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Preface 
The Nordic mini-seminar: Crack width calculation methods for large concrete structures has been 

organized under the auspices of the two ongoing Norwegian research projects; The Ferry-free E39 

and Durable Advanced Concrete Structures (DaCS). The Ferry-free E39 is a research project 

carried out under the auspices of the Norwegian Public Roads Administration, which is a 

development of a ferry free coastal high way route that is set to be 1100 km long along the west 

coast of Norway. The coastal way route will consist of multiple fjord crossings, which may be up 

to several kilometres long. Serviceability of these structures are thus of significant importance. 

The research project DaCS looks to increase the knowledge of sustainable and competitive 

reinforced concrete structures in harsh environment and is funded by The Research Council of 

Norway, in addition to several industrial partners. One of the ongoing activites related to the 

aforementioned research projects is the PhD project entitled “Evaluation and improvement of 

crack width calculation methods in large concrete structures” carried out by Reignard Tan.  

 

The seminar is to be hosted by NTNU and Multiconsult ASA in a joint collaboration. The main 

goal is to increase the understanding and knowledge of crack width calculations for relatively 

large concrete structures in the Serviceability Limit State. This booklet documents the collection 

of extended abstracts of all the given lectures during the seminar. The organizing committee 

would like to thank all the speakers and contributors at the seminar, and the financial support of 

the research projects Ferry-free E39 and DaCS.  

 

 

Oslo, August 2017.  

Terje Kanstad, Max A.N. Hendriks, Morten Engen (ed.) and Reignard Tan (ed.) 
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ABSTRACT 

The CEOS.fr project is dedicated to cracking of massive reinforced concrete structural elements. 

This article presents a brief overview of the outcomes of the project and associated proposals. It 

focusses mainly on cracking of tie beams, free or restrained beams and shear walls. 

 

Key words: Massive concrete structures, crack spacing, crack width, tension stiffening, 

probabilistic scale effect, tri-dimensional effect, shrinkage, creep, THM effects, optimum design, 

kinematic compatibility. 

 

1. THE CEOS.fr PROJECT 

1.1 The background of the project 

The majority of concrete structures have to fulfil a number of structural functions beyond that of 

simple resistance. These include behavioural requirements for: stability, reinforced concrete 

cracking, deformability, water and air leak-tightness and sustainability. 

 

Most European concrete structures today are designed for cracking in accordance with Eurocode 

2 (EC2), which uses a performance-based approach related to durability and functionality at 

Serviceability Limit State (SLS). 

 

For massive and more general non-standard structures, the EC2 standard rules do not fully reflect 

the complete behaviour related to cracking, for which Thermo-Hydro-Mechanical (THM) effects, 

scale effects and structural effects induce cracks spacing and crack width. For massive slabs and 

walls, shrinkage and creep are prevalent at an early and long-term age. This approach may lead to 

structures that are not optimised, especially for reinforcement.  

 

To address these concerns, the French Civil Engineering Community decided in 2008 to launch a 

joint national research programme project, CEOS.fr, with the aim of making a significant step 

forward in the engineering capabilities for predicting the expected crack pattern of special 

structures under anticipated in-service or extreme conditions. 

 

1.2 The CEOS.fr programme 

The aims of the CEOS.fr project are to: 

 develop numerical non-linear and damage models, to simulate concrete behaviour under 

loading and imposed deformation; 

 provide engineering guidelines to optimise the design of massive concrete structures; 

 propose further rules for crack width and crack spacing assessment in massive concrete 

structures, in addition to EC2 or fib Model Code 2010 (MC2010). 

mailto:philippe.bisch@egis.fr
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Three types of actions have been completed from February 2008 up to 2013, namely: 

 modelling: applying existing numerical models and developing specific new models;  

 testing: implementing tests on large scale mock-ups (tie beams, full scale beams and 1/3 

scale shear walls and beams), with well controlled boundary conditions and accurate 

measurements of cracking development;  

 engineering methods: rules or guidelines developed from test results and computer 

simulation. 

 

The main topics addressed by the project were: 

 monotonic loading; 

 thermo-hydric-mechanical behaviour (THM); 

 cyclic loading on shear walls. 

 

There is a huge volume of output data, which can be downloaded from the web site CHEOPS [3]. 

Some interpretations related to cracking are presented here. A more extensive presentation may 

be found in [5]. 

 

2 EXPERIMENT 

Specific tests on various full or 1/3 scale test bodies were performed as part of the CEOS.fr project. 

They included: 

 Tests on 9 large tie beams with various reinforcements (1, 4 or 8 bars). 

 Tests under monotonic loading on 7 blocks, RL1 to RL7 (6,10 m  1,60 m  0,80 m). Before 

loading, the blocks were maturated with free deformations during at least one month then 

submitted to loading on a 4-points flexural bench. The blocks were made of different 

concrete mixes and had various reinforcements and concrete cover. 

 Tests on 3 blocks subject to restrained shrinkage RG1 to RG3 (6,00 m  0,50 m  0,80 m), 

with different reinforcement and concrete cover. 

 Tests on 6 concrete blocks at 1/3 scale under continuous loading (1,90 m  0,25 m  0,44 

m), similar to RL blocks. The purpose of these tests was to highlight the scale effect in 

comparison with full-scale test bodies. 

 Tests on shear walls at 1/3 scale with different concrete mix and reinforcement (test body 

dimensions: 4,20 m  1,05 m  0,15 m): 1 wall under cyclic non reversing loading and 3 

walls under cyclic reversing loading. 

 

All test bodies were comprehensively instrumented in order to locate and follow crack 

propagation and measure crack spacing and width. Test data, including measurements from 

Digital Image Correlation (DIC) instrumentation, provides confidence in the reliability of the test 

results. 

 

3  RESULTS CONCERNING ALL TYPES OF ELEMENTS 

3.1  Three-dimensional effect 

An important result from the mock-up tests and from simulations is that the mean value of the 

mean tensile strength is reduced. This effect is mainly due to the combination of the tri-

dimensional (3D) effect and of the probabilistic scale effect. 

 

In simulating the effect of the non-uniform strains, resulting from the 3D deformation of the 

concrete section, the 3D effect may be taken into account. This results in a more refined definition 

of Ac,eff. 
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3.2  Probabilistic Scale effect 

However, the variation and concentration of tensile concrete strains are not the only phenomena 

that explain the reduced tensile strength observed. The volume of concrete submitted to high 

tensile stresses is larger compared to that submitted to tensile stresses in a specimen under tensile 

test and this results in the reduction of tensile strength. This effect (the probabilistic scale effect) 

can be simulated by using the Weibull theory [6] and a lower value of the tensile strength can be 

mainly explained by the use of a simplified approach based on this theory.  
 
3.3  Effect of shrinkage 

Before cracking, shrinkage induces a tensile stress in concrete ( 0,2 MPa) and a compressive 

stress in steel ( 17 MPa). 

 

3.4  THM effects at early age  

These effects induce cracks due to: 

 Temperature gradients between the core and the surface of the massive element.  

 Internal strains generated by the temperature profile, shrinkage and creep. 

 

4  CRACKING OF TIES 

The outcomes of the experiment on ties were as follows: 

 Early cracking occurred (1 or 2MPa compared to the 3MPa predicted), due to scale effect, 

restrained shrinkage and 3D effects. 

 Cracks spacings are overestimated by both codes (MC2010 and EC2), although MC2010 

gives much better results. 

 

A statistical analysis of the results of 131 tests found in the literature has shown that: 

 A formula for spacing based on a linear combination of cover and  gives a satisfactory 

correlation with the tests results. 

 The combination coefficients used in MC2010 and EC2 are too high, and the following 

combination better fits the experimental results: 

 

𝑠𝑟,𝑚𝑎𝑥 = 1,7 (1,37𝑐 + 0,117 (



)) (1) 

 

where 1,7 is the assumed ratio between the higher characteristic value and the mean value 

of spacing, which was confirmed by numerical experiments based on a probabilistic 

approach. 

 Tension stiffening is overestimated by codes and the  factor (MC2010) should be taken 

equal to 0,36 instead of 0,6. 

 

The analysis of the experimental results and a FEM analysis have shown that the value of Ac,eff  as 

given in both codes is not appropriate and a different approach has been proposed, with a c factor 

representing the ratio Ac,eff/Ac depending on crack spacing and other parameters. 

 

Finally, taking both the three-dimensional stress distribution by the factor c and a better 

representation of bond stress vs. slip between bar and concrete as proposed in [1] can lead to more 

refined expressions of cracks spacing and crack width. 
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4  CRACKING OF BEAMS 

For 1/3 scale beams, the test results demonstrate that the mean crack spacing and widths, at the 

stabilised cracking stage, are consistent with the crack spacing and width calculated using the 

MC2010 formula. It is noted that the beam sizes correspond to test results and on site observations 

used to establish the code formula. The average crack width measured values provide a scattered 

distribution, partly explained by THM effects. 

 

The most significant finding from the CEOS.fr project is an improved understanding of the THM 

effects at an early age. During concrete maturation, the massive elements are submitted to non-

uniform strains, which induce a first cracking pattern at the surface of the beam. This effect is 

unavoidable in practice and is generated by: 

 Temperature gradients between the core and the surface of the massive element. 

 Internal strains generated by the temperature profile, shrinkage and creep. 

 

In addition, assessment and interpretation of the test results for massive elements (scale 1) has 

improved the understanding of the influence of two phenomena: 3D effects (as the massive 

elements are always submitted to 3D non-uniform strains) and probabilistic scale effect. 

 

4  CRACKING OF WALLS 

The main results obtained from the experiment on four walls at 1/3 scale are: 

 The mean structural tensile resistance fctm is 40% less than the theoretical value fctm when 

the first crack occurs. 

 fct demonstrates some impact (approximately 20%) on sr value and cannot be neglected, 

although it is not reflected in codes formulas. 

 In test 4, the reinforcement ratio decreases from 1% for the other tests down to 0,8%, while 

it is observed that sr increases up to 22%. However, the application of code formula leads 

to an opposite variation. This is mainly due to Ac,eff, which appears to be inappropriate. 

 

Engineering aspects have been developed, based on experimental results: 

 If the reinforcement layers are in accordance with the good engineering practice, an error in 

angle θ assessment does not result in a significant error in the assessment of crack spacing 

and crack width.  

 The so-called Vecchio & Collins formula [7] is acceptable in the vicinity ( 20°) of the 

optimum (see also [4]). 

 It is advisable to use, for calculation purposes, either the cover for each rebar layer or the 

mean value of the two covers in the both directions, the latter being simpler. 

 Considering only kinematic compatibility, it may be shown that there exist an approximate 

(and conservative) relationship between crack width and extension of the rebars: 

 

    s ,x s ,y

r

w
sin cos

s
 (2) 

 

This relation is more accurate in the vicinity of the optimum. The extension of the rebars 

may be obtained by equilibrium at the crack. 

 Another consequence of kinematic compatibility is the link between crack width and 

distortion of the wall. 
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Conclusions related to cyclic loadings and guidance for control of cracking in a seismic situation 

have also been drawn in the frame of the project [2]. 
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ABSTRACT 

The Eurocodes are being revised in a significant effort undertaken by the Civil Engineering 

community with partial funding from the European Union. The new version was initially due to 

be published in 2020, but a more realistic date is 2023. For this revision, the guidelines call to 

improve ease-of-use, reduce nationally determined parameters and incorporate new, mature, 

knowledge. On the other hand, changes are to be kept to a minimum since changes imply 

significant costs in education and updating of existing software. 

 

Within this context, this paper focuses on the updating of Chapter 7 and more specifically on 

cracking.  

 

Key words: Cracking, stabilized cracking, flexure vs. tension, restraint, Eurocode 2, ease-of-use 

 

1. INTRODUCTION 

The responsibility for the review of EN 1992 falls to CEN-TC-250/SC2. In view of the importance 

of this task, SC2 created, ahead of time, in 2012, before any funding was approved by the 

European Commission, Working Group1 (WG1) with the task of preparing the new draft of EN 

1992-1-1. One of the first decisions of WG1 was to avoid an object-oriented approach and to try 

to merge part 1-1 with part 1-2 and part 1-3 of EN 1992-1-1.  WG1 created several task groups 

(TGs) do deal with new topics or topics requiring special attention. These topics were: Fibre 

reinforced concrete, Fibre reinforced Polymers, Existing Structures, Shear and torsion, Fire, 

Analysis, Time-dependent behaviour of concrete, Fatigue, Bridges and Durability. In 2015, when 

funding became available, the first project team, (SC2.PT1) was established with the task of 

writing the first draft of EN 1992-1-1:2020, excluding new topics, and of course fire, which are 

to be handled by two further project teams. The task of the PT is to take material from the TGs 

and the existing text from the Eurocode and achieve a new text which should be easier to use and 

with a significant reduction in nationally determined parameters and with due account for new, 

mature knowledge. 

 

The current proposal for EN 1992-1-1:2020, which is still evolving, is the result of a gradual 

process which has involved discussions among the members of Project Team, together with the 

Convenors of SC2 and WG1, and, also, within WG1 itself. It has also been influenced by the 

comments received by the National Mirror Groups during the systematic review in 2012 and by 

comments to subsequent drafts from the PT.  

 

For the topic of cracking the current text is the result of discussions within the PT and WG1 since 

no TG was tasked with this topic.  

mailto:apc@fhecor.es
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2 ADOPTING THE MC 2010 MODEL 

The initial draft respected the current EN 1992-1-1 model because, even though, there is evidence 

that the MC2010 model provides better predictions of experimental data [1], it was not initially 

deemed to be a sufficient reason for change, given the large scatter of experimental data. However, 

when consideration was given to defining how time effects are to be considered, the fact that 

MC2010 considered also the effect of shrinkage was enough to justify the change.  

 

Besides calibration and the consideration of the addition of the shrinkage strain to the strain due 

to loads for stabilized cracking, shifting to MC2010 involved another big difference: whether 

crack spacing is different for bending and for pure tensile stresses. EN 1992-1-1:2004 includes 

factor k2 which halves the contribution of the bond term to crack spacing when the section is 

subjected to bending. The argument is that, in bending, due to the triangular distribution of 

stresses, it is necessary to transmit to concrete half of the tensile force to produce a new crack that 

it would be necessary for a uniform distribution of stresses (see Figure 1). 

 

 
Figure 1 – Tension stress block in bending and tension. According to EN 1992-1-1:2004, the 

force to be transmitted to concrete through bond in order to produce a new crack would be 

half for bending than for tension (hence, k2,bending=0.5). 

 

MC2010, on the other hand, considers that, in bending, an effective concrete area forms around 

the bar and that, within this area, the stress variation is minimal (see Figure 2), and therefore there 

is no k2 factor. Experimental evidence shows that the situation may be more similar to Figure 1 

for small elements [2] and more similar to Figure 2 for larger elements [3] with some type of 

transition in between. 

 

 
Figure 2 – Tension stress block in bending and tension. According to MC2010, the force to be 

transmitted to concrete through bond in order to produce a new crack would be more or less 

the same for bending than for tension (no k2 factor). 

 

This dual vision of the same problem is further complicated by another effect related to curvature 

which favours tension over bending and would tend to offset the favourable effect of a smaller 

Bending Tension

fctm

fctm

Bending Tension

fctm

fcfctm

fctm
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crack spacing for bending. This effect shows that the crack width grows proportionately with the 

curvature as it is measured farther away from the bar. 

 

 
 

 Figure 3 – Experimental evidence showing that the crack width grows proportionally with the 

curvature as it is measured farther away from the bar [4]. 

 

Adopting the MC2010 model was made difficult by the fact that considering the shrinkage strain 

made the model much more conservative for long term stabilized cracking. This problem was 

solved thanks to a comment by the French Mirror group, pointing out that adding the shrinkage 

strain directly implied full restraint. In fact, in most practical cases, the restraint is close to zero 

since the axial stiffness of a slab is much larger than the flexural stiffness of its supports, so that 

the slab can move freely. Therefore, the MC2010 equation was modified accordingly, where Rax 

is the restraint factor: 

  

  csraxcmsmcalrcalk Rsw   max,,,  (1) 

 

3 INTEGRATING EN 1992-1-3 INTO EN 1992-1-1:2020 

As stated above it was one of the early decisions to avoid an object-oriented approach in EN 1992-

1-1:2020 so that the clauses should be applicable to all concrete structures. For cracking, this 

meant integrating the content of EN 1992-1-3 into the Part 1-1. In particular, EN 1992-1-3 deals 

with cracking due to imposed deformations and the differences in behaviour when an element is 

restricted at the ends with respect to an element that is restricted at the edges. In the first case 

which is the typical example of a tie, cracking affects the distribution of forces along the whole 

tie, so that the formation of a new crack implies a drop in the axial force. In this way, while cracks 

are forming (crack formation stage), the axial force is never higher than the cracking force and is 

independent of the applied imposed strain. In the case of an element restrained at the edges, such 

as a wall restrained by a previously cast foundation or a slab supported by longitudinal walls on 

the sides, cracking only affects forces locally and the crack width is a function of the imposed 

strain. This dichotomy has been integrated into the proposal for the EN 1992-1-1 :2002 text as 

follows: 

 

For elements subject to direct loads (stabilized cracking) or restrained at the ends and subject to 

imposed strains (crack formation phase), sm –cm may be calculated from: 
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For elements subjected predominantly to restrained imposed strains (crack formation phase) and 

restrained at the edges, sm–cm–rcs may be calculated from: 
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tfreeaxcsraxcmsm
E

f
kRR

,
   (3) 

 

4 EASE-OF-USE 

Among other things, in the PT’s vision, ease of use means consistent methods, presenting, easier 

to use, particular formulations first and afterwards more general equations for more complex 

problems and using tables to group concepts so that they are easier to grasp, altogether avoiding 

a list of different but related conditions, lost within the text. 

