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Abstract

:

The present research deals with the cyclic and standard pull-out resistance of deformed steel bars embedded in lightweight and normal concrete. This paper is a continuation of a previous paper, where the experimental results are detailed. In the present paper, the experimental results are set against the formulas and the diagrams provided by the Eurocode standard and the Model Code 1990, and then a comparative discussion is performed. In the case of cyclic loading, the damage defined by the Palmgren–Miner hypothesis, as well based on the recommendations of various national annexes of Eurocode and the Model Code, is calculated. A multiplier corresponding to the maximum load is calculated, which indicates by how much the applied load should be multiplied to obtain a damage value equal to 1.
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1. Introduction


The interaction of steel and concrete in a reinforced concrete member is a widely studied area that has inspired numerous researchers [1,2,3,4]. This interaction is mostly described by the bond strength–slip relation of the concrete and the reinforcing bar. There are many parameters that have an effect on this interaction [1]. However, most of the researches deal with the bond strength in ordinary concrete, and there is only a limited number of studies dealing with the bond behavior in lightweight concrete [5,6,7]. Refs. [8,9] investigated in detail the substitution of normal-weight aggregate with lightweight aggregate, but they did not test their specimen for cyclic loading. It was observed that the compressive strength and the bond strength of concrete decreased with the increase in lightweight aggregate content. Besides this, the bond strength decreased in proportion to the decrease in the density of the samples; thus, these two factors cannot be separated from each other. In the present research, the effect of lightweight aggregate and cyclic loading on bonds is considered. In [10], it was found that the lightweight concrete–steel bond strength was 35% greater than the ordinary concrete–steel bond strength for plain bars, while, in the case of deformed steel bars, the performance of the ordinary concrete was better. The composition of the compared recipes was identical, and only the aggregate was changed. Because of this, the strength of LWAC was lower than the strength of NWC. In [10], cyclic loading was applied as a constant-amplitude load in every cycle, while, in our study, the load level was increased step by step, similarly to [11,12]. However, in these studies, heavyweight concrete or complete structures were investigated, rather than lightweight concrete. Similar studies were conducted on lightweight aggregate concretes by [8,13], who investigated the replaceability of the steel bars with FRP. There are different approaches based on which the bond strength can be determined. In [14], a cyclic beam bending test is used for this purpose. In [15], a novel calculation method is introduced to determine the bond strength from the maximum pull-out force. In our investigations, the recommendation of [16] is used for the test setup and for the calculation of the bond strength. The recommendations of [16] are only valid for non-cracked concrete samples; for cracked concrete, the approach presented in [17] can be used. For practising designers, considering these effects in standards is of great significance. In [18], it is highlighted that the consideration of bond strength in the Canadian standard should be modified in the case of high-strength concretes. These bending tests are important from the point of view of practical design, but uniaxial tension is also necessary to understand the material behavior. For static calculations, the input data are the strength classes of concrete. Thus, a test where concrete compositions of the same strength class but with different aggregates are tested is the most useful. The calculation of the bond strength of normal concrete is relatively well covered in the standards, but the effect of cyclic loading (in the case of a pull-out test) is not included. For lightweight concretes, even less information is available; meanwhile, their application is becoming more and more widespread. In the present paper, the different calculation methods of bond strength in various standards are reviewed and compared to experimental results for lightweight and normal concretes.




2. Materials and Methods


In this section, the results of our research are summarized, and they can be found in detail in [1]; below, a short summary is given about the tests and their results. The aim of the research was to investigate the effect of lightweight concrete on the standard and cyclic bond strength. Lightweight and normal-weight concrete samples were cast. Between the mixes of the two concretes, the only difference was the type of coarse aggregate, which was changed from quartz to Liapor HD 7N-type expanded clay. The applied type and amount of cement, fine aggregate and water-to-cement ratio were the same for both mixes. It is important that the strength class (C or LC) is the same for the compared mixes and the density of the LWAC is above 1600 kg/m3, because then it can be calculated according to EC 2. The introduction of Liapor in the mix reduced the density from 2357 kg/m3 to 1770 kg/m3. At least three specimens were cast for each test from both materials. The pull-out tests were completed on a Zwick/Roell Z400 testing machine with a 0.005 mm/s loading rate. The displacement of the steel bar inside the concrete sample was measured with inductive transmitters. Two transmitters were placed on the unloaded surface and two on the loaded surface of the concrete test cube. A Ø8 standard ribbed reinforcing bar was placed at the center of the 150 × 150 × 150 mm cube specimens and was pulled out during the test. The effect of different rib configurations is detailed in [19]. First, the compressive and the splitting tensile strength of the two concretes were determined by standard tests. The compressive strength was measured on four (LWAC) and five (NWC) 150 × 150 × 150 mm cubes, and the splitting tensile strength on three 300 × 150 mm cylinders. As shown in Table 1, the compressive strength was 20% smaller in the case of the lightweight concrete, and the tensile strength of normal concrete was 29% higher.



