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Abstract: The sustainability concerns of concrete construction are focused both on the materials’
eco-efficiency and on the structures’ durability. The present work focuses on the characterization
of low cement concrete (LCC), regarding time-dependent and durability properties. LCC studies
which explore the influence of the formulation parameters, such as the W/C (water/cement ratio),
W/Ceq, (which represents the mass ratio between water and equivalent cement), W/B (water/binder)
ratio, and the reference curves, on the aforementioned properties are limited. Thus, several LCC
mixtures were formulated considering two dosages of binder powder, 350 and 250 kg/m3, the former
with very plastic consistency and the latter with dry consistency, which were combined with a
large spectrum of cement replacement rates (up to 70%), through adding fly ash and limestone
filler, and with different compactness levels. The main objectives were to study the influence of the
formulation parameters on the properties: shrinkage and creep, accelerated carbonation and water
absorption, by capillarity, and by immersion. The lifetime of structures produced with the studied
LCC was estimated, considering the durability performance, regarding the carbonation effect on
the possible corrosion of the steel reinforcement. LCC mixtures with reduced cement dosage and
high compactness, despite the high W/C ratios, have low shrinkage and those with higher strength
have reduced creep, however depending on W/Ceq ratio. Those mixtures can be formulated and
produced presenting good performance regarding carbonation resistance and, consequently, a long
lifetime, which is mandatory for a sustainable construction. LCC with 175 kg/m3 of cement dosage
is an example with higher lifetime than current concrete with 250 kg/m3 of cement; depending on
the XC exposure classes (corrosion induced by carbonation), the amount of cement can be reduced
between 37.5% and 42%, since the LCC with 175 kg/m3 of cement allows reducing the concrete cover
below the minimum recommended, ensuring simultaneously the required lifetime for current and
special structures.

Keywords: LCC; durability; carbonation resistance; creep; shrinkage; compactness; water/equivalent
cement ratio

1. Introduction

Considering the challenge of climate changes, decarbonization must be an industrial priority in
the construction sector, which has activities with a significant environmental impact, essentially due
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to the production of Portland cement. Current forecasts indicate an increase in cement consumption
worldwide from the current annual value of around 4.2 billion tons to about 5.2 billion tons by 2050 [1].
With the current cement production technology, an average of 850 kg of CO2 emissions are released
into the atmosphere for each ton of clinker produced [2]. Therefore, it is mandatory to develop new
approaches allowing the production of structures using eco-efficient concrete with improved durability.

One of the solutions to mitigate the environmental impact associated with the production of
the clinker, proposed by the European Cement Association (CEMBUREAU) in 2013 [3], is the use of
additions as cement replacement in concrete, preferably by-products from other industries. With this
measure, reductions of up to 3.5% of CO2 by 2030 and up to 8% by 2050 are expected. Associated with
this measure, it is equally important to congregate the mechanical, time-dependent and durability
properties, and the lifetime requirements of concrete structures. Currently, concerns about the durability
and long-term performance of concrete are obstacles that limit the use of some additions in many
applications. Water absorption, carbonation depth, shrinkage and creep performances are some of the
parameters that can be used as indicators of durability and long-term performance of concrete.

During the design phase of a concrete structure, the service life is established, corresponding to
the period during which it meets the requirements for safety, functionality, and aesthetics without
unforeseen maintenance costs [4]. These requirements are influenced not only by the mechanical and
time-dependent properties but also by the durability parameters. The durability of concrete is mostly
directly linked to its ability to resist the penetration of gases and substances that are present in the
environment. This ability depends mainly on the internal structure of the concrete, more on the binder
matrix and less on the normal aggregates used, because these are usually inert and have reduced open
porosity. Most reinforced concrete structures are usually designed to reach a service life of 50 and
100 years, mainly concerning the performance against corrosion of reinforcement steel.

Both durability and serviceability behaviors of reinforced concrete structures are influenced by
time-dependent properties, mainly shrinkage and creep. Creep results from the viscoelastic behavior
of concrete and corresponds to its deformation with age when subjected to constant stress level,
which starts after the elastic deformation originated by loading. Nevertheless, it can be analyzed
as basic creep (constitutive) and drying creep (depends on the concrete formulation, on curing
conditions and on dimensions of the elements). Those values are fundamental to predict the total creep
deformation. The increase of creep deformation is more accentuated soon after the load is applied
and it reduces with increasing age, although it tends to stabilize generally before one year of age [5–7].
The creep deformations of concrete occur essentially on the hydrated cementitious binder matrix,
in which the aggregates play an initial opposing role [5,7,8].

The type and dosage of cement and the water/binder ratio significantly affect the concrete creep [9],
but that relation is not linear since creep depends on the amount of hydrated binder on the matrix.
However, since those parameters, mainly the paste volume, have high influence on the strength of the
concrete matrix [10], the concrete compressive strength at the age of load application is an important
parameter, which indirectly includes the remainder [5,7]. The increase of creep is also influenced by
the following parameters [5,6,11,12]: younger age of load application, since the matrix maturity is
reduced; thermo-hygrometric curing conditions, especially higher temperature and lower relative
humidity; reduction of the cross-section, since the area exposed to drying is higher. The creep prediction
proposed by the main codes depends, directly or indirectly, on the mentioned factors. The evolution of
the creep coefficient, ϕ (t, t0)-Equation (1), over age t is predicted by Eurocode 2 (EC2) [13] and by
Model Code 2010 (MC10) [14], according to the following parameters: loading age (t0); type of cement;
cross-sectional dimensions; compressive strength of concrete (fcm); and thermo-hygrometric conditions
(relative humidity and temperature). The notional creep coefficient, ϕ0, is obtained from Equation (2)
and considers those parameters, being the evolution curve obtained from Equation (3).

ϕ(t, t0)= ϕ0·βc(t, t 0) (1)

ϕ0= ϕRH·β(f cm) ·β(t 0) (2)
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βc(t, t0) =

[
(t− t 0)

(βH+t− t0)

]0.3

(3)

The shrinkage deformation, εcs, or total shrinkage, is the dimensional variation mainly caused by
the combined effects of the drying shrinkage, εcd, and the autogenous shrinkage, εca. However, the sum
of drying and autogenous shrinkage values is a simplification, since both parameters are caused by the
reduction of the relative humidity (RH) of the concrete. Drying shrinkage occurs due to evaporation at
the concrete’s surface, while autogenous deformation is caused by partial emptying of the gel pores as
a consequence of cement hydration [15–17]. Nevertheless, for concrete with reduced cement dosage,
the major component is drying shrinkage, since autogenous component is very low. According to
EC2 [13] and MC10 [14], the evolution of εcd with age depends on the concrete strength, type of cement,
geometry, curing conditions and initial age of drying. In EC2, the evolution of εca with age depends
only on the concrete strength, while in MC10 it depends on both concrete strength and cement type.
The drying shrinkage component, εcd (t), can be estimated, according to EC2, using Equations (4)–(6).
In these, the estimated drying shrinkage, εcd,0, considers the most influent parameters mentioned
above and βds (t, ts) defines the shape of the shrinkage evolution curve.

εcd(t)= βds(t, t s)·kh·εcd,0 (4)

εcd,0= 0.85
[
(220 + 110 ·αds1)· exp

(
−αds2·

fcm

10

)]
·10−6

·βRH (5)

βds(t, ts) =
(t− ts)

(t− ts) + 0.04
√

h3
0

(6)

Shrinkage of concrete must be characterized or reliably predicted because, if excessive, it causes
undesired effects for reinforced and prestressed concrete elements, namely: (i) transversal cracking,
due to the restriction of reinforcement, compromising strength and durability of structural elements;
and (ii) excessive pre-stress losses, changing the structural behavior. Thus, the concrete formulation
parameters must take into account the shrinkage minimization, in addition to complying with the other
specifications, thereby contributing to guarantee the quality and durability of the concrete structures.
The increase of concrete shrinkage is mainly influenced by factors such as: the increase of binders
dosage and the hydration heat; the increase of water/binder ratio; the increase of the air volume in the
paste and the permeability of the concrete; the worsening of thermo-hygrometric curing conditions
(high temperatures and low relative humidity); the reduced age at the start of drying; the lower stiffness
of the aggregates; and the reduction of cross-section dimensions [11,18,19].

