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Abstract 

 

Naturally Hydraullic Lime (NHL) binder is commonly specified for use in Scotland 

where it is regarded as a suitable replacement material in the conservation of historic 

buildings.  Compared to calcium limes (CL), NHL mortars are considered to possess 

favourable characteristics; such as greater resistance to wind, rain and damage by frost, 

leading to their prevalence in the harsh Scottish climate.  Lime mortars are perceived as 

playing a leading role in reducing carbon footprints in the construction and conservation 

sectors as a whole, whilst an increased awareness of local raw, region specific aggregate 

materials could further assist in this reduction. This research has investigated the 

performance of NHL 5 mortars, including Scottish aggregate materials, on account of 

several criteria which are indicative of overall performance and durability.  An emphasis 

has been placed on trying to isolate the effects of the Interfacial Transition Zone (ITZ), 

considered detrimental in cements, this was achieved by producing mortars which 

contained variable quantalities of aggregate and binder.  Mortar specimens have been 

assessed on account of their strength, sorptivity, carbonation depth, porosity and electrical 

impedance as a means to attempt to isolate the effects of the ITZ; while a second series 

of testing has attempted to examine the strength and failure patterns of a scaled up 

interface between NHL 5 binder and natural stone.  The research has highlighted that 

grading and textural features such as intra-clastic porosity can have more of a profound 

effect on the interface and overall strength achievable in lime mortars.  Furthermore, the 

research suggests that a greater uptake of local, mineralogically varied aggregates could 

be used as part of a low carbon strategy. 
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CHAPTER 1 

 INTRODUCTION 

 

 

1.1 Rationale 

The practice of conserving and repairing historic buildings relies upon the utilisation of 

traditional, indigenously sourced materials that are considered philosophically more 

‘authentic’ (Hill, 1995, Earl, 2006, Forster, 2010a+b). The application of building 

conservation philosophies that aim to repair fabric with materials on a ‘like for like’ basis 

are sought utilising ‘best available’ materials which may be transported great distances 

throughout a region, nation or even in some cases internationally.  This situation is also 

true for contemporary mortars (both binders and aggregates). To instil the confident 

adoption of highly localised traditional resources a greater understanding of the role of 

aggregates in lime mortars would be beneficial but more specifically quantification 

regarding which mortar performance characteristics are attributable to regionally specific 

features such as; mineralogy and grain/particle morphology would be ideal.  A greater 

uptake of local materials would be highly beneficial from an environmental perspective, 

lessening the requirement for importing aggregates from other regions or countries and 

providing a means to reduce embodied carbon in repair specifications.  From a socio-

economic perspective regional economies would also benefit from stimulus with 

extraction, processing and utilisation of local resources providing employment in rural 

areas with limited work opportunities and corresponding high unemployment.  

Conversely any issues regarding over-exploitation could be mitigated.  Additional 

benefits are associated with the support and retention of traditional craft skills and 

knowledge commonly required for historic conservation works.  Changing our collective 

approach to aggregate resources to a more region specific basis could promote a more 

specialised and progressive approach to managing and utilising the resources.   

Naturally occurring aggregates are an important mineral resource in Scotland with their 

primary application being for large scale engineering and construction works. These 

materials are also widely utilised for smaller scale projects such as historic building repair 

work and conservation (Gibbons, 1995; Highley et al, 2004).  The character, production 

and regional variability of each aggregate resource is a direct reflection of the underlying 
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geology and naturally occurring transportation processes (Highley et al, 2004, Cameron 

et al, 2014).  Present day extraction operations are primarily associated with the East and 

Central regions of Scotland, with the procured aggregates being derived from a host of 

igneous, metamorphic and siliceous sedimentary lithologies.  Therefore the aggregate 

resources of Scotland have considerable regional variation with distinct characteristics. 

Previous work of Lanas & Alvarez (2003), Lanas et al (2004) and Scanell et al (2014) 

showed that lime mortars mixed with aggregates primarily composed of silica differ to 

those containing calcitic aggregate in both physical performance and micro structurally.  

The implications of these observations are not fully resolved, neither has the scope been 

extended to aggregates of different mineralogies.  According to Lanas et al (2004) and 

Scanell et al (2014), differences in the performance of such lime mortars are believed to 

result from physical and chemical factors relating to mineralogical differences.  Likewise, 

the perceived behavioural uncertainty may result from an absence of contextualised 

materials research that affect in use performance.  It is understood that a fundamentally 

important aspect of a mortars’ durability derives from the binder-aggregate interface; an 

observable textural feature between 0 - 100 µm found at the boundary between bulk paste 

and aggregate grains (Bentur, 1990).  The region is known as the Interfacial Transition 

Zone (ITZ) and has been characterised in Portland Cement (OPC) literature as a lower 

density/higher porosity region, when compared to the bulk paste; and is a known ‘weak’ 

point in the material (Bentur, 1990, Ollivier et al, 1995, Scrivener et al, 2004).  Whether 

this conclusion can be extended to lime mortars it is unknown, or if such a weakness 

would be detrimental or a favourable characteristic in a material that is commonly 

specified for perceived performance benefits and a presumption to repair historic 

buildings with materials on a like for like basis.  Investigations examining the binder-

aggregate interface and the broader ITZ in lime mortars are in their infancy, and this work 

aims to investigate an underrepresented area of materials science filling a collective gap 

in our knowledge.  

 

1.2 Experimental Programme 

The work has been arranged into two distinct work stage packages.  The first work stage 

package is divided into two parts, namely, 1 a) and b), which compared two series of 

NHL 5 mortar specimens while package 2 evaluated interfacial bond strength between 
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natural stone and NHL5 binder paste.  A more detailed outline of each package is given 

below:   

An Investigation of the binder-aggregate interface in natural hydraulic lime mortars 

(NHL). 

 

Work stage package 1:  

a) Effects of Interface on porosity, water transport and bulk strength of mortars 

mixed to different proportions.  

This data was extrapolated in an attempt to determine factors that affect the 

development and the influence of the ITZ in the mortars.  A method for evaluating the 

relative moisture transfer attributable to the ITZ in concrete, proposed by Wong et al 

(2009) was modified and utilised as a basis of interpretation of results. 

 

b) Effects of Interface on Electrical Resistance.   

Mortar specimens mixed to the same proportions as work stage 1 a) but contained 

embedded electrodes that were used to assess changes in micro structure in the NHL 

mortar matrix.  The degree of hydration, carbonation and drying were measured so an 

analysis  could take place regarding the ITZ’s influence upon the bulk resistance 

measurements in NHL mortars. 

 

Work stage package 2:  

Physical Testing of the Natural Stone and NHL paste Interface.  

The physical testing (tensile and shear strength) of binder paste and two distinct natural 

stones were adopted to act as an upscaled proxy of mortar aggregate interface in work 

stage package 1 a and b.  An analysis of ‘failure surfaces’ was undertaken adopting 

microscopy  using a stereoscopic macroscope that permitted images to be captured and 

be further subject to processing.  Composite images were created detailing a 2D 

representation of each tensile fracture plane and allowed for the characterisation of the 

fractures. This experimental procedure followed previous testing on cement and natural 

stone by Tasong et al, (1998b); and Tasong et al, (1999), in which fractures in OPC 

samples were similarly characterised upon their relative proportions within the binder 

(paste), stone and interface.  
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1.3 Working Hypothesis 

To what extent does the Interfacial Transition Zone in NHL5 mortars manufactured with 

differing indigenous aggregate types influence the physical and mechanical strength and 

moisture movement 

 

1.4 Aim of Research 

The aim of this research programme has been to analyse and quantify the role of the 

aggregate components in order to understand the influence they impart upon physical and 

mechanical properties of NHL mortars.   

ITZ studies specific to lime mortars are in their infancy and the majority of the work to 

date has focused solely upon the influence of the aggregate, binder interface specific or 

carbonation ‘seeding’ reactions with calcitic aggregates.   

The research enables a contribution in data collection and analysis that supports on-going 

debate in the field of lime mortars.  The first regarding the broadly applicable debate of 

calcitic v.s. siliceous aggregates and secondly the utilisation of local aggregates as part of 

a more sustainable building design.  The work aims to provide data and findings of use 

for the conservation sector.   

This work helps us better understand the performance of the materials and the aims to 

increase confidence in their specification and therefore indirectly increase their uptake. 

In turn, the research aims to reduce carbon costs associated with historic buildings in 

obviating transportation of aggregate and simultaneously achieving conservation 

outcomes.   

 

1.5 Research Objectives and Outcomes 

I. Investigate the binder-aggregate interface in naturally hydraulic lime mortars.  The 

performance testing of each mortar mix has been designed to best ascertain the effects 

of the interface on mortar strength and porosity.  The findings will allow for a 

discussion to take place regarding the ITZ in NHL mortars and ultimately enhance our 

understanding of factors affecting mortar durability. 
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II. Investigate the use of mineralogically varied, indigenous naturally occurring 

aggregates of differing provenance in the context of NHL mortars.  The programme of 

testing has aimed to determine or highlight any variation mortar performance that can 

be associated with the use of mineralogically distinct aggregates.     
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CHAPTER 2 

LITERATURE REVIEW 

 

  

2.1 Introduction to Lime Materials 

Lime is a frequently occurring chemical compound in the UK where it is especially 

associated with agriculture and the historic built environment.  Lime use pre-dates pottery 

as a technology and has been utilised for Millenia with an enduring legacy reflected in 

both historic architecture and archaeological evidence (Bonen et al, 1995) through to 

contemporary environmental construction (Forster et al, 2011).  Lime performs many 

construction functions such as; a binding material in mortars, plasters, renders and 

harling, lime washes and shelter coats, grouts and consolidants (Ashurst, 1988; Blezard, 

1998).  Historically, localised manufacture sustained and facilitated the widespread use 

of lime in construction (Skinner, 1969; Gibbons, 1995; Leslie & Gibbons, 1999; Artis, 

2012) whilst familiarity with local raw materials gave rise to regional practices and a 

degree of specialisation with region specific lime and aggregate materials (Allen et al, 

2003). 

 

2.2 Lime Technology 

From prehistory until the beginning of the 20th Century, masons and craft persons across 

the UK gained a qualified understanding of building with lime through an empirical basis 

associated with regular use of locally sourced materials (Allen et al, 2003; Figueiredo et 

al, 2018).  The abundance of historic and ancient buildings constructed using lime that 

remain to some degree intact is evidence of the skill and knowledge developed over 

centuries.  This is even more striking when considering the inherent durability of the 

mortars from the Greek and Roman Empires which have survived for two millennia 

(Bonen et al, 1995).  Considerable skill and understanding is required in order to mitigate 

the potential short comings of lime mortars such as a high vulnerability to rapid 

dehydration during early placement that results in plastic shrinkage, partial hydration and 

arrested carbonation reactions and conversely, in colder climates water retention and a 

susceptibility to frost damage (Allen et al, 2003; Forster & Carter, 2011; Wiggins, 2017).  

Lime used traditionally in the UK was associated with low strength especially when 
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compared to modern cement materials (Ellis, 2001; Figueiredo et al, 2018).  It is the 

functional behaviour of lime in the building fabric, not inherent material strength, which 

has facilitated longevity of the historic built environment in the UK (Wiggins, 2017). 

 

2.2.1 Limestone 

Limestone is a rock type composed primarily of the mineral calcite; calcium carbonate 

(Robertson, 1976).  The origin of calcite in geological deposits is attributed to the process 

of dissolved calcium ions combining chemically with carbon dioxide in sea or fresh water 

(Oates, 1998).  The occurrence of limestones in the modern day is the result of past 

deposition of calcite that originated via precipitation of the mineral or through biogenic 

activities such as that seen in modern carbonate reefs, with the latter producing the most 

commercially viable forms (Oates, 1998).  Deposits of limestone can be found across the 

globe dating to various periods of geological time, in the UK several phases of carbonate 

deposition are preserved in the geological record (Woodcock & Strachan, 2012).   

 

2.2.2 Calcination 

The process of calcination involves heating limestone (calcite) below its melting point 

which disassociates carbon dioxide from calcium oxide, at which point the latter is 

referred to as quicklime and is the primary product of most lime mortars.  The processing 

of limestone into quicklime is carried out in a kiln where the temperature can be 

maintained around the desired range of 900 – 1200 oC at which stage calcite will steadily 

decompose (Cowper et al, 1998).  The temperature range for optimum calcination a kiln 

would depend upon factors such as insolation, the type of fuel utilised and the fineness of 

the limestone (Holmes & Wingate, 2002).  Maintaining a steady temperature in the kiln 

is key to producing lime of the highest quality, assuring good reactivity of the binder 

product (Forster, 2004b). 

The under and over-burning of limestone presents a range of issues regarding the 

properties of the quicklime produced.  If the desired temperature is not reached in the 

kiln, or for too short a period, then the quicklime produced will only partially convert and 

possess a core of denser limestone with only the outer portion of the particle being fully 

quick lime.  Over-burning in the kiln is associated with temperatures at which sintering 

of limestone can occur i.e. above the melting temperature (> 1350 oC).  The product of 

sintering is clinker, which is the primary ingredient of cements, however until finely 

ground and powdered it remains largely inactive.  Over-burning limestone will hinder 
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setting as unreactive, sintered zones provide an obstacle for water to penetrate and react 

with the quicklime (Leslie & Hughes, 2002).  Both under-burned and over-burned 

particles are common features in historic mortars which suggest that pre-burn processing 

of the limestone, management of kiln was inefficient and lacked consistency which 

greatly affected the calcination process (Holmes & Wingate, 2002; Leslie & Hughes, 

2002; Elsen, 2006).  Lime; the alkali (CaO), is derived from this global resource of 

carbonate deposits where its primary uses are found in steel making, agriculture as a 

fertiliser and in construction where it is the principle material ingredient of lime and 

cement binders (Oates, 1998). 

 

2.2.3 Slaking 

Quicklime undergoes an exothermic reaction with water which produces calcium 

hydroxide / Ca(OH)2 also known mineralogically, as portlandite.  This process, termed 

slaking (Oates, 1998) refers to the controlled hydration of calcium oxide.  Quicklime 

maybe slaked in an excess of water to create a putty, which is a dense suspension of 

portlandite within water or undergo a highly controlled slaking to produce dry hydrated 

lime.  The latter is created under precision by adding the quantity of water required to 

convert all quicklime into portlandite with no excess water which would commence the 

setting of the material.  This product is bagged as a dry powder material and is 

alternatively known as builders lime. 

 

2.3 History of Lime Mortars 

2.3.1 Ancient Lime Mortar 

The earliest evidence of the occurrence and application of lime technology comes from 

prehistoric archaeological sites in the Levant and Anatolia (Ronen et al, 1991; Bonen et 

al, 1995; Elsen, 2006).  One of the oldest known sites, Enyan discovered by French 

archaeologist Perrot in 1966, contains lime plastered floors that date to the 10th - 9th 

Millennium BC and is considered part of the Natufian cultural package.  Evidence 

gathered from the site and many subsequent discoveries suggest that the use of elaborate 

plastered floors in housing was an increasing practice in the Levant and Turkey in the 

period known as Pre-Pottery Neolithic B (Ronen et al, 1991; Elsen, 2006).  Excavations 

undertaken in the region by Ronen et al (1991) at the site of Yiftahel revealed a plastered 

floor dated to 6850 ±50 BCE, which consisted of two distinct layers totalling 4-8 cm in 
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thickness extending over an area of 65 m2.  Analysis of the plaster revealed it to be 

originally pure Ca(OH)2 that had fully carbonated and worked without any identifiable 

aggregate.  The layering of the plaster included a base layer, placed without compaction 

and a finishing layer that was highly compacted.  Interestingly subsequent testing of the 

plastered floor yielded compressive strengths of 33.8 MPa in the base layer and 44.8 MPa 

in both layers combined.  Both values are higher than those expected in modern OPC, 

demonstrating a) the considerable skill of the ancient craftspeople and b) their 

understanding of how to use the materials available to them including the effect of 

environmental exposure.  The earliest examples of lime technology differ in many ways 

to more familiar modern day applications, however the first documented experimentation 

of crafting lime illustrates the immense age of the material and its evidence of outstanding 

performance as a construction material. 

Lime technology is largely absent from the ensuing periods, with gypsum mortars 

favoured for construction projects in Egypt and Mesopotamia, however lime regained 

prominence under Hellanistic Greece with the first occurrence of hydraulic lime/cement 

technology around 300 BCE (Bonen et al, 1995).  The pioneering developments in 

hydraulic lime technology made by the Romans was a product of combining hydraulic 

limes with pozzolana as a means to attain waterproof linings for aqueducts, harbours and 

cisterns (Cowper et al, 1998).  The onset of lime and hydraulic lime cement technology 

marks the point where humans utilised lime for structural means.     

 

2.3.2 Historic Lime Mortars    

In many cases historical mortars continue to function in their original context which 

reflects their relative durability.  Examples of historic mortars are almost countless with 

prime examples being the construction of monumental cathedrals (Gimpel & Barnes, 

1983) and castellated architecture of medieval Europe.  The majority of historic mortars 

from Europe are lime-based however there is some evidence that gypsum mortars were 

used in the construction of Cathedrals in Germany, France and Belgium (Adams et al, 

1992, Elsen, 2006; Figueiredo et al, 2018).  The manufacture of modern mortars benefit 

from standard procedure guidelines that ensure the production of a relatively consistent 

material that is chemically and physically predictable. Conversely, historic production 

yielded heterogenous mortars with a highly variable composition and texture (Leslie & 

Hughes, 2002). 
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2.3.2.1 Historic Mortar Mixes in the UK 

Historical variation of lime mortars throughout the UK is a reflection of both the 

occurrence of the natural raw materials, local practices of production as well as 

adaptations accounting for baseline and seasonal environmental/climatic conditions 

(Figueiredo et al, 2018).  The impacts of the latter continue to affect how a mortar 

interacts with its environment long after curing and setting, especially with regards to re-

precipitation of CaCO3 (Leslie & Hughes, 2002; Forster, 2007; Forster et al 2014).  Leslie 

& Hughes (2002) conclude that the complexities associated with the impurity of binders 

and the processing of local variably graded aggregate sources in antiquity may have 

imparted specific characteristics to historic mortars that were beneficial in overcoming 

many short comings typically associated with lime mortars.  Lime inclusions are common 

in historic mortars and their presence is often interpreted as evidence of hot lime 

technology (Leslie & Gibbons, 1999; Forster, 2004a; Elsen, 2006).  Hot lime mortars; 

mixed using quicklime with aggregate and water to produce a lime-rich, workable and 

early stiffening mortar are known in the long term to enhance binder microstructure, pore-

interconnectivity and the mortars capacity for deformability (Heyman, 1997; Forster, 

2004a; Wiggins, 2017).  The use of coarser aggregates in a modern context was shown 

by Stefanidou & Papyianni (2005) to impart long term volume stability thereby enhancing 

durability, it is likely this may have played a similar role in the past.  The presence of 

small quantities of impurities in historic binders; such as clinker present due to 

temperature; would presumably enhance early setting characteristics via alite hydration 

(Leslie & Hughes, 2002).   

In the South and South Eastern UK, evidence suggests that the use of lime putties, 

manufactured from the regionally abundant chalk, was prevalent (Figueiredo et al, 2018).  

The use of putties was permitted in this region by the drier climate, which was not the 

case in the West and North of Britain, where a wetter climate prevails and would lead to 

the failure of lime putties (Gibbons, 1995).  In the wetter, windy, colder climates of the 

North of Britain unsurprisingly, hydraulic and hot limes were utilised, in fact Hadrian’s 

wall was manufactured with lime gauged with brick dust pozzolana (Rayment & Pettifer, 

1987; Forster, 2004a; Artis, 2018).  A full range of natural “sand” aggregates are available 

in the UK, and their use is always encountered in Scotland (Gibbons, 1995).  These 

parameters still govern what lime binder and ratios should be utilised today with regards 

to conservative restoration mortars (Forster & Carter, 2011). 
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2.3.2.2 Characterisation of Historic Mortars 

A key step in understanding historic mortars is to evaluate the mortar composition, 

proportions and the context in which they are found (Cliver, 1974).  Characterisation is 

critical in revealing valuable information such as: what raw materials were used, the 

methods of mixing and the technologies utilised during procurement, manufacture and 

application of all mortar components (Gibbons, 1995; Leslie & Gibbons, 1998).  Such 

information would be otherwise unknown but is of fundamental importance to building 

conservation procedures where ‘like for like’ replacement materials are of great 

importance (Gibbons, 1995; Leslie & Hughes, 2002; Forster, 2010a & b).   

Prior to the 1980’s the majority of investigations were undertaken via traditional wet 

chemical analyses such as the dissolution of a mortar specimen in acid or alkali (Cliver, 

1974).  This method presents a number of issues if prior analysis does not seek to evaluate 

the origin of the specimen (in terms of building fabric) and the character of all mortar 

components.  For example any additional non-binder carbonate would require 

quantification prior to dissolution so as to allow for a more accurate interpretation of 

results.  Failure to do so would present a major risk of large errors.  More recently a 

combination of optical microscopy and XRD has been regarded as the best means to gain 

a qualitative identification and understanding of mortar components (Leslie & Hughes, 

2002; Elsen, 2006).  Microscopy alone can allow the researcher to determine the binder 

type, aggregate characteristics and describe the shape, size and nature of binder related 

particles (Gibbons, 1995; Leslie & Gibbons, 1998; Elsen, 2006). 

 

2.3.2.3 Historical Binder Materials   

Historic mortars would be unfamiliar to modern day trades and crafts people due to their 

variation, inconsistencies and lack of homogeny exhibited by all of the constituents 

(Leslie & Hughes, 2002).  Consequently, most of the binders manufactured and utilised 

historically would be deemed unsuitable for use by modern building standards. 

Common historical binder materials include lime, hydraulic limes, clay (earth), gypsum 

with usage generally corresponding to availability.  The aforementioned binder materials 

are distinguishable via basic analysis on account of respective mineralogical differences.  

Mortars containing gypsum or clay are most easily recognised due to pronounced 

mineralogical differences to other hydrates, most notably calcite.  More difficult to 

ascertain is the hydraulic character of a historic binder, a typical NHL binder will show a 

cloudy appearance under microscopic analysis in thin section, however this depends 
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ultimately upon the degree of hydraulic compounds present (Elsen, 2006).  X ray 

diffraction (XRD) is commonly used as a reliable means  to qualitatively deduce the 

potential hydraulicity of a historic binder (Maravelaki-Kalaitzaki et al, 2002; Elsen, 2006) 

however SEM has also be utilised as a means to identify hydraulic compounds on account 

of their fine grained textural characteristics (Moropoulou et al, 2000).  Further textural 

evidence, such as the size of the calcitic crystalline matrix of a carbonated lime binder 

can provide information pertaining to the environmental conditions during the 

carbonation of the mortar (Elsen, 2006).  The mobility and reprecipitation of calcium 

ions, as occurs naturally in limestones, can result in the masking of original features and 

distort estimations of historic binder / aggregate ratios (Hughes et al, 1999; Forster, 2007)  

 

2.3.2.4 Historical Aggregates 

Aggregate materials in antiquity show considerable variation when compared to their 

genuinely more uniform and consistent modern equivalents.  Both, in-organic and organic 

materials are commonly contained within historic samples.  The presence, character and 

proportion of many historic aggregates has been determined through various analytical 

methods such as XRD and XRF (Leslie & Hughes, 2002).  The mineralogy of inorganic 

components, is a reflection of the geological origin of the material and can therefore 

provide information pertaining to the  provenance whereas organic matter can reflect 

production techniques and intended mortar function.   

Inorganic materials are typically the most common aggregate type and range in size from 

gravel to clay sized particles, with grainsize distributions reflective of the deposits they 

are dug from. The mineralogy of an aggregate imparts colour variation to the mortar and 

is a strong influence on factors that determine the grain size, shape and hardness of the 

aggregate particles (Cliver, 1974; Leslie & Gibbons, 1998).  Organic aggregates include 

fibrous additives such as hair and straw used to improve the tensile strength of a mortar 

as well as the by-products of the burning process such as coal and charcoal (Leslie & 

Gibbons, 1998, Iulcocano et al, 2013).  Large fragments of ceramics and slag have been 

observed within many historical mortars, the latter assumed to originate from the burning 

process during the manufacture of quicklime but a true origin is not clear (Leslie & 

Hughes, 2004; Elsen, 2006).  It is important to consider that clay fired to 600 – 900 oC 

exhibits pozzolanic activity (Forster, 2004a) so ceramics, when powdered, are effective 

at enhancing the hydraulic character of the lime mortar, their presence in historic mortars 

can be reliably confirmed by XRD (Bonen et al, 1995; Elsen, 2006).   
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2.3.3 Reducing Demand of Lime Mortars  

Lime production was rapidly replaced by Ordinary Portland cement (OPC) which was 

invented and patented in the UK in 1824 (Bonen et al, 1995).  The development of OPC 

was the culmination of a series of developments made in the 18th Century when there was 

an increasing demand for stronger, more durable products for use on specialist 

engineering projects such as canals, bridges and harbours (Figueiredo et al, 2018).  The 

experiments of John Smeaton in the 1700’s led to the identification of specific sources of 

lime that had the ability to set under water and led to the production of stronger, more 

reliable lime mortar mixes being manufactured (Cowper et al, 1998; Hughes & Valek, 

2003).  Smeaton found that by firing these materials to higher temperatures and 

powdering sintered products he was able to achieve a binder that attained a more rapid 

strength development.  This material was the precursor to modern cement.  The first use 

of the term hydraulic as applied to lime binders, along with a meaningful attempt of 

classifying the materials, came later in the 19th Century however, with tests devised by 

Vicat (Ashurst 2002; Figueiredo et al, 2018). 

In an increasingly industrialised world, traditional lime mortars could not compete with 

the perceived advantageous characteristics of OPC: a rapid set, superior hardening and 

high compressive strength (Hewlett, 2004).  The adoption of the new material was so 

rapid that by the 20th Century it was the dominant cementitious material with lime limited 

to plasterwork and for use as a plasticiser in OPC (Millar & Robinson, 1899).  The local 

methods and traditions that historically underpinned lime mortar technology produced a 

far less consistent product compared to OPC due to imprecise lime burning, regional 

variation in limestone and regional aggregate characteristics (Skinner, 1969; Bailey, 

1992; Artis, 2012; Figueiredo et al, 2018).  In stark contrast to traditional lime binders 

OPC was a patented product that was manufactured to a standard specification and so it 

was judged as a more consistent product with a predictable behaviour (Blezard, 1998).  

Additionally, lime mortars require higher levels of aftercare (Allen et al, 2003) and it 

could be argued on that basis that more skill and experience is necessary to attain a durable 

lime mortar compared to cement mortars (Hughes & Velek, 2003).   

Use of lime continued well into the 20th Century however its appearance appears to have 

greatly diminished by the time of the economic crash of the 1920’s (Maxwell, 2008).  

Guidance for the use of non-hydraulic and hydraulic lime in brickwork was noted as late 

as the 1950’s in British standards as: CP 111 ‘Structural Recommendations for 

Loadbearing Walls’ and CP 121.101 ‘Brickwork’.  The decline of lime mortar is evident 
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as when CP 111 & CP 121 were replaced by BS 5628; which was updated until 2005 and 

withdrawn in 2010, gives no mention to lime mortared masonry.  Instead this specifies 

the characteristic compressive and flexural strengths for cement mortared masonry 

exclusively.  The BS 890:1966 standard for building lime defined two classes termed high 

calcium lime (white lime) and semi hydraulic lime (grey lime); alongside a separate class 

for dolomitic limes.  Specifications and definitions of building limes were greatly 

overhauled in 1995 with the introduction of BS EN 459 and reflects a resurgence in the 

use of lime by specifiers and conservators associated with the conservation of historic 

buildings.  

 

2.4 Lime Mortar: Perspectives on Building Performance  

The increase in the popularity and use of OPC had the consequence of a shift to a 

dependence upon it (Hewlett, 1998).  In the mid-20th Century it was common for cements 

to be used in traditional built mass masonry projects and in the restoration of historical 

buildings where it was viewed as a direct replacement for lime mortars (Lanas & Alvarez, 

2003; Lanas et al, 2004; Forster & Carter, 2011).  Over the subsequent decades concerns 

have been highlighted with what began to be perceived as inappropriate usage of OPC as 

it was found to accelerate the degradation of historic masonry units (Moropoulou et al, 

2002; Wiggins, 2017).   

 

 2.4.1 Behavioural Differences of Repair Mortars: OPC and Lime 

Significant differences in the inherent physical and mechanical properties between 

cements and lime based mortars have been shown to exist.  Major behavioural differences 

include; compressive strength, flexural strength (brittleness) and thermal expansion 

coefficients (Rota Rossi-Doria, 1986).  Perhaps the most common latent defect affecting 

the durability of historic masonry substrates repaired with OPC is moisture entrapment in 

the building fabric (Hughes, 1986; Banfill & Forster, 1999; Wiggins, 2017).  Cements 

have been designed as hard, strong and impermeable building materials so when they 

have been applied to traditional masonry that requires a breathable medium their inherent 

performance characteristics cause significant problems.  Lime binders have been shown 

to exhibit, greater porosity and permeability, permitting moisture movement through the 

material; a feature commonly referred to as ‘breathability’.  A typical cement may show 

half the porosity of a lime based mortar however breathability is dependent upon the size 

of the pores present, which in OPC are commonly below the known limit for capillary 
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mechanics to occur (Thomson et al, 2004; Wiggins, 2017).  Breathability is an important 

requirement for porous, relatively permeable substrates such as sandstone masonry and 

can effectively reduce masonry moisture content and therefore reduce defects associated 

with moisture entrapment such as frost damage, salt damage and timber decay (Hughes, 

1986; Thomas et al, 1992; Banfill & Forster, 1999; Wiggins, 2017).  The process of 

moisture movement within natural stone masonry units is largely influenced by the 

permeability of a mortar (Isebaert et al, 2015) and is a first order requirement for many 

traditional buildings.  Indeed, modern research has highlighted that repair mortars should 

consider the building fabric as a whole and define compatibility factors based upon a 

broader set of requirements (Rodrigues & Grossi, 2007; Schueremans et al; 2011) 

including moisture movement and resistance to salts.  A logical starting point for this is 

achieved by matching the physical and chemical characteristics of the original mortar 

materials (Lanas & Alvarez, 2003; Forster, 2010a & b) and an evaluation of the host 

materials.   

Lime mortars are considerably weaker than OPC but they are more flexible.  A higher 

degree of flexibility allows for the accommodation of thermal and moisture movement 

within a structure making lime mortars less susceptible to fracturing overtime (Banfil & 

Forster, 1999; Moropoulou et al, 2002; Hughes & Valek, 2003).  A lower compressive 

strength allows the mortar to yield sacrificially under loading while efficiently regulating 

and limiting localised compressive stresses on individual masonry units (Wiggins, 2017).  

Additionally, cement mortars have been shown to contain higher levels of soluble salts 

that increase the rate of deterioration of historic masonry upon their crystallisation in 

relatively weak porous substrates leading to deformation and spalling (Rodriguez-

Navarro et al, 1998; Young, 2008).   

 

2.4.2 Low Carbon Mortars 

Today, lime mortars are present in a primary historical context, as repair mortars in 

historical buildings in new build projects (Lanas & Alvarez, 2004; Elsen, 2006; 

Corinaldesi, 2009) and more recently a feature of low carbon construction and alternative 

technologies such as hemp lime. The process of creating a binder from calcite and 

converting it eventually back into calcite is commonly referred to and illustrated as the 

lime cycle (Gibbons, 1995; Snow & Torney, 2014).  The lime cycle is summarised in 

Figure 2.1.  Lime mortars offer considerable environmental benefits and longer term 

sustainability compared to cements.  When considering production and setting 
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characteristics, all limes, especially non-hydraulic lime, carry greater environmental 

credentials than cements.  Lower firing temperatures ~800oC, cement manufacture 

requiring over 1300 oC, indicates significantly less energy is required to produce lime 

binder which could represent considerable saving on fuel costs and emissions (Jackson, 

1998; Callebaut, et al 2001).  Throughout its production cycle it can be expected that four 

times the quantity of carbon dioxide is produced manufacturing cement binders compared 

with lime based binders.  Lime mortars sequester carbon dioxide via carbonation, as part 

of the setting process (Ashurst, 2002), whereas in cement materials the potential for 

carbonation is considerably lower and does not contribute to the setting of the material.  

Instead, carbonation in cements and concretes are associated with material failure, 

particularly corrosion in steel reinforced concrete (Parrott et al, 1990; Ware, 2012).  

Therefore lime binders potential to reabsorb a large proportion of CO2 that was released 

during firing is a fundamental function of the mortar acquiring its strength (Radjondic, 

2001).   

Cements require more energy to manufacture and set purely by hydraulic reactions, 

following only the hydraulic processes highlighted in brown on Figure 2.1 a), and 

therefore require no CO2 as part of their set.  Further to this, some lime kilns in Finland 

and Sweden have been powered using biofuel (syngas) from gasified bark and sawdust 

(Francey et al, 2009).  Developing biofuel kiln technology has the potential to greatly 

enhance the environmental efficiency of limes with the possibility of producing a carbon 

neutral lime based mortar.  These factors are significant and demonstrate that a wider 

scale acceptance of lime mortars and alternative binders may act as a viable substitution 

for higher embodied carbon binders. This offers the potential to more readily achieve 

legally binding carbon reduction targets (Forster et al, 2011).   

Iucolano (2013) states that hydraulic lime has favourable thermo-hygrometric features 

(transpiration, dehumidifying ability and insulation) assuring appropriate microclimatic 

conditions plus considerable benefits from a viewpoint of construction with a focus on 

eco-sustainability.  The low bond strength of lime mortars vs cement based mortars means 

they can readily be removed from existing masonry, the structure repaired and then the 

surviving mortar potentially recycled when replacement mortar is being made 

(Corinaldesi, 2009).  This is an important factor when considering embodied energy and 

the carbon footprint of the construction industry.  Such measures, which consider the life 

cycle of a structure and its components, enable the recycling of bricks and stone blocks 
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that would otherwise require disposal and contribute to the growing issues of construction 

waste.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 – Illustrations of the lime cycle, for a) non-hydraulic limes; and b) hydraulic limes; From 

Gibbons (1995)  

 

2.5 Lime Mortar Mix 

A mortar is a composite material; a mix of lime, aggregate and water.  According to Allen 

et al (2003) a strict adherence to mix proportions is required to achieve the consistent 

a) 

b) 
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performance of a mortar mix.  Most modern lime mortar mixes typically follow the theory 

that the binder must fill the voids in between aggregate particles, a value typically around 

1/3 of the volume of a given aggregate Allen et al (2003).  This value is more commonly 

defined as a ratio, where a mortar containing 75% aggregate would give a 

Binder/Aggregate ratio of 1:3 (Artis, 2012).  A lime mortar will ultimately fail if careful 

selection of all components are not given appropriate consideration including water.  In a 

practical sense lime mortars should be readily workable, allowing the mason to produce 

satisfactory work at an economic rate (Allen et al, 2003).  Optimum and consistent 

performance of a mortar is achieved on site by replicating the correct constituent 

proportions so it is necessary to have an accurate system for batching materials, such as 

relative bulk density (Allen et al 2003) however by volume and weight % are also 

commonly used.  Specific aggregates, depending on grading and grain shape 

characteristics, will inherently possess different binder requirements so it is important that 

this information is known when specifying mortar mixes (Leslie & Gibbons, 1999; Artis, 

2012). 

 

2.5.1 Mix Design of Lime Mortars 

As already outlined, a lime mortar is a composite material composed of variable 

quantalities of lime binder and aggregate that is then mixed with water.  A mortar mix is 

typically designed based upon its intended practical usage (Forster & Carter, 2010).  

Simply changing the individual proportions of a mix will influence the setting 

characteristics and greatly effect strength development and the microstructure of the 

resultant mortars (Lanas & Alvarez, 2003, Lanas et al, 2004; Stefanidou & Papyianni, 

2005). 

 The experimental work of Lanas et al (2004) highlights the effect of binder / aggregate 

volume proportions in NHL mortars.  Significantly the study highlights that higher 

compressive and flexural strength is achieved by binder rich mortars (1:1 by volume) 

which disagrees with Moropoulou et al 2002 and Allen et al (2003), with the latter 

suggesting most mechanical strength is derived from the aggregate component.  

Additionally higher open porosity and a denser pore structure was noted in higher binder 

mixes of both air and hydraulic limes (Lanas & Alvarez, 2003; Lanas et al, 2004).  The 

effects of binder / aggregate ratios are explored further in Table 2.1 below  with data 

indicating there is a clear pattern with binder rich mortars being stronger and more porous, 

while binder lean mixes are the weakest and least porous. 
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Table 2.1 – Data from Lanas et al (2004) illustrating how mix proportions influence mechanical and 

microstructural properties of NHL mortars. 

Mortar Mix (Vol) Open Porosity % Compressive Strength (MPa) Flexural Strength (MPa) 

1:1 30.06 7.5 1.9 

1:2 27.20 4.5 1.2 

1:3 25.80 3.3 0.7 

1:4 25.63 2.8 0.7 

1:5 23.48 2.9 0.6 

 

2.5.2 Water 

The addition of water to the mortar mix is essential for the initiation of the hydraulic set 

in NHL mortars but also in a practical setting for its impact upon workability (Taylor, 

1998; Allen et al, 2003).  The water content of a mix is usually expressed as a ratio of 

water / binder, or W/B.  An important consideration is the quality of the water supply 

being used for mixing.  According to BS EN 1008:2002 mixing water for concretes must 

be clean, lack dissolved salts and be free of suspended solids.  Such impurities if found 

in excess can impact upon setting times, impair strength development and the durability 

of the material whilst also lead to problems related to contamination such as efflorescence 

(salts), staining, volume instability and the corrosion of reinforcement.      

A mortar containing an “inappropriate” aggregate, by definition of BS EN 13139:2002, 

would exhibit poor workability.  An on-site solution to this problem would be to increase 

the amount of water in the mix (Allen et al, 2003), for which the following implications 

would be associated; a lower ultimate strength, a modified pore structure, inhibited 

carbonation and the final mortar may be more susceptible to frost damage due to excess 

water (Allen et al, 2003; Cultrone et al, 2005; Thomson et al, 2007). 

 

2.6 Lime Binder Classifications 

A binder, by definition, is a material that bonds solid particles together in a coherent mass 

(Jackson, 1998).  The definition of lime in the current standard for building limes, BS EN 

459-1:2015 is; lime may refer to calcium oxide and/or hydroxide or calcium-magnesium 

oxide and/or hydroxide produced by the thermal decomposition of calcium carbonate / 

calcite (CaCO3) or dolomite (CaMg(CO3)2) from naturally occurring sources primarily 
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limestones and dolomites.  The term ‘building lime’ refers to lime binders used 

specifically in construction and engineering projects. In BS EN 459-1:2015 building 

limes are separated into two categories on account of the relative presence or absence of 

hydraulic compounds, namely; air lime and lime with hydraulic properties.  Full 

definitions are summarised below in Table 2.2. 

Table 2.2 – Lime products as outlined in BS EN 459-1:2015 

Lime Category  Sub Category Lime Product 

Air Lime Calcium Lime (CL) Quick Lime 

Hydrated Lime 

Dolomitic Lime (DL) Quick Lime 

Hydrated Lime 

Lime with Hydraulic properties Naturally Hydraulic Lime 

(NHL) 

NHL 2, 3.5 & 5 

Hydraulic Lime (HL) HL 2, 3.5 & 5 

Formulated Lime (FL) FL 2, 3.5 & 5 

 

 

2.6.1 Air Lime: Non-Hydraulic Lime Binder 

A non-hydraulic lime is manufactured from the firing of near pure limestones, which 

produces a binder termed ‘air lime’ in BS EN 459-1:2015, which further subdivides this 

binder type into two series: ‘calcium lime’ (CL) and ‘dolomitic lime’ (DL) which reflect 

the mineralogical composition of the parent limestone. It is important to note that the 

latter is less frequently encountered in Europe and the UK (Cowper et al, 1998; Elsen, 

2006).  The term air lime is derived from the fact that the material undergoes a set, after 

mixing with water, solely through contact with atmospheric carbon dioxide.  Both air 

limes can be found commercially available in a number of forms: exothermically reactive 

calcium oxide (CaO) or ‘quicklime’ in lumps or powdered form; or more commonly as a 

hydrated lime such as a powder, putty or slurry where in all three cases quicklime has 

undergone a controlled addition of water in order to produce portlandite (Ca(OH)2).  CL 

90 as defined in BS EN 459-1:2015 refers specifically to lime binders containing > 90% 

Ca(OH)2 (portlandite). 
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2.6.2 Lime Putty 

Lime putty is a dense colloidal suspension of Ca(OH)2, Mg(OH)2 or Ca/Mg(OH)2, plastic 

in nature and exhibits thixotropic properties (Rattazzi, 2007).  There are two methods 

associated with the manufacture lime putty; slaking quicklime (CaO) or slaking dry 

hydrated lime in excess water.  Whilst both methods will yield lime putties with similar 

compositions the end product will exhibit significant differences in physical properties 

and microstructure (Margalha et al, 2013).  Putties that are slaked directly from quicklime 

resemble a colloidal solution whereas putties manufactured from hydrated lime occur as 

an aggregation or agglomerate of crystalline portlandite (Hansen et al, 2005).  These 

differences in microstructure, a product of the origin of the putty, are known to affect 

rheological properties, density and workability of the material (Hansen et al, 2005; 

Rodriguez-Navarro et al, 2005).  The studies of Rodriguez-Navarro et al (1998), Cazalla 

et al (2000) and Margalha et al (2013) all highlight that lime putties obtained directly 

from slaking quicklime produce mortars with better characteristics.  Margalha et al (2013) 

realised that portlandite undergoes significant changes in morphology, describing 

significant size reduction and changes in morphology the crystals undergo over periods 

between 24 hours and 5 years of slaking (Table 2.3). 

 

 

Table 2.3 – The decrease in size of portlandite crystals over time.  The observed reduction in crystal 

size is related to slaking duration and is believed to enhance the performance of lime mortars as a 

consequence of increased surface are improving carbonation characteristics.  Modified from 

Margalha et al (2013). 

 

 

 

 

 

The most significant microstructural changes in portlandite crystals take effect within 8 

months of maturation; where crystal shapes have been observed to change from prismatic 

forms to an increasingly laminar arrangements (Margalha et al, 2013).  This change in 

shape has been shown to continue to develop after this period albeit at a slower rate than 

the initial 8 months (Margalha et al, 2013).  The microstructural changes of portlandite 

in lime putties are summarised in Figure 2.2.  

 

Slaking Period Calcium hydroxide Crystal size 

4 – 8 months 2.0 – 2.8 µm 

5 years 0.5 – 1.4 µm 
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Figure 2.2 - Simple, large prismatic portlandite associated with immature lime putty (A).  C and D 

show more advanced states of portlandite maturity: a gradual shift to laminar organisation, and a 

reduction in average crystal size.  From Margalha et al (2013), figure 2, page 1529. 

 

Margalha et al (2013) showed that lime putties matured for a period greater than 1 year 

possess a water content of < 60% (of overall mass) while putties that have undergone 3-

5 years of slaking produce putties with ~ 50% free water.  This process is related to the 

bonding between water and lime particles, which strengthens with time, therefore 

explaining the densification of lime putty.  Such a decrease in free water leads to an 

increase in compaction and results in a lime putty that is more plastic in behaviour 

(Margalha et al, 2013).  Rodriguez-Navarro et al (1998) and Margalha (2010) outlined 

that matured lime putties with increased portlandite crystal density and crystal size 

reduction greatly enhance the rate of carbonation.  Many historical sources such as Millar 

& Robertson (1899) note the favourable characteristics of matured lime putties and as far 

back as 2 millennia before present with Plinius recommending delaying the use of fresh 

lime putty for three years.  The practice of dry slaking has been adopted through the 

processes of industrialisation with manufacturers driven to create a cost and time effective 

method of slaking lime that permits the bagging of the material (Margalha et al 2013) but 

perhaps at the expense of a more efficient end product. 

 

2.6.3 Lime With Hydraulic Properties 

A lime containing hydraulic compounds undergoes a dual part set with two reactions 

taking place; a hydraulic set that initiates upon mixing with water and the carbonation of 
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portlandite.  According to BS EN 459-1:2015 limes with hydraulic properties are 

classified primarily upon the origin / type of the hydraulic compounds contained within 

them and then further subdivided on account of strength development, chemical and 

physical requirements.  Compressive strength development (in MPa) at 28 days is used 

to classify binders into types 2, 3.5 and 5, designations which fit approximately within 

the traditional terms of: feebly, moderately and eminently hydraulic lime (Gibbons, 1995; 

Snow & Torney, 2014).  Chemical requirements include the mass % of available lime, 

and quantity of Sulphite (SO3) while physical properties such as setting times are also 

considered.  Naturally hydraulic lime (NHL) is produced from the burning argillaceous 

limestones with no artificial additions.  When fired in a kiln to temperatures > 900 ºC 

clays and/or other fine grained silica compounds contained within the limestones produce 

a hydraulically reactive binder.  According to BS EN 459-1:2015 formulated lime (FL) 

consists of a mixture of an air lime or NHL with the addition of pozzolanic or hydraulic 

materials, whereas a hydraulic lime (HL) consists of lime and a mixture of any suitable 

hydraulic materials such as; cement, blast furnace slag or fly ash.  All FL binders are 

classified first upon available lime content (type A, B, C) and secondly upon compressive 

strength (2, 3.5 or 5) so it is for example, possible to encounter an FL A, B or C 5.  Unlike 

all other limes, the binder composition of a HL need not be specified.  The classification 

parameters of all limes with hydraulic properties are shown in Table 2.4.  In a high 

hydraulicity lime such as NHL 5; the minimum Ca(OH)2 available for carbonation is ≥ 

15 % (by mass), therefore in this case the carbonation set can be considered secondary to 

the hydration reactions and can be viewed as a ‘side’ reaction (Radjondic, 2001; Forster 

2004b).  This situation is significantly different in NHL 2 or FL A type binders where the 

carbonation set may be considered the primary reaction and hydraulic reactions secondary 

or as a side reaction.   
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Table 2.4 – Classification of Limes with Hydraulic properties according to BS EN 459-1:2015 

Type of Lime 

with 

Hydraulic 

Properties 

Compressive Strength (MPa) 

Available lime 

as Ca(OH)2 in 

accordance with 

EN 459-2:2010, 

5.8 

SO3 
Final Setting 

Time (h) 

7 days 28 days 

NHL 2 - ≥ 2 to ≤ 7 ≥ 35 ≤ 2 ≤ 40 

NHL 3.5 - ≥ 3.5 to ≤ 10 ≥ 25 ≤ 2 ≤ 30 

NHL 5 ≥ 2 ≥ 5 to ≤ 15 ≥ 15 ≤ 2 ≤ 15 

FL A 2 - ≥ 2 to ≤ 7 ≥ 40 to < 80 ≤ 2 ≤ 40 

FL B 3.5 - ≥ 3.5 to ≤ 10 ≥ 25 to < 50  ≤ 2 ≤ 30 

FL C 5 ≥ 2 ≥ 5 to ≤ 15 ≥ 15 to < 40 ≤ 2 ≤ 15 

HL 2 - ≥ 2 to ≤ 7 ≥ 10 ≤ 3 ≤ 15 

HL 3.5 - ≥ 3.5 to ≤ 10 ≥ 8 ≤ 3 ≤ 15 

HL 5 ≥ 2 ≥ 5 to ≤ 15 ≥ 4 ≤ 3 ≤ 15 

 

2.6.4 Naturally Hydraulic Lime  

Binders designated NHL 2, NHL 3.5 and NHL 5 are commercially available, where the 

assigned numeric value is reflective of their compressive strength (in MPa) achieved upon 

laboratory test specimens after 28 days of curing although many binders can show higher 

strength development. NHL binder is manufactured by burning an argillaceous 

(silica/clay rich) limestone below 1250 oC, a process which yields Belite (C2S – di-

calcium silicate) the most common and important hydraulic compound in NHL (Jackson, 

1998).  Overall NHL binder hydraulicity is therefore a product of, and directly related to 

natural variations in the quantity of fine grained siliceous minerals i.e. clays present in a 

given source of limestone.  This variation is not restricted to disparate sources but occurs 

within a given rock formation, perhaps best highlighted within the range of St Asiter 

products, where hydraulic compounds account for the following mass % in: NHL 2 - 45-

50%, NHL 3.5 - 75-80%, NHL 5 – 80-85% (Forster, 2004b).  According to Forster 
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(2004b) the degree to which a material may become hydraulic is governed by the 

following factors:  

1. proportion of silicate clay minerals within the selected limestone 

2. degree to which the clay minerals are available for reaction  

3. temperature of the firing process 

4. duration of the firing process 

 

 2.6.5 Binder Related Particles  

Lime lumps (free lime) are very common in historical lime mortars and present 

complications for wet chemical analysis (Leslie & Gibbons 1995; Elsen, 2006).  

Superficially this material resembles and acts as part of the aggregate however they are 

entirely derived from the binder component and so this presents a problem when using 

traditional means of wet chemical analysis.  If the presence and quantity of lime lumps 

are not accurately determined and accounted for using microscopic methods significant 

inaccuracies will emerge upon calculating binder/aggregate ratios in historic mortars 

(Leslie & Gibbons 1999; Elsen et al 2004).  Free lime is described by several authors 

including; Gibbons (1995), Leslie & Gibbons (1999), Elsen et al (2004) and Elsen (2006) 

existing as underburned and over burned particles with an intermediate form termed lime 

lumps ‘sensu stricto’ by the latter.  

Underburned fragments, provide information on limestone provenance and the 

hydraulicity of the lime used historically.  Over burned lime, subjected to extreme 

temperatures in the hot zones present in traditional kilns, are either sintered or dead 

burned both of which are weakly reactive and will hydrate and carbonate slowly when 

present in a mortar (Elsen et al, 2004).  The origin of lime lumps senso stricto is debated 

in the literature, however Hughes et al (1999) and Elsen (2006) agree that the presence 

of such particles suggests the lime was dry slaked.  It is agreed in the literature that binder 

derived particles are a valuable means to access information on historic lime sources, 

historic technology and preparation techniques and such as kiln temperatures and slaking 

methods (Forster, 2004a; Elsen et al, 2006).  Microscope analysis is equally as important 

as a means of assessing the pore structure, interfacial zones and the bonding, reaction 

rings between aggregates or building materials with historic lime mortars (Elsen, 2006). 
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2.7 Carbonation 

All limes set to variable degrees via carbonation by which portlandite within the binder 

is converted into calcite (Ashurst, 2002).  Non-hydraulic limes derive their set and 

strength from carbonation and are known to be the slowest setting and weakest of all lime 

binders (Taylor, 1997).  A mortar manufactured with CL 90 will rely upon carbonation 

for > 90 % of its set and strength development.  Carbonation is also important for all 

classifications of hydraulic lime and plays a role in the materials long term set and pore 

structure development; however the degree to which a hydraulic binder will rely upon 

carbonation is dependent upon its classification. 

 

2.7.1 Definition 

Cizer et al (2008) describe carbonation in lime mortars as occurring when atmospheric 

CO2 diffuses into the mortar through pores, dissolves within the capillary pore water and 

then reacts with dissolved calcium hydroxide crystals changing them into calcite. 

 

2.7.2 Carbonation Reaction 

Portlandite converts into calcite or other polymorphic forms such as aragonite in 

atmospheric conditions via carbonation and is the primary setting mechanism in a non-

hydraulic lime.  Additional products of the reaction include water and exothermic heat 

(Cizer et al, 2008).  The carbonation reaction is expressed chemically below in Equation 

2.1 (Moorehead, 1986): 

 

Ca(OH)2 + CO2          CaCO3 + H2O + 74 kJ/mol 

(Equation 2.1) 

 

For the reaction to occur CO2 must dissolve in water to produce carbonic acid within the 

lime mortar allowing portlandite, also in solution, to precipitate out as calcite (Cultrone 

et al, 2005; Lawrence, 2006; Cizer et al, 2008).  Lawrence (2006) describe the reaction 

as occurring over five stages: 

 

1. Diffusion of gaseous CO2 through the pores of the mortar; 

2. Dissolution of the CO2 in the pore water; 

3. Dissolution of Ca(OH)2 in the pore water; 

4. Chemical equilibration of dissolved CO2 in the pore water; 

5. Precipitation of CaCO3 
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Full carbonation ensures the successful setting and hardening of all lime mortars.  It is 

important to recognise that NHL 5 binders require a degree of carbonation in their 

attainment of full setting and hardening.  Indeed the progressive onset of carbonation in 

lime based materials is a main factor determining a successful and durable end product 

(Allen et al, 2003; Lanas, et al, 2003).   

