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Abstract: The effect of the air-entraining agent on properties of mortar mixtures as well as on the
compressive strength of hardened mortars was the objective of this study. Such mortars contain a certain
amount of evenly spread closed air-voids pores with dimensions of 0.02-0.05 mm. On the one hand,
the presence of a large volume of such air bubbles results in the reduction of mechanical properties
of mortar. On the other hand, the use of this technological approach improves rheological properties
of mortar mixture. The effect of the air entrainment on the flow, density, volume of entrained air of
mortar mixture and compressive strength of hardened mortar was established. Obtained results show
substantial increasing in the mortar flow at cement to sand ratio 1:2 by 1.8 times. The further decrease of
C:S ratio results in a slight increase of the flow and even negligible its decrease at C:S = 1:4 compared
to the reference mortar. The increase of the volume of entrained air results in the decrease of the density
and compressive strength of mortar, but improve the resistance to freezing/thawing cycles. The results
of this study can be a guide for mortar mix design to choose the most appropriate mix proportion to
produce economically efficient mortars.
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1. Introduction

The cement mortar is used widely in various construction phase and it is very important
civil engineering material. A lot of scientists study the effect of different factors on the
properties of mortars [1-7]. The frost resistance is one of the most important. Winter is
a period of year which can define the durability of structures because of the some amount
of freezing and thawing cycles which concrete and mortar can be subjected to and is always
a challenge for a construction manager [8]. The behavior of the water in the cement paste
(the microstructure ‘s level of mortar) at negative temperature was studied by Koniorczyk et
al. [9]. The water in a concrete or in a mortar exposed to the alternate freezing and thawing
freezes and expands by about 9% [8, 10, 11]. Lack of enough space to accommodate
this extra volume cases internal stresses exceeding the tensile strength of a mortar. They
can provoke its cracking and scaling [11-13]. Usage of air-entraining admixtures (AEAs)
became one of the important invention made in the concrete technology. Such surface active
agents (surfactants) are amphiphilic molecules. They can be anionic, cationic, amphoteric
and non-ionic. It should be noted that anionic surfactants (head group charged negatively)
dominate the AEA market, because of their recognized reliability and low cost [10]. The
nature of such surfactants can be also different. The synthetic surface active agent of anionic
type on the basis of sodium laureth sulfate was used in this study. It should be noted that
air-entraining admixtures consist mainly of various surfactants [14].

The structure of concrete and mortars incorporating AEA has the air void system with
uniformly distributed dispersed, particle-armored bubbles shell at the air/paste interface.
It differs both chemistry and morphology from the bulk paste [10, 15]. The volume of
entrapped air in concrete without AEA ranges from 1 to 3%. The diameter of voids in such
mortars and concretes is usually higher than 0.5 mm [10].

It is known that the appropriate amount of AEA improves the workability of a fresh
mortar and concrete as well as the resistance to alternate freezing and thawing cy-
cles [10-12, 16-18]. That is why the study of the influence of an air entraining agent
on mortar rheological properties, density and compressive strength has a practical and
theoretical significance [16, 19]. The literature analysis [18] shows that AEA can improve
fluidity, slump retention ability and freeze-thaw durability without strength reduction. Some
researchers [14, 18] confirm that the air-entraining agents facilitate the placement of fresh
concrete and resistance to alternate freezing and thawing. Frost durability of mortar is very
important, because it has a porous structure in which water is in various forms. The appro-
priate amount of entrained air that meets specifications is required to protect the concrete
against damage due to the water freezing [18]. It was established that the absence of AEA
in concrete exposed to freezing and thawing cycles causes a rather significant decrease in
compressive strength [18]. Some researchers [17,20] state that the yield stress increases and
the plastic viscosity decreases if a concrete contains the entrained air. The air entrainment
is rather a complex process. It can be affected by many factors, such as the mixing process,
mixture proportioning, aggregates* characteristics, properties of Portland cement, amount
and quality of water, dosage and properties of AEA, and some other parameters [14].
However, there are not so much researches devoted to the effect of the sodium laureth
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sulfate based air-entraining admixtures on the volume of entrained air depending on the
mix proportion of mortar and its properties including frost resistance.

That is why, the aim of this paper is to study the effect of air-entraining agent and
the mix proportion of cement mortar on the volume of the entrained air, flow, density,
compressive strength and resistance to freezing and thawing cycles.

2. Materials and methodology

2.1. Raw materials

Portland cement CEM 142.5 was used in this study. Physical and mechanical properties
of Portland cement are presented in Table 1.

