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Summary

The effects of imposed deformations on structuned the criteria to guarantee the level of
performance (durability and serviceability) reqdifer different types of use has been a matter of
research and discussion in the last 20 years. Bdeo2 recommendations on this subject and of
BS 8007 on liquid retaining and containment strreguvere taken as code references.

The behaviour of structures to imposed deformatayesanalysed including the differences between
external imposed deformations, as temperature ti@rg or internal, as concrete shrinkage. The
differences between the cases where restricti@natahe extremities or laterally, as in walls, &sd
implications on design are discussed. It is cormduthat in walls the stress resultants are smaller,
and this should be considered in design. Recomntiendaare proposed to evaluated minimal
amounts of reinforcement and crack widths in tleases.
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1. Introduction

Serviceability and durability are important engireg challenges of our days, as they are associated
to quality, claimed by society at different levels.construction this is certainly the case and, as

well, for structural concrete. Serviceability crigeis aimed at insuring structural performance as

vibration and deformations control and, in par@eubr concrete structures, at limiting cracking.

The influence of cracking on durability has beestdssed for many years and if at first was thought
to be a crucial parameter, presently there is acbigsensus that, in general, it is not the case.
Although, this is only true within certain circuragtes, that will be referred to on this paper.

This contribution discusses the criteria to conth@ effects of imposed deformations on structural
concrete on a reliable and economic basis. Thdsetgfare mainly cracking that, as we know, is
nearly inevitable in structural concrete, even whesstressed. In consequence, it is important to
have efficient and economic ways to control it. Niorear analysis of structural elements submitted
to imposed deformation due to thermal cooling ofmiature concrete or, later, due to concrete
shrinkage or temperature variations are presented.

Research studies of the last 20 years have deadbughly with this theme in the basis of
experimental [1, 2] and analytical [3, 4] works.€Ttodes, in particular Eurocode 2 [5], have clearly
considered the topic, and engineers have now a gaoedtation concerning how to deal with the



situation. It is very important that EC2 [5] clgadoints out that these actions are to be congidere
only on serviceability analyses, of course, if ditgtis guaranteed and if there are no secondrorde
effects. However, there are still some aspectsingedarification, and it should not be forgotten

that the amount of reinforcement has, in thesesgasgortant economic impact. In fact, for the

general situations, in slab buildings, in wallsimrtanks this reinforcement is not to be applied
locally, but along all, or an important part of tteucture.

In this paper the general concept for evaluatirey dmount of reinforcement to insure a certain
maximum crack width for the effects of imposed defations are referred to and the EC2 [5]
indications in this matter are taken as referemhes procedure gives reasonable and feasible sesult
but is based on the behaviour of a reinforced @iactension tie submitted to an isolated axial
imposed deformation. In practical situations otbases can occur that change the behaviour. It is
the case where the structure restriction has baataitions different from the simple tension tre o
when an axial effect due to an imposed deformadicis simultaneously with a load flexion effect.
The first aspect is discussed in this paper andr¢levant points concerning design highlighted
while the superposition of imposed deformation/leéfécts has been recently discussed [6, 7].

2. Influence of Cracking in Durability and Design Criteria

In the seventies there was a certain consensushttat was a close relation between crack opening
and risk of corrosion as pointed out by MC-78 repmndations and the great majority of nations
codes at that time. Since then and as a resukst$ performed at some laboratories during the
eighties there was evidence showing that thisioglatas, at least, not clear. As Favre [1] says and
EC2 [5] design recommendations point out, trangveracks of the order of magnitude of 0.3 to
0.5mm shouldn’t be considered as adverse for lerg turability, even in aggressive ambient. This
type of cracks could be responsible to shorterb#ggnning of the first corrosion stage but would
have no influence on the process onwards. Nevedbelt was recognised that if cracks followed
the line of the reinforcement, the so called caleot crack, there could be a rise on corrosion risk
Of course, in the cases of a slab or wall ther@vsays the possibility that a transverse crack is a
coincident crack, for a steel bar in the perpendicdirection. And that is expectable as trans\ersa
reinforcement can influence where the element srack

Some more recent experimental studies on this ntatte to confirm what has been referred before
and bring some further elements. Arya and Darkop@hted out that increasing crack frequency
(smaller crack distances but keeping the same @jpehking sum) increases the amount of corrosion.
Francois and Arlinguis [9] confirmed that the craidelf, if not over 0.5mm, is not responsible for
more corrosion, but tension cracked concrete ireggnencourages its development, if in presence
of chlorides. This is due to paste-aggregate iaterfdamage. The influence of cracks, on the
corrosion process, still needs more detailed rebedut the present knowledge should be
considered as the framework for defining desigteds.

