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The aim was to measure the behaviour of various mortars employed in livestock media in 
central Spain and to analyse the aggressiveness of pig slurry to cement blended with fly-
ash mortars. To achieve this, mortar specimens were immersed in ponds storing pig slurry. 
Mortar specimens, of 40 x 40 x 150 mm, were made from four types of cement commonly 
used and recommended for rural áreas. The types were a sulphate-resistant Portland 
cement and three cements blended in different proportions with fly ash and limestone 
fiUer. After 3, 5, 12, 24, 35, 48 and 50 months of exposure, three or four specimens of each 
cement type were removed from the pond and washed with water. Their compressive 
strength and microstructure (X-ray diffraction, mercury intrusión pore-symmetry, thermal 
analysis and scanning electrón microscopy) were then measured. Sulphate-resistant 
Portland cement (SR-PC), found to be more susceptible to degradation due to its greater 
proportion of macro-pores and increased total porosity, was found not to be suitable for 
use with livestock. After 50 months of immersion in the pig slurry médium, CEM II-A 
(40.3%) mortar retained the greatest compressive strength. Mortars with less than 20% 
replacement of cement by fly ash were found to be the most durable, with the most 
suitable mechanical behaviour. 

1. Introduction 

Pig farming makes up 39% of the global production of meat for 
human consumption (FAO, 2011). In Europe, Spain, with 25.3 
million animáis (MARM, 2010), is the second largest producer, 
behind Germany. As with poultry farming, this sector employs 
highly intensive farming methods combined with large farms, 
declining in number. 

Farming intensity has led to an increase in environmental 
problems caused by the generation of large quantities of 
manure and slurry. Although pig slurry is used as fertiliser 
(Sánchez & González, 2005), dealing with this waste is 
complicated by its excessive concentration in certain áreas 

(European Union, 1991). Environmental problems have 
occurred as a result of insufficient land being available for the 
spreading of the amount of fertiliser produced (Daudén, 
Quílez, & Vera, 2004; Yagüe & Quílez, 2010). It has become 
necessary to store waste in pools or containers made from 
concrete or mortar-coated brick. 

The use in farms of concrete, either poured on site or 
prefabricated, is common for feeding troughs. Such concrete 
is damaged by direct contact with slurry (De Belie et al., 2000). 

In farm buildings throughout Europe the use of sulphate-
resistant Portland cement, pozzolanic cement and silica 
fume is common (Bertron, Escadeillas, & Duchesne, 2004). In 
Spain, the cement recommended for agriculture is 



sulphate-resistant Portland cement, along with cement that 
contains added fly ash {RC-08, 2009; Sánchez, Garcimartín, 
Jofré, & Burón, 2010). These latter are the most commonly 
used because of their high performance (Ahmaruzzaman, 
2010) and low cost. For that reason, the cements chosen for 
our testing were a sulphate-resistant Portland cement and 3 
cements with varying fly-ash contents. 

In general terms pig slurry, a liquid of a complex and 
variable composition, contains water (90%) and a small frac-
tion of dry matter, basically made up of organic and mineral 
matter and bacteria. Bacteria transform the organic matter 
principally into acetic and butyric acids of variable concen-
trations along with various sulphate salts from the urea 
(Calleja, 2005; De Belie et al., 2000). The variability of slurry 
composition is influenced by factors related to the method of 
farming and others such as the breed, age or physiology of 
animáis (Moral et al., 2005; Yagüe, Bosch-Serra, & Boixadera, 
2012; Yagüe, Guillen, & Quílez, 2011). The resultis a compound 
with a very heterogeneous pH. Zhang, Prince, Xin, and 
Harmon (1994) found pH varied between 5.3 and 6.9, while 
Bonmatí (2001) found it varied between 6.5 and 8.7, Sánchez 
and González (2005) found it varied 7.2 and 8. Very similar 
valúes were found by Moral et al. (2005) and Sánchez, 
Massana, Garcimartín, and Moragues (2008). These pH 
valúes cause slurry to be considered of zero or negligible 
corrosiveness to cement and its derivatives, as stated by 
Spanish structural concrete standards (MOPU, 2008). 
However, other factors such as the high concentration of 
ammoniacal nitrogen, the presence of acids such as acetic, 
propionic and isovaleric acid, or potentially corrosive 
substances such as chlorides, should be taken into consider-
ation. In accordance with the concentrations determined by 
Bonmatí (2001) and Sánchez et al. (2008) slurry can be classi-
fied as a highly corrosive substance. 

