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Abstract

The characteristic compressive strength is one of the most important material property used in
structural design and quality control of concrete. Here we show that the estimation of this
characteristic strength following classical standard rules (e.g. EN 1992 or ACI-318) is sample size
dependent, i.e. is not a characteristic of the material. From an extensive experimental dataset, an
analysis of published strength data, and an interpretation of compressive failure as a critical phase
transition from an intact to a failed state, we show that the compressive strength of concrete is
characterized by a non-vanishing asymptotic mean strength, g, , but a vanishing associated
variability towards very large system sizes. Consequently, the asymptotic strength o, can be
regarded as the genuine characteristic compressive strength of concrete. Based on this, we propose a
new procedure to evaluate this genuine characteristic strength as well as to check the conformity of

concrete with strength requirements.

Keywords: characteristic compressive strength, size effect, finite-size scaling, concrete, strength

variability
1. Introduction

In civil engineering, concrete is mostly used under compression loading configurations since its
compressive strength is much larger than its tensile and/or flexural strengths. Generally, the tensile
and flexural strengths of concrete are of the order of respectively ~10% and ~15% of the

compressive strength [1]. Furthermore, the compressive strength is often considered as a marker of
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the concrete quality because it is directly related to the structure of the hydrated cement paste [2].
For these reasons, the compressive strength is usually used as the basis for taking decisions
regarding the strength and serviceability of concrete members and structures [1].

For the purpose of structural design, concrete is classified into several strength classes based on
the so-called characteristic compressive strength (f,;) in most of European standards (e.g. EN 1992
[3] and NF EN 206-1 [4]) or on the specified compressive strength (f,') in the American standard
(ACI-318 [5]). Hereafter, both f., and f. are referred as the characteristic strength (f.;). For
example, in the standard EN 1992 [3], the concrete strength class ranges from C12/15 to C90/105,
meaning that the characteristic strength of cylinders and that of cubic specimens are respectively in
a range 12-90MPa and 15-105MPa. During the design stage, designers must size the dimensions of
the concrete members to resist the imposed loads based on some compressive strength classes.
These chosen strength grades are then used to define the concrete mix to be used for construction.
In the construction stage, the concrete used must be in conformity with the strength requirements
previously specified by the designers from the characteristic strength. Therefore, the characteristic
strength can be considered as a key property for structural design, concrete mix design and quality
control of concrete.

Implicitly assuming a normal distribution for the compressive strength of concrete samples, in
agreement with experimental data [1-3,5], the characteristic strength of concrete (f,;) is calculated

from the corresponding mean value (f,,) and standard deviation (s) as follows:

for = fom — A (1)

, Where the constant A sets the acceptable percentage of tests that will fail under a stress lower
than f,; (e.g. a fractile of 5% is used in EN 1992 [3]). These two statistical parameters (f,, and s)
are obtained from an adequate number of uniaxial compression tests (e.g. = 30 tests recommended
in ACI-318 [5]), carried out on standard concrete specimens at a minimum age of 28 days. Different
standard samples are used in different countries and sometimes even in the same country. For

instance, both 150x300-mm (or 6x12-in.) cylinders and 150-mm (or 6-in.) cubes are used as
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standard specimens in the United States [1,5,6] and in most European countries [3], while 160x320-
mm (i.e. 200 cm? of normalized strength surface) or 110x220-mm (i.e. 100 cm? of normalized
strength surface) cylinders are recommended and used in France [4,7]. However, quasibrittle
materials in general, and concrete in particular, exhibit a size-dependent behavior on the nominal
compressive strength [8]. Precisely, the mean compressive strength (f, in (1)) decreases with
increasing specimen size [9—15]. In addition, it has been shown recently that the strength variability
of concrete (s in Eq. (1)) also decrease with increasing sample size [15,16]. These size effects on
both f,, and s imply, from relation (1), that the so-called characteristic compressive strength (f;)
will depend on the size of tested concrete samples, an effect generally not taken into account in
concrete mix and structural design. Such size dependence implies that f., is actually not a
characteristic of the material.

We proposed recently that the compressive failure of quasibrittle materials can be interpreted as
a critical phase transition between an intact and a failed state [16—19]. This interpretation enabled us
to derive finite-size scaling laws for the mean compressive strength (f,,,) as well as the standard
deviation (s) which are in remarkable agreement with strength data in various materials like rocks,
concrete, coal and ice [16]. In [15], from a large number (527) of uniaxial compression tests,
conducted on concrete specimens with three different mixtures (mean aggregate size and
proportion) and four different sizes, we demonstrated the pertinence of our critical interpretation as
well as of the finite-size scaling laws to account for size effects on the compressive strength of

concrete. In particular, this experimental study indicated that (i) a very large system (L — +o0) will
have a non-vanishing asymptotic strength ( fem Lotoo) aoo) but a vanishing strength variability

(S(L_>+oo) - O), and (i1) the pore structure in hardened concrete samples, rather than the concrete
mix, plays a key role in controlling the size effects on compressive strength. These results suggest
two important points in terms of estimating the characteristic compressive strength of concrete as

follows:



1- In this framework, the asymptotic strength (o), which is by construction independent of
system size, appears as the genuine characteristic compressive strength of concrete;

2- A laboratory concrete specimen can only be considered as a standard specimen if its size is

very large compared with the characteristic size of its pore structure.

Following this statistical size effect analysis of the compressive strength of concrete detailed in
[15], we revisit here the concept of characteristic strength by taking into account the two points
noted above, through a comparison with the classical expressions of characteristic strength
proposed in concrete design codes (EN 1992 [3] and ACI-318 [5]).

Section 2 details the experimental program. Section 3 deals with the density and moisture
content of our concretes, and their variations with the sample size and microstructure
characteristics. The statistical size effects on compressive strength of our concretes are discussed in
Section 4, and then compared with experimental data of size effect on concrete strength available in
the literature in Section 5. Results and discussion about the characteristic compressive strength,
taking into account these statistical size effects, are discussed in Section 6. Finally, some overall

conclusions of this study are given in Section 7.

2. Experimental program

Here we present an extensive experimental program based on the physical and mechanical
characterizations of 539 concrete cylindrical samples of 3 different concrete mixes and 4 different
sizes including 527 tested in compression. While the moisture and density data are presented here
for the first time, the compressive strength data have been used in [15] to analyze size effects on
both the mean strength (f,,) and the associated variability (s). Here these data are used to re-
examine the concept of characteristic strength, whose the classical definition directly relies on f,,
and s (see Eq. (1)). This problem is then further discussed from compressive strength data available
in the literature (section 5). Our dataset is however unique, as it allows a sound estimation of

strength variability, s, which is not the case for these previously published data.



2.1. Materials and mix proportions

The cement used in all mixes was CEM I 52.5N type Portland cement, satisfying the standard
NF EN 197-1 [20]. In this study, locally available natural sand was used as the fine aggregate, while
coarse aggregates were natural gravel. All the aggregates were dry and clean, and their specific
properties conform to the NF EN 12620 [21] and NF EN 1097-5 [22] regulations. The size
distribution of aggregates was investigated from a sieving analysis, following NF EN 933-1 [23].
The gradation curves of aggregates used in this work are shown in Fig. 1. Ordinary potable water
available in the laboratory was used for the mixing and curing of concrete.

Following the French standard NF EN 206-1 [4], the weight method was applied to prepare
three different concrete mixtures based on three different aggregate sizes (dg) (see Fig. 1 and Table
1): sand (3.15mm), medium gravel (16mm) and coarse gravel (25mm). The corresponding
abbreviations for identifying each concrete group are: Fine aggregate (F), Medium aggregate (M)
and Coarse aggregate (C) (see Fig. 2b). The volume fraction of aggregates for the coarser mixes
(M- and C-concretes) was kept constant at 0.7m*/m® of concrete and the finesse modulus of
aggregates for the three mixtures are reported in Table 1. The water-to-cement (W/C) ratio was set
constant for all specimens in each concrete mixture. The details of each mixture proportion for 1m?
of concrete are summarized in Table 1. While the F-concrete is a normal mortar in accordance with
the standard NF-EN 196-1 [24], the M-concrete can be actually considered as a standard concrete

[1,4,21,25].

