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The goal of this article is to study the effect of curing conditions on the
properties of cement-based composites blended with waste marble dust
(WMD). WMD was added to cement-based composites with different ratios of
replacement, and two of the most commonly used curing conditions were ap-
plied. Half of the composites were cured in water at a temperature of
20 ± 1�C, and the other half of the composites were cured in air at a tem-
perature equal to 22 ± 2�C and relative humidity (RH) equal to 20 ± 1%. To
achieve the goals of the study, the composites were tested after 3 days, 7 days,
28 days, and 65 days of curing for their apparent density (!ad), porosity (pm)
and compressive strength (fcd). Finally, the obtained macroscopic observations
were validated using scanning electron microscopy. It was found that the
water curing conditions were beneficial for the cement-based composites and
gave satisfactory results compared with the air-curing conditions.

INTRODUCTION

It is commonly known that the hardening process
and formation of the microstructure of cement-
based composites are significantly influenced by the
curing conditions.1 Curing conditions applied in a
laboratory vary from those applied on a real con-
struction site. In a laboratory, composites are
usually immersed in water for curing, whereas on
a construction site, composites cure mostly in air
conditions. These two methods of curing are most
commonly used for cement-based composites. The
curing conditions result in different final properties
of hardened cement-based composites.

Several studies have recently been conducted on
the influence of different curing conditions on the
properties of cement-based composites.2–4 Most of
them proved that curing conditions, curing time5

and the curing period influenced the development of
the properties of cement-based composites.6 For
example, Bingöl and Tohumcu7 found that air-
curing conditions caused a loss in the compressive

strength of self-compacting concrete (SCC) blended
with fly ash (FA) and silica fume compared with
water-curing conditions. Moreover, Poon et al.8

proved that cement-based composites blended with
FA cured in water at 27�C had higher compressive
strength and lower porosity compared with those
cured in air at 15�C and at 60% relative humidity
(RH). Aldea et al.9 specified that curing at 80�C is
preferable to normal curing at 20�C and 100% RH
for cement-based composites blended with slag.10

The curing temperature also affects the compressive
strength of cement-based composites blended with
high phosphorous slag,11 calcium aluminate,12

biomass ashes13 and geothermal silica waste.14 In
study,15 ordinary curing (20 ± 1�C) was beneficial
for cement-based composites blended with metakao-
lin. Generally, the curing conditions affected the
development of the properties of ordinary cement-
based composites,16 composites modified by fly
ash,17 composites modified by recycled aggre-
gates18,19 and a composite’s long-term compressive
strength.20 This was also the case under hot
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weather conditions.21 Of note, high air temperature
and low humidity caused water to evaporate from a
fresh cement-based mixture in a mold.7 Water-
curing conditions can effectively reduce this prob-
lem,16 as is also the case in cement-based compos-
ites with mineral admixtures.22 Salhi et al.23

reported that an increase of temperature and
decrease of humidity increase the evaporation rate
in SCC. The strong influence of curing conditions on
concrete is due to the effect of these conditions on
the hydration degree of cement, especially belite
(C2S).22 As pointed out by Rizzo et al.24 the dura-
bility and strength of concrete may deviate from the
design conditions as a result of accidental factors
such as inappropriate curing due to changes of the
water-cement ratio.

Cement-based composites have recently been
more frequently blended with mineral admixtures.
Admixtures with particles similar to those in
cement-based composites are especially useful for
this purpose.25 They are usually termed dusts (also
called powders, ashes, etc.). These dusts are more
commonly sourced from industrial wastes, e.g., from
the production of aggregates in aggregate quar-
ries.26 The proper disposal of these waste quarry
dusts has recently become a serious ecologic prob-
lem. It has been proved in the literature that waste
marble dust (WMD) is suitable to replace some of
the cement in cement-based composites, such as the
cement paste, mortar and concrete. However, as
highlighted previously in, Ref. 27 studies related to
WMD have mostly been performed on concrete and
mortar composites cured in water. Thus, our previ-
ous study27 proved that the incorporation of WMD
in air-cured cement paste is beneficial. Attempts to
replace some parts of cement using industrial
byproducts, such as WMD, have recently been
successfully performed.28–35 The proper utilization
of WMD is a thoughtful large-scale ecologic
problem.36–41