Various authors have studied the aggressive effects of 
slurry on cement, mortar and concrete. However, the majority 
of studies were made using artificial solutions and under 
laboratory conditions (Bertron, Duchesne, & Escadeillas, 
2005a, 2005b). The most commonly used solutions have been 
of acetic acid or a combination with lactic acid (De Belie et al., 
2000; Larreur-Cayol, Bertron, & Escadeillas, 2011). Other 
researchers have used ammonium sulphate (Assaad, Jofriet, & 
Hayward, 2008a, 2008b) or sodium sulphate 0ofriet, Assaad, 
Negi, & Hayward, 2004). They have also used strong acids 
such as nitric (Pavlik, 1996) or sulphuric acid (Monteny, De 
Belie, Vincke, Verstraete, & Taerwe, 2001; Monteny et al., 
2000). In addition, exposure to the aggressive compound was 
not usually longer than 12 months. 

The novelty of this work is that it used natural pig slurry in 
a natural media throughout a period of 5 years of exposure. 

The aim was to determine the behaviour of different 
mortars to be employed in livestock media and to analyse the 
corrosiveness of pig slurry towards these cement mortars. To 
carry out this objective a large number of characterisation 
techniques were used, including measurements of mechan-
ical strength, X-ray diffraction, thermal analysis, mercury 
intrusión pore-symmetry and scanning electrón microscopy. 

2. Materials and methods 

2.1. Cements 

To carry out this study mortar samples were immersed in the 
pig slurry media. Mortar samples were made from four types 
of cements: sulphate-resistant CEM I-SR 42.5N (CEM-I) Port
land cement, and three cements blended with different 
proportions of fly ash and limestone filler: CEM II/A-V 42.5R 
(CEM II-A), CEM II/B-M(V-L) 32.5N (CEM II-B) and CEM IV/B-V 
32.5N (CEM-IV) (UNE-EN 197-1:2000). The different compo-
nents used in these cements are shown in Table 1. 

The Chemical composition of the four cements is shown in 
Table 2. 

2.2. Aggressive médium 

The aggressive médium used was pig slurry from a farm 
storage lagoon at Etreros in the central Spanish province of 
Segovia, where the mean summertime relative humidity is 
48% and the mean temperature is 20 °C. Valúes for the rest of 
the year are 75% and 9 °C, respectively. The área has a mean of 
56 days of frost per year. The slurry has a variable composition 
and changes over time. Different sampling was carried out 
every 3 or 6 months throughout the experiment. The principal 
composition of this slurry is shown in Table 3. 

The principal characteristics of pig slurry are, firstly, a very 
high concentration of ammoniacal nitrogen, between 500 and 
1200 mgl"^, from the hydrolysis of organic nitrogen which in 
anaerobic conditions produces ammonia; secondly, the pres
ence of chloride ions, that produce a salinity similar to 
seawater; third, the amount of acetic, propionic and isovaleric 
acids. Also, the pH valué, between 7.4 and 8.2, makes it 
possible to consider this médium as corrosive towards 
cement, which has a pH of around 12.5 (Fernández Cánovas, 
2007). According to the Spanish Standard EHE (MOPU, 2008), 
pig slurry could be catalogued as a médium with a very low 

Table 1 - Components used in cements. 

