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This article describes an experimental program aimed at studying influence of type of 

loading (tension or bending) on the cracking behavior of reinforced concrete elements. The 

effect of other parameters like concrete cover and ratio between diameter and effective 

reinforcement ratio (/ρs,ef) is also studied. In addition, the effect of casting position (bond) 

on crack spacing is discussed. The experimental program was conceived in order to compare 

the results obtained for crack width and crack spacing for bending and tension and was 

inspired by the differences on this point between the formulations of Eurocode 2 EN1992-

1-1:2010 and Model Code 2010. New revisions of EC2 and Model Code are currently under 

way, and this study seeks to contribute to the ongoing discussion. 
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1 Introduction 

There has been a long-lasting debate regarding models for the calculation of crack width design.  

EN 1992-1-1:2004 (EC2) [1] proposes a cracking model in which coefficient k2 takes into account 

the distribution of strain in the element before cracking. According to this formulation, the term 

in the formula for crack spacing which accounts for bond reduced to half the value used for 

elements subjected to tension. However, MC 2010 [2] ignores the difference between bending 

and tension and conceives the tensioned areas around the bars in bending as a tie. 

In 2009, an experimental study was carried out at UPM consisting in 12 bending tests of large 

scale reinforced concrete beams. The aim of this experimental campaign was to study the effect 

on cracking of cover, /ρs,ef and stirrup spacing. The conclusions of this experimental program 

were presented in Caldentey et al. [3] and concluded, among other things, that stirrup spacing had 

a limited influence on mean crack spacing and a very small influence on maximum crack spacing. 

For this reason, this parameter was not considered as a variable when designing the new 

experimental campaign. 
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The experimental campaign presented in this paper reproduces the same concrete sections studied 

by Caldentey et al. [3]  (with the small modification of providing symmetrical reinforcement) to 

be tested in tension (excluding stirrups). Additionally, a RC section with the same concrete section 

but a different bar diameter, 16 mm bars, not tested in the original campaign, was added and  

tested both in tension and bending. The full test report is available online [4]. 

Due to circumstances that will be detailed later on, the tests revealed a very significant influence 

of the casting position of the tension reinforcement on crack spacing as will be detailed below. 

2 Experimental program 

2.1 Description of tests 

An experimental program involving eight beam specimens was carried out at the Structures 

Laboratory of the Civil Engineering School of the Technical University of Madrid from March 

2017 (first series) to June 2018 (second series). All beams had a rectangular cross-section 0.35 m 

wide and 0.45 m deep. The specimens were cast in two groups of four beams in 2017 and 2018, 

respectively, using the same concrete of strength class C25/30. In the first series (2017), three 

elements were  tested in tension and one in bending. In the second series (2018), two beams were 

tested in tension and two in bending. The tension tests were carried out by means of a steel frame, 

using four hydraulic jacks. The reinforcement was anchored to transversal end steel profiles using  

nuts placed on a threaded end portion of the bars. Fig. 1 shows the setup for tension tests.  Fig. 2 

shows the setup for the four-point bending tests. The constant moment span is 3.42 m long. 

 

Fig. 1 - Tension tests setup. 
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Fig. 2 - Bending tests setup. 

The parameters studied were cover and /ρs,ef ratio (diameter / effective reinforcement ratio), for 

which bar diameters of 12 mm, 16 mm and 25 mm (eight bars in tension tests and four bars in 

tensioned face of bending tests) were considered. The specimens were coded XX-YY-Z, with XX 

referring to bar diameter (12, 16 or 25), YY referring to cover (20 or 70) and Z referring to the 

type of loading, tension (T) or bending (B). The cover values (20 and 70) refer to the cover of the 

12 mm stirrups places in the side cantilevers in bending tests. The actual cover to the longitudinal 

bars are 12 mm greater (32 mm and 82 mm, respectively). The cross-sections of the specimens 

are shown in Fig. 3. 

 
Fig. 3 – Beam cross-sections. 

The anchorage method used to transmit tensile forces to the ties is based on threading the rebars 

at the ends and anchor them using nuts. In this way, the resisting area of the rebars is reduced in 
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the threaded length more substantially as the diameter decreases. Due to this effect, the rebars 

failed by tension sooner than expected during the first test of beam 12-20-T, without having 

reached the stabilized cracking stage. 

