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Abstract
The modulus of elasticity of a concrete depends on the elastic stiffness of both the cementitious matrix and the aggregate–ITZ 
system, which includes any slippage mechanisms under loading between the aggregate and the cementitious matrix within the 
interfacial transition zone (ITZ). A procedure is presented in this paper to estimate the elastic stiffness of an aggregate–ITZ 
system within a cementitious matrix, by considering the relative volumes and the porosities of the concrete components. 
The method was validated by determining the elastic stiffness of both the limestone–ITZ and the electric arc furnace slag 
(EAFS)–ITZ systems when embedded in a slag-based cementitious matrix. The greater stiffness of the EAFS–ITZ system 
in comparison with the natural aggregate system explained the higher strength and modulus of elasticity of the concrete 
following additions of EAFS. Moreover, having determined those parameters, the elastic moduli of concretes with a similar 
cementitious matrix could then be accurately estimated.

Keywords  Elastic stiffness · Aggregate–ITZ system · Concrete’s modulus of elasticity · Limestone aggregate · Electric arc 
furnace slag · Slag-based cementitious matrix

1  Introduction

When incremental compressive loading is applied to a con-
crete element, concrete exhibits an elastoplastic behavior 
around the downward axis of the load. Initially, a linear elas-
tic stress–strain behavior of the concrete is observed where 
the strain within the concrete is directly proportional to the 
stress that is applied to it. The proportionality constant is 
known as the modulus of elasticity [1]. When 55–60% of 
the compressive strength upon concrete failure is exceeded, 
the proportionality between the stress and the strain is pro-
gressively lost, and the material begins to exhibit a plastic 
behavior, characterized by the appearance of irreversible 
deformations in the stress–strain curve [2]. Unlike other 
materials, concrete presents no clear frontier between these 
two behavior zones [3].

A reasonable in-service safety margin for the structural 
design of a given concrete structure requires that its con-
crete components remain within the elastic zone [4]. Thus, 
the modulus of elasticity is a fundamental parameter for the 
structural design of concrete components, the accurate esti-
mation of which is highly relevant in this process [5].
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The modulus of elasticity of concrete is a complex prop-
erty, which depends on numerous factors. On the one hand, it 
depends on the curing conditions, since moist curing causes 
concrete to develop greater strength and elastic stiffness than 
when dry curing is conducted [6]. Therefore, the environ-
mental conditions during its placement in a real structure 
significantly affect its elastic stiffness [7]. Furthermore, the 
compaction process has to guarantee adequate homogeneity in 
the concrete mix when it is poured to obtain the desired elas-
tic-stiffness level [8]. On the other hand, its composition also 
plays a fundamental role, since, rather than homogeneous, the 
composition of a concrete composite, in the hardened state, 
basically consists of a cementitious matrix and various sorts 
of aggregate. Three key aspects related to its variable compo-
sition condition its elastic stiffness, which as a consequence 
yield a wide range of values for the modulus of elasticity:

•	 Composition (quality) of the cementitious matrix. The 
use of different types of binders or ultrafine aggregates 
will alter the modulus of elasticity [9]. The cementitious 
matrix is also defined by porosity, such that the greater 
its porosity, the more deformable the concrete [10].

•	 Type of aggregate. The testing of different rock speci-
mens has shown that each type of rock has a different 
modulus of elasticity [11, 12]. Clearly, therefore, the 
elastic deformability of each type of aggregate will also 
differ [13].

•	 Finally, the interfacial transition zone (ITZ). This is 
the zone of bonding between the aggregate and the 
cementitious matrix. Greater adherence between these 
two components will imply less slippage in these zones 
and, therefore, greater stiffness when loads are applied 
[14]. Adherence depends on the surface properties of the 
aggregate and the nature of the cementitious matrix [15].

The variability of the modulus of elasticity is already 
noticeable in concrete made with conventional materials [16], 
i.e., natural aggregate and standardized cement (EN 197-1 
[17]). The different properties of a cementitious matrix, such 
as binder type, porosity, admixtures, and ultrafine aggregate 
fractions, as well as the different characteristics of each aggre-
gate, which vary from one geographical location to another, 
cause notable variations in the modulus of elasticity [18]. 
In addition, the different compositions of each type of con-
crete (self-compacting concrete, high-performance concrete, 
vibrated concrete…) [19] condition both the volume of aggre-
gate added to a concrete mix and the properties and micro-
structure of the resulting cementitious matrix [20]; aspects 
that also affect the value of the global elasticity modulus of 
the concrete [1]. Due to the large number of factors that might 
affect the elasticity modulus of concrete [21], structural design 
standards include statistical formulas for its estimation, gener-
ally in relation to the compressive strength of the material [16, 

22]. These expressions are based on the statistical fitting of 
large volumes of experimental data.

The pursuit of greater sustainability in the construction 
sector has led to the widespread use of wastes and industrial 
by-products as substitutes for natural aggregates in concrete 
[23]. The alternative aggregates that can be used are very 
varied, though the most common are electric arc furnace 
slag (EAFS) [24], recycled concrete aggregate [20], glass 
[25], and rubber [26]. This practice has reduced the volume 
of aggregate extraction from quarries and gravel pits and as 
a result has lessened the environmental impact of extrac-
tive industries [27]. However, it has significantly hindered 
the prediction of the modulus of elasticity of concrete for 
two reasons. On the one hand, alternative aggregates cover 
a much wider range of stiffness values [1]. Moreover, the 
adherence of the above-mentioned alternative aggregates 
within cementitious matrices differs with respect to the 
adherence of the natural aggregates [28]. The use of alter-
native aggregates in all types of concrete has therefore meant 
that highly variable moduli of elasticity have been reported 
in the literature. Furthermore, the statistical formulae cited 
in international standards [16, 22] for the estimation of the 
modulus of elasticity of concrete are no longer valid [29] 
when these alternative aggregates are used.

