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Abstract: At present, the reduction of CO2 emissions due to the cement manufacture is an 

important field of study. In this line, the production of commercial cements consisting of binary 

binders is relatively common. However, the manufacture of cements made with ternary binders is 

still very low, at least in Spain. In this work, it has been studied the short-term effects of the 

exposure to a real in-situ environment in microstructure and properties of different mortars. The 

in-situ condition consisted of exposing the samples to a Mediterranean climate environment in an 

inland location sited in Alicante province (Spain). This location would accomplish the 

specifications of exposure class XC4 defined by Eurocode 2. Reference mortars were prepared with 

ordinary Portland cement without additions. A binary binder was also studied, incorporating 30% 

limestone, as well as two ternary binders, with addition 15% limestone and 15% fly ash, and 15% 

limestone and 15% ground granulated blast furnace slag, respectively. The microstructure has been 

analyzed using mercury intrusion porosimetry. Absorption after immersion and compressive 

strength have also been studied. According to the results obtained, mortars with ternary binders 

showed a good behavior in the short-term compared to reference mortars. 

Keywords: ternary binders; ground granulated blast furnace slag; fly ash; limestone; sustainability; 

microstructure; properties; Mediterranean climate environment; real condition exposure 

 

1. Introduction 

Nowadays, the development of strategies for reducing the CO2 emissions due to the cement 

manufacture is an important field of study. One of the ways of lessening those emissions is replacing 

clinker by additions [1]. In this line, the production of commercial cements consisting of binary 

binders in which are incorporated additions such as ground granulated blast-furnace slag, fly ash 

and limestone is relatively common. However, the manufacture of commercial cements made with 

ternary binders is still very low, at least in Spain. In this ternary binders, clinker is partially replaced 

by two additions, and they could also produce a good behavior of cement-based materials [2], due to 

the synergetic effect of both additions, with the added value of still being good solution for 

contributing to sustainability of cement industry. On the other hand, real structures are usually 

exposed to environments which differ with the laboratory conditions under the materials are 

generally studied. These different conditions of real environments can affect the development of 
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microstructure and service properties of cement-based materials [3,4], especially if they are made 

using binary or ternary binders. 

Therefore, the objective of this research to study the short-term effects (28 hardening days) of 

the exposure to real in-situ inland Mediterranean climate environment in the microstructure and 

service properties of mortars prepared with different binders, which incorporate limestone, fly ash 

and ground granulated blast furnace slag. 

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 [5]), and they were named as REF in the 

presentation of the results. In addition to this, a binary binder was studied, incorporating 30% 

limestone as a replacement of the abovementioned cement CEM I 42.5 R, and it was designed as L in 

the results and discussion section. Finally, mortars prepared with two ternary binders were also 

analyzed. The first one, designated as SL, incorporated 15% ground granulated blast furnace slag 

and 15% limestone additions, replacing cement CEM I 42.5 R. The other one was named as VL and 

the cement CEM I 42.5 R was replaced by 15% fly ash and 15% limestone additions. The specimens 

of the four binders studied were prepared with a water to cement ratio 0.5. Fine aggregate was used 

according to the standard UNE-EN 196-1 [6] and the aggregate to cement ratio was 3:1 for all the 

mortars. 

Two different types of specimens were prepared. On one hand cylindrical specimens with 

dimensions 5 cm diameter and 6 cm height. On the other hand, prismatic samples with dimensions 4 

cm × 4 cm × 16 cm were also made. Along their first 24 h, all specimens were kept in 95% RH 

chamber and 20 °C. After that time, they were de-moulded and they were cured under that optimum 

condition up to 7 hardening days, when they were moved to the real in-situ environment. Several 

experimental works have shown [4] the importance of curing in the development of service 

properties of cement-based materials exposed to non-optimum environments. For this reason, in this 

work it has been chosen a curing period of 7 days. 

2.2. Environmental Exposure Condition 

The real in-situ condition consisted of exposing the samples to Mediterranean climate 

environment in an inland location sited in Orxeta town (38° 33′ 47″ N, 0° 15′ 43″ W, 177 m.a.s.l.), 

which belongs to Alicante province (Spain). This exposure station is not too far away from the coast 

(10 km approximately). The samples were placed in the roof of a detached house and they were not 

protected from the weather conditions. This location would accomplish the specifications of 

exposure class XC4 (corrosion induced by carbonation, cyclic wet and dry) defined by the Eurocode 

2 [7]. 