Because of this unexpected failure, it was decided to test the other tie with 12 mm  bars in bending 

instead. The specimen was renamed 12-70-B. 

Table 1. Main characteristics of the tested beams 

Beam ID 
Diameter 

(mm) 
Cover 
(mm) 

/ρs,ef 

(mm) 
Age 

(days) 
fcm 

(MPa) 

12-20-T 12 32 882 29 39,17 

16-20-T 16 32 696 44 33,77 

16-20-B 16 32 696 52 34,90 

25-20-T 25 32 496 69 41,78 

12-70-B 12 82 1161(*) 126 >44,39 

16-70-T 16 82 1567 38 32,91 

16-70-B 16 82 827(*) 28 31,49 

25-70-T 25 82 1003 98 44,39 

 

Table 1 shows the main characteristics of the specimens, including bar diameter, cover “c” and 

/ρs,ef ratio. The effective area is calculated according to the definitions of EN 1992-1-1:2004 [1] 

(or MC 2010 [2], which are the same), according to which the effective depth of the effective 

concrete tensile zone is the lesser of 2.5(h-d), h/2 and (h-x)/3, where h is the total depth of the 

cross section, d the effective depth and x the depth of the neutral axis for the cracked cross-section 

(bending tests). In specimens XX-70-B, the depth of the effective zone hef is limited by the third 

condition. 

All beams were loaded until failure so that the serviceability behavior could be fully explored. 

2.2 Measurements 

2.2.1 Tension tests 

The following test data were measured for ties: 

– Applied load 

– Extension at reinforcement bars ends 
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– Separation between concrete beam end and steel structure 

– Strain along the concrete faces (top, bottom, left and right) in correspondence with the 

location of longitudinal reinforcement on the side of the beams (two measures per side), 

using a digital extensometer with a base of 20 cm 

– Local strain using a vibrating wire gauge embedded in concrete. These measurements 

were mostly intended to obtain values regarding the shrinkage before the testing of the 

ties. 

2.2.2 Bending tests 

The following test data were measured for beams on bending tests: 

– Applied load 

– Deflections at cantilever ends, mid-span and quarter-span points 

– Strain along the compression face in correspondence with the location of longitudinal 

reinforcement in the side of the beam (two sides), using a digital extensometer with a base 

of 20 cm 

– Strain along the tension face in correspondence with the location of longitudinal 

reinforcement in the side of the beam (two sides), using a digital extensometer with a base 

of 20 cm 

– Strain along the tension face in correspondence with the location of longitudinal 

reinforcement in the top of the beam (two sides), using a digital extensometer with a base 

of 20 cm 

2.2.3 Measuring crack width 

As stated in Caldentey et al. [3], it is well known that direct crack measurement by traditional 

optical means carries with it a strong subjective component regarding the exact position in which 

the measurement is taken. Cracks open and close during a test, their width varies along their 

length, they divide and converge at different load steps and in many cases do not form 

perpendicularly to the reinforcement. Further, direct visual measurement of the crack width is 

very difficult due to the strain it puts on the eyes of the person reading the instrument. For this 

reason, and because the DIC technique was not available in the lab at the time the tests were 

performed, the crack width was estimated in this study by measuring the mean strain along the 

tensile chord in correspondence with the reinforcement both in the side of the beam and in the top 

or bottom of the beam. The mean crack width was determined by dividing the mean strain by the 

number of cracks. This measurement already includes the effect of tension stiffening. Crack 

spacing was determined by direct observation.  
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Eq. (1) and Eq. (2) show the expressions used to estimate the mean and maximum crack widths 

respectively: 

( )
i

tension c m tension c tension

cracks cracks cracks cracks

w lL L
L w L w

n n n n


    


 = +  → = = −  =

 
  

i

m

cracks

l
w

n





 (1) 

max

,

max i

i cracks

l
w

n

 
   

 
 (2) 

where 

εtension  mean strain in the tension chord 

εi measured strain at the concrete surface on a segment (20 cm) of the tension chord 

εc  mean strain of concrete in tension chord  

L  length of constant moment zone (bending tests) or total length (tension tests) 

l  measurement length of extensometer (20 cm) 

Σw  sum of crack openings within L 

ncracks  number of cracks located within L 

ni,cracks  number of cracks located within a segment (20 cm) 

The above expressions account for the reduction in stresses in the reinforcement between cracks 

due to the contribution of concrete, but ignore the effect of the tensile strain in the concrete and 

therefore slightly overestimate the crack width. However, this error is small. 

