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SUMMARY: In the process of restoring a lime plaster on an old building, a lot of knowledge 
is needed in order to make the new plaster similar to and compatible with the old one. This 
work was carried out with the aim to create a method which makes it possible to recreate 
historic mortars. There are two important steps in the method: i) a practical data base 
consisting of mortars made with the application of local materials, known craftsmanship 
and the variation of a number of parameters was produced; ii) a combination of field 
studies and material analysis methods was used to investigate the structure and properties 
of the historic mortar. 
By combining field studies with microscopic studies of mortars in SEM and thin section 
specimens it was found to be possible to compare historic lime plaster surfaces and new 
reference surfaces of lime plaster on both a macroscopic and a microscopic scale. 
Microscopic studies using SEM give information about the type of slaked lime used in the 
mortar, as well in the reference as in the old mortars. Investigations of thin section 
specimens in an optical microscope give information about the type of lime and sand used, 
the mixing ratio, the working technique, the resulting pore structure of the mortar etc. In 
field studies old plaster surfaces and newly made reference surfaces are compared. It gives 
knowledge about how the mortars were built up and worked on, which tools that might have 
been used, how it was lime washed etc. The combination of those studies makes it possible 
to create restoration mortars with lime slaked as the historic lime, sand with similar particle 
size distribution curve and mineral composition, similar mixing ratio and pore structure. It 
is also possible to build up the new plaster in the same way as originally concerning layers 
and working technique, with similar tools and lime wash with recipes similar to historic 
ones. 
The use of the method is illustrated in a case study of the plaster restoration on the medieval 
church Norrlanda on Gotland, carried out in the summer of 2006.  
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1. RESEARCH AIM 
In the process of maintaining and restoring historic buildings it is recommended to choose 
materials and methods that are as close as possible to the original of the building [1]. In 
order to make a new mortar similar to a historic lime mortar, knowledge is needed about the 
original type of binders, the lime slaking technique, the properties of the aggregates, and the 
mixing ratios used. There is also a need for knowledge about how the mortars and plasters 
were made, i.e. the craftsmanship of the time when the original plaster was applied.  
The research aim of the present work was to develop and implement a method to recreate 
historic mortars. The method consists of two major steps:  
i) A reference database consisting of a large number of reference mortar surfaces reflecting 
the influence of different parameters, such as quicklime slaking method, aggregate particle 
size distribution and after treatment of the plaster, influence the properties of the plaster.  
ii) An investigation of remaining historic mortars on the object to be restored. 
The use of the method is illustrated in a case study of the Norrlanda church carried out in the 
summer of 2006. This investigation is a part of a research program focused on the Gotlandic 
churches and their lime plaster problems [2]. 

2. INTRODUCTION 
According to the Venice Charter, restoration should aim “to preserve and reveal the 
aesthetic and historic value of the monument and is based on respect for original material 
and authentic documents” [1]. The implication of this when restoring the plaster of a histo-
rical building is that materials and methods should be chosen with regard to authenticity and 
compatibility as well as technical properties. In Sweden, the common practice has been to 
try to recreate existing historic plasters when restoring a building. In most cases this practice 
has been based on insufficient data and a more systematic approach is needed. 
Many types of historic mortars and their properties have been investigated by research 
groups during the last years [3-25]. However, none of the investigations have been presented 
as a part of recreating historic mortars.  
Generally, the methods that have been used for investigations of historic mortars have been 
wet chemical elemental analysis methods, X-ray powder diffraction (XRD) or petrological 
examinations, microscopy studies of polished thin sectioned mortar specimens, investi-
gations using scanning electron microscopy in combination with element identification by 
X-ray fluorescence spectroscopy (SEM-EDX) and examination of written material about the 
building in question. From optical microscopy analyses of thin section specimens and 
investigations using SEM-EDX it is possible to get information about the composition and 
particle size of the binder and the aggregates, as well as the porosity of the mortar.  
Additional, in situ studies of the old lime plaster surfaces can give indications of how the 
plasters were built up, i.e. how many layers of plaster that was applied, if any reinforcement 
such as fibrous material was used, if any paint or lime wash was applied on the surface etc. 
In many cases tool marks can be found and these give information about the way the plaster 
was put on to the masonry and how the surface was treated during the hardening process. 
This paper describes the development and testing of a method to recreate historic mortars. 
The method is based on microscopy investigations in combination with field studies and 
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comparisons with a database containing reference materials made for the local environment 
where the plaster is to be applied. 