 

2.7.3 Factors Affecting Carbonation 

The variables which may affect the carbonation reaction at any stage in a lime mortar are 

primarily environmental and climatic influences such as relative humidity, temperature 

and CO2 concentration (Ashurst, 2002; Allen et al, 2003; Cultrone et al, 2005, Cizer et 

al, 2008).  When considering lime materials in a practical or construction setting these 

influences are a product of the weather and its capacity to influence the potential for 

moisture loss and solubility kinetics which influence the rapidity of the reaction.  Lime 

mortars carbonate most effectively in high relative humidity however a saturated mortar 

or conversely, one too dry to allow for the dissolution of CO2, will impede future 

carbonation resulting in poor strength development or failure (Ashurst, 2002; Allen et al, 

2003).  Saturated mortars require liquid diffusion in order to carbonate which is a much 

slower process (Ball et al 2011a) whereas in low humidity conditions the mortar pores 

will lack the water required to dissolve both CO2 and Ca(OH)2  (Lawrence et al, 2007). 

 

The carbonation reaction may be accelerated under laboratory conditions by exposing 

lime binders to elevated levels of CO2.  In a study examining the morphology of calcite 

crystals that grew in 20 and 100 % CO2 atmospheres at 95 % RH, Cizer et al (2008) 

observed distinctions in crystal shape throughout the thickness of lime pastes produced 

from both dry lime hydrate and lime putty binders.  Crystallisation on the sample surfaces 

were observed to be rhombohedral calcite, which were micron sized at 100 % and sub-

micron at 20 %.  Throughout the sample thickness evidence of dissolution-reprecipitation 

was suggested by scalenohedral crystal with cracked and corroded surfaces that were 

disintegrated into nanometre scale rhombohedral calcite.  This work outlines that while 

accelerated carbonation at CO2 concentrations of > 20 % will hasten the process for 

laboratory specimens crystal morphology is affected which suggests the physical strength 

and microstructural features will also be modified (Cizer et al, 2008).  Prior research has 

shown that total carbonation cannot occur in high CO2 atmospheres (Cizer et al, 2008) 

with a maximum of ≥ 90 wt.% suggested (Cultrone et al, 2005).  Cultrone et al (2005) 

suggest that this is potentially attributable to; the exothermic heat of the reaction 

inhibiting CO2 solubility, exothermic heat significant enough to evaporate capillary water 
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upon which the reaction depends and a pore size reduction caused by greater levels of 

calcite crystallisation / precipitation. 
 

In natural atmospheric conditions of 0.04 % CO2, Ashurst (2002) discusses that 

carbonation is largely temperature and moisture dependent and does not always occur 

consistently within a mortar or masonry setting.  Additionally the diffusivity of CO2 into 

the solid mortar is constrained by physical properties such as porosity and permeability 

(Allen et al, 2003).  Lawrence et al (2007) showed that even in a mortar showing complete 

carbonation small quantities of portlandite still remained within the material.    

 

2.7.4 Carbonation Depth 

The extent of carbonation is traditionally measured using phenolphthalein solution, an 

indicator, enabling the physical measurement of the depth to which carbonation has 

occurred within a mortar (Chang & Chen, 2006).  This is most commonly achieved by 

spraying a broken surface of a lime or cement with the indicator (Lawrence et al, 2007).  

The process of carbonation reduces the alkalinity of a mortar, as fresh NHL paste is 

approximately pH 13 but when carbonation has occurred the pH will be lower than 9 

which when exposed to phenolphthalein will remain colourless.  Uncarbonated areas, 

with significant alkalinity, show a deep red to purple colour indicating the limit, or depth 

of carbonation from the surfaces exposed to an atmosphere.  Chang & Chen (2006) 

showed that in concretes the boundary between the colourless and coloured regions, 

where the pH of the pore solution is 9.0, is 50 % carbonated and suggest full carbonation 

is reached when the pore solution shows a pH of 7.5. 

 

2.8 Hydration 

Hydraulic lime binders containing quantities of hydraulic compounds will, after mixing 

with water and during the setting processes hydrate to yield; calcium silicate hydrate (C-

S-H), ettringite, tetracalcium aluminate hydrate and calcium aluminoferrite hydrate 

(Odler, 1998; Radonjic, 2001).  Unlike the slaking and maturation processes associated 

with lime putties, hydraulic limes require that the majority of CaO is hydrated into 

Ca(OH)2 without excess water, that if unrestricted will commence hydration of the 

hydraulic compounds (Gibbons, 1995; Snow & Torney, 2014).  This primary hydration 

causes CaO particles to break down into a fine powder, with or without the aid of 

grinding, and the material is then bagged (Jackson, 1998).  The secondary addition of 

water will initiate the hydration of the hydraulic compounds and so begin the setting 

process. 
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2.8.1 Definition 

Hydration has been defined by Taylor (1997) as ‘the totality of changes that occur when 

an anhydrous cement, or one of its constituent phases, is mixed with water’ and by Odler 

(1998) ‘a reaction of an anhydrous compound with water, yielding a new compound, a 

hydrate, which is both a chemical and a physico-mechanical change in a system, i.e. 

setting and hardening’. 

 

2.8.2 Hydraulic Compounds 

Hydraulic compounds and associated polymorphic phases form via diffusion during the 

firing process, are largely dependent upon kiln temperatures and the overall SiO2 % 

present in the limestone being fired (Melzar & Eberhard, 1989; Glasser, 1998).  

Equilibrium phase diagrams can be used to illustrate the outcome of high temperature 

reactions that occur during firing with Figure 2.3 showing how: CaO vs SiO2 content (‘x’ 

axis) and temperature (‘y’ axis) yield different components when taking into account both 

parameters. 

 

Silicates decompose in the kiln between 400 – 600 oC after which a combination with 

metals such as calcium occurs at 950 – 1250 oC which yields the primary hydraulic 

compounds in hydraulic limes; calcium silicates and aluminates (Callebaut et al, 2001).  

 

 

 

Figure 2.3 – Phase Diagram showing stable compounds of the system CaO - SiO2.  Such diagrams 

highlight how temperature variation will affect the outcome when burning argillaceous limestone 

in a kiln.  Image from Taylor (1997), figure 2.1, page 30.  
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Belite (β–Ca2SiO4 - C2S) is the most important of these compounds with the following 

also present to varying degrees depending upon raw material input: tricalcium aluminate 

e.g. ettringite (C3A), gehlenite (C2AS) and rarely calcium aluminoferrite e.g. 

browmillerite (C4AF) (Taylor, 1997; Forster, 2004b).  Decomposition and diffusion 

reactions are key to the production of NHL binders however, under heating and cooling 

belite exhibits polymorphism, a trait common to all of the hydraulic compounds.  Specific 

phases of belite are more desirable on account of their higher reactivity with water so the 

polymorphs are therefore assigned a designation within a series based upon optical 

characteristics and crystal chemistry (Glasser, 1998).  Characterisation of these phases 

acquired from analysis of thin sections via polarised light microscopy is shown in Table 

2.5.   

Table 2.5 - Notable microscopic features of belite and their interpretation.  From: Glasser (1998), 

figure 5.5, page 209. (Original source: von Lampe F, Seydel R. On a new form of β-belite. Cement 

and Concrete Research 1989; 19: 509-18.)   

 

 

Heating and cooling greatly influence the kinetics and sequence of polymorphic 

transformations in belite and govern the total amount of structural rearrangement that will 

occur between phases (Glasser, 1998).  The polymorphs have been assigned major family 

groups based upon structural similarities these are: α-, β- and γ-belite.  Additional 

subscript annotation is also added to indicate a higher or lower temperature polymorph 

(Glasser, 1998) e.g. αH-belite represents a high temperature alpha phase.  β-belite forms 

in the kiln under cooling from low temperature α-belite after which it begins a slow 

transformation to γ-belite, which is the only C2S thermodynamically stable at ambient 

temperature (see Figure 2.4) (Odler, 1998).  β-belite is metastable at all temperatures, the 

most common polymorph encountered in commercial manufacture, highly beneficial as 

it is more reactive with water than γ-belite (Glasser, 1998; Odler, 1998)  However the 

metastability of β-belite is threatened if the material is subjected to grinding which will 

increase both temperature and pressure promoting the undesirable transformation of β- 

into γ-belite (Glasser, 1998). 

Type designation Characteristic features 

I At least two sets of striae, resulting from complex history of inversions: normally 

β polymorph  

II One set of striations. May be α’ or mixtures of β and α’ phases 

III Free of striations and often clear.  Consists of mainly α’ 
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At temperatures greater than 1338 oC reaction kinetics change from decomposition (e.g. 

CaCO3 → CaO + CO2) and diffusion (2CaO + SiO2 → Ca2SiO4) to melting and sintering 

which is typically associated with cement production, specifically the compound alite 

(C3S) which precipitates from this liquid (Glasser, 1998).  Alite may be present in both 

modern and historic lime binder, however always as a minor component with respect to 

belite (Callebaut et al, 2001).  Gibbons (1995) and Elsen (2006) attribute the presence of 

alite in historic mortars to large temperature fluctuations in historic kilns vs. more 

efficient modern processes.     

 

2.8.3 Hydration Reactions 

Compounds such as: C-S-H, C-A-H, A-S-H and Ca(OH)2 develop as the binder hydrates, 

forming interlocking acicular crystalline and amorphous sheet like structures (Melzer & 

Eberhard, 1989; Forster, 2004a).  Belite, typically hydrates into jennite C-S-H which is 

the main source of strength associated with naturally hydraulic lime.  The hydration of 

binder particles is a complex process involving a series of individual chemical reactions 

that take place both in parallel and successively (Odler, 1998).  Figure 2.5 highlights the 

series of reactions that occur in tricalcium aluminate from the onset of hydration.  The 

varied crystal morphologies associated with the hydrates result in larger surface areas and 

densification which accounts for the more rapid set when compared to the slower 

carbonation process (Melzer & Eberhard, 1989; Taylor, 1997).  

 

 

 

 

Figure 2.4 - Polymorphic transformation sequences encountered during the heating and 

cooling of γ- and β- Ca2SiO4.  From Glasser (1998), figure 5.3, page 208. 
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Odler (1998) states that via experimentation C3A, the earliest and most rapidly hydrating 

of the hydrates, was observed to initially produce an amorphous gel-like material that 

grows at the C3A surface before transforming into hexagonal crystals of C2AH8 and 

C4AH19 while additional amounts of these compounds precipitate from the liquid phase.  

The final stage in this series of reactions is characterised by the initial hexagonal phases 

converting into cubic C3AH6 which is thermodynamically stable at room temperature 

(Odler, 1998).  Interestingly, Melzer & Eberhard (1989) detailed a full sequence of phase 

precipitation for alite which is shown in Table 2.6.  Although alite is scarce in lime 

mortars this illustrates well the complexity of hydraulic compounds. 

Experimental work has shown that the hydration of belite forms a paste of C-S-H, existing 

as a phase consisting of Si2O7 dimers and short single-chain polymers with Si-O-Ca, Si-

O-Si, Ca-OH (possibly Si-OH) sites (Odler, 1998).  This initial phase of hydration gives 

way to a later phase containing single SiO4 tetrahedra with Si-O-Ca bonds (Odler, 1998).  

The hydration of belite into C-S-H produces both strands of acicular crystals as well as 

amorphous products (Taylor, 1997; Odler, 1998).  According to Richardson (2004) β-C2S 

hydrated pastes consist of aggregations of long thin particles of variable length (a few-

 

Figure 2.5 - Typical hydration kinetics of pure clinker mineral paste at ambient temperature.  C3A 

is shown on this figure with and without added gypsum, which is used to inhibit the initially rapid 

reaction of pure C3A.  From: Odler (1998), Figure 6.5, page 258. 
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many tens of nanometres) but around 3 nm represents their smallest dimension.  

Hydration will continue until all water is consumed or if the density of the hydrate 

network is great enough that it constrains further reaction, although the latter would be 

more common in OPC (Odler, 1998; Forster, 2004b).   

Table 2.6 - CSH phases of C3S observed over the first 14 days of hydration.  The phases are defined 

upon lattice constants/d spacings and the morphological appearance of the crystals and presented in 

chronological order of precipitation Gel-like phase (earliest) - δ-CSH (later).  Table Modified from: 

Melzer & Eberhard (1989), figure 11, page 419 

Phase Lattice constants or d-

spacings Morphological appearance 
Gel-like phase Diffuse rings with: 

d ≈ 2.94 Å and 

d ≈ 1.10 Å 

Vermicular-like, quasi crystalline 

size ≤ 1 µm 

α-CSH a = 10.1 Å 

b = 7.8 Å 

From C3S grains radial grown 

Type 1 : needle-like 

Type 2 : sword-like (higher degree of crystallinity) 

Size ≤ 1 µm 

β-CSH a = 9.75 Å 

b = 6.85 Å 

i) sheer-like particles, often conglomerated 

ii) epitaxial intergrowth with portlandite 

and/or γ- and δ-CSH 

size ≈ 1 µm 

γ-CSH a = 10.55 Å 

b = 7.29 Å 

Epitaxially grown together with β-CSH and/or 

portlandite and δ-CSH 

δ-CSH a = 11.2 Å 

b = 8.0 Å 

Epitaxially grown together with portlandite, β- and  γ-

CSH 

 

The term ‘free lime’ describes the amount of calcium hydroxide remaining after hydration 

is complete, which has the potential to carbonate, therefore an abundance of free lime will 

raise the carbonation requirement for a given lime mortar (Odler, 1998).  Free lime has a 

higher potential to migrate (slowly) through the binder during a process of continuous 

dissolution and recrystallisation which may contribute to binder loss throughout the 

working life of a mortar (Forster, 2007; Forster, 2014).  Conversely, this process is also 

associated with the equally slow process of autogenous healing property associated with 

lime mortars (Forster, 2007; Forster, 2014).   

 

 2.8.4 Hydraulicity 

Binders that possess a higher hydraulicity have the potential to set under water and attain  

higher compressive strengths than binders that rely upon a carbonation set (Banfill & 
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Forster, 1999).  Higher strength is achieved due to the relatively high surface area of 

hydration products and the interlaminar forces between crystallites (Illston & Domone, 

2001).  BS 459-1, assigns the following definitions: NHL 2, 3.5 and 5 based on the 

compressive strength of hydraulic lime binders after 28 days.  Table 2.7, shows how the 

relative proportions of hydraulic and carbonation convey compressive strength.  

Table 2.7 - Approximate hydraulic set verses carbonation set (NHL data based on the St Astier range) 

and relative compressive strength of the materials. Table from: Forster (2004b), table 1, page 2. 

 

Binder type % of hydraulic set Degree of carbonation Compressive strength 

Non-hydraulic lime 0% 100 % 2 – 3 N/mm2  

NHL 2 45 – 50 % 50 – 55 % 2 – 7 N/mm2  

NHL 3.5 75 - 80 % 20% - 25 % 3.5 – 10 N/mm2  

NHL 5 80 – 85 % 15 – 20 % 5 – 15 N/mm2  

OPC 100 % 0 % 35 N/mm2  

 

Binders with higher hydraulicity have a lower carbonation requirement however 

carbonation is still an integral part of the setting process especially in NHL 2.  

Carbonation has therefore been termed a “side reaction” in hydraulic lime binders and 

can therefore be considered secondary to the comparatively rapid hydraulic set 

(Radjondic, 2001; Foster 2004b). 

 

2.8.5 Factors Affecting Hydration 

Factors that may influence hydration are listed by Odler (1998): phase composition of the 

binder and the presence of foreign ions; fineness and distribution of the binder particles; 

water-binder ratio, curing temperature and the presence of chemical admixtures.  It is well 

understood that such variables will also impact upon a mortar during curing where they 

will greatly affect the ultimate performance of the material (Allen et al, 2003).  Curing 

temperatures are well known to play a significant role during hydration where strength 

development, microstructure and the bulk properties of a mortar may be affected (Wang 

et al, 2011).   

The long term stability of both binder and aggregate is a major a factor in determining 

durability and performance whereas the standard method of classifying lime mortars 

purely on compressive strength is limited in evaluating the longevity in mortars and their 

broader physical characteristics (Bonen et al, 1995).  Differences in C-S-H and their 
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thermodynamic stability have been suggested to be a significant factor in determining the 

longevity of a mortar (Bonen et al, 1995; Forster, 2004b).  To understand the stability of 

the hydraulic components in lime mortar over time, their interaction with the aggregate 

and the effects of variable environmental conditions could enhance current perspectives 

of how durable specific mortar mixes will be (Moropoulou et al, 2000; Forster & Carter, 

2011).  Aftercare is associated with an extended period of ‘tending’ to the freshly placed 

mortar.  This proactive approach will diminish the risk posed by any threats (e.g. 

changeable weather) during the setting process and ensure that the mortar performs as 

expected (Allen et al, 2003; Forster & Carter, 2011).  Traditionally, an extended period 

empirical / rudimentary monitoring on site is required in these early stages.  This phase 

is well understood to be critical and often problematic with greater levels of risk of 

premature failure. 

 

2.9 Aggregate Materials 

 

2.9.1 Aggregate Definition 

According to the current standard for defining aggregates for mortars: BS EN 

13139:2002p5;  an aggregate is “a granular material used in construction and may be 

natural, manufactured or recycled in origin”. 

 

2.9.2 Natural Aggregates 

Natural aggregates are most frequently encountered in lime mortars, even more so when 

the intended purpose of the mortar is for historic building repair (Forster & Carter, 2011).  

A natural aggregate, as defined in BS EN 13139:2002, is an aggregate sand from mineral 

sources which has been subjected to nothing more than processing techniques such as 

sieving and washing.  Typically natural aggregates are derived from recent geological 

deposits (Cameron et al, 2014) however crushed rock types may be used for specific 

purposes either exclusively or as a gauged component for example such as colour 

matching in repair specifications.   

  

2.9.3 Recycled Aggregates 

Recycled aggregates involve the processing of inorganic materials sourced via the 

demolition of buildings and structures (BS EN 13139:2002).  Processing entails the 
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removal of deleterious materials such as wood, plastics and metals, thereby converting a 

waste product into a resource; they are an important source of concrete aggregate in 

Britain (Mankelow et al, 2008).  There is considerable interest in recycled concrete 

aggregates (RCA) at present due to their capacity of increasing the life cycle of concrete 

and provide a means for achieving sustainable building waste ethics (Corinaldesi, 2009).  

Early research in the topic, such as Kasai (1988) and Hansen (1992), lead to the inclusion 

of RCA’s in European Standard, EN 12620 “Aggregates for concrete including those for 

use in roads and pavements”.   

 

2.9.4 The Role of Aggregates in Lime Mortars 

The primary function of an aggregate according to Artis (2012) is to act as a bulk filler 

where, in the case of many modern lime mortars, it may commonly comprise up to 75% 

of the total volume.  There is general agreement in the literature that the aggregate 

component influences mortar porosity, permeability, mechanical strength, reduce 

shrinkage (Moropoulou et al, 2000; Lanas & Alvarez, 2003; Lanas et al, 2004; Pavia & 

Toomey, 2008; Ellis et al, 2013; Isebaert et al, 2016) and reduce the quantity of binder 

required as aggregates are considerably less expensive to source and prepare than lime 

binder (Ellis et al, 2013).  The primary roles of aggregates in mortars can be summarised 

according to Leslie & Gibbons, (1999) and Allen et al (2003) as:  

i) Contribute to strength;  

ii) Reduce shrinkage associated with moisture loss;  

iii) Reduces cost of the mortar as it acts as a bulk filler; 

iv) Contribute to colour and texture of the finished material.   

Ultimately, it is the intended function of the mortar that will define the type of aggregate 

required for the requisite material.  Practical considerations such as reviewing the 

adequacy of aggregates in the specification process for lime mortars are essential.  The 

compatibility of aggregates / binders and their specification can be based upon their 

intended use and is suggested by Forster & Carter (2011) that this will aid in attaining a 

more reliable mortar that performs as the designer intended.  Furthermore the progressive 

uptake of performance based specifications for conservation repairs on historic buildings 

would prove beneficial in obviating failure and latent lime mortar materials defects. 
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2.9.5 Aggregate Characteristics  

Features such as grain shape, colour, mineralogy and grading characteristics of aggregates 

are all important features of a mortar and are common considerations during procurement 

and subsequent mix design (Allen et al, 2003).  Furthermore it has been shown that these 

characteristics can influence the mechanical properties of the mortar. 

 

2.9.5.1 Aggregate Grading  

Aggregates for mortars are classified as fine or coarse according to the diameter of their 

constituent grains.  In BS EN 13139:2002 preferred aggregate sizes for mortars are listed 

as: 0/1 mm, 0/2 mm, 0/4 mm, 2/4 mm and 2/8 mm, the first value representing the lowest 

sieve size (d) and the second the uppermost limit (D).  An aggregate with a D less than 4 

is defined as fine, while a D greater than 4 is a coarse aggregate.   

Aggregates are characterised by sieving a representative sample and plotting the mass 

retained in each sieve on a grading curve.  In order to collect data via sieving, the dry 

sieving method detailed in BS EN 933-1:2012 should be followed in order to produce the 

most accurate results.  A grading curve is a means to present clear graphical representation 

of aggregate grading characteristics, highly useful for comparing several aggregate types.  

Additionally grading data can be compared with the parameters of BS EN 13139:2002 to 

define or ascertain an aggregates suitability for mortar.  BS 1200: Type S aggregate is 

specifically utilised for the preparation of mortars for testing in accordance with British 

Standards, this sand however would not be appropriate for many on-site applications, 

especially with a lime binder, so any comparison to it would lack practical value (Allen 

et al, 2003; Artis, 2012). 

 

2.9.5.2 Particle Shape 

The shape of particles of an aggregate can be determined by visual methods such as the 

flakiness index, outlined in BS EN 933-3: 2012.  This method of classification relies 

heavily on subjective judgement but can be supported by direct measurement of  particle 

sphericity, elongation and angularity. 

 

2.9.5.4 Aggregates For Lime Mortars 

For use in a mortar, an aggregate should display a wide distribution of defined grain sizes, 

i.e. a satisfactory spread across grain boundaries without a single populous grain sizes as 
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such circumstances will result in a decrease in workability Allen et al (2003).  Typically, 

an aggregate should be well graded with the accepted range of grading falling between 4 

mm – 0.063 mm (Allen et al 2003, Artis, 2012).  According to BS EN 13139:2002 such 

an aggregate would be termed “fine” or 0/4 mm.  A well graded aggregate (Figure 2.6a) 

can be described as having a good distribution of particle sizes with most particles lying 

in the very coarse to medium sand range (2 mm – 0.25 mm) (Artis, 2012).  In practice, 

aggregates that are either too fine or too coarse will be equally hard to work (Allen et al, 

2003).  Aggregates dominated by lower sphericity particles such as sub-rounded to 

angular shapes are preferred for use in lime mortars (Figure 2.6b).  Such an aggregate is 

commonly referred to as “sharp” sands, however it is worth noting that this is a colloquial 

term and not a precise definition of an aggregate. 

 

 

A well graded aggregate is important in order to achieve close packing of the individual 

aggregate grains.  Equally the void ratio is important as this value directly influences the 

minimum binder requirements for a mortar (Leslie & Gibbons, 1999; Allen et al, 2003).  

A further practical consideration noted by Allen et al (2003) is that the maximum particle 

size of an aggregate should not exceed one third of the joint width to which the mortar 

will be applied.  Hence, work demanding fine or wide joints accordingly requires 

adjustment of the aggregate particle size i.e. a notional 10 mm joint would have a 

maximum aggregate size of ~3 mm.    

Figure 2.6 - a) Aggregate grading.  A well graded aggregate shown as being composed of grains of 

a varied size.  This is the optimum choice for a lime mortars. b) displays the categories of roundness 

used in describing aggregate grains.  Sharp sands, those recommended for lime mortars are 

represented by the grains left hand side of the diagram.    

a) 

b) 
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2.9.5.4. Mechanical Properties 

The claim that aggregates play a major role in the development of compressive strength 

in lime mortars is broadly supported in the literature (Lanas et al 2004; Stefanidou & 

Papayianni, 2005; Pavia & Toomey, 2008; Corinaldesi, 2009; Walker et al, 2008; Scanell 

et al 2014).  It has been shown by Cowper (1998), Lanas & Alvarez (2003) and Pavia & 

Toomey (2008) that the use of a well graded aggregate will enhance the overall 

mechanical performance of a lime mortar by reducing problems associated with elevated 

porosity, water absorption and capillary suction.  The degree of angularity is also 

important with Pavia & Toomey (2008) suggesting that this further increases the 

mechanical strength performance based upon a similar rationale.   The grain/particle size 

has been shown to play a major role in material mechanical strength of the aggregate and 

mortar.  Coarser aggregates contribute to the volume stability of mortars which greatly 

influences their long term strength but increases the potential for large air voids 

(Stefanidou & Papyianni, 2005). 

There is however significant disagreement regarding the role of the aggregate in this 

setting and how precisely the relationship (with the binder) may be influenced by physico-

chemical properties inherent to the source aggregate material.  Lewin (1981) was one of 

the first to suggest that lime has a low affinity with siliceous aggregates, a view which 

has found support more recently from Lanas et al (2004) and Scannell et al (2014).  The 

bonding between lime binder and aggregate particles is evidently of great importance to 

the characteristics and performance of the material as a construction product.  Tasong et 

al (1998a+b) and Lanas et al (2006) showed that in both cement and lime, chemical and 

physical characteristics (e.g. mineralogy and surface roughness) of an aggregate particle 

will greatly impact  the binder / aggregate bond while features such as inter-particle 

porosity will add to further complexities regarding the interface between the two. 

Mortars prepared with RCA have been shown to be weaker in mechanical performance 

compared to those with manufactured with virgin quartz sand (Corinaldesi et al, 2002; 

Evngelista & de Brito, 2007).  However in a masonry setting RCA aggregates appear to 

produce mortars with superior characteristics (Corinaldesi, 2009).  The mechanical 

behaviour of masonry is more strongly influenced by the bond strength between brick and 

mortar, less on the intrinsic mechanical properties of a given mortar, further work may 

yield more conclusive results. 
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Table 2.8 - Showing the results of Corinaldesi’s (2009) strength tests on mortars manufactured with 

recycled concrete aggregate (REC) and quartz sand (REF). Modified from: Corinaldesi (2009), Table 

4 & 5, Page 508 

a Calculated as G = E/2(1 + v v) 

Mortar type Cem + REF Cem + REC HL + REF HL + REC 

Mortar testing after 28 days 

Tangent elastic modulus, E 

(GPa) 
36.84 13.66 16.84 8.87 

Poisson ratio, v v 0.222 0.137 0.190 0.179 

Elastic shear modulusa, G (GPa) 15.07 6.01 7.08 3.76 

Masonry assemblage testing after 28 days 

Triplet test     

  Mortar-brick bond strength 

(MPa) 
0.89 1.14 0.23 0.26 

Compression test     

  First-cracking compressive 

strength   (MPa) 
6.34 6.09 4.09 4.01 

  Ultimate compressive strength 

(MPa) 
11.31 11.15 9.09 9.74 

Diagonal tension test     

  Ultimate shear strength (MPa) 2.79 2.98 0.76 0.95 

  Elastic Shear Modulus (GPa) 3.875 5.260 2.460 4.850 

 

Little work has assessed the potential of utilising recycled aggregates in lime mortars.  

Corinaldesi (2009) does include some investigations with HL mortars and HL mortared 

masonry parallel to corresponding cement testing.  HL mortar samples containing RCA 

are considerably less elastic than those produced with quartz sand and show a higher total 

open porosity but with a lower content of macro-pores.  This behaviour can be ascribed 

to inherent material properties of RCA such as higher absorption and porosity of grains 

(Corinaldesi, 2009; Yehia et al, 2015).  When tested as masonry assemblages, 

compression testing and diagonal tension tests, the recycled aggregate mortars perform 

greater than expected; the results shown in Table 2.8 quantify this.  Recycled aggregate 

HL mortared masonry achieved a greater overall compressive strength and ~ 20 % higher 

flexural strength when compared to the reference mortar using quartz sand.  

Measurements of elastic shear modulus show recycled aggregates attain a strength ~ 50 

% greater than the reference mortar, apparently significantly modifying the rheological 

behaviour of the mortared masonry.  Moriconi et al (2003), observed RCA improve 
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rheological behaviour of a mortared masonry by lowering the yield stress value over a 

sustained duration.  The noted increase in duration allows a mortar to better permeate the 

brick surface, permitting a higher quality interface zone, which guarantees greater 

interlocking of the two components providing an improved bond (Moriconi et al, 2003; 

Corinaldesi, 2009).  A perceived resistance to shear loading stresses displayed by recycled 

aggregates may offer some advantages in seismically active regions (Corinaldesi, 2009).  

 

2.10 Practical Considerations 

Factors such as curing conditions, desired workability and masonry suction must be 

reflected upon during the design phase of a mortar with further consideration prior to the 

application of a specific mix in order to ensure a successful set is achieved and a higher 

degree of durability is attainable. 

 

 2.10.1 Curing 

The curing process, or hardening, of lime and cement mortars is defined as the provision 

of the following conditions: moisture, temperature over a given period of time as is 

required to initiate and attain adequate strength development (Kosmatka et al, 2002).  In 

lime based mortars this refers to both carbonation and hydration processes which are both 

covered earlier.  The duration of a curing period is largely dependent upon the 

composition of the binder, the thickness of the mortar, W/B ratio and climatic conditions 

(Taylor, 1998).  Longer curing periods would be expected with an increased carbonation 

requirement as it is a slower process while high hydraulicity mortars such as NHL 5 for 

example requiring less time to reach an appropriate strength (Artis, 2018).  In modern 

research, mortars are often cured in a highly controlled laboratory environment which 

eliminates variables such as fluctuating temperature and moisture levels that are known 

to impact upon setting processes (Grilo et al, 2014).  Normal controlled curing conditions 

for mortar prism specimens is stated in BS EN 1015-11:1999 as being 20 ± 2 oC with an 

initial relative humidity of 95 ± 5 % which is dropped to 65 ± 5 % after 7 days.  In BS 

EN 4551: 2005 it is suggested that lime materials are subjected to 91 days curing in these 

conditions prior to testing as at 28 days a typical lime based mortar will have only 

achieved half its 91 day strength.   

Conditions on site are directly related to the climate at that time and therefore require a 

more proactive, adaptable response to potentially unfavourable conditions such as drying 

or freezing (Allen et al, 2003; Forster & Carter, 2011).  The damp conditions required for 
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successful carbonation and hydration, especially during the first 28 days, place lime 

mortars at risk of freezing conditions which can disrupt both setting mechanisms; C-S-H 

and calcite crystallisation.  In deed this is the reason for historic seasonal working 

(Gibbons, 1995).  This period of vulnerability maybe further exacerbated due to water 

retention issues, such as slow hydration or inhibited carbonation, which are associated 

with mortars placed in a damp climate or shaded location.  If the forces associated with 

ice formation are exerted on a mortar in its infancy irreversible deformation and an 

uneven distribution of early stage hydration products will cause problems regarding 

longer term durability.  Conversely, mortars placed in direct summer sunlight or 

prevailing winds will be vulnerable to water loss which will severely inhibit hydration 

reactions and cause shrinkage.  In such a scenario additional water would be added to the 

mix or wetting of the materials for several days post-application (Allen et al, 2003).  On 

site protection of lime mortared masonry, typically in the form of dampened hessian 

sheets and longer residence time of scaffolding (enabling inspection and adjustments), is 

often recommended as a means to maintain adequate temperatures and moisture levels 

ensuring a successful early hydration phase (Allen et al 2003; Forster & Carter, 2011; 

Forster et al 2011).  Forster & Carter (2011: 393) indicate: ‘Curing the mortar is essential 

to enable full set propagation. This generally takes the form of dampening both the 

substrate and protective hessian sheeting in warmer weather, thereby discouraging rapid 

dehydration of the mortar. This process is, however, a function of the environmental 

conditions and more specifically the RH and the ill effects of direct sunlight or drying 

wind. Additionally, it is critical to stop working when temperatures fall below 5 oC. If this 

rule is not adhered to then frost damage is liable in the freshly placed mortars.’. 

 

 2.10.2 Mortar Workability 

Workability is a qualitative term loosely defined as a property of fresh cement or lime 

mortar that determines the ease by which a mason can manipulate the material.  When 

referring to lime specifically, Allen et al (2003) states a mortar with good workability 

will be ‘fat’ and hang on an inverted trowel, it should spread easily on to masonry units 

and not loose water via excessive masonry suction that will cause the mortar to stiffen.  .  

Desired workability will depend upon the intended function of the mortar in question, this 

will vary for example when considering the size of mortar joints or location of application.  

Mortar workability can be comparatively assessed by a flow table test; as outlined in BS 

4551:2005+A2:2013.  Such tests measure the rheological behaviour of fresh paste or 
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mortar; particularly important is the relationship between shear stress and rate of shear 

strain, referred to as a flow curve (Illston & Domone, 2001).   

 

 2.10.3 Masonry Suction 

BS 3921: App E indicates that masonry units with an absorption rate of 7-12 % will 

exhibit moderate suction which is within the acceptable range.  Pre-wetting is essential 

before a mortar is applied to masonry with suction > 12 % (Allen et al, 2003).  

Conversely, for masonry with low suction it is suggested that the mortar design should 

be adjusted to include more fines and/or including free lime content; thereby increasing 

adhesion (Allen et al, 2003).  

 

2.10.4 Modern Repair Mortars 

The determination of suitable materials for use in repair mortars is essential for any 

conservation project (Lanas & Alvarez, 2003; Forster, 2010a+b, Foster & Carter, 2011).  

Decisions regarding material specification must be set within a broader philosophical 

conservation framework in order to achieve more holistically defensible outcomes 

(Rodrigues & Grossi, 2007; Forster & Carter, 2011).  Lime mortars are preferred over 

cement mortars on account of their functional behaviour and historic use which suggests 

compatibility within the traditional stone fabric of historic buildings (Wiggins, 2017).  

The example of cements as poor repair materials, within a context of lime built masonry, 

serves as a stark reminder of the implications of inappropriate specification.  However 

modern lime mortars are not the same as their historic equivalents (Leslie & Hughes, 

2002); with higher inherent strength and a more uniform finer microstructure, they are 

complex composite materials with their own set of performance related variables which 

can affect the manner in which they interact with the pre-existing building fabric they are 

applied to (Wiggins, 2017; Figueiredo et al, 2018).  The durability of a mortar is of great 

importance to the success of a project, with uniformity, longevity and ease of use being 

critical factors (Allen et al, 2003; Rodrigues & Grossi, 2007; Schuermans et al, 2011).  In 

the UK, organisations such as Historic Scotland continue to focus research towards an 

improved understanding of lime mortars and traditional building materials and how they 

interact with each other. 

NHL 5 is typically specified for use in the more damp and harsher climate of the West of 

Scotland or more exposed locations such as chimneys (Forster & Carter, 2011).  As the 

number of wet days has been shown to be increasing in Scotland (Forster & Carter, 2011) 
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St Astier NHL 5 binder was chosen and utilised exclusively in this research programme. 

The prevalence of its specification for conservation works in Scotland, an overall lower 

demand of carbonation and a higher hydraulicity when compared with NHL 2 and 3.5 

(Table 1.1) (Allen et al 2003, Forster & Carter, 2011) resulted in NHL 5 becoming the 

focus of this study.  Additionally, the relatively rapid strength development associated 

with NHL 5 is an important consideration when manufacturing mortar samples, especially 

those with high binder to aggregate ratios.  These are logically prone to breakage due to 

their relative fragility especially upon de-moulding. 

Allen et al (2003) and Forster & Carter (2011) provide a detailed framework explaining 

variables which must be taken into consideration before, during and after working with 

lime based materials.  Pivotal to any repair specification is a full survey of the existing 

building fabric especially ascertaining degrees of exposure, moisture levels and 

potentially problematic areas (Forster & Carter, 2011).  Environmental factors, 

specifically those related to climatic conditions are critical and must be accounted for in 

the design phase of a repair mortar as excessive wetting or moisture loss can be 

problematic in both early and later stages of the mortars functional life (Forster & Carter, 

2011; Wiggins, 2017).  Records pertaining to site wind speed, wind frequency and 

temperature should also be assessed prior to undertaking any work.  Allen et al (2003) 

sets forward a classification of binary mortars, to be used in a practical sense, highlighting 

suitable mortar mixes for specific building elements based on a factor of durability (Table 

2.9 and 2.10).  This takes into account the level of environmental exposure and resistance 

to freeze-thaw cycles but does not consider workability issues.  Forster & Carter (2011) 

highlight that the frame-work of Allen et al (2003) does not consider geographical or 

microclimatic implications for variation in severity of exposure (Table 2.11).  This 

conservative approach is very successful in the short term as it provides a solid basis for 

decision making for mortars to proceed with less risk of immediate failure.  Conservation 

projects must remain open to adopt new ideas when the appropriate evidence is 

demonstrable. 
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Table 2.9 - Mortar durability classes on a scale of 1 – 10 for specific building elements.  Source: Allen 

et al (2003), p. 36.   

Building element of stone, brick or block work exposure 

condition 

 

Proposed range of mortar durability 

classes for building element 

Inner leaf of cavity wall and internal walls 1-2 

Backing to external solid walls 2-4 

External walls including outer leaf of cavity walls in 

sheltered and moderate locations: 

   Unrendered 

   Rendered 

 

 

1-4 

3-4 

External walls as facing to solid construction 2-7 

Work below or near ground level 

   Below dpc but no more than 150mm above finished 

ground level 

   Below ground or above ground not within 150mm of 

ground level 

 

5-7 

5-7 

Sills and cornices 5-8 

External free standing walls excluding capping or coping 5-8 

Parapets (excluding capping or coping) 

   Rendered 

  Unrendered 

 

5-8 

5-9 

Copings, cappings and plinths 5-9 

Chimneys and finals 6-9 

Retaining walls 6-10 

Sewer-bed walls and other unlined walls intended for 

water retention externally 

8-10 

Embankment walls, culverts, sluices and engineering 

work normally below water 

9-10 
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Table 2.10 - Mortar durability classes explained.  Source: Allen et al (2003, p. 39).   

Mortar 

designation 

(hydraulic lime 

mortar) 

NHL 2 

lime:sand 

(vol:vol) 

NHL 3.5 

Lime:sand 

(vol:vol) 

NHL 5 

lime:sand 

(vol:vol) 

Mean 

compressive 

strength  

(MPa at 91 days) 

Mortar 

durability 

class 

HLM 5 - 1:1 1:2 5.0 9-10 

HLM 3.5 - 1:1.5 1:3 3.5 7-8 

HLM 2.5 - 1:2 1:4 2.5 5-6 

HLM 1 1:2 1:3 - 1.0 3-4 

HLM 0.5 1:3 1:4 - 0.5 1-2 

 

 

 
 

Table 2.11 - Exposure adjustment factor.  Source Foster & Carter (2011, p 389) 

 
Weather in location  Climate/exposure Met 

Office data 

Severity 

classification 

Relationship to defect and 

affect on fabric 

Mean wind speed 

(annual) 

≥ 20 knots 

10<20 knots 

≤10 knots 

H 

M 

L 

Wind driven rain and 

penetrating damp in normally 

sheltered locations 

Mean rainfall 

(annual) 

≥1,500 mm 

700<1,500 mm 

≤700 mm 

H 

M 

L 

Saturation and difficult 

drying conditions.  Potential 

freeze/thaw 

Lying snow (annual) ≥ 30 days 

10<20 days 

≤10 days 

H 

M 

L 

Potential saturation 

associated with melt water.  

Freeze/thaw 

Days of ground frost 

(annual) 

≥125 days 

60<125 days 

≤60 days 

H 

M 

L 

Freeze/thaw 

 

Chemical, physical and mechanical compatibility are essential for ensuring long term 

durability in mortars (Rodrigues & Grossi, 2007; Schueremans et al, 2011).  The 

conservation of historic buildings has been vital for the re-emergence of lime technology 

and for initialising modern scientific method deployment for analysis of an ancient 

material.  Modern lime mortars, unlike their historic counterparts, are expected to be 

manufactured under codified systems and standards (e.g. British Standards or from the 

European Union).  The result of this is a higher degree of uniformity in manufacture 

achieving predictable, standardised binders and mortars.  A cautionary approach to 

conservation is required as research on the chemical, physical and mechanical properties 
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of lime mortars is often contradictory e.g. Lanas et al (2004) and Pavia & Toomey (2008).  

Regarding the repair of historic buildings it is advised to follow these procedures up to a 

certain point (Gibbons, 1995; Leslie & Gibbons, 1999) with repairing like for like being 

a first order consideration (Forster, 2010a & b).  In the foreseeable future it should be 

expected that there will be revision of such standards as research continues and more data 

is available to guide repair.   

 

2.11 Lime Mortar Pore Structure 

During the setting, hardening and drying of a lime mortar various physical and chemical 

changes occur as a function of binder composition (Arandigoyen & Alvarez, 2007).  The 

pore-structure of lime mortars begins to form upon the onset of hydration and continues 

to develop over the course of the materials functional life influenced initially by setting 

processes and later largely through the materials interaction with its immediate 

environment (Lawrence et al, 2007; Thomson et al, 2007).   

Research has shown that lime mortars display greater levels of porosity and larger pores 

compared directly with OPC with the result being lime materials display a lower physical 

strength (Forster, 2002; Lanas & Alvarez, 2003; Lawrence et al, 2007; Wiggins, 2017).  

The higher levels of porosity permeability are known as “breathability” (Banfill & 

Forster, 1999; Forster, 2002). Cement mortars conversely display typically low porosities 

but most importantly low permeability; inhibiting the escape of water from the fabric once 

it is saturated (Forster & Carter, 2011).  It is well established that moisture accelerates the 

decay of buildings and is therefore a serious threat to not only the durability of the mortar 

but to the integrity of the structure in question (Gibbons, 1995; Forster & Carter 2011).  

Additionally such properties of lime mortars assist in negating the potentially harmful 

effects of freeze thaw cycles and thermal and moisture movement.   These are considered 

favourable physical properties in terms of compatibility within traditional buildings 

despite a lack of understanding of many of the fundamental factors that impart these 

characteristics.  Furthermore such properties, will vary depending upon the underlying 

chemical composition of the binder i.e. an air-lime or a lime with hydraulic properties.   

 

2.11.1 Porosity 

Strictly speaking the pore structure, or porosity; refers to the volume of a material which 

is not composed of solids (Thomson et al, 2007).  The porosity of a material is best 

described by examining the size of the pores present relative to the total pore volume, 
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which is more commonly referred to as pore-size distribution.  When measured by 

intrusive techniques such as Mercury Intrusion Porosimetry (MIP), that only measures 

interconnected pores, the porosity can be expressed by stating a value as a % of the 

material as a whole and relates not only to porosity but to the permeability also (Thomson 

et al, 2007).  The most commonly used classification for pore sizes is that defined by the 

IUPAC (1972), which describes pores as: 

(i) Macropores, possess a pore width which exceeds 50.0 nm (0.05 µm) 

(ii) Micropores, possess a pore width not exceeding 2.0 nm (0.002 µm) 

(iii) Mesopores, Pores of intermediate width, between (i) and (ii)  

Many different techniques may be used to ascertain a value for porosity or distributions 

of pore-sizes with those of relevance to this study discussed in more detail later in this 

section. 

 

 2.11.2 Primary Porosity 

Primary porosity refers to voids and cracks (“pores”) which form during the mixing, 

drying and setting of the mortar.  In lime mortars porosity is greatly influenced by the 

degree of hydraulic compounds, curing conditions and quantity of water in the mix 

(Papayianni & Stefanidou, 2006).  The porosity will also differ depending on the age of 

a mortar, due to ongoing hydration and carbonation reactions (Papayianni & Stefanidou, 

2006; Lawrence et al, 2007).  Pores associated with this primary phase vary in size and 

form accordingly as a result of their respective origins.  Thomson et al (2007) discuss 3 

types of pore on account of their origin and function with respect to moisture movement, 

these are: Sorption-pores, capillary pores and coarse pores which are shown in Figure 2.6 

along with the IUPAC classification of pore-size.  
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2.11.3 Secondary Porosity 

As a mortar ages it interacts with its environment through structural-mechanical and 

chemical processes which can affect the primary pore structure.  Porosity which develops 

as a result of this interaction are attributed to secondary binder porosity (Hughes et al, 

1999; Elsen, 2006; Thomson et al, 2007).  Mechanical movements associated with 

thermal expansion or loading stresses upon the masonry fabric may cause large cracks to 

open (Gibbons, 1995; Wiggins, 2017), additionally secondary porosity may originate 

from cracking as a result of freeze-thaw cycles and/or salt damage depending upon the 

conditions the mortar is exposed to (Thomson et al, 2007; Forster & Carter, 2011).  An 

attribute associated with lime binders is calcite solution-reprecipitation, which is known 

to mask features of the primary porosity, essentially infilling areas of the mortar at the 

expense of binder loss in other areas (Hughes et al, 1999; Forster, 2007).  This process is 

incredibly slow, taking place on a timescale of centuries (Forster et al, 2014) so such 

textures are prevalent in historic mortars opposed to modern mortars solely as a factor of 

time (Elsen, 2006).  The transfer of water via wetting and drying cycles largely influences 

Figure 2.7 – Pore size classification of porous solid materials according to IUPAC (1972).  The 

range in size of pores associated with primary porosity (Sorption, Capillary and Coarse pores) as 

described by Thomson et al (2007) are also shown.  0.2 µm is highlighted by the dashed yellow line 

to indicate Meng et al (1994) minimum value for capillary mechanics.  
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this process along with the pH of the fluid as calcite solubility is increased with increased 

acidity and calcite precipitation is dependent upon contact with carbonic acid (Lawrence 

et al, 2007; Thomson et al, 2007).  However if high pH levels persist due to a source of 

acidic contamination such as nitrates or sulphate which can result from exposure to an 

industrial environment or the presence of lichens leaching of the binder may take place 

(Charola, 2000).  Calcite which is precipitated on the surface of the mortar may cause 

greater levels of impermeability (Thomson et al, 2007).   

 

 2.11.4 Porosity and Mortar Strength 

It is largely agreed upon in the literature that a higher strength development in cement 

and hydraulic lime mortars is strongly linked to a lower total porosity (Mosquera et al, 

2002; Lawrence et al, 2007; Thomson et al, 2007).  This relationship is expressed 

qualitatively in Equation 2.2 as:   

 

Where β is the measured compressive strength, βo refers to the compressive strength 

without porosity, vp is the pore volume as total material volume % and n is a material 

specific constant.  Furthermore, the effect of large pores or other defects may be taken 

into account using the following equation (Equation 2.3): 

In this equation σt refers to the critical tensile stress, α is the dimension of a large 

pore/void, while E and Gc are the Young’s modulus and surface energy per unit area 

respectively.  Again like the previous equation the unknown material constant value, 

known here as θ, means that these expressions of the porosity-strength relationship lead 

to a qualitative deduction only.  Despite the limitations however, this does explain how 

𝛽 = 𝛽𝑜(1 − 𝑣𝑝)𝑛 

Equation 2.2 

From: Powers & Brownyard (1947) 

𝜎𝑡 = 𝜃√
𝐸𝐺𝑐

𝛼
 

Equation 2.3 

From: Powers & Brownyard (1947) 
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failure may occur at a lower stress than would be otherwise expected on account of the 

presence of larger pore dimensions in the mortar matrix. 

Almost paradoxically air lime mortars have been shown to increase in compressive 

strength as a result of increasing binder content, which results in a higher open porosity 

(Lanas & Alvarez, 2003).  However this is not to be confused with the reduction of 

porosity over time associated with infilling of pore space with the products of hydration 

or the conversion of portlandite to calcite which results in an increase of compressive 

strength (Papayianni et al, 2001; Lawrence et al, 2007). 

 

2.11.5 Influence on Durability & Vapour Permeability 

Porosity determines a mortars ability to transfer moisture and by effect conveys how 

compatible moisture movements will be with respect to specific masonry units which 

exhibit their own pore structure, and by extrapolation the masonry fabric as a whole 

(Forster, 2002; Wiggins, 2017).  The vapour permeability defines a mortars ability to 

allow moisture to diffuse in and out of the masonry.  It is an important characteristic of 

lime based mortars as they facilitate the regulation of damp and condensation which when 

trapped in masonry units are known to lead to an array of issues such as: degradation of 

bricks/masonry, rotting timber and mould growth (Forster, 2002).  In hydraulic limes 

permeability is generally expected to be higher in NHL 2 and lowest in NHL 5; which is 

due to the effects of the capillary pore filling C-S-H crystals (Banfill & Forster, 1999).  

Comparatively air limes with a higher content of free lime are known to have highest 

porosity and consequently, vapour permeability.  In addition, highly permeable mortars 

will carbonate at a faster rate, which improves the hardening process of NHL mortars 

considerably (Lanas et al, 2004). 

The durability of traditional (historic) lime mortars is said by Wiggins (2017) to be a 

function of the arrangement of porosity; i.e. a function of pore size and pore size 

distribution, within the material and how effectively this microstructure can manage the 

movement of moisture.  This claim is largely refuted by various lab based studies which 

have assessed specific factors which are known to affect the durability of mortars such as 

freeze thaw cycles and sulphate attack (Allen et al, 2003; Lanas et al, 2006; Papayianni 

& Stefanidou, 2006).  NHL mortars, unlike cements, are said to exhibit an acceptable 

resistance to sulphate attack (Allen et al, 2003; Forster & Carter, 2011). 
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From lab testing Allen et al (2003) highlight that hydraulic mortars with a low binder to 

aggregate ratio (by volume), such as an NHL 3.5 - 1:2.5 to 1:1.5 and NHL 5 - 1:2 and 1:3 

will exhibit higher frost resistance.  This resistance can be explained by a sub-capillary 

pore network, associated with hydraulic limes, which will restrict moisture ingress and 

therefore limit the degree of wetting and develop a higher overall strength.  As little as 3 

freeze thaw cycles were shown by Lanas et al (2006) to be the minimum required in order 

to destroy air lime specimens undergoing curing while hydraulic limes required > 11 

cycles.  Wiggins (2017) highlights the limitations of lab based durability tests as being 

unrepresentative of real-life conditions evidenced by the long term survival of traditional 

mortars and their ability to avoid, rather than withstand the effects of frost damage.  

Therefore the term resilience, over resistance; should be preferred when discussing the 

performance of historic or mortars with high porosities.  The ability to adequately remove 

moisture from the masonry unit via poultice mechanics is an important performance 

feature of lime based mortars as this determines how effectively the unit as a whole can 

dry (Hall & Hoff, 2002; Wiggins, 2017).  A mortar with a microstructure which can 

effectively remove water reduces the long term risk from frost damage and allows a 

mortar to draw out / remove salts (sulphates) from masonry units which should 

preferentially precipitate on the mortar surface causing sacrificial damage leaving the 

masonry uncompromised (Forster, 2002; Wiggins, 2017).   

 

2.12 Measuring Mortar Microstructure 

The need to physically measure the microstructure of a mortar in order to constrain its 

effects and impact upon intrinsic material properties has led to the development of a 

number of useful techniques.  The continuously evolving porous network is critical when 

considering strength, permeability, diffusion, sorptivity, leaching and shrinkage 

(McCarter et al, 2000).  The following section shall discuss methods of relevance for this 

topic. 

 

2.12.1 Sorptivity 

The term Sorptivity was introduced in 1957 by John Philip where it was defined as “the 

measure of the capacity of the medium to absorb or de-sorb liquid by capillarity”.  This 

definition was modified by Hall & Hoff (2012) to describe the properties of construction 

materials as: “a mortars ability to absorb and transmit water by capillary suction”.  The 

definition notably differs from permeability which influences both liquid and gaseous 
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movement through a solid.  The most common application of sorptivity is as a means to 

characterise construction materials and soils.  A value for sorptivity is useful for assessing 

how moisture will migrate through the pore structure of a given material allowing an 

indication of the connectivity of capillary pore structures (Wong et al, 2009; Rirsch & 

Zhang, 2010).  It may be considered a measure of suction or absorption of water into a 

material (Rirsch et al, 2011).  Sorptivity can be determined by measuring the increase in 

weight of a dried sample (with known dimensions) over time while immersed in water.  

With collected data plotted showing: the volume of water absorbed per unit wetted surface 

area and the square root of time, sorptivity can be taken as the slope of the graph using 

the following equation (Equation 2.4) (Philip, 1969; Dias, 2000):  

     𝐼 = 𝑆√𝑡 

Equation 2.4 

Where S is the sorptivitity, I the cumulative infiltration and t is time. 

  

2.12.2 Mercury Intrusion Porosimetry 

Mercury Intrusion Porosimetry (MIP) is a useful technique for ascertaining a value for 

total open porosity (%) and data pertaining to the distribution of pore sizes within the 

sample examined.  The technique has been applied to lime and cement mortars as well as 

a range of building materials (Lanas & Alvarez, 2003; Papayianni & Stefanidou, 2006; 

Lawrence et al, 2007).  Measurements are taken by penetrating a small quantity of sample 

(~ 0.5 g) with liquid metal under pressure which allows the extrapolation of the total pore 

volume as a function of the measured pressure (Lawrence et al, 2007; Thomson et al, 

2007).  An advantage of the technique is that a full range of pore sizes may be measured 

with a diameter of 0.01 µ accepted as a minimum resolution.  To calculate the pore size 

distribution, gathered data is analysed using the Washburn equation which assumes pores 

are cylindrical in shape (Lawrence et al, 2007).  The Washburn equation (Equation 2.5) 

is shown below (Washburn, 1921): 

    𝑃 =
−2𝛾 𝑐𝑜𝑠 𝜃

𝑟
 

Equation 2.5 

 

Where r is the pore radius, P the imposed pressure, γ the interfacial energy of mercury 

and θ is the contact angle of mercury with the material.  The limitations and concern of 
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validity regarding MIP data has been discussed by Lawrence et al (2007) and said that 

where the existence of “ink well” pore structures exist there is a significant danger of over 

estimating the volume of smaller, fine pore structures.  An ink well pore describes a 

scenario where a large coarse pore space is accessible only by finer narrow connective 

pores.  In this case the effect is that during recession of the intruded mercury a smaller 

value of θ is measured than during intrusion which results in the Washburn equation 

indicating large pore diameters.  Further issue may be associated with the mercury 

remaining trapped within the microstructure of the sample. 