The problem of variations in the modulus of elasticity 
of concrete has been addressed in various studies that have 
sought to estimate this mechanical property when a certain 
alternative aggregate is used [30]. The efforts of researchers 
have to date been limited to statistical studies in which pat-
terns have been observed of the effect of each type of alter-
native aggregate on the modulus of elasticity [31]. Again, 
this procedure relies on fitting a large amount of experimen-
tal data to theoretical predictions [1]. However, no procedure 
has been reported in the literature for estimating the elastic 
stiffness of the aggregate–ITZ system. The elasticity of the 
aggregate–ITZ system can be defined as the modulus of elas-
ticity of the aggregate suitably corrected by the slippage 
between the aggregate and the surrounding cementitious 
matrix when loading is applied [14]. The elastic stiffness 
of the aggregate–ITZ system therefore depends both on the 
type of aggregate and on its interaction with the surrounding 
cementitious matrix; adherence will not only differ when 
changing the aggregate type, but it will also differ when 
modifying the composition of the cementitious matrix [15].

Determining the elastic stiffness of the aggregate–ITZ sys-
tem will provide greater insight into the effect of using a par-
ticular type of aggregate on the modulus of elasticity of the 
resulting concrete. In addition, if the elastic stiffness of the 
aggregate–ITZ system is measured, then the elastic modulus of 
concretes with different proportions of aggregate and cemen-
titious matrix may theoretically be estimated. Furthermore, 
since the use of any type of alternative aggregate modifies the 
elastic stiffness of the aggregate–ITZ system, its use alters the 
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reaction of the aggregate to the volumetric contraction/dilata-
tion of the cementitious matrix [32]. Changes in the specific 
global volume variation of concrete (due to drying shrinkage, 
differential thermic dilatation, aggregate swelling…) when a 
type of alternative aggregate is added can be explained by the 
elastic stiffness of the aggregate–ITZ system [33].

In this paper, the intention is to propose a simple proce-
dure for estimating the elastic stiffness of the aggregate–ITZ 
system in a concrete mix, based on the dependence of the 
elastic stiffness of the cementitious matrix upon its poros-
ity, and the relative volumes of aggregate and cementitious 
matrix that compose the concrete. In addition, it is shown 
how this method can be used to estimate the modulus of 
elasticity of concrete mixtures containing the same aggre-
gates and cementitious matrices with the same composition. 
The study is complemented with the estimation of the elas-
tic stiffness of limestone–ITZ and EAFS–ITZ systems in a 
slag-based cementitious matrix, examples which serve as a 
validation of the method for estimating the elastic moduli of 
different types of concrete.

2 � Procedure for the determination 
of the elastic stiffness of an aggregate–ITZ 
system

2.1 � Estimation of the elastic stiffness 
of an aggregate–ITZ system

In principle, the cementitious matrix and the aggregate are 
randomly distributed within concrete (first hypothesis), as 

illustrated in Fig. 1a. Therefore, since each cross-section 
in the direction of load application will contain different 
percentages of aggregate and cementitious matrix (Fig. 1b), 
both materials may be subjected to different stresses when 
a load is applied (Fig. 1c). The applied load will, therefore, 
be distributed between both components in proportion to its 
area. Therefore, Eq. 1 is satisfied (Lc, load supported by the 
concrete; Lcm, load supported by the cementitious matrix; 
La-ITZ, load supported by the aggregate).

 
Transforming Eq.  1 in terms of stress yields Eq.  2 

(σc, stress within concrete; Ac, area of concrete; σcm, stress 
within cementitious matrix; Acm, area of cementitious matrix; 
σa-ITZ, stress within aggregate; Aa-ITZ, area of aggregate).

Dividing Eq. 2 by the concrete area (Ac) yields Eq. 3.

The ratios of the area of cementitious matrix or aggregate 
to the area of concrete correspond to the volumetric fraction 
or relative volume of each component in the concrete. In 
this statement, it is considered that the cross-sections with 
a larger aggregate area are compensated by those with a 
smaller aggregate area. Therefore, Eq. 3 can be expressed 
as Eq. 4 (Vcm, relative volume of cementitious matrix in con-
crete; Va-ITZ, relative volume of aggregate in concrete).

(1)L
c
= L

cm
+ L

a−ITZ .

(2)�
c
× A

c
= �

cm
× A

cm
+ �

a−ITZ × A
a−ITZ

(3)�
c
= �

cm
×
A
cm

A
c

+ �
a−ITZ ×

A
a−ITZ

A
c

.

Fig. 1   First hypothesis: a 
random distribution of aggre-
gate; b sections with varying 
proportions of aggregate and 
cementitious matrix; c stress 
distribution between aggregate 
and cementitious matrix in a 
representative section



	 Archives of Civil and Mechanical Engineering (2022) 22:59

1 3

59  Page 4 of 17

If Eq. 4 is divided by the concrete strain, Eq. 5 is obtained 
(εc strain of concrete).

On a large scale, concrete can be considered as a homoge-
neous material, i.e., if the concrete element is large enough, 
then even if it is composed of aggregate and cementitious 
matrix, the heterogeneity of its composition can be over-
looked (second hypothesis); a hypothesis that is illustrated in 
Fig. 2. It may, therefore, be proposed that both the aggregate 
and the cementitious matrix will experience the same strain. 
Equation 5 is thereby transformed into Eq. 6 (εcm, strain 
of the cementitious matrix; εa-ITZ, strain of the aggregate 
together with the slippage effect within the ITZ). It makes 
no sense to introduce the influence of the ITZ in terms of 
stress, but it does make sense in terms of strain when consid-
ering slippage between the aggregate and the cementitious 
matrix [14].

 
Considering the quotient between the stress that is 

applied and the induced a level of strain within any mate-
rial in the elastic field yields the modulus of elasticity of 
that material, Eq. 7 is obtained (EC, modulus of elasticity 
of concrete; Ecm, modulus of elasticity of the cementitious 
matrix; Ea-ITZ, modulus of elasticity of the aggregate–ITZ 
system).

(4)�
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× V

cm
+ �

a−ITZ × V
a−ITZ .

(5)
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c

�
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=
�
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× V
cm

+
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a−ITZ

�
a−ITZ

× V
a−ITZ .

Considering Eq. 7, it is possible to obtain the modulus 
of elasticity (elastic stiffness) of the aggregate–ITZ system 
by deduction, through Eq. 8:

This formulation is similar to one in the literature for 
the estimation of the modulus of elasticity of a material 
composed of a matrix and fibers when a load is applied in 
the direction of the fibers [34]. In principle, concrete is far 
from being a material with such characteristics, although 
the experimental results in Sect.  3 will show that this 
approximation is valid and acceptably accurate. A formu-
lation similar to that described, obtained by applying the 
principle of equivalent strains, could have been obtained 
by applying the principle of energy equivalence.

