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Abstract: Early age cracking in concrete is caused by a combination of the chemical and autogenous
shrinkage caused by the exhaustion of the water in the pores during the hydration of cement phases.
Generally, this process takes place in the first 72 h of concrete casting. The use of supplementary
cementitious materials (SCMs) can mitigate cracking due to several factors, among them: dilution
effect, provision of extra nucleation sites due to the high specific surface of the SCMs, and the
increased water retention associated with the presence of fine SCMs. This paper compares the impact
of two SCMs systems on early age cracking of the following concretes: (i) pozzolanic cement with
natural pozzolan (zeolite) and (ii) a ternary binder limestone-calcined clay cement (LC3). The study
was Carried out on cement paste and concrete. The addition of calcined clay and limestone decreases
early age cracking better than in any other system, including the Portland-pozzolan system. It is
related to a lower clinker factor and improved hydration of the system, and a better-developed
microstructure at early ages due to the energetic reaction of the alumina phase C3A, enhanced by the
extra alumina (Al2O3) provided by the calcined clay.

Keywords: cement; concrete; early age cracking; chemical shrinkage; autogenous shrinkage

1. Introduction

New materials technologies in different fields such as chemistry, nanotechnology, and
material science have enabled applications that project concrete even more strongly into the
future [1]. Its high performance compared to its low cost make it an indispensable material
in construction and civil works [2–4].

Cracks, disaggregation, disintegration, change of color and efflorescence are the main
deteriorations that are recorded as the most difficult to repair [5]. Existing cracks and
fissures in concrete are the main problems associated with durability deterioration, allowing
corrosion of the steel to occur over a period of time [6]. In all constructions in which concrete
is used, cracks may appear, which may be due to multiple causes, firstly, due to the intrinsic
phenomena of concrete such as shrinkage (setting process), and in other cases, due to
defects during placement. Shrinkage is manifested by a decrease in the volume of the
concrete during the setting process in its first hours, or when it is already hardened days or
months later, and is caused by a very simple fact—the loss of water [4,7]. When water is lost
and volume is lost, internal tensile stresses are produced that give rise to shrinkage cracks,
although they depend on the amount of fines, the amount of cement, the type of cement,
the water–cement ratio, the thickness of the structural element, whether it is reinforced
concrete or not, and the ambient temperature. As water is lost either by evaporation
(drying shrinkage) or by internal reactions (autogenous shrinkage), tensile stresses are
generated [5,8].
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Shrinkage in concrete at an early age can be caused by different mechanisms. The
main justification is that the hydration products formed by the hydration of Portland
cement occupy less space than the reacting water and cement [8,9]. This phenomenon,
chemical shrinkage, causes a successive emptying of the pore structure and leads to tensile
stresses in the pore water through the formation of menisci [10]. Meniscus formation
causes the relative humidity to drop and self-drying of the cement paste (autogenous
shrinkage) [9]. These phenomena are closely linked and act as the main effects of volume
changes associated with early age cracking [8,11,12].

To ensure shrinkage reduction at an early age it is important to produce concrete with
reduced permeability to achieve a low water/cement ratio, suitable compaction, adequate
cement weight, a sufficient cement hydration, and efficient curing [5,8,11,12]. This results
in as few pores as possible and a poorly communicating internal capillary network, thus
reducing attacks on the concrete. Among the new materials being studied as a shrinkage
mitigation measure are shrinkage control admixtures or SRAs, which are designed to act
on the material by reducing the tendency of concrete to shrink during hydration [10]. They
base their action on the reduction of the surface tension of the water in the mix, which
favors its use for hydration by the cementitious materials present in the mix, helping to
reduce the reduction of the interior relative humidity [10].

Another mitigation measure is the use of supplementary cementitious materials, such
as tuffs, fly ash, silica fume, and calcined clays [13–16]. These materials reduce chemical
shrinkage due to better filling in the hydration process of the gel pores, but they interfere
with autogenous shrinkage by increasing the specific surface tension, which is higher in
these materials and the capillary pressure between these solid particles [16,17]. One of
the reasons given is the lower amount of C3A or reactive Al2O3 in Portland cement with
additions which makes it effective for use as a measure [18].

The blend of fly ash, superpoze, silica fume, blast furnace slag, and natural pozzolan
with Portland cement has been reported to not only outperform control samples prepared
with the 100% Portland cement system in terms of strength, but also to mitigate shrinkage
characteristics when exposed to aggressive environmental conditions [19,20].

Calcined clays together with limestone form an admixture that not only improves
the matrix of the cementitious system but is much less sensitive to a decrease in relative
humidity than the hydration products of cement clinker [21–23]. The degree of hydration
of the clinker and the content of metakaolin, which can consume part of the available
portlandite in the system, have an effect on the pore structure and the reduction of internal
stresses within the pores [24–26]. These SCMs inhibit the hydration reaction at an early age
and decrease the autogenous shrinkage of concrete caused by the hydration reaction. In
addition, the refining effects and pozzolanic reaction of SCMSs improve the pore structure
and shrinkage resistance of concrete [27,28].

The current paper presents a study on the evaluation of shrinkage in pastes and
concretes admixed with the LC3 cement with 30% clinker substitution, with the aim of
finding out the influence of this cement on the volume changes in paste and concrete and
its relationship with the hydration process. The paper also aims to compare the volume
changes that take place at cement pastes with the shrinkage behavior of concrete and link it
with hydration kinetics. A comparison was made with concrete produced with pozzolanic
cement with natural pozzolana and pure Portland cement.