Table 1. Physical and mechanical properties of Portland cement

Properties Results

Specific surface [m%/kg] 325
Residue on sieve 008 [%0] 3.1

Water demand [%] 29.0
Setting time [min] initial 155
final 205

2 31.2

Compressive strength [MPa], age [days] 7 413
28 52.1

The results of sand tests are shown in Table 2.

Table 2. Properties of aggregate

Aggregate Density Bulk density Voidage Dust and clay Fineness
type [g/cm3] [kg/m3] [%o] particles [%] modulus
Quartz sand 2.63 1360 48.3 1.4 1.0

Anionic type air-entraining agent with a specific gravity of 1.02, pH = 8 and solid
content of 0.34% was used in the research.

2.2. Test method

The properties of Portland cement and fine aggregate were determined according to
Ukrainian standards [21-23]. The air permeability method (Tovarov device) is used to
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measure the specific surface area of Portland cement (Fig. 1a). The fineness of cement is
also measured by sieving it on the standard 0.08 mm sieve.

The setting time is determined using Vicat apparatus (Fig. 1b). Firstly, the determination
of standard consistency of cement paste takes place. The appropriate amount of water is
determined to produce a distance between plunger and base-plate of (6 + 1) mm. Then the
initial and final setting time is determined. The time between ‘zero time’ and the time at
which the distance between the needle and the base-plate is 2—4 mm is the initial setting
time and the time at which the needle first penetrates only 1-2 mm into the specimen is the
final setting time of a cement.

The proportions by mass of constituents to determine the compressive strength of
Portland cement are one part of the cement, three parts of standard sand, and the appropriate
amount of water to get water/cement ratio 0.39. The mortar is prepared mechanically
using the mixer (Fig. 1c). The flow table was used to determine the mortar consistency
(Fig. 1d). The spread of the mortar must be higher than 106 mm. The test specimens are
40 x 40 x 160 mm prisms (Fig. 1e). After demoulding marked specimens are submerged
in water at (20.0 £+ 1.0)°C in the containers and are tested at the appropriate time.

The properties of a fine aggregate were determined according to Ukrainian stan-
dard [24]. The Fineness Modulus (FM) of sand is determined by adding the total percentage
of the sample of a fine aggregate retained on each of specified series of sieves, dividing
the sum by 100. Sieves sizes (Fig. 1f) are: 160 pm (Ne 016), 315 pm (Ne 0315), 630 pm
(Ne 063), 1.25 mm (Ne 1.25), 2.5 mm (Ne 2.5).

Four mixture proportions of cement mortars have been prepared (C:S = 1:2, R and
C:S=1:2,C:S=1:3,C:S = 1:4, with 0.75% by mass of AEA) at W/C ratio 0.5. Consistency
of mortar was tested by using the flow table. The mortars with appropriate cement : sand
ratio and W/C = 0.5 were prepared and moulded according to [22] to determine their
compressive strength. The test specimens were 40 X 40 X 160 mm prisms. Nine specimens
for each series C:S = 1:2, R and C:S = 1:2, C:S = 1:3, C:S = 1:4, with 0.75% by mass
of AEA were moulded and three of them from each series were tested at 7, 14 and 28
days of hardening. The properties of mortars at constant fresh mortar flow (125-135 mm)
were also studied [26]. The pressure method was used to determine the air content in the
mixtures (Fig. 1g).

The freeze—thaw resistance of mortars was determined according to [25]. Six specimens
(3 basic and 3 control for the appropriate amount of cycles) of mixture proportion (C:S = 1:4,
the depth of penetration of the standard cone was 100 mm (Fig. 1h)) with AEA and
the same quantity without one were moulded and cured 28 days according to Ukrainian
standard [25] to determine the freeze—thaw resistance of mortars. The volume of entrained
air of the mortar incorporating AEA was 6%. Both control and basic specimens cured 28
days were saturated by water before test. Then all specimens were removed from the water
and compressive strength of the control specimens was determined before freeze-thaw test.
The basic specimens were placed in a freezing chamber and were frozen gradually up to
—20°C. The basic specimens were subjected to freeze-thaw cycles. After the appropriate
freeze-thaw cycles the compressive strength of the basic specimens was determined. Then
the compressive strength reduction was calculated.
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f)

Fig. 1. Tovarov device (a), Vicat apparatus (b), mixer (c), flow table (d), 40x40x 160 mm prism filled
in with reference mortar (e), standard sieves (f), air content meter (g) and standard cone apparatus
(h) were used to determine the properties of mortar and its constituents

3. Results and discussion

Air-entraining admixtures allow obtaining stable air-void systems in mortar and con-
crete resulting in reducing segregation and bleeding, improving workability, increasing
resistance to freezing and thawing cycles and as a result the durability.

