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Abstract

The global consumption of sand by the concrete industry has increased significantly over the years. Natural sand has become a desired 

commodity in numerous regions of the world. To protect both the existing resources of natural sand and utilize waste materials, 

drastic actions are urgently needed. The production of cement mortars, which are solely based on fine aggregate, is responsible for 

the large consumption of natural sand. In the described research program, we proposed to substitute 50 % of the natural sand in 

mortars with fly ash and slag. The strength properties and durability characteristics of the new mortars were tested. It was proved that 

mortars with fly ash and slag can be used for specific applications in civil engineering. Areas for future research associated with the 

mortars in question were also pointed out.

Keywords

mortar, fly ash, slag, lime, cement

1 Introduction
Since the time of the Roman Empire, cement and lime mor-
tars have played a key role in civil engineering. Originally 
developed for the erection of brick walls, over the centuries, 
they have also gained the role of being an essential material 
for finishing works, rendering, floor preparation, etc. When 
modern concrete was born at the beginning of the 19th cen-
tury, it was differentiated from mortars in that, apart from 
sand, it also used coarse aggregate. Later on, concretes 
were based on other mixes besides those employed in mor-
tars, which were created by mixing a binder (cement, lime, 
or both) in basic mass proportions with sand and adding 
water to achieve the desired workability. At the end of 
20th century, this traditional division between concretes 
and mortars started to be blurred. New types of concretes 
emerged in the second half of the 20th century, such as steel 
fiber-reinforced concrete (SFRC)  [1,  2], self-compacting 
concrete (SCC)  [3,  4], high- and ultra-high-performance 
concrete (UHPC) [5, 6], which are based on much higher 
volumes of fine aggregates than ordinary concrete. In some 
cases, these new concretes consist of only fine aggregates 
(up to 2 mm or 4 mm). At the same time, modern mortars 
became very sophisticated. They are designed in a very 
similar way to concrete mixes and modified by admixtures 

and additives. Brand new fine aggregate challenges are 
associated with the 3D-printing of concrete, which is basi-
cally a very special type of mortar [7, 8]. One may state that 
in the year 2021, it will no longer be viable to differentiate 
mortars from concretes, especially using the criterion of 
the maximum diameter of aggregate used. 

The heavy global consumption of concrete, which sur-
passes 1 m3 per person per year [9, 10], together with the 
higher amount of sand needed for the production of an 
average cubic meter of concrete than that 50 years ago, has 
significantly impacted the natural resources of fine aggre-
gates. In some areas of the world, ordinary sand is grad-
ually becoming the most important, but least appreciated, 
commodity [11]. Mining sand in aggregate pits or through 
river dredging is also quite destructive for the environ-
ment. This situation is driving the need to find alternative 
aggregates for concrete and mortar production. Multiple 
research teams have addressed this issue by studying 
possible applications of waste materials, such as crushed 
waste concrete  [12,  13], crushed glass  [14,  15], crushed 
waste red  [16–18] or white ceramics  [19], manufactured 
sand from crusher dust  [20], marble powder  [21],  etc. 
In the authors' opinion, the sources of materials for sand 
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substitution should be located as close to building sites 
as possible  [22]. Therefore, numerous solutions should 
be developed, and from this palette, local contractors or 
ready mix producers should be able to choose the right one 
for them. Keeping the above facts in mind, the research 
team focused on using slag and fly ash for the substitution 
of ordinary sand. Both of the waste materials are com-
monly available in industrialized countries and are par-
tially used for cement production [23] and for the creation 
of ordinary concrete [24, 25]. 

A lot of studies have reported research programs dedi-
cated to employing fly ash. Fly ash has mainly been used as 
a cement replacement (up to 50 % of the cement mass) [26–
28]. This approach has two significant limitations. The first 
one is associated with the very high quality of used fly ash 
(which is usually taken directly from electro-filters). The 
second limitation is connected with the standard require-
ments (PN-EN 206+A1:2016) [29]. According to the stan-
dard, the amount of fly ash in mortars and concretes may 
reach 30 % of the cement mass. This means that the utili-
zation of fly ash in mortar or concrete production is practi-
cally limited to 120 kg/m3 [30]. Only a partial substitution 
of sand with fly ash would enable the use of fly ash of dif-
ferent qualities (including old waste fly ash) and signifi-
cantly increase its volume in cement composites. A similar 
situation applies in the case of  slag. Only recently, apart 
from using a high-quality slag and treating it for cement 
replacement, some research teams have focused on using 
it as a partial replacement for sand [31]. This approach was 
successfully tested in the case of different types of con-
cretes, including self-compacting concretes  [32]. It was 
noted that concretes with sand partially replaced by slag 
are characterized by a longer curing time in compari-
son to concretes without slag. Nevertheless, the key issue 
that should be addressed is the durability of such cement 
composites [33, 34].