2. Materials and Methods

The research includes assessing the volume change and its relationship with hydration
in cement pastes made with different binders. Parameters such as the water–cement ratio
(0.40 and 0.45) and the impact of a PC-based chemical admixture were assessed. The series
includes cement pastes made with Portland cement (OPC), Portland-pozzolan cement
(PPC), and a combination of OPC and a mineral addition consisting of 60% calcined clay,
35% limestone, and 5% gypsum (LC2).
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The studies include the use of chemical shrinkage facilities to assess volume changes in
the first 3 days, coupled with measuring the heat of hydration under isothermal conditions.

This study was carried out on concrete specimens cast with cement binders, where
short-term volume change will be assessed aided by a shrinkage drain, and the long-term
volume changes was assessed on prisms.

2.1. Materials

Cement: Table 1 shows the main characteristics of the cements tested. OPC cement
and pozzolanic Portland with 15% of zeolite tuffs (PPC) are produced at the Carlos Marx
factory in Cienfuegos, Cuba. The LC3 cement was produced as a blend of the OPC (70%)
and the mineral addition LC2 (30%) for a total clinker content of 65%. This latter was
produced at an industrial trial in Cuba in 2018. With regard to the parameters shown, the
binders also comply with the requirements of the specification standards NC 1340 2020 [29].
It is worth highlighting the values obtained for specific weight, Blaine, consistency, and
setting time, which can reasonably explain the differences between the two cements.

Table 1. Main characteristics of the cements and additions.

Type of Cement OPC PPC LC2

Pe: NC 1340 (%): 2020 [29] 3.08 3 2.83
Blaine: NC 980 (cm2/g): 2013 [30] 3166 3520 6000
CN: NC 524:2015 [31] 24.6 27.2 -
Volume stability (mm): NC 504:2013 [32] 0.39 1 -
Retention 90-micron sieve (%): NC 980:2013 [30] 2.6 4.1 5

Setting time NC 524: 2015 [31]
Initial (min) 102 140 -
Final (h) 3.17 3.5 -

Aggregates: All the aggregates used in the elaboration of the concretes came from the
quarry “El Purio”, Villa Clara province. They are the product of the crushing of limestone
rocks, with a grain size between 19.0–9.50 mm for the coarse aggregate (gravel) and
4.76–0.147 mm for the fine aggregate (sand). Lithology is pure limestone, hard, compact,
white to cream. They all comply with the required standards.

Chemical admixture: Sika Plast 9100: A product of the SIKA industry, it is used in
the manufacture of concrete for a wide variety of structures, specifically where one of the
objectives pursued is to optimize the quantity f cement and the maintenance of workability
over time is required. Condition: Liquid additive Colour: Dark Carmelite Density: 1.13 kg/L.

2.2. Experimental Program

Cement pastes will be cast with all binder systems described (OPC as a pure OPC, PPC
as a pozzolanic cement with 15% natural pozzolan, and the blend of OPC and LC2). Water–
cement ratio will be varied from 0.4 to 0.45. Table 2 presents the sample in cement pastes.

A certified mix design 35 MPa for flowable concrete was used as a reference for the
preparation of concrete specimens (See Table 3).

The minimum slump required by the 16 cm Abrams cone test was checked and then
the samples were placed in the 100 mm × 20 mm cylindrical specimen molds for strength,
in the 75 mm × 75 mm × 285 mm prismatic specimen molds for ASTM C-157 and in the
shrinkage drain. The hardened concrete cylinders were tested for compressive strength in
batches of three at 7 and 28 days after curing begins, and the ASTM 157C test to measure
shrinkage in the prismatic specimens for 28 days.
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Table 2. Samples in the cement paste.

Samples Composition

P (0.4) OPC, w/c = 0.40
PA (0.4) OPC, w/c = 0.40, 0.5% SP
P (0.45) OPC, w/c = 0.45
PA (0.45) OPC, w/c = 0.45, 0.5% SP
PP (0.4) PPC, w/c = 0.40
PPA (0.4) PPC, w/c = 0.40, 0.5% SP
PP (0.45) PPC, w/c = 0.45
PPA (0.45) PPC, w/c = 0.45, 0.5% SP
LC3-65 (0.4) 70%OPC + 30% LC2, w/c =0.40
LC3-65A (0.4) 70%OPC + 30% LC2, w/c = 0.40, 0.5% SP
LC3-65 (0.45) 70%OPC + 30% LC2, w/c = 0.45
LC3-65A (0.45) 70%OPC + 30% LC2, w/c = 0.45, 0.5% SP

Table 3. Samples in concrete.

Samples Composition

PA (0.4) OPC, w/c = 0.40, 0.65% SP
PPA (0.4) PPC, w/c = 0.40, 0.65% SP
PPA (0.45) PPC, w/c = 0.45, 0.65% SP
LC3-65A (0.45) 70%OPC + 30% LC2, w/c = 0.45, 1% SP
LC3-65A (0.4) 70%OPC + 30% LC2, w/c = 0.40, 1% SP

2.3. Methods and Techniques
2.3.1. Cement Paste

Isothermal calorimetry: To define the entire research process, as reflected in the stages,
tests were carried out on Portland cement pastes and cement pastes with the active mineral
addition LC2, in order to evaluate the best water–cement ratio to be used in subsequent
tests on concrete. This test is established according to NC: 525 2014 [33] Hydraulic cement.
Test methods. Determination of the heat of hydration. A whole protocol was defined
to evaluate the samples and to be able to obtain the different values of heat release and
accumulated heat. An isothermal calorimeter, model TAM Air, connected to a computer
where the data was recorded every minute, mechanical stirrer, vials for the placement of
representative samples of cement paste and pipettes were used.