The standard monotonic pull-out tests were performed following the recommendations of the International Federation for Structural Concrete [16,20,21]. During the pull-out test, the loading force and the relative displacements were monitored and the bond stress was calculated as follows [22]:


   τ b  =  F  π · ⌀ ·  l b    ·   2 · (  d 1  +  d 2  )    d 1  + 2 ·  d 2     



(1)




where:




	
F is the pull-out force;



	
lb is the bonding length;



	
⌀ is the diameter of the reinforcing bar;



	
 π  is a constant (=3.14);



	
d1 is the displacement on the loaded end of the bonded length (after subtraction of the elongation of the steel bar);



	
and d2 is the displacement on the unloaded end of the bonded length.








The test was completed for normal and lightweight concrete specimens and the results were concluded as follows (see Figure 1):




	
the phenomenon was similar in both cases;



	
the bond stress of the normal concrete was higher (on average, approximately 5 N/mm   2  );



	
the slip at the unloaded end was in the range of 0.5–1.0 mm for both concretes;



	
the initial slope of the    τ b  − s   diagram was higher in case of the normal concrete;



	
the residual stresses were in the range of 5–10 N/mm2 for both concretes.








The bond strength of lightweight concrete was found to be 24% lower compared to the normal concrete, and the normal concrete showed larger standard deviations in the case of bond strength. It could also be observed that the lightweight to normal concrete ratio of the bond strength occurred between the values corresponding to the compressive strength and tensile strength. In the literature, the bond strength is considered to be proportional to the tensile strength. The experiments showed a higher ratio in the case of bond strength (than in the case of tensile strength), which can be explained by the different contact zones between the steel and the aggregates of normal and lightweight concrete.



Lastly, the cyclic pull-out tests were performed. Cyclic loading was applied as a proportion of the maximum loading capacity (see [1]), and the relative displacements were analyzed in each cycle. During the cyclic tests, the following intended numbers of cycles were applied at load levels corresponding to the given ratios of the maximum load attained for the standard pull-out tests:




	
at 43% (8594 kN): 3;



	
at 56% (11,172 N): 3;



	
at 69% (13,750 N): 5;



	
at 77% (15,468 N): 5;



	
at 86% (17,187 N): 10;



	
at 93% (18,500 N): 20 (if any);



	
at 100% (20,000 N): 20 (if any).








Based on the results, the following conclusions could be drawn (see Figure 2):



	
For both concretes, the envelope curve of the cyclic loading was similar to the standard pull-out test, but in the case of the maximum load-bearing capacity, significant differences were observed. In conclusion, it could be stated that the envelope curve of the cyclic load always remained below the diagram of the corresponding standard pull-out test. In the case of normal concrete, the envelope curve ran closer to the standard diagram.



	
At the unloaded end, until a given load level, no displacement was observed.



	
It could be seen for the lightweight concrete that always the first cycle of the given load level produced the largest slip. After the first one, the cycles following under a given load level were similar to each other.



	
The descending part of the cyclic load curve was similar to the standard one, as can be seen in Figure 2. This similarity is not surprising if considering that only the coarse aggregate fraction differed between the LWAC and NWC mixes and that the average density of LWAC (1770 kg/m3) was not too far below that of NWC [1]. This may indicate that simply changing the normal-weight coarse aggregate to a lightweight one does not influence the softening branch in the bond stress–slip curve so intensively as expected for usual LWAC (of less density) and also that the ductility in the bond is linked more to the paste rather than simply to the type of coarse aggregate.



	
In the case of the normal concrete specimens, it was observed that the specimens could resist a maximum 26,000 N load multiple times without failure. This was due to the short time period, which was insufficient for the development of microcracks. It could lead us to the conclusion that the applicable number of cycles was a function of the loading rate; if one decreases the loading rate, the number of cycles (necessary for the failure) decreases in the case of the same concrete.



