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Abstract: The study of the effect of cement type on the action of an admixture increasing the volume of
concrete (containing aluminum powder), used in amounts of 0.5–1.5% of cement mass, was presented.
The tests were carried out on cement mortars with Portland (CEM I) and ground granulated blast-
furnace slag cement (CEM III). The following tests were carried out for the tested mortars: the air
content in fresh mortars, compressive strength, flexural strength, increase in mortar volume, bulk
density, pore structure evaluation (by the computer image analysis method) and changes in the
concentration of OH− ions during the hydration of used cements. Differences in the action of the
tested admixture depending on the cement used were found. To induce the expansion of CEM
III mortars, a smaller amount of admixture is required than in the case of CEM I cement. Using
the admixture in amounts above 1% of the cement mass causes cracks of mortars with CEM III
cement due to slow hydrogen evolution, which occurs after mortar plasticity is lost. The use of an
aluminum-containing admixture reduces the strength properties of the cement mortars, the effect
being stronger in the case of CEM III cement. The influence of the sample molding time on the
admixture action was also found.

Keywords: aluminum powder; concrete expansion; Portland cement; ground granulated blast-
furnace slag cement

1. Introduction

Commonly used cement composites shrink during binding, mainly as a result of water
evaporation. Shrinkage is an undesirable phenomenon and may result in the formation
of cracks in concrete structures. The size of the shrinkage depends on the type of cement
and on concrete hardening conditions [1], among other factors. It is possible to obtain non-
shrinkage and even expansive concretes, i.e., those whose volume increases during setting
and the first few days of hardening. For this purpose, expansive cements or admixtures
increasing the volume of concrete are used.

Expansive cements contain calcium sulphate (increased content in relation to non-
expansive cements) and Klein complex (C4A3S− sinter) or calcium aluminate cements, or
increased C3A content as an expansive agent [1–3]. During the cement setting, calcium
sulfate reacts with aluminates (C4A3S− or aluminates in calcium aluminate cement or
C3A) to give ettringite, which crystallizes with increasing volume, causing the concrete to
expand [3]. Expansive cements are used mainly for concrete shrinkage compensation [1,3],
and the expansion of expansive cement paste up to 5% can be reached [4].

Expansive concretes made of expansive cements are characterized by lower total
porosity and thus lower permeability of composite, as well as better frost resistance and
higher strength compared to concretes from non-expansive cements [5]. The disadvantage
of sulfate-containing expansive cements is the possibility of the formation of ettringite after
the cement sets, which leads to cracking of the cement matrix.
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Another way to cause concrete expansion is to use concrete admixtures. Admixtures
increasing the volume of the concrete mix can be divided into expansive, gas-liberating,
and foaming [6].

Expansive admixtures for the production of expansive concretes are calcium sulfates
and aluminates (components of expansive cements), as well as calcium oxide and mag-
nesium oxide [3], which in reaction with water give calcium hydroxide and magnesium
hydroxide, respectively, which crystallize with increasing volume. Expansive admixtures
are used for the production of injection preparations and repair mortars [6]. According to
European standard EN 934-4 [7], expanding grout admixtures are used to ensure that the
volume of the grout does not decrease during hardening. The increase in the volume of the
grout during this time should not exceed 5%.

Hydrophobic organic surface-active compounds, e.g., sodium or potassium abietate,
as well as proteins of animal origin are used as foaming admixtures. When mixing the
grout with such an admixture, abundant foam is created, which increases the volume of the
grout. Foaming admixtures are mainly used for the production of insulation materials [6,8].

Powders of aluminum, zinc, or silicon, as well as sodium borohydride or hydrogen
peroxide, are used as gas-liberating agents. Gas-liberating agents are recommended to
obtain the expansive cement pastes used in the filling of ducts in post-tensioned prestressed
concrete, injection preparations, and in repair mortars and mortars for anchoring. Gas-
liberating agents (mainly aluminum powder) are also used for the production of aerated
concrete [9–11] and porous geopolymers [12–14]. The expanding effect of aluminum,
zinc and silicon comes from the reaction of these elements with Ca(OH)2 created during
cement setting. In the case of aluminum, this process occurs according to the chemical
reaction [1,15]:

2Al + 3Ca(OH)2 + 6H2O→3CaO · Al2O3 · 6H2O + 3H2 (1)

2Al + Ca(OH)2 + 6H2O→ Ca[Al(OH)4]2 + 3H2 (2)

The presence of gibbsite, Al(OH)3 was also found as a reaction product of aluminum
with components of the cement paste in the Portland cement paste [16].

The borohydride reacts with water to form hydrogen.

NaBH4 + 2H2O = NaBO2 + 4H2 (3)

Hydrogen peroxide is disproportionated, and the product is oxygen gas.

2H2O2 = 2H2O + O2 (4)

As a result of this reaction, gas is released, which creates many fine gas bubbles. They
have an expanding effect on the concrete mix that has not yet set, thus counteracting the
shrinkage of the resulting materials.

