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SODDIS FIRST LAW:

WVten a person atternpts a task, he or she
uiLL be thuaz'ted in that task by the
unconseious interuenticn o! some other
pyesenee (animate o? inaninate). Neuer-
theLess, some tasks are eompleted, sinee
the interuening presenee is itself attempt-
ing a. task and is, of eourse, subjeet to
interfenenee.
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ABSTRACT

This study was initiated to examine geological aspects of Wellington grey-
wacke-suite rocks in relation to their end use as an engineering material -
aggregate, particularly for concrete.

An attempt has been :nade to rnap (at least in part), identify and categorise
rocks for qr:arrying in the wellingrton region, to evaluate and qr:antify their
properties as aggregates and to appraise their qualities in concrete - in
short to equate rock geology to aggregate and concrete performance as a tool
for resource managenent.

Study of bedding 1ed to a classification into three lithofacies and some 70

representative samples were examined petrographicatly. For engineering
pnrposes, wellington rocks may be divided into two categories, greywacke and
argillite, each having separate and distinct rnineralogies and chemistries
which do not alter significantly between lithofacies. Grelnvacke is coarser
and may be distinguished from argillite texturally at a mean grain size of
5 phi (0.031 rrn).

Rock properties, in particular strength, rndulus, density, hardness and
degradation tendencies, are linked directly or indirectly with mean qrain size.
Argillites, though npre dense, are generally weaker, softer, less elastic and
degrade more readily than grelrwackes, the latter property being readily
assessed from a newly devised test based on the destruction of chlorite bv
hydrochloric acid.

As aggregates, grelzwackes produce similar particle shapes irrespective of grad-
inq- Argillites, which are generally rore angular, produce concretes which
are nnre difficult to work. Physical properties of aggregate, inherently
those of its parent rock, are reflected il concrete mad.e from it. The gnssi-
bility of lar:rpntite promoting cement alkali-silicate reaction is obviated by

Although argillite aggregates are r:nsuitable in certain environments ancl

return lower strength in concrete than do greywacke aggregates, they still have

a place in low strength concrete appli-cations.
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FOREVfCRD

For too long a lack of detailed knowledge of the properties of rocks for

concrete aggregates has precluded the use of anything but the rbestr.

Recent consciousness of the need to conserve all natrrral resources has

encograged a re-think of lnst attitudes toward what is acceptable- Such

re-appraisals are not \,vholty usefr:l without the sort of info:mation contained

in this thesis.

!1r Rowers Long association with ttre concrete industry and his proposed topic

rnade him the icleal first recipient of the New Zealand. Concrete Research

Associationrs Research Fellowship. The industry has followed Mr Rowers

progress wittr interest and have been kept futly info::ured of his progress hryr

regnrlar reports' some of hi-s findings are already in use.

Now that the thesis is courpleted it is to be hoped that it will encourage

sinilar studies eLsewhere.

:y-lD
J.E.F. Field,
Director,
New Zealand @ncrete Research Assn,

October, 1980.
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CHAPTER ONE

INTRODUCTION

For some 25 years, the aggregate industry of New Zealand has been aware of many
problens associated with rock products derived from Lower Mesozoic rocks, which
form the cor:ntry t s nain mountain langfes. with increasing use of qgarried
rock and as alluvial deposits are depleted or become less accessible, the
problems assume greater sigmificance.

Greater Wellington is increasingly depend.nt on quarried Lower Mesozoic rocks
for use as aggregates of all t1pes. The amount of material qr:arried for use
as concrete aggregate is substantial (280,000 tonnes annually on average) even
when compared with national production (Figr:re 1.f). Increase in population
has been paral-leled by increase in aggregate cronsumption and, although low
(4.5 tonnes/person a year) by national standards (6.3 tonnes/person in 1926)
growth is e:<pected to continue (Ward and Grant, 1979).

rt seemed appropriate therefore* that an applied geolcAical study be r:ndertaken
to provide fundamental data for some of the physico-mechanical properties of
Lower Mesozoic rocks in the Wellington area, particularly as engineering
difficulties associated with them are rarely for:nd outside New Zealand.
hpetus is added from a growing awareness world-wide that aI1 natr.tral resourses
are finite to be husbanded if only, initially, for economic reasons.

1.1 The meaning of "greywacke"

The Lower Mesozoic rocks fornning the axial ranges of New Zealand are often
Ioosely described as "gre1nvacke". The nomenclature and classification of
grelmracke-type rocks has been extensively discussed but no satisfactory agree-
ment on a precise definition has been reached.

The term "greln^racke" was first proposed by Lasius (1 789), but by lg54 the term
had fallen into disrepute and its abandonment was recommended.. In New Zealand.
the terrn is in cortrnon usage but with indefinite meaning, such that it is likely
to be applied to any hard, dark grey, metasedimentary rock. rndeed in the
wellington region all rocks of this tlpe are often grouped together and
referred to as "Wellington grelndacke" - the term including the sandstones
ttostly referred to as "grelnoacke" and the mudstones referred to as "argillite",
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SAND, ROCK(BUILDIi.IG AGGREGATE) .
QUARRIED IN WETLINGTON

196E 1970 79?2 lg74 19?6 1978

Figure 1.1 : Statistics of building aggrregate quarried in the
Wellington region 1968-1929.

Quantity and value of quarried rock for building (concrete) aggre-
gate produeed in WelJ.ington by the following quarries: River
Shingle and Sand (1935) Ltd., Wellington City Cor:ncil (Kiwi point),
Carsons Quarry - formerly K.T. Wil-kinson Ltd., (onty since 1969) ,
Horokivri Quarry Ltd., (only since 1971), and owhiro Bay qr:arries.
Fignrres within histogranr cohnns represent t{erlington prod,uction
(percent) in tqms of national production of buildjng aggregates,
the average for the period being 5.07 percent.
Source: Annr:al returns of production from quarries and mineral
production statistics, Mines Division, l"linistry of Energy 1968-

1978.
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as defined by Flawn (1953) and Gamble (197I). To avoid the confusion associa-
ted with the grouping connotation irnplied try the term "greywackes", the rocks
of the Wellington region could more appropriately be referred to as Wellington
" greywacke-suite" rocks .

The basis of subdivision of Wellington greyrracke-suite rocks into greywacke

and argillite courponents wilL be discussed later but the terms are retained
even though, in the case of greywackes, subtly different rock tlpes may be

identified within the lirnits of its definiti-on. Such differences are even

more subtLe in the argillites, where there is not as broad a range in rock
type.

Retention of the tsms "grelruacke'r and "argillite" is feLt jr:stified because

no one geological term has superseded greyvacke as a terrt that has found
acceptance to engineers, quarrlzmen,etc., in addiLion to geologtists. If more

precise classificatj.on or description is need.ed, then EoLk et aL, (1970) have
provided a basis of classification which allows some resolution, of a geolo-
gical nature, to be made within the grrelnuackes.

For this study it is prop,osed that rocks of the grelnracke-suite include grey-
wacke and argiJ-lite.

L.2 Known industry-related problems

Grelnracke-suite rocks provide many problems for the concrete and aggregate
industries. Those discussed at the I969 New Zealand Conference on Concrete
Aggregates and the L970 and 1979 New Zealand Roading Slmposiums are detailed
below.

I.2.1 The greywacke-argillite problem

Although greymacke and argillite occur together in Wellington and elsewhere
(Reed, L957, L967) differentiating between them in the field and in the
laboratory is not al-ways easy. The recognition of these two rock types under
varied conditions of weattrering and,/or tectonic shattering is important to the
engineer. For this reason clear definitions and sirnpl,y applied identiflring
test procedures need to be devetoped.



Ihe cormron consumer misconceptj-on (and in some cases an acadenric preconception)
that .argillite is bad, grelnrracke is good" for engineering purposes,stens
from practical experience and the literature on soft rocks. Arbitrary lirrits
have been imposed by some authors on maxj-nrsr argillite percentage allowed in
concrete aggregates (e.9. Grant-Taylor, 1926). lfo research seems to have
been undertaken to justify these lirnits, however.

L.2.2 The zeolite problem

Investigation of zeolite bearing rocks overseas has

aggregates rnade from zeol_ite bearing greywacke,could
led

1'_

to claims tbat local
responsible for

I.2.3 The aggregate degradation problen

This is related to the grelnracke-argiltite problem (section f.2.I), confusion
arising from apparent differences in the interpretation of the rrcrd degradation
as well as from the recognition of the two rock types. Degradation may have
different meanjngs to the quarrlman, roading engineer, concrete technologist
and geologist.

Degradation is a term used for different processes, not all being d.eleterious.
Usually the roading engineer uses the term as Minor (1959) d,escribes,and
Buckland (1967) has clarified the term as used by New Zealand roading engin-
eers. To the concrete industry,aggregate degradation is the non-mechanically
induced breakdown of aggregate particles into srnaLler pieces by natural
chemical and physical processes. Such a process is regarded as d.eleterious,
with significant alteration imparted to grading. The release of deleterious
ninerals frcnn vesicles, veins and,/or joints is not regarded as degradation in
itself although the presence of these features may contribute to degradation.
The process seems to be a physical alteration of ttre aggregate and is a fore-
runner to more advanced states of degradation (weathering) but these are not
found in concrete aggregate conforming to existing New Zealand Standards.
Degradation by attrition produces fine mineral dusts, generaLly of more

concern in roading than in concrete.



Iiro additional probleurs (Craven, Irers. eom.l Ward and Graat, 1978) n9w

confront tlre aggregate i.ndustry3

(i) The production of ultra-f,ine rrraterials in quelry washlng olnratione -
quarqy sludges and t$eir clistrnsal.

(il) llhe deplegion of goocl qualitIr and, easily'rcn agltregates in areas of
hLgh deanand-



CHAPTER T'!{O

FOARTH LAW OE REVISION

After painstaking and eareful analysis
of a sample, Aou a"e aluays toLd that
i.t i"e the tn?ong sample and doesn't apply
to the probLem.

Geological properties of Wellington greln'racke-suite rocks

A quarraman needs two pieces of inforrnation from a geoloqical- investigation:

(i)

(ii)

Whether the rock investigated. meets tj:e specifications for the job-

!ftrere it is Located and how much is available.

Obviously the WelLington greln*acke-suite rocks are useful; Mines DepaJrtment

returns (Figure t.t) anil discussions tryr ottrer authors (neea and Grant-Taylor,

L966i Grant-Taylor, L976; Ward and Grant, 1978) indicate that they are

extremely important. $:antitative data on resources have been providecl by

Ward and Grant (1978) but a coryilation of localities for what may be deened

the "spst useful" grelmacke-suite materials for Wellingrton is lacking.

Ttre geology of the region has been presented by Stevens (1974) in an excellent

book and specific aspects by Grant-Taylor (L976) and Ward arll Grant (1978).

Geological dating has been r:ndertaken by Park (1975), I\EKean (1976) and Bird

(in prep.). Srnaller strrdies of relevance include those by Barnes (1979) ancl

Cranney (1979). For a bibliography of WellingiEon geology, Williams (1975)

should be consulted.

2.L The in situ nature of blellington greywacke-suite rock

Rock masses are never homogenous, isotropic bodies. Their physico-mechanical

properties alter according to interactions of mineral composition and fabric
(inclucling texture) and physical,/chenrical conditions throughout their geologic

history, manj,fest on all scales from the individual grains, though the rock

saryle, to the rock rrnss or even the geoloqic region. In this sestion the

properties of outcrops are considered.



lltre greywacke-suite rocks are steeply dilping (generally more than eOo) and
isoclinally folded about nozth-south trending Erxes (nnp irr flap pocket). lltre
sequence is doninated by alternations of "couplets" of sandstone (grelmracke)

and mudstone (argillite) that are evident even in the more metannrphosed areas.
The alternations are, in some places, the result of deposition from a trrbidity
current and the essential features of the squence of Bor:sra (]-962,) can be seen
in nany beds (Figr:re 2.1). Hosrever, some sand bed,s have ilifferent featr:res
(Table 2-1) and rnay have resulted from deposition by traction or contour
currents.

The grelmacke and correspond.ing argillite is refered to as a couplet as gener-
alJ-y' despite diagenesis and netanorphisrn, a clear disti-nction can be nade
between the sandy lower trnrtion (greyuacke) and the upper lnrtion (argillite)
of each couplet regardless of the conrpleteness of the Bor,:rna sequence.

Conglomeritic deposits (Grant-taylor, L976) and volcani.c rocks (Stevens, Lg74)
are s:nall in voh:me, widely separated and not of importance to the aggregate
industry and are therefore not part of this study.

Ttre rocks of the region can be divided into three mappable lithofacies, sand-
stone, thick-bedded and thin-bedded, using as parameters average couplet
thickness' average grelnoacke thickness, avera5Je argillite thickness and range
of couplet thickness (Table 2.2,) .

Consistent with the nature of turbidite beds, the grelnrackes extriJcit grraded

beilding' sometj:nes more tlran one sequence within a single grelnracke bed. Ttre

grain orientation within greywacke and argillite is parallel to bedding
(onions and Middleton, 1968), and has been enhanced by metannrphism hence the
rocks are anisotropic. Because of size grading, anomolies may arise f::om
taking random samples from turbidite beds therefore a representative sanrple
roas taken from the nid-point of each bed to make petrographic comparisons.

As will be discussed, the urany discontj-nuities within grelnrackes and argil-
Iites frustrate efforts to break handspecimens along planes which have not
already experienced fracturing or veining. To examine sedimentary stnrctures,
fabrics and grain size, all rocks not sampled frcm stream beds or the coast
require cutting in the laboratory.



lnlsrpretofion

UFtra,r Flow Regime,Pbno!eg_
? Ugger Fto,r ReEirde
Rotid deposition
dnd Quicii bed (?l

Idea1 seguence of structlresin a turbidite bed.

After Borna (f962) with intenrretation after Walkef

0967) and ltlddleton (1967). From Blatt et aL.

Boumo (l96al
Divisions

Fi.Erure 2.1 :

(1,965) r l{alton
(1972).



lable 2.1 The Heezen-HolliEter -Bouaa
contourites (fton Stow and

criteria for the
Lsvell, 1979).

recognition of tr:rbidites and

TurbiiU.te Contouri.te Conclusions

Size sortlng

Bed thickness
and freguency

noderate to poorly
sorted >1.50 (Folk)

usually 10 - I00 cm

infrequent

normal grading
ubiguitous, bottqn
contacts sharp, upper
contacta poorly
defined

coruton, accentuated
by concentrations
of lutite

conrmon in upper por-
tion only, accentuated
by concentration of
lutite

comnon, Particularly
ln lower portion

little o! no preferred
grain orientation in
rnassive graded por-
tions

usually <5 crn

abundant

norm-a1 and reverse
grading, bottom and

top contacts Eharp

coruton, accentuated
by concentration of
heavy urinerals

corrtlon throughout.
accentuated by con-
centratlons of
hearry ninerals or
forarinifera shells

absent

preferred grain orierr
tation paralell to tfie
bedding plane is ubi-
gultous throughout
bed

0 - 5 percent

rare and usually
rrorn or broken,
often size sorted
in placers

rare and usually
worn or broken

sub-grelmacke,
arkose and ortho-
quartz

contourite has thinner
bedding, and rnany more

beds per core length

contourite tends to be

less regularly graded
and has sharp upper
contacts

contourite contJasts
sharply nith turbidite
i.n that heavy mineral.
placers are in the form
of snall,-scale strati-
flction

conlourite is ublqui-
tously laminated

contourite has better
grain orientation

contourite has less

contourite shows ncre
evidence of renorking

contourite shows more

evidence of reworking

contourite is more

'maturen

well to very well contourite is better
sortd <0.75 (FoIk) sorted

Prinary sedimentary structure
grading and
beddirn con-
tactE

cross lamina-
ti.ons

horizontal
Ianinations

massive
bedding

gEain fabric

plant and
skeletal
renains

Cla ssification
(Pettijohn)

Principal constj.tuents of sand and silt
natrix 10 - 20 Fercent
(.2 urn)

microfossils common and well pre-
served, sorted by
size throughout bed

conmon and well pre-
served, sorted by size
throughout bed

grelmacke and sub-
greywacke

beds
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2.1.1 The sandstone lithofacies

lttis is cort;rosed. of couplets having excess thickness of greln'racke with respect
to argillite thickness (Tb.b1e 2.2). Ttrey are often poorLy qraded or
ungraded' with no clear grain orientation. Ttre beds have distinctly regrrlar
joint sets wtrich are oriented obliquely to bedding. ltre lithofacies rray be

nade up of successive grelnracke beds about 2 m ttrick, separated by thin layers
of highIy cowninuted and lnlished slabby argillaceous material which has

accorrnodated relatively large anounts of slip. lltris rnay be the result of
bedding plane slipSnge rather than argillite sedimentation. Many greywacke

beds may acctrnulate (Walker, L9671 up to 30 m thick (PLate 2.1).

Possibly the rrcst frequent assemblages of Bouna divisions are AE or AC (Figure

2.L), but in quarry outcrops the detection of Boraa divisions is difficult.
Veining is cogmon, both as ljnear infiUings to tens of millinetres widttr
vugs forming in larger examples or as infilled tension gashes. PrinciSnl
vein utinerals are prehnite, quartz and calcite.

2.L.2 The thick-bedded lithofacies

In the thick-bedded lithofacies, cor4>let thickness is generally about the same

as in the sandstone lithofacies but the couplets contain a higher proSnrtion
of argillite.

Thicker greywackes are not as well graded as thinner grelmackes.

divisions include AEICE, AE, ACE.

Bouna

The mean grain size variation is greatest in grreyrracke beds within the thick-
bedded lithofacies. Clasts from argillaceous beds which have been ri5ped up

hryr a turbidity current rnay have become included, to a;pear in flalcy or slab-
like form (colloquia.lly known as "chipwackes"). Individual clasts may mea-

sure 0.4 n (Plabe 2.2). Little if any grain orientation was noted in grey-
wacke beds aLthough in the coarser beds larger grains and argiillite clasts
did shorp some orientation.

Jointing is corunonly at right, angles to bedding in well developed sets in the
greymckes and irr thicker argillites.



II.

9abl-e 2.2 : Paraneters used to differentiate lithofacies wlthin the
Wellington grelmacke-suite rocks.

Paraneterr Thin-bedded Sandstone

RSS DC

5 cn 12.5 cm 8.9 cn 68 cn 16 cm

13.9 cm 14.4 qn 18.8 cm 164 cm 100 cnr

BA

Avge. argilJ.ite bed

thickness

Avge. grelvacke bed

thickness

Avge. argillite : grelmacke

ratio

Thickest couplet

Thinnest couplet

Avge. thicloress of
couplets

tength of section

NormaL range of couplet
thickness

Percentage of argillite

19cm 36m

2.48 m 3.63 n

10 to 3O cm

25 to 40

I:2.8

30 cm

8cm

1:2. L

46 cn

9cm

L:2.L

107 cru

45 csr

L22.4

2.5 m

2.2 m

I:5.3

4.6 m

0.15 n

L.16 n

30m

28 cm

5.26 n

2.35 n

11.6 ur

50 to 300 cn

| 
.ro

Thick-
bedded

HQ
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Plate 2.I : Tlvo views of the sandstone lithofacies at Owhiro Bay

qu€rrry,(A)shor^rsamoreextensivelyshatteredout-
crop than (B), which shows some obvious argillite beclding.
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pLaEe 2.2 : Sedimentary rock fragment clasts (argillite) in

"chipwacke" from Eve Bay (NZI{S 1, NL64/384163) '
At this locality clasts may reach 0.4 n in length displaying
their original sedimentary structures. They were incorporated

as turbidity currents dislodged large flakes and slabs of pre-

sedimented argillaceous material which achieved an initial
coherence as a soft plastic sediment.
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Veining is frequent in ttre greywackes but rather less so in tJle argillites.
Princitrnl vein minerals include .prehnils, o-uartz, calcite and launontite.

the thick-bedded lithofacies (P1ate 2.3A) are conmonly transitional between

the sandstone and the thin-bedded lithofacies.

2.L.3 The thin-bedded, fftffia#re

These include tr:rbidities, contourites and inter-tr:rbidit,e materials. Inter-
turbidite materials include the D and E divisions of Bouna sequencei tr:rbi-
dites are rePresented by ABCE, ACDE, ACE and AC divisions. Evidence of con-
tourites comes from large sequences of unknovrn total thickness, some with at
least I0 m of thin, regnrlar couplets,apparently devoid of an A division.
Grelmacke beds are more even grained ttran those of the other lithofacies,
while laminations and rarer cross laminations are made more obvious by hearry

mineral concentrations. Contacts betreen beds are sharp and grain orienta-
tion in the grelnvacke is well developed.

fhe lithofacies incLude contorted strata due to sh:mping (Plate 2.38).
Occasionally the lithofacies pinch out laterally to become massive argillite
of reduced thickness.

Jointilg is generally intense, with grelnrracke beds broken by large nunbers of
sets perpendicular to bedding. Argillites are often intensely shattered.
Veining is again better developed in the grelmacke beds though it does occur,
often in ptyEnatic sty1e, in the argillites. Vein minerals are nainly pre-
hnite, quartz, calcite or laumontite.

2.2 Mapping of lithofacies

Difficulty in rnappi-ng the region stems from a lack of outcropS suited to
establishing litttofacies and structural relationships, in areas away from the
coastline, new road cuts, guarries and the like. Even stream beds proved

disaSpointing.

A rap compiled from lithofacies is presented for part of the Wellington region
east of wellington Fault (map in flap -oocket) and shows regional trends.

Strike of beds trends north-south; they are steeply dipping and young west.
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Plate 2.3 :

(A) The thick-bedded
lithofacies and

(B) the thin-bedded

lithofacies at orhiro
Bay quarry. l{ote the

extensive distortion
and disruptj.on of the

thin-bedded naterial.
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(i)

The magnitude of folding is clifficult to estabLish accurateLy but appears to
fall into two rangres - Iess than 5 m and in excess of 60 rn - see also mapping

by Brodie (f953) and Grant-Taylor et aL. (19741.

2.3 Causal geology

Lithofacies control much of the totrngrraphy and structural trends.

Exarcination of field relationships and structure revealed serreral interesting
observations (nap in fl,ap lncket):

Bays or inlets are associated with the thin-bedded littrofacies.

(ii) Major and minor headlands are coincident wit]: the sandstone and thick-
beddeil littrofacies respectively.

(iii) !4ost far:lt movement seems to have been accommodated in the thin-bedded
lithofacies.

(iv) Slunping and. contorted bedding (usually on a scal e of 1 m to 30 n)

was observed only in the thin-bedded lithofacies.

More obscure information comes from observations by Stevens (f976), who plot-
ted grey'w"acke to argillite ratios enabling him to isolate what he ter:ned the
Waitangj-rua sandstone, which contains little argillite and correstrnnds well
with the npst resistant totrngraphical features of the area.

Slunping, ptygrrnatic veining, Crag folding, discontinuity strncing and boudilage
structures all indj.cate that tlre thin-bedded lithofacies is incompetent just
as argillite between greywacke beds is incompetent.

For engineering work these observations are sigrnificant. SlipSnge of fresh
rock tunnel portals at Karori and at Northland (WaAS I grid refs. NL64/3L72L7

and N164r/3L722O respectively, both sitr:ated in crush zones of the Wellington
fault), is aggravated by their sitr:ation in thin-bedded lithofacies material.

Continuing road pavement darmge in Lennel Road and Chaytor Street (N164/338247

and NI64/3L72L7 respectively) are pertinent er<amples of problerns which can

arise from subterranean drainage associated with the thin-bedded lithofacies.
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2.4 Paleontology

Webby (1967) provided an historical surrnary of Snleontology from the Wellington
region and recently Speden (1976) published fossil localj-ties of Iower Mesozoic

rocks of the North Island.

Drring this stucly two new farrna (Rowe, in prep.) ald nrtrtrerous r:nidentifiable
flora1 debris were founcl (Plates 2.4, 2.5) in greywacke (iCS-2) anil argillites
(rB-L 3A)

2.5 Petrographic methods

Samples of both greywacke and argillite beds were obtained from quarries and

outcrops for nicroscopic study to see how features seen in this
section might relate to ttre physical properties of the rocks. Fieldwork was

concentrated on existing main quarries (Figrre 2.2) arvl about the southern

coast of Wellington.

Appendix 1 lists the sample numbers for each saurple location site and Appendi.x

33 correlates sample nr-unbers with the Petrology collection, Geology Department,

Victoria University of Wellington.

For the reasons outlined in section 2.1 sarnples were taken from the nid-trnint
of each bed.

Thin sections were cut, usually perpendicular to bedding,to avoid biasing text-
ural, modaL and fabric determinations due to microlaninations and the natural
sorting and anisotropic characteristics of preferred grain orientation.
Portions of scrne greywacke thin sections were stained for K-feldspar or plagio-
clase feldspar, or both, using modified techniques (Appendrx 21. It was

found necessary to expose the thin sections to hydrofluoric acid fumes for
relatively long periods to adequately etch the felsic grains but tJ:is destroyed

other inportant minerals, notabl-y zeolite and calcite, therefore only about 10

percent of any thin section area was stained (Appendix 2).

The preparation of thin sections for detailed petrographic work was of gnrti-
cular irnportance. For scme sarples, sections dightly thicker than the usual

0.03 nun were cut, especially in strongly oriented or coarser grained rocks to
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5mm

7mm

Plate 2.4 : Floral debris in grelmacke is rare:
(A) and (B) ate corresponiling Portions of I(S-2,

cl.early showing botanical detail in a carbonaceous fiIrtt.
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A
20mm

B

Plate 2.5 : Flora1 debris in argillites (sam;>le LB-13A) show good

continuity of some carbonaceous films.
(A) and (B) are corresponding pieces at di,fferent scales.

. 12mm
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location ,,.t},f
0

llldway

Horckiwi

City

.y'4

Figure 2.2 :

operating are

those quarries

futr:re demands

Shinglc and
Sand

^:*y'
15 km

t0 mi

guarry sites sampled for this str:dy. Qr:arries from

which samples were taken but which are no longer

indicated bry arrows. Shown by larger symbols are

which will be most important in satisfying wellingrtorfs

for aqgregate (Ward ard Grant, 1978).
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enable the habit of larger phyllosilicates to be better determined. Being cut
trnrpendicular to bedding' thin sections adequately displayed preferred orienta-
tions of mi:rerals,but true J-engths of scrne mineral grains lrere indeterminate
due to deviations of the mineral in and out of the plane of the thin section.
Thicker sections were useful also in differentiatS-ng acid frcur basic volcanj-c
rock fragrnents.

Ultra-tttin rock sections were preferred in studying finer and more opaque

rocks. Scme were carefully polished to zero thickness at an edge to enable
reliable qrain size measursnents in rocks with mean sizes finer than 5 phi
( 0.03 nm) .

In argillite thin sections, overlapping gnains were cormon so for optic rrodal
analysis and size analysis, the thicker (= deeper) grain under the cross-hairs
took precedence.''

Modal and size analyses of rocks were made from thin sections by following
the reconmendations of Chayes (1956). As noted, previously, thi.n sections
were cut perpendicular to preferred orientation (= bedding) and thin sections
having strong preferred orj-entations or lanrinations vrere positioned., where
practicable, so that preferred orientation was at an angle to the long axis
of the glass slide.

For point counting, the vertical interrral between counted rows was chosen so

that all the slide ldas covered in the exarnination. Horizontal intervals were
ideally suitecl to most greywackes, being approxirnately ttre same as the mean

rnaximr:m grrain size, i.e. approxjmately 0.4 mm. por finer rocks it was not
practicable to change the gearing of the click stage and trials rirere carried
out to determine wtrether more points should be counted by increasing the
nunber of horizontal traverses or whether the slide should be reversed in its
holder and re-examined in the usual way. It was found that both these alter-
natives were effective in duplicating analyses but results varied little from
a single analysis. Reasons for this are:

(i) lhe fine grained rocks are relatively homogenous so that exarnination
of a proportionally smaller area gives acceptable results, ;nrticularly for
rnodes.
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(ii) Size anal-ysis histograms of fine rocks showing the effects of
mineral- recrystal-lisation are leptokuritic. Therefore rrariations due to

horizontal ctick interral are within an acceptable rnaxirmn.

Welsh (1967) has shown that acceptable reliability rmy be achieved between

different operators examining optical rnineral nodes of gneprackes even though

the major source of error is operator enor. There is a need for strict con-

sistency. For this study much time and tror:ble was taken to become faniliar
with thin sections before nrodal or size analyses were attonpted. Mineral

staining helpecl in ttris regard and several modal analyses were duplicated

rmnths apart to maintain a record of consistency. Sirrilar tests were done

for grain size analysis (Appendix 5). With practice a very close approrina-

tion of mean grrain size was achieved by observation alone (within 0,03 phi for
rocks with a mean grain size,betr.reen 5 and 6 phi, 0.031 and 0.0156 rmt). Point

However, because we are no\r concerned rnaj,nly with a comparison of rocks in
:js- . tll{d.. s{7q'

An attempt was made to use rock slabs to determine mean grain size as des-

cribed by l{arshalL (L974) but, compared with thin section analysis, mean grain

size was over estimated due to the "blanketing" effect of matrix and srnaller

mineral grails. Induced shattering of qraj-ns by cutting and grrinding pre-

trnration is never eliminated and confusion arises even after coating the

surface with a clear lacquer or varnish. For rocks with mean grrain sizes

finer than about 3 to 3.5 phi (0.125 to 0.088 nnr) the technique is of no Prac-

tical use.

2.5 Petrography

The purpose of this section is to outline the features and distribution of
corrrrmn minerals in Wellington greywacke-suite rocks, because mj-neral composi-

tion is likely to be an important factor in detomj-ning engineering properties

of aggregate. DetaiLed petrographic descriptions are given in Appendix 3.
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The composition of sand sized naterial was deterrnined as if there had been
no alteration after deposition. For example grains of volcanic rocks now

containing much chlorite lrere counted as rock fragments and feldspar grains
altered to wtrite mica were counted as feldspar. vein nrinerals were not inclu-
decl in the modal analysis but cements and authigenic mineraLs were. Itre gnrey-

wackes were ex€rmined in terms of the following ruodar classes:

quartz

feldspar
rock fragrnrents

nuscovite

biotite
chlorite
metanorphic accessories and cements

detrital accessories
ruatrix

Argillite mineral components vrere cl-assj-fied twice:

(i) Using the folLowing rrcdal classes

guartz ch-lorite
feldspar (a11 varieties) non-opaque detrital heavy ninerals
rock fragrnents (all- varieties) opague minerals
white mica metamorphic accessories and cements

matrix

(ii) !{ithout a rnatrix class so that every grain was counted in a mineral
mode. Grains which h/ere so fine as to be r:nidentifiable were placed in a

class replacing rnatrix, calIed "r:nidentifiabry fine rnaterial".

rn this rrtay operator consistency was checked and an estimate made on nineral
composition of the matrix; such an estimate, taken for IO argillites, may be
considered si-milar to the matrix composition of the grelrwackes.

Modal analyses of grelzwackes were based on at least 5OO counts and argillites
on at least 300 counts. Although rnany modal analyses rdere r:ndertaken, only
42 greywacke slides were ecamined in gireat detail; 20, 10 and 12 from the
sandstone, thick-bedded and ttrj-n-bedded lithofacies respectively.
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2.6.L. Quartz

Varieties of qr:artz include monocystalline, trnlycrystalline (excluding chert),
waW (quartz with r:ndul-ose extinction) and non-wavy qr:artz (Figure 2.3).

Quartz plotted according
sive provenance although
rank metamorphic terrain

the method of Basu et aL. (1975) gave inconclu-
scatter so detsmined indicated a low or middle
quartz origin (see section Z.fO).

to
the
for

Significant differences between greywackes of different l-ithofacies were not
detected by statistical analysis of qr:artz modes (p is greater than O.t).

Recrystallised qr:artz associated with veiling and shearing was not included
in modal analyses.

2.6.2 Feldspar

Ttro classes of feldspar were recognised (Figrure 2.4) , ttrough in the finer
grained rocks they were difficult to differentiate. Ttre first, K-feldspar
(potassir.un feldslnr) occurs as monocrystalline grrains of orthoclase, micro-
cline, perthitic or granophyric grains. In the case of orthoclase and micro-
cline the grains have been altered rnainly to white micas (sericitised). This
class was included in a general feldspar mode for grelmrackes of the thin-
bedded lithofacies because of their relative paucity and finer grain size
in those rocks.

The second class, plagioclase, occurs as monocrystalline grrains both fresh
and altered. Grains of authigenj-c albite and albitised plagioclase were
included where they were distinct grains - authigenic al-bite was often very
difficult to differentiate from d,etrital plagioclase. Authigenic plagio-
clase cements are rare and were irrcIuded il the cement rather than tl-e
feldstrnr class.

The ratio of plagioclase to K-feldstrnr (figr:re 2.4C) ranged from 3:1 to 23:1
for the sandstone lithofacies. The mean for the sand.stone lithofacies and
thick-bedded lithofacies was similar, i.e. 8:1. The ratio for the thin-
bedded littrofacies averaged lo.5:l and showed K-feldspar to be relat,ively
scarce.
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Figure 2.3 : Average and range in percentage of quartz estimated

frqn thin seetions (500 counts) for each littto-
facies in the Wellington region.
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Figure 2.4 : Average and range in percentage of (A) plagioclase
(B) -ootassiun feldspar and (C) the ratio of plagio-

clase to potassiun feldspar estimated from thin sections (500

cot:rtts) for each li-thofacies in the Wellington region.

B
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lhe mean ratio from all lithofaeies was similar to that established by Reed

(1957) , 10:1.

2.6 .3 Rock fragrnents

Rock fragrnents (Figure 2.5) were clivided into four classes:

(i) Sedimentary rock fragrnents include both intrabasilal and e:<trabasinal

grains. Most are intrabasinal (derived fron within the basin of sediment

deposition), detrital chert being the only obvious extrabasinal sedimentary

rock. They are rnainly siltstones or mudstones but some have grain sizes of
the sarue magnitude as the host rock and these were recogmised from subtle
differences in grain orientation, Sncking, ror.rrlness, sphericity, matrix con-

tent and contrast, sorting, boundary continuity, oSncity and constituent
mineralogy. File grained sedimentary rock fragrments, in places, form "pseudo-

matrix" (Dickinson, 1970), where they have deforned around adjacent rigid
grrains. Such material was classified as a sedimentary rock fragrment as it
was obviously deposited as a rock fragrnent.

(ii) Metamorphic and plutonic rock fragrments are mai-nly irregularly shaped

aggregates of gr:artz, alJcite, perthite, orthoclase, microcline,
muscovite, biotite, chlorite or epidote. The metarnorphic fragnnents are

schistose and the plutonic fragmrents,medium to coarse grained and holo-
crystalline. Both types lack grorurd nass. Metamorphic fragrments are

ror:nded and elongate or fla)ry in contrast to plutonic fragrments which are

generally larger in size. A few large euhedral feldspar grains had small

pieces of qr:artz or other feldspar ddhering to ends or edges of the grain
(DC - I); these were j:rcluded in this class.

(iii) Acid volcanic roek fragrments include glassy materials with or witttout
aggregated sodic feldspar laths (where recogrnisable) whether altered or not.

They are best identified under plane light with the substage diaphrarn stopped

dcrwn to fur5:art refractive furdex contrast between component minerals. Altered
grains are often very difficult to differentiate from basic volcanic rock

fragments, however the former tend to be more distorted.

(iv) Basic volcanic rock fragments are rnainly identified by the presence

of arphibole and pyroxene grains, plagioclase comSnsition and micro-lnrphyritic
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Figr:re 2.5 : Average and range in percentage of (A) sediatentary

(B) metarnorpbic and plutonic (C) acid volcanic and

(D) basic volcanic rock fragrnents estimated from thin sections
(500 counts) for each Lithofacies in the Wellington region.
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textures ranging from trachytic to pilotaxitic and hyalopilitic with increas-
ing randormess of microlite orientation. Zeolitised,chlorj.tised and basic

volcanic rock fragnent grains being repJ-aced by iron oxides etc. were counted

in this category. Fragments in grreyrackes of the thin-bedded lithofacies
are so altered that grain size measurement is inpossible, in which case the

size of the largest incLrded constituent grains were averaged to represent
the size of the fragrnent.

2 .6.4 Muscovite

Ttris is not prolific in any but the coarsest grreywackes (rign:re 2.6). It is
relatively easy to ident.ify and, corolcined with other tr*ryllosilicates, indicates

5xeferred orientation and compaction. Fine grained rnaterial, Iess than

5.65 phi (0.02 rm), was arbitrarily termed sericite as were the prodr:cts of
feldspar decay unless grain size exceeded 5.65 phi (0.02 m). Differences
in structr:re between the two white micas is apparent, however, from X-ray

diffractometry and infrared analyses.

Collectively te:med "white mica" they are important constituents for
considerations of rock end use.

2.6.5 Biotite

Most mineral matter termed bioti.te by Reed (1957) is in fact chlorite, a fact
discovered independently by llcKean (1975), Sarneshima (19771, Bird. (pers. conun.)

and ttris study. The two minerals are difficult to differentiate, especially
in grelnrackes with a mean grain size finer than 2 phi (0.25 nun). lbst biotite
is altering to chlorite or has zeolite extending along its cleavage planes.

OnIy in a few cases has biotite been counted seSnrately - othernrise it has

been counted with chlori-te. For engineering assessnent of the rocks, the
chlorite rrcde includes biotite where biotite vras not counted setrnrately.

2.6.6 Chlorite

This is the most iarlnrtant rnineral occurring in the greywacke-suite rocks from

the vj-ewpoint of engineering use (figr:re 2.7). Several categories lr{ere

recognised but all were included in one cLass. Recrystallised chloritic
material in areas of matrix was counted as chlorite only if grail size
exceeded 5.65 phi (0.O2 mm). Detection of ctr-loritevas often hampered by

anornolous or low order interference colours.
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Fign:re 2.6 : Average and range in pccentage of nuscovite
estimated frm thin sections (500 cotrnts) for each

lithofacies i.n the !{ellington region.
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Figure 2.7 : Average and range in percentage of chlorite estixnated

from thin sectj.ons (500 cor:nts) for each lithofacies
in the Wellington region.



30

2.6.7 lletamorphic accessories and, cement,s

This rnode includes such minerals as calcj.te, launontite, prehnite, purnpel-
lyite and axinite (Bird, in prep. ) provided their greatest grain dimension
exceeded. 5.55 phi (0.02 nuo) (Figuxe 2.9). Veined nraterials r.rere not included.

2.5 .8 Detrital accessories

These include arnphiboles, atrntite, allanite, opaque iron oxides (urainly
pYrite), carbonaceous rnaterial, sphene, garnet, zj-rcon, zoisite, epidote and
augite (Figure 2-9'). Most occur in very srna1I qr:antities and are of little
i.mportance to engineering properties with the exception of pyrite and carbon-
aceous material- For this and identification reasons,authigenic plrite was

- *l+ fll4r$fd,ilr. {#rt6rF*,*rtstte..
tdtbfi6d':ffi.Idrd! tlltlBsr{d.tddlrell6 bhad,irrri pc-rad :rna ;i" .d,iiirC
FSrfttI trdmtlr' *effi{*. 6trbd'g5gurhrrg11ud ri

2.5 .9 Matrix

fhis included all rnaterial, authigenic
(0.02 rmn) measured along the mean long
(Fiqrure 2.10).

2.7 Petrographic comparison of lithofacies

The results of 42 rrcclal analyses
and 2.5.

of greywackes are shown in Tables 2.3, 2.4

Differences j-n petrography between grelmackes. of different liLhofacies are sma11,

with a wirle range in most mineral- modes (Fiqure 2.3 to 2.10).

Most contrast is apparent when the thin-bedded lithofacies is compared with
either the sandstone or the thick-bedded lithofacies. General increase in
felsics (55 to 61 percent) and rock fragrnents (5 to 16 percent), are accorrF
panied by decrease in matrix (22 Eo 17 percent) , phy[osilicates (9 to 6 per-
cent), detrital accessory minerals (3.5 to I.5 percent) and in most samples,
metamorphic accessories and. cements.

or detrital, Iess than 5.65 phi
axis of the mineral grain or aggregate



31

01812 162021 28

sandstone

thick-bedded

thin-bedded

Figure 2.8 : Average and range in percentage of metamorphic

accessories and cements estimated from thin
sectj.ons (500 counts) for each Lithofacies in the !{ellington
region
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Figure 2.9 : Average and range in percentage of detrital
accessory minerals estinated frcnr thin sections

(500 cor:nts) for each lithofacies in the Wetlington region.
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Figrure 2.10 : Average and range in percentage of natrix
estimated from thin sections (5OO cor:nts) for

each lithofacies in the lriellington region.
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Cqoposition (in percent) for grelvackes of
counts,/thin section) arranged in order of

the sandstone
decreasi.ng mean

lithofacies (500

grain size.

Sauple KF{-13 KTtf-14 RSS-I2 BQ-nriii DC-l DC-2 8q-v
llean grain size,
phi (m)

CUartz
K-feldspa!
Plagioclase
gedlnentrry rock
fragments
uetaoortrhic and plu-
tonic rock fraFents
Acid \rcl.canic rock
fragDents
Basic volcanic rek
frag8ents
tfrrscovite
Biotiter
ChloEite
Itetanorphic accelrs-
orles ar:d c€aents
Detrital accessorl,ee
Uatrix

Total:

2.6 (0.17)
1', I
-zd.: 

.. Ut
3.8

3r.o rl 1

2.2

6.3

o.2

3.2

1.8

7.9

3.4
2.4
o?

100.2

2.5s(0.16)
i'- t']

27.0 s{,1
5.5

27 .L 0' \-
5.3

G.)

5.2

9.7

o.2
2.2
2.6

2.O

L.2
o. I

100.2

2.72 (0.15)
i': ( .,, _r_1f'

29.2 l. I
3.5 r'

32.0 ,q :Y|:'
4.I

5.3

3.0

A1

0.8
3.2
2.6

2.8

0.4
6.5

100.2

2.73 (0.15)
r.. I . _,, I. --I2e.e 'L:

5.2 't '

18.2 r, :. t
6.3

6.9

2.0

13.3

0.6
3.2
3.2

1.8
0.4
9.1

loo.l

2.4 (0.19)

27.2
<R

36.7 ; ', '
o.7

2.6 (0.17 ) 2.63 (0,16)

30.? 1." , 24.7 t L ir ;

3.8 7.9
27.6 27.9 ! {, I

4.4 4.4

4.2 6.2

- 0.8

4.3
'|

18. r
I

- o-9

0-o

1

lo.6
I

9.6

I00.2

o.J

0.8

1l .4

1.9
I.O
o-u

100.t

6.0

0.2

4.4

11.2
1'
5.2

100. I

Mean gra
phi (m)

I€C-13A Krn-15

2.78(0.15) .2.78(0.15) 2.83 (0.14)

rl : ,.'l{$",,
8.2

2s.1 $ 'J

5.4
,!

2.2

5.0

1.9
4.8
2.4

1.9

0.5
r0.6

r00.2

2 .9 (0.13 )
i_! i
2? .9 \'1 i5'5 't
25. t
2.6

4.0
:

5.9

9.6

0.9
3.5
1.9

2.8

0.8
9.4

100.0

2.93 (0.13)
f f, -

3I.5 ., 
,, '

3.2
30.0

1.2

2.6

7.4

0.9
0.2
3.8

5.5

1.3
11.1

100. I

ITI{-17 Ierl{-I5

Quartz
K-feldspa:r
Plagioclase
Sedi.n€ntary rock
fragoents
lletaEorphic and plu-
tonic lock flaglents
AcId volcanic rock
fragD€nts
Basic volclnlc rock
f,rag|ments
!{uscovite
Biotiter
Chlorite
l,letaorphlc accesa-
ories atrd cements
Detrital accessories
Irtrt-rix

Total:

-/ l
32.1 i, .q

3.4
2tnlt

3.4

3.2

5.5

2.5

1.7

9.6

99.8

ir \

27.6 qt ;

I.5 . 
', 

r.

34.{ '

It

3.9

3.7
2.4

5.8

4.4

3.2
10. 5

100. r

2.79 (0.15)
t!
37.5.-
3.0 . -i

30.2 ".
0.8

4.5

z.t

rlo
6.6
0.5

10.3

99.9

2.8 (0.14)
_i ..

29.3,', I

3.0
37.7 - :
2.4

4.0

0.6

2.0

1.6

4.6

0.8

1.4
12.8

100.2

EQ-27 st-2 xs-2 xs-]0
!,lean grain size,
phi (m)

Qua!tz
K-feldspar
Plagioclase
S€dinentary rock
fraguents
l{et:norphic and plu-
tonic rock fragDents
Acid volcanic rock
fragurents
Basic volcanlc rock
fraguents
Muscovl,te
Bloritea
ChIo!ite
Metanorghic sccess-
ories arrd c€oents
Delrital accessories
IqacrlJ(

TOTAI:

3.08(0.12) 3.13(0.I1.) 3..27 (0.1)

29.9 
"!EI

-i.
25.6 ''
5.1

?<

t-J

0.8

4-3

0.6

r.o
13.4

100.0

3 .38 ( 0.1)
ll \

so.i ',i l
3.3 \

29.8 (1'

1.4

5.2

6.5

r.9

7.5

0.8

11 .4

100.1

2?.3 ,-, ..

3.3 ,I?
26.9 rr -

1.>

4.8

6.1
2.7
'R

3.8
l<

100.1

_l .-

24.9 1t' .:..

II

44.2 l'1, u

3.4

3.0,-,

q2

elz
0.8

l.f

I0.6

I00.0

3.2 (0.11)

50.O r:
2.0 " '2l ? -

2.4

2.5

0.2

1n

2.O

tn
v-6

100. t

3 . 37 (0.1)
'' t

29.6 ": t2.L Ilr r l('

3.3

7.5

2.3

5.0

1.6

0.8
L5.Z

loo. L

Dashes indlcate biotile included in chlorite node.
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hble 2.4 : Ccrnlnsition (in percent) for
Iithofacies (500 counts/thin
decreasing mean grain size.

grelnrackes of the

sectiod arranged

thick$edded
in order of

Sample
Mean gr
Phi (rm)

Quartz
K-feldstrnr
Plagioclase
Sedimentary rock
fragrments
Metanorphic and plu-
tonic rock fragrments
Acid voLcanic rock
fragments
Basic vol.canic rock
fragrments
Muscovite
Biotite*
Chlorite
Metanorphic access-
ories and cements
Detrital accessorites
l{atrix

Tlotal:

DC-6 HQ-r7

L.25 (O.42) 1.317 (0.4 )

sJ-31 HQ-21 HQ-23

1{ u

21.5 i'r i
2.L ,.i.L

30.8

18 .7

L.9

0.6

5.0

o.2

3.0

12.3

0.8
3.4

1o
24.2 \\"
7.6 ..:

38-2 "q '

4.5

6.1

0.6

L2.9

o.2

1.3

2.5

0.5
1.1

99.8

1 .32 (0.4)

ri I

22.8 ut 3

6.0
26.3 l,- 'l

15.3

5.4

0.4

100.0

2.7 (0.16)

34.2 i r';
3.8 ,

24.g'!' "

2.3

4.3

0.9

6.2

1.3

7-2

2.3

1.3
11.3

r00.0

2.7 (0.16)
r,4 ...

29.6 i'-
3.4 ,"., 

-iL7.2

3.8

3.2

o.2

6.5

1.0

5-l
20. I
1.5
8.5

100 .2

4.5

6.2

6.0

5.0
2.L

100.3

Sanple HQ-15 HQ-25 HO-L9 KTW-G BO-2I

phi (mn) ' 2-77(0.15) 2.83 (0.14) 3.08(0.12) 4.07(0.06) 4.13(0.06)
r'f 0!l .8 !. ! i

Quartz 28.0 1,i i 34.8 !i ( 27.1 iu''{ Z7.L 16.8 ,''
K-feldspar 2.6 3.3 -n. 1.9 lor n 2.2
PJ-agioclase 30.2 ,') \ 24 .6 ' 24 .g ': I zL ' v 16. G i

Sedimentary rock
fragments 3'6 4'5 3'5 o'7 1'8
Metamorphic and plu- a A
tonic rocr rragrn-enis 4'a 4'8 4'7 4'6 2'6
Acid volcanic rock
fragrnents 2'4 1'4 0'6 0'6
Basic volcanic rock - ) 1'8
fragrnents 6'4 8'3 7'8 3'6
Muscovite O.B 0.6 L.2 I.3 1.G
Biotite* O.4 0.6
Chlorite 5.8 4.L 9 .7 22.5 11.0
Metamorphic access- 2.2 1.6 1.4 7.s o.2ories and cements
Detrital accessories 1.4 0.6 0.8 0.6 1.5
Matrix 11.7 11.0 L6.7 6.1 41.5

Total: 100.3 100.2 tOO.2 tOO.2 lOO. I

Dashes indicate biotite included in chlorite mode.



Table 2.5 ComPosition (in percent) for greluackes of
counts,/thin section) arranged 1n order of

the thin-bedded lithofacles (5OO

decreasing mean grain size.

Sople

Phi (no)

q,lraltz
K-feldlsPar
Plagioclase
sedliDcntaly rock
fra$[ents
uet Dor?hic and plu-
toDic rock fragDents
Acld volcanLc rock
fragDents
Easlc nolcani.c rock
fragurents
uuscwite
Blotiter
Chlorlte
lletrnorphic accegs-
ories and c€Eents
Detrital aceessories
lilatrir

Total.:

li,
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2.0 "

2'1.0 I q
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L.2
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2.4
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26.3
2.9
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0.4

.1.4

13 .7

0.8
15.5

loo. l

31.9
It

2e.6

2.9

3.3

1.9
1.0

4-1

2.9

1.7
20.1

100.1

20.5
1.0

33.0

2.5

L.7

2.6
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).)
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too.t

Em-i
4 .23 (0 .05 l- l . ,.

32.e ( i ,,
4-5

34.9

0.4

iv DC-10 BQ-iii RSS-i RSS-i.ii
3.3 (0.1) 3.7 (O. 08) 3.78(s,971 3.€2 (O.07) 4.08 (0. 06)

0,4

0.4
3.6

9- rl

0.4

6.6
5.6

100.3

DC-IAtt Be-l l(Iw-v RSS-tl
phi (m)

quaritz
K-feldspar
Plagloclase
Sedi.nentary rock
f,ragDents
Itletanorphic and plu-
tonic rock fragiDeDts
lcid volcanic rock
fragDent.s
Baric volcani.c rock
f,ragaents
Musco\rite
Biotlter
Chlorite
Ueta.@rptric access-
orieg and canent
Detri,tal accessorl,es
Uatf i:r

TotaI:

4.5(0.04) 4.72rc.o41 4.8 (0.04) 4.S7(0.03) 5.0(0.03) s.18(0.03)

27.6
0.3

28.4

0.8

0.3

r.4
2.8

3-3

0.6

4.5
30.1

IOO.1

33.t!

) 30.l

1.0

0.8

2.?

8.8

0.2

1-J
ZlJ. 5

ro0. o

31.5

) 16.r

o.2

0.8

6.0

11.2

6.8
27.3

100.I

18.2
1.8

16.6
L-2

31.3

) 28.r

0.4

4.2

13.4

2.6
20.0

lo0.o

24.3
to

23. 3

:..0

13.3

3.9
32.3

101.0

o.2 - 1.0

o.2

0.2

l..il

9.4

26. 0

5.2
22.O

100.2

Dashes i.rdicate blotlte included iJ| chJ,orite aode.
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The sandstone and thick-bedded lithofacies are not easily contrasted by
petrography alone, due to the wide textural range displayed by the thick-
bedded lithofacies. The petrography of rocks within the same textural range
for both lithofacies is similar, differences being limited to higher total
feldslnr modes in the sandstone lithofacies and large modes of metarnorphic
accessories and cements in the thick-bedcled lithofacies. Ttre rnagmitude of
the difference is the same in both cases,i.e. approxirnately 4 percent.

There is no statistical evidence of any sigrnificant difference between the
lithofacies based on the guartz uode (P is greater than O.l) even though
rnodes for a lithology nay devilate by up to 1.5 percent from the mean i.e.
I.5 percent is the standard error for about 15 samples. Confidence interrral
for the standard error is 3 percent at the 95 percent confidence level.

2.8 Argillite petrography

Tab1e 2.5 presents the data from nodal analyses of argiltites. Tvo anal.yses
were undertaken, one cor:nting rnatrix as material less than 0.02 rcn in size,
the other with no lower limit to grain size, every iclentifiable grain being
allocated a ruode class. where identification was impossible a mod,e class
"r:nidentifiably fine" was used. Ccmparison shows that an average of 95 per-
cent of minerar conSnnents can be identified from thin section.

on averagermatrix contprises some 60 trrercent, with chlorite and quartz occur-
ring in sr:beqr:al quantity and feldspar representing 30 percent of the
fabric minerals. White mica contents vary from I to 7 percent, averaging
4 percent..

The proportions of qr:artz, feld.spar, white rnica and chlorite are similar
regardless of how the modal analysis is done. Components not cornmonly
occurring in sizes greater than O.O2 nun are opaque minerals and detrital
heavy mi.:rerals.

Matrix therefore consists largely of chlorite and qr:artz, the former slightly
dom'inant, with lesser amounts of white mi-ca and feldspar - plagioclase is
often twinned in grains 0.01 run jl size (WCC-8A). Smal1 amounts of ognque
minerals (3 percent average) and detrital heavies (2 percent average)
constitute the rernai.nder.
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Tahle 2.6 : Composition (in percent) for argillites (300 counts,/thin seetion)
arranged in order of decreasing raean grain size.

Sanple

A Optic Dodal .plyges of argillitee

EQ-26 !t-15 E924 oB-I{ Ire-20 rtc-gA ncc-sA HQ-IS Bfvli HQ-22 OB-13 A\'ERAGE

llean grain slze,
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Rock fragments
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Total 3

16.4 30.0
I4.8 10.4
2.8 7.7

13.4 7.7
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0.8 1.1
o.5 0.3

nglo Eo]

99.9 100.0

36.5 45.9 21.6
18.9 10.3 12.0
1.O 9.5 10.6

20.6 15.5 26.9
4.3 3.8 0.8
o.9 0.8 5.O
2-2 0.3

0.3

10.1 8.0
5.1 6.0
3.3 5.8
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0.8 0.3
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0.3

- 0.3
67.4 53.3

IO0.1 100.0

26.1
13.2
10.2
27.I
4.0
7.3

0.3

11.2

6.1 3.8 L2.6
5.5 3.8 9.4
1.0 1.8 4.0
4.9 8.5 1I.1
0.4 0.3 I.2
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o.2 - o.1
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0.5 0.5 2.0 1.6 1.6
2.O 0.9 3.3 0.5 1.9
o.2 - 0.3

o.7

56.2 51.1 65.9 50.7 52.5

1o0.0 100.0 100.1 100.0 100.2

Optic rcdal analyses of argillites dicegardiDg EatJix ae a mde class
glartz
Feldspar
Bhite Ei.ca
ChJ,orite
Heaviea
Opaques
Rock fragrDents
!'tetanorphic -
accessories
Ceftents
Unidentlfiably
fioe

Total:

Quartz
Feldsltar
Wttlte Dlca
CNorLte
Heavies
Opaques
UetrnorFhlc -
accessories
onidentlfiably
fine

total:cf. natrix
ofA

9.6 13.9 22.7 :.9.3

25.0
20.8
8.3

18 .4
3.4
o:o

14.9 30.9 23.3
10,8 18.0 I8.5
5.8 8.5 8.5

39.9 32.2 18.0
1.9 1.9 5.3
7.4 I.5 3.2

0.3

0.5

18.3 6.9 22.3

26.2 19.6
6.9 I0.l

10.7 9.{
33.1 36.5

0. 9 4.6
8.3 9.6
o.2? 0.2
o.2? 0.5

o.2

13 .2

esses- 27.1
ncnt 14.0
not 9.0
practl'- 26.8
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4.8
0.{
o.2

tr
14.8

IO0.2

13.6
4.0
4.8

15.4
1.8
3.1

0. I

14.8
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optic Doder of, Datlix (<0.02 o) by dlfference, fron aDalyses A and B above
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4.1
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2.I

9.6

47.4

15.9 9.4 12.0
- 4.0 5.5

1.S 5.6 3.3
7.8 1l.o 5.3
1.1 0.3 2.8
1.0 3.0 3.1

- 0.3

9.1 14.5
3.0 3.9
5.5 5.3

26.5 t8.S
tr 0.3
4.I I.0

7.2 16.0
7.2 8.1
1.9 6.9
8.2 17.5
3.7 3.2
l. 3 3.S

o.5

13.5 Asses-
3.6 rnent
8.4 not

31.6 trl3acti-
4.2 cabl.e
9.0

0.3

lo.3

80.6

13.9 22.? I9.3 t8.3 5.9

41.5 56.3 51.3 55.6 50.7

12.5

JZ. J

LL .I

66.7

18.2
0.9
4.9

20.3
0.6
4.3

13.2

62.9
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2.9 Comparison of grelnracl:e anci argillite

A direct com;nrison of argilLite modes with
of different nod.e class requirements for the

difference in grain size.

grelnracke modes is difficult because
rock types but there is a striking

As a generalisation, argiJ.lites have half as much quartz, tvp-thirds the total
feldslnr and no rock fragments, but four times the white nica and do,ble the
chlorite.

Non-opaque detrital accessories (heavies) are more abundant in argillites than
greln*ackes, excepting some grelnrackes of the thin-bed.ded lithofacies. Metal-
lic opagues are more abundant in argillite than greywacke as is carbonaceous
material but they take different forms. Metallic opaques in argillites are
sometimes aPparent as large flakes of pyrite along planes of parting, having
no relationshi-p with bedding, or as nodules up to IO nun long in bedding planes.
organic matter in argillites is more finely dispersed than in grelnrackes.

Metamorphic accessories, other than minerals included in modes, e.g. chlorite
and metallic opaques, are absent in arcillites.

Axgillites possess six times as much matrix as grelnackes of the sandstone and
thick-bedded lithofacies and two to three times that of the thin-bedded litho-
facies.

Generally, detrital grains in argillites are equant, angular to subrounded and
most grains are fresh and monocrystalline.

2.10 Provenance

The provenance of sediments may be indicated by various physical and mineral
characteristics of the rock concerned.. rn tbis study mineral characteristic
methods were chosen using quartz, feldspar, rock fragrments and heavy minerals.

The method used for quartz was suggested by Basu et aL. (1975) based on a sirnple
four category grouping,utiJ.ising undulosity and polycrystallinity of mediuu
sand sized quartz to discrimiaate plutonic Arains from those of low and high
rank metamorphic affinity. Results for the wellington greln"acke-suite rocks
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are'stlcr'rt in Figr:re 2.11. Only grelnuackes frsn the sandstone and thick-
bedded lithofacies have sufficient medirmr sand sized qr:artz to provide plots
based on 50 grains (Appendix 4).

The data suggest that most mediun sand sized quartz is of low rank metamor-

phic origin. However, the interpretation is complicated by the Snssibility
that the grains were strained after deposition.

Basu acknowledges the possibility of tectonic strain in folded sediments but
naintains that careful sampling and examination of rocks containing softer
matrix and. rock fragments can rninimise these effects. Packing proxinities
are high in Wellington greyr.rackes (Appendix ?) therefore cushioning effects
from matrix and rock fragrments are minimal.

Blatt and Christie (1963) and Blatt (1967) have shown undulatory quartz to be

less stable than non-undulatory quartz and that polycrystalline quartz breaks

dor.n relatively quickly to produce monocrystalline quartz. Older sediments,

or those reworked should, on the Basu plot, trend towards a more plutonic
affinity. Such a trend was not evident in this study.

Other detrital minerals, e.g. microcline and feLdspar with perthitic and

myrmekitic intergrowths, indicate an acid plutonic source but the provenance

of most fel-dspar (plagioclase) is obscured by alteration of grains to sodic

affinities (Appendix 3). Further indications of an acid igneous rock Souf,c€r

are minerals such as apatite, sphene, zircon and tourmaline (Pettijohn, 1957).

Biotite, muscovite and, tourmaline may be derived from metamorphic rocks or
acid igneous rocks and epidote and zoisite indicate a high-rank metamorphic
provenance (Table 2.7) .

