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introduction
Heritage buildings are structures with 
proven exceptional and significant qualities 
that represent the country’s aesthetic cul-
ture and military history, politics or special 
events of the past. All countries around the 
world have these historical legacies that tell 
a unique story about their history. Heritage 
structures serve as true historical symbols 
and a resemblance of unique ancient 
architecture and culture (Gleize et al 2009; 
Sandbhor & Botre 2013; Hormes et al 2016). 
The selection of world heritage structures is 
based on their outstanding universal values, 
hence they are protected by the United 
Nations Educational, Scientific and Cultural 
Organisation (UNESCO). Examples of 
heritage structures around the world include 
the Colosseum in Rome, the Old Jerusalem 
City and its Walls, the Leaning Tower 
of Pisa in Italy, and St Mary’s Cathedral 
and St Michael’s Church at Hildesheim in 
Germany. In South Africa, heritage sites 
were protected by the National Monuments 
until recently when the Department of Arts 
and Culture (under the National Heritage 
Resources Act, No 25 of 1999) tasked 
the South African Heritage Resources 
Agency (SAHRA) with the identification 
and management of such sites. These sites 
include Robben Island, the South African 
Astronomical Observatory (SAAO) and the 

Castle of Good Hope (World Heritage Sites 
in South Africa 2018; SAHRA 2018c).

Looking at these structures today, 
centuries later, they are a reminder of 
a rich, distinguished and prosperous 
past – confirmation of the culture, history 
and accomplishments of their countries 
since their construction. Meli et al (2007) 
stated that historical buildings tend to 
last longer compared to most modern 
structures which show signs of defects 
after a few years. These special structures 
attract tourists to a country leading to 
economic growth. The travel and tourism 
industry has contributed greatly towards 
global Gross Domestic Product (GDP) 
and employment. For example, the South 
African figures in 2017 are: 2.9% direct and 
8.9% total contribution to GDP, while the 
direct and total contributions to employ-
ment are 4.5% and 9.5% respectively (World 
Travel and Tourism Council 2018).

Nonetheless, due to ageing, and various 
factors such as chemical and biological pro-
cesses, historical structures deteriorate with 
very visible signs of material failure. Some of 
the major factors include neglect and igno-
rance by humans. Additional factors are of 
a climatic and environmental nature, such 
as high humidity, high rainfall, temperature 
changes due to seasonal changes and drastic 
fluctuations in day and night temperatures, 

characterisation of heritage 
cementing materials for 
restoration purposes: a review
M E Loke, Kumar Pallav, R Haldenwang

Characterisation of heritage cementing materials has become a topic of great importance in 
the protection of culture and history for future generations. The original cementing material 
analysis helps to achieve compatible and long-term restoration of heritage buildings. The analysis 
is done for different purposes – research, compatibility assessment prior to restoration and/or 
documentation. There are several analytical techniques that many researchers use for analysing 
the composition of original cementing materials. However, until the present time, the choice of 
the analytical method depended solely on the researchers’ discretion and personal preference. 
The common methods include microscopic, wet chemical and x-ray analyses. The purpose of this 
paper is to review the technical literature pertaining to the characterisation (physical, chemical, 
mineralogical and mechanical) of original heritage cementing materials and its application in 
proposed restoration work. The knowledge of originally used materials and types of binder, 
aggregates and additives (in some cases) is considered a useful tool in the search of the compatible 
repair materials by the construction industry, especially in South Africa where the standard 
procedure for heritage cementing material characterisation has not been well documented.



Journal of the South african institution of civil engineering Volume 62 Number 1 March 2020 11

atmospheric moisture, exposure to soluble 
salts, air pollution, and biological attack by 
plants and animals (Lawrence et al 2004). 
If these heritage legacies are not properly 
restored, the economy suffers because of 
repeated repairs and loss of authenticity 
during restoration, resulting in a reduction 
in tourist attraction. It is therefore essential 
to ensure their continued existence and 
functionality, which are largely depen-
dent on proper maintenance and repair. 
Characterisation of the originally used 
cementing materials in heritage structures 
ensures proper restoration with materials 
that have similar properties, or at least as 
close to the original material as possible 
(Arıoglu & Acun 2006; Historic England 
2018a). As mentioned by Salvadori (1982) 
and Holmes and Wingate (1997), mortar 
plays an important role as it protects the 
masonry from weathering agents and binds 
the bricks or blocks together to give strength 
and stability to masonry. Analysing the 
mortar prior to restoration ensures the sta-
bility of the masonry structures, and there-
fore increases the lifespan of the historical 
buildings. The analysis is done by means 
of different methodological approaches to 
identify the physical, chemical, mineralogi-
cal and mechanical properties, as will be 
discussed in the next section.

