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In the repair of traditional buildings do we 
need to know what binder was used in the 
original/existing mortars/renders and plasters 
that are present, before selecting your 
materials?  
 

Yes? 
 
If for no other reason than to limit the potential 
damage that can result from your intervention 
if you do not know what was there, and select 
inappropriate materials. 



How do you know what it is 
 

Documentation 
Past knowledge of the building 

Experience 
 

Or  
 

From Analysis 
 



 
If you do not know what materials you are 

dealing with it may be necessary to carry out 
some analysis. 

 

The scope of which will be dependent on what 
you need to know. 

 

Why  
 

and the number of variants present 

This not a sales pitch! 



Visual examination and some experience is 
sometimes all that is necessary, but occasionally a 

more detailed analysis is required.  
 

Where appropriate analysis can often help you to 
identify the binder type and sometimes the form in 

which it was used.  
 

This can inform you whether the binder was an 
Air Lime, with or without Pozzolans, or other 

additives, or if it were a Natural Hydraulic Lime, a 
Gauged Lime, a Natural cement or a Portland 

cement & Lime, or Portland cement, or something 
else, and there is a lot of “else” out there 

 



It may also be of interest, particularly if you 
are dealing with lime mortars to know if the 
mortars were mixed as a Hot-Mixed (Lime) 
Mortar (HMM)  

and  
If so, was it mixed and used “Hot” or mixed, 
stored and used “Cold”, i.e. dry slaked and 
used as a hydrated lime mix, or was the lime 
run to a putty first?  
 



There will be others here today that will talk about 
matching materials and offer some guidance on the 

selection of suitable mortars for various 
applications. 

 

You have also hear the term: 
 

 matching “Like with Like” 
 

What is meant by like, and if it were possible,  
can you? 

Or would you want to? 
We will return to this later. 



Sampling 

Identifying Mortars  



Before you take samples consider the form of Analysis to be 
carried out and more importantly what it is you need to know 

Identifying Mortars  



Mortar Analysis – Sampling – Where, which & How Many 

The plates on the right 
show 7 variants of 
mortar on a 17th c 
Church. 
Sampled for record 
purposes and to aid 
selection of mortars for 
conservation works 

The questions that required answering was which area/
mortar to sample, how many, and why? 

Sampling 



Sampling of mortar from the North 
elevation, with four samples taken from 
four visually different materials, and all 
were found to be different mixes. 

St Cathan's is a standing ruin and an ancient Monument, which is situated towards 
the southern end of the Isle of Gigha The ruin is reported to be the remains of the 
former parish-church of Gigha and Cara, which dates from the 13th century. The 
church is reported to have still been in use up until 1695. 

Sample S1 

Sample S3 

Sample S2 

Sample S4 

Sampling 



Sampling Duart Castle, Isle of Mull 

A 13th century castle, in ruin from 1745 to 1912 when it was brought back as a 
family home for the Chiefs of the Clan Maclean. It subsequently had undergone 
several periods of repair and restoration over the next 100 years.  
23 mortar samples taken to date, with 18 variants recorded. 
What is the impact of this on the selection of materials for remedial works? 



6mm 

Is Size and condition  Important 

It is possible to carry out a wide range of 
analyses on small samples, but this commonly 
involves the use of more sophisticated analytical 
techniques and is more time consuming and, 
therefore, more expensive. 

178mm 

275 grams 

2.4 kilograms 

Sampling 



Select the method of sampling bearing in 
mind what form of test/analysis is required, 
as the form of the sample obtained will 
dictate, in some instances, the form of 
examination and type of analysis that can 
be carried out. 
Multi-coat renders/plasters entail more 
than one analyses, as does a range of 
mortars within a single building or 
elevation. 

Core Samples 

Surface scraping 
Samples 

Hammer & Chisel full bed (mortar) or 
full thickness (render/plaster ) Samples Typical pointing 

mortar sample 

Powder Drilling 

Sampling Type of Sample 



Now you have your sample you 
need to decide where to take, or 
send, them for analysis.  
 

How do you choose? 

ASK 

Analysis 

Which Laboratory 



Examination  



Identifying Mortars  

Examination 



Identifying Mortars - Air Lime Mortar 
It is often assumed that if there are large angular inclusions in a 
mortar it was mixed as a “Hot-Mixed Mortar” and that it was 
probably used whilst still “Hot”.   Perhaps – Perhaps not 

How can we be sure which 
is which. 
Shape and texture of the 
inclusions, the condition 
of their margins and that 
of the surrounding matrix.  

Quicklime? – No. It is balled Lime hydrate 

Lime inclusions 
within a HMM  



Identifying Mortars 

Non Hydraulic 15th C mortar. 
1.0:0.5 Lime:  Sand mixed as a 
HMM Mixed and placed hot. 

2 No. Mortar samples from different periods, from same Building 

Feebly Hydraulic 19th C mortar. 
1.0:2.0:0.25 Lime: Sand: Ash. 
Mixed as a HMM, but is 
indicated to have been dry 
slaked, screened and placed cold. 



Identifying Mortars  

HMM – Air Lime: Sand 

Cement: Lime: Sand 

NHL 3.5: Sand 

Roman Cement: Sand Feebly Hydraulic Lime: Sand 

Clay: Lime: Sand 



On logging samples as received, samples are 
weighed, the dimensions of the largest and smallest 
intact piece is measured and the colour determined. 
The sample is then examined visually and with the aid 
of a hand lens or binocular microscope and exposed to 
a range of reagents and indicator solutions. 

