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Abstract 

Several methods for determination of a characteristic concrete compressive strength in situ (fck,is) are reviewed. 

This fck,is can subsequently be applied directly in the design equations of EC2. The relation between the specified 

compressive strength in the Eurocode (code-crete) and the estimated strength within the realized structure (real-

crete) from the extraction of cores is established within the frame of the Eurocode. Factors describing the 

relation between code-crete and real-crete are quantified for both new design as for assessment purposes. 

Parameters affecting the outcome of the drilling process are reviewed by describing the strength variation within 

a concrete structure as well the influence of coring on the compressive strength.  
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Nomenclature 

µ Mean  

σ Standard deviation  

s Sample standard deviation  

Vf Coefficient of variation = σ/µ 

fcm Mean concrete compressive strength (N/mm2) 

fck Characteristic concrete compressive strength (N/mm2) 

fcd Design value of concrete compressive strength (N/mm2) 

fck,cyl Characteristic concrete compressive strength of standard cylinder (N/mm2) 

fck,cube Characteristic concrete compressive strength of standard cube (N/mm2) 

γc Partial safety factor concrete  

fc,is   Concrete compressive strength in situ (N/mm2) 

flowest,is Lowest core result in situ 

fcm,is   Estimated mean concrete compressive strength in situ (N/mm2) 

fck,is   Estimated characteristic concrete compressive strength in situ (N/mm2) 

fcore   Concrete compressive strength of a single core (N/mm2) 

fc,cyl   Equivalent cylinder concrete compressive strength of a core (N/mm2) 

smin Required minimum sample standard deviation (N/mm2) 

f’c Specified concrete compressive strength (N/mm2) 

γconv Conversion factor concrete compressive strength (N/mm2) =fck/ fck,is 

β Reliability index 
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 Introduction 

A large part of the modern construction industry has become the maintenance and renovation of existing 

structures. The stock in the Netherlands of existing concrete structures is staggering in every construction sector 

but mainly the infra-sector and the so called B&U (residential, public sector). After world war two, a severe 

housing shortage occurred in large parts of Europe, including the Netherlands. This shortage was due to the 

demolished cities, and the halt in construction caused by the war. Once the war ended, the construction rate 

increased, and remained high until the beginning of the 21st century. As a result almost one third of the 6.6 

million houses built from the end of the war until the turn of the century, was built after 1980[1]. The main 

construction material after the war was reinforced concrete, since concrete is the most inexpensive and the most 

available building material in the world. Most of the office buildings that have been realized during this period 

(1945-2014) are also constructed out of reinforced concrete[2]. 

 

Figure 1: Transformation of the Anton building, Strijp-S, Eindhoven[3].  

The vacancy rate among office structures is immense in the Netherlands. During the lifespan of a concrete 

structure, the purpose for which the structure was developed can change. When this occurs, when a concrete 

structure no longer fulfils its (new) demands, a decision is made whether the structure will be demolished or 

transformed. Transformation is different than restoration or renovation in that it does not necessarily strive to 

maintain the social, political or cultural embodiment of the place[4]. If a building is structurally sound, often the 

structure will be transformed, especially in an unstable economic climate like the one we face today. 

Replacement of outdated buildings is not only a loss of its embodied energy, but requires additional resources 

for the disposal of the demolished structure[4]. Transformation can lead to a switch in function of the building, 

a former factory can be transformed into social housing. A switch in function translates to different loads in the 

engineering world. The assessment of existing structures with regards to structural safety is therefore crucial. 

This becomes even more evident for the infrastructure sector. Here the safety assessment is not required because 

of a transformation of a structure. In the infra sector often the lifespan of a structure is sought to be prolonged. 

This because the intended design lifetime of 50 years for these structures (bridges, underpasses, tunnels…) is 

reached. A large part of the infra structures in the Netherlands are constructed before 1975. Over the years the 

intended design loads are exceeded because of a heavier and also denser traffic situation.  
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 Research motivation 

In the Netherlands the design of new concrete structures is done according to EN 1992 also referred to as EC 2 

(Eurocode 2). Existing structures are assessed by the NEN 8700 series. Of which NEN 8702 will cover concrete 

structures which should be used in combination with Eurocode 2. Information required for the evaluation of a 

structure will be first obtained from available information, such as drawings and specified strength values. This 

is done by sifting through archives, visual inspections, and obtaining information on the use of the structure. 

The aim is the specifications of as much variables, among which the compression strength of the structure. 

Specifying documents, drawings and other useful original design and execution information are not always 

available. The documentation and preservation of this information has been neglected for a long period, and its 

value has just recently come to our attention. In other cases the original design information is available to a 

certain extent, however this acquired information on the structure is not sufficient. The structure does not meet 

today’s standards. This could be the case for structures designed using older standards, therefore with different 

safety philosophy in mind. In these cases field research is resorted to as a way of extracting more information 

with the hope of retrieving more favorable values. As for the compression strength, this results in the extraction 

of cores from the structure. Coring of concrete is to this day the most reliable method for establishing the 

compressive strength of a structure or part of a structure. However the practice of coring and the interpretation 

of the acquired data/information are crucial with regard to possible applicability. The interpretation of the core 

results should reckon the complexity of concrete as a construction material. A large part of structural engineers 

lack knowledge on the use of the compressive strength in situ (in the structure). This is not or not specifically 

covered by any code and or guideline and remains therefore a subject where no strict rules apply. The design 

strength value (derived from the specified strength fck) is the value which engineer use throughout normal (new) 

design processes. The relation between the compressive strength in situ and the specified value is therefore 

investigated in this research.  

 Research question 

The previous paragraph described how information on the compressive strength of a structure is a unfamilair 

concept for most structural engineers. It is therefore that the research question states: How should structural 

engineers account for the compressive strength in case of the assessment of an existing concrete structure? This 

question is answered by within the contact of the Eurocode 2 by the following set of sub-questions:  

- How is the specified compressive strength related to the strength in a structure?  

- How is this accounted for by the Eurocode? 

- What is the scope of the assessment? 

- What are factors to keep in mind during extraction of cores?  

- How is the data processed into characteristic strength values? 

- How to apply the results in a structural evaluation?  
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 Research Goal 

The purpose of this research is to present a method by which the concrete compressive strength (obtained from 

core strength test data) can be determined and used for structural evaluation of existing concrete structure. In 

which it is important that this concrete strength is consistent with the assumptions used to derive resistance 

factors for structural design in the Eurocode. This concrete strength can therefore be substituted into 

conventional resistance equations of the Eurocode.  
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 Concrete 

Cement, aggregates (sand + coarse aggregate), and water are the necessary ingredients to create the simplest 

form of concrete. These ingredients are mixed in such proportions to achieve the desired concrete quality. In 

modern practice extra materials are added called admixtures. This mixture is then classified with respect to its 

compressive strength. This compressive strength is eminently the main property of concrete, since other 

(strength) characteristics can be linked to it, also many durability properties can be linked to concrete strength. 

Furthermore concrete is mainly used for its compressive strength and the measurement of this compressive 

strength is relatively easy. The strength of the concrete mixture after hardening depends on a variety of factors. 

First and foremost its strength depends on the strength of each separate component comprising the concrete 

volume (also air). However with concrete, it isn’t the strength of the main constituents that determine the 

strength of the final product as it is the structure that is created by mixing all ingredients together. According to 

Neville [5] “Strength, as well as durability and volume changes of hardened cement paste, appears to depend not so 

much on the chemical composition as on the physical structure of the products of hydration of cement and on their 

relative volumetric proportions. In particular, it is the presence of flaws, discontinuities and pores which is of 

significance...”  

 Concrete strength variation  

Concrete strength is a random variable, which can be assumed to be normally distributed [6]. The strength 

variation can be described by a standard deviation or a coefficient of variation (Vf  = σ/µ). This variation depends 

on the degree of control as well on the strength of concrete itself. In general it can be said that for an average 

strength equal or below 27 N/mm2 (cylinders) a constant Vf of 0.15 (also a typical value for in situ cast concrete) 

applies, while a constant standard deviation of approximately 4 N/mm2 applies for average strength above 27 

N/mm2 which corresponds to a characteristic strength (5% lower fractile of the distribution) of approximately 20 

N/mm2. It is important to notice that a constant coefficient of variation implies a constant ratio between the 

standard deviation and the average strength, meaning an increase of the standard deviation relative to the 

increase if the average strength.  

 

 

Figure 2; Influence of compression strength on concrete strength variation[7] 

φ=Tan (0.15) 
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 Con-Crete Classification 

Because of the strength variation selecting a concrete mix does not guarantee it will provide the same quality as 

obtained from previous attempts. To verify the strength of a concrete mixture, testing is required. Compressive 

tests can be carried out in a variety of ways. The EN specifies the concrete compressive strength as the 

compression strength obtained by loading a concrete specimen (cylinder or cube) under specified conditions 

(EN 12390[8][9][10]) in uniaxial compression to failure. Notice the term specific conditions in the previous 

sentence. These are so called lab conditions. For sake of repeatability the conditions set for compression tests are 

optimal conditions in which concrete will obtain the maximum achievable compressive strength. This results in 

a difference between the properties of concrete as specified in the Eurocode and the concrete as produced on 

site. Since the specified conditions in the standards are impossible to replicate on site under common practice. A 

distinction between these two types of concrete becomes therefore necessary. Concrete produced and tested in 

the lab is often referred to as lab-crete, while concrete produced on site is referred to as real-crete. The concrete 

as specified in standards is referred to as code-crete. The important fact about these terms is that they have the 

same origin and it is the execution that determines which label the concrete obtains. 

 Code-crete 

Based on experience different codes provides guidelines for the characterization of concrete. The compressive 

strength of concrete is expressed in the form of the characteristic compressive strength (also referred to as the 

specified strength within this thesis) in EN, consider for example the concrete class C30/37. In which the first 

number represents the characteristic strength obtained from a cylindrical test specimen, and the second value is 

the characteristic strength of a cubic test specimen. For cylinders the standard deviation is assumed to be 5 

N/mm2. The mean values therefore can be calculated by increasing the characteristic value by 8 (≈1.64∙5) 

N/mm2. For cubes the standard deviation is assumed to be 6 N/mm2. The mean values therefore can be 

calculated by increasing the characteristic value by 10 (≈1.64∙6) N/mm2. The EN is based on cylinder strength 

values, therefore cube values are to be converted to cylinder values. This conversion factor ranges from 0.78 to 

0.87 (Appendix B), however a value of 0.78 is maintained in the Eurocode [11]. The characteristic compressive 

strength can subsequently be translated into a design compressive strength fcd by Eq. (2.1) which engineers apply 

in practice. 

 
ck

cd cc

c

f
f α

γ
= ⋅  (2.1) 

Where fck is the characteristic cylinder compressive strength of concrete at 28 days, γc is the partial (safety) factor 

for concrete, and αcc a coefficient taking account of long-term effects on the compressive strength (which is 

reduced under sustained load) and unfavorable effects resulting from the way the load is applied (detailed 

explanation in paragraph 3.3). Resistance equations in the Eurocode are expressed in terms of this characteristic 

cylinder compressive strength fck at 28 days.  



13 

 

0

0.02

0.04

0.06

0.08

0 10 20 30 40 50 60 70

D
en

si
ty

N/mm2

fck / 1.5 fcm -(1.64 ∙ 5)

 

 

 

 

Figure 3; Assumed strength distributions class C30/37 for standard cylinder and cube, design value expressed in standard cylinder strength 

 Lab-crete  

As mentioned before the term lab-crete refers to concrete manufactured according to EN 206 and tested 

according EN 12390. Most important part of the curing process are the environmental conditions and 

compaction. Full compaction of the concrete with neither excessive segregation nor laitance is required for 

standard cylinders. Even with the greatest care full compaction cannot be obtained for an entire structure in 

practice, becoming more difficult as the size of the structure increases. Furthermore lab-specimen require to be 

kept in their mould for at least 16 hours up to a maximum of 3 days, protected against shock, vibration and 

dehydration at a temperature for (20 ± 5) °C. After this period the test specimens should be cured in water at a 

temperature of (20 ± 2) °C, or in chamber at (20 ± 2) °C and relative humidity ≥ 95 % up to the point of testing. 

Once again it becomes very difficult to recreate these conditions for entire structures. The strength obtained 

from lab-specimen cured according to EN 12390, is therefore referred to as the maximum achievable 

compression strength although a larger compressive strength can be obtained by drying the specimens up to a 

minimum of 48 hours before testing, which is not allowed according to EN 12390 for standard lab-specimens.  
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Figure 4; lab-crete versus real-crete 

 Real-crete 

The characteristic compressive strength at 28 days fck (Code-crete) is the value used by structural engineers for 

the design of new structures. Associate with this deterministic value is the actual realised concrete compressive 

strength (real-crete) in situ which is random. For establishing the concrete strength of an existing structure, 

coring is the preferred and most reliable method [12]. The variability of concrete properties (strength) within a 

structure is higher compared to samples taken on site, which is again higher than concrete cured in the lab. This 

as a result of the workmanship and environmental conditions. An overview of all the possible causes of variation 
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is listed in Appendix A. Adding up to the variability of the strength outcome is the assessment process itself. Due 

to the mentioned uncertainty associated with the strength in situ, the actual strength in the structure can never 

be obtained. Various relationships for the expected strength value of real-crete for a given code-crete strength 

have been proposed over the years. The design value used in the Eurocode accounts for this difference between 

code- and real-crete. 

 

Figure 5; Relation Code- Lab- and Real-crete 

 Partial safety factor for resistance  

In the previous paragraph the material factor γc was introduced. This factor takes the uncertainty into account 

surrounding the resistance of a structure, therefore accounting for the model, geometrical, and material 

uncertainties. It also accounts for the difference between lab-crete and real-crete. The design value of the 

compression strength thus accounts for this difference between lab- and real-crete. It is important to state that 

some strength equations in the Eurocode do not apply γc and are based on fck. For example the guidelines for 

shear strength of beams which can be found in Eurocode 2 [13]. Eq. (2.2) and (2.3) describe the maximum shear 

capacity of an unreinforced (shear reinforcement) beam. In which Eq. (2.2) does apply the partial safety factor 

for resistance, and Eq. (2.3) does not. 

 ( )
1/3

, , 1 1 ,100  in whi 0 8 /c .1h Rd c Rd c ck cp cw Rd cV C k f k b d Cρ σ γ == +
 

 (2.2) 

With a minimum of: 

 ( ), 1Rd c min cp w
V v k b dσ= + with 

2 3 1 2

min 0.035 ckv k f=  (2.3) 

These formulas are based on empirical result i.e. based on the results obtained from testing beams under shear 

loading. The test setup requires for standard specimens to be produced and tested at the same time and 

conditions as the beam. The cylinders often have the same curing conditions as the beams, or will resemble these 

conditions as close as possible. The difference between lab- and real-crete in this situation is therefore less 

compared to conventional construction. However the compression strength in a structure can vary significantly 

compared to cylindrical samples (Chapter 3.4). It is unclear whether this variation is taken into account by Eq. 

(2.3). In the following chapter the derivation of the partial safety factor is examined. This in order to understand 

how the relation between the specified strength value fck and the strength of the actual structure fc,is is defined in 

the Eurocode.  
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 Design format Eurocode  

Engineers are responsible for the safety of structures and therefore the safety of the people in the vicinity of these 

structures. Designing a structure requires a certain safety philosophy, in other words there should be room for 

unfavourable combinations of load effects and resistance properties. Structural safety, or reliability, is defined as 

the probability that failure will not occur or that a specified criterion will not be exceeded. This is safeguarded in 

Europe by the application of partial factor limit state design according to the Eurocode, EN standards, CE and 

KOMO markings for the Netherlands. These are legally bound under Dutch public law: Bouwbesluit 2012. The 

partial factor limit state design method is a structural reliability technique which is aimed towards quantifying 

and assessing the effects of all uncertainties with respect to structural design. These uncertainties are divided in 

loading and material uncertainties. The load acting on a structure is not fixed, a representative load needs to be 

assumed as the design load. The chance of exceeding this load is always possible, however it should be very 

small. The same can be said for material properties, these are also not fixed variables. Material properties scatter 

within a structure (certainly within a concrete structure). A representative material property should be chosen. 

In the past only material uncertainties where covered by structural safety principles, this safety principle is also 

referred to as deterministic design. 

 Safety philosophy  

The term limit states represents certain critical situations in which the structural requirements can no longer be 

met. These limit states are for example the current adopted calculation models for several situations 

(compression, torsion, structural deformation, and so on), considering different effects due to actions. These are 

then divided into serviceability limit states (requirements for practical use) and ultimate limit states (structural 

failure). In the case of an existing structure only the ultimate limit states (failure of structure) are required to be 

met. Knowledge on a structure is directly related to the safety of this structure. During the design phase of a new 

structure, safety principles (partial factor limit state design) are installed so a random realisation of a structure is 

unlikely to fail during its intended design life. These safety principles account therefore for different 

combinations of actions and material properties. Since the resistance of a structure and actions are all random 

variables, a complete avoidance of exceeding the limit state can never be guaranteed (theoretically). Each 

situation is designed so the limit state will not be reached with an acceptable probability during its service life. 

These limit states are enforced by partial factors. The probability of violation of this limit state is called the 

probability of failure and is bound to a relevant period of time (design life). In the Eurocode however use is 

made of the reliability index β, which is directly related to the probability of failure.  

When a structure is actually realised, several random variables have been actualised and are therefore specified. 

The material quality (compressive strength) is an example of one of these variables, other examples are 

workmanship, loading, and structural dimensions. The original target probability of failure in the design phase 

is no longer applicable for the realised phase. Depending on the amount of design variables that now can be 
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quantified the probability of failure decreases (excluding major defects during construction). It is for this reason 

that the compressive strength is determined for an existing concrete structure. Often the compressive strength 

has also increased over time due to continued hydration of cement particles. Which result in even more 

favourable conditions compared to the original design situation. Bear in mind that also unfavourable conditions 

can be the outcome of an assessment, such as the degradation of the concrete or reinforcement. The safety 

assessment of a structure transitions from the consideration of all random variables yet to be realised in the 

design phase to considering quantified variables and the uncertainty associated with these values in the realised 

structure in case of an assessment.  