This paper reviews the literature related 
to characterisation of heritage cement-
ing material components (binder and 
aggregates). This includes the challenges 
around the restoration of heritage cement-
ing materials in South Africa. It excludes 
the analysis of any construction materials 
other than cementing materials, and does 
not discuss the effects of construction/
restoration technologies on the compatible 
restoration of heritage buildings.

characterisation of heritage 
ceMenting Materials
Characterisation of historical mortars 
is a well-researched topic, dating as far 
back as the 1960s (Jedrzejewska 1960), 
and involves analysis and investigation on 
properties of hardened mortar and plaster 
collected from existing historical build-
ings. This process incorporates detailed 
experimental procedures for identification 
of the physical, chemical, mineralogical and 
mechanical properties of the plastering, 
rendering, bonding, bedding, laying and 
floor materials. However, Groot et al (2004), 
and Benedetti and Pelà (2012) highlighted 
the complexities around the experimental 

characterisation of the mechanical prop-
erties of mortars in existing masonry 
constructions. They stated that it requires 
the use of large sample quantities (to carry 
out standard testing on standard test speci-
mens). In most cases mechanical characteri-
sation becomes a challenge, as it is too risky 
for heritage authorities to allow extraction of 
large quantities of mortar from the joints of 
existing brickwork without causing distur-
bance to specimens and structures, hence 
the properties are very hard to acquire. 
Nonetheless, there are non-destructive test-
ing (NDT) methods available to acquire the 
mechanical properties necessary without 
the collection of samples, as discussed in 
this section.

Characterisation of heritage mortars 
provides an answer to the question: What 
cementing material (type of binder, aggre-
gates and additives) was originally used for 
the construction of the heritage building? 
The process assists with the design of 
replica materials, as shown in Figure 1. 
According to Hauková et al (2013), it is 
important to characterise not only histori-
cal building materials, but also modern 
materials, prior to restoration.

aesthetic characterisation
This involves the performance of tests 
to evaluate the ancient building’s mortar 
properties, such as visual appearance, 
colour, texture and surface finishing. This 
form of characterisation is performed by 
the naked eye, using a colour scale to define 
the colour of the mortar. In addition, some 
researchers use a stereo microscope to 
obtain detailed results on the material’s aes-
thetic properties. Analysing the colour and 
texture of the original material is done to 
avoid a mismatch and to preserve the beauty 
represented by a specific colour or texture. 
In most decorative mortars, such as on his-
torical sculptures and decorative plastering/
rendering, colour plays a significant role in 

authenticity. Hence, use of material similar 
to the original material is encouraged. It is, 
however, important to bear in mind the pos-
sibility of change to the original colour and 
to the general material properties that could 
have been caused by ageing and weathering 
over the years. To get a sense of the original, 
or as close as possible to the original, the 
analysis is usually made on the inner/unex-
posed part of the mortar.

Physical characterisation
The physical analysis investigates the poros-
ity properties of the mortars, such as open 
and total apparent density, frost resistance, 
water retention and particle size distribu-
tion. The physical properties of cementing 
materials assist in determining the aggre-
gate type used during construction, which 
plays an important role during restoration 
when striving to achieve compatibility. To 
determine the grain distribution, the mortar 
is passed through a set of sieves before and 
after being exposed to hydrochloric acid 
(HCl), and then the cumulative percentage 
of materials passing the sieves is calculated. 
Apostolopoulou et al (2017) highlight the 
need to consider the effect of weather-
ing and possible alterations on materials 
through the years, which could have an 
impact on the exact gradation curves of the 
original materials. They, however, conclude 
that the gradation curves of the restoration 
aggregates must be as close to the original as 
possible, regardless of the possible weather-
ing on the original materials.

Granulometry/sieve analysis
The granulometry of aggregates is consid-
ered a key factor in determining the quality 
of the mortar mix (Borges et al 2010). The 
pattern in which soil particles are distrib-
uted in a mortar, and their relative sizes, are 
the indicators of mortar engineering proper-
ties, which include the load capacity and 
mechanical resistance, mortar cohesion and 
hardness, hydraulic conductivity, shrinkage, 
compressibility and shear strength (Arizzi 
& Cultrone 2013; Cayme & Asor 2017). 
Despite this, it is to be noted that engineer-
ing behaviour of mortars cannot be based 
entirely on the gradation of aggregates, but 
also on other factors such as effective stress, 
stress history, mineral type, plasticity and 
geologic origins of aggregates, among others.

Mineralogical characterisation
This characterisation process is used to 
assess the degree of hydration and present 
quantities of minerals, such as calcium 

Figure 1  Mortar analysis procedure 
(Van Balen et al 1999)
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hydroxide (Ca(OH)2), calcite (CaCO3), 
quartz (SiO2), gypsum (CaSO42H2O), 
albite (NaAlSi3O8) and muscovite 
(KAl2(AlSi3O10)(FOH)2. These minerals 
play an important role in the way a mortar 
behaves and reacts with the surrounding 
environment. They are identified using a 
technique referred to as x-ray diffraction 
(XRD) analysis. This method clearly shows 
the crystalline phases that took place in 
the binder by determining the mineralogy 
of clays in the soil. Thermogravimetric 
analysis (TGA) is used to assess the degree 
of hydration in a mortar sample, while 
Fourier transform infrared spectrometry 
(FT-IR) gives the ratio between the CaCO3 
and SiO2 content. In addition to the 
above minerals, Lopez-Arce et al (2016) 
performed ion chromatography (IC) to 
identify both soluble anions and cations 
such as chlorides (Cl–) and sodium (Na+) 
in parts per million (ppm). Middendorf et 
al (2005a; 2005b) summarised the proce-
dure for carrying out both mineralogical 
characterisation (Figure 2) and chemical 
characterisation (Figure 3).

chemical characterisation
This stage identifies the chemical composi-
tion of the historical mortars. It is through 
the chemical characterisation that the type 
of binder used, and its quantity and the 
binder-to-aggregate ratio are identified. 

