at the middle
the bottom plate in which, one of the plywood p&osed for the Brazilian creep test could

be placed. Hence and at least, it becomes surehbgilywood piece that is placed at the

base, still fixed during the test.

- Only one test was carried out to check the efdéciompressive creep on the tensile strength
(by using the Brazilian test). So, more tests areded with different ages of loading and

different loading levels.

- It will be useful to make an experimental testriew and old concrete that were unloaded in
creep and that were subjected to creep loadingltbrate the amount of hydrated cement. If

the difference in the amount of hydrated cemenivbeh unloaded concrete and the loaded
one for concrete loaded at young age is more thanfor concrete loaded at late age, the
proposal of that microcracks provide a new pathcfotinuing the hydration process is more

active in new creep concrete than that for theoolel would be confirm.

2. Numerical recommendations

- Simulation creep and stress/strain relatioreision could be done in 2 dimensions because
cracks are globally perpendicular to the loadingg.aor the case of compression, the cracks
pattern is of 3 dimensions. So, there will be aroreif it is calculated in 2 dimensions.
Nevertheless, 3 dimensions simulation with viscetgdamodel and damage are very heavy
with a fine mesh. With a coarse mesh, it is possilit the representation of the finer
aggregate becomes impossible. Therefore, the moalddd be developed by taking into
account the 3 dimensions if there is enough commaeer.

- An explicit representation of the aggregate ghpnncreases the number of element for
representing correctly fine aggregate. As it isspreéed in Nguyen et al. (Nguyen et al., 2011),
the representation of fine aggregate is essenti@nwsimple behavior law is considered for
cement paste and aggregate. Even though, an aligest i.e. the elements lines are located
at the interface, should be simulated and then epenihe results with those of a regular grid.

- The mesoscopic model must be developed to takeaiccount the effect of creep loading
age on the development of residual mechanical ptiegeof concrete.

- The mesoscopic simulation should be developeargular aggregate (as it is used in the
actual experimental work) and compare the resuitls perfectly round aggregate. This step
is important to check the effect of shape on thesses concentration at the aggregate-cement

119



References

paste interface and subsequently the opportunitpiofocracking occurrence at this zone. In
addition, different arrangements of aggregate msite cement paste is recommended to be
studied, to know their effect on creep magnitude an the residual mechanical properties of

concrete.
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