In the current study, the possible application of slag and 
fly ash in their almost raw form is examined. The research 
team was convinced that only a significant replacement 
of natural sand by waste materials will influence the 
sand consumption in a noticeable way. Therefore, it was 
decided to base the research program on a 50 % replace-
ment of natural sand. Moreover, since brickwork struc-
tures are popular in Europe (where buildings are exposed 
to water penetration and freeze–thaw cycles), apart from 
the mechanical characteristics, the durability properties 
of the achieved mortars were of key interest. The mor-
tars in question were prepared without any admixtures. 

They were characterized by the same consistency achieved 
only by adding cement paste. The strength and durability 
characteristics of the tested mortars were compared with 
the EN requirements for ordinary mortars.  

2 Used materials
The prepared mortars were based on the composition of 
standardized mortar, which is commonly used for tests of 
the strength properties of cements [35] and other binders. 
During the research program, two binders - CEM I 42.5 R 
and quicklime - were used. Natural sand of a post-gla-
cial origin was used as the aggregate. Key granulometric 
properties of the used sand are summarized in Table  1. 
The  apparent density and loose bulk density of the used 
sand were equal to 2.56  g/cm3 and 1.61  g/cm3, respec-
tively. The mineral composition of the sand was as follows: 
quartz, chalcedony, and opal – 81.5 %; igneous and meta-
morphic rocks – 12 %; and sediment rocks – 5.3 % [36].

Slag and fly ash were used as partial substitutes for nat-
ural sand. Raw slag, characterized by an apparent density 
of 2.0 g/cm3 and pH < 12.5, was sourced from a local heat-
ing plant (Golub-Dobrzyń, Poland). It was grounded with 
the help of the Los Angeles abrasion machine  [38] and 
sieved, before being used as a partial substitute for natu-
ral sand. A sieve of a 2 mm square aperture was utilized to 
remove coarse slag particles. Fly ash (class F), character-
ized by a loss of calcination equal to 4 % and pozzolanicity 
of 84 %, was obtained from a cement plant. The fly ash was 
characterized by a loss of ignition of 15 % (tested accord-
ing to PN-EN 196-2:2013-11 [39]), and 20 % of the particles 
were characterized by a diameter of up to 0.045 mm. There 
was no unbound calcium. It was also used as a partial sub-
stitute for natural sand. The oxide composition of the used 
fly ash is presented in Table 2.

The densities of the fly ash and slag are presented in 
Table 3. All of the aggregates were oven dried (+105°C), 
before being used for the creation of mortars. Ordinary tap 
water was the last ingredient of the mortars in question. 

3 Design of experiment and testing methods
The design of experiment covered the testing of four mor-
tars. One mortar was a reference mortar. It was a stan-
dard mortar (SM), which is usually utilized for testing the 

Table 1 Key granulometric properties of the used natural sand

Median diameter [37] Fineness modulus by

[mm] Kuczyński Hummel Abrams

0.531 3.573 75.182 2.499
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mechanical characteristics of cements and similar bind-
ers. This mortar was successfully utilized by the research 
team for multiple non-conventional approaches, including 
cement composites reinforced by spatial 3-D printed ele-
ments  [40]. The SM is characterized by a water-cement 
ratio of 0.5, and no admixtures were used for its creation. 
The other three mortars tested during the research pro-
gram were modified by a substitution of 50 % of natural 
sand with equal volumes of fly ash and slag. In addition 
to this, 15  % of the cement was substituted with quick-
lime to maintain a good workability of the modified mor-
tars  (MM). The modified mortars were differentiated by 
a water-binder ratio ranging from 0.4 to  0.5. The initial 
composition of all four mortars is presented in Table 4.

The first stage of the research program covered the test-
ing properties of fresh mortars (consistency and density) 
and the adjustment of the mortar recipes. The mortars pre-
sented in Table 4 were cast, and their consistency was tested 
using the flow table method, PN-EN 1015-3 [41]. The con-
sistency of the modified mortars was significantly stiffer 
in comparison to that of SM. The composition of the mod-
ified mortars was changed using an experimental iteration 
method. The cement-lime paste was added to the modified 

mortars, until their consistency reached values similar to 
the consistency of SM (max. 10 mm difference). The same 
consistency of all tested mortars formed a reference point 
for the analysis of the achieved results. The adjusted com-
position of the modified mortars, with their consistency  
values and density of fresh mixes (PN-EN 1015-6:2000 [42]), 
are given in Table 5.