3. MATERIALS AND METHODS  
By comparing remaining historic mortars and plasters to the reference material, both in situ 
and in light microscope and scanning electron microscope (SEM) it is possible to understand 
how to make restoration mortars similar to the old ones.  

3.1. Reference materials 
From year 2002 to 2005, a reference material consisting of a large number of lime mortar 
surfaces has been produced in order to study the influence of the main variables involved 
[26]. The reference materials reflect the local variations in material composition as well as 
application and surface treatment methods. Well experienced local craftsmen were consulted 
and involved in the production of the reference materials. The main variables of the 
reference surfaces are: 
- lime putty made with different traditional slaking techniques 
- aggregates with different particle size distributions 
- different mixing ratios between lime, sand and water 
- different mixer types and mixing times for making mortars 
- influence of the underlying material and its suction capacity 
- working techniques and working time for making different surface textures on the 

hardening plaster 
- application of lime wash made with different recipes and applied on different times in 

relation to when the lime plasters were made. 
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Figure 1: Marked in the map of Gotland is Norrlanda 
church where the case study took place and Ahr where the 
reference material is situated in a rough climate. 

The reference surfaces are applied on an old lime 
stone building located in Ahr on the northern point of 
the island of Gotland, see map (figure 1). Approx-
imately 150 reference surfaces have been made and 
their properties have been and are being documented. 
The reference samples have been investigated by 
using thin section samples made for studies in a 
polarization light microscope and by measurements of 
density, open and total porosity and capillary water 
suction. This made it possible to describe the com-
pactness, homogeneity and pore structures of the 
corresponding materials. 
In a previous study the same reference samples have 
been used to identify the reasons why the mortars 
may have different durability when exposed to frost-
thaw cycles [27]. 
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3.2. Historic mortars 
During their history, many of the Gotlandic medieval churches were gradually rebuilt from 
Romanesque churches to Gothic churches (figure 2). Since parts of the outer walls were 
included in the new structures during this process, it is often possible to find well preserved 
medieval lime plaster surfaces on the attics; with lime wash, tool marks and other relevant 
information. 

 
Figure 2: Medieval church building history illustrated in three examples; 1) completely Romanesque, 
2) Romanesque nave with Gothic choir and semi-Gothic tower and 3) Gothic nave and choir to a 
Romanesque tower. They are from left Fardhem, Garda and Norrlanda churches and are all part of 
the bigger research project about lime plasters. 

In this paper the mortars of Norrlanda church will be discussed as a case study. The mortars 
were studied from two main perspectives: i) identification of the materials and compositions 
used in their production, and, ii) identification of the methods used by the craftsmen 
carrying out the original plastering. As described in the introduction, a thorough investiga-
tion of a historic mortar can give information about the lime slaking technique used, the 
mixing ratio between binder and sand, use of additives, the mineralogy and particle size of 
the sand, the number and thickness of plaster layers, the use of lime wash, the shape of some 
tools used etc. 