Identifying Mortars  
Examination & logging samples 



Analysis  



Mortar Analysis – Acid Digestion 

Acid digestion of binder to determine mix composition, is a  quick 
and simple method to determine the mix proportion, but of limited 
use where calcareous aggregate, shell or a hydraulic binder is present. 

Analysis 



Mortar Analysis – Grading Analysis 

Sieving the recovered and dried aggregate through a Nest of BS Standard Sieves, 
weighing the fraction retained in each sieve, calculating the percentage retained and 
percentage passing. A histogram can be plotted to which the aggregate, from each 
fraction is added, this permit a visual comparison with the grading analysis and assists 
in matching the mineralogy and shape of aggregates from various sand sources. 

Sample Reference 
SR1613 – S2 Repair Render 

Mortar 
British Standard 
Sieve Size 

Percentage 
Retained 

Percentage 
Passing 

8.00mm 0 100 
4.00mm 13.0 87.0 
2.00mm 14.4 72.6 
1.00mm 11.8 60.8 
0.500mm 12.2 48.6 
0.250mm 22.0 26.6 
0.125mm 21.2 5.4 
0.063mm 3.6 1.8 
Passing 1.8 

Analysis 

Aggregate filled 
Histogram showing 
particle size distribution 
developed by the SLCT. 



Mortar Analysis – Chemical Analysis  
Where mortars are indicated to contain hydraulic binders, 
whether Lime, Natural Cements, Portland Cements or 
Gypsum, analysis by BS 4551: 2005 + A2: 2013 or other 
chemical analysis methods may be more appropriate.  

The BS4551 technique employs wet chemistry to determine 
the proportion of : Soluble Silica as SiO₂, Calcium Oxide as 
CaO, Insoluble Residue (IR) and Loss on Ignition (LoI), as a 
minimum requirement. 
 

In addition the following can also be determined: 
Sulphur as sulphur trioxide (SO₃), Total Iron as Fe₂O₃, 
Aluminium oxide as Al₂O₃, Magnesium oxide as MgO, 
Chloride ion (Cl⁻). 
 

Analysis 



Mortar Analysis - Chemical Analysis  
 

This, however, requires the 
involvement of an analytical 
chemistry laboratory, particularly 
one that is practised in the 
analysis of mortars to BS4551: 
2005 + A2: 2013. 

Analysis 



Mortar Analysis - Chemical Analysis  
 Results of Composition analysis  

Chemical Analysis       % by mass     
Sample Reference:       1      2                3               4     5                6   
Insoluble Residue   80.08  80.81  78.78  82.37  79.07  81.04 
Soluble Silica (SiO₂)     1.48    1.42    2.14    1.94    1.62    2.07   
Calcium Oxide (CaO)     6.63    8.51    9.30    8.12    9.38    8.99   
Loss on Ignition     8.65    8.25    9.70    6.71    9.22    6.77   
Calculated composition of the sample expressed to the nearest 0.5% by mass on dry mass¹. 
NHL 5 Binder   12.0  15.0  16.5  14.0  16.5  15.5 
Sand    88.0  85.0  83.5  86.0  83.5  74.5   
Approximate volume Proportions, calculated on the basis of the standard assumptions. 
NHL 5 Binder      1.0    1.0    1.0    1.0    1.0    1.0 
Sand       2.9    2.2    2.0    2.4    2.0    2.1 
Comments 
The analytical results presented above were evaluated by the method of BS 4551: 2005 + A1: 2010 + A2: 
2013, on the basis of the following assumptions: 
The Lime Binder content has been calculated on the basis that it contained¹ 10.58% soluble silica and 
60.56% calcium oxide and had a dry bulk density of 850 kg/m3. 
The sand contained 0.2% soluble silica, no soluble calcium compounds, with bulk density of 1675kg/m3. 
The mortar contained no mineral admixtures such as PFA, GGBFS or silica fume.  
[¹ The above mortars used a modern NHL binder and the chemistry of this was determined along with that 
of the sand, with these values used in the calculation of the mix proportions] 

Analysis 



Mortar Analysis – X-Ray Diffraction  
Powder X-Ray Diffraction allows the identification of the mineral/
crystalline components present within the mortar to be identified. 
 

Where a binder rich sub-sample can be obtained, or better still a “lime” 
inclusion can be extracted from the mortar this can provide a rapid method 
of identifying whether a mortar is a Lime mortar, a Natural cement or a 
Portland cement mortar, or a gypsum gauged binder.  
 

If it is identified that the binder is a hydraulic lime, XRD can also be of 
assistance in assessing the degree of hydraulicity of the binder, particularly 
when coupled to data processing software, such as Rietveld Refinement, 
which allows semi-quantitative analysis of the components present.   
 

The presence and proportion of Pozzolan can often also be identified. 

Analysis 



Mortar Analysis - X-Ray Diffraction  

Sample Preparation, backpacking the 
powdered sample into a sample holder 

Where only a small quantity of sample is 
available, it can be analysed as a thin film 
on a glass slide. 

Useful analytical technique if the 
inclusion can be picked out of 
the mortar, free from sand or 
clay and the binder analysed on 
its own, free of contaminants.  

Analysis 



Analysis of a single lime inclusion picked from a piece of 
hearting mortar from an old masonry wall.  

Mortar Analysis - X-Ray Diffractogram 
 

Analysis  



Analysis  

Mortar Analysis - X-Ray Diffractogram 
 

The calcium iron oxide in S5 were detected in three forms: Srebrodol’skite, plus 
CaFe2O4 and CaFe3O5 - these all tend to co-exist. These were not detected in the 
sample from M3, which may suggest that the binders used in both samples, albeit 
both hydraulic limes, were from different sources or different periods of production.  
Caution should, however, be exercised in interpreting the results from the above.  