2.2 � Estimation of the modulus of elasticity 
of the cementitious matrix

According to the previous section, the modulus of elasticity 
of concrete, the relative volumes of aggregate plus ITZ and 
cementitious matrix within a concrete, and the modulus of 
elasticity of the cementitious matrix, must all be known, 
to estimate the elastic stiffness of the aggregate–ITZ sys-
tem. The modulus of elasticity of concrete can be experi-
mentally measured, for which purpose specific procedure 
may be found in the relevant standard (EN 12390-13 [17]). 
Alternatively, the relative volume of the aggregate–ITZ sys-
tem can be approximated using the volume of aggregates, 

(7)E
c
= E

cm
× V

cm
+ E

a−ITZ × V
a−ITZ .

(8)E
a−ITZ =

E
c
− E

cm
× V

cm

V
a−ITZ

.

Fig. 2   Second hypothesis: 
comparison of small-scale 
heterogeneity with large-scale 
homogeneity
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considering the small size (thickness) of the ITZ. Hence, 
the relative volumes of both the cementitious matrix and the 
aggregate can be easily determined from the composition of 
the concrete and the density of its components. The modulus 
of elasticity of the cementitious matrix is, therefore, all that 
remains to be determined.

It has been accepted since the mid-twentieth century 
that the compressive strength of a ceramic material con-
taining small-sized pores of variable morphology, such as 
the cementitious matrix of concrete, can be estimated by 
Eq. 9 [35]. In this equation, σ, is the compressive strength of 
the porous ceramic material; σ0, the strength of the ceramic 
material with null porosity; k, an exponential fit constant; P, 
the porosity of the ceramic material in volumetric unitary 
fraction.

This formulation is extended for estimating the modu-
lus of elasticity of a porous ceramic material, as shown in 
Eqs. 10 and 11. In this expression, E is the modulus of elas-
ticity of the porous ceramic material, and E0 is the modulus 
of elasticity of the ceramic material if of zero porosity.

Therefore, if the porosity of the cementitious matrix 
composing concrete is measured, for example, by mercury 
intrusion porosimetry (MIP) or water-absorption tests, at a 
constant vacuolar porosity (air content), and if the model 
of Eq. 10 is available (i.e., coefficients E0 and k are both 
known), it is possible to determine the modulus of elasticity 
of the cementitious matrix.

Two mortar mixtures of identical composition (and 
vacuolar porosity) to the cementitious matrix have to be 
designed. Subsequently, suitable specimens must be manu-
factured, their porosity and modulus of elasticity measured, 
and adjustments made to the model (Eq. 10), to determine 
the two adjustment coefficients, E0 and k. The two mortar 
mixtures that were designed must have a different capillary 
porosity for the adjustment to be possible, but they must also 
be of similar composition. The need to keep the composition 
of the cementitious matrices similar is not a matter of con-
trolling the water content, as the literature has indicated [35] 
and the authors of this research work have experimentally 
verified. Simplifying the problem, two mixtures of similar 
composition and different porosities may be obtained, simply 
by varying the amount of water added (all other components 
remaining constant), which in turn leads to the alteration 
of the capillary porosity of the mortar mixture. In realistic 
terms, more than two mixtures should be manufactured, the 

(9)� = �0 × e
−k×P.

(10)E = E0 × e
−k×P.

(11)ln
(

E
cm

)

= ln
(

E0

)

− k × P.

air content should be controlled, and a statistical adjustment 
should be performed. In this study, the authors present both 
the ideas and the methods as well as the principles that will 
be applied to more detailed experimentation.

2.3 � Estimation of the modulus of elasticity 
of concrete

Through the questions exposed in the former Sects. 2.1 and 
2.2, it is possible to determine the modulus of elasticity 
of the aggregate–ITZ system for a certain aggregate and a 
cementitious matrix of a specific composition. This value 
allows a precise understanding of the quality of the aggre-
gate as a component of concrete, considering its own min-
eral nature and the suitability of the ITZ associated with its 
interaction with the cementitious matrices.

Let us suppose that in a concrete with a certain cementi-
tious matrix and any type of aggregate, the elastic deform-
ability of the aggregate–ITZ system has been determined. 
With this value, Eq. 7 may be used to calculate the modulus 
of elasticity of a concrete with the same composition, but 
with a different water content. For instance, if its work-
ability should be modified, it would only be necessary to 
measure the capillary porosity of the cementitious matrix 
of this new concrete. A porosity level that could be used to 
determine the modulus of elasticity of the new cementitious 
matrix (Eq. 10) and, finally, the modulus of elasticity of 
the concrete. Equation 7 could also be used to calculate the 
elasticity modulus of concrete made with the same type of 
aggregate and a cementitious matrix of the same composi-
tion, but with differing proportions of both components (Vcm 
and Va-ITZ). In this case, the elastic stiffness of the cementi-
tious matrix should be calculated in the same way (Eq. 10).

The porosity of the cementitious matrix must be meas-
ured, to make the above-mentioned estimates. Neverthe-
less, it could be proposed that the porosity of a cementitious 
matrix is approximately equal to the volumetric fraction of 
the effective water (water not absorbed by the aggregate) 
[36]; hence, its modulus of elasticity could perhaps be 
directly estimated without measuring its porosity. The mod-
ulus of elasticity of a certain cementitious matrix when any 
water content is added could therefore be estimated by a lin-
ear interpolation on a logarithmic scale between the effective 
volumetric fractions of water (with respect to the volume of 
the cementitious matrix) and the moduli of elasticity of the 
mortar mixtures developed to fit the model of Eq. 10 (con-
stants E0 and k). Equation 12 can be used for this purpose, 
in which Xw,x is the effective-water volumetric fraction of 
the cementitious matrix whose modulus of elasticity, Ecm,x, 
is to be determined. Ecm,1 and Xw,1, respectively, represent 
the modulus of elasticity and the effective-water volumetric 
fraction of the mortar mix with the lowest porosity used to 
adjust the model of Eq. 10. Note that the water content of 
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the cementitious matrices discussed above can be changed, 
but the nature and the proportion of the other components 
must remain constant, since their modification would imply 
different E0 and k coefficients [35]. Additionally, note that 
the elastic stiffness of the aggregate–ITZ system, measured 
by Ea-ITZ, will be considered regardless of the water con-
tent of the concrete mixture and any eventual change in ITZ 
bonding behavior due to that variable [15]. This statement 
is not all together evident and will be further discussed in 
the following sections.

