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ABSTRACT
This study was carried out to produce an artificial hydraulic lime for the repair and conservation
of historic masonry. Hydraulic lime mortar is preferred to cement mortar and pure lime mortar
for conservation work because it can set and harden in wet condition as well as allowing the old
wall to breathe. These characteristics create a repaired mortar which is compatible with natural
stone and ancient brickwork, as well as being a more sustainable material. The study focused on
the properties of an artificial hydraulic lime mortar obtained by burning a binary mixture of
limestone and siliceous waste material. Five raw meals were prepared from five siliceous waste
materials obtained as by products from other industrial processes (fly ash, glass cullet powder,
silica sand, crushed rock dust, and spent oil shale) with the amount of silica varying between 3
and 16 per cent. The raw meals were burned in an electric furnace at 974oC for 7 hours. The
mortar was prepared by mixing hot slaked lime putty (water/lime ratio about 1.6) and ‘Gowrie’
sand at a lime/sand ratio of 1:3 by weight.
The limes and lime mortar was prepared and tested according to BS EN 459-2:2001. The
investigations carried out on the products are free lime analysis, strength test and microstructure
examination. The results show that the most promising hydraulic lime is glass cullet lime,
followed by crushed rock lime. The glass cullet lime can be classified as feebly hydraulic. The
optimum combination of silica with lime in the glass cullet lime is occurred at 10% silica raw
meal. The hydration of silicates in the glass cullet lime mortar of 5% silica raw meal is
completed in 28 days of curing. High strength but low lime oxide depletion in the crushed rock
lime mortar shows the mortar hardens due to the hydration of silicates and the chemical reaction
between silica and slaked lime. The results show that the silica in fly ash, spent oil shale and
silica sand requires temperatures higher than 974 degree Celsius to achieve significant reaction
with lime. The results suggest that hydraulic lime of appropriate performance can be produced
using traditional kiln at low cost.
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CHAPTER 1:
INTRODUCTION

1.0

Introduction

This thesis is concerned with lime-based mortars for the repair and conservation of masonry
buildings. This topic is selected because in recent years, high priority has been given to protect
and preserve historic masonry buildings from demolition and destruction. In fact, old buildings
are recognized as a significant part of the built heritage (Feilden, 2003). They are valued as a
precious and finite asset as well as powerful reminders of the works, technologies, arts and way
of life of earlier generations (Fairclough, 1997). In other respects, they provide

important

historical resources for future generations. This occurs because the interpretation of the old
materials and technologies evolves with the invention of modern methods of analysis
(Department of National Heritage, 1994).
Feilden (2003) notes that the historic masonry buildings, regardless of their architectural merit
and historical value, can create a unique sense of place and local identity because they were
constructed using indigenous materials, bricks, stone and lime mortar. These materials
particularly stone are geographically and geologically variable between regions and construction
periods. In fact, masonry buildings in each region of Britain prior to the industrial revolution in
15

the 18th century had their own characteristics based on the types of local stone and construction
methods (Knoop and Jones, 1933; Tindall, 1997; Dimes, 1994; Hutton, 1998).
Another advantage of restoring and conserving old buildings, regardless of their architectural
value and historical merit, is that they are vital for regeneration of places because their presence
not only provides continuity with the past but can also accommodate changes and help places to
adapt to the present and future (Department of National Heritage, 1994). This occurs as the
conservation work involves many activities and investment which gives new life to the
communities and helps make places more competitive (Hobson, 2004). In addition the success in
conserving historic buildings can contribute prosperity to the economy by attracting tourists and
creating related jobs and business for the local communities (Fairclough, 1997; Holland, 2008).
In other respects repair and maintenance of old buildings is also beneficial for sustainable
development. Kent (2000) notes this occurs as the repair work can conserve the embodied energy
and resources which were used in erecting historic buildings. The environment benefits by
minimizing the carbon dioxide emissions associated with demolition and redevelopment.
Pickard (1996) notes in the UK there are nearly half a million masonry buildings that have been
listed as historic buildings and further tens of thousands are registered within conservation areas.
Most of these historic buildings were constructed with brick, stone and lime mortar (Lynch,
1994; Dimes, 1994). Prior to the invention of Portland cement in 1824 by Aspdin, lime mortar
was the only binder for bedding and jointing the masonry units, rendering and plastering the wall
surfaces and floor. Fletcher (1996) mentions the art of erecting masonry buildings using lime
mortar were introduced to the UK by the Romans during their occupation circa B.C. 55 – A.D.
410. This knowledge was almost lost after the Roman Empire’s fall which was followed by the
extensive use of timber for domestic buildings. The need for permanent and strong buildings led
to the revival of masonry construction and lime technology during the medieval period. Initially
these materials were used mainly for important buildings such as castles, cathedrals, churches,
forts and bridges (Stanley, 1979). Many scholars claim that most of the lime mortar produced
during the medieval period was inferior because it contained unburnt limestone and other
contaminants but crushed brick or tile was absent (Swallow and Carrington, 1995; Lynch, 1998a;
Bowyer, 1973).
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Bowyer (1973) notes that the practice of using lime mortar was a significant change after the
Great Fire of London in 1666. Lime mortar became a universal material for buildings when the
Act for Rebuilding of the City of London made brick and stone walls compulsory in the capital.
In the 17th century the market for lime expanded not only for building but for agricultural and
industrial purposes. This development led to a huge exploitation of limestone and lime burning
which is indicated by a large number of quarries and lime kilns (North, 1930). The expansion of
the lime market led to the establishment of many large-scale lime industries, for example
Charlestown Limeworks in Scotland, which produced one third of the lime used in Scotland
between 1776 and 1937 (Hume, 1996). The lime was manufactured using indigenous
carboniferous limestone and the product was marketed from the Moray Firth to Northumberland,
and exported by sea. Maxwell (1996) notes the lime production was increased during the
industrial revolution due to high demand from the construction and iron industries. Quoted from
James Carmichael’s report published in 1837, there were 57 commercial lime producers in the
Midland Valley and southern Scotland during that period.
During the industrial revolution the need for hydraulic mortar rose as there were vast
developments in maritime and civil engineering works (Stanley, 1979). This development led to
the rediscovery of the Roman hydraulic lime mortar which was achieved by studying related
historical documents, particularly those written by Vitruvius, the Roman engineer. The scientific
advances in the properties of hydraulic lime were made by John Smeaton in 1759 during his
research on the best material for re-constructing the Eddystone lighthouse. In his kitchen sink
tests Smeaton (1793) discovered that the limes made from limestones or chalks containing a
suitable proportion of clay perform well in wet conditions. Vicat (1837) confirmed Smeaton’s
discovery and proved that silica is the main hydraulic agent in clay. Blezard (1998) claims Vicat
had created artificial hydraulic lime when he calcined an intimate mixture of limestone and clay.
This knowledge is considered the forerunner for all modern cements. Evans (1999) notes Vicat
had surveyed many sources of limestone in France and discovered that there were abundant
siliceous limestone in the St. Astier basin which were suitable for producing natural hydraulic
lime. The St. Astier lime industry was began in 1851 and it survives today with production
capacity over a hundred thousand tonnes per year (Evans, 1999).
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In Britain the patent for producing a hydraulic cement called ‘Roman cement’ using nodules of
‘septaria’ found in London clay and in shale beds of the Lias formation was granted to James
Parker in 1796. This cement was produced at a temperature similar to lime production but the
fired product was ground to powder before using it in mortar. This cement was widely used for
marine and construction works because it can set and harden very quickly in water (Elliott,
1992). In the early 19th century there were numerous patents for hydraulic cement but the most
important is Portland cement which was patented by Aspdin in 1824. Blezard (1998) claims
Aspdin’s early cement was nothing more than hydraulic lime because it contains little evidence
of interaction between lime and silica. This occurs because this cement which is also known as
proto-Portland cement was manufactured using a bottle kiln and was fired at low calcining
temperatures. The next stage in the development of cement is meso-Portland cement. This
cement was developed by Johnson and was produced at temperatures higher than proto-Portland
cement. This cement contains definite evidence of lime-silica interaction and poorly defined flux
phases. The final stage in the Portland cement development is normal-Portland cement. This
cement was produced at high sintering temperatures by using a rotary kiln. This cement is similar
to ordinary Portland cement as we know today because it forms a molten matrix containing
silicates and aluminates. These compounds readily react with water in mortar to form insoluble
materials which set in hours and harden with a reliable strength. These properties are very
valuable for modern construction.
Blezard (1998) notes the fast development of Portland cement was strongly related to its trade
association. The Portland Cement Association plays an important role by developing numerous
research projects on its products, improving kiln efficiency, and providing a uniform standard
and sophisticated market. As a result, the use of Portland cement mortar gradually superseded
hydraulic lime mortar as the main binder for new construction as well as for old buildings.
Boynton (1980) notes the early transition towards using a rich cement mortar which was
demonstrated by a reduction of the volumetric proportions of lime in the mixture of cement to
lime from 1:3 to 3:1. In North America the move towards using rich cement mortar unfortunately
caused an epidemic of leakage in new construction, as the rich mortar shows drying shrinkage
and has poor bonding to adjacent elements. The problem was resolved by using masonry cement
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as a binder in mortar and plaster (de Vekey, 2001). This cement is a proprietary product and it
contains Portland cement, finely ground inert filler and a plasticizer (Monks, 2000)
Oates (1998) notes that lime production developed concurrently with cement technology for
example the use of advanced kiln technology. Modern lime also known as industrial lime is
manufactured using oil, gas or carbon dust as fuel and fired at temperature of 1200 degree
Celsius, exceeding the limestone dissociation temperature which consequently produces an over
burnt lime. Maxwell (1996) believes that the use of modern mechanical methods for slaking
quicklime is suitable for industrial lime and agricultural lime but not for building lime. The
commercialization of industrial lime facilitates the production of pure lime at relatively low price
and this reduced the market for traditional lime including natural hydraulic lime, which totally
ceased in the UK in 1968. Most conservators acknowledge that the decline and demise of
traditional lime posed a great problem in conserving old masonry buildings because modern
Portland cement is too strong whilst industrial lime is too weak for masonry walls (Hood, 1996;
Carrington and Swallow, 1996; Ashurst, 1997; Lynch, 1998b; Brocklebank, 2006). In Scotland
lime mortar prepared using industrial lime is unlikely to be specified for re-pointing and
rendering of old building because it sets very slowly by carbonation and remains soft in damp
conditions (Denoon et al., 1996; Gibbons, 1997; Frew, 2007). In winter this lime mortar is
vulnerable to frost as water in the mortar freezes and expands with resulting disintegration of the
bond between lime and sand (Hood, 1996; Smith, 2005).
In 1977, Building Research Establishment noted that for the previous three decades cement
mortar was widely used for repairing and conserving old masonry buildings because it can set
very fast and hardens with reliable strength. McDonald and Allen (1997) note that this practice
however caused a detrimental effect to old walls and failures appeared in less than a decade. The
failure occurs because the hard cement mortar is physically-mechanically incompatible with the
old masonry units which are relatively weak and porous.
Figure 1.1 shows the effect of repointing an old masonry wall using rich cement mortar (Scottish
Lime Centre, 2003). This occurs because the natural stone is relatively softer and weaker than
the cement mortar. Therefore it is vulnerable to salt attack and moisture movement. The
movements cause the stone to deteriorate faster and results in the hardened cement mortar
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standing proud on the wall. Hughes (1986) notes the failures occur because the old wall was
erected using different materials and construction concepts to the modern building. The different
behaviour between these walls is illustrated in Figure 1.2.

Figure 1.1: Effect of repointing an old wall with cement mortar
(Scottish Lime Centre, 2003)
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Figure 1.2: Movement of moisture and associated decay at masonry joints (Hughes, 1986).
Many scholars note that dampness is the main problem in the majority of old masonry buildings
(Thomas, 1986; Hughes, 1986; Williams and Ashurst, 1988). The dampness occurs because the
old wall was constructed with relatively porous and soft materials. In addition, it was constructed
without damp-proof courses particularly for building constructed before the mid 19th century. In
traditional construction, dampness is not considered a problem in old walls because the moisture
is freely evaporated during dry conditions (Williams and Ashurst, 1988). This occurs because the
old wall was commonly jointed and plastered with porous and weak lime mortar. The mortar acts
as a sacrificial element by absorbing moisture from its adjacent substrate. In dry condition the
trapped moisture is readily evaporated to the atmosphere. The high movement of moisture in the
lime mortar creates pressure, which causes deterioration and decay. However the failed lime
mortar and plaster is easier and cheaper to repair than the stone. This sacrificial characteristic
protects the adjacent brick or stone from decay (Hughes, 1986).
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1.1

Use of hydraulic lime mortar in conservation

The basic principle of conservation philosophy is to ensure that the significance of
archaeological, historic, social and architectural values of a particular building fabric is retained
and preserved (Pickard, 1996). For buildings, the term ‘conservation’ describes all actions taken
to prevent decay and it embraces all acts that prolong the life of the built heritage. Building
conservators generally are well-informed that the best approaches for conserving historic
buildings involve minimum intervention, use compatible and reversible materials, and apply
actions that do not prejudice possible future interventions (Weaver, 1993; Department of
National Heritage, 1994; Knight, ed., 1995; Pickard, 1996; Australia ICOMOS, 2000; Feilden,
2003). The works are carried out by using materials and techniques which match those used
originally as closely as possible. This approach is vital because it provides some continuity with
the past as well as allowing the repair to age in a similar way to the original (Ellis, 2002). The
use of modern cement-based materials for repairing historic masonry buildings is consistently
reported as the main factor causing accelerated deterioration of building fabric (Scottish Lime
Centre, 1996; Taylor, 1998; Van Hees, 2000; Maxwell, 2000; Ballard, 2005; Mitchell, 2007).
Middendorf et al. (2000) note the vital action to be taken when dealing with maintenance and
repair of historic masonry buildings is to evaluate the existing original materials and the cause of
defects. For historic mortar, the assessment is carried out both on the surface and at a range of
depths in order to forecast the cause and rate of erosion (Goins, 2000). Lynch (1998a) reports he
had studied many old written works on brickwork in order to understand the traditional practice
of preparing lime and lime mortar. He discovered that the practice of making lime mortar for
masonry buildings has evolved with time and technology. From the Industrial Revolution until
the Second World War, it was a common practice to prepare lime mortar using hot slaked lime
instead of the mature lime putty, which was commonly specified in the Roman treatises (Forster,
2004). Traditionally, the builders acknowledged that feebly and moderately hydraulic lime
mortars were the superior materials for erecting masonry wall and rendering the building fabric.
The well known indigenous sources for manufacturing hydraulic lime were obtained from Lias
and Cretaceous limestone, which are concentrated in South-East England (Stowell, 1963). In
Scotland, the main source for producing building lime is carboniferous limestone, a high calcium
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limestone. While such high calcium limestone cannot produce hydraulic lime, in traditional
practice this lime was considered hydraulic because hydraulic compounds may form during
burning the raw material. This occurs because limestone and fossil fuels are fired together in a
kiln. This state allows ash to react with lime and form hydraulic compounds. In other
circumstances ash is deliberately added in lime mortar to modify its hydraulic properties
(Maxwell, 1996; Lynch, 1998a).
In recent years, the building conservation community has become better-informed about the
importance of using lime-based mortar for repairing and maintaining historic masonry buildings
of all ages, as well as of the danger of using cement-based mortar inappropriately (Davidson,
1996; Lynch, 1998a; Maxwell, 2000; Brocklebank, 2006). The practice of using lime-based
mortar in old buildings is not only consistent with the traditional technology but it also provides
a repair material which is compatible with porous old masonry bricks and stones. The existence
of many longstanding historic masonry buildings constructed using this material proves that
hydraulic lime mortar is a durable material.
Figure 1.3 shows the Pantheon Temple in Rome, one of the earliest Roman buildings which was
constructed with hydraulic lime mortar. This building was constructed with a massive circular
drum-shaped concrete wall, thinly faced with brick whilst the dome, 43.5 meter span, was cast
solid in lightweight hydraulic lime mortar (Ward-Perkins, 1988). This building has survived for
nearly nineteen hundreds years with some restoration. Bonde et al. (1993a, 1993b) note the long
life of this building is partly due to the excellent properties of hydraulic lime-based material used
for erecting it.
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Figure 1.3 The Pantheon Temple in Rome (circa 118-128 A.D.) (Ward-Perkins, 1988)

In many circumstances, hydraulic lime mortar is preferred to non-hydraulic lime mortar because
it has the ability to set and harden in water and damp conditions (Powys, 1929; Denoon et al.,
1996; Lynch, 1998b). This occurs because most of the old solid walls were constructed without
damp proof membrane and consequently they are exposed to rising damp and rain penetration. In
traditional construction, the dampness in a solid wall does not create a serious problem as the
moisture which is absorbed in the wall during rain can readily be evaporated in dry conditions
(Thomas, 1986). Banfill and Forster (2000) note this occurs because all lime-based mortars
including hydraulic lime mortars have interconnected pores. The pores develop as free water
within the mortar evaporates and this leaves a complex system of interconnected pores which are
permeable to water vapour. The pore size in lime mortar tends to decrease with increasing lime
hydraulicity. This occurs as the silicates hydrate and form C-S-H which fills the pores and
creates less permeable lime mortar. In many circumstances, hydraulic lime mortar and render
used in old buildings are more porous and weaker than the masonry units. These lime-based
mortars still act as a sacrificial element to protect the substrate from deterioration agents such as
frost and salt attack.
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Ratcliffe and Orton (1998) claim that the deterioration of lime mortar in old buildings is not a
failure but a success. The sacrificial decay protects the substrate from the buildup of salts. This
circumstance is in direct contrast to cement render which remains intact for many decades but
causes decay of the substrate by trapping moisture.
Van Balen et al. (2005) note that one of the reasons for using a flexible lime mortar in a solid
masonry wall is to allow movement by forming micro-cracks within the mortar rather than
causing cracks in the brick or stone blocks. MacGregor (1985) notes the ability of lime mortar to
resist movement in a masonry wall is superior to that of cement mortar. The flexibility of lime
mortar however decreases with increasing hydraulicity (SPAB, 2002). The pure lime mortar
hardens slowly through a carbonation process only, whereas hydraulic lime mortars harden faster
through both hydration and carbonation. As a result hydraulic lime mortars are denser and less
fragile than pure lime mortar. The available free lime in hydraulic lime mortar provides self
healing for minor cracks. This occurs as the lime in mortar dissolves in the water and moves
towards the surface as it evaporates. The reaction between calcium hydroxide and atmospheric
carbon dioxide gas forms calcite which fills and covers the cracks (Holmes and Wingate, 2002).
1.2

Problem Statement

In the UK, the early revival of lime in the past 40 years has focused on the use of pure nonhydraulic slaked lime putties as the principal binder for all mortar. This occurs because high
calcium industrial lime is the only lime source available on the market as the local hydraulic lime
production ceased in 1968 and only started again in 1994 (Farey 1997). Ashurst (1997) claims
this high calcium lime is inferior for building conservation because it contains some hard burnt
lime. This occurs because this lime is manufactured at 1200 degree Celsius, the highest limit for
calcining limestone. This lime contains high calcium oxide and is perfectly suitable for chemical,
industrial and agricultural purposes but not as a sole binder in mortar (Boynton, 1980). In
modern practice a proportion of industrial lime is added in cement mortar not as a binder but as
an additive to enhance its workability as well as reducing its mechanical strength. Recently, the
role of lime in cement mortar has been replaced with plasticizer and additives (Taylor, 2002).
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Many scholars note that the use of non-hydraulic lime mortar is perfect for internal use but not
for external walls (Powys, 1929; McAfee, 1997; Holmes and Wingate, 2002). This occurs
because this mortar sets slowly and only hardens by carbonation, the reaction between calcium
hydroxide and atmospheric carbon dioxide gas to form calcium carbonate. This mortar is
considered inappropriate and not durable enough to use in permanently damp conditions.
Pritchett (1997) claims that this problem can be resolved by using natural hydraulic lime or
artificial hydraulic lime mortar. O’Hare (1995) notes the slow hardening of non-hydraulic lime
mortar can be modified by gauging it with Portland cement or pozzolanic materials. He notes
that adding pozzolanic material in lime mortar was common in traditional practice. The mortar
strength develops very slowly over years and occurs due to hydration between lime and
pozzolanic material. In contrast to this, lime mortar gauged with cement sets and hardens very
rapidly with a reliable strength. Gibbons (1997) notes that unfortunately this mortar is not
durable unless the relative proportion of cement to lime is around 1:1. However this high
proportion of cement produces a hydraulic mortar which is too strong and brittle for conservation
works and which may introduce soluble sulphates into fragile stone or brickwork. The effect of
gauging non-hydraulic lime mortar with cement and pozzolanic materials is reported in the
Smeaton Project, a research programme commenced by English Heritage and Building Research
Establishment (Teutonico, 1996; Teutonico et al. 2000).
Although gauging non-hydraulic lime mortar with pozzolanic materials was widely used in
traditional construction, the hardening of mortar develops very slowly and is difficult to predict
(Moropoulou et al., 2005). This occurs because the hydration reaction between slaked lime and
soluble silica from pozzolanic material progresses very slowly and depends on many factors
including the nature of the active phases, the lime to pozzolana ratio in the mix, the specific
surface area of pozzolana, water to solid ratio and the curing temperature (Massazza, 1998).
Gibbons (1992) states that the pozzolana lime is not suitable for use in cold and wet sites
particularly in the northern and west part of Scotland. She notes that pozzolanic material is not
active at very low temperature. Many conservators note that the safer alternative when chemical
set is required in the mortar is by using natural hydraulic lime (Powys, 1929; Carrington and
Swallow, 1996; Smith, 2005; Frew, 2007).
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In clement climate like Scotland, Gibbons (1992) notes that natural hydraulic lime mortar is the
best material for repairing and maintenance of historic masonry buildings because it has a
reliable mechanical property. Unfortunately the price for natural hydraulic lime is three times
higher than Portland cement (Wye, 1999). This occurs because natural hydraulic lime is
considered as a proprietary product due to a limited use and limited natural raw material,
argillaceous limestone. In fact most of the natural hydraulic limes in the UK are imported from
Western Europe, for example the St Astier natural hydraulic limes from France (Evans, 1999).
Therefore this lime is generally specified for conservation project sponsored with grant aid
(Livesey, 2002).
Farey (1997) notes in term of availability there was no local natural hydraulic lime available
between 1968 and 1994. The local product became available only in 1994 when Hydraulic Lias
Lime Limited (HL2) commenced firing the Blue Lias obtained from the Tout Quarry at Charlton
Adam in Somerset. The company produced the upper end of feebly hydraulic lime which was
supplied for approximately 10 per cent of the total local market. The sale throughout the 1990s
grew at 50% per year, but unfortunately in 2004 the company was forced to close its plant and
transfer its production to north Lincolnshire using grey chalk deposits (Farey, 2004). In
Lincolnshire, the grey chalk deposits are fired in modern kiln by Singleton Birch Company and it
produces four grade of natural hydraulic lime. The production is considered small and it was
only sufficient to supply a portion of the local market. In 2006 a record shows that the company
sold about 0.3 million tonnes of lime for building and construction (Forster, 2009).
The current standard (BS EN 459) is used to classify three grades of natural hydraulic lime
mortar named as NHL2, 3.5 and 5. The grade indicates the minimum strength of a standard lime
mortar at 28 days. Brockleburn (2006) notes the strength of modern class natural hydraulic lime
is higher than the traditional classes proposed by Vicat. He notes that the weakest modern class
natural hydraulic lime NHL2 is closer to Vicat’s moderately hydraulic lime. This discrepancy
creates a gap as most of the natural hydraulic lime used in the UK’s historic masonry were
obtained from grey chalk, a feebly hydraulic lime according to the Vicat’s classification. The
absence of Vicat’s feebly hydraulic lime in the market is resolved by adding NHL to pure lime
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mortar. This approach is not widely accepted due to the absence of historical precedent (Stewart
et al., 2001).
Like other sectors, the lime industry is committed to fulfill the sustainable development goals by
reducing the impact on the environment. Masters (2001) defines sustainable development as the
simple idea of ensuring a better quality of life for everyone, now and for future generations. The
term represents a holistic idea as it covers three pillars of development - economic, environment
and social. In construction, de Vekey (2001, p.326) interprets sustainable development as ‘both
minimizing the input of resources and the impact on the environment at all stages of use from
original construction to eventual removal and replacement’. He claims that the building materials
are ideally sustainable when they come from renewable sources and waste materials.
Literature studies show there are numerous researches regarding producing sustainable cement
(Environment Agency, 2003; Lawrence, 1998; Gartner, 2004) but very little on natural hydraulic
lime (Allen et al, 2003). Research on sustainable cement involves seeking ways to consume
waste in the raw material, use less heat energy, consume less natural resources and reduce carbon
dioxide emissions. According to the Mineral Products Association (2009) the cement industry
has developed a good track record in reducing the carbon dioxide emissions and using waste in
raw material and as fuel. The record shows that the emission of carbon dioxide between 1990
and 2008 is reduced to nearly 40 per cent, which exceed the target agreed with government. The
improvement towards sustainability is also attained by using waste for example pulverised fuel
ash to replace some of virgin clay in the Lafarge Cement UK at Westbury (Environment Agency,
2003).
In other aspect, Glavind (2009) notes the construction industry including producing building
material has been labelled as a dirty, noisy and environmentally unfriendly activity. In cement
and lime industries, this occurs because it involves the use of natural raw material and intensive
energy. The energy required for extracting and processing of raw material, firing the raw
material, grinding the fired product into fine powder and transporting the product to the
construction site is accounted for as embodied energy. Livesey (2007) calculated the embodied
energy for cement, calcium lime and natural hydraulic lime. He discovered that the average
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embodied energy for these binders is similar in range between 805 and 898 kcal/kg. He notes
that the embodied energy in cement is significantly reduced by using biomass as a fuel and
siliceous waste as alternative to clayey matter. This indicates that a similar approach can be used
in making hydraulic lime, as the raw material and firing process for lime is analogous to cement.
Unlike cement, the source of raw material, natural argillaceous limestone, for manufacturing
natural hydraulic lime is scarce and limited. According to Eckel (1928) the lack of argillaceous
limestone can be resolved by deliberately mixing limestone and clayey matter. This approach
creates a new product known as artificial hydraulic lime. He notes that the performance of
artificial hydraulic lime is similar to natural hydraulic lime because the chemical compositions of
raw material for both limes are similar.
Like cement, the conventional raw material for artificial hydraulic lime is made by deliberately
mixing a proportion of limestone and clayey matter. In order to meet the sustainable
development goal, siliceous waste materials can be used as an alternative to clayey matter in the
raw material. The product is considered sustainable because the local siliceous waste is generally
available at low price and requires low energy recovery (Bijen, 1999). This approach also
provides an alternative way in recycling siliceous waste and assists in reducing waste from
dumping landfill. The mode is widely used in producing sustainable cement but none in
hydraulic lime (Glasser, 1996; European Commision, 2000; British Geological Survey, 2005;
Damtoft et al., 2008)
The revival of lime in the past 30 years has developed many researches on the properties and
performance of lime mortar. The information on lime-based materials is widely discussed in
Historic Scotland Technical Notes, Journal of the Building Limes Forum, Building Conservation
Directory, SPAB News and Journal of Architecture Conservation. Most of the researches are
focused on the best practice of using pure lime mortar, pozzolana lime mortar, hybrid lime
mortar and natural hydraulic lime mortar but none on artificial hydraulic lime In many
circumstances, most conservators prefer to use natural hydraulic lime as binder in mortar and
plaster because it has ability to set and harden in wet condition as well as develop reliable
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mechanical strength. Unfortunately the raw material for manufacturing this hydraulic lime is
scarce and insufficient for future generation.
Therefore the research described in this thesis is carried out to produce artificial hydraulic lime
for conservation works. To fulfill sustainable development, the research is focused on using local
siliceous waste as alternative to clayey matter in the raw material. In addition it also considered
important parameters used in traditional practice such as burning conditions, slaking and hot lime
and hot lime mortar.
1.3

Research aim and objectives

This research aimed to produce an artificial hydraulic lime which is suitable for conserving old
masonry buildings. This lime should comply not only with conservation principle but also fulfill
the objectives of sustainable development. The latter objective is attained by manufacturing lime
using waste materials and at low burning conditions. The former objective is attained by
manufacturing lime at burning conditions similar with traditional kiln and the mortar is prepared
using hot lime. Various analyses, consisting of physical, chemical, mechanical and petrological,
are used to evaluate the properties of lime and lime mortar. The research objectives are:
•

to review related literature on the properties of limes and lime mortars, the composition
of raw materials, methods of manufacturing lime and the effect of burning condition,
methods of preparing lime mortar, and the hardening of lime mortar;

•

to identify the availability of limestone and siliceous waste materials in Scotland and
select those suitable;

•

to compute the composition of raw materials for manufacturing hydraulic lime;

•

to investigate the process of producing hydraulic lime and the burning conditions that are
similar to those in a traditional kiln;

•

to determine and produce artificial hydraulic lime at selected burning conditions;

•

to measure the properties of fired products and slaked lime;

•

to measure the properties of fresh and hardened mortar.
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1.4

Research Methodology

The aim and objectives mentioned in section 1.3 are attained through literature review and
laboratory works. The materials for literature review are obtained from various sources such as
library databases from Heriot-Watt University, Scottish Lime Centre, Building Limes Forum,
Historic Scotland, National Library of Scotland; journals; textbooks; technical literature: British
Standard, Building Research Establishment, Construction Industry Research and Information
Association; internet and CD ROM facilities within the Building Department; website
conservation associations, and manufacturer’s information sheets.
The data collected from this research is based on the experimental work performed in the
Building Engineering Laboratory, School of Built Environment, Heriot-Watt University. The
experiments are divided into several phases according to the sequence of works. The phases are:
•

Preparation of raw materials and raw meals

•

Calcination of the raw meal bars

•

Slaking the lime and preparing lime mortar

•

Measuring the properties of fresh mortar

•

Measuring the properties of hardened mortar

•

Examination of the microstructure of limes and hardened mortars

•

Extraction of free lime from the fired products

•

Measuring the temperature in the furnace

The experimental work was performed according to current standard BS EN 459-2:2001 but with
some modification. The sequence of work started with producing lime, followed by preparing
lime mortar and finally determining the properties of fresh and hardened mortars. The
microstructure of lime and hardened mortar was investigated using ESEM (Environmental
Scanning Electron Microscopy) which is useful to verify the formation of hydraulic phases and
the features of lime and hardened mortar.
In the rest of this thesis, the chapters deal with the previous literature, detailed description of the
experimental procedure and results, leading to discussion, conclusion and recommendations.
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CHAPTER 2:
LITERATURE REVIEW

2.0

Introduction

For centuries, hydraulic lime has been recognized as the best material for traditional masonry
buildings. Recent development shows that this lime mortar is also suitable for erecting new low
rise buildings. This chapter presents background studies and related literature that directly
influence general understanding of the subject. The discussion begins with a review of historical
development in making lime and using lime-based mortar on buildings. This knowledge is vital
because the lime produced using traditional technology has different properties to lime produced
using modern methods. The review then focuses on the method of classifying limes, raw
materials and the process involved in manufacturing hydraulic limes. This information is
important in order to understand the properties of lime and lime mortar. This chapter also
reviews the performance of hardened lime mortar and the availability of indigenous source for
producing artificial hydraulic lime in Scotland.

