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Abstract: In order to improve the contribution to sustainability of cement production, several strate-
gies have been developed, such as the incorporation of additions as clinker replacement. Regarding
the production of commercial cements with additions, those made with binary binders are mostly
produced. However, the use of ternary binders for manufacturing commercial cements is still very
low, at least in Spain, and they could also be an adequate solution for producing eco-friendly cements.
The objective of this research is to study the effects in the long term produced by ternary binders
which combine the additions of blast furnace slag, fly ash and limestone in the microstructure, dura-
bility and mechanical performance of mortars, compared to mortars without additions and mortars
made with binary binders. The ternary and binary binders accomplished the prescriptions for a
cement type CEM II/B. The microstructure was characterized using mercury intrusion porosimetry,
electrical resistivity and differential thermal analysis. Absorption after immersion, diffusion coeffi-
cient, mechanical strengths and ultrasonic pulse velocity were studied. The best performance was
noted for ternary binder with both slag and fly ash, probably produced by the synergetic effects of
slag hydration and fly ash pozzolanic reactions. These effects were more noticeable regarding the
compressive strength.

Keywords: ternary binders; eco-friendly cements; additions; ground granulated blast furnace slag;
fly ash; limestone; sustainability; microstructure; mechanical properties; durability

1. Introduction

At present, to lessen the greenhouse gases emissions produced by the most contami-
nant industrial sectors is an important field of research [1–4]. In this topic, the construction
sector and the cement industry in particular have put into practice several strategies for
becoming less pollutant, in order to contribute to the global sustainable development
goals, which aim to reduce global warming. Several of these strategies are related to the
components of cement-based materials, such as the use of supplementary cementitious
materials, recycled or lightweight aggregates, among others, as well as the combination of
them, in order to develop more eco-friendly materials [5–7].

Regarding supplementary cementitious materials (SCMs), they are key components of
sustainable, low carbon footprint cements, replacing partially or totally clinker [8,9]. The
use of these eco-friendly cements presents several benefits [9–13]. Firstly, these cements
contribute to reduce CO2 emissions produced by the cement industry, because the SCMs
replace a proportion of clinker [8,9], then a lower amount of this component is required.
In addition, the most popular SCMs are residues produced in other industrial sectors.
Therefore, their reutilization in cement production also causes advantages from an eco-
logical point of view. Furthermore, it has been observed that several SCMs improve the
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performance of cement-based materials, so their influence are still today a relevant field of
research [9,14–17].

Among the different SCMs, it is important to highlight the active additions, such as
fly ash and ground granulated blast furnace slag. In relation to slag, the development of
their hydration reactions produces the formation of additional CSH phases, increasing
the microstructure refinement [18] and improving the materials’ properties [19,20]. Fly
ash addition shows comparable influence in the pore network and service performance of
cement-based materials, although this addition has pozzolanic activity, being capable of
reacting with portlandite [15], formed as a product of clinker hydration. As a consequence
of the pozzolanic reactions development, new hydrated phases are produced, making the
microstructure of the material more dense [9,15]. On the other hand, there are additions
without hydraulic or pozzolanic activity, which are also used for replacing clinker in
cement production. One of the most popular is limestone, which has mainly a filler effect
in cement-based materials, improving their pore size distribution, as well as their fresh and
hardened properties [21–23].

In relation to the production of commercial cements with SCMs, those made with
binary binders, incorporating one addition as a clinker replacement, are mostly produced
nowadays. Nevertheless, the use of ternary binders, in which clinker is partially replaced
by two additions, for manufacturing commercial cements is very low, at least in Spain.
Therefore, to explore the performance of mortars and concretes prepared using cements
made with ternary binders [21,24–26], focused on their application for commercial cements
production, could be a promising research field for providing more solutions to improve
the sustainability of the cement industry. In addition, the synergetic effects of combining
two additions could entail an improvement of the behavior of these cement-based materials
made using ternary binders [27–30].

Therefore, the objective of this research is to study the effects in the long term pro-
duced by ternary binders which combine the additions of ground granulated blast furnace
slag, fly ash and limestone in the microstructure, durability-related parameters and the
mechanical performance of mortars. Those additions were chosen because they are the
most used in the production of blended commercial cements in Spain. In order to facili-
tate the real application of these results by cement manufacturers, the prepared ternary
binders verified the prescriptions for a standardized commercial cement type CEM II/B-M,
according to Spanish and European standard UNE-EN 197-1 [31]. The behavior of mortars
made with ternary binders was compared to that observed for reference mortars prepared
using ordinary Portland cement without additions, as well as with other mortars made
with binary binders, which incorporated only one of the studied additions as the clinker
replacement.