Many studies have been carried out to determine
the physical and chemical properties of cement-
based composites blended with WMD.42–44 It has
been proved in the literature that the application of
WMD improves the fresh properties of SCC,39,45–48

colored SCC,49 self-compacting mortar,47,48 ordi-
nary31 and adhesive50 mortars, the compressive
strength of mortar31,51–53 and the durability of
concrete.54 WMD has also recently been used by
Colangelo et al.55 as an inert filler to reduce drying
shrinkage of lightweight geopolymer composites. As
reported in the literature, the use of WMD as a
cement replacement in an amount of up to 10% of
the mass of the binder improves the properties of
mortar and concrete cured in water conditions. This
may be due to the effect of the micro-filler present in
WMD, which helps to form a dense mix by filling
voids.51 In addition, it may also be due to an
increase of the total volume of hydration products,56

which is the result of the reaction between calcium
carbonate (CaCO3) and tricalcium aluminate

(C3A).27,32,37,41 After analyzing examples from the
literature, it can be seen that ordinary water-curing
conditions at a temperature equal to 20Â�C are best
for curing cement-based composites blended with
WMD.

However, to the best of our knowledge there are
no studies on the effect of curing conditions on the
properties of cement-based composites blended with
WMD, which is used as a partial replacement of
cement. When considering the above, the article
aims to investigate the effect of different curing
conditions after 3 days, 7 days, 28 days, and
65 days (water cured at a water temperature equal
to 20 ± 1�C and air cured at an air temperature
equal to 22 ± 2�C and relative humidity of 20 ± 1%)
on the properties of cement-based composites
blended with WMD. This was achieved by deter-
mining the compressive strength, apparent density
and porosity. In addition, scanning electron micro-
scopy (SEM) analysis was also performed on the
specimens after 28 days of being cured in these two
different conditions.

MATERIALS AND METHODS

Materials

The investigated cement-based composite is com-
posed of ordinary Portland cement (OPC) and tap
water and it is blended with WMD.

Biskria Ciment57 provided the OPC type CEM I
42.5 R. The WMD was obtained in the form of an
aggregate from CHATT/Fil-Fila quarry.58 Because
it is a challenge to transform industrial wastes into
a raw material,59 to obtain a fineness close to OPC,
the WMD was ground using a classic line grinder
(Fig. 1).

Test Procedure

A D8 ADVANCE x-ray powder diffractometer and
Zetium x-ray fluorescence spectrometry were used
to determine the mineralogic and chemical compo-
sitions of the cement-based composites. The Bogue
equation was used.60 The different setups for the
preparation of the WMD and the methodology of the
experimental program are presented in Fig. 1. The
physical characteristics of OPC and WMD are
presented in Table I and Fig. 2a. The particle size
distribution (PSD) was determined using a Malvern
Mastersizer 2000 analyzer. Moreover, the chemical
and mineralogic characteristics are presented in
Fig. 2b.

Initially (from the time of casting until demold-
ing), all the specimens (only the top surface) were
packed so that the water would not evaporate and
then put to cure in standard laboratory conditions
at 22 ± 2�C and more than 20 ± 1% RH. After
demolding (about 24 h), the specimens were divided
into two groups—water cured at 20 ± 1�C and air
cured at 22 ± 2�C. Different tests were performed
at 3 days, 7 days, 28 days, and 65 days to verify the
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Fig. 1. Methodology of experimental setup.
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apparent density, compressive strength and
porosity.

According to Kirgiz,61 the apparent density was
determined using Eq. 1:

cad ¼ md

Vt
ð1Þ

where cad is the apparent density (g/cm3), md is the
mass of the dry specimen (g), and Vt is the volume
total of the specimen (cm3).
The compressive strength was determined accord-
ing to ASTM C 109/C 109 M 9962 using Eq. 2:

fcd ¼ F

A
ð2Þ

where fcd is the compressive strength (MPa), F is the
failure load (N), and A is the loading area (mm2).
At first, it was necessary to measure the length,
width and height for each specimen using a digital
caliper and then estimate the weight using an

Table I. Physical properties of ordinary Portland
cement (OPC) and waste marble dust (WMD)

Physical properties OPC WMD after grinding

Specific gravity (g/cm3) 3.15 2.74
Bulk density (g/cm3) 0.98 0.98
Blaine fineness (cm2/g) 3571.78 3869.46

Fig. 2. Characteristics of ordinary Portland cement (OPC) and waste marble dust (WMD): (a) particle size distribution; (b) chemical and
mineralogical composition.
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electronic balance (Fig. 1). The apparent density
was then determined by dividing the mass of each
specimen by its volume.

