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Abstract

Modelling of behaviour of cracked tensile concristea complicated issue. Due
to bond with reinforcement, the concrete betweeacks carries a certain
amount of tensile force normal to the cracked plaifee concrete adheres to
reinforcement bars and contributes to overallrsdigs of the structure. The phe-
nomenon, called tension-stiffeningas significant influence on the results of
short-term deformational analysis. The main objectif this PhD dissertation is
to propose a free-of-shrinkage tension-stiffeniagy For bending RC members
subjected to short-term loading.

Dissertation consists of introduction, four Chaptand general conclusions.

Reasons for investigation, main objective and tagkthe work, scientific
novelty and originality, basic statements to besddéd, list of publications by
the author and scope of the scientific work aresiared in the introduction.

The first Chapter presents literature review orodahtional models of RC
members. Furthermore design code and numericalatietfor determining de-
flections of reinforced concrete members are reggewConclusions are formu-
lated at the end of the Chapter.

The second Chapter introduces shrinkage influentdeasion-stiffening
and stress-strain state of RC members subjectethdd-term loading. A nu-
merical procedure has been analysed for derivieg-f-shrinkage tension-
stiffening relationships using test data of bend®@g members. The procedure
combines direct and inverse techniques of anabf9®C members. Conclusions
are formulated at the end of the Chapter.

The third Chapter presents an experimental invasbtig of tension-
stiffening and short-term deformations of reinfata®ncrete beams. Also deri-
vation of free-of-shrinkage tension-stiffening l&v bending RC members sub-
jected to short-term loading are presented. Coimlgsare formulated at the end
of the Chapter.

The fourth Chapter presents statistical analysishmnt-term deflections of
RC bending members. The comparative study was basethe predictions
made by design code&yrocode 2 ACI 318 SP 52-10}), Hsu, Vecchio &
Collins and proposed models. Conclusions are formulatetheatend of the
Chapter.

10 scientific articles were published on the topiche dissertation: 3 — in
reviewed scientific journals, included in interiaial databases; 2 — THOM-
SON ISI Proceedingand 5 — in national conference material.

The author has made 7 presentations in scientififecences (2 interna-
tional and 5 republican).



Rezium é

Adekvatus suplegusio tempiamojo betongakosjvertinimas yra bene svarbiau-
sia ir sudtingiausia problema, nustatant trumpalaike apknmikiamy gelZbeto-
niniy elemeng deformacijas. PlySio vietoje betonas negali ayittempimo
itempu, todtl visg jraZza atlaiko armaira. Kadangi plySyje ir gretimuoseupj
viuose armatra praslysta betono atzvilgiu, kontakto zonojeratgia tangenti-
niai jtempiai. Siejtempiai perduodami betonui, t@dis atlaiko tempimojtem-
pius. Armatiros ir betono gveika ruoZuose tarp plygistandina gelzbetonin
elemen. Supleigjusio betono gedimas atlaikyti tempimgtempius vadinama
tempimo sustargimu (angl.tension-stiffeniny

Disertacip sudarogjvadas, keturi skyriai, darbo pabaigoje pateikiaagnn-
diniai darbo rezultatai ir iSvados, litefabs grasas ir autoriaus publikacijos di-
sertacijos tema.

Ivadiniame skyriuje nagréfamas problemos aktualumas, formuluojamas
darbo tikslas bei uzdaviniai, apraSomas mokslirigbd naujumas, pristatomi
autoriaus praneSimai ir publikacijos, disertacgtrsiktira.

Pirmajame disertacijos skyriuje apZvelgiami anal@iempiriniai ir skaiti-
niai lenkiamy gelZzbetonini elemend, paveikty trumpalaike apkrova, deforma-
tyvumo analizs metodai. Skyriaus pabaigoje formuluojamos iSvados

Antrajame disertacijos skyriuje analizuojamas GklHasko sukurtas algo-
ritmas (atvirkstinis uzdavinys), leidZiantis i pksimentines momeantr kreiviy
diagramos gauti tempimo sustajicho vidutiniy jtempiy ir deformacijy priklau-
somyle. Aptariamas V. Gribniak paslijtas gelZbetonimj elemeng jtempiy ir
deformacijy nustatymo skaitinis metodas (tiesioginis uzdavinysidZiantis
jvertinti susitraukimataka. Skyriaus pabaigoje formuluojamos iSvados.

Treciajame disertacijos skyriuje pateikiami gelzbetonisijy eksperimenti-
niy tyrimy rezultatai. Taip pat parodytas tempimo sustamd modelio iSvedi-
mas, jvertinant betono susitraukimpaka. Skyriaus pabaigoje formuluojamos
iSvados.

Ketvirtajame disertacijos skyriuje tiriamas ggutmodely tikslumas, ver-
tinant gelzbetoninj elemeng deformacijas. Skyriaus pabaigoje formuluojamos
iSvados.

Disertacijos tema iSspausdinti 10 moksjistraipsni: 3 mokslo Zurnaluose,
referuojamuose tarptautise duomen bazse, kuri sra%® sudaé Lietuvos
mokslo taryba; 2 straipsniai, konferencijos straipsrinkinyje, referuotame
THOMSON ISI Proceedingduomem bazje; 5 straipsniai respublikigimoks-
liniy konferencij medziagoje.

Disertacijoje atlikty tyrimy rezultatai paskelbti 7 konferencijose (2 tarptau-
tinése ir 5 respublikiése).

vi



Symbols
Ac —
Aq -
AS2 —

Notations

is the area of plain concrete net section;

is the area of tensile reinforcement;

is the area of compressive reinforcement;

is the modulus of elasticity of concrete;

is the secant modulus of deformations for thekpmoint;
is the flexural stiffness;

is the internal force;

is the moment of inertia for the fully crackestgon at the yielding of
reinforcement;

is the moment of inertia for cracked concret#isg;

is the moment of inertia for uncracked concsetetion ignoring rein-
forcement;

is the reduced moment of inertia of fully crattlsection;
is the moment of inertia of tensile reinforcemen

is the moment of inertia of compressive reinéonent;
is the length of the element;

is the bending moment;

Vii
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is the cracking moment;

is the fictitious (shrinkage-induced) bendingmamt;
is the ultimate bending moment;

is the axial force;

is the cracking force;

is the fictitious (shrinkage-induced) axial feyc

is the section modulus;

is the cover depth of the compressive reinfoergm
is the width of the section;

is the effective depth of a section or diameferinforcement;
is the cylinder compressive concrete strength;

is the 28-day mean compressive cylinder streofjtoncrete;
is the prism compressive concrete strength;

is the tensile concrete strength;

is the characteristic tensile strength of comgret

is the compressive cube strength of concretiesgt
is the modulus of rupture;

is the yield strength;

is the height of a section;

is the load increment;

is the empirical factor [see Equation 1.5];

is the sample mean of the relative erxpr

is the number of test points in the statistanalysis;
is the reinforcement ratio;

is the coefficient that depends on the shapgbeobending moment dia-
gram;

is the sample standard deviation of the relagiverA;

is the thickness of theth layer;

is the unit weight of concrete;

is the mean depth of compressive zone of coacret

is the coordinate of centroid of plain concne¢ section;

is the distance from the neutral axis to theitanface of the element;
is the relative error of prediction;

is the rotation deviation;

is the modular ratio;



is the bond factor or coefficient taking accoofithe influence of the du-
ration of the loading [see Equation 1.13];

Be — is the empirical factor [see Equation 1.4];
0 — is the mid-span deflection;
& — is the strain of compressive concrete;
Ec1 — is the maximum compressive strain of concrete;
Ecm — is the mean strain of compressive concrete;
gn &ser — IS the tensile strain capacity;
& — is the strain of steel;
&, Ect — is the strain of tensile concrete;
Esh — is the shrinkage strain of concrete;
Esm — is the mean strain of steel;
&y — is the ultimate strain of compressive concrete;
n — is the correction factor;
K — is the curvature;
Ly — is the expectation of the relative errgr
v — is the coefficient characterized elastic prdperof compressive concrete;
é — is the distribution factor;
Oc — is the compressive concrete strength;
Oct — is the stress of tensile concrete;
Os, Ogr — is the stress of steel;
Osy — is the yielding stress;
— is the age of specimen at loading;
® — is the creep coefficient;
X — is the ageing coefficient;
Ws — is the tension-stiffening factor[see Equatio®6];.
Abbreviations
FE — finite element;
FPZ — fracture process zone;
HSC — high strength concrete;
LEFM - linear elastic fracture mechanics;
MSC — medium strength concrete;
NSC — normal strength concrete;
RC — reinforced concrete;
RH — relative humidity.
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Introduction

Reasons for Investigation

Modelling behaviour of cracked tensile concreta isomplicated issue. Due to
bond with reinforcement, the cracked concrete betweracks carries a certain
amount of tensile force normal to the cracked pl&@@ncrete adheres to rein-
forcement bars and contributes to overall stiffnesshe structure. The phe-
nomenon, called tension-stiffening, has significarituence on the results of

short-term deformational analysis. Assumption demsion-stiffening law has

great influence on numerical results of load —et#fbn behaviour of reinforced

concrete members subjected to short — term loatlinger wrong assumption of
this law, errors in calculated deflections, pattacly for lightly members, may

exceed 100 %. Most known tension-stiffening relalops relate average
stresses to average strains. However, some expddahand theoretical investi-

gations have shown that tension-stiffening may fieceed by other parameters.
The scientific supervisor of the thesis has progaséension-stiffening model

depending on reinforcement ratio. This model hanhaeveloped using experi-
mental data reported in the literature. Besidesciaie shrinkage effect was not
taken into account. The main objective of this Rhfsertation is to propose a
tension-stiffening law for bending RC members scigié to short-term loading

with eliminated concrete shrinkage effect.



2 INTRODUCTION

Research Object

The object of present study is modelling tensioffiesting and deformation be-
haviour of reinforced concrete bending membersesubfl to short-term load-

ing.

Main Objective and Tasks

The main objective is to propose a free-of-shrimkégnsion-stiffening law for
bending RC members subjected to short-term loadmgrder to achieve the
objective, the following problems had to be solved:

1. To review empirical and numerical techniques ofodeftion analysis of
RC members as well as material models with the asiphon tension-
stiffening effects.

2. To collect test data on cracking and deformatidmals®ur of bending re-
inforced concrete elements published in literature.

3. To perform experimental investigation on crackingd aleformation of
lightly and normally reinforced bending RC elements

4. To derive tension-stiffening relationships usingoesmental moment-
curvature diagrams with eliminated concrete shigekeffect.

5. To propose a new tension-stiffening model takirtg imccount shrinkage
effect.

6. For the collected test data set, to perform contparatatistical analysis
of deflections prediction techniques using the pegul tension-stiffening
and other models.

Research Methods

Seeking to achieve the aim of the work the researetnods such as theoretical
study, numerical research, experimental and statistnalysis were used.

Scientific Novelty and Originality

1. Lightly and normally reinforced RC beams subjedtedhort-term loading
were tested. Free concrete shrinkage strain wasureghfrom the start of
specimen curing. The tests were performed in sloatl increments. Av-
erage strains were measured at four horizontaldemethe pure bending
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zone of RC beams. Therefore, the test data waabdaifor developing
free-of-shrinkage tension-stiffening model.

2. Based on the newly obtained test data of RC beachsn@erse technique,
tension-stiffening model with eliminated concreteriskage effect has
been proposed. Application of this model make®gsible to take into ac-
count free shrinkage strain as independent paramete

3. Using test data reported in the literature, a ®tfatil analysis of accuracy
of deflection prediction techniques has been peréat.

Practical Value

The proposed tension-stiffening model can be ustd im standard finite ele-
ment software and in Layer model which is very @ffe in terms of computer
resources. Concrete shrinkage influence on thesstteain state of reinforced
concrete members can be accounted for by the pedpusdel.

Basic Statements to be Defended

1. The proposed free-of-shrinkage tension-stiffenang makes it possible to
assess shrinkage, occurring prior to short-terrdif@g influence on stress-
strain state of reinforced concrete members.

2. The proposed stress-strain tension-stiffening lapedds not only on con-
crete tensile strength, but also on reinforcematit.r

3. Deflections of lightly reinforced members using theposed tension-

stiffening model are calculated more accuratelyeigard to other models
and techniques.

Participation in Research Projects
The author has participated in a research project:
Constitutive Model for Stress-Strain Analysis ofbfé Reinforced Concrete

Members (DispersiSkai armupgelZbetonini elemend jtempi ir deformacij
modelis), funded by the Lithuanian State Fund addech and Studies, 2009.



4 INTRODUCTION

Reporting Results at Scientific Conferences
The author has made 7 presentations at 6 scieatififterences:

« The Tenth International Conferenbtodern Building Materials, Struc-
tures and Technique¥ilnius, Lithuania, 2010.

e The Twelfth Lithuanian Conference of Young ScidstiScience — Fu-
ture of Lithuania Vilnius, Lithuania, 2009.

¢ The Ninth International Conferent&éodern Building Materials, Struc-
tures and Technique¥ilnius, Lithuania, 2007.

e The Fourth International ConferenSé&rength, Durability and Stability
of Materials and Structure®alanga, Lithuania, 2007.

¢ The Tenth Lithuanian Conference of Young Scienstience — Future
of Lithuania Vilnius, Lithuania, 2007.

* The Ninth Lithuanian Conference of Young ScientStéence — Future
of Lithuania Vilnius, Lithuania, 2006.

The Scope of the Scientific Work

The dissertation consists of introduction, four @tkes, general conclusion and a
list of references.

The total scope of dissertation — 91 pages, 88utae) 30 figures, 10 tables
and 186 references.
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Literature Review on Deformational
Models

Design for serviceability is the main task for stural engineers and code-
writing bodies. It is also essential to users & tlesigned structures. Increased
use of high strength concrete with reinforcing bansl prestressed reinforce-
ment, coupled with more precise computer-aidedt Istate serviceability de-
signs, has resulted in lighter and more materidtient structural elements and
systems. This in turn has necessitated better aaritshort-term and long-term
behaviour of concrete structures at service loBaglection of one-way non-
prestressed concrete flexural members is controjedkinforcement ratio limi-
tations, minimum thickness requirements, and spdleftion ratio limitations.
Wide availability of personal computers and dessgftware, plus the use of
higher strength concrete with steel reinforcemeag permitted more material
efficient reinforced concrete designs producingleier sections. More preva-
lent use of high-strength concrete results in snaections, having less stiff-
ness that can result in larger deflections. Conmeityy control of short-term and
long-term deflection has become more critical. langy structures, deflection
rather than stress limitation is the controllingtéa. Deflection computations
determine the proportioning of many of the strualsystem elements. Member
stiffness is also a function of short-term and lbegn behaviour of the con-
crete. Hence, expressions defining the modulusgire, modulus of elasticity,

7
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creep, shrinkage, and temperature effects are graremeters in predicting the
deflection of reinforced concrete members.