2. Materials and Methods
2.1. Materials and Sample Preparation

The tests were performed on mortars, which were prepared with different binders.
First of all, reference mortars were made with ordinary Portland cement without additions,
CEM I 42.5 R (Spanish and European standard UNE-EN 197-1 [31]), and they were named
as REF in the presentation of the results.

In addition, mortars prepared with three ternary binders were analyzed. The first one,
designated as SL, incorporated 15% (in weight) ground granulated blast furnace slag and
15% limestone as additions, replacing cement CEM I 42.5 R. The second one was named
as SF, in which the abovementioned CEM I 42.5 was partially substituted by 15% ground
granulated blast furnace slag and 15% fly ash. The third ternary binder was designated as
FL and the cement CEM I 42.5 R was replaced in part by 15% fly ash and 15% limestone
additions.

On the other hand, three binary binders were also studied in which 30% (in weight)
of the cement CEM I 42.5 R was replaced by one of the additions used for preparing
the abovementioned ternary binders. These binary binders were named as L, S and F,
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containing 30% limestone, ground granulated blast furnace slag and fly ash, respectively.
In order to facilitate the comprehension of the meaning of the different designations
established for the binders, they are compiled in Table 1.

Table 1. Designation of the mortars studied and percentage (in weight) of CEM I and additions.

Designation CEM I 42.5 R Limestone Blast Furnace Slag Fly Ash

REF 100% - - -
L 70% 30% - -
S 70% - 30% -
F 70% - - 30%

SL 70% 15% 15% -
SF 70% - 15% 15%
FL 70% 15% - 15%

The additions of fly ash, ground granulated blast furnace slag and limestone verified
the prescriptions of the standard UNE-EN 197-1 [31] for being used in the production of
commercial cements. These additions were provided by the company Cementos Portland
Valderrivas (Spain) and they are currently used in the production of the blended cements
manufactured by this company. The prepared binders accomplished the prescriptions
for a standardized commercial cement type CEM II/B, defined by the standard UNE-EN
197-1 [31]. The reason for choosing that cement type is because the cements type II [31]
are nowadays the most produced in Spain, so this could facilitate a wider possible real
application of the results obtained in this research.

The specimens of all the binders studied were prepared with water to binder ratio 0.5.
Fine aggregate was used according to the standard UNE-EN 196-1 [32] and the aggregate
to cement ratio was 3:1 for all the mortar series.

Three different types of specimens were prepared. On one hand, two cylindrical
specimens were made, a first type with dimensions 10 cm diameter and 22 cm height and a
second one with dimensions 5 cm diameter and 6 cm height. Moreover, prismatic samples
with dimensions 4 cm × 4 cm × 16 cm were also prepared.

During their first 24 h, all specimens were kept in chamber with 95% relative humidity
(RH) and 20 ◦C temperature. After that time, they were de-molded and the samples
were kept in an optimum laboratory condition (20 ◦C and 100% RH) until the testing
age. This condition consisted of storing the specimens in hermetically sealed containers,
which contained distilled water in their bottom part for achieving a 100% relative humidity
environment. The mortar samples were placed into the containers avoiding contact with
water using a rack beyond the water level. In addition, these containers were kept in a
chamber with a controlled temperature 20 ◦C. The dimensions of the hermetically sealed
containers used were 325 × 265 × 150 mm. Finally, the tests were performed at 28 and
250 hardening days.

2.2. Mercury Intrusion Porosimetry

Mercury intrusion porosimetry allows getting data about the pore network of ma-
terials [33–35]. Here, the porosimetry test was performed using a Poremaster-60 GT
porosimeter manufactured by Quantachrome Instruments (Boynton Beach, FL, USA). The
specimens were oven-dried at 50 ◦C during 48 h before the test. The results analyzed in
this research were total porosity and pore size distribution. The pore size distribution was
analyzed taking into account the following intervals: <10 nm, 10–100 nm, 100 nm to 1 µm,
1–10 µm, 10 µm to 0.1 mm, and >0.1 mm [36,37]. Two measurements were made on each
type of mortar at both hardening ages studied. The samples tested were pieces taken from
cylindrical specimens with 5 cm diameter and 6 cm height.
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2.3. Electrical Resistivity

The electrical resistivity provides information related to microstructure and pore
connectivity in cement-based materials [38,39]. In this work, the non-destructive Wenner
four-point test was used to obtain the resistivity of the mortars, according to the Spanish
standard UNE 83988-2 [40]. This parameter was measured using a Proceq analyser on
cylinders with 22 cm height with 10 cm diameter at different ages until 250 days. Three
cylinders were tested for each mortar type and four measurements were made per sample
at each testing age.