Designation 

CEM I-SR 42.5N 
CEM II/A-V 42.5R 
CEM II/B-M(V-L) 32.5N 
CEM IV/B-V 32.5N 

Simplified 
designation 

CEM I 
CEM II-A 
CEM II-B 
CEM IV 

Clinker 

96.2 
81 
70 
57.1 

Fly ash 

0 
16 
20.4 
39.1 

Limestone 
filler 

6.4 

Limestone 

3 
3.8 



Table 2 - Chemical and mineral composition of cements used (wt %). 

Cement type CaO SiO, Al,0 2 U 3 Fe,0 2 U 3 MgO K,0 SO, Cl Na20 CO free Ignition loss 

CEMI 

CEM II-A 

CEM II-B 

CEM IV 

64.4 

48.21 

51.36 

26.05 

19.1 

35.35 

24.80 

57.45 

3.9 

5.67 

9.19 

7.4 

4.7 

3.6 

3.25 

3.5 

1.3 

1.74 

2.14 

1.24 

0.7 

1.35 

1.41 

1.39 

3.1 

2.23 

2.58 

1.26 

0.2 2.1 
0.008 

0.006 

0.006 

2.6 

1.78 

1.75 

1.69 

Table 3 - Slurry composition: mínimum, máximum and 
average valúes. 

Slurry composition 

pH 

Conductivity (mS) 

Redox Potential (mV) 

Total solids (mg r ^ ) 

Volatile solids (mg 1"̂ ) 

Total ni trogen (%) 

Ammoniac nitrogen (%) 

Sulphurs (mgl-^) 
Bicarbonates (mgl^^) 

Anions 

Acids 

Sulphurs (mg 1 )̂ 

Chlorides (mg r^ ) 

Acetic (mg 1"̂ ) 

Propionic (mg 1"̂ ) 

Isovaleric (mg 1"̂ ) 

Min. 

7.43 

5.68 

-304.00 

4.07 

2.04 

0.06 

0.05 

5.36 

3.38 

0.00 

61.00 

32.55 

0.00 

0.00 

A v e r . 

7.94 

8.92 

-169.38 

5.87 

2.95 

0.12 

0.09 

71.32 

5.85 

4.51 

453.04 

153.79 

40.96 

2.15 

Max. 

8.20 

13.25 

-71.00 

7.19 

3.98 

0.20 

0.12 

105.00 

10.55 

9.70 

1388.00 

286.70 

124.60 

3.50 

corrosiveness. Due to heterogeneity, it has been very difficult 
to establish the corrosiveness of pig slurry towards mortar 
and concrete. 

2.3. Experimental procedure 

The test was conducted in an experimental pond of 100 m^ 
located cióse to the working farm storage pond. A total of 112 
samples of prismatic specimens (40 x 40 x 160 mm) with 
water/cement ratio of 0.5 and a sand/cement ratio of 3/1 were 
prepared for each type of cement, according to specifications 

of European Standards UNE-EN 197-1:2000. The specimens 
were broken out of their moulds after 24 h and cured in water 
during 28 d at 22 ± 2 °C. After curing, for each cement, three 
samples were used to measure mechanical strength 
(compressive strength), while another sample was employed 
for micro-structural characterisation. The rest of samples 
were kept in the pig slurry media at 1 m depth from day one 
for up to 60 months. After 3, 6,12, 24, 36, 48 and 60 months of 
exposure, three or four specimens of each cement type were 
removed from the pond and washed with water, then 
immersed in water during 48 h to achieve stabilisation. 

During the first year three samples were used to measure 
mechanical characteristics. For the rest of experimental 
periods two samples were used. In all cases another sample 
was used for micro-structural characterisation. 

Compressive strength testing was conducted to European 
Standard EN196-1:1996. Variance analysis of data was carried 
out with the ANOVA process of StatGraphics v.5.1 (2002). For 
data analysis the model included the dependent variable 
"compression" and, as independent factors, "cement" and 
"time" and their interaction. The method used to discrimínate 
among the means was Fisher's least significant difference 
(LSD) procedure (p < 0.05). 

