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The most common requirements that need to be satisfied for Serviceability Limit State design are the limitation of deflections and crack widths to the requirements of the applicable code.  Moreover the stiffness of concrete members has a significant effect on load distribution through the structure, and can have a major influence on design loads in situations such as temporary propping and design for soil-structure interaction.  However the accurate prediction of cracking and deflections is very difficult, due to the inherently random nature of the cracking process, and the lack of agreement on a standard procedure to approach the task.
In this paper the provisions of the Australian and major international concrete design codes are compared, and recent relevant research is summarised.

Case studies are presented, comparing actual measured deflections with those predicted at the time of design, and back-calculated estimates including all the significant influences on deflection.  Recommendations are given for procedures to estimate flexural crack widths and upper-bound limits to deflections.
1.
INTRODUCTION

The purpose of this paper is to summarise Australian and international concrete code provisions and recent research on the prediction of flexural cracking and deflections, to compare these provisions with some measured deflections on recent projects, and to make recommendations for design for cracking and deflection in practice.
The following topics will be discussed:

· Why is the prediction of cracking and deflection important?
· Why is it difficult?
· How do cracks develop and propagate, how does this affect deflections?
· Time related effects
· What do the codes say?
· Recent research on flexural cracking and deflections.
· Case studies
· Conclusions
For deflections, this paper will concentrate on lightly reinforced members, where the flexural strength of the concrete and shrinkage effects dominate the behaviour.  The effect of differential shrinkage on pre-stressed members is also considered.
2.
WHY IS THE PREDICTION OF CRACKING AND DEFLECTION IMPORTANT?
Limits on cracking and deflection are the two most common requirements for Serviceability Limit State (SLS) design.  As well as the specific code requirements, cracking has a direct influence on other SLS requirements, such as control of corrosion and spalling, and deflections have a large influence on load distribution, both to other structural members and to non-structural elements.
In addition to specific code requirements, there are often additional contract specification requirements (particularly for crack widths), and for many structures clients will have an expectation that there is no visually obvious cracking, no sagging or other obvious excessive deflections, and that the aesthetics of the finished structure are not affected by excessive deflections or cracking.  Excessive deflections or cracking may also affect the functionality of the finished structure, through reduced clearances, ponding of water, or leaking of water retaining structures for instance.
3.
WHY IS IT DIFFICULT?
Design codes recognise that the accurate prediction of the long term behaviour of reinforced concrete is not possible.  For instance AS 3600 (1) states:

“Consideration shall be given to the fact that cs  (the design shrinkage strain) has a range of 30%.”
In addition to the variability of shrinkage, variability in the following properties is also important:
· The concrete tensile strength, and loss of tensile strength over time.
· Concrete short term stiffness in compression and tension.

· Time related deformation (creep and shrinkage), and the effect of environmental conditions on the rate of deformation.

· Concrete behaviour under unloading and reloading

The load at cracking, and location and spacing of cracks is also inherently unpredictable, and this has a direct effect on the section stiffness and deflections.

Variations in the manufacturing and/or construction process and programme, which cannot be known at design time, also have a significant effect on the cracking and deflection of the structure.
In addition to the variable nature of cracking and time related deformations in concrete, code provisions have much less uniformity than is the case than for instance the provisions for calculation of bending strength.  Different codes have completely different approaches to dealing with the calculation of cracking and section stiffness, and the resulting design values can vary by 100% or more.  In addition some significant effects are not covered by some codes, or are included in empirical coefficients, making comparison of the provisions of different codes difficult.
[image: image5.emf]The inherent variability of concrete cracking and deflection in practice is illustrated by Figure 1, taken from the ACI recommendations for the prediction of deflection of concrete structures (2).  Jokinen and Scanlon measured the deflections of 40 nominally identical slab panels in a 28 story building and found deflections varying in the range from about 17 to 50 mm after 1 year.

