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1.0 Introduction

Following a discussion on the analysis of histommrtars with Nigel Copsey of The
Earth, Stone & Lime Company, who are Consultantdacdonald & Lawrence providing
expertise in traditional building technology andtemn&ls, a cost estimate for the analysis
of mortars was provided, by email. The costs werdtfe analysis of mortar samples for
mix composition, including, where possible, thenficand type of binder used in the
mortar production.

Subsequently samples of mortar and plaster idedtds having been sampled from the
Anglican Cathedral Churatf the Redeemer, in the City of Calgary, Alberta, Canada,
were received CMC's Stirling Laboratory. Informatiwas also provided by Nigel
Copsey, by email, on the background to the construof the Cathedral and the locations
from where the samples were obtained, along witruiction to proceed with the analysis
of the samples submitted.

This report details observations from a macroscapit microscopic examination of the
samples along with the results from analysis cdroigt on the two samples received. The
report concludes with an interpretation of the Itssgiving the mix composition of the
materials examined and details of the type and farwhich the binders were employed
in their production.

20 Samples

Two samples were received in CMC'’s Stirling laborgion the & September 2016, with
the samples submitted by Nigel Copsey of The E&titme & Lime Company. On
receipt in the laboratory the sample details wetered into the sample register and the
unique sample reference SR2418 allocated, withath@ratory and Client sample
references reproduced below:

CMC Sample Ref. Client Sample No. L ocation/Comment
SR2413 - S1 S1 Pointing Mortar,
SR2413 - S2 S2 Plaster.

3.0 Methodsof Examination and Analysis

Following an initial examination of the sampleseieed, it was proposed that they be
submitted to the following programme of examinatiom analysis:

Both samples were initially examined; weighed, miead and photographed, in the as-
received condition. Following logging a represamtasub-sample was extracted from
each with this dried to a constant weight at 7@ @drmit the as-received moisture
content to be determined.

The samples were also submitted to a detailed ewdion with the aid of a stereo-
binocular microscope, at magnifications up to X@@assist in assessing their as received
condition. During this examination, small sub-sagsplvere exposed to a range of
indicator solutions and reagents to assist in asggsheir composition.
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Following the initial examination a binder rich ssdmple was prepared from each
sample for analysis by X-ray Powder Diffraction (BR This form of analysis was
employed to aid identification of the type of bindised in each of the mortar samples and
permits an assessment of whether there were aotjaie@roducts present that may
indicate whether the mortar had undergone cherattatk from environmental pollutants
or other contaminants.

A petrographic thin section was also prepared firttact pieces from both samples Sland
S2, with these submitted to a microscopic exanoenatiith an Olympus BH2 polarised
light microscope to assist in clarifying the formwhich the binder was used, and to
confirm the mix composition and permit an assessmietihe structure of the mortar fabric.

The mix composition was initially determined ontbeamples by acid digestion,
following the procedures of the Scottish Lime Cenftrust, with grading of the recovered
aggregate. However, as sample S1 was indicatell ftmwh the results of the XRD
analysis, and from the microscopic examinatiorhefgietrographic thin section, to
contain hydraulic components a further sub-samgle analysed by the methods of
British Standard BS 4551: 2005 + Al: 2010 +A2 20W8rtar - Methods of Test for
Mortar and Screed - Chemical Analysis and Phydiesting ".

4.0 Macroscopic Examination

Observations from the examination of the samplegpegsented in the following sections
of this report, with a summary of the propertiesh&f samples, as received, given below:

CMC Client MassReceived No. of Size of Largest Colour! Sample Moisture content
Sample Ref  Ref (grams) Pieces Intact Piece (mm) Munseall Chart % by dry mass
SR2418-S1 S1 23.7 3 fragments 38.9x1644.2 Gleyl 10Y 8/1"Light Greenish Grey" 1.1
SR2418-S2 S2 14.9 1 fragment 32.0 x 23®x 5Y 8/1 "White" 0.9.

Images of the building from the samples were olthiznd the location from which
sample S1 was obtained was provided by Nigel Coprédythese are reproduced below:

Plate No. 1:

The Anglican Cathedral
Churchof the Redeemer,
City of Calgary, Alberta
Canada, from which the
& samples were obtained.

! The colour was assessed by comparison againbtuhsell Soil Colour Charts.
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4.1

Plate No. 2: Location of pointing sample S1

Plate No. 3: Close-up of eroded stone and bedding mor

From an examination of the mortar joints in platepplied it would appear that the
pointing and bedding mortars contained either liomas aggregates or lime inclusions
(unmixed binder) and if correct the latter coulteirthat the mortars were mixed as a "Hot
Lime", however, to clarify this the samples recéiveere to be examined in greater detail.