 

For the case of cracking, the second principle is illustrated by the removal of section 7.3 

Verification of cracking without calculation, which currently consists of a couple limited tables 

valid for very particular situations with a series of correction factors to account for other situations 

by a single formula consistent with the general method which allows the determination of the 

stress compatible with a given crack width opening, based on the safe-sided assumption that the 

provided reinforcement is equal to the minimum required reinforcement, according to equation 

(4): 
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ABSTRACT 

In-plane loading (“plane stress”) is a frequent loading situation in concrete structures. While many 

studies investigated the ULS behaviour of such elements over the past decades, serviceability 

aspects have received much less attention. Only few existing models yield information on crack 

spacings and crack widths, which in addition have hardly ever been systematically recorded in 

experiments. The present paper outlines how the load-deformation behaviour, including crack 

spacings and crack widths, can be analysed based on the Cracked Membrane Model [1]. The 

predicted crack widths correlate well with experimental evidence.  

 

Keywords: Cracking, in-plane shear and normal forces, plane stress, tension stiffening, tension 

chord model, compression field approaches, cracked membrane model. 

 

1. INTRODUCTION 

Structural concrete is not an isotropic material, even if “isotropic reinforcement” (equal 

reinforcement in orthogonal directions) is provided. For example, elements subjected to pure shear 

with respect to the reinforcement directions are significantly softer, exhibit larger crack openings 

and a lower load bearing capacity than elements under biaxial tension-compression of the same 

magnitude (same stress field rotated by 45°). In the present paper, orthogonal reinforcement in 

the x- and z-directions is assumed (Fig. 1a).  

 

2 COMPRESSION FIELD APPROACHES 

The load-deformation behaviour of diagonally cracked orthogonally reinforced panels can be 

analysed using compression-field approaches, which were developed for linear [2] as well as 

nonlinear constitutive relationships [3] several decades ago. The basic concepts of such models 

are shown in Fig. 1: equilibrium requires x = cx + x sx , z = cz + z sz , xz = cxz (Fig. 1c), 

where  = geometric reinforcement ratio and c,s = stresses in concrete and reinforcement, 
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respectively. Noting that the strains are related by (x  3) cot = (z  3) tan (Fig. 1b), and 

expressing sx, sz, cx , cz and cxz  in terms of x, z and 3 (or any 3 non-collinear strains) using 

the stress-strain relationships of concrete and reinforcement, the states of stress and strain can be 

determined iteratively (3 equations for 3 unknowns).  

 

 
Figure 1  – Compression field approaches: (a) notation; (b) strains; (c) stresses. 

 

Response predictions of compression field approaches typically overestimate the deformations 

since tension stiffening is neglected and rotating, stress-free rather than fixed, interlocked cracks 

are considered. To overcome these drawbacks, the modified compression field theory [4] (MCFT) 

was developed by Vecchio and Collins. In the MCFT, tension stiffening is accounted for as 

concrete property by expressing equilibrium in terms of average stresses between cracks, 

including concrete tension. However, the respective empirical constitutive equations disregard the 

fact that tension stiffening strongly depends on the reinforcement ratio and do not yield 

information on the maximum stresses at the cracks nor on crack spacings and crack widths. 

 

3 CRACKED MEMBRANE MODEL (CMM) 

3.1 CMM with fixed, interlocked cracks 

In its general formulation, the CMM [1] allows treating cracks as fixed and interlocked rather than 

as rotating and stress-free while accounting for shear and normal stresses on the crack faces as 

well as bond stresses transferred between concrete and reinforcement. Equilibrium conditions are 

expressed in terms of stresses at the cracks, and crack spacings and tensile stresses between the 

cracks are determined from basic mechanical principles using the Tension Chord Model [5] (TCM).  

 

3.2 CMM with rotating cracks 

General remarks 

An appropriately dimensioned reinforcement will not yield under service loads and consequently, 

the principal directions will not significantly change. Hence, the response under service load can 

be accurately predicted using a simplified CMM, considering rotating, stress-free cracks. 

 

Tension Chord Model 

As in the general formulation of the CMM, tension stiffening is accounted for based on the TCM, 

as shown in Fig. 2a-b, assuming a stepped, rigid-perfectly plastic bond shear stress-slip 

relationship with b = b0 =2 fctm for s  fy and b =b1 = fctm fors > fys. Hence, at serviceability 

load levels (s  fy ) constant bond stresses are considered, similar to the simplification adopted 

by many codes. Treating both reinforcement directions as tension chords, Fig. 2 d-e, the 

distribution of bond shear, steel and concrete stresses and hence the strain distribution between 

two cracks can be determined for any given value of the maximum steel stresses (or strains) at the 

cracks. 
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Figure 2 – TCM and CMM: (a), (b) TCM constitutive relationships; (c) notation and tension 

chords; (d),(e) stresses in x- and z-direction; (f) principal stresses in the concrete. 

Approximate analytical solution 

 

Crack spacing and crack width 

Fig. 2f illustrates the distribution of the principal stresses in the concrete, c1 and c3, and the 

variation of (inclination of c3 to the x-axis). While c1  0 is assumed at the cracks, tensile 

stresses are transferred to the concrete between the cracks by bond shear stresses. Limiting c1 to 

a maximum value of fctat the centre between two cracks, the theoretical maximum values of the 

crack spacings for uniaxial tension in the x- and z-directions, srx and srz, are given by 

srx0 = Øx  fct (1 x )/(2b0 x) and srz0 = Øz  fct (1 z )/(2b0 z) [5]. Noting that the crack spacings are 

related by sr = srx sinr = srz cosr  (Fig. 2c) the theoretical maximum diagonal crack spacing sr0 can 

be determined from c1 = fct [1]. A good upper bound approximation for sr0 is given by: 

 

 
1

0 0 0sin cosr r rx r rzs s s


     (1) 

 

For sr = sr0, a new crack may form or not because at the centre between two cracks c1 = fct. 

Consequently, like in uniaxial tension, the crack spacing may vary by a factor of two, i.e. sr =  sr0, 

with  = 0.5…1.0. Assuming a certain value for , and expressing equilibrium in terms of the 

stresses at the cracks – which in turn, knowing the crack spacing, can all be expressed as functions 

of x, z and 3 (or any three non-collinear strains) – the states of stress and strain can be determined 

for any applied stresses, just as in compression field approaches neglecting tension stiffening. 
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Neglecting the typically small reduction of the crack widths caused by the tensile strains of the 

concrete between the cracks, the crack widths are obtained by multiplying the crack spacing with 

the average principal tensile strain, wr = sr 1 =  sr0 1. Concrete shrinkage cs < 0 can be accounted 

for by evaluating the reinforcement and concrete stresses for adjusted strains x,eff = x  csx,  

 

z,eff = z  csz and 3,eff = 3  csx  cs  cos2  csz  cs  sin2, with csx  =  cs (1 x )/(1  n x   x ) 

and csz =  cs (1 z )/(1  n z  z ). Note that to activate the same concrete and reinforcement stresses, 

larger strains are thus required than without shrinkage, resulting in wider cracks. 

Assuming a linear elastic behaviour and supposing that the stresses at the quarter points between 

two cracks characterise the overall behaviour the following equation for the crack inclination r 

can be derived [1]: 

 

  

  

2

2

tan (1 ) tan 0.5 ( 1)

cot (1 ) cot 0.5 ( 1)

r x z r x z ct z z x z xz

r z x r z x ct z x x z xz

n f n

n f n

                 

                
 (2) 

 

were x = srmx /srmxo and z = srmz /srmzo are the ratios of the actual crack spacings to the theoretical 

maximum crack spacings for uniaxial tension in the corresponding directions. Note that for fct = 0, 

Eq. (2) corresponds to the inclination given by Baumann [2] (neglecting tension stiffening).  

 

4 COMPARISON WITH TEST RESULTS 

As mentioned in the introduction, crack spacings and crack widths have only been systematically 

recorded in few experiments on elements loaded in plane stress. While the authors are currently 

carrying out a series of own tests in a new experimental facility, calculations according to the 

simplified version of the CMM (assuming rotating cracks) and considering shrinkage are 

compared in Fig. 3 to selected tests by Proestos et al. [6]. 

 

The agreement is seen to be satisfactory for both average and maximum observed crack widths, 

even beyond serviceability load levels and using the approximate analytical solution given by 

Eq. (2). 

 

 
Figure 3  – Crack widths calculated from the CMM compared to tests KS4-KS6 by Proestos 

[6]. Solid lines: numerical solution, dashed lines: approximate analytical solution. 
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ABSTRACT 

This contribution presents an alternative design approach for the crack width control in large 

restrained concrete members. Contrarily to current design rules, which are derived from the force 

equilibrium while taking up the cracking forces, this approach aims at the consideration of the 

compatibility of deformations along the member before and after cracking. Altogether, this 

enables a more realistic assessment and effective control of cracking due restraint stressing, 

especially in case of large concrete members with significant thickness. 

 

Key words: Cracking, large concrete structures, crack width control, deformation compatibility. 

 

1. INTRODUCTION 

Restraint stressing arises from the deformation behaviour of concrete as soon as it is restrained. 

The size of restraint stressing depends on a time-dependent interplay of the imposed deformation 

(usually thermal dilation, shrinkage and viscoelasticity) and the stiffness properties of restrained 

member and restraining situation. From a structural level perspective the principle of restraint 

stressing is the compatibility of deformations. In detail, all restrained concrete deformations were 

realised with stress-dependent strains.  

 

Once critical stresses are reached, crack formation is to be expected. But also after cracking the 

compatibility of deformations is the decisive principle, whereby crack widths provide an 

additional contribution to absorb the imposed deformations. This behaviour can be applied in a 

deformation-based crack with control. Basic aspects of this approach are given in this extended 

abstract, further details can be found in [1] or [2]. 

 

2. BASIC IDEA AND GENERAL PROCEDURE OF DESIGN 

The basic idea of the deformation-based crack width control is the specific consideration of the 

compatibility of deformations within the design. As illustrated in Fig. 1 for a member in the 

cracked state, this aims at the compatibility of the imposed deformations with the response of the 

member. In detail, the imposed deformation is exemplified by an equivalent temperature ΔTeq and 

the response of the member consists of the released deformation in the crack (w), the real 

shortening of the member (ΔlII) according to the restraining condition (here considered in form of 

springs with the stiffness kF) as well as the elastic strains of the uncracked parts according to the 

restraint stressing in the equilibrium after cracking (σrest
II) with respect to the distribution of 

concrete stresses in the transfer length (le) according to the shape factor (kt) of [3]. 

 

The application of deformation-based crack width control is illustrated in Fig. 2. Firstly, the 

restraint stressing of a given design task will be determined for the uncracked state. If cracking is 

to be expected but not acceptable the system is to be optimized (design principle: exclusion of 

cracking). If cracking can be accepted as long as it is sufficiently controlled the compatibility of 

deformations will be formulated for the cracked system. In this stage only the cracking due to the 

restraining situation without the presence of reinforcement is considered (primary cracking)  
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whereby two situations can occur: (i) crack width criteria is fulfilled already without 

reinforcement and (ii) crack width criteria is not fulfilled. In the latter case, reinforcement is 

needed to produce additional cracks in order to distribute the theoretical crack opening of the 

primary crack among several secondary cracks produced by reinforcement. 

 

 
Figure 1 – Compatibility of deformations in a cracked RC member. 

 

 

 
Figure 2 – General procedure of deformation-based crack width control. 

 

A key point of this procedure is the crack risk assessment. Established recommendations usually 

concentrate on the crack index comparing maxima in the stress field of the cross section with 

strength criteria, see e.g. [4]. Besides, a detailed analysis of the stress field with respect to stress 

resultants and Eigenstresses, as exemplified in Fig. 3, provides the opportunity for a targeted crack 

assessment. The risk of any cracking at all is hereby assessed with Eq. (1) according to the crack 

index (including Eigenstresses). The risk of macrocracking, however, is assessed on basis of 

stresses due to stress resultants (excluding Eigenstresses) and a strength criteria with regard to 

stress redistribution within the cross section, see also [1], [2] and [5]. 

 

 
Figure 3 – Detailed analysis of the stress field of a cross section. 
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 risk of any cracking at all:     tzyftzy ,,8.0,,
ctk,0.05c

  (1) 

 risk of macrocracking:        tfttt MMN ctmzy
   (2) 

 

3. COMPATIBILITY OF DEFORMATIONS ON STRUCTURAL LEVEL  

On structural level the formulation of the compatibility of deformations depends significantly on 

the assumed length in longitudinal direction. An appropriate assumption for this length is the 

distance between primary cracks (lcr), whereby this distance is geometrically set according to the 

type of imposed deformations and the restraining condition. The primary cracks can be assumed 

to be independent from each other, so that the compatibility of deformations between the decisive 

primary cracks is representative for the whole member.  

 

In case of thicker ground slabs significant temperature gradients occur due to the insulating effect 

of the ground, whereas the activation of self weight restrains the associated curvature. As a result, 

bending cracks occur in a defined distance from each other. 

 

 
Figure 4 – Compatibility of deformations for design case of 'ground slabs'. 

 

In case of wall on foundations the imposed deformation is mainly uniformly distributed over the 

cross section, whereas the foundation eccentrically restrains the associated length change. As a 

result, separating cracks occur in a defined distance from each other. 

 

 
Figure 5 – Compatibility of deformations for design case of 'walls on foundations'. 

 

Conceptual models for the determination of the geometrically set pattern of primary cracks for 

the two typical cases ground slab and wall on foundation can be found in [1], the background of 

these models is given in [2]. 

 

4. CRACK WIDTH AND REQUIRED MINIMUM REINFORCEMENT 

The crack width of the primary crack without reinforcement can be determined directly from the 

restrained deformation and the distance between primary cracks. If this crack width exceeds the 
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crack width criteria an active crack width control with reinforcement is needed. In case of thicker 

members this can be provided with the creation of secondary cracks next to the primary cracks, 

as shown in Fig. 6. The required reinforcement can be determined with Eq. (3) and Eq. (4) 

according to the required number of secondary cracks as well as the decrease of restraint stressing 

after cracking. Further details are given in [6] and [7]. 

 

 

Figure 6 – Secondary cracking due to reinforcement in the vicinity of the primary crack. Left: 

bending cracks in ground slabs. Right: separating cracks in walls on foundations. 
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with:  εrest ∙ lcr ... restrained deformation to be absorbed by one crack system 

 wk ......... crack width criteria 

 kmod ....... factor for effect of crack formation, 0.6...0.85 depending on requirements and stressing 

 a ........... degree of restraint in the uncracked state 

ds .......... reinforcement diameter 

b ........... width in view direction (usually 1 m) 

d1 .......... edge-distance of the reinforcement 

fct,eff ....... decisive tensile strength of concrete 

Es .......... elastic modulus of  reinforcement 
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ABSTRACT 

A mathematical model for the analysis of the mechanical behaviour of a reinforced concrete tie 

subjected to a monotonic loading, that considers the effect of the so-called Goto cracks (secondary 

cracks), is described here. It is shown that the average bond stress along the transmission length 

depends not only on the concrete strength as assumed by the fib Model Code 2010, but also on 

reinforcement ratio and bar diameter. The secondary cracks influence also the tension-stiffening 

effect, reducing it. On the basis of the main results obtained with the general model, an 

improvement to Eurocode 2 and fib Model Code 2010 methods for calculating crack width in RC 

structures is proposed. Finally, the theoretical results of crack spacing and crack width are 

compared with experimental data obtained from extensive research on RC ties. 

 

Key words: cracking of an RC tie, average bond stress, crack spacing, crack width. 

