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ABSTRACT 
Widely used crack width calculation models and allowable crack width limits have changed from time to 
time and differ from region to region. It can be identified that some crack width calculation models consist 
with limitations for parameters like cover thickness. The current Norwegian requirement for cover 
thickness is larger than these limitations. The applicability of existing crack width calculation models and 
the allowable crack width limits must be verified for structures with large cover thickness. The background 
of crack width calculation models in Eurocode, Model Code 2010, Japanese code, American code and 
British code have been examined. By comparing the experimental crack widths with the predictions of the 
aforementioned models, the existing codes can be identified as requiring modification. Considering the 
durability aspect, it can be identified a long-term study proving that the allowable crack width can be 
increased with the increase in cover thickness. When considering the aesthetic aspect, the authors suggest 
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categorizing the structures based on their prestige level and deciding the allowable crack widths 
accordingly. The paper proposes potential solutions for future research on how to improve both crack width 
calculation methods and allowable crack width limits to be used effectively in structures with large cover 
thickness. 

Keywords – reinforced concrete structures, service load, crack width, durability, aesthetic, concrete 
cover thickness 
 
 
1.  INTRODUCTION 
 
Cracks in concrete occur when the tensile stress on concrete exceeds its tensile strength [1]. The cracks in 
reinforced concrete (RC) structures create many adverse effects on the durability, aesthetic view and liquid 
or gas tightness of the structure. To avoid the discussed adverse effects from cracks, it is necessary to repair 
the cracks, resulting in high repair costs [2]. Therefore, it is always preferable to limit cracks at the 
structural design stage. On the other hand, it is not possible to control all types of cracks at this stage. 
Depending on the controllability of the cracks at the structural design stage, Beeby [3] has classified cracks 
as controllable (load-induced cracks) and non-controllable (cracks caused by plastic shrinkage, alkali-silica 
reaction, freeze/thaw deterioration). To minimize the occurrence of cracks due to service load, the ‘stress 
of the tensile steel’ has to be limited to a low value. According to the Japanese code, for the RC structures 
with deformed bars, if the tensile stress due to permanent loads has limited to 120 N/mm2, the examination 
of crack widths may be omitted [4]. In order to do this, a large amount of reinforcement is required. This 
tends to drastically increase the cost of the structure and reduce the ease of construction. Therefore, in 
general, cracks due to service load are allowed to occur and are controlled by limiting crack widths.  
 
At the design stage, the ‘calculated crack width’ is limited to an ‘allowable crack width’ [5-8]. These 
‘calculated crack width’ models have changed from time to time and differ from region to region. For 
example, crack width calculation models have changed from CEB Model Code 78 [9] to CEB/FIP Model 
Code 90 [5] and similarly from Eurocode 2 (1991) [10] to the current Eurocode 2 [7]. Furthermore, crack 
width calculation models in different regions differ from each other, as they are based on different 
approaches. Empirically based crack width calculation models are found in the American Concrete 
Institute (ACI) code [8], British Standards (BS) code [11], Gergely and Lutz [12], Kaar and Hognestad 
[13], Sygula [14] and so on. Crack width calculation models based on a semi-analytical approach are in  
Eurocode 2 (EC2) [7], CEB/FIP Model Code 90 [5], Model Code 2010 (MC2010) [6], the Japanese Society 
of Civil Engineers (JSCE) code [4], the Architectural Institute of Japan (AIJ) [15], and so on. Widely used 
analytically based crack width calculation models can be found in Balazs [16], Tan et al. [17], Oh and 
Kang [18] and so on. 
 
As mentioned, there are several crack width calculation models available in the literature. However, it is 
vital to study their limitations. For example, the MC2010 crack width calculation model limits concrete 
cover thickness to 75 mm. However, recently, the economic and social benefits over the long term of 
structures with a significantly long service life (200 or 300 years) have been identified [19, 20]. Concrete 
cover thickness is mainly increased to satisfy the durability aspect, when a long service life is required for 
an RC structure. The current requirement of concrete cover thickness is as high as 120 mm (Norwegian 
Public Road Administration guidelines [21]); as an example, Hafrsfjord Bridge in Norway is constructed 
with a concrete cover thickness of 90 mm [22, 23]. As mentioned, some ‘crack width calculation’ models 
have limitations for concrete cover thickness. Further, it is important to check the applicability of existing 
models, as they have not been validated for such structures with large concrete cover thickness. 
 
Similar to the crack width calculation models, it can be seen that the ‘allowable crack width limits’ in the 
widely used codes of practice have changed from time to time and differ from each other. For example, 
CEB Model Code 78 [9] prescribes limiting the crack width in severe conditions to 0.1 mm; this value has 
been changed in CEB/FIP Model Code 90 [5] and MC2010 [6] to 0.3 mm. Further, in severe conditions, 
all the EC2, MC2010 and BS codes prefer to limit the crack width to 0.3 mm, while ACI 224 [24] and ACI 
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318 [8] prefer to limit the crack width to 0.15 mm and 0.33 mm, respectively. In severe conditions, these 
limits are mainly decided on to protect the reinforcement from corrosion [1]. When referring to previous 
long-term studies on crack widths and corrosion, it can be seen that the allowable crack width can be 
increased with the increase in concrete cover thickness [25]. The allowable crack width limits in the JSCE 
code are an example of such application. Apart from the durability considerations, the thickness of the 
concrete cover depends on the safe transmission of bond properties and is based on fire resistance. For 
example, according to EC2, for the safe transmission of bond forces, concrete covers can be as large as 55 
mm for cases with bundled bars [7]. Therefore, even for structures which are not built-in severe exposure 
classes, there is the possibility to have relatively large covers. This shows the necessity to revisit the 
allowable crack width limits, based on aesthetic acceptance, for structures with large concrete cover 
thicknesses. If the crack width of a structure with a large concrete cover thickness is controlled to the 
allowable limits which are prescribed for lower cover thicknesses, additional tensile reinforcement tends 
to be required. For this reason, it is necessary to identify how the existing allowable limits are decided and 
what improvements need to be made for them to apply to structures with higher cover thicknesses. 
 
This paper focuses on the applicability of existing ‘crack width calculation models’ and existing ‘allowable 
crack width limits’, for structures with large concrete cover thickness. The manuscript starts with a 
discussion of the cracking phenomenon. Then, it explains the background to why the different codes of 
practice suggest different models to calculate the crack width. By comparing the recent experimental 
results with the model predictions, this study emphasizes the necessity to improve existing crack width 
calculation models, to effectively predict the crack width of structures with large concrete covers. The next 
objective is to identify the applicability of existing ‘allowable crack width limits’ for structures with large 
concrete covers. An extensive literature survey has been carried out on how the existing limitation has 
been appointed, based on durability and aesthetic view. The required improvements and the further studies 
needed to decide the ‘allowable crack width limits’, to apply to structures with large concrete cover 
thickness, have been identified.  
 
