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Abstract: - A study on the durability parameters of normal and lightweight aggregate mortars, incorporated
different supplementary cementitious materials (SCM) is presented. Mortars were prepared using limestone or
pumice as aggregates and Metakaolin, Fly ash, Granulated Blast Furnace Slag and Silica Fume, as SCM, that
they replaced cement, at 10 % by mass. Ten different mortars, having same water to binder ratio and aggregate
to cement volumetric ratio, they were compared mainly in terms of durability. The use of pumice sand was proved
to be effective not only to the density of the mortars as it was expected, but also in durability, fulfilling at the
same time minimum strength requirements. The addition of the different SCM further enhanced the durability of
the mortars, where Metakaolin was found to be the most effective one, especially against chloride’s ingress.

Key-Words: - Lightweight Aggregate Mortars, Silica Fume, Fly ash, Granulated Blast Furnace Slag, Metakaolin,

Durability.

Received: March 12, 2021. Revised: April 5, 2021. Accepted: April 7, 2021. Published: April 12, 2021.

1 Introduction

Mortar, after concrete, is the second building
material with a wide usage in construction.
Complementary to its wide use since ancient times
[1] as an adhesive mortar, it is also used for rendering
walls and concrete frame surfaces, for both
architectural and durability purposes [2]. Thus,
mortar ought to perform as an important barrier
against chloride ingress and carbonation, the two
critical aiding mechanisms of steel corrosion [3].

Typical mortar mix contains at least three
constituents, a binder (i.e. cement, lime), sand and
water [4]. River or limestone sand is commonly used
as both mortar and concrete aggregates and the
construction activity consumes them significantly,
worldwide. Thus, aggregates instead of concrete are
after water the most consumed materials, contrary to
the general belief [5].

The use of alternative aggregate sources will
promote sustainability. To this aim, artificial
lightweight aggregates (LWA), which they are often
made of industrial by-products, are used [6]. Their
incorporation in concrete lowers its Environmental
Impact (EI), despite the fact that EI of concrete is
mainly burdened by cement [7].

Natural lightweight aggregates (LWA) are also
used in mortar and concrete. Although they do not
decrease the EI of concrete as much as the artificial
LWA do, they also contribute to sustainability, since
they widen the exploitation of aggregates natural
resources. In addition, concrete with lightweight
aggregates (LWAC) also favours sustainability, as its
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decreased weight results in reduced seismic loads,
leading to economical design, accomplishing at the
same the structural requirements of Eurocodes [8].
Moreover, LWAC has better thermal and sound
insulation characteristics [9].

Pumice, a natural lightweight aggregate of
volcanic origin, has a wide use in construction,
because of its density, pozzolanicity and strength. It
is a well-known lightweight concrete aggregate for
over 2000 years [10].

As aggregates characteristics considerably
influence the properties of the mortar, pumice LWA
concrete and mortars need also investigation in terms
of strength and durability. Aggregates grading
characteristics is known that affect workability,
binder consumption and therefore total cost [11].
Sand type (i.e. normal or lightweight) also regulates
density and thermal characteristics  [12].
Furthermore, shape and surface texture, affects water
demand, strength and durability. Similarly, the
incorporation of pumice reduces workability, density
and strength [10]. Thus, it is more than essential to
study the effect that the lightweight aggregates have
on the strength and durability of the mortars.

Furthermore, in order to assure strength and
durability of LWA mortars the usage of
supplementary cementitious materials (SCM) is
promoted. The results showed that strength of LWA
concrete, as well as durability were improved by the
usage of SCM. For instance, LWAC with silica fume
exhibits high compressive strength, improved
resistance to chloride permeability and diffusion and
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decreased sorptivity [13]. However, further
justification of the expected positive effects of
different SCM use in mortar and concrete will be
valuable. Moreover, as chloride penetration
resistance is assessed as one of the most important
durability parameter [3][14], further research is
elemental.

Chloride penetration resistance of concrete is
often evaluated by acceleration tests, such as rapid
chloride penetration test (RCPT) and chloride
migration test (CMT) [15][16]. Although, these
methods are not able to describe chlorides diffusion.
The chloride diffusion tests [17] is considered that
they are closer to real structure phenomena, but of
course when the saturation of concrete occurs. In a
full saturated concrete, penetration of chlorides is
considered as the driven mechanism that governs the
diffusion [18]. Then chloride diffusion coefficient is
calculated by the solution of the Fick’s second law.

In this study, a comparison is performed in terms
of durability, between normal weight and lightweight
aggregate mortars that they incorporate SCM, such as
metakaolin, fly ash, granulated blast furnace slag and
silica fume. The comparison results will be used to
support the main benefits of the LWA usage in
mortars (lower weight/thermal insulation), together
with the strength requirements fulfilment. Chloride
penetration and diffusion resistance, as well as open
porosity and sorptivity, are the main durability
parameters that they were investigated.

2 Experimental

2.1 Materials and Mixtures

Typical Portland cement (CEM 142.5 N) was used
(C), according to EN 197-1:2011 [19], in all the
reference mortars (N/L-REF), while in some mortar
mixtures, it has been replaced at 10% by SCM, such
as Silica Fume (SF), Metakaolin (MK), Granulated
Blast Furnace Slag (GS) and Fly Ash (FA). The
chemical analysis of cement and SCM is presented in
Table 1. As far as MK is concerned, the chemical
analysis of the kaolin (K) used for the production of
MK, is instead given. K is expected to be of high
purity, since the Al,Os is high. On the other hand,
FA contains less than 20% CaO and and it can be
classified as Type F according to ASTM C 618, (SiO»
+ AlLO3 + Fe O3 > 70%).

