Acta Polytechnica 60(2):88-97, 2020
DOI:10.14311/AP.2020.60.0088

SHRINKAGE OF VARIOUS TYPES OF PORTLAND
CLINKER-BASED CEMENTS WITH RESPECT TO THEIR
HYDRATION DEGREE

VENDULA DAVIDOVA, PAVEL REITERMAN*

Czech Technical University in Prague, Faculty of Civil Engineering, Experimental Centre, Thakurova 7, 166 29
Prague, Czech Republic

corresponding author: pavel.reiterman@fsv.cvut.cz

ABSTRACT. The volume changes of cement based composites are significantly exhibited in the
hardening process. Initial phases of the hardening are complemented by the expansion due to the heat
evolution that is subsequently alternated by the shrinkage. Both could cause a crack initiation. It is
evident that ultimate volume changes of cement based composites are a complex process, because the
final shrinkage is determined by the binder used, exposition and also by the previous history. The
paper focuses on the evaluation of the main types of cements based on the Portland clinker by using a
conventional procedure for the determination of the shrinkage on the standard cements mortars. These
mortars were exposed to drying after 1 and 3 days of curing, related to the actual degree of hydration,
which was estimated on the basis of compressive strength development. The hydration process was
additionally monitored using thermogravimetry on the accompanying paste specimens during one year.
The performed experimental program confirmed the essential sense of the curing regime especially for
blended cement systems, which exhibited very low values of the hydration degree at applied curing
intervals. Despite the slightly higher values of shrinkage of blended cements, the obtained results
signalize the crucial effect of prolonged curing for these types of binders. The conclusion highlighted
the necessity of taking into consideration the hydration degree during cement testing by using the
conventional contact method. Otherwise, the simple interpretation leads to an overestimation of the

© Czech Technical University in Prague, 2020
available online at https://ojs.cvut.cz/ojs/index.php/ap

less-suitable material solution.
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1. INTRODUCTION

The cement-based-composites and related products
represent a significant part of construction engineering.
Their significance is a result of good physical proper-
ties and good availability of raw materials. Their suit-
able mechanical performance together with required
durability is commonly the main characteristics taken
into account during their application. However, there
are other features necessarily solved in engineering
practice, which are closely related to their substance;
shrinkage is one of them [IH3]. Nevertheless, this
aspect causes the initiation of unintended crack prop-
agation resulting in the reduction of the lifespan of
the element.

There are a number of reasons leading to volume
changes of concrete. Temperature dilatation of con-
crete structures is usually reflected during the design
using valid empirical relations. Volumetric changes
induced by varying humidity have a sense for spe-
cific applications. However, a sudden loss of moisture,
e.g. due to the action of wind or direct sun exposure,
during concrete hardening is the reason of so called
drying shrinkage [4]. The typical exhibition is shown
on Figure [T} where the drying was prevented only on
lateral sides due to presence of moulds. This process is
important during the construction and the extensive
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curing serves as a reliable prevention for a long-term
durability [5]. However, the ultimate volume changes
are closely related to the hydration process for cement
based composites and conventional concrete.

Cement hydration is a complex reaction resulting
in a solid structure. Its progress is predominantly
determined by the composition of the cement used in
normal conditions [6]. In addition, the heat evolution
is an inherent exhibition of the cement hydration and
it is closely related to the cement phase composition.
Individual main minerals contained in Portland ce-
ment clinker exhibit their specific properties, which
are shown in Table 1. An even more detailed ex-
planation was provided by Bullard et al. [7], who
described the behaviour of individual clinker materi-
als and their interaction with each other. The volume
changes of the cement were thoroughly studied by
Paulini [§], who quantified the volume changes for in-
dividual clinker minerals, which are shown in Table [T}
However, Yodsudjai and Wang [9] reported different
values.

Thanks to the detailed description of individual
clinker components, the prediction of ultimate volume
changes using advanced techniques could be conducted
easily [10} [I1I]. These models take into account the
dimensions of the produced element and, on the basis
of calculated hydration heat, estimate the resulting
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FIGURE 1. Crack originated due to drying of the concrete three days after casting.

