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Abstract 

Water-repellent mortars were prepared using different hydrophobic compounds as 

admixtures. Calcium and zinc stearates, silane/siloxane products (as liquid solution and 

powder) were mixed into limestone cement mortars for obtaining in-bulk water-repellent 

mortars suitable for building protection and resistant to the degrading action of water. The 

influences of the admixtures on the hydration and structure of the designed mortars were 
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investigated by SEM, TG-DSC, FT-IR, XRD, and isothermal calorimetry. The effectiveness 

of these agents against water action was evaluated by using techniques and methods such as 

mercury intrusion porosimetry, water absorption tests and contact angle measurements. 

Siloxane products conveyed good water-repellent effectiveness, without strongly influencing 

the setting and hydration of the binder, while the zinc stearates slowed down the hydration 

reactions. 

 

Keywords: Water repellent admixtures, Portland limestone cement mortars, hydration 

products, Pore size distribution, siloxanes, stearates. 

 

1. Introduction 

Portland limestone cement, according to EN 197-1 [1] denominated as CEM II/B-L(LL), is 

one of the most commonly used blended cements in Europe [2]. The formulation of rendering 

mortars is one of the major application of Portland limestone cement.  In Italy alone, 6.8 

million tons of Portland limestone cement CEM II/B-L, which is 20.5 % of the whole Italian 

cement production, was produced in 2011 [3]. This type of cement helps (together with other 

blended cements) to considerably reduce CO2 emissions by the cement industry. Replacing 

cement clinker by limestone (up to 35 %) allows the reduction not only of CO2 emissions 

from the calcination of limestone but also from burning fuel and by saving grinding energy in 

the clinker grinder [3-6]. Therefore, the use of Portland limestone cement can be considered 

as more sustainable in comparison to Portland cement (CEM I). 

The presence of limestone in the system influences the hydration mechanism, kinetics and the 

structure of the hardened cement paste [8-12]. Compared to Portland cements, Portland 

limestone cements usually have lower compressive strengths, if the limestone content is 

higher than 10 % [7], a reduced water demand, and improved workability due to the presence 

of fine limestone powder, which acts as a filler between the cement clinker and aggregate 
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grains [4, 7-8]. Especially for rendering materials, lower strength and stiffness of the binder 

matrix is preferred, since it increases the compatibility of the materials with a variety of 

different substrates. Likewise, the porosity of Portland limestone cement pastes is usually 

10% higher compared to Portland cement pastes [11]. Furthermore, with increasing limestone 

content, the AFm phase monocarboaluminate is earlier and preferably formed, instead of 

monosulfoaluminate as in pure Portland cement binders [8,9].  

In order to obtain sustainable construction materials, it is not only important to reduce the 

greenhouse gas emissions involved in their production, but also to obtain materials with 

enhanced durability in order to assure a longer service life and to reduce maintenance costs.  

Water represents one of the main degradation factors for rendering mortars, which can 

seriously affect the material properties, reducing its durability. Portland limestone cement 

mortars, like most inorganic materials, are completely wettable and can degrade over time 

when exposed to water and to salt crystallization [12- 14]. Many research studies have dealt 

with the development of strategies to enhance the durability of cement mortars and plasters 

towards the resistance to the action of water, salt attack and frost attack, by reducing the water 

uptake through the use of water-repellent systems. Different water–repellent solutions have 

been investigated: i) aqueous or solvent-based water repellent systems used for impregnation 

treatments [15- 17], and ii) water-repellent admixtures added directly to the mortars’ 

formulation [18- 24]. In the latter case, different hydrophobic compounds (as dry powder or 

liquid) can be selected and mixed into fresh mortar mixtures. One of the major advantages of 

these systems is that the protection should be maintained also in the presence of cracks and 

erosions of the surface layer [19]. For in-bulk water repellence of mortars, metal soaps and 

liquid silane emulsions are the most commonly used water-repellent admixtures, but in recent 

years, the availability of powder silane/siloxanes, obtained by coupling functionalized 

siloxanes on powder substrates, has allowed the use of silanes also in dry-mix mortars [20]. 

However, water-repellent admixtures not only reduce the water uptake of the mortar system, 
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but they affect also the fresh and hardened mortar properties, as well as the hydration of the 

binder [22- 24].  

The interactions between water-repellent admixtures and Portland limestone cement mortars 

are not well known yet. Therefore, a study is presented that focused on CEMII/B-LL mortars 

admixed with water-repellents. The goal was to understand the interaction between Portland 

limestone cement binders and the water repellents during the hydration in context of the 

effectiveness of the resulting water repellent mortars. In order to better understand the 

chemical interaction between water-repellent admixtures and Portland limestone cement and 

to study the hydration mechanisms, electron microscopy (SEM-EDX), infrared spectroscopy 

(FT-IR), X-ray diffraction (XRD), isothermal calorimetry and thermogravimetric analysis 

with differential calorimetry (TG-DSC) were employed. The influence of water-repellent 

admixtures on the physical and structural characteristics of the hardened mortars was 

evaluated by strength testing and pore structure analysis with mercury intrusion porosimetry 

(MIP). The water repellency of the mortars was assessed by capillary water absorption and 

surface wettability with contact angle measurements. 