2.4. Differential Thermal Analysis

The differential thermal analyses were performed using a simultaneous TG-DTA
model TGA/SDTA851e/SF/1100 from Mettler Toledo, which allows working from room
temperature to 1100 ◦C. The heating ramp selected was 20 ◦C/min up to 1000 ◦C in N2
atmosphere. The area of portlandite peak was studied and it was determined from the curve
weight derivate versus temperature obtained for each mortar type. Three measurements
were made on each binder at 28 and 250 days. The powder samples tested with this
technique were obtained from milling pieces taken from cylinders with dimensions 5 cm
diameter and 6 cm height.

2.5. Water Absorption

The absorption after immersion was determined following the procedure described in
the ASTM Standard C642-06 [41]. Six pieces taken from cylinders with dimensions 5 cm
diameter and 6 cm height were tested for each binder at 28 and 250 days.

2.6. Steady-State Chloride Diffusion Coefficient

The steady-state chloride diffusion coefficient was determined from the electrical
resistivity of the water-saturated samples. The resistivity was obtained using the procedure
described in Section 2.3. Samples were saturated for 24 h according to the standard ASTM
C1202-12 [42]. For each binder, three different cylinders with 22 cm height and with 10 cm
diameter were tested at 28 and 250 days. At each age, four measurements were made per
sample. Finally, the steady-state diffusion coefficient was obtained using the following
equation [43]:

DS =
2 × 10−10

ρ
(1)

where: Ds is the chloride steady-state diffusion coefficient through the sample (m2/s) and
ρ is the electrical resistivity of the specimen (Ω·m).

2.7. Mechanical Strengths

The compressive and flexural strengths were determined according to the Spanish
and European standard UNE-EN 1015-11 [44]. Three different prismatic samples with
dimensions 4 × 4 × 16 cm were tested for each one of the analyzed binders at 28 and
250 hardening days.

2.8. Ultrasonic Pulse Velocity

The ultrasonic pulse velocity (UPV) gives information about the mechanical character-
istics of the material, as well as about the presence of defects and cracks. This parameter
was determined according to the procedure described in the standard UNE-EN 12504-4 [45]
at several ages up to 250 hardening days. The test consisted of measuring the propagation
time of the ultrasonic waves along the longest dimension of the specimen (160 mm) using
direct transmission. The equipment used was a Pundit Lab model manufactured by Proceq
(Schwerzenbach, Switzerland). Contact transducers emitting ultrasonic pulses at 54 kHz
were coupled to the end sides of the specimens using a coupling agent. The ultrasonic
pulse velocity was calculated from the propagation time and the length of the sample.
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Three prismatic samples with dimensions 4 × 4 × 16 cm were tested for each binder and
three determinations were made per sample at each studied age.

3. Results
3.1. Mercury Intrusion Porosimetry

In relation to the mercury intrusion porosimetry technique, the results of total porosity
are depicted in Figure 1. As can be observed, at 28 hardening days the lowest values of
this parameter corresponded to the REF and S series. At the same age, the mortars made
with ternary binders SL and SF showed slightly higher total porosities than those noted
for the REF and S mortars. On the other hand, the greatest total porosities at 28 days were
observed for binary mortars L and F and for the ternary binder FL. Scarce changes were
observed in total porosity values between 28 and 250 days for the majority of mortars
studied, although a slight reduction in this parameter was observed for the F mortars.
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Regarding the pore size distributions, they are represented in Figure 2. At 28 hardening
days, the percentages of pores with diameters lower than 100 nm (pore ranges <10 nm and
10–100 nm) were relatively similar for all studied mortars. However, at that age, binary and
ternary binders with fly ash and ground granulated blast furnace slag generally presented
higher relative volume of pores with sizes in the range < 10 nm, especially for the SF series.
At 250 days, an increase of those finer pores for all the studied mortars was observed,
showing a higher pore refinement of the F and FL series. Finally, the less refined pore
network corresponded to the L mortars along the time period studied.
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3.2. Electrical Resistivity