 

1. INTRODUCTION 

In European standards (fib Model Code for Concrete Structures 2010 [1], Eurocode 2 [2]), 

cracking control can be performed through a direct calculation of the crack width. Two 

fundamental assumptions are considered, that means: bond stresses are evenly distributed along 

the length where stresses are transmitted from steel to concrete, with an average bond stress that 

only depends on the tensile strength of concrete [1]; in the stabilized cracking stage, where a fixed 

crack pattern is deemed to occur, the cracking analysis refers to the maximum crack width 

associated to the maximum crack spacing that is equal to twice the transmission length. 

 

In order to achieve a better understanding of cracking, a mathematical model for the analysis of 

the mechanical behaviour of a reinforced concrete tie subjected to a monotonic loading in the 

stabilized cracking stage, has been set up [3], [4]. This refined model, here referred to as the 

general model, considers the effect of the so-called Goto cracks [5] or secondary cracks. The basic 

idea is to introduce a decreasing linear distribution of the bond stresses around a primary crack. 

This basically allows compliance with the equilibrium and compatibility conditions, which 

otherwise would not be the case. 

 

2 GENERAL MODEL FOR ANALYSING CRACKING BEHAVIOUR 

The cracking behaviour of an RC tie subjected to a monotonic axial force has been studied recently 

by Debernardi and Taliano [3], [4] through a general model based on the following second-order 

differential equation of the slipping contact between steel and concrete: 
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The bond law proposed by fib Model Code 2010 is considered, assuming the exponent  = 0.25. 

 

Two stages are distinguished, that means crack formation stage and stabilized cracking stage. 

 

For the crack formation stage Balázs [6] has already developed a mathematical model which 

allows the problem concerning a single crack to be solved in a closed form, leading to the 

formulation of the distribution of slips ss and bond stresses bs from the zero slip section as well 

as the calculation of transmission length Ls and crack width w.  

 

When the crack stabilizes, it is assumed a crack spacing equal to the maximum value, i.e. twice 

the transmission length, in order to obtain the maximum crack width (Fig. 1a). When the axial 

load increases it is possible to observe, from a kinematic point of view, that the slips increase 

along the transmission length. In effects, variations of steel and concrete strains correspond to this 

increase of slips (Fig. 1b). Correspondingly, from a statics point of view, to an increase of slips 

an increase of the bond stresses should correspond. And, variations of the concrete and steel 

normal stresses occur, apart from in the zero slip section, where the concrete stress cE cannot 

change but has to remain equal to fct. However, for the equilibrium of forces acting on a concrete 

block included between the crack and the zero slip section, the resultant of bond stresses cannot 

increase, but has to remain equal to fct·Ac. Likewise the average bond stress bs,m, which is 

developed along the transmission length, cannot change. This inconsistency cannot be accepted. 

The basic idea for overcoming this inconsistency is to consider a linear branch of bond stresses 

around the crack (Fig. 1c), followed by a non-linear distribution of bond stresses whose values 

depend on the slips according to the bond law. The extension lsc, where the linear distribution of 

bond stresses occurs, increases while the axial load increases. It can be determined through an 

iterative procedure in such a way to satisfy the equilibrium condition. 

 

Finally, considering that the resultant of bond stresses remains unchanged and equal to the 

cracking force during both the crack formation stage and the stabilized cracking stage, a formula 

in closed form can be obtained from the Balázs' solution [19] for calculating the average bond 

stress bs,m (Fig. 1c): 
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It results that correlating the average bond stress to the concrete tensile strength only, as done by fib 

Model Code 2010, is misleading. Moreover, it is possible to obtain an improved formula of the 

transmission length, that does not present the corrective term associated with the concrete cover: 
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The formulation of the transmission length according to fib Model Code 2010 with a corrective 

term depending on the concrete cover leads to the equilibrium of forces no longer being fulfilled. 
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2.1 Parametric analysis 

A parametric analysis is performed on the basis of the proposed general model, focusing attention 

on the stabilized cracking stage in order to compare the theoretical results with those obtained 

with the international standards (fib Model Code 2010, Eurocode 2). An RC tie reinforced with 

four high-bond bars under good bond conditions, embedded in confined concrete with cover of 

30 mm and subjected to an axial force equal to half the design yield value, is considered, i.e. 

Fs = 0.5fydAs (fyd = fyk/S with S = 1.15). The parameters that vary in the analysis are the bar 

diameter s (ranging from 8 to 20 mm) and the reinforcement ratio s (1.5% and 2.0–5.0%, step 

1%). The mean tensile strength of concrete is fct = 2.90 N/mm2, the mean secant modulus of 

elasticity is Ecm = 31 000 N/mm2. For the steel reinforcement a characteristic yield strength fyk = 

500 N/mm2 and a modulus of elasticity Es = 200 000 N/mm2 are assumed. 

 

According to the parametric analysis, when compared to fib Model Code 2010 and Eurocode 2, the 

general model always gives higher values for the relative mean strain. This difference can be 

ascribed to the influence of the secondary cracks on the tension stiffening effect. Moreover, the 

theoretical values of the maximum crack width obtained with the general model are closer to those 

obtained with Eurocode 2 than those obtained with fib Model Code 2010. 

 

            
 

 

Figure 1 – Stabilized cracking stage: a) r.c. tie subjected to an increasing force Fs (Fcr <F1 <F2 

where Fcr is the tensile force at the beginning of the stabilized cracking stage); b) distribution of 

longitudinal strains of concrete and steel; c) distribution of bond stresses according to the 

proposed model and length of the reduced bond, lsc, when Fs = F2. 

 

3 IMPROVED CALCULATION METHOD 

The formulae proposed by European standards for calculating crack widths are improved here as 

follows. The maximum crack spacing sr,max can be obtained as twice the transmission length given 

in Eq. (3). Therefore, the maximum crack width is calculated as follows, in which kt = 0.45 is 

assumed for short-term loading: 
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4 COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL DATA 

The 135 short-term tests carried out by Farra [7] on RC ties with an initial length of 1000 mm 

and squared transversal section of side 100 mm, reinforced with a single central bar 10, 14 or 

20 mm in diameter, made with concrete strengths over wide range from 29.9 to 87.1 MPa, are 

considered. The theoretical values are almost higher than the experimental results (Fig. 2). 

 

 
Figure 2 – Comparison between experimental results obtained from Farra’s tests in the 

stabilized cracking stage and corresponding theoretical values based on the general model 

(black boxes) and the improved method (white boxes): a) crack spacing; b) crack width. 

 

5. CONCLUSIONS 

The general model considers the effect of the secondary cracks in the analysis of the cracking 

behaviour in the stabilized cracking stage. One of the main results is that during both the crack 

formation stage and the stabilized cracking stage the average bond stress along the transmission 

length bs,m remains unchanged and depends not only on the concrete strength, as assumed in fib 

Model Code 2010, but also on the reinforcement ratio s and bar diameter s. This result is at the 

base of the improved calculation method for calculating crack width in RC structures. 

From a comparison with experimental data, the theoretical results obtained with the general model 

and the improved calculation method are almost on the safe side, without the need to introduce, 

for the crack spacing, a term depending on the concrete cover, as is the case in international 

standards (fib Model Code 2010, Eurocode 2). 
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ABSTRACT 

Through the development of a post-processor and design software for concrete shell structures, 

first-hand experience with the complete and complex detail design process for large concrete 

structures has been obtained. The challenges related to interpretation of crack width calculation 

methods will be discussed in detail, and recommendations for further development will be 

suggested. 

 

Key words: Crack width calculation methods, large concrete structures, interpretation of design 

codes, computer assisted design checks. 

 

1. INTRODUCTION 

Through the development of a post-processor and design software for concrete shell structures 

called MultiCon, first-hand experience with the complete and complex detail design process for 

large concrete structures has been obtained [1]. This experience ranges from the ability to utilize 

results from large finite element analyzes, to keep track of and process these data in accordance 

with current regulations and finally document the capacity and need for sufficient reinforcement. 

This design tool has been the leading program system within the Norwegian offshore concrete 

business for more than 25 years, from the construction of the Troll A concrete platform for the 

North Sea in the early 1990s and up to today, with the Hebron concrete platform just completed 

and installed outside Newfoundland, Canada. 

 

2. EVALUATION OF CRACK WIDTH CALCULATION METHODS 

Offshore concrete structures consist mostly of plates and shell structural parts. Most design codes 

for concrete structures, however, have their origin in beams and columns and one-way plates. 

Therefore, the interpretation of theoretical formulas in the design codes into practical use for 

complex plates- and shell structures, has been a challenge. In particular, the ultimate challenge 

has been the calculation of crack widths and the corresponding code checks related to such strains 

and cracks. 

 

This presentation, therefore deals with the evaluation of crack width formulas and methods used 

in the design of offshore concrete structures, all based on experience through direct work within 

the projects in general, but mostly through the work with the interpretation and use of the design 

codes within MultiCon. The following topics will be discussed: 

 

 The complexity of the formulas due to the influence of a large number of parameters. 
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 The challenge when adapting the one directional beam formulas to the two directional plates 

and shells with orthogonal reinforcement. 

 Example of interpretations and misinterpretations in the program code. 

 Specific challenges with many layers of reinforcement. 

 

Most commercially available design computer programs perform design code checks for crack 

widths. However, compared to other types of design code checks, the results seem to vary to a 

greater extent. The reason for this seems to be a complicated regulatory framework, which is not 

well defined for a uniform interpretation in the various computer programs. Based on this, it is 

recommended that any design code should have gone through a data customization verification 

before deciding the final formula. It is almost impossible to think of all possible contingencies 

before one has been through an accurate programming phase. 

 

3. CONCLUDING REMARKS 

The following concluding remarks are emphasized: 

 

 The knowledge of how cracks really form and develop, and the uncertainty related to which 

effect the crack widths really have on sustainability, is not well reflected in the crack width 

formulas available in present design codes. 

 Simplified calculation methods MUST always give conservative results, compared to 

formulas that are more complex and meant for overall usage. 

 More research, testing and verification is required with the aim to define a more realistic 

and relevant design check for crack width control. 
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ABSTRACT 

Crack widths for verification of serviceability limit states can be calculated by simplified formulas 

provided by codes of practice. Such models are used in design practice. They can be also used for 

large structural elements such beams and shells in finite element-based structural analysis, 

referred also as a “macro level” of modelling.   Alternatively, a rational crack model can be based 

on fracture mechanics implemented in a nonlinear finite element method. Authors performed a 

pilot study with the aim to develop a methodology for assessment of model uncertainty involved 

in the crack width analysis. Experimental data of four beams were used as a reference of real 

physical evidence for model validation. Two crack models were investigated, namely a model 

proposed by the fib Model Code 2010 and a numerical model based on the smeared crack with 

fracture mechanics approach. The results indicate that both models tend to underestimate the real 

maximal crack width. The mean crack widths are well simulated by the numerical model.  

 

Key words: model uncertainty; crack width; numerical simulation; reinforced concrete; fracture 

mechanics. 
 

1. INTRODUCTION 

Adequate description of the uncertainties in resistance models was recognised as one of the key 

issues in reliability investigations of new and existing reinforced concrete  structures. This is 

namely due to the simplifications in resistance models describing a complex nature of reinforced 

concrete behaviour. So far the attention has been focussed mainly to the uncertainty of ultimate 

limit states, see Cervenka (2013). The uncertainties involved in models for serviceability states, 

namely in the crack width predictions, are not yet sufficiently investigated. An overview of 

engineering models of cracking in serviceability states is offered by Balázs et al. (2013). It 

included 23 analytical models for the calculation of crack spacing and 33 different formulae for 

the crack width estimate. 

 

The present pilot study provides an insight into quantification of model uncertainty in crack width 

predictions. The experimental data provided by Pérez A. et al. (2013) are used as a reference for 

the model uncertainty assessment. Two types of models are investigated, namely, the engineering 

model according to MC2010 fib model code and the numerical simulations based on the nonlinear 

finite element analysis. 

 

2. MODEL UNCERTAINTY CONCEPT 

According to the Probabilistic Model Code of the Joint Committee on Structural Safety - JCSS 

(2001), the model uncertainty covers the simplifications in mathematical formulation of a real 
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behaviour as observed in tests. It covers the lack of knowledge of the theoretical modelling of 

structural behaviour and is referred as the epistemic uncertainty. The model uncertainty of crack 

width is defined as the ratio 

 

exp mod/w w                                                                                                               (1) 

 

where wexp is the experimental crack width value and wmod  the crack width calculated by a model. 

Considering   as a random variable, it can be evaluated for a test series and described by 

statistical parameters and probability density function. 
 

3 EXPERIMENTS 

Four specimens from the test series of Pérez et al. (2013) are considered in this study. Beams have 

identical cross section dimension (35x450mm) but variable reinforcement and cover, see Figure 

2 and 2. No stirrups are used. Loading was by four-point bending with a central constant moment 

region of 3.42m and the end overhanging cantilevers. 

 

 
Figure 1. Test setup. 

 

 
Figure 2. Beam cross-sections. 

 

The reinforcement arrangement is marked by the code under each cross section indicating bar 

diameter, concrete cover and stirrup spacing (no stirrups in this case), respectively. The series 

include two bar diameters, 12mm and 25mm, and two cover sizes, 20 and 70mm. Concrete 

strength was fc = 26.9 MPa, reinforcement fyk = 500 MPa, reinforcing ratios 0.3 and 1.5%. The test 

was designed for the investigation of a crack development in a sufficiently long undisturbed 

constant moment region.  

 

3. CRACK WIDTH ACCORDING TO MC2010 

3.1 Model for maximum crack width from MC2010 

The fib model code MC2010 is based on an equilibrium condition for the transfer of the steel 

stress in crack to the concrete by means of bond stress. The maximum crack width is obtained 

from the following formula: 

 

 wmodel = 2 [k c + 0.25(fct / τb)(ϕl / ρs,ef) ] [(σs - β σsr) / Es]                                   (2) 

 

where k = 1 - Coefficient of concrete cover effect. 

c - Concrete cover size. 
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fct / τb ≈ 1/1.8 - Ratio on tensile and bond strengths. 

σs - Steel stress in crack for the applied load. 

β = 0.6 - Tension stiffening factor for short term loading. 

Es = 200 GPa - Elastic modulus of reinforcement. 

σsr = (fct Ac,ef / Asl) (1 + αe Asl / Ac,ef) - Steel stress at crack formation stage.  

 Ac,ef = b × min[2.5(h – d), (h – x)/3, h/2] - Effective area of concrete in tension, x is the 

distance from neutral axis to compression edge. 
 

3.2 Model uncertainties of crack widths by MC2010 

For each specimen the crack width is obtained from Equation (2) and is considered as a maximal 

crack width. Model uncertainty is obtained from Equation (1). For the sake of this investigation 

the MC2010-cracks were also compared with the experimental mean cracks.  

 

The statistical parameters of model uncertainties, denoted as µ for mean and V for coefficient of 

variation, are shown for both crack models in Table 3. The table columns show the loading level 

corresponding approximately to the target crack width 0.2, 0.4 and 1 mm.  

 

It can be observed that the maximal crack widths predicted by MC2010 are significantly 

underestimated. The MC2010 maximal cracks are also smaller than experimental mean cracks. 

There is a strong effect of the reinforcement diameter and somehow smaller effect of the cover. 

However, the pilot verification is based on a limited database and further investigations are needed 

to justify these preliminary findings.  

 

4. CRACK WIDTHS BY NUMERICAL SIMULATIONS 

4.1 Model for numerical simulations  

The numerical simulation is performed by a non-linear finite element analysis with constitutive 

models for concrete, reinforcement and their interaction. The concrete constitutive model is based 

on a decomposition of totals strain into elastic, plastic and fracture parts in order to describe 

different failure modes. Real discrete cracks are not modelled. Instead the cracks are represented 

by a strain localization within continuum. Principles of the model can be characterized by the 

following features: 

 Smeared cracks within finite elements; 

 Crack band control of strain localization including effects of crack orientation and element 

shape function; 

 Fixed crack model; 

 Two modes of failure are considered on the crack face, Mode I due to normal stress action 

(crack opening controlled by fracture)  and Mode II due to shear stress (shear deformation 

controlled by a shear factor and shear strength depending on aggregate interlock); 

 Reduction of compressive strength due to damage by cracks. 

 

The constitutive model is described in more detail in paper by Cervenka et al. (2008). The 

calculations are performed by the commercial program ATENA. Bond slip between bars and 

concrete was modelled by a bond stress-slip relation according to MC2010. The following 

parameters for concrete were used in simulations: compressive strength fc = 27 MPa, tensile 

strength fct = 2.14 MPa and fracture energy Gf = 50 N/m. The shear factor 20 was used for the 

Mode II behaviour, which reflects a shear retention stiffness in the cracked state. 
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4.2 Model uncertainties of crack widths from numerical simulations  

A comparison of crack patterns at ultimate loads between experiment and simulations is shown in 

Figure 3 for the beam specimen 12-70-00 (bar 12mm, cover 70mm) and illustrates a good match 

of simulations with reality. The prediction of mean cracks by numerical simulation, see Table 1, 

is almost exact in average, indicating a good model validation.  