2.2. Specimen preparation

In this work, all concrete specimens were cylinders with a fixed height-to-diameter ratio h/¢p =
2 and, for each concrete mixture, the diameter (¢) ranged as follows: 40, 70, 110 and 160 mm (see
Fig. 2a). About 45 samples for each sample diameter (¢) and aggregate size (dg), for a total of 539

concrete specimens, were produced. Among these, 12 samples were selected for analyzing the



initial microstructure (see Appendix A) and the 527 remaining samples were used for compression
tests (see section 4).

All concrete samples were cast according to the procedure of normal weight concrete described
in NF EN 206-1 [4]. During mixing, cement and aggregates were firstly blended in dry conditions,
and water was then added in the mixer. Due to the limited capacity of the concrete mixing center,
for a given concrete mixture, samples of 110 mm and 160 mm diameters were fabricated from
different batches. The smaller samples (40 mm and 70 mm in diameter) were coming from a single
batch, however different from the batches used for larger samples. The different batches can be
considered as a source of strength variability for each material, which will be taken into account by
our approach. According to the regulation NF EN 12390-2 [26], the concrete mixtures were poured
in cylindrical cardboard molds and compacted by an internal vibrator combined with an external
vibrating table to improve the consolidation of the samples.

After casting, all concrete specimens were cured initially for 48 hours by covering the molds
with a plastic sheet in a moisture room, following the recommendation of the regulation NF EN
12390-2 [26]. After demolding, the specimens were continually cured in a water basin at a
temperature of approximately 20°C for 2 months.

At the age of 56 days, all the specimens were cut by diamond grinding discs to ensure planar
surfaces and prevent flexural stresses when loading applies. After sawing, the concrete specimens
were immediately immersed again in the water basin for an additional month and left exposed to
atmosphere in the laboratory until the testing day. According to the recommendation of the
regulation NF EN 12390-3 [7], loading tests should be performed after a minimum age of 28 days.

In this work, all the loading tests were carried out five months after concrete preparation.

2.3. Testing procedure

A series of 527 uniaxial compressive tests was carried out under a load control protocol,

following the procedure recommended by the regulation NF EN 12390-3 [7]. As the samples were



very different in size, two load-control uniaxial compression machines (of different stiffness and
loading capacity), complying with the standard NF EN 12390-4 [27], were used. Machine A (Fig.
2¢) with a capacity of 3000kN was used for the three larger sample sizes (70x140-mm; 110x220-
mm and 160x320-mm cylinders). The stiffness of this machine is 2.9 times stiffer than that of the
largest samples. For the remaining size (40x80mm-samples), the uniaxial compression tests were
conducted with machine B (Fig. 2d). This machine has a capacity of 300kN and its stiffness is 3.5
times larger than the stiffness of the small samples. Consequently, the compression machines used
in this work are stiff enough to perform reliable strength measurements on our samples. In addition,
these two machines have also been verified and certified by the French Accreditation Committee
(COFRACQ), i.e. are suited for standardized tests.

A constant stress rate of 0.5MPa/s, corresponding to a strain rate ranging from 2.4x10%/s to
3.2x107/s was applied on the concrete samples placed between two steel-hardened platens of the
compression machine until the specimen failed. Loads were continuously measured by the load cell
positioned at the top platen (see Fig. 2¢) and directly transmitted to the data acquisition system.
When the load fell below 50% of the peak load, loading was automatically stopped. While the
bottom steel platen was fixed, the top one could rotate. This enables the upper platen to adjust to the
geometrical imperfections of the specimens.

During loading, the load (F) and the axial displacement (§) were continuously monitored and
recorded at a 5 Hz frequency. The axial displacement of the bottom platen (&) was measured by
one Linear Variable Differential Transducer (LVDT) attached on the frame of the machine.
However, when a concrete specimen is loaded, both the specimen and the machine deform. As a
result, the measured displacement (&) is larger than the true axial shortening of the specimen (Agp).
By using a calibration test on an Aluminum sample of known elastic modulus, the elastic
deformation of the loading frame was determined as a function of the applied load. The associated

displacement was then eliminated from the axial displacement (&) to obtain Ag,,.



3. Density and Moisture content of hardened concrete

As a multiphase heterogeneous material, the response of concrete to applied stress is a result of
complex interactions and is affected by various factors [28]. According to [1], these factors can be
classified into four categories: (1) characteristics and proportions of materials, (2) curing conditions,
(3) loading parameters, and (4) specimen parameters.

Within each concrete mixture, all the samples were produced from the same mix proportion as
well as using the same casting and curing process (section 2.2). As an identical loading protocol
was applied for all the tests (section 2.3), we can neglect the influence of the loading parameters on
compressive strength. Regarding specimen parameters, this includes the sample size, and geometry,
the microstructural characteristics, the density and the moisture state of hardened concrete
[1,29,30]. As all our cylindrical concrete samples were prepared with a constant of height/diameter
ratio (h/¢ = 2), the effect of specimen geometry is thus ignored in this study. The effect of sample
size on the compressive strength will be discussed in section 4. The microstructural characteristics
of our concretes (including porosity) have been already detailed elsewhere [15]. We characterize in
the appendix the pore structure related to air voids, which plays a major role on size effects on
strength (see section 6.2). In the section below, we examine the density and moisture state of our
hardened concrete samples, which are potentially affected by the curing conditions [1,2]. The

influences of sample size and microstructure on these properties are also described.

3.1. Density

Before each loading test, the dimensions and the weight of the sample were measured. An
average diameter, ¢, was computed from six measures (two for each end of sample and two in the
middle of the sample length). The average length, h, was obtained from three measurements.
Following the standard NF EN 12390-7 [31], the apparent density, p, of the hardened concrete

sample is simply given by:



pP=v (2)

2
where m is the mass of the concrete sample and V the apparent volume (V =h %)

Fig. 3a shows the mean density and its standard deviation for all concrete samples. It is observed
that: (i) for a given concrete mixture, the mean apparent densities and the associated standard
deviations are similar for all sample sizes. In other words, there is no significant sample size effect
on density; (ii) there is a clear correlation between the apparent density and the aggregate gradation
(F-, M- and C-concretes) (see Fig. 3a and Table 1), with an increasing density when increasing the
aggregate size, as expected; and (iii) the apparent densities range from 2180kg/m> to 2400kg/m°, i.e.
all our concrete samples comply with the definition of normal-weight concrete [1-4]. Point (i)
shows that the size effects on strength discussed below in section 4 cannot result from a size effect

on density, as this characteristics is size-independent in our samples.

3.2. Moisture content

In hardened concrete, water is present in various states: (i) chemically bounded water within the
hydration products, (ii) adsorbed or physically bounded water in gel pores (gel water), and (ii1) free
water in capillary pores (capillary water) [32]. These different types of water content control the
moisture state inside hardened concrete samples and have a considerable effect on the mechanical
properties of concrete [1,2,33]. In general, the moisture content, which depends on the
microstructural characteristics of the material and environmental conditions such as temperature,
relative humidity, and air velocity [1], is used to quantitatively characterize the moisture state of
concrete.

In this study, the moisture content, w., of the concrete samples was investigated from the
following procedure:

1- Right after loading, 10 deformed concrete samples were collected for each sample size and each

concrete mixture, and weighted. This weight is noted m,;



2- The deformed concrete samples were kept in a drying oven at (105+5)°C for a minimum duration of
3 days, according to the regulation NF EN 12390-7 [31]. After this 3-days period, the mass of each
dried specimens was measured every 2 hours. When no significant change of the mass was detected
over three consecutive measurements, the sample was considered as totally dry and its weight called
m,; This procedure was done on samples collected affer loading, as the moisture content (and so, in
particular, such drying procedure) is known to play a significant role on strength.