For the mortar preparation, calcareous (Ca)
normal weight and pumice (Pu) lightweight sand of
locally available crushed calcareous limestone and
pumice deposits respectively, were used. Aggregate
and cement physical characteristics are presented in
Table 2.
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Table 1: Oxide content (% w/w) in cement and SCM.

Comp. C K FA GS SF
SiO; 20.1 48.0 47.2 50.7 95.1
ALO3 4.9 38.4 21.1 40.9 0.7
Fe:03 35 1.3 9.8 0.8 0.6
CaO 62.2 - 13.8 0.4 0.3
MgO 3.1 - 2.2 6.2 -
K0 0.5 - 1.4 0.3 0.4
Na:O 0.2 - 0.2 - -
SOs 2.7 - 24 0.5 -
TiO: - - - - -
L.O.L 2.8 12.3 1.9 0.2 3.0

Table 2. Physical characteristics of cement (C)
Pumice (Pu) and Calcareous sand (Ca).

C Pu Ca
pa (g/em’) 315 161 26l
Water absorption (%) - 19.25 2.14
Specific surface (m?/g) 0.40 - -

Grading characteristics of aggregates are
presented in Figure 1. As it is shown, both aggregates
have maximum size of 4 mm. They exhibit
differences in the size distribution, especially
regarding the amount of particles sized greater than
0.5 mm. Pumice sand is finer than the calcareous one
and it is expected that mortar will demand additional
water. Certainly, it is the porous nature of the pumice
sand which mainly affects the water suspension of the
mixture. Pumice sand has a significantly higher water
absorption capacity (Table 2) and it is expected to
affect the rheology of the mixture. Thus, the usage of
superplastisizers (SP) will be necessary in order
correct any imbalances in the rheology of the
mixtures and to achieve similar grade of compactness
among them.

Finally, granular characteristics for the used SCM are
summarized in Table 3. The specific surface of
cement, is also reported to be 0.40 m%/g. It is show
that SF is the finer material, having less than 1%
particles coarser than 10 pm.
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Fig.1. Grading curves of calcareous and pumice sand.

Table 3. Granular size characteristic values of the
SCM.

SCM dio (um)  dso (um)  doo (nm)
MK 0.95 5.10 12.93
SF 0.07 0.15 0.34
FA 2.03 19.24 63.45
GS 2.09 24.17 74.08

Regarding the mineralogy of pumice and SCM,
Pu, although mainly amorphous, it contains
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potassium feldspar (Sanidine) and quartz. MK, which
it is commercially (Imerys Minerals) produced from
kaolin (K), is also amorphous. Traceable amounts of
illite and quartz are also found. In FA which it is stem
from the power plant of Megalopolis (Greece), the
main mineralogical phases found, are feldspars,
maghemite, quartz, anhydrite, cristobalite, zeolites,
gehlenite and carbonates. GS reported mainly
amorphous and contained also calcite. Finally, the SF
is commercial product and it is completely
amorphous.

The combination of all materials, yielded ten
different mortar mixtures, five for each aggregate
type. Their nomination and mixing details are
presented in Table 4. Special care was taken in order
to maintain the same volume ratio of cement to
aggregates, equal to 1:3.6 (approx.) in both NW and
LW mortars and SCM were added in the mixtures
replacing cement at 10% by mass. The use of such
fine materials as SCM, increases the water demand of
the mixtures and in order to maintain the water-to-
binder ratio (w/b) at 0.55, a (Sika Viscocrete)
superplastisizer (SP) was used. Thus, the workability
was controlled using the slump values of the mortars
as a guide property and as it is shown in Table 4,
different SP dosage was used, depending on the type
of both aggregates and SCM.

Cubes 50x50x50 mm?® and cylindrical specimens
0100x200 mm were casted for the strength and
durability tests. The samples were demoulded one
day later and all the specimens were cured for 90
days, in water tanks at 23+1 °C.

Table 4. Lightweight (LW) and normal weight (NW) mortars, with pumice and limestone sand, respectively.

@ LW Mortars NW Mortars

LW-REF LW-MK LW-FA LW-GS LW-SF | NW-REF NW-MK NW-FA NW-GS NW-SF
C 1799 1619 1619 1619 1619 1710 1539 1539 1539 1539
Pu 3334 3334 3334 3334 3334 - - - - -
Ca - - - - - 5130 5130 5130 5130 5130
MK - 180 - - - - 171 - - -
FA - - 180 - - - - 171 - -
GS - - - 180 - - - - 171 -
SF - - - - 180 - - - - 171
W 989 810 810 810 810 940 769 769 769 769
SP (%)* 0.5 0.7 0.8 0.7 1.5 - 0.6 0.5 0.5 0.9
W/B 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55
W/C 0.55 0.50 0.50 0.50 0.50 0.55 0.50 0.50 0.50 0.50

*as a percentage of cement weight, (%, w/w)
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2.2 Testing

The mini slump test on the ten (10) different
mortar mixtures was used for the evaluation of the
mixtures rheology [20]. Compressive strength was
determined using cubic specimens of 50 mm edge, at
2, 7, 14, 28 and 90 days. At every age, three
specimens were tested and the strength was
calculated as a mean value. Durability parameters
like water absorption (open porosity and capillary
absorption), chloride ions penetration and diffusion
resistance were evaluated for mortar specimens of 28
days age.

