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Summary: The concrete shrinkage strain leads to an initial shortening of the tensioned
element and this factor must be taken into account in order to evaluate tension stiffening
effects properly. The influence of initially developed concrete shrinkage strain on
cracking and post-cracking axial force-strain response of tensioned reinforced concrete
element is considered. The paper presents developed proposal for including concrete
shrinkage strains in an analysis of tension stiffening effects in cracked tensioned
reinforced concrete members.

Keywords: Tension stiffening, shrinkage strain, reinforced concrete, tensioned members

1. INTRODUCTION

After cracking concrete in tensioned reinforced concrete element still continues to carry
tensile stresses between cracks as a result of bond action, which effectively stiffens the
element response and reduces elongation. This phenomenon is called tension stiffening
and it plays an important role in assessing serviceability requirements after element
cracking. The estimation of tension stiffening, which represents the contribution from
concrete to element stiffness after cracking, is influenced by shrinkage and will lead to
an underestimation of this value if the initial element shortening caused by shrinkage is
not included in the element response calculations.

The shrinkage effect on tension stiffening in tensioned reinforced concrete elements is
analyzed in theoretical and experimental study [1], where the simplified procedure for
shrinkage account, based on linear elastic analysis, is proposed. The more accurate
proposal for shrinkage account, which is based on application of algebraic constitutive
relations for concrete, is proposed in reference [2]. That proposal is insignificantly
complex related to proposal [1] and it is almoust equally appropriate for practical
application. The influence of shrinkage in previous period of time on tensioned element
cracking force at observed moment of time is detaily analized in [2] where these type of
analysis is illustrated by numerical example. After application of corrections, whose are
necessary to take into account shrinkage effects, tension stiffening effects in post

! Lecturer mr Borjan Popovi¢, dipl.inZ. grad., University of Novi Sad, Faculty of Technical Sciences,
Department of Civil Engineering and Geodesy, Trg Dositeja Obradovi¢a 6, Novi Sad, Serbia,
tel: ++381 21 458 2616, ¢ — mail: borjan@uns.ac.rs

351



4 1 ANNIVERSARY FACULTY OF CIVIL ENGINEERING SUBOTICA

International conference

Contemporary achievements in civil engineering 24. April 2015. Subotica, SERBIA

cracking tensioned element response my be analyzed applying some of relevant code
proposals [3] and [4], or applying some of actual researcher's proposals.

2. THE APPROACH FOR TAKING INTO ACCOUNT SHRINKAGE

Concrete can experience significant amounts of shrinkage before loading and even moist
cured concrete will shrink to some extent. Shrinkage of the concrete leads to an initial
element shortening and this factor must be taken into account in order to evaluate
cracking force, tension stiffening effects and crack widths properly.

2.1 Uncracked tensioned element response before element loading

The uncracked element total strain after element shrinkage in period of time (to,t),

which is equal to element strain change continuously developed during considered
period of time, applying the algebraic constitutive relations for concrete is obtained as:

E(t,t,)A 1
elt)=Aelt,t)) =g, (t,t,) =———¢,(t,t |
(c)=As(e.t,) T s b SO =T eat ) (1)

s s

where: E(t,t,) is age-adjusted effective modulus of concrete, ¢, (t,¢,) is unrestrained

concrete shrinkage strain in period of time (z,,7), n;

, 1s corresponding modulus ratio
E /E.(t,t,)) and u, is steel reinforcement ratio A,/ A4, .

The total element steel resultant compressive force N (¢) at the end of observed period
of time (¢,,¢), which is opposite to the total element concrete resultant tensile force

N_(2), is finally obtained as:

N
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The total steel and concrete forces, N (¢) and N_.(f), are equal to steel and concrete
force changes, AN (t,t,) and AN _(¢,¢,), which are continuously developed during
period of time (z,,¢).