3- The moisture content of the hardened concrete sample is defined as the mass ratio of water to solid

phases in the sample [34], : w, = mima) o 100%

mp

The mean value and standard deviation of moisture contents for all concrete samples are
displayed in Fig. 3b. For a given concrete group, no significant sample size dependence can be
observed. In contrast with the density (see Fig. 3a), the largest moistures are observed for the F-
concrete (see Fig. 3b and Table 1). The moisture content is generally affected by the environmental
humidity, the cement content and the porosity of the hardened cement paste [1]. In our case, all
loading tests were performed on the concrete samples during a short period (an average of 50
loading tests per day). Hence, the environmental conditions can be considered similar for all
samples of each concrete group. The F-concrete was prepared with the largest water to cement ratio
in the mix (see Table 1). This is the main reason to explain why the F-concrete samples show the
highest moisture content.

Compressive strength is known to increase with decreasing moisture in hardened concrete
[2,35]. However, owing to the low moisture contents (< 5.5%) observed in our concrete samples
(see Table 1), this factor is not expecting to play a significant role on strength in this study [2,33]. In
addition, the size-independence of density and moisture content demonstrates that at the time of
loading tests, all concrete samples of a given concrete mixture were in a stable moisture state after a
long period of curing (5 months). In other words, this enables us to conclude that all loading tests

for a given concrete mixture were performed under similar initial conditions. Consequently, the size
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effects on strength discussed below in section 4 must result from some other reasons, and cannot be

affected by the density or the moisture content of our samples.

4. Size effects on compressive strength

The compressive strength of concrete (of) is defined as the maximum stress that the concrete
sample can withstand [1,6,7], hence is calculated by dividing the maximum load, F,,,,, carried by
the concrete specimen during the test by the average cross-sectional area (05 = 4Fpqx /mtp?). Fig. 4
shows the histograms and the corresponding fits to a normal distribution for the compressive
strength of our concrete samples. Low values of both the skewness and the kurtosis of the
distributions (see Table 2) demonstrate that the compressive strength of our concretes is distributed
according to Gaussian statistics. For each individual distribution (fixed sample size and concrete
mixture), we also performed Shapiro-Wilk tests with ¢ = 0.01 and found that the assumption of
Gaussian statistics was never rejected.

For a specific concrete mixture and each sample size, the mean value and the standard deviation
of the compressive strength were calculated from about 44 tested samples. These values are

summarized in Table 2. We observe that both the mean compressive strength, (af), and the

associated variability, S(Jf), decrease with increasing sample diameter (¢ ) (see Fig. 4) and
increasing aggregate size. This is the signature of the size effects on strength mentioned in the
introduction.

An energetic, deterministic approach has been proposed to explain size effects on strength in
quasi-brittle materials like concrete [8,36]. It is related to stress redistribution and associated energy
release within a fracture process zone (FPZ), before macroscopic failure. In this framework, size
effects on strength ensue when the FPZ becomes non-negligible compared with the structure size.
By construction, such a deterministic approach cannot deal with statistical properties such as

strength variability, or the probability of failure under a given stress, while these concepts are
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essential in the definition of the characteristic strength (see Eq. (1)). The statistical approach
proposed here is fundamentally different. For a more detailed comparison between them, see [15].

The simplest statistical theory of failure is based on the weakest-link hypothesis [37,38], which
assumes that microfracturing and damage events do not interact during the rupture process.
Recently, we have demonstrated the inadequacy of this assumption [15], hence the inability of the
weakest-link theory to describe these external size effects on the compressive failure and strength of
heterogeneous materials such as rocks, concrete, etc. Instead, this failure process can be interpreted
as a critical phase transition from an intact to a failed state [16]. This is based on an analogy with a
generic physical framework for such a critical transition, the so-called depinning transition of an
elastic interface moving against a field of obstacles (e.g. [39,40]). In the case of concrete, the
critical nature of compressive failure was investigated and confirmed from an acoustic emission
(AE) survey of damage and microfracturing [19].

In this framework, finite-size effects on strength arise when the correlation length between
microfracturing events, which grows during loading, starts interacting with the (finite) sample size

as approaching failure. This gives rise to the finite-size scaling laws for the mean value of the

compressive strength, (or), and its standard deviation, § (af) as follows [16,41]:

(07) = 00 X (i)l/ +om G)
5(0y) = 00 (LL—S)U )

where Vg is the finite-size exponent. The mean-field (material-independent) prediction [39] for
this exponent is vpg = 1. The length scales L,, and L5 are material constants, which are related to
the characteristics of the microstructural disorder [15,16]. In this context, o, iS a non-vanishing
asymptotic strength for a system of infinite size (L — +). Eq. (3) resembles the scaling laws for
the mean strength proposed by Bazant [8,12] and Carpinteri [42]. However, it is noteworthy that, in

the case of the Bazant’s approach, the exponent is a free (empirical) parameter extracted by fitting
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the experimental data (see reviews in [8,11,43]), while our physical approach gives a theoretical
prediction for vgg. The approach of Bazant is based on a “deterministic” energetic size effect and
that of Carpinteri is based on geometrical arguments of a fracture surface at the ultimate load, while
our approach, based on a statistical physics framework (the critical depinning transition), is fully
different. It is noteworthy that both previous approaches, by construction, do not give any
prediction for the size effects on the associated strength variability, while our approach does (see
Eq. (4)). The comparison of our approach with these two previous works was further detailed in a
recent paper [15].

A remarkable agreement between Eq. (3) and numerous published data on the mean
compressive strength of various materials such as rocks, ice, coal, and concrete, argued for this
critical interpretation of compressive failure of heterogeneous materials [16]. In order to describe
the size effects on the compressive strength for our concretes, this critical interpretation was also
applied in [15]. Once again, a full agreement between the finite-size scaling predictions (Eq. (3) and
Eq. (4)) and the compressive strength data was achieved, regardless of the concrete mixture. For

each concrete mixture, the asymptotic strength o, and the length scales L,, s were extracted from
the best fits of the scaling on the mean compressive strength (o) (Eq. (3)) and the standard
deviation & (af) (Eq. (4)), using vpg = 1 (see [15] for more details). The values of g, and of the
length scales L,, s for our three concrete mixtures are recalled in Table 3. While the length scales
L., s strongly vary the concrete mix, the asymptotic strength appears almost independent of the
material. In [15], we also reported that the pore structure of the material, rather than the aggregate
content, plays a significant role on size effects on the compressive strength of concrete, i.e. the
length scales L,, s are linked to the characteristics of the pore structure in hardened concrete
samples.

In [19], from a campaign of acoustic emission (AE) measurements carried out on our concrete
samples during loading (30 tests), the critical nature of compressive failure process was analyzed

and confirmed. In particular, this AE analysis gave an experimental value of vpg = 1.1 £ 0.2, very
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close to the theoretical value. Consequently, using vgs = 1, the values of L,, reported in Table 3,
and taking L = ¢ in Eq. (3), we obtain a remarkable fit of the mean strength scaling (Eq. (3)) for all
the concrete samples (see Fig. 5a). A material-independent value of g, = 36.9MPa is obtained
from the linear fit on a [(af) vs. (¢/L,)~ "FS] plot (see the inset graph of Fig. 5a). Taking this
asymptotic strength value g, as well as the values of Lg reported in Table 3, we also obtain an
excellent agreement between the scaling prediction for the standard deviation (Eq. (4)) and our
experimental data (all sample sizes and all concrete mixtures) (see Fig. 5b). This last point shows
that our framework adequately takes into account various sources of strength variability, including
the internal microstructure, moisture content variability (see section 3.2), as well as the effect of
different batches (see section 2.2).