2.1

Historical development of lime-based materials

Development of burning limestone, utilising its products in building and the effect of impurities
on fresh and hardened lime mortars have a long history. The information on early lime
technology has been discovered by analysing remains found on prehistoric sites. Kingery et al.
(1988) note that the earliest currently known lime plaster was discovered from the EpiPaleolithic prehistoric stone tool at Lagama North VIII dating to 12 000 B.C. The lime plaster
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was used as adhesive material for bonding the stone blade to the handle. The discovery of
hearths, artefacts and a rounded bench covered with lime plaster in Natufian base camp show
that a modest amount of lime was already being produced.
Kingery et al. (1988) note that although the aforementioned archaeological records of lime
plaster were described as individual achievements, the invention of lime occurred long before its
widespread usage. It is believed that the innovation of lime technology developed during the
Neolithic period (7th millennium B.C.) brought the invention into technological practice, as lime
plaster was widely used not only on architectural work but on objects. The production of
appreciable amounts of lime plaster was a multi-step process requiring selection of limestone
free from impurities, heating of limestone at 800-900oC, slaking the burnt product with sufficient
water to form a paste, mixing the paste with various additives and applying the mortar on the
building. The process was a labour and energy-intensive activity requiring a rudimentary firing
pit or kiln. As a result lime technology was established in settlements where the raw material and
wood fuel were abundant.
Unlike the earlier prehistoric civilisations, the ancient Egyptians built many remarkable masonry
structures, particularly pyramids and temples, which are still intact. These massive masonry
constructions were built by uniting blocks and slabs of stone with a mortar, a mixture of sand and
a cementing material, a mixture of lime and burnt gypsum plaster. This mortar was commonly
used for rendering wall surfaces, filling the joints and level up uneven surface in masonry
buildings (Steven and Wheeldon, 1965; Bowyer, 1973; Stanley, 1979; Uda, 2004). Advanced
lime technology was developed during the ancient Greek period where lime-based mortar was
used to hold the broken stones together and cover the un-burnt brick walls. The record is
obtained from scattered remains which still standing supported by careful excavation (Stevens
and Wheeldon, 1965). Archaeological studies show that the ancient Greeks used lime in stucco,
mortars and plaster. They even applied fine lime stucco on an external wall of marble (Stanley,
1979). The ancient Greeks used three methods of bonding in masonry walls. The best and
strongest building was built dry with excellent quality craftsmanship using well dressed stone
blocks. The weaker type was built with separate ashlar faces and a core of rubble bedded in lime
mortar and ash (Briggs, 1925).
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Studies by Ingo et al. (2004) on lime mortar sampled from parts of cistern walls shows that the
Greeks had developed hydraulic lime mortar by mixing pulverised ceramic and pure lime mortar.
Blezard (1998) notes the Greeks were aware that certain volcanic deposits, if finely ground and
mixed with lime and sand, yielded a hydraulic lime mortar. The main source of volcanic deposit
was obtained from Santorin. The Romans developed an advanced technique of manufacturing
pure lime and making hydraulic lime mortar. The mortar was carefully compacted to produce
dense and durable material of which much has survived for centuries and is still intact, thanks to
certain conservation conditions (Bonde et al., 1993). The most impressive examples of masonry
building constructed using hydraulic lime mortar are the Pantheon in Rome and the Pont du Gard
aqueduct in Southern France, both have survived intact.
Vitruvius (1960), the Roman architect, specifies that hydraulic lime mortar can be prepared by
mixing pure lime mortar with volcanic deposits, found in the neighbourhood of Baiae and around
Mount Vesuvius. In the area where the volcanic earth was absent, crushed tiles or pottery
(classified as artificial pozzolana) was used to produce hydraulic lime mortar. This hydraulic
lime mortar was widely used for erecting and plastering buildings and water structures. Binda et
al. (2000) note that hydraulic lime technology in common with other branches of technology and
art, almost completely disappeared in the mediaeval times following the decline of the Roman
Empire, except in Byzantine construction. Moropoulou et al. (1995) report that the use of
crushed bricks in the joints of load-bearing walls became more frequent during the latter stage of
the Roman Empire, while the thickness of the horizontal joints was gradually increased from 1015 mm up to 60-70mm. This practice continued during the Byzantine period until the joints
reached a thickness of 70 mm. Baronia et al. (2000) explain that the use of crushed bricks lasted
for the duration of the imperial times but died out during the medieval times.
Knoop and Jones (1933) state that most medieval buildings in towns were built of timber and
clay. The large and permanent buildings built of stone and lime were only erected for the
Church, the King and the barons. The lime was obtained by burning limestone as required and
the work was carried out near to the site. The art of making hydraulic mortar was lost as many
castles and cathedrals were erected with soft mortars and their strength relied on massive design
or the cunning of the designer. The loss was partly due to the absence of local pozzolana sources
and the cessation of production of brick and tile in the Middle Ages (Steven & Wheeldon, 1965).
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During the Renaissance lime technology including making hydraulic lime revived in parallel
with other branches of knowledge developed by the Romans and the Greeks. Moropoulou et al.
(2005) describe that the Renaissance treatises seem to propose again the lessons from Vitruvius
relating to the choice and preparation of raw materials, with slight divergences regarding the
composition ratios of mixtures and the application technique. Stanley (1979) believes that
Vitruvius’s recipe worked because he specified the use of volcanic sand or powdered brick. In
Britain, these materials were expensive due to the cost of transport but were commonly specified
in hydraulic engineering works for mixing with local lime (Pasley, 1838).
Pasley (1838) notes the most valuable experiment on hydraulic lime was first published by John
Smeaton in 1793. The experiment was carried out to obtain mortar to rebuild the Eddystone
lighthouse. Smeaton (1793) decides to use only a masonry structure with a water-resistant
mortar, which has the ability to survive the wave action, but has the blocks of Portland stone
with interlocking dovetail joint for stability. He tested lime from various limestone deposits in
England. He discovered that there was no difference in strength between lime made from soft
white chalk and the hardest white marble. The finding was in contrast to the dictum of Vitruvius
and Belidor that the strongest limestone made the strongest lime. He notes that a Blue Lias lime
from Aberthaw, containing a proportion of insoluble clay produced the strongest lime mortar.
Many scholars note that this is the first time that the properties of hydraulic lime were properly
recognised (Vicat, 1837; Pasley, 1838; Blezard, 1998).
Stanley (1979) mentions that to rebuild Eddystone lighthouse, Smeaton used a mortar made with
lime from Aberthaw with an addition of Italian pozzolana. The building never gave any trouble,
although in 1882, it had to be rebuilt on another rock because the rock under this building had
been eroded by wave action. Blezard (1998) notes that in spite of the success of Smeaton’s
experiment, the use of hydraulic lime made little progress, and the old mixture of lime and
pozzolana retained its supremacy for a long period.
Elliott (1992) notes a patent on manufacturing cement known as Roman cement which was
granted to James Parker from Kent in 1796, after John Smeaton published his book. Pasley
(1838) believes that this cement is a kind of hydraulic lime, which during that time was
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commonly known as water cement. He considers that cement’s name was inappropriate as the
Romans were neither acquainted with nor ever made use of anything of the kind. The cement
was obtained by burning the argillaceous limestone in the kiln like common lime, but with a
stronger heat. As the fired nodules did not slake when added with water, it was ground before
use in mortar. Blezard (1998) notes the use of Roman cement (later known as British cement),
also known as natural cement or quick setting cement for hydraulic engineering work and
foundations steadily grew until about 1850, before it was gradually supplanted by Portland
cement. The development of hydraulic lime and hydraulic cement proceeded as a gradual
evolution, not only in Britain but also in other countries, particularly France and USA.
Pasley (1838) describes two important researches on artificial hydraulic lime that was published
by Vicat and by John of Berlin in 1818. He however regards the process carried out by Vicat as
the principal forerunner of the manufacture of Portland cement since the work introduced a
scientific method on testing the fresh and hardened mortar. Vicat’s publication was scarcely
known because nearly all the content was on hydraulic lime (this term is new as it was
commonly known as water cement in England) with very little on natural cement, which was
greatly used in hydraulic engineering work.
Vicat (1837) notes the Smeaton’s theory on hydraulic property in lime is conferred by the
presence of silica in the clay. He notes that hydraulic lime is produced when natural argillaceous
limestone or an artificial mixture of limestone and clay is burned. The artificial hydraulic lime is
required to supply places where the natural argillaceous limestone not available. The lime can be
classified into five categories based on its behaviour during slaking, its hardness under water and
the proportion of active clay in the raw material. Vicat’s categories of lime are rich lime, poor
lime, slightly/moderately hydraulic lime, hydraulic lime, and eminently hydraulic lime. The
percentage of reactive clay in the raw material must be between 6 and 25 percent. The rich and
poor limes show a doubling and a slight increase in volume, respectively, when slaking with
water but they do not harden under water. The moderately hydraulic lime and hydraulic lime are
respectively hardened like a hard soap and a soft kind of stone after a year under water. The
eminently hydraulic lime is hardened like a calcareous stone at 6 month in water.
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The most important patent in hydraulic cements was granted to Joseph Aspdin in 1824 for his
invention of Portland cement. Blezard (1998) however believes that Aspdin’s early cement was
nothing more than hydraulic lime as the cement was produced at a low temperature. The name
was applied because at that time Portland stone had a high reputation for quality and durability
and Aspdin wanted to direct people’s attention to the resemblance of the colour and quality of his
cement to Portland stone. In chemical history, Isaac Charles Johnson was known as the real
inventor of Portland cement because his cement had a similar composition to modern cement.
This cement was obtained from the over burnt lumps in kiln which exhibited slower setting when
ground but made better cement than the usual product. This cement has similar chemical
composition to modern Portland cement but is very different to hydraulic lime and natural
cement.
Before 1945, lime-based binder remained the principal binder for mortar, especially in rural
areas. The desire for speed, the employment of less knowledgeable artisans and aggressive
marketing by cement companies, all contributed to the decline in the use of lime and traditional
mortar techniques. In England, the argillaceous Blue Lias limestone was used to produce
hydraulic lime and its products were widely used in mortar and concrete for buildings and other
ordinary constructions. In Scotland, the high calcium carboniferous limestone was used to
produce building lime. This lime has low hydraulicity which has to be contributed by ash from
fuel (North, 1930).
In post-war years, it has become common practice to use cement or cement and lime mortar in
new and old building. The practice has grown because the addition of Portland cement produces
a mortar which sets and hardens more quickly than lime mortar so allowing faster laying of the
wall (Pritchett, 1997). The use of cement-based mortar and concrete in repairs on traditional
buildings however caused a detrimental effect on the building fabrics and structures. The
destruction led to the revival in the use of hydraulic lime mortar for repairing historic masonry
buildings. In order to reproduce lime-based mortars which are compatible to old masonry, much
experimental research has been carried out to understand the properties of historic lime-based
mortar (Ashall and Butlin, 1996; Teutonic et al., 2000; Ellis, 2001; Steward, 2001; El-Turki et
al., 2006). Most of the studies are focused on fat lime, pozzolana-lime, natural hydraulic lime
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and hybrid lime but none on manufacturing an artificial hydraulic lime using siliceous waste
materials as alternative to clayey matter in the raw material.

2.2

Classification of Hydraulic Lime

The classification of hydraulic lime has evolved from a simple technique to a complex
requirement. A traditional classification proposed by Vicat was founded on the amount of
reactive clay in the limestone and the resulting behaviour of the fired product when stored under
water. Vicat (1837) notes that limestone with reactive clayey components between 6 and 25 per
cent forms hydraulic lime. Silica and alumina are the main components in the reactive clay
which are responsible for the hydraulicity of the lime. The hydraulicity of lime as measured by
the ability to set and harden in water is increased with increasing amounts of reactive clay in the
raw material, argillaceous limestone. Cowper (1927) notes that in modern practice, the
percentage of clay up to 36 per cent is considered appropriate for producing eminently hydraulic
lime.
Spalding, quoted by Eckel (1928), used a ‘hydraulic index’ for classifying hydraulic lime and
other calcareous cementing materials. He notes that this hydraulic index possesses defects which
render it valueless in dealing with certain classes of cements. Based on the formula proposed by
Newberry for proportioning Portland cement mixtures, Eckel (1928) proposes a new
classification for hydraulic lime, called ‘cementation index’. The index however cannot be used
as a sole basis for classification because the properties of a hydraulic cement depend not only on
its composition but also on the burning conditions of its manufacture. The current standard on
building lime BS EN 459-1:2001 has classified hydraulic lime into three grades based on the
mortar strength at 28 days of curing.
2.2.1

Vicat’s classification

Vicat (1837) arranges limes into five categories based on the amount of reactive clay in the
limestone. These limes show distinguishing behaviour during slaking and storing under water.
The limes are named as rich limes, lean limes, slightly hydraulic limes, hydraulic limes and
eminently hydraulic limes. The rich and lean limes are also known as air-limes or non hydraulic
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limes. These limes are obtained from pure limestone with impurities in the form of active silica,
alumina, magnesia and iron oxide comprising less than 6 per cent. The lean limes however may
contain impurities up to 30 per cent but in the form of silica in sand, magnesia, iron oxide and
manganese. The rich lime reacts vigorously with water by evolving lots of heat and doubling in
volume. The lean limes react slowly with water and slightly increase in volume. Both limes
harden slowly in air by reacting with atmospheric carbon dioxide and do not harden under water
as they have no hydraulic properties.

For commercial purposes limes containing 5 to 30 per cent magnesia are known as magnesian
limes or dolomitic limes. Boynton (1980) notes the presence of magnesium carbonate in
limestone is normally not regarded as undesirable except for certain special chemical purposes
that demand a very high calcium stone. Dheilly et al. (1999) claim the strength of lime mortar is
increased by the presence of magnesium hydroxide. Wingate (1988) however resists the use of
magnesian limes for building work except in areas where there is a good local tradition of their
use. This occurs because the fired product of magnesian limestone may contain hard-burnt
magnesium oxide, which slakes slowly and exposed the lime mortar to the risk of unsoundness in
service.

Vicat (1837) describes limes in increasing order of hydraulicity as slightly hydraulic limes,
hydraulic limes and eminently hydraulic limes. Cowper (1927) however improves the terms in
Vicat’s classification by renaming them as feebly hydraulic lime, moderately hydraulic lime and
eminently hydraulic lime. This new terminology is also known as the Vicat classification and it
will be referred to as such in the following review. Based on the earlier Vicat’s classification the
proportion of active clay in the argillaceous limestone for feebly hydraulic limes is between 6
and 12 per cent. The moderately and eminently hydraulic limes are respectively prepared from
limestone containing 12 to 18 per cent and 18 to 25 per cent reactive silica. Cowper (1927) notes
the difficulty of evaluating hydraulic lime because its hydraulic properties vary depending not
only on variation of clay properties but also on burning conditions. The higher percentage of
hydraulic ingredients, up to 36 per cent is considered good for manufacturing eminently
hydraulic lime. Holmes and Wingate (2002) describe and differentiate the variation between
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traditional and modern classifications of limes. They note the modern classification BS EN 459
has a defect because the moderate hydraulic lime can be described in all classes. Hood (1993)
notes the characteristic of building limes is strongly influenced by clay content (see table 2.1).
Table 2.1: The characteristics of building lime (Hood, 1993)
Type

Colour

Slake

Set

White or

Fierce with heat; swells two

Very slow to harden

(Rich lime, air

ivory

or three times to original

without sand or

lime)

cream

bulk; much steam; rapid fall

labour.

Fat lime

Clay %
0-5

to powder.
Stone lime

5-12

(Grey chalk lime)

Creamy

Freely after pause; develops

Firm 15 to 20 days; as

grey

heat and steam; cracking;

soap in 12 month.

decrepitating.
Hydraulic lime

12-20

Silver grey

No heat; does not fall into

Vigorous set under

powder; lean

water

Grey or

Difficult to slake; uncertain

Sets firm under water

(Eminently

brown

start; slight heat to touch

in 20 hours; very hard

hydraulic lime)

biscuit

only; no cracking or powder

in one month

Toffee

Difficult to slake; slakes in

brown

parts

(water lime)
Lias Lime

Roman cement
(natural cement)

20-30

45-50

Duggal (1998) modifies Vicat’s classification by simplifying the range of clayey matter in the
limestone. The percentage of clay for producing feebly hydraulic lime is between 5 and 10 per
cent, while in the eminently hydraulic lime it is between 20 and 30 per cent. The amount of clay
in a moderately hydraulic lime is intermediate between these levels. The classification was renamed in 1930s to suit the local lime availability and its uses (Stowell, 1963; Handisyde, 1958).
The term semi-hydraulic lime and eminently hydraulic lime are respectively applied to the limes
from the grey chalk of southern England and Blue Lias limestone from Somerset, England.

Stowell (1963) notes the semi-hydraulic limes contain up to 15 per cent impurities and may
perform as feebly and moderately hydraulic. Everett (1994) mentions that the eminently
hydraulic lime however is not clearly distinguishable from semi-hydraulic lime. Swallow and
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Carrington (1995) also modify Vicat’s classification by replacing the percentage of clay matter
with the percentage of reactive silica and alumina. The moderately hydraulic and eminently
hydraulic limes are respectively classified for limes composed of 15-20% and 25-30% silica and
alumina. The semi-hydraulic lime may contain more than 5 per cent clayey impurities and it also
can be classed as feebly hydraulic lime.
The old British Standard on Building Limes BS 890: 1972 specifies only non-hydraulic lime and
semi-hydraulic lime, also known as grey lime. This standard excluded eminently hydraulic lime
because it was not widely available in the UK. The semi-hydraulic lime is specified for lime
containing more than 6 per cent soluble silica in the fired product. Holmes and Wingate (2002)
believe that the limited range of hydraulic limes in the British Standard to cover such wideranging and variable materials seems to be one good reason why the hydraulic lime production in
the UK ceased altogether in the 1970s. The revival of building lime in 1990s began with
hydraulic lime production at Totternhoe in Bedfordshire. During the intervening time, most of
the hydraulic lime was imported from France, Switzerland and Italy. In 1994, the revival in
hydraulic lime drove the use of Somerset’s Blue Lias limestone for manufacturing moderately
hydraulic lime, which is defined as NHL3.5 under the current standard BS EN 459 (Farey,
1997).
Vicat (1837) notes that setting time can also be used for classifying limes. The setting time of
hydraulic lime is increased with decreasing of reactive clay. He cites that the setting time for
feebly and moderately hydraulic limes is in range of 15-20 and 6-8 days, respectively. The
eminently hydraulic lime sets in 2-4 days. These setting times have been referred in many
literatures (Swallow and Carrington, 1995; Lynch, 1994; Holmes and Wingate, 2002).
Hughes and Swann (1998) note that the Vicat’s classification based on setting time
inappropriate for modern natural hydraulic lime because even the feebly natural hydraulic lime
set faster than specified by Vicat. Table 2.2 shows the setting time for four types of imported
natural hydraulic limes. The results show that St Astier’s NHL2 and NHL3.5 are equal to the
eminently hydraulic lime proposed by Vicat’s classification based on setting time.
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Table 2.2 Setting time for standard consistency lime paste (Hughes and Swann,1998)
Limes
BS EN w/l ratio Initial set
Final set
Vicat’s setting
459-1
time
St Astier NHL2
NHL2
0.526
4 hrs 30 mins
16 hrs 15 mins Eminently
hydraulic lime
St Astier NHL3.5
NHL3.5
0.436
4 hrs 25 mins
11 hrs 00 mins Eminently
hydraulic lime
St Astier NHL5
NHL5
0.388
4 hrs 40 mins
8 hrs 30 mins
Eminently
hydraulic lime
Jura-Kalk
NHL5
0.300
3 hrs 05 mins
5 hrs 45 mins
Eminently
hydraulic lime

2.2.2

The Hydraulic Index

The hydraulic index has been used as a basis for classifying hydraulic cement. Cowper (1927)
notes the power of setting under water is due to the formation of hydraulic phases, silicates and
aluminates during the calcinations process. This index is commonly used for manufacturing
Portland cements, in which the magnesia content is always low (Cowper, 1927). Eckel (1928)
notes two conditions that hydraulic lime must satisfy, first its clinker must contain enough free
lime to slake with water, and second the resulting powder must be capable of setting and
hardening under water. The hydraulic index is expressed as the ratio between the constituents of
lime. Table 2.2 shows the range of hydraulic index for classifying cementing materials (Cowper,
1927; Eckel, 1928).
Hydraulic index = percentage of silica + percentage of alumina
Percentage of lime
Table 2.3: Classification of cement materials using hydraulic index (Eckels, 1928).
Hydraulic index

Cementing material

less than 0.1

common lime, quicklime

0.1 - 0.2

feebly hydraulic lime

0.2 - 0.4

eminently hydraulic lime

0.4 - 0.6

Portland cement

0.6 - 1.5

natural cements

1.5 – 3.0

weak natural cements

3.0 and more

pozzolanas, etc
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Eckel (1928) notes that the hydraulic index possesses defects which render it valueless in dealing
with certain classes of cement because in calculating the index, no allowance is made for the
action of either magnesia or iron oxide and the assumption is made that silica and alumina are
quantitatively interchangeable.
2.2.3

The Cementation Index

The Cementation index (CI) was proposed by Eckel (1928) as a better guide in discussion of the
composition and characteristics of hydraulic limes. It is a natural outgrowth from a formula
proposed by Newberry for proportioning Portland cements mixtures. The index assigns certain
values for silica, alumina, iron oxide, magnesia and lime.
The index is described as following (Boynton, 1980):
CI = 2.8 x %Silica + 1.1 x % Alumina + 0.7 x iron oxide
% calcium oxide + 1.4 x % Magnesium oxide

Based on this index, the hydraulic lime is classified into eminently hydraulic lime and feebly
hydraulic lime. Eckel (1928) explains that the latter lime has an index between 0.30 and 0.70
whist the former lime has an index between 0.70 and 1.10. This index is used to describe the
requirement of temperature and thoroughness of the burning. The higher the index the less care
will be necessary to avoid the presence of too much calcium oxide, described as free lime. As the
index approaches 1.0, the difficulty is not to avoid free lime but to keep enough free lime in the
product to enable it to slake properly.
Holmes and Wingate (2002) suggest that the hydraulic index for feebly and moderately hydraulic
limes should be 0.3-0.5 and 0.5-0.7, respectively. Vicat (1837) notes that the index cannot be as a
sole method of classification cement or limes, because the properties of these materials depend
not only on its composition, but also on the condition of its manufacture.
2.2.4

The compressive strength

In the current European and British Standard, BS EN 459-1: 2001, hydraulic lime is classified
according to the mortar performance at 28 days of curing, measured by the compressive strength
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of a standard mortar. Spooner and Taylor (1999) note the new standard class for cement mortar
is defined on the lower characteristic strength at 28 days. This approach is also applied for
classifying hydraulic lime mortar. The mortar is prepared to give a significant strength with least
variability within a limited time, to permit the use of the classification as a production quality
control parameter. The mortar used is strong with proportions of one part of lime to three parts of
the European standard sand, but it should be recognized that these parts are by weight. Also the
water content is just sufficient to produce a mortar that can be compacted with heavy vibration
(Allen et al., 2003).
According to BS EN 459 building lime is classified into strength classes of 2, 3.5 or 5 being the
minimum compressive strength in N/mm2 achieved at 28 days in laboratory tests. It is tempting
to equate these to the more traditional terms of feebly, moderately and eminently hydraulic.
Allen et al. (2003) note that these two classification systems have used different bases, the
traditional one relating to setting under water whilst the current one relates to strength. It is likely
that the compressive strengths achieved in modern hydraulic lime mortars is greater than those
achieved in traditional lime mortars.
Holmes (2006) notes the classification for feebly hydraulic lime differs between the current
standard BS EN 459 and the old British standard BS 890. According to the old British Standard
BS 890 the compressive strength for feebly hydraulic lime at 28 days is between 0.7 and 2.0
N/mm2.
According to the current standard BS EN 459 ‘Natural hydraulic limes’ (designated as NHL) are
defined as those produced by burning argillaceous or siliceous limestone. For the products
containing pozzolanic or hydraulic material (which might include Portland cement) it is
designated as NHL-Z. In many circumstances the product is described simply as ‘hydraulic lime’
or artificial hydraulic lime which is produced by combining materials (including cement) to
produce a hydraulic product.
Bye (1999) notes the strength developed in hydraulic lime mortar and concrete is measured and
computed similarly to the cement based material. The compressive strength developed in mortar
depends on various factors including the type of binders and aggregates, the mixture proportions,
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water to lime ratio, the procedure employed in mixing and the efficiency with which the mix is
compacted into a mould, as well as the temperature, humidity and time of curing. Many
conservators are dissatisfied with the current standard of hydraulic lime classification because of
the overlap between the lime categories and in some instances one material may be described by
any of the three categories (Bergoin, 1999; Scottish Lime Centre, 2003). Holmes and Wingate
(2002) note the most eminently hydraulic limes can achieve a crushing strength of around 30%
of that of Portland cement while the less hydraulic ones attain significantly lower strength.
Hughes and Swann (1998) note some of the imported hydraulic lime have a very strong
hydraulic property which is akin to natural cements. To overcome this problem Holmes and
Wingate (2002) propose a new non overlapping range of compressive strength for hydraulic lime
(refer Table 2.4).
Table 2.4: Classification of limes according to compressive strength at 28 days.
Reference

BS EN 459-1:2001

Designation

Notation

Hydraulic lime 2

HL 2

Natural hydraulic lime 2

NHL 2

Hydraulic lime 3.5

HL 3.5

Natural hydraulic lime 3.5

NHL 3.5

Hydraulic lime 5

HL 5

Natural hydraulic lime 5

NHL 5

Holmes (1996)

Compressive
strength N/mm2
at 28 days
2 to

7

Free
Lime %
8

Compressive strength
N/mm2
at 28 days
1.3 to 2.0

15
3.5 to

10

6

2.0 to 5.0

9
5 to

15

3

5.0 to 10

3

Bergoin (1999) suggests that hydraulic lime mortar should be classified according to the
development of strength over 1 year because the current classification based on the compressive
strength at 28 days does not reflect the real performance of hydraulic lime. This classification is
clearly suitable for modern hydraulic lime but not for historic lime mortar. He believes that the
best scientific method to formulate a repair hydraulic lime mortar is by measuring the combined
silica. The information is appropriate for producing artificial hydraulic lime which is compatible
to the original mortar.
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In general the classification of hydraulic lime is complex and unreliable. This occurs because the
basis used for classifying historic lime mortar is different to modern hydraulic lime. Studies on
historic lime mortars and written documents show that feebly and moderately hydraulic lime was
the most common binder for old masonry building (Gibbon, 1992; Carrington, 1999; Holmes,
2006). The best approach to formulate repaired mortar for old masonry building can be obtained
by analysing the original mortar (Van Hees, 2000).
2.3

Manufacturing hydraulic lime

Natural hydraulic lime is produced when argillaceous limestone containing 5 to 25 per cent
clayey matter is heated in a kiln at 900-1250 degree Celsius for several hours. Eckel (1928) notes
the natural raw material for manufacturing hydraulic lime can be replaced by artificial raw
material, a deliberately mixed proportion of clay and limestone. Like cement, this hydraulic lime
is known as artificial hydraulic lime. Artificial hydraulic lime is also created when lime putty is
mixed with pozzolanic material. However Czernin (1962) prefers to describe this artificial
hydraulic lime mortar as pozzolana-lime. All the aforementioned hydraulic limes require a
similar energy in order to decompose limestone to lime and carbon dioxide gas, but they possess
different hydraulic properties. This occurs because the lime putty to be used in pozzolana-lime
mortar is a man-made product and it can only be obtained by calcining limestone at temperatures
between 900 and 1250 degree Celsius, whilst pozzolana can be found as natural mineral or made
artificially by heating the clayey materials. The hydraulic properties in pozzolana-lime mortar
develop at a very slow rate as the chemical reactions in the mortar depend on the physical and
chemical characteristics of lime and pozzolana (Masazza, 1998; Moroupoulou et al., 2005).
In contrast the hydraulic properties in the natural hydraulic lime mortar develop at a faster rate
than in the pozzolanic lime mortar. Weber et al. (1999) note the strength development in natural
hydraulic lime mortar is more reliable because its chemical composition is readily controlled
during burning. Eckels (1928) explains the typical percentage of the hydraulic components:
silica, alumina and iron oxide, in argillaceous limestone are in range of 4 to 16%, 1 to 8% and
0.3 to 6%, respectively. The hydraulic properties in limes range from feeble up to those of
Portland cement or natural cement (Eckels, 1928; Boynton, 1980). These binders are obtained
from the same raw material (usually a limestone with certain amounts of clay minerals, called
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marl, or a mixture of limestone and clay) and the major chemical elements are calcium, silica,
alumina, iron oxide and magnesium, but at different proportions and burning conditions. Weber
et al. (1999) explain that these major hydraulic elements react upon burning to form a number of
more or less well crystallized oxide compounds. The stoichiometric nature of these oxide
compounds as well as the completeness of their formation differs as a function of various factors,
amongst others, the peak temperature and the rate of heating and cooling play a major role.
Boynton (1980) notes the manufacturing activities in producing hydraulic lime are relatively
simple, cheaper and more environmentally friendly than for manufacturing cements. Eckel
(1928) regards that the process for manufacturing hydraulic lime is almost similar to ordinary
limes. Like high calcium lime the hydraulic lime clinker is readily pulverised by slaking it with
water, without additional mechanical grinding. The reactivity of lime however decreases with the
increase of hydraulicity, which is correlated with the increasing of silicates and subsequently the
decreasing of free lime (Holmes and Wingate, 2002).
Oates (1998) notes the need to control closely the calcining temperature to ensure the highest
combination between silica and alumina but without sintering the free lime. The typical calcining
temperature for hydraulic lime is between 950 and 1250oC, the required temperature rises as the
cementation index is increased. The hydraulic lime can be stored in form of quicklime, dryhydrated lime or lime putty depending on its hydraulicity. Unlike Portland cement, the natural or
artificial hydraulic lime can be manufactured using a simple traditional shaft kiln as well as a
modern rotary kiln.
Boynton (1980) notes that the heating process used in producing hydraulic lime is similar to non
hydraulic lime, but the chemical reaction is much more complex due to the presence of the
clayey material in the limestone. The hydraulic lime properties vary depending on the
characteristic of its raw material and the burning condition. The burning process produces
calcium oxide as well as calcium silicates and calcium aluminates, which are responsible for the
hydraulic properties of the material. The variation in the raw material as well as in the firing
temperature can produce hydraulic limes of very different characteristics (Evans, 1999). For a
particular argillaceous limestone, the properties of the fired product depend on the rate of heating
and the peak temperature and its duration. To produce a high quality hydraulic lime, the
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operators must understand the properties of the raw material and the chemical reactions
happening during burning. Therefore the following section will review this.
2.3.1

The raw materials

Boynton (1980) notes the essential ingredients in hydraulic lime are calcium oxide (CaO) and
silica (SiO2). Both of these oxides occur naturally in an argillaceous limestone, for instance the
Blue Lias limestone, or they can be artificially prepared by mixing limestone and clay, like a raw
meal for Portland cement. Vicat (1837) claims the argillaceous limestone with clayey matter
between 5 and 25 per cent is suitable for manufacturing natural hydraulic lime. In natural
minerals, these raw materials occur with many other minor components. For example, the high
calcium limestone may contain up to 5 per cent magnesium carbonate and clay matter, usually in
the form of alumina and iron oxide. The stone may also contain some percentages of alkalis
(soda and potash), sulphur, manganese and water.
Like Portland cement, Eckel (1928) notes that artificial hydraulic lime can be manufactured by
deliberately mixing limestone and a proportion of clayey matter. During the last two decades,
extensive researches have been done in producing sustainable or green cement (Mehta and
Persoff, 1980; Lawrence, 1998; Gartner, 2004). This is achieved by reducing carbon dioxide
(CO2) emissions by using alternative fuels and raw materials. Damtoft et al. (2008) report that
foundry sand, fly ash and bottom ash from coal power plants, spent catalysts, filter clays and mill
scales are the common industrial waste materials being used to replace the traditional raw
materials in production of cement clinker. In practice, the replacement of virgin material with
siliceous waste material is limited to about 10%. This occurs because most of the siliceous waste
materials containing alkalis and harmful salts.
There are many studies on producing hydraulic cement using waste materials as alternative to
clayey matter. For example, Hassan (2001) and Mehta and Persoff (1980) respectively study the
effect of adding basalt rock and spent oil shale in producing hydraulic cement. Chen et al. (2002)
show that glass containers can be used in manufacturing cement. They note that the chemical
composition of glass containers did not vary significantly with their colour or origin but
depended on its application. Shi and Zheng (2007) note the addition of glass into the cement raw
meal can create more liquid phase at temperatures between 950 and 1250 degree Celsius. This
48

reaction caused a decrease of tricalcium silicates but caused flash setting due to high alkali
content and the formation of compound 2CaSO4.K2SO4. Unlike Portland cement, currently there
are very few studies on artificial hydraulic lime particularly in using siliceous waste material as
raw material.
2.3.2

The chemical reaction

Heating argillaceous limestone involves many chemical reactions including the decomposition of
clayey matter, dissociation of limestone and chemical reaction between lime oxide and soluble
silica as well as alumina. The first step in producing lime is to crush the limestone boulders into
lumps before heating it in a kiln. Boynton (1980) notes most of the mechanically held water in
the limestone is driven off at a temperature between 100 and 200oC. The thermal decomposition
of limestone is influenced by three main factors. First, the stone must be heated to the
dissociation temperature of the carbonate. Second, the minimum temperature (but in practice a
higher temperature) must be maintained for long enough to complete the process. Third, the
carbon dioxide must be rapidly removed otherwise it may recombine with the oxide. Mason et al.
(1999) note that each particular limestone has an optimum calcination temperature and rate of
heating which can only be determined by experiment.
2.3.2.1

Decomposition of magnesium/dolomitic carbonate

As the temperature reaches about 400oC, magnesium carbonate begins to decompose by forming
magnesia (MgO) and carbon dioxide gas. Boynton (1980) mentions that a majority of
investigators agree the dissociation temperature for magnesium carbonate is between 402 and
480oC. Oates (1998) however states a higher range between 402 and 550oC for the dissociation
temperature of MgCO3 at 1 atmosphere. Boynton (1980) believes the variations occur because
the experiments were carried out using different testing conditions and magnesia with different
impurity contents. The reaction for thermal decomposition of pure magnesium carbonate is:
MgCO3 + heat

MgO + CO2

The decomposition of magnesian/dolomitic lime is more complex than the calcium lime because
the lime is decomposed via two discrete stages, a single stage or in an intermediate manner.
Oates (1998) reports all dolomites and magnesian/dolomitic limestones decompose at higher
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temperatures than magnesium carbonate. The onset of calcination varies from 510 to 750oC, and
it depends on the crystal structure and form of the stone. As a result of the occurrence of
different dissociation points, the MgO is usually necessarily hard-burned in varying degrees
before the CaO is formed because of the retention at relatively high temperature. Boynton (1980)
notes the degree of hard burning can be alleviated by cooling the quicklime immediately after
CaCO3 is calcined or by calcining at minimum and constant temperatures. The reactions for the
thermal decomposition of magnesian/dolomitic limestone can be described as below:
CaCO3.MgCO3 + heat