The electrical resistivity results are depicted in Figure 3. The majority of the analyzed
mortars showed an increasing tendency of this parameter during the studied time period.
At early ages, the highest electrical resistivity values were noted for binary and ternary
binders with slag (S, SL and SF series). On the other hand, this parameter noticeably
increased with time for binary and ternary binders with fly ash (F, SF and FL), showing the
greatest values of electrical resistivity at 250 days. The resistivity also rose with age for S
and SL mortars, although their values at the end of the studied time period were lower
than those noted for binders with fly ash. Finally, the lowest resistivity values were noted
for the REF and L mortars, and they hardly changed from 28 to 250 days.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 17 
 

0

20

40

60

80

100 250d250d250d250d250d 28d28d28d28d28d250d28d

FLSFSLFSL

250d

REF

 >0.1 mm          10 µm-0.1 mm   1-10 µm  
 100 nm-1 µm   10-100 nm         <10 nm  

28d

In
tru

si
on

 v
ol

um
e,

 %

 207 

Figure 2. Pore size distributions obtained for the different types of mortar studied. 208 

3.2. Electrical Resistivity 209 

The electrical resistivity results are depicted in Figure 3. The majority of the analyzed 210 
mortars showed an increasing tendency of this parameter during the studied time period. 211 
At early ages, the highest electrical resistivity values were noted for binary and ternary 212 
binders with slag (S, SL and SF series). On the other hand, this parameter noticeably in-213 
creased with time for binary and ternary binders with fly ash (F, SF and FL), showing the 214 
greatest values of electrical resistivity at 250 days. The resistivity also rose with age for S 215 
and SL mortars, although their values at the end of the studied time period were lower 216 
than those noted for binders with fly ash. Finally, the lowest resistivity values were noted 217 
for the REF and L mortars, and they hardly changed from 28 to 250 days. 218 

0 50 100 150 200 250
0

50

100

150

200

El
ec

tri
ca

l r
es

is
tiv

ity
, k

Ω
·c

m

Hardening age, days

 REF
 L
 S
 F
 SL
 SF
 FL

 219 

Figure 3. Evolution of the electrical resistivity for the different binders studied. 220 

  221 

Figure 3. Evolution of the electrical resistivity for the different binders studied.



Appl. Sci. 2021, 11, 6388 7 of 17

3.3. Differential Thermal Analysis

Regarding the differential thermal analyses performed, the derivate of weight versus
temperature curves and the areas of the portlandite peak obtained for the studied binders
at 28 and 250 days can be observed in Figures 4 and 5, respectively. In view of these results,
it is interesting to highlight the reduction of this area in specimens with fly ash (F, FL and SF
series), which would be indicative of the portlandite consumption due to the development
of fly ash pozzolanic reactions.
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3.4. Water Absorption

The results of water absorption after immersion are shown in Figure 6. This parameter
was relatively similar at 28 and 250 hardening days for all the mortars studied. Specimens
with ternary binders showed a slight reduction of the absorption after immersion between
28 and 250 days. At that last age studied, this parameter was higher for the L series,
compared to the rest of the studied binders.
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3.5. Steady-State Chloride Diffusion Coefficient

The results of the steady-state chloride diffusion coefficient obtained from the samples’
resistivities for the analyzed mortars are represented in Figure 7. At 28 days, the lowest
values of this parameter were observed for the REF mortars, followed by the S ones. On the
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other hand, the highest values at that age corresponded to mortars prepared with binary
binders with fly ash (F series) and limestone (L series). Regarding the specimens prepared
with ternary binders, at 28 days, the SL and SF series showed lower diffusion coefficients
compared to the FL mortars.
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It is interesting to highlight the noticeable reduction of the diffusion coefficient for
mortars with active additions at 250 hardening days, especially for those which incorpo-
rated fly ash. At that age, the lower value of this parameter was noted for the F series,
followed by the SF and FL series. The diffusion coefficient was higher for the S and SL
mortars, compared to the abovementioned series with fly ash. Finally, the greatest value of
this parameter at 250 days has been noted for the L mortars, followed by the REF ones.