 
2. CRACKING PHENOMENON OF RC MEMBERS SUBJECTED TO 

SERVICE LOAD 
 
To understand the cracking phenomenon in flexure, a reinforced concrete (RC) tie in pure tension can be 
considered, as it can represent the tensile region of a bending member with or without any axial force [26, 
27]. Many previous researchers have identified the cracking behaviour of RC specimens subjected to pure 
tension [28-32]. Figure 1 represents the cracking behaviour of an RC tie subjected to pure tension, 
according to Beeby [33]. The stress in the rebar starts affecting the concrete surface after ‘KC’ (‘K’ is a 
constant and ‘C’ is cover) distance [34-36] from the specimen end, and it takes another S0 distance to 
uniformly distribute the stress along the cross section. When the applied force increases from zero, the 
highest stress occurs at the concrete surface after KC+So distance (transfer length) and beyond. This 
theoretical explanation matches the ‘combined theory’ introduced by Borges [37]. Borges considered the 
cracking behaviour to be in accordance with the combination of the two main theories: ‘no-slip’ theory 
[28, 38, 39] and ‘bond-slip’ theory [40-42]. A detailed description of these theories can be seen in Naotunna 
et al’s study [43]. When the stress in the concrete cross section reaches the tensile strength (fct), the first 
crack appears. After the first crack, the stress/strain distribution rearranges, as, at the crack, the concrete 
can no longer withstand tensile stress perpendicular to the crack face (Figure 1 (b)). When the load is 
further increased, another crack occurs after the transfer length. This proceeds until the last crack occurs 
and then transfers to the stabilized cracking stage. At this stage, the increased strain due to the further 
increased load accumulates at the cracks that have already occurred. 
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The aforementioned explanation of the cracking is a simplified approach. As shown in Figure 1(b), a strain 
incompatibility can be observed between reinforcement and concrete, specially at the vicinity of 
reinforcement [44]. In the specimens with deformed reinforcement, the strain incompatibility is 
accommodated in the internal cracks (secondary cracks) [26, 32, 44, 45]. Even though these cracks do not 
completely discontinue the concrete material, a partial discontinuity occurs [46]. This leads to a 
complicated stress/strain distribution throughout the specimen because concrete is an inhomogeneous 
material. The tensile strength of concrete is not the same, even in different samples of the same batch of 
concrete [47].  The variation of the tensile strength of concrete complicates the strain incompatibility.  
Naotunna et al. [48] have suggested including the lower and upper fractile values of concrete tensile 
strengths, to identify the minimum and maximum crack spacing values. The cracking phenomenon would 
be more complicated with conditions like effective concrete area, inhomogeneous behaviour of concrete, 
tension stiffening effect, internal cracking (Goto cracks) and so on.  
 
 
3. CALCULATION OF CRACK WIDTHS 
 
There are various types of crack width calculation models in the existing literature. The theoretical concept 
of crack width is the integration of the actual strain difference of reinforcement and concrete between two 
cracks [16]. The crack width at the tensile reinforcement can be calculated by using Equation (1). However, 
due to the nonlinear behaviour of strain variation in both concrete and reinforcement between two cracks, 
obtaining the crack width explicitly is a complicated process [27]. Therefore, in order to make the crack 
width calculation model less complicated or more user-friendly, many codes use simplified or semi-
analytical approaches. Examples of such models are found in EC2 [7], MC2010 [6], JSCE [4] code and so 
on. On the other hand, codes like ACI [8] and BS [11] use crack width calculation models based on 
empirical approaches. Such models are developed by curve fitting of a considerable amount of 
experimental data. The ACI and BS codes were developed by the experimental investigation of Gergely 
and Lutz [49] and Beeby [50], respectively.  

𝑤𝑤 = ∫ ε𝑠𝑠
𝑆𝑆𝑟𝑟
0 − ε𝑐𝑐  𝑑𝑑𝑑𝑑           (1) 

where ‘w’ is the crack width, ‘Sr’ is the crack spacing, and ‘εs’ and ‘εc’ are the strains of reinforcement and 
concrete in the x-direction (the direction of axial tensile load). 

Semi-analytical models developed from Equation (1) predict the crack width at the tensile reinforcement 
surface [51]. It is assumed that the crack width propagates similarly, along with the concrete cover 
thickness, and therefore the same model is used to predict the crack width at the concrete surface [6, 7]. 
However, the experimental investigations in [51-54] have identified that the crack width at the concrete 

 

 
  Figure 1 - (a) Internal stress distribution & surface stress 

variation of an RC tie before cracking, (b) Internal stress 
distribution of a cracked RC tie. 

 

Figure 2 - Crack width 
variation along the concrete 
cover. 
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surface is two to ten times larger than the crack width at the reinforcement bar. Beeby and Scott [44] 
observed that the reason for this crack width difference is the effect of shear lag, which occurs along with 
the concrete cover. However, Caldentey et al. [55] have proved with calculations that the effect of shear 
lag is considerably smaller than the aforementioned crack width difference at the reinforcement and 
concrete surface. The authors in [51, 55] explained that the reason for the crack width difference is the 
presence of Goto cracks [32] (secondary cracks). These secondary cracks are spread at the vicinity of the 
primary cracks [26, 32, 56]. As the strain accumulates in the secondary cracks, the width of the primary 
crack at the reinforcement is reduced. Therefore, as per Figure 2, it can be concluded that the predictions 
of semi-analytical models in [6, 7] are similar to the surface crack width. 
 
Semi-analytical models based on Equation (1) predict the crack width by multiplying the crack spacing 
with the strain difference between reinforcement and concrete. Many studies have identified that it is vital 
to improve the ‘crack spacing’ model, in order to improve the crack width calculation models [57-59]. 
Tammo and Thelandersson [57] proved that changing the concrete properties makes no difference to the 
surface crack width or internal crack widths, if the crack spacing values are the same. The crack spacing 
models in the semi-analytical models are based on the aforementioned two main theories: ‘bond-slip’ and 
‘no-slip’ theories. According to the bond-slip theory, since a ‘slip’ is assumed at the reinforcement-
concrete interface, a bond-stress would generate. Therefore, the governing crack spacing parameters from 
this theory are bond parameter (‘ø/ρ’; where ‘ø’ is the bar diameter and ‘ρ’ is the ratio between 
reinforcement area and concrete area), bond stress, etc. [26, 45]. The German National Annex of EC2 [60] 
proposes a model based on the bond-slip approach. According to the no-slip theory, the governing crack 
spacing parameters can be considered to be concrete cover thickness and the distance between tensile 
reinforcement (thickness of the surrounding concrete of the tensile reinforcement) [28, 61]. The crack 
spacing model in the Japanese code and Beeby’s model in Beeby and Scott [44] are some examples of 
crack spacing models based on no-slip theory. The EC2 and MC2010 models are based on the combined 
theory, which considers the cracking behaviour to be based on the combination of the aforementioned two 
theories. 

 
3.1  Crack Width Calculation Methods In Widely Used Codes Of Practice 
 
Several widely used crack width prediction models in the codes of practice have been examined. Prediction 
models have been selected, as they can represent the different regions of the world. EC2 and MC2010 have 
been selected, as they are the governing codes of practice in Europe. Then the crack width prediction 
models in American code, Japanese code and British code have been considered. When examining the 
models proposed by codes, it can be observed that some codes mention limitations for the concrete cover 
thickness. MC2010 limits the applicability of the crack width calculation model to 75 mm cover thickness. 
Since the focus of this study is to check the applicability of existing crack controlling criteria for specimens 
with large concrete cover thickness, the background of these widely used crack width calculation models 
has been investigated and is presented, along with detailed desctiptions, in Table 1. From the models 
proposed by the codes in Table 1, various crack width governing parameters can be identified. A detailed 
list of such parameters and their involvement in crack width can be identified from the literature [62].  
 