Observations from a visual examination of the sampk received are presented below:

Sample SR2413 - S1: Pointing Mortar

This sample is from a mortar that is firm, moddsakerd and locally brittle. The mortar
is well compacted with no obvious voids observethenhand specimen, although the
mortar was found, from a water droplet test, teldig a well connected porosity. The
mortar was noted to be binder rich and containsgplight coloured inclusions, which
measured up to 2.4mm, although the majority rariged 0.2mm to 1.2mm in size.

A phenolphthalein indicator test provided a negat®sponse suggesting that the binder
was fully carbonated throughout its thickness. @Gid) agents also produced a negative
response indicating that there were no organic compts within the thickness of the
mortar sample tested.

The paste was generally uniform with the aggregetiéencapsulated in, and surrounded
by, the paste with the abundance and appeararibe ofortar suggesting a binder rich mix.
The inclusions observed are variable in shape extdre and some were noticeably hard
and these may these may be either limestone aggregafer the presence of under burnt
or overburnt lime particles. Therefore, to assigtiarifying whether the inclusions were
the residue from an incompletely slaked quicklimrethe residue from a putty lime from
which all of the over/under burnt fragments hadbedn screened before use, or a pre-
slaked quicklime run to a hydrate, used unscreemreéithey are simply aggregate
particles, a petrographic thin section was prepargurmit a more detailed examination.

There is also evidence of water percolation wittalzed leaching and redeposition of
binder components within the near surface porettra on one surface, presumably an
outer, or possibly a masonry contact, surfacegthltr sample surfaces were free of any
redeposited material.
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PlatesNo. 4 & 5: The left plate shows the sample as received, aviihhtly soiled
surface with localised redeposited (leached) birdeapsulating the soiling on one
surface. The largest mortar piece was firm to tlueh but could be broken under firm
finger pressure and once disrupted it could bén&urpowdered under moderate finger
pressure. The plate on the right shows a closd-agfreshly fractured surface through the
largest fragment, where a sub-angular inclusionbzaseen arrowed in the plate, with the
inclusion surrounded by an area of paste rich matri

The intermediate sized piece retained a darker sutéace and this was also marginally
harder than the other two pieces in the samplethaue is insufficient to permits its
analysis on its own, The hardness may simply betalaereaction with surface absorbed
pollutants or the redeposition of binder leachedfdeeper within the joint.

4.2 Sample SR2413 - S2: Plaster

This sample consisted of a single piece of plagtéch was again binder rich, visually
richer than that in sample S1, with features thaild infer that it had been perhaps also
placed in a more workable (wetter) condition areldggregates appeared finer graded.
There was no evidence of inclusions in the handispn examined.

The plaster was again hard and brittle, but urdieple S1, when broken the mortar in this
sample could be disrupted and powdered undertiigimoderate finger pressure. The
plaster was also found, from the phenolphthaleilicator test to be carbonated throughout
its thickness, with tests employing oxidising agesgain producing a negative response.

The plaster displayed a well connected pore strectith the rapid absorption of water
droplets placed onto both a freshly fractured adlaced contact surfaces.

It was noted on fracturing that the plaster comdilengths of wood fibre, with these
randomly orientated and randomly distributed thtaug the sample received. It is,
therefore, possible that the wood fibre (coarsedsaty had been added to the plaster
rather than be present as a contaminant. Perhdpsd &ulieu of hair, as a reinforcement.
The wood fibres ranged in length from 3.8 to 7.2wmth widths ranging from 0.12 to
0.36mm. However, given the small size of the samiple possible that this was obtained
from an area where the plaster that had been camdted at time of placing.
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PlatesNo. 6 & 7: The left plate shows the condition of sample S2exeived, with the

right plate showing a magnified view of a freshigdtured surface through the thickness of
the plate, where it was noted that the mortar ¢oethan abundance of fine wood fibres,
which given its distribution may infer that had beslded purposefully to the plaster.

5.0 Microscopic Examination

Petrographic thin sections were prepared from bathples S1 and S2, with the samples
aligned to permit the maximum area possible orslides.

