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Abstract 

The selection of mortar for conservation of historic and heritage buildings can be challenging. 

Achieving compatibility with the historic fabric, durability and efficient use of materials within 

a practical timeframe often requires the use of hydraulic lime-based mortars which set more 

rapidly than the more traditional air lime mortars. These are considered to be more compatible 

with historic fabric than cement-based mortars, although, due to the modern production 

techniques and their natural variability, a deeper knowledge of their chemical and physical 

properties is needed to minimise damage due to incompatibility and make the decision process 

easier and safer. 

Natural hydraulic lime (NHL) binders are currently classified under EN 459-1:2015 in three 

designations, NHL 2, NHL 3.5 and NHL5, with the suffix representing the minimum 

compressive strength (in MPa) of a standard mortar mix at 28 days. The performance of NHL 

binders, manufactured by burning a naturally impure limestone, can be difficult to predict due 

to the inherent variability of both their physical and chemical characteristics. At the same time, 

the tolerance values for each classification allow for binders with significantly compressive 

strength differences to be classified by the same designation.  

The main aim of this research was to study a range of NHL binders, understand and quantify 

the variability of their characteristics and to establish how these properties influence the 

performance of mortars cured under standard and simulated weather conditions.  

In the first stage of the project, a selection of NHL binders from different origins and distinct 

designation were rigorously examined through physical, chemical and mineralogical 

characterisation to elucidate surface area, particle size distribution, oxide composition and 

crystalline phase composition. The characteristics of the binders were found to vary greatly, 

particularly amongst binders from the same classification and distinct origins, and in one 

particular case even from the same origin. A change of properties over time was also identified, 

binders manufactured in different years could have very different properties, even though, as 

far as could be ascertained from the packaging, it was the same product. 

Starting from a selection of 11 NHLs and 1 hydrated lime, the next step involved the 

manufacture of mortar samples using a sand aggregate appropriate for a conservation mortar 
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with 1:2 ratio (binder:aggregate by volume).  Sufficient water was added to produce a spread 

by flow table of 165 ± 10 mm. These mortars were cured under standard conditions and for a 

smaller group of binders under simulated weather conditions.  

For the standard cure conditions, the properties of the binders were compared to the physical 

properties in terms of strength (from 7 to 1080 days), porosity, capillary water absorption, water 

vapour permeability and freeze-thaw resistance of mortars made with the binders. The 

carbonation was also studied by phenolphthalein stain after all the flexural strength tests and 

after 2 years by XRD. The mortars under climate simulation were studied in terms of 

mechanical properties (up to 360 days) and carbonation. 

For comparison purposes, cement-lime (1:1:6 and 1:2:9 cement:lime:aggregate volumetric 

ratio), lime-metakaolin (MK) (with MK addition of 5, 10 and 20% of the lime mass) and lime 

putty mortars were manufactured to the same workability as the NHL mortars. These were 

studied in terms of strength up to 360 days, porosity and water absorption by capillarity action. 

The strength of the studied mortars does not follow the classification of the binders, with one 

binder, specified as NHL 2, resulting in a stronger mortar than another binder specified as NHL 

5, and one NHL 3.5 mortar surpassing all the other mortars in terms of mechanical strength. 

The mechanical strength was found to correlate with the hydraulic phases, alite and belite, 

identified within the binders. The relative long-term performance of the mortars manufactured 

with the different binders can therefore be predicted based on the mineral properties rather than 

the standard classification. Pore related properties, such as water vapour permeability and water 

absorption by capillarity, were found to be related to the water/binder ratio of the NHL mortars. 

Later in the project, using the standard cured mortars data, a model was developed to predict 

compressive strength based on the proportion of crystalline phases present in the mortars, the 

surface area and the water/binder ratio. This model, applied to the studied mortars, was found 

to predict, with low error, the measured performance of the mortars, meaning that the model 

can be used as tool to predict mortar strength. 

The outcomes of this thesis demonstrated that with sufficient knowledge of the underlying 

chemistry of NHL binders, it is possible to establish the relative performance of mortars, thus 

making the decision on which binder to use easier and safer for the historic fabric.  
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1. Introduction 

1.1 Mortars and lime through history 

Mortars are amongst the most ancient building materials. Resulting from the blend of a binder, 

fine aggregates and water, mortar in historic fabric is an essential part of masonry supporting 

stone and bricks and acting as a protection element, often as a sacrificial component. Therefore, 

it is important to know the function of the mortar in the context of conservation, commonly 

being used to replace old degraded mortar, repointing of missing stone and brick mortar joints, 

bedding, grout, render, plaster, flooring and to replace harmful strong cement and strong 

hydraulic mortar wrongfully used in modern repairs (Elsen, Milano, et al. 2012; Henry and 

Stewart 2011; Van Balen et al. 2005). 

In mortars, the main function of a binder is to act as adhesive uniting the aggregates and the 

elements of the masonry. Air lime mortars set by drying and reaction with carbon dioxide – 

carbonation, while hydraulic binders, such as Portland cement, set by reacting with water – 

hydration – or in the particular case of hydraulic limes by a combination of the two processes. 

Unlike air-lime mortars, hydraulic lime mortar will set even under water without exposure to 

CO2. This will confer significantly advantage to the hydraulic limes when setting in damp 

situations. 

Lime, mud and gypsum are the most commonly found binders in historic buildings and were 

used in construction until the beginning of the 19th century, being replaced by natural cement 

and more recently by Portland cement. Egyptians used a layer of mud between clay bricks, and 

gypsum mortar for stone construction that resisted until present times. It was only by the 

Roman period that the use of lime was generalised. The lime present in the Egyptian binders 

was probably a result of calcium carbonates present in the gypsum used in the mortars of the 

Pyramids. Although limestone was more generally available, the fuel needed to burn it was 

limited hence the use of gypsum as the main binder for Egyptian constructions. It is understood 

that the Greeks started using lime which was then developed further by the Romans.  A 

considerable number of these early lime buildings have survived to this day. Romans prepared 

mortars by slaking the lime and mixing it with sand. The hydraulicity of these mortars, 
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produced by the Greeks and Romans, was achieved by mixing lime with pozzolans. These 

pozzolans, very fine aluminosilicates materials, that react with lime in the presence of water, 

were mostly finely ground volcanic materials, or to a lesser extent powdered pottery and tiles.  

They gave the mortar the ability to resist the action of water and achieve higher strength. The 

great development of hydraulic binders started in the 18th century, more precisely in 1757, by 

Smeaton, with the search for a lime able to resist sea water for the construction of the Eddystone 

lighthouse in Plymouth. It was found that the lime from Aberthaw Limestone resulted in a 

better mortar, and that this was the result of a higher proportion of clay present in the limestone, 

for the first time identifying the underlying chemistry that gave lime its hydraulic properties. 

The lime used for the mortar was the blue Lias hydraulic lime mixed with a pozzolan from 

Civita Vecchia. It was at the beginning of the 19th century, in 1812, that Vicat studied the 

mixture of limestone and clay ground together in a wet mill, and began to understand how the 

different proportions of lime and clay, burning time and temperature, affected the combination 

of the silica, the aluminates and iron oxides with the lime, resulting in a more or less hydraulic 

binder. The first binders manufactured by this method were rich in aluminates, making them 

similar to the current Portland cement, showing a very fast setting time, changing from a 

process of drying and carbonation to a process of hydraulic reactions for the strength gain. 

Vicat developed the scientific foundations of hydraulic lime manufacture and use, resulting in 

a product with properties falling between the characteristics of air lime and Portland cement.  

A high quantity of free lime and the requirement of slaking with sufficient water to avoid the 

hydration of hydraulic components are important principles in lime manufacture (Furlan and 

Bissegger 1975; Hewlett 2006; Elsen 2006). 

With lime being used within mortars for the last 2000 years, disseminated throughout several 

locations in the world (Carran et al. 2012), it is important to recognise the importance of lime 

binders in the context of conservation and the requirements for a successful intervention. 

1.2 Conservation 

The choice of the mortar to use for a conservation work depends on  (Van Balen et al. 2005; 

Henry and Stewart 2011; Schueremans et al. 2011): 
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• The existing mortar and its characteristics and must always reflect the existing fabric 

and the conditions of the host. The mortars can act as a sacrificial layer to protect 

masonry and historic host fabric, and yet be durable; 

• The function that the repaired mortar will play, depending on the strength requirements, 

the need to act as protective or decorative coating, or if the mortar is required to fill 

voids or replace joints. Depending on the function, the compressive strength can be less 

important than the porosity and permeability characteristics or even the flexural 

strength. The compressive strength is usually more relevant when the mortar is load 

bearing; 

• The position on the building and exposure conditions, resulting in different 

requirements if the mortar is to be exposed to severe climate conditions or, by 

opposition, used in a protected location; 

• The aesthetics, commonly required to aesthetically blend the repair mortar with the 

existing one and the host fabric. Lime binder can vary vastly in colour and soundness, 

and although the fresh mortar can contrast with the old surroundings it is required for 

the designed mortar to be as close a visual match as possible. 

1.2.1 Requirements of a mortar for conservation 

Different properties should be considered for the technical requirements of mortar for 

replacement or conservation works (Schueremans et al. 2011; Van Balen et al. 2005). The most 

relevant are: 

• Aesthetic: including colour, texture and appearance;  

• Mineralogical and chemical: considering mineralogical phases, aggregate and 

binder type, chemical composition, hydraulicity and binder/aggregate ratio; 

• Physical and mechanical: related to the frost and salt resistance, particle size 

distribution, porous structure, water retention, strength and flexibility. 

Requirements can be divided into physical and chemical properties as described by Henry and 

Stewart (2011). 

The physical requirements are related to the strength and hardness, the pore structure, the frost 

and salt crystallisation resistance and reversibility. 
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The strength and hardness of a mortar can be related to three main parameters: compressive 

strength, flexural strength and plasticity. Mortar strength is usually considered in terms of 

compressive strength as it is easily measured. Although not considered by the British and 

European Standards for lime classification, the plasticity is important in terms of 

accommodation of seasonal movements and dimensional changes in the building elements, 

initiated by temperature and humidity variations. 

The porosity of the mortar affects the permeability, capillarity and absorption. The water 

vapour permeability in a conservation mortar should be high, reflecting a porous structure 

consisting of a wide size range of linked pores. It is important to note that porosity and 

permeability are related but distinct, since a material can exhibit a high porosity of unconnected 

pores and therefore poor water vapour permeability. 

The capillarity of a mortar is a reflection of the very fine micro-pores present in the structure, 

and because of this, pores can absorb water rapidly but release it with difficulty. Mortars with 

high capillarity stay wet for a long time and can contribute for the dampness of the building. 

On the other hand, the high capillarity of the mortars, can also help to remove water from the 

masonry. 

The absorption rate is a result of the exposed surface area of the mortars, which is controlled 

by the surface texture, depending on the binder and aggregate type. A rough texture has a high 

absorption rate and evaporation rate, and on the other hand, a fine, tight surface has low 

absorption. 

Frost resistance is driven by a good pore size distribution, allowing enough space for the frozen 

water to expand and the ability of the mortar to resist the stress of ice crystal growth. The low 

strengths of non-hydraulic lime and weakly hydraulic lime mortars show a greater ability to 

accommodate the growth of ice crystals when compared to stronger mortars as a result of their 

more open porosity. The same characteristics influence the resistance to the expansive soluble 

salt crystallisation. 

The reversibility of restoration work undertaken using a conservation mortar should be 

considered as a desirable aspect. Structural repair is usually impossible to remove, and strong 

hydraulic lime or cement mortar can be difficult to reverse without causing damage to the 

surrounding masonry. Weaker hydraulic lime mortars and non-hydraulic mortars can usually 



5 

 

be removed even after many years. The difficulty associated with reversing cement mortar 

repairs and work is one of the reasons that it is ill advised to use them in historic building 

conservation works. 

Mortar used in conservation works needs to be well maintained to avoid damage initiated by 

crystallization of calcium salts, and water should be excluded from the inside of the walls. 

Schueremans et al. (2011) relate the chemical compatibility with the type of binder, the 

chemical composition, the binder/aggregate ratio and the hydraulicity.  

Van Balen et al. (2005) proposed a framework of requirements for new mortars aimed at the 

repair or replacement of historic mortars based on the following principles: 

• Values and authenticity: related to the maintenance of the artistic, historic, social and 

scientific values associated with the architectural heritage; 

• Compatibility, re-treatability and reversibility, meaning that the material used will not 

damage the existing material, will not prevent future and interventions, and can be 

removed if needed. This will be part of the conception also incorporating long term 

durability, sustainability and harmonization; 

• Functionality, depending on the function of the mortar in the masonry, and the function 

of the masonry in the building. Properties such as load bearing, frost resistance, water 

penetration, resistance to the environmental conditions, aesthetics, and durability 

should be considered. 

• Technical requirements including surface properties, composition of the mortar, 

strength, elasticity, porosity, thermal dilation, soluble salt content, frost resistance, 

adequate workability for the application, curing conditions, good workmanship and 

quality control. 

1.2.2 Consequences of bad application 

Higher stiffness and different thermal coefficients of the new mortars can damage the existing 

materials due to the introduction of stress, mainly at the interface between old and new material. 

The deformation of the masonry, thermal variations and shrinkage of the new mortar can also 

damage the weakest materials. Larger differences in the characteristics of the materials results 

in higher stresses being induced (Veiga et al. 2007). Using mortars that by their low capillarity 

characteristics and low vapour permeability reduce the ability of the masonry elements of the 
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wall to dry may result in a retention of water inside the masonry and higher capillary rise 

through the wall. Water moving by capillary rise can transport soluble salts and spread them 

into larger areas of the masonry, causing crystallisation at the new drying surface, frequently 

in the interface between the substrate and render. This could result in the detachment of the 

render and the deterioration of the masonry. If less permeable materials are used for repair or 

replacement, the water movement through capillarity is moved to the more permeable older 

stone and mortar, thus accelerating their degradation (Veiga 2012). 

1.3 Why Natural Hydraulic Lime mortars 

By the end of the 20th century many conservation interventions resulted in adverse 

consequences to the heritage due to the use of cement mortars. These were attributed to their 

fast setting times and high strength and due to the lack of knowledge of lime mortars and the 

principles of conservation and restoration.  This caused the deterioration of the historic fabric 

and irreversible damage mainly due to incompatibility of the excessively strong cement mortar 

with the weaker a more porous masonry and older, lime based, mortar. Portland cement mortars 

often contain harmful soluble salts, have a high thermal expansion coefficient and are too 

impermeable to water vapour and do not present adequate capillarity behaviour entrapping the 

water inside the masonry (Bianco et al. 2013; R.M.H. Lawrence, T.J. Mays, et al. 2006; Hughes 

and Válek 2003; Mosquera et al. 2006; Gonçalves et al. 2006). 

Following the requirements described previously, lime based mortars are key elements in order 

to avoid damage of the historic fabric in conservation works. Air lime mortars, lime-pozzolan 

blends, cement-lime formulations with low quantity of cement, and natural hydraulic mortars 

respond to the demands of a successful intervention due to their mechanical and chemical 

compatibility. 

Nowadays, NHL mortars are widely used in conservation works to repair eroded mortars, 

replace excessively strong cement or hydraulic mortars used improperly for repairs and to 

protect the historic fabric by acting as a sacrificial layer. Compared to the brittleness, low 

plasticity and harmful salt content, such as sodium sulphate, of Portland cement mortars, NHL 

binders present some of the beneficial characteristics of an air-lime based mortar.  These 

include a better pore structure, increased water-vapour permeability, and improved ability to 

accommodate movement through flexibility. Compared to air lime mortars, NHL binders allow 
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a much faster setting and strength development maintaining the compatibility with the ancient 

fabric (Ball et al. 2007; Ball et al. 2009; Teutonico et al. 1993; Forsyth 2008; Cizer et al. 2010; 

Henry and Stewart 2011; Schueremans et al. 2011; Pacheco-Torgal et al. 2012). 

Due to the natural variability of the hydraulic lime products resulting from the variations in 

production, such as distinct raw materials, proportion of limestone and clay, different 

calcination temperatures and other processes, hydraulic lime mortars show a large variation in 

characteristics, when compared to the less broader range of products referred to as air-lime and 

cement (Veiga et al. 2010). 

The present work addresses the study of distinct natural hydraulic mortars, with different 

chemical and physical properties and the resultant mortar characteristics. 

1.4 Lime binders 

1.4.1 Production 

Lime production for buildings derives from calcium or magnesium carbonate minerals and is 

typically originated from quarried limestone, although seashells have also been used as raw 

material to produce lime binder. The natural heterogeneous characteristic of the limestone 

influences the physical and chemical properties of the lime produced (Henry and Stewart 

2011). 

After extraction, limestone mainly composed of Calcium Carbonate (CaCO3) is calcined in a 

kiln at temperatures around 950°C. From 600 °C the Carbon Dioxide (CO2) is driven off 

resulting in Calcium Oxide (CaO) a highly water reactive product. The CaO is then slaked with 

water in order to obtain Calcium Hydroxide (Ca(OH)2) or slaked lime. The difference between 

air lime and natural hydraulic lime is in the quantity of impurities present in the latter. These 

impurities are the hydraulic part, reacting with water in the hardening process (Henry and 

Stewart 2011; Holmes and Wingate 2002). The process of obtaining air lime and hydraulic 

lime will be discussed in more detail in the following sections. 
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1.4.1.1 Air lime 

Air lime binder is produced by the burning of a pure calcium carbonate limestone as described 

by the lime cycle present in Figure 1.1. 

 

Figure 1.1 Air lime cycle 

 

Slaked lime can be used in different forms: lime putty, coarse mix of lime putty and aggregate 

and powdered lime resulting from the slaked lime dried and ground to powder. The lime 

powder is manufactured using the minimum amount of water to slake while the putty is 

hydrated using an excess of water resulting in a (commonly described) soft cheese like 

consistency. Air lime or non-hydraulic lime is unable to set under water (Holmes and Wingate 

2002; Forsyth 2008; Lawrence 2006). 

1.4.1.2 Natural Hydraulic Lime 

NHLs can be produced via the burning of crushed limestones containing silica and alumina 

amongst the natural impurities present in the rock at 1000 ºC – 1250 °C (Figure 1.2). From 
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900 °C to 1050 °C carbon dioxide is dissociated from calcite producing calcium oxide. In 

NHLs the main hydraulic phase is dicalcium silicate (in the form of belite, C2S) resulting from 

a reaction between the silicates and calcium oxide at the manufacturing temperatures. 

Tricalcium silicate (alite, C3S) and tricalcium aluminate (C3A) are also encountered in NHL 

due to local overheating in the kiln at temperatures in excess of 1250 °C. After burning, NHLs 

are slaked with water, leading to the main phase in NHL being calcium hydroxide (portlandite). 

Following hydration, the main factor for the strength gain up to 28 days is the C3S content and 

at later ages, after 28 days, the C2S content. Long-term strength gains result from carbonation 

of portlandite (Taylor 1964; Holmes and Wingate 2002; Livesey 2002; Allen et al. 2003; Lanas 

et al. 2004; Ball et al. 2007; Forsyth 2008; Henry and Stewart 2011; Válek et al. 2014). 

 

Figure 1.2 Simplified natural hydraulic lime cycle. 

Hydraulic limes have the ability to set in damp conditions and under water. The initial set is 

much faster than is the case for air lime resulting from the hydraulic reactions between the 

silicates and aluminates with water and calcium forming calcium silicate hydrates and calcium 

aluminate hydrates. Further increases in strength result from the continued process of hydration 

and the slow carbonation of the portlandite.  
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The CO2 diffuses through the pores reacting with the calcium hydroxide and the hydration 

products, resulting in CaCO3 and amorphous silica and alumina. The process of hydration and 

carbonation depends on the quantity of hydraulic phases present and on the calcination 

temperature of the original limestone. The two step process of carbonation, dissolution-

precipitation, will be further discussed in chapter two. (Holmes and Wingate 2002; Forsyth 

2008; Henry and Stewart 2011; Allen et al. 2003; Lanas et al. 2004; El-Turki, Ball, Holmes, et 

al. 2010; Livesey 2002). 

1.4.1.3 Formulated hydraulic limes and blended cement-lime mortars 

Formulated hydraulic limes are usually manufactured by adding a pozzolan to non-hydraulic 

lime or hydraulic lime. Lime-pozzolan mortars are used as a building material dating back 

thousands of years ago. Pozzolans are silica aluminate materials with low crystallinity that, in 

the presence of water, combine with calcium hydroxide (portlandite) forming hydrated calcium 

silicates and aluminates, similar to those resulting from the hydration of Portland cement. Using 

a pozzolan avoids the presence of soluble salts and favours the compatibility with stone 

substrates. Lime-pozzolan mortars were shown to present high vapour permeability, fast drying 

and low cracking predisposition (Pacheco-Torgal et al. 2012). 

Similar to the NHL mortars, the strength gain and hardening of the cement-lime mortars is a 

result of the early hydration of water reactive minerals, here from the cement, and the long-

term carbonation of the lime. For conservation works, the proportion of cement should be kept 

low to avoid the presence of salts. The use of Portland cement can modify the microstructure 

of the mortar and therefore modify its breathability, by reducing the absolute porosity and 

porous radius. It is important to have a low quantity of cement in order to achieve a high water 

vapour permeability, thus ensuring the evaporation of excess moisture through the mortar. It is 

therefore possible to meet some conservation requirements with lime-cement blends, in terms 

of mechanical properties and water performance, especially in harsh conditions. Cement, if 

used in low quantities is not expected to introduce harmful amounts of damaging salts 

(Pacheco-Torgal et al. 2012; Mosquera et al. 2006; Cizer et al. 2008; Arandigoyen and Alvarez 

2007; Veiga 2012; Veiga et al. 2010). 
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1.4.2 Classification of building limes 

Building limes in the European market are regulated by the European standard, EN 459-1:2015. 

This classifies limes into two separate families: air lime and lime with hydraulic properties. In 

2001, EN 459-1 incorporated the hydraulic lime classification, containing hydraulic limes with 

additions and natural hydraulic limes within the same group (CEN 2001). By 2010, EN 459-1 

clarified the classification and separated the hydraulic limes family in three subfamilies: natural 

hydraulic lime, formulated lime (FL) and hydraulic lime (HL). Since 2010, the requirements 

for portlandite content within the three NHL classifications was also increased compared to the 

version published in 2001. In addition, some of the limes originally classified as NHLs in 2001 

are now classified as HLs in the 2010 and 2015 versions of EN 459-1 and have stricter 

requirements (CEN 2010a; CEN 2015; Grilo, Faria, et al. 2014). NHLs in the current version 

of the standard are described as those with hydraulic properties derived from natural raw 

material, without additions, other than grinding agents up to 0.1% and are required to set and 

harden when mixed with water, as well as by carbonation.  

Previously to the modern EN 459 standard the hydraulic limes started being classified 

according to the Cementation Index (CI) firstly suggested by Vicat (1837 [Facsmile (1997)]) 

as a method to predict the performance of hydraulic limes based on the likely hydraulicity of 

the raw materials of the binder. This index balances the weight contribution of the different 

components that can be detected from chemical analysis of the limestone. 

The most common expression found in the literature for the CI is Eq.1. The Hydraulicity Index 

(HI) (Eq. 2) is also found on the literature for hydraulic lime classifications, balancing the most 

active oxides (Holmes and Wingate 2002; Elsen, Van Balen, et al. 2012): 

 
𝐶𝐼 =  

2.8𝑆𝑖𝑂2 + 1.1𝐴𝑙2𝑂3 + 0.7𝐹𝑒2𝑂3

𝐶𝑎𝑂 + 1.4𝑀𝑔𝑂
 

(Eq. 1) 

 

 
𝐻𝐼 =  

𝑆𝑖𝑂2 + 𝐴𝑙2𝑂3

𝐶𝑎𝑂
 

(Eq. 2) 

 

The limes were classified as shown in Table 1.1  (Holmes and Wingate 2002). 
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Table 1.1 Cementation index for distinct types of lime. 

Lime description Cementation index (CI) Active clay in the limestone 

Fat limes Close to zero Very little clay 

Slightly hydraulic limes 0.3 to 0.5 Around 8% 

Moderately hydraulic limes 0.5 to 0.7 Around 15% 

Eminently hydraulic limes 0.7 to 1.1 Around 25% 

Natural cement 1.7 Up to 45% 

Nowadays, the EN 459-1:2015 standard classifies the NHLs in three distinct groups based on 

the compressive strength of a standard mortar mix at 28 days and the minimum weight content 

of available lime (Table 1.2), together with other chemical and physical characteristics (CEN 

2015). The aggregates used for this test are a standardised sand, not commonly found on site, 

and a binder:aggregate mass ratio of 1:3. The added water is based on the bulk density of the 

binder and the intended classification as seen in Table 1.3 (CEN 2010b). 

Table 1.2 NHL classification and tolerances according to EN 459-1:2015. 

Lime 

designation 
Available lime as Ca(OH)2 (%) 

Minimum compressive strength 

at 28 days - tolerance values in 

brackets (MPa) 

NHL 2 ≥35 2 (2-7) 

NHL 3.5 ≥25 3.5 (3.5-10) 

NHL 5 ≥15 5 (5-15) 

Table 1.3 Standard formulations for NHL binder classification according to the EN 459-

2:2010. 

Lime designation Bulk density (kg/dm3) Water (g) w/b 

NHL5 >0.6 225 0.50 

NHL2; NHL 3.5 >0.6 248 0.55 

NHL 2; NHL 3.5; NHL5 ≤0.6 270 0.60 

Although lime binders that can be used in conservation works are addressed in the EN 459 

standard, it is not intended as a guidance for the selection of the materials to use in this type of 

intervention. Its main purpose is to classify different products existing in Europe and not 

prescribing or defining mortars for application as it can be found in the ASTM C1713 – 17 

(ASTM International 2017). 
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From a conservation point of view, where the maximum strength and the capacity for 

accommodating movement is of significant importance, the EN 459 standard classification is 

not fit for purpose. There is a wide overlap between the three distinct designations, allowing 

limes with significantly different properties to be classified in the same group. Furthermore, 

the standard mix ratio is not representative of the mix ratios commonly used in buildings or 

conservation works, where a more heterogeneous use of aggregates, different mixing 

proportions and some additions would typically be used. Moreover, the test at 28 days can be 

unrepresentative for limes with low hydraulicity where the strength is gained over a longer 

period through carbonation (Henry and Stewart 2011; Elsen, Van Balen, et al. 2012; Gulotta et 

al. 2013). 

Due to these factors, there is concern amongst the conservation community that EN 459-1 is 

not adequate, on its own, for the selection of materials for conservation mortars. In addition, it 

is evident that the properties of some commercial products diverge from the ones in the 

technical data supplied by the manufacturers (Pelosi et al. 2013; Figueiredo et al. 2016). 

There remains a lack of knowledge about the long-term properties and relative performance of 

NHLs within the same classification from different manufacturers produced according to EN 

459-1:2010 or the later 2015 version. Some studies have focussed only on NHL 3.5  (Grilo, 

Faria, et al. 2014; Grilo, Santos Silva, et al. 2014), whilst other authors use NHL 5 (Baltazar et 

al. 2014; Isebaert et al. 2016). Some research appears to use a combination of NHL 2, NHL 3.5 

and NHL5 from the same manufacturer (Forster et al. 2014; Banfill et al. 2016; Sala et al. 

2016). The previous classification from 2001 is still being used in some recent publications 

(Kalagri et al. 2014; Silva et al. 2014; Silva et al. 2015). 

1.5 The importance of this research, aims and objectives 

It is known that the characteristics of Natural Hydraulic Limes (NHLs) depend on the parent 

rock mineral composition and the production process, namely the firing temperature. 

Therefore, the availability of commercial NHLs on the market would be expected to change, 

based on variations in the chemical and physical properties of the naturally occurring precursor 

material.  
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The production and requirements of NHLs present in the European market is regulated by the 

EN 459-1:2015. Although the lime binders available meet the standardized requirements, the 

mortar samples specified are unrepresentative of the `real’ mortars used by practitioners, due 

to the type and grading of the aggregate and the workability required by the standard. 

It is believed that there is significant variation in the properties of distinct NHLs in the same 

strength class and that some of the properties can overlap from different classes. In addition, 

some of the mortars produced with these binders can be too strong for conservation purposes. 

This work will review the current classification of a representative range of NHLs in the context 

of their chemical and physical properties in order to establish a relationship between the 

characteristics of the mortar produced with these binders and the inherent properties of the 

binder. In addition, the influence of the curing conditions (temperature and humidity) on the 

performance of the mortars will be studied. 

The data produced by this study will facilitate the use of the most appropriate lime depending 

on the job requirements, leading to a reduction of damage to historic fabric, fewer problems 

and failures, increasing the confidence of the builders in using lime mortars. 

It is also intended to provide a deeper understanding of how the chemical and physical 

properties of the binder affect the hydraulic and carbonation process occurring as the mortar 

matures.  This project has been commissioned by Historic England and the Building Limes 

Forum. 

Members of the Historic England, the Building Limes Forum and other conservators, formed 

a steering group that, by periodic meetings, discussed and analysed the results obtained in the 

project and consulted in the key parts of the research and helped to define the relevant 

requirements for the conservation industry.  The formulations (binder/aggregate ratio, 

workability and type of aggregate) and mixing procedures were initially advised and discussed 

within the committee considering the pertinence for the conservation subject. The experimental 

plan was designed to answer the concerns of conservators and advance the knowledge related 

to the use of NHL binders and the mortars manufactured with them. 
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By comparing a range of NHLs, non-hydraulic lime and pozzolanic lime the performance 

properties of conservation lime mortars will be established, and how this relates to the physical 

and chemical properties of the binders and to the conditions of curing. 

To achieve this, the work includes the following tasks: 

• Establishing the physical and chemical properties of a range of natural hydraulic 

binders. 

• Measuring the compressive and flexural strength, porosity, vapour 

permeability, capillarity, and durability, focussing on frost resistance, of 

mortars at ages up to two years. 

• Measuring the carbonation and hydration characteristics of the mortars made 

with the aforementioned binders. 

• Understanding the effect of curing conditions on the properties of the mortars. 

• Identifying a relationship between the chemical and physical properties of 

binders and the properties and performance of conservation mortars. 

Building on this knowledge, a model will be developed to help predict likely mortar 

performance based on the chemical and physical properties of the binder. With this model it 

will be possible to reduce the reliance on destructive tests over extended periods of time to 

evaluate new and existing binders by analysing the chemical and physical characteristics of the 

mortar’s binder. 

1.6 Layout of the thesis 

This thesis is composed by nine chapters including the Introduction. The following chapter, 

Chapter 2, describes the importance of the carbonation and hydration process in lime-based 

mortars, the influence of the weather, presents the main physical, chemical and mineral 

properties of NHLs found in literature, and the characteristics of conservation mortar, finishing 

with the information collected from the manufacturers of NHLs along with some observations. 

The experimental program is explained in Chapter 3, with the findings about the binders 

described in Chapter 4. The characteristics of the NHL mortars are discussed on Chapter 5, 

followed by a discussion of the blended mortars in Chapter 6. The importance of the hydraulic 

phases for strength development is verified in Chapter 7 together with the model to predict 
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compressive strength of NHL mortars based on the chemical, mineral and physical 

characteristics of the binders. Main conclusions and future recommendations are included in 

Chapter 8. 
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2. Literature review 

2.1 Carbonation and hydration of lime based mortars 

2.1.1 Carbonation 

Carbonation in lime binders is one factor responsible for hardening and increase in strength. It 

also modifies the pore structure of the mortar. Carbonation is controlled by two mechanisms: 

the dissolution of atmospheric CO2 in water resulting in carbonic acid and the subsequent 

reaction of the lime with the carbonic acid (Van Balen and Van Gemert 1994). In an initial 

stage the CO2 reacts with OH ions originating from calcium hydroxide dissolution (Pesce et al. 