With the improved knowledge of material propertes! behaviour, empha-
sis has shifted to the use of high strength coaaretmponents. Consequently,
designs using load-resistance philosophy have tegsih smaller sections that
are prone to smaller serviceability safety margiss.a result, prediction and
control of deflections and cracking through appiater design have become a
necessary phase of design under service load comglitBeams and slabs are
rarely built as isolated members, but are a mdmolpart of an integrated sys-
tem. Excessive deflection of a floor slab may caliskcations in the partitions
it supports or difficulty in levelling furniture dixtures. Excessive deflection of
a beam can damage a partition below, and excedsiflection of a spandrel
beam above a window opening could crack the glaeslp. In the case of roofs
or open floors, such as top floors of parking gasagrounding of water can re-
sult.

The materials related to Chapter 1, the authoo#awthorship has reported
in the following papers: Gribnia&t. al.(2010), Kaklauskast. al.(2008), Grib-
niak et. al. (2007d),Kaklauskaset. al. (2007), Kaklauskast. al.(2006), Soko-
lovas & Logunov (2006).

1.1. Constitutive Models for Reinforced Concrete

Deformational behaviour of cracked RC members éeraplex process includ-
ing a wide range of effects, such as, differergrgjth and deformation proper-
ties of steel and concrete, concrete cracking,idarsoftening and tension-
stiffening, bond slip between reinforcement andctete, etc. It should be noted
that many constitutive models for concrete havenba@eveloped all over the
world. Also, such kind of research has been perorin Lithuania, home coun-
try of the author. Some more recent publications loa noted: Jonaitist. al
(2007), Jonaitiset al (2009), Marciukaitis (1978), Marciukaitis & Baleius
(2009), Marciukaitiset. al (2007a), Marciukaitiet. al (2006a), Marciukaiti®t.
al. (2007b), Marciukaiti®t. al (2006b).

1.1.1. Uniaxial Compression

The compressive strength of concrete is the prppedst often used in struc-
tural design calculation (Nejadi 2005). It can kadily determined in practice
by simple test procedures. The response of congraiaiaxial compression is
usually obtained from cylinders with a height tardeter ratio of 2 to 1 or from
cubes. A standard cylinder is 300 mm high by 150 diameter and the lower
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characteristics value of its compressive strengt®8adays is termetk. This is
the value of compressive strength exceeded by @8 &l standard cylinder
specimens tested at 28 days under standard carglif®ilbert 2002). Smaller
cylinders, or cubes, (generally having a higher massive strength) are also
used for production control, the results of whiem de converted into equiva-
lent standard cylinder strength values using apfatgpconversion factors.

Fig. 1.1 illustrates a typical average stress4stcairve for a concrete speci-
mens subjected to uniaxial compression. Althougé tlirve is non-linear
throughout, the response may be taken as linesati@lap to 30-40 % of the ul-
timate strength, after which the curve exhibitg@asingly non-linear behaviour
up to the peak stre§s because of the propagation of internal micro sadke
concrete undergoes strain softening after the pegaks, as shown in Fig. 1.1.

Response under compression in the post-peak ratigev$ a softening or
descending branch until the concrete reachestiteatke strain. Strain softening
under compression is influenced by specimen sizength of the concrete,
(Kaufmann 1998) and the stiffness of the testinghitee. RILEM TC 148-SSC
(1997) presented an extensive test program whictinmged the influence of
specimen size and boundary restraint in measutiagnssoftening of concrete
subjected to uniaxial compression.
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Fig. 1.1. Typical uniaxial stress-strain curves of concreteampression

In early numerical simulations (Hamrd al. 1973, Lin & Scordelis 1975) an
ideally elasto-plastic diagram has been assumednéumtelling of compressive
concrete. It has been considered that plastictstialadeformations were mainly
due to cracking of tensile concrete and plastielstrains but not due to plastic
deformations of compressive concrete. However, sogportance of plastic
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strains of the compressive concrete on total belawf structure has been real-
ised and numerical analyses have employed a guealber of stress-strain rela-
tionships based on uniaxial tests: Shah & Amad &L 94ognestaet al. (1955),
Dilger et al. (1984), CEN (2004), Wangt al. (1978), Smith & Young (1956),
Barnard (1964), Park & Paulay (1975), CEB - FIP kElo€Code (1991),
Szulczynski & Sozen (1961), Roy & Sozen (1961) beieberg (1962), Kent &
Park (1990), Popovics (1970, 1973), Young (196@s RL950), Saenz (1964),
Mansuret al. (1997), Debernardi & Talian(2001) etc. A few most widely used
expressions of the curves are presented below:

o, = fc(2/7 —/72), (Hognestadt al. 1955) (1.1)

_¢ kn _,72 _ & K = 1'05Ec'm|‘9c1|

o, =f , = , , (CEN 2004 1.2
c c1+(k—2)l7 n 6. ( ) (1.2)

C

Hereo. ande, are the stress and strain of the compressive etmaespectively;
f'« ande,; are the maximum compressive stress and the comdspy strain for
standard cylinder tesE., is the secant modulus of elasticity of concrete.

Equations 1.1-1.2 describe the ascending bran¢heoturve while the de-
scending part is often assumed as a horizontaloped line terminating at a
limiting strain ¢, (Fig. 1.1). Although in flexural tests values fra0025 to
0.006 have been measured fgrit is usually assumed within the interval of
0.003 and 0.004.

Carreira & Chu (1985) have proposed a completesstain relationship
of the serpentine curve:

:Bc fc'(‘gc/‘gcl) ) (13)
:Bc -1+ (‘E‘c/‘gcl)ﬁCk2
Herep. is an empirical factor.

Thorenfeldtet al. (1987) proposed to use Equation 1.3 for high gtien
concrete assuming:

c =

:80 = ]/(1_ fc/‘gclEc) : (1.4)
Mansuret al.(1997) offered an expression for fackar
k, = (a25/ )} (L.5)

The initial slope of the curves indicating the minduof elasticity,E., in-
creases with an increase in compressive strebgtis. affected by the modulus
of elasticity of the cement paste and that of thgregate. An increase in water-
cement ratio increases the porosity of the pasduaing its strength and
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modulus of elasticity. Of equal importance is thedulus of elasticity of the
aggregate. Normal weight aggregates have moduletasficity values ranging
from 1.5 to 5 times that of cement paste. Therefihre fraction of the total mix
that is aggregate also affeés

Literature review on assumption of the peak stsaimas been performed by
Nicolo et al. (1994). Constant value ef has been assumed by a number of re-
searchers and codes: 0.0022 by CEN (2004) and GEE1991) and 0.002 by
Szulczynski & Sozen (1961), Roy & Sozen (1963) beieberg (1962), Kent &
Park (1990), Popovics (1970), and Young (1960).

Numerous investigations (e.g., Parasonis 1971, ysi& Notkus 1978,
Vecchio & Collins 1982) have been carried out faxdelling deformational be-
haviour of the compressive concrete in reinforoaaceete structures.

1.1.2. Uniaxial Tension

The tensile strength of concrdtgis only about 10 % of it compressive strength
and is defined as the maximum stress that concaatewithstand when sub-
jected to uniaxial tension. It becomes hard to measlirect uniaxial tensile
strength because it is difficult to achieve truéabxension without secondary
stresses caused by the holding devices. The mostoaly used methods to
determine tensile strength are the cylinder spittor Brazilian test, and the
flexural or modulus of rupture test.
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Fig. 1.2. Uniaxial tensile stress-strain curves of concrete
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Strongly stochastic nature of test data also carafs interpretation of ex-
perimental results (Lemnitzext al. 2008). Hughes & Chapman (1966) and Ev-
ans & Marathe (1968) have used modified directitensesting machines to
obtain stress-strain diagrams in tension with adiognand descending branches
similar to those obtained in compression. The shafpéhe curve (Fig. 1.2)
shows many similarities to the uniaxial-compressiarve (Fig. 1.1), however,
there are some differences. The curve shown inlEgis nearly linear up to a
relatively higher stress level. The stress of al@lf6 of the uniaxial tensile
strengthf., can be considered as a limit of elasticity. Triterival of stable crack
propagation is relatively short and the limit ofstable crack propagation is
reached at about 75 % Bf (Evans & Marathe 1968). The failure in tension is
caused by a few bridging cracks rather than by maonsecracks, as it is for the
compressive states of stress.

The ratio between uniaxial tensile and compressikength may vary con-
siderably but usually ranges between 0.05 and Th&. modulus of elasticity
under uniaxial tension is somewhat higher and tbissen’s ratio somewhat
lower than in uniaxial compression.

In fracture mechanics approach, based on cracktgrewd localised ef-
fects, the shape of the strain softening curveeimsibn is adjusted from one
problem to another, depending on fracture energy. Bazant & Oh 1983,
Wittmann 2002, Liwet al 2008, Darwinet al 2001). Massicotet al (1988) per-
formed a detailed analysis of 52 test results pteskby Gopalaratnam & Shah
(1985), Hilleborg (1983, 1985a, b), Guo & Zhang8&p Bazant & Oh (1983)
and Yankelevsky & Reinhardt (1987). Based on thesalts and as a reasonable
compromise between accuracy and simplicity, engdr stress-strain curve was
adopted (Massicotte 1988), with a linear ascentiagch and a bilinear soften-
ing branch after cracking. The change of slopéheéndescending branch occurs
at one-third of, as proposed by Hilleborg (1985).

1.1.3. Steel Reinforcement

Steel reinforcement is used to provide strengtleiilily and serviceability to
concrete structures. With regard to serviceabiligmforcement is used to re-
duce instantaneous and long-term deformations emdde crack control.

Structural concrete elements are generally designeld that failure will be
governed by yielding of the reinforcement. The ¢istresses typically amount
to 400 - 600 MPa. The deformation capacity of stmad concrete elements is an
important aspect in the design of such structdtesainly depends on the duc-
tility of the reinforcement (Sigrist 1995). Theredo ductility of the reinforce-
ment is as essential to structural concrete atrgagth.
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Steel reinforcing bars are usually round with regyl spaced, rib-shaped
deformations on the surface to provide a betteddmetween the concrete and
steel. There are basically two different types toéss-strain characteristics of
reinforcing steel; hot-rolled, low-carbon or mictleyed steel bars and cold-
worked and high-carbon steel bars or wires (Kaufmaf98). As shown in
Fig 1.3a, a hot-rolled, low-carbon steel bar insten, exhibits an initial linear
elastic portion followed by a yield plateau in wiithe strain increases with lit-
tle or no change in stress and a strain-hardeminger which increases until rup-
ture of steel bar at the tensile strength occud-@orked and high-carbon
steel bars initially show a linear elastic responghh a smooth change to the
strain-hardening branch, without a distinct yielind (see Fig. 1.3b). In such
case, the yield stress is taken as the stressiahw@lpermanent strain of 0.2 %
remains after unloading.
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Fig. 1.3. Stress-strain characteristics of reinforcemenmiaxial tension: a) hot-rolled,
heat-treated, low-carbon steel; b) cold-workedigh{tarbon steel (Kaufmann 1998)

Reinforcing steel is generally assumed as elastistip for design calcula-
tions andf,, is taken to be the material strength, where tressistrain curve is
assumed horizontal whdg, is reached. Under service loads steel stressss le
than yield stress and its behaviour is linear-alashe stress-strain curve in
compression is also assumed to be similar to therision.
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1.1.4. Tension-Stiffening

A comprehensive literature review on tension-stiffgg models and deformation
behaviour of RC members has been performed by Kakés (2001) and Grib-
niak (2009).

The first studies which defined the behaviour oharete under tensile
stress began towards the end of @@ntury when, though the intense activity of
skilful builders, the technique of RC reached dartdages that were fundamen-
tal for its subsequent success. Joly (1898a, 18&&t)Considere (1899a, 1899b)
who made a decisive contribution to explainingltbbaviour of RC flexural and
tensile members performed first intuitions on tbasion-stiffening. After the
response of the elements to the applied actiondbad explained, its behaviour
was defined though mathematical models, necessapné calculation theories
according to Albenga (1945), were many and conttad;.

Cracking in a reinforced concrete member also caasggnificant increase
in deflection. This is a result of the reductiornbeihding stiffness at cracked sec-
tion when the effect of tensile concrete belowrnbkatral axis diminishes. How-
ever, at the sections between successive crack®e smsile stress is restrained
in the concrete around steel bars due to the actbtond, contributing to the
bending stiffness of the member. This is calledsitmstiffening effect. If the
tension-stiffening effect is neglected, calculadeflection may be overestimated
by a large proportion. In simplified methods of Idefion calculation the ten-
sion-stiffening effect is incorporated in a semipémeal manner by using the
effective moment of inertia method. In analyticathods, the deflection is cal-
culated using curvature values, evaluated by adginon-linear stress-strain
relationship for tensile concrete. This allows aete to retain some tensile
stress beyond the cracking strain.

Many theoretical models of RC in tension have bpeyposed to predict
cracking and deformations of RC members. Generttigse models may be
separated into three main approaches:

* Average stress-average strain: simple approachésnsively used in

numerical analyses, based on smeared crack model.

* Bond stress transfer in the interface zone of aircand reinforcement
and fracture mechanics: these approaches aim atliimgdbond be-
tween concrete and reinforcement steel and usé&ah&ire mechanics
principles to predict cracking behaviour of RC edsits.

¢ Analytical-empirical: the earliest approaches wedeseloped based on
the analysis of test data. Such simplified caloohattechniques are
broadly presented in the design codes. The techgiqu this approach
in more detail are presented in Section 1.3.
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1.1.4.1. Average Stress-Average Strain

This simple approach, extensively applied in nuparnalyses, is based on use
of average stress-strain tension-stiffening refetiop. The approach introduced
by Rashid (1968) is based on smeared crack madekriacks are smeared out
in the continuous fashion and the cracked conéseéssumed to remain a con-
tinuum. Concrete becomes orthotropic with one ef rtaterial axes being ori-
ented along the direction of cracking.