 Partial safety factor γc 

Previous chapter described the use of the partial safety factor for resistance. The uncertainties associated with 

new design are mostly taken into account by partial factors. This paragraph considers the derivation of the 

partial safety factor of concrete first in the case of new design. Based on this the value for the partial factor for 

existing concrete structures is reasoned.  

 Derivation of γc 

The partial safety factor is obtained by dividing the characteristic value of the resistance by its design value and 

increasing this with model and geometric uncertainties:  

 1 2M Rd Rd m
γ γ γ γ=   (3.1) 

In which γRd1 accounts for the Model uncertainty (1.05), γRd2 represents the geometric uncertainty (1.05), and γm 

is the material uncertainty according to Eq. (3.2) or (3.4). The derivation of the characteristic- and design value 

of concrete strength is covered in detail by Appendix D, this appendix also covers why the reliability index β is 

equal to 3.8. Concrete strength can be considered a normal distributed property as mentioned before, however 

often also a log-normal assumption is made (Appendix D covers the benefits of each distribution). A normal 

distribution results in a lower estimate of the characteristic strength value compared to a lognormal 

distributions. Based on the assumption of distribution two derivations of the partial material factor as found in 

literature [14] [15] will be discussed. Considering a normal distribution SAG 9 [14] derives the material factor as 

followed. 

 
( )
( )
1 1.64 1 1.64 1 1.64 0.15

1.39 
1 1 1 0.8 3.8 0.15

Rk R
m

d R R R R

VR V

R V V

µ
γ

µ α β α β

− − − ⋅
= = = = =

− − − ⋅ ⋅
 (3.2) 

In which αR is the linearization coefficient for resistance (0.8), β is the reliability index (3.8), and VR is the 

variation coefficient for resistance (0.15 a typical value for the variation of structural concrete). The partial safety 

factor then becomes the well-known value of 1.5.  
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 1 2 1.39 1.05 1.05 1.5
M Rd Rd m

γ γ γ γ= = ⋅ ⋅ =  (3.3) 

The second derivation can be found in the Eurocode Commentary [16] as well in other sources [15] [17]. And is 

based on a lognormal assumption of the strength parameter. The material factor is derived as followed.  

 
( )
( )

( ) ( )
exp 1.64

exp 1.64 exp 3.04 0.15 1.64 0.15 1.23
exp

Rk
m R R R

d R R

VR
V V

R V

µ
γ α β

µ α β

−
= = = − = ⋅ − ⋅ =

−
 (3.4) 

 2 1.23 1.05 1.15 1.5
M m m conv

γ γ γ γ= = ⋅ ⋅ =   (3.5) 

In which γm covers the material uncertainty, γm2 covers the model and geometric uncertainties (γRd1γRd2 =1.05), 

and γconv is referred to as the conversion factor (1.15=1/0.87). The partial safety factor for resistance yields once 

again the value of 1.5. The conversion factor covers the difference in compressive strength distribution between 

lab- and real-crete.  

Interesting to notice is that the Vm used for the derivation of γm is in both cases is equal to 0.15. The value of the 

product γRd1γRd2 varies between the two derivations. What is most striking however is the use of the conversion 

factor γconv in Eq. (3.5). If the conversion factor is left out of Eq. (3.5) the material factor γm becomes 1.3. The 

conversion takes into account among others the difference between the variation of lab- and real-crete. 

Therefore if Vm is increased to 0.25 (according to literature an appropriate maximum upper limit[18]) the partial 

safety factor becomes:  

 ( )exp 3.04 0.25 1.64 0.25 1.42mγ = ⋅ − ⋅ =   (3.6) 

 1.42 1.05 1.5
M

γ = ⋅ ≈   (3.7) 

However if the same would be done based on the normal distribution Eqs. (3.2) and (3.3), γM becomes 2.7. 

Which is an unrealistic value. Figure 6 show how the material factor γm is affected by the choice of distribution.  

 

Figure 6; Influence of distribution type on γm 
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Should the derivation described in the Eurocode commentary (lognormal) be applied based a normal 

distribution of the strength properties a material factor of 1.7 would be obtained: 

 ; 1.39 1.05 1.15 1.7
M norm

γ = ⋅ ⋅ =  (3.8) 

And vice versa should the method described by SAG 9 [14] be used for derivation based on a lognormal 

distribution a much lower value of 1.4 would be obtained. If the model and geometric uncertainties are both 

taken as 1.05 the material factor becomes.  

 ;log 1.23 1.05 1.05 1.4Mγ = ⋅ ⋅ =  (3.9) 

However if all factors are taken into account by both methods values of 1.6 (log) and 1.8 (norm) are found.  

The partial safety factor therefore ranges from 1.3 to 1.8 according to the applied principle. According to the 

author the partial safety factor in Eurocode 2 is based on a lognormal distribution, as is also stated by Eurocode 

commentary[16]. This is confirmed by a FORM analysis of a fictive unreinforced concrete column design based 

on a partial safety factor of 1.5. The reliability index was equal to 4.2 in the case of a lognormal distribution 

compared to a reliability index of 3.7 for a normal probability distribution of concrete strength in the structure. 

The target reliability index is 4.2 with a minimum requirement of 3.8. Both analysis where done based on the 

same principles and can be found in Appendix G.  

 Conversion factor (relation between real- and labcrete) 

To understand whether the conversion factor is part of the partial safety factor, two codes namely the Eurocode 

and the ACI are reviewed. It is important to notice that the ACI applies a different safety philosophy compared 

to the Eurocode namely the Load and Resistance Factor Design method, which relies on similar safety principle 

as the Eurocode. The ACI applies the term specified strength as the reference value, which according to section 

9.3 in ACI 214.4R-10 [19] represents approximately the 10% fractile. Where the Eurocode uses the characteristic 

strength as the specified value which is the 5% lower fractile of the compressive strength. Both are based on 

standard test specimens. There is no direct mentioning of a conversion factor in the Eurocode or the ACI. 

However EN 13791 (2007) presumes a 15% reduction of the specified 5% characteristic strength in real-crete and 

continuous by saying that this factor is covered by the partial material factor given in EC2. The ACI confirms 

that the strength in situ is lower compared to standard cylinder based on research of Bollin [20]. However the 

ACI assumes a different relationship between specified strength f’c and the strength in the structure fc,is. This 

becomes clear when considering the method used in both codes, for investigation of low-strength test results in 

new construction. EN 13791 (2007)[21] assumes: 

 ; log 1.23 1.05 1.05 1.15 1.6Mγ = ⋅ ⋅ ⋅ =  (3.10) 

 ; 1.39 1.05 1.05 1.15 1.8
M norm

γ = ⋅ ⋅ ⋅ =  (3.11) 
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While ACI 214.4R-10[19] establishes the following relation(3.13).  

Where fcm,is is the mean compressive strength in the structure and flowest,is is the lowest representative core strength 

result. The Eurocode is more conservative since the required average strength in situ fcm,is is higher compared to 

Eq. (3.13) of the ACI. The requirement for the lowest result is also higher for specified strengths above 30 

N/mm2. EN 13791 applies almost the same method as described by Eq. (3.12) for establishing a characteristic 

value of the concrete strength in situ fck,is (more on this in Appendix B).  

 Lowest of ; ,ck is cm is
f f k s= − ⋅  or ; ; 4

ck is lowest is
f f= +  (3.14) 

However here the value of 0.87 is excluded. Another way in which the conversion factor is referenced by the 

Eurocode and ACI, is in the partial safety factor γc in case of an assessment. Since the safety factor supposedly 

includes this conversion factor it should be lower in case the concrete strength properties are determined 

directly from the structure itself. EC2 states that based on assessment of concrete strength in a finished structure 

(clause A.2.3) the partial safety factor may be reduced by the conversion factor η=0.85 to a maximum of 1.3. It 

does not state whether geometrical data should also be verified. The ACI however uses in case of compression 

(compressive strength most governing) the reduction factor ϕ (0.65), which may be increased to 0.8 in case the 

material properties, dimensions, and location of reinforcement are determined.  

Table 1; maximum reduction of γc based on assessment (γc,red=reduced partial safety factor).  

 γc γc,red (max) Increase of fcd 

Eurocode  1.5 (1/0.67) 1.3 (1/0.77) 15%  

ACI 1.54 (1/0.65) 1.25 (1/0.8) 23% 

 

The allowable increase of fcd is larger in the ACI (Table 1). This could also imply that γconv used in the ACI is 

larger compared to the EC, the ACI however states that this increase of the design value should only be allowed 

in case dimensions, size, location of reinforcement, and material properties are determined. While the Eurocode 

only states that the compressive strength should be determined. Based on these two examples it is clear that the 

Eurocode and the ACI account for the difference between lab- and real-crete in the formulation of the design 

value. 

The relation between the specified strength fck and the estimated characteristic strength in the structure fck,is is 

described by several studies[22][23][24]. An overview of these descriptions is given in Figure 7 expressed in γconv. 

The derivation of the conversion factor from these relations is presented in Appendix E. The value of 1.15 for 

γconv as found in previous sub-paragraph aligns well with the findings of Bartlett et al. and Thorenfeldt. 

 ; 0.85( 1.48 )
cm is ck
f f s≥ + and , 0.85( 4)

lowest is ck
f f≥ −  (3.12) 

 '
; 0.85

cm is c
f f≥  with every value '

; 0.75
ci is c
f f≥  (3.13) 
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Figure 7; Overview relation specified strength and conversion factor   

Bartlett et al. found that the strength in the structure in relation to the specified strength could be described by a 

lognormal distribution (properties given in Table 2). Research of Soukhov et al. [15] states that the conversion 

factor used in the Eurocode can be validated with the research of Bartlett et al., by taking the 5% fractile of the 

log-normal distribution. The characteristic strength in the structure is therefore approximately 0.83-0.90 

(averages 0.87=1/1.15) times the specified strength value. In the research of Bartlett et al. a distinction is made in 

element type according to the height of the element. In Appendix E a more detailed description of their research 

can be found. The research of Bartlett et al is based on mean cylinder compression strengths less than 55 

N/mm2. It could be that 1.15 is an over conservative value for high strength concrete although Bartlett et al. 

states that no indications are found that the relation does not hold for high strength concrete.  

Table 2; 5% Parameters of lognormal distribution describing the relation between the strength in the structure and the specified strength fc;is/ f’c= 

 5% µ Vf 

Tall elements 0.9 (=1/1.11) 1.313 (=1/0.76) 0.227 

Shallow elements 0.83 (=1/1.20) 1.205 (=1/0.83) 0.227 

 

In the case of an assessment the compressive strength is determined directly form the structure itself. Therefore 

the conversion factor does not need to be applied and a lower partial safety factor of 1.3 can be applied in 

Eurocode design equations. This is also recommended by Eurocode 2 as mentioned before. This can only be 

done in the situation where the obtained compressive is applied for the assessed member. If the obtained 

compressive strength is used to evaluate other members more caution is required, since the obtained 

compressive strength could be an overestimation of the strength in the structure. A correct sampling procedure 

becomes therefore necessary.  
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 Time influence 

The background of the partial material factors was covered in previous sections. Eq. (2.1) mentions the term αcc. 

This coefficient takes into account the long-term effects of the compressive strength (which is reduced under 

sustained load) and unfavorable effects resulting from the way the load is applied. The more rapid the rate of 

loading, the higher the observed strength value becomes for concrete in general. The reduction factor is set at 

0.85. However a value of 1.0 is recommended by Eurocode 2 for design of new structures. This can be explained 

by the fact that αcc is determined on specimens with an age of 28 days, whereas the real load is generally applied 

on much older specimens. The sustained loading effect is then compensated by the strength gain assuming 

further hydration (strength gains) of the cement is possible. The fib model code (2010) [25] states in clause 

5.1.9.2.1 (Sustained compressive strength) that the combined effect of sustained stresses and of continued 

hydration can be described by:    

Where fcm,sus(t,t0) is the mean compressive strength of concrete in N/mm2 at time t (in days) when subjected to a 

high sustained compressive stress at an age at loading t0 < t; βcc(t) is the time development function according to 

Eq. (3.16); βc,sus(t,t0) is a coefficient which depends on the time under high sustained loads t-t0 in days Eq. (3.17). 

The coefficient describes the decrease of strength with time under load and is defined for (t–t0) > 0.015 days (= 

20 min); t0 is the age of the concrete at loading in days; t-t0 is the time under high sustained loads in days. fcm (t) 

is the mean compressive strength in N/mm2 at an age t in days; fcm is the mean compressive strength in N/mm2 at 

an age of 28 days; s is a coefficient which depends on the strength class of cement, and can be found in Table 3.  

Table 3; Coefficient s to be used in Eq. (3.16) for different types of cement[25] in accordance with EC2.  

fcm (N/mm2) Strength class of cement  s 

≤ 60 32.5 N 0.38 

 32.5 R, 42.5 N 0.25 

 42.5 R, 52.5N, 52.5 R 0.20 

≥60 All classes 0.20 

 

Based on Eq. (3.17) the minimum decrease of the mean compressive strength is equal to 0.96 and the maximum 

decrease of mean strength for a loading period of 50 years is equal to 0.73. According to Rüsch[26] the 

maximum decrease of concrete strength capacity would be equal to 0.75. Combined with the minimum increase 

 ( ) ( ) ( ), 0 , 0, ,cm sus cm cc c susf t t f t t tβ β= ⋅ ⋅  (3.15) 

 ( )
0.5

28
exp 1cc t s

t
β

    
= ⋅ −   

     

 (3.16) 

 ( ) ( ){ }
1/4

, 0 0, 0.96 0.12 ln 72c sus t t t tβ  = − −   (3.17) 



23 

 

of 1.21 over a period of 50 years for the rapid hardening cement class (s=0.2), the combined effect becomes a 

reduction of 0.75∙1.21= 0.91. According to the Eurocode Commentary [16]: “the bearing capacity as formulated 

in building codes is generally based on experiments in laboratories (shear, punching, torsion, capacity of columns). 

Normally those tests have a duration of at least 1.5 hours.”…and continue by saying: “with a loading duration of 

100 minutes, the reduction of strength with regard to 2 minutes is already about 15%. A certain sustained loading 

effect is therefore already included in the results of tests.” Their main conclusion becomes that the reduction of 

the compressive strength is not necessary, and therefore αcc can be regarded as 1 for new structures. Since cases 

in which the sustained loading effect will influence the bearing capacity will be seldom.  

 

For existing structures the strength gains cannot be relied on since the concrete has reached its maximum 

compressive strength. According to EC2 the sustained loading effect should therefore be taken fully into 

account. αcc is reduced by kt (0.85). In the case of concrete cores αcc=0.85 is therefore recommended. Based on 

the research of Rüsch a larger reduction is to be expected, and αcc should be reduced to 0.75 at least. The 

Eurocode commentary states that a value for αcc smaller than 1 should be applied in this case, but does not state 

which value. Based on the reasoning that the effect accounted for by the design equations is approximately 15%, 

a reduction of 90% would be required. It could be stated therefore that the proposed value for αcc by EC2 of 0.85 

is correct and slightly conservative.  

 

Figure 8; βcc (strength increase for different cement types) and βc,sus (sustained loading) for load applied at 28 days 
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Figure 9; βcc · βc,sus according to Eq. (3.15) for load applied at 28 days, for three different cement types, load applied at 28 days.   

 Partial safety factor in case of assessment 

Based on the derivations presented in paragraph 3.2 a partial safety factor of 1.3 is justified. Guidelines on the 

assessment of concrete structures [27] state however that the partial safety factor of concrete should remain 

equal in case of an assessment based solely on the compressive strength. This because the exact influence of 

model and geometric uncertainties are hard to specify. Combined with the fact the Rüsch effect is not taking 

fully into account the advice of not lowering the partial safety is justified. During the conclusion this topic will 

be reviewed.  
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 Extracting cores  

In the previous chapter the design value of the compressive strength was considered. In order to establish a 

design value for the compressive strength a characteristic compressive strength is needed. This characteristic 

compressive strength in situ fck,is is obtained by testing of cores. The source of strength variation between real- 

and lab-crete was briefly discussed in Chapter 2 and Appendix A. Due to the methods used to place and compact 

wet concrete combined with the temperature, moisture condition, and duration of the curing the compressive 

strength in situ is expected to fall below that of lab specimens. The before mentioned parameters are referred to 

as construction parameters within this report, and are covered by the partial safety factor γc.  

Core measurements are an indication of the concrete strength in the structure (real-crete). The exact 

compressive strength of the concrete in the structure is impossible to determine, since it has a certain variation 

around a specific value. Only a well estimated guess can be made based on a number of samples extracted from 

the structure. The larger the sample size the more accurate the estimation. Furthermore, the assessment involves 

alteration of the concrete confinement and boundary conditions, as will the damage caused by drilling reduce 

the strength of the extracted core. These parameters associated with the coring of the structure are referred to as 

coring parameters. When the goal of the assessment is to determine the compressive strength representative for 

the structure, the strength as measured from the core should be converted to the strength in the structure by 

correcting for these coring parameters. The coring parameters cover the difference between the concrete in the 

structure (real-crete) and the cored sample (and are not covered by the partial safety factor γc). This way the 

equivalent real-crete strength is obtained (Figure 10). After this the equivalent real-crete can be expressed in an 

equivalent Code-crete value accounting for the difference of shape, size and curing conditions of the cored 

specimen and is therefore expressed in the same terms as the Eurocode (same specimen conditions, so far 

possible). The equivalent code-crete strength reflects the quality and proportion of the materials, the mixing 

handling and placing of the concrete, as well the curing conditions and the strength development up to the time 

of testing (the construction parameters). These factors are all unknown at the moment of design.  