An example can be considered to support this statement. Assuming a relatively large 30 cm crack 

spacing, a tensile strength of 3.2 MPa, a modulus of elasticity of concrete of 30 000 MPa and a 

parabolic law for the tensile strain variation in the concrete, the tensile elongation of the concrete 

would result in a reduction in the crack width of only 2/3 × 0.3 × 3.2/30 000 = 0.02 mm. 

2.3 Tests results 

A summary of test results in terms of mean crack spacing (srm) and mean crack width (wm) for a 

steel stress of 200 MPa (40% of the characteristic yield strength) is shown in Table 2. The beams 

reported in Caldentey et al. [3] are added (with a grey background) in order to compare with the 

results of current tests (beams and ties). 
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Table 2. Measured mean crack spacing and mean crack width 

Beam ID 
Bond 

condition(1) 

Year of 
test 

Diameter 
(mm) 

Cover 
(mm) 

/ρef 

(mm) 
fcm 

(MPa) 
sr,m       

(mm) 
wm at 200 
MPa (mm)  

12-20-T Good 2017 12 32 882 39,17 162 * 

12-20-B Poor 2009 12 32 882 >26,9 173 0,2 

16-20-T Good 2018 16 32 696 33,77 147 0,21 

16-20-T Poor 2018 16 32 696 33,77 170 * 

16-20-B Good 2018 16 32 696 34,90 105 0,12 

25-20-T Good 2017 25 32 496 41,78 115 0,14 

25-20-T Poor 2017 25 32 496 41,78 171 * 

25-20-B Poor 2009 25 32 460 >26,9 131 0,15 

12-70-B Good 2017 12 82 1165 44,39 162 * 

12-70-B Poor 2009 12 82 1148 >26,9 236 0,34 

16-70-T Good 2018 16 82 1567 32,91 220 0,32 

16-70-T Poor 2018 16 82 1567 32,91 232 * 

16-70-B Good 2018 16 82 827 31,49 183 0,21 

25-70-T Good 2017 25 82 1003 44,39 184 0,19 

25-70-T Poor 2017 25 82 1003 44,39 230 * 

25-70-B Poor 2009 25 82 473 >26,9 227 0,33 

Note 1: Good or poor bond conditions are related to bottom or top casting position of the rebars 

respectively. See Section 3.2 for more information. 

The mean crack spacings measured in the four faces on the ties were quite different. Obviously, 

some difference is due to statistical dispersion. However, the top and bottom sides have much 

higher rebar density (four bars per side) and lateral sides have only two main rebars and skin 

reinforcement in the middle. Also, as it will be further discussed, the position of rebars during 

concreting (good or poor bond) may have a significant influence on crack spacing. The mean 

crack spacing for beams in tension shown in Table 2 is the one measured on side concreted with 

‘good’ bond conditions.  

It is striking that there is so much difference in crack spacing between the two 12-70-B beams 

(162 mm and 236 mm), one tested in 2017 and the other in 2009. This is also an indication that 

concreting position of the tension rebars has a significant influence in crack spacing since in the 

2009 beam the tension reinforcement was on top of the beam when concreting took place, whereas 

in the 2017 beam the tension reinforcement was at the bottom when concreting took place. This 

topic is dealt with in more detail below.  
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Fig. 4 and Fig. 5 show the crack patterns of the eight elements tested in 2017 and 2018. For the 

bending tests, the two vertical faces are shown. Cracking patterns on both sides are quite similar. 

For the ties, three faces are shown. The ties were concreted with the 45 cm height placed vertically 

but were rotated 90º when placed in the testing rig. The two side faces therefore correspond to the 

top and bottom faces when concreted, and both are subjected to identical effects due to self-weight 

of the element. These effects are, in any case small. In Fig. 4 and Fig. 5 these two faces are shown, 

together with the bottom face. The latter represents a transition between good and poor casting 

positions. The top face has a cracking pattern similar to the bottom face and it is not shown.  