Concerning design and detailing of slab or walhedats submitted to imposed deformations, it is
known that cracks are well spaced and cracked etnan tension is still in the formation phase
(see 83.1). So, when there are restrictions toded¢@rmations the major criteria for durability Has
be to avoid steel yielding (limits in general cragklths to 0.4 to 0.6mm) and then, if functionally
and economically reasonable, to insure a moret $itm@. Limiting crack widths decreases the risk
of an unfavourable influence on corrosion of a cmlant crack.

The final design decision on the admissible craakiwshould consider other parameters of major
importance such as reinforcement cover and conaetepacity and functional restrictions as

appearance [5] or, for special cases as tanksjntpermeability exigencies [1, 9, 10] or the

deformability limits of concrete epoxy based suefacotections.

3. Isolated Axial Imposed Deformations

Firstly the main behaviour characteristics of apartie response to an imposed deformation are
presented. The nature of the action can be of ypest external, as a temperature variation, or
internal, as concrete shrinkage. In the first situlathe imposed deformation is applied to all the
section (concrete and reinforcement) and, in tieers® case, only to concrete. These differences are
not usually pointed out, and have been shown rceyiAlvarez [3] and Luis [6].



As illustrated in fig. 1, for the situation of arial global imposed deformation (fig. 1.a), eachosr

is formed for an axial cracking value of approxietat ... After each crack, the loss of rigidity is
responsible for the axial stress resultant decreasd, as the action increases, the process is
repeated until a stabilized crack pattern is olethii hat situation happens for a valueq ot 1.0 to
1.5%0, after which the axial effect increases wittstate Il rigidity, until yielding is reached.
Nevertheless, in practice, axial imposed defornmatidon’t normal exceed a value of the order of
0.5 to 0.7%o0 so the process ends at the crack fasmphase, with well spaced cracks.
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Fig.1 Behaviour (N -&q) for an external imposed deformation (a) or foncrete shrinkage (b)

Fig. 1.b shows the typical response for concretinkshge. In this situation, the axial cracking
resultant at the formation of each crack decreasdke process of crack formation goes on. This is
due to the self equilibrated state of stressesrgeet in the section (tension in concrete and
compression in steel). This decrease of the pelailesas proportional to the reinforcement rigidity.

To analyse the non-linear response of a concreimezit to an axial imposed deformation, the
ATENA programme [12], has been used. The study been based on a fixed-end beam as
presented in fig. 2 for different cases of reinfanent quantities (case 1 refers to the minimal
reinforcemenpPmin = AJAct = felfsyc = 0.5%).

only imposed
deformation

Built-in-end As,case i Built in end axially free - Imposed Deformation

Built-in-end - Shrinkage

| L | ol
Different Cases A . adopted Reinforcement C25/30i
percentage [%] E:=30.5 MPa
1 8¢10 (6,28 cm2) 0,52 fa=2.5 MPa
2 7912 (7,92 cm2) 0,66 S500:
3 9¢12 (10,18 cm2) 0,85 Es=200 MPa
4 1112 (12,44 cm2) 1,04 f=500 MPa

Fig. 2 Beam model geometry, materials and reinfoeet distributions used on the analysis

The axial forces variations, for internal and exé¢rimposed deformations, are presented in fig. 3.
The main behaviour characteristics can be confiramed show, that if the steel amount is bigger
thanpmin, various cracks can be formed. For concrete shgekthis non-yielding criteria could be
achieved for a slightly smaller axial force, thg Mlue at the formation of thé%rack £0.8N.).

Fig. 4 presents the steel stresses and crack wagtiation for case 20£0.66%). It is interesting to
notice that crack widths have a small increase withimposed deformation and areof the same
order of magnitude for the cases of internal anéreal imposed deformation, although the steel
stresses are bigger for the external type of acfltns aspect should be taken into account for
calculating crack widths (see 85).
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Fig. 3 Non linear responses to external and intéimgposed deformations, for case 1 to 4
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Fig. 4 Non linear evolution of stresses and cradélths for case 2((=0.66%) for external and
internal imposed deformation respectively.