 

2.12.3. Impedance Spectroscopy (IS) 

Impedance spectroscopy (IS) has been developed as a tool to characterise materials and 

interfaces on account of their electrical properties by means of embedded conductive 

electrodes (Macdonald & Barsoukov, 2005).  The transport of electrons through a 

material, measured as a flow (current), is dependent upon the ohmic resistance of the 

material (conductor).  The impedance spectra generated during such experiments can 

therefore reveal electrical properties which are sensitive to underlying microstructures 

and the continuously evolving porous network of the material (McCarter et al, 2000).  

Additionally, temperature and environmental factors such as moisture or certain 

chemicals can have a profound effect upon electrical measurements.  This is highlighted 

by Macdonald & Barsoukov (2005), when considering a specimen with an activation 

energy of 1 eV at 300 oC a change in temperature of 1 oC would result in a 3.5 % change 

in conductivity.  For microstructural studies it is therefore of great importance that 

measurements are conducted in a controlled environment.  IS experiments are often 

conducted under the assumption that the interface with embedded electrodes is smooth 

with a simple uniform crystallographic orientation however this is not the case as the area 

is irregular and influences the local electrical field. 

Pioneering work correlating material electrical properties with microstructure and by 

extrapolation; inherent transportation properties was undertaken by Bauerle (1969).  IS 

has played an increasingly important role over the past two decades as an applied 

technique for measuring changes in laboratory controlled cement and concrete systems 

(McCarter & Garvin, 1989; McCarter et al, 2000; Cabeza et al, 2003; McCarter et al, 

2013) and has shown the potential for use as a monitoring sensor (McCarter & Garvin, 

1989).  The technique has proven useful as a means to investigate and monitor progressive 

physico-chemical changes e.g. hydration and characterise capillary pore networks within 
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these systems over time.  Ball et al (2012:670) deduces the following regarding resistivity 

in hardened cement mortars:  

• Resistivity decreases with the amount of evaporable water in cement paste. 

• Resistivity decreases with the concentration of mobile ions in the pore fluid. 

• Resistivity is influenced by the connectivity (or tortuosity) of the pore network. 

Commercially available Frequency Response Analysers (FRA) are most commonly used 

to gather data pertaining to the electrical impedance of cement systems.  An FRA does 

not directly measure impedance, instead it generates a voltage of variable frequency 

(typically between 1 Hz – 1 MHz) and amplitude while measuring the in and out of phase 

components of the voltage at two inputs (X and Y) and plots a real resistance vs imaginary 

resistance (Z' v Z'').  An example of this type of impedance plot is shown in Figure 2.8a 

and takes the form of two arcs representing the dielectric response of the material on the 

left and the electrodes on the right.  In the example of Figure 2.8b the bulk resistance (Rb) 

can be taken from the intersection of the two arcs and the value from real impedance 

which in this case occurred at a frequency of 63 kHz. 

 

Figure 2.8 – Complex plane impedance plot showing the response of a CL90 mortar with a) 

showing the specimen response; left arc and the electrode response; right arc on an idealised plot.  

Also shown in the figure is the equivalent circuit model.  b) highlights the zone between the two 

arcs in greater detail with a scale and  the bulk resistance at 63 kHz.  Figures from Ball & Allen 

(2010:4) 

 

a) b) 
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Figure 2.9 – A contour plot is shown on the left of the figure indicating the resistivity of NHL 2 

paste at various depths over time.  On the right of the figure shows phenolphthalein stained paste 

at 39 and 161 days.  Figure from Ball & Allen (2010:4) 

 

The application of IS to lime research is in its relative infancy with recent investigations 

yielding successful data from both air lime and NHL pastes both freshly mixed and as 

hardened specimens (Ball & Allen, 2010; Ball et al, 2011b; Ball et al, 2012).  Ball et al 

(2011b) was able to demonstrate the capabilities of IS in assessing the combined effects 

of hydration and carbonation in NHL pastes.  By embedding electrode pairs within a 

prism of NHL 2 paste at regular intervals they were able to measure microstructural 

changes of the material associated with carbonation as a factor of resistivity (Figure 2.9).  

This study showed that visually measured values for carbonation depth were shown to 

correspond with the resistivity of the material at various depths, over time.  Using 

measurements of bulk resistance Ball et al (2012) was able to measure dewatering of 

NHL mortars in contact with a porous medium (bricks).  It has been shown that IS has 

the potential to be used as a non-destructive technique which can be applied to a much 

greater scope of lime based materials. 

 

2.13 Mortar Microstructure – Visual Analyses 

There are a plethora of analytical tools and techniques which have been successfully 

applied to visual investigations of lime mortars.  Their application is dependent upon the 

origin of specimens i.e. in situ within masonry or a laboratory specimen, and the aims of 

the researcher and what is intended to be investigated (Elsen, 2006).     
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2.13.1 Optical Methods 

Low-power microscopic examination; used for visual analysis of hand specimens and 

higher power microscopic examination of prepared thin sections can provide a 

comprehensive understanding of material properties.  Lower power techniques such as 

x10 power hand lens or x50 binocular microscope are good first stage tools for noting 

general features of a specimen such as an indication of coarser porosity, pore shapes, 

fractures and present an opportunity for a range of point count analyses (Leslie & 

Gibbons, 1999; Ingham, 2003, Thomson et al, 2007).  An indication of aggregate grading, 

particle shape, roughness, mineralogy and colour (with Munsell colour chart) can be 

achieved using these methods.  The use of binocular microscopy at magnifications of x10 

and x40 is sufficient to gather relevant information on major and minor mineral 

components as well as accessories, such as organic fibres (Leslie et al, 1999).  Stereo 

binocular microscopes have a large working distance and wider field of view when 

compared to higher powered equivalents, meaning samples with uneven surface 

topographies ranging up to 8 cm, can easily be examined using this technique (Thomson 

et al, 2007).  Lower power microscopes use incident light directed at the surface of the 

sample, the level of which maybe controlled by the operator, in order to view features. 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 
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Figure 2.10– Lime mortars in thin section revealing compositional and textural information which 

can allow for interpretations of manufacture and mixing practices. a) A historic mortar showing 

an unhydrated belite grain at the centre of the image, brown in colour and rounded texture with 

opaque regions.  The bulk binder matrix surrounding the grain is largey calcitic with some finer 

hydrated belite and aggregate grains  b) A historic lime mortar centred on an underburned 

limestone fragment.  The grain is surrounded by the bulk matrix and quartz grains (white).  Both 

images from Elsen (2006:1420). 

 

Petrographic analysis at powers of up to x600 can provide more comprehensive 

information such as: mortar ingredients, their relative proportions, texture, porosity, the 

general condition of the mortar while also allowing for a more detailed examination of 

aggregate mineralogy (Leslie & Hughes, 2002; Elsen, 2006).  Petrographic methods were 

originally developed within the discipline of Geology where it is viewed as a fundamental 

technique of the science.  Thin sections are fine slices of rock, mineral or mortar which 

are created by grinding the material down to thicknesses of 30 µm (Thomson et al, 2007).  

Analysis is carried out using a polarised light microscope which allows for 

comprehensive mineral identification to the trained eye.  Light is directed through the 

sample to view light refraction patterns which along with other mineralogical features are 

used for identifying the components of the thin section.  The analysis of historic mortar 

thin sections (Figure 2.10) is pivotal for studies where the goal is to reproduce an accurate 

replacement mortar for conservation purposes (Ingham, 2003; Elsen 2006).   

Optical examination can also be used as a tool for gathering data for statistical analysis 

for graphical presentations such as aggregate profiles and grading curves; which are the 

most practical method to characterise aggregates (Leslie & Gibbons, 1999; Allen et al, 

2003; Artis 2012).  Combining both low and high power techniques can provide a cost 

b) 
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effective, large and detailed data set required for the analysis of mortar components.  

Captured microscope images or micrographs, using a mounted digital camera, may be 

used to great effect in determining textural variation where there is differences in colour.  

Each pixel defines a known location point on account of its greyscale value (Thomson et 

al, 2007).  Pixels may be grouped via an operator determined threshold which may isolate 

features such as binder, aggregate or porosity.  When coupled with general observations 

this provides a useful approach to sampling over a million data points per image, vastly 

more detailed than traditional point counting.       

 

 2.13.2 Scanning Electron Microscopy (SEM) 

An electron microscope creates an image by scanning the surface of a sample with a 

focussed beam of electrons.  SEM enables very small structures to be imaged down to a 

fraction of a micron which allows for the examination of the morphology of a lime mortar, 

its components and textures (Lawrence, 2006).  Furthermore the imager can be used to 

locate targets for accurate elemental analysis using the SEM’s on board electron 

microprobe (EDS or EDX) (Ingham, 2003).  The use of SEM as a tool for examining lime 

based materials has been used and discussed by many authors over the decades (Thomson 

et al, 2007) and it has proved to be a useful technique.  The technique is not limited to 

contemporary limes and has been used to analysis historic mortar specimens (Elsen, 

2006).  Environmental SEM (ESEM) offers an alternative to traditional SEM by operating 

at a higher pressure which reduces moisture loss and eliminates the need for a conductive 

coating (Margalha et al, 2013).  Both SEM and ESEM has proven useful for examining 

the structures of crystals in lime binder such as those formed during; belite hydration, 

maturation of portandite in lime binders, the carbonation of portlandite and assessing 

morphological changes at the interface between the binder and aggregate (Lanas et al, 

2004; Lawrence et al, 2007; Cizer et al 2008; Margalha et al, 2013).  The technique offers 

the possibility of monitoring such phases over time allowing an understanding of the 

changing morphology of the binder matrix and associated factors such as porosity (Figure 

2.11).   
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Figure 2.11 – ESEM images of portlandite crystals.  From Margalha et al (2013:1527) 

 

2.13.3 Compositional Analysis 

An array of techniques have been applied to lime mortars in order to gather quantitative 

or qualitative chemical compositional data, such as: X-ray Diffraction (XRD) and 

Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

being perhaps most versatile and therefore most commonly encountered.  Research 

programmes often utilise such techniques in a complementary manner, with either several 

differing chemical analyses being conducted or additional optical work to confirm and/or 

investigate results.  Such methodology removes any limitations associated with or over 

reliance on techniques from an experimental programme.  SEM-EDS can provide 

secondary electron images highlighting topographic features, back scattered electron 

(BSE) images that highlight differences in chemical phases (Figure 2.12) as well as EDS 
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which can provide both quantitative and qualitative elemental analysis (Scrivener et al, 

2004; Thomson et al, 2007).   

 

XRD is used to provide mineralogical determination of crystalline phases of the binder, 

pozzolans, hydraulic reaction products and mineral constituents of the aggregate.  XRD 

has the advantage of actually identifying the minerals and compounds present although 

estimations on relative amounts are only semi quantitative (Ingham, 2003).  XRD is often 

chosen over techniques such as XRF, AAS (atomic absorption) and ICP-AES (atomic 

emission) which give precise determination of elemental composition however their 

application is certainly of value.  It is important to note that the above techniques will 

only detect inorganic compounds, Infra-Red analysis can be used where the detection of 

such materials is required.  Thermal analysis, which monitors the temperature at which 

various mortar components decompose has been successfully used in determining binder 

type although it is recommended that results should not be used in isolation (Ingham, 

2003).   

 

Figure 2.12 – An image produced via Back-Scattered Electron (BSE) detector.  The labelled area 

1 reveals a highly porous zone, whereas at 2 the pale grey area indicates a concentration of calcium 

hydroxide.  From Scrivener et al (2004:413) 
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2.14 Lime Mortar Mechanical Properties 

A wet mortar should possess sufficient workability in order to allow the bricklayer to 

effortlessly place the mortar and produce a masonry fabric which has fully filled joints. 

The advantage of this is the improvement of building performance especially regarding 

obviation of moisture ingress and air-tightness.  A hardened mortar must satisfy certain 

key specific requirements which include; compressive strength, flexural resistance, 

vapour permeability, long term bond strength and autogenous healing of coarse pores. 

A range of physical testing procedures which can be used to ascertain the strength 

properties of lime mortars are outlined in BS EN 459-2:2015.  Physical tests which 

examine strength and structural properties of lime mortars, can be utilised in establishing 

the bond, compressive, shear and flexural strength of lime mortars.  This can be as 

standalone samples or in a masonry setting; where a sample of mortared brickwork is 

assembled.  The strength properties of lime mortar are dependent on the quantity and 

quality of the binder, aggregate and the amount of water added to the mix while 

environmental factors such as temperature and humidity affect the mortar especially in 

the early setting process as well as the rate of dewatering associated with masonry suction 

(Allen et al, 2003; Zhou et al, 2008).  Following the procedures outlined in BS EN 1015-

11, Walker & Zhou (2012) conducted experiments comparing cement/lime/sand mortars 

(mix proportions – 1:3:12) and lime mortar (1:2.25 – NHL 3.5).  Ultimately these 

experiments were able to show that lime mortar can match the strength reached by the 

cement mortar after 28 days, in 91 days.  This delay in strength gain can be attributed to 

ongoing carbonation, where initial strength is primarily due to hydraulic set.  It is 

therefore appropriate to test lime mortars for up to 91 days not just 28 days which is based 

on cement testing procedure. 

The capacity for mortared masonry to resist gravitational and environmental loads is 

dependent upon: geometry (height and thickness), available restraints and the nature of 

the loading (magnitude, position, duration, variation) Walker (2010).  Three key aspects 

can describe the overall strength of materials; the compressive, flexural (bond) and shear 

strength.  Compressive strength governs the materials capacity to resist vertical and 

gravitational loadings, whereas shear and flexural strength govern lateral and wind 

loadings.  
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2.14.1 Stress and Strain 

When a material is subjected to a force, i.e. compression or tension, a shortening or 

extension can be observed which is termed strain; this property has no dimensions and is 

defined as a ratio of change (Illston & Domone, 2001).  According to Hooke’s law the 

relationship between stress and strain is linear, that is; a material subjected to a small 

amount of strain will revert back to its original dimensions, once the force is released.  

Hooke’s law is expressed in the Equation 2.6: 

𝜎 = 𝐸𝜖 

Equation 2.6 

Where σ is stress, E is the constant Young’s modulus of elasticity, and ϵ equals stress.  

The elastic modulus is essentially a measure of a materials stiffness, or; its resistance to 

deforming elastically and defined as the slope of the stress-strain curve (Illston & 

Domone, 2001).  The initial stress-strain behaviour of mortars is characterised by a 

straight linear relationship before becoming nonlinear, which extends beyond the strain 

limit of the material and resulting in a brittle failure (Tasong et al, 1998b; Illston & 

Domone, 2001; Arandigoyen & Alvarez, 2007). 

 

2.14.2 Compressive Strength 

Under uniaxial compression a material undergoes dimensional shortening as the result of 

an external force (Illston & Domone, 2001).  Uniaxial compressive strength determines a 

materials capacity to resist vertical stress before failure (Pavia & Toomey, 2008; Walker 

et al, 2010).  Practically this may be thought of in the sense of gravitational loading within 

a masonry unit, which explains why compressive strength is commonly encountered as a 

description of performance in construction materials.  The ubiquity of compressive testing 

means that it is an effective means of characterising a mortar, with a high scope for 

comparative analysis with past and future research.  On a basic level, lime mortar 

particularly NHLs, are defined in BS EN 459 at least partly on account of their 

compressive strength development.  Compressive strength can be expressed using the 

following calculation (Equation 2.7): 

    𝑅𝑐 = 𝐹𝑐/𝐴 

Equation 2.7 
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Where Rc is the compressive strength in MPa, A is the area of the load applied during 

failure (mm2) and Fc the load of applied in N. 

The uniaxial compressive strength development of lime mortars has been well covered in 

the literature (Allen et al, 2003; Lanas & Alvarez, 2003; Lanas et al, 2004; Lanas et al, 

2005; Papayianni & Stefanidou, 2006; Arandigoyen & Alvarez, 2007; Pavia & Toomey, 

2008; Cizer et al, 2008; Grilo et al, 2014) with respect to varied mix proportions, different 

lime binder types, admixtures, contaminants, aging and the effects of different 

environmental conditions.  The compressive strength of a mortar is largely dependent 

upon the classification of lime (lime / hydraulic content), inclusion of pozzolan, mix 

proportions, water content, its age and the temperature and relative humidity at which it 

is matured to best allow the development of hydration products and carbonation (Allen et 

al, 2003; Lanas et al, 2004).  However, Leslie & Gibbons (1999), Lanas et al (2004), 

Pavia & Toomey (2008) suggest that the aggregate volume is at least partly accountable 

for the compressive strength of a mortar.  There is general agreement that lower b/w ratio 

produces higher strength hydraulic mortars while this effect has been shown to be less 

pronounced in air lime (Lawrence & Walker, 2008).  While a humid atmosphere during 

curing has been shown to increase mortar strength (Grilo et al, 2014). 

 

2.14.3 Flexural Strength 

Flexural and compressive strength are often tested simultaneously due to the two tests 

providing an effective means to understand a materials stress and strain relationship.  

Flexural strength, in the most simplistic terms, describes a mortars ability to bend before 

brittle failure is reached (Pavia & Toomey, 2008).  This is practically important as it 

describes a mortars ability to resists lateral loadings, which in a masonry context may 

result from additional loading from wind (Walker, 2010).  The flexural strength of lime 

mortars is considerably lower than the compressive strength and explains the brittle nature 

of the material (Allen et al, 2003).  Flexural strength decreases with decreasing binder 

content (Lanas et al, 2004; Vermeltfoort, 2012).  Testing undertaken by Allen et al (2003) 

shows a decreasing relationship between compressive and flexural strength indicating that 

lime mortars reduce in plasticity as a factor of the time (set) (Table 2.12).  However this 

should not be taken as flexural strength decreasing overtime as this is not the case as the 

research of Lanas & Alvarez (2003) shows how regardless of mix proportions, flexural 

strength increases over time.  
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Table 2.12: Relationship between flexural and compressive strength of various mortar mixes over 

time.  From: Allen et al (2003), table 2, page 19. 

Age (days) Flexural strength (as % of compressive strength) 

(mix proportions by volume) 

1:1 

NHL 3.5: 

Sand 

1:1.5 

NHL 3.5: 

sand 

1:2  

NHL 3.5:  

Sand 

1:3 

NHL 3.5: 

Sand 

1:1:6  

PC:CL90: 

sand 

7 76 78 80 80 30 

14 52 54 64 70 31 

28 47 49 56 67 32 

56 44 46 53 65 33 

91 42 45 51 64 33 

182 40 44 50 61 34 

365 39 43 49 55 34 

 

Lime mortars that are binder rich develop a higher overall flexural strength (Lanas & 

Alvarez, 2003; Lanas et al, 2004).  Pavia & Toomey (2008) demonstrate that physical 

properties such as the angularity of aggregate grains can also have a profound impact, 

where their use was shown to increase the flexural strength of a mortar as opposed to 

those with rounded aggregates. 

 

2.14.4 Tensile Bond Strength 

In simplest terms tensile strength refers to a materials resistance to stress under tension.  

This test provides a means to measure adhesion properties and evaluate both material 

properties and failure modes (Bonaldo et al, 2005).  Tensile strength is important when 

considering the masonry fabric as a whole, and the pull off test is a simple and popular 

method for direct tensile strength testing (Tasong et al, 1998b).  Uniaxial tensile stress 

may be expressed using the following equation: 

𝜎 =  
𝐹

𝐴
 

Equation 2.8 
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Where σ equals the tensile stress, F the applied force and A the cross sectional area. 

It is understood that the factors which influence tensile bond strength are related to the 

adhesion of the mortar to the masonry units/blocks.  Rheological properties are largely 

the determining factor, with a relationship between water content and masonry absorption 

or suction being noted as highly influential (Groot, 1991; Lawrence & Page, 1994; Illston 

& Domone, 2001).  Furthermore, surface roughness of masonry blocks or bricks and the 

ability of hydration products to penetrate into the block pore structure have also been 

shown to influence bonding (Tasong et al, 1998b).  The bond strength; between mortar 

and masonry, is often considered as a fraction of the overall tensile strength of the mortar 

and masonry as a whole (Coville et al, 1999; Walker, 1999).  When considering a 

masonry unit, bond strength has been shown to decrease as a function of the moisture 

content of the masonry blocks during construction (Walker, 1999).  It is therefore intuitive 

that in a practical setting, climatic conditions, i.e. rainfall or ground saturation, can play 

an influential role on the development of bond strength.  Tasong et al (1998b) found that 

the apparent interfacial bond strength between cement paste and rock units was not simply 

a function of aggregate roughness, but also related to inherent features of the rock itself, 

such as; its strength and structure. 

Very limited research has been undertaken regarding bond and tensile strength of lime 

mortars, and lime mortared masonry.  Testing undertaken by Moropoulou et al (2002) on 

modern and medieval lime mortars has indicated that lime mortars display relatively low 

tensile strength when compared with cement mortars. This is beneficial for 

conservationists who’s first order concern is the conservation and sympathetic repair of 

historic structures with like for like materials (Allen et al, 2003; Forster et al, 2011).    In 

effect, lime mortars act sacrificially when movement occurs, causing less damage to the 

masonry fabric on the whole than cement mortars.  These findings have provided the 

conservation sector with a means to repair buildings with a greater degree of foresight, 

effectiveness and historical accuracy. However it is important to note that the same study 

also highlighted that the tensile strength achieved by modern lime mortars is higher than 

their historic equivalents (Moropoulou et al, 2002).    Ultimately this will prolong the life 

span of historic buildings that are important for our shared regional and cultural heritage 

(Snow & Torney, 2014).   
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2.14.5 Shear Strength 

Shear strength describes the properties of a material to resist shear forces, which are 

unaligned, causing a slide or shear like failure (Illston & Domone, 2001).  A material 

under shear stress will ultimately fail on a plane that is parallel to the force directions; 

and like tensile strength, the shear strength is often considered an important characteristic 

of mortared masonry (Bei & Papayianni, 2004; Walker, 2010).  Shear stress may be 

expressed by the following equation:   

𝜏 =
𝐹

𝐴
 

Equation 2.9 

Where τ is shear stress; F is the force and A equals the cross-sectional area of the material 

with the area parallel to the vector of the applied force.  Shear strength and displacement 

is little understood in the context of lime mortars historic buildings (Bei & Papayianni, 

2004). Consequently little data exists especially when compared to compressive 

behaviour.  There are inherent difficulties in testing shear strength along mortar bedding, 

as a uniformly distributed shear stress load is practically impossible to apply and many 

tests have been designed as a means to measure such stresses (Vermeltfoort, 2012).  As a 

means to overcome this various test configurations have been utilised and discussed by 

several authors such as in; Drysdale et al (1994), Edgell (2005) and Abdou et al (2006). 

 

2.15 Aggregate Mineralogy 

 

2.15.1 Considerations of Aggregate Mineralogy in Traditional Mortars 

Traditional practices of aggregate selection lead to the manufacture of mortars with much 

greater variability in properties than modern day mortars due an absence of rationalised 

processing of local sources.  Variation in historic aggregates is largely a product of the 

inaccuracy of grading techniques, or lack thereof; consequently historic mortars often 

including grain sizes which would not satisfy modern standards (Leslie & Gibbons, 

1999).  There is some evidence of historical aggregate screening processes, whereby 

unsuitable sized fragments were removed, in an attempt to enhance the materials 

consistency and quality (Gimpel & Barnes, 1983). 
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2.15.2 Modern Considerations 

An aggregate should be prepared before use in a mortar, making sure it is clean and free 

of fine grained clay minerals as their presence is known to increase a mortars demand for 

water, reduce strength, permeability and increase the risk of shrinkage cracking upon 

hardening (Allen et al, 2003).  Consideration should be given to the fact that clays may 

be bonded to the principle aggregate grains and therefore escape basic optical or sieving 

analyses (Leslie & Gibbons, 1999).  Pyrites, salts (e.g. Gypsum, Halite), coal, mica, shale 

(laminar/flaky materials) and the presence of organic materials should be quantified 

during characterisation; a quantification of these materials is of great importance as they 

may affect setting characteristics, mortar strength and durability.  It is important to 

consider that the finer mineral component of the aggregate will impart colour on a mortar, 

this may be of prime concern if a suitable repair mortar is required for conservation work, 

or for purely aesthetic purposes (Leslie & Gibbons, 1999).   

 

2.15.3 Minerals 

A mineral is described by Nickel (1995:767) as an “element or chemical compound that 

is normally crystalline and that has been formed as a result of geological processes”.  

Below are descriptions of minerals predominantly encountered in fine aggregates.  Most 

information contained in this section was sourced from Howie, Zussman & Deer (1992) 

which is considered the preeminent work on mineral classification and description. 

 

2.15.4 Lithic Framework Grains 

Lithic grains are detrital clastic particles present within a sediment (aggregate) which 

have not weathered down to their individual mineral components; and therefore their 

variation is considerable (Stow, 2005).  Essentially they may be considered as small rock 

fragments of any lithology which are more commonly encountered in the coarser 

component of fine aggregate > 1 mm (Leslie & Gibbons, 1999).  The lithic component of 

modern sedimentary deposits are derived from the surrounding geology which have been 

subjected to erosion and weathering processes.  Provenance of lithics in older geological 

formations, maybe less discernible as tectonic processes, burial or weathering may mean 

the source is no longer observable in-situ.  Rock classification is discussed below. 
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2.15.4.1 Igneous Lithology 

An igneous rock is the product of the solidification of magma; typically a silicate based 

liquid, which originates from melting within the Earth’s crust (MacKenzie et al, 2017).  

As a result of cooling and solidification into their constituent minerals, igneous rocks are 

crystalline in morphology; which allows for observations to be made on account of 

differences in crystal size (Howie et al, 1992; Best, 2002).  Fine grained crystals (< 2 

mm) are indicative of rapid cooling associated with extrusive rocks i.e. lavas.  If an 

igneous rock shows a coarser texture (medium: 2 – 5 mm and coarsely crystalline: > 5 

mm) it is assumed to be a product of intrusive processes i.e. magmas (MacKenzie et al, 

2017).  For example, a basalt is finely crystalline igneous rock whereas, a coarse grained, 

mineralogically similar counterpart would be termed a gabbro.  The systems used to 

classify igneous rocks take into account their respective mineralogy or chemistry.  

Petrologists commonly use total alkali silica content (TAS diagram) as a means to 

characterise igneous rocks according to their chemistry (Best, 2002).  Figure 2.13 is an 

example of the Total Alkali Silica method of assigning classification to plutonic igneous 

lithologies.  When describing a rock according to its mineralogy, MacKenzie et al, 2017 

consider the following 4 criteria: 

1. Silica saturation: the total % of Quartz (SiO2). 

2. Feldspar proportions: the relative proportions of alkali and plagioclase feldspar. 

3. Feldspar composition: useful for differentiating between rocks containing 

feldspar. 

4. Average crystal grainsize: of the constituent minerals. 

The colour, and a range of textural descriptive features may be applied to aid the 

description of an igneous rock. 
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Figure 2.13 – Total Alkali Silica diagram for intrusive plutonic igneous lithologies.  Silica content 

shown on the x axis and alkali content on the y axis.  Modified from Cox et al (1979). 

 

2.15.4.2 Sedimentary Lithology 

Terrigenous sedimentary clastic rocks, commonly referred to as sandstones, siltstones, 

shales, breccias and conglomerates, are composed largely of eroded fragments of pre-

existing rocks and transported from their source via water or air (Stow, 2005; MacKenzie 

et al, 2017).  The pre-mentioned terms describe the shape and size of the clastic 

components.  Sedimentary rocks in the geological record often contain an abundance of 

quartz with varying degrees of additional minerals reflecting provenance and mode of 

deposition.  Sandstones can be classified by splitting them into two factions: Arenites 

(grain supported, composing < 15 % matrix) and wackes (matrix supported, composed of 

> 15 % matrix).  Folk’s classification (Figure 2.14) is commonly applied to grain 

supported sandstones and is based upon the presence of quartz, feldspar and lithic content.  

A grain supported sandstone composed of > 90 % SiO2 would be termed a quartzarenite 

according to Folk (1974).  A quartzarenite by nature, is the product of a higher degree of 

sorting and may be termed a mature sand; conversely sandstones that have been subject 

to less transport will show a more variable mineralogy as a product of their immaturity 

(Stow, 2005).  Arkosic sandstones are characterised by an abundance of feldspars grains 

but will also contain quartz mica and clays.  Wackes (or greywackes) differ from arenites 
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by being matrix supported sandstones and typified by inclusions of various lithic 

fragments (MacKenzie et al, 2017).  Both wackes and arkoses may be termed immature 

sandstones (Stow, 2005).   

 

Figure 2.14 – The classification of Sandstones based upon relative composition of Quartz, Feldspar 

and Lithics.  (after Folk, 1974) – From MacKenzie et al, 2017), figure 106, page 109. 

The siliclastic framework of sedimentary rocks is often porous and permeable to varying 

degrees and individual grains are bonded together by a ‘cement’.  The cement, may be 

composed of number of minerals such as; quartz (SiO2), calcite (CaCO3), hematite 

(Fe2O3), feldspars, clays and zeolites, which are amongst those most commonly found 

(Stow, 2005). Cementation is a secondary feature, which infills the primary sedimentary 

porosity, which contributes to the overall mineralogical composition of the rock as a 

whole (Stow, 2005) and should therefore be considered as a part of any natural or crushed 

aggregate.  Factors such as cement mineralogy and porosity may be important 

considerations depending on the frequency of sedimentary lithic clasts within an 

aggregate as this may be a factor that would affect performance, if for example any 

minerals were found to affect mortar strength or durability. 

 

2.15.4.3 Carbonate Lithology 

Carbonate rocks, or limestones, are composed of two minerals; calcite CaCO3 (including 

the polymorph aragonite) and dolomite Ca/Mg(CO3) (Robertson et al, 1976).  Dolomite 

can be a secondary mineral which can replace calcite or aragonite after deposition has 
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occurred (Stow, 2005).  Limestones are composed of grains of calcium carbonate termed 

allochemical components (allochems) which occur in a matrix of micrite and sparite 

(MacKenzie et al, 2017).  Bioclasts, ooids, peloids and intraclasts are allochems that can 

be used to define and classify several different limestone lithologies; which are shown in 

Figure 2.15.  Micrite and sparite describe the grainsize of the matrix: micrite < 5 µm, 

sparite > 5 µm.  Limestones can also contain a component of terrigenous clastic material 

(e.g. clay/quartz), or other impurities; such limestones are termed argillaceous limestones. 

 

 

 

Figure 2.15 - The classification of limestones (after Folk, 1962) 

 

2.15.4.4 Metamorphic Lithology 

The metamorphic lithology describes rocks which have been altered by exposure to high 

temperatures and pressures (MacKenzie et al, 2017).  The protolith (or pre-existing rock 

type) largely dictates what potential metamorphic lithologies can be created when heat 

and pressure are applied (Best, 2002).  Typically, metamorphism is characterised by the 

rearrangement of mineral types into thermodynamically stable mineral forms, under the 
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conditions the rock unit as a whole is subjected to (Howie et al, 1992).  During 

metamorphism a rock is not subjected to melting but becomes denser and more 

compacted, which results in a rock with lower porosity and permeability than the protolith 

(MacKenzie et al, 2017).  When subjected to both high heat and pressure; conditions 

associated with regional metamorphism, minerals such as micas develop perpendicular to 

the applied pressure giving the rock a characteristic foliation or cleavage (Best, 2002).  

Foliation is typically associated with slates, schists and gneiss which form from protoliths 

containing silica and clay minerals; i.e. detrital terrigenous sediments such as; pelites and 

sandstones (MacKenzie et al, 2017).  However, igneous rocks subjected to regional 

metamorphism will yield similar lithologies when significant partial melting occurs (Best, 

2002).  Rocks subjected to high temperatures in the absence of considerable pressure will 

lack foliation, and are associated with a close proximity to intrusive magmas e.g. marble, 

hornfels (MacKenzie et al, 2017).        

 

2.15.5 Framework Silicates 

2.15.5.1 Quartz 

The most abundant mineral of the Earth’s crust and occurs frequently as a major 

constituent of many igneous, metamorphic and sedimentary rocks.  Compositionally pure 

quartz (~100 % SiO2) is most commonly encountered and almost always colourless or 

white.  Small quantities of oxides (e.g. Li2O, Na2O, K2O, Al2O3, Fe2O3, MnO2, TiO2), 

present either as small inclusions of other minerals or infilled cavities account for 

coloured varieties of the mineral (Howie et al, 1992).  Quartz is easily identifiable based 

upon the lack of cleavage, lack of colour and abundancy (MacKenzie et al, 2017).  

2.15.5.2 Feldspars 

Feldspars are the most abundant mineral group present in igneous rocks and are important 

constituents of many medium to high grade metamorphic lithologies (MacKenzie et al, 

2017).  Additionally, the ubiquity of the feldspar mineral group leads to their common 

occurrence in clastic rocks (Stow, 2005).  Via hydrolysis feldspars decay into clays, which 

form an integral part of many sedimentary lithologies and deposits. The mineral is 

commonly white – colourless and tabular in hand section. In thin section feldspars are 

colourless and can be distinguished by their various twinning patterns. 

Alkali Feldspars / (K,Na)[AlSi3O8]: Potassium-sodium feldspars are essential 

components in igneous rocks of both acid and alkali composition.  They occur as a 

polymorphic series of minerals ranging in composition from KAlSi3O8 to NaAlSi3O8 
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(Howie et al, 1992).  This group is split into two fields one of high and one of low 

temperature forms, which are then distinguished and named by K – Na % and apparent 

crystal symmetry.  Listed in descending order from K – Na rich, the high temperature 

phases are; Orthoclase – Sanidine – Anorthoclase and the low temperature phases; 

Microcline – Perthite – Mesoperthite (Howie et al, 1992).   

Hand specimens of alkali feldspars are commonly tabular and striated, colourless or white 

however pink is not uncommon, while red, yellow and green are somewhat less common 

(MacKenzie et al, 2017).  Abundance is notable in syenites, granites, granodiorites and 

their effusive equivalents.  Metamorphic sources of alkali feldspars include rocks 

subjected to high grade contact and regional metamorphism, particularly those with 

argillaceous protoliths (Best, 2002). 

Plagioclase Feldspars / Na[AlSi3O8]-Ca[Al2Si2O8]:  Plagioclase feldspars are the most 

abundant mineral in basic and intermediate extrusive rocks and a major constituent of 

most basic igneous rocks in general (MacKenzie et al, 2017).  Plagioclase exists as a 

series between Albite (Na rich) and Anorthite (Ca rich) end members (Howie et al, 1992).  

Plagioclase also occurs in metamorphic rocks where its composition is related to the 

composition and grade of the host rock.  Albite is stable at lower grades in rocks of the 

amphibolite facies whereas anorthite is more typical of higher grade garnet zone facies 

(Howie et al, 1992).   

 

2.15.6 Sheet Silicates – Mica Group 

Sheet silicates are platy minerals which contain the micas, which are a varied group of 

physically and chemically distinct minerals that share the following structure: a 

composite sheet in which a layer of octahedrally coordinated Y cations is sandwiched 

between two identical layers of linked (Si,Al)O4 tetrahedra (Howie et al, 1992).  The 

Micas are subdivided into di-octohedral and tri-octohedral types, Table 2.13. 
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Table 2.13 - Approximate chemical formula of micas.  From Howie et al, 1992 

 Di-octohedral 

 Mica nomenclature X Y Z 

 

Common micas 

Muscovite K2 Al4 Si6Al2 

Paragonite Na2 Al4 Si6Al2 

Glauconite (K,Na)1.2-2.0 (Fe,Mg,Al)4 Si7 - 7.6Al1.0 - 0.4 

Brittle micas Maragarite Ca2 Al4 Si4Al4 

 Tri-octohedral 

  X Y Z 

Common micas 

Phlogopite K2 (Mg,Fe2+)
6 Si6Al2 

Biotite K2 (Mg,Fe,Al)6 Si6 - 5Al2 - 3 

Zinnwaldite K2 (Fe,Li,Al)6 Si6 - 7Al2 - 1 

Lepidolite K2 (Li,Al)5 – 6 Si6 - 5Al2 - 3 

Brittle micas Clintonite Ca2 (Mg,Al)6 Si2.5Al5.5 

 

For the purposes of this study, the principle types of mica are discussed below as 

muscovite (di-octohedral) and biotite (tri-octohedral) 

Muscovite / K2Al4[Si6Al2O20](OH,F)4:  Most commonly encountered in metamorphic 

rocks such as metapelites as well as sandstones and limestones with an argillaceous 

component e.g. metagreywackes and metamarls (Howie et al, 1992).  Muscovite of 

metamorphic origin can occur between lower greenschist to amphibolite facies.  In 

igneous rocks muscovite is a common constituent of pegmatites, where it occurs as 

sericite (fine grained muscovite) or as large sheet like crystals termed “books” (Deer et 

al, 1992).  Sedimentary, detrital muscovite is often present with clay minerals such as 

smectite, illite and kaolinite which occur as a product of weathering (Stow, 2005). 

Muscovite is usually colourless in hand specimen, though lightly coloured; green, red to 

brown forms do exist while in thin section muscovite is almost always colourless, has one 

perfect cleavage and exhibits weak pleochroism under cross polarised light (MacKenzie 

et al, 2017).  Paragonite (Na2Al4[Si6Al2O20](OH)4) differs from muscovite in that the 

potassium is replaced by sodium giving rise to a smaller unit cell than that of the latter 

(Howie et al, 1992).  The two micas can typically only be distinguished by differences in 

their respective alkali content, via chemical analysis e.g. XRD. 
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Biotite / K2(Mg,Fe2+)6-4(Fe3+, Al,Ti)0-2[Si6-5Al2-3O20](OH,F)4:  The group of minerals 

termed biotite all share a similar chemistry and structure with subtle differences of the 

elements Mg, Fe and Al, Si by which they are distinguished (Howie et al, 1992).  Biotite 

occurs in a wide range of varied geological environments, common through several 

grades of meta-pelites and meta-basalts, with additional occurrences in metamorphosed 

carbonates and sandstones which contain a significant argillaceous component (Best, 

2002).  The mineral is particularly common in intrusive igneous rocks of calc-alkali 

affinities but may be typically found in rocks ranging from granitic to gabbroic in 

composition (Best, 2002).  Biotite is less commonly associated with extrusive igneous 

rocks (Howie et al, 1992). 

Biotites may range from colourless, through shades of green and yellow and brown to 

black, however it is most common to encounter the mineral as brown/black with a sheet 

like appearance due to its single cleavage (MacKenzie et al, 2017).  In thin section the 

mineral is easily distinguished by its yellow/brown colour and characteristic pleochroism.    

 

2.15.7 Clay minerals 

Compositionally clays are hydrous silicates, predominantly of aluminium, iron or 

magnesium, arranged structurally as composite layers with tetrahedrally and octahedrally 

arranged cations (Howie et al, 1992).  This structure gives the clay minerals their 

characteristic platy appearance.  Constitutional and adsorbed water may be lost upon 

heating which can yield refractory minerals, the most obvious example of which is 

placing clay in a kiln to produce pottery (Forster, 2004a).  The names of the individual 

the clay minerals are listed below and placed within their respective groups (Howie et al, 

1992) and summarised in Table 2.14: 

Kaolinite group: Kaolinite, dickite, nacrite and halloysite. 

Illite group: Illite, hydrous micas, phengite, brammallite, glauconite and 

celadonite 

Smectite group: montmorillonite, beidellite, nontronite, hectorite, 

saponite and sauconite 

Vermiculite 
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Table 2.14 - Summary of the principal characteristics of the clay mineral groups.  Modified from 

Howie et al, 1992. 

 Kaolinites Illites Smectites Vermiculites 

Structure 

Type 

1 : 1 tetrahedral 

and octahedral 

components 

2 : 1 2 : 1 2 :1 

Octahedral 

component 
Di-octahedral Mostly di-octahedral Di- or tri-octahedral Mostly tri-octohedral 

Principle 

interlayer 

cations 

None K Ca, Na Mg 

Interlayer 

water 

Only in 

Halloysite, one 

layer water 

mols 

Some in 

hydromuscovite 

Ca, two layers; Na, one layer 

mols 
Two layers 

Basal 

Spacing 

7.1 Å (10 Å in 

Halloysite) 
10 Å 

Variable, most ~15 Å (for 

Ca)  

Variable; 14.4 Å when fully 

hydrated 

Chemical 

formula 

Al4Si4O10(OH)8 

, with little 

variation 

K1.0-

1.5Al4(Si,Al)8O20(OH)4 

Di- ( 
1

2
Ca,Na)0.7(Al,Mg, 

Fe)4[(Si,Al)8O20](OH)4.nH2O 

 

Tri- ( 
1

2
Ca, Na)0.7(Mg,Fe, 

Al)6[(Si,Al)8O20](OH)4.nH2O 

(Mg,Ca)0.6-0.9(Mg,Fe3+, 

Al)6.0[(Si,Al)8O20](OH)4.nH2O 

Heating: 

200oC 

 

               

650oC 

Halloysite 

collapses to 

approx. 7.4 Å 

 

 

Kaolinite > 

metakaolinite 

(7 Å) 

 

Dickite > 

metadickite 

strong (14 Å) 

No marked change 

 

 

 

10 Å 

Collapse to approx.. 10 Å 

 

 

 

9.6 – 10 Å 

Exfoliation; shrinkage of layer 

spacing 

 

 

Collapse to 9 Å 

Optics α 

           γ 

           δ 

           2Vα 

1.55-1.56 

1.56-1.57 

~0.006 

24-50o 

1.54-1.57 

1.57-1.61 

~0.03 

<10o 

1.48-1.61 

1.50-1.64 

0.01-0.04 

Variable 

1.52-1.57 

1.53-1.58 

0.02-0.03 

<18o 

Paragenesis Alteration of 

acid rocks, 

feldspars, etc.  

Acidic 

conditions 

Alteration of micas, 

feldspars, etc.  

Alkaline conditions. 

High Al and K 

concentrations 

Alteration of basic rocks, or 

volcanic material. Alkaline 

conditions.  Availability of 

Mg and Ca; deficiency of K 

Alteration of biotite flakes or 

of volcanic material, chlorites, 

hornblende, etc 
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2.16 Aggregate Resource 

On a global level aggregates are an important and immense resource primarily used in 

construction and civil engineering projects. 

 

2.16.1 Natural Occurrence and Considerations 

In the construction industry aggregate materials such as crushed rock, natural sand and 

gravel are most extensively used in portland cements, concretes and asphalt concretes 

(Ioannidou et al, 2017).  BS EN 13139:2002 terms aggregates derived from both of these 

sources ‘natural aggregates’ as they have been subjected to nothing more than physical 

processing.  Superficial deposits of sand and gravel do not necessarily require any 

crushing so require a lower energy input than crushed rock aggregates.  By their very 

nature fine aggregates, sourced from sand and gravel quarries, possess an inherent grading 

which may be modified to some degree by sieving or washing to remove oversized grains 

and clays.  The effects of removing all fines is uncertain; Tasong et al (1998a+b) has 

shown the presence of fine grained silica can influence the interface between cement paste 

and aggregates.  By weight  the construction industry uses the largest quantity of materials 

in the USA and is a significant contributor to the countries pollution (Horvath, 2004).  If 

economic and energy inputs are to be considered natural sand and gravel aggregates in a 

virgin state would be more beneficial for an energy efficient building sector.  The grading 

of a crushed rock aggregate will be artificially controlled to some degree by the inherent 

mineralogy, grain/crystal sizes but also mechanically by crushing and sizing.  Such 

processing can produce highly uniform grading in aggregates (Brown et al, 2013).   

 

2.16.2 UK Resource 

Aggregate materials are the largest natural mineral resource in the UK and in 2009 

accounted for 55 % of extracted minerals (Cameron et al, 2014).  In 2012 UK aggregate 

production totalled 149,477,000 tonnes with an approx. worth of £1.28 billion (Cameron 

et al, 2014).  The extraction of the resource between 2006 – 2013 is shown in Table 2.15.  

It is evident that the production of aggregate resources in the UK has fallen over this 

period.  In Scotland aggregate production fell by 23 % between 2007 – 2010, an 

explanation for this is a decrease in demand for construction aggregates influenced by the 

financial crisis (Brown et al, 2013). 
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Table 2.15 - Total UK production of natural aggregate resources with values in thousands of tonnes.  

From: Cameron et al (2014), table 2, page xiv. 

 

Natural aggregates derived from onshore resources are exceptionally diverse in origin and 

reflect geological diversity and geomopholgical features present in the UK (Woodcock & 

Strachan, 2012).  Crushed rock resources are sourced from any rock type with desirable 

characteristics e.g. hardness, low water absorption or surface roughness. 

Despite the UK having one of the largest dredging industries in the world, Scotland has 

no commercial dredging regardless of the abundant resource; particularly in Eastern 

Scotland (Cameron et al, 2014).  UK offshore sand and gravel deposits represent relict 

glacial and fluvial deposition, submerged due to sea level rise attributed to the end of the 

last glacial period (Woodcock & Strachan, 2012).  The lack of exploitation in Scotland 

could be attributed to the following factors: lower population densities and a large range 

of varied terrestrial resources. 

 

 

 

Resource 2006 2007 2008 2009 2010 2011 2012 

2013 

(Estimated) 

Chalk 7,376 7,566 5,874 4,047 3,626 3,996 3,473 3,500 

Clay and Shale 10,432 10,104 8,459 5,310 5,934 6,154 5,497 5,600 

Igneous rock 53,954 58,909 53,490 44,618 44,876 44,400 40,200 40,400 

Limestone 

(excluding 

limestone) 

80,228 83,491 74,145 60,111 56,985 58,100 54,800 

} 60,300 

Dolomite (excluding 

limestone) 
12,101 7,622 5,509 3,164 4,540 4,490 4,896 

Sand and gravel: 

Land 

Marine 

 

71,418 

20,689 

 

72,810 

20,426 

 

66,640 

18,833 

 

50,973 

15,253 

 

47,167 

14,533 

 

45,800 

17,287 

 

41,800 

14,840 

} 58,100 

Sandstone 18,038 16,806 12,255 12,335 11,556 12,300 11,500 11,800 

Slate 865 1,428 1,058 683 695 763 701 710 
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2.16.3 Sand and Gravel 

The superficial deposits of Scotland originate from the most recent geological period 

termed the Quaternary (Woodcock & Strachan, 2012).  The diverse nature of the Scottish 

geology is reflected in these deposits that blanket the surface of the bedrock landscape 

(Stoker et al, 2003).  High energy, rapid depositional environments such as; glaciofluvial 

meltwater and glacially scoured major channels evidenced in varied morane type deposits 

are responsible for the majority of depositional and erosional landforms in Scotland 

(Stoker et al, 2003; Woodcock & Strachan, 2012).  Some glacial deposits show reworking 

and infilling by present day fluvial and aeolian process (Stoker et al, 2003; Cameron et 

al, 2014).  Table 2.16 provides descriptive general overview of types of sand and gravel 

deposits found in Scotland.  Individual deposits are described and assigned a unique name 

and designation.  The Lochton Sand and Gravel Formation is one such example; exploited 

in Aberdeenshire by several aggregate quarries, it is a sand and gravel rich till with some 

laminated silt and clay, composed principally of decomposed Neoproterozoic 

metamorphic rocks and Caledonian igneous rocks (http:// bgs.ac.uk/lexicon).  This 

description indicates the Lochton Sand and Gravel Formation was deposited by glacial 

processes radiating from the East Grampian Highlands.  The grain size, shape, size and 

mineralogy associated with a specific deposit are critical factors that determine the key 

characteristics of an aggregate (Artis, 2012; Scannell et al, 2014).   In Southern Scotland 

aggregates are more likely derived from eroded, low-grade regionally metamorphosed 

sandstones (greywacke) and an array of igneous intrusions (Woodcock & Strachan, 

2012).  Whereas aggregates in the West of Scotland will be derived from the igneous and 

metamorphic terrain (Woodcock & Strachan, 2012).  The Atlantic seaboard of Scotland 

(North West) contains many bays with deposits of economically valued deposits of shell 

sand (Robertson et al, 1976).  Historically shell sand was an important source of lime for 

burning (Gibbons, 1995).  This patchwork of natural aggregate sources presents a subtle 

variation from the local scale to large regional scale differences.  For a full list of the 

deposits currently being worked in Scotland see Appendix 1.  Sand and gravel deposits 

are distributed all over Scotland, Figure 2.16 highlights the economically viable resources 

and working quarries. 
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Table 2.16 -  Generalised description of typical superficial depositis in Scotland split into categories 

based upon their origin and environment of deposition.  Composed from information at: BGS 

Lexicon of Named Rock Units (http://www.bgs.ac.uk/lexicon/). 

Category Deposit Description 

Glacial 

Glaciofluvial 

Ice Contact 

Deposits 

Sand and gravel, locally with lenses of silt, clay and organic material.  Characteristic moundy 

topography but flat-topped mounds are common.  Glaciofluvial deposits are water lain deposits; 

on, under or against a glacier or ice-sheet. 

Glaciofluvial 

Sheet Deposits 

Sand and gravel, locally with lenses of silt, clay or organic material; characteristic 'sandur' 

(sheet) and valley train form; of glaciofluvial origin. 

Glaciofluvial 

Deltaic 

Variable lithology, typically sand and gravel; formed as glaciofluvial deltas and/or subaqueous 

fans. 

Hummocky 

Glacial 

Deposits 

Lithologically diverse and complex glacial deposits that have characteristic hummocky 

topography.  Composed of rock debris, clayey till and poorly to well stratified sand and gravel. 

Moraine 

deposits 

Gravel dominated lithology that occurs in varied morphological forms.  Related to terminal 

glacial deposition. 

Devensian Till 

Till is derived from the erosion and entrainment of material within/on a glacier.  Sediment can 

be deposited some distance down-ice to form e.g. drumlins, terminal, 

lateral, medial and ground moraines.  Till is classified into primary deposits, laid down directly 

by glaciers, and secondary deposits, reworked by fluvial transport and other processes. 

Diamicton Diamicton is defined as: sand or larger size particles that are suspended in a mud matrix. 

Alluvial 

Quaternary, 

Alluvium 

Commonly soft to firm consolidated, compressible silty clay, but can contain layers of silt, sand, 

peat and basal gravel. A stronger, desiccated surface zone may be present. 

River Terrace 

Deposits 
Sand and gravel, locally with lenses of silt, clay or peat 

Marine 

Raised Beach 

Deposits 

Shingle, sand, silt and clay; may be bedded or chaotic; beach deposits may be in the form of 

dunes, sheets or banks.  Now above the level of the present shoreline as a result of earth 

movement or a general fall in sea level. 

Raised Marine 

Beach Deposits 

Gravel, clast-supported, openwork, well sorted, mainly of cobble to boulder grade with 

subsidiary beds of finer gravel and sand. 

Aeolian Wind blown 

Well-sorted, uncemented sands.  Parallel or cross-bedded.  Sand–size sediment can produce 

dune deposits, and silt (dust) can produce structureless (unbedded, unlaminated), sheet-like 

deposits. During warm stage climates that support abundant vegetation inland, aeolian deposits 

are concentrated mostly along coastal areas. 
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Figure 2.16 - Sand and gravel resources in Scotland and the location of active quarries displayed 

as red triangles. Modified from: Cameron et al (2014) figure 5, page ix (C) 

 

2.16.4 Crushed Rock 

As a resource crushed rock is predominantly utilised for the construction of roads, as the 

aggregate component of concrete and as railway ballast (Brown et al, 2013).  Its current 

use as a building sand appears to be limited (as of 2014) according to the Office for 

National Statistics (2016).  However as Leslie & Gibbon (1999) suggest, the majority of 

historic Scottish aggregates utilised in mortar production were siliceous in composition 

so crushed artificially graded silica rich aggregates may have a role to play in the future 

of building conservation.  Sources of silica rich rocks include Silurian sandstones in the 

Southern Uplands, Devonian sandstones in Eastern Scotland, carboniferous sandstones in 

the Central belt and Neo-proterozoic metaquartzites which outcrop extensively in the 

central highlands (Woodcock & Strachan, 2012).  The outcrop patterns of sandstones, 

igneous and metamorphic rocks in Scotland are highlighted in Figure 2.17 a and b.          