CaCO3.MgO + CO2

CaCO3.MgO + heat

CaO.MgO + CO2

CaCO3.MgCO3 + heat

CaO.MgO + 2CO2

2.3.2.2

Decomposition of clayey matter

Taylor (1997: pp 66) describes that ‘the behaviour of clay minerals on heating depends on their
structures, compositions, crystal sizes and degrees of crystallinity. In general, any interlayer or
absorbed water in clayey matter is lost at 100-250oC and dehydroxylation is started at 300-400oC
and its reaction rate is increased at 500-600oC.’ El-Didamony et al. (2000) note that during firing
a clay-lime mixture, the clay minerals are dissociated to an amorphous aluminosilicate mixture at
temperature between 500 and 700oC. Kirsch (1968) and Bye (1999) however report a slightly
higher temperature range for decomposition of clayey minerals, about 400-900oC, and 350650oC, respectively. During the decomposition of clayey minerals, the water bound up in the
lattice as OH-groups is evolved and the reaction consequently causes a partial destruction and
alteration of the crystal structure.
Manning (1995) notes in the firing process clay minerals react rapidly, partly because of their
fine grain-size and large surface area, and partly because of their inherent instability at high
temperatures. The firing behaviour of individual clay mineral species is however poorly known,
with few published data except for kaolinite. Kaolinite undergoes a number of transformations.
Between 400 and 700oC it loses water to become metakaolinite (anhydrous phase, Al2Si2O7),
which then transforms at around 900-1000oC to produce mullite (Al6Si2O13), plus an Al-Si
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spinel. At temperatures above 1000oC and at relatively long heating duration the silica
polymorph cristobalite begins to form (Worrall, 1990). El-Didamony et al. (2000) note the phase
transformations in clays occur during firing at 700 to 1100oC. Forsterite, wollastonite,
2CaO.SiO2, mullite, anorthite and diopside are formed at 627 to 727oC. Firing at 1027 to 1127oC
resulted in formation of diopside, forsterite, wollastonite, mullite, anorthite, and monocalcium
aluminate.
Jackson (1998) reports that heating clay between 500 and 900oC brings about fundamental
transformations in phyllosilicate minerals (also known as a layer of silicate mineral), which are
mainly the conversion into an amorphous phase. Most of the intermediate amorphous material is
initially formed by dehydroxylation and it does not subsequently re-crystallise because they
readily react with calcite before a high enough temperature are reached. A direct chemical
interaction between calcite and the decomposed clay minerals is vital in hydraulic lime
production and its reaction rate depends on the fineness and intermixing of the original minerals
(Bye, 1999).
Kirsch (1968) notes most of the clay crystal lattices are extensively destroyed at 900oC by
forming amorphous silica which indicates by the presence of melted or partially melted forms.
At this temperature calcium carbonate is also decomposed to highly reactive lime oxide. Jackson
(1998) claims that the amorphous silica and lime is readily combined to form dicalcium silicate
(C2S) and this reaction mainly occurs at temperatures between 900 and 1250oC.
2.3.2.3

Decomposition of calcium limestone

The decomposition of high calcium limestone to lime (CaO) and carbon dioxide gas begins on
the stone surface and it happens at a temperature as low as 742oC (Boynton, 1980). It always
proceeds gradually from the outside surface inward and the depth of its penetration usually
moves uniformly inward on all side of stone, like a ‘thickening’ veneer or shell. El-Didamony et
al. (2000) study the calcination of clay-limestone mixture at various temperatures between 700
and 1000oC. They found that the limestone is completely decomposed at 800oC but not at 700oC.
In general, a higher temperature of about 900oC is required in practice to ensure that the stone
core is completely decomposed. Oates (1998) notes that the dissociation rate of limestone varies
depending on the characteristics of stone, the distribution of particle size, the shape of the
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particles, the temperature profile in the calcining zone and the rate of heat exchange between the
gases and the particles. For a dense, high calcium limestone, the dissociation time is decreased
with the decrease of stone size and the increase of temperature. He notes that the calcining time
for a given shape factor is proportional to (thickness)2. The relative ‘calcining effort’ for a
particular shape to sphere ranges between 1 and 3.
The thermal decomposition of calcium carbonate is described as below (Oates, 1998):
CaCO3 + heat

CaO + CO2

Glasser (1998) notes that the decomposition rates of limestone is increased rapidly with
increasing temperature. During this stage, the growing skin of the reaction products increasingly
acts as a barrier and, moreover, stress accumulation may cause the remaining reactant to develop
cracks and fissures, thereby increasing its apparent surface area. Oates (1998) explains that the
effect of high temperature on the quicklime’s apparent density is more significant than the
duration of burning (refer Figure 2.1). Figure 2.2 shows the microstructures of quicklime with
different apparent densities.
Moropoulou et al. (2001) calcined two types of limestone at temperatures between 900 and
1200oC. They discovered that the lower calcination temperatures yield a high specific surface
area and the more reactive quicklime. The greatest surface area is obtained for limestone
calcined at 900oC, which is similar to the temperature in traditional lime-kiln. They note that the
specific surface area is a reliable factor for evaluating the quicklime reactivity. The quicklime
with the greater specific surface area therefore is more reactive. In contrast, the total cumulative
volume, total porosity, and specific surface area of quicklime are decreased as the calcining
temperature is increased from 900 to 1200oC. Coalescence occurs at higher temperatures and
eliminates the smaller pores to form the larger pores. They claim that the high calcination
temperatures reached in modern limekilns are the major reason that this lime is of low quality for
building purposes.
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1400oC
1300oC

1200oC
1100oC
1000oC

Figure 2.1: Variation of apparent density with temperature and time (Oates, 1998)

10 µm

10 µm

Figure 2.2: Scanning electron micrographs of quicklime with apparent density
(a) 1.5 g/mL and (b) 2.3 g/mL (Oates, 1998)

53

(a)

2.3.2.4

Formation of hydraulic phases

The components in hydraulic lime are somewhat similar to Portland cement. Weber et al. (1999)
report the main hydraulic phase in hydraulic lime is dicalcium silicate. This occurs because the
lime is manufactured at burning conditions below 1250oC. The amount of free lime in the fired
products is increased with the increase of calcium carbonate and consequently the decrease of
silica in the raw material. The chemical reactions take place in the following sequence order
during burning of the argillaceous limestone (Boynton, 1980).
2CaO + SiO2

Ca2SiO4

3CaO + Al2O3

Ca3Al2O6

4CaO + Al2O3 + Fe2O3

Ca4Al2Fe2O10

3CaO + SiO2

Ca3SiO5

Calcium disilicate is an orthosilicate and can form at temperature about 500oC. However its
formation is unstable at lower temperature. At temperature less than 1250oC, the reactive form of
lime and amorphous silica react to form dicalcium silicate in the solid-state reaction. The speed
of its formation in the solid state reaction however is much slower than in the molten state. Bye
(1999) describes that the common form of dicalcium silicate in hydraulic limes is β-C2S, which
forms at 680oC and is stabilised in the presence of alkalis and phosphate. At the temperature
above 1250oC and more particularly above 1300oC, the liquid phase appears and it promotes the
reaction between dicalcium silicate (C2S) and free lime to form tricalcium silicate (C3S), the
main hydraulic phase in Portland cement.
Tricalcium silicate is stable at temperatures higher than are reached in calcining hydraulic lime,
between 1250oC and 1800oC. Tricalcium silicate formation is catalysed by the presence of C4AF.
Therefore in hydraulic lime, the percentage of C3S is very small. In addition this silicate readily
decomposes to free lime and dicalcium silicate when the temperature is dropped lower than
1250oC. This verifies the absence of C3S when hydraulic lime is manufactured using traditional
kiln (Macphee and Lachowski, 1998).
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2.3.2.5

The effect of burning conditions on the fired products

Oates (1998) notes the minimum calcining temperature of 900 degree Celsius is required for
manufacturing natural and artificial hydraulic lime. Eckel (1928) notes an ideal hydraulic lime
should contain only sufficient free lime to disintegrate the entire mass of the fired product by the
force of its own slaking. In addition all the clayey material in an ideal hydraulic lime is
chemically reacted with lime during firing to form hydraulic phases. Boynton (1980) describes
that the increase of temperature exerts a much greater influence on the dissociation rate than the
duration at high temperature. He notes that the increase of temperature by only 20oC can exert as
much influence on the calcination as extending the burning time from 2 -10 hours. The optimum
temperature for maximum calcination efficiency varies with different types of limestone and it
can only be determined with exactitude experimentally. He further emphasizes that to produce a
good quality hydraulic lime it is important to closely control the calcination process of limestone
to ensure that silica and alumina is reacted with lime without sintering the free lime. He notes
that the general axiom among lime manufacturers, regardless of the type or quality of limestone,
is that a higher burning temperature and longer calcining period yield harder burnt quicklime that
has high shrinkage, high density, high porosity and low chemical reaction.
According to St. Astier’s product datasheet, burning the same argillaceous limestone for different
durations produces different classes of hydraulic lime (St. Astier website, 2006). This indicates
that the hydraulicity of lime depends on the amount of combined silica and not the total amount
present. The total amount of clay in the raw material is given as soluble silica 11%, alumina
1.1%, and iron oxide 0.32%.
2.3.3

Phase Diagram

It is well understood that the main compounds for manufacturing calcareous cement including
Portland cement and hydraulic lime are lime oxide and silica. Macphee and Lachowski (1998)
note that the formation of hydraulic phases in calcareous cements can be predicted using a binary
phase diagram. Figure 2.3 shows a binary diagram for CaO-SiO2. There are four compounds
consisting of CS, C3S2, C2S and C3S that commonly form when lime and silica are heated
together. In high lime mixture of calcareous cement, only the latter two are formed. Weber et al.
(1999) note that the main silicate created in hydraulic lime is dicalcium silicate. This occurs
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because the burning temperature below 1250°C is used for manufacturing hydraulic lime. The
use of temperatures above 1250°C caused the remaining free lime to combine with dicalcium
silicate and form tricalcium silicate, the main phase in Portland cement.
In other circumstances, a ternary system of the components CaO, Al2O3 and SiO2 is also useful
for evaluating the composition of Portland cement and hydraulic lime. Figure 2.4 in page 40
shows the ternary system for calcareous cements. This system is most significant for Portland
cement as it shows the melting relationship involving the three chemical components. The
chemical compositions of eminently hydraulic lime clinker are almost similar with Portland
cement or belite cement except for its higher proportion of free lime and insignificant amount of
tricalcium silicate (C3S). Macphee and Lachowski (1998) note that the differences in fired
product composition are strongly associated with burning conditions, namely burning
temperatures, duration and cooling rates.

Figure 2.3: A binary phase diagram for the CaO-SiO2 system
(Macphee and Lachowski, 1998)
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Figure 2.4: A ternary phase diagram for calcareous cements
(MacPhee and Lachowski (1998)
Boynton (1980) notes that belite, the appropriate name for impure dicalcium silicate (C2S) is the
main hydraulic phase in natural and artificial hydraulic lime produced by burning a suitable
argillaceous limestone at high temperatures but less than 1200oC. Table 2.4 shows the main and
minor chemical compounds that formed in the St Astier products.
Table 2.5: The chemical compounds in the St Astier’s products
Chemical compounds
CaO
CaCO3
C2 S
C3 A
C2AS
C4AF
CaSO4

NHL5
22
23
43
0.7
1.3
0.7
0.7

NHL3.5
25
25
35
0.5
1.0
0.5
0.8
57

NHL2
58
13
17
0.4
0.8
0.4
0.5

In summary the process of making hydraulic limes consists in heating raw materials to a
temperature sufficiently high to drive off the carbon dioxide. The minimum effective for burning
limestone is 880oC, but for this temperature to be reached in the centre of the stone lumps, an
overall temperature at the surface of 1000oC is usually necessary. Duggal (1998) claims that high
magnesia limes should be subjected to the temperatures above 1000oC and high calcium lime
should be burned at temperatures lower than 1300oC. He notes this burning condition is
appropriate for a part of the quicklime resulting from decomposition of limestone to combine in
the solid state with silica, alumina and iron oxide to form hydraulic phases, calcium silicates and
calcium aluminates.
In cement chemistry, the following abbreviations are used to simplify the writing formula for
cement compounds.
C = CaO

2.4

S = SiO2

A = Al2O3

F = Fe2O3

Use of lime mortar in conserving existing masonry

For decades, limes have been recognized as the best material for repairing and maintaining the
old building and civil engineering structures. The use of lime complies with the key conservation
principle which emphasizes on the use of original materials or ‘like to like’ material. In the past,
lime was used as a principal binding material in mortars and coatings, as reported in many old
treatises (Vitruvius, 1960; Vicat, 1837; Pasley, 1838, Powys, 1929). In the modern age the
dominant role of lime has been totally replaced by the Portland cement not only in new
construction but also in conservation work. The use of cement has had a great influence on the
conservation works particularly in the early to mid 20th century. Cement mortar sets faster and
hardens with a reliable strength development compared to lime mortars. Lime mortar sets and
hardens very slowly over years and the quality of products relied greatly on the skilled craftsman
(Gibbons, 1996). Therefore cement was initially added to lime mortar to accelerate its setting
time and to attain higher strength. Furthermore due to deficiency in understanding the properties
of lime and the behavior of old walls, and also a shortage of skilled craftsmen, cement mortar
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was used for repairing old buildings and civil engineering structures, and this happened in utmost
industrial countries. However in less than a decade after application of cement-based mortar on
existing walls, most of the old masonry units were decaying (Holmstrom, 1996; Maxwell, 2000).
Therefore to answer these problems many investigations have been performed including
understanding the difference in properties between lime and cement, and the behavior of old and
new walls. The results show that decay is due to the use of cement-based mortar and plaster
which inhibit the wall to ‘breathe’ (evaporate trapped moisture through the wall), increase the
salt crystallization and prevent the structural movement.
2.4.1

The ability of old masonry to ‘breathe’

One of the successful efforts on using pure lime in mortar and lime wash on the external wall has
been testified in Sweden from activity started in the early 1960s. Holmstrom (1996) reports that
the revival of using lime mortars and lime wash in Sweden’s old buildings was performed
subsequent to the series of extensive damages caused by the use of synthetic materials like
plastic paint and cement render. He reports that the performance of the old building repaired with
lime mortars and lime washes is enhanced and routine maintenance becomes less onerous,
requiring only limewashes. He believes this occurs because the walls of the old building can
‘breathe’, allowing easy movement of water by evaporation and absorption. .
One of the early discussions on the need of old masonry wall to ‘breathe’ has been reported by
Hughes (1986). He notes this behaviour is strongly related to traditional materials and
construction methods. The mechanism of water movement in old walls is different to that in new
walls because the old masonry wall was constructed with different methods and materials
compared to the modern walls. In modern techniques the walls are constructed as a solid or
cavity wall with a damp proof course to prevent rising damp from the ground. The walls are also
designed to resist rain penetration. The materials commonly specified for walls are highly dense
and impervious such as bricks, concrete and cement mortar. The cement mortars are used not
only for bedding and jointing the clay bricks or cement blocks but sometimes applied for
finishing the wall surfaces. The techniques of using cement mortars on building have widely
been discussed in many modern construction books.
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Unlike modern walls the stability of old walls relies on the integration of mass solid walls built
from bricks or stones. Generally these masonry units were bedded and jointed with lime mortars.
Simpson (1996) and Maxwell (1996) note traditionally masonry walls were hardly ever left
unfinished but they were commonly rendered with lime-based mortars and coated with lime
washes. Lime mortar was made by adding sand to lime putty and it sets and hardens slowly by
drying and subsequently reacts with carbon dioxides gases to form carbonated lime, a similar
chemical composition to parent limestone. In lime wash a similar reaction occurs to limes by
forming a porous layer of carbonated lime. As the carbonated lime mortars and lime washes are
softer, more porous and permeable than masonry units, they tend to absorb moisture from the
harder adjacent material and quickly release the moisture to atmosphere by evaporation when the
conditions allow. The former reaction assists the inner wall to remain dry, while the latter
minimizes the retention of moisture in the wall. Scottish Lime Centre (2003) and Hughes (1986)
report the walls with efficient ability to ‘breathe’ are unlikely to be susceptible to damage. They
furthermore note that the work to repair and replace lime mortar in pointing and coating is easier
and cheaper than to repair the damage caused by cement-based mortar. The disastrous effect of
using cement-based mortar on old building has been mentioned in many conservation works.
Hughes (1986) and SPAB (2002) illustrate the subsequent damage that occurs due to replacing
lime mortar with cement mortar in old wall.
Hughes (1986) notes cement-based mortar in old walls not only inhibits ingress of rain into the
wall but it also prevents the trapped moisture to evaporate. He notes that cement mortar coating
on an old wall may also cause severe damage to the sound timber beams or floors. This occurs as
the trapped moisture tends to migrate inward to the interior of the building and this can adversely
affect timber in contact with masonry walls, encouraging the development of timber decay. In
practice cement mortar are usually susceptible to cracks due to thermal, seasonal and structural
movement in the wall. SPAB (2002) notes that this mortar also tends to shrink as it dries,
developing fine cracks that allow water to drive into the wall under wind pressure and capillary
action. These defects allow rainwater or rising damp to build up a damper condition in localized
area since the moisture evaporation is restricted by impervious coating or jointing.
The Scottish Lime Centre (2001) explains that the moisture movements in the old wall are
different between lime-based and cement-based mortar when it is used as a coating. The
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accumulated moisture at the back of the cement render saturates the masonry unit matrix causing
it to crumble and detach from the render. The failure of the external coating also associated by
frost action could cause considerable damage to sandstone masonry.
Replacement of lime mortar by cement mortar in the bedding and jointing of old walls also
contributes to changes in moisture movement. Hughes (1986) notes that as a result of this change
the moisture from rainwater and rising damp tends to evaporate through masonry units, which
are relatively more porous and softer than cement mortar bedding. This exposes the masonry
units to wetting and drying cycles which generate pressure on the external surfaces and cause
them to crumble, spall and delaminate. In the aforementioned circumstances moisture in the old
wall is commonly contaminated with soluble salts introduced by hydration of cement in mortar,
air pollution and rising damp from groundwater.
Santamaria and Bolton (1997) note the moisture cycling (without salt and impurities) in brick
does not appear to be the important factor in decaying of old brick. The results of wet-dry cycles
on the intact old bricks however are based only on 20 cycles. The evaporation of moisture in old
walls is unlikely to cause damage but the process usually involves the movement of soluble salt
which re-crystallize on or within the wall. The re-crystallization of salt induces mechanical
pressure to the material matrix and salt itself has high affinity to moisture and the rate of wetting
and drying cycle is as a result increased. The following discussion therefore will describe the
mechanism of salt crystallization and subsequent effects of on the old wall.
2.4.2

Salt crystallization

The Scottish Lime Centre (2001) notes that water cannot totally be excluded from traditional
building fabric, but by applying the traditional building materials which are relatively porous this
undesirable moisture can readily evaporate to less humid atmosphere. A similar approach has
been suggested by Lander (1992) in his book on repairing old houses. Many studies have been
carried out on the damage to old brickwork and stonework. The results show that the main factor
contributing to defects and decay on the building materials is salt crystallization on and/or within
the exterior wall surfaces (Van Hees et al., 2003; Santamaria and Bolton, 1997; Fassina et al.,
2002).
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In many circumstances, salts in old walls generally originate from groundwater, air pollution and
masonry unit itself. Groundwater which commonly contains sulphate readily penetrates the old
wall constructed with a defective (or without) damp proof course by capillary action. The
movement of moisture from the ground is commonly known as rising damp and it occurs up to a
certain height from ground level (Thomas, 1986). In the old wall the moisture tends to dissolve a
certain amount of soluble salt from the building materials but the reaction is unlikely to occur if
the retention time of the moisture is relatively short. The old wall with sound ‘breathing’
behavior however can simply discard this undesirable moisture by evaporating it through the
permeable lime mortars or lime washes. This evaporation however is usually accompanied by
formation of salt which recrystallizes on or within the wall surfaces. Hutton (1998) notes the
crystallization of salts occurs as the moisture containing soluble salt migrates to the wall surfaces
and evaporates which results in the increase of salt concentration and subsequent
recrystallization of salt.
Fassina et al. (2002) note that recrystallization of salts can occur in the building material pores
and on its surfaces. The latter phenomenon is known as efflorescence and occurs due to low rate
of ventilation, where the evaporation rate is lower than the replenishment rate of water from
inside wall by capillary migration. When efflorescence takes place, salts are brought to the
surface in solution during the wetting phase evaporate during the drying phase, forming salt
crystals on the surface which are commonly considered harmless reaction and products. Taylor
(2002) however notes that the deposition of salt on a wall surface spoils the aesthetic appearance
of masonry wall. Fassina et al. (2002) mention that the recrystallization of salts in the pores
known as subflorescence. The reaction is occasionally accompanied by expansion which
physically disrupts the material matrix. Subflorescence occurs due to a high rate of ventilation as
the evaporation rate on the wall surface is faster than the replenishment rate from the interior by
capillary migration. Therefore the crystals are formed and grown in the pores, channels, and
crevices along the plane at a certain distance below the exterior surface. As the crystals grow,
they exert forces on the capillary walls causing the material to crumble by forming thin surface
layers.
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The introduction of cement-based mortar on the old masonry walls is consistently reported by
many scholars as the main factor contributing to severe damage on masonry units. The damage
occurs due to the reactions of many harmful compounds originating from the cement itself and
soluble salts in the walls. The two main hydration products of Portland cement which generally
contribute to decay in old masonry walls repaired with cement-based mortars are tricalcium
aluminate hydrates and calcium silicate hydrates. These hydrates are susceptible to the solution
of sulphates, which commonly exist in dampness of the old walls due to rising damp from
groundwater, dissolution of air pollution and dissolution of salts from building material itself,
masonry units and hardened cement (Neville, 1995).
The chemical reaction between tricalcium aluminate and soluble sulphates forms ettringite, while
the reaction between calcium silicate hydrate and soluble sulphates produces thaumasite. The
formation of these salts is accompanied by the increase of volume. The expansion of salts
volume in masonry unit pores will therefore generate a considerable pressure which caused a
detrimental effect on the brick or stone matrixes. These salts are therefore consistently
considered as the harmful salts not only in old masonry walls but also in hardened cement and
concrete. The formation of thaumasite in the backing masonry wall can be easily mistaken for a
structural crack as it forms an apparent vertical crack in the wall (Van Hees et al., 2003).
2.4.3

Movement

Taylor (2002) notes one role of the mortar in a well constructed masonry wall is to allow
movement to occur within the mortar by forming micro-cracks rather than causing cracks in the
brick or block. The ability of cement mortar to accommodate movement due to temperature and
moisture changes is increased with the increase of lime proportion in the mixture. The stronger
the mortar the less able it is to accommodate movement so that it is inadvisable to use a stronger
mix than is necessary to meet structural requirements. This occurs because cement-based mortar
sets and hardens faster than lime mortar to form an impervious and rigid material which is brittle
and susceptible to cracking even by small amount of expansion and contraction (Scottish Lime
Centre, 1996). In addition cement-based renders are inflexible to any movements by forming
crack to a certain degree when exposed to structural movement, seasonal and drying shrinkage.
The drying and setting of cement-based renders are usually accompanied by the formation of
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micro-cracks on the surfaces. Although the width of cracks is tiny it is sufficient for water to
ingress and penetrates inside the wall. The moisture trapped and accumulated in the backing wall
induces pressure to the cement-based render and subsequently it crack or bulge.
Hendry (2001) notes the percentage of mortar in masonry wall is less than 10 %, but its presence
has significant effects on the performance of the wall. It is well known that the stronger the
mortar the less able it is to accommodate movement. Therefore in a masonry wall a stronger
mortar mix than necessary to meet structural requirements is not recommended. Cultrone et al.
(2005) note the ability of the lime mortars to resist some degree of movement in masonry is
superior to cement mortar. The flexibility of lime mortars however decreases with increasing
hydraulicity. They note that pure lime mortars harden slowly through carbonation process only,
whereas hydraulic lime mortars are denser and less fragile and to a certain extent resemble
Portland cement mortars.
Unlike cement mortar, slow carbonation in lime mortar makes it progressively harder and
durable. The process depends on many factors including relative humidity, temperature and CO2
concentration which normally involves an increase in mass caused by transformation of calcium
hydroxide into calcite. The total carbonation of mortar could take centuries. Johannesson and
Utgenannt (2001) note that carbonation could also occur in cement-based mortar as both calcium
hydroxide and calcium silicate hydrates react with dissolved CO2 in the pores system to form
calcium carbonate, which has a larger volume than its original elements and consequently
develops micro-cracks.

2.5
2.5.1

The setting and hardening of hydraulic lime mortar
Introduction

The setting and hardening that occur in hydraulic lime mortar are the results of complex
chemical reactions between anhydrous hydraulic lime and water. The fundamental compounds
responsible for strength development of this mortar are quicklime and silicates. The increased
proportion of silicates causes an increasing in hydraulic properties, the ability to set and harden
under water. In mortar the chemical reaction between silicate and water known as hydration
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forms a rigid gel called calcium silicate hydrates (Jackson, 1998; Weber et al., 1999; Lanas et al.,
2004).
Taylor (1997) notes the calcium silicate hydrates tend to develop in the water-filled space and
this consequently creates a product with low porosity and high compressive strength. Monks
(2001) notes the use of hydrated lime in cement mortar. The lime furnishes the mortar with high
plasticity, which facilitates the handling. The hydrated lime tends to set and harden by
carbonation but the reaction contributes insignificantly to the strength development in cement
mortar. Most scholars note that Portland cement mortar and non-hydraulic lime mortars set and
harden in different ways because their main chemical composition is respectively silicates and
lime (Czernin, 1962; Holmström, 1996; Duggal, 1998; Smith, 2005). They note the former and
the latter mortar are respectively hardened by hydration of silicates and carbonation of slaked
lime. Czernin (1962: p.25) notes that ‘a small amount of free lime may be present in cement but
it does not readily react with water because it is interlocked in other crystals. This lime however
tends to hydrate at later ages causing unsoundness to the hardened mortar and concrete’.
Taylor (1964: p.2) describes setting in cement mortar and concrete as ‘the initial stiffening,
which usually occurs within few hours whilst hardening is the development of compressive
strength’. The current building lime standard BS EN 459-2:2001 specifies a method to measure
the setting times for hydraulic lime mortar which similar to the method used for testing cement,
BS EN 196-3:1995. Holmes and Wingate (2002) acknowledge that Vicat’s needle is an empirical
method to measure setting time. The initial and final setting times are defined as the time
measured when the Vicat’s device and standard weighted needles penetrate to a given depth.
According to the standard BS EN 459-2:2001, the initial setting time for all hydraulic limes is
specified to be more than one hour. The final setting time of moderate and eminently hydraulic
lime is specified to be not more than 15 hours. There is no setting time for non hydraulic lime
because it sets and hardens very slowly. This lime mortar sets and hardens by drying and
reacting with atmospheric carbon dioxide gas to form calcite, a mineral of limestone.
2.5.2

Hydration

This section aims to describe, explain and discuss the hydration of hydraulic phases in hydraulic
lime. Due to the absence of literature specific to hydration of hydraulic lime, the discussion will
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be based on the hydration of Portland cement and its constituents. There is similarity in hydration
of hydraulic lime and Portland cement as both are produced from limestone containing siliceousaluminous materials and their clinkers are formed at high temperatures. Due to the use of
different burning temperatures the main hydraulic phases in hydraulic lime and Portland cement
are different and they are respectively dicalcium silicate and tricalcium silicate (Weber et al.,
1999).
To understand the hydration of hydraulic lime, the discussion will be referred to hydration of
tricalcium silicate since most of the studies on hydration of cement have been focused on this
silicate. The discussion will also include the hydration of belite cement as its main constituent is
dicalcium silicate, the main hydraulic phase in hydraulic lime. It is therefore essential to look at
the primary hydration reactions and the products in both cements and hydraulic limes, and assess
the interrelationship between them. The discussion is based on the hydration at ordinary
temperature of 15-25oC, unless stated.
2.5.2.1

Definition

In strictly chemical terms hydration is defined as ‘a reaction of an anhydrous compound with
water resulting in formation of new compound, a hydrate’ (Odler, 1998: p 241). The hydration
term in cement chemistry denotes ‘the totality of changes that occurs when anhydrous cement, or
one of its constituent phases, is mixed with water. The hydration reaction causes both chemical
reaction and physical-mechanical changes to the system particularly regarding setting and
hardening’(Odler, 1998: p 241). The hydration of cement grains progresses very slowly because
its reaction proceeds to a depth about 6-9 µm in five months (Lea, 1970). The observation on
hardened cement paste even after very prolonged period still shows the presence of un-hydrated
cores. Odler (1998) notes the hydration reaction in cement involves many factors including the
interaction between the phases. It is common that the hydration of pure mineral is used to
elucidate the hydration of cement.
2.5.2.2

Hydration of calcium silicate phases

The principal hydraulic phases in Portland cement are an impure tricalcium silicate (known as
alite, C3S) and β-dicalcium silicates (known as belite, β-C2S). Young et al. (1998) note in mortar
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these silicates are chemically reacted with water to form calcium hydroxide and an amorphous
calcium silicate hydrate, denoted as C-S-H. The reaction is accompanied by heat evolution,
which can be used to measure the progress of hydration. Taylor (1997: p. 113) notes ‘the kinetics
and mechanism of hydration for belite is similar to alite, except the former reaction occurs at
lower rate and produces lesser amount of calcium hydroxide’.
Skalny and Young (1980: p 15) note that ‘although hydration of

-C2S does not play an

important role at the early stage of strength development its slow progress in hydration is vital to
the development of ultimate strength of mortar and concrete’. Odler (1998: p. 258) notes ‘the
hydration of -C2S occurs at very slow rate during an extended induction period. This period is
followed by a gradual increase of hydration rate and subsequent slowing down, after reaching a
maximum after several weeks’. Figure 2.5 in the following page shows the typical hydration
kinetics of -C2S hydrated at 20oC compared to that of other clinker minerals.
Taylor (1997: p 114) notes ‘the calcium silicate hydrates have the properties of a rigid gel,
denoted as C-S-H without implying any particular composition. The term C-S-H is a generic
name for any amorphous or poorly crystalline calcium silicate hydrate in natural minerals or
artificial products, which about 30 are known. The term ‘C-S-H gel’ is used to distinguish the
material formed in cement, C3S or -C2S pastes from other varieties of C-S-H’. Odler (1998: p.
274) notes that ‘the structure of C-S-H in Portland cement hydration exhibits very low
crystallinity and its structure is similar to the phase formed in pure tricalcium and dicalcium
silicate hydrates’. Nonat (2004) claims that the term nanostructure is more appropriate to use for
describing the short range order of C-S-H gel of calcium silicates. Jawed et al. (1980: p. 183)
note ‘the tiny hydration products (approximately 200-400Å) are formed on the C3S and β-C2S
surface shortly after they react with water at room temperature. The amounts of these particles
increase but not their size with time. In C3S hydration, these particles tend to cover the whole
surfaces whereas their formation on β-C2S seems to be more localised’. They note this occurs
because the C3S phase is readily dissolved in water and its surfaces have been etched or
scratched.
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Figure 2.5: Typical hydration kinetics of pure clinker minerals (Odler, 1998)

2.5.2.3

Morphology of C-S-H

Chen et al. (2004) note ‘the identification of C-S-H compositions and structure of are difficult
and still yet incomplete’. This occurs because studies on C-S-H require a precise technique to
prevent carbonation and to stop the hydration reaction after a specific time by removing excess
water. Taylor (1997: p. 123) notes ‘the early effective study on micro-structure of calcium
silicate paste was made by observing thin sections using light microscopy’. He notes the
hydration of C3S creates more calcium hydroxide (CH) than the hydration of -C2S. Taylor
(1997: p. 123) notes ‘ this forms as isolated masses typically some tens of micrometers in size.
The C-S-H initially forms around the anhydrous grains and it then spreads into water-filled
space. The early TEM (transmission electron microscopy) examinations of ground and
redispersed material show the presence of acicular and rounded, platy particles, but could not
show where these materials came from in the microstructure’.
Taylor (1997: p. 123) describes ‘four morphology types of C-S-H gel usually found in cement
paste. The C-S-H Type I and II are predominantly formed in the early stages and are respectively
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described as fibrous materials and honeycomb or reticular networks. The C-S-H Type III and IV
are predominantly formed in the older paste and are described as massive and featureless grains’.
Figure 2.6 shows the morphology of C-S-H Type I, II and III (Haga, et al., 2005; Chappuis,
1999). Scrivener (2004) notes ‘various proposals have been made regarding the nomenclature of
the different types of C-S-H’, and that ‘there is a clear difference between the diffuse products
that form the first hydrate shells and the more homogeneous product that forms the major part of
the rims around the unhydrated cement cores in the larger grains’. She notes ‘the most acceptable
nomenclature for the former and latter hydrates is respectively inner products (Ip) and outer
products (Op)’. ‘The large areas of the microstructure seen under 2D section cannot be clearly
distinguished as belonging to any particular grain particularly in early age hydration when there
are large number of small grains and capillary pores’ (Scrivener, 2004).

CSH -III

CH
CSH-I

(a)

(b)

Figure 2.6: The microstructure of C-S-H reported by (a) Haga et al. (2005), and
(b) Chappuis (1999)
Richardson (2000) notes that ‘the outer products (Op) form in the original water-filled spaces
whilst the inner products (Ip) within the boundaries of the original silicate grains. The average
Ca/Si ratio in C-S-H phase present in hardened C3S is 1.65 whilst in hardened -C2S, the Ca/Si
ratio is between 1.7 and 1.8. The inner products are massive and seem almost structureless
whereas the outer products appeared to form columns or fibres radiating from anhydrous grains’.
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Richardson (2004) explains that ‘the Ip C-S-H appears to consist of aggregates of small globular
particles with diameter between 4-6 nm and the pores are less than 10 nm. The Op C-S-H is
described as having fibrils, directional morphology. The morphology is a function of space
constraint as coarser and finer fibrils are respectively formed in larger and smaller pore spaces.
The spaces between the fibrils of Op C-S-H form a three-dimensional connected network and
account for the capillary porosity. The size of particles in Op C-S-H is similar to the Ip C-S-H
but they are arranged as a long thin fibril’. Diamond (2004) describes ‘the individual identifiable
grains of remnant cement cores and their surrounding hydration shell as phenograin C-S-H
whilst the finer texture and more porous C-S-H deposited in originally water-filled spaces
between cement particles is known as groundmass C-S-H’ (see Figure 2.7). Diamond (2004)
notes ‘this identification is not universally accepted’.