The samples were prepared for thin sectioning liaily impregnating the dried sub-
samples with an epoxy resin containing a fluoresbkre dye. The thin sections were
prepared by polishing one side the impregnated Eaama mounting them onto glass
slides (50mm x 75mm). The mounted samples weredghmmd and polished to give a
thickness of approximately 30microns. The microgcegamination of the thin sections
was undertaken using an Olympus BH2 Polarised tightoscope, fitted with a Digital
Camera, to permit the recording of images of aoéa®te for record purposes.

The presence of dyed epoxy resin enables detail@gisas of void distribution in plane
polarised light as well as permitting an assessmimicroporosity and a clear indication
of any crack patterns present.

Thin section examination is also used to deterrtiiraletails of the aggregate properties
and aggregate distribution within the binder. Idi&idn a visual assessment of the
proportion of the materials in the binder can begrined, such as volume of paste,
aggregate content and unhydrated clinker. The whens from the examination of the
samples are presented below:

51 SampleSR2413 - S1: Pointing Mortar

Aggregate

The aggregates are composed mainly of limestogenats, along with a proportion of
guartz grains, chalcedony, indeterminate weatheretdmorphic particles with minor
feldspar and shale. The limestone is dominatecalyaceous limestone/marble along with
dolomitic limestone and siliceous limestone.
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The aggregates are mostly sub angular to sub-riousttbpe with a low abundance of
angular fractured grains, the latter displayinganiimternal fracturing but these are in
trace proportions and would infer a proportion efshied aggregate in the sand. A
proportion of the aggregate particles show altenatif weaker minerals, to varying
degrees, with these having the appearance of wagpeulation features, however, there
inclusion do not appear to be detrimental to théopmance of the mortar.

The aggregates are well bound within the pasteafthdugh peripheral microcracks are
observed, where present, these do not appearibititite aggregate/paste bond. The
aggregates range in size from 0.03mm to 1.8mm gedsilt to fine sand) in the section
examined.

Binder

The binder is typical of a lime mortar that was madth a high binder content, i.e. a binder
rich mortar. The paste has the appearance of &yaraulic lime over most of the area of
the section. However, locally there are clustersyofraulic components present, which
would suggest either the addition of a lime haartgydraulic component, or an early
Portland cement, to a non-hydraulic lime mortartheruse of a binder prepared from a
randomly variable limestone deposit. The hydractimponents are observed in the form of
unhydrated clinker, with, where observed, this mydstthe form of fine to coarse Belite
clusters, with Ferrite, and as partially hydratedyzlomorph clinker grains. There is one
large sub-rounded inclusion which has the appearahan overburnt lime, measuring
3.2mm x 1.4mm in area, which was observed to comaarse clinker, i.e. Belite, Ferrite,
and possibly Calcium Aluminates, confirming thatngoof the limestone had been calcined
at a temperature sufficient to produce a propomiohydraulic lime clinker.

The paste also displays random patches of highopieosity and is transected by a
network of very fine shrinkage crack, consisterthvai lime rich mix that had undergone
early plastic and early drying shrinkage, commohimder rich putty mixes.

The paste is fully carbonated and there is an ptigpoof lime inclusions present, but
where observed these have the appearance of lavimgd from both incompletely
slaked quicklime and putty, the latter possiblyigating a high degree of slaking of the
quicklime, but these have not all diffused into $ierounding paste.

The lime inclusions range in size from 0.3mm ton&2in the section examined, with these
being round to sub rounded shape, with diffusegéotially diffused) margins, typical of
that associated with putty lime, whilst others shall defined angular margins with little
evidence of diffusion into the surrounding pastithdugh the latter is a feature normally
associated with a mortar mixed in the form of at'Hme" where the quicklime was added
to the sand and slaked in place. However, the @bsafrany evidence of peripheral
compaction or spherical air voids concentratiodgeent to particles, would infer that the
mixed material had probably been dry-slaked arahatl to cool before being screened (to
remove the coarser unslaked particles and oversiggeegate) and remixed prior to placing
with the mortar placed as a cold mix. A few of thelerburnt inclusions retain an imprint
of the original rock fabric, which although confimg that the limestone burned to produce
the binder contained both non-siliceous and silisdomestone it was noted that their
texture and composition appeared to differ from tidhe calcareous aggregates in the
mortar, in that they are not dolomitic, nor dispthg metamorphic imprint apparent in
many of the limestone particles in the aggregalés Suggesting the limestone used in the
binder production was probably from a differentreauto that from which the aggregates
had originated.
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CMCJ

Voids and microcracks

Voids are very rare but where present are as désergrapped air voids which are
typically irregular in shape and up to 0.65mm &esiThe voids are mostly free on linings,
with the exception of those adjacent to one outenasonry contact surface, where they
contain fringes of fine calcite, with localised sfers of gypsum crystals.