3.6. Mechanical Strengths

The compressive strength results are depicted in Figure 8. At 28 days, the highest
values of this parameter were noted for the REF and S series, whereas the lowest were
observed for the L mortars. In relation to mortars made using ternary binders, at the
abovementioned age, the compressive strength was higher for the SF mortars, followed
by the SL ones, while this parameter was slightly lower for the FL specimens. Between 28
and 250 days, the compressive strength increased for all the mortars studied. This increase
was more noticeable for specimens prepared using binary and ternary binders with fly ash.
At 250 days, the highest compressive strength values were observed for the REF, S, F and
SF series, with slight differences between them, followed by the SL and FL binders. The
lowest compressive strength at that age corresponded to the L series.
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The results of flexural strength are represented in Figure 9. The values of this parameter
were relatively similar for all the studied mortars. At 28 hardening days, the flexural
strength was slightly higher for the REF, S and SL mortars in comparison with the other
series studied. This strength increased from 28 to 250 days for most of the analyzed mortars.
After 250 hardening days, the highest flexural strengths were noted for the S and SL series,
while the lowest were observed for the L and FL series.
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3.7. Ultrasonic Pulse Velocity

The results of ultrasonic pulse velocity (UPV) can be observed in Figure 10. At initial
ages, the lowest values of this parameter were observed for the L, SL and SF series, whereas
the highest UPV values were noted for the reference mortars. In general, this parameter
showed an increasing tendency with age for all the studied series. The UPV for mortars
made with the binary binder with slag (S series) developed a noticeable growth up to
approximately 28 days, and thereafter was the binder with the highest UPV values. For
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the binary binder with fly ash (F series), the UPV increase was slower, reaching similar
values of this parameter compared to the S series at 125 days, approximately. On the other
hand, the main rise of this parameter was noted until 28 days for the reference mortars,
slowly increasing since then until 250 days. With respect to mortars prepared using ternary
binders, the UPV progressively rose with time, although with a slower rate compared to
the S series. The FL and SL mortars showed similar UPV values along the studied time
period, being higher than the values noted for the SF mortars, compared to them. Finally,
along the analyzed time period, the lowest UPV values were obtained for the L mortars.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 10 of 17 
 

3.7. Ultrasonic Pulse Velocity 280 

The results of ultrasonic pulse velocity (UPV) can be observed in Figure 100. At initial 281 
ages, the lowest values of this parameter were observed for the L, SL and SF series, 282 
whereas the highest UPV values were noted for the reference mortars. In general, this 283 
parameter showed an increasing tendency with age for all the studied series. The UPV for 284 
mortars made with the binary binder with slag (S series) developed a noticeable growth 285 
up to approximately 28 days, and thereafter was the binder with the highest UPV values. 286 
For the binary binder with fly ash (F series), the UPV increase was slower, reaching similar 287 
values of this parameter compared to the S series at 125 days, approximately. On the other 288 
hand, the main rise of this parameter was noted until 28 days for the reference mortars, 289 
slowly increasing since then until 250 days. With respect to mortars prepared using ter-290 
nary binders, the UPV progressively rose with time, although with a slower rate com-291 
pared to the S series. The FL and SL mortars showed similar UPV values along the studied 292 
time period, being higher than the values noted for the SF mortars, compared to them. 293 
Finally, along the analyzed time period, the lowest UPV values were obtained for the L 294 
mortars. 295 

0 50 100 150 200 250
4000

4200

4400

4600

4800

U
ltr

as
on

ic
 p

ul
se

 v
el

oc
ity

, m
/s

Hardening age, days

 REF
 L
 S
 F
 SL
 SF
 FL

 296 

Figure 10. Evolution of ultrasonic pulse velocity for the types of mortars studied. 297 

4. Discussion 298 

4.1. Microstructure Characterization 299 

Regarding mercury intrusion porosimetry results (see Figure 1 and Figure 2), the 300 
lower total porosities noted at 28 days for the REF and S mortars are indicative of the 301 
development of slag and clinker hydration [19,46], which started since setting, once both 302 
slag and clinker were in contact with water. This effect was more evident in these mortars 303 
because no other components apart from clinker or slag were present in them. The higher 304 
total porosity noted in the short term for L specimens could be explained by the fact the 305 
limestone acts as an inert filler material, without pozzolanic activity [47]. With respect to 306 
the F and FL binders, the larger porosities values at 28 days could be due to the delay of 307 
the development of fly ash pozzolanic reactions [15], compared to clinker and slag hydra-308 
tions. The effect of this delay of fly ash pozzolanic reactions at short times can be also 309 
observed in the SF specimens, which showed higher porosity at that age, compared to 310 
binary binder with only slag (S series). The mortars prepared with the ternary binder with 311 
slag and limestone (SL series) also showed higher total porosity at 28 days compared to 312 

Figure 10. Evolution of ultrasonic pulse velocity for the types of mortars studied.