Fig. 5 reveals that, when a structure is of size L much larger than its microstructural disorder
related scale L, (i) the mean compressive strength (or) is not affected by either the concrete mix or
the pore structure; (ii) the mean strength {(os) is close to the asymptotic strength o, while the
associated variability & (af) is low. In other words, the asymptotic compressive strength (o) can
be safely estimated from the mean compressive strength of concrete samples whose the size (L) is

large enough to neglect the effect of the pore structure (L,,).

5. Extension to published datasets

The size effects on the compressive strength (af) of our concretes were found to be in
remarkable agreement with finite-size scaling predictions for both the mean value (Eq. (3)) and its
standard deviation (Eq. (4)). In order to further validate our approach, we analyze below different
experimental data coming from the literature. We focus (i) on strength datasets obtained from
cylindrical samples with a height-to-diameter ratio h/¢ = 2 similar to our conditions, and (ii) on
the size effect on the mean strength {(of), as the limited number of independent tests in these
previous works did not allow an analysis of strength variability. Because the qualities of the

aggregates in these previous studies as well as their W /C ratios are different from our study, a
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comparison of the asymptotic strength (o) is not possible. In addition, as the microstructural
characteristics of the concretes, and particularly the pore content, were not detailed in these
references, the role of these heterogeneities on compressive strength is not examined.

The first example considered refers to the tests carried out by Dehestani et al. [44] on cylindrical
samples of self-consolidating concrete (SCC) under uniaxial compressive loading. In their work,
three different concrete mixes were fabricated using three different W /C ratios, but with a fixed
maximum aggregate size of 12.5 mm and a cement proportion of 400 kg/m>. Cylindrical specimen
diameters were 50, 75, 100, and 150 mm. The experimental results are summarized in Table 4.
Using v = 1, Eq. (3) well describes the size effect on compressive strength for these three SCC
mixes (see Fig. 6a, b, ¢). A similar agreement is obtained for another strength data of normal-weight
concrete provided by Muciaccia et al. [13], reported in Table 4 and Fig. 6d (same range of W /C
ratio). The corresponding asymptotic strength (0,,) and length scale (L,,,) for each of these four
concrete mixtures were obtained from non-linear fits (Eq. (3)) and summarized in Table 4. As
shown in this table, the L,, value for the three SSC groups M;, M,, M5 varies with the W /C ratio,
while the maximum aggregate size (dg) was kept constant. This is consistent with our previous
observations presented in section 4, confirming that the size effect on compressive strength of
concrete is not controlled by the aggregate size. As already mentioned above, the asymptotic
strengths (o,,) reported in Table 4 are not constant and significantly different from our results. (see
Table 3). This could be explained by different W/C ratio and the use of high range water-reducing
(HRWR) admixture type superplasticizer during the casting of the SSC groups (see Table 4 and Fig.
6a, b, c). The main task of using a superplasticizer is to increase the fluidity of concrete by
dispersing cement particles in paste without adding excess water [45—47]. For a given cement
content, the use of superplasticizer enables to achieve a high concrete strength and durability due to
the reduced amount of free water (low W /C ratio) in the mixture [45,48,49]. In the work of
Dehestani et al. [44], the three SSC mixtures were prepared with three different weight percentages

of HRWR and three different W /C ratios while keeping constant the cement content (400kg/m?) for
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all mixes. This could lead to a different nature of the binder matrix which caused the different
values of asymptotic strength for the three SSC groups. For the results provided by Muciaccia et al.
[13], a comparison of the asymptotic strength is not possible as well because the quality of
aggregates as well as the W /C ratio are different.

The second example considered is the size effect on the compressive strength of concrete
observed by Sim et al. [50]. From their data, we considered here only three different concrete
mixtures (named A43-0, S47-100, and N55-100) for which they performed mechanical test with the
largest range of cylindrical sample sizes (¢ = 50,100, 150,250, 300,350,400 mm) and with an
aspect ratio of h/¢ = 2. In accordance with ACI 213R-03 [51], mixtures A43-0, S47-100 and N55-
100 are classified following their densities (p) as lightweight concrete, mortar and normal-weight
concrete, respectively. The details of these concrete mixes are summarized in Table 5. The A43-0
concrete mix used expanded clay granule as the aggregate, while the N55-100 mix used granite
(coarse aggregate) and natural sand (fine aggregate) for casting. As the nature and the quality of the
aggregates in the mixture are different from our work and previously detailed studies, a comparison
of the asymptotic strength (g,,) is not possible. However, the maximum coarse aggregate size was
fixed at 19 mm for both mixtures. Only natural sand with a maximum size of 5 mm was used to cast
the S47-100 mixture. The size effect on mean compressive strength and the corresponding best-fit
following Eq. (3) with vpg = 1 for the three experimental strength data are shown in Fig. 7a, b, c.
The agreement with the scaling prediction (Eq. (3)) is remarkable. The corresponding o,, — and
L,, — values for these three concrete mixtures are presented in Table 5. We confirm an excellent
collapse of all data (all sample sizes, all concrete mixtures) on a [{os) vs. (L/ L,,)~Y/VFs] plot (Fig.
7d), in full agreement with our previous results (Fig. 5a). A corresponding asymptotic strength of
O = 28.0 + 0.6 (MPa) is obtained for these three concrete mixtures. This confirms that (i) the
asymptotic strength g, is not affected by the concrete mixture if using the same nature of
aggregates for casting; and (ii) all the three concrete mixtures were batched for the same target

concrete grade. As mentioned by Sim et al. [50] “The targeted compressive strength of all ready-
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mixed concrete batches was 35 MPa”, meaning that, according to the EN 1992 regulation [3], the
characteristic compressive strength for all three considered mixtures is f.; = fom — 8 = 27MPa.
This f. -value is close to the asymptotic strength o, extracted from the non-linear fits of
experimental data (see Fig. 7d). In other words, the asymptotic strength o, can be regarded as the
characteristic strength f,; of concrete. This observation will be discussed further in section 6.

The last example is offered by the experimental campaign of Blanks and McNamara [52] on
large concrete cylinders. In their work, different concrete mixtures obtained by varying the
maximum aggregate size (dg) were tested for various sizes with a constant aspect ratio (h/¢ = 2).
We consider here only three concrete mixtures named B-8, B-9 and B-10 as they were associated
with the widest range of sample size. Details on the mix proportions, specimen sizes and the
corresponding 28-days mean compressive strength {(o5) can be found in [52]. Fig. 8 shows the best-
fitted finite-size scaling (Eq. (3), taking vgs = 1) for the mean compressive strength of the three
considered concrete mixtures. The values of the asymptotic strength o, as well as the length scale
L,, for the three considered concrete mixtures, obtained from non-linear fits of Eq. (3), are
presented in Table 6. We observe that the scaling prediction (3) is in remarkable agreement with the
published experimental data of [52]. Using vy = 1 and the values of L,, in Table 6, we plot all
strength data on a [(af) vs.(L/Ly)~ Y "FS] plot. As shown in Fig. 8d, a good collapse of all data (all
sample size, all considered concrete mixtures) is obtained, with an asymptotic strength g, =
22.4 + 0.3 (MPa) independent of the concrete mixture. These observations, are consistent with our
results (see section 4) and validate our theoretical framework.

Overall, the analysis of these previously published datasets is fully consistent with our results

detailed in section 4, validating further our theoretical framework.

6. Characteristic compressive strength of concrete

Concrete design codes evaluate the characteristic compressive strength from subtracting the
strength variability from the mean compressive strength obtained from a set of tested concrete
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specimens with a unique size (see Eq. (1)). However, due to the sample size effects on both the
mean value and the associated variability of compressive strength (see section 4), this traditional
estimation necessarily leads to size effects on the characteristic compressive strength f., as
estimated from Eq. (1). This questions the concept of characteristic strength itself, which should be
representative of the material only and independent of external size. In this section, we show that
the asymptotic strength, deduced from the external size effects towards the limit L — +oo,
represents the genuine characteristic strength of concrete. We also propose some recommendations
to determine accurately this asymptotic strength as well as to check the conformity of concrete with

strength requirements.