Chemical shrinkage: The volume stability of this test was defined to determine the
deformation of the cement paste with respect to the volume of the sample, which infers
how much the concrete can shrink or expand according to the measurement criteria. For
this purpose, a correlation was defined between the chemical shrinkage produced in the
pastes and the heat released in the cement hydration process. For this test, a shrinkage
set, vials with graduated pipettes for placing the paste, mechanical stirrer, and pipettes
were used.

2.3.2. Concrete

Shrinkage drain: The shrinkage drain was a 1.00 m long U-shaped stainless steel
profile. A neoprene sheet is used to prevent friction between the concrete and the walls of
the channel. The channel had a fixed anchor at each end and a mobile anchor that moves
on three wheels. This movement was recorded by a highly sensitive LVDT probe. As
a displacement sensor, a digital probe was used, which was connected to an electronic
interface probe that converts the analogue signal to digital format.

A datalogger with the reference system recorded the retraction channel information
and stored it as standard ASCII files. Optionally, a synchronized recording of temperature
and humidity was possible. For better data processing and results analysis, Microsoft Excel
was used. This test was used for concretes, with the same profile in order not to have
variations between the results.
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Shrinkage according to ASTM C-157: The shrinkage test was carried out according
to the standard (ASTM-C-157, 2006) [34] Standard Method for Calculation of Changes in
Length of Mortar and Concrete. It was established to use three samples for each condition
to be tested. The inserts are placed on the upper and lower face of the specimens, which
are references for subsequent measurements.

After 24 h of concreting, the specimens must be stripped and the first measurement
is carried out. The specimens were measured for 28 days, where length and weight were
checked daily. The measurements were made with a defrometer.

Consistency (Abrams Cone): This test is defined to determine the consistency of the
samples, which according to the research protocol must be greater than 160 mm, which
classifies it as a fluid concrete. This test was performed according to (NC.ISO1920-2, 2010)
Concrete testing. Properties of fresh concrete.

Compressive strength: Cylindrical molds made of steel of 100 mm × 200 mm that do
not react with the alkalis in the cement were used for the compression test. The molds were
watertight and retain their dimensions, which gives the specimens admissible dimensions
and tolerances for the test. The specimens to be tested had ages of 7 and 28 days. Based on
the provisions of (NC:724, 2015) Tests on concrete. Strength of concrete in a hardened state,
in an Ibertest Press. Once the specimens have been cured in water, excess moisture was
removed from the surface before being placed in the testing machine.

Porosity (capillary water absorption): According to NC 345:2011 [35] “Hardened
concrete. Determination of water absorption by capillary action”, s cylindrical specimen
or core is taken and sawn as a thin sheet of concrete or mortar of 20 mm to 30 mm
thickness which is preconditioned to moisture equilibrium. This equilibrium is achieved
by drying at 50 ◦C for 48 h (to constant weight) and subsequent cooling in a desiccator. The
suction surface shall be the sawn part of the specimen that is free of carbonation and other
impurities, it is recommended to pre-coat the curved side areas of the specimen with epoxy
resin or paraffin. The specimens were weighed before being placed in water and reweighed
at ages 1/12, 1/6, 1

4 , 1
2 , 1, 2, 3, 4 h; 6 h; 1; 3; 5 and 7 days from the start of the test or their

contact with water. Before each weighing, the surface of the test specimen is cleaned so
that no sand particles remain adhered to it and the surface water is wiped off with a cloth.
With the weights obtained at the different ages indicated, a curve is obtained.

3. Results and Discussion
3.1. Cement Pastes
3.1.1. Impact of the Binder

Previous studies show that in the finer cements or cements with a high C3A and C4AF
content, the autogenous shrinkage values tend to increase and the hydration process will
be accelerated [9,36]. With regard to mineral additions, the higher the percentage added
and the higher the fineness, the higher the autogenous shrinkage. These materials have an
effect that reduces chemical shrinkage due to better filling in the hydration process, but
they interfere with autogenous shrinkage and increase the tension between solid particles
and capillary pressure due to the high specific surface area of this material. It is therefore
very important to analyze both phenomena and the influence of the type of binder in the
systems [22,37].

Figure 1 presents the results of measuring volume changes in cement pastes with
similar water–cement ratio. The reference OPC is compared with the pozzolanic cement
PPC and the blend of OPC and LC2. In both PPC and OPC + LC2 the expansion associated
with the hydration of the clinker products begins earlier. This can be explained by the
dilution rate [38,39]. The series with Pozzolanic cement containing 15% of natural pozzolan
cement shows a greater expansion in the period of time of the formation of the silicates, and
the series with combinations of OPC and LC2 has two peaks of greater change, associated
with the silicate and aluminates reaction [40].
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containing 15% of natural pozzolan binder.

3.1.2. Impact of the Water–Cement Ratio

A higher w/c ratio translates into more water available for hydration; its increase
tends to reduce shrinkage and, at the same time, reduce the strength of the concrete. Since
it changes the kinetics of hydration, it also changes the moment when the expansion
associated with the hydration of clinker products takes place. Increasing the amount of
water in the system impacts a higher porosity, especially for systems where clinker content
is reduced through the addition of pozzolans [9].