4. Discussion
4.1. Microstructure Characterization

Regarding mercury intrusion porosimetry results (see Figures 1 and 2), the lower total
porosities noted at 28 days for the REF and S mortars are indicative of the development of
slag and clinker hydration [19,46], which started since setting, once both slag and clinker
were in contact with water. This effect was more evident in these mortars because no other
components apart from clinker or slag were present in them. The higher total porosity
noted in the short term for L specimens could be explained by the fact the limestone acts
as an inert filler material, without pozzolanic activity [47]. With respect to the F and FL
binders, the larger porosities values at 28 days could be due to the delay of the development
of fly ash pozzolanic reactions [15], compared to clinker and slag hydrations. The effect
of this delay of fly ash pozzolanic reactions at short times can be also observed in the SF
specimens, which showed higher porosity at that age, compared to binary binder with
only slag (S series). The mortars prepared with the ternary binder with slag and limestone
(SL series) also showed higher total porosity at 28 days compared to the S specimens; this
would be related to its lower content of an active addition with hydraulic activity such as
slag and the presence of limestone as a filler inert addition [21,47].

With respect to the pore size distributions at 28 days, the higher percentage of finer
pores noted for specimens with fly ash and ground granulated blast furnace slag in the
binder would indicate a higher refinement of their microstructure, probably due to for-
mation of solid phases as products of slag hydration [19,46] and fly ash pozzolanic reac-
tions [15]. This was especially noticeable for the SF binder, in which both the abovemen-
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tioned active additions were incorporated, being more evident the synergetic effects of
both additions in the microstructure development. The less refined pore network noted for
the L mortars would be in keeping with total porosity results, showing the effect of this not
active addition.

The higher pore refinement noted for the majority of mortars studied at 250 days
compared to 28 days would suggest the progressive closing of the microstructure due
to the development of clinker and slag hydration [48–50], as well as fly ash pozzolanic
reactions [14,15]. These reactions would produce new solid phases as products, entailing an
increase of the relative volume of finer pores, as was observed in the pore size distributions.
The fact that the increase of the proportion of finer pores from 28 to 250 days was more
noticeable for mortars with only fly ash as active addition (F and FL series), could be
related to the abovementioned delay of fly ash pozzolanic reactions [15,51] in comparison
with clinker and slag hydration, because these pozzolanic reactions need the presence of
enough portlandite for starting them [15]. For the FL series, in its relatively high pore
refinement it could have influenced the nucleation site effect of limestone addition, as
has been reported by other authors [52]. The results of the area of portlandite peak (see
Figures 4 and 5) would reveal the development of fly ash pozzolanic reactions from 28 to
250 days, as suggested by the portlandite consumption along this period of time, noted for
binders with fly ash.

This delay in the development of these reactions would entail that the effects of fly ash
in the microstructure would be observed at later ages [53], being in keeping with the results
obtained. The long-term effects of the hydration of slag in binary and ternary binders were
also noticeable, as suggest the more refined microstructure noted for them compared to
reference mortars. Finally, the scarce effects with time in the total porosity produced by
the incorporation of the studied additions in the binary and ternary binders, while they
produced a refinement of the microstructure, would be in agreement with other works [9].

In relation to the electrical resistivity (see Figure 3), this parameter provides data about
the connectivity of pores as well as the evolution of the microstructure [43]. The increasing
tendency of this parameter for all the mortars studied would reveal the progressive devel-
opment of their microstructure [54], due to a reduction of pores with higher diameters, as a
consequence of the solid phases formation, as products of the abovementioned hydration
and pozzolanic reactions of the different components of the studied binders [15,55]. This
evolution with time of electrical resistivity would be in keeping with the progressive pore
refinement observed in the pore size distributions already discussed. In addition, the higher
values of this parameter overall observed for binary and ternary binders with slag and fly
ash would also agree with the presence of a greater proportion of finer pores compared to
the REF and L specimens, revealed by mercury intrusion porosimetry results.

Moreover, the higher values of electrical resistivity in the short term noted for binders
with slag, especially for the S series, would be probably due to the effects of slag hydration,
which are more noticeable since early ages, due to the hydraulic activity of this addition [9],
as has been explained for total porosity results. On the other hand, the slower rise with
time, particularly at short ages, of the electrical resistivity for mortars with fly ash (F, FL
and SF) would be indicative of the delay in the pozzolanic reactions development [15,56],
already explained, also coinciding with the evolution of pore size distributions noted for
these binders. Furthermore, the higher resistivity values at later ages for these binary and
ternary binders with fly ash compared to the other analyzed mortars would suggest a
greater presence of finer pores in their microstructure, being in agreement with their pore
size distributions at 250 days.