In general, several supplementary cementitious materials can be used as additions to the binder
paste of concrete, in a strategy of cement partial replacement, being the pozzolanic additions and ground
granulated slags the most effective and promising additions to that purpose. Between the commonly
used pozzolanic additions are silica fume, fly ash or metakaolin, among others, which generally improve
concrete workability, strength and durability [20–25]. Silica fume has a high cost and is mainly used for
concrete with high or ultra-high performances, with replacement dosages up to 10% in mass of binder.
Metakaolin addition, despite having significant energy footprint and cost associated to its production,
is eco-friendlier than Portland cement and it can also improve fresh and hardened properties when
used in binary or ternary binder combination [26,27]. Nevertheless, fly ash addition is well known by
its fineness and the spherical shape of its particles, which allows high water reductions and the increase
of concrete packing density, resulting in significant performance improvements. When incorporated
in the concrete matrix, fly ash promotes high workability increase, a reduction of hydration heat,
an increase of maximum strength, a reduction of permeability, and a consequent improvement of
durability [20–25]. Those advantages are associated with its water-reducing property, that is also
related with the increase of mechanical properties and the reduction of drying and thermal shrinkage of
the mixtures. When properly cured, fly ashes are capable of providing very reduced permeability and
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improved durability [20]. On the other hand, high concentrations of natural radionuclides may occur
on pozzolanic cements and slag cements [28]. It is known that some cements used in the construction
industry of several regions contain natural radioactive isotopes, such as radium (226Ra), thorium
(232Th) and potassium (40K), and their specific activity may exceed the average specific activity [28].
The addition of fly ash to Portland cement can have an effect on the highest concentrations of natural
radionuclides. Consequently, it is prudent to control the fly ash addition into cementitious matrix,
by limiting its proportion.

Accordingly, the present work has as main objectives: (i) to produce low-cement concrete (LCC)
mixtures varying the main composition parameters, namely, the compactness and the water/binder
ratio, the cement dosage with partial replacement by combined additions and the granulometric
reference curve; (ii) to relate the cement dosage and the mechanical strength of concrete, as well as other
formulation parameters, with the evolution and amplitude of the shrinkage and creep; (iii) to evaluate
the influence of the compactness of the mixtures, and also W/C and W/B ratios, on the development of
shrinkage and creep, as well as on other properties of concrete related to durability; (iv) to analyze the
influence of the reference curves, Faury and Alfred, on concrete creep; (v) to relate the formulation
parameters of the mixtures with the water absorption of concrete, by immersion and by capillarity,
as well as with the carbonation depth; (vi) to estimate the lifetime of structures produced with the
characterized LCC, taking into account the resistance to carbonation, which is associated with the
corrosion risk of the steel reinforcement; (vii) to compare the results obtained with the standards and
study possible improvements.

2. Research Significance

Recently, several researchers have investigated the individual effect of the high volume of fly ash
as a partial replacement of Portland cement, and have objectively proved that these additions have
a significant influence on the concrete properties [20–24,29–32]. However, studies on the effects of
a high volume of combined fly ash and limestone filler contents on concrete are scarce and limited,
mainly when formulated with reduced cement content. Thus, it is necessary to carry out studies that
simultaneously use high volumes of the two additions as partial replacements of Portland cement,
in order to maximize the environmental and economic benefits in the production of concrete. Based on
this combination, several concretes with LCC were developed taking advantage of the proven benefits
of granulometric optimization and use of high strength cement and superplasticizer [29,30,33,34].
These concrete mixtures were characterized in a previous study in terms of mechanical strength and
workability [33]. It has been proved that the combination of the two additions, fly ash and limestone
filler, can minimize some limitations of the single used of fly ash use: concrete with high content
of fly ash can present a slow hardening at young age [33]; high volumes of fly ash can increase the
radionuclides [28]. The idea of combining those is due to the reduced cost and easy availability of
limestone filler, combined with good filling effect and low environmental impact [35]. This filler
addition does not participate in the chemical reaction but acts as a setting accelerator during the
initial hydration of the cement; in the cement hydration process, the limestone filler causes its main
constituent, calcium carbonate (CaCO3), to modify the initial reaction of tricalcium aluminate (C3A),
accelerating the hydration rate of tricalcium silicate (C3S) and decreasing the hardening times [36–39].
The replacement of cement with fly ash has also been a preferred option for LCC, in which high dosages
were used in the formulations and, therefore, the cement dosages were well below those recommended
by the EN 206 [40]. Thus, it is highly pertinent to deepen the studies of this concrete to understand all
its properties and, as a result, to encourage its use.

The granulometric optimization and the use of superplasticizer also contribute to the improvement
of the efficiency of the binder paste and the durability and strength of the concrete [30,34,41], as they
allow the compactness of the mixture to be increased and, consequently, to reduce the need for water
and binder content, since there is less space available between the particles, making it a denser and less
permeable matrix.
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Problems with durability of concrete are generally associated with the mentioned parameters,
generally in matrices with high porosity and excess of water [20], providing reduced resistance
to carbonation and consequently a precocious reinforcement corrosion. Several studies address
durability in fly-ash and eco-friendly concretes, regarding resistance to carbonation, chlorides migration,
permeability, and porosity [42–47]. The latter, characterized by the immersion test, although not
allowing to directly estimate the durability of the concrete, as the other mentioned tests, it gives an
indication of the volume of pores [47]. However, the bibliography is inexistent regarding the durability
of concrete with low-cement dosage and high compactness, combined with fly ash and limestone
filler additions.

The use of different granulometric curves in the optimization affects the relative proportions
of the aggregates used, which in turn influence the compactness, the workability, and the Young’s
modulus [48]. Regarding the latter, the influence is higher for smaller cement dosages [33] and
in relation to compressive strength, these tend to be less relevant with age, since the binder paste
acquires greater importance in strength over time [33]. The different granulometric curves and the
variation of compactness also have a strong influence on the analysis of shrinkage and creep, since
those are parameters that strongly depend on the material constituents of the concrete. The analysis
of shrinkage and creep in LCC is certainly different from that of current concrete and its different
formulation affects most of the influencing parameters to those properties, mainly those that are
related with the binder matrix. Also the predictions presented by the main codes, EC2 [13] and
MC10 [14], are certainly inadequate, since they were developed for concrete with current formulation.
The study of these concrete properties is less common, probably due to time-consuming and to specific
equipment required, which combined with recent developments of LCC formulation, make the related
bibliography very scarce or inexistent.

3. Experimental Program

3.1. Concrete Formulation

In order to evaluate the formulation parameters of the binder paste and the efficiency of
granulometric optimization in the mechanical performance of concrete with low-cement content,
Costa et al. [33] and Freitas et al. [49] developed LCC mixtures, which were characterized herein in terms
of time dependent and durability properties. Those concretes contain in their composition: cement CEM
I 52.5R (C); additions of class F fly ash (FA) and limestone filler (Lf); superplasticizer MasterGlenium
SKY 526 (SKY); water; fine siliceous sand 0/3 mm (S0/3); medium siliceous sand 0/4 mm (S0/4);
rolled siliceous gravel 4/8 mm (G4/8) and crushed limestone gravel 6/14mm (C6/14). The proportion of
these constituents was defined based on the methodology proposed by Lourenço et al. [50], and later
modified by Costa et al. [7], which is initially based on the definition of the parameters required for the
performance of the binder matrix and on the method of reference granulometric curves to obtain the
aggregates’ proportions. The formulation parameters were adopted in order to minimize the cement
dosage, having as main variations: the cement dosage and the replacement by additions; the amount of
binder powder in the paste; the compactness and the water/binder ratio (W/B) and; the granulometric
curves. Thus, two series were considered with different dosages of binder powder in the matrix and
with different workability: (i) series C, with a current dosage (350 kg/m3), with a target consistency
of class S3 (very plastic consistency); (ii) low-cement (LC) series, with a reduced dosage (250 kg/m3),
varying the effective cement dosage in substitution regime with the addition of limestone filler and fly
ash, with a dry consistency and low cohesion.

The considered compactness was in general 0.86 in LC concrete and 0.81 in C concrete, with the
corresponding W/B ratios being 0.47 and 0.48, respectively. In both series, when varying the cement
dosage (75, 125, 175 and 250 kg/m3), the water/cement (W/C) ratio consequently varies. The substitution
of cement by additions was defined giving priority to the filler until a maximum equal to the cement
mass was reached, followed by the complement of fly ash, when necessary, until the dosage for the
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binder powder was reached. A subseries of C concrete was also formulated, named C_B, varying the
compactness values from 0.81 in C series to 0.835 and to 0.855 in mixtures C200B and C175B (Table 1).
Once the parameters of the binding matrix were defined, the methods of the Faury’s granulometric
curve [48,50] and the Alfred’s curve [51], being the latter developed by Funk and Dinger [52], were used
to optimize the proportions of the aggregates, thus varying the aggregates proportions [50].

Table 1. Dosages of constituents and formulation parameters of the studied concretes.