Differently from the discrete crack model, which timcing individual
cracks, smeared crack model deals with averages@ad stresses. This model
can handle single, multiple and distributed craicka unified manner. Thus, it
can be used for both plain concrete and RC strest(Cervenka 1995). In FE
analysis, smeared crack model has proven to be fiexible and more compu-
tationally effective concerning the discrete cramkdel since no topological
constraints exist.

Tension-stiffening can be attributed either to tlenseinforcement (steel-
related model) or to concrete (concrete-relatedetoth the latter approach, it
may be assumed that tension-stiffening is effeatitieer in the whole tension
area or in the specified zone (close to reinforedjnealled the effective area.

Gilbert & Warner (1978), Cervenkaet al. (1990), Hofstetter & Mang
(1995), Feenstra & Borst d@995), Salyset al (2009) have used the steel-
related approach. It should be noted that this aaupr is relatively rarely ap-
plied.

In the effective area approach, the influence psiten-stiffening is limited
to a volume of concrete in relatively close proximio the bar (tension-
stiffening zone). IMModel Code 9QCEB-FIP 1991) tension-stiffening zone was
limited to concrete area within 7.5 bar diameteosnf the reinforcement. Out-
side this zone, the second mechanism of post erggievails, that of tension-
softening (Vecchio & Collins 1986, StramandinoliRibvere 2008).

Based on experimental investigation of reinforcedatete panels subjected
to pure shear Vecchio & Collins (1986) in their rifigdl compression field the-
ory proposed the following relationship for theak@d concrete:

f .
o =—=— f =033/f,. 1.6
t 1+\/T0€ct ct c (1.6)

Hereo, ande are the stress and strain of tensile concretpeotisely;f is the
cracking strength of concret®; is the cylinder strength of concrete in compres-
sion.

Hsu (1993) in his unified theory of reinforced coete proposed the follow-
ing relationship:
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04
atzfct[%J , f, = 03141, , £, =0.00008 (1.7)

ct

Carreira & Chu (1986) proposed the relationshiphef same general form
as the stress-strain relationship in compresses Egjuation 1.3:

lgt fCt (‘Ect/‘gcr)
B-1+(enen (-8

T =

Herep, is an empirical factor.

Scott (1983) derived a stress-strain relationsbipcfacked tensile concrete
using experimental beam data of Clark & Speirs 89An attempt was made
by Prakhya & Morley (1990) to include several pagtans affecting the tension-
stiffening into the stress-strain curve of tensitacrete for analysis of flexural
members. On the basis of simplified assumptionsbgnasing some experimen-
tal data (Clark & Speirs 1978, Clark & Cranston 9pthey have applied Equa-
tion 1.8 (Carreira & Chu 1986) by modifying the argal factorp;:

0366 _ 0344 0146
ﬁtz(—loo’* j (—b(h Xnt)J (gj . (1.9)

b(h-x,) ncd,

HereAq; is the cross-section area of tensile reinforcenteistthe width:h is the
total depthic is the clear cover to the reinforcementjs the reinforcement bar
diameter;n is the number of bars;is the reinforcing spacing, amgl is the neu-
tral axis depth neglecting tension in the concrete.

Most of the continuum-based FE methods incorpdeatsion-stiffening by
the constitutive law of tensile concrete (Suidaséhnobrich 1973, Lin & Scor-
delis 1975, Prakhya & Morley 1990, Barretsal. 2001, Ebead & Marzouk 2005,
Gribniak & Kondratenko 2005, Gribniak & Girdzius@® Gribniaket al. 2005,
2006, 2007b, 2007d, Kaklauskas al. 2007a, Kaklauskast al. 2007¢c, Kak-
lauskaset al. 2008,Kaklauskas & Sokolov 2007, Sokolov 2007, Kaklaus&gs
al. 2006, Sokolovas & Logunov 2006 and Bacins&aal.2007). In present re-
search, behaviour of RC member is modelled assurainghiform tension-
stiffening relationship over the whole tension apéaoncrete. Stress in the con-
crete is taken as the combined stress due to tessffening and tension-
softening, collectively called the tension-stiffiegi Based on the above ap-
proach, a number of stress-strain constitutivetioglahips for cracked tensile
concrete have been proposed. Kaklauskas (2001B@ctoff (2001) have car-
ried out a comprehensive review of the relationship the analysis of tension
members, Bischoff (2001) has introduced bond fggt@presenting the ratio of
average tensile stress in concrete and the craskiegs.
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Most tension-stiffening relationships were derivesing experimental data
of tension (Bischoff 2001, Fields & Bischoff 2004k shear (Vecchio & Collins
1986, Satcet al. 2004, Bentz 2005, Debernardi & Taliano 2006) RGriners.
These constitutive laws were applied for modelfilegural members, although
their behaviour differs from tension or shear mersbe

The supervisor of the dissertation in co-authorsliifaklauskas &
Ghaboussi 2001) has proposed an alternative agprfmcderiving tension-
stiffening relationships from test moment-curvatdragrams of RC members.
Based on inverse technique, tension-stiffeningtimiahips were computed
from the equilibrium equations for incrementallycieasing bending moment
assuming portions of the relationships obtainednftbe previous increments.
Due to stochastic distribution of test data, a philistic approach, based on
Monte Carlotechnique (Mosegaard & Tarantola 1995, Tarant@@52 Kak-
lauskaset al. 2007b), can be assumed in theerseproblem.

Tension-stiffening relationship shown in Fig. 1dstbeen proposed by the
Kaklauskas (2001). It was called Flexural as it hasn derived on a basis of
flexural experimental data. The descending brarfcth@ relationship was ex-
pressed by the formula:

o = 0525fct[1—i+ﬂJ =t (1.10)
ﬁ gct cr
[=328-276p+ 712p°. (1.11)

Herep is the reinforcement ratidy; is the tensile concrete strength.

o, (MPa)

T
Eor Bgcr
Fig. 1.4. Flexural tension-stiffening relationship

In the most cases, tension-stiffening relationshijese derived using test
data of RC members exposed to shrinkage. Therederejed constitutive rela-
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tionships in an integrated manner include effe¢ts2nsion-softening, tension-
stiffening and shrinkage.

1.1.4.2. Bond Stress Transfer in the Interface Zone of Concrete
and Reinforcement and Fracture Mechanics

This approach is based on bond-slip relationshipchvmodels the bond-action
between concrete and reinforcement. Saliger (1928) the first one, who has
published the basi®r all theories using this approach. The bondesctt the
interface of steel bars and surrounding concresegh@at influence on the initia-
tion and propagation of cracks in RC members. Tdralkaction is the main con-
tributing factor to the tension-stiffening effeat iconcrete structuredn a
cracked RC member, an increase in loading will lteésuan increase in steel
strain, causing an extension of the reinforcing (f&@enstra & Borst de 1995,
Ngo & Scordelis 1967). Consequently, ribs in the i tend to move towards
the nearest crack relative to the surrounding aaci.e. bond-slifs initialised.
This will increase the rilbearing stress on concrete, contributing to thedbon
slip.

In analytical investigations of RC members, thedstress-slip relationship
is of fundamental importance. Such relationships aralogous to the average
stress-strain laws for concrete or steel (Nilsoi2lEdwards & Yannopoulos
1979). Unlike the constitutive laws for steel oncrete, a unique relationship
for the bond stress-slip is not yet available destbie large number of investiga-
tions carried out. Nilson (1972), Mirza & Houde 789, Ciampiet al. (1981),
Jianget al. (1984), Giurianiet al. (1991), Kankam (1997), Wu & Gilbert (2008)
and many other researchers who have developedrslationships. Various as-
pects of stress transfapproaches has been investigated by Floegl & Mang
(1982), Choi & Cheung (1996), Fantilet al. (1998b), Manfredi & Pecce
(1998), Polak & Blackwell (1998), Kwak & Filippoud995), Monti & Spacone
(2000), Kwak & Song (2002), Lackner & Mang (200Bpster & Marti (2003),
Borosnyoi & Balazs (2005), Eckfeldt (2005), Rdtz al. (2007), Vollumet al.
(2008) and etc. Piyasena (2002) and Leutbecher 8inge(2009) have per-
formed a comprehensive survey on the bond strgssesationships.

Stress transfer approach realistically models énaglcrack widths and de-
formations. However, accuracy of numerical resdiépends on the assumed
bond stress-slip relationship. Besides, concersimgared approach it is more
complex and relatively rarely used in practice.

Initiated in 196& by Kaplan (1961), studies of fracture mechamias pro-
gressed by the turn of the century. Kesdteral (1972) showed that LEFM of
sharp cracks was inadequate for normal concretetates. It was also sup-
ported by the results of Walsh (1972, 1976). Irexpioy the softening and plas-
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tic models of FPZ initiated in the works of Bareatbl(1959, 1962), Dugdale
(1960), Hillerborget al. (1976) have proposed the first nonlinear theorfrad-
ture mechanickor concrete.

In the early 1980s, it was recognised that plaincoete is not a perfectly
brittle material in the Griffith’'s sense, but itdhhaome residual load-carrying ca-
pacity after reaching the tensile strength. This lled to the replacement of brit-
tle crack model by tension-softening approach, liclv a descending branch
was introduced for modelling the gradually diminightensile strength of con-
crete upon further crack is opening. Such a desegrutanch also emerges in
most tension-stiffening models causing much cowofusihile modelling ten-
sion-softening and tension-stiffening in RC (Batst2002).

The introduction of tension-softenirig crack models was also motivated
on theoretical grounds. It was observed that usstrehgth models (Cedolin &
Bazant 1980) or the straightforward use of straiftesing models led to an un-
acceptable and unphysical mesh sensitivity (Ba28i6, Crisfield 1982). Re-
cent developments in the application of fracturechmamicsto concrete have
made it possible to analyse effectively the poatking behaviour of plain con-
crete using the finite element (FE) method. Theg®ieations have incorporated
tension-softening models to describe the graduedydef stress/strain softening
in plain concrete in tension as cracking propaga&eseral researchers adopting
a tension-softeningrodel have obtained consistent results (Bazant &.@88,
Cornelisseret al. 1986, Hordijk 1991, Mier van 1991 and Carpint€94).

Numerical modelling of plain and reinforced coneretarted in the late
1960s with the landmark papers of Ngo & Scorddl#6s{) and Rashid (1968) in
which the discrete and smearehck models were introduced. In the discrete
crack model, cracking is assumed to occur as sedheanodal force normal to
FE boundaries exceeds the maximum tensile forcdecimabe sustained and con-
tinuous re-meshing is required. In the smearedkcnaadel, a cracked solid is
imagined to be a continuum, describing the behaviducracked concrete by
stress-strain relationships. This implies thatttdpology of the original FE mesh
remains preserved. The latter approach leads taigtgforward computer im-
plementation, and widespread by being used in ipe@dlLi & Zimmerman
1998). With nonlinear fracture mechanics, the ran§esalidity of both ap-
proaches was extended, leading to the fictitioaslcmodel (Hillerborget al.
1976) and to the crack bamdodel (Bazant & Oh 1983). These methods have
been well evaluated by Copt al (1979), Zimmerman (1986) and Elices &
Planas (1989).

Bazant & Oh (1983) carried out a theoretical stadythe spacing and width
of cracks, using the energy criterion of fracturechmnics as well as the strength
criterion. The strength criterion indicates whettrer fracture formation can ini-
tiate, while the energy criterion indicates if thacture can actually form. The
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study suggested that the crack spacing dependdynoaithe axial strain of steel
bars, bar spacing, bar diameter fracture energyarfcrete and its elastic
modulus.

The fictitious crackmodel (Hillerborget al. 1976) is a suitable and simple
model for FPZ, which may be viewed as a speciatisatf other more general
approaches (Elicest al. 2002). For example, Broberg (1999) for materibbst t
fail by crack growth and coalescence depicts thpeagance of FPZ in a cross-
section normal to the crack edge. He proposes doritbe FPZ, in general, by
decomposing it into cells. The behaviour of theyircell is defined by relation-
ships between its boundary forces and displaceme&his is very similar to the
definition of FE in computations when these celis assumed to be cubic (or
prismatic) and to lie along the crack path, theiltesy model is very similar to
the smeared cracpproach used for concrete, and, more specifitalthe Ba-
zant's crack band approach (Bazant & Planas 199&) latter model was found
to be in good agreement with the basic fractura ¢@azant & Oh 1983), and
has been recognised convenient for programmingedas the crack band
model, two crack models were distinguished: fixeglck and rotating crack. In
both models, a crack is initiated when the maxinprincipal stress violates the
tensile strength of concrete and the initial od¢ion of the crack is normal to
the maximum principal strain. In the fixed crackdeb the crack plane is fixed
during the total analysis process, whereas rotatitagkmodel allows the crack
plane to rotate (Copet al. 1979). Nowadays it is the main concrete fracture
model used in industry and commercial FE co@d&NA (Rots 1988) SBETA
(Cervenka & Pukl 1994, Cervenlat al. 1998) andATENA (Cervenkaet al.
2002).

It is commonly accepted that the consideratiorensiton-softening is indis-
pensable in analysing the behaviour of concretgtres with relatively large
un-reinforced areas. The fracture mechanics madeften used for modelling
behaviour of RC structures in combination with otapproaches. Feenstra &
Borst de (1995) proposed a humerical model, wharhlines fracture mechan-
ics concepts with tension-stiffening. It is assurtieat the behaviour of cracked
RC member can be obtained by superposition ofttfieess of plain concrete, a
stiffness of reinforcement and additional stiffnekse to interaction between
concrete and reinforcement. The latter effect wasilsited using model pro-
posed by Cervenkat al. (1990). Fantilliet al (1998a) modelled behaviour of
tensile RC members combining the fracture mechaaias the stress transfer
approaches.
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1.2. Numerical Methods

1.2.1. Finite Element Method

In recent years, the use of finite element (FE)y&mi®has increased due to pro-
gressing knowledge and capabilities of computetwsok and hardware. Nu-
merical techniques have been rapidly progressinglécades and commercial
FE packagesABAQUS DIANA, ATENA etc) now offer very powerful and gen-
eral analytical tool for analysis of RC structu(Peirettiet al. 1991, Argyris &
Kacianauskas 1996, Kaklauskaisal 2004). In FE approach, tension-stiffening
effect and consequently deflection can be predictidnally (Gribniaket al.
2004, 2007d).

Concrete models iIATENAsoftware (Cervenka 1985, Cerverdtaal 2002)
are based on smeared crack concept and damageaelppf@oncrete without
cracks is considered as an isotropic material amtrete with cracks as an
orthotropic material.