Residual unhydrated cement grain

Fully hydrated
cement grain
Hydraton shell

50µm
Figure 2.7: The features of hydrated products and unhydrated cement under
backscattered SEM images (Diamond, 2004)
Young (1990: p. 76) notes that ‘at complete hydration of C3S and
approximately be represented by the following equation:’
2C3S + 7H

C3S2H4 + 3CH

2C2S + 5H

C3S2H4 + CH
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-C2S the reaction can

The equations show there is not much difference in the amount of water combined by both
silicates but the hydration of tricalcium silicate produces a higher amount of calcium hydroxide
than the hydration of dicalcium silicate. Odler (1998: p. 274) notes this simple equation ‘does not
bring out the complexities of the hydration reactions. The equation has to be modified to apply to
the hydration in paste where the CaO/SiO2 ratio varies with age and other factors. This occurs
because the variation on CaO/SiO2 molar ratio also depends on the composition of cement,
water/cement ratio and hydration temperature. In addition the CaO/SiO2 ratio in a single paste
may also vary from one area to another with the typical range between 1.2 and 2.3’.
Lea (1970: p. 181) notes ‘the rate of hydration and strength developed by -C2S depends on the
nature of the stabiliser. Some of the lime in dicalcium silicate can be replaced by K2O to give
K2O.23CaO.12SiO2’. He notes this product is readily hydrated as a hydrated silicate and some
calcium hydroxide crystals appear within a day or two’. Taylor (1997: p. 14) however believes
that ‘preparation of -C2S makes it more variable in its reactivity than C3S. The variability is
partly attributed to different stabilisers and partly due to differing amounts and natures of phases
in intergranular space or exsolution lamellae’. He notes that the

-C2S prepared at low

temperatures is more reactive to high temperatures. Lu and Tan (1997) note that ‘the hydration
reactivity of -C2S decreases with the increase of temperature’. They noted that this behaviour is
correlated with the formation of larger crystal size and smaller inner micro-stress.
2.5.2.4

Kinetics and mechanisms of hydration

Based on the experimental evidence, Skalny and Young (1980) conclude that the hydration
mechanism of -C2S is similar to that of C3S. The hydration of -C2S occurs at lower rate and
reduced heat evolution, which caused a difficulty to study its reaction calorimetrically. The
differences occur due to the variations in crystal structures between these two silicates. The
overall composition and morphology of C-S-H from these two silicates appear to be similar, but
there are definite differences in micro-structural details. Odler (1998) notes the hydration
kinetics of cement constituents can be measured by direct and indirect methods. The progress of
the hydration can be directly measured by determining the amount of un-reacted cement
constituents as functions of time. The hydration kinetics of C3S or -C2S can also be measured
by indirect methods such as determination of the development of hydration heat and estimation
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of non-evaporable water content. Neville (1995) notes the progress of hydration in the mortar or
paste can also be determined by measuring the amounts of Ca(OH)2, the specific gravity of the
paste and the strength of the hydrated paste.
Lea (1970) notes the reaction of cement with water is exothermic as it liberates a considerable
amount of heat. The rate of cement hydration and hence the heat evolution is affected by the
curing temperature, water to cement ratio and the fineness of cement. The effect is great at earlier
ages but little at very long ages. Neville (1995) notes the heat of hydration as measured consists
of the chemical heat of the hydration reactions and heat of absorption of water on the surface of
the gel formed by the hydration processes. The latter heat accounts for about a quarter of the total
heat of hydration. The important measurement on this matter is the rate of heat evolution, which
can be easily measured in an adiabatic calorimeter. The rate of heat evolution in the early stages
of hydration depends on the compound composition of cement as the different compounds
hydrate at different rate. He notes that the lower rate of heat evolution at the aforementioned
stage can be achieved by reducing the proportion of C3A and C3S.
Odler (1998) notes the reactivity of -C2S depends on the method of preparation including
burning conditions, the presence of foreign ions and the cooling rate. The reactivity of -C2S is
lower and never reaches that of C3S. Figure 2.8 shows the typical hydration kinetics of pure
clinker minerals hydrated at 20oC. He notes that the very slow hydration reaction of -C2S is
characterised by an extended induction period. This period is followed by a gradual increase of
hydration and its subsequent slowing down, after reaching a maximum after several days or
weeks.
Muller et al. (1995) report the rate of hydration and other properties of cement containing
different amounts of belite, between 25 and 71 per cent. The hydration in cement containing 68%
active belite is completed in 135 days whilst hydration in cement containing active belite, 25%
and alite, 43% is completed after 90 days. Sharara et al. (1994) note that a pure -C2S ground to
3000 cm2/g hydrates slowly by producing Ca(OH)2 which increased with time up to 28 days then
decreased sharply at 90 days. They note that the hydration products at 90 days are C-S-H and
calcite, resulting from carbonation of calcium hydroxide.
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Figure 2.8: Typical hydration for belite (Odler, 1998)

2.5.3

Carbonation

Calcium hydroxide and silicates are the main compounds in hydraulic lime mortar. The former
compound is readily reacted with carbon dioxide to form calcite, an original chemical form of
limestone. Duggal (1998) notes that carbonation in lime mortar occurs in two simultaneous
processes involving evaporation of water and crystallization of calcium hydrate out of its
saturated water solution, and formation of calcite (CaCO3). Carbonation in cementitious
materials is described as a neutralization reaction between the basic compounds of hydrated lime
(Ca(OH)2) and carbonic acid, H2CO3. The carbonic acid is formed when CO2, present in nonpolluted air at 0.035% by volume, dissolves in water.
Lawrence et al. (2007) note that the carbonation process in the lime mortar occurs in five stages.
It begins with carbon dioxide gas diffusing through the mortar pores and dissolving in the pore
water to form carbonic acid, then the calcium hydroxide in the mortar dissolves in the pore
water. Next a chemical reaction occurs between carbonic acid and calcium hydroxide solutions
and it subsequently forms solid calcium carbonate. Holmstrom (1996) notes carbonation is a vital
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reaction for lime-based mortar because it contributes to strength development and subsequently
changes the system’s microstructure system. The carbonation reaction can be written as follows:
CO2

+ H2O

H2CO3

Ca(OH)2

+ H2CO3

CaCO3

+ 2H2O

Duggal (1998) notes the crystallisation process of calcium hydroxide in mortar occurs at a very
slow rate. Evaporation of water causes fine particles of Ca(OH)2 to stick together and form large
Ca(OH)2 crystals which in turn grow together and form a carcass that encloses sand particles.
The rate of carbonation is significant only in the presence of moisture. Van Balen (2005) reports
an experiment on the effect of carbon dioxide concentration on the carbonation process for lime
mortar cured at ambient temperature of 20oC. He notes the carbonation process in lime mortar
has a strong relation with the dissolution of lime in the mortar pores. The experiment proves that
the highest carbonation rate in lime mortar is occurred at the highest specific surface of lime. He
notes the advantage of ancient practice of wetting and drying the lime mortar aims to improve
the carbonation process.
Neville (1995) notes the common and simple method to determine carbonation is by treating a
freshly broken surface of lime or cement based mortar with phenolphthalein in diluted alcohol.
The phenolphthalein is coloured pink (when pH is above 9.5) on the surface with free Ca(OH)2
while the carbonated portion stays uncoloured. However the test cannot recognise the progress of
carbonation as the pink colouring on the newly exposed surface gradually fades. It also cannot
distinguish between a low pH caused by carbonation and by other acidic gases. Therefore it
cannot be used to measure quantitatively the carbonation of lime mortar. Hughes and Valek
(2003) note the more reliable techniques to measure the depth of carbonation are chemical
analysis, x-ray diffraction, infra-red spectroscopy and thermo-gravimetric analysis.
Cultrone et al. (2005) note carbonation makes lime-based mortar harder and more durable. The
carbonation process occurs slowly and its rate depends on many factors including relative
humidity, temperature and CO2 concentration. The process normally involves an increase in
mortar mass which is caused by the transformation of portlandite into calcite (Cultrone et al.,
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2005). Neville (1995) notes the carbonation reaction occurs firstly at the surface of the mortar or
concrete and then it progresses inwards. Van Balen (2005) notes the carbonation mechanisms in
lime-based mortar are controlled by the diffusion of carbon dioxide through the pore system and
the reaction between carbon dioxide and lime. Neville (1995) notes ‘the depth of carbonation
under steady hygrometric condition is increased in proportion to the square root of time, which is
characteristic of sorption rather than diffusion, the process involves an interaction between CO2
and the pore system’.
Houst and Wittmann (2002) note that the diffusion of CO2 in lime mortar depends on many
factors including the degree of hydration, curing conditions, wall effect, moisture content and
temperature. The CO2 diffusion is enhanced with increasing in temperature, where the moisture
content is reduced and consequently provides more space for gas diffusion. Neville (1995) notes
the CO2 diffusion is slow when pores are saturated with water, and becomes faster when partially
saturated at relative humidity between 50 and 70%. This characteristic explains why the
sheltered lime plaster is carbonated faster than the plaster exposed to direct rainfall.
In hydraulic lime mortars the carbonation improves the hardening process, increasing surface
hardness, reducing surface permeability and moisture movement, and increasing resistance to
those forms of attack which can controlled by permeability (Allen et al., 2005) . Houst and
Wittmann (2002) note the carbonation rate is affected by many factors including water to lime
ratio, curing condition, lime content, type of lime, CO2 concentration of surrounding air, water
content, temperature, alkali content and the presence of damaged zones and cracks. In addition
the textured surfaces encourage carbonation to a greater depth and at a faster rate than a smooth
or heavily worked finishes. The carbonation process is also accelerated by adding porous
particulates or air-entraining admixtures in the lime mortar (Neville, 1995).
2.6

The effect of water/cement ratio on the mortar strength

Cowper (1927) notes that the term mortar can be used to describe its composition or function. In
terms of composition, mortar is described as a composite material made from binder, fine
aggregate and water. According to Moropoulou et al. (1995) the mortar used in historic buildings
is different from mortar used in modern buildings. This occurs because the historic mortar is
generally prepared using matured lime putty or hot slaked limes. In many circumstances some
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percentage of fine and coarse crushed brick was added to modify its property. In modern
terminology the historic mortar with coarse aggregate is referred to as concrete. Neville (1995)
notes that the strength development in mortar and concrete is vary but it depends on similar
factors such as mechanical interlocking when aggregates and binders, aggregate/binder ratio and
water/binder ratio.
Based on function, the term mortar is also used to describe any material used for bedding and
jointing masonry units into a solid mass structure. According to de Vekey (1990), mortar has an
ability to change from plastic to a stiff and hard material. The changes cause the pieces of stone
or brick in the mortar to adhere and form a mass solid structure over a period of time. He notes
the basic properties required for mortar are good workability, a relatively rapid rate of stiffening,
sufficient strength (compressive, tensile, shear), movement accommodation, good bonding to
masonry, and durability.
In general, the strength of hydraulic lime mortar is higher than pure lime mortar but lower than
cement mortar (Holmes and Wingate, 2002). This occurs because the cement mortar sets and
hardens rapidly by hydration of silicates and aluminates. In contrast to this the pure lime mortar
sets and hardens slowly by carbonation, the chemical reaction between hydrated lime and carbon
dioxide gases in the present of moisture. Since hydraulic lime mortar contains both hydraulic
phases and pure lime, it therefore sets and hardens at moderate rate by both hydration and
carbonation (Weber et al., 1999).
In modern practice, the performance of mortar is evaluated through the development of strength
at 28 days. The strength of mortar varies depending on the type of binders, mixture, water to
binder ratio and aggregates (McKay, 1968). de Vekey (1990) notes the compressive strength of
mortar is increased with increasing cementitious material but decreased with increasing water
content. Domone (2001) notes the compressive strength is decreased with the increasing
water/cement ratio (refer Figure 2.9). Livesey (2002) reports a similar trend occurs in natural
hydraulic lime mortar (Figure 2.10). However the water/binder ratio for natural hydraulic lime
mortar is different to cement paste. This occurs because these binders have different density.
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Neville (1995) note the concrete strength at given age and cured condition depends primarily on
degree of compaction and water/cement. When the concrete is fully compacted, its strength is
inversely proportional to water/cement ratio. Domone (2001) notes some of the water in concrete
tends to evaporate during hardening and this subsequently creates pores and low strength.

Figure 2.9: The relation between strength and water/cement ratio of concrete (Domone, 2001)

Figure 2.10: Compressive strength development of natural hydraulic lime mortar
(Livesey, 2002)
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2.7

Use of waste in cement production

In general, for the term cement means any material that has a binding property. Although there
are many type of binders used in construction, this section however will focus on Portland
cement and natural hydraulic lime, the common binder for building industry. Portland cement
and natural hydraulic lime share certain characteristics as both are produced by heating limestone
containing certain proportion of clayey matter at high temperature. These binders may be
produced from a similar raw material but they are fired at different burning temperature. The
latter factor dictates the chemical composition in the fired product. Portland cement is produced
at sintering temperature of 1450 degree Celsius and the main compounds are impure tricalcium
silicate, known as Alite.
Unlike Portland cement, the main compounds in natural hydraulic lime are impure dicalcium
silicate, known as Belite and lime oxide. The difference occurs because natural hydraulic lime is
produced at calcining temperature between 900 and 1250 degree Celsius. The manufacturing
process for both Portland cement and natural hydraulic lime involves intensive use of energy and
emission of greenhouse gases. Both industries are committed to improve continuously the
sustainability of their productions. Lawrence (1998b) states a number of approaches have been
adopted for reducing energy requirements and emissions of carbon dioxide gas. The approaches
includes introducing energy-efficient dry-process kiln systems, adding fluxing agents to reduce
the melting temperature, blending cement clinker with pozzolanic material and producing belite
cement. He notes that the blended cement is commonly used to enhance the durability of
concrete.
The effort towards producing sustainable cement was started at least 50 years ago. Bogue (1955)
reports the use of industrial wastes such as blast-furnace slag and coal ash is used as a
replacement for clayey matter in the cement raw material. The development towards sustainable
cement has been reported in many literatures (Glasser, 1996; Lawrence, 1998b; Aitcin, 2000;
Environment Agency, 2003; Gartner, 2004; Damtoft et al., 2008; Calkins, 2009). Lawrence
(1998b) notes some the cements produced from industrial waste have disadvantages with poor
long term durability.
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Unlike cement, there is little literature on artificial and natural hydraulic lime. In the UK, the gap
occurs as the natural hydraulic production shrunk and totally ceased in 1968. The revival on
natural hydraulic lime only started with small scale production in 1994 (Maxwell, 1996). The
early revival of this lime was focused on promoting its use for old building and new low rise
building (Stewart et al., 2001; Allen at al., 2003).
2.8

Sustainable development

All sectors including building materials industries are driven to meet the sustainable
development goals. Philips et al. (2001) note this movement occurs particularly after the UK and
other governments around the world made a commitment to develop national strategy on
sustainable development at the Earth Summit in Rio de Janeiro in 1992. In the UK, the duty for
producing the national strategy was carried out by the Department for Environment Food and
Rural Affair (DEFRA). The records and facts regarding the national strategy and policies on
sustainable development can be viewed on the DEFRA website. A strategy on how to deliver
sustainable development was firstly published in 1999, named as ‘A Better Quality of Life’, and
focused on four areas consisting of social, environment, natural resource and economic.
Graham (2003) notes that the well known term of sustainable development was first introduced
in 1987 in a report prepared by the World Commission on Environment and Development. As
quoted by Spence and Mulligan (1995), the report defines sustainable development as ‘a
development that meets the needs of the present without compromising the ability of future
generations to meet their own needs’. According to Graham (2003) the term of sustainable
development describes the development efforts that address social needs and at the same time
take care to minimise the impacts on the environment. The concept of sustainable development is
developed based on three interrelated pillars namely as environmental protection, social equality
and economic growth. Masters (2001) claims sustainable development is about choosing a
development path that contributes minimum impacts on the environment, social and economic of
present or future populations. He notes that the issues on environmental, social and economic are
interrelated and not in opposition.
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Spence and Mulligan (1995) note that the idea of sustainable development arose following
serious environmental disasters and climate change all over the world. Ljungberg (2007) notes
that these problems occur due to over consumption of natural resources, inappropriate way of
resources utilisation, pollution caused by human activities and over population. Damtoft et al.
(2008) notes the climate change occurs due to high emissions of greenhouse gas particularly
chlorofluorocarbons (CFCs) and carbon dioxide (CO2) which accounted for 82% of the total. The
current human activities are considered because they emit more greenhouse gas than the world
can absorb which causes global warming and air pollution.
According to Graham (2003: p. 180) sustainable construction is ‘a process by which building
development can progress from a perceived unsustainable present to a more sustainable future’.
The process involves changes in building industry to become more ecological and it achieves by
reducing the consumption of natural resource and lessening burden on the environment.
Ljungberg (2005) and Graham (2003) share a similar stance in defining the term of sustainable
construction. Ljungberg (2005) notes sustainable construction includes the use of building
materials and products that have minimum impact on the environment through the building’s life
cycle. The life cycle for building materials involves various activities from cradle to grave such
as extraction of raw material, production and utilization and demolition. These activities have
direct and indirect impact not only on the environment but also on economic and social systems.
This explains the reason for considering and incorporating the environment issues in the early
stage of construction project in order to achieve sustainable construction (Ding 2008, Ljungberg
2005).
One of the efforts toward sustainable construction involves a development of several
environmental building assessment methods or tools to evaluate the environmental impact in all
stages of construction. Ding (2008) notes the environmental building assessment methods vary
between countries, criteria of assessment, and rating points. In many circumstances, the building
material is rated using the Environmental Load Unit index, which calculates the environmental
load with respect to extraction, production, packaging, utilization, and demolition. Many scholars
note that the environmental impact of building materials and products is significantly reduced by
using waste in all stages of construction (Spence and Mulligan, 1995; Anik et al., 1996,
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Ljungberg 2005; Ding, 2008; Kilbert, 2008). Anik et al. (1996) note that the basic strategies for
producing sustainable material involve preventing unnecessary use of material, using renewable
and recycled sources and selecting material with the least environmental impact. Kilbert (2008)
and Ljungberg (2005) note one of the strategies for developing more sustainable product is to use
recyclable materials.
In the cement industry, the Environment Agency (2003) notes the solutions for sustainable
development involve reducing the consumption of raw materials, minimising the amount of
energy used and waste generated as well as maximising the use of waste in the production
process. In general a similar approach is applied to lime industry as both materials are produced
by heating certain limestone at high temperature. The cement industry in the UK has made
progress towards sustainable development by reducing the emissions of greenhouse gases,
minimising waste disposal, replacing virgin material with waste-derived products and increasing
the use of waste-derived fuels (British Cement Association 2007).
Guthrie et al. (1999) note the environmental and economic advantage of minimising and
recycling waste in construction. This occurs because most extraction and disposal of materials is
subject legislation, for example the Climate Change levy, Aggregate Levy and Landfill levy.
Spence and Mulligan (1995) note one of the strategies for sustainable construction is by reducing
the embodied energy in buildings, described as a total energy used in its construction. This is
achieved by using locally available materials and waste as alternatives to fossil fuel and raw
materials.
2.9

Conclusion

All this literature has shown that, while much is known about the hydration and carbonation of
the materials formed in cement based materials, there is still much to learn about the hydration
and carbonation of lime mortars. The features that make up a successful hydraulic lime are well
known and can be employed to attempt to tailor limes manufactured from waste materials which
have the potential to be more sustainable. To meet the goals of sustainability, the firing
conditions of such a product need to be as low as possible, and as stated in chapter 1, the
research aims to produce an artificial hydraulic lime employing waste materials that would be
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suitable for masonry repair and conservation. The following chapter describes the experimental
procedures used in this research.
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CHAPTER 3:
EXPERIMENTAL PROCEDURES
3.0

General introduction

This chapter describes the experimental procedures. The data collection divided the experiment
into phases.
Phase 1: Preparation of raw materials and raw meals
Phase 2: Calcination of the raw meal bars
Phase 3: Slaking lime and preparing lime mortar
Phase 4: Measuring the properties of fresh mortar
Phase 5: Measuring the properties of hardened mortar
Phase 6: Examination of the microstructure of limes and hardened mortars
Phase 7: Extraction of free lime from the fired products
Phase 8: Measuring the temperature in the furnace

The phases were arranged in the sequence of working progress starting with producing the lime,
then preparing lime mortar and finally determining the properties of fresh and hardened mortars.
The microstructure of lime and hardened mortar were examined using ESEM (Environmental
Scanning Electron Microscopy). Then the quantification of lime oxide in the fired products was
performed to verify the formation of hydraulic phases. Finally the actual temperature in the
furnace was measured using a thermocouple.
3.1

Phase 1: Preparation of raw materials and raw meals

The main sources for manufacturing hydraulic lime are calcareous material and argillaceous
material or clayey matter, also referred to as siliceous material. The latter acts as main hydraulic
agent and it chemically reacts with lime oxide during burning to form calcium silicates, the main
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hydraulic phase in hydraulic lime and cement. Bogue (1955) noted that any materials containing
calcareous materials and argillaceous materials can be used for making cement but the quality of
the product depends on the chemical compositions in its raw material. He notes the use of
industrial wastes such as blast-furnace slag and coal ashes as a replacement for argillaceous
material in the cement raw meal. Damtoft et al. (2008) note this practice is increasingly used in
Portland cement industry as one of the methods toward sustainable development. He notes that
industrial wastes such as foundry sand, fly ash, spent catalysts, filter clays and mill scales are
being used to replace the traditional raw materials in Portland cement. There is much literature
on using waste as an alternative raw material for making cement (Lawrence, 1998a; Chen et al.,
2002; Hassan, 2001; Environment Agency, 2003; Shi et al., 2007) but very few studies on
hydraulic lime (Zawawi and Banfill, 2006). Lawrence (1998) and Czernin (1962) noted that the
raw materials and the method used for making cement are similar with hydraulic lime except the
firing temperature for hydraulic lime is lower than cement. This suggests that waste materials
can also be used in manufacturing hydraulic lime.
A similar approach in manufacturing Portland cement was used in producing an artificial
hydraulic lime in this research. The raw meal for producing an artificial hydraulic lime was
prepared by intimately mixing calcareous material and siliceous material. In this study, the
former was obtained from Shap, Cumbria, England. The quarry produces a reliable source of
high calcium limestone. The siliceous raw material was obtained from five different sources in
the UK. The five selected siliceous materials for this study were pulverised fuel ash (PFA), glass
cullet powder (GC), silica sand (SS), crushed rock dust (CR) and spent oil shale (SOS). All
except spent oil shale are abundant in many places in the UK.
3.1.1

Calcareous material

The ‘Shap’ limestone was used as calcareous source in the raw meal. The stone was donated by
Scottish Lime Centre in Charlestown, Fife. All the collected stones were in lumps with sizes
varying between 150 and 300 mm diameter. This stockpile size is inappropriate to use directly
for manufacturing artificial hydraulic limes because it possesses small surface area for chemical
reaction and it is too big to fit in the laboratory muffle furnace. The stones therefore were
crushed to fine particles which have the high surface area and appropriate for laboratory work.
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The apparatus used for crushing the limestone were a steel hammer, a crushing value apparatus
and a compression machine. The process of crushing limestone was started with cleaning its
surface using a plastic brush. The purpose of this task was to remove any soil or dirt on its
surface. Since the size of collected stone was too big to be placed in a steel cylinder of the
crushing value apparatus, then it was hacked to smaller fragments by knocking it with a steel
hammer.

A compression machine of 5000 kN capacity (as shown in Figure 3.1) was used to crush the
fragmented stone into small particles with size not more than 2.36 mm diameter. The load of this
machine was transmitted on the stone through two heavy platens. The machine was operated by
moving the upper platen up and down . To save energy, the lower and the upper bearing surface
of platens was arranged at a distance which appropriate for placing the aggregate crushing value
apparatus, composed of steel cylinder, base plate and plunger. The crushing works in sequence
involved firstly placing the steel cylinder and its base plate on the lower bearing surface of the
platen, secondly filling the cylinder with broken stone until it was nearly full and followed by
slotting the plunger on the top of the material. Then the machine was switched on and this caused
the upper bearing platen move downwards. Then the upper platen pressed the plunger and
gradually it imposed loads on the stone underneath.
The loading displayed on the machine was increased gradually during the initial crushing then it
became constant when the stone was crushed and its fine particles filled the voids. At this state
the machine was switched off and the upper bearing platen was slowly moved upwards. Then the
crushed stone was deposited on a metal tray and filtered using a 2.36 mm sieve aperture. The
smaller broken stones which passed the sieve were stored in a plastic bucket while the bigger
stones were re-crushed to meet the required size. The amount of crushed limestone required for
this project was about 30 kilogram.
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A compression machine

An aggregate crushing value

Figure 3.1: A compression machine used for crushing limestone

A multi flow pan mixer was used to mix all the crushed limestone for 20 minutes before it was
stored in plastic containers. This action was vital to obtain a consistent raw material as the
chemical composition of limestone was indistinguishable through colour or surface texture. The
moisture in the limestone was measured by drying this specimen in the oven at 105±5oC
overnight. The amount of moisture in the limestone was given by the differences of weight
between before and after the drying. The result showed that the crushed limestone contains a
small percentage of moisture which can create variation on its physical property. Then all the
crushed ‘Shap’ limestone was dried in the oven at 105±5oC overnight before it was used in
preparing a raw meal, a mixture of limestone and siliceous material.
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3.1.2

Siliceous materials

Five siliceous materials were selected as alternatives to clay or shale in natural hydraulic lime.
The selection was based on several criteria. First the material should contain an appropriate
amount of silica, second it is a surplus resource and available in Scotland, third it has been
classified as a waste material, and fourth it has little recycled value. Literature shows that there
are many potential siliceous wastes for this study but those most related to Scotland were
pulverised fuel ash, mixed coloured glass cullet powder, fine silica sand, crushed rock dust and
spent oil shale (Manning, 1995; Smith et al., 1995; Department of the Environment, 1992; The
Scottish Government, 2004; Glasser, 1996,).

Crushed rock dust, silica sand and spent oil shale are abundant in Scotland as they originated
from its geological resources. Pulverised fuel ash and glass cullet are available in a coal-fired
electricity power station and recycling centre, respectively. All these siliceous waste materials
were donated by suppliers and manufacturers around the Midland Valley in Scotland. The
crushed rock dust, silica sand and spent oil shale were obtained from quarries while the glass
cullet powder was collected from a glass recycling centre, and the fly ash was obtained from a
coal electric power station. All materials were used in their original form with minor treatment
such as drying in an oven at 105±5oC overnight if it was damp or screening if its particles were
larger than required. The following discussion will explain the source, physical features and
chemical composition of the five selected siliceous waste materials.

3.1.2.1

Pulverised fuel ash (PFA)

Pulverised fuel ash or fly ash was obtained from Ferrybridge coal power station in England. The
ash was physically similar to Portland cement but its bulk density is lower. Sieve analysis on the
dark grey fly ash showed that all the particles were smaller than 600 micron. Test on moisture
content showed that the sample was dry. Then the fly ash was stored in airtight plastic container.

3.1.2.2

Glass Cullet (GC)

Glass cullet was obtained from the Mac-Glass glass recycling centre in Cockpen, Midlothian,
Edinburgh. The centre generates clear and mixed coloured cullet aggregate. The glass cullet has
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various uses including as raw material in glass manufacturing, decorative glass gravel, artificial
sand, decorative material in concrete, a wet or dry blasting abrasive and filter medium in water
and wastewater treatment (Remade Scotland, 2003). Dust extracted from the crushing machines
has less value as it can be used only as pozzolana in concrete or as flux in ceramics and bricks
(Smith, 2004). Mixed coloured cullet was used in this study as it is less valuable than clear cullet
due to variations in chemical composition (Karamberi and Moutsatsou, 2004). The mixed
coloured cullet obtained from the Mac-Glass glass recycling centre was light grey with particle
sizes vary between dust and 5 mm.

Sieve analysis on the mixed coloured cullet showed more than 90% (by weight) was passed the
600 micron sieve. The coarse particles could cause hand injuries, therefore only the cullet of
particles less than 600µm was used in this study. A test was also carried out to determine the
moisture in the glass cullet powder by drying in an oven at 105±5oC overnight. The result
showed that the coloured cullet was dry. Then the cullet was stored in airtight plastic container to
maintain its dryness.

3.1.2.3

Silica sand (SS)

Two grades of silica sand, named as fine and coarse were donated by Fife Silica Sand Limited.
The sands were obtained from Burrowine Moor quarry in Alloa, Clackmannan, Scotland
(Ordnance Survey grid reference NS 970 915). Both types of sands were in a damp condition.
The sands are white with all the particles passed the 600µm aperture sieve. The finer sand was
selected as it is readily wasted in runoff during washing (Goodquarry, 2007). A test was carried
out to determine the moisture in this silica sand. The result showed that there was some moisture
present in the quarry sand. Therefore about 5 kg of fine sand was dried in the oven for overnight
at 105±5oC before being stored in an airtight plastic container.

3.1.2.4

Crushed rock dust (CR)

Crushed rock dust or quarry fines were obtained from Cloburn Quarry, near Lanark, Scotland
(NS 945 414). The dust had been collected during cleaning of the crushing machines. The dust is
dark brown with all the particles finer than 600µm. These quarry fines are defined as waste
88

because currently there is lack of market for them (Goodquarry, 2007). The fines are generally
used as inert filler in concrete (Celik and Marar, 1996; Ho et al., 2002; Felekglu, 2007) or as base
layer for pavement or road construction (de Rezende and de Carvalho, 2003). According to
Hassan (2001) quarry fines of basalt rock can be used as alternative material for manufacturing
Portland. Moisture analysis on the dust showed that the sample was in a dry form. Like other
siliceous wastes, the crushed rock dust was stored in an airtight plastic container to maintain its
dryness.

3.1.2.5

Spent oil shale (SOS)

Spent oil shale was obtained from a bing near Pumpherston, West Lothian, Scotland (NT 075
697). The shale is a byproduct from the past crude oil and naphtha industries. The shale waste
was heaped near its manufacturing sites. The deposits accumulated and formed a hill known
locally as a bing. The visual observation showed that the particle sizes of the shale in the bing
vary and a crushing machine was used in the bing to fracture the big particle into required size
for various low grade applications. In this study, a bucket of the crushed spent oil shale was
collected from a location near to the crushing machine.

Sieve analysis in the laboratory showed that the particles of collected spent oil shale were varies
between the powder and 5 mm. The shale with bigger particle has low surface area and was
considered inappropriate for making raw meal bars. Therefore the spent oil shale was filtered
using 2.36 mm aperture sieve. The analysis on the spent oil shale sample showed that it contains
a significant amount of moisture which needs to be dried out before the spent was used in
making of raw meal. The spent oil shale therefore was dried in the oven at 105±5oC overnight
and when cool it was stored in airtight plastic container to maintain its dryness.

3.1.3

The chemical composition of raw materials

Table 3.1 shows the chemical composition of all the raw materials used in this experiment. The
chemical analysis was carried out using X-ray Fluorescence Spectrometry (XRF) and the test
was performed by the Appleby Group Company, based in Scunthorpe, England. The results
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show that the percentage of silica in the raw materials is similar to literature data (CEGB, 1978;
Dhir and Dyer, 2003; Hassan, 2001; Manning, 1995; Burns, 1978).