Analysis of an Inclusion from sample M3 ex Wellington Monument 



Mortar Analysis - X-Ray Fluorescence 
 

Where lime from inclusions can be picked from a piece of mortar or 
a binder rich sample can be obtained its chemical composition can be 
determined, one method of achieving this is to use XRF analysis.  

Sample Ref.  No. Sample 1A 
Sample S1C 

Major Oxide % by Mass of Sample 
CaO 50.65 49.75 

SiO2 3.76 7.80 

Al2O3 0.67 0.66 

Fe2O3 2.35 0.33 

SO3 0.15 0.11 

MgO 0.33 0.38 

MnO 0.05 0.05 

TiO2 0.06 0.05 

P2O5 0.10 0.08 

K2O 0.08 0.12 

Na2O <0.02 <0.02 

Loss on ignition 41.78 40.65 

Total 100 100 

Analysis 



Analysis 

From the elemental analysis, in the form of oxides, the characteristocs 
of the binder can be determined: 
Cementation Index = (SiO₂ x 2.8) + (Al₂O₃ x 1.1) + (Fe₂O₃ x 0.7)  

             (CaO + (MgO x 1.4)  
 

Hydraulicity Index =  (SiO₂+ Al₂O₃ + Fe₂O₃)  
    CaO  

 
Sample Ref.     S1A   S1C  

              Coat Base           Finish Coat 
Cementation Index    0.25   0.45  
Hydraulicity Index    0.13   0.18  
Indices            Hydraulicity        Cementation  
High calcium lime (air lime)   <0.10   <0.30  
Feebly Hydraulic               0.10 to 0.20         0.30 to 0.5  
Moderately Hydraulic               0.50 to 0.70      
Eminently Hydraulic               0.20 to 0.40         0.70 to 1.10  
Portland Cement                0.40 to 0.60  
Natural Cements                0.60 to 1.50   



Combining XRD and XRF to evaluate binder type 

 Roman Cement Render 
Crystalline           Samples S1  
Component   % 
Quartz   22.1 
Calcite   65.0   
Belite     7.1 
Alite     0.6 
Gehlenite     1.5 
Brownmillerite    1.9 
Hydrocalumite    0.8 
Hematite     1.0 

Major Oxide     % by Mass of Sample
  

CaO   36.54   
SiO2    22.91   
Al2O3     5.98   
Fe2O3     6.27   
SO3     5.12   
MgO     2.12   
MnO     0.92   
P2O5     1.06   
TiO2     0.66   
K2O     1.14   
Na2O     0.69   
Cl-     0.61 
LoI   15.42 

Mix Composition        Binder : Aggregate 
 
From Modal Analysis             1.0 : 0.84 
From Chemical Analysis        1.0 : 0.92 

   Roman Cement 
Cementation Index – 1.90 
Hydraulicity Index – 0.96      0.60 to 1.50 

Analysis 



What these analyses techniques do not necessarily 
tell you is the form of any additive added to the 

mortar, if more than one binder was included, or if 
the mortar was made and used, as a Hot Mixed 

Mortar 

This requires another technique  

Petrography 

Sometimes also involving Scanning Electron 
Microscopy with Elemental Analysis (SEM-EDAX) 

 

Analysis 



“Petrography” 
 

Thin Section for examination in the Polarised light  
(Petrographic) Microscope sometimes with modal analysis 

Mortar Analysis - Petrography 
Analysis 



An example of a Modern Petrographer’s / Microscopists work station 

Analysis 



Identifying Mortars 
using  

Microscopy 



High Calcium Lime Putty Mortar 1 part lime to 2 parts sand 

Blue resin highlights porosity in a putty mortar 

“Petrography” 
 

Mortar Analysis - Petrography 
 

In high calcium lime mortars the porosity and permeability are likely to be 
high. The porosity and connected shrinkage channel ways are highlighted in 
the section by the presence of the blue dyed impregnation resin. 

Identifying Mortars 



Hot Lime Mortar with relic Hot Lime inclusions 

“Petrography” 
 

Hot lime mortars can be non to eminently hydraulic. Where they are not weathered 
or eroded they often display a dense structure, though still permeable. Hot limes 
expand on setting and in a confined space pack to give a very tight fabric. 

Mortar Analysis - Petrography 
 

Identifying Mortars  



Mortar Analysis - Petrography 
 

NHL 3.5 mixed at 1 part Binder to 3 Parts sand, fully Carbonated mortar, 
laboratory mix included for comparison. 

Identifying Mortars  



Modern Natural Hydraulic Limes (NHL) are convenient to use and 
are used in the form of hydrates. These have found favour in 
restoration and new build, but not all NHL, even of the same grade 
impart the same properties to a mortar, and therefore require an 
understanding of their properties if the work is to progress well. 

Mortar Analysis - Petrography 
 

Identifying Mortars  

NHL5 at a 
ratio of 1:3 



Petrography 

Thin section from an early hydraulic Lime Mortar (NHL) mortar, with 
unhydrated clinker (Belite) in the centre of the left plate, and a 
partially burnt and partially hydrated lime inclusion in the centre of 
the right plate.   