	
Similar to lightweight concrete, for normal concrete, the first cycle of the given load level always produced the largest slip. However, after the first cycle, the following cycles in a given load level always became smaller and smaller. This was true only until the maximum bond stress was reached; after this, the first loop under the given load level became the smallest.



	
The slip belonging to the maximum bond stress shifted relative to the standard diagram.



	
The residual bond stress and the descending part of the diagrams were not affected by the loading scenario; they were similar to the standard diagram.



	
The slope of the (re)loading paths was always the same, independently of the load level.



	
The cyclic pull-out test caused plastic displacements (for both normal and lightweight concrete).






The results of the standard tests for lightweight and normal concrete were compared to each other in the second part of [1]. The comparison of two concretes with a different type of aggregate was a challenging task. As was expected, the normal concrete had higher bond strength values and performed better in the pull-out test. The comparison of the two materials in the case of the standard pull-out test focused on specific characteristic points, such as the maximum bond stress, the half of the maximum stress on the ascending and the descending part of the curve, and the stress belonging to the 4.5 mm slip value to represent the residual stress. (The value of the slip was chosen arbitrarily based on the figures).



Based on Figure 3, the following observations could be made:




	
in the case of bond stress, the normal concrete had a larger standard deviation;



	
the initial slope of the diagram was smaller in the case of the lightweight concrete;



	
the average curve of the normal concrete always enveloped the curve of the lightweight concrete, but the difference between the two curves was quite small; this indicated that the energy absorption capacity of the normal concrete was higher;



	
the difference in the maximum stress was less than 3%;



	
the fact that the lightweight concrete reached a given stress level at a larger slip than normal concrete indicated less favorable behavior in serviceability limit states.








For the comparison of the two materials in the case of the cyclic pull-out tests, the Balázs [23] principle was used, which states linear damage development with the cycle number until the maximum point of the envelope curve. Based on the literature, the maximum number of cycles can be approximated, which belongs to this maximum point, as can be seen in Figure 4.



The figure shows that the higher the load, the steeper the slope of the lines, as was already observed on the bond stress–slip diagrams. Based on the parameters of the lines, the maximum number of cycles can be calculated, and the fatigue curve can be drawn.



As final conclusions of [1], the following observations were described:




	
The standard pull-out test did not show a significant difference between the normal and lightweight aggregate concrete mixes until the maximum bond stress was reached. After this, the difference remained small and, in contrast to our expectations, the lightweight concrete did not show a more rigid behavior.



	
The bond stress–slip curve of the standard pull-out test enveloped properly the same curve of the cyclic pull-out test for both concrete types.



	
Both concrete mixes were able to resist the maximum pull-out force multiple times in the case of cyclic loading. This was possible because there was no time for the formation/further development of cracks or the rearrangement of the stresses. In the case of cyclic loading, not only the loading rate is important, but the time for which the maximum load was applied on the sample also influenced the results.



	
In the case of low cycle number fatigue, there was no significant difference in the pull-out bond test results of the normal and lightweight aggregate concrete.









3. Results and Discussion


3.1. Standard Pull-Out Test


The results of the experiments are compared to the corresponding formulae of the MSZ EN 1992-1:2002 [21] and the fib Model Code 1990 [16] and 2010 [20]. In the later part of the present paper, we refer to them as standards for simplification. First, the compressive and tensile strength results were inserted into the expressions of the standards, and, based on them, the concretes were classified. The concrete mix with lightweight aggregate falls into the LC25/28 class, while the reference mix falls within the C25/30 class. As a next step, the bond stress–slip relations of the standard pull-out tests were compared to the recommendations of the standards. The Model Code 1990 represents two failure behaviors, namely the pull-out of the reinforcement bar and the splitting of the concrete, as can be seen in Figure 5. The figure distinguishes four major sections of the slip range. The first is a quadratic curve and then a constant plateau, followed by a linearly decreasing part and a constant section representing residual bond strength.