In the fixed crack model crack direction and maiesixes are defined by
the principal stress direction at the onset of kireg when the principal stress
exceeds the tensile strength. In further analyisis direction is fixed and cannot
be changed though direction of principal strainy mary. A rotation of princi-
pal strain axes generates a shear stress on tble mlane. Consequently, the
model of shear in cracked concrete becomes impoftathe model a variable
shear retention factor according to Kolmar (19&5used, in which the shear
modulus on the crack plane reduces with the craeking.

It should be noted that the tension-stiffening @ffe not explicitly included
as a constitutive law in the above model. Howetres fracture mechanics based
model reaches almost the same effect, where distiacks formed and a con-
tribution of concrete between cracks generatessidn-stiffening effect, as was
shown by Cervenka (2002). Of course, this modelitsaimits bound to nu-
merical discretization and is objective only foffiently fine mesh sizes.

1.3. Design Code Methods

This Section briefly overviews deflection calcutetitechniques for short-term
loading from well-known design codeBurocode 2 ACI 318 and theRussian
Code(SP 52-101L
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1.3.1. Eurocode 2

In Eurocode 2ACEN 2004) model, a reinforced concrete membeivisied into
two regions: region I, uncracked and region llJyfudracked. In region I, both
the concrete and steel behave elastically, whilkegion Il the reinforcing steel
carries all the tensile force on the member aftacking. The average curvature
is expressed as:

K==, + &K, (1.12)

Herex, andx; are curvatures calculated for the uncracked alhg dtacked re-
gions respectively¢ is a distribution coefficient (allowing for tensistiffening
at a section) given by:

2
le—ﬁ[ﬁJ . (1.13)
O-S
Hereg is a coefficient taking into account the influerafeduration of the load-
ing or repeated loading on the average sty@#1.Q for a single short-term load-

ing andp=0.5 for sustained loads or many cycles of repeltading); =0 for

uncracked sections; is the stress in the tensile reinforcement catedlan the

basis of a cracked sectian; is the stress in the tensile reinforcement catedla

on the basis of a cracked section under the loadowglitions causing first

cracking. Note that raties/os may be replaced by./M for flexure orNg/N for

pure tension, wherl, is the cracking moment amd, is the cracking force.
The calculation ok, andx; may be obtained from the relation:

/(=l OI‘KZl. (1.14)

It is known that actual deformations may considgratiffer from calcu-
lated values, due to the dispersion of the materiaperties, the environmental
effects, the influence of loading stages or restrabnditions at the supports.
Different models may be used for the calculatiomleformations, depending on
the degree of accuracy required. For practical gagp, in order to prevent the
occurrence of damage due to deformations, a rosgmae of displacements
will often be sufficient.

1.3.2 American Code (ACI 318)

The short-term deflection calculation procedurddscribed by following.
Uncracked members gross moment of inerti, — when the maximum
flexural moment at service load in a beam or a skalses a tensile stress less
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than themodulus of rupturef, no flexural tension cracks develapthe tension
side of the concrete element if the menibarot restrained or the shrinkage and
temperature tensigtresses are negligible. In such a case, the paubment
of inertia of the uncracked transformed sectignis applicable for deflection
computations. However, fatesign purposes, the gross moment of inefgia,
neglecting the reinforcement contribution, can Bedwith negligible loss of
accuracy. The combination of servioads with shrinkage and temperature ef-
fects due tend restraint may cause cracking if the tensilesstinthe concrete
exceeds the modulus of rupture.

The elastic deflection for non-cracked membersticas be expressed in the
following general form:

ML?

0=s .
Elyg

(1.15)

Heres s a factor that depends on support fixity andliog conditionsM is the
maximum flexural moment along the span &jds the modulus of elasticity of
concrete.

Cracked members effective moment of inerti& — tension cracks occur
when the imposed loads cause bending moments gss)af the cracking mo-
ment, thus resulting in tensile stresses in thea which are higher than its
modulus of rupture. The cracking momevit, may be computed as follows:

fl
M, =2, (1.16)

t

Herey, is the distance from the neutral axis to the wm$ace of the beam, and
f is the modulus of rupture of the concrete.

Simply supported beams - ACI 318 (2008) requiresuse the effective
moment of inertid,, proposed by Branson (1963, 1977). This approaah se-
lected as being sufficiently accurate to controfleddions in reinforced and
prestressed concrete structural elements. Bransapation for the effective
moment of inertide, for short-term deflections is as follows:

3 3
(M M
|_(M—J I+ 1—(M—ij Ly <1y (1.17)

a a

HereM, is cracking momentl, is maximum service load moment at the stage
for which deflections are being considerggis gross moment of inertia of sec-
tion andl, is moment of inertia of cracked transformed s&ctio

Deflections should be computed for each load Ideglation 1.17 can also
be simplified to the following form:
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|e:|cr+(M°rj (1, -14)<1,. (1.18)

Heavily reinforced members will have dg approximately equal tdy,
which in some cases may (flanged members) be lahgerly of the concrete
section alone. For most practical cases, the atedl,, will be less than, and
should be taken as such in the design for defleatamtrol, unless a justification
can be made for rigorous transformed section coatiouis.

Continuous beams - for continuous members, ACI(2088) stipulates that
le may be taken as the average value obtained framata 1.17 for the critical
positive and negative moment sections. For pristmagmberd, may be taken
as the value obtained at mid-span for continuo@nspThe use of mid-span
section properties for continuous prismatic memigeconsidered satisfactory in
approximate calculations primarily because the sgdn rigidity including the
effect of cracking has the dominant effect on dgites (ACI 435 1978).

If the designer chooses to average the effectivememd of inertial., then
according to ACI 318 (2008), the following expressshould be used:

Iy = 051 gy + 0251 oy + I (). (1.19)

Here the subscripts, 1, and 2 refer to mid-span, and the two beam ,emds
spectively. Improved results for continuous prismatembers can be, however,
obtained using a weighted average as presentée fioflowing equations:

For beams continuous on both ends:

e = 071 gy + 0151 o) + 1 o1z))- (1.20)
For beams continuous on one end only:
l¢ = 085l o) + 015l ). (1.21)

Whenl. is calculated as indicated in the previous disomsghe deflection
can be obtained using the moment - area methodgakie moment-curvature
into consideration or using humerical incrementatcpdures.

Based on geometry of the deflected shape, the tlowing expressions
are derived:

O, = [A0lx. (1.22)

A
g = [ wxdX. (1.23)
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Herex is the curvature@ is the rotation and is the tangential deviation (de-
flection). These two expressions are generalizatiohthe familiar Mohr or
moment-areas theorems, and are applicable wheth&oiss are cracked or un-
crackedx can be replaced by/El, when the material is linearly elastic.

Based on these fundamental principles, the desitarecalculate the curva-
ture and rotation incrementally at any section al &s the deflection or camber
of the prestressed beam at the critical sectiohsrt$erm deflections are de-
fined as those occurring instantaneously undeafiication of any internal or
external force. The time element is assumed tonbaportant, no matter what is
the rate of loading, provided the load is appligthiw a matter of hours.

1.3.3 Russian Code (SP 52-101)

The simplified method in new normative regulatioashessential advantage
compare to principles iBNiP. The simplified method is based on general rules
of strength of material and structural mechanics.

The curvaturec of uncracked and cracked reinforced concrete alésrie
determining:

M
K o (1.24)

HereM is bending moment caused by external loadingivelgtto axis, normal
to moment action plane and passing through the@dnof transformed cross-
section of elemenD is the stiffness of element cross-section.

Bending stiffness for uncracked member:

D=E,l (1.25)

red *

Here E is the modulus of elasticity of concretgy is moment of inertia of
transformed cross-section.

Modulus of elasticityE,; for elements without cracks in tension zone is
equal:

E., = 085E,. (1.26)
HereE, is the tangent modulus of elasticity of concretteulated according SP
52-101 (2006).

Moment of inertial,oq Of transformed cross-section for elements in tensi
zone without cracks is equal:

lg=|+alg+alg,. (1.27)
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Here | is moment of inertia of concrete section relativecentroid of trans-
formed cross-section of elemehy, andly, are moment of inertia of tensile and
compressive reinforcement respectively, relativecemtroid of transformed
cross-section of element.

la=Au(d -y ) (1.28)
I :Asz(yc_az)z- (1.29)

o is modular ratio of reinforcement:;

a=Es. (1.30)

EC
Herey, is distance between extreme compressive fibreontrete and centroid
of transformed cross-section of element.
Stiffness of reinforced concrete members in tengmme with cracks is de-
termined taking into account following regulations:
e Sections after deformation remain plain;
e Stress of concrete in compressive zone is repreddnt dual line dia-

gram;
« Action of tensile concrete in section with normedak isn’t taken into
account;
« Action of tensile concrete between adjacent craskaken into account
by coefficient(s.

Modulus of elasticityEg, with accepted regulation for elements with cracks
is taken as transformed modulus of elastiEify.4

- 2000, (1.31)

E =_-""
red cp
C 3 p

Heref,, is compressive prism strength of concrete takemraing SP 52-101
(2006).

Moment of inertia of transformed cross-sectiondt@ments with cracks in
tensile zone is determined by following formula:

Ired = |c+052|sl+asl.|52' (132)

Herelgy andly, are moment of inertia of tensile and compressiimsforcement
respectively, relative to centroid of transformadss-section of element, is
moment of inertia of concrete section relative ¢émteoid of transformed cross-
section of elemeniyy; andag are modular ratios of reinforcement respectively
to compressive and tensile concrete.
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Moment of inertia of concretk for rectangular cross-section is determined
by formula:

b
. =T)§] . (1.33)
Here X, is mean depth of compressive zone of concretentaliceording to
SP 52-101 (2006).
Modular coefficient of reinforcement:
* For compressive reinforcement:

ay = E . (1.34)
Ec,red
* For tensile reinforcement;:
E
a, =—>9 (1.35)
Ec,red

Here E; 4 is transformed deformational modulus of tensilefeecement, de-
termined taking into account action of tensile gete between the cracks:

E
sred :l//_z . (136)

Coefficientys in Equation 1.36 which takes into account workcohcrete
in tension zone between cracks and representaelafiaverage deformation of
tensile reinforcement in zone between cracks watomhation of “free” steel in
cracked section. Coefficiept can be calculated by:

E

y,=5m —1-0gMer (1.37)
‘gs,cr M

M — fct,nlred 1 38

c T ( : )

Yi

Hereeqn is the mean strain in tensile reinforcement; is the steel strain in the
cracked sectionf,, is characteristic tensile strength of concreteoating to
SP 52-101 (2006);c4 calculated using Equation 1.27.
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1.4. Other Methods

In general, the displacements are determined legiation of curvatures, setting
the boundary conditions. In that case, we assumertban curvature for the
zone subjected to cracking and the section curedir the uncracked zones.
Having determined both mean curvature and axialrd&tion along the axis or
in the sections into which the structure has beddisided, the calculation of
displacements is only a geometrical problem whiah be solved in various
ways.

1.4.1 Murashev Theory

When studying the stiffness of reinforced concrdments Murashev (1950)
accept the following regulation:

* Flexural reinforced concrete members in serviceldomorks in state 2,

i.e. with cracks in tension zone;

e Concrete is assumed as elasto-plastic material,

* The work of concrete tensile zone between cracksssmed,

« For average deformations plane section hypothesaken;

Using this regulations prof. Murashev wrote theregpion for determina-
tion of curvature in pure bending zone:

fom - _ o (1.39)

d =Xy, Xm
Hereesn ande, are average deformations of tensile reinforceraadt concrete

extreme fibre in compression zone respectivglyis mean depth of concrete in
compression, taking from expression:

K=

x = fom g (1.40)
£Sm + £Cm

Curvature of reinforced concrete element can baiobt by average de-
formation of tensile reinforcement or by averag®deation of extreme fibre of
concrete in compression zone. Equation 1.39 camriten in following form:

Os 2

K= - .
Esred (d - Xm) EcXm

(1.41)

HereE; eqiS average elasticity modulus of reinforcementancrete see Equa-
tion 1.36.E'. is elasto-plastic modulus of concrete in compressgual:
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E. =VE.. (1.42)

Coefficientv in Equation 1.42 characterizes elastic propexiesompres-
sive concrete and represents relation of elasfiareh@ation of compressive con-
crete to it full deformation.

Section modulus of reinforced concrete elementjisae

M M

W, =—;W, =—. (1.43)
g, g

S Cc

and transforming Equation 1.41, Murashev (1950)egqrression for determina-
tion of stiffness of flexural element:

B =%A§1(d - %, )(d = 05x,,). (1.44)

Parametergs andx,, characterize change of stiffness of element. hka/@n
state 2.

1.4.2 Rozenbliumas Method

Rozenbliumas (1964) accepts that in a cracked -@®stson under short term
loading there exist linear-elastic relationshipwen stresses and deflections
(stress diagram in a compressed concrete is tdargin the case of long-term
loading the compressive stresses are describeddapezoidal diagram so, that
the maximal meaning doesn’t exceed the concretepoesrive strength for
bendingog; the tensile stresses in concrete between therateatis and the
crack’s top are described by trapezoidal diagrath wmiaximal ordinat&; ;. The
external moment® and axial force®l are analysed about the axis which passes
through the concrete tensile layer. Reinforced oateccracked and uncracked
beam section curvatures are calculated by the fammeilae:

K=Ky(1-K)+ kK. (1.45)

Here ko andx, are cracked and full cross-section curvaturesedsly; K is

coefficient, less than one, describes concsgt@nd reinforcemens, stress dia-
gram between cracks. Coefficiehis relied with parametergs and ¢, via the
following expressions:

6. =[1-k)+ ki;. (1.46)
g,

S
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6. =[1-k)+ kic . (1.47)
(o)

c

Curvaturesq andx, are calculated as follows:

K= [ﬁ +acji. (1.48)
n E.d

Hereo. andos are stresses calculated according to author’sularen which cor-
responds to accepted computational scheme.

Analysing the change of curvature, A. Rozenbliunda$ined that it is
enough to calculate curvature of cracked elemeyars of the length only twice
— where bending momem is maximal and minimal. In other plain cross-
sections curvature is calculated by an interpatabetween these two ultimate
meanings, assuming, that the change of curvatupeoigortional to change of
momentM.

1.4.3 Method of Elastic Weights

According to Mohr’'s theorem, a beam’s rotation atedlection can be deter-
mined respectively as shear forces and bending misnaeting on a conjugate
beam subjected to fictitious load correspondinghtovalue of the curvatures
in the actual beam subjected to the actions benmgidered. As it is known for
simply supported beams the conjugate beam coingidtbsthe real beam; for
continuous beams the conjugate beam is a beaneafaime length but having
different restraint conditions.