The most commonly used gas-liberating agent in concrete is aluminium powder. Hy-
drogen released in the reaction of aluminum with calcium hydroxide causes the formation
of pores in the size range of 0.1–1.0 mm in the concrete [9], which results in an increase in
the porosity of the concrete [9,10,17–19]. However, no significant changes in the content of
micropores smaller than 1 µm due to the action of aluminum powder were reported. The
addition of aluminum to the cement grout causes an increase in the macropores content [17].
With the increase in porosity, due to the action of aluminum powder, a decrease in the dry
thermal conductivity was also observed [10,17,19]. Increasing the amount of aluminum
powder results in increased porosity, decreased density [9,20], a decrease in modulus
of elasticity [21], and usually decreased compressive strength [9,22]. In some studies, a
uniform decrease in compressive strength with increasing aluminum content was not
observed. Liu et al., with increasing aluminum powder content, observed first an increase
in compressive strength, then a decrease, and then an increase again, but the compressive
strength was only higher than that of cement paste without aluminium addition for 0.01%
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aluminum powder [23]. Such changes may be related to the shape and orientation of the
pores. Elliptical pores, which can form due to hydrogen evolution, can result in mechanical
anisotropy of the porous material [23,24].

Aluminum powder also affects the properties of fresh cement grout: it extends setting
time, reduces water bleeding, and acts as a plasticizer [22]. It was also found that the
addition of aluminum powder increases the bond strength anchor-grout interface [22].

The effect of aluminum powder on the properties of the mortar depends, among
others on its fineness. With the increase in aluminum powder fineness, the density and
compressive strength of the cement mortars decreased [18]. The reactivity of the aluminum
powder also depends strongly on the pH of the environment, which depends on the type
of binder used. Aluminum is less reactive in grout with 20% Portland cement and 80%
blast furnace slag than in Portland cement. In a study using aluminum powder with a size
of 1 mm, the presence of metallic aluminum (unreacted aluminum) in hardened cement
paste with 80% blast furnace slag was found. No metallic aluminum was found in the
hardened Portland cement paste [16]. There are many articles on the use of aluminum
powder as an admixture for concrete, but the literature data lack a comparison of the action
of aluminum-containing admixtures in composites based on different cements.

The aim of the study presented in this paper was to assess the effect of cement type
on the action of an admixture (containing aluminum powder) increasing the volume of
concrete, used in an amount of 0.5–1.5% of cement mass. Selected properties of cement
mortars with Portland and ground granulated blast-furnace slag cement were tested.

2. Materials and Methods

The tests were carried out on cement mortars with dimensions of 40 × 40 × 160 mm3

differing in the type of cement and the amount of gas-liberating agent. Portland cement
CEM I 42.5R (CEM I, Lafarge, Małogoszcz, Poland) and ground granulated blast-furnace
slag cement CEM III/A 42.5N LH HSR NA (CEM III, Górażdże Cement SA, Chorula,
Poland) were used. The mortar w/c ratio was 0.5. Quartz sand meeting the requirements
of European standard PN-EN 196-1: 2006 [25] was used as aggregate. The cement/sand
ratio was 1/3. As a gas-liberating agent, an admixture containing metallic aluminum and
a plasticizer were used. The admixture doses of 0%, 0.5%, 1%, and 1.5% of cement mass
(% m.c.) was mixed with cement before mixing the cement with water. Samples were made
in accordance with the EN 480-1 [26] standard. Some samples were formed immediately
after mixing the mortar components and some samples were formed after determining the
air content in the mortar. Samples of mortars after demolding were cured in water. Mortar
markings are presented in Table 1.

Table 1. Tested mortars.

Mortar CEM I
0%

CEM I
0.5%

CEM I
1.0%

CEM I
1.5%

CEM III
0%

CEM III
0.5%

CEM III
1.0%

CEM III
1.5%

admixture content, % m.c. 0 0.5 1.0 1.5 0 0.5 1.0 1.5

cement type CEM I CEM I CEM I CEM I CEM III CEM III CEM III CEM III

The scope of the tests included the following determinations:

1. For fresh mortars:

- Air content in the mortars according to EN 1015-7: 1998 [27]. The determinations
were made after approx. 12 min from cement contact with water and additionally
for CEM III 1.0% and CEM III 1.5% after 30 and 45 min from cement contact
with water.

2. For hardened mortars:

- Pore structure was evaluated by the computer image analysis method; the stereo-
logical method used for the quantitative description of three-dimensional phases
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in a material volume based on measurements performed on two-dimensional
images of a material microstructure (images of sample cross-sections) [28,29]. The
procedure of sample preparation for microstructure studies involved (1) cutting
out one slice about 40 mm × 40 mm × 10 mm in size from a 40 mm × 40 mm
× 160 mm sample for each concrete, (2) cold mounting under lowered pressure
using a colored epoxy resin, (3) grinding, and (4) final polishing. After this, 2D
images of the microstructure with a resolution of 800 DPI were taken using a
computer scanner (EPSON, Bekasi, Indonesia). The images were subjected to
computer processing in order to obtain the most precise binary image of black
pores, which were of interest, on a white background of other microstructure
constituents. The image processing was a combination of changes of contrast,
brightness, color saturation, etc., followed by selection of pores and binarization.
Quantitative analysis of the mortar’s microstructure was performed using a
proprietary computer program working in a MATLAB environment which was
developed at the Faculty of Civil Engineering of Warsaw University of Technol-
ogy. This program was used to calculate the relative volume fraction of pores VV
and the relative surface area of pores SV.