Figure 5 is described by the following expressions:


   τ b  =  τ  b , m a x     (  s  s 1   )  α   0 ≤ s ≤  s 1   



(2)






   τ b  =  τ  b , m a x     s 1  ≤ s ≤  s 2   



(3)






   τ b  =  τ  b , m a x   −  (  τ  b , m a x   −  τ  b f   )   ( s −  s 2  )  /  (  s 3  −  s 2  )    s 2  ≤ s ≤  s 3   



(4)






   τ b  =  τ  b f     s 3  ≤ s  



(5)




where:




	
  τ  b , m a x   : maximum bond stress    τ  b , m a x   = 2 . 5 ×   (  f  c m   )    ;



	
  τ  b , f   : residual bond stress    τ  b , f   = 0.40 ×  τ  b , m a x    ;



	
   s 1  ,  s 2  ,  s 3   : slip values separating the slip ranges    s 1  = 1   mm;



	
   s 2  = 2   or 3 mm (3 mm in Model Code 1990; 2 mm in Model Code 2010);



	
   s 3  =  c  c l e a r     clear distance between the ribs;



	
 α : constant   α = 0.4  .








The experimental results based on the Model Code in tabulated form can be seen in Table 2.



The only difference between the two versions of the Model Code is the length of the plateau, corresponding to the maximum bond stress. In Figure 6 and Figure 7, the experimental results of the lightweight concrete (and their average) can be seen, as well as the function based on the Model Code for 2010 and 1990. The stress values of all curves in Figure 6 and Figure 7 represent mean values.



It can be observed in the figures that the highest   τ  b , m a x    value of the Model Code curve is around the smallest of the maximum bond stress values coming from the measurements, which are ideal from a design point of view. It also can be seen that the measurement data in the decreasing section of the figures are closer to the Model Code 2010 (which assumes a shorter plateau). As shown, the Model Code underestimates the stiffness of the bond behavior at the initial stage before   τ  b , m a x    is reached. Besides this, the residual stresses are always lower than the recommendation of the Model Code, which is on the unsafe side. It should be noted, however, that from a design point of view, slip values above 1–2 mm are not relevant when considering the serviceability criteria; thus, the ranges described by Equations (3)–(5) play a role in clearly indicating the initiating failure mechanism close to ultimate limit states.



Comparison of Bond Strength Based on the Standard Pull-Out Test


In this section, the bond strengths derived from the experiments and calculated from the standards are compared to each other. The Model Code 2010 [20] derives the bond strength of the material based on its compressive strength, as follows:


   f  b d , 0   =  η 1  ·  η 2  ·  η 3  ·  η 4  ·   (   f  c k   25  )   0.5   /  γ  c b    



(6)




where:




	
  η 1  : factor taking into account the surface characteristics (in case of ribbed steel,    η 1  = 1.75  );



	
  η 2  : factor taking into account the position of reinforcing bar during casting (   η 2   = 0.7 )   ;



	
  η 3  : factor taking into account the diameter of the reinforcing bar for   d < 25   mm: (   η 3   = 1 )   ;



	
  η 4  : factor taking into account the yield strength of the steel bar for   f  y k    = 500 MPa: (   η 4   = 1 )   ;



	
  γ  c b   : safety factor: 1.5;



	
  f  c k   : characteristic value of the compressive strength of concrete [N/mm   2  ].








The design value of the bond strength can be calculated from the basic value   f  b d , 0    considering the effect of concrete cover, the lateral reinforcement, and the lateral stresses, as follows:


   f  b d   =  (  α 2  +  α 3  )  ·  f  b d , 0   − 2 ·  p  t r   /  γ c  b < 2.0 ·  f  b d , 0   − 0.4 ·  p  t r   <  ( 1.5 /  γ c  b )  ·   f  c k     



(7)




where:




	
  α 2  : effect of concrete covering    α 2  =   (  c  m i n   / ⌀ )   0.5   ·   (  c  m a x   / 2 ·  c  m i n   )   0.15    ;



	
  α 3  : effect of lateral reinforcement; if there is no reinforcement,    α 3  = 0  ;



	
  p  t r   : effect of lateral stresses; in the present case,    α 3  = 0  .








