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Abstract 8 

Crack control throughout the service life of a structure has always been a challenging task for engineers 9 

and asset owners, particularly those who are involved with the design and construction of structures 10 

with increased durability requirements, such as liquid retaining structures, nuclear containment 11 

buildings or structures in direct contact with ground, but also other externally restrained structures. For 12 

these reasons, several standardised methods exist throughout the global engineering community which 13 

encompass differences between them. This work is a state-of-the-art review of the methods for crack 14 

width control due to imposed strains recommended by different regulatory documents from Europe, 15 

USA, Australia and Japan, and provide a reasonable degree of guidance with respect to the assumptions, 16 

possibilities and restrictions of each method. This work resonates with the scope of the RILEM TC 287-17 

CCS: Early age and long-term crack width analysis in RC structures. 18 
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Notation 1 

𝑎𝑠  distance from tensioned edge of concrete section to centre of gravity of reinforcement 2 

𝑐  concrete cover 3 

𝑓𝑐𝑡  tensile strength of concrete 4 

𝑓𝑐𝑡𝑘,0.05  5%-quantile characteristic tensile strength of concrete 5 

𝑓𝑐𝑡𝑚  mean tensile strength of concrete 6 

ℎ𝑐,eff  depth of the effective tensile area of concrete 7 

𝑙𝑒  transfer length 8 

𝑠0  slip length in crack formation stage / crack spacing in stabilised cracking stage 9 

𝑠𝑟  crack spacing 10 

𝑠𝑟𝑚  mean crack spacing 11 

𝑠𝑟,max  maximum crack spacing 12 

𝑤  crack width 13 

𝑤𝑘  characteristic crack width 14 

𝑤mean  mean (average) crack width 15 

𝑤max  maximum crack width 16 

𝐴𝑐,eff  effective tensile area of concrete 17 

𝐴𝑐𝑡  tensile area of concrete 18 

𝐴𝑠  area of reinforcement 19 

𝐸𝑐  modulus of elasticity of concrete 20 

𝐸𝑐𝑚  mean modulus of elasticity of concrete 21 

𝐸𝑐,eff  effective modulus of elasticity of concrete 22 

𝐸𝑠  modulus of elasticity of steel 23 

𝑅  restraint factor (from linear analysis) 24 

𝑅𝑎𝑥  restraint factor accounting for creep 25 

𝛼𝑒  ratio of moduli of elasticity of steel and concrete 26 

𝜌  reinforcement ratio 27 

𝜌eff  effective reinforcement ratio 28 

𝜎𝑠  stress in reinforcement 29 

𝜀𝑐𝑎  autogenous shrinkage strain 30 

𝜀𝑐𝑑  drying shrinkage strain 31 

𝜀𝑐𝑚  mean strain in concrete 32 

𝜀𝑐𝑡𝑢  tensile capacity of concrete 33 

𝜀free  free (unrestrained) imposed strain 34 

𝜀𝑠𝑚  mean strain in steel reinforcement 35 

𝜀𝑇  thermal strain 36 

ϕ  diameter of reinforcement 37 



1 Introduction 1 

Crack control due to restrained volumetric changes as a serviceability limit state in reinforced concrete 2 

has always been of interest to designers and researchers especially when associated with liquid-3 

retaining, air-tight but also monumental structures. Volumetric changes in concrete may arise from 4 

thermal expansion (and subsequent contraction) due to hydration and ambient temperature variations, 5 

drying and autogenous shrinkage. If these changes in volume are restrained, which is always the case 6 

to a certain degree in all structural concrete applications, then tensile stresses are induced in concrete 7 

which may result in cracking [1]. 8 

The type and significance of volume change restraint can vary depending on the structural arrangement. 9 

Nevertheless, the restraint type is usually differentiated in three categories: (a) end restraint, where an 10 

element is externally restrained at its extremities, (b) continuous edge restraint, where an element is 11 

externally restrained along its edge, usually the base, and (c) internal restraint, occurring due to 12 

temperature and moisture variations in the cross-section. The case of internal restraint is mostly relevant 13 

for massive concrete structures, in which self-equilibrated temperature gradients prevail, but also in thin 14 

sections, in which drying shrinkage is internally restrained by reinforcement. In typical cross-sections 15 

variations of temperature and/or shrinkage are sufficiently insignificant that the practical analysis of 16 

these elements can be performed assuming uniform temperature/shrinkage in the cross-section with 17 

satisfactory accuracy, or the effect of self-equilibrating stresses resulting from these differences can be 18 

accounted for implicitly in the analysis. Scenarios of (a) and (b), in turn, may be more commonly dealt 19 

with in practice, e.g., ground slabs, suspended slabs, pile caps, tunnel walls, tanks and generally 20 

containment structures. A combination of the two is also not uncommon, such as the restraint of the 21 

base and one side edge (sequential casting of segments) or restraint of the base and both side edges 22 

(alternate-bay casting of segments). Nevertheless, it has been observed that although the arrangement 23 

of the restraint influences the amount and range of cracks, i.e. the area of the element which requires 24 

additional reinforcement, it does not have direct effect on the width of the cracks [2]. Hence, crack 25 

width control of the elements with mixed restraint conditions can be performed using the approach for 26 



either case (a) or (b), depending on the geometrical factors of the element (see Fig. 1). Therefore, the 1 

cases of end- and edge-restrained element are considered as representative.  2 

The aim of the serviceability limit state design of cracking of reinforced concrete structures is 3 

predominately to ensure durability of the structure, but also its aesthetically pleasant appearance. It is 4 

crucial in structures with increased tightness requirements (water tightness or limited permeability). For 5 

this reason, several analytical models have been developed to constitute a standardised approach in 6 

different regions of the world. Experience of the authors has shown that crack width estimates may vary 7 

significantly depending on the method used, which results not only from the basic assumptions of the 8 

model with respect to the specifics of the analysed structure, but also from the way in which the values 9 

of relevant input parameters are determined in the method. This paper gives an extensive review of the 10 

codified methods currently used around the world for the restraint-induced crack width calculation with 11 

their historical background. These methods are implemented in the documents of different legal 12 

importance which include European standards: current version of EN 1992-1-1 [4] and EN 1992-3 [5] 13 

and new final draft FprEN 1992-1-1 [6], as well as guideline CIRIA C766 [7] and National Annexes to 14 

EN 1992-1-1 in Germany [8] and Austria [9]; Australian standard AS 3600 [10] and recommended 15 

practice document CIA Z7/06 [11]; Japanese AIJ-SRC recommendations for practice [12] and JCI 16 

guideline [13]; and American ACI reports 207.2R-07 [14] and 224R-01 [15]. In the paper these 17 

documents will be referred to as “reviewed documents”. 18 

2 Philosophy of the models 19 

The design criterion for serviceability limit state of cracking is a target crack width estimated under 20 

decisive load combination, both in case of the cracking caused by direct loads and by restraint of 21 

imposed strains. The width of the crack is defined as a product of the slip length 2𝑙𝑒 and mean strain 22 

difference between steel and concrete (𝜀𝑠𝑚 − 𝜀𝑐𝑚) over this length: 23 

 𝑤 = 2𝑙𝑒 ∙ (𝜀𝑠𝑚 − 𝜀𝑐𝑚) (1) 24 

Two stages are usually distinguished in the phenomenon of cracking: the crack formation stage and the 25 

stabilised cracking stage [16]. The crack formation stage is a stage at rather small load levels in which 26 



stand-alone single cracks exist, whereby concrete and steel strains reach compatibility between cracks. 1 

The stabilised cracking stage is only reached at higher load levels when concrete and steel strains are 2 

not compatible over the entire length of the element. Figure 2 illustrates the strain conditions of both 3 

stages. Depending on the reinforcement ratio, the tensile strength of the concrete and the concrete cover, 4 

the boundary between the two cracking stages ranges for practical cases between 𝜎𝑠 = 150 N/mm
2 5 

and 300 N/mm2. In any case, both cracking stages differ significantly in the respective underlying slip 6 

length. For single cracks, the slip length is the full transfer length to both sides of the crack, 𝑠0 = 2𝑙𝑒; 7 

for stabilised cracking, the slip length correlates with the crack spacing, 𝑠0 = 𝑠𝑟 ≤ 2𝑙𝑒 [17].  8 

Many codes neglect the single crack (crack formation) stage and treat the crack width independently of 9 

the load level for the conditions of a stabilised cracking stage by defining the slip length solely via the 10 

crack spacing. By doing so, the crack width is generally defined as a product of crack spacing 𝑠𝑟 and 11 

mean strain difference: 12 

 𝑤 = 𝑠𝑟 ∙ (𝜀𝑠𝑚 − 𝜀𝑐𝑚) (2) 13 

Such an approach has been adopted in European standards on design of concrete structures: Model Code 14 

2010 [18] and EN 1992-1-1 [4]. The standards provide a method for crack width calculation based on 15 

the mechanical behaviour of a reinforced concrete tie subjected to uniaxial tension. It is assumed that 16 

once the acting tensile force reaches cracking force, the stabilised cracking stage is reached. The mean 17 

crack width is then calculated as the product of mean (average) crack spacing 𝑠𝑟𝑚  and difference 18 

between mean strain of steel and concrete (averaged along the transfer length). It must be noted that 19 

determination of the mean crack spacing in such an approach is usually the result of calibration on the 20 

experiments with specimens in the stabilised cracking stage. However, since the cracks are not 21 

distributed uniformly along these specimens, the conversion between the mean crack width 𝑤mean and 22 

the design crack width 𝑤𝑘 is done implicitly with the conversion factor 𝛽 > 1 expressed with the use 23 

of the maximum crack spacing 𝑠𝑟,max = 𝛽 ∙ 𝑠𝑟𝑚. Factor 𝛽 is hereby again the result of calibration on 24 

experiments with specimens in the stabilised cracking stage and refers usually to a characteristic crack 25 

spacing. The crack with obtained with such an approach should be understood as the characteristic crack 26 



width 𝑤𝑘, a statistical value defined as the width with a 5% probability of being exceeded (a 95% 1 

quantile) [19]. 2 

This approach, originally developed for the elements under direct loads, has been adopted based on the 3 

proposal of Beeby [20] for design of the elements subjected to the restraint of imposed strains. It has 4 

been implemented in EN 1992-3 [5] dedicated to the design of water-tight structures, which serves as 5 

an extension to the main part EN 1992-1-1 regarding e.g. serviceability limit state of cracking due to 6 

imposed deformations. This philosophy has been also adopted in the guidelines CIRIA C660 [21] and 7 

its successor C766 [7], which have been developed complimentarily to EN 1992-3, as well as continued 8 

in the new draft FprEN 1992-1-1 [6]. On the contrary, the German and Austrian National Annexes to 9 

EN 1992-1-1 do not follow such strategy in the firm belief that calibration of experiments in the 10 

stabilised cracking stage does not represent the actual behaviour of the element, which is often 11 

characterised by stand-alone single cracks, especially in case of imposed and restrained strains. 12 

Therefore, explicit distinction between single crack stage and stabilised cracking stage is provided there. 13 