Finally, let us assume that an alternative aggregate has 
been used to produce a concrete, but that it has only been 
used in partial replacement of the natural aggregate. A mix-
ture that implies a concrete with two different aggregates, 
two different aggregate–ITZ systems, and, therefore, two 
different elasticities corresponding to both systems [29]. If 
the two hypotheses for obtaining Eq. 8 are considered valid, 
the modulus of elasticity of a concrete with two different 
aggregates may be calculated using Eq. 13; this expres-
sion can be extended to a number n of different aggregates 
(Eq. 14). The determination of the modulus of elasticity of 
the cementitious matrix could be estimated in accordance 
with the points indicated in the previous paragraph, although 
the calibration of the model to determine the elastic stiffness 
of the cementitious matrix (Eq. 10) and the elasticities of 
the aggregate–ITZ systems must have been performed on 

(12)E
cm,x = E

cm,1 × exp
(

−k ×
(

X
w,x − X

w,1

))

.

mixtures with a cementitious matrix of exactly the same 
composition, except for the water content.

2.4 � Overview

Figure 3 summarizes all the aspects addressed regarding 
the proposed procedure: calibration of the E0 and k coef-
ficients, determination of the modulus of elasticity of the 
cementitious matrix, calculation of the elastic stiffness of 
the aggregate–ITZ system, and the utility of this method for 
estimating the elastic modulus of concrete samples.

3 � Procedural application

The aim in this section is to show the usefulness of the 
procedure explained in the previous section. For this pur-
pose, first of all, the elastic stiffnesses of limestone–ITZ 
and EAFS–ITZ systems in a slag-based cementitious matrix 
were determined. Subsequently, the moduli of elasticity of 
two concrete mixtures were calculated on the basis of the 
elastic stiffnesses of the aggregate–ITZ systems that were 
obtained.

(13)
E
c
= E

cm
× V

cm
+ E

a−ITZ1 × V
a−ITZ1 + E

a−ITZ2 × V
a−ITZ2.

(14)
Ec = Ecm × Vcm + Ea−ITZ1 × Va−ITZ1

+ Ea−ITZ2 × Va−ITZ2 +⋯ + Ea−ITZn × Va−ITZn.

Fig. 3   Overview
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3.1 � Materials

The cementitious matrix of the cement-based mixes devel-
oped to analyze the validity of this procedure consisted of 
the following components:

•	 CEM III/B 32.5 N as per EN 197-1 [17]. This cement 
was characterized by a content of ground granulated 
blast furnace slag and Portland clinker in proportions 
of approximately 75% and 25%, respectively; its density 
was 2.97 Mg/m3. Although the validation of the proposed 
procedure could have been performed with any type of 
cement, a slag-based cement was initially chosen because 
it allowed the formation of a weaker cementitious matrix 
than ordinary Portland cement [37]. The effect of the 
substitution of limestone aggregate with EAFS on the 
elastic stiffness of the aggregate–ITZ system was deter-
mined more clearly with a low-strength cementitious 
matrix that showed the relevance of this value.

•	 Commercial limestone fines 0/1.18 mm, with a fineness 
modulus of 1.5 units, a density of 2.65 Mg/m3, a 24-h 
water absorption of 0.53%, and a calcite content higher 
than 95%. The use of this ultrafine fraction of aggre-
gate was due to the scarcity of fines of EAFS, which will 
reduce concrete workability [24].

•	 Water was supplied from the mains supply network 
of Burgos, a city located in northern Spain, where the 
research took place.

The concrete was manufactured with fine gravel 
(1.18/4 mm) and ordinary gravel (4/12 mm). Two different 
aggregate types were used:

•	 A commercial limestone aggregate with very similar 
physical properties to those of limestone fines 0/1.18 mm, 

as its density and 24-h water absorption were 2.67 Mg/
m3 and 0.46%, respectively. The coarse fraction showed a 
fineness modulus of 5.9 units, while the fineness modulus 
of the medium fraction was 4.0 units.

•	 EAFS, which had been exposed to the environment out-
side the laboratory for three months for adequate aging, 
thus improving the in-fresh behavior of concrete [37]. 
This aggregate had a density of 3.42 Mg/m3 and a 24-h 
water absorption of 0.62%. The fineness moduli of the 
coarse and the medium fractions were 5.7 and 3.9 units, 
respectively.

The particle sizes of all the aggregates are shown in 
Fig. 4. It can be seen that both limestone aggregate and 
EAFS had a similar gradation in both fractions (1.18/4 mm 
and 4/12 mm), so that the results obtained were widely com-
parable [38].

3.2 � Mix design and experimental tests

In all, 8 mixtures were designed to validate the proposed 
procedure:

•	 2 mortar mixes composed only of cementitious matri-
ces (CEM III/B and limestone fines 0/1.18 mm) labelled 
MM1 and MM2 (mortar mixes 1 and 2). The only dif-
ference between them was the water content (water-to-
cement ratios of 0.32 and 0.37, respectively), modified 
to obtain a different porosity [35]. These two mixes were 
used to calibrate the model that provided the modulus 
of elasticity of the cementitious matrix (Eq. 10), thus 
determining coefficients E0 and k.

•	 2 concrete mixes with limestone aggregate, labelled 
LCM1 and LCM2 (limestone concrete mixes 1 and 2). 
Both had the same composition, except for the water con-

Fig. 4   Gradation of the aggre-
gates
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tent, which was modified to verify that the porosity of the 
cementitious matrix had no effect on the elastic stiffness 
of the limestone–ITZ system. The composition of the 
cementitious matrix was the same as for mortar mixes 
MM1 and MM2.

•	 2 concrete mixes with EAFS, labelled SCM1 and SCM2 
(slag concrete mixes 1 and 2). Both were designed with 
the same composition as the limestone concrete mixes 
(same water content), substituting one aggregate for 
another by volume correction. The objective was to 
obtain a value of the modulus of elasticity of the EAFS–
ITZ system fully comparable with that of the limestone–
ITZ system in two mixes of different porosity.