At the basis of the flowchart in Figure 10 are the cored specimens. The extraction of these cores becomes 

therefore a crucial element in the correct assessment of the compressive strength and should be conducted in a 

professional manner as to exclude the influence of the assessment process on the outcome. This chapter covers 

the parameters that are relevant for the assessment procedure and gives recommendations on how the 

assessment should be conducted. Appendix I provides a detailed overview on the parameters that need to be 

controlled during the coring process, with respect to the drilling equipment.  
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Figure 10; Process of obtaining required strength value 

 Goal of the testing program 

By correcting for the construction parameters the Equivalent Code-Crete strength can subsequently be 

translated into the Potential Code-crete strength (step 6, Figure 11). The potential strength represents concrete 

cured under the conditions as set by EN 12390. The Equivalent Code-Crete strength is therefore corrected for 

excess voidage and deviation from standard curing regimen. The Potential Code-crete strength becomes 

important in the case of a dispute about the concrete strength. In the case of a structural assessment the potential 

strength is overly optimistic, since a representative compressive strength of the realized concrete structure is 

required. If a large part of the structure contains excess voidage due to bad workmanship, than this is the card 

that was dealt. There are however situations in which only a local area of the structure contains a default such as 

excess voidage. The cores extracted from these areas should also be included in the strength estimation if these 

areas are not repaired or demolished (see also paragraph 5.1, outlier identification). 

 

Figure 11; Process of obtaining required strength value 

 In situ strength variation (Coring location) 

Paragraph 2.1 described the variation of concrete strength expressed in standard deviation as constant for mean 

strengths above 27 N/mm2 (cylinders). This is however only applicable to standard cylinders. Due to variation of 

the construction parameters (compaction, curing) as well as non-uniform supply of material, the concrete 

strength will vary within a structural element. Concrete strength is therefore not homogenously distributed 

along the member volume. Supply variations can be assumed to be random [28], however variations caused by 

construction parameters have well established patterns that vary relative to member type, these patterns will be 

discussed further on. Variation of concrete strength depends thus on the type and size of the structural element 

used. The overall variation of a single element is the result of: within-batch variation, batch-to-batch variation, 

and systematic within member variation. Within-batch variation is caused by the distribution of materials in the 
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mixture during production. Batch-to-batch variation is assigned to the difference in properties between batches. 

Differences in amount of ingredients create this type of variability. In general the variability of standard 

cylinders is governed by batch-to-batch variation. The variation of the supplied concrete will be the sum of the 

variation caused by within batch variation, batch to batch variation, variation caused by transportation, and 

variation caused by handling. The variation of the concrete at supply reflects the degree of control over the 

production process exerted by the concrete producer and is evaluated by control and compliance of test 

specimens according to EN 206 [29]. After the concrete is supplied (and tested) it will be poured, compacted and 

cured. Systematic within member variation occurs due the variation in compaction, water content, and curing 

conditions along the volume of the structure. An example of systematic within member variation is the 

consolidation of columns which varies along the height. The variation of concrete strength within an entire 

structure (entire structure consisting out of several members/elements) depends on the factors mentioned above 

as well, strength variation between members of the same structural type (such as columns), and strength 

variation between structural members of different types. Between structural element (of the same type) variation 

can be explained by considering a high rise structure, ambient temperatures vary for columns on different floors 

due to different periods of construction (winter/summer). Between structural elements variation is caused by 

differences in element types (for instance between slabs and columns). This type of variation can be disregarded, 

if the compressive strength is determined for every group of structural elements separately.  Due to the 

variability of the strength is the structure, cores (and results obtained from them) are merely a representation of 

the locations from which they were obtained. Engineering judgement is therefore required to establish the 

number of cores and location of coring, with respect to the relevance of the obtained result for the structure as a 

whole or a single element.  

 Systematic within member strength variation 

In general it can be said that for ordinary concrete the compression strength at the bottom of the structure is 

higher compared to the rest of the structure. This as a result of the settling aggregates and the rise of the water in 

the element volume during construction. Walls are extremely susceptible to this phenomenon[30]. Hydrostatic 

effects result also in a better compaction as the depth of the structure increases[28]. Figure 12 illustrates typical 

relative strength distributions for several structural elements. This is only an indication of the strength variation 

and can vary depending on the size and individual construction circumstances of the element. Large structures 

experience an enormous amount of heat release due to cement hydration, the structure has therefore a larger 

temperature gradient along its volume. Large temperatures result in a higher compression strength in the early 

stage, but lower compressive strength over the long term. Difference in compaction can therefore be enlarged by 

difference in curing. Moisture distribution and compaction are also determined by the shape and size of the 

structure. Beams and walls experience a relative uniform strength gradient [30]. Concrete columns can be 

expected to have a reasonably uniform strength distribution, except for the upper part (upper 20% [28]) which is 

of lower strength. The strength distribution along the cross-sectional height of slabs follow the same tendency, 

where ticker slabs reflect the same relative strength distributions as beams. Variation along the surface of slabs 
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are more random due to compaction and batches applied. Corner regions of plates however tend to have lower 

strength values compared to the rest of the plate. Within member variation is taken into account by the partial 

safety factor.  

  

Figure 12; Typical relative percentage strength contours[7], Strength variation along the height relative to bottom of structure  

In order to obtain a good view of the strength distribution within a structure, nondestructive testing is 

recommended. These are methods that measure the compressive strength indirectly by measuring for example 

sound conductivity of the concrete, or surface hardness. They are not accurate in measuring the compressive 

strength, they are however good of presenting the relative strength distribution within a structure and therefore 

excellent for facilitating the locations of coring [31].  

 Micro cracks and Reinforcement 

The type of structure determines the formation of micro cracks due to loading and shrinkage. A continuous 

beam will have a different crack pattern compared to a single supported beam. These factors should be kept in 

mind when determining the location of coring. The location of drilling should therefore be chosen by a 

structural engineer, or someone with sufficient knowledge on the behavior of the structure, which therefore can 

specify the location with possibly lowest amount of cracks.  

Core specimens (compression tests) should preferably not contain reinforcing bars. Cores containing 

reinforcement are not only possibly detrimental for the structures. The results obtained from these cores are less 

reliable. Extracted cores obtaining reinforcement are recorded having lower compressive strengths compared to 

cores that do not contain reinforcement [12]. For this purpose once again the importance of non-destructive 

methods is stressed. With the use of for example a cover meter, the location of the reinforcement can be 

determined.  

Beam 

Wall 
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 Sampling plan and number of cores 

Before commencing the extraction of the cores, a correct sampling plan needs to be established. The purpose of 

sampling in the case of this thesis is the description of the average and distribution of the compressive strength 

in the structure. Bad sampling can lead to an incorrect description of the compressive strength in the structure. 

A structure should therefore be divided in several testing regions of uniform material quality. Meaning all the 

concrete in each testing region should be assumed to belong to the same population (same mix design). In 

general it is safe to assume that a single structural elements is constructed based on a single strength class and 

mix design. Furthermore the testing regions within a structure, should be based on the grouping of similar 

structural elements (columns, beams, walls, floors) as stated before. Further investigation and extraction of more 

cores might be required for a testing region if the data has a high scatter, which could indicate that two different 

mix designs are used in the testing region.  

Within the testing region samples should be taken at random, taking into account the variation of concrete 

strength within structural elements as described previously. The number of location to be cored within a testing 

region determines the accuracy of the strength estimation. In general it can be said that the increase in sample 

size (locations) lowers the uncertainty with respect to the strength estimation and gives a better description of 

the compressive strength in the structure. A minimum of 3 unique core measurements (based on 100x200mm 

cores) is the requirement in order to have a good estimate of the mean strength and the sample standard 

deviation if all cores are extracted from different locations in the testing region. The number of locations to be 

assessed becomes a crucial part in the assessment in order to achieve a required level of confidence. Especially if 

the testing region comprises a large volume of concrete. It is not within the scope of this thesis to establish the 

required amount of samples for each situation. The possibility of weaker areas in the structure is directly related 

to the number of samples on which the strength estimation is based.   

 Marking, identification and recording additional information 

Immediately after drilling, each core should be marked clearly and indelibly. The location of coring with respect 

to the element from which the core was extracted should be noted and preferably photographed. If a core is cut 

to produce multiple specimens, each specimen should be marked to indicate its position and orientation within 

the original core. All information that can be acquired on the coring location should be noted at the time of 

coring, since any information that may later identify reasons for possible low strength values will be valuable. 

Useful information might be: Spotted imperfections surrounding location of coring, and presence of 

reinforcement.  

 Coring parameters 

Previous paragraph described the factors which should be considered when establishing the amount of cores and 

the coring locations. Once the cores have been obtained, the translation of the core results to an equivalent 
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Code-crete strength value can commence (Steps 4 and 5 in Figure 10). This is done by expressing the obtained 

strength value in terms of a standard cylinder (100x200 mm). Therefore the following factors need to be 

accounted for depending on the size and preparation of the cores: Drilling damage, Volume effect, Diameter 

size, moisture condition, and core orientation.  

 Drilling damage and effect 

The largest and most important difference between a standard cylinder and a drilled core is the method by 

which they are obtained. Cores are cut out of a structure, the aggregates in the core volume are therefore cut 

during extraction and are not wholly bonded to the cement paste matrix. This is referred to as the drilling effect. 

The incomplete bond is further weakened by the difference between the aggregate and the cement paste in 

stiffness. The aggregate may come loose during the compression test resulting in a local reduction in cross 

section. This effect is closely related to the influence of the diameter on the compression strength, which will be 

discussed later on. Whilst the drilling effect mainly focusses on the cut off aggregate, the drilling damage takes 

into account the damage due to the drilling in the hardened cement paste. The drilling damage increases for 

decrease in concrete strength, which could be attributed to the weaker cement paste and transition zone [32] 

(indicates the surface area were the aggregate and cement interact, more on this in Appendix A). The drilling 

effect is directly coupled to the specimen diameter which will be discussed later on. Several studies and standards 

indicate the drilling damage to vary from 1 to 1.3 for different strength classes [33]. The influence of the drilling 

damage becomes relatively larger for smaller cores [34]. New research has also shown that the compressive 

strength of the core also affects the extent of the damage sustained from drilling [35]. This because of shear 

forces resulting from the interaction between the coring bit and the concrete on impact.  

 

 

Figure 13; Influence drilling damage and drilling effect on core, on the left a standard cylinder, on the right a drilled core of which an 

aggregate has popped out.  
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 Volume effects (slenderness, cube/cylinder) 

As described before, the strength of the compression test specimen is affected by the size of the core and the 

length-to-diameter ratio, l/d=λ, of the specimen. Within the Netherlands the standard specimens currently 

applicable are based on a λ of 2. However in the past the use of standard cubes with a λ of 1 were used, these are 

still in use within several countries. The strength of a specimen increases with a decrease in slenderness. The 

influence of the restraints results in a higher compression strength for specimens with a lower λ due to a 

relatively larger zone under tri-axial compression. The results of specimens with a λ lower than 2 should 

therefore be converted to an equivalent value of λ=2. Correction factors that account for this effect can be 

obtained from literature and align well. However these are only indicative, using a single set of correction factors 

may lead to overcorrecting the test results especially in the case of a smaller λ drilled from low strength concrete. 

These correction factors vary also for every strength class[36]. Cores with a λ smaller than 1 should not be used 

since these are highly unreliable [12]. The conversion of standard cylinder samples to standard cube samples is 

based on the difference in volume and slenderness and is different for each strength class varying between 0.78 

and 0.87. Generally speaking a difference of 0.83 is observed between these two values, of which the standard 

cylinder has the lower value. The difference between cube and cylinder strength decreases with an increase in 

compression strength. Since the Netherlands maintains the cylinder strength as a reference no conversion factor 

is necessary, because of the cylinder shape of the extracted cores. The shape factor however becomes important 

for older standards, for which the compression strength was determined on cubes.  

 Diameter size 

For standard cylinders the strength capacity decreases with an increase in specimen diameter. The strength 

variation also decreases with an increase in diameter [12] [37]. The decrease of strength with an increase of 

concrete volume is referred to as the size effect in concrete. The strength of the concrete specimen is governed by 

the weakest link. The larger the volume, the larger the chance of a major imperfection occurring, this effect 

becomes larger for an increasing compressive strength [32].  

For drilled cores the same trend can be noticed for large cores. However small Cores with a diameter less than 

100-150 mm exhibit a drop in compression strength. This can be explained by the effect of the drilling damage. 

In Figure 14 the top view is given for two cored cylinders. The lighter area is affected by drilling while the darker 

are is unaffected by the drilling. The ratio of cut surface area to volume increases, and hence the possibility of 

strength reduction due to drilling damage increases. Ordinary gravel concrete of low strength is extremely 

susceptible to this phenomenon [35]. The use of 100 to 150 mm drilled cores is therefore more appropriate for 

drilled cores.  
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Figure 14; Influence drilling damage on diameter core 

Within smaller diameters (d<100mm) unacceptable failure modes are more likely to occur, because of the 

inhomogeneity of the cross-section over the length of the core. The distribution of the aggregate along the 

volume affects the outcome of the compressive strength test. The large variation of compressive strength on 

small diameter cores can be attributed to an uneven distribution of the coarse aggregate resulting in uneven 

stresses and eventually local failure [37]. The influence of the aggregate size is directly related to the core 

diameter, and it is for this reason that a diameter of minimal three times the size of the largest aggregate in the 

volume under investigation is recommended. Figure 15 demonstrates the influence of the core diameter on the 

strength of cores compared to standard cylinders.  

 

Figure 15; Influence diameter core in % of 100mm core based on Research Bartlett & Macgregor and Khoury et al. 

 Moisture condition 

The moisture condition of cored specimens at testing has a large influence on the strength outcome. Cores are 

usually extracted by water cooled drills, resulting in wet surfaces of the cores. The moisture condition within the 

core can be either wet or dry. Generally speaking a reduction of 5-20% can be detected for concrete tested in a 

moist condition compared to concrete tested in a dry condition [12]. On average the strength of cores dried in 

the air for seven days is 14% higher than the strength cores soaked in water for at least 40 hours, over the 

strength range of 15-92 N/mm2 [38]. The actual situation is more complex than dry or wet, since the real 

situation represents a gradient in the moisture content of the core. This is the reason why Neville suggests the 

use of wet cores for testing. These cores should be soaked long enough until full saturation has been reached. 
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This condition is more reproducible and aligns with the moisture condition of standard specimens prepared 

according to EN 12390. 

 Orientation 

Standard specimens are tested in the same direction as casted. Coring of specimens can be done in two 

directions, parallel and perpendicular to casting direction depending on the properties of the structure. Concrete 

is cast vertically, meaning from top to bottom. The possible presence of bleed water causes a difference between 

a core which was cored parallel and a core drilled perpendicular to casting direction. Furthermore coring in a 

horizontal direction is less accurate compared to vertical coring. Vertical coring allows the drill to be held firmly 

in position while horizontal coring, even when the drill is bolted to the wall allows for a slight movement of the 

drill which sometimes can be seen by the corrugations on the surface of the core [12]. Corrugations can also 

occur when high strength concrete is drilled, even if drilled vertically. This because the drill has to find its path 

through the concrete, following the path with the least resistance. Care should be taken when using the 

terminology vertical and horizontal, especially since precast elements can be cured and hardened horizontally 

after which they are erected. Based on literature no real conclusion can be drawn on whether the core 

orientation affects the strength outcome. Studies can be found that confirm the effect of drilling orientation on 

the compressive strength [35]. While other sources state that its influence can be neglected [39] [40]. 

 Correction of extracted cores 

Based on the overview provided of the assessment parameters it can be concluded that the factor that always 

needs to be accounted for is the drilling damage factor. Other factors depend on the extraction and preparation 

of the core, and can therefore be excluded if the cores are extracted under the right conditions (mimicking 

conditions of standard cylinder). Literature provides several correction factors that account for these assessment 

parameters. Eq. (4.1) displays the general formulation for obtaining the Equivalent code-crete strength as can be 

found in letrature.  

 ( ), /c cyl core L D D moisture drilling
f f F F F F=  (4.1) 

Where fc;cyl is the Equivalent code-crete strength of each cylinder in N/mm2, fcore is the core strength in N/mm2, Fx 

are the correction factors whose mean values and COV are listed in Table 4 and are based on the research of 

Bartlett and MacGregor [38]. Depending on the properties of the extracted core, the amount of correction 

factors can range from one to four. The problem however with these correction factors is the fact that they add 

additional uncertainty to the strength estimation, caused by the empirical base on which they were derived. 

Based on this the use of correction factors should be resorted to in absolute necessity, the focus should lie on 

extraction of cores resembling the conditions of standard cylinders.  
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Table 4 Correction factors according to ACI-214[19] 

  Treatment of the core Mean value Vf in % 

/L D
F  Standard treatment  

( )
2

41 0.130 4.3 10 2core

L
f

D

−  
− − ⋅ ⋅ ⋅ − 

 
 

2

2.5 2
L

D

 
⋅ − 
 

 

Soaked 48 hours in water 
( )

2

41 0.117 4.3 10 2core

L
f

D

−  
− − ⋅ ⋅ ⋅ − 

 
 

2

2.5 2
L

D

 
⋅ − 
 

 

Dried 7 days at 16-21°C  

and UR<60% 
( )

2

41 0.144 4.3 10 2core

L
f

D

−  
− − ⋅ ⋅ ⋅ − 

 
 

2

2.5 2
L

D

 
⋅ − 
 

 

D
F  50mm 1.06 11.8 

100mm 1.00 0.0 

150mm 0.98 1.8 

moisture
F  Standard treatment 1.00 2.5 

Soaked 48 hours in water 1.09 2.5 

Dried 7 days at 16-21°C and UR<60% 0.96 2.5 

drillingF   1.06 2.5 
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 Establishing fck,is 

Previous chapter described the background for extraction of cores. After the cores have been extracted and 

tested properly the obtained data can be processed. Appendix D describes how characteristic values can be 

determined for cases with large sample sizes (n>30). Since the minimum amount of cores in the assessment of 

structures is set on 3 (preferably 6), the estimated compressive strength is associated with a large uncertainty. 

This chapter describes and compares several methods for determination of fck;is  and their way of accommodating 

for the large uncertainty associated with low sample sizes and strength variation of real-crete. Each method is 

described in detail by Appendix F. It ought to be clear by now that within this thesis only the situation where a 

strength value is required (for structural evaluation purposes) equivalent to the specified strength in the 

Eurocode will be considered.  