Beam 12-20-T failed prematurely by the threaded portion of one of the rebars during the crack 

formation stage. Because of this, large uncracked areas are present in this tie. However, there is 

an area (marked in red in Fig. 4) where formation of cracks seems stabilized and it was used as 

an approximation to mean crack spacing for this tie. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 – Crack spacing in specimens with 32 mm cover. 

Face with 
good bond 
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It can be seen especially in ties 16-20-T and 25-20-T that, in the less reinforced face (bottom), 

there are cracks which form near the more reinforced that do not propagate the full length of the 

side. However, in more reinforced faces (good and poor bond conditions), most of the cracks are 

passing cracks. These effects are due to reinforcement arrangement and to the fact of cracking 

control is tightly related to effective area of concrete around rebars. It also confirms the 

importance of skin reinforcement for controlling cracking (without skin reinforcement the 

difference would be higher). These effects seem to be less significant for the larger covers. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 – Crack spacing in specimens with 82 mm cover. 

 

The previous figures show a clear difference in mean crack spacing between specimens with 

32 mm and 82 mm covers with an increasing in the crack spacing as the cover increases. The 

Face with  

good bond 

Face with  
good bond 



10 

 

influence of /ef can also be observed, with the crack spacing decreasing as this parameter 

decreases. 

The effect of the casting position is clearly shown in beams 16-20-T and 25-20-T, where the sides 

with good bond conditions have a significantly smaller crack spacing with respect to the sides 

with poor bond conditions. 

Regarding the influence of type of loading (tension or bending), the specimens with 16 mm rebar 

diameter show a larger crack spacing for tension than for bending. 

A more detailed analysis of the effects of casting position, type of loading, clear cover “c” and 

/ρs,ef ratio on crack spacing and crack width is presented in the following section.  

3 Analysis of results 

3.1 Current models 

The semi-empirical formulas recommended by EC2 [1] and MC2010 [2] for calculating the crack 

spacing account for the influence of bond and the influence of cover using an additive model. The 

bond term is related to the transfer length which represents the length from the crack at which the 

tensile strength can be transmitted to the effective concrete area surrounding the rebar to form a 

new crack. The cover term can be explained essentially by the closing of the internal cracks 

(originating from the ribs of the bar – see Goto [5]). The higher the cover the smaller the number 

of internal cracks that reach the concrete surface, and therefore, the larger the crack width.  

In this way, crack spacing can be modeled as the sum of the effects of cover and /ρs,ef, as shown 

in Eq. (3): 

𝑠𝑟,𝑚 = 𝑘1𝑐 + 𝑘2


𝜌𝑠,𝑒𝑓
 (3) 

where: 

𝑠𝑟,𝑚   mean crack spacing 

𝑐 concrete cover 

 bar diameter 

𝜌𝑠,𝑒𝑓  effective reinforcement ratio 

𝑘1 and 𝑘2  are calibration coefficients depending on the code (EC2 or MC2010) and are necessary 

to fit the experimental data. 
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The main difference between current models in EC2 [1] and MC2010 [2] is that factor k2 

multiplying /ρs,ef ratio is the same for tension and bending in MC2010 [2] but is the double for 

tension than for bending in EC2 [1] model.  

The influence of above factors (cover c, /ρs,ef ratio and type of loading – bending vs. tension) on 

the crack pattern, as well as the possible influence of the position of the bars during concreting is 

discussed in the following sections.  

3.2 Influence of casting position 

The cracking behavior depends on the interaction between the reinforcing steel and the 

surrounding concrete in the tensile zone and, thereby, on the bond characteristics. According to 

fib Bulletin 10 [6], the position of the bar during concreting is more important for bond than 

concrete strength. As a matter of fact, bond performances are best in horizontal bars placed close 

to the bottom of the formwork (the ribs push against a less porous mortar). The opposite is true 

for horizontal bars placed well above the bottom of the formwork. Due to plastic settlement, water 

microbubbles get stuck underneath the bar.  