Figure 2 shows the series with OPC and PPC cement for two water–cement ratios (0.4
and 0.45). Increasing water–cement ratio in the OPC series reduces the volume change at
all ages and the peaks associated with the formation of reaction products become wider,
probably associated with the precipitation of more reaction products since more space
is available. A similar impact is caused in the series with PPC, for similar reasons. In
systems containing calcined clay and limestone the trend is different; the increase in water–
cement ratio delays the expansion peak associated with aluminates and increases expansion
associated with the reaction of the aluminates. This could indicate that the high specific
surface of the calcined clay is enhancing the hydration and increasing water content will
improve the hydration of the clinker phases [41–43].
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As the water–cement ratio increases, these stages move in time around 5 or 6 h, and
tend, as in the case of sample 65%OPC + 35%LC2 (0.45), to present greater variation. It
was observed that although the samples with combinations of OPC and LC2 have greater
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accumulated volume changes over time, the variations that these exert on the hydration
process were smaller in the sample with water–cement ratio of 0.4 (65%OPC + 35%LC2
(0.4)) than with the OPC cement with the same ratio [10]. This increase could be associated
with the enhancement of the hydration of clinker products due to the high specific surface
of the calcined clay [44,45].

The volume change peaks occurred very close to the heat of hydration peaks associated
with the hydration of clinker products. The higher the heat released, the higher the
expansion. It should be noted that all these volume changes occurred in the samples
with pozzolanic additions (OPC/LC2 and pozzolanic cement containing 15% of natural
pozzolan), and their maximum variations occurred before 24 h, after which time they
remained constant without variations.

3.1.3. Impact of the Use of Superplasticizers

The use of the PC-based superplasticizer SikaPlast delays the initial setting of the
cement, thus prolonging the formation of the phases of a hydrated paste. Therefore, a
comparison was made between series with and without the additive to assess the impact
of the additive on the hydration of the cement pastes.

Figure 3a presents the curves of the first derivative of the volume variation versus
time variation in the series PPC and the blend of OPC and LC2. The expansion associated
with the formation of the silicates was defined in the 65%OPC + 35%LC2 (0.4) sample at 6 h;
adding SP brought about a delay, and the process took place between 8 and 10 h, similar to
results obtained in the heat of hydration. A third peak of expansion can be seen at the OPC
and LC2 series with SP at around 30 h corresponding to the secondary aluminate reaction.
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The sample 65%OPC + 35%LC2 (0.4) showed the best behavior. This sample is defined
as having less heat released during the hydration process and better formation of the
components of the hydrated cement paste. It is also observed how the sample with
combinations of OPC and LC2 presents all the variations of the volume before 24 h, which
enhances the formation of the microstructure at early ages.

Figure 3b shows the curves of the first derivative of the volume variation versus
time variation for the series with PPC. There is also a delay in the expansion peak with
the addition of SP. After 24 h, it can be seen that the volume of the PPC cement samples
with additive does not vary, while the Portland cement sample has a greater volume
variation between 30 and 40 h. This is probably caused by the retarding effect of the
SikaPlast admixture.

3.1.4. Impact of Cement Hydration for Each Cementitious System

Figure 4a,b presents a correlation between volume change and heat of hydration. It
can help explain the expansion peaks and the shrinkage with time. There is a good match
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between the volume changes measured in cement pastes and the heat of hydration for
all series.
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The samples with combinations of OPC and LC2 have two peaks of volume change,
the first when the C-S-H gel is formed and the second with the formation of ettringite. Each
peak of volume change is preceded by a peak in the heat of hydration. The sum of the
volume change in the two peaks is higher than in Portland cement.

3.2. Investigation in Concrete

The investigation of volume change is made in concrete. Shrinkage is measured in
an open system in contact with the environment, so the shrinkage measured consists of a
combination of chemical, autogenous and drying shrinkage. With each binder series a set
of concrete specimens were prepared.

3.2.1. Impact of Calcined Clay Addition on Slump of Concrete

The presence of pozzolanic materials with high specific surface implies an increase
in water demand. In this study, water demand was assessed by measuring the slump in
concrete [46,47]. SP was added until reaching the target consistency for concrete (fluid).
Figure 5 presents the slump of concrete produced.
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Figure 5. Effect of calcined clay addition on Slump.

A comparison was made between concrete made with OPC and pozzolanic cement
containing 15% of natural pozzolan and the series with combinations of OPC and LC2. The
dosage of chemical admixture was dictated by the desired slump, with a maximum of 1%
related to cement content.
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3.2.2. Impact of Calcined Clay Addition on Compressive Strength

Figure 6 presents the results for compressive strength in concrete made with OPC, PPC
and OPC + LC2. The strength of concrete made with blended cements is slightly lower than
that of concrete made with OPC. Despite the higher water–cement ratio, the combination of
OPC and LC2 yields higher strength compared to PPC. The strength evolution is strongly
related to the amount of clinker in the system. Cements with calcined clay are less sensitive
to changes in water–cement ratio.
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3.2.3. Impact of the Binder

The shrinkage drain was used for the evaluation of volume changes in concrete up
to 1 day. The equipment begins measuring shrinkage as the final setting time is reached,
and the microstructure is formed. This technique provides information on the expansion
associated with the hydration of clinker products when the microstructure is not completely
formed. The specimen is in contact with the environment, so variations of relative humidity
could influence the measurement because of drying the pore system.

Figure 7 shows the volume changes at early ages of concrete with different binders.
The highest values of expansion are reached with LC3-65, most likely associated with the
enhancement of the hydration of the clinker products produced by the lower clinker rate
and the high specific surface of calcined clays, which creates extra spaces for heterogenous
nucleation [45].
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The lowest expansion was associated with the PPC series, most likely caused by the
poor reactivity of the pozzolan used in this cement. Most of the volume change took place
in the first 24 h of curing.