Schueremans et al (2011) determined the 
chemical composition of mortar samples 
using different methods, such as wet chemi-
cal analysis and x-ray fluorescence (XRF). 
According to Schueremans et al (2011), 
using XRF only gives the chemical composi-
tion of the mortar constituents. The wet 
chemical analysis, which is carried out by 
dissolving the binder in a solution of diluted 
hydrochloric acid (HCl), on the other hand, 
provides details of the chemical elements 
present in a sample. The oxides of chemical 
elements are quantified by use of absorption 
spectroscopy (AAS) or inductively coupled 
plasma optical emission spectroscopy 
(ICP-OES). The procedure for determin-
ing water soluble (Part II) and acid soluble 
chemical elements (Part I) in historical mor-
tars is summarised in Figures 3(a) and (b).

The oxide percentages are useful for 
calculation of the cementation index (CI), 
as indicated in Equation 1.

CI = 

(2.8 × %SiO2 + 1.1 × %AI2O3 +  
0.7 × %Fe2O3)

(%CaO + 1.4 × %MgO)
 (1)

Where:
 SiO2 = silicon oxide
 Al2O3 = aluminium oxide
 Fe2O3 = iron oxide
 CaO = calcium oxide
 MgO = magnesium oxide

According to Martínez et al (2013) and 
Brosnan (2014), the CI quantities as identi-
fied in Table 1 are an indication of lime and 
cement content in mortar samples.

Cayme and Asor (2017) carried out a 
simple and inexpensive complexometric 
titration test using ethylenediaminetetraace-
tic acid (EDTA) and potassium permanga-
nate (KMnO4) to quantify the amount of 
calcium in a mortar sample. According to 
Cayme and Asor (2017), it is important to 
quantify the amount of calcium, as it is a 
primary chemical element found in lime-
based mortars and is responsible for binding 
the stone and sand aggregates in a mortar.

Mechanical characterisation
The strength and stiffness properties of 
mortar in existing buildings are challenging 
to obtain, due to the limited quantity of 
samples obtainable from historical build-
ings. Therefore, Schueremans et al (2011) 
and Lawrence et al (2004) carried out 
non-destructive (NDT) surface tests using 
a pendulum Schmidt hammer and a scratch 
test respectively. The former provides 
information on mortar hardness, while the 
latter formulates a relationship between the 
scratch index and cement content. Benedetti 
and Pelà (2012) provided an example of 
obtaining mechanical properties using an 
in-situ penetrometer technique that is car-
ried out to measure the energy required to 
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penetrate a masonry structure by means of 
drilling resistance. Due to scattered results, 
this technique requires caution when com-
bining and analysing results. Other alterna-
tive NDTs include single or double flat jacks, 
the ultrasonic pulse velocity (UPV) test, and 
a rebar locator.

The characterisation methodology 
used for historical mortars, as per the 
reviewed literature, is summarised in 
Table 2, showing both field and laboratory 
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Figures 3 (a) and (b) Flow chart for chemical characterisation (Middendorf et al 2005b)

Table 1  Cementation index readings (Martínez et al 2013; Brosnan 2014)

binder description ci active clay in the limestone

Fat limes Close to zero –

Pure (aerial) lime CI < 0.15 Very little clay

Sub-hydraulic lime 0.15 to 0.3 Very little clay

Slightly hydraulic limes 0.3 to 0.5 Around 8%

Moderately hydraulic limes 0.5 to 0.7 Around 15%

Eminently hydraulic limes 0.7 to 1.1 Around 25%

Natural cement 1.7 Up to 45%
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Table 2 Characterisation of historical mortars – methods
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tests as conducted by numerous authors 
around the world. In addition to the tests 
shown in Table 2, there are other tests 
used that include electron probe analysis, 
the freeze-thaw test, salt crystallisation, 
indirect tensile and bending tests, moisture 
content, permeability, mercury intrusion 
porosimetry, the density and water satura-
tion method, gas chromatography and 
hydrogen potential (pH) tests. The choice 
of the characterisation technique could 
be affected by the damages present on the 
historical building in question.

compatibility assessment
It is essential to assess the repair material 
compatibility with the original historical 
mortar by proper material characterisation 
(Bertolini et al 2013; Historic England 
2018b). This is to guarantee the long-
term durability and strength of historical 
structures. To overcome the compatibility 
challenges, Hormes et al (2016) emphasises 
the need to thoroughly study the material 
properties, as already mentioned above. 
They suggest that material analysis assists 
in the production of a good repair mortar 
that would yield an aesthetic, chemical 
and mineral match of the cementing 
material used originally. Schueremans et 
al (2011) summarised the overall common 
characterisation tests for achieving com-
patibility of historical mortars, as depicted 
in Figure 4.