Table 5; overview methods used in chapter for determining fck,is 

Method   Distribution smin 

EN 13791 (2007) Log-normal /Normal 2 

EN 13791 (draft 18)  Normal 3 

RBK 2012  Log-normal 8,10,12* 

ACI 214  Normal not specified 

* Depends on element type 

The data shown in this paragraph was provided by TNO, and consist of compression test results of cores 

extracted from various civil structures. The number of structures investigated in total is 192. Among these 

structures the following structural elements can be distinguished: Inverted tee beams (cast in situ), plates, 

connections, beams, box girders, culverts (boxes), prefab beams, and tunnels.  

 Outlier identification 

To extract the characteristic value, the data should first be validated. Since some methods for establishing fck,is use 

the lowest value obtained from testing flowest,is, it becomes important that this lowest result is actually valid. 

Several reasons could lead to an individual core result being unrepresentative of the concrete under investigation 

as we have seen in previously. For instance an excess amount of voidage can lead to an individual result being 

significantly lower than the rest of the group. By assessing the difference between the lowest (or largest) value 

and the mean, a statement can be made about each individual result. An individual core result could therefore be 

labelled a statistical outlier. There are several methods available for this purpose, it is not within the scope of this 

thesis to discuss these methods. If an outlier is detected it is important to establish the reason why this individual 

result is an outlier. If for instance on re-examination it is concluded that the core contained a large crack (not 

visible on the surface of the core) that has not been noticed prior to testing, the particular core result should not 

be used in the assessment of the compressive strength. However if the core does not contain any abnormality 
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that could explain the large difference the core result should be included in the results unless the area from 

which the core was taken is being replaced or improved.  

 Strength variation real-crete 

The standard deviation found for each of the 192 structures is displayed in Figure 16 and grouped by structure 

type. This standard deviation was also analysed to see whether the relation between standard deviation and 

strength in situ differs from the relation found by lab-practice (paragraph 2.1). 

 

Figure 16; Sample standard deviation for several structural element, with smin (RBK) plotted. 

The available data set had a minimum mean strength well above 27 N/mm2. Therefore no statements can be 

made on the variation of low strength concrete. Figure 17 demonstrate the sample standard deviation plotted 

against the sample mean strength. The largest standard deviation is found for an inverted tee beam fabricated on 

site with a mean strength of 104.3 N/mm2, the standard deviation is equal to 21.8 N/mm2. Figure 17 displays an 

equation found by linear regression, this equation has a very low fit with an R2 of 0.016. Therefore no actual 

relation can be established and the standard deviation might as well be assumed to be constant and is 

approximately equal to 7.2. When the coefficient of variation is considered (Figure 18), a slightly better fit is 

found (R2=0.061). However also too low to establish an actual relation. The mean value for the coefficient of 

variation is equal to 9.4%. The coefficient of variation used for derivation of the partial safety factor was set on 

0.15, which seems to be a good upper estimate. In the derivation of the partial factor of concrete, the conversion 

factor combined with the concrete strength variation could be represented by a Vf of 0.25. The maximum 

occurring coefficient of variation in the data is coincidently 0.25 at a mean strength of 74 and 72 N/mm2.  
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Figure 17; Sample standard deviation excluding prefabricated elements 

 

 

Figure 18; Sample coefficient of variation, excluding prefabricated elements 
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 EN 13791 (2007) vs. En 13791 (draft 18) 

Figure 19 illustrates fck,is as obtained by EN 13791 (2007) and fck,is as obtained by the latest version of this 

European Norm draft 18. Recently draft 21 was released, in which the method for establishing fck,is is identical to 

draft 18, the only difference is the minimum required samples, which is set on eight. For sake of the comparison 

al results are examined, even the ones with a sample size smaller than eight. Furthermore it is important to 

notice that draft 18 aligns with EN 1990[41], Appendix F elaborates more on this.  

In Figure 19  fck,is is plotted against the sample mean strength. The dashed grey line is the sample mean strength 

with a slope of one. Draft 18 provides in all cases a lower value for fck,is (due to smin of 3 N/mm2) and is therefore 

the more conservative approach in this case. However for large variations the estimated characteristic 

compressive strength by draft 18 becomes very low. The linear regression lines for both methods are also 

displayed. Draft 18 assumes on average a standard deviation of 14.4/1.64=8.8 N/mm2. While the 2007 version 

assumes on average a standard deviation of 4.5 N/mm2. 

 

Figure 19; EN 13791 (2007) vs. EN 13791 (draft 18)  

 RBK 2012 vs EN 13791 (draft 18) 

Now the comparison is made between the method described in the RBK (2012) and draft 18 of EN 13791. Figure 

21 demonstrates the results of these two methods. The RBK method is more conservative due to its minimum 

required standard deviation of 8, 10, 12 N/mm2. The RBK method also provides less conservative values for a 

high standard deviation due to the assumed lognormal distribution of strength, this conservatism occurs in the 
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cases where smin is not governing. This could prove to be less conservative for low compressive strengths 

combined with a high coefficient of variation. 

 

Figure 20; EN 13791 (draft 18) vs. RBK (2012) 

Figure 21 compares the original EN 13791 as well the latest draft and the RBK method. The ordinate displays the 

amount of times the sample standard deviation s fits in fcm-fck, which for a 5% fractile and a large sample size 

becomes 1.64 (k-value). The ordinate is therefore a measure of the conservatism. EN 13791 (2007) provides the 

least conservative results with k-values well below 1.64. Draft 18 is more conservative and has k-values well 

above 1.64, the RBK is due to smin the most conservative in cases with a low sample standard deviation.  

 

Figure 21; En 13791 (2007) vs. EN 13791 (draft 18) vs. RBK (2012) 
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 EN 13791 Draft 18 vs. ACI 214.4R10 

Since the ACI applies multiple correction factors, the data first needs to be corrected accordingly. The data at 

hand was already corrected for slenderness. No further information could be retrieved on the treatment of cores. 

Based on the authors own experience (compression tests of cores in the MEC-Bouwlab) the assumption was 

made that all cores had a diameter of 100mm, and the moisture condition at moment of testing was assumed to 

be dry. Each individual core results must therefore first be increased by 1.018 accordingly.  

 ( ) ( ), / 1 1 0.96 1.06 1.018
c cyl core L D D moisture drilling core core
f f F F F F f f= = ⋅ ⋅ ⋅ =  (5.1) 

The resulting additional variation sa associated with the use of the correction factors therefore becomes: 

 ( ) ( ) ( ) ( )
22 2 2 2 2 2 2

/ 0.05 0 0.05 0.05 0.087
a cm L D D moisture Drilling cm c
s f V V V V f f= ⋅ + + + = ⋅ + + + =  (5.2) 

The K and Z values in Eq. (0.73) (Appendix F) are based of the 5% fractile instead of the 10% proscribed by the 

ACI. This resulted in almost identical values for each case as can be seen in Figure 22. For large compression 

strength the difference increases due to the formulation of the additional variation sa associated with the use of 

the correction factors.  

 

 

Figure 22; EN 13791 (draft 18) vs. ACI 214.4R10 

The influence of the correction factors is minimal, a slight increase due to drilling damage is later on reduced by 

the uncertainty associated with the use of these correction factors.  
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 Relation with original design values  

In certain situations the original specified strength might be required. Since the mean strength is fairly stable 

over time and is associated with a smaller uncertainty compared to the characteristic compression strength. A 

viable method would be to estimate the original mean strength and convert this to an original characteristic 

compressive strength (equivalent specified strength), this method is in a way similar to the “alternative” method 

suggested by Bartlett and Macgregor in paragraph F.3 (Appendix F) for establishing fck;is. Of certain plate 

structures within the TNO data the original specified strength (strength class) was available. This value was first 

converted to an equivalent modern strength class according to Appendix C. The influence of time on the 

specified strength can be assessed by considering the mean strength associated with this specified strength. The 

current mean strength can then be established with Eq. (3.16) from paragraph 3.3.  

The mean strength was determined by adding 8 N/mm2 (1.64∙5) to the equivalent modern strength class, as is 

stated by Eurocode2[13] and Modelcode [25]. The estimated current mean strength of the structures is known 

from the testing of extracted cores. Figure 23 demonstrates the estimated original mean strength and the current 

mean strength (cores) of the 14 structures. All estimated original mean compressive strengths have at least been 

increased by 2.45. This is a relatively large increase especially compared to the maximum mean strength increase 

assumed by the Eurocode which is equal to 1.46. Dividing the current mean strengths by 1.46 is therefore an 

ineffective method for obtaining the original design value. This corresponds with the findings of Walz [42] and 

Hakan et al. [43]. The relative increase of strength is larger for concrete of low quality (high water cement ratio 

originally).  

The effect of other factors besides the continuous hydration of the cement particles can also increase the mean 

strength. For instance: deliberately applying higher strength class, durability requirements, fly ash content, and 

strength requirements prior 28 days could result in the application of a higher strength at construction. The first 

bar in Figure 23 has the smallest estimated original mean strength, however the current mean strength is one of 

the largest. It is highly unlikely that the specified mean strength at the time of construction was applied. A more 

obvious reason would be the application of higher strength classes. Research by Bartlett and Macgregor [24] 

confirms these findings.   
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Figure 23; fcm,is vs orginal fcm, green is fcm multiplied by 1.46 

 Discussion 

The latest draft (18) of EN 13791 indicates that the new version is going to be more conservative compared to its 

predecessor. For large standard deviations however draft 18 might be too conservative. This could be 

counteracted to some degree by assuming a log-normal distribution for strength variation in situ. Also the 

increase of smin from 2 N/mm2 to 3 N/mm2 is an improvement since it is high unlikely for real-crete to have a 

standard deviation lower than 3 N/mm2
  as can be seen in Figure 17. The minimum required standard deviation 

smin is based on a lower fractile for the variation of the standard deviation[44] as can be seen in Figure 16. If smin is 

based on mean values, a less conservative estimation will be obtained, especially for plates and inverted t-beams. 

The extraction of fck,is  based on the RBK method combined with a partial safety factor of 1.5 is too conservative 

in certain cases, where for instance a low standard deviation in situ is justified, due to for instance a high sample 

size.  
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 Conclusion & Recommendations 

Compressive strength is the characterising property of concrete, the compressive strength within a structure 

however can be a parameter which is hard to ascertain.  In this thesis an effort was made to describe and clarify 

the compressive strength of concrete in the structure. With the goal of establishing a suitable characteristic 

compressive strength that aligns with the assumptions made in Eurocode 2. The main conclusion is that the 

benefit of assessing the compressive strength of an existing structure lies within the possible increase of the 

absolute characteristic compressive strength. However the uncertainty associated with the determination of this 

characteristic compressive strength is not reduced and might even be higher compared to the use of the 

characteristic compressive strength in new design.  

 

The uncertainty associated with the compressive strength in the structure (real-crete) in Eurocode 2 is taken into 

account by the partial safety factor. Which accounts for: material uncertainty γm=1.23 in Eq. (6.2) based on a 

coefficient of variation of 0.15 and a lognormal distribution; model- and geometrical uncertainties γm2=1.05 in 

Eq. (6.2); difference between lab- and real-crete γconv=1.15 in Eq. (6.2). A coefficient of variation of 0.15 for 

concrete compressive strength is an appropriate upper estimate for of the actual variation in the structure based 

on core results. The maximum occurring coefficient of variation is 0.25, this aligns with statements found in 

literature [18]. The difference between lab- and real-crete is covered by the conversion factor γconv. This 

conversion factor can  be derived based on the findings of Bartlett and Macgregor [38], the maintained value of 

1.15 (=1/0.87) might however be too conservative for high strength concrete since the execution of high strength 

concrete is often submitted to strict quality control systems 

The strength reduction (αcc) based on method of load application and load duration is applied separately and is 

equal to 1 in case of design of a new structure in the Netherlands. The effect of strength gain of concrete and the 

maximum strength reduction (based on load duration) cancel each other out in case of new concrete.  

 
ck

cd cc t

c

f
f kα

γ
= ⋅ ⋅  (6.1) 

 2c m m conv
γ γ γ γ=  (6.2) 

During an assessment of the compressive strength, cores are extracted from the structure. As a result the 

obtained strength is no longer based on lab-crete samples. Real-crete exhibits different properties according to 

which no longer the same values for αcc=1 and γc=1.5 are applicable. As will the conversion factor γconv=1.15 not 

apply in the case of an assessment since cores are a direct representative of the concrete in the structure itself. As 

a result the partial safety factor can be reduced to 1.3. Guidelines on the assessment of concrete structures [27] 

state that the partial safety factor of concrete should remain equal in case of an assessment based solely on the 

compressive strength. This because the exact influence of model and geometric uncertainties are hard to specify. 

In my opinion this is an over conservative recommendation, since a large part of the uncertainty is already taken 
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into account in establishing fck,is. However the model uncertainty in the current Eurocode is based on more 

recent experiments and theories compared to the theory that was used for certain existing concrete structures. 

The model uncertainty associated with the adopted models in older design codes could be of a larger magnitude. 

Based on research of Rüsch [26] when no further cement hydration and therefore strength increase of the 

concrete can be expected, αcc should be 0.75 [45]. Eurocode 2 however applies a value of 0.85. According to the 

Eurocode commentary [16] this is based on the fact that a part of the Rüsch effect is already taken into account 

by the design codes, since most equations are based on empirical results which are the result of experiments in 

laboratories (shear, punching, torsion, capacity of columns) with a load duration of at least 1.5 hours normally. 

Based on this statement the product of αcc and kt should be a minimum of 0.90, according to which 0.85 seems a 

conservative estimate.  

 2 1.23 1.05 1 1.3
M m m conv

γ γ γ γ= = ⋅ ⋅ =  (6.3) 

 
, ,1 0.85

1.3
ck is ck is

cd cc t

c

f f
f kα

γ
= ⋅ ⋅ = ⋅ ⋅  (6.4) 

It is unsettling how little information is available on the background of certain aspects of the Eurocode. This 

corresponds to the care taken by engineers in the documentation of structural information. Often the 

information available on existing concrete structures is minimal, if available at all. Regarding the partial safety 

factor of concrete, a follow-up study could be conducted along the format of Bartlett et al.[24] within European 

context. This with the results of establishing the relation between fck (code-crete) and the strength in the 

structure fck,is for current concrete structures, which could result in a more durable design by means of a lower 

partial safety factor. There is a strong indication that the partial safety factor is relatively large for high strength 

concrete. In junction with this recommendation, a detailed background of the partial safety factor such as 

presented in this thesis would be helpful for future assessments.  

 

Although core testing is the most reliable and most referred to method for determining in situ concrete 

compressive strengths, procedures for planning the scope of the investigation are not stated clearly in current 

European context. The latest draft of EN 13791 however looks promising. Key to obtaining a representative 

characteristic compressive strength for a structure is the extraction of the cores under the right conditions, from 

the right locations, by the right professionals. In general the conclusion can be made that for a representative 

location the center of a structure needs to be assessed and that nondestructive methods are helpful in specifying 

the right coring locations. The goal of the assessment is to determine the compressive strength representative of 

the concrete in the structure expressed in the format of EC2. Therefore the strength as measured by loading the 

core (according to EN 12390) in compression to failure should be converted to the concrete strength in the 

structure (equivalent real-crete) by correcting for the coring parameter. The coring parameter is responsible for 

the difference in properties between real-crete and cored sample. The coring parameter comes down to the effect 

of drilling also referred to as the drilling damage. Little is known on this subject and literature provides 
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conflicting statements. What can be stated is that the drilling damage depends on the compressive strength as 

well on the surface to volume ratio of the specimen (related to core diameter), the format provided by Khoury et 

al.[35] for describing the effect of for the drilling damage seems most promising.  

The equivalent real-crete strength is then expressed in an equivalent Code-crete strength accounting for the 

difference of shape, size and curing conditions of the cored specimen and is therefore expressed in the same 

terms as the compressive strength used in the Eurocode (same specimen conditions). The condition in which the 

cores are tested should therefore resemble the condition of a standard cylinder as specified in EN 12390 as close 

as possible. This way the use of conversion factors is minimalized. The equivalent code-crete strength reflects the 

quality and proportion of the materials, the mixing handling and placing of the concrete, as well the curing 

conditions and the strength development up to the time of testing (the construction parameters). All factors 

which are unknown at the moment of design. 

 

Assuming good execution and correct sampling procedure, the sample mean and sample standard deviation can 

be calculated based on the corrected core results (equivalent code-crete strength). These are estimates of the true 

mean and true standard deviation of real-crete strength. The characteristic strength in Eurocode 2 is based on 

the 5% lower fractile of the strength distribution. Therefore fck,is should be based on the 5% lower fractile of the 

found sample distribution. Several methods where investigated for the specification of fck,is. Each method takes 

the uncertainty associated with low sample sizes and sampling in general into account by applying different 

statistical methods. The formulation of fck,is as presented in the RBK deemed most conservative for most cases. 

This because of the use of a conservative value for the minimum required standard deviation for real-crete smin. 

In cases with a high coefficient of variation where smin is overruled by the actual sample standard deviation EN 

13791 (draft 18) provides more conservative results compared to the RBK method. This is due to the assumption 

of a normal strength distribution in the EN 13791 draft 18 compared to a lognormal strength distribution 

assumption in the RBK. In general it can be said that all methods investigated align well excluding the original 

EN 13791 (2007). The ACI 214 and the latest draft of EN 13791 provide almost identical results, the RBK on the 

other hand applies a stricter concept of smin and is therefore too conservative. The RBK can be placed more in 

line with the other guidelines by adapting lower values for smin, for instance by derivation of smin based on mean 

values of the found sample standard deviation of each structure type.  
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 Concrete strength 

A.1. Concrete as a composite material 

There are three possible views on concrete strength. In the first one, the hardened cement paste is the material 

within the mixture that provides the strength, the aggregate is viewed as cheap filler material. In the second view 

the roles are reversed, the aggregate is the high end material which provides strength in the concrete and the 

hardened cement paste is just the binding medium therefore resembling masonry. The third view is concrete as a 

combined two phase material. So the properties are dependent of these two phases consisting out of the 

hardened cement paste and the aggregate. The behavior of concrete under load is then a result of the interaction 

between these two phases and the interfacial regions between them. Therefore a three phase material is actually 

more suitable for describing concrete, since the transition zone between the aggregate and the cement is of a 

different texture then both the hardened cement paste and aggregate, this will be discussed later. 