In addition, the calculation of slip length is not the result of calibration to experiments but based on 14 

mechanical considerations with the condition that the tensile strength of concrete cannot be exceeded 15 

at any point in the element. As also in the current EC2 and FprEN 1992-1-1, the simplification of a 16 

(slip-independent) constant mean bond stress along the slip length of 𝜏𝑠𝑚 = 1.8𝑓𝑐𝑡,eff  is assumed, 17 

whose effect on the results in the application of the mechanical based approach has been discussed in 18 

e.g. [22]. The result is not a characteristic but theoretically maximum slip length and maximum crack 19 

width 𝑤max, respectively. Further details are given in [17] and [22]. 20 

As for the second component of the crack width formula, namely the strain difference (𝜀𝑠𝑚 − 𝜀𝑐𝑚), it 21 

depends on the restraining condition (either end- or edge-restraint). In an element which is restrained at 22 

the ends, cracking changes internal forces globally and crack widths depend on the degree of 23 

reinforcement and tensile strength of concrete, but not on the applied strain. It means that a stabilised 24 

crack spacing is assumed to be formed just after the cracking stresses are reached. For the other case, 25 

an element restrained along one edge, as cracking changes forces only locally, the mean strain difference 26 



between steel and concrete depends on the magnitude of the restrained part of the strain of uncracked 1 

section.  2 

If the reduction of the restraint forces due to cracking is taken into account, it is rather unlikely that a 3 

stabilised cracking stage will be reached for typical magnitudes of imposed strains, element’s 4 

dimensions and reinforcement ratios [17]. In this sense, the German and Austrian Annexes to EN 1992-5 

1-1 control the crack width for imposed deformations on the basis of the crack formation stage. There 6 

exist also other methods which acknowledge the fact that the mechanism of restrained shrinkage 7 

cracking differs from the mechanism of cracking under direct loads and they are based on the 8 

assumption that the element under the action of the restrained imposed strains is in a crack formation 9 

stage. These include the method developed by Base and Murray [23], whose modified version has been 10 

adopted in Japanese recommendations AIJ-SRC [12], and the method developed by Gilbert [24] and 11 

Nejadi and Gilbert [25], adopted in the Australian recommendations CIA Z7 [11]. In both methods the 12 

transfer length is calculated, defined after Favre [26] as dependent on the diameter and reinforcement 13 

ratio, but independent of the concrete cover, and compared with the crack spacing. The computation 14 

procedure follows development of stresses in steel and concrete and the formation of subsequent cracks 15 

until (if) the stabilised cracking stage is established. It must be noted that the formula for crack width 16 

is derived based on the mean crack spacing. It should be also mentioned here that the Base–Murray 17 

method implemented in AIJ-SRC recommendations [12] has been modified to account for the actual 18 

degree of restraint and restraining condition, and hence can be used for both end-restrained elements 19 

and edge-restrained (wall) elements, as well as to account for the effect of creep. 20 

Finally, a method for calculation of the width of the restraint-induced cracks is provided by the ACI 21 

reports. In the ACI reports family the design for crack control of reinforced concrete structures subjected 22 

to restrained imposed strains was provided by the ACI 207.2R-95 [27], later replaced with a newer 23 

version ACI 207.2R-07 [14]. The provisions of the current version of the report ACI 207.2R-07 [14] 24 

are limited to cracking risk assessment and for the crack width calculations refer to ACI 224R-01 [15] 25 

– the report dedicated to design of elements under direct loads. The previous version of the report ACI 26 

207.2R-95 [27] referred to ACI 224.2R-92 [28] from which it adopted the formulas for crack width 27 



under direct loads for calculations of the elements under imposed strains. The same formulas are still 1 

recommended by an updated version of the report ACI 224R-01 [15]. It was, therefore, concluded by 2 

the authors that the combined provisions of the current versions of the ACI 207.2 [14] and 224 [15] 3 

report can be used for the design of the elements in questions following the procedure proposed in [27]. 4 

This approach allows to check whether stabilised cracking stage has been reached: the spacing between 5 

the cracks can be re-calculated from the obtained crack width, and this value can be compared with the 6 

minimum crack spacing in a tie for a stabilised crack spacing. 7 

It should be mentioned that the methods implemented in the current standards for determination of 8 

restraint stresses in edge-restraint elements are all based on the so-called Compensation Plane Method 9 

developed in Japan by the JCI Technical Committee on Thermal stress of massive concrete structures 10 

in 1985 [29]. A companion method for crack width calculation with the use of the CPM has been also 11 

proposed [30]. This approach was advocated by the Japan Concrete Institute until the 2016 version of 12 

their report [13] after which it was replaced with a fully three-dimensional FEM-based method for 13 

determination of stresses caused by volumetric changes. Alongside, a concept of cracking index was 14 

introduced which is used for the assessment of cracking risk and crack width calculation [31]. The 15 

formula for the maximum crack width calculation according to the cracking index and reinforcement 16 

ratio is an empirical formula derived with a statistical analysis of a large database of the results obtained 17 

in numerical simulations of wall- and non-wall structures in Japan. The formula has been calibrated so 18 

its physical meaning is implicit. 19 

3 End-restrained elements 20 

In general, in the end-restrained elements the crack spacing is determined as mean crack spacing in a 21 

tie and a multiplication factor 𝛽 > 1 is used to convert mean crack width 𝑤mean into the characteristic 22 

crack width 𝑤𝑘. It is agreed that the crack spacing depends on the diameter and ratio of reinforcement, 23 

and some of the methods acknowledge also the influence of the concrete cover. The magnitude of the 24 

restrained imposed strain affects the number of cracks but not the crack width, which is characteristic 25 

for the crack formation stage. Table 1 summarises the formulas in the crack width calculations for end-26 

restrained elements with different standardised methods. It is worth noting that in the new proposal of 27 



the draft FprEN 1992-1-1 a new coefficient 𝑘1
𝑟⁄
 has been introduced which accounts for the effect of 1 

curvature on the actual width of the crack in case of the elements under flexure / eccentric tension. In 2 

case of pure tension, however, there is no curvature and the coefficient 𝑘1
𝑟⁄
= 1. 3 

3.1 Methods based on stabilised cracking stage assumption 4 

The European standards and recommendations [4][5][6][7] as well as the Australian standard AS 3600 5 

[10] are based on the model in which the crack spacing is derived from the model of an end-restrained 6 

element for a stabilised cracking stage (see Fig. M.2 in [5]). The mean crack spacing 𝑠𝑟𝑚 obtained with 7 

such a derivation is then converted into the maximum spacing 𝑠𝑟,max   by multiplying it by the 8 

conversion factor of 1.7 (which is done explicitly in FprEN 1992-1-1 [6] and implicitly in the remaining 9 

documents). EN 1992-1-1 [4] and CIRIA C766 [7] (following CIRIA C660 [21]) adopted the same 10 

formula for the crack spacing with a difference in the way how the bond properties are considered – 11 

CIRIA C766 [7] recommends to assume that at the stage of hardening of concrete the quality of bond 12 

between steel and concrete is poor. To account for the poor bond quality at early age the coefficient 𝑘1 13 

should be increased by 1/0.7 (for sections > 300 mm thick with cover < 50 mm), which gives the value 14 

of 1.14 in comparison to 0.8 suggested by EN 1992-1-1 for good bond condition. In the authors opinion, 15 

it may be further deduced that if cracking occurs at early-age, poor bond assumption should be 16 

maintained for the long-term analysis. In the opposite situation, i.e. if cracking is not predicted in the 17 

early ages of concrete hardening, for the purpose of the long-term analysis the quality of bond can be 18 

considered as good, and thus 𝑘1 = 0.8.  19 

For the crack spacing, the draft FprEN 1992-1-1 [6] proposes an evolution of the relationship given in 20 

the current EN 1992-1-1. To facilitate comparison, the following considerations are related in both cases 21 

to the mean crack spacing, which in case of FprEN 1992-1-1 is given explicitly, while in case of the 22 

current EN 1992-1-1 is expressed as 𝑠𝑟,max /1.7. Comparing the two equations, changes in 𝑘𝑖 23 

coefficients can be noticed. Coefficient 𝑘3 has been reduced from 2.0 to 1.5, which results in smaller 24 

influence of the concrete cover on the crack width. A new coefficient 𝑘𝑏 has been introduced which 25 

accounts for the bond properties depending on the position of the reinforcing bar during concreting. 26 



This new coefficient replaces coefficient 𝑘1  which related crack spacing to the bond properties of 1 

reinforcing steel attributing it to the surface characteristics of the bars (ribbed vs. plain). Coefficient 𝑘2, 2 

dependent on the distribution of strain in cross-section, has been replaced with a new coefficient 𝑘𝑓𝑙. In 3 

case of pure tension, the value of 𝑘𝑓𝑙 = 1 as it was for the coefficient 𝑘2, but in case of the elements 4 

under pure or eccentric flexure it claims a more precise determination of strains in extreme fibres; new 5 

formulation of this coefficient is presented in [32]. However, the mechanical consistency of such 6 

formulation can be seen as contradictory, as shown in [22]. The value 1/7.2 results from the assumptions 7 

of the model for crack spacing in stabilised cracking stage in which the transfer length is derived based 8 

on the slip-independent mean bond stress with a value of 𝜏𝑠𝑚 = 1.8 ∙ 𝑓𝑐𝑡,eff [32]. This leads to the 9 

formula for the transfer length 𝑙𝑒 = 𝐴𝑐,eff (1.8 ∙ 𝑢𝑠)⁄ , where the ratio between the effective tensile area 10 

of concrete and the bar perimeter 𝐴𝑐,eff 𝑢𝑠⁄  can be written in relation to the bar diameter and 11 

reinforcement ratio as ϕ (4 ∙ 𝜌eff)⁄ . The value ¼ represented as 𝑘4 in EN 1992-1-1 [4] is described in 12 

the model of FprEN 1992-1-1 [6] as an empirical coefficient, while it results from equating 𝐴𝑠 𝑢𝑠⁄ =13 

𝜙 4⁄  which is not empirical. Accounting for the assumption of the constant bond law it gives the value 14 

of 1 4⁄ ∙ 1 1.8⁄ = 1 7.2⁄  in FprEN 1992-1-1.  15 

Even though in both cases the crack-inducing strain is related to the degree of reinforcement and tensile 16 

strength of concrete, in the current version of EN 1992-1-1 [4] and CIRIA C766 [7] different formula 17 

has been proposed for the elements subjected to imposed strains as opposed to the situation of the 18 

elements under direct tension. The reinforcement ratio based on the full cross section, 𝜌, is used for 19 

calculation of the strain difference in the elements under imposed strains while the effective one 𝜌eff is 20 

used in case of direct tension. Moreover, CIRIA C766 states that cracking may occur at stresses lower 21 

than the mean tensile strength of concrete, as proposed by EN 1992-1-1, and recommends using the 22 

0.05% characteristic tensile strength instead of the mean one, which is 30% lower.  23 