Mortar microstructure characterisation included mercury 
intrusión porosity (MIP) and X-ray diffraction (DRX). The speci
mens were obtained from the external face of the sample. 
Mercury intrusión porosity (MIP) tests were carried out on 
a mercury porosimetry, model Autopore IV 9500 brand Micro-
meritics Instrument Corporation, that operates at pressures of 
up to 228 MPa and covers pore diameters of from 175 to 
0.006 |xm. Each of the 3 g specimens was dried for 48 h at 
a temperature of 22 ± 2 °C and a relative humidity of 50%. The 
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Fig. 1 - Variation of compressive strength over time. 



Table 4 - Table of least squares means for compressive 
strength (MPa). 

Level 

Grand m e a n 

Cement 

CEM I 

CEM II-A 

CEM II-B 

CEM IV 

SEM 

Time (months) 

0 

3 

6 

12 

24 

36 

48 

60 

SEM 

C o u n t 

78 

20 

19 

20 

19 

8 

12 

12 

12 

10 

8 

8 

8 

M e a n 

67.43 

71.58=' 

71.86=" 

63.69*' 

62.60*' 

0.3569 

58.88=" 

62.99*' 

65.00*' 

70.83"-'* 

72.20"* 

68.82" 

68.33" 

72.41"* 

0.4940 

S t a n d a r d 

e r r o r 

0.3527 

0.3614 

0.3527 

0.3614 

0.5464 

0.4461 

0.4461 

0.4461 

0.4988 

0.5464 

0.5464 

0.5464 

L o w e r 

l i m i t 

70.87 

71.13 

62.98 

61.87 

57.78 

62.09 

64.11 

69.93 

71.19 

67.72 

67.23 

71.31 

U p p e r 

l i m i t 

72.29 

72.59 

64.40 

63.32 

59.98 

63.89 

65.90 

71.73 

73.20 

69.92 

69.43 

73.51 

Factors Avith different superscript (a, b, c, d) indícate significant differences. SEM is the 

standard error of the mean. 

samples were taken from one of the exposed faces of the spec-
imen and tested after reaching a constant weight, to an accuracy 
of 0.01 g. Sample weight was stabilised in an ovenat40°C. 

X-ray diffraction analysis was conducted by the Spanish 
National Research Council's Materials Science Institute on 
powder prepared by crushing samples after thorough drying 
at40 °C. A Cu Ka cathode was used and the exposure time was 
1 min. 

In order to complete the micro-structural character-
isation after 60 months of exposure, a thermo-gravimetric 
analyses (TGA) and scanning electrón microscopy (SEM) 
were carried out. Thermo-gravimetric analyses were carried 
out using a simultaneous thermal analyser, model STA 409 
CD brand Netzsch loaded with Data thermal analysis system 
controller TASC 414/4 software. Samples (máximum amount 
to fill the crucible) were heated to 1050 °C at a rate of 
4 °C min"^ in an inert atmosphere {N2) and subsequently 

cooled at 10°Cmin"^. The digital scanning electrón micro-
scope (SEM) used was a JOEL model JSM 5400, fitted with 
a solid State backscattered detector and a Z-Ray microanal-
yses LINK-ISIS EDX. 

3. Results and discussion 

3.1. Compressive strength 

The evolution of compressive mechanical strength over time 
is shown in Fig. 1. It can be seen that the four mortars showed 
an initial increase from O days to 24 months of pig slurry 
exposure. In all cases, the mortars reached valúes of about 
70-75 MPa. The two mortars with the highest proportion of fly 
ash (CEM II-B and CEM IV) have lower valúes, around 72 MPa 
and 69.1 MPa, respectively. This behaviour could be related 
with the mechanical resistance classification of these 
mortars; CEM I and CEM II-A have, at 28 d, a valué of 42.5 MPa, 
while CEM II-B and CEM IV have, at 28 d, a valué of 35.2 MPa. 