This research aims to compare the behavior in cement pastes with the behavior in
concrete. The shrinkage phenomenon in concrete occurs from the moment the water comes
into contact with the cement, so the shrinkage that occurs in the paste is fundamental to
defining which factor affects it. Figure 8 presents a comparison between the volume change
in cement pastes, measured by a chemical shrinkage device and the volume change in
concrete with the same binder and water to cement, measured by the shrinkage drain.
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OPC and LC2, and (b) pozzolanic cement containing 15% of natural pozzolan binder (PPC).

Concrete with LC3-65 expands and contracts in a period of 3 h, approximately 5 h after
the contact of water with cement and corresponding to the first hydration curve, which is
the reaction of tricalcium aluminate, a reaction in which tobermorite gel and portlandite
(CH) are formed. The highest values of heat release and the greatest contractions are
observed in this period.

In concrete made with Pozzolanic cement containing 15% of natural pozzolan cement,
the shrinkage values in the concrete coincide with the same stage of formation of portlandite
and tobermorite during hydration, which takes place 8 h after mixing. The delay is probably
caused by the dilution effect caused by the presence of pozzolan.

3.2.4. Impact of the Water–Cement Ratio

Figure 9 presents the volume changes in concrete made with two different water–
cement ratios (0.4 and 0.45). Increasing of the water–cement ratio increased the volume
change in the short term, mainly associated with better hydration of the clinker products.
This effect is more pronounced in the systems containing calcined clay.

The moment where the maximum value of volume change is reached indicates the
point where the microstructure of the cement matrix is formed. From that point on, the
reaction products begin to fill the empty pores, and shrinkage begins to take place. The
series with the combination OPC and LC2 reached the expansion point much earlier than
the other two series [10,48].

The long-term shrinkage will be assessed aided by the protocol of the ASTM C157
in concrete prisms. The starting point was marked at 2 days to avoid the noise of early
hydration. Figure 10 presents the results for the concrete series OPC, PPC, and OPC + LC2.
The shrinkage in the blended systems was less than in pure systems due to the dilution
effect of clinker.
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In the long term, the series of concrete made with OPC shows the highest volume
change at 28 days, while PPC had a much lower shrinkage, as expected. The lowest
shrinkage values at 28 days were for the concrete series with OPC + LC2.

3.2.5. Strength vs. Strain in Concrete (28 Days)

The changes in volume after setting, called the autogenous shrinkage process, is
relevant in high-strength concrete with low water–cement ratios and consists of shrinkage
due to the loss of water from the capillary pores due to cement hydration (diffusion
stage) [36]. On the contrary, in high-strength concrete, autogenous drying acts rapidly
to increase capillary pressures and, therefore, compress the solids, which increases the
probability of early age cracks in the concrete. Therefore, it is important to analyze the
relationship between strengths and deformations over time [4,38,49].

Figure 11 presents the values of compressive strength versus the strain from T = 0 to
T = 28 days in all concrete series. The series with OPC has a much larger strain compared to
PPC and 65%OPC + 35%LC2 concrete. The best results are obtained with the combination
of OPC + LC2, where high strength values and lower strain are experienced. This result
is mainly due to the use of mineral additions such as calcined clays (LC2), which favor
an increase in compressive strength and contribute to mitigating deformations over time.
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Further, the impermeability of the matrix can mitigate the occurrence of drying shrinkage
in concrete made with OPC + LC2.
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3.2.6. Concrete Porosity vs. Strain (28 Days)

The porosity of concrete depends on the ratio of the solid volumes generated to occupy
the available space left by the excess mixing water. In the case of concrete with a low
water–cement ratio, cement grains may remain anhydrate and, therefore, the properties of
the concrete may vary. Porosity depends primarily on the initial water/solid ratio and the
volume of hydrate products.

Figure 12 shows the relationship between the effective porosity of the concretes with
the deformation they undergo in 28 days, where it is observed that concretes with mineral
additions have a lower porosity. The effective porosity is represented as the interconnected
pores in the concrete mass, which, depending on the type of cement, has an effect on
durability. The best combination is the concrete series with OPC + LC2, with the lowest
porosity for a similar strength. This concrete is less prone to cracking in comparison with
the other two.
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4. Conclusions

1. Blended cements reduce volume changes occurring during cement hydration. The
reason is the decrease in clinker content, which dilutes the impact of hydration of
clinker phases.
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2. Systems containing a combination of calcined clay and limestone have different
characteristics compared to pozzolanic cement. At early ages, the microstructure
develops very rapidly and the expansions associated with hydration of the clinker
phases are greater. At late ages, this is reversed, probably due to the less connected
pore system, which prevents significant shrinkage from occurring. The is a coherent
relationship between volume changes taking place in cement pastes, the heat of
hydration, and the corresponding volume changes in concrete.

3. Concrete porosity has a strong relationship with long-term shrinkage, probably as-
sociated with drying shrinkage. The combination of calcined clay and limestone
produces a very dense pore network, which mitigates shrinkage in the long term. Its
performance is much better than concrete made with pozzolanic cement.

Author Contributions: Conceptualization, M.B.D.-G. and Y.D.-C.; methodology, J.R.-Q.; validation,
M.B.D.-G., Y.D.-C. and F.M.-H.; formal analysis, M.B.D.-G.; research, M.B.D.-G.; resources, J.R.-Q.;
data curation, M.B.D.-G.; original writing-drafting, M.B.D.-G. and Y.D.-C.; writing-revising and
editing, M.B.D.-G. and Y.D.-C.; supervision, F.M.-H. and Y.D.-C.; project administration, F.M.-H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schneider, M. Cement and Concrete Research The cement industry on the way to a low-carbon future. Cem. Concr. Res. 2019, 124,

105792. [CrossRef]
2. Aïtcin, P.-C. Science and Technology of Concrete Admixtures; Elsevier: Cambridge, UK, 2016; ISBN 9780081006931.
3. Rashad, A.M. Metakaolin as cementitious material: History, scours, production and composition—A comprehensive overview.