- Compressive strength and flexural strength according to EN 1015-11: 2001 [30]
after 7, 28, 56 and 91 days of hardening of mortars formed immediately after
mixing the mortar components and formed after air content tests. The flexural
strength was determined by the 3-point bend test using mortar samples with
dimensions of 40 × 40 × 160 mm3.

- Bulk density.

3. Results and Discussion
3.1. Air Content in the Fresh Mortars

In the case of mortars with Portland cement CEM I, the content of air increased with
the increase of the gas-liberating agent content (Figure 1). This effect is associated with
the evolution of hydrogen gas in the mortars due to the reaction of aluminum from the
admixture with OH− ions formed during cement hydration. The increase in air content
when using an admixture above 1% of CEM I cement mass was small.
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Figure 1. Comparison of test results for the air content in the mixture depending on the cement used
and the content of admixture containing aluminum powder.

In the case of mortars with CEM III cement, the addition of an admixture in the amount
of 0.5% did not affect the result of the air content test. The increase of the admixture content
to 1% of cement mass resulted in an increase in air content, but much smaller than in the
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case of mortars with Portland cement. The increase of the admixture content to 1.5% in
mortars with CEM III cement did not increase the air content compared to the mortar with
1% admixture.

Due to the low impact of the admixture on the increase in air content in mixtures with
CEM III cement, additional tests were performed after 30 and 45 min from the contact of
water with cement. Their results, however, were close to the results after 12 min. Higher air
content in the fresh mortar increases the porosity of the hardened cement composite, and
thus reduces the strength of the mortar. Increasing the porosity also reduces the density of
the material and improves its insulating properties.

3.2. Content of OH− Ions in Cement Pastes

Smaller changes of air content test results for mortars made with CEM III cement may
be associated with the lower alkalinity of the mortars in comparison to the mortars with
Portland cement. The concentration of OH− ions in the Portland cement paste quickly
reached approx. 0.08 mol/dm3 (this content of OH− corresponds to pH 12.9) and remained
at this level throughout the test (Figure 2). The addition of an admixture containing
aluminum powder to the cement paste caused a decrease in the concentration of OH−

ions to the level of about 0.065 mol/dm3, which indicates the reaction of OH− ions with
the aluminum from the admixture. The course of changes in OH− concentration in the
paste with admixture in time indicates a rather slow reaction at the initial cement setting
time (a slight difference between the concentration of OH− in the paste without and with
admixture after 5 min of cement hydration).
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Figure 2. Changes in the OH− ion concentration during hydration of CEM I and CEM III cements
without and with the admixture containing aluminum powder.

The concentration of OH− ions in the paste with CEM III cement increased more
slowly than in the paste with CEM I cement. In the initial hydration period (3–5 min), it
was more than two times lower than in the paste with CEM I. The concentration of OH−

ions in the paste with CEM III after an hour of hydration was about 0.06 mol/dm3 and was
about 27% smaller than the OH− content in the paste with CEM I cement. Furthermore,
the difference between the concentration of OH− ions in the paste with CEM III cement
without admixture and with the admixture was smaller than in the case of CEM I cement.
The chemical reaction rate depends on the concentration of reagents; therefore, with a
lower concentration of OH− ions in the CEM III paste, the reaction with aluminum and the
evolution of hydrogen were slower compared to the paste with CEM I cement.
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3.3. Expansion of Mortars

After the mortar samples were formed, a visible increase in the height of the bars
containing the gas-liberating agent in the amounts of 1% and 1.5% of cement mass was
observed (Table 2). As the content of the admixture containing aluminum powder increased,
the amount of hydrogen gas (product of the reaction of aluminum and calcium hydroxide
from the cement paste) increased. The hydrogen gas produced caused the mortar to swell
(expand). CEM I cement-based mortars showed lower expansion with respect to CEM
III cement mortars because the evolution of hydrogen gas was faster in the more alkaline
mortars with CEM I cement. Part of the hydrogen gas produced in mortars with CEM I
cement was probably lost as a result of volatilization from the fresh mortar during mixing
and forming samples. The results of the air content test in fresh mortars (higher values
in the case of mortar with CEM I) also indicate faster hydrogen release in mortars with
CEM I. Mortars with CEM III cement showed greater expansion due to a slower reaction
with aluminum (slower evolution of hydrogen). The expansion of mortar with CEM III
cement proceeded more slowly, also after the loss of plasticity of the mix, which resulted in
the cracking of samples with admixture containing 1 and 1.5% of cement mass (Figure 3).
More cracks were observed on the top surface of the samples, as this is where the greatest
stresses occurred during the increase in the volume of the samples. The lateral surfaces
of the samples were delimited by the mold. In the case of Portland cement samples, the
reaction of hydrogen evolution was faster and some of the hydrogen volatilized while the
mixture remained in a plastic state. This resulted in less efficient sample expansion but no
cracking of the samples. The gas-liberating agent used in the amount of 0.5% of cement
mass did not increase the height of mortar samples with Portland cement.
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Table 2. Increase in mortar sample height in relation to reference bars depending on the amount of
gas-liberating admixture.