Identifying Mortars  



Petrography 
 
Can assist in clarifying the type of binder and, in some instances, the form 
in which the binder was used, e.g. was it a  

 Hot Lime (quicklime) 
 Putty  
 Hydrate  
 or if it is Hydraulic it can aid in the identification 
 of the form, and proportion, of clinker present. 
 Roman Cement 
 Portland Cement 
 Presence of Pozzolans & type 

In addition to the above the condition of mortar’s fabric can be described, 
with the presence of unhydrated clinker, hydration and/or reaction 
products, pozzolans, etc., confirmed. Along with the impact of 
weathering, leaching etc., and the identification and properties of the 
aggregate component included in the mix. 

Identifying Mortars  



The presence of underburnt and 
overburnt limestone (and shell) is 
commonly observed in old hot 
lime mortars from the West of 
Scotland 

Hot Lime 

Identifying Mortars  Moy Castle 15th century Tower House 



Sometimes it will be possible to 
observe relic rock texture retained 
within some of the inclusions and 
permit identification of the source 
of the limestone used in lime 
production 

Hot lime mortar from Lachlan  
Castle 14th century Tower House 

Identifying Mortars  



Putty Lime 
As with hot lime mixes variations in binder 
distribution throughout the mortar can be 
observed, and areas of dense paste rich zones 
are not uncommon, but these are usually free 
of high microporosity and commonly contain 
an abundance of shrinkage cracks, and 
locally by dissolution channel ways. 
Putty mixes commonly show plastic flow 
patterns with the texture of the inclusions 
lacking a definitive form 

A putty lime inclusion within a lime 
putty mortar.  Note the absence of any 
residual rock fabric and the presence of 
a map crack pattern of shrinkage cracks.  
The paste at the margins locally diffuse 
into the surrounding fabric with lime 
from the inclusion folding around 
peripheral aggregate particles. Field of 
view 2.4mm. 

Identifying Mortars  



Clay Lime Mortars - Northumberland 

Sample Ref: SR2505-S3 
Constituents % 

Aggregate Inclusions as 
binder 

Inclusions as 
Aggregate 

Quartz 14.1 14.1 
Lithic Fragments 11.1 11.1 
Limestone 1.9 1.9 
Ash & Coal fragments 4.4 4.4 
Burnt clay fragments 1.9 1.9 
Opaque/Amorphous 6.7 6.7 
Clay Inclusions - 16.5 
Lime inclusions - 13.2 

Total Aggregate 40.1 69.8 
Binder (Lime + Clay + fine 
silt) 29.3 29.3 
Clinker 0 0 
Lime inclusions 13.2 - 
Clay inclusions  16.5 - 
Secondary products/Calcite 0.9 0.9 
Total Binder 59.9 30.2 
Total Constituents 100.0 100.0 
Cracks/Voids 12.6 12.6 
Binder (clay + lime): 
Aggregate Ratio  

Total Effective 
1.0 : 0.67 1.0 : 2.32 

Mix Composition 
1.0 : 0.8: 2.1 

  
1.0: 1.2: 4.4 Clay : Lime : Sand Ratio 

A lime inclusion, not fully 
hydrated and has not diffused 
into the paste can be seen 
centre right. A large disrupted 
coal fragment is dissected in 
the section (black), right side 
of the plate. 
Field of view 1.2mm 

This image shows a clay 
inclusion (right side of plate) 
abutting a lime rich zone (left 
side of plate).  
The clay inclusion displays a 
typical shrinkage crack pattern, 
which may have formed at the 
time the lime was added. 
Field of view 2.4mm 

Component                   by Weight        
Volume 
Lime Content    5.7%               0.9 
Clay Content (<32µm)  10.6%               1.0 
Sand Content  83.7%               5.5 

Identifying Mortars  



Constituents % 

Aggregate 
Opaque/Amorphous 
material included in 

binder 

Opaque/Amorphous 
material included in 

aggregate 
Quartz 26.5 26.5 
Lithic Fragments 9.8 9.8 
Limestone & shell 
fragments 6.0 6.0 
Brick, Ash & Coal 
fragments 3.8 3.8 
Opaque/Amorphous - 2.2 
Lime inclusions - 3.8 

Total Aggregate 46.1 52.1 
Binder 41.0 41.0 
Clinker 5.8 5.8 
Opaque/Amorphous 2.2 - 
Lime inclusions 3.8 - 
Secondary products/
Calcite 1.1 1.1 
Total Binder 53.9 47.9 
Total Constituents 100.0 100.0 
Cracks/Voids 8.5 8.5 

Binder: Aggregate 
Ratio  

Total Effective 
1.0 : 0.86 1.0 : 1.09 

A shell fragment can be 
seen (Lower left) and a 
large lime inclusion, 
centre to right. The 
inclusion has the 
appearance of a putty 
lime and is partially 
leached (lower right). 
Field of view 2.4mm 

A plastic shrinkage 
crack can be seen, 
dissecting the image. 
Remote from this the 
paste is dense and 
sound with patchy 
microporosity and 
carbonation also 
apparent, see light 
brown patches. 
Field of view 2.4mm 

Natural Cement & Lime Render – South West England 
Identifying Mortars  



Identifying Mortars  
Portland Cement Mortar 

Sound Cement based mortar 
with a dense matrix and an 
unhydrated clinker particle 
(Belite) present, left side of 
plate. 

A cement mortar which was 
affected by sulphate attack. 

The plate, upper right, shows 
sulphate minerals lining a void 
within the matrix. 



Thin Section Examination: Putty lime with Brick dust pozzolan. 
In addition to searching for lime inclusions other components of 
interest that can be found: clinker, brick fragments, fuel residue 
from the kiln, all of which can act as pozzolans in the mix. 