 

 
Figure 3. Comparison of crack patterns from experiment and simulation for beam 12-20-00 at 

P=70kN. 

 

 

Table 1. Uncertainties of crack widths models. 

 
 

Loading for crack width targets 

[mm] 

Model uncertainty 

parameters 

  0.2 0.4 1.0 µθ Vθ 

MC2010 
θ w mean 1.542 1.295 1.179 1.34 0.40 

θ w max 2.427 2.015 2.004 2.15 0.37 

NLFEM 
θ w mean 1.218 1.071 0.978 1.09 0.35 

θ w max 1.831 1.496 1.264 1.53 0.36 

 

The results indicate a greater scatter of experimental crack widths, which can be attributed to a 

random material distribution within specimen, but not considered in simulation. It is a motivation 

for the future research and development of the numerical model. 

 

5. APPLICATIONS 

The above cracks models have been extensively applied by users of the commercially available 

code ATENA.  

 

The macro-level model based on a simplified equilibrium assumptions according to  MC2010, is 

used in the most industrial applications, where elements of large size are a practical solution. In 

such cases high order layered shell elements and beams with fibre integration scheme are typically 

used.  An example of such an application is the nuclear containment structure tested in BARC 

project in India shown in  Figure 4. 

 

Figure 5 shows an assessment of crack width for existing tunnel in Rotterdam. This analysis is 

based on fracture mechanics and smeared crack approach. The aim was to evaluate the reliability 

of the tunnel damaged by corrosion after 70 years in service.   
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Figure 4.  Simulation of nuclear containment test, BARC, India. 

 

 
Figure 5.  Crack width analysis of Maastunnel in Rotterdam. 

 

6. CONCLUSIONS 

The uncertainty of crack width models was investigated in this pilot study based on the 

experiments of four beams. The engineering model from the fib Model Code 2010 seems to 

underestimate both mean crack widths (µθ = 1.34, Vθ = 0.42) and maximal crack widths (µθ = 2.15, 

Vθ = 0.38), meaning that the maximal crack is underestimated by about 55%. Moreover the scatter 

is very large.  

 

The numerical model reflects well the mean experimental crack widths (µθ = 1.09, Vθ = 0.35). The 

maximal crack widths (µθ = 1.53, Vθ = 0.36) are underestimated by about 35%. This is attributable 

to the fact that the maximal crack width from numerical simulations was not based on a 

probabilistic model and the effect of spatial variability of material properties could not be fully 

captured. This issue shall be addressed in future investigations. For generally valid conclusions 

more extensive investigation based on a larger experimental database base should be made. 
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ABSTRACT 

The modelling uncertainty of non-linear finite element analyses of reinforced concrete structures 

is discussed along with different measures of the modelling uncertainty often encountered in the 

literature. It is emphasized that a pure modelling uncertainty without additional contributions from 

measuring uncertainties and physical uncertainties is not trivial to obtain. 

 

Key words: Large concrete structures, non-linear finite element analyses, modelling uncertainty. 

 

1. INTRODUCTION 

Non-linear finite element analyses (NLFEA) have received increased attention in the engineering 

community during the last decade, particularly after the introduction of the semi-probabilistic 

safety formats for NLFEA in fib Model Code 2010 [1]. In order to perform a NLFEA, the analyst 

must select a suitable solution strategy, which consists of all the choices related to equilibrium, 

kinematic compatibility and material models [2]. Since the mechanical models that are used in the 

NLFEA are only simplifications of the reality, the outcome of the analysis will only be an 

approximation to the real observable outcome. This deviation is normally called the modelling 

uncertainty. Usually, the modelling uncertainty is discussed for models simulating the ultimate 

limit state of a structure, however, the concept applies equally well to serviceability state 

predictions. In this contribution, the modelling uncertainty is defined and common measures often 

encountered in the literature are presented and discussed [3]. 

 

2. THE MODELLING UNCERTAINTY 

Our mechanical models consist of mathematical expressions describing complex physical 

phenomena [4,5]. The mathematical expressions can be of variable degree of complexity and can 

depend on a limited number of basic variables, and the model can be selected from a range of 

different models describing the same physical phenomenon. The degree of complexity and the 

number of variables is usually limited either by lack of knowledge or for practical reasons.  

 

The modelling uncertainty thus arises due to the limited number of variables that are included in 

the model, the complexity of the mathematical model and the likelihood of the selected model 

being correct. In addition, if the model is empirically based, the parameters of the model are also 

uncertain since they are estimated from experiments. The accuracy of the estimated values of the 

parameters depends on the number of observations that the estimate is based on, and can generally 
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be improved if the number of observations is increased [5]. It is emphasized that the fact that the 

models are uncertain does not mean that the outcomes of our models are random. In fact, if a 

NLFEA prediction of the load-carrying capacity of a structure is repeated, the outcome will 

always be the same, however, the outcome is uncertain, since the model is only a simplification 

of the reality. 

 

A model can have a set of variables that need to be treated as basic variables. If some of the 

variables are not directly available or directly observable in standard material tests, and there exist 

models expressing any of the variables as function of other variables, these models can be used 

as sub-models. This is common in NLFEA of concrete structures, where material models for 

concrete usually take many basic variables. It is important to note that as soon as a sub-model is 

used for estimating the value of one of the variables, the sub-model becomes a part of the model, 

and the modelling uncertainty of the sub-model contributes to the modelling uncertainty of the 

whole model. The variable that is estimated changes from a variable that is explicitly modelled as 

a basic variable to a variable that is implicitly taken care of by the model. In other words, what is 

not explicitly considered in the model, implicitly contributes to the modelling uncertainty [4,6]. 

 

In the context of NLFEA, the modelling uncertainty, 𝜃, is usually defined as 

 

𝜃 =
𝑅exp

𝑅NLFEA
 , (1) 

 

where 𝑅exp is the measured outcome from an experiment, and 𝑅NLFEA is the predicted outcome 

of the experiment using NLFEA [1,7]. Due to the relation in Eq. (1), the estimated modelling 

uncertainty depends on the uncertainty in the outcome and measurement of 𝑅exp [6,8]. 

 

3. MEASURES OF THE MODELLING UNCERTAINTY 

The models used in engineering analyses are only approximations of the reality. The question that 

must be asked is whether the model is suitable for the particular application where it is to be used. 

This can be assessed by quantifying the modelling uncertainty. The modelling uncertainty of a 

solution strategy for NLFEA, 𝜃 as defined in Eq. (1), is usually assumed represented by a log-

normally distributed variable. The probability distribution for the modelling uncertainty can be 

given in terms of the mean, 𝜇𝜃, and the coefficient of variation, 𝑉𝜃, that are generally unknown 

parameters and should be estimated by performing benchmark analyses, i.e. comparing NLFEA 

predictions to known experimental outcomes.  

 

The mean can be denoted the bias and indicates the average fit to experimental results. Note that 

if a model with free parameters is calibrated to experimental outcomes, the bias will be 𝜇𝜃 = 1.0 

for the set of experiments it was calibrated to. However, using a model without free parameters 

that are calibrated, 𝜇𝜃 ≠ 1.0. The coefficient of variation is a measure of the spread of the NLFEA 

predictions. For example, if no NLFEA prediction is found to be equal to the experimental 

outcome, the predictions can still on average be close to the experimental outcomes, however 

having a coefficient of variation that depends on the respective deviations from the average. 

 

In the literature, one can encounter one of the following three limiting cases when NLFEA 

predictions are compared to experimental outcomes: i) one experimental outcome is compared to 

NLFEA predictions using different solution strategies, ii) the outcomes of a number of nominally 

equal experiments are compared to one NLFEA prediction of the experiment using one solution 
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strategy and iii) one experimental outcome from each of a range of different experiments are 

compared to corresponding NLFEA predictions using one solution strategy. 

 

If the modelling uncertainty is estimated in each of the cases, the estimate will describe three 

different effects. In the first case, the estimator for the modelling uncertainty, 𝜃1, becomes 

 

𝜃1,𝑖 =
𝑅exp

𝑅NLFEA,𝑖
 , (2) 

 

where 𝑅NLFEA,𝑖 is NLFEA prediction 𝑖. By taking the expected value of Eq. (2) it can be shown 

that the bias will be the ratio between the experimental outcome and the average NLFEA 

prediction. By finding the coefficient of variation of Eq. (2), it can be shown that this only depends 

on the variation of the NLFEA predictions. 𝜃1 is thus a measure of the inherent randomness in the 

population of models, or between-model uncertainty, and describes the obtained uncertainty in the 

prediction if a model was selected randomly to predict the experimental outcome. Interesting to 

note is that if 𝑅exp was an average of the outcomes from a number of nominally equal experiments 

instead of only the outcome from one of the experiments, this would only influence the bias and 

not the coefficient of variation of 𝜃1. Case 1 is the typical outcome from blind prediction 

competitions. 

 

In the second case, the estimator for the modelling uncertainty, 𝜃2, becomes 

 

𝜃2,𝑖 =
𝑅exp,𝑖

𝑅NLFEA
 , (3) 

 

where 𝑅exp,𝑖 is the outcome of experiment 𝑖. Since 𝑅NLFEA is a constant, 𝜃2 only describes the 

average and the variation of the experimental outcomes, scaled by the constant NLFEA prediction. 

Eq. (3) thus describes the physical variation of the experiment. 

 

In the third case, the estimator becomes 

 

𝜃3,𝑖 = (
𝑅exp

𝑅NLFEA
)

𝑖

 , (4) 

 

and 𝜃3 describes the uncertainty in the prediction obtained with the selected solution strategy. 

Opposed to 𝜃1 which describes between-model uncertainty, 𝜃3 describes within-model 

uncertainty. It is emphasized that if Eq. (4) is to give reasonable results, the engineer must have 

available the experimental outcome 𝑅exp and the corresponding values of the basic variables that 

are needed for input to the NLFEA prediction [4,5]. In addition, if values of some of the basic 

variables need to be estimated using available sub-models, the sub-models must be applied 

consistently from case to case. Otherwise, 𝜃3 will not describe the modelling uncertainty of the 

specific solution strategy. Interesting to note here is that if 𝑅exp in Eq. (4) was replaced by the 

average of the outcomes from a number of nominally equal experiments instead of only one 

outcome, both the estimated bias and the coefficient of variation of the modelling uncertainty 

would be influenced. This indicates that the estimated modelling uncertainty also gets 

contributions from the uncertainty of the measurement of the experimental outcome, and from the 

physical uncertainties related to the experimental outcome. A pure modelling uncertainty without 
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additional contributions from measuring uncertainties and physical uncertainties is thus not trivial 

to obtain [6]. 

 

Often, the modelling uncertainty for a defined range of values of the basic variables, or for specific 

failure modes, is sought. In that case, only a sample of experimental outcomes could be selected, 

reflecting the defined range. If however, the relevant subset of values for the basic variables and 

the failure mode is unknown, the sample of benchmark experiments should cover a larger range. 

This would be relevant in a design situation, where the failure mode is not known on beforehand, 

it can be different for different values of the basic variables and the failure mode might be due to 

interaction between different sectional forces. Several studies where the modelling uncertainty 

has been quantified using Eq. (4), can be found in the literature [2,6,8]. 

 

3. DISCUSSIONS AND CONCLUSIONS 

With the present methods for quantifying the modelling uncertainty, the estimate will always have 

contributions from physical uncertainties. The phenomena that are not explicitly considered in the 

benchmark analyses from which the modelling uncertainty is estimated, are implicitly included in 

the modelling uncertainty. This can be unfortunate, since the modelling uncertainty will carry 

most of the uncertainties, and the engineer is left with few possibilities for reducing the epistemic 

uncertainties of the problem. However, it can also be useful, since all the uncertainties that could 

not be isolated in the benchmark analyses, are included in the modelling uncertainty, and should 

thus not be included in later analyses. Future design codes could include brief guidance for how 

NLFEA should be used in the design process. The codes should be open to let the designers 

develop their own solution strategies, but should also provide values for the modelling uncertainty 

that could be used by the designer. A suggestion is to study within- and between-model 

uncertainty, represented by 𝜃3 and 𝜃1 in order to estimate a suitable upper bound value. The 

modelling uncertainty could be given either as a bias and a coefficient of variation, or as a global 

resistance factor. 
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ABSTRACT 

This extended abstract gives a brief overview of the state-of-the-art on the impact of concrete 

cracking on the corrosion of embedded reinforcement. There is consensus that cracks promote the 

ingress of among others carbon dioxide and chloride, and thus facilitate initiation of corrosion of 

possible exposed reinforcement. However, contradicting conclusions regarding propagation of 

corrosion are reached based on short- and long-term observations. Whereas short-term studies 

suggest that corrosion is enhanced by cracks, the few reported long-term studies indicate limited 

impact of small cracks. Consequently, there is need for detailed long-term data and improved 

understanding of the mechanisms of corrosion propagation of steel reinforcement embedded in 

cracked concrete. 

 

Key words: Cracking, durability, corrosion, consequences of cracking. 

 

1 INTRODUCTION 
This extended abstract briefly summarises the state-of-the-art regarding the impact of cracking on 

the corrosion initiation and propagation of reinforcement embedded in concrete. The text is to a 

large extent based on recent State-of-the-Art reports, especially [1-3].  

 

Reinforcing steel is protected by the surrounding concrete. The high alkalinity of sound concrete 

causes a passive layer to form on the steel, and the concrete cover protects the steel from 

aggressive substances. Cracking of concrete may occur due to several reasons. Causes and 

characteristics of cracking as well as the impact of cracking on transport of matter are outside the 

scope of this extended abstract; the interested reader is referred to e.g. [2, 4-8]. Most of the cracks 

considered and described in the literature are cracks perpendicular to the reinforcement. After a 

primary crack has formed, a further increase in stress in the reinforcement bar will lead to the 

formation of internal cracks due to loss of adhesion (debonding) (Figure 1). Debonding is 

observed as slip (parallel relative displacement of concrete from steel) and separation (series of 

local perpendicular displacements in the vicinity of the ribs, see Figure 1a). Further stress increase 

can cause the internal cracks to penetrate to the surface and become secondary cracks [6]. 
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a) Schematic illustration of damage and 

cracking (primary and internal cracks) at the 

steel-concrete interface [6]. 

b) Photogrammetric assessment of cracking 

in reinforcement concrete beams subjected to 

bending. Tensile stresses at bottom.  

After [2]. 

 

Figure 1 – Crack morphology of cracks perpendicular to the reinforcement.   

 

There is consensus that cracks promote the ingress of among others carbon dioxide and chloride, 

and thus facilitate initiation of corrosion of possible exposed reinforcement. Depending on the 

moisture content, cracking also facilitate transport of water and/or oxygen into the concrete. 

However, the extent to which cracking influences corrosion propagation is unclear.  

 

The potential impact of cracks on durability is commonly controlled through crack width 

requirements (cf. Eurocode 2, MC2010 etc.). One of the central documents for the present crack 

width regulations is a report by Beeby [9] containing the following statement concerning the 

influence of cracks on corrosion: “…It should also be noted that, from the point of view of 

corrosion control, the permissible crack width of 0.3 mm specified in CP110 (or indeed any other 

width) cannot be justified in any logical way from test evidence: it is simply a guess.” 

 

In the following, the initiation and propagation of corrosion in cracked concrete are threated 

separately. 

  

2 IMPACT OF CRACKING ON CORROSION INITIATION 
As mentioned in the introduction, there is consensus that cracks promote the ingress of among 

others carbon dioxide and chloride, and thus facilitate initiation of corrosion of possible exposed 

reinforcement. However, there is no consensus regarding possible critical crack width with regard 

to corrosion initiation as illustrated in Figure 2.    

 

The possible impact of internal cracking (cf. Figure 1) on corrosion initiation was studied by 

Michel et al. [10] using an instrumented rebar with isolated carbon steel sensors placed in 17 holes 

with 10 mm spacing. Cracked beams with instrumented rebars were exposed to a sodium chloride 

solution in the cracked area and the location dependent electrochemical potentials and corrosion 

rates were monitored up to 25 days after exposure ((a) and (b) Figure 3. The bottom (c) figure 

(Figure 3) illustrates the extent of debonding (slip and separation). Potential drop and corrosion 

initiation were observed along the rebar in the debonded area shortly after exposure. [10] 

 

Slip and separation 

Internal cracks 
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Figure 2 - Literature review on corrosion initiation, figure from [3]. References can be found in 

the reference list to this extended abstract [11-14]. 