Figure 1:  Measured deflections in 40 nominally identical slab panels

4.
How do cracks develop and propagate, how does this affect deflections?
Both crack width and deflections are strongly affected by crack spacing, but location and spacing of cracks is controlled by random factors which cannot be predicted by any deterministic process.

The crack formation process is illustrated in the following diagrams (Figures 2-4), taken from Beeby and Scott’s paper, Ref:(3).
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	Figure 2:  Stress conditions in the region of cracks during crack formation
	Figure 3 (top): Frequency distribution of crack spacing
Figure 4 (bottom): Variation in reinforcement strain in the region of a crack


If an increasing tensile load is applied to a member the first crack will form anywhere along the member, depending on local imperfections or variations in concrete tensile strength.  There will be a transfer of stress from the reinforcement to the concrete over a length S0 either side of the crack, depending on the concrete/reinforcement bond characteristics, the cracking stress, and the size of the tension block.  The concrete tension will be reduced over this region, so the second crack will form anywhere along the member greater than S0 from the crack.  Subsequent cracks will be subject to the same constraints, so it would be expected that cracks will appear at a spacing in the range S0 to 2S0.  When cracks are spaced closer than 2S0 there is insufficient length for the stress transferred from the reinforcement to reach the concrete cracking stress.
In practice it is found that the range of crack widths is much greater than would be expected from this analysis (Figure 3).  The greater variability in crack spacing can be accounted for by variations in the concrete cracking strength along the member, such that new cracks may occur within the transfer zone, or regions of length greater than 2S0 may remain uncracked.  Statistical analysis of cracking with a varying cracking stress has achieved crack spacing distributions reasonably close to the experimental pattern (3).
To determine the crack width and curvature of a section, in addition to the crack spacing, it is necessary to know the distribution of shear stress along the bar.  Many alternatives have been proposed, but Beeby reports that a linear distribution of strain fits experimental results well (3,4).

Having established upper and lower bounds for crack spacing, and the distribution of shear stress along the bar, maximum and minimum crack widths, and average section curvature values may be calculated.  Increasing crack spacing will increase crack widths, and reduce section curvature, i.e. increase section stiffness.
The transfer of stress from the reinforcement to the concrete between cracks is known as tension stiffening, and is taken into account in deflection calculations by all the design codes studied in this paper.  It is recognised that the level of tension stiffening reduces over time, and most codes, explicitly or implicitly, recognise this loss of tension stiffening, but none put a specific time scale to the loss of stiffness.  Recent papers by Beeby et al. (5-7) suggest that tension stiffening reaches its minimum long term value in a matter of 20-30 days, and that the reduced value of tension stiffening should always be used for design purposes, except for very short term loads.
5.
time related effects
Time related deformation (creep and shrinkage) has a significant effect on concrete deflections, particularly for reinforced concrete where there is a triangular stress distribution such that creep deformations will increase the section curvature.  This is well recognised by all the codes, and procedures for dealing with creep deformations are reasonably consistent.  Shrinkage can also have a large effect on deformations, particularly for lightly reinforced sections, but there is less consistency in how this is handled in the codes, and there are no specific requirements to consider differential shrinkage in monolithic members in any of the codes
6.
What do the codes say?
6.1
Control of cracking

All the codes studied make some provision for limiting concrete cracking, either in the form of specific crack width limits, or stress limits dependant on reinforcement diameter and spacing.

6.2
Code Provisions for Stress Limits

AS 3600 limits the maximum reinforcement stress under serviceability loads to a maximum value dependant on either the bar diameter or the bar spacing, whichever gives the greater stress.  AS 5100 has the same limits, with an additional requirement to check for lower limits under permanent loads for elements in exposure classifications B2, C or U.