Over time there were significant variations in the proper-
ties of the mortars. In the case of CEM II-B and CEM IV, their 
mechanical strength decreased from 69 and 72 MPa to 64 and 
63 MPa, respectively, constant valúes until the end of 60 
months of exposure. Different behaviour could be observed in 
the two other mortars; for CEM IV the máximum valúes of 
compressive strength were similar at 24 and 60 months. After 
60 months of exposure, the valué for CEM II-A reached 80 MPa, 
the highest among the mortars. 

With these types of mortars, there are two factors that can 
influence their behaviour throughout time. These factors are 
the type of cement and length of exposure. Therefore an 
analysis of variance of the valúes of compressive strength of 
the samples was carried out. Average valúes for this study are 
shown in Table 4. Both factors have a statistically significant 
effect with a P valué less than 0.05. 

To avoid the effect that the class of cement has on the 
evolution of the mechanical strength of these mortars, a figure 
to represent the percentage change in the compressive 
strength of four mortars was drawn (Fig. 2). 

As can be seen from Fig. 2, the highest increases occurred at 
24 months of exposure except for CEM II-A. At this point, the 
máximum increase (36.3% compared to control), occurred in the 
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Fig. 2 - Percentage variation in compressive strength over time. 
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Fig. 3 - Evolution of total porosity versus time of exposure. 

mortar of cement CEM II-B, whereas CEM II-A mortar achieved 
an increase of 28% and CEM IVof 22%. The smallestincrease was 
found in CEM I cement with 16%. From 24 to 60 months, there 
was a change in tendency of the four samples. At 60 months of 
immersion in the pig slurry médium, the máximum positive 
change, 40.3%, occurred in mortar CEM II-A; while in CEM II-B 
the valué was 29%, and CEM IV and CEM I valúes increased 
around 17%. Greatest gains in strength, up to 80 MPa, occurred 
in CEM II-A mortar, which has a strength class of 42.5 and 
replacementof cement byflyash of less than 20%. 

However, the development of mechanical strength varied 
among mortars with fly ash. This may be, firstly, because the 
pozzolanic reaction is determined by the amount of 

portlandite available; thus, in the presence of large amounts 
of ash, access to portlandite may be limited (Papadakis, 1999), 
and secondly, because part of the ash can act as an inert 
material (Sivasundaram, Carette, & Malhorta, 1991), ensuring 
greater resistance in the long term. The work developed by 
Molina Bas (2008) compared the mechanical strength of 
concrete with low content of binder and various ash contents, 
obtaining a greater coefficient of efficiency when ash content 
was limited to 15%. This result agrees with that obtained in 
the present work, since CEM II-A, with an ash content of 16%, 
had the highest valué of resistance to 60 months of exposure. 

Development of mechanical strength in these materials 
possibly may be related to two mechanisms: firstly, to the 
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Fig. 4 - Evolution of pore size distribution with time. 
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Fig. 5 - Evolution of the diffraction graphs of the 4 mortars studied with time. 
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Fig. 6 - Diagrams of the differential thermal analysis (TG and DSC) of the 4 cement mortars immersed in slurry for 60 
months. 

hydration of cement over time, and secondly, to the pozzo-
lanic reaction of fly ash (Wang, Zhang, & Sun, 2004). For 
example, in the case of CEM I mortar, its profile of evolution of 
compressive strength could be related with the dissolution of 
the crystalline phase (see Fig. 5) due to the corrosiveness of the 
pig slurry media (Sánchez, Moragues, Massana, Guerrero, & 
Fernandez, 2009). 

However, the development of mechanical strength among 
mortars with replacement by fly ash is different. This may be 
because, the pozzolanic reaction is determined by the amount 
of portlandite available in the microstructure and by the ionic 
strength and pH of the pore solution of mortar (Guerrero, 
Hernández, & Goñi, 2000; Moragues, Macías, Andrade, & 
Goñi, 1989; Moragues, Macías, Andrade, & Losada, 1988). 
Therefore the highest compressive strength was found in CEM 
II-A mortar (fly-ash content of 16%), with a large amount of 
portlandite and a pore solution with ideal conditions for the 
pozzolanic reaction. This behaviour confirms results obtained 
by other authors (Molina Bas, 2008; Papadakis, 1999; 
Sivasundaram et al., 1991) who found that greater amounts of 
fly ash in cement can act as inert material impeding the 
development of greater compressive strength. 