In coarser grrained rock types,the rnineral association most freguently encoun-

tered is that of an acid igneous rock source. Finer sediments (thin-bedded

Iithofacies), although having si:nilar acid igneous rock affinities, also have

assernbJ,ages indicative of basic igineous rock sources and characteristics of
reworked sediments, not unexpectedly if some of these greln^rackes erre contour-
ites (section 2.I).

Fine grained sediments possess hear4; mineral assenrbJ.ages tlpical of basic

igneous rock sources, e.g. ilmenite, rnagnetite, chromite, apatite, zj-reon
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Table 2.7 : Detrital mineral suites characteristic of source rock types*
(after Pettijohn, 1957),

Reworked sedirnents

Barite
Glauconite
Quartz (esp. with worn overgronths)
CVwt
Qnrtzite fragments (ctlroquartzite type)
Leuconene

Slate and phyllite fraarnents
Biotite and muscovite
Chlorite (if clastic)
Fe1dstrnrs generally absent

Gazmet
Hoy,nblende (bluejreen variety)
Kyanite
SiLLimanite
Andalusite

Apatite
Biotite
Hornblend.e
Monazite
Muscovite

Anatase
Augite
Brookite
Hypersthene
flTsnenite and nagnetite
Chromite

Fluorite
Tomnaline, t1pically blue
Gazmet

Iow-rank

High-rank

Epidote
Zoisite
I&agnetite

Acid igneous

Sphene
Zireon, euhedra
Qtattz (igneous variety)
MieroeLine
Magnetite
Tourmaline, sma1l pink euhedra

Basic igneous

Leucoxene
Olivine
Rutile
Plagioclase, intermediate
Ser.oentine

Pegrmatite

Monazite
(indicolite) I,fuseouite

Topaz
ALbite
Microcline

RrrtiLe

?ow,rmline, rounded
Zireon, rounded

metanorphic

Qtattz and, qtartzite fragmu,xs (meta-
quartzite type)
Towrnaline (snall pale brown euhedra
carbonaceous incLusions )

Leuccr<ene

metamorphic

StautoLite
Quaytz (metanorphic variety)
lluscovite and biotite
Feldspar (acid plagiocJ.ase)

rtalicized species erre more conmon.
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and rutile' as these minerals are all relatively stable. rn coarser grained
greYwackes, basic igneous rock fragrments as well as some of their hear4y
rninerals occur together.

Rock fragment contents, ;nrticularry in the coarser grained greyrrrackes, are
of valuable assistance in determjning source rock lithology. Lithologies
identified have been described (Appendix 3). Sedi,mentary rock fragments
probably ccrroe from peneconternporaneous erosion of the sea floor. This is
substantiated by a positive relationship between sedimentary rock fragrrnent
size with mean grain size of host sedinrent and, a positive relationship, by
voh:rne, of sedimentary rock fragrments with increasing mean size of host
sediment. They are most obrvious in the greywackes of the thick-bedded
lithofacies (chipwackes), where they occur as angular elongate frakes up to
0'4 m long, in which lamination and convolutions are still presenred. They
deform to form pseudcrnatrix more readily than igmeous rock fragments. rn a
plastic state, they must have been more susceptible to mechanical erosion than
any other variety of rock fragunent obserrred and therefore must have been
added to the sediment irunediately prior to its final emplacerrent. Rerorked
fine grained grelruackes (thin-bedded lithofacies) have no significant
sedimentary rock fragrments.

Volcanic debris is mechanically weak and checnically r,rnstable. Grains are
rounded and the ratio of acid to basic volcanic debris is consistently srnall
for all lithofacies (Figure 2.L2). Only in grrelnvackes of the thin_bedded
lithofacies do the volcanic rock fragments dirninish in volume - a response to
reduced mean grain size and rerrprking. The voh:rre in grelntrackes of the
thick-bedded lithofacies is only slightly greater than that in the sandstone
lithofacies indicating that,for the grelnracke source sedjnents, volcanic
debris was maintained at a consistent vorune and is possibly intrabasinal (i.e.
derived from a source within the basin of grey*acke sed,imentation) being
relatively weak comS:ared with metamorphJ-c and plutonic rock fragments.

The ratter rock fragirnents are probably extrabasinal in origin, schists, pSyl-
lites, quartzites and gneiss fragrnents being subordinate to granitic fragrments,
even in the size range 0.5 to 2 nm reguired for accurate identification of
rnetamorphic rock fragrments (Bogrgs, 196g). This indicates that,even though
a wider range of metamorphic rock types is represented, granitic rocks are
more likely to have produced, the bulk of sediments forming the wellington
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greYwacke=suite grel cackes. The presence of large rnlmekitic and perthitic
aggregates, with orthoclase crystals having euhedral grain bor:ndaries with
each other and quartz, indicate this.

The range in vohunes of metarnorphic and pl-utonic rock fragrments in grelnvackes
of each lithofacies is the same, within about I perceng gradr:al- decrease both
in range and rnaxi:uun volute being evident from the sandstone lithofacies,
through the thick-bedded to the thin-bedded lithofacies. This indicates that
this chenically relatively stable debris forms the basis of grelmacke sedi-
ments' a slight concession being mad,e to voLrne with reduced ruean gnain size.

Approximate relative contributions of source rocks providing debris for the
Wellington grel racke sediments is estimated to be:

Source

acid and basic plutonic
low rank metamorphic

basic igneous derived
acid igneous derived
redeposited sediments

Percentage contribution
50

20

IO

5

15

2.LL 'classification of greyvrackes by mineral composition

FoLk et aL, (1970) published a classification systen for detrital sediments
in New Zealand, based on relative abundances of quartz (excluding chert),
feldspar and rock fragrments (igneous, metamorphic and sedi-rnentary, including
chert). These three parameters recalculated to srun to IOO percent, are
determined frorr optical modal analysis and are end members on a triangular
(QFR) diagram. Figure 2.13 shows the QFR diagram (prjmary arenite triangle)
with grelmackes plotted by lithofacies association.

The conclusions d.rawn from the classification are that aLl the rocks s<amined
are (lithic) feldsarenites, difference being due to grain size. Al1 the
rocks represent a single Snpulation i.e. all the greyvrackes in the study
region had basically the same minerarogical starting trnint.
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with plots representing the modal compositions of
grelnrvackes from each lithofacies. A = trpnocrystalline and

trnlycrystarline quartz (exchlding chert), F = monocrystalline
feJ.dspar, R = rock fragments (igneous, metamorphic and sedi-
mentary, including chert) ;
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2.L2 Grain size

The grain size dj.stribution of greywacke and argillite sautrlles was dete:mi-ned
from thin section neasurement. The aptrnrent long axes of at least 250 grains
were measured using a gradr:ated micrometer eyepiece and magnifications from
x35 to x250. The spacing of the counting "garid" was adjusted to cover the
whole section- Although Adans (L974) has shorn a reliable relationship
between thj-n section and sieve statistics, he recogmised problems in conver-
ting the distributions. Therefore the data presented and discussed here
have not been 'nanipulated in any wayrbe5.ng the size distributions of apSnrent
long axes in thin section.

Grain size distribution histogarams (Figures 2.L4 to 2.17) were plotted and
graphic statistics eere calculated (Folk, 196g) according to the foroulae:

016+050+684
Graphic mean (Mz) = Phi

3

Inclusive graphic standard deviation (o-)

= 
084 - 016 

+ 
095 _ 05 

phi
4 6.6

Graph5-c standard deviation (o^)

= 
084 - 016

phi
2

used where the 5 and 95 percentires were not obtainabre.

IncLusive graphic skewness (SK-)

016 + 084 - 2050 05 + 0gS - 2|so

2(084 - 016) 2(+es - 0s)

oes - 0s

Graphic kurtosis (Kc)

2.44(675 - 02s)
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Figr:re 2.15 :

mean grain size,
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Figiure 2.J.7 : Grain size
histograns

for argillites arranged in
order of ctiminishing mean

grrain size, see Table 2.9.
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Grain size data provide a reli-a,ble basis for differentiating lithofacies in
thin section. Figrrre 2.18 shows the relationship of rock mean grain size

to bed thickness.

Greylackes of the sand,stone lithofacies €rre restricted in mean grain size
(2.4 xo 3.38 phi) and are trnorly sorted (o = 1.25 average). Grain size

distributions are urore positively skewed and are less peaked than for
grelzwaekes of any other lithofacies.

Greywackes of the thick-bedded lithofacies have the greatest range in textural
parametersj ftrey overlap other grelnrackes in mean grain size (1.25 to
4.13 phi) but are generally finer than grreyuackes of ttre sandstone lithofacies
and coarser than those of the thin-bediled lithofacies. They are more poorly

sorted than those of the sandstone lithofacies. Grain size histograms n:ry

be skewed positj.ve or negative, the negative skew beilg due to grelnnackes

Snssessing large seditentary rock fragrments (chipwackes). Nthough they

disptay the widest range in skenness values, these grreywackes have grain size

histogre'ns upst closely approxinating a normal distribution.

Grelnrackes of the thick-bedded lithofacies have wider ranging Krrrtosis rralues

(Table 2.8) than those of the sandstone lithofacies and histogrrans are Ertre

Ieptokr:rtic. They include the rcst peaked grrain size d,istributions.

Greyrvackes of the thin-bedded lithofacies have silt sized mean grain sizes.

Sorting is better than il other greyriackes and there is a snaller range of
relatively high (+0.21 to +0.37) skewness values. Kr:rtosis values are also

li.nti.ted (I.l-8 to 1.39).

Argillites Erre similar in size regardJ-ess of lithofacies affiLiation. Modes

vary between 5 and 6 phi (0.03 and 0.015 rrn) and mean grain sizes are

finer than 5.4 phi (0.023 nun). Most argj.Ilites are poorLy sorted.

Post-detrnsitional effects (diagenesis) have reduced grains in size by erosion

and alteration. Sueller grains have been reduced in size faster and more
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Table 2.8 : Grain size paraneters determined
Ran data is tabled in Append5:< 5.

for wellington grel racke-suite rocks.
Phi units u6ed.

Sanple llean Standard
deqiafi.oD

(!42) of oc

Sortj.ng terD skernesE

s\
Skerrfiesg

descriptlon

tOrrtosis lqrrtosis

K^ descrLptlor

l,
EI
H

.Ct!

r<

z

U2

2€o

KTw-13 2.4
Kfir-l4 2.6
RSS-12 2.6
BQ-xviii 2.63

DC-I 2-65

DC-2 2.72

Brv 2.73

Ircc-l3A 2.7A

RFr-15 2.78

Km-17 2.79

ar-5 2.8
mt{-16 2.s3

BQrD(;A 2.9
oB-21 2.93

Dc-3 3.08

sQ-27 3.13

sJ-2 3.2
KS-2 3-27

tilc-8 3.3?

rG-Io 3.38

AVERAGE 2.88

I.15
L.21

1.03

0.98

1.03

0.96

1.1.3

L.LI

1.54

1.57

1 .3?

r.36
1.30

1.38

0.91

1-63

0. 75

1.49

1.57

1.41

t.23

1.43

r. 05

1.3s
I 7<

0.99

0.8
r.1.9

1.0
0.8 9

t.l5

1.38

1.17

poorly sorted
poorly sorted
poorly sorted

Doderately sqrtd
poorly sct€d
Dod€rrteLy sorted
poorl,y sorted
poorly sorted

Foorly sort€d
poorly sort€d
poorly sorted

Foorly sorted

toorly sortd
poorly sorted

Eoderately sorted

5toorly sorted
uoderately lbrted
lnorly sorted
porly sorted
poorly sorted

poorly sorted
Eoderately sorted
porly sortd
poorly norted
poorly sorted
poorly sorted
poorly sorted
poorly sortd
poorly sorted
poorly sorted

poorly sorted
poorly sorted

trnorly srorted

poorly Eorted
poorly sorted
Eoderately sorted

Doderately sorted
poorly sorted

nod.,/poorly solted
DoderateLy sorted

trDorly sorted
poorly sorted

fine skesed

stlotqly flne sk.

strongly fine sk.
strongly fine sk.
strorqly fine sk.

f,lne skewed

strongly tlne sk.
etror4rly fine sk.
fLae skwed

fine skesed

fine skewcd

fine skewed

atrongLy fl.ue sk.

Etrongly fj,ne sk.
fine skesed

fine skewed

strongly fine sk.

stJorqly fl-ne sk.
ti.ne skesed

coarse skeped

f,lle skewed

Dear s!'fletrical
fine skewed

f,ine skewed

fine skeryed

fi-ne skened

fine skered

fiae skeed
fine skesed

Etrongly f,1ne sk.

fine skened

strongly fine sk.

fine skerrcd

kPtokurtic
very leptokr.trtlc
Defokurtic
n€sokurtic
leptokurtic
nesokurtic
lcptoklatic
Ieptokurtic
Ieptokurti.c
leptoh.rrtic
Basokurtlc
nerokurtic
Leptolfirrtic
leptohrrtic
leptokurtic
leptokurtlc
leptokurtic
leirtokurtic
uesokurtlc

very lcptokurtlc
ve:.y leptokurtic
Desokurt'ic

leptokurtlc
Desohrrtic
nesohrrtic
leptokurtic
lrptokurtic
roeaokurttc

lePtokurtic

leptokurtie

leptoku!tic

leptokurtlc

leptokurtic

tq
+0.25

+0.54

+0.15

+o.22

+0.34

+O.I9

+0.39

+0.36

+0.30

+0.29

+0.25

+0. 30

+o.35

+0.41.

+0.16

+0.14

+0.46

+o.40

+0.21

-0.3
+0.23

-0-01
+0.30

+0.23

+0.1{

+0.25

+o.33

+0.11

+0.13

m
m

+0.36

tits

t{A

+0.21

tq
+0,37

IB
+0.25

!a
!n

tiIA

1.26

1.73
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signnificantly than larger grains, due to their larger surface area to vohne
ratios (section 2.14.3). rn grain size 5npulations less thanr sEryr 0.02 nur

recrystallisation due to diagenesis has probably meant that rocks have some

mineral types enhanced in grain size (chlorite and white mica) relative to
the grain trnpulation at delnsition.

The effect
wackes and

of
to

this is to increase lnsitive skewness (reduce sorting) in grey-
perhaps enhance sorting and even mean grrain size in argillites.

It is dor-rbtful whether the nost marked grrain size changes in the 5npuJ-ation
finer than 0-02 uur will have influenced textural distinctions - grrelnrackes are
still comtrnrable one with another and argillites are of little help in discri-
minating lithofacies association.

2.L3 The relationship of mineralogy to texture

In the course of the microscope work it became apparent that the mineralogy of
the grelnracke-suj-te rocks r+as related to texture and, in particular, mean
grain size- This section examines that relationship,by plotting the rnain
mineral modes against mean grain size (Figr:re 2.1.9).

The proSrcrtion of felsic grai-ns remains more or less constant between 50 and
70 percent over the range I to 4 phi (0.5 to 0.053 nun) , but d,eclines rnarkedly
from 5 to 6 phi (0.03 to 0.0L5 mm)with a corresponding increase in phyllo-
silicates; rock fragnstts also decline dramatically at about 5 phi (0.03 rrr).
While Li-rnitations of rnicroscopic resolution can not be overlooked, there appears
to be a mineralogical trend towards a higher proportion of phyllosilicates,
which in these rocks are chlorite and white mica. These minerals appear, on
average,to maintain similar proportion (Figr:re 2.2O).

2.L4 X-ray diffractometry

X-ray diffractometry (xP.D) was used to establish the bulk mineralogy of the
rocks as they occur in the field today and as a means of determining variations
in metamorphic arade by assessing the crystallinity of white mica, particu-
larly in the argilJ-ites.
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This investigation r.ras und,ertaken on an assurnption that the physical proper-
ties of rock wouLd be influenced by degnees of metamorphic change r:ndetectable
by any other means. Such properties as strength, hardness, and resistance
to weathering, all important in engineeringt use , irnprove with higher degrees
of metamorphism.

whole rock samples were pre;nred., by crushing, in tr.ro wtrys:

(i) By using a hand operated agate pestJ-e and ncrtar to powd.er the sample.

(ii) By using a tr:ngsten carbide ,,Tana. svring rnill .

A vi-brating stylus was used to obtain rnaterial to establish the mineralogry
of veins and sr:rface coatings. For whole rock analyses, samples were selec-
ted free of veins, shears, slickensid.es and surface coatings to avoid
enhancing certaj.n mineral modes and to minirnise effects of differing nineral
crystallinity, strain, trnlytlpisur etc.

2.L4.I Whote rock quantitative analysis

An internal standard. method of quantitative diffractometry was used (KLug and
Alexander. L974), see Appendix 6. samples were prepared and n:n by Mr B.
Yardrey. After gninding sa:npre powder and internar standard (LiF), a dis-
oriented' (back filleil) powder rrcunt was analysed using a Sienens (x-ray
diffractometer, with nickel filtered CuKa -radiation generated frorn 35 l(/ at
20 mA and directed by a 1o beam slit and a o.2o detection slit. Samples were
scanned at L 20/minute from 4 

o to 4oo 24. chart speed and flow counter count
rate settings were adjusted for optimum resrrlts. Ti:ne constant (seconds) was
adjusted with scanning speed (degrees,/minutes) so that the procluct of the
settings r€s f 63 2 (schoen , Lg62) at which values peak distortion is srnll
(Parrish, 1960)

DiffracLograms of known minerals and the As$vl powder Data File were used to
interpret resulLs. Accurate d-spacings were obtained by reference to detri-
tar qr:artz in the samples. Results should be accurate to t3 percent
(Appendix 6).

xRD indicated a higher white mica content than optical petrography had
revealed- Presr:rnably this resulted frorn altering feldspar and rock fragrnents
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or possibly the nasking of white mica by

Results (Table 2.9) also show the content
plagioclase (I5 percent) with white mica
(5 percent).

chlorite during optj.cal examination.

rangeof minerals to be greatest for
(11 percent) and chlorite least

L

i , ).-'
l . |lr t"?trtti:jl,'

'': '}JtlTtry -tr

2.L4 .2 semi-guantitative analysis of the whole rock fraction
finer than 0.015 rnrn.

Diffractogrrams, sirnilar whether sample powder was prepared by hand or "Tequ.'
mill' indicated fresh gre1ru'acke and argillite to include only fogr main
minerals; quartz, sodic plagioclase, white mica and chlorite. of these
minerals, white mica and chlorite are the most irnportant from an engineering
viewpoint since ttrey may induce plasticity in rock fines, are soft, assume
preferred orientation, are structurally weak, consti-tute most of the matrix
material, and chlorite is chemically unstable.

Further investigation of these phy1los.!.licates was necessary because diagnos-
tic peaks of both minerals at low 20 angles mask peaks of clay minerals such
as kaolinite, vomiculite, illite and chlorite mixed-layer minerals with
expanding lattices, €.9. chlorite - montmorillonite, which are of importance
for engineering purposes.

As phyllosilicates and clay minerals generally, have much finer natural size
ranges than other detrital minerals, se;nration of finer materials from the
Srcvnlered samples was necessary. A separation of clay minerals including
phyllosilicates was required for XRD detection (Table 2.10). All methods of
sample preparation l^tere airned at providing a well oriented, fine grained
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Tabl'e. 2.9 3 Quantitatl.ve I(RD nciles for whole rock po,n6ers" arranEed in order
of, djnintshing mear1 gpa5.n size. Results shoritd be aesurate
t3 pereent (appenrlix G).
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Tabre 2'10 : $:antitative resolution by x-ray diffraction of cray minerals
and certain others in the clay fraction (<2 microns) of sedi_
mentary materials (Cu te, 50 kV, 2ftiA, Io scatter slit, OO6rl

receiving slit, 103 cps., nultipJ.ier L, rateneter 4; oriented
mor:nt on tile). lo 20 per minute; chart speed 0.5,, per min_
ute. (after Carroll, I97O).

llineral Lowest
percentage
identifiable

PrinciSn1 d
slncing used
for
identification

2eo
(approx.)

Kaolinite
Kaolinite, disordered
Ilalloysite, 4H2O

Halloysite, zt{io
Mica, 2M1

Illite, mixed J-ayer lb mica
polyt1pe

Bioti.te
Vermiculite
Snectite group,
(montmorillonite)

Chlorite, Itlg

Chlorite, Fe

$uartz
Orthoclase feldspar
Plagioclase feldspar
CaLcite
Feric oxide, crystalline or
amorphous mineral coatings

5

t-5
l0
t0

L

7.13 - 7.16
7.15

10.1

7.2L

9.99 - 10.4

IO. 16

10.I
L4.2

15.4 (variable)
L4.L - I4.2
L4.L - L4.2

3.34

3.25 - 3.28

3.17 - 3.18

3.08

L2.36 - L2.4

12.38

8.75

12.26

8.85 - 8.80

8.70

8.77

6.22

5.7

6.27 - 6.22

6.27 - 6.22

26.66

27.4 - 27.L6

28.L4 - 28.0

29.47

5

I
5

10

I
L0

I
5

5

5

<1
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sample over a large area of the glass slide,mounted so that basal d-spacings
of minerals at low 20 angles would give enhanced diffractogran peak heights'
i.e. maximtmt intensities. Best resuLts were obtained. from .Tema,' ground
whole rock samples se;nrated by settling through water (Sameshj:na Lg77).
From nonpgraphs of particle settling tjtes through water (Eanner and Jackson,
1948) the resultant oriented naterial was less than o.ol5 m in size,
entirely covering ttre slide (necessary for low angle diffractornetry, Soong,
pers. conm.), with a r.miform J.ayer O.Ol5 to 0.03 nrn thiek (Schoen, Lg62).

Diffractograms of these fine fractions were used to obtain semiquantitative
data, by utilising peak heights above background to establish relative peak
intensities (Moore, 1968) at 2go ,r, 26.80 zA, 12.50 20 and g.go 20, repre-
senting quartz' K-feldstrnr, plagioclase, chlorite and sericite respectively.
Adjustments were calculated directly fron intensity values, some of the
usual uncertainties of clay phytlosilicate seui-quantitative analysis frour
XRD, being reduced by the nature of chlorite and sericite - they are not as
variable in behaviour as other cray minerals (soong, pers. conm. ).

Relative abundancies of all five minerals are shown (Tab1e 2.11) though
quartz and feLdspar relative abundancies are important only for rocks finer
ttran, sdY, 5 phi (0.031 rm). The results confi::rn the optic mod,al dat:, on
chlorite content over the range in rock mean grain size represented,.
Sericite, too, shows increase with reduced mean grain size, but in a more
linear fashion and in direct antilnthy with plagioclase. The reduction in
K-feldspar paralleLs the trend for this mineral established by optical means.

Quartz shows a scattered trend, averaging about 40percent for any rnean grain
size. This nay reflect a more perfect crystalline habit of what must be
mostly detrital qlJarEz, or more reasonably, indicates quartz to occupy
larger size fractions in coarser rocks and to be npre easily removed dr:ring
sam5lle preparation.

The fine
ahrndance



Table 2.11.

-3

Relative abundancies of main minerals, determined fron diffractogrram peak
height l-ntensities of minus 0.0r5 rur whole rock oriented, sedi.nented
samples.
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peak heights
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Frorn Figure 2.22 it may be concluded that orthoclase has a relatively snaller
grain size population than plagj-oclase, in greyuackes finer than about 4 phi
(0.0525 tmt) mean grain size. rt is unlikely that the relatively low plagio-
clase to K-feldstrnr ratios, seen in Figrure 2.22 Ln rocks of finer mean grain
size'have been induced by cormninution of the larger K-feldspar grains (Iater
li'hml| -trr-rteffm z.=la.sl' rtf, alcertticdaDitt€a,otr.fiioesrpfl.c.gioo1ils9 '; t i;"
co$fC .ob*ne cffu &Fts6.. -,'w:;iii;r

A full discussion of mineral characteristics frorn xRD data has been provided
by l'lcKean (1975).

2.I4.3 Degree of phyllosilicate crystallinity

weaver (1960) showed that crystal ordering in phyllosilicate rninerals increases
with diagenesis and metamorphisnr. Burst (1959) studied the trend in chlorite
in the Eocene of Texas and Flawn et aL. (196I) incorporated Weavers work to
quantify crystallinity of illite and relate it to metarnorphism established by
microscope study of slabs from the Orachita Mountains, Texas, as follows

Degree of metamorphism

Low-grade

Weak to very weak

Incipient to weak

Incipient
Unmetamorphosed Stanley
Unnetamorphosed Atoka

Sharpness ratio

12. 1

5.3

4.5

2.3

2.3

I.8

The most abundant references are for ilrite (Ie:bler, Lg67). Ttre crystarlinity
of illite or mica trnllzmorphs increases alnost universally with temperature and
pressure- A '\nuscovite" with relatively snall d-spacing is easier to study
in this regard than chlorite as possible variations are less nunerous and,

better known than in the chlorite group and white micas occur more frequently
in sedimentary rocks than chlorite. Consequently, most studies of subtle
diagenetic,/metamorphic change in sediments have utilised the crystallinity of
white nica pol1'morphs, usually illite, since it undergoes greater morphologic
changes with tenrperatr:re/pressure difference than other white mica types.
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For this study the sharpness ratio methd of !,leaver (1960) ms employed using

the 108 (8.so ze) diffractogran peak of orientea.iAHflaiHibi'1;in the Less than

0.015 mar size whole rock fraction. Since peak intensities are related to
both grain size (Carro1l, 1970), and crystallite size (Rau, 1963) sanpling

rock mineral separates of very saall grain size nay cause a loss in resolu-
tion.

Generally, weJ-l developed (weIl crystallisedphyl-losilicates afford stronger,
more intense X-ray reflections than poorly crystal-J-ine ones.

To deter::nine the relative sharpness of the 10I peak measurement uas made

from the baseline of the peak vertically to its tip and frqn the baseline of
the peak to the point where a 10.58 verticaL line intersected the side of the
peak. The ratio of these tvJo measurements give a measure of the relative
sharpness of the 108 peak (Figure 2.23). As the shape of the 198 p6af is
comparatively similar, it is not necessary to measure values for both sides

of the peak and calcuLate a Kurtosis value.

Kubler (L967) recomrended a change in the nethod of Weaver (1960) i.e. that a

single measurement be made of peak wid.th at a point half way up the fd peak.

This is the method Rau (1963) adopts for measuring crystallite size. However,

Weaverrs method was used in this study as Kubler's method ignores peak

aslmnetry which is a crystallinity indicator (Carrol1, L97O).

As a check, Kubler's method was used to measure the 7X

peak for the reasons below:

(12.5- 2e) chlorite

(i) Ttris was the most intense peak in the low angle 20 range making it
easier to measure.

(ii) Chlorite crystallinity changes with diaqenetic,/metamorphic arade in
the same manner as white mica.

(iii) rhe 78 peak was more stdrrmetrical than the 108 peak.

1iv) For a restricted particle size range (effectively a maxirnr:m of about

,,.([rffinm) width at half-peak height should be a reasonable i:rdicator of
crystallinity-

(v) Ttre 78 peak is pr:reJ-y a chl-orite reflection.
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Sharpness

Figure 2.23 : Part of an x-ray
sharpness of the

(after weaver, 1960).

diffractogram showing how relative
ro8 i[ite peak is measrrred

ratio:+
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The resuLts (TabLes 2.L2r 2.13 Fiqures 2.24, 2.251 show the same trend for the

two minerals measured by different means, i.e. the crystallinity of phyllo-
silicates in the finer than 0.015 nm (less than 7 phi) fraction is lower in
rocks of snaller mean grain size.

To check both nethods, five additional diffractograms were made from naterial
settled to provide oriented slides of phyllosil-icates with grain sizes of
Iess than 1.5 Um (less than 9.5 phi). The trend towards decreased crystal-
linity with reduced rock mean grain size is even rrcre evident (rigure 2.24,
2.2s).

The trend obserrred is not as night be expected nor is it apparent from a

casnal visual assessment of the diffractograrns (Figure 2.26). It can be

argued that rocks with reduced mean grain size have increased internal surface

areas, of benefit to diageneticr/metamorphic reactions, bringing argillaceous
rock to metamorphic equilibrirsr relatively quickly and more completely than

coarser grajned grelnrackes.

The trends shor'm coul-d indicate a degradation
laceous rocks (e.S. from the strenuous action

(i) MacKenzie

required to alter
were gror:nd in a

phyllosilicates within argil-
the "Tena" mill) but several

of
of

and t'lilne (f953) show considerable grrinding (8 hor:rs) is
mica crystallinity significantly in an agate mill. Samples

"Tema" mi-Il for only one minute.

(ii) Ttre relati-ve lack of introduced mineral naterials in argillites may be

due to reduced po:ureability (Bucke and Mankin, 1971) dr:ring diagenesis and

metamorphisn. This decrease in permeability does not allow percolation of
fluids which aid the solution/deposition of minerals. These fluids are

reslnnsible for the recrystallisation of other minerals and if their passage

is restricted, recrystallisation is also reduced. Then, in what were initially
fine argilLites, phyllosilicates may be expected to be relatively Snorly
developed in spite of large surface areas.

#thai$gqJ{rrr$fre*t*l*,t#.dile;qdjrdckr*n-Ep!6ffi 
.,..,
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Table 2.12 : Sharpness ratio,or peakedness,of the 108 white mica peak mea-

sured frm diffractogrrans by a urethod after Weaver (1960).

Each measurement was an average of at least three sets of data

frqr diffractograns of one sliile. Those values marked (?)

lrere not incluiled in means. Five determinationsr listed at the

bottom of the table,were included as the method was not

e<pected to operate where smral-l peak intensities were encolul-

tered - a peak may occupy Less physical space on a diffracto-
gram than is provided between 108 and 10.58 p,oints. To

irrcrease peak intensities a finer sediment (orientecl) was

usedri.e. <1.5un - the five sanples at base of the table.

Sanple Mz
Phi

Peak height measurenent

AB
A:B

ratio
Mean

A;B ratio

DC-6 L.25

HQ-17 1.317

sJ-31 1.32

IeI'!{-13 2.4

5

16

19

33

72

67

40

28

27

42

36

33

32

39

31

27

30

42

2A

39

33

36

40

6

8.5

6.5

15

7

5

3

6.5
.f,

4

7

5

4

9.5

9

9

10

6.67

3.3

4.2

2.8

5. L4

6.6?

4.5

3.5

6.6

10.7

6.0
5.2

6.8

4.3?

8.4

7.O

4.1

3.7

4.0
4.O

4.42

4.0

7.38

7.4

HQ*21 2.7

4.O
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sable 2.12 : (continued)

Sanptre !,tz
Fhi

Peak heignc* nea gqfeinent

AB
ArB

rat!o
Mealr

ArE ratio

BQ-V 2,73

BQ-rXA 2.9

OB=2'1 2,93

HQ-19 3.09

tcs-2 3,.'27

BQ-i11 3.78

KTTf-G 4,.O7'

RSS-tti 4.09

30

27

28

29

33

24

20

33

72

70

35

40

40

3s

20

59

56

4CI

to0
11.0

49

t27
L32

40

97

L06

29

78

65

8.5

5.5

5,5

7

7

5

3

7

14

18

L2

L2

10

1I

2

I
L2

8.5

L8

,L7

5.5

37

1:3

4.5

?6

22

6

18,

L4

3.5
4.9.

5.1

4.1

4.7
4

'6.7

4,.7

5.1

3.9

2.92

3.33

4.o
3.Ig

1o'o?

6.6
4.7

4.7

5.5

6.5

8.9

3.4

10.2

8.9?

3.7

4rg

4.9
4.3
4.6

5,13

4.6

3.36

5.65

4!.3

4.4

5.6

7.5

BQ-21 41,13

4.6
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Table 2.12 : (continued)

Saple 
"" Feak heigbt neaEurement A:B !{eir
phi A B ratio A:B ratio

73 15 4.9 4,8
63 13.5 4.7

K.Etv-i (R) 4.23 23 4 5.8
22 3.5 6.3
27 4'5 6.0 5-75

22 d.5 4.9

DC-8 ,4.5 2g g g.S

35 11 3.2 3.6
42 10 4,2

EQ-f 4.87 41 L2 3.4
87 2g 3.1 3.2

3.0

5.2

4.2 4.5
4.4

5.0

3.4 4.5
5.2

3.5

2.7 4.3
3..3

93 31

RSS--ii 5.18 47 s

127 30

I32 30

204
4t L2

67 13

rrQ-26 5 -4

Hq-24 5.58 33 9.5
85 32

86 26

oB-w 5.6 52 L4 3.7
L22 43 2.9 3.0
1?5 48 2.6

IIQ-2O 5.87 33 7 4.7
vg 22 3.6 3,.7

86 30 2.9
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rEbl.e 2.12 : (eeq,tinuedl

SanPle uz
pld

Peak heig&t meaErlreeent

AB
A:B

ratLo
Uean

A:B ratio

HQfrg 5:.95

EQ.vii 6.18

ug-22 6.?B

ots-13 6.39

34

43

4I
35

60

67

e3

38

82

79

44

41

42

t2

12

L5

I1
L2

tr5

18

t5

tl
23

24

9

9.5

10

9

2.9

2.87

3.?3

3.0

3.15

3.72

4.2

3.5

3,6

3.3

4.9
4.3
4.2

3.6

3.5

3.1

3.9

4.3

@-17

K_!r'ts13

KS-2

DC-8

HQ'22

1.31.?

2.4

3.21

4.5

5.29 105

L0.6

3,.9

6.7,

3,.1

2.4

10.6

3rl

2.4

3.8

6.7

r.4

6

13

3,2

5E

4A

40

43
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Table 2-13 : Relative crystallinity frcn peak widths at half peak height of
the chlorite 78 peak. The deterninations are from the less than
the 0.015 rua fraction of whole rock powders. Ttre five results
at the srd.-of the table were deterrninations frqr the <1.5 llm

fraction lKublerf s mettrod).

Sample Run
2

Mean

Value

DC-6

HQ-l7

s-3t
KTI{-I3

Hg-21

BQ-V

BQ-rxA

oB-21

HQ-19

KS-2

BQ-iii
KTT{.G

RSS-iii
BQ-21

KlI{-i
rsrc-i (R)

DC-8

Bg-i
RSS-ii

HQ-z6

HQ-24

oB-w

HQ-20

HQ-18

BQ-vii
HQ-22

oB-13

3.0*

2.5

. 2.5*.

3 .5*
3.0*.

3.5*

3 .0*

2.5

3.5*

3.5

2.5

3.5

2.5

3

3.5

2.25r,

3.0*
2.5

3

3.5

3

3

4

2.75*

3.0*

3.5

3.25*

3

3

2.5

4.5

3.5

2.5

3.5

3

3.5

4

2.5

4

3

4

3

2.5

3

2.5

3.5

4

4

3.s

4.5
3.5

4

3

2.25r.

2.5

3

3

2

3

3

3

3.5

3

3

4

2.5

4

3.5

2.5

2-5

3

3

3.5

4

3

4

3.5

3

3.5

2.9

2.67

2.63

3.53

2.88

3.13

3.13

2.8

3.5

3.5

2.67

3.8

2.67

3.67

3.3
2.38

3.0

2.5

3.17

3.5

3.5

3.5

3.8

3.25

3.17

3.5

3.25

Obtained by duplication of rr:n.
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Table 2.13 : (continued)

Sample Run
2

Mean

value

HQ-I7

r(r[ll-l3

4,5- z

DC-8

HQ-22

3

4

3.5

4.5

4.5

J

4

3.5

4.5

4.5
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Figrure 2.24 : Sharpness ratio of illite (Weaver, 1960) indicates
that metanorphic change has takerr place more com-

pletely i:r coarser grained greyracke-suite rocks. circurar points
are vaLues for whole rock povuder fractions finer than 1.5 um, trian-
gles for whole rock trnvder fractions finer than 0.015 mur.
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miru 0.0015 nm whofr rock fraction
minp 0{lt rrm whob rock fraction
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ROCK MEAiI GRAIN SIZE

Eigure 2.25 : Rer-ative crystarJ.inity (Kubrer, Lg67) of chlorite
(28 aiffraction peak) assessed by measr:ring peak

width at haLf peak heights. circular points finer than 1.5 pm.,
triangJ-es for whole rock Snvnter fractions finer than o.or.5 mn.
Increasing values indicate reduced crystallinity.

phi
mm

2
0-2t
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?'0t A

chlo?it.

10.05 I
whitr mice

t..2c I
chloritt

HQ.22

oc-t

KS-2

t(Tw-ll

HQ.I7

Figure 2.26 : X-ray diffractogram of whole rock materials finer
than 1.5 um from five lithogies asseurbled to show

contrast between peak intensity and sharpness ratio or half peak

height widths,i.e. relative mineraL abundance and crystatl.inity.
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(iii) The fineness of material to emerge after rrTema' crushing is the same

whether the crushed rock is a greyracke or argillite. Irdeed, argillites
sometimes merged noticeably more "gritty" but they tend to smear the nriLl

more than greymckes and sneared rnaterial was not included in the 5nwder

sample. Smeared material probalrly acted as a buffer minjmising metal-to-
metal contact within the nill.

2.L5 Fissilitv

Some argillites cli-splay fissility, the ability to spJ-it easily along closely
strnced parallel planes. Ttris influences the physical and chemical breakdown

of the rock and so features of fissility jn the Wellington greyhtacke-suite

rocks are reviewed below.

Ingran (1953) classified mudrocks by fissility tlpe i.e. massive, flaggy and

flaky. The Flellington argillites fit the flaky category, descrjlced as rocks

that "split along irregular surfaces parallel to bedding into lJneven flakes,
thin chips and wedge-like fragments whose length sel-dom exceeds 3 inches

(76 nnr)' and they are "predominantly grey or grey-black in colour".

From the literature,several reasons have been given for fissility in mud rocks:
fabric, organic materi-al, felsic grain content, mineral cement content, sand

and silt size particle content (Ingrarn, 1953) i overburden pressr:re applied to
newly deposited cJ.ay material and the anount of liquid and rigid water in the

clay at the tj:ne of application of pressure (O'Brien, 1963). The interface
between zones of preferentially oriented grains and organic rnaterial, inter-
faces between zones of randomly oriented grains and organic material, and

zones of preferentialJ-y oriented grains have been shown by Gipson (1955) to
provide fissile planes. More recently Blatt et aL. (L972) have clajrned that
tlpe and crystaLlinity of clay minerals is imlnrtant, fissility being favoured

by higher proportions of well crystallised clays with bonding sites on surfaces

rather than edges (lGarsberg, l-959). Spears (1976) has shown how laminations

within rmrdrocks can influence fissility and states the i:ntrnrtance of preferred

orientation of clay minerals may have been over estimated. Indeed' many

insonsistencies arise, most "controls of fissility" not bei:rg universally
applicable.
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llhe fissile argiLlites of Wellington do possess tvo featr:res that distinquish
thern frmr.the non-fissile argillites; stronger grain orientation and better:
formed more coarsely crystalline phyllosilicates.

Fissility aPpears to be independant of rock mean grain size (rngrarn, 1953),
though scnre fissile argillites have rarger phyllosilicate minerars. Fissilitv
is enhanced by weathering (Ingram, 1953), splitting more easily and producing
a flakj-er form in resultant particles ( section 2.L2; Apperutix 25).

The presence of carbonaceous (organic) materiaL in a concentrated seemingly
structureress layer (Gipson, 1965), was conducive to controrling fissile
planes but a continuity of these materials was required (IB_13A, plate 2.51.

Fissility can occur within a layer at the interface between oriented fite
grained phyllosiJ-icate ruaterials and non-oriented or SnorJ-y oriented, fe1-sic,
coarser grained materials.

A11 of the above features of fissility are consistent with general d,escrip-
tions by White (1961).

2.16 Weathering

convenient classifications of weathering variation obsenred in g'relnracke-
suite rocks have been based on a simple grading system (Raisbeck, L973;
Marshall, L974i Riddolls and Perrin, 1975), the nomencLature being shown in
Table 2.L4.

AJ'though this study was based on fresh sampres, some weathered sampres. were
examined. Microscopic study was made of incipient chemical weathering,
taken as that stage between categories 1 and 2 and often observable only by
microscopic means in category I (ralte Z.L I. This is important for
engineering considerations as it indicates the order of destruction of the
various minerars, where it is concentrated and at what rate it proceeds.

while it is convenient to differentiate between physical and chemical weath-
ering, it is improbable that either process acts alone (strnrks, 1960). Early
experiments by Barton (1916), Blackwelder (1925) and Griggs (1936) showed
the irntrnrtance of chemical weathering in physical processes. various physical
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Table 2.14 categories of greln*acke-suite rock weathering (after Marsharr,
L974), based on handspecirnen colour changes and, strength loss.

Category 1

Category 2

Category 3

Category 4

Category 5

Fresh rock: Dark grey or dark bluejrey. signs of weathering
absent, a;nrt from sl.ight surface staining al.ong open
joints and fractures.

srightly weathered: Discolouration arong joints and fractures.
Grey-brown colour penetrates less than IO rnm.

Moderatery weathered: Rock decosrposition will advanced.
Weathering aureole around blocks, fresh material at centre
of broken fragrnents. Clay materials form,especiall.y
along joint and shear planes. Rock appreciably weak_

ened by weathering - is easily shattered by hanmer blow.

Heavily weathered: Equivalent to "rotten rock" of contractors
and farmers. Colour varies from brovrn, through red_
brown and lighter yellow-brown. No fresh materiaL
remains. Rock abre to be broken by hand. An abundance
of clay minerals. Rock retains originar structures and
is strong enough to maintain a steep cut face.

conpretery weathered: Material approaches soil in character
(saprorite). crushes between fingers. origilal struc-
ture is lost and material wirl not maintai-n a steep face.
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and chendcal processes

elsewhere (Rowe, L979t

and their sequential

Appendix 25).

developments have been discussed

Factors influencing weathering of any rock were lj-sted by Strnrks (1960) as

follows:

(i) MineraL composition. Of the four main ccmponent mineral-s of grey-
wacke-suite rocks Marshall (1974) indicated chlorite to be most vulnerable,
an observation made also by Goldich (1938).

(ii) Texture. Under certain conditions,coarse grained rocks should
weather more rapidly than fine grained, rocks of the same mineral courposition.

(iii) Effects of minor structures. Minor structures in grrelmackes,and

especially in arglllites, dominate initial (and direct subseguent) weattrering
patterns once rocks are r:nconfined. Such effects as lamination (Spears, L9761,

preferred orientation (Hedbergr 1936; Ingram, 1953), recemented shears,

microcracking and veini.:ng are included in this category; any feature allow-
ing ingress of chsnical weathering agents or insreasing sr:rface area also
increases rates of chemical. weathering.

(iv) Clirnate. This is assumed to have been consistent for the Wellington
grelnvacke-suite rocks over the period of develoSrnent of a natural weathering
profile (10,000 years) .

(v) Time.

Microscopic exanination shows the associat,ion of the above factors clearly.
Minor structures, notably veining and microcracking, play the npst obvious

role and are nor^r discussed in sone detail.

2.L6.L Veining

Some veins, notably those ',1 prehnite (OB-21), allow access for weathering

agents. Bright yellow and yellow-brown to black weathering products (senri-

opaque in polarised light) were observed adjacent to vein boundaries. The

materials were fi-ne grained (about 0.00I rnn) and massed at the vein bor:ndary

in a zone about 0.03 nm wide but extended up to 0.7 rnn where colouration htas

patchy and consisted of red-brown, isotropic discontinuous blebs and
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aggregates, brown-red in refLected light. !{ithin t}re veins some shapeless

and ramifying material was obsenred as an extrenely fine layer between grains

(less than O.006 nrr) but obliquity of grain contacts increased the apparent

width observed - a problem solved only with the use of a txtiversal stage

(Glorrer , L964) .

2.L5.2 lticrocracking

l.licrocracks are here considered to be open cracks of srrch a size that on a

snooth dry rock surface they are invisible to the naked eye (less than

O.OO4 run wide). On wetting, such cracks beccrne visibLe (in argillaceous

rocks) as a relatively vretter, or darker linear feature, the width of which

may vary visibly by application of hand pressures. Due to coarser texture'

microcracks in grelnackes nury be wider than those in argillite and still be

invisible to the naked eye. In any case they are mueh fewer and less persis-

tent. They are more linear in greyvrackes than argilJ.ites, with loca1 aber-

ations due to textural considerations. Grains of quartz and feldspar are

skirted rather than broken, the path of the crack often incJ-uding the long

axes of chlorite grains, rrith less than 0.0OI nun displacernent across the

crack. Red-bro$rn to black isotropic lirnonite may accr:mulate in cracks with

the onset of weathering.

2.I5.3 Lamination, Preferred orientation, recemented shears

Quartz veins in grelmackes of the thin-bedded lithofacies and argillites may

be relatively sinuous (ptyguratic). Associated with these are ubiquitous

microcrush or shear zones, evident as linear concentrations of foliated matrix

and highly coruninuted fabric minerals to O.l2 nun' Calcite, prehnite, zeolite

or authigenic albite are not associated with these features. Shear zones are

up to 0.35 mm wide but are often not obvious other than at low magnification,

so sr:btle are the changes in matrix orientation and grain size reduction.

Generally colour value is increased in these zones, often b1ack, with grails

about O.OO5 rmr in size. White mica is occasionally associated with both

veins and shear zones.

The microcrush zones are here termed recenented shears, implying small size,

physical continuity of the rock across them,and cormtinution. They are very

cotrulon in argillites and,in these rocks,are almost undetectable with the naked

eye (OB-12) .

weathering of
They formulate conditions which nlay promote trnrting and,/or

the rocks (RSS-i).
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ramiflations, preferred orientation and recemented shears are aII minor
structures, constituting a linear plane of weakness. porous organic matter
with associated chlorite and pyrite is concentrated, along laminations. pre_
ferred orientation arranges chlorite so that weathering may extend along
cleavage planes which are oriented end-to-end. Laninations originate from
successive differences in grain size of detrital grains in confined thin
(0'015 to 2'2 run) rayers, planar concentrations of carbonaceous material,
detrital (and authigenic) pltite and,/or detrital heavies; they may be dis-
rupted by biotr:rbation (Plate 2.6). carbonaceous materiar may occupy rarge
areas parallel to bedding.

The effects of texture are less than those of minor structures, but are still
important' rn coarse grained rocks the weatheri-::g of one constituent may
have a proportionally larger effect than the weathering of the same constituent
in a finer grained rock. This is true for in situ chenicar weathering of
*irfilqfnisrsyrrocke'eFirto. t'EcSs'bbt af*er {HFnli,trgt,!.gr Bfgebtg,r.o.FinEno{r,L. ".otl,atsf'eltrTtllig $1r-ttpsrgg-11:ryhtrg$Tllgi3t.s"e$,raqkd:_Fbf,#:,r,,
rocks shows argillite to be less resistant on the sea coast or where chemical
weathering is advanced. coarse grained grelrwackes (chipwackes) displayed
the contrast well (see plate 2.2). In newly exposed fresh outcrops, however,
chemicar weathering is suppressed in argilrites and enhanced in the grey-
wackes, i'e' the coarser grained rocks. vertical or steeply dipping beds and

Apart frcrn chlorite, only plnrite shows active signs of chemical alteration
in the earliest stages of chemical weatherinq. Limonite and haematite are
alteration products of pyrite, weat.hering rims (Iimonitic) extending into the
matrix as a concentric diffusion. other weathering changes in the rock
include the staining of plagioclase twi-n lamallae by iron rich arteration
products, obtained from the degradation of intergranurar chlorite and pyrite.
The lormer and white nicas aid penetration, by allowing ingress along
cleavage planes which, in strongly oriented rocks, are almost linearly inter-
connected' The matrix of sedirnentary rock fragnnents may assune a yellow-
brown coLour. Mineralogy controls the extent of weathering from crack
borrndaries. rntergranular bound,aries (which are more prolific in finer rocks),
cleavage planes and grain shattering play distributary ro1es. An assunption
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5'5 mm

Plate 2.5 : Biotrrrbation may disrupt fissility lamination in
argillaceous rocks by attenuating sedi-mentary

laminations. some benefit may result for engineering purposes.
Shown is a sample (18-6) of argillite (rock mean grain size
0. 016 nrn) showing cracking in rock'cdrcunnavigati:rgt a bl-otgrbation
structure (centre right) which destroys laminations (upper left),
in this case controlling fissility. lrhe photcrnicrograph sho,,m(in
plane light) did not have the crack pattern 'lnanufactured' dr:ring
thin section prod,uction.
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that chlorite and white mica would behave similarly proved erroneous. ltica
schist rock fragments adjacent to an alteration zone showed no sign of
staining but chlorite, in any form, including that in sedjmentary rock frag-
ments, was affected.

2.I7 Geochemistry

Greln'rackes as a rock type are very homogeneous chemj-cally throughout the
world despite large differences in age (pettijohn et aL. Lg72), i.e. they are
rich in A1203, Feo + Fe203, Mgo and r0a2o - as may be seen in Table 2.15.

l'lost authors regard the alkali ratio Na2o:K2o as being higtrly significant in
the classification and interpretation of sedi-srentation of grelmackes
(Middleton, 1960; pettijohn, 1963; Crook, Lg74). The alkali content is of
particular importance to this study as Reed (1"957) and Saneshima (1977) both
show rocks regarded as greyrackes to have l.Ia2o:Kro ratios greater than r:nity
and argillites less than unity. Reed (1966) used alkali contents to clas_
sify rock-tlPes from agtgregates that degraded on a motor\'ray project. He
showed (Reed, 1966, L967) that alkali ratios for the failed aggregate were
greater than r:nity and contended that this was due to secondary "albitisation,'.
The failed aggregates were lnrtially weathered and were in the mean grain size
range 0'06 to 0-005 nur. Most photomicrogrraphs (Reed, 1966) indicate many of
the rock types to be argillites on the textural trnraneters of this study and
tests recently performed (Rowe, f979).

The airt of this section is to present further chemical data on the Wellington
rocks and to reLate this to the petrography (section 2.6). Thirty samples of
various lithofacies, representing the textural range apparent in the
wellington grelnwacke-suite rocks, were analysed for major and trace elernents.
The major elgnent analyses are listed in Table 2.L6.

2.L7.I l.tajor elements

Rocks were prep€rred by crushing for one minute in a "Tema" milr. x-ray
fluorescence (xRr) analyses were performed on glass fusion discs following the
preparation and^ correction procedures given by l{orrish and Huttcn (1969).

Analyses \^tere carried out on Siemens SRS-I Snectrorneter at Victoria University
by the late Mr F. Shafer.
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Greywacke (cretaceous?), olynpic Mowrtains, washington, nea; solduc, B. grunn, analygt (pettijohn,
I957b, p. 306).

Average of analyses for 19 werlirgton grel&racke-suite rocks in nearr grain si.ae range 1.25 to 4.5 Fhi.
Average of analyses for eight werlingrton grreyracke-strite locks in aean glain size range 5.5g to 6.3g phl.
Cmpale K witlr H.

E.

r.

K.

L.



Tatle 2.16 New major eLement analyses (percent) of the Wellington greywacke-euite
rocks. IOI = loss cn ignition. * Analysed by B. Roser.
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rnitiallg rnultiple analyses fron each sample \dere averaged but the degree of
correLation proved this r.:nnecessary as did the conSnrison with check discs
prepared by Mr B. Roser- l'Iorris (1979) also found excellent agreeurent with
major elernents in subsequentanalyses. Ioss',nignitionr.asd,etermined.blz heating in
excesso'f qregram of sample powder at lroo6oc for one hour. Feo was deter-
nined by, at least duplicate, wet chenical analyses (Shapiro and Brannock,
1956) and attenpts made to establish co2 by a quick chemical method arso by
these authors, but for snal1 quantities of co, (less than 0.4 percent) the
accuracy is unreliable and precision is very p,oor (Roser pers. conm.). Major
element comSnsition of the Wellington grelruacke-suite (Table 2.LG) shows
strong affiliation to mineralogic modes. The grelnrrackes r€rnge in Sio2 con-
tent from 66 to 71 percent, have a Na2o:K2o ratio greater than r:nity, A12o3
between 13 and 16 percent and less than 3 percent cao. Argirlites, by
contrast, contain appreciably less sio2r the rda2o:K2o ratio is less than L
and A12O, significantly greater (17.7 to 18.g percent).
argillites is appreciabty higher.

Loss on igmition for

Higher phyllosilicate content in the argillites is indicated by higher
potassirn and alunina content together with higher losses on ignition, the
ratter due to ccunbined water, organic nntter and plnrite contents. Rocks
with rower felsic modes give rower sodir-un and silica values.

These trends were noted by McKean (197O and litathan (Lg76) and are consistent
with other analyses of Wellington greywacke_suite rocks (Reed, I95Z). The
ACF diagran (Figrure 2-27, compares analyses of this study with those of Reed
(1957) and Pettijohn (1963) - The diagrram shows good agreernent of data and
indicates a clear distinction between greylTackes and argillites. The trend
toward the c (molar cao) portion of the diagram is protracted because of
three samples, HQ-I7, Be-i and Be-iii; He_17 having significant nrodal
laumontite, the others calcite.

Figiure 2.28 shows an inverse relationship between silica and alumina
contents in grelnnckes and argillites, governed by felsie and phyllosilicate
modes respectively. From section 2.13, it is the gradr:al transition of these
modes, in response to textural considerations, that determines whether a rock is
"grrelnracke" or "argillite". The abr:ndance of Sio2 in sanCstones and, Al2o3
in shales is an indication of mineralogic matr:rity of these rocks (pettijohn,
L957) and when plotted, the inverse relationship is apSnrent (Figure 2-2g).
When compared with Kawachi (L974) and Nathan (1976), it appears that these
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trend.s are best displayed where nineralogical diversity is snal-l. Further
means of indj.cating the transition frcrn grelmackes to argillites may be seen

by plotting a Na2O:K2O diagram (Figure 2.291. The inverse relationship indi-
cates that a l:1 ratio may setrErate the rocks. This nas a means by which

Reed (f957) displayed the defective albitised argillite aggregates. rt is
noteworthy that most grelni{ackes of the Wellington area plot in this field with
"albitised" argillites.

Greln'rackes show relatively constant values of K2O (2 Eo 3.5 percent), the
range of total- arkaLis (Na2o + K2o) being due to the trend of Na2o. From

Figr:re 2.30, relating major elementchemistryto rock rnean grain size, the slight
rise in l{arO content in grelrwackes with nean grain sizes between 2.4 and

3.8 phi (0.19 and 0.07 ncr), provides a larger scatter in the range of total
alkalis of greln*ackes - 5.4 to 6.9 percent. Argillites have total alkali
contents in the r€rnge 6.2 to 6.6 percent. The potassiun content of grelmackes

reflects the stability of the natrix mode through their range. Sodiun is
enriched due to slightly higher feldspar and volcanic rock fragrment modes in
the fine and very fine sand size ranges of the greln'rackes (2.0 to 4.0 phi).

FeO:Fe2Ot ratios of the lfellington grel&racke-suite rocks confirmed a lack of
weathering in any of the rocks analysed.

2.1,1 .Z Trace Elements

AII trace element work was r:ndertaken by Mr B. Roser using pressed rock

lnwler mounts analysed, by )fRF.. Anong elements analysed, were Cu, Ni, Zn, Y,

Cr, U, Th and Nb. Tttace element data are sununarised in Figure 2.3L. With

a few exceptions trace eleurents show Slositive correlation with phi unit values
and inverse relationship with SiOr. This is because Sio2 decreases with
finer mean grain size of rocks and phyllosilicates (low in Sio, and of snall
particle size) absorb alkali metals of increasing atomic nunber preferentially.
Hej-er and Adams (1964) note that most marine clays are enriched in K, Rb and

Cs with respect to sea water. Strontiun shows an inverse trend with phi
units (positive with silica) due to the metamorphic rock fragments apparent
in coarser grained. grelnrirackes. Zr occurs in greater concentrations in rocks
of the ce.rse silt size range (4 to 5 phi). This is due to zircon having a
preferred grain size range in natural sedirnents. These heavy minerals,
together with opaque heavy minerals, help provide the laminations commonly seen

in greln*ackes of this grain size r€rnge.
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f'or more comprehensive discussions on trace element data see Roser (in prep. )

or Rowe and Roser (in prep.).

Geochemistry of the grel iracke-suite rocks is controlled by mineral modes

which, for these rocks, depend on mean grain size. From the cheurical data it
appears that there are at least for:r main oxides, and loss on ignJ.tion (LOI),

that may be useful for distingruishing greywacke from argillite (Figrure 2.30).
However, the distinction can be made only from fresh rock analyses as hydro-

thermal effects and weathering will alter parent rock chemistry.

The trend in silica is somewhat scattered but maintains a mean value (69.1

percent) with mean grain sj-ze to about 5 phi (0.031 mm) where, fron a value of
70.5 percentrit drops to a mean of 59.4 percent in rocks finer than this size.
The alwtina trend is less scattered and maintains a very slight increase

through the grelruackes, again to approximately 5 phi where a jrnp of about

4 percent occurs. Sodir.ur describes a trend, gently convex upr.ards, with
mean grain size to a maximum in the fine and very fine sand sized greluackes,

becoming more and more steeply decending after 5 phi. Potassir-ur and LOI

figrures follow simj-Iar trends,renaining relatively constant to about 5 phi
then rising gently some 2 percent.

Loss of ignrition is lowest in the fine and very fine sand sizes.

I: the very coarse greywackes (chiprm.ckes) a drop in SiO, and NarO is due to
the presence of argillaceous rock fragments but Na2O still exceeds K2O due to
the relatively large grains of sodic feldspar and relative trnucity of nicaceous

minerals elsewhere in these rocks.

From section 2.I3, the concLusion of petrogrraphic data, and the findings of
Ro$re (1979), argillite is defined as thAt rock material in the Wellington grey-

wacke-suite rocks with a mean grain size finer than 5 phi (0.031 ran). The

geochemical data strongly support this: the Na2O:KrO ratio reversing at
5 phi, the drastic reduction of SiO2 and rise of Af2o3 at the same point and

LOf jndicating more combined water apparent in rocks finer than 5 phi.

Although there is good correLation between sedirnentology, petrography, geo-

chemistry and service records in the Wellington grelnracke-suite rocks, this
may not hold for other parts of New Zealand as alteration,which could change
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ch€mistry narkedry,may have nisleading effects. For example,the Auckland
greywacke-suite rocks used to produce aggregate which failecl in service (Reed,
1966, L967) were described as albitised argillites and,,,plotted,, in terms of
alkali ratios, night reasonably have been expected to behave as grelnrackes.
rn fact the rocks were often incipientry weathered and were of a mean graia
size finer than the 5 phi (0.031 umr) criterion which this study suggests is
more reliabre' crearly, a single chemical parameter is not sufficient to
ascertain rock catrnbilities for engineer5-ng purposes.

chemical conposition of sedimentary rocks is a function not only of grain size,
but also provenance, degree of indurationr/metanorphj-sm and other posFdeposi_
tional changes besides weathering (pettijohn, 1963). The Wellington grey_
wacke-suite grelnrackes show rnore chemicar diversity than the argillites due to
a greater range in texture, differing cements,and, greater ranges of mineral
alteration.

Probably the main reason for argj-llite homog:enity is the lack of rock fraq_
ments and fresh feldspar.

Because of the observed chemicar changes with texture, chemical differentia-
tion nay be expected within one greyhracke bed due to vertical texturar
change' This and lithofacic differences make it extremely difficult to
obtain a single reriable chemical analysis - an average - for werlington
grelnrracke-suite rocks. As vitar as any other factor is the ntuuxer in which
samples are collected.

The data expresses the range of
within the suite but to use it
the suite would be no more than
from textural considerations of
within the suite.

chernical variability likely to be encountered
in an attempt to average a1l,or even Snrt,of
speculation,without a weighting factor derived
constituent rocks and relative abundance

Methods used in mapping Wellington grel^{acke_suite rocks (Brodie, 1953; Grant_
Taylor et aL., I974i Stevens , Lg76) have been too rudimentary to provide such
a factor but'should burk chenrj-cal assessnent be deemed necessary,current work
by o. Williaurs (New Zealand, Geological Survey) arrl relevant portions of this
study may provide a suitable basis.
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CHAPTER THREE

COOPERS LAW:

ALL machines a?e amplifiens

Physical properties of wellington grelnuacke-suite rocks

Results from the previous chapter indicate
rocks have the following features:

that the Wellington grelnracke-suite

(i) They comprise two dissimilar rock types; grelnrracke and argillite,
with a rrlck mean grain size of 5 phi (0.031 nun) clearly differentiating the
two. A:giLlites are those rocks with a mean grain size finer than 5 phi.