Clinker minerals Hydration heat

Chemical shrinkage
by Paulini [8]

Chemical shrinkage
by Yodsudjai and Wang [9]

[kJ/kg] [cm?®/g] [cm?®/g]
C3S  3Ca0-SiO, 500 0.0532 0.0704
S 2Ca0-Si0y 250 0.0400 0.0724
C3A  3Ca0-AlO4 910 0.1113 0.115
CLAF  4Ca0-Aly03-FesO4 420 0.1785 0.086

TABLE 1. Properties of individual clinker minerals.

stresses. The reduction of cast concrete mass is an
efficient approach for the reduction of maximal tem-
perature; in addition, the casted structure is divided
into fractional segments and the casting is realized as
a “checkerboard”. This technology was successfully ap-
plied during the erecting of the Hoover Dam or Orlik
Dam [12]. Active cooling of hardening concrete or pre-
cooling of the components prior to the mixing could
contribute to the reduction of maximal temperature
as well. The abovementioned technologies represent
the engineering solutions, however, the most efficient
one is the selection of the appropriate binder exhibit-
ing lower hydration heat and lower hydration kinetics.
Thus, it is evident that the volume changes of concrete
are closely related to the process of hydration.

The reduction of the hydration heat was historically
solved by the use of belite cement, however, currently,
the application of supplementary cementitious mate-
rials (SCM) is preferred [I3]. It is partially motivated
from the environmental point of view, because these
materials come from waste or by-products. They par-
ticipate in the cement hydration by reacting with
Ca(OH)2, which originates during the hydration of
C3S and C5S. Resulting hydrates, CSH, CAH, CSAH
phases, significantly contribute to the density and
mechanical properties in time, however, the reaction
of the most of SCM is very slow, which significantly
reduces the hydration heat but prolongs reaching the
standard mechanical performance. The higher re-
activity and thus higher reaction kinetics exhibits
silica fume due to very high finesses, selected types

of metakaolin [14], or fly ash [IGHIT], which could
be treated by an additional grinding [18]. The long-
term character of the SCM hydration positively limits
the chemical shrinkage of cement paste, because their
reaction proceeds just in solid environment [19] 20].

The products of a cement hydration exhibit lower
molar volume, hence, theoretically, the hydration pro-
cess should be characterized by the shrinkage [9]. How-
ever, hardened cement paste evinces the porosity. Ra-
soolinejad et al. [2I] described that the process of
hydration is expansive due to capillary pores in which
the water is physically fixed. This hypothesis is valid
for humid conditions, respectively in the presence of
water, which is necessary for the hydration process.
When the concrete is exposed to arid environment, the
loss of moisture leads to the drying shrinkage. That
means the cement hydration and drying shrinkage are
competitive processes, whose importance is very high
especially during the hardening.

The main aim of the work performed is an exper-
imental comparison of conventionally used types of
Portland cement in terms of shrinkage and the pro-
cess of hydration. A specific attention was paid to the
tendency of studied cements to the drying shrinkage.
Cracks induced by the shrinkage significantly reduce
the service life of the concrete infrastructure hence it
is necessary to characterize related processes in detail
for the proposal of the correct approach.
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CEM 1525 CEMI425 CEMII/B-S325 CEMIII325 CEMI42.5 (SC)
CaO  [%] 63.5 61.2 50.51 44.32 63.8
Si0,  [%) 20.3 21.7 27.24 32.11 20.6
AlLOs  [%] 4.8 5.72 7.85 7.8 48
Fe,O3  [%) 3.4 3.22 2.72 1.37 3.4
MgO  [%] 1.5 2.58 3.75 6.11 1.4
SOs (%] 3.1 2.94 2.85 2.99 3.2
K,O  [%] 0.75 0.8 0.77 0.67 0.74
Na,O  [%] 0.2 0.3 0.36 0.57 0.2
LOI  [%] 1.6 1.29 1.1 0.99 1.4
Blaine [m?/kg] 509 351 345 378 311

TABLE 2. Chemical composition and selected properties of used cements.