3.3. Investigation methods – Microscopic studies 
Mortar samples were studied using Scanning Electron Microscopy (SEM). The microscope 
used is a Quanta 200 SEM FEG from FEI. It is equipped with a Schottky field emission gun 
(FEG) for optimal spatial resolution. The samples were mounted on a carbon adhesive tape 
without further treatment. 
SEM was used to study the pore structure, the sand particles and the structure of the 
particles in the lime itself, both in putty and in carbonated lime plaster samples [28]. The 
SEM photographs show the lime mortars in magnifications of 2 500-25 000 times. 
Optical microscopy studies of thin section mortar specimens were used to obtain 
information about the type of binder, the pore structure, the mixing ratio, the minerals and 
grain sizes of the sand particles etc. [29; 30]. 
Thin section specimens were prepared from both historic mortars and mortars produced in 
this study. An UV-fluorescent epoxy was used in a vacuum impregnation of the samples 
before they were polished down to a thickness of ca 3µm and studied in an Olympus BH-2 
polarization microscope. The magnification of the pictures shown here is 20 times. 
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4. RESULTS AND DISCUSSION 

4.1. Reference mortars 
None of the reference mortars made during 2002-2005 showed any signs of frost damage 
due to the rough climate with many frost-thaw cycles. Thus, from these observations it was 
not possible to exclude any set of parameters from further considerations. (For future 
purposes, the reference surfaces will be observed over a longer period.) A selected number 
of the reference surfaces were chosen for closer investigations and thin sections were made 
from most of them. 
The following text presents some interesting examples from the reference material that has 
been of importance for recreating the historic mortars of Norrlanda church. 
The electron micrographs showed that the particle structure in the lime depends on the 
slaking techniques [29; 31]. Figures 3a, 3b, 4a and 4b illustrate the different structures of 
wet slaked and earth slaked lime. The sand particles are in both cases imbedded in lime. The 
particles in the earth slaked lime are organized in a very porous structure while the particles 
in the wet slaked lime are organized in a slightly more compact structure. The earth slaked 
lime in figure 3b has a structure similar to the lime in the historic mortars in figure 3c and d. 

 
Figure 3: SEM of two reference mortars of a) wet slaked lime and b) earth slaked lime compared to 
two historic mortars from Norrlanda church in c) and d). The earth slaked lime in b) has a porous 
structure similar to the lime in the historic mortars in c) and d). 
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Figure 4: SEM of the lime in two reference mortars of a) wet slaked lime and b) earth slaked lime 
compared to the lime in two historic mortars from Norrlanda church in c) and d). 

The results from optical microscopy showed as well that there are significant differences 
between the reference mortars. Figure 5 shows mortars from lime produced with the diffe-
rent slaking techniques; earth slaking [31], wet slaking and dry slaking. The mixing ratio 
was 1:2 by volume and all other parameters were the same in the mortar preparation. The 
different kinds of lime give mortars with different homogeneity and pore structure, visible in 
the optical microscopy. 

 
Figure 5: Examples from the reference material: A comparison of a) earth slaked, b) wet slaked and c) 
dry slaked lime in mortars with mixing ration 1:2 by volume. The width of each thin section is 
equivalent to 4.5 mm. 

Figure 6 shows mortars made with varying mixing ratio (1:1, 1:2 and 1:3 by volume) 
between lime putty and sand. The mixing ratio has an influence on the compactness and 
pore structure of the mortar. In this case, a mixing ratio of 1:1 gives a mortar most similar to 
the historic mortars. 
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Figure 6: Examples from the reference material: A comparison of mixing ratios. The mixing ratios in 
those lime mortars varies from a) to c) with 1:1, 1:2 and 1:3 by volume made of lime putty and sand. 
The width of each thin section is equivalent to 4.5 mm. 

Figure 7 shows examples of materials where the mortar surfaces have been worked on in 
different stages of drying. Figure 7 comes from a study of the influence of working the 
surface in different time and intensity with a tool in order to make the mortar more homo-
geneous and compact [26]. The mortar in figure 7a was worked upon when it was still wet 
and that in figure 7b when it had set for some time and just started to dry. The results 
showed that when the wet surface is worked upon at an early stage, the lime is transported to 
the plaster surface and a sandy layer without binder is created between this lime rich layer 
and the inner parts of the mortar. If the mortar is allowed to set before the surface 
structuring is made, the lime-rich surface layer is firmly attached to the mortar as shown in 
figure 7b. By looking at the historic lime mortars in the case study, one can draw the 
conclusion that this practice was known by the craftsmen and that the plasters were worked 
on after the mortar had set. 