Figure 3 categorizes all the crack width governing parameters mentioned in the aforementioned widely 
used crack width prediction models. The crack width governing parameters have been categorized based 
on the mechanical properties of concrete and reinforcement, properties of interface, cross-sectional 
properties of the RC member and loading conditions. From Table 1, it can be identified that the EC2, 
MC2010 and JSCE code models, which are based on a semi-analytical approach, consider a higher number 
of parameters than the empirically based ACI and BS code models. Further, it is clear that, although the 
mentioned models have been developed based on different approaches, the concrete cover thickness 
parameter is included in every model. The calculated crack width from these models causes the crack width 
to increase with the increase in concrete cover. The models in EC2 and MC2010 specifically mention their 
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applicable limitations for concrete cover thickness. The models in the JSCE, ACI and BS codes do not 
mention such limitations. The main reason could be that the commonly used concrete cover thickness in 
the period of developing the code might not be as large as the current requirement. It is important to note 
that the empirically based crack width calculation models developed by the ACI and BS codes have 
considered test specimens with concrete cover thicknesses of 84 mm and 89 mm, respectively. However, 
as mentioned in Section 1, there is a demand for large concrete cover thickness [21].  

 

Figure 3. Cause and effect diagram for crack width. 

3.2  Improvements to the existing crack width prediction models 

From Table 1, it is clear that MC2010 mentions limitations for the concrete cover thickness. Further, 
according to the literature on recent experiments, many cases can be identified in which the experimental 
values deviate from the EC2 and MC2010 predictions [27, 48, 63-68]. Therefore, many improvements 
have been proposed for these two models, some of which are listed in Table 2. According to these suggested 
improvements, it can be identified that none of the improved models has compared the data with specimens 
having cover thickness of above 70 mm. Therefore, the applicability of the aforementioned improved 
models needs to be verified for concrete covers larger than 70 mm. 

Identifying the crack theory which is most related to the actual cracking behaviour is vital, since the crack 
spacing governing parameters can be identified based on them. The recent study, published in 2021 by 
Bado et al. [69], has focused attention on the ‘slip’ values in axial tensile experiments. In this study, the 
slip at the reinforcement-concrete interphase is measured by optical fibre sensors. Further, these findings 
of Bado et al. [69] match the experimental results of previous studies conducted on the bond-slip behaviour 
of axial-tensile experiments by Doerr [70] and Beconcini and Croce [71]. According to the findings of 
these studies, the slip values in axial tension are quite negligible compared to the predictions in the widely 
used Eligehausen’s model [72, 73]. The Eligehausen’s bond-slip model is considered in MC 2010, and this 
model is based on the Rilem type pull-out tests [74]. Moreover, Balazs [16] has used Eligehausen’s model 
to model the bond-slip behaviour while developing a crack width calculation model. Further, in the widely 
used Finite Element Modelling software like, ATENA [75], considers this Eligehausen’s bond-slip model 
to model the cracking behaviour in RC members. However, as shown in Figure 4, the slip values in axial 
tension are significantly smaller than the slip values suggested by Eligehausen’s bond-slip model (same 
bond-slip model used in MC 2010). Since it has observed a negligible amount of slip in the RC specimens 
in axial tension, the applicability of bond-slip law on crack spacings can be considered questionable. 
Furthermore, there are several experimental studies which make similar arguments, that the bond-
parameter (‘∅/ρ’ which is the dominant parameter in the bond-slip law) has little influence on crack 
spacings when the concrete cover is small. Such experimental studies are mentioned in Base et al. [38], 
Caldentey et al. [55] (for specimens with 70 mm covers), Rimkus et al. [63], and Kim et al. [76]; analytical 
studies are mentioned in Beeby [40], and Beeby and Scott [44]. Naotunna et al. [43, 77], have further 
discussed this scenario.  
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Table 1 -  Crack width calculation models in widely used codes of practice and their significances 

Model Models Remarks 
EC2 [7] 
and  
MC2010 
[6]  

wk = Maximum crack spacing × Mean strain difference of rebar 
and concrete 

Semi-analytical models 

Maximum crack spacing  
EC2 Model MC2010 transfer length 

Model  
sr, max =k3c+k1k2 k4 ø/ρp,eff 

 
   ls, max =                            

kc+(1/4)(fctm/τbms)(øs/ρs,ef) 

where ‘c’ is concrete cover, ‘ρs,ef’   is effective steel ratio, ‘k1’ is 
factor for bond properties, ‘k2’ is factor for distribution of strain, 
‘k3’ is recommended as 3.4, ‘k4’ is recommended as 0.425, ‘k’ 
is empirical parameter on cover, ‘τbms’ is mean bond strength 
(steel-concrete), ‘øs’ is the bar diameter, and ‘fctm’ is the tensile 
strength of concrete. 

Assumptions: From the different bond stress 
models for reinforcement and concrete (linear, 
non-linear) between a crack and a no-slip location 
[41, 42, 78, 79], a constant mean bond stress has 
been assumed [80]. 
Significance: EC2 uses a ‘k2’ factor to take into 
account the variation in strain distributions 
(flexural or axial tension) [81], and MC2010 
considers that only the ‘effective concrete area’ 
can represent the effect [82]. 
Limitations for cover: MC2010 limits to 75 mm. 

Mean strain difference of rebar and concrete 
EC2 Model MC2010 Model 
Crack Formation Stage 
εsm - εcm ≥ 0.6 (σs/ Es) 
Stabilized cracking stage, 
εsm - εcm = 

 σs –kt (fct,eff/ ρp,eff) (1+ αe ρp,eff)   
                     Es 

Crack Formation Stage 
εsm - εcm= σsr / Es * (1- β) 

- ηr εsh 
Stabilized cracking stage, 
εsm - εcm = (σs- β σsr) / Es 

- ηr εsh 
where ‘σs’ is stress of steel at the cracked section, ‘kt’ is a factor 
on the loading duration, ‘αe’ is the modular ratio, ‘σsr’ is the max. 
steel stress at the crack formation stage, ‘β’is factor on the 
duration of load, ‘ηr’ is coefficient for shrinkage strain, and ‘εsh’ 
is the shrinkage strain. 

Concrete cannot further increase its strain when 
the total number of cracks has formed (as the 
available length to develop stress in concrete is 
fixed). Therefore, when the strain of the steel is 
further increased (when it reaches the stabilized 
cracking stage), the concrete strain remains 
unchanged. This causes there to be different 
formulas for the mean strain difference between 
reinforcement and concrete in both cracking 
stages. Significance: Except for the effect of 
shrinkage considered in the MC2010 model, both 
EC2 and MC2010 use the same equation in the 
stabilized cracking stage. 