6.1. Asymptotic versus characteristic compressive strength

Owing to the vanishing strength variability for a system of infinite size (L - +o0), the
asymptotic strength o, (see Eq. (3)) can be considered as the genuine characteristic strength of
concrete to be used to design large scale structures. However, as mentioned in section 1, the
characteristic strength is instead classically calculated from the mean value and the standard
deviation of compressive strength from the relation (1). In EN 1992 [3], the characteristic strength
(fx) is defined as that strength value below which only 5% of the compression tests are expected to
fall. This corresponds to A = 1.645 in Eq. (1) (see Fig. 9). In ACI 318 [5], the tolerance is larger
(10%), corresponding to A = 1.34 (see Fig. 9).

Hence, from the mean strengths (o5) and standard deviations § (af) reported in Table 2, we can
compute the characteristic strengths for each concrete mixture and sample size, as defined by the
EN 1992 and the ACI 318 codes, using respectively A = 1.645 and A = 1.34 in Eq. (1).

Fig. 10 shows that the so-defined “characteristic” strength (i) differs for the three different
concrete mixtures, and, more surprisingly, (ii) is sample size dependent. If point (i) could be
expected at first glance, it results in our case only from different finite size effects for our three

concretes (different L,,-values), as the asymptotic strength o, is essentially independent of the
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concrete mix for the three materials prepared for this study (see Fig. 5). It is worth noting that this
does not mean that g,, = 36.9 MPa would be a characteristic strength for all types of concrete. As
already discussed in [15], the value of g, will be of course different if we change the nature of
either the fresh or hardened states of concrete (e.g. changing the type of aggregate or adding some
kinds of concrete admixtures). This is illustrated by the fact that the asymptotic strength obtained
for our concretes (Table 3), for the work of Sim et al. [50] (Table 5), or that of Blanks and
McNamara [52] (Table 6), are significantly different, while essentially independent of the aggregate
content within each of these studies.

Point (i1) strongly challenges the classical definition of the “characteristic” strength, which
should be a size-independent material characteristic. This is in full contrast with our definition of
the asymptotic strength o, which is, by construction, sample size independent. The differences of
the f, values for the three concretes and different sample sizes obtained by applying Eq. (1) from
our strength dataset are actually the perfect illustration of the limitation of the classical
methodology used to determine the characteristic strength. In addition, we note that for most of the
F-concrete and M-concrete dataset (one material, one sample size) the characteristic strength (f)
calculated from the structural design codes are larger than the asymptotic strength g, while an
opposite result is observed for the C-concrete. This illustrates that the use of classical structural
design codes and small concrete samples can lead to unreliable estimations of the asymptotic
strength, relevant for large scale structures. These classical methods give sometimes unsafe
estimations (e.g. F-and M-concretes) (see Fig. 10a and b), or occasionally too conservative ones (C-
concrete) (see Fig. 10c).

In most structural design codes, 150x300mm cylindrical samples [3,5,6] (or 160x320mm in
France [7]) are used as a standard to determine the characteristic compressive strength. Here, even
though the 160x320-mm samples provide the values of the characteristic strength that are the
closest to 0, the accuracy of the estimation of g, depends on the confidence level chosen (i.e. the

constant A in Eq. (1)), as well as on the concrete mix. Taking f.,,, = (o¢), s = 5(O'f), vis =1, a
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combination of Eq. (3) and Eq. (4) with Eq. (1) yields the following scaling for the characteristic
strength (f.;.):

Fo = Gup X (%) + o, )

where L; = L, — ALs. Considering the corresponding strength o, for each concrete mixture
(Table 3), Eq. (5) fits well the f,; values for all concrete mixtures, and for both the EN 1992 [3]
and ACI 318 [5] design codes (Fig. 10). For a given concrete mixture, the minimum sample size
(Lpin) that would allow a correct estimation of the asymptotic strength (0., + 0.010,,) while using
classical design codes are reported in Table 3. These sample sizes are always larger than 160mm
and depend on the concrete mixture as well as the constant A, i.e. on the code. In some cases, e.g. F-

concrete, to perform compression tests on samples large enough to give a correct estimate of g,

N
mm?2

would require an unusually large loading capacity for laboratory testing (e.g., 37.5 X

2
(n X 8947 )mm2 ~ 24 x 10°N for F-concrete with the ACI 318 code).

This raises important problems while trying to estimate a reliable characteristic strength of
concrete for large scales structural design from classical codes and a unique series of tests with a
single sample size. To avoid sample size effects on strength, the sample size L should be much
larger than L,,, which itself depends on the microstructural characteristics (i.e. pore structure) of the
hardened concrete.

On the other hand, the asymptotic strength (o) could be approximately determined by the
mean strength (oy) of samples whose the size (L) is much larger than the characteristic size of the
pore structure (L,,) (see Fig. 5a and section 4). Based on this idea, some recommendations for
predicting the genuine characteristic strength of concrete, o,,, are presented in the following

section.
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6.2. Recommendations for the determination of the asymptotic compressive strength

As discussed above, the form of the finite-size scaling laws for both the mean strength (Eq. (3)),

with a non-vanishing asymptotic strength (05,), and the associated variability (§(o)) vanishing at

large scales, implies that o, can be considered as the genuine characteristic strength (f.x) of

concrete. We have also stressed that using a single concrete sample size for laboratory testing leads

to different estimations of the characteristic strength from classical codes. Therefore, performing a

series of compression tests with different sample sizes is highly recommended to reliably estimate

the characteristic (asymptotic) compressive strength of concrete. We suggest below an experimental

procedure:

1-

Prepare cylindrical concrete samples with a length-to-diameter ratio of 2 and at least four different
sizes. This condition is required to perform a good fit of the finite-size scaling laws (Eq. (3) and Eq.
(4)) to the data in order to estimate the length scales L,, and Ls as well as the asymptotic strength
0. The number of test specimens in each size should be as large as possible, and not less than 30
specimens, following the standard ACI 318 [5].

The diameter of the smallest concrete cylinders should be at least 3 times the nominal maximum size
of the coarse aggregate, following the regulations ASTM C31 [53], NF EN 206-1 [4] and NF EN
12390-1 [54]. This condition allows to reduce the “wall effect” that might happen when the
maximum aggregate size is large relatively to the size of the mold, and to ensure the quality of the
compaction procedure and the uniformity of the aggregate distribution in the samples.

The largest sample size should be as large as possible depending on the laboratory loading capacity.
However, it should not be less than 160mm.

All the concrete samples must be cast, cured and tested under the same conditions.

Using vgg = 1 in Eq. (3), the asymptotic strength (0, ) is determined by a linear regression in a
[{gF) vs. L™1] graph. The pertinence of the finite-size scaling can then be checked by plotting the

strength variability §(o) as a function of L™ (see Eq. (4)).

A crucial advantage of such experimental program is that it provides a well-defined value of the

characteristic (asymptotic) compressive strength of concrete which is no more affected by the

21



sample size or the chosen A-value. However, this requires a larger number of tests with samples of
different sizes, making this procedure lengthy and costly. To circumvent this problem, a simple

analysis of the pore structure of the concrete can be performed (see Appendix A). Indeed, Eq. (3)
implies that the asymptotic strength will be correctly estimated from {oy) if LT’" « 0.