2. EXPERIMENTAL PROGRAM

The present experimental program deals with the
shrinkage of standard cement based mortars. Five
types of conventionally used cements based on Port-
land clinker were selected; their chemical composition
and selected properties are shown in Table Indi-
vidual cements differ in chemical properties and their
mechanical performance as well. (SC) is the abbrevia-
tion for road cement in Czech Republic, which exhibits
lower content of tricalcium silicate and a lower value
of specific surface by Blaine.

Mortars were made from standard siliceous sand
according to EN 196-1 [22], mixed with individual
cements in proportions 3:1; applied water/cement
ratio was set to 0.45 for all studied mixtures. Sets of
prismatic specimens 20 x 20 x 100 mm were produced
for the determination of the shrinkage. After 24 hours,
they were demoulded and equipped with the targets,
which served for the fixation of the dial test indicator.
These procedures were successfully carried out in a
previous research [6]. These specimens were divided
into three main groups, which differed by the curing
regime. A part was left under normal laboratory
conditions to induce drying, the rest of the specimens
were immersed in the water basin, however, part of the
specimens was extracted after 3 days and subsequently
kept under normal laboratory conditions as well. Thus,
the last set of specimens had a prolonged curing. The
mass change was monitored continuously.

The mechanical properties of the studied mixtures
were determined in accordance with EN 196-1 [22]
using prismatic specimens 40 x 40 x 160 mm. Flexural
and compressive strength were measured in selected
time intervals.

Accompanying specimens of the cement pastes with
similar w/c were prepared for the thermogravimetric
measurement in order to monitor the process of hy-
dration. A themogravimetric analysis was carried out
using the DTA-TG apparatus (Schimadzu DTG-60H).
The content of chemically bound water (Hpyq), which
reflects main constituents contributing to mechani-
cal properties, was determined according to Eq.
where wig5, wes0 mean weight at 105 °C, 450°C re-
spectively [23] [24].
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w105 — W450
Hpyg = —— (1)

w105

3. RESULTS AND DISCUSSION

The performed experimental program focused on the
assessment of five types of cements based on the Port-
land clinker in terms of their shrinkage. A special
attention was paid to their predisposition to the dry-
ing shrinkage hence the measurement of the shrinkage
was conducted for various curing regimes. The results
obtained during a one-year measurement period are
depicted in Figure [2} the mass loss is shown in Fig-
ure[3] The logarithmic scale was applied with respect
to the long-term character of the experiment and the
progress of monitored values.

The regime of curing had a significant impact on
the progress of volume changes, which is obvious in
the prolonged curing for up to three days. All mor-
tar specimens with employed cements exhibited slight
expansion during the water curing. These results
correspond well with conclusions of Rasoolinejad et
al. [21], who thoroughly described the causes of the
expansion during hydration, which were already men-
tioned in the introduction. The highest expansion
exhibited CEM 1 52.5, which attained approximately
0.6 mm/m after one year. The lowest expansion was
determined on specimens employing the road cement.
This fact corresponds with the expectations, because
high volume stability is required of such type of the
cement. The remaining cements attained very similar
results for water curing, which were in the range of
0.42 - 0.45 mm/m.

The specimens, exposed to simultaneous drying, ex-
hibited gradual shrinkage after 24 hours. The highest
level of shrinkage was reached by CEM III 32.5 with
0.86 mm/m after one year. The CEM I 52.5 attained
the best final values. The other results were balanced.
The prolonged curing brought an expected improve-
ment of the final shrinkage for all studied cements.
The correspondence of mass changes with the obtained
volume changes is clearly visible in Figure [3| These
basic tests are conventionally used for the comparison
of various cements, in addition, this procedure serves
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for the selection of cement for the specific applications.
However, it is necessary to assess the obtained results
in a broader perspective.

The evolution of mechanical properties of individual
cements clearly illustrates the significant differences.
The flexural and compressive strength were measured
in selected time intervals; the results obtained are
depicted in Figure [d] and Figure [5] The attained me-
chanical performance fully corresponds with declared
strength classes of studied cements, especially for the
short-term measurement. Final long-term mechanical
properties of CEM II 32.5 are significantly higher due
to content of blast furnace slag in comparison with the
cements of CEM I, despite lower initial mechanical
performance. In addition, a further increase of me-
chanical properties of CEM III could be expected in
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time. This factor is crucial for the correct evaluation
of the individual cements.