JSCE 
code [4] 

W= 1.1 k1k2k3{4c + 0.7(cs − ∅)} �σse
Es

+ ε′csd� ; 

  k2 = 15
(f′c+20)

+ 0.7 ;    k3 = 5(n+2)
7n+8

  

where ‘w’ is crack width, ‘k1’ is constant on the surface of rebar, 
‘k2’ is constant on the concrete quality, ‘fc’ is design 
compressive strength of concrete, ‘n’ is number of layers of 
tensile rebar, ‘k3’ is constant to take account of the multiple 

layers of tensile bars, ‘cs’is distance of the tensile rebar, ‘∅’ is 
diameter of the tensile rebar, ‘σse’ is tensile stress increment of 
the bar, and ‘εcsd’ is compressive strain from shrinkage and 
creep of concrete. 

This model is based on a semi-analytical 
approach. The crack spacing model (without 
strain components) is based on the concrete cover 
and the distance between tensile bars. Bar spacing 
has been proved to be a factor for crack spacing 
in [83]. The experimental findings in [84] prove 
that smooth bars cause large crack spacing. While 
both EC2 and MC2010 predict increasing crack 
width with concrete strength, JSCE code predicts 
the opposite. However, this behaviour matches 
the results in [66, 85, 86]. Limitations for cover: 
No limitations have been mentioned for concrete 
cover thickness. 

ACI 
code [8, 
24] 

𝑤𝑤 = 2.2 𝛽𝛽 ε𝑠𝑠 �𝑑𝑑𝑐𝑐 𝐴𝐴3   
where ‘w’ is maximum crack width at the extreme tensile fibre 
(in), ‘β’ is ratio of the distance between the neutral axis and 
tension face to the distance between the neutral axis and 
centroid of reinforcing steel, ‘εs’ is strain in reinforcement due 
to the applied load, ‘dc’ is the thickness of the cover from 
extreme tension fibre to the closest bar (in), and ‘A’ is area of 
concrete symmetrical with reinforcing steel divided by the 
number of bars (in2). 

The empirically based equation was developed in 
[49], with the results of six different bending 
experiments. The ACI Committee 224 [24] 
modified the aforementioned model by using the 
strain, instead of the stress in the reinforcement. 
Limitations for concrete cover thickness: No 
limitations have been mentioned for concrete 
cover. However, the results of specimens with up 
to 84 mm of concrete cover were used to develop 
the model.   

BS code 
[11] 

w = 3 C e
1+2(C−C0

d−dn
)
,  where        e = �est − 2.5 bd∗10−6

Ast
� d−dn
d1−dn

 

where ‘c’ is the distance from the point considered to the nearest 
bar, ‘c0’ is the concrete cover thickness, ‘d’ is overall depth of 
the member, ‘dn’ is neutral axis depth calculated on the 
assumption that concrete has no tensile strength, ‘d1’ is     
effective depth of a member, ‘b’ is breadth of the member, ‘Ast’ 
is area of the tensile steel, and ‘est’ is    strain in the steel 
assuming concrete has no tensile strength. 

The empirically based equation was developed 
based on the experiments in [50]. The derived 
equation in [50] has been simplified in [87] to be 
used in the BS code. Results show that crack 
width is linearly proportional for concrete covers 
below 40 mm, and the pattern differs when the 
cover increases. 
Limitations for concrete cover thickness: No 
limitations have been mentioned. The results of 
specimens with up to 89 mm concrete cover were 
used to develop the model.   
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Table 2 - Suggested improvements for the EC2 and MC2010 crack-width calculation models 

Literature Improving 
Parameter 

Suggestion Remarks 

Caldentey 
(2017) [82] 

Mean 
strain 
difference  

Include the shrinkage strain effect with a restraint factor 
(Rax).                    wk = sr,max . (εsm - εcm - Rax ηr εsh) 
where ‘Rax’ can be 1, when a member is completely 
restrained at edges (e.g., wall is restrained by previously 
cast foundation) and ‘Rax’ can be 0, when restrained at the 
ends (e.g. RC tie subjected to axial tension). 

Investigating the 
effect of ‘casting 
position’ [88] from 
the experimental 
results of [89, 90]. 

Debernardi 
and Taliano 
(2016) [56]  
Taliano 
(2017) [45] 

Crack 
spacing 

τbms = (fct.Ac)/ (ns.π.φs.Ls), where ns is the number of tensile 
bars. sr,max = 2. Ls = 2. (1/4) (fctm/ τbms) (∅s / ρs,ef). 
Suggest a table of values for the ‘τbms/ fctm’ from the 
suggested ‘general equation’ by Balazs (1993) [16]. 

According to this 
method, cover term 
has no influence on 
the crack spacing. 
Experimental 
comparison is made 
up to 45 mm of 
cover. 

Mean 
strain 
difference 

To represent the reduction of tension stiffening, due to 
internal cracks, the ‘kt’ coefficient is considered as 0.45 
(which is 0.6 for the short-term load suggested by EC2). 
εsm - εcm= σs – 0.45 (fct,eff/ ρp,eff) (1+ αe ρp,eff)  
                                               Es 

Rospars et al. 
(2014)[64]  
Bisch (2017) 
[65] 

Crack 
spacing 

After a statistical analysis of the results of 131 tests from 
own experiments (CEOS project France) and previous 
literature, an equation has been identified  
sr, max = 1.7 [1.37 c + 0.117.(∅s / ρs,ef)] 

Covers of the 
experimental 
specimens are 50 
mm and 70 mm. 

 
The governing parameter of the no-slip theory is concrete cover thickness. The concrete cover thickness 
influences the surface crack width in two ways [57]: the first is by influencing crack spacing, and the 
second is by influencing through the effect of shear lag [57]. This shear-lag effect is discussed in several 
studies in the literature, such as those of Tammo and Thelandersson [53], Beeby et al. [91], and Walraven 
[92]. A quantitative relationship has been identified for this shear lag in some studies [54, 92]. According 
to the aforementioned literature, the influence from this shear lag becomes significant when the concrete 
cover thickness becomes large. Therefore, when improving the existing crack width calculation models to 
predict the crack widths of large cover cases, the effect of shear lag can be an influencing factor. 

 
Figure 4. Predicted bond-slip behaviour in MC 2010 and the obtained bond-slip behaviour in axial tensile 
tests. 
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4.  COMPARISON OF THE CRACK WIDTH CALCULATION MODEL 
PREDICTIONS WITH EXPERIMENTAL RESULTS 

 
Cracking in RC structures has been studied for several decades. Consequently, a large body of experimental 
studies has been reported in the literature. However, in the recent past, axial tensile tests with multiple bars 
have become popular in studies of cracking behaviour, since they represent the tensile region of actual 
cracking behaviour in practical RC members [43, 63]. Therefore, such experimental studies were selected 
from Gribniak et al. [93], Garcia et al. [90], Dawood and Marzouk [94, 95], Bisch [65], Barre et al. [96] 
and Tan et al. [27]. Table 3 shows the details of the selected experiments, including the measured maximum 
crack widths and the predictions according to the aforementioned EC2, MC2010, ACI, JSCE and BS code 
predictions. As shown in Table 3, the specimens have been listed in ascending order of the concrete cover 
thickness. The RC specimens have been categorized into three sections, based on concrete cover thickness: 
Category 1 (15 mm to 39 mm), Category 2 (40 mm to 59 mm) and Category 3 (60 mm to 90 mm). It is 
important to mention that, in Gribniak et al. [93], the maximum crack width is obtained from the direct 
readings of the Digital Image Correlation system and, in Dawood and Marzouk [94], the maximum crack 
width above tensile reinforcement is obtained by multiplying the directly observed maximum crack spacing 
with a factor of 0.7, as specified in the same literature. The maximum crack widths mentioned in Tan et al. 
[27] are the 95 percent fractile of measured crack width at the concrete surface above tensile reinforcement. 
However, in both Barre et al. [96] and Garcia and Caldentey [90], only the measured average crack width 
is mentioned. Therefore, in order to obtain the maximum measured crack width, the average value has 
been multiplied by a factor of 1.7, as specified in Beeby [33]. 
 