Constituents LC75 LC75F C75 LC125 LC125F C125 LC175 LC175F C175B C200B LC250A C250

C (kg/m3) 75 75 75 125 125 125 175 175 175 200 250 250
Lf (kg/m3) 75 75 75 125 125 125 75 75 100 150 - 100
FA (kg/m3) 100 100 200 - - 100 - - 75 - - -

SKY (kg/m3) 2.3 2.3 0.7 2.5 2.5 0.8 2.6 2.6 2.1 1.0 0.8 1.0
W (kg/m3) 118 118 169 118 118 169 118 118 128 144 179 169

S0/3 (kg/m3) 44 587 286 44 671 371 44 747 181 186 218 492
S0/4 (kg/m3) 1068 308 585 1080 244 520 1084 210 762 742 817 427
G4/8 (kg/m3) 284 78 106 287 82 110 288 98 92 96 278 116
C6/14 (kg/m3) 623 1050 798 631 1049 797 633 997 894 869 587 795

Total aggregates
(kg/m3) 2018 2023 1774 2042 2047 1798 2048 2053 1929 1893 1900 1831

W/C 1.57 1.57 2.26 0.94 0.94 1.35 0.67 0.67 0.73 0.72 0.72 0.68
Equiv.-cement,

Ceq (kg/m3) 85 85 85 125 125 142 175 175 198 200 250 250

W/Ceq 1.39 1.39 1.99 0.94 0.94 1.19 0.67 0.67 0.65 0.72 0.72 0.68
W/B 0.47 0.47 0.48 0.47 0.47 0.48 0.47 0.47 0.37 0.41 0.72 0.48

Compactness 0.86 0.86 0.81 0.86 0.86 0.81 0.86 0.86 0.86 0.84 0.80 0.81

The formulated mixtures were referenced considering the amount of cement (75, 125, 175, 200,
250 kg/m3) and the amount of binder powder (having 250 kg/m3 in LC concrete and 350 kg/m3 in C
concrete). In the LC series, formulation by the Alfred’s curve (mixtures LC75, LC125, LC175 and LC250)
was considered. The other series or subseries (LC_F, C and C_B) were formulated using the Faury’s
reference curve. In LC250 mixture, a compactness variation, between 0.86 and 0.80, and consequently
the W/B ratio were also considered for LC mixture with 250 kg of cement dosage (resulting in LC250
and LC250A mixtures). The dosages of all constituents mentioned are shown in Table 1.

3.2. Workability and Mechanical Properties of Concrete

The characterization in fresh state and the mechanical properties of the LCC mixtures were carried
out by Costa et al. [33] and Freitas et al. [49] and are presented in Table 2. In a fresh state, the density
was evaluated, in order to control the formulation parameters and workability was characterized
through the slump-test and the degree of compactability (D_Comp), following the standards EN
12350-2 [53] and EN 12350-4 [54]. The latter was performed for LC mixes with Alfred’s curve, since they
were not validated in the consistency test, collapsing due to lack of cohesion.

The determination of the compressive strength, was carried out according to EN 12390-3 [55],
in cubic specimens with 150 mm edge. The results correspond to the mean values of test in three
samples, for each considered age (7, 28 and 56 days), resulting fcm7, fcm28, fcm56 (compressive strength
measured at 7, 28 and 56 days respectively). At 28 days of age, the following properties were also
characterized: splitting tensile strength, fctm,sp, according to EN 12390-6 [56] in three prismatic test
specimens of 100 × 100 × 200 mm3; flexural strength, fctm,f, following the standard EN 12390-5 [57]
in two prismatic test pieces of 100 × 100 × 400 mm3; the Young’s Modulus, Ecm, according to the
specification of National Laboratory of Civil Engineering (LNEC) E-397 [58] in two prismatic specimens
of 100 × 100 × 400 mm3. The average values of that properties are shown in Table 2.



Materials 2020, 13, 3583 7 of 29

Table 2. Mechanical properties of studied concretes.

LCC
Mixtures

fcm,7
(MPa)

fcm,28
(MPa)

fcm,56
(MPa)

Ecm
(GPa)

fctm,f
(MPa)

fctm,sp
(MPa)

Slump
(mm) D_Comp

LC75 11.6 20.6 26.5 37.4 3.2 1.5 - 1.21
LC75F 15.7 22.1 - 28.7 - - 50 -

C75 7.6 15.2 20.5 - 2.1 0.7 90 -
LC125 25.2 28.9 33.9 40.6 4.5 2.3 - 1.23

LC125F 26.4 29.4 - 34.5 - - 45 -
C125 14.3 20.3 26.5 - 3.6 1.5 120 -

LC175 35.0 44.7 50.2 42.4 6.9 3.4 - 1.25
LC175F 36.8 45.9 - 38.2 - - 65 -
C175B 36.2 50.1 52.9 47.9 5.7 3.2 107 -
C200B 32.9 38.2 39.1 41.3 5.8 3.0 110 -

LC250A 25.8 30.5 34.3 38.1 5.1 2.2 - 1.16
C250 34.9 39.1 41.5 36.5 5.4 2.9 80 -

3.3. Durability and Time-Dependent Tests

After the formulation and mechanical characterization of concretes with low dosage of cement,
the study comprised the characterization of time dependent and durability properties. Regarding time
dependent properties, creep was characterized experimentally through the compression creep test [59]
using 100 × 100 × 400 mm3 prismatic specimens (Figure 1), and the total shrinkage, εcs, (Figure 1), was
characterized according to the specification LNEC E398 [60], testing two twin prismatic specimens of
100 × 100 × 500 mm3 for each concrete.
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Figure 1. Compressive creep test (a) and total shrinkage test (b).

The durability performance was characterized by the following tests (Figure 2): (i) water absorption
by capillarity, according to LNEC E393 specification [61], using three 100 × 100 × 200 mm3 prismatic
specimens; (ii) water absorption by immersion, which was carried out on cubic specimens with 100 mm
edge and according to LNEC E394 specification [62]; and (iii) accelerated carbonation test, carried out
following the LNEC E391 specification [63], using two cylindrical samples with 100 mm diameter and
50 mm height, for each considered exposure period (7, 14, 28, and 42 days).
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Figure 2. Durability tests: (a) water absorption through capillarity; (b) water absorption by immersion;
(c) accelerated carbonation test.

4. Results and Discussion

4.1. Shrinkage

The evolution of the total shrinkage, εcs, measured in the test specimens of each mixture, is shown
in Figure 3. The LC series concretes (with 250 kg of binder powder) have developed generally reduced
shrinkage values, between 215 and 430 µm/m at 210 days, although they tend to increase with cement
dosage increase. Concretes of C series (with 350 kg of binder powder) have values between 500 and
570 µm/m at 210 days, in concrete with a compactness of 0.81 and tends to gradually reduce with
compactness increase, in C200 and C175B concretes, although having similar value of equivalent
cement, their compactness is 0.84 and 0.86, respectively.
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Figure 3. Evolution of total shrinkage with age.

Regarding the shape of the shrinkage curve, compared with the EC2 equations, it was found that
there is an inadequacy with the prediction. While the experimental evolution is slower after drying
begins, particularly in the LC series, and continues to evolve significantly after 90 days, the prediction
curves show a more accelerated evolution at a younger age, tending to stabilize earlier (Figure 4a)
than experimental results. The expected shrinkage values of EC2 at 210 days of age correspond to
approximately 94% of the value at infinite time. Taking into account that the shape of the curve depends
on the coefficient βds (t,t0), Equation (6), the value of the second part of the denominator was adjusted,
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from 0.04 to a βshape coefficient, Equation (7), which can assume values of 0.06 for concretes of C series
and 0.08 for concretes of LC series, allowing a better adaptation of the evolution with age (Figure 4b),
in comparison to experimental results. With this adjustment, the shrinkage values predicted at 210
days become about 88% to 91% of the value at infinite time. It should be noted that the autogenous
shrinkage component is very low in this type of concrete, being the prediction less than 10% in all
concrete and less than 5% in most mixtures.

βds(t, ts) =
(t− t s)

(t− ts) + βshape

√
h3

0

(7)
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Figure 4. Comparison of the evolution of shrinkage by Eurocode 2 (EC2): (a) prediction curve with EC2
equations; (b) adaptation of the experimental evolution to prediction curve using the βshape coefficient.

Regarding the shrinkage amplitude there is a significant difference between prediction and
experimental values in several concretes, explained by the shrinkage ratios (Exp/EC2), Figure 5a,
which are more significant in LC with lower cement content and in C175B concrete with high
compactness. Concrete with 350 kg of powder content (C series) and current compactness are the
ones that best match the EC2 prediction range. An evident influence of the increased compactness
on shrinkage reduction was identified, the best obtained correlation being between that ratio and the
compactness−6. The dispersion of two concretes to that correlation (Figure 5b) suggests that there are
even other parameters influencing the shrinkage amplitude.
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Figure 5. Influence of compactness on ratio of shrinkage Exp/EC2: (a) ratio for each concrete;
(b) correlation between the ratio and compactness−6.
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4.2. Creep

The results obtained for the creep characterization are presented through the evolution, over
time, of the creep coefficient, ϕc(t) (Figure 6), with the load having been applied at 28 days of age to
assure a proper maturity of concrete. Since an early loading age promotes higher creep deformation
for concrete in general, for this type of concrete it is advisable that the load occur at minimum age of
28 days, considering the lower evolution of strength and maturity of these concretes. The creep was
evaluated in all concretes, including the LC and LC_F series (with variation of the granulometric curve),
Figure 6b, with only C75 and C125 concretes being excluded since they have reduced mechanical
performance for structural purposes. Regarding the influence of the granulometric curve, used in the
formulation of LC concrete, on concrete creep, no apparent influence was noticed. The concretes with
lower equivalent cement dosage (LC75 and LC125, with Ceq of 85 and 125, respectively) have similar
evolutions and amplitudes, with creep coefficients close to 1.6 at 210 days of age. LC175 concrete has a
smaller creep amplitude compared to those mentioned (creep coefficient close to 1.3 at 210 days of age),
as expected, because it has a higher cement dosage and greater strength. Despite the reduced influence
of the granulometric curve is proven in creep coefficient, the creep deformation is lower in concrete
with Alfred’s curve, since the Young’s modulus of those concretes (LC75, LC125 and LC175) are 11% to
30% higher than those formulated by the Faury’s curve (LC75F, LC125F and LC175F). That difference
is higher in concretes with a lower cement dosage and decreases with the increase of its dosage. With
the exception of LC250A concrete (concrete with high W/B ratio and reduced compactness, 0.80) and
C200 (concrete with compactness of 0.84), which showed a creep coefficient at 210 days, from 1.92 to
2.12, respectively. The remaining concretes show a similar evolution and amplitude, whose coefficient
is around 1.6 at 210 days. Part of the influence of these values is evidenced by the different mechanical
strengths, as mentioned.
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Figure 6. Evolution with age of creep coefficient: (a) all concretes; (b) concretes LC with different
granulometric curves (LC-Funk and Dinger; LC_F-Faury).