The draft FprEN 1992-1-1 [6] recommends using the same formula for the end-restrained elements 24 

regardless of the source of tension (direct loads or imposed strains). The crack-inducing strain depends 25 

on the actual stress in reinforcing steel induced by the imposed strain. The same recommendation is 26 

given by AS 3600 [10]. This way the method for determination of the crack-inducing strain in end-27 



restrained elements subjected to imposed deformation currently given by EN 1992-3 [5] has been 1 

removed from the recommendations of FprEN 1992-1-1 [6]. It is the authors understanding comparing 2 

the two methods that the FprEN 1992-1-1 [6] formula allows for superposition of stresses induced by 3 

the restraint of imposed strains and additional mechanical load because it explicitly incorporates the 4 

stress in steel 𝜎𝑠 which value can be calculated for any load acting on the analysed element. On the 5 

other hand, coefficient 𝑘 in EN 1992-1-1 [4], which accounts for the effect of self-equilibrating stresses 6 

on the reduction of the force resultant caused by imposed strains, was neglected. Coefficient 𝑘𝑐 in EN 7 

1992-1-1 [4] approach has also been removed, however, its effect is implicitly taken into account by 8 

the choice of location of the reinforcement for which the stress 𝜎𝑠 is determined (for pure tension, pure 9 

flexure or eccentric tension appropriate stress block is considered for determination of the value of 10 

stress in the analysed layer of reinforcement).  11 

3.2 Methods based on crack formation stage assumption 12 

The procedure for crack width calculation proposed in EN 1992-1-1 [4] has not been adopted for 13 

national application in Germany [8] and Austria [9]. Instead of the calibrated model from EN 1992-1-14 

1, which is based upon an experimentally observed mean crack spacing in the stabilised cracking stage, 15 

the German and Austrian Annexes propose an apparatus for crack width calculation on the basis of a 16 

mechanical model. This mechanical model is derived from the bond stress–slip relationship at the 17 

reinforcement–concrete interface in the slip length with particular regard to the cracking stage, namely 18 

single crack stage or stabilised cracking stage. The model allows to calculate the maximum possible  19 

slip length and, consequently, the maximum crack width, 𝑤max. The slip length / crack spacing in this 20 

approach depends on the diameter and ratio of reinforcement (with coefficient 𝑘4  set as 21 

1 (3.6 ∙ 𝑘1 ∙ 𝑘2)⁄ ), but not on the concrete cover (with 𝑘3 set to 0). 22 

Also the CIA Z7/06 [11], AIJ-SRC [12] and ACI 207.2R-95 [27] methods do not assume that the 23 

stabilised cracking stage has been reached. In the approach of CIA Z7 and AIJ-SRC recommendations 24 

for the crack width in end-restrained elements, the crack width is determined for the transfer length 25 

𝑠0 = 2𝑙𝑒 which depends on the diameter and ratio of reinforcement. In parallel, the expected number 26 



of cracks is calculated under the assumption that the number of cracks must be large enough to 1 

compensate the imposed strains so that the tensile stress in concrete does not reach its tensile strength 2 

again. By knowing the number of cracks, the mean crack spacing 𝑠𝑟𝑚 can be calculated. As long as the 3 

crack spacing is larger than the transfer length (𝑠𝑟𝑚 > 𝑠0), the element is in crack formation stage. 4 

According to these approaches the crack spacing – and consequently the width – are independent of the 5 

concrete cover. Furthermore, in the methods of CIA Z7 and AIJ-SRC the width of the crack depends 6 

on the magnitude of the imposed deformation, in contrary to the methods based on the stabilised 7 

cracking stage assumption. It must be, however, emphasised that the methods were derived for and are 8 

applicable to lightly reinforced structures (with a reinforcement ratio < 0.8%); by exceeding the limits 9 

of their applicability the results of the calculations may become unreliable.  10 

It must be also mentioned that the AIJ-SRC recommendation has been developed specifically for the 11 

design of wall (edge-restrained) elements. It is, however, based on the method developed originally by 12 

Base and Murray [23] for end-restrained elements, where full restraint at extremities (𝑅 = 1) was 13 

assumed. Therefore, even though the guideline does not allow for it explicitly, it seems reasonable to 14 

the authors to use this method in its original form for the design of end-restrained elements. 15 

In the ACI report 207.2R-95 [27] the cracking model for end-restrained members was based on the 16 

assumption that additional cracking of the element must be provided by enough reinforcing steel at a 17 

controlled stress level to equal the total restraint force induced at the member ends. The report adopts 18 

the formulas for the elements under direct loads to be used for calculation of the elements under imposed 19 

strains. The ACI report 224.2R-92 [28] proposed two formulas for calculation of the width of the crack 20 

in the elements under flexure and tension, which differed only in the value of the 𝛼 coefficient. The 21 

original formula developed by Gergely and Lutz [33] for flexure in which 𝛼 = 0.011 was modified in 22 

ACI 224 with 𝛼 = 0.0145 for tension as it is acknowledged that the maximum crack width in tension 23 

elements is larger than it would appear from the formula for flexural elements. Nevertheless, ACI 24 

207.2R-95 [27] recommended to use the expression for flexure (𝛼 = 0.011) for restraint-induced crack 25 

width calculations as it provides sufficient limitations in determining crack reinforcement without 26 

additional conservatism. It was added, though, that the designer is always at liberty to choose a more 27 



conservative expression for direct tension (𝛼 = 0.0145). The width of the crack depends on the 1 

concrete cover, expressed with the cover-to-bar centre distance, as well as reinforcement ratio and 2 

tensile strength, enclosed in the formula for the stress in steel. The spacing between the cracks can be 3 

re-calculated from the obtained crack width – this value depends on the magnitude of the imposed strain. 4 

ACI 224 states that the maximum crack spacing in a tie is equal to about four times concrete cover 5 

thickness. Although the report does not propose it explicitly, in the authors opinion the calculated crack 6 

spacing can be compared with the maximum crack spacing in the stabilised crack spacing 𝑠𝑟,max = 4 ∙7 

𝑐eff to check whether stabilised cracking stage has been reached in the analysed element.  8 

4 Edge-restrained elements 9 

The crack width in an edge-restrained element is, in general, a product of crack spacing, 𝑠𝑟, and crack-10 

inducing strain, 𝜀𝑐𝑟 , which depends on the restrained part of the imposed strain 𝜀𝑟 = 𝑅 ∙ 𝜀free  and 11 

extensibility of concrete (ability of concrete to extend between the neighbouring crack), which is related 12 

to its tensile capacity 𝜀𝑐𝑡𝑢:  13 

 𝑤 = 𝑠𝑟 ∙ 𝜀𝑐𝑟 = 𝑠𝑟 ∙ (𝜀𝑟 − 𝑘𝑡 ∙ 𝜀𝑐𝑡𝑢)  (3) 14 

Table 2 summarises the formulas in the crack width calculations for edge-restrained elements with 15 

different standardised methods. A note about the influence of curvature on the crack width considered 16 

in FprEN 1992-1-1 should also be mentioned (see Sec. 3). 17 

4.1 Methods based on stabilised cracking stage assumption 18 

According to the European standards and recommendations [4][5][6][7] as well as the Australian 19 

recommendation CIA Z7 [11], which adopts here the provisions of CIRIA, the crack spacing in an edge-20 

restrained element is also derived from the model of a tie in which stabilised cracking stage is assumed. 21 

The same formulas and recommendations are used as for the end-restrained element (see Sec. 3.1).   22 

4.2 Methods based on crack formation stage assumption 23 

In case of the approaches of AIJ-SRC recommendation [13] and ACI 207.2R-95 report [27], the same 24 

methods developed for the end-restrained elements are used for the edge-restrained ones. The idea 25 



behind the methods is that an edge-restrained element can be divided into virtual horizontal strips 1 

(referred to as lifts), and each strip can be treated as an end-restrained element in which the actual level 2 

of restraint is adjusted with the use of the restraint factor derived for a given geometry of the wall. In 3 

the AIJ-SRC approach, the reinforcement is calculated per 1 m of the wall’s height and by default 4 

uniformly distributed reinforcement is applied. Nevertheless, it appears to the authors that such an 5 

approach allows to differentiate the degree of restraint in each 1-m strip and, consequently, differentiate 6 

the reinforcement ratio at the heigh of the wall.  7 

In the ACI approach it is explicitly recommended to divide the wall into virtual lifts and perform 8 

calculations for each lift separately. That is because the report acknowledges the fact that developing 9 

cracks reach different heights, and thus at different levels of the wall the crack spacing varies. This 10 

allows to account for the positive effect of geometry of the wall on the restraining moment of the internal 11 

stress block (corresponding to the maximum base restraint) required to be transferred by the 12 

reinforcement at each level of the wall, which guarantees a sufficiently small crack spacing at this level 13 

to reduce the width of the crack. 14 

4.3 Crack-inducing strain and effect of creep 15 

In the edge-restrained element, the mean strain difference depends on the magnitude of the restrained 16 

part of the strain of uncracked section which is calculated as a product of the unrestrained imposed 17 

strain 𝜀free and restraint factor 𝑅, which follows from the Compensation Plane Method. The restraint 18 

factor, which represents the degree of external restraint, accounts for both the axial restraint (restraint 19 

of axial force) and rotational restraint (restraint of bending moment). The degree of restraint varies 20 

throughout the volume of the element. It can be determined from numerical analysis of the structure 21 

(e.g. 3D FEM-based calculations) for any point in the structure. Standards and recommendations, 22 

however, usually provide the recommended values of the restraint factors only in critical points or 23 

sections, where the cracks are expected. All of the reviewed standardised methods in their simplified 24 

recommendations assume full rotational restraint and relate the restraint only to the axial restraint. 25 

Therefore, whenever “full restraint” is referred to, one should understand fixed support conditions 26 



(idealistic case), while “partial restraint” relates to the actual restraining conditions (0-100%) exerted 1 

on the analysed structure. 2 

The current EN 1992-3 [6] does not provide any methods for determination of the imposed strains but 3 

gives recommendations on the degree of external restraint for different restraint configurations. 4 

However, since it is known that the first crack initiates in the central part of the base-restrained element 5 

and this crack usually has the greatest width [34], it seems reasonable to the authors in determination 6 

of the cracking strain to assume the highest recommended value of the restraint factor at the base, which 7 

according to EN 1992-3 is equal to 0.5. Provisions of EN 1992-3 were elaborated in CIRIA C660 [21] 8 

and later in CIRIA C766 [7]. First of all, CIRIA C660 introduced guidelines to determine the magnitude 9 

of imposed strains caused by various phenomena, including cement hydration, shrinkage and impact of 10 

ambient temperature. Further on, CIRIA C766 accounted for different scales and contribution of 11 

individual components of strain on the restrained strain, both at early age and in long term. Finally, the 12 

