ConstructionM aterialsConsultantd_td.

Wallace House, Whitehee Road, Stirling, FK7 7TA
Tel 01786 434708 Fax 01786 475133
E-mail mail@cmcstirling.caik

North York Moors National Park Authority . Our Ref: M/1991/19/C6
The Old Vicarage Your Rd.: T2019
Bondgate

Helmsley

York

Y062 5BP 6™ June2019

CERTIFICATE OF EXAMINATION AND ANALYSIS
OF A SAMPLE OF BANK SLAG

Project Reference : North Yorkshire Moor$ This Exploited Land of Iron
Sample Location ; Bank Top Kilns(BTK-Slag
SampleDescription : Bank Slag& Ash - Waste Materiahdjacent to
TheBank Top Kilns
DateReceived : 26" March2019
CMC Sampleref ; SR Z/09-S1 Bank Slag ex BTK
Date Analysed : 10" to 18" April ard 20" May 2019
Method of Test ; Determinatiorcrystalline anamineralogical composition

by X-RayDiffraction analysisParticle size distribution
by wash grading aritie microscopicexamination of
petrographichin sectios.

Sample

During the examination of mortar samples from a selectisaraplegrom Limestone and Iron
processingsilns on the North Yrk Moors it was identified themany of the samples contained
aggregate componts that had the properties of a bank slag (waste materialréroprocessing),
and thereforesamples of thenaterials from the was@les at one atekilns was requestedhe
purpose of this was to permit comparison widhaggregates in the mortars to confinairt origin.

The mortar samples examinadrerecevedfrom Structural and Civil Consultants Ltd.,
Northallerton, on bedif of the North York Moors National Parks Authorifas part oONPAGA T h i s
Exploited Land of Irond project.

The bank slag material wasllected and forwarded by Nigel Gay of the EartlStone andlime
Company, Maltongatd,homton Dale North Yorkshire

The samplevasreceived ifCMC's Stirling Laboratory on tH26" March 2019with the sample
detailsenterednto the sample register atfte unigue sample identification number 382
allocated.

Detailsof thesampleareceived argivenbelow:

CMC Sample Ref.  Client Ref Location Sampled
SR27®71 S1 BTK-Slag Waste materials spoil heaadjacent to Bank Top KilrisBankSlag
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North York Moors National Park Authority .

Bank SlagAdjacent to Bank Top Kilns
Examinationand Analysis of Mortar samples. C M C

Method of Test

On receipt in the laboratorige samplewaslogged with its mass anthe size of the largest piece
recorded prior tthe sampldeingphotographed, in the-@sceived conditionT hesamplewvas
thenexamiredwith the aid of a sterebinocular microsgoe at a magnification up to x26
preparation foa nore detaile examination andnalysis

Following the initialexaminationarepresentativeubsample vasobtainedandi taéreceived
moisture content determined, prior to the dried samjitg Ipee@red for determination of particle
size distribution and mineralogical composition.

The patrticle size distributionas determined by wash grading following the methods of BS EN
933 1: 2012 Tests fahe Geometrcal Properties ofAggregate$ Determinatiorof Particle Size
Distributioni SievingMethod

The mineralogical/crystalline composition was determined-Rai( Diffraction(XRD) with this
carriedouton each of the variantgsually identifiedin the bulk sample.

Petrographic thin secti@were als@repared from each visually differeiaiggregat@observedn
the sampléo permit their examination in the polarised light microscope.

Observations from a Macro/Microscopic examination
On receipin the laboratorghe samplevaslogged withthefollowing determined:

Sample Client Mass of Dimensions of Colour by the Munsell Moisture Content
Ref. Ref. sample Largest piece (mm)  Soil Colour Charts % by dry mass

SRZ709-S1 BTK-Slag 466.69 77.1 x 58.1 x 54.4Fines= 5YR 4/2fReddish Brown 72
Slag 1 = 5YR 5/3Reddish Brown
Slag2 = 5YR 4/3Reddish Brown
Slag 3 =10R5/1 fiReddish Gregy
Stone= 10YR 6/4fiLight Yellowish Browrd

Plates No. 1 & 2 The sample receivatlasa heterogenous materiaith severamaterialgresent.
Theleft plateshowssample asreceived with thetwo largest fragments separated from the
remainder. Tieright plateshowing acloseupimageof the twolargestpieces.
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North York Moors National Park Authority .