 
Figure 7: Examples from the reference material: A comparison of lime mortars worked on in different 
grades of drying: a) is worked on when it is still wet and very soft while b) is worked on after the 
mortars have started to dry out and just stiffened up. The mortar is mixed 1:2 by volume and the 
mortars in both examples are coming from the exact same mix, from the exact same bucket. The width 
of each thin section is equivalent to 4.5 mm. 

Another interesting observation noticed in the production of the reference surfaces is how 
drying cracks occur. Mixing ratio, water content and thickness of the mortar layer all influ-
ence the appearance of drying cracks. 

4.2. Historic mortars from Norrlanda church 
Due to the different building times of the choir and the nave of the church, it is believed that 
the lime plaster which still remains on the west façade of the choir on the attic is from 
approximately the year 1300 [32] (figure 8a and b). The lime plaster is made from 1-2 layers 



HMC08 
Historical Mortars Conference 
Characterization, Diagnosis, Conservation, Repair and Compatibility 

of a lime rich, cream white mortar. It is a relatively thin lime plaster that follows the 
structure of the stone wall which makes its appearance smooth but lively. Some drying 
cracks are visible. The tool that has been used to finish the surface must have had a rounded 
shape which made it possible to follow the wall structure. 
On the south façade of the tower some old (possibly original) layers of lime plaster were 
found (when the lime plaster of poor quality was taken down during the summer of 2006) 
(figure 8c). These plaster layers are even thinner than the one found in the attic and they are 
not as smooth. Drying cracks are visible here as well. The surfaces are covered with a lime 
rich lime wash in 1-2 layers allowing the drying cracks to be filled up with lime. 
The historic mortars from the attic in Norrlanda church are all very lime rich and the mixing 
ratio varies a little, 2:1 to1:1 by volume as found in the microscopy investigation (figure 9). 
The mortars are all compact, but they contain a few round air pores. Occasionally lumps of 
unwhipped lime, typically 1-5 mm like the one visible on the left side of figure 9b were 
found. Looking back at the reference surfaces this is typical of mortars using earth slaked 
lime. 
The SEM photos of lime mortars (figure 3c and d), show the adhesion between lime and 
sand particles and how the sand particles are embedded by lime. The second set of SEM 
pictures (figure 4c and d) shows the lime in the mortars in a larger magnification. This 
allowed a closer study of the particle structure of the lime and it can be seen that the historic 
lime is closely resembles the earth slaked lime in figure 3b and 4b. 

 
Figure 8: Medieval lime plaster from approx year 1300 at Norrlanda church. The plaster surface 
exists in the attic and it has been preserved due to a rebuilding, first of the choir (around year 1300) 
and then the nave in the middle of the 14th century [13]. The first two pictures (a) and (b) are from the 
attic. The third picture (c) show a lime plaster surface still remaining outdoors on the south façade. It 
is a thin layer similar to the layer in the attic. It was covered by thick lime wash.  