 

2. Materials and methods 

 

2.1 Starting materials 

A Portland limestone cement CEM II/B-LL 32.5 R supplied by CementiRossi® (Pederobba, 

Italy), with a clinker content around 70 % by mass and a limestone content around 23 % by 

mass was used as binder. A local sand commonly used in the Venetian area for mortar 

preparation -consisting of siliceous and carbonate grains (size fraction of 0/1.3)- was used as 

aggregates for the production of mortar specimens. The sand was chosen in order to obtain 

less stiff mortars, compatible with the existing substrates. 

Four different types of water-repellent admixtures were considered in this study:  
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- Calcium Stearate 82 % (Sigma Aldrich®), mixture of calcium stearates-palmitates and other 

fatty acids; 

- Zinc Stearate Pure (Sigma Aldrich®), mixture of zinc stearates-palmitates and other fatty 

acids; 

- Sitren P750 from Evonik®, modified silane/siloxanes in powder form; 

- Tegosivin HE 328 from Evonik®, a water-based silane micro emulsion with 50 % content of 

silane.  

The starting materials were characterized by X-ray fluorescence analysis (XRF), Fourier 

transform infrared spectroscopy (FT-IR) and thermo gravimetry-differential scanning 

calorimetry (TG-DSC) obtaining information that allowed the interpretation of the analytical 

results on cement pastes and mortar samples. The XRF analyses were carried out with an 

EDAX EAGLE III instrument, with a X-ray tube at 40 W (Rh) and an 80 mm2 nitrogen 

cooled lithium-drifted silicon crystal detector. An EDAX Data Acquisition Module via a PCI 

interface was used for data elaboration. A Nicolet Magna FT-IR 750 spectrometer was used to 

collect FT-IR spectra in the 4000 cm-1-450 cm-1 range with a resolution of 4 cm-1 on KBr 

pellets obtained with compression at 10 tons. Thermo gravimetric and calorimetric analysis 

(TG-DSC) were done with a Netzsch STA 409/C instrument by heating from 40 °C to 950 °C 

with a heating rate of 10 °C/min, while purging with a 40 ml/min nitrogen flux and using 

Al2O3 as an inert material.  

 

2.2 Preparation of cement pastes for investigation of their hydration 

To study the interactions between water repellents and binders during the hydration reactions, 

Portland limestone cement pastes with and without water-repellent admixtures were prepared 

and sampled at different curing times of hydration for XRD and SEM analysis. The hydration 

of a part of the cement pastes was also analysed by isothermal calorimetry over 7 days. The 
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use of cement pastes instead of mortars was preferred in order to avoid interference of the 

aggregate on the analytical results.  

The pastes were prepared with a water/cement ratio by mass (w/c) of 0.8 (correspondent to the 

w/c used  to obtain workable cement mortar mixtures –see also Section 2.3)  and with a water-

repellent content of 1 % of the cement mass. The dosage of admixtures was chosen 

considering previous literature [23,24]. A reference paste series contained no water repellent. 

No other admixtures (such as air entraining agents, plasticizers, accelerators) were added in 

order to avoid an influence on workability or on the hydration of the pastes. The pastes were 

poured into plastic vessels, which were closed and stored at 23 °C (the temperature was 

chosen in order to condition the systems in a similar way to what is prescribed by EN1062-

11:2003 for mortars with coatings/hydrophobization treatments [25]). Samples were collected 

immediately after mixing with water, after 2 h, 7 h and after 1, 2, 3, 7, 14, 21, 28, 42, and 56 d 

of hydration. The samples were dried in a vacuum oven at 40 °C and 40 mbar for 7 h to stop 

the hydration and stored under nitrogen to avoid carbonation. 

A Rigaku Ultima IV X-ray diffractometer (40 kV and 40 mA Cu X-ray tube) was used for 

XRD analysis. The measurements ranged from 3° to 63° 2θ with a 0.02° 2θ step size. 

Fractured surfaces of the samples were analysed with a Jeol-JSM -5600LV scanning electron 

microscope to investigate their morphology and microstructure. 

A Tam Air isothermal calorimeter was employed to measure the heat release of sealed cement 

pastes for 7 d of hydration in order to evaluate the reactivity in presence of admixtures. The 

measurements were performed on two different samples of each batch at 23°C.  