CIRIA guidelines acknowledged that the restraint factor 𝑅𝑎𝑥 proposed in EN 1992-3 already accounts 13 

for the effect of creep, and the guidelines use explicitly additional coefficients 𝐾𝑐 to represent the effect 14 

of creep on reduction of the restrained part of strain. Therefore, the restraint factor 𝑅  of CIRIA 15 

guidelines should be interpreted as 𝑅𝑎𝑥 = 𝐾𝑐 ∙ 𝑅 [21]. The maximum value of the restraint factor for an 16 

edge-restrained element is given as equal to 0.8 (hence at early age 𝑅𝑎𝑥 = 0.65 ∙ 0.8 = 0.52 which 17 

matches approximately the provisions of EN 1992-3). Nevertheless, even though the CIRIA C766 18 

guidelines recommend separate consideration of the phenomena involved, no detailed provisions are 19 

given on the variation of the degree of restraint. The philosophy of CIRIA C766 has been followed in 20 

the draft FprEN 1992-1-1 [6], although the effect of creep on reduction of stresses is still enclosed in 21 

the restrained factor as in EN 1992-3. Another difference between the approach of CIRIA C766 [7] and 22 

FprEN 1992-1-1 [6] is in determination of the critical values of strains induced by individual 23 

phenomena. More importantly, however, recommendations on the degree of restraint are very limited 24 

in comparison to both CIRIA C766 [7] and current version of EN 1992-3 [5]. Except for giving a general 25 

definition of the restraint factor, the draft FprEN 1992-1-1 only recommends that unless more detailed 26 

values are available, the value of the restraint factor 𝑅𝑎𝑥 for the edge-restrained element can be taken 27 



as 0.5. In the background document to Annex D [35], it is further explained that three different values 1 

of the restraint factor are related to the fact that the degree of restraint changes with age of concrete and 2 

with time if the structural system (and consequently restraining conditions) change. It is recommended 3 

that the precise values of the restraint factor can be derived from other relevant guidelines (with no 4 

reference to specific works) or determined from the FEM-based analysis of the structural system with 5 

or without creep. In the latter case, however, there are no guidelines how this effect should be accounted 6 

for. 7 

Recommendations for determination of the imposed strain are also given by AIJ-SCR [12], however, 8 

they are limited only to drying and autogenous shrinkage (thermal effects are neglected in the 9 

recommendations but they are not explicitly excluded). It must be emphasised that the original Base–10 

Murray method [23] was derived for a generic source of imposed strain so in the authors opinion the 11 

modifications introduced in its version implemented in AIJ-SRC recommendations should not affect its 12 

range of applicability regarding the source of the load. The guideline does not provide specific 13 

recommendations for determination of the restraint factor.  14 

Early-age thermal strains can be assessed with the help of ACI 207.2 report [14]. The report provides 15 

also guidance for determination of the restraint factor without creep. The restraint factor in the centre 16 

section of the edge-restrained element, so in the section where the first and widest crack is likely to 17 

occur, depends on the L/H ratio and relative axial stiffness of the element (𝐴𝑐𝐸𝑐) (𝐴𝐹𝐸𝐹)⁄ : 18 

 𝑅 = 𝐾𝑅 ∙
1

1+
𝐴𝑐𝐸𝑐
𝐴𝐹𝐸𝐹

 (4) 19 

where 𝐾𝑅 is a degree of structural geometry restraint; its distribution along the centre section of the 20 

analysed element is given in a graph depending on the L/H ratio of the element [14]. In this case the 21 

restraint factor depends only on the structural system. According to ACI 207.2 [14], this approach 22 

applies when creep plays a lesser role, i.e. in thinner concrete sections where temperature changes occur 23 

over a relatively short period of time. This approach is evidenced by the ACI 207.2 [14] expression for 24 

crack spacing that does not include concrete shrinkage. In ACI 207.2 [14] it was stated that creep can 25 

be expected to reduce significantly the stresses induced by drying shrinkage because of the long period 26 



required for full drying shrinkage to develop. Due to the fact that simplified approach does not include 1 

the shrinkage of concrete, according to the authors, this leads to a certain extent to the fact that the 2 

positive effect of creep and the negative effect of concrete shrinkage cancel each other out.  3 

It should be noted that CIRIA C766 [7] refers also to the method of ACI 207.2 [14] for determination 4 

of the restraint factor, pointing out that the diagrams for 𝐾𝑅 proposed by ACI 207.2 revised by Emborg 5 

[36] should be used.  Moreover, CIRIA C766 [7] takes into account the positive effect of creep also in 6 

the concrete hardening period, which due to the coefficient 𝐾𝑐1 = 0.65 is significantly lower than in 7 

long term (𝐾𝑐2 = 0.5). In addition, it should be emphasised that in case of imposed deformations which 8 

result, e.g., from the operational specifics of the structure, when imposed deformations take place in a 9 

relatively short period of time, the creep effect may not be taken into account.  10 

A critical review of Eq. (4) can also be found in [37], where an underestimation of restraint stresses by 11 

Eq. (4) is reported. 12 

A fully mechanical procedure for determination of the restrained strain was proposed by Gilbert [38] 13 

whose method has been adopted in the CIA Z7 recommendations [11]. The restrained part of the strain 14 

is determined from the tensile stress induced at the bottom of the restrained element by restraining force 15 

caused by the imposed strain 𝜀𝑟 = 𝜎𝑐𝑠 𝐸𝑐,eff⁄ , where 𝐸𝑐,eff  is an effective age-adjusted modulus of 16 

elasticity which accounts for creep (if it is appropriate/justified). The restraining factor can be then 17 

derived as a ratio between the restrained part of strain and free imposed strain 𝑅 = 𝜀𝑟 𝜀free⁄ . A detailed 18 

step-by-step procedure for determination of the restrained tensile stress 𝜎𝑐𝑠 based on a new and old 19 

concrete relative geometry can be found in [38]. It is worth mentioning that in CIA Z7, 𝜀free is the 20 

difference of the free contraction strains between old and new concrete, as recommended also by CIRIA 21 

766 for long-term analysis, while in FprEN 1992-1-1 no explicit comment is made in this regard.  22 

All the methods, except for the current EN 1992-3 [5], account for the positive effect of concrete 23 

extensibility on the width of the crack. Not the entire restrained part of the imposed strain is a crack-24 

inducing strain because after formation of the crack concrete has some potential to extend between the 25 

cracks, this way reducing their width. The standards relate the extensibility of concrete to its tensile 26 



capacity, expressed as the ratio between tensile strength and modulus of elasticity. However, each 1 

method has different approach to determine this tensile capacity as well as suggests to consider its 2 

different portions. Tensile capacity according to FprEN1992-1-1 considers mean tensile strength of 3 

concrete and neglects creep (it is assumed that the tensile capacity is obtained under short-term loading). 4 

CIRIA C766, in turn, acknowledges that the imposed strains have sustained character and consequently 5 

accounts for the effect of creep. However, as it also considers a reduced value of tensile strength 6 

(characteristic), the predicted strain relive of both methods is eventually of comparable magnitude. The 7 

CIA Z7 and AIJ-SRC recommendations relate strain relieve to full tensile capacity which is calculated 8 

neglecting creep (short-term loading). Finally, ACI 207.2-95 gives fixed recommendations for tensile 9 

capacity of concrete, which are 0.0001 for early-age cracking and 0.00015 for seasonal cracking. 10 

Tensile capacity of 0.0001 is also recommended by AIJ-SRC. In typical cases these values are higher 11 

that the actually calculated 𝑓𝑐𝑡 𝐸𝑐⁄  ratio. It should be noted that the effect of creep is not taken into 12 

consideration in the provisions of the ACI 207.2 reports [14][27] accounting for the fact that in non-13 

massive elements temperature drop occurs relative quickly, thus creep modifies stresses only slightly. 14 

Therefore, it is only noted that the main effect of creep is realised through partially relieving drying 15 

shrinkage and thus recommends to reduce the value of drying shrinkage strain in calculations.  16 

5 Tensile strength and stiffness 17 

Another challenge in SLS design of reinforced concrete structures subjected to imposed strains is caused 18 

by the fact that an important portion of these strains (mainly thermal strains due to hydration and 19 

autogenous shrinkage) develops during the period of hardening of concrete. The critical moment for the 20 

early-age crack control is when the imposed strains caused by cement hydration are high enough to 21 

induce stresses which cannot be withstood by the element. In case of typical thin or semi-massive 22 

elements (with the thickness of several cm such as slabs of walls) this happens within the first few days, 23 

when stiffness is well developed while tensile strength is far from its reference value at 28 days. 24 

Guidelines, such as CIRIA C766, recommend to perform the analysis at 3 days after casting. It is 25 

believed by the authors that this is the case in C766 due to the guidance document focusing on liquid 26 

retaining containers and structures, with element geometries relevant to basement walls and slabs, tank 27 



walls and other non-massive elements. However, with an increasing massivity of the element, which 1 

detailed definition can be found in Erreur ! Source du renvoi introuvable., the critical time will be 2 

extended to even up to couple of months in extreme cases of e.g. dams. 3 

This requires that the values of mechanical properties (tensile strength, modulus of elasticity and tensile 4 

capacity) at this age are known. That is why the guidelines provide recommendations to predict not 5 

only the final values of mechanical properties but also their development in time. Table 3 presents a 6 

summary on the approaches to determine relevant mechanical properties of concrete proposed by the 7 

reviewed documents. For each reviewed document this summary includes definition of the effective 8 

tensile strength used for calculation of the crack width, definition of the modulus of elasticity and their 9 

time-development.  10 

It should be mentioned here that these basic formulas were derived for concretes cured in isothermal 11 

conditions under constant ambient temperature of 20°C. Nevertheless, in several cases, due to heat of 12 

hydration and ambient conditions the temperature within the element is different. Since development 13 

of mechanical properties depends on the temperature-time history within the element, in the above 14 

mentioned basic formulas this can be expressed by using an equivalent age of concrete 𝑡𝑒𝑞 instead of 15 

the real time 𝑡. 16 

European standards and recommendations [4][6][7] give relationships for tensile strength and modulus 17 

of elasticity as functions of compressive strength, which is useful at the design phase when usually only 18 

a class of concrete is known. EN 1992-1-1 and FprEN 1992-1-1 relate to the mean tensile strength for 19 

the crack width prediction while CIRIA C766 relates to the characteristic tensile strength, which is 30% 20 

lower, to account for the fact that loads induced by imposed deformations are sustained for long periods 21 

of time and the cracks are most likely to form at the weakest locations [7]. It is also noted that the crack 22 

width calculated with this formula gives the upper bound value as it does not take into account the effect 23 

of stress relief due to tension stiffening [7]. Regarding the modulus of elasticity, CIRIA C766 and 24 

FprEN 1992-1-1 account for the influence of the aggregate type. All these three documents propose an 25 

exponential function for time-development of mechanical properties in which the development rate 26 

depends on the type of cement. The formula for time-development in FprEN 1992-1-1 has been adjusted 27 



for currently used binders: the values of shape coefficient 𝑠 have been updated and new time parameters 1 

were introduced: reference time for which the final value of a mechanical property has been determined 2 

𝑡ref, which allows to predict development of strength and stiffness beyond 28th day of curing, and the 3 

time for which strength and stiffness gain begin (dormant time) 𝑡dor. It should be noted that the draft 4 