 

 
a) 

 
b) 

 
c) 

Figure 3 – Short-term impact of cracking on corrosion initiation monitored using an 

instrumented rebar. a): Slip and separation, b) and c): location dependent electrochemical 

potentials and corrosion rates. “0” corresponds to location of primary crack at reinforcement. 

After [10]. 
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3  CORROSION MECHANISMS IN CRACKED CONCRETE 
Two potential corrosion mechanism are described for reinforcement intersecting a crack:, cf. 

Figure 4 [15]:  

 

 Micro-cell corrosion, where both anodic and cathodic reactions occur in the cracked area 

(Figure 4 a)). This corrosion mechanism is comparable to that of atmospherically exposed 

steel.  

 Macro-cell between the more noble (i.e., passive) reinforcement in the undamaged concrete 

and the exposed (and active) reinforcement in the crack (Figure 4 b)).  

 

The macro-cell mechanism (Figure 4 b)) is proposed to dominate corrosion propagation for 

cracked concrete and high corrosion rates are to be expected due to the high cathode/anode ratio 

[15]. 

 

 
a) Micro-cell corrosion b) Macro-cell corrosion 

 

Figure 4 – Corrosion mechanism in cracked concrete. After [15]. 

 

4 IMPACT OF CRACKING ON CORROSION PROPAGATION 
Whereas it is commonly agreed that cracks facilitate corrosion initiation (cf. earlier section), no 

consensus on the influence of cracking on corrosion propagation has been reached. 

 

Schiessl and Raupach [16] observed time-dependent differences for the impact of crack width on 

the corrosion rate. Using cyclic chloride exposure, the mass loss of reinforcement due to corrosion 

was determined 24 and 88 weeks after corrosion initiation. Increasing corrosion rate was found 

with increasing crack width (0.1 – 0.5 mm crack width tested) after 24 weeks, whereas no 

pronounced difference was observed after 88 weeks. The results indicate that the influence of 

crack width on corrosion rate is decreasing with time [16]. The apparent decreasing long-term 

influence of crack width on corrosion propagation was confirmed in other experimental and in-

situ investigations for comparable crack widths (0.5 mm and less), [17-21]. 

 

Different types of self-healing are the general hypotheses for reduced corrosion propagation or 

even re-passivation: precipitation in cracks [19, 22], (in seawater exposure typically magnesium 

hydroxide and calcium carbonate), deposition of corrosion products in cracks [17, 23] and 

blocking of the cracks by other means e.g. debris and dust [17, 23].  

 

The assumed positive effect of self-healing of the cracks has not been reported for cracks reopened 

due to cyclic loading (dynamic cracks). Cyclic loading can lead to further damage development, 
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reduced crack tortuosity, and removal of deposits in the crack [24]. In line with this, are 

observations by Otieno, Alexander [12] who reported higher corrosion rates under cyclic loading 

compared to dormant cracks. Re-passivation is neither expected for cracks with larger crack 

widths, low cover thickness or high porosity, water flowing through cracks and combined 

presence of chlorides and carbonation [25].  

 

Dependent on the crack morphology, concrete cover thickness (and quality) appears more decisive 

for corrosion propagation than the surface crack width [16, 17, 26-28]. A possible explanation is 

the lack of correlation between crack width at the surface and near the rebar. In addition, the effect 

of debonding between the steel-concrete interface was suggested to have an influence on the 

corrosion extent, supposedly be more important than surface crack width [2, 10, 29]. 

 

In addition to crack morphology and cover quality the orientation of the crack compared to the 

reinforcement must be considered. Cracks longitudinal to the reinforcement showed a higher mass 

loss compared to cracks transverse to the reinforcement (crack width < 0.4 mm) [15]. However, 

for transverse cracks the cathode-to-anode-area-ratio is higher than for longitudinal cracks, which 

may lead to a higher local cross section reduction [5, 30-32].  

 

Considering the cathode-to-anode-area-ratio, it may be expected that increased crack frequency 

(smaller crack distances) causes reduced local corrosion rate due to the limited available cathode 

area [16, 33]. However, using smaller bar diameters and a denser reinforcement network to 

distribute cracks and reduce the crack width, can results in overall increased corrosion damage. 

The effect is explained by the relative cross section loss being higher for small bar diameters 

compared to large diameters [16, 19, 26, 34]. 

 

5 SUMMARY 
In the literature, there is consensus on the promoting influence of concrete cracking on the 

initiation of reinforcement corrosion.  

 

Corrosion propagation in cracked concrete is not yet fully understood. Contradicting conclusions 

are reached based on short- and long-term observations. Short-term investigations (up to a few 

years) indicate that corrosion rates are enhanced by cracks and mainly depend on cover depth and 

concrete quality rather than on crack width. The few undertaken long-term studies indicate that 

small cracks have limited influence on corrosion propagation. However, we do at present not have 

sufficient background for such a general statement. Thus, there is a need for detailed long-term 

data and understanding of mechanism of corrosion propagation of steel reinforcement embedded 

in cracked concrete. 
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ABSTRACT 

The paper is related to the ongoing revision work of EN 1992 (Eurocode 2), and deals with the 

proposed new Annex for handling of cracking due to imposed deformations. The paper refers 

ongoing work, and the presented approach is therefore not final. Assessment of temperature 

history, calculation of stresses and crackwidths is considered, and the most important material 

properties are described.  

 

Key words: Cracking, Restrained deformations, Calculations, Standard  

 

1. INTRODUCTION  

This paper is due to the ongoing revision of EN 1992-1-1 (Eurocode 2), and its new Annex D, 

which has working title: “Control of cracking due to restrained deformations imposed at early 

ages or later.” Formally, the work on the Annex is under the umbrella of CENTC250/SC2/WG1, 

(which is the main committee for Eurocode 2), but it is handled by it’s technical committee on 

timedependent effects (TG2), and the undersigned in particular. Presently, Annex D is under 

elaboration by the project team (PT), who actually writes the 1st version of the standard text. 

Therefore, the current extended abstract, and the miniseminar-presentation must be considered as 

a step on the road.  
 

It is now estimated that the 1st full draft of the modified Eurocode 2 will be finished within two 

years from now, but still the final publishing date might come as late as in 2025. It is also important 

to be aware of that the new Eurocode 2 in addition shall replace EN 1992-2 Reinforced and 

prestressed concrete bridges, and EN 1992-3 Liquid retaining and containing structures.  
 

2.  SCOPE  

The major focus is on through-cracks, which may span over the whole thickness of the concrete 

member, and occur in the cooling phase of the hardening process, typically between 2 and 30 days 

after casting, but also develop at later ages. Possible measures to reduce the amount of through-

cracking are to use concretes with low heat production during hydration, concretes with low 

coefficient of thermal expansion, cooling pipes in the hardening concrete, heating cables in the 

restraining structural elements, reduced fresh concrete temperature, or to reduce the degree of 

restraint for structural members prone to cracking.  

 

The following three states might be considered:  

 

mailto:terje.kanstad@ntnu.no
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(1) At temperature-equilibrium between the recently cast and the restraining member. 

(2) During the design service life 
 

If particular demands are related to tightness, durability or appearance, cumulative impact of early 

age effects, load effects and later imposed deformations must be considered in the crack control 

verification. Otherwise, the crack control corresponding to these states can be verified separately. 

To avoid cracking, requirements can be related to stresses through the crack risk expressed by 

stresses, while to restrict cracking, limiting calculated crack widths or minimum reinforcement 

may be used.  

 

3. CALCULATION METHODS FOR STRESSES AND CRACKWIDTHS 

A reliable temperature calculation or estimate is an important prerequisite to achieve accurate 

stress/strain or crack width calculation. Computer programs, hand calculations and diagrams from 

handbooks and guidelines may be used. The most decisive parameters, referred to Figure D1 

below, are: the fresh concrete temperature (T
ci
), ambient temperature history, insulation 

conditions, climatic conditions as wind velocity and solar radiation, temperature of the restraining 

structure (To), and finally the additional maximum temperature difference due to daily and/or 

seasonal variations (ΔTmin). The parameter tcrit is the time when the hardening member is assumed 

to be in temperature equilibrium with the restraining structure (within a limit of 2oC).  

 

 
Figure 1. Typical temperature history for a structural concrete member during hardening. 

 

For stress calculations, a method based on the age-adjusted effective E-modulus method is 

included. 

 

The degree of restraint, 0 < R <1.0, is the main parameter describing the structural properties of 

a member restrained by an adjoining structural system. In the uniaxial case it may be defined as 

the stiffness of the restraining structure divided by the total stiffness.  

 

The equations for crackwidth calculations are based on the same equations as for load dependent 

cracking, and referring to situations with edge or end restraint situations, similarly as Eurocode 2 

part 3 presently does. In the first case the equations for stabilized cracking shall be used, while in 

the latter case, the crack-formation stage is considered 

 

4. RELEVANT MATERIAL PROPERTIES 

The preferred state parameter is the equivalent time (teq), also denoted maturity as already defined 

in Eurocode 2.  It is dependent on the material property commonly denoted  Activation Energy 

which is a parameter that should be handled in more general terms than as the constant it is in the 
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present Eurocode 2. Currently, there is no European standard for experimental determination of 

this parameter. 

 

The total amount of hydration heat (Q
∞ 

(kJ/kg binder) released during hydration and its time-

function strongly depend on binder fineness and composition and w/b-ratio. Furthermore the 

strength class strongly influences the binder content, and therefore also the amount of hydration 

heat. The property may be determined in accordance with the standards:prEN 12390-14 «Testing 

hardened concrete - Part 14: Semi-adiabatic method for the determination of heat released by 

concrete during its hardening process», or prEN 12390-15 «Testing hardened concrete - Part 15: 

Adiabatic method for the determination of heat released by concrete during its hardening process”. 

Table values and diagrams are available from cement suppliers, in text-books and in guidelines. 

The development versus equivalent time can be described as: Q(t
eq

)= Q
∞
 exp(-(τ/t

eq
)
α

) or with 

piecewise linear curves based directly on experimental data.  

 

The values for the heat conductivity may vary within the range 1,2-3,0 J/(s moK), and a 

recommended default value is 2.5 J/(s moK).The thermal diffusivity is the conductivity divided by 

the heat times the capacity and specific heat (m2/s). 

 

The surface convectivity may vary in the range from about 3.3J/(s m2oK) for 18mm plywood 

formwork and no wind to 15J/(s m2oK) for a free concrete surface with 5m/s wind. 

 

The heat capacity corresponds to the specific heat concrete density. The specific heat varies 

typically in the range 0,85-1,15 kJ/(kg oK), and the default value is 1,0 kJ/(kg oK). 

 

The start time for stress development (to) is decisive for the stress calculation, and may also be 

termed “end of the dormant phase”. Typically, it varies between 8 and 13 maturity hours, and the 

default value is 10 hours. The parameter may be strongly influenced by admixtures, and it is 

important that the choice of parameter is coordinated with basic shrinkage, and the temperature 

development curves. The parameter may be determined from the compressive strength 

development, from ultrasonic stiffness or heat release measurements, or from restrained 

shrinkage-tests.  

 

The thermal dilation coefficient (α
T
) may vary with the concrete age, the humidity conditions and 

the aggregate type within the range 7-14E-6. The recommended default value is10E-6.  

 

The basic (autogenous) shrinkage, ε
cb

(t), may be calculated from Eq 3.11. It should, however, be 

noted that the uncertainty is large, which yields both the final value and the time function. 

Furthermore, the temperature influence on this parameter is not yet fully understood especially 

for modern concrete with blended cements.   

 

The time-development of the mechanical properties, for t<28 days, may be described as: 

 

f
c
(t

eq
)=ßˑf

c28           
ß=   𝑒𝑥𝑝 [𝑠 (1 − √

28−𝑡𝑜

𝑡𝑒𝑞−𝑡𝑑𝑜𝑟
)]      f

t
(t

eq
)=ß

0,5

ˑf
t28

  ,  E
c
(t

eq
)=ß

0,3

ˑE
c28

 

Default values for s and tdor are given in Table D1 below.  In the PT’s present version of the 

Annex, this approach is slightly modified by including an opening for another reference age than 

28 days without changing the model parameters.  
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Table 1 

Cement 

type 

High early strength 

R 

Ordinary early strength 

N 

Low early strength 

S 

Strength 

class 

s tdor(d) s tdor(d) s tdor(d) 

<C35 0,3 0,35 0.35 0,45 0.4 0,5 

C40-C55 0.2 0,3 0.25 0,4 0.35 0,45 

>C60 0.1 0,3  0.17 0,35 0,3 0,4 

 

Creep properties should be described with respect to the equivalent age at loading, and the time 

period under load. Models based on linear viscoelasticity for aging materials have proven to be 

accurate, and should be preferred. The same creep parameters may be used for both tensile and 

compressive creep. Temperature effects other than those included in the equivalent age concept 

are of minor importance and may be neglected. Accurate approaches to creep modelling should 

include the time variable “start time for stress development - to”, and account for the large creep 

occurring at very early ages. 
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ABSTRACT 

Tightness towards gaseous and liquid substances may be an important parameter when it comes 

to structural design of concrete. The permeability and hence the tightness of sound (uncracked) 

concrete is closely related to the porosity of the concrete. When cracking occurs, the governing 

crack mechanism in connection with gas and liquid tightness of concrete is through-cracking; 

under such conditions the permeability is no longer porosity-dependent but rather crack-

dependent. Requirements and specifications regarding concrete tightness can be found in 

prevailing codes and handbooks, however, the background and reasons for such requirements may 

appear vague and not always self-evident.   

 

Key words: Cracking, consequences of cracking, tightness. 

 

1. CONSEQUENSES OF CRACKING RELATED TO TIGHTNESS 

The present extended abstract constitutes a summary of the memo "The impact of cracks on gas 

and liquid tightness of concrete" [1], which was prepared within the User-driven Research-based 

Innovation project DaCS (Durable advanced Concrete Solutions, 2015 – 2019). The memo is 

available upon request.  

 

Concrete is frequently used in structures where tightness towards gaseous and liquid substances 

is important. For all such structures, concrete tightness is an essential part of the design. When it 

comes to the permeability of sound (uncracked) concrete, porosity is the decisive material 

parameter. Adequate porosity, and hence low permeability, can be obtained by carefully 

considered mix design, and more specific by keeping the water to binder ratio below 0.4. 

 

Naturally, cracks have a major impact on the gas and liquid tightness of concrete. Micro-, surface- 

and flexural cracks, i.e. cracks that do not go through the whole section, will increase the concrete 

permeability. However, for such cracks, the gas or liquid still has to be transported through sound 

concrete and the permeability is thus still porosity-dependent. Through-cracking is the governing 

crack mechanism when it comes to gas and liquid tightness of concrete; under such conditions the 

permeability is no longer porosity-dependent but rather crack-dependent. The flow rate through a 

concrete through-crack is proportional to the width cubed, and hence the permeability increases 

considerably with increasing crack width. Concrete leakage rates can be estimated by calculation 

approaches, but such estimations are connected with great uncertainties due to variations in 1) the 

crack width throughout the section thickness (caused by e.g. reinforcement design and ratio, 

concrete inhomogeneity and possible self-healing), 2) crack surface roughness and 3) the actual 

cracking pattern in the given concrete structure.  

 

Self-healing (also denoted autogenous healing) is the ability of a concrete to repair itself due to 

formation of calcite in the cracks: the water flow gradually decrease over time, and in some cases, 

the cracks seal completely. A critical upper crack width for complete self-healing is found to be 
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approximately 0.2 mm for ordinary concrete, which most likely constitutes the background for 

some of the given crack width tightness requirements. 

 

Requirements and specifications regarding concrete gas and liquid tightness can be found in 

prevailing codes and handbooks. Such requirements involve e.g. crack width limits, minimum 

compressive zones, minimum sectional thicknesses, maximum membrane stresses and maximum 

axial stress resultants. The background and reasons for the given requirements are not always self-

evident, which is probably related to the fact that the research topic "the impact of cracks on gas 

and liquid tightness of concrete" is far from "solved" and still connected to uncertainties.   
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ABSTRACT 

Large reinforced concrete bridges involve a series of massive structural elements with non-linear 

strain distribution that has to be dealt with as disturbed regions designed by plastic design 

methods, of which the Strut and Tie Method is the most internationally acknowledge approach. 

In practice and under the assumption that a reasonable strut-and-tie model is considered, the crack 

width calculation is performed based on the steel stress in the reinforcement ties.  

This extended abstract discusses the challenges associated with this approach and the various 

minimum reinforcement demands for control of cracking and how they are dealt with in practice. 

