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The Artichoke 
At first glance it seems unappetizing, even forbidding, with the meagre edible matter in its 
hard exterior. The reward, however, comes in taking it apart, devouring it leaf by leaf. Its 
leaves slowly become more tender and tastier, until you arrive at the succulent heart. 
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ABSTRACT 
 
For the period of several centuries, the influence of several distinct cultures produced rich and 
diverse cultural heritage that we see today in East Africa countries. The most tangible remains 
of these heritages are stone built buildings and structures including, palaces, mosques, 
residential houses and tombs. At present, these heritages are in different physical state, some 
are in relatively good condition while many are in an appalling condition. The presence of 
these historical monuments has benefited these countries economically and culturally 
therefore, it is essential to ensure that these monuments continue to exist.  
 
Material characterisation of the historical buildings and associated structures was used to 
develop a suitable method of intervention that is sympathetic to the original materials. Mortar 
is the most damaged material therefore, historical mortar from Stone Town historical 
buildings and associated structures has been characterised by visual examination, optical 
microscopy, x-ray diffraction and hydrostatic weighing and the results have been compared. 
The historical mortar is mainly comprised of calcite, quartz and feldspar. The mortar 
condition has been divided into hard mortar, soft mortar and, soft and friable mortar. The 
deteriorated mortar that required consolidation is soft mortar and, soft and friable mortar with 
a porosity of approximately 27%. 
 
Calcium hydroxide solution (limewater) has been selected as consolidant and the 
consolidation procedure involves two steps. Firstly a limewater impregnation procedure has 
been developed and secondly, the effect of limewater treatment has been determined. For the 
application procedure it has been observed that, when limewater comes into contact with 
calcium carbonate a precipitation reaction occurs and that is the cause of poor penetration 
ability of calcium hydroxide solution. Major influencing factors on the penetration ability of 
calcium hydroxide solution have been established as, application method and absorption 
capacity of the treated material during the impregnation process. Optimization of the 
penetration ability of calcium hydroxide solution has been achieved by impregnating from the 
middle of the impregnated specimen.  
 
Sugar has been used to study the influence of additive on enhancing calcium hydroxide 
solubility. It has been verified that solubility of calcium hydroxide in a solution of sugar is 
proportional to the amount of sugar in the solution. 
 
Porosity and strength tests have been used to study the effectiveness of calcium hydroxide 
treatment. Under the conditions studied no appreciable change of porosity has been detected. 
It is postulated that the calcium hydroxide was deposited at the binder/aggregate interface and 
at the secondary pores. In terms of strength, evidence has been found to suggest the strength 
increment varies quantitively with the amount of calcite crystals deposited.  
 
Key words: East Africa, Stone Town, historical building, mortar, deterioration, consolidation, 

calcium hydroxide solution. 
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PREFACE 
 
Historical monuments are the precious signs of our past. They are non-replaceable fragments 
of our cultural heritage and their future depends on our attitudes and actions towards 
preserving them. Attitudes are undoubtedly changing in the ways we view our cultural 
heritage and people are becoming more conscious of the unity of human values and regard 
ancient monuments as a common heritage. Responsibility for conserving these monuments, 
and the appreciation of mental and physical skill applied to their erection is thus recognized. 
 
The coastline of East Africa is one of the fortunate areas that have many historical 
monuments, which are of immense architectural and historical values and therefore worthy 
preserving and conserving. Conservation of ancient monuments is a process which will lead 
to the prolongation of the life of cultural property for its utilization now and in the future. But, 
before practising conservation, one must have a broad understanding of the field itself. This is 
of course to ensure that any action carried out during the conservation work is properly 
performed and is in accord, not only with the building requirements, but is within the scope of 
contemporary knowledge of the subject. 
 
Like many other countries in which monument conservation seems to be a fairly new practice, 
Tanzania faces several problems in dealing with the issues of historical monuments. First, 
there is no suitable system for discovering and recording historical monument in the country. 
The systems are quite important in monument conservation, particularly among other things, 
to locate the monument location, function and owner, to classify the monument into their 
functions, to assist the authority in keeping a record of the monument for future research and 
funding and to measure monument defects and suggest remedial measures. Secondly, there is 
lack of technical knowledge in repairing and maintaining historical monuments. This is a 
major problem because almost all conservation works, which involve both repair and 
maintenance stages require an understanding and analysis of monument defect diagnoses. As 
such, this research focuses on developing an appropriate method of restoration based on field 
and laboratory tests on historical materials. Stone Town, Zanziba, has been selected as a case 
study. 
 
The thesis is divided into three parts, each of which consists of a number of chapters. Part 
one: Background and theory is split into three chapters where chapter 1 outlines a general 
introduction about historical buildings in Stone Town, Zanzibar and the main aim of the thesis 
is presented. Chapter II reviews literature about mortars and mortar damage. The differences 
of lime-based mortars are presented also, the description of materials involved in mortar 
preparation and mortars damage mechanism are explained. Chapter III described the 
consolidation materials for consolidating deteriorated porous materials. Part two: Historical 
mortars characterisation methodology is presented in Chapter IV. While the characterisation 
of Stone Town historical mortars are presented in Chapter V. The results from the 
characterisation of historical mortars from Stone Town historical buildings are discussed in 
chapter VI. Part three: Consolidation methodology for consolidating porous material is 
outlined in chapter VII while the effectiveness of the limewater treatment method on porous 
material is presented and discussed in Chapter VIII. 
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CHAPTER ONE: INTRODUCTION  
 

1.1 Background and Problem Identification 
 
Along the East African Cost, many towns and villages were developed from the 8th century as 
evidenced by historical and archeological data. Such towns started as small farm villages, 
fishermens and herders, and they were able to thrive as trade centres due to their strategic 
locations on the western edge of the Indian Ocean. As trade centres they became meeting 
points with the Swahili speaking people serving as middlemen between the African continent, 
Middle and Far East (Abunga, 1998). By the 9th through the 10th centuries, these towns 
become major business centres incorporated into the world trade, which by the 15th century 
the entire East African coast, had became very prosperous and witnessed a wide range of 
monumental structures being built such as; houses, palaces, mosques, and decorated burial 
tombs, wells and construction of town walls. Among the many structures in Tanzania that 
have produced evidence of the existence of an extensive and highly developed civilization are 
mosques at; Kazimkazi in Zanzibar, Kaole in Bagamoyo and Kilwa in Lindi (Persson, 2003). 
 
The type of the structures and style varied since the arrival of the Portuguese at the end of the 
15th century, who built churches and some merchant houses in Zanzibar and Fort Jesus in 
Mombasa, Kenya. Between the 18th and 19th century saw the arrival of Oman Arabs to occupy 
the Coast of East Africa and making Zanzibar as their base. This resulted into resurgence in 
commerce along the East African Coastal towns and the establishment of Islamic dynasty at 
Zanzibar. It was during this period of commercial revival that the ruling Islamic dynasty of 
Zanzibar and its merchants of the Indian, Swahili and Arabian origin became very prosperous 
and embellished the Zanzibar town with palaces and fine mansions (Chami, 2002).  
 
These structures were constructed in a variety of styles and traditions, which were 
amalgamated and homogenised into a characteristic Swahili architecture. The most tangible 
remains of this cultural heritage are masonry buildings and associated structures including, 
palaces, mosque, residential houses and decorated burial tombs. Looking at these structures 
today, over three hundred years after many of the standing structures were built, remind as of 
a rich, illustrious and prosperous past, a testament of the culture, history and achievement.  
 
Today, these historical structures are in different physical state, some are in relatively good 
condition, while many are in a deplorable state (see figure 1.1; a & b and figure 1.2). 
Moreover, due to the existence of these historical structures, this township has become tourist 
attraction. Due to that, this township and the country as the whole have benefited cultural and 
economically. In view of the above benefits, it is essential to ensure that these historical 
structures continue to exist. Pursuant to this, there is a need to establish the actual conditions 
of these historical structures with a main purpose of evaluating the possibility of conserving 
this cultural heritage, which has great historical value and is a potential tourist attraction. 
Within the Zanzibar Township, the UNESCO listed stone town area as the world heritage site 
since 2000 (Khamis, 2002). This made the Stone Town a good candidate for this research (see 
figure 1.3; a & b). 
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                 (a) Buildings in deplorable state                      (b) Buildings in good condition 
  

Figure 1.1: Condition of historical buildings in Zanzibar Town 
 

 

 

 

 

 

 

 

 

 
Figure 2.2: Comparison of historical structures condition (Siravo, 1994) 

 

    
(a) Zanzibar map   (b) Stone Town area 
 

Figure 3.3: Zanzibar map showing Stone Town area 
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1.2 Restoration of Historical Structure  
 
Looking at the current state of most of the repaired historical structures in Stone Town, it is 
quite clear that the repair attempts made have not been very successful or effective (see figure 
1.4; a & b). 
 

            

Cement plaster 

        (a) Incompatible materials                             (b) Poor durability of restoration material 
 

Figure 4.4: Repaired historical buildings in Stone Town area 
 
This suggests that, there is no comprehensive study undertaken so far on identifying the 
original materials used and the factors and process responsible for their deterioration. Also, 
there is little detailed petrographical information regarding the nature of the restoration 
materials and its behavior in service.  
 
A review of the relevant literature revealed the importance of understanding the original 
materials used and the factors and processes responsible for their deterioration before 
attempting any rehabilitation/restoration works. The development of the restoration materials 
and method should be based on an understanding of the performance requirements of the 
materials, taking into account, nature and current condition of the existing materials, functions 
of new materials and the degree of exposure (ICOMOS, 2003).  
 

1.3 Objectives, Limitations and Method 
 
The general objective of the present research study is to develop a means of restoring 
historical buildings and associated structures in Tanzania. Mortars are the most damaged 
materials therefore this research study focused on mortars. In this context, the specific 
objective of the study was to develop on the basis of field and laboratory tests on historical 
mortars an adequate technique for intervention.  
 
To attain the above research objective, this research study was divided into three phases: 
 
Phase One 
The first phase of this research study was aimed at field investigating of the entire historical 
buildings and associated structures in Stone Town, with the focus falling second on the details 
of the mortars. Based on field investigation, decision was made on the sample locations, 
numbers and types of sample to be taken. 
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Phase Two 
The second phase used the samples obtained in phase one to characterise the materials 
involved, in order to link its properties to its performance.  
 
Phase Three 
Based on phase two conclusions, the third phase aimed at developing the adequate techniques 
for intervention.  
 
Due to time limit this study focused on mortars of the superstructure wall system only. Even 
though mortars and plasters serve different purposes within a building, their deterioration 
morphology and conservation attempts were analysed together since they are basically made 
out of similar materials. For the purpose of this research study, historical buildings include all 
stone masonry buildings and associated structures such as; fort, burial tombs, town walls, and 
bridges, built between 15th and 19th century. Also, the word mortar represents joint mortar and 
plaster.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 4



CHAPTER TWO: MORTAR AND MORTAR DAMAGE 
 

2.1 Introduction 
 
By definition, a mortar is agglomerate composed of grain of sand joined together by a binder. 
It has a plastic consistency and is traditionally used as a building material. The art of using 
mortar in some form or other is as old as the art of building, for example, the pyramids of 
Egypt contain mortar works executed at least 4000 B.C (Krumnacher, 2001).  
 
In modern building practice the classification of mortar provides their simplified description 
according to the purpose of their application. Mortar can be classified according to its 
particular function. Function requirements of mortar can be configured in two categories. 
Those intended to protect the masonries against climatic or environmental actions (render and 
plaster), and those whose primary aim is to contribute to the structural stability of the masonry 
(joint bedding and repointing). Mortar can also be classified according to the binder used; 
mortar made with lime-based binder (lime mortar) and mortar made with cement-based binder 
(cement mortar).  
 

2.2 Historical Mortar 
 
Mortars produced before the end of the 19th century, when the Portland cement first appeared 
in building constructions are termed historical or ancient mortars. The vast majority of 
historical mortars were prepared from the lime-based binder, and silicate, carbonate or, 
dolomite sand. To improve workability, adhesion, strength and durability some additives such 
as, finely ground brick, volcanic pozzolan, hay and, horse, camel or goat hair were added 
(Freidin & Meir, 2005). Beyond main components of mortar (binder, aggregate and additives) 
in the structure of historical mortars exist other materials as well, which are characterised as 
inclusions, as they participate in small percentage. These materials are; pieces of shells, 
charcoal particles, lime lumps and chips of wood or straw. These materials are met in 
structural mortars as well as in renderings and they are observed in different historical period 
(Stefanidou & Papayianni, 2005). According to Alick & Hughes (2002), their roles in the 
behaviour of historical mortars as well as their original is not always clear but Palomo et al. 
(2003), relate their presence with the intention of modifying and/or improving some of the 
properties of the historical mortars. Their systematic presence in different historical period 
indicates that their existence is neither accidental nor meaningless.  
 
Most of mortars forming part of the construction of the historical buildings and associate 
structures have been found to be constituted by lime-base binder. This is the reason why this 
research study will basically refer to those particular mortars.  
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2.3 Lime Mortar Ingredient 
 

2.3.1 Lime  
 

Lime has been used as an essential binder for the production of mortars since 12000 BC 
(Kingery et al., 1988). Based on the hardening mechanisms, two types of lime can be 
distinguished (Holmes and Wingate, 1997).  

1. Hydraulic lime: Consists predominantly of calcium silicate, calcium aluminates and 
calcium hydroxide. 

2. Hydrated lime: It fundamentally constitutes of calcium oxide and/or calcium 
hydroxide.  

 

The main difference between the hydrated lime and hydraulic lime resides in the manner by 
which they harden and in the properties they display. In case of hydrated lime, the addition of 
water has the only objective of facilitating the mixture of the components and the placing of 
the mortar. It does not intervene in any chemical reaction. Hydrated lime harden due to a 
reaction between Ca(OH)2 in the mix and atmospheric CO2. While in the case of hydraulic 
lime, the addition of water, besides favouring the fluidity of the fresh mix, it intervenes in 
chemical reactions with silicates and aluminates, generating the formation of hydrated 
compounds that confer the mortars some different properties to those obtained from hydrated 
lime (Ashurst and Ashurst, 1988). 
 

2.3.1.1 Hydraulic Lime 
 
Under the definition of hydraulic lime includes (Torraca, 1981): 

 Natural hydraulic lime: Resulting from burning of argillaceous or marl limestone  
 Natural pozzolana: Resulting from mixtures of materials of volcanic origin or 

certain diatomaceous earths with dissolved calcium hydroxide (Ca(OH)2)  
 Artificial pozzolana: Resulting from the reaction of dissolved calcium hydroxide 

(Ca(OH)2) with fired clay brick or tile 
 
Natural hydraulic limes 
When limestones with a high content of clay (6.5-20%) are burned, the clay decomposes at 
between 400ºC to 600ºC and combines at 950ºC to 1250ºC with some of the lime, forming 
silicates and aluminates, especially tricalcium silicate and dicalcium aluminate. The lime 
produced consists of a mixture of quicklime (or freelime) and cementitious material that give 
the material the ability to set in wet condition or entirely under water (Sabbioni et al., 2002). 
Burning and slaking procedures are thus more complex than those associated with the 
production of hydrated lime, but the materials produced are far more versatile (see figure 2.1). 
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Figure 2. 1: Production of natural hydraulic lime mortar (based on Callebaut, 2000) 
 
Most limestones used for hydraulic lime production vary in properties such as, clay content 
and type of clay minerals present in a single deposit. This result in the production of a lime 
with significant variation in properties such as strength and setting time, even with a high 
level of quality control during production (Ashurst, 1998). In other words, hydraulicity 
(cementing power) is conferred by the amounts of the oxides of silica, aluminium and iron 
that are present in the limestone. The amount of hydraulically active material determines the 
rate of hardening and the final strength of the mortars whereas, the proportion of free CaO 
affects its plasticity and workability (Bernhard et al., 1987). It should be remembered that 
hydraulic limes continue to gain strength after the initial hydraulic set through carbonation 
over many months if not years. 
 
The main controlling factor of the degree of hydraulicity of a lime is the silica to lime ratio, 
i.e. SiO2/CaO or, a more specific expression, the cementation index (CI). The latter takes into 
account other minerals which might be present in the lime. Based on the cementation index 
hydraulic lime have been classified as follows (see table 2.1) (Lawrence, 2006): 
 

Table 2. 1: Cementation Index 
 

 Type 
 

Cementation Index 
 

Feebly hydraulic 
 

Moderately hydraulic 
 

Eminently hydraulic 

0.3-0.5 
 

0.5-0.7 
 

0.7-1.1 

 
 
 
 
 

 
 
 

Cementation Index is defined as: 2 2 32.8 1.1 0.7
1.4

SiO Al O Fe O
CaO Mg

2 3×% + ×% + ×%
% + ×%
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Pozzolana 
Pozzolana are usually defined as materials, which, though not cementitious in themselves, 
contain constituents, which will combine with lime at ordinary temperature in the presence of 
water to form stable insoluble compounds possessing cementing properties. Cementing 
materials can be defined as adhesive substances capable of uniting fragments to a compact 
whole (Blezard, 1998). The reactivity of pozzolanic material is not purely a function of the 
chemical content. It is particularly sensitive to the particle size, with finely ground pozzolana 
being considerably more reactive than coarse ones (Moropoulou et al., 2004). The pozzolana 
can be divided into two groups, natural and artificial (Neville, 1995). 
 
Natural Pozzolana material  
Natural pozzolana materials are very finely divided highly reactive materials of volcanic 
origin. These materials are formed from a combination of minerals (mainly consisting of 
silica and alumina with smaller and variable quantities of other mineral containing calcium, 
magnesium, iron, potassium, and sodium), ejected from volcanoes in the form of very finely 
divided vitreous material (Allen et al., 2003). Natural pozzolana materials do not harden in 
themselves when mixed with water. Natural pozzolana material react with Ca(OH)2 in the 
presence of water to produce calcium silicate hydrate, gehlenite hydrate (C2ASH8) or calcium 
aluminate hydrates (CAH10, C2AH8, C3AH6), depending on factors such as curing 
temperatures, presence of alkalis, structure, composition and physical properties of the 
reactive phase (Martinez-Ramirez and Thompson, 1999).  
 
Artificial Pozzolana material 
The artificial pozzolana are mixture of calcium hydroxide (Ca(OH)2) with products obtained 
by the heat treatment of natural materials such as, clay, shale’s, certain silicious rocks or, 
pulverised fuel ash (fly-ash). For example, the burning of clay at low temperature between 
600oC and 900oC destroy the crystallographic structure of these minerals resulting in an 
amorphous mixture of silica and alumina capable of reacting with calcium hydrate and form 
compounds which are similar to those formed in the hardening of natural hydraulic materials 
(Holmes and Wingate, 1997). 
 
Hydraulic lime set using a combination of a hydraulic set and carbonation. The hydraulic set 
(hydration) is a reaction of anhydrous compounds with water which yield a new compound, 
“a hydrate”, which is both a chemical and physio-mechanical change to the system (Hewlett, 
1998) The hydraulic set primarily involves the reaction of belite (2CaOSiO2) with water to 
form calcium silicate hydrate (C-S-H) and Ca(OH)2 (see figure 2.1). 
 
However, these hydraulic lime and its associated technologies are outside the scope of the 
present study. Consequently, this research study will focus on hydrated lime (air- hardening 
lime) as it is the most commonly used lime in the construction of the historical buildings in 
Stone Town, Zanzibar. 
 

2.3.1.2 Hydrated Lime (Ca(OH)2) 
 
Hydrated lime (air-hardening lime) is produced from burning a source of nearly pure calcium 
carbonate (CaCO3) (at least 85% CaCO3; BS 890:1995) usually, limestone, chalk, marble, 
marl, shells or coral, at a temperature over 800oC but below 1000oC, driving off carbon 
dioxide to form calcium oxide (CaO), also known as quicklime. The calcium oxide is then 
slaked with water to form calcium hydroxide (Ca(OH)2).  
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The slaking process can produce dry hydrate powder (dry-slaking), or if excess water is used, 
lime putty (wet-slaking) (Boynton, 1980 and Gibbons, 1995). Air-hardening lime (Ca(OH2) 
sets by drying out and then hardens wholly by absorption and reaction with carbon dioxide 
(CO2) from the atmosphere, which returns the materials to calcium carbonate (CaCO3). As 
this is chemically the same as the raw materials, the whole process is often seen as a cycle 
(see below equation and figure 2.2). 
 

3 2

2
2 2

heatCaCO CaO CO

CaO H O Ca OH+ −

⎯⎯⎯→ +

+ ⇒ +
 

2 3CO HCO− −+ ΟΗ ⇔  
2

3 3 2HCO OH CO H O− − −+ ⇒ +  
2 2

3 3 ( )Ca CO CaCO solid+ −+ ⇒  
 

 
 

Figure 2.2: Production of air-hardening lime mortar (based on Gibbons, 1995) 
 

2.3.1.3 Limestone Calcination 
 
Limestone is a naturally occurring mineral as such, its chemical composition and physical 
characteristics vary not only from area to area but within veins of limestone in the same area. 
This variation in raw material results in variation of quality of the end product. In order to 
convert the calcium carbonate raw material into lime, it is necessary to heat the mass of stone. 
This practice dubbed calcining serve to derive out the water and carbon dioxide from within 
the stone (Oates, 1998). Calcining of carbonate stones take place in kiln (see figure. 2.3 & 
2.4).  
 

3 2
heatCaCO CaO CO⎯⎯⎯→ +  
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Figure 2.3: Calcining of carbonated stone in Uganda traditional vertical shaft kiln 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4: Vertical shaft  kiln in Dimani, Zanzibar 
 
Kinetic of decomposition  
The kinetic of decomposition, especially of granular and lump limestone is still complex. 
Many attempts have been made to produce a unified theory of calcinations, but all have 
limited validity (Oates, 1998). According to Boynton (1980), the larger the diameter of the 
stone, the higher the temperature required for dissociation of the core, due to increasing 
internal pressure as the CO2 gas forces its escape. Oates (1998) pointed out that, for a given 
shape factor, the calcining time is directly proportional to thickness whereas, thickness is 
defined as the minimum dimension measured through the centre of gravity of the particle. 
Therefore, to avoid long residence time in the kiln according to Hassibi (1999), the particle 
size of limestone must be small, typically about the size of two closed fists (see figure 2.5).  
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(a) The centre remain CaCO3   (b) The entire stone is CaO (c) Outside layer forming  
                                                                                                       hard shell 

 
Figure 2.5: Effect of size variation in limestone calcination (Hassibi, 1999) 

 
Moropoulou et al. (2001) examined the effect of limestone characteristics, microstructure and 
texture, and calcination temperature on the reactivity of the produced quicklime. Two types of 
limestone were calcined at four different temperatures, 900oC, 1000oC, 1100oC, 1200oC, and 
the produced quicklime was slaked. From the experiment results, the reactivity of the 
produced quicklime depends on its specific surface area. The larger the specific surface area, 
the more reactive the quicklime. The specific area of the quicklime depends on; calcination 
temperature (optimum calcination temperature≈900oC), microstructural characteristics of the 
limestone, texture, grain size and porosity. When Irfan and Gulsen (2001) investigated the 
calcinations reaction of ten different limestone they concluded that, an increase in sample 
weight (dense) causes a significant decrease in the calcinations reaction rate also, weight loss 
of limestone differed from each other, depending on their CaCO3 content. According to 
Hassibi (1999), following factors are the major determinants of the quality of CaO produced: 

(a) chemical composition of limestone. 
(b) temperature of kiln during calcination 
(c) residence time of lime in kiln 
(d) the extent of CO2 in the kiln atmosphere. 