2017).  

The process can be detailed in several steps (Henry and Stewart 2011; Lawrence 2006): 

• Diffusion of carbon dioxide in water; 

• Formation of carbonic acid from the CO2 dissolution reducing the pH of the pore water; 

• Dissolution of the calcium hydroxide in pore water; 

• Reaction between the carbonate ions of the carbonic acid and the calcium ions from the 

lime; 

• Precipitation of CaCO3. 

Carbonation is dependent on the diffusion process. High RH can block the pores and since the 

diffusivity of CO2 in water is about 10,000 times slower than in air the process is blocked. 

Similarly, because carbonation occurs in aqueous environment, low RH prevents carbonation 

from happening. The ideal interval for the carbonation is between ~40 and ~80% RH (Van 

Balen and Van Gemert 1994; Van Balen 2005; Lawrence 2006). 

As pointed by Lawrence (2006), the 90% RH cure required by the European Standard for lime 

mortars inhibits the carbonation from happening in the first 7 days. 

Carbonation can be measured by the typical stain test with phenolphthalein. However, as 

demonstrated by the study of lime mortar carbonation introduced by Lawrence (2006) this is a 
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qualitative analysis, therefore being unable to totally evaluate this phenomenon. Other methods 

such as TG analysis and drilling resistance measurement (R.M.H. Lawrence, T. J. Mays, et al. 

2006; R.M.H. Lawrence, T.J. Mays, et al. 2006) Raman spectroscopy, FTIR and energy 

dispersive X-ray (El-Turki et al. 2007) give quantitative and mechanical properties.  

It was reported that the carbonation phenomenon affects the pore structure of the mortars, 

reducing the pores larger than 0.1µm creating conditions for the carbonation of air limes to 

continue for several years (Arandigoyen et al. 2005; Lawrence et al. 2007). 

The morphology of the carbonate is the main factor controlling the strength of the binder and 

not the amount of Ca(OH)2 converted (De Silva et al. 2006). 

R. J. Ball et al. (2011) demonstrated that electrochemical impedance spectroscopy could be 

used to evaluate carbonation and hydration process in lime mortars and Dong et al. (2014) 

presented a novel method based in the same method to measure carbonation depth 

quantitatively. Impedance spectroscopy is a non-destructive test using electrical properties 

interpreted using an equivalent electrical circuit. 

2.1.2 Hydration 

The hydration process in hydraulic lime mortars occurs much faster than carbonation. These 

reactions are dependent on RH, temperature and CO2 concentration (El-Turki, Ball, Carter, et 

al. 2010). 

The hydraulic phases present in the NHLs react with water forming aluminium and silica 

hydrates. These will give a higher strength to the NHL mortars especially in the early days of 

aging. The C3S hydration has been identified as the responsible for strength increment at early 

age and the C2S for long term strength gain (Henry and Stewart 2011; Lanas et al. 2004). 

Although uncertainties about the stoichiometry of the C-S-H formation still remain, the 

hydration of C3S and C2S can be described respectively by Equation 3 and 4 (Ramachandran 

and Feldman 1996). The portlandite produced will be available to carbonate. 

 2[3𝐶𝑎𝑂. 𝑆𝑖𝑂2] + 7𝐻2𝑂 → 3𝐶𝑎𝑂. 2𝑆𝑖𝑂2. 4𝐻2𝑂 + 3𝐶𝑎(𝑂𝐻)2 (Eq. 3) 
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 2[2𝐶𝑎𝑂. 𝑆𝑖𝑂2] + 5𝐻2𝑂 → 3𝐶𝑎𝑂. 2𝑆𝑖𝑂2. 4𝐻2𝑂 + 𝐶𝑎(𝑂𝐻)2 (Eq. 4) 

 

Hydration can be studied using analytical methods such as TG, XRD, DVS and FTIR (Rojas 

and Cabrera 2002; Frías Rojas 2006; Scrivener et al. 2004). 

2.2 Binders 

To understand how the binders influence the characteristics of the mortars produced it is 

important to know their major physical and chemical properties. In this subsection the main 

methods to analyse the binders and results found in literature will be presented. 

2.2.1 Physical characteristics – Surface area, bulk density and particle size 

The EN 459-2 presents several methods to determine the physical characteristics of the binders. 

The surface area of the binder is one of the factors that control to large a degree the rate of 

chemical reactions, and can be related to the reactivity of the materials (Skalny and Hearn 

2001). The physical properties of the lime binders can be determined by gas adsorption. The 

gas can be high purity Nitrogen and the precise weight of the sample is measured in an 

analytical balance. The theory used to obtain the surface area of the samples is commonly the 

BET (Brunauer, Emmet and Teller) method firstly described by Brunauer et al. (1938). 

The method to obtain the bulk density is described in the EN 459-2:2010. This method is not 

always followed in the literature. Compaction of the samples can have a major influence in the 

value obtained for the bulk density, that will influence the volumetric formulations of mortars 

(Arizzi and Cultrone 2012). Particle size distribution (PSD) is commonly measured by laser 

scattering, results can be represented as a plot or by the d(v,x) representing the size of particle 

below which x volumetric fraction of the sample lies. 

The collected data presented in Table 2.1 show the variability of the physical properties from 

different NHL products within the same class. A lack of information about the characteristics 

of the surface and particle size distribution of the lime particles is also identified. 
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Table 2.1 Examples of the physical properties variability present in the literature. 

Reference Designation 
Bulk density  Surface area  

Particle Size 

PSD (µm) Method 
(kg/dm3) Method/Source (m2/g) Method/source d(v,0.5) d(v,0.9) 

(Forster et al. 2014) 

NHL 2 0.55 

manufacturer 

     

NHL 3.5 0.62      

NHL 5 0.75      

(Grilo, Faria, et al. 

2014) 

NHL 3.5 

SECIL 
0.85 

EN 1097-3:1998 

(method for 

aggregates) 

     

(Kalagri et al. 2014) 

NHL 3.5 Z 

Lafarge 
    8.3 26.2 Laser 

dispersion NHL 5 

St. Astier 
    10.2 31.3 

(Marques et al. 2006) 
NHL 5 

Cimpor 
0.6       

(Veiga et al. 2009) 
Slightly hydraulic 

lime 
0.68       

(Hendrickx et al. 2008) 
NHL 5 

(EN 459-1:2001) 
  4.5 BET    

(Grist et al. 2015) 
NHL 5 

France 
  8.0 

BET 

(manufacturer) 
   

(Hanley and Pavía 

2008) 

NHL 2 0.53       

NHL 3.5 0.67       

NHL 5 0.75       
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2.2.2 Chemical and mineral properties of NHL 

2.2.2.1 X-ray diffraction (XRD) 

For the detection of the mineral phases present in the lime binder a non-destructive technique 

such as XRD can be used. The crystalline and semi-crystalline phases can be identified 

exposing the material to an X-ray beam and measuring the angle (2θ) of the diffracted x-ray 

photons resulted from the constructive interference of the crystal lattice. The distance between 

the planes of the crystalline materials can be calculated by using Bragg’s law (Eq. 3). 

𝑛𝜆 = 2𝑑 sin 𝜃 Eq. 3 

Where n is an integer called the order of reflection, λ is the wavelength of the X-rays, d the 

spacing between the crystal planes of atoms and θ is the angle between the incident X-ray beam 

and the normal to the reflecting lattice plane. The distance d, referred as ‘d-spacing’ and angle 

θ is characteristic of a given mineral present in the analysed samples. This analysis involves 

exposing the sample to an X-ray beam at varying angles of (2θ) and measuring the intensity of 

the diffracted photons. Knowing the angle and the wavelength allow the calculation of a series 

of ‘d-spacings’ that can be compared to the databases and the literature for mineral 

identification (Le Bail et al. 2008; Chatterjee 2001). 

XRD is commonly used to identify the mineralogy of binders. The most common phases 

present are portlandite, calcite, belite and alite. The presence of alite is usually related to a 

higher temperature of firing of the limestone.  Limes from different classes usually have 

mineral phases with different intensities (Forster et al. 2014).  

In NHL the main mineralogical phases are calcite, quartz, portlandite, dicalcium silicate, 

tricalcium silicate and periclase depending on the origin of the powder. Air lime is 

mineralogically constituted mainly from portlandite (Lanas et al. 2006). 

In the work of Marques et al. (2006) the raw materials are also characterised by XRD. The 

main phases present in NHL are calcite, portlandite and belite with traces of quartz. The air 

lime used presented portlandite and calcite. 



22 

 

Gulotta et al. (2013) analysed the raw anhydrous materials (4 ready mixes and 2 NHL). One of 

the NHL’s showed the presence of portlandite, larnite, quartz and traces of calcite while the 

other presented calcite, dolomite, quartz and larnite. Larnite is usually identified as belite (C2S). 

The Rietveld method, usually applied to cement, is very promising in quantifying the phases 

present in NHL. Correctly used, it can also be used to obtain a full quantitative phase analysis 

from hydrated limes (Lassinantti Gualtieri et al. 2012; Gualtieri et al. 2006; Scrivener et al. 

2004). Mertens et al. (2007) presented a method for quantitative mineralogical analysis of a 

commercial NHL, a self-burned quicklime and a commercial natural cement. The results from 

the XRD quantification and the thermogravimetric analysis were comparable. This method can 

also be used to measure carbonation rates. 

Cizer et al. (2012) developed a procedure to investigate in real time the carbonation reaction 

studying the reaction rate and also the portlandite and calcite mineral phase modifications. 

Table 2.2 and Table 2.3 presents some results found in the literature related to the XRD phase 

composition of the NHL binders.  Same class binders show different proportions of hydraulic 

reactive phases. This will affect the strength gain and the set of the mortars produced with these 

binders. For the same formulation, binders with higher quantities of the hydraulic reactive 

minerals, belite and alite, will result in a stronger and stiffer mortars. Two binders classified in 

the same class, with significant variability in their mineralogical composition like the different 

NHL 3.5 present in Table 2.2 and Table 2.3, can result in mortars with distinct properties and 

cause unpredictability when manufacturing mortars for conservation. 
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Table 2.2 Phase composition (wt. % where possible) by XRD; *detected; ++++, +++, major; ++, minor; +,low (part 1). 

Reference Designation Source C2S C3S C3A C2AS C4AF CaSO4 Quartz Portlandite Calcite Periclase Amorphous 

(Forster et 

al. 2014) 

NHL 2 

Manufacturer 

17  0.4 0.8 0.4 0.5      

NHL 3.5 35  0.5 1 0.5 0.8      

NHL 5 43  0.7 1.3 0.7 0.7      

NHL 2 

Analysis of 

spectra 

* *     * * *   

NHL 3.5 * *      * *   

NHL 5 * *     * * *   

(Gualtieri et 

al. 2006) 

HL 5 

Quantitative 

9.0 11.6 n.d.  2.2 2.2 4.2 - 46.9  21.3 

NHL 3.5 

grey 
30.1 4.2 n.d.  - - 5.1 19.3 22.8  14.9 

NHL 3.5 

white 
24.1 2.5 1.4  - - 2.8 42.0 16.3  10.1 

(Lanas et al. 

2004) 
HL 5 

Analysis of 

spectra 
* *     * * * *  

(Grilo, 

Santos 

Silva, et al. 

2014) 

NHL 3.5 
Analysis of 

spectra 
* * *    * * *   

(Silva et al. 

2014) 
NHL 5 

Analys of 

spectra 
* *      * *   
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Table 2.3 Phase composition (wt. % where possible) by XRD; *detected; ++++, +++, major; ++, minor; +, low (part 2). 

Reference Designation Source C2S C3S C3A C2AS C4AF CaSO4 Quartz Portlandite Calcite Periclase Amorphous 

              

(Isebaert et 

al. 2016) 
NHL 5 Quantitative 18 13 trace     23 31  <5 

(Santarelli et 

al. 2014) 
NHL 3.5 

Analys of 

spectra 
*       * *   

(Kalagri et 

al. 2014) 

NHL 3.5 Z  +++ +      ++++    

NHL 5  +++  +     +++    

(Maravelaki-

Kalaitzaki et 

al. 2013) 

NHL 3.5 Quantitative 19 12     3.5 40.5 24   

(Mertens et 

al. 2007) 
NHL 2 Quantitative 19.5 n/a 2.3 2.3 1.0 n/a 1.2 42.8 17.8 1.4  



25 

 

2.2.2.2 X-ray fluorescence (XRF) 

The XRF method can be used to obtain the chemical composition, expressed in oxides, of 

cements and lime powders. This technique is based on the fluorescent response of atoms when 

subjected to high energy X-rays. The X-rays emitted by the material in response are 

characteristics of the atom and provides identification of the elements. Most of the elements in 

a sample can be qualitatively and quantitatively analysed (Kalnicky and Singhvi 2001). In 

NHLs the most common oxides present are CaO, MgO, SiO2, Al2O3 and Fe2O3. The balance 

between these oxides is sometimes related to the hydraulicity of the binders. Non-hydraulic 

lime binders usually have a CaO content of more than 90% (Vicat 1997; Holmes and Wingate 

2002; Grilo, Santos Silva, et al. 2014; Lanas et al. 2005; Gameiro et al. 2014). 

Similar to the XRD characterisation, the elemental chemical analysis by XRF, from which 

some examples are presented in Table 2.4 show the variability of the NHLs, resulting from the 

distinct parent limestones.  

Table 2.4 Examples of XRF results (in wt. %) present in literature representing the chemical 

composition of NHL binders. a determined by gravimetric method, b methods from EN-196. 

Reference 

(Grilo, 

Faria, et al. 

2014) 

(Gualtieri et al. 2006) 
(Lanas et 

al. 2004) 

(Mertens et 

al. 2007) 

Designation NHL 3.5 HL 5 
NHL 3.5 

grey 

NHL 3.5 

white 
HL5 NHL 2 

SiO2 5.70 15.6 18.8 12.5 12.57 11.49 

Al2O3 1.84 4.40 2.65 1.36 5.42 2.74 

Fe2O3 1.22 2.32 0.93 0.45 1.16 1.12 

MnO 0.02      

MgO 1.00 1.57 2.31 1.51 7.65 2.22 

Na2O 0.08 0.27 0.15 0.12 0.34 0.17 

K2O 0.49 1.19 0.47 0.20 1.35 0.99 

TiO2 0.14 0.19 0.12 0.06  0.10 

P2O5 0.03     0.10 

SO3 1.00 2.60 a 1.55 a 0.80 a 2.13  

CaO 62.00 49.3 56.1 63.3 54.26 56.12 

LOI 26.00 22.2 16.6 19.3 15.00 24.00 
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2.2.2.3 Other methods not used in this work 

2.2.2.3.1 Thermogravimetric analysis (TGA) 

A substance subject to a thermal treatment can experience physical or chemical changes. In 

thermal analysis (TG) these changes are monitored as a function of temperature. A sample of 

the material in study is continuously heated at a known rate and the mass changes are recorded. 

These mass changes are related to the reactions and material alterations in the samples 

considered (Ramachandran 2001). 

In lime binders, TGA analysis can be used to accurately determine the quantity of calcite and 

calcium carbonate present in the samples. Also, the hydraulic components can be measured 

(R.M.H. Lawrence, T. J. Mays, et al. 2006). 

Ball et al. (2011) described the behaviour of a hydraulic lime when submitted to 

thermogravimetric analysis. Weight losses from 70-350 °C are related to absorbed water loss 

at the lowest temperatures and dehydroxilation of aluminium and silica containing hydraulic 

components. The portlandite thermal breakdown occurs from 350 to 550 °C where calcium 

hydroxide decomposes to CaO (s) and H2O (g). The calcium carbonate starts losing the 

chemically bound CO2 (g) from 650 °C to 750 °C resulting in CaO (s). 

2.2.2.3.2 Fourier transform infrared spectroscopy (FTIR) 

Infrared spectroscopy (IR) is used in the determination of the molecular structure, identification 

and qualitative/quantitative analysis of chemical species. This technique is based on the 

absorption spectroscopy of a given molecule resulting in a spectrum characteristic of the 

chemical species (Ghosh 2001). 

FTIR has been used in the cement industry to identity minerals from raw materials. Some of 

the spectra from these minerals can overlap making the technique complex. The hydration and 

carbonation of the binders can also be analysed using this method and the spectral details of 

the hydrates are described in the literature (Ghosh 2001; Gulotta et al. 2013). 
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2.2.2.3.3 Dynamic Vapour Sorption (DVS) 

Water vapour isotherms are a graphic representation of the water mass present in porous 

materials against the relative humidity (RH) of the environment when equilibrium is reached. 

The analysis of the sample is carried in a climate incubator where the mass variation of the 

samples is measured by means of a microbalance. This mass varies depending on the controlled 

RH within the chamber. The temperature can be also controlled. 

With the use of isotherms, it is possible to characterise the hardened materials in terms of bulk 

porosity, hydration products, surface area and pore distribution (Wu et al. 2014; Baroghel-

Bouny 2007). 

2.3 Mortar properties in literature 

2.3.1 Expected properties 

The development of mortars for conservation should consider the chemical and physical 

compatibility requirements, not only from the historic mortar but also from the other elements 

present in the building. In Table 2.5 for chemical compatibility and Table 2.6 for microstructure 

compatibility Apostolopoulou et al. (2018) summarises the work from Moropoulou et al. 

(2003) and (1998) relating the type of restoration mortar and their desirable properties. These 

represent the final properties of the mortars, and information is lacking as to when these 

properties should be measured, and the requirements for binders are not referenced. The 

microstructural properties will define the behaviour of the mortar in the presence of water, 

thereby influencing the durability of the mortar and the surrounding historic fabric.  



28 

 

Table 2.5 Range of acceptability limits for different types of restoration mortars connected to 

thermal analysis results (TG/DTA; (%) refers to mass loss in relation to the total sample mass 

(mg/mg); inverse hydraulicity ratio: hydraulic water content (%)/CO2 content (%) 

(Apostolopoulou et al. 2018). 

Restoration 

mortar type 

Mass loss % 

(mg/mg) 

attributed to loss 

of hygroscopic 

water 

Η2Οph.w. content 

(%) 

Mass loss % 

(mg/mg) 

attributed to loss 

of hydraulic 

water 

Η2Οch.w. content 

(%) 

Mass loss % 

(mg/mg) due to 

decarbonation 

CO2 content (%) 

Inverse 

hydraulicity ratio 

CO2/Η2Οch.w. 

Lime 
<1 2 – 4 >30 >8.5 

Crushed brick-

lime 

1.5 – 4.5 2.3 – 5.3 <20 3.2 – 6.5 

Hot lime 
0.7 – 1.5 2 – 4.6 >25 1.8 – 6.1 

Hydraulic 
1 – 2.5 4 – 7.2 <25 1.3 – 5.1 

Lime-pozzolan 
2 – 4 3.3 – 5.4 <22 1.3 – 5.1 

Rubble masonry 
- 5.6 – 5.9 <30 3.36 – 5.13 

 

Table 2.6  Range of acceptability limits for different types of restoration mortars through 

mercury intrusion porosimetry (MIP) results (Apostolopoulou et al. 2018). 

Restoration 

mortar type 

Cumulative 

volume 

(mm3/g) 

Apparent 

density 

(kg/dm3) 

Average pore 

radius (μm) 

Specific 

surface area 

(m2/g) 

Total porosity 

(%) 

Lime 
170 – 320 1 – 1.8 0.8 – 3.3 1.3 – 3.3 30 – 45 

Crushed 

brick-lime 

170 – 290 1.5 – 1.9 0.1 – 0.8 3.5 – 15 32 – 43 

Hot lime 
110 – 180 1.7 – 1.9 0.3 – 0.8 2.5 – 4.7 20 – 30 

Hydraulic 
90 – 230 1.7 – 2.1 0.1 – 3.5 2.5 – 13.5 18 – 40 

Lime-

pozzolan 

160 – 265 1.6 – 1.9 0.1 – 1.5 3 – 14 30 – 42 

Rubble 

masonry 

117 – 220 1.8 – 2.1 0.2 – 20.6 1.2 – 4.7 25 – 39 

2.3.2 Typical methods to measure mortar properties and resulting characteristics 

2.3.2.1 Fresh State 

The rheology of the mortars defines the workability and has a strong influence on the final 

mechanical performance of mortars.  
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The spread of the mortar is usually measured by flow table following the procedure described 

in the standard EN 1015-3:1999 (CEN 1999b). 

Workability is dependent on the binder, the aggregate, the binder/aggregate ratio, the kneading 

water and the presence of admixtures such as superplasticizer, air-entraining and water-

retaining agent (Seabra et al. 2009; Seabra et al. 2007; Hendrickx et al. 2008). 

2.3.2.2 Mechanical properties 

Mechanical properties of a mortar depend on the several factors: binder type, binder/aggregate 

ratio, aggregate type (mineral composition and shape), water/binder ratio and the curing 

conditions. 

The water/binder ratio will have an important influence in the pore structure of the mortar. 

Usually a larger porous network is characteristic of lower mechanical strength. In the case of 

lime binders, bigger pores can favour carbonation, therefore improving the mechanical 

strength. 

General results from the literature for compressive strength of NHL mortars shows 

compressive strength results for 28 days lower than the EN 459-1 classification of the binder 

(Grilo, Santos Silva, et al. 2014; Lanas et al. 2004). Using the classification as a sole method 

to select a binder for restoration mortars can then be questioned. Mechanical tests are usually 

done following the EN 1015-11:1999. 

2.3.2.3 Porosity, apparent density, permeability and capillary water absorption 

The apparent density can be obtained from geometric methods of the prismatic samples with 

well-known dimensions and also from saturation method that can also be used to obtain the 

open porosity (Marques et al. 2006). 

Water movement and evaporation are highly influenced by the mortar microstructure. Natural 

hydraulic lime as a repair mortar can lead to a similar porous structure to the stone or old 

mortars (Maravelaki-Kalaitzaki et al. 2005). 
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Lawrence et al. (2007) and Vejmelková et al. (2012) studied the pore structure by means of 

mercury intrusion porosimetry (MIP) comparing these results with SEM images and other 

porosity methods. 

According to Faria et al. (2008) there is a good correlation between the porous structure and 

the capillary water absorption in lime mortars. Arandigoyen et al. (2005) concluded that there 

is a connection between the capillarity coefficient and the water/lime (W/L) ratio, resulting in 

pastes with higher W/L ratios up taking more water. 

According to Stefanidou (2010) there are adequate techniques to measure porosity of lime 

based mortars such as microscopy (stereo binocular microscopy, petrographic microscopy and 

scanning electron microscopy), method based on natural absorption (usually distilled water), 

nitrogen adsorption/desorption and mercury intrusion porosimetry (MIP). To get the most 

comprehensive overview of the mortar structure the ideal is to combine multiple techniques. 

MIP can be misleading for materials with low compressive strengths because the technique can 

crush pore walls, or give data not totally corresponding with the real pore structure, but it is 

still a common technique for porosity analysis and useful if a consistent method is applied to a 

series of samples (Bochen 2015; Moropoulou et al. 2003; Lawrence et al. 2007; Arizzi et al. 

2012; Diamond 2000; Diamond 2001).  

In lime based mortars, the most important factor to control the porosity is the water/binder ratio 

(Papayianni and Stefanidou 2006).  

Knowing the porous distribution, using image techniques, makes it possible to model moisture 

distribution (Philippi and Souza 1995). 

Permeability can be measured using discs of 105mm diameter and 20mm thickness on top of 

a water container (Vejmelková et al. 2012). 

The coefficient for water capillarity in mortars is obtained using the BS EN 1015-18:2002 

reflecting the capacity of the mortar to absorb water and is related to the pore structure.  

Water rising by capillary is one of the major causes of decay for masonry materials, such as 

stone. Water can transport soluble salts and facilitate their crystallization in the surface and 

sub-surface regions. In addition to this, damp conditions can promote the growth of algae, fungi 

and bacteria leading to problems related to biological organisms. Capillarity can be described 
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by the upwards movement of water through the pores of the material. In practice this process 

is influenced by the pore structure, rate of evaporation and surface tension between the liquid 

phase (water) and solid phase (mortar).  In simple terms the process can be described by 

equation (Eq. 4) which shows that the height reached is inversely proportional to the pore radius 

(Alfano et al. 2006; Karagiannis et al. 2016). 

. 

ℎ =
2𝜎 cos 𝜃

𝜌𝑔𝑟
     (Eq 4) 

 

where r is the mean radius of the capillary pore, σ the surface tension of the liquid, θ the liquid 

contact angle, ρ the liquid density and g the acceleration due to gravity. 

The capillary pore radius definition, although controversial amongst researchers, is accepted to 

be between 10 nm and 10 μm. Karagiannis et al. (2016) also present the classification of pores 

based on the their diameter comparing the IUPAC (International Union of Pure and Applied 

Chemistry) definition and other researchers (Table 2.7). 

Table 2.7. Capillary pore size based on their diameter. Adapted from Karagiannis et al.  

(2016) . 

IUPAC (Sing et al. 1985) 
(Mehta and Monteiro 2006) (Mindess et al. 2003) 

Name 
Size range Pore type Size range Name Size range 

Micropores 
up to 2 nm Interparticle 

space between 

C-S-H sheets 

1-3 nm Micropores 

“inter layer” 
Up to 0.5 nm 

Micropores 0.5 – 2.5 nm 

Mesopores 
2-50 nm Capillary 

pores (low 

w/c) 

10 – 50 nm Small (gel) 

capillaries 
2.5 – 10 nm 

Capillary 

pores (high 

w/c) 

3 – 5 μm Medium 

capillaries 
10 – 50 nm 

Macropores 
>50 nm Entrained 

voids 

50 μm – 1 

mm 

Large 

capillaries 

50 nm – 10 

μm 

Entrained air 0.1 – 1 mm 

The finer pore structure of denser materials is usually more susceptible to the absorption of 

more water than a less dense, mortar with larger pores. The bigger pore structure favours the 
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release of water to the atmosphere, leading to a less damp material (Arandigoyen et al. 2005; 

Henry and Stewart 2011). 

2.3.2.4 Durability characteristics 

The work presented by Pavía and Treacy (2006) suggests that “fat lime” mortars are more 

durable in damp and slightly exposed conditions and more resistant to disintegration than 

feebly-hydraulic lime mortars. 

Pollution can play a very important role in mortar’s durability. Diesel particulate matter is 

presented as one of the origins of deleterious salts in dolomitic and calcitic lime mortars that 

can augment the risk in using these mortars for conservation interventions (Cultrone et al. 

2008). 

Freeze-thaw (F-T) cycles are important to evaluate the behaviour of mortars in extreme weather 

conditions. Lanas et al. (2005) showed that hydraulic lime based mortars are more resistant to 

F-T than air lime mortars. Although an increase in mechanical strength in air and hydraulic 

lime mortars is generally associated with lower F-T resistance, samples prepared by Botas et 

al. (2010) show that higher mechanical strength prevailed over the pore structure 

characteristics. 

The F-T test prepared by Vejmelková et al. (2012) consisted in 15 cycles of freezing 

in -20 ± 3 °C  for 4 hours and thawing for 2 h in +20 °C water. This cycle is not appropriate 

for the analysis of real freezing conditions for the most common uses of mortar for restoration. 

Most of the current conservation low strength mortars will fail in those conditions.  

The BS EN 12371:2010 is a standard for natural stone, since the conservation mortar is used 

frequently for stone repair, this test procedure can be used as support for the development of a 

test for mortar.  

2.3.2.5 Comparison between NHL mortars 

The data found on the literature concerning NHL mortars manufactured makes the comparative 

analysis between NHL binders difficult. Table 2.8 presents mechanical and microstructural 

properties of a selection of NHL mortar studies manufactured with quartz based sand, or 

comparing quartz based sand with other types of aggregates. The final properties of the mortars 
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will depend on the type of binder, nature of the aggregates, binder/aggregate and water/binder 

ratio, curing conditions and on other factors such as mixing regime and moulds used. This is 

also shown on Lanas et al. (2004) where a single hydraulic lime binder showed distinct 

mechanical properties depending on the binder/aggregate ratio and the aggregate properties. A 

higher binder proportion and/or more calcitic aggregates will result in a stronger mortar. There 

is also a lack of understanding of the long-term properties of these mortars with most of the 

studies presenting compressive strength values at periods shorter than 360 days. Curing the 

mortars in conditions over 90 % RH will favour the rate of hydraulic reactions and accelerate 

the strength gains. Higher water/binder ratios for the same aggregate, binder and 

binder/aggregate proportion produce mortars with higher porosity therefore having an impact 

on the strength of the mortar and its behaviour in the presence of water. The various studies 

use distinct aggregates, different mix binder:aggregate ratios and various curing regimes which 

make it difficult to make a direct comparison between binders, either from the same or a 

different classification. 
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Table 2.8. Mix parameters, compressive strength and microstructure characteristics of NHL mortars found in literature. * - approximately, ** - 

hydrostatic; CSX - compressive strength at defined age in days; w/w – weight/weight; standard aggregates refer to the EN 196-1/EN 459-2 

prescribed aggregate 0-2 mm. 
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(Gulotta et al. 2013; 

Gulotta et al. 2015) 

NHL 

3.5 
Standard 

1:3 

(w/w) 

  

20 °C – 90 % RH 

3.4* 

 
 4.70     22.59 0.27 

NHL 

5 
  5.5*  7.38     21.42 0.20 

(Kalagri et al. 2014) 

 

NHL 

5 

Fine siliceous 

sand m2 

1:2.3 

(w/w) 

0.61 

160 

 
20 °C – 90 % RH 

3.8*   4.5*  8.2*  29.5 0.06 

Medium river 

sand m1 
0.55 4.2*   6.5*  12*  25.1 0.04 

Course river sand 

and gravel m3 
0.49 6.5*   8.5*  14.2*  23.7 0.04 

(Costigan et al. 2015) 

NHL 

2 

Siliceous sand 
1:3 

(w/w) 

 

165 – 

170 
20 °C – 95 % 

1.9 2.3   2.6  2.7   

NHL 

3.5 
 3.9 5.2   8.9  10.0   

NHL 

5 
 3.9 6.3   11.9  13.3   
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(Grilo, Santos Silva, et 

al. 2014; Grilo, Faria, 

et al. 2014) 

 

NHL 

3.5 

Siliceous river 

sand 

1:5 

(w/w) 
1.1 152 

20 °C – initial 7 

days 95 % RH 

after 65 % RH 

1*   1.2* 1.1*   

27.9 

(28 

days) 

25.7 

(180 

days) 

** 

 

20 °C – 95 % RH 1.5*   2.2* 2.5*   

28.6 

(28 

days) 

25.9 

(180 

days) 

** 

 

Marine 1.1*   2.5* 2.5*   

28.1 

(28 

days) 

25.1 

(180 

days) 

** 

 

(Silva et al. 2014) 
NHL 

5 
Siliceous sand 

1:4.5 

(w/w) 
0.82 165 20 °C – 95 % RH 3.6       24  



36 

 

R
ef

er
en

ce
 

B
in

d
er

 

A
g

g
re

g
at

e 

M
ix

 R
at

io
 

B
in

d
er

:a
g

g
re

g
at

e 

W
at

er
/b

in
d

er
 

S
p

re
ad

 (
m

m
) 

C
u

re
 

C
S

2
8

 

C
S

5
6

 

C
S

6
0

 

C
S

9
0

 

C
S

1
8

0
 

C
S

2
7

0
 

C
S

3
6

0
 

P
o

ro
si

ty
 b

y
 M

IP
 (

%
) 

M
ed

ia
n

 p
o

re
 r

ad
iu

s 
(µ

m
) 

(Silva et al. 2015) 
NHL 

5 
Siliceous sand 

1:8 

(w/w) 
1.35 

165 20 °C – 95 % RH 

1*       24  

1:4.5 

(w/w) 
0.82 3.6       23.5  

(Moropoulou et al. 