Bank SlagAdjacent to Bank Top Kilns
Examinationand Analysis of Mortar samples. C M C

It was noted on examinatitinet the lager fragments had thppearancef a metallic slag, withti
indicatedon testing with a magnehatthey displayed magneticattraction On separatiorof the
fines for analysis it was also notédtithese contained a high proportiorf@fomagnetienaterids
and these add be separated from the maggpassing a magnever the dried fines.

i

: e '
Plates No.3 & 4: The left plate showa portion of the bulk sample after drywgh the right plate showing
a selection of the different variants apparent aftparation, witthese selectduoly visualappearange
vaitiation inweight, texture and property, ireagnetic attractiorhardness, density, streak st tileand
response to droplet tests using a range of reagents.

Plates No5 & 6: Theabove plates show frestdawnsurfaces cut through theo largest fragments. These
are typical of old iron slags, with the material havdegndeposited as waste (slag) in ttam a partial melt.

On testing the surfaces several fragmengsvith dilute hydrochloric acidan effervescenteaction was
observedn someof theslag particleswith astrongodour of HS evolved Thisis not uncommomvith iron
slags and would infer ththere are sulphate minerglesentThe limestone fragmentand some small
siltstone fragmentalso reacted withe acid testand wouldindicate hatthesiltstonewas alsaalcareous
at leastin part

The aggregatparticlesaresubangularto subround andrregular to elongat® shape andontaincoal
fragments, cke,ironstoneindeterminatéslagbcomponents alongith cod clinker andash andalow
proportion ofimestone fragment3 he particles ranged from veryrtland resistant to breakage under
hammer impacthroughto well compact and moderately hardstuft and finger friableWith partsof the
slagnoted tocontainvitreousfragments. Small brick fragmenigrealsopresent alongvith small

slivers ofwoodand a quantity of fine quartz and indeterminate natural aggregate grains, fireltsand
andclay.
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North York Moors National Park Authority .

Bank SlagAdjacent to Bank Top Kilns
Examinationand Analysis of Mortar samples.

Results of XRD Analysis

Toidentify the components in thargple, for comparison witthose detected in the mortar samples
receivedromthei Thi s Expl oi t e d,samples df eovariantof treeslap mateniale,j e c t
excluding the coal, limestone and sandstone fragmeettsprepared for analysis by XRD.

A representative sampbf eaclvariantwas obtained and crushed in an impaottar, then ground in an
agate mortar and pestlatil all of the powder passed a .68 sieve.The powderedamplesverethen
backpacked into proprietary sample hokifar preentation in the diffractometefhis techniquevas
employed to ensuras close as psible,the true random orientation of the components present.

All samples were analysed ibdfractometemnwhich wasfitted with a single crystal monochromator,
set torun over the range 3060 2qin steps of 0.12q at a rate of 12¢/minute using Cka

radiation. With the digital output analysed bycamputer program, which matched the peak positions
against the JCPDS International Standard Mineral-Baga sub fis using a search window of 0.1

Theresultsobtained from th analysis are presentedhefollowing attached Figuin the form
of labelled Xray Diffractograns:
Figure No. 2. SRZ09-S1A - Representative sample of the Fines madtefi&00mm sieve
Figure Na. 3: SRZ09-S1B - Sanple of slag crushednagnetidragmens,
Figure No. 4: SRZ9-S1C - Representative sample of tigeousslag particles
Figure No. 5: SRZ(09-S1D - Sanple ofa stone fragment
The abbreviations used dretchas, to identify peak psitions, are as follows:
cc = Calcite (CaCg) CalciumCarbonatefound in limestone and due to the carbonation of
calcined limestone (lime) in the slag
gz Quartz (Si@Q) Silicon Oxide,acomponent ohaturalaggregatealsofoundin some coal ash and slag,
he Hematite (F€s) Iron oxide, from the irastore andslagalso santiltstones and some limestones