 

2.3 Preparation of cement mortars with and without admixtures for investigation of water 

repellent effectiveness 

Portland limestone cement mortars with or without water-repellent admixtures were prepared 

by mixing the Portland limestone cement with the aggregates in a volume ratio 1:3 (mass ratio 
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1:4.1). The water-repellent admixtures were added by 1 % of the total dry mass (cement and 

sand). One reference mixture was prepared without water-repellent admixtures. First, cement 

and sand were well mixed with the dry water-repellent admixtures. Then, water was added 

and mixed for another 3 min. In the case of the water-based silane microemulsion Tegosivin 

HE 328® ,the admixture was added to the dry cement/sand mixture together with the water. A 

w/c of 0.8 was necessary in order to reach a slump flow around 16 cm -corresponding to a 

good workability of the mortar mixtures- due to the fineness of the aggregates and the 

complete absence of plasticizers or other water-reducing admixtures. Workability and density 

of the fresh mortars were measured with the flow table test according to EN 7044 [26] and EN 

1015-6 [27], respectively. Prismatic specimens were prepared using disposable polystyrene 

moulds, demoulded after 2 d, and stored at (20 ± 2) °C and (90 ± 5) % RH for 28 d and then at 

(65 ± 5) % RH [1]. 

The evaluation of the hardening process was performed by analysing mortars samples 

(collected at 2, 7, 14, 21, 28, 42, 56 d and dried in a vacuum oven at 40 °C) via FT-IR and 

TG-DSC in the same way described for the starting materials in section 2.1. In the case of 

TG-DSC analysis, the content of calcium hydroxide was estimated by considering the mass 

losses in the range from 400 °C to 450 °C [28]. 

Furthermore, the effectiveness of the water repellents on the admixed mortars was evaluated 

by determining the structural properties, the mechanical strength and the behaviour in 

presence of liquid water on mortar prisms (40 mm x 40 mm x 160 mm) hardened 28 d. For all 

the tests, the average of three specimens for each mixture was considered. 

The bulk density of the mortars was determined on the specimens considering the ratio 

between their mass and their geometric volumes. The total open porosity, the pore size 

distribution and the bulk density were analysed with mercury intrusion porosimetry (MIP) 

using a Pascal 140, 240 Thermo Quest instruments, able to measure minimum pore radii of 

3.7 nm, following the standard NorMaL 4/80 [29] on samples collected from the inner core 
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(1.5 cm depth, in order to avoid external carbonated parts) of the mortar specimens at 2, 7, 28, 

and 56 d. The pore structure was investigated at different hydration times to observe possible 

differences due to the influence of the water-repellent admixtures.  

The mechanical properties were determined according to EN 12390-3  [30] and EN 12390-5 

[31] using a Zwick/Roell Z010 press to test the flexural strength (pre-load of 10 N and a 

loading rate of 5 N/s) and the compressive strength (pre-load of 20 N and a loading rate of 

50 N/s).  

The water-repellent admixtures effectiveness was evaluated by measuring: 

i) the capillary water absorption on cubic specimens (40 mm x 40 mm x 40 mm) according to 

EN 1015-18 [32], both the capillary water absorption of the outer layer (i.e. the surfaces 

originally in contact with the mould walls) and of the inner core (i.e. new surfaces obtained by 

cutting off a layer 20 mm from the surface) were measured; 

ii) the wettability of mortar surfaces by contact angle measurements with the sessile water 

drop method according to the standard NorMaL 33/89 (using a Data Physics ETT/XL 

instrument and extrapolating the water drop profile by the ellipse fitting method, 20 

measurements for each sample) [33].  

  

3. Results and discussion 

 

3.1 Starting materials 

Table 1 summarizes the density and average particle size of the water-repellent admixtures 

indicating that calcium and zinc stearates had lower density and smaller particles in 

comparison to Sitren P750. This might produce a different distribution of the water repellents 

inside the pastes and the mortars. The stearates, having smaller size, might be better 

distributed inside the matrix with a higher surface in contact with the binder that can influence 
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the interactions. On the other hand, the silane microemulsion, as a water- based liquid , can be 

more easily dispersed in the matrix during the mixing process. 