 
It follow from the proceeding discussion that, there are numerous critical variables in 
limestone calcinations, which even individually can exert a profound or disastrous effect on 
lime quality. 
 

2.3.1.4 Lime Slaking  
 
Quicklime needs to be slaked or hydrated in order to yield workable lime. Hydration (slaking) 
involves the introduction of water or moisture to activate the quicklime, having been deprived 
of water and carbon dioxide following calcining. When exposed to water, regardless of form, 
liquid, steam, vapour, or ice, quicklime exhibits a strong affinity for moisture, adsorbing it 
into its pores. As the water penetrates into the surface pores, heat of hydration is triggered. 
This in turn, exerts great internal expansive force in the lime particles and causes it to 
fracture, shutter, and then disintegrate completely into countless micro-particles, either as 
crystalline “dust” or as a colloidal suspension, the difference contingent on the amount of 
water added (Swallow and Carrington, 1995). 
 

( )2 2
CaO H O Ca OH heat+ → +  
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There are three slaking process according to Krumnacher (2001): 
1) Sprinkling or drowning water over the lumps of quicklime (dry-slaking). 
2) Lumps of quicklime are placed in a basket and immersed into the water (wet-slaking). 
3) Lumps of quicklime are left exposed to pick up moisture from the air (air-slaking). 

 
Lime slaking remains a controversial issue with regard to the parameters such as; type of 
limestone used, water/lime ratio, slaking time, slaking temperature, stirring rate and water 
chemistry. According to Miller (1960), the composition of the raw calcium material 
influences the process and method of slaking. For example, wet-slaking of impure lime would 
result in an early hardening of the hydraulic components present in that impure lime, thus 
reducing the binding capacities of the lime. Potgieter et al. (2002) investigated the effect of 
production conditions on the slaking behaviour of lime. They found that, calcining condition 
inside the kiln could yield unslaked limes with various reactivities (different rates of reaction 
with water). The effects of chemical variables like chloride and sulphate ions present in the 
slaking water, have also received attention. Gheevarhese et al. (2002) examined the effects on 
slaking rate caused by chemical variables like chloride and sulphate ions present in the 
slaking water. Chloride ions, which form a more soluble compound with Ca(OH)2, increase 
the slaking rate, while sulphate ions have just the opposite effect and retarded the hydration 
process through the formation of a skin of highly insoluble calcium sulphate around the lime.  
As such, Boynton (1980) pointed out that, slaking could optimise the performance of the lime 
being treated to yield a superior quality lime, whereas, at worst, the slaking could harm the 
latent potential of the treated quicklime rendering it of poor quality. 
 

2.3.1.5 Lime Storage  
 
The lime produced during the calcination process is a thermodynamically unstable product. It 
therefore reacts with any vapour present in the atmosphere to partly or completely form a thin 
layer of calcium hydroxide on the outside of the lime particles. It has a tendency also, to 
reconvert back into limestone via reaction with carbon dioxide in the atmosphere. Both these 
reactions occur after production and mostly during the storage period before the lime is used 
(Oates, 1998).  
 

The above phenomenon was investigated by Potgieter et al. (2002), under real life conditions 
by exposing un-slaked lime to ambient atmospheric conditions for varying time intervals 
during the summer time (rainy season). According to the experiment results, air-slaking 
significantly decrease the slakeability of the lime. To establish the optimal condition for the 
storage of slaked lime, Dheilly et al. (2002) examined the roles of relative humidity, 
temperature and atmosphere within the Ca(OH)2  CaCO3 transformation. The results 
highlighted that, slaked lime when used as building material (Ca(OH)2), should imperatively 
be stored in a dry environment (RH< 30%) and at a temperature between 20-30oC, in order to 
avoid carbonation. Also, it has been observed by Rodriguez-Navarro et al. (1998) that, long-
term storage of slaked lime under water (a process known as aging) results in a significant 
improvement of Ca(OH)2; plasticity, workability and, water retention. However, there is no 
consensus on an optimum aging time. According to Ashurst (1990), lime putty should be kept 
for a minimum of two months before its use. But Vitruvius (1960), pointed out that mortar 
quality would increase through prolonged storage (years). While, Lazzel (1915) observed that, 
it was a common practice to store the slaked lime under water to be used by next generation.  

→
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2.3.2 Sand  
 
Sand is a fine aggregate usually referred to by a specific name after its origin or nature. By 
definition sand is; “weathered particles of rocks, usually high in silica, smaller than gravels 
and larger than silts, typically between about 0.06 mm to 5 mm. The particles are hard and 
will not crumble” (Holmes and Wingate, 1997). Traditionally, the choice of the sand in the 
mortars was determined by what was available in the neighbourhood of the building site. The 
most commonly used sand is (Beningfield & Lees, 1990): 

a) Relatively coarse-grained, well-graded sands (i.e. having wide particle size 
distribution), found in association with gravels laid down by rivers and glaciers. 

b)  More single-sized and finer sands, found in deposits formed in lakes and estuaries. 
c) Marine deposits, both coarse and fine sands, generally lacking in fines. 
d) Angular-shaped obtained from the crushed rock process. 
 

Sand is the main constituent of masonry mortars therefore, it has a significant effect upon its 
volume stability, durability and structural performance. The role of fine aggregate (sand) in 
lime mortars are (Papayianni and Karaveziroglou, 1992; Carrington and Swallow, 1996):  

a) To counteract the shrinkage that takes place with the hardening of lime mortar 
b) To assist in the crystallisation of CaCO3 by forming conduits through which the 

necessary CO2 can have access and act upon particle of Ca(OH)2 beneath the surface 
c) To improve the cohesion of the mix, as the lime particle adhere more readily to the 

sand than to each other. 
d) To act as a filler to increase the bulk of the mass (sand is cheaper than lime) 
e) To increase the strength 

 
The granulometry of the fine aggregate will affect the amount of water required to produce a 
given flow (Neville, 1995). Sanchez et al. (1997) noted that shrinkage in lime mortars is 
closely related to the granulometry of the fine aggregate. The larger the maximum dimension 
of fine aggregate, the smaller the shrinkage. Conversely, the greater the percentage of fines 
below 0.08mm in the aggregate, the greater the extent of shrinkage. Henriques et al. (2004) 
demonstrated that in lime mortars coarser aggregate lead to lower porosities and lower 
capillary water absorptions, but higher mechanical strength.  
 
Apart from the different type of aggregate as their mineralogy is concerned, Lenas and 
Alvarez (2003) observed strength reduction when silica aggregate was used instead of 
limestone aggregate. The similarity between a calcite binder matrix and limestone aggregate 
structure could be related to this increase of strength. Also, the volume content in the mixture 
has influence on strength. The high strength values are obtained for the lime mortar, which 
contain sand with size between 0- 4 mm (Stefanido and Papayianni, 2005).  
 
When, Lanas and Alvarez (2003) studied the factors affecting the mechanical behaviour of the 
lime-based mortars, they observed that, grain size distribution of the sand is the most 
important attribute in relation to sand characteristics. This influence of grain size distribution 
of the sand shows an agreement with previous work (Thorborg von Konow, 1997). 
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2.3.3 Inclusions 
 
In historical mortars exists materials, which are characterised as inclusions. These materials 
are: marine shell, charcoal particle and lime lump. 
 

2.3.3.1 Marine Shell 
 
Pieces of shells have been observed in mortars of different historic period. Their presence can 
be correlated with the sand origin (sea sand), as such, serve as aggregates in the mortars mass 
or, with the stones used for the lime production as such, serve as binder in mortar matrix. 
Another possible source could be the use of shells as raw burning material for the lime 
production or, the use of shells as raw material for lime production (Leslie & Hughes, 2002).  
 

2.3.3.2 Charcoal Particle 
 
The purpose of the presence of charcoal particles is still not clear. Callebaut et al. (1999) 
argues that, burning of limestone in the open heap kilns with the alternating layers of 
limestone and woods, stacked upon each other, leads to the small pieces of charcoal 
incorporated in the lime. But, according to Stefanidou and Papayianni (2005), charcoal 
particles were added deliberately in order to lighten the structure and to assist the breathing.  
 
Ingham (2005) on the other hand argues that, it depends on the quantity of the charcoal 
particles present; small quantities of charcoal particles usually originate accidentally as 
remnants of fuel from the lime kiln while large quantities of charcoal particles were probably 
added deliberately to colour the mortar black. 
 

2.3.3.3 Lime Lump 
 
Lime inclusions, commonly referred to as “lime lumps” are fine to coarse grained lumps of 
calcium carbonate with variable quantity of silico-aluminates commonly found in old mortars 
in historical buildings (Bakolas et al., 1995). They exhibit themselves as white or whitish 
yellow with various shapes and dimensions, which are commonly visible to the naked eye. 
The lump structure is often porous but usually homogeneous and their origin can be 
interpreted to indicate certain methods of production and mixing (Hughes & Leslie, 2001).  
 
The original of lime lumps is not agreed upon yet, but there are several explanations. Bruni et 
al. (1997) suggest that, lime inclusions are derived from hard carbonate crust that form on top 
and around the edges of lime putty as it matures in pit or other container. In contrast to Bruni 
et al., Bakolas et al. (1995) relate the original of lime lump to poor mixing of mortar, resulting 
in a poor combination of aggregate and binder. Another hypothesis according to Bakolas et 
al.; lime lumps are due to hot mixing methods of fresh quicklime directly with sand and 
water. The plasticity of the lime mixture was therefore insufficient as it was not properly 
seasoned so as to allow for the growth of big portlandite crystals to hexagonal laminae. This 
fact combined with a low water/lime ratio in order to obtain better mechanical properties, 
rendered the workability of the mixture difficult and consequently led to the insufficient 
mixing between lime and aggregate.  
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When Elsen et al. (2004) investigated the nature of the lime lump using SEM/EDX and 
microprobe they distinguished three types of lime lump; under-burned fragments, over-burned 
fragments and un-mixed lime. Hence, lime inclusions represent binder material which has not 
acted as a binder during mortar setting. 
 

2.4 Mortar Mixing and Hardening 
 
In order to create a mortar for uniting building units, slaked lime is mixed with sand and 
water. There are three primary methods of mortar mixing: 

1. Mixing dry slaked lime powder, sand and water 
2. Mixing wet slaked lime paste and sand, adding water if needed 
3. Mixing pulverised dry quicklime, sand and water, using the mortar while is still hot 

 
This practice involves proportioning the amount of sand, lime and water. The choice of the 
aggregate amount relative to the lime (binder) is of critical important in determining the 
ultimate nature and properties of the mortar. The most suitable lime/sand ratio according to 
Cazalla et al. (2000) is 1:4 because, the mortar is more rigid and with fewer cracks. But, 
Moropoulou et al. (2002) suggest that, 1:3 is the proper ratio for restoration works due to its 
highest strength. Lanas and Alvarez (2003) argues that, 1:1 lime/sand ratio provides the 
highest mechanical strength and no shrinkage cracks were observed in the surface of the 
tested specimens as claimed by Cazalla et al. (2000). After mixing the mortar should be 
allowed to age, for considerable lengths of time (provided it is protected to the air), the longer 
the better. This make it set sooner, renders it less liable to crack and hard when dry 
(Krumnacher, 2001).  
 
Once the lime mortar is applied to a building, the mortar first dry-up (the excess water is lost 
and shrinkage occurs) and then carbonates by reacting with atmospheric CO2 (see figure 2.6). 
The first part being the ‘initial set’, which is the time taken for the mortar to attain sufficient 
integrity to retain its form without support. The second part is the carbonation process of 
portlandite transforming into calcite. The second part depends on; temperature and moisture 
content of the environment, thickness and pore structure of the mortar, surrounding material 
and carbon dioxide concentration. During reaction with atmospheric CO2, mortar porosity 
decreases while strength increases (Moorehead, 1986).  
 

 
 

Figure 2.6: Hardening process of lime mortar (Callebaut, 2000) 
 

 15



2.5 Mortar Damage  
 
Mortar damage can be defined as a form of deterioration of the mortar materials, which 
becomes evident at a certain moment (varying from e.g. discoloration to complete loss of 
cohesion) (Van Hees et al., 2004). Deterioration is more or less gradual increase of damage, 
as well as the decrease of quality. Deterioration processes exert a stress on the building 
materials; physical, chemical, physico-chemical, mechanical, which under certain conditions 
or after a certain time leads to damage. Damage can be both an aesthetic and a functional 
matter. All building materials are to a different extent prone to deterioration (Price, 1996).  
 
There are many factors that influence the deterioration of mortars and other inorganic building 
materials. The most important factors are moisture, air pollution, the presence of soluble salts 
and biological activity (Van Hees et al., 2004 & Charola, 2004).  
 

2.5.1 Moisture 
 
It should be noted that moisture plays the primary role in the mechanisms of all modes of 
decay. Without the presence of moisture there would be very little if any significant 
deterioration of mortars (Price, 1996). There are two types of effect caused by moisture; 
moisture as the direct aggressive agent and moisture as the medium by which aggressive 
agents can work. The effect of moisture in the deterioration of mortar is largely dependent on 
the mortar’s porous nature. The moisture penetrates the mortar by three main routes 
(Camuffo, 1995):  

(i) condensation of water vapour  
(ii) capillary rise  
(iii) rainfall.  

 
Condensation depends on the surface temperature of the mortar while capillary action is the 
main form of transportation of moisture through mortar, which is the consequence of the 
surface tension. Rain fall is one of the sources of water to vertical faces of structure and is 
depending on climate factors and the material (Amoroso & Fassina, 1983). Rain can also act 
as an intermediate in weathering carrying dissolved acid gases to the surface. 
 

2.5.2 Air Pollution 
 
There is a general perception that air pollution is a modern problem, but Brimblecombe 
(1991) paper, on history of air pollution and deterioration of heritage has shown that, it is a 
problem that dates from antiquity. Most researches have focused on the traditional pollutants, 
sulphur oxides and nitrogen oxides. All are capable of dissolving in water to give an acidic 
solution, which are capable of reacting with calcareous materials. All are naturally occurring, 
but human activity has greatly increased the amounts that are to be found in urban areas. For 
example, Combustion of fossil fuel like coal or oil with high sulphur contents leads to 
production of sulphur dioxide. Calcium carbonate present in the mortar is transformed to 
dihydrate calcium sulphate (gypsum) by the reaction with sulphur dioxide or, the dissolution 
of sulphur dioxide in atmospheric water and its subsequent oxidation to sulphuric acid, when 
reacting with calcium carbonate, forms gypsum (Bernal and Lopez, 2004). Gypsum is many 
times more soluble than calcium carbonate (see figure 2.7). 
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Figure 2.7: Outdoor funerary sculpture exposed to sulfur dioxide (Striegel et al., 2003) 
 
To determine the influence of relative humidity on the reaction between sulphur dioxide and 
calcium carbonate, Bernal and Lopez /2004) performed different laboratory tests at RHs 25-
30%, 60%, 70%, 80%, and 90%. No reaction products were detected in the samples exposed 
to relative humidity between 25% and 30% for an exposure time of 600 hours. This result 
accords with other authors view that, minimum moisture content in the atmosphere is 
necessary for the reactions to take place (Van Hees et al., 2004). For the sulphur dioxide level, 
Sharma and Gupta (1993) argues that, there may be a safe level below which sulphur dioxide 
is not a significant problem, although this view is not universally upheld. 
 

2.5.3 Soluble Salt 
 
The growth of salt crystal within the pores of a mortar can generate stresses that are sufficient 
to overcome the mortars tensile strength and turn the mortar to a powder as shown in figure 
2.8. Salts may be derived from many sources including; salts blown by the wind from the sea 
(sea-spray), salts carried into masonry by rising damp (soil water) and air pollution (Price, 
1996). Salt damage is largely attributed to two mechanisms; the crystallisation of salts from 
solution, and the hydration of salts.  

 
 

 
 
 
 
 
 
 
 

 
Figure 2.8: Salt attack caused by capillary action of ground water (Issa, 2003) 
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Any salt in principle, is capable of causing crystallisation damage, whereas hydration damage 
can be caused only by salts that can exist in more than one hydration state, for example, 
sodium sulfate (Henriques, 2004). Salt could also cause damage through thermal expansion, 
but this has not been confirmed with any degree of certainty, although there is some support 
for this suggestion in the available data (Price, 1996).  
 
This deterioration factor (soluble salts) has been regularly studied for the past century but, the 
actual damage inducing mechanism has as yet not been elucidated. For example; Everett 
(1961) and Snethlage & Wendler (1991) relate the degree of damage induced to the pore 
structure while, Rossi-Manaresi & Tucci (1991) relate the degree of damage induced to the 
pore size distribution. Charola (2003) on the other hand, relate the degree of damage induced 
to the nature of the salt. Also, many studies have been devoted to the crystallisation of salts 
from complex ionic solution. This means, the focus is on the thermodynamics of these 
systems under equilibrium conditions. These are rarely achieved when these solutions are 
found within a porous system (Charola, 2004).  
 

2.5.4 Biological Colonisation  
 
According to Giulia at el. (2004), the damage caused by microorganisms is not as spectacular 
in most cases, and may be slower than that caused by other factors such as air pollution or 
soluble salt (see figure 2.9). Materials colonisation due to the growth of cyanobacteria, algae, 
lichens, mosses, or higher plants is highly correlated not only with the environmental 
conditions but also with the physical-chemical characteristics of the materials (Krumbein et 
al., 1993). Much of the research has been centered on algae, lichens, and bacteria. For 
example, Jones and Wilson (1985) reviewed the action of lichens and confirmed that their 
effects are both physical and chemical.  
 
However, there is still controversy over the role of bacteria. Bacteria fall into two groups; 
autotrophic bacteria derive their carbon from carbon dioxide, and may derive their energy 
from light and heterotrophic bacteria, utilize organic compounds on the material to derive 
their carbon. Some researchers have noted high number of bacteria in decayed material by 
comparison with low numbers in sound material therefore, concluded that the bacteria cause 
the deterioration. But for other researchers, deteriorated material presents a preferred habitat 
for the bacteria (Price, 1996). Although some progress has been made in this field, there are 
still more that needs to be addressed such as, the potential interaction of biological growth 
with other factors (Charola, 2004). 
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Figure 2.9: Fungus growth caused by roof leakage 
 
Apart from the deterioration factors discussed above, durability of historical buildings and 
associated structures is strongly dependent on its maintenance. Regular maintenance will 
prolong the life and reduce the need for conservation intervention. 
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CHAPTER THREE: CONSERVATION AND RESTORATION OF THE CULTURAL 
HERITAGE 

 

3.1 Conservation  
 
The growing interest in the cultural heritage in most countries during the past century has led 
to a constant change in conservation and restoration ideas. The Venice chart of 1964 is one of 
the early, but still important documents, which tried to establish principles guiding the 
conservation and restoration of cultural heritage. This charter provided a basis for another 
charter, Burra Charter 1994, where conservation is defined as “all the processes of looking 
after a place so as to retain its cultural significance, it includes maintenance and may 
according to circumstance include preservation, restoration, reconstruction and adaptation, 
and will be commonly a combination of more than one of these. Conservation should make 
use of all the disciplines which can contribute to the study and safeguarding of a place. 
Techniques employed should be traditional but in some circumstances they may be modern 
ones for which a firm scientific basis exists and which have been supported by a body of 
experiences”. 
 

3.1.1 Compatibility 
 
Compatibility is a term that has often been used in relation to the conservation of cultural 
heritage. In a simple description of compatibility, Teutonico et al. (1997) state that; “the 
introduced treatments or materials will not have negative consequences”. Van Hees (2000) 
define compatibility as; “the new materials should be as durable as possible without (directly 
or indirectly) causing damage to the original material”.  
 

3.2 Restoration 
 
The deterioration of monuments is familiar to anyone who has looked closely at the historical 
buildings and associated structures. While there are few monuments that seem to be little 
affected by centuries of exposure to the weather, the majority of monuments are subjected to 
gradual deterioration. In addition to natural weathering, monuments are also subjected to 
deterioration from anthropogenic factors, such as air pollution and soluble salts. Furthermore, 
these deterioration mechanisms have be enhanced by inappropriate design, poor construction 
practice and eventual unsuitable conservation interventions (Charola, 2004).  
 
The study of monuments is complex since every monument has undergone its own unique set 
of deterioration conditions dependent on internal properties and external environmental 
conditions. The deterioration of these monuments is generally believed to result from 
dissolution of the material cementing the grains of building materials together or from 
disruption of the inter-granular bonds from increased tensile stresses caused by such processes 
as salt crystallization and thermal expansion (Clifton and Frohnsdorff, 1982). The 
deterioration of these monuments is therefore, the result of the combined action of various 
deterioration processes that may act independently or jointly, running consecutively or 
concurrently. The eventual outcome for deteriorated material, independent of the route by 
which it attains this state, is the same in that the material will eventually exhibit loss of 
intergranular bond and is said to be friable (Van Hees et al., 2004).  
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If the building material had become friable, then some form of consolidation may be 
necessary to restore some strength. Materials used for treating deteriorated porous material to 
restore its integrity are termed consolidants.  
 

3.3 Consolidants 
 
Consolidants are intended to strengthen the weakened material and slow the rate of surface 
loss by producing a thin coating which could either: accumulate in the contact areas to re-
establish intergranular adhesion, or cover the surface of each grain and bond the grains 
together at the contact points. But also, it can completely fill the pores of the material, leaving 
only relatively small voids or pores within the consolidant (Clifton & Frohnsdorff, 1982; 
Tabasso, 2004) (see figure 3.1).  
 

                                              
(a) Consolidant accumulated        (b) Consolidant covering        (c) Consolidant completely 
      at the contact points                       the surface of each grain        fills the pores 

 
Figure 3.1: Distribution of consolidant within the material 

 
A universal consolidant has not been found therefore, an enormous variety of materials has 
been tried throughout history, each with its own advocates. For example, Vitruvius described 
the impregnation of stone with wax in the first century B.C. Church patented a recipe using 
barium hydrate for limestone and marble preservation in 1862 (Fidler, 1995; Clifton and 
Frohnsdorff, 1982). The majority of materials that have been tried as consolidants can be 
classified under two categories (Madden, 2000):  
 

1. Organic/polymeric consolidants: Intendend to produce an organic adhesive between 
the grain that have lost cohesion  

2. Inorganic consolidants: General aim is to chemically precipitate inorganic material 
capable of adhering to the mineral of porous material 

 
Only a few of the major and more recent techniques of the many hundreds will be discussed 
below. For the purpose of the discussion, stone is used generically and includes other porous 
inorganic construction material such as joint mortars and renders. 
 