2.2 Unstressed state of the concrete part of tensioned element cross-section

The fictitious element instantaneous elastic strain change at moment ¢ which is necessary
to bring previously tensioned concrete part of the cross-section in state of zero concrete

stress is equal to:
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where: E,(¢) is concrete modulus of elasticity at moment 7, and n, is steel to concrete
modulus ratio E_/ Ec(t). This fictitious state is usually called "fully decompression”

state of concrete part of the element cross section, because previously developed stresses
that need to be unstressed are usually compressive stresses. Here it is not so.
The fictitious instantaneus concrete and steel resultant force changes, AN, ,(¢) and

AN, ,(t), which corresponds to fictitious elastic strain change Ag,(¢) , are equal to:
AN, ,(t)=-N. (1) @
AN, ,(t)= E.A,Ae, (1) (5)
The fictitious concrete resultant force change AN, ,(¢) and the fictitious steel resultant
force change AN_,(¢) are in treated case compressive forces.

The fictitious force change AN, (¥) relating to fictitious elastic strain change Ag,(¢) is:

I+n,u,
AN, ()= AN, , (0)+ AN, (1) = E 4,6, (t.1) ©6)

L+np,
The total strain in element cross-section at moment ¢, after fictive elastic unstressing of
concrete part of section, is equal to sum of previously developed strain &) during time

period of element shrinkage and fictitious elastic strain change Ag, (¢) :

L+n,u,
gd(t):g(t)+Agd(t):gsh(t’t0) O (7)

I+n u,
This total strain is ussually called "fully decompression" strain. At this fictitious section
strain state the corresponding resultant force of total stresses in concrete part of section is

equal to zero. The term "fully unstressed" strain is more precise.

Nea()=N.(0)+ AN, ,(¢)=0 ®)
At fully unstressed state of concrete part of the tensioned element cross section the
resultant force of total stresses in steel part of section is equal to sum of previously
developed steel resultant force AN _(¢) , during time period of element shrinkage (to,t),

and fictitious elastic steel resultant force change AN, , (1)
I+ n,u,
l+n 1

s s

N, (()=N,(t)+AN, ()= E, Az, (t.t,) )

The total force applied on the cross section at fully unstressed state of the section
concrete part is equal to total force carried by steel at this state:

1
Nd (t): Nc,d (t)+Ns,d (t): EsAsgsh (t’t())l—i_rl—ilt(Y (10)

because element is not externally loaded during preceding period of time.
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2.3 The cracking state of tensioned element cross section

The fictitious element instantaneous elastic strain change at moment ¢, which is
necessary to bring previously unstressed concrete part of the cross-section in state
immediately before concrete cracking, i.e. in state when concrete stress is equal his
tensile strength £, (¢), is equal:

Nst(f)=ac, ()= 22D _agt, (o)

cocr Ec(t) s dcr (11)

The fictitious force change AN (¢), which correspond to elastic element strain change
A&l (t)is equal:

ANG(0)=[E (04, + E4, el (0) = £, (0 A+ n 1) (12)
The fictitious concrete and steel resultant force changes, which are related to considered
elastic strain change A&’ (¢), are equal to:

ANY ()= E (DA, Ael(t)= [, (DA, (13)

c,cr

AN! ()= E AN (t)=nu 1., (DA, (14)

The total strain in element cross-section at moment ¢, immediately before concrete
cracking is equal to sum of previously developed unstressing strain and fictitious elastic
strain change:

1 1,1
2, (0)= 268 0)+2,0) = At 0] 141 Eu i) (s)
1 + nS //IS Ag(‘r (t)
The total force applied on the section immediately before cracking is equal:
t,t
N, ()= AN, ()= AN )+ AN, (0)= £, (04, (1 m ) 14t Ealbl) |y
l l 1 + nS ﬂS Agcr (t)
The concrete and steel resultant force changes are equal to:

d _ np, &y,(tt,)
ANc,a( ) ANC a( )+ANr,d(t)_ fct(t)Ac|:1+ 1+n:,uS A&'i(f) :| (17)

AN, ()= ANY. (1)+ AN ()mw[l—“ﬁ} a8
' ' l+n$y$ Ag[,'r‘ (t)