Table 2, Fig. 1 and Fig. 2 summarize the data obtained from XRF, TG-DSC and FT-IR 

analyses of the Portland limestone cement and of the sand used as aggregate. XRF analysis of 

the Portland limestone cement indicated the presence of high percentages of Ca and Si and the 

FT-IR analysis showed the peaks relative to anhydrous silicates centred at 1097cm-1  (Si-O-Si 

stretching in the 1090-1100 cm-1 range). The presence of gypsum, added to regulate the set of 

the cement, is indicated by the peak at 671 cm-1 and confirmed by the TG-DSC analysis 

(around 3.2 % as calculated by the mass loss between 100 °C and 200 °C); a slight presence 

of calcium hydroxide (around 0.6 % as calculated by the mass loss between 400 °C and 

450 °C) was observed too. The presence of a high percentage of calcium carbonate in the 

Portland limestone cement was indicated by the XRF analysis, by the typical FT-IR 

absorptions at 1795 cm-1, 1428 cm-1, and 875 cm-1 and by the mass loss between 650 °C and 

800 °C in the TG curve (that allowed calculating a content of 22.8 % of calcium carbonate in 

the sample). In the FT-IR spectra of the aggregates, strong peaks due to different silicates 

(1090-1100 cm-1 range) were observed together with calcium carbonate and dolomite (peaks 

at 875 cm-1, 713 cm-1 and 729 cm-1, respectively) confirmed by TG-DSC (mass loss and 

endothermic peak at 650-800 °C).  

 

3.2 Study of the hydration of Portland limestone cement pastes with water repellent 

admixtures via XRD, SEM-EDX, and isothermal calorimetry analysis 

Qualitative XRD analysis of cement pastes without and with water-repellent admixtures at 

different curing times allowed recognition of the phases and the hydration products [34-37]. 

The XRD patterns registered for the cement paste without water-repellent admixtures are 

shown in Fig. 3. The XRD pattern of the anhydrous binder (Fig. 3 - 0h) allowed identification 

of the clinker phases (C3S, C2S, C3A, C4AF), gypsum and calcite. After 7 h, it was possible to 
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identify the formation of portlandite, and after 7 d a strong decrease of C3S and C2S occurred. 

Gypsum reacted completely with C3A forming ettringite (9.1° 2θ) within 24 h. Interesting is 

the reaction of C4AF, which is consumed almost completely after 21 d, indicated by the 

disappearance of the peak at 12.1 ° 2θ.  

Calcium hemicarboalmuminate hydrate (hemicarbonate) was formed after 7 d (Fig. 4). After 

21 d, calcium monocarboaluminate hydrate (monocarbonate) appeared and became until a 

curing age of 56 d the major AFm phase. Calcium monosulfoaluminate hydrate (monosulfate) 

appeared at 7 d, but the amounts were very low. Ettringite as the major AFt phase was stable 

throughout the hydration (Fig. 3 and 4). The hydration reaction was very similar to an 

ordinary Portland cement (OPC) paste up to a curing age of 7 d. After that, the formation of 

monocarbonate was much higher compared to an OPC paste [9]. 

The effects caused by the presence of water-repellent admixtures were evaluated analysing 

and comparing the XRD patterns of water repellent pastes at different times (Fig. 4). The 

main differences relative to the reference paste were as followed: 

– The series containing calcium and zinc stearates showed the formation of monocarbonate 

after 7 d instead of 14 d as in the reference series. The coexistence of hemicarbonate and 

monocarbonate peaks was observed, which was probably due to a faster transformation of 

hemicarbonates into monocarbonates. The presence of the two distinct peaks of C3S and C2S 

at 32° 2θ and 33° 2θ indicated a slightly slower hydration of these phases.  

- Silane/siloxane admixtures yielded a lower amount of ettringite after 4 and 7 h, respectively. 

However, after 7 d, no differences relative to the other series were observed. The AFm phases 

developed in the same way as in the reference series. 

SEM images highlight the presence of needle-like crystals of hydrate phases and a more 

cross-linked matrix in the reference series CP (Fig. 5), indicating faster hydration reactions 

and higher hydration rates in comparison to the admixed pastes. When zinc stearate was 

added, the matrix appeared less compact. When the siloxane powder (Sitren P750) was used 
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the admixture grains were visible and orthorhombic-shaped grains of hydration products were 

observed near the admixture grains. 

Isothermal calorimetry measurements of the total heat and rate of heat development reflect the 

hydration processes occurring in the system and therefore provide information on the kinetics 

and mechanism of hydration [38]. Table 3 reports on the evolved heat values, while Fig. 6 

shows the heat evolution curves dQ/dt (expressed as thermal power) and the total heat 

evolved Q(t) up to 7 d.  

In the reference series CP, the initial reaction and the induction period lasted around 2 h and 

40 min. Afterwards, the main peak of heat evolution reached its maximum at 17 h followed 

by a period of deceleration. This is in average a delay of approx. 7 to 9 h compared to an OPC 

paste and is due to the high limestone content in this cement. The initial reaction was due to 

the release of Ca2+ and OH- ions as soon as the clinker came into contact with water, then the 

acceleratory period was controlled by the rate of C-S-H and Ca(OH)2 formation. After 25-30 

h (after the main hydration peak), a weak and broad shoulder appeared before the end of the 

deceleration period. Ylmén et al. (2010) observed a similar, but less distinct, behaviour in 

some Portland cements and attributed it to the dissolution of aluminate phases, e.g. C3A and 

subsequent formation of ettringite [39]. However, in the present study XRD analyses showed 

the formation of ettringite within 24 h and then formation of hemicarbonate. Therefore, the 

observed shoulder in the heat of hydration curve can be attributed to the formation of 

hemicarbonate.  