restoration of heritage 
ceMenting Materials
Sandbhor and Botre (2013) define restora-
tion as: “… the act or process of accurately 
depicting the form, features and character 
of a property as it appeared at a particular 
period of time.” According to Fang et al 
(2015), the conservation and preservation of 
heritage buildings should be a focal subject, 
since heritage buildings represent the beauty 
of the country and its history. Some heritage 
structures are seen to be safety hazards, 
as they have deteriorated severely and are 
at risk of collapsing. The South African 
Castle of Good Hope (built in 1666), located 
in Cape Town, is an example of a herit-
age building that was in severe structural 
deterioration facing collapse in the early 
20th century (Gilbert 1994). The status of 
this historical building led to the appoint-
ment of Gabriel Fagan (South African 
award-winning architect) by the then 
Department of Public Works to carry out 
full restoration in the 1960s to what we see 

today (Cape Business News 2016). According 
to Fagan, there are many reasons for the 
restoration of historical buildings, including 
economics and preservation of culture.

The continued existence of heritage 
buildings is usually achieved through the 
use of materials which match the original 
ones (Gulzar et al 2013). However, matching 
the materials on historical buildings is more 
challenging than it is on modern structures 
(Penelis 1996). The former requires a 
sensitive approach to preserve the original 
fabric of heritage structures. The success of 
restoration work depends on the knowledge 
of the original materials that is achievable 
through original material characterisation 
as discussed above. On the other hand, 
Dolar-Mantuani (1984) emphasises the need 
to consider not only the appearance of the 
material, but also the properties (strength, 
adhesion, flexibility and porosity) and its 
future maintenance. He further states that 
the negative comebacks associated with 
inappropriate or poor execution of repairs 
of historical mortars include premature 
damage and accelerated deterioration of 
the original building fabric. This lack of 
understanding of original materials leads to 
more damage during restoration of heritage 
buildings, which increases the cost of future 
maintenance and repair works.

Based on a study by Danieli and Bloch 
(2012), conservation and restoration of 
historical buildings have been explored by 
many researchers, mainly in seismic regions. 
Restoration technologies such as straining 
beams, carbon fibre cords, reinforcement 
systems consisting of carbon fibre tapes and 
epoxy resins (structural reinforcement sys-
tem), cement or polymer solution masonry 
injection, polymer grids, concrete spraying, 
reinforced concrete jackets, and reinforced 
concrete are mentioned in their study. There 
are, however, no publications in this field in 
the South African context.

Papayianni and Pachta (2017) indicated 
that the use of compatible and locally 
available materials has been introduced for 
the restoration of old earth-block masonry 
buildings. This includes the development of 
effective repair materials and techniques to 
utilise when repairing historical structures. 
Lourenço (2006) raised a concern as far 
as durability, strength and architecture in 
restoration are concerned. He highlights 
the importance of differentiating between 
the science of construction, and the art of 
conservation and restoration, as these two 
are considered independent aspects that 
require separate approaches. The repair 

and restoration of heritage structures is a 
major challenge, as most of these structures 
were built using materials that are no longer 
commonly used. The common practice 
used for the restoration of heritage cement-
ing materials is through the application 
of modern Portland cement, but numer-
ous shortcomings of this approach have 
been identified (Lanas & Alvarez 2003). 
Compared to Roman concrete, Portland 
cement is said to be quick to crack and 
corrosive to the original material, and has 
high compressive strength, high modulus, a 
large thermal expansion coefficient, and low 
porosity which hinders water movement and 
air circulation in the masonry, leading to 
intensified damage (Marini et al 2018; Fang 
et al 2015; Martínez et al 2013; Gleize et al 
2009; Lanas & Alvarez 2003; Rodriguez-
Navarro et al 1998).

To avoid causing harm to the original 
material during the restoration of his-
torical mortars, Singh et al (2014) and 
Apostolopoulou et al (2017) suggested the 
inclusion of information on aesthetic and 
material compatibility (chemical, physical 
and mechanical). These studies mentioned 
that several researchers fail to explain the 
context of compatibility when it comes to 
restoration of historical mortars. In addition, 
there are general performance requirements 
to be considered when selecting repair 
mortars, which include authenticity, revers-
ibility, compatibility, retreatability, function, 
technology and durability (Schueremans et 
al 2011). According to Apostolopoulou et al 
(2017), in order to keep heritage buildings 
looking as original as possible after restora-
tion, the following stages must be followed: 
diagnosis and safety, authenticity, compat-
ibility and heritage preservation.