Admixture Content
(% m.c.)

Increase in Height of Mortar
Sample with CEM I (%)

Increase in Height of Mortar
Sample with CEM III (%)

0.5 0.6 5.2

1.0 4.5 11

1.5 7.6 15

3.4. Bulk Density of Mortars

As expected, as the content of the gas-liberating admixture increased, the mortars’
bulk density decreased (Table 3). The reason for the decrease in density is the “aeration”
of samples with evolved hydrogen gas due to the reaction of aluminum powder with
calcium hydroxide from cement paste. No significant effect of cement type on changes in
the density of mortar with the admixture was observed.

Table 3. Increase in mortar sample height in relation to reference bars depending on the amount of
gas-liberating admixture.

Admixture Content
(% m.c.)

Bulk Density of Mortars
with CEM I Cement (g/cm3)

Bulk Density of Mortars
with CEM I Cement (g/cm3)

0.5 2.19 ± 0.02 2.25 ± 0.01

1.0 2.14 ± 0.01 2.14 ± 0.01

1.5 2.05 ± 0.01 2.03 ± 0.01

3.5. Porosity of Mortars

The admixture containing aluminum powder added in an amount of 1 and 1.5% of
cement mass visibly increased the porosity of the mortar (Figures 4 and 5, Table 4). In CEM
I cement mortars, evenly distributed spherical pores of varying diameter (up to approx.
2.5 mm) were observed. The number of pores increased with the amount of admixture.
The porosity of the samples increased about 1.5 times after adding 1% admixture and more
than 2-fold after using 1.5% admixture.

Table 4. Parameters of pore structure calculated by the computer image analysis method.

Mortar Relative Volume Fraction of
Pores—VV (%)

Relative Surface Area
of Pores—SV (mm−1)

CEM I 0% 7.17 0.66

CEM I 1.0% 11.1 1.10

CEM I 1.5% 17.4 1.73

CEM III 0% 4.24 0.37

CEM III 1.0% 8.98 1.21

CEM III 1.5% 18.4 2.22
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of Pores—SV (mm−1) 

CEM I 0% 7.17 0.66 
CEM I 1.0% 11.1 1.10 
CEM I 1.5% 17.4 1.73 
CEM III 0% 4.24 0.37 

CEM III 1.0% 8.98 1.21 
CEM III 1.5% 18.4 2.22 

Figure 5. Images of sample cross-sections of mortars after preparation for image analysis.

The porosity of the mortar with CEM III cement without admixture was about 40%
lower than the porosity of the mortar with Portland cement. Addition of 1% of admixture
caused an increase in the number of spherical pores of mortar with CEM III cement, which
resulted in a more than 2-fold increase in mortar porosity. After increasing the amount of
admixture to 1.5% of the CEM III cement mass, porosity increased more than four times
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(from 4.24% to 18.4%) compared to the mortar without admixture. Stratification of the
sample of CEM III cement mortar with 1.5% of admixture was observed due to the pressure
exerted by the hydrogen gas created after the loss of plasticity of the fresh mortar.

The increase in admixture content caused the increase in SV of the mortar with both
CEM I and CEM III (Table 3), which is associated with the appearance of new pores. The SV
parameter increased about 67% and 162%, respectively, after the addition of 1.0% and 1.5%
of gas-liberating admixture to CEM I mortar. While the modification of CEM III mortar
with the same amount of admixture resulted in an increase in SV above 2-fold (about 227%)
and about 5-fold (about 500%), respectively. The more intensive increase in SV of CEM III
mortar in comparison to CEM I mortar may be explained by a greater number of small
pores introduced to slag cement mortar as a result of the modification. The results of the
relative surface area of pores confirm findings concerning the relative volume of pores.

3.6. Compressive Strength of Mortar

The admixture containing aluminum powder used in an amount of 0.5% caused a
reduction of approx. 8% in the compressive strength of mortars with CEM I cement after
7 days of hardening compared to the sample without admixture. After a longer hardening
period, the decrease in compressive strength of CEM I 0.5% mortars compared to mortars
without admixture was insignificant (Figure 6a). The increase of the amount of admixture
to 1% cement mass reduced the compressive strength of mortars with CEM I cement by
approximately 16%. The relationship between the compressive strength (f c) and the content
of the admixture (CA) in the range of 0.5–1.5% of admixture was linear (Table 4). When the
admixture was dosed at 1.5%, a slight decrease in strength was observed after the 28th day
of hardening (the compressive strength after 56 and 91 days was lower than after 28 days
of hardening). A similar effect was noted in the case of concrete testing with an admixture
containing aluminum [31]. This may indicate that the aluminum reaction with calcium
hydroxide was not finished in the initial period of mortar hardening and the evolution of
hydrogen also after a longer ripening time, which may result in the formation of micro-
cracks in the cement matrix. It is worth noting that the admixture used in quantities above
1 and 1.5% reduced the strength below the required for cement class 42.5 according to EN
197-1 [32].
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Figure 6. The effect of the admixture containing aluminum on the compressive strength of mortars with (a) CEM I cement,
(b) CEM III cement.