Comparing the shape of evolution creep curve with the EC2 prediction, which is the same as fib
MC10, a high divergence was found. While the experimental evolution is quite accelerated after load
application and attenuates quickly about 28 days after load loading, the prediction curves show a
slower evolution (Figure 7a). The creep coefficient values predicted at 210 days correspond to about
70% to 74% of the value at infinite time. Considering that the shape of the creep curve depends on
the coefficient βc (t,t0), Equation (3), the exponent of that ratio, αt, was adjusted from 0.30 to 0.15,
Equation (8), obtaining a better adaptation of the evolution with age (Figure 7b). With this adjustment,
the values of the creep coefficient, predicted at 210 days of age, become about 84% to 87% of the value
at infinite time.

βc(t, t0) =

[
(t− t 0)

(βH+t− t0)

]αt

(8)
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Figure 7. Predicted evolution with age of creep coefficient (EC2): (a) curves with αt = 0.30; (b) curves
with αt = 0.15.

Regarding the amplitude, there is a huge difference between the prediction and the experimental
values, translated by the ratios between the creep coefficients (Exp/EC2), Figure 8, being higher in LC
concrete with lower cement dosage and in C concrete with less compactness and higher W/B ratio.
In this sense, the best correlation between this ratio and the concrete formulation parameters was
studied, and it was found that the ratio (W/Ceq), which represents the mass ratio between water and
equivalent cement, presents the best fit (Figure 9).
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Figure 8. Ratio between creep coefficients Exp/EC2.
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Figure 9. Correlation between W/Ceq ratio and Exp/EC2 relationship of creep coefficients.

Knowing that the amplitude of the creep curves strongly depends on the β(fcm) coefficient,
Equation (9), the result of the correlation obtained was incorporated in determining this coefficient.
Due to the verified dispersion, the amplitude of the correlation was reduced in order to ensure
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conservative predictions, resulting in a new proposal to predict coefficient β(fcm), expressed by
Equations (10) and (11).

β(fcm) =
16.8
√

fcm
(9)

β(fcm) =
16.8

βCeq ×
√

fcm
(10)

βCeq= 2.5×(W/Ceq)1.5 (11)

With this correction, the ratios between the creep coefficients (Exp/EC2_Corr), Figure 10, show a
significant improvement in prediction, being this conservative, since some experimental results are
up to about 28% below the corrected prediction, although with much better approximation to the
experimental characterized behavior.
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Figure 10. Ratio of creep coefficients: Exp/EC2 and Exp/EC2_Corr.

With this new proposal to predict the creep coefficient, including the correction of the curve shape
and its amplitude, which depends on the W/Ceq ratio, the creep curves of the characterized concrete
have much better adjustment compared to experimental results (Figure 11).
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Figure 11. Evolution with age of corrected creep coefficient of EC2.

4.3. Water Absorption by Immersion

The results of the water absorption test by immersion at atmospheric pressure are plotted in
Figure 12. Through the analysis of the graph, it was found that LC concrete, with a compactness of
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0.86, absorb much less water when compared to the concrete of the C series, with compactness of 0.81
(Figure 12). Compactness has a high influence on water absorption, as it increases, the volume of
water and air reduces, resulting in denser and less permeable matrices, therefore less susceptible to
absorption. Neville [6] defines that a good quality concrete has absorption by immersion below 10%.
This study reveals that the mixtures of LC series, in addition to registering absorption values slightly
below 10%, present approximately less 5% of water absorption (about 1/3) when compared to the C
series. LC250A and C series mixtures are above 10%, locating between 13% and 15%, thus with higher
porosity and more susceptibility to water absorption. Despite both w/c ratio and paste volume have
major effects on the porosity, permeability and strength [64,65], the higher compactness of LC mixtures,
and consequently the lower W/C ratio, revealed major influence on reducing the water absorption for
these formulations, in comparison to the lower paste volume.
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Figure 12. Average values of water absorption by immersion.

Furthermore, in each series, C and LC, it is clear that the water/equivalent-cement ratio, W/Ceq

also has an important influence, albeit less than the previous parameter, since as the equivalent cement
increases, this ratio decreases, and the calcium silicate hydrates (CSH) gel resulting from hydrated
cement occupies the voids inside the matrix, also reducing absorption, because the matrix is more dense
and less porous. The ratio that incorporates compactness and W/Ceq was studied, which provides the
best correlation, and this relation is shown in Figure 13a. The high correlation between immersion
absorption and this relation is shown in Figure 13b.
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Figure 13. Relation between W/Ceq (a) and compactness depending on water absorption by
immersion (b).
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4.4. Capillary Water Absorption

The capillarity test allows the determination of the amount of water that concrete absorbs by
suction, through small pores. Figure 14 presents the average capillary absorption at the instant ti, Sa(ti),
in mg/mm2.
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In both series, the water absorption by capillarity occurs with greater intensity in the first 24 h
and tends to stabilize over time, which occurs earlier for concretes with increased compactness and
higher cement dosage. As the water starts to penetrate the concrete by capillarity, it is noticed that
after the saturation of the pores at the lowest level of the specimen, the water level tends to rise.
The maximum height that the water can reach is limited by the pressure difference between the free
surface of the water outside the concrete and its surface in the capillary pores of the concrete, and also
by the gravitational action. Hence the tendency for water absorption by capillarity to stabilize over
time [4].

In C75 concrete there is also a pronounced initial evolution, but with an increasing trend until
72 h and with much higher values, at least 45% at 24 h and 80% at 72 h, comparatively with the other
concretes. This must be associated with the reduced compactness combined with very low cement
dosage, despite the high content of fly ash (FA/C = 2.7). When comparing this concrete with the others,
it is noted that LC250A succeeds it with high capillary absorption, presenting a behavior with similar
tendency, however less pronounced. Despite the cement dosage of 250 kg/m3, concrete LC250A have
reduced compactness of 0.8, being the main reason for high capillary absorption.

When comparing results of C75 and LC75, it is noted that the latter presents lower values of
capillary absorption than the C75, from 35% at 3 h to 65% at 72 h, increasing the difference with the
duration of the test. Those differences are essentially due to greater compactness of the LC75, given that
both concretes contain the same amount of cement and a high content of fly ash (1.3 times the proportion
of cement in LC75 and 2.7 in C75). In these mixtures, it appears that the high fly ash content did not
have much impact on the difference between the results of both concretes, otherwise, the differences
could be smaller. This must be associated with low cement dosage, since the fly ash forms the gel of
calcium silicate hydrates crystals (CSH), which improve the performance of the concrete, from the
reaction with released hydrated lime (CH) during the clinker hydration [66]. As there is a small amount
of the cement and consequently the hydrated lime, it limits the chemical activation of fly ash, proving
that high fly ash content is effective when the cement dosage is not very reduced.

The previous comparison did not allow assessment of the influence of fly ash on capillarity
absorption results, since both concretes had high FA/cement ratio, but very different compactness.
However, when comparing LC75 with LC125, both with the same compactness, it is noted that the
former shows lower capillary absorption than the LC125, from 18% in lower test duration to 43% for
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higher duration, also increasing the differences with the duration of the test. This difference proves the
effectiveness of fly ash in LC75 concrete, also emphasizing that the LC125 has a cement dosage about
67% higher than that of the LC75 (Table 1), but similar values of equivalent cement. It is also verified
that C125 and LC125 concretes have practically the same capillary absorption. The compactness of
C125 concrete is 0.81 and it has 100 kg/m3 of fly ash in the paste, while the compactness of LC125
concrete is 0.86 but does not contain fly ash. Due to the significant difference between the compactness
of the two concretes, it would be expected that the difference between the capillarity absorption values
would be significant. This situation did not occur, thanks to the presence of fly ash that allows the
reduction of absorption by capillarity.