According to Figure 5, deciding the most suitable crack width prediction model is quite complicated when 
concrete cover thickness becomes large. When considering the predictions of EC2, except for one case, 
every other prediction is on the conservative side, and, when the concrete cover increases, the 
overestimation also increases. Figure 5 and the error values mentioned in Table 3 note this behaviour. 
When one considers the MC2010 predictions, two cases in Category 3 (Cases 15 and 16) are considerably 
underestimated. However, it can be seen that MC2010 considers that these two cases are in the crack 
formation stage, as the steel stress is 200 MPa. When considering the predictions of the JSCE code, except 
for one case, the predictions in Category 3 are on the conservative side. However, for Case 13, the crack 
width has been significantly overestimated. In both ACI and BS codes, five out of seven cases in Category 
3 overestimate the predictions. While considering the predictions of the models, it could be observed that 
the empirically based ACI and BS codes give relatively best fit for the experimental crack widths. This 
could be because both ACI and BS models have considered the test results of relatively large cover 
specimens (84 mm and 89 mm, respectively) while developing the models. However, in considering the 
predictions of the overall cases and based on  the error percentages in Table 3, it is clear that the existing 
codes need to improve the models for applying RC specimens with large concrete covers. 
 
The aforementioned study has been conducted only for the RC specimens subjected to axial tension. For 
the specimens subjected to bending, it is important to discuss the effect of curvature on crack width. The 
empirically based models which are in ACI and BS codes, considered the data from bending tests to 
develop their models. Furthermore, the model in ACI and BS codes use the ‘β’ parameter and  
(𝑑𝑑 − 𝑑𝑑𝑛𝑛) (𝑑𝑑1 − 𝑑𝑑𝑛𝑛)⁄  factor, respectively to include the effect of curvature. Similarly, MC 2010 recommends 
multiplying the calculated crack width obtained from the proposed equation with (ℎ − 𝑑𝑑) (𝑑𝑑 − 𝑑𝑑)⁄  ratio to 
include the curvature effect. Here, ‘h’ denotes the total depth of the cross section, ‘d’ is the effective depth 
and ‘x’ is the depth of the neutral axis. Three of these aforementioned factors in ACI, BS and MC 2010 
mean the ratio of the distance between the neutral axis and tension face to the distance between the neutral 
axis and centroid of reinforcing steel. When consider the RC specimens with large cover thickness, the 
distance between the neutral axis and tension face becomes relatively larger than the distance between the 
neutral axis and centroid of reinforcing steel. Therefore, the aforementioned parameters in ACI, BS and 
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MC2010 cause to predict large surface crack widths for the specimens with large cover thickness. 
However, the model in JSCE code does not specifically suggest any method to consider the effect of 
curvature on crack width. EC2 model considers this effect of curvature would influence to crack spacings. 
EC2 crack spacing model consist with the ‘k2’ parameter, which cause to predict lower crack spacings for 
the specimens subjected to bending. The study conducted in Naotunna et al. [43] shows that EC2 model 
predictions give a good agreement with the experimental results of specimens subjected to bending.    

 

 

 
 
 

 
 
 
 
 
 
 

 
 
 
 

 

 

 

 

 
 

Figure 5 - Predicted versus measured maximum crack widths 
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Table 3 - Details of the selected RC specimens with measured and predicted maximum crack widths 

 

Casea Literatureb 
Specimen size 

[width × height × 
length] (m) 

Concrete 
cover 
(mm)  

Steel 
stress 
(MPa) 

Concrete 
strength 
(MPa) 

No. 
of 

bars  

Bar 
dia. 

(mm) 

Measure-
-d max 
crack 
width 
(mm) 

Predicted crack width (mm) Error c % 

EC
2 

M
C

 2
01

0 

A
C

I 

JS
C

E 

B
S 

EC
2 

M
C

 2
01

0 

A
C

I 

JS
C

E 

B
S 

1 A 0.15 × 0.15 × 1.21 15 320 42.51 4 10 0.13 0.28 0.17 0.14 0.21 0.07 -118 -31 -8 -62 46 

2 A 0.15 × 0.15 × 1.21 30 320 36.36 4 10 0.21 0.33 0.21 0.20 0.29 0.17 -56 1 6 -36 20 

3 B 0.35 × 0.45 × 5.22 32 200 33.77 8 16 0.36 0.39 0.01 0.16 0.19 0.08 -8 97 55 47 78 

4 B 0.35 × 0.45 × 5.22 32 200 41.78 8 25 0.24 0.27 0.11 0.17 0.18 0.10 -13 54 29 24 58 

5 C 0.9 × 0.26 × 010 38 333 75.00 6 25 0.16 0.25 0.28 0.20 0.29 0.20 -59 -73 -23 -81 -28 

6 A 0.15 × 0.15 × 1.2 40 320 42.51 4 10 0.23 0.36 0.21 0.24 0.32 0.24 -60 7 -6 -41 -6 

7 D 0.4 × 0.4 × 2.0 40 321 74.30 8 20 0.22 0.55 0.32 0.31 0.34 0.20 -150 -43 -40 -52 9 

8 D 0.4 × 0.4 × 2.2 40 157 74.30 8 32 0.10 0.19 0.12 0.16 0.16 0.10 -92 -17 -63 -58 -1 

9 C 0.9 × 0.38 × 0.10 45 333 65.00 6 30 0.18 0.26 0.32 0.26 0.32 0.24 -45 -77 -40 -76 -29 

10 E 0.355 × 0.355 × 3.5 45 300 40.00 8 16 0.51 0.52 0.27 0.29 0.40 0.21 -2 47 43 21 59 

11 A 0.15 × 0.15 × 1.24 50 320 36.44 4 10 0.36 0.40 0.25 0.27 0.38 0.34 -9 31 26 -5 6 

12 C 0.9 × 0.26 × 0.9 63 333 75.00 6 25 0.20 0.55 0.30 0.27 0.37 0.39 -174 -50 -36 -87 -93 

13 E 0.355 × 0.355 × 3.6 65 254 46.30 4 25 0.22 0.58 0.26 0.36 0.50 0.28 -162 -17 -62 -123 -26 

14 C 0.9 × 0.38 × 0.9 75 333 65.00 6 30 0.23 0.58 0.35 0.38 0.42 0.43 -152 -52 -63 -84 -87 

15 B 0.35 × 0.45 × 5.22 82 200 32.91 8 16 0.54 0.49 0.02 0.27 0.39 0.23 10 96 50 28 58 

16 B 0.35 × 0.45 × 5.22 82 200 44.39 8 25 0.32 0.37 0.15 0.28 0.36 0.28 -15 54 13 -11 13 

17 D 0.4 × 0.4 × 2.1 90 293 74.30 8 20 0.31 0.65 0.31 0.45 0.31 0.47 -110 -1 -44 0 -52 

18 D 0.4 × 0.4 × 2.3 90 212 74.30 8 32 0.27 0.38 0.26 0.34 0.39 0.37 -41 2 -24 -44 -36 
Notes.   
The specimens have been arranged in ascending order, based on cover thickness    
a Cases 1 to 5 – Category 1, Cases 6 to 11 – Category 2, Cases 12 to 18 – Category 3                                                                                                                                                                                                                                                                                 