1.4.4 Virtual Work Method

The diagram of mean curvatures due to the actiotisgaon the structure is as-
sociated with a diagram of the load-effects ridiragn a suitable balanced sys-
tem of fictitious forces. This system is such thaterforms the work necessary
for the displacement being sought and it consibtsitber a unit force, if it is
needed to determine a displacement, or a unit egufplt is desirable to deter-
mine a rotation. To the statically determined dtres these forces can also be
obtained from the initial structure by removing wadant restrains, and then the
load-effects of the virtual system are calculaf@idplacements are given by the
relationship:

a={M,k,dz. (1.49)
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Having subdivided the structure into discrete eletsiethe integral can be
easily calculated as the area of functidytx,,).

1.4.5 Method of Global Coefficient

The displacement is estimated from the basic di#dle@, (calculated on the
basis of the stiffness of the concrete sectionalBg.), which is then corrected
by means of a global coefficier, taking into account the effects of the tension
and compression reinforcement, of cracking andpcree

a=Ka,. (1.50)

HereK is determined through parametric studies, by takito account only the
permanent load and introducing certain simplifeas. It depends mainly on the
following parametersd/h is ratio between effective and overall sectiontdsp
EJ/E,p — wherep is the percentage of tension reinforcemeatdg/(bd); p/p' is
the ratio between compression and tension reinfoece; ¢ is the creep coeffi-
cient.

The global coefficient can be written as follows:

k:(g)sn(l—ZOp'). (1.51)

Here n stands for the influence of cracking which depeaodsthe load-effect
level Ms/M, in the determinant section, and the percentagension reinforce-
ment, p. The value fory is given in Table 1.1 as a function pffor a pre-
determined valu®,/M=0.5.

Table 1.1. Correction factow

0.15| 0.20] 0.3Q 0,50 0.7 100 15

o

n | 10| 8| 6| 4| 3| 25

Deflection values may now be determined throughftlewing expres-
sions:

a=(1+g¢)a forM <M,,. (1.52)

3
az(gj q(}zop')aLfM M=M,. (1.53)
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To take into account the arrangement of the retefiment along the beam,
one can evaluate a mean percentage of the reinfierddn the tension zong,.

1.4.6 Piyasena Method

Before calculating the deflection under a particldad, the locations of flexural
cracks within the cracked region are determinegadtna 2002). It was con-
cluded that all cracks in a varying moment regioa@ developed at a regular
spacingS. After cracks are located, the curvature calculatiare performed.

Calculation of curvature at a cracked section assutmat the plane sections
before cracking remain plain after cracking. A®sutt, the strain distribution at
the section is linear. The curvatukeat the section is calculated as:

K:£C+£S
d

The values o, andes corresponding to a given bending momkhare deter-
mined by considering the translational and rotati@yuilibrium of the section.

Calculation of curvature values at sections betwasjacent cracks requires
the strain distribution across the height of tharbeat each section. The concrete
strains at various sections are evaluated by ainglyse concrete block between
adjacent cracks using the finite element methoe ddrresponding steel strain
is determined by considering the equilibrium oftpafrthe steel bar between a
section and the nearest cracked section.

After curvature values at various sections alorg léngth of a particular
span are evaluated, the deflection is calculatddlmsvs:

(1.54)

C
J= [ Kxdx. (1.55)
A

Herek is the curvature at a section at distardem the pointC where deflec-
tion is calculated. In a simply supported beamesttied to symmetrical loading,
this point is taken at the mid-span. In a contirsubaam, the maximum deflec-
tion within a span is determined by calculating tleflection at various points
until the calculated value reaches the maximum.

1.4.7 Modification of Branson’s Formula

There have been several attempts by different tigagers to modify the Bran-
son’s formula aiming to improve the accuracy of phedicted deflection. These
are briefly discussed below.

Modification by Al Zaid el al
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Branson’s formula has been developed using thdtsesutest beams sub-
jected to uniformly distributed loads. Based on tesults, Al Zaidet al (1991)
suggested that the value kf calculated using Branson's formula may be in-
creased by 20 % for beams subjected to centrat [wzds.

Modification by Al Shaik & Al Zaid

Results of experiments carried out by Al Shaik &Zsid (1993) indicated
that the value off in Equation 1.17 decreases with the amount ofileensin-
forcement ratig. It was proposed to calculate the valugs oising the following
equation:

B =3-08p. (1.56)

Grossman (1981) carried out a parametric studydogpaiting the effective
moment of inertia using Branson’s Equation 1.17Varous beams having dif-
ferent material and section properties. Based emdhults, Grossman developed
the following formula for calculation df, which eliminates the requirement of
computingl;.

2
Le:(%} <10if M, <16. (1.57)
Ig Ma MCF
h:o_{MajKif Ma S 16. (1.58)
Ig MCI’ Mcr

K in above formula provides adjustments for shapenal properties and
the strength of the section and is determined l&sfs:

d/h V2330w,
'(E) 04+(14M,/M,)f,/690 |

Herew, is unit weight of concrete (kg/gmandfy is yield strength of steel (MPa).

(1.59)

Modification by Rangan

Rangan (1982) computed the effective moment oftimeusing Branson's
Equation 1.17, for a number of simply supportedaiegular beams and under
service load. The mid span momedj in Equation 1.17 was replaced by the
service momenils, which was calculated as the moment of resistarien the
steel stress is equal to 60 % of the yield stiBased on these results following
equations were proposed.
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blde3 - 0.1599/ap if ap> 0045, (1.60)
b'gs - 0.0019apif ap< 0045, (1.61)

Herea is modular ratio.

The above equation fdg has been used by the Standard Association of
Australia (2001) in the development of the formtdacalculate the span-to-
effective depth ratio for controlling deflectionsElams.

1.5. Conclusions for Chapter 1

Literature review on methods of analysis of flexueinforced concrete struc-
tures has indicated the following:

1) With the present trend of use of higher strergthcrete and reinforce-
ment, leading to longer spans and smaller depthrmations are often the
governing design criterion. Accurate deformatiotinestionss are needed not
only for deflection calculation, but also for maecurate numerical simulation
of load carrying capacity of some structures. Aaqaéhte modelling of concrete
cracking and, particularly, post-cracking behaviag one of the major sources
of nonlinearity, is the most important task of defational analysis.

2) Design codes of different countries (CEN 200&I1 818 2008 and the
Russian Code (SP 52-101) 2006) are based on diffassumptions and meth-
ods for strength, cracking and deformation analy&ithough these methods
ensure safe design, they do not reveal the actrgdssstrain state of cracked
structures and often lack physical interpretation.

3) Numerical methods which were rapidly progressing based on univer-
sal principles and can include all possible effectsh as material nonlinearities,
concrete cracking, creep and shrinkage, reinforo¢ralip, etc. However, the
progress is mostly related to the development dhamaatical apparatus, but not
material models or in other words the developmeas vather qualitative than
guantitative. Constitutive relationships are oftea simplified and do not reflect
complex multi-factor nature of the material. Exigticonstitutive relationships
for concrete in tension do not assure higher sizdisaccuracy of deflection es-
timates for flexural reinforced concrete memberscamparison to those ob-
tained by empirical code methods.



Deformational Model of RC Flexural
Member: Theoretical Background

This Chapter introduces shrinkage influence onioenstiffening and stress-
strain state of RC members subjected to short-teasling. A numerical proce-
dure proposed by Kaklauskas al (2009) and Gribniak (2009) has been ana-
lysed for deriving free-of-shrinkage tension-stififieg relationships using test
data of bending RC members. The procedure comhimest and inverséch-
niques of analysis of RC members. To eliminaten$tage effect, a reverse
shrinkage (expansion) strain was taken in the titestnique.

The materials related to Chapter 2, the authootawthorship has reported
in the following papers: Gribniaét. al. (2010), Kaklauskast. al. (2008), Kak-
lauskaset. al.(2007), Kaklauskas & Sokolov (2007), Kaklauskasal (2006).

2.1. Assumptions and Approaches
The numerical procedure combines direct and anrseviechniques. In the di-
rect technique, a moment-curvature diagram is tatled for the assumed mate-

rial stress-strain relationships. The inverse tapnaims at determining an av-
erage stress-average strain tension-stiffeningtioakhip from a moment-

35
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curvature diagram of RC member. The techniquesbased on the following
approaches and assumptions of behaviour of shrihkn@mbers subjected to
short-term load:

1. The constitutive model is based on a smeared @appkoach, i.e. aver-
age stresses and strains are used.

2. The Berrnulli Hypothesis of beam bending is adoptaglying a linear
distribution of strain within the depth of the beaattion.

3. Perfect bond between reinforcement and concretasssimed. Rein-
forcement slippage occurring at advanced streassstates is included
into o-¢ diagram of tensile concrete.

4. Uniform shrinkage within the section is assumed.
5. Shrinkage-induced stresses do not exceed tenslegsh of concreté..

6. All fibres in the tensile concrete zone follow afarm stress-strain law.

ﬂ\ L@ ! 1 -]
)} A # [} : 5 X
. E _____ R — : ..... 1. oo
h|d i — '
i : i
) E i
= ==
Y | | n
i b, yi 2
]

2
(a) (b) (c) (d)

Fig. 2.1. Reinforced concrete section subjected to bendingemb: a doubly reinforced
section (a); layered section (b); strain compatib(k); internal forces and external ben-
ding moment (d)

2.2. Basic Geometrical and Equilibrium Equation

Prof. G. Kaklauskas in co-authorship (Kaklauskas€0120Kaklauskas &
Ghaboussi 2001) has proposed a method for detergnanierage stress-average
strain relationships for concrete in tension fraxperimental moment-curvature
diagrams of flexural RC members. The method consideon-prestressed dou-
bly reinforced concrete member subjected to bendingross-section for such
member is presented in Fig. 2.1.
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The sign convention adopted is that tension artdmte below the neutral
axis are positive. From equilibrium (see Fig. 2:1d)

F.+tF.+tF,+F,=0. (2.1)
M . +M_ +M +M_,-M,=0. (2.2)

HereF are internal forcedyl are internal moments with respect to the neutral
axis, and\V is the external bending moment.

The first subscript corresponds to eitkdor concrete os for steel and the
second subscript refers to compresgmyror tension(t).

2.3. Inverse Analysis Using Layer Section Model:
Derivation of a Tension-Stiffening Relationship from
Test Data of Flexural RC Members

A Layer model (see Fig. 2.1b) can be convenientipleyed for computation of
internal forces in the cross-section. Stressesrarathal forces in the reinforcing
bars can be determined from the longitudinal ssraising reinforcement{g)
curves. Since the external moméfyd is known, average stresses for the tensile
and compressive concrete zones are two unknowrbeirequilibrium Equa-
tions 2.1 and 2.2. However, there are many layetsoth tensile and compres-
sive concrete zones and the variation in stressesmch of these zones is not
known.

A simple concept, based on the assumption of cohstaess-strain dia-
grams allows the reduction of the number of unkrewe one for each zone.
The equilibrium equations are solved for concrdtesses at extreme layers.
Since the extreme layers have the highest straihgither layers have lower
strains, and therefore fall within the portion betstress-strain diagram which
has already been determined.

Computation is performed for incrementally incregsioad. During the
first load stage, tensile stresses corresponditigetatrains in the extreme layers
are computed. These stresses are then used igui@um equations for the
second load stage when new stresses corresporgifayger extreme layer
strains are determined. In this way, stress-sttaiwves for the tensile concrete
are progressively obtained from all previous staged used in the next load
stage.

The proposed method is illustrated in Fig. 2.2islassumed that the ex-
perimental moment-curvature diagram is given, asign 2.2a. Circled points in
these curves correspond to experimental data. Catipu is performed for an
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assumed number of load increments equal. e order to avoid oscillations in
the computed materiab{) curvesn has to be sufficiently large. For most prac-
tical casesp>50 is sufficient.

The size of moment increment is:

AM = Mmax/n. (2.3)
Moment at load incremenis:
M, =IiAM . (2.4)

HereMnaxis the maximum moment value for thex diagram.
Curvatures corresponding to moment are determingderically for the
smoothed curves (see Fig. 2.2a):

K =K,KyooiK g, Ky (2.5)
M, =M, M,,.....M__,,M_. (2.6)
M (KNm
B S
MH
Mﬂ g?{fl II
M; Gt:;‘+l ,
M, Or2 7
c
%2 K (m-l) G;’L—l 7 ~
| —— s T~
KKy K K Ko K, K, 0 Sr,ﬁt,zgt,i—lg\at,m Ern-1 &t

t,i

Fig. 2.2. Experimental moment-curvature diagram (a) and cdetptension-stiffening
relationship for concrete in tension (b)

A Layermodel with a constant number of layers could beleyed for this
problem. However, for visualisation purposes amepification of the solution,
an approach based on an increasing number of derlasgers was introduced in
the present work. The number of concrete layel®th compressive and tensile
zones was assumed to be equal to the load incrementieri. The thickness of
the concrete layers is assumed to vary in suchyathe the top fibres of laygr
in the compressive zone have straifse.; and the top fibres of laygrin the
tensile zone have straing=¢;; wherej<i. Then the thickness of the layer for the
compressive zone is taken as shown in Equatiomar2d/for the tensile zone as
shown in Equation 2.8:
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_ gc,j _gc,j—l
i =Yeil ———— |- (2.7)

&

c,i

t=(h-vy, {ﬂ] (2.8)

&

Herey., is the depth of the compressive zone at load mergi and the varia-
tion in layer numbers is due jgi, j=1, 2, ...i andi=1, 2, ...n.

In Equations 2.7 and 2.8 the subscdpefers to compressive concrete to
tensile concretd,-to the number of the load increment, §ndo the layer num-
ber.

Since the number of layers increases with each iloa@ment, the thick-
ness of each layer decreases. This assumptiohdarumber of concrete layers
in a cross-section together with the corresponditngins and stresses is pre-
sented in Fig. 2.3. For load increménfl (see Fig. 2.3b), one layer is assumed
for each concrete zone. The extreme fibre strainthie compressive and tensile
concrete layers arg; ande;; respectively. From the equilibrium equations, the
corresponding stresses; anday; are computed. For load incremen®, (see
Fig. 2.3c), two layers are assumed for each comczehe. Both strains and
stresses are known for the top fibres of the Fagérs {=1) sincee. s, o1 ande;
anday; are the same as forl. The top fibre strains for the second laygr)
aree., ande ;. The corresponding stresses ando;, are computed from the
two equilibrium equations.