A.2. Prediction of concrete strength 

Porosity is the main factor influencing the strength of the hardened cement paste and therefore also hardened 

concrete. The strength can therefore be expressed in the porosity with respect to the total volume of concrete 

(cement paste + aggregate). The total porosity of concrete can be described by Eq. (0.1) assuming there is no loss 

of water by bleeding or segregation.  
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Figure 24; Volumetric proportions of concrete for a mix proportion of 1:2:4 (cement: fine aggregate: coarse aggregate) by mass, w/c of 0.55, and 

entrapped air content of 2.3%. Before hydration on the left, and on the right a hydration degree of 0.7[5]  

A.2.1 Abram’s Law 

Abram’s law Eq. (0.2) describes the compressive strength of concrete for a given w/c ratio considering fully-

compacted concrete at a given age and normal temperature. This equation is based on the effective w/c ratio 

meaning caution needs to be exercised for the applied aggregate moisture condition.  
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A.2.2 Particle packing 

Additives such as silica fume can improve concrete strength by creating a more dense structure. This is shown 

below in Figure 25. In this figure on the left a mixture of large and small cement particles is shown, while on the 



51 

 

right the same mixture is used however this time with the addition of a finer particle (for example silica fume). 

The total volume occupied in the new configuration is equal to the less compact on the left. This produces a 

higher concrete strength due to the cementitious property of silica fume, which creates extra hydration product 

in a denser volume.  

 

Figure 25; Packing with and without fines particles[46] 

The selection for the proper size and amount of particles in a mixture is called particle packing optimization. 

The particle packing density is defined as the solid volume of particles in a unit volume αt. Optimization of the 

particles can be studied by optimization curves, particle packing models or discrete element models[47]. 

Adequate particle packing allows for improvement in workability and strength.  

A.3. Concrete stress-strain relation   

Concrete is classified as a quasi-brittle material with low ductility. The characteristic stress strain relation for 

Portland cement concrete of different strength classes is presented in Figure 26. They initial part of the graphs 

can be regarded as the elastic portion, they then begin to curve to the horizontal, reaching the maximum stress 

which is also the compressive strength around a strain of approximately 0.002. Most materials are defined by a 

limiting stress, concrete is defined by a limiting strain which lies around 0,003 to 0,004 depending on the 

strength class. Weaker concrete is more ductile and therefore has a larger strain capacity. Concrete becomes 

more brittle with increasing compressive strength, because of the decrease in porosity and therefore the decrease 

in ductility. 

 

Figure 26;Concrete stress strain relation in compression [48] 

The behavior of concrete under stress cannot be explained by considering it composed only out of aggregates 

and hardened cement paste (HCP). A third component exists and this is the transition zone. The transition zone 
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is the area between the aggregate and the HCP and is approximately 10-50 μm thick. It is much weaker than the 

HCP surrounding it because of its higher porosity and has a large impact on concrete strength in spite of it 

occupying only a few percentages of the volume. When the individual stress strain relationship of hardened 

cement paste and aggregate is considered and compared to the stress strain relationship of concrete a difference 

in behavior is observed as is illustrated in Figure 27. Concrete behaves non-linear while its constituents have a 

linear stress strain relationship. This difference is caused by the TZ which has a higher porosity and therefore 

generates a larger deformation. The transition zone is the weakest link in concrete. Cracks exist within the TZ 

prior to loading, they are caused by shrinkage of the concrete during curing, the aggregate counteracts the 

shrinkage causing tension on the interface and since the structure at the interface is weaker, micro cracks are 

formed also referred to as bond cracks. Concrete fails by propagation of these cracks, this is also the reason why 

concrete is weaker in tension which will be explained further in paragraph A.4.  

 

Figure 27; Stress strain relation for aggregate, concrete, and hardened cement paste[5]  
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Figure 28; Representation transition zone [46] 

A.4. Concrete Failure 

The strength of a material can be understood by understanding the weaknesses of the material. The structural 

behavior of concrete can be understood by looking at the failure mechanisms. By now it is clear that the w/c 

ratio mainly determines the porosity and therefore the micro structure of the hardened cement paste (HCP). In 

this HCP imperfections exist, meaning large voids, small voids and micro cracks. The failure mode of cement 

paste is governed by the onset and propagation of cracks. This has been discussed in the previous paragraph 0. 

Therefore to understand the nature of concrete behavior, a short introduction is given to fracture mechanics.  

A.4.1 Influence imperfections 

The strength of a perfect cohesive materials depends on its atomic bonds. Therefore the strength of the cohesive 

material is equal to the sum of bonds in a cross-section. Based on this for instance steel with an E-modulus of 

210000 N/mm2 should have a tensile force of 35.000 N/mm², this is a 100 times higher than the actual tensile 

force of steel which lies around 300 to 600 N/mm2. The reason for this large difference are the imperfections 

within the material. The force between two atoms is described in Figure 29. The further the atoms are apart the 

smaller the force becomes that holds the atoms together. An imperfection creates a distance between large 

groups of atoms. Which leads to a weak link within the material which causes uneven stress distributions and 

stress concentrations. Due to the stress concentration, local failure of the material can occur, even though the 

stress acting on the volume is much lower than the failure stress. Stress concentration can be explained by 

looking at a punctured plates as is shown in Figure 29. For a solid plate the stress in the entire plate would be 

equal to σn. However due to the void in the cross-section, the stress σmax becomes higher than σn. The factor 



54 

 

between σn and σmax is called the stress concentration factor Kt and is described by Eq. (0.3) for the situation in 

Figure 29. 
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For a circular imperfection σmax is three times higher than σn. From Eq. (0.3) it can be derived that σmax 

approaches infinity for a tight imperfection with a small value for c and a large value for a. An infinite stress is 

however not possible, since the material deforms plastically after the yield stress is reached, this changes the 

shape of the imperfection to a less sharp imperfection. The concentration factor depends not only on the shape 

of the imperfection but also on the type of stress acting on the imperfection, for instance shear has a 

concentration factor of four for the same situation as in Figure 29. It should also be noted that stress 

concentration occurs all around the crack in a three-dimensional field. Nevertheless the stress is the highest 

when the orientation of the crack is normal to the direction in which the load is applied. 

 

Figure 29; Force interaction between two ions plotted with respect to the distance between the atoms b[46] (left). Punctured plate stress 

distribution (right) 

Cement based materials are sensitive to micro cracks. Micro cracks are naturally present within the HCP even 

before an external load is applied. These are mainly present in the interface between the cement and the 

aggregate (shear bond cracks). However micro cracks can also exist in the cement matrix as well. Three different 

types of cracks are defined within concrete: Bond cracks, mortar cracks, and aggregate cracks. Bond cracks have 

been explained before, these can be found in the TZ. Mortar cracks are cracks within the HCP excluding the TZ, 

in unloaded concrete the amount of cracks in the TZ (bond cracks) are higher than in the HCP. Aggregate 

cracks are micro cracks mainly within the coarse aggregate. In addition there are also voids in various shapes 

and sizes caused by segregation, bleeding, and excess air.  

A.4.2 Compression is tension 

A concrete specimen loaded in compression fails in tension. Consider a cube being tested in compression, three 

types of strains can be measured: the longitudinal strain, the lateral strain and the volumetric strain. These are 

shown in Figure 30 for a prism subjected to compressive stresses with the applied stress being controlled.  
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Figure 30; Stress strain relation of a prism tested to failure in compression[49]  

Due to a tension or compression force acting on the cube in Figure 31, tensile forces occur in the concrete. The 

lateral strain increases with respect to an increase in applied force (tension, compression). This creates the 

loading situation as displayed in Figure 31 (middle) for a cube tested in uniaxial tension. Under uniaxial tension 

fracture occurs along a plane normal to the direction of the load. The fracture pattern of a cube subjected to 

uniaxial compression is shown in the left side of Figure 31. Due to the possibility of the cube to deform in two 

directions it disintegrates into column type fragments[5]. There are also inclined cracks visible these are caused 

by the development of shear planes. When a bi-axial compression loaded specimen is considered the failure 

occurs along one plane, which is normal to the direction in which no force is applied (Figure 31 right). The 

situation as described above are for direct stresses only. Concrete has a much lower strength for the middle 

situation in Figure 31, because of the direction of the failure plane which is normal to the direction of the applied 

force.  For compression forces actin on the volume, the failure plane is in the same direction as the force 

allowing for redistribution of forces. This leads to less brittle behavior in compression. When specimens are 

tested in practice, friction between the plate and specimen is introduced. These are caused by differences in E-

modulus and Poisson ratios between the end plates and the specimen. This topic will be further discussed in 

paragraph A.5.  

 

Figure 31; Fracture patterns by different loading condition. T is tension and C is compression[5] 
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A.4.3 Failure mechanism in compression 

Concrete fails as a result of crack propagation. Under load a network of micro-cracks develops (starting in the 

cement-paste) that keep expanding with increasing load to the point where no additional load can be applied. 

The TZ within the cross section can instigate these cracks, the aggregate can counter them by interlocking. The 

interlocking mechanism is beneficial for reduction of the brittleness of concrete.  

The failure mechanism of concrete can be divided into four stages, which are shown below in Figure 32. The 

micro cracks in the TZ (bond cracks) are stable up to approximately 30% of the ultimate strength (a. in Figure 

32), this is also the linear phase of concrete. After which cracks start to grow into the cement paste and with 

increase in load new cracks are formed until around 70-80% of the ultimate strength (b. in Figure 32). After 

which the cracks start to connect and create large cracks (c. in Figure 32), leading to the total failure of the 

specimen in compression after further increase of the load. The situation described is the case for normal 

concrete in compression.  

 

Figure 32; Connection between aggregate and cement paste [5] 

A.5. Multi axial compression  

Concrete members are often subjected to a combination of compressive, tensile and shear forces. A concrete 

volume under evenly distributed biaxial compression has a higher compression strength compared to the same 

concrete volume under evenly distributed uniaxial compression. This follows also from applying the circle of 

Mohr. An increase in shear capacity can be caused by a biaxial compressive stress condition. The compression 

strength of concrete subjected to biaxial compression is approximately 27% higher than for uniaxial 

compression. The tensile force resulting in the lateral direction is counteracted by the extra compression force in 

this direction, slowing down the failure process[46]. Biaxial compression still allows for deformation in one axis.  
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Figure 33; Mohr failure envelope for concrete under uniaxial and biaxial compression[32]  

Triaxial loading increases the compression strength even more since now all faces of the specimen are loaded in 

compression. The ultimate strain is also significantly increased (Figure 34). This explains the strength difference 

between standard cylinder and cube specimens. The value for the mean compressive strength of a cylindrical 

sample with length/diameter=1 is much higher than that of a specimen with an L/D=2. Concrete becomes 

stronger when loaded in multi-axial compression, this occurs also during a compression test. 

 

Figure 34; Structural reinforced concrete SRC compared to tube confined concrete under seismic (dynamic) load[46]  

Friction between the contact surface of the specimen and the machine bearing faces of the testing machine 

induce later stresses in the cross-section as is shown in Figure 35 resulting in triaxle compression of a part of the 

specimen. The part under triaxle stress decreases with an increase in the distance from the specimen ends to the 

center of the specimen. Around at distance of 0.8 diameter of the specimen, (normal concrete) the cross-section 

can be considered under uniaxial compression. This means that for a specimen with a λ of 2, 40% along the 

height of the specimen is loaded in pure uniaxial compression, while for the same specimen with a λ of 1 over 

the entire length a triaxle compression state occurs. This is the reason why a standard cube specimen has a 

higher compression strength than a standard cylindrical specimen.  
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Figure 35; Restraining effect during a compression test, triaxle compression in shaded areas[32] 

A.6.  Strength development 

Mixing concrete and placing it in the required formwork does not ensure a good end product. The curing of 

concrete is just as important if not more important than the design of the concrete mixture, since good curing 

ensures the design strength values are met. Curing is the name given to procedures used for promoting the 

hydration of cement, and thus, the development of strength of concrete. The curing procedures being control of 

the temperature and of the moisture movement from and into the structure [5]. Therefore curing refers to the 

moisture and temperature conditions of the concrete during hardening.  

A.6.1 Influence of moisture 

The w/c ratio during curing can change due to evaporation of water, the amount of water therefore needs to be 

controlled until enough hydration products have been formed so the capillary pores in the concrete volume 

become segmented. This because hydration within these pores can only take place when they are filled with 

water, the loss of water by evaporation from these pores should be prevented. The loss of moisture can be 

prevented by different manners which come down to spraying and covering of the concrete. In Figure 36 the 

influence of moisture condition on the compressive strength of concrete with a w/c of 0.5 is demonstrated. The 

dotted lines represent concrete which is moist cured up to a certain period. If no moist curing is provided the 

compressive strength is 60% lower than for continuous moist curing.  
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Figure 36; influence of moist curing on the compressive strength of concrete[5] 

A.6.2 Influence of temperature 

A general guideline for the effects of temperature is that the higher the temperature at placing the higher the 

early strength of the concrete however this results into a lower long-term strength, when compared to concrete 

cured under low temperature at placing. Reasoning behind this is that hydration products are formed rapidly 

under high temperatures, which causes a non-uniform distribution of the cement gel meaning a more porous 

structure. The hydration products are not allowed to diffuse away from the cement particles. The hydration 

products are formed on the vicinity of the cement grain which also slows down the hydration process and 

therefore the long-term strength. The influence of temperature on the compressive strength is best observed by 

looking at the behavior of the cement paste under different temperatures.  



60 

 

 

Figure 37; Influence of curing temperature on the development of compressive strength of neat cement paste. Temperature was kept constant 

also during testing[5] 

The temperature at moment of testing is also of importance for young concrete. Figure 37 and Figure 38 are 

results from tests in a laboratory. Therefore other factors such as ambient humidity, direct sunshine and wind 

velocity where not taken into account. Concrete curing is a complex process, since the heat developed by 

hydration results contributes as well to the evaporation of water. The evaporating water in a high w/c ratio 

mixture reduces the concrete temperature, therefore decreasing w/c ratio leading to a lower porosity and high 

end strength however only when the drying of the surface is avoided. The conclusion that can be drawn is that 

concrete cast in summer is expected to have a lower end compressive strength than the same mix cast in winter 

which[15].  

A.6.3 Maturity 

The maturity method is a technique to account for the combined effects of time and temperature on the strength 

development of concrete. The method provides a relatively simple approach for making reliable estimates of in 

situ strength during construction[50]. Since the temperature effect is cumulative, the sum of the temperature 

over time is known as the maturity index. Maturity is best demonstrated by Figure 38 and Figure 39. Figure 38 

displays the influence of the curing temperature on the strength of concrete cured at 10ºC for the first 24 hours 

after which stored at the temperatures indicated in the abscissa.  



61 

 

 

Figure 38; Influence of curing temperature on the development of compressive strength of concrete cured at 10ºC for the first 24 hours. Dotted 

line at 31 MPa, at 28 days and 20 ºC[5]  

The maturity index is calculated by multiplying the age in days with the temperature. The temperature however 

is measured from a datum of -11ºC, this is the temperature below which no strength development is possible. 

The maturity rule is formulated in Eq. (0.3).  

 M T t= ⋅ ∆∑  (0.4) 

For example the compressive strength obtained for the specimen taken at 20 ºC after 28 days is 31 N/mm2. And 

has therefore a maturity index 28(20+11)=868°Cdays. The data from Figure 38 is plotted based on the maturity 

index in Figure 39. If maturity is plotted on a logarithmic scale the relation between the compressive strength 

and maturity becomes linear. The maturity rule is a good way of estimating the compressive strength of concrete 

however caution is required when comparing maturity outcomes since the cement used, the w/c ratio and the 

loss of water all impact the outcome. Early high curing temperatures makes the maturity rule also inaccurate.  
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Figure 39; Compressive strength plotted as a function of maturity based on data from Figure 38, dashed line at a maturity of 868 ºC days [5] 
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A.7. Principal sources of strength variation based on (ACI 214R-02[19]) 

 

 

Variations due to the properties of concrete  Variations due to testing methods  

Changes in w/c caused by: 

- Poor control of water 

- Excessive variation of moisture in 

aggregate or variable aggregate moisture 

measurement 

- Re-tempering 

 Improper sampling procedures  

- Number of samples 

- Amount of batches 

   

Variations in water requirement caused by: 

- Changes in aggregate grading. Absorption, 

particle shape 

- Changes in cementitious and admixture 

properties 

- Changes in air content 

- Delivery time and temperature changes 

 Variations due to fabrication techniques: 

- Handling, storing, and curing of newly made 

cylinders/cubes 

- Poor quality, damaged, or distorted molds, 

diameter/aggregate size, L/D (slenderness) 

- flatness, parallel, capping, grinding 

 

   

Variation in characteristics and proportions of 

ingredients: 

- Aggregates 

- Cementitious materials, including 

pozzolans 

- admixtures 

 Changes in curing: 

- Temperature variation 

- Variable moist control  

- Delays in bringing cylinders to the laboratory 

- Delays in beginning standard curing  

   

Variations in mixing, transporting, placing, and 

consolidation 

 Poor testing procedures:  

- Specimen preparation 

- Test procedure  

- Un-calibrated testing equipment 

- Statistical processing procedure  

   

Variations in concrete temperature and curing   
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 Conversion factor cube-cylinder  

 

 

Based on strength classes EN 206 [29]. 