4.2. Durability and Mechanical Parameters

With respect to durability-related parameters, the decrease with time of the steady-
state chloride diffusion coefficient (see Figure 7) would be related to the progressive
microstructure refinement produced by the development of slag and clinker hydration,
and fly ash pozzolanic reactions, according to the previously discussed porosimetry results.
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At 28 days, the lower values of this parameter for the REF and S series and the higher
values for binders with fly ash (F, FL and SF series) would again show the delay of fly ash
pozzolanic reactions compared to slag and clinker, also coinciding with microstructural
characterization.

However, the effects in the long term of fly ash were very noticeable in the diffusion
coefficient, as showed the important reduction of this parameter between 28 and 250 days
for the F, SF and FL series, even improving at the later studied age the values of this
parameter noted for specimens with only slag as active addition. These results would
be overall in keeping with the pore refinement in the long term produced by fly ash
pozzolanic reactions, as suggested by the pore size distributions, electrical resistivity and
differential thermal analysis results, already discussed. This pore refinement would make
more difficult the diffusion of chlorides through the microstructure of the mortars, giving
as results lower values of this coefficient.

The addition of slag in ternary and binary binders also produced a beneficial effect in
this coefficient at 250 days, improving the reference mortars. This is due to the progressive
development of slag hydration, which also produced a microstructure refinement, as
has been previously explained for the mercury intrusion porosimetry results. For ternary
binders with slag, it is interesting to highlight the good performance of SF mortars regarding
the diffusion coefficient in the long term, probably produced by the combined effects of slag
hydration and fly ash pozzolanic reactions. On the other hand, the fact that this parameter
was slightly higher for SL mortars at 250 days could be due to the presence of limestone in
the binder, an addition without pozzolanic or hydraulic activity. These effects were less
noticeable when limestone was combined with fly ash in the binder (FL series), maybe due
to the abovementioned influence of the pozzolanic reactions of this addition, as well as
the nucleation site effect of limestone addition when it is combined with fly ash [52,57].
Finally, the reduction with time observed for the L and REF mortars would coincide with
the increase of the presence of finer pores, revealed by pore size distributions, and it would
be produced by clinker hydration development [46]. The highest diffusion coefficient in
the long term for the L mortars would also agree with the previous results, and it would be
due to the non-active effect of limestone addition [47].

The water absorption after immersion was similar for the different mortars studied
(see Figure 6). With respect to the binders with active additions, at 28 hardening days, SL
and FL specimens showed slightly higher values of this parameter compared to the S, F
and SF mortars, which would be produced by the addition of limestone in these binders,
as has been already explained. However, in the long term the absorption after immersion
decreased for mortars made with ternary binders, reaching approximately the values noted
for the REF specimens. Therefore, the use of these binders did not produce a worsening in
the behavior of the mortars in relation to this parameter.

Regarding the mechanical properties, the compressive strength results (see Figure 8)
showed similarities with the microstructure characterization and diffusion coefficient
results. The highest values of this strength at 28 days observed for the REF and S specimens,
would be in keeping with their lower total porosities and lower diffusion coefficients noted
at that age. As has been discussed, this could be due to the more noticeable effects at short
ages of slag and clinker hydration [19,46], compared to fly ash pozzolanic reactions. The
compressive strength increased with age for all the studied mortars, this also agreed with
the microstructure refinement and the reduction of diffusion coefficient with time observed,
which would be produced as a consequence of the abovementioned reactions development.
Again, the most considerable increase of compressive strength from 28 to 250 days was
noted for mortars with fly ash (F, FL and SF), which would be in keeping with the rise of
their relative volume of finer pores and with the noticeable reduction of their diffusion
coefficient. Then, the effects of new solids formation as products of fly ash pozzolanic
reactions would also have beneficial effects in the compressive strength of the mortars.

In relation to the ternary binders, it is worth to highlight the good compressive strength
performance of SF mortars at 250 days, showing similar values as the REF mortars. This
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would show the synergetic effects in this parameter of incorporating two active additions,
such as fly ash and slag, in the binder [58], which also happened for the diffusion coefficient.
However, when one of both active additions was combined with limestone in the ternary
binder (SL and FL series), the compressive strength showed lower values. This influence
of the presence of limestone in the binder was more noticeable in compressive strength,
compared to other parameters analyzed in this work [47]. As has been explained for the
results previously discussed, this could be due to the fact the limestone is not an active
addition [47], so its presence would not produce additional solids formation, which would
progressively fill the pore network of the materials, improving their properties. This effect
was more evident for binary binder with only limestone as addition (L series), which
showed the lowest compressive strengths along the studied time period.