According to the data in Table 3 and in Fig. 6, the use of calcium stearates (CPCaSt) 

accelerated the heat evolution process and produced a higher total heat both at 24 h and after 7 

d. This effect might be due to a higher release of calcium ions and subsequent oversaturation 

of the pore solution, which could have increased portlandite precipitation. 

The retardation of heat evolution, i.e. hydration, was significant in the case of CPZnSt, where 

the maximum dQ/dt is reached only after 19 h. In spite of this delay, the total heat evolved 
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after 7 d was higher than in the reference series CP. The strong delay caused by the zinc 

stearates is presumably due to the presence of zinc ions, and to the formation of insoluble zinc 

hydroxides, which cover the surface of the cement grains preventing their hydration in the 

first days [40].  

The siloxanes did not cause important variation: the heat evolution processes of CPSi750 and 

CPSiliq were similar to the reference CP. Even if the dormant period was slightly longer, the 

maximum of dQ/dt was reached slighty faster. The presence of silanolic acid groups on the 

admixtures could have promoted the formation of the C-S-H phases, accelerating the 

hydration. Furthermore the carrier material in case of Sitren, which consists of silica, might 

have contributed to the filler effect, thus enhancing the nucleation and formation of C-S-H 

phases. 

To discuss the results obtained from the study of the hydration of pastes, some observation are 

emphasized in the following. The hydration mechanism of Portland limestone cement differed 

from the hydration mechanism of an ordinary Portland cement because of the presence of 

limestone, which promoted the formation of hemicarbonate and monocarbonate instead of 

monosulphate. Furthermore, it stabilized the presence of a larger quantity of ettringite 

together with monocarbonate after a longer time period [7, 9, 36-37]. 

The use of stearates seemed to accelerate the formation of monocarbonate. However, calcium 

stearate increased the hydration reaction in the first 24 to 48 h, while zinc stearate decreased 

significantly the hydration rate in the same time period (low heat release). The principal 

explanation to this behaviour might be related to ion exchanges between the metal soaps and 

the calcium present in the limestone grains or in the clinker. The consequent adsorption of the 

long aliphatic chain of the stearates might cause the formation of a hydrophobic layer on the 

clinker surfaces, which could constitute a barrier for the normal hydration (see Fig. 7) [18, 

41]. The minor production of monocarbonates observed by XRD analyses in CPCaSt and 

CPZnSt suggest that the stearates probably covered preferentially the limestone particles 
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instead of the clinker grains, therefore the delay effect should be limited. The different 

influence on the hydration due to calcium stearates in comparison to zinc stearates could be 

explained considering that in the case of calcium stearates, the ion exchange caused the 

release of calcium ions in the pore solution. This could have promoted the precipitation of 

portlandite in the early stage and, therefore, counteracting the adsorption of stearates on 

clinker grains. In the case of zinc stearate, the presence of free zinc ions might have caused 

the formation of calcium hydroxyl-zincate consuming calcium and hydroxide ions from the 

solution, delaying the supersaturation of Ca2+ in the pore solution and thus delaying the 

precipitation of calcium hydroxide and the formation of an inferior (weaker) C-S-H. (Fig. 7) 

[40].  

The presence of silane/siloxanes water repellent admixtures caused a slight delay of the 

formation of ettringite and a longer dormant period. This delay could be due to the 

hydrophobic nature of the admixtures, which dispose themselves near the clinker grains 

creating a hydrophobic barrier. However, in this case there is not a direct ion exchange with 

adsorption on the clinker surfaces, which could explain why the hydration is only slightly 

delayed in comparison to the effect of the metal soaps. On the other hand, the presence of fine 

amorphous silica grains in one of the silane/siloxane products (CPSi750) promoted a filler 

effect, which helped the nucleation of C-S-H and increased the hydration during the first 24 to 

48 h (see also Fig. 7). 

 

3.3 Evaluation of the hardening of Portland limestone cement mortars via TG-DSC and FT-

IR analysis  

The hardening of Portland limestone cement mortars was monitored by TG-DSC 

measurements on samples drilled from the inner core of the mortar specimens, not affected by 

the carbonation processes. The analysis revealed the mass losses and the DSC peaks relative 

to the hydrated compounds to 300 °C, calcium hydroxide between 400 °C and 450 °C, 
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calcium carbonate at 650-800°C. The percentage of calcium hydroxide present in samples 

collected at different curing times, calculated from the relative mass loss, was chosen as an 

indicator for the progression of the hydration reactions since it is formed by the hydration of 

C3S and C2S [10, 42]. Fig. 8 shows its progression over the hardening time. At early ages 

until 7 d, a strong increase of the production rate of calcium hydroxide was observed for the 

mortar without water-repellent admixture (CM), and at 7 d the maximum rate was reached. 