FprEN 1992-1-1 predicts faster development of tensile strength (𝑛 exponent of 0.6 instead of 1.0) and 5 

slightly slower development of the modulus of elasticity (𝑛  exponent of 1/3 instead of 0.3)  in 6 

comparison to the current EN 1992-1-1. 7 

The time development function proposed by EN 1992-1-1 has been also adopted in AIJ-SRC 8 

recommendation [12], however, the values of 𝑠 coefficients have been adjusted to reflect the behavior 9 

of cements used in Japan. Since the tensile strength is not used explicitly in calculations, there are no 10 

recommendations given to calculate its value. As for the modulus of elasticity, the document provides 11 

a formula also based on the compressive strength which additionally accounts for the type of cement 12 

and aggregate used in the concrete mix. 13 

The CIA Z7 recommendation [11] refers to AS 3600 standard [10] regarding mechanical properties of 14 

concrete. The standard also relates tensile strength and modulus of elasticity to compressive strength of 15 

concrete. There is no time-development function provided, only specific recommendations for early-16 

age and long-term values of tensile strength and modulus of elasticity.  17 

In the ACI reports family mechanical properties and their time-development are defined in the ACI 18 

209.2R-08 [40] after ACI 209R-92 [41]. The time-development function has a form of a rational 19 

function and the rate of this development depends on the type of cement. Nevertheless, ACI 207.2R-07  20 

gives different recommendations for the final values of the mechanical properties used for serviceability 21 

limit state design of restraint-induced cracking which are lower that the generally recommended values. 22 

6 Minimum reinforcement for control of crack width due to imposed strains 23 

The reason for defining the minimum reinforcement requirement can be twofold. Firstly, minimum 24 

reinforcement must be provided to avoid yielding of reinforcement at first crack (i.e. the crack 25 

localisation condition in which the full tension cross-section is considered). Secondly, it can be a 26 



simplified method to control the width of cracks due to restraint stresses based on the limitation of steel 1 

stresses to 𝜎lim (depending on the allowable crack width). The minimum reinforcement requirements 2 

given by the reviewed documents are enlisted in Table 4.  3 

It is generally agreed that the minimum reinforcement ratio is a ratio of the effective tensile strength of 4 

concrete (specified in each method) and stress in steel. The yield strength of steel is used to ensure that 5 

reinforcing steel does not yield, but whenever the width of the crack must be limited, the actual stress 6 

in reinforcement should be explicitly determined. EN 1992-1-1 [4] and the recommendations which 7 

follow its approach introduced additional parameters to account for some of the relevant phenomena.  8 

EN 1992-1-1 [4] introduces additional coefficients: 𝑘𝑐 to account for the stress distribution in section 9 

and 𝑘 for the effect of non-uniform self-equilibrating stresses which lead to reduction of the cracking 10 

force.  The latter coefficient allows to implicitly account for the effect of internal restraint. National 11 

Annexes to EN 1992-1-1 in Germany [8] and Austria [9] allow to reduce the value of 𝑘 to 0.8 in case 12 

of restraint caused by temperature variation due to heat of hydration and by shrinkage. This formula has 13 

been adopted in CIA Z7 recommendations [11]. CIRIA C766 [7], which also adopted the formula of 14 

EN 1992-1-1 for the minimum reinforcement, in addition to limiting concrete strength by using its 15 

characteristic value, introduces coefficient 𝑘Edge to account for different restraining conditions of the 16 

analysed element. In case of the end-restrained element 𝑅Edge = 0 , while for the edge-restrained 17 

element the guideline accounts for the confining effect of the base restraint and thus 𝑅Edge > 0 thanks 18 

to which the minimum reinforcement ratio can be reduced.  19 

The approach for the minimum reinforcement has been modified in FprEN 1992-1-1 [6] with respect 20 

to the current version of EN 1992-1-1 [4]. The main text of the draft provides the requirement for the 21 

minimum reinforcement to avoid steel yielding. Following the recommendations implemented in the 22 

German and Austrian National Annexes to EN 1992-1-1 [8][9], Informative Annex S to FprEN 1992-23 

1-1 proposes in addition a requirement of the minimum reinforcement for crack width control under the 24 

assumption that the crack width must only be limited for the cracking force of the effective tensile area 25 



of concrete. However, a yet another definition of the effective tensile area has been proposed in FprEN 1 

1992-1-1 to limit this area for thick members.  2 

7 Interpretation of crack width 3 

The aim of the serviceability limit state of cracking is to limit the width of the cracks to a target 4 

allowable width under the decisive combination of loads. The interpretation of this crack width is, 5 

however, a highly disputable issue. To begin with, the standardised models are design models which do 6 

not intend to compare the design and actual crack widths. The draft FprEN 1992-1-1 [6] states explicitly 7 

that crack width calculated with the method proposed by the standard should only be considered as a 8 

nominal value for the crack width at the surface of the element, to be compared with the limit values 9 

provided in the standard, and not as values actually measured on site. However, from the authors 10 

experience, it is a common practice to make such comparison in order to evaluate the structure’s 11 

compliance with the design. Therefore, there is a need for coherence between the calculated and 12 

measured crack widths. 13 

The so-called calibrated models, as opposed to the mechanical models, are themselves calibrated on the 14 

results of experimental tests. The crack widths and spacings in experiments are not exactly predictable 15 

– at best the range of their expected sizes can be narrowed down. Within this range of expected sizes, 16 

the real values are a random product from the interplay of the scatter of tensile strength along the 17 

member, scatter of bond properties along the slip lengths and load level (in terms of associated cracking 18 

stage). Furthermore, the actual details of test specimens and test procedure and crack measurements 19 

may introduce additional scatter of observed crack widths. Finally, it must be remembered that the 20 

models were developed for some model types of structures, so the reliability of design may decrease as 21 

the target designed structure differs from the model structure. This means that the obtained crack 22 

spacings and crack widths in experiments are not free of doubt. 23 

Secondly, the design models predict either a characteristic crack width 𝑤𝑘 or a maximum possible crack 24 

width 𝑤max (the difference between both design philosophies is explained in [16]). In any case, the 25 

comparison of measurements with code predictions must strongly regard the model philosophy. For 26 

example, the quality of the model for characteristic crack width is strongly based on the crack spacing 27 



in the stabilised cracking stage – and usually evaluated with regard to the scatter of crack spacing 1 

prediction. In design, however, only the maximum crack width is of importance so these models should 2 

also be evaluated against the maximum crack width of experiments. On the contrary, the model for the 3 

maximum crack width is often poorly represented as it has a large scatter in case of crack spacing 4 

prediction for experiments. But this is no surprise since this model assumes the maximum possible slip 5 

length according to the cracking stage in order to make a safe side prediction for the maximum crack 6 

width. 7 

Furthermore, in the reviewed documents the crack width is calculated for the theoretical situation of 8 

reaching the cracking force. In experiments, however, the steel stress is somewhat relieved after each 9 

crack formation, which is discussed – but not considered in the design – in CIRIA C766 [7]. At lower 10 

degree of reinforcement and lower classes of concrete, this “stress reduction” after cracking can reach 11 

significant magnitude of even up to 50%. That is why the time instance at which the measurements are 12 

made is of importance as the crack width at the moment of measurement may not necessarily reflect the 13 

maximum-in-the-history width of the crack. 14 

Finally, although the calculated maximum crack width is determined by the analysis, it is generally 15 

accepted that the cracking process is highly probabilistic and some of the observed cracks in the 16 

structure may be larger than the calculated ones and should not be directly compared. Considering the 17 

uncertainties of both calculation and measurements, a relative difference of 20% between the calculated 18 

and the actual maximum crack width is assumed not to be an abnormal situation. The 20% margin 19 

comes from the distribution of the ratio between the mean and maximum crack width, which based on 20 

the results of Beeby [42], varies between 1.5 and 2. The conversion factor of 1.7 corresponds to the 21 

mean value of the distribution (with 1.7 + 20% of 1.7 = 2). 22 

Last but not least, the crack formation in thick concrete members is strongly affected by primary and 23 

secondary cracking [43]. The crack width in the primary crack can hereby increase significantly in 24 

comparison to the secondary ones. The mechanics behind were intensively elaborated in [44] and from 25 

the result it can be concluded, that conventional tie models are not appropriate for crack width 26 

calculation of thick concrete members. 27 



8 Summary, conclusions and future work 1 

An extensive review of the available standardised methods for calculation of restraint-induced cracking 2 

was summarised briefly and allowed to formulate several conclusions to be forwarded in the next 3 

paragraphs. 4 

Cracking induced by the restraint of imposed strains is governed by the single crack (crack formation) 5 

stage which is acknowledged by the methods implemented in CIA Z7/06, AIJ-SRC, ACI Report 207.2 6 

as well as German and Austrian National Annexes to EN 1992-1-1. Other methods, namely those 7 

following the philosophy of the Model Code 2010 (including EN 1992-1-1 and CIRIA C766), assume 8 

that stabilised crack spacing is reached instantaneously; the same models for crack spacing as for the 9 

elements in direct tension are recommended for the design of the elements subjected to the restraint of 10 

imposed strains. For the acceptance of the design models in practice, it is of importance that the 11 

underlying design philosophy reflects the real behaviour of the element on the whole. On one hand, the 12 

leading models in Europe are those based on the stabilised cracking stage, and hence seem to fail this 13 

aim. On the other hand, however, it should be emphasised that these models attempt to determine the 14 

crack width for extreme situations which may occur at a given point in time, which in some cases maybe 15 

more useful and definitely simpler for the designer who may not necessarily be aware of the complex 16 

behaviour of the structure in question. 17 

Two representative restraint conditions are distinguished in the structures subjected to imposed strains: 18 

end restraint and edge restraint. The formulas for the end-restrained elements are derived from the 19 

model of the tie, for the assumed cracking stage. In the methods for the edge-restrained elements, crack 20 

spacing is also derived from the model of the tie, because the edge-restrained element can be represented 21 

as a tie in which the actual degree of restraint is adjusted with the restraint factor. One of the biggest 22 

differences among the reviewed methods is in the approach to determining the difference of strains 23 

between cracks (a crack-inducing strain). In case of the AIJ-SRC method, this value is not given 24 

explicitly, and strains are limited only to shrinkage-induced strains. In the approaches of EN 1992-3 25 

and CIA Z7/06, this value is defined, but in a general way without specifying the extent and type of 26 



deformation in detail. Finally, CIRIA C766 and FprEN 1992-1-1 provide a precise method for 1 

determination of the crack-inducing strain for a specific range and type of imposed strains. 2 

The differences in the methods result not only from the model assumptions but also from the way in 3 

which the values of relevant input parameters are determined in the method. This relates to the: 4 

• Magnitude of the free imposed strain 𝜀free . There are non-negligible differences among the 5 

reviewed documents regarding determination of the decisive values of the imposed strains (thermal 6 

strain – early-age and long-term, autogenous and drying shrinkage strain) which influence the 7 

magnitude of the crack-inducing strain. 8 

• Effective tensile strength 𝑓𝑐𝑡,eff. There is no agreement whether the mean tensile strength or the 9 

characteristic tensile strength (weakest-link theory proposed in CIRIA C766) should be considered. 10 