 

Key words: disturbed regions, plasticity methods, large concrete bridges, complementary energy, 

crack width verification. 

 

1. INTRODUCTION 

Large reinforced concrete bridges involve a series of massive structural elements such as pile 

caps, pier heads, anchor blocks etc., which due to their geometry and/or loading cannot be 

analysed as flexural members by classical beam theory. 

The typical way to design these structural members are by plasticity methods such as the strut and 

tie method. However, one of the biggest drawbacks with the plasticity methods are that they are 

in principle only applicable for limit state analysis. When such methods are used for service 

analysis, such as crack width verification, it is essential that the engineer considers a statically 

admissible stress field reasonable close to that actually expected during the given load state. 

 

The only ways to evaluate the chosen stress field is by comparison with the corresponding 

uncracked linear elastic stress trajectories from Finite Element Analysis or by minimization of the 

complementary elastic energy. In practice, only the former is realistic even though it is an 

approximation, as it does not include the stress redistribution after the crack formation state. 

 

2 'REASONABLE' PLASTICITY MODEL 

A principal assumption in the applied Lower-bound theorem of plasticity is that the material is 

rigid- or elastic-perfectly plastic, i.e. have unlimited ductility or sustain load over infinite 

deformation. Concrete, even with applied minimum reinforcement, can only sustain loading over 
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a limited deformation and can therefore not fulfil the basic ductility assumption for applying the 

lower-bound theorem. 

 

When designers, despite of this, still applies the very useful lower-bound method they are 

obligated to ensure that the design model considered do not demand more ductility than what can 

be expected. In practice, this is dealt with by relying on a series of rules of thumbs, based on 

observations of elastic stress trajectories, such as: 

 Spread angle 1:2 

 Saint Vernaint principle 

 40/60 compression/tension depths 

 

These are also illustrated in Figure 1 for a simple concentrated load. 

 

 
Figure 1 – Typical rules of thumps applied in practice. 

 

So usually, when designers discuss if a plasticity model is good or reasonable they refer to if the 

stress field is close enough to the actual expected and thus only demands a limited ductility. 

 

However, the above principles and the lower-bound theorem itself are in theory only applicable 

for the ultimate limit state (ULS) and cannot be applied for any service limit state (SLS) analysis, 

such as crack width verification, as compatibility is not fulfilled. 

The Eurocode does though give recommendation for how designers may deal with SLS, e.g. EN 

1992-1-1 5.6.4 (2) states that "Verifications in SLS may also be carried out … if approximate 

compatibility for strut-and-tie models is ensured …". By approximate compatibility is here 

referred to that the position and direction of important struts shall be oriented according to 

compressive stress trajectories in the uncracked state based on linear elastic theory. 

 

The definition of a reasonable model depends therefore on if it is for ULS or SLS. For SLS a 

reasonable model has to fulfil at least approximate compatibility while for ULS a reasonable 

model means that only a limited plastic redistribution, within the expected ductility capacity, is 

needed. Despite that, the requirements for a SLS model is stricter, the more free approach from 

ULS are in practice used for both.  

 

An example could be the design of a deep beam, where the designer usually would apply a model 

with compression and tension stringers located as extreme as possible even though compatibility 

sometimes would have the compression strut positioned closer to the centre as illustrated in Figure 

2c. A fair ULS approach that results in an unsafe SLS design. 

1 

2 
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Figure 2 – Strain distribution for different depth to span ratios (reproduced from "Reinforced 

Concrete Design of Tall Buildings" by B. S. Taranath, 2009). 

 

Attempting to fit once model with stress trajectories from linear elastic uncracked state can be 

somewhat inaccurate as nonlinarities due to crack formations occurs during SLS. The ideal 

approach is therefore to fit the model to the stress trajectories from the cracked state, which is 

most easily done by minimizing the complementary elastic energy (𝑊∗ =
1

2
𝜎𝑥𝑥𝜀𝑥𝑥 =

1

2𝐸
𝜎𝑥𝑥

2  ) of 

the statically admissible stress field. 

 

By doing this numerical exercise for the simple concentrated load example shown in Figure 3, 

one would for 1% reinforcement ratio find that the optimal strut slope is approx. 1:3. Following 

the ULS principles of a 1:2 slope would therefore in this case yield a conservative SLS design. 

 

 
Figure 3 – Simple concentrated load example and the corresponding homogeneous stress field 

model with minimum complementary elastic energy. 

 

3 CRACK WIDTH VERIFICATION 

Once a model with approximate compatibility have been obtained for the disturbed region, the 

crack width verification is in practice solely based on a stress limit criteria for the reinforcement 

ties, usually in the order of 200-250 MPa. An approach in line with Eurocode that in EN 1992-1-

1 7.3.1 (8) states that "… it is possible to use the forces in the ties to obtain the corresponding 

steel stresses to estimate the crack width". 

 

Crack width in tension ties due to concentrated forces are usually verified based on a fixed service 

stress limit of 250 MPa, in accordance with EN 1992-2 clause 8.10.3 and VSL PT guide [1]. 

 

For the remaining ties, the indirect method in Eurocode is often applied even though the tables' 

assumptions not always fit very well, especially the small cover and pure bending assumption. 
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If one instead applies the direct calculation method for e.g. a deep member designed by Strut-and-

Tie, the tie would have to be considered as (near) pure tension, significantly affecting the stress 

limit. On the other hand, as several layers of reinforcement are typically applied it should be fair 

to reduce the effective concrete area accordingly. 

 

Table 1 summarizes the resulting reinforcement stress limits for a typical 0.3mm design crack 

width and 50mm cover.  

 

Table 1 – Reinforcement stress requirement to limit crack width to 0.3mm assuming c=50mm, 

hc,eff=c+1.5db, fck=40MPa, k1=0.8, k3=3.4, k4=0.425, kt=0.4 and k2=1.0 (pure tension). 

Bar spacing Bar size 
[mm] 20 25 32 40 

75 235 238 243 249 

125 208 206 208 212 

150 201 197 196 199 
200 194 185 180 180 

250 166 180 170 167 

300 145 160 165 159 

 

For typical surface bar spacings of 125-150 mm the stress limit is around 200 MPa. 

 

4 CRACK CONTROL AND DUCTILITY REINFORCEMENT 

To ensure that the concrete can sustain loading over limited deformation a minimum amount of 

reinforcement has to be present to control crack widths and provide a reasonable level of ductility. 

 

While some codes provide a direct requirement for this minimum amount of reinforcement, others 

are more vague. Eurocode (EN 1992-1-1 5.6.1 (2)P) e.g. only states that "The ductility of the 

critical sections shall be sufficient for the envisaged mechanism to be formed". This is certainly 

correct but is in practice effectively ignored due to the lack of a concise requirement.  

 

AASHTO [2] on the other hand is much clearer with a fixed minimum requirement of 0.3% 

reinforcement for the portion effectively utilized by compressive struts (not just the idealised 

prismatic strut area). Furthermore is the spacing of this crack control reinforcement, both vertical 

and horizontal, limited to a maximum of 300mm, which are impractical and non-economical for 

large massive structures. If not provided, the concrete efficiency factor would have to be reduced 

further, perfectly in line with theory [3] where 𝜈 = 2/√𝑓𝑐 is recommended for severely cracked 

concrete. 

 

However, in practice the tradition is that massive structures designed by plastic principles do often 

not have any reinforcement in the central volume. E.g. major bridge pile caps are only constructed 

with surface and bottom reinforcement, leaving the critical diagonal bottle-shaped struts without 

crack control reinforcement. 
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ABSTRACT 

The implementation in a finite element code of the Cracked Membrane Model is briefly presented. 

The model aims for the efficient nonlinear analysis of large scale structural elements that can be 

considered an assembly of membrane elements, such as bridge girders, shear walls, transfer beams 

or containment structures. As the equilibrium equations are established directly at the cracks, the 

crack widths play a key role in the constitutive laws. Some application examples are presented 

illustrating the model capabilities in the analysis of plane stress problems, with a special focus on 

the determination of the crack widths and crack spacing. 

 

Key words: Tension chord model, cracked membrane model, structural concrete, crack width. 

 

1. INTRODUCTION 

The practical application of nonlinear finite element models to the analysis of large scale RC 

structures is computationally more efficient if each finite element is capable of reproducing the 

behaviour of an array of cracks. In this context, most of the available models treat reinforced 

concrete material as a new material with its own stress-strain characteristics, which are valid only 

in spatially averaged terms. A distinctive feature of the Cracked Membrane Model (CMM) 

developed by Kauffman and Marti [1] is that the equilibrium equations of the cracked membrane 

element are established directly at the cracks. This enables using well established theoretical 

models for the individual mechanical phenomena governing structural concrete behaviour, such 

as nonlinear compressive behaviour, aggregate interlock (including crack dilatancy effects), 

tensile bridging stresses and bond stress transfer between the reinforcement and concrete, in a 

transparent manner. The spatially averaged stress and strain fields are obtained as a by-product of 

the local behaviour at the cracks and of the bond stress transfer mechanisms, allowing the crack 

spacing and crack widths to be obtained directly from first principles. This is very appealing for 

structural engineers and allows bridging the gap between nonlinear numerical analyses of concrete 

structures and current structural engineering methods.  

 

2 MODEL ESSENTIALS 

The material model described in this paper is a fixed-crack version of the CMM, here designated 

as F-CMM [2]. The model is implemented in the software DIANA as a user supplied subroutine 

as described in [3]. A total strain concept is followed and set of state variables is used to monitor 

damage evolution and to establish suitable loading/unloading conditions. The updated stress 

tensor  is explicitly determined from the current total strains  and from the updated values of 

state variables collected in the vector k. For uncracked concrete, an isotropic damage like 

formulation is adopted, requiring only one state variable [3]. After cracking, concrete is treated as 

an orthotropic material and a local coordinate system is introduced (n-t coordinates) where the 

constitutive laws are established. These constitutive laws are described in [2]. Two uniaxial stress 
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fields are assumed along the two orthogonal n-t directions and the Poisson effect in the cracked 

concrete is neglected (v=0). The crack direction is determined by the principal tensile direction of 

the concrete stress tensor at impending cracking, r. This angle remains fixed and is kept in 

memory as a state variable. If the original CMM is selected, here designated as R-CMM, the local 

coordinate axes coincide with the directions of the current principal average strains.  

 

The Tension Chord Model (TCM) developed by Marti et al. [4] is a crucial component of the 

CMM for modelling the bond stress transfer between the reinforcement and concrete. A stepped 

rigid-plastic bond shear stress-slip law is adopted allowing the explicit determination of the steel 

stresses at the cracks (srx and srx) from the spatially averaged total strains [n t nt]
T. The average 

crack spacing srm is calculated imposing that the tensile stress in the concrete in-between the 

cracks cannot exceed ∙fct, with fct being the concrete tensile strength and 0.0≤≤. For  =0 the 

crack spacing becomes null, which is equivalent to neglect the tension stiffening effects. The 

average crack width is obtained from equation (1):  

 

 












c

cm

tnrmm
E

sw


  (1) 

 

where cm is the average concrete stress in the direction normal to the cracks determined using 

the TCM and Ec is the concrete E-modulus. For details refer to [2, 3, 5]. 

 

3 VALIDATION 

3.1 Shear panel PP1 

An extensive element level validation of the R- and F-CMM can be found in [2]. This validation 

was performed using 54 tests on structural concrete panels subjected to in-plane shear and axial 

stresses. Validation with the results of panels subjected additionally to out-of-plane bending is 

given in [5]. Here the panel PP1 tested by Marti and Meyboom [6] is analysed. A slow sliding 

failure occurred along a crack that had formed in the early load stages. The y- reinforcement 

yielded, whereas the x-direction reinforcement remained elastic. Localized cover spalling was 

observed. The failure mode is correctly predicted by the model, see Figure 1a. The predicted and 

measured maximum crack openings are presented Figure 1b. with a good match being obtained. 

Near failure, with the increasing shear slip, the accompanying opening movement due to crack 

dilatancy leads the crack width to increase more rapidly. 

 

                     (a)                  (b) 

Figure 1 – Panel PP1: (a) applied shear stress vs. average shear strain; (b) applied shear 

stress vs. maximum crack width. 
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3.2 Beam segments failing in shear 

The beams VN2 and VN4 tested by Kaufmann and Marti [7] under combined axial force, shear 

and bending are used for validation at the structural level, see Figure 2. The axial force in beam 

VN2 is null while in beam VN4 a constant axial force inducing a compressive stress of 3.2MPa 

was applied. Beam VN2 failed due to rupture of the stirrups, while beam VN4 failed due to web 

concrete crushing. These failure modes are correctly predicted by the F-CMM. A good match is 

also obtained in the force-deformation curves of Figure 2b. The crack pattern representation at 

failure provided by the model is shown in Figure 2c and compared to the experimental evidence. 

The crack widths along the web of the beam VN2 are shown for two load steps in Figure 2(c). It 

can be seen that the crack widths can be estimated with reasonable accuracy. 

 

 
(a) 

  
(b) 

 

  

 

 

 
(c) 

                 (c) 

Figure 2 –VN series: (a) Geometry; (b) Force vs. average vertical deformation at the ½ span; 

(c) experimental and numerical crack patterns; (c) crack width distribution along the beam 

VN2 for load steps LS3 and LS4. The photographs are taken from the test report [7]. 

 

3.3 Blind prediction: shear wall of Concrack benchmark 

Within the scope of the French research project CEOS.fr four squat shear walls were tested. Two 

of them were included in an international benchmark in which the participants were invited to 

deliver blind predictions of the behaviour. Here the blind predictions one of these shear walls are 

presented. The shear wall is made of C40 concrete, is 4200mm long, 1070mm high, 150mm thick 

and reinforced with a square mesh of Ø10//0.15. The wall is confined by two stiff parts with 400m 

thickness and 700m of height where the horizontal forces are applied. For details refer to [8]. The 

wall failed due to concrete crushing in the top edge of the wall, starting in the vicinity of the force 

application area. This failure mode is correctly reproduced by the model was well as the force-

displacement curve (Figure 3a). The crack width distribution when the horizontal applied force 
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F=4MN is shown in Figure 4b. The maximum crack widths occur near the force application area, 

which corroborates the experimental findings. The evolution of the crack widths at the central part 

of the wall (element 481) is shown in Figure 4c and compared to the measurements performed in 

two cracks close to this area. In the re-analysis after the results were known, a more realistic 

tensile strength value was adopted and a better fit to the experimental values could be obtained. 

The maps with the crack spacing are shown in Figure 4d, showing a notorious agreement with the 

reported experimental average crack spacing of 98mm. 

 

(a) (b) 

(c) (d) 

Figure 3 – Shear wall blind-results: (a) Force vs. relative horizontal displacement between 

the top and bottom beams; (b) colour maps with the crack widths at F=4.0MN; (c) crack 

widths (in mm) at the centre of the wall and maximum crack width occurring near the loading 

plate in the upper right corner; (d) colour maps with the average crack spacing (in meters). 
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ABSTRACT 

Cracks in reinforced concrete structures may be characterised as either cracks caused by externally 

applied loads or cracks caused by imposed deformation. Most codes do not consider the two types 

of cracks separately and it is often a topic of discussion whether the crack width from externally 

applied loads and imposed deformations should be combined. In addition, it is frequently 

discussed whether the sectional forces for crack width calculations should be determined 

assuming uncracked, linear elastic section properties. 

 

Key words: Cracked stiffness, imposed deformation, minimum reinforcement 

 

1. INTRODUCTION 

Reinforced concrete (RC) is a nonlinear material where the stiffness change as function of crack 

development. Initially the cross-section will be uncracked and behaves in a linear elastic manner. 

For an increasing load the tensile capacity of the concrete will be reached, which will result in the 

first cracks appearing. With increasing load new cracks will be formed (crack formation stage) 

until a stabilized cracking stage has been reached. In the stabilized cracking stage no new cracks 

will form but the existing cracks will become wider. At a certain point the reinforcement will start 

to yield, see e.g. [1, 2]. 

 

When designing large, complex structures with many different load case scenarios the use of FE 

software is required to determine the sectional forces. As crack development is quite challenging 

to model,  linear elastic section properties are very often chose in practice when calculating the 

sectional forces to determine the crack widths.  

 

It is very often a topic of discussion (e.g. between designer and checker) whether a reduced 

stiffness should be applied in the FE calculations to simulate that the cracked stiffness is lower 

than the uncracked stiffness, thus reducing the required amount of reinforcement. In this respect, 

the challenge is what that reduction in stiffness should be, as it dependent on the type of loading. 

For example, for imposed deformation (e.g. shrinkage) it is the axial stiffness that is in question, 

whereas for an externally applied load (e.g. uniform distributed load) it is the bending stiffness. 
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Furthermore, an additional topic of consideration is opened, as to whether the crack width due to 

imposed deformation should be combined with the crack width caused by externally applied loads, 

and what minimum reinforcement is needed to control those cracks. In recognized codes, e.g. 