Afterwards, the formation of calcium silicate hydrates (C-S-H) went further on, together with 

the formation of the other hydrate phases. Therefore, the calcium hydroxide content of the 

samples after 7 d decreased in relation to the increase of C-S-H and AFm phases. A slight 

formation of calcium carbonate was observed after 56 days (around 1 %). In the presence of 

water-repellent admixtures, the samples showed in general a lower formation of calcium 

hydroxide in the first 7 d, while higher amounts were observed at later ages (15, 28 and 56 d) 

(Fig.8). This was assumed to be due to the delaying effect on the cement hydration caused by 

the water-repellent admixtures. This was in particular the case when zinc stearates were 

added, with an increase of the calcium hydroxide production rate until 56 days. 

The FT-IR spectra of the different mixtures were compared at different times (Fig. 9). The 

presence of calcium carbonate was confirmed in all samples by the strong bands at 1480 cm–1, 

875 cm–1 and 712 cm–1, together with silicates (1100-900 cm-1) and in particular quartz from 

the aggregates at 1090 cm-1. In the presence of calcium or zinc stearates, also strong peaks of 

-CH2 stretching were visible at 2920 cm-1 and 2850 cm-1[43], which did not change during the 

hydration process. In the spectra, no peaks associated with gypsum in the anhydrous cement 

or with ettringite in the hydrated cements were visible, as probably covered by other stronger 

peaks related to the aggregates or to the binder. In the spectra collected at early ages (day 0 in 

Fig. 8), it is possible to recognize the broad peaks in the 3500-3000 cm-1 range due to the 

symmetric and asymmetric stretching of the O-H vibration of the water molecules. During the 

hydration, the intensity of these peaks increased with the formation of hydrate compounds (7 
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and 28 d). In the spectra collected after 7 d, the typical sharp peak of calcium hydroxide –OH 

stretching was also visible at 3645 cm-1. Another main characteristic of the hydrated samples 

was the displacement of the stretching mode Si-O-Si from 915 cm-1 in the dry cement to 1009 

cm-1 in the samples after 24 h of hydration. This second peak was due to the formation of C-

S-H, as already reported from previous research [44; 45]. Both the –OH stretching peaks of 

the calcium hydroxide and the 1000 cm-1 peak of the C-S-H appeared and developed in 

different ways in the presence of different water-repellent admixtures. In fact, the absorbance 

of these two peaks was higher for the reference mixture CM at 7 d in comparison to the other 

mixtures, but lower at 28 d as shown in Fig. 9.  

The increasing of the peak at 1009 cm-1 over time (related to the formation of C-S-H) might 

be considered as an indicator of the reaction progress, but the FT-IR analyses were mostly 

qualitative. Therefore it was chosen to consider the ratio between the absorbance intensity of 

the C-S-H peaks at 1009 cm-1 divided by the absorbance intensity of quartz peaks at 1089 cm-

1 because the presence of quartz and the relative peaks should not change with time. The C-S-

H/quartz absorbance ratio (A(1009)/A(1089)) is plotted versus the hydration time in Fig. 10 for 

observing possible differences between the mixtures. The absorbance ratio A(1009)/A(1089) 

increased rapidly in the first 7 d for each mortar mixture, due to the increase of the C-S-H 

peak showing a fast hydration rate, and stabilized afterwards. A higher reactivity was 

observed in the mortar without admixtures (CM) or with the siloxane powder (CMSi750) after 

56 d, while for the other mortar mixtures the ratio remains relatively stable after 7 d (see Fig. 

10). These observations are consistent with the data obtained from the hydration of the pastes 

(XRD and isocalorimetry) and TG analysis, which showed a slower formation of calcium 

hydroxide and C-S-H when admixtures were present, indicating a general delay of the 

hydration reactions. 

 

3.4 Pore structure and mechanical properties of mortars with water-repellent admixtures  
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The effects of the water-repellents on the mortars were determined by also measuring the 

workability and density of fresh mortar, the pore structure and the mechanical properties of 

hardened mortars. The data obtained on the fresh mixtures and on the mortars cured for 28 d 

are listed in Table 4.  

The fresh mortars were characterized by similar workability with a slump flow around 16.5 

cm for the mixtures CM, CMZnst, CMSi750, and around 15.0 cm for CMCast and CMSiliq. 