(ii) :;relntackes and argillites have separate and distinctj-ve mineralogies
and chemistries which are d,irectry re]-ated to the division based on size.

(iii) There is
either grelnacke

no

or
significant difference in mineralogy or chemistry in
argillite between lithofacies.

The most useful means L-' which the Wellington grelrwacke_suite rocks rnay be
characterised is their mean grain size. rn this chapter, therefore, physical
properties will be examined with respect to each other and to rock mean
grain size.

Probabry the most difficult task in assembling data was sampling, trnrticularly
where rock cores krere required, made very ti:ne consuning by consi.derations of
hono'geneity, weathering, orientation and representation of in siht rock.
variat'ion in handspecimen samples is readily observed frcrn density and com-
pressional wave velocity (ultrasonic velocity) data.

The physical trnra.neters described and quantified in this chapter are those
that may link fundamental geological properties with those of concrete made
from derived aggregates.
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Tests and/or properties, e.g. placticity, wtrich may be important to other
rock uses were not examined in this study which is confined to aggiregrate
source rocks.

unless specifically stated,no in situ intormation has been inclucled and such
tests as pemealrility, moisture movement and uniaxial canpression strengths
have been carried out on as hmrogeneous a piece of rock material as could be
found (coherent rocks, Friedman, l96G).

3.1 Rock colour

The irntrnrtance of colour in establishing both rock type and d.egree of weather-
ing has long been acknowledged (Speden, L}TL). In geological and quarrylng
pursuits the colour of fresh wellington grelmacke-suite rocks range fron very
light grey (Io) to bLack (Nr), with modes,at mediun grey (N5) and greyish
black (N2) ' very crudely delineating grelnuracke frcm argillite. CoLour is
imparted to the rocks by their mineral ccrnponents, most important of which
are felsic rninerals, rock fragrnents (especially sedimentary rock fragments),
matrix and organic matter. The irnportance of phyllosilicates increases with
diminishing mean grain size to overshadow the felsic content. Colour value
(density) is enhanced by greater internal surface area so tSat even very
felsic rocks may, if of smarr mean graln size, appear quite dark. Because
nuiaeralogy is related to grain size it follows, apart fror the anomaly just
outlined, that finer grained rocks are d,arker in colour. Veining tend,s to
lighten the overall colour in the field, or:nin siLu toek as vein mineraLs
such as zeoLites, calcite and quartz are white.

when wetted, all rocks exaruined assumed higher colour values, hrt finer rocks
have greater colour retention.

Classification by fresh rock colour is therefore possible bqt only where
large colour contrasts exist and it is not quantitative. Rocks with sirnilar
colour values may vary geotogical]-y and/or in their physical properties.

A classification of weathering of greywacke-suite rocks has been established
for werrington (Raisebeck, 1973) and Auckland (Marsharl, Lg74). Both rely
on colour differences for distingruishing lightly weathered rocks (Table 2.L4).
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3.2 Rock hardness

This is a most ccmplex property. In general, hardness implies resls-
tance to defo:mation. Richards (I95I) defines technological hard,ness as

"the resistance of a material to pe:manent defotmation of its surface".

$lhen netals are deformed or indented the defor:uration is predcurinantly otttside

the elastic range and often involves considerable plastic or pelmanent defor-
nation. Howerrer, in dynamic hardness measurenent, ttre elastic properties

may be as important as ttre plastic properties. In all types of hardness,

the pro5rerties of strength and elasticity are i.nvolved to soe degree. The

hardest roqks ccmprise those having hard minerals embedded in a tough* matrix
or cenent (Shepherd, 1951). Hardness depends on the type of binding forces

between atcnrs and molecules and i-ncreases with the nagnitude of these forces;
it is closely related to the yield str.ength of the material.

Hardness was gauged in this study bV the relative ability to t ithstand scrat-
ching by a specified stylus when applied to the rock surface under specified

load conditj.ons (Appendix 9) . The test nethod adopted was that bf h,STl{ C851-76

(1975, discontjnued 1978) used to identify the guantity of soft Particles
j5 coarse aggregates, particularly those so poorly bonded that rock grains

are easily detached. The test which is easy, quick, repeatable and provides

ccnrparative results was used on !{ellirtgton grrelnracke-suite rocks with a meEln

grain size range between 1.25 and 6.39 phi (0.42 and 0.012 rur) and estab-

lished those rocks with a mean grain size finer than 5.5 phi (0.022 m) as

being soft. Hence for engineering purposes, aqgregate use 5nrticularly,
argillites should be considered soft roclcs.

The hardness of rock is due to a srsnation of many trErameters' brt nainJ-y

mineralogy, fabric and textrrre. Frour Chapter ltrro, both mineralogy and

fabric are related to texture. The minerals mainly resPonsible for ttt" iefi.Hdij.
degree of hardness in the grepracke-suite rocks are chlorite (H = 2.0 to

2.5 Mohs scale) and white mica (H = 2.0 to 2.5) and perhaps organic matter t:ut

to a lesser extent in grelnuackes. Chlorite and white mica increase with

diminishing mean grain size and organic matter occurs i-n greater concentra-

tion in argillites.

toughness: the resistance of aggregate to failure by impact (Neville' f975) '
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3.3 Rock integrity

The physical integrity of an outcrop is furportant to the study of rocks for
use as engineering material, as it effects the urajor problerns of quarrying,

slope stability, winning methods, processing methods and economics.

The factors of rock integrity inSnrtant to any extractive industry or engin-

eerfurg use ilclude the following:

(i) Surface discontinuities - faults, bedding planes, shears, slicken-
sides, foliation, joints, veins (their orientation, develotrxnent, state of
satr:ration and contribution Eo in sif,r,r permeabil-ity).

(ii) Contrasts in shear and tensile strength between the discontinuities
and the rock material within which they occur.

The relationships between regional- geological structural trends and foldinqr,

faulting and jointing are, as yet, unstudied (a basis for study could possi-

bly come frcnr guidelines set out by Harding, L9741. Certain effects of
lithological control of faulting and jointing can be seen from a study of
lithofacies. The lengths, widths and surface areas of discontinuities are

difficult to interpret genetically but their abundance is probably the most

furportant, and most easily qr:antified paraneter.

The abundance of discontj-nuities, apart frcnr bedding planes, veins and folia-
tion, i.e. fractures generalJ-yr:

(i) lncreases in the vicinity of major faults and areas of high strain.

(ii) Increases with decreasing bedding thickness.

(iii) Is greater in brittle (conpetent) rocks rather than in ductile or

Iess brittle (incompetent) rocks which tend to shear and squeeze.

(iv) Increases near the surface of the outcrop and in regions of high

relief.

In Wellington rocks, faults, joints and the like far outweigh other discon-

I tinuities. Furthermore, the LensiJ-e strength between discontinuity faces is
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very low, since the surfaces are systematic, mooth, planar and continuous,

without being "keyed" by large irregularities (Plate 3.1). The abundance of
rock discontinuities is, therefore, of trnramount important to the guarry

industry and to engineering (tururelling, base rock foundations for large

structures etc.), as it directly influences slope stability, per:neability,

the abitity of rock to be weathered, strength of the rock mass and the sus-

ceptibility of structures to earthquake damage. Ox a more specific scale

it influences the number of discontinuities likely to be encountered in indi-
vidual aggregate trnrticles, which has been shown to be of significance
(Cornwell, 1966; Marshall, L974).

Relative atundance of rock mass discontinuities may be ascertajned in several

ways:

(i) By discontinuity sSncing (Deere, L964; Terzaghi, 1965; Watkins,

L97Oi a good surunErry is provided by Roberts, L977).

(ii) By enpressing a total length of discontinuities (veins) exposed in a

measured area of prepared rock surface (Marshall, L974).

(iii) By comparing the uLtrasonic velocity of the rock mass with the ultra-
sonic velocity of a piece of intact rock material from the rock mass (Deere

et aL., 1969)

A11 three methods were used in this study but method (ii) was discontinued

after correlation with method (i) was for:nd to be poor and tttat it, was time

consuning for data yield. ProbLerns associated with the method were outlined

by the Geological Society Engineering Group Working Party (L977).

3.3.I Quantitative assessnent of dj-scontinuities

A method for suantitative descrj-ption of rock mass and its classification
was derreloped by Deere (1964) . The classification index, called rock quality

designation (RQD), was based on analysis of recovered corei it has since been

used on exposed rock faces. Pieces of core exceeding 100 nnr in lengthElre ex-

pr?-csed as a total length ard divided Lry the depth frcnr wlrich the total core las rrecoved. This

fraction o<pressed. as a PercentacP is 619 RP for the rcckmass. The selection of

lOO nm as the unit for reckoning or discarding the core in the determination
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plate 3.1 ! A large bedding plane slickenside exposed in Kiwi

Point lJuarry, l€lauranga Gorge' The qr:arry face

is established parallel to strike. The surface shown is
approximately 6 ut high.
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of RQD has no justification except experience. Some modifications to the

method have been made to obtain correlation between RQD and other trnraneters
(Deere, et aL., 1959).

Priest and Hudson (L976) found good correlation (within 5 percent) between RQD

and joint frequency per metre.

Rock quality designation is a subjective obsenration because it is based on

the nunber of discontinuities which are visible in in situ rock. Discontin-

uities include faults, shears, joints, veins, foliation, slickensides and

bedding planes. These are not always discernable in the field as details
are invariably lost due to dj-rt. The Geological Society Engineering Group

Working Party (L977) affirmed RQD as a subjective technique and recournended

a minimum of 200 readinqs per locality over continuous distances of 30 m or

more. Where practicable these criteria were met for Figure 3.1. Raw data

is presented irr Appendix 1J..

Spacings of discontinuiti-es were taken along a traverse using a tape measure

stretched across the outcrop perpendicular to bedding.

Individual beds within the traverse r,vere assessed and additional data gained

by shorter linear traverses within beds, measured parallel to bedding.

Expressing discontinuity sSncing by RQD provided little resolution, especially
jn the thick-bedded lithofacies, so frequency histogr;lms vtere plotted for each

bed (Figure 3.2) .

Several trends, related to Lithofacies, descrilced in section 2.1 are apparent.

Results indicate a trend frcm the sandstone lithofacies throuqh thick-bedded to

thethin-bedded lithofacies of increasing numbers of closer spaced discon-

tinuities, i..e. the sandstone lithofacies is more cornpetent than the thick-
bedded lithofacies which is more competent than the thin-bedded lithofacies
for any given tocality. For a particular lithofacies the grelmacke beds

are more competent than their compleurentary argillite beds (Figure 3.2).

Between localities, however, the same lithofacies may alter discontinuity

characteristics, so that an argillite of the thick-bedded lithofacies at one

locality (away frcrn faulted areas) rnay have fewer discontinuities visible
in situ than a greyvracke of the sandstone lithofacies at another locality
near faulting.
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3.3.2 Ultrasonic velocitY

The propagation of waves in rocks is dependent u;nn rock type, mineraloqy'

texture, density, ;nrosity, stress, moistr:re content and temperature. It is

related to the dynamic eLastic modulus of the rock by the expression:

where

The measurement

range of sanple

properties.

(ii)

(iii)

-V=
f,=

v=
p=

ultrasonic velocitY
dlmarnic elastic modulus - or for compact rocks, a value close

to the static elastic modulus, especially at low stress

Levels.

Poissonrs ratio.
rock density

is precise, easy to undertake' nay be performed on a wide

sizes, and provides an assessnent of roek integrity and static

The ultrasonic (compressional wave) velocity of Wellington 9re1^^tacke-suite

rocks \{as meas'ured in three dif f erent ways:

(i) Field measurements on in sittt rocks of differing Lithofacies to better

understand the effects of discontinuities in the rock mass.

Itandspecimens in the laboratory, to isolate differences in J-ithology'

Rock cores prep.rred in the laboratory.

(i) In situ testing:
FieLd ultrasonic velocity measurements were taken with a Geochrone manufac-

tr:red by the Thiokol- Chenrical Corporation, Bristol, Pennsylvania' U'S'A'

The instrunent has been described and its performance discussed by

Zachariadis (1966).
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lhree traverses over 21.3 m, 15.2 n and 30.5 m (7O, 50 arrd 100 feet) in the

sandstone, thick and thin-bediled lithofacies respectively were e:<anrined (see

Map 7, Appendix 1).

fn si.t1,t rock ultrasonic velocities are dependant on nany parameters which may

cause fluctuation at any given locality, water content and the degree of
openness of joints both having very rnarked effects. To ensure stability of
test conditions, measurenent was caried out on a shore platfor:ur above high

water mark,within a 4 hour perj-od after a long dry spell with the following
results:

Sandstone

Iithofacies

2438 rn.s-1
(8ooo tt.s-r)

Thick-bedded

Iithofacies

2514 rn.s-l
(s250 rt.s-1)

Thin-bedded

lithofacies

2629 n.s-l
(8625 rt.s-1)

The least jointed sardstone lithofacies has a marginally lower ultrasonic
velocity than the generalJ-y closely joilted thin-bedded Lithofacies even

though grelvacke cores have consistently higher velocities than argillities
cores (Appenlix 10). This is probably due to the open nature of jointing
in greyracke which generally allows free draining whereas, discontinuities
induced by stress in the thin-bedded lithofacies, although more prolific,
are closed, causing water retention.

The results indicate that even when comtrrared to the liberal allowances made

for bulldozer performance (Fig,r:re 3.3), grelnracke-suite rocks generally will
require blasting and at best will be difficult to rip.

As already mentioned, joi-nts are probably the most proJ.ific form of discon-

tinuity existing in the Well-ington grey!.racke-suite rocks and a transition to
shears and faults is apSrarent. In most areas joints are planar and syste-

matic in paralleL sets. Several systems may be superposed. Their frequency

and attitude to bedding, d.iscussed by Stevens (1974), is related to the

proximity of faulting.

@en joints minerally infilled, generally with calcite but sometirnes zeolite,
may be confused with veins, particularly near the joint.
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(ii) Laboratory testing:

Laboratory measuretnents lvere made using the PUNDIT (portable ultrasonic non-

destructive digital indicating tester). Laboratory measurements using the

PIjIIDIT showed the same shortcomings experienced by New (1976) and a wide

scatter of results frcrr handspecirnen samples is aptrnrent (Figure 3.4,

Appendix 10). Samples were pretrEred with 3 pairsof parallel faces for
authogonal velocity studies to assess their deqree of anisotropism both

saturated and oven dried.

Cores used for uniaxial, ccrnpression tests (section 3.5) were measured for
ultrasonic velocity in two conditions; soaked in water (at 2OtIoC) for a

minimr.un period of 30 days and at equilibrirsn with an environnent of 50 percent

R.H. at 2Ol1 
oC. 

PUI{DIT readings \rrere taken using 15 nrn diameter transducers

and a frequency of 2OO kH" (least lateral dimension approxirnately 25 run).

Results are srtrEnarised in Table 3.1 and shown in complete forn in Appendix 10.

The results (rock core data) indicate that there is a reduction of elasticity
in rocks of finer mean grain size when satr:rated but that ultrasonic velocity
is constant for different moisture contents of rocks in the 4 to 5 ph5- mean

grain size range. From handspecimen data (Appendix 1O) anisotropism increa-

ses with decreasing grain size which is consistent with findings of preferred

orientation (Appendix 7) and ultrasonic velocity is higher parallel to sheet

layerinq in the phyllosilicates (Boguslavskiy, 1975).

Attempts have been made to use ultrasonic velocity as a guide to establishing
rock suitability for various engineering purposes, e.g. De Puy (1965) - He

provides a general classification of "poortt, "fair" and ttgood" quality rock

as being rock with an ultrasonic velocity of less than 4572 m.s-1, 4572 to
5182 rn.s-l 

"nd 
gteater than 5182 *.=-1 respectively.

From Figure 3.4 the inconsisterrcies arising from handspeci:nen data are very

marked and generally show reduced ultrasonic velocity values comlnred with

rock core data. A trend of reduced ultrasonic velocity is apparent with
reduced rock mean grain size. In the coa.rse grained grelmackes (chitrx^'ackes)

zeolitisation has a pronounced effect in redr:cing ultrasonic velocities,
especially where the mineral occurs as a vein transecting the signal Path.

Homogenous, fl-awless samples (rock cores) show that the moisture content of

the rock is relatively r:ni.urportant except in the case of argillites mentioned
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above. A11 values frqn grelnracke rock cores indicate this rock type to be

of "good" quality (de Puy, 1965), with one exception, KS-2, wttich is rela-
tively porous because of the presence of organic material.

3.4 Density and effective porosity

Density and effective porosity values were determined in the laboratory, in
conjunction with ultrasonic velocity measurements, on handspecimens and

cored rock samples prep,ared for r:niaxial compression testing (section 3.5).
Ihis was done as a potential for further classification of grelnvacke-suite

rocks and to gain insight of their mechanical behaviour.

3.4.1 Density

Density determinations were undertaken using the method of Hatherton and

Leotrnrd (1964) although in some cases handspecimen sample weights did not

conform to the 100 - I50 gn guideliaes of that paper.

To remove organic debris and loose naterial all samples were scn:bbed thor-
oughly before testing. As constant temperature conditions were not avail-
ablermeasurements were confined to a fixed time on consecutive days during a

period of stable weather. Temperature variation at the tirne of measurement

was not great. Duplicate determinations were frequently made (Appendix 10).

Rock core mean density values are shown in Table 3.1.

Sqne densityr/trnrosity rnethods require a standard sample expressed by weight,

by surface area to voh-une ratio, or by surface preparation (aSn'l C97-47i

Hatherton and Leopard, 1954) . However, because of the relatively large hand-

specimens measured and the 1ow values of effective ;rcrosity, the density
measurements are considered accurate. The cored samples, though staller,
have a constant geometry and were measured under controlled conditions and

results are agai:r considered accurate *20 kg.*-3.

When plotted as histoqrams (Appendix 10) the results of handspecirnens show

a bimodal distribution for particle d.ensity. The scatter aPtrErent in the

dry and wet d.ensity histograms Erre attributable to micro-cracking, esPecially

in the argillites and in greln^rackes which are fine grained and,/or laninated

or extensively veined by zeolite. fncipient weathering of some samples also

gives anornolous values but bimodality may be seen in all density tyPes.

.' l(_
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Fron Appendix 10, the particle densities reflect a change in mineralogy between

modes, and this relati-onship is also evident frqn a plot of trnrticLe clensity

againstmean grain size (Figr:re 3.5). With snaller mean grain sizes there is

an obvious increase J-n lnrticle density due to a higher proportion of chlorite
(s.g. = 2.6 to 2.9), white micas (s.g. = 2.76 to 3.1) and heavy accessory

minerals, e.g. plnrite, sphene, etc. (s.g. = 3.5 to 5.0) with a redrrction in

the protrnrtion of guartz and fel-dspar (s.g. 2.5? to 2.55). Ttre densities

corresponding to a mean particle size of 5 phi, however, cannot be used with

confidence to differentiate grelnr,rackes frcnn argillites (Figrrres 3.6, 3.7)

because of the scatter in the data.

3.4.2 Effective porosity

porosity is expressed, as either total or effective porosity' TotaL porosity

is a measure of the total trnre vohne including pores which may be sealed off'
as well as those connected with the surface of the test specirnen. It may be

expressed:
vc

Total trnrositY = P, = 100 (1 - 
- 

)

where V" is grain voh:me and V" is total or bulk voltmte of rock. !"lore

usrrally grain density (O^) is substituted for grain volune, and bulk density

(DB) for bulk vohmre:

o"
Pr =loo(r--)

Effective p,orosity (PE), also known as apparent porosity or nett porosity'

excludes sealed off or non-coilImunicating Pores. Pore volUnes, V", which are

interconnected and, cormn:nicate with the surface of the test specimen are

measured and expressed as a percentage of V":
vp

Pn = l0O

B

CLark (1966) discusses how the method of determining porosity may affect the

values obtained.
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In this study, oven dried (constant weight at 105!5"C) samples were weighed,

i.rrmersed in ctistitled water under vacuun (737 mm = 29 jnches of mercr:ry) for a

rninimpm period of 18 hours then reweighed, firstly in water then in ai-r, in a

saturated sr:rface dry (SSo) condition (NzS 3111 tL974, Neville, 1975) to give

both density and effective lnrosity data.

Vacuun was reLeased 15 minutes before wet weighing so that air Pressure could

aid water penetration. Such an elaborate procedr:re was deerned necessary as

low effective trnrosity was expected.

Core sanple dry weight was measured at equilibriun after 5 weeks in an environ-

ment of 50 percent R.H. at 20!1oC and wet weight at equilibrir,un after 5 weeks

in distilled water at 2Otloc. Weighing was carried out in the fomer envir-

onment.

Results of handspecirnen measurements may be for:rrd in Appendix 10. Results

from rock cores are presented in Appendix l0 and are surnarised in Table

3. r.

T,he reduction of all strength properties of rocks with increasing porosity

is well established; Lama and Vutukuri (1978) give a good nodern sutnary of

red,uctions in rock compressive and tensile strengths, ultrasonic velocity
and density.

Handspecimen trnrosity data and to a lesser degree core data' are very

scattered. Figure 3.8 provides an jndication of how trnrosity increases

with reduced mean grain size - consistent with interpretation of ultrasonic

velocity investigation.

In grelnrackes,porosity values are lower in handspecjmen sanples than in rock

cores, in spite of vacurm assistance, probably as a direct result of the

lower surface area to volune ratios of the former. For argilJ-ites the

reverse is true, this being due to bandspecirnens having many fine fractr:res

which open with wetting (Appendix 25) to hold relatively large volunes of

vrater. Saruples which contain organic matter, zeolite, large argillaceous

rock fragments and,/or elre strongly laminated, generally show relatively high

porosity values.

Increased porosity with reduced mean grain size does not reflect the usual
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reduction in density as with other rock tlpes (Larna and Vutukuri, 1978) as

density also increases with reduced mean grain size. The reason for this is
that argillites are composed of relatively heavy minerals, mainly phyllosili-
cates, which possess large d-spacings. If mineral modes remained constant

with reduced mean grain size and metamorphic effects remained constant

throughout the r€uxge of mean grain size, then an inverse relationship between

porosity and density could be expected.

3.5 Uniaxial compressive strengths and static elastic modulus

Uniaxial compressive strengith and static elastic modulus are two of the most

fgndamental and informative parameters of rock materials. Both tests offer
a means of engineering classification (Appendix L6).

The elastic modulus of a concrete aggrregate particle influences many Proper-

ties of the concrete of which it is part, i.e. flexr:ral strength and the

modul-us of the concrete. Determination of strength aids in determining the

types and applications of concrete, as inadeqr:ate strength of aggregate is a

factor in limiting concrete strength even when the aggregate itself is strong

enough to resist premature fractr:re.

3.5.1 Uniaxial compressive strength

The r:niaxial cmpressive strength of rock is relatively easy to determine

but requires meticulous pretrnration of many samples to give meaningful results-

Sample prelnration procedures are given in Appendix 12.

Compressive strength of concrete aggreqate is an important consideration irt

concrete mix design because the strength of a concrete can never exceed that
of the strongest predominant aggregate particles and the required strength of

aggregate is generally considerablyhiaf'rerthan the normal range of concrete

strengths. This is because the actual stresses at the points of contact of

individual particles within the concrete may be far in excess of the nominal

compress.i.ve stress applied. Aggregate strengths are difficult to measure

directly, and indirect test methods are usr:alIy used - point load tests,
impact tests, crushing of br:lk aggregate samples, crushing of geometrically

prepared specimens and crushing of cast concrete specimens made with the

agqregate in question. In this section results are presented from the
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crushing (uniaxiat conpression) of geometricalty prepared grelnr.racke-suite

rock specimens.

The results (Irable 3.2) show that mean dry compressive strengths are high

(245 lqpa, all rocks), even for argillaceous samples. l'lean wet and dry

argillite strengths (140 MPa and 196 MPa respectivel,y), are lower than those

for grelmacke (187 l.lPa and 258 MPa), although sone argillites are as strong

as grrelnrackes for loads applied perpendieular to beilding. The scatter of

mean values, for both wet and dry strengths of al1 rocks are about the same,

the mean standard deviation being 58 MPa and 53 MPa respectively. The

average difference between $tet and dry nean strength is 45.7 MPa, with, in

one case only (SJ-T), a wet strength higher than the corresponding ctry

strength. Ttre ratio of the mean \'ret to itry strength of argillites and

grreyrrackes are comparable, 0.7I and 0.72 respectively.

The ratio of wet to dry strength is often stated to be an i:rdication of

rock softening (Michalopoulos and Triandafilidis , L9761 i the higher the

ratio, the lower the softening effect and the better the durability expectancy.

But as argillites have been esta.blished as soft rocks (section 3.2) dynanic

elastic modulus frcrn ultrasonic velocity measurenents (section 3.3.2) nay

provide a means of predicting durability quality.

The effect of water saturation, from a dr:rability stand pointr is more clear-

ly seen from ultrasonic vetocity measurements. Although wet and dry strength

conparisons are useful, they are not iroportant as a measurement of hardness

for greyracke-suite rocks. Strength loss of a rock from water saturation is

6ue to induced positive pore pressures (Voung, L974\ and reduced bond

strengths, especially in grelmackes, as their behaviour is sirnilar to that

described in "undrained" tests (Paterson, 1978). For the argiltites, reduced

bondstrengthisprobablythemostimportantfactor(ColbackandWiid,]-965).

Differences in mean compressive strength of cores (BQ-IXA and HQ-22) prelnred

and left at room tsoperature (18 to 23o'C) for approximately Ig months, com-

pared r,{ith those preparecl and tested after 2 months (I month being at 2OtloC,

50 percent R.H.), are interesting (Appendix 13)-

In this example the strength gain over 18 months averaged 29 MPa for BQ-IXA

and 5I MPa for Hg-22 but core height to diameter ratio (h:d) of H$-22 was

1-5 rather than 2. winl<Ier (1973) sugqests that higher stre$gth of 'blder"
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Table 3.2 3 sunmary of uniaxial compressive

ratios of 2, full data aPPear in
strengrths of rock cores with h:d

ASpendi.x 13.

SanpIe Mean grain
siae, phi.

Moisture
con,ilition

Standard
deviation,
MPa

Coefficient
of variatiorL
percent

Nunber of Mean
sarrples Strengrth'
tested MPa

HQ-17 1.3 dry

SJ-3I 1.3 ilry

KM-I4 2.6 clry

BQ-v 2.7 dry

BQ-I)A 2.9 dry

f ag-rxe 2.e dry
I

I core samples stored
I at rom temperature
| 18 rnonths before
Itesting.

KS-2 3.3 dry

(1ry

dry

dry

dry

rgler-i 4.3

sJ-T 4.7

oB-w 5.6

HQ-22 6.3

9
wet

3
wet

4
wet

I
wet

4
wet

25.6
32.L

22.2
4L.7

23.5
40.4

t9.7

2L.7
L5.7

53.3
2r.0

25.2
l_82 33.7

42.3
278 4.2

36.5
259 24.O

34. 3
195 23.6

30.6
86 48.1

11.5
16.6

9.5
28.O

9.0
15.9

7.5

8.3
8.0

18.3
a.2

10.4
18.5

L3.1
1.5

L4.4
9.3

14. O

L2.L

20.8
55.9

wet

wet

wet

194

L49

239

196

257

I

6

7

7

3

wet

wet

9

6

7

3

b

6

22L

234

260

263

262

29L

243

324

254

245

L47

9

2

2

tt

2
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cores is due to water of various affinities gradully being lost with ti-me.

Stone nasons often refer to this water as "quarry sap" (Hillsr 1963); its
loss increases durability but decreases workability (Appendix 25).

Results from uniaxial compressive strength tests suffer from high variability
regrardless of care in sample prelnration and test execution. This is due to

platen restraint and the presence of weakness planes in the rock which gen-

erally have less effect with decreased specimen size yielding a higher rock

strength. ltris nay be seen in Appendix 13 by comtrnring results frmt cores

with h:d ratios of 1.5 and 2. Resul-ts of core r:niaxial compression tests

are difficr:lt to relate to strength tests applied to the rock when crushed

as an aggregate, mainly because of factors of geometry, but the test is stilL
a means of ccrntrnring different parent lithologies.

A table from Neville (1975) is reproduced in part (Table 3.3A) to show the

relative reproducibi}ities of different strength assessing tests commonly

performed on aggregfates.

The nunber of core sampl-e tests required to establish means at various confi-
dence levels has been calculated based on this study (Table 3.38).

Results from uniaxial compressive strength testing show that mean rock strengtit

of Wellington greyracke-suite rocks is related to mean grain size (Figure 3.9)

with both ends of the textural range having relatively lower strength.
Change of state from dry to wet displaces the strength cunre to a lower rralue.

Brace (f961) explained the lower compressive strength of quartzite, basalt,
dolornite and limestone with increased maxjmr:rn qrain diameter, in terms of
Griffith crack theory. This was confirmed by tests on a nr:mber of specimens

of different textures but cut from a cortrnon block (SJ-3I); the strength of

the coarser specimens was lower without exception (appendix 13). Por the

grelntackes generally, an increase in drlz and (particularly) wet strength with

finer mean grrain sizes is apparent to 5 phi (0.031 nrn). A comprehensive

discussion on brittle rock faiture and Griffith theory is presented by

Paterson (1978).

The lower strength of the argillaceous materials, in contrast to the gener-

ally observed trend that fine grained rocks withstand higher stresses

(Paterson, Lg78) r may be attributed to the plastic nature of the bulk of

their mineral grains - phyllosilicates. These are softer and weaker than

the felsic milerals that predominate in coarser grelmacke-suite rocks.
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Table 3.3(A) : Reproduc5.bility of strengrth test results on aggrregate. After

Neville (1975).

Test
Nrnber of sanples to be tested
to ensute 0.9 ProbabiJ.itY that
nean wilL be -Coefficient

of vari-ation
percent wittrin within

t3 percent tJ.O Percent
of true mean of true mean

ItntrEct of preSnred specinen

Inpact of bulk aggrregate

Aggreqtate crushing strengrth

Aqrgregate crushing value

Ios AngeJ-es test

17.1

3.0
14.3

L.8

L.6

90

50

I
1

I

6

[able 3.3 (B)

Nrnber of gireywacke-suite rock core sanpJ-es regr:-ired to estimate a nean

uniaxial- compressive strength (MPa) by a confidence Ievel, within a prescribed

confidence region.

DRY WET

: Reproducibilitfz
results on rock

of r:niaxial ccmpressive strength test
cores frcn this studY:

+Difference
from rrean

(!!Pa)

I
5

10

20

50

Statistics

uniaxial cosrP. strength uniaxial comP. strength
95r 99t

5100 11800

206 470

51 L20

13 30

25

95r

3940

158

39

10

2

99t

9000

361

90

23

4

by T. Aldridge, Applieil l4attrs. Division, DSIR.
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Figure 3.9 : Rock core uniaxial compressive strength related to

rockmeangrainsize.Grelmacke-suiterockswith
mean grain sizes finer than 5 phi (argillites) ilisplay reduced

strengths eompared to grelnrackes lthich have increased strength with

reduced mean grain size. Wet strengths are generally Lower than

dry strengths.
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There rcry even be a trend within the argillites of increasing strength ltith
increasing mean grain size for reasons of crystallinity. Ttris argunent is
supported by strength tests on tr^to argillites (Table 3.2).

ft is important to recogmise that at-thorryh the argillites have similar
strengths to the grelmackes tested, load was applied il a direction perpen-

dicular to bedding. The strength of argillites where load is applied
parallel to bedcling would probably be reduced by approximately 10 percent due

to fissility (section 2.f5).

3.5.2 Static elastic modulus

Ttre static elastic mod,ulus (Youngrs modulus, compression modulus' modulus

of elasticity or modulus of deformation) was established for each lithology
tested in r.niaxial compression.

This gnrameter is rarely determined for aggregate material but is important'

as it is di-rectly related to the elastic mcdulus of concrete although other

factors are involved. The elastic modulus of aggregate also affects the

magmitude of creep and shrinkage that can be realised by the concrete.
Aggregate of low elastic modu.Lus can be valuable in preserving the dr.rrability
of concrete subject to voLr.une changes. Lo\,rer stresses arise in concrete

made with compressiJole aggregates when changes in temperature or moistr:re

conditions may otherwise cause cracking of cement paste about rigid aggre-

gate particles.

Stress-strain relationships were established, for each of three cores from

each lithologry both vrater satr:rated (2OtloC) and dry 2OtIoC, 50 percent R.H.),

by using wire resistance strain gauges (Appendix 14).

One cycle of load to failure, during which the rocks behaved as linear elastic
solids, produced stress-strain curves (Figure 3.L0) used to obtain the static
elastic modulus of three stress revels (Table 3.4). These shcmr interesting
relationships with other physical parameters.

The initial tangent nodulus (ni) - defined in Appendix 15 - of a saturated

sample is influenced by predeformation stresses from a preli:ninary expulsion

of water, e.g. from between platen and sample. The tangent elastic modulus
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MICROSTRAIN, x103

MICROSTRAIN, xt03

Figrure 3.10 : Stress-stsain curves of OB-W argillite (5.6 phi,
mean grain size), provide a typical contrast of

wet and dry testing. curve nunbers indicate core sample nunbers
which, with other curves, may be for:nd detailed in Appendix 13.
N.B. Strain a:(es not iilentical scales.
Static elastic modulus figr:res are:

Ei
Et
Es

lI.B. 1000 microstrain = 1 mm.m-l.

Dry

63.9 GPa
51.6 GPa
48.1 GPa

wet

55.5 GPa
37.1 GPa

38.3 GPa
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TabLe 3.4 I Srmuary of static elastie nroduli from rock cores. Full, data
' appear fur Appendirc 1,5.

Saqrle R.rek
mean
gra,irl
sizer
phi

Me4n initial
tangent ooelu!.us
(E1) 

"oea

dr1' wet

I4ean tangent
no&.rlus at, 5O
percent ultinate
stress (Eg),GFa

dry

Mean secant
rcdulus to
ulti'nate stre'ss
(tss) r GPa

ilry wet

HQ-l7

SJ-3

K[!r-14

BFV

BQ-lXA

KS-2

srw-i
9f-T
Oa-W

H9--22

r.3
I.3
2.6

2.7
2.9

3.3
4.2

4.7
5.6

5.3

69.5

73.5

77,4

67.L

74.7

1[8.4

77.7

94.O

63.9

68.3

74.O

85.8

8g.g

81.5

46.1

62.0

59.1

55.5

14.0

66-6

73.7

82.6

53. O

68.3

56.3

64.3

72.7

51.5;

68.4

6s.I
57 "5
6s.3

64.4

48.3

59.5

65.2

37.1,

11.2

67.2

73.4

80-6

64.3

54.4

51.7

63,3

10-2

48.1
60,9

5'o.3

4'1.7

5g -g

66.5

51..7

50.2

61.0

38.3

ro.9
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at 50 percent ultimate stress (Et) is reduced by satr:ration as is the secant

modulus at ultjmate stress (8") I though reduction is not r:niform.

Deere and !{iller (1966) comtrnred static and dlmamic properties of rocks and

concludd that their nagnitudes are equal for comtrnct rocks at Low stresses,

although at high stress levels the dlmanic properties are greater than static
properties by about 10 to 20 percent. Siurilar findings were pr:blished by

Ide (1936) .

The PUNDIT tests on cores were

eratures and presslE€€) and the

elastic modtrlus, E (comparable

relationship:

r:ndertaken at low stress levels (normal temP-

ultrasonic velocity is related to the dlmamic

with the static elastic nodulus, Ef by the

(1 +v)(1 -2u)E =pv2.
(1 -v)

where v = ultrasonic velocity
g = dynamic elastic moduluS - or for compact rocks, a value close

the static elastic modulus, especially at lot{ stress levels.
v = Poisson's ratio.
p = rock density

The greatest influence on ultrasonic velocity will be E, since wet and dry

densities of grelnrackes or argillites differ only slightly (Table 3.I). A

reduction in value of E vrill lower the ultrasonic velocity as observed in

the argillites (Appendix 10).

3.5.3 Rock strength and ultrasonic velocity relationships

It was hoped that ultrasonic velocity may provide means of evaluating rock

strength. Hcrrever, correlation between rock strengths and ultrasonic

velocity is poor, mailly because of the jnherent variability of strength test

results (Tabl-e 3 .38) .

It is interesting to note a tendency for dry rocks to be better resolved by

ultrasonic velocity and wet rocks by compression testing (Figr.:re 3.11)-

to
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3.5.4 Static elastic modulus and rock texture relationships

The main contrast between Figrures 3.12 and 3.13 is the tendency for dry rock
static elastic moduli to remain linearly related to mean grain size whereas

in wet rocks the relationship becomes rapidly more inverse with mean grain
size f iner than 5 phi. ModuLi correlation i-nrproves frorn E, throuSh Ea

to E" in dry rock but rernains poor in wet rock. Et provides the best
correlation irt grelnnckes. Ttre moduLi spread appears greater jl coarser

rocks.

Correlation disparity is explained by Belikov (1967) "the elastic ;nrameters
of rocks are a function of the elastic eonstants of the@rstituentminerals,
but the former are generally J-ower than the latter because of the rock poro-

sity which weakens the bonding between the mineral grains". He also deter-
mined elastic constants for some of the main rock for:nring minerals.

The felsic minerals, guartz and alkali feldspars, are nore elastic than phyl-
losilicates and, if compared with the mineralogy of the rocks (section 2.7),
the elastic modulus may be e:<pected to be reduced in finer grained greln*acke-

suite aggregates. Sorne coarse grained grelnmckes (chipwackes) contain Large

clasts of argillaceous material (sedimentary rock fragrnents, section 2.L2)

and it is these that produce the levellilg effect in the curve in Figure 3.13.

3.6 Degradation

An inlnrtant engineering characteristic of any aggregate material is stability
when stockpiled, i.e. physical and chemical properties should not change to an

extent where the material no longer meets specification.

These changes (collectively termed degradation when the process is deleterious)

and the rate at which they take p1ace, are especially imlnrtant where an aggre-

gate is to be exposed to weathering in service, e.g. as exposed aggregate in a

concrete ;nnel, railway ballast, road sr:rfacing chip, rip-rap or filter
blanket.
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3.5.1 nA -urethod for assessj.ag degradation in New Zealand grey-

wackesor a FaPeE presented, aL the New Zealand roading
slzluPosiun t 7-979 -

SoRe ggeywacke-suite rocks do 'degrade and this papelr and in€ornation else-

where (Atrpurdlx 23,, 24,, 25) are inclqiled siRce relevant quantitative d'afa 1s a*-

sc,arcet



A ITETHOD FOR ASSESSII{G DEGRADATION IN
NE}I ZAAIAND GREYI{ACKES.

G.H. Rowe, First New Zealand Concrete Reeearch Association Research Fellow

A taboratot, r"ffi detenrining the
degradation potentlal of New Zealand
grelruacke-suite rocks has been developed
to degrade rock aggregate in an
accelerated and quantitative manner.

The test gives a Rock Stability value,
here defined as the percent weight Loss
after t0 flays treatnent in l0 Percent
HCI at 80-C under standard condicions.
The percent weight loss results from the
solution of chlorite, and to lesser
extents calcite and zeolite. and is a
function not only of the proportions of
these minerals but also of the degree of
veining, fracturing and intergranular
permeability.

The laboratory apparatus for perfotming
the test is si.nple to construct and
operate and reguires minirnal operator
attentioni it nay be used to test
aggregate chlpe or prepared rock saroples.

I. INTRODUCTION

over the last 15 years there has been
much concern expressed over thendegradation" of aggregates (Bucklandt
I957i C1elland, L967i Cornwell, l-955;
Dekker and Scottr 1969; Kear, 1965; Kear
and Hunt, 1969i Reed, 1965, 1965, L967t
Skinner, 1970; watters, 1959), part-
icularly "wacke"-type aggregates (Kear,
1965; Reed, 1966), whilst stockpiled or
otherwise exposed to weathering. This
paper presenls a new test developed to
provide a means of better forecasting
rock behaviour during storage and use as
aggregate.

2. THE DEGRADATION PROCESS

Degradation is here regarded as che
detrimental physico-chemical alteration
(weathering) of rock. 'The two.maj.n
factors influencing thls alteration are
mineral composition and texture (grain
size). Throughout New zealand tbe main
mineral components of the greywacke-
suite rocks are quartz, sodic plagio-
clase, white micas and chlorite, wi.th a
lexture range from gravel to silt size.

Marshall (1974) has shown that chlorite
is the first of the four main rninerals
to be eliminated duri.ng weathering, the
dominant processes being oxidation and
hydration. Chloritic materials are
cottutton in greywacke-suite rocks, ranging
from ? percent to 90 percent (Rowe, ln

Research Fellow
Geology Departnent, Victorj.a University
of Wellington.

prep.). It was therefore concluded that
the loss of chlorite rdas a critical
factor in the degradaEion of aggregate.
Degradation should also be influenced by
the eflects of inherent fabric structures,
microcracks, preferred orientation etc.
and the effects of elastic relief and
desication rock experiences during
guarrylng before being subjected to heat-
inglcooling and wetting,/drying cycles of
natural neathering.

3. TEST PRINCIPLE AND ASSUI'IPTIONS

It rdas aEsumed that chlorite le the
first connpn mineral to be destroyed by
weathering and that therefore an
indication of rock Performance could be
gained by measuring the loss of chloritic
-omponents. The method adopted follows
that of Carroll (1970), utilising a l0
percent concentration gf Hydrochloric
lcid (by volune) ae 80"c, and relates
percent weight loss to rock etability.

The weight loss, due largelY to the
solution of chlorite is a function not
only of the proportion of chlorite in the
aample but also to the degree of veining,
fracturing and intergranular penteability.

PrelLninary tests r.rere on small chips
of greyn'racke-suite rocks in open beakers-
Drarnatic changes occurred after only six
days; the finer grained, more chlorite
rich rocks were physically dlsrupted by
crystalJ-ising iron compounds as the acid
solution dried. Flaws, invlsible prior
to testing, r.tere enhanced and disruption
duplicated degradation effects observed
in the fi-eld. Colour changes, too, rtere
consistent with those seen in naturally
degrading rock being leached to a lighter
vaiuer accompanied by concentrations of
iron oxide giving yellort, yellow-brown
and light red-brown surfaces and margins.
Pieces able to be pulled apart in the
fingers after testing often displayed a.
mineral coatlng on the parted planes whlch
possessed a bJ.ue-grey rnetallic sheen.
The coating is pyrolusite (Mno2) r
chlorite having manganese occurring
within its crystal lattice (B. Roser,
pers. colun.; G. Bird, pere. comm.i Deer
et al., 1971) .

Degraded rock material fron these
tests was generally one to six milli-
metres in size, equidimensional with
sharp, flaky form. A type of exfoliation
procesa was seen in samples Postsesslng
strong preferred orientation' a phenomena
more apparent with decreasing mean gra.J'n
size. samples all assuned a lighter
colour after testing, with an increase in
grcrosity and loss in weight. X-raY

r Rock - colour chart; Geo1. Soc. Anerica
1970.
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diffractometry confirmed chlorite has been
removed from samples along with zeolite
(laumontite) and calcite apparen! in sorne
samples.

4. DEVELOP},IENT OF TEST APPARATUS

Following encouraging preliminary tests
an apparatus was designed a0d buiJ-t
(Fig. 1), essentially an lnsulated wooden
box with a heat source to one side (a 50
watt light bulb serving as a pilot and
illuminating light). A partition divided
the box to give slight heat gradignt
both horizontally and vertically so that
convection tubes (fig. l), which
contained the sample were held perpen-
dicular to the partition and allowed the
acid solution placed within the tube to
slowly circulate. After inclusion of
the sample and the acid, the top was
sealed with acid resisting plastic fi1m,
heat resisting plastic film and a
rubber bung.

5. DEVELOPMENT OF TEST PROCEDURE

Time taken tc reach the test temperature
did not exceed one percent of the total
testing time so that the temperature rise
had little significant effect on samples.
Nunerous trials of using different sample
loadings and heat source vrattages were
used to establish an optimwn test
situation in which the apparatus maint-
ained a temperature of gi't loc^witfi
ampient temperatures between 16"C and
22-C.

A small sample of Vuw standard chlorite,
L96/L/L (b), was tested over L0 days to
establish a maximum percent weight loss
for chlorite and to ensure that the volume
of acid used in the test was sufficient
to prevent it being exhausted by the
reactj-on. The percent weight loss of the
chlori.te standard was 60.7 percent. The
sample after testing lras a soft skeletal,
porous mass with a pearly lustre: the
"talc" layers of mainly Si and Al.
Chernical analyses (Deer et al., I971) of
chlorites indicate ttrat mEioT oxides other
than SiO, and AlrO. i.e. MnO, FerO
FeO, MgOzand H.rOf Sum to an aver5gS'of
approxi$ately 50 percent.

Samples were cut to give an approximate
weight of 18 9f,amp and dried to constant
weight at 105 : 3-C, cooled in a
dessicator and weighed to four decimal
places before being tested.

Relative performance between samples
was guantified by establishing a percent
weight Loss.

Two trials, one using an argillite
(mean grain size 5.28 phi = 0.013 mrn) and
the other a greywacke (mean grain size
2.9 phi = 0.13 mm) established that the
precision of the test method at 10 days
of testing to be : 2.4 percent weight
Ioss and - 0.8 percent weight loss
respectively (fi.g 2') . The trials also
showed the trend of percent weight loss
with t,ime to be linear after four days of
testing. Argillite lost more weight over
any given intserval of time than greywacke
and its rate of weight loss is therefore

higher at any time but especially the
first four days of testing.
Plate l. Showing the Rock stability

apparatus in operation. Note
the wire stland' to hold
convection tubes in an uprJ.ght
position. Insulation is prcrided
by 12 rnm polystyrene plastic
covered with aLurninium foil.

Surface area,/volume ratios of samples
were assumed to have a significant effect
on tese resul.ts, the larger this ratio the
higher the expected percent weight loss.
Trials were made with similar specimen
shapes of differing dimensions so that
weights differed. Weights and test
results are shown i.n Table I.

Samples cut after testing showed that
leaching had occurred to a depth related
to the manner j.n which the sample was
prepared as well as rock type. There was
a slight leaching to form a halo beneath
a slickensided surface; the leaching halo
being deeper beneath the surface for a
naturally fractured surface than a sawn
surface for any given rock type. The
depth of }eaching did not exceed four
mj.Ilimetres for most samples. Destruction
of chlorite, i.e. halo penetration, did
not proceed to the centre of the sample
unl.ess it was extremeLy flaky or small.
Visible and invisible fractures (micro-
cracks), iron oxides, the occurrences of
calcite, laumontite and chlorite'
especially along foli.ation planes,
yielded higher percent weight losses.

It vras apparent that though there may
be changes i.n tie Rock Stability value
for different size aqsreqates due to
differences in surfa66 aiea,/volune

ROWE
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ASSESSING DEGRADATION IN NEW ZEAIAND GREYI{ACKES

Fiqure I
Rock Stability apparatus

shown in vertical and
horizontal section to give
basic dimensions and
illustrate relative
poeitions of internal
fittings. A naxirnum of six
convection tubes were used.
c.f. Pl,ate l. Dimensions
in millimettes.

350

Horizontal

Convection

tube outlines

125
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Flqure 2

Precision and vartabtlity of, the Rock
Stabillty aplraratus was egtabllehed
by trlale using a grelmacke and
argilllte sanple. Priqision at 10 '
daye is given by error bars, the
range of sl.x sanplee. Percent
weight loss between day { and day
12 nay be represented by a stlaight
Iine for any particular rock type.
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ASSESSING DEGRADAIION IN NEW ZEAIAIID GREWTACKES

Table I
The effects of eurface area go volume

ratio are lndicated by uslng sanples of
different weight for a sirniJ.ar geo-
metrical shape. Argillites show a
tendency torrards higher percent weight
logs In heavier samples. Greymackes ehow
highest percent welght loss with the
lightest sample; scatter within the
sa^nples lndicateg surface area:volume
ratio of earuplea of given weight
relatively uninportant.

Oven dry aample
weight before
teeting (grm)

GREYWACKE BQ.IXa

{5.0954

Rock Stabillty Value

between l0 and 25 gn but averaging 18 -
19 gn. Conunercially available aggregate!
were tested by selecting six pebbles
typical of a 25 - 20 run grading and
meeting the overall criteria of dimensicng
and weight mentioned above.

^Samples were dried in an oven (I05 I
3"C) untll they reached constant weight
(slx hours ninimun), cooled in a vacuum
desiccator and welghed (to four deelmal
places), before being sealed in the
Lonvection tubes with l0 Percent $Cl^and
oubjected to a temperature of 83 : 3-C in
the apparatus for four days. They were
then removed from their acid solutions,
ringed overnight in slowly circulating
tap water to leach all acid and soluble
reaction products, dried, weighed then
returned to their respective tubes (and
acid) and tested for a further eight days.

The percentage weight losses at four
and 12 days was calculated for each
sanple:

4t .984 0

36.4027
34 .6257
33. ll53
29.5689
24.3285

ARGII.LITE HQ.22

50.8953
3?.4426
31.4076
25 .97 24

22.9726
19.0884
l8 .9195

4.2
4.2
5.r
4.9
5.5
4.9
5.5

mean 4.9

1r .5
t1 .4
L6.2
15 .0
14 .l
13 .7
12.3

mean 13.5

uo**
,o x loot where %TffT:in;I"

**-3I"1.3It"::t?l'
days respeclively

ratios tlere waa no significant effect
for sanpleg ln the weight range 18-50 9m(Table I), which corresponds to the slze
range 19-25 rm.

Samples are subjected to phyeico-chenlal
degradation in the sane ltay ae natural
weathering agencies. The test therefore
indlsates the vulnerability of rock
partlcles to degradatlon.

In quarrled aggregatee lrreguJ.aritleg
in groes surface texture and ehape nay
increaee percent weight lossee.

6. ROUTINE RESE.ARCH METHOD USED

Approxinately 120 greywacke-eulte rock
types, nostly from l{elIIngton, have been
tested ln the following manner3

Representative eamples were cut from
large hand-specinens to measure approx-
imately 25 - 30 mn x 12 mm x 12 nm with
flat, coarse ground sldee and weighing

The average percent loss per day. for
each aample nas calculated over the period
between day four and daY 12 i.e. the
gradient of a ettaight llne joining the
four and 12 day Percent wei'ght losses on
a percent weight loes versus tine graph:

9f, ^-w,Lz q - t weight loea per day.
8

The phyelcal condition of the speclnens
before and after testing were recorded.

7. RESULTS

Figure 3 sumnrarLseg the resulta
obtained (baged on approxirnately I20
eanples), which are clearly separated
lnto trp grouPs by a well defined band
(hachured in ttre flgure) in which few
samples plotted.
?.1 Geological factore inf,Iuencing regultr

Signtficantly weathered rock tended to
have-hlgh perc-nt weight loss rates, initjallyT
due to higher por^osity, permeability and
concentra€ions- of susLeptible iron in
readlly rnobile forros (samples lB 17,
LB 22i fig 3). other samples (DC-IAI{,
KTI{-i11, wcC-23e) are lamj.nated sand and
silt sized rocks with lncreased effective
porositiee due to flssility developed
iarallel to bedding and high preferred
6rientatlon, encouraging permeability
parallel to bedding. concentratlone of
6rganic material in finer laminatj.ona
atio increaeea poroslty and permeablllty.

Fresh eamples with high weight Percent
Iosses (HO-22) are suscePtible to
treatment due to microcracking givlng
increased surface area. The cracks
(lese than 0.004 mrn wide) had not been
detected with the naked eYe before
testlng.
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ROT{E

Fiqure 3 The relative effects of microcracking, Iarnination, weathering, zeolitee and
organrc matter content of rocke subjected to the Rock Stability test.
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ASSESSING DEGRADMION IN NET{ ZEAIAND GREYVIACKES

7.2 Rock Stabilitv
From figure 3 the range of percent

weight loss values eeparating rocks with
low and hj.gh weight losses increages with
tirne. For a laboratory test to be used
routinely in aesessing aggregates only one
determination of weight percent loss,
rather than t\do, undertaken at four and
12 days, is desLrabLe. A 10 day test waa
considered definitive, resolution of
results beins consistent with acceptable
testing tlne - the Accelerated Weatherlng
test (Clelland, 1967) takes a similar
length of ti8e.

Weight percent loss of a rock sanple
at 10 days is ttrerefore defined as tlte
Rock Stabllity value (RSV).

As may be expected there la a positive,
scattered correlation between RSV and
the percentage sua of chlorite components
of rocks (Fig. 4) established by modal
analysis of tlre sample rocks in thin
section. Percentage sum of chloritic
componenta (chlorite) waE taken as tlre gr'ur
of the percentage of sedimentary rock
fragrments, basic volcanic rock fragirnents
and detrital and authigeni,c chlorite
with grain eizes larger than 5.65 phi
(0.02mn) and Batrix - material with a
grain size less than 5.65 phi (0.02mn).
X-ray diffractometry estinates of
chlorite percentage reveaLs a simllar
trend with RSV.

There is also a positive non-linear
scattered correlatlon between dirnlnishlng
mean grain size of samples and RSV, due
to an increase ln chloritic material,
preferred orientation, organic matter,
and microcracking whLch accompanies
reduced mean grain size. A si.rnilar trend
is seen for chlorite and mean grain
size (Figs 5 and 6).
. Results from tests of four conmercially
available greywacke aggrogates, where
RSV ie an average from six aggregate
particles, are shown in Table 2 with
corresponding Ios Angeles abrasion, I0
percent fines and Accelerated l{eat}rering
test results.
8. DISCUSSION

Results indicate that a sample with a
RSV exceeding 8 percent can be expected
to degrade. This delineation is supported
by field evidence, physical testing and
petrography. Exceptions arj.se in
weathered materials which have a high
RSV for particular mean grain sizes and
reduced percent rdeight loes rates per
duy; these materials are usually yellow-
brown in colour, have lower densities
and give poor performances in normal
aggregate tests.

Coarser grained greywacke-suite rocks
often have argillite fragments included
in tieir clastic components i.e.
sedimentary rock fragments. These
frag:rneirts md! range'in size from-2 urm to'

400 nm or more but are conmonly in the
range 5 nm to 50 nm. These rocks have
a rather hlgher RSV than may be expected
from their nean grain size but it is the
large fragments of included argillite
which reverse the trend of fig. 5. If
these rocks are crushed to yield
aggregate then portions of the rock with
claets exceeding, say, 15 nn nay well
have excesoive argillite particles and
therefore a higher chance of degradation.

Crughed aggregates give a higher RSV
than aggregates from river sources,
generally, because of increased eurface
area induced by irregular surfaces,
crushing, etc. Natural degradation le
also gomewhat enhanced by such effects
of manufacture and the test may be
considered as having a "built-in"
nechanism to assess incipient mechanical
weakness lnduced by manufacture.

The results of nost existing test
methods are valid only at the time of
test and give little indication of
performance expectancy over the working
life of the aggregate. Some teats have
their results "irnproved" by paranetere
such as partlcle morphology e.g. the
Los Angeles test gives "poorer' resultg
lf aggregates are angular rather than
rounded, finer graded rather than
coarger (orchard, 1954). The l0 percent
fines test tends to have an "improved"
result if the aggregate particles are
equidimensional. rather than flakey,
rounded rather than irregular. Not
surprisingly, these two tests show
good correlation (Shipway, 1954). A
comparison may be seen in Table 2 of
two very different rock types
juxtaposed in a !{ellington qluarry.

From Table 2 the fresh argillite
glvea the impreseion of being as
'good" as the greywacke, and at the
tj.me of testing ic nay well have been,
the Rock Stability value however gives
a better idea of what may be expected
from ttle argillite. The other teats
rpuld have to be repeated with time
on tJle same sample to yield sinilar
infonnation.

The wetting and drying, heating and
cooling of the Accelerated Weathering
tests (Clelland, I967) is given a
secondary role in the Rock Stability
test. The importance of cbemical
effects in rock decay was indj.cated well
by Griggs (f936) and unpublished
research by the author suggests cheni.cal
effects nay be more important than
physical changes in degradation of
aggregates below a certain maxirnum
screen size.

A2-Z



Ficure 4 A scattered, poaitive correlation between Roch Stabtltty valuc andr cblorite Perc€nt exigts. Saqller labslled dqnrt lrou tbc tr.td
due to influencer of organle n tt€r, laulnatlonr calcttG or zcoltts
Ln greatcr than normal conientrationr.
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ASSESSIIIG DECN,ADATION IN NEI{ ZTAIAND GRETWACKES

plgure 5 Rock StabJ,ltty value is enhanced witlr emaller mean grain slzes in
grelmaeke-sui-te rocks due to the increase Ln chlorite componenta
ln these rocks. The coaraest greywacke-suite rockg also ehow
increaelng Rock Stabillty values due to a relatlve increase in eize
and nrrnrber of chlorite beartng rock fragmenta.

.3Q-l

. DC-!An

. xTw-c

. HQ-20

ul

J
'HO-22

a

F
J
E8
Fo

-6o
o
G

I

0.5

2

0.25

3

0.t25
a

0.625

GRAIN SIZE

t2-9

6 phi
o.0156 mm

5

0.o31

ROCK !,!EAN



Flqure 6 Grelmacke-sulte rocks
mean grain size. The
to degradation.
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Table 2.

ASSESSIIIG DEGRADATION IN NEI{ ZEAIAND GREYI{ACKES

A comparison between dlfferent aggregate performances for various
egtabll,ehed tests and the Rock Stabllity t€st. (Baeed on data
eupplled by the N.Z. Concrete ReEearch Aaaociation Laboratories).

Aggregate type
Ips

Angeles
test

I0 percent
finee
tsst

Accelerated
Weathering

test
Rock

StrblLity
value

Freeh arglllite
(degrades wlthln
tlEee nontlrg of
inltial exgnsure)

t{elllngton

Freeh grelnracke
(adjacent to
arglllite tested
above)

Welllngton

13r

19r

29 tona

29 tong

AB

BB

11.9r

6.rr

Comnercially
available
rounded greywacke,
Christchurch

Comnercially
available
crushed
rounded greln acke,
Chrlgtchurch

12r

l2r

{3 tons

36 tons

AA

AA

5.{r

5.5r

Conunerelally
available
crushed greywacke,
Whangarei;
containe plastic
claye.

trtl 23 tone AB 9 .8r

Cornnerctally
available
rounded grelwacke,
Christchurch

6I tona 7.21

9. COST OF THE TEST

The main items of equipnent necessary
for perforning the Rock Stability test
are nornally found in well eguipped
laboratorles i.e. drying oven,
dessicator, and balance (welght to tuo
decfunal placea would be adeguatc for
routine work). Conatruction of the Rock
Stability apparatus is well sithln the
capabllity of technician etaff at a cost
of the order of $N2200,

Time involved for a routine work ie
l0 days of testing with perhape an extla
working day reguired for dry!.ng, leachingr
weighing, etc. Trro litree of aeid
solution le adeguate for 20 sarnples.
Technical personnel need only attend the
apparatus for a half hour at the
commencement and conclugion of a test.
Operator error ls at a mininuro.

10. coNclusroNs
A rock stablllty test that lnvolvea

treatrent of the eanple wit! I0 perceDt

Hcl at 80oC is presented. The test
lndicates the degradation sueceptabllity
of grelmacke-suite rocks and should fill
a need for neans of predicting the
performance of greyrwacke-gui,te
aggregates.

u.@E
This work was carried out as part of

the authorrE doctoral reeearch on tlre
Welllngton grelmacke-suite rocks. Sone
unpublished data was provided by the
New Zealand Concrete Reeearch
Association.

Dr t{. A. watters provided accesa to
the New Zealand Geologlcal survey
petrology collection.

Dr P. J. Barrett (Victoria University)1
Dr J. H. Garside and l,lr J. B. Tait
(New Zealand Portland Cement Assoclation)
and !{r D. H. Rowe provided valuable
criticlsn of the nanuscript.

l,lr iI. Casey photographed the apparatus.
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APPENDIX I
Method of tegt to determine the Rock

Stability value of aggregates from
greywacke-euite rocks.

Scope

An accelerated laboratory teet
deaigned to asaess whether grelmacke-
auite agg5egates will degrade by
physico-chenisal alteration.