3.3.1 Organic/Polymeric based Consolidants 
 
From naturally occurring compounds, such as linseed oil to the synthetic polymers, somebody 
somewhere has tried it. More on grounds of availability than of any predetermined qualities. 
Primarily, these consolidants are based on the use of monomers, which are polymerised resin 
applied in a suitable carrying solvent.  
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Many were developed for use on sandstone and limestone, but have been tried on many other 
stones such as marble without consideration for the compatibility (Price, 1996). The most 
prolific use of organic consolidants from the many that have been tried can be classified under 
three main groups (Madden, 2000):  

(a) Alkoxysilanes;  
(b)  Epoxy resin;  
(c)  Acrylic polymers 

 

3.3.1.1 Alkoxysilanes or Silanes  
 
Alkoxysilanes are specifically designed for use on sandstone, but are the most prolifically 
used as general stone consolidant. In particular, are those derived from the monomers 
methyltrimethoxysilane (MTMOS) and tetraethoxysilane (TEOS) (Madden, 2000). 
Alkoxysilanes react with water, often in the presence of a catalyst to form a silica gel, which 
coats the pores and eventually hardens via condensation polymerisation. The general reaction 
mechanism begins with the hydolysis of the monomer brought about by the presence of water. 
But, the material must first be pre-dried to avoid gel formation at the near surface and the 
water must be added at a later stage after impregnation (Yoldas, 1986). Alkoxysilanes are 
resistance to the action of heat and moisture, but like most of the polymer based consolidants, 
they are susceptible to the action of ultraviolet light, which causes the resins to break down to 
a white powder. Although a large penetration depth can be achieved, but most of the 
polymerisation methods are expensive because they requires large quantity of materials to 
secure a deep penetration (Bell, 1990). The labour costs are also high for example, one 
operator can treat approx. one squire meter per day. It is also reported that they can cause the 
stone to become blocked, so not allowing the escape of water vapour and soluble salts 
(Clifton, 1980).  
 

3.3.1.2 Epoxy Resin 
 
Epoxy resins have been used as adhesives to repair detached fragments but, for the 
stabilisation of friable porous material they are regarded with caution. They have notoriety for 
being viscous on application, brittle on hardening and discolour with ageing (Selwitz, 1992). 
Historically, the typical epoxy resin used in consolidation is derived from bisphenol a 
diglycidylether, prepared by the reaction between diphenylolpropane and epichlorohydrin 
(Clifton and Frohnsdorff, 1982). Their properties include high strength and good adhesion to 
many substrates, with only 5% shrinkage on curing and good chemical resistance to alkali, 
water and salt solutions. If it is to be used for the stabilisation of friable porous materials, 
epoxy resin requires, careful control and predetermination of long term stability (Madden, 
2000). 
 

3.3.1.3 Acrylic Polymers 
 
The acrylic systems generally used are derived from the acrylic acid monomer. Based on 
concrete consolidation, the initial research suggested the use of acrylic monomers that would 
be polymerised in situ. Polymerisation however requires either (Clifton and Frohnsdorff, 
1982):  
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(i) Heating at greater than 80oC with an initiator such as, benzoyl peroxide or AIB 
(ii) Initiating by gamma radiation 
(iii) At ambient temperature using promoters and initiators, where the promoter 

converts the initiator into free radicals hence inducing polymerisation 
 
The susceptibility of some of the initiators to oxygen requires that the impregnation of the 
stone be carried out under a vacuum. As such, heating large masses of stone, or using 
evacuated methods is however impracticable. Consequently, the methods only found use for 
the conservation of small museum objects (Clifton, 1980). 
 
In general, organic consolidants lead to the increase of mechanical strength values. However, 
they are expensive and they tend to form crusts and degrade during their exposure to oxygen 
and ultraviolet radiation (Moropoulou et al., 2003). Also, frequently they rely on the loss of 
volatile reaction products or solvents during the curing process. This can make application of 
organic consolidants impracticable in hot climates, and it can pose a hazard both to the 
conservators and to the wider environment (Price, 1996 and Fidler, 2004).  
 

3.3.2 Inorganic Consolidants 
 
In contrast to organic consolidants, inorganic consolidants rely on reaction chemistry, that is, 
where material is precipitated from solution, some chemicals are dissolved and others are 
precipitated in their place. The chemicals tend to be environmentally friendly, water, rather 
than organic solvent-based (Fidler, 2004). Inorganic methods include: 

(a) Siliceous method (sodium or potassium silicate)  
(b) Barium hydroxide solution (baryta) and  
(c) Calcium hydroxide solution (limewater). 

 

3.3.2.1 Alkali Silicate 
 
Siliceous consolidants have been used to consolidate sandstone and limestone through the 
formation of silica or insoluble silicates, which is less reactive to atmospheric agents. Silica is 
precipitated by the reaction between sodium silicate or potassium silicate with acids, such as, 
hydrochloric, arsenic, and carbonic acids. However, these reactions result in the formation of 
soluble salts such as, sodium chloride and sodium arsenate. These salts may cause 
efflorescence and salt crystallisation damage (Clifton and Frohnsdorff, 1982). Apart from the 
problems associated with soluble salts, many silicates were found to be deposited at the 
surface and generally, no significant consolidation was observed in situ (Madden, 2000). The 
decline in use of alkali silicates is therefore due to; lack of deep penetration, surface flaking 
and salt efflorescence. 
 
 
 
 
 
 
 

 23



3.3.2.2 Barium Hydroxide (baryta) 
 
Barium hydroxide treatments serve to consolidate the stone through the formation of solid 
solution of barium calcium carbonate. The initial aim of barium treatment was:  

• Either to convert the alteration product calcium sulphate into the less soluble barium 
sulphate, where the barium sulphate forms an insoluble barrier to further calcite 
conversion, or 

• To deposit barium carbonate into the friable material so as to consolidate the stone and 
immobilise salts.  

 
Although initially an effect on the stone was produced, it was later observed that only surface 
hardening occurred, often with a colour alteration and eventual, exfoliation of this layer. The 
causes of this exfoliation have been attributed to poor penetration of the solution leading to 
surface precipitation only, which in turn leads to an impenetrable layer. Trying to address the 
lack of penetration, Lewin and Baer (1974), suggests the use of a hot barium hydroxide 
solution containing 10% urea in water. According to Schnabed (1992) experimental result, 
barium hydroxide-urea method does not produce any consolidatory effect. In addition, the 
precipitates of barium carbonate have a larger molecular volume than calcite and appear to 
exhibit anisotropic crystal growth (Clifton, 1980 and Price, 1996). Some studies have shown 
that this method should not be used when green degradation products of azurite are present 
(Kingery et al., 1988). 

 

3.3.2.3 Calcium Hydroxide Solution (Ca(OH)2) 
 
Aqueous solution of calcium hydroxide (in saturated solution is often called limewater) has 
been used for many centuries to protect and consolidate porous materials (Hensen et al., 
2003). The basic concept being that, if a solution of calcium hydroxide (limewater) is allowed 
to penetrate into stone, subsequent evaporation of the solution will lead to the deposition of 
calcium hydroxide within the stone. This in turn, will react with carbon dioxide in the air, to 
form calcium carbonate. This could serve to consolidate the stone, in much the same way as 
carbonation of calcium hydroxide leads to the hardening of a lime mortar. However, 
conflicting opinions have been given on the effectiveness of the calcium hydroxide process. 
Some of the technical problems given for the poor performance of calcium hydroxide 
(Ca(OH)2) process are (Tabossa, 2004 and Hansen, 2003): 

(i) Poor penetration ability 
(ii) Poor consolidation value  
(iii) Poor solubility of calcium hydroxide in water  

 
Penetration depth 
Consolidants are usually applied to the surface of the material by brush, spray, pipette, or 
immersion, and are drawn into the material by capillarity. Past experience with consolidants 
has shown that, their ability to penetrate porous materials is one of the main factors 
controlling their performance (Munnikendam, 1967; Price, 1996; Hansen et al., 2003). This 
being the case, Price (1975) suggests that, a good consolidant should be able to penetrate a 
weathered porous material to a depth of at least 25 mm so as, a gradual transition in the 
thermal and mechanical properties from the exterior treated surface to the inner layer of 
untreated material can take place.  
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In contrast, Torraca (1976) propose that, a consolidant should penetrate a weathered porous 
material to a depth that all incoherent material is solidified and attached to the sound core of 
the material. While Skoulikidis et al. (2005) argues that, in order to realize the intended 
consolidation, certain criteria should be set that have to be fulfilled by the selected methods 
and materials. There is an essential difference between the purposes of consolidation of 
different decayed porous materials. Therefore, penetration depth will always depend on the 
purpose of the consolidation. 
 
Penetration ability of calcium hydroxide solution 
The reason given for the poor performance of calcium hydroxide (Ca(OH)2) process is its 
tendency to produce shallow, hard surface layer due to its poor penetration ability. According 
to Clifton and Frohnsdorf (1982), precipitation processes are often so rapid that precipitates 
are formed before the Ca(OH)2 solution can appreciably penetrate the material. An alternative 
opinion given by Hansen (2003) is that, pores may be blocked by deposition of portlandite, 
which would subsequently reduce the penetration of additional application. 
 
In respond to the above concerns, multiple applications in a wet state are proposed by 
different authors (Peterson, 1981; Fidler, 1995; Brajer & Kalsbeek, 1999). However, attempts 
to record or quantify the results have met little success. A series of laboratory experiments 
carried out by Price, (1984) found no conclusive evidence after multiple applications of 
calcium hydroxide solution on decayed limestone. No specimen showed deposits that could 
conclusively be attributed to calcium hydroxide or to calcium carbonate derived from it. 
Another tests conducted by Price et al. (1988) by applying 40 coats of calcium hydroxide 
solution on Doulting stone under laboratory condition showed limited depth of penetration of 
approximately 2-3mm. Quayle (1996) cast doubt on the effectiveness of calcium hydroxide 
consolidant when he concluded that, at best only a thin surface shell of harder calcium 
carbonate surrounded by a soft inner core of more porous friable material. Furthermore, 
Ashurst and Ashurst (1988) after experimental attempt commented that “attempts to record or 
quantify the phenomenon have met with a disappointing lack of success”.  
 
On the other hand, Peterson (1981), used calcium hydroxide solution (30-40 applications) for 
consolidation of medieval secco paintings, old plaster and calcareous stone in Swedish 
churches. Also, Professor Baker used freshly prepared slaked lime and around 40 applications 
of calcium hydroxide solution in consolidating statues at the Wells cathedral in England 
(Price, 1984). When Moncrieff and Hempel (1970) applied calcium hydroxide solution to 
Carrara marble and other sculptural stone, they reported an increase in hardness throughout. 
Consequently, they concluded that difference in petrology between marble and limestone may 
affect the penetration ability of the calcium hydroxide solution. In contrast, Quayle’s (1996) 
article on the case against limewater suggests that, calcium hydroxide solution is more 
effective on softer limestone and it hardly seems to work at all on the harder stones. Also, 
Brajer and Kalsbeek (1999) relate lack of success with absorption capacity of the material.  
 
The sole use of aqueous solution of calcium hydroxide as a consolidant has therefore 
produced conflicting opinions on its penetration ability.  
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Consolidating Value 
Price (1996) argues that, lime treatment lead to the deposition of interlocking calcium 
carbonate crystals but, it is deposited in amorphous forms (size and morphology) hence, they 
have very little consolidating effect. Also, Clarke and Ashurst (1972) pointed out that, a 
consolidating effect similar to that produced by limewater could be produced by the multiple 
applications of distilled water. In many systems at low temperature (25oC), mineral 
precipitation often occurs through the Ostwald Step Rule, which consists of a sequential 
precipitation event where metastable solid phase nucleate and is progressively replaced by 
more solid phases (Hansen et al, 2005). As such, Brajer & Kalsbeek (1999) stated that, 
dispute over the effectiveness of limewater as a consolidant stem from testing the results of 
the treatment too hastily. Examination of the treated surface 14 days and 80 days after 
completion of the limewater treatment shows that time is needed for calcite crystals to form a 
protective layer on the surface of the painting. In the same experiment, Brajer & Kalsbeek 
impregnated lime-based wall painting with large amount of distilled water, no improvement 
was noticed. Distilled water consolidation is speculatively attributed to the dissolution and 
redistribution of calcium sulphate, not to the deposition of calcium hydroxide and subsequent 
formation of calcite crystals.  
 
Variation of the morphology and therefore the physical properties of the deposited crystals 
depend on the conditions prevailing during precipitation. The carbonation of calcium 
hydroxide can take different chemical pathways; the simplest and most direct of these may be 
represented as: 

2 2 3 2( )Ca OH CO CaCO H O+ → +  
 
During this chemical transformation the addition of the carbonate ion increase the mass of the 
consolidant deposited in the material. Ions of calcium carbonate form ionic bonds with each 
other. They link together in a calcite crystal network, and the volume of this crystalline 
network is the critical factor in the process of consolidation (Quayle, 1996). Brajer & 
Kalsbeek (1999), successful consolidated the Sixteenth century lime-based (secco) wall 
paintings located on a very absorbent substratum. The wall paintings absorb substantially 
larger amount of limewater; 10.3 litres of limewater, equivalent to 30.1 litres.m-2 
corresponding to 69gm-2 of calcium carbonate. This can be compared to the 4.4gm-2 given by 
Quayle (1996), when dismissing the consolidating value of limewater.  
 
Unfortunately, convincing examples of qualitative data that document the fine scale 
distribution and materials property changes that are caused or effected by a calcium hydroxide 
treatment are rather exception not the rule.  
 
Solubility of calcium hydroxide in water  
The solubility of calcium hydroxide is about 1500 mg per litre of H2O at 15oC therefore, 
multiple applications are necessary to produce sufficient crystalline network. Up to forty seem 
to be the norm undertaken for several days (Fidler, 1995). Several means have been suggested 
to increase the concentration of a calcium hydroxide solution. The advantage of an increase in 
the concentration of a solution is that the number of applications needed to deliver the 
required amount of calcium hydroxide might be reduced. This include; the use of calcium 
hydroxide dispersions in ethanol. Ethanol promotes a slower sedimentation rate than water. 
So the dispersions contain three times more hydroxide than the saturated lime water and allow 
a more efficient consolidating action (Giorgi et al., 2000).  
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The concentration of calcium hydroxide decreases at high temperatures (the solubility is 
inversely proportional to temperature) and thus, to maximise the concentration in solution, 
colder temperatures need to be used (Lawrence, 1996). Alternatively, the enhanced 
dissolution of Ca(OH)2, can be achieved in the long-term aged lime if compared with the 
short-term-aged one, due to the smaller size and higher surface area of Ca(OH)2 crystals in the 
former, concluded Rodgriguez-Navarro et al. (2002) when studied the Liesegand pattern 
development in carbonating traditional lime mortars. A similar effect can be achieved through 
the application of shear forces, breaking up aggregates of calcium hydrates into smaller ones, 
thus reducing the particle size (Strormann and Maryniak-Piasczynski, 2000). The addition of 
sugar, carbohydrates and other organic materials to aqueous solution of calcium hydroxide 
can also increase Ca(OH)2 solubility. But, further testing of these and other additives is 
needed (Hansen et al., 2003). 
 

3.3.3 Factors of Success 
 
Following description was given by Schaffer (1932) on the factors critical to the success of 
stone consolidants: “the material should increase the stone strength and reduce its porosity 
and absorption whilst permitting the transfer of internal moisture out and should harden the 
stone surface and immediate surface making it resistance to salt crystallisation”. Also, it has 
been suggested by Peterson (1981) that, the development of a new phase similar in 
composition to the matrix of a consolidated material will be effective in binding together the 
grains of deteriorated material. Ideally, the consolidant has to behave similarly in ageing, 
thermal expansion and shrinking as the consolidated material.  
 
In the selection of a consolidant therefore, many factors must be considered. This includes; 
the type of material to be consolidated, the processes responsible for the deterioration of the 
material, the degree of deterioration, the environment, the amount of structure or materials to 
be consolidated, cost and safety. As such, Clifton (1980) pointed out that universal 
consolidants does not exist, because many of these factors will vary to some extent. Thus, 
according to Tabasso (2004), the highest priority must therefore be given to the question, how 
can we assess the suitability of a given product or method. To provide a realistic evaluation of 
consolidant treatments one must be careful to note what is responsible for the observed effect. 
Although, it should be noted that these treatments embody complex methodologies, not 
merely simple chemical reactions. The method of application is a critical part of the treatment, 
apart from the chemistry of the treatment and the attributes of the treated materials (Hansen et 
al., 2003). 
 
The convenient way of evaluating the effectiveness of the treatment according to Price 
(1996), is to divide the evaluation procedure into two categories: those that characterise the 
material shortly after treatment has taken place, and those that are concerned primarily with 
monitoring long-term performance.  
 

3.3.3.1 Short-term Performance 
 
The performance requirements of the consolidant shortly after treatment can be divided into 
two categories; Primary requirements and Secondary requirements (Clifton, 1980).  
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Primary requirements 
The Primary requirements consist of invariable performance requirements that consolidants 
must fulfill regardless of the specific application. These requirements are based on the 
premise that the main functions of consolidant are to restore the cohesion, physical properties, 
and appearance of a deterioration porous material to near its original condition. The majority 
of tests, which measure primary requirements are concerned with measuring the material 
properties that are known to change as the material deteriorate such as; strength, porosity, 
pore size distribution, surface hardness, etc. These tests can be applied to determine whether 
there has been an improvement in performance (Esbert et al., 1988).  
 
Secondary requirements 
The secondary requirements are designed to assess the extent to which the treatment is 
meeting certain objectives. For example, if the leading cause of deterioration is salt 
crystallization then, the capacity of consolidant to encapsulate salts or otherwise mitigate the 
effects of salts is an important consideration. Although, caution must be exercised because, 
good performance in crystallization test would not necessary indicate increased resistance to 
salt growth. It could simply indicate that the consolidant had prevented the ingress of salt in 
the first place. 
 

3.3.3.2 Long-term performance 
 
It is one thing to find a treatment that performs well in the short run, it is another thing 
altogether to be sure that it will keep on performing year after year when exposed to the 
weather. Studying the condition of monument treated in the past is the closest we can get to a 
real assessment of the performance of products and methods, after a known time interval and 
under known environmental conditions (Tabasso, 2004). But, long-term performance of the 
treatment is the resulting effect of many factors that may interact through only partially 
known or even unknown mechanisms. As such, there is an argument that, the most significant 
parameters to be measured in order to test the long-term effectiveness of a given treatment are 
still lacking. 
 
The conservation of friable stone usually entails consolidation, and depending on the extent of 
deterioration, some form of protection. In terms of consolidation, numerous methods exist, 
which all are found to have varying success. No method is perfect, and all abovementioned 
procedures usually have one or more limitations. It should be worthwhile to study in more 
detail these consolidation materials and techniques with the aim of trying to minimise its 
limitations and maximising its consolidation effect. This is dealt with in the next part of this 
research study. 
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CHAPTER FOUR: HISTORICAL MORTAR CHARACTERISATION TECHNIQUES 
 

4.1 Introduction 
 
Mortars used in historical buildings provide important helpful information about the building 
technology of their historical period and they are as important as historical documents 
therefore, analysis of historical mortars should be made based on a scientific base. Many 
attempts for example; Jedrezejewska (1960), Charola et al. (1986), Middendorf and Knöfel 
(1991), Van Balen et al. (1999), Middendorf et al. (2005), have been made to systemise the 
analysis of mortars of historical buildings. However, no standardisation amongst methods 
exists at present as a result, no compatibility between results and between laboratories, which 
lead to confusion about the important parameters that should be measured. But, according to 
Henriques and Charola (1996), these schemes can be applied as an aid to analysis, not as 
proscriptive schemes. These charts give a comprehensive idea of the possibilities for 
characterisation in the different fields and also put useful constraints upon the sample 
requirements and sample preparation needed. They clarify the potential pathway for analysis, 
allowing analysts to choose, which is appropriate for their purposes, without precluding the 
later use of other methods (Hughes and Valek, 2003). 
 
All these methods of mortars analysis however, can be divided into two broad categories: wet 
chemical analysis methods (acid digestion test, gas collection method, etc) and instrumental 
analysis methods (polarized microscopy analysis, X-ray diffraction analysis, etc). Each 
category has its advantages and limitations. A wet chemical analysis is rapid, inexpensive, 
and easy to perform, but the interpretation of results is difficult and often impossible without a 
good knowledge of the nature of the different mortar components. On other hand, 
instrumental analysis methods provide much more information about a mortar but require not 
only expensive specialized equipments, but also highly-trained experienced analysts (Elsen, 
2005; Dipayan, 2005).  
 
Historic mortars were not prepared to narrowly defined specifications from materials of 
uniform quality. They contain a wide array of locally derived materials combined at the 
discretion of the mason. In that context, any analysis method can be used partially or taken as 
a whole, depending on the frame of the study and of the aim of the characterisation of the 
concerned materials. 
 

4.2 Sampling 
 
Sampling is a crucial part of the practical, analytical procedure that is applied in all forms of 
historical mortars investigations. Sampling takes place through stages which include (Hughes 
and Callebaut, 1999):  

(i) Establishment and clarification of the objectives of an investigation  
(ii) Visual analysis and documentation of the entire structures and then its materials 

including, building phases, decay form and mechanisms  
(iii) Formation of hypotheses that require testing by sampling and further analysis of 

materials  
(iv) Choice of analytical method for analyzing the materials and  
(v) Sampling with associated information recording 
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4.2.1 Establishment and Clarification of the Objective 
 
Characterisation of historical mortars in a building or monument is carried out broadly for two 
reasons:  

1. Conservation and repair related investigations, aimed at the determination 
of the cause of evident problems in the deterioration of a historical 
structures and/or the characterization of existing materials in order to allow 
the practical selection of replacement materials.  

2. Academic studies, looking to clarify the architectural, chemical and 
physical performance of historic mortars for the long term development of 
replacement materials or the archaeological study of building technology 
and its associated social implications.  

 
In both approaches, mortars can be studied using a range of investigative techniques selected 
depending upon the information sought. The clarification of objectives relating to damage 
diagnosis or academic study, ties in closely with detailed knowledge of the entire structure 
and its materials.  
 

4.2.2 Visual Analysis and Documentation 
 
The first analysis to be carried out is the visual study and documentation of the entire 
structure, with the focus falling secondly on the details of the materials (Baronio and Binda, 
1991). In the on-site inspection, details of materials used and the methods and date of 
construction should be obtained from the historical documents. Study of similar structures or 
other structures in the local area constructed of similar materials can be helpful in providing 
case-study evidence, particularly, if these other structures vary in age from the one under 
investigation (Leslie and Gibbons, 1999). Account must also be taken of climatic and other 
external environment factors at the location, since factors such as relative humidity may be of 
considerable importance when assessing the causes of deterioration. An assessment may also 
need to be made of the particular environment conditions to which each part of the structure 
has been exposed. In particular, the wetting and drying frequency and temperature variation, 
that an element is subjected too, should be recorded because these factors influence various 
mechanisms of deterioration (Veiga et al., 2001).  
 
Beside visual data, non-destructive tests where necessary should be conducted, which can 
provide information about the physical and mechanical properties of the investigated material. 
Such an experiment can be conducted with attempt to remove any doubts about the damage 
determination encountered during the visual analysis.  
 