2005) 

NHL 

2 

Sand + crushed 

brick 

1:2.3 

(w/w) 
  

20 °C – 90 % RH 

initial 2 days after 

50 % RH 

3.05   3.25 2.53  

3.02 

(450 

days) 

  

(Winnefeld and Böttger 

2006) 

NHL 

2 
Standard 

1:5 

(w:w) 
0.88 140 

20 °C – 95 % RH 

initial 7 days after 

65 % RH 

9.1       25.29 0.44 

NHL 

5 
10.1       25.25 0.41 

(Pavía and Toomey 

2008) 

NHL 

2 

Natural quartz 

sand 

1:3 

(w/w) 

 

 

165 

 

17 –  20 °C – 95 

% RH initial 2 

days after 60 % 

RH 

Saturated for 5 

days before test 

 1.2*      33*  

NHL 

2 
Natural sandstone   1.4*      31.5*  

NHL 

2 

Manufactured 

limestone 
  0.9*      32*  

NHL 

2 
Natural granite   0.7*      34*  
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2.4 Blended cement-lime and lime-MK mortars 

Mortars formulated with various proportions of cement-lime and lime-MK have been studied 

and used for conservation works. As reported in the previous chapter, the cement present in 

mortars can induce the presence of harmful salts and therefore must be used in low quantities. 

Arandigoyen and Alvarez (2007) studied the pore structure and mechanical properties of 

several mortars prepared with calcitic aggregates and various proportions of cement-lime 

binders. These were cured in 60 ± 10 % RH 20 ± 5 °C and tested for mechanical properties 

from early ages until 365 days. The flexural strength (Rf), compressive strength (Rc) and total 

porosity are presented in Table 2.9. The maximum pore size from the resulting mortars was 

measured as being less than 1µm. After 28 days the strength of several of the analysed mortars 

decreased. This was attributed to microcracks resulting from shrinkage or due to the expansion 

of calcite crystals resulting from the process of portlandite carbonation. The total porosity of 

the distinct formulation was similar with the difference being in pore size distribution. It was 

observed that lime-rich mortars due to their plastic zone under load can absorb more 

deformation before failure, despite their lower strength. Cement-rich mortars show more 

rigidity and can put the material under strain, resulting in cracks and eventually failure of these 

materials. It was concluded that lime-rich mortars present great potential for restoration works 

due to their flexibility resulting in a higher ability to accommodate building movements. 
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Table 2.9 Cement-lime mortars with different formulations. Total porosity measured by water 

saturation test and hydrostatic balance (Arandigoyen and Alvarez 2007). 

Cement:Lime:Aggregate 

(volumetric formulation) 

Strength (MPa) Total 

porosity 

(%) 
28 days 91 days 365 days 

Rf Rc Rf Rc Rf Rc 

0:1:2 
0.8 1.7 0.9 2.9 1.1 2.6 23.06 

0:1:3 
0.8 2.0 0.9 3.1 1.0 2.5 20.87 

0:1:4 
0.6 1.8 0.8 2.1 0.8 2.0 20.41 

1:8:18 
1.3 4.1 1.0 4.5 1.7 5.2 22.14 

1:8:27 
1.0 3.0 1.0 3.1 1.1 3.1 20.57 

1:8:36 
1.1 1.8 0.5 1.9 1,1 2.0 19.16 

1:4:10 
0.8 1.9 0.7 2.6 1.8 2.6 22.44 

1:4:15 
0.6 1.7 0.6 2.0 0.7 2.0 21.41 

1:4:20 
0.7 1.8 0.6 1.9 0.6 2.0 21.03 

1:2:6 
2.1 8.4 1.9 8.2 2.8 10.7 22.59 

1:2:9 
1.9 5.1 1.4 5.1 1.8 5.8 21.37 

1:2:12 
1.5 3.9 1.1 4.0 1.0 4.2 21.46 

1:1:4 
3.5 15.3 3.0 15 5.0 19.2 22.39 

1:1:6 
2.7 11.2 2.9 11.0 3.66 11.9 21.62 

1:1:8 
1.7 6.4 1.8 5.8 1.8 5.8 21.47 

2:1:6 
3.9 21.5 4.1 21.0 5.9 26.0 21.86 

2:1:9 
3.0 14.2 3.1 13.4 4.4 16.0 21.45 

2:1:12 
2.3 9.6 2.5 9.4 2.9 10.7 21.17 

1:0:2 
4.2 27.3 4.2 25.3 7.4 30.5 20.91 

1:0:3 
3.6 19.0 3.9 17.9 5.4 21.0 20.62 

1:0:4 
3.1 13.9 3.0 13.4 3.8 14.8 20.49 

For conservation works on high strength masonry, such as granite, the mortars used in 

restoration can be cement based without lime as shown by Mosquera et al. (2002) and presented 

in Table 2.10. These mortars were cured for 28 days under damp conditions. The most adequate 

mortar for granite repair was chosen to be 1:0:9 for its similar strength to the cement-lime mix 

while having less free calcium. As a disadvantage they point out the lower vapour permeability 

of the selected mortar which was related to smaller mean pore radii. 
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Table 2.10 Ordinary Portland cement based mortars for granite repair. a admixture b 

commercially available product with admixtures. (Mosquera et al. 2002). 

Cement:Lime:Sand 

(volumetric formulation) 

Rc (MPa) Porosity (%) 

1:0:3 
37.0 16.68 

1:0:6a 
9.5 18.34 

1:0:9 a 
5.2 24.60 

1:1:6 
1.6 24.21 

1:0:6b 
12.0 32.84 

Although suitable for high strength materials, cement mortars should be avoided for the 

restoration of more delicate materials in the pursuit of compatibility and durability as shown 

by Veiga et al. (2009) when selecting mortars for the replacement of the render in an old fortress 

near Lisbon. Amongst different types of pozzolans and cement-lime binders, a mortar with 

lime-MK was selected based on the aesthetic appearance and the resistance of the mortars to 

the external stresses. The lime-MK mortars show lower quantities of chlorides compared to the 

white cement-lime mortars. The mortar manufactured using cement is significantly stiffer 

compared to the MK formulated mortars, presenting also a higher compressive strength, 

flexural strength and capillarity coefficient Table 2.11.  

Table 2.11. Lime-cement and lime-MK at 90 days of ageing (Veiga et al. 2009). 

Mix design Flow (mm) Rc (MPa) Rf (MPa) 

Capillarity 

coefficient 

(kg/m2 

min0.5) 

Modulus of 

elasticity 

(MPa) 

Lime:white cement:sand 

1:2:9 (at 28 days) 
114 2.9 0.8 1.84 4770 

Lime:MK:sand 

1:0.5:2.5 
132 1.3 0.4 1.62 2960 

Lime:MK:sand 1:1:4 130 0.7 0.2 1.55 2130 
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The use of MK also affects the strength of the mortars and their porosity (Table 2.12). The 

mean pore radius diminishes with the increase in MK content, despite the total porosity of the 

mortar being similar for later ages. Higher contents of MK result in higher strength, 

notwithstanding for higher contents of MK the compressive strength reduces after 3 months. 

This was suggested to be related to microcracking (Aggelakopoulou et al. 2011) but appears to 

be also related to the evolution of the porosity with the aging of the mortars, with the reduction 

in strength corresponding to an increase in porosity. 

Table 2.12. Lime-MK with 70 % sand. Mortar consistence of 15.7-15.8 cm by the EN 1015-3 

cured for the first 3 days in 95 ± 5 % RH at 20 ± 2 °C and 60 ± 5 % RH at 20 ± 2 °C until the 

testing date. W/(L+MK) – Water/(Lime+MK). (Aggelakopoulou et al. 2011). 

Mix design  
Age (months) 

1 3 6 12 

15 % L + 15 % MK 

W/(L+MK) = 0.96 

Rc (MPa) 14.3 16.2 11.2 9.0 

Pore radius 

(µm) 

0.03 0.02 0.03 0.03 

Total 

porosity (%) 

28.23 26.98 33.98 36.22 

20 % L + 10 % MK 

W/(L+MK) = 0.92 

Rc (MPa) 12.0 14.5 11.6 7.8 

Pore radius 

(µm) 

0.04 0.05 0.03 0.04 

Total 

porosity (%) 

31.13 29.71 34.34 37.46 

25 % L + 5 % MK 

W/(L+MK) = 0.81 

Rc (MPa) 7.8 8.0 8.1 5.9 

Pore radius 

(µm) 

0.24 0.25 0.25 0.27 

Total 

porosity (%) 

31.17 33.37 34.58 34.47 

27.5 % L + 2.5 % MK 

W/(L+MK) = 0.79 

Rc (MPa) 3.3 4.6 4.7 3.9 

Pore radius 

(µm) 

0.31 0.31 0.30 0.31 

Total 

porosity (%) 

34.10 35.11 35.76 35.25 

Similar observations made by Gameiro et al. (2014) included a decrease in the strength  

observed for some formulations. Higher binder:aggregate ratios resulted in stronger mortars, 

but more considerably, the replacement of lime with MK had a higher impact in the final 

strength of the mortars. The reduction in strength was related to the appearance of microcracks 

and to the calcium aluminate hydrate instability in the presence of free lime. After the lime has 
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been consumed by the pozzolanic reaction or by carbonation, this instability is expected to 

disappear.   

Table 2.13. Lime-MK with different volumetric formulations (Gameiro et al. 2014) 

Binder:aggregate 

(volume) 

MK 

(wt. % 

of 

binder) 

Water/binder 

(wt.) 

Flow 

(mm) 

Strength (MPa) 

28 days 90 days 

Rc Rf Rc Rf 

1:1 

0 1.1 134 0.5 0.3 0.5 0.4 

30  140 6.9 2.1 5.5 1.3 

50 1.2 138 13.4 1.8 15.3 2.6 

1:2 

0 1.7 129 0.3 0.2 0.6 0.4 

30 1.8 143 3.0 0.7 3.6 0.6 

50  138 6.3 1.1 7.0 1.1 

1:3 

0 2.5 143 0.1 0.1 0.4 0.2 

30  139 1.2 0.6 0.8 0.1 

50 2.6 144 2.9 1.1 1.9 0.6 

In addition to the proportion of MK, its composition also influences the final properties of 

mortars. Andrejkovičová et al. (2014) studied two types of MK, metakaolin 1 (MK1) not 

completely calcined, showing the presence of kaolinite, quartz and feldspar and metakaolin 2 

(MK2) showing the presence of illite and anatase and quartz Table 2.14. The differences are 

particularly apparent in the flexural strength and the modulus of elasticity, which are important 

characteristics, allowing the mortars to accommodate movements without causing damage. 

Table 2.14. Lime-MK with different MK types. Binder:aggregate ratio of 1:3 with 20 wt. of  

MK lime replacement, Workability by flow table around 130-140 mm. (Andrejkovičová et al. 

2014) 

MK type 
 28 days 90 days 180 days 

MK1 

Rc (MPa) 0.36 0.64 0.52 

Rf (MPa) 0.24 0.34 0.28 

Elasticity Modulus (GPa) 2.73 3.68 3.55 

MK2 

Rc (MPa) 0.43 0.53 0.50 

Rf (MPa) 0.15 0.16 0.17 

Elasticity Modulus (GPa) 2.93 3.73 4.04 
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The effect of different types of MK is distinctively shown in the study by Velosa et al.  (2009) 

where three types of MK formulated mortars are analysed parallel to air lime and cement 

mortars Table 2.15. MK3 mortar presented twice the flexural strength as MK1 and more than 

three times the compressive strength. Also, the stiffness of MK3 mortar was significantly 

higher when compared to MK1 and MK2. These results are related to the different pozzolanic 

reactivities of the distinct types of MK studied. In addition, this study also shows the higher 

flexural and compressive strength, and higher rigidity of cement mortars.  

Table 2.15. Lime, cement and Lime-MK mortars with different MK types. Binder:aggregate 

ratio of 1:3 for the lime and cement mortars. Lime:MK:aggregate of 1:0.5:2.5 for the MK 

formulations.. Workability by flow table around 130 mm. (Velosa et al. 2009)  

Mortar type 
 28 days 90 days 

Lime 

Rc (MPa) 0.50 0.84 

Rf (MPa) 0.27 0.26 

Elasticity Modulus (GPa) 2.04 2.33 

Cement 

Rc (MPa) 3.12 3.42 

Rf (MPa) 0.90 0.90 

Elasticity Modulus (GPa) 5.54 6.59 

MK1 

Rc (MPa) 0.73 0.73 

Rf (MPa) 0.30 0.23 

Elasticity Modulus (GPa) 2.88 2.97 

MK2 

Rc (MPa) 2.65 1.84 

Rf (MPa) 0.43 0.41 

Elasticity Modulus (GPa) 3.28 2.49 

MK3 

Rc (MPa) 2.36 2.36 

Rf (MPa) 0.69 0.83 

Elasticity Modulus (GPa) - 4.98 

2.5 Weather influence on curing 

Lanas et al. (2006) tested a Hydraulic Lime (HL 5) and air lime mortars cured and exposed to 

different conditions. These mortars were exposed to: 

• Outside conditions, temperatures between 5 and 15 °C and RH from 70 to 90 %;  
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• Climate chamber conditions, simulating in few days the conditions suffered by the 

mortars in one year; 

• SO2 chamber; 

• Freezer for freeze thaw tests; 

• Controlled laboratory conditions (RH 60 ± 10 % and T of 20 ± 5 °C). 

It was found that the RH of the exposure conditions strongly influences the flexural strength. 

Higher RH, favouring the carbonation and the hydraulic reaction process, leads to an increase 

of compressive strength for both the air lime and NHL mortars. In laboratory conditions, air 

lime required more time to improve strength. The mechanical properties were related to the 

porosity, where the NHL mortars with less porosity showed higher strength. In freeze thaw 

conditions the performance of hydraulic binder was superior to the air lime. SO2 exposure 

diminishes the strength of air lime mortars due to gypsum formation compared to the increased 

strength in HL mortars. This study is limited to a HL from class 5, therefore is lacking in 

analysis for different classes of NHL. 

Hydraulic lime mortars cured in different temperatures can achieve distinct strengths. The 

Foresight project analysed NHL mortars cured at different temperatures (5, 10, 15, 20 and 

30 °C) for the first 28 days. Differences in strength are larger for short term, whilst over the 

long-term values tend to be closer. The highest strength was achieved for 15 °C (Allen et al. 

2003). 

Rojas & Cabrera (2002) analysed the curing temperature effect on the hydration rate of a 

lime-MK mixture.  It was concluded that the temperature influences the kinetics of the 

formation of hydrated phases and sequence of formation. The reactivity of lime was greatly 

influenced by the curing temperature after 9 days, from 82 % of reacted lime at 60 °C to 18 % 

at 20 °C. The quantification of the phases was obtained from TG/DTA tests. Only one lime-MK 

ratio of 1:1 by weight was analysed in this work. 

The RH influences carbonation rate, as showed by El-Turki et al. (2007) where a NHL 3.5 

mortar was carbonated under distinct RH. For 95 % of RH the rate of carbonation was 

0.97 mg/day almost doubling the 0.50 mg/day for 65 % of RH. 
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In a related study (El-Turki, Ball, Holmes, et al. 2010), of air lime and NHL 2, 3.5 and 5 mortars 

that were subjected to wetting and drying cycles.  Compared to control specimens increases in 

compressive strength were observed.  This was attributed to an increased carbonation rate, 

however this effect was only observed in fresh specimens and not in a mature NHL 3.5 

specimen which has been aged for 13 months. This process of wetting and drying stimulated 

the growth of portlandite crystals on the sample surface.  

Grilo et al. (2014) studied the influence of different curing conditions: marine, humid and 

standard. Humid conditions lead to higher strength characteristics. A related work from the 

same author, using a NHL 3.5, showed that humid conditions promoted a decrease in the main 

pore sizes and in capillarity coefficient. 

Henry & Stewart (2011) refer the differences to the frost resistance of a NHL 3.5 mortar. At 

20 °C and 90 % RH this mortar achieves the resistance after about 90 days of curing while at 

10 °C the same resistance will only be achieved at about 135 days. Below 5 °C no hydraulic 

reactions occur. Mortars applied at the end of autumn will have difficulty in gaining sufficient 

strength to resist freezing conditions. 

2.6 Information from manufacturers 

The most easily accessible information about the binders is provided by the manufacturer in 

the technical data available on their website, that is also commonly is replicated on their 

leaflets. During the study of the different binders involved in this work, the information 

presented by the manufacturers and/or suppliers was compiled. Some of the information 

confirmed that the binders change over time, while other data was identified as being carried 

on from older tests. The information was acquired in the middle of 2014 and the end of 2016. 

The origins of the binders analysed are produced in France, Germany and Portugal. 

Table 2.16 reflects the data available from supplier Roundtower manufactured by Socli in 

France. The nomenclature on the table is as presented by the supplier and tests carried out 

according to the EN 459 standard (Roundtower n.d.). 

It is clearly shown, highlighted in yellow, that the binders change over time, the compressive 

strength at 28 days from the NHL 2 from the old data set changes from 3.3 to 5.4 MPa in the 
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more recent data set, also the physical properties of the binders show some relevant variations. 

This binder, by the standard classification, produces a stronger mortar than both NHL 3.5 

binders, and similar to the previous strength of the NHL 3.5 and NHL 5. The values highlighted 

in green are from a supplementary document available on the same webpage called “Technical 

information”, where the materials are characterised for health and safety, showing a variation 

in the bulk density of the binders. 

The values highlighted in orange from the mineralogical properties of the binder are unlikely 

to occur and the supplier justifies stating that ‘no cement is added to the binder’. C3S has been 

shown to be detected in NHL by studies on other binders (Lanas et al. 2004; Lopez-Arce et al. 

2016; Forster et al. 2014). The values highlighted in blue show an unrealistic constancy from 

the old and new data and appear to be values repeated from one data set to other data set, 

particularly when considering the variability of the free lime. The Free Lime value from the 

NHL 3.5 grey in the old data set would not permit the lime to be classified as NHL 3.5 (NHL 

3.5 by the EN 459-1:2010 requires > 25 % of Ca(OH)2 available), although in lesser degree, 

the NHL 2 free lime content is in the old data set is also less than the 35 % required by the 

classification. 
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Table 2.16 Roundtower information as presented in their website- comparison between the old 

(2014) and new data (2016). Yellow highlight for large differences, blue highlight for 

inconsistent similarities and orange highlights for improbable values. The red highlight refers 

to values not complying with the standard. 

 
NHL2 NHL3.5 white NHL3.5 grey NHL5 

 
old new old new old new old new 

fineness to 90 µm (%) 
4.5 1.1 4.1 0.5 7 4.8 7.2 5.4 

fineness to 200 µm (%) 
1.0 0.2 1.5 0.0 1.0 0.6 1.5 0.7 

expansion (soundness) 

(mm) 

0.0 0.2 0.2 0.5 0.5 1.1 0.1 1.2 

Binder bulk density 

(kg/dm3) 

0.649 0.597 0.612 0.594 0.779 0.816 0.636 0.861 

Binder bulk density 

(kg/dm3) * 

0.576 0.754 0.590 0.770 

Real density (kg/dm3) 
2.4 2.75 2.56 2.64 2.64 2.71 2.61 2.75 

Plasticity/blaine (cm2/g) 
13200 7610 9445 10250 7119 8436 10099 7979 

Mechanical Properties 

        

Setting times (min) 
600 585 216 437 149 153 186 138 

Compressive strength 7 days 

(MPa) 

0.90 
 

2.21 
 

1.70 
 

2.18 2.49 

Compressive strength 28 

days (MPa) 

3.30 5.42 5.87 4.90 5.40 4.61 5.79 6.06 

Penetration test (mm) 
36.5 

 
34.2 

 
29.9 

 
28.6 

 

Chemical properties 

        

SO3 (%) 
1.2 1.25 1.99 1.11 1.53 1.19 2.13 1.28 

Free Lime (%) 
33.70 41.63 28.20 42.10 18.10 27.00 24.30 24.30 

CaSO4 (gypsum) (%) 
<1 <1 <1 <1 <1 <1 <1 <1 

C3S (%) 
0 0 0 0 0 0 0 0 

C3A (%) 
<1 <1 <1 <1 <1 <1 <1 <1 

Quicklime CaO 
0 0 0 0 0 0 0 0 

Active clay (SiO2 + Al2O3 + 

FeO2) (%) 

10 10 15 15 15 15 25 25 

Loss in Ignition (%) 
25 25 17.26 17.26 19 19 14.85 14.85 

The Declaration of Performance present in the manufacturer Socli available in (Socli n.d.) are 

dated from 2013. Table 2.17 presents the results available by the manufacturer when the 

webpage was first accessed in 2014 and are also dated from 2013. For 28 days, NHL2 and both 
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NHL 3.5 white and grey show very similar compressive strength. The additive mention in the 

NHL 3.5 white is not mentioned in the Declaration of Performance and should not be admitted 

by the EN 459-1:2010 (CEN 2010a). Comparing the data from Table 2.16 and Table 2.17 

shows again a variability in the binders from the same manufacturer. 

Table 2.17 NHL properties from Socli obtained from the technical data sheets available in 

2014 and no longer found on the website. 

 NHL 2 
NHL 3.5 white + 

additives 
NHL 3.5 grey NHL 5 

Binder bulk 

density (kg/dm3) 
0.619 0.635 0.739 0.731 

Compressive 

strength 28 days 

(MPa) 

4.99 5.13 4.96 5.81 

Free Lime (%) 45 41.9 30.06 29.1 

The French manufacturer Saint-Astier makes available long-term mortar results data (Table 

2.16) with a variety of binder/aggregate ratios. The same data found and copyrighted in 2016 

was found in 2014 (copyrighted from 2006). These results can be traced back to September 

2000 (CESA n.d.). The aggregate used was the ISO 679 standard sand used for the binder 

classifications by the EN 196-1/EN 459-2. 

Information from the binders was found to change in sections of the website without any 

reference to the time or validity of the data. The use of a different aggregate, as presented for 

the NHL 3.5 1:2.5 mix ratio, also changes the final properties of the mortar. The standard sand 

is demonstrated to be misleading. The 24 months data, published in the year 2000, implies that 

the binder was manufactured in the year of 1998. 
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Table 2.18. Saint-Astier binder and mortar data available on their website. † information from 

the Physical & Mechanical Data webpage (CESA n.d.), ‡ individual page for each binder 

(CESA n.d.; CESA n.d.; CESA n.d.), ⁑ 3 mm - 0.075 well graded common sand (Doyeaux). 

 
1:2 1:2.5 1:3 

NHL 

2 

NHL 

3.5 

NHL 

5 

NHL 

2 

NHL 

3.5 

NHL 

3.5 ⁑ 

NHL 

5 

NHL 

2 

NHL 

3.5 

NHL 

5 

Bulk density 

(kg/dm3) † 

0.45 – 

0.52 

0.60 

– 

0.66 

0.65 – 

0.75 

0.45 – 

0.52 

0.60 

– 

0.66 

0.60 

– 

0.66 

0.65 

– 

0.75 

0.45 – 

0.52 

0.60 

– 

0.66 

0.65 

– 

0.75 

Bulk density 

(kg/dm3) ‡  

0.50 0.65 0.70 0.50 0.65 0.65 0.70 0.50 0.65 0.70 

Surface cover 

(cm2/g) †‡ 

11000 9000 8000 11000 9000 9000 8000 11000 9000 8000 

Residue @ 

90µ (%)†‡ 

5 6.5 7 5 6.5 6.5 7 5 6.5 7 

Compressive 

strength †‡ 

          

7 days 
0.62 0.75 1.96 0.53 0.57 0.50 1.00 0.47 0.53 0.88 

28 days 
1.48 1.88 2.20 1.36 1.47 1.30 2.00 1.25 1.34 1.50 

6 months 
3.84 7.10 7.31 3.00 5.34 4.02 5.91 2.88 3.94 5.31 

12 months 
4.00 7.50 9.28 2.90 5.90  8.44 2.90 3.90 6.50 

24 months 
4.25 8.63 10.81 3.00 6.00  8.81 2.75 3.97 7.80 

Free lime (%) 

† 

50 – 

60 

20 – 

25 

15 – 

20 

50 – 

60 

20 – 

25 

 15 – 

20 

50 – 

60 

20 – 

25 

15 – 

20 

Free lime (%) 

‡ 

50 – 

55 

> 25 20 - 

22 

50 – 

55 

> 25  20 - 

22 

50 – 

55 

> 25 20 - 

22 

Other section of Saint-Astier website presents the typical results under the EN 459-1 tests 

pictured in Table 2.19. Under the EN 459-1 since 2010 a binder under 25 % of available lime 

would not be suitable to be classified as a NHL 3.5. 

Table 2.19. Typical results from the standard test for Saint-Astier NHL (CESA n.d.). 

 NHL 2 NHL 3.5 NHL 5 

Bulk density (kg/dm3) 0.56 0.61 – 0.65 0.66 – 0.75 

Compressive Strength 

(MPa) 
2 – 3 3.5 – 6 5 – 9 

Available lime (%) 50 – 55 22 – 26 15 – 20 
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Singleton Birch is another of the manufacturers considered for this work. At the time of the 

selection of materials for this work they supplied NHL 3.5 and NHL 5 produced in Portugal by 

Secil. 

The information in Table 2.20 was obtained in 2014, 2016 and 2017. There is no specific 

information in sales specifications of the limes and the declaration of performance besides the 

satisfaction of the EN 459-1:2000 criteria (Singleton Birch n.d.).  

Table 2.20. Singleton Birch NHL 3.5 and NHL 5 information available from the supplier and 

from the manufacturer (Singleton Birch n.d.; Secil n.d.). 

 
Singleton Birch Secil 

NHL  3.5 NHL 5 NHL  3.5 NHL 5 

Bulk density 

(kg/dm3) 

0.65 ± 0.05 0.65 ± 0.05 0.60 ± 0.05 0.65 ± 0.05 

Fineness 90 µm 

(%) 

≤ 15.0 ≤ 15.0 ≤ 15.0 ≤ 15.0 

Fineness 200 µm 

(%) 

≤ 2.0 ≤ 2.0 ≤ 2.0 ≤ 2.0 

Blaine (cm2/g) 
9000 9400 9000 9400 

Compressive 

strength @ 7 day 

(MPa) 

 ≥ 2.0  ≥ 2.0 

Compressive 

strength @ 28 

day (MPa) 

≥ 3.5 ≤ 10.0 ≥ 5.0 ≤ 15.0 ≥ 3.5 ≤ 10.0 ≥ 5.0 ≤ 15.0 

Soundness (mm) 
≤ 2.0 ≤ 2.0 ≤ 2.0 ≤ 2.0 

Free lime (%) 
≥ 25.0 ≥ 15.0 ≥ 25.0 ≥ 15.0 

Revised 
April 2016 

October 2012 

March 2017 

October 2012 

January 2014 

October 2014 

January 2014 

October 2014 

Declaration of 

performance 

EN 459-1:2010 

1st June 2013  

 

EN 459-1:2010 

1st June 2013  

 

EN 459-1 

22nd June 2016  

EN 459-1 

22nd June 2016  

The manufacturer Secil presents some recommended formulations based on different mix ratios 

for distinct applications Table 2.21.  
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Table 2.21 Secil recommended volumetric formulations available in their website (Secil n.d.). 

NA – Not Available information. 

Formulation 

October 2014 January 2014 

Water 

(%) 

Compressive Strength (MPa) Water 

(%) 

Compressive Strength 

(MPa) 

7 days 28 days 90 days 28 days 90 days 

NHL 3.5        

1:3 15.0 0.3 0.9 1.5 NA 1.81 2.86 

1:4 15.0 0.2 0.5 0.6 NA   

NHL 5        

1:2 13.5 0.8 2.8 3.7 NA 1.8 3.4 

1:3 14.2 0.4 1.0 1.7 NA 0.5 1.3 

1:4 14.7 0.2 0.6 0.8 NA 0.4 0.5 

1:3 12.0 0.6 2.5 3.6 NA 1.0 1.8 

The detailed chemical and physical information about the binders is not available, nonetheless 

the results available for the compressive strengths form the same formulations in different 

moments appear to validate that the binders change in time. The 1:3 and 1:4 October 2014 

results for the NHL 3.5 and NHL 5 are similar indicating that those binder may possess similar 

characteristics (NHL 5 has slightly higher compressive strength, probably resulting from the 

less water content). 

Otterbein technical data present on their website is shown in Table 2.22. The same data is 

shown on 2014 and 2016 version of the data sheet.  
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Table 2.22 Otterbein NHL information (Otterbein n.d.) All values are stated as approximate.  

 NHL 2 NHL 3.5 NHL 5 

Bulk density (kg/dm3) 0.50 0.55 0.55 

Free Lime (%) 35 32 30 

Compressive Strength 

(MPa) 
   

28 days 4.0 4.8 6.5 

6 months 6.5 8.5 11.0 

12 months 8.5 10.5 14.0 

Version dates 
12/07/2016 

09/04/2014 

12/07/2016 

09/04/2014 

12/07/2016 

09/04/2-14 

A comparison between this selection of products for the compressive strength at 28 days 

measured following the classification method in the EN 459-1 shows the variability and range 

of results amongst the NHL present in the European market Table 2.23. 

Table 2.23 Comparison from the results for the EN 459-1 classification from the different 

manufacturers. 

 Roundtower Socli 
Saint-

Astier 

Singleton 

Birch/Secil 
Otterbein 

Designation 2014 2106 2014 2006/2016 2013/2016 2014/2016 

NHL 2 3.30 5.42 4.99 2 – 3  4.0 

NHL 3.5 

White: 

5.87 

Grey: 5.40 

White: 

4.90 

Grey: 

4.61 

White: 

5.13 

Grey: 

4.96 

3.5 – 6 ≥ 3.5 ≤ 10.0 4.8 

NHL 5 5.79 6.06 5.81 5 – 9 ≥ 5 ≤ 15.0 6.5 

According to the EN 459 manufacturers should test their limes at regular intervals for the 

certification of their products. For conservators the variability of the limes is an important 

element to understand as this determines the consistency of their work and requires a high 

degree of confidence in the selection of a particular binder.  The information presented in this 

section, although useful, could be complemented with more up to date characteristics. 

Producers should be able to periodically provide data (composition and physical properties) 

about their products and the mortars produced with them, with typical values for mechanical 

and microstructural characteristics for common formulations used in conservation works. 
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2.7 Observations from the literature review 

The properties of NHL binders by their nature are variable depending on the production 

location, manufacturing parameters and time of manufacture. Adding to this, the properties of 

the mortars are dependent on the aggregate type, the mix proportions, water/binder and curing 

regime. These factors make the prediction of the mortars properties difficult and may detain 

the use of NHL binders for delicate jobs such as conservation and restoration of valuable 

historic fabric. 

The EN 459-1:2015 presents a large range of acceptance in compressive strength for the 

classification of NHL binders in each designation making it harder to understand the 

differences and similarities of binder with similar and different classifications. 

The information available in the literature is mostly limited to early aging results (less than one 

year), however several authors report that the properties of lime mortars change at later ages. 

In addition, the variety of aggregates used, formulations and curing conditions make it difficult 

to compare binders and make appropriate selections for conservation works. It is then important 

to create new knowledge by understanding: 

• What is the variability of the chemical and physical properties of the different binders. 

• Whether EN 459-1 is adequate in the context of conservation. 

• The long-term properties of mortars made with formulations suitable for use for 

conservation purposes. 

• The main factors that determine the properties of NHL based mortars and the influence 

of the curing conditions. 