In [15], we have shown that the length scale L,, mainly depends on the intrinsic characteristic of
the pore structure (air voids) in the hardened concrete. Fig. 11 shows the positive correlation
between Ly, and the the maximum pore diameter (dp 4y ) times the porosity (po in (%)). A good

linear regression (R? = 0.85) is obtained:

p
L, =70x (ﬁ x dp,max) (6)

This suggests an acceptance criterion for the minimum sample size with respect to the pore

structure characteristics. Combining Eq. (3) with vpg = 1 and Eq. (6), this condition reads:

L> 0.7 x (pokx dp,max) (7)

where k can be seen as the acceptance constant, corresponding to the expected deviation of the
average strength (o) from the asymptotic strength o,,. For example, to determine the characteristic
asymptotic strength of C-concrete with an acceptance constant of k = 5%, using the values of p,,
and dp, yqx reported in Table A.1, the minimum sample size required is L = 120mm. This means
that the mean compressive strength obtained on cylindrical samples with a diameter larger 120-mm
can be regarded as an estimation of the characteristic strength of C-concrete with a confidence level
0of 95%. On the other hand, with the same acceptance constant k, samples with a diameter of at
least 464mm would be needed to determine the characteristic strength of F-concrete. Although the
asymptotic strength g, is similar for the three different concrete mixtures (see Table 3 and Fig. 5),
the sample size required for its estimation with the same accuracy, from a single series of tests,
strongly varies with the material. This is another illustration of the role of the internal pore structure

on the size effects on strength, while its impact on the asymptotic strength appears limited in our
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low-porosity concretes [15]. Consequently, if one uses only one sample size to estimate the

characteristic strength of the material from laboratory testing, the sample size criterion (Eq. (7))

should be taken into account.

Quality control during construction is required to check the conformity of concrete to the

strength requirements posed at the design stage. Usually, the acceptance strength criterion is derived

from the characteristic strength determined from standard procedures [3], without paying attention

to sample size effects or to the internal pore structure. However, based on the above discussion, we

argue that, besides the strength criterion, an additional condition on the sample size for laboratory

tests should be examined for the final acceptance decision. Hence, we propose the following step-

by-step checking procedure:

1-

Assign the strength grade of concrete (f,), specified at the design stage, to the asymptotic strength
(04) of the considered concrete.

Obtain the mean value {(o5) and the standard deviation § (af) of the compressive strength of the
considered concrete from a series of at least 30 compression tests carried out on sample cylinders of
diameter L.

Perform an image analysis of internal sections on virgin concrete samples to estimate the porosity
(p,) and the pore maximum diameter (dp,max) (see Appendix A). A minimum of three sections
including one vertical and two horizontal sections (see Fig. A.la) for each sample are
recommended. In the case of concrete samples fabricated from different batches, one sample in each
batch has to be selected and analyzed. Note that other methods and techniques can be used
alternatively to determine the porosity and the pore size distribution of concrete or of other cement
based materials, such as the fluid displacement method [55], mercury intrusion porosimetry (MIP)
[56-61], capillary condensation measurement [61,62], and back scattered electron microscopy [63—
67]. All these methods can be used to determine the porosity.

Calculate the minimum required average strength (f;,,,-) of the considered concrete at the sample size

L from the equations (3) and (6) with vpg = 1, based on the values of the required asymptotic
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strength, g4, (step 1), of the porosity, p, (step 3) and of the pore maximum diameter, dp, 4y (Step 3),

yielding:

0.7 X X d
fmr = 0w (poL p,max) +1 (8)

where the porosity p, is expressed in %.

5- Compare the experimental mean strength (of) (obtained at the step 2) with the minimum required
average strength f,, (calculated by using Eq. (8)). If (of) = f;,r, We can state that the examined
concrete complies with the strength requirements.

We note that the relation between the length scale L,, and the characteristics of the pore structure
(Fig. 11) has only been validated for our low-porosity concrete. It is doubtful that it would hold for
large porosity concretes, for which the pore structure is much more complex (non-spherical,
interconnected pores) and the direct impact of porosity on strength is strong ([57,68-70]).
Therefore, the above procedure should be applied only for normal-weight concretes with a total
porosity of less than 10%. In addition, a smaller sample size L implies a larger “correcting factor” k
in the relation (7) as well as a larger strength variability §(o) at this size. We therefore recommend
using cylindrical samples with a diameter larger than 110mm.

Two examples illustrating the application of the above procedure are presented below.

Application examples

1. In the first example (Table 7), we check the conformity of our three concrete mixtures with the
strength class C35/45 expressed in EN 1992 [3]. The values of parameters obtained for the 160x320-
mm samples are used for this example. As shown in Table 7, all of the three concrete mixtures have
an experimental mean compressive strength (o) larger than the minimum required average strength
fmr calculated by using Eq. (8). Therefore, we can conclude that these three mixtures comply with
the strength requirements for the strength class C35/45. In this example, the C-mixture provides the
closest mean strength value to the required value of strength class C35/45 in comparison with the
other mixtures. This means that a coarser concrete mixture, having a lower porosity in its hardened

form, will comply better the targeted characteristic strength than finer mixtures.
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For the second example (Table 8), based on the original data of the C-160x320mm samples (Case 1),
two additional cases are considered after changing either the value of porosity (Case 2) or the value
of the mean compressive strength (Case 3). As the results presented in Table 8, the two last cases do
not comply with the strength requirement for the strength class C35/45. Although Case 2 has the
same mean strength for 160x320mm samples as experimental Case 1, the strength requirement is not
satisfied for Case 2, owing to a larger porosity. This results from the fact that a larger porosity means
stronger size effects on strength, hence a larger value of the minimum average strength required at a
fixed sample size. The production of normal-weight concrete with a porosity as small as possible is
an important goal to achieve a good quality of concrete as well as to be able to correctly estimate the
asymptotic strength for laboratory samples. Case 3, characterized by an unchanged porosity but a
smaller mean strength than Case 1, also fails the strength requirement. This illustrates the fact that

both the strength and the sample size criteria must be examined for the acceptance decision.

7. Conclusion

In this paper, from an experimental study of the statistical size effects on the compressive

strength of concrete as well as an analysis of published strength data: we (i) discussed the definition

of the characteristic compressive strength of concrete when size effects on strength are taken into

account; and (i1) proposed to revise the procedures to estimate this characteristic strength and to

check the conformity of concrete to the strength requirements defined at the design stage. The

following main conclusions can be drawn:

1.

The observed size effects on both the mean compressive strength and the standard deviation
of our concretes can be rationalized from finite-size effects associated with an interpretation
of the compressive failure of concrete as a critical transition. This implies that a very large
system system (L — +o0) has a non-vanishing strength (g, > 0) but its strength variability
vanishes (5(af) - 0).

Owing to these vanishing intrinsic fluctuations of strength at large scales (6 (af)L_)m - 0),

the asymptotic strength (0,,) can be considered as the genuine characteristic compressive
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strength of concrete. Therefore, an experimental study conducted on a series of at least four
different sample sizes is strongly recommended to allow an accurate determination of the
size effects on strength, hence of the characteristic compressive strength of concrete.

For low-porosity concretes, the pore structure of the hardened concrete samples plays a key
role in controlling the size effects on strength but does not have a significant impact on the
asymptotic compressive strength. A concrete with a lower porosity will be less affected by
size effects on compressive strength than a concrete with a larger porosity. Another
important consequence is that, if one wants to estimate the characteristic (asymptotic)
strength of the material from a series of tests with a single sample size, a condition on this
size with respect to the characteristic scale of the pore structure should be fulfilled.

This characteristic scale of the pore structure in a hardened concrete sample can be estimated
from the product of the maximum pore diameter and the total porosity. In order to determine
these two parameters, we proposed a simple image analysis procedure on internal sections of
concrete samples, but other techniques can be used to measure these parameters. This
procedure was tested so far only on a limited number of different concrete mixtures. An
extension of this work to other concrete materials with various microstructures would be

necessary to refine this estimation.
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Appendix A. Characterization of the pore structure

The strength of concrete can be significantly affected by the volume of all pores: capillary pores,
gel pores and air voids (entrained and entrapped air voids) [2,61]. Hence, the porosity and size
distribution of pores must be quantified [71]. Mehta and Monteiro [1] noted that “entrapped and
entrained air voids in the hydrated cement paste are much bigger than the capillary voids, and are
capable of adversely affecting the strength”. Actually, there is no consensus on the role of the
capillary pores of the hardened concrete on compressive strength (e.g. [72—74]). In addition, due to
their small sizes (ranging from 0.5nm to 1um), gel and capillary pores are hard to detect by optical
methods. Thus, we just focus here on air voids (referred as pores in the following). In the present
work, an image analysis procedure was used to characterize the pore structure of our undamaged
concrete samples based on the procedure presented in [75,76].