Eurocode 2 limits stresses in essentially the same way, except that the limits are presented as maximum bar spacing or diameter for a specified stress, rather than vice versa.  The Eurocode 2 limits are related to 3 different values of nominal crack width, 0.2 mm, 0.3 mm or 0.4 mm, under pseudo-static loading.  The applicable crack width depends on the exposure classification and type of member.
The stress limits specified in the three codes are listed in Figure 5a (Stress Limits for Maximum Bar Diameter) and Figure 5b (Stress limits for Maximum Bar Spacing).  It can be seen that the AS 3600 stress limits are similar to the Eurocode 2 limits for 0.4 mm crack width for bar diameter, but to the 0.3 mm crack width limits for bar spacing.  The AS 5100 limits for exposure classification B2 and higher are similar to the Eurocode 2 limits for 0.2 mm crack width.

In order to check the crack widths likely to result from the application of the AS 3600 stress limits, the design crack width to Eurocode 2 was calculated for a cover depth of 40 mm (Figure 6) and 85 mm (Figure 7).  Crack widths were also calculated to BS 5400 for the 85 mm cover depth 
	
[image: image1.emf]Bar Dia AS 3600 AS 5100

mm Cw =0.4 Cw =0.3 Cw =0.2

6 450 340 450 400 320

8 400 305 400 360 280

10 360 275 360 320

12 330 250 320 280 240

16 280 215 280 240 200

20 240 185 240

24 210 160 200 160

28 185 140

32 160 125 200 160

36 140 110

40 120 95 160

EC2



	
[image: image2.emf]Spacing AS 3600 AS 5100

mm Cw =0.4 Cw =0.3 Cw =0.2

50 360 280 360 280

100 320 240 360 320 240

150 280 200 320 280 200

200 240 160 280 240 160

250 200 120 240 200

300 160 80 200 160

EC2



	Note:  AS 5100 stresses are for Exposure Classification B2, C or U under permanent loads.  For other conditions the AS 3600 limits apply.



	Figure 5(a) (top): Stress limits for specified bar diameters

Figure 5(b) (bottom): Stress limits for specified bar spacing


(Figure 8), using a Live Load / Dead Load ratio of 1.  The section details were based on an actual precast arch section, under construction in the Middle East, designed to BS 5400.  The actual cross section details were as follows:
Cross section dimensions:
1500mm wide x 400 mm deep

Reinforcement (both faces)
12 no. 20 mm diameter class N bars

Cover to main reinforcement
85 mm

Concrete


40 MPa cube strength

Axial load


Approx: 200 kN/m width under self weight
For each reinforcement arrangement covered by the AS 3600 stress limit tables the applied moment was adjusted so that the reinforcement stress was at the maximum limit, and the crack width was calculated for this moment.  Reinforcement arrangements that did not provide the minimum required area, or the minimum clear bar spacing were excluded from the analysis.  It can be seen from the figures that:
· For 40 mm cover all reinforcement arrangements except one had crack widths to Eurocode 2 of less than 0.35 mm.
· Increasing the cover to 85 mm substantially increased the design crack widths, up to a maximum approaching 0.60 mm.
· Calculated crack widths using the actual project cover of 85 mm, and design code BS 5400 resulted in crack widths exceeding 0.35 mm for every reinforcement arrangement, with a maximum of 0.85 mm.

	[image: image8.emf]40

36

32

28

24

20

16

12

10

50

150

250

0.25

0.30

0.35

0.40

0.45

0.50

Crack width to EC2, cover = 40 mm



50 100 150 200 250 300



	Figure 6:  Design crack widths to Eurocode 2 at maximum stress for 40 mm cover
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	Figure 7:  Design crack widths to Eurocode 2 at maximum stress for 85 mm cover
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	Figure 8:  Design crack widths to BS 5400 at maximum stress for 85 mm cover


The following conclusions may be drawn from these results:
· Use of the AS 3600 stress limits is likely to give satisfactory results for cover depths of 40 mm or less in moderate environments.

· If crack widths substantially greater than 0.3 mm are unacceptable the design crack width should be checked for sections with a cover of 50 mm or greater.
· All reinforced concrete members in aggressive environments (Class B2 or worse) should either be designed to the AS 5100 stress limits, or be designed for a specific crack width.