The densities of the fresh mortars were similar (approx. 2.1 g/cm3); the densities of the 

hardened mortars were approx. 1.75 g/cm3. Slightly lower densities were observed for 

mixtures with siloxanes.  

Pore structure information of hardened mortars was obtained from mercury intrusion 

porosimetry (MIP) analyses (Table 4 and Fig.11, 12). For the reference mortar without 

admixture (CM) after 28 d of hardening, a total cumulative volume of 147 mm3/g of open 

porosity and a total open porosity of 28 % was measured, with a wide distribution of the pore 

radii over the range 0.006 µm – 2.00 µm with peaks at 0.02 µm, 0. 2 µm and 0.09 µm [46]. 

Over time the pore size distribution of CM remained similar with an overall decrease of the 

total open porosity (Fig. 12). 

Compared to the reference series, the porosity development of the admixed mortars showed a 

strong decrease in the total open porosity between the 2nd day and the 7th day (Fig. 12). 

Afterwards, the total porosity decreased slowly for CM, CMCaSt, CMZnSt until 365d and 

faster in the case of CMSi750 and CMSiliq. 

The silane/siloxane series showed lower bulk densities and higher total open pore volumes 

after 28; 56 and 365 d (Fig. 12), with a bimodal distribution of pore radii in CMSiliq (peaks: 3 

µm; 0.2 µm) and trimodal in CMSi750 (0.006 µm; 0.2 µm; 0.9 µm) visible in Fig.11. In 

particular for the series CMSiliq, the pore sizes between 1 and 100 µm were much higher at 

the different curing times than for the other series, due probably to an air entraining effect of 

the liquid siloxane.  The pore distribution of CMsiliq shift slightly to lower pore radius in the 
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first 7 days (see 1-10 µm  and 10-100 µm  ranges), at 7, 28, 56 d the cumulative volume of 

pores between 1-10 µm remain proportionally similar to the corresponding total cumulative 

volumes. Only after one year the production of hydrated compounds resulted in a pore size 

distribution more similar to CM. The changes in the pore size distribution of CMSi750 over 

time indicated that the final pore structure was formed after one month and that the pore 

distribution became similar to CM after one year. 

For the series containing stearates, the total open pore volumes were a little lower than those 

of the reference series. However, the pore size distributions of CMCaSt and CMZnSt were 

almost mono-modal and wide in the 0.02 µm-1 µm range (with shoulders in 0.5 and 0.2, 

respectively) (fig.11), the content of pores with radii between 1 and 100 µm was significantly 

lower compared to the reference series and the series containing silane/siloxane.  

The compressive strength values of the mortars with water-repellent admixtures were always 

lower in comparison to the reference mortar CM, while the flexural strength was not altered 

much. The results of compressive strength tests correspond well to the respective porosity 

data at 28 d, except for the series containing Zn-stearate (Table 4). Here, compressive strength 

is much lower than that of the reference series, but the porosity of the reference is much 

higher. It might be that Zn-stearate as an admixture slightly increased the dispersion of the 

binder paste and aggregate, but it could contaminate the cement surfaces leading to a slight 

hydration delay and precipitation of a weaker C-S-H . This might explain a denser packing 

and, at the same time, a lower compressive and flexural strength. 

 

3.5 Study of the behaviour of mortars with admixtures in presence of water  

The capillary water absorption curves of the mortars measured on the external surfaces are 

shown in Fig. 13, while Table 4 summarizes the calculated capillary water absorption 

coefficients CI of the outer surfaces and inner core and the contact angles of water drops on 

the mortar surfaces.  
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The mortar without water-repellent admixtures (CM) easily absorbed a high quantity of water 

and reached saturation after 8 h, while the mortars admixed with water-repellents did not have 

high water uptakes [47]. The capillary water absorption was significantly reduced due to the 

addition of silanes/siloxanes (CMSi750; CMSiliq), despite their higher total open porosity in 

comparison to CM. The silane/siloxanes series showed also higher contact angles in 

comparison to the stearates series and the reference mortars. The stearates, in particular zinc 

stearate, were less effective in reducing the absorption in comparison to the siloxanes and 

contact angles lower than 90° were measured (Table 4). 

The capillary water absorption of admixed mortars might depend not only on the admixture 

composition, but also on its distribution inside the mortar matrix. Wittmann et al. (2011) [48] 

observed that the siloxane and stearates concentration on concrete was highest close to the 

surface. This was attributed to a transportation of the siloxane or stearate during the drying 

process with the water into the surface near zone. The comparison between the capillary 

absorption coefficients measured on the outer surface CIout or inner core CIin highlights that 

the capillary suction increases in the inner part of CM, CMSi750 and CM Siliq, while it 

remained almost unchanged for CMCasSt and CMZnSt (Table 4). For the reference series 

CM, this was probably due to a lower open porosity of the external area, resulting from a 

higher compaction of the fresh mortars on the mould wall during the mortars preparation and 

from the mortar carbonation that proceeded from the outside to the inside. 