Once a profound visual analysis and documentation are executed, one knows the diversity of 
the materials present, the degree and mechanisms of damage and based on the information 
obtained, hypotheses about decay mechanisms and materials compositions that require testing 
by sampling and further analysis of materials can be formed (Hughes & Callebaut, 1999) (see 
table 4.1). 
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Table 4. 1: Visual analysis and documentation 
 

 
Documentation 
 
 
 
On-site investigation 
 
 
 
Non-destructive tests 

Evaluation of the available historical documents 
and oral information about the historical structure  
 
Mapping of visual observed construction 
technologies, materials composition, damages and 
damages mechanisms and needed repair/restoration 
works 
 
Conducting non-destructive tests to determine 
physical and mechanical properties of materials 

 

4.2.3 Representative Sampling 
 
Sampling is defined as “the act of permanently removing material from building fabric for the 
purpose of analysis or characterisation of the material” (Donald at el., 1982). Sampling is a 
highly variable and dependant activity, which is subject to the ultimate aim of an investigation 
and to the analyses performed on the samples in the laboratory. The choice of analytical 
method will determine the sampling requirement. As different methods of analysis requires 
different quantity of sample and also certain quality of sample (Hughes & Callebaut, 1999; 
Goins, 1999).  
 
It is necessary to collect samples for analysis, which will be representative of the material 
under investigation and also, provide enough material for all the laboratory tests required. 
However, appropriate sampling of historical materials can be very difficult due to culturally 
precious nature of the materials. Samples are often obtained in awkward physical and political 
circumstances. This is especially so due to pressing needs of conservation philosophy which 
emphases minimum intervention. Sample set sizes are small and sample locations are 
commonly highly constrained by concerns external to the investigation (Ashurst, 1998). 
Therefore, ensuring that materials are representative of the structure is a difficult issue. 
Nevertheless, detailed knowledge of the building construction and visual non-destructive 
sampling in-situ before destructive sampling can identify the variations in macroscopic 
characteristics, allowing choices to be made. Still, this cannot identify the variations in 
microscopical characteristics. A second step is the formulation of hypotheses for the problems 
and/or objectives under study. With these hypotheses in mind, certain analyses can be 
selected, that require a minimum amount of sample in a specific state (powdered or intact 
sample). This is far from ideal but, the investigators must be aware of this and present 
conclusions firmly in this light (Hughes & Callebaut, 1999; Van Hees, 2000).  

 

4.2.4 Analytical Method 
 
Methods used for analysing historical masonry and mortars are not yet standardised on an 
international scale (Henriques & Charola, 1996). As such, Hughes and Callebaut (1999) 
emphases that, the selected analytical methods should provide information that will allow 
interpretation to be made and action taken.  
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The aim of this research study is to characterise the historical mortars by identifying the 
materials composition and the causes of its damage. Some of the available mortar analysis 
methods are:   
 

4.2.4.1 Chemical Analysis 
 
Wet chemical separation (acid dissolution) 
The simplest form of mortar analysis involves the separation of the aggregate from the binder 
by dissolving the binder using dilute acids and subsequent chemical analysis to determine the 
chemical compound present in the mortar. But, wet chemical analysis is a bulk analysis so, it 
is often impossible to determine from what phase in the historical mortar the chemical 
compounds originate.  
 
Another problem with wet chemical analysis is that, is yet to be standardised on an 
international scale, therefore different laboratories use different methods. As such, there is 
some debate over the exact method that should be followed. For example, Van Balen et al. 
(1999) demonstrated that the measured soluble silica varies with the temperature and the 
strength of the acid used in dissolution. Alvarez et al. (1999) used same acid concentration to 
analyse similar samples at different condition and technique. One group of samples was tested 
at room temperature with mechanical stirring while another group of samples, hot acid were 
used also with mechanical stirring. Some significant differences in result were obtained. The 
hot acid method was found to dissolve a greater portion of the binder. Also, particular 
difficulties arise in wet chemical analysis if several types of binder or aggregate are used for 
the preparation of a mortar. 
 
Hence, chemical analysis method when used alone cannot furnish all the information needed 
for a complete interpretation of a problem or issue connected to a historical mortar. For that 
reason, a microscopical-mineralogical analysis should always be carried out first before the 
chemical analysis, and results of the two analyses should be in agreement (Middendorf et al., 
2005).  

 

4.2.4.2 Microscopical-Mineralogical Analysis 
 
Microscopical Analysis  
The Scottish geologist, William Nicol constructed in 1827, the first polarising microscope and 
Sorby’s (1858) significant paper on the microscopical structure of crystals started the huge 
interest in the study of rocks in thin section. Although this polarised light microscopy 
technique using thin sections was applied sporadically by some individual researchers on 
concrete samples in the first half of the 20th century, it was not until appropriate epoxy resins 
became available that good-quality thin section were prepared from concrete and mortar 
samples. The resin is necessary to bond together the heterogeneous components of the 
material (Elsen, 2005). So, the advancements in optical design and image analysis have 
enabled microscope to become an essential part of the scientific study of lime-based 
construction materials.  
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Optical microscopic methods involve detailed microscopical examinations of material at 
magnifications up to 1000X by using a polarising petrographic microscope. Microscopy study 
requires the preparation of ‘thin-section’ specimen, comprising of 25-30 microns thick ground 
slice of material, mounted on glass slides through which light will pass through crystalline or 
amorphous materials for detailed analysis and recognition (Dipayan, 2005). Using thin 
sections with a polarising microscope allows the analysis of the structure and texture of the 
mortar. It is an essential tool for studying the composition, size, shape of mineral grains and 
matrix; their relationships and arrangement, their decay, the presence of pores, cracks and 
directional textures. In other words, it provide information about the current bonding, the kind 
of binder and aggregate, the hardening process, how the mortar was applied, the use of 
additives and admixtures in the mortars, the content and shape of air voids and about the 
moisture content at the time when it was applied (Middendorf et al., 2005). When examining 
thin sections, it should be kept in mind that only a small part of often very heterogeneous 
materials is studied. The analysis of several thin sections of the same material can aid this 
problem, but the loss of edges, the possible loss of aggregate grains in mortars and, the 
formation of pores during preparation of thin section should be taken into account. 
 
Thin-section preparation 
Steps for preparation of thin-section of mortar sample involved: 

a) Oven drying a sample piece at 40-55oC to a constant mass to remove the free 
moisture (drying at high temperature may induce thermal or shrinkage cracks) 

b) Vacuum impregnation of the oven-dried sample with epoxy resin, which 
deeply and thoroughly impregnated the sample and improved its integrity 

c) Trimming of the hardened epoxy-impregnated sample with thin diamond-
bonded saw, water-cooled, to obtain a flat surface 

d) If samples are not dense and hard enough, second epoxy impregnation on the 
saw-cut surface is necessary.  

e) Fine grinding of the saw-cut surface on a lapping wheel with a diamond-
grinding disc with appropriate lubricant (water) 

f) Oven-dry of the lapped surface to obtain a smooth, flat, clean, dry surface 
g) Impregnation of the finely ground surface to a clean, dry, and frosted glass 

slide with a thin, liquid adhesive having very high tensile bond strength. 
h) A second thin sectioning of the bonded slice with a thin diamond saw to obtain 

a very thin (less than 1 mm) slice of the glass-bonded sample. 
i) Successive fine grinding of the thin slice on a grinding stone, water-cooled, 

until the final thickness of the sample on the slide is about 50 microns 
j) A final, ultra-fine grinding on a diamond grinding disc, water-cooled, until the 

desired thickness (25 to 30 microns) is achieved. 
 
X-ray Diffraction Analysis 
In addition to microscopical analysis, X-ray diffraction (XRD) analysis is suitable for the 
identification of binders and kinds of aggregate within a mortar, if they are crystalline 
(Callebaut et al., 2001). X-ray diffraction is a method of analysing the structure of a mineral 
by examining the pattern created when x-rays are passed through a crystal of the mineral as 
shown in figure 4.1.  
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Figure 4.1: Reflection of x-ray from two planes of atom in a solid 
 

In the XRD technique, the powdered sample is placed in a holder then, the sample is 
illuminated with X-ray of a fixed wave-length and the pattern of intensity of refraction with 
changing angle of incidence of the X-ray beam reflect the characteristic of the mineralogy of 
the sample (as shown in figure 4.2). In this way the composition of a mortar can be 
determined (Dipayan, 2005). However, X-ray diffraction can only clearly identify phases 
when they are present in sufficient quantities for the equipment to detect. (approx. 3 wt.-%) 
(Middendorf et al., 2004). It is also, limited by being a bulk technique that does not reveal 
anything about the spatial distribution of the mortar components or their structure 
(Middendorf et al., 2005). 
 
 

 
 

Figure 4.2: Schematic of an x-ray powder diffractometer 
 

4.2.4.3 Additional Analytical Techniques 
 
To identify binders and aggregates and admixtures other techniques can be used as well, such 
as thermal analysis. Thermal analysis can be applied to mortars using three basic techniques; 
Differential Thermal analysis (DTA), Thermogravimetric methods (TG) and Differential 
Scanning Calorimetry (DSC). Each method, though having its distinct features gives 
approximately the same information, being based on the physical transformations that 
compounds experience on being heated in controlled conditions (Moropoulou et al., 1995).  
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Thermogranimetry (TG) measures the weight loss in a sample as it is heated. Weight loss 
during heating can be related to specific physical decompositions in the materials that are due 
to the effects of increasing temperature. For Differential Thermal Analysis (DTA), a graph is 
continuously plotted during heating that shows the temperature difference between the sample 
and an inert standard (usually Al2O3), which is heated at the same rate and at the same time. 
Endothermic peaks are recorded when the standard continues to increase in temperature and 
the sample does not. The endothermic transitions are characteristic of particular minerals, 
which can be identified and quantified using DTA (Middendorf et al., 2005). Differential 
Scanning Calorimetry (DSC) follows the same basic principle as DTA, whereas temperature 
differences are measured in DTA. To maintain same temperature for sample and reference 
material (Al2O3), energy is added during heating (using DSC). The energy used is recorded 
and is used as a measure of the calorific value of the thermal transitions that the sample 
experiences (Willard et al., 1981; Hughes and Valek, 2003). The advantage of DTA and DSC 
over TG is that, they are capable of resolving polymorphic transformations in compounds that 
do not involve weight loss. However, the identification of hydraulic components in historical 
mortars using thermal analysis has not yet been convincingly demonstrated. Also, thermal 
analyses are complex to perform therefore they require detailed training and experience. Due 
to that, measurements should only be executed by qualified analysts (Middendorf et al., 2004; 
Middendorf et al., 2005; Hughes and Valek, 2003).  
 

4.2.4.4 Physical-Mechanical Analyses 
 
Depending on the amount of material present for analysis, and the question asked at the 
beginning of the investigation, physical-mechanical analyses can be done to determine 
parameters such as, pore structure characteristics (capillarity, density, shrinkage, porosity, 
permeability, water absorption and etc), thermal expansion and strength (Henriques and 
Charola, 2000; Bartos et al., 2000). The limitation of these analyses is that, mostly, a rather 
large amount of sample is needed, which is not always possible with historical materials. 
 
A popular method of studying porosity of historical materials is by means of mercury 
porosimetry. Mercury is pressed into the pores of the sample by high pressures and the 
volume of mercury used is measured. From these data, the pore-radius distribution and the 
porosity of the material can be determined. Due to the high pressures used, this method is 
considered by some researchers to be inappropriate for use on lime-based mortar as they 
damage the texture of the mortar and lead to incorrect estimations of porosity.  
 
An alternative method used to measure the total and open porosity is by impregnating samples 
with water under vacuum and measure the weight, before and after impregnation and under 
water (NBN EN 1936 “Natural stone test method – Determination of real density and 
apparent density, and of total and open porosity”). For the strength test, mostly cubic samples 
are needed. For historical mortars, the thickness of the sample is mostly very limited therefore 
dynamic E-modulus can give an idea of the strength of the material (Callebaut, 2000; Hughes 
& Valek, 2003).  
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CHAPTER FIVE: CHARACTERISATION OF MORTAR FROM THE HISTORICAL 
BUILDINGS 

 

5.1 Establishment and Clarification of the Objectives 
 
The aim of this section of study was to characterise the mortars used in the construction of 
historical buildings. This involved characterisation of mortars used in Stone Town historical 
buildings. The characterisation of the Stone Town historical mortars provides important 
helpful information: 

• About building technology of their historical period 
• That explains the current condition of the materials  
• About factors that have led to the formation of the current situation of the materials 

 

5.2 Visual Analyses and Documentation of Historical Mortars in Stone Town 
 

5.2.1 Visual Analyses and Documentation of Entire Historical Buildings 
 
The first analysis carried out was visual analyses and documentation of the entire historical 
buildings and associated structures in Stone Town. In the on-site visual analyses and 
documentation, details of information about the buildings were obtained from; historical 
documents, oral information, on-site visual examination, and non-destructive tests (see table 
5.1).  
 

Table 5. 1: Visual analysis and documentation of entire historical buildings   
 

 
Documentation 
 
 
 
 
Oral information 
 
 
 
 
 
 
Environment 
 
On-site 
investigation 

Evaluation of available reports and publications concerning 
construction date/phase, construction methods and 
materials, cultural and architectural significance, failure and 
problems with materials and structures, repair works 
undertaken and conservation plan. 
 
Collection and evaluation of oral information about sources 
of raw materials, production technology, construction 
technology, failures and problems with: materials used, 
construction technology used and repair works undertaken, 
from professional involved with the structures and also 
from the local people 
 
Collection and evaluation of environmental data 
 
Mapping of visually observed construction technologies, 
materials composition, damages and damages mechanisms, 
needed repair/restoration works and conducting non-
destructive tests 
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5.2.2 Visual Analysis and Documentation of Historical Mortars 
 
Locally available materials were used for the construction of these historical buildings in 
Stone Town. Among them, mortars and plasters are greatly affected by environment factors 
and hence they are the ones that necessitate conservation and repair works (see figure 5.1).  
 

        
 

Figure 5.1: Condition of historical buildings in Stone Town 
 
During the visual analysis it was observed that mortars of the historical buildings in Stone 
Town are in different physical condition. Therefore, non-destructive tests were conducted, 
which provided preliminary information about the physical condition of the investigated 
mortars. Such an experiment is conducted with attempt to remove any doubts about the 
damage determination encountered during the visual analysis (Hughes & Callebaut, 1999). 
There is no precise field method for determining mortar hardness, but there are some 
approximate methods such as; Mohs hardness scale or Russack system for brick & mortar 
description which can be used to quantify the hardness of the material. Russack system is 
more destructive than Mohs system and the area to be tested must always be dry. On other 
hand, Mohs hardness scale system is less destructive and has less constraint in its application 
(Palomo et al., 2003). In this study, Mohs hardness scale was used to quantify mortar 
hardness. Using Mohs hardness scale, mortar hardness was scaled into three groups: mortars 
scratching window glass, which will be referred to as hard mortars; mortars scratched by 
needle, which will be referred to as soft mortars; and mortars scratched by finger nail, which 
will be referred to as soft and friable mortars.  
 
Visual analyses and documents evaluation of the historical buildings in Stone Town was 
performed in co-operation with representatives of Stone Town Conservation and development 
Authority (STCDA). The information obtained provided essential information assisted on 
formulation of background data for samples selection and materials analyses (see table 5.2). 
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Table 5. 2: Visual analysis and documentation of historical mortars  
 

Information required Aim 

Construction phases of the selected structures 
 
 
Application technology 
 
Mortar composition 
 
Mortar hardness (using Mohs hardness test against 
scratch) 
 
Damages 
 
 
Degree of carbonation (by applying a 1% alcoholic 
phenolphthalein solution) 
 
Inclusions 
 
Availability of samples and the ease of their removal, 
staffs, tools and materials needed for sampling and for 
the repair of sampled areas 

relevant materials for the 
investigation are sampled 
 
Application technology 
 
types of binder and aggregate 
 
mechanical property 
 
 
types of damage and their 
causes 
 
carbonation condition 
 
 
secondary products 
 
cost 

 

5.3 Formation of Hypotheses 
 
Based on the information obtained from visual analysis and documentation, hypothesis about 
materials composition and decay mechanisms, which required testing by sampling and further 
analysis of mortar materials were formulated. This approach aims to reduce cost and effort, 
but is also fully consistent with mainstream conservation philosophies of minimum 
intervention and damage to historical buildings (Hughes & Callebaut, 1999). Therefore, 
following hypotheses were formulated about mortars composition and decay mechanisms: 

1. Mortars of the superstructure walls system of the historical buildings in Stone 
Town, Zanzibar is made with lime mixed with sand and/or soil. 

2. Mortar composition is a major factor that influences the deterioration of 
mortars of the superstructure wall system of the historical buildings in Stone 
Town, Zanzibar. 

 

5.4 Choice of Analytical Method  
 
Hypotheses are tested by analyses of the materials. As yet, no standard analytical procedure 
exists to characterize historical mortars, different approaches and analytical techniques are 
recommended. The analytical procedure used for characterisation of Stone Town historical 
mortars is based on Van Balen et al. (1999) proposed approach, which combines several 
analytical methods currently employed for characterisation of historical lime mortars (see 
figure 5.2 & figure 5.3).  
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Figure 5.2: Flow-chart of the materials analysis procedure (Van Balen et al., 1999) 
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Figure 5.3: Flow-chart of the binder analysis procedure (Van Balen et al., 1999) 
 

5.5 Sampling with Associated Information Recording 
 
Appropriate sampling of historical mortars can be very difficult due to culturally precious 
nature of the materials. However, it is always necessary to collect samples for analysis, which 
will be representative of the material under investigation and also provide enough material for 
all the laboratory tests required. 
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5.5.1 Representative Samples 
 
To ensure that samples taken are representative of the materials under investigation, sampling 
criteria was established based on two factors: 

1. To compare technological development with time  
2. To compare the level of deterioration 

The aim was to get a complete representation of mortar variations regarding material 
composition and physical condition from different ages.  
 
Buildings constructed between 15th and 19th century with mortars, which have different 
physical condition: hard mortars, soft mortars and, soft and friable mortars were sampled. The 
sampled mortars were subdivided and analysed according to their age and physical condition. 
 

5.5.2 Sampling 
 
It was difficult for house owners to accept damages to their buildings due to sampling 
therefore, samples were taken from Government owned buildings. But, some of the 
Government owned historical buildings in Stone Town lack written historical source with 
information about building and restoration phases. As such, decision made on some of the 
selected buildings and sample locations, relied on oral information from local people and 
STCDA representatives. Nevertheless, samples were taken from the selected buildings from 
different sites around the Stone Town area. 
 
All samples taken during this study were taken with hammer and chisel. All available 
information about samples and sampled buildings; location of the building, materials used, 
environment condition (all external influences affecting the monuments), intensity of 
deterioration phenomena at individual materials, were recorded in data recording form whilst 
sampling (see table 5.3). After sampling and macroscopic description the samples were stored 
in airtight plastic bags and clearly marked ready for further analysis as determined from the 
objective of the investigation.  
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Table 5. 3: Data recording form 
 

Sampled structure: 
Location: 
 
Age: 
 
Photo:     Taken         Not taken 

Sample no: 
Sampled by: 
Date: 
Reason for sampling: 
 
 

 
Sampling method:     Hammer & chisel            Drill core  
                                    Others (explanation): 
 
 
Sample location:      Wall                            Foundation         Roof 
                               Exterior              Interior               At depth:………mm 
                               Others (explanation):  
 
 
Function of sample:      Render      Plaster        Joint bedding   
 
 
Samples condition:        Hard      Soft          Soft and friable    
 
 
Carbonation condition:     Carbonated       Partial             Not yet 
                                             
Inclusions:          
 
Sample colour:  
 
Environmental condition: 
 
Water table: 
 
Condition of associated building materials: 

 

5.6 Further Analysis 
 

5.6.1 Mineralogical Analysis 
 
In this study, the mineralogical analyses of historical lime mortars are subdivided into two 
parts: a petrographical analysis of thin sections combined with a semi-quantification of the 
different components with point-counting and, a powder X-ray diffraction analysis (XRD). 
The two analysis methods should not be considered as separate characterisation methods for 
historical mortars but they were used together. 
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Microscopical Analysis  
For petrographical analysis in this study, slices of the samples were cut without using water to 
avoid too much dissolution of the mortar matrix and of secondary phases. Because, most 
specimens were weak, porous and friable or exhibited low bond strength between the 
aggregate and the matrix, samples were impregnated with low viscosity resin. From these 
slices, thin sections of 25-30μ m thickness were prepared.  
 
The slices of mortars were glued on a glass plate and thinned with an oil-and silicon carbide 
mix. This non-aqueous lubricant is used to prevent washing away of water-soluble 
components in the mortar. Thin-sections thus prepared were examined in a polarised 
microscope at magnifications up to 400X. The samples were examined in plane-polarised 
light and cross-polarised light. The laboratory uses Zeiss Axioplan microscope, equipped with 
an Olympus DP50 digital camera (model DP50-CU) used to capture the image. Image 
analysis was used for a quantification of the different components present in the historic lime 
mortars.  
 
Quantification of binder and aggregate proportions in thin section by point counting was 
carried out (RILEM, 2000; RILEM, 2001). In this manual method, two hundred points were 
countered. Then, mix proportions based on the results obtained were calculated using the 
principles given in the TC-COM C2 method. Applying the TC-COM C2 method for a lime 
mortar, the weight proportion of aggregate/binder (F) was calculated using the equation: 

 
volume aggregateF
volume paste

α ∗
=  

 
The term α  depends on the density of paste, aggregate and the water content.  
 

(1 )
aggregate density

density paste water content
α =

∗ −  
 
The density of lime paste is 1.2 g/cm3 therefore 3α =  and lime lumps were considered as 
aggregate as per Lindqvist and Sandström (2000) recommendation. Some pores may have 
result from thin section preparation, therefore it was not possible to quantify them. 
 
When examining thin sections, it was kept in mind that only a small part of often very 
heterogeneous materials is studied. The analysis of several thin sections of the same material 
aid this problem, but the loss of edges, the possible loss of aggregate grains in mortars and, 
the formation of pores during preparation of thin section was taken into account (Middendorf 
et al., 2005). 
 
X-ray Diffraction Analysis (XRD) 
The examination of thin section is one of the methods that, provides most information when 
studying historical mortars, although it should never be the sole analysis. X-ray powder 
diffraction analysis should be used as a complementary analysis to the thin section analysis 
(Van, Balen et al., 1996). With XRD-analysis, it is possible to characterise both binder and 
aggregate fractions in a more detailed manner than with thin section analysis (Callebaut et al., 
2001). For the mineralogical analysis, mortars samples were carefully crushed in a porcelain 
vessel (disaggregation) up to a particle size range between 0.03-0.04mm.  
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Large sieve size was not chosen because larger sieve will permit too many aggregate grains to 
pass with the binder fractions thus not giving a correct separation of binder and aggregate. 
Then, samples were back-loaded in stainless steel sample holders and analysed with a Phillips 
PW 1728 diffractometer using CuKα radiation. Results were compared with the standard 
JCPDS data to identify the different mineralogical phases present in the sample. Sub-
microscopic phases that cannot be identified by conventional microscopy were identified. 
However, as already mentioned, XRD-analysis should be complementary with petrography to 
give a good characterisation of mortar, because it can only clearly identify phases when they 
are present in sufficient quantities for the equipment to detect.  
 