The C175B and LC175 concretes show similar and better capillarity water absorption results than
the other concretes, however LC175 concrete shows slightly lower results in the first 24 h, and from that
period the trend was reversed, with the concrete C175B having inferior absorption. Considering that
both concretes have the same amount of cement, 175 kg/m3, and approximately equal compactness,
however differing on powder content (250 kg/m3 on LC175 and 350 kg/m3 on C175B) and on fly ash
content (C175B contains 75 kg/m3 of fly ash). The combination of fly ash with cement may be associated
with that improvement in C175B binder paste, because this addition allows the development of new
compounds that fill the pores of concrete matrix.

The differences found in the different formulated concrete can be seen from the analysis of
Figure 15, in which the relation between parameters such as compactness, the water/equivalent-cement
ratio, equivalent-cement ratio determined according to EN 206 [40], and the absorption of water by
capillarity is presented. The plotted graph highlights the importance of controlling compactness as
well as the water/equivalent-cement ratio in LCC. For this type of concrete, the capillary absorption
tends to increase with the cement dosage decrease, but it can be compensated with the increase of fly
ash dosage, thus obtaining good results in terms of this durability indicator. For concrete in general, it
is evident that increasing compactness has an important role on capillary reduction.

Materials 2020, 13, x FOR PEER REVIEW 15 of 29 

 

about 67% higher than that of the LC75 (Table 1), but similar values of equivalent cement. It is also 

verified that C125 and LC125 concretes have practically the same capillary absorption. The 

compactness of C125 concrete is 0.81 and it has 100 kg/m3 of fly ash in the paste, while the 

compactness of LC125 concrete is 0.86 but does not contain fly ash. Due to the significant difference 

between the compactness of the two concretes, it would be expected that the difference between the 

capillarity absorption values would be significant. This situation did not occur, thanks to the presence 

of fly ash that allows the reduction of absorption by capillarity. 

The C175B and LC175 concretes show similar and better capillarity water absorption results than 

the other concretes, however LC175 concrete shows slightly lower results in the first 24 h, and from 

that period the trend was reversed, with the concrete C175B having inferior absorption. Considering 

that both concretes have the same amount of cement, 175 kg/m3, and approximately equal 

compactness, however differing on powder content (250 kg/m3 on LC175 and 350 kg/m3 on C175B) 

and on fly ash content (C175B contains 75 kg/m3 of fly ash). The combination of fly ash with cement 

may be associated with that improvement in C175B binder paste, because this addition allows the 

development of new compounds that fill the pores of concrete matrix. 

The differences found in the different formulated concrete can be seen from the analysis of 

Figure 15, in which the relation between parameters such as compactness, the water/equivalent-

cement ratio, equivalent-cement ratio determined according to EN 206 [40], and the absorption of 

water by capillarity is presented. The plotted graph highlights the importance of controlling 

compactness as well as the water/equivalent-cement ratio in LCC. For this type of concrete, the 

capillary absorption tends to increase with the cement dosage decrease, but it can be compensated 

with the increase of fly ash dosage, thus obtaining good results in terms of this durability indicator. 

For concrete in general, it is evident that increasing compactness has an important role on capillary 

reduction. 

 

Figure 15. Relation between the capillarity water absorption vs. W/Ceq. 

Figure 16 shows the mean values of absorption by capillarity, Sa (in milligrams per square 

millimeter) as a function of the square root of time, obtained for each mixture, as well as the slope 

that expresses the capillary absorption coefficient of the concrete. According to Browne’s 

classification cited in Coutinho [4]: high quality for concretes whose capillary absorption coefficients, 

Sa, are less than 0.1 mg/(mm2·min0.5); medium quality for concretes whose coefficients are between 0.1 

e 0.2 mg/(mm2·min0.5). It can be seen that C75 concrete can be classified as medium quality, C250 starts 

with medium quality and obtains a better classification over time, while the rests are classified as 

high quality. 

The results of capillarity absorption allow us to conclude that just increasing the cement dosage 

does not imply an improvement in the durability characteristics of the concrete, clearly 

demonstrating the importance of packing optimization and of binder paste, as its impact is significant 

on the compactness of the concrete [33]. 

LC250A

C75

C125

C250

C200B

C175B

LC175

LC125

LC75

0

2

4

6

8

10

0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1

S
a(

m
g

/m
m

2
)

W/Ceq

Compactness = 0.80 Compactness = 0.81

Compactness = 0.84 Compactness = 0.855

Compactness = 0.86

Figure 15. Relation between the capillarity water absorption vs. W/Ceq.

Figure 16 shows the mean values of absorption by capillarity, Sa (in milligrams per square
millimeter) as a function of the square root of time, obtained for each mixture, as well as the slope
that expresses the capillary absorption coefficient of the concrete. According to Browne’s classification
cited in Coutinho [4]: high quality for concretes whose capillary absorption coefficients, Sa, are
less than 0.1 mg/(mm2

·min0.5); medium quality for concretes whose coefficients are between 0.1 e
0.2 mg/(mm2

·min0.5). It can be seen that C75 concrete can be classified as medium quality, C250 starts
with medium quality and obtains a better classification over time, while the rests are classified as
high quality.
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The results of capillarity absorption allow us to conclude that just increasing the cement dosage
does not imply an improvement in the durability characteristics of the concrete, clearly demonstrating
the importance of packing optimization and of binder paste, as its impact is significant on the
compactness of the concrete [33].

4.5. Carbonation

The concrete carbonation is associated with the penetration, by diffusion, of carbon dioxide into
the concrete. When it is dissolved in concrete, it induces chemical reactions to dissolve the crystalline
phases of concrete, such as calcium hydroxide (CH) giving rise to the production of carbonates,
such as calcium carbonate, which leads to a reduction of concrete pH [19,67]. Therefore, the pH of
concrete gives information about this durability parameter. Thus, a solution of phenolphthalein was
vaporized on the concrete exposed to carbon dioxide, and the areas where the pH was higher than 8
show a crimson color, whereas the areas where the concrete was carbonated, the alcoholic solution of
phenolphthalein remained colorless (Figure 17).
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Figure 17. Concrete specimens C75 and LC175 with phenolphthalein after 3, 7 and 42 days of exposure
to CO2.

Figure 18 and Table 3 show the average carbonation depth values, Cd, in millimeters. Looking
at the carbonation development curves along the square root of time (Figure 18), it appears that the
carbonation speed, in most of the characterized concrete, is practically constant over square root of
time. For a linear time scale, the speed is higher in the first days and tends to be slower over time,
because after carbonation, the resulting products occupy the empty spaces in the pores of the concrete
matrix and hinder the diffusion of carbon dioxide in the concrete, decreasing thus the carbonation rate.
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Table 3. Results of carbonation depth, Cd (mm).

Cd (mm)

LCC Mixtures
Days

3 7 14 28 42

LC75 10.0 15.0 23.3 36.5 43.3
C75 17.5 22.5 39.0 49.9 -

LC125 5.5 11.0 15.3 21.8 26.4
C125 10.0 15.5 20.0 27.8 33.5

LC175 2.0 3.5 5.8 9.0 10.0
C175B - 4.8 - 10.3 12.9
C200B - 5.3 - 12.3 14.7

LC250A 4.5 6.5 10.3 15.8 18.1
C250 3.5 5.0 8.3 10.0 11.0

In each series, i.e., maintaining the amount of binder powder, it is proved that the carbonation
depth decreases with the increase in the amount of cement or equivalent-cement. Figure 19 shows a
linear correlation between Cd after 42 days of exposure to carbon dioxide and W/Ceq, whose correlation
coefficient, R2, is approximately 0.92.
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Considering concretes with an equal dosage of cement, those in the LC series show lower
carbonation depths than in the C series, due to the higher compactness of the first ones (Figures 18
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and 20), remembering that the LC series have only 250 kg/m3 of binder powder, being that dosage
350 kg/m3 in C series (Table 1). Maintaining the compactness, there is a higher linear but inverse
correlation between the carbonation depth, Cd, and the equivalent cement dosage (Figure 20).Materials 2020, 13, x FOR PEER REVIEW 18 of 29 
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Figure 20. Relationship between Cd vs. Ceq.

Regarding the cement replacement partially by fly ash, the use of fly ash increases the carbonation
speed, as can be confirmed by Figures 18–20. The C75, LC75, C125 and C175B mixtures, which have fly
ash in their formulation (Table 1) and present greater carbonation depths as higher is the amount of fly
ash incorporated, contradicting the results of capillary absorption tests, which proved the beneficial
effects of fly ash addition on reducing that property. Despite the carbonation test was performed after
28 days, it appears that the formation of crystals due to the pozzolanic effect is still in full development,
since the pozzolanic reactions develop slowly. The structure will probably be more porous in concrete
with fly ash and consequently, there is a greater ingress of carbon dioxide into the concrete. This may
also be associated with the high dosage of fly ash used in the formulation as a partial substitute of
cement [19,31,68,69].

According to Neville [19], the addition of fly ash to the concrete can cause two effects, a negative
one, which is the decrease in calcium hydroxide that reacts with the pozzolanic silica present in the
fly ash, thus making a smaller amount of CO2 necessary to consume all the remaining CH, thereby
facilitating the decrease of pH. On the other hand, the positive effect is that from this reaction results in
a denser structure in the hardened cement paste, which will hinder the diffusion of carbon dioxide and
thus leads to slower carbonation speeds. Due to this situation, the dosage of fly ash is generally limited.
The recommended proportions of cement replacement are of 0% to 40%, according to Teixeira et al. [31],
as they argue that its use of large volumes presents some problems and one of them is the decrease of
the pH concrete that leads to carbonation problems.