Open porosity (OP, %) was measured in
accordance with ASTM C 642 [21]. Sorptivity (S)
was also measured in specimens from each mixture
at the age of 28 days, as it is described in [22].
Cylindrical specimens of ¥100x50 mm height, water
sealed only on their lateral surfaces by a rainproof
tape, were used. Thus, uniaxial water absorption has
been assured and the weight changes due capillary
absorption were recorded, in discrete time intervals.

The resistance to chloride penetration was valued
by calculating the chloride penetration coefficient,
Dissm (<1072 m?/s), establishing non-steady-state
experimental conditions [23]. Similarly to sorptivity
cylindrical specimens of @100x50 mm height,
extracted from the middle zone of a cylindrical
specimen, was subjected for 24 h at a potential
difference established between an anode solution of
sodium hydroxide (NaOH), 0.3 N and a cathode
solution of 10% sodium chloride (NaCl), by mass.
All the specimens had the same pre-conditioning, i.e.
fully water saturated until the test day.

The chloride penetration depth was measured by a
colorimetric method, as soon as the test was
completed [24]. Thus, after the test, the specimens
were split into two pieces and each of the two split
surfaces was sprayed with a 0.1 M silver nitrate
(AgNOs) solution. The mean depth of chloride
ingress was found by the colour change occurred by
the reaction of the chlorides present, with the AgNOs,
which produces silver chloride (AgCl). Then,
calculation of the coefficient Dpsm was made,
following the NordTest Build 492 method [23].

The NordTest 443 [17] method was followed for
the evaluation of the chloride diffusion off mortars.
Slices from the cylindrical specimens (&100x200
mm), having a 50 mm height, that they were cured in
a lime saturated water solution for 3 months, were
used. Details on the sample procedure are described
in the standard [17]. A salt solution at a temperature
range of 20-25°C, that contained 165 g/l NaCl was
used for the exposure. After totally 90 days of
exposure in the salt solution, core samples were taken
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at every 2 mm depth and until a total depth up to 16
mm was reached. In total eight different cores @60 of
2 mm height were drilled from the center of the
cylindrical face, under a precisely depth controlled
procedure and by taking all the necessary precautions
in order to avoid intermixing between the samples. It
must be noticed that for the same sample volume
(©60x2 mm) taken from both LW and NW mortars
and considering that their mixtures were designed to
have same volumetric ratio of cement to aggregates,
the cement to aggregates mass ratio is higher in the
case of LW mortars (1:2) samples compared to NW
mortars (1:3), due to the lower density of the pumice.
As a result, more cement paste will be contained in
LW samples compared to NW samples.

Next, samples were analysed following the
procedure that EN 196-2: 2005 [25] prescribes and
the chloride content of each sample was evaluated.
The calculation of intrinsic effective chloride
transport coefficient (D.) was assessed by means of
the least-square method, where the chloride content
results were fitted to the solution of the Fick’s second
law of diffusion (1).

Coopy= Cs (1 — erf(w%))
x: depth (mm)

(M

t: exposure time (s)

Cx,n: concentration (%) of CI™ at depth x, after t
C;: concentration (%) of Cl at the surface (x=0)
erf: error function

D.: diffusion coefficient (m?/s)

More specific, for the total exposure time (90 d)
and for the fixed values of depth according to the
sampling plan, as well as considering the surface
concentration C ) of the samples equal to this of the
solution, the D. values were fitted, in such a manner,
as to minimize the deviation between the
experimental and the calculated values. Excel Solver
optimization tool was used for the fitting procedure.

3 Results and Discussion

Table 4 contains data on the SP usage (% w/w of
cement) and Table 5 presents the mini slump
experimental results and the density of fresh and
hardened mortars, respectively. The addition of the
SCM decreases the rheology of the mortars and
additional amount of SP was used in order to
maintain the same workability. Especially for the SF
and MK, which they have explicitly high fineness
and consequently high surface area, their
incorporated mortars demand higher than usual water
in order to become wet. Therefore, in both LW and
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NW mortars, reduced workability is expected. On the
other hand, since FA and GS are coarser (Table 3) the
workability of their mixtures is expected to be better
[26][27].

Table 5. Slump values of fresh mortars and
density values of hardened mortar samples.

Mortar Mini Slump Density
Test (cm) (g/cm)
LW-REF 19.8 1.63
LW-MK 17.5 1.64
LW-FA 19.3 1.68
LW-GS 19.3 1.68
LW-SF 21.0 1.65
NW-REF 17.6 2.19
NW-MK 15.4 2.20
NW-FA 16.9 2.19
NW-GS 19.5 2.20
NW-SF 16.3 2.19

Indeed, the use of surplus amount of SP was
needed in order to preserve the slump at the range of
18 £ 3 cm. Comparing mortars with different SCMs,
SF and MK mortars demanded higher SP amounts
than the FA and GS mortars. Moreover, SF, in both
LW and NW mortars consumed the maximum SP
dosage. Especially in the case of LW mortars the
dosage of SP is relatively increased compared to NW
mortars, since the porous nature of the pumice sand,
instantly reduces the available mixing water,
although special care was taken and the absorption
water of the aggregates (Table 2) was added in
advance. Anyhow, by using relatively low amounts
of SP (Table 4), the rheology of the mortars was
successfully regulated.