5.6.2 Physical-Mechanical Analyses 
 
In this study, mechanical test and mercury porosimetry were not included because some of the 
samples were very soft and friable, although the samples size was large enough. An 
alternative method used was porosity measurement by hydrostatic weighing. Samples were 
oven dried at 60oC oC until constant mass (M1). The drying temperature of 60oC was 
chosen instead of a higher one to avoid deterioration due to thermal expansion. Then, samples 
were immersed in tap water for 24hours. After that, each sample was taken out of water and 
weighed while immersed in water (M2). That is, suspended by a wire hook from the plate of 
the balance into a container of water (hydrostatic weighing). Quickly wipe the previously 
immersed sample with damp cloth (in order to remove surface moisture) and then weigh it in 
air on the plate of balance (M3) (Teutonic, 1988). Porosity was calculated by using following 
formula: 
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Summary of the used analytical methods in this study for identification and quantification of 
Stone Town historic mortars are shown in table 5.4. 
 

Table 5. 4: Analytical methods used 
 

Material Method Complementary methods 
Binder 

 
Aggregate 

 
Mix 

proportions 
 

Porosity 
 

Inclusions 

optical microscopy 
 

optical microscopy 
 

optical microscopy 
 
 

water absorption by hydrostatic weighing 
 

optical microscopy 

X-ray diffraction 
 

X-ray diffraction 
 
- 
 
 

optical microscopy 
 

X-ray diffraction 
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CHAPTER SIX: RESULTS OF THE CHARACTERISATION OF HISTORICAL 
MORTAR  

 
The main thrust of this research undertaking was to develop an intervention technique that 
would be compatible to the historical mortars as possible. In this context, the importance of 
understanding the original materials used and the factors and processes responsible for their 
deterioration was of great significance before developing any intervention technique. Based 
on the envisaged undertaking in this chapter, result of the analyses of mortars from selected 
historical buildings in Stone Town, Zanzibar is presented. 
 

6.1 Visual Analysis and Documentation of the Entire Historical Buildings in Stone 
Town  

 
The first analysis carried out was visual analyses and documentation of the entire historical 
buildings and associated structures in Stone Town. Based on; on-site visual examination, 
historical research (documentation) and non-destructive tests, preliminary information about 
construction technology, materials composition and, factors and processes responsible for 
their deterioration was obtained. 

 

6.1.1 Architectural Style 
 
Through the use of local materials and decoration, the Swahili builders of the East African 
coast were able to create a wonderful coherent collection of masonry structures. From their 
works emerged Eastern Africans indigenous building tradition present in the coastal towns, 
and Stone Town, Zanzibar stands out as a good example. The Stone Town, gives an authentic 
impression of the living Swahili culture and it is the best-preserved example of its kind (see 
figure 6.1). It is the resource that is not reflected only physically (e.g. in the structures) but 
also spiritually (the use of space and its symbolic meanings). It retains its urban fabric and 
townscape virtually intact and it contains around 1709 stone masonry buildings and associated 
structures that reflect its particular culture, which has brought together and homogenised 
disparate elements of cultures of Africa, Arabia, India and Europe over more than a 
millennium.  
 

 

Narrow street 

 
Figure 6.1: Townscape of Stone Town 
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The masonry structures that were constructed in a variety of styles and traditions were later 
modified to suit local conditions. The Minaret Mosque in Zanzibar town is an earliest 
structure built in an indigenous style and made use of such materials as wattle-and-daub. The 
Middle-East architectural style that followed introduced a tradition of massively built multi-
storey blocks, with a flat terrace on the balustrade roof. They were plain in appearance, the 
only striking external feature being the elaborately carved wooden doors. The next generation 
of architectural style was composed of elaborately decorated houses with wide verandahs that 
were introduced by Indian traders during the reign of Sultan Barghash between the years, 
1870 and 1888. A new completely generation of architectural style came with the arrival of 
the British in Zanzibar. The British colonial architecture has features derived from the Islamic 
traditions of Morocco. In the last quarter of the 19th century, as European missionary activities 
increased, new Gothic and Romanesque architectural styles were introduced. As such, Stone 
town, Zanzibar, is one of the fortunate areas in Tanzania that have many historical buildings, 
which are of immense architectural and historical values (see figure 6.2) (Siravo, 1994; 
Persson, 2003). 
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Architectural style originated from Middle-East Architectural style originated from Central Asia   

 
 

  
 
 
 

Architectural style originated from North Africa   Romanesque architectural styles 

 

     
Carved wooden door Amalgamated architectural style  

 
 

Figure 6.2: Architectural styles from different parts of the world in Stone Town 
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6.1.2 Construction Technology 
 
The buildings are up to three floors high and have massive external and internal walls. The 
walls range from 40-100 cm in thickness, constructed of rubble stones randomly set in a thick 
mortar. Most of these buildings are plastered and then lime-washed. The rounded shape of the 
rubble stones used for walls construction prevented efficient bonding especially at the corners 
and in the junctions of the walls. Hence, the walls meet in flat butt-joint, with no interlocking 
of elevation. In the arches used to permit openings for doors and windows, the wall above are 
supported on mangrove poles. The walls have very shallow foundation of about 50 cm deep 
and in few cases, walls were constructed without foundation. The dimensions of buildings and 
rooms are determined by the length of the locally grown mangrove poles. The mangrove poles 
are used to support the floor and roof slabs and to keep the walls upright. In most cases, the 
mangrove poles were seated on about ¾ the width of the wall. A typical view of the massive 
and heavy floor slabs, 30-40 cm thick, constructed of stone masonry is shown in figure 6.3; a 
& b.  
  

              

Floor slab 

        (a) Cross section of floor slab & wall                     (b) Bottom view of floor slab     
 

Figure 6.3: Construction technology in Stone Town 
 

6.1.3 Materials Composition 
 
Mortars appear white and often leave white dust on one’s finger when rubbed. From physical 
appearance, stones colours vary from white to grey and the stones are soft enough to be 
readily scratched with knife. This suggests that limestone and lime-based mortars were used 
in the construction of historical buildings in Stone Town, Zanzibar (Speweik, 1997; Boynton, 
1980). The historical data shows that, limestone and lime-based mortars were used for the 
construction of these historical buildings (see figure 6.4). As such, the original construction 
materials of the historical buildings in Stone Town, from foundation to roof are of locally 
available limestone and lime-based mortar. All architectural features and decorative elements 
like arches, niches, stuccos work and the rest are constructed by a combination of limestone 
pieces and lime based mortar.  
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From the historical sources it was noted that mortars were prepared from the fine aggregate 
found in different types of deposits. The sources of aggregates were, marine deposit, crushed 
sedimentary rock, and from any possible sources in the neighborhood of the construction site. 
Further more, it was observed that limestone were burned using open heap kiln, with the 
alternating layers of limestones and woods, stacked upon each other (see figure 6.5). More so, 
long-term storage of slaked lime (Ca(OH)2) under water, a process known as aging was a 
normal practice in Stone Town. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
Figure 6.4: Lime production in Stone Town in year 1780 (Siravo, 1994) 

 
 
 
 
 
 Carbonated stone 
 
 

 
 
 Coconut stems 

 
 
 
 
 
 

 
Figure 6.5: Calcining of carbonated stone in open heap kiln in Zanzibar 
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6.1.4 Current State of Historical Buildings in Stone Town  
 
Observing the facade of the historical buildings in Stone Town, Zanzibar, stone units appears 
to be in good condition while mortar (joint mortar, plaster, render) present an extremely 
advance deterioration condition, with powdering and scaling producing heavy surface losses 
(see figure 6.6; a & b).  
 

          
(a) Deteriorated joint mortars while            (b) Deteriorated plaster while stone units in good 
      stone units in good condition                       condition 

 
Figure 6.6: Condition of building materials of historical buildings in Stone Town 

 
In an effort to repair damaged or deteriorated mortars, local contractors and artisan’s apply 
new mortar coating over loose old mortar. As a result, weak bond between new and old 
mortars results in flaking (see figure 6.7). 
 
 

 

Weak bond 

 
Figure 6.7: Bond between repaired mortar and existing mortar 
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6.1.5 Factors Affecting Historical Buildings in Stone Town 
 
The factors affecting historical buildings in Stone Town can be divided into two main groups: 
internal factors and external factors.  
 

6.1.5.1 Internal factors 
 
Some of the structural problems in historical buildings in Stone Town could be ascribed to 
design and nature of materials used during the original construction.  
 
Foundation depth 
Excavations and some works carried on-site show the walls having a very shallow foundation, 
at most 50 cm deep and in some cases the walls have no foundation at all. Failure occurs 
when there are some structural changes in the wall, when the wall settles with time.  
 
Wall construction 
Examination of collapsed walls has revealed that the original builders in some cases 
constructed wall panel without any consideration of linking them so that they tie in well with 
each other. Each wall panel stands on itself and is stabilized by a floor or roof slab. Thus, the 
absent of this linkage means that if there is any slight disturbance of the wall due to other 
external factors, the wall panel cracks or even collapses.  
 
Mortar composition 
Some of the fine aggregate used does not seem to have a proper grading as required. This is 
due to the fact that, they were mined from any possible sources in the neighborhood of the 
construction site. It is well known that the choice of a well graded aggregate improves the 
strength of the mortars.  
 

6.1.5.2 External factors 
 
Other structural problems in Stone Town historical buildings stem from: 
 
Lack of maintenance 
Another cause of structural failure in the historical buildings in Stone Town is lack of 
maintenance. Lack of maintenance begins a sequence of deterioration that typically involves 
the breakdown. For example, roof leakages have contributed to serious damage to the 
buildings structural systems. Also, some of the mangrove poles supporting floor and roof 
slabs have rotten, sagged or cracked, which resulted to slabs collapsing.  

 
Vegetation 
In Stone Town there was a time when the site was abandoned and this resulted in the site 
being covered with vegetations. Some trees have grown in the building or near the building to 
a height exceeding the height of the building. Big trees have deep roots that destabilize 
building structures. Also, these trees pose a threat to the building structure in the event that 
one or both fall.  
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Bio-deterioration 
Lichen and algae affect the wall of the historical buildings in Stone Town. The activity of 
both organisms does not result in major changes, but the appearance of the walls is altered. In 
addition, they have a corrosive effect on the substrate because they release acid metabolites.  
 
Lack of knowledge 
In Stone Town, original building materials are generally renewed without understanding their 
material characteristics and identification of their deterioration problems. Modern building 
materials are frequently used without testing their compatibility with the original materials. 
For example, the wide employment of cement during restoration has created irreversible 
damage to the historical masonry. Indeed, cement-based mortar restrains movement and leads 
to stress that cause failure in the original masonry (Lanas & Alvarez, 2003) (see figure 6.8; a). 
Moreover, some of the new restoration materials are not as durable as required while others 
does not permit the transfer of internal moisture out (see figure 6.8; b, c).   
 

 

Original lime  
plaster 

Repaired with 
cement plaster

(a) Use of hard material over soft material  
 

         

Repaired with 
Synthetic paint 

Repaired with lime-soil 
plaster 

(b) Use of poor durable material          (c) Use of impermeable material  
 

Figure 6.8: Condition of recently repaired buildings 
 

6.2 Visual Examination and Macroscopic Analyses of Stone Town Historical Mortars 
 
To measure the degree of variation in mortar condition, the hardness of the mortar was 
evaluated. Mortar hardness was evaluated in accordance with the Mohs hardness scale. 
Hardness is related to or is a function of resistance to scratching, Young’s modulus and 
brittleness. Based on Mohs hardness scale, mortar condition was divided into three groups: 
hard mortars; soft mortars and, soft and friable mortars (see table 6.1).  
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Table 6. 1: Mortars identification per Mohs hardness scale 
 

Mortar group Mohs hardness scale Condition 

hard mortars  
soft mortars 

soft and friable mortars 

scratch window glass 
scratched by needle 

scratched by finger nail 

good 
deteriorated 

poor 
 
Each group was visually examined and macroscopically analysed and the results are presented 
below and in table 6.2. 
 

6.2.1 Hard Mortar 
 
Hard mortar is dense with good adhesion to the stone units and shows no decay phenomena. 
The strength of the binding material seems to be of a very good quality. The colour alteration 
observed is attributed to the soiling of the surface by atmospheric particulates and/or due to 
organic growth (see figure 6.9).  
 

 
 

Figure 6.9: Hard mortar with colour alteration 
 

6.2.2 Soft Mortar 
 
From visual observation of external surfaces soft mortar is characterised by porous lighter 
lime inclusions, shell pieces and charcoal particles. The mortar is dense, bonds the stone units 
together and seals the joints, but their relatively soft (see figure 6.10). Good bond, not 
necessarily strong reduces water ingress into the joint (Högberg, 1967). The colours of soft 
mortars reflect the fine aggregates used in its preparation and/or soiling by atmospheric 
particulates. 
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Lime inclusion 

 
Figure 6.10: Soft mortar 

6.2.3 Soft and Friable Mortar 
 
Soft and friable mortar presents an extremely advance deterioration condition with powdering 
and scaling producing heavy surface losses (see figure 6.11). The soft and friable mortar from 
the external and internal part of the wall shows a very weak cohesion and could be broken 
with a simple finger pressure, an indication that the deterioration is across the wall.  
The mortar is weak, porous and friable, and exhibits low bond strength between the particles, 
which allows water to diffuse through it. The colours of soft and friable mortars reflect the 
fine aggregates used in its preparation. 
 

  
 

Figure 6.11: Soft and friable mortar 
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Table 6. 2: Results of visual examination and macroscopic analyses of historical mortars 
 

Factor Hard mortar Soft mortar Soft and friable 
mortar 

Colour 
 

Present status 
 

Rubbed on finger 
 

Applying finger 
pressure 

 
Bond to substrate 

 
Particles bond 

 
Charcoal particle 

 
Shell particle 

 
Lime lumps 

 
Surface fracturing 

 
Run-off water 

 
Capillary rise 

water 
 

Organic growth 
 
 

Formation of 
plants 

 
Carbonation 

grey 
 

hard 
 

leaves white dust 
 

not broken 
 
 

strong 
 

strong 
 

none 
 

none 
 

none 
 

none 
 

not affected 
 

not affected 
 
 

discoloration 
 
 

biological decay 
 
 

totally carbonated 

light brown 
 

soft 
 

leaves white dust 
 

broken 
 
 

strong 
 

weak 
 

observed 
 

present 
 

observed 
 

none 
 

affected 
 

not affected 
 
 

discoloration and 
micro-biological decay 

 
biological decay 

 
 

totally carbonated 

light yellowish brown 
 

powdering and scaling 
 

leaves white dust 
 

broken 
 
 

weak 
 

very weak 
 

observed 
 

present 
 

observed 
 

observed 
 

severely affected 
 

not affected 
 
 

discoloration and micro-
biological decay 

 
biological decay 

 
 

totally carbonated 

 

6.3 Sampling 
 
The aim of sampling was to get a complete representation of mortar variations regarding 
materials composition and physical condition from different ages. As such, sampling was 
performed considering the different construction periods and physical conditions. The 
samples stem from the period of the 15th to the 19th centuries and have as a common ground 
the use of lime-based binder. Moreover, the physical conditions of the mortars were careful 
considered. As such, the samples reflected the degree of variation in the mortars physical 
condition; hard mortar, soft mortar and, soft and friable mortar.  
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In order to obtain information about depth of mortars deterioration, mortar samples were 
taken from the wall surface and from the middle of the wall. Mortar samples were taken from 
the lower part of the building (<1m from the ground level), to include phenomena caused by 
capillary rise. The samples were subdivided and named according to their age and physical 
condition (see table 6.3).  
 

Table 6. 3: Sampling 
 

Sample type Age Physical condition 

Hard mortar  
 
 

Soft mortar 
 
 

Soft and friable mortar 

from 15th to 19th century 
 
 

from 15th to 19th century 
 
 

from 15th to 19th century 

good 
 
 

deteriorated 
 
 

poor 
 

6.4 Petrographic Analysis of Stone Town Historical Mortar  
 
With the combination of visual examination in hand specimen and more detailed high-power 
microscopical examination in thin section, which are together called “petrographic analysis”, 
comments presented below and summarised in table 6.4 were made. 
 

6.4.1 Hard Mortar 
 
The hard mortar is characterised by a carbonate matrix and lacks minerals such as pozzolan 
tracers or brick fragments. This demonstrates that calcite is the main component of the mortar 
matrix. In this mortar, very homogeneous and well carbonated lime was observed (see figure 
6.12; A). The binder distribution is very uniform inside the material and the aggregate is well 
graded and hard. The aggregate minerals are calcite, quartz and feldspar. Some of the samples 
have well rounded aggregate grains and lack fines. The lack of fines together with the 
roundness indicates that the aggregate is sea sand. In other samples, aggregate grains are 
angular in shape, an indication that this type of hard mortar was prepared with crushed 
calcareous aggregate (Björn at el., 1993). Shells usually in pieces and more rarely as a whole, 
with very strong cohesion to the binder were observed in some of the samples. Charcoal 
fragments with different particle shape were also observed (see figure 6.12; B). The contact of 
the charcoal particles with binder mass is strong. The charcoal particles are well dispersed 
throughout the matrix. The matrix of the lime lumps in this mortar is very fine-grained (see 
figure 6.12; B). Lumps are common in historical lime mortars and their presence has been 
interpreted to indicate certain methods of production and mixing (Alick & Hughes, 2002). 
The binder/aggregate ratio estimated shows that hard mortar is rich in binder.  
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Charcoal particle 

Lime lump 

Carbonated lime 
Aggregate 

A B 
 

Figure 6.12: A) Well carbonated mortar. B) Observed charcoal particles and lime lumps 
 

6.4.2 Soft Mortar 
 
The selection of the aggregate for the preparation of soft mortar was apparently less specified 
than the selection of the binder. Hence, fine aggregate used for the soft mortar preparation 
does not seem to have proper size distribution (poorly graded). The distribution is actually 
restricted between a scarce fraction of large aggregates and a high percentage of fine 
aggregate (see figure 6.13; A). It appears that aggregate grading had a marked effect on the 
properties of this mortar. The aggregate minerals consist of calcite, quartz and feldspar. Lime 
with very fine grained calcite matrix was observed (see figure 6.13; B). The matrix of the lime 
lump is very fine-grained and the fractures observed show no preference direction (see figure 
6.14; A). Shells with very strong cohesion to the binder were observed in some of the samples 
(see figure 6.14; B). Large fragment of charcoal are present in these mortars, along with small 
fragments. The original texture of the wood is still visible in some of the mortars (see figure 
6.15). The binder/aggregate ratio estimated shows that soft mortars have much lower amount 
of binder and high amount of pores.  
 

                    

Aggregate 

Aggregate 

Calcite 

Aggregate A B 
Pore

     
Figure 6.13: A) Poorly graded aggregate. B) Fine grained calcite matrix 
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Fractured lime lump 

B Aggregate 

A Shell particle

 
Figure 6.14: A) Fractured lime lump. B) Shell-fragment 

 

 

Wood piece 

 
Figure 6.15: Wood fragment 

 

6.4.3 Soft and Friable Mortar 
 
Petrographically, soft and friable mortar is characterized by a very fine-grained calcite matrix, 
poorly graded aggregates, reddish and dense lumps, spots of lime lumps, shell and charcoal 
particles. No reaction rim is observed around the reddish and dense lumps, an indication that 
these lumps did not have pozzolanic properties. In some of the lime lumps, shrinkage 
fractures are visible (see figure 6.16; A). The grains of filler material consist of limestone, 
quartz and very fine particles, which can not be identified by petrography (see figure 6.16; B). 
The amount of fine fraction is very high, which implies that aggregate with appreciable fine 
contents was used as a filler material (see figure 6.17; A). The absence of suitable working of 
the mortar to enable complete mixing of lime and fine aggregate was also observed (see figure 
6.17; B). In this mortar traces of straw are also present (see figure 6.18; A). It appears, either 
rapid suction from highly sorptive substrates or overly strong radiation causes lime mortar to 
fracture through shrinkage (see figure 6.18; B). Soft and friable mortars have much lower 
amount of binder and very high porosity.  
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Unrecognised 
lump

Lime Lump 

B 
A

 
       Figure 6.16: A) Lump with shrinkage fracture. B) Unrecognized fine material 
 
 

                

Un-mixed material 

A 
BAggregate 

Aggregate 

  
Figure 6.17: A) Appreciable amount of fine material. B) Unmixed material within mortar 
 
 

        

Fracture 

Straw 

A B

 
Figure 6.18: A) Straw in soft and friable mortar. B) Mortar fractures 
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Table 6. 4: Results summary of petrographic analysis 
Factor Hard mortar Soft mortar Soft and friable 

mortar 
Aggregate 
minerals 

 
Aggregate grading 

 
 

Aggregate grain 
shape 

 
Binder mineral 

 
Binder quality 

 
 

Binder/aggregate 
ratio 

 
Homogeneity 

 
Microstructure 

failure 
 

Mortar fracture 
 

Dissolution of 
binder 

 
Pore ratio 

 
Craftsmanship 

 
Pozzolan tracers 

 
Reaction rims 

 
Salt –induced 

decay 
 

Unknown material 
 

Lime lumps 
 

Charcoal particle 
 

Shell piece 
 

Organic matter 

calcite, quartz, 
feldspar 

 
good, lack of fine 

 
 

round and angular 
 
 

calcite 
 

fine-grained calcite 
matrix 

 
high binder content 

 
 

very homogenous 
 

none 
 
 

none 
 

none 
 
 

low 
 

high skills 
 

none 
 

none 
 

none 
 
 

none 
 

observed 
 

present 
 

detected 
 

not seen 

calcite, quartz, 
feldspar 

 
poor , high amount of 

fine 
 

angular 
 
 

calcite 
 

fine-grained calcite 
matrix 

 
low binder content 

 
 

homogeneous 
 

fractured lime lump 
 
 

shrinkage crack 
 

granular 
disintegration 

 
high 

 
high skills 

 
none 

 
none 

 
none 

 
 

none 
 

observed 
 

present 
 

detected 
 

not seen 

calcite, quartz and 
un-identified material 

 
poor, high amount of 

fine 
 

angular 
 
 

calcite 
 

fine-grained calcite 
matrix 

 
low binder content 

 
 

inhomogeneous 
 

fractured lime lump 
 
 

shrinkage crack 
 

granular 
disintegration 

 
very high 

 
poor skills 

 
none 

 
none 

 
none 

 
 

detected 
 

observed 
 

present 
 

detected 
 

seen 
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6.5 Point Counting 
 
Point counting results as reflected in table 6.5 show that, hard mortar is rich in binder while 
soft and, soft and friable mortar have much less binder. Less binder in these mortars is due to 
binder leaching and/or the use of too much water during mortar preparation. As shown in 
point counting results, hard mortar has fewer voids than soft and, soft and friable mortar.  
 