In the case of mortars with CEM III cement, the admixture used in an amount of 0.5%
of cement mass caused a significant reduction in the compressive strength of the mortars.
The compressive strength of the mortars with CEM III cement decreased with the increase
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of the content of the admixture in the whole range of admixture dosing (Figure 6b). A
linear relationship between the compressive strength and the content of the admixture with
good correlation (R2 > 0.95) was obtained (Table 5). The compressive strength of mortars
with CEM III cement decreased by approx. 16% for every 0.5% admixture. Slightly greater
strength decreased the compressive strength observed as the content of the admixture
increased after 91 days of hardening.

Table 5. Dependence of compressive strength on the amount of admixture containing aluminum powder and type of cement.

t, Days
Mortars with CEM I Mortars with CEM III

f c = f(CA) R2 f c = f(CA) R2

7 f c = −11.553CA + 43.443
f c * = −13.606CA + 45.4838

0.979
0.999 * f c = −12.905CA + 35.038 0.987

28 f c = −10.065CA + 47.947
f c * = −12.771CA + 51.104

0.9257
0.9525 * f c = −17.79CA + 56.49 0.994

56 f c = −13.285CA + 52.097
f c * = −18.417CA + 58.083

0.8893
0.9685 * f c = −16.85CA + 59.551 0.9714

91 f c = −17.305CA + 56.861
f c * = −24.855CA + 65.669

0.8866
0.9988 * f c = −19.178CA + 61.853 0.9967

* dependence in the content of admixture range CA є<0.5–1.5%>.

The compressive strength of the mortars with CEM III cement after 7 days was much
lower than with CEM I, which is associated with a lower content of clinker in CEM III
cement. After a longer hardening time, the mortars without admixture and with CEM III
had a greater compressive strength than the CEM I 0% samples. The addition of admixture
resulted in a greater reduction in the compressive strength of mortars with CEM III than
with CEM I cement and the compressive strength of samples with admixture after 28 days
and later were similar for both types of cement.

3.7. Flexural Strength of Mortars

The flexural strength of mortars with CEM III cement without admixture after 7 days
was lower, and after 28, 56, and 90 days higher than the strength of mortars with CEM
I cement without admixture. This is related to the cement composition and the rate of
hydration of its components. In the case of composites with CEM III cement, which contains
less Portland cement clinker (including fewer calcium silicates), fewer hydrated calcium
silicates were produced in the early hardening period, and therefore the strength of mortars
with CEM III cement after 7 days was lower than the mortar with CEM I cement. The
components of the blast furnace slag present in CEM III hydrate more slowly but in a longer
period of time than the components of the Portland cement clinker. The products of these
reactions seal the cement matrix, which increases the strength of the composites. Therefore,
composites with CEM III cement are characterized by a longer development of strength
and a greater increase in strength after a longer hydration time compared to composites
with CEM I cement and the strength of composites with CEM III after a longer hardening
time was higher than that of composites with CEM I and the same composition [3,33]. The
flexural strength of mortars based on both Portland cement and of ground granulated
blast-furnace slag cement decreased when the content of the expansive admixture increased
(Figure 7), while the changes in flexural strength were much greater for mortars with CEM
III cement. The decrease in the flexural strength of the samples is related to the increase in
their porosity due to the introduction of the admixture containing aluminum powder.
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Figure 7. The effect of the admixture containing aluminum on the flexural strength of mortars with (a) CEM I cement,
(b) CEM III cement.

The addition of the admixture in the amount of 1.5% of cement mass reduced the
flexural strength of CEM I-based mortars by 15%, and mortars with CEM III cement by 46%
compared to the reference mortars. Mortars with CEM III cement showed an increase in
flexural strength with the time of their hardening. For mortars with Portland cement, up to
28 days of hardening, flexural strength increased. Contrary to expectations, after 28 days,
the values of flexural strength decreased for all compositions with CEM I. Mortars with
CEM III cement obtained lower early flexural strength and higher flexural strength after
56 and 91 days of hardening, than mortars with Portland cement. A linear relationship
between the flexural strength (f f) and the content of the admixture with good correlation
was obtained (Table 6).