• How NHL mortars compare to blended cement-lime and lime-pozzolan mortars. 

• If it is possible to build a model which correlates the properties of the binders with the 

final properties of the mortars. 

This work will present a plan to further the knowledge of NHL binders and the mortars 

produced with them. 
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3. Experimental program 

3.1 Introduction 

To be able to relate the final properties of the mortars with the binders used to manufacture 

them, it was important to develop a characterisation process that would allow the knowledge 

of the main chemical, mineral and physical characteristics of the NHLs and the mortars 

produced. This process should involve common techniques found in the literature to allow 

comparison, be useful for manufacturers and at the same time provide good quality data for a 

robust characterisation of the binders, study their variability, and provide information to build 

a model. 

The following section will describe the techniques used to characterise the binders, the 

manufacturing of the mortars, and the experiments used to determine the properties of the 

mortars and understand how the binders’ chemical and physical properties influence the 

mortars. The model development will be described in Chapter 8. 

3.2 Binders and aggregate characterisation 

A range of NHL binders available in the UK (and European) market was studied. In addition 

to the NHLs, three lime-MK formulations and two cement blends were produced. The binders 

and pozzolans considered for the project are shown in Table 3.1. In order to study the variability 

of the binders, the characterisation was performed in products from the same manufacturer and 

also, for a selection of some binders, from different production lots.  

The aggregate used to make the mortars in this project was a commonly available quartz-based 

sand. The sand was chosen following discussions with the steering group and as recommended 

by practitioners from within the group. 

Binders were characterised using a combination of techniques to obtain the chemical and 

mineral properties and the physical properties such as particle size distribution, surface area 

and bulk density. These properties were subject to analysis and discussion and will be presented 

in section 4 of this work.  
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Table 3.1. Binders, pozzolans and acronyms used in the text of this thesis. 

Binder Acronym Origin 

Singleton Birch NHL 3.5 SB35 
Portugal – Secil 

Singleton Birch NHL 5 SB5 

Roundtower NHL 2 RT2 

France – Socli 
Roundtower NHL 3.5 (white) RT35W 

Roundtower NHL 3.5 (grey) RT35G 

Roundtower NHL 5 RT5 

Otterbein Calcidur NHL 2 OB2 

Germany Otterbein Calcidur NHL 3.5 OB35 

Otterbein Hydradur NHL 5 OB5 

Ionic NHL 2 IO2 

France – Socli 
Ionic NHL 3.5 IO35W 

Ionic Old White NHL 3.5 IO35G 

Ionic NHL 5 IO5 

St Astier NHL 2 SA2 
France – Saint 

Astier 
St Astier NHL 3.5 SA35 

St Astier NHL 5 SA5 

Extra mature lime putty (over 30 months mature) EMLP/LP/Putty  

Lhoist CL 90-S hydrated lime CL90  

Metakaolin MK  

Cement Cem  

3.2.1 Physical properties 

3.2.1.1 Bulk density 

Bulk density is one of the parameters used to formulates the limes used to classify the binders 

in the EN 459-1 as observed in Table 1.3. Also, since the formulation of the mortars was based 

on volumetric proportions and manufactured measuring the weights on a scale, the bulk density 

was used to convert volume into mass. 
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For the sand aggregate the bulk density was measured following the BS EN 1097-3:1998. In 

the case of the binders, the process described in BS EN 459-2:2010 was followed, representing 

the measurements of 5 samples of each binder and using the device in Figure 3.1. The powder 

is poured on the top part of the device, a latch is then opened, while the binder falls to the 

bottom part – a cylinder with a known volume, the excess is scraped off, and the mass 

measured. 

 

 

Figure 3.1 Bulk density measurement device. 

3.2.1.2 Surface area 

Surface area was determined by a taking a small sample, between 0.5 g and 1 g, of each binder 

and analysing it using BET (Brunauer–Emmett–Teller theory) nitrogen adsorption in a 

Micromeritics® 3Flex instrument. 

The powders were dried and degassed in situ in vacuum for 2 hours at 80 ºC and a period of 

cooling until ambient temperature. Following this proceeding, the adsorption and desorption 
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cycle started.  The surface area of each binder was calculated using the software included in 

the equipment, version 3.02. 

3.2.1.3 Particle size distribution 

Particle size distribution of each binder under dry suspension was measured using a Malvern 

Mastersizer 2000 laser diffraction equipment. At least 3 samples per binder were analysed, 

allowing the study of the variability between binders and within the same NHL designation. 

3.2.2 Chemical and mineral properties 

3.2.2.1 X-ray fluorescence (XRF) 

One of the objectives of this work was to understand the variability of chemical composition 

of the various NHL binders and to pass that knowledge to different intervenient in the industry.  

Two sets of Energy Dispersive XRF tests were performed: using the samples in the form of 

compressed pellets and under vacuum on fused bead specimens. 

The first set of analysis was performed on 40 mm diameter pellets (Figure 3.2) of thickness 

2mm pressed from the binders and analysed using an EDAX Eagle II Energy Dispersive XRF 

spectrometer with Rhodium X-ray, operated at 25 kV and 1 mA for 100 seconds in multiple 

spots per sample for the spectrum acquisition. The Loss on Ignition (LOI), (to determine the 

chemically combined and free water content and the carbon dioxide content derived from the 

carbonates) was determined by burning 1g of binder [±0.001] at 950 °C until the sample mass 

had stabilised (when all water and carbon dioxide was driven off). 
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Figure 3.2 Pelletized samples for XRF analysis brackets (coin of 22.5 mm diameter shown 

for scale).  

The fused beads XRF was performed in an external laboratory using a Spectro Xepos 

spectrometer. The preparation of the beads was also used to determine the loss on ignition 

(LOI). 

The XRF oxide characterisation helped to identify the variability of the chemical composition 

of the binders, quantifying the major elements. 

3.2.2.2 X-ray diffraction (XRD) and Rietveld refinement 

Similar to the XRF tests, the XRD characterisation was conducted in two separate 

complementary sets of tests. An initial identification of the crystallographic mineral phases was 

obtained by comparing the XRD spectra with literature and running the data through Chrystal 

Impact Match 2! software and using the Crystallography Open Database. This first test was 

performed at ambient temperature using a Bruker-AXS D8 powder X-ray diffractometer, 

operated at 40 kV, 40 mA and the source of radiation was Cu-Kα X-rays.  The step was at 

intervals of 0.02°, from 4 to 75° (2θ). 

From this first set of testing the need to understand not only the mineral phases present in the 

binders, but also the quantities of this reactive minerals, was identified. Therefore, a new set of 

tests was conducted with Rietveld refinement for quantification and identification of the 

phases, in a collaboration with an external laboratory. 

Each representative sub-sample of binder submitted for XRD analysis was initially weighed 

before being placed on to a clean non-absorbent card, where the sample was repeatedly mixed 
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by coning and quartering to ensure a homogenous test sample of appropriate mass of 

approximately 1 g for the test was obtained. 

The sample was ground using an agate pestle and mortar until the material passed a 63 µm 

sieve, with powder passing the sieve mixed to ensure a uniform sample for analysis. 

The powdered samples were then back-packed into proprietary sample holders in preparation 

for presentation in the diffractometer. This was achieved by taping a glass to one face of the 

sample holder, inverting the holder and placing the powder sample into the cavity formed, with 

the powder compacted in place with the edge of another glass slide until the cavity is filled to 

excess, with the excess struck off parallel the surface of the holder. A backing plate is put in 

place to retain the sample, with the holder again inverted and the facing glass slide removed, 

and the sample reference marked onto the holder in preparation for XRD analysis. 

This technique was employed to ensure, as near as possible, a completely random orientation 

of the crystalline components required to give true peak intensities in the diffractograms.   

XRD measurements were performed with a Hiltonbrooks Ltd up-date of a Philips PW1730 X-

ray generator with a PW1050/70 diffractometer fitted with a single-crystal graphite 

monochromator, and a Hiltonbrooks control unit. The instrument used CuKα radiation (λ = 

1.540562 Å). The samples were run over an angular range from 3 to 60° 2θ with a step width 

of 0.1° and a measuring time of 3 s/step, with the generator settings set at 30 mA and 30 kV 

during the full range of analyses carried out.  

Estimation of the quantities of crystalline phases present was conducted using Rietveld 

refinement on the powder diffraction traces. The computer program MAUD was used for this 

purpose. Crystal structure data for the refinement were obtained from the National Chemical 

Database Service hosted by the Royal Society of Chemistry. It was assumed that the amorphous 

content of the materials analysed was negligible. 

3.3 Mortars 

3.3.1 Formulations 

An initial test was performed using the standard formulation for 3 binders (NHL 2, NHL 3.5 

and NHL 5) from the same manufacturer. The specimens were produced and cured following 
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the procedure for classification of binders described in the BS EN 459-1:2010. The aggregate 

used was the standard sand and the formulation as described in the BS EN 459-2:2010. 

The formulation parameters, binder:aggregate ratio, aggregate type, workability and mixing 

method were chosen based on the expertise of the conservators present in the steering group. 

The mortars produced should result from a formulation and workability commonly used for a 

conservation mortar and therefore allow the comparison of different binders in the context of 

a conservation intervention. This method was chosen in preference to the formulations of the 

EN 459 classification due the unrepresentativeness of the mortars produced by the standard for 

a conservation mortar as discussed in 1.4.2. The mortars produced reflect the limitations of the 

applicability of the standard to conservation mortars and allow the study of the role of binders’ 

mineralogy in the properties of the mortars manufactured under the same workability 

requirements. 

The main mortars manufactured in this study were volumetrically formulated with 1 part of 

binder and 2 parts of sand (Table 3.2). The portlandite content in the putty was compared to 

the CL-90 hydrated lime portlandite content, and the proportion for the formulation was based 

on the dry volumes of portlandite and aggregate. 

Using the data from the measured bulk density, both from the sand and the NHL, every 

component was weighted on a scale for a more precise and controlled manufacture. Table 3.2 

presents the formulations that have been manufactured for the first phase of the program, 

comparing the properties of the NHLs (adding the CL90), where the curing follows BS EN 

1015-11:1999. 

For the spread measured by flow table (BS EN 1015-3:1999), a value of 165±10 mm was 

selected, as being representative of the workability required by a stone-mason. The values on 

the table represent the average of two mutually perpendicular measurements. 
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Table 3.2 NHL mortars formulations. 

Reference 
bulk density 

(kg/dm3) 
Binder (g) Sand (g) Water (g) W/B 

Spread 

(mm) 

RT2 0.67 2805 11737 3025 1.08 159 

RT35G 0.85 3520 11687 2816 0.80 171 

IO2 0.72 3025 11785 3225 1.07 164 

OB2 0.64 2640 11676 2508 0.95 160 

OB35 0.58 2420 11852 3178 1.31 161 

OB5 0.59 2475 11923 2930 1.18 156 

SA2 0.58 2420 11827 2700 1.12 160 

SA35 0.67 2750 11562 3275 1.19 174 

SA5 0.79 3300 11715 2970 0.90 174 

SB35 0.81 3355 11618 2825 0.84 164 

SB5 0.86 3575 11748 3125 0.87 175 

CL90 0.56 2277 11533 3432 1.51 166 

The quantities used allowed the simultaneous manufacture of 24 individual prims of 160 x 40 

x 40 (mm). These were used for the strength, carbonation, porosity and water absorption by 

capillarity effect tests. At the same time, a set of mortar disks of diameter 100 mm and thickness 

20 mm were prepared for the water vapour permeability test. 

Cement-lime formulated mortars, lime-MK and lime putty mortars are described in Table 3.3. 

The cement-lime mortars was based on the volumetric relations and the addition of MK to the 

hydrated lime was 5, 10 and 20 % in mass of the CL90, a simplification based on the similar 

bulk density of the CL90 and MK used. 

The quantities presented are the required for 24 prisms. CL90 lime is presented for comparison.  
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Table 3.3 Blended cement-lime, lime-MK and putty mortars formulations.  

Reference 
Cement 

(g) 

Lime 

(g) 

MK 

(g) 

Sand 

(g) 

Water 

(g) 
W/B 

Spread 

(mm) 

Cement 

(% of 

solids) 

Lime 

(% of 

solids) 

MK 

(% of 

solids) 

CemLi1:1:6 1980 896 - 13536 2663 0.93 159 12.1 5.5 - 

CemLi1:2:9 1360 1232 - 13959 3124 1.20 160 8.2 7.4 - 

Lime//CL90 - 2296 - 11562 3467 1.51 166 - 16.6 - 

LiMK5 - 2408 120 12126 3794 1.50 173 - 16.4 0.8 

LiMK10 - 2408 241 12126 3394 1.28 175 - 16.3 1.6 

LiMK20 - 2408 482 12126 3494 1.21 175 - 16.0 3.2 

Putty - 5426  - 12128 - 1.51 170 - 17.1 - 

The aggregate used was a quartz-based sand, typical of the type of sand used by practitioners. 

The sand was oven dried and tested for bulk density, void fraction and particle size distribution, 

resulting from the average of three tests with a variation of less than 5 %. The aggregate 

presented a bulk density of 1.41 kg/dm3, a void fraction of 35.0 % (both determined using the 

methods described in EN 1097-3:1998 (CEN 1998)). The particle-size distribution of the sand 

is presented in Figure 3.3. 

 

Figure 3.3 Aggregate particle size distribution 

3.3.2 Moulds 

Due to limited availability of steel moulds and to previous success in the use of phenolic wood, 

a set of wood moulds was designed as shown on Figure 3.4. 
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Figure 3.4 Initial mould design. 

After some design changes the moulds used for the cast resulted in the ones pictured in Figure 

3.5 below. They are easily assembled and disassembled and deliver consistent specimens. 

 

Figure 3.5 Mould used for cast. 

3.3.3 Cast 

The mixtures were prepared using a horizontal pan mixer. The flow of each mix was maintained 

at 165 ± 10 (mm) by addition of an appropriate amount of water. The process of mixing was 

as follows: 
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• 2 minutes mix of the dry binder and sand for homogeneity; 

• 2 minutes mix with half of the water; 

• 1 minute with the pan stopped for manual mixing; 

• 2 minutes mix with the second half of the water; 

• Flowability control; 

• Mix with added water as required; 

• Record of the total amount of water added to the mix. 

Figure 3.6, from left to right shows some steps in the mixing process. The mixing in the 

horizontal pan mixer, the mortar ready to be tested for the flow and the flowability test. 

 

 

Figure 3.6 Mix and flowability test. 

When the desired flow was achieved the prims and discs were cast using the standard 

procedure. 

Figure 3.7 shows clockwise from the top left the casting process. Initially, the mould is filled 

to the middle and the mortar is tamped. Subsequently, a second layer is introduced ensuring an 

excess of mortar in the mould. The moulds were then given 60 jolts, one per second. The excess 

is removed, and the surface is smoothed with a metal straightedge. 
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Every prism was cured in high humidity (wrapped in cling film) for 7 days followed by the 

cure in the standard chamber in 20  2 °C and 65  5 % RH for the rest of the ageing following 

the BS EN 1015-11:1999. The demoulding occurs at 5 days. 

 

Figure 3.7 Casting process. 

3.3.4 Strength 

The mechanical characterisation was performed using a 50 kN test force cell in a Instron 

Universal testing machine (Figure 3.8) following the BS EN 1015-11:1999 (CEN 1999a). For 

this project, the strength of the mortars was characterised at 7, 14, 28, 91, 180, 360, 720, and 

1080 days. 

For each age, at least 3 specimens for flexural strength and 3 specimens for compressive 

strength were analysed. The mass and dimensions for the individual specimens were logged to 

identify any possible manufacturing problems and to study the evolution of the density with 

age and to compare the relative bulk density between the samples. 
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Figure 3.8 Instron Universal testing machine during a compression test. 

3.3.5 Carbonation measurement using phenolphthalein 

Carbonation depth was measured using phenolphthalein after each flexural test by spraying 

both halves of the prism. A picture of each individual prism with a scale was acquired as shown 

in Figure 3.9. The pictures were then analysed using ImageJ software for more precise 

measurement of the carbonation front from at least 4 locations per specimen.  

 

Figure 3.9 Carbonation test using phenolphthalein spray. 
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3.3.6 Porosity 

The percentage porosity by volume and pore size distribution of the mortars at 720 days was 

determined using Pascal 140 (Figure 3.10) and Pascal 440 mercury intrusion porosimeters, 

combining low and high-pressure analysis up to 400 MPa. 

Three small samples of each mortar were acquired, between 1 and 1.5 g in total, dried until 

stable mass at 60 º C and tested for porosity in a glass dilatometer. The test is comprised of two 

main phases, the first at low pressure from approximately 0 to 100 kPa when the mercury is 

pushed through the mortar microstructure and the second phase were the mercury inside the 

dilatometer is pressurised using high pressure oil from ambient pressure to 400 MPa. 

 

 

Figure 3.10 Low pressure porosimeter during the test. 
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3.3.7 Water absorption by Capillarity 

The water absorption coefficients due to capillarity were measured following a method based 

on EN 1015-18:2002 (CEN 2002) at an age of 720 days. This method involves the immersion 

of 5 mm of a dried specimen in water measuring the weight of absorbed water at 10 and 90 

minutes (Figure 3.11). The specimens were placed on a permeable porous thick saturated 

membrane allowing the free movement of water. Due to irregularities in the fractured surface 

of the specimens the cast surface was chosen to expose to the rising water and maintain a 

vertical capillary effect. This would allow the comparison between the mortars in analysis and 

the influence of their porosity on the water uptake. 

 

Figure 3.11 Schematics of the water absorption test. 

The half prisms were dried at 60 ºC until a stable mass was achieved. The mass of the specimens 

was then measured before the test and at different time periods after immersion in water (Figure 

3.12). Between the measurements the water compartment was covered to avoid water 

evaporation. The coefficient was calculated from the step of the linear part of the graph 

following the EN 15801:2009 (CEN 2009). 
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Figure 3.12 Water absorption test after 90 minutes of immersion. 

3.3.8 Water Vapour Permeability 

After one year of curing, the disks prepared at the same time as the prisms, were tested for the 

water vapour permeability. The test followed that described in EN 1015-19:1998 for the wet 

cup method. A saturated solution of potassium nitrate (KNO3) was prepared by dissolving the 

salt until it started to precipitate and dissolution was no longer possible. This was then poured 

to the cups leaving about 1 cm between the top of liquid and specimen (Figure 3.13). The sides 

were sealed, and the assembly put into a chamber at 20  2 C and relative humidity of 

50  5 %. At this temperature, the saturated solution of KNO3 provides a relative humidity of 

93.2 %. Each 24h the mass of the assembly was measured until stable evaporation rate. 

 

Figure 3.13 Cups inside the chamber for vapour permeability test. 
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3.3.9 Freeze thaw 

For each mortar, three half prisms specimens were immersed in water until saturation. They 

were then bagged and sealed to avoid the loss of moisture and to maintain saturated pores 

(Figure 3.14). The samples were then submitted to several cycles as represented in Figure 3.15, 

two cycles per day for over 40 days. The three specimens of each mortar were observed at 

specific time periods and the damage found was photographed and documented. The cycle was 

based on the study presented by Botas et al. (2010). 

 

Figure 3.14 Samples bagged and sealed inside the chamber under freeze-thaw cycle. 

 

Figure 3.15 Freeze-thaw cycle per day. 
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3.3.10  Carbonation and hydration after 2 years XRD with Rietveld refinement 

After a period of 2 years the mortars for analysis were initially broken up in an impact mortar, 

then dried at 70 °C to a constant weight in an air circulating oven. The dried mortar was then 

disaggregated in a mortar and pestle, care being taken to minimise the crushing of aggregate 

particles. With the sample reduced in size by riffling, with a representative sample of between 

5 and 10 g it was then sieved using a 300 µm mesh to remove as much of the aggregate particles 

as possible. The material passing was lightly ground in an agate mortar and pestle, again taking 

care not to crush the remaining aggregate particles, as otherwise their presence may mask 

components of the binder, which may only be present in trace amounts. The powdered material 

was sieved over a 63 µm sieve, with the powdered fines collected for analysis.   

The analysis was performed under the same parameters as that for the binders. This test allowed 

the quantification of unreacted crystalline phases such as portlandite, alite and belite. The 

quartz phase was discarded to diminish the contribution of the aggregate. 

3.3.11 Weather simulation 

The weather cycle selected for the work was decided on two main principles: it should have 

freezing temperatures in winter, and warmer temperatures during summer, with variability in 

the relative humidity and be representative of a real location. Several locations in the UK were 

tested and the decision was made to use the temperatures and relative humidity recorded in 

2012 by the weather station in Sutton Bonington (UK). Initially the use of the average for each 

data point of the last 10 years was considered, but this idea was discarded because of the 

attenuation of the freezing temperatures during winter and the warmer temperatures during 

summer time. 

This location, in the South West of the county of Nottinghamshire, presented the desired 

characteristics of low temperature during winter time (-5 ~ -6 °C), and warmer temperatures 

(over 25 ºC) during summer time. The range of temperatures and relative humidity, although 

limited to a specific location, permitted the study of mortars exposed to distinct temperatures 

and relative humidity, and the comparison to the mortar cured under standardised conditions. 

The weather information, obtained from the Centre for Environmental Weather Analysis 

(CEDA), allowed the generation of a cycle to input in the environmental chamber resulting in 
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the temperature and relative humidity plots presented in Figure 3.16 and Figure 3.17. The dates 

presented in the plots relate to the original CEDA database and not to the experimental 

program.  

 

Figure 3.16 Temperature variation for the weather cycle. 

 

Figure 3.17 Relative humidity for the weather cycle. 

The records obtained from the CEDA data base include hourly values, for simplicity and the 

avoidance of stress in the environmental chamber, the actual cycle used was based on data 

available for every 3 hours. 
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Two main groups of samples were tested in weather simulated conditions, referred as summer 

and winter, corresponding to the moment they enter the cycle and the initial curing months. 

The summer samples cycle initiated in the beginning of July (Figure 3.18) and the winter 

samples cycle in November (Figure 3.19), 4 weeks before the freezing temperatures of 

December. For the initial 7 days, these main groups of samples were kept at high RH (similar 

to the standard samples, wrapped in cling film) at the temperature of the cycle. 

A second set of summer samples was tested without the initial 7 days in RH. These samples 

were kept in the environmental chamber for over two years, but due to a malfunction were 

under elevated temperature (about 30 ºC) high RH (about 80 %) in month 3 and laboratory 

temperature in month 4 and 5. From month 6 they suffered the same cycle as the winter 

samples. 

A selection of winter samples was cured until 28 days in the environmental chamber (end of 

autumn conditions) and then put in standard conditions for testing at 90 days. This allowed the 

direct comparison of samples from the same manufacturing moment. 

The sample groups are shown in Table 3.4. 

Table 3.4 Samples groups for environmental cure. 

Sample groups 
Initial 7 

days 

From 7 

to 28 

days 

From 28 
Age of strength 

testing (days) 

Summer15 
T: cycle 

RH: cycle 
Summer 

High T and RH → Lab. 

Conditions → Winter → Spring 

→ Summer → Autumn → 

Winter → Spring → Summer 

14, 28, 720 

Summer16 
T: cycle 

RH: high 
Summer 

Summer → Autumn → Winter 

→ Spring 
28, 90, 180, 360 

Winter 
T: cycle 

RH: high 

End of 

Autumn 

Winter → Spring → Summer → 

Autumn 

28, 56, 90, 180, 210, 

360 

Winter/Standard 
T: cycle 

RH: high 

End of 

Autumn 
T: 23 ± 2 ºC; RH: 60 ± 5 % 28, 270 

 

Both summer and winter samples were initially cured in high humidity, higher temperatures in 

summer and lower temperatures in winter. 
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Figure 3.18 First 3 months of cure for the summer samples. Black line for temperature and 

orange line for RH. 

 

Figure 3.19 First 3 months of cure for the winter samples. Black line for temperature and 

orang line for RH. January 2013 representing a repetition of 2012 January data. 
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4. Binders characterisation and analysis of 

variability 

4.1 Physical properties 

The bulk density of the different binders is presented in Figure 4.1 compared to the information 

available in the manufacturer or supplier website. The results shown result from at least five 

measurements per type of binder from a freshly opened bag.  

 

Figure 4.1 Bulk density of the various binders analysed compared to the technical data 

available on the manufacturer website. 

All the values resulting from the standard measurements are higher than the technical data, 

from 3.2 to 35.7 % with an average of 17.9 % difference. This will influence the mass 

calculated from the bulk density using a volumetric formulation as it has been done in this 

work. A high bulk density will result in a higher mass of binder for the same volume, therefore 

resulting in more active ingredient for the same volume of mortar. 

The differences between the obtained values and the information from the manufacturer can be 

related to the stage in the manufacturing process when the measurement is taken. While the 
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manufacturer may measure it at the end of the production line, before the bagging, the 

determination of the bulk density in the laboratory was done some time after the production of 

the binder, transportation, and the sitting of the bags in the shelves in the supplier and after that 

in the laboratory. Also, the available data presented by the manufactures is not associated with 

a production time or lot number and cannot be associated with a manufacturing time therefore 

not taking into consideration the natural variability of the binders. 

Table 4.1 and Figures 22 to 26 show the particle size distribution of the NHL binders. From a 

general perspective the similarities between the binders produced by the same manufacturer 

(OB binder and SB) can be observed, which reflect a similar production method. In addition, 

binders from the same designation show high variability as it can be seen when comparing the 

NHL 3.5 binders across all the manufacturers and within the same manufacturer (IO and RT). 
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Table 4.1 Particle size distribution and surface area for the binders. d(v,x) represents the size 

of particle below which a x volumetric fraction (x) of the sample lies. BET surface area for 

the binders used for the manufacture of the prisms. 

Binder d(0.1)  (µm) d(0.5)  (µm) d(0.9)  (µm) Surface area 

(m2/g) 

OB2 1.06 3.58 27.89 5.46 

OB35 1.05 3.68 61.57 5.92 

OB5 0.89 3.05 28.48 6.77 

SA2 0.86 3.28 26.58 10.04 

SA35 0.95 5.01 50.54 6.25 

SA5 1.28 8.93 57.94 4.15 

SB35 1.38 10.53 113.14 6.70/5.21 

SB5 1.40 10.63 116.89 3.88/4.36 

RT2 0.81 3.15 17.58 9.40 

RT35G 1.15 9.31 51.16 NA 

RT35W 0.84 3.44 23.80 NA 

RT5 1.25 11.03 62.14 NA 

IO2 0.81 3.15 17.96 7.92 

IO35G 1.17 10.10 55.54 NA 

IO35W 0.92 3.85 20.10 NA 

IO5 1.13 9.59 65.74 NA 

RT35G* 0.94 6.41 54.60 7.03 

CL90 0.68 3.17 23.63 19.55 

Cement 1.65 14.21 52.20 NA 

*bag 1 used for the manufacture of the prisms 

The majority of binders presents lower surface area with the increase of the classification (NHL 

5 having a lower surface than NHL 3.5 and NHL2) with the exception of the binder from 

Otterbein where OB5 possesses the higher surface area. The surface area of the binder will 

influence the water requirements to achieve the same workability and for similar binder 

properties and mixing proportions higher water content usually results in higher porosity and 

lower strength. 
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Figure 4.2 show the similar particle size distribution amongst the OB binders reflection similar 

production parameters. These similarities will be discussed later in this Chapter with reference 

to the chemical and mineral properties of this binders. 

 

Figure 4.2 Otterbein binder particle size distribution. 

Saint-Astier binders (Figure 4.3) show an increase in larger particles with the increase of the 

classification of the binders and decrease in surface area. SA2 will require more water to 

achieve the same workability as SA5. 

 

Figure 4.3 Saint-Astier particle size distribution. 
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Although both SB binders (Figure 4.4) presented identical particle sizer distributions, SB5 

possessed a lower surface area probably due to the reduced roughness of the particle surface. 

 

Figure 4.4 Singleton Birch particle size distribution. 

For the Roundtower binders (Figure 4.5) in particular for the RT35G two lots of binders were 

studied, the RT35G (newer binder produced around the middle of 2015) and the RT35G* (older 

binder produced around the middle of 2014 used in the mortar of this work). It is clearly shown 

that the particle size distribution of this binder changed in time, approaching the NHL 5 

characteristics. The particle size distribution of the Roundtower and Ionic binders shows that 

the NHL 2 and NHL 3.5 White are very similar with the same happening to the NHL 3.5 Grey 

and NHL 5. The RT35G* sits between the new RT2/RT35W and RT35G/RT5. The three NHL 

3.5 show clearly distinct physical properties within the Roundtower binders. 

 

Figure 4.5 Roundtower particle size distribution. 
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Ionic binders (Figure 4.6) have their origin in the same manufacturer as RT binders. The two 

groups division in smaller and larger particles (IO2/IO35W and IO35G/IO5) is similar to the 

ones found on the previous analysed Roundtower supplier. The distinction between the binders 

does not reflect the 3 groups of the EN 459-1 classification.  

 

Figure 4.6 Ionic particle size distribution. 

CL90 lime power presents a very high surface area compared to the NHL binders, and a particle 

sizer distribution concentrated on the smaller size range (Figure 4.7). In contrast the cement 

used presents a majority of larger particles. The surface area of the cement was not measured 

in this work, nonetheless, according to the larger particles obtained by the laser diffraction it is 

expected to have a lower surface area, requiring less water for the same mortar workability. 

 

Figure 4.7 Lime (CL90), cement and MK particle size distribution. 
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The bigger particles in the higher classes could result from the different manufacturing 

processes, such as the milling time and energy, or the fact that the harder minerals, like C3S 

and C2S are more difficult to break and therefore for the same milling energy the particles 

produced are bigger. 

SA particle size distribution could also explain the higher bulk density (Figure 4.1) of the SA5 

related to the SA35. SA5 with more distributed particle size has the potential for a better 

compactability therefore a higher bulk density. In addition, the increasing particle size from 

SA2, SA35 and SA5 relates to the decreasing surface area of the SA binders. 

The limitation of the particle size test, where a laser scatters and measures the envelope of the 

particle could explain the differences and incoherencies between this data and the surface area 

data set. This test is not sensitive to the surface properties of the particle, like the roughness, 

that influence the surface area. 

NHL 2 binders present similar particle size, with OB2 having a narrower distribution. NHL 3.5 

binders show similarities amongst OB35 and RT35W, and a similar but broader distribution 

for SA35. Singleton Birch 3.5 shows an intermediate particle distribution with greater volume 

on the smaller particles, while RT35G and IO35G presented greater volume on the larger 

particle size. The similarities between the RT and IO (with the exception of RT35G) shows 

that these binders are similar in terms of particle size distributions and probably manufacturing 

process, specifically the RT2/IO2/RT35W/IO35W in one group and RT35G/IO35G/RT5/IO5 

in another group. 

The results obtained are within the range of values within the literature presented in Table 2.1. 

4.2 Chemical and mineral characteristics 

The initial XRD test on the NHL showed that the main phase present across all the NHL’s, as 

expected, is portlandite, with variable amounts of calcite. The presence of calcite in higher 

quantities, either shows a lower efficiency in the production – leading to the persistence of 

unburnt calcium carbonate - or an addition of calcite after burning to limit the reactivity of the 

binder, thereby allowing the classification of the powder in a lower strength class under 

EN459-1. There is also the possibility that the lime had undergone a small amount of 
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carbonation between manufacture and use. Also, in this test, alite and belite (the main water 

reactive minerals) were found, although difficult to quantify. A variability within binders of 

the same class and similarities from binder in distinct designation was identified. It was then 

important to quantify the reactive phases present in the NHL binders and was achieved by 

means of Rietveld refinement with the support of an external laboratory. The results of the 

quantification are presented in the following data presented in Table 4.2 and Table 4.3. CL90 

data is presented together with the NHL data for a comparison with a non-hydraulic binder. 