Next, after determining the apparent density, the
specimen was put in a compressive machine (Fig. 1)
with a maximum capacity of about 1000 KN to
obtain the failure load. The failure load of each
specimen was divided by the loading area to calcu-
late the value of the compressive strength.

For porosity, the methanol exchange method was
used (Fig. 1). According to the procedure described
in Refs. 63 and 64 prisms of 40 9 40 9 160 mm
were cut in the middle to extract samples with a
thickness of 8 ± 1 mm. They were then placed
inside the methanol solution until reaching a con-
stant weight at between 3 days, and 14 days. Thus,
the methanol replaced all the water existing inside
the samples. The samples were then dried over
silica gel for 24 h at a temperature of 20�C. Finally,
the weight of each sample was estimated using an
electronic balance, and the porosity was measured
using the following formula:

pm ¼ Vm

Vt
ð3Þ

where pm is the porosity based on the methanol
exchange method (%), Vm is the volume occupied by
methanol in the samples (g), and Vt is the total
volume of the samples (cm3).
The microstructure analysis was conducted on the
specimens at 28 days using scanning electron
microscopy methods. The microstructure of the
samples was analyzed on their cross section to
reduce the impact of surface defects. The significant
porosity of the cement samples, compared with
other engineering materials, causes them to adsorb
a large amount of gas. For this reason, in high-
vacuum devices, including electron microscopes, the
volume of the sample should be reduced to the
necessary minimum. In the case of the described
research process, the 10 mm 9 10 mm 9 10 mm
sample was cut in the zone of interest using a
precise diamond saw. The samples were then cold-
mounted in a two-component Epidian 5 epoxy resin
with Z1 hardener (Ciech Sarzyna, Poland), wet
sanded on abrasive papers graded at 120, 320, 600,
800 and 1200, and then polished with mono-crys-
talline diamond suspensions with a granulation of
6 lm and 1 lm. Tests of non-conductive materials
using an electron beam require the electron drai-
nage from the analyzed surface to be provided.
Vacuum sputtering with graphite or metals such as
gold, silver, chromium or aluminum is extensively
used for this purpose. Because microanalysis of the
chemical composition was planned, it was decided to
cover the sample with a layer of carbon approxi-
mately 40 nm in a high vacuum evaporator (Ed-
wards Vacuum, England).

The JEOL JSM-6610A scanning electron micro-
scope was equipped with a conventional tungsten

filament electron gun and was working on an
accelerating voltage of 20 kV that compromised
the analytical performance and imaging resolution.
The chemical element composition was determined
using an energy-dispersed x-ray spectrometer (EDS,
EDX) JEOL JED-2300. The count rate was set to
approximately 7000 cps, and the detector dead time
did not exceed 5%. Quantitative analyses were
performed using JEOL software and the integrated
ZAF method. To obtain a visualization of the
relative chemical composition distribution of the
samples, elementary mappings were made. The
data acquisition time was about 3 h for each anal-
ysis. The obtained intensity maps of the elements
had a resolution of 512 9 384 points with the size of
the observation field being 2.9 9 2.2 mm.

CHARACTERISTICS OF RAW MATERIALS

As seen in Table I and Fig. 2b, the Blaine fineness
of the WMD equal to 3869.46 cm2/g is very close to
that of the OPC (Blaine fineness of 3571.78 cm2/g).
There is one difference in the percentage of the size
of the particles. For the OPC, the particles smaller
than 45 lm, 17 lm and 3 lm represent about 90%,
50% and 10% of the total material volume, respec-
tively. The particles less than 80 lm, 30 lm and
5 lm in the WMD represent about 90%, 50% and
10% of the total material volume, respectively. On
the other hand, both materials are characterized by
a similar bulk density of about 0.98 g/cm3.

The results obtained using the XRD and XRF
showed the difference of the mineralogical and
chemical compositions of the WMD and OPC. The
OPC has four mineral components: tricalcium sili-
cate (C3S), dicalcium silicate (C2S), tricalcium alu-
minate (C3A) and tetracalcium aluminoferrite
(C4AF) as well as gypsum (CaSO4Æ2H2O).27 The
WMD has two mineral components: CaCO3 as the
main mineral and also dolomite (CaCO3ÆMgCO3).
Similar characteristics were obtained by the
authors of Refs. 27, 32, 35 and 38.