Cracks are abundant and meander through the jpasteglvoids, aggregate and lime
inclusions, with the crack network extending actbesfull width of the section. The
cracks are very fine, ranging in width from <0.02riim®.1mm, and are typical of drying
shrinkage features. The cracks are mostly freminfgs and they do not appear to have
acted as channel ways for the migration of pero@ataters, in the section examined.

The results of a point count (modal) analysispresented in the following table:

Sample Ref: SR2413-S1
Constituents %
Aggregate Inclu_sions as Inclusions as
binder Aggregate
Quartz 9.5 9.5
Lithic Fragments 6.5 6.5
Calcareous Silicates 10.3 10.3
Limestone (Calcite) 15.8 15.8
Dolomitic Aggregate 7.7 7.7
Lime inclusions - 4.4
Total Aggregate 49.8 54.2
Binder (Lime) 41.1 41.1
Clinker 4.7 4.7
Lime inclusions 4.4 0
Secondary products/Calcite
and silica 0 0
Total Binder 50.2 45.8
Total Constituents 100.0 100.0
Voids 3.2 3.2
Crack 5.8 5.8
Cracks/Voids 9.0 9.0
Total Effective
Binder: Aggregate Ratio 1.0:0.99 1.0:1.18

Table No. 1: Modal Analysis carried out on thin section pregghfrom sample S1.

The effective binder content is calculated on thsidthat the inclusions are acting as
aggregate rather than contributing to the perforeadf the binder and is probably a truer
measure of the binder content of the mix, relatinigs performance as a mortar. Whereas
the total lime content is a reflection of the mixtze time the mortar was made and placed,
including the inclusions (both fully slaked and laked) as part of the lime binder added.

The following photomicrographs are included to shibescondition of the mortar in the
section examined:
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Photomicrographs:

M/1736/16/R1

Plate No. 8:

A view in plane polarised light (ppl) showing
a typical area of the mortar paste and the
aggregate distribution. Aggregates are
dominated by limestone (LS) and siliceous
limestone fragments (SL) with minor
chalcedony and other lithic fragments.

" The paste is relatively dense and uniform
- . throughout; and is coloured light to dark

brown in this plate. The paste is transected by
a number of fine shrinkage cracks which is a

o common feature in putty lime and hot lime

mortars.
Porosity is highlighted by the blue dyed resin.

:3 Field of view 2.4mn

Plate No. 9:

- Another view in ppl. A lime inclusion can be

seen filling the centre of the plate. The

A inclusion is partially hydrated, on the left side

of the inclusion with a kernel of unhydrated
and partially overburnt limestone in the right
side of the inclusion. The lime is locally
diffused into the surrounding paste. It can be
seen, at higher magnification that the
unhydrated material contains a low
proportion of clinker components, and these
can also be seen in the surrounding paste,
arrowed in plate.

Porosity is highlighted by the blue dyed resin.
Field of view 2.4mn

@ Plate No. 10:

A magnified view in plane polarised light,
this image again shows limestone aggregate
particles (LS). The upper right and left
particles being dolomitic, with the lower
centre being siliceous.

w8 Belite clusters (hydraulic components) can

be seen in the lower centre, lower left and
right in the plate, these are arrowed in the
plate for ease of identification. Note that
the Belite observed is very coarse grained,
typically 0.04mm to 0.2mm in size.

Porosity is highlighted by the blue dyed
resin. Field of view 1.2mm.
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52 Sample SR2413 - S2: Plaster

Aggregate

The aggregates in this sample are similar to th&tli with regards to mineralogy although
the grain size is much finer and there are moretgjgaains present and although the
aggregate is again dominated by limestone the ptiopamf dolomitic limestone and
siliceous limestone present are in trace propastiaith only trace proportions of
chalcedony and feldspar observed in the sampleiexam

The aggregates are dominated by sub-round to syldarparticles, some of which show
weathered margins, where weaker minerals haveedlterclays, with rounding and water
worn surfaces, observed in the recovered aggregaggesting a river bank or pit sand
source.

The aggregates are well encapsulated in the bartteperipheral cracks are rare.

Binder

The binder is typical of a lime which was gaugethvalaster (Plaster of Paris - Hemi-
Hydrate) with the lime used in the form of a wédlked hydrate, or a well mixed putty
lime, however, given the absence of lime inclusiand the presence of areas of high
porosity within the paste, it is likely that thespawas used in the form of a putty.