Constr. Build. Mater. 2013, 41, 303–318. [CrossRef]
4. Darquennes, A.; Khokhar, M.I.A.; Rozière, E.; Loukili, A.; Grondin, F.; Staquet, S. Early age deformations of concrete with high

content of mineral additions. Constr. Build. Mater. 2011, 25, 1836–1847. [CrossRef]
5. Ababneh, A.N.; Al-Rousan, R.Z.; Alhassan, M.A.; Sheban, M.A. Assessment of shrinkage-induced cracks in restrained and

unrestrained cement-based slabs. Constr. Build. Mater. 2017, 131, 371–380. [CrossRef]
6. Hewlett, P.C. Lea’s Chemistry of Cement and Concrete; Elsevier: Oxford, UK, 2006; ISBN 9780750662567.
7. Irassar, E.F.; Violini, D.; Rahhal, V.F.; Milanesi, C.; Trezza, M.A.; Bonavetti, V.L. Influence of limestone content, gypsum content

and fineness on early age properties of Portland limestone cement produced by inter-grinding. Cem. Concr. Compos. 2011, 33,
192–200. [CrossRef]

8. Wyrzykowski, M.; Trtik, P.; Münch, B.; Weiss, J.; Vontobel, P.; Lura, P. Plastic shrinkage of mortars with shrinkage reducing
admixture and lightweight aggregates studied by neutron tomography. Cem. Concr. Res. 2015, 73, 238–245. [CrossRef]

9. Ston, J.; Hilaire, A.; Scrivener, K. Autogenous Shrinkage and Creep of Limestone and Calcined Clay Based Binders. In Calcined
Clays for Sustainable Concrete; RILEM Bookseries; Springer: Dordrecht, The Netherlands, 2018.

10. Holt, E. Early Age Autogenouts Shrinkage of Concrete Early Age Autogenous Shrinkage of Concrete; Transport, V.T.T.B., Ed.; Technical
Research Centre of Finland Espoo 2001; University of Washington ProQuest Dissertations Publishing: Washington, DC, USA,
2014.

11. Yousefieh, N.; Joshaghani, A.; Hajibandeh, E.; Shekarchi, M. Influence of fibers on drying shrinkage in restrained concrete. Constr.
Build. Mater. 2017, 148, 833–845. [CrossRef]

12. Juenger, M.C.G.; Snellings, R.; Bernal, S.A. Supplementary cementitious materials: New sources, characterization, and perfor-
mance insights. Cem. Concr. Res. 2019, 122, 257–273. [CrossRef]

13. Sant, G.; Bentz, D.; Weiss, J. Capillary porosity depercolation in cement-based materials: Measurement techniques and factors
which in fl uence their interpretation. Cem. Concr. Res. 2011, 41, 854–864. [CrossRef]

14. Gong, J.; Zeng, W.; Zhang, W. Influence of shrinkage-reducing agent and polypropylene fiber on shrinkage of ceramsite concrete.
Constr. Build. Mater. 2018, 159, 155–163. [CrossRef]

15. Huenger, K.J.; Gerasch, R.; Sander, I.; Brigzinsky, M. On the reactivity of calcined clays from lower lusatia for the production of
durable concrete structures. In Calcined Clays for Sustainable Concrete; RILEM Bookseries; Springer: Dordrecht, The Netherlands,
2018; Volume 16, pp. 205–211. [CrossRef]

http://doi.org/10.1016/j.cemconres.2019.105792
http://doi.org/10.1016/j.conbuildmat.2012.12.001
http://doi.org/10.1016/j.conbuildmat.2010.11.077
http://doi.org/10.1016/j.conbuildmat.2016.11.036
http://doi.org/10.1016/j.cemconcomp.2010.10.001
http://doi.org/10.1016/j.cemconres.2015.03.013
http://doi.org/10.1016/j.conbuildmat.2017.05.093
http://doi.org/10.1016/j.cemconres.2019.05.008
http://doi.org/10.1016/j.cemconres.2011.04.006
http://doi.org/10.1016/j.conbuildmat.2017.10.064
http://doi.org/10.1007/978-94-024-1207-9_33


Minerals 2022, 12, 1175 14 of 15

16. Scrivener, K.; Martirena, F.; Bishnoi, S.; Maity, S. Calcined clay limestone cements (LC3). Cem. Concr. Res. 2018, 114, 49–56.
[CrossRef]

17. Desiati, R.D.; Taspika, M.; Sugiarti, E. Use of clay from a local source for calcination and subsequent preparation of the mixed
cement Use of clay from a local source for calcination and subsequent preparation of the mixed cement. IOP Conf. Ser. Mater. Sci.
Eng. 2021, 1205, 012005. [CrossRef]

18. Sabir, B.; Wild, S.; Bai, J. Metakaolin and calcined clays as pozzolans for concrete: A review. Cem. Concr. Compos. 2001, 23, 441–454.
[CrossRef]

19. Zhang, T.; Yu, Q.; Wei, J.; Gao, P.; Chen, P.; Hu, J. Micro-structural development of gap-graded blended cement pastes containing
a high amount of supplementary cementitious materials. Cem. Concr. Compos. 2012, 34, 1024–1032. [CrossRef]