•	 Finally, 2 concrete mixes with different proportions of 
aggregate (limestone and EAFS) and cementitious matrix 
were used to calculate their modulus of elasticity through 
the procedure that has been developed. These mixtures 
were labelled VM1 and VM2 (validation mixes 1 and 2). 
Mix VM1 was made with 50% limestone aggregate and 
50% EAFS and had a different proportion of cementitious 
matrix and aggregate than mixes LCM1, LCM2, SCM1, 
and SCM2. Mix VM2 was identical to mix VM1, except 
that it had 100% EAFS and no limestone aggregate.

In all the mixes, the ratio between the amounts of lime-
stone fines 0/1.18 mm and cement was equal to 2, so that 
the composition of the cementitious matrix was the same in 
all of them. The proportion of each component was defined 
according to the specifications of Eurocode 2 [16] to obtain 
a concrete consistency of class S3 (EN 206 [17]), seeking 
likewise a closer fit with the Fuller curve. Consistency class 
S3 was chosen because it is very common in commercial 
concrete production [39], although the value was irrelevant 
in this study. In fact, workability was not accurately meas-
ured in the mixes. Table 1 shows the composition of all these 
mixes, while Fig. 5 shows the overall gradation of the con-
crete mixes.

Regarding the mixing process, first, the aggregates were 
mixed for 1 min. Subsequently, cement and water were 
added, and the concrete was mixed for another 2 min. Twenty 
liters per mortar/concrete mix were produced. Once the 
mixing process had finished, six 100 × 200-mm cylindrical 
specimens were prepared for each mixture. The specimens 
were stored in a humid chamber (temperature of 20 ± 2 °C 
and humidity of 95 ± 5%) until the testing ages. The modulus 
of elasticity was tested (average of 4 specimens) at 7, 28, 90, 
and 180 days according to EN 12390-13 [17] and a 28-day 
compressive strength (average of 2 specimens) as per EN 
12390-3 [17]. After the compressive-strength tests, concrete 
fragments were taken to measure porosity by mercury intru-
sion porosimetry (MIP) in all the mixtures, except in the 
validation mixtures VM1 and VM2. There was no variation 
in the capillary porosity of the cementitious matrix with age 
after 7 days [40] so a single measurement was considered 
valid for all ages.

3.3 � Elastic stiffness of limestone–ITZ and EAFS–ITZ 
systems

3.3.1 � Coefficients E0 and k

The mechanical properties of mixes MM1 and MM2, as well 
as the results of the MIP tests, are shown in Table 2. Note 
that all experimental results may be assumed to be slightly 
imprecise, with their corresponding uncertainty. Figure 6 
shows the log-differential intrusion and cumulative intru-
sion of both mixtures.

As expected, an increased content of water was accom-
panied, at the same time, by a decrease in the compressive 
strength and the modulus of elasticity at all ages. These 
changes are explained by the increase in porosity, reflected 
in the MIP results [39]. In addition, the higher water content 
led to a larger proportion of smaller pore sizes, so that the 
log-differential intrusion curve of mix MM2 had a higher 
slope for pore sizes between 20 and 70 nm than mix MM1.

Table 1   Mix composition (kg 
per cubic meter)

Component MM1 MM2 LCM1 LCM2 SCM1 SCM2 VM1 VM2

CEM III/B 32.5 N 710 710 355 355 355 355 315 315
Water 225 260 110 130 110 130 100 100
Limestone fines 0/1.18 mm 1415 1415 710 710 710 710 630 630
Limestone 1.18/4 mm 0 0 550 550 0 0 310 0
Limestone 4/12 mm 0 0 760 760 0 0 425 0
EAFS 1.18/4 mm 0 0 0 0 710 710 400 800
EAFS 4/12 mm 0 0 0 0 980 980 550 1100
Fresh volume (m3) 1.00 1.06 1.00 1.03 1.00 1.03 1.00 1.00
Effective-water volumetric fraction 

(as per volume of cementitious 
matrix)

0.219 0.240 0.215 0.271 0.213 0.268 0.221 0.219
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From the experimental values of the modulus of elasticity 
at each age, Table 2, the coefficients E0 and k from Eq. 10 
can be calculated at each age, as shown in Table 3. The 
observed variations in Eo can be explained by the progres-
sive appearance of hydration products and the disappearance 
of non-hydrated binder, in such a way that the values were 
coherent with the classic values of elastic moduli in ionic-
covalent salts. Moreover, the more modest variations of the k 
value were consistent with the variations in mortar porosity 
throughout the 7-to-180-day test period.

With these coefficients, it would be possible to calculate 
the modulus of elasticity of the cementitious matrix at 7, 
28, 90, and 180 days simply by measuring its porosity. For 
example, the 28-day modulus of elasticity (Ecm,28), in GPa, 
for any value of porosity (P) could be calculated by Eq. 15, 
while the modulus of elasticity at 90 days (Ecm,90) could be 
obtained through Eq. 16.

(15)E
cm,28 = 108.26 × e

−11.62×P.

Nevertheless, Eq. 10 could be generalized by express-
ing the two coefficients, E0 and k, as functions of concrete 
age (t). To do so, a least-squares simple regression was per-
formed. Figure 7 shows the most accurate simple regres-
sion models for the coefficients of these cementitious-matrix 
mixtures after maximizing the coefficient R2. Thus, the 
modulus of elasticity of the cementitious matrix at any age 
(Ecm,t) could be calculated by Eq. 17. This formula could be 
expressed generically by Eq. 18, in which the coefficients 
A, B, C, and D could be calculated with a multiple regres-
sion. Equation 18 may, therefore, be considered valid for 
all cementitious matrices, regardless of their composition, 
assuming that a quasi-logarithmic/reciprocal development of 
the elastic stiffness over time is adequate for all binder types 
and their combinations [41].

Having fitted Eq. 18 by multiple regression to the experi-
mental data of mixtures MM1 and MM2, coefficients A, B, 
C, and D showed values of 6888.28, 1441.80, 0.085, and 
0.011. The coefficient R2 was equal to 0.9980. The difference 
between these coefficient values and those reported in Eq. 17 
is justified, because multiple regression provides a better 
fit, by simultaneously fitting all the data. Therefore, multi-
ple regression is always recommended in these situations. 
Equation 19 shows the resulting multiple regression model.

(16)E
cm,90 = 120.56 × e

−12.09×P.

(17)
E
cm,t =

�

√

2982.33 + 2520.45 × ln (t)
�

× e
−

�

1∕(0.082 + 0.081∕t)

�

×P
.