The differences between the different tested binders regarding the flexural strength
were smaller (see Figure 9). However, there were similarities with the results of the
previously analyzed parameters. On one hand, at 28 days, this strength was higher for the
REF and S mortars, which was previously linked to the earlier development of slag and
clinker hydration. On the other hand, for the majority of the binders studied, the flexural
strength improved with age, in keeping with most of the previously discussed parameters.

The ultrasonic pulse velocity (UPV) is a useful parameter for getting data related to the
mechanical performance of the material, as well the presence of defects and voids [45,59].
The lowest UPV values noted for the L mortars along the studied time period (see Figure 10)
would suggest a worse mechanical behavior, which would agree with the lowest compres-
sive strength values noted for this binder, as has been already explained. The increasing
tendency of UPV for all the mortars would also be in keeping with the rise with time of
compressive and flexural strengths observed. At initial ages, UPV was higher for the REF
and S mortars, highlighting the noticeable rise until 28 days for the S mortars. This result
again coincides with those discussed for other parameters, such as compressive strength,
diffusion coefficient and total porosity, which were related to the early effects of clinker
and slag hydration [19,46].

The slower UPV growth with time noted for binary and ternary binders with fly ash
was also in consonance with the results of the abovementioned parameters, showing the
delay in the development of the pozzolanic reactions of this addition [15]. At later ages,
the relatively high UPV values observed for the F, S and SF series would indicate that
their microstructure would be more compact and their mechanical performance would
be better in comparison with other analyzed mortars. This would be in agreement with
microstructure characterization and compressive strength results, particularly showing
the beneficial synergetic effects of combining fly ash and slag in the binder, being also in
accordance with the adequate hardened properties of cement-based materials with ternary
mixtures which incorporate both additions, reported by other authors [58]. Finally, the
slightly lower values of UPV noted for the SL and FL series in the long term, compared to
the F, S and SF series, would coincide with their lower compressive strengths, also revealing
the effects of the addition of limestone in the reduction of the mechanical performance of
the ternary mortars [30,47].

5. Conclusions

In view of the results obtained, firstly it is important to highlight that the studied
mortars showed a progressive refinement of their microstructure, as suggested by the rise
with time of the relative volume of finer pores, revealed by mercury intrusion porosimetry
results, and the increasing tendency of electrical resistivity. This pore refinement would
be produced as a consequence of the development of slag and clinker hydration and fly
ash pozzolanic reactions. Regarding the services properties, this microstructure refinement
overall produced a reduction of the chloride diffusion coefficient and the enhancement of
mechanical performance of the mortars.

Furthermore, at early ages, reference mortars without additions and mortars with
slag generally presented lower porosities, lower diffusion coefficients, higher mechani-
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cal strength and higher ultrasonic pulse velocities, compared to specimens with fly ash.
However, at later ages, mortars which incorporated fly ash in the binders showed a high
pore refinement, a noticeable reduction of diffusion coefficient and an improvement of
their mechanical properties. These results were related to the delay of fly ash pozzolanic
reactions compared to slag and clinker hydration. This delay would be revealed by the
differential thermal analysis performed, with the reduction of area of portlandite peak area
from 28 to 250 days, noted for binders with fly ash.

Despite that, in general, the incorporation of slag and fly ash in the binary and ternary
binders would produce a higher microstructure development and better durability and
mechanical properties. This could be due to the effects of the hydraulic activity of slag and
the pozzolanic activity of fly ash.

On the other hand, the highest total porosity, the lowest pore refinement, the lowest
electrical resistivity, the highest diffusion coefficient, the smallest compressive strength and
the lowest ultrasonic pulse velocity have been observed for binary mortars with only the
addition of limestone. This could be explained in relation to the fact the limestone acts as
an inert material, without hydraulic or pozzolanic activity, so its beneficial effects in the
microstructure and properties development is limited compared to slag and fly ash.

Regarding the absorption after immersion parameter, it reached similar values in the
long term for mortars made with ternary binders compared to reference specimens. Then,
the use of these binders would not worsen the performance of the mortars regarding this
parameter.

Finally, in relation to the ternary binders studied, in general the best performance was
noted for the mortars which incorporated both slag and fly ash as additions (SF series),
compared to those with limestone (SL and FL series). This would show the improvement of
incorporating two active additions in the binder, produced by the combined synergetic ef-
fects of slag hydration and fly ash pozzolanic reactions. These effects were more noticeable
regarding the compressive strength of the mortars.
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