Compressive 

strength class 

EN 1992  

Minimum 

Characteristic 

cylinder strength 

fck,cyl (N/mm2) 

Minimum 

Characteristic cube 

strength  

fck,cube (N/mm2) 

fck,cyl /fck,cube  

C8/10 8 10 0.80 

C12/15 12 15 0.80 

C16/20 16 20 0.80 

C20/25 20 25 0.80 

C25/30 25 30 0.83 

C30/37 30 37 0.81 

C35/45 35 45 0.78 

C40/50 40 50 0.80 

C45/55 45 55 0.82 

C50/60 50 60 0.83 

C55/67 55 67 0.82 

C60/75 60 75 0.80 

C70/85 70 85 0.82 

C80/95 80 95 0.84 

C90/105 90 105 0.86 

C100/115 100 115 0.87 
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 Conversion older concrete classes to modern 

classes[51] 

Older standard Concrete class Current class* fck,cyl (N/mm2) fck;cube (N/mm2) 

GBV 1950 K150 C 8/10 8 13 

K200 C 11/13 11 13 

K250 C 13.5/16.5 13.5 16.5 

GBV 1962 K160 C 9/11 9 11 

K225 C 13/16 13 16 

K300 C 19/22 19 22 

K400 C 28/34 28 34 

K450 C 32/39 32 39 

VB74 + VB 74/84 B12.5 C 10/12.4 10 12.5 

B17.5 C 14/17.5 14 17.5 

B22.5 C 18/22.5 18 22.5 

B30 C 25/30 25 30 

B37.5 C 30/37.5 30 37.5 

B45 C 35/45 35 45 

B52,5 C 47.5/52.5 47.5 52.5 

B60 C 50/60 50 60 

VBC 1990 B15 C 12/15 12 15 

B25 C 20/25 20 25 

B35 C 28/35 28 35 

B45 C 35/45 35 45 

B55 C 45/55 45 55 

B65 C 53/65 53 65 

*Current class based on EN 206[29].  
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 Statistical theory 

Data can be distributed in different ways. Each distributions has it characteristics. The choice of probability 

distribution influences the reliability of a situation. Strength parameters are often described by either a normal 

or a lognormal distribution. The most common distribution in statistics is the normal (Gaussian) distribution. 

Physical properties that depend on a large amount of independent variables can be described well by a normal 

distribution. The probability density function of the normal distribution is given in Eq. (0.5) for the random 

variable x. 

 ( )
2

1 1
exp ,                    

22
X

x
f x x

µ

σσ π

 − 
= − −∞ ≤ ≤ ∞  

   
 (0.5) 

The normal distribution can be standardized (normalized) to a distribution with µ=0 and σ=1 resulting in Eq. 

(0.6). The characteristic value, also known as the 5% fractile is calculated according Eq. (0.7). 

 ( ) ( )
21 1

exp
22

x x
π

 
Φ = − 

 
 (0.6) 

 5% 1.64 (1 1.64 )x Vµ σ µ= − = −  (0.7) 

In which V is the coefficient of variation which is equal to σ/µ. The advantage of the normal distribution lies 

within the fact that a linear combination of independent normal distributed variables result in a normal 

distribution. The disadvantage is the fact that both ends are infinite, meaning the distribution has no limit 

theoretically. This means for example that concrete can have a negative compression strength. It is for this 

reason that a lognormal distribution is used for describing concrete strength.  

The lognormal distribution describes a random variable whose algorithm is normally distributed. This means 

that for example the lognormal distributed variable X, can be converted to a normal distribution by taking the 

natural logarithm of  x resulting in the normal distributed variable y=ln(x). In the same way a normal distributed 

variable y can be converted to a lognormal distribution by x=exp(y). The probability density of the lognormal 

distribution is given below in Eq. (0.8) for the random variable x.  

 ( )
2

ln

lnln

ln1 1 1
exp  ,                    0

22

x

X

xx

x
x x

x
f

µ

σσ π

  −
 = ⋅ − ≤ ≤ ∞     

 (0.8) 

In which  
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ln 2
ln 1 x

x

x
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σ

µ

 
= + 

 
 (0.9) 
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= −  
 + 
 

 (0.10) 

The characteristic value, can be calculated with Eq. (0.11) for the situations in which the coefficient of variation 

is lower than 0.2 for situations where V is larger than 0.2 Eq.  (0.12) must be used.  

 ( )2
5% exp 1.64 0.5x V Vµ= − −  (0.11) 

 ( )( )2

2
exp 1.645 ln 1

1
ckf V

V

µ
= − +

+
 (0.12) 

The advantage of the lognormal distribution is the fact that the random variable described by it can only take 

positive real values. When describing the compression strength, this characteristic of the lognormal distribution 

becomes valuable. The possible disadvantage is that it overestimates the characteristic value compared to a 

normal distribution as is shown in Figure 40. Here two distributions are plotted with the same mean and 

standard deviation. The characteristic value obtained by considering a normal distribution is slightly lower 29.8 

N/mm2 compared to 30.6 N/mm2 for the lognormal distribution.  

 

Figure 40: Strength distribution cylinder specimen concrete class C30/37 with µ= 38 and σ=5, dotted lines are 5% fractiles.  

 This difference becomes larger for an increase in coefficient of variation, Figure 41 demonstrates this for the 1%, 

5%, and 10% lower fractiles.  
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Figure 41: Difference in percentages between lognormal and normal fractile estimations.  

D.1. Failure probability and reliability index 

The ultimate limit state of a structure is considered to be reached if the resistance R equals the effect of the 

actions S. This can be visualized by a simple example (Figure 42). R and S are assumed to have normal 

distributions.  

 

Figure 42: Distributions R and S, with characteristic values (dotted lines), and possible simple situation right 

R and S are both combinations of several random variables. For example the self-weight and variable load for the 

actions (S) and the cable cross-section and yield strength for the resistance (R). The two distributions overlap a 

certain area (green). Here R becomes lower than S, meaning this area represent the highest chance of failure. In 
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theory the two distributions overlap over the entire abscissa, since the tails of the distribution have no end. This 

can also be seen in Figure 42. However the chance of S being greater then R is the highest in the green area. The 

size of the shaded area depends on the distances between the two means as well on the standard deviation of the 

distributions. By increasing for instance the resistance of the structure (increasing the diameter of the cable, or 

the yield strength) and decreasing the standard deviation (by measuring the diameter) the distance between the 

two distributions becomes larger and the green area therefore becomes smaller. This is also the reasoning behind 

the assessment of existing structure as mentioned before.  

 

Figure 43; Decreasing uncertainty associated with R and increasing absolute value R.  

The limit state can also be written as Z=R-S. If R and S are independent variables, the distribution of Z can be 

calculated. The mean of Z expressed in term of standard deviation becomes µz=βσz.  

 

Figure 44: Distribution  of limit state Z  
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The failure probability is the surface of the limit state distribution from –∞ to 0 (Figure 44). With an increase in 

standard deviation of Z, the chance of failure also increases, therefore β should be lower. This is demonstrated by 

Figure 45. Here two limit state distributions are displayed, where the standard deviation of distribution 1 is 

lower than that of 2, σ1< σ2. The β associated with distribution 1 is therefore higher than that for distribution 2. 

The same β values lead therefore to the same reliability for different distributions. This is why β is called the 

reliability index.   

 

Figure 45: Two different limit state distributions, with  

β in this case takes into account the uncertainty in R and S. The standard deviation for Z becomes Eq. (0.13). 

 2 2
z S R

σ σ σ= +  (0.13) 

Linearization of this equation results in Eq.  (0.14). 

 2 2
S R R R S S

σ σ α σ α σ+ = +  (0.14) 

This results in the relation as portrayed by Eq. (0.15). 

 ( )R S R R S S
µ µ β α σ α σ− = +   

 R R R S S S
µ βα σ µ βα σ− = +   
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 In which 
1

1R

R RV
γ

βα
=

−
  

The linearization coefficients αR and αs result in the decoupling of the partial safety factor into a resistance and 

actions side. The presence of this decoupling becomes clear by considering a three dimensional distribution of R 

and S, a so called joint density function. The limit state line Z= R-S divides the space into a region of failure and 

non-failure (below green line Figure 46).  

 

Figure 46; Geometric interpretation of the failure probability 

By standardizing the variables R and S. The limit state function becomes 

 R R S S
x yσ µ σ µ=+ +   (0.16) 
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Figure 47; Standardized situation, Z=R-S standardized 

Eq. (0.16) can be transformed into the Hesse standard, by which the shortest distance between the limit state 

function and the origin can be calculated, corresponding to the reliability index β.  
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(0.18) 

 

Figure 48; Design points x* and y*  



73 

 

Now β is known, the linearization factors can be derived by assuming the representation given in Figure 48 in 

which β can be described by Eq. (0.19). 

 cos cos
S R

y xβ θ θ= +  (0.19) 

The coordinates of the design point are then found by Eq. (0.20) and Eq. (0.21). 
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The linearization factors are therefore equal to: 
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The values (s*and r*) are the so called design points, these can be obtained by Eq. (0.22) and Eq. (0.23). 

 *   ,E S Ss µ β α σ+=  (0.22) 

 *  R R Rr µ β α σ= −  (0.23) 

D.2. Target reliability  

The Eurocode distinguishes three different consequence classes. CC1 to CC3. With each a different reliability 

index. The chance of death due to an accident (falling of the stairs, hit by traffic) lies around 10-4 a year in the 

Netherlands. Therefore the chance of death by failure of a structure should not exceed this value. A chance of 

failure equal to 10-5 a year is the maximum adopted probability for becoming a victim of structural failing. This 

corresponds to a reliability index of 4.2. This is the target reliability index however in practice a reliability index 

of 3.8 is maintained for normal structures (CC2, 50 years).  
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 Conversion factor in literature 

E.1. E. Thorenfeldt (1986)[22] 

Thorenfeldt derived a description for the conversions factor for what was at that time high strength concrete. 

According to him the Norwegian Code for concrete structures (NS 3473 NCBS, 1990) is based on Eq. (0.24).  

 ,

,

,

3.1
0.775ck is

c

ck cu

k cyl

bef f
f

 
= + 

 
 

 (0.24) 

Where fck,is is the 5% fractile of the in situ strength, fck,cube is the 5% fractile of the cube strength, and fck,cyl is the 5% 

fractile of standard cylinder specimens. This can be simplified into Eq. (0.26) by applying the following relation 

which holds for fck,cyl < 44 MPa according to NS 3473 (NCBS, 1990). 

 , ,0.8ck cyl ck cubef f=  cube to cylinder (0.25) 

 , ,0.775 3.1ck is ck cylf f= +   (0.26) 

This relationship between lab-crete and real-crete described by Eq. (0.26) was not obtained from direct analysis 

of in situ strength data, and is only applicable to concrete classes with characteristic strength (5%) between 16 

and 44 N/mm2.  

E.2. S.A. Mirza, M. Hatzinikolas and J.G. MacGregor (1976)[23] 

The following relation between lab-crete and real-crete was developed by Mirza et al. in 1976, on which the 

Canadian design provisions (CSA, 1984) where based at the time.  

 , 0.675 7.6cm is cf f ′= +    (0.27) 

 , 1.15cm is cf f≤ ′    (0.28) 

In which ,c isf  is the mean in situ strength and f’c is the specified strength. This equation was derived for the most 

commonly produced grades of concrete at the time, with specified strengths greater than 16 MPa. This equation 

can be rewritten to match the formulation of Thorenfelft by considering Eq. (0.29): 

 ( ), , ,1 1.645ck is cm is c isf f V= −   (0.29) 

The coefficient of variation for real-crete lies between 0.1 and 0.2. 

 1 1.645 0.1 0.836− ⋅ =   (0.30) 
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 1 1.645 0.2 0.671− ⋅ =   (0.31) 

Therefore  

 ,

,
0.836

ck is

cm is

f
f =   (0.32) 

 ,

,
0.671

ck is

cm is

f
f =   (0.33) 

And 

 , 0.675 7.6
0.836

ck is

ck

f
f= +   (0.34) 

 , 0.675 7.6
0.671

ck is

ck

f
f= +   (0.35) 

Thus  

 , 0.564 6.35ck is ckf f= +  Vc,is=0.1 (0.36) 

 , 0.45 5.10ck is ckf f= +  Vc,is=0.2 (0.37) 

E.3. Bartlett & MacGregor (1994)[24] 

By analysis of large quantity of data Bartlett and MacGregor devised the following relation: 

 ( ), 1.205 0.108 '
cm is h c
f Z f= +   (0.38) 

 ( )( ), 1.205 0.108 0.836ck is h ckf Z f= +   (0.39) 

 ( )( ), 1.205 0.108 0.671ck is h ckf Z f= +   (0.40) 

In which the average in situ strength at 28 days fcm,is  is corrected for the effect of the core moisture condition, 

core diameter, slenderness and drilling damage. Zh distinguishes element types at 450 mm height. For structural 

elements higher than 450 Zh becomes 1. For elements lower than 450 Zh becomes 0. The background of this 

research will be further explained in the next paragraph.  
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E.4. Background Bartlett & MacGregor (1994) 

Research of F. Michael Bartlett and James G. Macgregor focusses on the relation between the specified strength 

(code-crete, discrete value) and the strength of a structure (real-crete) with the aim of rationally accounting for 

the in situ strength in the case of assessing the safety of an existing concrete structure. They do not explicitly 

cover the conversion factor in their research. The approach consists of the introduction of two factors: F1 and F2. 

Factor F1 represents the relation between the specified strength and the mean strength of standard test 

specimens at 28 days (obtained by standard moist curing listed in: ASTM C39-86, 1996, Standard test method 

for compressive strength of cylindrical concrete specimens. Designation: C36-86, (New York, ASTM)), and is 

described by equation (0.41). 

 
,

1 '

cm cyl

c

f
F

f
=   (0.41) 

Factor F2 covers the relation between the mean strength of these standard specimen and the mean strength of 

the actual structure (0.42). 

 
,

2

,

cm is

cm cyl

f
F

f
=  (0.42) 

The constant factor in these two equation therefore becomes the mean strength of the standard specimen as can 

be seen in the setup of this research depicted in Figure 49. Combing Eqs. (0.41)(0.42) results in Eq. (0.43) which 

can be transformed into Eq. (0.44). 

 ( )', 1 2cm is cf F F f=  (0.43) 

 
;

1 2'

cm is

c

f
F F

f
= ⋅  (0.44) 

In which the product of F1 and F2 describe the relation between fcm,is (the mean strength of the actual structure in 

situ obtained by the method described in Appendix F.3.) and f’c is the specified strength. The authors state that 

the relation between f’c and fcm,is should hold for the design of new structures however the invert of the 

relationship should also hold for the assessment of existing structures.  
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Figure 49; Setup research Bartlett and Macgregor 

 The overall variability of the average concrete strength for structures depends on two factors given a specified 

strength. Namely the variability of the mean strength for a population of structures illustrated in Figure 50. This 

variability depends on material quality, degree of curing, and the age of the structures. The second factor is the 

variation of the strength within a particular structure itself (Figure 51), which depends also on the material 

quality but also on systematic strength variation which result from construction practices. The background of 

the derivation of factors F1 and F2 is of significant value for evaluation of γconv in European context. Therefore an 

extensive summary for the derivation of these two factors is presented in the following sections.  
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Figure 50; Distribution (log-normal) of mean strength for an entire population of structures for a specific testing region (beams as example) 

 

 

 

 

Figure 51; Distribution of compression strength in particular structure for a specific testing region (in this case beams, as example) Figure 50  

E.4.1 Relation Code-crete and Lab-crete, F1 

The relation between f’c (specified strength) and mean strength obtained from conformity control testing fcm,cyl 

Eq. (0.41) was evaluated using data from 3756 cylinder tests representing 108 concrete mixes produced in 

Alberta, Canada between 1988 and 1993. The state of practice at the moment was also qualitatively taken into 

account. The main assumption was that the strength of the standard cylinder are possible higher than the 

specified strength due to: durability requirements, air entrainment, fly ash content, and strength requirements 

prior 28 days. For instance air-entrained concretes are usually proportioned to have satisfactory strength at the 

maximum specified air content, and are therefore stronger if the air content is less. The process of setting a 

target strength might therefore be more complex than implied by conformity control the authors’ state. After 

analysis of the results no direct relationship was found between the compression strength results and the 
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conformity control at the time, meaning that conformity control could be considered merely a guideline. 

However the majority of the mixes exceeded the recommended target strength considerably. Table 6 gives an 

overview of the results for F1.  

Table 6; Distribution parameters for F1 

  Variable    

F1 

(B&M) 

Ln F1 

(B&M) 

F1  

(S&J) 

All cast in situ concrete Average 1.250 Ln(1.264) 1.302 

Standard deviation 0.131 0.122 0.102 

Pre-cast concrete Average 1.190  - 

Standard deviation 0.058  - 

 

On average the mean strength obtained from conformity control testing is 1.25 times larger than specified. The 

mean value should be 1.24 Eq. (0.46), considering the 10% fractile.  

 ( )
=  

1.64 1 1.64

cm cm cm

ck cm cm f

f f f

f f f Vσ
=

− −
 

(0.45) 

 
( )

1
10% 1.24

1 1.28 0.15
= =

− ⋅
 (0.46) 

 
( )

1
5% 1.33

1 1.64 0.15
= =

− ⋅
 (0.47) 

Research by Soukhov and Jungwirth aligns with the findings of Bartlett and Macgregor. The mean strength 

obtained from conformity control testing is 1.32 times larger than specified, which is almost identical as the 

expected value 1.33 Eqs. (0.47) (0.45). The variation of F1, is however smaller in the case of Soukhov and 

Jungwirth. This can be attributed to German puntlichkeit.  

E.4.2 Relation Lab-crete and Real-crete, F2 

This factor was evaluated using a large data set, representing approximately 1080 cores from element cast from 

108 concrete mixes with standard cylinder strengths (average strengths) less than 55 MPa. The data was 

obtained from various published and unpublished investigations. A complete overview of this data can be found 

in reference Bartlett, F. M., and MacGregor[38]. Values for F2 where obtained from Eq. (0.42). Two groups could 

be clustered based on the results. Namely a group consisting out of columns and walls and a group representing 

shallow beams and slabs. The taller elements (walls and columns) had a higher strength in situ compared to the 

shallow elements (slabs and beams), this corresponds with other research [52]. The structural within member 
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variability is under laboratory conditions larger for tall elements (5.2%) than for shallow elements (3.9%), 

however in this research cores where only drilled from the middle of the column where the compression 

strength is considered most representative and is consistent for tall elements as was shown in paragraph 4.2. On 

the influence of time on the relation between standard cylinder strength and in situ strength the authors state the 

following: “Preliminary analysis also indicated that as the age of the concrete increased, the in situ strength 

increased relative to the standard 28 day cylinder strength.” This resulted in the description of F2 by Eq. (0.48) 

assuming a normal distribution and Eq. (0.49) in the case a lognormal distribution is convenient.  