The case for load increments shown in Fig. 2.3d. For computationaf
andoy; at load increment, equilibrium Equations 2.1 and 2.2 are rearrarged
that values for, Fo, M, andFg, corresponding to the internal forces and
moments for the concrete, are divided into two congmts each:

F -1 +AFcc,i + Fsc + I:ct,i—l + AI:ct,i + Fst = O . (29)

cc,i

M +AMcc,i+Msc+Mct,i—l+AMct,i+Mst_MO:O' (210)

cc,i-1
HereF¢c i1, Fetit, Mcec i1, andMiq are internal concrete forces and moments due
to all corresponding zone concrete layers excepetttreme layerg<£1,2,...j-

1); andaF;, 4F;, AM¢; and4M; are the forces and moments for the extreme
layersj=i .
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Fig. 2.3. Stresses and strains and concrete layer assunipt#ocross-section for diffe-
rent load stages

At load increment, component$cc i1, Feti1, Mcci1, @ndMgiq can be fully
determined since the compressive and tensile sSess concrete layers
j=1,2,...j-1 are known. The remaining four concrete force mminent compo-
nents can be expressed by stress incremenrisand4s,; (see Fig. 2.3d) in the
extreme fibres:

AR, :btc,i,i(ac,i—l+%AUc,iJ' (2.11)

1 1 1
AM_ . =bt .. | 0., ==t |+=A0, |y, —=t...||. (212
cC,i l:c,|,||: C,I—l(yc,l 2 c,uj 2 c,|(yc,| 3 C,l,l ji| ( )
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AR, :btt,i,i(a-t,i—l-l-%Aa-t,i)' (2.13)

AMct,i = btt,i,i |:0-t,i—l(t ~ Yei _%tt,i ,ij"'%AUt,i(yC,i _%tt,i i H . (214)

Equilibrium Equations 2.9 and 2.10 are explicithhved for do.; andAay;.
Then concrete stresses andoy; for load incremenitt are easily defined from:

ac,i = Jc,i—l + AO—C,i : (215)
0,; =01, tAg;. (2.16)

Special arrangements can be made to assess netteoaca due to presence of
reinforcement.

2.4. Direct Analysis Using Layer Section Model

This Section describes direct technique proposedédiglauskaset al. (2009)
and Gribniak (2009). The method considers a dotdilyforced concrete mem-
ber subjected to bending. A cross-section for soEmber is presented in
Fig. 2.4. The member’s cross-section is divided minumber of horizontal lay-
ers corresponding to either concrete or reinforegni@ee Fig. 2.4e). Thickness
of the reinforcement layer is taken from the cdodibf the equivalent area. The
analysis needs to assume material laws for reiafoent and compressive and
tensile concrete schematically shown in Figs. 2rih2.5b.

Shrinkage in present analysis is modelled by meéffistitious axial force
Nsr(t,7):

N, (t,7) = &, (t. 7)E,(t. T)A,. (2.17)

e et

Here E.{t,7) is the age-adjusted effective modulus of concr&i¢z) is the
modulus of elasticity of concrete at tinTe; ¢y(t,7) is the mean free shrinkage
strain of concrete taken negativg},7) is the creep factor(t,7) is the ageing
coefficient; A; is the area of concrete net sectioandt is the time of initiation
of shrinkage and time under consideration, respelgti

(2.18)
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(@) (b) (© (d) (©)

Fig. 2.4. Deformational behaviour of asymmetrically reinfaaaember due to shrinka-
ge: (a) reinforced concrete section; (b) equivadgstem of fictitious shrinkage force
and bending moment in respect to the centroid etridinsformed section; (d) distribu-
tion of deformations across the section; (e) layesection and (f) internal forces and

stress distribution across the section due to eatdrending

The fictitious forceNg(t,7) is applied on the centroid of concrete section
(see Fig. 2.4b). As shown in Fig. 2.4c, fictitioshrinkage force in a non-
symmetrical section acts with eccentricity exertirgnding upon the member:

Msh(t'r)z Nsh(t'r)(yc,tr (t’T)_yC)' (219)

Hereyc andycy are the centroid coordinates of plain and tramséat sections,

respectively.
Curvature and strain at any layiefsee Fig. 2.4d) can be calculated by the

formulae:

0= @20
2O be -yl il e

The analysis is performed iteratively until convarge of secant modulus at
each layer is reached. Figs. 2.10d and 2.10er#itgsstrain and stress distribu-
tions within the Layer section model.
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2.5. Eliminating Shrinkage from a Tension-Stiffening
Relationship

The method proposed §aklauskas (2001), Kaklauskasal (2009) and Grib-
niak (2009) for eliminating shrinkage from tensistiffening relationships based
on Layer approach combines direct and inverse tqaba for analysis of RC
members.

In the direct technique, moment-curvature diagrames calculated for as-
sumed material stress-strain relationships. Thers®/technique aims at deter-
mining tension-stiffening relationships for crackedsile concrete from flexural
tests of RC members. For given moment-curvaturgrdias, the material stress-
strain relation (including the descending branshfomputed from the equilib-
rium equations for incrementally increasing momassuming portions of the
relations obtained from the previous increments.

This Section presents an improved technique favider free-of-shrinkage
tension-stiffening relations from test data of stkuflexural members. The
analysis is performed in the following steps skettn Fig. 2.5:

Step 1. Using the test moment-curvature diagram shown @n Eba, a tension-
stiffening relationship is derived (see Fig. 2.6@)the inverse technique.

Step 2. The tension-stiffening relationship obtained in@BSte (shown also in
Fig. 2.5¢) is applied in the direct analysis assymieverse (expanding) shrink-
age straireep=-écs [see Gribniak (2009)]. The calculated free-of-skaige mo-
ment-curvature diagram is shown in Fig. 2.5d aleith the experimental curve.
It should be noted that due to the expansion otmaia, initial negative curva-
ture was obtained. In absolute value, it is eqoidhe initial curvature (the posi-
tive one) due to shrinkage.

Step 3. As unloaded non-shrunk beam has no curvature,rdeedf-shrinkage
moment-curvature diagram obtained in Step 2, ikexhio zero point as shown
in Fig. 2.5e. Using this diagram, a free-of-shriggcdension-stiffening relation is
obtained by the inverse analysis. This relationgdiphown in Fig. 2.5f along
with the one obtained from the test of shrunk menibee Fig. 2.5b).
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Fig. 2.5. Technique for deriving free-of-shrinkage tensiaiffesting relationships from
RC beam tests: deriving tension-stiffening relattp from test results (a) and (b); cal-
culating free-of-shrinkage moment-curvature diaggda) and (d); deriving free-of-
shrinkage tension-stiffening relationships (e) éhd

2.6. Conclusions for Chapter 2

This Chapter presents a numerical procedure favidgrfree-of-shrinkage ten-
sion-stiffening relationships using test data aidieg RC. Two numerical tech-
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niques, direct and inverse, have been analysatieldirect techniqgue, moment-
curvature diagrams are calculated for the assunsdrial stress-strain relation-
ships. The inverse technique aims at determiningidéa-stiffening relationships

for cracked tensile concrete from flexural testd@f members. The techniques
are based on the following approaches and assumsptio

e smeared crack approach;

e Layer section model;

« linear strain distribution within the depth of teection implying perfect

bond between reinforcement and concrete;

« all concrete fibres in the tension zone follow &anm stress-strain ten-

sion—stiffening law.

A numerical procedure has been used for derivieg-bf-shrinkage ten-
sion-stiffening relationships using test data (motr@urvature relationships) of
bending reinforced concrete members. The procedomebines direct and in-
verse techniques. To eliminate shrinkage effectvarse shrinkage (expansion)
strain was assumed in the direct technique.






Experimental Study of RC Beams
and Derivation of Tension-Stiffening
Model

This Chapter presents derivation of a new tensiiffeising law based on the
techniques described in Section 2 and test dataalfe RC beams. Six beams
were tested by the author. The remaining beams wested by the research
team guided by the supervisor of the PhD projeek{&uskast. al.2008).

The materials related to Chapter 3, the authootawthorship has reported
in the following papers: Kaklauskas & Sokolov (2p03okolov (2007), Grib-
niak et. al.(2010), Sokoloet. al. (2010).

3.1. Experimental Program

3.1.1. Specimen Layout and Test

A series of experimental beams were produced il #m®ratory ofCivil Engi-

neering Facultyof Vilnius Gediminas Technical Universityhis project was
supported by the LSSS foundation. Six beams westedeunder a four-point
loading scheme. All these beams had nominal 1eBg80 mm (span 3000 mm).
The beams had the same nominal cross-section pianaad similar material

47
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characteristics (see Fig. 3.1 and Table 3.1), lfterdnt reinforcement ratiqo(=
0.3, 0.6and 1 %). Top reinforcement of bean®l-3 S2-3 S3-2-2and S3-2-3
was 216 mm, for beanS51-3R- 3018 mm and for bear$2-3R- 3014 mm.
Reinforcement grade S500 was used for tensile agiament: 818 mm for

beamsS1-3andS1-3R 3014 mm for beam$2-3andS2-3Rand 3110 mm for
beamsS3-2-2andS3-2-3

Table 3.1. Main characteristics of the test beams

h [ b d] a|AlAal]l o] w]| E
mm mm? % M Pa

S13 29¢ 28¢ 26€ 23 75¢ 57.c 1.0C 47.C | 3500¢

S1-3R 30C 27¢ 26¢ 31 75¢ 75¢ 1.0C 48.z | 3526¢

Beams

S2-3 | 300 282 272 29 466 57.3 0.6p 47|0 35009
S2-3R| 299 280 272 21 466 464 0.6D 47,0 35009
S3-2-2| 298 283 274 32 232 57.3 0.3D0 55|8 36857
S3-2-3| 298 284 271 32 232 57.3 030 53]2 36323
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Fig. 3.1. Cross-section and loading scheme of experimenthbe

3.1.2. Construction of Specimens and Loading Detail s

The beams were cast into steel formwork (see F&).&hd vibrated for ap-
proximately 20 seconds. The experimental beamscandrete specimens were
cured under the laboratory conditions at averadative humidity RHm)
75.3 % and average temperature 14.5 °C (see Bp. 3.



3. EXPERIMENTAL STUDY OF RC BEAMS AND DERIVATION OFENSION ... 49

T
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Fig. 3.2. Casting of test beams and specimens

Cubes, prisms and cylinders were produced (see3HY.together with
beams, for determining physical and mechanical gngs of concrete. Cubes
(150%150%x150 mm) and cylinderd<150 mm) were used for determining com-
pression strength of concrete at different time mois, and prisms (in bending)
— for concrete tensile strength. Also prisms wesedufor measurement of free
concrete shrinkage strain, creep coefficient andluhes of elasticity of con-
crete. All the specimens were produced at the stageand from the same con-
crete as the beams.

Reinforced concrete beams were tested at workbesiolg/7P-1000 testing
machine. Load was increased in small increment 2kt paused for short pe-
riod (about 2 minutes) to take readings of the gaand to measure crack devel-
opment. Value of the load was fixed using digittD®%N dynamometer. Con-
centrated load was applied to the beam through staerse (length of traverse
— 1250 mm). 10 mm steel plates were glued at thé &pplication place due to
decrease stress concentration.
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Fig. 3.3. Variation of relative humidity and temperature

Fig. 3.4. Casting of test specimens: cubes, cylinders arsinsri

Concrete surface strain was measured using 20 mieehamicrometers
with circular scale (indicator), which accuracy 003 mm. Gauge length —
200 mm. Concrete surface strains were measuredri Ipending zone at the
four different levels and at the five sections eémy level. The readings of indi-
cators were taken at every load stage.

Deflections of the beam were measured with 8 lirkferential transduc-
ers ALMEMO T50, which accuracy - + 0.15 %. Lineaffetential transducers
were arranged in a such order: 1 near each sugpodar the application points
of external concentrated load (1 m from support) @nin the midspan of the
beam (1.5 m from support). Linear differential sdncers together with dyna-
mometer were directly connected to personal comghteugh signal process-
ing equipment ALMEMO 25 90-9 and the readings weleen every 1s. Ar-
rangement of the testing equipment are shown inFtg

During the test, occurrence and development ofctheks were observed
and denoted. Cracks were numbered and the cracksmicere fixed every sec-
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ond load step using the 24 time magnification ngcope. Cracks width was
measured in the centroid level of tensile reinforeat.

The cracking momentl, of every beam was determined using linear dif-
ferential transducers and indicators as well agaliexamination of the occur-
rence of the first crack. Ultimate momeéw; was measured at the end of the test.
Testing results were analysed in Section 3.3.

Fig. 3.5. Arrangement of testing equipment

3.2. Material Properties

3.2.1. Concrete

Ready-mixed concrete manufactured in UAB “Markucigéas used for produc-
ing experimental specimens, which concrete grade mare or equal than
C35/45. Cubes (100x100x100 mm and 150x150x150 mprigms and cylinders
(d=150 mm) were produced together with beams. CubB6x(50x150 mm)
and cylinders@=150 mm) were used for determination of compresstoength
of concrete at different time moments, and prismsbénding) — for concrete
tensile strength. Variation of cube compressivengjth in time is given in Ta-
ble 3.2. Also prisms were used for measurementr@é ttoncrete shrinkage
strain, creep coefficient and modulus of elastiotyoncrete. All the specimens
were produced at the same day and from the sanoeeteras the beams.
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Table 3.2. Compressive strength of concrete (150 mm cubes)

fou, (MPQ) Age of thetest
Beams
7 (days) 14 (days) 28 (days) At test (days)
S1-3 53.5 67
S1-3R 54.9 68
44.2 50.4 48.7
S2-3
53.2 66
S2-3R
S3-2-2 68.0 75
50.7 59.7 66.3
S3-2-3 67.1 47

3.2.2. Shrinkage and Creep of Concrete

Concrete prisms (100x100x400 mm and 280x300x400 ramg cylinders
(d=150 mm) were used for determining shrinkage (sge37) deformations.
Measurement of shrinkage deformations was perforos#ag digital DEMEC
strain gauge (see Fig. 3.7) with gauge length 6fraén.