Furthermore, the reviewed documents differ in the estimation of the final value of the tensile 11 

strength as well as in the prediction of its time-development during hardening of concrete. 12 

Consequently, for the same class of concrete different standards would predict different values of 13 

the effective tensile strength for early-age and long-term crack width predictions. 14 

• Degree of restraint which has a decisive influence on the magnitude of the restrained part of strain. 15 

The effect of the degree of restraint on the crack width is visible in case of the edge-restrained 16 

elements designed according to the approach proposed in EN 1992-3 (followed by CIRIA C766 17 

and CIA Z7) in which the stabilised cracking stage is assumed and the width of the crack depends 18 

directly on the value of the restrained part of strain. The effect is, on the other hand, negligible in 19 

case of the methods in which crack formation stage, such as AIJ-SRC. In this case the increase in 20 

the restrained strain would lead to formation of new cracks rather than increase of the width of the 21 

existing ones.    22 

• Effect of creep. Taking into account the restraint factor in engineering calculations requires its 23 

interpretation in terms of the size/value of the creep effect or its absence. Thus, the positive effect 24 

of this factor should be defined individually for a given structural element depending on the age of 25 

the concrete and the nature of the imposed deformation (i.e. at early age or in long-term, the type 26 

of deformation which takes place in relatively short or long period of time). 27 



Finally, interpretation of the calculated crack width is a disputable issue. Apart form the mechanical 1 

model implemented in the German / Austrian NAs to EC2 which provides the maximum possible crack 2 

width to be expected in the structure, the methods provide either mean (CIA Z7/07, AIJ-SRC) or 3 

characteristic (EN 1992-1-1, ACI Report 224) width of the crack which should not be directly compared 4 

with the actual crack width on the site. The authors discuss in the paper matters which influence the 5 

measured crack width but which are usually not taken into account by the design models. 6 

Despite extensive research related to the modelling of serviceability behaviour of reinforced concrete 7 

elements subjected to imposed strains, there is no agreement on the formulation for the crack width 8 

calculation or on the modelling approach. The construction practice demands, however, that coherence 9 

is ensured between the calculated and measured crack width which would allow to check the compliance 10 

of the structure with the design. This requires integrity with the behaviour of reinforced concrete and 11 

mechanical consistency of the models which can be achieved by properly designed experiments and 12 

refined numerical modelling. Realisation of these tasks is being covered by the RILEM TC 287-CCS 13 

on “Early-age and long-term cracking of reinforced concrete structures”. 14 

Acknowledgements 15 

The authors would like to acknowledge the support of: Andy Gardner (ARUP, Solihull, UK), Tatsuya 16 

Usui (Taisei, Japan), Laurie Lacarriere (Université de Toulouse, France), Anton van der Esch 17 

(Eindhoven University of Technology, the Netherlands) and Hans Galjaard (Van Hattum en 18 

Blankevoort BV, the Netherlands) in preparation of the paper, as well as the financial support of Arup. 19 

This work was also partly financed by FCT / MCTES through national funds (PIDDAC) under the R&D 20 

Unit Institute for Sustainability and Innovation in Structural Engineering (ISISE), under reference 21 

UIDB/04029/2020. In the particular case of the leading author, her work was supported within the grant 22 

no. BK-225/RB6/2022. 23 

References 24 

[1] Knoppik A, Torrenti J-M, Asamoto S, Koenders E, Schlicke D, Ebespenger L. Cracking risk and 25 

regulations. Thermal cracking in massive concrete structures, State of the Art Report of the 26 

RILEM Technical Committee 254-CMS, Springer; 2019. 27 



[2] Jędrzejewska A, Kanavaris F, Zych M, Schlicke M, Azenha M. Experiences on early age thermal 1 

cracking of wall-on-slab concrete structures. Struct. 2020;27:2520-2549. 2 

[3] Forth J. Designing for non-structural, imposed strain cracks. RILEM-Neville Centre-ICT 3 

specialised short course. University of Leeds; 2021. 4 

[4] EN 1992-1-1:2004+A1:2014 – Eurocode 2. Design of concrete structures – Part 1-1: General 5 

rules and rules for buildings; 2014. 6 

[5] EN 1992-3:2006 – Eurocode 2. Design of concrete structures – Part 3: Liquid retaining and 7 

containing structures; 2006. 8 

[6] FprEN 1992-1-1:2022 [Final Draft] – Eurocode 2: Design of concrete structures – Part 1-1: 9 

General rules – Rules for buildings, bridges and civil engineering structures; Nov 2022. 10 

[7] Bamforth P. CIRIA C766: Control of cracking caused by restrained deformation in concrete; 11 

2018. 12 

[8] DIN EN 1992–1-1/NA:2013–04: National Annex to EN 1992-1-1: Design of concrete structures 13 

– Part 1-1: General rules and rules for buildings. 14 

[9] ÖNORM B 1992–1-1:2018-01-01: National Annex to EN 1992-1-1: Design of concrete 15 

structures – Part 1-1: General rules and rules for buildings. 16 

[10] AS 3600:2018 – Australian standard on concrete structures; 2018. 17 

[11] CIA Z7/06 – Concrete cracking and crack control, Concrete Institute of Australia; 2017. 18 

[12] Recommendation for Practice of Crack Control in Reinforced Concrete Buildings (Design and 19 

Construction). Architectural Institute of Japan; 2014. [in Japanese] 20 

[13] Guidelines for control of cracking of mass concrete 2016. Japan Concrete Institute, Technical 21 

Committee on English version of JCI guidelines for control of cracking of mass concrete; 2017. 22 

[14] ACI 207.2R-07: Report on thermal and volume change effects on cracking of mass concrete; 23 

2007. 24 

[15] ACI 224R-01: Control of cracking in concrete structures; 2001, Reapproved 2008. 25 



[16] Borosnói A, Balázs GL. Models for flexural cracking in concrete: the state of the art. Struct 1 

Concrete. 2005;6(2):53-62. 2 

[17] Schlicke D, Dorfmann EM, Fehling E, Tue N V. Calculation of maximum crack width for 3 

practical design of reinforced concrete. Civil Eng Des. 2021; 3(3):45-61. 4 

[18] CEB-FIP fib Model Code 2010. 5 

[19] Beeby AW, Narayanan RS. Designers' Guide to Eurocode 2: Design of Concrete Structures. 6 

Telford; 2009. 7 

[20] Beeby AW. Fixing in cracked concrete, The probability of coincident occurrence and likely crack 8 

width, CIRIA 1990, p. 32 9 

[21] Bamforth P. CIRIA C660: Early age thermal crack control in concrete; 2007. 10 

[22] Tue NV, Fehling E, Schlicke D, Krenn C. Crack width verification and minimum reinforcement 11 

according to EC 2: Current model with specifications in Germany and Austria vs proposal for 12 

revision. Civil Eng Des. 2021;3(5-6):210– 228.  13 

[23] Base GD, Murray MH. Controlling shrinkage cracking in restrained reinforced concrete. 14 

Proceedings of the 9th Australian Road Research Board (ARRB) Conference 9(4):167-173, 15 

Brisbane, Australia, 1978. 16 

[24] Gilbert RI. Shrinkage Cracking in Fully Restrained Concrete Members. ACI Struct J. 17 

1992;89(2):141-149. 18 

[25] Nejadi S, Gilbert RI. Shrinkage cracking and crack control in restrained reinforced concrete 19 

members. ACI Struct J. 2004;101(6):840-845. 20 

[26] Favre R et al. Fissuration et deformations. Manual du Comité Ewo-International du Beton (CEB), 21 

Ecole Polytechnique Federalé de Lausanne, Switzerland, 1983. 22 

[27] ACI 207.2R-95: Effect of restraint, volume change and reinforcement on cracking of mass 23 

concrete (1995; Reapproved 2005). 24 

[28] ACI 224.2R-92: Cracking of concrete members in direct tension (1992; Reapproved 1997) 25 



[29] Report of Technical Committee on Thermal Stress of Mass Concrete, Japan Concrete Institute 1 

(1985) [in Japanese] 2 

[30] Report of Technical Committee on Thermal Stress of Mass Concrete on Proposal for calculation 3 

method of thermal stress crack width, Japan Concrete Institute (1992) [in Japanese] 4 

[31] Mizobuchi T, Asamoto S. Present status and issues of control technology for cracking of mass 5 

concrete in Japan. RILEM Tech Lett. 2021;6:25-35. 6 

[32] Pérez Caldentey A, García R, Gribniak V, Rimkus A. Background document to prEN 1992-1-1 7 

subsection 9.2.4 – Refined control of cracking, 2021. 8 

[33] Gergely P, Lutz LA. Maximum crack width in reinforced concrete flexural members. In: Causes, 9 

Mechanism, and Control of Cracking in Concrete, SP-20, American Concrete Institute, Detroit, 10 

1968, pp. 87-117 11 

[34] Micallef M, Vollum RL, Izzuddin BA. Crack development in transverse loaded base-restrained 12 

reinforced concrete walls. Eng Struct. 2017;143:522-539. 13 

[35] Kandtad T, Klausen A, Menga A. Background document to prEN 1992-1-1 Annex D (Rev 7) – 14 

Evaluation of early-age and long-term cracking due to restraint, 2021. 15 

[36] Emborg M, Bernander S, Jonasson J-E, Nilsson M. Avoidance of early-age cracking – principles 16 

and recommendations. IPACS Report BE96-3843, Luleå University of Technology, Luleå, 17 

Sweden, 2003. 18 

[37] Schlicke D, Matiašková L. Advanced computational methods versus analytical and empirical 19 

solutions for determining restraint stresses in bottom-restrained walls. J Adv Concr Technol. 20 

2019;17(6):335-349. 21 

[38] Gilbert RI. Shrinkage and early-age temperature induced cracking and crack control in concrete 22 

structures. School of Civil and Environmental Engineering, UNSW Australia, Sydney, Australia, 23 

2015. 24 



[39] Kanavaris F, Jędrzejewska A, Sfikas IP, Schlicke D, Kuperman S, Smilauer V, Honorio T, 1 

Fairbairn E, Valentim G, de Faria EF, Azenha M. Enhanced massivity index based on evidence 2 

from case studies: towards a robust pre-design assessment of early-age thermal cracking risk and 3 

practical recommendations. Constr Build Mat. 2021,271:1-18. 4 

[40] ACI 209.2R-08: Guide for modeling and calculating shrinkage and creep in hardened concrete 5 

(2008). 6 

[41] ACI 209R-92: Prediction of creep, shrinkage, and temperature effects in concrete structures 7 

(1992; Reapproved 1997) 8 

[42] Beeby AW. A Study of Cracking in Reinforced Concrete Members Subjected to Pure Tension. 9 

Cement and Concrete Association, Technical Report No. 42.468.  June 1972, pp. 25 10 

[43] Bödefeld J, Ehmann R, Schlicke D, Tue NV. Mindestbewehrung zur Begrenzung der Rissbreite, 11 

Teil 1: Risskraftbasierter Nachweis nach DIN EN-1992. Beton- Stahlbetonbau. 2012;107:32-37. 12 

[44] Bödefeld J, Ehmann R, Schlicke D, Tue NV. Mindestbewehrung zur Begrenzung der Rissbreite, 13 

Teil 2: Konzept auf Grundlage der Verformungskompatibilität. Beton- Stahlbetonbau. 14 

2012;107:79-85.  15 



 1 

Figure 1. Local restraining conditions in an element with mixed base/side restraint [3]. 2 

 3 

 4 

Figure 2. Strain conditions and slip lengths according to cracking stage. 5 



Table 1. Summary of the methods for crack width calculation in end-restrained elements from reviewed documents. 