As far as the density of the mixtures is concerned,
it is obvious that the use of pumice sand resulted in
the decrease of the density of the mortar. Density of
the LW mortars reported at the range of 1.6 g/cm’,
reduced by 25% compared to the density of the NW
mortars (~2.2 g/cm’). Depending on pumice
aggregate max size and therefore its density and of
course on its amount, different dry densities could be
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achieved, ranging between 0.9-1.3 g/cm?[28]. In this
study, the air density of the mortars is reported higher
since only pumice sand is used.

Table 6 and Figure 2 show the results on the
compressive strength of the mortars. According to the
28 days compressive strength results presented in
Table 6, both LW and NW mortars achieved much
higher than 20 MPa strength, which designates the
last nominal strength class (M20) of masonry
mortars.

Table 6. Average compressive strength, (fc) and
standard deviation (Std) of LW and NW mortars, at
the age of 28 days.

MORTAR Fc (MPA) STD (MPA)
LW-REF 31.74 0.28
LW-MK 36.84 2.07
LW-FA 33.63 2.00
LW-SF 35.72 0.79
LW-GS 32.25 0.20
NW-REF 53.60 1.63
NW-MK 74.63 1.71
NW-FA 56.33 1.34
NW-SF 58.92 434
NW-GS 63.33 1.07

The expected and well reported [26][27] in the
literature positive effect of SCM additions is evident.
More specific, as it is depicted in Figure 2, after 28
and 90 days of curing the addition of MK at 10 %
showed the higher positive influence compared to the
other SCM, in both NW and LW mortars. An increase
of 16% and 25% of the compressive strength at the
age of 28 days is reported for the NW and LW,
mortars respectively, containing MK. The positive
role of MK in strength development is well
established in the literature [26,27,29-31]. In the case
of LW aggregate concrete, the effect of MK to
strength seems to be sensitive to the type of fine
aggregate and thus has been reported to range from
22 to 74% [32]. In the case of SF addition, the
increase of the compressive strength was ranged
above 10% for both NW and LW mortars.

Volume 17, 2021



WSEAS TRANSACTIONS on ENVIRONMENT and DEVELOPMENT

DOI: 10.37394/232015.2021.17.28

Efstratios Badogiannis,
Eirhnh Makrinou, Marianna Founta

80.00

=== N\W-REF e==@=== N\W-MK e=@u= N\W-FA emm@ue= NW/-GS

=@= |[W-REF = @@= |[W-MK =@= |[W-FA =@= [W-GS

NW-SF
LW-SF

70.00

60.00

50.00

40.00

30.00

20.00

Compressive strength (MPa)

10.00

0.00

28 35

42

49 56 63 70 77 84 91

Days

Figure 2. Compressive strength development of NW and LW mortars.

The addition of SF always enhance the strength
of mortars and concrete [33] and SF competes MK
in terms of strength enhancement, where it is mostly
found in the literature to be more effective [26].
Herein, MK seems to be better performed in
strength. On the other hand, low increase is achieved
in the compressive strength after the addition of 10%
FA as well as in the case of GS addition. Strength
increase reported marginal for both cases of FA and
GS addition (~5 and 2%, accordingly) in the LW
mortars, results that they are in agreement with the
literature [26]. In contrast, strength gain was counted
significant (18%) in the case of NW-GS samples
mortars.

Comparing the different mortars with respects
to their aggregates type, NW mortars developed
higher strength values compared to LW mortars, as
a result of the higher strength of the limestone
aggregates. Consequently, the effect of SCM
addition proved to be more effective in the NW
mortars than in the LW mortars. On the other hand,
it is noticeable that in the case of the LW mortars,
significant increase on compressive strength due to
the SCM addition, has been evident after 28 days of
curing. As it is shown in Figure 2, the inclination of
LW mortars’ strength curves is sharper and the
compressive strength values at 90 days increased
compared to those at 28 days. This observation is
often found in the literature [26], where a delayed
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strength development in LW concrete is reported.
Finally, after 90 days of curing, the compressive
strength of the mortars with 10% SCM, exhibited
comparable values.

The results of the sorptivity test, S (mm/min®?),
are illustrated in Figure 3. Comparing the sorptivity
values for the NW and LW mortars, both they
registered similar values, although LW-REF mortar
exhibited slightly lower sorptivity. In general, most
durability properties are governed by the
characteristics of the cement paste and there are not
affected by the aggregates types [34]. Thus,
sorptivity it was expected to exhibit similar values,

since the amount of the cement paste is
approximately the same in both mortars.
ENW ELW
0.300 | 0.280
0.249
0.250 -
0.19 0211
Z0.200 0187 0.184
E 0137 0.147
E 0.150 ~ 0.123 0.13
g
> 0.100 -
0.050 -
0.000 -
REF MK FA GS SF
Mixture
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Fig.3. Sorptivity of NW and LW mortars, for samples

aged 28 days.

Although this trend has been reverted after the
SCM addition, sorptivity values remain almost
unchanged. However, sorptivity has been decreased
by the SCM addition and both types of LW or NW
mortars with MK or SF performed the lower values,
compared to their counterparts reference samples, as
it is also reported in the literature [27], [26].
Although lightweight aggregate particles contain
very large pores, these they are not continuous and it
seems that they have been sealed up by a denser
cement paste, enriched with the SCM pozzolanic
products [26] [35].