The paste is fully carbonated and unhydrated ciirtkeare. However, where observed
clinker is in the form of partially hydrated pseuatarph grains, but these were only
observed in one small area of the paste and dssiple that they were incorporated in the
mix as a contaminant. No lime inclusions were osgin the section examined.

In addition to the lime paste, gypsum was also iveskas crystal growths within voids
and as fine disseminated crystals distributed tjinout the paste. Given the abundance of
the gypsum and its even distribution it is mostljkthat the binder was gauged with a
proportion of gauging plaster at the time of mixipgrhaps to act as an accelerator, to aid
setting. .

Voids and microcracks

Voids are again rare but where present are mastlye form of irregular entrapped air
voids and sub-round shaped water formed voids, thiéke ranging from 0.04 to 0.8mm
in size. Most of the sub rounded voids are fitiegartially infilled with secondary
growths of gypsum.

Cracks are scarce and where observed they ardinergnd mostly occur at outer
surfaces from where they meander into the pastdlydinking aggregate. The cracks are
very fine, ranging in width from <0.02mm to 0.06mamd are typical of drying shrinkage
features, all contain secondary linings of gypsum.

Fibres

A proportion of wood fibre was observed distributecbughout the section, with these
measuring up to 1.8mm x 0.8mm to 0.2mm in widtlthm section examined.

The results of a point count (modal) analysis aesgnted in the table below:
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Sample Ref: SR2413-S2
Constituents %
Aggregate Inclu§i0ns as
binder
Quartz 14.1
Lithic Fragments 2.8
Calcareous Silicates 7.2
Limestone (Calcite) 13.6
Dolomitic Aggregate 2.4
Total Aggregate 40.1
Binder (Lime) 52.4
Clinker 0.3
Lime inclusions 0
Gypsum 7.2
Total Binder 59.9
Total Constituents 100.0
Voids 3.8
Crack 1.9
Cracks/Voids 5.7
Wood fibre 2.1
Total

Binder: Aggregate Ratio 1.0: 0.67

Table No. 2. Modal Analysis from a thin section prepared freample S2, as there are no
lime inclusions present in the mortar examinedfttuad mix composition (total) is the same
as the effective mix composition. The gypsum condieeermined from the point count is
likely to be a significant underestimation, as gigpsum is finely disseminated throughout
the binder and is below the resolution of the @ptinicroscope.
The following photomicrographs show the conditidithe mortar pieces examined:
Photomicrographs __ PlateNo. 11:
s / “ Aview in plane polarised light (ppl) showing a
typical area of the mortar, note that the paste
(brown colour) is relatively uniform in this
image with sparse small air voids (V in plate)
apparent.
M The paste is free of the crack pattern normally
~ associated with putty lime mortars and was also
4l noted to contain porous (P) areas (highlighted b
blue dye penetration).
Aggregates in this view are dominated by quart:
(white in plate) limestone and lithic fragments.
A wood fragment can be seen on the left of
centre (W in plate)

Porosity is highlighted by the blue dyed resin.
Field of view 2.4mm.
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s : i % Plate No. 12:

Another view in ppl, at higher magnification,
showing an area of the paste with fine wood
fibres (w) and a micro porous area of paste

extending across the centre of the plate.

The paste contains fine gypsum crystals
diffused throughout the area in view. Voids
are typically rimmed by calcite and gypsum
crystal fringes (V). The aggregates in view
are mostly limestone (LS)

Porosity is highlighted by the blue dyed resin.
Field of view 1.2mn

Plate No. 13:

A view in ppl, of a paste rich area with
patches displaying high microporosity (P).

Several voids can be seen with these all
retaining a thick rim of redeposited calcite and

gypsum (V).

The aggregates in view are mostly limestone
(LS) and quartz (Q)

Porosity is highlighted by the blue dyed resin.

Field of view 1.2mm

Plate No. 14:

A view in cross polarised light (xpl), of a
paste rich area, with a mixed suite of
aggregate particles, evenly distributed
throughout.

A gypsum rimmed void can be seen within
the centre of the image (V) with patches of
matrix displaying micro porosity zones at the
lower left and upper and lower right (P).

AL o M The paste is fully carbonated and can be seen
L to have gypsum distributed thouighout, seen
» i as the light coloured spotting throughout the
paste.