(18)E
cm,t =

�

√

A + B × ln (t)
�

× e
−

�

1∕(C + D∕t)

�

×P
.

Fig. 5   Joint gradation of the 
mixes

Table 2   Mechanical properties and MIP results of mixes MM1 and 
MM2

Property MM1 MM2

28-Day compressive strength (MPa) 39.8 ± 0.5 35.5 ± 0.6
7-Day modulus of elasticity (GPa) 25.1 ± 0.2 15.2 ± 0.3
28-Day modulus of elasticity (GPa) 27.8 ± 1.5 16.1 ± 0.5
90-Day modulus of elasticity (GPa) 29.3 ± 1.1 16.6 ± 0.3
180-Day modulus of elasticity (GPa) 30.4 ± 1.1 17.2 ± 0.2
Apparent density, MIP (Mg/m3) 2.34 2.31
Bulk density, MIP (Mg/m3) 2.06 1.93
Porosity, MIP (%) 11.7 16.4
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(19)
E
cm,t =

�

√

6888.28 + 1441.80 × ln (t)
�

× e
−

�

1∕(0.085 + 0.011∕t)

�

×P
.

3.3.2 � Limestone–ITZ system

The elastic stiffness of the limestone–ITZ system was deter-
mined using mixes LCM1 and LCM2. Each mix was pre-
pared with a different quantity of water and had a different 
porosity level, to evaluate the effect of porosity on this value. 
The mechanical properties of both mixtures are shown in 
Table 4, while Fig. 8 shows the graphs corresponding to the 
MIP tests.

The observed behavior of these mixtures was the same 
as in mixes MM1 and MM2: the increase in water con-
tent and porosity worsened the mechanical behavior [36]. 

Fig. 6   Log-differential intrusion and cumulative intrusion of mixes: a MM1; b MM2

Table 3   Coefficients E0 and k  Age E0 (GPa) k

7 days 87.46 10.67
28 days 108.26 11.62
90 days 120.56 12.09
180 days 125.54 12.12
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Once again, higher porosity implied a higher proportion of 
smaller pore sizes, as shown by the log-differential intrusion 
in Fig. 8. In general, pore size distributions similar to those 
of mixes MM1 and MM2 were foreseeable and expected; in 
mix LCM1, a surprising abundance of around-100-nm pores 
was detected, although this circumstance was neglected due 
to its low importance.

Since the porosity of these mixtures was explicitly meas-
ured, the modulus of elasticity of the cementitious matrix 
could be determined using Eq. 10 and the coefficients listed 
in Table 3. Equation 19 could also be used, in which these 
coefficients are adjusted as a function of the age of the con-
crete. Likewise, if the porosity was unknown, Eq. 12 could 
also be used. Regardless of the chosen option, the value 
of the elastic stiffness of the limestone–ITZ system can be 
determined by Eq. 8. It should therefore be considered that, 
in mix LCM1, the cementitious matrix represented 50.7% 
of the volume and the limestone aggregate, 49.3%. In mix 
LCM2, these proportions were 51.9% and 48.1%, respec-
tively, due to the higher water content. Table 5 shows the 
values of the elastic stiffness of the limestone–ITZ system 
for the cementitious matrix that was designed, calculated 
according to these three hypotheses at the different testing 
ages.

It can be observed that in both mixtures the elastic stiff-
ness of the limestone–ITZ system was similar at each age; so 
that the increase in the capillary porosity (amount of water) 
of the mixtures had no effect on this elastic property. The 
values calculated using Eq. 10 and Table 3 were the most 
accurate, and the estimation using Eq. 19 was reasonably 
precise (differences of around 0.2–0.5 GPa). The estimation 
using Eq. 12, in which the porosity of the mixture was not 
measured, underestimated this elastic stiffness by 0.5–1.5 
GPa, even though such a value can also be considered 
admissible.

Considering the most accurate values (Eq.  10 and 
Table 3), the elastic stiffness of the limestone–ITZ system 
of the mixes was 16.0 GPa at 7 days, 18.9 GPa at 28 days, 
20.2 GPa at 90 days, and 20.6 GPa at 180 days. As the elastic 
stiffness of the aggregate–ITZ system depends on the evolu-
tion of adherence between the cementitious matrix and the 
aggregate within the ITZ, this elastic property will increase 
over time. If this elastic stiffness is plotted as a function of 
time (age of the concrete) and a simple regression is per-
formed by maximizing the coefficient R2, a reciprocal fit can 
once again be seen (Fig. 9).

3.3.3 � EAFS–ITZ system

Mixes SCM1 and SCM2 were used to determine the elas-
tic stiffness of the EAFS–ITZ system. For this purpose, as 
with the concrete mixes containing limestone aggregate, the 
mechanical properties of the mixes were measured at differ-
ent ages and their porosity was measured by MIP. The results 
are shown in Table 6 and Fig. 10. The use of EAFS instead 
of limestone aggregate increased both the compressive 
strength and the modulus of elasticity at all ages, reflecting 
the results collected in the bibliography [42], although it also 
resulted in a small increase in the porosity of the cementi-
tious matrix, due to its poorer affinity with this aggregate, 
as likewise shown in the literature [43]. The effect of the 
increased water content was the same in the mixes made 
with limestone aggregate, in so far as it reduced the com-
pressive strength and modulus of elasticity.

Table 7 shows the elastic stiffness of the EAFS–ITZ 
system using the three procedures for the determination 
of this property in the limestone–ITZ system. As the com-
position of the concrete mixes made with limestone and 
EAFS was similar, because only one aggregate was sub-
stituted for the other by volume, the relative volumes of 
cementitious matrix and aggregate were the same as in 
mixes LCM1 and LCM2. Adopting the values obtained 
by Eq. 10 and the coefficients in Table 3, the elastic stiff-
ness of the EAFS–ITZ system in a slag-based cementitious 
matrix could be considered equal to 27.1 GPa at 7 days, 
33.0 GPa at 28 days, 34.3 GPa at 90 days, and 34.6 GPa at 