Gylen Castle, Kerrera (1582) 
Identifying Mortars  



Mortar Analysis – 13th C Hulne Priory –  
        Lime Ash Floor 

Binder 
Gypsum 
Aggregate 

Charcoal 
Fragments 

A view in plane polarised light of 
the thin section.  
 Porosity is highlighted by blue 
dyed resin and this imparts a bluish 
tinge to both the matrix and the 
loosely arranged crystals of the 
gypsum/anhydrite aggregate.  
Width of field 1.6mm 

A detailed view in cross-polarised 
light of a gypsum/anhydrite 
particle. 
The gypsum appears speckled 
grey in cross-polarised light and 
anhydrite is very brightly 
coloured.  
Width of field 0.55mm 

Identifying Mortars  



Example – 1880 Railway Station 

Examples of Brick mortar from a Railway Station constructed 
1875-1880. Where the aggregate is mostly Furnace Bottom Ash (FBA), 
mixed at a ratio of 1 Part Non-Hydraulic quicklime and 2 parts Ash. 

cc  =  Calcite (CaCO3) Calcium carbonate, carbonated binder component, 
qz =  Quartz (SiO2) dominant component of the sand aggregate,  
fs =  Feldspar, with various forms present mostly of the Plagioclase group,  
di =  Dickite, a clay mineral of the Kaolinite group, aggregate component, 
ill =  Illite, a clay mineral from the decay of mica and alkali feldspar,  
mu =  Mullite (Al6Si2O13) Aluminium silicate,  in ash and furnace clinker, 
fa =  Fayalite (Fe2SiO4) Iron silicate, slag component, sometimes also found in 
furnace clinker, 
gy =  Gypsum (CaSO42H2O) Calcium sulphate hydrate, most likely present as a 
reaction product formed from sulphates acting on the lime in the binder, 
ba =  Bassanite (CaSO40.5H2O) Calcium sulphate hydrate, reaction between 
lime binder and sulphates from ash, brick or the environment (coal smoke), 



Example - Hexham old Gaol - 1330  

Component Percent 
Binder 52.16 

Natural Aggregate 20.27 
Burnt Limestone 0.33 

Lime Nodule 1.33 
Brick 10.30 

Clinker 5.32 
Voids 10.30 
Total 100.00 

A detailed view in plane 
polarised light of a large (2mm) 
a Belite cluster with interstitial 
pleochroic ferrite.   
Width of field 0.75mm 

Unhydrated clinker is present in moderate amounts. It occurs as large 
(up to 5mm particles) composed of a complex mixture of minerals. 
Belite clusters are common within a strongly pleochroic ferrite phase 
locally. Other unhydrated clinker particles are composed of a complex 
mixture of calcium silicate and possibly aluminate minerals.  

A general view in plane polarised 
light showing quartz aggregate 
within a porous binder. Porosity is 
highlighted by blue dyed resin.  
Width of field 1.8mm 

Mix composition 1 part Lime: 0.4 parts Aggregate: 
0.2 crushed brick: 0.1 parts foundry scale 

qz = Quartz – Aggregate component  
cc = Calcite - (CaCO3) calcium carbonate,  
la = Belite – (Ca2SiO4) clinker component   
wo = Wollastonite – (CaSiO3) clinker component 
ge = Gehlenite - (Ca2Al2SiO7) binder component 
cl =  clays, various – aggregate component or 
from binder feed stock 
gy = Calcium sulphate - possible contaminant or 
reaction product 

Diffractogram from the analysis of dark clinker clusters  



Example – Iron & Lime Kilns North York Moors 

Natural Sand and quicklime 
mix, made as a HMM but  
remixed and used cold 
mortar at a mix of 1: 1.25. 
Mortar in a sound 
condition, high coal content 
in aggregate. 

Another mortar mixed 
from natural sand with 
bank slag aggregate and 
quicklime, made and 
placed as a HMM at a 
mix of 1: 1.1. Mortar 
displays some leaching 
but is hard and strong. 

Bank slag aggregate and 
quicklime mortar mix, 
made as a HMM placed 
as a cold mortar at a mix 
of 1: 1.6. Although 
mortar shows alteration 
due to sulphate attack, it 
is hard and strong. 



Bank Slag from – Iron & Lime Kilns North York Moors 

Fresh and burnt Ironstone shown in plane polarised light (ppl).  
Field of view 2.4mm.  XRD shows an abundance of Mullite and 
amorphous material present – Pozzolanic. 
. 



What does this information tell you? 

Identifying Mortars  



Mix Composition 
 
Grading and Type of Aggregate 
 
Binder Type and Hydraulicity 
 
Presence of Pozzolans etc. 
 
Presence of Reaction  Products 

Identifying Mortars  



Short Digression 
 

For Clarification 
 

What is 
Free lime – Does it matter 

And what is  
Carbonation – Does it always occur? 



This Leached lime and not  the fault of “free Lime” 
This occurs when you get something wrong and is, 
in most cases, the fault of the binder. 