20. Nasir, M.; Adesina, A.; Ibrahim, M.; Khan, M.U.; Baghabra Al-Amoudi, O.S.; Imran Ali, S.; Maslehuddin, M.; Saqer Alotaibi, K.
Role of casting and curing conditions on the strength and drying shrinkage of greener concrete. Environ. Sci. Pollut. Res. 2022,
1–13. [CrossRef]

21. Nasir, M.; Al-Amoudi, O.S.B.; Maslehuddin, M. Effect of placement temperature and curing method on plastic shrinkage of plain
and pozzolanic cement concretes under hot weather. Constr. Build. Mater. 2017, 152, 943–953. [CrossRef]

22. Ston, J.; Scrivener, K. Basic creep of Limestone—Calcined Clay Cements: An experimental and numerical approach. Theor. Appl.
Fract. Mech. 2019, 103, 102270. [CrossRef]

23. Scrivener, K.; Favier, A. Calcined Clays for Sustainable Concrete; Scrivener, K., Favier, A., Eds.; Springer Dordrecht: Berlin, Germany,
2015; ISBN 9789401799386.

24. Ronald, T.; Hou, P.; Kawashima, S.; Sui, T. The role of limestone and calcined clay on the rheological properties of LC3. Cem.
Concr. Compos. 2020, 107, 103516. [CrossRef]

25. Dhandapani, Y.; Santhanam, M. Assessment of pore structure evolution in the limestone calcined clay cementitious system and
its implications for performance. Cem. Concr. Compos. 2017, 84, 36–47. [CrossRef]

26. Adekitan, O.A.; Ayininuola, G.M. Calcined clay-cement stabilisation—Physicochemical attributes and stabilised strengths of
a-1-a and a-2-6 soils. In Calcined Clays for Sustainable Concrete; RILEM Bookseries; Springer: Dordrecht, The Netherlands, 2018;
Volume 16, pp. 1–7. [CrossRef]

27. Tironi, A.; Trezza, M.A.; Scian, A.N.; Irassar, E.F. Kaolinitic calcined clays: Factors affecting its performance as pozzolans. Constr.
Build. Mater. 2012, 28, 276–281. [CrossRef]

28. Tironi, A.; Cravero, F.; Scian, A.N.; Irassar, E.F. Hydration of blended cement with halloysite calcined clay. In Calcined Clays for
Sustainable Concrete; RILEM Bookseries; Springer: Dordrecht, The Netherlands, 2018; Volume 16, pp. 455–460. [CrossRef]

29. Ayub, T.; Shafiq, N.; Khan, S.U.; Nuruddin, M.F. Durability of Concrete with Different Mineral Admixtures: A Review. Civ. Sci.
Eng. 2013, 7, 273–284.

30. Justice, J.M.; Kennison, L.H.; Mohr, B.J.; Beckwith, S.L.; Mccormick, L.E.; Wiggins, B.; Zhang, Z.Z.; Kurtis, K.E. Comparison of
Two Metakaolins and a Silica Fume Used as Supplementary Cementitious Materials. In Proceedings of the Seventh International
Symposium on Utilization of High-Strength/High Performance Concrete, Washington, DC, USA, 20–24 June 2005; pp. 1–88.

31. NC 1340:2020; Cemento—Especificaciones. Casa Consultora DISAIC: La Habana, Cuba, 2020; pp. 830–835. Available online: https:
//www.nconline.cubaindustria.cu/index.php?page=m_home_page.public.home_page&Blok=Inicio (accessed on 20 August 2022).

32. NC 980:2013; Cemento Hidráulico—Método de Ensayo—Determinación de la Finura y la Superficie Específica. Casa Consultora
DISAIC: La Habana, Cuba, 2013. Available online: https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.
public.home_page&Blok=Inicio (accessed on 20 August 2022).

33. NC 524:2015; Cemento Hidráulico—Método de Ensayo—Determinación de la Consistencia Normal y Tiempos de Fraguado por
Aguja Vicat. Casa Consultora DISAIC: La Habana, Cuba, 2015. Available online: https://www.nconline.cubaindustria.cu/index.
php?page=m_home_page.public.home_page&Blok=Inicio (accessed on 20 August 2022).

34. NC 504:2013; Cemento Hidráulico—Método de Ensayo—Determinación de la Estabilidad de Volumen. Casa Consultora DISAIC:
La Habana, Cuba, 2013; pp. 830–835. Available online: https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.
public.home_page&Blok=Inicio (accessed on 20 August 2022).

35. NC 525:2014; Cemento Hidráulico—Métodos de Ensayo—Determinación del Calor de Hidratación. Casa Consultora DISAIC: La
Habana, Cuba, 2014; pp. 830–835. Available online: https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.
public.home_page&Blok=Inicio (accessed on 20 August 2022).

36. ASTM c-157; Standard Method for Calculation of Changes in Length of Mortar and Concrete. Casa Consultora DISAIC: La
Habana, Cuba, 2009. Available online: https://kupdf.net/download/astm-c157pdf_5c298d52e2b6f5e618ca9040_pdf (accessed on
20 August 2022).

37. NC-345; Hardened Concrete—Determination of Water Absorption by Capillarity. Casa Consultora DISAIC: La Habana, Cuba, 2011.
Available online: https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.public.home_page&Blok=Inicio
(accessed on 20 August 2022).

38. Gettu, R. Retracción y fluencia del hormigón. In Proceedings of the De La Microestructura Al Diseño Por Vida Útil; Institutional
Repository of Universidad Nacional: Medellin, Colombia, 2017.