For comparison, the calculation of the design value of the bond strength based on the Eurocode [21] (MSZ EN 1992-1:2002) is


   f  b d   = 2.25 ·  η 1  ·  η 2  ·  f  c t d    



(8)




where:




	
  η 1  : factor taking into account the position of the reinforcing bar (for “good” bond conditions,   η 1   = 1; in other cases,   η 1   = 0.7);



	
  η 2  : factor taking into account the diameter of the reinforcing bar (for d < 32 mm,   η 2   = 1);



	
  f  c t d   : design value of the tensile strength of concrete [N/mm   2  ], limited above C60/75;








Based on the expressions of the Model Code 2010 and the Eurocode, the characteristic bond strengths   f  b m    were calculated and compared to the measurement results, as is shown in Table 3. Note that for the calculation of   f  b k   , the material partial factor was taken as 1.0 and the 5% characteristic compressive   f  c k    and tensile   f  c t k    strengths were used. In terms of the measurements, the characteristic value   τ  b k    has been calculated as the 5% quantile value (from the measured   τ  b m    values).



It can be seen in Table 4 that the two standards are fairly close to each other in the characteristic bond strength   f  b k   ; however, they are far from the results of the measurements. The standards highly underestimate the actual bond strength of the material (3–4-times higher results were deduced from the measurements). The ratios of characteristic bond strengths determined from tests and proposed by the MC2010 and EC can be found in Table 4.



Table 4 clearly shows how far the characteristic bond strengths determined from experiments and proposed by the current standards for the same steel–concrete interface differ from each other. Theoretically, all reliability components (related to uncertainties in parameters and test conditions) are covered by the safety parameters (partial factors); thus, the difference between   τ  b k    and   f  b k    may be explained simply by the lack of relevant test data, especially for lightweight concrete.





3.2. Consideration of Cyclic Pull-Out Test in Standards (Bond Fatigue)


It is a challenging task to determine the bond strength of a lightweight concrete because the Eurocode does not contain any S-N (Wöhler) curves for any concrete. Thus, the fatigue bond strength was investigated on the basis of the fatigue compressive and tensile strengths.



3.2.1. Bond Fatigue Calculation Based on Cyclic Pull-Out Tests According to the Eurocode


The bond strength shows a strong linear correlation with the tensile strength of concrete; thus, the S-N curves for tensile strength were used to estimate the fatigue bond strength. The S-N curves for tensile strength can be found in particular national annexes to the Eurocode, such as the Swedish, Spanish, Italian, Belgian and Dutch annexes. All of these national annexes consider the fatigue tensile strength as a function of the logarithm of the number of load cycles. Other proposals define the fatigue bond strength as a portion of the compressive strength, as presented in [24].



The Swedish national annex provides the following formula:


    σ  m a x    f t   = 1 − 0.0685 ·  ( 1 − R )  · log N  



(9)




where:




	
  f t  : tensile strength of concrete (N = 1);



	
N: number of cycles;



	
R: minimum and maximum stress ratio of the cycle   R =  σ  m i n   /  σ  m a x    ;



	
  σ  m a x   : maximum stress level (after N cycles) in all load cycles;



	
  σ  m i n   : minimum stress level after N cycles (present case:    σ  m i n   = 0  ).








Based on our experiments, Table 5 can be obtained (the maximum value of the bond stress from the standard pull-out test was used to calculate the proportion of the bond strength ratio).



Because the applied load cycles significantly differed between the specimens at load levels close to fatigue, it was decided to use the average cycle number in further calculations. Based on the above-mentioned Swedish method, the maximum number of load cycles,   N i  , belonging to the applied load level’s fatigue could be calculated for any load level. After this, the proportions of the applied and the maximum number of cycles could be summarized to calculate the damage value (based on the Palmgren–Miner linear hypothesis [25]).


  ∑   n i   N i   =  D d   



(10)




where:




	
  n i  : measured number of cycles at a given “i” load level;



	
  N i  : possible maximum number of cycles at a given “i” load level resulting in fatigue failure;



	
  D d  : damage (adequate if    D d  ≤ 1  ).








The value    D 1  = 6.523 > 1.0   in Table 6 means that the tested steel–concrete interface was more resistant against fatigue than that proposed by the Swedish S-N curve. Based on this, it would be quite straightforward to conclude that the Swedish S-N curve underestimates the actual fatigue capacity. If assuming a higher standard pull-out force (e.g., only by 6.04%), then the   D d   value decreases dramatically. In Table 7, the standard pull-out force is increased by 6.04%, as also shown in Table 8.



Similarly to the Swedish method, the value of damage can be calculated based on other national annexes [21]. The formulae shown in Table 9 are very similar to each other and slightly differ in the included parameters.