The carbonation depth was also related to the concrete compressive strength at 28 days of age,
as shown in Figure 21, noting a tendential linear correlation, being R2 equal to 0.84. This correlation
is frequently analyzed in carbonation studies, but according to Neville [19], this approach is a gross,
but debatable, simplification. Changes in the composition parameters can improve the mechanical
properties, however, they can reduce the chemical durability.

Generally, it is concluded that it is possible to produce concrete with binder powder equal to
250 kg/m3, with only 175 kg/m3 of cement, and with high carbonation resistance.
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Figure 21. Relationship between carbonation depth after 42 days of exposure to CO2 and mechanical
strength at 28 days.

4.6. Lifetime of Structures and Minimum Concrete Cover Regarding Carbonation

Based on the results obtained in carbonation test, it is possible to calculate the minimum concrete
cover, cmin,dur, to assure the required resistance against corrosion of the reinforcement during the
intended service life for reinforced concrete structures (corrosion induced by carbonation) and to
predict the service lifetime of the reinforced concrete structures using the developed concretes and
the standard covers. Those calculations were based on the degradation model by corrosion of
reinforcements, developed by Tuutti, and on the recommendations described on LNEC specification
E465 [70]. Two types of structures were considered: (i) current structures with an intended service
lifetime (tg) equal to 50 years, with a reliability class RC2 (structural class S4), which corresponds to a
safety factor γ equal to 2.3; (ii) special structures with a tg equal to 100-year-old, with a reliability class
RC3 (structural class S5), which corresponds to a safety factor γ equal to 2.8.

To compute the minimum necessary cover, it is essential to calculate the carbonation resistance,
RC65, of the studied concretes, to define the design period of initiation, tic, and, finally, to calculate the
carbonation depth for various environmental exposure classes XC. Therefore, based on the experimental
carbonation depth values, Cdi, at several days of exposure to carbon dioxide, with a concentration,
Cacel, approximately equal to 90 × 10−3 kg/m3, the carbonation resistance, RC65 (kg·year/m5), was
determined using Equation (12). The results are shown in Table 4.

RC65 =
2×Cacel×ti

C2
di

(12)

Table 4. The carbonation resistance, RC65.

RC65 (kg·year/m5)

LCC Mixtures
- - Days - -

Average
3 7 14 28 42

LC75 15 15 13 10 11 13
C75 5 7 5 6 - 5

LC125 49 29 30 29 30 33
C125 15 14 17 18 18 17

LC175 370 282 209 170 207 248
C175B - 153 - 129 125 125

LC250A 73 82 66 56 63 68
C200B - 123 - 91 15 80
C250 121 138 101 138 171 134
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The design period of initiation, tic, is the difference between the intended service lifetime for the
reinforced concrete structure, tg, and the propagation time, tp, affected by the safety factor mentioned
above, see Equation (13). The propagation time depends of the environmental exposure class and was
considered the minimum accordingly to the specification of LNEC E465 (Table 5).

tic= γ(t g−tp
)

(13)

Table 5. Minimum propagation period and the initiation period due to carbonation.

Intended Service
Lifetime

Propagation Time and
Period of Initiation

XC2
(Wet, Rarely

Dry)

XC3
(Moderate
Humidity)

XC4
(Dry

Regime)

XC4
(Wet Regime)

tg = 50 years
(RC2)

tp (years) 10 45 15 5

tic (years) 92 12 80 105

tg = 100 years
(RC3)

tp (years) 20 90 20 10

tic (years) 224 28 224 252

The minimum cover required to assure the resistance against corrosion of the reinforcement,
cmin,dur, is determined using Equation (14) and considering a time equal to tic (Table 6 and Figure 22).
The result is the carbonation depth, Cdi, for those conditions, which corresponds to the cmin,dur, k0 is a
factor related to the test conditions and is equal to 3, t0 is the reference period and is equal to 1 year, k2

is related to concrete curing and assumes a value of 1, the parameters k1 and n, range between 0.2 and
0.41, and between 0.09 and 0.18, respectively.

Cdi =

√
2 × 0.0007 × tic

RC65
×

√
k0 × k1 × k2 ×

(
t0

tic

)n

(14)

Table 6. Minimum cover according to standards and for the studied concrete regarding carbonation.

Minimum Cover cmin,dur (mm)

Structural Class Current Structures (Class S4) Special Structures (Class S5)

Exposure Classes XC2 XC3 XC4 (Dry
Reg.)

XC4(Wet
Reg.) XC2 XC3 XC4 (Dry

Reg.)
XC4 (Wet

Reg.)

EC2 25 25 30 30 30 35
LC75 34 51 69 77 45 78 106 111
C75 50 75 102 114 67 115 156 163

LC125 21 32 43 48 29 49 66 70
C125 30 45 61 67 40 68 93 97

LC175 8 12 16 18 10 18 24 25
C175B 11 16 22 25 15 25 34 36

LC250A 15 22 30 34 20 34 46 49
C200B 13 19 25 28 17 29 39 41
C250 11 16 22 24 14 24 33 35
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Figure 22. Minimum cover, cmin,dur, regarding carbonation.

The minimum cover, cmin,dur, using some concretes are impractical, in particular, structures and
structures located in environmental exposure class XC4. The LC75, C75, LC125 and C125 concretes
require, in most cases, a minimum cover higher than the minimum value recommended by EC2,
with differences ranging between 5 and 84 mm, for current structures, and between 10 and 128 mm,
for special structures, depending on the environmental exposures’ classes. These results show that
those concretes are not appropriate, or in certain cases are not the best option, to provide the proper
protection against corrosion. On the other hand, the LC175, C175B, LC250, C200B and C250 concretes
provide the proper resistance regarding carbonation, and in a high number of situations, have a higher
resistance than that considered in EC2, since the minimum covers required are lower than those
presented in the code, achieving a difference up to 17 mm.

The results show that it is necessary to use a minimum quantity of cement to assure that concrete
develops the proper resistance against carbonation (Figure 23). To better understand this issue is also
important to take into consideration the effect of fly ash additions used in the mixtures, additions with
pozzolanic effect. It was recorded that an increase of equivalent dosage of cement above 200 kg/m3

does not have a significant influence on the carbonation resistance if mixtures have a relatively low
compactness (Figure 23b,d). In this analysis, it is quite evident the positive influence of increased
compactness, because a lower compactness implies a higher concrete cover, even if a higher dosage
of cement is used. Using mixtures with a 350 kg/m3 of total powder (C series) is possible to slightly
reduce the required compactness to achieve a similar carbonation resistance, comparatively with the
produced concretes with 250 kg/m3 of total powder (LC series), because higher quantities of powder
improve the workability, which may reduce the porosity of the matrix [64].

It is important to mention that the concretes with low cement dosage are newly developed
and, as such, do not follow the requirements regarding the dosages of binder and additions of the
standard EN 206 (Table 7). The W/Ceq ratio reflects both effects analyzed above, compactness and
equivalent dosage of cement, in one parameter. This ratio was related with cmin,dur and it is clear that a
ratio above 0.72 increases significantly the concrete cover required to protect the reinforcement steel
(Figure 23). This limit is a slightly higher than those recommended in EN 206 (Table 7), meaning that
there is a margin for optimization if the constituents and the distribution of the particles size were
properly defined. The correlation presented in Figure 24 also allows both effects to be considered,
the compactness (that is inversely related with W/B ratio) and the equivalent cement dosage.
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Figure 23. Relation between the cmin,dur vs. dosage of Ceq and between cmin,dur vs. W/Ceq.:(a) current
structures, total powder 250 kg/m3; (b) current structures, total powder 350 kg/m3; (c) special
structures, total powder 250 kg/m3; (d) special structures, total powder 350 kg/m3; (e) current structures;
(f) special structures.
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Table 7. Minimum dosage of cement according to standards and equivalent dosages used in the
concretes studied.

Structural Class Current and Special Structures (Classes S4 and S5)

Type of Cement CEM I; CEM II/A (1)

Exposure Class XC2 XC3 XC4 (Wet and
Dry Reg.)

EN 206
Minimum dosage of C (kg/m3) 280 280 300

Maximum W/C ratio 0.60 0.55 0.50

- - Total powder
(kg/m3)

Equivalent dosage of
cement, Ceq

(kg/m3)
W/Ceq

- Concretes

LC75

250

85 1.39
LC125 125 0.94
LC175 175 0.67

LC250A 250 0.47

C75

350

85 2.25
C125 142 0.97

C175B 198 0.73
C200B 200 0.72
C250 250 0.68
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Figure 24. Relation between the cmin,dur vs. the relation Ceq/(W/B)1.2.