The estimation of the hydration degree could be con-
ducted on the basis of achieved compressive strength.
For this purpose, the Michaelis-Menten equation
could be successfully applied; this formula is con-
ventionally used for the prediction of chemical pro-
cesses with an ultimate reaction capacity. It was
used in a previous research for the assessment of poz-
zolanic activity of ceramic powder [25]. Its poten-
tial for modelling of the reaction kinetics of cement-
based composites was confirmed in other research
works [26, 27]. Viua. presents the ultimate value of
the studied property, T' is time, K is constant and v
is partial value, usually measured points; compressive
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FIGURE 6. Chemically bound water in time in cement pastes.

strength or chemically bound water in relevant time
in our case.

T 2

Chemically bound water in cement pastes is a suit-
able indicator of the hydration process of cement based
composites, especially the development of mechanical
properties. Achieved values of chemically bound water
in accompanied paste specimens are illustrated in Fig-
ure [6] Results obtained from the thermogravimetric
measurement indicated crucial differences in hydra-
tion kinetics of individual cements as well. It can
be concluded that the obtained kinetics correspond
well with the results of the compressive strength. The
relationship between compressive strength and ob-
tained values of chemically bound water is illustrated
in Figure [7] The correspondence is well visible on
the estimated values of hydration degree on the basis
of compressive strength and chemically bound water,
respectively, which are illustrated in Figure [§] and
Figure [9]

The estimation obtained on the basis of compressive
strength is illustrated in Figure[7] where the significant
differences in individual cements are clearly visible.
The estimation on the basis of the thermogravimetric
measurement is shown in Figure [8 this estimation
was negatively affected by the missing values of early
measurement, however, it offers a suitable fit with the
results achieved on the basis of compressive strength
evolution. The values of CEM I 42.5 and CEM I 42.5
(SC) overlap, which indicates their high similarity.
On the one hand, the determination of the hydration
degree is a complicated issue, especially in the case of
blended cement-based binders [26H28], on the other

v="V,

hand, the evolution of compressive strength offers a
good fit [26] 28].

With respect to the achieved resolution of both used
approaches of the hydration degree estimation, the val-
ues on the basis of compressive strength were used for
the following evaluation and conclusions. The values
of the hydration degree after one and three days are
shown in Table 3 in order to evaluate the regimes of
curing in terms of the shrinkage. The various reaction
kinetics of the employed cement is evident. After one
day, the cements of class I exhibited the hydration
degree of approximately 30 %, whereas the cements
containing a considerable amount of the mineral addi-
tive exhibited just about 4.0 %; a 7.5 times lower value.
After three days, the hydration degree of blended ce-
ments was almost three times higher, in the case of
CEM I cements, two times higher, however they under-
went the dominant part of the hydration. Although
the estimation of the ultimate values for blended sys-
tems is problematic, for the problem studied, it offers
a satisfactory perspective.

Drying shrinkage is a complicated phenomenon, be-
cause it is affected by a number of various factors.
However, the diffusion of moisture is the major one
in the case of hardening concrete. This fact was con-
firmed by Vinkler and Vitek [4] in a thorough study,
who investigated the shrinkage of conventional con-
crete under various conditions. They compared the
results of real scale tests with the standard labora-
tory specimens, which exhibited approximately two
times higher shrinkage. Moreover, in the case of a real
scale measurement, the shrinkage was reduced propor-
tionally with an increasing thickness of the segment.
Accompanying specimens, kept under normal labo-
ratory conditions, attained a higher shrinkage than
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Degree of hydration [%]

1d 3d
CEM I 52.5 39.9 66.5
CEM I 425 28.4 54.4
CEM II 32.5 45 12.3
CEM III 32.5 3.5 9.8
CEMI42.5 (SC) 35.0 61.8

TABLE 3. Estimated degree of hydration

for studied cements in selected ages.
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FIGURE 10. Rate of drying shrinkage with respect to the hydration degree at the end of the curing.