As a conclusion, it can be seen from Table 10 that the value of the damage is always above 1 for the applied S-N curves, which means that the application of these fatigue curves is safe. The load multiplying factors belonging to    D d  = 1.0   were calculated iteratively for each expression and are summarized in Table 10.



All multipliers remain below 1.1 (10% increase), which means that it is an overestimation of the standard (static) bond strength and may intensify the risk of bond fatigue. The lowest multiplier (above the Swedish method) is obtained by the expression of the Belgian annex, while the highest is given by the Italian one.




3.2.2. Bond Fatigue Calculation Based on Cyclic Pull-Out Test According to the Model Code 2010


The Model Code 2010 contains an expression that was derived from [26]. Here, the approximation is also linear and a logarithmic expression is given between the fatigue bond strength and the number of cycles. The expression is as follows:


  ∑   τ  b , m a x    f b   = 1 − 0.04375 · log N  



(11)




where:




	
N: number of cycles;



	
  τ  b , m a x   : bond strength of concrete after N (constant) cycles of loading;



	
  f b  : bond strength of concrete based on standard (static, monotonic) loading.








After summarizing the results (similarly to those in Section 3.2.1 for the Eurocode), Table 11 is obtained.



It can be seen that the measured standard bond stresses remained below the calculated value, resulting in    D d  = 1.0   (standard is safe). The approximation is more accurate than in the Eurocode in the case of lightweight concrete (only a 4.69% increase in the standard pull-out force).






4. Conclusions


In our research, the cyclic bond strength of structural lightweight aggregate concrete was investigated. Our previous paper [1] deals in detail with the results of the experiments, while this paper focuses especially on the comparison of the cyclic test results with the corresponding code proposals. The primary motivation behind this research was the fact that even widely used standards provide only limited data on the bond strength of concrete under cyclic loading. After comparing our test results with the expressions of several national annexes to the Eurocode and of the Model Code 2010, the following conclusions can be drawn:




	
The applied lightweight aggregate concrete was designed for structural applications fulfilling all the requirements of at least the LC30/33 strength class. Thus, its mix contained lightweight aggregates only in the coarse aggregate (4/8) fraction and resulted in an average dry density of 1770 kg/m3.



	
The results of the compressive and splitting tensile strength tests showed sufficient correlations with the values calculated from the expressions of the Eurocode and the Model Code 2010.



	
The pull-out test results showed a higher standard deviation than those obtained from the compression and the splitting tensile strength tests.



	
It was observed, for lightweight mixes, that the bond stress–slip diagram showed a good correlation with the corresponding one of the Model Code (especially with the Model Code 2010); however, the Model Code 2010 formula for the characteristic bond strength highly underestimates the actual characteristic bond strength of the material. There is a huge margin in the standard for the bond strength.



	
The bond stress–slip figure of the Model Code 2010 approximates higher slips compared to our measurements in the ascending range.



	
The expressions to calculate the fatigue bond strength in the Model Code 2010 and in several Eurocode national annexes were analyzed. While these expressions are fairly similar to each other, it was concluded the Model Code 2010 gave the most accurate estimation of the S-N curve. In this case, the difference between the measured and calculated pull-out force values was found to be only 4.69%.



	
Both types of concretes were able to withstand the maximum pull-out force in the case of cyclic loading. This was explained by the higher loading rate during cycle tests, which retarded crack propagation and the following stress redistribution in the specimens.
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Figure 1. Bond stress–slip diagram of normal and lightweight concrete. 
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Figure 2. Comparison of standard and cyclic loading force for lightweight concrete. 
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Figure 3. Bond strength ratio for normal and lightweight concrete and their average curves. 
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Figure 4. Linear slip (damage) development with the number of cycles under different load levels. 
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Figure 5. Bond stress–slip curve based on Model Code 1990 [16]. 
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Figure 6. Bond stress–slip curves based on our measurements and the Model Code 2010. 
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Figure 7. Bond stress–slip curves based on our measurements and the Model Code 1990. 
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Table 1. Density, compressive and splitting tensile strength of the normal and lightweight concrete.
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	Type of Concrete
	Average Density [kg/m3]
	Strength Class
	Average Compressive Strength [N/mm2]
	Std. Deviation of Compressive Strength [N/mm2]
	Average Splitting Tensile Strength [N/mm2]
	Std. Deviation of Splitting Tensile Strength [N/mm2]