4. Imposed Deformation Effects on Walls

In practical design of walls it is usual importaatevaluate the effects of a differential shortgnin
(temperature decreases or concrete shrinkage) eofwtldl in relation to its foundation. For a
situation of an isolated wall the border conditiare different from the basic tension tie. If the
longitudinal dimension is approximately six to digimes differential its height the elastic stress
distribution in the middle wall zone is similar the case of an axial imposed deformation.
Nevertheless, nonlinear behaviour shows that tasresome clear differences and, more relevant,
they can influence the design calculation of theimal reinforcement and crack width. To illustrate
this behaviour non linear analysis were done toluata the response to that differential
deformation, considering different amounts of reinément as shown in fig. 5.

h=3m

L=30m

wall

underformable foundation - continuum restrain

Different Cases A s, adopted I;g:zfeor:tcazte[%] E.=30.5 MPa
1 ¢8//0.15 (2x3.35 cm?) 0.22 fa=2.35 MPa
2 910//0.15 (2x5.14 cm?) 0.35 S500-
3 @12//0.15 (2x7.54 cm?) 0.50 Es=200 MPa
4 ©16//0.15 (2x13.41 cm?) 0.89 fu=500 MPa

Fig. 5 Wall model geometry materials and reinforeatdistributions used in the analysis



In fig. 6 the variations of the longitudinal stressultants along the wall axis is exemplifieddase

3, as the cracking process develops. It can beetthat as cracks are formed, there is an importan
variation of the axial resultant along the axisjalihis different from the behaviour of the simpke t
situation. In this case the axial resultant is ssagly the same at all sections by equilibriumiclvh

is not the case for the wall, due to a differestribbution of shear and normal vertical stressesgl
the wall/foundation connection. For bigger defonmras the axial tension resultant converges to a
nearly uniform value dependant on the amount offoecement, given in the table, for the cases of
external or internal imposed deformations. It cambticed that the main cracks were formed from
the extremities to the middle zone due to somedarstress concentrations near the base and that
at sections already cracked the stress resultams kept always under the N value, referred above
on the table.
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Fig. 6 Stress resultants variations for the casgr30.5%) and values of N stabilized for all the
cases analysed

In fig. 7 the evolution of the steel stresses amadlcwidths at sections where a transversal crask h
been formed are presented. For these diagramsatbesvconsidered are averaged along the wall
height. The results presented show that the stesdses are smaller than in the equivalent tension
tie case and smaller than yielding value, even vRgmin.

MN/m 2]
300 OsI m‘] ‘ ‘ ‘ ‘ 2000'5 [MN/m2] ‘ ‘
I I I I I
250 | | : | : | 175 1 Fv\ﬁ ‘ :
| 150 + ******M:****
200 1 : ‘ 125 | :7777:7777'7(777!777—
! | |
150 - : 100 : :
I 75 A | |
I
100 i 50 +——-—-—f-———-——————- ===f===========4
! | I
IR i e e |
50 - l } | € [%
| 0 P r e T T T T T T
0~ : 25 EE—O_‘QE_QJ._Q‘J_S_QLZ_Q‘ZE_Q‘S_Q‘S_S_Q4

0 -
0.00005 RS E

0.00005 +

0000l +-—-——-——ft-—-————————

0.00015 - -~
ooz | I e

0.00025

0.0001

0.00015 +

0.0002 +

0.00025

Fig. 7 Non linear evolution of average stresses anack widths along the wall for case 3
(0= 0.5%), for external and internal imposed defotioa respectively.



5. Design Comments and Final Recommendations

It must be emphasized that for imposed deformatrack control non-yielding of steel is essential.
EC2 part 1 [3] states it clearly and so does inegaenEC2 part 3 [12], although this document
proposes an extension to 87.3.4 (Annexe M) thahsde suggest, that for long walls, crack widths
are independent of reinforcement, what can’t beectr This is somehow in line with BS8007 [11]
but here the minimal reinforcement is determinedtfe cooling of immature concrete, and of
course taking a smalleg,fthen EC2 gives less minimal reinforcement.

This study shows that, although more research esledt for imposed deformations crack control
and crack width calculations, if the basis of E@2taken, the following should be considered:

1. For tension tie type cases, minimal reinforcemeaitulation of crack widths and/or indirect
control indications are correct, specially for ertd imposed deformations;

2. For internal deformations it is suggested to adomtservatively the same amount of
minimal reinforcement and evaluate the crack wiclinsidering as a case of an external
action or, alternatively, taking a smaller value fb= 0.8 N,, and calculate the crack width
for €srm = €sm- €cm + Ecd;

3. For walls it is clear that, to guarantee the naléyng of steel, less reinforcement, than that
obtained by expression (7.1) of EC2, is neededlowolg the results of this study we
suggest for the stress resultant, N, values basedhe table presented in fig.6 or,
conservatively, 2/3fei Act and 1/2 § et Act , respectively, for external and internal imposed
deformation. For crack width calculation in the ead internal imposed deformation the
expression ofsm, suggested at point 2 should be used.
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