Open porosity, OP (%) values are depicted in
Figure 4, for both NW and LW mortars. As long as
lightweight aggregates were used, it was expected
that in mortars would be present a high volume of
open pores [36][37]. Therefore the OP values of LW
mortars are significantly higher than those of NW
mortars. Moreover the SCM usage didn’t manage to
efficiently decrease the volume of the open pores of
LW mortar as it has been made in the case of NW
mortars where an approx. 35 % of decrease is
registered. However, high values of porosity, doesn’t
necessarily means that high permeability of concrete
or mortars should be expected [38]. As already
mentioned [39], it is the cement paste that
determines permeability parameters and the
recorded improvement of OP came as a result of the
addition of the different SCM. Once again MK
mortars registered the best enhancement in both LW
and NW samples. FA and GS NW mixtures, also
exhibited improved OP, as it was expected according
to the literature [40], but in the case of LW mortars
their additions lead to similar to the reference
mortars OP values.

40,00 - ENW BLW
34.78

oo f B4 3P 33.04
30.00 -
25.00 -

&

$ 2000 | 181 16.7

Ny 154 n

O 15.00 -

11.6
10.00 -
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MK FA

Mixture

GS SF

Fig.4. Open porosity of NW and LW mortars, for
samples aged 28 days.
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The results regarding the resistance to chloride
penetration, as it is expressed by the chloride
penetration coefficient, Dusm (X102, m?%s) are
depicted in Figure 5. LW mortars in general
performed significantly lower values of Dungem,
compared to their counterparts NW mortars. The
reference sample LW-REF performed
approximately half value of Dpsm, while the LW
mortars contained FA, GS and SF, they have been
registered values even lower than the half of their
counterparts NW mortar mixtures. These findings
are in contrast to the expected behaviour of LW
mortars due to the increased porosity of aggregates.
However, lower permeability of LWA concrete and
mortar compared to NW mixtures with similar w/c
ratios is also found which it is attributed to the
internal curing provided by the light weight pre-
saturated aggregates and to the achievement of an
improved transition zone [38][41][42], especially by
the use of SCM [43].

Thus, regarding the effect of SCM addition on the
chloride penetration coefficient, it has been shown
that in both NW and LW mortars, the influence that
the SCM addition had on the resistance to chloride
penetration of the mortars was highly positive.
Especially in the case of LW mortars the effect has
been reported at the level of 79% +5. These results
are already published elsewhere [44] and similar
reported results confirm the positive effect of SCM’s
especially when added to LW mortars and concrete
[26][43].

ENW LW

25.00 -
20.05

©
e
I
S

15.45
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—
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I
S

ssm(X10712 m/s)

D
n
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o
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0.00 -

REF

MK FA

Mortrars Mix

SF

Fig.5. Chloride penetration coefficient, Dyssm (X102
m?/s) of NW and LW mortars, for samples aged 28
days.

Comparing the effect of each SCM, it has been
shown that in both NW and LW mixtures MK
addition had a very positive effect, while SF addition
seems to work better in the case of LW mixtures. On
the other hand, the additions of FA and GS,
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improved the chloride penetration resistance of NW
mortars at a level of ~25%, while, as already
mentioned, they found to significantly reduce the
chloride penetration coefficient of LW mortars. It
has to be considered that pastes in mortars with both
FA and GS additions, due to their delayed
pozzolanic activity, are more porous [43]. Recently,
the efficiency of FA addition against the chloride
penetration in terms of k-value, has been correlated
with the chloride ingress (x4), showing once again
that the curing time increases K values, up to 40%,
approximately [45]. Therefore any improvements in
durability parameters such as chloride penetration
resistance, is expected to occur at grater curing age.

By using the chloride concentration (w/w) found
in each mortar sample, the chloride diffusion
coefficient, De (x107'2, m?/s) was evaluated for all
mortar mixtures and illustrated in Fig. 6. LW mortars
exhibit considerably lower values of D., compared
to their counterparts of NW mixtures, although they
contain higher amount of cement paste, which is
more vulnerable to the chlorides’ diffusion than
aggregates. Instead, lower amount of chlorides was
found in LW mortars, resulted in D. values up to
90% lower compared to their counterparts of NW
samples

It seems that the tortuosity of the pores in the LW
aggregates has a key role, as it entraps chlorides and
restricts their kinesis [37].

ENW mLW
30.00 = 27.17
. 25.00 -
Q 19.90
B 200 16.05
S 1500 -
= 9.46
= 10.00 - 54
5.00 - 71 65 80 96 07
REF MK FA GS SF
Mixture

Fig.6. Chloride diffusion coefficient, D, (X102 m?/s)
of NW and LW mortars, for samples aged 28 days.

As far as the effect of the SCM addition on the
chloride diffusion coefficient of the mortars is
concerned, it is clearly shown in Figure 6, that their
effect is extensively beneficial in the case of both
NW and LW mortars. MK again had the higher
impact on mortars and a reduction up to 80 % is
reported in the case of MK addition. SF addition also
benefits the resistance of the mortars to a significant
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extent. The reported in LW mortars reduction occurs
to a lower extent compared to the NW mortars.
Better performance of LW concrete compared to
NW concrete both containing SF and GS against
chlorides diffusion, is also reported in the literature
[42] and it has been attributed to the internal curing
provided from LW aggregates. Herein, in both types
of mortars, MK and SF were the additions with the
greater impact. In any case, the resistance to the
chlorides diffusion of concrete containing any of
these SCM, was impressively improved as it has
been also reported in the literature [46].