First, one sample was selected for each size and each concrete mixture (for a total 12 samples
used for this image analysis) and then cut into four pieces (see Fig. A.1a). To remove any scratching
on the sample surfaces due to the sawing process, the surfaces were ground flat using hand pressure
on a water-cooler wheel topped with more and more grit size of metal-bonded diamond plates [75].
Then, these surfaces were polished by using successively finer grit resin-bonded diamond plates to
remove any striations from the grinding materials (see Fig. A.1b). After that, the sample surfaces
were treated to enhance the contrast between pores and other components (aggregates, cement
paste). This was done by filling the depressions with a calcium carbonate paste.

After this preparation, the sample surfaces were scanned by a flatbed scanner at a resolution of
1200dpi (equivalent to 21.17um/pixel). Thanks to the white color of the calcium carbonate paste,
the pores were easily distinguished from the solid phases (aggregates and hardened cement paste)
after applying a manual contrast enhancement (Fig. A.1c) and thresholding (Fig. A.1d). Fig. A.2

illustrates a comparison of the pore structures for three different concrete mixtures.
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Whereas gel and capillary voids are irregular in shape, air voids are generally spherical-like
[1,2]. This is consistent with the cross-sections of Fig. A.2. Therefore, to obtain the three-
dimensional (3D) pore size distribution, a stereological 2D—3D conversion method for a
polydispersed system of spheres [77,78] was applied in this work. From the binary image of pores
(Fig. A.2), the cross-sectional areas of individual pores were calculated and classified into n size
(diameter) intervals. A value of n =14 was chosen to obtain a large enough number of pores in each
interval. We noted (N4); the number of pores per unit area in each size interval i. The
corresponding diameter range for the i*" interval is [dp, x 10701072, g x 10701E"D] where
dpm 1s the largest 2D diameter of an equivalent circular pore. Following the Saltykov’s method
[77,78], we assumed that the largest 2D pore areas correspond to the largest spheres. It means that
the diameter of the largest 2D pore area is equal to that of the largest 3D spherical pore in the
sample volume. Smaller 2D areas of diameter (d,); can result from cutting the spheres having a
diameter (d,); larger than or equal to (d,);. Then, from the geometric probability distribution of

the distances from a random cutting plane to the centers of spheres, we obtain the expression:

k

1
(W) = 75 ) @il (A1)

i=j

where the j’s refer to sphere diameters and the i's refer to area diameters; i and j are integer
values from 1 to n, and n is equal to the total number of diameter class intervals; (N,,) j 1s the
number of spherical pores per unit volume in the diameter class j; (d,); is the diameter of the
largest areas observed on the cutting plane, this diameter depends on the number of size class
intervals, and corresponds to the sphere diameter class j; Y.;(N,); ; represents the number per unit
area of pore diameter class (d,,);, which can be obtained from spheres of different diameter (d,) ;;
a; is the coefficient corresponding to the area’s diameter class (d);, this coefficient can be

obtained from the probability of a cutting plane intersecting a sphere of diameter (d,); to yield
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areas of diameter (d,);. Using the values of the coefficients a; given in [77-79], the 3D pore size
distribution was determined for each concrete sample.

Fig. A.3 presents the (cumulative) probability distribution of pore sizes for different concrete
samples. We observe: (i) an absence of sample size effect on the pore size distribution for a given
type of concrete; (ii) that the pore size distributions have a power law shape, P(> dp)~dp_“, with
an exponent « slightly varying with the material (see Fig. A.3).

From these distributions, the average diameter and the total porosity were estimated and
reported in Table A.1 for the different concrete samples. We note that the number of pore per m3,
the mean as well as the maximum pore diameter, and the total porosity, all decrease with increasing
aggregate size (see Fig. A.2 and Table A.1). In this study, the maximum pore diameter, d;, 1, , Was
calculated by averaging the values of d,, ,, of all four different sections (Fig. A.la) of a given size,
and of all sections and samples (whatever the size) of a given concrete mixture.

The presence of pores in hardened concrete is related to the water and cement contents of the
mix. Larger cement and water contents imply a larger ability for holding the free water in the
hardened cement paste after the hydration process, hence more air voids (pores) in the hardened
concrete [1]. This explains why the F-concrete, which has the largest water-to-cement ratio, shows
the largest pore sizes and porosity (see Table A.1) as well as the largest moisture. When large
enough, porosity is known to directly impact the compressive strength of concrete [57,68—70].
However, as the porosity of our samples always remained below 5% (Table A.1), it did not impact

significantly the asymptotic strength (o) of our materials (see Table 3).
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Table captions

Table 1. Mixture proportions for 1m3 of concrete, density and moisture content

Concrete  Water Cement W/C Sand Medium Coarse Maximum Finesse Density, Moisture
mixture (kg) (kg) (kg) aggregate aggregate  aggregate size, modulus p (kg/m?) content,
(kg) (kg) dy (mm) we (%)
Mean SD Mean SD
F 225 450 0.50 1350 0 0 3.15 3.24 2184.0 205 53 04
195 335 0.58 800 1065 0 16 6.95 23914 147 3.2 0.2
C 195 335 0.58 800 0 1065 25 9.21 2403.8 182 32 0.3
Table 2. Compressive strength of concrete samples

Concrete Specimen size, Compressive strength, o7 (MPa)

group ¢ X h (mm x mm) Mean  SD Skewness Kurtosis

40x80 564 7.9 -0.21 -0.74

70x140 497 53 0.08 -0.88

f 110x220 443 24 -0.12 0.06

160x320 419 24 0.29 -0.94

40x80 496 6.2 0.31 -0.73

70x140 452 42 -0.58 -0.64

M 110x220 419 1.9 0.04 -0.62

160x320 392 1.8 -0.14 -0.66

40x80 39.5 4.6 0.47 -0.27

70x140 400 63 -0.05 -0.86

¢ 110x220 37.1 2.7 -0.35 -0.66

160x320 36.7 14 -0.59 -0.05
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Table 3. Finite-size scaling parameters (Eq. (3) and (4)) (after [15]), and estimated parameters of the
characteristic strength expressed according to EN-1992 and ACI 318.

Finite-size scaling EN 1992 ACI 318

Concrete 5 " (vpa) L, (mm) Ls (mm) L; Linin L; Linin

mixture (mm) (mm)
Mean SD Mean SD Mean SD Mean SD Mean SD

F 37.5 42 205 04 88 0.2 63 20 631.0 9.0 1.7 897.0

M 36.7 4.5 144 0.6 7.0 0.2 3.1 25 305.0 52 25 517.0

C 36.2 59 4.1 25 6.9 0.8 7.1 6.2 319.0 -5.0 4.7 224.0

Table 4. Concrete mixture proportions, sample sizes and mean compressive strengths for the three concrete
mixtures (M1, M2, M3) of the experiments presented by Dehestani et al. [44], and for the mixture R2 of
Muciaccia et al. [13].