The following stages of the research program were solely 
focused on properties of mortars presented in Table  5. 
The recipes presented in Table 5 were used to cast 45 prism 
specimens (40 mm × 40 mm × 160 mm) from each type of 
mortar. The curing process was divided into three phases. 
Phase 1 covered the first 48 hours after casting the speci-
mens. During this period, the specimens were kept in steel 
molds covered by glass sheets. Phase 2 lasted 5 days and 
started after the demolding. The specimens were kept at 
a temperature of +20°C ± 0.5°C and relative humidity of 
95 % ± 5 %. After 7 days of curing, Phase 3 of the curing 
process was initiated. The relative humidity was lowered to 
65 % ± 5 %. The specimens were kept in these conditions 
until testing.

The tests conducted on the hardened mortars covered 
the mass of specimens, flexural and compressive strength, 
absorptivity, capillary action, and loss of mass after the 
freeze–thaw cycles, which were conducted using tap water 
and a 3 % NaCl solution. All tests were conducted using 
6 specimens. Only compressive strength tests were con-
ducted using 12 specimens. The flexural and compres-
sive strength were tested after 2, 7, 14, 28, and 56 days 
of curing. The strength tests were conducted according to 
PN-EN 196-1:2016-07 [43]. The absorptivity and capillary 
action were tested after 28 days of curing. The loss of mass 
after the freeze–thaw cycles was conducted for 50 cycles. 
One cycle consisted of exposing fully saturated speci-
mens to freezing for 4 h at a temperature of -20°C±1°C 

Table 2 Oxide composition of the used fly ash

Oxide Content [%]

SiO2

Al2O3

Fe2O3

FeO
CaO
MgO
Na2O
K2O
Other

48.0
28.0
8.0
6.3
3.8
2.7
0.8
0.4
2.0

Table 3 Density of the materials used as aggregates [g/cm3]

Natural sand Fly ash Slag

Apparent Loose bulk Compacted bulk

2.56 1.61 1.81 1.04 0.77

Table 4 Initial composition of mortars [g]

SM (0.5) MM 0.4 MM 0.5 MM 0.6

Cement 450 382 382 382

Lime - 68 68 68

Water 225 180 225 270

Sand 1350 675 675 675

Fly ash - 193 193 193

Slag - 143 143 143

Table 5 Adjusted composition of mortars

Ingredient SM (0.5) MM 0.4 MM 0.5 MM 0.6

[g]

Cement 450 726.4 497 440

Sand 1350 675 675 675

Water 225 342 292.5 303.7

Fly ash - 193 193 193

Slag - 143 143 143

Lime - 128.6 88 79

Properties of fresh mortar mix

Consistency [mm] 112 114 116 121

Density [g/cm3] 1.822 2.081 2.027 1.987
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and then to thawing for 4h at a temperature of +20°C±1°C. 
The  freeze–thaw cycles were executed in a  fully auto-
mated chamber. The properties of the specimens exposed 
to the freeze–thaw cycles were checked at the beginning 
of the test (after 28 days of curing) and after 12, 26, 38, and 
50 cycles. The water absorption coefficient due to the cap-
illary action of hardened mortar was determined accord-
ing to PN-EN 1015-18 [44]. The test was conducted using 
oven dry specimens. Longer edges of prisms were water-
proofed by wrapping them with insulation tapes. The end 
face of each specimen was immersed in water at a depth 
of 5 mm to 10 mm for 10 min. and 90 min. The specimens 
were weighed before and after the test to check for any 
increase in mass. Capillarity is characterized by the water 
absorption coefficient, which can be calculated according 
to the following Eq. (1): 

C m m A t= −( ) /2 1
,	 (1)

where:
C - water absorption coefficient [kg·m−2·min−0.5]

m1 - mass of a specimen after 10 minutes [kg]
m2 - mass of a specimen after 90 minutes [kg]
A - water contact surface [m2]
t – time [min.]

The water absorption coefficient expresses the rate of 
capillarity action in a certain period of time. It is mathe-
matically defined as a tangent to the capillary water con-
tent function [45, 46].