The XRD spectra are presented in Appendix. 

The XRF data presented in Table 4.2 was obtained by analysis of the binder in pellets, as 

described in the previous Chapter of this thesis. The XRF data represents the surface 

characterisation of the pellets. In Table 4.3 the XRF was obtained by fused beads test, reflection 

the more homogeneous distribution of chemical elements. The binders OB, SA, SB and 

RT35G* were analysed by both methods, while, the IO and RT binders from Table 4.3 

represent a new batch obtained later (end of 2015) in the project. 

From a general perspective, the variability of the chemical and physical properties of binders 

classified as within the same designation is significant. Despite deriving from the same 

manufacturer, RT and IO displayed notable differences in their C3S content. For similar XRF 

elemental chemical compositions, a higher content of C3S suggests a higher kiln temperature 

allowing the formation of this mineral and a greater proportion of C2S. It has been observed 

previously that variations in hydraulic properties from similar raw material compositions often 

derive from difficulties in controlling kiln temperatures (Ball, El-Turki and Allen, 2011; Válek 

et al., 2014). 

Otterbein binders show similar elemental chemical composition by XRF, similar to the trend 

of the physical properties already discussed. However, the reactive elements, quantified by 

XRD show higher quantities of C3S in OB5, probably due to higher kiln temperature. 

SA35 and SA5 possess identical XRF results (in both tests), the higher C3S content results from 

a higher temperature of manufacture. SA2 with higher portlandite content and lower hydraulic 

C3S and C2S will possess less water reactivity and be more dependent of the carbonation for 

strength gains. 
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Singleton birch binders (NHL 3.5 and NHL 5) possess very similar elemental chemical 

composition with distinct C3S and C2S content reflecting different production time/temperature 

of the two binders. This binder showed similar particle size distribution Figure 4.4. 

Roundtower and Ionic NHL with the same manufacturing origin, present distinct chemical and 

mineralogical properties for binders from the same classification and high variability for 

binders produced in different time moments. This will be discussed later in this Chapter. 
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Table 4.2 First set of XRF chemical and XRD with Rietveld refinement mineral characterisation (in % of weight). 

 XRF XRD 

ID LOI Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 MnO Fe2O3 Portlandite Calcite Quartz C3S C2S C3A C4AF 

OB2 18.0 0.3 2.4 1.6 7.8 0.4 0.9 66.4 0.2 0.1 2.1 62.2 5.5 0.7 4.8 23.1 1.3 2.3 

OB35 17.2 0.6 1.9 2.5 8.4 0.5 1.1 65.8 0.2 0.0 1.6 62.6 5.1 0.9 5.9 21.6 1.7 2.0 

OB5 19.2 0.6 2.2 2.4 7.8 0.4 1.1 64.2 0.2 0.1 1.9 60.8 7.9 1.2 5.8 20.4 1.7 2.1 

                   

SA2 22.0 0.5 0.4 0.4 9.4 0.5 0.3 66.0 0.1 0.0 0.4 62.1 17.1 1.8 2.5 14.1 0.7 1.4 

SA35 19.8 0.5 0.6 1.0 15.2 0.5 0.4 61.4 0.1 0.0 0.5 37.0 26.9 4.0 3.3 23.4 2.2 2.5 

SA5 19.7 0.5 0.9 0.9 15.6 0.6 0.4 60.7 0.1 0.0 0.6 34.7 29.8 2.9 8.9 19.5 1.5 1.6 

                   

SB35 22.6 0.4 1.8 2.3 8.9 1.8 1.1 59.3 0.2 0.0 1.6 39.8 26.4 1.7 2.2 26.9 1.7 1.3 

SB5 20.4 0.6 1.6 2.7 10.9 2.2 0.9 58.4 0.2 0.0 2.0 33.3 24.4 1.8 3.2 34.7 1.2 1.5 

                   

RT2 24.6 0.5 1.2 0.1 4.8 1.2 0.5 66.4 0.1 0.0 0.6 54.3 26.6 2.2 0.0 14.2 0.8 1.9 

RT35G* 15.5 1.4 4.2 3.5 11.5 0.9 2.0 60.5 0.1 0.0 0.5 43.1 16.2 2.9 10.8 25.3 1.5 0.0 

RT35W 15.7 0.5 5.3 0.4 8.2 1.1 0.6 67.7 0.1 0.0 0.5 64.3 5.4 2.1 3.3 23.1 1.8 0.0 

RT5 13.0 0.8 3.1 3.9 15.2 1.3 1.5 60.6 0.1 0.0 0.7 33.0 15.2 2.7 15.2 31.3 1.9 0.6 

                   

IO2 16.8 0.5 1.9 2.6 10.1 1.1 2.2 64.4 0.0 0.0 0.3 53.6 12.3 2.7 6.5 23.0 0.6 1.1 

IO35G 13.7 1.5 3.7 5.9 16.9 1.1 2.4 54.0 0.1 0.0 0.7 47.9 13.6 2.8 8.7 23.8 1.4 1.5 

IO35W 14.2 0.5 3.1 3.6 11.7 1.1 2.5 63.1 0.1 0.0 0.3 58.8 5.2 1.6 4.6 27.1 0.6 1.9 

IO5 18.3 1.1 3.5 3.6 12.3 0.8 1.6 58.1 0.1 0.0 0.6 34.1 28.9 5.3 7.6 20.9 1.7 1.3 

                   

CL90 25.6 1.0 0.2 0.0 0.1 0.0 0.2 72.9 0.1 0.0 0.0 95.8 4.2      
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Table 4.3 Second set of XRF results for chemical characterisation and mineralogical characterisation by XRD with Rietveld refinement (in % of weight). 

 XRF XRD 

ID LOI Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 Mn2O3 Fe2O3 Portlandite Calcite Quartz C3S C2S C3A C4AF 

OB2 17.7 0.1 2.3 3.3 11.2 0.0 0.4 1.0 61.8 0.1 0.1 1.9 62.2 5.5 0.7 4.8 23.1 1.3 2.3 

OB35 18.2 0.1 1.8 4.0 12.5 0.0 0.4 1.3 59.7 0.2 0.0 1.6 62.6 5.1 0.9 5.9 21.6 1.7 2.0 

OB5 19.0 0.1 2.2 3.4 10.9 0.0 0.4 1.1 61.2 0.1 0.1 1.5 60.8 7.9 1.2 5.8 20.4 1.7 2.1 

                    

SA2 21.6 0.1 0.6 1.2 12.1 0.0 0.4 0.2 63.3 0.1 0.0 0.5 62.1 17.1 1.8 2.5 14.1 0.7 1.4 

SA3.5 19.7 0.1 0.8 1.6 18.3 0.0 0.5 0.3 58.1 0.1 0.0 0.6 37.0 26.9 4.0 3.3 23.4 2.2 2.5 

SA5 19.5 0.1 0.8 1.5 18.4 0.0 0.4 0.3 58.4 0.1 0.0 0.6 34.7 29.8 2.9 8.9 19.5 1.5 1.6 

                    

SB35 19.8 0.1 1.9 3.6 13.4 0.1 2.0 0.9 56.4 0.2 0.0 1.6 39.8 26.4 1.7 2.2 26.9 1.7 1.3 

SB5 19.8 0.1 2.0 3.7 13.4 0.1 1.9 0.9 56.1 0.2 0.0 1.7 33.3 24.4 1.8 3.2 34.7 1.2 1.5 

                    

RT2 18.5 0.1 1.0 2.3 11.6 0.0 1.3 0.6 63.5 0.1 0.0 0.9 88.2 2.8 0.4 0.2 8.1   

RT35G 15.1 0.1 1.3 4.0 21.8 0.1 1.1 0.8 54.0 0.2 0.0 1.4 73.8 9.6 1.8 3.9 10.3   

RT35G* 15.4 0.2 4.9 1.7 15.8 0.0 0.7 0.3 60.2 0.1 0.0 0.7 43.1 16.2 2.9 10.8 25.3 1.5 0.0 

RT35W 16.0 0.1 1.0 2.5 13.7 0.0 1.3 0.6 63.5 0.1 0.0 1.0 87.4 1.5 0.6 0.4 10.0   

RT5 14.0 0.1 1.2 4.2 21.6 0.1 1.2 0.8 55.0 0.2 0.0 1.4 55.0 16.8 3.9 2.6 19.6   

                    

IO2 17.0 0.1 1.2 2.4 12.6 0.0 1.4 0.5 63.6 0.1 0.0 0.9 64.3 8.7 2.0 1.2 23.7   

IO35G 12.8 0.1 1.4 4.2 22.2 0.1 1.1 0.9 55.4 0.2 0.0 1.5 53.2 14.2 4.3 3.0 23.0   

IO35W 15.6 0.1 1.3 2.2 14.7 0.0 1.1 0.5 63.5 0.1 0.0 0.8 88.5 1.7 0.6 0.5 8.7   

IO5 16.6 0.1 1.3 3.8 19.1 0.1 1.2 0.8 55.3 0.2 0.0 1.4 36.5 30.1 3.4 3.2 24.9   

                    

CL90 25.0 0.3 0.2 0.1 0.6 0.0 0.1 0.1 73.5 0.0 0.0 0.1 95.8 4.2      

Cement 3.6 0.1 1.6 5.0 19.6 0.2 3.4 1.1 62.9 0.3 0.1 2.0 1.9 3.1 1.0 65.3 9.5 6.1 3.8 
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The NHL 2 binders XRD analysis results in the identification of high variability in the presence 

of reactive mineral quantities, such as the C3S a C2S content differences in OB2, SA2, RT2 and 

IO2. The C2S content varies from 8 to 23 % of weight, and the C3S content from 0.2 to 6.5 % 

(within the same origin - RT2 second batch and IO2 from the first batch). In addition, the 

portlandite and calcite is also distinct amongst the binders with this designation. Portlandite 

content ranges from 53.6 % to 88.2 % and calcite from 2.8 to 26.6 %. 

Similar observation can be made looking at the NHL 3.5 binders. C3S content fluctuates from 

0.4 % to 10.8 %, C2S quantities from 8.7 to 27.1 % and portlandite varies from 37.0 to 88.5 %. 

The same manufacturer (RT and IO) show high variability in the NHL 3.5 properties. 

The same trend is observed in the NHL 5 binders with high variability in portlandite, alite and 

belite content. OB5 possesses almost double the portlandite content of the other NHL 5 binders. 

RT5 from the first batch show distinctively more reactive hydraulic phases with higher C3S 

and C2S contents.  

It is clearly demonstrated that the basic elemental analysis of the binders is insufficient to 

characterise the reactivity of NHLs. Distinct production methods such as kiln temperature, 

burning time and milling will affect the final properties of the binders. A higher temperature, 

resulting from the raw materials being closer to the heat source or distinct manufacturing 

procedures, will result in more C3S and C2S content for similar chemically raw limestone-clay 

materials. 

4.3 Mineralogical variability of the NHLs with production time 

The changes in mineralogical characteristics of the NHL binders was studied by the analysis 

of different batches from the same manufacturer aiming to verify the variability of the binders 

across the production time. Limes from three manufacturers (OB, RT/IO, SB) were analysed. 

OB binders are presented in Table 4.4. Changes were verified across all the different designated 

classifications.  Portlandite content diminished while the C2S content is higher in the later batch 

analysed. 
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Table 4.4 Otterbein XRD results from 2014 and 2015 in % of weight. 

 Otterbein - 2014 Otterbein - 2015 

Mineral phase  OB2 OB35 OB5 OB2 OB35 OB5 

Lime (CaO) 0.05 0.08 0.17 0.30 0.20 0.00 

Portlandite 62.25 62.61 60.79 58.00 55.30 58.20 

Calcite 5.53 5.15 7.87 5.50 8.60 4.40 

Quartz 0.71 0.89 1.21 0.90 1.40 0.90 

C3S 4.76 5.95 5.78 4.30 4.70 4.90 

C2S 23.11 21.61 20.38 26.90 24.90 26.50 

C3A 1.29 1.70 1.67 2.20 2.90 2.90 

C4AF 2.30 2.00 2.13 1.90 2.00 2.20 

Table 4.5 shows the differences within the same manufacturer and from production times.  RT 

binders increased the portlandite content, while C3S and C2S content is generally lower in the 

2015 batch. This may indicate different production methods such as temperature and burning 

time. The portlandite content of the Ionic binders increased from 2014 to 2015. The hydraulic 

reactive components also changed in time. The C3S and C2S content became significantly lower 

in the IO35W resulting in a less hydraulic binder from 2014 to 2015. At the same time, the 

IO35G C3S content also decreased from the two different production times. It appears that the 

temperature of the RT and IO production binders was reduced to reduce the presence of higher 

strength hydraulic minerals (C3S) in order to achieve a less reactive, weaker binder.  
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Table 4.5 Roundtower and Ionic XRD changes from 2014 and 2015 in % of weight. 

Supplier Roundtower 2014 Roundtower 2015 

 RT2 RT35W RT35G* RT5 RT2 RT35W RT35G RT5 

Portlandite 54.32 64.28 43.14 32.98 88.21 87.36 47.50 54.97 

Calcite 26.56 5.45 16.17 15.24 2.78 1.47 22.21 16.75 

Quartz 2.18 2.12 2.92 2.69 0.43 0.57 5.32 3.91 

C3S 0.00 3.27 10.78 15.24 0.25 0.44 3.11 2.58 

C2S 14.17 23.06 25.32 31.33 8.13 10.04 19.77 19.64 

C3A 0.82 1.78 1.54 1.87     

C4AF 1.87 0.00 0.02 0.63     

Gehlenite     0.19 0.11 2.10 2.14 

Supplier Ionic 2014 Ionic 2015 

 IO2 IO35W IO35G IO5 IO2 IO35W IO35G IO5 

Portlandite 53.59 58.80 47.85 34.13 64.31 88.46 53.24 36.47 

Calcite 12.28 5.22 13.64 28.94 8.73 1.68 14.16 30.08 

Quartz 2.74 1.60 2.79 5.30 2.00 0.58 4.33 3.44 

C3S 6.51 4.57 8.74 7.58 1.23 0.51 3.03 3.22 

C2S 23.01 27.10 23.85 20.89 23.73 8.68 22.95 24.92 

C3A 0.55 0.62 1.37 1.70     

C4AF 1.12 1.87 1.46 1.35     

Gehlenite     0.00 0.09 2.25 1.86 

Similar to the data presented before, the binders supplied by Singleton Birch (Table 4.6) also 

underwent changes from 2014 to 2016 as well as different bags obtained in the same 2014 year. 

There is high variability in the amount of C2S and C3S of both NHL 3.5 and NHL 5 binders. 

The more recent SB35 presents significantly less quantities of both C2S and C3S with higher 

amounts of portlandite. The portlandite content of SB5 also increased from 2014 to 2016 

parallel to an increase in C3S content. The NHL 5 from SB appears now to be more hydraulic, 

with SB2 becoming less hydraulic.  
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Table 4.6 Singleton Birch mineralogical properties change from 2014 to 2016 in % of weight. 

 Singleton Birch 2014 Singleton Birch 2016 

 SB35 SB5 SB35 SB5 

  bag 1 bag 2 bag 1 bag 2  

Portlandite 39.8 42.8 33.3 38.1 47.1 43.3 

Calcite 26.4 30.9 24.4 27.9 36.4 13.5 

Quartz 1.7 2.1 1.8 2.2 0.8 1.2 

C3S 2.2 3.4 3.2 5.9 1.8 6.7 

C2S 26.9 18.4 34.7 21.3 12.6 31.3 

C3A 1.7 2.3 1.2 1.1 1.3 1.5 

C4AF 1.3 0.1 1.5 0.6 0.0 0.4 

Gehlenite    3.0  2.3 

4.4 Decision on the binders to carry over the for the mortar testing 

The production of the mortars suffered from some time and space constraints, so it was 

important to select binders in which to perform an efficient analysis. The criteria for this 

selection was based on the properties of the binders. Mineral composition of the selected NHL 

covers the spectrum of the analysed binders, as well as the oxide chemical composition. Particle 

size and surface area combined with the chemical properties would allow the understanding of 

low and high particle size interaction with low and high hydraulicity of the binders.  

The binders selected are presented in Table 4.7 for the relative characteristics and in Table 4.8 

with the figures for each property. For each characteristic of the mineralogy and chemistry the 

average amongst the different binders was calculated. In the table, ‘low’ refers to a value close 

to the lowest level of the property considered (except for the non-detected (ND) levels). 

Similarly, ‘high’ means a value close to the highest level detected for the specific phase or 

oxide, and ‘average’ to a value around the average value calculated. For the surface area the 

same procedure was followed. 
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Table 4.7 Main characteristics of the proposed binders for deeper study. PSD - Particle Size 

Distribution. Main peak location relates to the particle size. High and Low related to the 

average. 

Ref. Ca(OH)2 C3S C2S CaO MgO SiO2 Al2O3 Fe2O3 
PSD – main peak 

location 

Surface 

area 

SA2 High Low Lowest Highest Lowest Low Lowest Lowest Narrow – small High 

SA35 Low Low Average Average Low Highest Low Low 
Intermediate – 

small 
Average 

SA5 Lowest High Low Average Low Highest Low Low Broad – high Low 

OB2 High Average Average High High Low High Highest Narrow – small Average 

OB35 Highest Average Average Average Average Low Highest High Narrow – small Average 

OB5 High Average Low Average High Lowest High High Narrow – small Average 

SB35 Low Low Average Low High Low High High Broad – small Average 

SB5 Low Average Average Lowest High Low High High Broad - small Low 

RT2 Average ND Lowest Highest Low Average Average Low Narrow – small High 

RT35G Average Highest Highest Average Highest High Low Low Broad – small Average 

IO2 Average High Average Highest Low Average Average Low Narrow – small Average 

4.5 Summary 

From the evaluation of the elemental chemical analysis and resulting mineralogical 

characterisation is important to note: 

• There is a variability between NHLs from the same origin; 

• A variation amongst NHLs within the same designation was verified; 

• Similarities between NHL from different classifications was shown either in the 

elemental characterisation by XRF and the XRD mineralogical analysis; 

• Similar chemical properties result in distinct mineralogical and reactive characteristics, 

probably due to variability in the temperature and time production in the kiln and 

temperature gradients inside the same production batch; 
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• Similarities in particle size distribution amongst binders from the same manufacturer 

appear to reflect similar production parameters; 

• The properties of NHLs from the same manufacturer change in time. 

The main characteristics of the binders used for the manufacture of the prisms are summarized 

in Table 4.8. 
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Table 4.8 Main characteristics of the binders used to manufacture the NHL and CL90 mortars. Mineral phases in % of weight. 

Binder Portlandite Calcite C3S C2S C3A C4AF 

Surface 

area 

(m2/g) 

Bulk 

density 

(kg/dm3) 

d(0.1)  

(µm) 

d(0.5)  

(µm) 

d(0.9)  

(µm) 

OB2 62.25 5.53 4.76 23.11 1.29 2.30 5.46 0.64 1.06 3.58 27.89 

OB35 62.61 5.15 5.95 21.61 1.70 2.00 5.92 0.58 1.05 3.68 61.57 

OB5 60.79 7.87 5.78 20.38 1.67 2.13 6.77 0.59 0.89 3.05 28.48 

SA2 62.15 17.05 2.47 14.10 0.69 1.40 10.04 0.58 0.86 3.28 26.58 

SA35 36.98 26.93 3.34 23.42 2.17 2.46 6.25 0.67 0.95 5.01 50.54 

SA5 34.71 29.80 8.92 19.48 1.51 1.58 4.15 0.79 1.28 8.93 57.94 

SB35 42.80 30.90 3.40 18.40 2.30 0.10 6.70/5.21 0.81 1.38 10.53 113.14 

SB5 38.10 27.90 5.90 21.30 1.10 0.60 3.88/4.36 0.86 1.40 10.63 116.89 

RT2 54.32 26.56 0.00 14.17 0.82 1.87 9.40 0.67 0.81 3.15 17.58 

RT35G 43.14 16.17 10.78 25.32 1.54 0.02 7.03 0.85 0.94 6.41 54.60 

IO2 53.59 12.28 6.51 23.01 0.55 1.12 7.92 0.72 0.81 3.15 17.96 

CL90 95.80 4.20     19.55 0.56 0.68 3.17 23.63 

Cement 1.93 3.11 65.31 9.51 6.12 3.80  1.24 1.65 14.21 52.20 
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5. NHL mortars properties – results and 

discussion 

This chapter describes the results obtained from the NHL mortars cured under standard 

conditions and under simulated winter and summer conditions using an environmental 

chamber. An analysis was also made of a set of formulated cement-lime and lime-MK mortars, 

together with a lime putty-based mortar.  

For the NHL mortars, the properties studied included the mechanical strength, porosity and 

porosity related properties such as water vapour permeability and water absorption by capillary 

action. The carbonation of the samples is also presented. The samples cured within the 

environmental chamber were analysed on the basis of their mechanical strength and 

carbonation. 

The formulated mortars results comprise the mechanical strength, porosity and water 

absorption by capillary action. 

The carbonation and hydration of the NHL and the formulated samples cured under standard 

conditions was also measured by XRD with Rietveld refinement quantification. 

5.1 Mortar manufactured according to the EN 459-1 classification 

Standard specimens were prepared following the EN 459-1 and EN 459-2 procedures for binder 

classification. The bulk density measured in the laboratory from the beginning of the research 

was higher than the 0.6 kg/dm3 threshold, while the manufacturer bulk density is below 0.6 

kg/dm3. This resulted in two different formulations for the OB2 binder presented in Table 5.1. 
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Table 5.1 Standard formulation for Otterbein binders. Bd – bulk density. 

NHL Classification Bulk density 

(kg/dm3) 

Binder  

(g) 

Sand 

(g) 

Water 

(g)  

OB2 NHL 2 0.64 450 1350 248 

OB2 (manufacturer bd) NHL 2 0.5 450 1350 270 

OB35 NHL 3.5 0.58 450 1350 270 

OB5 NHL 5 0.59 450 1350 270 

The EN 459-2 requirements for the curing conditions of the NHL 2 and NHL 3.5/NHL 5 are 

also different. NHL 2 mortars required curing after demoulding at a temperature of 20 ± 1 °C 

and relative humidity of no less than 60 % and the NHL 3.5/NHL 5 at a temperature of 

20 ± 1 °C and relative humidity of no less than 90 %. 

Figure 5.1 presents the results of the compression test at 28 and 91 days of the standard mixes 

manufactured at Bath and by an external laboratory (using the binder presented in Table 4.4). 

For comparison, the data for a 1:2 conservation mortar mix, as used in this study, are also 

presented. Despite the different results at 28 days, that can be explained by different mineral 

composition (Table 4.4), the relationship is the same with OB35 being the strongest and having 

similar performance to the OB5.  

OB5 failed to meet the requirements for a NHL 5 classification in both the tests. OB35 achieved 

the strength for its classification in the Bath test but failed for the specimens manufactured by 

the external laboratory.   

At 91 days, for the external manufactured specimens, OB2 has equal strength to OB5, and 

closer values to OB35. This correlates with similarities between the mineral characterisation 

present in Table 4.4 for the Otterbein binders used by the external laboratory. 
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Figure 5.1 Compressive Strength for standard EN 459 formulated OB mortars (external lab 

and 1:2 volumetric presented for comparison). * - using manufacturer data. 

The differences between the Otterbein binders supplied at separate times, middle of 2014 and 

November 2015, are presented in  Table 4.4 where there are considerable changes in portlandite 

and calcite contents and the water reactive minerals C3S, C2S and C3A. There is generally a 

lower content of C3S and portlandite and higher content of C2S in the sample from November 

2015. The higher content of C2S can lead to later gains in strength and explain the evolution 

from the external laboratory sample from 28 to 91 days.  

It appears that the change in the materials was consistent across the 3 classifications, suggesting 

a modification in the raw materials or changes in production methods, but confirming that the 

binders, while similar, change over time. 

  



96 

 

5.2 Standard cured mortars 

As described in Chapter 3, NHL mortars were prepared and cured under standard EN 1015-

11:1999 conditions. The summary of the mix characteristics is presented in Table 5.2. To 

enable a comparison between the standard cured mortars and the samples cured in climate 

simulated conditions, the same parameters were used for the later. 

Table 5.2 Summary of the mix characteristics and workability of the mortars manufactured. 

Reference 

Binder bulk 

density 

(kg/dm3) 

Aggregate/binder 

(in mass) 

Binder/aggregate 

(mass) 
Water/binder 

Spread 

(mm) 

OB2 0.64 4.42 0.23 0.95 160 

OB35 0.58 4.90 0.20 1.31 161 

OB5 0.59 4.82 0.21 1.18 156 

SA2 0.58 4.89 0.20 1.12 160 

SA35 0.67 4.20 0.24 1.19 174 

SA5 0.79 3.55 0.28 0.90 174 

SB35 0.81 3.46 0.29 0.84 164 

SB5 0.86 3.29 0.30 0.87 175 

RT2 0.67 4.18 0.24 1.08 159 

RT35G 0.85 3.32 0.30 0.80 171 

IO2 0.72 3.90 0.26 1.07 164 

CL90 0.56 5.06 0.20 1.51 166 

It is clear that the bulk density of the binders, for mortars manufactured with the same 

aggregate, will play a major role in the final properties of the mortar. There is a wide range of 

binder/aggregate ratio (from 0.20 to 0.30) that will influence the availably of the main active 

constituents (portlandite, alite and belite) in the process of consolidation and strength gain. 

5.2.1 Mechanical Strength, density and carbonation measurements 

The mechanical properties, flexural and compressive strength, of the mortars cured under 

standard conditions was measured at 7, 14, 28, 91, 180, 360, 720 and 1080 days of cure. 

Carbonation measured by phenolphthalein spraying and density were also measured at the 
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same ages. The density was obtained by dividing the mass by the volume of the prisms. The 

results are presented in Table 5.3. 

Table 5.3 Average compressive Strength (Rc), Flexural Strength (Rf), density and carbonation 

front depth for NHL mortars across the different ages. Total – full carbonation of the 

specimens. 

ref. Age (days) 7 14 28 91 180 360 720 1080 

OB2 

Rc (MPa) 0.8 1.3 1.7 2.7 3.5 4.3 4.5 4.8 

Rf (MPa) 0.1 0.4 0.5 0.8 0.9 0.9 1.0 0.9 

Density (kg/dm3) 2.1 1.9 1.9 1.9 1.9 1.9 1.9 1.9 

Carbonation (mm) 0.0 0.8 2.2 7.7 16.2 16.1 Total 17.0 

OB35 

Rc (MPa) 0.5 1.0 1.7 2.1 3.1 3.4 3.9 3.4 

Rf (MPa) 0.1 0.2 0.3 0.4 0.5 0.5 0.5 0.6 

Density (kg/dm3) 2.1 1.9 1.8 1.9 1.9 1.9 1.9 1.8 

Carbonation (mm) 0.0 0.8 2.4 9.7 16.1 16.9 Total 18.7 

OB5 

Rc (MPa) 0.5 1.2 1.6 2.0 2.7 3.1 3.5 3.4 

Rf (MPa) 0.1 0.2 0.4 0.4 0.4 0.5 0.5 0.5 

Density (kg/dm3) 2.1 1.8 1.9 1.9 1.8 1.8 1.8 1.8 

Carbonation (mm) 0.0 1.0 0.8 10.5 17.1 17.6 Total Total 

SA2 

Rc (MPa) 0.5 1.1 1.4 1.8 2.5 2.8 3.0 2.7 

Rf (MPa) 0.2 0.3 0.4 0.4 0.5 0.5 0.5 0.6 

Density (kg/dm3) 2.1 1.9 1.8 1.9 1.9 1.9 1.8 1.8 

Carbonation (mm) 0.0 0.8 2.9 9.9 14.1 19.0 Total Total 

SA35 

Rc (MPa) 0.7 1.4 2.2 2.2 2.6 2.6 2.9 2.7 

Rf (MPa) 0.2 0.3 0.4 0.3 0.4 0.4 0.4 0.4 

Density (kg/dm3) 2.1 1.8 1.9 1.8 1.9 1.8 1.8 1.8 

Carbonation (mm) 0.0 0.8 1.3 13.0 Total Total Total Total 
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ref. Age (days) 7 14 28 91 180 360 720 1080 

SA5 

Rc (MPa) 1.2 2.1 2.4 3.1 3.7 4.3 5.0 4.5 

Rf (MPa) 0.3 0.6 0.7 0.7 0.8 0.8 1.0 1.0 

Density (kg/dm3) 2.1 1.9 1.9 1.9 1.9 1.9 1.9 1.9 

Carbonation (mm) 0.0 1.0 2.7 12.2 Total Total Total Total 

SB35 

Rc (MPa) 0.9 1.9 2.7 2.6 3.3 3.7 4.2 3.8 

Rf (MPa) 0.3 0.6 0.6 0.6 0.6 0.7 0.7 0.7 

Density (kg/dm3) 2.2 2.0 1.9 1.9 1.9 1.8 1.8 1.9 

Carbonation (mm) 0.0 0.8 1.9 8.9 13.9 14.3 Total Total 

SB5 

Rc (MPa) 0.8 2.1 2.7 2.9 3.3 3.6 4.1 4.0 

Rf (MPa) 0.2 0.5 0.5 0.5 0.6 0.7 0.6 0.8 

Density (kg/dm3) 2.2 2.0 1.9 1.9 2.0 1.9 1.9 1.9 

Carbonation (mm) 0.0 0.9 2.0 10.1 18.1 18.4 Total Total 

RT2 

Rc (MPa) 0.4 1.0 1.4 1.9 2.3 2.5 2.7 2.7 

Rf (MPa) 0.2 0.3 0.4 0.4 0.6 0.5 0.6 0.6 

Density (kg/dm3) 2.1 1.8 1.8 1.8 1.8 1.8 1.8 1.8 

Carbonation (mm) 0.0 0.8 2.7 8.4 13.2 17.6 Total Total 

RT35G 

Rc (MPa) 1.6 2.9 3.7 3.5 5.0 4.8 6.8 6.4 

Rf (MPa) 0.6 0.8 0.9 1.0 1.2 1.1 1.3 1.3 

Density (kg/dm3) 2.1 2.0 1.9 1.9 1.9 1.9 1.9 1.9 

Carbonation (mm) 0.0 0.6 2.1 8.4 13.1 13.8 17.7 18.2 

IO2 

Rc (MPa) 1.0 1.8 1.9 2.5 2.9 3.6 3.9 4.1 

Rf (MPa) 0.3 0.5 0.5 0.7 0.7 0.7 0.8 0.8 

Density (kg/dm3) 2.1 1.8 1.9 1.9 1.9 1.9 1.9 1.8 

Carbonation (mm) 0.0 0.9 2.2 8.8 15.0 16.6 Total Total 
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ref. Age (days) 7 14 28 91 180 360 720 1080 

CL90 

Rc (MPa) 
 

0.4 0.5 1.0 1.2 1.2 1.2 1.1 

Rf (MPa) 
 

0.2 0.3 0.4 0.5 0.5 0.6 0.6 

Density (kg/dm3) 
 

1.7 1.7 1.7 1.7 1.7 1.7 1.7 

Carbonation (mm) 
 

0.0 2.6 9.3 Total Total Total Total 

For the first 7 days carbonation is non-detectable due to the samples being stored in high 

relative humidity and protected from drying by a plastic membrane thus avoiding the access to 

CO2. After the total carbonation was determined by phenolphthalein spraying a high proportion 

of samples still show changes in strength for older ages, reflecting the later hydraulic reactions 

and carbonation in concentrations not detectable by dye identification. 