For the admixed mortars, the different capillary absorption coefficients could be related not 

only to the different porosity, (due to carbonation and compaction of the external layer), but 

also to a different distribution or interaction of the water repellent admixtures inside the 

specimens as indicated by the different percentage variations ΔCI= (CIin- CIout)/ CIout   of the 

mortars in comparison to CM (Table 4). In particular the ΔCI of the mortars with siloxanes, 

being higher than CM, could indicate the presence of a higher amount of siloxanes on the 

surfaces than in the inner core. On the other hand, the stearates seem to be less present on the 
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surfaces, as indicated also by the lower contact angles. Given that the admixtures represent 

only 1% of the system and that the differences are quite small, the lower effectiveness of the 

stearates could be linked also to their distribution, influenced, in turn, by a partial subtraction 

from the surfaces due to the ion exchange (see paragraph 3.2).  

 

4. Conclusions 

The results showed that  the hydration of the pastes studied proceed in a different way in 

comparison to an Ordinary Portland Cement paste and that the water-repellent admixtures 

influenced in different ways the chemical-physical behaviour of limestone cement mortars 

depending on their nature.  

To summarize the results regarding the hydration the following conclusions can be drawn: 

 The presence of limestone in Limestone Portland cement promoted the formation of 

hemicarbonate and monocarbonate and stabilized the presence of ettringite in comparison 

to Ordinary Portland Cement. 

 All the water-repellent admixtures investigated were responsible for delaying the 

hydration process,. Early hydration within 48 h was partially enhanced by the filler 

effect, providing nuclei for the formation of C-S-H, except in the case of the series 

containing Zn-stearate. 

 The adsorption of the long aliphatic chain of the stearates and the ion exchanges with 

limestone grains might cause the formation of a hydrophobic layer on the clinker 

surfaces, which could constitute a barrier for the normal hydration. 

 In the case of zinc stearate, the presence of free zinc ions might have caused the 

formation of calcium hydroxyl-zincate and of an inferior (weaker) C-S-H hydrate.  

 The silane/siloxanes delay slightly the hydration by disposing themselves near the 

clinker grains and by creating a hydrophobic layer. 
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Beside studying the hydration processes in-depth, the experiments and the analysis of the 

results, allowed gaining information about the chemical-physical characteristics of different 

water-repellent limestone cement mortars:  

 The products based on silanes/siloxanes modified the pore structure (increased the 

volume of capillary pores). They demonstrated high effectiveness as water-repellent 

admixtures, since a low capillary water absorption of the admixed mortars was 

measured. 

 Mortars with calcium stearates showed low water repellent effectiveness in 

comparison to the other admixed mortars, but maintained mechanical properties 

similar to the reference mortar. 

 Within the different water-repellent admixtures, zinc stearates showed the strongest 

influence on the hydration of the binder and the mechanical properties, and a reduced 

water repellent effectiveness in comparison to mortars with addition of 

silanes/siloxanes. Despite zinc stearate being one of the most frequently used water-

repellent admixtures, based on the obtained results, the amount of zinc stearate should 

be maintained below 1% to avoid excessive delay of hydration and setting of 

limestone cement mortars. Lower percentage of zinc stearate might be recommended 

in order to enhance the mechanical properties, when a reduced water repellent effect is 

acceptable. 

The results also allowed evaluation of the performance of rendering mortars made of 

CEMII/B-LL with the addition of water-repellent admixtures. A lower mechanical strength of 

Portland limestone cement mortars with w/c of 0.8 and the local silicate-carbonate sand as 

aggregates in comparison to standard Portland cement mortars was observed, that decreased 

further in presence of the admixtures. However, high mechanical strength is not a property 

strictly required to a rendering mortar: a render should not have structural functions. Instead, 

one of the major features requested is the compatibility with the existing wall structures and a 
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certain durability, which includes different aspects such as the stiffness, thickness, the 

materials, the appearance, and the resistance to external environment. Plasters, which are too 

stiff for the brickwork substrate tend to detach [49]. Several examples of this detachment can 

be seen in Venice, where the traditional venetian bricks, with compressive strengths around 

18 MPa, and the adverse environmental conditions, require the use of less stiff renders with 

high permeability, that can be assured by a higher open porosity and the right choice of 

starting materials. 

The higher porosity caused by the addition of silane/siloxanes and the modified pore size 

distribution help to obtain a frost and salt resistant material, while its water repellency 

prevents the water (rain, salt solution) penetration into the render and the underlying wall. 
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