According to fib Bulletin 10 [6], for bars anchored in normal-strength concrete, it has been 

observed that bottom cast bars have better bond performance than top cast bars. It is generally 

assumed that this effect depends on an increased tendency of bleeding of the concrete around top 

bars.  

It is a well-established fact that casting position affects the required anchorage length of 

reinforcing bars. At ULS the anchorage length has traditionally been increased by a factor of 1.4 

for bars in horizontal elements which are close to the top surface.  

Both EC2 [1] and MC 2010 [2] define the basic bond stress as proportional to a coefficient (η1) 

related to the quality of the bond condition and the position of the bar during concreting, where: 

η1 = 1 when ‘good’ bond conditions are met and 

η1 = 0.7 when ‘poor’ bond conditions are present 

Combrinck et al. [7] performed several experiments on plastic settlement cracking related to 

reinforcing bars located at top casting position. Fig. 6 shows that a water pocket appears below 

the steel bar and this causes a loss of bond between concrete and reinforcement bars. The results 

showed that lower cover depth, the more severe the cracking, and therefore greater the loss of 

bond.  



12 

 

 

Fig. 6 Stress conditions and cracks around bar due to plastic settlement  

 

Although it is due to other reasons (gradual load-dependent deterioration of bond), Murray, 

Gilbert and Castel [8] introduced a scalar bond damage parameter to account for bond 

deterioration effects in the transfer length. A similar approach was used by François, Castel and 

Vidal [9] to model the deterioration of bond caused by corrosion effects. 

Even though cracking has to do with bond (and a bond factor has been present in codes – for 

instance factor k1 in EN 1992-1-1:2004 [1] which accounts for the different bond properties of 

deformed and smooth bars) casting position has – to the knowledge of the authors – never been 

considered in models dealing with crack spacing [10]). 

However, the tests carried out at the Technical University of Madrid, show evidence that this 

parameter could have a very significant influence on crack spacing. The flexural tests 12-70-F 

carried out in 2009 [3] and 2017 with identical geometry (although not exactly the same concrete 

mix), showed very significant differences in crack spacing (see Fig. 7). Besides the concrete mix 

(which is known not to have a significant effect on cracking), the only difference was casting 

position of the tension reinforcement. In the beam tested in 2009, the reinforcement was on top 

(poor bond conditions), while in the test carried out in 2017, it was in the bottom (good bond 

conditions). The beam tested in 2009 showed a mean crack spacing of 236 mm, while the beam 

tested in 2017 showed a mean crack spacing of only 162 mm. 
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Fig. 7 Comparison between cracking patterns of beam cast in good casting position (top) and poor 
casting position (bottom)  

 

Additional evidence of this phenomenon is shown in Fig. 4 and Fig. 5, where a different crack 

pattern can be seen in tension beams for faces with bars cast at the bottom (good bond conditions) 

and at the top (poor bond conditions). As shown in Table 3, this effect is higher for lower concrete 

cover (top bars with worst bond conditions) and larger bar diameters. 

Table 3. Measured mean crack spacing on tension tests – difference between beam faces with 

good and poor bond conditions 

BEAM 
Bond Condition 

Good Poor Increase 

16-20-T 147.3 mm 170.5 mm +15.7% 

16-70-T 219.7 mm 231.6 mm +5.4% 

25-20-T 115 mm 171.3 mm +48.9% 

25-70-T 183.6 mm 230.2 mm +25.4% 

 

In order to further study the problem, and quantify this effect, a specific test program is currently 

under way at the Technical University of Madrid. 

3.3 Influence of type of loading (tension or bending) 

A summary of mean crack spacings for the tested specimens under both types of loading (tension 

and bending) is shown in Table 4. 

Since bending tests carried out in 2009 (grey background in Table 4) had main reinforcement in 

a poor bond condition, the face with poor bond is selected for tension tests in order to compare 

the same bond conditions. Since bending tests carried out in 2018 (16 mm diameter in Table 4) 
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had main reinforcement in good bond condition, the face with good bond is selected as reference 

for tension tests. 