5.2.2 Flexural Strength 

Flexural Strength with standard deviation representation for early ages is presented in Figure 

5.2. The lines joining the data points in the graph are presented as only to show the trend and 

do not reflect strength for intermediate ages. For the first 28 days all the mortars gain flexural 

strength. SB35 shows a slight decrease from 14 to 28 that can be related to possible microcracks 

in the mortar prism due to the drying. The CL90 show similar behaviour to some of the 

hydraulic binders resulting in values slightly higher than OB35 and close to the weaker NHLs. 

RT35G is the strongest of the mortars for flexural strength. 
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Figure 5.2 Flexural Strength from 7 to 28 days. 

Figure 5.3 shows the flexural strength up to 360 days. Between 28 and 91 days, the majority 

of the mortars maintain the flexural strength or show a small gain. The exceptions are OB2 

with a relatively higher gain and SA35 with a strong reduction in the flexural strength. The 

SB5 and OB5 show a small decrease for this period.  The CL90 air mortar behaves similarly 

to some hydraulic mortars, almost overlapping the OB35. At 360 days, CL90 is stronger than 

5 hydraulic binders. OB2 is at this moment the second strongest of the binders for flexural 

loads. The decrease in strength for some of the binders can be associated with microcracks 

related to the drying of the specimens and porosity adjustments. 
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Figure 5.3 Flexural Strength from 7 to 360 days. 

The flexural strength development for all ages can be adjusted to a logarithmic evolution as 

demonstrated in Figure 5.4. Most of the binders show stabilization or low strength gains from 

360 to 1080 days. For three years of ageing two of the NHL 2 binders, OB2 and IO2 were 

amongst the strongest mortars. From 90 days onwards, the weakest mortar for flexural strength 

was SA35. SB35 and SB5 showed similar behaviour, reflecting their similar mineralogical 

composition. 
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Figure 5.4 Flexural Strength for all NHL from 7 to 1080 days of ageing. 
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5.2.3 Compressive Strength 

Compressive strength is one of the main considerations for the NHL classification in the 3 

different groups (NHL 2, NHL 3.5 and NHL 5), representing the minimum strength at 28 days 

for a mortar manufactured with a standardized sand and to a standard mix proportion (Table 

1.3). It is then important to analyse how commonly formulated mortars relate to the 

classification of the binders. 

5.2.3.1 Age related strength 

From 7 to 28 days (Figure 5.5) there is an increase in compressive strength for all the NHL 

mortars. The RT35G is consistently the strongest mortar in compression, but as is the case with 

other NHL3.5s such as SB35 and SA35, a reduction in compressive strength occurs from 28 to 

91 days (Figure 5.6). The remaining mortars show an increase in strength with OB2 and SA5 

displaying a higher gain as demonstrated by the higher gradient from the straight line joining 

the data points from 28 and 91 days. The rate of compressive strength gain is similar to the 

CL90, this can suggest that the process of strengthening is dominated by the carbonation in that 

period. 

 

Figure 5.5 Compressive strength from 7 to 28 days for NHL and CL90 mortars. 
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RT35G has the smaller w/b ratio, which can explain the higher compressive strength, on the 

other hand it has a value of spread measured by flow table above the average of the produced 

mixes. 

For 28 days, only RT35G achieved the strength corresponding to its designation (≥ 3.5 MPa). 

This is to be expected due to the different nature of the aggregate used in this work (when 

compared to the standardised aggregate used for the classification), the distinct mixing 

proportions and curing regime. The binder/aggregate proportions for the classification of the 

binders is 1:3 in mass, while the NHL mortars formulations manufactured ranged from 1:3.3 

to 1:4.9 (binder:aggregate).  

The evolution of compressive strength until 360 days is presented in (Figure 5.6). The reduction 

in strength from 28 to 180 days for some mortars can be explained due to microcracking, 

changes in porosity or instability in the hydrates (Gameiro et al. 2014). From 180 to 360 days 

every sample, with the exception of RT35G, showed a gain in the average of the compressive 

strength. Despite the average of the RT35G at 360 days being lower than the one at 180 days, 

both values, 180 and 360, remained within the standard deviation of both values. 

 

Figure 5.6 7 to 360 days compressive strength for NHL and CL90 mortars. 
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At 360 days, OB2 mortar is the second strongest together with SA5, showing clearly that a 

lower classified binder can produce a stronger or equal strength mortar within a similar level 

of workability measured by flow table. Both mortars from Singleton Birch, SB35 and SB5 

show very similar compressive strength, which would be expected looking at the chemical and 

mineralogical data and particle size distribution of these two binders. 

For later ages, (Figure 5.7), the strength development can be fitted to a logarithmic evolution. 

From 360 to 720 days there are still strength gains, particularly in the SA5 mortar. From 720 

days the majority of the mortars showed a decrease in compressive strength. 

The pure lime mortar, CL90, in contrast with the flexural strength, results now in the weakest 

mortar. This is due to the lack of hydraulic properties and dependency on the slower 

carbonation process for strength gains. 
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Figure 5.7 NHLs and CL90 compressive strength from 7 to 1080 days. 
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5.2.3.2 Strength by binder classification 

The compressive strength of NHL2 binders is presented in Figure 5.8. The strength of all 

mortars at 28 days is lower than that indicated by their classification. This was expected due to 

the different aggregate and formulation proportions compared to the standard formulation used 

for classification. The aggregate and formulations required by the EN 459-1 classification, 

which is related to EN 196, is not representative of the commonly used aggregates and mixes 

used to produce conservation mortars. 

At 91 days OB2 and IO2 achieved the 2 MPa threshold and by 180 days all the mortars were 

within the NHL 2 classification with OB2 close to the minimum of the next classification group 

(NHL 3.5). From 720 days all mortars were within the tolerance values for their classification 

group (2-5 MPa). Compressive strengths of some NHL mortars at 28 days can be half of their 

strength at 2 years. 

OB2 and IO2 still show strength gains after 720 days while SA2 and RT2 compressive strength 

decreased. These minor changes, albeit showing a trend, are within the standard deviation of 

the average compressive strength for each age. 

 

Figure 5.8 NHL 2 compressive strength. 
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The elemental chemical composition and particle size distribution of RT2 and IO2 are identical 

and, despite being classified in the same group by the EN 459-1 and originating from the same 

manufacturer, these binders show differences in mineralogical composition and ultimate 

compressive strength. The higher content of C3S and C2S in IO2 produce a higher compressive 

strength. 

Even though OB2 presents less C3S content and similar C2S content to IO2, due to a lower 

surface area the w/b ratio is also lower than the IO2 mortar resulting in a higher strength mortar 

using the OB2 binder. 

The NHL 3.5 mortars characterised show a wide range of compressive strengths as presented 

in Figure 5.9. The final strength of the RT35G is more than twice the compressive strength of 

SA35 mortars and also considerably higher than the final strength of SB35 and OB35. At 3 

years of age, the compressive strength of SB35, OB35 and SA35 is 58 %, 46 % and 40 % of 

the RT35G mortar, respectively. This reflects the high proportion of hydraulic components in 

RT35G and the lower water/binder ratio and higher binder/aggregate ratio. 

SB35 and OB35 produced similar performing mortars. These binders show very distinct 

physical and mineralogical properties with OB35 having higher quantities of portlandite and 

C3S resulting in a mortar with significantly higher w/b ratio and lower b/a ratio. SA35 mortar 

achieved slightly lower compressive strength due to a relative high w/b ratio, intermediate b/a 

ratio, lower amount of portlandite, similar quantity of C2S and lower C3S when compared to 

OB35. 
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Figure 5.9 NHL 3.5 compressive strength. 

The range of strengths achieved by the NHL 5 mortars, presented in  Figure 5.10, is narrower 

compared to the previously analysed classifications. As 1080 days the three NHL 5 mortars 

achieved compressive strengths from 3.4 to 4.5 MPa (OB5 and SA5 respectively) with SB5 

sitting close to the average at 4.0 MPa. The results from SA5 and SB5 with similar w/b, b/a 

ratios and portlandite content, is related to the relative mineralogical composition of these 

binders. Due to the high content of C3S, SA5 resulted in a stronger mortar, in spite of SB5 

possessing a higher content of C2S. 
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Figure 5.10. NHL 5 compressive strength. 

5.2.3.3 Strength by manufacturer  

From a manufacturer analysis, in the case of Otterbein (Figure 5.11) the most noticeable result 

is OB2 mortar achieving higher compressive strength when compared to mortar manufactured 

with higher classification binders. These three binders show similar properties, with OB5 

having slightly higher hydraulic reactive components. This is a result of the lower w/b ratio of 

OB2 mortar and higher b/a resulting in a mortar with more active ingredients. For 1080 days 

OB35 and OB5 achieved the same compressive strength, resulting from similar chemical and 

mineral composition and similar b/a ratio. The tendency of OB5 across all ages to be slightly 

weaker than OB35 can be explained by a lower amount of C3S and C2S (early and intermediate 

ages) and lower portlandite content for later ages. 
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Figure 5.11 Otterbein mortars compressive strength. 

Saint-Astier NHL 5 (SA5) showed a higher strength compared to SA2 and SA35 (Figure 5.12) 

resulting from a combination of higher hydraulic phases in SA5, a higher b/a ratio and lower 

w/b ratio. This will result in a strong mortar. SA2 and SA35 achieved similar compressive 

strengths after 360 days of ageing with the more hydraulic reactive components of SA35 

responsible for a faster strength gain for the first 180 days and the portlandite content of SA2 

leading to later strength gains due to carbonation.  
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Figure 5.12 Saint-Astier compressive strength. 

The compressive strength of Singleton Birch (Figure 5.13) binders and the best fit logarithmic 

curve almost overlap for all ages. This reflects the binder properties, with similar chemical 

properties and with the higher w/b ratio of SB5 diminishing the effect of higher C2S and C3S 

content. The higher amount of C3S present in SB5 leads to higher strength gains at younger 

ages (from 7 to 14 days). Similar chemical physical properties (such as particle size 

distribution) and mineralogical phases present on both of these binders resulted in identical 

flexural and compressive strength. 
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Figure 5.13. Singleton Birch compressive strength. 

Figure 5.14 presents data from the three Roundtower and Ionic binders manufactured by the 

same manufacturer, and the RT35G binder resulted in the strongest of the mortars analysed. 

Due to a high bulk density, together with SB5, it presents the highest b/a ratio and the highest 

content of C3S and C2S. IO2 and RT2 differences are related to the lower hydraulicity of RT2 

with non-detectable C3S and low amount of C2S leading to a lower strength mortar (similar to 

SA2 and SA35). 
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Figure 5.14. Roundtower and Ionic compressive strength. 

5.2.4 Porosity by mercury intrusion, water vapour permeability and capillarity 

Porosity percentages, average, modal and median pore diameter are presented in Table 5.4. The 

values of mercury intrusion porosity are within a small variation showing a small coefficient 

of variation either considering or disregarding the porosity of the air lime sample. The 

distinctions between the binders is more noticeable when considering the relative diameters of 

the pores. The most frequent pore size, modal, shows higher variation. The difference between 

the modal diameter and the median pore diameter denotes the span of the pore size diameters, 

the closer these values are, the narrower the pore size distribution. 
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Table 5.4. Porosity, water vapour permeability and capillarity water absorption of NHLs and 

CL90 mortars. 

Mortar reference 
Porosity Hg 

intrusion (%) 

Pore Diameter (µm) 
Permeability 

(kg/(m.s.Pa) 

E-11 

Capillarity 

(kg/m2.min0.5) Mean Modal  

 

Median  

 

OB2 29.13 0.12 0.64 0.69 1.31 1.86 

OB35 31.16 0.14 0.42 0.54 1.67 2.13 

OB5 29.57 0.15 0.37 0.47 1.57 2.18 

SA2 28.55 0.14 0.44 0.56 1.50 2.04 

SA35 31.97 0.14 0.52 0.63 1.55 2.26 

SA5 28.19 0.13 1.01 1.06 1.47 2.27 

SB35 29.63 0.11 0.45 0.49 1.36 1.63 

SB5 28.76 0.12 0.57 0.58 1.28 1.78 

RT2 27.54 0.13 0.34 0.41 1.50 2.10 

RT35G 26.25 0.12 0.60 0.64 1.41 1.72 

IO2 29.93 0.15 0.47 0.58 1.64 1.95 

CL90 30.47 0.19 0.22 1.85 1.94 1.55 

Average 

Considering CL90 

29.10 0.14 0.50 0.72 1.52 1.95 

Std. Dev. 1.68 0.02 0.20 0.40 0.17 0.24 

Variation (%) 5.78 15.46 39.11 55.05 11.31 12.09 

Average 

 Without CL90 

28.97 0.14 0.53 0.62 1.48 1.99 

Std. Dev. 1.70 0.02 0.18 0.18 0.13 0.22 

Variation (%) 5.88 12.39 34.71 29.71 8.62 11.11 
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The mean pore diameter appears to be related to the water/binder ratio as presented in Figure 

5.15. The water/binder ratio, dependent on the desired workability, the surface area of the 

binder, and binder/aggregate ratio (more aggregate would require more water) is then a factor 

that can help to define the porosity of a mortar.  

 

Figure 5.15 Mean pore diameter as a result of the water/binder ratio. 

Water vapour permeability appears to be dependent on the mean pore diameter (Figure 5.16), 

that is itself dependent on the water/binder ratio. It appears to indicate that water vapour 

permeability can be controlled by the water/binder ratio of the mortar (Figure 5.17). 
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Figure 5.16 Water vapour permeability related to the mean pore diameter. 

 

Figure 5.17 Water vapour permeability related to the water/binder ratio. 

Water absorption by capillary action, shown in Figure 5.18 which shows capillarity against 

mean pore diameter, appears to also be related to the mean pore diameter where a particular 

dimension of pore size (~0.15 µm) is more efficient in the uptake of water. This results in a 

peak in the equation relating mean pore diameter and capillarity at ~0.15 µm where capillarity 
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is at its most efficient. Air lime, due to the larger size of the pores has a lower water suction 

effect, therefore a lower capillarity coefficient. 

 

Figure 5.18 Water absorption by capillarity action related to the mean pore diameter. 

The porosity of the samples, related mostly to the water/binder ratio of the mortars, appears to 

be the influencing the behaviour of the mortar when in contact with water in liquid form or the 

evaporation of water vapour. The capillarity, dependent on the surface tension of the water in 

the pores is dependent on the ideal diameter of the capillaries. This has an impact in the CL90 

sample where the vapour is able to travel through the mortar more easily, due to a higher 

porosity with bigger pores, but the suction effect is lower resulting from the higher pore size 

diameter and lower surface tension of the water. Water vapour permeability will be favoured 

from a higher porosity with bigger connected pores. 

The pore size distribution for NHL 2, NHL 3.5 and NHL 5 mortars is presented in Figure 5.19, 

Figure 5.20, and Figure 5.21 respectively. Same classification binders result in distinct pore 

size distribution, thus the designation by the EN 459-1 of a binder should not be related to the 

expected porosity properties of a mortar. 
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Figure 5.19 Pore size distribution for NHL 2 mortars. 

 

Figure 5.20 Pore size distribution for NHL 3.5 mortars. 
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Figure 5.21 Pore size distribution for NHL 5 mortars. 

5.2.5 Freeze-Thaw and water absorption by immersion 

Two freeze-thaw tests were performed. The first only evaluated the final damage of the 

mortars, while the second test involved a periodic record of the condition of the mortars. It was 

found that after 40 days of 2 cycles per days of freeze-thaw the stronger mortars were the less 

damaged at the end of the cycle (Table 5.5). The age of the NHL mortars submitted to the test 

was around 2.5 years. For most of the mortars both the carbonation process and the hydration 

mechanism had fully completed. In the first column the characteristics of the mortars is 

presented, porosity percentage, mean pore diameter, average compressive and flexural strength 

at 1080 days and the water absorption (WA) percentage determined by measuring the mass of 

water absorbed by saturation of the samples before the freeze-thaw test.  
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Table 5.5 Freeze-thaw results for NHL and CL90 mortars. Mortar characteristics with 

strength for 1080 days. Rc – compressive strength; Rf – flexural strength; WA water 

absorption. (mean values). 

Mortar characteristics Front image Side image 

OB2 

Porosity: 27.1 % 

Mean pore: 0.12 µm 

Rc: 4.8 MPa 

Rf: 0.9 MPa 

WA: 12.2 %   

OB35 

Porosity: 31.2 % 

Mean pore: 0.14 µm 

Rc: 3.4 MPa 

Rf: 0.6 MPa 

WA: 13.7 %   

OB5 

Porosity: 29.6 % 

Mean pore: 0.15 µm 

Rc: 3.4 MPa 

Rf: 0.5 MPa 

WA: 13.9 %   

SA2 

Porosity: 28.6 % 

Mean pore: 0.14 µm 

Rc: 2.7 MPa 

Rf: 0.6 MPa 

WA: 13.5 %   
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Mortar characteristics Front image Side image 

SA35 

Porosity: 32.0 % 

Mean pore: 0.14 µm 

Rc: 2.7 MPa 

Rf: 0.4 MPa 

WA: 15.0 %   

SA5 

Porosity: 28.2 % 

Mean pore: 0.13 µm 

Rc: 4.5 MPa 

Rf: 1.0 MPa 

WA: 13.0 %   

SB35 

Porosity: 29.6 % 

Mean pore: 0.11 µm 

Rc: 3.8 MPa 

Rf: 0.7 MPa 

WA: 13.1 %   

SB5 

Porosity: 28.8 % 

Mean pore: 0.12 µm 

Rc: 4.0 MPa 

Rf: 0.8 MPa 

WA: 13.0 %   
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Mortar characteristics Front image Side image 

RT2 

Porosity: 27.5 % 

Mean pore: 0.13 µm 

Rc: 2.7 MPa 

Rf: 0.6 MPa 

WA: 13.5 %   

RT35G 

Porosity: 26.3 % 

Mean pore: 0.12 µm 

Rc: 6.4 MPa 

Rf: 1.3 MPa 

WA: 12.8 %   

IO2 

Porosity: 29.9 % 

Mean pore: 0.15 µm 

Rc: 4.1 MPa 

Rf: 0.8 MPa 

WA: 14.1 %   

CL90 

Porosity: 30.5 % 

Mean pore: 0.19 µm 

Rc: 1.1 MPa 

Rf: 0.6 MPa 

WA: 13.8 %   
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The water absorption appears to be related to the porosity percentage determined by MIP 

(Figure 5.22). The saturation of the samples, determined by consecutive 24 h interval mass 

measurements to determine mass stabilization, was performed without applied pressure except 

for the weight of the water. It is conceivable that the water was unable to enter the smaller 

pores determined by the MIP pressurized test. 

 

Figure 5.22 Water absorption as a result of the percentage porosity. 

A second test, which extended to 26 cycles with intermediate observations, was performed 

(Table 5.6). For the first 6 days, 12 cycles, no damage was observed. At the 7th day the first 

cracks started to appear. The appearance of cracks was registered across the remainder of the 

cycle. 
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Table 5.6 Damage registered in the NHL mortars under freeze thaw test. N - No damage, M – 

Minor/hairline cracks, S - Small cracks, C – cracks medium size, D - Damage with 

disintegration of mortar, T/D – Total disintegration. 

ID 
14 cycles 20 cycles 26 cycles 

OB2 
S S C 

OB35 
S C T/D 

OB5 
S D T/D 

SA2 
D T/D T/D 

SA35 
D D T/D 

SA5 
N N N 

SB35 
D D D 

SB5 
M C D 

RT2 
S D T/D 

RT35G 
N N M 

IO2 
M C D 

CL90 
M S T/D 

The same pattern was observed with the strongest mortars, RT35G, OB2 and SA5 withstanding 

until the end of the freeze-thaw cycle with less damage. CL90 resisted better than some weaker 

NHL mortars, this can be explained by the larger pores and higher elasticity of the lime based 

binders and related to the flexural strength. The expansion of the water while freezing tends to 

induce tensile stress on the pores walls, hence in this specific test the resistance to freeze-thaw 

cycles is related to flexural strength. RT35G, SA5 and OB2 are the strongest mortars in the 

flexural strength test which corresponds to the more resistant mortars in the freeze-thaw cycle. 

SA35, the weakest of the mortars in the flexural strength, was the first to fail in the freeze-thaw 

test, followed by the majority of the mortars with low flexural strength.  

5.2.6 Carbonation and hydration measured by XRD Rietveld refinement 

At 2 years of aging, samples from NHL mortars were tested by XRD with Rietveld refinement, 

similar to that performed in the anhydrous form of the binders. The objective of this test was 

to expand the understanding on the carbonation and hydration stage of aged mortars to extend 

the limited knowledge acquired from a measurement by phenolphthalein spraying test. 

The mineral phases present in the NHL and CL90 mortars is presented in Table 5.7. The 

presence of portlandite indicates the presence of uncarbonated material, either from the original 
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binder’s portlandite content or that resulting from the hydration of the C2S and C3S phases. 

Due to carbonation, the main crystalline phase detected by XRD is calcite.  

Table 5.7 Mineral phases present in NHL and CL90 mortars, with exception of the quartz 

phase. 

Reference C2S C3S C3A C4AF Portlandite Calcite 

OB2 4.3 2.2 0.7 0.0 0.3 92.5 

OB35 0.7 0.7 0.9 0.0 0.0 97.8 

OB5 1.0 0.2 0.6 0.0 0.1 98.1 

SA2 0.0 0.1 0.0 0.0 0.2 99.8 

SA35 0.2 0.3 0.0 0.0 0.3 99.2 

SA5 1.3 1.2 0.1 0.0 1.1 96.3 

SB35 2.0 0.3 0.0 0.0 0.1 97.5 

SB5 3.1 1.0 0.0 0.0 0.9 94.9 

RT2 0.1 0.0 0.0 0.0 0.4 99.5 

RT35G 4.2 0.9 0.0 0.0 1.8 93.1 

IO2 6.2 0.5 0.0 0.1 1.5 91.7 

CL90 0.0 0.0 0.0 0.0 6.8 93.1 

The identification of C2S and C3S appears to indicate that for later ages (over 2 years) it is still 

possible for hydration reactions to occur. This was observed mainly in OB2, SA5, SB35, SB5, 

RT35G and IO2. 

To confirm this results a new test was performed on OB2, RT35G and IO for 2 year and 2.5 

year old mortars (Table 5.8) confirming the presence of portlandite and C3S and C2S. 

Table 5.8 Repetition of XRD mortar tests for OB2, RT35G and IO2 at 2 and 2.5 years of age. 

Reference C2S C3S C3A C4AF Portlandite Calcite 

OB2 4.7 1.7 0.8 0.1 0.5 92.2 

OB2_2.5Y 4.7 1.5 0.9 0.1 0.1 92.8 

RT35G 4.5 2.5 0.3 0.1 1.9 90.8 

RT35G_2.5Y 5.0 1.8 0.2 0.1 2.1 90.6 

IO2 3.1 1.9 0.1 0.0 1.8 93.1 

IO2_2.5Y 3.9 1.3 0.0 0.0 0.7 94.0 

These tests show that for later ages there is still the potential for hydraulic reactions to occur 

and the carbonation is still an ongoing process, although with a small impact. At later ages 

unreacted material can also result from portlandite being unable to react with atmospheric CO2 

where individual crystals have been surrounded by impenetrable carbonated material (R.M.H. 

Lawrence, T.J. Mays, et al. 2006). 
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5.3 Simulated weather cured mortars 

A selected number of mortars were manufactured to cure under simulated weather conditions 

of temperature and relative humidity variations mirroring the variations of a real location. 

Flexural strength of these mortars is presented from  Figure 5.23 to Figure 5.26 for 28, 91, 180 

and 360 days; compressive strength is shown from Figure 5.27 to Figure 5.30 for the same 

ages. These groups correspond to the Summer16 and Winter from Table 3.4. 

5.3.1 Flexural Strength for the simulated weather cured mortars 

For 28 days of cure (Figure 5.23), the high humidity appears to favour the development of 

flexural strength with mortars cured under winter conditions possessing similar or higher 

strength than the standard cure and considerably more strength than the samples cured under 

initial summer conditions.  

 

Figure 5.23 28 days flexural strength for NHL mortars cured under standard and 

winter/summer simulated conditions. 

At 91 days of curing under winter conditions the development of flexural strength continued. 

Summer cured conditions remained the weakest in terms of flexural strength (Figure 5.24). 

This could be the result of premature drying of the samples in lower relative humidity 

conditions and higher temperatures provoking shrinkage cracking. 
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Figure 5.24 91 days flexural strength for NHL mortars cured under standard and 

winter/summer simulated conditions. 

At 180 days (Figure 5.25), when the summer samples enter winter temperature and humidity 

conditions and the winter manufactured samples enter summer conditions, some the winter 

samples lost strength (most noticeably in the case of OB5 and RT35G).   

 

Figure 5.25 180 days flexural strength for NHL mortars cured under standard and 

winter/summer simulated conditions. 
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From 180 days to 360 days most of the samples gained flexural strength irrespective of whether 

they were initially cured under summer or winter conditions. With the exception of the RT35G 

mortar, it appears that the initial strength gain for winter samples was the determining factor 

for the final strength at 360 days of ageing with half of the samples being considerably stronger 

compared to those subject to either a standard cure or a summer cure. 

The 360 days flexural strength (Figure 5.26) of the SB mortars for samples initially cured under 

summer and winter conditions is considerably stronger when compared to the standard cure. 

For the rest of the mortars, summer samples possess either comparable or weaker flexural 

strength compared to the standard conditions.  

 

Figure 5.26 360 days flexural strength for NHL mortars cured under standard and 

winter/summer simulated conditions. 

5.3.2 Compressive strength for the simulated weather cured conditions 

For 28 days of ageing the compressive strength, presented in Figure 5.27, shows comparable 

strengths amongst the three types of cure with the exception of OB35, OB5 and SA35. The 

strength measured at 91 days (Figure 5.28) show similar behaviour. At this age the summer 

cured conditions resulted in weaker mortars when compared to the winter and standard cured 

conditions (SB5 excepted) appearing to show that the low relative humidity in summer 

conditions had an impact in the hydraulic reactions of the mortars. 
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Figure 5.27 28 days compressive strength for NHL mortars cured under standard and 

winter/summer simulated conditions. 

 

Figure 5.28 91 days compressive strength for NHL mortars cured under standard and 

winter/summer simulated conditions. 

From 90 to 180 days of cure (Figure 5.29) all the simulated weather cured samples gained 

compressive strength. The samples initially cured in summer conditions continue to show less 

strength compared to the winter and standard cured samples (except for SA5, SB5 and for the 

equivalent strength of summer/winter compressive strength of RT35G). 
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Figure 5.29. 180 days compressive strength for NHL mortars cured under standard and 

winter/summer simulated conditions. 

At 360 days of curing (Figure 5.30) mortar initially cured under summer conditions have had 

access to high relative humidity impacting in the strength gain from 180 to 360 days with the 

majority of mortars now exhibiting higher or equivalent compressive strength compared to the 

samples initially cured under winter simulated weather.  

 

Figure 5.30. 360 days compressive strength for NHL mortars cured under standard and 

winter/summer simulated conditions. 
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The environmental conditions appear to influence the compressive strength of NHL mortars. 

For early ages, 28 days, the strength is not influenced in a dramatic way, probably due to the 

water available for the hydration of alite and the initial hydration of belite. From 91 days 

onwards the impact of low temperatures in the winter cure and the low relative humidity in the 

summer cure appear to have more of an impact on the compressive strength. Singleton Birch 

samples show the more consistent behaviour for the distinct curing conditions. 

For compressive strength, for samples initially cured under different conditions, it appears that 

after one year, the resulting strength is equivalent between the two situations. The ‘ambient 

conditions’ nearly always result in weaker mortars compared to the ‘ideal conditions’ of the 

standardised cure. 

The carbonation front from the standard cured mortars is generally higher when compared to 

the summer and winter samples (Table 5.9). Parallel to this, summer mortars are usually more 

carbonated for the observed ages. 

As described, from 28 days to 180 the compressive strength for summer samples is usually 

lower when compared to the winter cured mortar, however, carbonation in summer cured 

mortars is generally higher. This may indicate that high humidity leading to more efficient 

hydraulic reactions, is more important for compressive strength gains in hydraulic lime mortars 

for early ages. Similar observations can be made relating carbonation with the flexural strength, 

highlighting the importance of the hydraulic phases in the development hydraulic lime mortar 

strength. 
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Table 5.9 Carbonation front measurements and approximate % of carbonated area compared 

to the total area of the prism. 

Curing 
Carbonation (mm) Carbonation (approximate % of total area) 

28 days 91 days 180 days 360 days 28 days 91 days 180 days 360 days 

Standard 2.2 7.7 16.2 16.1 20 62 96 96 

Winter 1.0 1.2 3.2 4.5 9 11 30 40 

Summer 1.1 2.3 3.7 7.0 11 22 34 58 

Standard 2.4 9.7 16.1 16.9 22 74 96 98 

Winter 1.0 2.0 4.4 6.7 10 19 39 56 

Summer 0.9 3.0 6.8 10.6 9 28 56 78 

Standard 0.8 10.5 17.1 17.6 8 77 98 99 

Winter 1.3 1.9 4.2 6.5 13 18 38 55 

Summer 1.4 2.9 5.5 8.0 14 26 47 64 

Standard 2.9 9.9 14.1 19.0 27 75 91 100 

Winter 1.1 1.8 3.7 5.3 11 17 34 46 

Summer 0.4 2.4 4.5 7.8 4 22 40 63 

Standard 1.3 13.0 20.0 20.0 12 88 100 100 

Winter 1.3 2.3 4.6 7.0 13 21 41 58 

Summer 1.0 3.3 5.7 11.0 10 30 49 80 

Standard 2.7 12.2 20.0 20.0 25 85 100 100 

Winter 1.3 2.3 4.5 6.4 13 22 40 54 

Summer 1.1 3.0 4.6 10.2 11 28 41 76 

Standard 1.9 8.9 13.9 14.3 18 69 91 92 

Winter 1.2 1.9 3.8 6.0 11 18 35 51 

Summer 0.7 2.6 4.3 8.5 7 24 39 67 

Standard 2.0 10.1 18.1 18.4 19 75 99 99 

Winter 1.5 2.5 4.7 6.7 14 23 41 56 

Summer 0.7 3.0 4.9 9.1 6 27 43 71 

Standard 2.1 8.4 13.1 13.8 20 66 88 90 

Winter 0.8 1.5 4.1 5.3 8 15 37 46 

Summer 0.6 2.3 3.7 7.3 5 22 34 60 
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For 360 days of ageing, the measured compressive strength appears to follow the same pattern 

as the % of carbonated area of the prism represented in Figure 5.31. 

 

Figure 5.31 360 days percentage of carbonated area. 

It is important to point out that after 360 days the standard cured samples still gained 

compressive strength, therefore it should be expected that the samples cured under simulated 

weather conditions will follow the same behaviour.   

5.3.3 Specific cases for the weather simulated cured mortars 

In addition to the previously discussed weather simulated cured mortars, two more groups were 

studied. The curing condition of these groups are described in Table 3.4 as Summer15 and 

Winter/Standard. 

At 270 days of cure, the Winter/Standard samples, after separation at 28 days, showed very 

different carbonation behaviour and compressive and flexural strength gains (Table 5.10). All 

the samples cured in standard conditions presented full carbonation. Most of the samples cured 

under simulated environmental weather conditions showed reduced compressive strength and 

higher flexural strengths. 
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Table 5.10 270 days average compressive strength (Rc), flexural strength (Rf) and 

carbonation front measurements for Winter/Standard samples. w/std - samples cured in 

standard conditions after 28 days; env - samples cured in the environmental chamber in 

winter cure. 