Fig. 7   Evolution of E0 and k over time

Table 4   Mechanical properties and MIP results of mixes LCM1 and 
LCM2

Property LCM1 LCM2

28-Day compressive strength (MPa) 25.8 ± 1.9 18.1 ± 0.7
7-Day modulus of elasticity (GPa) 20.8 ± 0.4 14.9 ± 0.4
28-Day modulus of elasticity (GPa) 23.8 ± 1.9 16.5 ± 0.5
90-Day modulus of elasticity (GPa) 25.0 ± 1.8 17.5 ± 0.2
180-Day modulus of elasticity (GPa) 25.6 ± 0.7 18.1 ± 0.3
Apparent density, MIP (Mg/m3) 2.48 2.26
Bulk density, MIP (Mg/m3) 2.19 1.88
Porosity, MIP (%) 11.5 17.4
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Fig. 8   Log-differential intrusion and cumulative intrusion of mixes: a LCM1; b LCM2

Table 5   Elastic stiffness of 
limestone–ITZ system (all 
values in GPa)

Age (days) LCM1 LCM2

Equation 10 
and Table 3

Equation 19 Equation 12 Equation 10 
and Table 3

Equation 19 Equation 12

Ecm Elim-ITZ Ecm Elim-ITZ Ecm Elim-ITZ Ecm Elim-ITZ Ecm Elim-ITZ Ecm Elim-ITZ

7 25.6 15.8 26.1 15.4 26.2 15.3 13.7 16.2 13.2 16.7 14.4 15.4
28 28.5 19.0 28.1 19.4 29.1 18.3 14.3 18.8 14.1 19.1 15.2 17.9
90 30.0 19.8 30.0 19.9 30.8 19.1 14.7 20.5 15.0 20.2 15.6 19.5
180 31.2 19.9 31.0 20.0 31.9 19.1 15.2 21.2 15.5 20.9 16.2 20.2
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180 days. As for the elastic stiffness of the limestone–ITZ 
system, the elastic stiffness of the EAFS–ITZ system 
increased over time according to a reciprocal model 
(Fig. 11).

A comparison of the elastic stiffness of both aggre-
gate–ITZ systems showed two relevant aspects:

•	 On the one hand, the elastic stiffness of the EAFS–
ITZ system was higher than that of the limestone–ITZ 
system. This effect was initially due to a higher elas-
tic stiffness of EAFS, but also to the better adherence 
developed between the cementitious matrix and the 
EAFS [37]. This higher elastic stiffness of the ITZ 
broadly explains the higher modulus of elasticity [42].

•	 The elastic stiffness of both systems increased over 
time, due to the strength development of the cementi-
tious matrix, which led to increased adhesion in the 
ITZ [14]. However, regardless of age, the elastic stiff-
ness of the limestone–ITZ system was equal to 60% 
of the elastic-stiffness of the EAFS–ITZ system. This 
constant ratio over time showed that ITZ quality mostly 
depended on the evolution of the elastic stiffness of the 
surrounding cementitious matrix and not on the aggre-
gate.

3.4 � Quick estimation of the modulus of elasticity 
of concrete

Two new mixes, VM1 and VM2, were prepared, to vali-
date the procedure developed for the determination of the 
elastic stiffness of the aggregate–ITZ system and to show 
the usefulness of this value for determining the elastic 
modulus of a concrete. Both concrete mixes had a cemen-
titious matrix of identical composition to the other mixes, 
but the proportions of matrix and aggregate were modified, 
and two different aggregates, limestone and EAFS, were 
used in VM1 (Table 1). Table 8 shows the experimentally 
measured moduli of elasticity of these mixtures at different 
ages, as well as their compressive strength. The values of 
these mechanical properties were in line with those of the 
concrete mixtures used to determine the elastic stiffness 
of the aggregate–ITZ systems.

Since the porosity was not measured in these concrete 
mixes, the modulus of elasticity of the cementitious matrix 
was determined on the basis of Eq. 12. The modulus of 
elasticity of the concrete was calculated through Eq. 14. 
Table 9 shows all the values and the results of this proce-
dure for both mixes: modulus of elasticity of the cementi-
tious matrix (Ecm); relative volumes of both the cementi-
tious matrix and each aggregate (Vcm, Vlim-ITZ, VEAFS–ITZ); 
and the modulus of elasticity of the concrete (Ec). Further-
more, the percentage deviation (D) regarding the experi-
mental value is also shown. It can be observed that the 
modulus of elasticity of the mixtures was overestimated 
at all ages, although this overestimation was only between 
1 and 7%, which is an acceptable value.

These results show the utility of the procedure for esti-
mating the elastic stiffness of the aggregate–ITZ system 
that has been discussed in this study. Moreover, they also 
reflect its capability to predict the modulus of elasticity of 
a concrete made with a specific cementitious matrix and 
aggregates the stiffness of which when embedded in the 
cementitious matrix is known.

3.5 � Limitations of the validation

In this section, the procedure proposed for the estimation of 
the elastic stiffness of the aggregate–ITZ system and, with it, 
of the modulus of elasticity of concrete, has been validated. 
The results obtained have been successful, but, neverthe-
less, two limitations must be considered, on which further 
research is needed:

•	 On the one hand, a traditional overall gradation of the 
aggregate has been considered, so that it was accurately 
adjusted to the Fuller curve. The modification of that gra-
dation would imply a modification of the contact surface 
between the aggregate and the cementitious matrix and, 

Fig. 9   Evolution of elastic stiffness limestone–ITZ system over time

Table 6   Mechanical properties and MIP results of mixes SCM1 and 
SCM2

Property SCM1 SCM2

28-Day compressive strength (MPa) 31.3 ± 1.7 22.9 ± 0.9
7-Day modulus of elasticity (GPa) 25.9 ± 0.8 18.9 ± 0.3
28-Day modulus of elasticity (GPa) 29.9 ± 1.2 22.2 ± 0.6
90-Day modulus of elasticity (GPa) 30.9 ± 1.8 23.2 ± 0.2
180-Day modulus of elasticity (GPa) 31.5 ± 0.5 23.7 ± 0.4
Apparent density, MIP (Mg/m3) 3.20 2.95
Bulk density, MIP (Mg/m3) 2.81 2.45
Porosity, MIP (%) 12.4 18.0



	 Archives of Civil and Mechanical Engineering (2022) 22:59

1 3

59  Page 14 of 17

Fig. 10   Log-differential intrusion and cumulative intrusion of mixes: a SCM1; b SCM2

Table 7   Elastic stiffness of EAFS–ITZ system (all values in GPa)

Age (days) SCM1 SCM2

Equation 10 and 
Table 3

Equation 19 Equation 12 Equation 10 and 
Table 3

Equation 19 Equation 12

Ecm EEAFS–ITZ Ecm EEAFS–ITZ Ecm EEAFS–ITZ Ecm EEAFS–ITZ Ecm EEAFS–ITZ Ecm EEAFS–ITZ

7 23.3 28.6 23.5 28.4 26.8 25.0 12.8 25.5 12.3 26.0 14.9 23.2
28 25.6 34.3 25.3 34.6 29.8 30.0 13.4 31.7 13.1 32.0 15.7 29.2
90 26.9 35.0 26.9 35.0 31.5 30.3 13.7 33.5 14.0 33.2 16.2 30.7
180 27.9 35.2 27.9 35.2 32.7 30.3 14.2 34.0 14.4 33.7 16.8 31.1
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therefore, a possible variation of the sliding level in the 
ITZ.