Voids and the blue dyed resin appear dark in
cross polarised light. Field of view 1.2mm
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6.0 Analyssby X-Ray Diffraction

To assist in the identification of the binder irnthheamples and to confirm if they were
mineralogically similar, a binder rich sub-samplaswbtained from both samples with
these prepared for analysis by X-ray Powder Diffcac

To achieve this, a sub-sample was obtained frorh aad this disaggregated in an agate
mortar and pestle, care being taken to minimisethghing of aggregate particles as
possible. The majority of the aggregate was remdwestcreening the powdered samples
over a 63um sieve. With the powder collected bamtkpd into proprietary sample
holders for presentation in the X-Ray Diffractonmete

The prepared samples were analysed in a PhiligsyDiffractometer fitted with a single
crystal monochromator, set to run over the rarfge 55 28 in steps of 0.120 at a rate
of 1° 26/minute using Culd radiation. The results are shown in the followfiggires
which are appended to this report, in the formabglled X-ray diffractograms:

Figure No. 1 — SR2413-S1 - Pointing Mortar Sample,
Figure No. 2 — SR2413-S3 - Plaster Sample.

The most abundant mineral components identifiedratieated on the diffractograms
using the following short-hand notation:

cc = Calcite (CaCg) Calcium Carbonate, carbonated lime binder compine
also the dominant component of the limestargch is the dominant
component of the aggregate,
la = Larnite (CaSiQ,) di-Calcium Silicate, hydraulic component in hydradilice
binders and in Portland type cements,
gy = Gypsum (CaS£H,0) Calcium Sulphate Hydrate, can be present asioeac
product between environmental pollutants tiedime in the binder (S1) and as a
gauging added to plaster (S2),
ba = Bassanite (CaS0.5H,0), Calcium Sulphate Hemi-Hydrate, the form in whic
Gypsum is used as a plaster as a gaugingldddiene plaster, indicating that a proportion
is still present in the plaster, in the untagdd state, not uncommon in gauged plasters,

ca = Calcium Aluminium Oxide Hydrate (&l ,0sC3;11H,0), carbonated hydraulic
component of the binder,

gz = Quartz (Si@component of the aggregate, both as quartz grairestzite and
in siliceous limestone fragments,

do = Dolomite (Ca Mg (Cg),) Limestone aggregate component in the fine ag¢eega
fe = Feldspar, mostly Albite from the Plagioclasewgy of minerals detected in sample,

On the basis of the results from the XRD analyssindicated that the binders in both
samples differed. The absence of Alite, but wittitBend Calcium Aluminates in sample
S1 it was concluded that this was most likely araytic lime binder rather than a
Portland cement gauged lime. Whereas that in th&tét, sample S2, was a gypsum
gauged non-hydraulic lime.

Sample S1 appears to have been affected by envértahsulphates, i.e. acid rain or
ground waters, or sulphates from the masonry, thithreacting with lime in the binder,
resulting in the low gypsum content detected indh@ple.
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The proportion of Gypsum and Bassanite preserdrnmte S2 was determined by
Rietveld Refinement and found to be in the regibR18%6 of the total sample.

7.0 Mix Compostion

On the basis of the results from the XRD analyesmix composition of the samples was
initially determined by acid digestion using thethwel of the Scottish Lime Centre Trust
(SLCT). However, given the presence of calcareggsegates in the samples the acid used
was a 5% concentration rather than the 10% solu@omally used, and the dwell time in the
acid kept to a minimum, with the digestion stoppedoon as all of the binder appeared to
have been consumed. Standard densities for theargleomponents have been used in the
calculation of the mix compositions. The aggregatidue from the acid digestions was
recovered, dried and sieved through a nest ofsdBriitandard sieves to permit the particle
size distribution of the aggregate to be determifi&é@ grading results are presented below in
tabular form and as particle filled histograms igufes No. 3 and 4, at the end of this report.

The results obtained from the analyses are repestloelow, however, it must be borne in
mind when using the sand graphs to match potesdiad sources for use in the works,
that the recovered aggregates have been treat@itimnd any grain coatings present may
have been partially depleted, or perhaps bleac@retithis may have affected, to some
degree, the colour of the recovered sand grains.

7.1 Sample SR2413 - S1: Pointing Mortar

From the analysis of this mortar it was found thatsoluble binder: Aggregate ratio was
1.0:0.6. With the mix composition, calculated oe basis of a feebly to moderately
hydraulic lime, used both in the form of a quicktimand a hydrate, were calculated and
these are reproduced below.