b Gribniak et al. (2020) – A, Garcia et al. (2020) – B, Dawood et al. (2011) – C, Tan et al. (2018) – D, Barre et al. (2016) - E 
c Error = (experimental value − predicted value)/experimental value. 
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5. ALLOWABLE CRACK WIDTHS IN THE EXISTING CODES 
 
It is clear that the surface crack width increases with the increase in concrete cover thickness (Sections 3 
and 4). When considering the allowable crack width limits in the discussed codes, with the exception of 
the JSCE code, every other code’s allowable limit does not increase with the concrete cover thickness. The 
allowable crack width limits of an RC structure (in the absence of a water tightness requirement) have been 
decided for durability and aesthetic acceptance.  
 
It can be observed that the prescribed allowable crack width limits in the codes have been changed from 
time to time. For example, Model Code 1978 [9] and MC 90 [5] recommend 0.1 mm and 0.3 mm crack 
widths, respectively, for severe exposure classes. Further, the allowable limits in each code differ from 
each other. For structures exposed to adverse environmental conditions, EC2, MC2010 and BS codes 
recommend limiting the crack widths to 0.3 mm (Table 7.1 N in EC2, Cl. 7.6.4.1.4 in MC2010 and Cl. 
3.2.4 in BS codes). The allowable crack width limit of the JSCE code is shown in Table 4. Moreover, for 
severe exposure conditions, the ACI 318 code recommends limiting the crack width to 0.33 mm (Cl. 
10.6.4), while the ACI 224 report recommends limiting it to 0.15 mm (Table 4.1 in ACI 224R [24]). 
However, the Norwegian National Annex [97] follows slightly different criteria than EC2. It has introduced 
a kc coefficient (kc = cnom / cmin,dur ≤ 1.3) and allows the EC2-specified crack width limit to be multiplied by 
the kc coefficient.   
 
To compare the applicability of allowable crack width limits, the discussed experimental results in Table 
3 have been considered. According to the ACI code [8], the limitation of the steel stress at the serviceability 
limit state is considered as 2/3 of the yield strength of the reinforcement. Therefore, to match this 
requirement, Cases 1, 2 and 4 from Category 1, Cases 7, 9, and 11 from Category 2 and Cases 12, 14 and 
17 from Category 3 have been selected. The steel stress in these selected cases lies within 293 MPa to 333 
MPa. The experimental crack widths of these selected cases have been compared with the allowable crack 
width limits of the aforementioned codes, as shown in Figure 6. The selected allowable limits in Figure 6 
are for the adverse/corrosive environmental conditions. Considering the limitation according to the ACI 
224 code, only the case with 15 mm concrete cover thickness satisfies the criterion. The EC2, MC2010 
and BS codes have a similar limit for the allowable crack width (0.3 mm) for specimens in adverse 
environmental conditions. Except for the two cases with 50 mm and 90 mm concrete cover thickness, other 
cases satisfy this guideline. When considering the ACI 318 limit, which is 0.33 mm, only one case, with a 
50 mm cover, shown in Table 4 does not satisfy the criteria. When considering the JSCE guideline, which 
is shown in Table 4, all the cases in Category 3 satisfy this criterion, but the cases in Category 1 and 2 do 
not satisfy it. 
 
Therefore, in order to identify the most suitable allowable crack width limit, it is important to investigate 
the reasons for the aforementioned differences in each code. Further, to discover the effect of concrete 
cover thickness on the allowable crack width, an extensive literature survey has been carried out. The focus 
is to identify how the existing limits are placed and to check whether the increased crack width of 
specimens with an increase in concrete cover has an effect on the durability and the aesthetic aspect of an 
RC structure. 

Table 4 - The limit value of crack width as per JSCE standards (Table 8.3.2 in JSCE standard) 
 Environmental condition 

Normal Corrosive Severely corrosive 
Deformed bars and plain bars 0.005c 0.004c 0.0035c 
Note – ‘c’ is concrete cover thickness 
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Figure 6 - Experimental crack widths of the selected specimens from Categories 1, 2 and 3 (Table 3) and 

the allowable crack width limits of different codes in adverse environmental conditions 
 
 

6.  CRACK WIDTH LIMITATION CONSIDERING THE DURABILITY 
 
There is consensus that cracks appearing in reinforced concrete structures lead to the penetration of CO2, 
chloride, corrosive agents and water to the reinforcement and can initiate reinforcement corrosion [3, 98]. 
Reinforcement corrosion could lead to a reduction in the amount of steel in the reinforcement and the 
corrosive products expanding in volume. To reduce the adverse effect of cracking, the current practice is 
to limit the width of the crack. Further, increasing the concrete cover is one of the main measures that has 
been identified to enhance the durability of an RC structure. However, as per the previous discussion, the 
crack width also increases with the simultaneous increase in concrete cover. This reveals that the discussed 
actions considered to increase durability contradict one another. Therefore, in order to identify how the 
existing allowable crack width limits are decided, based on durability, a literature survey has been carried 
out.  
 
 
6.1  Previous studies on crack width and reinforcement corrosion 
 
In the available literature, various types of experiments that have studied the effect of crack width on 
reinforcement corrosion can be identified. However, when considering the results of some of these 
experiments, the effect of crack width on reinforcement corrosion is quite complicated. Depending on the 
experimental duration and the outcome of the results of the available experiments, the authors have divided 
them into four categories: 1. the ‘crack width’ does not have a ‘relatively short-term’ effect on corrosion; 
2. the ‘crack width’ has a ‘relatively short-term’ effect on corrosion; 3. the ‘crack width’ does not have a 
‘long-term’ effect on corrosion; and 4. the ‘crack width’ has a ‘long-term’ effect on corrosion, as given in 
Table 5. Experiments conducted for up to 10 years are categorized as ‘relatively short-term’ experiments; 
those which have continued for longer, or experiments conducted for more than 10 years, are considered 
‘long-term experiments’. 
 