Free Lime 
Air	limes	are	classified	by	their	lime	content	

	Available	lime	as	CaO%	
CL90	 		≥	90	
CL80	 		≥	80	
CL70	 		≥	70	
As	are	NHL’s	
Lime		 	Available	lime	as	Ca(OH)₂	%		
NHL	2	 	 							≥35	 	= 	26.5%	CaO	 		
NHL	3.5	 	 							≥25 	= 	18.9%	 	 		
NHL	5	 	 							≥15	 	= 	11.4%   



Natural Hydraulic Lime - NHL 



Natural Hydraulic Lime - NHL 

NHL	2	 							≥35		
	 		

NHL	3.5					≥25		
	 		

NHL	5								≥15	 



Carbonation 
Phenolphthalein indicator solution 
being used to identify  depth of 
carbonation. This is an “Indicator” 
test and it gives a measure of pH 
and not necessarily Carbonation.  
It is colourless at, and below, a pH 
of 8.2 and is a light pink at a pH of 
9.3, turning to a strong fuchsia at a 
pH greater than 10.0 Early 19th C mortar ex 

Leicester Cathedral – 
Feebly hydraulic lime 

1980’s mortar ex Burrell 
Collection – 1:1:6 
Cement:Lime:Sand 

1820’s mortar ex Wellington Monument – Lime with Pozzolan 
Surface 
carbonation 
only 

Patchy 
carbonation  

Fully 
carbonated  

Original Hearting mortar from 
Duart Castle – Circa 15th C. 
Contains uncarbonated lime 
inclusions. Mixed at 1.0:1.0 
Feebly Hydraulic HMM. 



Simplified Hydraulic Lime Cycle  

Natural Hydraulic Lime 

Reactive 
silicates & 
aluminates 

Hydration of 
Quicklime and 
Reactive silicates & 
aluminates 

Hydration 

CSH, CAH, CASH and 
Calcium Hydroxide 



Binders 



Even with the information gathered from the analyses the 
selection of mortar for conservation of historic and heritage 
buildings can be challenging.  
 

Achieving compatibility with the historic fabric, ensuring 
durability whilst minimising the detrimental impact of using 
incompatible materials, with the efficient use of materials 
within a practical time frame has resulted in the 
reawakening an interest in the selection of HMM, but often 
there has been a requirement to use hydraulic lime-based, or 
gauged mortars’ which set more rapidly than the pure air 
lime mortars.  
 

Binders 



Although the NHL’s are often considered to be more 
compatible with historic fabric than cement-based 
mortars, however, due to the modern production 
techniques and the natural variability of these 
materials some may argue that they are no better 
than prescribed cement/lime/sand mortars.  
 
Therefore, a deeper knowledge of their chemical 
and physical properties is perhaps  needed to 
minimise any potential damage due to their 
inappropriate use and make the decision process of 
whether to use, or how to use, these materials easier 
and safer.  

Binders 



There have been several approaches made to 
provide this information and offer guidance in 
their selection and thereby provide guidance to 

practitioners in their use. 
 
This is particularly necessary when HMM are 

to be specified. 



Natural Hydraulic Lime - NHL 
An assessment of the 
properties of NHL’s 
performance when mixed 
as “Real” mortars was 
carried out in the form of a 
PhD by Research 
undertaken by Cristiano 
Figueiredo at the University 
of Bath. 
 
This was funded by the 
BLF and Historic England 
and can be referenced with 
the proviso, that for the 
present, none of the 
information may be copied 
or passed to a third party. 



In addition to the Bath University research, a practical 
application of the use of quicklime and gauged quicklime mixes 
was demonstrated as part of a Technology Exchange between 
Scotland and Ireland, in July 2014, which involved mortars being 
made and used in the form of Hot Mixed Mortars, with the work 
carried out at Portumna Castle in the Republic of Ireland. The 
details and results of this project were published, by the Building 
Limes Forum Ireland (BLFI) in May 2015.  

Natural Hydraulic Lime - NHL 

It is proposed that further work be 
carried out on the mortars placed as 
part of this project, both as building 
mortars, repointing mortars and in 
Harling, to assess their performance 
after they have aged 5 years.  



Geology 
In the UK we are fortunate in 
having a wide and diverse geology, 
and this has contributed to the 
landscape that we can enjoy as we 
travel across the country. 

It has also dictated the form of 
masonry used, and to some extent, 
the Architecture, prevailing in 
different geographical areas.  

This has also introduced a variation 
into the properties of the lime that 
was available for building 
applications across the country and 
why a material that will work in one 
location may not perform 
adequately in another. 



Lime  
But is it only the geology that we can 
blame for the difficulty that we sometimes 
experience when trying to match historic 
mortars? 
 

    or 
 
Are there other factors that can also impact 
on mortar performance? 
 



Lime – Production 

Lime Kilns at Charlestown, Fife 

Draw Kiln, in continual production 

Here limestone was burnt using local coal as 
the fuel, which also contributed to a 
proportion of impurities being present in the 
lime.  
Needs lump lime, preferably single size. 
Limestone raised to 800 to 950°C, which is 
the disassociation temperature of CO₂ (de-
carbonation), temperature rises to 1050°C and 
locally to 1200°C. 



Lime – Production 

Modern Vertical Kilns 

Burning Temperature typically   900° to 950C for high calcium 
lime but can be up to 1050°C, but higher temperatures are used in 
the production of Natural Hydraulic limes. 
Temperature is restricted to 725°C for dolomitic limes. 



Lime – Production - Norway 

Chris Pennock burning a dirty 
limestone to produce a 
hydraulic lime at Trondheim 
Cathedral masonry workshops 

Chris burning a clean 
limestone to produce 
quicklime for use in 
conservation works 
at Agatunet, Norway 



2 No. kilns at Duart Castle to 
demonstrate the firing of 
Lismore limestone, one using 
coal (left) and the other wood 
fired (right). Both produced 
usable quicklime, but with 
slightly different properties. 