go = Goethite (FeO(OH)Iron Oxide Hydroxide, hydrated iron oxide, corrosion product (rust)
present as a componentiaf slagalso found in somsandstones/siltstones

ma = Magnetite (FeF£,) Iron Oxide, another form dfon Oxidein iron oreandin the slag

si = Siderite (FeCg) Iron Carbonate, Iron ore mineral, present as a component @lstaépund
in somesandstones arithestones iad other sdimentary rock types,

wo = Wollastonite(CaSiOs) CalciumSilicate aggregateomponent, found in thermally altered impure
limestone alsoassociated witiron ore deposits, and as a high temperature mimesédgs

Mullite (ASiO13) Aluminium Silicate, high temperature pnact, in slag and coal ash/clinker,

Nacrite(Al.SikOs(OH)4) Aluminium Silicate Hydroxidehigh temperature reaction product
component of the slagy in theashpresent

mo = Moissanite §iC) Silicon Girbide,componenbf theslag

mu
na

ar = Arcanite K;SQy) Potassium Sulphate, component of the slaghatépsource

ba = Bassanite (CaSQ5H0) Calcium Sulphate Herydrate component of the sléash probably
a dehydrated form of gypsum, formed dgridryingof thesample iHaboratory,

mi = Muscovite Micacommon layer lattice mineralpmmonmineral found in natural stone/rqck

pe = Penniniteclay minerabf the Chloritegroup of minerals, from the alteratiohmica

presentas dteration poduct in the ®ne,or & an adheringreatheringorodud.
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North York Moors National Park Authority .

Bank SlagAdjacent to Bank Top Kilns
Examinationand Analysis of Mortar samples.

Theresults fronthe XRD analysis verefurtherprocessedsingRietveldRefinementin the MAUD
computer progranto permitedquantification of théndividual crystallinecomponentpresent

Theresults obtiedare shown below

Component Proportion (% by Mass)

Sample: SR2709-A SR2709-B SR2709C SR2709D
Fines Metallic Slag  Vitreous Slag Stone

Calcite 125 4.0

Quartz 15.3 2.2 6.6 566

Hematite 40.8 41.2 15 1.1

Goethite 25 15 5.7 10.0

Magnetite 11.2 447

Siderite 22 1.7 3.8 34

Wollagonite 0.1

Mullite 0.9 82.4

Nacrite 2.4

Moissanite 1.8

Arcanite 6.0

Bassanite 3.8

Muscovite Mca 5.2 145

Penniite _ _ _ 14.4

Total 100.0 100.0 100.0 100.0

From theXRD analysisit is indicated thaall of the componentdetectedwith the exception of sample
fiDO, which isa stone sampleyetypical of what could bexpected to bfound inbankslags, with a
number of theseaomponentdeing high temperature minergle. Wollastonite, Mullite, Nacrite and
Moissanite The presence of tlee along with the high glass (amorphous) contentd confirmthat
there isan abundance of components present that eatilals pozzolans thelime mortars and impart
the strengthobserved in some of timeortarsamples

Most of theiron basedomponentsvill be associated witthefeed stockand the produgcof theiron
processingarried out athe site With thosedetectedlominated byHematiteand Magnetite with the
hydrated formGoethite, and the carbonate, Sidaitéound in the samples analysed.

The sulphatefound to be present in tteg|agsamples exmined arein the form ofArcanite and
Bassanitedehydratedsypsum) are likely to be the sourde, addition to the pyte observed in some
of the siltstones, shales and limestai¢he sulphatesesponsibldor the sulphate reactions observed
in the mortasamples.

Aggregate Grading

After drying, and removabf the two large frgmentsthe samplevas reduced by quartering and a
representative stkampled prepared fdetermination ofts particle size dtribution.

The subsample wasveighed andvashed ovea63um sieve until the wash water run cledre
retainedmaterialwasthendried and sieved through a seBoitish Standard Sieves.
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North York Moors National Park Authority .