Table 4. Measured mean crack spacing – difference between tension and bending 

BEAM (bond 
conditions) 

CRACK SPACING (mm) 

TENSION BENDING 

16-20 (good) 147 105 

25-20 (poor) 171 131 

16-70 (good) 220 183 

25-70 (poor) 230 227 

MEAN 192 161,5 

 

It can be seen in Table 4 that the crack spacing is higher in all cases for the tension tests. The 

mean value obtained for the tension tests is also significantly higher than mean value obtained for 

bending tests. This result confirms the difference between tension and bending expected by the 

EC2 [1] model, and shows the need for a factor accounting influence of type of loading. 

However, the difference between the two types of loading is not as great as expected by EC2 [1] 

(a factor of 2 affecting the bond term). This can be related to relatively large scale of the specimens 

tested in the present research program. As the effective height around the tensile reinforcement 

becomes smaller with respect to the tensioned area of the beam, the mean stress in the effective 

area before cracking is closer to the tensile strength of concrete. On the contrary, for a small 

rectangular beam where all the tensioned area before cracking is effective, the mean stress in the 

effective tensile area would be half of the tensile stress of concrete and the force needed to produce 

a new crack would could be transmitted in half the length. 

Indeed, the results for small scale tests performed at the Vilnius Gediminas Technical University 

by Gribniak et al. [11] [12] show that the influence of type of loading (tension or bending) is 

much higher for small specimens. 

3.4 Influence of cover 

It is a well-established fact that cover influences crack spacing and crack width, and it is taken 

into account by current models (EC2 and MC2010). 

Fig. 8 shows the effect of cover on crack spacing, and how crack spacing increases with cover. It 

can be seen that regardless of other factors (good or poor bond conditions or high or low /ef),  

increasing the cover leads to an increase in crack spacing. In fact, the effect of this variable is 

very clear in all the available experimental data. 
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The effect of cover is related to two aspects as explained in Caldentey et al. [3]. This has to do 

with internal cracks (goto cracks) and whether or not these cracks eventually become passing 

cracks, as already explained above. 

 

Fig. 8 – Effect of cover on crack spacing, by rebar diameter, type of loading and bond conditions. 

 

Fig. 9 shows the effect of cover on crack width. As expected, crack width also increases with 

cover. 
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Fig. 9 – Effect of cover on crack width, separated by rebar diameter and type of loading. 

These results confirm that cover is an important factor in the estimation of crack spacing (and 

therefore crack width) and that models need to account for this effect. 

3.5 Influence of /ρs,ef  

The influence of the /ρs,ef ratio on crack spacing is a direct consequence of the definition of the 

transfer length and can be easily derived from the equilibrium of the bar between a crack and the 

zero slip section and from the equilibrium of the two sections. However, some authors have doubts 

about this fact (Beeby [13]), because ρs,ef is implicity accounting for concrete cover. 

Fig. 10 and Fig. 11 show the effect of /ρs,ef ratio on crack spacing for the tested ties at the faces 

with good bond conditions and poor bond conditions respectively. While the influence of this 

factor seems clear for good bond conditions, these tests show a negligible effect for poor bond 

conditions. Since the relative importance of the second term in Eq (3) becomes smaller as the 

cover increases, the influence of the /ρs,ef ratio in Fig. 10 is greater with smaller covers 

(c=32mm). 
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Fig. 10 – Effect of /ρs,ef on crack spacing, tension tests with good bond conditions. 

 

Fig. 11 – Effect of /ρs,ef on crack spacing, tension tests with poor bond conditions. 
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Fig. 12 shows the effect of the /ρs,ef ratio on crack spacing for specimens tested in bending. Since 

the bond conditions are not the same for all the beams, the correlation is not good. However, it is 

clear that beams with 16 mm diameter (good bond conditions) have much smaller crack spacing 

that the ones with poor bond conditions. This is an additional evidence of the influence of casting 

position on crack spacing discussed in Section 3.2. 

 

Fig. 12 – Effect of /ρs,ef on crack spacing, bending tests. 
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4  Some theoretical proposals 

4.1 Proposed factor for bond conditions 

Taking into account the experimental evidence discussed in section 3.2, it would be reasonable to 

consider a coefficient related to the quality of bond in the second term of the crack spacing 

estimation given by Eq. (3). A coefficient 𝑘b of 1.17 for ‘poor’ bond conditions and 0.83 for 

‘good’ bond conditions is proposed to account for the effect of casting position on crack spacing. 