4 Achieved results
The compressive strength over time of the tested mortars 
is presented in Fig. 1. The strength of all the tested mor-
tars grew over time. The early strength of SM, after two 
and seven days of curing, is significantly lower in com-
parison to the modified mortars. After 28 days of curing, 
the strength of mortars ranges from 36.5 MPa (MM 0.6) 
to 47.4 (MM 0.4). The highest strength is achieved after 
56  days of curing by SM, and it is equal to 50.4  MPa. 
In the case of the modified mortars, the change in com-
pressive strength between the 28th and 56th day of cur-
ing is negligible (less  than 1  %). In Fig.  2, the flexural 
strength over time of the mortars is presented. Again, the 
early strength of SM is significantly lower in compari-
son to the modified mortars. After 28 days of curing, the 
strength of the mortars ranges from 5.0 MPa (MM 0.6) to 
6.8 MPa (SM and MM 0.4). Using the standard require-
ments for mortars used in ordinary brickwork described 

in PN-B-10104:2005 [47] and PN-EN 998-1:2004 [48], all 
the tested mortars achieved the highest possible strength 
class of M20.

After the 28th day of curing, all the mortars gained 
strength, reaching values from 7.0  MPa (MM  0.5) to 
7.6 MPa (MM 0.4) after 56 days of curing. The results of 
the absorptivity test are presented in Fig. 3. SM was char-
acterized by an absorptivity equal to 7.5 %. The absorptiv-
ity of the cement mortars, according to PN-EN 998-1:2004, 
should be up to 10 %. Thus, SM fulfilled this requirement. 
The absorptivity of the modified mortars ranges from 

Fig. 2 Flexural strength over time

Fig. 1 Compressive strength over time

Fig. 3 Absorptivity of the tested mortars after 28 days of curing
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11.7 % to 12.6 %. The differences between the absorptiv-
ity of the modified mortars are too small to differentiate. 
They all range in terms of the accuracy of the conducted 
measurement.

All MMs are made with a small amount of lime, and 
a limit of absorptivity of 12  % for cement-lime mortars 
can thus be used in this instance (PN-EN  998-1:2004). 
Nevertheless, all the MMs did not fulfill this requirement. 

The values for the calculated water absorption coeffi-
cient are presented in Fig. 4. SM is characterized by a C 
equal to 0.64 kg·m−2·min−0.5. The modified mortars are char-
acterized by C values equal to 0.75 ± 0.05 kg·m−2·min−0.5 
and are difficult to differentiate, taking into account 
the accuracy of the conducted measurements. There 
are three classes (W0, W1, and W2) associated with the 
water absorption coefficient (PN-EN  998-1:2004). Class 
W0 has no requirements in terms of the water absorption 
coefficient value. Class W1 and W2 have a C limit equal 
to 0.40  kg·m−2·min−0.5 and 0.20  kg·m−2·min−0.5, respec-
tively. All the tested mortars should be classified as W0. 
The  achieved C values closely mirror the absorptivity 
results (see Fig. 3).

In Figs. 5 and 6, the loss of mass of the specimens sub-
jected to freeze–thaw cycles, conducted using water and 
a 3 % NaCl solution, respectively, is presented. During the 
cycles conducted in water only, the specimens of MM 0.6 
were ultimately destroyed after 50  cycles. Examples of 
ultimately destroyed specimens, which are impossible to 
test after freeze–thaw cycles, are presented in Fig. 7.

In the case of specimens tested in a 3 % NaCl solution, 
all the specimens of the modified mortars were ultimately 
destroyed. The specimens of MM 0.5 and MM 0.6 were 
destroyed after 26 cycles. The specimens of MM 0.4 were 
destroyed after 38  cycles. The specimens made of SM 
maintained their structural integrity, but after 50 cycles, 
they lost 27.8  % of their original mass. In both cases 
(cycles conducted in water and in a 3 % NaCl solution), 
the MM 0.6 was the least resistant to freeze–thaw cycles. 
The freeze–thaw cycles conducted using water were sig-
nificantly less destructive for all tested mortars. The num-
ber of cycles should be much larger to follow the process 
of destroying SM, MM 0.4, and MM 05. The standard for 
ordinary mortars (PN-EN  998-1:2004) require that mor-
tars with the strength class, M20, are characterized by 
a  loss of mass of up to 1 % after 25 freeze–thaw cycles 
(conducted in fresh water). All the tested mortars fulfil 
this requirement. There are no requirements concerning 
the loss of mass after freeze–thaw cycles conducted using 