Bank SlagAdjacent to Bank Top Kilns
Examinationand Analysis of Mortar samples.

The results ofte grading analysis are presented in tHeviehg table and in the form of an aggregate
filled histogram, seeFigure No. 1 appended this certificate.

Sample SR27®i S1 BTK-Slag
Reference Bank Slag
British Standard | Percentage Percentage

SieveSize Retained Passing
>8.00mm 34.2 65.8
4.00mm 13.1 527
2.00mm 9.3 434
1.00mm 74 360
0.500mm 6.2 298
0.250mm 12.5 17.3
0.125mm 7.1 10.2
0.063mm 2.5 7.7
Passing 7.7

Table No.1: Results othe gradingBank Slagless large fragments

Theaggregatgin sampleare dominated bglag particleswith a poportion of coal, coal clinker,
ash with mino limestoneand siltstondragmentswith trace proportions of quartz and
indeterminate lithic fragmentsithin thefines Gilt/clay) fraction

Microscopic Examination
To permit furtherclarification ofthe fam of the components ithe slag anumberof particleswere

selectedor preparation of petrographic thin sectio®®servations from the examinatiofithe
thin sectionsare presented below:

“ SR 2109
| D

Plate No. 7 Three thn sectionsvereprepared from a selection of particleghe bank slag sample.
B = Magnetct particles(Ironstong@ C = Large Slag particleD = Stone fragments
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North York Moors National Park Authority .

Bank SlagAdjacent to Bank Top Kilns
Examinationand Analysis of Mortar samples.

The particles examined are composed of materials from the slag, with mostione present,
both fresh and hedy burnt, with amorpous material¢glass) along with ash and coal clinker
along with Stoneyfragments Examples of these are shown in the following photomicrographs.

SampleB 1 Magneticparticles:
Theseparticlesare dominated by ironstongge photomicrographs N®and 9

Plate No. &howsironstone containing both partially altered chamosite ooids. These are yellow to
yellow-brown in colour with darkeimonite alsoapparentMinor calcite cement can be seen in the
voids between ooids.

Plate No. Sshows a heavily burnt ironstone, with sopsets showingleformation indicatinghat it
had almost reached sintering temperathte below melting/liquification temperature

SampleC1 Slagmaterial:

This sample is dominatdry opaque raterial with he material hang mostlycooled from a melt,
with coal clinkerfragments, stone fragments and high temperature minerals trapped within the
matrix.

There is an abundance of trapped gas bubbles, some of which aleypafitled with secondary
minerals, sulphates, etc.

A high proportion of mullite cenospheres can also be seen within the glassy
SampleD i Stonefragments

This sample i®f a finesiltstone, containing fine quartz graimsiscovitemica and clay nmierals
along with a low proportion ad ferruginouscement.

Some of the particles display partial distortion infertiingtthey had been raised in temperature.

Photomicrogaphs:

Plate No.8: SamplefiBo

e Fresh Ironstonshownin planepolarised
R light (ppl).
Field of view 2.4mm.
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North York Moors National Park Authority .

Bank SlagAdjacent to Bank Top Kilns
Examinationand Analysis of Mortar samples.

M/1991/19/C6

Plate No.9: SamplefiBo

Anotherview in ppl, of an area dfeavily
burntironstone butwith only limited
alteration.

Porosity and voids are highlighted by th
blue dyedesin.

Field of view 2.4mm.

Plate No.10: SamplefiCo
A view in crosspolarised light xpl), of

slag with the amorphous material
= appearinglack in the slideThis shows
B an abundance @phericaland distorted

voids (gas bubbles) along witlvarsely
crystallineacicularcrystalsseeright of
centre

Porosity, the bluempregnating resin anc
opaque minerals all appear black in xpl

| Field of view2.4mm.

Plate No.11: SampleACo
Anotherview in crosspolarised light Xpl).

Here again there are areas of altered
minerals shownwith analteredéaggregaté
particlein the lowerright quarte, in which
thereis also asmall recrystallised quartz
grainin its centre.

Porosity, the blugmpregnating resin and
opaque minerals all appear black in xpl.
Field of view 1.2mm
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