· Structures designed to BS 5400 with a high live load component in the loading are likely to require much higher reinforcement levels than similar structures designed to Australian codes.

6.3
Code Provisions for Crack Width Limits

6.3.1 – AS 3600 and AS 5100 have no provisions for calculation of crack width.
6.3.2 – Eurocode 2

As well as stress limits, Eurocode 2 has detailed provisions for the calculation of design crack widths, which are summarised below:
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[image: image13.emf]
The basic formula for crack width: crack spacing x (mean steel strain – mean concrete strain) makes no allowance for variation in crack width between the level of the reinforcement and the surface of the concrete, however the crack spacing is mainly related to the cover depth, and the crack width is directly proportional to crack spacing, so the depth of cover has a significant effect on crack widths.

The expression for εsm – εcm limits the effect of tension stiffening to 40% of the steel strain.  For long term effects the tension stiffening coefficient is reduced by 1/3, from 0.6 to 0.4.
6.3.3 –BS 5400 and BS 8110
The British concrete design codes specify a design crack width at the surface of the concrete as follows:
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The basic approach is similar to 
Eurocode 2, except that the crack width is projected from the reinforcement level to the concrete surface.
The main differences between BS 5400 and BS 8110 are:

· BS 5400 includes a factor to reduce the effect of tension stiffening, depending on the ratio of live load moment to dead load moment (Mq / Mg).  The effect of this is to reduce tension stiffening effects to zero for a load ratio of 1 or greater.

· The tension stiffening coefficients are differently formulated.

6.3.4 –CEB – FIP 1990 (MC 90)

The design crack width is given by:

[image: image4.emf]  cs sr s s k

l w

     

2 2 max

 

  

2 s



2 sr



cs



max s

l

Length over which slip between concrete and steel occurs

Steel strain under a force causing stress equal to concrete tensile

strength over concrete tension area x empirical coefficient

Free shrinkage of concrete (generally negative)

Steel strain at the crack


This is the only code of those studied that includes the effect of concrete shrinkage in the crack width calculation.
6.3.5 – ACI 318 – 89,99 Gergely – Lutz equation

The ACI requirements are based on stress limits derived from the Gergely-Lutz equation:
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The ACI 318 equation makes no allowance for tension stiffening, and predicts crack width at the upper bound of those studied in this paper.  Results are usually similar to those from the BS 5400 equation using a Mq / Mg ratio of 1.
6.3.6 – Comparative crack width results

The crack widths predicted by the different codes have been calculated for a range of varying parameters:

· Varying tension reinforcement stress (Figure 9)

· Varying cover (Figure 10)

· Varying bar spacing with constant reinforcement area and stress. (Figure 11)

· Varying bar spacing with constant reinforcement area and maximum stress to AS 3600. (Figure 12)

BS 5400 results have been plotted using a Mq / Mg ratio of 0.1 and 1.  All results have used long term values where available.  Larger versions of these graphs may be found on the Powerpoint presentation associated with this paper.  The following observations can be made from the graph results:
· The BS 5400 results using the two different load ratios gave substantially different results, with the higher ratio giving increased crack widths.  The BS 8110 results were either approximately centrally placed between the two BS 5400 results, or close to the lower values.
· The Eurocode 2 results were usually reasonably close to the mean of the other results.

· The CEB-FIP-1990 results were consistently the lowest for high steel stresses and high concrete cover values.  Results with varying spacing were close to Eurocode 2 results.
· The ACI 318 results were consistently the highest, being close to and slightly higher than the upper bound BS 5400 values.

· All crack widths increased approximately linearly with increasing steel stress

· Crack widths increased with increasing cover, with Eurocode 2 reaching a constant value at 70 mm cover, and the CEB-FIP code at 35 mm cover.  The other codes continued to increase more than linearly up to 100 mm cover.