Table 3.1: The percentage of chemical composition in raw materials
Oxide

LS A

LS B

LS C

PFA

GC

SS

CR

SOS

Na2O

< 0.05

3.55

< 0.05

0.57

12.85

0.05

4.48

0.97

MgO

0.6

0.44

0.26

1.78

0.07

1.73

2.24

Al2O3

< 0.05

11.57

0.15

25.45

2.66
1.64

0.59

14.86

21.55

SiO2

0.52

70.82

0.51

46.47

70.86

98.39

60.1

51.71

P2O5

< 0.05

< 0.05

< 0.05

0.26

< 0.05

< 0.05

0.17

0.46

K 2O

< 0.05

4.19

< 0.05

2.64

0.51

0.25

3.18

2.3

CaO

55.19

1.99

55.64

3.49

9.84

0.24

5.26

4.36

TiO2

< 0.05

0.13

< 0.05

0.95

0.06

0.05

0.52

1.02

Mn3O4

0.08

< 0.05

< 0.05

0.11

< 0.05

< 0.05

0.16

0.13

V2O5

< 0.05

< 0.05

< 0.05

0.07

< 0.05

< 0.05

< 0.05

< 0.05

Cr2O3

< 0.05

< 0.05

< 0.05

< 0.05

0.17

0.06

< 0.05

< 0.05

Fe2O3

0.51

1.12

0.22

12.43

1.11

0.57

3.89

9.34

BaO

< 0.05

0.09

< 0.05

0.14

< 0.05

< 0.05

0.14

0.05

ZrO2

< 0.05

< 0.05

< 0.05

< 0.05

< 0.05

< 0.05

< 0.05

< 0.05

ZnO

< 0.05

< 0.05

< 0.05

0.05

< 0.05

< 0.05

< 0.05

< 0.05

SrO

< 0.05

< 0.05

< 0.05

< 0.05

< 0.05

< 0.05

< 0.05

< 0.05

Total

56.9

93.9

56.78

94.41

99.7

100.27

94.49

94.13

(SiO2 +
Al2O3 +
Fe2O3)

1.08

83.51

0.88

84.35

73.61

99.55

78.85

82.6

Note: Abbreviation of raw materials
Material

Abbreviation

Material

Abbreviation

Limestone A

LS A

Glass cullet powder

GC

Limestone B

LS B

Silica sand

SS

Limestone C

LS C

Crushed rock dust

CR

Pulverised fuel ash

PFA

Spent oil shale

SOS
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The ‘Shap’ limestone lumps were crushed and stored in three airtight plastic containers. Each
batch of the limestone was intimately mixed using pan mixer. The first batch was noted as
limestone A and used only for preparing five (5) types of raw meals containing 10% silica. The
second batch was noted as limestone B but was discarded from this study because it formed a
glassy and inert product which did not react with water. The third batch named as limestone C
was used for preparing all the raw meals except the 10% silica raw meal. The XRF results in
Table 3.1 show that the limestone A and C are a highly pure calcium carbonate as these limes
respectively contain 55 and 56 per cent calcium oxide which is equivalent to 98 per cent calcium
carbonate. Based on the classification proposed by Vicat (1837) these limes can be classified as
fat or rich limes. The XRF results show that the limestone B contains only 2 percent calcium
oxide. This low amount confirms that the stone B is not a limestone but is probably an impurity.
Since the stone contains 71 per cent silica it can be classified as siliceous stone.
According to Boynton (1980) the chemical compositions of natural limestone varies from pure
limestone to highly argillaceous limestone depending on its origin and the geological formation.
In the UK, the main limestone resources used for manufacturing lime and cement are
Carboniferous limestone, Cretaceous chalk and Jurassic limestone (British Geological Survey,
2006a). These limestones are also used in other industries. For example, the Knipe Scar
Carboniferous limestone at Shap in Cumbria, England, is relatively thick, highly pure and
consistent in quality and it has been extracted on a large scale for the steel industry (British
Geological Survey, 2006c). The classification for Shap limestone is consistent with the lower
percentage of silica as shown in both limestone A and C. The chemical composition of the Shap
limestone used in this research is similar with the result reported by Hughes et al. (2002).
The results in Table 3.1 show that the pulverised fuel ash (PFA) or fly ash used in this research
can be categorized as a low lime fly ash or siliceous fly ash because it contains high proportion
of silica and alumina but little lime oxide. This material has pozzolanic properties and when
mixing with lime putty, it will produce hydraulic properties (Massazza, 1998). The result shows
that the total of silica, alumina and ferric oxide in this PFA is about 84%. This value is lower
than in the silica sand but higher than the others. According to ASTM standard C 618-85 quoted
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by Jackson (1998) the PFA containing more than 70 per cent clayey components (expressed as
the total of silica, alumina and ferric oxide) is normally produced from burning anthracite or
bituminous coal. This PFA is specified as Class F and is widely used as cement replacement
material in concrete. The particle sizes of the PFA Class F are varies between 1 and 100 micron.
Most of the particles are spherical.
Table 3.1 shows that the main compounds in the mixed coloured glass are silica and sodium. The
result shows that the total silica, alumina and ferric oxide in the glass cullet are the lowest
compared to the other siliceous waste materials. However the glass cullet contains 71 per cent
silica which higher than in pulverised fuel ash, rock dust and spent oil shale. Furthermore the
result obtained from this study is consistent with other literature (Shayan and Xu, 2004; Youssef
et al., 1998; Shao et al., 2000). This occurs because glass is a highly controlled product (Remade
Scotland, 2003).
Table 3.1 shows that the main compound in the silica sand is silicon oxide (SiO2) or silica. The
proportion of silica in this material is about 98 per cent whilst the other hydraulic compounds
(alumina and ferric oxide) are insignificant (about 1 per cent). The total silica, alumina and ferric
oxide in the silica sand is 99 per cent which the highest of all the materials. The results show that
the amount of calcareous material in the silica sand is also insignificant. There is a small error in
the total of compounds in the silica sand for which the reason is unknown. The result shows that
the chemical composition of silica sand from Fife, Scotland is consistent with the result reported
by Tasong et al. (1998).
According to Scottish Executive (2007) both intrusive and extrusive igneous rocks are the
principal sources of aggregates in Scotland. The rocks supply about 73 per cent of the total
primary aggregates. This reflects its underlying geology and a paucity of limestone resources.
The chemical analysis on the rock dust from Cloburn quarry shows that this material is a
siliceous stone because it contains 60 per cent silica (refer Table 3.1). The proportion of
hydraulic compounds (silica, alumina and ferric oxide) in the rock dust is 79 per cent which
higher than in the glass cullet but lower than other siliceous materials. The proportion of calcium
oxide and magnesium in the rock dust is very small, about a tenth of the hydraulic compounds.
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According to report published by Scottish Executive (2007) this crushed rock dust can classed as
intermediate igneous rock (52-66% silica). The chemical composition of this crushed rock dust is
almost similar to the chemical composition of basalt aggregate reported by Tasong et al. (1998).
Table 3.1 shows that the total hydraulic compounds (silica, alumina and ferric oxide) in the spent
oil shale is higher than in the glass cullet and crushed rock dust but lower than in the pulverised
fuel ash and silica sand. The proportion of silica in the spent oil shale however is lower than the
glass cullet, silica sand and crushed rock but higher than pulverised fuel ash. The results show
that the proportion of silica in the spent oil shale specimen is slightly higher than reported by
Burns (1978).

3.1.4

Preparation of the raw meals

The raw meal for each artificial hydraulic lime was prepared by mixing a proportion of limestone
and siliceous waste. The target amount of silica in the raw meal was 2.5, 5, 10 and 15 per cent.
The proportion of limestone and siliceous waste was computed based on the percentage of silica
in the siliceous material. This approach was used because the percentage of silica in the
limestone is low. Table 3.2 shows the weight of limestone and siliceous waste materials in one
kilogram of each raw meal.
Since all the raw materials were in a dry condition, a safe method to blend the raw meals was
performed by mixing them in a sealed plastic bag. A powder form of polyvinyl acetate
‘Vinamul-1080’ was used to bind a homogenous binary mixture of limestone and siliceous
waste. The amount of binder was about one percent (1%) by weight of the dry raw meals weight.
The mixture of binder and dry raw meals was placed in a sealed plastic bag and it was intimately
blended by shaking the bag for a minute. The polyvinyl acetate binder becomes cohesive when in
contact with water and consequently it sticks the limestone and the siliceous wastes together. The
polyvinyl acetate does not react with the limestone or siliceous waste particles because it
volatilises at temperature less than 400OC.

93

Table 3.2 : The weight of limestone and siliceous material in 1 kg of the raw meal
The target percentage of
silica in the raw meal

2.5%

5%

10%

15%

Limestone (g)

966

932

864

796

Glass cullet powder (g)

34

68

136

204

Limestone (g)

959

918

836

754

Crushed rock dust (g)

41

82

164

246

895.8

791.6

687.4

104.2

208.4

312.6

897

793.8

690.8

Limestone (g)
Pulverised fuel ash (g)

Not used

Limestone (g)
Spent oil shale (g)

Not used

103

206.2

309.2

Limestone (g)

Not used

949.8

899.6

849.6

50.2

100.4

150.4

Silica sand (g)

The target percentage of silica in the raw meal was selected based on the Vicat’s classification
and the common building limes manufactured in Britain especially Scotland (Gibbons, 1992b).
Vicat (1837) notes silica is the main compound in clay that reacts with lime to form hydraulic
phase. He however proposed the classification for lime and hydraulic lime based on the amount
of clay, the common impurities in the argillaceous limestone. Baronio and Binda (1994) note that
clay minerals lose their combined water at temperatures between 600 and 900oC and this causes
demolition of the crystalline networks of silica and alumina. This transformation forms an
unstable amorphous state in the clay constituents and creates pozzolanic property. At the
limestone calcining temperatures, these amorphous components combine in solid state conditions
with lime to form silicates and aluminates, the hydraulic phases in cement and hydraulic lime.
The 2.5% target silica was only used for glass cullet and crushed rock because the hydraulic
properties of the others were not promising.
This research is also aimed to produce feebly and moderately hydraulic lime. In traditional
practice these hydraulic limes were commonly manufactured and used in mortar as they contain
high proportion of free lime, which assists slaking without a need to grind it into fine particles.
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The mortars made from these limes are smooth and easy to apply on masonry wall providing that
the work was carried out by a competent person (Gibbons, 1992).

3.1.5

Preparation of raw meal bars

The bar form was identified as the most suitable shape to arrange on a silica tray as it can be
placed in many layers. A detachable steel mould with internal dimension of 20 x 25 x 100 mm
was used to form the raw meal bars. A M5K compression machine was used to compact the fresh
raw meal. The compaction was gradually imposed on the fresh raw meal until it reached loading
between 2.0 and 2.5 kN/mm2. The fresh raw meal was prepared by adding some water in a dried
mixture consists of limestone, siliceous waste and binder. A trial and error experiment was
carried out to determine the amount of water required to moisten the mixture and form a firm
porous bars. The result showed that this objective achieved by using 10% water of the raw meal
weight.

Figure 3.2 shows an automatic bench mounted mixer used for mixing the raw meal and water.
The mixer was equipped with a 5 litre stainless steel mixing bowl and a blade. The specification
for this apparatus is matched to standard BS EN 196-1:1995. Each batch of the mixture was
prepared using a half kilogram of raw meal. The process was started by carefully placing the
dried raw meal in the mixing bowl. Then the required water was measured. Some of this water
was used for spraying the raw meal during placing it in bowl. This activity was carried out to
entrap flying dust. Then the mixing bowl and blade were fixed to the mixer frame. Next the
mixer machine was switched on and the remaining water was gradually poured on the mixture.
The total duration used for mixing the raw meal was four minutes, the first one minute the mixer
was operated at low speed, then followed by high speed for a half minute before it was stopped
for ninety seconds and finally operated at high speed for a minute. At high speed, the rotating of
the mixer blade was about 62±5 planetary movement per minute, which is double the low speed.
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Figure 3.2: A bench mounted mixer for mixing the raw meal

Then the mixer machine was switched off and the blade and mixing bowl removed from its
frame. Any raw meal crumbs that stuck to the blade and the bowl were scraped into the bowl
using a plastic spatula. Next the mixture was manually stirred for few times before it was casted
into bars using a stainless steel prism mould. The mould consisted of a base plate, two sets of
solid rectangular bars with different length. Three bolts and nuts were used to fix the solid bars
on plate and form a prism mould. The inner dimension of the mould was 25 mm x 20 mm x100
mm.

The process of making the raw meal bars was started with filling the wet raw meal in the mould
using a steel spoon until it covered the top of the mould. Then a solid rectangular steel bar which
can fit in the mould was placed on the top of the mixture and it was manually pressed until it
slotted inside the mould. Next the mould was placed in the compression machine. Then the
machine was switched on and it caused the top platen move downwards and it imposed a load on
the raw meal in the mould.
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The pressure on the raw meal in the mould was increased until it reached about 2 N. Then the
machine was switched off and it caused the top platen to move upwards. Next the mould was
removed from the machine. Then carefully unscrewed and removed the mould from the raw
meal bar. Finally the compacted raw meal bar was laid on a glass sheet. The same procedure was
repeated until there was no more wet mixture in the mixing bowl. Finally the wet bars were dried
in the oven overnight at 105±5oC. Then the dried raw meal bars were stored in an airtight plastic
container.

3.1.6

The composition of raw meals

The raw meal was prepared by mixing a proportion of limestone and siliceous material. The
proportion of limestone and siliceous material for four binary mixtures was computed based on
containing 2.5, 5, 10 and 15 per cent silica in the raw meal. The percentage of silica in these
mixtures was marked as a target value where the calculation considered the percentage of silica
in the siliceous material reported in literature. This approach was necessary because the XRF
results from the consultant were not available before starting the experimental work. The
percentage of silica in PFA, glass cullet, crushed rock, silica sand and spent oil shale that had
been used in computing the target values of silica were respectively 48% (CEGB, 1978), 73.5%
(Dhir and Dyer, 2003), 61% ( Hassan, 2001), 99.6% (Manning, 1995) and 48.5% (Burns, 1978).
Consequently, the actual silica content differed from the target values (Table 3.3).
The examples of calculation for both siliceous waste material and limestone are shown as below.
For PFA raw meal containing 5% target silica, the proportions of PFA and limestone in 1000 g
raw meal are:
The proportion of PFA

= (% target silica ÷ % silica in siliceous material) x 1000 g
= (5% ÷ 48%) x 1000g
= 104.2 g

Therefore the proportion of limestone = 1000 – 104.2 g
= 895.8 g
The actual percentage of silica in the raw meal was computed after getting the XRF results from
the Appleby Group Company (refer Table 3.1). The calculation for actual silica in the raw meal
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accounted for silica in both the siliceous material and calcareous material. The following
example shows the calculation of the actual percentage of silica in the PFA raw meal:
The percentage of silica in the PFA = 104.2 g x 46.5%
= 48.45 g
The percentage of silica in the limestone = 895.8 x 0.51%
= 4.57 g
Therefore the total silica in the PFA raw meal = 53.02 g,
The actual percentage of silica in the PFA raw meal = (53.02 ÷ 1000) x 100
= 5.3 %
Table 3.3 exhibits the differences between the target and actual percentage of silica in the raw
meals. The results show that there is a small variation between the target and the actual silica
percentage in the raw meal. All the raw meals except the spent oil shale show less than 0.5%
variation. The apparent differences in the spent oil shale occur because the percentage of silica
obtained from XRF analysis is higher than the result obtained from Burns (1978), which had
been used in calculating the target silica. The variation is probably caused by the approach used
in gathering the material from the deposit site. The actual percentages of silica in the raw meal
mixtures I and IV are slightly higher than the target values. The higher variation occurs due to
the silica content in the limestone which presents in a bulk proportion. The percentage of silica in
the fired products is double than the silica in the raw meal, which reflects the loss of carbon
dioxide during firing.
Table 3.3: The percentage of silica in the raw meal

Mixture

The target
percentage
of silica in
the raw
meal

The actual percentage of silica in the raw meal
Limestone
+
Pulverized
fuel ash

Limestone +
Glass cullet
powder

Limestone
+ silica
sand

Limestone
+ Crushed
rock dust

Limestone
+ Spent oil
shale

I

5

5.3

5.3

5.4

5.4

5.8

II

10

10

10.1

10.3

10.3

11.1

III

15

14.9

14.9

15.2

15.2

16.3

IV

2.5

2.9

2.9

98

3.2

Phase 2: Calcination of the raw meal bars

Two silica trays were used as a container to place the raw meal bars since they can withstand
1200 degree Celsius, higher than was required for this study. The raw meal bars were arranged in
three crossing layers to form like a rectangular grid as shown in Figure 3.3. The number of bars
however was decreased as the layers increased by forming a pyramid when the trays were
combined. In each layer the bars were arranged with a 20 mm gap to provide even heat
distribution. Each batch of burning was carried out using 24 of the raw meal bars. The raw meal
bars and trays were weighed and recorded before placing them in the furnace.

Figure 3.3: The arrangement of raw meal bars in silica trays

The furnace was switched on after the silica trays containing raw meal bars were placed in its
middle. The burning process for every batch was started at 2 o’clock in the afternoon. The initial
temperature in the furnace is about 25oC and it took five hours to reach 1000oC, the preferred
calcining temperature for this research. All the raw meal bars were burnt using an electric muffle
furnace, which operated at a constant heating rate of 3.2oC per minute. The firing was continued
for 7 hours at this temperature before the furnace was automatically switched off. The
temperature used in this study was slightly higher than the dissociation temperature for high
calcium carbonate reported by Boynton (1980). This temperature however is slightly higher than
the temperatures developed in a vertical lime kiln reported by Mason et al. (1999).
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The duration of burning at 1000°C was calculated based on the information described by Oates
(1998). He notes that the time required for calcining a 19 mm diameter sphere at 1000oC is 1.1
hours. Quoting to Azbe’s suggestion, Oates (1998) prescribes that the total hours for calcining
the prisms with 19 mm and 25 mm thickness are respectively 3.3 and 4.5 hours. A practical
guide by Mason et al. (1999) reports that the residence time for lime in a vertical kiln varies
between 11 and 13 hours. Based on the aforementioned records, it is believed that heating the
raw meals at 1000oC for 7 hours is appropriate for manufacturing soft-burned quicklime.

The temperature in the furnace 7 hours after it was switched off had dropped to about 200oC.
The fired bars then were cooled to room temperature for an hour by lifting up the furnace door.
The fired bars and trays were taken out from the furnace, their weight measured and recorded,
and. the fired products were stored in sealed plastic bags before being placed in air tight
containers.
For making mortar, the required fired bars were squashed by hand using a mortar and pestle if
necessary. Then the crushed fired products were filtered using a 2.36 mm aperture sieve. The
process of crushing and filtering were repeated until all the required fired products passed the
2.36 mm aperture sieve.

3.3

Phase 3: Slaking lime and preparing lime mortar

Materials required for making lime mortar were lime, sand and water. The lime was obtained
from the aforementioned process while the well graded sand was obtained from local source.
Distilled water was used to make mortar. The mortar was prepared using hot limes. In Scotland,
this approach was preferred and commonly used in making mortar due to its clement weather
(Leslie and Hughes, 2002).

3.3.1

Grading the sand

The mortar was prepared using ‘Gowrie’ sand. The sand was donated by the Masons Mortar
Limited. The sand was delivered in damp condition. Therefore it was dried in the oven at

100

105±5oC overnight before it was screened through a 5 mm sieve. Only the sand which passed
this sieve was used for making mortar. Then the sand was graded according to British Standard
BS 812-103.1:1985 Testing Aggregate: Method for determination of particle size distribution.
The apparatus used for grading the sand were a digital balance, an oven, a series of sieves and a
mechanical sieve shaker.
An oven was used to dry the required sand at 105±5oC until constant weight. A balance was used
to weigh about 200 g dried sand. The cleaned and dried sieves were fitted in order of increasing
aperture size from bottom to top. The sieves used in this test were 2.36, 1.18, 0.6, 0.3 and 0.15
mm aperture. Grading sand was started with placing the series of sieve on the mechanical sieve
shaker. Then the dried sand was placed in the top sieve. Next it was covered with a close fitting
lid. Then a mechanical sieve shaker was switched on and it shook for 2 minutes which was
sufficient to separate the sample according to the sieve aperture. Next the sand retained on each
sieve was weighed and recorded. The result of grading the sand is shown in Figure 3.4. The sand
has a normal distribution of particle sizes where most of the particles lying between 0.15 and 0.6
mm. The grade of this sand is similar to the sand used by Gibbons (2003).

3.3.2

Slaking the lime

All the fired products except the glass cullet limes were soft and easily squashed by hand.
Therefore a porcelain mortar and pestle were used to crush the glass cullet limes and those
passed the 2.36 mm sieve were used for making mortar. The mortar was prepared in a quantity
which appropriate for casting six prisms of 40 mm x 40 mm x 160 mm. The mechanical
properties of these samples were tested at ages of 28 and 91 days.
percentage of aggregate retained

30
25
20
15
10
5

Figure 3.4:

0
5.0

2.36

1.18

0.6

0.3

0.15 < 0.15

sieve mesh size
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The grading of ‘Gowrie’ sand

The amount of mortar for 6 prisms was prepared in a batch and it was computed based on the
sand required for filling the prisms. A trial test showed that 150 g sand was sufficient to fill a
prism. This basic measurement plus some wastage was considered in calculating the total amount
of lime mortar. The mortar mixture of 1:3 (lime: sand) was prepared based on weight. The
proportion of water for making mortar was computed based on the amount of water required to
slake all the quicklime to lime putty. A constant water to lime ratio of 1:0.6 was used for slaking
all the fired products and subsequently it was used for making mortar. This ratio was selected
based on water required for slaking the PFA lime of 10% silica raw meal. However, alteration
was made by adding some water if the lime putty was very stiff or firm.

Every batch of lime mortar was prepared using a consistent mixture composed of 700 g fired
product, 2100 g sand and 1120 g water. A balance was used to weigh these materials. Some
additional water however was added in lime putty obtained from 3% and 5% silica raw meal to
ensure all the limes were properly slaked. This occurred because some of the water was
vaporized due an intensive heat liberated during slaking. Therefore the slaking process was
carried out carefully. A face mask, gloves and goggles were worn to avoid any accident caused
by heat liberated during the slaking. The apparatus used in slaking was a mixing bowl, a balance
and a spatula. The process was started by weighing the required water using a balance. Then it
was poured into a stainless steel mixing bowl. Next the crushed lime was carefully poured into
the bowl as the slaking is usually accompanied with considerable heat. The putty was stirred
several times to assist the slaking process. The hot lime putties were allowed to cool for not more
than two hours. The temperature in hot lime putties was measured few times using a
thermometer until it reached between 30oC and 40oC which was considered to be safe for the
operator to make mortar.
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3.3.3

Making lime mortar

Figure 3.5 shows the apparatus used for making lime mortar. To make mortar, firstly the mixing
bowl containing warm lime putty was fixed to the mixer frame followed by a blade. Then the
machine was switched on. The lime putty was stirred for a minute to make it smooth and soft.
Next the required sand was added and the mixture was stirred for 5 minutes: at low speed for the
first two minutes; stationary for a minute; at high speed for the last two minutes. Then the
machine was switched off. Next the blade and the bowl were removed from the mixer frame.
Any mortar stuck on the blade and bowl wall was scraped using plastic scraper and placed in the
bowl. Finally the properties of this fresh mortar were measured using flow table test and
dropping ball test. Both tests were carried out before the mortar was cast in the prism mould. The
procedure for these tests will be explained in the next two sections.

Figure 3.5: A bench mounted mixer for making lime mortar

3.3.4

Casting and curing the lime mortar

The fresh lime mortars were cast using both the individual and the cluster of rectangular prism
moulds. All the moulds were made of stainless steel with internal dimension of 40 mm x 40 mm
x 160 mm. To cast the fresh lime mortar, firstly the prism mould was fixed then the internal
surface was brushed with grease. Steel spatula was used to scoop the mortar into the mould.
Then the mould was filled with mortar in two layers and each layer was tamped using a 10 mm
diameter steel bar. The top layer of mortar was leveled using a steel ruler and trowel. The
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number of tamping blows varied depending on the workability of mortar. The mortar with low
workability was tamped about 35 times per layer whilst the higher workability was tamped less
than 10 times. The modification on the numbers of tamping was introduced in this research due
to variation of lime mortar workability. This approach was applied as a trial and error test using
standard tamping caused segregation in fluid lime mortar.
The green mortars in the moulds were covered with plastic sheets for 5 to 7 days. The moulds
filled with mortar were left in their position for at least 3 days to prevent damage before
removing elsewhere in the laboratory. Then the mortars were demoulded and were kept in sealed
container at high humidity until they were tested at the age of 28 and 91 days. The container is a
ten litres plastic bucket filled with a half litre of water. The mortar prisms were laid above the
water by placing them on a rigid mesh platform supported by prisms. Each bucket was labelled
and loaded with 6 prisms arranged in two layers (refer Figure 3.6). The mortar prisms were laid
by turning 90 degree from the cast position, struck-off surface to the side. This was to ensure the
mortar was laid on an even surface. The mortars were carefully handled as they were soft and
easily broken. The bucket containing mortar prisms were placed in room where the temperature
was about 20oC. The strength test on mortar prisms was performed while it was in a damp
condition immediately after the mortar was taken from the container.

lid

plastic bucket
mortar
prism

platform

support

distilled water

Figure 3.6: The method of curing mortars
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3.4

Phase 4: Measuring the properties of fresh mortar

Workability is one of the important properties for fresh mortar. It describes both the mortar
consistency and its ability to compact. The former and latter terms respectively describes how
easy it is to handle and place mortar on masonry (Domone, 2001). The workability is measured
in terms of slump, consistence or flow. The consistency or fluidity term is used to describe the
state of fresh mortar or concrete.
Neville (1995) notes a scale is introduced to classify the deformation of fresh mortar when it
subjected to certain types of stress. The value of flow measured by flow table is linearly
correlated to the penetration value of plunger for the same type of mortar with increasing water
content, but the slope will be different for different types of mortars (BS EN 1015-3:1999).
According to standard BS 4551:1998 - Method of testing mortars, screeds and plasters, the
consistency of fresh mortar can be measured by flow table or dropping ball tests. The consistence
of fresh mortar was measured based on BS 4551:1980 as it matched with the apparatus available
in the laboratory. The consistency of fresh mortar was determined using the dropping ball test
first followed quickly by the flow table test.

3.4.1

Dropping ball test

Figure 3.7 shows the apparatus used in the dropping ball test consisting of a brass mould (100
mm internal diameter, 25 mm depth); a trowel; a methyl methacrylate ball having a diameter of
25±0.1 mm diameter and a mass of 9.8±0.1 g with its surface polished all over; a dropping
mechanism consisting of a rigid stand with rubber bung and a rubber bulb at the end of its open
valve; a device for measuring the depth of penetration, a meter and a needle attached to the
tripod. The dropping ball test was started by placing the cleaned mould on the stand base. Then
the mould was filled with mortar in about 10 increments, by pushing it into the mould with the
end of the trowel.
The mortar was added until it filled slightly above the mould rim. Then the mortar surface was
struck off in plane level with the top of the mould by using the trowel. A sawing motion with
trowel blade at about 45° was used once to strike off excess material. Then the trowel at a
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slightly flatter angle was reversed in a single action on the surface. The methyl methacrylate ball
was placed at the height of 250 mm on the rubber bung on the stand. The height was measured
from the bottom of the ball to the surface of mortar in the mould. The ball was attached to the
rubber bulb by suction as air was pressed out from the rubber bulb. This allows the ball to fall
freely without any imposed pressure except gravity. The ball was designed to fall within 12 mm
of the mould centre.

Figure 3.7: The dropping ball apparatus

The rubber bulb then was slowly filled with atmospheric air due to low pressure inside it.
Subsequently the ball lost its grip with the rubber bung and it fell on the mortar in the mould.
The penetration depth caused by the ball dropping was measured by using a penetration device, a
tripod and dial gauge. The device was placed on the mould rim with the dial gauge foot initially
raised to the maximum reading of 25 mm. Then the foot was gently brought down to touch the
top of the ball and the reading on the gauge was recorded. The measurement was referred to the
height of the ball from the surface of the mortar. Therefore the depth of penetration was obtained
by subtracting the reading from the diameter. The measurement was reported to the nearest 0.1
mm. The mortar was then removed to another bowl and the dropping ball test was repeated twice
using fresh mortar from the mixing bowl. Three dropping ball tests took about 30 minutes. The
mortar used in this test was combined and blended with the fresh mortar for the subsequent tests.
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3.4.2

Flow table test

Figure 3.8 shows the apparatus used in the flow table test, consisting of a standard flow table
with a brass horizontal smooth table top, 254 mm diameter with an edge thickness of 7.6 mm; a
truncated metal mould, inside diameter at wider end was 101.6 mm and at narrower end was 69.9
mm; a metal tamper, 12 mm diameter and 150 mm length; a steel ruler; a cloth; and a trowel.

Figure 3.8: The apparatus for flow table test

The mortar was mixed manually using a trowel for 5 minutes before starting the flow table test.
The flow table also was operated for ten revolutions to ensure free movement. Then the table top
was wiped and dried with the cloth before placing the conical mould centrally. The mould was
filled with mortar to about 25 mm thickness, half of its depth and was compacted by tamping it
not more than 20 times depending on the fluidity of mortar. Next the mortar was added until it
filled slightly above the rim of mould. Then the mortar was tamped in similar way as before.
Then the trowel was used to strike off the excess mortar on the top of the mould.
Any water around the edge of the mould or on the table top was carefully dried with a cloth.
Then the mould was lifted vertically away and immediately the table was operated 25 times in 15
seconds. The actions caused the mortar to flow and spread to a wider diameter. The mean
diameter was based on three measurements at equal intervals and used to calculate the
percentage of spread compared to the internal diameter of the mould. The used mortar was
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placed in separate bowl and the test repeated twice. The used mortar and fresh mortar was
combined and mixed before being cast in the mortar prisms.
3.5

Phase 5: Measuring the properties of hardened mortar

The method used to determine strength of lime mortar was based on the standard BS EN 4592:2001, which referred to BS EN 196-1:1995 with some modification. The strength test on the
hardened mortar was carried out at the age 28 and 91 days, calculated from the day the mortar
was prepared. The hardened mortar was tested directly after it was removed from a curing
container without either dipping in water or drying it with a towel. A bench mounted machine,
the M5K was used to measure the flexural and compressive strength of the hardened mortar.

The mortar prism 160 mm x 40 mm x 40 mm was firstly tested for flexural strength. The test was
started by measuring the dimensions of each hardened mortar using a Vernier caliper. Then the
centre of prism was marked with whiteboard marker which facilitates in placing the prism in the
middle of the supporting rollers. The M5K machine was equipped with steel flexural devices
consisting of a supporting roller and a loading roller. The supporting roller incorporated a
rectangular frame base with two adjustable rollers of (10.0±0.5) mm diameter. The rollers were
fixed at distance (100.0±0.5) mm apart. The loading roller with similar diameter was fitted to the
crosshead at the loading frame and reacted centrally between the two supporting rollers. All the
rollers were 50 mm width, wider than the mortar prisms breadth and were arranged in position as
shown in Figure 3.9. The prism was laid in position where the top trowelled mortar surface
facing to the right side. This arrangement was made to ensure the load from the rollers reacted on
a flat surface. The roller was initially free to move until it touched the flat mortar surface. This
creates a uniform distribution of the load over the width of the prism without subjecting it to any
torsional stresses.

Then the crosshead speed for the flexural strength test was set at 2 mm/min while the maximum
force for recording was set at 1.0 kN. Next the load of machine was set to zero. The M5K
machine was manually controlled and connected to an A3 XY chart recorder to record the load
magnitude and displacement during the test. Later the machine was switched on and the load was
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gradually increased until the prism broke into two halves. The ‘stop’ button was immediately
pressed and the specimens was carefully removed and stored for subsequent compressive test.
The ‘up’ button was pressed to lift up the loading frame to appropriate height for the next test. A
typical flexural strength test result for prism is shown Figure 3.10.

Figure 3.9: The devices for flexural test
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Figure 3.10: The typical flexural strength result

The compressive strength test of hardened mortars was also carried out using the M5K machine,
similar with the flexural strength test. The machine however was equipped with compressive
devices consisting of a rectangle steel platen fitted to the crosshead. The crosshead speed was set
at 5 mm/min while the maximum load was varied between 1 kN and 5 kN depending on the
hardness of the hardened mortar. The half samples resulting from the flexural test were cut into
40 mm cubes by a circular saw. The end section of prism was selected to avoid the uneven
surface from the cutting. Figure 3.11 shows the device and specimen used in compression test.
Like flexural test, the specimen dimensions were measured before it was laid centrally on the
rectangular steel plate. Unlike flexural test the soft specimen expanded laterally under loading
while the harder specimen fractured in 45 degree plane of maximum shear. Figure 3.12 shows
the typical result of compression strength test.
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Figure 3.11: The devices for compression test
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Figure 3.12: The typical result of compression strength test

3.6

Phase 6: Microstructure examination

The microstructure examination on the fired products and hardened mortars were carried out
using a Philips XL30 Environmental Scanning Electron Microscope (ESEM) with an Oxford
instrument cryo stage and an EDAX (Energy Dispersed Analysis of X-ray) detector. The
instrument as shown in Figure 3.13 was located in a purpose designed room in the Heriot Watt
Institute of Petroleum Engineering and it was operated by the expert, Dr. Jim Buckman. An
ESEM is specifically designed to be able to examine microstructure and ultrastructure detail of
samples, within an SEM chamber, in their uncoated natural state. The specimens can be
examined in their natural state as well as in wet, oily and outgassing conditions, without any
form of preparation. Furthermore the specimens can be maintained within their natural state for
prolonged periods within the ESEM viewing chamber that cannot be examined by more
conventional SEM’s.

The ESEM works at low vacuum (typically 2-6 torr) and utilizes a

chamber gas for imaging, charge suppression and sample humidity.
eng.org/cesem/intro.htm, 9/9/06).
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(www.pet-

Figure 3.13: Environmental scanning electron microscopic (ESEM)
(www.pet-eng.org/cesem/intro.htm, 9/9/06).

The age of fired products and hardened mortars used in this experiment varied between 6 and 9
months. All the specimens were wrapped in cling film and kept in airtight containers to avoid
any reaction with atmospheric air and water vapour. The ESEM examinations on fired products
and hardened mortar were performed on the crumble fine particles and the freshly exposed
fracture surface, respectively. The specimens were examined in their natural state at low vacuum
between 0.5 and 0.7 torr. The magnification applied on the fired products and mortars varied
between 40x and 6400x. However the image obtained at the magnification lower than 1600x and
higher than 3200x was blurred. Most of the best images were obtained at magnification between
1600x and 3200x. The compounds were identified by comparing the images from this study with
literature information. The chemical elements in the specimens were determined by energy
dispersive spectrometer detector, an electronic device that measures the energy of individual Xray photons. The X-ray photon is produced when a point on a specimen is excited by an electron
beam in the ESEM. The characteristic energy or wavelength of the X-ray photon was captured
by a detector and the information was converted into chemical element and its percentage
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(weight and by atomic unit). The analysis of chemical element of the specimen was carried out at
counting time of 50 seconds.
3.7

Extraction of free lime from the fired products

According to BS EN 196-2:1995, free lime is defined for both calcium oxide and calcium
hydroxide. The method to extract free lime from fired products was performed according to the
standard BS EN 196-2:1995 Methods of testing cement. The apparatus used in this experiment
were a 200 ml conical flask, graduated cylinder, digital balance, hot plate, thermometer, filter
flask, filter paper, filter funnel cup, plastic tubing, tubing joint, a clamp and stand, and burette.
The solutions used in this experiment were ethylene glycol (CH2OH.CH2OH, fw 62.07, 99.9%),
0.1N hydrochloric acid, isopropanol alcohol, and bromocresol indicator (0.05 g of bromocresol
green in 50 ml ethanol).
The standard test was carried out by dissolving 0.28 g calcium oxide in 100 ml ethylene glycol.
The glycol was measured using a graduated cylinder and poured into a dry 200 ml conical flask.
The calcium oxide or lime was obtained by heating 0.5 g high calcium carbonate at 1000oC in an
electric furnace. Then the weighted lime was poured in the flask containing glycol. Next a
stopper was fitted on the flask and the mixture was stirred vigorously by shaking it for one
minute. Then the mixture was continuously stirred for 30 minutes with a magnetic bar on a
magnetic stirrer (refer Figure 3.14).
After that the solution was filtered using filter funnel and filter paper. Filtration was carried out
using the apparatus shown in Figure 3.15. Then 3 drops of bromocresol green indicator was
added in the filtered solution and this turned the clear solution blue. Next titration was carried
out using 0.1N hydrochloric acid (refer Figure 3.16). The result showed that 100 ml of 0.1N HCl
(hydrochloric acid) was used to change the solution color from blue to green. The funnel with
filter paper and residue was dried in the oven at 105±5oC overnight, then weighed after 2 hours
from the oven. The amount of residue was calculated by subtracting this result with the weight of
funnel and filter paper. The result showed no residue left on filter paper.
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The procedure, apparatus and solution used for identifying free lime in the fired products was
similar to the methodology used for measuring calcium oxide in the standard as described above.
However the specimen of the fired products were selected from the uncrushed fired bar, its size
was about 20 mm cubic. A porcelain mortar and pestle was used to crush the specimen cubic into
fine particles which passed the 75 micron sieve aperture. The method and apparatus for
extracting free lime from this specimen was carried out in a similar way with the standard as
described above.