-3501| Shrinkage, pm/m !

|
-30C : ‘r——
i o LA |
25 i ;A\*‘_ :dgpl—r-)
-20 53 ﬁV | i
-1507 s/'ﬁ . —— I casting
-100 Jl'—"”& : o 11 casting
1 » --= -~ Il casting
-S0751 — = - IV casting
oY ——
501' | Drying time, days I_
0 4C 60

80

Fig. 3.6. Concrete free shrinkage variation within time
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Fig. 3.7. Measurement of concrete shrinkage deformation

Also prisms 100x100x400 mm are used for measurenfesreep deforma-
tions (see Fig. 3.8). Creep coefficient was deteedhiby loading prisms with
spring-loaded press (14 days after concrete cast@mncrete stresses reached
0.3cn(to) at loading time, wherk,(to) is average concrete prism strength at load-
ing time. Values of shrinkage and creep deformatiware taken every day until
the end of the tests. The concrete free shrinkafermhations (for specimens
280x300x400 mm) and concrete creep coefficientatians within time are
shown in Fig. 3.6 and Fig. 3.8, respectively.
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Fig. 3.8. Concrete creep coefficient variation within time

3.2.3. Reinforcement

Reinforcement bars supplied by UAB “Markuciai” wersed in producing rein-
forcement cages for experimental beams. Three mpes of each diameter
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were tested for determining material charactessticodulus of elasticity, yield-
ing stress). The length of each specimen was &@utnm. Tensile testing ma-
chine was used for reinforcement specimen testiogd was increasing by con-
stant rate. Reinforcement deformations were fixed limear differential
transducers ALMEMO T50,which were connected to geas computer through
signal processing equipment ALMEMO 25 90-9 (see Bi§). Full stress-strain
relationships (see Fig. 3.10) of experimental @icément bars were determined
after testing of reinforcement specimens. Expertale®inforcement character-
istics are presented in Table 3.3.

Fig. 3.9. Testing of reinforcement specimens
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Fig. 3.10. Stress-strain relationshig € 10 mm)

Table 3.3. Experimental reinforcement characteristics

Bottom reinfor cement Top reinforcement
Beams o Ag Es fy o Ag Es fy
mm | mm? | GPa | MPa mm mm? GPa | MPa

S1-3 18 755 | 207.3 582 6 57.3 223.6 58%
S1-3R| 18 755 | 207.3 582 18 755 207.8 582

S2-3 14 466 | 210.5 632 6 57.3 223.6 58%
S2-3R| 14 466 | 210.5 632 14 466 210.p 632
S3-2-2| 10 232 | 209.9 578 6 57.3 223.6 58%
S3-2-3| 10 232 | 209.9 578 6 57.3 223.6 58%

3.3. Short-Term Test Results and Discussion

Concrete surface strains were measured in pureirigezdne at four different
levels and at five sections of every level. Deflats of the beam were measured
with linear differential transducers ALMEMO T50. Ment — curvature dia-
grams were obtained by both methods: a) from aeesagface strains and b)
from deflections over pure bending zone. Momenurvature diagrams of all
experimental beams are shown in Fig 3.11. FronBHi@ can be seen, that mo-
ment — curvature diagrams obtained by both metladsin good agreement.
Further analysis will be based on data derived frloeaverage strains.
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AC S3-2-2
f ’__
] S3-2-3
20 A [
/ | Curvature x 10°, m’! |
0 I I I

0 5 10 15 20 25 30 35 40

Fig. 3.11. Moment curvature relationships of experimental beam

3.4. Deriving Tension-Stiffening Relationships from
Beam Tests

In this Section, tension-stiffening relationshipsres derived from the above test
data using inverse procedure discussed in ChapiEne proposed method has
been applied to present test data and free-oflsgan tension-stiffening rela-

tionships were derived for each beam.

[ s1-3R
%H ’,;?”i f/ﬁ With eliminated
60 ) j | S2-3 | | L shrinkage
1 From test ——
40 - z/ // 5// f/ 5322 _ B
2 - / e (5

T I
/ / ! | Curvature x 10°, m™ |
0 ! , . . — ; : ; I

0o 5 10 15 20 25 30 35 40

Moment, kNm

—o—m

Fig. 3.12. Moment-curvature diagrams of present test datafraedof-shrinkage

The moment-curvature relationships of test data fed-of-shrinkage
beams are shown in Fig. 3.12. The relative stres#{mnec) and strain (in rela-
tive term ofeq/e. eco) diagrams are shown in Fig. 3.13 whégg eco andeg eco
are the tension strength and cracking strain, mtisedy, calculated according to
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Eurocode 21t can be concluded that the relationships okthiior each element
were in good agreement.

! 2- G /f.ctm,ECﬂ
1.0

0.8

0.6 S —— 1 T3
04l [53-2-2— (523 |

/ / | $3-2-3 ]_—_
02 r sct/gcr,ECZ:I

0

iadl

0.2
-0.4 N\
-0.6] S1-3 iV Vi
61 SI-3R v Y
0.8
0 5 10 15 20 25 30 35

Fig. 3.13. Normalised tension-stiffening diagrams derived friva test data

Sct/gcr,EC2 |
] SI-3 — A M
04 ! | SI-3R Y W \
0.6
-0'80 5 10 15 20 25 30 35

Fig. 3.14. Normalised tension-stiffening diagrams derivedrfrine test data eliminating
shrinkage effect
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3.5. Other Experimental Data Employed for

Constitutive Modelling

Six beams were tested by the research team guid#deelsupervisor of the PhD
project (Kaklauskast. al.2008). The experimental program consisted ofrigsti
lightly and moderately reinforced concrete beams (.30 %, 0.60 % and 1 %)
by short-term loading. The beams with various @icément ratios and diame-
ters (Table 3.4) were tested under a four-poinditggasystem which gave a con-
stant moment zone of 1.0 m and two shear span®ah kach. The results of all

concrete control specimen tests are given in Taldle

Table 3.4. Main characteristics of test beams

.30
.00
.02
.30
.30
.30

h|ldlbla] aAv [Ac] ]| B [ ]0p
Beams 5
Mm mm M Pa %
S3-2-1| 304 | 279| 278 40 232 57 477 35165 578 0
S1-2 | 300 | 273| 284 29 777 57 494 35523 632 1
S1-4 | 300 | 267| 280 24 760 57 49/4 35523 551 1
S3-2-6 | 303 | 277| 279 49 232 57 50/9 35889 578 @
S3-2-9 | 298 | 273| 285 21 232 57 4412 34366 578 Q0
S3-2-10| 298 | 271| 281 21 232 57 4416 34455 578 Q0
100 "I Moment, kKNm
- S1-4
80 ] .
S1-2 / With eliminated _,
shrinkage
60 / /r From test ——o
S3-2-6 0.
/ == L L —
20
/ | Curvature x 10°, m™! |
0 - T t ¢ + + + ! ! ]
0 5 10 15 20 25 30 35 40

Fig. 3.15. The original and free-of-shrinkage experimental raatrcurvature diagrams
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Experimental results are presented in terms of mbmarvature -x) dia-
grams for each of the specimen. The original aed-&f-shrinkage experimental
moment-curvature diagrams are shown in Fig. 3.1PRig. 3.15.

3.6. Derivation of Tension-Stiffening Model

The tension-stiffening relationships were obtaifi@iin moment-curvature dia-
grams for the all specimens applying the algoritipmesented in Chapter 2. The
tension-stiffening relationships obtained for th@inal test data are shown in
Fig. 3.16. The tension-stiffening relationshipshnadiminated shrinkage are pre-
sented in Fig. 3.17. The relationships were nomedliby dividing stresses by
the tensile strengthvd/fom ec) and strains by the cracking strain(in relativerte

of 8ct/8cr,EC2)-

12- Gct/f:ctm,ECZ |

1.04

[ e2.9.7 |

0.8 $3-2-1
0.61 — 53-2-10 H $3-2-9 53.2-6] !
|

0.4]
02

f\ gct/gcr,ECZ |

0 | | | N

o /F%\r\ Y
1

S1-2 sia NV
|

5 20 25 30 35

0.6

0.8
0 5 10

Fig. 3.16. Normalised tension-stiffening diagrams derived frihw test data

It should be noted that some tension-stiffeningatrehships shown in
Fig. 3.13, Fig. 3.14, Fig. 3.16 and Fig. 3.17 haphiicant portions of negative
stresses, particularly for the specimens with higeaforcement ratio. This can
be due to the following: a) the assumption of perfond between tensile rein-
forcement and concrete is not accurate. Reinforoérsigppage may occur at
advanced stress-strain states, particularly fomseaeinforced with bars of lar-
ger diameters. Such beams have relatively small batr perimeter and respec-
tive bond surface leading to larger bond stresBles.reinforcement slippage is
accompanied by increase in curvature. Calculatiostains and the resultant
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force of the tensile reinforcement from this cuwat using the assumption of
linear strain distribution within the section deptiives overestimated values
which in equilibrium have to be compensated by el@sed (even negative)
stresses of the tensile concrete; b) due to shyeksignificant tensile concrete
stresses were already present prior to the testefdre, the ascending branch of
the calculated tension-stiffening relationship raadnissing part of the initial
stresses corresponding to the shrinkage stressil. tiié shorter ascending
branch, the zero point moves up and the descermtangch enters the negative
stress zone.

12- Csct/fctm,EC2 |
1.01
0] §3-2-1
0.6 §3-2-10 | [ 5329 | |
. §3-2-6
04 . | j‘
0'2- €t [er b2 |
0 . | ! .
0.2 AAN
i ~59 1/ ¥ 9
04 L 51-2 | -
06 [ s51-4 /
083 5 10 15 20 25 30 35

Fig. 3.17. Normalised tension-stiffening diagrams derived fritvm test data eliminating
shrinkage effect

The tension-stiffening law was derived using theefof-shrinkage tension-
stiffening relationships shown in Figs. 3.14 antl73.Analysis has shown that
the descending branch of the relationships dependwinforcement ratio. The
proposed model is shown in Fig. 3.18. It considta éinear ascending and a
non-linear descending branches. The shape foregheedding branch has been
chosen from a number of fitting curves, as a comige between accuracy and
simplicity. The proposed free-of-shrinkage tensstiffening model has the
form:
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Ecgct gct < “:cr,ECZ

Oy = 3.1
o ft’Ecz{l_ 027|n( ECI J_ OleJ Ect > SCI',ECZ ( )

EerEC2

HereE; is modulus of elasticity of concretRic; is tensile strength of concrete
according toEurocode 2 & ec2 IS concrete cracking strain apdis reinforce-
ment percentage.

This free-of-shrinkage tension-stiffening model mskt possible to take
into account free concrete shrinkage strain aspieddent parameter.

12

1.0 [ p=2.0% |

0.8\ !

0,6 p=10% |

0.4] \/\ pe

0'2- %

: ~~ ) [eotterncs ]
0.2
-0.4

0 5 10 15 20 > .

Fig. 3.18. Free-of-shrinkage tension-stiffening model

3.7. Conclusions for Chapter 3

The following conclusion can be drawn:

1. Experimental investigations carried out by the authave shown that
shrinkage occurring prior to the short-term loadiag a significant effect
on the derived tension-stiffening model.

2. Based on the newly obtained test data of RC beashsn@erse technique,
a tension-stiffening model with eliminated concreteinkage effect has
been proposed. Application of this model make®gsible to take into ac-
count free shrinkage strain as independent paramete
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3. The proposed stress-strain tension-stiffening lapetids on concrete ten-
sile strength and reinforcement ratio. Tensiorfestihg reduces with in-
crease in reinforcement ratio.

4. The proposed tension-stiffening model can be ustd im standard finite
element software and in Layer model. The lattereiy effective in terms
of computer resources, i.e. the calculation timereleses hundreds of
times in comparison to standard non-linear finierent programs.



Comparative Statistical Analysis
of Deflection Prediction Techniques

This Chapter presents statistical analysis (Grib2i@09) on short-term deflec-
tions of RC bending members. The analysis has gmagldata of six experi-
mental programs. The comparative study was basdHeopredictions made by
design codesHurocode 2ACI 318 SP 52-10) and tension-stiffening relation-
ship proposed by the authdrpposed modedee Equation 3.1), Hsu (1993) and
Vecchio & Collins (1986).

The materials related to Chapter 4, the authootawthorship has reported
in the following paper: Sokolost. al.(2010).

4.1. Experimental Data Employed for the Comparison

In this Section, experimental data of 40 reinforcedcrete beams reported by
six investigators is briefly described. All beameres subjected to a four-point
bending. All beams had a rectangular cross-sechitain characteristics of the
beams indicating variations in span, cross-secpamameters and concrete
strength are presented in Table 4.1. The testsredweide ranges of reinforce-
ment ratios. Experimental data of Clark & Speir878), Ashour (2000) and

63
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Nejadi (2005) can be categorized as beams haviatpge and high reinforce-
ment ratios. However, experimental data of Figakip(d962), Gushcha (1968)
and Kaklauskast. al (2005) should be dealt separately, since motteobeams
had a very low reinforcement ratio. Lightly reinded beams is an extreme case
of bending analysis, because the stress-strai@ atatvell as curvatures and de-
flections are significantly influenced by effect§ cracked tensile concrete.
Since tensile strength is a highly dispersed vailuis, very difficult to predict
deflections accurately at loads just above thekingcloads, particularly for
lightly reinforced members. The tests employed telge covered a wide range
of concrete compressive strength (Table 4.1).

Table4.1. Main characteristics of the beams

Total 5)?:6'_ Cube con-
num- | Span, | Height, | Width, crete
Author ment
ber of (m) (mm) | (mm) | e gent. | Strength.
beams age, (%) (M Pa)
Clark &Speirs ]
(1978) 14 3.20 200-50(Q 200 0.44-1.98 23.0-39
Kaklauskas et i
al (2005) 7 3.00 300 280 0.30 40.7-54.¢
Gushcha
(1967) 4 3.60 300 150 0.30-0.80  30.9-42.
Figarovskij
(1962) 7 3.00 250 180 | 0.40-0.90 29.4-37.
Ashour(2000) 3.08 250 200 1.20-2.40 60.8-98
Nejadi(2005) 3.50 333-348 250 0.50 45.0
Total: 40 3.00-3.60 | 200-500 | 150-280 | 0.30-2.40 | 23.0-98.1

4.2. Calculation Methods Employed for Comparative
Deflection Analysis

In this Section, calculation methods employed famparative deflection analy-
sis of flexural reinforced concrete members aiedisThe following techniques
are used:

1. Eurocode ACEN 2004) (see Section 1.3.1);

2. ACI 318(ACI Committee 318 2008) (see Section 1.3.2);
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Russian cod&P 53-10Xsee Section 1.3.3);
Proposedmodel (see Section 3.6);

Vecchio & Collins (1986) (see Equation 1.6);
Hsu (1993) (see Equation 1.7).

o0 AW

4.3. Statistical Analysis of the Predicted Deflections

The experimental mid-span deflections were compavig¢hl those predicted by
the techniques described above. The analysis waedban introducing ten lev-
els of loading intensityvl taken in relative terms between the cracking dtid u
mate bending moment:

M =(M-M_)/My -Mg);M ={0.1;0.2;...0.9;1} . (4.1)

HereM; is the ultimate bending moment calculated for eaeimbemunder as-
sumption of yielding strength of tensile reinforaamh400 MPaM, isthe crack-
ing moment (CEB-FIP 1991):

MCI’ = Iel fCt/yt ’ fCt = o 3 fCIZ’ fC‘ = fCU/1'25 (42)

Heref,, is the compressive 150 mm cube strength of comdsete Table 4.1).
Thus,M'=1 corresponds to failure of the RC element.