There are many varied limestones and sources of carbonate sediment in Scotland however 

they are not of an overly significant quantity when compared to the rest of the UK (Figure 
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2.17c).  The findings of Lanas & Alvarez (2004); Lawrence (2006) and Scannell et al 

(2014) suggest that limestone aggregates provide improved characteristics in lime mortars 

which could open up more scope for their future use in Scotland.  Southern Scotland 

(South of the Highland boundary fault) hosts Carboniferous Limestones, with the midland 

valley containing most of Scotland’s limestone (Robertson et al, 1976).  However, these 

limestones have been subject to heavy exploitation in the past so future workings would 

perhaps entail some degree of mining (Robertson et al, 1976).  Other sources of 

carbonates include irregularly distributed Neoproterozoic metamorphic limestones (or 

marbles) within the Highlands and the Durness (dolomitic) limestone in the North of 

Scotland (Robertson et al, 1976; Woodcock & Strachan, 2012). 

 

 

 

a) 
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Figure 2.17 - Maps showing outcropping patterns of crushed rock resources in Scotland and the 

location of active quarries. Igneous and metamorphic (A), Sandstone (B), Limestone (C)  

Modified from: Cameron et al (2014), Figure 3, page vii (A), figure 4, page viii (B), figure 6, page 

x (C).  

c) 

b) 
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2.16.5 Prevalence & Accessibility 

There is an abundance of aggregate materials globally and are resources on such a scale 

are considered as infinite (Habert et al, 2010).  However over exploitation of a specific 

aggregate type or within a region as a factor of higher demand has been shown to occur 

and can present serious constraints upon the supply of materials creating severe socio-

economic problems (Habert et al, 2010; Ioannidou et al, 2017).    Resources and quarries 

are more abundant in the central belt and Eastern regions of Scotland with most extraction 

taking place in the Western central belt and the Tayside and Fife regions.  A summary of 

the total mass of Scottish sand and gravel sold in 2014 by extractors in each region and 

their end-use designation is shown in Table 2.17.   

Table 2.17 - Data for sand and gravel extracted in Scotland in 2014 in thousands of tonnes.  * = 

withheld to avoid disclosure, - = nil or less than 500 tonnes.  Source: Mineral Extraction in Great 

Britain report by the Office for National Statistics (2016) 

Region Sand    Gravel   Total 

Building Sand Concrete 

sand 

 Concrete 

aggregate 

Other. Screened/ 

graded 

Other. 

For fill 

For asphalt For mortar  

South * 46 132  123 63 * 459 

W. Central * 158 815  * 405 * 1,701 

E. Central * * 150  * * * 416 

Tayside & 

Fife 

* 77 418  377 * 114 1,151 

North East * 52 344  182 102 213 949 

Highlands 20 * 119  98 60 51 396 

W. Isles - 2 *  * 1 1 12 

Orkney - * *  - - * * 

Shetland - * -  - - * * 

Scotland * 416 1,988  969 904 * 5,111 

Total GB 1,170 5,790 22,335  13,046 6,555 7,052 56,129 

  

Areas of heavy extraction correspond with greater population densities which may result 

in over-exploitation on a local scale in the future although this has not be established and 

there appears to be no concerns at present.  Table 2.18 details available types of aggregate 

resources within the region of the six largest metropolitan centres of Scotland.    
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Table 2.18 - Scottish population centres and regionally abundant sources of aggregate.  Showing both 

crushed rock and sand and gravel deposits that outcrop within the region surrounding the population 

centre.  

City Population Crushed rock Aggregate Sand & Gravel deposits 

Glasgow 592,820 Carboniferous igneous extrusives 

(mafic), Carboniferous sandstones 

(alluvial) 

Glacial sand & gravel, raised 

marine, alluvium 

Edinburgh 486,120 Carboniferous igneous extrusives 

(mafic), Carboniferous sandstones 

(alluvial), Ordovician-Silurian 

wackes (marine) 

Glacial sand & gravel, alluvium 

Aberdeen 217,120 Ordovician-Devonian igneous 

intrusives (felsic), Neoproterozic 

schist and quartzite, Ordovician-

Silurian igneous intrusives (mafic) 

Glacial sand & gravel, alluvium 

Dundee 144,290 Silurian-Devonian igneous extrusive 

rocks (mafic), Devonian sandstones 

(alluvial), Silurian-Devonian igneous 

intrusive rocks (mafic) 

Glacial sand & gravel, 

alluvium, raised marine 

Stirling 89,850 Carboniferous igneous extrusives 

(mafic) 

Raised marine, glacial sand & 

gravel, alluvium 

Inverness 56,660 Ordovician-Devonian igneous 

intrusive (felsic), Neoproterozic schist 

and quartzite 

Glacial sand & gravel, 

alluvium, raised marine 

 
(1,586,860 total 

of 5.2 million) 
 

 

 

2.17 Binder / Aggregate Interactions 

In a composite material such as a mortar the interactions that take place between 

components logically influence the performance of a mortar (Bonafazi et al, 2015).  

Interactions between binder and aggregate particles have been shown to influence 

porosity, strength development and durability in mortars (Tasong et al, 1999; Lanas et al, 

2004, Ellis et al, 2013).  Furthermore, research by Tasong et al (1998b) and Tasong et al 

(1999) demonstrated that both chemical and physical interactions between the cement 

paste and aggregate is directly related to inherent physical-chemical properties respective 

to geological origin.  Aggregates are generally considered to be inert however some 
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aggregates may possess pozzolanic properties or interact with binders enhancing seeding 

or through etching.   

 

2.17.1 Aggregate Type 

Recently there has been significant interest concerning the development of strength in 

lime mortars manufactured with calcitic aggregates (Lanas & Alvarez, 2003; Lanas et al 

2004; Lawerence, 2006; Pavia & Toomey, 2008).  Lewin (1981) proposed that the poor 

mechanical strength of lime putty and silica aggregate mortars occurs due to ‘limited 

inter-particle fusion developing at calcite-calcite contacts’ and secondly, the ‘small 

affinity of calcite crystallites for quartz surfaces’.  This view is supported by Lanas & 

Alvarez (2003) and Arizzi & Cultrone (2012).  Lanas & Alvarez (2003) and Lanas et al 

(2004) demonstrated that air limes manufactured with calcitic aggregates achieved higher 

strengths than silica aggregates and benefit from increased carbonation reactions due to 

‘seeding’.  It was noted by Lanas et al (2004) that syntaxial growth of calcite between 

lime binder and calcitic aggregate particles can enhance the binder-aggregate interface 

there by producing a more durable mortar.  Lawrence (2006) found that mortars 

manufactured using aggregates from crushed oolitic limestone were four times stronger 

than silicate aggregate mortars.  It has been suggested by Ellis et al (2013) that this may 

be due to the development of a similar pore structure and interface between binder and 

aggregate, as noted by Lanas & Alvarez (2003).  Increments in strength of mortars 

containing crushed dolomitic aggregates have also been noted experimentally by Naik et 

al (2006) where an initially weaker dolomite aggregate lime mortar developed a similar 

or higher strength compressive strengths to that of parallel specimens manufactured 

quartzite aggregate lime mortars.  These results suggests that calcitic aggregates can affect 

the strength development of a lime mortar as a factor of time. 

Conversely, Pavia & Toomey (2008) showed that the use of chalk as an aggregate 

produces mortars with a weaker strength, when compared directly to siliceous aggregates, 

however this may be due to the intrinsically low mechanical strength of the chalk.  

Another important consideration is that the two studies utilised different sources of 

lithological calcitic aggregate with crushed oolitic limestone and chalk being utilised by 

Pavia & Toomey (2008) which may account for the differences noted from (Lanas et al, 

2004).  This suggests that inherent geochemical, mineralogical and textural/structural 

properties of an aggregate play a key role in determining how aggregates perform (Tasong 

et al, 1998a+b; Arizzi & Cultrone, 2012).  This must then be considered within a series 
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of other variables such as aggregate grainsize, the volume of aggregate and the type of 

binder utilised.  Tasong et al (1998a+b) show that aggregate materials commonly 

described as inert are more chemically active than expected and go on to highlight that in 

cement specimens manufactured with basaltic aggregate show an increased migration of 

alumina ions out of and absorbed by the aggregate.  Further research should aim to 

highlight the effects of mineralogically distinct aggregates in lime mortars without 

focussing exclusively upon calcitic aggregates.    

 

2.17.2 Pozzolanic Aggregate 

It has been suggested that aggregates rich in fine grained silica and alumina (e.g. quartz, 

clays and mica) show a mild pozzolanic effect has been however these effects have been 

little quantified (Gibbons, 1995; Forster, 2004b).  The reactivity of pozzolanic materials 

has been shown to increase in the presence of slaking lime; or the hot lime method of 

manufacture.  Mortars produced in this manor have been hypothesised to cause mildly 

pozzolanic aggregates to activate due to the heat from slaking. This process requires 

further investigation especially investigating the interaction of materials and the physico-

chemical effects (Forster, 2004a). For example, coal in small quantities (Leslie & 

Gibbons, 1999), fuel ash or blast furnace slag (Leslie & Hughes, 2004), fine grained silica 

within a limestone aggregate (Tasong et al, 1999) and aggregates rich in carbonate (e.g. 

shell fragments) may assist in seeding carbonation (Hughes & Velek, 2003; Artis, 2012; 

Forster et al, 2013).  Microscopic observations of slag grains present within examples of 

18th-19th Century Scottish lime mortars has revealed a common composition of calc-

silicates, particularly of the meilite group where the Mg rich end member Åkermanite and 

the Al rich end member Gehlenite are both present (Leslie & Hughes, 2004).  Other calc-

silicates identified in this study include Wollastonite, Rankinite and an unidentified Mg-

Silicate phase with all compositions summarised in Table 2.19.  The presence of such 

minerals alone is evidence of the extreme temperatures (> 1000oC) that was achieved in 

historic kilns (Callebaut et al, 2001). 
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Table 2.19: Elemental analyses (% oxide) of slag grains present within 18th-19th Century Scottish 

lime mortars. From:  Leslie & Hughes (2004), table 1, page 183. 

Mineral/element Composition CaO SiO2 Al2O3 MgO 

Åkermanite Ca2[MgSi2O7] 40.8 42.0 2.6 12.8 

Rankinite Ca3Si2O7 56.2 40.2 0.2 0.5 

Wollastonite Ca[SiO3] 49.4 50.2 0.1 0.2 

Mg-silicate ? 5.1 66.6 0.0 21.6 

Gehlenite Ca2[Al2SiO7] 42.0 31.1 19.0 3.9 

 

It has been suggested that small amounts of coal, shell present in some sources and 

chloride rich littoral sand may enhance lime mortar performance and durability (Artis, 

2012).  Conversely, in cements, the work of Tasong et al (1999) suggested that chemical 

interactions between cement paste and chemically varied aggregates may not always be 

beneficial.  There is a limited body of evidence to show the capacity to which interactions 

occur and little work to define where these may be beneficial or detrimental to lime 

mortars.  

 

2.17.3 Aggregate Etching 

It has been suggested that exothermic heat produced during the hot mixing in the presence 

of an aggregate can cause etching of the particle surface which creates a surface 

favourable for bonding with the binder (Leslie & Gibbons, 1999; Forster, 2004; Artis, 

2018).  Most examples where aggregate etching has been observed are from historic 

mortar samples and there has been no conclusive research to quantifiably explain 

observed etching of aggregate particles in either modern or historic limes.  Surface 

roughness of aggregates, irrespective of exothermic heat from hot mixing, has been 

shown to affect the bond between binder and aggregate.  Kibbled or powdered quicklime 

used in modern hot limes is burned at high temperatures (>1100oC) primarily for non-

construction purposes where a high degree of material purity is required (Holmes & 

Wingate, 2002).  This differs to the historic production of lump lime at lower temperatures 

which may render any parallels between modern and historic hot limes useless, especially 

if modern commercially available products are used exclusively.  In Scotland the majority 

of historic mortars were prepared using the hot mix method (Artis, 2018) so on this basis 

etching of aggregates should be commonly observable. 
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2.18 Binder / Aggregate Interface 

The zone of contact which exists between the two distinct mortar components; binder and 

aggregate, results in a disturbed zone within the binder matrix and surrounding aggregate 

particles of a mortar (Moropoulou et al, 2000; Nežerka et al 2015).  The interface which 

develops is noted as a heterogenous zone of higher porosity and termed the Interfacial 

Transition Zone or ITZ (Scrivener et al, 2004).  The ITZ is known to be deleterious to the 

ultimate physical performance of cement mortars and concretes, however its 

understanding in the context of lime mortars is little understood.  The compression stress 

and strain curves shown in Figure 2.18 illustrate that cement paste and aggregate tested 

independent of each other exhibit a brittle elastic behaviour while the composite material, 

in this case a concrete, displays a more complex failure pattern (Scrivener et al, 2004). 

 

 

 

 

 

 

 

 

 

 

Figure 2.18 – The effect of the ITZ on the macroscopic properties of concrete from Scrivener et al 

(2004:412).  Aggregate and cement paste show straight forward brittle failure while the composite 

material (cement), with ITZ present, displays complex failure.  

 

The structural inferiority of the ITZ under loading lead to a high risk of micro-cracking 

and failure in the higher porosity ITZ, which ultimately result in the material becoming 

structurally compromised (Scrivener et al, 2004).  Furthermore in the context of cement 

mortars or concretes a higher porosity presents the opportunity for the ingress of 

deleterious ion species such as chlorides, sulphides and acidification due to carbonation 

(Shane et al, 2000).      
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2.18.1 Interfacial Transition Zone (ITZ) 

In a mortar the ITZ is characterised as the area of direct contact between aggregate, binder 

and the progressive region extending beyond defined as existing between 10 – 100 µm 

into the bulk paste matrix (Bentur, 1990; Ollivier et al, 1995; Liao et al, 2003; Scrivener 

et al, 2004; Zhang et al, 2017).  The ITZ is typified in Portland Cement by lower density, 

higher porosity, an increased concentration of calcium hydroxide and firmly established 

as a ‘weak’ region in the material affecting both structural performance and long term 

material durability (Bentur, 1990; Scrivener et al 2004).  The leading factor attributing to 

the formation of the ITZ is the size difference between cement and aggregate grains and 

how this interrupts the packing of the former within a mortar.  Binder particles range in 

size between 1 – 100 µm whereas aggregates for lime mortars range between 75 – 4000 

µm which present a barrier, disrupting the normal packing of the binder resulting in finer 

cement particles being concentrated closest to the aggregate.  This is known as the wall 

effect and illustrated in Figure 2.19 (Scrivener et al, 2004).  Artificial interfaces such as 

casting surfaces can reproduce the wall effect on the outer dimensions of laboratory 

manufactured specimens for example (Pope & Jennings, 2002).  The size and structure of 

the ITZ is governed dimensionally by the median size of the binder particles, 

consequently the most significant heterogeneity is noted between 15 – 50 µm.  The outer 

edge of the ITZ has been defined as when the porosity value evens to within 10 % of the 

bulk paste porosity.  

 

 

 

 

 

 

 

Figure 2.19 – Demonstrating the wall effect from Scrivener et al (2004:412).  A illustrates how a 

well distributed packing of binder particles is impossible when a barrier or “aggregate” is super 

imposed over the binder matrix. While B shows true packing in a mortar with closer packing of 

finer binder particle close to the aggregate 
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An increase in bond strength at the interface is controlled by decreasing water content, 

finer grained aggregates and a higher fine grained SiO2 content (Kuroda et al, 2000; 

Elsharief et al, 2003).  In the same study Kuroda et al (2000) showed that an increasing 

content of CaO at the interface has a negative impact upon interfacial bond strength.  

Cements manufactured with either a low water content < 0.3 or mixed with the inclusion 

of fine grained additives such as fly ash / silica fume have been shown to completely lack 

an observable ITZ and show increased strength (Streicher & Alexander, 1995; Kuroda et 

al, 2000).  However, mortars manufactured within a normal range of water/cement, 

typically between 0.3 – 0.6, and without additives always contain an observable ITZ 

(Pope & Jennings, 1992).   

All of the 3 phase components of a mortar; aggregate, binder and ITZ contribute in some 

way to the transport properties and durability so it is consequently a difficult task to isolate 

the sole influence of ITZ (Shane et al, 2000).  From research on concretes Liao et al 

(2003) highlighted that for the first 7 days the ITZ existed as a high porous zone extending 

0 – 100 µm but by 14 days considerable discontinuities stemming from infilling C-S-H 

begin to arise.  By 56 days the ITZ was shown to be confined to 0 -15 µm.  Additionally 

the effects of microcracking unrelated to the ITZ such as shrinkage or densification of the 

mortar pore structure simply as a factor of hydration and curing time present difficulties 

in gaining a fully comprehensive understanding of the ITZ (Wong et al, 2009).  Micro 

cracking was shown by Wong et al (2009) to increase permeability of cement specimens 

by a factor of 30.  Furthermore this becomes even more difficult when attempts are made 

to evaluate the influence of binder/aggregate content on transportation properties relating 

to the ITZ.  Barnes et al (1978) was first to highlight the inherent challenges to such a 

task.  It is supposed that a greater aggregate content will enhance interconnection between 

respectively high porosity ITZ’s surrounding individual aggregate particles.  This would 

occur at least up to a point of interlocking of the aggregate grains themselves which would 

interrupt ITZ interconnectivity.  Reflecting upon this, Wong et al (2009:585) emphasises 

that ‘it is often difficult to isolate the effects of the ITZ, because influencing parameters 

inevitably vary when a sample containing a wide range of aggregate contents are prepared 

and tested’. Furthermore there is contrasting evidence such as the study of  Lea et al 

(2015) that concluded varied degrees of porosity distribution at the ITZ in cements do not 

significantly impact upon the mechanical properties of mortars.    

Tasong et al, 1998b found that apparent interfacial bond strength is related to the 

roughness of the aggregate surface, which itself is a function of parent rock structure and 
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strength; both determine the fracture/failure properties of aggregates at the ITZ.  Tasong 

et al (1999) reported that the ITZ between cement paste and limestone aggregate was 

highly porous when compared with aggregates of differing composition which had the 

effect of creating a weaker tensile bond on tested specimens.  Furthermore within the ITZ, 

Calcium Hydroxide (CH) was shown to grow with a preferred orientation; c-axis 

perpendicular to the aggregate surface (Tasong et al, 1999).  The infilling of this pore 

space overtime with reaction products lead to an increase in strength.  Tasong et al 

(1998a) presented evidence of considerable exchange of alumina ions between both 

binder and aggregate in specimens containing basaltic aggregate.  This had the effect of 

producing a stronger bond, higher density ITZ which produced a stronger interface.  It 

can therefore be concluded that intrinsic physical and chemical properties of the 

aggregate; more specifically mineral or rock types influence the properties of the ITZ 

within a mortar.   

 

2.18.2 ITZ in Lime Mortars 

Like cement mortars and concretes; a lime mortar is a complex multi-phase composite 

comprised of a binder with crystalline and amorphous phases together with inert and/or 

reactive aggregates (Moropoulou et al, 2000; Nežerka et al 2015).  The nature and relative 

proportions of these phases and the ratio of all components are pivotal factors that will 

determine the performance characteristics of a mortar (Forster & Carter, 2011).  Over the 

past decade there has been an increasing interest in the examination and understanding 

the influence of aggregates in lime mortars which in some way investigate the ITZ (Lanas 

et al, 2004, Pavia & Toomey, 2008, Scanell et al, 2014).  More recently it appears the 

focus of research has shifted to investigating the plethora of lime pastes / binders and lime 

and cement mortars using recycled cement aggregates (RCA) (Corinaldesi, 2009; 

Bonifazi et al, 2015; Lea et al, 2015).  The use of such aggregates within the field of 

building conservation is debateable.   

Studies investigating the ITZ in lime mortars are comparatively lacking so little is known 

quantitively regarding its effect upon lime based materials.  In their study, Arandigoyen 

& Alvarez (2007) note the an increasing presence of  > 1 µm pores correlates with 

increasing aggregate content in cement-lime mortars which they attribute to the ITZ.  

Similarly, Lanas et al (2004) note that larger pores between 7 and 100 µm become more 

populous as aggregate content increases.  This study highlights that like in cements, finer 

grained aggregates lead to a more compact matrix with good cohesion at the 
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binder/aggregate interface.  Additionally the roundness of aggregate grains appears to 

inhibit cohesion between binder and aggregate leading to a poor interface which results 

in a lower strength mortar (Lanas et al, 2004; Pavia & Toomey, 2008).  Like Tasong et 

al (1998a+b) experimental work with cements, Lanas et al (2004) conclude that the ITZ 

is effected by aggregate type.  Syntaxial calcite growth at the interface was shown in lime 

mortars to increase the strength of mortars whereas in cements this was deleterious.  Pavia 

& Toomey (2008) on the other hand attribute this solely as a factor of aggregate shape 

and grading.  An aggregate with angular grains with a small average particle size will 

reduce porosity and increase durability factors.       

Porosity in lime mortars is considerably higher than in cement and increases with higher 

binder contents and decreases overall when the aggregate content is increased (Allen et 

al, 2003; Lanas & Alvarez, 2003; Forster, 2004a).  The reason for this is that a decrease 

in aggregate reduces the total amount of discontinuities within the mortar due to a 

decrease in interfaces (Lanas & Alvarez, 2004).  It is therefore an inherently difficult task 

in ascertaining the effects of the ITZ in lime mortars by simply examining transportation 

properties like studies in the cement literature.  This task would be more difficult in air 

limes than high hydraulicity limes given the higher porosity of the former.   

 

2.18 Summary of Findings 

The benefits of using lime mortars for conservative repair and restoration purposes are 

well supported in the scientific literature (Lanas et al, 2004; Pavia & Toomey, 2008; 

Forster & Carter, 2011; Margalha et al, 2013).  Much however remains to be investigated 

regarding fundamental characteristics of the individual components and interactions 

between them e.g. Physio-chemical variations in aggregates influencing the properties, 

performance and durability of a lime mortar (Forster, 2004a; Lanas et al 2004; Pavia & 

Toomey, 2008).  Comparative studies of lime vs. cement mortars have enabled the 

assessment of the relative benefits of using a material deemed practically and 

commercially obsolete for most of the 20th Century.   

The aggregate/binder ITZ (interfacial transition zone) is often cited liberally as a site of 

inherent weakness in concretes and by extrapolation in lime mortars.  Work to evaluate 

the role of the ITZ and the variables that may impact upon its structure would aid our 

collective understanding of the material.  Such gaps, amongst others, promote 

uncertainties when considering the specification and utilisation of materials.  Logically, 
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uncertainty reduces the likelihood of meaningful product uptake and utilisation even if 

many performance benefits are afforded by the material.   

Most of the relevant literature examining the ITZ in construction mortars is derived from 

experimentation with cements which, as materials with fundamentally different 

porosities, it is unknown to what effect the ITZ effects limes.  Although the focus of this 

study concerns NHL, cement based studies are of importance as they detail a plethora of 

methods applied to an analogous material.  Previous studies have undertaken much to 

outline and define many of the parameters that influence the structure and morphology of 

the ITZ however not all of variables have been sufficiently defined.  For example most 

prior work has focussed on the role of the cement paste without consideration of the 

aggregate on the assumption that it is an inert component (Scrivener & Pratt, 1996).  Very 

little research has focussed specifically on the ITZ in lime mortars, typically in lime 

related literature the lime/aggregate ITZ is simply inferred as an area of weakness. 

More specifically with regards to this study, the relationship between NHL binder and 

Scottish indigenous, naturally occurring aggregate, presents a significant area of 

investigation that has been hitherto scientifically neglected (Tasong et al, 1998b; Tasong 

et al, 1999; Leslie & Gibbons, 1999). 

The process of carbonation and ultimately the achievement of an efficient set in lime 

mortars, is understood to be sensitive to climatic variations during construction work.  

Comparatively, the singular hydraulic set of OPC (Cultrone et al, 2005) is more robust 

due in part to the presence of alite (C3S) that enables early strength development to occur. 

Conversely, lime mortars can be susceptible to damage under extreme environmental 

conditions especially in the early stages of placement of the mortar. This significantly 

affects the performance of the mortar with failure of the material being prevalent (Forster 

& Carter, 2011).  Lime is particularly vulnerable to premature drying, and freeze thaw 

cycles.  These materials require thorough aftercare to be undertaken in order to limit the 

risk (Allen et al, 2003; Forster & Carter, 2011).  That being said questions regarding lime 

mortars potential durability within a contemporary or historic context are posed.  Practical 

evidence of durability is noted in many ancient structures that are still in existence today 

(Bonen et al, 1995).  Attainment of higher durability in lime mortars is of interest due to 

a perceived potential of improving the life span of building elements and therefore save 

on costly maintenance interventions (Forster et al, 2011). Analysis of the 

materials/components and methods of manufacture is key to furthering our knowledge 
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and understanding of lime mortars and how we may improve the performance of modern 

lime mortars.        

Over the past 20 - 30 years a gradual resurgence in the application of lime mortars has 

been noted not just within the conservation sector but within the wider construction 

industry.  This has led to increased demand and the specification of lime mortars (Forster 

et al, 2011; Forster & Carter, 2011).  When coupled with the inherent environmental 

advantages of using lime mortar, it would seem appropriate that lime mortars should 

remain the focus of academic investigation.  Clearly, greater levels of understanding of 

the materials performance may be correlated with a reduction in uncertainty of use.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



97 

 

CHAPTER 3 

METHODOLOGY 

 

 

3.1 Introduction 

The following section establishes the multiphase experimental procedures undertaken as 

a part of this study.  The approach was designed to investigate the NHL binder/aggregate 

interface in accordance with the established aims as asserted in Chapter 1. The specific 

examination of the effect of the ITZ in NHL mortars and pastes (with natural stone) with 

chemically and physically distinct aggregates that are considered representative of the 

Scottish geology were fundamental to this work giving tangible data on performance of 

these materials in use. 

 

3.1.1 Experimental Programme 

Experimental lab based research was designed within 2 broad work stage packages 

investigating the microstructure, physical properties and binder-aggregate interface in 

naturally hydraulic lime mortars using indigenous Scottish aggregates.  The first work 

stage package is an assessment of these parameters in NHL and natural aggregate mortars 

mixed to varied proportions, while the second package is focused on using NHL paste / 

natural stone specimens as a proxy for an up-scaled ITZ as a means to complement 

findings in part 1.   

Experimental work stage package part 1 has been titled: ‘An investigation of the binder-

aggregate interface in naturally hydraulic lime mortars’.  This is divided further into two 

sections; sub-package a) ‘the effects of the interface on porosity, water transport and bulk 

strength’ and sub-package b) ‘the effects of the interface upon electrical resistance’.  The 

second package is titled ‘An investigation of the binder-aggregate interface in naturally 

hydraulic lime mortars: Physical Testing of the Natural Stone / NHL 5 paste interface’. 

The following paragraphs outline the work packages in more detail. 

 

3.1.2 Experimental Work Stage Package 1 

a) Effects of Interface on porosity, water transport and bulk strength:   
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The first package was developed to attain information pertaining the performance of 

NHL 5 mortar, binder/aggregate interface. The performance characteristics assessed 

were compressive and flexural strength, sorptivity, porosity and carbonation depth. 

The experimental mortar specimens were manufactured to adopt significantly 

different binder/aggregate ratios ranging from control samples with no aggregate 

component, to 1 ½ through to 1:5. The outlying mortar mixes would traditionally be 

regarded as being unusable for practical application [1:5 being overly ‘lean’ i.e. 

unworkable at one end of the spectrum or highly shrinkable at the other (1:1 ½ being 

overly ‘fat’)].  However, from an experimental design perspective these mortars were 

required in order to achieve mortars that would contain different volumes of 

interface.  The manufactured specimens were assessed at two intervals (28 and 100 

days) over a period of 3 months and reflected early stage product of hydration 

development and carbonation with longer term maturation of set reactions.  This 

method was modified from an approach used by Wong et al (2009) and was 

established to enable the evaluation of experimentally gathered sorptivity values.  

This allowed for the effects of the ITZ on mass water transportation within the 

mortars to be quantified. Sorptivity and more specifically the ‘sharp front’ was 

developed by Hall & Hoff (2002) and has been shown to be an effective mechanism 

for modelling moisture transfer in porous materials.  
 

In addition, this research package also determined bulk strength, porosity and 

carbonation depth by means of; compressive and flexural strength, mercury intrusion 

porosimetry (MIP) and phenolphthalein surface spraying respectively.  These 

individual tests were holistically correlated with the resultant data permitting analysis 

and observations to be made with regards to the ITZ in NHL 5 mortars manufactured 

with siliceous and granitic derived ‘arkosic’ aggregates.    

 

b) Effects of Interface on Electrical Resistance:  

The measurement of Alternating Current (AC) impedance was undertaken upon a 

separate series of NHL5 mortar samples.   The samples directly followed the mix 

regime and broader manufactural procedures associated with Part 1a) collectively 

meaning, these experimental packages and their results can be seen materially as one 

unifying package.  The aim of this experimental package was to collect data for both 

NHL5 paste (control) and mortars samples with varying binder/aggregate ratios as a 

means to assess the effect of total interface volume on hydration, carbonation and 

overall totality of changes in porosity.  The samples were tested for their electrical 



99 

 

resistance over a period of 3 months, complimenting work package a).  As this is a 

non-destructive technique the samples were subjected to a later analysis at 7 months 

which facilitated the evaluation of longer term carbonation and its depth 

measurement.  The results aim to provide a valuable addition the broader scope of 

the research and theoretically enable a deeper analysis into the changes of the ITZ 

over the 100 day test period.  Collectively, these experiments were considered 

essential in supporting the evaluation of performance of these materials. 

 

3.1.3 Experimental Work Stage Package 2 

Physical Testing of the Natural Stone / NHL5 Paste Interface:   

A series of tensile and shear tests were undertaken upon specimens that specifically 

facilitated an investigation of the NHL5 binder paste / natural stone interface. This 

test was designed to reflect an upscaling of the ITZ associated with the mortars work 

stage package (a). The testing was planned and subsequently modified in general 

accordance with the work of Tasong et al (1998a) and Tasong et al (1999) in which 

similar studies assessed the interaction of natural stone and cement paste specimens.  

Some modifications of the procedure were undertaken in order to facilitate the 

available testing equipment and also accommodate manufacture with NHL 5 as 

opposed to cement.  This experimental work stage package utilised two 

mineralogically and physically distinct natural stone types (sandstone and 

granodioritic rock) that were cut to desired specification and prepared with NHL 

paste.  The specimens were then used to assess respective tensile-bond and shear 

strength variables in the performance of each NHL5 paste / stone interface. The tests 

were undertaken at two intervals over a 3 months period and, corresponded to the 

timings asserted in works stage package part 1 (a).  

 

In addition, and following on from the physical testing, the fractured specimens from 

tensile tests were utilised to investigate and quantify the macro scale failure features and 

the characteristics of each fracture surface.  This was achieved by adoption of a digital 

macroscope used to capture several images across each tensile fracture plane. This 

allowed  characterisation of surfaces using similar criteria to the analysis undertaken by 

Tasong et al (1998a).  The images were compiled into composites and subjected to a 

digital processing regime that allowed for numerical values to be attained relating to the 

percentage of each fracture located within 3 possible regions, namely; paste, stone or at 

the interface. 
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3.2 Materials Analysis 

3.2.1 Binder 

St Astier NHL 5 binder has been utilised for all experimental pastes and mortars in this 

research programme primarily due to its prevalence of use and specification for 

conservation works in Scotland.  It is also associated with a lower demand for carbonation 

and a higher hydraulicity compared with NHL 2 and 3.5 (Allen et al 2003, Forster & 

Carter, 2011). The higher hydraulicity binders also pragmatically facilitated the survival 

of the samples during demoulding of the experimental mortar specimens.  The relatively 

rapid strength development associated with NHL 5 was an additionally important 

consideration when manufacturing mortar samples with a wide variety of mix ratios.  The 

establishment of the initial decision parameters that facilitated the selection of the NHL 

binder are shown in Table 3.1.   

Table 3.1 - Binder selection process: all values regarding strength represent data provided by the St 

Astier range of products. 

Binder type Carbonation 

requirement 

Hydraulicity Strength - 7 

days (MPa) 

Strength - 28 

days 

(MPa) 

Availability 

Non-

hydraulic 

High  Non - - Good  

NHL 2 High Low 0.47 1.25 Good 

NHL 3.5 Medium Medium 0.53 1.34 Good 

NHL 5 Low High 0.88 1.5 Good 

 

The selected NHL was required to bind mortars with a low b/a content (i.e. 1:5) as these 

were logically more prone to breakage due to their relative fragility especially upon de-

moulding. To summarise, a higher hydraulicity binder was chosen for 3 main reasons;  

i) To mitigate this risk of breakage of the samples; 

ii) To reduce the demand of carbonation as it is a relatively slow process; 

iii) To increase the early stage strength development in the samples. 

St Astier NHL 5 is an anhydrous binder with known physical characteristics, chemical 

and mineralogical composition (Table 3.2).  As a binder, St Astier NHL 5 conforms to 

BS EN 459-1 where it is distinguished between other NHL’s based upon its strength 
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development at 28 days (≥ 5 to ≤ 15 MPa), setting times that are ≤ 15 hours and relative 

masses of ≥ 15 % available Ca(OH)2.   

Table 3.2 - Physical characteristics and Mineralogical composition of St Astier NHL 5 sourced from 

St Astier. 

Physical Characteristics NHL 5 

Combined silica bands 12 - 16 

Available lime (%)  15 - 25 (> 3) 

Density (gr/litre) 650/750 (600 - 1000) 

Surface cover (cm2 per gram) 8000 

Granulometry: Residue @ 0.09 mm 7 % 

Whiteness Index (Y) 67 

Compressive strength N/mm2 (based on 28 days) 5 – 9 

Flexural strength N/mm2 (based on 28 days) 2.30 

Soundness (max. 2mm) < 1mm 

Set, beginning (1-15 hours) 3 – 4 

Mineralogical Composition Amount (%) 

LOI  5.6 

Ca(OH)2 22 

CaCO3 (un-burnt) 23 

C2S 43 

C3A 0.7 

C2AS 1.3 

C4AF 0.7 

CaSO4 0.7 

 

3.2.2 Aggregates 

The natural aggregates selected for the proposed analyses of mortars were readily 

available for purchase within Scotland.  Two aggregates were selected; one siliceous 
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(Cloddach) and one arkosic (Park Washed Concrete Sand).  Importantly, natural stone 

counterparts were simultaneously derived for Part 2 of the experimental package and were 

selected upon their availability and relevance to the conservation of historic buildings in 

Scotland.  Importantly, the selection of the aggregates required a degree of mineralogical 

commonality with the natural stone to be achieved. 

Part 1 of the experimental programme required the selection of two Scottish natural 

aggregates of which a highly arkosic sand with a considerable feldspar component was 

chosen to pair with a more siliceous sand.  The aggregates were characterised and used 

to manufacture two parallel sets of mortar samples in order to assess the impact of 

aggregate type on the material properties of NHL mortars.  There are no calcitic natural 

aggregate resources in Scotland (Cameron et al, 2014) and historically siliceous types 

were predominantly utilised (Leslie & Gibbons, 1999).   

For part 2 two lithologies were selected based upon their geological frequency, 

compatibility and representativeness to the selected naturally occurring Scottish 

aggregates.  Identifying lithologies that were mineralogically comparable to naturally 

occurring aggregates was paramount as to assure a degree of morphological and 

mineralogical continuity between both experimental packages. 

 

3.2.2.1 Natural Aggregates 

BS EN 13139:2002 describes a natural aggregate as the mineral material sourced from 

naturally occurring sand and gravel deposits that has been subjected to nothing more than 

mechanical sieving and washing processes.  The two natural aggregates adopted conform 

to this definition and are specifically characterised as:  

(i) Cloddach; quarried near Elgin, Moray, Scotland (NJ 201 593).  It is a coarse-medium 

grained, poorly sorted quartz rich sand, with sub-angular shaped grains throughout.  

However the finer sized particles show a higher degree of rounding, with grains 

classified as sub-rounded to rounded grains commonly observable.  A considerable 

proportion of the coarser component contains lithic clasts from which most of the 

finer quartz, biotite and minor feldspar are likely derived from a mixture of local 

sedimentary and metamorphic rocks. 

 

(ii) Park Washed Concrete Sand; quarried at Dunnecht, Aberdeenshire, Scotland (NO 

799 979).  It is characterised as coarse-medium grained, with sub-angular to sub-



103 

 

rounded shaped grains that exhibit a poor sorting.  The coarser fraction of the 

aggregate (>2 mm) is primarily igneous lithic clasts that are composed of quartz and 

feldspars.  Quartz dominates the medium and finer fractions of the aggregate; 

however, grains of feldspar are common throughout.  Micas are most common in the 

finest fractions of the aggregate occurring as tabulate grains.  A very minor 

component of hornblende was identified within the very fine sand and silt fractions.    

Both Cloddach and Park aggregates were utilised in all of the experimental mortars 

manufactured for work stage package 1 (a) and (b) of the study.  In order to establish the 

grain size distribution of the aggregates, the dry sieving method as stated in BS EN 933-

1:2012 was applied to separate grains according to their different size fractions.  The 

results of this exercise are shown as an S-curve in Figure 3.1 and the respective mass of 

material retained per sieve in Figure 3.2 a) and b).   
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Figure 3.1 - Grain size distribution of both Cloddach and Park natural aggregates displayed as an S-

curves.  There is a clear similarity in distribution. 
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A 20 g sample of natural aggregate was taken from each representative grain size after 

sieving was completed so each fraction could be examined using an Olympus SC30 

digital binocular microscope.  This enabled a detailed observations to be made on the 

approximate mineralogy, size, shape and sorting of each grain size fraction from both 

aggregates.  The results of this exercise are shown in Table 3.3.  In addition, images were 

captured of each representative grain size with 3 shown for both Cloddach and Park 

aggregates in Figure 3.3.   

Table 3.3 – Findings from optical analysis of Cloddach and Park aggregates 

Classification 
Grain 

Size 

Mineralogy & Observations  

Cloddach Park washed concrete sand 

Fine gravel 4–8 mm 

 

Mostly sub angular with some 

exhibiting a tabulate shape, 

indicating some degree of 

lamination or foliation within the 

parent lithology. 

 

All observed grains are lithic clasts. 

Quartz/biotite lithics and some 

which contain feldspar.  This 

mineralogy and the presence of 

foliation is suggestive of a 

metamorphic origin. 

 

Minor amounts of fine grained 

igneous derived clasts present. 

 

 

Igneous derived lithics, ranging 

between mostly sub-angular to sub-

rounded in shape.  Only one (out of 

12) exhibited a tabulate shape. 

 

Contained Quartz and feldspar in 

varying amounts.  The presence of at 

least two distinct lithic clasts; one 

containing pink (K) feldspar and the 

other white (Plagioclaise) feldspar 

indicates at least two sources of 

provenance. 

 

Accessory minerals include both 

biotite, muscovite micas, amphibole 

(hornblende) and a minor occurrence 

of pyroxene. 
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Figure 3.2 - Grain size distribution for a) Cloddach and b) Park washed concrete sand; showing the 

relative masses of aggregate retained in each stage during the sieving exercise. 
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Very fine gravel 2–4 mm 

 

Quartz/biotite lithics are most 

abundant.  Secondary lithic 

fragments observed include: fine 

grained igneous (acidic and basic) 

lithics and fine grained siliceous 

lithics. 

Some individual grains of Quartz 

and less abundant potassium 

feldspar were observed. 

Sub-angular to sub rounded lithics 

most prevalent, with some coarsely 

crystalline quartz and feldspar 

occurrence. 

 

Individual feldspars occur as tabulate 

grains. 

 

Very 

coarse sand 
1–2 mm 

Individual quartz grains are most 

abundant, followed by 

quartz/biotite lithics.  Minor 

potassium feldspar and biotite occur 

as individual grains. 

Sub-angular to sub-rounded lithics 

most common.  Individual crystals of 

quartz and feldspar form a 

considerable component. 

Coarse sand 
0.5–

1 mm 

Grains of quartz dominate with 

some Quartz/biotite and feldspar 

lithics.  Minor quantities of 

individual potassium feldspar and 

biotite present. 

Individual crystals of quartz, feldspar 

and mica occur as grains.  Some 

lithics. 

Medium sand 
0.212–

0.5 mm 

Quartz grains, 

quartz/biotite/feldspar lithics and 

biotite 

Quartz, feldspar crystals most 

commonly occur as individual grains.  

Quartz the most abundant grain. 

 

Fine sand 
125–

212 µm 

Quartz, biotite, feldspars and some 

muscovite noted at this grainsize.  

Quartz sometimes occurs with 

biotite (clearly derived from 

quartz/biotite lithics) 

Quartz, feldspars, lithics, biotite, 

muscovite, amphiboles. 

Very fine sand 
62.5–

125 µm 
Quartz, biotite, feldspars, muscovite 

Quartz, feldspars, biotite, muscovite, 

amphiboles 

Silt 
< 

62.5 µm 
Quartz and micas Quartz, feldspars and micas. 

 

 

 

 

 

https://en.wikipedia.org/wiki/Sand
https://en.wikipedia.org/wiki/Micrometre
https://en.wikipedia.org/wiki/Silt
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a) b) 

d) 

e) f) 

a) 

Figure 3.3 - Microscope images of Cloddach sand: (a) showing all grainsizes to highlight the silica 

rich mineralogy and sub-rounded to sub-angular shape of the grains; (b) a sub-angular, tabulate 

quartz/biotite lithic ~4 mm; and (c) 0.5–1 mm aggregate fraction, showing predominantly sub-

rounded grains of colourless, clear white and pink tinged quartz.  Minor quantities of opaque 

pink/orange feldspar and black/brown biotite were also observed. 

Images of Park washed concrete sand are shown in: (d) sub-rounded grains within the 2–4 mm 

fraction.  Varied lithics, all igneous in origin and contain: K-feldspar (pink/orange), Plagioclase 

(white), Quartz (pale, predominantly colourless), biotite (black/brown).  All finer grain size fractions 

appear derived from these lithics; (e) 1–2 mm fraction sub-angular; and (f) 0.5–1 mm fraction sub 

rounded grains – no lithics, green amphibole. 

 

c) 
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 3.2.2.2 Natural Stone 

Two natural stone types were selected based upon their relative geological occurrence in 

Scotland and compatibility to the selected natural aggregates outlined above in the 

previous section.  It is important to consider that the abundance of naturally occurring 

aggregates in Scotland is a direct result of detrital grains accumulated by the weathering 

of Scottish bedrock.  Identifying lithologies that closely aligned with the mineralogy of 

selected natural aggregates was paramount in assuring a significant degree of continuity 

between experiments.  An additional, secondary consideration, was the selection of 

materials suitable for repair and conservation works in Scotland. 

 

 

Hazeldean sandstone, quarried by Hutton Stone near Alnwick (Scottish border, 

Northumberland), was chosen to pair with Cloddach siliceous aggregate.  When defined 

lithologically, the rock is a pale coloured, fine grained sandstone of Lower Carboniferous 

2 mm 

1 mm 

1 mm 

 

b) 

c) 

a) 

Figure 3.4 – a) freshly cut surface of Hazeldean with pale colouration evident on the bottom left half and 

brown staining evident towards the top right half of the image. A photomicrograph image of Hazeldean 

in b) shows the mainly silica composition and the porosity (blue dye) clearly evident in plain polarised 

light, where when viewed in crossed polars c) highlights micas with high birefringence and some twinned 

feldspars are also evident. 
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age, see Figure 3.4 a.  The composition of the sandstone is primarily fine grained silica; 

as seen in the thin sections Figure 3.4 b & c.  There is however the notable presence of 

minor yellow/brown staining which is evident in Figure 3.4 a.  This is due to the 

weathering of micas and it imparts a subtle speckled textural feature to the Hazeldean 

stone.  The decision to pair with Cloddach was founded largely upon a common 

mineralogy however, Hazeldean is also specified by Historic Environment Scotland as a 

replacement stone for Craigleith sandstone, which was historically extensively quarried 

and utilised for the construction of the New Town of Edinburgh (McMillan & Hyslop, 

2008 & Youngson, 2001).   

The Crathes granodiorite, from Craigenlow quarry, Aberdeenshire was chosen to pair 

with the arkosic Park washed concrete sand.  The composition of the rock is 

predominantly quartz, porphyritic white plagioclase feldspar and biotite with minor 

accessory minerals such as amphibole (hornblende).  The Crathes granodiorite is one of 

several intrusive rocks in the vicinity of the drift deposit from which the Park aggregate 

is extracted; in fact the two quarries are separated by 2 km.  The only noticeable 

mineralogical difference is the absence of potassium feldspars in the Crathes granodiorite, 

which are evidently sourced from other granitoids in the local region.  Importantly the 

rocks of the Crathes intrusion exhibit a lack of foliation, a feature of older (Ordovician) 

granitoids in the region.  Breedon aggregates operate the site and the rock is currently 

 

5 mm 

Figure 3.5 – Sawn surface of Crathes granodiorite, showing the evident porphyritic texture. 
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utilised in the manufacture of coarse aggregates for road surfacing.  The granodiorite 

along with other local / regional granitoids are typically associated with the masonry of 

Aberdeen and surrounding areas.   

 

3.3 Experimental Work Stage Package Part 1a): Effects of the Binder / 

Aggregate Interface on Sorptivity, Porosity and bulk strength  

The series of experiments in this work package were designed in order to 

measure the extent to which binder / aggregate proportions of a mortar influences 

performance factors such as strength, porosity and permeability. This experiment 

ascertains how these characteristics are effected as binder and aggregate proportions are 

incrementally modified.  The theoretical alteration of moisture transfer acts as a proxy for 

the relationship between matrix and aggregate, or the ITZ.  For this experimental package 

both of the selected natural aggregates were utilised to produce two identical series of test 

specimens, these are; CL (Cloddach) and PK (Park washed concrete sand). 

 

3.3.1 Sample Preparation 

Prior to sample manufacture, each required mass of aggregate was placed in an oven for 

drying at 110 ±10 °C for 14 hours and allowed to cool for 2 hours the ambient room 

temperature and humidity (18 oC and ~ 50 % RH) in the concrete lab before sample 

manufacture procedures commenced.  All specimens from both test series containing the 

same mix ratios were manufactured in parallel and cast in polystyrene 3-gang moulds 

(160 x 40 x 40 mm).  A total of 18 samples were cast for each mix ratio and test series.  

Mortars were batched by weight following the procedures within BS EN 459-2:2010.  

The mix proportions used for the manufacture of mortars in this research are shown below 

in Table 3.4. 

 

 

 

 

 



110 

 

Table 3.4 – Mix proportions shown as densities for the samples manufactured for Part 1a.  

Mix Ratio 

 

Lime (kg/m3) Aggregate 

(kg/m3) 

Water 

(kg/m3) 

Nominal 

Sample 

Density 

(g/cm3) 

Nominal 

Aggregate 

Vol % 

 

1:0 1141.6 0.0 570.8 1.71 0 

1:1 798.8 798.8 399.4 2.0 30 

1:1.5 694.5 1041.8 347.3 2.09 39 

1:2 614.3 1228.6 307.2 2.15 46 

1:3 499.1 1497.2 249.5 2.25 56 

1:4 424.42 1697.69 201.60 2.32 64 

1:5 366.52 1832.61 174.10 2.36 69 

 

Mortar samples were prepared using a modified version of the ‘dry mixing’ method 

undertaken by Allen et al, (2003); and Ball et al; (2011a).  The samples were batched 

adopting various proportions (see Table 3.4) reflecting testing requirements and mixed 

mechanically for a total of 9 minutes.  A summary of the mixing process is given in Figure 

3.6.  Aggregate and binder were mixed at low speed for 2 minutes before water was added 

over the course of the 3rd minute of mixing.  The sides of the mixing bowl were scrapped 

after 4 minutes to ensure all dry powder was incorporated into the mix.  A further 4 

minutes of mixing at low speed proceeded a second scraping of the mixing bowl.  To 

complete the mixing process the mortar was mixed at high speed for one minute in a 

Crypto Peerless EC20 bench top 20 litre planetary motion mixer 

 

Figure 3.6 – Mixing procedure for all mortar and paste mixes utilised in the experimental 

programme. 
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Steel moulds, suggested in BS EN 459-2 (2010), were substituted for polystyrene moulds 

(Figure 3.8) which offered several advantages such as an ease of use and that they 

eliminated the need for a releasing agent which may have posed carbonation uncertainties 

with the experiments planned.  In addition, the significantly lower mass of polystyrene 

moulds provided a practical means of reducing the weight of materials placed upon the 

shelving of the TAS environmental curing cabinet which would have potentially failed if 

overloaded.  Due to the variation of the mortar mixes and respective rheology’s it was 

decided to compact mortar samples manually upon casting, without the use of a vibrating 

table as suggested in BS EN 459-2: 2010.  The excessive nature of vibration was shown 

during preliminary testing to artificially segregate (bleeding) the binder rich mixes and 

even cause some leakage.  The following alternative method was therefore adopted; after 

Figure 3.7 – The Crypto Peerless EC 20 mixer used for mixing all pastes and mortars in this research 

programme.  This image shows binder powder within the mixing bowl just before the addition of 

water during the manufacture of control specimens. 
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casting the specimens were placed on a flow table and lifted and dropped 10 times 

providing a uniform, repeatable method practical for all samples whilst still allowing a 

degree of compaction and removal of trapped air.     

 

 

3.3.2 Curing Regime 

Samples were cured in a TAS (series 3) Environmental cabinet under the following 

controlled regime.  To accommodate early stage hydration the atmosphere was set at 20 

oC +/- 1 oC and 100 % relative humidity (RH) for the first 7 days.  An initial high humidity 

ensured that no carbonation could occur, whilst creating favourable conditions for 

hydration of the hydraulic binder products.  After 7 days the samples were demoulded 

and the RH was lowered to 60 % +/- 5 % for the remaining duration of the curing period 

to accelerate and therefore ensure longer term carbonation process (Lawrence et al, 2007).  

The CO2 concentration was set at 600 ppm, 200 ppm higher than atmospheric 

concentrations, for the full duration of curing in an attempt to advance the depth of 

carbonation.   

Of the 18 specimens manufactured for both test series, half of the surviving (a maximum 

of 9) specimens were tested at 28 days and the remainder at 100 days. 

 

Figure 3.8 – Full batch of 18 Cloddach (1:4 B/Ag ratio) samples just after casting into polystyrene 

moulds.  Cling film wrap was applied just before placement in the TAS chamber. 
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 3.3.3 Testing Procedures 

As previously outlined a total number of 36 specimens were manufactured for each mix 

ratio; 50 % (18) for the CL test series and the other 50 % for the PK test series.  Half of 

the samples per test series were allocated for analysis at 28 days while the remainder were 

tested at 100 days.  The curing period stated was decided upon as it allowed for an 

examination of the ITZ before and after the onset of belite hydration.  This enabled a 

comparative analysis of the differences in mortar performance to be ascertained.  Upon 

removal from the TAS chamber the samples were placed in an oven (see Figure 3.9) to 

dry for 14 hours at 80 oC ± 10 after which they were either tested immediately or wrapped 

in cling film for short term storage before testing to ensure no further absorption of 

moisture and CO2 (effectively ceasing Carbonation).  Procedurally, the samples were first 

tested for flexural and compressive strength using an Instron 4206; a precision two ball 

screw electro-mechanical tension and compression testing machine.  An assessment of 

carbonation depth was then conducted on broken sections.  To conclude test procedures, 

sorptivity data was gathered in accordance with the methodology established by Hall & 

Hoff (2002).  A more detailed description of each procedure follows below:  
1 

 

 

Figure 3.9 – Both test series (CL and PK) 1:4 samples after 28 days of curing.  Specimens have 

been loaded onto an aluminium tray prior to oven drying. 
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3.3.3.1 Compressive and Flexural Strength  

Mortar specimens were tested after 28 days and again at 100 days to assess strength 

development over time and provide.  Strength development is a useful and widely 

accepted means for assessing the comparative performance of mortars so given the scope 

of experiments such tests provide a useful control reference.  Testing was carried out 

using an Instron 4206 with a maximum load cell of 100 kN.  Both strength tests were 

carried out following BS EN 459-1-2010 as guideline for test parameters.  Flexural 

strength was assessed using a 3 point loading test (Figure 3.10a) with force increased at 

a rate of 0.2 mm/min until failure occurred and the specimen broke in two.  Equation 3.1 

was used to ascertain the modulus of rupture (MOR) for all specimens: 

 

σ =
3𝐹𝐿

2𝑏𝑑2 

(Equation 3.1) 

Where F is the force (load) at the fracture point (in N), L the length of the support span 

(in mm), b the width (in mm) and d the thickness (in mm).  Results were expressed in 

MPa.  

The two halves of each broken specimen were preserved for later tests (Figure 3.10b).  

Compressive strength was assessed using the smaller of the surviving halves from flexural 

strength testing.  Figure 3.11a shows 9 compressive strength specimens lined up next to 

the Instron apparatus prior to testing.  A specimen was placed in-between two 40 x 40 x 

20 mm tungsten blocks that were placed centrally within the steel plates of the Instron 

4206 and crushed using a force increase of 0.5 N/min until failure (Figure 3.11b).  Values 

for force (N) were converted into MPa on account of the test apparatus. 
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 3.3.3.2 Carbonation Depth 

The extent of carbonation was measured on samples at 28 and 100 days on suitable 

fragments (a minimum of 6) salvaged from spent compressive strength specimens.  