Figure 2b also shows that the major component of
OPC and WMD is calcium oxide (CaO), with a
proportion of 62.91% and 56.94%, respectively.
Compared with the OPC, the WMD has a lower
amount of silicon dioxide (SiO2), aluminum oxide
(Al2O3) and iron oxide (Fe2O3). The WMD also has a
higher loss on ignition (LOI) than the OPC. Similar
characteristics were also obtained by Hamza et al.44

BASIC PROPERTIES OF FRESH CEMENT
PASTE

In Fig. 3, the basic properties (consistency and
setting time) of the fresh cement paste with and
without WMD are presented. As seen in this figure,
the use of WMD does not significantly affect the
basic properties of the fresh cement pastes. Accord-
ing to EN 196-3,65 a Vicat needle was used to
determine the setting time (initial and final) and the
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consistency. As previously pointed out by Toubal
Seghir et al.27 this may be due to the similar
fineness of the WMD and OPC.

RESULTS AND DISCUSSION

The apparent density (!ad), compressive strength
(fcd) and porosity (pm) of cement-based composites
blended with WMD at different curing conditions
and at different ages are presented in Fig. 4.

Figure 4a shows that the obtained !ad of the
water-cured composites was higher than that
obtained from the air-cured composites. This may
be due to the lower volume of hydrate products for
the cement hydration. In the case of the specimens
cured in air, some of the water present in the
composites evaporated. This may suggest that the
compounds of the cement did not completely
hydrate.

In both curing conditions, the !ad slightly
decreases when the WMD content increases in
comparison to the control composite. This may be
because the specific gravity of the WMD is lower
than that of the OPC.27,56,66,67

The incorporation of WMD in an amount ranging
from 5% to 15% of the mass of the binder causes a
decrease of the !ad from 0.72% to 2.04% for the
water-cured composites and from 1% to 2.80% for
the air-cured composites.

Figure 4b shows that the compressive strength
(fcd) decreases with the increase of the WMD
content. In addition, the water-cured specimens
showed a higher fcd than the air-cured specimens. A
similar observation was noticed by Poon et al.8 who
used FA as a cement replacement.

In the case of water-cured conditions, the use of
WMD in amounts of 5%, 10% and 15% of the mass of
the binder decreases the fcd compared with the
control composite. These results are close to those
found in the literature,56 where WMD was incorpo-
rated in amounts ranging from 10% to 40%.

The decrease of the fcd was attributed to the
decrease of !ad. This is possibly due to the signif-
icant reduction of C3S and C2S in the cement-based
composite. C3S and C2S are mainly responsible for
strength development.27,32,53,56,68

In the case of air-cured conditions, a decrease of
fcd was also noticed. From these results, it can be
stated that the water-cured composites with a
content of 5% and 10% WMD of the mass of the
binder showed a higher decrease of fcd than the air-
cured composites. For composites with a WMD
content of 15% of the mass of the binder, the results
of the air-cured composites showed a higher
decrease of fcd than the water-cured specimens.
However, the water-cured specimens have a higher
fcd than the air-cured specimens. This may be due to
the presence of the higher volume of hydrate
products for the water-cured composites compared
with the air-cured composites.

Figure 4c shows that the air-cured composites
presented higher porosity (pm) than the water-cured
composites.

For water-cured conditions, the porosity
decreases with an increase of WMD of up to 10%
of the mass of the binder at all curing ages (Fig. 4c).
This could be explained by the effect of this inert
addition, because ultrafine aggregates fill voids.41 In
turn, a 15% level of WMD of the mass of the binder
led to an increase in porosity at all curing ages. This

Fig. 3. Basic properties of fresh cement paste.
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may be due to the substantial decrease in the
clinker content of the mix. The consequence of the
increase of WMD from 5 to 10% is a slight decrease
in the porosity. In turn, a 15% level of WMD of the
mass of the binder caused an increase of the
porosity. These results cannot be compared with
those found in Ref. 56.

In the case of air-cured conditions, the results
show an increase of the porosity with a correspond-
ing increase of the WMD content for all curing ages.
This may be explained by the decrease in the volume
of hydration products. Compared with the control
cement-based composite, the increase of WMD from
5 to 15% caused an increase in the porosity.