ID 

Rc (MPa) Rf (MPa) Carbonation (mm) 

w/std. env. % from std. w/std. env. % from std. w/std. env. % from std. 

OB2 3.5 2.1 -40.1 0.9 0.6 -32.7 20.0 6.9 -65.4 

OB35 1.2 1.2 5.0 0.4 0.4 21.6 20.0 9.5 -52.4 

OB5 1.8 1.3 -26.4 0.6 0.6 -2.1 20.0 8.9 -55.6 

SA2 2.4 1.5 -35.6 0.6 0.5 -16.3 20.0 8.0 -60.0 

SA35 1.3 1.3 -1.5 0.4 0.5 18.0 20.0 10.7 -46.6 

SA5 2.8 2.5 -11.2 0.8 1.0 21.7 20.0 9.5 -52.7 

SB35 2.5 2.7 5.9 0.9 1.0 7.9 20.0 7.9 -60.4 

SB5 2.0 2.6 30.9 0.8 1.0 29.1 20.0 9.9 -50.3 

RT35G 4.8 3.7 -22.9 1.1 1.2 11.2 20.0 6.9 -65.5 

As expected the curing condition chosen greatly influences the final properties of the mortars, 

affecting carbonation and impacting strength gains. 

A set of samples designated as Summer15 were cured in summer conditions for the first 28 

days from the moment they were cast. This allowed the specimens to dry and start the 

carbonation process earlier than the specimens cured under standard curing conditions and 

winter conditions. After 28 days the Summer15 samples were submitted to elevated 

temperatures (about 30 °C) high RH (about 80 %) in month 3 and laboratory temperature in 

month 4 and 5. From month 6 they were subjected to the same cycle as the winter samples. The 

elevated temperatures and high RH allowed for an accelerated hydration of the samples. 

Table 5.11 presents the compressive strength for 14 and 28 days for Summer15 and standard 

cured samples. At 14 says the standard cured samples were still wet due to the first 7 days of 

high relative humidity, while the Summer15 mortars were exposed from the manufacturing 

date to elevated temperatures and lower relative humidity. This resulted in the Summer15 

samples possessing higher compressive strength for 14 days and half the samples being 

stronger for the flexural test. For 28 days, after the drying of the standard cured samples and 

the initial hydration and carbonation reactions starting to occur, the compressive strength for 

standard cured mortars is higher compared to the Summer15 mortars but the difference became 

lower (OB2, SA2, SB35). 
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Table 5.11 Summer15 (s15) and standard (std.) cured samples average compressive and 

flexural strength for 14 and 28 days. 

ID 

14 days 28 days 

Rc (MPa) Rf (MPa) Rc (MPa) Rf (MPa) 

std. s15 % of std. std. s15 % of std. std. s15 % of std. std. s15 % of std. 

OB2 1.3 1.9 44.0 0.4 0.5 17.5 1.7 1.9 13.6 0.5 0.5 -0.3 

OB35 1.0 1.1 7.0 0.2 0.5 100.7 1.7 1.1 -37.3 0.3 0.4 15.6 

OB5 1.2 1.4 18.8 0.2 0.3 51.2 1.6 1.3 -21.8 0.4 0.4 -5.1 

SA2 1.1 1.8 62.3 0.3 0.5 60.5 1.4 1.5 10.0 0.4 0.4 -2.2 

SA35 1.4 1.5 3.4 0.3 0.3 -2.3 2.2 1.6 -28.6 0.4 0.5 25.3 

SA5 2.1 1.9 -8.2 0.6 0.4 -25.3 2.4 1.6 -34.3 0.7 0.4 -37.7 

SB35 1.9 2.7 42.2 0.6 0.3 -43.2 2.7 3.4 24.5 0.6 0.8 23.6 

SB5 2.1 1.8 -13.2 0.5 0.3 -44.2 2.7 1.8 -34.1 0.5 0.7 37.4 

After 28 days, more specifically at month 3 of cure, Summer15 samples were cured under 

elevated temperatures and high relative humidity as described before. The first months of cure 

are of significant importance, as seen on the analysis of the standard cured samples. The 

strength gains of Summer15 mortar were thus promoted resulting in stronger mortars at 720 

days, despite an incomplete carbonation process detected by phenolphthalein spraying. The 

results for 2 years of cure are presented in Table 5.12. The mechanical strength is consistently 

stronger in the Summer15 mortars for both compressive and flexural strength. The flexural 

strength of the Summer15 mortars are two to three times greater when compared to the standard 

cured samples for the majority of the samples analysed.  
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Table 5.12 720 days average compressive strength (Rc), flexural strength (Rf) and 

carbonation front measurements for standard and Summer15 samples. std - samples cured in 

standard conditions; summer15 - samples cured in the environmental chamber in winter cure. 

ID 

Rc (MPa) Rf (MPa) Carbonation (mm) 

std s15 
% from 

std. 
std s15 

% from 

std. 
std. s15 

% from 

std. 

OB2 4.5 7.1 56.9 1.0 1.5 47.7 19.5 6.9 -64.4 

OB35 3.9 5.7 46.1 0.5 2.3 336.6 20.0 10.0 -50.2 

OB5 3.5 4.9 38.6 0.5 1.6 188.2 20.0 10.1 -49.5 

SA2 3.0 3.8 29.3 0.5 1.5 188.7 20.0 9.5 -52.3 

SA35 2.9 5.6 95.0 0.4 1.9 336.4 20.0 12.5 -37.4 

SA5 5.0 5.2 3.4 1.0 1.7 62.0 20.0 9.6 -51.9 

SB35 4.2 6.9 62.3 0.7 2.2 213.0 19.6 8.7 -55.8 

SB5 4.1 5.2 27.1 0.6 1.8 183.4 20.0 10.9 -45.3 

From month 6 of cure, the Summer15 mortars were exposed to the normal Winter → Spring 

→ Summer → Autumn → Winter → Spring → Summer, hence the initial curing conditions 

were influential for the strength gain of this mortar. 

Curing conditions, temperature and relative humidity are extremely important for the curing of 

NHL mortars and their strength characteristics. 

5.4 Summary 

• NHL 3.5 and NHL 5 Otterbein mortars manufactured according to the EN 459-1 

classification method failed to achieve minimum strength at 28 days for their 

designation. However, at 90 days, for the test conducted in the external laboratory, the 

strength was almost double of the 28 days strength; 

• As expected, almost all standard cured mortars failed to meet the strength 

corresponding to their classification due to the different nature of the aggregates, 

distinct mixing proportions (w/b, b/a) and curing regimes when compared to the process 

used for binders’ classification; 

• After 28 days, the age of the test for classification of binder, there are still significant 

strength gains. For later ages, over 360 days, the compressive strength is significantly 

higher, in some cases double, the one established at 28 days;  
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• NHL mortar classification does not reflect the strength characteristics of mortars 

volumetrically manufactured, with a commonly used aggregate and adequate 

workability. In some cases, NHL 2 and NHL 3.5 binders resulted in stronger mortars 

than that established for NHL 5 mortars; 

• The bulk density of the binders, leading to different binder/aggregate proportion 

appears to be a decisive factor on the strength gains; 

• At the same time, the binder/aggregate ratio will define the proportion of active 

ingredients present in mortars. This will be further discussed in Chapter 7; 

• The mean pore diameter of the mortars manufactured, is controlled by the water/binder 

ratio, at the same time, the water vapour permeability is dependent on the mean pore 

diameter, which in its turn is related to the water/binder ratio; 

• Binders from same classification resulted in distinct MIP Hg intrusion porosity % and 

pore size distribution; 

• Freeze-thaw resistance for mortars over 2 years is related to the flexural strength and is 

higher in stronger mortars over longer cycles; 

• XRD performed in mortars after 2 years of cure showed the presence of belite, alite and 

portlandite; 

• Weather simulated cured mortars almost always resulted in weaker mortars compared 

to the standard cure; 

• The initial conditions of cure appear to be the determining factor for mortar 

performance. 
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6. Cement-lime and lime-MK blended 

mortars – results and discussion 

Cement-lime mortars and lime-MK formulations are sometimes used as an alternative to pure 

lime and hydraulic lime mortars for conservation works. This chapter presents a comparison 

between the NHL mortars and blended mortars manufactured using the same aggregate, 

workability range, and cured under the same conditions. The main properties found in 

cement-lime (CemLi) with proportions 1:1:6 and 1:2:9, and lime-MK (LiMK) with MK 

addition of 5, 10, and 15 % of the mass of lime are presented. For comparison purposes a mortar 

using lime putty was also manufactured. These mortars were studied from 7 to 360 days of 

ageing for strength tests and at 360 days for porosity and water absorption by capillary action 

and freeze-thaw resistance. Results are also compared to the CL90 presented in the previous 

chapter.  

Blended mortars, cement-lime and lime-pozzolan, emerge as an alternative to the NHL with 

the objective of achieving a higher degree of control of the chemical properties of the binders 

and of the properties of the mortars. However, similar to the NHL binders, it is important to 

know the type of the cement used and, regarding the pozzolan blended mortars, the chemical 

and mineralogical composition of the pozzolan. 

6.1 Mechanical properties, density and carbonation 

The summary of the properties of the CemLi, LiMK and lime mortars is presented in Table 

6.1. Similar to the NHL mortars, up to 14 days no carbonation was verified. The density of the 

mortars, measured by dividing the mass by the volume of the prisms is identical in all the LiMK 

and pure lime mortars (CL90 and Putty). CemLi1:1:6 due to a lower water/binder ratio and the 

presence of cement is denser. CemLi1:2:9 sits in an intermediate place between the lime-based 

mortars and CemLi1:1:6.  
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Table 6.1 Average compressive strength (Rc), flexural strength (Rf), density and carbonation 

front depth for blended and lime mortars across the different ages. Total – full carbonation of 

the specimens. 

ref. Age (days) 7 14 28 91 180 360 

CemLi 

1:1:6 

Rc (MPa) 6.6 10.4 11.0 10.1 10.0 9.6 

Rf (MPa) 1.9 2.8 3.0 2.8 2.7 2.6 

Density (kg/dm3) 2.1 1.9 1.9 2.1 2.0 1.9 

Carbonation (mm)     3.3 7.6 11.9 18.6 

CemLi 

1:2:9 

Rc (MPa) 1.9 3.4 3.5 3.8 3.8 3.3 

Rf (MPa) 0.6 0.9 0.8 0.9 0.9 0.8 

Density (kg/dm3) 2.0 1.8 1.8 1.9 1.9 1.8 

Carbonation (mm)     4.1 11.9 15.6 Total 

LiMK5 

Rc (MPa) 0.1 0.5 0.7 1.1 1.1 1.1 

Rf (MPa) 0.1 0.2 0.3 0.5 0.5 0.5 

Density (kg/dm3) 2.0 1.7 1.7 1.7 1.7 1.7 

Carbonation (mm)     5.0 12.6 Total Total 

LiMK10 

Rc (MPa) 0.3 1.0 1.3 2.1 2.1 1.9 

Rf (MPa) 0.1 0.4 0.5 0.6 0.7 0.6 

Density (kg/dm3) 2.0 1.7 1.7 1.8 1.8 1.7 

Carbonation (mm)     4.3 11.4 17.2 Total 

LiMK20 

Rc (MPa) 1.1 2.5 3.0 4.0 4.0 3.6 

Rf (MPa) 0.4 0.6 0.7 1.0 1.1 1.1 

Density (kg/dm3) 2.0 1.7 1.7 1.7 1.8 1.7 

Carbonation (mm)     4.0 9.9 14.7 Total 

Putty 

Rc (MPa)   0.4 1.0 1.1 1.0 1.0 

Rf (MPa)   0.2 0.5 0.5 0.4 0.5 

Density (kg/dm3)   1.7 1.6 1.7 1.7 1.7 

Carbonation (mm)     3.3 12.2 Total Total 

CL90 

Rc (MPa)   0.4 0.5 1.0 1.2 1.2 

Rf (MPa)   0.2 0.3 0.4 0.5 0.5 

Density (kg/dm3)   1.7 1.7 1.7 1.7 1.7 

Carbonation (mm)     2.6 9.3 Total Total 
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6.2 Flexural Strength 

The results of the flexural strength are presented in Figure 6.1. The formulated CemLi1:1:6 

mortar is the strongest at all ages. For 7 days it was impossible to measure the flexural strength 

of the dry hydrated lime and the lime putty mortars due to their lack of stiffness. Mortars 

containing cement are the quickest to gain strength at early ages (up to 28 days) The LiMK 

mixes gain strength more slowly, but continue acquiring strength beyond 28 days. By 91 days 

the flexural strength of the mortar with 20 % of MK exceeds that of the CemLi1:2:9. After 

early ages both cement-lime mortars lose some flexural strength and then stabilise. Apart from 

LiMK20, the other mortars containing MK, the dry hydrated lime and the lime putty mortars 

show similar flexural strengths at 360 days. 

 

Figure 6.1 Flexural strength for the blended and lime mortars. 

Higher quantities of cement will result in stronger mortars. For the LiMK mortars analysed, 

the flexural strength is proportional to the amount of MK used. From 14 to 28 days the Putty 

mortar presented faster strength gain compared to Lime and LiMK5 mortars. A small amount 

of MK (5 %) allowed the mortar to be tested at the earliest of the testing ages. Although the 

presence of this pozzolan has no impact on the flexural strength, it allows a faster consolidation 

of the mortar. 
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6.3 Compressive Strength 

The compressive strength development is presented in Figure 6.2. Similar to the flexural 

strength, at 7 days, it was impossible to measure the compressive strength of the CL90 and 

lime putty mortars. The CemLi1:1:6 mortar was the strongest at all ages, exhibiting more than 

2.5 times the strength of the second strongest mortar (LiMK20) at 360 days. For the first 28 

days, cement-lime mortars showed a high rate of strength gain. Following the same trend as in 

the flexural strength, the lime putty mortar showed a higher strength gain between 14 and 28 

days than the dry hydrated lime and LiMK5 mortars, with a slight reduction in strength after 

91 days. The compressive strength of the MK mortars reflects the proportion of MK. For 360 

days CL90, LiMK5 and the LP mortars showed similar compressive strength values. The 

behaviour of the dry hydrated lime and LiMK5 was similar across all ages. LiMK20 and 

CemLi1:2:9 formulations resulted in similar compressive strengths from 91 days onwards. 

 

Figure 6.2 Compressive strength for the blended and pure lime mortars. 

The majority of mortars showed a slight loss of compressive strength after 91 days (or 28 days 

in the case of the CemLi1:1:6).  A similar observation was previously reported by Arandigoyen 

and Alvarez (2007). 
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The mechanical properties of the mortars reflect their hydraulicity; higher quantities of cement 

lead to higher compressive strength and a faster set, but also to a reduction in porosity and pore 

diameter. CemLi1:1:6 resulted in a mortar that can be too strong and not sufficiently permeable 

for some conservation applications. 

The addition of MK to lime mortars enhances the strength gain in particular when added as 10 

and 20 % of the lime content by mass. The LiMK20 mortar achieved a similar strength and 

water absorption performance as the CemLi1:2:9. This shows that it is possible to create 

mortars with good porosity but enhanced strength by adding a pozzolanic material rather than 

Portland cement, thus avoiding the risk of introducing harmful salts into the historic fabric. 

Lime putty mortars can achieve similar compressive strength at 14 days and higher strength at 

28 days compared to the dry hydrated lime and lime mixes containing 5 % MK. This can be 

attributed to the high surface area and more reactive portlandite crystals present in the lime 

putty (due to the ageing effect) resulting in faster carbonation. 

The addition of a small quantity of MK (5 % of the weight of lime, representing 0.8 % by 

weight of the total solids in the mortar) imparted sufficient hydraulic set to enable the 

specimens to achieve measurable flexural and compressive strength at 7 days and a slightly 

higher compressive strength for 14 and 28 days compared to the dry hydrated lime mortar.   

6.4 Porosity and capillarity 

Table 6.2 presents the characteristics related to the porosity of the mortars. The two cement-

lime mortars show the lowest percentage porosity and highest pore surface area reflecting the 

lowest average pore diameters. The average pore diameter is reduced with the addition of MK 

to the mortars, but even with 20 % MK, the average pore diameter is still significantly larger 

than that of either of the cement-lime mortars. LiMK5 and LP mortars have similar values of 

porosity and pore surface area, but LiMK5 has a higher average pore diameter. 
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Table 6.2 Porosity percentage, pore diameter and capillary water absorption at 360 days. 

Reference 
Porosity Hg 

intrusion (%) 

Pore Diameter (µm) Capillarity (C) 

(kg/m2.min0.5) Mean 
Modal 

 

Median 

 

CemLi1:1:6 25.19 0.07 0.43 0.29 0.43 

CemLi1:2:9 28.26 0.10 0.39 0.39 1.18 

LiMK5 34.93 0.16 0.31 0.79 1.79 

LiMK10 33.20 0.15 0.09 0.76 1.47 

LiMK20 33.94 0.13 0.04 0.48 1.09 

Putty 34.45 0.14 0.13 6.62 1.58 

CL90 (720 days) 30.47 0.19 0.22 1.85 1.55 

For the capillarity studies, not only is the percentage porosity important, but also the pore 

distribution. The more hydraulic mortars, (cement-lime and LiMK20) show a single modal 

distribution of pores while the samples with a greater proportion of lime resulted in a bimodal 

distribution of pores (Figure 6.3). CemLi1:1:6 has the lowest Capillarity coefficient; 

CemLi1:2:9 and LiMK20 have intermediate values; and the mortars with the highest 

portlandite lime content (CL90, LiMK5, LiMK10, Putty) have the highest values of water 

absorption by capillary action coefficient. 
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Figure 6.3 Pore size distribution of the blended mortars. 
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Similar to the NHL mortars, the water absorption by capillary action appears to be related to 

the mean pore size diameter as seen in Figure 6.4. The relationship appears to be almost linear 

due to the resulting values being on the left side of the optimal pore size of the graph in Figure 

5.22. 

 

Figure 6.4 Capillarity dependency on the mean pore diameter. 

For the mortars studied, the amount of MK in lime-MK blended mortars seems to linearly 

reduce the mean pore size (Figure 6.5). This will affect the carbonation, with the LiMK20 

mortar presenting slower carbonation progression and LiMK5 to be the fastest to achieve total 

carbonation (detectable by phenolphthalein spraying), LiMK10 shows an intermediate 

carbonation rate. For this type of mortar, carbonation will compete with the pozzolanic reaction 

for the available portlandite, however, finer pores of the mortars with higher quantities of MK 

will slow down the progression of CO2 through the mortar. 

Based on the relationship between mean pore diameter and water vapour permeability 

described in Table 6.1 the CemLi mortars will be less permeable to water vapour when 

compared to the NHL mortars.  
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Figure 6.5 Mean pore diameter as a result of the addition of MK. 

6.5 Freeze-Thaw of blended mortars 

At 360 days the blended mortars were submitted to the same freeze-thaw cycle as the NHL 

mortars described in previous chapters. Similar to the NHLs, for the first 6 days, 12 cycles, no 

damaged was observed. At the 7th day the first cracks started to appear. The appearance of 

cracks was registered for the remaining of the cycle Table 6.3. 

The strongest mortars showed a better resistance to freeze-thaw cycles with the cement 

containing mortars not presenting damage at the end of the test. For the LiMK mortars, the 

presence of MK improved the freeze-thaw resistance, possibly due to enhanced strength. 

This test is performed with the majority of pores totally saturated with water, consequently no 

space is available for water expansion when freezing and high tensile stress is applied to the 

pores walls. 
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Table 6.3 Damage registered in the blended mortars under freeze thaw test. N - No damage, 

M – Minor/hairline cracks, S - Small cracks, C – cracks medium size, D - Damage with 

disintegration of mortar, T/D – Total disintegration. 

Reference 14 cycles 20 cycles 26 cycles 

CemLi1:1:6 N N N 

CemLi1:2:9 N N N 

LiMK5 C D T/D 

LiMK10 C D T/D 

LiMK20 C C D 

Putty C D T/D 

CL90 (720 days) M S T/D 

6.5.1 Carbonation and hydration measured by XRD Rietveld refinement 

At 360 days all the samples still possess unreacted portlandite corresponding to the 

uncarbonated areas determined by phenolphthalein spraying.  Cement-lime mortars contained 

detectable C3S, indicating that the hydration reaction had the potential to continue at ages close 

to 360 days (Table 6.4). 

Table 6.4. Blended mortars XRD for 360 days of ageing. 

 CemLi1:1:6 CemLi1:2:9 LiMK5 LiMK10 LiMK20 Putty 

C2S 0.0 0.1 0.0 0.0 0.0 0.0 

C3S 1.9 1.0 0.0 0.0 0.0 0.0 

C3A 0.0 0.0 0.0 0.0 0.0 0.0 

C4AF 0.0 0.1 0.0 0.0 0.0 0.0 

Portlandite 17.0 13.6 15.8 7.7 5.0 24.7 

Calcite 62.2 63.6 74.8 82.9 79.6 59.8 

Aragonite 12.2 9.9 9.3 9.3 15.4  

Vaterite 6.7 1.3    13.3 

Microcline 
 10.4     

At 360 days no uncarbonated areas were detected by visual inspection after spraying of 

phenolphthalein dye. The XRD results indicates lower portlandite content in the higher MK 

mortars caused by the pozzolanic reaction consuming portlandite. In addition to calcite, other 

crystalline forms of carbonated material were detected such as Aragonite and Vaterite. 
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6.6 Comparison between NHL and blended cement-lime and lime-MK 

mortars cured under standard conditions 

Choosing NHL or blended mortars for a conservation work should be made on the basis of 

their properties. This section presents a comparison between the mortars analysed for this 

project cured under standard conditions. 

Similar to the NHL mortars, it is possible to calculate the amount of mineral phase per 

aggregate in the CemLi mortars using the ratios from Table 6.5. 

Table 6.5 Binder/aggregate and water/binder ratios for cemen-lime mortars. 

Reference cement/aggregate lime/aggregate water/binder 

CemLi1:1:6 0.15 0.07 0.93 

CemLi1:2:9 0.10 0.09 1.20 

Table 6.6 shows the proportion of mineral phases per aggregate of the CemLi mortars. The 

quick setting and strength gain of CemLi1:1:6 and CemLi1:29 can be explained by the high 

proportion of C3S and C2S. 

Table 6.6 Percentage of mineral phase of the binder per aggregate. 

Reference 
Portlandite Calcite Quartz C3S C2S C3A 

CemLi1:1:6 
6.62 0.73 0.15 9.55 1.39 0.89 

CemLi1:2:9 
8.64 0.68 0.10 6.36 0.93 0.60 

Figure 6.6 presents the flexural strength from 7 to 320 days for all the mortars. CemLi1:1:6 is 

outstandingly the strongest mortar for all ages. This is due to the high quantity of cement, 

resulting in elevated amount of C3S per aggregate. CemLi1:2:9 showed rapid flexural strength 

development for the first 14 days, lacking almost any strength gain after that despite some 

fluctuations in the measured values.  

LiMK20 showed an equivalent flexural strength to the strongest of the NHL mortars and higher 

strength compared to the CemLi1:2:9, albeit with slower development for early ages. LiMK10 

flexural strength is equivalent to the medium strength NHL mortars. LiMK5 presents 360 days 

strength similar to the weaker NHLs and to the CL90 and Putty. Regardless of not being 

consolidated for the 7 days test, the putty mortar showed faster flexural strength gain from 14 
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to 28 days when compared to the CL90, LiMK5 and LiMK10. This is due to the smaller 

portlandite crystals typically observed in lime putty binders, being able to carbonate at a higher 

rate. 

Compressive strength comparisons, presented in Figure 6.7 show similar trends as described 

for the flexural test. Lime putty mortar achieved slightly less strength compared to the CL90 

mortar, manufactured with dry hydrated lime, and equivalent strength as the LiMK5 with faster 

compressive strength gain from 14 to 28 days. 

The strength of the LiMK mortars is proportional to the added amount of MK. LiMK5 allowed 

for a faster set, but a slightly weaker mortar at 360 days of cure compared to the CL90. LiMK10 

strength at 90 days is comparable to some of the NHLs, but weaker than all the NHLs at the 

360 day test. LiMK20 showed comparable compressive strength to the CemLi1:2:9 and slightly 

less strength than the stronger NHLs. 

The strength gain for the CemLi1:2:9 mortar appears to stagnate after 14 days. While in the 

case of CemLi1:1:6 it shows strength reduction. Notwithstanding this, CemLi1:1:6 mortar with 

higher content of C3S and C2S is the strongest for all ages and perhaps too strong and 

impermeable for most conservation work. 
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Figure 6.6 Flexural strength from 7 to 360 days for NHL, pure lime, cement-lime and lime-MK mortars.  
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Figure 6.7 Compressive strength from 7 to 360 days for NHL, pure lime, cement-lime and lime-MK mortars.
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Table 6.7 presents the main properties for each mortar at 360 days, with the exception of 

porosity, capillarity and permeability measured at 720 days for the NHL mortars. The mean 

pore diameter of CemLi1:1:6 mortars is significantly smaller when compared to all the NHLs. 

CemLi1:2:9 mean pore diameter is close to one from SA35 mortar characterised for being one 

of the least permeable NHL mortars. Following the analysis of the permeability relationship 

with the mean pore diameter of the NHLs it is expected from the CemLi mortars to be less 

permeable compared to the NHLs, more intensely in the CemLi1:1:6 with less porosity % and 

the smaller pore diameter. 

LiMK mortars presented a high percentage porosity compared to the NHLs and as discussed 

in previous chapter, the pore size from the LiMK mortars is inversely proportional to the 

amount of MK. According to the pore size and % of porosity, a high permeability from this 

type of mortars, particularly in the LiMK5 and LiMK10 is expected. Compared to CemLi1:2:9, 

LiMK20 showed higher compressive and flexural strength at the same time possessing higher 

porosity % and larger pore size. This is due to the pozzolanic reaction producing calcium 

silicate hydrate and the characteristic high porosity of lime mortars. 

The mortars produced meet the criteria for total porosity suggested by Apostolopoulou et al. 

(2018) for the requirements for a restoration mortar in the respective categories of lime, 

hydraulic and lime-pozzolan mortars (Table 2.6).  As the average pore radius changes with 

time due to carbonation and this leads to changes in the mortar microstructure the values are 

therefore not comparable with those in the referred table. 
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Table 6.7 Comparative properties between the mortars cured under standard curing 

conditions. 

Reference 
Rf 

(MPa) 

Rc 

(MPa) 

Carbonation 

(mm) 

Porosity  

(%) 

Mean 

pore 

diameter 

(µm) 

Cap. 

(kg/m2.mi

n0.5) 

Perm. 

(kg/(m.s.

Pa) E-11 

OB2 0.9 4.3 16.1 29.1 0.12 1.86 1.31 

OB35 0.5 3.4 16.9 31.2 0.14 2.13 1.67 

OB5 0.5 3.1 17.6 29.6 0.15 2.18 1.57 

SA2 0.5 2.8 19.0 28.6 0.14 2.04 1.50 

SA35 0.4 2.6 Total 32.0 0.14 2.26 1.55 

SA5 0.8 4.3 Total 28.2 0.13 2.27 1.47 

SB35 0.7 3.7 14.3 29.6 0.11 1.63 1.36 

SB5 0.7 3.6 18.4 28.8 0.12 1.78 1.28 

RT2 0.5 2.5 17.6 27.5 0.13 2.10 1.50 

RT35G 1.1 4.8 13.8 26.3 0.12 1.72 1.41 

IO2 0.7 3.6 16.6 29.9 0.15 1.95 1.64 

CL90 0.5 1.2 Total 30.5 0.19 1.55 1.94 

CemLi1:1:6 2.6 9.6 18.6 25.2 0.07 0.43  

CemLi1:2:9 0.8 3.3 Total 28.3 0.10 1.18  

LiMK5 0.5 1.1 Total 34.9 0.16 1.79  

LiMK10 0.6 1.9 Total 33.2 0.15 1.47  

LiMK20 1.1 3.6 Total 33.9 0.13 1.09  

Putty 0.5 1.0 Total 34.5 0.14 1.58   

As expected, a combination of higher porosity % and larger mean pore diameter will favour 

the carbonation process. 

Compared to the remaining mortars, CemLi mortars appear to be less effective for the uptake 

of water attributed to capillary flow. These mortars will be less effective in the process of 

removing water from masonry due to referred low capillarity and (expected) low permeability. 

6.7 Summary 

• CemLi1:1:6 mortars show significantly higher strength compared to the other blended 

mortars and NHLs; 
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• Putty mortar achieved similar strength to CL90 with faster development at early ages. 

LiMK5, also similar to CL90, shows faster strength gain and is able to be tested at very 

young ages; 

• MK mortars with similar strength to NHL mortars (up to 360 days) show higher 

porosity percentage, with equivalent mean pore size; 

• CemLi mortars resisted the pore saturated freeze-thaw test; 

• At 360 days CemLi, LiMK and Putty mortars contain uncarbonated portlandite. 

• CemLi mortars are expected to be less permeable than NHL mortars due to the lower 

porosity and smaller pore diameter; 

• The porosity of the binders will affect the water uptake and the permeability to water 

vapour. 
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7. General discussion, data analysis and 

model for prediction of mortar properties  

The properties of NHL binders, as defined by the EN 459-1:2015, derive exclusively from the 

raw materials and production methods used to manufacture these types of lime binder and no 

additive is allowed to be added. From previous Chapters the importance of the chemical and 

physical properties, the variability of these properties with time and from different producers 

has been established by the analysis of their chemical and physical properties. Mortars for 

conservation works are commonly formulated in volumetric proportions, therefore the bulk 

density of the binders and the aggregate assumes a greater degree of importance defining the 

binder:aggregate proportion and consequently the amount of active ingredients (mainly 

portlandite, alite and belite) present in the mortar. 

This Chapter will present and discuss the relationship between the binder and the strength of 

the mortars, the data analysis tool used to evaluate the quality of the data produced, and the 

model obtained to predict compressive strength based mainly on the properties of the binder 

and the formulation. 

7.1 General discussion 

From the literature review regarding the NHL mortars it was established that the difficulty in 

comparing the results between the various works is due to the distinct nature of the aggregates 

used, the various workability ranges, the diverse formulations and different curing conditions. 

The same can be stated when comparing the properties of the mortars manufactured in this 

work with the knowledge found in the literature. The production of mortars using the same 

aggregate, workability and manufacturing process, and cured under the same conditions shows 

the differences and impact of the distinct binders. 

For similar formulations and workability, the values of the compressive strength (for early 

ages) and porosity of the NHL mortars presented here are within the same range as for those 

obtained by previous works presented in Table 2.8. Therefore, it is expected that the properties 
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of the mortars in the literature would also change in time and could benefit from a long-term 

analysis.  

Similar observation can be made regarding the blended mortars where formulations with higher 

quantities of cement result in stronger, stiffer and less permeable mortars. For mortars 

manufactured with the addition of MK the same trend found in the literature was replicated in 

this work with higher proportions of MK resulting in the refining of the pore structure and an 

increase in strength. It is important to note that for mortars dependent on pozzolanic additions, 

it is necessary to understand the characteristics of these binders for the determination of the 

formulations and the prediction of mortar properties (Velosa et al. 2009; Veiga et al. 2009; 

Andrejkovičová et al. 2014). Distinct MK compositions will result in mortars with different 

properties, much as the NHL binders’ mineralogical characteristics influence the properties of 

the mortars. 