Carbonation depth was assessed by spraying the freshly exposed surface of the mortar 

with a 1% phenolphthalein solution (Lo & Lee, 2002).  Phenolphthalein is a colourless 

acid/base indicator, which turns pink when the pH is above 9, denoting the presence of 

Ca(OH)2.  It indicates the boundary at which the carbonation front meets the un-

carbonated mortar as the Ca(OH)2 will turn pink while the carbonated portion remains 

unchanged (Figure 3.12).  This test provides an indication of the depth of the carbonation 

front and the conversion of Ca(OH)2 to calcite.  The depth of the carbonation front was 

measured from all 4 sides of each specimen using digital callipers which provided a mean 

average value for depth for each specimen. 

Figure 3.10 - Flexural strength samples  a) a specimen at failure with 3 pins still in place b) a specimen 

post-test with two halves which would be later used in compressive and sorptivity testing. 

 

Figure 3.11 - Compressive testing a) half mortar prisms selected for compressive testing lined up next to 

the Instron 4206 b) a mortar half prism post-compressive test. 

 

a) 

a) b) 

b) 



116 

 

 

 3.3.3.3 Sorptivity Test  

Sorptivity of the mortar specimens was evaluated using the ‘sharp front’ calculation 

method established by Hall & Hoff (2002).  The larger surviving fragment from flexural 

strength testing was used for this tests.  Prior to testing the specimens were coated with 

wax on the vertical faces, reducing the effect of water evaporation and to prevent lateral 

liquid absorption (Hall & Hoff, 2012).  The 40 x 40 mm cast end surfaces of the specimens 

were placed on non-absorbent rods in a shallow container and immersed to a depth of 1 

mm in de-ionised water to allow contact with the unsealed surface (Figure 3.13).  The 

initial sample weight was recorded and subsequently re-recorded after being placed in the 

water over specified time frame of  1, 4, 9, 16, 25, 36, 49 and 64 minutes.  Before 

weighing, excess water was removed by lightly dabbing the specimens on a cloth.  For 

accuracy, the test was repeated 4 times or more on each specific sample mix from both 

test series with the maximum number of tests being 9, depending on sample breakages.  

The sorptivity value (S) was determined from the slope of the graph plotted using 

Equation 3.2, as established by Hall & Hoff (2002). 

𝐼 = 𝑆√𝑡 

(Equation 3.2) 

Where S is the sorptivitity, I the cumulative infiltration and t time.  Specimens from both 

test series were tested at 28 and 100 days following the same procedure.    

Figure 3.12 – Assessment of carbonation depth.  Specimens are shown after being sprayed with 

phenolphthalein.  Carbonation depth was measured on all 4 sides and an average taken for each. 
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3.3.3.4 Mercury Porisimetry Intrusion (MIP) 

Two specimens of each sample mix from both test series were subjected to MIP analysis.  

Mortar specimens were carefully selected with consideration given to their thickness (> 

2 cm), lack of fracturing and with little evidence of shrinkage cracks before being 

wrapped in cling film and placed in a sealed plastic bag.  Broken samples (fragments) 

from flexural and compressive testing were utilised so they were oven dried in advance.  

Two analyses were conducted per mortar mix using a Micrometrics AutoPore IV 9500 

which determined the poresize distribution between 0.003 – 1100 µm and the open 

porosity of each specimen.  The analysis was carried by the department of Theoretical 

and Applied Mechanics, Centre of Excellence for Advanced Research Centre for Cultural 

Heritage Interdisciplinary Projects, Academy of Sciences of the Czech Republic, Prague.  

MIP data enabled the determination of open porosity and simultaneously established the 

distribution of pore sizes. 

 

 

 

 

 Figure 3.13 – A specimen undergoing sorptivity testing.  The specimen is placed on non- absorbent rods 

in 5 mm depth of de-ionised water. 
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3.4 Work stage experimental package 1b: Effects of Interface on 

Electrical Resistance 

An assessment of AC impedance was conducted on mortar prism specimens that were 

batched and mixed using the same proportions and method detailed in Part 1a.  However, 

this set of specimens were produced separately, as the prisms required additional 

modifications such as the installation of electrodes.  In order to take measurements, 2 mm 

diameter steel pins were used as electrodes and installed into custom cut acrylic sections 

that were secured in place during the casting process.  Several measurements were 

conducted over the first 100 days to assess changes in bulk resistance pre and post-belite 

hydration; complimentary to Part 1a of the experimental programme.  This initial phase 

of testing was followed by a later test series (when the specimens were weeks old) 

collecting data during a series of water absorption tests and measurements taken on fully 

saturated specimens which were designed to assess the effects of drying and an attempt 

to measure the carbonation front.    

  

3.4.1 Sample Preparation 

In order to examine the carbonation front in addition to the bulk resistance of the material 

significant modifications were required to the moulds before the samples could be cast.  

Significant consideration was given to the installation of the electrodes and their 

placement / alignment within each mortar sample, as all measurements would be taken 

from them.  The two outer moulds of a 3 gang polystyrene mould were redesigned to host 

2 samples respectively, yielding 2 specimens per prism; 4 in total per mould (Figure 3.14).  

A 35 x 152 mm section was measured and then cut from the outer walls of both prisms 

used.  A 3 mm thick clear acrylic section cut to 160 x 40 mm was installed on the inner 

surface of the outer moulds to replace the removed polystyrene.  Prior to casting this 

section was drilled in order to install 16 A4 steel pin electrodes with a dimension of 2 mm 

diameter x 28 mm, yielding 8 electrode pairs per specimen (Figure 3.14a).  Both of the 

outer prisms were then divided centrally across their width using a 3 mm thick clear 

acrylic section which was cut to the desired specifications: 37 x 40 mm.  To summarise; 

the adjustments outlined allowed for 4 samples to be cast in to a 3-gang mould with each 

sample possessing the following dimensions: 78.5 x 37 x 40 mm.  The modifications were 

carried out on 7 x 3-gang polystyrene moulds (Figure 3.14b) for each mortar mix, in total 

3 mortar mixes were cast in two separate test series using Cloddach and Park aggregates.  

In addition a batch of control specimens were cast composed of 100 % NHL 5 paste. 
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The arrangement of electrodes within the samples was designed to achieve the best 

measurements for bulk resistance and detect the advancing carbonation front.  Two 

columns consisting of pairs of steel pins 5 mm apart were arranged in a staggered central 

position, the first column 5 mm from the outer edge the second 10 mm (Figure 3.14a).  

The pairs of pins were placed at 10 mm intervals so as to limit the potential of connectivity 

between the interfaces which could impact upon results by artificially increasing 

carbonation.  The pin arrangement and mould modification is illustrated in a schematic 

and photograph below in Figure 3.14 a and b.  The electrodes were inserted to a measured 

depth of 15 mm prior to casting. 

Prior to batching the aggregates were allowed to dry in an oven at ~110 °C for 14 hours 

in order to eliminate moisture.  The mortars were batched by weight with sufficient mortar 

being mixed to prepare 4 samples.  The mix proportions and batch data are shown below 

in Table 3.5  The apparent aggregate volume was determined theoretically whereas the 

actual Aggregate Volume was determined by weighing specimens upon batching, so as 

to determine the volume of air within each mix. 

 

Table 3.5 - Mortar mix proportions and aggregate volume for electrical resistance specimens with 

average masses (theoretical and measured) and aggregate volume percentage. 

 

Mix Ratio 

 

Lime (kg/m3) Aggregate 

(kg/m3) 

Water 

(kg/m3) 

Nominal 

Sample 

Density 

(g/cm3) 

Nominal 

Aggregate 

Vol % 

 

1:0 1141.6 0.0 570.8 1.71 0 

1:1.5 694.5 1041.8 347.3 2.09 39 

1:2 614.3 1228.6 307.2 2.15 46 

1:3 499.1 1497.2 249.5 2.25 56 
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Mixing procedures followed the processes outlined in Part 1a; where the ‘dry mixing’ 

method was employed in accordance with Allen et al, (2003), and Ball et al; (2011a).  

The exception being the mixing of the NHL 5 paste control specimens where the dry mix 

duration was omitted.  All samples were mixed mechanically in a 20-litre planetary 

motion Crypto Peerless EC 20 mixer for a total of 9 minutes (7 minutes for the paste 

samples).  The initial step in the casting process ensured that each mould was lined with 

mortar (or paste).  This was followed by the careful, direct application of material to the 

acrylic lid fitted with electrodes, which ensured there was uniform contact between the 

material and the electrodes i.e. no voids which would provide test result uncertainties.  

The section of acrylic, electrodes and mortar were then placed within the polystyrene 

mould and sealed from the atmosphere, on the upper surface, with several layers of parcel 

tape.  

 

 

 

Figure 3.14 - Design of sample moulds for impedance measurements, a) schematic drawing showing the 

arrangement of electrodes (A4 steel pins ) and b) 10 empty (without material and electodes) modified 

moulds. 

 

a) b) 
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3.4.2 Curing Regime 

The sealed samples were cured in a TAS series 3 environmental cabinet under the 

following controlled regime.  To accommodate early stage hydration the atmosphere was 

set at 20 °C +/- 1°C at 100 % RH for the first 7 days.  The high humidity ensured that no 

carbonation could occur in the first 7 days, whilst creating favourable conditions for 

hydration of the hydraulic binder products.  After 7 days the samples were demoulded 

and coated with 3 layers of epoxy waterproofing paint; except for the outermost end (40 

x 40 mm) of each sample which remained exposed for the duration of the experiment as 

the only means for the ingress of CO2.  Additionally RH was lowered to 60 % +/- 5 % for 

the remaining duration of the curing period to ensure longer term carbonation process 

which adheres to the curing conditions followed by Lawrence et al (2007).  The CO2 

concentration was set at 600 ppm, 200 ppm higher than atmospheric concentrations, for 

the full duration of curing in an attempt to advance and accelerate the depth of 

carbonation. 

 

3.4.3 Testing Procedures 

Measurements were taken over a period of 100 days after casting to examine the initial 

hydration period. Additional testing took place when the samples were 32 weeks old to 

establish the extent of drying within each sample and assess the depth carbonation. 

3.4.3.1 Bulk Resistance  

Bulk resistance was measured at the following intervals: 3, 7, 8 days, then at 2, 3, 4, 5, 6, 

8, 14 and 30 weeks using a Solartron 1260 impedance/gain-phase analyser.  Each 

specimen was removed from the TAS chamber and allowed to sit for 20 minutes in a 

controlled atmosphere of the testing lab (21 oC at 50 % RH) prior to the beginning of the 

test.  This assured that temperature and humidity changes were not observed in the 

measurements as the specimens were subjected to ± 1 oC warming and a drop in RH of 

10 % once outside the chamber.   
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Measurements were taken on all electrode pairs using two selected specimens from each 

mortar mix, test series and control specimens.  Two 25 mm insulated crocodile clips were 

used to connect to the Solartron, via the electrodes, in order to take readings.  The test 

procedure started with the inner most electrode pair (40 mm depth) and worked outwards 

to the pair 5 mm from the exposed surface.  This method was repeated on both samples 

on every scheduled test day.  Figure 3.15 shows control specimens still within the mould 

after 7 days of curing with measurements taking place on the innermost electrode pair.  

In addition to the full assessment described above measurements were also taken on the 

two remaining specimens however only the inner and outer most electrode pairs were 

used.  This decision was made to facilitate the testing of all test samples within one 

working day as testing on separate days would add an undesirable degree of uncertainty 

to the results.    

 

3.4.3.2 Water Absorption  

A water absorption test was carried out on a single specimen from each mortar mix from 

both test series and a control specimen.  Testing occurred when the samples were 32 

Figure 3.15 – Taking measurements from the innermost electrodes when the samples were 7 days old, 

before demoulding. 
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weeks old.  Measurements were taken via 16, 25 mm insulated crocodile clips that had 

been wired to a resistance meter multiplexer and clipped manually onto all 8 electrode 

pairs.  The exposed 40 x 40 mm end surfaces of the samples were placed on non-

absorbent, non-conductive rods in a shallow plastic container and immersed in distilled 

water to a depth of 5 mm.  All specimens were coated with epoxy on the vertical faces, 

so there was no concern regarding evaporation of water from the sample or lateral liquid 

absorption.  Resistance was automatically measured at 1 minute intervals from the onset 

of the test; which included readings before immersion.  The mass of the sample was 

measured prior to the test and subsequently recorded every 30 minutes after immersion 

in water.  Before weighing, excess water was removed by lightly dabbing the specimens 

on a cloth.  The duration of the test ran until there was no significant change in resistance 

within a 10 minute period; at this point the samples were deemed fully saturated.  Test 

durations ranged from 90 – 180 minutes depending on the rate of absorption associated 

with different binder/aggregate mixes. 

 

3.4.3.3 Drying  

Measurements were taken directly after the water absorption test.  Samples were removed 

from the non-absorbent rods in the water and placed upon the work bench, still connected 

to the Resistance meter.  Resistance continued to be measured every minute for one hour 

after the water absorption test.  After the first hour, the resistance was measured every 5 

minutes for a further 47 hours, yielding data for 48 hours of drying in the controlled 

ambient atmospheric conditions of the testing lab (21 oC at 50 % RH). 

 

3.4.3.4 Full Specimen Saturation 

Each specimen used in the water absorption and drying tests was allowed to fully saturate 

over a 14 day period once the prior testing had been completed.  The specimens were 

placed within a plastic container filled with tap water and removed when aged 34 weeks.  

Measurements were taken immediately upon removal from the water after the exposed 

end of each specimen was sealed in plastic cling film to limit initial drying effects.  In a 

further attempt to limit the effect of drying the samples were removed one at a time.  After 

the aforementioned steps had been followed bulk resistance was measured using a 

Keysight E4980AL Precision LCR meter with a range of 20 Hz – 1 MHz.  Bulk resistance 

was measured from all 8 electrode pairs working from the innermost to the outer pins as 

was described previously during bulk resistance testing.  Figure 3.16 shows a specimen 
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connected to the LCR meter with cling film coating the exposed during an ongoing 

measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5 Work stage Experimental Package 2: Physical Testing of the 

Natural Stone / NHL Paste Interface 

The experiments described in this section have been developed from the work of Tasong 

et al (1998b) and Tasong et al (1999).  The experiment, a series of pull-off tests, has been 

shown to yield results that act as a meaningful proxy to binder aggregate materials and 

offer an insight into the ITZ (Tasong et al, 1998a+b).  Two types of specimen were 

designed for this experimental package and manufactured simultaneously to gather data 

relating to tensile bond strength and shear strength.  Two test series were manufactured 

using the sandstone and granodiorite natural stone types described in section 3.2.2.2.  A 

Figure 3.16 – A specimen connected to the LCR meter.  The saturated sample end is coated in plastic 

film to limit water loss and evaporation.    
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follow up analysis was conducted upon the tensile specimens that involved the 

macroscopic mapping of each fracture plane.  This exercise and subsequent digital 

analysis has permitted the characterisation of each interface within parameters analogous 

to Tasong et al (1998b).   

 

3.5.1 Sample Preparation 

Both natural stone types were cut into 40 x 40 x 20 mm blocks which were used in the 

manufacture of all specimens.  44 blocks of each natural stone were required in order to 

assemble all required specimens but 52 were cut in total for assurance.  Two identical test 

series were manufactured simultaneously; one sandstone (HA) and the second 

granodiorite (CR), which followed on from Experimental work stage package 1 allowing 

for meaningful comparison of the performance characteristics of the interface between 

mineralogically / physically distinct natural stone types.  Within each test series two types 

of sample were manufactured, namely; tensile bond and shear strength specimens. 

The specimens designed for tensile bond strength testing required two blocks of natural 

stone to be sandwiched together with a 5 mm thickness of NHL 5 paste placed in-between.  

Shear strength specimens utilised three natural stone blocks with two 5 mm thicknesses 

of NHL 5 paste applied to the upper and lower surfaces of a central block.  Before 

assembling the samples the natural stone was dried in an oven at 110 ± 10 oC.  Binder 

proportions, water ratios, and mixing processes of the NHL 5 paste was identical for the 

production all specimens in both test series.  The paste was mixed with a consistent water 

/ binder ratio of 0.5 (1:2).  This ratio was selected due to its successful application in 

experimental work with the lime pastes of Ball et al (2011b) coupled with preliminary 

rheology flow table tests from this study (Table 3.6) confirming the suitability of pastes 

mixed to a ratio of 0.5.  Additionally, work in the cement literature suggests a detectable 

ITZ exists only in mortars with w/c ratios between 0.3 – 0.6 (Shane et al, 2000).   

Table 3.6 – Assessment via flow table of various NHL 5 pastes 

Water Ratio Flow Diameter (mm) Workability 

0.45 176 Poor 

0.5 190 Acceptable 

0.55 215 Acceptable 

0.63 - Unusable 
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Mixing of the paste took place in a bench top Crypto Peerless EC 20 planetary motion 

mixer with the capacity of 20 litres.  The mixing method was identical to those used for 

the NHL 5 paste in Part 1 which was modified from those of Allen et al (2003) and Ball 

et al (2011a).  Water was added to the dry NHL5 powder and mixed for 2 minutes at low 

speed after which the sides of the mixing bowl and paddle were scraped to assure all 

powder was incorporated in the mix.  The procedure continued with a further 4 minutes 

of mixing at a low speed before a second pause to scrape the sides of the mixing bowl.  A 

final minute of mixing at high speed completed the mixing process.   

All specimens were placed within a custom-built rig designed for use in the curing period.  

This was an important practical consideration in order to facilitate early stage handling of 

the samples and also to mitigate any ill effects of vibration in the TAS cabinet during 

setting (Figure 3.17).  The rig was manufactured from extruded polystyrene sheets with 

2 mm diameter copper rods located at the midpoint of each side of the blocks perimeter, 

effectively locking the samples in place.  For the first 7 days all specimens were wrapped 

in cling film.  This method and rod arrangement was selected primarily for logistical and 

sample loss mitigation purposes however the use of the custom rig additionally 

encouraged carbonation, as all surfaces of paste were exposed to the atmosphere which 

would have been problematic had polystyrene gang moulds been used.  Tensile bond 

 

Figure 3.17 – Custom built rig used for the handling of tensile and shear specimens.  Image shows 

tensile specimens after casting, wrapped in clingfilm.  



127 

 

strength specimens were placed directly onto the rig after manufacture whereas shear 

strength specimens were cast directly into 3 -gang polystyrene moulds from which they 

were removed after 2 days and stood upright on the rig.  This step was taken as it 

facilitated better alignment of the shear specimens.   

Prior to undertaking the physical testing of tensile bond strength a 2 mm thick aluminium 

T-shaped bar was attached to the outer surfaces of each specimen using epoxy resin.  The 

custom cut T-bar sections were manufactured in order to directly correspond with the 40 

x 40 mm exposed surface of the natural stone blocks which enabled simple and accurate 

alignment of the specimens.  The 20 mm projecting upstand of each T bar was designed 

to fit securely within the jaws of the testing apparatus.  The alignment of both the upper 

and lower T sections was fundamentally important for the tensile testing so a procedure 

was formulated in order to achieve the highest possible accuracy.  24 hours prior to testing 

one T section was attached in place and left to set (Figure 3.18).  The next day the attached 

T section was clamped in place in the firm fixed lower jaws of the Instron test apparatus.  

The clamping of the upper aluminium ‘T’ sections into the jaws was undertaken and 

 

Figure 3.18 – Specimens with one of the aluminium T-bar sections fixed in place prior to mounting 

on the test apparatus. 
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subsequently injected in-situ with epoxy resin between the metal and the blocks interface. 

This was undertaken 24 hours before the test achieving optimal alignment and a full set 

of the epoxy resin.  The 3 part shear tests were inherently easier to set up due to the 

alignment being physically controlled by their initial placement in polystyrene gang 

moulds. 

 

3.5.2 Curing Regime 

All of the specimens were cured in a TAS (series 3) Environmental Curing Cabinet under 

the following controlled regime. To accommodate favourable early stage hydration, the 

atmosphere in the cabinet was set at 100 % Relative Humidity (RH) and at a temperature 

of 20 o C +/- 1 o C for the first 7 days.  For the remaining duration the RH was lowered to 

60 % ± 5 % to ensure effective carbonation.  The curing environment outlined conformed 

to that established in BS EN 1015-11:1999 and Lawrence et al (2007).  The concentration 

of CO2 was set at 600 ppm in an attempt to marginally accelerate the carbonation reaction 

that is an inherently slow process.  Increasing CO2 by such a minor level (by 0.02 %) was 

shown by (Cizer et al, 2008)  to have no influence on the morphology of calcite 

crystallisation.  

  

3.5.3 Testing Procedure  

The testing methods that were followed in order to assess the tensile and shear strength 

of the natural stone NHL 5 interface and characterise respective modes of failure is 

outlined in following sections.  To keep a degree of continuity between experimental 

work stage package 1a, physical testing occurred when the samples were aged 28 and 100 

days.  Prior to testing the samples were dried in an oven at 100 ± 10 oC.  All physical 

testing was conducted using an Instron 4206.  The samples were tested up to the point of 

failure and fracture surfaces of specimens from tensile bond strength tests subsequently 

imaged using a digital macroscope at characterised based upon three parameters.   

 

3.5.3.1 Tensile Bond Strength  

An Instron 4206 was used for all testing of tensile bond strength.  Pneumatic clamps 

gripped the metal ‘T’ upstand attached at either end of each specimen.  Each test ran at 

an extension rate of 0.05 mm/min and ended with failure of the specimen.  A granodiorite 

specimen is shown fixed within the pneumatic grips of the Instron 4206 prior to the 

initiation of testing in Figure 3.19a.   
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3.5.3.2 Shear strength 

The same Instron 4206 apparatus was used assess the shear strength of the specimens 

manufactured, however in place of the pneumatic clamps, a pair of steel plates were 

attached to provide horizontally flat surfaces as required.  The shear test adopted followed 

that of three-point loading with steel pins being placed beneath the outer two blocks 0.5 

cm from the paste.  A third pin was placed on top of the middle block in a central position 

2 cm from either paste section.  Figure 3.19b shows a granodiorite shear specimen set up 

prior to 3 point loading testing.  An extension rate of 0.1 mm/min was used for all shear 

tests and ended with failure of the specimen. 

 

 3.5.3.3 Fracture Surface Mapping Exercise  

To characterise each fracture plane of the specimens tested for tensile bond strength the 

following procedure was devised in order to capture digital micrographs.  The upper 

portion of each specimen was placed within a vice grip stage equipped with a manual 

adjustment controller which facilitated accurate movement and placement of the 

specimen along two axes.  An integrated digital position reader permitted precise, 

repetitive adjustments down to an accuracy of 0.001 mm so that 12 photomicrographs 

Figure 3.19 – Physical test specimens and apparatus a) Granodiorite tensile bond strength specimen, 

with both aluminium T-bar sections attached and clamped within the pneumatic grips of the Instron 

4206 prior to testing, b) granodiorite specimen for shear strength with 3-point loading pins in place 

prior to test on the flat steel plates of the Instron. 

 

a) b) 
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(Figure 3.20) could be uniformly acquired in a grid pattern across the fracture surface.  

The images were captured digitally at 16x magnification using Leica Z16 APO 

macroscope and integrated LAS programme. 

 

 

 

 

 

 

 

 

 

 

3.5.3.4 Image Analysis - Fracture Characterisation 

Individual images were combined using GNU Image Manipulation Program (GIMP) to 

create a composite image (Figure 3.21).  Each composite micrograph enabled subsequent 

digital analysis of the fractures and respective failure zone however several further steps 

were required in order to create a final image from which data could be extracted (Figure 

3.22).  The fracture characterisation was undertaken adopting the Image J software 

package and resulted in each surface being characterised proportionally (as a total area 

%) into 3 zones: ‘interface’, ‘intrapaste’ and ‘intralithic’.  To achieve this, a threshold 

value of 190 was set which removed all pixels from the composite image that did not 

show a significant degree of whiteness.  In effect, this left only the white coloured 

intrapaste portion of the fracture which was then coloured green and became the working 

layer which was placed above a new raw composite image.  The intralithic portions of 

each fracture were relatively minimal so were traced manually and coloured red using the 

macroscope to confirm where single grains or minerals had been plucked during 

fracturing.  The working layer was then bulk filled blue as the remaining portion of the 

fracture was assumed, at this stage, to be interface.  With the transparency of the working  

Figure 3.20 – An example showing 1 of the 12 images captured from the fracture plane of each 

specimen.  The image shown is from the top left of a granodiorite specimen. 
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layer set at 25 % a full manual sweep across the entire image was conducted to shade 

pixels where a colour was either incorrectly assigned or completely omitted due to 

Figure 3.21 – An example of a full composite image.  The image shown is of a granodiorite specimen.  

Figure 3.22 – The process of data extraction via ImageJ.  Image on the left demonstrates an opaque 

fully colourised composite image from which data can be extracted.  The histogram shown in the 

centre of the figure highlights pixels with a value of 0 and 255 representing the perimeter of the 

image.  The two clear peaks at 66 and 114 in this example represent green (intrapaste) and blue 

(interface) respectively.  The image on the right shows the final, transparent layered image used for 

presentation purposes. 
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shadowing or light reflection.  An example of the final product and data extraction is 

shown in Figure 3.20.  The value of black and white pixels (from the edges) were 

subtracted from the total number of pixels in the composite image to gain a working 

“total” of pixels.  From this the % of each failure zone was deduced by the number of red 

(v= 55), green (v= 66) and blue (v= 114) pixels in each image. 

 

3.6 Summary of Methodology 

This investigation has been designed in order to assess the two primary objectives of the 

project outlined.  The design and manufacture of all experimental specimens and test 

procedures have been carried out with reference to past research and British / European 

Standards, where applicable, in order to maintain a degree of relevance to the greater body 

of literature and ensure rigour.  The results are presented in in the next Chapter (4), and 

are organised following the work packages outlined as part of the methodology.  These 

are Part 1) an investigation of the ITZ in NHL 5 mortars, with part a) showing results 

from tests aiming to monitor the effects on porosity, water transport and bulk strength, 

and part b) assessing changes in electrical properties.  Part 2 is an investigation of the ITZ 

of NHL 5 paste and natural stone specimens. 
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 CHAPTER 4 

RESULTS 

 

 

4.1 Introduction  

The results from all experimental procedures are contained within this chapter and 

organised following the experimental work stage packages outlined in the methodology 

(Chapter 3).  The results are divided into sections 1 and 2 with the first subdivided into 

part a) and b).  This structure is considered fundamental given the breadth of the 

experiments undertaken and the inherent complexity of the analysis if it is to be 

considered as a unifying entity.  The techniques employed during this study aimed to 

assess the role and impact of ITZ on the performance NHL 5 mortars which contain 

aggregates representative of indigenous Scottish naturally sourced materials.  The results 

discussed relate to the following techniques:     

 

Experimental Work stage package 1: An investigation of the binder-aggregate 

interface in naturally hydraulic lime mortars 

 

a) Effects of Interface on porosity, water transport and bulk strength 

• Compressive Strength 

• Flexural Strength 

• Carbonation Depth 

• Sorptivity Testing 

• Mercury Intrusion Porosimetry (MIP) 

• Specimen Bulk Density 

 

b) Effects of Interface on Electrical Resistance 

• Bulk Resistance 

• Water Absorption 

• Full Specimen Saturation 

 

Experimental Work stage package 2: An investigation of the binder-aggregate 

interface in naturally hydraulic lime mortars: Physical testing of natural stone / 

NHL paste Interface 
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• Tensile Bond strength 

• Shear Strength 

• Image Analysis – Fracture Characterisation 

▪ Surface Mapping 

▪ Fracture Characterisation  

 

4.2 Part 1a) An Investigation of the Binder-Aggregate Interface in 

Naturally Hydraulic Lime Mortars 

The mortar samples analysed in this experimental work stage package were manufactured 

to a variety of specific binder aggregate ratios. This experiment was designed to assess 

the material performance of NHL 5 mortars that contain different volumes of  ITZ 

reflected in a number of fixed binder/aggregate ratios.  Mortar interconnectivity will 

therefore vary as a product of changing the relative volume of aggregate per mix.   

 

4.3 Effects of the Interface on Porosity, Water Transport and Bulk 

Strength 

Two series of samples were manufactured using alternative aggregates; Cloddach and 

Park concrete sands.  The specimens of the test series were identical in terms of 

binder/aggregate ratio regimes established in order to assess the effect of aggregate type 

upon the ITZ and the material properties of NHL 5 mortars.  In total 18 specimens were 

manufactured for each mortar mix and aggregate type.  In order to ascertain any macro 

structural changes over time, half of the specimens from each sample series were suitably 

cured then tested at 28 days and the remainder after 100 days.  A batch of control 

specimens containing no aggregate, were simultaneously manufactured being composed 

exclusively of NHL5 paste. These were also important to be included in the experiments 

in order to ascertain binder material properties without the presence of any aggregate or 

ITZ.  The experimental data gathered contributed to the discussion determining the role 

that the ITZ plays in NHL5 lime mortars and to what extent these factors influence the 

strength characteristics, porosity and permeability of mortars. 

 

 

4.3.1 Compressive Strength 

Naturally hydraullic lime mortars are partly defined on account of their compressive 

strength development, it is therefore considered as a means to relate mortar performance 



135 

 

both within and out with this experimental work.  More practically, uniaxial compressive 

strength is directly relatable to gravitational loading within a structure and describes a 

materials ability to resist such stresses.  Table 4.1 shows the mean compressive strength 

for all tested specimen mixes and references the number of specimens used in the 

calculation of a mean result; the % strength increase is shown.  The results indicate that 

compressive strength has increased overtime, which is to be expected.  However, an 

increases is not so obvious in mortars containing higher volumes of aggregate (64 – 69 

%); which show a more erratic compressive strength development overtime.  The mean 

result for Cloddach 1:5 mix (69 %) was the only sample to register a reduction in strength 

between 28 and 100 days.  The control specimens on the other hand recorded the greatest 

increase in strength, shown by all specimens, over the same period.   

 

Table 4.1 – Mean average compressive strength of NHL 5 sample mixes.   

Aggregate 

Volume % 

Number of 

Specimens 

Tested 

(28 – 100 days) 

Compressive Strength (MPa)  

28 Days 100 Days  

Mean CV Mean CV Increase (%) 

Control       

0 9 - 9 6.12 0.17 9.95 0.09 62.65 

Cloddach       

30 5 – 4 6.52 0.10 7.94 0.13 21.76 

39 9 – 9 4.96 0.11 6.08 0.11 22.50 

46 9 – 8 5.19 0.11 6.34 0.10 22.30 

56 9 – 9 4.20 0.21 5.19 0.16 23.42 

64 9 – 9 1.35 0.26 1.74 0.20 28.83 

69 9 – 9 0.97 0.19 0.83 0.18 -14.48 

Park       

30 5 – 4 6.07 0.11 6.66 0.10 9.68 

39 9 – 9 4.48 0.08 6.63 0.09 48.03 

46 9 – 8 4.78 0.18 6.37 0.19 33.06 

56 9 – 9 5.23 0.14 5.84 0.25 11.64 

64 9 – 9 1.65 0.18 1.76 0.24 6.59 

69 9 – 9 1.01 0.29 1.17 0.20 16.36 

 

The relationship between compressive stress and strain is presented in Figures 4.1, 4.2 

and 4.3 which show the compressive response for control prisms, Cloddach and Park 

mortar prism specimens respectively.  All of the specimens displayed a brittle response 

under compressive stress regardless of mix proportions or age with some observable 

differences related to aggregate volume % and as a factor of time.  At both testing periods 
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the control specimens were the most brittle material showing a rapid, linear rise up to the 

peak stress.  A sharp decrease is observable in a number of the control specimens after 

peak stress although this is then followed by a more complex pattern.  This is more 

pronounced at 100 days than 28 days.  A similar relationship between stress and strain is 

observed in both types of 1:1 (30 % agg/vol) mortars although these specimens do not 

show the initial sharp fall in stress post peak as clearly.  In contrast mortars mixed with 

proportions between 1:1.5 – 1:5 (39 – 69 % agg/vol) display an overwhelmingly bi-linear 

response with a more rounded flattened peak compressive stress.  

 

The control, and majority of mortar mixes, show an increasingly brittle response over the 

test period which corresponds with a higher peak stress.  However, a less brittle response 

was observed in Cloddach 1:1.5 (39 % agg/vol), 1:1.5 and 1:2 (39 – 46 % agg/vol) Park 

specimens.  There is also a detectable difference in the response of Cloddach and Park 

mortars at the highest aggregate volumes (64 and 69 %).  Park mortars mixed to these 

proportions appear to be more consistent in compressive response where as a more erratic 

response is shown by the Cloddach mortars.  Aside from this, very minor, observation 

there are no great differences between aggregate types. 

 

Figure 4.1 – Compressive Stress-strain curve of control specimens at 28 and 100 days.  Mean 

modulus of elasticity (E) is presented within each graph. 
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Figure 4.2 – Compressive Stress and Strain relationship of Cloddach specimens at 28 and 100 days.  

Mean modulus of elasticity (E) is presented within each graph. 
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Figure 4.3 – Compressive Stress and Strain relationship of Park specimens at 28 and 100 days. 

Mean modulus of elasticity (E) is presented within each graph. 
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4.3.2 Flexural Strength 

The flexural strength is also known as the ‘modulus of rupture’ or ‘bond strength’ and 

defined as the stress just before the material yields.  Flexural strength represents the 

highest stress experienced with the material at the moment of ‘yielding’.  Table 4.2 shows 

the results from flexural strength testing at both test periods; a mean flexural strength was 

calculated from a number of specimens which is also indicated.  Flexural strength 

increases as a factor of decreasing the volume of aggregate.  However, the control 

specimens, without aggregate, do not fit this trend; displaying a significantly lower 

flexural strength than 30 % aggregate volume specimens.  Between 0 – 56 % aggregate 

volume the specimens showed an observable increase in strength over the test period 

which is not evident, more erratic, in the 64 and 69 % aggregate volume specimens.  There 

is no difference in flexural strength between aggregate types.  Mortars mixed to 1:1 

proportions exhibit the highest recorded flexural strengths with even 28 day strength 

surpassing the highest 100 day flexural strength of all other mortars containing a greater 

volume of aggregate.   

 

Table 4.2 – Averaged collected data for flexural strength testing of NHL 5 mortars  

Aggregate 

Volume % 

Number of 

Specimens 

Tested 

(28-100 days) 

Modulus of Rupture (MPa)  

28 Days 100 Days  

Mean CV Mean CV Increase (%) 

Control       

0 8 - 7 1.39 0.19 1.63 0.11 17.33 

Cloddach       

30 5 – 4 2.54 0.17 3.33 0.10 31.06 

39 9 – 9 1.70 0.06 2.00 0.06 17.39 

46 9 – 8 1.64 0.18 1.97 0.10 19.53 

56 9 – 9 0.90 0.21 1.05 0.15 16.15 

64 9 – 9 0.45 0.14 0.42 0.39 -7.98 

69 9 – 9 0.27 0.26 0.24 0.40 -11.39 

Park       

30 5 – 4 5 – 4 0.10 5 – 4 0.05 42.84 

39 9 – 8 9 – 8 0.06 9 – 8 0.09 25.94 

46 9 – 8 9 – 8 0.05 9 – 8 0.09 10.69 

56 9 – 9 9 – 9 0.14 9 – 9 0.14 13.12 

64 9 – 9 9 – 9 0.14 9 – 9 0.20 -6.44 

69 9 – 9 9 – 9 0.12 9 – 9 0.20 6.96 
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The flexural response of all control paste specimens is shown below in Figure 4.4.  The 

flexural response of NHL 5 paste is similar at both 28 and 100 days, the lack of aggregate 

imparting a highly brittle behaviour represented by a linear rise in stress and strain 

punctuated by a sharp fall in stress, under failure, once peak stress is reached.  

Additionally, Figures 4.5 and 4.6 show stress and strain in all Cloddach and Park mortar 

specimens tested at 28 and 100 days. 

 

 

Figure 4.4 – Relationship of flexural stress and displacement at 28 and 100 days. 
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Figure 4.5 – Relationship between Flexural Stress and displacement for Cloddach mortars at 28 and 100 

days. 
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Figure 4.6 – Relationship between Flexural Stress and displacement for Park mortars at 28 and 100 

days. 
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The flexural response of the specimens differs a consequence of changing aggregate 

volume.  Most notably the 1:1 – 1:2 (30 – 46 % aggregate volume) mortars display a tri-

linear flexural loading response; where an initial rise in stress flattens and rises again 

before peak stress is reached.  This behaviour differs from the linear to bi-linear loading 

response of 1:3 – 1:5 (56 – 69 % aggregate volume) mortars. It is also evident that these; 

aggregate rich mortars, underwent a much less brittle post-peak stress response compared 

to binder rich mortars.  All specimens containing > 46 % aggregate volume displayed a 

similar sharp decrease in post-peak stress pattern.  There is no discernible variation 

between the mortars when considering aggregate type.   

 

4.3.3 Carbonation Depth Assessment 

Table 4.3 shows the mean carbonation depth of all specimens, the number of specimens 

measured to calculate the mean, and the % change from 28 – 100 days.  The greatest 

depths of carbonation were recorded in 100 day old mortars mixed to 1:3/containing 56 

% aggregate volume. 

From the data it can be said that carbonation depth increases over time, which is to be 

expected given the setting characteristics and the stable curing environment.  However 

carbonation was observed to decrease overtime in the highest aggregate volumes (64 and 

69 %).  Disregarding these anomalies, a clear trend of increasing carbonation depth with 

respect to increasing aggregate volume emerges from 0 – 56 % aggregate volume.  

Mortars containing both aggregate types follow a similar relationship with respect to 

carbonation depth and to the increase in depth over time.  It is therefore clear that with 

the materials used in this study the capacity for NHL to carbonate is not directly affected 

by aggregate type.  Carbonation in the control and 30 % aggregate volume specimens is 

similar but with a greater change between 28 and 100 days recorded in the control 

specimens. 
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Table 4.3 – Carbonation depth of all experimental mixes. 

 

4.3.4 Sorptivity Testing 

Sorptivity testing was carried out upon each specimen.  A value attained for each 

specimen was used to calculate a mean value for each experimental mix; this data is 

shown in Table 4.4, along with the change overtime as a %.  A robust data set was attained 

in order for calculating the sorptivity coefficient (S) for all experimental mixes at 28 and 

100 days.  The data was plotted as water absorption v √time and the S calculated from the 

slope of the graph (as detailed in Chapter 3).   

Figure 4.7 shows mean sorptivity (to 1 SD) plotted against nominal aggregate volume %.  

The data clearly illustrates that sorptivity decreases as a factor of increasing aggregate 

volume; which is a reflection of the results for carbonation depth.  Such a coarsening of 

the matrix structure is associated with the conversion of portlandite into calcite (Ashurst, 

2002).  Furthermore, mean sorptivity is shown to decrease overtime, with the exception 

of 46 % aggregate volume Cloddach mortars.  The most significant decreases in sorptivity 

between 28 and 100 days are in the 1:1 (30 % agg/vol) and in 1:5 (69 % agg/vol) 

specimens.  The control specimens display an almost identical sorptivity to both 30 % 

Aggregate Volume % 

Number of 

Measurements 

 

28 – 100 day 

Carbonation (mm)  

             28 Days            100 Days 

Mean CV Mean CV 

Control      

0 18 - 15 2.3 0.07 6.5 0.06 

Cloddach      

30 10 – 8 2.9 0.07 5.9 0.04 

39 18 – 18 2.4 0.11 7.7 0.07 

46 14 – 14 4.4 0.05 10.0 0.03 

56 16 – 5 6.7 0.16 16.0 0.06 

64 12 – 16 7.2 0.36 2.8 0.29 

69 8 – 13 6.6 0.09 4.4 0.21 

Park      

30 10 – 8 3.0 0.08 6.1 0.03 

39 18 – 17 2.6 0.20 8.3 0.05 

46 16 – 15 4.4 0.06 10.4 0.02 

56 18 – 13 6.2 0.24 14.3 0.10 

64 14 – 13 9.1 0.08 2.6 0.27 

69 9 – 14 6.2 0.09 4.8 0.12 
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aggregate volume specimens at 28 days but with a less marked decrease at 100 days.  

There is no discernible variation attributable to mortars containing differing aggregate 

types.   

 

Table 4.4 – Mean sorptivity coefficient (S) of all experimental mixes.    

Aggregate Volume 

% 

Number of 

Tested 

Specimens 

 

Sorptivity (mm/min-1/2) 

28 Days 100 Days Change (%) 

 28 – 100 day Mean CV Mean CV  

Control       

0 9 - 9 2.99 0.13 2.60 0.08 -13.24 

Cloddach       

30 5 – 4 2.91 0.04 1.96 0.32 -32.71 

39 9 – 9 2.28 0.07 2.22 0.20 -2.38 

46 9 – 8 2.02 0.05 2.30 0.13 14.16 

56 9 – 9 1.57 0.08 1.25 0.16 -20.09 

64 9 – 9 0.48 0.38 0.37 0.29 -21.42 

69 6 – 9 0.53 0.95 0.18 0.67 -65.25 

Park       

30 5 – 4 3.02 0.09 1.58 0.08 -47.73 

39 9 – 8 2.40 0.08 2.36 0.07 -1.66 

46 9 – 8 2.23 0.08 2.20 0.04 -1.40 

56 9 – 9 1.62 0.14 1.42 0.10 -12.43 

64 9 – 9 0.55 0.23 0.52 0.15 -5.30 

69 7 – 5 0.49 0.92 0.11 0.99 -69.81 
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Figure 4.7 – Mean sorptivity (mm/min-1/2) of all experimental mixes at 28 and 100 days. 

 

Figures 4.8 and 4.9 show the mean rate of water absorption during soprtivity testing.  The 

rate of water absorption in samples of different mixes varies greatly and reflects the trend 

noted above: that lower aggregate volume mortars show increased sorptivity.  

Interestingly, and not directly discernible from the sorptivity coefficient, is the rapid 

initial absorption in 1:4 and 1:5 (64 and 69 % agg/vol) mixes.  Increasing a mortars 

aggregate volume accelerates the initial rate of water absorption, with full sample 

saturation being reached at 9 – 16 minutes.  In addition, 1:5 (69 % agg/vol) mortars 

absorbed the greatest mass of water during the duration of the tests at both 28 and 100 

days.  In all other specimens full sample saturation was not reached over the duration of 

the test. 
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Figure 4.8 – Mean water absorption during sorptivity testing in all samples at 28 days old.  

 

Figure 4.9 – Mean water absorption during sorptivity test in all samples at 100 days 
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4.3.5 Mercury Intrusion Porosimetry  

Figure 4.10a-d show pore size distribution plots, from MIP data, for 1:1.15 and 1:5 (39 

and 69 % agg/vol) mortars.  Displaying the data from these two mortar mixes specifically 

highlights the extreme differences in the distribution of pore sizes in NHL 5 mortars 

which contain different volumes of aggregate.  Figure 4.10a and b show Cloddach and 

Park respectively, at 28 days; while Figure 4.10c and d show Cloddach and Park at 100 

days.  Both 1:5 (69 % agg/vol) specimens show bi-modal distributions of pore size with 

a narrow peak ~ 200 µm, and a finer secondary peak amongst a wider distribution of pores 

between ~ 5 and 0.01 µm.  This secondary peak, corresponds somewhat with the unimodal 

distribution shown by the 1:1.5 (39 %) specimens; which peak ~ 0.90 µm. 

     

 

 

 

 

 

 
Table 4.5 shows the mean peak pore diameter recorded during MIP testing; the mean D50; 

mean % total open porosity and the number of specimens tested, which were used in the 

calculation of the mean values.  Total open porosity is highest in the control specimens 

and undergoes a steady decline as aggregate volume increases to 64 %, at which point 

porosity increases.  When considering all specimens, open porosity decreases over time, 

Figure 4.10a-d – Full pore size distribution of all 1:1.5 and 1:5 specimens at 28 and 100 days. 
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which is to be expected given the ongoing hydraulic setting reactions.  In the unimodally 

distributed specimens (0 – 56 % agg/vol), the peak pore diameter steadily decreases as 

aggregate volume increases. Conversely, at higher aggregate volumes; 64 and 69 % 

agg/vol, the peak pore diameter increases significantly, attaining the highest peak pore 

sizes of all specimens.  There are some differences noted in the results over the test period; 

however the 28 - 100 day results cannot be completely be discussed due to MIP testing 

being outsourced at a point where the 0 and 30 % aggregate volume specimens had not 

cured for the full period.  However, what can be determined is that the calculated mean 

D50 measurements at 39 – 56 % agg/vol increase between 28 and 100 days whereas the 

64 – 69 % aggregate volume mortars show a significant decrease.  At the highest 

aggregate volume mortars tested (39 %) peak pore diameter increases over time.  In 46 

% agg/vol Cloddach mortars there is a significant decrease, whereas the equivalent Park 

specimens show a slight increase.  In 56 % agg/vol mortars of both aggregate type the 

peak pore diameter is identical at 28 and 100 days.  Both of the highest aggregate volume 

mortar mixes show comparable peak pore diameters at 28 and 100 days.  

Table 4.5 – Peak pore diameter and % of open porosity determined by MIP analysis. 

Aggregate 

Volume 

% 

Number tests 

 

28 – 100 day 

28 days   100 days 

Peak 

Pore 

D 

(µm) 

D50   

(µm) 

% Porosity CV Peak Pore 

D  

(µm) 

D50   

(µm) 

% Porosity CV 

           

0 4 – 0 0.84 0.64 35.94 0.15 - - - - 

Cloddach          

30 3 – 0 0.75 0.57 34.49 0.07 - - - - 

39 2 – 2 0.92 0.67 27.93 0.00 0.93 0.77 26.42 0.01 

46 2 – 2 0.81 0.67 23.49 0.04 0.71 0.68 23.40 0.04 

56 2 – 2 0.52 0.57 20.52 0.01 0.52 0.63 19.95 0.00 

64 2 – 2 202.02 1.57 23.75 0.02 211.51 0.97 19.85 0.02 

69 2 – 2 245.01 147.47 25.98 0.11 233.11 112.60 26.03 0.14 

Park          

30 2 – 0 0.81 0.58 34.36 0.04 - - - - 

39 2 – 2 0.92 0.79 28.05 0.02 0.95 0.78 26.66 0.00 

46 2 – 2 0.77 0.67 24.00 0.01 0.79 0.71 22.89 0.02 

56 2 – 2 0.49 0.52 20.06 0.03 0.49 0.59 19.38 0.01 

64 2 – 2 231.74 2.05 23.12 0.02 182.86 0.96 21.44 0.05 

69 2 – 2 232.85 113.74 24.26 0.10 233.99 82.73 23.91 0.11 
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Table 4.6 highlights the relative volume of open porosity which falls within the definition 

of macro pores, capillary pores and sorption pores as defined by Thomson et al (2007) 

for all specimens at 28 and 100 days.  A greater volume of total open porosity is composed 

of macropores in the highest aggregate volume mortars.  The volume of macropores 

within mortars with aggregate volumes of < 56 % greatly diminishes to an almost 

insignificant volume, these mortars are instead dominated > 75 % by capillary pore sizes.  

Both macro and sorption pores show a reduction in total volume of open porosity between 

28 and 100 days whilst the volume of capillary pores increases in all specimens over this 

time period.   

 

Table 4.6 – Distribution of pore types within total open porosity. 

Aggregate  

Volume % 

28 Days 100 Days 

Macro Pores Capillary Pores Sorption Pores 

Macro 

Pores 

Capillary Pores 

Sorption 

Pores 

Control       

0 1.94 85.93 12.13  -  -  - 

Cloddach 
  

  
   

30 1.62 81.28 18.72  -  -  - 

 39 1.37 81.05 17.58 1.21 85.52 13.27 

 46 2.40 83.58 14.02 1.66 87.24 11.10 

 56 6.24 78.33 15.44 6.84 81.26 11.90 

 64 36.53 51.29 12.17 32.79 52.93 14.28 

 69 60.05 30.61 9.34 54.58 35.26 10.15 

Park 
  

  
   

 30 1.39 77.18 21.43  -  -  - 

 39 1.36 82.60 16.04 1.34 85.02 13.64 

 46 3.20 82.18 14.62 2.37 85.52 12.11 

 56 5.55 77.40 17.06 6.36 81.38 12.25 

 64 40.52 48.25 11.24 31.98 54.78 13.24 

 69 53.71 35.83 10.46 51.02 39.09 9.89 

 

Figures 4.11a+b show the distribution of capillary and sorption pores within control and 

both 30 % aggregate volume mortars at 28 days.  
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Figures 4.12 and 4.13 show the capillary pore size distribution for all mortars > 30 % 

aggregate volume at 28 and 100 days respectively; for the 64 and 69 % agg/vol mortars 

this ignores the primary peak from their bi-modal distribution. The capillary and sorption 

pore size distributions highlight that there is a gradual decline in peak pore diameter as 

aggregate volume increases.  Interestingly there is little difference between 28 and 100 

days in the general pattern of pore size distribution. 
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Figure 4.11a+b – Pore size distribution of capillary pores in control NHL 5 paste and 1:1 mortars 

at 28 days.  Multiple measurements were taken from each sample, this is indicated by the number 

in brackets e.g. (1) = measurement one. 
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Figure 4.12 – Pore size distribution of Cloddach and Park mortar specimens at 28 days.  Multiple 

measurements were taken from each sample, this is indicated by the number in brackets e.g. (1) = 

measurement one. 
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Figure 4.13 – Pore size distribution of Cloddach and Park mortar specimens at 100 days.  Multiple 

measurements were taken from each sample, this is indicated by the number in brackets e.g. (1) = 

measurement one.  

 

 

  

0

0.1

0.2

0.3

0.01 0.1 1 10 100

Pore Diameter (µm)

CL 1:1.5m (1) CL 1:1.5m (2) PK 1:1.5m (1) PK 1:1.5m (2)

0

0.1

0.2

0.3

0.01 0.1 1 10 100

Pore Diameter (µm)

CL 1:2o (1) CL 1:2o (2) PK 1:2m (1) PK 1:2m (2)

0

0.1

0.2

0.3

0.01 0.1 1 10 100

Pore Diameter (µm)

CL 1:3q (1) CL 1:3q (2) PK 1:3p (1) PK 1:3p (2)

0

0.1

0.2

0.3

0.01 0.1 1 10 100

Pore Diameter (µm)

CL 1:4n (1) CL 1:4n (2) PK 1:4j (1) CL 1:4j (2)

0

0.1

0.2

0.3

0.01 0.1 1 10 100

Pore Diameter (µm)

CL 1:5k (1) CL 1:5k (2) PK 1:5k (1) PK 1:5k (2)

1:5 

1:2 

1:3 

1:4 

1:1.5 



158 

 

4.3.6 Specimen Bulk Density 

Figure 4.14 shows the changes in measured specimen bulk density over time.  Bulk 

density increases as a factor of increased aggregate volume, however the measured bulk 

density is a consistently lower value, due to entrained air.  At batching, the bulk density 

mirrors the nominal bulk density to within 0.5 % in mortars containing 0 – 40 % aggregate 

volume; beyond which point a significant deviation from the nominal value occurs.  A 

small decrease of the measured density is evident at 46 % and beyond, with the 56 % 

specimens showing a more pronounced decrease.  Significantly, at 56 % aggregate 

volume, is when the effects of incomplete compaction resulted in visually observable air 

voids.  This evidently increases as the aggregate volume increases.  Measurements after 

batching show a steady decline in bulk density over time.   

 

 

 

 

 

 

 

Figure 4.14 – Change in bulk density over time.  
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4.4 Effects of the interface on Electrical Resistance 

This experimental work stage package was designed to complement the experiments 

detailed in section 4.3 above.  Here, the effects of the ITZ in NHL 5 mortars were assessed 

by adopting electrical impedance techniques.  This series of experiments were undertaken 

upon 4 selected mixes that were identical in proportions to those in section 4.3.  More 

specifically: control, 1:1.5, 1:2 and 1:3 (0, 39, 46 and 56 % aggregate volume) pastes and 

mortars, which were manufactured in 2 sample series utilising Cloddach and Park 

aggregates.  

 

4.4.1 Bulk Resistance 

Figures 4.15a+b show the bulk resistance as recorded from a depth of 40 mm over the 

initial 98 day test period.  Bulk resistance increases as aggregate volume is increased; and 

as a factor of time in all specimens.  After demoulding at 7 days, the 56 % aggregate 

volume specimens show a rapid increase in bulk resistance when compared to the other 

specimens.  This effect is seen in all specimens but most prominent at higher aggregate 

volumes.  There is little discernible difference between aggregate types.  
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Figure 4.16 shows the changes in bulk resistance at progressive sample depths, from the 

exposed surface of the specimen, between 7 and 200 days.  As a product of undergoing 

progressive setting reactions, resistivity predictably increases during the test period 

regardless of the depth within the specimen.  At depths > 5 mm, resistance shows a 

bilinear rise over time whereas, at a depth of 5 mm, a complex quasi-linear pattern was 

recorded.  After demoulding (post-7 days measurements) the resistance at all depths 

within the sample increases, though this is most severely recorded at 5 mm depth.  After 

14 days the initial sharp rise in resistance eases and from here on resistance was found to 

steadily rise at all depths throughout the test period; which produces the bilinear pattern.  