 
Figure 9: a) to c) Examples from the historic mortars: This is three examples of thin sections of 
historic mortars from Norrlanda church. The width of each thin section is equivalent to 4.5 mm. Those 
lime mortars from Norrlanda church are coming from the attic, from joints and plaster surfaces. b) A 
plaster surface at the attic who has remained when the church transform from Romanesque to Gothic 
[13]. Notice to the left in that picture where there is a big lime lump from unwhipped lime. 
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4.3. Restoration mortars 
The recipe for the restoration mortar for Norrlanda church was chosen based on 
comparisons between the reference materials and the samples of historic mortars taken from 
the church. This mortar was then used for the re-plastering of the south façade of the church 
tower. In order to make a restoration with a realistic budget it was decided to use 
commercially available lime and sand rather than trying to produce authentic raw materials 
for each building. 
Thus, the restoration mortars were made using earth slaked lime putty (figure 10) and sand 
in a mixing ratio 1:1 by volume. The lime was produced by placing traditionally burned 
lime stones [33] in the ground for 5-10 years, where it was slowly slaked by the humidity in 
the soil. The sand used was natural sand from Gotland with grain size 0-3 mm (figure 11). 
This sand is the commercially available sand for mixing mortars on Gotland and earlier 
investigations have shown it to be very close to the sand in the historic mortars shown in 
figure 9 a and b. 
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Figure 10 Earth slaked lime putty used for 
restoration mortars. Here you see the consistency 
of the lime before it has been whipped.  

Figure 11: Sand curve for sand used in 
restoration mortars. 

 

  

 
The consistency of the mortars was made sticky, but rather dry, in order to avoid too many 
drying cracks. It was applied on the wall by a trowel and it was pressed, not thrown, on to 
the wall (figure 12b). After the mortar had set it was made smooth with the edge of the 
trowel (figure 12a). By working the surface after the mortar had set, it was possible to close 
the drying cracks and to make a smooth surface without a lime film. According to 
established craftsmanship and earlier observations, such a surface is needed in order for the 
lime wash to attach well. The lime wash was made of wet slaked lime putty and water in the 
relation 1:2 by volume. It was applied in three layers until it covered the lime plaster surface 
completely. The lime wash application was carried out during two days, starting the day 
after the plaster work was completed.  
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Figure 12: a) The lime rich mortar can be pressed on to the wall. b) After it has set the surface is 
worked on with the side of a trowel. 

When re-plastering the south façade of the tower of the church the aim was to create a 
plaster with properties and composition close to the historic plaster. A photo of a thin 
section of the chosen restoration mortar is shown in figure 13. It is a well mixed mortar with 
air pores and small drying cracks very similar to one of the historic mortars of the church 
(figure 9b). The lime lump in the top of the picture is an unwhipped particle typical of earth 
slaked lime, similar to the lime particles found in the historic mortars. Figure 14 shows the 
finished lime plaster surface that follows the structure of the limestone wall in the same way 
as the original plaster did. The status of the new plaster will be monitored during the coming 
years. 

 
Figure 13: Restoration mortar chosen at Norrlanda church: earth slaked lime and sand, 1:1 by 
volume. 
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Figure 14: The finished new made lime plaster surface is following the structure of the lime stone wall 
like the old ones are. a) To the right, under the lower skylight, are approx two square meters of old 
mortar covered only with lime wash. b)  A close up of the new lime plaster covering Norrlanda church 
from summer 2006 and forward. 
 

5. CONCLUSIONS 
A method to recreate historic lime mortars was developed and verified in a case study. It can 
be concluded that by comparing historic mortars with reference mortars using microscopy 
methods in combination with field studies it is possible to make restoration mortars similar 
to historic ones. With the combination of a scientific analysis and practical experiences from 
craftsmen it was possible to determine not only of what the mortars were made but also how 
they were made. 
The example of Norrlanda church has shown the method to be useful in a practical context 
and the result is a plaster that correlates well with the original plaster both regarding 
appearance and microscopic structure. In this case the method resulted in a mortar with a 
composition and pore structure that ought to provide good technical properties and 
durability [27]. 
In order to use this method, a large number of reference mortar surfaces have to be made 
based on the local, traditional variations in mortars and plasters. Furthermore, application of 
the method requires a team with expert knowledge in both microscopic investigations and 
the whole practical process from mixing mortars to making lime plasters. 
Further studies will aim to verify the general applicability of this method, based on a 
number of case studies in different geographic regions. During 2007 the tower of Örgryte 
old church in Gothenburg and Fleringe church on Gotland will be replastered using this 
method. 
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