7.2 The importance of the mix proportions on the compressive strength 

development of NHL mortars 

Due to the distinct bulk density of the binders, the resulting binder/aggregate ratio of the mortar 

will vary greatly as seen on Table 7.1. Using the binder/aggregate ratio as a reference it is 

possible to calculate the amount of active ingredient per unit of mortar by multiplying this ratio 

by the results of the XRD Rietveld refinement. The proportion of mineral phases within the 

binder per aggregate ratio is then presented in Table 7.2 as a percentage. This signifies that, for 

example, in the case of OB2, with a binder aggregate ratio of 0.23, the part corresponding to 

the portlandite will be 0.14, C3S will be 0.01, and C2S will be 0.05 per unit of aggregate (in 

mass). 
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Table 7.1 Resulting proportions due to the binders’ bulk density variability. 

Reference 
Binder bulk density 

 (kg/dm3) 
Aggregate/Binder 

Binder/Aggregate 

(b/a) 

Water/binder 

(w/b) 

OB2 0.64 4.42 0.23 0.95 

OB35 0.58 4.90 0.20 1.31 

OB5 0.59 4.82 0.21 1.18 

SA2 0.58 4.89 0.20 1.12 

SA35 0.67 4.20 0.24 1.19 

SA5 0.79 3.55 0.28 0.90 

SB35 0.81 3.46 0.29 0.84 

SB5 0.86 3.29 0.30 0.87 

RT2 0.67 4.18 0.24 1.08 

RT35G 0.85 3.32 0.30 0.80 

IO2 0.72 3.90 0.26 1.07 

It is now clearly observed that an NHL 2 when compared to an NHL 3.5 or 5 from the same 

manufacturer can result in a mortar with more active mineral phases, as observed by the higher 

amount of portlandite and C2S of OB2 when compared to OB35 and OB5. Associated to a 

lower w/b, it contributed to OB2 being one of the strongest mortars at the end of the curing 

time, with portlandite as the main contributor for later strength gains due to carbonation. 
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Table 7.2 Percentage of mineral phase of the binder per aggregate ratio. 

Reference Portlandite Calcite Quartz C3S C2S C3A C4AF 

OB2 14.07 1.25 0.16 1.08 5.23 0.29 0.52 

OB35 12.78 1.05 0.18 1.21 4.41 0.35 0.41 

OB5 12.62 1.63 0.25 1.20 4.23 0.35 0.44 

SA2 12.72 3.49 0.37 0.50 2.88 0.14 0.29 

SA35 8.79 6.41 0.94 0.80 5.57 0.52 0.59 

SA5 9.78 8.39 0.82 2.51 5.49 0.43 0.44 

SB35 12.36 8.92 0.61 0.98 5.31 0.66 0.03 

SB5 11.59 8.49 0.67 1.80 6.48 0.33 0.18 

RT2 12.98 6.35 0.52 0.00 3.39 0.19 0.45 

RT35G 12.99 4.87 0.88 3.25 7.63 0.46 0.01 

IO2 13.76 3.15 0.70 1.67 5.91 0.14 0.29 

Saint-Astier binders show distinct properties from the SA2 and the group of SA35 and SA5. 

The composition of SA5 connected to a low w/b ratio led to one of the strongest mortars 

studied. While SA35 phase composition is similar to SA5, its low C3S and portlandite content, 

with a high w/b ratio, caused this mortar to possess similar compressive strength as the SA2 

after 360 days. SB35 exhibited a faster strength gain before 180 days of aging due to the C2S, 

but due to the low portlandite content, when compared to SA2, it failed to gain additional 

strength beyond 180 days. The portlandite content of SA2 allowed this mortar to compete with 

SA35 for compressive strength after 180 days of ageing. 

Singleton Birch binders show similar quantities of active components. While the higher amount 

of C3S promotes faster strength gains for early ages, the w/b ratio of SB5 is higher making 

SB35 and SB5 mortars equivalent for all ages tested. 

With similar w/b ratio and close portlandite content the mortars manufactured with IO2 and 

RT2 illustrate the importance of the early hydration of C3S and C2S for the strength 

development in NHL mortars. RT2 does not contained detectable C3S and showed a lower 

proportion of C2S per aggregate ratio, resulting in the weakest mortar over almost all ages. The 

main strength gain rate difference between these two mortars is verified after 360 days. After 

that age both mortars exhibited similar strength evolution rates, the early hydration was 

determinant for the performance of the mortars. 
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The compressive strength of the strongest mortar manufactured, produced with RT35G binder, 

resulted from the high amount of C3S, C2S and portlandite. 

From these observations the main parameters that appear to influence mortar compressive 

strength performance are the active ingredients content, connected to the binder/aggregate 

ratio, and the water/binder ratio dependent on the surface area of the binders and the proportion 

of aggregate on the mortar (due to the need of also wetting the aggregate). It is then possible to 

build a correlation matrix using the Data Analysis tool on Excel software resulting in the values 

presented in Table 7.3. The closer the value is to 1 the better the correlation between the 

element analysed in the first column and strength at the different ages. 

Table 7.3 Correlation matrix between the active mineral phases and the compressive strength 

at the different ages. nd - n days of testing. 

  7d 14d 28d 91d 180d 360d 720d 1080d 

Portlandite -0.0426 -0.1211 -0.2420 -0.1051 0.0738 0.2083 0.1457 0.2501 

C3S 0.8999 0.8743 0.7860 0.8901 0.8969 0.8439 0.9039 0.8718 

C2S 0.8330 0.8874 0.8800 0.8932 0.7943 0.7270 0.7672 0.7814 

C3A 0.3433 0.4340 0.6625 0.4444 0.4174 0.2988 0.3664 0.2578 

C4AF -0.5283 -0.6918 -0.6752 -0.5016 -0.5610 -0.4495 -0.5484 -0.4943 

w/b -0.7419 -0.8049 -0.7343 -0.8148 -0.7023 -0.6966 -0.6866 -0.6953 

The proportion of C3S and C2S is of great importance in determining the compressive strength 

of the mortar throughout all ages. The initial strength gain is the determining factor for the 

mortar performance. The strength development of these NHL mortars appears to display a 

logarithmic relationship, with the initial slope of the curve determined by the amount of 

hydraulic phases. Porlandite is responsible for later strength gains, but with lesser impact when 

compared to the effects associated with alite and belite.  

The w/b ratio is also one of the main contributors to the strength of a mortar. The negative 

correlation indicates inverse proportion, the higher the w/b ratio the lower the strength. 

The same exercise was executed for the flexural strength presented in Table 7.4. Similar 

observations can be made with C3S, C2S and the w/b resulting in a higher correlation factor for 

all ages.  
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Table 7.4 Correlation matrix between the active mineral phases and the flexural strength at 

the different ages. nd - n days of testing. 

 
7d 14d 28d 91d 180d 360d 720d 1080d 

Portlandite 0.0514 0.0093 0.0462 0.3069 0.3786 0.2838 0.2299 0.2364 

C3S 0.8082 0.7810 0.8470 0.7566 0.7365 0.7716 0.7579 0.8227 

C2S 0.7121 0.8018 0.7598 0.6583 0.6509 0.7118 0.6266 0.6759 

C3A 0.2334 0.4302 0.3895 0.1435 0.0949 0.2134 0.1706 0.1139 

C4AF -0.6816 -0.7042 -0.6066 -0.4425 -0.5127 -0.5087 -0.3678 -0.5025 

w/b -0.6511 -0.8572 -0.8236 -0.7084 -0.7175 -0.8223 -0.7251 -0.7753 

C3S and C2S and their proportion in the mortars is one of the main factors controlling the 

strength development of NHL mortars. The origin of the raw materials and production method 

determine the properties of the binder. For similar elemental chemical composition, detected 

by XRF and related to the raw materials, higher temperatures in the kiln may allow the 

formation of C3S in higher quantities. For volumetric formulations manufactured with the same 

aggregate, higher bulk densities of the binder will result in a higher binder per aggregate ratio, 

therefore defining the proportion of active ingredients in the mortars. The classification of the 

mortars by the EN 459-1 standard is insufficient and can be misleading as a predictor of the 

performance of NHL mortars. 

7.3 Data visualisation tool and confidence level 

During the execution of this work it was important to verify the validity of the data and the 

confidence levels resulting from the variation of the results in order to produce the model. At 

the same time, it was important to use tools to facilitate the data visualisation. The software 

selected for this task was R, a free software environment aimed at statistical computing and 

graphics (R Core Team 2017) using the RStudio integrated development environment (RStudio 

Team 2016). The same software was used to produce the model for compressive strength 

prediction based on the mineralogical phase present in the binders, the binder/aggregate ratio, 

surface area and water binder ratio. 

The results from 7 to 720 days for compressive and flexural strength from the mortars 

manufactured, were imported into the software creating a database for all the mortars and the 

three types of cure analysed. An interface to manipulate the date was created using shiny library 

(Chang et al. 2017) that allowed the selection and filtration of the data using filter() function 
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from the plotly library (Sievert et al. 2017). The plots inside the interface were produced using 

ggplot() from the ggplot2 library (Wickham 2009). At the same time, ggplot() allowed the 

study of the confidence level of the best curve fit. 

The interface is shown in Figure 7.1. It allows the selection of the curing conditions, the 

designation of the binders, the supplier, the formulation type (here representing NHL, 

cement-lime, lime-MK, CL90 and putty), age range selection and the confidence level desired 

for the graphic representation.  

 

Figure 7.1 Interface of the data visualisation tool representing Saint-Astier mortar results 

from 7 to 720 days cured under standard condition without the representation of confidence 

level. 
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The curves with the logarithmic curve with 80% confidence level for the Saint-Astier mortar 

is represented in Figure 7.2. The grey areas are related to the variation of the data for the 

selected confidence level and represent the probability of a data point falling within that area. 

This is calculated considering the best curve fit and the variation of the data from that reference. 

As with that observed in previous analyses, mortars SA35 and SA2 show very similar strength 

development. For a confidence level of 99 % the grey area expands considerably with SA2 and 

SA35 showing a high proportion of overlapping areas (Figure 7.3). This is to be expected due 

to the reduced number of specimens (3 prisms) per age of testing, but for this exercise it serves 

as an indication of tendencies. For 80 % the range for SA5 is considerably narrower indicating 

a very consistent behaviour. 

 

Figure 7.2 Saint-Astier compressive strength representation with logarithmic curve and 

confidence level of 80 %. 
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Figure 7.3 Saint-Astier compressive strength representation with logarithmic curve and 

confidence level of 99 %. 

The flexural strength results generally show larger intervals for the same confidence level as 

those considered for compressive strength as shown in Figure 7.4. This agrees with the 

variation verified for the results and their standard deviation. 

 

Figure 7.4 Flexural strength representation for Saint-Astier mortars with 80 % confidence 

level. 

As mentioned, it is also possible to easily compare mortars cured under different curing regimes 

as represented in Figure 7.5. 
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Figure 7.5 Saint-Astier compressive strentgth for the 3 curing regimes. w - winter; s – 

summer; no suffix – standard cure. 

The identical strength development for the Singleton Birch mortars is again verified in Figure 

7.6. For a confidence level of 95 % the grey areas show significant overlap. 

 

Figure 7.6. Singleton Birch compressive strength with confidence level of 95 %. 

The vertical range of values for the compressive and flexural strength for ages between the 

testing moments can also be obtained depending on the desired confidence level. The tool can 

be easily adaptable for other testing situations and datasets. 
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7.4 Model development for compressive strength prediction 

This section describes the development of a model to predict the performance of mortars cured 

under standard cure conditions.  

As discussed before, a logarithmic type curve is the best fit for the strength development related 

to the age of curing. The importance of C3S and C2S was observed previously, as well as the 

portlandite content.  

The model should help to predict the mortar performance for later ages. Testing mortars 

without accelerated ageing until final stabilized performance can take excessive time. As 

demonstrated in this work, the 28 days test is not representative of the long-term properties of 

the mortars. Additionally, by the end of this experimental program, the XRD with Rietveld 

refinement on new binders from the same manufacturer, demonstrated that the binders change 

in time, some more considerable than others. 

The strength at 720 days appears to be related to the w/b ratio by a polynomial relationship to 

some extent as identified in Figure 7.7. 

 

Figure 7.7 Compressive strength at 720 days related to the water/binder ratio. The highest R2 

was obtained for a polynomial fitting curve. 
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The surface area of the binders will influence the water requirements of the binder but also 

their reactivity. The strength at 720 days appears to be linearly related to the surface area of the 

binders (Figure 7.8). 

 

Figure 7.8 Compressive strength at 720 days related to the surface area. 

A series of functions to relate the compressive strength under standard conditions over time 

and the different parameters were tested using R. The resulting expression resulted in the lower 

sum of the mean square, meaning the best curve to fit the data. The function used to obtain the 

model function taking in consideration portlandite, calcite, C3S, C2S, water/binder and surface 

area was nls() used to determine the nonlinear (weighted) least-squares estimates of the 

parameters of a nonlinear model part of the package stats part of  R (R Core Team 2017). 
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Function nls() returns the coefficients applied to the determined expression resulting in the 

smaller residual sum of squares, therefore indicating a good fit to the experimental data. The 

mathematical model can be expressed using the following equation: 

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ(𝑎𝑔𝑒, 𝐶𝐻, 𝐶2𝑆, 𝐶3𝑆, 𝐶𝐶, 𝛼, 𝛽, 𝛾)  ∝  

𝑎 ∗ log10(𝑎𝑔𝑒) +
𝑏 ∗ 𝐶𝐻 + 𝑐 ∗ 𝐶3𝑆 + 𝑑 ∗ 𝐶2𝑆 + 𝑒 ∗ 𝐶𝐶

𝛼
+ 𝑓 ∗ 𝛽 + 𝑔 ∗ 𝛾2 + ℎ ∗ 𝛾 + 𝑖 

Where: 

Compressive Strength (MPa) 

Age – Age (days), a = 0.648 

CH – portlandite (%), b = 0.007 

C3S – alite/Tricalcium silicate (%), c = 0.377 

C2S – belite/Dicalcium silicate (%), d = 0.026 

CC – calcite (%), e = -0.027 

α – aggregate/binder ratio 

β – Surface area (m2/g), f = 0.003 

γ – Water/binder ratio, g = 5.693, h=-14.025 

i = 7.589 

The water/binder, γ, complex equation comes from the parabolic relation between water/binder 

ratio and the compressive strength. The i coefficient calibrates the model, adjusting the curve 

positions and reflects the constants of the distinct parts of the model. 

Figure 7.9 presents the curves resulting from the model. The same ages from the experimental 

data were used to calculate the predicted values from the model allowing an easier comparison 

between the two situations. Intermediate ages will give intermediate results following the same 

logarithmic evolution. 

Except for the RT35G, the predicted compressive strengths are within an approximate 1.5 MPa 

interval. RT35G binder, due to the high content of alite and belite results in the strongest 

predicted mortar, RT2 with 0% of C3S and a low quantity of C2S is the weakest predicted 
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mortar. The majority of the samples maintain the same relative position as the measured values 

showed in Figure 7.10. 

 

Figure 7.9 Compressive strength values resulting from the model expression. p - predicted. 

 

Figure 7.10 Experimental compressive strength. m – measured. 
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Table 7.5 presents measured compressive strength and the values calculated using the model, 

based on the minerology and physical properties do the binders. The average difference in 

percentage is also presented. For early ages the error of the prediction is high, becoming smaller 

for later ages of prediction, as observed from Figure 7.11 to Figure 7.14. This is probably result 

of the same model/coefficients being used for early and later ages. For 720 days, apart from 

RT35G most of the values for the compressive strength predicted using the model are very 

close to the measured values. 

Table 7.5 Measured (m.) and predicted (p.) values for the compressive strength in MPa at 

different ages for standard curing conditions. 

Age 7 14 28 90 180 360 720 

 m. p. m. p. m. p. m. p. m. p. m. p. m. p. 

OB2 0.8 1.1 1.3 1.5 1.7 2.0 2.7 2.7 3.5 3.2 4.3 3.6 4.5 4.1 

OB35 0.5 0.7 1.0 1.2 1.7 1.6 2.1 2.4 3.1 2.8 3.4 3.3 3.9 3.7 

OB5 0.5 0.7 1.2 1.1 1.6 1.6 2.0 2.3 2.7 2.8 3.1 3.2 3.5 3.7 

SA2 0.5 0.4 1.1 0.8 1.4 1.3 1.8 2.0 2.5 2.5 2.8 2.9 3.0 3.4 

SA35 0.7 0.4 1.4 0.9 1.9 1.3 2.2 2.1 2.6 2.5 2.6 3.0 2.9 3.4 

SA5 1.2 1.6 2.1 2.1 2.4 2.5 3.1 3.3 3.7 3.7 4.3 4.2 5.0 4.6 

SB35 0.9 1.3 1.9 1.7 2.7 2.2 2.6 2.9 3.3 3.4 3.7 3.8 4.2 4.3 

SB5 0.8 1.3 2.1 1.8 2.7 2.2 2.9 3.0 3.3 3.4 3.6 3.9 4.1 4.3 

IO2 1.0 1.0 1.8 1.4 1.9 1.9 2.5 2.6 2.9 3.1 3.6 3.5 3.9 4.0 

RT2 0.4 0.2 1.0 0.6 1.4 1.1 1.9 1.8 2.3 2.3 2.5 2.7 2.7 3.2 

RT35G 1.6 2.5 2.9 2.9 3.7 3.4 3.5 4.1 5.0 4.6 4.8 5.0 6.8 5.5 

Average 

difference in 

% 

38.8 16.2 12.2 8.5 3.6 6.7 9.5 
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Figure 7.11 Measured and predicted compressive strength for 28 days. 

 

Figure 7.12 Measured and predicted compressive strength for 180 days. 
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Figure 7.13 Measured and predicted compressive strength for 360 days. 

 

Figure 7.14 Measured and predicted compressive strength for 720 days. 
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The model tends to make higher values slightly lower and to apply an opposite adjustment to 

the lower values. This will make the resulting prediction strengths closer to the average 

between all samples. 

This exercise demonstrates that it is possible to establish a model to predict the relative mortar 

performance based on the chemical and physical properties of the binder, together with some 

mixing parameter such as water/binder ratio and binder/aggregate. For a volumetric 

formulation, knowing the bulk density of both the binder and the aggregate will define the 

binder/aggregate ratio. 

Although limited to a unique volumetric binder:aggregate ratio and to standard curing 

conditions, this model is a first step in the prediction of NHL mortars performance. It can serve 

as a tool to choose binders based on their expected performance rather than their designation. 

Testing additional formulations, different binders and workability, would improve the accuracy 

and could refine the application of the model. The use of different aggregates would also allow 

the model to be applicable to a broader range of mortars.  

7.5 Summary 

• The strength development in hydraulic mortars, NHL and blended cement-lime, is 

dependent on the proportion between the hydraulic phases and the mass of aggregates; 

• Higher contents of C3S and C2S will favour rapid strength gain and result in stronger 

mortars at later ages; 

• The presence of portlandite will be important at later ages due to a slower carbonation 

process; 

• For the mortars studied, w/b will influence the strength to a smaller degree than the 

presence of C3S and C2S; 

• The performance of NHL mortars can be predicted knowing the mineralogical and 

physical properties of the binders. The mineralogical properties will influence strength 
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development, while the physical properties, such as surface area, will influence the w/b 

ratio and consequently the porosity and to a lesser degree the strength; 

• The relationship between hydraulic phases, portlandite, surface area, water/binder ratio 

and the binder/aggregate proportion can be used to build a model to predict relative 

performance of NHL mortars presented in the next chapter; 

• A data visualisation tool was created allowing for easy comparison between different 

mortars and curing regimes; 

• Chemical and physical data from the binders can be used to predict mortar performance; 

• A model was created to predict compressive strength for NHL mortars with elevated 

accuracy for later ages; 

• The importance of the properties of the binders was again reinforced. If the 

characteristics of the binder are known, it is possible to make a more informed decision 

for the best binder for a determined conservation work, consequently reducing the risk 

of damage or failure.  
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8. Conclusions and future work 

8.1 Summary and main findings 

NHL binders are often identified as unpredictable and unreliable due to their natural variability, 

changing in time and possessing distinct properties depending on their origin. Until now the 

only tool to distinguish NHL binder is the EN 459-1 standard used to regulate the production 

of these hydraulic limes, providing little information to the end user related to the properties of 

mortars with them manufactured. This is because the data are only presented for a ‘standard 

sand’ and an age of 28 days. Given that conservation mortars make use of coarser aggregates 

and are intended to perform over decades, conservators should exercise caution when using the 

EN 459-1 to select materials for conservation work to avoid damaging the historic fabric. 

The research here presented proved that it is possible to predict long term mortar properties 

based on the characteristics of the binders, particularly the hydraulic reactive components and 

that NHLs are adequate for conservation provided that their characteristics are known. 

The fundamental aim of this work was to investigate how the chemical and physical properties 

of the NHL influence the characteristics of conservation mortars made with such binders and 

to develop a method to predict mortar performance based on their characteristics. 

Several NHL binders were selected for study of their variability using a range of analytical 

techniques to determine chemical, mineralogical and physical properties. From them, a group 

was chosen for the manufacture of mortars intended for conservation works. These mortars 

were cured under standard conditions for periods up to 3 years and tested for mechanical 

strength, porosity, water absorption by capillary action, water vapour permeability and freeze-

thaw resistance. At the same time, a smaller group was cured under weather simulated 

conditions inside an environmental chamber. For comparison purposes, a set of blended 

(cement-lime and lime-MK) mortars commonly used in conservation works was also 

manufactured. 

The information provided by the manufactures, present in Chapter 2, was found to be outdated 

or not relevant to conservation works. For the mortars, several manufacturers just repeat the 
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strength values from previous data sets or quote the accepted range by the designation from the 

EN 459-1 classification and do not provide chemical and physical data about the binders. Even 

from the supplier data (RT), a NHL 2 can be stronger than an NHL 3.5 and still be classified 

with a lower designation. The variety of mix ratios, curing conditions, aggregate types and 

other parameters found in the literature makes the comparison between NHLs difficult, if not 

impossible. 

The study of the chemical and physical characteristics of the binders in Chapter 4, allowed the 

identification of the variability between NHLs from the same origin, the variation amongst 

NHLs within the same class, and similarities between NHLs from different classifications. The 

production method influences the formation of hydraulic reactive phases: comparable 

elemental composition may result in binders with distinct mineralogical characteristics. In total, 

the mineralogical phases were studied for over 30 samples (considering the analysis for newly 

acquired binders from previous analysed manufacturers). It was documented that the 

characteristics of binders from the same manufacturer change in time. These variations in 

properties mean that practitioners are unable to be certain that past performance can be used as 

a predictor for future performance of what is apparently the same binder. This is critical in 

order to match the requirements of a mortar for heritage conservation in terms of mechanical 

performance and durability. 

Chapter 5 of this thesis is dedicated to the presentation and discussion of the mortars results. It 

was found that two of the mortars produced under the EN 459-1 / EN 459-2 method for 

classification failed to meet the minimum strength at 28 days for their classification. The 

standard cured mortars did not achieve the strength corresponding to their classification at 28 

days, nevertheless, these mortars showed significant strength gains until 360 days, achieving 

in some cases double the strength compared to the 28 days test. The designation of the binder 

does not reflect the relative performance of volumetrically formulated mortars for 

conservation; NHL2 and NHL 3.5 binders resulted in some cases stronger than NHL 5 mortars. 

The binder/aggregate mass ratio (resulting from the bulk density of the materials) is a key factor 

on the strength gains, influencing the proportion of active ingredients. The MIP test showed no 

connection between porosity % and the classification of the binders. Porosity characteristics of 

the mortars were found to be determined by the w/b ratio, affecting consequently the water 

vapour permeability and the water absorption by capillarity. Higher resistance to the freeze-

thaw test was attributed to higher flexural strength of the mortars. In some mortars, after 2 
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years of cures, XRD tests still showed alite, belite and portlandite. The presence of portlandite 

was attributed to the still ongoing carbonation process or enclosed portlandite crystal by already 

formed calcite. The mechanical strength from the majority of the mortars cured under simulated 

weather conditions was generally lower compared to the standard cured mortars. The initial 

curing conditions were found to be decisive in the mortar performance. 

The study of blended mortars is presented in Chapter 6. CemLi1:1:6 mortar, with elevated 

proportion of cement, possessed significantly higher strength compared to the other blended 

and NHL mortars. It showed the smaller pore sizer and porosity %. Therefore, this mortar is 

not adequate for conservation works. Lime putty and LiMK5 achieved similar strength as CL90 

with faster strength gain from very young ages. Similar to the NHL freeze-test, the stronger 

CemLi mortars resisted all the cycles without damage. XRD on the blended mortars at 360 

days showed considerable quantities of uncarbonated portlandite, indicating that the 

carbonation process was still ongoing. 

Chapter 7 is divided in two main parts. The first part is dedicated to the study of the importance 

of proportion between the hydraulic phases and the aggregates. It was found that higher 

proportions of C3S and C2S will result in stronger mortar, and that this proportion is defined by 

the binder/aggregate (mass ratio), dependent on the bulk density of the binders (considering 

consistent aggregate across formulations). Compared to the hydration mechanism, carbonation 

happens at a much slower rate; because of this, portlandite will be more important for the 

strength gain at later ages. The w/b, for the studied mortars, will have lesser impact in the 

strength development compared to the C3S and C2S. The second part of Chapter 7 is dedicated 

to a comparison between NHLs and blended mortars, where it was found that the higher % of 

LiMK20 resulted in stronger mortar than CemLi1:2:9 while presenting higher porosity and 

larger pore diameter. Cement-lime mortars were found to have smaller pore size compared to 

the NHLs and consequently to be less permeable. Finally, it was concluded that the 

performance of NHL mortars can be predicted from the mineralogical and physical properties 

of the binders and their proportion in the mortar. 

The chemical and physical properties of the binders were used to build a model to predict the 

compressive strength of NHL mortar in Chapter 8. It was found that the model was more 

accurate for later ages but sufficiently precise to predict the performance of the majority of the 

mortars. Although limited to a binder/aggregate ratio and an aggregate type, the correlation 
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established shows that, based on the properties of the binders, it is possible to predict the 

relative performance of the mortar produced, and this does not necessarily correlate with the 

standard classification. This will be particularly helpful in the process of choosing the best 

binder for a specific application with less risk for the historic fabric. 

The main finds of this PhD research can be summarised as follow: 

• The large range for compressive strength at 28 days allowed by the EN 459-1 

classification, together with the different origins and manufacturing process promotes 

the variation of binders characteristics; 

• NHL binders change in time due to raw materials variations and inconsistent 

manufacture process; 

• Binders from the same class presented very distinct characteristics, even within the 

same manufacturer; 

• Variations in the binders across time are invisible to the final user, and can result in 

mortars with very distinct characteristics; 

• The reactivity of the binder is dependent not only on the elemental chemistry, but also 

on the manufacturing process. Binder with the same chemistry, subject to different 

temperature in the kiln will form different crystalline reactive phases; 

• The compressive strength of volumetric formulated mortars, manufactured with a 

common aggregate and adequate workability does not reflect the graded classification 

of the NHLs as a NHL 2, NHL 3.5 and NHL 5. At the end of the curing, RT35G was 

the strongest mortar with the OB2 being the second stronger ahead of SA5; 

• NHL mortars continue to develop strength for much longer periods than 28 days. For 

the majority of the mortars this happens at least up to two years and in some cases up 

to 3 years; 

• After one year, the compressive strength of mortars cured under simulated weather 

nearly always resulted in weaker mortars when compared to standard cured mortars; 

• The bulk density of the binders defines the binder/aggregate proportion and 

consequently the proportion of reactive minerals in NHL mortars; 
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• The proportion of C3S and C2S will define most of the mechanical strength of the NHL 

mortars; 

• The porosity characteristics will be determined by the water/binder ratio; Consequently, 

for the studied mortars the water vapour permeability results from the water/binder 

ratio; 

• NHL mortars are suitable for conservation works on the condition that their properties 

are known in order to avoid potential damage due to later unexpected strength gains; 

• It is possible to predict the relative performance of NHL mortars using their mineral 

composition quantification proportional to the aggregate and some mixing parameters. 

The mains conclusions here presented, and the research data produced contribute to the 

scientific and technical knowledge of how NHL mortars perform for longer periods of cure and 

the main factors responsible for their strength gain. These mortars, from distinct origins and 

from the three different classifications, were prepared, cured and tested following the same 

exact conditions allowing their results to be directly comparable. It is understandable that the 

properties of NHL mortars change considerable with time, the porosity and pore related 

properties such as water vapour permeability and water absorption by capillary action 

measurements at two years are of significant importance, as well as the 3 years mechanical 

strength data. The outputs of this research contribute to a more informed use of these materials 

with less risk of damage to the valuable historic fabric. 

8.2 Recommendations and future work 

• For now, care must be exercised in selecting the parameters to be used in the evaluation 

of binders, both from different producers, and single producers over time, as it has been 

clearly shown that for a given chemistry the characteristics of the product can differ in 

response to variations in the production parameters, and, therefore, it would be most 

helpful for producers to make more information available to the specifiers and users of 

their products. The classification by the EN 459-1 should not be used as solely method 

for the choosing of a NHL; 
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• This study was limited by the 1:2 binder/aggregate volumetric ratio. The impact of 

different volumetric ratios in the magnitude of the importance of the active ingredients 

for the strength gain could be studied; 

• The model could be expanded and adapted to include the weather conditions; 

• From the large group of NHLs studied for their chemistry only a smaller group resulted 

in mortar manufacture. To improve the model and reliability of the prediction, new 

mortars could be prepared with different binder/aggregate (in mass) and consequent 

distinct proportion of active ingredient per aggregate; 

• This study focused on a fixed range of workability with variable w/b ratio. The same 

NHLs should also be tested with fixed w/b and fixed binder/aggregate (in mass) varying 

only the binder type. This should help to further the understanding how the properties 

of the binder affect the properties of the mortar; 

• Mortars should be tested in situ under the elements to truly evaluate the effect of the 

weather conditions with access to rain and wind; 

• One of the main and most important constituent in the mortars is the aggregate. Other 

aggregates, such as calcite aggregates, could also be tested to verify or calibrate the 

model. Tests without aggregates could also be executed to evaluate the performance of 

the paste without the interaction with aggregate; 

• The elasticity modulus should also be studied for a more complete characterisation of 

these NHL mortars; 

• XRD with Rietveld refinement could be performed in mortars with the same variability 

of binders at early ages to better evaluate hydration and carbonation rates; 

• Once the model is validated and calibrated for other mortars and other binders, it should 

be disseminated for general use.  
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Appendix 

• Binder diffractograms 

 

Figure A. 1 Otterbein binders diffractograms. 

 

Figure A. 2 Saint-Astier binders diffractograms. 
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Figure A. 3 Ionic binders diffractograms. 

 

Figure A. 4 Roundtower binders diffractograms. 
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Figure A. 5 Singleton Birch binders diffractograms. 

 

Figure A. 6 Dry powder hydrated lime (CL90) and Extra mature lime putty (EMLP) 

diffractograms. 
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Figure A. 7 Ionic binders diffractograms from the second batch. 

 

Figure A. 8 Roundtower binders diffractogram from the second batch. 



203 

 

 

Figure A. 9  Singleton Birch binders diffractogram from the second batch. 
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• Mortar diffractograms 

 

Figure A. 10 Otterbein mortars diffractograms (2 years). 

 

Figure A. 11 Saint-Astier mortars diffractograms (2 years). 
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Figure A. 12 Singleton Birch mortars diffractograms (2 years). 

 

Figure A. 13 . Ionic and Roundtower mortars diffractograms (2 years). 
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Figure A. 14 CL90 mortar diffractograms (2 years). 

 

Figure A. 15 Extra mature lime putty (EMLP), lime-MK (LiMK 5, 10 and 20 %) mortar 

diffractograms (1 year). 
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Figure A. 16 Cement lime mortars diffractograms (1 year). 

 

Figure A. 17 NHL 3.5 mortars difractograms for 2.5 years. 
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