1 part lime Quicklime to 0.9 parts aggregate, paft hydrate to 0.7 parts aggregate, by weight
or
1 part lime Quicklime to 0.33 parts aggregate, pat hydrate to 0.4 parts aggregate by volume

The aggregate recovered from the sample were giattbthe results are presented in the
following table, and in the form of an aggregatied histogram, see Figure No. 3:

BS Sieve Sze(mm) % Retained % Passing
2.00 0 100
1.00 4.0 96.0
0.500 30.1 65.9
0.250 38.4 27.5
0.125 8.6 18.9
0.063 4.6 14.3
Passing 63um 14.3

The aggregates are dominated by limestone withm@uartz, Quartzite, Chalcedony and
a trace proportion of Feldspar. The majority of éiggregate grains display water worn
surfaces although there is a low abundance thplagis sharp angular features consistent
with crushed aggregate patrticles.
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As a check on the mix composition for different aexg of hydraulicity the proportion of
soluble silica and soluble calcium was determirledgwith the Loss on Ignition and
Insoluble residue, following the methods of BS45Hie results obtained would infer the
following mix composition for limes having a rangehydraulicity

Chemical Analysis % by mass

Insoluble Residue 38.68

Soluble Silica (SiO2) 2.07

Calcium Oxide (CaO) 35.38

Loss on Ignition 23.40
Mix composition By Mass By Volume
Hydraulicity Binder Aggregate Binder Aggregate
Feebly 1.0 1.4 1.0 0.7
Moderately 1.0 2.3 1.0 1.0
Eminently 1.0 2.7 1.0 14

On the basis of the above and the XRD analysisabidd tend to infer that the binder
had a hydraulicity that could be classed as modgwdtich is consistent with the hardness
and firmness of the mortar sample received.

7.2 Sample SR2413 - S2: Plaster Sample

On the analysis of sample S2 the soluble bindegréggate ratio was found to be 1.0:0.9
and on this basis the following mix proportions gealculated on the basis of total binder
(lime + Gypsum) to aggregate:

1 part lime hydrate + Gauging Plaster to 1.2spaggregate,

1 part lime putty + Gauging to 0.7 parts aggredmst, weight
or

1 part lime hydrate + Gauging Plaster to 0.45spaggregate

1 part lime putty + Gauging Plaster to 0.57 pdysvolume.

Where the gauging plaster was added in the forBeskanite at a dosage of 1 part lime to
** parts Bassanite.

The results of the grading analysis are presentéuki following table, and in an
aggregate filled histogram in Figure No. 4.

BSSeveSze(mm) % Retained % Passing
2.00 0 100
1.00 0 100
0.500 0 100
0.250 15.3 84.7
0.125 38.5 46.2
0.063 19.9 26.3
Passing 63um 26.3

The aggregates differ from those in sample Slanttrey are much finer graded and
although they are again dominated by limestoney, mithor quartz and trace proportions of
chalcedony and feldspar were present in the reedweggregate from this sample.
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The proportion of Gypsum and Bassanite (3.1%) ptdsesample S2 was determined by
Rietveld Refinement and found to be in the regibB18% of the total plaster sample,
which in a mortar having a total binder contené0% gives an approximate gauging of
the binder of 35% gypsum. This equates to 31.3%girate of the binder by mass, or 1
part lime putty to 0.6 parts anhydrite by volume.

80 Summary

On the basis of the examination and analysis ofrtbdar samples submitted it was
indicated that the samples represent two diffemeortar mixes. These are summarised
below for comparison:

CMC Ref: SR2413-S1 SR2413-S2
Client Ref S1 S2
Source Pointing Mortar Plaster
Binder type Feebly to moderately Non Hydrailime used
Hydraulic Lime used in the form of a gutme
as Dry-Slaked Quicklime  Gauged with Hemidirgte
Binder : Aggregate Lime: hemi-Hydrate : Aggregate
By Mass 1.0:0.9 1.0:0.5:1.0
By Volume 1.0:0.33 1.0:0.54:0.78
Visual Volume (Total) 1.0:0.99 1.0:0.67 rtBer:aggregate)
Visual Volume (Effective) 1.0:1.18
Wood Fibre approximately 2% of mix bylwme
Sample Ref: SR2413-S1 SR2413-S2
BS-EN Sieve % Retained on Sieve
Size (mm)
2.00 0 0
1.00 4.0 0
0.500 30.1 0
0.250 38.4 15.3
0.125 8.6 38.5
0.063 4.6 19.9
Passing 14.3 26.3

Table No. 3: Comparison of the sand grading on aggregateveeed following acid digestion.