When considering the experiments of Category 1, the conclusion is that the cracks cause the initiation of 
corrosion, regardless of crack width. The studies in this category have observed a similar amount of 
corrosion in locations with different crack widths. However, it is important to identify that most of the 
experiments categorized in Category 1 had released the load during exposure. Therefore, even where the 
surface crack width remains open, there is a possibility of closing the internal crack. This could be a reason 
why a similar amount of corrosion is observed at cracks with different surface crack widths. The 
experiment in Category 4 concludes that the crack width has an effect on long-term corrosion. However, 
the specimens tested in the experiment used air-entrained concrete, and only 11 specimens out of 82 were 
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able to be tested, due to excessive damage. It is quite impossible to explain the damage to this number of 
mentioned specimens within 25 years (service life), with the conventional method of corrosion.  

Table 5 - The details and the outcome of previous experiments on crack width and corrosion 

C
at

eg
or

y 
1 

St
ud

y 

Experiment Details 

R
es

ul
ts

 

R
em

ar
ks

 

Sp
ec

im
-e

n 
si

ze
 

a,
 b
 

C
ov

er
 b  

C
ra

ck
 

w
id

th
 b  

Ex
po

su
-r

e 

Pe
rio

d 
(y

ea
rs

) 

1 
 

Makita et al. 
[99] 

Length 
750 

 0.05-0.3 Seawater 2.7 
Corrosion does not 
relate to crack width 

Specimens were 
unloaded during 
exposure. Berke et al.  

[100]  
762× 
152× 152 

38 0.2 
(mean) 

NaCl 
solution 

1.3 

Lin [101] 914× 76× 
152 

 0.1 
0.15 
0.18 

Seawater 2 - 
10 

Corrosion does not 
relate to crack width 

Specimens were 
loaded during 
exposure. 

Tremper 
[102] 

200× 
200× 63 

28 0.127- 
0.508  

Coastal 
exposure 

10 Corrosion only in 
cracked locations. 
No relationship to 
crack width. 

Specimens were 
unloaded. 

Francois et al. 
[103] 

3000× 
150× 280 

 < 0.5 NaCl & 
CO2 prone 

10  

Kahhaleh 
[104] 

 50 Around 
0.33 

NaCl 
solution 

1.1 Corrosion does not 
relate to crack width 

Both loaded and 
unloaded. 

Chen et al.  
[105] 

1100× 
180× 100 

30 0.1-0.4 NaCl 
solution 

3 Corrosion does not 
relate to crack width 

Cracks induce 
corrosion 

2 Ohta (i) 
[106] 

1000× 
150× 150 

20 
40 

0-0.1 
0.1-0.2 
0.2-0.3 

Coastal 10 20 mm cover, every 
cracked location is 
similarly corroded.  

40 mm cover, 
corrosion relates 
to crack width. 

Schiessl (i) 
[25, 107] 

1950× 
250× 150 

25 
35 

0.075-
0.55  

Mixed  4 
 

Corrosion and crack 
width are related. 

 

Carevic and 
Ignjatovic 
[108] 

500× 
100× 100 

25 0.05 - 0.3 2% CO2 
with 65% 
humidity 

0.1 Corrosion is 3 times 
higher in 0.3 mm 
cracked locations. 

 

Schiessl and 
Raupach 
[109] 

700× 97× 
150 

15 0.1 - 0.5 Saltwater 2 Corrosion increases 
with increasing 
crack width. 

 

Swamy [110] Length 
760 

50 
70 

0.11-0.25 Marine  Corrosion above 
0.15 mm cracks. 

 

Misra et al. 
[111] 

2100× 
100× 200 

10  Marine 1 Crack width above 
0.5 mm shows 
severe corrosion. 

 

Vennesland 
et al. [112] 

500× 
100× 100 

 0.1-2.0 Seawater 0.3  

Miyagawa 
[113] 

1000× 
50× 50 

20 < 0.3 NaCl 
solution 

 Corrosion above 0.2 
mm cracks. 

 

Li et al. [114] 400× 
100× 100 

40 0-0.5 NaCl 
solution 

1.8 Corrosion and crack 
width are related 

Plain bars were 
used. 

Houston et al. 
[115] 

 25 
50 
75 

 NaCl 
solution 

2.8 50 / 75 mm covers, 
corrosion above 
0.13 mm cracks 

25 mm cover, 
corrosion in 
every location.  

3 Ohta et al. 
[106]  

1000× 
150× 150 

20 
40 

0-0.1 
0.1-0.2 
0.2-0.3 

Coastal 20 
Corrosion and crack 
width are not 
related. 

Every cracked 
location is 
similarly 
corroded. Schiessl (ii) 

[25, 107] 
1950× 
250× 150 

25 
35 

0.075-
0.55 

Mixed 10 
 

4 
 

O’Neil [116]  19 
 

0-0.4 
Above 
0.4 

Tidal wave 
with freeze 
and thaw 

25 Corrosion above 0.4 
mm cracks. 11/82 
specimens tested. 

air-entrained 
concrete. 

Notes a Length × width × height of test specimens           b units is ‘mm’ 
Category1 
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1. Crack width has no effect on corrosion (relatively short-term), 2. Crack width has an effect on corrosion 
(relatively short-term), 3. Crack width has no effect on corrosion (long-term), 4. Crack width has an effect on 
corrosion (long-term) 

 

By observing Categories 2 and 3, it can be concluded that the corrosion initiation takes place at cracks and, 
at this stage, the ‘crack width’ plays a vital role. However, when the testing time increases, the crack width 
does not influence corrosion. This could be the main reason why MC 1978 prescribes limiting the crack 
width in severe conditions to 0.1 mm and releases it in MC 90 and MC2010 to 0.3 mm. It can be assumed 
that MC 1978 had considered the short-term tests, and this limitation was changed after considering the 
results of long-term experiments. The two main causes for reinforcement corrosion are chloride-induced 
damage and carbonation [117]. When the Chloride ions in the surrounding environment reach to the 
reinforcement, that cause to damage the protective layer around the reinforcement. The carbonation means 
the change in the alkaline pH of concrete to neutral pH [118]. This mainly happens when the atmospheric 
Carbon Dioxide penetrate into concrete and react with the Calcium Hydrate in concrete. This reaction 
cause to increase the Calcium Carbonate fraction in concrete which cause to neutralize the pH value. The 
protective layer around the reinforcement gets damaged within the neutralized pH environment and this 
cause to initiate corrosion. When there are cracks in concrete, the time required to penetrate the carbonation 
or chloride layer to the rebar is drastically reduced, and corrosion can be initiated in the early stages [3]. 
At this stage, as per the findings in Category 2, corrosion can be proportional to the crack width. However, 
in long-term, the penetration depth will reach to the reinforcement. Then, as per the findings in Category 
3, after the penetration depth reach to the reinforcement, there is no difference in the amount of corrosion 
in locations with small crack widths and large crack widths or in uncracked locations.    