4 Conclusion

The present study investigated the properties of fresh
and hardened NW and LW mortars, contained five
different SCM that replaced cement at 10%. The
study of two types of mortars, blended with the
different SCM, demonstrated the main comparative
benefits of the LWA mortars and the improvements
that they could support its wider usage in
construction. Based on these strength and durability
results of the current experimental work, it was
concluded that the pumice lightweight mortars can
be used in the construction as they fulfil the strength
requirements and they exhibit extremely improved
durability, especially against chloride ingress. More
analytically, the main findings of the conducted
work, were:

e Workability of LW mortars is affected by the
characteristics of pumice sand and increased SP
amount is needed. Mortars with SF and MK,
demanded even higher SP dosage. In any case, the
workability of the mortars is effectively controlled
using relatively low SP dosage.

e LW mortars achieved satisfactory strength and
they could be used as masonry mortars. The
addition of MK showed the higher positive
influence in strength compared to other SCM. It
must be noticed that in the case of the LW mortars,
significant increase on compressive strength due to
the SCM usage, is evident after 28 days of curing.

e Sorptivity values of LW aggregates were reported
similar to NW mortars and were marginally
decreased when MK or SF were added. On the
other hand, open porosity was reported higher in
the case of LW mortars. The SCM addition didn’t
manage to improve the open porosity values in the
case of LW mortars, although MK addition had the
best positive effect in both types of mortars.
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o LW mortars exhibited better resistance to chloride
ingress than NW mortars. However, in both types
of mortar, the influence that the SCM addition had
on their resistance to chloride ingress was high,
especially in the case of LW mortars. MK and SF
exhibited similar impact, although SF performed
slightly better in LW mortars.

e[ ower amount of chlorides was found in LW
mortars, resulted in diffusion coefficient values up
to 90% lower compared to their counterparts of
NW samples. It seems that the tortuosity of the
pores entraps chlorides and restricts their kinesis.
In both types of mortars, MK and SF were the
additions with the greater impact.

Acknowledgements

Authors would like to sincerely thank Ph.D
candidates K. Aspiotis and M. Stratoura for their
assistance in the experimental part of this work, as
well as the Director of the Inorganic and Analytical
Laboratory of Chemical Engineering School, NTUA

for the provided access

to the laboratory’s

equipment.

References:

[1]

2]

A. Moropoulou, A. Bakolas, S.
Anagnostopoulou, Composite materials in
ancient structures, Cem. Concr. Compos. 27
(2005) 295-300.
https://doi.org/10.1016/j.cemconcomp.2004.
02.018.

L.D. de O. Haddad, R.R. Neves, P.V. de
Oliveira, W.J. dos Santos, A.N. de Carvalho
Junior, W.J. dos Santos, Influence of particle
shape and size distribution on coating mortar
properties, J. Mater. Res. Technol. 9 (2020)
9299-9314.
https://doi.org/10.1016/j.jmrt.2020.06.068.
G. Batis, N. Kouloumbi, P. Pantazopoulou,
Corrosion protection of steel in pumice
lightweight mortar by coatings, Cem. Concr.
Compos. 27 (2005) 261-267.
https://doi.org/10.1016/j.cemconcomp.2004.
02.015.

H. Singh Chouhan, P. Kalla, R. Nagar, P.
Kumar Gautam, Influence of dimensional
stone waste on mechanical and durability
properties of mortar: A review, Constr.
Build. Mater. 227 (2019) 116662.
https://doi.org/10.1016/j.conbuildmat.2019.
08.043.

E-ISSN: 2224-3496

279

WSEAS TRANSACTIONS on ENVIRONMENT and DEVELOPMENT
DOI: 10.37394/232015.2021.17.28

[3]

[6]

[7]

[8]

[10]

[11]

Efstratios Badogiannis,
Eirhnh Makrinou, Marianna Founta

I. Martinez, M. Etxeberria, E. Pavon, N.
Diaz, A comparative analysis of the
properties of recycled and natural aggregate
in masonry mortars, Constr. Build. Mater. 49
(2013) 384-392.
https://doi.org/10.1016/j.conbuildmat.2013.
08.049.

J. Mafiosa, J. Formosa, J. Giro-Paloma, A.
Maldonado-Alameda, M.J. Quina, J.M.
Chimenos, Valorisation of water treatment
sludge for lightweight aggregate production,
Constr.  Build. Mater. 269 (2020).
https://doi.org/10.1016/j.conbuildmat.2020.
121335.

J. de Brito, R. Kurda, The past and future of
sustainable concrete: A critical review and
new strategies on cement-based materials, J.
Clean. Prod. 281 (2020) 123558.
https://doi.org/10.1016/j.jclepro.2020.12355
8.
E.G.

Badogiannis, M.D.  Kotsovos,
Monotonic and cyclic flexural tests on
lightweight aggregate concrete beams,
Earthq. Struct. 6 (2014).

https://doi.org/10.12989/eas.2014.6.3.317.
C. Tasdemir, O. Sengul, M.A. Tasdemir, A
comparative study on the thermal
conductivities and mechanical properties of
lightweight concretes, Energy Build. 151
(2017) 469-475.
https://doi.org/10.1016/j.enbuild.2017.07.01
3.