Eurocode [3], there is not much guidance.  

 

In this extended abstract, the two topics outlined above will be further explained. It is only the 

intention here to address the problems and not to give specific solutions, as these will vary from 

case to case.  

 

2 Cracks in reinforced concrete structures 

2.1 General 

Cracks in reinforced concrete structures are caused by externally applied loads and/or imposed 

deformations. It is import to distinguish between these two types of cracks as: 

 The crack width caused by externally applied loads will, if sufficient minimum 

reinforcement is provided, be a function of the size of the load. The strain level will typically 

correspond to the stabilized crack stage where the final number of cracks have been formed 

(number of cracks is constant). 

 The crack width due to imposed deformations (creep, temperature and shrinkage) is caused 

by restrained movements. Typically, the strain level is limited which means that the cracking 

stage is between the formation of the first crack and the stabilized cracking stage.  

 

 
a) Externally applied loads (bending)               b) Imposed axial deformation 

 

Figure 1 – Cracking induced by bending and by imposed deformation [4] 

 

Eurcode [3] does not consider the two types of cracks in combination. In practice, the consequence 

is that the crack width is found as the sum of the crack width caused by externally applied loads 

and the imposed deformation. That is supported by fib Model Code [2]. However, is that approach 

right? 

 

According to Arslan [5] the crack width due to externally applied loads and imposed deformation 

should only be combined when the strain due to imposed deformation exceeds 0.08%. In many 

design situations, that requirement means that the crack widths should not be combined.  

 

2.2 Minimum reinforcement to control cracks 

In Eurocode [3] the minimum amount of reinforcement required to control cracks is given by Eq. 

(1): 

 

 cteffctcss AkfkA ,min,   (1) 

 

For definition of As,min, s, kc, k, fct,eff and Act see [3].  
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Eq. (1) is based on the strain distribution of the stabilized cracking stage (i.e. all cracks are 

formed). The minimum reinforcement area As,min is a function of the actual reinforcement stress 

s and, thus, the strain. If the crack width wk is plotted against s  a linear relationship is shown, 

see Figure 2. 

 

 
Figure 2 – Crack width as function of stress. 

 

As mentioned previously, shrinkage and temperature cracks occur typically at the lower strain 

levels corresponding to the crack formation stage. This has been treated in [1] where it has been 

proposed to use Eq. (2) to determine the required minimum reinforcement in the crack formation 

stage to control cracks.  

 

 
ksk

effct

kwE

f

4

,
   (2) 

 

Here  is the reinforcement diameter, fct,eff   where the first crack occurs is suggested to be 

ckf1.05.0 , Esk is the modulus of elasticity of the steel reinforcement, k is a factor (either 1 or 2) 

depending on the cracking system considered as explained in [6], and wk is the design crack width. 

It is noted that in the crack formation stage the crack width is independent of s. In contrast it is 

the number of cracks that increases with increasing reinforcement stress.  

 

Eq. (2) has been adopted in the Danish National Annex to Eurocode [6]. Given that minimum 

reinforcement is provided according to Eq. (2) it is Danish practice not to combine shrinkage and 

temperature loads with externally applied loads when calculating the crack width according to 

clause 7.3.4 in Eurocode [3]. 

 

In the crack formation stage, the minimum reinforcement requirement provided by Eq. (2) to 

control cracks will often results in a larger amount of reinforcement compared to Eq. (1), as 

illustrated in Figure 2. On the other hand, if the minimum reinforcement to control cracks is 

provided according to Eq. (1), and  assuming the stabilized cracking stage (e.g. s = 200MPa), 

Eq. (2) yields a lower amount of minimum reinforcement compared to Eq. (1). For a slab subjected 

to pure tension as shown in Figure 3, the minimum reinforcement provided by Eq. (1) can be 

found to be As,min = 7525mm2 and by Eq. (2) to be As,min = 3608mm² corresponding to 25/130mm 

and 25/270mm respectively in both faces. Eq. (2) provides in this case a significantly saving in 

reinforcement to control crack development.
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Figure 3 – Cross-section and data  

 

3 Uncracked versus cracked stiffness  

As mentioned in the introduction uncracked, linear elastic properties are often assumed in practice 

when calculating the sectional forces to determine the crack widths. Advanced FE analysis that 

takes the gradual evolution of cracking into account, and hence redistribute the forces due to 

change in stiffness, can be performed. However, this is time consuming as the nonlinearity 

prevents the use of superposition of forces. 

 

In contrast to such advanced FE analysis, fully cracked stiffness is in practice often obtained by 

adjusting the uncracked, linear elastic stiffness by a factor lower than 1.0. For the cross-section in 

Figure 3, assuming pure bending and 25/150mm in both faces, the stiffness ratio 

cracked/uncracked can be found to be approximately 0.25. The question is then, if a fully cracked 

section can be assumed for the entire structure when calculating the crack width? Furthermore, 

what about the axial stiffness and the torsional stiffness? 

 

For the service limit state it is debatable whether the cross-section for the entire structure can be 

assumed to be fully cracked as it depends on the actual strain level. Some codes mention 

specifically that linear elastic analysis with uncracked cross-section properties shall be used, while 

others state that gradual evolution of cracking may be considered for obtaining the stiffness. 
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ABSTRACT 

The current crack width calculation methods according to Eurocode 2 and fib Model Code 2010 

have been evaluated. The physical nature of the equations is found to be inconsistent, which limits 

the generalization of the formulas. An improvement of the formulas is suggested by looking to 

more physical realistic assumptions in a reinforced concrete tie model.  

 

Key words: Crack widths, calculation, reinforced concrete tie, Eurocode 2,  fib Model Code 2010, 

concrete structures. 

 

1. INTRODUCTION 

The main purpose of this study has been to investigate the range of applicability for the current 

crack width formulas according to Eurocode 2 (EC2) [2] and fib Model Code 2010 (MC2010) [4]. 

The formulas tend to work relatively well in design of one-way bearing beams and slabs with 

relatively small cross-sections. However, in lack of more general crack width calculation methods, 

the formulas are also used in design for relatively large complex concrete structures such as two-

way bearing slabs and shell structures. In this paper, the experimental observed behaviour of 

reinforced concrete ties (RC) has been compared to the theoretical background of the formulas.  

 

2. OBSERVED EXPERIMENTAL BEHAVIOR OF RC TIES 

The experimental behaviour of RC ties in the literature can be conveniently elucidated by 

considering a plane in an axisymmetric model, see figure 1. It is observed that the behaviour of 

plain bars is quite different from deformed bars. In plain bars, a physical slip in the interface 

between concrete and steel occurs, implying that the steel actually experiences larger 

deformations than the concrete [3]. In deformed bars, however, the concrete at the steel bar level 

is observed to follow the same displacement field as the steel due to the rib interaction, which in 

turn causes the concrete to crack internally. In this case, slip becomes analogous with the 
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formation of internal cracks. Goto [5] was the first to describe the phenomenon, before being 

acknowledged by other authors later [6,7]. Furthermore, slip can be defined as the relative 

displacement between steel and the undisturbed concrete and consists of two parts [3]; the relative 

displacement in the interface between concrete and steel, and the shear deformation of the 

concrete, which have been denoted as Ss and Si respectively in figure 2.  

 

 
Figure 1 – Cracking behaviour of reinforced concrete ties [11] 

 

 
Figure 2 – Simplified and equivalent model to account for internal cracking. 

 

3. SIMPLIFIED MODEL 

Attempting to explicitly account for the internal cracking in an analytical calculation model will 

most likely be too complicated. However, an equivalent yet simplified model can be formulated 

by treating both steel and concrete as elastic materials and lumping all non-linearity related to 

frictional stress, internal- and splitting cracks as a bond-slip relationship in the interface between 

concrete and steel, see figure 2. Considering the equilibrium and the compatibility of such an 

infinitesimal element, the following relations may be derived  

 
∫ 𝑑𝜎𝑐

 

𝐴𝑐

𝑑𝐴𝑐 = 𝜏(𝑠𝑖)𝜋𝜑𝑑𝑥 
 

(1) 

 

 𝑑𝜎𝑠𝐴𝑠 = −𝜏(𝑠𝑖)𝜋𝜑𝑑𝑥 (2) 

 

 𝑑𝑠𝑖

𝑑𝑥
= 𝜀𝑠𝑥 − 𝜀𝑐𝑥 

(3) 

 

Plain bars 

Deformed bars 
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where 𝜏(𝑠𝑖) are bond stresses as a function of the slip at the interface, 𝜎𝑐 and 𝜎𝑠 are concrete and 

steel stresses respectively, 𝜀𝑠𝑥 − 𝜀𝑐𝑥 is the difference between steel and concrete strains. By using 

the derived relations and assuming that Hooke’s law applies, the shape of the concrete strain 

distribution only is a function of the cover and the Poisson’s ratio can be neglected, the following 

expression for the slip can be derived  

 

 𝑑2𝑠𝑖

𝑑𝑥2
−  𝜒𝜏(𝑠𝑖) = 0 

 

(4) 

 

The complexity of the solution of equation (4) is dependent of the chosen bond-slip relationship. 

Moreover, the solution of equation (4), (1) and (2) yields the stress and strain distribution for 

concrete and steel, which in turn finally yields the crack distance and the crack width.  

 

4. CRACK WIDTH CALCULATION METHODS ACCORDING TO EC2 AND 

MC2010 

Instead of explicitly solving the derived relations above, the formulas in EC2 [3] and MC2010 [5] 

are derived by considering a relatively simplified model. By considering the deformation 

compatibility of a segment between two consecutive cracks in a fully cracked RC tie, the following 

relationship may be easily derived   

 

 𝑤𝑘 = 𝑆𝑟,𝑚𝑎𝑥(𝜀𝑠𝑚 − 𝜀𝑐𝑚) (5) 

 

where 𝜀𝑠𝑚 and 𝜀𝑐𝑚 are mean steel and concrete strains respectively and 𝑆𝑟,𝑚𝑎𝑥 is twice the transfer 

length 𝐿𝑡 to each side of a crack. The composed transfer length 𝐿𝑡 is based on two theories, which 

in the literature may be referred to as the “slip-theory” and the “no-slip-theory” [1]. The slip-

theory takes basis in solving equation (1) for a constant bond-slip relationship and assuming a 

constant strain distribution over the cover, i.e. acknowledging that a physical slip occurs in the 

interface between concrete and steel, however, without accounting for any shear deformations 

over the cover. The no-slip-theory acknowledges the presence of shear deformations, but not that 

a physical slip in the interface occurs. In contrary to the slip-theory, no mathematical equations 

are explicitly solved, but a “traditional engineering rule” claiming that the transfer length is 

proportional to the cover is utilized. Hence, the crack distance (or rather twice the transfer length) 

may be expressed as 

 

 
𝑆𝑟,𝑚𝑎𝑥 = 2𝐿𝑡 = 2𝑘0.95 (𝑘𝑐𝑐 + 

1

4

𝑓𝑐𝑡𝑚

𝜏𝑏𝑚

𝜑

𝜌𝑠,𝑒𝑓
) 

(6) 

 

Furthermore, the difference in mean strains in equation (5) is derived in a relatively simplified 

manner by considering an assumed strain distribution over the transfer length. Claiming that an 

integration constant β is representative for both the steel and concrete strain distribution, an 

expression for the difference in mean strains can be conveniently derived. From a physical point 

of view, the integration constant  β determines the amount of tension stiffening and is determined 

experimentally. The expressions in front of the 𝑐 and 
𝜑

𝜌𝑠,𝑒𝑓
 in equation (6) are also determined 

experimentally when claiming that the bond stress 𝜏𝑏𝑚 is proportional to 𝑓𝑐𝑡𝑚, thus highlighting 

the semi-empirical nature of the formulas. 

 

The ground principles of the formulas can be justified, at least from a simplistic and practical 

point of view, and are relatively easy and transparent in daily use. However, the formulation for 
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the composed transfer length appears to be inconsistent and unphysical. The conceptual 

interpretation of equation (6) is that incompatibility and compatibility in strains occurs for the 

similar section within the transfer length. In addition, compatibility in strains actually occurs twice 

within the same transfer length according to the concept in the slip and no-slip-theory. The sudden 

merging of two theories using completely opposite assumptions is ambivalent, and opposes the 

basic principles in solid mechanics. The notion that the adjusting empirical constants most likely 

are based on tests from relatively simple static systems and small specimens limits the general 

application for the formulas, and care should be taken when applied to more general RC structures. 

A suggestion to improvement would be to calculate the tension stiffening, the transfer length and 

the crack width directly by explicitly solving equation (4), which can be considered a more 

consistent approach, at least judging from a statics point of view.  

 

5. CONCLUSION 

The observed experimental behaviour of cracking has been discussed and compared to the 

physical nature of the formulas in EC2 and MC2010. The merging of the two theories using 

completely opposite assumptions leads to an inconsistent and unphysical formulation. Also, the 

notion that the formulas have been adjusted empirically based on relatively small test specimens 

and simple static systems, limits the general application of the formulas. A suggestion to 

improvement would be to consider a more consistent and physical approach, e.g. by solving 

equation (4) explicitly.  
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ABSTRACT 

Real crack predictions for reinforced concrete (RC), and especially hybrid reinforced concrete 

(SFRC), are hard to make for real life engineering projects. In the case of plates (slabs and walls), 

the strain over a region length is often constant and crack localisation on element level cannot be 

found. In the new DIANA 10 release it is possible to automatically adapt the material properties 

on integration point level via a real variation contribution over the model using random fields. 

Based on the material covariance the material strength parameters are randomly distributed over 

the integration points with taking into account a correlation influence length. 

 

This paper describes the background of implementation of random fields. In addition, shows the 

difference in crack predictions when using random fields in FEA models in comparison to the 

constant smeared crack approach. Moreover, proves that the results, having utilised the random 

fields, show a better localisation of cracks. Finally, a real live slab case is analysed via different 

material approaches. 

 

Key words: DIANA FEA, random field, JCSS, concrete, shrinkage. 

 

1. INTRODUCTION 
In the field of engineering, plates, horizontal slabs, and/or vertical walls, the shrinkage and 

restrained boundary effects are often neglected in the calculations.  

 

If the calculations are performed based on e.g. Noakowski (1985), and others based on a tension 

cord, the results for real engineering projects tend to lead to a high reinforcement ratio. 

 

With the use of the finite element method, the geometry of a real project can be taken into account 

including the project specific boundary constraints. 

 

Most nonlinear Finite Element Analyses (FEA) are done with a smeared crack approach. The 

disadvantage is that localisation of cracks is hard to model. More often in the model, cracked 

regions, over several integration points, and or multiple elements can be seen. This holds 

especially for less brittle concrete like steel fibre reinforced concrete (SFRC), which is acting 

more as a (soft) plastic material.  
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This paper will show the difference in crack predictions when using random fields in FEA models 

as compared to a constant smeared crack approach.  

 

2. MATERIAL PROPERTY DIFFERENCES 

When modelling concrete with a smeared crack approach, a typical method in DIANA is to use a 

total strain based material model and a tension curve crack model Hordijk according to DIANA 

(2016). 

 

For plain concrete as a brittle material, one would expect one crack, but since there is not any 

imperfection in a finite element analysis (fea) model under tension this is not always happening. 

More common is an output of a cracked region without localisation of cracks.  

 

When looking at fig. 1 it is obvious that the localization of cracking will become even more 

difficult with a steel fibre reinforced concrete (SFRC). During cracking up to more than 30 ‰, 

the concrete will remain its strength depending on the amount and type of fibres.  

 

A typical amount of energy in plain concrete is about 0.1-0.15 Nmm and in SFRC this will be 

more like 4 Nmm (30-35 kg/m3-hooked end- high yield). 

 

 
(a) Detail zoom graph small strain (b) Total strain and crack width 

Fig. 1.  Different tensile behaviour  

 

The materials used are a MC2010 (2012) model for the SFRC (red line) indicating 1 Mpa still up 

to 30‰ of crack strain, the crack width at that stage is approximately 0.8 mm. The stress of 1 MPa 

holds til about 3 mm crack mouth opening when using 30-35 kg/m3 of Hookend Fibre with a high 

yield stress > 1400Mpa.  

 

A Hordijk material model is used with a Gf1= 0.135 Nmm for the plain concrete variant (RC). 

The blue line represents this. The stress is falling down to 0 MPa at 30 ‰.  