The workability is very important quality characteristic of fresh mortars and defines
the ease of their casting. According to the obtained results (Fig. 2a), the incorporation of
AEA results in the enhancement of fresh mortar flow due to “ball bearing” effect [10] by
80 and 12% if the ratio of cement to sand is 1:2 and 1:3, respectively. If the content of
a sand increases (C:S = 1:4), the slight decrease of flow is observed in comparison with
reference mortar (C:S = 1:2) without AEA. The positive effect of AEA on the flow of fresh
mortars is also confirmed by some researchers [8, 19].

The density of mortars depending on the proportion of cement to sand and the presence
of AEA is shown in Fig. 2b. As can be seen from the obtained results, the density of fresh
mortar (C:S = 1:2) incorporating AEA reduces from 1967 to 1732 kg/m>. If the proportion
of cement to sand is 1:3, the density reaches 1658 kg/m>. The increase of the sand in fresh
mortar (C:S = 1:4) causes the growth of density by almost 4% compared with fresh mortar
with proportion of cement to sand 1:3.

The volume of entrained air of fresh mortars with the different proportions of cement
to sand at W/C ratio of 0.5 is presented in Fig. 3. The results show that the volume of
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Fig. 2. Flow (a) and density (b) of fresh mortars with the different proportions of cement
to sand (W/C = 0.5)

entrained air does not only depend on the flow, but also on the mixture proportion. Thus,
the highest amount of entrained air (14.5%) was obtained at cement to sand ratio 1:2. It was
increased by almost 3 times compared with reference mortar. The growth of sand content
in mortars with cement to sand ratio 1:3 and 1:4 results in the increase of the air content in
comparison with reference mortar by only 59 and 51%, respectively. This may be attributed
to the lower viscosity of the mix.

The volume of entrained air of fresh mortars with the different proportions of cement
to sand at W/C ratio of 0.5 is presented in Fig. 3. The results show that the volume of
entrained air does not only depend on the flow, but also on the mixture proportion. Thus,
the highest amount of entrained air (14.5%) was obtained at cement to sand ratio 1:2. It was
increased by almost 3 times compared with reference mortar. The growth of sand content
in mortars with cement to sand ratio 1:3 and 1:4 results in the increase of the air content in
comparison with reference mortar by only 59 and 51%, respectively. This may be attributed
to the lower viscosity of the mix.
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C:S=1:2,R C:8=1:2,0.75% by C:S=1:3,0.75% by C:S=1:4,0.75% by
mass of AEA mass of AEA mass of AEA
Type of mortar

Fig. 3. The volume of the entrained air of fresh mortars with the different proportions
of cement to sand (W/C = 0.5)

As shown in Fig. 4, the same tendency is observed when the influence of AEA on
compressive strength of hardened mortars was studied.
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The higher volume of the entrained air the lower compressive strength of the cement
mortar is observed at the same cement to sand ratio. As seen from the Fig. 4, the compressive
strength of mortar containing 0.75% by mass of AEA (C:S = 1:2) reduces compared with
the reference mortar (C:S = 1:2, R) by 58.3, 59.8 and 65.9% after 7, 14 and 28 days,
respectively. If cement to sand ratio decreases the volume of entrained air reduces. The
compressive strength reduces slightly after 7 days of hardening (C:S = 1:3) and increases
by 18.2 and 20.9% after 14 and 28 days in comparison with the mortar incorporating AEA
(C:S = 1:2). The further reduction of C/S ratio (C:S = 1:4) results in the reduction of the
compressive strength by 11.4, 12.8 and 3.2% after 7, 14 and 28 days of hardening.

30

%7 w14 m28
25 23.8

20

Compressive strength R, MPa
&
S
o0

SOMNDN

Q

C:S=1:2,0.75% C:S=1:3,0.75% C:S=1:4,0.75%
by mass of AEA by mass of AEA by mass of AEA
Type of mortar

Fig. 4. Compressive strength of mortars with the different proportions of cement
to sand (W/C =0.5)

The durability of mortars is of great interest to the construction industry. It directly
depends on the frost resistance. Many factors can have the influence on the resistance
of mortars to freezing and thawing cycles, namely the value of the water-to-cement and
cement to sand ratios, content of the entrained air, type and mineralogical composition of
Portland cement. The destruction of mortars takes place under the influence of negative
temperatures, which cause the water freezing in pores and further increase of the ice in
volume. The walls of the pores break down resulting in the appearance of internal stresses
and, as a result, cracks. Alternating freezing and thawing of mortars in water-saturated state
can cause their complete destruction. The mechanism of the reduction of the compressive
strength with further destruction of concrete according to a theory, called the “glue-spall”
model, after the appropriate amount of freeze thaw cycles was described in detail by
Tunstall et al. [10].