Code Crack spacing 𝑠𝑟  Strain difference 𝜀𝑠𝑚 − 𝜀𝑐𝑚 Crack width 

EN 1992-1-1 [4] & 1992-3 [5] 𝑠𝑟,max = 3.4 ∙ 𝑐 + 0.425 ∙ 𝑘1 ∙ 𝑘2 ∙
ϕ

𝜌eff
 

𝑘1 = 0.8 for good bond  

for imposed deformations: 
0.5∙𝛼𝑒∙𝑘𝑐∙𝑘∙𝑓𝑐𝑡𝑚

𝐸𝑠
(1 +

1

𝛼𝑒∙𝜌
) 𝑤𝑘 = 𝑠𝑟,max ∙ (𝜀𝑠𝑚 − 𝜀𝑐𝑚) 

for direct loads: 
𝜎𝑠−𝑘𝑡

𝑓𝑐𝑡𝑚
𝜌eff

(1+𝛼𝑒∙𝜌eff)

𝐸𝑠
≥ 0.6

𝜎𝑠

𝐸𝑠
  

𝑘𝑡 = 0.4 

CIRIA C766 [7] 𝑠𝑟,max = 3.4 ∙ 𝑐 + 0.425 ∙ 𝑘1 ∙ 𝑘2 ∙
ϕ

𝜌eff
 

𝑘1 = 1.14 for pood bond 

0.5 ∙ 𝛼𝑒 ∙ 𝑘𝑐 ∙ 𝑘 ∙ 𝑓𝑐𝑡𝑘,0.05
𝐸𝑠

(1 +
1

𝛼𝑒 ∙ 𝜌
) 

𝑤𝑘 = 𝑠𝑟,max ∙ (𝜀𝑠𝑚 − 𝜀𝑐𝑚) 

FprEN 1992-1-1 [6] 𝑠𝑟𝑚 = 1.5 ∙ 𝑐 +
𝑘𝑓𝑙 ∙ 𝑘𝑏

7.2
∙
ϕ

𝜌eff
≤
1.3

𝑘𝑤
(ℎ − 𝑥) 

𝑘𝑤 = 1.7 

𝜎𝑠 − 𝑘𝑡
𝑓𝑐𝑡𝑚
𝜌eff

(1 + 𝛼𝑒 ∙ 𝜌eff)

𝐸𝑠
≥ (1 − 𝑘𝑡)

𝜎𝑠
𝐸𝑠

 

𝑘𝑡 = 0.4; where 𝜎𝑠 = 𝑓𝑐𝑡𝑚 ∙ 𝐴𝑠 

𝑤𝑘 = 𝑘𝑤 ∙ 𝑘1
𝑟
∙ 𝑠𝑟𝑚 ∙ (𝜀𝑐𝑚 − 𝜀𝑠𝑚) = 𝑠𝑟,max ∙ (𝜀𝑠𝑚 − 𝜀𝑐𝑚) 

𝑘1
𝑟
= 1 for pure tension 

AS 3600 [10] 𝑠𝑟,max = 3.4 ∙ 𝑐 + 0.3 ∙ 𝑘1 ∙ 𝑘2 ∙
ϕ

𝜌eff
 

𝑘1 = 0.8 for good bond 

𝜎𝑠 − 𝑘𝑡
0.9𝑓𝑐𝑡,split
𝜌eff

(1 + 𝛼𝑒 ∙ 𝜌eff)

𝐸𝑠
+ 𝜀free ≥ 0.6

𝜎𝑠
𝐸𝑠

 

𝑘𝑡 = 0.6 and 𝜀free = 𝜀𝑐𝑎 + 𝜀𝑐𝑑 

𝑤𝑘 = 𝑠𝑟,max ∙ (𝜀𝑠𝑚 − 𝜀𝑐𝑚) 

NA to EN 1992-1-1 [8][9] 𝑠𝑟,max =
ϕ

3.6 ∙ 𝜌eff
≤
ϕ

3.6
∙
𝜎𝑠
𝑓𝑐𝑡𝑚

 for direct loads: 
𝜎𝑠−𝑘𝑡

𝑓𝑐𝑡𝑚
𝜌eff

(1+𝛼𝑒∙𝜌eff)

𝐸𝑠
≥ 0.6

𝜎𝑠

𝐸𝑠
 

𝑤max = 𝑠𝑟,max ∙ (𝜀𝑠𝑚 − 𝜀𝑐𝑚) 

CIA Z7 [11] transfer length: 𝑠0 = 0.1
ϕ

𝜌
 not determined explicitly 

𝑤mean = −[
𝜎𝑐1
∗

𝐸𝑐,eff
∙ (𝑠𝑟𝑚 −

2

3
𝑠0) + 𝜀free ∙ 𝑠𝑟𝑚] 

crack spacing: 𝑠𝑟𝑚 =
2∙𝑠0∙(1+𝜉)

3∙𝜉
≥ 𝑠0 

where 𝜉 = f(𝛼𝑒; 𝜌; 𝜀free) 

AIJ-SRC [12] transfer length: 2𝑙𝑒 = 0.1
ϕ

𝜌
 not determined explicitly 

𝜀free is limited to drying and autogenous shrinkage 
𝑤mean = 2𝑙𝑒 (

𝜎𝑠
𝐸𝑠
+
𝑅 ∙ 𝜀free
𝑏

) 

with 𝑅 = 1 for full restraint at extremities 
crack spacing: 𝑠𝑟𝑚 =

𝐿

𝑚
≥ 2𝑙𝑒 

where 𝑚 = 1 +
𝐿∙𝛼𝑒∙𝜌

2∙𝑙𝑒
∙ (

𝑅∙𝜀free−𝜀𝑐𝑡𝑢

𝑏∙𝜀𝑐𝑡𝑢
) 

ACI 207.2 [14] & 224 [15] 𝑠𝑟,max =
𝑤

1.5 ∙ (𝑅 ∙ 𝜀free − 𝜀𝑐𝑡𝑢)
 

based on the known crack width 

not determined explicitly  𝑤𝑘 = 0.011 ∙ 𝜎𝑠 ∙ √𝑎𝑠 ∙ 𝐴𝑐,eff
3 ∙ 10−3 

where 𝜎𝑠 =
𝑓𝑐𝑡

𝜌
 



Table 2. Summary of the methods for crack width calculation in edge-restrained elements from reviewed documents. 

Code  Crack spacing 𝑠𝑟  Strain difference 𝜀𝑠𝑚 − 𝜀𝑐𝑚 = 𝜀𝑐𝑟 Crack width 

EN 1992-1-1 [4] & EN 1992-3 [5] 𝑠𝑟,max = 3.4 ∙ 𝑐 + 0.425 ∙ 𝑘1 ∙ 𝑘2 ∙
ϕ

𝜌eff
 

𝑘1 = 0.8 for good bond 

𝜀𝑐𝑟 = 𝜀𝑟 = 𝑅𝑎𝑥 ∙ 𝜀free 𝑤𝑘 = 𝑠𝑟,max ∙ (𝜀𝑠𝑚 − 𝜀𝑐𝑚) 

CIRIA C766 [7] 𝑠𝑟,max = 3.4 ∙ 𝑐 + 0.425 ∙ 𝑘1 ∙ 𝑘2 ∙
ϕ

𝜌eff
 

𝑘1 = 1.14 for poor bond (at early age) 

𝜀𝑐𝑟 = 𝜀𝑟 − 0.5𝜀𝑐𝑡𝑢 = 𝑅 ∙ 𝜀free − 0.5𝜀𝑐𝑡𝑢

= 𝐾𝑐1 ∙ 𝑅1 ∙ [𝜀𝑇1 + 𝜀𝑐𝑎(3)] + 𝐾𝑐2 ∙ 𝑅2

∙ [𝜀𝑇2 + 𝜀𝑐𝑎(28) − 𝜀𝑐𝑎(3)] + 𝐾𝑐2 ∙ 𝑅3 ∙ 𝜀𝑐𝑑

− 0.5𝜀𝑐𝑡𝑢 

where 𝜀𝑐𝑡𝑢(𝑡) =
𝑓𝑐𝑡,0.05(𝑡)

𝐸𝑐𝑚(𝑡)∙𝐾𝑐
 

𝑤𝑘 = 𝑠𝑟,max ∙ (𝜀𝑠𝑚 − 𝜀𝑐𝑚) 

FprEN 1992-1-1 [6] 𝑠𝑟𝑚 = 1.5 ∙ 𝑐 +
𝑘𝑓𝑙 ∙ 𝑘𝑏

7.2
∙
ϕ

𝜌eff

≤
1.3

𝑘𝑤
(ℎ − 𝑥) 

𝑘𝑤 = 1.7 

𝜀𝑐𝑟 = 𝜀𝑟 − 𝑘𝑡 ∙ 𝜀𝑐𝑡𝑢 = 𝑅𝑎𝑥 ∙ 𝜀free − 𝑘𝑡 ∙ 𝜀𝑐𝑡𝑢

= 𝑅𝑎𝑥,1 ∙ [𝜀𝑇1 + ∆𝜀𝑐𝑎(𝑡)] + 𝑅𝑎𝑥,2 ∙ 𝜀𝑇2

+ 𝑅𝑎𝑥,3 ∙ ∆𝜀𝑐𝑑(𝑡) − 𝑘𝑡𝜀𝑐𝑡𝑢 

where 𝜀𝑐𝑡𝑢(𝑡) =
𝑓𝑐𝑡𝑚(𝑡)

𝐸𝑐𝑚(𝑡)
 and 𝑘𝑡 = 0.4 

𝑤𝑘 = 𝑘𝑤 ∙ 𝑘1
𝑟
∙ 𝑠𝑟𝑚 ∙ (𝜀𝑐𝑚 − 𝜀𝑠𝑚)

= 𝑠𝑟,max ∙ (𝜀𝑠𝑚 − 𝜀𝑐𝑚) 