Procedure
A. Apparatus

An ineulaced box and flttings of
approximate dimenslons glven in fig.
I, fitted with a heat source such
that the box when closed will
eguililrate at a temperature of
83 3 3"C rdithln three houra. A 50
watt electric lamp will, suffice.
Six convecting tubes sith dirnensions
as in f i9. l.
Six rubber bungs to fit 2. above each
with an acid resistant (polythene)
and a heat reslstant (nglad" oven
bag) plastic film barrier (a 60 run
slrxre of each material per bung is
adeguate) .
One mercury in glase thermgmeter,
capable gf being^read to l-C in the
range 70-c to 90"c,
A balance*capable of weighing up to
50 sm to : 0.01 gm.

Basecourse Aggregate
Hanilton Plotorway.
Report: 9 p,

Asaessment of
Qualityr Auckland-

M.O.W. Internal

1.

2.

3.
MARSHALL' T.W. (197d) A Petrographlc

Investigatlon of Greyracke-type
Aggregate from the Auckland Region.
Unpub. U.Sc. (Hons) Thesis: 125 p.

ORCHARD, D.F. (f954) Factors
Influencing the Wear of Coarse
Aggregate in the Los Angeles Test.
Proc. Second Conf. Australian Road

REED, J.J. (1965) l4ineralogy and
Petrology in tie New Zealand Geol-
ogical Survey 1855-1965. N. Z. JI .
Geol. Geophys. V.8 (6): 95FT0F7.

RIED, iI.J. (L965) Geological andPetrological lnvestlgatlans of Waske
Aggregates used in Auckland - Hanilton
Motorway, Redoubt and Takanini
Sections. N.Z. Geol. Survey Report 20:
47 p.

REED, J.J. (1967) Application of Recent
Petrological Advances to Selection

A deesicator (I50 run) with active
silica gel, or other suitable
dessicant, in its base.
ReagentE
Concenerated Hydrochloric acld
(laboratory reagent grade or better)
diluted wlth distilled water to give
a l0 percent solution by volume.
I'tay be made up and kept, Eealed,
indeflnltely. Approximately 100 mI
of the L0 percent solution is
required for each test.

WARNING

Hydrochloric acld and lle fumes are
highly corrosive, protective clothlng,
gloves and face visor ehould be worn
when mixing this chemical uith lrater.
Mixing should be carried out in a fume

{.

5.

tion eol
rrs ance, r.

ustrial

Concrete

5. A ventilatel oven conlrollablE
between 100'C and 110'C.

7.

B.
I

of Road Aggregates.
Symp., Road Res. Unit

Roadi
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ASSESSING DEGRADATION IN NSW ZEIIAND GREYWACKES

cupboard. Always mix by pouring acid
Into water, NEI/ER rdater Lnto acid; urixing
ehould be done slowly ag the reaction is
exothernic (heat generatlng). AL9IAYS
use good quality pyrex or polypropylene
nixing vegselE. Storage of 10 percent
HCI may be in glass or plastj.c vegeelE
with a screw type plastic cap.
C. Sanple Preparation
I. Samples nust be selected aa being

those moat repreeentative of a
representative aample, wl.th regard to
rock type, aize, shape and eurface
texture of the aggregate concerned.

2. A rninimunr of six sanpleg rnust be
tested for each agglegate type.

3. Samples nust be selected erorn tfre
25 sun - 20 nn size range and weigh
between f5 gn and 25 gn. Shoul.d
aggregate ln question be too large
then pieces may be sawn or broken to
aasune approximate shape of a
sguare right prism and fulfilling
the weight requirements above
consistent with size to fit the
convection tubes.

4. Samples must be scrubbed to remove
loose adhering matter, dried to
constant weight^(apout 5-8 hours) in
an oven at 105 : 3-C. Allow to coolln the dessicator for I hour.

5. Identify and weigh each ,-mple (to
two decirnal places)

D. leeting Procedure
I. Place sa.rrplee into convection tubes(one sarnple per tube) and fill the

tube to within 20 mm of the top.
Remove air bubbles by tilting 'the
tube.

2. Firmly insert a rubber bung into eachtube. The base of the bung should
be covered with a piece of-heatresisting then acid resistins.plastic
film before being fitted.

3. Position all tubes in the apparatugin tie manner shown in plate- l.
tl . Shut the box and monitor ttre

temperature on the light bulb sideof the.paStition; it should remainat 83 : 3-C.
Continue for 10 days 3 4 hours.
Remove tubes fron the apparatua,
rerBove samples frorn the tubes bypouring the hot acid from the tirbesin a fume cupboard.

7. Place samples in a shallow ({0 mn
deep) plastie or glass vessel large

_ enough so samples are well separated.8. Apply a slow ftow of tap watei overthe samples by way of a tube ao aanot to disturb the sanplea.
Continue for 18 hours.

9. Dry_t!e samples to constant weight,
cool in a dessioator for I hour-and
wej.gh to two decirnal places.

Results
The percent welght loss for each

earnple ie calculated fron

to -'ro 
,oo*

,o
where w^ - initial ovenv dry weight of

the sample

nr^E oven dry weight
of aample
after l0 daye
testing

5.
6.

The mean percent weight loes for the
aggregate rock-type ia reported ag the
Rock Stabillty value reported to the
neareat 0.1 percent.

The majority of individual reEulta
should not depart fron the mean by nore
than 2 percent, ln most cases wide
variations can usually be explained, and
this alone is an lndication of Rock
Stability.

If the Rock Stability
I percent the aggregate
be regarded as having a
potential.
APPENDIX 2

value exceeds
rock-t1rye nay
hi.gh degradation

AEsessment of Rock Stabilitv value
wlth Rocks of Known Performance

-identify degrading greyracke-suite
rock types, aggregat,es used in the
Auckland-Hamilton motonray, Redoubt and
Takanini Sections and deecribed by
Reed (1966) were tested In tlre Rock
Stability apparatus. The results are
Iisted below with partial reproduction
of Table 2; 'Stages of Al.bitisation
of Silt and Clay Wackes (Argi[ltee)
of the Auckland Distrlctr from Reed
(r966).

From ttre thin sections studied, the
reconstitution of argillites, termed
'albitisation" by Reed (1965), is also
the geologic process that concentrates
and enhances chloritic components, at
the same time causing a mean reduction
in grain size. All rocks tested have
an unsatisfactory Rock Stability value.
Significant and intense nalbitisation"
may have a hardening effect (though
P30647 was soft according to ASTM test
C235 58 "Scratch Hardness of Coarse
Aggregate Particleg") but does not
significantly increase the abillty of
argillacous rockg to withstand
degradation when used as aggregate.
Albite and prehnite are ninerals
possessing relatively good mechanical
properties. It is unlikely therefore
that they are reLiable indj.cators of
rocks eusceptable to degradation. The
minerals of paramount inportance are
those that forn the matrix, which
commonly encloses, cenents and prevents
continuity of the nore durable nlneral
components in greywacke-suite rocks. In
grelnracke-suite rocks these are
chloritic in composltion,
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Stage of Sample !lo.
Alteration (N.2. ceol.
(Reed, 1966) Survey)

Alkall Cont€nt
(Reed, I956)

NarO XZO

Rock Stabillty RemarksValue
Renarke

(Reedr 1966)

Inaignificant
albitisatlon

P 30663 2.7

P 30659 2.5

Dlaintegrating
clay-wacke in
lbwakawa Bay
road cutting

Clayrracke,
l{angatangl
watsr tunnel

NoC tested due
to extreap fri-
abllIty.
Analogou!
tlelllngton
rockr gave
reaulte of. 18l

9.lr

hleathered,
leached, eof,t
and weakl
able to be
brokcn la
the
fingers.
Freeh
arglllite
rlth gehnitc
veln

3.2

{.1

Slgniflcant
albltlgatLon

P 3056{

P 30646

P 30647

(uaan of
3.9

{.0
3.5

3) (nean

3.0

{.2
3.5

of 3)

Stevenson! guarry

Mrtrkam guarry

Matakana quarry

E<tensive
chlorlte
natrlx
Contalned
sone crlcltq
nuch re-
constitution
to give
broad bandr
of oriented
chlorlte.
Mean graln
slze approx.
53 micronc({.25 phi)

8.6r

9.2r )
l

9.5r )

Intense
albitllatlon

P

P

30649

30553

5.1

5.9

1.5

2.5

Petrle'a quary

Boachlandr. quarEy lluch chlor-
lttc and
albitlc
banding and
veining

l,iean graln
alze approx.
33 nlcrona
(4.9 ehl)

8.3r

6.6r

P 30655 5.0 2.1 lltten Bros. qulrry 12.6t

12-lf
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CHAPTER FOUR

BOOKERS LAW:

An ounee of applieation is
uorth a ton of abstraeti.on.

Physical properties of Wellington greywacke-suite aggregates

This chapter relates geological and physical- properties of ttre Wellington

greywacke-suite rocks to those of their derived aggregates and to the pro-

perties of concrete made with these aggregates.

To obtain aggregates for testinE and concrete making, samples were selected

on the follovring criteria:

(i) Samples had to be representative of rock fro:n localities with

the greatest future potential for quarrying PurPoses.

(ii) SampJ-es had to reflect a representative rElnge of textural features

apparent in Wellington grelnuacke-suite rocks.

(iii) Samples had to be as free as possible frcnn contamination by close

veining, weathering and close jointing.

4.1 Sampling methods and sample preParation

Sanples r,{ere guarried fron a 3 m length of a single bed, in each of four
quarries as follows:

Sample Quarry Rock mean Rock tyPes Lithofacies
qrain size

Phi

HQ-17 Horokiwi I'3
i$W-14 Carsons 2 '6
BQ-IXA Belmont 2'9

SJ-T Owhiro BaY 4'7

OB-W Owhiro BaY 5'6

HQ-22 Horokiwi 5.3

greywacke thick-bedded
greywacke sandstone

gf eln'lacke sandstone

greywacke thin-beclded

argillite thin-bedded

argillite thick-bedded
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These quarries were chosen because they have the largest inferred "reserves"
(Ward and Grant, 1978). For econqnic and logistic reasons, too, these

quarries will be the most imtrnrtant to the Wellington region for the next

2O years at l-east.

Each sanple was quarried by hand, using bars and hammers, to obtain approx-

inately 700 kg of cobble and boulder size rock. The naterial rnas crushed

in a jaw pri.urary qrrsher and swing hanuner mill , then screened to pass 19 ttut

before being pJ.aced in reconditioned, rust free 200 litre (44 gallon) druns

as 19 rm "all-in", unscrubbed, unwashed aggregate. All- hoppers, crushers,

conveyor belts and handling equiSruent were cleaned before crushing succes-

sive samples. All handling, crushing and screening was r:ndertaken by Ryans

Quarries, tlgauranga.

To aid the detection of contanri:ration between successive crushing runs the

order of crushing htas as follows:

KT!{-I4, H9-22, HQ-I7, OB-W, BQ-IXA, SJ-T

The marked difference in colour and texture between lithogies in this sequence

enabled snall anounts of contaminating material to be removed by hand later,
when the aggregates vrere coned, quartered and split to obtai.n representative

samples. These were finally screened to 19 - 9.5 rrn, 9.5 - 4.8 nrn and

minus 4.8 nm size fractions. Material coarser than 4.8 nnr was thorougt[y ttand

washed.

4.2 Aggregate characteristj.cs

A nrsrber of aggregrate characteristics were measr:red to aid concrete mix

design and help establish the connection between the rock and concrete pro-

duced from it. They included grad.ing, aggreqate density, water absorption,

bulk density, voids content', and crushing resistance (NZS 3111 2L974). In

addition,abrasion resistance was assessed by the Los Angeles test and

particle angularity was measured by the method of Lees (1964) -

Tests for whole rock alka1i reactivity were not undertaken as much work of

this tlpe trad already been carried out by the Inorganic Materials Section,

Chemistry Division, DSIR,with the indication that, for Wellington greyrracke-
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suite rocks, alkali reactivity is not a problem (St Jotn, Pers. comn.i see

also section 4.4), atrnrt frdl a few isolated cases observed in the lalroratory.

The Accelerated Weathering test (Clelland, L967, NZS 3111:1974 part 202.4)

was ouritted for reasons outLined eLsewhere (Rowe, 1979).

Tests for cleanness, ancl lightweight lnrticles (NZS 31112L974 lnrts 2O2.2i

201.5) were not necessary because the aggregate had been washed and because

of the nature of the rock.

4.2.L Gradings

A1l- sarnples were crushed under identical conditions. They were then screened

to passing 19 mn retained 9.5 nun; passing 9.5 mn retained 4.8 sm; and

passing 4.8 mn fractions. (Figure 4.1).

Coarse agg,regate grailing was carried out mainty to see if there leas a rela-
tionship between grading and rock tlpe, though it was also necessary to separ-

ate, physically, the size fractions for later recqnbination according to con-

crete mix designs.

No clear relationship emerged between grading and rock mean grain size
(Figure 4.1), although there are substantial differences in the gnadings

(faUte 4.1). No explanation can be offered and this is an area that
deserves further studv.

4.2.2 Particle shape

Particle shape is important in assessing concrete aggregates as it is a key

factor in determining the workability of fresh concrete.

Problems associated with qr:antifying particle shape have been discussed by

many authors (see Barrett, 1980, for a review). Opinions are split between

quantifying gnrticle shape by individual grain measurenent and averaging

Snrticle shape on a single parameter, e.g. permeability or specific surface

area.

The first approach is usually pursued by geologists, the second by those

associated with engineering or industry.
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Figure 4.1 : Grading histograms of aggregate samples -oroduced by

crushing from quarried blocks,i-e. 19 rrrtt "a11 in"
aggregrate. Percentage of material finer than 0.075 nun is shown

nrmerically to the right of each histogram. Rock mean gnain size

in phi r:nits is shown for each sample beneath sample numbers.



Table 4.I : Sieve analYses of
quarried blocks.

F. Willians).

L37

19 rqr "a11-in" aggregates crushed frcm

(minus 4.8 uur sand sieve analyses by

HQ-17 4571 gm. KI'!{-14 3504 gtt. BQ-IXA 3455 gm.

ffi-I-ze; Crnulative t on
t retained

Cunulative t on
t retained

Cululative
t retained

9.2

24.7

46.5

60.5

75.0

84.3

90.9

95.4

9A.4

100.5

19 rnn (3/4" )

12.2 mn (L/2")

9.5 rm l3/8")
4.75 mn (3/16r,)

2.36 rmn (No. 7)

L.18 nur (no. 14)

600 u(No. 25)

300 u(No. 52)

150 u(No. loo)
75 u(No. 200)

PAN

ton

o.24

L8.24

t7.7
24.3

lL.0
9.5

5.4

4.4

3.6

3.0

2.6

100.0

o.24

18. 5

36.2

60. s

7L.5

81.0

86.4

90.8

94.4

97.4

100.0

0.9

34.9

r8.2
r8. 9

7.8

6.5

3.9

2.9

2.3

1.9

1.8

100.0

0.9

35.8

54.0

72.9

80.7

87,2

91.1

94.0

96.3

98.2

100.0

9.2

L5. s

21.8

14 .0

14.5

9.3

6.6

4.5

3.0

2.L

100.5

SJ-T 3970 9n. oB-w 5554 $n. H9-22 4316 gm.

19 nan (3/4")

12 .7 rrr (L/2")

9.5 nun (3/8")

4 .76 nur (3/L6t')

2.36 nnr (No. 7)

1.L8 uun (No. 14)

600 y(No. 25)

300 u(wo. 52

150 u (No. r00)

75 u(no.200)
PAN

2L.7

24.L

23.5

L2.2

10.2

4.3

2.L

1.0

o.7

o.7

100.4

2t.7
45 .8

69.3

81.5

9L.7

96 .0

98 .0

99.0

99.7

100.4

8.7

16.8

23.9

16.0

L4.9

8.3

4.9
2.9

L.7

1.5

99.6

8-7

25.5

49.4

65.4

80.3

88.6

93.5

96.4

98.1

99.6

11. I
2L.6

27.8

L2.9

r0.6
6.0

4.2

2.4

I.8
1.6

100. 4

11. r
32.7

60 .5

73.4

84.0

90.0

94.2

97.O

98.8

100.4
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A major problem in this study was one of resolutionri.e. all the agqregrates

were of similar provenance, metamorphic rank and geologric character. Atl
were crushed using the same plant and subject to the same screening. Quanti-
fication of particle shape required a method that woul-d be sensitive to subtle
differences in the shapes of crushed rock. Lees (1964) devised a method

specifically for this purpose, although his interest was in road aggregate.

The method takes cognizance of the nrmber of corners, thejr sharpness and

their degree of projection from the rnain body of the particle measured.

Leesr procedure involves taking measurements frqr photographs taken in the
three planes a/b, b/c, a/c, where a, b and c are the long, intermediate and

short axes of particles. Results from the planes were averaged. Such is
the tediun of measuring trnrti-cles in this way that Lees produced a chart for
visuaLly determining the degree of angularity of trnrticles. Althor:gh not
used in this study, the validity of angularity assessrnent by measurement from

a single part5-c1e projection plane, was accepted. Measurement iras therefore
undertaken using two djmensions of the particle, qr:antified as. a dimensionless
number (deqree of angrularity, Aro, Figure 4.2) which increases with angularity.

Measurements were rnade from a photocopy (Appendix 17) of a section of concrete
cast in 200 x 100 nrn cyLinder moulds (conforming to NZS 3l12zL9'74, 201 method

81), cut longitudinally througrh a d.iameter (PLate 4.1; Appendix 17).
Particles to be measured, from each photocopied face, were selected by using

a 12 x 25 ttut grid - generally this meant rpre lnrticles were counted from

mix I cylinder photocopies th,an mix 2. Measurement of angles was done with
a protractor and the radii of inscribed circles determined by circular
templates of known diameter. Projection of corners was measured with a

millimetre scale.

The results (Tab1e 4.2) show that, although si'-andard deviation is large,
Lees' angularity is a consistent measure - there is close agreement between

means of different mixes of the same aggregate. Also,angularity increases
with decreasing rock grrain size (Plate 4.1r Figure 4.3; Appendix 17).

is known that trnrticJ.e shape and hence angularity is strongly influenced
two ways:

(i) The nature of the cnrshing process, (Mclntosh, 1957), the same for
each sample in this study (section 4.2.2).

It
in
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@ n'o'o

A11-tll3t

Figure 4.,? : (A) construction and f.omula for deterrnining

angularitV (A29) of, a StarrtLcle by the metliodl of Eees

(1964). (B) Vah:es for dlegree of angiularity tA2p) for vasious
reEular f,igures (oa,lnly fron Lees , L964, dth a corrsted rralue f,or

the octagon fror Eanett, 1980).
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.rNt Ir

7
t--?f'rJ
\

,l

Plate 4.1 : Sections of mix I design concrete are shown for two

aggregate types to display aggregate particle orien-

tations, angularities (A2D) and packing. The photographs have

been taken from 200 x 100 rmn concrete cylinders after they have

been cut in half longitudinally. Both sections are shown with

the uppermost surface (as cast) to the left. Angularities (Ozo)

were measured from photocopies of these surfaces directly for

both mix designs. Particles for angularity measurenents were se1-

ected by grid overlay (Appendix 17).

t'?

b

HQ.17

oB-w



14I

Tatrle 4.2 : Aggregate particle shape statistics derived using the method of

Lees (194).

Sample Rock !4ix
Mean design
grain
size,
phi

Mean S.D. Coeffici.ent
parti- of varia-
cIe tion, Per-
angruLa- cent
rity

t-linimrn Ma>rimnt

lnrLicle parficle
angula- angnrJ-a-
rity rity

TotaI
angula-
rity (AZp)
for mix
design n.

HQ-17 1.3

KTW-14 2.6

BQ-rXA 2.9

SJ-T

oB-w

HQ-22 6.3

30640 747

32347 _ 749
x 768

32338 874

3t394 - 826
x E5O

28432 768

320L0 _ 889
x 829

31453 850

23990 _ 727
x 789

46883 1019

43882 1070i roas

33624 934

36325 - 93L
x 9i3

2320 37

2740 38

t 3r5 37

1965 36

189s 37

1350 33

2325 46

2495 41

1880 36

1880 39

1

2

I
2

314

330

406

398

238

325

3s9

247

474

469

359

299

42.L

41.9

46.4

48.0

31 .0

36.6

42.3

33.9

45.6

43.8

38.4

32.I

350

305

460

41s

400

385

380

340

350

295

290

535

1800

L76s

4L

4L

4.7

I
2

I
2

I
2

5.6

1

2



L42

AGGREGITE PARTICLE ANGUIARITY (AD)

Figure 4.3 : Aggregate particJ,e angularity errors'
of confidence' in order of grain size-

triangles denote mean angularity (Aro); bases span

confidence levels indicated.
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(ii) The crushing ratio, i.e. the ratio of the size of material introduced

to the crusher, to that which the crusher produces. Iarge ratios tend to
produce flakier trnrticl-es, which give high values of angularity.

frushing ratio was large in most cases, certainly for aggregates I(Iw-14,

BQ-I)(A (boutcler size), less so for HQ-17, OB-W and HQ-22 (boulder and cobble

sized naterial) and very much less, by orders of nagnitude, for SJ-T (cobble

and pebble size). However, there is no clear relationship between angiu-

larity anl crushing ratio, whereas that bet'ween angularity and rock mean

size is quite well established (y = 38.28x +7I9.6i r = O.71).

4.2.3 Density and absorption

Tests for density and absorption (NZS 31111L974, parts 2O2.L and 202.3) were

r:ndertaken, the results being Listed in Table 4.3. In additionra 30 urinute

water absorption was determined for use in concrete mix design (Appendix 27).

Density increases slightly with decreasing rock mean grain size (Table 4.3).
water absorption data reflect surface area to volune ratio differences
between different aggregate gradingsri.e. the ratio between the 30 mirute
water absorption of 19 and 9.5 mm aggregate average O.55. Higher values are

apparent for greln'racke IIQ-17, due to the presence of zeolite (Appendix 3) and

for argillaceous ,samples SJ-T, OB-W and H9-22.

Fcr absorptions obtained to NZS 3111:1974 rnethod 2O2.L, the ratio between

absorption of 19 and 9.5 run aggregtates is higher, average 0.82, because

19 mm agqregate takes a longer time to equiliJcrate. Samples OB-W and HV22

had the highest values and HQ-I7 the lowest.

Tro better understand the influences of rock crushing on the densities of
aggregate produced, aggregate densities were correlated with correslnnding

rock core densities for both dry and SSD conditions (Figure 4.4). Correla-

tion was good for both conditions but was not linear in either case' crushing
qcfn:entl-y tsrdjJg toreduce tle density cf aggreqate for all but the most argillaceous

samples. Although dry densities were less than SSD densities in all cases'

the density values of 19 nm aggregates correlate well with those of cores.

A single trend lras aptrErent in the more argillaceous rock types, i.e. those
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ancl absorptiort lresulte for
eorurete'nakL,ng, amanged

greyracke-sui e agErregetes

in qder of rock nean grain

9sqtr1e BosIr
nean
ltrain
,s.l,z€r
phi

CoErrse
a99re-
gate
gradlng,
@.

BSD
dlensitY,
kg-13

GreD:
'itry,

clengity,
hgi s-3

Water-
absortrr
tion,
Penceat

30 m:lnrrte
water
abso:16>
tion,
pereent

HQ-l7 1.3

gril-14 2.6

BQ:-Il(A 2.9

$I-T 4.7

OB-W 5.5

It.2,2 6.3

19,o

9,5

19.0

9.5

19.0

9.5

19.o
9,.5

19,o

9.5

19.0

9..5

?,ft:62

2653

2673

2660

2670

266e

2746

2695

2tr4,O

27?O

?i694

2ioo

2647

2632

2660

2644

2658

2651

2691

2:6'16

.27L3

2;699

2;.67,L

2'676

o.56

O,77

o.47

0.61

0-.48

0..59

o.56

o.75

0,96

1.14,

0.8?

0.88

o.22

o.33

0.15

0.32

0.17

0.3?

0.21

0.36

0..26

0.57

0.33

o.52
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with dry densities in excess of 2690 kg.*-3. Below this value the difference

between SSD and dry densities was less for core material than for aggreg'ate

material (Figure 4.4). These effects are brought about by the crushing

process; a larger sr:rface area to volume ratio tends to increase a lower dry

density and raise the SSD density of aggregyates. Both density values are

lower than ttrose of equivalent cores. In the grelnvackes this is due to sur-

face textr:re featr:res, microcracking and a resultant increase in capillary
sPace.

The effect was greatest in the rocks of larger mean grain size. Disruption

of rock adjacent to a new forrred outer surface seems to be greatest in fine

to mediun grained grelmackes con;nred with argillites (Appenclix 15). On

close o<alination surface flaking of srnall regions of aggregate lnrticles can

be seen. Ttre flakes may be still attached but translucent due to their
selnration from the aggregate particle over their entire Errea. Such flakes

are larger than the mean grain size of the rock but are very strongly attached

(Appendix 15). Further, argillites do not have the well developed sr:rface

textr:re or small scale sr:rface flaking of grelnrackes. The sr:rface may be

very hackly but does not appear to retain the same proPortion of trapped water'

except i:r larger size gradings where irregularites may be well indented - a

possible reason for the trend going above the 1r1 density ratio in Figure

4.4.

Ttre relationship shown by Figure 4.4 for 9.5 nrn aggrregate is more scattered

br:t has the same features as the 19 rmn aggregate discussed above.

Ihe behaviour of 9.5 mn HQ-22 aggregate seems anomalous in that both its SSD

and dry densities are greater than those of 19 run HQ-22. llowever, differ-

ences between the aggregate densities for both gradings are almost identical
-?(5 and O :<q.tr;r) and are not sigmificant, as absorption figures for this

particular rock tlpe in both aggregates are almost identical (19 usr, 0'87 per-

centi 9.5 mm, 0.88 percent).

Comparison of effective porosity of cores with absorption characteristics of

aggregates show no relationship, except that 9.5 mm aggregates have greater

absorptions than 19 rur aggregates for any lnrticular rock tlpe - reflecting

increasing surface area to volume ratios in finer aggliegate sizes' fhis is

superposed on a tendency for the more argillaceous rocks to absorb more water'

Aver 24 hor:rsrl9 nnr aggregates absorb between 1.7 and 2.5 times as much as
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their cored counterparts and 9.5 rmr agg:regates between 1.7 anil 2.8 ti-nes;

again, greater scatter is aplnrent in the finer grading (Figure 4.5).

ltrere is better correlation between effective trnrosity of cores and 30 minute

water absorptions (Figure 4.6) deternr:ined for concrete mix designs. In

addition,it seecrs that there is an aggregate surface area to volune ratio
which enables a rapid water absorption, equall5-ng the natr:ral effective Poros-

ity of the parent rock. Ttre surface area to vohne ratio which allorss this
to take place in, say,4 to 8 hours and the corresponding trnrticle size may

provide valuable infonnati-on regarding agsregate degradation (Appendix 25).

4.2.4 Bulk density and voids content

The bulk density and voids content of aggrregates were measured using

NZS 31112L974 method 2OL.6 (Table 4.4). llhe measur€ment is of direct use in

concrete mix desigm (NzS 31112L974 method 201.4 "Method for determining aggre-

gate performance in concrete"),

Results represent the efficiency with which aggregtate can be packed into a

container. For aggrregate of a lnrticular specific Arravity, bulk ilensity
depends on size grading and particle shape; the more well sorted the aggrre-

gate,i.e. the nrore unifo:m trnrticles are in size, the greater the strnce left
unfilled. Aggregates with greater variation in particle size rray be Sncked

rnore closely giving higher bulk densities. More eguant and less angular

trnrticles also pack closer. In fact some tests for measuring the angularity
of coarse aggregate trnrticles have been based on theoretical and loose gcured

bulk densities (Shergolil, 1953; Hughes, L966). It is irteresting to note

that argillites, in spite of higher rock densities, have lower bulk densities
and higher voids contents in both 19 and 9.5 nsn gradings. This is directly
att:ibutable to their flaky particle shapes.

4.2.5 Crushing resistance

The strength of aggregate as a trErticr:fate rnass is a difficult property to

measure. Approaches t'o strength assessment for aggregates include r:niaxial

cornpression strengths of prepared samples (section 3.5), strengths of con-

crete made with the aggregate, the 10 percent fines test (forerunner to the

crushing resj-stance test),aggregate impact value (BS 8I2: part 3:1978), point

load tests on prepared rock specimens or aggregate part,icles (Bieniawski,
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Figure 4.5 : t5.ttle correlation exists between 24 hour aggregate
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that scatter is gireater for finer aggregate fractions. A large
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}IEAN EFFECTIVE ROCK CORE POROSITY. PERCENT

Figure 4..5 : Rock core effective lnrosities show good correla-
tion with aggregate 30 minute water absorptions.

Again the relatively high sr:rface area bvolume ratio of 9.5 rnm

OB-W aggregate is readily satisfied even within 30 minutes of
soaking.
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Table 4.4 : Aggregate test results for all rock tlpes'

Aggregrate test AGGREGAT
HQ-17 KTw-L4 BQ-IXA

E SAMPLE

sJ-T OB-W tt*-22

Rock mean grai:r size' phi

Ios Angeles, percent wear

Crushing resistancer kN,
see also Table 4.5

Mean p,article angularity
(A2D)

19 - 9.5 nm

sSD (wet) density
kg.m-3

Dry density
kg.rn-3

Absorption, percent

30 minute absorption'
percent

Cerpacted bulk density,
kg.gr-3

Void content' percent

9.5 - 4.8 nrn

SSD (wet) densitY
kg.rn-3

Dry density
kg.rn-3

Absorption, percent

30 minute absorption'
percent

Cffiipacted bulk density,
rq.;r-3
Void content, percent

1.3

L2.2

350

768

2662

2647

0.56

o.22

L499

43.4

2.6

11.7

340

850

2673

2660

o.47

0.15

1s13

43 .1_

2.9

1l-.4

370

829

2670

2658

0.48

0.17

L496

43.7

2706

269L

0.56

o.2L

1518

43.6

2740

27L3

0.96

o.26

1435

47.L

2694

267L

0.87

0.33

L473

44.9

4.7 5.6 6.3

11.3 18.8 L4.9

360 1.90 290

789 1045 933

2653

2532

o.77

0.33

1450

44.9

2660

2644

0.61

0.32

l-466

44.5

2666

265L

0.59

0.37

L44t

45.6

2696

2576

a.75

o.36

L469

45.1

2730

2699

1.14

o.57

1410

47.8

2700

2676

0.88

o.52

1415

47.L
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1975), testing large (cobbles) and small (pebbles) irregular rock specimens

(Hobbs, 1963,. Ramsay et aL., L974i Vutukuri et aL.,L974't, and the crushing
resistance test (NZS 3111:L974, method 202.3). The latter method was used

in this study.

A1I tests mentioned above have different applications. When bulk aggregate
particles are tested for crushing resistance, results are influenced by the
effects of packingr particle shape (Figrure 4.7'), point loading, and abrasion
resistance, which provide better resolution of performance in strong aggregates.

The crushing resistance of the sa.urples tested appears to be more reLated to
angrularity of the particles (Figure 4.7), than mean grain size (Tab1e 4.4) or
strength of the rock (Table 3.21, though effects of packing will have had

some influence. ParticLe shape is already known to affect aggregate impact
values (Ramsay et aL., L974), which measures a similar aggregate property.
Crushing resistance results from aggregate tested wet and dry also allow some

assessment of rock durability (Table 4.5).

Table 3.3A, in part reproduced from Neville (1975), gives an indication of the
relative precision of several commonly used methods of assessing aggregate strength.

t1.2.6 tos Angeles abrasion test

This test measures the conbined effects of attrition and abrasion and consists
of grinding the aggregate with steel balls in a rotating drum for a set ti:ne.
The Los Angeles value is the percentage of ground material passing a 1.7run

sieve; details of the test are given by ASTlvl C131-76. It has been found to
correlate well with the compressive strength and wearing characteristics of
concrete (Neville, 1975). As with the crushing resistance test, the results
depend very much on toughness, hardness, elasticity, strength and especially
particle shape (Figure 4.8) - most of these properties being better as'sessed

by other means. Use of the Ios Angeles test is declining in New Zealand as

in most cases results are difficult to apply, by direct meErns, to aggregate
use. Results presented (Table 4.4) are included for completeness.

The Los Angeles values for the aggregat,es tested also show a close relationship
to crushing resistance (Figure 4.9), indicating that both tests yield the sane

sort of information.
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Tab1e4.5 : Comparison of aggrregate retrative durability,as measured by wet and

dry crushing resistanrce. Samples tested lret hrere soaked seven

days beneath a lOO sm head of water before being otherwise tested'

acc-ording to test rnethod T2L5, DetrErtment of Main Roads, N.S.W.'

AustraLia: dr:rability of coarse aggregate by the ten percent fines
@ex/ary variation) procedr:re; April L979.

Sampl-e Rock mean Crushing resistance, Wet crushing resistance
grain size, kN as percentage of drY*

phi dry

HQ-17 1.3

K1!{-14 2.6

BQ-IXA 2.9

350

340

370

360

190

290

320

330

360

320

140

220

91

97

97

89

74

76

SJ-T

oB-w

Hg-22

4.7

5.6

6.3

* A mininun value of 65 percent is required by the DMR for their aggregates.



154

c{lu
3
F-EI
.E
H

-o
tl{-
E
rEl
<
o
EI
-llrte2
ag
J

FJ.gpre 4;8 : Iggregate particle shape af,fcat the abrasiolt re'sig-

tanee ,of, aggregtate' More aa,qutrar rraterials return

a gif€atgE lesE dhre to abrasioel.

thtan nG-cnEGATE PARTlcrt sltGgLeRrTY (Ad xl00



ls5

4.2.5a Results of bulk testing

The uniformity in the results of bulk testing shown by grelnrackes is in marked

contrast to the difference between the two argillites tested (Table 4.4)' Some

parameters, Los Angeles abrasion test and crushing resistance' show direct

relationships with particle angularity and therefore are only indirectly related

to rock mean gra5l size. Generally, the argillites show an increase in Los

Angeles abrasion percentage l^tear over grelrvtackes (3 to 7 percent) ' lower crushing

resistance (approximately IOOkN less), ircreased wet density (20 kq'm -), higher
-?

absorption (0.4 perbent), ccrnpacted bulk density reduced by 40-50 kg'n - and

higher (1-4 percent) voids content.

:, 4.2.7 Fines from crushing and abrading

Fines prod,uced during crushing can influence significantly the quality of the

aggregate, which acquires a fine dust coating that is only partly removed by

washing. This coating is probabty fo:med initially by electrostatic charge

generated by friction during crushing but the fineness of the dust is resPon-

sible for adhesion which makes seParation by washing difficult'

Different crushing methods produce different proportions of fines, but what-

ever the method used, argillite yields more and finer material than greln*acke

(Figrure 4.Lo).

4.3 Alluvial versus quarried aggregate

Traditionally the use of grelnracke-suite aggregates from alluvial and quaried

. sources has been dependent upon place value and ease of production. Prior

to law amendslents from the early 195o's, alluvial and beach gravels and sands

were the most imPortant source of aggregate in Wellington. These sources

were accessible, easily extracted, were clean and without soft or vteathered

particles, due to sorting by moving water. Even today Owhiro Bay Quarries

use the sea as a rrscrubber" and crude sieve by deliberately placing freshly
: won material on a small beach, adjacent to the guarry, for a period of ti'ne

(Rowe, in prep.).

pressures from increased population have had the effect of increasing demand

for aggregates whj.lst also reguiring maintenance of alluvial aguifersr beaches

. and river channels. For these reasons most aggregate in Lhe Wellington region

(Grant-Taylor, 1976i Ward and Grant, 1978) is now quarried. One major advantage

irrherent to alluvial aggregates, is that the particles are rounded in contrast

to the sharp corners of crushed aggregate. The rounded particles i:nprove the

workability of concrete (section 5.1.1), which is especial.ty important for pumped

' concretes, where strict size gradings must be adhered to, to allow minimum
' cenent, sand and water contents for economy and strength. Other advantages

of alluvial material are cleanness and a general freedom from deleterious natter.
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50105r
EQUIVALENT SPHERICAL DIAMETER, MICRONS

Figure 4.IO : A comlnrison betlreen the coarsest grelmacke and

finest argiJ.lite aggaregate fines (ninus 0.065 tm)

produced by the l,os AngeJ.es test indicates that finer material is
produced fron argiLLites. The other for:r aggregates tested in
the study have cur.ves tbat pJ-ot betneen those shown and are

arranged from the IIQ-17 cut!\re to the HQ-22 curve in order of
decreasing rock mean grain size.
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Grant-Taylor (1976) , cmrparing several different qr:arried road basecourse

aggregates with river-won aggregtates, concLuded that for river gravel "Los

Angeles abrasion test results appear to be consistantly 3 to 5 percent loner
(better) than for similar rock from a quarry. ltris difference will be due

to the presence of rounded faces". Hotrever, it is also worth noting that
quarried basecourse aggregtate, although angular, invariably contains more

weathered and therefore softer rock, (see Grant-Taylor, L976, Table L),

which also yielils high Los Angeles values.

Grant-Taylor (1976) also points out that rock jointed "to include the product

grade range, would be expected to give a better Los Angeles test than rock
-'- 

' 
i--"'l=''=

*14ch 11 +13 Gclg3r11lf sffi*dil ,qad ber srsatqE..Fqg,trld'srrtv' ;;Fi*Sf"3g*?tiAE'*ifd'

for aggregate used in this study were selected for ttreir lack of geological

discontinuity - veining etc., and included large boulders. Their Los Angeles

values are even lower than those of the best (Iarge river) gravel deSnsits

(minimum Los Angeles test values), and rocks from "best" qtrarries (minirnut

Los Angeles test values) of Grant-Taylor (L976) z

Average Los Angeles

test minimums for
eight best quarries
in Wellington
region, (Grant-

Taylor, L976,

Table 5)

13.3

highest
L4.7

lowest
11.6

n=376

percent

minimrm

percent

milimum

percent

Averaged Los Angeles

test minimuns for
gravel from nine

Large river sites,
(Grant-Taylor, L976,

Table 6).

Average of four
grelnrackes, this studY.

11.7 percent

naximun

12.2 percent

minimum

11.3 percent

n=4

L3.7

hiqhest
16.5

lowest

L2.2

n=24L

percent

minimun

percent

minimrn

percent
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Differences are not significant between Grant-Taylors' mini-msn values for
either aggregate source and this work.* This nray imply that veining and

other discontinuities do not affect Ios Angeles values as rmrch as, say, the

type of crushing machinery, which influences trnrticle shape, and hence Los

Angeles results (Orchard, 1964).

A comparison of some conmercially available guarried and allmrial greywacke-

suite concrete aggregate is presented in Table 4.6. Generally this shows

agreenent with Grant-Taylorsr (1976) data indicating that alluvial- grey*ackes

are more consistent in the Ios Angeles test than quarried grreywackes. This

is probably because the qr:arried aggregate normally includes some argillite
which is more easily conuninuted, more absorbent and contains more incipient
flaws than grelnracke. The aggregate may also include some weathered

material.

4.4 Alkali reactivitv

Zeolites have been placed, as a mineral group, into the category of reactive
osgssta wncNl .fElr.trttr
junction with hiqh alkali
L946i Swenson and Chaly,

grrGfctrc, -qnrtfd.nttg 
ftrtaseiurt€d i* oss+.x ;' 

-.EE['I,.W

cenents to make concrete (Rhoades and Mielenz,

1955; Itransen, 1966; Nerzille, 1975).

Gillott (f975) has described three subdivisions of alkali-aggreqate reactions
and has given a good suilnary of the problern. The type of reaction discussed

here is an alkali-silicate reaction.

"For nominal 19.0 nun maxirnum size coarse agqregate with percentages of
wear in the range of 10 to 45 percent, the multilaboratory coefficient of
variation has been found tohe 4.5 percent. Therefore, results of two prop-

erly conducted tests frorn two different laboratories on samples of the sane

coarse aggregfates should not differ from each other by more than 12.7 per-
cent of their average. The silgle-operator coefficient of variation has

been found to be 2.0 percent. Therefore, results of two properly conduc-

ted tests by the s€rme operator on the sane coarse aggregate should not

differ from each other bymore than 5.7 percent of their average."

D<tracted from ASTI'1 CI31-76, 'Resistance to abrasion of gnall sj.ze coarse

aggregate by use of the Los Angeles Machine'.
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A cornparison of, teat results of New Zealand grelnracke-suite aggregates from
guarrieil and alluvial sources.

QUARRIED GRSN|ACKES

SaEe Aggrregater saDe agqregater T$ls study

I/Oo2 L/oo3 L/u4 I,/011 sP7-75 sp2-698 L/OL9B t/O6L ltQ-l? Krrf-l4 BQ-D(A sJ-T}GGREGATE 1EST

*ushing resistance,
KN

Cleanness value

BuJ.k density, kg.n '
voids contict, percent

S .S .D. (rret) density,
kg.l1-3

Dry denaity, k9.6-3
AbsoEption, S.S.D. (uet)
basis, percent

Abso4)tion, oven dlry
basis, perc€Dt

Accelelated weathering
test
Ips Angeles abrasion
test percent sett
Soallrn sulphate soun&
ness test, percent Loss

260 220 450

81 86 91

1{46 1455 1540

42.2 ,11.1 4ZO

2630 2650 2680

2590 26{0 2670

1.20 0.44 0.5

L.22 0.44 0.5

AA BA

L7.2 15.5

1.5 2.3

230 230 290

73 79 84

1528 1s28 1545

42.5 42.5 4I.0

2670 2650 2640

2560 2610 2600

0.78 L.44 0.95

0.?9 1.46 0.96

aa

L4.2

13.8

320 320

81 85

1562 1600

r10.5 40. o

2660 2690

2640 2660

0.95 0.89

0.96 0.90

AA

13.4

7.4

350 340 370 360

1499 t.513

/13.4 43.1

2662 2673

?&7 2650

0.55 0.47

1496 1518

43.? 43.6

2670 '2706

2658 2691

0.a8 0.56

-BB

- 18.8

- 5.4

L2.2 11.7 lt.4 11.3

QqANRIED ARGE.LIES AI.LIluf,AL GRETWACXES

SaEe aggregatef lhis study

r,/oreA s"zzo" ;E]!E-ETAGGREG E EST

Crusbing resistance,
kx
Cleanness value

BuIk d€nslty kg."-3
Voidls contact, percent

S.S.D. (wet) dlenslty,
kg.n-:
Dt1t alensit', kg.s-3
Absot?tion, S. S.D(wet)
basis, p€rcent

Absorptlon, oven dry
basis, percent

Acc e lelrated rr€ather ing
test
Ls Angeles abrasion
test percent t'ear
SodilD sulphate solmal-
ness tegt, Irercent loss

L/O12A L/OLaE L/OI7

360 430 300

86 94 89

1508 1693 1582

38.6 35.9 37.L

2630 2660 27LO

2620 2640 2@O

0.73 0.63 I.t8

o.74 0.64 I.19

AA A}

L2.O 11.6 16.1

2.09 5.62 Ll.2

250 290

45 69

1573 1532

39.8 42.5

2650 2650

2610 2620

1.39 1.48

1.41 t.50

38 AB

1?.0 13.1

12.8 I2.5

290 190

1473 1435

It4 . 9 4?.1

2594 2740

267t 273L

0.87 0.96

14.1 18.8

Saae aggregate tested trice 1n last l0 yeals.
Data applies only to 20 rm aEgregat€.

AII data otier than of, this stuily suppliedl by Na Zealand CoDcrete Research Association, Saq)Ie nr:ob€rs

froo aggregate testirtg prograMe.
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A cement is considered to have a high alkali content where Na2O percent +

(O.gSg x KrO percent)= 0.6 percent rninimun (Lerch, Lg62). All New Zealand

cenents produced at present have low alkali contents,i.e. less than 0.6 per-
cent as calculated above. Erceptional cases of low al-kali cements reacting
with aggregates have been recorded (Neville, f975).

Hutton (1945) tested various New Zealand aggreqates for alkali reactivity
including 18 grelmackes; he conclud,ed grelmackes were non-reactive with
cenent and could perhaps be used with high alkali cements. One grelmacke

tested, however, had "a large number of intermediate to basic volcanic frag-
ments, sore with a residuun of dusty isotropic material, probably glass,
although due to general neomineralization, one could not be too definite about

this. In one case this glassy material gave n = 1.525 by the irurersion
method". This grelnmcke reacted s1-ightly, suggesting to Hutton that it should

be used with low alkali cements. It rnay be that the material obsqnred was

launontite, which though not isotropic, has a changing refractive jndex depend-

ilg on hydration state:

launontite (hydrated forrn) r* = 1.509, az= L.525

leonhard.ite (dehydrated form) r* = I .5O2 , \2, = 1.518

Coornbs (1952).

The petrographic associationsof laurnontite are discussed in Appendix 3.

Launontite is often a repLacement product of calcic plagioclase, volcanic glass,

ornephe1ineinbasicvolcanicrocksduetolate-stagehydrothe111Ia1!9r
tl9ps9Fas4r.r.agqhi9,en+c.cenBptor.reglaceuen!'.pt9drrgt..*qseai9en9FdPe.ry99
incipient metanorS*rism. .i

To test mineral aggregates for their potential alkali reactivity there are at
least three orthodox approaches:

(i) The mortar-bar test, NZS 3111 2L974, part 2OL.7 and ASTM C227-7L,

(ii) The quick chemical test, ASII\,1 C289-71,

(iii) The rock cylinder test, ASl!1 C586-69: for carbonate rocks.
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Although not normally used for pure mjneral samples, as the results are

difficult to interpret, the quick chemical test was used by Dr N. Milestone,
Chemistry Division, DSfR, - because of its simplicity and speed - to assess

potential reactivity of leonhardite. Five grams of sample taken from I nsa

wide veins in Horokiwi quarry produced the following measurernents:

Quantity S. dissolved silica (millirnoles per litre) =28

Quantity R
c - reduction in alkalinity (nill-inoles per litre) = 45.5

Rationalising these figr:res for a pure mineral test gave a plot shown in
Figure 4.11. Within Wellington grel.leacke-suite rocks, launontite is mos'-

conmonly for:nd in veins and because of its weakness, generally coats exterior
strrfaces of aggregate particles when crushed. Sr:rface material sr:rviving
the production processes is then in a locality best srrited to reaction with
cement paste. Aggregate stockpiling allows desiccation of the mineral and it
becomes a fluffy, friable, anhydrous povr{3er of crystalline mineral- coating
(leonhardite) which is weaker and more easily removed than launontite.
Relatively snall amounts of zeolite, as surface coatings, may therefore remairt

on aggregate particles.

From permeabitity studies (Appendix 22) access by solutions containing calciun
ions (e.:9. the liquid phase of concrete) to replace sodiun and potassir:m ions

ildlt#latld.Ttrp ott aDl&e|f rt#hnn rftrtr rQgk, *wld.$r!snt*errrcr$r;
hsa4 rrcCdpduab$rG:20erctEits?, l..i-l tra\l ,:) . ", rJ,.r rr; l'-.;r!g'f1ii.x.;-..: iLrr{,

The nechanisn of alkali reactivity by base exchange suggested by Swenson and

Chaly (1956) is: "zeolite minerals are subject to base exchange in
which the calciun ions from the cement paste solutions are absorbed, replacing
lh or K ions originally present in these materials. The change in comtrnsi-

tion of the paste solution may affect the setting and hardening of the
concrete. The resulting increase in the alkali content i:r the paste solu-
tion appears to be one of excessive efflorescence, and may also promote

',, :'i:
:'i:t-

,' i:.1S'

reaction with alka1i-reactive aggregates" From this argrment, the
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orthorhombic zeolites such as natrolite*, ferrierite* and mordenite*, rather
than laumontite* would be better able to provide enriclrrent of the c€urent paste

i.:r lfa and K. Also, alkali reactivi-ty is then brouglt.about only if an alkali
reactive aggregate is present, the zeolite acting merely as a catalyst for
enhanced alkali content of csnent lnste.

A further concern with aggregate containing lar.urontite in trnrticular, is that
the mineral rray be responsible for the disrupti.on of concrete by volume

change with varying degrees of hydration. Disruption of larmontite bearing
rock has been established as being deleterious to aggregate production else-
where (Appendix 25).

Hansen (f963) states 'lthe zeolite lar:montite on exposure to air or to gentle
heat loses about 0.125 of its water to form leonhardite. lltris occurs with
a change in the vohmre of the unit celI of about 1.5 percent. Sometjrnes

th;is occr:rs with the crystal changing to a powder. The reaction is rever-
sible and fairly rapid. According to Coombs (L952) the rehydration may be

as brief as one or two hours. It appears from this that this rehlnJration
process might be sufficiently slow to produce a volune change in concrete
that would result in harmful expansion if leonhardite were a component of an

aggregate".

Physical disruption of concrete due to voluoe change of leonhardite bearing
aggregate is r:nlikeJ-y, however, because:

(i) The presence of hydration ercpansion is not likely to be great enough

to exert pressures exceeding the tensile strength of the fresh greywacke-

suite rocks. Coombs (L952) gives measurements of expansion of leonhardite,

"after soaking in water to convert to laumontite form, the (100) lattice
spaeing of the (same) crystal increased from 13.68 to 13.868 and the (O1O)

from 13.10 to 13.17f, aI1 !O.Ol to 0.028". r,attice spacings of this order

* Natrolite t.2 (A12Si3OIO) .2H2O

Ferrierite (Na,K) 4W2 (A16Si3OO72) (oH) 2 .18H2O

Mordenite (Na2r \, Ca) (A12siIOO24) .7HZo

Launontite Ca (A12Si4O2) .4H2O
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and an open alunino-silicate franework of channels and cavities which give

launontite a specific gravity of 2.2 lo 2.3 conbined with its hardness of
between 3.5 to 5.5 (Mohs scale) suggests that distortion of the mineral lattice
would acconp.rny any increase in stress due to hydration expansion.

(ii) Zeolite minerals are all permeable (Hurlbut, 1971-) and erccess water

beyond that required for hldration of leonhardite is not "stored" or'bontained"

to produce excess pressures if confined.

(iii) "llhe anount of laumontite (three samples of nine examined) is so gnall

that it can probably be neglected, 5nrticularl-y in r:nvejned rocks" (Watters in
Grant-Taylor, 1976). See Appendix 3.

Recent work by Dncan et aL. (1973) and Gillott (1975) showed that alkali
treatment - 2!,1 t{aOH at 380C (lOOoF) for one month - of grelnvackes, phyllites
and argillites from lilcva Scotia, containing a vermiculite-type mica (after

biotite and chlorite) resulted in expansive reactions as the vemiculite
mineral "exfoliatedr'. An expansive reaction retrrorted by Oberholster and

Brarrdt (L9741 in illite rich shales and sununarised by the formula:

K-ilrite (lof) + 0.5 ca* - ca - vermisufite (148) + K+

may be disruptive in its own right or nury promote alkali-reaction in concrete

bearing alkali reactive aggregates, by the release of K to the cement trnste,

even where low alkali cernents have been used.

A note by Watters (in Grant-Taylor, 1976), briefly describing mineralogy of
some greywackes fron Wellington, mentioned the findings of Gillott (1975) anit

predicted a lntential for expansion cracking in concrete made with grelzwackes,

should they be shown to contain vermiculite or montmorillonite. Neither of
these minerals have been for:nd in the present study (section 2.L4.2).

With weathering, however, both vermiculite (Barnes, L979, and montmorillonite
(Appendix 24) nay fo:rt.

Recent experiments have shown the expansion of a grelnlrrcke from a sheared

greywacke-argillite interface, when sr:bjected to alkali treatment (St John,

pers. conrm. ) . It may be that an illite-vermticulite tlpe reaction
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(Oberholster and Brandt, L974) could occur in such materials due to the

presence of illite in fault zones (Barnes, L979).

Alkati aggregate reactions are becoming increasingly significant to Nehr

Zea1and, with approximately 25,OOO square kilometres of rock-types considered

potentiatly reactive with high al-kali cements. Although Ueville (1975)

claims alkali-aggregate reactions in concrete are widespread in New Zealand'

no real probJ-em presently erists (a11 ttew Zealand made cements are cr:rrently
1ow alkali) al-though Intential.ly, difficulties could be acute. If high

alkati cernent were used with these aggregates without proper mix desigm con-

sideration exposure reactions would create massive damage, often over a long

(20 or 30 year) time interval.

High alkali cement production is attractive for a very impelJ.ing reason - Pro-

duction cost reduction.

Rising energy charges, an appreciabte contribution of production cost, can be

offset by increasing the alkali content of the raw mix or recycling kiln stack

dust in raw mix of reLatively low alkali content to induce clinkering at lower

temperature. Ttre end product in both cases is cement of higher alkali con-

tent (Gillott, L975i cratten-Bellew et aL., 1978)-

Aggregate related durability problens may then compound since:

(i) High alkali cementsare often used with relatively inferior aggregates.

(ii) Prenir-m material is increasingly remote from urban areas.

(iii) New technologies and legislation ai-ned at environmental protection may

also increase costs of aggregate prodtrction.

New Zealand wiJ-l probably manufacture high aLkali cements irt the near future
(Kennerly, pers. cornm.; Field, pers. conm.) for reasons outlined above.

Increasingly, therefore, there is a need for aggregates to be carefully
exami-ned and zoned geologically for their potential use in concrete as

aggregates and,/or use as engineering materials.
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CIAPTER FIVE

"So, Nat'ralists obseroe, a FLea

Hath smaller Fleas that on him prey.
And these haue smaller Fleas to bite 'em,
And so p?oeeed ad infinitum.tl

Dean Suift (1733) 0n Poetny: a nhapsody: 20pp.

Utilisation of greywacke-suite aggregate in concrete

This chapter investigates the properties of concrete made of aggregate from

Wellington gre! ^racke-suite rocks, and attempts to relate these properties to

those of the aggregate and rock.

In chapter 4, Iinks were established between guarried aggregate and the parent

rock, in particular with angularity, density, bulk density, crushing resistance

and Los Angeles test values. Of these properties, all of which are related to
rock mean grain sizer angularity, density and crushing resistance hrere selected

as being those most likely to influence concrete properties.

Because the results of chapter 3 and 4 indicate greln'racke-suite rocks ( and

especially the greywackes) to be very strong, elastic materials with close

ranging physical properties, it was decided to desigrn the concrete mix so that
the sometimes subtle differences in the physical- properties of the aggregate

were more readily discernable and comparable. To gauge the irnportance of
aggregate strength, a very high strength concrete was necessaty. Although the

strength of the cenent paste would invariably be much l-ower than that of the

rock materiaLs used as aggregate, a reasonable natching of static elastic
properties was considered desirable and attainable

High strength concrete call-s for low water to cement ratios, as concrete strength

is inversely related to the water to cement ratio in fu1ly compacted concrete
(Nevi1le, 1975). Initial- testing of mixes with water to cement ratios of 0.4

and 0.5 did not provide concretes of sufficient strength and showed that such a

difference in ratios masked subtle workability effects imparted by the aggregates

thus precluding confident comparison of aggregate performance.
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The two mixes finally chosen (Appendix 27) used water to cement ratios of 0.375

(mix 1) and 0.4 (urix 2). They were desigrned to achieve very high strengths with

high aggregate to cement ratios without the use of additives or admixtures. This

provided a good basis for comparing performance of different aggregates from

Wetlington greywacke-suite rocks. A special interest was shown in concrete

from argillite, because this rock tlpe has been traditionally unacceptable to

the building industry.

Although concrete strengths from the chosen desigms are weII in excess of
those normally required of concrete in commercial use, the mix designs would

not be conmerciatly viabLe as workability and cohesion are too low due to the

Iow sand content.

The sand chosen for the study vtas Ronomineralic, well graded, and consisted of

rounded grains. The latter properties are well suited to irnpart plasticity to

concrete ar moderate water reguirements ( Appendices 25, 281.

Each concrete mix design was used with each aggregate in 0.03m3 batches which

provided twel.ve lOOmn dianreter x 2OOmn 1on9 cylinders to NZS 3112:1974 clause 20I.

Mix designs and calculations may be found in Appendi,x 27 while ingredients'

moulding, curing and testing is detailed in Appendix 28.

At age 3, 7, 28 and 90 days, three cylinders, randomly sel.ected frorr each batch,

hrere removed singly from the curing charnber and i-uurediately weighed in air, then

in water, their long a:<is ultrasonic velocity determined with the PUNDIT, and

rneasured longitud,inally and across two diameters, 22.50 each side of the cylinder

mould seam at nid-height. They were then tested in uniaxial compression

(Appendix 28) . A11 tests vrere carried out in accordance with NZS 3112 2L974

t'ttlethods of test for concretet'.

At 28 days, the static elastic modulus was dete:anined using temPerature compensated

half-bridge strain instrumentation, a single PL-60 strain gauge (6Osm gauge

length) being attached paralle1 to the longitudinal axis of the cylinder centred

on mid-height (Appendix 14).

T

I
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5.1 Fresh concrete tests

Results are presented in Table 5.1.

5.I.1 "Workabitity" of fresh concrete

"Workability" of fresh concrete is measured in different ways and tests have

been specifically desiqned to simulate certain types of "workabiJ.ity"' e.!t.
its ability to be pumped - pumpability, its deformation under the influence

of gravibr - slurnp, the rate at which it can be transformed frcm one shaPe to
another - remoulding effort (Tattersall, f976).

Trpo workability tests were used in ttris study (both mix designs gave concrete

of essentially zero slump):

Concrete is allowed to drop ttrrough two inverted tnrncated cones (frustruns)

to fill a standard sized cylinfu and its mass is expressed as a ratio to ttt
mass at optirnum corpaction required to filt the cylinder. Compactir''3 factor
is therefore a density ratio , with a range from 0 to l,which is sensitive to
concrete of low workability provided the rnix does not stick or hesitate in the

apparatus during test. Ttre test mixes performed well in this regard.

(i) Compactinl factor: Not often used

BS 1881:1"970; part 2, measures the degree

of work has been iurparted to the concrete,

Purposes.

(ii) Vebe consistometer:
(seconds) taken to remould a

vibration at a predetermined

concrete is deemed a measure

or formwork.

The V-B test provided better
ting factor test (Figrure 5.1)

in New Zealand, this test to
of conpaction after a set amount

and was used for ccmparative

The Vebe (V-B) apparatus measures the time

cone of fresh concrete to a cyU,nder, under

frequency. The energy reguired to ccntpact the

of workability, simulating ccnrpaction into moulds

resolution of mix workability than the ccmpac-

especially for mix I.

Test results (Table 5.1, Figures

with degree of angularity (A2D).

5.2 and. 5.3) showed that workability decreases

The effect is more marked as workability
increases and in design 2mixes generally.
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lfirble 5.1 s Fresh eqr-crete test results. Wlthin eaeh mix dlesi.gn the qiiler

of concrete made was ratdonised. Result-s are listed here in

order of dininishing rock mean $tais sige.

Aggregrate Ordei in Bock
Sanple which mean

c€lrgcet€ grain
was Eade siaer
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dlensity,
kg.m-5
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J(g.t'3

x
H SJ-T
z
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KITC-14
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1.3

2.6

2.9
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6.3

1.3

2.6

2.9

4.7

5.6
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3

5

I
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4

6

I
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7
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10
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0.69

o.71
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0.76
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Provides better resolution. Error bars based on the standa:rd
deviation from 5 runs. standard deviation for v-B, 2.2 seconds;
for compactinE factor o.o24. These data are consistent r+ith the
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Figure 5.2 : Aggregrate particle shape has a profound effect on

V-B seconds workability especially in mixes of
increased aggregate to cenent ratio. Compare with Figr:re 5.3.
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Convergence of the two trends shown in Figrures 5.2 and 5.3 with decreasing

particle angularity values suggests that workability is determined entirely
by angularity below 600 AzD for mixes with high aggregate to cement ratios
(>5). This trend is best shown by the V-B testr though generally for mixes

with a lower aggregate to cement ratio, and slumps greater than lSmrn, the test

is less sensitive.

5.1.2 Density (unit mass) of fresh concrete

Densities of mix I concrete rrere higher than those of mix 2, for the same

aggregate, due to a lower water to cement ratio and corresponding increase in

aggregate to cement ratio in the mix design.

Dlix I results show no clear relationship between fresh concrete density and that

of rock core and aggregate (Figures 5.4 and 5.5), though one sample, OB-W, had

a significantly greater core, aggregate and fresh concrete densitlt.