	Normal weight concrete
	2357
	C30/37
	51.19
	1.04
	3.63
	0.11



	Lightweight concrete
	1770
	LC30/33
	41.09
	3.10
	2.58
	0.13
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Table 2. Comparison of the 2010 and 1990 versions of Model Code.
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	Notation
	Dimension
	Model Code 1990
	Model Code 2010





	   f  c m    
	[N/mm   2  ]
	37.57
	37.57



	   c  c l e a r    
	[mm]
	4.50
	4.50



	   τ  b , m a x    
	[N/mm   2  ]
	15.32
	15.32



	   s 1   
	[mm]
	1.00
	1.00



	   s 2   
	[mm]
	3.00
	2.00



	   s 3   
	[mm]
	4.50
	4.50



	  α  
	[−]
	0.40
	0.40



	   τ  b , f    
	[N/mm   2  ]
	6.13
	6.13
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Table 3. Comparison of the characteristic values of the standards and our measurements.
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#

	
Measured Strength Values

	
Model Code (Compressive and Bond Strength)

	
EN (Tensile and Bond Strength)

	
Measured Bond Strength






	

	
   f  cm , cube    

	
   f ctm   

	
   f ck   

	
   f  b 0    

	
   f bk   

	
   f ctk   

	
   f bk   

	
   τ bm   




	

	
N/mm    2   




	
1

	
42.03

	
2.62

	
36.15

	
1.47

	
3.96

	
2.357

	
3.71

	
14.93




	
2

	
41.09

	
2.72

	

	

	

	

	

	
20.04




	
3

	
41.83

	
2.40

	

	

	

	

	

	
16.32




	
4

	
39.40

	
2.31

	

	

	

	

	

	
15.43




	
Characteristic value (  f  b k   ):

	
3.96

	

	
3.71

	
13.60 =   τ  b k   
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Table 4. Characteristic bond stress ratios.
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Model Code

	
Eurocode






	
   f  h k    

	
N/mm   2  

	
3.96

	
3.71




	
   τ  b m    

	
N/mm   2  

	
13.60




	
  τ  b k   /  f  b k   

	
-

	
3.44

	
3.66
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Table 5. Maximum number of cycles at a given load level.
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Load Intensity

	
Bond Strength Ratio

	
Applied Number of Cycles,    n i   




	
1. Specimen

	
2. Specimen

	
3. Specimen

	
Average






	
[kN]

	
[-]

	
[-]

	
[-]

	
[-]

	
[-]




	
8.594

	
0.43

	
3

	
3

	
3

	
3.0




	
11.172

	
0.56

	
3

	
3

	
3

	
3.0




	
13.750

	
0.69

	
5

	
5

	
5

	
5.0




	
15.468

	
0.77

	
5

	
5

	
5

	
5.0




	
17.187

	
0.86

	
10

	
10

	
10

	
10.0




	
18.500

	
0.93

	
20

	
20

	
1

	
13.7




	
20.000

	
1.00

	
6

	
10

	
0

	
5.3
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Table 6. Values of damage at different load levels (based on linear damage hypothesis).
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	Standard Pull-Out Force
	Loading Step
	Load Ratio
	   (  n i  )    Applied Number of Load Cycles
	   (  N i  )    Calculated Possible Number of Load Cycles (Swedish)
	Damage





	[kN]
	[kN]
	[-]
	[-]
	[-]
	[-]



	20.000
	8.594
	0.43
	3.0
	211,793,393
	1.41647 × 10    − 8   



	
	11.172
	0.56
	3.0
	2,780,508
	1.07894 × 10    − 6   



	
	13.750
	0.69
	5.0
	36,504
	0.00014



	
	15.468
	0.77
	5.0
	2031
	0.002



	
	17.187
	0.86
	10.0
	113
	0.088



	
	18.500
	0.93
	13.7
	12
	1.098



	
	20.000
	1.00
	5.3
	1
	5.333



	
	
	
	
	 Σ :
	6.523
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Table 7. Values of damage at different load levels (based on linear damage hypothesis)).
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	Standard Pull-Out Force
	Loading Step
	Load Ratio
	   (  n i  )    Applied Number of Load Cycles
	   (  N i  )    Calculated Possible Max Number of Load Cycles (Swedish)
	Damage