Whereas at a depth of 5 mm resistance begins to sharply rise again at 5 mm before 

flattening after 100 days, giving the noted complex linear pattern.  
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Figure 4.15 - Bulk resistance of Cloddach (a) and Park (b) samples measured from a depth of 40 

mm between 3 and 98 days 
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Figure 4.17 shows changes in electrical impedance, at 5 mm depth increments, within a 

Cloddach and Park mortar specimens throughout the full 7 – 200  day test period.  In all 

mortars an initial sharp rise in resistance is measured which is followed by a shallower 

gradient of increasing resistance over the course of the 200 day test period.  This 

parabolic, bilinear pattern to resistance with respect to time occurs at depths > 15 mm in 

all mortars, however at this 5 – 15 mm depth range there are observable differences 

between mortars containing different aggregate volumes.  The 1:3 mortars show a steep 

rise in gradient to a depth of 10 mm over the first 50 to 100 days of measurements which 

is not seen in any other specimens.  Additionally, the 1:3 (56 % agg/vol) mortars, to a 

depth of 15 mm, resistance trends increase in gradient from the consistent, shallower 

gradients shown at greater sample depths.  A similar rise in gradient from the bilinear 

pattern is seen at 10 mm depth within the Cloddach but not in the Park mortar; although 

the Park mortar does show a higher resistance than at greater depths it does not deviate 

from the bilinear trend. 

 

Figure 4.16 – Control specimen bulk resistance at 5 mm increments from the exposed surface 

between 7 – 200 days. 
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Figure 4.17 – Bulk resistance recorded from Cloddach and Park mortars between 7 and 200 days at 5 

mm depth increments 
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4.4.2 Water Absorption 

Table 4.7 shows the mass of water absorbed by the specimens during water absorption 

tests at  days.  The greatest mass of water was absorbed by the control specimens, 

approximately double the mass absorbed by all the mortar specimens.  All mortar 

specimens show comparable masses of water absorption with 46 % aggregate volume 

(1:2) being the lowest for both aggregate types.  Saturation up to a depth of 40 mm, as 

determined by resistivity measurements, was reached fastest in the control specimen after 

90 minutes. 

 

Table 4.7 - Cumulative water absorption (g) of all specimens.   

Sample Type / 

Aggregate Vol% 

TIME (mins) 

30 60 90 120 150 180 

Control       

0 14.23 20.47 24.59 - - - 

Cloddach       

39 6.83 8.96 10.31 11.72 12.68 - 

46 5.23 6.93 8.16 9.33 10.20 11.01 

56 7.46 8.50 9.22 10.28 10.72 11.26 

Park       

39 7.37 10.00 12.21 13.19 - - 

46 5.33 7.10 8.42 9.41 10.73 11.59 

56 8.52 9.87 10.74 12.11 12.09 12.28 

 

Figure 4.18 shows the normalised resistance of the control specimen during water 

absorption testing.  Resistance decreases as water is absorbed progressively through the 

microstructure of the specimen.  Saturation had occurred within the first 20 mm of the 

specimen after 20 minutes of immersion.  Moisture progression through the specimen 

slows over time.  At 15, 25 and 35 mm normalised resistance significantly increases above 

1 before dropping to a saturated value. 
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Figure 4.18 – Normalised resistance within the control specimen during water absorption. 

 

Figure 4.19 shows the normalised resistance of mortar specimens, as measured during 

water absorption tests.  All of the plots demonstrate a decrease in resistance related to the 

progressive ingress of moisture through the microstructure of the specimen.  The rate of 

ingress appears to slow as a factor of depth within the sample, this is most significant at 

depths > 20 mm.  the most significant difference between mortars of different aggregate 

type is in the 1:3 (56 % agg/vol) specimens, where resistance falls at a slower rate in the 

Cloddach when compared to the Park mortar.  A significant rise above 1 normalised 

resistance occurs before the fall associated with saturation in all but the 1:3 mortars.  

Although in Park 1:1.5 mortars this appears erratic with significant, pronounced rises at 

25 and 35 mm.  
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Figure 4.19 – Normalised resistance of mortar specimens during water absorption testing. 
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4.4.3 Full Specimen Saturation 

In this experiment, mortar and paste specimens were left to fully saturate in water for a 

14 day period before resistance was measured. Continued hydration can be presumed to 

be relatively homogenous throughout the samples whereas drying and carbonation would 

be notionally arrested due to the fact that the samples were coated and sealed epoxy.  The 

aim of the test was to attempt to identify the micro structural changes associted with the 

densification of the material matrix due to carbonation by removing the effect of drying 

which was prevelant in all prior resistance readings.  Using this approach, any changes 

relating to carbonation could be pesumed to progress from the surface which was left 

exposed during the curing of the specimens.  Figure 4.20 a and b show the results from 

this test for all specimens.  The results show that resistance is elevated to a greater depth 

in both 1:3 (56 % agg/vol) specimens which validates the findings from bulk resistance 

measurements displayed in section 4.4.2. Control, 1:1.5 and 1:2 (0, 39 and 46 % aggregate 

volume) mortars show higher resistanceat 5 mm only, whereas at greater depths, 

resistance is uniform.  Both types of the 56 % aggregate volume specimens recorded the 

highest resistance; additionally a higher resistance was recorded upto a depth of 15 mm, 

after which resistance is uniform.  All mortar mixes show a similar trend regardless of the 

aggregate type, except for Cloddach and Park 46 and 56 % aggregate volume mortars; 

Park showing lower measurements for resistance in both sample types.  This is most 

obvious in the 1:3 mortars where resistance is considerably higher in Cloddach, compared 

to Park mortars 5 and 10 mm.   

 

Figure 4.20 – Measured resistance of fully saturation specimens. 
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4.5 Part 2) An Investigation of the Binder-Aggregate Interface in 

Naturally Hydraulic Lime mortars: Physical Testing of Natural Stone / 

NHL Paste Interface 

This series of experiments were conducted to simulate an upscaled ITZ by investigating 

several performance parameters of NHL 5 paste with a constant b/w ratio and two distinct 

natural stone types.  Using rock types similar in mineralogy to the natural aggregates used 

in Part 1 of the experimental programme, presented a means to connect the two 

components.  While the widely differing pore structures (i.e. porous 

sedimentary/impermeable igneous) of the two rock types illustrates further variables 

which effect the ITZ. 

 

 4.5.1 Tensile Bond Strength 

The data collected from tensile bond strength testing is shown in Table 4.8; presented as 

individual results for each specimen and as a mean average.  Tensile bond strength has 

been shown to decrease significantly between 28 and 100 days in both specimens.  At 

both testing periods, the tensile strength of the sandstone-NHL 5 paste bond was almost 

double the tensile bond strength of the granodiorite which illustrates a significant 

difference in performance between the two stone types. 

Table 4.7 – Tensile bond strength of each successfully tested specimen, where “-” denotes a breakage 

or false result.  Results from both 28 and 100 days are shown and a mean value. 

Figure 4.21 shows the stress and strain relationship recorded during the testing of all 

specimens.  All specimens show a brittle tensile bond failure regardless of specimen type 

or age.  At 28 days (Figure 4.21a) there is a degree of uniformity shown by the parabolic 

linear response of all the sandstone specimens regardless of the peak stress attained.  

Whereas the response appears more erratic in the granodiorite specimens.  At 100 days 

(Figure 4.21b) the response of sandstone specimen 6 appears to flatten out at 1.66 mm of 

extension before continuing its strength development reaching a maximum strain of 4.43 

 28 days 100 days 

Specimen  1  2  3  4 5 6 7 8 9 10 

Sandstone  - 0.58  - 0.71 0.78 0.46 0.38 0.18  -  - 

Average (MPa) 0.69 0.34 

Granodiorite  - 0.45 0.21 0.35 0.35 0.22 - 0.11  - 0.25 

Average (MPa) 0.34 0.19 
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mm before peak stress is achieved.  This specimen is the strongest of all tested at 100 

days.  This response is anomalous as all other 100 day sandstone and granodiorite 

specimens recorded considerably smaller extensions at 0.59 and 0.18 mm.  At 100 days 

the response of all but the weakest granodiorite specimen are bilinear showing less of a 

parabolic pattern as noted at 28 days. The aforementioned weakest granodiorite specimen 

(specimen 8) shows a trilinear response. 

 

  

 4.5.2 Tensile Fracture Analysis 

The fracture plane of each specimen was examined individually adopting a visual analysis 

approach.  In order to characterise specimens on account of the proportion of each fracture 

passing through 3 previously outlined; interfacial, intrapastal and intralithic zones.  The 

fracture composite images assembled, and processed, as a part of this exercise are shown 

Figure 4.21 – Tensile bond strength a) all specimens at 28 days, b) 100 days specimens minus the  

sandstone outlier and c) all specimens at 100 days 
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in Figures 4.22, 4.23, 4.24 and 4.25.  In order to impart a degree of continuity all fracture 

images are viewed consistently from the perspective of top down, relative to the 

orientation that they were tested.  Figure 4.22 shows fracture images gathered from 28 

day old Hazeldean specimens.  Most notably all specimens display a considerable 

proportion of intralithic fracturing; a) and b) through the upper stone, while in c) the 

fracture passes through the lower stone unit.  There is considerable failure through both 

the interface and intra-paste in all specimens.  The specimen shown in b) contains 4 

noticeable air voids.  

 

 

 

Figure 4.23 shows the tensile failure fractures for sandstone specimens tested at 100 days.  

Unlike the 28 day specimens, there is considerably less intra-lithic fracturing.  

Morphologically, the fractures shown in a) and b) are predominantly focussed around the 

Figure 4.22 – Composite images used in the 

digital analysis of 28 day old Hazeldean 

sandstone specimens.  Figures 6 a, b and c 

represent samples HA 02, 04 and 05 respectively.  

 

Blue = interfacial failure, Green = intrapastal 

failure, Red = intralithic failure and Grey = air 

voids > 2mm that were discounted from the 

analysis.  
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lower interfacial zone.  In both cases, some fracturing has migrated upwards into the intra-

pastal failure zone with only a very minor proportion of fracturing occurring down into 

the lower rock unit.  The sample shown in c) has fractured on the upper interface surface, 

where the majority of the fracturing has occurred.  In some areas the fracture passes down 

into the intra-paste region beneath.  In this specimen the intra-paste fracturing appears to 

be concentrated around shrinkage cracks, which are evident on this sample as fractures 

perpendicular to the four sides of the sample.   

 

 

 

Figure 4.24 shows the fracture patterns of the granodiorite specimens tested at 28 days.  

Fracturing in all of the specimens has occurred predominantly, and focussed upon, on the 

lower interface.  Intra-pastal fracturing, extending upwards into the bulk paste, is typically 

of a minor thickness in the samples and concentrated on either the extremities or in a more 

Figure 4.23 — Composite images from 

surface mapping analysis of 100 day old 

Hazeldean sandstone specimens.  Figures 7 a, 

b and c represent samples HA 06, 07 and 08 

respectively.  

 

Blue = interfacial failure, Green = intrapastal 

failure, Red = intralithic failure and Grey = 

air voids > 2mm that were discounted from 

the analysis.  
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central position of the surface of the lower rock unit.  The specimen shown in b) is an 

exception to this, as the fracture has passed up through the paste and continued along the 

upper interface.  Very small quantities of intra-lithic failure occurred in all specimens, 

mainly confined to the “plucking” of micas from the sawn rock surface.  

 

 

Figure 4.25 shows the tensile fractures of granodiorite specimens at 100 days old which 

are similar to the 28 day patterns.  Failure and fracturing has occurred primarily upon the 

lower interface surface.  The specimen shown in a) shows a fracture that has passed from 

Figure 4.24 – Composite images from surface mapping analysis of 28 day old Crathes Granodiorite 

specimens.  Figures 4 a, b, c and d show specimens CR 02, 03, 04 and 05 respectively.   

 

Blue = interfacial failure, Green = intrapastal failure, Red = intralithic failure and Grey = air voids > 

2mm that were discounted from the analysis.  
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the lower interface, through the bulk paste and to the upper interface surface.  The fracture 

shown in b) displays the highest degrees of interfacial fracture so far observed.  There is 

essentially no intra-lithic failure in all 100 day old granodiorite specimens, with very 

minor quantity of plucking of micas observed. 

 

 

Figure 4.26 shows the peak tensile bond strength of each specimen plotted against the % 

of the specimens fracture that occurred on the interface.  There is a negative trend between 

which specimens of both stone type fit despite the differing stone properties i.e. the 

porosity of the sandstone.  This trend illustrates clearly that a higher % of fracturing on 

the interface results in a lower tensile strength. 

 

 

 

 

 

Figure 4.25 — Composite images from surface 

mapping analysis of 100 day old Crathes 

Granodiorite specimens.  Figures 5 a, b, c show 

specimens CR 06, 08 and 10 respectively.              

Blue = interfacial failure, Green = intrapastal 

failure, Red = intralithic failure and Grey = air 

voids > 2mm that were discounted from the 

analysis.  
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4.5.3 Shear Strength 

Table 4.9 shows the shear strength attained by all specimens at 28 and 100 days.  The 

shear strength of the sandstone/paste specimens decreases between 28 to 100 days by 

around 50 % whereas the granodiorite/paste specimens have a comparatively low shear 

strength at both 28 and 100 days. 

 

Table 4.9 - Results from shear testing.   

 

 28 days               (MPa) 100 days                  (MPa) 

Sample No 01 02 03 04 05 06 07 08 

Sandstone 3.07 2.99 - 3.50 1.89 1.27 1.51 - 

Mean  3.19 1.56 

Granodiorite 0.33 0.53 - - - 0.19 0.78 - 

Mean 0.43 0.49 
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Figure 4.26 – Tensile strength plotted against % of fracture on interface revealing negative trend 

that indicates a relationship. 
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Figure 4.27 shows the mean shear strength vs mean tensile strength at 28 and 100 days.  

There is a correlation in this relationship in the sandstone results whereas this is not 

mirrored in the granodiorite result due to the stable shear strength results at both 28 and 

100 days.  

 

 

4.6 Summary of Results Chapter 

In this chapter the results of the research project have been outlined with respect to the 

work packages discussed in Chapter 3.  As previously discussed the work packages; Part 

1) an investigation of the ITZ in NHL 5 mortars, with part a) experimentally collected 

data from measurements of porosity, water transport and bulk strength, and part b) from 

monitoring the electrical properties of NHL 5 materials using Impedance Spectroscopy.  

Part 2 of the investigation; the physical testing of NHL 5 paste and natural stone 

specimens were analysed further using visual methods in order to characterise the 

interface between NHL 5 and natural stone.  In the next chapter the results are discussed 

with reference to relevant literature and an attempt is made to explore any perceived 

connections between the work packages.   

b) 
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CHAPTER 5 

DISCUSSION 

 

 

5.1 Introduction 

In this chapter, the results from both experimental packages are analysed and discussed 

in an attempt to support our understanding of the materials behaviour and performance.  

The discussion is centred on the results of two test series.  The first; assessed a range of 

characteristics intrinsically linked to the performance of lime and cement based materials, 

such as; carbonation, strength development and the evolution of pore structure.  It 

recognises the current limits of supporting science in lime binders and draws upon cement 

to explain behavioural and performance outcomes.  This data was collected from 216 

NHL 5 prism specimens over 2 test periods (28 days and 100 days).  A further series of 

28 prisms embedded with electrodes; designed to provide a supplementary data set, were 

monitored between 7 and 200 days of curing.  The aim of this supplementary test was to 

assess the Impedance Spectroscopy (IS) technique, and its ability to specifically measure 

changes in the pore-structure of NHL 5 paste and mortars.  This included an attempt to 

measure the progression of carbonation “in-situ” under controlled laboratory settings.  

The second data set was collected from the testing of 36 NHL 5 paste / natural stone 

specimens from which an attempt has been made to extract relevant information 

pertaining to the ITZ in lime mortars.  Furthermore the tests aim to examine the effect of 

mineralogical variation within indigenous Scottish aggregates and their implication on 

performance.  

When combined, the data from both experimental packages has been utilised for opening 

a discussion regarding the suitability of different aggregate types in NHL mortars and 

how these may impact the performance of said materials.  By referring to several 

performance indicators, which are assigned as a key step in facilitating a discussion 

regarding the role of the ITZ in hydraulic lime mortars.  This holistic approach is critical 

in determining the suitability of NHL mortars for conservation repair works but also for 

opening up the debate surrounding aggregate suitability in a world where there is an ever-

growing need for lower carbon materials. 
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5.2 Carbonation 

Mortar prism specimens were used for measuring the progression of carbonation in NHL 

5 lime mortars; for which two approaches were used.  Phenolphthalein was used to 

measure the carbonation depth of all mortar prisms at 28 and 100 days whilst IS was used 

to measure the progression of carbonation in a set of supplementary mortar prisms.  

Testing of the latter was carried out only once after 4 months of curing. 

  

5.2.1  Carbonation Depth 

Carbonation depth, as measured with phenolphthalein indicator has shown that an 

increase in aggregate volume results in a greater depth of carbonation.  The most 

advanced carbonation at 28 days was found in mortars containing 64 % aggregate, while 

by 100 days a volume 56 % aggregate showed the most advanced carbonation.  This 

advance would be expected given the composition of the binder and setting characteristics 

of lime based mortars (Allen et al, 2003; Lawrence et al, 2008).  This result is not 

unexpected considering that CO2 diffusivity is less constrained in mortars which contain 

less hydraulic compounds (Lawrence et al, 2007).  This is an important factor in this study 

as only one binder type was used; where the only means of decreasing hydraulic 

compounds is by decreasing the binder content of a mortar.  The results concur with work 

by Lanas et al (2004) who indicates that high permeability mortars will carbonate more 

readily.  Hydraullic compounds are understood to progressively densify pore network 

structures in lime mortars (Papayianni & Stefanidou, 2006; Lawrence et al, 2007) and in 

high enough quantities, effectively cease capillary mechanics (Thomson et al, 2007).  

Given that the carbonation reaction is highly sensitive to moisture content, a lack of 

sufficient water due to the constriction of the porosity would likely explain lower rates of 

carbonation in binder rich specimens.  Further to this, it is well understood that hydraulic 

reactions occur at a faster rate than carbonation (Radjondic et al, 2001) and this effect 

likely amplifies the densification of the pore network within the mortars.  It could also be 

said therefore, that in the case of studies such as this, or in a relatable practical sense, that 

the binder/aggregate ratio is an important factor which determines the effectiveness of the 

carbonation reaction which in NHL 5 can be considered as a “side reaction” due to the 

higher hydraulicity of the lime binders.   

There are however some issues with the above explanation  when you consider 

carbonation in mortars with the highest aggregate volume that did not perform as 

expected.  An alternative explanation is required in order to explain the observed decrease 
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in carbonation when aggregate content is at 69 %.  Furthermore, at 100 days both the 64 

and 69 % aggregate mortars show the lowest carbonation depths recorded.  It is possible 

that these results are anomalous, as a reduced carbonation front goes against accepted 

knowledge.  Such an anomaly could be associated with the relatively low levels of 

Ca(OH)2 in these samples and our potential inability to detect this via phenolphthalein.  

When considering all of the results aggregate type appears to have no discernible 

influence on the progression of the carbonation reaction.  

 

5.3 Factors affecting Mortar Strength 

In this part of the study an assessment of the strength characteristics and performance of 

NHL 5 mortars was undertaken.  As the aggregate was measurable on account of a 

definable volume percentage; this provided a means to test key performance factors such 

as strength, porosity and transport characteristics in NHL 5 mortars that inherently 

contain widely variable quantities of ITZ.  Strength, a materials response to stress and 

strain, is one of the most widely tested performance factors in construction materials and 

is therefore an important means by which to compare mortars.  This component of the 

experiment was planned to measure the compressive and flexural strength performance 

of NHL 5 mortars which contained only two variables: aggregate volume % and aggregate 

type.  The expectation being that this would provide a means to investigate and to some 

degree highlight the effect of the ITZ in NHL 5 mortars as a whole but also those 

manufactured using physically distinct aggregate types.   

  

5.3.1 Compressive Strength 

The experimental results indicate that the aggregate volume % in an NHL mortar mix is 

a key factor which has significantly influenced the compressive strength of the mortars 

tested.  Similar studies such as those of; Lanas & Alvarez (2003), Lanas et al (2004), 

Pavia & Toomey (2008) have noted that the grading of an aggregate has a profound effect 

upon the compressive strength of a mortar.  As the aggregates used possess a similar 

grading profile, and a consistent water content was maintained in all mortars; we were 

able to largely eliminate these two significant variables.   

The compressive strength achieved by NHL 5 mortars and pastes containing between 0 – 

56 % agg/vol are comparable with those expected according to BS EN 459-1:2015.  That 

is to say that the mortars produced with an aggregate volume below 56 % have shown a 

comparable performance to those produced to the standard testing guidelines; whereby 
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they achieved a compressive strength of ~ 5 MPa or over at 28 days.  Only the mortars 

with the highest aggregate volume (64 and 69 %) are shown to underperform in this 

aspect, with a overall trend of the results showing that a binder increase results in higher 

peak compressive strength.  This conforms with the accepted understanding of NHL 

mortars insomuch as a relationship exists between an increase in binder component and 

compressive strength (Allen et al, 2003; Lanas et al, 2004).  These findings are logical 

given the relatively low proportion of binder contributing to strength and therefore the 

relatively low proportion of matrix contributing to the materials strength relative to the 

bulk of the samples.  However mortars mixed to a similar, high aggregate volume, 

proportions by Lanas et al (2004) did show a small increase overtime, and reach 

ultimately higher strengths.  Comparatively speaking this difference may be due to the 

lack of artificial mortar compaction in the specimens used in this study, while it also could 

relate to the reduced carbonation result.  Allen et al (2003) highlight that the relationship 

between binder ratio and strength increases notably between 1:1 and 1:6, which is also 

reflected and validated by the experimental results.  The severely arrested strength 

development observed in mortars containing aggregate volumes between 64 and 69 % 

conform with the results of similar studies, such as; Lanas & Alvarez (2003) examination 

of aerial limes and Lanas et al (2004) NHL mortars.  In the case of the former it is 

proposed that a higher aggregate content promotes discontinuities within the mortar 

which therefore result in the lower observed peak strength.  In addition it would also be 

difficult to detect the probable minor changes in strength within the sensitivity of the 

testing apparatus.    

At 28 days the compressive strength achieved by the control specimens (0 % aggregate 

volume) was shown to be comparable with mortars containing 30 % aggregate volume.  

Whilst at 100 days there is a significantly greater increase observed in mean compressive 

strength of the control specimens is not evident in any other mortar specimens.  It is likely 

that this increase between 1 and 3 months can be attributed to belite hydration forming 

C-S-H.  It is well understood that the main strength gain associated with belite hydration 

occurs after 28 days (Taylor, 1997; Odler, 1998).  This would suggest that an increasing 

aggregate content promotes the formation of discontinuities, as Lanas & Alvarez (2003) 

suggest; and thereby has a net effect of inhibiting the strength gain of NHL 5 mortars.   

It is important to highlight that there are some outliers within the general trend identified; 

most notably, the specimens show a significant decrease and rise in strength between 30 

and 46 % aggregate volumes, especially at 28 days.  This trough like pattern in the data 
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can be recognised in all but Park 100 day specimens, though it is much less pronounced 

in Cloddach 100 day specimens.   

 

5.3.2 Compressive Strength Response 

When considering the relationship between compressive stress and strain (Figures 4.1, 

4.2 and 4.3) it is evident that aggregate and binder volume plays a key, if not principal 

role, in the strength development potential of NHL 5 mortars.  In this sense, the results 

from this study conform well within the current accepted literature and scientific 

understanding.  While the peak compressive stress of the specimens has generally been 

shown to decrease as a result of lower binder volume, elasticity on the other hand, 

increases.  An elastic response is most characteristic of mortar prisms containing between 

46 – 69 % aggregate volume while at lower aggregate volumes mortars have been shown 

to exhibit increasingly brittle responses and likely related to the decreasing homogeneity 

of the material.  This seems to be in accordance with Lanas & Alvarez (2003) and 

Scrivener et al (2004); greater volumes of aggregate present in the mix the more interfaces 

and irregularities are possible which in turn promote small localised failure.  The control 

(0 %) and 30 % aggregate volume NHL 5 prisms are evidently the most brittle materials, 

with the latter being considerably more brittle at 100 days than at 28 days.  This behaviour 

corresponds with expected increased belite hydration and carbonation over time.   

 

5.3.3 Flexural Strength 

The results of the experiments (Table 4.2 & Figure 4.4, 4.5 and 4.6) suggest that the 

volume of aggregate does influence the flexural strength development of NHL 5 mortars.  

These findings concur with the conclusions of Lanas & Alvarez (2003) and Lanas et al 

(2004), where it is shown that increasing the binder content of a mortar results in greater 

flexural strength.  Furthermore the results agree with Allen et al (2003) where it was 

stated that NHL materials display lower flexural strength verses compressive strength.  

However the results highlight that this cannot be projected for NHL 5 pastes, which 

appear to show a significantly diminished flexural strength when compared with the NHL 

5 mortars.  In fact even mortars with the lowest aggregate volume display a much greater 

flexural strength development. 

Whilst Allen et al (2003), Lanas et al (2004) and Walker (2010) emphasise that 

compressive strength in NHL mortars uniformly increases over time they note that such 

materials display a more complex pattern with regards to flexibility.  Most relevant in the 
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context of this study is the results of Lanas et al (2004) which illustrate a common pattern 

of flexibility in mortars that contain 4 characteristically distinct aggregates.  Over the 

course of 1 year flexibility was shown to sharply increase, then decreases before steadily 

rising again.  A decrease or very minor increase was noted in the flexural strength of 

mortar specimens of this study, specifically in the highest aggregate volumes i.e. between 

28 and 100 days.  Unlike Lanas et al (2004), the results  do not span a full year, however 

if this is used as a projection it could be assumed that flexural strength would increase 

from the 100 day values.   

 

5.3.4 Flexural Strength Response 

The flexural response of the NHL 5 mortars tested (Figures 4.5 – 4.6) display a 

characteristically brittle failure.  In fact, the specimens largely conform with Allen et al 

(2003) who state that the lower flexural strength vs compressive strength explains the 

brittle nature of lime based materials.  A decrease in binder is shown to increase the 

elasticty of the specimens, with the control specimens proving to be the most brittle 

material at both 28 and 100 days.  In terms of overall peak strength it is noteworthy that 

the lowest volumes of binder correspond with a large decrease in the mean flexural 

strength.  At 59 % aggregate volume the flexural response appears to be somewhat 

transitional between brittle and elastic failure.  An elastic response is observed prior to 

brittle failure in specimens containing between 30 – 46 % aggregate. 

 

5.4 Sorptivity 

Sorptivity is an important performance characteristic in mortars used for measuring a  

materials ability to ‘absorb and desorb liquid via capillarity’ (Hall & Hoff, 2012:107).  It 

reflects the nature of pore size as well as pore connectivity and the distribution of pores 

within a material.  The measured sorptivity value of the specimens decrease as binder 

content decreases as clearly illustrated in Figure 4.7.  This trend was also observed by 

Lanas & Alvarez (2003) from their study of air lime mortars; which suggests that this is 

a pattern which appears to be intrinsic to lime mortars as a whole irrespective of binder 

hydraulicity.  The work of Wong et al (2009) highlights that this observation can also be 

extended towards cement based mortars. According to Wong et al (2009); as the 

aggregate proportion increases, greater aggregate inter particle interface connectivity is 

exhibited as a feature of a reduced quantity of binder.  A finer pore structure was reflected 
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in those materials with higher quantities of binder and resulted in the observed higher 

sorptivity values.   

A strong trend is noted relating to a decreasing sorptivity value as a result of the ageing 

of NHL 5 mortars.  This trend applies to all specimens except the somewhat anomalous 

result shown by 46 % aggregate volume Cloddach mortars which show an increase in 

sorptivity.  Papayianni & Stefanidou (2006) state that porosity in lime materials is most 

influenced by three factors; water content, curing conditions and the presence of hydraulic 

compounds.  Both an environmental factor and a variable water content at mixing can be 

essentially ruled out in this study as they remained constant.  Therefore, a trend of 

decreasing sorptivity with age is suggestive of the coarsening of the binder matrix due to 

the conversion of portlandite into calcite.  This same observation is widely noted in lime 

materials and has been discussed by Papayianni & Stefanidou, (2006), Lawrence et al 

(2007) and Thomson et al (2007).  These evidently significant, micro-scale 

morphological changes occur within the material restricting moisture transport by means 

of reducing pore size and diminishing pore inter-connectivity as C-S-H densification 

progressed with ongoing hydration.   

 

5.5 Porosity  

A materials porosity is described by Thomson et al (2007) as the volume of a material 

not composed of solids.  Porosity is primarily determined by the binder type, water 

content and curing environment.  However the microstructure of a mortar is continually 

modified over time, primarily a result of setting reactions i.e. densification of pore 

networks as a result of CSH and carbonation of portlandite (Banfill & Forster, 1999).  In 

NHL 5 the primary setting mechanism is belite, which compared to alite, in cements, is 

characterised by somewhat latent hydration which commences after 4 weeks of curing.   

In direct comparison carbonation is a much slower and more gradual process.  It is 

understood that ongoing setting reactions and a materials interactions with its 

surroundings/environment affect the microstructural properties such as permeability, 

porosity, and hence properties such as transport (Forster, 2002; Wiggins, 2017). 

 

5.5.1 Measured Porosity 

There is little doubt that the observed reduction in open porosity between 28 and 100 days 

in all of the NHL 5 materials (Table 4.5) reflects ongoing hydration products and an 

advancing carbonation front.  When considering all of the NHL 5 mixes total open 
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porositiy ranges in value between 35 – 20 % at both 28 and 100 days.  Despite the varied 

mix ratios the range in open porosity observed, fits within what would be expected when 

considering lime based materials as a whole (Lanas et al, 2004; Papayianni & Stefanidou, 

2005; Wiggins, 2017).  There is a significant increase in open porosity as a result of 

increasing the binder volume which corresponds with the sorptivity data from this study 

but this was also noted by Lanas et al (2004) from similar work with hydraulic lime 

mortars mixed with variable aggregate contents.  However, it is important to note that 

Lanas et al (2004) measured open porosity at 1 year only; consequently it would be 

expected that the degree of open porosity shown in the NHL 5 mortars of this study would 

be higher.  The hydraulic mortars of Lanas et al (2004) used a hydraulic lime and were 

mixed with variable water contents on the basis of attaining a similar workability.  As 

different quantities of water and presence of hydraulic compounds are known to affect 

the development of primary porosity (Thomson et al, 2007) this may offer an alternate 

set of variables.  Alternatively, it could be said that the porosity of the NHL 5 mortars 

may be slightly elevated due to the lack of compaction via vibration.  The effect of 

inadequate packing can be seen in the specimens which contain the highest volume of 

aggregate as, contrary to the aforementioned trend, porosity is shown to increase.  

Like Lanas et al (2004) sharper peaks in porosity were observed in binder rich specimens; 

but peak porosity is notably higher in this study.  Again, this could be explained by a 

combination of the age at the time of testing, a lack of compaction via vibration, different 

water content and presence of hydraulic compounds.  Peak pore diameter is shown to be 

highest in the specimens containing the most aggregate, attaining > 200 µm at 64 – 69 % 

aggregate volumes.  Similar observations were noted by Lanas et al (2004) and said to be 

related to poor adhesion and cohesion between the binder and aggregate.  Other authors, 

such as Arandagoyen & Alvarez (2007) and Lawrence et al (2007) have noted that a 

higher water content can produce a bi-modal distribution in pore size with larger pores 

reflecting drying, i.e. shrinkage.  The authors define such pores as existing between 0.5 - 

1 and that they remain relatively fixed over time with pores between 01 – 0.2 µm 

decreasing overtime due to microstructural change.  This description fits the 30 % 

aggregate volume specimens which show two peaks within this range.  It is also possible 

that this explains why peak pore size in some cases is stable during aging or shows a 

marginal increase.  An increase would be due to the infilling of smaller pores with 

hydration products. 
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The control and binder rich specimens in effect convey the contribution to pore size from 

NHL 5 binder; which is shown to be < 1 µm, in the region of 0.92 µm and 0.75µm.  Such 

a peak pore size is within the range given by Thomson et al (2007) for capillary pores and 

suggests that the microstructure of these mortars possess beneficial characteristics 

typically associated with lime mortars, such as an ability to manage moisture in the 

masonry fabric.  This is contrary to Wiggins (2017) assumption that the bulk of porosity 

in modern lime mortars falls outside the range of capillary mechanics.     

  

5.5.2 Specimen Bulk Density 

Bulk density is a material property dependant on the arrangement of particles and porosity 

within a given volume.  The bulk density has been presented as a nominal value; 

calculated directly from specimen mix proportions and dimensions omitting voids, as well 

as being calculated by direct mass measurements over the first 7 days (Figure 4.15).  The 

calculated, nominal value for specimen density ignores all porosity and is therefore an 

over estimate.  If perfect compaction were to be achieved then the specimens which 

contain more aggregate would be the most dense specimens.  However due to a lack of 

compaction and poor workability, these specimens are some of the least dense, possessing 

only marginally higher density than NHL 5 paste.  Initially, over the first 7 days bulk 

density decreases which is associated with moisture loss and consumption during 

hydration reactions (Odler, 1998). 

  

5.6 Impedance Spectroscopy  

The effects of curing reactions and moisture transport were investigated over time by 

monitoring changes in bulk resistance properties at different depths within NHL 5 

materials which contained: 0, 39 and 46 and 56 % agg/vol.  This subsection was designed 

to be somewhat supplementary to part 1) a).  Most prior impedance spectroscopy has been 

conducted on cements and concretes which are manifestly different to lime materials.  In 

view of NHL and its inherent setting characteristics consideration must be given to; a) the 

material undergoes a dual set (hydration and carbonation), and b) the material contains 

an inherently higher porosity when compared to cement materials (Ball et al, 2011b). 

 

5.6.1 Bulk Resistivity 

Demoulding the sealed samples at 7 days exposed the specimens to the curing 

atmospheric conditions, which has had the effect of sharply increasing the measured bulk 
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resistance.  The observed increase in bulk resistivity therefore reflects the inherent 

properties of lime materials, such as high porosity and permeability.  Ball et al (2011b) 

suggests that the lime paste can be viewed as two-phase system, consisting of solid (paste) 

and an interstitial aqueous phase.  The observed increase in resistivity can be attributed 

primarily to the latter.  While moisture loss is initially apparent, with a pronounced effect 

on measured resistivity, it appears to stabilise relatively quickly by the next measurement 

at 14 days.   

Changes in the electrical properties of NHL 5 paste and mortars have been observed over 

a period of 200 days.  Importantly the results demonstrate that at 40 mm depth from an 

exposed surface the materials appear to be less effected by carbonation and drying as is 

suggested by the consistently lower measured bulk resistivities compared with shallow 

depths; specifically at 5 mm depth.  The fact that bulk resistivity increases over time in 

all sample types is expected and highlights the fact that NHL 5’s, regardless of mix 

proportions, set primarily due to hydraulic hardening reactions.  As changes in bulk 

resistivity were monitored over the full testing period  it is evident that mortars containing 

a greater proportion of aggregate restrict mortar interconnectivity to a greater extent.  In 

the case of all materials tested this effect is most likely due to decreased levels of 

homogeneity as a result of increasing the aggregate content (Lanas et al 2004; Papayianni 

& Stefanidou, 2006).  However, an explanation for the sharper rise in bulk resistivity of 

56 % aggregate mortars is not as conclusive but could be evidence of an increase in the 

number of aggregate – aggregate contacts and filling of connected pores due to smaller 

pore sizes and lower open porosity.  This is further evidenced by the rate of water 

absorption, which is fastest in the control specimens and slowest in 1:3 mortars.  

Interestingly in the case of the latter, more time was taken to reach a stable state of 

saturation, indicating a pore structure with greater levels of tortuosity.  It is difficult to 

ascertain the effect of the ITZ due to these variables, although bulk resistance is higher in 

mortars which contain the most aggregate. 

 

5.6.2 Carbonation 

The potential of IS as a tool for measuring and characterising materials on the basis of 

their electrical properties has been well established in the cement literature over the recent 

past (McCarter & Garvin, 1989; McCarter et al, 2000).  More recently Ball & Allen 

(2010), Ball et al (2011b) and Ball et al (2012) have shown that IS can be utilised as a 

valuable tool for monitoring microstructural changes in lime based materials.  Perhaps 
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the most intriguing of the recent applications is that Ball et al (2011b) were able to 

essentially model the progression of the carbonation front in number of varied lime pastes.  

Indeed, this method was loosely used as a foundation for the work conducted in this study.  

In this study IS has provided a non-destructive means to detect the advance of the 

carbonation front at regular 5 mm depth intervals after 200 days of curing.  After the 

specimens were fully saturated in water for a 14 day period so as to arrest carbonation 

and drying and therefore enable it was possible to observe, at least in part, the effects of 

carbonation on the bulk resistivity of NHL 5 materials. 

Perhaps the most immediate observation is that the carbonation depth appears to have 

progressed less than would be expected, over the test duration.   At least when compared 

with the directly measured specimens.  However, this can be explained intuitively, as the 

IS specimens were sealed with only one surface exposed to atmospheric conditions which 

has comparatively inhibited the rate of carbonation compared to the rate of carbonation 

in the standard mortar prisms.  Interestingly Ball et al (2011b) did not utilise a sealant, 

however it was decided that one should be used in this study on account of the measuring 

technique and using a higher hydraulicity NHL.  Therefore, unlike the previously 

mentioned study no direct comparison could be made between visual and measured 

carbonation front.  However the fact that all of the electrode embedded IS specimens 

show an elevated resistance closer to the exposed surface indicate that the higher 

resistivity measured is indeed the effect of carbonation.  Due to saturation of the 

specimens drying can be discounted while hydration can be presumed to be homogenous 

throughout the material.  This observation is shared with Ball et al (2011b) where 

resistivity was shown to increase closer to the exposed surface of the sample.   

  

5.7 Natural Stone – NHL 5 Interface 

The experiments discussed in this subchapter relate to the mechanical strength and 

characterisation of the interface; as observed from failure fractures, between NHL 5 paste 

and natural stone.  As previously outlined, sandstone and granodiorite were chosen in 

order to assess the role of distinct physical / mineralogical properties impart upon the 

interface, as it develops, between naturally hydraulic lime and natural stone.  The 

interfacial bond of the specimens was subjected to both tensile and shear loadings after 

28 and 100 days of curing under stable atmospheric conditions.  Fractures which formed 

as a result of the tensile loadings were subjected to further analysis via microscopic 

examination and a characterisation exercise.    
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5.7.1 Mechanical Properties of the Interface 

Both types of specimens have displayed characteristically low tensile strengths which is 

typically associated with contemporary hydraulic limes and cement-lime mortared 

masonry (Moropoulou et al 2002; Allen et al 2003).  However, there is also evidence of 

cement mortared brick masonry achieving comparable bond strength to the results of this 

research (Groot, 1993), although given the novel nature of the test specimens it is hard to 

draw a direct comparison.  Such a comparison could simply be explained by the high 

hydraulicity of NHL 5 binder but importantly this would seem to support the proposition 

of Moropoulou et al (2002); that the tensile strength achieved by modern lime materials 

is greater than that of historic mortars.  Overtime, the peak tensile strength of the 

specimens was shown to decrease between the 28 and 100 day test periods with the peak 

mean value for sandstone decreasing from 0.69 to 0.34 MPa and granodiorite from 0.34 

to 0.19 MPa.  Shrinkage associated with long term moisture loss may explain the more 

significant strength reduction in sandstone.  Given that Illston & Domone (2001) attribute 

strength in cements to the generation of Van Der Val forces between the amorphous and 

crystalline products of hydration it is logical to propose that the relatively low surface 

area of calcite will influence both the inherent strength of the materials and the interplay 

with the stone substrates.   

At 28 days the sandstone specimens display tensile strengths more representative of 

cement – brick bond, while at 100 days and both sets of granodiorite results are typical of 

high hydraulicity lime (Pavia & Hanley, 2010).  It is also important to consider that the 

sandstone is porous (~13.1%) while the granodiorite is effectively non-porous and 

impermeable.  The physical characteristics of the sandstone would logically facilitate 

moisture diffusion, of water from the NHL5 binder paste, being transported into the pore 

structure of the natural stone.  The degree to which the binder has either dissolved in the 

liquid phase; or as anhydrous material that enters into the sandstone pores, cannot be 

determined but logically this would result in greater intimacy of the bond between paste 

and sandstone.  Tasong (1998:1464) eludes to the importance of high porosity in attaining 

high bond strengths but also emphasise the influence of surface texture of the samples 

under test conditions. 

Work upon the interface in which masonry units (brick) and natural hydraulic lime mortar 

(NHL5) have been previously undertaken by Ince et al (2010:986) in which they reported 

that ‘the [initially dry] bricks withdraw water from the wet mix by capillarity resulting in 

an advancing wetted zone.  As water is drawn through the wet mix into the bricks, solids 
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are transported to the brick-mortar interfaces where they consolidate to form a filter cake 

which increases in depth as desorption proceeds’ continuing to indicate that dewatering 

of lime mortars in contact with porous substrates ‘affects both interfacial bonding and the 

properties of the final set mix’.  Importantly, Ince et al (2010:991) indicate that ‘times to 

dewater decrease with increasing mortar hydraulicity’.  Further research undertaken by 

Ball et al (2012:670) who specifically discuss the dewatering of NHL5 mortars; indicate 

that ‘as dewatering proceeds, a filter cake of higher volume fraction solids content than 

the original mortar mix forms at the interface with the substrate.  This interface progresses 

through the slurry until all the mortar has been converted to filter cake’.  Ball et al 

(2012:671) indicate that ‘the withdrawal of water from a wet mix by an initially dry 

substrate occurs by capillarity action.  As the wet mix is dewatered a filter cake forms at 

the boundary between the wet mix and substrate.  With continual dewatering the filter 

cake increases in depth until all the mix has been converted to cake’.  Ball et al (2012:676) 

highlight that, ’During dewatering of mortars in the freshly mixed state significant 

changes in both volume fraction water content and particle packing of binder and sand 

occur within a relatively short time period.  This dewatering process and subsequent 

consolidation of the dewatered mortar are crucial to the development of both short and 

long term properties’.  

 

5.8 Carbonation and Strength Development 

Within the context of this study, it is apparent that more extensive carbonation of the 

material is not indicative of the overall strength attained by the mortars, this was also 

observed by Scannell et al (2014).  Figures 5.1 – 5.3 display the relationships of 

compressive strength (Figure 5.1), flexural strength (Figure 5.2) and carbonation depth 

(Figure 5.3) overtime in mortars and pastes containing different aggregate volume.  The 

penetration of the carbonating front is most pronounced in 56 % aggregate volume 

mortars; not accounting for the anomalous result of the highest aggregate volume mortars, 

where the front was observed to withdraw.  This can be extended to the 56 % mortars 

which were subjected to IS monitoring.  The depth of carbonation is higher in mortars 

which achieved lower strength development despite these mortars containing less binder; 

and therefore less portlandite.  This suggests that higher % of ITZ results in a greater 

carbonation depth. 
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Figure 5.2 – Flexural strength as a factor of aggregate volume.  Error bars ±1 SD. 
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Figure 5.1  – Compressive strength as a factor of aggregate volume.  Error bars ±1 SD. 
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5.8.1 Limitations of Carbonation Measurement 

Consideration should be given to the effectiveness and limitation of phenolphthialien as 

an indicator.  In an attempt to accurately locate the true carbonation front using both 

phenolphthalein and thermogravimetric analysis Lawrence et al (2007) were able to 

demonstrate that while it may provide acceptable average values, the indicator 

overestimates the carbonation front.  Therefore it can be assumed that the depth of 

carbonation has been over estimated in the study.  Importantly Lawrence et al (2007) 

stress that the indicator fails to accurately predict the extent of carbonation, where non 

stained portions close to the perceived front were shown to remain 40-50 % uncarbonated.  

Therefore if we are to presume that the result as measured by phenolphthalein represents 

an over estimation of total carbonation then the lower values measured using IS may be 

more accurate of an indicator of true carbonation depth.  The measured increase in 

resistance being indicative of matrix densification and volume change associated with 

carbonation whereas phenolphielien does not detect such microstructural changes.  The 

effectiveness and reliability of Phenolphthalein indicator; often thought of as a staple test 

to accurately determine the carbonation front is actually more limited as a quantifiable 

test.   

 

Figure 5.3 – Mean carbonation depth at 28 and 100 days.   Error bars ±1 SD. 
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5.8.2 Test Duration 

Significantly it can be said that over shorter periods of time, such as the 100 day testing 

period, the carbonation of portlandite contributes little to the overall strength development 

of NHL 5 materials.  The results are in accordance with the findings of Lanas et al (2004) 

where only longer term strength development is attributed to carbonation.  Furthermore, 

it can be confirmed that in higher hydraulicity lime mortars carbonation is accurately 

termed a side reaction secondary to hydration; by Radjondic (2001) and Forster (2004b).  

Lawrence et al (2007) state that little carbonation can occur prior to 14 days due to the 

presence of excess water and Lanas et al (2004) showed that detectable carbonation (via 

weight change) did not occur until after 28 days, while Ball et al (2011a) did not note 

significant carbonation until 61 days.  If the duration of the study was to be extended to a 

timescale more representative of the expected performance life time of lime mortar, i.e. 

> 1 year, the result would almost certainly differ (Cultrone et al, 2005; Lanas et al, 2004).  

On such a timescale, according to Lanas et al (2004); it would be expected to see an 

increase in long term strength of the more binder rich specimens which they attribute to 

both belite hydration and portlandite carbonation.  As other authors suggest (Elsen, 2006; 

Wiggins, 2017; Artis, 2018) carbonation is a requirement for longer term strength and 

long term durability of lime materials.  

 

5.9 Influence of the Aggregate on Mortar Strength 

The effect of aggregate volume (0% - 69%) on the physical properties of NHL 5 binder 

is apparent and suggests that the ITZ does play some role in the overall development of 

strength.  However, it is difficult to show this effect quantitively, as Barnes (1978); Shane 

et al (2000); Moropoulou et al (2000); Wong et al (2009) suggest this is down to overall 

strength being a result of a 3 phase system with; aggregate, binder and ITZ all playing a 

role in the factors which govern strength and durability.  That being said, the results do 

clearly indicate that contemporary NHL lime mortars containing different quantities of 

ITZ do perform differently in the tests carried out.  In addition, the aim was to assess any 

differences in mortar performance which could be attributable to similarly graded, yet 

mineralogically distinct; silica rich and granitic derived aggregate types.  The results from 

testing have shown that the aggregate volume greatly effects underlying mortar 

performance criteria.  Interestingly testing has revealed very little difference between 

mortars in the context of similarly graded, yet distinct, natural aggregate types tested. 
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5.9.1  Aggregate Volume  

Figure 5.2 and Figure 5.3 illustrate the negative trend of decreasing compressive and 

flexural strength associated with an increase in aggregate volume which is an observation 

shared with Lanas et al (2004); Papayianni & Stefanidou (2006); Szemerey et al (2012).  

While this could be attributed simply as a factor of binder content; a greater potential for 

hydration related strength gain (Lanas et al, 2004), the initial lower flexural strength of 

the control specimens appear to suggest that there are other factors at play.  The lower 

strength of the NHL pastes, which are presumed to contain 0 % ITZ, is clearly evident in 

the flexural response where a total lack of aggregate results in a much lower flexural 

strength.  While the 30 % aggregate mortars show the highest flexural strength of all 

specimens.  It is interesting that the peak flexural strength attained by the NHL pastes is 

equivalent to mortars containing 56 % aggregate, although the flexural responses reveal 

differing failure patterns.  The brittle failure associated with the control pastes highlights 

the inherently brittle nature of NHL 5 binder but also highlights that aggregate plays an 

important role in more favourable elastic properties of lime mortars.  It is therefore likely 

that the interlocking of the aggregate grains and binder content has a more profound effect 

of the flexural behaviour of NHL 5; at least more so than the ITZ. 

 

The same cannot be said for the compressive strength results where the control specimens 

exhibit the greatest strength.  At 28 days the compressive strength of the 30 % aggregate 

volume mortars is comparable to the control specimens.  Interestingly this suggests that 

at lower volumes, such as 30 %, the aggregate does not greatly influence compressive 

strength the strength of mortars over the first 28 days.  This strength development can be 

overwhelmingly attributed to early hydration (Lanas et al, 2004).  At 100 days on the 

other hand the control specimens show a significant compressive strength increase 

compared to all of the mortars, this result highlights the effect of belite hydration.  This 

would suggest that any detectable effect on strength development that an either apparent 

or absent ITZ are largely masked by ongoing hydration reactions in the most binder rich 

mortars.  As the aggregate content is increased, particularly at volumes between 39 and 

56 %, the results suggest that this has the effect of negatively impacting the ultimate 

strength achievable.  This is likely due to; the interconnectivity of discontinuities, the 

interlocking of aggregate particles, and the reduction of binder volume (Barnes, 1978; 

Lanas et al 2004).  At aggregate volumes of 39 – 56 % the mechanical performance of 

the mortars is comparable despite the considerable decrease in binder content.  This 

suggests that the aggregate has an influence, on the overall mechanical strength which 

increases as binder content decreases and peaks at 56 % volume.  It is perhaps in this 
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region of 39 – 56 % aggregate volume that the effects of the ITZ would logically have 

the most impact so while mechanical strength of the aggregate may be responsible it could 

equally be a related effect of enhanced porosity and transport properties.  If this is the 

case the ITZ in lime mortars, unlike in cement, may provide a net desirable effect. It is 

difficult to discern but it is likely that the lower strength of higher aggregate mortars is 

associated at least in some capacity the ITZ and that this somewhat inhibits the strength 

development over 100 days.  When considering the high aggregate volume (64 and 69 %) 

mortars the low compressive strength is logically a product of low binder volume.  This 

is also shown to be the case in Lanas et al (2004) where similar mortars showed low 

strength and low strength increment.  The sharp decline between 56 and 64 % aggregate 

volume may represent a critical point; where the interlocking of aggregate grains severely 

impacts the interconnectivity of the binder, resulting in much weaker compressive 

strength (Lanas & Alvarez, 2003).  It is difficult to discern but it is likely that the lower 

strength of higher aggregate mortars is associated at least in some capacity with the ITZ 

and that this somewhat inhibits the strength development over 100 days. 

 

5.9.2 Influence of Aggregate Type 

The capacity by which NHL 5 mortars develop strength over time does not appear to be 

significantly affected by the types of aggregate used in this study.  While there are some 

minor discrepancies in the results, the overall trends indicate, that for the most part 

mortars of both test series exhibit a comparable performance.  The most obvious of the 

minor inconsistencies is that Cloddach mortars appear to achieve a greater strength than 

Park mortars when binder volume is high, while those containing Park are stronger at 

lower binder volumes.  This difference is illustrated most clearly when looking at mean 

compressive strength although flexural results do indicate a similar pattern.  The fact that 

both series of mortars contain aggregates with a similar grading, identical volumes of 

binder, water ratio and were cured under the same conditions conveys that this 

observation is indeed related to the characteristics of the aggregate. 
 

One possibility as discussed by Lanas et al (2004); Pavia & Toomey (2008) is that 

aggregate grain shape could account for these differences; grain shape being a character 

irrespective of grading character and profiles.  In Chapter 3 it was noted that Park 

aggregate contains more angular and tabulate shaped grains compared to the more 

rounded grains of Cloddach aggregate.  It is therefore suggested that a higher quantity of 

angular / tabulate grains could result in an inherently stronger interlocking aggregate 

framework as aggregate volume is increased.  This may enhance the early strength of 
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NHL mortars before belite hydration, with the effect being most pronounced with 

increasing aggregate volume; where the capacity for interlock is greater.  Furthermore 

this may impact the longer term durability of lime mortars in that they show a more elastic 

response to stress and strain; all favourable characteristics of contemporary lime mortars 

(Wiggins, 2017).  Additionally Tasong et al (1998b) suggest that a higher degree of 

surface roughness of the aggregate grains can result in a greater interfacial bond strength.  

Similarly, porosity within aggregate grains was proposed by Scannel et al (2014) as 

enhancing the compressive strength of lime mortars.  It was noted that Cloddach 

aggregate, being derived from both sandstone and metamorphic sources, contained lithic 

clasts which possessed porosity within the coarser grading component.  This contrasts 

with the exclusively crystalline texture of the lithics in Park aggregate and implies that 

the surface roughness, particularly the aggregate surface area would be slightly greater in 

Cloddach aggregate.  Therefore the comparatively higher flexural and compressive 

strength of higher binder mortars could be a result of an enhanced bond between a 

rougher, porous aggregate surface and the binder.  Whilst only a mild effect, this opens 

the possibility that the binder may enter the pores of any aggregate grains which contain 

an inherent porous texture. 