The exposure period studied in this work started at the age of 7 hardening days (when finished 

the curing time of the samples) and finished at 28 hardening days, covering part of the months of 

February and March, which corresponds with the final of the winter season. The evolution of 

temperature and relative humidity (RH) registered in the exposure station during the studied time 

interval is shown in Figure 1a,b respectively. Regarding the temperature, this parameter ranged 

between 9 °C and 23 °C, and RH varied in the interval from 22% to 99% along the exposure time 

period. In relation to the rainfall, it rained in 9 days of the exposure period and 19 mm of total 

precipitation was registered in the site. Finally, the maximum wind speed showed high 

changeability, reaching a maximum peak of 70 km/h. 
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Figure 1. (a) Temperature registered in the exposure station along the time period studied. (b) 

Relative humidity registered in the exposure station along the time period studied. 

2.3. Experimental Tecniques 

The microstructure of the mortars was characterized using mercury intrusion porosimetry. This 

technique was performed using a Poremaster-60 GT porosimeter manufactured by Quantachrome 

Instruments (Boynton Beach, FL, USA). Previously to the test, the specimens were dried in an oven 

at 50 °C for 48 h. The results analyzed in this research were total porosity and pore size distribution 

at 28 hardening days. Two measurements were made on each type of mortar and the samples tested 

were pieces taken from cylinders with dimensions 5 cm diameter and 6 cm height. 

Regarding the service properties of the mortars, the absorption after immersion and the 

compressive strength were determined at 28 hardening days. The absorption after immersion was 

determined according to the ASTM Standard C642-06 [8] and six pieces taken from cylinders with 

dimensions 5 cm diameter and 6 cm height were tested for each kind of mortar studied. The 

compressive strength was obtained in prismatic samples with dimensions 4 cm × 4 cm × 16 cm 

according the Spanish and European standard UNE-EN 1015-11 [9]. Three prismatic samples were 

tested at the studied age for each one of the analyzed binders. 

3. Results and Discussion 

3.1. Microstructure Characterisation 

In relation to the results obtained using mercury intrusion porosimetry technique, the total 

porosities noted for the analyzed mortars can be observed in Figure 2a. The lowest value of this 

parameter at 28 days has been observed for reference mortars without additions (REF samples), 

however the specimens with incorporation of limestone and ground granulated blast furnace slag 

(SL mortars) showed a slightly higher total porosity but very similar to REF ones. On the other hand, 

the largest total porosities have been noted for mortars with only limestone addition (L specimens), 

followed by those samples which incorporate both limestone and fly ash additions (VL mortars). 

The pore size distributions of the mortars studied are depicted in Figure 2b. The more refined 

pore network, with higher percentage of pores with smaller diameters, has been observed for REF 

mortars. The samples prepared with ternary binders showed similar pore size distributions, being 

slightly more refined for SL mortars in comparison with VL ones. The L samples had the less refined 

pore network, highlighting their low proportion of pores with sizes lower than 100 nm. 

The highest total porosity and the lower pore refinement observed for L mortars could be 

related with the fact that limestone is not an active addition, so its presence only has a filler effect 

and it does not react for producing new solid fraction, which would progressive reduce the pores 

size and consequently the total porosity. In the case of REF mortars, the higher percentage of clinker, 

compared to L specimens, available for the development of hydration reactions [10] would make 

possible a greater solids formation during the 28 hardening days period studied, which would entail 

a higher pore refinement and lower total porosity, as has been observed. 



Proceedings 2020, 2020 4 of 7 

 

With respect to ternary binders, the similar total porosity observed for SL mortars compared to 

REF ones could be due to the effect of the slag as active addition and its hydration reactions [11], 

giving as products new solid fraction, reducing the porosity. This would also explain the lower 

porosities of SL mortars respect to L ones. Nevertheless, regarding the pore size distribution, SL 

specimens showed lower pore refinement compared to REF mortars, with a slight smaller 

percentage of pores with diameters below 100 nm, despite of showing similar total porosities. This 

could be related to the relative low environmental temperatures in the real in-situ location during 

the exposure time period studied, which ranged between 9 °C and 23 °C as has been noted in Section 

2.2. Both clinker and slag hydration reactions are influenced by temperature [10,12], although this 

influence is more noticeable for slag [13]. Therefore, in an environment with temperatures lower 

than the optimum one, the hydration reactions of slag would significantly slow down, which would 

affect to the consequent formation of solids and microstructure development, as revealed the pore 

size distribution of SL mortars. 
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Figure 2. (a) Total porosity results obtained for the studied mortars; (b) Pore size distributions (in 

percentage) for the different types of mortars analyzed. 