Table 6. 5: Point counting results 
 

Hard  Soft Soft and friable        Mortar 
 
 
Constituent 

Point Volume 
% 

Point Volume 
% 

Point Volume 
% 

Binder 
Quartz 
Limestone 
Lime lump 
Unknown 
Void 
Total 

95 
25 
47 
6 
0 
27 
200 

47.5 
12.5 
23.5 

3 
0 

13.5 
100 

81 
34 
36 
11 
3 
35 
200 

40.5 
17 
18 
5.5 
1.5 
17.5 
100 

66 
22 
30 
16 
16 
50 
200 

33 
11 
15 
8 
8 
25 
100 

 

6.6 X-ray Diffraction (XRD) Analyses 
 
Table 6.6, report mineral compounds of the samples as determined from the XRD patterns. 
For hard and soft mortar, the X-ray diffraction patterns indicate peaks attributed to calcite, 
quartz and feldspar (see figure 6.19). But for soft and friable mortar, the XRD-analyses reveal 
additional information on the mineralogical phases present in the mortar fractions. The XRD 
patterns indicate peaks attributed to; calcite, quartz and clay mineral. To verify if the clay 
mineral presence is swelling clay or not, the sample was glycolated and then, analysed at 
XRD. The peak did not change position, hence the clay mineral present in the soft and friable 
mortar is a non-swelling type of clay (see figure 6.20).  
 

Table 6. 6: X-ray diffraction data for historical mortars  
 

Sample Calcite Quartz Feldspar Clay mineral 

Hard Mortar 
 
Soft Mortar 
 
Soft and Friable Mortar 

+++ 
 

+++ 
 

+++ 

++ 
 

++ 
 

++ 

+ 
 

+ 
 
- 

- 
 
- 
 

+ 
 
Legend: +++ Dominantly present; ++ Present; + Traces; - Not detected 
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Figure 6.19: X-ray diffractogram showing peaks attributed to calcite, quartz and feldspar 
 
 

 
 

Figure 6.20: X-ray diffractogram showing peaks before and after treatment with C2H2O2 
 

6.7 Physical Analysis 
 
Open porosity measurement by hydrostatic weighing was used to determine the porosity of 
hard mortar, soft mortar and soft and friable mortar. Open porosity gives the total volume of 
open pores in the material in relation to the volume of the sample. It does not give any 
information about size and shape of the pores. The measurements show that hard mortar has 
the smallest pore volume, an average of 19%, while for the soft mortar it is averagely 27%. 
Due to lack of cohesion between mortar particles, soft and friable samples disintegrate when 
immersed in the water after oven drying.  
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6.8 Discussion of Analyses of Historical Mortars  
 
This research study has investigated the composition of historical mortar types, their current 
condition and factors and processes responsible for their deterioration. Based on the 
characterization of Stone Town historical mortar types, intervention technique was devised.  
 

6.8.1 Mortar Composition 
 
All analysed mortar samples consist of lime-based binder, which presented a very coherent 
cementitious compact matrix. Aggregates with similar mineralogical composition but 
different grain size distribution and shape were observed. Apart from the different type of 
aggregates as their mineralogy is concerned, grading, size, and volume content in the mixture 
influenced the structure of a binder/aggregate mixture. As such, mortar samples presented 
different texture and microstructure characteristics, which indicate different lime/aggregate 
ratio, materials quality and workmanship. Surprising for a marine environment, chlorides 
were not detected in all sampled mortars. This phenomenon could be ascribed to the pore 
structure of the mortar, breathability of the structure and the island tropical climate (rain). 
 

6.8.1.1 Binder 
 
Hydrated lime was used as a binder material. The hydrated lime was produced from locally 
available limestone or marine shells. Geological map shows that most parts of the Zanzibar 
Island are built up of sedimentary rock (Issa, 2004). According to Procesi (1993), limestone in 
Zanzibar Island contained calcium carbonate of about 95 %.  
 
A very common method of limestone calcination used in Zanzibar Island is an open heap 
method, with the alternating layers of limestones and woods stacked upon each other. There is 
actually no standard diameter for the open heap kiln, but the normal range is 3.5-8 m and 
height of 1-2 m. The types of fuel vary but the most common type consists of coconut stems 
and wood logs. Dissociation usually starts at around 620oC and proceeds gradually from the 
outside surface inward. The depth of penetration moves uniformly inward on all sides of the 
stone. But for dissociation to penetrate into the interior of the limestone, higher temperatures 
are necessary and must be further elevated for dissociation to occur in the centre or core of the 
stone (Irfan and Gulsen, 2001). The greatest surface area is obtained for limestone calcined at 
900°C. The specific surface area can be a reliable factor for the estimation of quicklime 
reactivity. The greater the specific surface area, the more reactive the quicklime (Moropoulou 
et al., 2001).  
 
Traditionally, quicklime was left outdoor exposed to pick up moisture from the air (air-
slaking). After slaking, it was a common practice in Stone Town to store the slaked lime 
under water to be used by next generation. Upon aging, portlandite crystals undergo a 
considerable crystal size reduction, with the generation of plate-like, nanometer-scale 
portlandite crystals that contribute to an overall surface area increase. The small plate-like, 
high surface/volume aspect ratio crystals in the aged lime putty have great capacity to adsorb 
water. This accounts for the increase in plasticity, water retentivity, and workability of lime-
putty based mortar, qualities that are fundamental for the behavior of lime mortar.  
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Moreover, the small grain size and the large surface area of the portlandite crystals add to 
both the completion of carbonation in shorter times and the establishment of an interlocking 
of portlandite crystals that contribute to the buildup of strength in the lime mortar. However, 
there is no consensus on an optimum aging time (Rodriguez-Navarro et al., 1998).  
 

6.8.1.2 Aggregate 
 
The mineralogical composition of the aggregate used in the preparation of the Stone Town 
historical mortars are quartz, feldspar and calcite. But, the quality of the aggregates is 
apparently less specific than the quality of the binder. It seems, grading, shape, and texture of 
the fine aggregate were not considered to have considerable influence on the quality of the 
mortar. As such, aggregate provenance varies from marine, crushed calcareous rock to any 
soil available in the neighborhood of the construction site, regardless of size distribution or 
mineralogical composition. The experience of the mason determined the type of aggregate 
used and also different masons employ different amounts of aggregate, so fixed 
binder/aggregate (B/Ag) ratio are mostly not found in one building. 
 
Marine aggregate 
The petrology of marine and land-based aggregate is similar, but a number of physical 
characteristics differ. Most obvious are the surface shape and texture, together with the 
presence of shells and chloride from the sea-salt. Marine aggregates are typically smooth and 
rounded, the characteristics present also in some natural aggregates drawn from land-based 
deposits. The properties of roundness and smoothness result in low inter-particle friction and 
interaction, which is beneficial for some uses, but may require particular attention in other 
applications. The main concern for the marine aggregate is the presence of excessive chlorine 
and their associated cations (sodium and potassium) in sea-water. In Stone Town, the mined 
sand from the sea, were kept out-door in the open air to be washed by rain. When exposed in 
this way, the excessive chlorine and their associated cations in the sea-sand was reduced by 
rain washing. Shell is essentially calcium carbonate with a typical particle density of 2.70. 
Thus, from the chemical analysis, both marine shell and limestone present identical chemical 
composition. Only its physical characteristics need separate consideration, in particular, the 
possible effects of flaky and hollow shells. 
 
Crushed calcareous  aggregate 
Apart from the softness of crushed calcareous aggregate this aggregate also help in several 
ways: (i) the fresh broken surfaces “seed” calcite crystal growth. This process enhance the 
binder-aggregate interface, (ii) lack of discontinuity between aggregate and binder matrix 
improve strength because interfacial zones with special microstructures are not present; (iii) 
this type of aggregate increases the amount of medium and large radius pores, as such, gives a 
good pore structure which help in the process of carbonation (Wingate, 2003; Lanas and 
Alvarez, 2003).  
 
Poorly graded aggregate (soil) 
Aggregates for use in mortar should be well graded, sharp and clean. Well-graded sand is one, 
which has a good distribution of particle sizes, with most particles lying in the very coarse 
sand to medium, a range of 0.3-2 mm grain diameter (Gibbons, 1995). With the same quantity 
of binder, more water is required with poorly-grade aggregate than with well-graded 
aggregate to obtain a workable mix.  
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This means, water/binder ratio will be higher with poorly-graded aggregate than with well-
graded aggregate. This can be explained in terms of the extra surface area to be wetted. With 
increasing water/binder ratio the mortar contains an increasing part of the mixing water that is 
not needed for carbonation process. When this part of the mixing water evaporates high 
capillary pores are left (Winnefeld and Böttger, 2006). 
 
High capillary pore contents allow water to diffuse through it. There is evidence that 
migration of the binder and/or fine in the aggregate occurs when saturated conditions are 
present and is exacerbated by prolonged moisture ingress (Högberg, 1967). The loss of 
materials due to immigration of fines usually results into material loss through granular 
disintegration. Furthermore, when the water gets in contact with the hardened mortar with 
high porosity they spread through the porous system. When CaCO3 come into contact with 
water, it will dissolve until reaching the equilibrium. If the water also contains dissolved CO2, 
solubility of the CaCO3 will be very superior (Palomo et al., 2003). The dissolution and 
leaching of the mortar binder will cause an increment in the porosity of the mortars. When the 
porosity increases, the water permeability will increase and the leaching process will 
accelerate. This leads to the loss of bond and strength of the mortar or deformation due to 
volume change, which negatively affects the integrity of the mortar or mortar-stone bond 
(Larbi, 2004). 
 

6.8.1.3 Inclusions 
 
Charcoal particle 
Traces of charcoal particles are present in the matrix of all these mortars. The real function of 
this charcoal remains, however, unknown. In Stone Town, alternative layers of limestone 
fragments and wood are fired and the burnt lime fragments are drawn from the base of the 
lime kiln. The mixture of burnt lime fragments and charcoal remnants have to be sieved, but 
small fragments of charcoal may have been incorporated in the lime matrix (Callebaut, 2000; 
Carrington and Swallow, 1996). The large charcoal fragments however, have resulted either 
from a very poor sieving leaving large fragments of charcoal or from deliberate addition of 
charcoal as some kind of aggregate (Ingham, 2005).  
 
Lime lump 
Lime inclusions, commonly referred to as “lime lumps” are fine to coarse grained lumps of 
calcium carbonate commonly found in old mortars in historical buildings. A lime lump 
represents binder material which has not acted as a binder during mortar setting. They exhibit 
themselves as white, generally spherical particles, which are commonly visible to the naked 
eye (Hughes & Leslie, 2001). Some of the lumps in stone Town historical mortars have 
resulted from the slaking process. A commonly used slaking technique in Stone Town, 
Zanzibar consists of lumps of quicklime left exposed to pick up moisture from the air (air-
slaking). This resulted in hard carbonate crust formed on top and around the edges of slaked 
lime as it matures (Bruni et al., 1997). Other lime lumps are due to the absence of suitable 
working of the mortar to enable complete mixing of lime and fine aggregate. The presence of 
fractured lime lumps indicates the presence of an excess lime which enhanced lime reaction 
which subsequently induced fracturing.  
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Marine shell 
Pieces of shells have been observed in the matrix of all these mortars. Their presence can be 
correlated with sand origin (sea sand), as such, serve as aggregates in the mortars mass or, 
with coral stones used for the lime production as such, serve as binder in mortar matrix. 
Another possible source could be the use of shells as raw material for lime production.  
 

6.8.2 Mortar Condition 
 
The studied mortar is classified according to the results of physical analysis (irrespective of 
the varying historical periods) into: hard mortar, soft mortar, and soft and friable mortar.  
 

6.8.2.1 Hard Mortar 
 
Hard mortar was prepared with durable materials and high skills, and the strength of its 
binding material is of a very good quality. Some of the hard mortar was prepared with marine 
aggregate. Washed sand (marine aggregate) often lacks fines, leading to a loss of workability 
in the mortar, which has to be compensated for by the addition of binder material (Beningfield 
and Lees, 1990). Due to that, hard mortar is rather lime-rich. Large binder content produces 
good interlocked continuous structure. Some of the hard mortar was prepared with crushed 
calcareous aggregate. As previous mentioned, crushed calcareous aggregate produce mortar 
with high strength and good binder-aggregate interface.  
 

6.8.2.2 Deteriorated Mortar 
 
The high quantities of fine material identified in the soft mortar and, soft and friable mortar 
indicate their high susceptibility to deterioration. This observation, when correlated with the 
lower values of strength and durability, indicates that these mortars have a higher risk of 
disintegration. The poor condition of deterioration mortars has further been exacerbated by 
ageing, mainly in the dissolution and leaching of the binder. 
 
Soft mortar 
The final quality of lime mortar, its weathering and durability is closely related to the 
production and execution technology. Soft mortar was well executed in term of materials 
mixing and workmanship.  
 
Soft and friable mortar 
The deterioration mechanism of soft and friable mortar was enhanced by inappropriate 
workmanship. Binder was not homogeneously distributed, which reflects poor materials 
mixing, resulting in lean patches of weak materials within the mortar matrix. The lean patches 
of weak materials within the mortar results into the discontinuities in the mortar structure. 
Also these scattered spots area of unmixed aggregate are easily eroded by infiltrating 
moisture.  
 
All the three groups of mortar; hard, soft and, soft and friable mortar has been exposed to the 
same environmental condition, but they show different degrees in the extent of decay. This 
highlights the unique way in which every piece of mortars weathers and hence, the care that 
must be taken when sampling and trying to make general comparisons and conclusions.  
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6.8.3 Proposed Intervention Technique 
 
From the above observations the conclusion was drawn that, it is necessary to restore the 
integrity of the deteriorated mortar; soft mortar and, soft and friable mortar by treating them 
with a material that will effectively restore the bond between adjacent grains before applying 
protective coating.  
 
The aim of this treatment has to be; to restore the bond between particles of deteriorated 
mortar whilst still allowing weathering to take place as a result of natural processes and at a 
natural rate. For the hard mortar, consolidation treatment is not required, only cleaning and 
protective coating seems necessary. 
 

6.8.3.1 Consolidation Treatment 
 
Materials used for treating mortar to restore integrity are termed consolidants. Consolidants 
are generally considered to be deeply penetrating materials, which have the ability to re-
establish the bond between particles of deteriorated material and prevent or reduce water 
penetration into it (Tabasso, 2004). It is evident from the literature review that whilst there are 
large range of different consolidants available to consolidate porous materials, they are not all 
suitable to lime mortar, or indeed to the soft and, soft and friable mortar of Stone Town 
historical buildings.  
 
As explained in chapter three, mortar consolidants can be grouped in two groups; organic and 
inorganic materials. The organic based consolidants were classed as undesired due to the issue 
of limitations of use, health and safety requirements for their application and costs, especially 
for the case study Stone Town, Zanzibar. In this instance, an inorganic method was the only 
viable approach to consider. The most sympathetic would be the introduction of calcium 
carbonate (CaCO3) back into the deteriorated mortar. The belief that aqueous solution of 
calcium hydroxide (Ca(OH)2) represents the preferred consolidant for the weakened mortars 
of the Stone Town historical buildings is based on the concept of compatibility; materials with 
the same chemical composition would tend to possess similar physical properties and 
chemical reactivity.  
 

6.8.3.2 Protective Coating 
 
When selecting restoration material for historical buildings, often a similar material to the old 
material is required. Despite the fact that the maximum content of fines in aggregate is 
restricted in national and international standards, on basis of similar material (using raw 
materials similar to those employed in the preparation of historical material), the use of poorly 
graded fine aggregate in restoration mortars is often demanded by restorers especially in 
Stone Town, Zanzibar. As a result, repair attempts made have not been very successful or 
effective. Selection of the restoration materials for the protective coating for the historical 
buildings in Tanzania should base on Van Hees (2000) recommendation “the new materials 
should be as durable as possible without (directly or indirectly) causing damage to the 
original material”. 
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CHAPTER SEVEN: DEVELOPMENT OF A CONSOLIDATION PROCEDURE  

 

7.1 Calcium Hydroxide Consolidant 
 
Calcium hydroxide consolidant can be made by dissolving either calcium oxide (CaO) or 
calcium hydroxide (Ca(OH)2) in water. When CaO is used, it first hydrate to Ca(OH)2 on 
contact with water (H2O): 

 
2 2( )CaO H O Ca OH heat+ ⇒ +  

 
Consequently, there is little difference between using CaO and Ca(OH)2 except that CaO 
gives off a substantial amount of heat when it hydrates. When these materials dissolve, they 
dissociate in the water to calcium ions (Ca2+) and hydroxide ions (OH-): 
 

2( ) 2Ca OH Ca OH2+ −⇔ +  
 
When Ca(OH)2 is accessed by the CO2 in its dissolved state, following reactions occurs 
(Beruto et al., 2005): 
 

1 Dissolution of the CO2 in water to form carbonic acid: 
 

2 3CO HCO− −+ ΟΗ ⇔  
 

2 Then, carbonic acid equilibrates to form mostly carbonate: 
 

2
3 3 2HCO OH CO H O− − −+ ⇒ +  

3 The carbonate combines with the calcium in solution to form calcium carbonate: 
 

2 2
3 3 ( )Ca CO CaCO solid+ −+ ⇒  

 
However, when aqueous solution of calcium hydroxide is proposed for the conservation of 
porous building materials, two main technical problems arise: the poor solubility of calcium 
hydroxide in water, which limits the potentialities of this product for consolidation and the 
formation of shallow hard surface layers due to its poor penetration ability (Hensen et al., 
2003). Pursuant to that and on understanding the importance of using sustainable technology 
and traditional material for the restoration of old lime mortars, this section of research study 
has therefore been devoted to the development of this lime treatment method. Subsequently, 
this section of study is divided into two phases:  

 
Phase I 
The first phase of this section of research study was aimed at investigating the role of 
application techniques in improving penetration ability of calcium hydroxide consolidant 
(limewater). 
 
 
 
 

 67



Phase II 
The second phase used the technique developed in phase I to follow the effect of limewater 
treatment on porous material. The physical-mechanical and mineralogical characteristics of 
treated mortars were examine to establish the influence of limewater treatment.  

 

7.2 Application Techniques 
 
Laboratory tests do not necessarily provide conclusive evidence. In other words, depth of 
penetration achievable in laboratory settings may not necessarily be achievable in the field, 
unless the laboratory method reproduces, as far as possible, conditions likely to be found in 
the field. Therefore, in this research study the testing programmes encompassed field and 
laboratory experiments.  

 

7.2.1 Field Experiment 
 
In the field experiment, it is more difficult to work to standard, therefore criteria to be 
fulfilled, with respect to the suitability of the selected building, the order of activities and 
other preliminary task to be accomplished before the commencement of field tests were set.  
 

7.2.1.1 Location of Study Area 
 
There is a similarity between Stone Town historical structures and Bagamoyo historical 
structures. The beginning of Bagamoyo as a town could be related to the rise of Stone Town, 
Zanzibar at the end of the 18th century. The proximity of Bagamoyo Town to Zanzibar Town 
was important because dhows were able to cross the Channel of India Ocean safely to the 
mainland (Chami, 2002). Between 18th and 19th century, there was significant resurgence in 
commerce along the East African Coastal towns. It was during this period that the inhabitants 
built most of the existing historical buildings and associated structures found today in 
Bagamoyo Town and Stone Town (Abunga, 1998). Based on available resources and time the 
field experiment was conducted in Bagamoyo town instead of Stone Town due to the 
proximity of Bagamoyo Town to Dar es Salaam Town where the researcher resides. 
 

7.2.1.2 Building Selection  
 
For the treatment to be effective, a deteriorated mortars, free from dust, debris and organic 
growth is required. According to Hansen et al. (2003), a small amount of consolidant may 
have a significant cementing effect on an extremely friable or powdery substrate, than great 
amount of consolidant on a more coherent material. Therefore, at the start of the experimental 
study, following criteria for building selection were determined: 

1. The building should have deteriorated mortars. 
2. When started, the experiment should continue without interruption. 
3. The experiment should not interfere with on-going activities. 
4. Destructive testing method will be used. 

A survey of the historical buildings was then undertaken to identify the building that 
qualified.  
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Prior to carrying out tests following activities were undertaken: 
• Information about the materials used and previous undertaken conservation works 

from conservators of the area and local people was obtained. 
• The owner of the selected building was approached and was amenable to the tests to 

be carried out. 
• The exact size and position of each test area was chosen in such a way as to enable the 

full suite of tests to be performed on the same area and each area was clearly defined 
and recorded. 

 

7.2.1.3 Production of Calcium Hydroxide Solution (limewater) 
 
When calcium hydroxide is soaked in water for 24 hours, the undissolved lime is sinking to 
the bottom as white sediment with some clear water above. This clear water (limewater) is 
water saturated with lime, visible by a light shine of blue (see figure 7.1).  
 

 

     Seal against carbonation Syphon tube 

   Container 
Container cover 

Limewater 

Lime 

 
Figure 7.1: Manufacturing of lime-water (Iain Mc Caig, English Heritage) 

 
In the preparation of calcium hydroxide solution, locally available calcium hydroxide 
(Ca(OH)2) (Powder form) was soaked into a 100 litres drum filled with tap water, then 
thoroughly mixed and left immersed for 24 hours at averagely 25oC to settle under a sealed lid 
to avoid carbonation. The ratio of Ca(OH)2/H2O was kept 1:6 (Peterson, 1981). Then calcium 
hydroxide solution (limewater) was tapped, filtered through 0.063mm sieve to remove 
residues and kept in sealed container to avoid carbonation. After tapping the limewater, the 
drum was re-filled with tap water, then thoroughly mixed and left immersed to settle under a 
sealed lid for 24 hours at averagely 25oC. This process was repeated until the end of the 
experiment. 

 

7.2.1.4 Application Techniques 
 
The techniques of application can be very important with respect to the depth of penetration 
of consolidant. The usual application techniques, both field and laboratory based include: 
brushing, spraying, drip-wise application, capillary absorption, vacuum impregnation, 
pressure impregnation and total immersion (Price, 1996). In this experimental study, several 
novel application techniques were attempted before an appropriate one was adopted.  
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In the first attempted method, horizontal opening across the wall for limewater delivering pipe 
was created (see figure 7.2; (i)). For the second attempted method, vertical opening along the 
wall for lime water delivering pipe was created (see Figure 7.2; (ii)). Third attempted method 
involved, drilling a hole from the wall surface up to the middle of the wall for inserting 
limewater delivering pipe (see Figure 7.2; (iii)).  
 

               
(i)  

 (II) (iii) 
 

Figure 7. 2: Attempted application methods 
 
To create an opening, first and second method involves cutting several stones (10-15 stones) 
and mortar across or along the wall. Due to that, these two methods are highly destructive and 
labour intensive. In the third method, opening for limewater delivering pipe is passing through 
mortar joint. This method is less destructive than the other two methods and needs minimum 
labour. Therefore, the adopted method of impregnation was by impregnating from the middle 
of the wall, which entailed, inserting the limewater delivering pipe size 1.25cm into a hole 
drilled up to the middle of the wall.  
 