 

With adapted MC2010 input parameters, a brittle behavior similar to the Hordijk behavior is 

modelled. The amount of Gf1 is calculated by DIANA as Gf1=0.132 Nmm. The characteristic 

length is important for the relation between the strain and the crack width. In this model, it is set 

to be 25 mm (being the element length). 
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𝜀 =
𝑤

𝑙𝑐𝑠
 

 

 

The two FRCCON model input parameters will be used for the study on crack width prediction 

in this paper. 

 

For the Random field parameter input a co-variance method according to Van der Have (2015) is 

used. In 3D engineering projects, this method is used to make real 3D random fields in all 3 

directions. Other methods can be used depending on the type of project model.  

 

For the decomposition of the matrix, three different solvers can be chosen; the standard is the 

Cholesky solver according to DIANA (2016).  

 

3. GEOMETRY TEST MODEL FOR COMPARISON 

We chose the old, very well-known example of Rizkalla, S.H., Hwang (1984). A concrete 

reinforced tensile member with different reinforcement ratios.  

 

 
Fig. 2.  Test set up for different ratios (a) test in laboratory (b) test in FEA model 

 

The comparison is based on the model variant with a concrete depth of 250 mm, a width of 400 

mm and a length of 1000 mm. The reinforcement ratios are varied with different steel bars. The 

variations undertaken are displayed in Tab. 1. 

 

The fea model is made with a two dimensional plane stress element over the depth of 250 mm. 

The reinforcement is implemented as a bar with an automatic generated interface around the 

perimeter of the bar. The bond is taken as a nonlinear stress strain relation. 

1000 mm 

400 mm 

4 bars-blue 
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The model is loaded by means of pulling at the upper and bottom ends of the reinforcement bars. 

Geometry nonlinearity is taken into account because of non-symmetry of the random fields and 

the cracking.  

 

Table 1.  Specimen details 

No bars Diam As Ab As/Ac As/Ac 

 pieces mm mm2 mm2 (-) (%) 

1 2*4 6 226.2 250*400 0.0023 0.23 

2 2*4 8 402.1 250*400 0.0040 0.40 

3 2*4 10 628.3 250*400 0.0063 0.63 

4 2*4 12 904.8 250*400 0.0090 0.90 

5 2*4 14 1231.5 250*400 0.0123 1.23 

6 2*4 16 1608.5 250*400 0.0161 1.61 

 

4. OUTPUT RESULTS TENSILE SPECIMEN 

When comparing the plain concrete behavior with or without reinforcement for a non-random 

field material distribution the crack strain is developing over a region of about 2/3 of the specimen, 

instead of localization to a few cracks. 

 

This especially holds true for low reinforced specimens (ρs< 0.6%) 

 

 
Fig. 4.  Crack region over tensile specimen nr 1 (6 mm bar) without (a) and with random (b) 

 

It can be observed that on pure tensile regions it can be very difficult for FEA analysis to come to 

a good crack agreement with laboratory test results.  

 

When looking at the force strain diagrams, comparing the uniform material case and the random 

field material case, the graphs look similar. Only the belonging crack width and spacing looks 

completely different because of the localization of cracks in the random field model.  

 

It becomes more interesting to look at the crack width propagation for reinforced concrete with a 

plain concrete matrix (RC) and reinforced concrete with a steel fibre matrix (SFRC). One would 
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expect steel fibres to reduce on crack width and that is just what can be seen when using random 

field material. 

 

 

 
Fig. 5.  Force strain diagrams tensile specimen RC (a) and SFRC (b)  

 

It can be seen from fig 5 that the strain at a certain force/stress level is reduced when using Hybrid 

SFRC as compared with traditional RC. From tab 2 it can be observed that the strain (or crack 

width) is reduced between 18 to 60%. For a high reinforcement ratio the reduction will be less 

because the SF is not contributing as much as the traditional reinforcement, but especially in lower 

reinforced projects the contribution to the crack width will be considerably. 

 

If we have a closer look at the crack spacing for the different specimen, we can observe the 

reduction. 
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Fig. 6.  Crack spacing with different RC ratio   

 

When looking at the crack distribution pictures, the behavior becomes clearer.  When adding SF 

to the RC and using random field material the amount of cracking increases and the crack width 

is reducing. The second thing that can be shown is that with hybrid SFRC it is hard to localize 

cracks even though random field for the material is used. 

 

 

 
Fig. 7.  Crack width with different ratio bars: 6/8/10/12/14/16 mm RC(a) SFRC(b) 
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5. RESULTS FOR PRACTICAL ENGINEERING PROJECT 

When using this material option in a concrete project one can see the advantage for the SLS crack 

width and spacing predictions. According to the JCSS code (2016), it is possible to calculate a 

slab on grade that is shrinking because of normal drying shrinkage. 

 

We assume a slab for a logistic center with a typical pouring length of 50 m (2500 m2) as a day 

production. In the model we use symmetry in global X direction modelling 25 m (fig 8). In the 

global Y direction, we assume used 1 m for simplicity’s sake. 

 

We model a no tension interface underneath the slab as a subsoil/grade. The compression modulus 

we assume at k=0.06N/mm3. The friction we assume at 10% stiffness of the vertical one. As a 

reinforcement grid, a typically used upper grid of 8-100 mm is used. 

 

 
Fig. 8.  Input for the slab model  

 

As a load, we apply a shrinkage strain of about 0.3‰. The shrinkage at the top is a slightly higher 

than the bottom because these slabs typically tend to dry at the top more. 

 

When calculating this shrinkage strain with just an isotropic material without a random field the 

cracks will not be localized. The crack prediction is very low but on a very large region (fig. 9a). 

 

In our model, we have analyzed three random field calculations to show the positive effects. The 

second calculation is with a random field specified in the JCSS code. The third and fourth 

calculations are random field according to the MC2010 material, just like in the tensile specimen 

displayed above, with and without the use of steel fibres.  

 

 

 

 

 
Fig. 9.  Crack width with different material models no-rnd(a), JCSS(b), RC(c),SFRC(d)  
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It can be seen that the amount of cracks that will occur in the model will define the crack width. 

By using the JCSS crack variation random prescription the estimated crack width will be 0.7 as a 

maximum and a spacing of macro cracking of about 4 m. 

 

With a MC2010 material model a maximum crack width of 0.34 mm is predicted with a spacing 

of 2.5 m. Adding SFRC will reduce the cracks to 0.24 with a spacing of about 2 m.  

 

The cracking on the actual projects that are made with this material and length vary between 0.2 

and 0.3 mm with a typical crack distance ranging between 0.5 and 3 m.  

 

6. CONCLUSIONS 

In this paper, it is shown that localization of cracks in concrete members under tension in fea 

models become much better when adding random fields to the material strength of the concrete 

in the model.  

 

Via a small test specimen, it is shown that adding steel fibres will reduce the concrete crack 

spacing and width.  

 

As a practical example, a concrete slab on grade is modelled with a variation of material models. 

The shrinkage of the concrete will induce cracking and again the cracking will be reduced when 

adding SFRC.  

 

REFERENCES 

[1] Noakowski P.: “Continuous Theory for the Determination of Crack Width under the 

Consideration of Bond”. Beton- und Stahlbetonbau, vol. 80, nos. 7/8, p. 185 -190 & 215 -

221, (1985). 

[2] DIANA FEA B.V.: “DIANAFEA Manual 10.0, http://dianafea.com, 2016, Delft  

FIB, MC2010, (2012) 

[3] Van der Have, R.: “Random Fields for Non-Linear Finite Element Analysis of Reinforced 

Concrete”, Master thesis, (2015) 

[4] Rizkalla, S.H., Hwang: “Crack prediction for members in uniaxial tension”. ACIjournal 84,  

(1984).  

[5] JCSS, probabilistic model code : http://www.jcss.byg.dtu.dk/Publications/ 

Probabilistic_Model_Code.aspx, (2000). 

[6] Vandenbos A.,Garofano A.: “Crack predictions using random fields” (2016) 

  

http://dianafea.com/
http://www.jcss.byg.dtu.dk/Publications/%20Probabilistic_Model_Code.aspx
http://www.jcss.byg.dtu.dk/Publications/%20Probabilistic_Model_Code.aspx


Strain level and cracking of the lightweight aggregate concrete beams 

 

95 

Strain level and cracking of the lightweight aggregate concrete beams  
 

 

 

Jelena Zivkovic 

M.Sc. PhD-candidate 

Department of Structural Engineering 

Faculty of Engineering Science  

Norwegian University of Science and Technology  

N-7491 Trondheim, Norway 

e-mail: jelena.zivkovic@ntnu.no 

 

 Jan Arve Øverli 

PhD, Professor 

Department of Structural Engineering 

Faculty of Engineering Science  

Norwegian University of Science and Technology  

N-7491 Trondheim, Norway 

e-mail: jan.overli@ntnu.no 
 

 

ABSTRACT 

The main disadvantages of lightweight aggregate concrete (LWAC) compared with normal 

weight concrete (NDC) are its brittleness at the material level in compression and uncontrolled 

crack propagation. This experimental investigation consists of six beams with lightweight 

concrete with Stalite as aggregate. Main goal were to investigate cracking and strain level in 

compression of the beams subjected in four-point bending test. Compressive strain level was much 

higher than expected, and cracking was similar as for normal weight concrete beams. 

 

Key words: Lightweight Aggregate Concrete, Testing, Bending, Strain level, Shear 

Reinforcement. 

 

1. INTRODUCTION 

1.2 General 

This investigation is part of the ongoing research program “Durable advanced concrete structures 

(DaCS)”. One part of this program is to investigate structural behaviour of lightweight aggregate 

concretes (LWAC), concretes with an oven dry density below 2000 kg/m3. General characteristic 

of LWAC is the very high degree of brittleness at the material level and especially in compression. 

The brittleness of concrete is characterized by sensitivity to stress concentrations and a rapid 

crack/fracture development. This influences the behaviour of concrete where the tensile strength 

is important, as for instance the shear and bond strength [1,2].  

 

To investigate the cracking and strain level of LWAC in compression, six beams with different 

reinforcement layout were subjected in a four-point bending test. The test setup was designed to 

produce a constant moment zone of 1 m between the loading points.The size of the beams were 

(width x height x length) 210-330 x 550 x 4500 mm. The main test parameters were the stirrup 

spacing, amount of compressive reinforcement and size of concrete cover. All the beams failed in 

compression between the two loading points. Cracking of the compression area in the beams 

depending the most of the reinforcement detailing. Cracking of the beam without shear 

reinforcement in compression area was the largest, while beam that contain shear reinforcement 

at the dense spacing had the smallest cracking. Strain level in the concrete and reinforcement were 

recorded with strain gauges (SG) and Linear Variable Differential Transformers (LVDT) at one 

mailto:jelena.zivkovic@ntnu.no
mailto:jan.overli@ntnu.no
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side of the beam. On the other side Digital Image Correlation (DIC) method was used [3,4]. 

Average compressive strain level recorded in all the beams was in scope 3,4‰ and 3,8‰. In 

addition, for control of the material characteristics small specimens were tested. To produce the 

concrete, a lightweight aggregate Stalite was used to achieve an oven-dry density of about 1850 

kg/m3 and a compressive cylinder strength of about 65 MPa. 

 

2. EXPERIMENTAL TEST PROGRAM AND RESULTS 

The experimental program consist of six reinforced LWAC beams which were subjected to a four 

point bending test, with a constant moment zone of 1m between the loading points. Main test 

parameters that were varied in the testing zone were the stirrup spacing, amount of compressive 

reinforcement and size of concrete cover. All the beams were overreinforced in order to provide 

the bending failure. Outside of the testing zone, all the beams had the same stirrups distribution 

designed to avoid shear failure. The program and results are given in Table 1. The beams measured 

(width x height x length) 210-330 x 550 x 4500 mm. Detailed test setup of the beams and 

reinforcement layout of cross section are shown in Figure 1. 

 

Table 1-Test parameters and results  

where s is stirrup spaceing; c -size of concrete cover; Ac –compresive reinforcement; flc,cube-

compressive cube strength; Pfcr – load level for first bending crack; Pcr – load level for first shear 

crack; Pu – load level of maximum load; Pcalc– calculated load acoording EC2[5]; Ɛc – average 

concrete compressive strain; Ɛt – average concrete tension strain; 

 

 

 

 

Figure 1 – Detailed test setup of beams and cross sections with the reinforcement layout 

 

Beam 
s 

[mm] 

c 

[mm] 
Ac 

flc,cube 

[MPa] 

Pfcr 

[kN] 

Pcr 

[kN] 

Pu 

[kN] 

Pcalc 

[kN] 

Pu / 

Pcalc 

Ɛc 

[‰] 

Ɛt 

[‰] 

1 - 20 2ø12 74.2 53 318 724 729 0.99 3.70 - 

2 200 20 2ø12 74.2 54 350 645 729 0.88 3.77 2.04 

3 60 20 2ø12 74.2 78 319 707 729 0.97 3.74 2.41 

4 100 20 2ø12 74.2 69 324 700 729 0.96 3.75 2.08 

5 100 40 2ø12 74.2 64 339 663.4   726 0.91 3.61 2.17 

6 200 40 2ø25 74.2 64 250 750 800 0.94 3.4 2.35 
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The moment and shear capacity of the beams has been calculated in accordance with Eurocode 2 

[5], and these values are 729 kN, 726 kN and 800 kN respectively. The strain level which is used 

in calculation was 2,52‰.  

 

3. DISCUSSION 

The first bending crack was observed in the constant moment region on the tension side between 

the loading points. As the load was increased, new bending cracks propagated symmetrically until 

they reached the top of the beam flange. Development of bending cracks slowed down when shear 

cracks appeared. The first shear cracks appeared in the middle of the shear zone, between the 

neutral axis and the beam flange. Additional loading lead to further crack propagation of both 

bending and shear side. In beam 6, shear cracks appeared from bending cracks, which was 

different from the other beams. Crack propagation for certain load steps are very similar for all 

the tested beams. Only difference was in cracking of the compression zone and that depend from 

tests parameters. Failure happened when compression zone between loading points cracks. This 

type of failure is defined as compressive failure in the bending moment zone, see Figure 2. In 

general, observed cracking in all the beams were very similar like for normal weight concrete 

beams, because all beams were able to stand almost doubled load after formation of diagonal shear 

cracks. Beams with reduced stirrup spacing and lower concrete cover showed the lowest spoiling 

and decrease in crack propagation. The beam containing the largest compressive reinforcement 

resisted the largest load but crack propagation and spoiling were the similar like for the beam with 

same stirrup spacing and concrete cover. The beam 1, which do not contain stirrups in testing area 

showed the largest brittle spoiling and uncontrolled crack propagation, typical for LWAC [1,2]. 

 

 
Figure 2– Final failure state of beam 4 

 

By using DIC, detailed strain fields of the observed compressive zones have been recorded, see 

Figure 3. In general, measuring devices were in a good agreement but in a failure faze larger 

strains and localization were measured using DIC, compared to the strain values measured with 

the SGs and LVDTs. Localization of strains actually present nice picture of formed cracks and 

strains development between them. In addition, it is visible that reinforcement layout will 

influence the most the crack development and that cracks which will actually lead till failure were 

formed between stirrups. Average compressive strain level recorded in all the beams was in scope 

3,4‰ and 3,8‰. Having in mind that EC2 [5] has special rules for LWAC, which are reduction 

factors applied to regular design criterion, the results in this study indicate that EC2 

underestimates LWAC. Recorded maximum strains in the tested beams were for 30-50 % larger 

than the allowed maximum strain for this type of concrete.  

 

4. CONCLUSIONS 

For all tested beams in this research, cracking of the beams were the similar except for the testing 

area. All beams showed the ductile behaviour since they were able to stand more loading after 

formation of shear cracks. 

 



Nordic mini-seminar: Crack width calculation methods for large concrete structures 

Oslo, Norway, August 29th-30th, 2017 

98 

 

 

 

            (a)  

 

 

 

 

            (b) 

 

 

 

 

            (c) 

 

 
Figure 3– Detailed strain field from 3D-DIC (element size 23mm, colorbar scaling from 1‰-

4‰); (a) beam 2; (b) beam 5; (c) beam 6; 

 

Cracking of the testing area depend from the test parameters varied in this experiment. Beams 

with the dense stirrup spacing showed small, shallow cracks and spoiling were the smallest. In 

beams where cover was deeper spoiling and cracking were larger. The beam containing the largest 

compressive reinforcement resisted the largest load.  

 

In general, characteristics of LWAC mostly depend on the type of used lightweight aggregate 

(LWA). EC2 do not differentiate between types of LWAs used in LWAC. From the experimental 

results in this experiment, it is indicated that EC2 underestimates strain level 30-50% from one 

proposed for designing. Since in this study LWAC showed behaviour similar to NDC, further 

investigation of LWAC as a structural material should be continued. In addition, the way how 

EC2 treats different types of LWAC should especially be investigated. 
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