The properties of mortars after 35, 50 and 100 freezing/thawing cycles were studied.
The reduction of compressive strength is shown in Table 3.

According to obtained results after 50 freezing/thawing cycles the lowest compressive
strength reduction (18.9%) was observed for reference mortar. At the same time, the
reduction of compressive strength for mortar containing AEA was only 8.1%. The further
increase the quantity of freeze/thaw cycles up to 100 for mortar incorporating AEA results
in 23.5% reduction of compressive strength. It confirms the positive effect of AEA on
the frost resistance of mortars. The benefit of AEAs use for the improvement of the
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concrete resistance to the alternate freezing and thawing cycles was also confirmed by
many researchers [10, 12, 18].

Table 3. Compressive strength of mortars after freeze-thaw cycles

Compressive strength of Strength decrease
Mixture Number of mortars, MPa of mortars comparing
. . freeze-thaw Bef Af to control ones
identification clore ter .
cycles freeze-thaw freeze-thaw | Vithout freeze-thaw
cycles, %
cycles cycles
14. 7.
CS=14 35 15.9 ! 73
50 12.9 -18.9
C:S =1:4,0.75% 50 136 12.5 -8.1
by mass of AEA 100 ' 10.4 235

The properties of mortar and concrete incorporating both superplasticisers and air-
entraining admixtures at different mixture proportions will be studied in the further research.

4. Conclusions

This article is dedicated to the study of properties of mortars incorporating air-entraining
agent. The main conclusions are as follows:

1. The fresh mortar flow improves (by 12—-80%) and density decreases (by 11-16%)
for C:S = 1:2 and 1:3 compared to the reference mortars and even increase by 4%
for C:S = 1:4 compared with the fresh mortar with proportion of cement to sand 1:3.
Thus, obtained values depend on the proportion of mortar mixture.

2. The volume of entrained air of fresh mortars does not only depend on the flow, but
also on the mixture proportion. It increases by 1.5-3 times if the cement to sand ratio
changes from 1:4 to 1:2. The highest volume of entrained air (14.5%) is observed
in fresh mortar with the highest content of cement paste (the cement to sand ratio is
1:2).

3. The compressive strength reduces if AEA is added to mortars. The rate of reduction
depends both on the content of entrained air and mixture proportion. The most
significant compressive strength reduction (by 65.9%) of mortar incorporating 0.75%
by mass of AEA (C:S = 1:2) is observed compared with the reference mortar after
28 days of hardening.

4. The addition of AEA improves the resistance of mortars to freezing and thawing
cycles and their durability that follows the principles of sustainable development,
adopted in the construction industry.
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Whplyw domieszki napowietrzajacej na wlasciwosci zapraw

Stowa kluczowe: domieszka napowietrzajaca, mrozoodpornos¢, trwatosé, wytrzymatosé na Sciska-
nie, zaprawa

Streszczenie:

Celem badan byl wplyw domieszki napowietrzajacej na wilasciwosci mieszanek zaprawowych
oraz wytrzymato$¢ na Sciskanie zapraw. Zaprawy takie zawierajg pewna ilo§¢ réwnomierne rozpro-
wadzonych, zamknietych poréw powietrznych o wymiarach 0,02-0,05 mm. Z jedne;j strony, obecno$¢
duzej ilosci takich pecherzykéw powietrza powoduje obnizenie wtasciwosci mechanicznych zaprawy.
Z drugiej strony, zastosowanie tego podejscia technologicznego poprawia wiasciwosci reologiczne
mieszanki zaprawy. Okre§lono wptyw domieszki napowietrzajgcej na urabialno$¢, gestos¢, objetosé
wprowadzonego powietrza oraz wytrzymatos¢ na Sciskanie zaprawy. Uzyskane wyniki wskazujg na
znaczny, 1,8-krotny wzrost rozptywu zaprawy przy stosunku cementu do piasku 1:2. Dalsze zmniej-
szanie stosunku C:S powoduje niewielki wzrost urabialnos$ci, a nawet znikomy jego spadek przy
C:S = 1:4 w poréwnaniu do zaprawy wzorcowej. Wzrost objetosci wprowadzonego powietrza po-
woduje zmniejszenie ggstosci i wytrzymalosci na $ciskanie zaprawy, ale poprawia mrozoodpornosé.
Wyniki badari moga by¢ wskazéwka przy projektowaniu zapraw, aby wybraé najbardziej odpowiednie
proporcje mieszanki w celu wytworzenia ekonomicznie efektywnych zapraw.
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