For an overall analysis, where sustainability is taken into consideration, it should be noted that
the use of LC175 allows to use a concrete cover below the minimum standard, almost in all cases,



Materials 2020, 13, 3583 24 of 29

and additionally it contains only 175 kg/m3 of cement, which is also lower than the minimum standard
recommendation of 280 kg/m3 for XC2 and XC3 and 300 kg/m3 for XC4. So, the quantity of cement
can be reduced by between 37.5% to 42%, depending on the environmental exposure classes XC.
These results are very important because they have significant impact on the structures cost and
simultaneously demonstrate that this concrete is clearly eco-friendlier.

The prediction of the possible service lifetime for reinforced concrete structures produced using
the developed concretes and the covers recommended in the codes was carried out for several
environmental conditions XC and for both types of structures S4 and S5. Equation (14) was used to
determine the tic value, knowing the remaining variables, and in this case Cdi was considered equal
to the minimum cover presented in EC2. Knowing the tic and tp values, the service lifetime, tg, was
determined using Equation (13).

Analyzing the values in Table 8, the LC175, C175B, C200B and C250 concretes have a carbonation
resistance, RC65, more than enough for the exposure class XC, having a margin to decrease the minimum
cover used in reinforced concrete structures. On XC2 conditions, the service lifetime values are quite
high because the carbonation depth, Cd, is very low in terms of environmental conditions. For special
structures and under XC4 in wet regime conditions, only the LC175 and C250 presents a proper
performance, since they are the only ones with a predicted service lifetime higher than 100 years.

Table 8. Service lifetime (years) for current and special structures produced with the studied concrete
under environmental conditions XC.

Structural Class Current Structures (Class S4, RC2, 50 Years) Special Structures (Class S5, RC3,
100 Years)

Exposure Class XC2 XC3 XC4
(Dry Reg.)

XC4
(Wet Reg.) XC2 XC3 XC4

(Dry Reg.)
XC4

(Wet Reg.)

Concretes cmin,dur
(mm) 25 30 30 35

LC75

tg (years)

25 46 19 9 42 91 25 15

C75 15 46 17 7 27 91 22 12

LC125 75 48 29 19 114 94 37 27

C125 33 47 21 11 53 92 27 17

LC175 >>>> 200 69 179 169 >> 200 119 216 206

C175B >> 200 57 86 76 >> 200 104 105 95

LC250A >> 200 51 49 39 >> 200 98 60 50

C200B >> 200 54 67 57 >> 200 101 82 72

C250 >> 200 58 92 82 >> 200 105 113 103

These results also show that concretes with very low dosages of cement, like LC75, C75, LC125
and C125, are not appropriate to provide proper protection against corrosion under XC exposure
conditions. It can also be stated, comparing the LC250A with C250, but that is not only the equivalent
dosage of cement that matters concerning this resistance, it is also very important to use in this type
of concrete a limestone filler to ensure a certain quantity of powder in the mixtures, which must be
around 350 kg/m3. Nevertheless, it is generally possible to produce concretes with low-carbon cements
that provide a proper performance against carbonation and, consequently, a long service life, which is
a major step to achieve a more sustainable construction sector.

The possible addition of fibers into LCC may be an important future research topic to improve the
carbon reduction and its sustainability even more. The bond strength between steel rebars and low
cement concrete is significantly improved by the higher compactness of LCC [71]; thus, it is expected
that similar influence might occur on bond strength between the matrix and the reinforcement fibers.
However, major challenges are expected in the development of fiber reinforced LCC, since rigid steel
fibers have a high influence on the aggregate packing [72] and high volumes of paste are usually
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necessary [73] to obtain proper rheology and workability. To overcome those expected difficulties,
the powder and paste volumes must be probably increased, by adding limestone filler, or limited
fiber dosage must be used. Nevertheless, when combined with the addition of fibers, the formulation
parameters of LCC, including the compactness and the binder dosage, may promote higher reduction
of cement proportion and potential improvements of mechanical and durability performances, and are
thus more sustainable.

5. Conclusions

Based on results analysis of the experimental study of concretes with low cement content (LCC),
developed by varying the dosage of binder, the compactness, the rate of cement replacement by
additions and the granulometric reference curve, it was possible to draw the following conclusions.

• Shrinkage: (i) LCC concrete with high compactness of 0.86 and reduced powder dosage (250 kg/m3)
promotes reduced shrinkage, tending to increase with the increase of cement dosage; however,
in concrete with powder dosage of 350 kg/m3, the increase of compactness tends to gradually
decrease shrinkage; (ii) due to the inadequacy of the EC2 prediction of shrinkage, compared
to experimental values, a correction is proposed to improve the curves development, where a
βshape coefficient assumes different values (0.06 for concrete with powder of 350 kg/m3 and 0.08
for concrete with powder of 250 kg/m3); (iii) beyond the parameters considered by the concrete
codes, the concrete compactness has a noticeable influence on the amplitude of concrete shrinkage,
mainly when combined with reduced binder powder (250 kg/m3) and very reduced cement
dosage, where the experimental/prediction ratio of shrinkage can go down to 0.4.

• Creep: (i) the granulometric reference curve (Faury vs. Alfred), in concrete with reduced binder
powder (250 kg/m3), does not have a relevant influence on the evolution and amplitude of creep
coefficient; (ii) similarly to the known behavior of current concrete, the creep coefficient is highly
influenced by the concrete strength; thus, LCC presents reduction of creep coefficient for concrete
with high compactness (0.86) and higher cement dosage (175 kg/m3), which has also higher
strength; (iii) a divergence between the shape of the creep curve experimentally obtained and
that according to EC2 is noticeable; however, the shape of the creep curve can be improved
significantly by adjusting the αt coefficient on βc (t,t0) parameter, from 0.30 to 0.15, for LCC;
(iv) there is a huge difference between experimental and EC2 predicted values for the creep of
LCC, mainly in concretes with lower cement dosage and with lower compactness (0.80 to 0.81),
thus with higher W/B ratio, the creep being ratio experimental/code around 0.3; (v) W/Ceq ratio
has a significant influence on that difference, therefore, a corrective parameter is proposed to be
included on the β (fcm) coefficient of EC2 to significantly improve the code prediction, namely
βCeq= 2.5 × (W/Ceq)1.5, which was obtained by correlation analysis.

• Water absorption by immersion: (i) the increase of compactness has a great influence on the
reduction of water absorption, since the values for concretes with lower compactness (0.80 to
0.81) are close to 15% and those values reduce to below 10% for concretes with compactness of
0.86; (ii) the W/Ceq ratio also has an influence on absorption, although it is less significant; thus,
the relation that incorporates compactness and that ratio, (W/Ceq)0.2/Compactness6, proved by
correlation analysis, has high influence on water absorption.

• Water absorption by capillarity: (i) high compactness of LCC combined with higher cement
dosage significantly reduces the capillary absorption; (ii) fly ash addition as partial replacement of
cement also promotes a significant decrease in capillary absorption; however, its excessive dosage
may jeopardize the concrete performance regarding capillarity; (iii) the capillary coefficients of the
LCC characterized allow all concretes to be classified as high quality, except the one with reduced
compactness (0.81) and very reduced cement dosage (75 kg/m3).

• Carbonation resistance: (i) maintaining the cement dosage, compactness increase has a significant
influence on reducing carbonation depth, since the LC series (concrete with high compactness
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of 0.86 and with 250 kg/m3 of binder powder) exhibits much lower carbonation depth than the
corresponding C series (concrete with lower compactness and 350 kg/m3 of binder powder);
(ii) maintaining the binder dosage, the carbonation depth decreases with the increase of cement
or equivalent cement dosages, since it reduces the W/Ceq ratio; (iii) the higher the amount of fly
ash incorporated in the concrete, replacing cement dosage, the lower the carbonation resistance,
because it increases the carbonation velocity; (iv) it is possible to produce concrete with good
structural performance, with low binder powder of 250 kg/m3 and only 175 kg/m3 of cement
dosage, developing higher carbonation resistance, in circa 10%, than current formulation concrete
with 250 kg/m3 of cement dosage and binder powder of 350 kg/m3.

• Minimum cover required to avoid corrosion induced by carbonation: (i) it is necessary to use a
minimum cement dosage, since only concretes with cement dosage equal or higher than 175 kg/m3

(even though with very different formulation parameters) have adequate resistance to carbonation
for general exposure; for those concretes the minimum required covers are lower than those
presented in EC2, reaching differences of up to 17 mm; (ii) the compactness increase has also high
influence on reducing the minimum cover, since it increases the concrete strength and carbonation
resistance; reducing the concrete compactness implies increasing the cover, even if higher cement
dosage is used; the LCC with 175 kg/m3 of cement and compactness of 0.86 presents much
higher resistance to carbonation compared to that of all formulated concrete, including those with
equivalent cement dosage between 200 and 250 kg/m3.

• Lifetime of structures due to carbonation exposure: (i) higher cement dosages promotes longer
lifetime; concretes with at least 175 kg/m3 of cement dosage have, submitted to XC2 and XC3
conditions, service lifetime values above the minimum, for current (50 years) and special (100
years) structures and, for XC2, the values are quite high; (ii) for special structures and under XC4
in wet conditions, only the LC175 and C250 have adequate performance, the first due to the high
compactness and the latter due to higher cement dosage, being the only mixtures with an expected
lifetime of more than 100 years.