those stored in moist environment by 10 %. The diffu-
sion properties of concrete are considerably dependent
on the actual content of moisture in case of the hard-
ened concrete, however, the moisture is not tightly
fixed by capillary forces in early age concrete, because
of the progressing hydration. And thus, in such con-
crete, the moisture is lost rapidly, which interrupts the
successful hardening process. These conclusions were
reported by Holt and Leivo [I], who monitored capil-
lary forces and evaporation of the moisture of various
concrete mixtures. That clearly evinces the direct de-
pendence of the hydration degree with the sensitivity
to drying shrinkage, which could be illustrated on the
basis of the results obtained, Figure [I0] The reached
shrinkage of individual cements and given hydration
degree is shown, when the specimens were induced
to the drying. The low hydration degree of blended
cements led to a sudden loss of moisture and subse-
quent huge drying shrinkage when exposed to drying
after 24 hours. However, the prolonged curing, up to
three days, caused a significant improvement of final
shrinkage, whereas for CEM I cements, the reduction
of shrinkage was negligible. These findings amplified
the necessity of curing in the case of blended cements,
and moreover, highlighted the nature of the method-
ology used. This contact method is conventionally
used for the selection of suitable cement, nevertheless,
the detailed view declares that different factors are
measured for single binder systems. The used type of
measurement could cover a part of autogenous shrink-
age of blended cements due to their lower hydration

kinetics, whereas higher initial kinetics causes con-
siderable result distortion because of the absence of
autogenous shrinkage and lower permeability. Pre-
dominantly, the absence of the autogenous shrinkage
factor could lead to the underestimation of cements
with an increased reactivity. That could be shown
by the thorough research by Yodsudjai and Wang [9],
who determined the chemical shrinkage of various
cements. It was reported that, after 24 hours, the
CEM 1 attained approximately 50 % of the 28-day
shrinkage.

Autogenous shrinkage plays an important role in the
concrete industry, because it starts after the concrete
is casted and cannot be avoided by a construction
practice [I1 29 [30]. Moreover, its measurement is very
complicated through conventional methods, which was
well declared by the conducted program. With respect
to the nature of this process, the prevention has to
be based on the proper mix design and especially
the choice of the binder. Primarily, the autogenous
shrinkage is reduced by fly ash or blast furnace slag
application and by the increase of w/c [31]. The above-
mentioned recommendations were complemented by
Yodsudjai and Wang [9], who reported a negative
impact of the increased amount of C3A, C4AF and
increased content of alkalis. Hence, the problem of
autogenous shrinkage became of global importance
due to the massive development of high-performance
concrete mixtures [2]. In addition, it is necessary to
interpret the results obtained relative to the attained
degree of hydration, because binders with higher re-
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FIGURE 11. Accelerated damage of concrete highway (D5 9-20km) determined by cracks induced by the shrinkage.

action kinetics are significantly overestimated. Often
invisible micro-crack initiation is strongly propagated
during the service of the given concrete structure,
which results in massive deterioration, as is illustrated

on Figure [T1]

4. CONCLUSION

The conducted experimental program was focused
on the monitoring of the properties of conventionally
used types of cements in terms of their shrinkage de-
termined by a conventional contact method. Various
curing regimes were applied. These results were anal-
ysed relative to the actual mechanical performance
and the degree of hydration, which was estimated on
the basis of a thermal analysis. The main outcomes
of the performed program could be summarized as
follows:

e Reaction kinetics of the cements essentially deter-
mines the character of the measurement by using a
conventional contact method,

e Prolonged curing reduces final shrinkage,

e Higher kinetics of cement hydration suppress the
effect of the autogenous shrinkage and led to the
significant overestimation of studied cements,

o Lower kinetics of cement hydration led to the dom-
inance of the drying shrinkage and a significant
misrepresentation of obtained results, because the
drying shrinkage is controlled by the diffusion,

e The comparison of various cements has to be carried
out relatively to the actual degree of hydration.
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