A.M. Rashad, A short manual on natural
pumice as a lightweight aggregate, J. Build.
Eng. 25 (2019) 100802.
https://doi.org/10.1016/j.jobe.2019.100802.
A.T. Souza, R.B. Caldas, P. Ludvig, W.J. dos
Santos, The effects of mixture’s components
on the mechanical properties and durability
indicators of mixed mortar using simplex
network method, Constr. Build. Mater. 249
(2020) 118740.
https://doi.org/10.1016/j.conbuildmat.2020.
118740.

V.G. Haach, G. Vasconcelos, P.B. Loureno,
Influence of aggregates grading and
water/cement ratio in workability and
hardened properties of mortars, Constr.
Build. Mater. 25 (2011) 2980-2987.
https://doi.org/10.1016/j.conbuildmat.2010.
11.011.

K.H. Mo, T.C. Ling, U.J. Alengaram, S.P.
Yap, C.W. Yuen, Overview of
supplementary cementitious materials usage
in lightweight aggregate concrete, Constr.

Volume 17, 2021



WSEAS TRANSACTIONS on ENVIRONMENT and DEVELOPMENT
DOI: 10.37394/232015.2021.17.28

[14]

[19]

[20]

[21]

[22]

[23]

[24]

Build. Mater. 139 (2017) 403-418.
https://doi.org/10.1016/j.conbuildmat.2017.
02.081.

E.G. Badogiannis, I.P. Sfikas, D.V. Voukia,
K.G. Trezos, S.G. Tsivilis, Durability of
metakaolin  Self-Compacting  Concrete,
Constr.  Build. Mater. 82  (2015).
https://doi.org/10.1016/j.conbuildmat.2015.
02.023.

L. Tang, Chloride transport in concrete -
Measurement and prediction, 1996.

C.C. Yang, L.C. Wang, The diffusion
characteristic of concrete with mineral
admixtures between salt ponding test and
accelerated chloride migration test, Mater.
Chem. Phys. 85 (2004) 266-272.
https://doi.org/10.1016/j.matchemphys.2003
.12.025.

NORDTEST, Nt Build 443, Concr. Hardened
Accel. Chloride Penetration. (1995) 1-5.

B. Martin-Pérez, H. Zibara, R.D. Hooton,
M.D.A. Thomas, Study of the effect of
chloride binding on service life predictions,
Cem. Concr. Res. 30 (2000) 1215-1223.
https://doi.org/10.1016/S0008-
8846(00)00339-2.

EN 197-1, Cement. = Composition,
specifications and conformity criteria for
common cements, Eur. Stand. (2011) 34.
M.S. Choi, J.S. Lee, K.S. Ryu, K.T. Koh,
S.H. Kwon, Estimation of rheological
properties of UHPC using mini slump test,
Constr. Build. Mater. (2016).
https://doi.org/10.1016/j.conbuildmat.2015.
12.106.

ASTM C642-13, Standard test method for
density, absorption, and voids in hardened
concrete, ASTM International, ASTM Int.
(2013).

R.J. Gummerson, C. Hall, W.D. Hoff, Water
movement in porous building materials-II.
Hydraulic suction and sorptivity of brick and
other masonry materials, Build. Environ.
(1980). https://doi.org/10.1016/0360-
1323(80)90015-3.

NT Build 492, Concrete, mortar and cement-
based repair materials: Chloride migration
coefficient from non-steady-state migration
experiments, Measurement. (1999).
M.Y.Kim, E.I. Yang, S.T. Yi, Application of
the colorimetric method to chloride diffusion
evaluation in concrete structures, Constr.
Build. Mater. 41 (2013) 239-245.
https://doi.org/10.1016/j.conbuildmat.2012.
11.084.

E-ISSN: 2224-3496

280

[25]

[28]

[29]

[30]

[31]

[32]

[33]

Efstratios Badogiannis,
Eirhnh Makrinou, Marianna Founta

British Standards Institution, BS EN 196-
2:2013: Method of testing cement Part 2 :
Chemical analysis of cement, BSI Stand. Ltd.
(2013).

K.H. Mo, T.C. Ling, UJ. Alengaram, S.P.
Yap, C.W. Yuen, Overview of
supplementary cementitious materials usage
in lightweight aggregate concrete, Elsevier
Ltd, 2017.
https://doi.org/10.1016/j.conbuildmat.2017.
02.081.

M.C.G. Juenger, R. Siddique, Recent
advances in understanding the role of
supplementary cementitious materials in
concrete, Cem. Concr. Res. 78 (2015) 71-80.
https://doi.org/10.1016/j.cemconres.2015.03
.018.

L. Gindiz, The effects of pumice
aggregate/cement ratios on the low-strength
concrete properties, Constr. Build. Mater. 22
(2008) 721-728.
https://doi.org/10.1016/j.conbuildmat.2007.
01.030.

D.K. Ashish, S.K. Verma, Robustness of
self-compacting concrete containing waste
foundry sand and metakaolin: A sustainable
approach, J. Hazard. Mater. 401 (2021)
123329.
https://doi.org/10.1016/j.jhazmat.2020.1233
29.