• LCC mixtures with a good performance and a long lifetime: (i) concrete with at least 175 kg/m3

of cement dosage reveals adequate combined mechanical, time-dependent and durability
performances; (ii) concrete LC175 (with high compactness of 0.86 and powder dosage of only
250 kg/m3) is revealed to be the most eco-efficient of the concretes studied herein, since for current
and special structures, and for any type of XC exposure, it is possible to reduce the cover below
the standard minimum, presenting a long lifetime; (iii) the amount of cement can be reduced
between 37.5% and 42%, depending on the environmental exposure classes XC, comparing the
LCC concrete which contains only 175 kg/m3 of cement with the minimum recommendation of
280 kg/m3, for XC2 and XC3, and 300 kg/m3 for XC4.
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35. Król, A.; Giergiczny, Z.; Kuterasińska-Warwas, J. Properties of Concrete Made with Low-Emission Cements
CEM II/C-M and CEM VI. Materials 2020, 13, 2257. [CrossRef]

36. De Weerdt, K.; Haha, M.; Le Saout, G.; Kjellsen, K.; Justnes, H.; Lothenbach, B. Hydration Mechanisms of
Ternary Portland Cements Containing Limestone Powder and Fly Ash. Cem. Concr. Res. 2011, 41, 279–291.
[CrossRef]

37. Bentz, D.P.; Sato, T.; de la Varga, I.; Weiss, W.J. Fine Limestone Additions to Regulate Setting in High Volume
Fly Ash Mixtures. Cem. Concr. Compos. 2012, 34, 11–17. [CrossRef]

38. Kakali, G.; Tsivilis, S.; Aggeli, E.; Bati, M. Hydration Products of C3A, C3S and Portland Cement in the
Presence of CaCO3. Cem. Concr. Res. 2000, 30, 1073–1077. [CrossRef]

39. Menéndez, G.; Bonavetti, V.; Irassar, E. Strength Development of Ternary Blended Cement with Limestone
Filler and Blast-Furnace Slag. Cem. Concr. Compos. 2003, 25, 61–67. [CrossRef]

40. EN 206-1. Concrete–Part 1: Specification, Performance, Production and Conformity; CEN: Brussels, Belgium, 2007.
41. Björnström, J.; Chandra, S. Effect of Superplasticizers on the Rheological Properties of Cements. Mat. Struct.

2003, 36, 685–692. [CrossRef]
42. Saha, A. Effect of Class F Fly Ash on the Durability Properties of Concrete. Sust. Environ. Res. 2018, 28, 25–31.

[CrossRef]
43. Chi, J.M.; Huang, R.; Yang, C.C. Effects of Carbonation on Mechanical Properties and Durability of Concrete

Using Accelerated Testing Method. J. Mar. Sci.Technol. 2002, 10, 14–20.
44. Binici, H.; Shah, T.; Aksogan, O.; Kaplan, H. Durability of Concrete Made with Granite and Marble as Recycle

Aggregates. J. Mater. Process. Technol. 2008, 208, 299–308. [CrossRef]
45. Hussain, S.; Bhunia, D.; Singh, S. Comparative Study of Accelerated Carbonation of Plain Cement and

Fly-Ash Concrete. J. Build. Eng. 2017, 10, 26–31. [CrossRef]
46. Proske, T.; Hainer, S.; Rezvani, M.; Graubner, C. Eco-Friendly Concretes with Reduced Water and Cement

Content: Mix Design Principles and Experimental Tests. Constr. Build. Mater. J. 2016, 67, 63–87. [CrossRef]
47. De Schutter, G. Evaluation of Water Absorption of Concrete as a Measure for Resistance against Carbonation

and Chloride Migration. Mater. Struct. 2004, 37, 591–596. [CrossRef]
48. Faury, J. Le Bêton, 3rd ed.; Dunod: Paris, France, 1958.
49. Freitas, E.; Costa, H.; Louro, A.S.; Pipa, M.; Júlio, E. Adherence between Steel Bars and Concrete with Low

Binder Dosage. In Proceedings of the National Meeting of Structural Concrete–BE2016, Coimbra, Portugal,
2–4 November 2016; pp. 1–13.

http://dx.doi.org/10.1016/j.conbuildmat.2020.119031
http://dx.doi.org/10.3390/ma12142291
http://www.ncbi.nlm.nih.gov/pubmed/31319615
http://dx.doi.org/10.1007/s10967-016-5074-0
http://dx.doi.org/10.1016/j.conbuildmat.2013.12.066
http://dx.doi.org/10.1617/s11527-012-9910-6
http://dx.doi.org/10.3390/ma13102257
http://dx.doi.org/10.1016/j.cemconres.2010.11.014
http://dx.doi.org/10.1016/j.cemconcomp.2011.09.004
http://dx.doi.org/10.1016/S0008-8846(00)00292-1
http://dx.doi.org/10.1016/S0958-9465(01)00056-7
http://dx.doi.org/10.1007/BF02479503
http://dx.doi.org/10.1016/j.serj.2017.09.001
http://dx.doi.org/10.1016/j.jmatprotec.2007.12.120
http://dx.doi.org/10.1016/j.jobe.2017.02.001
http://dx.doi.org/10.1016/B978-0-12-804524-4.00004-X
http://dx.doi.org/10.1007/BF02483288


Materials 2020, 13, 3583 29 of 29

50. Lourenço, J.; Júlio, E.; Maranha, P. Expanded Clay Lightweight Aggregate Concrete; APEB: Lisbon, Portugal,
2004. (in Portuguese)

51. Fennis, S.; Walraven, J. Using Particle Packing Technology for Sustainable Concrete Mixture Design. Heron
2012, 57, 73–101.

52. Funk, J.; Dinger, D. Derivation of the Dinger-Funk Particle Size Distribution Equation. In Predictive Process
Control of Crowded Particulate Suspensions: Applied to Ceramic Manufacturing; Springer US: Boston, MA, USA,
1994; pp. 75–83. [CrossRef]

53. EN 12350-2. Testing Fresh Concrete–Part 2: Slump-Test; British Standard Institution: London, UK, 2009.
54. EN 12350-4. Testing Fresh Concrete Part 4: Degree of Compactability; British Standard Institution: London,

UK, 2009.
55. EN 12390-3. Testing Hardened Concrete Part 3: Compressive Strength of Test Specimens; British Standard

Institution: London, UK, 2009.
56. EN 12390-6. Testing Hardened Concrete–Part 6: Tensile Splitting Strength of Test Specimens; British Standard

Institution: London, UK, 2009.
57. EN 12390-5. Testing Hardened Concrete Part 5: Flexural Strength of Test Specimens; British Standard Institution:

London, UK, 2009.
58. E 397. Hardened Concrete–Determination of the Modulos of Elasticity of Concrete in Compression; National

Laboratory of Civil Engineering (LNEC): Lisboa, Portugal, 1993. (In Portuguese)
59. E 399. Concrete. Chraracterization of Creep in Compressive Test; National Laboratory of Civil Engineering

(LNEC): Lisboa, Portugal, 1993. (In Portuguese)
60. E 398. Hardened Concrete. Determination of the Shrinkage and of the Swelling; National Laboratory of Civil

Engineering (LNEC): Lisboa, Portugal, 1993. (In Portuguese)
61. E 393. Concrete. Determination of the Absorption of Water through Capillarity; National Laboratory of Civil

Engineering (LNEC): Lisboa, Portugal, 1993. (In Portuguese)
62. E 394. Concrete. Determination of the Absorption of Water by Immersion; National Laboratory of Civil Engineering

(LNEC): Lisboa, Portugal, 1993. (In Portuguese)
63. E391. Concrete. Determination of Carbonation Resistance; National Laboratory of Civil Engineering (LNEC):

Lisboa, Portugal, 1993. (In Portuguese)
64. Li, L.G.; Feng, J.J.; Zhu, J.; Chu, S.H.; Kwan, A.K.H. Pervious Concrete: Effects of Porosity on Permeability

and Strength. Mag. Concr. Res. 2019, 1–35. [CrossRef]
65. Sakai, Y. Relationship between Water Permeability and Pore Structure of Cementitious Materials. Mag. Concr.

Res. 2019, 1–31. [CrossRef]
66. Niu, Q.; Feng, N.; Yang, J.; Zheng, X. Effect of Superfine Slag Powder on Cement Properties. Cem. Concr. Res.

2002, 32, 615–621. [CrossRef]
67. Chen, Z.X.; Chu, S.H.; Lee, Y.S.; Lee, H.S. Coupling Effect of γ-Dicalcium Silicate and Slag on Carbonation

Resistance of Low Carbon Materials. J. Clean. Prod. 2020, 262, 121385. [CrossRef]
68. Camões, A. Eco-Efficient Concrete with Low Cement Content. In Metacaulino in Portugal: Production,

Application and Sustainability; C-TAC, University of Minho: Aveiro, Portugal, 2011.
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