In relation to the other ternary binder analyzed in this work, the higher total porosity and less 

pore refinement noted for VL mortars compared to those obtained for REF and SL specimens could 

be due to the effect of fly ash addition. The pozzolanic reactions of fly ash need the presence of 

portlandite to be developed [14]. At 28 hardening days and in an environment with low 

temperature, which would make slower the clinker hydration reactions [10], it could be expected 

that not too much amount of portlandite would be available yet for the fly ash pozzolanic reactions, 

so their effect in the microstructure would not be very notable at that age, as suggest the total 

porosity results. In addition to this, the pozzolanic reactions of fly ash could be in turn slowed down 

by the relatively low environmental temperature in the exposure site [13,15], probably making more 

difficult the formation of new solids as products of this reactions. This could also contribute to 

explain the differences between the microstructure results of REF and VL specimens. However, it is 

expected that the beneficial effects of the fly ash addition would be observed as larger exposure ages, 

when a greater development of pozzolanic reaction will be produced. 

On the other hand, comparing both ternary binders studied, the SL mortars showed lower total 

porosities and slight higher pore refinement than VL specimens. This could be due to the different 

behaviour of both active additions. As has been previously explained, the hydration of slag is 

produced since the setting, when this addition get in touch with water, while fly ash needs the 

presence of portlandite for starting the pozzolanic reactions [14]. This delay between hydration and 

pozzolanic reactions, depending on the addition, with the already described environmental 

temperature effects on them, would explain the different behaviour in the very short-term of both 

ternary binders regarding the pore network. Lastly, as general comment for all the mortars studied, 
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the rainfall in several days of the exposure time period studied could have had a beneficial effect in 

the microstructure development. 

3.2. Service Properties 

The results of absorption after immersion are shown in Figure 3a. Water is one the most 

important ways for ingress of aggressive substances in cement-based materials, so the study of this 

parameter is relevant. It has been noted scarce differences between the different binders analyzed. 

The highest value of this parameter has been observed for L mortars, which is accordance with the 

highest total porosity also noted for them. The lowest absorption corresponded to REF specimens, 

being again in accordance with their lower porosity. Finally, for ternary binders, this parameter was 

slightly higher than that observed for REF samples. In view of the results of absorption after 

immersion, it is interesting to emphasize that the behavior of binders with additions did not differ 

too much compared to reference mortar at 28 hardening days. 

The compressive strength for each one of the mortars studied can be observed in Figure 3b. The 

largest strength corresponded to REF mortars and the smallest one was shown for L ones. The 

mortars prepared using ternary binders had a very similar compressive strength, lower than REF 

samples. These results are overall in keeping with mercury intrusion porosimetry ones, already 

discussed, especially with the pore size distributions, showing higher compressive strengths the 

specimens with a more refined microstructure. 
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Figure 3. (a) Results of absorption after immersion for the studied binders; (b) Compressive strength 

results noted for analyzed mortars. 

4. Conclusions 

The main conclusions that can be drawn from the results previously discussed can be 

summarized as follows: 

• The greater total porosity, the less pore refinement, the higher absorption after immersion and 

the lower compressive strength have been observed for mortars with the only addition of 

limestone, compared to the rest of binders studied. This could be due to the fact that limestone 

is not an active addition. 

• The total porosity of mortars made with ternary binder which incorporated slag and limestone 

showed similar total porosity to reference mortars, although their microstructure was slightly 

less refined. This could be related to a slower development of the slag hydration due to 

relatively low temperatures in the exposure site along the time period studied. 

• The mortars prepared using the ternary binder with the addition of fly ash and limestone 

showed higher total porosity and less pore refinement than reference ones. This could be 

explained in relation to the influence of fly ash, especially with the development of pozzolanic 
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reactions of this addition, and its delay respect to clinker and slag hydration. The low 

environmental temperatures had also an influence in the development of the microstructure of 

mortars with fly ash. 

• Regarding the absorption after immersion, the behavior of binders with additions did not differ 

too much compared to reference mortar at 28 hardening days. 

• The compressive strength of mortars prepared with the binary and ternary binders studied 

were lower than that noted for reference specimens. The results of compressive strength were 

overall in keeping with the pore size distributions, showing higher compressive strengths the 

specimens with a more refined microstructure. 
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