Table 6. Dependence of flexural strength on the amount of admixture containing aluminum powder and type of cement.

t, Days
Mortars with CEM I Mortars with CEM III

f f = f(CA) R2 f f = f(CA) R2

7 f f = −2.585CA +9.453
f f * = −3.357CA +10.353

0.924
0.9676 f f = −2.031CA +7.905 0.9939

28 f f = −1.038CA +9.574
f f * = −1.081CA +9.624

0.956
0.906 f f = −3.304CA +10.501 0.9795

56 f f = −1.691CA +8.916
f f * = −2.205CA +9.515

0.891
0.9184 f f = −2.885CA +11.006 0.963

91 f f = −1.508CA +8.702
f f * = −1.889CA +9.147

0.9563
0.9951 f f = −2.121CA +9.138 0.9062

* dependence in content of admixture range CA є<0.5%–1.5%>.

3.8. Influence of Sample Molding Time

Mortars with CEM I cement and with the admixture containing aluminum formed
after testing the air content, i.e., after about 20 min from the contact of cement with water,
showed a similar decrease in strength as mortars formed immediately after mixing the
cement components (about 5 min after contact of cement with water) (Figure 8). The
strength of the CEM III 0.5% mortar did not significantly depend on the molding time.
On the other hand, adding more of the admixture to the mortar with CEM III resulted in
smaller drops in strength in the case of later sample forming (after testing the air content,
about 50 min from the contact of cement with water).
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Figure 8. Compressive (a) and flexural (b) strength change of mortar with the admixture in relation to the mortar without
admixture formed after mixing components of mortar (CEM I and CEM III) and formed after air content test (CEM I (20′)
and CEM III (50′)).

The influence of the sample forming time on the volume increase of the samples
with an admixture of 1 and 1.5% was also noticed (Figure 9). The samples formed later
showed a lower volume increase. Later forming of the samples may release some of the
hydrogen from the fresh mortar as a result of longer mixing (transfer mortar from the
measuring container to the mold), resulting in lower volume increase and lower drops
in the porosity and strength of the samples. The smaller volume increases after the later
sample forming were more noticeable with the CEM III cement. The smaller increase in the
volume of samples with CEM III formed after a longer time after mixing the components
also corresponds to less noticeable cracking of the samples. The differences noticed between
the CEM I and CEM III cement samples formed at different times from mixing the mortar
components result from the reactivity of cement in relation to the admixture with aluminum
and the rate of hydrogen evolution. CEM I cement paste is characterized by a higher content
of OH- ions and faster reaction with aluminum. Hydrogen is released mainly while the
mortar with CEM I cement remains in a plastic state. Mortars with CEM III cement are less
alkaline (lower content of OH− ions) and the reaction with aluminum is slower. Hydrogen
gas is also likely to be released after the mortar loses plasticity, which causes stress in
the mortar and cracks it. Partial release of hydrogen as a result of mixing the mortar
with CEM III after a longer time after mixing the components partially eliminated the
unfavorable effect of the admixture used in larger amounts (decrease in strength and
cracking of the sample).
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formed after mixing components of mortar (CEM I and CEM III) and formed after air content test
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4. Conclusions

The influence of the admixture containing aluminum powder on selected properties
of cement mortars with CEM I and CEM III cement was investigated. The admixture was
used in the amount of 0.5, 1.0, and 1.5% of the mass of the cement. Differences in the
influence of the admixture on the tested properties of mortars depending on the type of
cement used are listed below.

To induce the expansion of CEM III mortars, a smaller amount of admixture was
required than in the case of CEM I cement. The aluminum-containing admixture caused a
significant increase in the volume of CEM III mortars when dosed in the amount of 0.5%,
while for CEM I mortars, a dosage above 0.5% was required to expand the samples.

An increase in the aluminum powder content caused a decrease in the bulk density
and an increase in the porosity of cement composites. This effect was stronger in the case
of mortars with CEM III cement.

The greater amount of tested admixture in the mixes increased the result of the air
content test in the mixes with Portland cement due to the evolution of hydrogen in the
reaction of aluminum with OH- ions. Mixtures based on CEM III cement exhibited slower
hydrogen evolution, which resulted in lower changes in air content determinations while
the mix remained plastic.

Caution should be exercised when using an admixture with aluminum and CEM III,
because too much admixture (>1% of cement mass) caused cracks due to slow hydrogen
evolution, which also occurred after plasticity loss and resulted in increased pressure inside
the samples.

The use of aluminum-containing admixture reduced the strength properties of cement
mortars, the effect being stronger in the case of CEM III cement. The compressive strength
of composites decreased with increasing content of the expansive admixture, with a greater
effect on mortars with ground granulated blast-furnace slag cement CEM III. In the case of
mortars with CEM III and 1.5% admixture of cement weight, the compressive strength was
lower by almost 50% compared to the control mortar. The flexural strength of composites
decreased with the increase in the content of expansive admixture, while for mortars with
CEM III cement, a greater influence of the admixture on the strength properties of the
mortars was noted. In the case of mortars with CEM III and the admixture dosing of
1.5% of the cement mass, the flexural strength decreased by about 46% compared to the
control mortar.