diagnosis and safety
Croci (2000) and Lourenço (2006) define 
diagnosis and safety as the principal stages 
of the restoration procedure describing the 
nature of deformities, be it cracks or decay 
that are currently visible on heritage build-
ings. Diagnosis and safety are most impor-
tant, as they give the restorer knowledge 
about the degree of harm on a structure, 
thereby ensuring that precise mitigation 
measures are applied. It is never simple 
to remedy defects with no basis of what 
the defects are and their precise cause. 
Before completing any construction works, 
restoration included, safety associated with 
the works to be carried out ought to be 
evaluated. Diagnosis and safety are inter-
related, although they vary somewhat. It is 
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mentioned that diagnosis is associated with 
the past, while the latter is connected to 
the current situation of the structure after 
repairs have been completed (Croci 2000; 
Lourenço 2006).

authenticity
Restoration of heritage structures comes 
with high expectations of authenticity, 
hence modifications to the structure are 
expected to be minimal to zero where 
possible. According to Apostolopoulou 
et al (2017), authenticity is the trickiest 
aspect to achieve, as some of the materials 
originally used do not exist anymore. Even 
though this is the case, authenticity plays 
an important role and should be achieved 

as far as possible throughout the entire 
restoration process, regardless of the chal-
lenges faced in achieving this.

compatibility
Isebaert et al (2014) describe compatibility 
as “… utilising materials that do not have 
negative consequences on the original mate-
rials.” The definition is based on the origi-
nal mortar characteristics which are com-
pared to the repair mortars. Schueremans 
et al (2011) reckon that the repair mortars 
and techniques should match the original 
under the given circumstances in terms 
of physical, mechanical and chemical 
properties, as well as design and applica-
tion. Knowledge of these aspects simplifies 

predictions regarding the reaction of the 
historical structure to the applied restora-
tion materials (Singh et al 2014). The 
relationship between performance and 
compatibility is shown in Figure 5.

historical preservation
Apostolopoulou et al (2017) stated that 
preserving the history of the heritage 
buildings can be achieved through minimal 
alterations during repairs, and the restora-
tion team (made up of representatives 
from different fields) ought to retain the 
historical value that heritage buildings hold 
whenever any alterations have to be made. 
This is, however, not always the case, as 
materials change from time to time.

Analysis of 
historical mortars

Classification 
of historical 

mortars

Definition 
of 

acceptability 
limits for 

restoration 
mortar

Analysis of 
environmental 

loads

Demands from 
restoration 

mortar regarding 
resilience

Safety 
requirements 

and restrictions 
due to use

Fragility  
analysis

Early 
acquirement 

of compressive 
strength

Hygric 
properties limits 
for restoration 

mortar

Hygric  
properties

Analysis of 
other building 

materials

Mechanical 
strength values

Mechanical 
strength limits for 
retoration mortar

Compatibility  
criteria

Performance  
criteria

Figure 5 Compatibility and performance criteria (Apostolopoulou et al 2017)
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Principles governing restoration
Podiapolski et al (1988) showed the differ-
ent techniques to carry out historical struc-
ture preservation, which include mainte-
nance, conservation and restoration. The 
authors indicated that, different as these 
are, they may include similar techniques. 
The primary purposes of maintenance are 
to prevent loss of structural integrity and 
to prolong the structure’s durability, and 
these need to be handled with caution.

restoration standards
The Department of Archaeology and 
Historic Preservation of the United States, 
through the Secretary of the Interior’s 
Standards and Guidelines, has set stand-
ards for restoration and preservation of 
historical buildings (Sandbhor & Botre 
2013). These are as follows:

 Q The historical character of a property 
should be reserved and preserved in a 
way that replacement of materials does 
not alter the features, spaces and spatial 
relationships that characterise the 
property.

 Q Each property ought to represent the orig-
inal material and the use of the building. 
Any work aimed at restoring historical 
materials need to be good, identifiable and 
legitimately archived for future research.

 Q Distinctive materials, highlights, com-
pletions and development methods, or 
cases of craftsmanship that portray the 
property, ought to be saved.

 Q The existing state of notable highlights 
ought to be assessed to decide the 
proper level of mediation required. 
Mediations that cause harm to notable 
materials should not be utilised.

 Q Deteriorated notable highlights ought to 
be repaired instead of replaced. Where 
the seriousness of weakening requires 
substitution of an unmistakable com-
ponent, the new element should coordi-
nate the old in configuration, shading, 
surface and materials. Substitution of 
missing materials ought to be validated 
by narrative and physical confirmation.

 Q New improvements or modifica-
tions should be done in a way that, if 
abandoned later on, the originality of 
the monument is preserved and not 
tampered with.

 Q Replacement of materials from the 
original time of construction ought 
to be verified by documented proof 
that they would match the existing, 
or not cause any harm to the original 
surface. There should be no inclusion 

of assumed highlights of history, 
highlights from different properties, 
or joining highlights that never existed 
together originally.

 Q Restoration ought to be done to portray 
the missing components or sections 
of a building and should be done in a 
way that shows precise history of what 
was used initially (exact duplication of 
materials).

 Q A restored property should be similar 
in terms of materials, plan, shading and 
surface to the original one (Archaeology 
and Historic Preservation 2018).

Mata (2009) agrees with the standards 
set out above, as he mentions the need 
for returning the building to its original 
beauty and form during restoration. In 
his report he states that, for restorers to 
achieve authenticity on historical buildings, 
it is important to carry out a thorough 
material analysis.