  2
ˆ 0.948 0.084 0.100ln 1 0.090

28

F

h

faa
F Z

c

    
= + + +          

 with 0.15σ =   (0.48) 

 ( )2
ˆln ln 0.936 0.085 0.097 ln 1 0.88

28

F

h

faa
F Z

c

     
 = + + +            

 with 0.139σ =  (0.49) 

In which 2F̂  is the predicted F2 value, Zh is a factor which takes into account the type of structural component, a 

is the concrete age in days, and faF and, c are the weight of Class F fly ash and cement, respectively per m3. A 

distinction is made at a structural height of 450 mm for elements. For structural components higher than 450 

mm Zh becomes 1. Leading to an increase of fcm,is. For structural components lower than 450 mm Zh becomes 0. 

Eqs. (0.48) and (0.49) only hold for a between 28 and 365 days. Extrapolation leads to unreliable results. 

Furthermore Eq. (0.48) is not particularly accurate in predicting the in situ strength in a particular element, 

since the fit of this equation had an R2 of only 0.53, and the coefficient of variation is quite large. However Eq. 

(0.48) represents a valid statistical description of the expected value and variability of the average in situ strength 

in a population of structures. Eqs. (0.48) and (0.49) also hold for older type of concrete (before 1970) that have a 

larger cement particle size due to coarsely grinding. Considering elements with no fly ash content and an age of 

28 days results in F2=1.032 for Zh=1 (columns and walls), and F2=0.948 for Zh=0 (beams, slabs). The strength 

increase over time is assumed as linear by Bartlett and MacGregor, modern codes [13] [25] rely on an inverse 

exponential growth description. The rate of strength gain between 28 days and 356 days by Bartlett and 

Macgregor is approximately equal to the strength gain assumed by the Eurocode between 28 days and 365 days, 

considering a cement type with a low early strength.  

E.4.3 Relation Code-crete – Real-crete 

By combining F1 and F2 the mean in situ strength is described by a lognormal distribution with a mean value 

given by Eq. (0.50). This equation represents F1 as a log-normal distribution with the parameters given in Table 

6 (mean is 1.27 and coefficient of variation is 12.2%). Since F1 is represented by a log-normal distribution F2 is 

represented by Eq. (0.49) (with a mean value of 2F̂   and coefficient of variation equal to 13.9%).   

 ( ){ }, 1.205 0.108 0.125L 'n a / 28cm is h cff z+ +=  (0.50) 
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The coefficient of variation for Eq. (0.50) therefore becomes ( ) ( )
2 2

0.122 0.139 0.186+ = = 18.6%. On average 

fcm,is is 1.21 times the specified strength for shallow elements and 1.31 times the specified strength for tall 

elements. The uncertainty associated with these values is large, since a 95% confidence interval leads to fcm,is 

ranging from 0.82 to 1.7 for shallow elements and 0.9 to 1.85 for columns and walls. This high uncertainty is 

associated with the high coefficient of variation (18.6%) of Eq. (0.50). This coefficient of variation is based on 

analysis of in situ strength data from single members cast from a single batch of concrete and therefore does not 

include batch-to-batch variation or systematic variation between members. The coefficient of variation of F2 

dominates the overall coefficient of variation. Therefore the amount of structures (amount of batches) has the 

largest influence on the variability of fcm,is.  

E.4.4 Variability of in situ strength 

Since the variation of Eq. (0.50) only takes into account the variation of the mean strength for single members 

cast from a single batch of concrete, this variation should be increased in order to obtain the distribution of the 

strength in the structure fc,is. The variation is increased by (Table 7): Within batch variation (VM=3%), batch to 

batch variation (VMM=10% for cast-in situ and 6% for precast elements), variation within a structural element 

(VT=5% for columns and 6% for other elements), and variation between elements (VTT=5%). Therefore the 

overall coefficient of variation for fc,is of concrete for cast in situ structures, composed of many members and cast 

from many batches therefore becomes equal to  

 ( ) ( ) ( ) ( ) ( )
2 2 2 2 2

0.186 0.03 0.10 0.05 0.05 0.227 22.7%V = + + + + = =  (0.51) 

This value for V is only applicable for structures that have yet to be realised. Note that a similar value for Vf was 

also found in paragraph 3.2, where the conversion factor was accounted for by Vf in the derivation of the partial 

material factor.  

Table 7; Coefficient of variation due to in situ strength variation throughout structure.  

Structure composition  One member  Multiple members 

One batch of concrete  0.067 0.084 

Multiple batches of concrete Cast in situ 0.120 0.130 

Precast 0.090 0.103 

 

The probability that the strength in the structure falls below the specified strength can now be calculated. The 

mean values for the short and tall elements are equal to Eq. (0.52) and standard deviation for the lognormal 

distribution is equal to Eq. (0.53). 

 
( )2

1.205 0.108 1.205
=0.162 and 0.247

1.025 1.0251 0

1.

.22

3

7

13h
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ln ln ln

 
+      = =         +

 

 (0.52) 
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 ( ) ( )2 21 1 0.227 0.224ln V ln+ = + =  (0.53) 

Since the specified strength f’c equals the mean in situ strength fcm,is at 1, and ln(1)=0. The chance that the in situ 

strength falls below the specified strength becomes 23.5% for shallow elements Eq. (0.54) and 13.5% for tall 

elements Eq. (0.55) 

 ( )
0 0.162 0.162

Φ Φ Φ 0.72 0.235 23.5%
0.224 0.224

− −   
= = − = =   

   
 (0.54) 

 ( )
0.247

Φ Φ 1.10 0.135 13.5%
0.224

− 
= − = = 

 
 (0.55) 

Since the compression strength is more governing for taller elements, meaning columns and walls, 13.5 % 

becomes the governing value. The chance of a lower compressive strength than specified is equal to 13% for a 

new structure. Based on the research of Soukhov and Jungwirth this chance would probably be lower for 

European standards, considering the larger factor of F1 associated with the 5% characteristic compressive 

strength. The method as described before in the ACI (appendix F.3) for establishing the characteristic 

compressive strength by core assessment, assumes a normal distribution for the concrete strength in the 

structure. The characteristic value is based on the 10% fractile, which is a conservative approach since the 

specified value is equal to the 13% lower fractile on the in situ strength distribution. The assumption of a 5% 

lower fractile is therefore also correct, and even more conservative in the case of an assessment.  

E.4.5 Discussion 

The relation between f’c (specified strength) and mean strength obtained from conformity control testing is 

called F1 in this research. F1 was found to be approximately 1.25. This factor varies for every region/country and 

for different construction periods. Factor F2 however is in more cases applicable, assuming an adequate level of 

execution. A drawback of these factors is that they are only applicable for compressive strengths for which they 

were derived. The authors are also aware of this fact. If for instance these factors where used to establish the 

estimated values and variation of lab samples and on-site samples for high strength concrete, the estimated 

mean values and variations would be too large as demonstrated by Figure 52. The partial material factor is 

applicable to all concrete classes, and therefore might be too large for high strength concrete, due to the effect of 

the conversion factor. This statement is based on the partial factor as established by Eq. (3.5) in paragraph 3.2.  

 



83 

 

 

Figure 52; Relation between specified strength f’c = code-crete (red line), lab-crete from conformity control (solid line) and real-crete based on 

core results  (dotted line) by Bartlett et al.[24] 

Bartlett and MacGregor state that: “the in situ strength of concrete assumed by others for the calibration of 

structural codes may be less than, and less variable than, the true value. For resistance which are sensitive to the 

concrete strength, the resistance factors in current use may be too conservative.” Based on this statement a simple 

reliability analysis of an unreinforced concrete column (where the compressive strength is governing) was 

conducted (Appendix G), which resulted in a lower reliability index (3.4 compared to 4.2). This indicates that 

the relation described by Bartlett and Macgregor is more conservative than the safety format of the Eurocode.    
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E.5. Data Soukhov Jungwirth[15] 

 

 

 

 

 

 

 

 

 

fck; specified  fcm.mix mix company 

cylinders 

fcm.site on-site 

cylinder (not 

cores) 

fcm.mix/ fck fcm.site/ fck 

35 42 47 1.20 1.34 

35 46 48 1.31 1.37 

35 43 46 1.23 1.31 

35 45 44 1.29 1.26 

35 46 46 1.31 1.31 

35 44 47 1.26 1.34 

35 48 50 1.37 1.43 

35 47 47 1.34 1.34 

35 60 51 1.71 1.46 

35 51 50 1.46 1.43 

35 55 49 1.57 1.40 

35 43 43 1.23 1.23 

35 49 49 1.40 1.40 

35 49 48 1.40 1.37 

35 43 39 1.23 1.11 

35 48 49 1.37 1.40 

35 47 46 1.34 1.31 

45 57 53 1.27 1.18 

45 53 56 1.18 1.24 

45 58 49 1.29 1.09 

45 61 55 1.36 1.22 

55 56 62 1.02 1.13 

65 84.3 82.7 1.30 1.27 

65 88.4 87.4 1.36 1.34 

35 45.2 43.6 1.29 1.25 
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 Extracting characteristic in situ strength  

F.1. EN 13791  

As was mentioned before this European norm is currently under revision, therefore the original version (2007) 

and the last version (draft 18, 2015) will be discussed.  

F.1.1 EN 13791 (2007)[21] 

The method described in EN 13791 (2007) for establishing the characteristic strength is based on the 

consumer/producer risk. This risk can be explained by considering the following example. A concrete batch is 

tested for conformity. The entire batch is accepted or rejected based on the inspection of a sample from that 

batch. For this example two fictional criteria’s need to be fulfilled. The first being a sample size of n=15 and the 

second one an acceptable quality level of 5%. This means that if fewer than 3 of the 15 inspected samples are 

defective, the entire batch will be accepted. However if 3 or more are defective the entire batch is rejected. The 

rejection or acceptance of the batch is determined by the sample. The risks are: rejecting a “good” batch, and 

accepting a “bad” batch. The consumer’s risks accepting a shipment that should be rejected while the producer 

risks the rejecting of a good batch.  

 

The in situ compressive strength is assessed by using Method A or Method B. N is the number of core samples 

drilled from a structure (generally 6 to 15 and never less than 3) with diameter 100mm and length 200mm. 

Method A applies for a high number of samples (n>15) while method B applies for low number of cores 

(3<n<14). According to Method A fck;is is the less of Eq. (0.56) and Eq. (0.57). 

 ; ,ck is cm isf f k s= − ⋅  (0.56) 

 ; ; 4ck is lowest isf f= +  (0.57) 

Where s is the sample standard deviation of the cores obtained which should not be lower than 2 N/mm2. And k 

is a conversion factor from mean value to characteristic value and is 1.48 (7% fractile). According to Method B, 

fck;is is the lower of Eq. (0.58) and Eq. (0.59). 

 ; ,ck is cm isf f k= −   (0.58) 

 ; ; 4ck is lowest isf f= +   (0.59) 

Where k=5,6,7 depending on the size of samples respectively 10-14, 7-9, and 3-6. Sample sizes of n>15 do not 

occur in practice that often. Method B is thus applied more frequently in practice. In paragraph 2.2 previously it 

was mentioned that the mean strength could be estimated by adding 8 N/mm2 (1.64*5) to the characteristic 

strength. Method B estimates the characteristic value by taking values lower than 8. Even for low sample sizes 
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(6>n>3) the characteristic value is determined by reduction of 7 N/mm2. This low margin is due to the earlier 

discussed consumer-producer risk.  

F.1.2 EN 13791 Draft 18 

The latest version of EN 13791 states that all individual results should be checked by an outlier test to ensure 

each test result is valid. All valid results are used to calculate the sample mean and sample standard deviation 

based on a normal distribution. The minimum required sample standard deviation is 3 N/mm2 independent of 

the mean strength, in the 2007 version this minimum required standard deviation was set on 2 N/mm2. This 

also leads to a minimal reduction of 5 N/mm2 (1.64*3) compared to 3.3 N/mm2 (1.64*2) before. fck;is becomes the 

lower of Eq. (0.60) and Eq. (0.61) provided the compressive strength class is C20/25 or higher.  

 ; ,ck is cm isf f k s= − ⋅  (0.60) 

 ; ;ck is lowest isf f M= +  (0.61) 

Table 8; k-values Eq. (0.60) 

n 3 4 5 6 8 10 20 30 ∞ 

k 3.37 2.63  2.33 2.18  2.00 1.92 1.76 1.73 1.64 

Table 9; M-values Eq. (0.61) 

flowest,is (N/mm2) ≤7 10 13 ≥16 

Margin 1,8 2.5  3.3 4  

 

Eq. (0.60) shares similarity with Eq. (0.56). The differences are the k-value and the number of samples to which 

the equations apply. In Eq. (0.56) the K value is fixed on 1.48 for n>15. Eq. (0.60) is based on the student 

distribution. For instance for n= 3 the k factor in Eq. (0.60) becomes 3.37. Which is derived by considering tn-

1,p=0.05 = 2.92, this multiplied by ( )1 1/ n 4 / 3+ =  leads to k=3.37 for n=3. This k-value aligns with the 

principles of EN 1990:2002 Annex D [41] as will be shown in the next paragraph.  

F.2. EN 1990 

EN 1990 introduces the possibility of making use of posterior knowledge according to Bayes statistical approach. 

All resistance factors are considered as random variables with normal or log-normal distribution. The 

assumption is made that no prior knowledge is available for the mean value of the compression strength. For the 

coefficient of variation (Vf) prior knowledge is assumed but cannot be less than 10%. The characteristic value of 

any strength property can be evaluated according to Eq. (0.62). 
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Table 10; k-values for 5% characteristic value, for unknown Vf the values align with 

n 1 2 3 4 5 6 8 10 20 30 ∞ 

( )5%
n
k p = fV    Known 2.31 2.01 1.89 1.83 1.80 1.77 1.74 1.72 1.68 1.67 1.64 

( )5%
n
k p = fV    

Unknown 

- - 3.37 2.63 2.33 2.18 2.00 1.92 1.76 1.73 1.64 

 

The characteristic concrete compressive strength, when a lognormal distribution is assumed, and defined for 5% 

lower fractile is given by Eq. (0.67). Where the values for the t-student distribution 1, 0,05n pt − =  are listed in Table 

11. 

 ln 1, 0.05 ln

1
exp exp 1ck n pf ff m t s

n
− =

 
 = ⋅ − ⋅ ⋅ +  

  
 

(0.67) 

 

 Table 11 ; values student distribution 

n-1 1 2 3 4 5 6 7 8 9 10 20 30 ∞ 

 1,p 0,05nt − =   6.31 2.92  2.35  2.13  2.02  1.94  1.89 1.86  1.83 1.81 1.72 1.70 1.64 
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The use of the t-student distribution and the factor ( )1 1/n+  in Eq. (0.67) take into account the uncertainty 

about the standard deviation when no prior knowledge is available.  The results of core testing can lead to a 

small range for the standard deviation because the cores are drilled from one testing region and usually from an 

area that could be not significant for the resistance of the structure. It is therefore possible that the data is not 

representative of the condition and strength of the structure. To solve this problem a minimum threshold of 

standard deviation smin can be introduced [44] with respect to the element and location of the drilled cores based 

on experimental studies which leads to the modification of (0.67) to (0.68). Values for smin,f can be found in Table 

12 and depend on the element type and form of execution.  

 ln min,ln

1
exp exp 1.64 1f fckf m s

n

 
 = ⋅ − ⋅ ⋅ +  

  
 

(0.68) 

 

Where  

 

2

min,

min,ln ln 1
f

f

f

s
s

m

  
 = +  

    

 
(0.69) 

 

This method is used in the RBK for establishing a characteristic compression strength, more specific the 

characteristic compression strength is the lower out of Eq. (0.67) and (0.68).  

Table 12; Values for smin  

Type of structure   smin (N/mm2) 

Plates, tunnels, culverts, boxgirders, and connections  10  

Inverted tee beams 12 

Prefabricated beams 8 

 

The introduction of a minimum threshold for the in situ standard deviation contradicts the essence of an 

assessment in a sense. Figure 16 demonstrates that smin is an upper estimates of the distribution describing the 

variation for a specific structural element. The essence of assessing the compressive strength of a concrete 

structure is to specify the compressive strength more accurately. There are structures where the standard 

deviation in situ is much lower than smin. Nevertheless a much higher standard deviation smin must be adopted. 

Resulting in possibly a lower characteristic value than expected. Also there is not a maximum threshold specified 

for the in situ standard deviation, a so called smax. This method is therefore deemed as over conservative by some. 

However it is only applicable for specific civil structures in the Netherlands, namely bridges and other structures 

where high risks are not tolerated. For these type of structures it is better to be safe than sorry. 
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F.3. ACI 214-R (2010) [19] 

The procedure for establishing fck;is according to the ACI will be discussed since this report also discussed the 

background research of Bartlett and MacGregor.  