Delayed sample formation affects the admixture action. A smaller volume increase
with later sample forming was observed. Later sample formation also resulted in lower
drops in the strength of the mortar with CEM III cement.



Materials 2021, 14, 2927 14 of 15

Author Contributions: Conceptualization, J.K. and W.J.-R.; investigation, E.S. and K.Z.; data curation,
J.K. and E.S.; writing—original draft preparation, J.K. and K.Z.; writing—review and editing, J.K. and
W.J.-R.; visualization, J.K.; supervision, W.J.-R. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by an internal research grant in 2020 for the academic employ-
ees of the Warsaw University of Technology supporting scientific activity in the discipline Civil
Engineering and Transport.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References
1. Neville, A. Properties of Concrete, 4th ed.; Longman Scientific & Technical: London, UK, 1995.
2. ASTM C845–96. Standard Specification for Expansive Hydraulic Cement; ASTM International: West Conshohocken, PA, USA, 1996.
3. Kurdowski, W. Cement and Concrete Chemistry; Springer: Dordrecht, The, Nederlands, 2014. [CrossRef]
4. Hewlett, P.C.; Liska, M. Lea’s Chemistry of Cement and Concrete, 5th ed.; Butterworth-Heinemann: Oxford, UK, 2019.
5. Duc Van, N.; Kuroiwa, E.; Kim, J.; Choi, H.; Hama, Y. Influence of Restrained Condition on Mechanical Properties, Frost

Resistance, and Carbonation Resistance of Expansive Concrete. Materials 2020, 13, 2136. [CrossRef]
6. Łukowski, P. Material Modification of Concrete; Stowarzyszenie Producentów Cementu: Kraków, Poland, 2016. (In Polish)
7. EN 934-4:2009. Admixtures for Concrete, Mortar and Grout. Admixtures for Grout for Prestressing Tendons. Definitions, Requirements,

Conformity, Marking and Labelling; CEN: Brussels, Belgium, 2009.
8. Sahu, S.S.; Gandhi, I.S.R.; Khwairakpam, S. State-of-the-Art Review on the Characteristics of Surfactants and Foam from Foam

Concrete Perspective. J. Inst. Eng. India Ser. A 2018, 99, 391–405. [CrossRef]
9. Panyakapo, P.; Panyakapo, M. Reuse of thermosetting plastic waste for lightweight concrete. Waste Manag. 2008, 9, 1581–1588.

[CrossRef]
10. Kalpana, M.; Mohith, S. Study on autoclaved aerated concrete: Review, Materials Today. Proceedings 2020, 22, 2214–7853.

[CrossRef]
11. Qu, X.; Zhao, X. Previous and present investigations on the components, microstructure and main properties of autoclaved

aerated concrete—A review. Constr. Build. Mater. 2017, 135, 505–516. [CrossRef]
12. Novais, R.M.; Ascensão, G.; Ferreira, N.; Seabra, M.P.; Labrincha, J.A. Influence of water and aluminium powder content on the

properties of waste-containing geopolymer foams. Ceram. Int. 2018, 44, 6242–6249. [CrossRef]
13. Keawpapasson, P.; Tippayasam, C.; Ruangjan, S.; Thavorniti, P.; Panyathanmaporn, T.; Fontaine, A.; Leonelli, C.; Chaysuwan,D.

Metakaolin-Based Porous Geopolymer with Aluminium Powder. Key Eng. Mater. 2014, 608, 132–138. [CrossRef]
14. Zhang, Z.; Provis, J.L.; Reid, A.; Wang, H. Geopolymer foam concrete: An emerging material for sustainable construction. Constr.

Build. Mater. 2014, 56, 113–127. [CrossRef]
15. Wang, F.; Liu, Z.; Hu, S. Early age volume change of cement asphalt mortar in the presence of aluminum powder. Mater. Struct.

2010, 43, 493–498. [CrossRef]
16. Kinoshita, H.; Swift, P.; Utton, C.; Carro-Mateo, B.; Marchand, G.; Collier, N.; Milestone, N. Corrosion of aluminium metal in

OPC- and CAC-based cement matrices. Cem. Concr. Res. 2013, 50, 11–18. [CrossRef]
17. Goual, M.S.; Bali, A.; de Barquin, F.; Dheilly, R.M.; Quéneudec, M. Isothermal moisture properties of Clayey Cellular Concretes

elaborated from clayey waste, cement and aluminium powder. Cem. Concr. Res. 2006, 36, 1768–1776. [CrossRef]
18. Muthu Kumar, E.; Ramamurthy, K. Effect of fineness and dosage of aluminium powder on the properties of moist-cured aerated

concrete. Constr. Build. Mater. 2015, 95, 486–496. [CrossRef]
19. Damene, Z.; Goual, M.S.; Houessou, J.; Dheilly, R.M.; Goullieux, A.; Quéneudec, M. The use of southern Algeria dune sand in

cellular lightweight concrete manufacturing: Effect of lime and aluminium content on porosity, compressive strength and thermal
conductivity of elaborated materials. Eur. J. Environ. Civ. Eng. 2018, 22, 1273–1289. [CrossRef]

20. Balasubramanian, R. Development of sandwich panels combining aluminium powder-cement composites lightweight concrete.
Int. J. Adv. Res. Ideas Innov. Technol. 2019, 5, 49–52.