Fig. 4. The effect of curing conditions on the evolution of the properties of cement-based composites blended with waste marble dust (WMD) at
different ages for: (a) apparent density (!ad); (b) compressive strength (fcd); (c) porosity (pm).
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To analyze the microstructure of the cement-
based composites with and without WMD, SEM
analysis was used. The back-scattered electron
(BSE) and energy-dispersive x-ray spectroscopy
(EDX) images of the cement-based composites con-
taining WMD at 28 days in different curing condi-
tions are presented in Figs. 5 and 6, respectively.

For both curing conditions, Fig. 5 shows that the
microstructure of the cement-based composites
blended with WMD is different from that for the
control composite. In addition (Fig. 6), the silicate
hydrate (measured as Si) showed a decrease with
the increase of the WMD content of up to 15% of the
mass of the binder. Moreover, the black particles
shown in Fig. 6 mean that there is no Si. This
decrease may be due to the lower SiO2 content in
the WMD compared with the OPC.

By comparison, Fig. 5 also shows that the air-
cured cement-based composites presented a higher
content of anhydrate products than those cured in
water, which means that the water-cured cement-
based composites have a higher hydration degree
than that of the air-cured cement-based composites.
In addition, all the compounds of the water-cured
cement-based composites, compared with the air-
cured cement-based composites, were hydrated.
This may be due to the water-evaporation rate,
which causes an incomplete hydration process for
the air-cured cement-based composites.

Furthermore, EDX was used to determine the
chemical composition of the samples. Due to the
small differences in chemical composition, the spec-
tra seem similar (Fig. 7); however, the quantitative
analysis showed significant changes (Table II). As
Table II shows, the replacement of OPC with WMD
of up to 15% increases the content of calcium
hydrate (Ca) because of the presence of calcite
(CaCO3) in the WMD. In addition, the content of
aluminum hydrate (Al) and iron hydrate (Fe)
decreases because of the smaller content of alu-
minum oxide (Al2O3) and ferric oxide (Fe2O3) in the
WMD. This can also be explained by the reaction of
tricalcium aluminate (C3A) with calcite
(CaCO3).27,32,37,41 Figure 7 and Table II also show
that the increase of WMD of up to 15% of the mass
of the binder decreases the silicate hydrate (mea-
sured as Si) at all curing ages. This confirmed the
observation of the Si on the EDX images. A sulfur
peak is observed in Fig. 7, which confirms the
formation of gypsum and ettringite, along with
calcium silicate hydrate (C-S-H) and portlandite
(Ca(OH)2).38 In addition, the appearance of a potas-
sium hydrate peak (K) can also be seen (Fig. 7) and
can be observed in all the water-cured composites.
This means that the air-cured composites lose the
part of water needed to hydrate. The loss of this part
led to an incomplete hydration process and an
increase in the content of air voids.22

In both curing conditions, the incorporation of
WMD of up to 10% of the mass of the binder as a
cement replacement led to an increase of the

calcium hydrate (Ca) content. This may be due to
the presence of CaCO3 in the WMD. In addition, the
aluminum hydrate (Al) and iron hydrate (Fe) con-
tent in the composites showed a decrease, which
may be due to the lower content of Al2O3 and Fe2O3

in the WMD. This can also be seen with the use of
WMD at 15% of the mass of the binder. This led to a
decrease of the Ca content in the composite and was
probably caused by the incomplete hydration pro-
cess as a result of the loss of some evaporated water.

In the case of the air-cured conditions (Fig. 7 and
Table II), the increase of the percentage of Al and Fe
hydrates in the specimens with 15% WMD can be
explained by the reaction of C3A with CaCO3, which
led to the formation of calcium carbo-alumi-
nates (CCA).27,32,37,41 In addition, the CaCO3 reacts
with tetracalcium-aluminoferrite and forms calcium
carbo- aluminoferrites (CCAF).27,69

The obtained percentage of the portlandite
(Ca(OH)2) content in the composite with 10%
WMD was higher than the percentage of the
portlandite (Ca(OH)2) content of the composite with
15% WMD. This is due to the higher percentage
content of Ca hydrate present in the composite
containing 10% WMD compared with the percent-
age of Ca hydrate present in the cement-based
composite containing 15% WMD. The EDX con-
firmed these results and indicated that the content
of Ca hydrate in the water-cured cement-based
composite and air-cured cement-based composite
containing 10% WMD was higher than that present
in the cement-based composite containing 15%
WMD.