39. Leal, W.R.; Thrane, L.N.; Svensson, T.L.; Ferreiro, S.; Herfort, D.; Pade, C.; Damtoft, J.S. Performance-Based Design Procedure
Applied to the Selection of Low-CO2 Binder Systems Including Calcined Clay. In Calcined Clays for Sustainable Concrete; RILEM
Bookseries; Springer: Dordrecht, The Netherlands, 2018; Volume 1, pp. 1–8.

http://doi.org/10.1016/j.cemconres.2017.08.017
http://doi.org/10.1088/1757-899X/1205/1/012005
http://doi.org/10.1016/S0958-9465(00)00092-5
http://doi.org/10.1016/j.cemconcomp.2012.06.010
http://doi.org/10.1007/s11356-022-20924-5
http://doi.org/10.1016/j.conbuildmat.2017.07.068
http://doi.org/10.1016/j.tafmec.2019.102270
http://doi.org/10.1016/j.cemconcomp.2020.103516
http://doi.org/10.1016/j.cemconcomp.2017.08.012
http://doi.org/10.1007/978-94-024-1207-9_1
http://doi.org/10.1016/j.conbuildmat.2011.08.064
http://doi.org/10.1007/978-94-024-1207-9_73
https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.public.home_page&Blok=Inicio
https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.public.home_page&Blok=Inicio
https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.public.home_page&Blok=Inicio
https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.public.home_page&Blok=Inicio
https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.public.home_page&Blok=Inicio
https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.public.home_page&Blok=Inicio
https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.public.home_page&Blok=Inicio
https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.public.home_page&Blok=Inicio
https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.public.home_page&Blok=Inicio
https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.public.home_page&Blok=Inicio
https://kupdf.net/download/astm-c157pdf_5c298d52e2b6f5e618ca9040_pdf
https://www.nconline.cubaindustria.cu/index.php?page=m_home_page.public.home_page&Blok=Inicio


Minerals 2022, 12, 1175 15 of 15

40. Dhandapani, Y.; Santhanam, M.; Kaladharan, G.; Ramanathan, S. Towards ternary binders involving limestone additions—A
review. Cem. Concr. Res. 2021, 143, 106396. [CrossRef]

41. John, V.M.; Damineli, B.L.; Quattrone, M.; Pileggi, R.G. Fillers in cementitious materials—Experience, recent advances and future
potential. Cem. Concr. Res. 2018, 114, 65–78. [CrossRef]

42. Avet, F.; Snellings, R.; Alujas Diaz, A.; Ben Haha, M.; Scrivener, K. Development of a new rapid, relevant and reliable (R3) test
method to evaluate the pozzolanic reactivity of calcined kaolinitic clays. Cem. Concr. Res. 2016, 85, 1–11. [CrossRef]

43. Zunino, F.; Scrivener, K. Cement and Concrete Research The reaction between metakaolin and limestone and its effect in porosity
refinement and mechanical properties. Cem. Concr. Res. 2021, 140, 106307. [CrossRef]

44. Avet, F.; Boehm-Courjault, E.; Scrivener, K. Investigation of C-A-S-H composition, morphology and density in Limestone Calcined
Clay Cement (LC3). Cem. Concr. Res. 2019, 115, 70–79. [CrossRef]

45. Dhandapani, Y.; Santhanam, M. Investigation on the microstructure-related characteristics to elucidate performance of composite
cement with limestone-calcined clay combination. Cem. Concr. Res. 2020, 129, 105959. [CrossRef]

46. Zunino, F.; Scrivener, K. The influence of the filler effect on the sulfate requirement of blended cements. Cem. Concr. Res. 2019,
126, 105918. [CrossRef]

47. Scrivener, K.; Avet, F.; Maraghechi, H.; Zunino, F.; Ston, J.; Hanpongpun, W.; Favier, A. Impacting factors and properties of
limestone calcined clay cements (LC3). Green Mater. 2019, 7, 3–14. [CrossRef]

48. Georget, F.; Lothenbach, B.; Wilson, W.; Zunino, F.; Scrivener, K.L. Cement and Concrete Research Stability of hemicarbonate
under cement paste-like conditions. Cem. Concr. Res. 2022, 153, 106692. [CrossRef]

49. Darquennes, A.; Staquet, S.; Delplancke-ogletree, M.; Espion, B. Cement & Concrete Composites Effect of autogenous deformation
on the cracking risk of slag cement concretes. Cem. Concr. Compos. 2011, 33, 368–379. [CrossRef]

http://doi.org/10.1016/j.cemconres.2021.106396
http://doi.org/10.1016/j.cemconres.2017.09.013
http://doi.org/10.1016/j.cemconres.2016.02.015
http://doi.org/10.1016/j.cemconres.2020.106307
http://doi.org/10.1016/j.cemconres.2018.10.011
http://doi.org/10.1016/j.cemconres.2019.105959
http://doi.org/10.1016/j.cemconres.2019.105918
http://doi.org/10.1680/jgrma.18.00029
http://doi.org/10.1016/j.cemconres.2021.106692
http://doi.org/10.1016/j.cemconcomp.2010.12.003

	Introduction 
	Materials and Methods 
	Materials 
	Experimental Program 
	Methods and Techniques 
	Cement Paste 
	Concrete 


	Results and Discussion 
	Cement Pastes 
	Impact of the Binder 
	Impact of the Water–Cement Ratio 
	Impact of the Use of Superplasticizers 
	Impact of Cement Hydration for Each Cementitious System 

	Investigation in Concrete 
	Impact of Calcined Clay Addition on Slump of Concrete 
	Impact of Calcined Clay Addition on Compressive Strength 
	Impact of the Binder 
	Impact of the Water–Cement Ratio 
	Strength vs. Strain in Concrete (28 Days) 
	Concrete Porosity vs. Strain (28 Days) 


	Conclusions 
	References