	[kN]
	[kN]
	[-]
	[-]
	[-]
	[-]



	21.209
	8.594
	0.41
	3.0
	482,449,866
	6.22 × 10    − 9   



	
	11.172
	0.53
	3.0
	8,108,225
	3.70 × 10    − 7   



	
	13.750
	0.65
	5.0
	136,270
	3.67 × 10    − 5   



	
	15.468
	0.73
	5.0
	8941
	0.001



	
	17.187
	0.81
	10.0
	587
	0.017



	
	18.500
	0.87
	13.7
	73
	0.188



	
	20.000
	0.94
	5.3
	7
	0.757



	
	
	
	
	 Σ :
	0.962 ∼ 1.0
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Table 8. Comparison of the assumed standard pull-out forces.
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	Standard Pull-Out Force (Table 6)
	Multiplier (Ratio)
	Standard Pull-Out Force II (Table 7)





	[N]
	[-]
	[N]



	20,000
	1.0604
	21,209
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Table 9. Damage calculation according to different national annexes.
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	Italian
	Spanish





	     σ  m a x    f t   =  ( 1 − 0.09542 )  ·  ( 1 −   σ  m i n    σ  m a x    )  · log N   
	     σ  m a x    f t   =  ( 1 − 0.091 )  ·  ( 1 −   σ  m i n    σ  m a x    )  · log N   



	Dutch
	Belgian



	     Δ σ   f t   =  ( 1.25 − 0.0992 · log N )  ·  ( 0.8 −   σ  m i n    f t   )    
	     σ  m a x    f t   =  ( 1 − 0.05 · log N )  · X   



	where   Δ σ  : stress amplitude (  Δ σ =  σ  m a x   −  σ  m i n    )
	where X: factor dependent on the risk of error   ( X = 0.69 ÷ 1.00 )  
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Table 10. Values of damage at different load levels (based on linear damage hypothesis) according to different national annexes.
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Std. Pull-Out Force

	
Load Steps

	
Damage




	
Swedish

	
Italian

	
Spanish

	
Dutch

	
Belgian






	
[kN]

	
[kN]

	
[-]

	
[-]

	
[-]

	
[-]

	
[-]




	
20.000

	
8.594

	
1.41647 × 10    − 8   

	
3.16 × 10    − 6   

	
1.62 × 10    − 6   

	
1.95 × 10    − 7   

	
1.177 × 10    − 11   




	

	
11.172

	
1.07894 × 10    − 6   

	
7.1 × 10    − 5   

	
4.23 × 10    − 5   

	
8.22 × 10    − 6   

	
4.453 × 10    − 9   




	

	
13.750

	
0.00014

	
0.00265

	
0.00184

	
0.00058

	
0.0000028




	

	
15.468

	
0.002

	
0.021

	
0.016

	
0.007

	
0.00015




	

	
17.187

	
0.088

	
0.336

	
0.285

	
0.169

	
0.015




	

	
18.500

	
1.098

	
2.237

	
2.049

	
1.551

	
0.432




	

	
20.000

	
5.333

	
5.333

	
5.333

	
5.333

	
5.333




	
 Σ  Damage (  D d  ):

	
6.523

	
7.930

	
7.685

	
7.061

	
5.781




	
Multiplier:

	
1.0604

	
1.0977

	
1.0905

	
1.0741

	
1.0718




	
Std. Pull-Out Force II:

	
21209

	
21.954

	
21.810

	
21.482

	
21.436




	
Modified  Σ  Damage (  D d  ):

	
0.962

	
0.987

	
0.997

	
0.996

	
1.009
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Table 11. Damage calculation according to MC2010.
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Std. Pull-Out Force

	
Load Steps

	
Damage




	
Model Code






	
[kN]

	
[kN]

	
[-]




	
20.000

	
8.594

	
2.76135 × 10    − 13   




	

	
11.172

	
2.44042 × 10    − 10   




	

	
13.750

	
3.59464 × 10    − 7   




	

	
15.468

	
0.000033




	

	
17.187

	
0.0061




	

	
18.500

	
0.264




	

	
20.000

	
5.333




	
 Σ  Damage (  D d  ):

	
5.603




	
Multiplier:

	
1.0469




	
Std. Pull-Out Force II:

	
20937




	
Modified  Σ  Damage (  D d  ):

	
1.047
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