From an examination of the thin sections preparewh the samples it was observed that they
both show different properties with these suffitieninfer that they were made from
different binder materials at different proportions
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In sample S1 the binder appears to be a modeiatdhaulic lime that was probably
incorporated with the sand in the form of a quitidi however, the mortar had not been used
in the form of a Hot-Lime mortar, with the slakeaié and sand probably stored dry (after
slaking) for a period and then screened to remeeesize aggregates and any oversized
unslaked lime inclusions, prior to being remixed ased as a cold lime mortar. i.e. a Dry
Slaked Hot-Lime Mortar (HLM) but used cold.

Whereas, from an examination of sample S2 it wdise#@ted that the plaster sample was
made from a non-hydraulic lime, mixed in the forfragutty to which a gauging of gypsum
(in the form of a Hemi-Hydrate) had been added. dltwence of lime inclusions, and
plastic/drying shrinkage features would infer tthegt binder had not been used in the form of
a quicklime but as a lime putty. The plaster wasyga with Hemi-Hydrate at a dosage of 1
part lime putty to 0.54 parts hemihydrate by volumigh a proportion of wood chip (2%)
apparently added to the mix, perhaps in lieu of f&hforcement.

These comments are offered on the basis of then@igms made on the samples received
and if the results are to be used to replicate am®fbr use in conservation works the users
should satisfy themselves that the samples sulihitie representative of the materials in the
building.

9.0 Quality Statement
We confirm that in the preparation of this repoe aave exercised reasonable skill and

care.

The observations and analysis results reportedammnents offered relate only to the
two samples received from Nigel Copsey of the E&tbne & Lime Company, which
were stated to be from the Anglican Cathedral (inafthe Redeemer, City of Calgary,
Alberta, Canada, received for examination and aiglyn the 8 September 2016.

M/1736/16/R1 Page 18 of 22



The Earth Stone & Lime Company in association Widtdonalds Lawrence.
The Anglican Cathedral Churchthe Redeemer,

City of Calgary, Alberta, Canada

Examination and Analysis Pointing Mortar & Plassamples

RO . i e = |

B0 Curent trace: bihdocume™1hemchmpdocy™ 1 sememai™ 1 sprojectsifles2~24m1 736114241 351 pcpi Anglican Cathedral Calgeny
Calcite]oc]
4000
[uartz[gz]
2000
Feldsp [[S]Dolnmit e[da]+ay
1 qz+gy ==
i Gypaum[gy] Io
fs i s, fe filiteal
D | T T T T T
31 131 231 KR 431 53
Degrees 2-Theta

M/1736/16/R1 Figure No. 1 — SR2413-S1 - Pointing Mortar Sample. Page 19 of 22



The Earth Stone & Lime Company in association Widtdonalds Lawrence.
The Anglican Cathedral Churchthe Redeemer,

City of Calgary, Alberta, Canada

Examination and Analysis Pointing Mortar & Plassamples

===

a00n Curent trace: hi\docume™14emchmypdocu1hememai~1hprojects\iles2~24m1 736114241 3s2p.cpi Anglican Cathedral Calgery Canada-plaster
G000
1 gi+gz
Gypsurn|gy]
v
4000
i Dolomitefdo]+gy
2000
i [uartzlgz] Calcite]
T g+
| Oy gz+gyu+do
| s s I
D | T T T T T =
3 13 23 X 43 b3
Degrees 2-Theta

M/1736/16/R1 Figure No. 2 — SR2413-S2 - Plaster Sample. Page 20 of 22



The Earth Stone & Lime Company

in association with Macdona&lLawrence.

The Anglican Cathedral Churdhthe Redeemer,

City of Calgary, Alberta, Canada

Examination and Analysis Pointing Mortar & Plasgamples

70%

Mortar Sample SR 2413 - 51
Pointing Mortar
Aglican Cathedral, Alberta
Agoregate Grading.

60% 1

50%

tpercentage ofpggregate regained
R =

&

10%

0%

- 38%

0% 0% 0%

8.0mm 4.0mm 2.0mm 1.0mm 0.5mm 0.25mm  0.125mm  <0.125mm

sieve mesh size

Figure No. 3: Aggregate grading — Sample SR2413-S1 — Pointinga
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Figure No. 4: Aggregate grading — Sample SR2413-S1 — Plastaplea
M/1736/16/R1 Page 22 of 22