   

5.10. Influence of Porosity on Mortar Strength 

The relationship of porosity and strength characteristics of the NHL 5 mortars and control 

paste are shown in Figure 5.4.  It is clear that the fraction of porosity attributable to the 

ITZ cannot be determined via techniques such as MIP.  This is due to the fact that lime 

binders such as NHL 5 display characteristic high values of open porosity (Lanas et al, 

2004; Grillo et al, 2014).  The results of this study show that the highest porosity NHL 5 

materials are the pastes and mortars containing the least amount of aggregate (0 – 39 %).  

This can be taken to imply that, contrary to cement materials, NHL mortars derive most 

porosity from the binder itself as opposed to aggregate (Thomson et al, 2007), which 

concurs with the results of Lanas & Alvarez (2003) and Lanas et al (2004).  It is clear that 

higher binder volume results in greater porosity and compressive strength, which is 

contrary to the performance of cement materials.  Although Lea et al (2015) show that a 

relationship between the degree of porosity and mechanical strength of cement is 

insignificant.  In the case of NHL 5 it appears that the higher proportion of hydraulic 

compounds associated with greater volumes of binder offsets any potential detrimental 

effect of increased porosity.  Furthermore it has been suggested that greater porosity can 

assist in a more extensive, or efficient carbonation reaction (Lanas & Alvarez, 2003; 
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Lanas et al, 2004).  The ability to accurately estimate the extent of carbonation would be 

pivotal in proving this with regards to this study.   

The fact that a low penetration of the carbonation front was observed in 64 – 69 % 

aggregate volume mortars, with comparatively high porosity may add some credence to 

the earlier suggestion that the presence of aggregate at such high volumes results in a 

critical point where the interlock of aggregate grains is so severe that it drastically impacts 

mechanical strength.  It was noted by Wong et al (2009) that total porosity changes were 

noted due to the tortuosity of the increased aggregate content.  Additionally at the highest 

aggregate volumes there is a marked increase in macro-pores.  The presence of macro-

pores has been shown to have a deleterious effect on binder / aggregate cohesion where 

it results in lower compressive strength (Lanas et al 2004).  The presence of larger pores 

is shown by Arandigoyen & Alvarez (2007) and Lawrence et al (2007) to derive from 

drying and shrinkage in the binder.   

Therefore it can be said that the observed decrease in compressive strength associated 

with these mortars is a result of low binder volume, greater % of macro-pores, increased 

discontinuities due to larger pore size, and a reduced capacity to carbonate effectively.    

 

0.00

2.00

4.00

6.00

8.00

10.00

12.00

0

5

10

15

20

25

30

35

40

C
O

N
T

R
O

L

C
L

 1
:1

P
K

 1
:1

C
L

 1
:1

.5

P
K

 1
:1

.5

C
L

 1
:2

P
K

 1
:2

C
L

 1
:3

P
K

 1
:3

C
L

 1
:4

P
K

 1
:4

C
L

 1
:5

P
K

 1
:5

C
o
m

p
re

ss
iv

e 
S

tr
en

g
th

 (
M

P
a)

 

P
o
ro

si
ty

 (
%

)

Aggregate Type & Mix Ratio

Porostiy 28 days Porosity 100 days Compressive Strength 28 days

Compressive Strength 100 days) Flexural Strength 28 days Flexural Strength 100 days

Figure 5.4 – The average total porosity is shown as bar charts with mean compressive and flexural 

strength 

 



195 

 

The influence of porosity on flexural strength appears to manifest in a different way to 

compressive strength yet is equally significant.  The results appear to indicate that the 

high porosity associated with lime mortars is deleterious to flexural strength, this largely 

conforms to accepted knowledge Callister & Rethwisch (2011).  A greater porosity 

concentrates stress and reduces the area which loading can be applied, which the data 

shows results in failure and a reduction in flexural strength.  The presence of aggregate 

was shown by Pavia & Toomey (2008) to enhance the capacity of lime mortars to resist 

flexural stresses.  With regards to the low flexural strength of the control specimens it 

appears that an absence of aggregate and high porosity magnify this effect and result in 

the profound decrease in flexural strength.   

 

5.11 Influence of Transport Properties  

It is interesting to explore the fact that the control specimens display an almost identical 

28 day sorptivity value as those with 30 % aggregate volume; but after aging the decrease 

in sorptivity of the mortars is more than double that observed in the control paste.  To 

explain this disparity is difficult as it may relate to an influence of the ITZ (Shane et al, 

2000).  Figure 5.5 illustrates the aforementioned observed changes in sorptivity as a % 

from zero, which in this case reflects the 28 day value.  It can be presumed that no ITZ 

will occur in the control specimens; with a comparatively uniform porosity expected,  

whereas a disturbed zone of porosity can be presumed to exist around mortars containing 

aggregate (Moropoulou et al, 2000; Lanas & Alvarez, 2003).  The work of Liao et al 

(2004) and Scrivener et al (2004) showed that the ITZ in cement mortars is progressively 

infilled as a factor of ongoing hydration.  If this is also true for lime materials then this 

suggests that the presence of an ITZ in 30 % aggregate volume has enhanced moisture 

transport initially, before being progressively infilled as a factor of aging.  At volumes 

greater than 30 % this effect appears to be absent and may be attributable to a number of 

factors such as an increase of interlocking of aggregate grains, discontinuities and micro-

cracking.  Wong et al (2009) discuss the issue of isolating the influencing parameters in 

mortars which contain variable aggregate content.  This can certainly be extended to this 

study, although the end member specimens do suggest some of the underlying parameters 

at play.  At greater volumes of aggregate the degree of interlocking aggregate grains 

would intuitively increase.  If this is the case then the sharp decrease observed in 69% 

aggregate volume mortars would be a product of the infilling of the already limited 

interconnected porosity.   
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 Figure 5.5 – Mean change in sorptivity at 100 days as a % of the 28 day value. 

 

The experimental results concur with the work of Lanas et al (2004) and Wong et al 

(2009) both who indicate that transport properties generally show a decreasing trend with 

increasing aggregate volume fraction.  The results from this study show that sorptivity 

decreases, while the resistivity of NHL 5 increases, both as a factor of increasing 

aggregate content, which conforms with the aforementioned studies.  Unlike cement 

pastes however the results show that NHL 5 pastes possess higher transport properties 

than the mortars with the lowest aggregate volumes (Wong et al, 2009).  This clearly 

reflects the inherent difference in the microstructure of cements and NHL 5.  Wong et al 

(2009:579) continues to emphasise that in cementitious materials; that ‘as the aggregate 

content increases from 10% to 70% vol. diffusivity and sorptivity decrease by a factor of 

2-4 and 4-6 respectively, whilst permeability significantly decreased by a factor of 30-

70’.  Furthermore, at significantly higher aggregate volumes Wong et al (2009) shows if 

typical widths of 20-50µm are assumed then individual ITZ’s are overlapping.  Although, 

the author stresses that there appears to be an absence of a critical aggregate volume where 

interconnected ITZ’s result in a significant increase in percolation.  Results from this 

research on the other hand suggest that significant interlocking of the aggregate grains 

inhibits the overall higher permeability (than cement) of NHL matrix results in an arrested 

function of transport properties at aggregate contents > 60 % volume.    
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The ITZ in cement mortars analysed by Wong et al (2009) are shown to readily facilitate 

transport, given the difference between the matrix and ITZ density being more 

pronounced in cements.  This concurs with general observations from the literature as a 

whole (Barnes, 1978; Scrivener, 2004).  Wong et al (2009:580) emphasises that in 

cements ‘the net effect of a percolated ITZ on the bulk transport properties depends upon 

the local contrast of partial properties in the ITZ and bulk paste.  According to the theory, 

because permeability is a strong function of pore size and the ITZ contains pores much 

larger in size than those of the bulk paste, the contrast in permeability between ITZ and 

bulk paste would be very high. The contrast in diffusivity, however, is lower because 

diffusivity is only weakly dependant on pore size.  It is well known that permeability 

varies with pore diameter squared, while diffusivity is independent of pore size for 

diffusion in large pores. Therefore, ITZ places a more important role in the fluid 

permeability than diffusivity’.  The differentiation between these regions and their affect 

upon the transport properties appear to be evidently more difficult to distinguish in NHL5 

binders due to an inherently higher porosity of the matrix relative to the ITZ.  This would 

be even more applicable when considering lime materials a whole, particularly non-

hydraulic lime where porosity values are even greater than NHL 5.    

 

5.12 Factors Effecting the Natural Stone – NHL Paste Interface  

Figure 5.6 shows the tensile strength of each specimen as well as the numerically derived 

proportions of each fracture, namely; interface, intra-paste and intra-lithic.  Figure 5.6 a) 

shows the 28 day results while b) shows 100 day results.  At 28 and 100 days a greater 

tensile strength corresponds with less failure on the interface, in all but specimen: CR 03, 

which was tested at 28 days.  The highest tensile strengths recorded correspond with the 

highest degrees of intralithic failure and lowest proportions of interfacial failure.  

Granodiorite specimens show the highest proportions of fracturing along the interface.  

Over time the failure patterns of both sample types become more similar.   

Microscopic analysis provided a means to investigate failure patterns of a scaled up 

interface.  The contrast between the two stone types in terms of their physical properties 

provides an unrealistic examination of the ITZ in lime mortars in practice, however an 

examination of such is certainly of value to our understanding of the ITZ in NHL 

materials as a whole. 
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In the 28 days granodiorite specimens an average failure of 70-80% within the interface 

was recorded. This remained relatively constant at 100 days and both 28 and 100 day 

samples exhibited a comparable, but overall decreasing, tensile strength.  The inherent 

low porosity of such igneous lithologies can be hypothesised to have resulted in a series 

of significant phenomena; a) the limited suction bond and transportation of dissolved 

binder into the structure of the stone substrates; b) a higher binder / water ratio would 

have been noted in the paste adjoining the stone interface.  Such a scenario would 

logically result in a modified pore structure and this as is generally typified by the wall 

effect.  Whilst this gives us general information of the proportion of failure it does not 

describe the failure patterns reflected in the surface images, specifically; it does not 

account for considerable intralithic failure at 28 days in the sandstone specimens.  In work 

by Tasong et al (1998b) basalt specimens showed failure on the ITZ when rock surfaces 

were ground and sawn but on fractured surfaces failure was noted to be on the ITZ and 

intra-pastal.  The basalt may be seen as comparable to the granodiorite, at least in terms 

of crystalline texture and impermeability; and this is noted by Tasong et al (1998b) for 

being the reason why the interface is stronger on an undulating fractured surface.  This 

could explain the weakness shown by the granodiorite and would suggest that tensile 

bond strength would be higher were the natural stone surfaces fractured. 

When considering the nature of the cut sandstone surface, it could be presumed that when 

compared directly to the granodiorite, the ITZ surface area is much greater, attributable 

to the porosity of the stone.  Significantly, at 28 days all of the fractures showed significant 

intra-lithic failure (between 10-65%), which is likely due to an inherent source of 

 

Figure 5.6 – % of each fracture located within the NHL 5 paste (intrapaste), within the stone (intralithic) 

or at the interface with graph a) and b) designating 28 and 100 days respectively. 
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weakness within the fabric of the rock.  In the case of Hazeldean sandstone this could be 

attributable to sedimentary structures such as lamination or cross bedding.  Tasong et al 

(1998b) note that a greater surface area, in their case; fractured limestone surfaces, 

produced a lower bond strength than sawn and ground surfaces.  Although they describe 

this as being due to the presence of large calcite crystal within the limestone which have 

low bond strength on their rhombic cleavage surfaces.   

Said cleavage planes are considered by Tsong et al (1998b) to be the main reason for the 

low surface roughness of its fractured surface compared with basalt which breaks with 

shaper and rougher surfaces’. Whilst no parent limestone material is adopted for this study 

this can be logically applied to the NHL binder which has a proportion of calcite 

constituting its matrix.  The texture of surfaces is important and as Tasong et al 

(1998b:1460) highlights the ‘crystalline texture, hardness and intergranular bonding 

between mineral grains are possibly the main reason for the observed differences in 

surface texture characteristics of the rocks studied’.  Tasong (1998:1460) highlights that 

in basalt ‘interfacial bond strength was observed to increase with increasing surface 

roughness of aggregates’. 

Carbonation is associated with a volume change in crystal structure and therefore relative 

surface area of, in this case, the NHL 5 paste.  The noted decrease in bond strength 

between 28 and 100 days could relate to a change in relative proportion of Ca(OH)2 

conversion into calcite.  The particle size of Ca(OH)2 has been shown to change between 

2 – 2.8 microns between 4 – 8 months (Margahla et al, 2013). The aforementioned study 

showed how Ca(OH)2 particles aggregated in dryhdrates with most change being noted 

by 8 months, however if this process occurs to any significant degree in this study cannot 

be determined.  Contrastingly, as Illston & Damone (2001) indicate, the strength of 

cements is attributed to the weak interlaminar forces between the products of hydration 

and more specifically the C-S-H.  The greater surface area of C-S-H, by virtue, results in 

a higher cumulative force and greater strength.  The proportion of calcite and portlandite 

with a relatively low surface area results in weak interlaminar force generation overtime; 

a consequence being a decrease in bond strength.  The cumulative effect of such forces 

can be a significant factor in characteristic properties such as strength (Illston & Damone, 

2001).  In addition it has also been reported by Lewin (1981) that calcite has a poor or 

low affinity for silica surfaces.  This could contribute to the gradual decrease in tensile 

strength, in both types of specimens, however monitoring of this was not possible within 

the scope of the study. 
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5.13 Review of Findings 

Within a framework of performance defining characteristics this work has emphasised 

that aggregate/binder content is critical in determining the lab based performance of NHL 

5 mortars.  In order to highlight this further, the results are summarised in radar diagrams 

shown in Figure 5.7 and 5.8.  There is a clear relationship between the variables 

(aggregate volume) and the technical performance of NHL 5 materials which was 

assessed by; strength, porosity, carbonation potential and transport properties.  However 

it is more challenging to highlight to what extent any variation can be attributed to the 

ITZ.  It was found that in mortars a greater compressive strength corresponds with higher 

flexural strength, sorptivity, open porosity and lower rates of carbonation; all which 

largely correspond with the experimental results of many similar studies (Lanas & 

Alvarez, 2003; Lanas et al 2004; Lawrence, 2006; Pavia & Toomey, 2008). 
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Figure 5.8 –  Results summarised as radar diagram which illustrate the overall performance 

of all materials at both 28 days.     
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Figure 5.8 –  Results summarised as radar diagram which illustrate the overall performance of all 

materials at both 100 days.     
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With the addition of the control specimens the radar diagrams highlight the way in which 

increasing aggregate volume effects the pre-determined performance factors of the NHL 

lime binder.  Corresponding with the findings of Wong et al (2009); any discernible affect 

related to interconnectivity of the ITZ, particularly at 30 % aggregate volume does not 

appear to impact the mechanical properties of NHL 5 mortars until 100 days.  In fact the 

performance of the full suite of mortars containing up to 46 % aggregate volume are 

largely comparable.  The marked decrease in performance factors between 46 – 56 % 

aggregate volume could suggest that it is at this point where ITZ connectivity results in a 

detrimental effect with regards to strength in particular; this is however highly 

speculative.  It is just as likely that this is an observation pertaining to the decrease in 

binder content; particularly as this point straddles the boundary where a mortar becomes 

majority aggregate or binder by volume.  Interestingly an increase in aggregate volume, 

from 0 % to 30 % results in an large increase in flexural strength and it is not until 

aggregate volume is increased to 56 % that flexural performance drops below that of NHL 

5 lime binder.   

The change in structure of the paste either within the pore structure or within the paste 

itself reflects the chemical composition of the binder.  Significant binder components 

being portlandite [Ca(OH)2] that progressively converts to Calcite [CaCO3], and belite 

(C2S) that hydrates into C-S-H.  However, the presence of other components reactive 

phases, albeit in low proportions may have a disproportionate influence on early bond 

strength up to 28 days and before the major onset of belite hydration post 28 days.  A 

recognition that these hydrated phases will also change morphology from 28 days through 

to 100 days and beyond is also required (Zacharopoulou, 2009).  Lewins (1981) 

emphasised that lime (non-hydraulic) had a poor affinity for silica substrates specifically 

relating to the aggregate.  However, given that the Hazeldean stone types is ostensibly 

fine grained silica it is reasonable to assume that the same poor affinity will be noted in 

the calcite – silica interface in the materials. The interplay of the hydraulic phases are 

more difficult to ascertain and potentially of greater importance is the pore structure and 

the moisture transport characteristic 

In addition to the porosity of the host masonry materials, textural features of the 

aggregates; such as crystalline-igneous and sedimentary characteristics, appear to 

influence the development of the interface in this study.  This was similarly noted by 

Tasong et al (1998b), who discussed how surface texture in particular appears to play an 

important role in interfacial strength development.  Reflecting this, recent work by Garcia 
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Cucalon et al (2017) found that aggregate hydrophilicity contributes to the potential for 

moisture to disrupt or detach the binder film at the interface thereby affecting the binder–

aggregate bond.  The findings of this study indicated that at 20ºC it was found that as little 

as 30 % RH was enough for moisture to adhere to aggregate surfaces and affect bond 

strength.   

The results appear to indicate that aggregate shape has the potential to mildly affect the 

compressive and flexural strength of NHL lime mortars, particularly in the initial 28 day 

phase.  Park aggregate was shown to contain more grains which were elongated and more 

sub angular in nature which afford some degree of strength benefit.  These findings appear 

to be supported by Lanas et al (2004) which suggested that angular aggregate promotes a 

higher degree of packing which results in a reduction of large pores and results in greater 

strength.  This observation was not observable at 100 days however, which could suggest 

that once belite hydration is underway the aforementioned benefits of angular aggregates 

are either masked or insignificant.  It is also important to stress that the effect of chemical 

interactions cannot be discounted given this was not included in this study.  Tasong 

(1998:1464) ‘differences in mechanical strength of aggregate, internal structure, and 

chemical interactions are also important parameters controlling bond strength and mode 

of failure at the interface.  It is suggested that the ITZ in concrete should not only concern 

the transition zone between the bulk cement paste and the aggregate, as currently 

referenced, but should also include the outer-most part of the aggregate including 

undulations and crevices. Hence, the interface should be modelled as a composite in its 

own right’.  By extension, this statement presents a meaningful consideration when 

approaching the issue of attempting to define the function of the ITZ in lime mortars.  The 

results from this study would suggest that the ITZ does not play an dominant role in the 

performance of NHL mortars with no overwhelmingly significant pros or cons.  The ITZ 

is a complex system which is both masked and a consequence of the binder and aggregate 

included in the mortar mix.  Perhaps with time and further research and greater clarity is 

attained on the subject the impact of the ITZ could be considered something which could 

be managed and considered in a positive sense. 
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CHAPTER 6 

CONCLUSION 

 

 

 

6.1 Conclusion of Research 

The following chapter aims to conclude on the findings of this investigative research 

project.  Initially, conclusive remarks on the three main work packages will be discussed, 

followed by a final conclusion of the research objectives which were stated in Chapter 1.  

A final conclusive summary is discussed within a framework concerning the preparation 

and application of contemporary lime mortars and their use, specifically in the 

conservation sector, which provides a meaningful end point for the project. 

 

Part 1a) Effects of Interface on porosity, water transport and bulk strength of 

mortars mixed to different proportions. 

It has been difficult to isolate the influence of the ITZ on NHL 5 mortars based on the 

data collected.  Porosity and transport properties were shown to decrease over the test 

duration which has been attributed to ongoing hydration and subsequent densification of 

the binder matrix.  Similarly, ongoing hydration and carbonation have resulted in  

increased compressive strength and a reduction in peak flexural strain over the test 

duration.  Therefore it can be concluded that the ITZ has no, or a minor, influence in 

affecting the strength and transport properties of NHL 5 materials.  The overriding 

characteristics of the NHL 5 mortars studied can be almost fully explained as a feature of 

binder (and aggregate) content which largely masks any subtleties associated with the 

ITZ.  Carbonation depth was greatest in mortars which possess a binder matrix modified 

by the presence of aggregate grains.  It is possible that this is related to the presence of 

the ITZ.  A modified porosity, surrounding aggregate grains, would offer some 

explanation for the increased penetration of carbonation in from 0 – 56 % aggregate 

volumes.  
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Part 1b) Effects of Interface on Electrical Resistance.   

The results have shown that the bulk resistance of NHL 5 mortars and pastes increase 

over time.  This can be explained by the both setting reactions; hydration and carbonation, 

as well as the progressive drying of the material after demoulding.  Consequently it is 

difficult to fully ascertain the effect of the ITZ due to these overriding variables.  

However, the results do suggest that increased aggregate content in lime mortars, contrary 

to the deleterious effects associated with the ITZ in cement materials; promote accepted 

perceived benefits of lime materials such as breathability as well as accommodating a 

greater potential for deeper carbonation. 

It has been shown that Impedance Spectroscopy offers potential for future lab based 

analytical work applied to lime mortars.  Successful monitoring of the Carbonation 

process, and ongoing microstructural changes of the NHL 5 mortars and pastes highlight 

this.  Furthermore, measurements have illustrated the inherent value of the technique for 

determining changes in bulk resistance related to water ingress and saturation, which may 

prove useful as an in-situ monitoring technique.   

 

Part 2) Physical Testing of the Natural Stone and NHL paste Interface. 

The influence of the surface texture of natural stone on the resulting interfacial zone 

between stone and NHL pastes, and by extension mortars, has been shown to significant 

with regards to bond strength.  The intimacy of the interfacial bond between NHL and 

sandstone, which possess a rough porous surface texture, is considerably greater than non-

porous impermeable granodiorite specimens.  This effect is most prominent at 28 days, 

where high tensile bond strength of the interface promotes intra-lithic failure.  Overtime 

failure primarily occurs on the interfacial zone which results in lower tensile bond 

strengths which may be attributable to the poor affinity of calcite for silica surfaces as 

carbonation progresses.  Overall the findings highlight significant consequences and 

concern for the structural performance of walling systems particularly in the early phase 

of application.  High bond strength being suggestive that structural movement in 

sandstone / NHL 5 masonry system is more likely to lead to rupture of the masonry units 

themselves.  Importantly suction control may vary the influence of the bond akin to 

granodiorite interfacial bond.  This also highlights the significance of both over and under 

wetting of masonry units to bond strength.   
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6.2 Final Conclusion 

I.  Investigate the binder-aggregate interface in naturally hydraulic lime mortars.   

• NHL 5 materials containing greater volumes of binder are the strongest 

under compression, while, when under flexural strain NHL paste is shown 

to be weaker than mortars containing up to 46 % volume of aggregate.  

The inherent characteristics of NHL binder appear to determine overall 

strength performance, with the ITZ a secondary if any factor at all. 

•  The penetration of carbonation has been shown to increase overtime with 

the greatest carbonation depth observed in 56 % aggregate volume mortars 

via physical testing (phenolphthalein) and IS techniques.  This is 

suggestive of either an increasingly connected ITZ or simply the aggregate 

modifying the pore structure within the binder.  In any case the result is 

greater advancement of carbonation.   

• Transport characteristics have been shown to decrease as a result of 

ongoing densification of the materials. 

• Impedance Spectroscopy is a reliable technique for in situ monitoring of 

the setting characteristics of NHL mortars.  Furthermore the effects of 

carbonation have also been isolated by the use of novel specimen design.  

II.  Investigate the use of mineralogically varied, indigenous naturally occurring 

aggregates of differing provenance in the context of NHL mortars.   

• Similarly graded siliceous and granitic derived aggregates are for the most 

part comparable in their performance.  

• Grain shape plays a minor, yet detectable role in determining the strength 

characteristics of a mortar. 

• The majority of Scottish aggregate resources (applicable for use) could be 

utilised in conservation works offering greater scope for matching with 

historic mortars. 

• Penetration of NHL  5 binder into the pores of sandstone has been shown 

to impact tensile strength of the interface prior to 100 days of curing and 

lead to highly destructive failure of both mortar and masonry. 
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6.3 The Use of NHL 5 as a Repair Material in Contemporary 

Conservation 

Lime mortars are commonly utilised in the conservation sector for their favourable 

performance characteristics; as they are regarded in a functional sense, as being more 

compatible with historic and traditional masonry (Lanas & Alvarez, 2003; Forster & 

Carter, 2011; Wiggins, 2017; Figueiredo et al, 2018).  The results of this study show that 

NHL 5 mortars can indeed exhibit qualities such as; a low compressive strength (than 

cement mortars), a flexural response, and high porosity.  The degree to which aggregate 

volume can alter the performance of NHL 5 mortars has been shown to be considerable, 

and would seem to far outweigh other factors such as the presence of an ITZ.  Conversely, 

this research has also highlighted potential areas of concern regarding the application of 

NHL 5. 

 

6.3.1 Practical Application 

In this study NHL 5 mortars have been shown to achieve higher compressive and flexural 

strength with greater volumes of binder.  A result which concurs with several similar 

studies and is applicable to lime and cement materials (Lanas et al, 2004; Wong et al 

2009).  There is a general consensus that historic and contemporary repair mortars are 

designed fit for their intended purpose.  The considerations in this regard would be both 

mechanical and microstructural outcomes; which reflect the site the mortar will occupy 

in the masonry fabric but also how hard the mortar is intended to work in terms of 

managing moisture and thermal seasonal change (Forster & Carter, 2011; Wiggins, 2017).  

Binder rich mortars which achieve greater compressive strength are not a first order 

priority in conservation so may only find relevant application in areas of masonry which 

experience high exposure, such as chimneys and copings.  This is on account of a 

perceived increased cost, as aggregate is cheaper than binder and there is no historical 

requirement for exceptionally strong mortars.  It has been shown that within a masonry 

context, even relatively weak lime mortars can produce strong masonry (Karaveziroglou 

& Papayianni, 1993) so results from mortar prisms alone do not provide a full context.  

Higher compressive strength has been generally associated with progressive densification 

of the binder matrix that overtime inhibit moisture and transport characteristics, which 

intern effect the ongoing process of carbonation (Lanas et al 2004; Lawrence et al, 2007).  

The materials in this study suggest that even over a 100 day period these effects are indeed 

detectable although porosity and moisture transport are not severely arrested in this 

timeframe.  Over a longer timescale as strength and densification continue to increase 
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then it is fair to assume that issues will almost certainly arise.  In a practical sense this 

would result in higher rates of mortar failure and a decreased capacity for moisture 

transport.  A binder:aggregate ratio of 1:3 by bulk density is most commonly specified in 

current building work (Leslie & Hughes, 2002; Allen et al 2003).  In this study the mortars 

which appear to indicate the most favourable characteristics; medium compressive 

strength development, earlier and greater progression of the carbonation front, and less 

pronounced reduction in moisture transport potential due to binder densification contain 

between 39 and 56 % aggregate volume.  Broadly speaking the aforementioned 1:3 ratio 

would fit within this definition so would suggest that current practice, at least with regards 

to NHL 5 mortars, are within a broadly acceptable range which may limit the rise of 

deleterious functions.   

Elasticity; the materials flexural response to stress, is greatly reduced by a high binder 

and low aggregate content.  Additionally strength increases while elasticity decreases as 

part of the materials setting process.  Such behaviour, should be a cause for concern in 

conservation NHL mortars, as it can be presumed that durability would be adversely 

effected as the material would be far more susceptible to fracturing due to seasonal / 

thermal movements (Wiggins, 2017).  Fracturing can present a new set of issues, 

particularly when combined with the densification of the binder matrix.  Particularly this 

can inhibit the favourable characteristics of lime mortars; such as breathability and result 

in moisture entrapment and the deterioration of masonry units.  The low flexural strength 

shown by the control paste and mortars with 64 – 69 % aggregate volumes would suggest 

that in a practical sense these mortars would be vulnerable to lateral loadings and essential 

impractical to use (Walker, 2010).  The mortars in this study were afforded the benefit of 

curing in perfect, stable conditions; in a more realistic setting it is very likely that 

problems such as shrinkage and binder leakage would arise (Lanas & Alvarez, 2003).  

The effects of more realistic curing conditions would very likely impact to varying 

degrees upon the observed characteristics of all of the mortars and pastes tested.  These 

effects would be most severe in the binder rich and aggregate rich end member mortar 

mixes where mechanical strength, transport properties and pore size distribution are found 

to be most extreme. 

This study has shown that two natural aggregate types, of differing geological origin 

produce NHL 5 mortars with very similar performance characteristics.  There has been 

recent concern regarding the over exploitation of particular aggregate resources, which 

can have hugely detrimental socio-economic and environmental effects (Habert et al, 
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2010; Ioannidou et al, 2017).  The findings of this study, as well as others (Lanas et al, 

2004; Pavia & Toomey, 2008; Scannell et al, 2014); would suggest that primary concern 

should first lie with the grading and grain shape of the aggregate when a selection process 

is in place.  This could easily be further adapted in the conservation sector to include 

superficial features such as colouration, which are desirable in like for like replacement 

mortars (Gibbons, 1995; Allen et al, 2003).  The utilisation of local natural aggregates 

historically was more out of necessity (Artis, 2012; Figueiredo et al, 2018) however an 

increased willingness of the conservation sector as a whole to uptake local aggregates 

would be in keeping with this ethic.  Furthermore the lower carbon footprint afforded by 

the adoption of such a method would reduce the carbon footprint of the sector as a whole.  

Only in exceptional circumstances it would seem it is relevant for the import of aggregates 

over great distances.  
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CHAPTER 7 

DIRECTIONS FOR  

FURTHER RESEARCH 

 

 

7.1 Introduction 

The experimental approach to this study was primarily designed to focus on examining 

the role of the ITZ in NHL mortars with a secondary focus being on indigenous Scottish 

aggregate materials.  Throughout the research, implementation of experimental 

techniques and analysis of the resultant data a number of key areas were identified, which 

may merit further investigation. 

 

7.2  Recommendations 

The following areas would be recommended as a logical next step for enhancing our 

understanding of the ITZ in lime mortars. 

 

7.2.1 Comparative Analysis of Different Lime Binders   

This study was able to establish a framework to assess several key performance related 

characteristics of NHL 5 mortars which contain pre-defined differences in aggregate 

volume.  A similar study developed around the work packages outlined in this research 

could include a more comprehensive approach to a full suite of lime binder materials i.e. 

non-hydraulic limes, all categories of NHL and even provenance.  Indeed it would seem 

a logical next step to advance our understanding, progressing on from this research 

project.  Importantly a future research, as outlined above, would have the potential to 

provide a far greater comprehensive insight into the function of the ITZ as the full 

spectrum of lime materials could be assessed.  An ability to examine many different lime 

based mortars on account of their distinct binder types; by employing an established 

comparative method, would enrich our understanding of the overall material performance 

and microstructural texture depending on e.g. hydraulicity.  A comparative analysis 

would present a wider scope to isolate and recognise ITZ related disparities in mortar 
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microstructure, strength development, transport properties as well as binder / aggregate 

interaction.  This could be useful for comparing all classifications of lime binders but 

perhaps most interesting would be a comparative analysis which included hot lime 

mortars.  Such research would be an invaluable contribution to the conservation and 

traditional building materials sector 

 

7.2.2 Effect of Variable Climatic Conditions During Curing 

All specimens in this research project were cured in identical conditions in order to 

eliminate the number of variables which are understood to impact upon the development 

of the pore structure in lime mortars.  Changes in climatic conditions such as temperature, 

relative humidity and wind are major factors on the formation of the pore structure of 

lime materials.  A research based programme following the framework laid out in this 

study but able to take into account the aforementioned factors in the context of annual 

climatic cycles; for example like those experienced in Scotland, would logically expand 

upon lab based research utilising standard curing conditions.  A potential aim of said 

research would be to enhance our understanding of how lime materials respond to climatic 

environmental factors, a benefit given the current observations of changes in climate 

patterns in the UK.  Specifically, meteorological observations in Scotland have shown 

that the climate is becoming warmer, wetter and windier.  The research could be further 

expanded upon with an aim to ascertain the magnitude to which climatic variables affect 

the pore structure of lime mortars.  Importantly this could aim to quantify the degree to 

which the ITZ effects overall performance and durability to “in-situ” lime mortars.  A 

practical benefit of understanding the effects of climatic factors could enhance the 

specification of lime materials in both the conservation and construction sectors, resulting 

in a greater uptake of a greener material (compared to OPC products). 

 

7.2.3 Impedance Spectroscopy 

This study was able to demonstrate the successful application of Impedance Spectroscopy 

to naturally hydraulic lime mortars.  Primarily, IS has great potential as an in-situ 

monitoring technique which provides data on the densification of the binder matrix.  

Furthermore, by means of novel specimen design, it was shown that monitoring the 

electrical properties at specific depths of the lime materials facilitated the detection of the 

carbonation front within NHL mortars and pastes.  Given the complex nature of 

composite materials, particularly porous lime binders, more work would aim to refine this 
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technique at least in terms of being able to monitor the ITZ.  Further consideration could 

also be given to proposing a standard sample design for use with the IS technique.  

Aligning to a standard sample and test procedure would restrict the inherent variables 

associated with the IS technique and lead to a greater potential for comparative 

collaboration between researchers.  An obvious benefit of such research could result in 

the technique being applied to in-situ monitoring of mortars in conservation projects. 
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APPENDIX – Database of Active Scottish Aggregate Resources 

 

Table A1 – Scottish Miscellaneous Aggregate Resources 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Resource 

Definition 

Local 

Authority Site Name Location Lithology Products Operator 

Crushed 

Rock 

City of 

Edinburgh 
Port of Leith 

NT 268 776 

Leith 
- 

Crushed rock 

aggregate 

Forth Ports 

PLC 

Highland  

Glensanda 

Loading 

Wharf 

NM 830 

474 

Morvern 

- 
Crushed rock 

aggregate 

Aggregate 

Industries UK 

Inverclyde 
Great 

Harbour 

NS 302 757 

Greenock 
- 

Crushed rock 

aggregate 

Riskend 

Aggregates 

Ltd. 

West 

Dunbartonshire 

Clydebank 

Wharf 

NS 498 694 

Clydebank 
- 

Crushed rock 

aggregate 

Riskend 

Aggregates 

Ltd. 

Pulverised 

Fuel Ash 
Fife 

Longannet 

Power Station 

Ash Plant 

NS 953 853 

Kincardine 

Ash from coal 

combustion 

Cement 

manufacture 
ScotAsh Ltd. 

Recycled 

Aggregates 

South 

lanarkshire 
Ross Tip 

NS 742 550 

Hamilton 

Construction and 

demolition waste 

Recycled 

aggregates 

K & T Plant 

Hire Ltd. 
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Table A2 – Scottish Igneous and Metamorphic (crushed rock) Aggregate Resources  
 

Local Authority Site Name Location Lithology Products Operator 

 

Aberdeen City 

Blackhills Quarry 

(Blackhill) 

NJ 946 998 

Cove 

Ordovician, North-

east Grampian 

Granitic Suite (Cove 

Granite): Foliated, 

granite. 

Crushed rock 

aggregate Coated 

roadstone 

Armourstone 

Leith’s (Scotland) 

Ltd. 

 

North Lasts 

Quarry 

(Northlasts) 

NJ 827 040 

Peterculter 

Neoproterozoic, 

Aberdeen 

Formation: 

Psammite and 

semipelite 

Walling stone  

Crushed rock 

aggregate 

Leith’s (Scotland) 

Ltd. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aberdeenshire 

 

 

Ardlethan Quarry 
NJ 915 322 

Ardlethan 

Neoproterozoic, 

Strichen Formation: 

Semipelite, Pelite 

and Psammite 

Crushed  rock 

aggregate 

James Jamieson, 

Ardlethan 

 

Avochie Quarry 

(Rothiemay) 

NJ 541 470 

Milton of 

Rothiemay 

Ordovician, North-

east Grampian 

Granitic suite: 

Foliated biotite-

granite 

Crushed rock 

aggregate Building 

stone Dimension stone 

Longcliffe 

Quarries 

 

 

 

Balmedie Quarry 

(Rocks of 

Balmedie) 

 

NJ 944 181 

Belhelvie 

Ordovician, 

Belhelvie Basic 

Intrusion: Gabbro 

and norite 

Crushed rock 

aggregate Roadstone 

 Subbase 

 Coated roadstone 

Aberdeenshire 

Council 

 

Bridgend Quarry 

(Hard Rock 

Extension) 

NJ 731 575 

Turiff 

Neoproterozoic, 

Macduff Formation: 

Micaceous 

psammite, 

semipelite and pelite 

Crushed rock 

aggregate 

Bridgend Sand & 

Gravel Ltd. 

 

Corrennie Quarry  
NJ 641 119 

Tillyfourie 

Silurian, Corrennie 

Pluton: Foliated 

Leucogranite 

Dimension stone 

Amourstone 

 Crushed rock 

aggregate 

Decorative aggregate 

Breedon 

Aggregates 

Scotland Ltd. 

 

Cottonhill Quarry 

(Cotton Hill) 

NJ 724 639 

Macduff 

Neoproterozic, 

Macduff Formation: 

Micaceous 

psammite, 

semipelite and pelite 

Crushed rock 

aggregates 
Lovie Ltd. 

 

Craigenlow 

Quarry 

NJ 730 086 

Dunecht 

Silurian, Crathes 

Pluton: Granodiorite 

Crushed rock 

aggregate Ready 

mixed concrete 

Concrete aggregate 

Coated roadstone 

Breedon 

Aggregates 

Scotland Ltd. 

 

Craiglash Quarry 
NJ 621 986 

Torphins 

Neoproterozoic, 

Queen’s Hill 

Formation: Pelite, 

Semipelite and 

psammite 

Crushed rock 

aggregate Roadstone, 

Subbase Coated 

roadstone 

Aberdeenshire 

Council 

 

Kininmonth Home 

Farm 

NK 028 531 

Denhead 

Silurian, Northern 

Britain Siluro-

Devonian Calc-

alkaline Dyke Suite: 

Felsite 

Crushed rock 

aggregate 

Greenspan 

Contractors Ltd. 
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Knapps of Thernie 
NJ 735 444 

Auchterless 

Neoproterozoic, 

Macduff formation: 

Micaceous 

psammite, 

semipelite and pelite 

Crushed rock 

aggregate 
Lovie Ltd. 

 

Longhaven Quarry 
NK 115 392 

Peterhead 

Silurian, Peterhead 

Pluton: Granite 

Crushed rock 

aggregate Dimension 

stone 

Breedon 

Aggregates 

Scotland Ltd. 

 

Longside Quarry 

(Bridgend) 

NK 025 481 

Longside 

Ordovician, Forest 

Of Deer Pluton: 

Melagranite 

Crushed rock 

aggregate 

Claymore Homes 

Ltd. 

 

North Mains of 

Findon Quarry 

(Findon) 

NO 942 986 

Findon 

Neoproterozoic, 

Glen Lethnot Grit 

Formation: Flaggy, 

micaceous psammite 

Crushed rock 

aggregate Roadstone 

Walling stone, 

Landscaping stone 

Armourstone 

Miller Plant Ltd. 

 

Pitcaple Quarry 

(Pitscurry) 

NJ 730 269 

Inverurie 

Ordovician, Insch 

Pluton, Middle 

Zone: Norite and 

gabbronorite 

Crushed rock 

aggregate Subbase 

Roadstone Coated 

roadstone 

Aberdeenshire 

Council 

 

Smiddy Burn 

Quarry 

(Smiddyburn) 

NJ 739 331 

Cross of 

Jackston 

Neoproterozoic, 

Macduff Formation: 

Micaceous 

psammite, 

semipelite and pelite 

Crushed rock 

aggregate 
J & A Hard 

 

Stirlinghill Quarry 
NK 123 415 

Peterhead 

Silurian, Peterhead 

Pluton: Granite 

Crushed rock 

aggregate Roadstone 

 Ready mixed concrete 

Breedon 

Aggregates 

Scotland Ltd. 

 

Tom’s Forest 

Quarry 

NJ 762 170 

Kintore 

Ordovician, Kemnay 

Pluton: Foliated 

muscovite-biotite-

granite 

Crushed rock 

aggregate Coated 

roadstone 

 Ready mixed concrete 

Breedon 

Aggregates 

Scotland Ltd. 

 

Wettyfoot 
NJ 635 491 

Netherdale 

Neoproterozoic, 

Macduff Formation: 

Micaceous 

psammite, 

semipelite and pelite 

Unspecified A & S Moggach 
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Angus 

 

 

 

 

 

 

 

 

Ardownie Quarry 
NO 492 344 

Monifieth 

Devonian, Ochill 

Volcanic Formation: 

Andesite lava 

Crushed rock 

aggregate ready mix 

concrete Armourstone  

Roadstone 

 Coated roadstone 

D Geddes 

(Contractors) Ltd. 

 

Cunmont Quarry 
NO 488 370 

Newbigging 

Silurian-Devonian, 

Midland valley 

Siluro-Devonian 

Mafic Intrusion 

Suite: Microdiorite 

Constructional fill 

Crushed rock 

aggregate Roadstone 

Breedon 

Aggregates 

Scotland Ltd. 

 

Ethiebeaton 

Quarry 

NO 486 340 

Monifieth 

Devonian, Ochill 

Volcanic Formation: 

Andesite lava 

Crushed rock 

aggregate Ready 

mixed concrete 

Concrete aggregate 

Breedon 

Aggregates 

Scotland Ltd. 

 

Hilton of Guthrie 

Quarry 

NO 555 515 

Hilton of 

Guthrie 

Devonian, Montrose 

Volcanic Formation: 

Andesite and Basalt 

Crushed rock 

aggregate Building 

stone 

D C Robertson 

Plant Hire 

 

Waulkmill Quarry 

(Waulkmill Phase 

2) 

NO 631 495 

Devonian, Montrose 

Volcanic Formation: 

Andesite and Basalt 

Crushed rock 

aggregate Coated 

roadstone 

D Geddes 

(Contractors) Ltd. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Argyll and Bute 

Council 

Achnaba Quarry 

(The Cut) 

NR 891 857 

Lochgilphead 

Neoproterozoic, 

Crinan Grit 

Formation: 

Quartzite and pebbly 

psammite 

Crushed rock 

aggregate Building 

stone 

Macleod 

Construction Ltd. 

 

Ambrisbeg Quarry 

(Ambrisbeg) 

NS 068 595 

Ambrisbeg 

Carboniferous, 

Clyde Plateau 

Volcanic Formation: 

Basalt 

Crushed rock 

aggregate Subbase 
Ambrisbeg Ltd. 

 

Barrachander 

Quarry 

NN 027 264 

Glen Nant 

Devonian, Lorn 

Plateau Volcanic 

Formation 

Crushed rock 

aggregate 

Barrachander 

Quarry 

 

Blarghour Hydro 

Borrow Pit 

NN 014 138 

Loch Awe 

Neoproterozic, 

Tayvallich Slate and 

Limestone 

Formation: 

Graphitic pelite 

Crushed rock 

aggregate 

Blarghour Power 

Co. 

 

Bonawe Quarries 
NN 022 337 

Loch Etive 

Silurian, 

Monzodiorite 

Facies, Cruachan 

Intrusion: Quartz-

monzodiorite 

Roadstone 

 Concrete aggregate 

Coated roadstone 

Breedon 

Aggregates 

Scotland Ltd. 

 

Carraig Gheal 

Borrow Pit 1 

NM 985 209 

Loch Awe 

Neoproterozoic, 

Dalradian 

Supergroup: 

Metagabbro and 

metamicrogabbro 

Crushed rock 

aggregate 

Green Power 

(Carraig Gheal) 

Ltd. 

 

Carraig Gheal 

Borrow Pit 2 

NM 979 206 

Loch Awe 

Silurian – Devonian, 

Lorn Plateau Lava 

Formation: Andesite 

and basalt 

Crushed rock 

aggregate 

Green Power 

(Carraig Gheal) 

Ltd. 

 

Carraig Gheal 

Borrow Pit 3 

NM 969 195 

Loch Awe 

Silurian – Devonian, 

Lorn Plateau Lava 

Formation: Andesite 

and basalt 

Crushed rock 

aggregate 

Green Power 

(Carraig Gheal) 

Ltd. 
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Carraig Gheal 

Borrow Pit 4 

NM 963 214 

Loch Awe 

Silurian – Devonian, 

Lorn Plateau Lava 

Formation: Andesite 

and basalt 

Crushed rock 

aggregate 

Green Power 

(Carraig Gheal) 

Ltd. 

 

Carraig Gheal 

Borrow Pit 5 

NM 984 206 

Loch Awe 

Silurian – Devonian, 

North Britain Siluro-

Devonian Calc-

Alkaline Dyke 

Suite: Microdiorite 

and appinitic diorite-

rock 

Crushed rock 

aggregate 

Green Power 

(Carraig Gheal) 

Ltd. 

 

Clachan Quarry 
NR 764 578 

Kintyre 

Neoproterozoic, 

Stonefield Schist 

Formation: 

Semipelite 

Crushed rock 

aggregate 

George 

McNaughton & 

Son 

 

Clachan Quarry 
NN 199 141 

Cairndow 

Silurian – Devonian, 

North Britian Siluro-

Devonian Calc-

Alkaline Dyke 

Suite: Microdiorite, 

andesite 

Crushed rock 

aggregate 

Construction sand 

Bonnar Sand & 

Gravel Co., Ltd. 

 

Furnace Quarry 
NN 028 002 

Inverary 

Silurian – Devonian, 

Scottish Highland 

Siluro-Devonian 

Calc-Alkaline Minor 

Intrusion Suite: 

Porphyritc 

microgranite 

intrusion 

Crushed rock 

aggregate 

Constructional fill 

Concrete aggregate 

Coated roadstone 

Breedon 

Aggregates 

Scotland Ltd. 

 

Gigha Quarry 
NR 642 484 

Gigha 

Neoproterozoic, 

Neoproterozoic 

Basic Minor 

Intrusion Suite 

Crushed rock 

aggregate 

Gigha Trading 

Ltd. 

 

Pennygown 

Quarry 

NM 607 432 

Isle of Mull 

Palaeogene, Mull 

Lava Group: Basalt  

Crushed rock 

aggregate 

Graded sand & gravel 

Ready mixed concrete 

John MacLachlan 

Quarries Ltd. 

 

Upper Soroba 

Quarry 

NM 865 282 

Oban 

Devonian, Lorn 

Plateau Volcanic 

Formation: Andesite 

and Basalt 

Crushed rock 

aggregate 

Graded sand & gravel 

Ready mixed concrete 

John MacLachlan 

Quarries Ltd. 

 

City of Edinburgh Ravelrig Quarry 
NT 142 670 

Kirknewton 

Carboniferous – 

Permian, Dalmahoy 

Sill: Olivine-dolerite 

High spec roadstone 

Crushed rock 

aggregate 

Lafarge-Tarmac 

 

 

 

 

 

 

 

 

Akernisg Quarry 
NF 748 237 

Lochnoisdale 

Archean – 

Proterozoic, 

Lewisian Complex: 

Gneiss 

Crushed rock 

aggregate 

MacAulay 

Askernish Ltd. 

 

Ceann an Ora 

Quarry 

(Ardhasaig) 

NB 142 043 

Tarbet 

Archean – 

Proterozoic, 

Lewisian Complex: 

Gneiss 

Crushed rock 

aggregate 

Breedon 

Aggregates 

Scotland Ltd. 

 

Cleat & Lower 

Green Quarry 

NF 685 033 

Grean 

Archean – 

Proterozoic, 

Lewisian Complex: 

Gneiss 

Crushed rock 

aggregate 

John MacLennan 

Contractors 
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Comhairle nan 

Eilean Siar 

Creed Quarry 
NB 397 311 

Stornoway 

Outer Hebrides 

Thrust Zone 

Mylonites Complex: 

Protocataclasite 

Crushed rock 

aggregate 
I A & C MacIver 

 

Cringraval Quarry 

(Loch Euphort 

Roadend 

Criongrabhal) 

NF 816 646 

Loch Euphort 

Lewisian Complex: 

Metasedimentary 

and meta-

volcaniclastic rocks 

Crushed rock 

aggregate 

 

MacLeans 

Haulage 

Contractors 

 

Drium Reallasagr 

Quarry 

NF 861 666 

Lochmaddy 

Archean – 

Proterozoic, Outer 

Hebrides Thrust 

Zone Mylonites 

Complex: 

Pseudotachylite 

Crushed rock 

aggregate 

Roadstone  

Breedon 

Aggregates 

Scotland Ltd. 

 

Garbh Eilean 

Quarry 

(Garbheilean) 

NF 846 587 

Carnish 

Archean – 

Proterozoic, 

Lewisian Complex: 

Gneiss 

Roadstone 

Crushed rock 

aggregate 

Coated roadstone 

Breedon 

Aggregates 

Scotland Ltd 

 

Garrygall Quarry 

(Gearraidh 

Gadhal) 

NL 679 986 

Castlebay 

Archean – 

Proterozoic, 

Lewisian Complex: 

Gneiss 

Crushed rock 

aggregate 

John MacLennan 

Contractors 

 

Loch Leiniscal 

Quarry (Loch 

Leniscol) 

NB 370 290 

Stornoway 

Archean – 

Proterozoic, Outer 

Hebrides Thrust 

Zone Mylonites 

Complex: 

Protocataclasite  

Crushed rock 

aggregate 

Angus MacIver 

Ltd. 

 

Marybank Quarry 
NB 370 290 

Stornoway 

Archean – 

Proterozoic, 

Lewisian Complex: 

Gneiss and 

Amphibole 

Crushed rock 

aggregate 

Concrete aggregate 

Coated roadstone 

Roadstone 

Breedon 

Aggregates 

Scotland Ltd. 

 

Bennadrove 

Quarry 

NB 400 343 

Stornoway 

Archean – 

Proterozoic, Outer 

Hebrides Thrust 

Zone Mylonites 

Complex: 

Protocataclasite 

Crushed rock 

aggregate 

Breedon 

Aggregates 

Scotland Ltd. 

 

Loch Airigh na lic 

(Bennadrove) 

NB 396 342 

Stornoway 

Archean – 

Proterozoic, Outer 

Hebrides Thrust 

Zone Mylonites 

Complex: 

Protocataclasite 

Crushed rock 

aggregate 

Breedon 

Aggregates 

Scotland Ltd. 

 

Rueval Quarry 

(Rhuabhal) 

NF 775 409 

Geirnis 

Archean – 

Proterozoic, 

Lewisian Complex: 

Gneiss 

Constructional fill 

Roadstone 

Crushed rock 

aggregate 

J J Macdonald 

(Contractors) 

 

South Shhawbost 

Quarry (Siabost) 

NB 242 458 

Siabost 

Archean – 

Proterozoic, 

Lewisian Complex: 

Gneiss 

Crushed rock 

aggregate 
W Taylor 

 

Stiaraval Quarry A 
NF 812 532 

Market Stance 

Archean – 

Proterozoic, 

Lewisian Complex: 

Gneiss 

Crushed rock 

aggregate 

MacAulay 

Askernish Ltd. 
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Dumfries and 

Galloway 

Craignair Quarry 

(Dalbeattie) 

NX 819 608 

Dalbeattie 

Devonian, Criffel-

Dalbeattie Pluton: 

Granodiorite 

Building stone 

Kerbs, setts 

Crushed rock 

aggregate 

Coated roadstone 

Larfarge-Tarmac 

 

Tongland Quarry 
NX 698 544 

Kirkcudbright 

Silurian – Devonian, 

North Britian Siluro-

Devonian Calc-

Alkaline Dyke 

Suite: Porphyritic 

microdiorite 

Crushed rock 

aggregate 

Coated roadstone 

Ready mixed concrete 

Barr Quarries 

 

East Ayrshire  
Sorn Quarry 

(Tincornhill) 

NS 576 275 

Sorn 

Silurian – Early 

Devonian, 

Tincornhill 

Intrusion: 

Granodiorite and 

diorite 

Crushed rock 

aggregate 
Barr Quarries 

 

East Lothian 
Markle Mains 

Quarry 

NT 568 769 

East Linton 

Carboniferous, 

Pencraig Sill: 

Trachyte 

Crushed rock 

aggregate 

D Geddes 

(Contractors) Ltd. 

 

East Renfrewshire Floak 
NS 499 505 

Newton Mearns 

Carboniferous, 

Clyde Plateau 

Volcanic Formation: 

Basalt, Dunsapie 

type 

Crushed rock 

aggregate 

Roadstone 

Patersons 

Quarries Ltd. 

 

Falkirk Northfield Quarry 
NS 795 853 

Denny 

Carboniferous, 

Midland Valley Sill-

Complex: Quartz-

microgabbro 

(Dolerite) 

Crushed rock 

aggregate 

Ready mixed concrete 

Tillicoultry 

Quarries Ltd. 
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Fife 

 

 

 

 

 

 

Balmullo Quarry 

(Lucklaw Hill, 

Redstone Quarry) 

NO 419 214 

Balmullo 

Silurian – Devonian, 

Midland Valley 

Siluro-Devonian 

Felsic Intrusion 

Suite: Pink Felsite 

Roadstone 

Railway ballast 

High spec roadstone 

Decorative aggregate 

Beedon 

Aggregates 

Scotland Ltd. 