Figure 3.14: A hot plate for heating glycol

Figure 3.15: The apparatus for filtering glycol solution
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Figure 3.16: The apparatus for titration

3.8

Phase 8: Calibration of furnace temperature

The measurement of temperature was carried out to establish the actual conditions the muffle
furnace. Figure 3.16 shows the apparatus used for calibrating the temperature in the muffle
furnace. The temperature was measured using a thermocouple, a millivolt meter, a ruler and a
steel stand. The thermocouple consists of chromel-alumel wire which can measure the
temperatures between zero and 1100 degree Celsius and was inserted inside the furnace through
holes in the door. The holes were cut using an electric drill and they were located in the middle
but at 35mm from the top and bottom edge. The furnace was heated at constant rate similar to the
procedure used when producing quicklime. The measurement was carried out when the
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temperatures in the furnace was set at 900 and 1000 degree Celsius. The measurement was
performed after the temperature reading on the display was constant for fifteen minutes. The
voltage measurement was taken at interval of 50 mm starting from the internal back wall of the
chamber. The internal dimension of the furnace chamber was 120mm, 175mm and 320mm.

Figure 3.17: The apparatus for calibrating of furnace temperature

3.8.1

Temperature in the furnace

Figure 3.18 shows that the temperatures in the furnace are slightly lower than the set up
temperature. The maximum temperature in the furnace chamber occurs at the back and in the
middle, respectively for the bottom and the top line. The sequence of temperature distribution in
the furnace is agreed with the position of heating device and heat circulation. The formation of
higher temperature at the bottom of the back wall occurs because this part is fitted with heating
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device. The temperature at the top of the back wall is lower than the bottom as some of the heat
escape via the vent hole. Since the top of front door is farther from the heating device, it receives
less heat than the other positions.
The result shows that when the furnace was set at 900oC, the measured temperatures were
between 856 and 891oC. It gives the mean of about 878oC. For the furnace set at 1000oC, the
temperatures were between 956 and 982oC. It gives the mean of about 974oC. Both results show
that the average of the temperature in the furnace is about 25oC less than the set temperature and
it was used in presenting the following result. As the muffle furnace temperature in this study
was set at 1000 degree Celsius therefore the average of actual temperature in the furnace is about
974 degree Celsius. According to Mason et al., (1999) this temperature is appropriate for
producing soft burned quicklime.
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Figure 3.18: The temperature distribution in the furnace
Boynton (1980) notes that the soft burned lime tends to react vigorously with water by liberating
a considerable amount of heat which is appropriate to burst and divide the quicklime lumps into
very fine particles. For burning temperature above 1200oC and below 900oC the produced
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quicklime tends to be over burned and under burned, respectively. Both the quicklimes are
considered to be of poor quality as the latter may contain high percentages of unburned
limestone and the former slakes very slowly and imperfectly. The imperfectly slaked lime mortar
is not suitable for plastering and rendering as its later slaking in place could cause a detrimental
effect on the wall (North, 1930).
Boynton (1980) notes that “to produce soft burned quicklime the burning temperature should be
maintained at the minimum dissociation temperature for certain duration. For calcite the
minimum dissociation temperature is 898 degree Celsius for 760 mm pressure for a 100% CO2
atmosphere”. The burning temperature used for this experiment is appropriate for manufacturing
soft burned lime as it is slightly higher than the minimum dissociation temperature for high
calcium limestone and much lower than the sintering temperature of over 1250oC.
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CHAPTER 4: RESULTS
4.0

Introduction

As discussed earlier, the experimental work on the properties of artificial hydraulic lime mortar
was carried out in eight stages. This section presents the classification of lime, the percentage of
free lime in the fired products, the reactivity of slaking, the properties of fresh mortar, the
properties of hardened mortar, and the microstructure of quicklime and hardened lime mortar.
4.1

Classification of limes

Holmes and Wingate (2002) note Vicat’s historic proposal is commonly referred to in creating a
classification for hydraulic lime. This is because Vicat’s proposal was established based on the
performance of the products, the common approach applied in modern construction. Vicat (1837)
notes that the behaviour of lime during slaking and the ability of lime mortar to harden in water
are greatly influenced by the percentage of clay in the limestone. Therefore he introduces
approximate proportions of argillaceous matter in the limestone for classifying all types of limes.
Cowper (1927) and Duggal (1998) simplify the traditional Vicat’s classification for hydraulic
limes by introducing a consistent range of clay proportions in limestone. In concurrence with
development of hydraulic cements, the Hydraulic Index and Cementation Index are introduced
not only for classifying all types of calcareous cement but also hydraulic lime. These modern
indexes are developed by considering the proportion of hydraulic compounds to calcareous
compounds (Eckel, 1928).
Table 4.1 to 4.5 show the proportion of raw materials, hydraulic compounds, calcareous
compounds and the hydraulicity of the experimental limes used in this work, calculated by both
traditional and modern approaches. The results show the proportion of silica in the oxide is
nearly double that in the raw meal because nearly half of the oxide in limestone is lost as carbon
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dioxide gases during calcination. Table 4.6 shows the result of lime classification using Vicat’s
proposal, Hydraulic Index and Cementation Index. The classification according to the Hydraulic
Index shows a noticeable spread across the classes from feebly to eminently hydraulic limes.
Raw meal containing 5% silica is classified as feebly whilst that containing 10% silica and more
is classified as eminently hydraulic lime. However the classification according to the
Cementation Index is inconsistent as the raw meal containing 10% silica can be classified as both
feebly and eminently hydraulic lime.
The classification using Vicat’s proposal shows that the raw meals containing around 5% silica
are graded as feebly and moderately hydraulic limes. A similar trend also occurred in the raw
meal containing 10% silica where the limes can be graded as moderately and eminently
hydraulic limes. The variation occurs because the Vicat’s classification is computed based on the
percentage of clay which is calculated as a total of silica and alumina. In general the results show
that the classification based on Hydraulic Index is more consistent to Vicat’s classification and
Cementation Index. Most of the limes with less than 5% silica in the raw meal are classified as
feebly hydraulic lime and air limes. Based on hydraulic index all the limes with 10% and more
silica in the raw meals are classified as eminently hydraulic whilst limes with 5% and less are
classified as feebly hydraulic lime or air lime. According to cementation index only limes with
10% and more silica in the raw meals are classified as eminently hydraulic and cement. Most
limes with 10% and less silica in the raw meals are classified as feebly lime and air lime. The
wide variation in cementation index occurs because the index is purposely designed for hydraulic
cement which production is performed at sintering temperature.
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Table 4.1: Percentage of oxides in Pulverized fuel ash limes
Raw meal

5% silica

10% silica

15% silica

Limestone, g

895.8

701.6

687.4

PFA, g

104.2

208.4

312.6

Oxides in limes
CaO

82.713

66.19

48.6

MgO

0.689

1.33

1.206

SiO2

8.730

16.86

26.211

Al2O3

4.590

8.9

14.246

Fe2O3

2.458

4.95

7.081

SiO2 + Al2O3

13.320

25.76

40.457

Hydraulic Index

0.161

0.389

0.832

Cementation Index

0.373

0.888

1.870

Raw materials

Evaluation

Table 4.2: Percentage of oxides in Glass cullet limes
Raw meal

2.5% silica

5% silica

10% silica

15% silica

Limestone, g

966.0

932.0

864.0

796.0

GC, g

34.0

68.0

136.0

204.0

CaO

92.741

87.983

78.16

70.644

MgO

0.586

0.709

1.403

1.144

SiO2

4.976

8.867

16.081

22.677

Al2O3

0.344

0.421

0.356

0.693

Fe2O3

0.429

0.47

0.943

0.613

SiO2 + Al2O3

5.320

9.288

16.437

23.370

Hydraulic Index

0.057

0.106

0.210

0.331

Raw materials

Oxides in limes

Evaluation
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Cementation Index

0.156

0.288

0.575

Table 4.3: Percentage of oxides in Silica sand limes
Raw meal

0.895

5% silica

10% silica

15% silica

Limestone, g

949.8

899.6

849.6

SS, g

50.2

100.4

150.4

CaO

89.645

81.094

74.71

MgO

0.425

0.893

0.365

SiO2

9.198

16.891

24.053

Al2O3

0.292

0.096

0.341

Fe2O3

0.403

0.842

0.431

SiO2 + Al2O3

9.490

16.987

24.394

Hydraulic Index

0.106

0.209

0.327

Cementation Index

0.292

0.583

0.904

Raw materials

Oxides in limes

Evaluation

Table 4.4: Percentage of oxides in Crushed rock limes
Raw meal

2.5% silica

5% silica

10% silica

15% silica

Limestone, g

959.0

918.0

836.0

754.0

CR, g

41.0

82.0

164.0

246.0

CaO

91.853

86.032

74.528

65.47

MgO

0.549

0.636

1.245

0.941

SiO2

5.063

9.013

16.318

22.964

Al2O3

1.291

2.263

3.864

5.705

Fe2O3

0.635

0.870

1.688

1.7

SiO2 + Al2O3

6.354

11.276

19.182

28.669

Hydraulic Index

0.069

0.131

0.271

0.438

Cementation Index

0.173

0.326

0.670

1.075

Raw materials

Oxides in limes

Evaluation
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Table 4.5: Percentage of oxides in Spent oil shale limes
Raw meal
Raw materials
Limestone, g
SOS, g
Oxides in limes
CaO
MgO
SiO2
Al2O3
Fe2O3
Evaluation
SiO2 + Al2O3
Hydraulic Index
Cementation Index

5% silica

10% silica

15% silica

896.9
103.1

793.8
206.2

690.8
309.2

83.063
0.765
9.540
3.883
1.912

69.234
1.453
17.151
6.882
3.609

58.226
1.277
23.916
9.904
4.449

13.423
0.162
0.384

24.033
0.347
0.816

33.820
0.581
1.349
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Table 4.6: The classification of limes
Percentage
of silica in
the raw meal

The raw meal
mixtures*

3%

5%

10%

15%

Classification for fired products according to
Vicat’s
classification

Hydraulic
Index

Cementation
Index

LS + GC

Air limes

Air limes

Air limes

LS + CR

feebly

Air limes

Air limes

LS + PFA

moderately

feebly

feebly

LS + GC

feebly

feebly

feebly

LS + SS

feebly

feebly

Air limes

LS + CR

feebly

feebly

feebly

LS + SOS

moderately

feebly

feebly

LS + PFA

eminently

eminently

eminently

LS + GC

moderate

eminently

feebly

LS + SS

moderately

eminently

feebly

LS + CR

eminently

eminently

feebly

LS + SOS

eminently

eminently

eminently

LS + PFA

cement

cement

cement

LS + GC

eminently

eminently

eminently

LS + SS

eminently

eminently

cement

LS + CR

cement

cement

cement

LS + SOS

cement

cement

cement

*LS – limestone powder PFA – pulverised fuel ash SS – silica sand GC glass cullet
CR – crushed rock dust SOS – spent oil shale

4.2

Percentage of free lime in the fired products

According to Oates (1998) ‘free lime is an analytical term for the calcium oxide component of
quicklime or hydrated lime. It excludes calcium oxide in calcium carbonate, Ca(OH)2 and
calcium silicates.’ Figure 4.1 shows the free lime depletion in the fired products. The result
computes the differences between free lime in the fired product and lime oxide in the raw meal.
It is well understood in cement production that the depletion of lime oxide at high temperatures
is correlated with formation of silicates and aluminates (Macphee and Lachowski, 1998; Czernin,
1962). However the reaction between lime oxide and siliceous-aluminous matter at temperatures
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lower than sintering creates different silicates and aluminates. Czernin (1962) notes that the
products produced at low calcining temperatures are greatly dependent on the siliceousaluminous properties.

Figure 4.1: Percentage of free lime depletion in the fired products
Figure 4.1 shows that the fired products are divided into two groups. The first group is the fired
product with low depletion of free lime and this occurs in the pulverized fuel ash lime, crushed
rock lime, spent oil shale lime and silica sand lime. This feature indicates the chemical
combination between lime oxides and siliceous-aluminous is slight in these limes. The second
group is the fired products with high depletion of free lime and this occurs in the glass cullet
lime. This indicates that the chemical reaction between lime oxides and siliceous-aluminous
occurred in this lime during burning. Czernin (1962) notes the reaction between lime oxide and
silica at burning temperatures lower than sintering produces only dicalcium silicates. According
to Weber et al. (1999) the reaction between calcium oxide and alumina forms calcium
aluminates, namely as tricalcium aluminate and tetracalcium aluminate ferrite. The high
depletion of free lime in the glass cullet lime indicates this fired product contains a significant
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amount of dicalcium silicates. The presence of these hydraulic phases can be verified by
performing strength test and microscopic examination.
The results show that the percentage free lime depletion in the fired products increases with
increasing silica in the raw meal. This relation applies for all fired products containing 3 to 11
per cent silica in the meal. However the percentage of free lime depletion in the fired products of
15 per cent silica raw meal is not much different to the fired products of 10 per cent silica raw
meal. This suggests that 10 per cent silica is the optimum raw meal for the burning condition
used in this study. The depletion of free lime in the 15% silica raw meal fired products can be
modified by increasing the burning temperature or burning time.
Figure 4.1 shows that the free lime depletion in the glass cullet lime is correlated with the
percentage of silica in the raw meal. This relationship occurred only in the glass cullet lime
containing silica raw meal between 3 and 10 per cent. The result shows the depletion of lime
oxide in these limes is double the percentage of silica in the fired products (refer Table 4.2).
Since the burning temperatures used in this study are lower than sintering, the aforementioned
proportion is consistent with the formation of dicalcium silicates (C2S). In fact, the silica
compound in the glass cullet is present in an amorphous form. Therefore, it readily reacts in a
solid state reaction with lime oxide to form silicates.

4.3

The properties of fresh mortar

All the mortars were prepared according to BS EN 459-2:2001 but with some modifications. For
example, all the mortars were prepared using invariable water/binder ratio of 1.5. This value is
higher than specified in the standard because limes produced in this research contain high
proportion of free lime or lime oxide (refer Figure 4.1). The water/binder ratio of 0.55 which
specifies in the BS EN 459 standard is only suitable for commercial natural hydraulic lime where
it contains low free lime and the lime is in a hydrated form. In fact, the difference occurs because
the mortar in this research was prepared using hot lime putty. The properties of fresh mortar
were determined using both the dropping ball and flow table test and the results are discussed
below.
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4.3.1

Water/ binder ratio in slaking lime

Table 4.7 shows the water/binder ratio used for slaking the fired product to form lime putty. All
the fired products were initially slaked with water/lime ratio of 1.6 except the crushed rock lime
obtained from 10% silica raw meal which used slightly lower water/binder ratio without specific
reason. The result shows that the fired product with lower silica in the raw meals requires higher
water/binder ratio in order to maintain a workable mortar. Nearly all the fired products obtained
from 5 % and less silica raw meal required a longer mixing time to release water that was
entrapped within the particles in the lime putties.
The result shows that the softness of lime paste is increased with increasing mixing time. For
very stiff lime putty particularly those obtained from 5 and 3% silica raw meal, additional water
was added during mixing to make workable putty. This occurs because these limes contain
higher percentage of free lime than others (refer to Figure 4.1). Although the time for slaking
lime was not recorded, the mortar was prepared when the temperature in the hot lime putty
dropped to range between 30 and 40 degree Celsius.
Table 4.7: Water/lime ratio used in slaking lime and making mortar
Target percentage
silica in the raw
meal

Pulverized fuel
ash lime
mortar

Glass cullet
lime mortar

Silica sand
lime mortar

Crushed
rock lime
mortar

Spent oil
shale lime
mortar

15

1.6

1.6

1.6

1.6

1.6

10

1.6

1.6

1.6

1.5

1.6

5

1.6

1.6

1.7

1.7

1.6

3

-

1.8

-

1.8

-

4.3.2

The workability of mortar

Figure 4.2 and 4.3 show the workability of lime mortars measured by means of dropping ball and
flow table tests, respectively. The results show that the measurement using flow table test
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provides a more reliable correlation than the dropping ball test. This is indicated by the general
increase in flow value with increasing of silica in the raw meal. Domone (2001) notes the
reliable correlation in the flow test occurs because it involves very low shear rates. The flow of
mortar in this test is greatly influenced by its mobility and plasticity.
The workability of mortar measured by the dropping ball technique shows the penetration depth
is increased with increasing silica content in the raw meal but this relation only applies for the
lime mortars obtained from 55 and 10% silica raw meal. The result shows that the penetration is
decreased with increasing silica for nearly all lime mortars obtained from 10% and 15% silica in
the raw meal except for crushed rock and silica sand lime. The inverse relationship in glass
cullet, PFA and spent oil shale limes containing 15% silica raw meal occurs because these
mortars are highly fluid. Therefore the penetration of ball on the mortar is easily influenced by
the floating effect.

Figure 4.2: Workability of mortars by means of penetration
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Figure 4.3 shows that nearly all the measurements of mortar dispersion with flow table are
consistent with the increase of silica in the raw meal. The mortar with higher water content has
lower cohesiveness and it easily disperses under certain forces. At fixed water/binder ratio,
aggregate grade and mixture, the workability is governed by the properties of binder particularly
its chemical characteristic and fineness (Neville, 1995). The result shows that the highest and the
lowest workability of mortar are obtained from glass cullet and silica sand lime, respectively.
All mortars except the glass cullet mortar show that the percentage of mortar flow is increased
with increasing silica in the raw meal. At fixed water/binder ratio the workability seems to have
a correlation with the compounds in fired products such as lime oxide and silicates. This occurs
because the main bulk of water in lime mortar is used for slaking lime oxide into lime putty
(Stowell, 1963). This indicates that the highest and the lowest proportion of lime oxide in the
fired products occur in the silica sand and glass cullet lime mortar respectively. The relation is
valid for limes obtained from 3 to 10 per cent silica in the raw meal. In fact, this result is
consistent with free lime depletion in Figure 4.1. Figure 4.2 shows the highest workability of
lime mortar obtained from 15% silica raw meal is attained in the PFA lime mortar. The results
show that the workability in the glass cullet lime mortar obtained from 15% silica raw meal is
lower than the mortar obtained from 10% silica raw meal. The lower workability in the former
lime mortar is probably due to higher degree of hydration of silicates. Domone (2001) notes that
the hydration of silicates and aluminates results in stiffening of the paste. The higher depletion of
free lime in both glass cullet lime mortars indicates that they contain significant proportion of
silicates and aluminates. This reason needs to be confirmed with strength test and microscopic
examination.
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Figure 4.3: Workability of mortars by means of flow

Figure 4.4 shows the workability relationship between the ball penetration and flow table test.
The result shows that a good correlation is obtained from penetration depth between 5 and 14
mm. This correlation however is appropriate to be used only for these products.
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Figure 4.4: Workability relation between penetration and flow

4.4

The reactivity of slaking

The qualitative measurement of heat liberated during slaking lime is shown in Table 4.8. Slaking
lime is a dangerous process because the reaction between lime oxides and water liberate
considerable amount of heat energy. The reaction causes vigorous boiling and it hazardous to the
operator because the hot lime could be splashed out of the container and cause burns if it
contacts skin. For practical reasons the temperature could not be recorded during the initial
slaking process but subjective observation shows that the heat liberated during slaking increases
with decreasing silica content in the raw meal. This indicates that all the fired products are highly
reactive as they readily react with water and consequently release a significant amount of heat.
The amount of heat liberated during slaking the silica sand limes seems more intense than the
others. This characteristic is apparent in slaking the fired products obtained from 10% and 15%
silica raw meal. The result shows slaking all the fired products of 15% silica raw meal produces
hot lime except for the silica sand lime which is more vigorous. This suggests that the most lime
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oxide is formed in the silica sand lime and this is consistent with it having the highest free lime
in the silica sand lime (refer Figure 4.1).
Table 4.8 shows that all the fired products obtained from 5% and less silica raw meals react
rigorously with water, shown by vigorous boiling. This occurs because these limes contain more
than 70 per cent free lime which liberates considerable heat when wetted. The amount of heat
evolved during the slaking is sufficient to break and divide the lime lumps into fine particles,,
shown by its softness. Slaking the fired product obtained from 10% silica raw meals creates mild
and vigorous reactions. The observations show that the silica sand lime liberates more heat than
the others while the glass cullet limes liberates the lowest heat energy. Based on Figure 4.1, this
is consistent with their respective lime oxide contents. Czernin (1962) notes that the heat
liberated during the slaking process can be used to differentiate between pure lime and hydraulic
lime.
Table 4.8: Qualitative measurement of heat liberated during lime slaking
Percentage silica
in the raw meal

Pulverized fuel
ash lime

Glass cullet
lime

Silica sand
lime

15

hot

hot

Slightly
boil

hot

hot

10

Slightly boil

hot

boil

Slightly
boil

Slightly boil

5

Vigorously boil

Vigorously
boil

Vigorously
boil

Vigorously
boil

Vigorously
boil

3

-

Vigorously
boil

-

Vigorously
boil

-

4.5

Crushed
rock lime

Spent oil
shale lime

Strength development

The flexural and compressive strength of lime mortars obtained from siliceous waste materials
are shown respectively in Figure 4.5 and 4.6. The strength test on lime mortars was carried out at
the age of 28 and 91 days. The result of flexural strength in Figure 4.5 represents the average of
three data points except for the crushed rock lime 3% silica, glass cullet lime 5% silica, silica
sand lime 5% silica and pulverized fuel ash lime 10% silica raw meal, which based on two
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specimens. The result of compressive strength in Figure 4.6 represents the average of six data
points except for spent oil shale lime 5%, silica sand lime 10% silica and pulverized fuel ash
lime 15% silica raw meal, which based on five.

4.5.1

General features

Figure 4.5 and 4.6 respectively show the flexural and compressive strength for the five types of
lime mortars. All the mortars were cured in saturated condition using 10 litre plastic buckets as
previously described. This environment creates a similar carbonation for all lime mortars which
can be compared and counterbalanced with the weakest mortar. Other tests were made by
preparing lime mortar using Shap limes (98% CaCO3). The mortar was prepared using water to
lime ratio of 1.9 and the workability by means of flow table is 122%. This workability is similar
to that of lime mortars of 5% silica raw meal. These pure lime mortars were also cured in
saturated condition using 10 litre plastic buckets and strength was measured at 28 and 91 days.
The result shows that the compressive strength at 28 days and 91 days are respectively 0.08
N/mm2 and 0.12 N/mm2.

Figure 4.5 and 4.6 show that the flexural and compressive strength in all lime mortars increase
with increasing time of curing except for the flexural strength of the silica sand lime mortar
obtained from 10% silica raw meal. The strength of this silica sand lime mortar at 91 days is
about half of the strength at 28 days, for no obvious reason. Nearly all the lime mortars show a
faster increase in compressive than flexural strength. The increment of strength rate however
varies depending on the hydraulicity of lime.
The results show that the development of mechanical strength divides lime mortars into two
groups. First, the lime mortar with lesser hydraulic properties is identified in three lime mortars
namely - pulverized fuel ash lime mortars, silica sand lime mortars and spent oils shale lime
mortars. These mortars have low flexural and compressive strengths. The second group has
higher mechanical strength as a result of hydraulic properties- glass cullet and crushed rock lime
mortars.
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The results show an inverse relationship between strength and the percentage of silica raw meal
in the pulverized fuel ash, silica sand and spent oil shale lime mortars. The strength development
in these mortars is decreased with increasing silica in the raw meals. The highest flexural and
compressive strength in these lime mortars at age of 91 days are 0.27 and 0.45 N/mm2,
respectively, with the pulverized fuel ash lime mortar of 5% silica raw meal. The higher strength
in this mortar is probably due to its low workability and the high percentage of fine lime particles
exhibited by very soft and rich lime putties as well as the presence of hydraulic properties. The
low strength of the lime mortar of 15% silica raw meal seems to correlate with the high
workability and low percentage of fine lime particles exhibited by harsh lime putties as well as
the absence of hydraulic properties.
On the other hand, the glass cullet lime and crushed rock lime mortar show a slightly similar
pattern in strength development. The strength in these mortars increased with increasing silica
raw meal but in the range less than 15% silica raw meal. The results show the highest
compressive strength in the glass cullet lime mortars at age of 28 and 91 days are respectively
1.19 and 1.34 N/mm2. These were attained in the glass cullet lime mortar of 5% and 10% silica
raw meal, respectively. For the crushed rock lime mortars the highest compressive strength at
age of 28 and 91 days are respectively 0.59 and 1.03 N/mm2. Both strengths occurred in the lime
mortar of 10% silica raw meal.
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Figure 4.5: Flexural strength at 28 and 91 days
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Figure 4.6: Compressive strength at 28 and 91 days
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4.5.2

Pulverized fuel ash lime mortar

Figure 4.5 and 4.6 show that the flexural and compressive strength in all the pulverized fuel ash
lime mortars increased with age of the mortar. The significant progress of strength in saturated
conditions indicates that the pulverized fuel ash lime mortar has hydraulic properties. This is
supported by the fact that the pulverized fuel ash lime mortar of 5% silica raw meal gains higher
strength than the pure lime mortar at both 28 and 91 days. The strength developed in these lime
mortars at 28 and 91 days is lower than in the glass cullet lime but higher than silica sand lime
mortars. The differences indicate that the hydraulicity in the pulverized fuel ash lime mortar is
lower than in the glass cullet but higher than in the silica sand lime mortars. The low hydraulic
property in the pulverized fuel ash lime mortar is consistent with the low free lime depletion
measured in the fired products.
Figure 4.5 and 4.6 show that the flexural and compressive strength for all the pulverized fuel ash
lime mortars decreases with increasing silica raw meal. This relationship contrasts with the Vicat
classification. The low strength and the decreasing strength with increasing silica in the raw meal
in pulverized fuel ash mortars indicate that the hydraulic phases are slightly formed during the
burning. This consistent with low free lime depletion (see Figure 4.1). The low strength
development in this lime mortar is generally consistent with the strength development in a lime
mortar gauged with pozzolanic material. In a study on mortars for repairing historic masonries,
Moropoulou et al. (2005) notes that the development of strength in pozzolana-lime mortar
progresses slowly and the strength at age of 28 days takes more than three months to double.
The pozzolanic activity involves all the reactions occurring between the active constituents of
pozzolanas and lime putties are greatly influenced by the nature of pozzolanas and its quality as
well as the quantity of the active phases. Massazza (1998) notes the reaction between lime and
pozzolanic material is also increased with the increase of curing temperature in mortar. For a
specific lime the rate of pozzolanic activity is proportional to the square of the specific surface
area. For lime mortar prepared using the hot lime slaking method, the fineness of lime particles
depends on the reactivity of quicklime as well as the practical details of adding water during
slaking (Boynton, 1980).
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The flexural and compressive strength of pulverized fuel ash lime mortars at both 28 and 91 days
of curing show an apparent inverse relationship with the silica content in the raw meal. The
mortar obtained from 5% silica raw meal gives the highest flexural and compressive strength
which is significantly related to the fineness of lime particles and consequently high pozzolanic
activity. These fired products contain a high proportion of quicklime which immediately reacts
with water during slaking. The reaction liberates a considerable amount of heat energy which is
exhibited by boiling reaction in lime putties (Table 4.8). This vigorous reaction due to high heat
energy released during slaking tends to pulverize the lime lumps into very fine particles.
However the fired product with low percentage of quicklime reacts sluggishly with water and it
liberates only a small amount heat which is insufficient for pulverizing lime (Boynton, 1980).
The lime with coarse particles resulting from this reaction has relatively smaller contact surface
area and this consequently decreases the pozzolanic activity between lime and the pulverized
fuel ash. The results show that both types of strength are decreased with the increase of silica
except the flexural strength at 28 days for the mortar of 10% silica at in the raw meal. This
mortar gradually hardened with soft texture and readily broke during flexural test.

4.5.3

Glass cullet lime mortar

Figure 4.5 and 4.6 show that glass cullet lime mortars develop the highest flexural and
compressive strength compared to the other mortars. This indicates that the glass cullet lime
contains a significant amount of dicalcium silicate. This result is also consistent with high free
lime depletion in the fired product. According to Macphee and Lachowski (1998), dicalcium
silicate or belite is the main hydraulic phase in any calcareous cement produced at firing
temperature less than 1250 degree Celsius. Undoubtedly belite is formed in this glass cullet lime
since this lime is produced at 947 degree Celsius. Weber et al. (1999) note this hydraulic phase is
formed as soon as limestone decomposes to calcium oxide. This lime oxide reacts in the solid
state with amorphous silica to form dicalcium silicate. Czernin (1962) notes the hydration of
dicalcium silicate is faster and more reliable than hydration between pozzolana and lime putty, as
indicated by strength development.
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Figure 4.5 and 4.6 show that the flexural and compressive strength for all the glass cullet lime
mortars are significantly increased with time of curing except for the mortar of 3% and 5% silica
raw meal. However the strength in these mortars is insignificantly changed at age of 91 days.
This suggests that the hardening in these mortars is almost completed in a month. The rapid
strength development in these mortars occurs because they contain highly reactive hydraulic
phase.
According to Weber et al. (1999) the hardening of natural hydraulic lime mortar in wet
conditions occur due to hydration of dicalcium silicates. This silicate is readily reacted with
water to form silicates hydrates, a rigid gel which responsible for strength development in wet or
dry conditions. In studying the strength of various types of hydraulic lime mortars Moropoulou
et al. (2005) note that the strength development in natural hydraulic lime mortar is almost
constant after a month whilst for pozzolana-lime mortar the strength is continuously progressing
even after 3 months.
The maximum compressive strength in the glass cullet lime mortars at 28 days is 1.2 N/mm2
with the lime mortar of 5% silica raw meal. According to a new lime classification (Holmes
(1997), this lime is categorized as non hydraulic lime but its grade is close to feebly hydraulic
lime. The maximum compressive strength in the glass cullet lime mortars at 91 days is 1.34
N/mm2 with the lime mortar of 10% silica raw meal. The changes in maximum compressive
strength indicate that the lime mortar of 10% silica raw meal contains higher percentage of
silicates than the lime mortar of 5% silica raw meal. The development of low strength at 28 days
in the glass cullet lime mortar of 10% silica raw meal happens because of low heat liberation
during slaking and leading to lime particles that are coarser with smaller surface area. At a given
water/ lime ratio this creates highly workable mortar. Domone (2001) notes that the strength of
mortar or concrete is greatly influenced by water/binder lime ratio. The use of a water/ lime ratio
higher than required for hydration of lime and silicates tends to give low strength mortar. This
occurs because water in mortar evaporates and leaves pores. In hydraulic lime mortar, the
optimum water/binder ratio is required to hydrate all lime oxides and hydraulic phases as well as
to fill in all the resulting pores. The significant strength gain between 28 and 91 days in lime
mortar with 10% silica raw meal shows that this lime contains higher proportion of hydraulic
phases but these are evidently mostly present in a coarser form.
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At 28 days the compressive strength developed in the lime mortar of 15% silica raw meal is 0.47
N/mm2 which is one third of the compressive strength in the lime mortar of 5% silica raw meal.
At 91 days the compressive strength doubles in the lime mortar of 15% silica raw meal but is still
lower than the lime mortar of 5% silica raw meal. This occurs because the lime of 15% silica raw
meal produced low heat energy during slaking and this contributes to the formation of a lean and
gritty lime putty. This low slaking reactivity indicates that the putty contains high proportion of
silicates but in the form of coarse particles. The development of low strength and slow gain
indicates that these characteristics are associated with a low contact area for hydration and a high
water/solid ratio (Massazza, 1998).
4.5.4

Silica sand lime mortar

Figure 4.5 and 4.6 show the flexural and compressive strength in the silica sand lime mortars are
increased with time of curing except for flexural strength of lime mortar obtained from 10%
silica in the raw meal. The flexural strength of this lime mortar is decreased with the time of
curing for no obvious reason. This mortar is relatively soft and easily splits under flexural test.
The increase of compressive strength with curing time is almost similar to the increase of
flexural strength.The highest strength is occurred in the silica sand lime mortar of 5% silica raw
meal. The result shows that the silica sand lime mortar develops lower strength than other types
of limes. The highest flexural and compressive strength in this mortar at 91 days of curing are
0.17 and 0.26 N/mm2. The development of strength in saturated conditions suggests that the
mortar is hardened by hydration of dicalcium silicates. However the percentage of this silicate is
very small. This result is consistent with low percentage of free lime depletion in the fired
products (Figure 4.1). This occurs because quartz silica crystals in sand are hardly changed at
temperatures lower than 1470 degree Celsius (Worrall, 1990).
Figure 4.6 shows there is no clear relationship between strength and silica in the raw meal
because at 91 days, the lime mortar of 5% silica raw meal has developed a similar strength to the
lime mortar of 15% silica raw meal. The flexural strengths of these mortars at 91 days are
respectively 0.17 and 0.12 N/mm2, while the compressive strengths at 91 days are respectively
0.26 and 0.20 N/mm2. The absence of relationship between the strength development and the
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silica content in the raw meal is not consistent with Vicat’s discovery (1837). This confirms that
the burning condition used in this study is insufficient for transforming the silica sand crystal
into amorphous phase.
4.5.5

Crushed rock lime mortar

Figure 4.5 and 4.6 show that the flexural and compressive strength for all crushed rock lime
mortars are increased with time of curing. This indicates that all the mortars have hydraulic
properties and this may contribute to strength by hydration of silicates and pozzolanic activity.
Figure 4.1 shows the depletion of free lime in the crushed fired products is not much different for
PFA lime, SOS lime and SS lime. This indicates that these limes contain an almost similar
proportion of dicalcium silicates. The significant strength development in the crushed rock lime
mortars indicates the hydration occurs between slaked lime and crushed rock dust to form silicate
hydrates. This suggests that the silica in the crushed rock dust is in an amorphous form. This
result is consistent with the nature of the dust where it obtained from the igneous rock quarry in
Lanarkshire, Scotland. The igneous rock in this region contains amorphous silica because it was
formed directly by the cooling of hot molten magma (The Scotland Government, 2007).
The strength in the lime mortar containing 10% and less silica increased with increasing silica in
the raw meal. This relation is consistent with the lime classification proposed by Vicat (1837).
However the lime mortar containing more than 10% silica raw meal shows an inverse
relationship between strength and silica content. This demonstrates that the optimum hydration
for crushed rock lime is in the mortar containing 10% silica raw meal. The development of low
strength in the lime mortar of 15% silica raw meal is strongly related to the low heat liberation
during slaking. This low slaking reactivity leads to the formation of coarse particles in slaked
lime and consequent slow hydration.
At both 28 and 91 days, the highest and the lowest strength occurred in the lime mortars of 10%
and 3% silica raw meal respectively. The lowest strength occurs in the lime mortar of 3% silica
raw meal and is consistent with the low proportion of silica in the raw meal and low free lime
depletion in the fired products (Massazza, 1998). The development of low strength at 28 days
and the significant progress of strength at 91 days indicate that the hydraulic property in this
mortar is caused by the pozzolanic activity (Moropoulou et al., 2005). For the lime mortar of 5
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and 10% silica raw meal the development of strength is most likely controlled by the proportion
of silica in the raw meal but for lime mortar of 15% silica it controlled by the fineness of lime
particles.