•	 Moreover, the validity of this procedure has been verified 
on 100 × 200-mm cylindrical specimens by producing 
twenty liters of concrete per mix. The quantity of con-
crete produced and the size of the specimens tested may 
affect the second hypothesis raised during the deduc-
tion of the formulas: the homogeneous composition of 
concrete on a large scale. Therefore, the validity of this 
procedure should be tested on smaller concrete volumes 
and specimens, as the large-scale homogeneity hypoth-
esis may undergo variations in those conditions.

Thus, according to the validation conducted, the proce-
dure described above is applicable to concrete with an over-
all gradation of the aggregate adjusted to the Fuller curve, by 

preparing at least a volume of twenty liters of concrete and 
using 100 × 200-mm standardized cylindrical specimens.

4 � Conclusions

A simple procedure to determine the elastic stiffness of 
aggregate–ITZ systems has been presented in this paper. It 
is a complex property that can be defined as the modulus of 
elasticity of the aggregate, suitably corrected for slippage 
that originates within the Interfacial Transition Zone (ITZ) 
between the aggregate and the cementitious matrix when 
loading is applied. From the application and validation of 
this procedure through the manufacturing of different con-
crete and mortar mixtures, the following conclusions can be 
drawn, considering that the composition of the cementitious 
matrix remains constant except for the water content:

•	 The modulus of elasticity of the cementitious matrix can 
be accurately estimated through the determination of its 
porosity (Eq. 10) using mercury intrusion porosimetry 
(MIP), an effective technique for porosity determination. 
However, if only the water content is modified, then the 
modulus of elasticity can also be reliably estimated by 
the effective-water volumetric fraction (Eq. 12).

•	 Knowing the modulus of elasticity of both the cemen-
titious matrix and the concrete, the elastic stiffness of 
the aggregate–ITZ system can be calculated from these 
values and the relative volumes of aggregate and cemen-
titious matrix (Eq. 8). To do so, it is first assumed that 
the load applied to concrete is distributed between the 
aggregate and the cementitious matrix proportionally to 
the area of each component. Second, concrete is consid-
ered to be a large-scale homogeneous material.

•	 If the modulus of elasticity of the cementitious matrix 
is known, as well as the elastic stiffness of all the aggre-
gate–ITZ systems within the concrete, the modulus of 
elasticity of the concrete may be estimated from these 
values and the relative volume of each component 
(Eq. 14).

Fig. 11   Evolution of the elastic stiffness of the EAFS–ITZ system 
over time

Table 8   Mechanical properties and MIP results of mixes SCM1 and 
SCM2

Property VM1 VM2

28-Day compressive strength (MPa) 27.4 ± 1.4 30.5 ± 1.1
7-Day modulus of elasticity (GPa) 21.9 ± 0.6 24.3 ± 0.8
28-Day modulus of elasticity (GPa) 24.8 ± 1.1 28.8 ± 0.7
90-Day modulus of elasticity (GPa) 26.5 ± 0.8 30.4 ± 0.6
180-Day modulus of elasticity (GPa) 27.9 ± 0.7 31.8 ± 0.7

Table 9   Estimation of the modulus of elasticity of mixes VM1 and VM2

Age (days) VM1 VM2

Ecm (GPa) Vcm Vlim-ITZ VEAFS–ITZ Ec (GPa) D(%) Ecm (GPa) Vcm VEAFS–ITZ Ec (GPa) D (%)

7 24.1 0.445 0.276 0.279 22.7 3.5 24.6 0.445 0.555 26.1 6.7
28 26.6 0.445 0.276 0.279 26.3 5.6 27.2 0.445 0.555 30.5 5.6
90 28.0 0.445 0.276 0.279 27.6 4.0 28.7 0.445 0.555 31.9 4.7
180 29.1 0.445 0.276 0.279 28.3 1.3 29.8 0.445 0.555 32.5 2.3



	 Archives of Civil and Mechanical Engineering (2022) 22:59

1 3

59  Page 16 of 17

The validation of the proposed procedure was performed 
by determining the elastic stiffness of the limestone–ITZ and 
EAFS–ITZ systems. Two aspects can be highlighted from 
the values that were obtained:

•	 The elastic stiffness of the EAFS–ITZ system was the 
highest, which resulted in a higher strength and stiffness 
of the concrete mixes made with this aggregate. This 
value may explain a large part of the effects of replacing 
conventional natural aggregate with this industrial by-
product.

•	 The bond between the aggregate and the cementitious 
matrix could vary depending on the type of aggregate 
added, but the increase of this bond over time was less 
dependent of this factor. For both limestone aggregate 
and EAFS, the increase in the elastic stiffness of the 
aggregate–ITZ system over time was the same, so the 
increase in adherence depended on the composition of 
the cementitious matrix.

The procedure described in this article, as well as its 
validation, can be extended to a wide range of aggregates 
and cementitious matrices of different composition. Nev-
ertheless, the research possibilities in this field are still 
very numerous. For example, the effect of admixtures on 
the porosity and modulus of elasticity of the cementitious 
matrix, or the validity of this procedure in concretes with 
special characteristics, such as self-compacting concrete or 
high-performance concrete, can be analyzed. Furthermore, 
the suitability of this procedure for other testing-specimen 
sizes or overall gradations of the aggregate could also be 
evaluated. Finally, the authors expect that the novel aspect 
of concrete addressed in this study and the procedure for its 
determination within such a broad range of application will 
be useful for studying the effects of the many alternative 
aggregates that are used in concrete today.
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