Accuracy of the predictions was estimated by mesdres relative erroef;
calculated at each levs!' for each of 40 experimental members:

iy = Ogaie/Oops» 1= 12;3:...10, k=40. (4.3)

Hered.a anddq,s are the mid-point deflections interpolated at el M' from
calculated and original test data, respectivelyshibuld be noted that not all
specimens contained eleven output points as thgling was terminated before
reinforcement reached 400 MPa. The transformatesulted in 344 output
points covering post-cracking stage (compare tor8@8sured points).

In practical application of the procedure, it watended at each normalised
load level to define reinforcement ratio intervedgh normal probability distri-
bution of relative errov valid for all the methods under consideration.-Per
formed analysis has resulted in such three intsrval

1:p<05%; 2:05<p<10%; 3:p>10%. (4.4)

Under the assumption of the above intervaisands, were calculated at
each normalised load level. The statistics for eafcthe deflection calculation
method are presented in Tables 4.2 and 4.3.
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Table 4.2. Basic statistics (mean and standard deviationqufi@lytical deflection
calculation techniques grouped by reinforced ratio

n Eurocode 2 ACI 318 SP 52-101

Pts. my ‘ S my Sy my | S
<0.5%
0.1 13 1.853 0.739 0.807 0.378 2.086 0.78

02 | 13 | 1.573| 0.731| 0760 0.421] 1.635 0.73
03 | 13 | 1.372| 0566| 0726 0.367| 1.3f7 0.53
04 | 13 | 1.210| 0.399| 0.695 0.305 1.190 0.3§
05 | 13 | 1.091| 0.214| 0672 0233 1.061 0.1§
06 | 12 | 1.037| 0.146| 0678 0.220] 1.003 0.12
07 | 12 | 1.009| 0.120| 0695 0.218 0971 0.1
08 | 11 | 0990 0.111| 0706/ 0.227| 0.948 0.1
09 | 11 | 0978 0.092| 0.721| 0.219) 0934 0.08

1 | 11 | 0970| 0082 0.737| 0212 0.925 0.07
0.5<p<1%
01 | 13 | 1.432| 0.383| 0957 0.255 1.465 0.3§
02 | 12 | 1.208| 0.293| 0938 0.219) 1.209 0.2§
03 | 12 | 1.078| 0.157| 0916/ 0.150, 1.06 0.14
04 | 11 | 1.034| 0.110| 0920 0.127| 1.034 0.0
05| 10 | 1.019| 0.080| 0.934] 0.109) 1.022 0.07
06 | 9 | 1.000| 0075 0.947| 0094 1.0]1 0.0
07 | 9 | 0.970| 0065 0937| 0069 098 0.0
08| 8 | 09s6| 0079] 0939] 0047 0981 0.5

8
6

M

N N O M M 01 W © 01 0

0.9 0.936 | 0.083 0.929 0.041 0.965 0.06
0.922 | 0.115 0.908 0.054 0.942 0.07
pP>1%
01| 14 | 1.036| 0.136 0.997 0.137 1.042 0.15
02 | 14 | 0.976| 0.087 0.976 0.086 0.972  0.10
03 | 14 | 0.949| 0.075 0.967 0.071 0.952  0.09
04 | 14 | 0.936| 0.076 0.961 0.061 0.945  0.08
05 | 14 | 0.920| 0.062 0.948 0.050 0.936  0.07

g W © 01 0 M 00 U1 W O

o N b @®
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06 | 14 0.899 0.068 0.929 0.057 0.920 0.07
07 | 12 0.894 0.074 0.921 0.064 0.909  0.07
08 | 11 0.891 0.072 0.917 0.062 0.903  0.07
0.9 0.896 0.052 0.917 0.046 0.894  0.07
1 0.881 0.066 0.896 0.057 0.862  0.06

Table 4.3. Basic statistics (mean and standard deviationafadytical deflection

calculation techniques grouped by reinforced ratio

M n Proposed model| Vecchio & Colling Hsu
Pts. my ‘ S my Sy my ‘ S
p<05%

01| 13 | 0.958| 0.459 0.887 0.380 1.268  0.53
02| 13 | 0.920| 0.366 0.805 0.408 1.273  0.64
03| 13 | 0.971| 0.381 0.749 0.337 1.179  0.52
04 | 13 | 0.978| 0.337 0.702 0.260 1.072 0.34
05| 13 | 0.950| 0.214 0.666 0.169 0.985 0.14
06 | 12 0.940| 0.153 0.664 0.141 0.984  0.13
07 | 12 0.947| 0.126 0.671 0.131 0.937  0.14
08 | 11 0.948| 0.117 0.678 0.130 0.930 0.09
09 | 11 0.956| 0.092 0.688 0.119 0.924  0.0§

1 11 0.963| 0.078 0.699 0.111 0.921  0.07%

0.5<p<1%

01| 13 1.141| 0.323 0.837 0.192 1.039 0.24
02 | 12 1.064| 0.242 0.783 0.159 1.004  0.2%
03| 12 1.009| 0.125 0.759 0.085 0.949 0.1%
04 | 11 0.999| 0.085 0.768 0.065 0.939  0.09
05| 10 1.005| 0.061 0.787 0.056 0.945  0.07
0.6 9 1.005| 0.057 0.806 0.049 0.945 0.06
0.7 9 0.988 | 0.050 0.806 0.039 0.928  0.05
0.8 8 0.986 | 0.066 0.820 0.031 0.928  0.06
0.9 8 0.974| 0.074 0.820 0.034 0.918  0.06

O 01 01 N W

A P 00O O A N O N O b

© o A AP N O P~ ®W
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1 | 6 | 0965 0104 0812] 0048 0907 0.096
p>1%

01| 14 | 1.053| 0125 o0.788] 0084 0898 0.103
02 | 14 | 0999 o0.079| 0780 0059 0.89p 0.079
03| 14 | 0981 0065 0805 0049 0.894 0.065
04 | 14 | 0974| o0066| 0821 0045 0899 0.065
05| 14 | 0964| 0053| 0830 0033 089 0.050
06 | 14 | 0949 o0.0s8| 0820 0038 088 0.0b4
07 | 12 | 0.948| o0063| 0832 0043 0888 0.059
08 | 11 | 0951 0059 0841 0038 0890 0.054
09| 9 | 0954 0045| 0847 0028] 089F 0.042
1 | 7 | 0942| 0054 0839 0031 088 0048

Results of the analysis are summarised in Tableable 4.3, Table 4.4
and Table 4.5 and Figure 4.1, Figure 4.2, Figuse Bables 4.2 and 4.3 present
numerical values of means and standard deviatifies @ata grouping was per-
formed.

Graphical illustration of the analysis results isgented in Figure 4.1, Fig-
ure 4.2 and Figure 4.3 with shown 95% confidenceryals of expectatiop,
for the grouped data. Width of the confidence waés characterises variation of
the relative error of predictions (see Equation.4ldis clearly seen that the
variations were different not only for differentfldetion prediction methods,
but also for different reinforcement ratios anddaatensities. Strikingly differ-
ent results were obtained for the members with mmaireinforcement ratios.
Another point of sharp contrast was significantlyger data scatter at early
cracking stages. The latter effect is particulaigar for the members with small
amounts of reinforcement due to increased shacemdrete in resisting tension
forces acting in the section.

Sp

Sp . —1)x
,uAD{mA tl_%(n 1)xﬁ, mA+tl_%(n 1) \/ﬁ] (4.5)

Heret(n-1) is thet — statistics $tudent’$ having(n-1) degrees of freedom and
significance levet/2; 1 is confidence coefficient.

Tables 4.4 and 4.5 present numerical values of snaad standard devia-
tions for analytical deflection calculation for tteal data.

Reasonable results in terms of consistency ancti@mi have been demon-
strated using thBroposedmodel (see Section 3.6).
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Fig. 4.1. 95 % confidence intervals (p < 0.5 %)
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Fig. 4.2. 95 % confidence intervals (0p < 1.0 %)
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Fig. 4.3. 95 % confidence intervals (p > 1.0 %)
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Table 4.4. Basic statistics (mean and standard deviationqufi@lytical deflection
calculation techniques for the total data

n Eurocode 2 ACI 318 SP 52-101
Pts. my S my Sy my S
0.1 40 | 1.430 0.578 0.922 0.278 1.502 0.633
0.2 39 | 1.246 0.510 0.892 0.286 1.266 0.526
0.3 39 | 1.130 0.378 0.871 0.249 1.182 0.366
0.4 38 | 1.058 0.266 0.858 0.224 1.055 0.243
0.5 37 | 1.007 0.154 0.847 0.198 1.003 0.134
0.6 35 | 0.972 0.118 0.847 0.186 0.972 0.100
0.7 33 | 0.957 0.102 0.843 0.179 0.952 0.088
0.8 30 | 0.945 0.097 0.845 0.177 0.940 0.085
0.9 28 | 0.940 0.083 0.844 0.170 0.930 0.078
1 24 | 0.932 0.092 0.826 0.168 0.911 0.076
Total | 383 | 1.111 | 0.389 0.867 0.224 1.144 | 0.447

M

Table 4.5. Basic statistics (mean and standard deviationqufialytical deflection
calculation techniques for the total data

n Proposed model| Vecchio & Colling Hsu

M
Pts. my S my S my S

0.1 40 | 1.051] 0.328 0,836 0.211 1.063 0.281
0.2 39 | 0.993] 0.254 0.793 0.209 1.0%58 0.318
0.3 39 | 0.986] 0.228 0.772 0.169 1.009 0.251
0.4 38 | 0.983] 0.201 0.765 0.135 0.970 0.185
05 37 | 0.971] 0.133 0.762 0.095 0.940 0.107
0.6 35 | 0.960| 0.102 0.765 0.090 0.926 0.083
0.7 33 | 0.958] 0.088 0.768 0.085 0.916 0.074
0.8 30 | 0.959| 0.085 0.774 0.085 0.916 0.069
0.9 28 | 0.960| 0.073 0.780 0.079 0.912 0.058
1 24 | 0.957 0.076 0.774 0.076 0.903 0.063
Total | 383 | 0979 | 0.199 0.783 0.175 0.958 | 0.246
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4.4. Conclusions for Chapter 4

This Chapter was devoted to statistical accuraggstigation of the proposed

tension-stiffening model (see Equation 3.1). Fat thurpose, deflections and
curvatures were calculated for 40 experimentalfoeied concrete beams re-
ported by six investigators. The beams were tdsyea short-term loading under

a four-point bending system. All the beams wergesiied to a four-point bend-

ing. All the beams had a rectangular cross-secfidre tests covered wide

ranges in reinforcement ratio (0.3 to 2.4 %). Falcalation of the stress-strain

state at any point of the beam as well as prediafacurvatures and deflections,
the proposed stress-strain relationship (see Emuatil) were incorporated into

a simple iterative technique of deformational as&lypased on classical expres-
sions of strength of materials, extended to Laygra@ach. The accuracy results
for the proposed relationship (see Equation 3.Iewempared with deflections

estimates by other methods.

The following conclusion can be drawn:

1. Deflections of lightly reinforced members using theoposed tension-
stiffening model are calculated more accuratelyeigard to other models
and techniques. Accuracy of the predictions has lassessed using rela-
tive deflectionsd = d.a/dons Which for different methods varied in the fol-
lowing range: 0.92-1.14tHe proposed modgl 0.67-1.00 ACI 318;
0.89-1.85 Eurocode 2, 0.86-2.04 $P 52-10) 0.66-0.89 Yecchio &
Coalling); 0.89-1.27 idsu).

2. Accuracy of the predictions varied significantlytkwn different intervals
of reinforcement ratio and load intensity. Sigrafit errors (over 100 %)
in terms of mean deviation were obtained for lighttinforced beams
(p < 0.5 %) at loading stage close to cracking. Waemaximal error for
the beams with average and high reinforcement (ptio1.0 %) was be-
low 15 %.






General Conclusions

. Experimental investigations carried out by the authave shown that

shrinkage occurring prior to the short-term loadiag a significant effect

on the derived tension-stiffening model.

. Based on the newly obtained test data of RC beawhsnaerse technique,
a tension-stiffening model with eliminated concreteinkage effect has
been proposed. Application of this model make®gsible to take into ac-
count free shrinkage strain as independent paramete

. The proposed stress-strain tension-stiffening lapethds on concrete ten-
sile strength and reinforcement ratio. Tensiorfestihg reduces with in-

crease in reinforcement ratio.

. The proposed tension-stiffening model can be ustld im standard finite

element software and in Layer model. The lattereiy effective in terms

of computer resources, i.e. the calculation timereleses hundreds of
times in comparison to standard non-linear finiesreent programs.

. Deflections of lightly reinforced members using themposed tension-

stiffening model are calculated more accuratelyeigard to other models

and techniques. Accuracy of the predictions ha® lassessed using rela-
tive deflectionsd = d.a/dons Which for different methods varied in the fol-
lowing range: 0.92-1.14tHe proposed modgl 0.67-1.00 ACI 318;
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0.89-1.85 Eurocode 2 0.86-2.04 $P 52-10); 0.66-0.89 Yecchio &
Collins); 0.89-1.27 idsu).

6. Accuracy of the predictions varied significantlytkwn different intervals
of reinforcement ratio and load intensity. Sigrafit errors (over 100 %)
in terms of mean deviation were obtained for lighttinforced beams
(p < 0.5 %) at loading stage close to cracking. Wasthe maximal error
for the beams with average and high reinforcemati i(p > 1.0 %) was
below 15 %.
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