𝑘1
𝑟
= 1 for pure tension 

CIA Z7 [11] 𝑠𝑟,max = 3.4 ∙ 𝑐 + 0.425 ∙ 𝑘1 ∙ 𝑘2 ∙
ϕ

𝜌eff
 

𝑘1 = 1.14 for good bond 

𝜀𝑐𝑟 = 𝜀𝑟 − 𝜀𝑐𝑡𝑢 = 𝑅 ∙ 𝜀free − 𝜀𝑐𝑡𝑢 

where 𝜀𝑟 = 𝜎𝑐𝑠 𝐸𝑐,eff⁄  and 𝑅 = 𝜀𝑟 𝜀free⁄  

𝑤𝑘 = 𝑠𝑟,max ∙ (𝜀𝑠𝑚 − 𝜀𝑐𝑚) 

AIJ-SRC [12] transfer length: 2𝑙𝑒 = 0.1
ϕ

𝜌
 not determined explicitly  

𝜀free is limited to drying and autogenous shrinkage 

𝑤mean = 2𝑙𝑒 (
𝜎𝑠
𝐸𝑠
+
𝑅 ∙ 𝜀free
𝑏

) 

𝑅 is adjusted to represent the actual degree of restraint 

in a wall 

crack spacing: 𝑠𝑟𝑚 =
𝐿

𝑚
≥ 2𝑙𝑒 

where 𝑚 = 1 +
𝐿∙𝛼𝑒∙𝜌

2∙𝑙𝑒
∙ (

𝑅∙𝜀free−𝜀𝑐𝑡𝑢

𝑏∙𝜀𝑐𝑡𝑢
) 

ACI 207.2 [14] & 224 [15] 𝑠𝑟,max =
𝑤

1.5 ∙ (𝑅 ∙ 𝜀free − 𝜀𝑐𝑡𝑢)
 

based on the known crack width 

𝜀𝑐𝑟 = 𝜀𝑟 − 𝜀𝑐𝑡𝑢 = 𝑅 ∙ 𝜀free − 𝜀𝑐𝑡𝑢 𝑤𝑘 = 0.0145 ∙ 𝜎𝑠 ∙ √𝑎𝑠 ∙ 𝐴𝑐,eff
3 ∙ 10−3 



Table 3. Summary of the functions for mechanical properties of concrete from reviewed documents. 

Code  Tensile strength Modulus of elasticity Time-development function 

EN 1992-1-1 [4] 𝑓𝑐𝑡 = 𝑓𝑐𝑡𝑚 = 0.3 ∙ 𝑓𝑐𝑘
2 3⁄

 

𝑓𝑐𝑡(𝑡) = 𝛽𝑐𝑐(𝑡) ∙ 𝑓𝑐𝑡𝑚 

𝐸𝑐 = 𝐸𝑐𝑚 = 22[0.1(𝑓𝑐𝑘 + 8)]
0.3 

𝐸𝑐(𝑡) = 𝛽𝑐𝑐(𝑡)
0.3 ∙ 𝐸𝑐𝑚  

𝛽𝑐𝑐(𝑡) = exp [𝑠 (1 − √
28

𝑡
)]  

s – depends on type of cement 

CIRIA C766 [7] 𝑓𝑐𝑡 = 𝑓𝑐𝑡𝑘0.05 = 0.7 ∙ 𝑓𝑐𝑡𝑚,28 

𝑓𝑐𝑡  (𝑡) = 𝛽𝑐𝑐(𝑡) ∙ 𝑓𝑐𝑡𝑘0.05 

𝐸𝑐 = 𝛼 ∙ 𝐸𝑐𝑚, 𝛼 depends on aggregate type 

𝐸𝑐(𝑡) following EN 1992-1-1 

Following EN 1992-1-1 

FprEN 1992-1-1 [6] 𝑓𝑐𝑡 = 𝑓𝑐𝑡𝑚 = 0.3 ∙ 𝑓𝑐𝑘
2 3⁄

 

𝑓𝑐𝑡(𝑡) = 𝛽𝑐𝑐(𝑡)
0.6 ∙ 𝑓𝑐𝑡𝑚  

𝐸𝑐 = 𝐸𝑐𝑚 = 𝑘𝐸 ∙ (𝑓𝑐𝑘 + 8)
1/3, 𝑘𝐸 depends on aggregate type 

𝐸𝑐(𝑡) = 𝛽𝑐𝑐(𝑡)
1/3 ∙ 𝐸𝑐𝑚 

𝛽𝑐𝑐(𝑡) = exp [𝑠 ∙ (1 − √
𝑡ref − 𝑡dor
𝑡 − 𝑡dor

) ∙ √
28 − 𝑡dor
𝑡ref − 𝑡dor

] 

𝑠, 𝑡ref and 𝑡dor depend on type of cement 

CIA Z7 [11] 𝑓𝑐𝑡 = 0.32 ∙ √𝑓𝑐𝑚  

𝑓𝑐𝑡(𝑡 = 3) = 0.18 ∙ √𝑓𝑐𝑚  

𝐸𝑐 tabulated for concrete class 

𝐸𝑐(𝑡 = 3) = 0.68 ∙ 𝐸𝑐 for OPC 

n/a 

AIJ-SRC [12] Not used explicitly in the model 

𝐸𝑐 = 3.35 ∙ 10
4 ∙ 𝛾1 ∙ 𝛾2 ∙ (

𝜌𝑐
2.4
)
2

∙ (
𝑓𝑐𝑘
60
)

1
3
 

𝑓𝑐𝑘(𝑡) = 𝛽𝑐𝑐(𝑡) ∙ 𝑓𝑐𝑘  

𝛽𝑐𝑐(𝑡) following EN 1992-1-1, but different values of 

s coefficient 

ACI 207.2 [14] & 209.2 [40] 𝑓𝑐𝑡 = 0.5 ∙ √𝑓𝑐𝑘 

𝑓𝑐𝑡(𝑡) = 𝛽𝑐𝑐(𝑡) ∙ 𝑓𝑐𝑡  

𝐸𝑐 = 4,700 ∙ √𝑓𝑐𝑘 

𝐸𝑐(𝑡) = 𝛽𝑐𝑐(𝑡)
1/2 ∙ 𝐸𝑐 

𝛽𝑐𝑐(𝑡) =
𝑡

𝑎 + 𝑏 ∙ 𝑡
 

a and b – depend on type of cement 

  



Table 4. Summary of the minimum reinforcement requirements for crack width control in RC elements under pure tension from reviewed documents. 

Code  Minimum reinforcement ratio Comments  

EN 1992-1-1 [4] 𝜌min =
𝐴𝑠,min

𝐴𝑐𝑡
= 𝑘𝑐 ∙ 𝑘 ∙

𝑓𝑐𝑡𝑚

𝜎𝑠,lim
  𝜎𝑠,lim can be taken as equal to 𝑓𝑦𝑘, but to limit the crack width it might be necessary to assume smaller 

value of the allowable stress 

ℎ𝑐,eff = min(2.5𝑎𝑠; 0.5ℎ) 

NA to EN 1992-1-1 

[8][9] 

𝜌min =
𝐴𝑠,min

𝐴𝑐𝑡
= 𝑘𝑐 ∙ 𝑘 ∙

𝑓𝑐𝑡𝑚

𝜎𝑠,lim
  

Additional regulations for thick concrete 

members under centric restraint at each surface of 

the element: 

𝐴𝑠,min = max(
𝑓𝑐𝑡,eff∙𝐴𝑐,eff

𝜎𝑠
;
𝑘∙𝑓𝑐𝑡,eff∙0.5𝐴𝑐

𝑓𝑦𝑘
)  

where 𝑓𝑐𝑡,eff = 𝑓𝑐𝑡𝑚 in general or 𝑓𝑐𝑡,eff =

0.5𝑓𝑐𝑡𝑚 if cracking is expected within first 3 days 

𝜎𝑠 = √𝑤𝑘 ∙
3.48∙106

ϕ𝑠
∗   

𝑘 according to EN 1992-1-1 [4]; for externally-caused imposed strains (e.g. settlement) 𝑘 = 1 while for 

restraint due to internally-caused imposed strains (hydration heat, shrinkage) 𝑘 = 0.8 can be reduced 

ℎ𝑐,eff must be increased according to the member’s thickness: 
ℎ𝑐,eff

𝑎𝑠
=

{
 
 

 
 

ℎ

2𝑎𝑠
for

ℎ

𝑎𝑠
≤ 5

ℎ

10𝑎𝑠
+ 2 for 5 <

ℎ

𝑎𝑠
< 30

5 for
ℎ

𝑎𝑠
≥ 5

 

CIRIA C766 [7] 𝜌min =
𝐴𝑠,min

𝐴𝑐𝑡
= 𝑘Edge ∙ 𝑘𝑐 ∙ 𝑘 ∙

𝑓𝑐𝑡𝑘,0.05

𝑓𝑦𝑘
  

with 𝑘Edge = 1 − 0.5 ∙ 𝑅Edge 

end-restrained element 𝑅Edge = 0 

edge-restraint element 𝑅Edge – the edge restraint factor at the location of the maximum crack width 

FprEN 1992-1-1 [6] 𝜌min =
𝐴𝑠,min

𝐴𝑐𝑡
= 𝑘ℎ ∙

𝑓𝑐𝑡𝑚

𝑓𝑦𝑘
  Annex S (informative) – minimum reinforcement for crack width control at each surface of the element: 

𝐴𝑠,min = max(
𝑓𝑐𝑡𝑚∙𝐴𝑐,eff

𝜎𝑠,lim
;
𝑘ℎ∙𝑓𝑐𝑡𝑚∙0.5𝐴𝑐

𝑓𝑦𝑘
) with 𝐴𝑐,eff = ℎ𝑐,eff ∙ 𝑏𝑐,eff where 

ℎ𝑐,eff = min[𝑎𝑠,𝑦 + 5ϕ; 10ϕ;3.5𝑎𝑠,𝑦; 0.5ℎ] and 𝑏𝑐,eff = min[𝑎𝑠,𝑥 + 5ϕ;10ϕ; 3.5𝑎𝑠,𝑥; 0.5𝑏] 

Limit stress in steel can be taken as: 𝜎𝑠,lim =
6∙𝑓𝑐𝑡𝑚

ϕ
∙ (−𝑐 + √𝑐

2 + 0.3 ∙
𝐸𝑠∙𝑤lim∙ϕ

𝑘𝑤∙𝑘1
𝑟

∙𝑓𝑐𝑡𝑚
)  



𝑘1
𝑟
= 1 for tension 

CIA Z7 [11] 𝜌min =
𝐴𝑠,min

𝐴𝑐𝑡
= 𝑘𝑐 ∙ 𝑘 ∙

𝑓𝑐𝑡𝑚

𝑓𝑦𝑘
   

AIJ-SRC [12] 𝜌min =
𝐴𝑠,min

𝐴𝑐𝑡
=

𝑓𝑐𝑡

𝑓𝑦𝑘
   

ACI 207.2 [14] & ACI 

224 [15] 

𝜌min =
𝑓𝑐𝑡
𝜎𝑠

 
𝜎𝑠 =

𝑤lim

0.11∙ √𝑎𝑠∙𝐴𝑐,eff
3  to limit the width of crack of 𝜎𝑠 = 𝑓𝑦𝑘; Reference to recommendations of Gilbert [23] 

 