Lime – Production – Demonstration at Duart 

A 3 minute kiln burning limestone 
left plate above, and a stone clay 
mortared kiln used to burn oyster 
shell, both using wood as fuel. SPAB 
working party on the Island of 
Lismore on 25th May 2019. The 
Lime produced is under test.  



If we accept that many historic limes will have been hydraulic, 
to a degree, with those burnt at low temperatures albeit 
performing, initially, as High Calcium limes, they would, if 
classed against  Modern Air Lime grades, be 
 

 feebly hydraulic, CL 70 or, at best, CL80. 
 
Therefore, if you are looking to prepare a mortar for 
conservation or restoration work and wish to replicate that 
originally used, as close as possible, and on the basis that the 
original lime is not available, you may consider using a Natural 
Hydraulic Lime (NHL) as the binder, or as a gauging in a hot or 
cold mixed mortar based on an air lime binder.  

Natural Hydraulic Lime 



Natural Hydraulic Limes come in three grades: 
 

NHL 2 
NHL 3.5 
NHL 5 

 
These are not manufactured in the UK at present and are mostly 
imported from Europe, There are several manufacturers of NHL’s 
but those most commonly found on sites are from four producers, 
although there are a greater number of suppliers of these products, 
marketing them under different names, which may make things a 
little more confusing for the specifier. 
 
Although the classifications remain the same.  
 

Natural Hydraulic Lime 



RoundTower and Ionic NHL’s are manufactured by Socli 

Natural Hydraulic Lime - NHL 



BS EN 459  Tables 16 & 17: Chemical and Compressive strength Requirements 

Natural Hydraulic Lime - NHL 

Lime   Available lime  Minimum compressive strength at 
type   as Ca(OH)2 (%) 28 days – tolerance values in brackets (MPa) 
NHL 2         ≥35    2 (2–7) 
NHL 3.5         ≥25    3.5 (3.5–10) 
NHL 5         ≥15    5 (5–15) 

NHL classification and tolerances according to BS EN 459-1:2015 

from Historic Environment Scotland TAN 1: Revised 2005 
 



However, if the materials available comply with BS EN 459 should 
we have any concern regarding their performance? 
 
After all they are NATURAL HYDRAULIC LIMES 
 
Definition (BS EN 459-1: 2015): 
A Natural Hydraulic Lime is a lime with Hydraulic properties 
produced by burning of more or less argillaceous or siliceous 
limestone (Including chalk) with reduction to powder by slaking with 
or without grinding. It has the property of setting and hardening when 
mixed with water and by the reaction with carbon dioxide from the 
air (Carbonation). 
 
The Hydraulic properties exclusively result from the special chemical 
composition of the natural raw materials. Grinding agents up to 0.1% 
are allowed. NHL’s do not contain any other additions. 

Natural Hydraulic Lime - NHL 



Natural Hydraulic Lime - NHL 

Are all NHL 2’s, 3.5’s or 5’s the same, if not how do we know? 
If they differ- by how much do they differ, and is this of 
importance? 
 
Do their properties change with time? 
 
And how do we know if they will gain strength, or will their other 
properties change, in time, and if so, can this be detrimental to the 
historic fabric into which we place them? 
 
Does the way we prepare, use, cure and aftercare affect the end 
performance? 



Natural Hydraulic Lime - NHL 



 NHLs and CL90 compressive strength from 7 to 1080 days.  

Natural Hydraulic Lime - NHL 

A 3.5 

D 5 

C 2 

B 2 

E 5 

E 3.5 

C 3.5 

C 5 

D 2 

A 2 

D 3.5 



This though is not new information and is already known to 
manufacturers, some of whom publish this data, for mortars made to 
BS EN 459 requirements:  
For example St. Astier quote the following for their binders: 
l  Gain in strength over 24 months, as a percentage of their 28 day strength  
l  Binder      mix ratio, by volume   
l  NHL   1:2   1:2.5   1:3   
l  2   187   120   120 
l  3.5   360   308   196 
l  5   391   340   420 
l  Whereas from the Bath Research report the following was found, for the St Astier 

binders, when mixed with a sharp sand and at a usable workability (Not to BS EN 459): 
l  Binder    mix ratio, by volume   
l  NHL    1:2    
l  2    114   
l  3.5      32   
l  5    108   

Natural Hydraulic Lime - NHL 



Extract from How Hydraulic Lime Binders Work by Dr Alan forster  





Why do these variations occur ? 
 
Bearing in mind that the material is a natural material quarried and 
burnt without addition or manipulation of the feed material. 
 
Therefore, any variation in the deposit being worked or in the 
calcining process will be reflected in the properties of the end 
product. 

Natural Hydraulic Lime - NHL 



One Quarry for the production of NHL 
Although not clear in the  picture there are numerous beds and faults and joints in the 
faces being worked inferring a measure of heterogeneity in the feed stock.  

Natural Hydraulic Lime - NHL 



A mined source, through a more uniform deposit. This should permit 
a higher degree of consistency in the feed stock by following a 
particular bed or group of beds. 

Natural Hydraulic Lime - NHL 



 

Hydraulic Limes 
Natural Cements 
Calcite Dissociation T° at 
Atmospheric Pressure. 