3.2. Mercury intrusión pore-symmetry (MIP) 

The evolution of total porosity of the four mortar samples over 
60 months of exposure is presented in Fig. 3. Initially (O days 
exposure), the máximum valué of total porosity was found in 
CEM I (12.5%) and the mínimum in CEM II-A (10.6%). With 
length of exposure, total porosity decreased in all cases until 
24 months, reaching the lowest valúes of around 9%, with the 
exception of CEM IV mortar with a valué of total porosity of 
12%. However, with increased length of exposure, there was 
a reversal in the valué of total porosity; the mortar with the 
greatest amount of fly ash reached the lowest porosity, 10.96%, 
while the rest of mortars increased their valúes to around 11%. 

Total porosity results were consistent with those obtained 
for compressive mechanical strength. In general, an inverse 
correlation was observed between the valué of total porosity 
and compressive strength (Taylor, 2003). But there were some 
exceptions, such as the case of CEM II-A cement mortar, 
between 24 and 60 months, or CEM IV cement mortar. These 
show slight decreases in porosity valúes and unchanged 
compressive mechanical strength. These differences may be 
explained by the evolution of pore size distribution (Fig. 4). To 
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Fig. 7 - Percentage of weight loss of C-S-H gel, portlandite and CaCOs of the hydrated cement in the 4 cement mortars 
immersed in slurry for 60 months. 
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Fig. 8 - Microphotographs (x50) of mortars after 60 months' immersion in slurry. 

study pore size distribution the Mindess classification was 
adapted (Mindess, Young, & Darwin, 2003). Four pore size 
ranges were identified (Massana Guitart, 2011): macro-pores 
{>10 |xm), large capillaries (50 nm-10 |xm), médium capil-
laries (10-50 nm) and small capillaries (5-10 nm). Large and 
médium capillaries influence the mechanical strength and 
permeability of the material, while small capillaries are 
associated with C-S-H gel pores. 

Pore size distribution in CEM I cement mortar was 
remarkably different from that of mortars with replacement 
by fly ash (Fig. 4). Throughout exposure, CEM I mortar had 
a high percentage of large capillaries (50 nm-10 |xm) and a low 
proportion of small capillaries (5-10 nm). There was a signifi-
cant increase in total porosity in this mortar over time, 
reaching 13.2% at 48 months, accompanied by an increase in 
the proportion of large capillaries. This may be due to leaching 
processes in cement that leads to a deterioration of 
compactness of the material. 

Evolution of pore size distribution in mortars with a partial 
replacement by fly ash was very different compared with 
mortar without fly ash. In this case, there were a large number 
of pores in the range below 50 nm. In general, throughout 
exposure there was a tendency to refine the microstructure due 
principally to two processes in these samples: both activation 
of the pozzolanic reaction and an acceleration of hydration 
reactions as a consequence of the characteristics of this pig 
slurry médium. 

Variations observed in pore size distribution were not 
accompanied by changes in total porosity. This fact was noted 
in the case of CEM II-A at 24 months, where total porosity was 

around 9.3%, practically the lowest throughout the total 
exposure period, and with a large number of pores > 50 nm. 
This phenomenon is probably due to the dissolution of crys-
talline phases such as portlandite and ettringite (see Fig. 5), 
producing an opening of pore distribution, not reflected in the 
total porosity. After 36 months a new refinement of pore size 
distribution in this mortar was observed probably due to a late 
pozzolanic reaction produced by the presence of various ions 
and the ionic strength of the pig slurry media. (Guerrero et al., 
2000). 

3.3. X-ray diffraction análysis (XRD) and thermal 
gravimetric análysis (TGA) 

XRD patterns and TG and DSC curve profiles of the CEM I, CEM 
II-A, CEM II-B and CEM IV hydrated phases immersed after 60 
months in pig slurry media are shown in Figs. 5 and 6. 