A number of restoration projects on 
heritage structures have been conducted 
worldwide. Some examples are summarised 
in Table 3.

South Africa is not an exception, as sev-
eral restoration projects, such as the Castle 
of Good Hope, the proposed restoration of 
building precincts at Robben Island, res-
toration of the SAAO, Parliament, and the 
Church Street houses in Tulbagh (all in the 
Western Cape Province), the Owl House 
Museum in Nieu-Bethesda (Eastern Cape), 
and many more have been conducted in the 
past, and some are at proposal stage. The 
South African National Heritage Resources 
Act, No 25 of 1999 (Republic of South 
Africa 1999), outlines the following funda-
mental elements to consider while carrying 
out restoration work on heritage structures:

 Q No individual or association is per-
mitted to endeavour any restoration 
works without obtaining the related 
licences from the Municipality and 
the Provincial Heritage Resources 
Authority.

 Q Restorers must seek advice from a 
professional building and restoration 
advisor before attempting any restora-
tion works. The issuing of a permit by 
the South African Heritage Resources 
Agency (SAHRA) can only be guaran-
teed when such review and advice are 
provided by experts within the area 
concerned (Republic of South Africa 
1999).

However, the legislation does not fully 
detail the need for restorers to analyse 
original materials prior to execution of 

restoration work on heritage buildings. 
The lack of material analysis enforcement 
has resulted in unsuccessful restoration 
projects (examples to be discussed further 
on in this paper).

heritage restoration techniques
Restoration and repair of historic struc-
tures require the use and application of 
proper material and restoration techniques 
(Deshpande 2017). According to Penelis et 
al (1989), there are two techniques (revers-
ible and irreversible) which the restorer 
must choose from when carrying out repair 
work. Not only effectiveness, but also 
economic viability ought to be considered 
when restoring heritage buildings. One 
of the oldest, yet irreversible, methods 
for repairing heritage buildings is grout-
ing, which involves filling of cracks and 
voids inside the mass of earth stonework. 
However, introducing Portland cement 
has altogether changed the conduct of the 
grouted parts of the masonry. It affects 
deformability and reaction to porosity and 
hydrothermal loading properties, as the 
mortar is either extremely strong or hard, 
thus making it inflexible and impermeable, 
or it has a large thermal expansion coef-
ficient (Papayianni & Pachta 2014). Both 
ancient and modern techniques can be 
useful in the restoration of historical build-
ings, but with careful consideration.

According to Croci (2000), maintaining 
historical buildings requires the use of 
original materials and techniques rather 
than modern ones. This makes it quite 
easy to obtain authenticity on the heritage 
structures. New procedures in the restora-
tion of buildings need to be used with 
great caution, since their misuse can cause 
irreversible harm (Croci 2000). As per 
Croci (2000), advanced modern practices, 
for example the inclusion of steel bars and 
infusion of bond mortars, are irreversible 
and result in negative reactions, such as 
corrosion of steel bars and efflorescence 
due to the salts present in Portland cement, 
which can damage structures. It is also 
mentioned that it is possible that these 
might change the original status of the 
monument.

effective restoration
When restoration of structures is done 
properly, it extends the lifespan of the 
structure by enhancing its strength and 
enabling it to withstand external forces 
such as weather and chemical reactions 
that cause decay. The delay in restoring a 
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structure is detrimental, as the condition 
of the structure can worsen to such a 
degree that it becomes exceptionally hard 
to recapture its original unique condition 
(Sandbhor & Botre 2013). Croci (2000) has 
therefore suggested that surveys be con-
ducted to identify the problems, assess the 
safety implications, and study and choose 
the criteria and techniques to employ for 
remedying the problem. His advice is that 
restorers need to keep a very close eye on 
every activity taking place during repairs 
of historical monuments, as restoration is 
a delicate process that should be handled 
with care.

Podiapolski et al (1988) indicated that 
effective repair of historical buildings 
requires knowledge of the following:

 Q Building functionality and why its mate-
rials are beginning to fail, and

 Q What would be possible remedial meas-
ures to avoid future encounters of failure.

They emphasise the importance of observ-
ing the different problems for different 
structures of a particular time which 
exhibit distinctive issues. The practice of 
inappropriate repairs may cause early fail-
ure and accelerate the weakening of origi-
nal material, thus expanding the degree 
and cost of future rehabilitation and repair 
projects (Podiapolski et al 1988).

heritage restoration materials
The determination of materials for the 
repair of heritage structures is dependent 
on factors such as the necessity of repairs, 
the cost, and the behaviour of materials in 
the repair of structural defects. To carry 
out a successful repair that will enhance 
the damaged building’s structural strength, 

there are key factors that one needs to 
adopt. These include innovative repair 
materials which have good workability, and 
appropriate repair methods and practices 
of which the quality needs to be monitored 
throughout the implementation process 
(Deshpande 2017). The selection is car-
ried out based on both cementitious and 
non-cementitious materials. However, 
Papayianni and Pachta (2014) advised on 
the use of similar or close-to-original mate-
rials during restoration. They mentioned 
that, for lime-mortar structures, lime-
based repair materials instead of Portland 
cement are an ideal option. It is acceptable 
to replace Portland cement with enhanced 
natural hydraulic lime (NHL), which is far 
more compatible with the original materi-
als on most lime mortar historical build-
ings (Marini et al 2018).