High Calcium Limes 
Portland Cements 

Lime – Production 



NHL binders are often identified as unpredictable and unreliable due to their 
natural variability, changing in time and possessing distinct properties depending 
on their origin.  
Until now the only tool to distinguish NHL binder is the EN 459-1 standard used to 
regulate the production of these hydraulic limes, providing little information to the 
end user related to the properties of mortars manufactured from them.  
This is because the available data are commonly presented for a ‘standard sand’ 
and water/binder ratio, at an age of 28 days. 
Given that conservation mortars make use of coarser aggregates and are intended to 
perform over decades, conservators should exercise caution when using the EN 
459-1 alone to select materials for conservation work, on buildings built with 
traditional lime mortars, to avoid damaging the historic fabric.  
The research carried out at Bath proved that it is possible to predict long term 
mortar properties based on the characteristics of the binders, particularly the 
hydraulic reactive components and that NHLs are adequate for conservation, both 
on their own, in some circumstances, and as a gauging, in others,  
provided that their characteristics are known.  

Natural Hydraulic Lime _ NHL 



This brings us back to the question 
 
Can you, or would you want to, 
replicate a mortar as close as 
possible to the original if it means 
modifying or gauging binders or 
adding Pozzolans. 
 
 

Pozzolans & Additives 



Blackford Old Church 
 

Site of a BLF Hot-Mixed Mortar Lime Day 3rd July 2014 



   

Plates No. 1 & 2: Plate No. 1 (left) shows an intact piece of lime rich 
mortar from a sample, with plate No. 2 (Right) showing a freshly 
fractured surface through the piece of the mortar in which angular 
lime inclusions can be seen distributed throughout. 



Mortar Analysis - Petrography 
 Old Blackford Church Mortar Samples  

Sample ref: SR2119-S4 % of Component 

Components 
All Lime as 

binder 
Inclusions as 

aggregate 
Quartz 20.6 20.6 
Lithic fragments 16.0 16.0 
Feldspar 2.6 2.6 
Sandstone 0.9 0.9 
Clay 0.8 0.8 
Burnt material/Coal 0.8 0.8 
Ash 1.2 1.2 
Lime Inclusions - 9.1 
Total Aggregate 42.9 52.0 
Binder 37.0 37.0 
lime inclusions 9.1 - 
Total Binder 46.1 37.0 
Porosity/Voids/Cracks 11.0 11.0 
Porosity/Voids/Cracks 11.0 11.0 
   
Binder: Aggregate Ratio  1.0:0.93 1.0:1.41 



cc  =  Calcite (CaCO3), calcium carbonate, carbonated lime hydration products, 
ht  =  Hydrotalcite (Mg6Al2(CO3)(OH)164H2O), Magnesium aluminium carbonate hydroxide 

     hydrate, component of the lime binder produced from magnesium bearing limestone,  
hy  =  Hydromagnesite (Mg5(CO3)4(OH)24H2O), Magnesium carbonate hydroxide hydrate, binder    

     component, from the type of limestone or from a reaction with fuel products. 
ca  =  Calcium Aluminium oxide carbonate hydrate (3CaOAl23CaCO32H2O), component 

     of some lime binders produced from clayey limestone, 
qz  =  Quartz (SiO2), dominant component of the aggregate in the mortar, 
fs  =  Feldspar, various forms present, dominated by Albite, common aggregate mineral component, 
pe  =  Penninite, clay mineral of the chlorite group, common decomposition mineral, 
mi		 		=		Muscovite	mica,	component	of	the	natural	sand	aggregate,	abundant	in	granite. 

Figure	3:	X-ray	Diffractogram	–	Sample	of	Hearting	Mortar	from	the	North	Wall 



• Otterbein NHL2 
  1 part CL90 Quicklime: 0.5 NHL2: 5 Parts sharp concrete sand 

• Otterbein NHL3.5 
  1 Part CL90 Quicklime: 0.5 NHl3.5: 6 Parts sharp concrete sand 

• St. Astier NHL2 
  1part CL90 Quicklime: 0.5NHL2: 6 parts sharp concrete sand. 

 
 
Alternative mix using wood ash and burnt clay as Pozzolans: 
 
• A mixture of ash and burnt clay was included as a pozzolan, at a proportion of 
7.6% of binder, by weight. 

1 Part CL90 Quicklime: 4 Parts sharp concrete sand:  5.5% ash and 2.1% clay (as a 
percentage of binder). 
 

Blackford Old Church – Mix proposals 



Blackford Old Church 
Sampled on the 1st May 2015 (10 months after placing) 

Same mix in March 2019 



Thin section from a 
piece of the ash mortar 
showing presence of 
finely disseminated clay 
and ash particles, a 
number of which show 
reaction rims  

Higher magnification 
showing that both the 
ash and the clay appear 
to be reacting as 
pozzolans in the mortar 



Original XRD analysis overlaid on an analysis of the new mortar, 
indicating that it is possible to closely replicate original, if you wish. 



 

Can you Replicate a Traditional Mortar 
containing natural pozzolans, and if so, would 
you want to? 
 

Yes it is possible, both by gauging a non-
hydraulic lime with NHL, or selected HL’s or 
adding pozzolans. 
However, it may will be more costly, more time 
consuming and will normally require greater 
care in its proportioning, mixing, application, 
and aftercare. 



Another, very important, point to remember is that the 
results of an analysis, on its own, is not a specification 
for a replacement mortar. 

The results need to be interpreted and a mortar mix 
formulated, on the basis of the analysis results, and the 
materials currently available. 

However, just as importantly the condition and exposure 
location of the building/Structure needs to be considered 
along with its weathering detail, in selecting a mix. 

Consideration must also be given to the skills and 
experience of the contractor to be appointed to undertake 
the works, as any mix can work or fail on the basis of this  
and the care, or lack of, taken to execute the works. 

Identifying Mortars  