 
6.2  Deciding the allowable crack width limits on durability for structures with 

different concrete covers 
 
Schiessl’s experiment mentioned in the report in [107] has been considered by many researchers in the 
field; it tried to elaborate criteria for limiting the value of crack width. In the mentioned study, the level of 
corrosion in the reinforcement is categorized, based on the measured corrosion height (‘tm’ - based on the 
prepared ‘rust calibration scale’ by the author in [107]), as ‘passive corrosion’ (tm < 0.01 mm) or ‘active 
corrosion’ (tm > 0.01 mm). For specimens exposed for four years, active corrosion could be observed from 
crack widths of 0.125 mm onwards. Further, this study tried to emphasize the possibility of increasing the 
limit of allowable crack width, with the increase in concrete cover. For specimens exposed for 10 years, 
active corrosion could be observed, even at uncracked locations. However, Schiessl identified that, when 
the concrete cover is 25 mm, 66% of cracks are active in corrosion when the crack width is 0.3 mm. When 
the concrete cover is increased to 35 mm, only 50% of cracks are shown to be active in corrosion for a 0.3 
mm crack width. Based on the results of this long-term experiment, it can be stated that increasing the 
concrete cover has the potential to increase the limit of allowable crack width. Therefore, this study can be 
further improved for RC specimens with increased concrete cover thickness and develop an allowable 
crack width limit which is dependent on concrete cover thickness.   
 
 
7.  CRACK WIDTH LIMITS CONSIDERING THE AESTHETIC ASPECT 
 
Each code of practice has specified the allowable crack width limits, based on the structure’s exposure 
class. When deciding this allowable limit for the structure’s built-in environmental conditions, where there 
is no risk of corrosion, the limits are given in consideration of the aesthetic acceptance of the structure. 
Although, RC structures are designed and constructed by experts in the field, they are used by ordinary 
citizens, who do not have any expertise or knowledge in the field. Therefore, users should always feel that 
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it is safe to use them. It is obvious that unsatisfactory appearance, due to cracks, causes safety alarms and 
lowers the acceptance of a structure [119]. However, the aesthetic acceptance of cracks in RC structures is 
one of the research areas, which have attracted the least attention [120]. Leonhardt [1] stated that, if the 
structure has a reasonable cover thickness with good quality concrete, a crack width of 0.4 mm is not 
harmful to its durability (corresponding with the outcome of O’Neil [116]), but in order to avoid 
unnecessary concern among casual observers, the crack width should be limited to 0.2 mm. However, it is 
not possible to state a fixed value for all types of RC structures and for every type of user, as the viewer’s 
attitude can have a greater influence than what is actually observed [121]. On the other hand, it is not 
possible to limit the widths of controllable cracks to a fine level, as this would increase the cost of the 
structure. In order to justify the statement that the user’s attitude is of greater influence than the actual 
effect of the cracks, the study performed by Padilla and Robles [122] gives good agreement. The study 
was based on cracks in a low-cost housing scheme and clearly emphasized how the different sizes of crack 
widths affected tenants, landlords or engineers. Figure 7 illustrates different observers’ attitudes towards a 
crack and the actual effect of a crack on a structure. According to this figure, when the time has come for 
actual concern about the cracks, the users of the structure have already abandoned it. 
 
 
7.1  The allowable crack width limits on the aesthetic acceptance of structures with 

different concrete covers 
 
The concrete cover thickness is decided on to protect the reinforcement against corrosion, for the safe 
transmission of bond forces and for adequate fire resistance [7]. Therefore, even for structures that are not 
threatened by corrosion, large covers can be decided on, due to the safe transmission of bond forces and 
for adequate fire resistance. As mentioned in the introduction, according to EC2, for the safe transmission 
of bond forces, concrete covers can be large as 56 mm for cases with bundled bars. The surface crack width 
increases with the increase in concrete cover thickness. The limit of visibility of cracks is expressed by 
‘crack width’ [1, 119], and a proper guide should be available to the client to decide the allowable crack 
widths. The study conducted by Campbell-Allen, mentioned in the report in [119], identified that the 
minimum crack width of a structure is a function of viewing distance, a structure’s prestige and the nature 
of the surface (the visibility of cracks changes when they are wet or filled with impurities). The authors 
proposed several categories of structures, depending on their prestige, and graphically interpreted the 
acceptable crack widths, depending on the distance of the viewer. Figure 8 shows the proposed criterion 
and, as it shows for the high-prestige structures, even for longer viewing distances, the allowable crack 
width limits have to be limited to a relatively low level. 
 

 

 

 

 

 

 

 

 
Figure 7 - Different observers’ attitudes to a 
crack (adapted from Padilla and Robles 1971) 

Figure 8 - Aesthetically acceptable crack 
width (adapted from Campbell-Allen 1979) 
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The outcomes of the aforementioned study by Campbell-Allen [119] can be extended for every type of 
structure and used to estimate the allowable maximum crack width in respect of the aesthetic aspect. Every 
structure (or part of the structure) can be categorized into different prestige levels, depending on its usage 
(purpose of the structure and number of users). For example, monumental structures, pedestrian bridges, 
etc. can be categorized as ‘higher prestige level’ and structures like dams, highway bridges and storage 
buildings can be categorized as structures with a ‘lower prestige level’. Then, the client can identify the 
category of the structure and the average viewing distance, to measure the allowable crack width limit as 
per aesthetic satisfaction. It can be concluded that, for structures categorized at the higher prestige level, 
the increasing concrete cover thickness causes a comparatively higher amount of tensile reinforcement to 
be required, to limit the crack width. Therefore, for such cases, the use of bundled bars, etc. have to be 
reconsidered at the structural design stage. 
 
 
8 SUMMARY AND CONCLUSIONS 
 
The background of the widely used crack width calculation models has been discussed, starting with the 
complex cracking phenomenon. Empirically based crack width calculation models in ACI and BS codes 
and the semi-analytical models in EC2, MC2010 and JSCE codes have been examined. The crack width 
governing parameters in the aforementioned models have been categorized, and the extensive background 
study of each model led to deciding on suitable models for cases with large concrete cover thickness. Then, 
the necessity of considering the shear-lag effect (which is reported in several studies), identifying the 
proper bond-slip behaviour, has been highlighted in this paper. Based on a study comparing the 
experimental results with the model predictions in Section 4, it has been identified that the EC2 model 
predictions are more conservative, and both ACI and BS code model predictions gave a good agreement 
with the experimental crack widths of the specimens with concrete cover thickness above 60 mm.  
 
It can be seen that the allowable crack width limits in the aforementioned codes of practice have changed 
from time to time and differ from each other. Therefore, an extensive literature survey has been conducted 
to investigate the background of the allowable crack width limits. According to the durability aspect, the 
allowable crack width limits can be identified as increasing with the concrete cover thickness, as in the 
JSCE code. This is based on the long-term study conducted by Schiessl (1975). However, this study was 
conducted for specimens with 25 mm and 35 mm cover thicknesses. The same study can be extended for 
specimens with different cover thicknesses, to identify the allowable crack width limits for cases with 
different concrete cover thicknesses. 
 
Concrete cover thickness is decided based on durability, safe transmission of bond forces and for fire 
resistance. According to the EC2 model, to provide the safe transmission of bond forces, the cover 
thickness can be up to 55 mm. Therefore, even for structures which are not built-in severe exposure classes, 
the cover thickness can be large. The allowable crack width limits of such structures are mainly based on 
the aesthetic appearance. In order to control the crack widths of such structures effectively, the authors 
suggest using the study conducted by Campbell-Allen (1979) and deciding the allowable limit based on 
the structure’s prestige level (the purpose and number of users of the structure). Finally, this study has 
identified and highlighted the necessary improvements in the existing crack controlling methods, to 
effectively control the cracks of structures with large concrete covers. 
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