4.5.6

Spent oil shale lime mortar

Figure 4.5 and 4.6 show the flexural and compressive strengths increase with increasing time of
curing. This indicates that the lime is hydraulic and it verifies as the lime mortar was cured under
saturated conditions. The hydraulic properties of this mortar may be due to both hydration of
silicates and pozzolanic activity. The results show the free lime depletion in this fired products is
not much different from the silica sand fired product but it develops significant strength progress
compared to silica sand lime mortar (see Figure 4.1 and Figure 4.6). The formation of low
strength at 28 days and a significant strength progress at 91 days in the lime mortar of 6% silica
suggests that the hydraulic properties are mainly caused by the pozzolanic activity (Moropoulou
et al., 2005).
The results show that the strength of the spent oil shale lime mortars at 28 and 91 days is
decreased with the increasing percentage of silica in the raw meal. This suggests that the
pozzolanic activity is controlled by the fineness of lime particles as demonstrated by the slaking
reactivity. The results show that the increment of strength between 28 and 91 days is almost
similar for all the spent oil shale lime mortars. This indicates that the pozzolanic activity is
almost similar and it is also controlled by the water/solid ratio (Massazza, 1998).

4.6

Micro structure of quicklime

This section briefly presents the approaches used in observing specimens using the ESEM and
then describes the fired product images and elemental compositions.
4.6.1

General Introduction

All the raw meal bars were fired under similar burning conditions. The detailed procedure on
burning was reported in Chapter 3. All the fired products were crushed and sieved to pass a 2.36
mm sieve. These crushed fired products were stored in sealed plastic bags to ensure no reaction
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with atmospheric gases and moisture. The specimens for microstructure examination using
environmental scanning electron microscopic (ESEM) were obtained from the sealed container
and were used immediately without any surface treatment. The observations on each specimen
took less than 30 minutes.
For practical reasons the fired products were not examined at the same ages. The oldest specimen
for ESEM test was the PFA lime obtained from 10% silica raw meal and the youngest specimen
is the ‘Shap’ lime. The age of these specimens are 31 weeks and 7 weeks, respectively. In other
respects, most of the fired products obtained from binary mixtures containing siliceous material
and limestone have an age between 3 and 8 months.
The observation on the specimen was carried out by using ESEM starting with low
magnification, between 25X and 800X. The higher magnification generates a better image in
order to distinguish any detail on particles or crystals. However, the images produced from
magnification above 3200X are blurred. Therefore, only the images 600X and 3200X are
presented in this section. Most of the elemental identification was carried out on the average
section. However, a few analyses were carried out on a single crystal. The common elements in
the fired product are calcium, oxygen, carbon, silica and alumina. The ESEM cannot measure the
lighter elements particularly hydrogen.
4.6.2
4.6.2.1

The ‘Shap’ lime
The image

Figure 4.7 shows the ESEM images of the Shap quicklime. The figure shows that this quicklime
contains homogeneous crystals with an open texture. The texture exhibits large apparent surface
area similar to the low-temperature quicklime produced by Hughes et al. (2002). The sizes of
crystals range between very fine and 5 µm. The approximate size of the very fine crystals is
about 0.1 µm and nearly all of these crystals are agglomerated and bonded together by forming a
‘cauliflower’ when viewed under the medium magnification (3200X). Therefore it is difficult to
identify the form of these crystals. Some of these 0.1 µm crystals are bonded together by forming
a close pack of random form. The presence of very fine lime crystals shows that the fired
products are very reactive as they have a large surface area. This suggests that the burning
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conditions are appropriate for decomposing limestone but insufficient to sinter all lime crystals
as only a small proportion of these crystals melted and cemented together.
Figure 4.7 shows that most of the crystals in the Shap quicklime are rounded with sizes about 1
µm diameter. Some of the round-shaped crystals have smooth surface and its present as a
discrete grain. These crystals are most probably derived from the very fine crystals as a result of
a local hot spot. Under this condition some crystals are melted and solidified to form 1 µm
round-shaped crystals. Some of the 1 µm round-shaped crystals are linked together at more than
one surface contact. The amalgamation between lime crystals creates a wide or narrow neck,
depending on the contact area. A continuation of growth of a wide neck creates a rod shape
crystal. The formation of liquid and intergrowth of round-shaped crystals (X1) suggests that the
melting point had been reduced locally due to the impurities in the limestone, 95% CaCO3. Oates
(1998) notes the sintering characteristics of quicklime are influenced by impurities. The sintering
process in quicklime is increased with the presence of finely divided silica, alumina and iron
oxide in the limestone.

X1

Figure 4.7: The image of ‘Shap’ lime
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4.6.2.2

Element identification

The result obtained from ESEM X-ray analysis shows that the main elements on the average
section of Figure 4.7 are calcium and oxygen, at an atomic percentage of 45 and 49, respectively.
This suggests that quicklime (CaO) is the main compound of the fired product. The product
however contains 6% carbon which probably comes from limestone or carbonation of the lime
during storage. Since most of the lime crystals are very fine and have large surface area, it is
readily slaked by moisture in the atmosphere and consequently it reacts with carbon dioxide to
form calcite (CaCO3).
Table 4.9 shows the X-ray analysis on area X1 in Figure 4.7. The results show the atomic
percentage for calcium is double the oxygen. This creates a difficulty in formulating compounds
formed in the fired products. The percentage of calcium indicates the formation of quicklime.
The presence of carbon is correlated with carbonation of quicklime or limestone. At calcining
temperatures, lime oxide tends to combine with iron, silicon and aluminium to form hydraulic
phases, silicates and aluminates. These trace hydraulic phases however are insufficient to impart
hydraulic properties to the lime mortar (Duggal, 1998).

Table 4.9: Elemental percentages in area X1 in ‘Shap’ lime
Element

C

O

Al

Si

Ca

Fe

Total

% atom

7.8

28.78

0.35

0.66

59.17

3.24

100.0

4.6.3
4.6.3.1

PFA lime
The image

The images of the fired products obtained from 5%, 10% and 15% silica in the raw meals are
shown in Figure 4.8, 4.9 and 4.10, respectively. The magnifications used are between 600 and
1200X. The images show that all the fired products contain a similar form of crystals but these
differ in quantities. The fired products all contain some spheres embedded in the porous mass.
The sizes of spheres range between very fine and 50 µm. These spheres have a similar features to
the particles commonly found in the PFA (Helmuth, 1987). Most of the PFA spheres are present
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as discrete grains without significant reaction between others crystals. This suggests that the
burning conditions are insufficient for the PFA particles to melt and react with lime.
The image using higher magnification in figure 4.11 shows a porous mass containing lots of
round-shaped crystals with diameter about 1 µm and less. Some of these crystals are present as
discrete grains but most of them are linked together at many surface contacts. The connections
between these crystals are shown by the formation of a wide neck at the contact areas due to
growth of crystals. The features of these crystals are similar to the crystals found in ‘Shap’ lime
and it suggests that the crystals are quicklime (refer Figure 4.7). The physical features of
quicklime crystals in the fired product are described through the form of porous mass in Figure
4.8 to 4.10. The results show that the compactness of quicklime crystals is slightly increased with
the increasing silica content in the raw meal. The size of lime crystals formed in the fired product
is almost similar in the range less than 2 m.
Figure 4.10 shows the presence of a 20 m porous segment, some spheres, a broken sphere with
smooth cross section, some web crystals and a homogenous porous mass with open texture. The
porous segment and spheres are the particles commonly found in PFA (Helmuth, 1987). The
smooth cross section of the broken sphere suggests that it is a solid particle. The web form is
probably a cluster of lime crystals formed at the initial stage of dissociation of limestone to
quicklime.
4.6.3.2

Element identification

Table 4.10 shows the atomic percentages of the elements measured by X-ray analysis. The
results in the second and fourth columns are obtained from analysis on the average sections of
the specimen in Figure 4.8 and 4.9. It shows that the main elements in the fired products are
oxygen and calcium. This indicates that the dominant compound is quicklime, CaO. The other
elements present in the fired products are carbon, silicon and aluminium. The percentage of these
elements in second and fourth columns is almost similar. The low percentage of silicon and
aluminium corresponds to the presence of PFA spheres. There is a significant percentage of
carbon in all the fired products. This element originates from PFA or incompletely dissociated
limestone. The result shows that carbon is decreased with the increase of silica raw meal.
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Table 4.10 shows the element identification on the particle X2 (Figure 4.8) and particle X3
(Figure 4.10). The results show that the main element in these particles is oxygen. The other
major elements in decreasing order are silicon, aluminium, calcium and carbon. The trace
elements are magnesium, iron, sodium and potassium. The features and chemical compositions
show that the particles are PFA segments (Helmuth, 1987; Elkhaidiri et al., 2002)

X2

Figure 4.8: The image of PFA lime (5% silica raw meal)

Figure 4.9: The image of PFA lime (10% silica raw meal)
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X3

Figure 4.10: The image of PFA lime (15% silica raw meal)

Figure 4.11: The image of PFA lime (5% silica raw meal)
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Table 4.10: Percentage of elements in the PFA lime
Raw meal

5% silica

5% silica

10% silica

15% silica

Element

overall section
of Figure 4.11

X2
Figure 4.8

overall section
of Figure 4.9

X3
Figure 4.10

C

11.43

9.75

6.41

6.26

O

41.05

45.16

44.52

56.36

Na

n.d.

1.65

n.d

0.93

Mg

0.82

0.23

0.61

0.27

Al

3.26

13.39

2.49

12.35

Si

4.02

12.81

3.26

13.11

S

n.d.

0.12

0.39

n.d

K

n.d.

5.43

n.d

0.69

Ca

38.18

10.9

41.28

9.49

Fe

1.24

0.55

1.03

0.54

Total

100.0

100.0

100.0

100.0

4.6.4
4.6.4.1

Glass cullet lime
The image

The images of fired product obtained from 3%, 5%, 10% and 15% silica in the raw meal are
shown in Figure 4.12, 4.13, 4.14 and 4.15, respectively. The results show that the formation of
liquid phases in the fired products is significantly increased with the amount of silica. The
increase of liquid phases in the fired products is correlated with the development of a denser
texture and bigger particles. The features of the particles in the fired product obtained from 3%
and 5% silica in the raw meal are slightly similar to the ‘Shap’ lime but these limes additionally
contain a solidified melt.
Figure 4.16 and 4.17 show the fired products of 3% and 15% silica raw meal contain a lot of
granular crystals of sizes varying between very fine and 5µm. Most of the crystals are bonded
and linked together by forming a homogenous mass with open texture. The pores are uniformly
scattered and of a size similar to the crystals.
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Figure 4.16 is the image of higher magnification on the particles in Figure 4.12. The fired
product texture is apparently similar to the ‘Shap’ quicklime but most of the crystals are masked
by the molten glassy materials. The presence of round-shaped crystals (Y1) with size less than 10
µm suggests that belite is formed during burning and it is similar to the image reported by
Kacimi et al. (2009). The result shows that the size of belite in the fired product is smaller than in
cement clinker due to the use of moderate burning temperature and shorter sintering time
(Lawrence, 1998b). The presence of platy crystals (Y2) on the surface suggests that calcium
hydroxide is formed due to air slaking because this lime is a very reactive product.
Figure 4.17 is a double magnification image of the crystals of Figure 4.15. Most of the crystals
are slightly round but with uneven surface. This occurs as small particles are amalgamated and
formed 10µm grains. Some of these rounded grains have a similar texture to ‘Shap’ lime and
they are visible in the background. Lawrence (1998b) notes that belite occurs as large roundshaped, irregular masses with fingers at it edge or groups of small dots. He notes that the size of
belite formed during burning is decreased with the decreasing of burning temperature and
duration of sintering. This is confirmed by the formation of small dots and round-shaped belite.
Figures 4.14 and 4.15 show the liquid formation is increased with the increase of silica in the raw
meal. For example, the fired product obtained from 15% silica raw meal contains more solidified
liquid in the form of nodules. A nodule is formed when the fine lime crystals agglomerate with
solidifying melt and form a bigger compact aggregate. The solid state interaction between lime
crystals and soluble silica creates belite. According to Lawrence (1998b) belite is formed at the
burning temperature lower than sintering (<1250oC).
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Figure 4.12: The image of glass cullet lime (3% silica raw meal)

Figure 4.13: The image of glass cullet lime (5% silica raw meal)
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Figure 4.14: The image of glass cullet lime (10% silica raw meal)

X4

Figure 4.15: The image of glass cullet lime (15% silica raw meal)
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Y1

Y2

Figure 4.16: The image of glass cullet lime (3% silica raw meal)

Figure 4.17: The image of glass cullet lime (15% silica raw meal)
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Figure 4.17 shows the lime (CaO) texture is still present but most crystals are masked with a
molten glassy appearance. Some of the fine crystals are agglomerated to form a bigger particle
with a size of 20µm. The presence of round-shaped grains, high free lime depletion (refer Figure
4.1) and high strength development (refer Figure 4.5 and 4.6) prove that belite is developed in
the glass cullet lime. Rapid strength progress (refer Figure 4.6) prove this fine silicate is highly
reactive and similar to that usually found in cement (Lawrence, 1998b).
4.6.4.2

Element identification

Table 4.11 shows the atomic percentage of elements measured by X-ray analysis. The average
section chemical composition shows that the main elements are oxygen and calcium. This
suggests that most of the crystals present in the fired products are quicklime. The result shows
that the amount of silica in the fired products is increased with increasing silica in the raw meal.
It suggests that this particle may combine with lime to form hydraulic phases, particularly belite.
The amount of carbon in the fired product decreases with the increasing of silica in the raw meal.
The fired product obtained from low silica in the raw meal contains a high amount of reactive
quicklime, and it is composed of fine crystals with a porous texture. This suggests that the lime
reacts readily with water in the atmosphere and re-carbonates to calcite. The presence of carbon
could be due to incomplete dissociation of limestone. The X-ray analysis on particle X4 in
Figure 4.15 shows that the main elements are oxygen, calcium, similar to the average section.
The percentage of carbon however is higher than silica. This indicates the fired product contains
highly reactive slaked lime which readily reacts with carbon dioxide in the atmosphere and
changes into calcite.
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Table 4.11: Elemental percentages in the glass cullet lime
Raw meal

3% silica

5% silica

15% silica

15% silica

overall section
of Figure 4.12

overall section
of Figure 4.13

overall section of
Figure 4.15

X4
Figure 4.15

C

11.05

6.36

7.21

13.3

O

48.37

45.95

51.65

44.2

Na

0.86

0.7

0.87

0.85

Mg

0.62

0.62

3.33

1.59

Al

0.27

n.d

0.26

0.18

Si

2.86

2.13

9.73

5.05

K

0.06

n.d

n.d

n.d

Ca

35.91

44.24

26.63

34.66

Fe

n.d.

n.d

0.32

0.26

Total

100

100

100

100

Element

4.6.5
4.6.5.1

Crushed rock lime
The image

Figure 4.18, 4.19, 4.20 and 4.21 show the images of four fired products containing 3, 5, 10 and
15 per cent silica raw meal, respectively. All the images show that round-shaped crystals with
size less than 5 m are the main particle in the fired products. The features of these crystals are
similar to the ‘Shap’ lime. This indicates that these round-shaped crystals are quicklime. This
physical feature shows that the fired products are highly reactive because it contains a lots of fine
crystals and fine pores. This creates a product with high surface area. However the size of lime
crystals in this fired products is slightly bigger than the lime crystals that are formed in ‘Shap’
lime (refer figure 4.7). This indicates that the burning conditions used for firing the raw meal are
appropriate for dissociating limestone and melting impurities.
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X5

Figure 4.18: The image of crushed rock lime (3% silica raw meal)

X6

Figure 4.19: The image of crushed rock lime (5% silica raw meal)
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Figure 4.20: The image of crushed rock lime (10% silica raw meal)

Figure 4.21: The image of crushed rock lime (15% silica raw meal)
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The images show that the physical properties of the round-shaped crystals are slightly affected
by the amount of silica in the raw meal. The crystal size increases from 1µm to 2 µm with the
increase from 3% to 15% silica in the raw meal. This indicates that silica can react as a flux and
reduces the dissociation temperature of limestone. Therefore the limestone containing 15% silica
raw meal tends to decompose faster than the other raw meals. As a result, the size of lime
crystals is increased as the fine lime crystals progressively melt and re-crystallise to form the
bigger crystals.
The results show that the lime texture becomes denser with the increasing silica in the raw meal.
Figure 4.18 shows that some round-shaped crystals are clustered together to form bigger particles
with lots of wide pores. On the other hand the fired products obtained from the higher silica
content are closely packed with many smaller pores. Figure 4.21 shows the porosity is decreased
due to the high formation of fine discrete crystals.
4.6.5.2

Element identification

Table 4.12 shows the atomic percentage of element measured by X-ray analysis. The chemical
compositions on the average section of Figure 4.18 and 4.21 are dominated by oxygen and
calcium. This suggests that most of the crystals present in the fired products are quicklime. The
result shows that the amount of silica in the fired products is slightly increased with the increase
of silica in the raw meal. The amount of carbon in the fired product increases with the increase of
silica in the raw meal. This suggests that all the products contain reactive slaked lime which
readily reacts with carbon dioxide gases in the atmosphere and re-carbonates to calcite. The
presence of carbon could also be due to incomplete dissociation of limestone.
The analysis on particle X5 in Figure 4.18 shows that the atomic percentage of oxygen is double
than calcium. The percentage of silica in this particle is four times higher than the surrounding
material. This indicates the formation of some belite as the firing temperature for this fired
product is less than 1250 degree Celsius. This result is consistent with significant depletion of
lime oxide in the fired product (refer Figure 4.1). The analysis on particle X6 in Figure 4.19
shows that the atomic percentage of oxygen is slightly higher than calcium. The presence of
round-shaped particles with smooth surface and high silica content indicates that the particle is
belite.
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Table 4.12: Elemental percentage in the crushed rock lime
Raw meal

3% silica

15% silica

3% silica

5% silica

overall section
of Figure 4.18

overall section of
Figure 4.21

X5
Figure 4.18

X6
Figure 4.19

C

5.91

6.07

4.81

8.4

O

44.22

50.57

45.36

47.57

Na

n.d

n.d

1.9

n.d

Mg

0.43

0.89

0.14

0.43

Al

0.84

3.39

9.25

1.04

Si

2.29

9.73

9.93

11.06

Ca

46.91

28.79

28.61

31.06

Fe

n.d.

0.56

n.d

0.45

Total

100

100

100

100

Element

4.6.6
4.6.6.1

Silica sand lime
The image

Figure 4.22, 4.23 and 4.24 show the images of the fired products obtained from the 5%, 10% and
15% silica in the raw meal, a binary mixture of limestone and silica sand. All the fired products
have an open texture. Most of the particles are round with diameter about 1 µm. Some of these
crystals are clustered together but still forming an open texture product. The crystals are linked
together at one or more surface areas but there is very little evidence of fusion. This indicates the
absence of hydraulic phase and it consistent with a very low free lime depletion in the fired
products (refer Figure 4.1).
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X7

Figure 4.22: The image of silica sand lime (5% silica raw meal)

X8

Figure 4.23: The image of silica sand lime (10% silica raw meal)
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Figure 4.24: The image of silica sand lime (15% silica raw meal)

Figure 4.25: The image of silica sand lime (10% silica raw meal)

Most of the lime crystals are present as discrete grains. However some of them are link together
and produce chains with a narrow and wide neck. The progressive growth of crystals at these
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contact points changes their characteristics and length. The features of these crystals are similar
to those that formed in ‘Shap’ lime. It suggests that the porous mass is composed of lime
crystals. Figure 4.25 shows the presence of lots of 1 µm round-shaped crystals with lots of fine
pores and suggests that this lime is highly reactive.
Figure 4.22 shows a big spherical particle with diameter about 20 µm embedded between lime
crystals. This particle has a smooth surface with some fine lime crystals deposited on it. This
condition shows that the particle is formed during the firing activity as some lime crystals are
dissolved in it. Figure 4.23 shows that there are a few bigger crystals with curved and straight
edges embedded between discrete lime crystals. Figure 4.24 and 4.25 show the presence of a few
plate shape crystals and round-shaped crystals embedded between discrete lime crystals.
According to Bogue (1955) silica and alumina crystals may occur in many morphologies and one
of these is hexagonal. Figure 4.25 shows the biggest plate crystal has a width and thickness of 20
µm and 1 µm, respectively. In many circumstances, the silica crystals are stable at temperatures
lower than 1470 degree Celsius. Therefore it is hardly changed at the 947 degree Celsius, applied
in this study.
4.6.6.2

Element identification

Table 4.13 shows the atomic percentage of element measured by X-ray analysis. The result
shows that the main elements on the average section of Figure 4.24 are oxygen and calcium, at
percentage by atomic of 50 and 33, respectively. The high percentage of calcium and oxygen
suggests that the main crystal in the product is quicklime. The carbon element forms due to
incomplete burning or re-carbonation of slaked lime by atmospheric carbon dioxide in the
presence of moisture. The product however contains small percentage of aluminium and silicon,
which probably comes from silica sand.
Element identification on the particle X7 in Figure 4.22 shows that the main elements (in
decreasing sequence order) are calcium, oxygen, silica and carbon. The percentage of calcium is
double that of oxygen. Due to the low percentage of oxygen, it is difficult to estimate the
particular compounds. The element identification on particle X8 in Figure 4.23 (in decreasing
sequence order) is calcium, oxygen, carbon, silica and aluminium. The percentage of oxygen is
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about a third of the total element which is very low for estimating the particular compound. This
oxygen probably comes from quicklime, calcite, sand particles or silicates.

Table 4.13: Elemental percentages in the silica sand lime
Raw meal

5%

10% silica

15%

Element

X7
Figure 4.22

X8
Figure 4.23

Overall section
of Figure 4.24

C

14.16

11.04

4.42

O

19.33

33.53

50.01

Mg

1.31

0.45

0.35

Al

0.5

2.76

5.56

Si

17.77

3.11

5.7

S

n.d

0.29

0.25

K

2.03

n.d

n.d

Ca

44.9

48.82

33.51

Total

100

100

100

4.6.7
4.6.7.1

Spent oil shale lime
The image

The images of the fired products obtained from 6%, 11% and 16% silica raw meals are shown in
Figure 4.26, 4.27 and 4.28, respectively. The images show that the formation of solidified
particles is increased with increasing silica in the raw meal. Most of solidified particles in Figure
4.26 are uniformly scattered by creating many round-shaped grain with size less than 10 µm. In
contrast to this, Figure 4.27 and 4.28 show that the solidified material is present as a coating on
the porous particles. This indicates that the spent oil shale contains significant glassy minerals
particularly silica.

165

This occurs because the spent shale is an oil industry by-product which was produced by heating
the shale at the temperature of about 500 degree Celsius (Dyni, 2000). Therefore during the
firing of the raw meal, this glassy mineral readily melts and disperses on the lime particles. The
formation of a solidified layer on the porous mass indicates that little reaction occurred between
the decomposed lime and the melted compound. As a result, the hydraulic phase is hardly
formed in these fired products. This result is consistent with a low free lime depletion in the fired
products (refer Figure 4.1). All the images show the texture of the fired products is similar to the
‘Shap’ lime. This indicates that the limes in these fired products are highly reactive. This
characteristic is consistent with a considerable heat that liberated during slaking (refer Table
4.8).

Figure 4.26: The image of spent oil shale lime (6% silica raw meal)
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Figure 4.27: The image of spent oil shale lime (11% silica raw meal)

Figure 4.28: The image of spent oil shale lime (16% silica raw meal)
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4.6.7.2

Element identification

Table 4.16 shows the atomic percentage of element measured by X-ray analysis. The results
show that the main elements (in decreasing sequence order) on average section of Figure 4.26,
4.27 and 4.28 are oxygen, calcium, carbon, silica and alumina. The high percentage of oxygen
and calcium suggest that the main crystals in these specimens are quicklime. This result is
consistent with its microscopic images, low free lime depletion and high slaking reactivity. The
result shows that the percentage of carbon is decreased with increasing silica in the raw meal.
This indicates that re-carbonation of quicklime by atmospheric carbon dioxide in the presence of
moisture is decreased with decreasing lime reactivity. The results show that the percentage of
silica and alumina in the fired products is lower than the value calculated in Table 4.5. The
differences occur because the melted compound is not distributed uniformly in the fired
products.
Table 4.16: Elemental percentages in the spent oil shale lime
Raw meal

6%

11% silica

16%

Element

overall

overall

overall

C

14.49

11.32

7.63

O

41.2

32.21

39.96

Mg

0.92

1.05

0.98

Al

5.32

6.83

3.81

Si

7.85

10.46

10.03

S

0.59

0.3

1.26

K

n.d

n.d

4.22

Ca

28.25

35.7

28.77

Fe

n.d

2.12

3.34

Total

100

100

100
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4.7
4.7.1

Micro structure of lime mortar
General introduction

All the mortars investigated by means of ESEM are the remains of 91 day strength test
specimens except for the ‘Shap’ lime mortar, the glass cullet lime mortar of 3% silica raw meal,
and the crushed rock lime mortar of 3% silica raw meal. These three were obtained from 28 days
strength test specimens. All the mortars were the broken portions that remain after the flexural
test. These broken prisms were wrapped with plastic sheet and kept in airtight plastic bags and
stored at room conditions until the ESEM test. The oldest and the youngest ages of lime mortar
at the time of the ESEM examination are respectively 31 and 7 weeks. This is similar to the age
of the fired products because lime mortars were prepared immediately after the fired products
were taken out from the furnace. The ESEM examinations were carried out on the inner part of a
freshly broken specimen to minimize the risk of surface contamination.

4.7.2
4.7.2.1

‘Shap’ Lime Mortar
The image

Figure 4.29 shows the mortar contains lots of fine grains with size less than 5 µm. These grains
are closely packed with pores less than 1 µm. Most of the lime mortar grains are very small as its
form is not clearly shown at 3200X magnification. This blurred image shows that most of the
crystals are slightly round but some are flat. The crystals near the surface are slightly bigger than
those in the inner part of the mortar. This occurs as the crystals intergrow and agglomerate
together to form larger particles of diameter between 1 µm and 3 µm. Since these fine crystals
are very reactive lime, it is readily re-carbonated by the atmospheric carbon dioxide to form
calcite. This is verified by the insignificant formation of Ca(OH)2, hexagonal crystals. The image
shows that the texture of this mortar is similar to the lime mortar image reported by Beruto et al.
(2005) and Radonjic et al. (2001).
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Figure 4.29: The image of ‘Shap’ lime mortar

4.7.2.2

Element identification

Table 4.15 shows the elements in the mortar (in decreasing order) are calcium, oxygen, carbon
and silicon. The high percentage of calcium and oxygen shows that the main compounds in the
mortar are calcium carbonate and hydrated lime. The presence of carbon suggests that calcite is
formed particularly on the surface. This occurs because slaked lime readily reacts with carbon
dioxide gases to form calcite (CaCO3). The silica may be present as ill-defined C-S-H gel but the
amount is too small for the mortar to set under water.
Table 4.15: Elemental percentages in the '
Shap'lime mortar
Element
% atomic

C

O

Si

Ca

4.16

43.94

0.64

51.27
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4.7.3

PFA lime mortar

4.7.3.1

The image

Figures 4.30 and 4.31 show the porosity of mortar is increased with increasing silica raw meal.
Although the limes were slaked using a similar water to lime ratio they however behave
differently when slaked with water. This occurs because the fired product obtained from low
silica raw meal contains a high percentage of free lime. Consequently it slakes very fast and
liberates considerable heat, which facilitates the formation of fine particles. The depletion of free
lime indicates that reaction occurs between lime oxide and PFA compounds (refer Figure 4.1).
This explains how free lime in the fired products is decreased with increasing silica in the raw
meal. The result shows that the PFA fired products obtained from 15% silica raw meal contains
less free lime than 10% and 5% silica raw meal. In slaking this lime liberates lesser heat and
consequently produces high percentage of coarse particles. Therefore the mortar prepared from
this lime was very workable and contains high percentage of unbound water, which then
develops lots of pores as the mortar hardens.
In a very fine form, lime crystals and reactive silica readily react in the presence of water to form
ill-defined C-S-H. This amorphous C-S-H tends to grow in pores by reducing their size.
However, the formation of C-S-H in the mortar obtained from the raw meal with higher silica is
controlled by the size of lime and silica particles. In fact, the mortar with coarse lime particles
contains higher unbound water. As the water in the mortar evaporates it creates more and bigger
interconnected pores as seen in Figure 4.31.
As shown in Figure 4.31 to 4.33 the size of crystals is slightly increased with increasing silica in
the raw meal. Most of the crystals in these figures are less than 2µm and they link together by
forming an open textured mass. The features of these crystals are similar to the crystals in the
‘Shap’ lime mortar. The gaps between crystals are very fine but they are interconnected.
However the image shows there are a few bigger pores (2 µm). The decreased pore size is most
probably due to the growth of C-S-H in the form of densely packed needle-shaped C-S-H
(Edwards and Allen, 2007). This C-S-H is commonly found in pozzolana lime mortar (Gleize et
al., 2003). The growth of needle-shaped structure and fine crystals produces a solid mass of
particle.
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Figure 4.30: The image of PFA lime mortar (5% silica raw meal)

X9

Figure 4.31: The image of PFA lime mortar (15% silica raw meal)
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Figure 4.32: The image of PFA lime mortar (5% silica raw meal)

Figure 4.33: The image of PFA lime mortar (10% silica raw meal)
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4.7.3.2

Element identification

Table 4.16 shows the atomic percentage measured using the ESEM X-ray analysis. The result
shows the main elements are oxygen and calcium. This suggests that the main crystal present in
this mortar is calcium hydroxide. The presence of silicon and carbon suggest that the mortar also
contains C-S-H and calcite but in a small quantity. The result shows that the percentage of
carbon is decreased with increasing silica content in the raw meal. This occurs as the fineness of
slaked lime particles is decreased with increasing silica in the raw meal, reflected by slaking
reactivity.
Table 4.16: Elemental percentages in the PFA lime mortar
Raw meal

5% silica

15% silica

15% silica

Element

overall section
of Figure 4.32

overall section
Figure 4.31

Needle-like structure, X9
in Figure 4.31

C

5.0

2.81

4.49

O

61.63

70.33

71.54

Mg

0.52

n.d

0.34

Al

0.98

2.24

1.47

Si

2.39

3.26

2.28

S

n.d.

0.97

0.61

K

0.33

0.55

0.35

Ca

28.83

19.39

18.51

Fe

0.32

0.45

0.41

Total

100.0

100.0

100.0

4.7.4
4.7.4.1

Glass cullet lime mortar
The image

Figure 4.34 and Figure 4.35 show that the glass cullet lime mortars contain a lot of close packed
angular grains with an open texture. The size of the pores is also increased with the increasing of
silica content in the raw meal. The increased porosity in the mortar is correlated with the increase
of mortar workability in fresh mortar. The lime obtained from the higher silica raw meal contains
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relatively less free lime. This consequently yields lower workability when the lime was slaked at
a constant water to lime ratio.
The pores are formed as the water dries out and is consumed by hydration. The pores are filled
with fine grains composed of amorphous, round-shaped and thin platy crystals. The amorphous
particles in the form of ‘honeycomb’ mass is developed more in lime mortar of higher silica raw
meal as shown in Figure 4.35. According to Odler (1998) this amorphous mass is described as CS-H phase. The early hydration of silicates tends to produce fibrous or foil-like C-S-H. He notes
that at the later age, this C-S-H gradually loses its original character, becomes more tightly
packed and finally appears compact and featureless.
The images show the mortars contain many discrete particles in sizes varying from very fine to 5
µm. The images show that the size of these particles is increased with increasing silica in the raw
meal. This occurs as the heat energy produced during slaking is also decreased with increasing
silica in the raw meal and consequently produced coarser slaked lime. Figure 4.36 shows how
the angular lime particles in lime mortar of 5% silica in the raw meal are interlocked together
with little evidence of C-S-H. This interlocking bond develops low compressive strength in the
mortar (refer Figure 4.5 and 4.6).