21. Shabbar, R.; Nedwell, P.; Wu, Z. Mechanical properties of lightweight aerated concrete with different aluminium powder content.
In Proceedings of the International Conference on Advances in Sustainable Construction Materials & Civil Engineering Systems
(ASCMCES-17), Sharjah, United Arab Emirates, 18–20 April 2019. [CrossRef]

22. Benmokrane, B.; Chennouf, A.; Mitri, H.S. Laboratory evaluation of cement-based grouts and grouted rock anchors. Int. J. Rock
Mech. Min. Sci. 1995, 32, 633–642. [CrossRef]

http://doi.org/10.1007/978-94-007-7945-7
http://doi.org/10.3390/ma13092136
http://doi.org/10.1007/s40030-018-0288-5
http://doi.org/10.1016/j.wasman.2007.08.006
http://doi.org/10.1016/j.matpr.2019.11.099
http://doi.org/10.1016/j.conbuildmat.2016.12.208
http://doi.org/10.1016/j.ceramint.2018.01.009
http://doi.org/10.4028/www.scientific.net/KEM.608.132
http://doi.org/10.1016/j.conbuildmat.2014.01.081
http://doi.org/10.1617/s11527-009-9505-z
http://doi.org/10.1016/j.cemconres.2013.03.016
http://doi.org/10.1016/j.cemconres.2005.12.017
http://doi.org/10.1016/j.conbuildmat.2015.07.122
http://doi.org/10.1080/19648189.2016.1256233
http://doi.org/10.1051/matecconf/201ASCMCES-172010
http://doi.org/10.1016/0148-9062(95)00021-8


Materials 2021, 14, 2927 15 of 15

23. Liu, H.; Bu, Y.; Guo, S. Improvement of aluminium powder application measure based on influence of gas hole on strength
properties of oil well cement. Constr. Build. Mater. 2013, 47, 480–488. [CrossRef]

24. Cabrillac, R.; Fiorio, B.; Beaucour, A.; Dumontet, H.; Ortola, S. Experimental study of the mechanical anisotropy of aerated
concretes and of the adjustment parameters of the introduced porosity. Constr. Build. Mater. 2006, 20, 286–295. [CrossRef]

25. PN-EN 196-1: 2016. Methods of Testing Cement. Determination of Strength; PKN: Warsaw, Poland, 2016.
26. EN 480-1: 2014. Admixtures for concrete, mortar and grout—Test methods—Part 1: Reference Concrete and Reference Mortar for Testing;

CEN: Brussels, Belgium, 2014.
27. EN 1015-7: 1998. Methods of Test for Mortar for Masonry—Part 7: Determination of Air Content of Fresh Mortar; CEN: Brussels,

Belgium, 1998.
28. Zalegowski, K.; Piotrowski, T.; Garbacz, A.; Adamczewski, G. Relation between microstructure, technical properties and neutron

radiation shielding efficiency of concrete. Constr. Build. Mater. 2020, 235, 117389. [CrossRef]
29. Zalegowski, K.; Piotrowski, T.; Garbacz, A. Influence of polymer modification on the microstructure of shielding concrete.

Materials 2020, 13, 498. [CrossRef]
30. EN 1015-11: 2020. Methods of Test for Mortar for Masonry—Part 11: Determination of Flexural and Compressive Strength of Hardened

Mortar; CEN: Brussels, Belgium, 2020.
31. Jackiewicz-Rek, W.; Kuziak, J.; Jaworska, B. Analysis of the properties of expansive concrete with Portland and blast furnace

cement. Arch. Civ. Eng. 2018, 64, 175–196. [CrossRef]
32. EN 197-1: 2000, Cement. Composition, Specifications and Conformity Criteria for Common Cements; CEN: Brussels, Belgium, 2000.
33. Barnett, S.J.; Soutsos, M.N.; Millard, S.G.; Bungey, J.H. Strength development of mortars containing ground granulated blast-

furnace slag: Effect of curing temperature and determination of apparent activation energies. Cem. Concr. Res. 2006, 36, 434–440.
[CrossRef]

http://doi.org/10.1016/j.conbuildmat.2013.05.057
http://doi.org/10.1016/j.conbuildmat.2005.01.023
http://doi.org/10.1016/j.conbuildmat.2019.117389
http://doi.org/10.3390/ma13030498
http://doi.org/10.2478/ace-2018-0051
http://doi.org/10.1016/j.cemconres.2005.11.002

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Air Content in the Fresh Mortars 
	Content of OH- Ions in Cement Pastes 
	Expansion of Mortars 
	Bulk Density of Mortars 
	Porosity of Mortars 
	Compressive Strength of Mortar 
	Flexural Strength of Mortars 
	Influence of Sample Molding Time 

	Conclusions 
	References