Mix 2 concretes show clear linear relationships (very high correlation coefficients
for rock and aggregate densities, Figures 5.4 and 5.5), presr.mably because the

concrete density scatter was much greater than in mix 1. Rock density influences

are probably better assessed from mix 2 concrete because the higher water to

cement ratio produces a sand,/cenent Paste mortar of lower density.

5.2 Hardened, concrete tests

Though many tests nay be performed on hardened concrete to assess its propertiesr

only those most likely to illustrate the role of aggregate were carried out.

Therefore tensile strength and more tirne consuming investigations of concrete

shrinkage, thermal conductivity and coefficient of linear thermal o<pansion were

not determined. Instead uniaxial compressive strength, ultrasonic velocity,
statj.c elastic modulus and density were measured. Complete results are presented

in Appendix 29 except those for static elastic modulus which are in section 5.2-2-

The quality of bond in concretes of this study foLlowed the nor:nal pattern
(Table 5.1A). Hovteverr bond strength was not measured because:

(a) the greatest interest for this study was aggregate

perfo::mance which is well recorded from measurements of ultrasonic velocity,
compression strength and elastic modulus.

(b) no widely accepted method of measuring bond Stlength exists.
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A recent review of the cement-aggregate bond (Struble et aL., 1980*) concluded

that the nature of the bond is far better understood than is the inffuence of
the bond on concrete performance, although most workers apparently agree that
the bond is an important factor in the strength of concrete, especially the
flexural strength (Nevil1e, 1975). "Generally, when bond is good, a crushed

concrete specimen should contain some aggregate particles broken right through'
in addition to the more numerous ones pulled out from their sockets. An excess

of fractured particles, however, might suggest that the aggregate is too weak.

Because it depends on the paste strength as well as on the propertj-es of aggregate

surface, bond strength increases with the age of concretei it seems that the

ratio of bond strength to the strength of the paste increases with age. Thus,

providing it is adeguater the bond strength per ae may not be a controlling
factor in the strength of concrete. However, in high strength concrete there is
probably a tendency for the bond strength to be Lower than the tensile strength
of the cement paste so that preferential failure in bond takes place".
(Neville, 1975).

The effect of the bond on concrete performance is a subject of controversy but
a positj-ve relationshj.p between concrete strength and bond strength seesrs to
exist. (Stn:ble et aL., 1980).

Further study in this fieLd would have required very considerable research effort -
beyond that which would seem reasonable within the context and scope of this study.

5.2.L Uniaxial compressive st,rength

The coutpressive strength of concrete is one of its most useful and important
properties. It is one of the most easily determined and the most directly

iStruble, L., Ska1ny, J. and Mindess, S.

aggregate bond. Canent

(1980). A review

and. Concrete Res.,

of the cement-

VoL.L0 : 277-286.

l
I
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trable 5.1a: Bond quaLi.Lies from all urixes of, this sttrrdy. A

subjective assessnent fron fai.lure surfaces.

B = aggregate not broken A = aggregate broken

Agglcegate

salple

rQ-u

Klrf-14

BQ-lXA

SJ-T

oB-w

HQ:'22

Conerete

age

!!ix 1

Concrete

failure surfaces

Mix 2

Concrete

failure surfaces

3

7

28

90

3

7

28

90

3

7

28

90

3

7

28

90

3

7

28

90

I
B

A

A

B

B

A

A

B

B

A

A

3

7

28

90

B

nainly B

A

A

B

mainly B

A

A

B

nainly B

A

A

B

nainly A

nainJ.y A

A

nainly B

nainly A

B

nainly B

A

A

B

B

A

A

uainly B

nainly A

uainly A

A

nainly B

rnainly A

A

A

A

A
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applicabl-e, so compressive strength is the parameter generally used to assess

quality.

Test resuLts relatinq compressive strength to age, aggregate type and mix

design are shown in Tables 5.2, 5.3 and Figures 5.6, 5.7.

Concrete of both mix designs behaved in a manner consistent with concrete of
more orthodox desigms. SeveraL observations may be made fronr Figr:res 5.6,

5.7 z

(i) The rate of strength develogxnent, initially rapid, decreased extrnnen-

tially.

(iii) Fror 28 days, the st-rength of oB-W concrete is significantly weaker

than the rest in each of the mix desiqns.

(iv)
and 9O

At days 3 and 90 re.spectively, the strength of mix 2 concrete uas 80

percent that of mix I except for OB-W, (75 and 95 percent).

Static elastic modulus5.2.2

The range in rock strengths and the greater degrees of angularityof aggreqates

frqn the(generall-y) weakest rocks (sections 3.5.1, 4.2.2) prompted ttre i.nves-

tigation of concrete static elastic modulus. Weak rocks are generally con-

sidered to have Low elastic rnoduli. Hiqh values of aggregate angularity give

Iower concrete workabilities and lead to preferred orientation of aggregate

particles.

The difference between static and dlmamic elastic moduli data is greatly
influenced by the presence of fractrrres, cracks or cavities, static data gen-

erally providing lower values (see Boult, 1979).

The static elastic modulus lras mea$lred in preference to the dlmanric elastic
modulus because the Latter can be readily determined only at low stress l-eve1s



Table 5.2 : Srmary of hardened

design. FulL data
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concrete test results for concrete of Mlx 1

appear in Appendix 29.

Aggregate' Concrete age,

days

ltean density,

.-3Kg.m

Mean strength'

MPa

Mean ultrasonie
velocity,

-tm.s

HQ-17

K:IW-14

B9-IxA

SiI-T

oB-w

trg-22

3

7

28

90

3

7

28

90

3

7

28

90

3

7

28

90

3

7

28

90

3

7

2A

90

2475

2478

2482

24f3L

2482

2480

2484

2483

2482

2480

249L

2485

2500

2496

2502

2505

2515

2520

2518

2523

2449

2494

2494

3497

30.1

49,3

74.4

88.0

30.3

49.8

73.9

e5.5

29.9

118.0

74.O

e7.2

28.4

49.9

73.8

83.4

31.4

48.5

62.7

5'1.9

29.9

48.5

7r.3
82.4

4570

4727

4896

4955

4685

4786

4979

4963

4604

4734

4946

5011

4553

4708

4883

4955

4360

4499

464L

4702

4446

4591

477L

4789
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of tuerclened colcrete test results for concrete of lfix 2

FuU data aBPoar in APPerrdix 29-

Agqrregate, Concrete aget

dalrs

!f,ean density,

.-3Kg.m

Uean stfength'

14Pa

Itqrn ultrasoniE
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and there it is comparible with the initial tangent static elastic modulus

(Ei) .

Elastic moduli are of interest in the design of concrete structures and

although not normally used routinely*, mdy be required in:

(i) Reinforced concrete design theory. Concrete has negligible strength

in tension thus reinforcing steeJ. is used to accqrurodate tensile strain inposed

by loads. Deflection calculations for beams and pilJ-ars and the positioning

of lever ellms, troo-way spanning slabs and the like also reguire its use.

(ii) Calculation of the slenderness effects of colurnns in high-rise
structures.

The method of deter:rrining the static modulus of concrete specirnens at 28 days

is discussed in Appendix 14: rezuIts are shown in Table 5.4.

Stress-strain curves are shown in Figr:res 5.8, 5.9. Ttre elastic modulus is
valid only from the more linear part of the curve as the strain increase at
the top of the curve is considered to be due to creep (Neville, 1975).

As no universally accepted method of determining the elastic modulus of con-

crete appears to exist, the secant elastic nodulus (E ) at 50 percent ultimate

stress was chosen as the most appropriate for the comparison of data and

representation of concrete (Neville, 1975).

* For practical purposes the elastic modulus of any normal weight concrete

may be found from:

E" = {7QQ y'f rg

where E_ = concrete elastic modulus, rlPa
c

f'c = concrete compressive strength' MPa

see the "New Zealand reinforced concrete design handbook". Preferred

concrete strengths (f'c) are listed in DZ 3lO9 "Concrete construction"

as 17.5, 20, 25, 30, 35, 40 and 45 MPa.
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9ab1e 5.4 :

a

Static elastic noduli for concrete of
of Mix I and 2 designrobtained as the

at 50 percent gftirnats stress.

all aggregate sanples

secant elastic modulus

Mix t Mix 2

Aggrregate sanple
and, concrete
cylirde nrnber

Static elastic modu-
lus (8") at 50 per-
cent ultimate stress,
GPa

Static elastic rcdu- l{ean
lus (8.) at 50 per- Ec
cent ultimate sttess GPa
GPa

Mean
Ec
GPA

HQ-r7

Kr'!f,-14

BQ-IXA

SJ-T

oB-w

ru.22

1

2

3

t
2

3

I
2

3

I
2

3

1

2

3

1

2

3

50.9

56.1

58 .5

67.8

81.5

80.4

57.8

35.1

70.7

59.0

4L.2

45.6

4t.4
35.2

36.6

69.7

68 .7

69.2

55.2

76.6

54.5

48.6

37.7

69.2

44.4

37.3

36.1

34.4

58.2

4L.7

51.7

37.6

37.8

47.9

37.6

39.4

35.0

32 .5

37.4

43.6

50.4

39,3

44.8

42.4

42.8

35.6

43.8
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TabLe 5.4 shows that mix I concretes have higher E. values than mix 2 conc-

cretes, within each aggregate type,i.e. the elastic modulus is higher in
sEronger concretes for any aggregate type. This is d.ue to the higher

strength cement paste and the higher proportions of agqregate in the mix 1

desiqn.

Neville (1975) has shown the relationship between stat.ic elastic modulus and

ultrasonic pulse velocity, and his graph is extended by this study (Figure

5.10) although in practice generalisations can not be made regarding the

relationship.

Generally, it is contended that the static elastic modulus of concrete is
related to the static elastic modulus of the rock from which the included

aggregate is made. Woolf (1966) declares such a relationship to be no more

than "fair" having regard for the difficulties in determining moduli' the

non-uniformity of rock specimens and of derived aggregates, in bulk and, as

they occur in concrete, together with the problens inherent in instrumentation.

Ho!,rever, results from this study (Figure 5.l1) indicate that a l-inear relation-
ship does exist.

!-i -tbJ*Er" rfoqiri*f' r*t-n5t#i!*, . :lgp1a+fl
dr €,$erc {Hililrr-rrrcrslcrudin. q..J#I:fit 

"*Ecurve shows strain rate acceleration as ultirnate stress is approached due to
the devel-oSment of microcracking at the interfaces between the components.

It is not surprising, then, that relationships exist between aggregate

particle shape, static modulus and the shape of, stress-strain curves (Woolf,

1965; Neville, 1975).

La Rue (1946) working with four limestone aggregates found the relationship
between aggregate and concrete modulus to be exponential; given by the

expression:

5.875 (r - o.oge-o'3'Es)

= concrete modulus

E=c

where

and E = coarse aggregate modulus
S-

(t{6rn



I(,
63
Jfoo
-
I
Fo
J
lrl

Fz
fJ
lIIo

eo
a
GI

z
lll
.

184

1.2 1.1 4.6 'l'E
lflEAN CONCRETE ULTRASOT{C VELOCIW km.3l

Figure 5.J.0 : The static elastic mod,ulus of concrete uray be

used as an jndicator of dlmamic properties when

related to uLtrasonic velocity. Eror bars are shown on one

sample.

. mixt

. mix2

./,.
/ro .

o/
o./



185

€
o-
|9

ti
=J
=oo
E

IFo
J
lll

I
F
Fo
ul
F
UJ
E
C'zo(J
-
UJ
E

40

Ett
50

Esr

t0
iIEAN

Figr:re 5.11 :

to exist. For mix 1, rock core

and for
mix 2, rock core

50
DRY ROCK CORE ELASTTC IfIODULUS,

Static elastic modulus relationship of concrete

and dry rock core. A l-inear relation aPpears

90
GPa

t07060
STATIC

Et

Es

Et

rs

correlation coefficient = 0.81

= O.7l

correlation coefficient = 0.9L

= 0.78.and for



186

5.2.3 Ultrasonic veloci.tv

The PUNDIT apparatus mentioned earlier (section 3.3.2) was originally pro-
duced in response to a demand for non-destructive assessnent of relative
strengths of in situ concrete,as laboratory strength testing does not accur-
ately represent the strength of the same concrete in a structure. Ultra-
sonic velocity has been found to be directly related to strength under certain
conditions, although there is no universally applicable relationship between

them (Jones and Gatfield, 1955).

The axial ultrasonic velocity of each cylinder was determined using 50 run

transducers with a frequency of 50 kHz. Tenplates were used to locate the

transducers centrally on the cylinder ends with glycerine and talcum povnier

paste to ensure acoustic contact.

There is a di-:rect relationship between ultrasonic velocity and strength for
each concrete mad.erwith a numerical displacement between corresponding sampJ.es

from each mix design (Figures 5.L2, 5.13). Ultrasonj-c resolution is good

uotii ryrg+c EanEtt so* celrlcrrcr-rrr|rrytl}i girrirlll.f.a r---FLj_---

SaEorpfi,fdu t ais rr{1rlt!{ld,nlr lrur+ctilre{*r cM

Cc$liE{i"tlon oEtFigpe8:;5:,l? and,-5;13 gh*s ili,trfCrensegii.rt' Iroung"'concret€.;stleisih-1, t,

dre ngt +i.nf Luenced bfr eggregatA 'paraneters whete 'qard/c€ncnt paste ls qtlron$ f ,

(nfut ,I).. ; rndeed a t}rry aJ?g . t4ly, 'nargindlly rcapable' cif resolution . i.rr' ceaoaetfa t. ". ;i .,

af ,ni*'Z;desiqjiq.anal th.Ls ,i;s;,'probablf"..due..to llncf-easeil worRrrbtlatlesl,al.lartli:i{ ';"irt
,. j , ,ii,ttlgnllarit$,dependenE Fa!-tisJ.e'gaebing tq be.'better estabrished, :

Although, generally, there is no trrivesalllz applicali-e c-orelation betv,een strength ed
ultrasonic veLocity in concrete (Neville, f975), there is a strong reLation-
ship between the ultrasonic velocity of parent rock and concrete made with
derived aggregaterwhich becomes apparent when wet rock core velocities are

compared with those of corresponding hardened concrete (Figures 5.L4, 5.15).
The relationship is similar at all ages and both mixes.

As parent rock density is reflected through its rlerived aggregate to become a

determinant in the density of concrete in which it is included,and as density
is related directly to elastic modulus and inversely to ultrasonic velocity,
any assessment of concrete by ultrasonic velocity must have due regard for
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crete ages, when sand,,/cerrent paste alters the trend as it gains.
strength.
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elastic modulus (Figure 5.I0). This is well demonstrated in this study,
where concretes made to the same design from aggregates derived frqn a range

of rocks of varying density,showed an inverse relationship between concrete
density and ultrasonic velocity at a qiven concrete age (Figure 5.16' 5.l7).

5.3 Strength - density relationships in concrete

For any concrete,the ratio of compacted density achieved to density attainable
is related to the resulting strength of that concrete (Neville, 1975).

Compressive strengths and ultrasonic velocities of concrete were lower for
aggregate types from rocks of finer mean grain size (Figure 5.2O,5.21)
although the effect is more marked. in mix l, which had slightly higher aggre-
qate to cement ratios.

5.4 Aggregate strength as a factor of concrete strength

Ingredients of concrete are nearly always assessed in terms of concrete
strengths they produce in predetermined conditions. If aggregate imparts a

strength to concrete lower than proven aggregates in the same mix design, then

its strength is generally lower than the nominal compressive strength of the
concrete. C1early, such aggregate is better used in concrete of lower

strength.

t'lcIntosh (1957) stated that every aggregate has a conpressive strength ceiling
vrhich should become evident as concrete strength is increased. Therefore
aggregate crushing resistance, a measure of the ceiling, was plotted against
concrete compressive strength (Figure 5.22). Aggregate crushing resistance

a{8.i}}} .fllantl,i-i lit}*-' 'l*ri
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F&{:S*il

At 90 days, trends indicate that aggregates of low crushing resistance, could._
po+intt tte; )i(cbEt{qtb$,Stlffiibh, {,!{;i,lh'rd,i,,?bo$Fft4+q{Eqllr."ind-ic4-tg. .

that potential-Iy higher concrete strengths are available from aggregates of

high crushing resistance.

A similar conclusion is reached by relating rock core strengths to the com-

pressive strengths of concrete made with corresponding aggregates (Figure

5.23), although the influence of particle shape is also evident.

Results suggest that there are real advantages, at least in material usage

efficiency, in matching the physical characteristics of agqregates to those

of the hardened sand/cement paste in the mix, which in turn is designed to

meet the in-service conditions. Certainly strong concrete cannot be made

with weak aggregate,,nor hard (abrasion resistant) with soft aggregate, but a

strong aggregate in a weak sand,/cement paste may induce lower compression

strength in concrete th,an one more closely matched to the mortar characteris-

tics.

practical considerations (handling, transport) dictate a minimum strength for
precast concrete products but where this is not a requirement, lower preferred

strengthsr€.9. DZ 3l-Og "Concrete construction", could welt be met with so

called marginal aggregrates provided they conform to the grading and organic

irnprriiy requirements of NZS 3111 2L974. For concrete not exposed to the

weather, weathering resistance of the aggregate is not important nor is
cleanness if the nature of the "dirt" is known and can be accommodated by rnix

design.

5.4.1 Effects of aggregate angularity

Bache and 1lepper Christensen (f965) noted that concrete tested

in compression often displays bond. failures along the under-

side of aggregate Snrticles (with respect to how they have been cast), at

early aqes. This feature was noted during 3 day testing,particularly in con-

cretes with highly angularqgregates. The effect has been attributed to a

relative increase in the water to cement ratio localised beneath elongated or

flaky particles as a result of laitance and/or entrapment of air (Plates 5.1'

s.2).
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between dry rock core compressive strength and

concrete strength is probably influenced by aggregate particle

shape.
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P1ate 5.I Ttre faiLure roode of BQ-I)(A (nix 1) at 3 days is a

horizontal. plane, which has traversed the cylinder
about 57 run above its base, as cast. The plane shohts integrated

bond fail-ures at the bottom sr:rfaces of aggreqate trnrticles.
The cyl5.nder measures 200 x 100 tm.
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Plate 5.2 : llhe uppe!? and lower portions of concrete shown in plate

5.1 are Bhotogrraphed here as cmplimentary surfaces.
Alnost all the coarse aggregate particles adhere in the uppsf
portion of ttre cylincler (top section iri photograph) r ttre portion
that was uppernost dr:ring cwrtrnction of the fresh concrete.

llhe lower trnrtion of the cylincler (bottor section shown) has its
fracture plane clisplaying nrtrnerous alr voids, indicating that
seqregation and local increase in water to cenent ratio has

resulted in a preferred bond faLlure. See also Bache and

Nepper-Christensen (1965). llhe cyJ.inder is 100 rm in diaqeter.
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Figure 5.24 shows concrete strengths

In high strength concrete (mix I) at increased age, more equant grains (which
are also the mechanically stronger rock tlpes) appear to enhance strengths.
The trend is more scattered for mix 2. More equant lnrticJ.es may be expected
to promote higher strengths as, for a given parti-cle size, greatest strengths
will be provided by those with the greatest vohsnes displaying the mean

angularity for the aggregate as a whole.

5.5 Aggregate performance in o1d concrete

A search of literature has provided only one reference supporting a suggestion
"that aggregates courd continue to degrade even after (the) concrete has
hardened" Corl-ett and De Gast (1963*) in West and Aughenbaugh (1964), and
there appear to be no retrnrts opposing this view with the possible exception
of Kear and Hunt (1969).

Corlett and De Gast (1963) base their contention on ',stress relaxation within
rock pieces" and this type of phenomencnis relevant to greln"racke-suite rocks
(Appendix 25) in that desiccation and subsequent wet and dry cycling is seen
as a probable cause of microcracking in argillite. clasts (flakes and chips)
of argillite included in greyvracke (chipwackes) exposed in outcrops, display
microcracking parallel to preferred orientation within the clasts. This is
analogous to argillite trnrticles in concrete.

A long term assessnent of aggregate degradation within concrete was not pos-
sible in this study but to ascertain whether argj.lLaceous particles known to
d.egrade on exposure and in roading situations did degrade in concrete, samples
of kno';m age and from varieus localities, were assessed in thin sections
and slabs

The very

The original work of these authors was unobtainable.
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Prior to 1950 most aggregate for l,lellilgton was alluvial or beach derived,
mostly free from argillite but not from weathered grelnracke lnrticles and it
often contained sj.gnificant amounts of shell material. Weathered particles
had well rounded surfaces facilitating examination for particle,/cement bond.

Etom the late 1950's quarried material, including argillite, Idas used so that
argillite-bearing concrete is stiLL relatively young in the area.

Results of the survey are shown in Table 5.5. One sample taken from a derno-

lition site showed some argillite uricrocracking which may have been caused by

degradation in the concrete but possibly by desiccation and weathering after
exposure resulting from dsnolition or even induced by the demolition process.

The latter cause would seem unlikely when cmrtrnred with cracking induced by

uniaxial compression testing. Here the cracks in argillite particles could
generally be traced through tha cement paste as well, and r"ere general.Ly wider
than microcracks induceil by desiccation.

Shrinking agqregates in concrete have been shown (Roper et aL., L9641 to have

a crack pattern mainly concentric about, and at the Farticle,/cement paste

interface,i.e. a bond failure,but degradation is r:nlikely if the particle is
wholly within the concrete because:

(i) Potential argillite volume change is significant (0.2 percent,

if desiccation occurred it would be very sl-ow because of lowAppendix 20) but
permeability.

(ii) Argili-ite clasts in chipwackes are as fresh as the surrounding grey-

time microcracks withinwacke r:ntil they are exposed at the surface, at which

argillite d,o not extend into the grelnrracke fabric.

This survey is inconclusive but desiccation of argillite in concrete, if it
occurs at all, must be slowrotherwise bond strength vrculd exceed the lowest

tensile strength of the argillite particle since argillite is grossly aniso-
tropic (Appendix 7) and any strain consequent to volune reduction is relieved
by microcracking within that lnrticle.

l"licrocracking could be minimised by confining argillite trnrticles to a maximtn

nominal particle size of less thanr soyr 10 nm or accepting a relatively large

surface area to volume ratio, sy, 6:1 for argillite particles in concrete

aggregate (Appendix 25). The latter choice would cause low workabilities in
in fresh concretes.
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Table 5.5 : Suonary of suri\rey on aggregate perfonrance in o1d concrete.

Conclete sorEce Age of concrete Brief description of, concrete Reoarks

tlnakori Gun 37 years ltost coarse and fire aggrregat€ s@e dalk rins about seathered
&plac€Eents,
Tinakori Hil!,
255 u (837 ft.)

and ltlannels St.
Buildirg had no
particular naDe.

of good quality. uhere in palticle. No detcctable
degradrtion of uy latarbl.

Karori cereterlt, 60 years Very lean, hlghly porous and No visl^b1e signs of aggragBte
Karoli Road. pereable concrete. RouDded degrradltion.

aggregate. llost partl,cles
fresh, very little argllllte.
Cotcrete surface neathered at
Ieast I !a.

In1and Revenue lilo date,con- Agrproxinately 40 percent of Bull,d1ng otenrively srached in
Bulldtng, ftiled at least coarsa agglegate weatheredl. earttrg:rake of Nove6er, 1968. till
GE. Mannels st. 44 years coalse lgglegBte is rolBded to degrradation of algllllte.
and faranlki St. angular. Li[ited argillite. Darhend ri.E about sore weathercd

iralticlcs.

Oldl house found- tlo cotEtruction Rounded aggnegEte, aggroxinately tleathered Snrticles posseas dlark
ation, date arraila.ble . 10 percent of coarse agEEegBte ri.n only if relativaly coarae or
I8l st Mlchael's at least seathered. NegligiSle argillite. nediun qrahed. Flne gralred
Cre8., Kelburn. 30 y€ars gre] rackes and rrgl.lIites Dot

af,fected.

o1d Pearse House, 35 years Angular, flakey, coarse aggregate. Ebrk rj-n occurring irr s@c
cnr. sturabe St. concrete appeared rich. e€atberad naterial. soDe larger
and Di-xon St. lrgi[ite and rreathered p.rticleg frestr argl.ltite trlarticlee (larger

both approrirEtely 20 percent by than 9 u) Dl,crocracked.
volrEe of total agfegate.

Cnr. Farl-sh St. 73 years Angrrlar and rourded coansc and weathered particles sho &rk

ueathered. Agrglegate ror:nded. greyrracke laterlal. Itris Eateaial
Argi.llite in finer agErregate atrf)ear8 less porous at partlcle/
poirulation. Concrote atrf)oar€d c€Dent l'ast€ lnterface thao elsc-

flJre aggregate. coalse aggrr€gate rj.os if relatie€ly coarac qraired.
Eoetly incipiently naattrered.
verlr fcry argi1lite plrticles.
RelaCively lean, rrrrcrkable
concrete - voiils adjacent to
aggrregat6 boundaries.

Concrete retain- 25 y€ars RouDdd agEnegate, porous andl tfeathered trErticles stron dark rLos
ing mllr honeycded coDcrete, sanpled vltb if relatively corrse graincd.
21 9tllton Rd., d.i.mnd clri]l. Little arqilllte
wiltoD. but 30 pelcent agglegate

rreathered. Builder acknorledgee
a dry oix was used.
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The occurrence of dark rim rnaterial in some weathered grreyuacke particles
(Table 5.5) is unusual and difficult to interpret (Mather, 1973). Ittin
sections of concrete from the InIanC Revenue Building, 18A St Michael-'s

Crescent, and 21 Wilton Road all showed little resolution of the dark rim
surrounding weathered aggregate Snrticles. Because the rim appears to be

merely a colour contrast and is seen in rocks with relatively large mean

grain sizes, it is probably due to an absorption of cement paste material (per-

haps the lirne diffusion front of Stocker, L972), changing the coLour of inter-
granular materials of aggregate particles to a depth of up to 0.6 nun from

their interface with cement paste and extending along rec€snented shears

locally to 1.2 rnm. Penetration may depend on relative water contents of
cement paste and aggregate particles.

Several thin sections showed microcracks about the interface of weathered

aggregate and cement paste, some,the result of thin section preparation but
others,clearly a featr:re of the concrete. The cracking around Snrticles is
consistent with shrinking aggregrates and probably resulted from the high

moistr:re content of weathered greymcke-suite particles.

-Reactiolpproducts.observed 'in'-the-concretes examined, aIJ- appeared innocuous

and it is probable that if argil-lite does microcrack in concrete the process

may be reduced or eliminated by careful aggregate production to a finer
maxjmurn norninal size grading, which, due to the nature of the material, should

be a relatively easy and low cost r:ndertaking.
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CHAPTER SIX

Summary, conclusi.ons and future work

A wide range of properties of glellington gre] dacke-suite rocks,unprocessed,

as aggregiate,and in concrete (2 mix design:s), were measured to find out how

closely concrete properties could be related to rock properties. A stlnuta:ry

of properties of tlpical samples, along with those of aggregates and concrete
from them, is presented in Table 5.1. In addition, other specific problems,

e.g. aggregate degrradation and alkali-silicate reactivity, were investigated.

Principle conclusions from this study.

The Wellington grelmacke-suite rocks comprise two rock types, grey-
wacke and argillite, which have separate and distinctive mineralogies and

chemistries. The fundamental basis for distinction is grain sLze, argillites
having a mean grain size finer than 5 phi (0.031 rur). There is no signifi-
cant difference in mineralogy or chernistry in grelnracke in each of the three
rit{oGrcte! !,_!$r$t Stc. r atrcgcg{ri 

" 
!F d i f f ;r elrc e .

(ii) The crushing strength of aggregate from Wellington greln*acke-suite

rocks is related to the uniaxial conpression strength of its parent rock, and

determines to some degree the resulting strength of concrete in which it is
used.

(iii) Grelruacke-suite aqgregates produce concrete which are, for the most

part, unaffected by alkali-silicate reactions. Larmontite is present locally
but does not react because of its habit.

(iv) Discontinuity spacing indicates that the thin-beddeC lithofacies may be

easier to win and process than other lithofacies but would create more

rdaste.

(v) A test for degradation potential of greywacke-suite rocks,based on des-

tructi-on of chlorite by hydroclr-loric acid,, has been successfully devised.
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TABTB 6.I : A sur@ary of results for typical greluacke-suite rocks f,rom the Wellington
region. Values listed are averages for sanples tested dry.
* denotes parameters measured fron coreE.

Sarryle rr9"-17 sJ-31 Ktr{-14 8rv B9-IXA l(S-z K:r}|-t ry-22

F
&
!1

A
v
6

Rock stabiliry
vaLue, percent

fl mgularity, l,o

fl crustring resistance,
E t<N

El los Angeles abrasioa,
I percent wear

H oenstty, k9.a-3

$ Absorption, pereent

E c@acted butks: density, kq.u-3
(h

A voids content,
5 percent

V-8, secoDds

OcdpactioD factor
$ fresh conclete
f itenslty, kg.s-3
rd

E Ze day Dean density,
E xq.u-3

H ze day nean strength,
E MPa
CJ

fi Ze aty Eean ultra-o sonic velocityrlo.s-l

I 28 day rean static
I elastlc nodr:lus (Er),

GPa

hard bald

5.25r 5.368

234 260

73.1 A2.6

2670 2670

o.27 0.29

6.6 6.5

- 850

- 340

-rt
- 2660

- o.47

- l qt ?

- 43.1

- 26-6

- 0.71

- 2494

- 24A4

- 73.9

- {.979

- ,o.o

o.29 0.30

3.9 8.8

- 749

- 350

-11

- 269I

- 0.56

- 1518

- 43.6

- zz.L

- 0.75

- 2501

- 2502

- 73.8

- 4.883

o.38 0.51

r1.3 11.9

to45 933

190 290

19 t5

2713 2677

0.96 0.87

1435 L473

47.L 44.9

50.9 34.1

0.66 0.59

2543 2504

2518 249A

62.7 71.3

4.641 4.77t

Rock type
Ll-thofacies
Rock rean grain
size, 1*ri
Phyllosilicate con-
tent, percat
llardDess

UltraEonic velocity
km.s-l.
Onia:(ial conpres-
sive strength, MPr*

Static elactic
Dodulus, Egr GPar

Dry denslty,
kg.6-:*
Effective porosity,
percentr

gwke. 9nrk6. $rke.
thick thick sstn.

1.3r7 1.32 2.6

qF ke. $tke.
sstn. sstn.

2.7 2.9

gltke. !,wke.

sstn. tfiin

3.3 4.2

hard hard

4.8?8 5.399

243 324

56. 3 64.3

2630 2670

qrke. ar9i11. ar9i11.

thia thick tltick

4-7 5.6 6.3

halal Eott soft

5.524 5.O84 5.107

254 245 L47

72.7 51.6 58.4

2700 27LO 2690

h!!dl

5.230

22L

65.6

2650

0.28

0.r

758

350

L3

2647

0.56

L499

43.4

23.9

o.77

2502

2442

74.4

4t.896

55.2

haral harcl

5.424

262

@.3

26?0

0.34

5.4

429

370

t1

265A

0.48

I496

43.7

29.7

0.69

2509

2491

74.O

4.946

54.5

253

63.0

2650

I .L

0. tl8

1.2

- 48.6 37.7 69.2
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(vi) Grelnrvacke aggregates will, with confidence, produce concrete to meet not

only the strength requirements of common commercially viable mixesr but also the

special requirements of very high strength concrete.

Argillite aggregates, which on average are more angular, produce concretes that

are harder to vtork and, when compacted, particles tend to align. Use of

argillites aLso results in lower maxinum strength concrete and it should not be

used where l-ow strength concretes will be subjected to great ranges in moisture

content, temperature, or where abrasion resistance is necessary. In particular,

argillite aggregates should not be used as exposed aggregate unless protected

against wetting and drying. Nevertheless, there are still many concretes in

which argillite can be safely used.

6.2 Future work

The following are pure and applied geological research topics which require

further work to allow proper understanding of the processes involved.

(i) A study of grelnracke weathering rates and changes. The study would

involve researching techniques for better studies of internal surface areas of

fresh and weathering rocks. An application of this work to the aggregate

industry could show whether rocks, novr considered waste materials or over-burdenr

could be safely utilised in concrete, or in bound granular form.

(ii) Argillite tends to degrade after being won because of its geological

and physical properties. Opti-ururn gradings for argillaceous rock types should

be measured and uses for the argillaceous fines, even considering quarry sludges,

whould be found to minimise r'rastage in the aggregate industry.
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APPENDICES

What one fool ean do, anothen cq.n.

(Aneient Simian Pnouerb)

All Tables, Figures and Plates are nunbered within each Appendix and

bear the prefix 'A r to distinguish thern from those in the thesis text.
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APPENDIX ].

Saurple location sites

Index nap for sanple location maps of ttris Appendix. llurbers wittrin the loc-
ality areas shownrcorreslnnd with those on ttre sample location maps. Map 7 is
taken fror Iands and Survery 1:151840 ltosaic nrap series, all others are frm.
the Iands and Sunrey 1:1Q000 Weltington District map series. l$orkirq quar-

ries are shown with a star qpnbol. Sanrples vrere taken along the

traveise arrow strown, in chronological or ottrerorder shorrn.
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APPE}IDIX 2

Stainlng of thin sections for iilentification of fel-sic minerals

Etching of thin sections to accomplish staining vras carried out using hydloflurtc acid

fumes after the final grinding of the thin section. The most suitable etch was obtained

by exposing thin sections to furnes for 90 seconals.

The method described by Bailey and Stevens (1960) was tried but as acid rhoclizonate' a

sodiun saLt, does not stain very sodic plagioclase, Potassirfit chlorite was used. Vhen

i:rnnersed in sodiurn cobaltinitrate, the plagioelase is stained yeltow. All etched K-feld-
spar is also stained yel1ow in sodiun cobaltinitrate. Thus all feldspar anil potasaiurn

bearing minerals j-n the matrix were stained yellow, providing clifferentiation between feld-
spar and quartz but none betrteen K-feldspar anil plagioclase.

A technique by Laniz et aL. (1964) was also trieil but the use of calcium chloride to stain
highly sodic plagioclase proved unreliable so staining of K-feldspar only was resorted to

in most thin sections and then only when the rock was relatJ.vely "clean" as Potassium

bearing rninerals had a masking effect.

Miiller (f962) suggested a 5 percent bariurl chloride dip then sodlir:m thiocl'anate solution as

a r"ray of staining etched plagioclase with anorthite contents as low as 3 Percent. This

also proveil unsatisfactory ilue primarily to authigenic albites.

If alt feldspar is etched and stained, relatively accurate guartz to total felctspar ratios
can be determined. From artificially prepared samples, tlayes and Klugman (1959) estab-

Iished relative errols of 3.2 percen! for quartz, 5.3 Percent for K-feJ-clspar and 5'4 per-

cent for plagioclase so by inference a total feldspar count shoulcl have a relative error
of about 6 percent.

Although stai.ning of plagioclase proved unsucces6ful, etching gave it a whitish appearance

providing a rneans by which unstained felsics could be differentiated. Etching is obvious

under a microscope in plane polarised light and enhanced by the use of the substage iris'
Hayes and Klugman (1959) had noted this effect and were using medium to fine sand sj'zed

grains (l to 3 phi, 0.5 Imn to 0.125 rnrn) with counts of 300 to 500. Sonewhat glreater error
may be expected in thisstud.yfrom reduced stained areas restricting grain counts t'o 200, the

use of a rnanual vernier stage instead of a rnechanical click stage ancl the influence of
potassiun bearing matrix minerals. Ho1tever, for rocks of mean grain size coarser than

3 phl (0.125 mrn) maximum error wi.t1 probably not exceed I Percent.
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APPE|NDXX 3

Detaifed PetrograBhy of gre'1.rncke a-aropt,ee'

1. guartbz

(i) ,e€merlt
(tt) Bea1ed fractures

2. s-f,elclspar
3. pLagioctrase feldlspar
4. Boek fragmeute

4.1 Sedimentary roek fragrments
(i) V.ery fine aandstones
(n.it siltstenes
(ili) !{udst-ooes
(iv') Chest

4,2 MeLanortrilric andl pluton{c r-,oclt f,raglneats
(i) Serisite sehtst
({i) Quartz ecbl.gt
tnitr) cranitlc fragntents
(1v) Quar€Eite
(v) Gnels:Eic frag[lents
tv:i,l gotnf,els

4.3 Aclil voleeale rook fragneats
4.4 Baeic volcanLe rsclc f,ragRente

G) chloritisation
titl Zeoliti.eation
(iill euttrLgenic coiicentratjoa o,f netallic oPague nineralg

5. ,l'lu.scovite

6. Biotite
7. Cblorlte

(i.) chlorlte after biotite
(11) De'trital chlerite
(ii.i) Autni:9ente ehtrorlte

e, ugtoorph:lo acceFgor{ea and ce$reEts

8.1 Eeoli.te
8.2 grehnite
8.3 Calcite
8.4 Soirt'z'
8,5 Ellidote gcoup q'laer€i-ls
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t. Quartz

fhe mean quartz content varies only slightly with lithofacies (Figure 2.3), the average for
the grel^dackes studiecl being 29.7, 27.7 and 25.8 percent for the sandstone, thick-bedded
and thin-beilcled lithofacies respectively. No significant difference betvreen these rnean

values is apparent (P is greater than 0.I).

The range of quartz content with lithofacies suggests a petrographic continuun. Quartz
varies in its characteristics. Almost all guartz is monocrystalline. clear and strained.
Some clisplay boehm structilre (Turner and l{eiss, 1963),e.g. sJ-5 and OB-zi, or induced twin-
ing (pseudotr.rins, Dc-I) or an impression of laminations within the grains sometimes appear-
ing wavy, an ind:lcation that these features have been induced i,n eitu (DC-2). Strain may

produce a 2V of about 30o to 5Oo (HQ-17, Hq-25). Only compelent rocks are able to wlth-
stand such strain ancl it is noterdorthy that although strained quartz exists in the thin-
beclded lithofacies, pseudo-tvinning is restricted to the more massive gre1'wackes of the
other lithofacies, usually near large faults, evidence wfrich corroborates field interpre-
tation well (section 3.3.1). Occasional grains of high sphericity (eguant) occur in aL1
graln sizes though small grains generally are more angular as they resuJ.t predomiDantly
from fracture of larger grains. ltre quartz population in greywackes of the sandstone
lithofacies is angular to well rounded (KTW-17) with a few subrounded glains in the natural
continuun. In larger grain sizes,i.e. those more often rounded, subeguant grains attri-
buted to breakage of eguant rounded grains have a ragged outline. Extremes in grain shape
(Kl?{-I3) are more often associated with smaller grains. The thick-bedded lithofacies
usually has a more poorly sortecl population of angular to rounded guartz graLns, the sub-
rounded and rounded grains often showj.ng "fresh" breakage - sometimes with long, broken,
slivers adjacent to the host grain (HQ-l?)

The average size of guartz varies with Lithofacies frorn 0.2 rm in the sandBtone lithofacies
to 0.35 nqn in the thick-bedldled lithofacies and 0.073 nrn in the thin-bedded lithofacies
which also has a srnaller maximum size (0.36 nrn). Arnaxjrnum size of 1.0 nm was obtained
in the sandstone ancl thick-bedded lithofacies.

Quartz recrystallisation is apparent ln grelmackes of all litbofacies in two forms:

(i) Cenrent: intimateJ.y packed adjacent quartz grains sometimes indicate overgrordths to
be present (Dc-I, Dc-3). Some evidence in the form of serj.cite 'enteringn quartz nay be

misleading unless the guartz concerned is authigenic (HQ-25, EQ-15). Orientation of
graj.n/grain boundary to the plane of tlre thin section is also important since where this
is of low angle, a boundary contact is greatly exaggerated. With subtle undulose extinc-
tion in adjacent grains, optical continuity is sometimes difficult to confirm. Over-
grordth evidence is seen nost frequently in the thin-beildecl lithofacies and is associated
witb veining where a guartz vein may include a detrital grain in its fabrlc.

(ii) Healed fractures: fractures in quartz are often oriented,e.g. palallel to extinc-
tion direction (Hg-17). occasionally fractured grains retain their integrity b'y healing
the fracture with guartz in optical continuj.ty to produce a Btructure resembling an over-
growth (K1T{-14) .

The dl.fferences between overgrowths and healed fractures may be observed by stopping down

light and studying optical continuity over the overgrorrth boundary; fractures 6how as a

discontinuity over a dislance of about 0.016 run and the "dust" coating,common to overgrowths,
may not be continuous.
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Although not eonrnon, included mineral grains (maxirnurn size about 0.06 rnn), are found in
quartz frorn greywackes of al1 lithofacies. The larger grains had included sericite,
vacuoles, rutile (K13{-15), tourmaline (penetration twins, HQ-25), opaques e.g. magnetite,
apatite, epidote group minerals and zi.rcon. Epidote, tourmaline and rutife inclusions
persist wj.th decreased quartz grain si-ze.

Most guartz grains show signs of erosion and/or suturlng. Suturing occur especially in
the nore strongly ori-ented, laminated and finer greywackes (BQ-iv) and in close proxi:nity
to detrital grains (especially felsic grains). Erosion is seen in guartz grains which
are highly strained or partly shattered and almost always adjacent to zones of sericite,
muscovite (KTw-16), calcite, zeolite, purnpellyite or prehnite, which often form blebs or
ernba)rments in the grain,e.g. prehnite "entersn quartz (Kl'l{-14) on occasion. A normal
surface texture of erosion, or etch, gives up to 0.007 nun penetration in larger guartz
grains, snaller grains (thin-bedded lithofacies) eroiling to sone 0.01 mrn or 0.015 nrn.

2, K-feldspar

Identification of potassiLun feldspar depended strongly on staining for accuraclf, and the
inability to stain the finest greywackes successfully rnay have contributecl to the trend
of lowered K-feldspar percentages through lithofacies; this is true also of quartz
(Figure 2.48).

fhe average potassiun feldspar contents of greynackes is 4.1, 3.7 ancl 1.8 percent for the
sandstone, thick and thin-bectded lithofacies respectively. The K-feldspar mode clid not
exceed 9 Percent for any greywacke studied and does not seem related to plagioclase
contents.

K-feldspar is most prolific in the thick-bediled lithofacies, grains average 0.45 run in this
lithofacj.es compared to 0.25 mn in the sandstone lithofacies and about 0.086 mn in the thin-
beildecl lithofacies. The roek fragnent populatlon follows a similar trend.

The K-feldspar consists of microperthitic string and inlerpenetrant Perthites and mesoPer-
thites (composition nomenclature of Van der Plas, 1966t textural nonrenclatule after Spry,
1958), which may be strained (HQ-17) or strained microantiperthite (sodirm phase may be

compound, rod or banded). Chessboard texture (smith, 1974) in one mesoperthite grain had
patches averaging 0.045 mn (HQ-25). Perthite is rnore commoD than microcline.

K-feldspars; microcline, orthoclase, perthite (BQ-IXA), antiperthite ancl nyrnekitic lnter-
growths wi.th quartz often displayed good cleavage, carlsbad twinning (OB-21, K${-13) and
combined carlsbad - pericline twinnini.

The varieties of K-feldspar are reduced in finer grained grel rackes, but are generall.y
eguant or elongate and angular or subrounded. Compared with pLagioclase feldsparsrthey
are more eguant and tend to be of larger size, there being a transition between K-feldepar
grains and metanorphic and plutonic rock fragments. Inctividual grains of K-feldsPar may

be 0.7 mrn in size.

Inclusions are corunon, being tourmaline (0.028 mm long), apatite (residing in fractures,
approximately 0.34 mm long), and opagues - gometimes in bands (HQ-25). The minerals are
pseudocubic, rectangular or hexagonal and predominantly pyrite.

K-feldspar grains, generally are less rounded than quartz, due to retrogressive rouncling
induced try calcite erosion (BQ-xviii) , prehnite (Dc-l), sericite or epidote grouP ninerals.
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These minerals also occur within grains in blebs of 0.1 to 0.15 run. In greywackes of the
sandstone lithofacies, approxirnatety 60 percent of the K-feldspar poPulation show some

alteration (e.9. KTll-13) .

K-felclspar grains are the second largest grains occurring in grelnvackes, subordinate to
rock fragrments and phyllosilicates in the coarsest and finest graineil grelnrrackes respectively.

3. Plagioclase feldspar

Greywackes of all- Lithofacies contain approxirnately subequal amounts of plagioclase' the
Ieast variation being apparent in the thick-beclded lithofacies (Figure 2.4A). I{hen com-

pared with the feldspar ratio figures (Figure 2.4C) thls indicates either a more raPicl
breakdown of K-feldspar fron the source sediment, a more pro).ific plagioclase Provenance
raw material, together with greater variation in grain 6ize, or an effect of diageneeis to
equilibrate plagioclase content by introducing authigenic plagioclase. fhere is an

apparent trend for plagioclase to decrease in concentration from the sandsione to the thin-
bedded lithofacies.

Authigenic plagioclase, generally c1ear, unzoned and untlrinned, was also counted in this
mode. It was often exceedingly difficult to differentiate between this anal aletrital
plagioclase, and some cements (zeolite and albite) possess undulose extinctlon makingnrirsal"

and orain size identification ctifficult. The presence of authigenic plagioclase is impor-
tant when engineering properties are considered,

It4ost detrital plagioclase,and especially that greate! than 0.05 rnm in sizerwas albi'te
t$/inned (compositioD r{as obtained by the Michel-L6vy method) and ranged from An3-Ig.
Grain sizes averaged 0.23 and 0.2? nun for the sandstone and thick-beddeal lithofacies and

0.0?4 mm in the thin-beddeil lithofacies. Grains are generally equant, elongate but
rarely prismatie, angular to subrounded (rounded plagioclase is seen in HQ-23). Although
having a Less shattered appearance than quartz, deformation trins often kinkeil, bent
(through 20o) and offset, and also combined carlsbad-albite, albite and pericline (KTfl-L6)

trin lamellae are common especially in regions where qrains are crushed. Plagioclase
tends to fracture along a pJ.ane nithout the brecciation effects seen in guartz. Some

grains show signs of healing. Undulose extinctj.on, providing extinction over a I0o

angle of stage rotation, altered 2v by up to about 40o and irr&ntation of grains by adja-
cent grains of quartz and feldspar, indicate this population to be less able to withstand
tectonic stress. In spite of this, the mean size of the Plagioclase population is
exceedecl by the guartz population only in greywackes of the thick-bedded lithofacies.

Generally, larger grains are less altered and more angrular in the thin-bedcled lithofacies-
In tbe sandstone and thick-bedded lithofacies, however, the freshest looking grains are
less than 20 percent of the population and are generall,y srnaller than the rEan size.

Alteration, erosion and replacement are welI established, most alteration probably

occurring whilst sediment was in the provenance reglon. The majority of grains in all
lithofacies shorr some sericitisation, most grains shor,ting at leaat lO Percent alteration'
sometirnes with complete destruction of the grain, by prehnite, sericite' calcite, zeolite
and to lesser degree, !ry epidote minerals. Alteration takes ptace preferentially at the

enils of elongate grains, along cleavage planes, along twin planes and about the grain
periphery (the interior remaining unaffected). The material observed within and invading
plagioclase achLeves large grain sizes: calcite blebs 0.01 to 0.032 mrn; sericite may

average 0.04 mnr; epidote group minerals 0.064 nm, sornetimes forming clrrnps 0.2 mrn across.



235

Hoerever, the average size of these alteration ninerals is 0.006 nun. This is signifi-
cant when the minimum recognlzable grain slze of plagioclase ls about 0'008 uutt'

!!any grains are partly zeolited, up to 25 Percent of the snall-er grain being

affected hry anheilraf crystallite clusters of sutured zeolite 0.005 to 0.019 mm

in size. zeorite invades plagioclase from the matrix and veins, often ccrnpletely sur-

rounding grains of higbly undufose plagioclase in an undulose cement containing fine
(0.00? trut) sericite which is oriented within the cement in two directions (HQ-f7)' Erosion

of plagioclase may take place in some regions of a single slicle rdith extensive authigenic

deposition of plagioclase elsewhere.

Hea\4r sericitisation creates identification problens since some rock fragrments, e'g' seri-

cite schist, may resemble fully altered plagioclase, especially r*here sericlte flakes are

oriented. In these circumstances plagioclase may stilt be identified by observing twin

lamellae (in grains larger than 0.05 mn) under high power using the sensitive tLnt plate

(r plate). rn untwi.nned varieties the problem remains unless graphic intergrowths with

quartz are in evidence or refractive index can be checked' For zoned grains (SJ-6) the

sensitive tint plate was again useful. IndLstinct grain rnargins due to erosion were

rationalised by rnedir.nn to high magnification and stoPPed down light.

Non-authigenj-c inclusions in plagiocLase are few but, when apparent, constituted zones

0.015 nm r,cide and parallel with prisnatic grain outlines. The inclusions are about

0.003 nm long (IIQ-19) anct include guartz' zircon, chlorite, sericite and muscovite' The

plagioclase concerned is generally untwinned. Zircon, in particula!, was observed in well

formed 0.02 nm rhombs (ItQ-17).

Authigenic albite is clifficult to
of irnportant suturing and random

identify, ultra-thin sections giving better indicatlon
growth habits.

4. Rock fragments

4.1 Sedimentarlz rock fragrnents

The thick-beddett Iithofacies, in which the intraformational conglomerates (Grant-Taylor'

1976) or ,,chip,rrrackes" are usually founcl, Possesses the highest concentrations of sedimen-

tary rock fragments (Figure 2.5A). The trenil otherwise is for the concentration3 of

sedimentary rock fragments to dfuninish from the sandEtone to the thin-bedlded tithofacies'

Sectj:nentary rock fragments may be classified by lithology, based on ter(tural parametels:

(i) very fine sandstones: These have a mean grain size of 0.09 mm and are moderately

sorted, often subrounded and rounded feLsic detrital fragments "floatinq" in' and being

replaced by, a fine sericj-te matrix. Quartz is strained and often PolycryEtalline'
Fragments are mouldecl into interstices in the host rock fabric by up to 0'l run (Pseudo-

matrix; Dickinson, 1970), the rock fragnnent rnatrix also eroding the host rock felsic

grains. Snrall intelstitial light brown-green chlorite flakes (0'035 mm) are alao preaent'

This rock fragment type is limited to coarser greywackes of the thick-beddecl lithofacies'

(ii) Siltstones: Rock frag:ments with a mean grain size of betr'reen f 6 and 40 Im and

generally more mud rich than the very fine sandstonesr they contain srnaller equant' angular

to rounded cletrital guartz, and more rounded and slightly artering felclspar, floating in

matrix. They constitute the most conmon sedj'mentary roek fragments and are ubiquitous in

all greywackes except t-hose of the thin-bedded lithofacies - only the finest textured varie-

ties are found in that lithofacies. some vari.eties have a carbonaceous matrix (Dc-l) in

fi.ne,sinuous, ramifying bands up to 0.09 nun, providing distinct anisotrotr4l' Most are at



235

least 30 to 70 percent matrix, conposed of chlorite with Lesser guantities of sericite,
grey ?epidote (and other heavy rninerals) and finely dissereinated opagues (carbonaceous

rnaterial). The latter, which in plane light imparts a grey-brown or brown-grey colour,
assists readily in the formation of pseudomatrix (KfFl-l5). Phyllosilicates, subequal in
size with felsic Arains, are optically less clear than host rock phyllosilicates, orienled,
and about 0.02 to 0.06 nm in size.

(iii) !'tudstones: This variety of rock fragment is rarely found in other ttnn ttE tldn-Ledded

Iithofacies greywackes. The fragments always form pseudomatrix and are invariably altered
except where found j.n the thick-bedded and sandstone lithofacies (HQ-25). Fragments
averaged about 0.I9 nun and vrere the largest detrital grains in some thin-bedded lithofacies
greln,rackes (RSS-i). They were almost totally of natrix sized material (exceeding 80 per-
cent) and occurred only rarely in elongated, subrounded or rounded forms. Their rnean

grain size varied betr,reen 0.004 and 0.019 run providing a well oriented stlucture mainly of
brown chlorite naterial, supplimented by sericite, few felsics and heavy rninerals. Bandg

of darker chloritic naterial indicated distortion of the fragrments about more resistant
host rock grains.

(iv) Chert: Found in all grelmrackes, this represents a small fraction of the total sedi-
mentary rock fragment node. Chert fragments are elongate, angular to rounded, averaglng
0.32 run in size but occurring in grains to 2 nsn. Larger grains tend to be subrounded to
rounded. The fragments are of anhedral, sutured, eguant quartz crystallites averaging
0.045 run.

4.2 l4etamorphic and plutonic rock fragments

Rock fragrments under this heading are Fhysically strong felsic rocks. Pseudornatrix forrna-
tion from, and replace!:tent of, any lithologies in this trDde was rarely observed. Varia-
tion in greywackes containing this node is rnarked only by the thin-beclded lithofacles
(Figure 2.58) which averages only 25 percent of the content of other lithofacies. with
a slightly j.ncreased average, the sanilstone lithofacies experiences a much wider range of
modal values.

Rock types occurring in this rnode include:

(i) Sericite schist: Found in grelmacke of alL lithofacies,it consiots predominantly
of guartz, muscovite and serLcite. Snall (averaging 0.016 to 0.09 rm) strongly oriented'
elongate, straj-ned crystallites of quartz were intersutured hrith easily clefined flakes of
sericite/nuscovite in strands averaging 0.0L3 to 0.08 nmr, but locally O.5 ran 1ong. The

strongly oriented strands ofLen possessed yellow, red or brown Becond order interference
colours and formed foliated zones within the fragment locally, vrith brown or green chlorite
which reached 0.09 mrn, and opaques (0.015 nm). The fragments averaged 0.28 tnrn in size'
were subrounded arrl rouded, elongate - tl6jr long axes terdiry to be parallel to bedilinq (lenoth to
wLdth ratios about 5.8). They occasionally formed pseudomatrix, penetratlng the host
rock fabric to 0.2 mm.

Some fragments contained carbonaceous matter (?graphite, KTII-16), epidote group minerals
and feldspar. Coarser varLeties contained chlorite in flakes to 0.64 nrn' somewhat less
quartz (about 5 percent) in grains averaglng 0.16 nsn, and pyrite in rounded 0.005 nut

grains. Sericite appears to be derived 1n part from degrading feldspar.

Sericite schist fragirnents are the most important variety of rock fragrments in this rnode for
grel^rackes of the thin-bedded variety lithofacies, the only others being guartz schist and

some granitic fraguents.
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Differentiation between sericite "patches" from degrading plagioclase and sericite schist
fragments proved difficult but the degree of diatortion of the grain was helpful. PJ.agio-
clase, degraded sufficientl,y to be confusing, would probably not have endured the fluvial
Processes necessary for sediment accumulation if deposition had taken place after degra-
dation. Therefore distorted "patchesr of sericite hrere included as sericite schist
fragments if they fulfilLed the forrn and other characteristics indicative of that
lithology.

(ii) Quartz schist: These elongate, subrounded and rounded fragments averaged 0.58 mm

comprising quartz, feldspar, muscovite and chlorite grains averaging betrdeen 0.035 nrn anil
0.08 nun in intimate, sutured, strongly oriented association. Grains tended to pseudo-
matrix in the thin-bediled lithofacies where fragments were smaller, 0.25 mn. Prehnite
was sometimes a replacenent mineral.

(iii) Graniti.c fragmenls: Generally coarse grrained, these are seen to advantage only in
the thick-bedded lithofacies. They are large (0.85 mm), subrounded, sutured, subhedral-
intergrowths of string antiperthite r.rith a mi.neralogy of twinned and untwinned microcline
and orthoclase, perthitic and myrmekitic intergrow'ths of sodic plagioclase (Anr'_rn) and
quartz. Zoned feldspars, orthoclase, apatite, quartz, perthite, welJ. crystallised musco-
vite and lesser amounts of green biotite with chlorite intergronths were aLso present.

fhese are sometirnes the largest rock fragments seen l-n thin section with elongate fragrnents
rarely snaller than 0.25 rnn (0.1 rnm in thin-bectdecl lithofacies, DC-10) wittr j.nilividual
component mineral grains equalling the fragrnent size. Most grains were not alteted by
more than 5 percent.

(iv) Quartzite: Angular to rounded fragrnents, averaging 0.5 rnn, these are mainly
hi.ghly intersutured quartz, numerous non-opaque heavy interstitial minerals of 0.008 run,

rninor plagioclase and rare mica. Fragments sometimes possess a pronounced fabric orien-
tation of crystallites. Crystallites average 0.055 nnr.

(v) Gneissic fragrments: Subrounded or rounded, elongate, foliated, lepidobl.astic,
sometimes slightly deformed, these fragments comprise sutured guartz, highly pleochroic
biotite and rnuscovite, averaging 0.09, 0.25 and 0.15 to 0.4 mn respectively. The
incLuded phyllosilicates erere not as strained as the phyllosilicates of the host grelnracke.
The fragments were large (mean size 0.78 rrn), rare and sometimes eroded (Kfw-I3).

(vi) IlornfeLs: This occurred in one thin section (KTW-13) rdas subangular, fragrment
measuring 0.7 nm, consisting mainly of biotite, muscovite and sutured quartz with minor
plagioclase.

4.3 Acid volcanic rock fragrments

Whilst difficulties exiet Ln differentiating rock fragments bearing 6na11 grains of quartz
(Boggs, 1958; Wolf, 1971), 10 greywackes of the thick-bedded lithofacies were observed to
have a mode of acidj,c voLcanic rock fragrments consistently. These fragrments are chenically
unstable' mechanically weak and conseguently are found consistently only in the coarsest
greyrvackes with guantity dininishing rapidly fron sandstone to thin-bedtted lithofacies
(Figure 2.5C).

Pragments are mainly devitrifying, glassy, vesicular shards appearing as a brown-grey or
dark grey-brown, drusy amorphous mass displayJ.ng flow textule in the 91ass and included
microlites,/phenocryets. However a relativeJ.y fresh glassy example yas observed from
B0-xviii,
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Ivlechanical weakness enables the fragments to assune a pseudomatrix (DC-2) role, especially
at their margins, where host rock grains have penetrated fragments to 0.048 mn (He-zS).
Some, lacking rnicrolites, are exclusively pseudomatrix; others, fresh fragrments, may be
entirely glass with renrnant lLow banding, the chipped outlines clearly shohring conchoidal
fracture (HQ-17). rn these grains the glass rnay dispray slight anisotropy (very sright
optically length fast orientatiod) due rnainly to strain and/ox very fine (minus O.OO2 mfl)
inclusj-ons. The latter, with opagues (minus 0.002 mn), impart optical drusiness.

Arerage fragrment size is 0,45 nur,varying h.ith lithofacies frorn 0.032 mn (BO,i) in the thin-
bedded lithofacies and between 0.7 rrun to 1.0 nur in the sandstone and thick-bedded litho-
facies. Lithofacies association also tends to influence d.istortion, freshness and grain
shape,e.g. fragments occurring in a grelnrracke with a zeolj-te or calcite cenent dominance
are fresher and less dlstorted than fragrments in mainly prehnite cemented grelmackes.
Grain shapes are typically equant or elongate and subanguJ,ar to rounded.

ltineralogy of the fragrnents exclusive of glass are r4rell sorted rnicroliter/phenocryst popu-
lations of rounded, granular, euhedral guartz with more cofi[non tninned or untwinned,
euhedral laths of sodic plagioclase (Anrr) which may be altering to sericite. Micro-
lites average 0.1 nrn, with a length to width ratio about 3. Accessories include iron
oxides (0.001 to 0.012 mm), the rarger grains being euhedral. These opagues influence
fragment colour and clarlty, impa.rting a drusy or dusty appearance and increasing colour
value as do tlp rounded, 0.004 nm, heavy ninerals.

llicrolites or phenocrysts in the otherwise glassy groundmass nstand out"as,relatively
clear, colourLess, elongate patches which assune an apparent pilotaxitic to trachytic
texture. These textures aided identification of acid volcanic rock fragnents by their
patchy light grey or brown-grey appearance and darkness under crossed nicols. Although
not as altered as some basic volcanj-c rock fragnents, acid r.rolcanic rock fragments of saller
sizes shovred some alteration to chlorite, zeolite (He-l?), or sericite and promoted vague
fragrment outlines rnaking slze identification i:opossible.