The total concrete and steel resultant forces related to cracking at moment ¢ are:

N, ()=AN,,(0)+ N, (6)= £, (0)4, (19)

1+ns/’ls gm(t’t )
Ns,cr(f)=ANs,cr(f)Jst(f):ﬂ(ﬂz‘h”ﬂ{”mﬁ}

N s

(20)

The effects of an initial element shortening are shown on Fig. 1, indicating that element
cracks at a lower external load, since the concrete is under an initial tensile stress:

q(t)=% ~EL ()6 (1) v 1)
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The reduced external cracking force at moment ¢, can be expressed as part of element
cracking force for the case when concrete shrinkage is ignored:

AN, (1) = AN? (1) 14 2sts Ealblo) | \yya () D) (22)
I+nop, As, (1) Ju(®)
2.4 Post cracking response and tension stiffening effects of tensioned

element

The point that has coordinates (g,(¢),N,(¢)) is idealized origin of the new coordinate

system with abscissa Ag?(¢) and ordinate AN?(¢) (Fig. 1). The coordinates of the
idealized origin are obtained after application of the equations (7) and (10) and depends
on the concrete creep and shrinkage characteristics in observed period of time (¢,,¢) and

on steel reinforcement coefficient g . The initial concrete modulus of elasticity E_(¢,),
the concrete creep coefficient ¢(z,7,), the concrete unrestrained (free) shrinkage strain

£,,(t,t,) and the concrete aging coefficient y(¢,¢z,) have substantial influence.
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Figure 1. The effect of initial shrinkage on tensioned member response (ref. [2])

The new coordinates are defined as:

Ael(t) =e(t)—&,(t) = Ae(t) — Ag (1)
AN ()= N(t) = N,(t) = AN(1) = AN, (t)

(23)
24

Now, tensioned reinforced concrete member response under subsequent loading can be
idealized as general instantaneous member response at moment ¢ (see Fig. 2).
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Figure 2. General instantaneus response of a reinforced concrete tension element
before and after cracking without initial shrinkage (ref. [2])

3. CONCLUSIONS

The level of load that causes cracking of tensioned reinforced concrete element and post
cracking tension stiffening response are affected significantly by shrinkage in previous
period of time. The element behavior depends on the amount of time dependent
developed concrete shrinkage and creep strain, and on reinforcement percentage.
Determining of element cross section dilatation, for which virtually complete unstressing
of concrete part is realised, and her corresponding external axial force the process of
inclusion of the initial shrinkage effects, in the period of time preceding load application,
is performed. After moving to a new coordinate system the analysis of tension stiffening
effects in post-cracking member response is implemented in a standard way.
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YTUHAJ UHUIINJAJIHOI' CKYIIJbAIbA HA
OAT'OBOP 3ATET'HYTUX EJIEMEHATA

Pesume: JJunamayuja ckynmarea 6emona uzasuéa uHuyujarHo cxkpakherse sameenHymoz
efleMeHma u 068a nojasa ce Mopa y3emu 'y o03up npuiukom Kopekmue npoyere noseharoa
Kpymocmu eliemMeHma ycied OONpPUHOCa 3amezHymoz 6emoHa Ha 0elo8umMd eieMeHmd
usmelly npcauna. Pasmampan je ymuyaj unuyujanne ounamayuje ckynwarba 6emona Ha
nojagy npciuna u Ha 3a8UCHOCH HOPMAIHA CUNA-OUNAMAYU]A HAKOH NOjaee NPCIUHA KOO
3amezHymoz apmupanobemonckoe eiemenma. Y paoy je npukasan ynanpehen npeonoe
3a obyxeamarbe UHUYUjATHUX OUlAMAayuja CKyn/barba 6emoHa y aumanuszu nogeharba
KpYMOCMu UCHPCKAUX 3AMeSHYMUX apMUupano6emoncKux eliemenama.

Kwyune peuu: Iloseharwe kpymocmu npu 3ame3arby, OUlamayuja cKynabarbd, ApmMupanu
b6emoH, 3amezHymu eiemeHm
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