Before starting the experiment, it was important to establish the position of the hole for 
inserting limewater delivering pipe in relation to the wall height. A horizontal hole, 30cm 
deep with diameter 1.25cm was drilled, 290cm high from the floor level (height from floor 
level to ceiling level is 300cm). A 20 litres bucket full of limewater was hanged at the height, 
100cm from the hole. That was maximum possible height due to the roof position otherwise 
the height could have been increased. By the force of gravity, limewater flowed from the 
bucket to the wall through 1.25cm size flexible pipe (see figure 7.3). After 24 hours of 
continues impregnation, wall panel of size; 210x150x60cm3 was completely soaked 
(thoroughly wet). This means, for the period of 24 hours, it is possible to soak a wall panel of 
size; 210x300x60cm3 using two points, drilled at 150cm and 290cm from the floor level. 
Minimum height from the drilled hole to a bucket full of limewater is 100cm. Based on the 
available resources and time, six wall panels of size 210x300x60 cm3 were selected. One 
selected wall panel was identified to act as a control. 
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Figure 7.3: Impregnating stone masonry wall from the middle 
 
Following procedures for carrying out the experiment were designed:  

1. Plaster on both side of the wall to be removed to expose the masonry wall (for 
breathing purpose).  

2. Entrance points for the limewater delivering pipe to be sealed by water proof sealant, 
to prevent limewater leakage. 

3. The solubility of calcium hydroxide in water is about 1.5gl-1 at 15oC therefore, 
multiple applications are necessary to produce sufficient crystalline network. Hence, 
multiple applications to be applied  

4. The pH of the water coming out through the wall surface should be tested with pH- 
indicator solution (phenolphthalein) until pH increases. 

 

7.2.2 Laboratory Experiments 
 

7.2.2.1 Mortar Samples Preparation  
 
The binder in the mortar mixture was commercial-dry hydrated lime powder, industrial 
product. The type of sand used was commercial supplied calcite aggregate with particle size 
distribution (gradation) given in figure 7.4. The particle size distribution was determined by 
placing individual sieves on top of each other to form what is called a “nest” of sieve. The test 
sample was placed in the top sieve of the nest and the sieves were agitated until material 
ceases to pass each of the sieves, the mass of material retained on each sieve was then 
determined.  
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                                                                    Figure 7.4: Grain size distribution 
 
The lime to sand ratio in these samples was 1:3 by volume. This is the most cited ratio in the 
literature. The dry slaked lime was soaked in water for 24 hours before the mortar was mixed 
to improve carbonation and less crack development (Cazalla et al., 2000; Lanas & Alvarez, 
2003). The amount of added water was adjusted in order to obtain normal consistence and a 
good workability. Consistency of mortars is a very important value for having a good 
workable mortar and depends mostly on the water content. Consistency of mortar in this study 
was not based on standards measures but was determined by an experienced technician. 
Standard consistency tests for mortars are intended for cement mortars (NBN B15-206) 
(Callebaut, 2000). A water/binder ratio of 1:2 gave a suitable workability. A good workable 
mortar cannot be too dry but also not too wet.  
 
The ingredients were mixed in a Hobart mixer, model A200. Aggregate and lime putty were 
mixed for 5 minute. Water was added and mixed for 5 minute at low speed and finally for 1 
minute at high speed (Lanas & Alvarez, 2003). Different shapes and dimensions of the sample 
specimens were adopted according to the tests to be performed. 
 
During casting the paste was filled in two layers, each layer being tamped ten times with the 
tampers. The excess mortar was removed from the top with the palette knife. After casting, 
the specimens were kept in internal climatic condition with room relative humidity of 50% 
and room temperature of 20oC, for an excess water to evaporate.  
 
After 72 hours, samples were demolded and the accelerated carbonation of the lime mortars 
was obtained by curing the samples in an enclosed CO2 box with an average relative humidity 
of 85% and an average temperature of 20oC. Lime mortar in normal conditions can take years 
to carbonate. The relative humidity inside the CO2-box was kept around 85% by putting damp 
cloth inside the box. The relative humidity around 85% is optimal for carbonation (Callebaut, 
2000). The samples were kept in this CO2 box until they were fully carbonated (one month). 
The degree of carbonation was qualitatively evaluated by spraying a freshly broken mortar 
surface with phenolphthalein (indicator solution of 1% phenolphthalein in 70% ethyl alcohol), 
which is a product that changes from a clear liquid to a red colour when exposed to high 
levels of alkalinity (see figure 7.5). Calcium hydroxide is highly alkaline (basic) while 
calcium carbonate is almost neutral. 
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Figure 7.5: Evaluation of degree of carbonation 
 
A material is neutral if there are equal of hydrogen ions and hydroxyl ions [(H+) = (OH-)], 
basic (or alkali) if there are more hydroxyl ions than hydrogen ions [(OH-) > (H+)] and acid if 
there are more hydrogen ions than hydroxyl ions [(H+) > (OH-)]. The pH is a value that 
represents the acidity, alkalinity or neutral of a material. The pH of a material may be 
measured in three ways: i) By means of indicator solution, ii) with pH test paper or strips, or 
iii) with an electronic device known as the pH-meter (Teutonico, 1988). 

 

7.2.2.2 Application Techniques 
 
Mortar samples identical in composition were impregnated with calcium hydroxide solution 
(Ca(OH)2) using different methods of application: 
 

1. The normal lime-water (lime-water without additive) was applied to the surface of the 
mortar samples by total immersion. Six mortar samples, three laboratory made 
samples and three deteriorated samples from Stone Town historical buildings were 
placed on support in a covered container with lime-water and then kept totally 
immersed and covered by about 2 cm of lime-water until saturation (in room 
temperature and humidity). The saturation was reached when the weight of the 
immersed samples remained practically invariable, at an interval of 24 hours (see 
figure 7.6). Soon afterwards, the samples were removed from the lime-water and dried 
at room temperature for about 1 hour to remove surface moisture. The extent of 
penetration of the calcium hydroxide solution was determined by spraying with pH 
indicator solution (phenolphthalein) on freshly broken surface of the mortar samples. 

 

Limewater
Sample

Supports

Cover

 
 

Figure 7.6: Lime-water applied to the sample surface by total immersion 
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2. Holes, half way to the bottom, were drilled at the middle of the three identical 
cylindrical samples. Then, these samples were placed on support in a covered 
container with lime water, with 5/6 of their height immersed in lime-water as indicated 
in figure 7.7. After every 24 hours, the pH of the surrounding lime water and the pH of 
the water inside the sample holes were tested with pH test paper strip (non-bleeding). 
The strips were dipped in for 1 min and read while still moist.  
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Figure 7.7: Lime-water applied to the sample from the surface 
 

3. Mortar sample was crushed to small particles and these particles were placed in a 
covered container with lime-water and then, kept totally immersed and covered by 
about 40 mm of lime-water. Argon gas was pumped inside to protect lime-water 
against carbonation. Every 24 hours, the small amount of lime-water was pumped out 
and its pH tested with pH test paper strip.  
 

4. The normal lime-water was applied to the surface of the mortar samples by capillary 
action. Three mortar samples (40x40x160mm3) were placed upright with 40 mm of 
their base immersed in lime-water in the sealed containers as indicated in figure 7.8. 
The samples were kept in climatic room with temperature of 20oC and relative 
humidity of 50%. After 24 hours, they were removed from the lime-water and dried at 
room temperature for about 1 hrs to remove surface moisture. To determine the depth 
of penetration of calcium hydroxide solution, the side of the samples immersed in 
lime-water were broken and sprayed with ph indicator solution (phenolphthalein).  
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Figure 7.8: Lime-water applied to the sample by capillary action 
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5. Holes, 30 mm deep, with 10 mm diameter, were drilled using electrical drill, at the 
middle of the three identical cylindrical samples. Then, 10 mm size flexible pipe, were 
inserted into these drilled holes and the holes were sealed with water proof seal to 
avoid leakage. These pipes were connected with sealed buckets with lime-water, 
placed at the height, 500 mm from the samples. That was maximum possible height 
(available supporter) at the laboratory otherwise; the height could have been increased 
(see figure 7.9). By the force of gravity, lime-water flowed from the buckets to the 
samples. After 12 hours, samples were thoroughly wet and the pH of the water coming 
from the outer surface of the samples was tested by means of pH indicator solution 
(phenolphthalein). 
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Figure 7.9: Lime-water applied to the sample from the middle of the sample 

 

7.3 Enhancing Dissolution of Calcium Hydroxide (Ca(OH)2) in Water 
 
Because of the limited solubility in water several means have been suggested to increase the 
concentration of a calcium hydroxide solution. These include; the addition of sugars, 
carbohydrates and other organic materials to aqueous solution of calcium hydroxide (Banfill, 
1986; Hansen et al., 2003). Among the recommended additives, sugar was selected as an 
additive for the enhancement of calcium hydroxide solubility, due to its cost and availability, 
especially for the case study, Stone Town, Zanzibar. 
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7.3.1 Calcium Hydroxide in Solution of Sugar 
 
For the determination of solubility profile of calcium hydroxide (Ca(OH)2) in solution of 
sugar, different solutions of sugar (sugar mixed with tap water) as presented in table 7.1, were 
prepared. Then, dry-hydrated lime (Ca(OH)2) was poured into the solution with different 
sugar content. The mixture was stirred three times (thoroughly mixed), and left immersed for 
24 hours to settle under a sealed lid to avoid carbonation. Then clean water above the settled 
lime in the containers was tapped and filtered through 0.063mm sieve and kept in sealed 
containers.  
 
The amount of calcium hydroxide (g/100ml) in each solution was determined by photometric 
titration with EDTA and murexide as indicator. The murexide changes colour from reddish-
purple in weakly acidic solutions to blue-purple in alkaline solution. Ca forms complexies 
with EDTA at high pH-values and Ca will bind to EDTA in certain amounts. When the colour 
changes has occurred the amount of Ca can be calculated.  

 
Table 7. 1: Calcium hydroxide in solution of sugar 

 
Ca(OH)2 (g) 

(lime) 
Solvent (H2O) (g)  

(water) 
Solute (C12H22O11) (g)  

(sugar) 
50 
50 
50 
50 
50 
50 
50 
50 

100 
100 
100 
100 
100 
100 
100 
100 

30 
25 
15 
5 

2.50 
1.25 
0.63 
0.00 

 

7.3.1.1 Mineralogical Composition of Calcium Hydroxide Solution with Additive 
 
To identify the mineral crystalline phase of the calcium hydroxide solution with additive, 
filtered calcium hydroxide solution with sugar content of 25 grams and 2.5 grams were dried 
in oven with temperature of 40oC and the dry powder was analysed by X-ray diffraction 
(XRD).  
 

7.3.2 Preparation of Limewater Mixed with Additive  
 
For the determination of consolidation value of lime-water with additive, 2.4% by mass 
solution, which give calcium hydroxide in solution of 0.44g/100 ml, was selected. Below this 
figure the amount of calcium hydroxide in solution was minimal while above this figure the 
solutions become too sticky (high viscosity). In order to achieve adequate penetration a 
consolidant must have a very low viscosity according to Bell & Coulthard (1990).  
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In the preparation of additivated lime-water, dry-hydrated lime (Ca(OH)2) was poured into the 
container with tap water mixed with sugar content of 2.5 grams. The mixture was stirred three 
times (thoroughly mixed), and left immersed at room temperature and humidity for 24 hours 
to settle under a sealed lid to avoid carbonation. Then, the clean water above the settled lime 
in the container was tapped and filtered through 0.063mm sieve and kept in sealed container. 
Always, after harvesting the additivated limewater, the container was re-filled. This process 
was repeated until the end of the experiment. 

 

7.4 Effectiveness of Calcium Hydroxide Treatment  
 

7.4.1 Limewater/Carbon Dioxide Reaction 
 
Hardening of lime-water in the mortar is mainly due to the uptake of CO2 and the formation 
of CaCO3. During the conversion of Ca(OH)2 to CaCO3, the pH changes, making it possible 
to evaluate the evolution of the carbonation by pH-indicator.  
 
The carbonation process of lime-water is influenced by several factors. The influence of these 
factors however, is not the scope of this study. The aim of this study was to establish the time 
needed for the carbonation of calcium hydroxide solution (lime-water). Three mortar prisms, 
identical in composition and curing conditions, were continuously impregnated with 
limewater for 48 hours. After that, they were kept in a climatic room with relative humidity of 
60% and temperature of 20oC for carbonation. The climatic room condition simulates the 
average natural condition. After every 24 hours, a small portion in the longest sample axis, of 
each sample was broken and phenolphthalein (pH-indicator) was dripped on the freshly 
broken surface. 
 

7.4.2 Mechanical Property 
 
For the assessment of the effectiveness of lime-water treatment for improving mechanical 
strength, compressive strength of treated and untreated mortar prisms (reference samples), 
were determined and compared. According to international standards, the compressive 
strength tests on mortar prisms results in a tri-axial tension state due to the friction resistance 
between the mortar and the pressure plates of the testing equipment. If the internal maximal 
shear strength is exceeded, the material breaks. This results typically in two pyramidal parts 
of mortar. The compressive strength test was conducted on following full carbonated mortar 
prisms: 
 

i) Untreated laboratory and field samples kept in climatic room with relative humidity of 
60% and temperature of 20oC. 

ii) Laboratory and field samples once impregnated with normal lime-water and then kept 
in climatic room with relative humidity of 60% and temperature of 20oC.  

iii) Laboratory samples twice impregnated with normal lime water and kept in climatic 
room with relative humidity of 60% and temperature of 20oC.  

iv) Laboratory and field samples once impregnated with additivated lime-water and kept 
in climatic room with relative humidity of 60% and temperature of 20oC. 
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The device of compressive strength determination was a MTS-810 with load cell of 50kN and 
rate of loading was 1mm/min. The measurement was finished when the first cracks appear in 
the sample and the value given on the display was fixed. This was the maximum pressure 
(max F) that the material could take. The compressive strength was determined by dividing 
this maximum pressure by the surface area (A) of the material that is tested. 
 

2max FCompressive strength in N mm
A

= /
 

 
The reported results are the average value of three identical specimens. 

 

7.4.3 Mineralogical-Physical Properties 
 
The changes of the microstructures of the mortar caused by the carbonation of the calcium 
hydroxide solution (Ca(OH)2), not only affects mechanical properties but, also the pore 
structure and hence, the water transport characteristics. Carbonate weighs about 35% more 
than the hydroxide from which it was formed. There is also an increase in the volume of 
solids.  
 
Scanning electron microscopy (SEM) was used for microscopic observations of the 
microstructure and the texture of epoxy stabilized polished plain of untreated and treated 
samples. To assess the extent to which pore space has been filled by this volume increment 
caused by lime-water carbonation, the open porosity (pores that can be filled with water) of 
five mortar prisms, identical in composition and curing conditions were determined before 
and after treatment by means of its apparent and real density (fluid displacement method) 
(Teutonico, 1988).  
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CHAPTER EIGHT: DEVELOPMENT OF INTERVENTION TECHNIQUE 
 

8.1 Introduction 
 
The improvement of penetration ability of calcium hydroxide solution in porous materials will 
determine its contribution to the preservation of decayed porous material. Pursuant to that, 
this section of research study has therefore been devoted to the development of a calcium 
hydroxide treatment method. As such, laboratory and field experiments undertaken 
investigated the role of application techniques in improving penetration ability of calcium 
hydroxide solution (limewater) and the effect of calcium hydroxide treatment on porous 
material. Field and laboratory experiments fell into three phases. 
 
Phase one 
 

8.2 Augmentation of Ca(OH)2 Solution Penetration Ability 

 

8.2.1 Field Experiment 
 

8.2.1.1 Selected Building 
 
As explained in previous chapter, on-site field experiment was conducted on Bagamoyo 
historical building. Most of the historical buildings in Bagamoyo Town are one to three floors 
high. The construction techniques used vary, especially for the floor slabs. In some of the 
buildings, the floor slabs are constructed of stone masonry supported by mangrove poles and 
finished with lime screed. In other buildings, the floor slabs are constructed of stone masonry 
supported by steel flat bars and finished with lime screed. In few buildings, the masonry floor 
slabs are supported by the mangrove poles, which are supported at the middle and near the 
ends by the steel beams. Roof slabs are constructed of stone masonry supported by mangrove 
poles and finished with iron sheets. Unfortunately, the condition of decay and neglect is 
noticeable to a great extent at the repaired and un-repaired buildings (see figure 8.1; a & b). 
 

        
(a) Repaired building   (b) Un-repaired building 

Ruin 

 
Figure 8.1: Current condition of historical buildings in Bagamoyo Town 
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Unused one storey building, Government owned, constructed in 1890 with 60 cm thick rubble 
masonry walls was selected. The facade of the building presented an extremely advance 
deterioration condition, with powdering and scaling producing heavy surface losses. The 
walls of the building are built of rubble stones and lime based mortar, lime plastered and lime 
washed. The ground floor is constructed of stone masonry and finished with lime screed. The 
floor slab is constructed of stone masonry, supported by mangrove poles and finished with 
lime screed. In several parts of the building, floor and roof slabs have partially or entirely 
collapsed. The deterioration of the building materials continues at great speed and the effort to 
retard the developments is far too small. Moisture, lack of knowledge of building materials 
and construction techniques used, and lack of technical knowledge in repairing and 
maintenance of historical structures threaten the very survival of this heritage (see figure 8.2). 
 
 

 
 

Figure 8.2: Selected historical building 
 

8.2.1.2 Impregnation from the Middle  
 
The adopted method of impregnation was by impregnating from the middle of the wall, which 
entailed inserting the limewater delivering pipe up-to the middle of the wall (refer previous 
chapter). Hence, five wall panels were impregnated from the middle with calcium hydroxide 
solution. The number of impregnation cycle was; once for three wall panels and twice for two 
wall panels (see table 8.1 & figure; 8.3 & 8.4). Impregnation period for each day was 12 hours 
(the building has no electricity). The amount of calcium hydroxide impregnated into each wall 
panel was averagely 120 litres per day. The first impregnation cycle took six days (72 hours). 
Waiting period from one cycle to another was three days to allow for the wall to dry out. 
Impregnation period for a second round of impregnation was three days (36 hours). In every 
impregnation cycle, the wall panel was impregnated until the leaking solution was alkali.  
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Table 8. 1: Impregnation cycle per wall panel 
 
 Wall 

panel 
Number of Impregnation 

Cycle 
Amount of Ca(OH)2 
solution (litre) 

one 
two 

three 
four 
five 

once 
once 
once 
twice 
twice 

720 
720 
720 
1080 
1080 

 
 
 
 
 
 
 

 

Drilled hole for 
inserting pipe

1 2 3 4 5

Figure 8.3: Impregnated wall panels 
 
 

 

Bucket full of limewater 

Delivering pipe 

 
Figure 8.4: Impregnation from the middle 
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After 24 hours of continuous impregnation the wall panels become wet and dripping from the 
impregnation. By using carbonation test (phenolphthalein solution), the pH of the solution 
leaking out of the surface of the impregnated wall panels was tested. When sprayed with the 
pH indicator, the colour of leaking solution did not change. This implied that, the leaking 
solution was neutral. In the sixth day (day are therefore referred to as 12 hours working 
period), of continues impregnation the leaking solution changed colour to pink when sprayed 
with pH indicator, an indication that calcium hydroxide solution (limewater) was the leaking 
solution (see figure 8.5). The reason why neural solution starts leaking before alkali solution 
was difficult to ascertain without further studies. 
 
 
 
 
 

 

Alkali solution coming out 
Neutral solution coming out 

 
Figure 8.5: Neutral solution leaking out before alkali solution 

 

8.2.2 Laboratory Experiments 
 
As explained in the previous chapter, different approaches on application techniques were 
experimented.  
 

8.2.2.1 Impregnation by Total Immersion 
 
Three mortar samples, prepared as described in the experimental part and three deteriorated 
mortar samples from Stone Town historical buildings were totally immersed in calcium 
hydroxide solution until they reached total saturation. These mortar samples have different 
water absorption capacities. Laboratory prepared mortar samples have water absorption 
capacity of 8.3 %, while deteriorated mortar samples from Stone Town, Zanzibar have water 
absorption capacity of 27 % as an average. When the fresh broken surface of these totally 
immersed mortar samples were sprayed with pH indicator (phenolphthalein), the result is as 
shown in figure 8.6. The calcium hydroxide was deposited near the surface of the mortar 
sample, in respect of its water absorption capacity.  
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Limewater
Sample

Supports

Cover

   

Laboratory 
made sample

Deteriorated sample Ca(OH)2

Ca(OH)2 

 
 

Figure 8.6: Fresh broken surface of mortar samples sprayed with pH indicator 
 
However, it was also observed that all impregnated mortar samples were thoroughly wet 
therefore, it was important to establish the pH of the solution which saturates the mortar 
pores. 

 

8.2.2.2 Impregnation from the Surface 
 
In order to establish the pH of the moisture inside the mortar pores, mortar samples were 
placed on support in a covered container with calcium hydroxide solution, with 5⁄6 of their 
height immersed into the solution, as shown in figure 8.7. After 24 hours, the pH of the 
solution surrounding the mortar samples and the pH of the solution inside the hole, drilled at 
the middle of each mortar samples were tested by the pH test paper strip. The pH test paper 
strip indicated that, the solution surrounding the mortar samples are basic (alkali), while the 
solutions inside the mortar samples hole are neutral. This means, there was a precipitation of a 
solid, solute (Ca(OH)2) deposited near to the surface of the mortar sample, while a solvent 
(H2O) filtered through and saturates the mortar sample (see figure 8.7). 
 
 
 
 

Limewater

Sample pH measured 
every 24 hours

pH measured 
every 24 hours

Supports

Cover

    

Deposited solute (Ca(OH)2)
Filtered solvent (H2O) 

 
Figure 8.7: Ca(OH)2 deposited near the surface of the mortar sample 
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8.2.2.3 Effect of Precipitation Reaction 
 
To investigate the effects of precipitation reaction on pH of the calcium hydroxide solution 
surrounding the samples, the pH of the calcium hydroxide solution mixed with small crushed 
particles of mortar sample was tested after every 24 hours with a pH test paper strip. From the 
result no changes of solution pH were observed, which implies that the precipitates was 
formed from the solution which was in direct contact with the surface of the mortar sample. 
Because calcium hydroxide solution was already in a saturated solution, the precipitated 
calcium hydroxide could not re-dissolve into the solution.  
 
From the above observation it was concluded that, there is a need of un-blocking the mortar 
pores by removing the solvent during the impregnation process. In other words, maintaining 
the absorption capacity of the impregnated material.  
 

8.2.2.4 Impregnation by Capillary Action 
 
Subsequently, in this experiment test, the solvent was allowed to evaporate by impregnating 
the mortar samples by capillary action. When the solvent (H2O) inside the treated samples 
was allowed to evaporate during the impregnation process some improvement in the 
penetration depth of the calcium hydroxide solution was observed (see figure 8.8).  
 
 
 
 

Limewater

Sample

Supports

Cover

         

Solvent (H2O)
Improvement of penetration 
depth of the solute (Ca(OH)2)  

 
Figure 8.8: Solvent evaporate during the impregnation process 

 
But, when calcium hydroxide solution was allowed to carbonate between applications, no 
improvement of penetration depth was observed. The initial attained penetration depth did not 
change between applications.  