Table 3 Mortar characterisation for restoration

author location type of structure
age 

(century)
Material 

tested
samples 

tested
results and analysis

Apostolopoulou 
et al (2017)

Greece (Europe) Church 12th 
Internal and 

external mortar
10

High porous lime-based mortars with minor 
additions of organic admixtures.

Bertolini et al 
(2013)

Italy (Europe) Church
4th and 

5th 
Mortar 40

Binder was mainly based on magnesian lime. 
Gypsum was found in most samples.

Borsoi et al (2010) Portugal (Europe) Archaeological site I-IV AD Mortar 11
Traces of aerial calcitic lime with quartz, schistose 
and granitoid aggregates and artificial pozzolanic 
materials.

Drdácky´ et al 
(2013)

Italy (Europe) Roman arch bridge 27 BC Roman mortars 4 The strongest mortar was used.

Gleize et al (2009)
Brazil 
(South America)

Nine historical 
buildings in the State 

of Santa Catarina
18th – 20th 

Rendering 
mortars

9

Hydrated lime obtained from the burning of 
seashells was the major binder. It was sometimes 
mixed with hydraulic materials (clay, ground 
ceramic tile or brick, and hydraulic lime).

Gosselin et al 
(2008)

France (Europe) Cathedral 11th 
Pointing 
material

11
Old mortars show traces of siliceous and 
carbonate aggregates.

Gulzar et al (2013) Pakistan (Asia) Mughal empire 17th 
Plaster and 

mortar
7

Calcitic lime binder produced from calcinations of 
kankar-CaCO3 from soil horizon. The aggregates 
included crushed bricks, broken kankar pieces, 
brick kiln furnace slag and a small fraction of 
siliceous sand.

Hormes et al 
(2016)

Germany 
(Europe)

Cathedral 13th Mortar 3
High concentration of iron, comparable to that of 
calcium.

Labiadh et al 
(2009)

Tunisia (Africa)
Ottomans 

monuments
15th 

Waterproof-
coating mortars

2
Presence of air-hardening lime, pozzolanic and 
gypsum indicating sulfatic but free of ettringite.

Lopez-Arce et al 
(2016)

France (Europe)
Exhibition hall and 

museum
18th Plaster mortars 9

Traces of gypsum, calcium and sodium sulfates, 
and minor amounts of nitrates were found in 
mortar.

Morricone et al 
(2013)

Rome, Italy 
(Europe)

Archaeological site of 
Porta Marina

3rd BC
Pointing 
material

25
Aggregates present in the mortars are essentially 
pozzolanic.

Ontiveros-Ortega 
et al (2016)

Spain (Europe) Theatre 4th BC
Substructure 

mortars
14

Presence of lime nodules in the mortar, calcareous 
crust.

Özkaya & Böke 
(2009)

Turkey (Europe) Temple 1st BC Wall mortars 2
Pure lime, coarse aggregate particle sizes > 1 mm 
and pozzolanic fine aggregates in Roman mortars.

Schueremans 
et al (2011)

Belgium (Europe)
Two churches and 

castle 
4th and 

12th 
Pointing 
material

9, 6, 3
Relatively similar properties – carbonation of lime in 
the pointing material.
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According to Papayianni and Pachta 
(2014), restoration of earth-block structures 
could be done using grouts made of clayey 
material. This type of repair material 
helps to achieve the similarity between 
the original and the repair materials. 
However, there is usually a difference in 
properties (strength and appearance) of 
the repaired parts of the structure when 
using these repair mortars. Deshpande 
(2017) outlined the use of shotcrete, epoxy 
resins, epoxy mortars, gypsum cement 
mortars, fast-setting cement mortars and 
mechanical anchors for the restoration of 
heritage structures. In addition to these, 
he elaborated that there are distinctive 
natural materials which were used in the 
past, for example rice husk, jute fibres, glue, 
paste, jaggery and concentrates of numer-
ous plants. These materials were found 
to decrease the odds of mortars breaking 
down, and also provided increased binding 
capacity. However, the construction indus-
try at present has abandoned the use of 
some of these materials, rather using new 
materials (Deshpande 2017).

heritage restoration 
challenges – south africa
Heritage restoration requires a detailed 
survey before one can execute the actual 
physical work. It has been established dur-
ing numerous interviews with the SAHRA 
built environment unit that most heritage 
restorers still lack understanding about 
authenticity when dealing with heritage 
restoration. This has resulted in failures 
on some previous restoration works, as 
material analysis was generally either 
not done completely or done incorrectly 
(Mwasinga 2018). Another challenge facing 
South African heritage restoration is lack 
of clarity in terms of role players in the 
restoration and conservation of historic 
buildings. According to Feilden (2003), it 
takes a team of specialists from different 
fields to carry out a successful conservation 
and restoration project. These role players 
include archaeologists, architects, conser-
vators, contractors, material scientists, and 
civil and structural engineers, among oth-
ers. Feilden (2003) also mentions that the 
majority of engineers do not fully under-
stand the complexity of restoring historical 
buildings. He suggests that conservation 
courses be made available to engineers 
prior to engagement in restoration projects.