Concrete mix data Cylinders Mean compressive Asymptotic strength, L., (mm)
(h/dp =2) strength, 0, (MPa)
(of) (MPa)
Mixture code W/C d o (Mm) ¢ (mm) Mean SD Mean SD
50 513
75 51.0
M1? 0.35 12.5 43.7 8.6 9.6 6.4
100 48.1
150 45.6
50 41.7
75 369
M22 0.39 12.5 29.7 3.1 19.7 9.7
100 35.5
150 339
50 28.4
75 26.5
M3 0.43 12.5 22.1 1.5 14.6 5.8
100 25.5
150 24.0
100 54.4
200 45.7
R2P 0.41 20.0 250 138 90.5 37.6
400 37.0
800 22.8

@ Self-Consolidating Concrete (SCC) mixture;
b Normal-weight concrete mixture.
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Table 5. Concrete mixture proportions, sample sizes and mean compressive strengths for the three concrete
mixes (A43-0, S47-100, N55-100) of the experiments reported by Sim et al. [50].

Concrete mix data Cylinders Mean compressive Asymptotic strength, L,, (mm)
(h/¢p = 2) strength, (6¢) (MPa) 0, (MPa)
nMoit);tion“ W/C  d;uar (mm) l‘))e(nksgij}c';nS) ¢ (mm) Mean SD Mean SD
50 50.9
100 43.6
150 394
A43-0 043 19 1661 250 33.1 27.6 4.1 46.2 230
300 30.2
350 30.0
400 28.6
50 50.7
100 434
150 37.8
S47-100 047 5 1920 250 33.0 28.6 2.7 413 141
300 322
350 314
400 30.0
50 49.9
100 40.5
150 355
N55-100 055 19 2314 250 33.8 279 1,6 40.5 8.9
300 30.8
350 309
400 29.8

@ In the concrete mix notation, the first part indicates the type of concrete (A: lightweight concrete; S: mortar; N: normal-weight
concrete), while the second and third parts give the water-to-cement ratio and replacement sand. For example, A43-0 indicates an all-
lightweight concrete mix with W /C = 0.43 and do not use natural sand for casting.
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Table 6. Concrete mixture proportions, specimen sizes and mean compressive strengths for the experiments
reported by Blanks and McNamara [52].

Concrete mix data Cylinders Compressive strength, Asymptotic strength, L, (mm)
(h/$ = 2) (o) (MPa) 7 (MIP2)
No. W/C  dyax (mm) ¢ (mm) Mean SD Mean SD
152.4 27.92
203.2 25.72
304.8 24.75
B-8 0.53 38.10 21.8 1.3 40.1 52
457.2 22.89
609.6 23.44
914.4 23.30
50.8 27.99
76.2 27.72
152.4 25.86
B-9 0.55 19.05 203.2 23.92 22.5 1.4 145 21
304.8 23.30
457.2 23.17
609.6 22.13
50.8 29.03
76.2 27.10
152.4 24.48
B-10 054 9.52 22.9 0.8 138 1.3
203.2 24.89
304.8 24.34
457.2 23.03
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Table 7. Example of application of the proposed procedure for checking the conformity of concrete with the

strength requirement for our three concrete mixtures.

Parameter F-concrete M-concrete C-concrete
Compressive strength class C35/45 0w = fex = 35 MPa

Mean compressive strength (MPa) (oy) 41.9 39.2 36.7
Sample size (mm) L 160 160 160
Porosity (%) Po 4.8 1.6 1.5
Maximum pore diameter (mm) dpmax 6.9 6.7 54
?ﬁr}l}l;lum required average strength! P 0,7(p0 >z dym ax) 1 101 36.6 6.2
Acceptance condition (07) = finr passed passed passed

! The porosity p, expressed in %.

Table 8. Example of application of the proposed procedure for checking the conformity of concrete with the

strength requirement for three assumed cases of C-concrete.

Parameter Case 1 Case 2 Case 3
Compressive strength class C35/45 O = for = 35 MPa

Mean compressive strength (MPa) (oy) 36.7 36.7 35.7
Sample size (mm) L 160 160 160
Porosity (%) Do 1.5 3.5 1.5
Maximum pore diameter (mm) dpmax 5.4 54 54
?ﬁrlij;lum required average strength! P 0_7(p0 idp'max) 1 362 370 360
Acceptance condition (07) = finr passed failed failed

! The porosity p, expressed in %.
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Table A.1. Pore structure parameters, averaged over all sections and sample sizes, for the 3 different concrete

mixtures.
Mean pore diameter, Maximum pore diameter, . o

Concrete (d,) (mm) .y max (M) Porosity, p, (*)
group

Mean SD Mean SD Mean SD
F 0.33 0.24 6.9 1.8 4.8 1.2
M 0.31 0.21 6.7 1.2 1.6 0.4
C 0.28 0.20 54 1.3 1.5 0.3
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Fig. 2. Concrete specimens and testing setup: (a) Geometries of the four different sizes of concrete
specimens; (b) Cross sections of the three different concrete mixtures; (c) Uniaxial compression testing setup
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(Machine A); (d) Uniaxial compression testing setup (Machine B).
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Fig. 6. Finite-size effect on the uniaxial compressive strength (experimental data): for three self-
consolidating concrete (SSC) mixtures (a) M1, (b) M2, and (c) M3 in ref. [44]; and (d) for normal-weight
concrete mixture (R2) in ref. [13]. Main graphs show the relationship between (of) and the sample diameter

(¢). Black symbols are the published experimental data. Red curves are the fits by using Eq. (3) for the

mean strength with vpg = 1. Insets show the same data and fits on [(af) vs. (¢p)~1/VFs] plots where the fits

by Eq. (3) are the straight lines. The best-fit asymptotic strength o, and the associated length scale L,,, for
each concrete group are listed in Table 4.
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Fig. 7. Finite-size effect on the mean compressive strength for three different concrete mixtures of ref. [50]:
(a) A43-0; (b) S47-100; (c) N55-100. Main graphs show the mean compressive strength, (o) as a function of

sample diameter (¢p). Black symbols are the experimental data reported by [50]. Red curves are the fitting by

Eq. (3). Insets show the same data and fits in a [(O'f) vs.p~Y "FS] graph. In this smaller graph, the fitting by
Eq. (3) becomes a straight line and the asymptotic strength g, is determined. In (d), the collapse of all data
for all concrete mix with a common asymptotic strength (o, = 28.0 £+ 0.6) is shown.
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Fig. 8. Finite-size effect on the mean compressive strength for: (a) B-8; (b) B-9; (c) B-10 concrete mixtures
of ref. [52]. Main graphs show the mean compressive strength, (of) as a function of specimen size. Black
symbols are the experimental data reported by [52]. Red curves are the fitting by Eq. (3). Insets show the
same data and fits in a [(O'f) vs.qb_l/"FS] graph. In this smaller graph, the fitting by Eq. (3) becomes a
straight line and the asymptotic strength g, is determined. In (d), the collapse of all data for all concrete mix

with a common asymptotic strength (oo, = 22.4 £+ 0.3) is shown.
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Fig. 10. Comparison between the asymptotic strength, o, (dashed black line), determined form the finite-
size scaling of the mean strength (Eq. (3)), and the estimated values of the characteristic strength, f,x,
following the Eurocode 2 (filled symbols) and ACI-318 (open symbols): (a) F-concrete; (b) M-concrete and
(c) C-concretes. The red and blue curves are the fits by Eq. (5) for the f, values of all concrete mixtures
according to the EN 1992 and ACI 318 design codes, respectively.
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Fig. A.1. Image analysis procedure of the pore structure: (a) cutting sections of the concrete sample; (b)
concrete sample surface after grinding and polishing; (c) scanned image of pores after the contrast
enhancement operation; (d) binary image of pores obtained after thresholding. (adapted from [15]).
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Fig. A.2. Comparison of the pore structure for three different concrete mixtures; (a) F-110x220mm; (b) M-
110x220mm; (¢) C-110x220mm. Top figures are the original scanned images and bottom figures are the
corresponding binary images of pores. (from [15]).
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Fig. A.3. Size distribution of pores per unit volume for different concrete samples. (a) F-concrete; (b) M-
concrete; (c) C-concrete and (d) All concrete samples.
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