 

Belliston Quarry 
NO 498 062 

Colinsburgh 

Carboniferous, 

Dinantian to 

Westphalian Sills of 

Lothians and Fife: 

Basalt, Dalmeny 

Type 

Crushed rock 

aggregate  

Belliston Quarry 

Co., Ltd. 

 

Clatchard Craig 

Quarry 

(Clatchard) 

NO 241 177 

Newburgh 

Devonian, Ochil 

Volcanic Formation: 

Hypersthene-

andesite 

 

Crushed rock 

aggregate 

Ready mixed concrete 

Coated roadstone 

Concrete aggregate 

Breedon 

Aggregates 

Scotland Ltd. 

 

Craigs 
NT 216 966 

Auchterderran 

Carboniferous, 

Dinantian to 

Westphalian Sills of 

Lothians and Fife: 

Analcime-gabbro 

Crushed rock 

aggregate 

Roadstone  

Breedon 

Aggregates 

Scotland Ltd. 

 

Devon Quarry 

NO 338 047 

Kennoway 

Carboniferous, 

Midland Valley Sill-

Complex: Quartz-

microgabbro 

(Dolerite) 

Roadstone 

Crushed rock 

aggregate 

Belliston Quarry 

Co., Ltd. 

 

Goathill Quarry 
NO 184 889 

Cullaloe Hills 

Carboniferous, 

Midland Valley Sill-

Complex: Dolerite 

Crushed rock 

aggregate 
Collier Group  

 

Lomond Quarry 
NO 247 023 

Leslie  

Carboniferous, 

Midland Valley Sill-

Complex: Quartz-

microgabbro 

(Dolerite) 

Crushed rock 

aggregate 
Skene Group Ltd. 

 

Orrock Quarry 
NT 219 885 

Burntisland 

Carboniferous, 

Kinghorn Volcanic 

Formation: Basaltic 

tuffs and lavas 

Crushed rock 

aggregate 

Ready mixed concrete 

Coated roadstone 

Breedon 

Aggregates 

Scotland Ltd. 

 

 

 

 

 

 

 

 

 

 

 

 

Achilty Quarry 
NH 44 561 

Contin 

Proterozoic, Tarvie 

Psammite 

Formation: 

Psammite 

Crushed rock 

aggregate 

Decorative aggregate 

Coated roadstone 

Leith’s (Scotland) 

Ltd. 

 

Alvie Quarry 

(Easter Defour) 

NH 842 087 

Kincraig 

Silurian, 

Monadhiliath 

Pluton, Phase 1: 

Porphyritic Granite 

Crushed rock 

aggregate 

Building stone 

Armourstone 

Walling stone 

G F Job Ltd. 

 

Ardchronie 

Quarry 

NH 616 885 

Ardgay 

Proterozoic, Crom 

Psammite 

Formation: 

Psammite 

Crushed rock 

aggregate 

Railway ballast 

Armourstone 

Breedon 

Aggregates 

Scotland Ltd.  
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Highland 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Benavie Quarry 
NN 111 774 

Banavie 

Neoproterozoic, 

Upper Garry 

Psammite 

Formation: Granite-

veined Psammite 

Crushed rock 

aggregate 

Coated roadstone 

Concrete aggregate 

Decorative aggregate 

Ready mixed concrete 

Breedon 

Aggregates 

Scotland Ltd. 

 

Cregan Loisgte 

Quarry 

NC 945 647 

Reay 

Silurian, Reay 

Diorite: Foliated 

Quartz-diorite 

Crushed rock 

aggregate 

Constructional fill 

Armourstone 

Sandside Estates 

 

Daviot Quarry 
NH 716 390 

Inverness 

Neoproterozoic, 

Dava Succession: 

Gneissose Psammite 

Constructional fill 

Coated roadstone 

Armourstone 

Decorative stone 

Lafarge-Tarmac 

 

Gleann Laogh 

(Forest Gate) 

NH 268 003 

Invergarry 

Neoproterozic, 

Tarvie Psammite 

Formation: 

Psammite & Silurian 

– Devonian, 

Appinite Suite: 

Appinitic rocks 

Crushed rock 

aggregate 
Unknown 

 

Glensanda Quarry 
NM 813 498 

Morvern  

Silurian, Strontian 

Pluton: Biotite-

granite 

Crushed rock 

aggregate 

Aggregate 

Industries UK 

 

Learnie Quarry 

 

 

NH 751 610 

Rosemarkie 

Proterozoic, 

Rosemarkie 

Metamorphic 

Complex, Gneiss 

Crushed rock 

aggregate 

Forestry 

Commission 

Scotland, 

Inverness, Ross 

and Skye Forest 

 

 

Meadowside 

Quarry 

(Meadowside Rock 

Quarry) 

 

NH 813 041 

Kincraing 

 

Neoproterozoic, 

Loch Laggan 

Psammite 

Formation: 

Micaceous 

psammite 

 

crushed rock aggregate 

 

Breedon 

 

Park 
NH 899 529 

Nairn 

Silurian – Devonian, 

Auldearn Pluton: 

Granite 

Crushed rock 

aggregate 

Decorative stone 

Lafarge-Tarmac 

 

 

 

 

 

 

 

 

Bluehill Quarry 

(Bluehills) 

NJ 449 434 

Charlestown of 

Aberlour 

Neoproterozoic, 

Grampian Group: 

Gneissose psammite 

Crushed rock 

aggregate 

Decorative aggregate 

Coated roadstone 

Armourstone 

Leith’s (Scotland) 

Ltd. 

 

Bogend Quarry 
NJ 449 639 

Buckie 

Neoproterozoic, 

Cullen Quartzite 

Formation: 

Quartzite, psammite 

and semipelite 

Roadstone 

Subbase 

Decorative aggregate 

Limehillock 

Quarries Ltd. 
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Moray Cairdshill Quarry 

(Cairds Hill) 

NJ 442 481 

Keith 

Neoproterozic, 

Corryhabbie 

Quartzite 

Formation: 

Quartzite 

Crushed rock 

aggregate 

Decorative stone 

Decorative aggregate 

Lafarge-Tarmac 

 

Netherglen 
NJ 242 541 

Rothes 

Neoproterozoic, 

Nethybridge 

Psammite 

Formation: 

Micaceous 

psammite 

Roadstone 

Filter drainage media 

Breedon  

Aggregates 

Scotland Ltd. 

 

Newforres Quarry 

(Wester 

Newforres) 

NJ 063 577 

Forres 

Neoproterozoic, 

Nethybridge 

Psammite 

Formation: 

Micaceous 

psammite 

Crushed rock 

aggregate 

Coated roadstone 

Decorative aggregate 

Leith’s (Scotland) 

Ltd. 

 

North Ayrshire 

Bogary Quarry 

(Bogarie) 

NR 947 2399 

Sliddery 

Palaeogene, South 

Arran Sills: Felsite 

Building stone 

Crushed rock 

aggregate 

John Thomson 

Construction Ltd. 

 

Dereneneach 

Quarry 

NR 931 336 

Blackwaterfoot 

Palaeogene, Arran 

Central Complex: 

Granite 

Crushed rock 

aggregate 

Building stone 

High spec roadstone 

John Thomson 

Construction Ltd. 

 

Loanhead Quarry 
NS 365 555 

Beith 

Carboniferous, 

Clyde Plateau 

Volcanic Formation: 

Markle type Basalt 

Crushed rock 

aggregate 
W H Malcom Ltd. 

 

Swinlees Quarry 
NS 287 529 

Dalry 

Carboniferous, 

Clyde Plateau 

Volcanic Formation: 

Rhyolite 

Crushed rock 

aggregate 

Ready mixed concrete 

Coated roadstone 

Barr Quarries 
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North Lanarkshire 

Beltmoss Quarry 

(Kilsyth) 

NS 721 790 

Kilsyth 

Carboniferous, 

Midland Valley Sill-

Complex: Quartz-

microgabbro 

(Dolerite) 

Crushed rock 

aggregate 

Roadstone 

High spec roadstone 

Patersons 

Quarries Ltd. 

 

Cairneyhill Quarry 

(Caldercruix) 

NS 849 659 

Caldercruix 

Carboniferous, 

Midland Valley Sill-

Complex: Quartz-

microgabbro 

(Dolerite) 

Crushed rock 

aggregate 

Coated roadstone 

High spec roadstone 

Concrete aggregate 

Kerbs, setts 

Armourstone  

Lafarge-Tarmac 

 

Hillend Quarry 

(Caldercruix) 

NS 8232 671 

Caldercruix 

Carboniferous, 

Midland Valley Sill-

Complex: Quartz-

microgabbro 

(Dolerite) 

Crushed rock 

aggregate 

Roadstone  

Tillicoultry 

Quarries Ltd. 

 

Croy Quarry 
NS 732 762 

Croy 

Carboniferous, 

Midland Valley Sill-

Complex: Quartz-

microgabbro 

(Dolerite) 

Crushed rock 

aggregate 

High spec roadstone 

Roadstone  

Aggregate 

Industries UK 

 

Duntilland Quarry 
NS 844 638 

Shotts 

Carboniferous, 

Midland Valley Sill-

Complex: Quartz-

microgabbro 

(Dolerite) 

Crushed rock 

aggregate 

High spec roadstone 

Ready mixed concrete 

Coasted roadstone 

Walling stone 

Kerbs, setts  

Aggregate 

Industries UK 

 

Duntilland Quarry 
NS 842 635 

Shotts 

Carboniferous, 

Midland Valley Sill-

Complex: Quartz-

microgabbro 

(Dolerite) 

Crushed rock 

aggregate 

High spec roadstone 

Ready mixed concrete 

Coasted roadstone 

Walling stone 

Kerbs, setts  

Aggregate 

Industries UK 

 

Riskend Quarry  
NS 728 792 

Kilsyth 

Carboniferous, 

Midland Valley Sill-

Complex: Quartz-

microgabbro 

(Dolerite) 

Crushed rock 

aggregate 

Riskend 

Aggregates Ltd. 

 

Tam’s Loup 

Quarry 

NS 877 636 

Harthill 

Carboniferous, 

Midland Valley Sill-

Complex: Quartz-

microgabbro 

(Dolerite) 

Crushed rock 

aggregate 

Coated roadstone 

 

Tillicoultry 

Quarries Ltd. 

 

 

Perth and Kinross 
Collace Quarry 

NO 209 316 

Kinrossie 

Devonian, Ochil 

Volcanic Formation: 

Pyroxene-andesite 

Crushed rock 

aggregate 

Coated roadstone 

Tayside Contracts 
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Friarton Quarry 
NO 115 210 

Perth 

Devonian, Ochil 

Volcanic Formation: 

Pyroxene-andesite 

Crushed rock 

aggregate 
Lafarge-Tarmac 

 

Renfrewshire 

Highcraig Quarry 

(Highcraig & 

Rannoch) 

NS 426 610 

Johnstone 

Carboniferous – 

Permian, Kilbarchan 

Sills, Western 

Midland Valley 

Westphalian to 

Early Permian Sills: 

Dolerite 

High spec roadstone 

Coated roadstone 

Ready mixed concrete 

Crushed rock 

aggregate 

Lafarge-Tarmac 

 

Scottish Borders 

Blinkbonny 

Quarry 

NT 673 387 

Nenthorn 

Carboniferous, 

Kelso Volcanic 

Formation: Basaltic 

lava 

Crushed rock 

aggregate 

Concrete aggregate 

Blinkbonny 

Quarry (Borders 

ltd.) 

 

Craighouse Quarry 
NT 599 361 

Earlston 

Carboniferous, 

Kelso Subsuite: 

Dolerite 

Crushed rock 

aggregate 

Coated roadstone 

Lafarge-tarmac 

 

Shetland Islands 

Mann’s Quarry 
HU 461 903 

West Sandwick 

Neoproterozoic, 

Yell Sound 

Psammite 

Formation: 

Psammite 

Constructional fill 

Mortar manufacture 

Victor Jamieson 

Ltd. 

 

Scatsta 
HU 383 724 

Scatsta 

Neoproterozoic, 

Yell Sound Psammit 

Formation: 

Psammite and pelite 

Crushed rock 

aggregate 
EMN Plant Ltd. 

 

Setters Quarry 

(Baltasound Unst) 

HP 638 109 

Haroldswick 

Neoproterozoic – 

Silurian, Shetland 

Ophiolite Complex: 

Metaharzburgite 

Crushed rock 

aggregate 

Sandisons (Unst) 

Ltd. 

 

Sullom Mine 

Quarry 

HU 341 729 

Clothister Hill 

Neoproterozic, 

Queyfirth Group: 

Metamorphosed 

lava and tuff 

Crushed rock 

aggregate 

Garriock Brothers 

Ltd. 

 

Symbister Ness 
HU 533 622 

Symbister 

Neoproterozoic, 

Scatsta Quartzitic 

Formation: Pelite, 

semipelite and 

psammite 

Crushed rock 

aggregate 
G & R Aggregates 
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Table A3 – Scottish Limestone and Meta-limestone (crushed rock) Aggregate Resources   

Local Authority Site Name Location Lithology Products Operator 

Aberdeenshire 
Boyne Bay 

Quarry 

NJ 612 659 

Boyne 

Neoproterozoic, Boyne 

Castle Limestone Member: 

Metalimestone and calc-

silicate rock 

Ready mixed concrete 

Crushed rock aggregate 

Agricultural lime 

Breedon 

Aggregates 

Scotland Ltd. 

Argyle and Bute 
Calliburn 

Quarry 

NR 717 

254 

Campbellto

wn 

Neoproterozoic, Loch Tay 

Limestone Formation: 

Metalimestone 

Crushed rock aggregate 

Roadstone 

Armourstone 

Agricultural lime 

McFadyens 

Contractors 

Dumfries and 

Galloway 

Kelhead 

Quarry 

NY 149 

692 Annan 

Permian, Kelhead breccias 

Member: Angular pebble-

grade conglomerate 

Concrete aggregate 
Grange Quarry 

Ltd. 

East Lothian 

Dunbar 

Cement Works 

North Quarry 

NT 705 770 

Dunbar 

Carboniferous, Lower 

Limestone Formation: 

Limestone 

Cement manufacture Lafarge-Tarmac 

      

 

 

South Ayrshire 

Hallyards Quarry 
NS 358 336 

Dundonald 

Carboniferous – 

Permian, Hillhouse 

Sill: Teschenite 

Crushed rock 

aggregate 

Bitmac 

Asphalting sand 

Coated roadstonne 

Macadam  

Gavin Lawrie 

 

Hillhouse Quarry 

(Hillhouse & 

Parkthorn) 

NS 350 340 

Troon 

Carboniferous – 

Permian, Hillhouse 

Sill: Teschenite 

Crushed rock 

aggregate 

Coated roadstone 

Concrete blocks 

Ready mixed concrete 

Hillhouse Quarry 

Group Ltd. 

 

South 

Lanarkshire 

Cloburn Quarry 
NS 944 412 

Lanark 

Silurian – Devonian 

Midland Valley 

Siluro-Devonian 

Felsic Intrusion 

Suite: Red Felsite 

Concrete aggregate 

Concreting sand 

Decorative aggregate 

Railway ballast 

Cloburn Quarry 

Company Limited 

 

Dunduff Quarry 
NS 779 410 

Kirkmuirhill 

Carboniferous – 

Permian, Midland 

Valley 

Carboniferous to 

Early Permian 

Alkaline Basic Sill 

Suite 

Crushed rock 

aggregate 

Patersons Quarrie 

Ltd. 

 

West 

Dunbartoneshir

e 

Sheephill Quarry 

(Miltonhill) 

NS 434 747 

Dumbarton 

Carboniferous, 

Clyde Plateau 

Subsuite: Markle 

Type Basalt 

Crushed rock 

aggregate 

Armourstone 

Building stone 

Willian 

Thompson & Son 

 



227 

 

Highland 

Dornie Quarry 

(Torlundy) 

NN 18- 775 

Fort 

William  

Neoproterozoic, Ballachulish 

Limestone Formation: 

Marble 

Roadstone 

Agricultural industry 

Industrial carbonate 

Filers 

Agricultural lime 

Armourstone  

Leith’s 

(Scotland) Ltd. 

Ledmore 

Quarry 

(Ledmore 

Marble, 

Ledmore 

North) 

NC 252 

136 

Ledmore 

Cambrian, Ghrudiadh 

Formation: Dolostone and 

marble 

Crushed rock aggregate 

Decorative stone 

Rockery stone 

Ledmore 

Marble Ltd. 

Morefields 

Quarry 

NH 149 

953 

Ullapool 

Cambrian, Ghrudiadh 

Formation: Dolostone 

Crushed rock aggregate 

Ready mixed concrete 

Agricultural lime 

Breedon 

Aggregates 

Scotland Ltd. 

Torrin Quarry 

(Skye Marble) 

NG 584 

200 Torrin 

Ordovician, Strath Suardal 

Formation: Dolostone 

Crushed rock aggregate 

Decorative stone 

Rockery stone 

Leith’s 

(Scotland) Ltd. 

Moray 

Blackhillock 

Quarry 

(Blackhillock 

Lime Works) 

NJ 439 481 

Keith 

Neoproterozoic, Dufftown 

Limestone Member: 

metalimestone 

Decorative aggregate 

Roadstone 

Limehillock 

Quarries Ltd. 

Parkmore 

Quarry 

NJ 335 411 

Dufftown 

Neoproterozoic, Dufftown 

Limestone Member: 

metalimestone 

Crushed rock aggregate 

Coated roadstone 

Agricultural lime 

Leith’s 

(Scotland) Ltd. 

 

North Ayrshire 

 

Old Mill 
NS 393 526 

Beith 

Carboniferous, Blackhall 

Limestone: Limestone 

Crushed rock aggregate 

Agricultural lime 

Industrial use 

Fillers  

Leith’s 

(Scotland) Ltd. 

Old Mill 
NS 395 527 

Lugton 

Carboniferous, Blackhall 

Limestone: Limestone 
Lime 

Leith’s 

(Scotland) Ltd. 

Trearnne 

Quarry 

(Lugton Lime) 

NS 371 533 

Beith 

Carboniferous, Blackhall 

Limestone: Limestone 

Crushed rock aggregate 

Agricultural lime 

Industrial use 

Fillers 

Leith’s 

(Scotland) Ltd. 

Perth and Kinross  
Shierglas 

Quarry 

NN 881 

639 Blair 

Atholl 

Neoproterozoic, Blair Atholl 

Dark Limestone and Dark 

Schist Formation: 

Metalimestone 

Crushed rock aggregate 

Roadstone 

Ready mixed concrete 

Agricultural lime 

Breedon 

aggregates 

Scotland Ltd. 

South Ayrshire 
Tormitchell 

Quarry 

NX 234 

944 

Tormitchell 

Ordovician, Stinchar 

Limestone Formation: 

Limestone 

Crushed rock aggregate 

Coated roadstone 

Ready mixed concrete 

Barr Quarries 
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Table A4 – Scottish Sand Aggregate Resources  

Local 

Authority Site Name Location Lithology Products Operator 

Comhairle nan 

Eilean Siar 

Aird Nisabost 

Quarry 

NG 045 971 

Horgabost 

Quaternary Sand: 

Marine Beach 

Deposits 

Building sand John MacKay & Sons Ltd. 

Balemartin 

Quarry (Baile 

Mhartainn) 

NF 724 737 

Baile 

Mhartainn 

Quaternary Sand: 

Blown Sand 

Building sand 

Concreting sand 

John Allan MacLellan 

Bealach an da 

Bheinn Sandpit 

(Eoligarry, 

Eolaigearraidh) 

NF 701 068 

Eolaigearraid

h 

Quaternary Sand: 

Blown Sand 
As dug aggregate Unknown 

Eoropaidh 

Quarry (Eoropie, 

Traigh Sanda) 

NB 511 644 

Eoropaidh  

Quaternary Sand: 

Blown Sand 
As dug aggregate 

Urras Oighreachd 

Ghabhsainn 

Dumfries and 

Galloway 

Clayshant 

Quarry 

NX 110 525 

Sandhead 

Quaternary Sand: 

Blown Sand 
Building sand Barr Quarries 

Sandmill Quarry 

(Bell’s) 

NX 107 520 

Sandhead 

Quaternary Sand: 

Blown Sand 

Building sand 

Construction sand 

Barr Quarries 

Whitecrook 

Farm Quarry 

NX 170 567 

Stranrar 

Quaternary Sand: 

Blown Sand 
Building sand Barr Quarries 

Highland 

Inkstack Quarry 

(Links of 

Instack) 

ND 242 696 

Barrock 

Quaternary Sand: 

Blown Sand 
As dug aggregate Leslie Robertson 

Wester Quarry 

(Keiss Links) 

ND 340 586 

Lyth 

Quaternary Sand: 

Blown Sand 
Building sand John Gunn & Sons Ltd. 

Midlothian  

Dalhousie 

Quarry (Upper 

Dalhousie Sand 

Quarry) 

NT 303 628 

Bonnyrigg 

Quaternary Sand: 

Glaciofluvial Sheet 

Deposits 

Graded sand  & 

gravel 
Tillicoultry Quarries Ltd. 

Moray 
Kirkhill Quarry 

(Kirkhillwood) 

NJ 239 628 A 

Falconer & 

Sons 

Quaternary Gravel, 

Sand and Silt: 

Glaciofluvial Ice 

Contact Deposits 

Building sand 

Asphalting sand 

Constructional fill 

Hugh King & Co. 

North Ayrshire 
Garnock West 

Quarry (Ardeer) 

NS 287 416 

Stevenston 

Quaternary Sand: 

Blown Sand 

Building sand 

Industrial use 

Construction sand 

Hugh King & Co. 

 

Orkney Islands 

Bu Links Quarry 
ND 485 970 

Burray 

Quaternary Sand: 

Beach Sand 
As dug aggregate E & W Dass 

Cara Links Sand 

Pit (Churchill 

Barrier No. 4) 

ND 478 950 

Grimness 

Quaternary Sand: 

Blown Sand 
As dug aggregate C Peace 

Newark Bay 

Quarry 

ND 462 901 

Newark Bay 

Quaternary Sand: 

Blown Sand 
As dug aggregate J Taylor 
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Table A5 – Scottish Sand and Gravel Aggregate Resources 

Local 

Authority Site Name Location Lithology Products Operator 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aberdeenshire 

Ardlethan 

Quarry 

NJ 917 319 

Ardlethen 

Quaternary, 

Glaciofluvial Sheet 

Deposits: Sand and 

gravel 

As dug aggregate 
James Jamieson, 

Ardlethan 

Blackhills 

Quarry 

NJ 924 609 

Fraserburgh 

Quaternary, Glacial 

Ice Contact 

Deposits: Gravel 

and sand 

Ready mixed 

concrete 

Concrete aggregate 

Frank Taylor 

Bridgeend 

Quarry 

NJ 732 570 

Turriff 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand and 

gravel 

Bridgend Sand & Gravel 

Ltd 

Broomhead 

Quarry 

NJ 986 638 

Fraserburgh 

Quaternary, 

Glaciofluvial Ice 

Contact Deposits: 

Graded sand & 

gravel 

Graded sand & 

Gravel 
Watermill Aggregates 

Cairnballoch 

Quarry (Alford) 

NJ 565 139 

Alford 

Quaternary, 

Devensian Till: 

Sand and gravel  

As dug aggregate Kirkwood Homes Ltd. 

Cammie Wood 

Quarry 

NO 695 920 

Strachan 

Quaternary, Lochton 

Sand and Gravel 

Formation: Sand and 

gravel 

As dug aggregate I R Taylor 

Capo Quarry 

(Clearlywood) 

NO 630 670 

Edzell 

Quaternary, 

Glaciofluvial 

Deposits: Sand and 

gravel 

Graded sand & 

gravel 

Roadstone 

Building sand 

Concrete aggregate 

Horticultural sand 

Breedon Aggregates 

Scotland Ltd. 

Edzell Quarry 

(Arnhall Quarry) 

NO 608 704 

Edzell  

Quaternary, Lochton 

Sand and Gravel 

Formation: Sand and 

gravel  

Graded sand & 

gravel 

Ready mixed 

concrete 

Breedon Aggregates 

Scotland Ltd. 

Howe of Blyth 

Quarry 

NJ 840 576  

New Pitsligo 

Quaternary, 

Glacialfluvial Sheet 

Deposits: Sand and 

gravel 

Graded sand & 

gravel 

Concrete aggregate 

Concrete blocks 

Lovie Ltd. 

Kirkmyres Farm 

Quarry 

(Kirkmyres) 

NS 925 615 

Fraserburgh  

Quaternary, 

Glaciofluvial Ice 

Contact Deposits: 

Gravel and sand 

Construction sand 

Building sand 

Concreting sand 

Kirkmyres Sand & 

Gravel 

Lochhills Quarry 

(Lochhills Sand 

and Gravel Pit) 

NJ 916 144  

Dyce 

Quaternary, Lochton 

Sand and Gravel 

Formation: Sand, 

gravel and boulders 

As dug aggregate Leith’s (Scotland) Ltd. 

Methlick Sand 

and Gravel 

Quarry 

(Bellmuir) 

 

NJ 878 362 

Ellon 

Quaternary, 

Glacialfluvial Sheet 

Deposits: Sand and 

gravel 

Graded sand & 

gravel 

Concrete aggregate 

Lovie Ltd. 
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Ready mixed 

concrete 

Mortar manufacture 

Nether Park 

Quarry 

NO 768 970 

Drumoak 

Quaternary, Lochton 

Sand and Gravel 

Formation: Sand and 

gravel 

Graded sand & 

gravel 
Leith’s (Scotland) Ltd. 

Park Quarry 

(Kincluny Farm, 

Drumoak) 

NO 801 979 

Durris 

Quaternary, Lochton 

Sand and Gravel 

Formation: Sand and 

gravel 

Graded sand & 

gravel 

Building sand 

Asphalting sand 

Construction sand 

Ready mixed 

concrete 

Chap Quarries 

(Aberdeen) Ltd. 

Park Quarry 

Extension 

NO 799 979 

Durris  

Quaternary, Lochton 

Sand and Gravel 

Formation: Sand and 

gravel 

Graded sand & 

gravel 

Building sand 

Asphalting sand 

Construction sand 

Ready mixed 

concrete 

Chap Quarries 

(Aberdeen) Ltd. 

Pitnacalder 

Quarry 

NJ 971 627  

New Aberdour 

Quaternary, 

Glaciofluvial Ice 

Contact Deposits 

Concreting sand 

Building sand 

Construction sand 

Kirkmyres Sand & 

Gravel 

Thunderton 

Quarry 

(Toddlehills) 

NK 069 451 

Peterhead 

Quaternary, 

Glaciofluvial Sheet 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 

Alexander Duthie & 

Sons Ltd. 

Angus 

Auchterforfar 

Quarry 

(Lochhead) 

NO 473 502 

Forfar 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Grraded sand & 

gravel 

Ready mixed 

concrete 

Concrete blocks 

Laird Aggregates Ltd. 

Cotside Quarry 

(Cotside Farm) 

NO 528 343 

Barry 

Quaternary, 

Glaciofluvial Ice 

Contact Deposits 

Graded sand & 

gravel 
William Clark 

Hatton Mill 

Quarry 

NO 611 497 

Friockheim 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 

D Geddes (Contractors) 

Ltd. 

Pownmyre 

Quarry 

NO 366 501 

Roundyhill 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 

Concrete aggregate 

Breedon Aggregates 

Scotland Ltd. 

Stannochy 

Quarry 

NO 580 588 

Brechin 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 

D Geddes (Contractors) 

Ltd 

Argyle and Bute 

Benderloch 

Quarry 

(Culcharron 

Farm) 

NM 909 393 

Benderloch 

Quaternary, Raised 

Marine Deposits: 

Clay, silt and sand 

Graded sand & 

gravel 

Ready mixed 

concrete 

Breedon Aggregates 

Scotland Ltd 
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Killellan Farm 

Quarry 

NS 109 694 

Toward 

Quaternary, Raised 

Marine Deposits 2: 

Sand and gravel 

As dug aggregate 
Cowal Sand & Gravel 

Ltd. 

Kilmartin 

Quarry 

NR 832 994 

Lochgilphead 

Quaternary, River 

Terrace Deposits: 

Sand and gravel 

As dug aggregate 
MacLeod Construction 

Ltd. 

Kingarth 

Sandpit 

(Kilchattan) 

NS 095 560 

Kilchattan Bay 

Quaternary, raised 

Marine Beach 

Deposits of 

Flandrian Age: Sand 

and gravel 

Graded sand & 

aggregate 
Ambrisbeg Ltd. 

Langa Quarry 
NR 660 246 

Machrihanish 

Quaternary, Raised 

Marine Deposits: 

Sand and Gravel 

Building sand 

Fillers 

Graded sand & 

gravel 

McFadyens Contractors 

North Connel 

Quarry 

NM 908 363 

North Connel 

Quaternary, Raised 

Marine Deposits: 

Clay, silt and sand 

Graded sand & 

gravel 

Building sand 

Breedon Aggregates 

Scotland Ltd. 

Torosay 
NM 727 344 

Craignure 

Quaternary, 

Glaciofluvial Ice 

Contact Deposits: 

Gravel, sand and silt 

Graded sand & 

gravel 

John MachLachlan 

Quarries Ltd. 

Comhairle nan 

Eilean Siar 

Bogach Eik 

Quarry 

(Griminsh) 

NF 752 748 

Griminis 

Quaternary, Glacial 

Deposits: Sand and 

gravel 

As dug aggregate 

Graded sand & 

gravel 

Concrete aggregate 

J MacCuish 

Carnish Quarry 

(Carnish No. 1) 

NB 033 316 

Carnish 

Quaternary, Glacial 

Deposits: Sand and 

gravel 

As dug aggregate 

Concrete aggregate 

I A & C MacIver 

Cletraval Quarry 

(Cleitreabhal a 

Deas) 

NF 741 718  

Tigh a 

Ghearraidh 

Quaternary, Glacial 

Deposits: Sand and 

gravel 

As dug aggregate John Allan MacLellan 

Cringraval 

Quarry (Loch 

Euphort 

Roadend, 

Criongrabhal) 

NF 816 646 

Loch Euphort 

Quaternary, Glacial 

Moraine Deposits: 

Gravel 

Graded sand & 

gravel 

Concrete Aggregate 

MacLeans Haulage 

Contractors 

Knockaird 

Quarry (An 

Cnoc Ard, 

Knockasird) 

NB 537 645  

An Cnoc Ard  

Quaternary, Glacial 

Deposits: Gravel 

and sand 

As dug aggregate 

Roadstone  
W Taylor 

Loch Euphort 

Quarry 

(Clachan, 

Craonabhal) 

NF 833 633 

Loch Euphort 

Quaternary, Glacial 

Deposits: Sand and 

gravel 

As dug aggregate 

Concrete aggregate 

MacLeans Haulage 

Contractors 

Rueval Quarry 

(Rhuabhal) 

NF 776 410 

Geirinis  

Quaternary, Head, 

Lewisian Gneiss: 

Weathered gniess 

Constructional fill 

As dug aggragate 

J J Macdonald 

(Contractors) 

Stiaraval Quarry 

B (Market 

Stance) 

NF 814 532 

Market Stance 

Quaternary, Glacial 

Deposits: Sand and 

gravel 

As dug aggregate 
Storas Uibhist (South 

Uist Estates) 

 

 

Aird Quarry 
NX 098 601 

Stranraer 

Quaternary, 

Glaciofluvial 

Deposits: Sand and 

gravel 

Concrete aggregate McMillan Plant 
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Dumfries and 

Galloway 

Balgracie Farm 

Quarry 

NW 985 610 

Leswalt 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

As dug aggregate Luce Bay Group 

Broom Quarry 

(Broom Estate) 

NY 154 6577 

Powfoot 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 

Hoddam Contracting 

Co., Ltd. 

Clayshant 

Quarry 

NX 110 525 

Sandhead 

Quaternary, raised 

Marine Beach 

Deposits of 

Flandrian Age: 

Gravel, sand and silt 

Graded sand & 

gravel 

Ready mixed 

concrete 

Barr Quarries 

Dunragit Quarry 
NX 145 576 

Stranraer 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand and 

gravel 
J McIntosh 

Jericho Bridge 

Quarry 

(Locharbriggs) 

NX 993 817 

Locharbriggs 

Quaternary, 

Kilblane Sand and 

Gravel Formation: 

Sand, gravel and 

boulders 

Asphalting sand 

Graded sand & 

gravel 

Coated roadstone 

Lafarge-Tarmac 

Kilblane Quarry 

(Parkburn) 

NX 986 820 

Dumfries 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt  

Graded sand & 

gravel 

Hoddam Contracting 

Co., Ltd. 

Linloskin 

Quarry 

NX 391 670 

Newton Stewart 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

As dug aggregate Eric Hyslop Ltd. 

Nether Murthat 

Quarry 

NY 102 987 

Beattock 

Quaternary, 

Glacialfluvial 

Deposits: Sand and 

gravel 

Graded sand & 

gravel 
Patersons quarries Ltd. 

Sandmill Quarry 

(Bell’s) 

NX 107 520 

Sandhead 

Quaternary, Raised 

Marine Beach 

Deposits of 

Flandrian Age: Sand 

and gravel 

Graded sand & 

gravel 
Barr Quarries 

East 

Dunbartonshire 

Douglasmuir 

Quarry 

NS 525 747 

Milgavie 

Carboniferous, 

Douglas Muir 

Quartz-

conglomerate 

Member: Quartz-

conglomerate 

Graded sand & 

gravel 

Concrete aggregate 

Building sand 

Concreting sand 

Decorative 

aggregate 

Lafarge-Tarmac 

Inchbelle Quarry 

(Inchbelle Sand) 

NS 665 757 

Kirkintilloch 

Quaternary, 

Glaciofluvial 

Deltaic (and/or 

Subaqueous Fan) 

Deposits 

Building sand 

Constructional fill 
Lafarge-Tarmac 

East Lothian 
Longyester 

Quarry 

NT 528 641 

Gifford 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand & 

aggregate 

Concrete aggregate 

Tillicoultry Quarries Ltd. 

 

 

Collessie 

(Melville Home 

Farm) 

NO 299 128 

Monmail 
Quaternary, 

Glaciaofluvial Ice 

Graded sand & 

gravel 

CEMEX UK Materials 

Ltd. 
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Fife 

Contact Deposits: 

Sand and gravel 

Lomond Quarry 
NO 247 023 

Leslie 

Quaternary, 

Glaciaofluvial Ice 

Contact Deposits: 

Gravel, sand and silt 

Graded sand & 

gravel  

Ready mixed 

concrete  

Concrete aggregate 

Skene Group Ltd. 

Lomond Quarry 
NO 246 025 

Leslie 

Quaternary, 

Glaciaofluvial Ice 

Contact Deposits: 

Gravel, sand and silt 

Graded sand & 

gravel  

Ready mixed 

concrete  

Concrete aggregate 

Skene Group Ltd. 

Melville Gates 

Quarry (Daft 

Mill) 

NO 312 126 

Ladybank 

Quaternary, 

Glaciofluvial Ice 

Contact Deposits: 

Gravel, sand and silt 

Graded sand & 

gravel 

Ready mixed 

concrete 

Angle Park Sand & 

Gravel Co., Ltd. 

Melville Gates 

Quarry 

NO 312 113 

Ladybank 

Quaternary, 

Glaciofluvial sheet 

Deposits: Sand and 

gravel 

Graded sand and 

gravel 

Angle Park Sand & 

Gravel Co., Ltd. 

Mountcastle 

gravel Pit, 

Western 

Extension 

NO 303 129 

Letham 

Quaternary, 

Glaciofluvial Ice 

Contact Deposits: 

Gravel, sand and silt 

As dug aggregate 
Angle Park Sand & 

Gravel Co., Ltd. 

Ramornie 

Quarry (The 

Wilderness) 

NO 313 099 

Ladybank 

Quaternary, 

Glaciofluvial Sheet 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 

Ready mixed 

concrete 

Angle Park Sand & 

Gravel Co., Ltd. 

Strathburn Sand 

and Gravel Pit 

NO 433 232 

 St. Michaels 

Quaternary, 

Glaciofluvial Ice 

Contact Deposits: 

Sand and Gravel 

Concrete aggregate 
Breedon aggregates 

Scotland Ltd 

Glasgow City 
Greenoakhill 

Quarry 

NS 667 624 

Glasgow 

Quaternary, 

Glaciofluvial 

Deltaic (and/or 

Subaqueous Fan) 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel  

Ready mixed 

concrete 

Patersons Quarries Ltd. 

 

 

 

 

 

 

 

 

 

 

 

Achley Quarry 
NH 786 903 

Dornoch 

Quaternary, 

Glaciofluvial Ice 

Contact Deposits: 

Sand and gravel 

As dug aggregate D & I Rutherford 

Beauly Quarry 

(Balblair, 

Beaulytoll) 

NH 510 447 

Beauly 

Quaternary, Raised 

Beach Deposits, 2: 

Gravel, sand and silt 

Graded sand & 

gravel 

Concrete aggregate 

Breedon Aggregates 

Scotland Ltd. 

Blackcastle 

Quarry 

(Drumdival) 

NH 835 542 

Nairn 

Quaternary, 

Glaciofluvial Ice 

Contact Deposits: 

Sand, gravel and silt 

Graded sand & 

gravel 
Larfarge-Tarmac 

Caplich Quarry 
NH 665 703 

Alness 

Quaternary, 

Glaciofluvial 

Deposits: Sand, 

gravel and silt 

As dug aggregate 

Graded sand & 

gravel 

Ready mixed 

concrete 

Pat Munro Ltd. 
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Highland 

Tarmacadam 

Cyderhall 

Quarry 

NH 760 

Dornoch 

Quaternary, 

Glaciofluvial 

Deposits: Sand and 

gravel 

As dug aggregate Pat Munro Ltd. 

Dornie – Sand 

Quarry 

(Torlundy - 

Sand) 

NN 183 778 

Fort William 

Quaternary, 

Glaciofluvial Ice 

Contact Deposits: 

Gravel, sand and silt 

Graded sand & 

gravel 

Concreting sand 

Leith’s (Scotland) Ltd. 

Dunain Mains 
NH 634 420 

Inverness 

Quaternary, 

Glaciofluvial Sheet 

Deposits: Sand and 

gravel 

Graded sand & 

gravel 
Lafarge-Tarmac 

Easter Glackton 

Quarry 

NH 828 535 

Gollanfield 

Quaternary 

Glaciofluvial Ice 

Contact Deposits: 

Sand and gravel 

Graded sand & 

gravel 
UBC Group Ltd. 

Evelix Quarry 
NH 770 897 

Dornoch 

Quaternary 

Glaciofluvial Ice 

Contact Deposits: 

Sand and gravel 

As dug aggregate MacLean Ardgay Ltd. 

Granish Quarry 
NH 905 153 

Aviemore 

Quaternary, 

Glaciofluvial Sheet 

Deposits: Gravel, 

sand and silt 

As dug aggregate 
David Ritchie & Sons 

Ltd. 

Heathfield 

Quarry 

(Rhicullen) 

NH 706 726 

Invergordon 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 

Ready mixed 

concrete  

Invergordon Sand & 

Gravel 

Kirkton Farm 

gravel Pit 

NC 889 623 

Melvich 

Quaternary, 

Hummocky Glacial 

Deposits: Sand, 

gravel and boulders 

As dug aggregate John Gunn & Sons Ltd. 

Midlairgs 

Quarry (Mid 

Lairgs) 

NH 712 362 

Daviot 

Quaternary, 

Glaciofluvial Ice 

Contact Deposits: 

Gravel, sand and silt 

Graded sand & 

gravel 
Leith’s (Scotland) Ltd. 

Strathrory 

Gravel Pit 

NH 396 656 

Strathgarve 

Forest 

Quaternary, Glacial 

Deposits: 

Diamicton, gravel 

sand and silt 

As dug aggregate 
Scottish Hydro Electric 

Transmission 

Wester Urray 

Quarry 

NH 503 528 

Muir of Ord 

Quaternary, 

Alluvium: Sand and 

gravel 

As dug aggregate 

Graded sand & 

gravel 

W Bartlett 

Loch Lomond 

& The 

Trossachs 

National Park 

Cambusmore 

Quarry 

(Callander) 

NN 647 053 

Callander 

Quaternary, 

Glaciofluvial Sheet 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 

CEMEX UK Materials 

Ltd. 

Midlothian 
Temple Quarry 

(Outerston) 

NT 334 577 

Temple 

Quaternary, 

Glaciofluvial Sheet 

Deposits: Sand and 

gravel 

Graded sand & 

gravel 

CEMEX UK Materials 

Ltd. 

 

 

Cloddach 

Quarry 

NJ 201 593  

Elgin 

Quaternary, 

Alluvium: Silt, sand 

and gravel 

Graded sand & 

gravel 
Lafarge-Tarmac 
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Moray 

Lochinver 

(Cloddach) 

NJ 181 610 

Elgin 

Quaternary, 

Glaciofluvial Ice 

Contact Deposits: 

Gravel, sand and silt 

Concreting sand 

Concrete aggregate 

Constructional fill 

Lafarge-Tarmac 

Fairyhills wood 

Quarry 

NJ 026 566  

Forres 

Quaternary, 

Glaciofluvial Ice 

Contact Deposits: 

Gravel, sand and silt 

Graded sand & 

gravel 

Limehillock Quarry 

Plant Ltd. 

Lynemore Sand 

Pit 

NJ 294 360  

Glen Rinnes 

Quaternary, Till, 

Devensian: Sand 

and gravel 

Graded sand & 

gravel 

Building sand 

Leith’s (Scotland) Ltd. 

Rothes Glen 

Quarry 

NJ 254 528 

Rothes 

Quaternary, Till, 

Devensian: Sand 

and gravel 

As dug aggregate 

Graded sand & 

gravel 

Construction sand 

Breedon Aggregates 

Scotland Ltd. 

Tom a Bent 

Gravel Quarry 

NJ 256 407 

Arberlour 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

As dug aggregate Unknown Operator 

North Ayrshire 

Mid Sannox 

Quarry (Sannox 

Sand Quarry) 

NS 014 455 

Mid Sannox 

Quaternary, 

Hummocky Glacial 

Deposits: 

Diamicton, sand and 

gravel 

As dug aggregate 

Graded sand & 

gravel 

Construction sand 

John Thomson 

Construction Ltd. 

Perth and 

Kinross 

Balado Quarry 

NO 088 025  

Balado 

Quaternary, 

Glaciofluvial Sheet 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 

D Geddes (Contractors) 

Ltd. 

Craigrossie 

Quarry 

NN 970 136 

Aberuthven 

Quaternary, River 

Terrace Deposits: 

Gravel, sand, silt 

and clay 

As dug aggregate 
Craigrossie Sand & 

Gravel 

Loanleven 

(Myreside) 

NO 054 257 

Perth 

Quaternary, 

Glaciofluvial Sheet 

Deposits: Gravel, 

sand and silt 

As dug aggregate 
CEMEX UK Material 

Ltd. 

Marless Quarry 

(Burnside of 

Marlee) 

NO 152 434 

Blairgowrie 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 

Ready mixed 

concrete 

Laird Aggregates Ltd. 

 

Scottish 

Borders 

Kinegar Quarry 

(Kinegar No. 2) 

NI 771 705 

Cockburnspath 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

As dug aggregate Kinegar Sand & Gravel 

Fulfordlees 

Quarry 

NT 754 689 

Cockburnspath 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 
Kinegar Sand & Gravel 

Kinegar 2 

Quarry (Kinegar 

Quarry) 

NT 773 702 

Cockburnspath 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 
Kinegar Sand & Gravel 

Kinegar 2 

Quarry (Kinegar 

Quarry) 

NT 771 695 

Cockburnspath 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 
Kinegar Sand & Gravel 
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Shetland Islands Aith Gravel Pit 
HU 336 543 

Bixter 

Quaternary, Till, 

Devensian: Sand 

and gravel 

Decorative 

aggregate 
G M Johnston 

South 

Lanarkshire 

Annieston 

Quarry 

(Annieston 

Farm) 

NT 001 361 

Thankerton 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 

Tinto Sand & Gravel 

Ltd. 

Hyndford 

Quarry 

NS 903 416 

Lanark 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Concrete aggregate 

Concrete blocks 

CEMEX UK Materials 

Ltd. 

Hyndford 
NS 898 414 

Lanark 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Concrete aggregate 

Concrete blocks 

CEMEX UK Materials 

Ltd. 

Newbigging 

Quarry 

NT 031 451 

Newbigging 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Concrete aggregate 

Horticultural sand 
Lafarge-Tarmac  

Newbegging 

Quarry 

(Newbiggingmill) 

NT 046 459 

Newbigging 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

As dug aggregate Lafarge-Tarmac 

Snabe Quarry 
NS 647 392 

Darvel 

Quaternary, 

Glaciofluvial 

Deposits: Gravel, 

sand and silt 

Graded sand & 

gravel 
Lafarge-Tarmac 

Thirstone 

Quarry 

NS 893 262 

Abington 

Quaternary, 

Glaciofluvial 

Deposits: Sand and 

gravel 

As dug aggregate 
Loudonhill Contracts 

Ltd. 

West End Wood 

(Carstairs South 

Pit, Colombie) 

NS 950 465 

Carstairs 

Quaternary, 

Glaciofluvial 

Deposits: Sand and 

gravel 

Graded sand & 

gravel 

Concrete aggregate 

CEMEX UK Materials 

Ltd. 

Stirling  
Cowiehall 

Quarry 

NS 850 896 

Cowie 

Quaternary, Raised 

Marine Deposits, 

Devensian: Clay, 

silt, sand and gravel  

Graded sand & 

gravel 
Patersons Quarries Ltd. 
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Table A6 – Scottish Sandstone (Crushed Rock) Aggregate Resources 

Local 

Authority Site Name Location Lithology Products Operator 

Aberdeenshire  Chapel Park 
NJ 981 492 

Mintlaw 

Neoproterozoic, 

Strichen Formation: 

Quartzite 

Crushed rock 

aggregate 
Hamish Watson 

Argyll and Bute  
Dunbeg Borrow 

Pit 

NO 343 409 

Newtyle 

Silurian – Devonian, 

Kerrerra Sandstone 

Formation: 

Conglomerate 

Crushed rock 

aggregate 
TSL Contractors Ltd. 

Dumfries and 

Galloway 

Barlockhart 

Quarry 

(Glenluce) 

NX 211 565 

Glenluce 

Silurian, Gala Unit 1: 

Greywacke 

Crushed rock 

aggregate 

Coated roadstone 

Ready mixed 

concrete 

Barr Quarries 

Barstobrick 
NX 695 602 

Ringford 

Silurian, Kirkmaiden 

Formation: Greywacke 

Crushed rock 

aggregate 
Fellend Farm Co. 

Grange Quarry 
NY 242 826 

Grange Fell 

Cambrian – Silurian, 

Lower Palaeozoic 

Rocks 

(undifferentiated): 

Greywacke 

Crushed rock 

aggregate  

Roadstone 

Ready mixed 

concrete 

Grange Quarry Ltd. 

Morrinton 

Quarry 

NX 870 816 

Dumfries  

Silurian, Gala Unit 7: 

Greywacke 

Crushed rock 

aggregate 

Graded sand & 

gravel 

High spec 

roadstone 

Lafarge-Tarmac 

Tongland 

Quarry 

NX 697 545 

Kikcudbright 

Silurian, Crghidown 

Formation: Greywacke 

Crushed rock 

aggregate 

Coated roadstone 

Ready mixed 

concrete 

Barr Quarries 

East Ayrshire  
Sorn Quarry 

(Tincornhill) 

NS 576 275 

Sorn 

Silurian – Devonian. 

Lanark Group: 

Sandstone 

Crushed rock 

aggregate 
Barr Quarries 

 

 

 

 

 

 

 

 

Highland 

 

 

Achscrabster 

Quarry 

ND 078 633 

Halkirk 

Devonian, 

Achscrabster 

Flagstone Member, 

Spital Flagstone 

Formation: Sandstone, 

siltstone and mudstone 

Flagstone  

Building stone 

Crushed rock 

aggregate 

Caithness Stone 

Industries Ltd. 

Bower Quarry 
ND 200 586 

Watten 

Devonian, Spital 

Flagstone Formation: 

Sandstone and 

siltstone 

Crushed rock 

aggregate 

Roadstone 

John Gunn & Sons Ltd. 

Kishorn (West of 

Kishorn Yard) 

NH 808 394 

Kishorn 

Neoproterozoic, 

Applecross Formation: 

Pebbly Sandstone 

Crushed rock 

aggregate 
Leith’s (Scotland) Ltd. 

Sconser Quarry 
NG 544 316 

Sconser 

Neoproterozoic, 

Applecross Formation: 

Sandstone 

Crushed rock 

aggregate 

Coated rock 

aggregate 

Highland Council 
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Asphalting sand 

Armourstone 

Skitten Quarry 

(Skitten Airfield) 

ND 322 571 

Wick 

Devonian, Spital 

Flagstone Formation: 

Sandstone and 

siltstone 

Crushed rock 

aggregate 
John Gunn & Sons Ltd. 

Stonehone 

Quarry 

(Stonehowe 

Ruther Quarry) 

ND 243 579 

Watten 

Devonian, Lybster 

Flagstone Formation: 

Sandstone and 

siltstone 

Crushed rock 

aggregate 
A & W Sinclair 

Orkney  

Cursiter Quarry 
HY 374 123 

Finstown 

Devonian, Upper 

Stromness Flagstone 

Formation: Flagstone 

Crushed rock 

aggregate 

Coated roadstone 

Dimension stone 

Flagstone 

Orkney Islands Council 

Gairsty B 

Quarry (Garisty 

B) 

HY 256 205 

Quoyloo  

Devonian, Upper 

Stromness Flagstone 

Formation: Flagstone 

Crushed rock 

aggregate 

Building stone 

Flagstone  

Gairsty Quarry Ltd. 

Heddle Hill 

Quarry (Heddle) 

HY 356 131 

Finstown 

Devonian, Upper 

Stromness Flagstone 

Formation: Sandstone 

Crushed rock 

aggregate 

Concrete 

aggregate 

Coated roadstone 

Orkney aggregates Ltd. 

Scottish 

Borders 

Cowieslinn 

Quarry 

NT 236 510 

Eddleston 

Ordovician, Kirkcolm 

Formation: Greywacke 

Crushed rock 

aggregate 

Roadstone 

High spec 

roadstone 

CEMEX UK Materials 

Ltd. 

Cowieslinn 

Quarry 

NT 233 504 

Eddleston 

Ordovician, Kirkcolm 

Formation: Greywacke 

Crushed rock 

aggregate 

Roadstone  

High spec 

roadstone 

CEMEX UK Materials 

Ltd. 

Edston Quarry 
NT 226 397 

Neidpath 
Silurian, Gal-a Unit 2 

Crushed rock 

aggregate 
Tilicoultry Quarries Ltd. 

North 

Slipperfield 

Farm 

NT 117 515 

West Linton 

Silurian – Devonian, 

Swanshaw Sandstone 

Formation: Sandstone  

Crushed rock 

aggregate 
North Slipperfield Estate 

Soutra Hill 

Quarry 

(Extension) 

NT 460 593 

Soutra Hill 

Ordovician, Leadhills 

Supergroup: 

Greywacke 

Crushed rock 

aggregate 
Skene Group Ltd. 

Swinton Quarry 

(Whitsome 

Newton) 

NT 854 486 

Swinton 

Carboniferous, 

Ballagan Formation 

(Cementstone group): 

Sandstone 

Building stone 

Crushed rock 

aggregate 

The Hutton Stone 

Company Ltd. 

Trowknowes 

Quarry (Trow 

Knowes) 

NT 529 159 

Hawick 

Silurian, Gala Group 

& Hawick Group: 

Greywacke 

Crushed rock 

aggregate 
J & W Glendinning 
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Shetland Islands 

Brindister 

Quarry 

HU 436 369 

Lerwick 

Devonian, Bressay 

Flagstone Formation: 

Sandstone 

Crushed rock 

aggregate 

Roadstone 

High spec 

roadstone 

Constructional fill 

Garriock Brothers Ltd. 

Staneyhill 

Quarry 

HU 447 422 

Lerwick 

Devonian, Rova Head 

Conglomerate 

Member: 

Conglomerate 

Graded sand & 

gravel 

Constructional fill 

M K Leslie Ltd. 

South Ayrshire  
Tormitchell 

Quarry 

NX 234 944 

Tormitchell 

Ordovician, Ardwell 

Farm Formation: 

Sandstone and 

siltstone 

Crushed rock 

aggregate 

Coated roadstone 

Ready mixed 

concrete 

Barr Quarries 

South 

Lanarkshire 

Dunduff Quarry 
NS 779 410 

Kirkmuirhill 

Silurian – Devonian, 

Swanshaw Sandstone 

Formation: Sandstone 

Crushed rock 

aggregate 
Patersons Quarries Ltd. 

Duneaton 
NS 919 251 

Abington 

Ordovician, Kirkcolm 

Formation: Greywacke  

Crushed rock 

aggregate 
Hodge Plant Ltd. 
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