 

8.2.3 Discussion of Penetration Ability of Ca(OH)2 Solution  
 
From the results of the above mentioned field and laboratory experiments it can be pointed 
out that precipitation reaction occurs when there is a contact between calcium hydroxide 
solution and calcium carbonate. That was a reason why neural solution starts leaking before 
alkali solution, in the filed experiment. In that sense, factors which have major influence on 
the penetration ability of calcium hydroxide solution are:  
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(i) Absorption capacity of the treated material during the impregnation process  
(ii) Method of Application  

 
The above results imply that, it is important to make sure that pores are not blocked by 
solvent during the impregnation process. Moreover, once the treatment is initiated it must 
continue uninterrupted. This means, without long interval between applications during which 
calcium hydroxide could carbonate.  
 

8.2.4 Adopted Impregnation Method 
 

8.2.4.1 Impregnation from the Middle 
 
In the adopted impregnation technique, by force of gravity, calcium hydroxide solution 
flowed from the container and impregnated the mortar samples from the middle (see figure 
8.9). This allowed the solvent to be pushed out through the mortar sample surface. After 12 
hours of continuous impregnation, the solution starts coming out through the sample surface.  
The initial solution, which was coming out through the sample surface, when tested with pH 
indicator was neutral, but after another 12 hours of continuous impregnation, the coming out 
solution on the sample surface was alkali. Then, samples were broken and the fresh broken 
surfaces of the mortar samples were sprayed with pH indicator (phenolphthalein). As seen in 
figure 8.9, the whole areas of the mortar samples were successfully impregnated with calcium 
hydroxide solution. 
 
 
 

Limewater

Sample

Supports

Cover

Waterproof sealing

50
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0 
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The whole sample is saturated with 
alkali solution Alkali solution coming out

 
Figure 8.9: Fresh broken surface of mortar sample impregnated from the middle 
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8.2.5 Conclusive Remarks on Penetration Ability of Ca(OH)2 Solution 
 
As explained in chapter three, dispute over the effectiveness of calcium hydroxide treatment 
stems from its limitations: 

(i) Poor penetration ability and 
(ii) Poor solubility of calcium hydroxide in water.  

 
From the undertaken field and laboratory experiments, following conclusions were made: 
 

I. Refer figure 8.7; when calcium hydroxide solution (lime water) came in contact with 
calcium carbonate (CaCO3), calcium hydroxide precipitate from solution. Subsequently, 
calcium hydroxide (Ca(OH)2) was deposited in the vicinity of the mortar surface, with 
approximately depth of 1-2mm from the surface, while water (H2O) was filtered through 
(filtration process). As such, the inner barrier affecting the porosity of the treated material 
and its ability to absorb more calcium hydroxide solution is not formed by calcite crystals or 
precipitated calcium hydroxide as claimed by previous researchers, but by the filtered water 
(H2O) used as solvent.  

II. Another misconception surrounding calcium hydroxide treatment concerns the absorption 
capacity of the treated material. According to Brajer & Kalsbeek (1999), positive 
consolidation result is attained on a very absorbent substratum. As shown in figure 8.6, due 
to filtration process, calcium hydroxide was deposited near the surface of the treated 
sample, in respect of sample absorbent capacity. As such, successful treatment is dependent 
on the application method rather than absorbent capacity of the treated material.  

III. The reason why precipitation reaction (filtration process) occurs is not yet clear but is 
probably caused by intermolecular attraction within the liquid and solid material (surface 
complexion). 

IV. To reach a deep penetration of calcium hydroxide solution, Peterson (1981) proposes 
multiple applications in a wet state, 30-40 applications or even more. No evidence of deeper 
penetration of calcium hydroxide solution as a result of multiple applications in a wet state 
was found. The filtered water (H2O) filled the pores and reduced capillary force to zero.  

V. As demonstrated in figure 8.8 and 8.9, deeper penetration of calcium hydroxide solution 
into the porous material could be obtained only if following factors are considered 
concurrently: 

(i) To make sure that pores are not filled-up by solvent. The filtered water (H2O) should 
be removed. Forces as attraction by hydrophilic surfaces, capillary action, electro-
osmosis attraction, heat and cold, water diffusion and evaporation should be utilised. 

(ii) Once the treatment is initiated it must continue uninterrupted. The application should 
continue without interval, which will allow the deposited calcium hydroxide to 
carbonate. The aim here is to manage the precipitation reaction.  

VI. It is stated that the critical moment of calcium hydroxide treatment is the recognition of the 
state of saturation. According to Brajer and Kalsbeek (1999), the treated material should 
always be allowed to partially dry up when the surface is no longer absorbing. Negligence 
will result in a built-up of hard surface layer and over-application led to production of a 
strangely glassy surface (on surface application). According to the results of undertaken 
experiments, lack of recognition of the state of saturation does not produce hard surface 
layer. As mentioned above, the treated material is always allowed to partially dry-up 
between applications as a result carbonation process starts. When the next application of 
calcium hydroxide solution comes into contact with carbonated calcium hydroxide 
(CaCO3), it precipitates and this led to production of hard surface layer.  

 86



VII. One of the argument against the use of calcium hydroxide solution as a consolidant is due to 
low solubility of Ca(OH)2 in water. Consequently, this treatment puts huge quantity of 
water into the fabric of the treated material. The quantity of calcium hydroxide (Ca(OH)2) 
and water (H2O) absorbed by the impregnated material depends on its porosity. As far as 
pores are saturated, addition application will not be possible unless solvent is removed from 
the pores. In other words, as long as each application is applied unto total saturation, the 
quantity of moisture in the impregnated material is the same whether applying 1 or 40 
applications. 

VIII. To provide a realistic evaluation of consolidation treatment one must careful note its 
purpose. For example, the purpose of consolidating weathered wall paintings is to 
consolidate poorly bound pigment particles, seldom over 1mm thick. As such, it was 
possible for Brajer & Kalsbeek (1999), to successfully consolidate sixteenth century lime-
based (secco) wall paintings. While, the purpose of consolidating friable stone, is to 
improve its strength by strengthen the weakened stone, in depth or the whole stone. As such, 
Quayle (1996) was correct on rising doubt on the effectiveness of calcium hydroxide 
treatment when he stated that, “at best only a thin surface shell of harder calcium carbonate 
surrounds by a soft inner core of more porous friable stone”. The above mentioned conflict 
opinions underline the importance of identifying the purpose of consolidation before 
selecting application technique.  

IX. From the experiment results it was observed that volume of calcite crystals in the treated 
material could be increased when: 

1. Calcium hydroxide (Ca(OH)2) solution is allowed to carbonate between 
applications. This observation is contrary to the previous recommendation; 
multi-applications in a wet state or. 

2. Additive is added in the calcium hydroxide solution as such, enhancing 
solubility of Ca(OH)2 in solution. 

 
Phase two 
 

8.3 Enhancing Solubility of Calcium Hydroxide (Ca(OH)2) in Solution  

 

8.3.1 Calcium Hydroxide in Aqueous Solution of Sugar 
 
The idea of enhancing solubility of calcium hydroxide in a solution, came about because it 
represent a potential means of introducing more calcium hydroxide into the deteriorated 
mortar, than is possible with normal lime water of which is only 1.5 gl-1 of calcium hydroxide 
at 15oC. To increase the concentration of calcium hydroxide in a solution several means have 
been suggested. In this study, sugar as an additive for enhancing concentration of calcium 
hydroxide in solution was selected.  
 
The fact that considerable lime will dissolve in the stiff syrup is of interest as such, various 
solutions were prepared containing 100 grams of water and from 0-30 grams of sugar. To 
these solutions, 50 grams of calcium hydroxide was added. After 24 hours standing, with 
intermittent shaking at 15oC, analysis of the supernatant solution was made. The compositions 
of the solution are given in table 8.2. From the results, it is clear that solubility of calcium 
hydroxide (Ca(OH)2) in solution of sugar is proportional to the amount of sugar added.  
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In figure 8.10, the calcium hydroxide in solution of sugar is plotted as a function of the sugar 
in solution. The curve thus obtained is smooth, showing no obvious breaks and passing of 
course through the point for the solubility of calcium hydroxide in water alone. 
 

Table 8. 2: Calcium hydroxide-sugar-water at 15oC 
 

Ca(OH)2 (g) 

(lime) 

H2O (g) 

(water) 

C12H22O11 (g) 

(sugar) 

Ca(OH)2 (g/100ml) 

(Ca(OH)2 in solution) 

50 
50 
50 
50 
50 
50 
50 
50 

100 
100 
100 
100 
100 
100 
100 
100 

30 
25 
15 
5 

2.50 
1.25 
0.63 
0.00 

inconclusive 
inconclusive 
inconclusive 

1.23 
0.44 
0.23 
0.17 
0.15 
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Figure 8.10: Solubility of lime in solution of sugar 
 
When determining the amount of calcium hydroxide by photometric titration with EDTA and 
murexide as indicator, the aqueous solutions of sugar with sugar content beyond 5 grams, the 
indicator murexide did not change colour hence, it was impracticable to study the lime-water-
sugar system at concentration beyond this limit (see table 8.2). Attempt was made to 
determine the nature of the solid in the lime-sugar-water solution with sugar content of 25 
grams. As shows in figure 8.11, the solid obtained was in no case crystalline as such, it was 
not possible to establish its mineralogical composition.  
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But, when the solution with sugar content of 2.50 grams was dried and analysed using X-ray 
diffraction the result is as shown in figure 8.12. The analysed residue is crystalline and 
mineralogical compositions are: calcite, vaterite and sucrose. 
 
 

 
 

Figure 8.11: X-ray diffraction of a solid in solution of lime-sugar-water  
 

 
 

Figure 8.12: Mineralogical composition of a solid in solution of lime-sugar-water 
 

8.3.2 Conclusive Remarks on Enhancing Solubility of Ca(OH)2 in Solution  
 
The influence of additive on calcium hydroxide solubility has been verified and following 
conclusions were made: 

1. When calcium hydroxide is brought into contact with an aqueous solution of 
sugar, the ratio of calcium hydroxide to sugar in the solid varies continuously 
with the composition of the solution consequently, solubility of calcium 
hydroxide (Ca(OH)2) in a solution of sugar is proportional to the amount of 
sugar in the solution. 
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2. There is no chemical reaction between sugar and calcium hydroxide as such, the 
mineralogical compositions of the solid resulting when calcium hydroxide is 
added to a sugar solution are; calcite, vaterite and sucrose.  

3. It seems as if some sugar in the solution precipitate in the solid Ca(OH)2 phase 
as such, the absorption of sugar in the solid phase is considerable. Therefore, 
there is a limit on the amount of sugar in solution and in this particular case, not 
more than 5 grams of sugar in solution.  

 
Phase III 

 

8.4 Effectiveness of Ca(OH)2 Treatment on Porous Material 

 

8.4.1 Distribution of Deposited Calcium Hydroxide (Ca(OH)2) 
 

8.4.1.1 Porosity   
 
Table 8.3 and figure 8.13 shows the total porosity of various mortar samples before and after 
treatment with calcium hydroxide solution. The treatment did not produce any drastic 
reduction of porosity thus, calcium hydroxide treatment does not dramatically alter the 
structure characteristics of the treated material. On other hand, porosity increment in twice 
impregnated samples was observed (see table 8.4 and figure 8.14).  
 

Table 8. 3: Porosity test results of laboratory samples 
 

Porosity (%)  
Sample No. Before treatment After treatment 

1 
2 
3 

20.7 
17.4 
17.3 

18.4 
16.5 
16.5 
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Figure 8.13: Porosity of laboratory samples before and after treatment 
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Table 8. 4: Comparison of porosity of laboratory samples 
 

Porosity (%)  
Sample 

No. 
Untreated Once treated Twice treated 

1 
2 
3 
4 
5 

30.1 
31.4 
31.2 
30.4 
32.6 

29.7 
30.8 
30.9 
30.2 
32.2 

29.8 
31.6 
31.2 
30.5 
32.6 

 

28
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29
29,5

30
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31
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33
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Figure 8.14: Change of porosity after treatment 
 
As the laboratory experiments produced very positive results, the total porosity of mortar 
samples obtained from deteriorated masonry wall treated with calcium hydroxide solution 
were determined. The obtained results are illustrated in figure 8.15. In terms of porosity 
changes, the results are basically the same as those obtained in the laboratory made samples. 
The results indicate that after the treatment there was an insignificant alteration of the volume 
of pore space effective in transporting fluid. The porosity increments observed in laboratory 
made samples were also observed in field samples. 
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Figure 8.15: Porosity of field samples before and after treatment 
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8.4.1.2 Microscopic Investigation 
 
To elucidate the above phenomenon and also to assess the surface characteristics of the 
formed crystals, the porosity results were corroborated by the scanning electron microscope 
(SEM). The examination began with comparing epoxy stabilized polished plain of untreated 
and treated samples. The results confirmed that the impregnation did not affect the existing 
coarse porosity (see figure 8.16: a; b). The surface characteristics showed a growth of coarse 
calcite crystal in mortar matrix. The coarse calcite crystals were clearly visible on the grains 
surface of the examined broken surface of treated samples (see figure 8.17: c; d; e; f). 
 

  
(a) Untreated sample  

  
(b) Treated sample showing growth of calcite crystals  

 
Figure 8.16: SEM image of epoxy stabilized polished plain surface of laboratory sample 
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(c) Treated sample showing growth      (d) Untreated samples 
     of coarse calcite crystals 
 

  
     (e) Treated sample with visible dense          f) Untreated sample 
           calcite crystals 

 
Figure 8.17: SEM image of broken surface of laboratory made samples 

 
The decrease in water permeability of the treated porous material can be attributed to the 
mechanism of consolidant distribution within the material. In lime mortar there is two types of 
pore (Elsen, 2005):  
(i) Primary pores: This porosity is developed in the first hardening phase during drying and 

is influenced in a second phase by the carbonation process. These pores includes; (a) 
capillary pores range in size from 0.1 to 10μ m and are found within the binder and at 
aggregate/binder interfaces and (b) coarse pores, which are greater than 100μ m in 
diameter and are generally formed by entrapped or entrained air.  

(ii) Secondary pore: This porosity is related to the dissolution of calcium carbonate. This 
porosity occurs after the mortar has carbonate.   

 
From the aforesaid explanation it can be stated that, the consolidant was deposited at capillary 
pores (aggregate/binder interface) and secondary pores, while pore volume increment was 
caused by capillary pore (pores within the deposited calcite crystals). 
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8.4.1.3 Apparent Density  
 
Density as a measure of the degree of consolidation of a solid was determined before and after 
treatment by fluid displacement method. Figure 8.18 show changes of apparent density 
(kg/m3), before and after treatment. Apparent density values presented an increment after 
treatment, indicating amelioration of mortars cohesion. 
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Figure 8.18: Comparison of laboratory samples apparent density 

 

8.4.2 Effect of Calcium Hydroxide Treatment on Strength 
 
This research study has provided an indication of the probable effects of calcium hydroxide 
consolidant and the information gained would seem to confirm that this treatment does have a 
role to play in consolidating deteriorated porous material. To elucidate further on the 
effectiveness of calcium hydroxide treatment, strength test on treated and untreated mortar 
samples was conducted as described in previous chapter. Figure 8.19 shows the results of 
comparison of treated and untreated samples. It is evident that the strength of the treated 
samples is more pronounced than of the untreated samples, implying that the treatment has 
made the material more compact and durable.  
 
As expected, addition of portlandite by impregnating twice increases the mass of the calcium 
carbonate deposited in the material. Ions of calcium carbonate formed ionic bonds with each 
other. Figure 8.19 clearly demonstrates consistent strength increment in relation to volume of 
calcite deposited in the mortar samples.  
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Figure 8.19: Strength increment in relation to impregnation cycle 
 

Significant distinction was observed when comparing samples once treated with calcium 
hydroxide solution with enhanced concentration of 4.4gl-1, with samples treated twice with 
calcium hydroxide solution with normal concentration of 1.5gl-1. The samples treated once 
with enhanced concentration showed strength increment of 2.02 MPa, while samples treated 
twice with normal concentration has a strength increment of 0.7 MPa (see table 8.5 and figure 
8.20). This difference denotes the positive role of additive in this particular case sugar in 
calcium hydroxide treatment. The results obtained from field samples are similar to those of 
laboratory samples. The strength increment was observed on once treated samples and also 
those treated with calcium hydroxide solution with enhanced concentration (using sugar as 
additive) (see figure 8.21). Visual observation on the treated surface reflected hard surface 
without powdering. 
 

Table 8. 5: Strength increment per impregnation cycle 
  

Group 
No. 

Average 
compressive 

strength (MPa) 

Increment 
(%) 

Treatments Ca(OH)2 
Solution 

Remark 

1 
2 
3  
4 

1.61 
3.63 
2.15 
2.31 

- 
125 
33 
43 

none 
once 
once 
twice 

untreated 
with additive 

without additive 
without additive 

control sample 
treated 
treated 
treated 
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Figure 8.20: Effect of different concentration on strength (U: untreated; N: treated with 

normal concentration; E: treated with enhanced solution) 
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Figure 8.21: Comparison of field samples strength increment 

 

8.4.3 Correlation between Mechanical Strength and Porosity 
 
When comparing mechanical strength with the porosity it can be noticed that, mortar is a two 
phase materials. Its strength is proportional to the weaker component, the binder matrix. The 
strength of the binder matrix depends on the type of binder, its theoretical strength and 
porosity of the matrix (Neville, 1995). The strength of cement mortar is inversely proportional 
to the water/cement ratio according to Abrams rule. Thus, the greater the water/cement ratio 
above the minimum required for completion of hydration, the greater the amount of capillary 
pore created and therefore the higher the porosity of the hardened paste. Contrary to cement-
based mortar, the strength of lime mortar is directly proportional to its porosity.  
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Mortars with highest strength are the one with highest porosity (Lanas and Alvarez, 2003). 
Porosity increment on both laboratory and field samples shows an agreement with above 
statement.  

 

8.4.4 Conclusive Remarks on Effectiveness of Ca(OH)2 Treatment on Porous Material 
 
Given the aforementioned facts, it was concluded that: 

1. Treatment with calcium hydroxide consolidant does not result in the 
precipitation of calcite as a fine powder within the outer pores of the material as 
pointed by previous researchers. 

2. Calcium hydroxide treatment does not produce any drastic reduction of porosity.  
3. Calcium hydroxide treatment induces growth of coarse calcite crystals within the 

material matrix.  
4. Since an appreciable change of total porosity associated with pore occlusion by 

Ca(OH)2, particles was not detected, the theory is that a tight fit is made at the 
aggregate/binder interface and secondary pores.  

4. Regarding the strength, it can be stated that as the calcite crystals become dense 
the strength of the treated material increases. High calcite crystal content allows 
improvement of a good interlocking continuous structure. 

5. Strength increment varies quantatively with the amount of calcite crystals. In this 
respect, addition of calcite in multi-applications is a very positive factor in 
strength increment.  

6. The amount of calcite added has a limit. Calcite increment leads to porosity 
increase because calcite is a very porous material. The increase in porosity leads 
to a strength reduction. This event could prevail when binder amount increases 
beyond 2:1 Binder/Aggregate ratio (Lana and Alvarez, 2003). When the binder 
amount increases beyond this limit internal crack develop, which negatively 
affect strength. Therefore, a certain amount of aggregate must be contained into 
the mortar to assure an adequate joint mechanical work by binder and aggregate. 

 

8.5 General Conclusion 
 
Factors critical to the success of mortar consolidant according to Schaffer (1972) is that the 
consolidated material should increase strength, while permitting the transfer of internal 
moisture out. Ideally, the treatment should consist of material whose composition is identical 
or very close to that of the treated material and should not be visible, change the colour or 
surface reflection of the material. All parameters measured confirmed that the calcium 
hydroxide solution fulfils those criteria. It has been shown that lime treatment strengthens the 
mortar and powdering and soft decayed material feels toughened, also it does not reduce 
porosity as such allow the impregnated material to breathe. Since calcium hydroxide solution 
consists of material similar to the deteriorated mortar, it should decay in the same way as the 
subject masonry. It is the author belief that some of the dispute over the effectiveness of 
calcium hydroxide solution as a consolidant stem from lack of knowledge on mechanisms 
governing its requirements and limitations. This study has therefore, demonstrated the 
effectiveness of calcium hydroxide treatment and expands our understanding of the 
mechanisms governing the application technique, additive and binding phenomena. 
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8.6 Recommendation for Further Study 
 
This research study demonstrates clearly that the study of historical buildings is very 
important for the formulation of intervention techniques and materials. In term of 
consolidation procedure further research could be carried out on establishing the reason 
behind the precipitation of calcium hydroxide from solution when comes into contact with 
calcium carbonate. Another aspect is the limitations of the calcium hydroxide treatment in 
term of the precipitation of calcium hydroxide from solution.  
 
For the effectiveness of the calcium hydroxide treatment there is a need of identifying and 
developing standardised test methodologies which will simulate the key in-situ parameters 
and permit realistic comparisons to be made.  
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Appendix 1: Summary of samples condition and location 
 

Condition Function Location Area 

Hard mortar Joint mortar Old fort Shangani 
Soft mortar Joint mortar Old fort Shangani 

Soft and friable mortar Plaster mortar Old fort Shangani 

Soft and friable mortar Joint mortar Old fort Shangani 

Hard mortar Joint mortar House no. 697 Malindi 
Soft and friable mortar Joint mortar House no. 697 Malindi 
Soft and friable mortar Plaster mortar House no. 697 Malindi 

Soft mortar Joint mortar House no. 632 Malindi 
Soft mortar Joint mortar House no. 833 Malindi 
Hard mortar Plaster mortar House no. 632  Malindi 

Soft and friable mortar Plaster mortar House no. 205 Forodhani 
Soft and friable mortar Joint mortar House no. 205 Forodhani 

Hard mortar Joint mortar House no. 207 Forodhani 

Soft mortar Joint mortar House no. 207 Forodhani 

Hard mortar Joint mortar House no.  Forodhani 

Soft mortar Joint mortar House no.  Forodhani 

Hard mortar Plaster mortar House no.  Shangani 

Soft mortar Joint mortar House no.  Shangani 
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Appendix 2: Relative humidity and temperature in Zanzibar Town 
 

 
 
Review of the Economic Recovery Programme 1993-2015, 1993 

                                     Jan   Feb   Mar   Apr   May   Jun   Jul   Aug   Sep   Oct   Nov   Dec 

Average Temp. oF         81    81     81       79     79       77    75     75    77      77    79      81 

Average Temp. oC         27    27     27       26     26       25    24     24    25      25    26      27  

Rains inches                   3      3       5        10     10        2      2       2       2        3      9        6   

Rains in millimetres     28    66    138      249   249     62    45      43    51     88    220   158 

Days rains                       7      6      12        14     14       4     5        6      6        7      14     12 

Hours of sun daily          8       8       7          6       6        8     8        8      8        8       8       8  
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Appendix 3: Some of the X-ray diffraction results 
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