The increase of the WMD ratio decreases the
calcium silicate hydrate (C-S-H) content in the
cement-based composite, which is due to the
increase of the portlandite [Ca(OH)2] content and
the decrease of silicate hydrate (Si).

To characterize the phase structure of the
cement-based composite with WMD at different
curing conditions after 28 days of being cured in
air or water, SEM–EDX analyses were used (Fig. 8).

The EDX analysis measured 50 points of each
composite to create the plot of Al/Ca as a function of
Si/Ca, which allowed the composition of the C-S-H
phase to be obtained. In this plot, the Al/Si ratio of
the C-S-H was determined by the slope of a line
drawn through the points with the lowest Al/Ca
ratio and represents the mixed analyses of the
portlandite (Ca(OH)2) and C-S-H without aluminum
iron monosulfate (AFm) or ettringite. The measure-
ments with lower Si/Ca ratios also represent the
mixed analyses of the C-S-H and portlandite. The
bulk of data points along this line represents the
range of the Si/Ca ratios of the C-S-H.70

The obtained results were characterized by a
large dispersion, which requires the use of scatter-
ing indicators. In addition, the resulting distribu-
tions were asymmetrical. The arithmetic mean or
standard deviation was not immune to outliers in
the probe. Therefore, the interquartile range was
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Fig. 5. Back-scattered electron (BSE) images of cement-based composites with different waste marble dust (WMD) contents: (a) 0% WMD
cured in air; (b) 0%WMD cured in water; (c) 5%WMD cured in air; (d) 5%WMD cured in water; (e) 10%WMD cured in air; (f) 10%WMD cured in
water; (g) 15%WMD cured in air; (h) 15%WMD cured in water. Ca(OH)2 = portlandite (colored red); air voids (colored blue); anhydrate products
(colored green) (Color figure online).
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Fig. 6. Si EDX mapping of cement-based composites with different waste marble dust (WMD) contents: (a) 0% WMD cured in air; (b) 0% WMD
cured in water; (c) 5% WMD cured in air; (d) 5% WMD cured in water; (e) 10% WMD cured in air; (f) 10% WMD cured in water; (g) 15% WMD
cured in air; (h) 15% WMD cured in water (visible segregation increase as the function of WMD %).
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used, which is based on the measurement of disper-
sion of the central part of the probe. The plots
showed the median of both curing conditions and for
each content of WMD. The values of the lower and
upper quartiles for Al/Si and Si/Ca were determined
(Fig. 8). After analysis of the comparison of the
medians and interquartile range of the Si/Ca and
Al/Ca atomic ratio densities, depending on the
WMD content for both curing conditions, it is visible
that the concentration of WMD increases, the Si/Ca
ratio decreases, and the values obtained for water-
curing samples always revealed lower values. Sam-
ples containing 0% and 15% WMD showed the
highest dispersion of both curing conditions. The

composites containing 5% WMD revealed the lowest
dispersion, and the sample containing 10% WMD
showed a slightly higher interquartile range. The
Al/Ca atomic ratios showed a similar dispersion,
whereas the 15% WMD sample was characterized
by a decidedly higher dispersion of the probe.
Samples of 5% and 10% WMD for both curing
conditions again revealed the smallest interquartile
range. The median values of the Al/Ca atomic ratios
of the 5% and 10% WMD samples were 0.065 and
0.070 for the air-curing condition and 0.051 for
water curing. For the air-cured samples of 0% and
15% WMD, an increase in the Al/Ca atomic ratio to
0.087 and 0.10 was observed. The water-cured

Fig. 7. Energy-dispersive x-ray spectroscopy (EDX) of cement-based composites replaced with different waste marble dust (WMD) contents: (a)
0% WMD; (b) 0% WMD cured in water; (c) 5% WMD cured in air; (d) 5% WMD cured in water; (e) 10% WMD cured in air; (f) 10% WMD cured in
water; (g) 15% WMD cured in air; (h) 15% WMD cured in water (results obtained with a 20-kV accelerating voltage).