According to SAHRA archive reports, 
there are a number of restoration projects 

which failed dismally due to the use of 
incorrect restoration materials. These 
include the restoration of sculptures at the 
Owl House Museum in the Eastern Cape 
Province. According to the 2018 museum 
site report (SAHRA 2018b), a type of 
cement different to the original was used 
in 2010 to fill cracks on the sculptures. 
This practice had caused further damage 
to the sculptures and a resulting loss of the 
original authenticity. The report added that 
the conservation management plan (CMP) 
had not included clear details on original 
material analysis for compatibility with 
new material (Mwasinga 2018).

The other case is the repointing at 
Robben Island (SAHRA 2018a). This World 
Heritage Site was repointed in around 
1999. However, the conditional assessment 
report (SAHRA 2018a) for the restoration 
of the selected buildings on the island 
indicated the need to assess the composi-
tion of the original materials. The report 
further showed that some of the buildings 
appeared to have lost their historical fea-
tures, due to previous maintenance which 
had not considered air circulation within 
the wall structures. The conclusion of 
this report was that the plaster and raised 
pointing of most of the buildings needed 
to be removed, due to the apparent use 
of silicone and Portland cement, both of 
which were considered to be detrimental 
to the overall fabric. The Portland cement 
repointing was said to prevent air circula-
tion within the masonry. It was therefore 
recommended to replace the plaster and 
the pointing material with lime-base mate-
rials which, it had been discovered, were 
the original laying mortars.

suMMary
Due to the positive impact that historical 
structures have on the history, culture and 
economy of countries, their care and main-
tenance are considered very important for 
their continued existence. Characterisation 
of heritage cementing materials for 
restoration purposes has been explored 
extensively on a global scale. However, 
there is no literature related to this topic in 
South Africa. This leads to the application 
of incompatible materials for restoration, 
as discussed in the section above. It is 
clear that the originally used materials can 
only be identified through experimental 
characterisation, as there are no reliable 
tests and data available on the original 
mortars. For aesthetic characterisation of 

historic mortars, an approximate 33% of 
the researchers reviewed in this paper con-
ducted visual investigations with the naked 
eye, while an additional 14% went further 
to analyse the mortars by using stereo 
microscopes. The results for both show the 
particle distribution of the polished mortar 
samples and the additive fragments at 
magnification for most historical mortars. 
In determining the physical properties, 
approximately 60% of the researchers used 
a scanning electron microscopy (SEM) 
technique, 13% measured the thermal 
conductivity of the samples, and 40% 
measured open and total porosity as well as 
granulometry. In terms of mineral identifi-
cation in mortars, the majority (93%) of the 
studies used XRD analysis, while only 13% 
assessed the CaCO3/SiO2 ratio.

conclusions
The critical areas that have received less 
attention and need to be addressed by 
future researchers in the field of heritage 
cementing materials and restoration of 
heritage buildings are discussed in this 
section. No literature could be found on 
studies providing a standard procedure to 
characterise heritage cementing materials 
in South Africa and across Africa. If specif-
ic methodologies can be implemented and 
incorporated into conservation manage-
ment plans, under the material analysis of 
original materials, the investment in such 
research would be worthwhile, as it would 
help augment the life span of historical 
buildings through compatible restoration.

Mechanical properties of cementing 
materials need to be investigated prior 
to restoration works. This would guide 
the restorers in terms of the suitability of 
repair materials. Research should therefore 
not only be limited to the analysis of physi-
cal, chemical and mineralogical properties, 
but also to mechanical properties through 
non-destructive testing. This area has 
received no attention whatsoever in South 
Africa. In addition, even though aesthetic 
properties of heritage structures play a 
huge role in tourist attraction, this aspect 
has not been well addressed in terms of 
matching the colour of the original materi-
als to that of current repairs. The details 
regarding how to avoid a mismatch, not 
only for the present time, but also for 
future years, has not been investigated.

There is also a need to integrate the 
general construction material analysis and 
construction techniques used for historical 
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buildings, as this would assist in choosing 
the techniques suitable for restoration of 
the historical structures in question. In 
the South African context, no literature is 
available for systematic characterisation of 
heritage materials from any given era.

The literature that was reviewed 
clearly showed that no information is 
available on characterising materials in 
time periods (e.g. the 1600s, 1700s, 1800s 
or 1900s), nor in regional differences or 
the additional complications caused by 
such differences. For South Africa, the 
implementation of a characterisation 
methodology that is affordable and practi-
cal in terms of equipment and complexity 
should be encouraged. This will ensure 
material analysis practices which will 
extend the lifespan of historical buildings. 
The engagement of all stakeholders and 
experts from different fields will ensure the 
sustainable restoration of historical build-
ings, not only in South Africa, but in most 
developing countries.
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