Fig. 4 Water absorption coefficient

Fig. 5 Loss of mass after freeze–thaw cycles conducted using water

Fig. 6 Loss of mass after freeze–thaw cycles conducted using a 3 % 
NaCl solution

Fig. 7 Specimens of MM 0.5 after 26 freeze–thaw cycles using a 3 % 
NaCl solution
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a 3 % NaCl solution.  
5 Discussion
The conducted research program proved that it is possible 
to create mortars with 50 % of sand substituted with fly 
ash and slag. The mechanical characteristics of the modi-
fied mortars, MM 0.4 and MM 0.5, are satisfactory. What 
is more, after 28 and 56 days of curing, they are character-
ized by similar properties to SM. Both mortars are charac-
terized by a larger compressive and flexural strength after 
7 and 14 days of curing in comparison to SM. This is an 
advantage in the case of bricklaying and other finishing 
works during the construction process. The MM  0.6 is 
characterized by a significantly lower strength and dura-
bility in comparison to the other two modified mortars, 
and it should therefore be removed from further tests. 

The results of durability-associated properties (absorp-
tivity, water absorption coefficient, and loss of mass after 
freeze–thaw cycles) show large differences between SM 
and the modified mortars. Therefore, the modified mor-
tars should be considered only for ap-plications where they 
are not exposed to elements. Fortunately, there are plenty 
of such applications in the construction industry. It is 
worth pointing out that SM achieved the highest compres-
sive strength after 56  days of curing, the lowest absorp-
tivity after 28 days of curing, the lowest water absorption 
coefficient, and the lowest loss of mass after freeze–thaw 
cycles conducted using a 3  % NaCl solution. It is pretty 
clear that the SM is the best solution when no admixtures 
are used, or internal curing is employed. The consistency 
of fresh mortar was achieved through the volume of paste 
used, resulting in a higher cement consumption in compar-
ison to SM. The next research program should be focused 
on creating MM using superplasticizers and stabilizers. 
The utilization of both types of admixtures should help to 
reduce binder consumption and, at the same time, main-
tain a good workability [49]. Due to the porous structure 
of slag, the phenomenon of internal curing [50] should be 
employed too. Pre-saturating fine slag particles would help 
both to achieve the desired consistency and significantly 
improve the strength characteristics of MM through inter-
nal curing. It is also possible to use water with a diluted 
superplasticizer for pre-saturating in order to increase the 
efficiency of the internal curing process [51]. One can also 
predict the strength and durability characteristics will also 
be improved through the denser internal structure of the 
mortar and better binder hydration.

The modified mortars in question only partially fulfilled 
the standard requirements for ordinary mortars. The  key 
issues are associated with the absorptivity, which is on the 
edge of the standard threshold, and the high water absorption 
coefficient values. It is very likely that both issues can be 
successfully addressed by using a superplasticizer and inter-
nal curing process. The internal structure of MMs should be 
much denser and water-tight as a result of these treatments. 

Modern mortars are becoming more and more com-
plex. Using waste materials for their production (especially 
replacing significant amounts of sand) is a challenge requir-
ing a new technological approach and attitude change in the 
construction industry [52]. Modern mortar is as complex as 
modern concrete and should be treated in the same techno-
logical, design, and production regime.

5 Conclusions
The conducted research program allows the following 
conclusions to be drawn:

•	 the modified mortars are characterized by satisfactory 
results in terms of both compressive and flex-
ural strengths, enabling their application in civil 
engineering,

•	 the modified mortars are characterized by a high 
absorptivity (with an average of 12.15 %), which is 
almost twice as high as the absorptivity of the SM,

•	 the water absorption coefficient of the modified mor-
tars is higher in comparison to the SM,

•	 the resistance of MM  0.4 and MM  0.5 to freeze–
thaw cycles conducted using water is the same as the 
resistance of SM,

•	 the resistance to freeze–thaw cycles conducted using 
a 3 % NaCl solution of the modified mortars is almost 
non-existent,

•	 the low resistance to freeze–thaw cycles and high 
absorptivity of the modified mortars prevent them 
from being applied in places exposed to elements,

•	 MM 0.6 is characterized by the worst strength and 
durability properties out of all the tested mortars and 
should therefore not be subjected to further testing,

•	 the mortars were prepared in a traditional way 
(the  consistency was regulated by the amount of 
cement-lime paste) and thus had a reasonably high 
binder consumption,

•	 future tests should cover modified mortars created 
with superplasticizers.
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