Table II. Chemical elements of hardened cement-based composite replaced with different WMD contents
cured in air and in water—results obtained from EDX analysis

Chemical element

Element content (% weight)

Air cured (WMD content) Water cured (WMD content)

0 5 10 15 0 5 10 15

O 49.77 51.26 50.63 51.56 48.77 48.85 48.90 49.25
Ca 30.12 32.26 34.05 31.84 35.25 35.96 36.90 34.15
Si 10.78 9.22 8.99 8.75 8.81 8.29 8.14 8.01
Fe 4.92 3.52 3.05 3.87 2.65 2.65 2.60 2.57
Al 2.72 2.12 1.76 2.35 1.68 1.63 1.54 1.55
Mg 0.94 0.87 0.86 0.88 0.45 0.59 0.48 0.55
S 0.75 0.75 0.66 0.75 0.97 0.79 0.65 1.44
K – – – – 1.42 1.24 0.79 2.48
Total 100 100 100 100 100 100 100 100
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composites showed an inverse tendency—the 0%
and 15% WMD samples showed a decrease in the Al/
Ca atomic ratio to 0.043 and 0.041.

In the case of water-curing conditions, the com-
posites containing 0%, 5% and 10% WMD showed a
similar range of bulk points of the Si/Ca ratio of the
C-S-H, which ranged from 0.18 to 0.44. As for the
composites with 15% WMD, the bulk points of the
Si/Ca ratio of the C-S-H ranged from 0.11 to 0.43,
respectively. The obtained Si/Ca ratios, compared
with the air-cured samples, were shifted to lower
values. Only for the composite containing 15%
WMD were these values similar.

The Al/Si ratio of the C-S-H was affected by the
use of WMD from 0% to 15% and decreased from
0.073 to 0.062. This was due to the lower Al and Si
present in the WMD.

The control cement-based composite has a large
range of bulk points of the Si/Ca ratio of the C-S-H,
from 0.30 to 0.66. In the case of the cement-based
composite containing WMD in amounts of 5% and
10%, the results showed a similar range of bulk
points of the Si/Ca ratio of the C-S-H, from 0.30 to
0.51. As for the composites with 15% WMD, the bulk
points of the Si/Ca ratio of the C-S-H ranged from
0.11 to 0.55. In the case of composites containing 0%

Fig. 8. Plot of Al/Ca as a function of the Si/Ca atomic ratios of the EDX-measurements of the air- and water-cured cement-based composites
replaced with different waste marble dust (WMD) contents: (a) 0%WMD; (b) 5%WMD; (c) 10%WMD; (d) 15%WMD (results obtained with a 20-
kV accelerating voltage).
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and 15% WMD, there was a large dispersion of
points. This means that there is a possibility to
obtain a big or small content of C-S-H, and this is
undesirable.

In the case of both curing conditions, the presence
of lower Si/Ca ratios in the cement-based composite
containing WMD is due to the additional Ca pro-
vided by the WMD, which is incorporated in the C-
S-H microstructure. It is also due to a lower Si
presence in the WMD. The Al/Si ratio of the C-S-H
is almost similar in both curing conditions. The Al/
Si ratio was affected by the use of WMD from 0% to
15% and decreased from 0.073 to 0.062. This is due
to the lower content of Al and Si present in the
WMD.

Finally, it can be stated that the C-S-H content is
not significantly affected by the use of WMD in an
amount of up to 10% when the composites are cured
in water. The decrease of compressive strength is
not due to the C-S-H content, but is down to the
decrease of apparent density. In turn, for the air-
cured composites, the C-S-H content was affected by
the use of WMD in an amount up to 15%. The
decrease of compressive strength is due to the
water-evaporation rate, the presence of low humid-
ity in air, the C-S-H content and also the decrease of
apparent density.

The parameters, such as compressive strength,
apparent density and porosity, proved that there is
a dependence between them.

CONCLUSION

The goal of the presented study was to investigate
the effect of curing conditions on the properties of a
cement-based composite blended with waste marble
dust (WMD). Based on the executed experiments,
the following conclusions can be drawn:

� the water-curing conditions resulted in higher
compressive strength of cement paste blended
with WMD compared with the air curing condi-
tions. It was also observed that the compressive
strength increases with an increase in the
duration of water curing,

� the porosity of cement paste increased for the
air-curing conditions and decreased for the
water-curing conditions,

� the SEM–EDX analysis indicated that the use of
WMD led to an increase in the Ca content and a
decrease in the Si content for both curing
conditions. It also caused a slight decrease of
the C-S-H content in the cement pastes,

� the plot of Al/Ca versus Si/Ca of water-cured
cement paste indicates that the use of WMD in
an amount up to 10% has no effect on the C-S-H
products.

To sum up, the results indicate the possibility of
using WMD as a cement replacement in an amount
of up to 10% of the mass of the binder when
composites are cured in water.
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