Figure 4.34: The image of glass cullet lime mortar (5% silica raw meal)
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Figure 4.35: The image of glass cullet lime mortar (15% silica raw meal)

Figure 4.36: The image of glass cullet lime mortar (5% silica raw meal)
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X10

Figure 4.37: The image of glass cullet lime mortar (15% silica raw meal)

4.7.4.2

Element identification

Table 4.17 shows the atomic percentages measured by X-ray analysis. The average section of
binder shows that the percentage of oxygen is increased but calcium is decreased with increasing
silica in the raw meal. The increment of silica is correlated with the formation of amorphous
web-structures, C-S-H. There is about 4.5% carbon in all results, which could come from calcite
or carbon. The fine calcium hydroxide on the surface could be readily carbonated by atmospheric
carbon dioxide gases. X-ray analysis on the web structures of X10 shows that the ratio of Ca/Si
is about 2.0. According to Odler (1998), this ratio is identified in C-S-H.

177

Table 4.17: Elemental percentages in glass cullet lime mortar
Raw meal

3% silica

15%

15%

Overall section of

overall section of

X10

Element

Figure 4.34

Figure 4.35

Figure 4.37

C

3.42

4.7

4.56

O

51.27

63.13

62.08

Na

0.6

2.7

2.33

Mg

0.35

0.76

1.38

Al

0.28

0.8

1.17

Si

3.3

5.7

9.49

Ca

40.47

22.21

18.7

Fe

0.32

n.d

0.29

Total

100

100

100

Ca/Si

12.3

3.9

2.0

Al/Ca

0.7

3.6

6.3

4.7.5
4.7.5.1

Crushed rock lime mortar
The image

Figure 4.38 to 4.40 show that the porosity and size of particles are slightly increased with
increasing silica in the raw meal. This occurs because the fired products contain different
percentages of free lime but they were slaked using similar amount of water. The fresh mortar
test shows that the workability is increased with increasing silica in the raw meal. This creates
porous textures in mortar as the water evaporates during hardening.
The intergrowth of crystals in mortar obtained from 10% silica raw meal forms a dense mass
with very fine pores, as shown in Figure 4.41. However there are few fine pores between the
piles of dense crystals. The size of these pores is about 2 µm which is smaller than the crystal
size. The pore originally contains unbound water, which later evaporates and creates an
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interconnected passage. The size of the pore becomes narrower as the ill-defined C-S-H grows in
it. According to Gleize et al. (2003) there four types of C-S-H and one of them is the compact
form. The formation of C-S-H creates strong bonding between lime crystals and this is
confirmed by the development of high strength at 28 and 91 days (refer Figure 4.5 and 4.6).

Figure 4.38: The image of crushed rock lime mortar (5% silica raw meal)

Figure 4.39: The image of crushed rock lime mortar (10% silica raw meal)
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Figure 4.40: The image of crushed rock lime mortar (15% silica raw meal)

Figure 4.41: The image of crushed rock lime mortar (10% silica raw meal)
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4.7.5.2

Element identification

Table 4.18 shows chemical elements on the average section of Figure 4.39 and 4.40. The main
elements in the mortar are oxygen and calcium, suggesting that the main material is a fine grain
crystalline calcium hydroxide. The low percentage of carbon and silica indicates the low
formation of calcite and C-S-H, respectively. The formation of C-S-H in the mortar is consistent
with strength development as discussed in the previous section. Calcite is formed as the wet
mortar is exposed to atmospheric carbon dioxide gases. The carbonation occurs very fast in lime
mortar due to its large surface area.

Table 4.18: Elemental percentages in the crushed rock lime mortar
Raw meal

10% silica

15%

Overall section of

overall section of

Element

Figure 4.39

Figure 4.40

C

5.19

4.7

O

59.75

58.28

Na

0.94

0.89

Mg

0.83

n.d

Al

0.93

1.11

Si

2.42

4.48

Ca

29.53

31.72

Fe

0.22

n.d

Total

100

100
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4.7.6
4.7.6.1

Silica sand lime mortar
The image

Figure 4.42 and 4.44 show the texture of silica sand lime mortar obtained from 5% and 15 %
silica raw meal, respectively. The porosity of the mortar is increased with increasing silica in the
raw meal. This occurs because the mortar obtained from low silica raw meal contains higher free
lime. It consequently slakes vigorously by forming higher percentage of very fine lime particles.
Due to the formation of high surface area, this lime develops into a much stiffer putty than the
other putties when they are prepared at a specific water to lime ratio.
Figure 4.42. shows that some needle-shaped structures about 2 µm thick and 20 µm long are
formed in the mortar obtained from 5% silica raw meal. The size of these needles is slightly
bigger than C-S-H reported by Scrivener (2004). This silicate is developed when lime putty
reacts with amorphous silica in silica sand. The percentage of this silicate however is too small
for the lime mortar to set and harden in saturated condition (refer Section 4.5). Figures 4.42 to
4.44 show that all the mortars have discrete fine crystals and their features are similar to ‘Shap’
lime mortar, suggesting that most of the crystals are calcite and calcium hydroxide.

X11

Figure 4.42: The image of silica sand lime mortar (5% silica raw meal)

182

Figure 4.43: The image of silica sand lime mortar (5% silica raw meal)

Figure 4.44: The image of silica sand lime mortar (15% silica raw meal)
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4.7.6.2

Element identification

Table 4.19 shows the chemical analysis on the average sections and of crystal X11 (Figure 4.42).
Chemical analysis on a needle-shaped structure (X11) shows that its main elements are oxygen,
calcium and silicon. This suggests that the crystal is silicate hydrates. According to Taylor
(1997), a fibrous texture is one C-S-H morphology which develops at earlier stage of hydration.
The analysis on the average section of both Figure 4.43 and 4.44 shows the main elements are
oxygen and calcium. This suggests that the main compound in the section is calcium hydroxide.
The presence of carbon suggests this lime is readily carbonated when exposed to atmospheric
carbon dioxide to form calcite.

Table 4.19: Elemental percentages in the silica sand lime mortar
Raw meal

5% silica

15%

5%

Element

overall section of

overall section of

X11

Figure 4.43

Figure 4.44

Figure 4.42

C

4.91

5.66

5.84

O

61.09

61.53

53.27

Mg

0.24

0.71

0.75

Al

0.36

0.78

0.88

Si

1.26

1.26

7.28

S

n.d

n.d

1.42

K

n.d

n.d

0.86

Ca

31.92

30.05

28.88

Fe

0.21

n.d

0.82

Total

100

100

100
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4.7.7
4.7.7.1

Spent oil shale lime mortar
The image

Figures 4.45 to 4.48 show that the amount of needle crystals is increased with increasing silica in
the raw meal. The needles have sizes less than 0.5 µm thick and 10 µm long. Figure 4.46 shows
that some of the needles originate from fine grains and some develop without specific origin.
This suggests that the C-S-H is developed in two ways. First, it is developed from hydration of
silicates, produced during the burning. The result is consistent with low free lime depletion
during burning (refer Figure 4.1). In the second method, C-S-H is developed when slaked lime
reacts with amorphous silica in the spent oil shale. This result is consistent with a significant
strength development after 28 days. The images show that the mortar textures are strongly
affected by the presence of needle-shaped crystals. These crystals are closely packed and evenly
distributed in fine pores as shown in Figure 4.46, the mortar of 6% silica raw meal. Figure 4.48
shows that nearly all the pores are interconnected and are less than 5 µm across. The image show
that some of the needles are formed in the pore spaces.

Figure 4.45: The image of spent oil shale lime mortar (6% silica raw meal)
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Figure 4.46: The image of spent oil shale lime mortar (6% silica raw meal)

Figure 4.47: The image of spent oil shale lime mortar (11% silica raw meal)
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X12

Figure 4.48: The image of spent oil shale lime mortar (16% silica raw meal)

Figure 4.47 shows the amalgamation of irregular crystals forming a bigger mass of particles.
These particles have a less open texture due to the growth of needle-shaped crystals. There are
lots of interconnected pores between the particles. The pores however are crammed with needles
and irregular crystals. There is a platy crystal 5 µm long and 0.5 µm thick embedded in the
mortar. The features of this crystal are similar to calcium hydroxide and but its size is less than
usually found in Portland cement. This occurs due to the fineness of lime particles in the mortar.
The percentage of pores is increased with increasing silica in the raw meal. This relation is
correlated with the increase of workability due to the decreased amount of free lime in the fired
products. The lime mortar obtained from 15% silica raw meal contains a large amount of
unbound water. This water tends to evaporate during hardening and consequently forms lots of
pores. However the pore size decreases as they are packed with the C-S-H needle crystals. This
feature of this needle is similar to the C-S-H developed in pozzolana lime mortar reported by
Gleize et al. (2003).
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4.7.7.2

Element identification

Table 4.20 shows the analysis of average section of Figure 4.45 and 4.47. The result shows the
main elements in the mortar are oxygen and calcium. This suggests the main crystal in this
mortar is slaked lime. A small percentage of silica may be contributed from C-S-H which is
associated with the formation of fine needles. The presence of a small percentage of carbon is
most probably due to re-carbonation of lime hydroxide to form calcite. This reaction readily
occurs as fine lime particles are formed during hot slaking lime putty.
The analysis on platy particle X12 in Figure 4.48 shows the main elements in the binder are
oxygen and calcium and suggests this crystal is lime. The absence of carbon in this particle
shows that the platy particle is slaked lime. The particle contains a small percentage of silicon
which is derived from ill defined C-S-H structures.

Table 4.20: Elemental percentages in spent oil shale lime mortar
Raw meal

6% silica

11%

16%

Element

overall section of

overall section of

X12

Figure 4.45

Figure 4.47

Figure 4.48

C

4.65

3.1

0

O

55.0

68.23

65.89

Na

n.d

n.d

0.68

Mg

0.19

0.53

0.86

Al

0.62

1.7

1.1

Si

1.4

1.81

2.62

S

n.d

1.49

0.56

K

n.d

n.d

0.31

Ca

59.88

22.81

27.5

Fe

0.74

0.82

0.5

Total

100

100

100
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4.8

Concluding comments

This chapter has presented all the experimental results for binders and mortars and made a
preliminary discussion of their features. Further comparative discussion follows in the next
chapter.
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CHAPTER 5: DISCUSSION

5.0

Introduction

This chapter presents the overall discussion on the properties of an artificial hydraulic lime
mortar produced by heating a binary mixture of limestone and siliceous waste material. The
results on slaking reactivity, strength development and microstructures of quicklime and mortar
are discussed and compared with theories, traditional and modern practice as well as
experimental results reported by other researchers.
5.1

Slaking reactivity

In this research the reactivity of quicklime is qualitatively measured during slaking. The
reactivity of quicklime is graded based on the rate it dissolves and reacts with water, liberates
heat and increases in volume. The results in Table 4.8 in Chapter 4 show that the heat liberated in
slaking is increased with decreasing silica in the raw meal. However the slaking behaviour varies
between the types of lime. Cowper (1929) notes the slaking reactivity between non-hydraulic
and hydraulic limes is different depending on their chemical composition and quality. In this
study, the reactivity of lime is evaluated by slaking the lime using a constant amount of water.
The qualitative observation during slaking shows that all the fired products are soft-burned
quicklime because they take less than five minutes to dissolve and react vigorously with water
before turning into soft lime putties. In addition the slaking is completed in less than a half an
hour which faster than the rate stated by Duggal (1998). The slaking reactivity recorded in this
study is similar to the characteristics of fat lime and hydraulic lime proposed by Holmes and
Wingate (2002).
According to Boynton (1980) and Oates (1998) the burning conditions have a strong effect on
the properties of quicklime and subsequently slaking reactivity. The quicklime reactivity is
190

decreased with increasing burning temperatures and duration in a kiln. This occurs because the
particle size of lime crystal, specific gravity and density are increased with increasing
temperature and burning duration. The ESEM images of the fired products in section 4.6 in
Chapter 4 show that all limes are developed from fine crystals and have a porous texture. This
lime has the soft-burned characteristic necessary for producing lime when mechanical grinding
is not available. According to Boynton (1980), the soft-burned quicklime has numerous
interconnected pores which provide sufficient space for water to penetrate into the internal cores
and cause hydration (Boynton, 1980). The slaking reaction is accompanied by considerable heat
liberation which exerts great internal expansive forces in the lime particle and causes it to
fracture, shatter and then disintegrate completely into countless micro-particles, either as dry
powder or wet putties. Many conservators note that the best lime mortar for plaster and render
should be prepared using matured lime putty, a wet hydrated lime (Mc Donald and Allen, 1997;
Gibbons, 1997; Holmstrom, 1996). This occurs because the size of the lime particles decreases
with storing time and this subsequently creates high surface contact for bonding aggregate
particles (Rodriguez-Navarro et al., 1998; Cazalla et al., 2000; Neville, 1995)
Figure 5.1 shows the microscopic images of quicklime produced at two different burning
conditions. The ESEM image show that the ‘Shap’ lime crystals obtained in this research (see
Figure 5.1a) is similar to the ‘Shap’ lime crystals reported by Hughes et al. (2002) ( see Figure
5.1b). This occurs because both limes are manufactured at low calcining temperatures. The latter
lime is obtained at 700oC and 5 hours burning whilst the former is obtained at 975 oC and 7
hours burning. Boynton (1980) notes that increasing the burning temperature can exert a stronger
influence on the quality of quicklime compared to residence time. He notes that increasing the
temperature by only 20oC can exert as much influence as when the calcining time is extended
from 2-10 hours.
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Burning condition: 975oC for 7 hours

(a) Research observation

Burning condition: 700oC for 5 hours
(b) reported by Hughes et al., 2002

Figure 5.1: ESEM images of Shap quicklime calcined at two different burning conditions

Oates (1998) notes the heat liberated during slaking varies between the types of limes. In this
research, the highest heat liberated during slaking is measured in the silica sand limes whilst the
lowest is formed in the glass cullet limes. This result is in agreement with the percentage of free
lime or uncombined lime oxide in the fired products. The results in section 4.2 Chapter 4 show
that the highest and the lowest percentage of free lime depletion occurred respectively in the
silica sand limes and n the glass cullet limes. The percentage of free lime is estimated from the
slaking reactivity at aconstant water to quicklime ratio.
Lynch (1998a) notes the proportion of lime in a mortar mixture is different between the mortar
prepared using hot slaking method and that prepared from cold matured lime putties. This
occurs because the volume of quicklime is doubled during slaking and this makes the proportion
of binder by volume in the silica sand lime mortar the highest of all. In traditional practice both
hot slaked lime and cold mature lime putties were used in making mortar (Lynch, 1998).
According to Moroupoulou et al. (1996) hot slaked lime mortar is prepared by mixing damp sand
and roughly crushed quicklime. The heat liberated during slaking can impart superior setting and
bonding properties on hardened mortar (Leslie and Hughes, 2002).
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The slaking results show the glass cullet limes readily react with water but liberate only modest
heat energy due to the relatively low content of free lime (refer Figure 4.49 Chapter 4). The
depletion of lime oxide in all the glass cullet limes is double the percentage of silica. It is well
understood in thermodynamics that at temperatures between 900oC and 1250oC, lime oxide and
soluble silica tend to combine in the solid state to form dicalcium silicates (Jackson, 1998;
Weber et al., 1999). In lime mortar, the formation of this silicate can be verified by significant
development of compressive strength at 28 days and 3 months (Moropoulou et al., 2005).
Unlike glass cullet lime, all silica sand limes react very rapidly with water and liberate
considerable heat, which caused the putty to boil. This occurs due to high proportion of free lime
in the silica sand lime. The low percentage of free lime depletion as shown in Figure 4.1 Chapter
4 confirms that this fired product contains very low percentage of lime oxide which indicates
insignificant formation of silicates. This result also agreed with the low strength development in
the silica sand lime mortars at 28 and 91 days of curing in saturated conditions (refer to Figure
4.5 and Figure 4.6). Although the silica sand contains a high proportion of silicon oxide (SiO2)
this compound is present in crystalline form which converts to a less defined structure of
cristobalite at 1470oC (Worrall, 1990). In fact, the burning temperature used in this research is
sufficient to decompose limestone to lime but insufficient to convert silica crystal to glassy form.
The results confirm that the sand remains as an inert material at 975 degree Celsius and it acts
only as filler in mortar.
Figure 5.2 shows the comparison of micro-structures between silica sand lime and glass cullet
lime. The lime particles in the former quicklime are smaller and more porous than the latter
quicklime. In both quicklimes, the pores are larger than a water molecule and hence such
material would be extremely reactive with water (Boynton, 1980; Moropoulou et al., 2001). This
characteristic is also found in fly ash lime, crushed rock lime and spent oil shale lime (refer
section 4.6). Boynton (1980) notes the effect of increasing burning temperature and duration on
the lime particles. The average lime crystal (CaO) size is increased about a thousand fold (from
0.1 to 100 µm) between initial calcination at minimum dissociation temperature and at a
sintering temperature of about 1650oC, when lime is completely dead-burned.
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Glass cullet lime of 10% silica raw meal

Silica sand lime of 10% silica raw meal

Figure 5.2: Microstructure of glass cullet lime and silica sand lime.

The pulverized fuel ash limes, crushed rock limes and spent oil shale limes can be classified in
the same group as they show similar behavior during slaking. These limes have a soft-burned
property because they react rapidly with water and liberate considerable heat energy but the
reactivity is less than that of the silica sand limes. In general, high expansion of lime putty and
low free lime depletion are respectively associated with the significant proportion of quicklime
and low content of silicates. In the saturated condition these lime mortars can harden only by
hydration.
In fact, the hardening of lime mortar cured in saturated condition may occur due to the
pozzolanic reaction between slaked lime and amorphous silica to produce
silicate hydrates, the same compounds as those formed in hydration of dicalcium silicates.
Massazza (1998) notes this hardening occurs in a pozzolana-lime mortar at slow rate but
continues for a long time. He notes the compressive strength in pozzolana-lime mortar at 2 years
can be as high as three times the 28 days strength. The development of low compressive strength
at 28 days for lime mortars cured in saturated condition confirms that these lime mortars contain
very little silicate (refer Figure 4.5). The mortar is unlikely to have hardened by carbonation as it
was stored in airtight container.
This demonstrates that the burning condition used in this research is insufficient to decompose
the insoluble silica in pulverized fuel ash, crushed rock and spent oil shale. The problem of a
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lack of silicates can be resolved by using higher burning temperature and longer burning hours.
This approach is commonly used in modern cement and lime production.
5.2

Hydraulicity of lime

Based on the current standard BS EN 459, all lime mortars produced in this study are classed as
non-hydraulic lime because the highest compressive strength developed in these mortars at 28
days is 1.2 N/mm2, which occurs in the glass cullet lime mortar of 5% silica raw meal.
According to BS EN 459, the minimum compressive strength for feebly hydraulic lime mortar at
28 days is 2.0 N/mm2. This is higher than a new proposal made by Holmes and Wingate (2002),
which specify the minimum compressive strength for feebly hydraulic lime at 28 days of 1.3
N/mm2. Holmes (2006) mentions that the old British Standard BS 890 and the old treatise written
by Cowper (1927) had specified the minimum compressive strength for feebly hydraulic lime at
28 days of 0.7 N/mm2. Therefore the glass cullet lime mortar of 5% and 10% silica raw meal can
be classified as feebly hydraulic lime based on British Standard BS 890, because the
compressive strength at 28 days in these mortars is higher than 0.7 N/mm2.
However the compressive strength developed in the glass cullet lime mortar of 15% silica raw
meal at age of 28 days is 0.47 N/mm2. This value is lower than the strength of feebly hydraulic
lime specified by Cowper (1927) and the lime therefore cannot be classified as hydraulic lime
mortar. This mortar develops a low strength at 28 days because it contains high proportion of
coarse lime particles following the use of the hot slaking method. Based on the percentage of
free lime depletion, low slaking reactivity and low heat liberation, this glass cullet lime mortar
seems to have a higher proportion of silicates than the glass cullet lime mortar of 5% and 10%
silica raw meal. To attain higher strength this fired product need to be finely ground before
slaking. This practice is commonly used in producing rapid hardening Portland cement
(Domone, 2001).
In many circumstances the strength of hardened hydraulic lime mortar produced on site differs
from that specified in the current standard BS EN 459. Allen and others (2003) note the variation
occurs because the lime mortar mixture 1:3 (binder: sand) used for repairing or constructing wall
is prepared based on volume whilst the current standard specifies the mixture based on mass. In
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the hot slaking method, the properties of hardened mortar depend on many factors including the
composition of hydraulic compounds and free lime content. In current standard BS EN 459, the
minimum content of free lime for feebly hydraulic lime is specified as not less than 15%.
According to St. Astier’s factsheets, the percentage of free lime for feebly hydraulic lime is
specified more than 50%. In order to achieve fine hydrated lime powder with particles less than
0.09mm, the St. Astier use a precise controlled hydration process and a mechanical grinder in its
production. The development of ultimate compressive strength at 28 days in the glass cullet lime
mortars of 3% silica raw meal suggests that the heat liberated during slaking bursts the fired
product into fine particles including lime and silicates.
In this research, the heat liberated during slaking is virtually all used to turn quicklime into fine
particles. The results of free lime extraction show that the glass cullet limes of 10% and 15%
silica raw meal lose about a half of their free lime during burning. This causes low heat liberation
during slaking and consequently produces a high proportion of coarse particles in the slaked
limes. As a result all lime mortars except glass cullet lime at 3% silica raw meal show significant
strength progress at 91 days. Lawrence (1998) notes this occurs in cement because the hydration
of silicates is decreased with increasing of cement particles. In traditional practice hydraulic lime
mortar for fine work was prepared using matured lime putty but modified with natural or
artificial pozzolanas. In modern practice the low reactivity in hydraulic lime is resolved by
introducing a mechanical grinding stage in the production process (Boynton, 1980).
Figure 4.6 shows the compressive strength developed in the crushed rock lime mortar of 3%
silica raw meal is half of the strength developed in the glass cullet lime mortar of 3% silica raw
meal. The amount of free lime in the crushed rock lime is higher than in the glass cullet lime.
This results in the higher heat liberation in slaking the crushed rock lime and subsequent higher
percentage of fine particles. The depletion of free lime in the crushed rock lime occurs due to the
formation of dicalcium silicate but its proportion is lower than those obtained in the glass cullet
lime. In mortar, these silicate hydrates are responsible for the development of strength at 28 days.
The crushed rock lime mortar shows significant further strength development to 91 days because
it contains some glassy silica which has pozzolanic properties (Moropoulou et al., 2004). A
similar trend also occurred in the pulverized fuel ash lime, spent oil shale lime and silica sand
lime. The low free lime depletion and low strength development in these lime mortars indicate
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that the burning conditions used in this research are insufficient for converting silica crystal in
the waste into glassy or soluble form. The results in Chapter 4 show that the low percentage of
free lime depletion in quicklime is consistent with low strength development in mortars at 28
days and 91 days. This contrasts with the phase diagram for CaO-SiO2, where the burning
temperature used in this research is appropriate for lime oxide and soluble silica to react and
form dicalcium silicates (MacPhee and Lachowski (1998).

5.3

Formation of silicate

The use of the microscope on the fired products provides useful information on their micro
texture and chemical composition. The ESEM images in Figure 5.3 show that the microstructure
of limes with promising hydraulic properties is different from limes without hydraulic properties
(refer Figure 4.25 in Chapter 4). Based on previous discussion, the glass cullet limes can be
grouped as feebly hydraulic lime whilst the silica sand limes are non hydraulic lime. The ESEM
images in Figure 5.3 show solidification of liquid formed in the glass cullet limes. The quantity
of this liquid is increased with increasing silica in the raw meal and it is distributed uniformly in
the fired products (refer section 4.6). This form provides high surface contact for lime and
soluble silica to react and form dicalcium silicates. Figure 5.3a shows that slightly rounded
crystals with diameter 10 micron are formed in the glass cullet lime. This crystal have similar
characteristic with beta-dicalcium silicate ( -C2S) reported by Lu and Tan (1997) but this silicate
is attained at sintering temperatures (refer Figure 5.3b).
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(a) ESEM image of glass cullet lime
of 3% silica raw meal

(b) SEM image of -C2S
(Lu and Tan, 1997)

Figure 5.3: Crystal forms in glass cullet lime (a) and -C2S reported by Lu and Tan (b)
The ESEM images of lime mortar discussed in section 4.7 show significant differences between
hydraulic lime mortar and non-hydraulic lime mortar. It is well understood that calcium
hydroxide (Ca(OH)2) is the main compound in lime mortar. Young et al. (1998) note calcium
hydroxide in cement is commonly present as relatively large thick hexagonal plates with
dimension 100 µm across and 10 µm thick. Young (1990) notes the formation of massive crystal
of calcium hydroxide in voids can contribute strength to the mortar. Despite its well-documented
internal crystallinity, calcium hydroxide formed in these lime mortars appears as irregular fine
crystals. Diamond (2004) notes the formation of irregular calcium hydroxide in cement paste. In
non-hydraulic lime mortar these crystals form relatively weak bonding as they are interlocking
together.
5.4

Hydration of lime

Figure 5.4 shows that the C-S-H formed in the glass cullet lime mortar is different to C-S-H
formed in the St Astier natural hydraulic lime mortar. Odler (1998) notes the C-S-H morphology
is evolved with hydration time. The ESEM image of glass cullet lime mortar was taken at 7
months whilst the image in Figure 5.4b is thought to have been taken at 28 days. According to
Odler (1998: p. 255) ‘the prominent hydrate at early ages is a fibrous or foil-like C-S-H
modification. At longer hydration times the material gradually loses its original character,
becomes more tightly packed and finally appears compact and featureless’.
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(a) Glass cullet lime mortar

(b) Natural hydraulic lime mortar
(Allen et al., 2003)

Figure 5.4: Formation of C-S-H in glass cullet lime (a) and
natural hydraulic lime mortars (b)
In general, carbonation is considered as a fundamental process in making lime mortar harder and
therefore more durable. Cultrone et al. (2005) note the carbonation is a complex process because
it depends on many factors such as relative humidity, temperatures and carbon dioxide
concentration. The transformation of calcium hydroxide to calcite involves a mass increase. The
carbonation of lime mortar in the presence of moisture occurs very quickly on the outer surface,
especially in saturated CO2 atmosphere. The carbonation of lime causes changes in the crystal
morphology as the plate-like crystals of calcium hydroxide are replaced by calcite crystals of
irregular morphology. The ESEM images in Section 4.7 show the formation of irregular calcite
crystals on the mortar surface. The carbonation test using phenolphthalein was carried out the
freshly broken surface. The result shows the whole broken surface turns colourless in less than
30 seconds. This shows that all limes produced in this research are highly reactive as they readily
react with atmospheric carbon dioxide gas to form calcite. Figure 5.5 shows the similarity of
micro-structure in silica sand lime mortar and pure lime mortar.
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(b) Pure lime mortar at 4 days of forced
carbonation (Cultrone et al., 2005)

(a) Silica sand lime mortar 15% raw
meal exposed to atmospheric in less
than an hour

Figure 5.5: Micro-structure of non hydraulic lime mortars
In this research lime mortar is prepared using hot slaking. This approach is selected because it
can provide some information on the properties of historic lime mortar. Many scholars claim that
this method can impart higher strength on lime mortars as the hot mixes appear to have superior
setting and bonding properties (Forster, 2004; Leslie and Hughes, 2002; Moropoulou et al.,
1996). In fact using the hot lime mortar method can save energy as the latent energy in slaking is
used to pulverize lime. This process however is very dangerous and requires highly skilled
craftsmanship in handling hot lime mixes. Forster (2002) notes the degree of slaking depends on
many factors including the quantity of water used in slaking and the duration of slaking. The
results from this research show that 80 percent free lime is required to turn all the compounds in
quicklime

including

silicates

and

aluminates
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into

very

fine

particles.

CHAPTER 6: CONCLUSIONS
AND RECOMMENDATIONS

6.0

Introduction

This chapter presents the overall findings and conclusions for this research. It includes the
slaking reactivity, combined lime in the fired products, strength development in lime mortar and
microscopic examination on the fired products and lime mortars. Finally, recommendations are
outlined for future related research.

6.1

Conclusions

This research aimed to explore the possibility of producing an artificial hydraulic lime using
siliceous waste material. The product is intended for repair and maintenance of historic masonry
where it has physical and chemical properties similar with traditional lime. This objective has
been achieved by heating a binary mixture consisting of high calcium limestone and siliceous
waste material in a furnace at 974 degree Celsius for 7 hours. The fired product characteristics
were measured using a series of tests including slaking reactivity, free lime extraction, mortar
strength test and microscopic analysis. The two last tests on the mortars which cured in saturated
are used to verify the fired product hydraulicity.
Literature studies on waste show that pulverizsd fuel ash, glass cullet powder, crushed rock dust,
silica sand and spent oil shale are widely available in Scotland. These wastes contain significant
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percentage of silica and in principle can be used as an alternative to virgin clayey matter in raw
materials for producing hydraulic lime. The experimental work has confirmed this possibility.
The result from this research shows that lime produced at 974 degrees Celsius for 7 hours has a
soft-burned property which react rigorously during slaking. Microscopy suggests that the
hydraulicity is conferred by the presence of beta-dicalcium silicate in the fired product and its
formation is linked to the solubility of silica in the raw material. The strength results show that
limes produced from glass cullet powder and crushed rock dust have the most promising
hydraulicity. The results from the free lime extraction and strength test prove that the glass cullet
lime mortar is more hydraulic than the crushed rock lime mortar. This indicates that a significant
proportion of dicalcium silicates are formed in the glass cullet lime. Since all the limes were
fired at similar burning conditions, the strength results reflect the form of silica in the raw meal
and the ability of silica to react with lime oxide during burning. The development of insignificant
strength in all lime mortars except the glass cullet lime mortar indicates that the silica in these
raw meals is hardly transformed at 974 degree Celsius. Unlike other siliceous waste, the silica in
glass cullet is already in amorphous form. Therefore it readily melted at 974 degree Celsius and
then diffuses through lime oxide to form dicalcium silicates.
The microstructure analysis shows that all the fired products possess fine crystals and porous
texture, leading to a rapid reaction during slaking with water. High slaking reactivity is
accompanied by an intense heat liberation which pulverises the quicklime into powder. However,
slaking reactivity is decreased with increasing combined lime in the fired products which shows
up in slaking the glass cullet lime.
This research shows that the workability of mortar is increased with increasing silica content in
the raw meal, which relates to the decreasing free lime. However this characteristic is not
consistent with the mortar strength because most of the mortars show a maximum strength at a
certain intermediate silica content. This complexity seems to relate to the heat liberated in
slaking, and consequently the size of lime crystals..The development of ultimate strength at 28
days in the glass cullet lime mortar of 5% silica raw meal shows that hydraulic lime with 80 per
cent free lime is self pulverized when slaked with water. This study shows that free lime
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extraction is a convenient way to measure the amount of free lime and the consequent combined
silica in the fired product. The strength results show that the spent oil shale lime, pulverized fuel
ash lime and silica sand lime are non hydraulic limes. This indicates that the burning condition
used in this research is insufficient for transforming crystalline silica to amorphous form.
According to Boynton (1980), this problem can be resolved by increasing the burning
temperature or extending the burning duration. .
In conclusion, this research makes a significant contribution to the development of sustainable
hydraulic lime which are suitable for old and new masonry buildings. The research finding offers
a new approach to producing artificial hydraulic lime at relatively low calcining temperature. It
reveals that a sustainable artificial hydraulic lime can be manufactured from limestone
containing glass cullet powder, a byproduct in the glass recycling process. In fact these raw
materials are relatively cheap and abundant in the UK. In other respects, this hydraulic lime can
be manufactured using a traditional kiln, which can maintain 1000 degree Celsius. The revival of
local hydraulic lime would benefit the UK because it can resolve the current reliance on
imported materials. This development will also promote traditional skills and craftsmanship.

6.2
Recommendations
This work identifies a number of topics for further research and investigation to provide
additional knowledge and information on the properties and performance of artificial hydraulic
lime. Some potential topics are:
•

For glass cullet lime mortar, further investigation should be carried out to identify its
ultimate performance. It will involve grinding the fired products to particle sizes similar
to modern natural hydraulic lime. In addition the mortar should be prepared according to
the current standard BS EN 459 to enable a comparison between this mortar and modern
natural hydraulic lime.

•

Investigation of different burning conditions - at longer retention times and/or higher
burning temperatures but not more than 1250 degree Celsius - will suggest the optimum
burning condition for each type of raw meal. It also will provide some information on the
temperature required for transforming the silica crystal into amorphous form. To ensure
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the fired product is free from tricalcium silicate, the burning temperature should not
exceed 1250 degree Celsius.
•

Grinding all the fired products to different sizes for use in mortar will provide some
information on the effect of lime particle size on the performance of lime mortar and
approach the performance of the natural hydraulic lime mortar.

•

Slaking all the fired products at various water/lime ratios will confirm the influence of on
the mortar strength and the optimum water/binder for these different binders and
proportions. This study will provide the optimum water/lime ratio for each fired product
and a relation between water/lime ratio and mortar strength.

•

Further investigation of the possibility of using other types of siliceous waste for
producing artificial hydraulic lime. In the UK, there are various wastes from industrial,
quarry and agricultural processes that can be used for producing artificial hydraulic lime.
The waste can be originated from many resources such as industrial byproduct, quarry
byproduct and agriculture byproduct. To produce artificial hydraulic lime, this further
research should be carried out at burning temperatures between 1000 and 1250 degree
Celsius, to ensure the formation of dicalcium silicates.

•

Direct assessment of the quantity and quality of dicalcium silicates and free lime in the
fired product should be done with X-ray diffraction and Scanning Electron Microscopic
(SEM). These analyses are more reliable and accurate than the free lime extraction used
in this research. Additionally tests on thin sections of fired product can provide data on
the morphology of hydraulic compounds and lime.
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