R. Siddique, J. Klaus, Influence of
metakaolin on the properties of mortar and
concrete: A review, Appl. Clay Sci. 43
(2009) 392-400.
https://doi.org/10.1016/j.clay.2008.11.007.
E. Badogiannis, G. Kakali, G. Dimopoulou,
E. Chaniotakis, S. Tsivilis, Metakaolin as a
main cement constituent. Exploitation of
poor Greek kaolins, Cem. Concr. Compos. 27
(2005) 197-203.
https://doi.org/10.1016/j.cemconcomp.2004.
02.007.

H.K. Kim, E.A. Hwang, H.K. Lee, Impacts
of metakaolin on lightweight concrete by
type of fine aggregate, Constr. Build. Mater.
36 (2012) 719-726.
https://doi.org/10.1016/j.conbuildmat.2012.
06.020.

R. Bani Ardalan, A. Joshaghani, R.D.
Hooton, = Workability = retention  and
compressive strength of self-compacting
concrete incorporating pumice powder and
silica fume, Constr. Build. Mater. 134 (2017)
116-122.
https://doi.org/10.1016/j.conbuildmat.2016.

Volume 17, 2021



WSEAS TRANSACTIONS on ENVIRONMENT and DEVELOPMENT
DOI: 10.37394/232015.2021.17.28

[35]

[36]

[38]

[39]

[40]

[42]

12.090.

J. Alexandre Bogas, M.G. Gomes, S. Real,
Capillary absorption of structural lightweight
aggregate concrete, Mater. Struct. Constr. 48
(2015) 2869-2883.
https://doi.org/10.1617/s11527-014-0364-x.
A. Elsharief, M.D. Cohen, J. Olek, Influence
of  lightweight aggregate on  the
microstructure and durability of mortar,
Cem. Concr. Res. (2005).
https://doi.org/10.1016/j.cemconres.2004.07
.011.

T.S. Bozkurt, S. Yilmaz Demirkale,
Investigation and development of sound
absorption of plasters prepared with pumice
aggregate and natural hydraulic lime binder,
Appl. Acoust. 170 (2020).
https://doi.org/10.1016/j.apacoust.2020.107
521.

S.Y. Chung, P. Sikora, D.J. Kim, M.E. El
Madawy, M. Abd Elrahman, Effect of
different expanded aggregates on durability-
related characteristics of lightweight
aggregate concrete, Mater. Charact. 173
(2021) 110907.
https://doi.org/10.1016/j.matchar.2021.1109
07.

P. Spiesz, Q.L. Yu, H.J.H. Brouwers,
Development of cement-based lightweight
composites - Part 2: Durability-related
properties, Cem. Concr. Compos. (2013).
https://doi.org/10.1016/j.cemconcomp.2013.
03.029.

J.A. Bogas, A. Carrico, J. Pontes, Influence
of cracking on the capillary absorption and
carbonation of structural lightweight
aggregate concrete, Cem. Concr. Compos.
104 (2019) 103382.
https://doi.org/10.1016/j.cemconcomp.2019.
103382.

A.  Gholampour, T.  Ozbakkaloglu,
Performance of sustainable concretes
containing very high volume Class-F fly ash
and ground granulated blast furnace slag, J.
Clean. Prod. 162 (2017) 1407-1417.
https://doi.org/10.1016/j.jclepro.2017.06.08
7.

D.P. Bentz, Influence of internal curing using
lightweight aggregates on interfacial
transition zone percolation and chloride
ingress in mortars, Cem. Concr. Compos. 31
(2009) 285-289.
https://doi.org/10.1016/j.cemconcomp.2009.
03.001.

M. Thomas, T. Bremner, Performance of

E-ISSN: 2224-3496

[43]

[44]

[46]

281

Efstratios Badogiannis,
Eirhnh Makrinou, Marianna Founta

lightweight aggregate concrete containing
slag after 25 years in a harsh marine
environment, Cem. Concr. Res. 42 (2012)
358-364.
https://doi.org/10.1016/j.cemconres.2011.10
.009.

S. Real, J.A. Bogas, J. Pontes, Chloride
migration in structural lightweight aggregate
concrete produced with different binders,
Constr. Build. Mater. 98 (2015) 425-436.
https://doi.org/10.1016/j.conbuildmat.2015.
08.080.

M. Stratoura, D.R. laz, E. Badogiannis,
Chloride  Penetration in  Lightweight
Aggregate Mortars Incorporating
Supplementary Cementing Materials, Adv.
Civ. Eng. 2018 (2018).
https://doi.org/10.1155/2018/9759167.

P.T. Huynh, Y. Ogawa, K. Kawai, P.T. Bui,
Evaluation of the cementing efficiency factor
of low-calcium fly ash for the chloride-
penetration resistance of concretes: A simple
approach, Constr. Build. Mater. 270 (2021)
121858.
https://doi.org/10.1016/j.conbuildmat.2020.
121858.

F. Qu, W. Li, W. Dong, V.W.Y. Tam, T. Yu,
Durability deterioration of concrete under
marine environment from material to
structure: A critical review, J. Build. Eng. 35
(2021) 102074.
https://doi.org/10.1016/j.jobe.2020.102074.

Creative Commons Attribution License 4.0
(Attribution 4.0 International, CC BY 4.0)

This article is published under the terms of the Creative
Commons Attribution License 4.0
https://creativecommons.org/licenses/by/4.0/deed.en US

Volume 17, 2021