4.4 Basic volcanic rock fraqrnents

This node bears close relationship to metamorphic and plutonic rock fragnents in that rpdal
averages are relatively clistributed between lithofacies, even though average rnodes and
mode ranges from the sandstone and thick-bedded lithofacies are higher than those of
voLcanic rock fragrments. There is no significant difference j.n mean or range for the thin-
bedded lithofacies,bethreen the tvro mode classes (pigure 2.5D).

Fragments in this mode are chenrically unstable but mechanically stlonqer than acid volcanic
rock fragiment+ so alteration supercedes induration for optical identification.

Textures are mainly hyalopilitic but pilotaxitic and trachytic textures occur which, assurn-
ing a mobile basic 1ava, indicates the Largest phenocrysts are not represented, fragrnents
merely being groundmass residuals. Texture is well displayed by euhedral and sr:bhedral
microLites of plagioclase (Anrr) measuring to a maxi.num of 0.23 rnm (average 0.06 nun) and
appearing as almost acicuLar laths, sometj.mes ragged and eroded at the ends. Accessory
groundmass minerals(5 percent) include mainly euhedral magnetite anil ilmenita 0.016 to
0.02 mn in size (DC-10). Ilrnenite. hor.rever, (light grey-brown colour in reflected ttght)
may constitute 30 Percent of the opague accessories in skeletal crystals (HQ-25).

Glass in the groun&nass is devitrified anit most fragments have been aLtered somer,rhat to
chlorite, yellow drusy elongate prehnite (Dc-1), zeolite, calcite, metallic opaque minerals,
albite (K1r{-15), silica (glving a cherty appearance, HQ-27), sericite (in 0.005 mu flakes
to 10 percent replacerrent), and epidote group mlnerals (0.00G mrn).
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Less than 20 percent of the fraqnents are conpletely altereC'

The guantity of pseudomatrix formed from basic volcanic rock fragments is Probably greater

than that estirnated since alteration (especially to zeolite) tends to round and "fi1l" the

form of the fragments, replacing as necessary, adjacent host rock grrains to do so. Defor-

mation is apparent (He-25), however, where ailjacent host rock grains have been "pushed"

into the fabric by 0.05 rnm. Generally, the gtassy grains are the most readily distored.

Frag'ment shape is elongate, subrounded and rounded, averaging 0.42 mm in size (1.3 mn

maxjmun), with gmaller sizes grouped in the thin-beilded lithofacies (0.14 mo average)

The main alteration processes

(i) Chloritisation: Alteration begins in the groundmass of the fragrment, generally as

colourless, brown or yellow-green tingeil euhedral grains and blebs which impart' by

refractive index difference, a fibrous, felty aPpearance to the fragment' Chlorite grain

size appears to be governed by the size of fragment being replaced, i.e. 0-025 rrn in a frag-

ment measuring 0.19 nun. AnomoLous interference colours (Berlin blue) nay accomPany

chl.orite replacernent. Phenocrysts generally remain unchanged'

(ii) Zeolj.tisatj.on: Zeolite (laumontite) rePlaces as fibrous clunps' growing inwards

from a Locus - usually the rock fragrrnent margin. Individual optically length slow fj'brous

crystals extend to 0.17 mm in clumps 0.22 mn wicle. The "clumped" habit distinguishes
cornpletely zeolitised volcanic rock fragments (generallytlose less than 0.19 rrn) fron authi-
genic zeolite cenent, especialJ-y as most fragments show some zeolitisation e.g. uP to

30 pelcent of the fragiments in HQ-25 are totally zeolitised' ard FSS-I has a]J|ost all the pcpLr-

lation zeolitised . In rock fragEoents the "slumps" formation is more complete and is
observed as several snraLl spherulites, in opti.cal continuity to 0.026 mrn, displaying an

,,iron cross' extinction. This is guite clistinctive and, together with contrasts in refrac-
tive index in the rock fragment, aids identification. Authigenic coloutless chlolite is

often associated with zeoLitisation.

(iii) Authigenic concent,ration of rnetallic oPaque rninerals: Round, sl/Itrnetrical blebs of

euhedral- o,"n.€ r€tter wlic: of-tsr acccrqpaqr gg::ly stages of zeo]]ite alteration, rllEty ctq)y tlp "interi'c" of

basic volcanic roclc fraqrpnts replacing betr,een 5 ard 50 p€rc€nt of tlre fraqient arrd leavinq the plagioclase

laths as residuals. Arterage size of ttre blebs is 0'007 to 0'001 dn (ryDB) ' IJhder reflected right tj€v have

a bright yeflow, speckleil appearance with no bireflectance, so the material i6 considered to

be pyrite. Calcite is not Present.

Muscovite

From Figure Z.6,the relative importance of muscovite as a detrital phyllosilicate to grey-

wackes of the thin-becldecl lithofacies is apparent, but the coarsest grelnrackes bear no more

than 2 percent.

Muscovite is always strained anal kinked with
may be physically ragged and thxeaded along
developed (with incluiled opagues) flakes of
swollen or slightly anastomosing. Gaps in
(HQ-2s) .

wavy or incomplete extinction. In places' it
the long sides of adjacent 9rain6, in welf
high birefringence' Eometimes Pinched or

anastonosing flakes are filled with zeolite
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Grains average about 0.14 mn in length often with large length to width ratios, e.9. 4 to
9.7, the higher value for the thin-beilded lithofacies gre1n^rackes. Maximum grain size
exceeds 1.5 nun. lluscovite is not as physically disrupted as some detrital phyllosilicates
(biotite and chlorite) but may form an epimatrix locaIly.

Muscovite appears bfunodal and grains gnaller than about 0.072 run may belong to a secondary
population ranging to natrix size material, predorninantJ-y founcl adjacent to metamorphic
and plutonic rock fragnents, altering plagioclase or micaseous sedimentary rock fragments.
A bimodal population was apparent al-so in the thin-bedded lithofacies where muscovite
grains of reduced size, average 0.085 nm , Irere in association with rock fragrments and

plagioclase.

Muscovite,including authigenic white mica , which exceeded matrix size (0.02 rrn) was

counted with the detrj.tal population.

6. Biotite

Greywackes of the sandatone lithofacies and, to a lesser degree, tbe thick-beclded Litho-
facies contained biotite but it is scarce in the thin-beclded lithofacies greywackes. All
biotite has pronounced pleochroism. very light yellow-brown. brown and dark red-brown with
second order red, green and blue interference colours, Wavy extinction and kink bands
are freguently observed.

Biotite is rnore disrupted than muscovite and may be sguashed into unusual shapes to form

epimatrix (KTW-16). Most biotite, especially smaller grains, shows some alteration to
chlorite but its cleavage planes are more distinct. Biotite occurs in flakes to 0.9 mn'

averaging about 0.2 mn. Biotite chemistry is given in Appenclix 8.

'1 . Chlorite

Chlorite content increases unlforrnly from the sandstone to the thin-bedded lithofaciee
(Figure 2.?) but its range j.s constant, except for a slight reduction in marcima and ninirna
in the thick-bedded greywackes.

Both authigenic and detrital chlorite were included in this rbde for practical reasons.
Chlorite guantity does not effect the geological classlfication of the rock but it nay well
infLuence iLs engineering properties,and optical analyses rnay be correlated with other
methods of assessing quantj.tative rn:lneralogy, only if genesis is ignored.

Crystallite size of interstitial chlorite was deterurined by measurement of optical contin-
uity limits,which accentuates snraller sizes in strained ancl wavy PopuLations.

Chlorite was the most deformed of all phyllosilicate minerals and three types were Present.
(Chlorite chemistry is given and discussed in ApPendix 8).

(i) Chlorite after bj.otite: Colour - light green, llght brown, occasionalJ.y col-ourless.
Some, mainly green, shows Berlin blue anomolous interference colour (KS-10). PLeochroic

scheme - green variety: colourless or light yellow gleen, Iight yellorir-brownr light brown.

Brown variety: light brown-yellow, brown, red-brown. Optical properties - undulose

extinction, 2V about 20o- 600 positive (sometirnes negative) with length Elow orientation.
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This is the most abundant ubiquitous variety of chlorite. easily confused with biotite but
the latter has rnore distinct cleavage and stronger colouration.

chlorite is flaky, often distorted ancl kinked (sometjmes through 100"). Heavy minerals
(epiatote, euhedral magnetite and tr4frite to O.016 !([n) are associated with it,as are authi-
genic pyrite growths in cleavage traces in bigger grains (f.0 rm) and inclusions of zircon
with pleochroic halos (DC-f).

Altered biotite was often in close associatlon with sedimentary and sericite schist rock
fragnents (DC-2). Biotite alters to chlorite at its periphery and along cleavage planes

as seen in BQ-21 which has chlorite as its largest mineral grains. Average grain size
was 0.275 nun with a lencth to wiclth ratio between 3 and 8.

In the thin-beddeil lithofacies, grain size
(maximurn 0.55 mm) with a length to width
0.008 mn, mainly pyrite and magnetite.

was noticeably snaller, averaging 0.136 rnt

ratio of 7 and there were inclusions of uP to
creen biotite qtas rare in the lithofacies.

(ii) Detrital chlorite: Colour - as in (i) but brown variety interference colour, light
yellow-brown,sometimes blotchy. Pleochroic scheme - green variety; colourless or light
yellow-green, light green, green: brown variety; as (i) but lighter. Optical proPer-

ties - as in (i) but harder to obtain from brown variety which also has a lower refractive
index.

This is the least abundant variety of chlorite and is differentiated from authigenj-c
chlorite by grain size and forrn. It is larger and more colourful than either chlorite
after biotite or authigenic chlorite but was not usually as r^tell fo:rmed being more

crushed, straj-ned and kinhed. Cleavage planes ttere not well ilefined.

Grain sizes (maximum 0.5 mm, average 0.2 mm green 0.24 mrn brown) htere smaller than in
chLorite pseudomorphs after biotite and measurenent is difficult because of indistinct
outline and length to wiilth ratios of 1 or 2.

Detrital chlorite nery appear in local concentration (BQ-IXAI often in association with
smaller muscovite grains, and may contain elongate or eguant pyrite in fine (0.005 to
0.021 rtrn) layers along cJ.eavage plares and betwean grains (Dc-l).

Authigenic chlorite m;ry grow frcm detrital, chlorite grains-

Simitar in character in all- lithofacies,detrital chlorite mean grain size (0.08 run) is
smaller in the thin-becldeil greywackes.

(iii) Authigenic chlorite: In all lithofacies,this chlorite variety is established in
matrix size crystallites to grains in optical continuity over 0.048 nun. The mergence of
sizes is j$pelceptable. matrix material often being impossible to resolve into individual
crystallites. The largest grains of authigenic chlorite may be associated with detrital
chlorite grains and adding to thern as a colourless to light greeD-yellovt, eguant grordth

with undulose exti.nction. Interference colours fot such grains are light yeIl'ow, light
green-blown or blue.

Optic properties include undulose or straight extinction and low 2V. Larger grain sizeg

are more easily defined and generalJ.y replace rock fragrments. With decreasing size,
authigenic chlorite merges vrith sedimentary rock fragment Pseudomatrix as iiark brown,

poorly developed crystallites approximately 0.002 mn in size. In some rocks (HQ-17)

authigeni.c chlorite may form interstitial fillings, 0.09 nrn in size, (0.18 mm maximu.rt'
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(I970), where it exists often
In the game form it rnaY be

material.

oriented fibrous
i.ntergrowth
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6. Metamorphic accessories and cements

From Figure 2.8,the occurrence of authigenic mineral's show marked increase from the sand-

stone to the thin-bedtled lithofaci-es-

Some authigenic minerals (quartz, albite, chlorite, pyrite), for reasons already discussed

(section 2.6f were not incl.uiled in this mode class since they were better counted in othe!

mode classes for reasons of practicalj.ty, rock classification or engineering end use'

Also, mainly actjacent to or part of veins (which were not included in optical moilal

analyses) 1 they are relatively minor components compared with those iletailetl below, aII of

which may also be vein minerals.

LI Zeolite:

Launontite and its anhydrous forn leonhardite, are found cornnronly in grelzwackes of each

lithofacies. rts concentration depencls on rock mean grain size and field location' The

racliating fibrous crystallites forming interstitial and replacement clwnps, and their

orientation,have already been mentioned (this Appendix 4.4(ii)) ' lhese cl rps may

extend interstitially 0.2 to 0.4 mn in crystallites,tyPically O'03 to 0'05 nn long but

ranging up to 0.3 mm long ancl 0.1 mrn in diameter. Calcite is often associated at the

base and sides of the clumPs, generally in larger euhedral crystals which forrn after

zeolite. The replacement of basic volcanic roc)'. fragments in radlial or quadrant crystal

groups has been discussed (this ApPendix 4.4(ii)) '

optical propertiea of laumontite (best observed in HQ-I7) show it to be optically negative

and length slow, with a 2V of about 20o and undulose extinction. It is colourless'

homogenous and untwinned with interference colours of l-ow first older, and low refractive

inilex.

Adjacent to veins (OB-21) zeolite achieves larger grain sizes (0'48 nn)' Othe! associa-

tions are characteristic, e.g. with sericitising plagioclase, again in spherulite form' and

as an extensive cenent (HQ-17) it isolatee grains' forming sutured boundaries with thern'

replacing plagioclase and quartz 1119-25).

Zeolite veins do not have sharply defined edges. They are \ilell crystallised' with 1o or

2o extinction angles (interstitial material displays undulose extinction) indicating that

the crystalLites are hydrated (Launontite) as opposed to material exposed in quarry faces

on joint planes which ls leonhardite. Blebe of calcite as a late phase also occur in the

veins.

Ahe thin-bediled lithofacies has

mineral in basic volcanlc rock

Zeolite rnay rnodifY rock colour
(e.g. HQ-l?), the white colour

little zeolite cernent which occurs mainly as a replacement

fragrments.

induced by biotite, chlorite, altered feldepars and matrix

of the mineral lowering the rock colour value'
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8.2 Prehnite

Prehnite exists j'n a mriety of forms:

(i) A yellow-grey fine drusy material, interstj.tially (oC-t) eroding plagioclase and

basic volcanj.c rock fragments,which is ubiquitous in some greyrtackes (KTW-}S) as a cement'

In this form,prehnite rnay forrn a fine rim or discontinuous margin, 0'004 mn wide' about

detrital untwinned felspar and quartz (DC-3) ancl rock fragments (DC-2) ' This cenent'

which rnay be intensifj.ed in areas adjacent to veining, is best seen in ultra-thin sections'

(ii) A well for:ned, non-uniformly distributed cement. In this fo:mrprehnite occuples

irregular patches, often as a fibrous, colourless minelal assecnblagerwith incliviclual

crystals varying from 0.016 to 0.7 tnm (OB-2I) and averaging 0.24 nrn' Interference coloure

are distinct; yellow-grey, yellow and yellow-red. Prehdte rq']aces sut:roudtnq gains of qtErtz

plagioclase and rock fragrments. Preferentially, it is associated with plagioclase etith

sericitising twin planes (DC-5) and with basic volcanic rock fragrnents replaced by calcite
(Be-2I). Often replacement is observed as euhedral, well crystallised, twinned a99re-

gates of prehnite in, and adjacent to' the grain being replaced'

(iii) occurrance as a mineral in veins, which sometimes exceed I-7 nrn In width, display-

ing well formed crystals in optical continuity over 0.64 nnr' Often, these veins (K$d-15)

host subangr-uJ-ar detrital grains which "float" as lndivictual grains of chlorite' quattz

or opaqfues averaging 0.22 mn in size and often very etched. Generally, vein nargins are

not well developed and vein prehnite may coalesce locally with interstitiaL prehnite

cement - this is particularly true of smaller veins. Larger veins usually digress little

frorn a nain path,but there is sorne erosion of adjacent sericitisect feldspars and isolated

quartz grains, i.ndicative of local crushing which may lead to bifurcation of the vein'

In such regions,crushing may rotate some minerals and Eericite mixes with prehnite;

limonlte staining bordering the vein shows how such crushing facilitates r'tater J'ngress'

Epidote group minerals are often associated with prehnite veins (Krw-14). In gre] 
'{ackea

of the thin-becldect lithofacles, prehnite occurs mainly in elongate Patches (0'I28 nrn) '
rarely interstitially and then poorly crystallised'

8.3 calcite

In some rocks, calcite is the most obvious and most abundant cement/replacerrent mineral

(BQ-xviii), cornpletely enveloPing some acict and basj'c volcanic rock fragrments and felil-

spal (especialty along twin and cleavage planesfrepJ-acing zeolite (HQ-16) and astively

erodj.ng quartz. It is responsible in some cases for qualifying rock colouration
(BQ-xviii). calcite occurs in two formsl

(i) A discrete rnineral, often in association with zeolite, prehnite, eericite and quartz'

Veins are generally srnall and disconti-nuous,i.e. extending continuously only 0'6 un in

preformed fractures,which nlay also contain sericite and quartz' The veins nay be uP to

0.16rrurrwide(HQ-23)withincludedminerals,otherthancalcite,ofmatrixsize(BQ.IXA).
Calcite often oceurs in veins,as a late Phase in the centre portion of veins of quartz'

prehnite and/or zeolite.

(ii) Interstitjal cement in patches or blebs from 0.01 to 0'3 nnr (HO-17' L'5 tEn),averaging

0.08 mn. In this formrcalcite is often twinned, associated with zeolite' and replaces

rock fragments. &<tinction is generally unduloserand rhombohedral crystal outlines are

clearly seen where cleavage is developed (BQ-25). The irregular edges of interstitial

calcite patches are a more Pronounced brown colour and blebs may be reatricted to
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particular areas of the sIide. Although less 5:nportant than zeolite for replacenent

considerations,calcite replaces grains measuring 0.29 nrn. calcite occurs more fre-
guently than zeolite in intersitial habit, though individual zeolite Patches are I'arger.

CaLcite also replaces chlorite, sometimes forming a late phase infilling r""ithin authi-
genic chlorite. Calcite cenent elj:ninates much matrix material in association with
severe erosion of detrital grains. This is especially noticeable in the thin-becliled

lithofacies; in Be-i all but the largest grains of chlorite in the matrix were replaced.

Detrital, grains "float" in calcite cement.

Etching of the surface of grains being eloded or replaced by calcite extends to 0.015 mn.

This is most obvious in the thin-bedded lithofacies, where the redtriction of calcite to

specific localities, is an indication of its abitity to replace finer grained material
within the rock. Areas with abunilant calcite cement aPPear "we1l sorted" (BQ-iv).

8.4 Quartz

This mineral occurs,generally,in snall (0.2 run) interstitial patches and veins (DC-l, DC-2)'

Interstltial cenenting by quartz (in patches to 0.2 rmn) is mostly in areas adjacent to
veining (OB-21) and occurs as a clear asselnblage of sutured, strained, subhedral, 0.04 fiEn

grains, almost always attending a detrital guartz grain and sutured to it. Sutures have

an amplitude of 0.15 nun.

lfhe recrystallisatj.on of quartz, especially (and plagioclase), is enhanced by recementation

after conminution (RSS-i). Recrystallised grains are then ttifficult to distinguish frou
detrital grains. Authigenic guartz is more abundant in regions free of lutun, is associa-

ted with vej-ns of various mineralogies, and has a larger size range than calcite'

Authigenic quartz is more obvious in greywackes of the thin-bedded lithofacies, the J.argest

grains often associated with guartz veins where recrystallisation has laken place (DC-8) '

8.5 Epiclote group minerals

These minerals are well forrned and are associated with altering grains or may occur in
clumps of 0.3 nun,made up of elongate or subeguant, O.Ol5 bo 0.026 mn graine aseociated

with calcite and wtiite mica."r often v'itfi an orierrtation , possibly resulting from plagioclase

or volcanic rock fragment alteration. they often occllr adjacent to or within guartz or

gualtz-calcite veins, appearing as fractured grains.

Grains of this group rnay have been rnore cofifiion than was apparent, as matrix size material
of prehnite, sericite and epidote have similar interference coLours. They are rrbst

easily seen in ultra-thin sections with medium magnifS-cation and plane Polarised light'

8.5 Punpellyite

The rnineral appears as eguant, anhedral. blue-green or green coloured grains (averaging

0.005 to 0.008 mn), occurrlng interst.itally or adjacent to veins. Optic ProPerties
include undulose or incomplete extinction, length slow orientation and a biaxial Positive
(2V about 50o) figure. The pleochroic scherne is: Iightgresr-ye1low, light green, green'

The mineral is rare and sometimes formed a "salt and pepper" aggregate (HQ-25) of very

small (0.005 nm) crystals in paralle1 orientation. In one such chmP measuring 0'11 rn,
crystals were 0.005 mn long, fibrous, distorted and showed undulose extinction.
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Purnpellyite is more intense. though generally lighter in colour, than green ehlorite, is less
Pleochroic and under high power is seen to be auttrigenic. It riras distinguishable, with
difficulty, under plane polarisecl light with low rnagnification. Adjacent to veins of
prehnite, punpelJ.yite may occur in larger grain sizes r,sith long, indistinct boundarj.es
and exti.nction angles of 24o, occasionally containing euhedral, sguare and hexagonal.
pyrite crystals 0.005 nsn in dianeter (DC-3).

8.7 Metallic opallues

These are principally pyrite, which may occur as thin (0.0I mm) flakes on joint faces and
bedding planes in finer grelmackes anil argillites,and may girow to sevelal millimeters.
In thln section,the outline is i.rregular,drusy and eroded. Single grains Eray be euhed,ral,
aquare or hexagonal shaPeal to 0.012 nur. In refLected light,pyrite provides a speckleil
bright yellohl colour and is isotropic. {rite (and opaque material generally) increaees
with increasing fineness of greywackes. It has affinities to carbonaceous material, basic
volcanic rock fragments and chlorite.

8.8 Axinite

A single occurrance of ?axilate has been reported from Wellington greywackes by Bird (in
prep.). ?Axinite may also occur in veins in nss-ii(2).

From veln intersections, it appears that diagenetic/netamorphic paragenesis continued in the
order of guartz - zeolite - prehnite - calcite. Veins are often pollminerallic, mineral
associations being ae follows: prehnite - calcite, zeolite - calcite, guartz - zeolite,
guartz - zeolite (sone prehnite), quartz - calcite (sorne zeolj.te). quartz - prehnite -
calcite' prehnite - quartz - calcite, atbite - guartz - prehnite - zeolite - calcite,
guartz - epidote, quartz - calcite - epidote, quartz - sericite.

9. Det!ital accessories

The abundance of detrital accessories rras directly related to lithofacies (Figure 2.9), the
thin-bedded Lithofacies greywackes having most - a mean of 3.5 percent. Pen accessories
were identified.

(i) Epidote: Probably the most corrrnon accessory mineral, it occurred interstitially
as elongate, subangul.ar to subrounded grains of moderate relief, high Zv, optLcally negative
and length fast. rt usually ilisplays inconplete, undulose or straight extinction, uneven
fracture, and one well developed cleavage with a pleochroic schene: colourlessr t€l1ow,
yellow-green. It is ubiquitous in grains averaging 0.19 nsn in the thick-bedded, 0.14 and
0.71 mn in the sandstone and the thin-bedded lithofacies. With mean size reduction,there
was a change of dominance from epidote to zircon with increasing angularity of epidote
grains. A sirnilar trend was noted for other detrital accessories (Table A3.1).

(ii) Zircon: This occurs as colourless, or brownish, slightly birefringent, eguant or
elongate' cracked grains of high relief and wavy extinction which rnay be angular to
rounded in form. Generally, the larger (0.46 nm) grains are more angular, euhedral and
twinned and shorr two cleavages. Optical.ly, the grains are uniaxial posLtive, length slow
and have parallel extinction. An euhedral square grain of zircon in biotite (HQ-25) dis-
played a pleochroic hal,o. Zircon is the most comnon detrital accessory in fine greywackes.
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(iii) Sphene: This appears in grains of high sphericity, high interference colour, and
high clegrees of rounding (subangular to s,elL rounded) which rnay be shattered, paral1el
twinned (BQ-v) and possess imcomplete extinction. rt is optically positive with hiqh 2v
(about 40o). Larger grains may be euhedra] or subhedral, generally broken or chippeil.
In finer grel+'ackes its mean size is reduced and the degree of rounding increases (DC-1O).

(iv) Apatite: This is present in clear, colourless, angular to rounded, subequant
grains uP to 0.25 nun i.n size (KTw-16) with high relief. targer grains are angular,
smaller gtrains rounded. It was observed as euhedral angular crystal-s (0.001 to 0.005 rsn)
in rnetamorphic and plutonic rock fragirnents, also as inclusions (0.032 nm) in plagioclase,/
guartz myrmekitic intergrowths. Apatite has first order white interference colours and
i's near isotropic. Grains often show plucking due to thin section preparation.

(v) Tourmalir.e: Rare but distinctive,it occurs as euhedral broken and worn eLongate
grains with vivid second order interference colours. Optically the mineral ls length
slottr, has strain induced extinction angles up to about 70 and is colourless or grey. It
nry occur in grains dom to 0.009 nun. optical properties showed that grains were soalic
and the mineral variety elbaite was present. Tourmaline is often included in quartz and
feldspar grains, elsewhere it is interstitial.

(vi) HornbLende: This has sporadic occurrence but is present in typical form in DC-3
and KS-2, green with good cleavage in broken, ragged, eLongate prisms. SmalLer grains
can be confused with chlorite. chernical data are given in Appendix g.

(vii) Allanite: This has an even browa colouration, slightly pleochroic (llght brown,
green-browrt, brown). It occurs in subrounded grains displaying large 2V and is optically
negative.

(vlii) Augite: Augite is very rare,' it is green, subrounded, subeguant with one cleavage
ilisplayeil. rt is biaxial positive with a pleochroic scheme; green-yellow, brovn-green,
green.

(ix) lletallic opaques: of t.his category, pyrite is by far the most important. pyrite
occurred ae a detrj-tal grain (though nost pyrite present is authigenic) up to 0.24 mn in
size and ranging to matrix size. Skeletal crystals \rere present in tse-l?, 0.049 run in
size.

Magnetite
forms or

as
as

also found interstitially, in conglornerates (KTW-15) of grains showing cubic
rounded and elongate fragments averagJ.ng 0.06 mm in size.

Chromite also occurs as discrete subhedral crystal grains, often translucent and brorfir at
the edlge of grains (HO-17).

Detrital netallic opagues in greywacke of the thin-bedded Lithofacies are ai.l of natrix
size.

(x) Carbonaceous matter: Already mentioned (section 2.4), these are the leaf irnpres-
sions manifest as carbon films irnpressed in greywacke and argillite. The material is
ubiquitous but occurs in haphazard fashion in greyvrackes, being intensly concentratecl in
sqne (KTW-G, IB-13A), (crant-Tay1or. 1975).
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Carbonaceous matter occurs usualLy as discontinuous "strings" and patches, about 0.024 mn

$ridef often in association with authigenic pyrite and chlorite. Although strings of
organic matter are irregularly oriented parallel to bediling, sublinear organic b)-ebs,
0.01 to 0.02 run,atnaLgamate to extend 1.5 rmr,anastomosing through the rock paralleJ. to
bedding. Strings have ndusty", or finely (about 0.001 nm) crenulate outlines, (probably
induced by scatter of carbon during thin section preparation), anil a flaky or platy fom,
Generally, the more elongate they are, the more wholly carbonaceous. In reflected light
the material is black with light grey streaks (He-25). pressure shadow effects are
apParent where chlorite has grown between carbonaceous flakes separated perpendicular to
bedding (Rss-i). Carbonaceous strings attain a redueed maximun length of 0.48 nun in the
thin-bedded lithofacies.

Table A3.I : !!ean grain size of detrital accessory mineral grains by lithofacies.

Detrital accessory rnineral Sandatone Thick-bedded fhin-beddecl

Epidote
Zircon

Sphene

Apatite
TourmaLine
Ilornblende
AIlanite
Augite
Uetallic opaques
Carbonaceous matter 0.015 mn

0.14 nm

0.15 mm

0 .I6 mm

0.11 nun

0.15 nnr

0.24 mm

0 .I mrn

0. 06 mn

0.19 nun

0.24 nun

0.18 nn
0 .156 mn

0.09 mn

0.05 mm

ologe **
0. 029 run

0. 071 mn

0. 04 9 m:t
(max., 0.135 nun)

0.03 mn

0. 055 mn

0.036 nn

0.088 m

oloza *,,
0. 008 mn

10. Irlatrix

ltatrj-x includes aLl interstitial detritus,whether recrystallised or not, smaller than the
arbitary size of 0.02 nm and has been classified in part after Dickinson (1970). The
range of matrj-x centents increases by lithofacies, from the sandstone to the thin-beddtect
lithofacies (Figure 2.10) .

Dickinson recogmises six varietj.es of interstitial constituents, viz:

(i) cenent, which may be of calcite, prehnite, zeolite, chalcedony or other easil.y
recognisable minerals uncommon in the rock frarnework.

(ii) Romogenous, monominerallic phyllosiJ.icate cernent displaying textures indicative
of pore filJ.ing.

(iii) Protomatrix, a term for unrecrystallj.sed detrital lutrm.

(iv) Orthomatrix, recrystalLised ctetrital lutun whi.ch displays a relict clastic te:<ture.

(v) Epimatrix, a murky, polymj.neralic, diagenetic,pole filling material lacking the
homogenity and textural evidence required for classification as phyllosilicate cenent.
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(vi) pseuilomatrixr- this Ciscontinuous interstitial Paste is formed by the deforn'ation

of weak deLrital grains. Argillaceous and altered volcanic rock fragrnents esPecially,
fit this description, their boundaries conforming to the outlines of stronger grains and

assuning irregular, attenuated shapes occutr4ling volumes interEtitial to the rigid grains'

For the grelruackes studied, cements hrere countecl in the mode of metamorphic accessories

and csnents. The homogenous phyllosilicate cements generally were of larger grain size

than 0.02 mm and were counted in the appropriate mineral mode, usually chlorite.
pseudomatrix was almost entirely various distorted rock fragments, but white micas,

biotj.te, some detrital chlorite and carbonaceous matter also assumed pseudomatrix loles.
A1l these grains vrere counted in their different mineraL rnodes if their grain size
exceeded 0.02 ltrn.

!.tost of the matrix iliscussed, therefore, and all counted in the matrix mode (less than

0.02 rnm in size), is either protomatrix, orthomatrix or epimatrix. To better establish
interstitiaL conctitions for each lithofacies, however, all six interstitial categlories are

used to inilicate order of importance in interstitial condition.

The three main varieties of matrix occurring in all rocks are ePimatrix, pseudomatrix and

cenents, in their general order of j$portance, sometimes with I'ocal occurrances of horno-

geneous' monomineratic phyllosilicate cement and orthomatrix'

AII detrital minerals occur in rnatrix size with the Possible exception of biotite and some

ctetrital accessories,e.g. hornblende. The predominant matrix mineral appears to be

chlorite, often with strong orientation, and Pre6ent as a dark grey-brown or brown but

sometirnes yellow or yellow-green mass. The latter colours are often masked by finely
divicted opague rninerals or cements, indeed, chlorite colouration rnay mask the true
importance of sericite.

Average size for matrix rnaterial is about 0.009 nrn, for grains resembling flne filaments

between larger firaqmentsrconunonly separating them be less than 0-001 to 0.01 mm' Ilor"ever,

thin section study often misleads by apparently increasing the dlstancea between adjacent

grains. Sericite, with yellow-white interference colours in flaky or tabular grainsrmay

dominate matrix composition locally, adjacent to veinsr rock fragments of schist, sedimen-

tary rock fragments or altering pl,agioclase. Sericite flakes average 0'01 nun' Both

chlorite and sericite impart a fabric orientatj.on to most greywackes- Iocally, hearry

iletrital minerals,averaging 0.003 run,in close proximity rnay be important (oB-21) matrix

components, vrith or without selicite, anal impart a drusy dark appearance; chlorite is

ubiquitous, however, and is of more restricted size range in matrix than sericite'

In the thin-bedded greywackes,slight differences are apparent in matrix conEtitution'e'g'
notably more protomatrix is observed in the form of quartz anil felclspar flakee (DC-LAI{)

augmenting the epimatrix, pseudonatrix and cement,s. whereas sericite and chlorite may occur

in subegual anounts in other grel rackes, those of the thin-bectded facies have signifi-
cantly less sericite. Effects of mineral colouration enhance this reduction, chlorite
masking minerars without such coLouration (sericite) but dietinguishing features include

greater wiclths of cuorite flake with respect to sericite flakes.

Increased matrix modes do not aPPear to repress authigenic albite fomation'

t4etallic opague minerals of matrix size, are nore abundant j-n the thin-bedded lithofacies.
allhough, their parameters are consistent for aU tithofacies' llost grains tend to be

concentrated,with or without carbnaceous natter. I{ost of the opague grains are [ryrite
(60 to g0 percent); other minerals include magnetite, chromite, ?ilmenite, some leucoxene
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(? froft EBhene) and e.ArrbonaceouE uattele, Host af the t4ftite is diagenetic ae graLne

0.00g @,. Aggl(uefates of netalltc opague.6 nay a:Ftend for 0.16 m; earbona.eeoua

luatte! f,-or 0.12 rtuu.

Son o-paqge heany mineratr.e, e.g. epidOte, Bphene' tpurrnatise, ar€ soDcentrated into flne
tayeEq ia the roettE o,f the thin;beddedl ltthof,acieE'

V.a'riati,ons of rnatrix nineral hablt are apPar'eRt!

,(,i, (Xilorite tcr 0.04 ryr- {ln albite flahesJ r ,ordentedl wit'h trrin FlaoEs (Fa-25).

(1i) Erhedral calelte,crystatl"lslag ia a rvoj.6' in chlo:lte matrix (tlEe b, Diekinsonr

l:97€. t'iEir€ (it) tble seetionl ' betneen grains (HO-l?) -

(!i1) SetLej.te fl,akes, 0.0O9 to 0.04 uro ln s-ize, nenterL-ngr atrteling,feLds'Par' qnd

aoEeti,mesqllaltz,todeptlraofo'048@,aodcloselyewrorrndingtheserdoeralsasa
dlistinet border or layer (KXlf-I4, Ktt!9-15) 0.006 ,@ tlriclc - the rodk tei$g otherwLae

celnen'tea by grehnite in tlle eane region.

(iV) Chldliterand espeei,ally serteiterof satrix elze erodee grain bosndarles of f,eldsltarr

guaf;tz and r,ock f,r.a:gnentg.

Eablee 2.3, 2,4, 2r.5 preoent optlc moClee of greyrrackes by llftrofacieg asgociatlo['



250

ITFPE}DIX 4

Ba*r plot: favt data.

lfbese dLata were u$ed to draf,t rigdce 2.U.

StEple EootE IrolycqistaU:tae Poljterystallioe !ota1 ShdulatcJ $9'n Eqd\rlatory Dretao4jbic

[eE& ilrrEltz, 2-3 !$a:ttz. >3 polycrystallilre qdaf,ta'' illiilrtz rank

grair un{tg, 1r4lit5, guartz, e*tinction extinctiim Pfott€'t

Bi:e, percent !€raeot Fere@t angle t-.59' augle <5o'

Fhi pefceBt Peraent

dg:l? 1.3 13.6

EQ-xrtili 2.6 3.9

DC-x 2.v 1O.4

Dg-2 2.7 9.4

EQ-\I 2.7 11.6

sQ-16 2"8 17.4

x3!Fr6 2.A u.-.1

EQ-rXA 2.9 24-L

22.O

9.'a

5.2

9.8
L7.4

2t -7

22-Z

14.8

35.6

L3"7

15.6'

13.2

29.,0

39.1

33.3

39"9

35.6 28.A lory rank

r5.7 ?b.'6 ndddle rnat

qBPeii $iDl(

{3.o 4L.1 lol fanls

67.9 Ig.9 19rt rard!

20.3 50.? utditle aail

utEre! lrrDk

30.4 3,o.{ lm ranlr

27.A 38. 1or rrnh

25.9 3s.2 lor ftnlr

A Dfurints of 50oedfutn gaad sized Et4rfz glalns wqre coutrtcidt fot e?cb s"Ele'
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APPENDIX 5

Greywacke ard arglllite grain aize data.

Grain size rtr data :or gre:ruackes and argillites of, the t{eltlngton greywacke-suite rocks; tabulated in ordcr o!

mean grain size by lithofacies asEociation. size claases are exPressed in Phi units'

4. o 4.5 5.0 5.5 6.0 6.5 >7

to tO tO to tO to
4.5 5. O 5.5 6.0 6.5 7 -O

phi
2.O 2. 5
toE
2-5 3.0

units
3.0 3.5
to to
3.5 4.0

0.5 r.0 1.5
to to to
1.0 1.5 z.o

-2.0 -1.5 -1..0 -o.5 0
to to to to to
-1.5 -1.0 -O.5 0 0.5

Ktlr-13
KTFI4
RSS-!2
BQ{VlIf

q DC-l
H oc-z
? gp-v
b rnc-ul
F xs-rs
; rrw-u
@ w-o
fi rrn-re
E sa-uA
u oB-21
S oc-r

HQE27

rs-2
rr-8
r(s-ro

ry26
rr-15

,^ BQ-24

Ei oFr
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E no-ra
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2l -o 5.7 6.s
2{.1. 13.9 6.0
19.9 L3.2 5.6
16.9 9.5 9.1
15.9 13.6 lr-2
19.3 9.7 7.3
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15.2 tt.2 10./t
30.0 19.0 10.7
u.9 L4.2 ll.7
27.5 27.L l{.9
2l.o 12.0 8.5
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a E-8
H --t
;i Dc-IAtl
I to-r
; Xff-V
E nss-u

3.3 6.3 5.5

It

2.2 1.5 4.0
2.0 11.0 18.5
3.5 4.J. l4.l
0.? 2.8 5-5

0.4 !..8
1.8 6.7
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APPE}IDIX 6

Quantitative analysis by x-ray diffraction'

Iteasureroents of bulk rnineralogy by X-ray cliffraction'
W. Yardley.

1. Theory:

SampJ.es and aPPendix PrePared bY

Klug ancl Alexander 09741 showed that:

c.ixr
1.

-j-

wherell=netdiff,ractedincensityofjthcomPonentinann-componentsystem.
J

Cj = cgnstant of diff,ractometer geometryr andl of, comPonent j'

oj = density of, comPonent j'

u = linear absorption coefficient of the sanpl'e'

Si-nilarly for an internal standard, s, in the sample:

r = 
c=X"

" o"i

. ri x.,crft'"
where J'

I, X"C"upj
x. I.i

C ancl p €rr€ constants, so J e t J
x" 1"

Thelefofe, if the internal standard is added in a constant Proportion' so that Xs is

constant for each sample analysedl, then:

r.i
*j=ft)

r"

regardlees of absorPtion dlifferences beteteen samples'

2. Preparation of standard samPles:

The following ra5.neraIs, with respective d-spacings, $ere used to set uP stan'Iardl calibration

curves.

Quartz Albite lluscovite chlorite

4.278 3.1e4 Lo ' og 7' 148

Microcrine calcite Dolomite

3'2sE 3'048 2'8eA

Lithirmr fluortde (LiF) was chosen as an internal standard' as its Peak at 2'33A doeE not

overlap any peaks of the above mineral-s'

LiF was actdledl in the proportion 0.250 9m Per I.OOO gn of sample, and the naterials thoroughly

mixed by grinding in an agate mortar for geveral minutes' The materiala must be groun'l

very fine to mini:nise scaling errors, which increase wlth particle size'
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,g,lltrlLeal seal,tng errors (Klug and Alexaniler)

<0.005 q, l- Bercentr 0.005 to 0.013 lur, I lrereent,r 0.01F to 0.080 rm, IB pprgent

a+/x^ was mea8q!:ed frqn the AlffraetoEeter traqe. InteDsitie.E were ta.ken as peak he{ghtJ-
tiloee peak rr{.dth at ha]-f haJght (above baclcgrrouad levell . rhl.e tiikeF trBto accouat
bloadiening of peaks wlth gl.ze reduction of crystallites.

eaubretion chalsts nere dralsn up for
pure mlaerals. Each point was the
anil the value of the ,congtant k f,or

r)/Is (l) versue x, for illff,ererrt concentrcatlone of
av€rage of 3 cleterrninatlolls. ?rhe ltlre of beat fl,t,
each ain€ral was cle:tenotned.

the

]trRD quEnti,tatj.ve stanclardls, pefceDt by weight of iilnenal

gartpte Qqartz AlbiLe UuEcgvlte Chlorite l{icroeline calclto Ibl,cadte

0t
'Q2

Q3

Qit

05
,016

87
gB

,Q9.

Q-l0

Ql1
0r2
Ql3
Q14

3.

80

60
rt0

20

!.0

10

20

80

40

10

2A

40

l0

60

80,

20

2-o

r0
20

80

40

50

60

l0
20

{0
80

60
ta
80

40

60

t010

Sesul,tE of calibration rrure ,)/r" percent

XJ - kI3y'I" k = Blopeongraph

Line of beet f,i.t TJ/r" = b *j

Pdiceat (hnrtz
bl' rveiEht

Albl.te llugcovite chlorite Mieroel-ine Caleite Oolonl-te

100
80

60

't0
2A

!0
k
b

tr8L.8r
146. 7
114-7
69.0
42.4
29,6

0.5305
r.88it5

455.2
494.4
'2L5.'7

140.5
55.4

0. 16sl
6,.0581

esglg
1,07. 9

7L.7
47.L

0.. a5x6
3.9738

6s0. ?

{68. I
298.9
v8,3
57-8

0.1351
7.4024

29g-.g

180.8
Iri3.3
106.7

50.4
0.2s89
3. 8624

610.5
34 9.9
235.6
169.5
84. 3

0.1448
6. 9038

551-1
368.3
232.,0 .

L75.e
78.9

0.1{9'l
5.6948
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4. Proportions from unknolvn sanpLes:

LiF is mixed with the ground sample in an agate morta! in the proportion 0.250 grn per
1000 gm of sample.

Part of the mixed sample is mounted on a glass plate with acetone and left to atry- The
sarnple is then run and the peak areas measured. The ratio Ir,/I" is calculated for each
mineral and the corresponding concentratj.on, x"i ($), read off from the calibration charts,
or calculated using the correct constant, k.

At least 3 runs should be made for each sample to minimise errors.

5. Elrors:

Automatic scanning produces errors of >10 percent (relative) for mineral concentratj.ons of
over L0 percent. (K1ug and Alexander).

By sufiming all cornponents, and correctj.ng to 100 percent total components, errors can be
reduced to probably t5 percent relative for concentrations over 10 percent. It would be
rnisleading to present results other than rounded off to the nearest percent.

obviously, where amorphous material, or uncalibrated rninerals are present, this correction
cannot be applied.

A further error of unknowa magnitude arises where the mineral in the sample has a different
composition or has been strained, compared with the mineral standard used for calibration.
This is probably most significant with the feLdspars.

5 Results:

EN 24/64+ XRD Analysis
IlineraL llormative Run 1 Run 2 Run 3 Average

modes fron initial, f:-nal initial final initial final corrected
chernical
analysis

Quartz 20

Calcite 10

Dolonite 70

t9 t9 25 21 24 20 20

9 9 L2 10 13 10 10
7I 72 80 68 85 70 70

I 00s 99r r00r l17r 99r L22Z t00r 100r

*Hodal Run I Run 2 Run 3 Average
HQ-17 analysis initlal. final initial final initial final corrected
Quartz 43

Total
f eldspar e tt

Chlorite 3.8

55 51 50 47 50 44 48

44 41 48 45 55 49 45

5444444
4455444Mica 4.6

99.4* 108t 100* 1078 lolC I14r 101* 10It

"initial." 
- 

*final" is recaLculation procedure to 100 perceDt.
+ Sample from petrology collection, Geology Department, Victoria University of 9lellington.
* l4odal analysis of rock HQ-I7 disregarding natrix or rock fragmrents as mode classes,

al-teration products within other minerals were countedl in the mode of the alteration
mineral-. Cements and accessory minerals nere disregarded.
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APPE}IDIX 7

Pabric measurement of Wellington greywacke-suite rocks

the term rock fabric refers to the relatj.onship of grains, to each other and to adjacent
strata - a fundamental determinant in some engineering properties. The directional
aspect of fabric (rock anj-sotrogl) is of particular importance as this affects weathering'
strength, elastic modulus and crushed particle shapes.

Stro approaches were used in assessing fabric relationships, the natures of glain contacts
and grain orientations.

I. Grain contacts (qualitative):

Four grain to grain contact types were considered, using the nornenclature of Taylor (1950) .

(i) Sutured contact: stylolitic interpenetration of two or more grains, indicative of
pressure solution.

(ii) convex-concave: a contact interface appearing as a curved line in the plane of the
thin section.

(iii) Long: a contact appearing as a straight line in the plane of ehe thin section.

(iv) Tangential: a contact appearing as a point in the plane of the thin section.

The above classification is arranged in order of decreasing d'i'aqengsis/metamorphism' Rock

fabrj.cs are extremely variable, even within a single thin section, and various grain
contact types may occur depencling on textural considerations" sorting and mineral composi-

tion.

To provide a basis for gualitative assessment each grain contact tyPe was allocated a

number,

Sutured 1

Convex-concave 2

tong 3

Tangential 4

The orde! of abundance of each type was established by assessment at several' locations,
along a linear traverse of the thin section, usj.ng a mechanical stage, normal to any

preferred orientation. The slnn of the products of abundance order and quality order,
gave a qualitative rating, from 20 for the lowegt reLative diagenetic effect to 30 for
the highest, which can be expressed conveniently by histogram. Only greywackes frcrn the

sandstone and thick-beclilecl lithofacies t'ere examined, grain size considerations prevented

accurate resolution in the thin-bedded lithofacies (where sutureal contacts "appearedl
dorninant). Argillitee were not examined.

Ehe results (Figure A7.1) indicate samples from the sandstone lithofacies to have been

compacted and metarnorphosed to a greater extent, than samples from the thick-becldecl

lithofaeies.
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Pressure solution of guartz glains (rnanifest as sutureC Arrain contacts rdith or without
overgrowths) and guartz veining, increases the conpetenee of rocks (Thomson, 1959). Ihis,
with other cliagenetie,/metamorphic processes, reduced porosity to a rninimum, limiting latet
movetnents of fluids to regions of induced porosity (joints, sheara, fissures), often observed
as a deposition of saw-tooth guartz or vein infillings. Whele ffuids are alkaline,
pressure solution (with or without ctay coatings), erosion and rounding or guartz may

proceed as suggested by Thomson (1959) anil Siever (f952) and j.ndicated by the presence of
calcite, prehnite and launonile.

Ln the finer graj.ned grelmackes (i,e. the thin-bedded lithofacies) this process nust have
been pa.rtj-cu1arJ.y significant. Srnaller guartz grains dissolved more readily than larger
ones (lleyl, 1959) to produce some rounded grains, sutured grain contacts and provide
competence in thinly bedded rocks, to enable fraeturing and access of metanorphic minerals,
and to provide an explanation of the equant felsic Arains, bigh strength and high elastlc
modulus of thin-beddedl greywackes (section 3.5.2).

Quantitative fabrj.c aasessnent by Packing Proxirnity (Kahn, 1956).

Packing proxirnity rdaE measured in conjunction wi,th measurement of grain contact tyPes; it
is a measure of grai,n "closeness'. The maximun value is 100 percent, when all grains are
in contact with one another. Packing proxinrity is expressed by:

total nrmber of graia/grain contacts encountered
100 percent

total nunber of grains encountered

Several results rrere averaged for one rock and traverses were made at 9Oo to any preferred
orientation, so that maxiJnum values were recorded. Packing proximities may valy in any

direction, and with composition and sorting. Coefficients of sorting should be taken
inlo account when comparing packing proxi:nities (Thomaon, 1959) r but was omitted in tbis
study as alL sedirnents meaeured are "poorly sortedn (Folk, 1968; see eection 2.12).

Only the sand,stone and the thick-bedded lithofacies were examined. Results are liEted
in Pigule A7.2.

The use of packing rroximity to assess gr::eyeckes is problanratic, ard results sisv tJle sardstorE Lidrofacier

to he packed simiJ.arfy b the thick-bdded litlpf,acica. Flntt:lsr rnlres are tlE 8de for both litlr
facies but maximrn values for the thick-bedded lithofacies are lower.

J. lteasur€nent of prefeffed orientation

Settling of particJ.es reaul.ta in an orientation that tends to parallel the sedimentation
surface. The more flaky, prlsnatic, tabular, elongate or rodl-like the mineral shapes,

the more pronounced the orientation. Subseguent load,increaEes the stlength of orien-
tatj.on (decreases scatter) by increasing the area of contact bethreen grrains' deforming
them as necessary and reducing pore space and moisture content. The process continues
until lithification is achieved.

Rock deformation has further lncreased the strength of grain orientation (Clark, 1970),

brought about by settling (Onions and l{ictdleton, 1968) and lithostatic loacling (cliagene-

sis) so that, ultlmately, recrystallisation has further developeil preferred orientation
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Sandstone lithofacies Thick-beddled l-ithofac ies

BQ-xviii
DC-1

DC-2

Brv
K11[-14

BQ-rXA

oB-21

DC-3

Krr{-16

KTW-13

mean

range

32

67

73

69

64

54

75

81

62

48

HQ-25

HQ-2r

HQ-19

H9-23

riq-17

DC-6

sJ-31

mean

rarge

52

50

66

30

73

51

75

-uo *"na
30-75 percent

63 percent

32-81 percent

5t
e
f
t
g

sandstme lithofacies
tlick- bedded

lithofaciec

Pecklng ProrinitY

I'igure A7.2 : Packing proxinities for grelnrvackes of

and thick-bedcled lithofacies measured

perpendlicular to bedding.

the sandstone

in directlons



gtrong grain orientation results in clustering of optic axial directions. Quartz' for
exarnple, tends to recrystaLlise with its C-axis paral-1el to bedding' legardless of initial
grain shape. Ilecrystallisation of quartz and phyllosilicates, results in rnineral gros't,h

in the direction of nlnj.rnur. stress. the fj.ner grained -orelnrackes, because of their
gireater particle surface area, responding faster than coarser grelta;ackes.

ArgiDites forned frorn sedj,rnentati.on of fine nuds in various states of flocculation and

have achieved degrees of preferred orientation. Some ilisplay orientation textures
indicative of shearinc,due to large loading increments at lov: lrater contents e.g. HQ-I8
(liorgenstern and Tchalenko, 1967). Lorr rr'ater content tends to maintain randorn grain
orientation (OrBrien, 1963) but most argillites ctisplay preferred orientagi-on, therefore
if original sediments lrere flocculated, sedi.rnentation must have been rapid to entraP
relativeLy large volumes of water (C'Brien, 1963; Blatt et aL., L9121. .Plgillites show

stronger preferred orientation than greluackes, lheir fabries being unistrial similar to
those shown by Bre\der (1964; figures 115' 116, 1L7).

Quantification of preferred orientation is generally s tirne consurninE, graln-by-grain
measurenent of long axes in thin section (Tobin and Donath, l97l). Due to the large
amourt of time inrrolved in this type of investigation, a less precise method involving
simple technigues, $ras sought so tbat patterns of preferred orientation v:ould emerge.

Various methods, using X-rays (Schulz , L949a; Tchalenko et aL., L97Li Kazi, 1975) aBd/

or elaborate specimen pleparation (Jetter and Borrie,1953; Barrett, pers. conm.) were

enamined but abandoned in favour of methods used by llartinez (1958), Pierson (1959) and

Sippel (1971), based on the orientation of guartz grains, one of several minerals showing

definite preferred orientations in greyracke-su.ite rocks.

Using crossed nicols and a I pLate (older literature refers to a gl'Psultl plate) uith a

phase difference of 550 nrn, producing interference colours of first order redr addltion
or subtraction of snrall phase differences, changes the interference colours torards blue
or yellou respectively. The vibration directions of the I Plate, with different mineral
orientations and resultant colours,is shown in Pigure A7.3.

As thin sections had been cut Ferpendicular to bedding, maxi.rntn preferred orientationa
(therefore optica[y slow orientations) and maximum interference colour changes could be

observed. Different degrees of preferred orientation provide dlfferent distributions
and intensities of yellow and blue colouration, when aligned with the I P1ate j-n the
manner shown in Pigure A7.3.

Colour intensity,therefore,becones a neasure of preferred grain orientation whiclr can be

evaluated readily,on a seml-quantitative basie, by PhotograPhy.

Thin sectioDs vrere photographedl,using llford Pan F black and white filn,exPosed through

a standard bl,ue Leitz microscope filter anC a Kodak gelatin Photomechanical filter
No. 23A which effectively "blocks" blue light. This allows only yellow and orange colours
to be exposed to the filnr thus, when thin sections $ere arranged in format A of Figrure A7.3'
all grains displaying a prefered orientatj.on rrnould appear dark with other grains varying
shades of grey.

Negatives were developed and printed on fine grained, hard, brack and Ithite PaPe! to
produce photographs of good contrast. Subjective measurer.ent of rel'ative black and white

areas of each photograph,to assess degrees of orientation,was not Possible ae fi-ne grain
sizes and low nagnifications used were not conducive to this. Iow nagnificatione were

neceasary so that dj-fferences in preferred orientation were aeen over large areas -
important in coarser rocks-and also to enable standardisation of e<posr:re settings.
Several pictures of eacb thin section ltere taken.
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Blue irterlerenee colotrsi
optical addition

sensitive tint Plate

ycllow irterfer€nct colarrs;

oPthal subtraction

FiEure A?.3 : optical systems used wi'.h photanechanical filters to

suppress or aid interference eolours of optically

Length slow rninerals.
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Assessnent rr'as undertaken in two r':ays:

(i) B:/ inspection of shade.i.e. conparing relative areas of light and dark' and

(ii) By inspection of observable preferreC orientation trends in larger phyllo-

silicate mlnerals.

To ensure impartiality during test, Phogo:rricrographs rere not labelled and were shuffLed

face ilovyn between tests, while to check consistency, Eeveral photomicrogrraphs frorr clifferent

reqions o! the same rock were included. Results (Table A7'1) show the relative ranking

of roc]. to be similar blt both methods'

ltean grain size r,ras ranked in addition to the fabric properties to check on the procedure

ranking. 3he close comparlson of ranked and rneagured mean grain size indicates the

reliability of the Procedure.

Results show relative preferred orientation to correlate well with relative mean grain size'

that is, strength of grain orientation increases with decreasing mean grain size (Figure

A7.4) .

$hilst the techniques is relatively quick,repeatable and convenient' results are not

absolute and therefore not directly comparable with other works or engineering para:neters'

:his severely restricts lts usefulness.

TabLe A?.1 : Grain preferred orientation assessed fron pbotomicrographs.

Order by Sanple
rock mean
grain size

Rock mean Assessed fro$ photomicrography usi'ng Photo-
grrain size, mechanical filters
6t:. Order of dirlnigb- Crder of increas- Order of increag-Phi ing mean grain

size
ing opacity ing mlneral.

orientatlon

1

2

3

4

5

6

7

I
9

l0
11

L2

13

I3A
t4
l5
16

L7

t8
I9
20

2L

22

23

DC-6

HQ-17

sJ-31
KTI{-I3
HQ-21

Bg-v
BQ-IXA

oB-21
nQ-19
KS-2

BCFiii
RSs-iii
8Q.21
BQ-21 (R)

DC-8

BC-i
RSS-ii
HQ-26

oB-w
HQ-2 O

HQ-18

BQ-vi.i
n|J.^22

oB- 13

L.25
1.317
1.32
2.4
2.7
2.7 3

2.9
2.93
3 .08
3.27
3.78
4 .08
4 .13
4.t3
4.5
4.87
5 .18
5.4
5.5
5,87
5 .95
6.18
6.28
6.39

HQ-l7
sJ-31
DC-6

KTw-13

oB-21
HQ-21

BQ-I)(A

Be-v
HQ'19
RSS-iii
KS-2

BQ-21

BQ-21 (R)

BQ-iii
RSS-ii
DC-8

EQ-20
BQ'i
BQ-vii
oB-13

'lQ-268Q.18

Hrg..22

oB-w

HQ-17

DC-6

sJ-31
oB-21.

BQ-L]r.A

FQ.21

BQ-V

KS-2

KTlf-13
EQ-19

BQ.21

RSS-i1i
B0-iii
BQ-2r (R)

RSS-ii
oB-13
HC\-20

DC-8

BO-i
BQ-vii
HQ-26

HQ-l8
oB-lf
EQ-22

HQ-I?
SJ-31
oB-21
8Q.I:(A
DC-6

HQ-21

Rss-ii
oB-13
B0-v
KS-2

HQ-20

DC-8

EQ-19

BQ-1

RSS-1li
Xa'w--13

BQ-1it
BQ-21

BQ-21(R)

EQ.18

BCt -vii
s(>26
oB-97

sq-.22
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Figure A7.4 : StuCy of preferred orientation by petrography

indicates that rel,ative mean grain size, degrees of

opacity and preferred orientation are related and show a consistent

trend with mean grain size measprements of Wellington 9re]t\,tacke-suite

rocks.
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APPE}IDIX 8

Chlorite anallsis by electron microprobe

Mr 1. Pringle (Geology Departnent, Otago University) used an Electron Optics Laboratory

electlon microprobe, nodel JXA-53-, situated at that University, to ascertain the chemical

affinities of green and brown detrital anC authigenic phyllosilicate minerals, grouped as

chlorite in rnodaL analyses (section 2.6.6, Appendix 3). Sone brown, broken accessory

ninerals were also probed for identification.

Test cores,25 rgn Cianeter,were taken fronr five greyrn'acke lithologies knot'n to contain

adequate subject mineral and representing a r.,ide textulal range. Discs'2'5 nn thick,were

cut from the cores, arranged in textural order, stacked nith epoxy adhesive to form a

composite core,then cut lonqitudinally through a diameter. One of the half cylinders
produced rvas epoxied to a g1-ass slide and a polishecl thj-n section (Probe mount)' made by

fine grinding and polishing to a thickneas of 30 rnicrons. A probing maP of the grains to

be examined r*as assembled.

t. !-nal.ytical nethod

Instrument settings were: 15 kV accelerating potential, 0.03 uAspeci:nen curlent and 2-3

micron electron beam dianneter. Each complete analysis vas prepared by averaging 5 countings

of L0 seconds integration ti.nre. Coffection procedures for absorption, fluorescence and

atomic nunber wele those of Bence and Albee (1968) with correcti-on factors given by Kushiro

and Nakamura (1970).

Analyses vrere semi-autonated using a FDP 8F computer. controlling peak search at pre-set

peak positions, x-ray intensity measurements for peaks and backgrounds, dead time. Bence and

Albee corrections and cation calculations. Drift correction was made by measuring Probe

current (using the synthetic periclase standard) just before the x-ray intenslty heasurements

of each standard and unknown.

Standard materials used were: natural albite from -Amelia (Na). adularia from Gotthard (K) 
'

henatite from Sennin mine (Fe), maganosite frorn Nodatamagawa mine (t'tn) ' chromite from Aeoje

mine (Cr), synthetic corundum (Al), rutile (Ti) ' quartz (Si), wollastonlte (Ca), slmthetic
periclase (l!g) .

Technical probLens,associated with probing phyllosilicates,arise from relatively high vtater

contents and varied iron oxidation states. All iron was calculated as PeO. Percentage

totals and cation totals are varlable and grive no initicatlon of analysis accuracy' hOwever

bearn current stability, and analysis of standards as unknowns, are means by which probe elror

can be minimised.