XRD patterns for all samples exposed to the corrosive solu-
tion revealed the existence of substantial changes in all 
samples. The main crystalline phases present in the four 
mortars at O time (reference time) were: ettringite (C6AS3H32) 
0CPDS 41-1451), calcite (CaCOj) 0CPDS 5-586), portlandite 
(Ca(0H)2) 0CPDS 44-1481), di- and tri-calcium silicate (C2S and 
C3S) in the 32-33 28 angular. Also in the case of CEM I mortar the 
presence of Ca4Al2Fe20io (C4AF) 0CPDS 74-1346) was discovered 
and as was the presence of calcium mono-carbo-aluminate in 
the rest of mortars with fly-ash additions. Crystalline phases 
present in these mortars vary with time of exposure. 

Experimental data obtained from thermo-gravimetric 
análysis (TG) of the four mortars at the end of 60 months of 
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Fig. 9 - Microphotographs (enlargement indicated) of mortars after 60 months' immersion in slurry. S = partióles of di and 
tri-calcium silicate (C2S and C3S); B = partióles of Ca4Al2Fe20io (C4AF); CV = fly-ash unreacted. 

immersion in pig slurry médium, allowed us to quantify the 
phases formed during hydratíon: C-S-H gel, sulpho-
aluminate phases hke ettringite, portlandite {Ca{0H)2). Also 
it was possible to quantify the amount of calcium carbonate or 
calcite (CaCOs) formed during this study. 

TG and differential scanning calorimetry (DSC) curve 
profiles of these mortars are shown in Fig. 6. As can be seen, 
a continuous mass loss between 25 and 350 °C was observed in 
TG curves along with a peak with a máximum about 150 °C in 
the corresponding DSC curve, which is due to the reléase of 
water molecules from the C-S-H gel and hydrated product 
decomposition. The second and well-defined mass loss was 
occurred between 350 and 550 °C and peaked with 
a máximum at 420 °C, due to the water molecules released 
from the portlandite decomposition. The third mass loss 
occurred between 550 and 900 °C, and produced a peak at 
700 °C in the DSC curve, due to the reléase of CO2 molecules 
from calcite and carbo-aluminate decomposition. The zone 
peak between 570 and 573 °Cin the DSC curve was assignedto 
crystalline inversión of non-reacted quartz {SÍO2), from 
aggregates in the concrete, present in all samples. 

Figure 7 shows the quantification of the different hydrate 
and carbonate phases present in mortars. This quantification 
was difficult due to overlapping and to the presence of sand in 
samples. 

As can be seen in Fig. 7, the presence of fly ash (mortars 
with CEM II-A, CEM II-B and CEM IV) contributed to the 
acceleration of hydration of cement particles and produced an 
increase of percentageof weightloss of C-S-H gel from 3.02% 

to 2.79% versus 2.19% in the case of mortar CEM I. Greatest 
differences could be observed in the case of CEM II-A versus 
CEM I. Weight loss from portlandite and calcite could be 
related to the initial content of calcium oxide in cements. 
These valúes were highest in CEM I and CEM II-B, and lowest 
in CEM IV. 

Evolution of X-ray diffraction patterns of four mortars 
immersed during 60 months in pig slurry médium (Fig. 5) 
showed that for CEM I mortar, until 24 months there was 
a decrease in the reflections of ettringite, portlandite and 
calcite indicating dissolution of these phases probably due to 
a variation in the pH of pore solution. This effect is related to 
an increase of total porosity from 12.49 to 13.13%, together 
with an increase of pores larger than 50 nm. The presence of 
these larger pores opens up the microstructure, favouring the 
sequestration of CO2 produced by fermentation of the organic 
components of pig slurry. The reaction between this CO2 and 
Ca^+ ions from the dissolution of the hydrated phase of 
cement could form a calcite layer with a protector effect 
(Bertron et al., 2004; Gaztañaga, 1996; Llórente, 2008). Due to 
the presence of this layer, reflections of calcite appear greatest 
at 60 months of immersion, in accordance with the amount of 
calcite calculated by TG analysis of 6.72%. 