These values result in a total factor of 1.17/0.83=1.4 and is taken from the value used in ULS. For 

comparison with tests of ties, in which researchers will most likely report mean crack spacing 

values, kb=1.00 should be adopted. 

1.17 if tension reinforcement is cast in poor position 

0.83 if tension reinforcement is cast in good position

1.17 if element is cast horizontally

0.83 if element is cast vertically

b

Flexure

k

Tension

 


 
= 







 
(4)  

This is of course only a very rough first proposal, which needs to be refined as soon as further 

experimental evidence becomes available. 

4.2 Proposed factor for bending 

In order to account for the influence of type of loading taking into account the size of a structural 

element, a new factor is proposed in Caldentey et al [14] in order to differentiate tension from 

bending in the MC2010 model. This factor multiplies the second term of Eq. (3) and accounts for 

the mean tensile stress in the effective tensile area before cracking, as a function of the section 

height (h) and the height of effective area of concrete in tension (hc,ef). For rectangular sections, 

the expression of Eq. (5) is proposed: 

,c ef

fl

h h
k

h

−
=

 

(5) 

According to Caldentey et al [14], another correction has to be introduced associated with the 

above factor for bending. This correction has to do with the effective area. The introduction of 

coefficient kfl makes unnecessary the limit of (h-x)/3 for the effective depth for elements subjected 

to flexure. It seems that this latter limit was there to account for the same effect, but the new factor 

is much more transparent and has physical meaning. 

The effect of this factor is analyzed in the following section in comparison with current model 

estimations and tests results. 
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4.3 Comparison with current models 

Table 5 shows a comparison between mean crack spacing measured on tests specimens and mean 

crack spacing estimated by current models (EC2 and MC2010) as well as how these estimations 

are effected by introducing factors kb and kfl. 

The grey values are those measured on tests and green values represent the values closest to the 

experimental results.  

Table 5. Mean crack spacing comparison between tests, current models and proposed corrections 

Type of 
loading 

Bond 
cond. 

Diameter 
(mm) 

Cover 
(mm) 

/ρs,ef 

(mm) 
Tests 
(mm) 

Curr. 

EC2 
(mm) 

EC2 

bond       
(mm) 

Current 

MC2010 
(mm) 

MC2010 

bond 
(mm) 

MC2010 

Bon&flex 
(mm) 

Tension Good 25 32 496 115 163 146 119 105 105 

Tension Good 16 32 696 147 203 180 151 132 132 

Tension Good 12 32 882 162 240 210 182 157 157 

Tension Good 25 82 1003 184 365 330 260 232 232 

Tension Good 16 82 1567 220 477 424 352 309 309 

Tension Poor 25 32 496 171 163 180 119 132 132 

Tension Poor 16 32 696 170 203 227 151 171 171 

Tension Poor 25 82 1003 230 365 399 260 288 288 

Tension Poor 16 82 1567 232 477 531 352 396 396 

Bending Good 16 32 696 105 134 122 151 132 111 

Bending Good 16 82 827 183 247 233 232 209 203 

Bending Good 12 82 1165 162 280 261 287 254 238 

Bending Poor 25 32 460 131 110 118 113 126 109 

Bending Poor 12 32 882 173 152 167 182 206 171 

Bending Poor 25 82 473 227 211 219 174 187 192 

Bending Poor 12 82 1148 236 279 298 284 316 296 

 

It can be seen that the column with more “green” values is the one for MC2010 with proposed 

corrections for bond conditions and flexure. However, in order to quantify the effect of the 

proposals, it is better to make a statistical analysis. 

Table 6 and Table 7 show the statistical analysis of the ratios between model predictions and 

experimental values for 32 mm cover and 82 mm cover, respectively. The tables include, as a 
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summary of the results of the values obtained in the 8 beams tested, the maximum value of the 

ratio (max), its minimum value (min), its mean value (), its standard deviation () and its 

coefficient of variation (COV). 

Table 6. Statistical analysis of crack spacing for beams with 32 mm cover 

Type of 

loading 

Bond 

cond. 