2. Results

Anafyses shown in table A8.1 include analyses of grains undergoing a biotite - chlorite
transitj.on (Table AB.2). Tables A8.3 and 48.4 present data frora I'rornblende and biotite'



Table A8.l ? Electron microprobe analyses of chlorites and titano-chlorites (the latter

fiveanalyses)fromwellingtongrelnracke-suiterocks.Totalironmeaeured
aE Feo ancl H2o deterrninecl as difference of analysis total and r00 percent'

liunbers in bracketE denote different analyses frorn one J-ithology'

Kfrd-l4 ( l) KTW-14 (2) HAb17 (1) Dc-6 (1)

Sio2
A1203
TiO2
Feo
!.1nO
:{9o
CaO
Na20
K20

TotaI

It20

l{umbers

ci

AI
A1
?i
Fe+2
!4n
I4g
Ca
N 
K

t{ineral
colour green

28.2941
t5 .8992
1.9435

28.4723
0.3509

L3.9729
0.2720
0 .0000
0.3439

90 .558 I
9.4412

5.8752
2.L248
2.0108
0 .3035
4.9442
0. 0635
3.48 54
0.0605

0.0910

brown

27 .6860 27 -7 479 27 '6466
16.5720 r8 -8719 2r 'L2L3
0.5919 0-1356 0'0216

2?.18s1 24 .496L 22 '6487
0.2173 0.282L 0'809r

l5.22so 17.3959 17 '9222
o .L4A7 o. 0798 0 ' 0441

0.0299 0'0256 0'0135
0.0378 0.0113 0'0270

87.789s 89-0462 90'2540

L2.2LO5 10.9538 9 '7460
of ions on the basis of 28 oxygen equival'ents ignoring B2O'

s.8e37ra s.?l??re s.s65618
2.1063ru 2.2BOlr" 2.4344''
2.0514 | 2-3052 i 2'5769 I
0.1109 ] o-02r1 ] 0'0033 ]
4.839s ) 4-2224 t 3'8131 )
n n?s? r - - 0.0495 )1 1 61". 0.1380 lr r ,gltz
i'.;11; i1r.e284 s.3446 -)LL.ett) s.3?87 ]..,
0.0330 ] 0.01?3 ] 0'009s ]
0.0123 ) 0.0100 ) 0'0053 )

0,0104 ] 0'0024 i 0'0069 ]

)8
)
]
i
]
; 
r0. s5e

i
)
)

9reen 9reen

Dc-6 ( 4) KrR--14 (la) KTrj-r4 (3) BQ-rxA (1)

Sio2
el zgs
TiO2
Feo
MnO
Hgo
ca9
Na20
K20

Total

H20

Nlllbers

si
A1

Ti
Fe+2
Mn
Mg
ca
Na
K

Minera]
colour

28.5256
1? .0053

2.7756
26 .884 5
0.3229

13.L558
0.4049
0.0504
0.s404

89 .6753

29.094L
16.8990

3 .0373
26 .0171
0.4545

12.4 588
0.6966
0.0393
0 .5583

89.2650

29.4984
17.8545

1.6157
24.5462
0.3678

ls.1307
0.1154
0.0433
0.7240

89.8959

10 .1041

6.0294
1.9706
2. 3305
0 .2481
4.1956
0.0536
4.6083
0.0245
0. 0146
0.1856

brown

29.7806
16.9933
L.275r

28.8337
0.3004

L2.8572
0.2188
0 .055 2

0 .4429

90.7580

LO.3247 g .242A l0 '7350
of ions on the basis of 28 oxygen equivalen& ignoring lr2o

s.9385 , ^2.0515 r u

2.1108 ]
0.4346 i
4.680s i
l:3333 ]u.ezrr
0.0904 )
0.0204 )
0.1436 )

brown

6.1482 , ^t.g51g r E

2.2830 ]
0.1980 ]
4 .9781 )

3:3i?3 ]rr.eser
0.0484 )
0.0224 \
0.II68 )

g!een

6.05?0 ] e1.9430 ', -
2.2035 )
0.4750 ]
4 .5298 )

3:333t 
j,n'ena

0.1554 ]
0.0150 ]
0.1509 i

brown

]8
)
l
l
]rrr.e zrs
)
t
l
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Tab1e Ag.2 : Electron microplobe analyses of altering biotite-chlorite minerals'

fotal iron measured as FeO and H2O ileterrnined as difference of analysis

total and 100 percent. llurilbers in brackets denote different analyses

frorn one lithologY.

DC-5'( Ia) pg-S (4a) EQ-1"? (Ia) xrw-14 ( 2a)

SiO2

A1 2o3
LLv2

FeO

MnO

ugo
CaO

Na20

K2o

Total:

E20

Ftineral colour

32 .4 090

L7.2386
r.5724

23.9776
0.3044

t3 .8341
0.3876
0.0430
2.0625

9I.8289

8.r711

brown

32.6519
16 .7103

3.?986
22.L923

0.3976
13 .5615

0.2445
0.0392
4 .00 39

93.6998

5 .3002

brorm

32.7546
15.8706

3.0384
2L.5722
0.5158

13.8703
0.148 8

0.0363
3.2288

91.0356

8 .9634

brown/green

32.2828
2L.2784
2.6269

2L.2544
0.3283

10.9791
0.1055
0.1589
4.5422

93.5662

6. 4338

brown

Table A8.3 : ELectron microprobe analyses of
rocks. total iron measured as

analysis total and 100 Percent.
analvses from one lithologY'

hornblende fron l.lellington greluacke-sulte
FeO and H2O determined as difference of

llumbers in brackets denote different

Ks-2 ( Ia) KS-2 (r-b)

Sio2
A1203

TiO2

FeO

MnO

149O

CaO

Na20

K2o

Total:

H2o

tlunber of ions on the

si
AI
AI
Ti
Fe+2

Mn

Mg

Ca

Na

K

lfineral colour

46.6092
7 .6579
L.4209

14.5285
0.5290

t2.1 487

11.8306
L.3L7 4

0 .7 2L7

9?.3638

2.5352

basis of 23 oxygen

6.9143 t8
1.0857
0 .2s33 )

0.1586 ]

1.8024 i s.l0o2
0 .0656 ]

2.8193 )

1.8805
0.3788 \ 2.396
0.1367

9reen

46.471I
7 .0745
L.3268

14 .6958

0. 4 304

13.5782
Ir .727 4

1.330?
0.7378

97 .3736

2.5264

equivalents, ignoring E2C-

5.9047
1.0953
0 .14 37

0. I48 2

1.8261
0.0544
3.0077
1.8567
0.3834
0. 13 98

green

]8

)

]
) s.1801
)

]

) 2.3899



Table A8.4 Electron
rocks.
analysis
analyses

microprobe analYses of
Total iron measured as

total and I00 Percent.
from one lithologlt.

biotites fron WeLlington grelvacke-suile
FeO and H2O determined as difference of

Uumbers in braclets denote clifferent

nQ-17 ( 2) rrQ-r7 ( 3 ) HQ-l? (4) HQ-l-7 (4a) BQ-rxA(2)

sio2
AI20
Tio2
FeO
UnO
llgO
Cao
Na20
Kzo

34.6475
18 .0907

5. 3035
18.0759

0.4355
11 .1126

0 .227 0
0. 0753
5 ,2318

94 .2005

5.7995

on the basie of

32.2040
17.1395
3.2928

L7.5434
0.5366

13. 3 219
0.L472
0.Llrl
9.1615

93.4580

5.5420

22 oxygen equivalents,

Total: 95 .098I

EzO 3.9019

Nunbers of ions

si 5.2923
Al 2.7077
Al 0.7955
Ti 0.3399
Fe+2 2.4537
r'ln 0.0317
Mg 2.1056
Ca 0.0077
Na 0.0350
K 1.7300

Mineral
colour Loiottn

35.1198
a L9.7249
' 2.999t

L9 .4696
0 .247 6
9 .3728
0.0470
0.1200
I . 9975

34.4313
L7 .2256

2.8L35
Le.5475
0.5237

14.2282
0.0496
0. 0474
5. 1553

93.L220

6. 8?80

ignoring H2O

36.6752
22.2L74
1.8269

15 .5015
0.2L7 4
9.7454
0.0762
0.1275
5.6785

93.0658

6.9332

a 5.2043
" 2.7951

0.4058
0. ?l-21

5.7265 2.2'l05
0.0554
2.4884
0.0365

L.7727 0.0220
1.0024

^ 5.0335o 2. g6G5

0.1908
0,38?0

5. 9333 2.293L
0.0710
3.104r
0 -0247

I .06 09 0. 03 37
1.8268

^ 5.2536o 2.i 464
0 .3514
0.3227

6.0450 2.3795
0. 0678
3.2364
0.0081

1.8852 0.0141
1 .0036

^ 5.4622o z.s37g
r.3619
0.2046

6 .3578 2.0552
0.0275
2.1639
0.012r

l, . 0258 0. 0367
1.0789

brown

)8

5.813r

1.1277

bror,n

BQ-rxA ( 3) Ks-2(1) Ks-2(2) Ks-z (3) KS-2(4)

Sior 33.2L46
Alr6e 20 .3431
Ti6r" 2.8557
Feo- ]-8.2542
MnO 0.3945
ugo 11.2819
CaO 0.0397
Na20 0.I032
Kzo 5.71'76

TotaI:92.2043

H2o '7 .7957

Nwlbers of ions on

si
AI
AI

Ti.^
Fet'
Mn
u9
Ca
Na

Mineral
colour

5.1137
2.38€3
0.8051
0.3307
2.3503
0.0515
2.5894
0. 0066
0.0308
r.1231

35.0030
16.1670

3 .01 05
15 .358 3

0.4440
11.85I8

0.0765
0.1124
8 .5768

92.6102

7.3898

22 oxygen eguivalents'

35. 2481
20.1806

3 .3771
19.8506

0.2223
8 .7515
0. 001 I
0.1242
I .8649

95 .6208

3.3792

the basis of

35.7041
18.1081

2.0805
L9 .4379

0.19s8
10 .9 959

0 .14 05
0.0939
6 .1793

92.9359

7.0641

igrnorlng E2O

35.02'14
14.8645

3 .6359
17 .505r

0.22't2
13.5015

0.4853
0. 0967
5.3351

90.77 95

9.2205

8

5.r27 0

I .160s

5 .28 00
2.7200
0 .84 29
0.3805
2.4867
0.0282
1.9543
0. 0004
0.0363
r.6940

brorrn

5 . s579
2.442I
0.4993
0. 3496

i8
)
)
I 5 .7488
i
)

j L.7357

s.472L
2.527 9
0 .7 428
0.2398
2.49L3
0 .0255
2.5L24
0.0231
0.0279
1.2082

I

5 .0118

L.2592

5.4681
2. 5319
0.2029
0.427 0
2.2854
0.0301
3.1654
0.0359
0. 0293
1.0626

I

6.1108

r.1288

]8

5.6927 2.1118
0.0s81
2.7300
0 .0128

L .7 30'l 0. 0337
r.6892

brown brown brown brown
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Mode of occurrence

Chlorite minerals are discussed in section 2.6.5 and Appenilix 3 but salient points are

restated for convenience. llost of the chlorite in the wellington greyr"tacke - suite rocks,

not resident in the matrix, is of detrital origin anti may be considered as two populations:

(i)

(ii)

Chlorite from alteration of titanium rich biotite

Detrital chlorite.

Titaniun rich chlorite constitutes the first population, as microscopic exarnination shovrs

detrital biotite alteri.ng to chlorite along cleavage planes - ttris was confir*red by

microprobe analysis (Table A8.2).

Both populations are considered
metamorphic affinity by biotite
(Table A8.3) .

Five of the analyses showed that
unusually high, aII in excess of

to have common provenance, lndicated as being of mainly

chemistry (Deer, et aL., 1971) also amphibole chernistry

the TiO2 contentr normally not more than 0'8 percent' was

1.0 percent with a 2.13 percent average'

Authigenic chlorites display berlin blue anomalous interference colours more often,
perhaps indicating these to be less oxidised. These chlorites are finer grained than

their detrital counterparts, displ-a!, "pinch and svtell" forms (Samesh5tna, 1977) and grade

in grain size to form orthomatrix, pseudomatrix, and epiroatrix comPonents (Dickinson'

1970).

The majority of grains analysed are (or altering to) chLorites. Confusion in identifi-

cation of biotite ancl chtorite is due to similarity in colour, habit and optical properties

of some grains. lhese problems were also noted by lucKean (f9?6) and Sarneshirna (1977) '

The latter studied Auckland greywacke-suite rocks and showed the chlorlte to be oxidieed

(Tab].eA8.5).opticalpropertiesofchloritewerepresentedinAppendix3.Although
microprobe anarysis $ras undertaken to confirm differences in phyllosilicate grains with
otherwise similar aPpearance, an interesting occurrence of titanium-rich chlorite was

noted(Tab}eA8.1).ThisisaprobableProductofchernicaltransitionfromtitanj.urnrich
biotites and would explaintheir red-brown colour. Such occuffences were noted by sameshima

(f977)anctbyrnomataandTareyama(19?4),whodescribetitano-penninitefrornalter5rg
phtogopites in ultramafic rocks of south-rdest JaPan'

If the analysed chlorites are oxidised (Fe2O3 >4 percent) then the chlorites tray t'e

classified as chamosite (Figure A8.1). The chlorite in wellington greywacke-suite rocke

is not oxidised, however. Oxictisation of chlorites may be determined by tvro means' In

some, a high FerO3 content is associated with a low value for H2O (fable A8'5)' and when

a structural formula is calculated on the basis of 28 oxygen eguivalents, the total of the

octaheilraL ions falls somewhat short of the ideal tvrelve (cornpare Table A8-l with Table

Ag.5). these are often reported as chlorites which have been oxidised (Deer, et al',

1971).

The oxiclj-sing reaction, where p'g+2-tFe+3 with a loss of hydrogen, indicates that the i'tater

content should be 1ow for an internally oxiilised chlorite, and thus the elenental oxide

total relatively high, say greater than 90 Percent. For these reasons the Wellingrton

greluacke-suite rocks examined are believed to contain crt}p- chlorite, specially pynochlorlte

(Figure A8.I). Although not apparent from microprobe analyses,optical investigation
inclicateal penninite to be Present. The ctrlorites plot in a relatively narrow field'

variation in iron content being characteristic and high (20 to 30 Percent total iron oxide) '
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Table A8.5 : Electron microprobe analyses of oxychlorites'
,:-g77). structural formulae have been added'

exlracted from Sameshifia

Where FetO3 is absent'
as difference of analYsistotal iron is rneasured as Peo. H2O determined

total and 100 Percent.

SiOr 32.49
Ar16- 15.54
ri62r 1.53
Fe2O1
FeO - 28.52
Mno 0.63
l49o 13 .11
caO 1.03
Na2O 0.08
K2O 0.72

Total:93.65

E2o 5.35

Numbers of i.ons

ffiE:Er----ir-
17.93 17-58 L7 '22 L4'20
1.43 5.5L 1.I7 2'35

2s.s4 30.80 29.77 29'24
o.so 0.46 0.45 0'34

10.4s 9.39 L2'96 11'35
0.19 0.49 o'81 0'49
0.07 0.05 0'05 0'12
o .5G o . s5 o. 30 0.43

90.49 s4.74 94'50 88'86

9.sr 5-26 5'50 11'14

Si
A1

Ti
re+3
Fe+2
I4n
u9
Ca
Na
K

6.483
1 .517
2. L39
0 .230
0.000
4.759
0.106
3.899
0.220
0 .03r
0.183

1r .56?

6.L22
1.878
2.528
0.232
0. 000
5.219
0.088
3.245
0 .042
0. 028
0.149

11.532

5.9)J
2.047
2.092
0.84 3
0. 000
5.144
0.078
2.795
0. 105
0.019
0.140

1r. 216

on the basis of 28 oxygen equivalents, ignoring HZO'

)8 6 .289
1.?II
2.308
0.174
0. 000
4.928
0.075
3.823
0.r72
0 .019
0.076

l8
]
)
)
)
]11.489
]
]
]
]

]8}A ^ 5.4416 r.559
1.995
0.375
0. 000
5. r91

11.575 0.051
3 .591
0.111
0.049
0. IL6

sio, 28.93
A1'16r 15. 5I
ri62" 3.17
Fe201
Feo ' 28.98
MnO 0.35
Mgo 9.83
CaO 0.65
Naro 0.08xz6 0.32

Total: 87.82

H2o 12.18

Nunbers of ions on

si
AI
AI

1t*cFe'-
Fe+2
Mn
Mg
Ca
NA
n

29.'15
15.22

1 .93

30 .05
0 .35

11 .37
0.75
0 .00
0 .13

89.55

10.45

the basis of
6.283
1.7L7
2.473
0.307
0.000
5.308
0. 063
3.579
0.170
0 .000
0. 035

26.78
15.65
r. 66

30.22
0.29

11.49
0 .85
0.05
0. 00

87.00

r3. 00

28 oxygen eguivalents,

2't.LL
L7 .42

0.35
30.98
2.9L
0 .00
9.?5
0 .21.
0 .00
0 .00

88.73
lirO- 0.51
H;o+ 11.07

ignoring H2O

6.22L
L.779
2.153
0. 513
0. 000
5.2L2
0 .064
3.t 50
0.150
0.033
0.088

)8 )8

Ir.535

5.888
2.LL2
t.947
o.274
0 .000
f.)t,
0. 054
J. tbt
0 .200
0.021
0, 000

i8

11.818

5.5L2
2.488
1.688
0.054
4.740
0.49s
0.000
2.954
0.046
0. 000
0.000

9.97711.363

stevenson and sons Quarrfr Drury, bottom cut typical argillite, D-5'
llinstones Russel Road Qulrry, whangareif grelryacke'
winstones Russel Road Quarry, Qhangarei' grelvacke'
Brynderwyn Quarry, Bryndernltn, argillite'
Moutohora Quarry, greYwacke.
ltoutohora QuaffY' greyetacke.
lloutohora Quarry, gireYwacke
Titahi Bay, North Fellington, .greywacKe'
Chlorite, intersertal in spilite, Creit Island, Three Kings GrouP' New Zealancl' Battey
(r956) .
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nomenclaturG for oxidised cHorites

Fe

6.24.0 t.07.0

thuringite I I delessitc

dttnt*iI
ll
I

0.6

Fe

Fe +Mg

si

Figure A8.1 : Ncrnenclature of ortho-chlorites and oxidised
chlorites (after Hey, f954). Sgecirnens for which

analyses are given in Tab1e A8.1 are pLotted.
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APPETilDIX 9

Scratch har&tess test to ASIU C235-68

this test was used to divide ttre Wellington greywacke-suite rocks into hard

and soft littrologies.

A standard Vicat apparatus (reference ASEv1 test C191-77 'Standard method of

test for time of setting of hyclraulic csnent by Vicat needLd) was adapted to

give a brass point, to ASIU C235-68, the required loading of 8.9 r0.4N

(2 to.t- lb) by actding weights to the stesr (Plate A9.1), Rocks to be tested

were positioned under the point and then drawn sideways. Tests were carried

out on both natural and prepared planar surfaces-

The equipment is validated by the 1978 Annual Book of ASSvI standards which

features a specifica3,J-y designed instrument of similar t1pe, no\^t cormercially

availabl-e (part 14, pages 5L2'41 .

Plate A9.I : Vicat aPParatus (ASAI

CL}L-77, 'Time of setting of hydraulic

cement by Vicat needler), adapted to
perforn the ASD1 C235-68 rscratch

hardness of coarse aggregrate particles'-
Shown, are the weights addeil to the

top of ttre spindle to neet weight

specifications for the brass rod

stylus, seen here easily scratching

argil-tite (oB-W).
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APPENDIX IO

Density, effective porosiiy and ultrasonic velocity of rock cores and handspecimens

The ultrasonic velocity apparatuE requires that sample least lateral dimension - the dimen-
sion measured perpendicular to the path travelled by the pulse - be not less than the
pulse wave length. Handspecimen samples wele cut with up to three pairs of parallel
faces for authogonal velocity studiea to assess the degree of anisotropisnr. Handspecirnen

samples were tested saturateil and oven dry and results are given in Tab1e A10.1. Figure
A10.1 is a graphic sumnary of handspecirnen clensity data.

Table A10.2 lists density, effective poroslty and ultrasonic velocity of rock cores' which
r4'ere tested saturated and air dried (50 percent R.H.). Both moisture conditions were
maintai.ned at 20 i loC.

TabLe A10.1 Densities, effective porosities and ultrasonlc velocities of grelmacke
and argilli.te handspeciraens.

Sanple ULtrasonic velocitv m.s-I
dlry wet

Rock den6ities t.m-3

itry iret particle
Effective Ultrasonic velocLty
polosity, orientatLon w.r.t.
percent bedldling, anC resnarks

C sJ-2

sJ-2 (R)

r: SJ-2A

SJ-31

sJ-3I (R)

sJ-3r (R)

G s,r-32

sJ-32 (R)

G sir-33

sJ-33 (R)

z- SJ-4
r' S,r-5

. sJ-5

sJ-6 (R)

sJ-6 (R)

4724

2196

5582

4579

4964

5464

5t 06

,]r,
s472

4607

5408

4525

48?O

4423

3269

4252

426I

4536

5112

4747

49L4

5553

5000

5346

5431

527?

uuu
3472

4792

5452

5152

5262

5000

4A25

482L

nsr"
4941

5297

2.70

2.70

2.76

2.74

2.7I

2.69

2.69

2.70

2.7r
2.75

2.73

2.70

2-70

2.67

2.51

2.69

2.68

2.70

2.8
2.56

2.69

2.66

2.@

2.64

0.2

0,17

0.41

o.3

0.32

o.22

0.38

o.2L

0.3

0.23

0.23

0.14

o.25

o.47

o.48

o.4t
o.46

0.54

0. 28

1.38

1.14

0.28

0.66

0.4

2.69 2.69

2.69 2.69

2.73 2.74

2.72 2.72

2.69 2.69

2.58 2-64

2.66 2.6?

2.69 2.70

2.@ 2.69

2.73 2.74

a.IL Z-tZ

2.69 2.69

2.6e 2-69

2.64 2.65

2.63 2.65

2.66 2.6A

2-65 2.66

2.66 2.67

2.66 2.67

2.56 2.60

z.oL z.oc

2.64 2.65

2.64 2.65
2.65 2.66

90-

KS-t

KS-] (R)

xs-r (R)

KS-2

:. xs-4
, KS-6

xs-6 (R)

KS-7

Ks-7 (R)

( . xs-e

KS-8 (R)

('; Ks-I0

paraJ.leI

parallel

) I sanple

trElalIel
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Table A10.1 r qontinued

:SalBl€ ultrreoraj.c veloctw n.6:
tity s.et

.Rck deneities t.t-3
<itry FEt Pa.rilicLe

Btsaao:lle v,elocity
orlinta,tion s.f.t

Eff€etive

FolloEiltlr,

G ass-e

G nss-g
RSS-s(R)

(,anss-o

rlnss-e
Rs5-8 (R)

(7 rss',fe
rghAS-t

A 8ss-11

G Rss-iir

G uqq-,
A ree-sa

c- sEC-7

$m-7{R)

A lcce-ee

G re-134
L. ncc-i[?
t-"UCC-!,!

uej22
nd?-?z (R)

rm-22,(Rl

n€-23e

ig Ec.L
(9 Dc-2
(l Dc-s

Di-6
f.rItC-8

!l DC-19

EC-IIll
DC-ratl

[: re-B

s-?
,-- IB-78
I.. !A-8
, i3-1r

IE 19

r:r_'22

,i.. xllg-I

v lcrt-z
,,- Kllts4

tqr-rl (n)

rJ fEtrt3
w Knrl4

rt*-f4(R,

u *rE-15
xcm-rs (R)

52lJ

5tl{

4367

5,3AS

:

iI788

4606.

3s79

4s21

4530

5007

4609

4r95

rt459

':o'
342.o

4t68

4736

424L

3u,2L

{,o92

4890

{39-6

1?e3

t984

21 65

lrs?

It85.6,

526.

48.64

53eI

J,,,

E402

9226

510l
538€

':",

519t

42@

5-O63

4w€

5e73

s1o9

49'38

4650

il501

a27V

'e991.

&62

5354

4397

46rlo

5028

4796

4467

60i16

3659

29s5

5046

5410

t:

':r'
5409

2-5.1

2.@

2.68

2.69

2t75

2.75

2,69
2.72

2.70

2.70

8.;69

2:r16

2:.68

2.66

2.&
2.@

2.67

2,@

'-*
2.6i,
2.15

2.68

2.63

2,69

1.65

2,1ft

2.69

,:u

2.69

2.69

2.67

2.63

2.7.5

2.69
2-77

2.69

2:.72

2.69

2.@

2.10

2.89

2.69

2.7L

2.13

,o.1-8

,0.4?

0.29

0.65

0.29

0.?6

o.28

0.54

0.4?

0.5

o.23
0.?2

0r29

0.I5
0146

o.:"4

o.4?

o.67

'-*
0.6?

Ir,98,

0.22

0.13
o.5,

I.07
0..18

a-2,L

t:tt

0.7

o.48

a.z1.

1.0
0.65

0.25

0'.46

o.2
o.3?

o.2

o,22

o.t$2

0.ur
0.15

0,.1r

o.oo

2.66 2.6t1

2.68 2.66

2.66 2.67

2.65 2.61

2.73 2.74

2.1.3 2.74

2.67 2\6
2168 2.6-9

2.51 2.*t
i.66 ,.@

2.61 ,2.68

z.1a 2.12

2-66 2r:67

2.54 2.65

2.5-5 2,66

2.61 2,6:l

2,6{ 2.65

2.63 2-eS

2:,.56 ?.60

9;63 2.65

216A 4,,6e

2-66 2.67

2.63 2.53
2.66 i,57
2.57 2.50

2.66 2.6n

2.61 t.@

'-"" 
t:t'

2.64 2.66

2.65 2.6'l
'2.63 2.66

2.56 2.59

2.70 2,12

2.t2 2.5q

2,{t :2.t2

2.66 2r@

2.69 2,74

2.6€ 2.68

2.68 2.@

2-61 2.4
2.@ 2.*
2.68 2,.@

2.10 2.?0

2.'12 2.7i2

9os

parrllal

900

parallef
goo

I,6raUiel

90o

900

trrrt€Llel

900

'900

'9Oo olack€ll

Peatle!el
g0o flsatb€iro€

trlaeal.leI
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'Eable 410,1 : eontinuedl

Salglte t4,ttaesgic vg,loc:ltY u.s
dry $et

Aock dessit+ga ED

drt $gt P6tticle
Effetive
Por6sitil,

u]}trBg-aic veloelty
qrlbta6tqq tt.r.,t;

6 tuut-ro

(! @L7
iJ$o-lt{Rr}

[l *t-t
xlr-r(R)

f7 *m'tr
ru$-it,(n)

tA xr-*l-ur

A K&v
Rnr.6

b s*L
OE iL (Rf

d9-f.(R)

A @-rr
t, sB'\2
A o+ra

@-13(n)
Cr tt[r-l4
[ros-zr
n cs-wn

8r13
Er14

fr g,O.r+(nt

4 rg-ls
(ZWL6

Q-x7

cg-xz(8)
Bg.r?(Rt
np-17 (Rt

!g-17(aJ
EQ.}? [R,

q9[?(R)

&!t7(t)
sQ-r.? (Rl

t ryre
F E9-18(B)

.' q&19

4 sq-eo

(i Ee-z[

A s9.22

sQ-22(R.)

Egi22(R)

aQ-22 (Rl

G sril
A ts--zl
g cg-z5
gqP.a6

Ui Eg-t?

2.67 2r'68

a.@ ,.68
2:61, 9.6.6

2.69 2.69

2.69 2.69

2.58 2.69

2.6\ 2,.70

2-70 2.7,L

2,66 2t61

?i65 2..66

2..6$ 2..611

'2.64 12.55

z-',tL 2.13

a.68 2,.69

?.72 2.74
.2.1o 2.74

2.68 2.69

2..*5 2.66

2,.'1? ?.t5

2.56 2.60

2.61 2.63

2.61 2.63

2.68 2,619i

2.& 2.67

2.,51, 2.59

2.F,5 :2.58

2,55 2,,55

-!

2-54 2,55

::
2.57 2.,60

1,.49 2149

2,:16 2172

2,:6tr' 2.6?

2.1.0 2.72

2161 3.66
2,19 2 t|12

:-

2.10 2.72

?.62 2.53
2.59 2.7.Q

2.66. 2,,6i

2i67 2168

2,61 2.64

o.i26.

o.28;

'O.;25

0r1.{

o,22
0.3€

0..14

a-87

o.34

0-66

o.47

o.6

0.65

0r6

o.2
0..64

tr.el

0.07

n.{4
a;,12

1.65
0-81

0..93

0-s?
o.28

0.85

tr,2€

u:*

o,.65

1,46

0r39

o!39

,o.25

o.8

o.52
'0.67

0.75

a.1.5

0.26

0.56

0.46

0.62

o,€8

4155

;,

5L7a

.:*

{s93

5:o3

?,289

499I

*:'

:n'

1636

3609

':'
4527

336.{

,8,95

2t2i2

2996

23,55

2336

2278

L?%
4175

3842

4732

5u3g

3t6r
4882

t2?B

4677

o]o

ft910

3915

4649

4279

*13'

5251

5i30

5tr88

rl?50

':'

4375

6t t2
tr:

i"
3798

4rloo

11299

4A6iI

iltl40

3929

3426

3t139

3686

33t14

3$'76

3rt3
5000

4450'

,51{7

4A75;

t510gl

4e?8

,r!915

{87'e

4909

5031

492'E

':*
5045

2.69
2,69

2.69

2.74

2-Io
2.?0

2.72

2.16

2.73

2.70

?r68,

2;6.9,

?.58
2.'t6
2.69

2.?7

4.81
2,69

!,68
1,.'tA

2,,67

2t67

2.67

2.7.2

2.ffi
2.62

2.,63

':*

u_u,

2.65

2.30

2.75

2.68

2.76
2.69

2.75

2.76

2.64
2,73

2,69
2.7L

2-67

pradlsl

parairlet

$iureILel

900

900

PstalIel

900

.z.olit!seiit

zeorlitit€r!
zcolrl.t'laeil

!||aa-Lls1r gqolit!
beal!1'lr9

)

1 I s.Srlc

]
] I ..qrle
1

90q
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9oo ) !. 8@ljt"e

9o0 )

900

90o

,!i0s
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Tat"l.e A1O. t- .: contirued

gaqrle ELtraso-ic telseiEf n, qi
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Eioek dlelgttl,es t.rr.-3

arg wet lnrtiel'e
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orieriEBtion u.n.t.
beddrEg, lrl|d EeDsrk3

Bff€ctiv€
polosity;
Fer'c€!t

& eE-r

80-6 (F)

Uava
rycB,

fCs*to
B8i10(R)

A s*+r
B€-15
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A ng-rza

a0-n?B(Rl.

C, Bfre
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h grzr
bw'22

8Q'ts(n)

Qrsg-zz
' t0*27 (R)

(t svt
i BQ-li
gErxii
b 3P'La

& str'"
f, ep"vu
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Bfl.m(8)

4093

4{{6
:

43?€

32I6
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a2W
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4776

4758

4Llq

o:*

i$3!6

5ogt

lts17

5351
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5186

48114

r1817
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3926

4942
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5251
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{:36
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::,
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gz24

0.12

o.L8

o.07

0.64

o.lol

0.06

o.4

0.19

0.26
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o.1.9

0.t3
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0.37

u.19
0.32

0.3?

o.8a

..o

0,34
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2.67 2-67

2.& 2-66

2.70 2.7.2
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PARTICLE DENSITY

mostly argillites

WET DENSITY

-.-mostly 
argillites

DENSITY

fg.t-3

Figure ALO.l : Densities of hanclspecimen samples, all lithologies;

n = 136.
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Table A.10.2 : Densiti-es, effective porosities and ultrasonic velocitl-es of grelnvacke

and aroill-ite rocl: cores.

Roek
llean
grain
size,

Sample Core vleight,gn.
No.

drv bret

PUNDIT time Core
secs x10-3 length

hdrv lret- tncnes

Density
kq.n -

dry net

Core
volrme
ca3
nd2
Tx"

Ultrasonic - APParent
velocity :t.s-r Porosity,

Detcentclry wet

L.25 DC-6 I
t

2.13 BQ-v I
z
2

4.23 r(T!{-l 1
2

4
5
o
7

I.317 HEFIT ]
n

4
f
o
T

8
9

10
1t
LZ
L3
14
I5
16
L7

56.42
54.22

65. 17
66.t7
66.34

49.20
49.O4

56.50 66.71
56.54
66.72 66.92
66.44
66.72
56.47
66.42 56.59

66.34
66-40 65.58
65.58
65.47 66.65
66. 53
66.49 55.56
56. 04
65.2t 65.41
66.r4
66.29 66.50
66.40
66.45 66.62
bb.f5
65.60
55.53
62.27
66.43 66.61

1 .708
1 .650

1.995
1.998
2 .000

L.497
1.494

9.4 9.3 1.998
1.997

9.A 9.4 2.OO2
1 00?

2.OO2
L.994

9.4 9.3 1.994

2.OO2
9.1 9.4 2.OO2

2 .002
9.7 9.6 1.999

2.002
9.? 9.3 2.000

1.997
9.7 9.4 2.000

2.001
9.7 9,3 1.996

L.997
9.8 9.5 2.000

2.OO2
9.7 9.3 2.003

2.00r
\.972

9.7 9.3 1.999

r.994
2. O0I

9-2 9.3 1.995
9.2 9.3 2.005

2.000
1.996

9-2 9.3 2.OO2
I .994

1.996
9.3 2.000

1.999
9.0 1.999

I OOq

9.1 2.000
r.998
1.995

9.2 1.995
r.996

9.8 2.003
9.2 1.998

21.300 2649
20.513 2636

2643 mean

24.A13 2650
24.9L2 2656
24.936 2560

2659 uean

18.66s 2636
18.628 2533

24.9L2 2669
24.897 2673
24.96L 2673
24.A4A 2674
24.961 2673
24.863 2614
24.863 2612

2673
2

24.96L 2666
24.96L 2660
24.96L 2661
24.927 2667
24.961 2665
24.936 2666
24.897 2653
24.936 26L5
24.951 255L
24.AA7 2654
24-A97 2667
24.936 2665
24.961 2667
24.916 2661
24.95L 2666
24.5A7 2533
24.927 2663

2653

24.863 2702
24.95L 2696
24.A73 2697
24.999 2702
24.936 2649
24.A81 26A9
24-95L 2696
24.863 2100

2696
5

24.8A7 2656
24.935 2544
24.927 2640
24.927 2652
24.873 2652
24.936 2656
24.9L2 2654
24.813 2694
24.A73 2704
24.AA7 269r
24.976 2699
24.9L2 2692

2670
24

5399 5457

5410 5410

53S8 3445
5399 5438

11.O 24.6

5242 5410

5235 5290

5237 5462

5237 5404

5227 3452

5rB4 5347

5245 s477

0.316

0.300

0.256
0.29I rnean
0.031 s.dl.

o.21r

0.285

0.256

0.30?

0.317

o.256

2618

2581

2574
25:s

2667

2614

2673

2623

2672

2672

2672
2665

185

4.72

L.32 $-3t I
2
J
4
5
5
7
a

9
IO
11
L2

L 67.L7
2 67.27
3 67.07 67.26
4' 6?.55 67.76
5 5?.06
6 66.92
7 67.30 57.51
8 67.12

5235
5230

19.4

2704 5508
27LI 5535

2705 5527

2707 5524
- 14.3

5460 0.27L
5412 0.281 nean

64.4 0.024 s.dt.

5448 0.283
5476 0.31r

5468 0.312

5464 0.302 nean
14.4 0.017 s.d.

66.09
66.04 - 9.6
65.80
66.1r - 9.5
65.97
66.23 65.38 9.6
66.L2
67.00
57.36 57.56 9.5
66.95
67.4r - 10.5
67.05 67.24 9.4

5292 5462

5345 5642

2562 5292 55A2 0.227

21L6 5334 5508 0-297

4845 5192
25gg 5399 s5l6 0-283
2692 5251 5484 0.269 nean

- 202.5 f56.2 0.037 s'd'



Table A10.2 : continued.

Rock Sanple
mea,n
grailr
size,
Phi

Core Weight g|tn.

No.

dry wet

PttllDIT tlme Cote
secs :c1o-3 length

dry vret lrr"n."

Core
voh.ttoe
co3
nd2
T* n

oensi!x
kg.u,-'

ilry wet

Ultlasonic
velocity m.s-l

Apparent
porosity'
Percent

2.6 KTI{-I4 I
2

3
4
f,

6
7
e
q

10
1I
LZ
13
T4
1t

16

66.83 61.O4
66.1r
56.90 67.10
66.66
66.A7 67.O7
55.95
66.52
66.54
56.19 66.39
66.75 55.93
o0. /u
66.62 56.80
66.65
65.73 56.92
56.55 66.73
55.65

9.5 9.2 2.OO4
2.001

9.5 9.2 2.005
2 .003

9.4 9.I 2.OO4
2.007
1.999
1.995

9.3 9.I 2.005
9.4 9.2 2.OO2

r .998
9.5 9.2 1.999

1.997
9.5 9.2 2.OO2
9.7 9.4 1.995

I .997

1.995
9.2 2.OO4

2.003
9.2 2. OO3

r.995
9.2 1.998

1.99S
9.r 1.999

2,000
9.3 2.003

2.011
9.2 2.005
9.2 1.995

r.997
1.997

9.1 1.996
2 .00L

9.2 1.995
9.2 r.999

r.984
1.999

9.2 1.998
2.000

24.9A5 2673
24.95L 2674
25.000 2676
24.976 2669
24.9a6 2675
25.O24 2675
24.927 2659
24.887 2674
25.000 2644
24.96L 2674
24.9L2 2677
24.921 2673
24.897 2677
24.961 2673
24.A73 2676
24.897 2677

2673
7

24.873 2656
24.9A6 2674
24.976 265L
24.976 2667
24.8A7 266L
24.9L2 266L
24.912 267L
24.927 2670
24.936 2570
24.976 266I
23.014 2673
2s.oob 2680
24.a73 2672
24.A97 263A
24-A91 2664
24.8A7 2654
24.95L 2666
24.A13 2673
24.927 257L
24.737 2673
24.927 267r
24-912 2663
24.936 2664

2567
1

2683 5358

25A4 5351

2@4 5415

2656 5416
26A1 5410

2580 5345

2581 5353
2583 5224

2679 5358
9 73.0

2684 5415

- 547t

2672 5399

2679 5450

2569 5356

5415
26A0 5390

- 3452

2@2 5448
2680 5402

5399

2678 5424
5 38.9

5533 0.314

5536 0.299

5593 0.299

5597 0.302
5527 0.270

5520 0.270

5521 0.285
5390 0.27L

532a 0.289 nean
63.5 0.017 s.d.

5533 0.359

55JU

5516 0.392

5580 0.331

5471 0.301

5s36
5so8 0.316

5571

5508 0.331
5520 0.345

5515

5526 0.339 nearr
30.0 0.03 6.d.

2.9 8Q-rKA I
2

4
5

6

I
9

10
tt
!2
13
1ll
IR

16
T7
18
I9
20
2!
22
23

66.05
56.A2 61 .06 9.4
55.45
56.50 - 9.3
66.23
65.30 66.56 9.4
66.55
66.55 66-77 9.3
66.59
66.47 66.67 9.5
67.0r
66.49 - 9.3
56.46 66.51 9.4
65.r8
66. 33
55.06 - 9.3
66.53
65.48 66.70 9.3
66.58 65.81 9.4
66.L2
55 .58
56.34 - 9.4
66.43

3.27 rG-2 54.23
66.05 66,40
65.87
65.06 65.37
64.24 64.53
65.60
64.49
54.99 55.15
66.28
56.24
54.1r
66. 04
65.44 65.70
65?5
65.82 65.11
55.96 66.35
65.46
65.60
65.87 65.23

1.994
11.1 10.0 2.001

l -996
IO.6 9.9 2.000
10.0 9.6 f,.997

t oqq

2.000
10.0 9.6 2.0O5

2.000
2.OO2

10.r 9.6 L.996
I.997

IO.O 9.5 2.OOI
2. 000

10.r 9.6 2.OO2
11.1 10.0 1.999

1.996
1.995

10.9 9.8 1.995

24.863 2543
24.951 2647
24.887 2647
24.935 2609
24.A97 2580
24.873 2637
24.936 2586
25.0O0 2596
24.9?6 2658
24.961 2654
24.AA7 2500
24.897 2553
24.931 2623
24.936 2637
24.96L 2637
24.927 2646
24-887 2630
24.e57 2636
24.A73 2644

2527
zo

5083 0.530

5131 0.477
5283 0.45I

5305 0.401

52Sl

5351 0.397

5297 0.441
5078 0.591

5170 0.54?
5220 0.479 tlean
104.5 o.o7l s.dl.

I
2
3
4
5
b
7
I
9

10
1l
I2
13
L4
tq
l5
t7
l8
19

2622 4793
2592 3072

2633 5083

2649 5035
2662 4575

2663
2636

27

4&9
4S7A

226.4
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Table A1,0.2 coDtinuedl.

loc* Seple eore tfelght. gtr. Bo$DI! 'tirire eori?e qitr€
DeeA no. ,gecs :&O-3 lenglb volrDe
ltrain h ot
;!;"; drY rtet drY $et lo.m, i-* dr-Y

.rlhi a-* n

D6!rsity
k9.m-r

Ulttasool.c - &rIrtr€Dt
?€locity n.s-a poFoFityr

dry wet Percestnet

5i6 OB.;II L 61-39
2 61,39
3 67.31
4 67.42
s 67",42
5 67.31
7 6n.L9
I 6?.59
9 61t.23

IO 67.54
u 67.14
L2 67.18
13 67..91
14 6?.90
t5 6?..25
t6 58.06
17 6t.95
18 6?J90
t9 57.19
e0 6,?.91
21 5?.96

'6r,54 IO.0 10;5

5?.66 tro.0 to.3

1.9e7 ?4.897
2.000 24.,996
1.998 2L.91.2
2.000 24,.ei6
I.e99 24.92.1
I-:995 24,873
1..995 ZA.813
1.993 24.8{8'
.2.000 24.931i
1.991 24.82A
L.997 24,.897
1.99t1 24:.863'
1.997 2t"997
L.991 24.,8i91
1.992 24.838;
t.999 24.9L2
1.999 24,92'
It999 24.927
1.994 24.863'
2.OO0 24,935
r.9g7 24.891

Z:7L1 5W2 .!SJl 0.37'I

27LZ 9080, 4232 0.356

6?.48 l!.1 10.4
67.78 9.9 10.2
e;:7 .37 9.9 t_o. o
68.95 9,9 J,,o.2

58.tr7 10.0 10.,2
6?.5I J.0.O l,o,!

68.22 10.o 10.3

6V.!r4 9.9 10.1

@.23 10.,0 10.3

1.995
1.9t9{
I.995

6?.r2 lo"l tor3 t.99rt
61 .24 9t.9 10.2 I .'995

1.995
67.,30 9.8 l0.t 1.996

1,994
- .9 lo.2 1.S6

2767
2703
27,02
270i4
2705.
2706
27oI,
2?20
2696
27XL
2697
2126
27.30
2727
r7Q8
2752
2726
2?24.
270,2'
2723
2730
2?L4

t14

,i.873 2676
24.863 2687
24.87" 26Tt
24.863 1686
2'4.473 2689
24..8?3 'Zesl
24.88? 269t
24.e63 2681.
a(L.gFJ1 ZC79

2685
5

18.540 2689
t8.603 2690
14.528 26ts8
19,.57S 2676
18528 2647
18.529 2687
1.8.str O 2683
18-503 2689

27?.7 5078 49,30

2713 5Lr6 5015,

{885 0..3?2
{9s8 0,3st
so?t O..3ill
4965 0.398

4973 0.3S
49i13 0.38?

g:.397

o.312

?ia3 s030
2730 5108
27A6 5t23
2737 5tl6

2=r& 3072
2718 5060

6.28 q-22 t 66.57
2 66.8r
3 66,.s9
a 66.77
5 56.89
6 66.?.7
't 66-97
I 66.65
9 66.67

I 50.12
2 50.04
3 49,80
4 49.71
5 49.78
6 1t9.7-8
7 49.87
I i19.76

274L 5072 4E2l O.3!t7
2723 5@4 4948 0.37? ',16.'r
139 28.5 53.9 0.019 s'dt.

o.52{
0.523

2744 
't14 

5020 0.493

51al 497t
2702 5tr0? 4969 0.513 uean

66.5 4L.7 0.018 E.d-

2?OO 50LF .1919
2703 5.[1,8 496ts

1.495
L.492_
r.48€
1.490
1.486
r.486
r.{91
1.484
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table of raw data.

thls tabl,e is the basts of, FigcrreE 3..1 and 3.2.

Sa![i, le
nuber,Z
lltho- ru
faciee

Eisc(t4?-fuulty, EXaclrryi' rrlr lotrl ndlbes

$erFqDt
totala

.302A LO 50 60 xo eo eo r.oo r.1o r2o r3o l4o lso 160 r?o f,so reo aso nfffff

EQ*19 50

't3.1

f,Q.zo t6
86,e

EQ+2r 2r.

22.,6

r;9.22 3?

5€.9

W.2" 31

48.4r

8p-?4 42

52.5

EOtal'F Of 1197

ffit:*- ,ri.,s

salEfle to||
tlriolsrb€d-
66{ }Lt!ra-
flclcer
@oktri
Oira EY

SaDaEGoDc 226

L1ffl#"*o'.o
QualE!|'

g.ldsto-rie L7

fuffrffi.u.,
erd'8qral
Quarry

'Snndsto-ne 576

llfffo"* 'u.o9rrairt

tttoiliigdt: 35

i*.ly* .'.4
nivrs
shi$gte and
Sarril

Ilrla-bear- 169

l$':::'- ?i'o
EeLlnoat
9uanrlr.

2410131044'
2p.v 8.6 1tr.2 a.6 3.4 3.4

1

o.9

24L2
2..2 !1,3 1.1 2.2

t2
4*6 3.1

1

s.6
I
5.6

2916L2t
3O.O !.?.2 t2.g 4.3

14513
?A.s 7.7 1.5 4.6

2;3523
35.9, ?.8 3,.t 4.V

2292:2
'??"5 Lt.3 2.5 2.3.

LLz 45 3t 22

25.7 10..3 1.t 5.1

619614
1.rl 2.I 1.4 0.3 0.9,

11,6

99.9 perieent,

18

loo.1

93

99. O

65

99.9

5{
99.9

80

100.1

43€

1o0.t0

2

2:.5

1

1.3

I
r.t

I
o.3

I
r.1

I
t.L

t
0,.3

I
0.3

103, 58 30 36

aL.A Lz.t 6.2 7.,s

32 29 L4 14

28.1 29'2 12.3 6.1

L54 98 V2 s5

xs.o 9.5 1,9 5.0

II 532
19-3 8:8 5.3 3.5

L253111,21
2.5 1.3 0.6 0.2 O.2 0.2 0.4 0.2

?21.3
La o.9 2.6

I
0.9

1

o,2'

r081

100.0

114

I00.1

231637
10.o 7.1 1..3 3.1

2613L{5,82211
2.5 r".3 I.d 0.E 0.s o.2 0.2 0.1 0.1

A160 2lO er r
3OO !l& :

t
1.8

2LI11
o.9 0.4 0.4 0.4 0.4

21I1033
0.2 0-l o.I 99.2

I iliscstj'qurltY - O.1 perc.dt
l. altscottlDuity: - 0.lperaent

57

1I,0.1

224

99.0
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APPENDIX 12

Rock core pretrEration for uniaxial compression testlng

Blocks fron individual beds, representative of geologic parametersr erere hand guarried to
enable flaw-free core samples to be cut from them. Blocks from a few kilograrEnes to over

50 kg were identified and worked accordi-ng to bedding plane attitude.

A 24 inch s}abbing saw was used to cut blocks into 3 inch slabs Parallel to beililing. l4ore

than 30 linear feet of rock was cut to provide the nuilber of cores testeal. Cores 25 nrn

in diameter wele then taken, perpendictrlar to bedding, with a continuous rim core bit in a

preci.sion clrill press with the slabs firmly clamped to prevent "wander". A specially
made holiling arm was fitted to a Hilguist thin Bection machine to facilitate cutting and

surface griniling of end faces perpendicular to core axis. Other than water coolants,
lubricants or solvents rrere not used at any stage. These Precautions \,rere necessary for
specimen unlformity and the following criteria were achieved:

(i) Diameter 10.0015n (microneter checked) .

(ii) Sides snooth, free from irregularities and straight to within 0.3 nsn over lengtht

checked with straight edge and feeler gauge.

(iii) Ends flat to within 0.02 rnm (microscope J-nspection).

(iv) Core sides pa.ralt-el with enct plane vertical to axis. This proved difficult to
check with precision but tolerance of the former ltas of the order of 0.025 nm and the latter
four to five minutes.

(v) Mini:num surface contamination.

Hawkes and }lellor(l-970)and vutukur! et aL.(L974\ provided gruidance for core qeometry'and a

length to diameter ratio of 1.5 nas chosen to establish a "feel" for the rock t]tPes being

tested.

Finished cores were tlroroughly hrashed and from that staqe not touched by bare hand.

After air drying, they were packed in cotton rtool in a

50 percent R.H.) for one month' when a rePresentative
in distilled nate! at 20 tIoC for one month.

constant environment (20 ll-Ct
set of cores htas removed and imnersed

Ind,ividual cores or rock types were not tested in any particular order but, generallyr stress-
strain measurements were done last in both wet and dry core testing progr.mmes anil dry

testing was carried out before r.tet testing.

the air dried and saturated cores were tested in the third ncnth after preparation. At the

sarne time cores for two rock types (BQ-IXA and HQ-22) taken l8 monttt6 previously rtere teated

air driecl for cornparison (APpendix 13).

Compression testing was carried out in constant temPerature conditlons (2Oo t5oC) on an

Avery universal testing machine with a three range capability of 400,000 1be graded A to NZS

102I:1955 on all three ranges. The low range up Co 80,000 lbs in 50 tb divisions waE used.

The machine hacl one spherical platen seat (the uPper Platen), lightly oiled and held



281

her.fuoatal. by- four adJuetalile 'eoi;t sptings, oo!€,8 .neFs aeou|fatsetJ Pla.ced hefiteen tegt
p'Iatens wlth the aid of taplates. False Etat€ns itBre uE€dl Ebote aad belon eqre
iBpecimens (Plate A12.1) with no lubricant betvreen platen and sample.

fhe splrqri,eal pn-aten s€atLnE conforrna to c.riteEla for unif,ornity a8E€eaed bI' tb€ Nett

Soaland @Dcrete ResearaLr Ag.eq6iation"t, Fo"tg proving deyl€€ (Edllt- pets. o@Ml.).

A toading rate,o.:f, L2? rb,f'.ia-2 ."-1 (0.87 !{pa."-l) *"" ueedl througrhout, 1.e. 61000 tb load
Eer niaute on the c€reE tegted.
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plate AL2.1 : After recorunendations of Vutukuri et aL. (L9741, uni-
axial compression testing of rock cores involved placing

hard false-platens either end of the sarnp!.e. The false Pl-atens had a

h:d ratio of 1 and matched cQre sample diameter exactly.

The larger p1-atens, between false-platens and testing machine Platens,

are of mild steel and protect testing machine platen surfaces.

A sampl-e of argillite (OB-W) is shown (h:d ratio of I.5) fail-ed fron

axial cleavage dr:ring equilment trials.
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APPENDIX 13

Uniaxial compressive strengths of I{ellington greyracke-suite rocks: tahles

stress-strain curves lere derived from cores marked *. cores marked + htere prepared for

testing 1g nonths in advance of others, and, without exception their strengths are higher

for any given lithologry; aecordingly, lthere numbers justify, their mean strengths are

calculated separately. Failure load rmrked # irdicate Frranatlre faihre rot jlchded in results'

Includecl are results from Bryant |.i-g77')i he tested samples which were 47'6 nm' 50'8 mm'

146.0 nn anit 152.4 rnm in dj.ameter trith a length:diameter ratio of 2, loaded at aPproxL-

mately 14 MPa Per minute.

sanple Core
No.

!
D

ratio

Bearing

T": 2l.ncnes

Fail,ure
load,
IL

Core
aliameter
D, inches

strength

rbf. i;2 uPa lleao

E.d. Variance goefficient
of
variation, t

HQ-I?
dry

25, 4 00
24,7OO
23,500
20 ,900
28,9OO
25, gO0

20,400
22,7OO
27,3OO

28, 300

23, 300
25, 900
23,500
18,000
19,500
15,300
24 , OO0

21,900

26,100
27 ,500
26, 500
23,600
22,300
29,000

*22,700
31,800

15,000
22,8OO
19,400
11,200
I8 ,400
1I ,5oO

sJ-3r
ary *

Itet

r(Iw-14
airy

L4
3r
5
1

9r
11
I3
L5*
t6
I 1.5

22
4*
6a
6

to
I2
l4
L?'

L2
3r
l

7

8*
10r

1 r..5

22
4
6*
9r

tt
L2.

2s2
4
6*
7

8
l1
r3r
16

rlq

L4
3r
5*
o

10*
L2
14
15

0.985 0.762

0.985 0.762

33,333 23O
32,415 224
30,840 2L3
27,428 189
31,927 262
33,858 233
26,772 185
29,790 2O5

35,82? 247

37,139 255

30,577 211
33,990 234
30,840 213
23,622 153
25,59r L75
20,O79 138
3r,496 2I7
25,740 198

34,252 236
36,099 249
34,777 2AO

30,971 2L4
29.265 2O2
38,058 262

29,79O 205
41,132 288

19,685 136
29.921 206
25,459 L76
14,698 101 i
24,L47 16? l
L5,223 ro5 ]

22L 23.6 s81 rr.6
n=9

256

r94 32.] 902 16.6
n=8

234 22.2 41,2 9.5
n=6

288

r49 4L.7 L452 28.0
n=6

relatlveLy coarse gralned

23.5 472 9.00.9s5 0.752 32,600 42,782
*19,400 25,459
25,600 33,596
30,500 40,025
29,500 38,7L4
27 '2OO 35,695
25,900 33,990
29,900 39,239

31,200 40,945

30,500 40,026
28,0O0 36,745
29,600 38,845
20,800 27,297
23tzOO 30,446
21,400 28,O84
3L,3OO 4r,076

+ 9,300 L2,2O5

40.4 1401 16.9

295 260
176 n-7
232
276
267
245
234
27L

2A2 282

276 239
253 n-7
26e
188
2lo
L94
283

84
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gaqp].e 6re ! qde Eearing FaillrE€
!Io. D AiaEet€a lrea loail,

ratio D, Iqches iriches2 lb

Etfef1gttr

lbf .,i6'2 ltPa lteap

e.d. Verbnce Coeffi.di€nt
ot
virifuitioD, t

BQ-Ixa + I
dty +3

+5
7.

9
I l*

+14
+15

L:l*
eo
2l*

+23

I
2
3
4
5
6
7

nct 2'
+ ,lt

6
I

10
+.12

13fr
+16
ls'
l9r

+22

0.?62 ,34,;900
23,50p
2gro00
?9,600
26,,.:4gA
28'900
i5'7:5O{
39r,4O0
32,400
25.,400
30,9G0
,30ir5O-0

27,1O0
{*1Bf,600

28 | O0O

28 r 5O0
26,300
25r3OO
25,400

:3rO0O
26,1O0
24ir6O0
2lr4OO
20,o0o
28"30O
?o,700
30,7O0
21, gO0

19,9'0o
{1 15, ?oo

0.?62 'tB,g00
28 f 1.00

* 19r600
22,900
24_,{00
29" 9OO
a9r600
30,00o
26,4OO
23r40O

19,500
18' 3oo
24,,100
23,,100
zLr1,ga
r7,o0o
25,rIO0
13,400
19,3O0

0.762: 39.100
It21;490

45,800 +316 262
30,83_9 +?13 ft=6
36,745 +263 +29L
t1,532 259 ar6
34,645 23C.

37.9:16 262
,{?,900 +33O
51,705 +357
42,579 253
34.6/t5, 239
40,550 eco
40.L57 +277,

35,564 245 242
24,40-9 168 nEo
35,,7{5 ZS3
3?,532 239
34,514 23S
!3,20t 229
33 r.3:t3 23O

30,18.3 2ffi 196
34'25I +236 ,r=?
3.2,,283 229 +257
28,(84 I94 BrSl
26,.,246 1€l
37,1:t9 +256
27,L65 18?
40,2fJ8., +2m
8.740 r98
25,*4 179
20,603 +L42

37 r?95
36i877'
2i,'?:22
30,Ost
32,O21
37,921
39,r 845
39,37O
34,646
30,709

25,591
24,016
3\.,627
30,3X5
2'J1478
22,3l:0
32?glLO
17,585
i5,L97

261 243
254 !t-9
r71
247
22L
262
268
2:r2
239
2L2

x?6 la2
166 n:9
218
209
196
I54
227
1,1
L74

2L.7 3W.s 8..3,

53..3 231L 18.3

L2.2 t24.6 5.04

Ls.1 211.0 8.0

21.O 294"0 A.2

25.2 s66 10"4

10.6 56,.3 4.1

42.3 l19s 13.1

0.995

lcs-2
drv

set

Dc-5
dEy

EItr-i.
dry

rr€t

I
a

6.

1t
9.*

10*
1e
14
1?
ls

2
4*
E

I
11
13t
15
l6
19,

I
2

r.5

1.5

z

1.5

2

o.9a5

:O.985

o.9s5It
2*
.3r,

I
2

8P--1'
atry

2
4*
5*
€.

0.762) :3r.50O rlr,33€ tas
28,400 31,270 251
27,10A 35,,826 247

28,IgO 36,8'76. 2*
29,7OO 38.976 269

5tr,312 35.1 354.
g8,OE4 lgtl r-1

34, &{5
49,C56
39r€9d
5l-,,049

39,894
27 ,296
{or@2

262
F2

724
n-3

275
?aB
29l.

33.7 1dr2 18.5

263 r9.7 ?'58.7 7.5
DF3

239
3{e
275
952

278
w2

I!r
3r
7*

0,985 0.?A2 {26,{00
38,0OO
30,400
38,9O0

30,400
+ 2O,8OO

3I.000

{.2 e 1.5
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Sbop!e @r.e
N9,1

3
D
laatio

co0r€
dlilnetet
D.,lo{'ll€s

sall,nre streDg1f,

18a

s.d- V.arlane.e eoeff,le{ent
of

Sit-lD
d,ft

ret

Oii.W
dry'

neE

a9-22
&y

r.5

tr*
z
5a
6
8*

t
2

area ^ 
.J.oad t

Lrcheg' Ib

0.985 0.762 21,OOO
?8,,r0o
3r2,ro9

l*21'loo0
+11' 600

39,400
31,400

Ibf .i,i,2 uern

30' 50-o

*r?,7oo
25,700

it7,62 trg'"?Ao
26,,.40O
2.,6,00-0
21,9OO

llu,-890
2!rlffi:
32r600
30,600
23'600
9Oi100

24r90O
3l.,600
2?,.0O0

2L,496 2r.? 25*
g1'OA7" 255 n*3
42.125 290
27,558 190
28,?46 195

5r,?o5 357 32r
4!"'2A7 2A4 n=Z

40,q2€ 2?6 259
23,229 160 ttz
35,039 242

38,9?6 ?69
t4.6AG 239i
34,121 235
8,740: I98
23,?6a t61
30,315 249
42,7912 295'
{0,1,58 271
to,-9.71 21,4
39,501 272

32,677 225
4l,it7Q 2A6
28,87L 199

36.s 8ga.? L4.4

5t.6 1332 16:,1

24;0 frg 9.3

2a5 34.3 1048.0 1d.0
tFg

23V *4.7 L330 L8.9
e3

3*
4*
7*

2
.3*
r6

6
1
'8q

13
16*
l8
20

I
2
3

I
4*
9

10
xt
12*
I{
1.5

x7
tr9
21*

1*
2
3.r
6r
a

+L
+z

3
4
5
6

4d
5+
7'
9

1.5

2

1.5

o.98s

0.99'5 01752' 1?;50O
iL4,O0O
2Oi dOO

13,000
* 9,9"00

23,OOO
22rtga
85il l(N
65.8 lil
66.9 kN
83;2 kN

# 450
# LOo
13,100

5r7o0

22,966 r58 .L47 3O'5
[8,3?3 w7 llFa
e6"iT2 185
t7,o6o 118:
11,630' El,

30,184 +16 + a04 5,7
29,OO3. +2OO n-2
z5,t2A 1?3 153 AO.9
Lg,42g l31t a=tl
19,75{ 196
24,56'i1 169

591 4
13I 0.9

t?,454 120 85
7r,490 5:2 rot-?

505 12.1

laz 20.8

16 2.4

32it 13,?