Table 13; K-Factors for one-sided tolerance limits on 10% and 5% fractile [53] 

 Confidence level 

 γ=0.75 γ=0.9 γ=0.95 

 Fractile  

n p=0.9 p=0.95 p=0.9 p=0.95 p=0.9 p=0.95 

3 2.501 3.152 4.258 5.31 6.158 7.655 

4 2.134 2.68 3.187 3.975 4.163 5.145 

5 1.961 2.463 2.427 3.4 3.407 4.202 

6 1.86 2.336 2.494 3.091 3.006 3.707 

7 1.791 2.25 2.333 2.894 2.755 3.399 

8 1.74 2.19 2.219 2.755 2.582 3.188 

9 1.702 2.141 2.133 2.649 2.454 3.031 

10 1.671 2.103 2.065 2.568 2.355 2.911 

11 1.646 2.073 2.012 2.503 2.275 2.815 

12 1.624 2.048 1.966 2.448 2.21 2.736 

13 1.606 2.026 1.928 2.403 2.155 2.67 

14 1.591 2.007 1.895 2.363 2.108 2.614 

15 1.577 1.991 1.866 2.329 2.068 2.566 

16 1.566 1.977 1.842 2.299 2.032 2.523 

17 1.554 1.964 1.82 2.272 2.001 2.486 

18 1.544 1.951 1.8 2.249 1.974 2.453 

19 1.536 1.942 1.781 2.228 1.949 2.423 

20 1.528 1.933 1.765 2.208 1.926 2.396 

21 1.52 1.923 1.75 2.19 1.905 2.371 

22 1.514 1.916 1.736 2.174 1.887 2.35 

23 1.508 1.907 1.724 2.159 1.869 2.329 

24 1.502 1.901 1.712 2.145 1.853 2.309 

25 1.496 1.895 1.702 2.132 1.838 2.292 

30 1.475 1.869 1.657 2.08 1.778 2.22 

 

Table 14; Z-factors for use in (0.73) and (0.74) 

Confidence level, %   Z 

75 0.67 

90 1.28 

95 1.64 
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In paragraph 4.4 the equivalent compression strength was obtained from Eq. (4.1), this value is not equal to the 

specified compressive strength, but an equivalent cylindrical compression strength. From the equivalent 

strength fci, the sample mean and standard deviation can be computed by Eqs. (0.63) and (0.64) and the 

equivalent specified compressive strength (which is equal to the lower 10% fractile) can be computed according 

to (0.70). Where K is based on a non-central t-distribution and can be found in Table 13. 

 
0.10 c cf f sK−=  (0.70) 

The sample mean and standard deviation are estimates, their accuracy depends on the sample size and the 

accuracy of the correction factors. The standard deviation of real-crete therefore is a combination of the 

uncertainty associated with the sampling and the correction factors (0.71), the standard deviation associated 

with the correction factors can be calculated by Eq. (0.72).  

 2 2
o c a
s s s= +  (0.71) 

 ( ) ( ) ( ) ( )
22 2 2

/a c L D D moisture Drilling
s f V V V V= ⋅ + + +  (0.72) 

Where VL/D, VD, Vmoisture, Vdrilling, are the coefficients of variation associated with the correction factors (Table 4). 

Since the equivalent strength is approximately the 10% lower fractile of lab-crete, the 10% lower fractile of real-

crete can be used for the equivalent specified strength of real-crete. Which can be calculated with the Tolerance 

Factor Method (0.73) taking into account the uncertainty associated with the low sample size as well the 

uncertainty associated with the correction factors.  

 ( ) ( )
2 2'

,c eq c c aK Zf f s s⋅ ⋅ ⋅= +  (0.73) 

Where K is the tolerance factor that accommodates the uncertainty associated with low sample size for the mean 

and standard deviation, Z is derived from the standard normal distribution (Table 14) according to the chosen 

level of confidence, sa is the standard deviation associated with the correction factors, cf (mean strength fcm,is) and 

sc (sample standard deviation) are obtained from (0.63) and (0.64).  

Table 15; One-sided T-factors for use in Eq. (0.74)[53] 

 Confidence level   Confidence level 

n 75% 90% 95%  n 75% 90% 95% 

3 0.82 1.89 2.92  12 0.70 1.36 1.80 

4 0.76 1.64 2.35  15 0.70 1.34 1.76 

5 0.74 1.53 2.13  18 0.69 1.33 1.74 

6 0.73 1.48 2.02  21 0.69 1.33 1.72 

8 0.71 1.41 1.90  24 0.69 1.32 1.71 

10 0.70 1.38 1.83  30 0.68 1.32 1.70 
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However, the ACI committee highlights that method (0.73) can be too conservative in practice, since core tests 

overestimate the true variability of the in situ strength. The variability of the average in situ strength depends 

mainly on the variability of the mean strength between different structures[24], the average in situ strength can 

be estimated well from core data. Based on the found standard deviation a lower-bound can be estimated for this 

average strength, after which fc,eq can be determined from the known coefficient of variation due to in situ 

strength variation within a structure. The uncertainty is now taken into account by the mean strength. The lower 

bound estimate of the average in situ strength is determined by Eq. (0.74) for a certain confidence level. After 

which the 10% fractile is determined by (0.75).  

 ( ) ( )
( )

2

2

CL

c

c c a

T s
Zf f s

n
− +

⋅
⋅=  (0.74) 

Table 16; Coefficient of variation due to in situ strength variation within structure VWS 

Structure composed of: One member Many members 

One batch of concrete 7% 8% 

Many batches of concrete  Cast in situ 12% 13% 

Precast 9% 10% 

 

Table 17; C-factors for use in Eq. (0.75) 

Structure composed of: One member Many members 

One batch of concrete  0.91  0.89 

Many batches of concrete  Cast in situ 0.85  0.83 

Precast 0.88  0.87 

 

 ( )'
,c eq c

CL
f C f=  (0.75) 

The values in Table 17 are based on Table 16. Table 16 demonstrates the coefficient of variation of concrete 

strength for several situations. The values in table 11 are then derived by 1 1.28
ws

V− . Where Vws can be found in 

Table 16. These values are 10% fractiles. For 5% fractile the values can be calculated by 1 1.64
ws

V− .  
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 FORM analysis new structure  

Research by Bartlett and MacGregor[38] indicates that the in situ strength and in situ strength variation of 

concrete may be larger than assumed. Which means that current codes could be too conservative. To see 

whether this is true for the Eurocode a basic reliability analysis is conducted. The relation between the specified 

concrete strength and the actual in situ strength was described in probabilistic terms in Appendix D. If previous 

calibrations of the Eurocode where based on a lower conversion factor or lower strength variation, the same 

reliability levels could hold due to this higher conversion factor with a higher variation. Within this paragraph a 

simple structure will be analyzed. This example only considers the influence of the probabilistic formulation of 

the compressive strength for design of new structures. The design resistance of a centrally compression loaded 

concrete column is specified according to Eurocode 2 and is equal to Eq. (0.76) 

 
ck

cd cc

c

f
f α

γ
= ⋅  (0.76) 

Where 
ck
f is the characteristic cylinder compressive strength of concrete at 28 days, 

c
γ  is the partial (safety) 

factor for concrete, and 
cc

α =1 the coefficient taking account of long-term effects on the compressive strength 

(which is reduced under sustained load) and unfavorable effects resulting from the way the load is applied. The 

effect of reinforcement are not considered in this example. The probabilistic model is based on the limit state 

Z=Nu-No. Where 

 u R ck conv
N m bhf γ=   (0.77) 

 ( ) ( )0 1.2 1.5N G Q= +   (0.78) 

The permanent load and variable load are based on the dimensions and variables of the considered structure as 

given by Table 18. The required strength class (characteristic strength, specified strength) can be calculated by 

Eq.(0.79) and is equal to C25/30. This becomes the starting point for the FORM analysis.  

 01.5
ck

N
f

bh
=   (0.79) 

For the FORM analysis the variables are this time described by distributions given in Table 19. These are based 

on Appendix E of the publication Probability in Civil Engineering[54].  
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Table 18; Overview of the discrete variables of the concrete column 

 Material properties  

 Concrete density  2.40E-05 N/mm3   

 Dimensions  

F
lo
or
 

Width 4150 mm 4.15 m 

Length 4300 mm 4.30 m 

Thickness 250 mm 0.25 m 

Surface area 17845000 mm2 17.85 m2 

Volume 4.46E+09 mm3 4.46 m2 

Self weight  1.07E+05 N 107.07 kN 

C
ol
u
m
n
 

Width 100 mm 0.10 m 

Lentgh 100 mm 0.10 m 

Height 500 mm 0.50 m 

Self weight  1.20E+02 N 0.12 kN 

 

Loads 

 Q (Variable)  0.0015 N/mm2 1.50 kN/m2 

 Q (Variable)  26767.5 N 26.77 kN 

 G (Permanent)  1.07E+05 N 107.19 kN 

 Total load 1.69E+05 N 168.78 kN 

 fck required  

 fck 25.32 N/mm2   

Table 19; Overview of the variables of the concrete column 

 Name of variables Symbol  Dimension Distribution Mean 

µx 

St. dev. 

σx 

A
ct
io
n
s 

Self-Weight G N Normal 112549.50 7878.47 

Live load Q N Gumbell 26767.50 10707 

Model-factor Self-Weight mE,G - Lognormal 1 0.05 

Model-factor Live Load mE,Q - Lognormal 1 0.05 

R
es
is
ta
n
ce
 

Conversion factor  yconv N/mm2 Lognormal 1.3 0.3 

Specified strength fck N/mm2 Discreet 25 - 

Compressive strength normal fc N/mm2 Normal 33 5 

Compressive strength log-normal fc N/mm2 Log-normal 33 5 

Width  b mm Normal 100 4 

Height  h mm Normal 100 4  

Model-factor ultimate  load mR - Lognormal 1.1 0.17 
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In first probabilistic analysis the compressive strength is assumed to be lognormal distributed with a Vc of 15% 

(5/33). The mean strength is taken as 33 N/mm2 (25+8). The expected reliability index should be above 3.8. Out 

of the analysis a reliability index of 4.2 is obtained. Which is the target reliability index. If a normal distribution 

of the compression strength is assumed with a mean of 33 and a standard deviation of 5 N/mm2 a reliability 

index of 3.7 is obtained. 

In the second analysis the variation is taken into account by the relation found by Bartlett and Macgregor, and 

the specified value is assumed to be discreet (fck is 25 N/mm2). A reliability index of 3.4 is the results of this 

analysis, the design point for the conversion factor is found at 0.73. The reliability index is not satisfactory and 

much lower than previous analysis. Considering these results the distribution found by Bartlett and Macgregor 

is too conservative.  
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-4 -2 0 2 4

 Standard normal probabilities 

 

 

Table entry for z is the area under the 

standard normal curve to the left of z. 

 

 

 

z  0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

-3  0.0013 0.0013 0.0013 0.0012 0.0012 0.0011 0.0011 0.0011 0.0010 0.0010 

-2.9  0.0019 0.0018 0.0018 0.0017 0.0016 0.0016 0.0015 0.0015 0.0014 0.0014 

-2.8  0.0026 0.0025 0.0024 0.0023 0.0023 0.0022 0.0021 0.0021 0.0020 0.0019 

-2.7  0.0035 0.0034 0.0033 0.0032 0.0031 0.0030 0.0029 0.0028 0.0027 0.0026 

-2.6  0.0047 0.0045 0.0044 0.0043 0.0041 0.0040 0.0039 0.0038 0.0037 0.0036 

-2.5  0.0062 0.0060 0.0059 0.0057 0.0055 0.0054 0.0052 0.0051 0.0049 0.0048 

-2.4  0.0082 0.0080 0.0078 0.0075 0.0073 0.0071 0.0069 0.0068 0.0066 0.0064 

-2.3  0.0107 0.0104 0.0102 0.0099 0.0096 0.0094 0.0091 0.0089 0.0087 0.0084 

-2.2  0.0139 0.0136 0.0132 0.0129 0.0125 0.0122 0.0119 0.0116 0.0113 0.0110 

-2.1  0.0179 0.0174 0.0170 0.0166 0.0162 0.0158 0.0154 0.0150 0.0146 0.0143 

-2  0.0228 0.0222 0.0217 0.0212 0.0207 0.0202 0.0197 0.0192 0.0188 0.0183 

-1.9  0.0287 0.0281 0.0274 0.0268 0.0262 0.0256 0.0250 0.0244 0.0239 0.0233 

-1.8  0.0359 0.0351 0.0344 0.0336 0.0329 0.0322 0.0314 0.0307 0.0301 0.0294 

-1.7  0.0446 0.0436 0.0427 0.0418 0.0409 0.0401 0.0392 0.0384 0.0375 0.0367 

-1.6  0.0548 0.0537 0.0526 0.0516 0.0505 0.0495 0.0485 0.0475 0.0465 0.0455 

-1.5  0.0668 0.0655 0.0643 0.0630 0.0618 0.0606 0.0594 0.0582 0.0571 0.0559 

-1.4  0.0808 0.0793 0.0778 0.0764 0.0749 0.0735 0.0721 0.0708 0.0694 0.0681 

-1.3  0.0968 0.0951 0.0934 0.0918 0.0901 0.0885 0.0869 0.0853 0.0838 0.0823 

-1.2  0.1151 0.1131 0.1112 0.1093 0.1075 0.1056 0.1038 0.1020 0.1003 0.0985 

-1.1  0.1357 0.1335 0.1314 0.1292 0.1271 0.1251 0.1230 0.1210 0.1190 0.1170 

-1  0.1587 0.1562 0.1539 0.1515 0.1492 0.1469 0.1446 0.1423 0.1401 0.1379 

-0.9  0.1841 0.1814 0.1788 0.1762 0.1736 0.1711 0.1685 0.1660 0.1635 0.1611 

-0.8  0.2119 0.2090 0.2061 0.2033 0.2005 0.1977 0.1949 0.1922 0.1894 0.1867 

-0.7  0.2420 0.2389 0.2358 0.2327 0.2296 0.2266 0.2236 0.2206 0.2177 0.2148 

-0.6  0.2743 0.2709 0.2676 0.2643 0.2611 0.2578 0.2546 0.2514 0.2483 0.2451 

-0.5  0.3085 0.3050 0.3015 0.2981 0.2946 0.2912 0.2877 0.2843 0.2810 0.2776 

-0.4  0.3446 0.3409 0.3372 0.3336 0.3300 0.3264 0.3228 0.3192 0.3156 0.3121 

-0.3  0.3821 0.3783 0.3745 0.3707 0.3669 0.3632 0.3594 0.3557 0.3520 0.3483 

-0.2  0.4207 0.4168 0.4129 0.4090 0.4052 0.4013 0.3974 0.3936 0.3897 0.3859 

-0.1  0.4602 0.4562 0.4522 0.4483 0.4443 0.4404 0.4364 0.4325 0.4286 0.4247 

0  0.5000 0.4960 0.4920 0.4880 0.4840 0.4801 0.4761 0.4721 0.4681 0.4641 
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z  0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

0  0.5000 0.5040 0.5080 0.5120 0.5160 0.5199 0.5239 0.5279 0.5319 0.5359 

0.1  0.5398 0.5438 0.5478 0.5517 0.5557 0.5596 0.5636 0.5675 0.5714 0.5753 

0.2  0.5793 0.5832 0.5871 0.5910 0.5948 0.5987 0.6026 0.6064 0.6103 0.6141 

0.3  0.6179 0.6217 0.6255 0.6293 0.6331 0.6368 0.6406 0.6443 0.6480 0.6517 

0.4  0.6554 0.6591 0.6628 0.6664 0.6700 0.6736 0.6772 0.6808 0.6844 0.6879 

0.5  0.6915 0.6950 0.6985 0.7019 0.7054 0.7088 0.7123 0.7157 0.7190 0.7224 

0.6  0.7257 0.7291 0.7324 0.7357 0.7389 0.7422 0.7454 0.7486 0.7517 0.7549 

0.7  0.7580 0.7611 0.7642 0.7673 0.7704 0.7734 0.7764 0.7794 0.7823 0.7852 

0.8  0.7881 0.7910 0.7939 0.7967 0.7995 0.8023 0.8051 0.8078 0.8106 0.8133 

0.9  0.8159 0.8186 0.8212 0.8238 0.8264 0.8289 0.8315 0.8340 0.8365 0.8389 

1  0.8413 0.8438 0.8461 0.8485 0.8508 0.8531 0.8554 0.8577 0.8599 0.8621 

1.1  0.8643 0.8665 0.8686 0.8708 0.8729 0.8749 0.8770 0.8790 0.8810 0.8830 

1.2  0.8849 0.8869 0.8888 0.8907 0.8925 0.8944 0.8962 0.8980 0.8997 0.9015 

1.3  0.9032 0.9049 0.9066 0.9082 0.9099 0.9115 0.9131 0.9147 0.9162 0.9177 

1.4  0.9192 0.9207 0.9222 0.9236 0.9251 0.9265 0.9279 0.9292 0.9306 0.9319 

1.5  0.9332 0.9345 0.9357 0.9370 0.9382 0.9394 0.9406 0.9418 0.9429 0.9441 

1.6  0.9452 0.9463 0.9474 0.9484 0.9495 0.9505 0.9515 0.9525 0.9535 0.9545 

1.7  0.9554 0.9564 0.9573 0.9582 0.9591 0.9599 0.9608 0.9616 0.9625 0.9633 

1.8  0.9641 0.9649 0.9656 0.9664 0.9671 0.9678 0.9686 0.9693 0.9699 0.9706 

1.9  0.9713 0.9719 0.9726 0.9732 0.9738 0.9744 0.9750 0.9756 0.9761 0.9767 

2  0.9772 0.9778 0.9783 0.9788 0.9793 0.9798 0.9803 0.9808 0.9812 0.9817 

2.1  0.9821 0.9826 0.9830 0.9834 0.9838 0.9842 0.9846 0.9850 0.9854 0.9857 

2.2  0.9861 0.9864 0.9868 0.9871 0.9875 0.9878 0.9881 0.9884 0.9887 0.9890 

2.3  0.9893 0.9896 0.9898 0.9901 0.9904 0.9906 0.9909 0.9911 0.9913 0.9916 

2.4  0.9918 0.9920 0.9922 0.9925 0.9927 0.9929 0.9931 0.9932 0.9934 0.9936 

2.5  0.9938 0.9940 0.9941 0.9943 0.9945 0.9946 0.9948 0.9949 0.9951 0.9952 

2.6  0.9953 0.9955 0.9956 0.9957 0.9959 0.9960 0.9961 0.9962 0.9963 0.9964 

2.7  0.9965 0.9966 0.9967 0.9968 0.9969 0.9970 0.9971 0.9972 0.9973 0.9974 

2.8  0.9974 0.9975 0.9976 0.9977 0.9977 0.9978 0.9979 0.9979 0.9980 0.9981 

2.9  0.9981 0.9982 0.9982 0.9983 0.9984 0.9984 0.9985 0.9985 0.9986 0.9986 

3  0.9987 0.9987 0.9987 0.9988 0.9988 0.9989 0.9989 0.9989 0.9990 0.9990 

 

 

 

 

 

 

 

 

 

 



97 

 

 Four Steps to Efficient Core Drilling 

 

 

  



98 

 

 

 

 

 

 