Diameter 

(mm) 

Current 

EC2 
(mm) 

EC2 

bond       
(mm) 

Current 

MC2010 
(mm) 

MC2010 

bond 
(mm) 

MC2010 

Bon&flex 
(mm) 

Tension Good 25 1,42 1,27 1,03 0,91 0,91 

Tension Good 16 1,38 1,22 1,03 0,90 0,90 

Tension Good 12 1,48 1,30 1,12 0,97 0,97 

Tension Poor 25 0,95 1,05 0,70 0,77 0,77 

Tension Poor 16 1,19 1,34 0,89 1,01 1,01 

Bending Good 16 1,28 1,16 1,44 1,26 1,06 

Bending Poor 25 0,84 0,90 0,86 0,96 0,83 

Bending Poor 12 0,88 0,97 1,05 1,19 0,99 

  Mean 1,18 1,15 1,02 1,00 0,93 

  Max 1,48 1,34 1,44 1,26 1,06 

  Min 0,84 0,90 0,70 0,77 0,77 

  σ 0,25 0,16 0,22 0,16 0,09 

  COV 21,65% 13,99% 21,51% 15,87% 10,19% 
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Table 7. Statistical analysis of crack spacing for beams with 82 mm cover 

Type of 
loading 

Bond 
cond. 

Diameter 
(mm) 

Current 
EC2 

(mm) 

EC2 
bond       
(mm) 

Current 
MC2010 

(mm) 

MC2010 
bond 
(mm) 

MC2010 
Bon&flex 

(mm) 

Tension Good 25 1,98 1,79 1,41 1,26 1,26 

Tension Good 16 2,17 1,93 1,60 1,40 1,40 

Tension Poor 25 1,59 1,73 1,13 1,25 1,25 

Tension Poor 16 2,06 2,29 1,52 1,71 1,71 

Bending Good 16 1,35 1,27 1,27 1,14 1,11 

Bending Good 12 1,73 1,61 1,77 1,57 1,47 

Bending Poor 25 0,93 0,96 0,77 0,82 0,85 

Bending Poor 12 1,18 1,26 1,20 1,34 1,25 

  Mean 1,62 1,61 1,33 1,31 1,29 

  Max 2,17 2,29 1,77 1,71 1,71 

  Min 0,93 0,96 0,77 0,82 0,85 

  σ 0,44 0,42 0,31 0,27 0,25 

  COV 27,33% 26,41% 23,49% 20,45% 19,74% 

 

It can be seen in Table 6 that the proposal has a significantly better behavior in statistical terms 

for 32 mm cover. A good mean and the best coefficient of variation are obtained for the crack 

spacing estimated by MC2010 with the proposed corrections for bond conditions and flexure. The 

bond correction proposed for EC2 also provides a better behavior than current model.  

However, Table 7 shows only a slightly better behavior for proposals than current models for 82 

mm cover. According to mean values, it seems that the effect of cover on crack spacing is 

overestimated for these tests. This could be due to the effective area of concrete being 

overestimated for large covers. Additionally, EC2 model provides even larger crack spacing than 

MC2010 for large covers.  

5 Conclusions 

From the above considerations, the following conclusions can be drawn: 

– The results of tension and bending tests confirm the effect of cover and parameter /ρs,ef 

on crack spacing. Crack spacing increases when cover does and the same occurs for 

parameter /ρs,ef, at least for good bond conditions.  

– Accounting for the test results and the cited bibliography, it would be reasonable to 

consider a coefficient related to the quality of the bond into crack spacing estimation 
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given by current models. The statistical analysis made in Section 4.3 shows that the 

proposed factor provides a significantly better estimation for usual covers. 

– The mean crack spacing obtained for ties is higher than obtained for beams. This would 

confirm the difference between tension and bending expected by EC2 and would involve 

the need for a factor for the influence of the type of loading on MC2010 model. The 

statistical analysis made in Section 4.3 shows that the proposed factor provides a 

significantly better estimation for usual covers. 

– Comparison between mean crack spacing obtained from tests and current models show 

that the estimation provided by MC2010 is more accurate than that of EC2, especially for 

large covers. 

– For beams with large covers, it seems that values provided by codes are overestimating 

the effect of cover on effective area of concrete in tension. 

– New tests studying the influence of bond conditions on crack spacing are required in 

order to confirm proposed corrections. 
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