Mortars with fly-ash additions behave differently. Reflec-
tion intensities from calcite, ettringite and portlandite almost 
disappear. It is important to emphasise the presence of 
calcium mono-carbo-aluminate until 60 months in mortar 
CEM II-B; this is in agreement with the amount of calcite 
compounds quantified in TG analysis and with the refinement 



of microstructure (about of 70% of total porosity) and a greater 
valué of compressive strength, that together contribute to 
increased durability over time. 

3.4. Scanning electrón microscopy (SEM) 

To complete the study of the four mortars immersed in pig slurry 
médium during 60 months a brief scanning electrón microscopy 
study was carried out. The mostrelevantmicrographs are shown 
in Figs. 8 and 9. In spite of the variations observed in the four 
mortars as to porosity, evolution of mechanical strength and the 
presence and dissolution of crystallinephases, the aspectof the 
microstructure is good. As can be seen in Fig. 8, after 5 years the 
microstructure appears without cracks, strain or any other sign 
of degradation of material. 

The microstructure of CEMI differs from that of mortars with 
fly ash. As can be observed in Fig. 9, in CEM I it is possible to detect 
the presence of particles of di- and tri-calcium silicate {C2S and 
C3S) (S) and Ca4Al2Fe20io (QAF) (B), which corroborated the XRD 
patterninwhichbothphasesappearedduringtimeofexposition. 

The microstructure aspect of mortars with fly ash differed 
in relation to the processes that took place in these samples 
over the 5 years immersed in pig slurry media. These obser-
vations confirmed that large amounts of fly ash do not ensure 
greater mechanical strength or stronger pozzolanic reaction. 

In CEM IV and CEM II-B it is possible to observe the remains of 
unreacted cenospheres of fly ash (CV), acting as inert material; 
however in the micrographs of CEM II-A fly ash (CV) can be seen 
to be totally integrated in the paste indicating a complete reac
tion process providing this mortar's greatest compressive 
strength after 5 years immersed in pig slurry media. 

4. Conclusions 

Throughout this study, the behaviour of different mortars 
exposed to pig slurry during five years were analysed. The 
aims were to measure the various changes that occurred in 
structures of mortars which come in contact with this 
manure, and in addition, to measure the degree of corrosive-
ness of this compound. To this end four different cement 
mortars often used in livestock were immersed. Analyses 
conducted show that all cements used had an acceptable 
behaviour (i.e. performance) when immersed in the pig slurry. 
However, sulphate-resistant Portland cement (CEM I, SR) is 
not advisable for use in a pig slurry media (pH around 8, 
chloride ions, acetic, propionic and isovaleric acids). This 
cement is more susceptible to degradation due to its greater 
total porosity, larger proportion of large capillary macro-pores 
and lower compressive strength than mortars CEM II-A and 
CEM II-B. It is also less sustainable because of its higher clinker 
content, and it is more expensive that the other cements 
analysed. Therefore, the partial replacement of cement by fly 
ash {<40%) improves durability and mechanical strength of 
the basic cement materials used in agricultural environments. 
The best mechanical behaviour, with an increase of around 
40% in pig slurry media over five years, was found in cement 
mortars which have a fly-ash content of 20% (CEM II-A and 
CEM II-B). Scanning electrón microscopy study showed that 

after 5 years, the microstructure appears without cracks, 
strain or any other sign of degradation of material. This may 
be due to two reasons: firstly, a calcite protective layer formed 
from the reaction of free calcium ions in the pore solution and 
CO2 dissolved in pig slurry that ensured mortar durability 
throughout time of immersion and secondly, that naturally-
occurring pig slurry is a compound of low corrosiveness. 

It would be advisable to use eco-efficient mortars (with 
about 15% replacement of cement by fly ash) in agriculture 
and livestock facilities because they offer lower costs along 
with greater mechanical strength and durability. 
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