· All codes predicted increasing crack width with increasing bar spacing and constant reinforcement area steel stress.
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	Figure 9:  Varying tension reinforcement stress 
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	Figure 10:  Varying cover
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	Figure 11:  Varying bar spacing with constant reinforcement area and stress
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	Figure 12:  Varying bar spacing with constant reinforcement area and maximum stress to AS 3600.


· When the steel stress was adjusted to the maximum allowable under AS 3600 (i.e. reduced for increasing bar spacing and increasing bar diameter) the predicted crack widths were reasonably uniform in the spacing range 50 to 200 mm, then tended to reduce with greater spacing.

6.4
Code Provisions for deflections

6.4.1
AS 3600, AS 5100, and ACI 318

AS 3600 and AS 5100 provisions for “simplified” calculation of deflections are identical (other than a typographical error in AS 5100), and are both based on the “Branson” equation, which is also used in ACI 318.  The equation in ACI 318 is differently formulated, but will give identical results for the same cracking moment and section stiffness values.  The AS 3600 version of the equation is shown below:
[image: image19.emf]
Ief is calculated for the maximum moment section, and applied along the full length of the member being analysed.
The calculation of the cracking moment in the Australian codes (but not ACI 318) includes an allowance for the shrinkage induced tensile stress in the uncracked section, which contributes to loss of tension stiffening:
[image: image20.emf]
AS 3600 and AS 5100 provide a factor kcs , applied to the calculated deflection, to account for the additional deflection due creep and shrinkage:

 kcs = [2 - 1.2(Asc / Ast )] >= 0.8
Note that for a symmetrically reinforced section kcs reduces to the minimum value of 0.8, being the effect of creep deflection alone.
6.4.2
BS 5400, BS 8110

Deflections in BS 5400 and BS 8110 are calculated from integration of section curvatures.  The cracking moment and curvature of cracked sections allows for a short term concrete tensile stress of 1 MPa, reducing to 0.55 MPa in the long term.  
Shrinkage curvatures in BS 8110 are determined from the free shrinkage strain, and the first moment of area of the reinforcement about the cracked or uncracked section, as appropriate.  BS 5400 uses a similar approach, but tabulates factors based on the compression and tension reinforcement ratios.
6.4.3
Eurocode 2 and CEB-FIP 1990 (MC 90)

The European codes also provide for calculation of deflections by integration of section curvatures, but provide a different expression for the stiffness of cracked sections:

[image: image21.emf]
Shrinkage curvatures are assessed using a similar method to that given in BS 8110:

[image: image22.emf]
6.4.4
Summary

The main differences in approach to the calculation of deflections are summarised below:

· Australian and American codes are based on the Branson equation, using a uniform average effective stiffness value.

· Australian codes allow for loss of tension stiffening through a reduction of the cracking moment related to the free concrete shrinkage.

· Allowance for shrinkage curvature in the Australian codes is simplified and will underestimate curvature in symmetrically reinforced sections.

· British codes allow only a low tension value for cracked sections, which is further reduced for long term deflections

· European codes adopt an intermediate approach for cracked sections, with an allowance for loss of tension stiffening.

· British and European code provisions for shrinkage curvature are essentially the same

Effective stiffness, calculated according to AS 3600, Eurocode 2, BS 5400, and BS 8110, and with no tension stiffening, is plotted against bending moment for the same concrete section used in the crack width analysis.  Figure 13 shows results with no shrinkage, and Figure 14 with a shrinkage of  300 Microstrain.
7.
RECENT RESEARCH

All of the codes studied, other than ACI 318, include some allowance for loss of tension stiffening over time, but they give no guidance on the rate of this mechanism, other than in AS 3600 and AS 5100, where this effect is related to the concrete shrinkage.
As previously noted, recent papers by Beeby et al. (5-7) suggest that tension stiffening reaches its minimum long term value in a matter of 20-30 days, and that the reduced value of tension stiffening should always be used for design purposes, except for very short term loads.

The mechanism for loss of tension stiffening is believed to be cumulative damage, resulting from loss of tensile strength under load.  Creep is believed to play an insignificant part, in the process, and the rate of shrinkage is also too slow to account for the observed rate of loss of strength.

There is evidence that final tension stiffening may be largely independent of concrete strength (5), however it has also been noted that tension stiffening appears to influenced to a significant degree by the type of cement and whether or not silica fume was used in the mix (3).
Beeby et al. have recently published recommendations for changes to the code provisions for prediction of deflection in BS 8110 (6).

8.
CASE STUDIES

Two case studies are presented illustrating aspects of the prediction of deflections.
8.1  
Larger than Expected Deflections in a Precast Concrete Arch
A large span precast concrete arch that exhibited larger than expected vertical deflections at the crown under self weight, before the commencement of backfill.  At design time short term crown deflections were estimated to be about 45 mm.  Initial deflection measurements were consistent with predictions, but survey of a section where backfilling had been delayed for six months revealed crown deflections of up to 150 mm.  Revised estimates of the crown deflection are shown in Figures 15 and 16.  It can be seen that even allowing for creep and shrinkage effects, the maximum predicted crown deflection is only just over 100 mm according to BS 8110 provisions, and less than 80 mm according to AS 3600.
The reasons for the increased deflection over the initial estimate were found to be:

· Creep, shrinkage, and loss of tension stiffening effects, included in the results shown in Figure 16.

· Differential shrinkage during storage off-site.  Stored arch units were found to have an additional curvature due to differential shrinkage, resulting in a loss of chord length of about 30 mm, which would cause an additional crown deflection of about 50 mm, accounting for the total deflection observed in the erected units.  A possible reason for the differential shrinkage is the application of a waterproofing membrane to the outer face of the arch units, resulting in more rapid drying of the inside surface.

8.2
Sagging in Precast Pretensioned Bridge Beams (7)
Two simply supported bridges constructed of precast pretensionsed Super-T beams, with spans in the range 30 to 40 metres, exhibited less than expected hogging at the time of transfer of prestress.  After one month the hog deflection had substantially reduced, and after placement of the in-situ deck slab and superimposed dead loads the final mid-span deflection was a sag of about 40 mm, compared with a predicted hog of 25 mm.  Detailed analysis of the time dependant behaviour of the beams revealed two reasons for the sag deflections:
· Load shedding to bonded reinforcement in the section due to creep and shrinkage.

· Differential shrinkage due to the much greater effective thickness of the Super-T bottom flange than the thin web and top flange.  Additional shrinkage in the top flange results in a downward deflection of the beam.

A revised analysis using the “Age Adjusted Effective Modulus Method” (AEMM), and including the two effects described above successfully replicated the observed beam behaviour.
9 
CONCLUSIONS

The main conclusions drawn from the studies described in this paper are:

· Cracking and deflections may be highly variable, even under nominally identical conditions.
· Codes do not make specific provisions for all the relevant factors affecting cracking and deflection of concrete structures.
· AS 3600 and AS 5100 stress limits may result in substantially greater crack widths than allowed in other codes for structures with greater than normal depths of cover.

· In spite of similar approaches, different code methods for crack width calculation give highly variable results.

· Eurocode 2 appears to be the most consistent

· Predicted section stiffness and deflection values are also highly variable between codes.
· Shrinkage effects are significant, even in symmetrically reinforced sections.  In asymmetrically reinforced sections shrinkage may be the dominant effect on long term behaviour.
· Loss of tension stiffening appears to take place much more rapidly than creep or shrinkage, and should be allowed for in all cases except very short term loads.
· Differential shrinkage may have a significant effect on deflections, and should be considered where deflections are critical.
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	Figure 13:  Effective stiffnes vs Bending Moment with no shrinkage
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	Figure 14:  Effective stiffnes vs Bending Moment with 300 Microstrain shrinkage
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	Figure 15:  Predicted crown deflection of an arch structure, no creep or shrinkage
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	Figure 16:  Predicted crown deflection of an arch structure, including creep or shrinkage
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