{B.I }156 5S.9

e1,8OO 2A1609
16,?00 2L,9L6
21rr400 28rW4
21,??00 28,478
21,000 27rt59
jLg, 300 25" 3rE
23.300 got577
25,4O0 33,333
1g,600 24.449
24,9OO 31,739
z3.8l0O 3i!,-234

19? 1.95 2s,6
151 n-1!
x94
r96
x90
1?5
2t1
230
16A
2t9
215



Uniaxial compressive strengths and elastic ProPertj.es (after Bryant' 1977)

Sample Brief lithological
No. ilescriPtion

tlniaxial. coltpressive
strength

Youngs r4odulus (Tangent
rnod. at 509 ultfunatel
GPa Psi x LOo

Poissons
ratio,

Psi

Lt

L2

13
14
ll

16
LI

Sandstone with some thin
argiLlite beds

Sandstone with some thi.n
argillite beits

Sandstone
Autoclastic breccia
Autoclastic breccia
Autoclastic breccia
Sandstone with verY faint
argillaceous beclcling

Sandstone with sqne thin
argillite beds

9 sandstone with faint
arglllaceous bedcling

10 sandstone with faint
argilJ-aceous bedcling

I Sandstone with intersecting
guartz veins

2 Siltstone with intersecting
quartz veins

3 Sandstone and argillite
interbedded

4 Sandstone quartz veins
and argillite Lanr:lnations

5 Argillite with aome quartz
veins

5 Argillite, massive
? Arqiflite witJr interbeddled

sandstone
8 Sandstone with some guartz

veins
9 Argi11ite with interbedded

siltstone
Sandstone rtith
veins
Sandstone vrith
veins
Sandstone with
veins

some quartz

some quartz

some quartz

Irtean values

99.2

I28.7
49.3
99 .2
98.5
83.s

L02.9

97 .5

20.8

80.2

L29.4

r97.5

131 .2

r55.8

89.1
RO 1

195.8

L48.8

L22.5

206 .3

197 . i-

33.4

121 .1

14,386

19,554
7, r53

14, 386
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APPENDIX 14

Stress-strain curves: methods and instrumentation

There is a wealth of ilata on the many dynaruic and static strain rneasuring devices available

but choice for this study was limited by finance and availability.

stuily of basic principles and equiprnent characteristics and discussion by authors viz'
perry and Lissner (1962) Neubert (1967) ttawkes and llellor (1970) Lana and vutukuri (1978)

Ieil to the nethoil adoPted.

strain measurement of rock cores and concrete cylinders was undertaken using TllL series
,,po polyester strain gauges.manufactured by Tokyo sokki Kenkyujo co. Ltd" JaPan, the

characteristics of which are given in Table A14.1. EYPe PL-20 were used for rock cores

ancl the PL-50 for coDcrete.

Strain gauge cement - Kyohta CC-15A (cyanoacrylate) - was used to attach the gauges which

were positioned by tenplate to preclude finger contact with the core surface'

Gauges were centredl on the rnid-point and parallel with the vertical axis of the sample'

two diametrically opposed on rock cores and one on concrete cylinders.

To promote gauge adhesion, the attachment area surface dryness was ensured and concrete

Iightl.r dressed with mediurn grit emery PaPer to remove eurface debris and laita nce' Con-

nector strips to facititate soldered contacts between cables and gaugee were cemented to

the specimens at the same time aa the gauges. Shietded cable was used for electrical-

connection, coaxial for rock samPles, twin for concrete' cables were all cut to the

same length and the adequacy of shielcling checked. .Toints not soldered were rnaile with

high quality proprietary brand connectors.

Rock core gauges were connected in a fulf bridge configuration (Figure A14'1) with two

gauges mounted on a concrete sPecifien providing a reference and tenperature

compensatj.on. outputs were fed to a digital strain briclge (BLH Electronics, rnoclel 1200)

connected to the X-axis of an X-Y Plotter (Rikadenki - Kogyo model BW-133 serial nunber

59588). A load cell (safe working loacl 300 kN, gauge factor 2) used to detect rock core

stress mov€!$ent fed the y-axis of the plotter via a strain bridge arnplifier (san-ei, 6!15l) '

Concrete specimens were connecLed in a half bridge configuration (Figure A14'I) using one

,,clrtrnlny,, gauge. In these tests, the load ceII was not used and Y-axis input was triggered

manually frorn a-}ow voltage source at load intervals of 10,000 lbs read frqn the compression

test machine ctial (Plate AI4.I).
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BLH strain bridge

FULL- BRIDGE CIRCUITRY FOR

GAUGES (A) ARE ON CORES,

CONCRETE REFERENCE

BLH strain brHge X-Y recorder

San-ei strain bridge

load cell

ROCK CORE TESTING, ACTIVE

DUMMY GAUGES (D) ON A

low voltage

manually operated

HALF-BRIDGE CIRCUITRY FOR CONCRETE CYLINDER TESTING

Figure A14.I : Circuit arrangements for stress-strain recording of

rock cores and concrete cyJ.inders. Full-bridge lay-

outs provide twiee the strain sigrnal of half-bridge layouts, important

when calibrating strain axes.
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PLate A14.1 : (A) The Avery universal testing machine used for rock

core and concrete cylinder r:niaxial cmpression

tests, ancl the arrangements of electronic apparatus.
(B) Photograph showing the strain bridge' X-Y plotter

and low voJ-tage source, used for 28 day concrete

stress-strain measurensrts using a half strain briilge circuit.



APPE}IDIX I5

static elastic roduli deterr''ination anc fallure rlode analysis of rock cores

1. Static elastic modulus

fhe static elastic modulus, young rs npdulus, cornpression modulus, modulus of elasticity or
moduLus of deforrnation is the ratio of stress to strain in a griven materj-al. rf a stress-
strain curve is plotted 6or a perfectly elastj-c solid, the resurt will be a straight line
and its si'ope which represents the erastic roodurus (E) will be the same for all stress
levels' This is nct the case with rocks where the stJess-strain curve ls not l-i.near buta shape determined by constituent material (Figure Al5.l). thus the slope of the cu:rve,
E, varies at dif,ferent stlesE levels-

E can be represented at any point on
point - this is tangental modulus E1
point - the secant modulus 86. The

the curve in two ways, firstly as a tangent at that
and secondly by a secant from the origin through the
stress at that point j,s given by the y intercept.

At any point on the near }inear portion of the curve, tangental modulus wil.l be more
truly representative of E.

As the stress in rocks increases, elasticity becomes apparent and the curve neals i.inearity,
generally in the vicinity of 50 percent of uttinate stress (C in pigule At5.l). It j.s
customary therefore to determine E at one or rnore of three discrete levers of stress -initial stress, 50 percent ultimate stress and ultimate stressi the j.ntial nodulus E1
and the 50 percent rpdulus Et both measured tangentalry and the ultfuiate E6 as a secant
modulus' As the sLoPe at tbe origin of the curve is diffj-cult to ascertair! Ei tends to
be the least accurate, trErticularty in curves where it woulil be of greatest use, i.e. types
iii, iv, v and vi of Deere and t4.il_Ier (19GG) (Figr:re Af5.Z).

rn this study arl stress-strain eunves rrere pl.otted on the first loadling of apecimens which
contj'nued to failure. E1 provides information on initial rock stress and the phenomenon
of mi'crocrack or pore closure, Eg nas representative of the elastic portion of the streas-
strain curve and reduced errors inherent in early portions of the strain history and E"
included the Plastic or ductile portion of the curve frorn the yield point. uoduti from
this study are presented in Table Al.5.l.

The comPlete stress-strain curve for rock (Figure A15.r) illustrates the belraviour of rock
in un:iaxial eompression. The portioD oc of the curve is a facsimire of those obtained
from rocks of this study- Fron q the srope of the curve decreases to zero, vlith increa-
sing stress - a situation observed at C. Here, induced irreversable changes take place
ln the rock which Passes to a brittle state and lts lbility to resist load decreases with
inereasing cleformation. The cD portion of the curve - the brittle field, i6 not observed
from stress-strain cu:rves Presented in Figures A15.3 to A15.12 due to lhe characteriEtic
of the maehine used for tests in this studv.

Energy stored in the machine dluring test is released when the sample reaches the stage of
internal plastic ilefo:mation (Deere and Hitler, 1966; Jaeger LgTZ)t i.e. when the
material becomes ductile after yield.point (Jaeger and Cook, 1.975) anil the sample sustains
pe:Toanent defo:mation without loss of load bearj,ng ability. Rapid volume changes now
occur marking transition to the brittle field and specimen f,ailure, which can be violent
and catastrrqrrric. sPeed and violence of failure are related to test machine ,,stiffnesso



Figure A15.1 :

292
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Table A15.1 : Static elastj.c noduli of lltellington greywacke-suite rocks

Sa$F1e Initial tangent modulus

F^EFC remn npv

TarrEent nodulus at 50s
ulti.roate sttess

Secant updulus to ul'tiDate
Stress

Stless Strain E1 Mean E1 Stress Strain Et Mean Et Stress Stt'airl !C Uean Es

ltPa ! E cFa GPa uPa L E Gia GPa MPa i, r GPa GPa

pL17

sJ- 31

t(Trf-14

B(:FV

BQ-IXA

KS-2

lglf-i

$l-T

vE-w

sQ-22

325

391
54U

391

480
398
340

I On

?2R

153
't e?
220

25I
226
250

290
365
366

,?<
235
252

319
290
349

347
341
330

4991
2304
2344

5000
5000
5000

5600
5000
5000

2A25
5000
5000

2500
2500
2 500

5000
5000
5000

3500
4600
4600

2500
2500
2500

5000
5000
5000

5000
5000
5000

342145V

LLZ

lAq

197

300

295

315
5rf
?l q

t53
zLd
276

l Cn

I ?A

182

304
2!9

200
200
200

I5U
16f

160

300

J

)
9

J

2
6

l5

t

I

1?

.L
1l

l0
9
7

o
5

4

5
1

tJ

6

16
5

6

I

65.1 69.s
b/. J NEJ

76.O

1A.2 73.5
64.0 n=3
I6- Z

85 .7 77 -3
79.5 n=3
oo.u

57.3 6?.1
6?.0 no3
67.0

61.4 74.7
74.8 n-3
88 .0

50.1 48.4
45.2 n=3
50.0

80.6 77.7
79.6 n-3
73.0

94.0 94.0
94.0 n-3
94.O

63.8 53.9
58.0 n-3
69.8

69.4 68.3
69.4 n-3
oo.u

b/-r bb.o
66.0 n-2

224 3335 67.2 61.2
n-1

1495 74.9 73.7
2604 71.1 n=3
2621 75.0

3798 79.0 42.5
3630 83.5 n=3
3462 A5.2

5000 63.0 63.0
5000 63.0 n=3
5000 63.0

2725 56.0 58.3
3225 67.6 n=3
3400 81.2

2625 57.1 55.3
2475 55.0 n=3
3200 55.9

3600 61.1 54.3
4600 66.1 n=3
3335 65.7

2750 72.7 72.1
2730 72.7 n-3
2750 72.7

3125 52.9 51.6
2725 47.7 n-3
3400 54.4

2500 64.0 6s.4
n=2

41"25 72.7

7L.1 ?3.4
n=2

?t ?

80-8 80.6
81.1 n-3
79.8

64.3 64.3
n-I

64.4 64.4
n-l

54.6 51 .7
48.8 n-2

62.7 63.3
n-2

4? a

70.2 70.2
n.1

51. . 0 48.1
43.8 n-3
49. 5

50.8 60.9
61.8 n-3

202

262

295
451

234

251

293

352

344

z)L

209
277
239

118
309
!RC

2A29

?479

50fI
2861
,q??

4000

4550

4800
4525

56r2

5382

35?5

4100
632s
4e25

2325
5000
2250

262
4aL

sample Initial tangent EodluJus

CORES IESTED WET

Tangent nodulus at 5Ot
ulti.DAte stress

Secant Eodulus to uftfulate
stress

StresE Strain E1 Uean Ei Stress Strain Et tteaD + Stress StrajJl Es !!ern Es
ltPa ! t GPa GPa It!P! u€ GPa GPa UPa uq GPa GPa

nv-r,

sJ-31

r3n-14

oB-w

HQ-22

r86
343
250

250
303
230

320

170
263

330
3I0
290

150
255
I60

220
156
193

1E<

218
265

170
170
206

115
llR
I O<

s0
160
126

170
1?n

240

I90

90
L25
11n

44

3364
2{65
2903

224L
3502
3733

2750
2600
3000

LB02
1802
2972

I6IO
2995
301S

2742
2957
42L7

2934
2373

2309
3438
3077

3917

213
234
198

176
r05

233

276

3456
4I01
3180

3326
2477

4300

3049
2851

3335
2880

4724
d516

452A

6119

423L

921

6

L7

o
12

9

J

10

390
330
20n

260
260

5000 78.0 74.O
5000 66.0 n=3
5000 78.0

2310 80.5 85.8
5000 68.5 n-3
231.0 108.2

2750 90.9 S8.8
5000 60.5 n-3
2000 115.0

55.4 65.r
63.3 n-3
66.5

69.2 67.5
62.3 n-3
7t .0

61.8 6s.3
65.4 n-3
64.7

53.8 &.4
63.8 n-3
of.o

49.7 48.3
53.4 n-3
4t.?

62.0 59.5
59.5 n=3
JO.v

il.g 65.2
65.4 n=2

39.0 37,1
36.4 n-3
35.8

r1.2 11.2

61.6 60.3
57.1 n-3
ol.J

52.9 47.7
42.4 n'2

58.8 58.8
n-I

68.2 66.5
54.8 n-2

49.8 51.7
53. 5 rr-2

59.5 60.2
60.9 a-2

61.0 5I.O
n-l

35. I 38.3
n-2

41.4

10.9 r0.9
lrl

BQ-V

BQ-IXA 2

13
to

KS-2 4
l3

Krw-i 7
:

SJ-T 3
4

Not sufficieat cores

208
185

156
15rl

320
320

3927 BI.5 8I.5
392? 81.5 n-3
3927 81.5

3220 52.S 46.I
5000 52.6 n-3
5000 33.0

5000 66.0 62.0
5OO0 62.0 n-3
5000 58.0

4389 59.1 59.1
4389 59.1 n-2

281
275

2L
4

L2

211I
5000

5000

>t.t 5).)
5I.O n=3
57 .7

14.0 14.0

2LS

175

to
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Figure A15'3 : stress-strain currres of lte-r7 grelmacke (1.3 phi,
mean grain size). Curve nr:mbers ind.icate core

sample nrubers.

Static elastic moduLus figiures are:
ilry

Ei 69.5 Gpa
Et 66.6 Gpa
Es 67.2 Gpa

N.B, 1000 nicrostrain = 1 nnr.m-l
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Figure A15.4 : stress-strain curves of sJ-31 greywacke (1.3 phi,
mean grain size). Curve nr:mbers indicate core

samp1e numbers.

Static elastic modulus figmres arer
dry
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Et 73.7 Gpa
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MICROSTRAIN,

MICROSTRAIN, xl03

Figrure A15.5 : Stress-strain curt/es of 1gJ'w-14 grelmacke (2.6 phi,

mean grain size). Curve nrmbers indicate core

sarnple nunbers.

Static el-astic modulus figures are:

x103

t!4
E

ao
UJtr
Fo

ilrY
Ei 77.8 GPa

Et 82.6 GPa

Es 80.6 GPa

N.B. 1OO0 microstrain = I rnn.m-l

wet
88.8 , GPa
65.3 GPa
58.8 GPa
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GA
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uioulg,
Fo

MICROSTRAIN, xl03

Figr:re A15.6 : Stress-strain curve of BQ-V grelzwacke (2.7 phi, mean

grrain size). Cr:rve nlmbrs indicate core saurple

nrnbers.

Statj-c elastic nodulus figures are:
dry

E1 67.1 GPa

Eg 63.0 GPa
Es 64.3 GPa

N.B. 1OOO nicrostrain = l- un.rn-I
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Figure A15.7 : Stress-strain currres of BQ-IKA greynacke (2.9 phi,

mean grain size). Curve numbers i:rdicate core

sample nr.urbers. libte, stJain axes not identicaL scales.

Static elastic mdulus figures are:

E1
Eg
Es

N.B.

dry
74.7 GPa
68.3 GPa
64.4 cPa

IOOOnicrostrain = f m.m-I

wet
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MICROSTRAIN, x103

MICROSTRAIN, xl03

Figure A15.8 3 Stress-strain cu:i/es of KS-2 grrelnrracke (3.3 phi,
mean grain size). Curve nulbers indicate core

sanple nrnbers. Note, strain axes not identical scales.

Static elastic moduLus figures are:
dry

48.4 Gpa
56.3 cPa
5L.7 cPa
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MTCROSTRAIN, x103

MICROSTRAIN, x|03
Figure A15.9 : stress-strai-n curves of I$![-i greyracke (4.2 phi,

mean grain size). Curve nrmrbers indicate core
sample nunbers.

Static elastic nodulus figures are:
F'&l

Et
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wet
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1000 qricrostrain = t m.m-l
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MICROSTRAIN, x$3

MTROSTRAIN, x103

Figure a15.I0 : Stress-strain curves of s,I-T grelnvacke (4'7 phi'

mean grain size). Curve nrrnbers indicate core

sample nutbers. Note, strain axes not identical scales'

Static elastic modulus figrures are:
clry wet

Ei 94-O GPa 59'I GPa

Et 72.7 GPa 65'2 GPa

Es 1O-2 GPa 61'0 GPa

N.B. 1000 microstrain = I "*-m-1
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MICROSTRAIN, xl03

MICROSTRAIN, xl03
figure A15.11 : Stress-strain cu:nres of OB-W argillite (5.6 phir'trre?tl

gra-in size). curve nurnbers indicate eore sample

numbers. llote' strain axes not identical scales'

Static elastic rnodulus figures are:

Ei
Et
Es

N.B.

dry
63.9 GPa
5L.6 GPa
48.1 GPa

-11000 mi,crostrain = I sm.m -

wet
55.5 GPa
37.1 GPa

38.3 GPa
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stress-strain curves of HQ-22 argillite (6'3 Phi'

rnean g:rain size). curve nrIabers indicate core

Note, -=;r'lin- F.:res no+- identicdlt:-siales'

Figure Afs.12 3
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and test load respectivelg the former inverselyr the latter directly. Sudden fai'Iule,

the usual result frorn a1l. but the highest guality test eguipment, masks the eD Portion
of the curve and may jeoparilise the accuracy of ultinate stress determj-nation.

Deere and uiller (1966) characterised slx t)?es of stress-atrain curves (Figure 415'2),

three of which aPply to this study' rn general,grreylackes display tyPe i elasti-c behavi-our

when dry but type ii elastic-plastic when wet. Some of the finer greyrackes and all the

argillites appear elastic - plastic wet or dry. In one case onl'y was tltPe iii plastic -
elastic affinity noted, NS-2 greyh,acke, tested dry. The difference between wet and dry

grelrwacke and argillites suggests moj.sture related Promotj-on of plastic deformation at

least in coarser examPles.

An initial .'plastic,' closing of pores anil/or fissures is generally thought to be the

reason for the concave shape frorn the origin of the type iii curve - the elirnination of

this effect in Ks-2 on saturation, indicates a pressure role by Pore rtater in straightening

this pat.t of the stress-stlain curve, though not enough to raise the nean initial tangent

modulus (E1) above that of the dry samples. All coar8er grained greywackes have an

increased Ei, probably due to an j.nitial expulsion of water' requiring sttess but not

straining the sanPle. Strain fluctuations were aPParent in both positive and negative

senses, e.g. SJ-31, and KT9{-i (dry) respectively, and it is suggested that these resulted

fron differences in failure mode.

2. Core failure rnodes

Failure could be categorised in three grouPs, two main and one subordinate'

2.1 The first form of fracture mode (plate AI5.I,A) is weJ.l reported in the riterature
undervariousnames;extensionfailure(GriggsandHandin,1960),axialcleavagefracture
(Gramberg, 1965; tlartkes anil Hel.Ior, 1970), indirect tensile fracture or induced tensile

fracture (Duncan, 1969), brittle fracture (Jaeger. i-g72|, ty'Pical "brittle" cataclasis

type failure (Attewell andl Farmer, 1976), longitudinal sPtitting (Jaeger and Cook, L9761'

cataclastic failure (Bryant, Lg77) . Thj.s moile is the most cotltrtron in rocks under uniaxlal

compression (Duncan, 1969) and is the type of failure experienced in rocks disPlaying the

streas-strain eurves of Figrure A15.2, tYPe i and ii (Griggs and Handin, 1960)' During

dry testing, failure would be so exploeively violent as to comPletely eject al1 but gnall

fragnnents of the sample from between the test platenst I'ower ratee of loading, used in

trials gave less violent results. SamPles tested wet gave fewer, longer and therefore

larger pieces, probably due to lower loads at failure'

Ttre early formation of:this type of fracture involves Partj'ng in tension across a surf,acet

parallel to the direction of applied load. This occurs w'ithout relative displacernent

normal to the applied load. E(tention fracturing in this way is characteristic of

brittle materials (Handin, 1955). In the sanples te6ted, this cracking r'hich occurred

at above 50 pereent ultirnate stress' although audible was invisible and rarely resulted

in strain relief, appearing on the streas-strain curve as an X-axis di'splacerrent (Figute

Al5.?). This forn of straj.n reLief must be localised to interior zorres and exteraal ends

of the specimen as the sample rarely lost its ability to bear load' The Process Occurreo

as freguently in wet tests as in dry and there aPPears to be no gradient change between

displaceil portions of the stress-strain curve. This is consistent rtith the'analysj's

of stress distribution by Hawkes andl Mellor (1970). Ultimate failure often resulted frqr

cracking in thiE manner so that the saItPIe, with increasing deformation, had decreasing

ability to resist 1oad - a brittle failure (KT!'i-i, wet). The effects described rnay have
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A:rial cleavage failure mode in KTW-i with intense

apical conrninution and surface flaking.
Bottom cone from a doubLe cone failure of OB-w'

Intense conrninution and en echeLon flaking are

apparent.
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been attributable to smal.L sar:rpJ.e size, end effects due to platen Placement or end

constraint, or uneven distribution of load on the end bearing surfaces,i.e. polnt loading.

The effect merely indicates an unbalancing of one strain gauge in the testi.ng systen as it

is rnomentarlly relieved.

2.2 '!he second forrn of failure known variously as faulting (Itandin, 1956), shear failure
(Jaeger, L9721 or double cone faj.lure (Vutukuri et aL., Lg-r. ) occuffed more of ten in
argillites. It is more conmon in the testing of larger specirnens or in concrete, devel-

oping from end constraint (Vutukuri et a7., 1972; Jaeger and Cook, 1976)' The distribu-

tion of stress in cylindrical specimens under uniaxial compression between metal surfaces

is discussed bV Hawkes and Me11or (19?O) and Vutukux! et aL. (f974). The latter ilescribe

this type of failure as a "development of nultlPle cracks ParalleL to the tlirection of

applied force at mid-height of the specimen near the surface and its extenlion to the endls

and into the centre of the specimen,,. on failure and collapse, conical end fragments

remain along with large longitudinal slivers frorn around the PeriPhery (P1ate AI5'IB'

AI5.2). rt is a predominance of this failure mode that irnparts sudden strain increase

to the stress-stlain cu:rres approaching failure stressi examples seeningJ'y of greater

naqnitude, if not prevalence appears to be greater in samples tested wet and it is suggested

that the effect is due to dj.stortion of the strain gauge by suilden brittle failure, audible

but invisible, occurring under the sttain gauge attacfunent alea nat tie mid-height of the

specinen near tbe surfacen Vutukuri et aL- (1974).

2.3 The thitd form of failure is shear fraeture along a single obligue plane (Jaeger and

Cook, 19?6, paterson, 1978). Occurring rarely but more Prevalent in wet tests, it resulted

usually from an invislb1e flaw at a stress much lower than the true uniaxial strength of

the rock. In tlrese caEes resultg were not considered further. Sqne failures may have

been induced by machine geometry (Hawkes and Mellor, l9?0) although efforts had been made '

to eliminate this cause.

Vutukuri et cL. (Lg72) states all three of these failure rnodes mEry aPPear in a single

speciJnen. Bryant (f977), in a study of Kai:nanawa gre]ntackesr noted a range of fallures

involving all three failure modes.

Generallyr dry sarnples in this study fail'ed in a longituclinal splitting rnode' Thl's is

not unexpected since end constraint hras reduced by using dunmy Platens of identical diame-

ter to the cores tested (Plate A12.1). wet sarnples displayed a failure roile wblch

encomPassed both longj.tudilal sPlitting and cone forrnation' Griggs and Handln (1960'

plate 1) ill-ustrate this well, though specimens in ttris study usually broke into fewer

pieces, one end ueually having a better fo:med end cone f ragrrnent.

5. Surface features of failed rock cores

A study of broken surfaces proved interesting and is relevant to surface texture and dust

generation considerations in bonding of rock aggregate in concrete (section 4'2'71 ' Three

main types of Eurface were produced by cornpression feLlure'

3.1 cataclastic
surface grains vtas

dinal axis of the
surfaces in aPical
generally confined

surf,aces: curved or Planet faces on which intense conmyj.nution of

apparent. These faces for:rred at angles of up to 40o from the longitu-

core. Intense differential rnovement took place along the more planer

regioneofYredgeandconeshapeclPortionsoffragrmenls.Thissurface'
to the gre$.rackes, sometirnes displayed poorly developeil slickensides in
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HQ-17 (core 4) are shown, both are

from double cone failures showing sur-

flaking. Both fragments ate 25 nun high'
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intensely comninuted surface rock material. The fineneSs of comminution appeared

directly related to the mean grain size of the Parent rock and lrras a white powder in

grelruackes, grey in argiltites. In all cases it was guite strongly bounC to the rock

surface (P1ate AI5.lA). Cataclastic surfaces are formed in association with aLl tltlee

failure modes but more strongly developeil in longitudinal splitting and double cone

failure modes. They developed regaldless of rock moisture content.

3.2 rrregurar planar surfaces: Surfaces r.rere most co[unonly forned at angles betl"een

0-l5c to the longitudinal ar<is but smaller surfaces had orientations up to 90o (Plate

AI5.IA). These are the most colEttonly formed surfaces- a tensile splitting sucb that

corresponding portions of the surface across the fracture do not come into frietional

contact during or after core failure. These surfaces forrned ln all rock tyPes in ltet

and dry test conditionsr rather larger in wet. surface colour is lighter (Iower value)

than tbat of the rock itself due to the presence of many very thin fLakes of rock material

which are partially detached from the surface. They renain as a non-couuninuted flake'

flat against the surface with perhaPs one, two or thlee edges' Their surface extent is

about tvro to three times the mean grain size of tlre rock in which they formed and they

may have an irreg,ula! outline, lrregular planar surfaces, whlle not having any loose

detritus was denseLy covered in a veDeer of partly divorced thin (about 0'15 nm) flakes

which would reduce bond strengths of aggregate in concrete (Alexander, 1963) '

Irregular planar surfaces were most conunonly forrneil in associati'on htith the logitudinal

splitting failure mode.

3.3 Transition features: These fo::raed in all rock tlpes and were cOrnronly associated

lrith double cone failure rnodes. They rePresented a transition from the irregular planar

surface to the cataclastic surface. Ehey existed as a series of shalPly en echelon'

partly cornndnuted 'ridqes outlini.ngr a relatively broad zone of shear movement wlthin the

core (Plate AI5.tB, AI5.2). Their areal extent varied' but the fineness of the ridge

structure was again a direct function of rock rnean grain size - better developed in f,iner

grained rocks. core failure followed no obvious lithogical feature' Recemented shears

(oB-ll, see section 2.16.3) were traversed by failure Planes. Because core6 ltere cut

perpendicular to bedding no influence was apParent from the stlength of grain orientation

and hence fissility. occasional fine veins (approxirnately o'02 ltur wide) ln oB-t{ and

Ee-22 vrere seen to 'guide" sorne cracking but did not aPPear to reduce the }oad at fallure

compared with vein free cores. Larger veins (aPProxj'mately 0'06 rmn wide) Promoted shear

failure when orj.entated obliquely to applied load if lhey were of zeolite or calcite'

Veins of guartz anil prehnite showed no tendancy to become Portions of fracture planes'
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.P.?PENDIX 16

Classification of intact rock by deforrnation characteristics, applied to !;elU'ngton

greyrnacke-suite roclts

The significance of establishing uniaxial conpressive strengths of rocks is exPlaineil

elser':bere (section 3.5). Resufts aid the choice of eguipnent reguired for winning and

processing rock produets and provides conmon ground betrteen engineer anil geologist.

Increasingly, engineering rock classification is finding favour as a means of quantita-

tively assessing i,n situ rocl: masses but systelns derived to date fall $ell short of
universal satisfaction anil experience still outvreighs calculated evaluation.

Lama and Vutukull (19?8) have suGqrarised the develoFtent of intact rock classificatione
(i.e. the classification of trock "material removed from lts environment and devold of
discontlnuitesn) and show the inportance of comgrressive Btrength and the stress-strain
cu:.ve to these classifications.

The classlficatlon scale of Deere and !'lliller (1965) ig nov: the rnost widely useil (Figure

A16.1) for descrlbing andl cornparing intact rock characteristics. Deformation character-

istics of rock which are used for classification are related to comPressive atrength in a

"modulus ratior expressed either graphically or descriptively'
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gigure A16.1 : Rock classification chart used by Deere anC liiller
(1966) original-ly for igneous rocks. Blacl< dots show

the classification of ?lellington greywacke-suite rocl:s according to ihis
schsne. Strengtlr is subdivideci into cLasses A, B, C' D arrd E for very
high, nedium, Ior.r and very low strengths respectively. Rocks are
classifieC by both strength and modulus ratio e.q. wet sa:npJ-es vnuld
be classified AL, AM, BL, Bl1, CL; dqf t AJ", .ei{ and E[1.
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APFEIIDIX 1?

F-ng.ularlty of roolr p4tticle6;i lra-- daEa

Included are plrglgg-opies sf seetioned coacrete cylS.nders frm whi,ch partlele angrularity

nas mearsur€d ueing a metliodl of LeeB (1964); Plate AI7'1 to 12' Figrule A17'I iE the grld

uaBd !o select FarticJ.es rshlch hr.ere oounEd. P,at'ilataaiFea:rs ln'lable 1J7.1' figfureg

417.2,. A17.3. 417.4 s!io}: relative freguency of, Eartiale angularlty (A29) for each

aggregate.

lbe consrete clrllnderE arere raadlqrly seleeted from eaclr of the gtoutts of, thles te'8t€C 1D

uniaxial citupreseion at thre€ day's.
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HO-l? mix t (4)

piqr:re A17.1 to 12 : Photocopy images of sectioned concrete specSrnens

from whicfr anqularity measurenents vrere taken'

The top of the cylinder as cast, is lo the top of the page' The

nunber in brackets indicates tl.e speci:nens place in ttre order angularitlt

measurements were taken.
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HO-l? mix 2 (10)
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KTw-14 mix | (2)
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KTw-14 mix 2 (6)
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BO-IXA mlx t (1)
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Bo-rxA mix 2 (9)
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sJ-T mlr | (7)
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sJ-T mir 2 (s)
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oB-w mix | (t2)
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oB-w mir 2 6l)
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HO-22 mix | (3)
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HO-22 mir 2 (5)
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pigrtrre A17.1 : Grid template used in particle selection for
angrularity measurements. Crosses nark points frm

which samples were taken. The border indicates ttre edge of the

photocopy image of the sectioned cylinder'
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Table A17.I

5Za

Angularit;,' rav'data for aggregate sanPles detennined from sectioned

concretecylinders.Atthebaseofeaehcolululinrespectiveorderare
the total nean, stanCarri Ceviation and coefilcient of variation for angu)'aritl

of tlre aocrregate f'articles of the cylinder exanined' The final value' n' is

the nurnf'er of aggregate particles'

HQ-1?
1 2 *laiL.J E'.-

ltix I Uix 2

KT{f- 14
2.6 phi

Mix 1 llix 2

BQ-rxL
2. 9 phi

Itix 1 Hix 2

q T-'ll
4.7 phi

llix I Mix 2

oB-w
5.6 Phi

tr.ix ] Mi.>. 2

HQ-22
6.3 Phi

Mi:< 1 Mix

450 8S5
485 445
63 5 850
750 565
945 655
848 923
780 655
725 4.43
813 880
440 620
525 305
390 545
770 735
690 545
725 503

1800 490
450 880
447 650
I 00 1300
50s 1260
490 770

139s 965
?50 1015
650 1765
765 495

1050 740
885 1750
s40 600
520 825
730 490
425 1310
635 ?90
965 585
350 800
790 535

t245 620
1230 1060
420 550
610 375

1430 825
793 Ir30

665 950
485 895
Ji) 1,qv
?00 7I5
880 600
880 L275
510 510

1070 415
580 570
838 773
560 61 s

1450 428
905 715
700 800
830 700

1095 l1r5
625 1398

1735 805
520 58 5
515 L235
585 945
j 90 710
570 750

2320 870
1000 700
715 603
740 695
795 1325
935 810

1100 710
645 675
595 545

1890 685
1070 880
840 529

1090 805
460 440

558

615 €8 0

470 590
745 1955
540 555
165 560

1315 930
530 925
s90 1075
795 1295
8r0 9r5
890 635
8 95 1140
565 850
?80 95s
550 630
710 420

1005 61s
452 940
940 90c
513 975
445 840
68 3 55s
400 465
715 950
850 860
530 93s

1020 940
1120 rl25
1230 875
820 385
?05 1630
570 1300

1070 750
1305 835
725 1160
715 695
885

530 1350
?55 955
495 790

L743 480
7 55 710
545 170

104 0 500
523 350

18 95 64s
4I5 1195
935 770

I0I0 400
1030 790
1250 890
430 850
420 490
960 505

1210 1130
145 680
575 945
780 420
380 505
980 625
980 570
940 370
628 800

1320 340
960 960
415 755
480 685
775 720

1345 I065
810 630

116 5
810
493
730

690 1058
L225 1200
1805 615
810 750
398 1845
690 955

1680 1100
1175 1360
1r85 1185
625 1610

1560 900
630 295

2325 ?60
1490 1205
690 93s

L275 975
1075 865
600 ?4 0
350 L265
625 585
7 40 498
770 L243
530 570
980 1750
633 1130
585 2495

1440 1030
1403 1320
2135 785
990 1020
608 1110

1115 1570
700 500

1800 785
785 785

L220 615
740 820
583 2160
960 1030
99s 1832
835 450
440
890

198 0
970
8s5

825 920
1310 170
165 1855
588 r0?0
455 1215
800 920

1440 680
840 700

1450 875
1190 8{0
870 570
845 7I0
290 560
535 1390

1235 970
565 ?65
520 865
755 1060
88 5 535
905 1050
855 790
995 r1s5
820 940

ro95 885
985 710

1500 azo
t0?5 923
500 lr40

l.?30 10r0
725 590
580 725
840 735
790 680

1235 1880
865 175

1880 6?0
1115
Il4 0
L220

30640 32347 32338 31394 28432 32olo 31453 23990 46883 43882 33624 36325

741 ?8e 814 826 ?qq 88e 8s0 727 lole 1gl9 e34 e31

3r4 330 406 3e8 238 zls 35e 
'i; 
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- - n=37 t=ii'- n=46 n=41 n-36 n=39



326

12162004
ANGULARITV (A2e) x100

1 8 12 16 20 21 0 4 8 12 16 Zo

ANGULARITY (A2e) xl00

Figure AL7.2 : Angularity frequency histogr€uns of aggregate particles,
HQ-17 and KTI.'I-I4.
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Figure A17.3 : Angurarity freqency histogrram of aggregiate carticres
BQ-I)G and SJ-T.



20

16

12

I

H Q.22

162004
ANGULARITY (A2e) rl00

Angularity frequency histogram of
OB-?'l and HQ-22.

48

Pigure AI7.4 : aggregate particles,



?ro

APPETIDIX 18

comparison of the r.os Angeles abrasion test rrith uniaxial compression test as a measure
of rock stren-oth

Recently a paper by Kazi and Al-!.tansour (L980) presented data on igneous rock from Jeddah,
saudi Arabia, indicati.ng that its use for engiineering purposes could be assesged by its
average unj.t mass and resul.ts of the Schmidt hamner test. Indeed Los Lngeles results
may be predicted fron Schmiiit hamrer test results, or uniaxial compressive strength.

Figure A18.1 is reproduced fron Kazi and Af-!.tansour (1990) and shovrs the relatioDship
bet\4teen Los Angeles abrasion test results and unj.axial compression strength. Superimposed
data from this stuily extends the graph fron I70 ltPa to 263 ltpa. The result for OB-H is
attributable entirely to its high particJ,e angurarity (section 4.2.6, Figure 4.g). rt
aPpears fron thls' that for rounded anil stlong aggregates, the Los Angeles test is ineffec-
tual and that it is best utilised on rocks of strength ranging between 20 I'{pd and 100 !tpa.
Rocks stronger than this are delineated by particle shape raLher than on resistance to
abrasion and particle shape i.s better assessed by otirer means.

\o
q

\

loo 2oo 3oo

TVIEAN DRY ROCK CORE UNIAXIAL COMPRESSTVE STRENGTH, MPA

Fiqure A18.1 : The relationship of LoE Angeles abrasion results and

uniaxial compressive strength of rocks. Data shown

by open synbols are fron Kazi and A1-llansour (1980). Solid synbols
are from this studv.
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APPE!'IDIX 19

Effect of moisture content on ultrasonic velocity of rock

A homogeneous, flaw free, right prisni r"as preparec frorn a fine grained greywacke (KTI{-i),
gradj'ng at one end over approxirnately 50 rmn into an argilJ.ite. The prisrn rneasured
209 x 50 x 50 nrn, its long axis perpendicular to beclding. The sample was aLloned to
equilibrate at roon temperature after cutting and was tSen irrnersed in tap water for 39
days' After a further 12 days drlring at room tenFerature, the sarupJ.e was graced in an
oven at 105 :5cc for one day, then left at rcom temperature a further eight days. During
this time the effects of r^rater was educed from dail1, tests with the pL,liDIT appalatus, along
the long axis of the prisrn.

ultrasonic velocity in a solid depends on the density andl elastic properties of the
material. rn Polous materials the ultrasonic velocity may be enhanced by saturatlon with
water, the water enabling a mole complete acoustic path to be formed. This effect i6 shown
by greywackes, so the state of saturation of the prism could be assessed by neasuring the
relative "eompleteness" of the acoustic path. Acoustic contact for trasducers was made
usi-ng a Paste of glycerin and talcum powder. Results are shosn in Figrure A19.1.

within six days. the prisn had reached saturation, and fluctuations in ultrasonlc velocity
over the next 32 days were within the 2 percent ertror of the apparatus. Release of water
is a slower Process than water uptake, eonsidering the grailient of the line (Fignre Alg.l)
showing acoustic change betrteen day 39 and day 45, whilst the prisrn was drying at rooo
tenperature. After oven drying, a marked reduction In uJ.trasonie velocity \ras apparent.
uoisture uptake frqn the atmoEPhere at roorn ternperature appeared to take place at a rate,
reflected in ultrasonic velocity change, sirnilar to chat of water i:runelsj-on. A short-farl
of 69 t.t-1 was noticed after the experiment, compared vrith the initial ultrasonic velocitv.
Tbis roay be due to Pernanent moisture loss from the prism and,/or cracking of the prio.
Sparce misrocracking had occurred in the argillaceous end of the prisn before the end of
the experiment.
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APPE}TDIX 20

Iteasurement of unrestrained moisture movenent in rock

The appa.ratus was made frorn a heavl' letort stand nith a heavl,r sliding collar fitted to its
upright. The coll-ar had 3,2L5 ineh htlt]l. grub screws inserted in threaded holes at 9Oo

so .'hat it coultl be adjusted for height (Figure A20.1). L lug welded to the collar enabled
mounting of a dial gauge reading to 0.0001 inches. A locating shoe with a conicaf recess,
5.5 rm diameter and 90o apical angLe, centered in its lower face was fitted to the gauge
spindJ.e. Apparatus using similar principles may be seen in Duncan (1959).

Samples were prepared from 25 rm diameter cores, cut perpendi.cular to bedding, one end
grround plane and at right angles to the vertical axis; the other end, coarse ground (1200),
had a ball bearing (4.8 nnr diameter) csnented (black, tr{D part efroxy 'Plastic Steeln tras
best) at its centre.

After drying fot 24 hours at 50oC, satTrples were placed free standing in a vessel wlth a

p1ane, flat base (inside and out) and of convenient size to cgr.pletely accornnodate the
sanPle. The vessel, filled lrith distill.ed water to the level of the ball bearing, r.as

Placed on the retort stand with the bal-1 bearing centred under the dial gauge shoe. only
the ball bearing was above the water level_.

After ensuring the s1'sggn was aligned correctly the dial guage nas read and the tirne noted.
Dial gauge readings rcere taken at intervals until no significant qltange was noted between
readings or until the sample failed from internal air pressures.

rhroughout all tests the apparatus vras placed on a vibration free pad on a piece of firrn
carPet in a constant temperatule room. Vibrat,ion free conditions for each test period
rirere further ensured by restricting accesg to the !oo!n.
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thick walled
tubular collar,

smooth fit

12D

175

water

vessel
smooth
bottom

with plane,
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Figrure A20.L : Apparatus used for rock core unrestrained moisture
movement determinations. A rock core (shadeil) with

baLl bearing reference lnint af ixed, is shown in Snsition. Adjusting
feet keep baseprate level. All parts are mild steeL except base-
plate and locating shoe which are cast iron and stainress respec-
tively. Dial gauge is adjusted to suit sample length.

Figure not to scale, djrnensions in milli:netres.
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APPE}IDIX 21

y.easurenent of cyclic moisture moveftent in rock

Apparatus for this test series was iitentical with that showD by Duncan (1959' plate l8'
p 9?, and also Figure i\21.1). It is also descrlbed in NZS 3112:1974, ltlethod C1 "Deter-
nination of the drying shrinkage and lretting expansion of concreteu. the rnethodl involveg

the use of a cornparitor bar.

Samples gith planar encls vrere cut from cores perpeudicular to bedding. Ball' bearlngs

4.8 r:ln dia$eter were cetnenteil in the centre of each end. After j.ntial drylng to constant

mass.!n a constant envirorunent room (20 rloc, 50 percent R.H.), samples were tegled in a

sinilar toanner of Roper (1959). i.e. the comparitor bars and cotes llere measured and

compared using a dial 9au9e mounted in the apparatus. SamPles were then placeil in distilled
lrater at 20oC for four days t4 hours, measured, oven clried (50oC) for tbree days 14 hours

then rsneasured. The proceas rdas continued for several cycles.

The dial gauge provided reasings to O.OO01 inches and comparitor rods were made of invar

and stainless steel for the roek prisnr (Xt'l'l-i) and rock cores testedt restrrectively. AII
measurernents $ere taken, and comparitor bars storg3, tn the constant environnent rooE'

comparitor bars were used as .a length standard against which correction could be made f,or

changes in the dlimension of apparatus.

ResuJ.ts wsre expressed as percentages, i.e. Dovement increments rtlith resPect to sanP1e

Iength before testing. The sarnplelcross-section is irrelevant to the test and any con-

venient cross-section may be used.
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bar' 3o wide, 12 thick'
drilted to slide over

uprights. Ends drilled
and tapped for clamPhg

bolts

adjust for
sample

height

12D

basePlate
130 wide, 12 thick

Figrrre A21 .1 : Apparatus used for rocll core cyclic moistr:re movement

determinati-ons. A roci-. core (shaded) with ball
bearing reference points afixed, is shown in position for measure-

ment. Bottom J-ocating shoe is vertically beneath dial gauge

locating shoe. Adjusting feet keep baseplate level. AJ-l parts

are mild steel except locating shoes which are stainless-

Figure not to scale, dimensions in nillj-rnetres.

160

200
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APPENDIX 22

lleasurenent of rock Permeabil:ty

1. Sarnple preParation

Sample preparation was sirnilar to that oI Jaeger (L972) '

Rock corer 25 nnr diamete4, rvas air dried for approxj.roately one week, cut to a convenient

length with one end finisheC as a plane surface perpendicular to the vertical axis and

encapsulateil wj.th epoxy resin in a wax paper moulcl (drinking cuP) in the following
matlner:

(i) EPoxy was mixed in the following ProPortions

100 parts Araldite CY252 resin
L00 parts Araldite cY208 resin
30 parts Arald,ite HY956 hardener

Cy20g resin was aclded to retard the exothermic reaction, allowing the soft wallecl rrcu1d to

retain its shape during settj-ng and to enable traPPed air bubbles to surface'

Each rock sample was coated in a thin layer of the mixedl epo)ry to en6ure air bubbles would

not be trapped at the epoxy/rock interface, pronoting a Iocal increase in pe::areability at

that point.

(ii) Each sanrple was placed centrally in a waxed drinking cup (base 45 run diameter, top

70 mn aiameter, heigtrt 100 run) and epoxy gently Poured round the sarnple. The cuP was

fi1led until the sample was just encapsulated.

(iii) EncaPsulation was timed to Provide ovelnight setting'

(iv) After L2 horrrs the paper cup was carefully peeled off and the quallty of caEting

inspectecl. care vas needed at this stage a6 the epoxy coufd sti1l be deformed 81iqht1y

under heavy fj.nger preasure due to the retardant action of gy208 resin- If successfully

cast, samples were placed in an oven at 40cC for 24 hor:rs to cure.

(v) fop and bottom surfaces of the ePoxy vere ground away until rock core ends were

exposed. Both surfaces itere fine ground parallel.

1vi) The upper face of the epox-v surround was drilled (3.? nur) using a tenPlate to the

pattern shtrn in Figure A22.I and tapped (3/15 tnch WHIT) to accePt 3,/16 lnch WHIT gutter

bolts.

2. Apparatus

The apparatus used was of the faUing head type illustrated by Curtis (1971), parlicularly

applicabte to naterials of low permeabiLity. To simulate the natural moverrent of water'

the most iltrportant rnedia to move through rock, it was nesessary to ensure that there rtas nO

soluable or insoluable matter introduced which could nseaLn the sample, so dlistilled water

was used throughout the test.
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chamfer

TOP SURFACE OF

SAhIPLE HOLDER

polyrthene tubc

cadmium plated
6T

sutter uott 9(iwHlT.,

spigot, 7OD, 2.5 lD

5'5 D holes

'o'ring, 30 D,

2-5 sectionlength to suit

cpory casting

ririlled arrd tapped

t" ti wHtr. Top and

bottom surface fine

ground parallel

LONGITUDINAL SECTION ASSEiIBLED SAIIIPLE AND HOLDER

Figure A22.L : Permeability apparaius sample holder cletail.

Figure not to scale, all dimensions in mil-li-

metres. Sam.ole holder roade from brass.

o Vro c



The apparatus (Figure A22.2, plate A22.I) consisted of a thick-walled precision cali-

bration tube (2.2? rnm internal diameter, measuled with an opticalmicroneter) 500 mm long'

faseened bl, a rubber bung in a 5 litre aspirato! reservoir. A heavy walfed polythene

tube (2.5 nna internal dj.amete!, 5.0 nrn externa.l diameter) v,'as connected, at the outfet taP,

and 16 m of this, raped to 5 nm polypropylene braided line at approx!.rnately 300 mn

intervals, was connected to the brass sample holder (Figure A22.1).

Permeameter oFeratlon

Samples were fixed to the sErnple boLder using six gutter bolts and an "O" ring soaked in

distilled r^rater for at least one month. To ensure that no air bubbles htere trappeci in the

systerl, the reservoir was filled and the feeder tube to the samPle holder bled by opening

the reservoir tap before the sample was finally fixed in place. Great care ttas taken to

exclude all air from between sample and sample holiier. Tbe sample and sample holder as a

unit lrere then ro$ered down a I m diarneter concrete lined hole 15 rn deep and made fast at

the top of the hole by the 5 rnrn 1ine. A maximum and rninirnun thennometer $tas lowered to

the same depth as the samPle.

Finally the calibration tube wa6 extracted, the reservoir toPPed-up and the calibration tube

replaced, allowing \dater displaeed fron the leservoir to rise in the tube'

4. ui.n5mising errors

Potentiaf sources of "ttot 
included:

(i) Temperature change over the test duration.

(ii) The tube belween reservoir and sample holder changing dinension htith tine'

(iii) Leakage.

(iv) Elastic "relief" of the rubber bung holding the callbration tube in positlon'

(v) Ttre length of the calibration tube.

To check their probability, monitor their effects anil mj.nimiEe these where Practicable, the

follow5.ng precautionary stePs lilere taken:

(i) Teduperature change was monitored by a maxirnun and minirnuo themometer reailing to

O.loC. The hole down whiclr testing took place *as dlrillecl in weathered rock beneath the

building and air circulation was lirnited. TenPerature change at the bottom of the hole

was negligible over the duratigD of each test. TenPeratures at the reEervoir were hj'gher

but still stable over the duration of a test. The room in which the eguipmeJrt rtas housed

had no windows and was ventilated by an air condition,/heating system. Access to the room

by persorurel was reetricted.

The temperature gradient from reservoir to eample on test etas continuous and stater velocities

in the tube so low as to ensure warer in the tube was at eguillbriurn with the environment

inunediatety surrounding it. In this way the viscosity of the wate! at the sample ras

raaintained conEtant, for the temperature at that point. After change of sanPf,e' acleguate

time nas allowed for the system to eguiliblate with tenPerature before readlngs were taken'
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precision tube

portion of aPParatus

in llm hole

Figure A22.2 : Scheuatic diagram of the perneabilitY aPParatus'
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plate A22.I I The fal.Iing head pemeameter showing calibration

tube protrudling from the 5 litre resenzoir vessel'

The sample was connected to this by polyttrene tube, seen entering the

15 x I m dianeter hole via ttre srall circular pJ-ate in the large

circular cover over the hole.
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(ii) rt was assumed that the polythene tube from reservoir to sarnple holder would
stretch both under the con".bined weight of sarnple assenbly and its own weight and would
also dirate, especially near the bottom of the hole - the two effects tending to negate
any increase in the volume of water recorded as a loss of head in the calibrati.on tube.

As a result of these assumptions:

(i) A test was carried out over one week on an imperrneable sarnple (a 7 nm thick Araldite
disc, prepared in the sarne manner as the rock sarnpl.es) prestretched the tube and allowed
its behaviour to be observed. There was no discernibl.e reduction in head in the
calibration tube.

This also confirned the apparatus was free of leaks.

(ii) lime was allowed after each sample change to offset the effects of tube Btretch
recoveryr which occurred with the release of pressure. This time was coinciilentat with
tenperature equilibriurn time.

Because a rubber bung was used to hold the carj-bration tube in place some erastic recovery
was observable after it was placed in the neck of the reservoir. This recovery generarly
ceased after about 20 minutes. rt caused a significant drop in heaii lever in the cali-
bration tube.

unfortunately the calibration tube was short, but was all ehat was avai.lable and the
reduction of head in the fine bore tube over the period of one test required rnultiple
fillings. each necessitating the removable of the bung and subsequent eguilibration. A
calibration tube of gnall bore size nas necesaary as the sensitivity of a falring head
Permeamet€r is dependant on the ratio of the bore internal diameter to rock sample diameter,
particularly i:nportant in rocks of low permeability.

After being placed on test at a noted date and time, a sample rras critically observed over a
period of qeneralLy one to t!,to hours to check for possible leaks and ensure eguilibriun of
the system. subseguentr.y, readings nere takeD of the heacl helght above
the reservoir (the difference in height between the nech of the reservoir and sanple base
was also knowa) and the tirne of each recordinq noted.

Calculations

The followlng formula was used for the determlnation of permeability: in c.g.s. units).

k = 2.3 dlur, . roc 5
oz [g.rt - 

^2

where: d is internal dianeter of the calibration tube (2.27 rcn)
D is the sample diameter (25.0 nun)

! is the viscosity of hrater
L is the Length of the specimen along the flow path
At the nuaber of seconcs between observatj.on of head heights h' and h2 above

the base of the sample

f i" the density of the water
g is gr"ravitational acceLeration
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To convert permeabiliti.es expressed in sguare centimetres to Darcys' the following formula

r,tas USed:

Itrn.u = 9.869 x 10-9 kD.r".r=

Values for p and f were obtained from tables in Weast (1975).

6. Cornparison of apparatus performance

J. gogan (Petrol.eum Corporation of New Zealand (Exploration) Ltd. 
' ) kindly donated 25 mm

core samples taken from core samples from the Kapuni-3 We11. These rtere measureil (Para1fel

to bedding) by air perneability at the laboratories of KSEPL (KonoKlijke Shell Exploratie
petroleun Laboratoria; Royal SheII Hcploratj.on Petroleun taboratories) Hague' The

Netherlands. Measurements of the material by apparatus described providecl correlations
shown in Table A22.L and Ficrure A22.3.

Repetitive tests confirmed that pore pressure took approximately the same time to eguili-
brate in new samples as in samples already thoroughly saturated by one cycle of permeability
testing. Variations in permeabillty generally occur extremely quickly stlatigraPhically
and even within one sample. Porosity influences permeability even if no constant relation-
ship exists. Ar average of a I0 fold increase in permeability results frdo a 3 Pelcent
increase in porosity (Archie, 1950). Grain size, grading, grain shaPe and stratification
also influence permeability.

Perrneabilities also vary due to rock anistropy. Vertical permeability, i.e. that Pernea-
bility measured normal to bedding, is corrrunonly considered lower than that parallel to
bedding although there may be substantial directionaf variation within beilding planes.

In clayey (argillaceous) samples, water freed of air and salts has been found to give

permeability values lower than, by as much as !l'ro orders of magnitude. tbose obtained using

saline \dater. This reflects an increase in structural water on clay Particle surfaces

when ion concentration is low. Because finding compatable fluids can be impracticable, a

non-po1ar fluid of lovr viscosity and high boiting poing e.g. kerosene, is often used.

Determination of permeability using ga6 was not undeltaken because values are higher than

those given by any polar liguid and because $rater is the fluid usually encountered by

aggregate. Gas permeabilities however, may be of value in studying weathering greYwackF

suite rocks.

Although Curtis (Lg7L, fi.gure 4) shows the bottom sulface of Permeability sarnPles Lnunersed

in water, the apparatus made for this project had no such provision. All sarnplea were

soaked for one month before testing and were wet at the exPosed base of the samPle after
testinq.
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lable A2E.l- l A cq,oller:Lgou of. .ligtiltred water perraeablllties dteter$inedl on rapuni 3

rock coJces aLso aif p-ar:rneab.l1lty t€sted t1r tbe KSEPL' 8ague, 'i[{re
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Figure A22.3 ! A comltarison of tltstiUed water petneabilitiee
(thls studty) detenrrlneil on roc* eores fron Kapuni 3

drilLholerwithalrpatneabilitiesofthesilnenateflalitetegineit
bry KSEPL, She Netherl-andls. see HogaR (1979) for adtdlleional santple

alata.
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I'PPSNDIX 23

Aggregate degradation assessment of greywacke-suite rocks

l. lntroduction

Failure of basecourse aggregtate used in the Auckland-Hamilton lltotorway in 1954 prompted

several j-nvestigations of the aggreglate useil lgernhrstt, 1965; Reed' 1966; Buckland' I967)'

The aggregation was quarried from grelnnracke-suite rocks' found extensively in New Zealand'

and had passed the standard tests for strength and stability.

Sameshima (]1g77l after simulating in the laboratory ttre temperature'/pressure environment

of basecourse aggregate beneath a road surface, suggested that hydrothermal alteration

increases the ProPortion of clay and the extent of hydration resulting in degradation of

the aggregate and failure of the road. He attributed this mainly to the increase in

accessible montmorillonite and other swelling clays and devised a method for determining

their abundance, in terms of nclay indexn (sameshima, L9'77 t p 561.

This Appendix exarnines the
and reviews the cIaY index
suite rocks.

clayinder<,anditsrelationshiptomontmorillonitePercentage'
as an indicator of potential degradation of Wellington greywacke-

2. The "clay index"

The clay index is found using methylene b1ue, which provides a means of esti'nrating the

amount of montmorillonite and other swelling clays by utilising the high cation-enchange

capacity, surface area and state of dispersion of these clays (itones, L9641 ' lte also

gives figures that indicate an accuracy of about 0'33 volr'une Percent if titration is taken

Lo the nearest milrilitre, or 0.r volume percent by appraoching the end point a fraction of

a millilitre at a time.

The ,,clay indercn is defined as "the amount of dye, in rnl., (*.5 gm/litre clistilled water)

rconsrnned'by t 9n of the sample', i.e. a basecourse or powdered rock sample finer than a

Bs2oOsieve(Sameshima,t977;sarneshimaandBlack'19?9)'TheClaylndexGradeisa
classification of fines of an aggregate based on the "c1ay index"' and a relationship between

the clay index grade of aggregate fines and gualities of the basecourse is Proposed (after

Se'neshima and Black, 1979):

Clay inclex
clay index grade
guality

0-r
I
sound

L.L - 
'

1

good

2.1 - 3

3

POOr

3.1 - 4

4

unsound

4.1" - 5n

5n

unsound

The nethyline blue test as an indicator of montmorillonite:

It has been claime€l that the nethylene blue test can be used to estimate the percentaqe

of montmorillonite (Sameshima, Lg77l. However' the test has been widel'y used in a non

specific way for "an estimation of cation exchange capacity of clays" (Baroid Drilling

Uud Data Book, 1954; Fairbairn and Robertsonr 195?); applicable particularly to drilllng

muds but also applied to aqueous dispersions of powdered clay, cores' drilled cuttings and

foundry moulding sands. tlowever, rninerals oLher than swelling clays can resPonct to the

test especial.ly if they have a large surface area. Even albite shovts 6ome resPonge' and
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a standard illite sanple yielded a value that is equivalent to a "montnorillonite
percentage of 19 (Table A23.1). The Baroid Drllling llud Data aook (1954) gives many other

examples. Therefore the test results cannot be used to estimate, positively, abundance

of montmorillonite or even of swelling clays with much reliabilj'ty where other phyllosili-

cates are also abundant.

In assessing the reliability of methylene blue for estlrnating montmorillonite Percentage,

Sameshima has relied solely on X-ray diffractometry (XRD), and guotes values as 1ow as

1 percent (Sameshima, 1977; Table A23.21. However. Carroll- (1970), this stuaiy (Table

2.10) and Claridge, pers. corm. (1980) all suggest that standard XRD Procedures are
j-nsensitive to montmorillonite abundances of less than 10 Percent even for clay size

rnaterial.

ResponseofWellingtongrelrwacke-suiterockstothemet}ryleneblueteat:

The methylene blue test was carried out on 25 t|ellington gre)rwacke-suile rocks using the

method according to Sameshirna (1977), but htith methylene blue being addecl in 0'1 m1, rather

then 0.5 ml, increments. An ailditional three tests were carried out on quarry sludges,

ultra-fine material settled out of guarry wash waters. FinalJ'y, four international
standard minerals (albite, dickite, illite and montmorillonite) r.tere tested along with

VUW stanilard chlorite, L96/I/I(bl. Results are shown in Tables A23'1, A23'3 and Figure

A23.1. Repeated analyses indicate good precision of the method.

The data shohr that those greywacke-suite rocks withamean grain size coarser than 5'5 phi

(O.O2Z nun) have clay indices less than one (exceptions being Ktr{-G and DC-6 mentioned below)

These are rocks that to not degrade (Ror^re, 1979). However, rocks finer than 5'5 phi and

which do degrade, have ctay indices qreater than one. These dala Suggest that the trans-

ition in clay index grade frqn "good," to "poor" would be better placed at the clay index

value of L instead of 2 fot vlellington greywacke-suite rocks.

An interpretation of the methylene blue test in terms of montnorj-lLonite Percentage indicates

values ranging up to 3 percent in the fresh rock samples, but no nontmorillonite was posi-

tively identified despite careful XRD study. However, montmorillonite was positiveLy

identified, by XRD, in guarry sludge, which certainly includes weathered matelial' ltont-

rnorillonite is present in soiLs in the Wellington area (New Zealand Soil Bureau Bulletin

No. 25, Soils of New Zealand, 1968).

Occasional departures frcrn the trend (KTW-G, DC-6) are in response to carbon and non-typical

argillaceous rock fragrnent concentrations respectively' even though organic matter' such as

lignites, polyacrylates and lignosulfonates, ls rsnoved by hydrogen peroxide' The rela-

tively high netamorphic rank of rocks suggests that surface area effects of arprphous

carbon (Bird, pers. conm.) are responsible.



Table A23.1

Jqo

A srrnrnary of some collmon minerals responding to
Note the "Bentonite" sample contains 76 percent

the rnethylene blue test.
montrnori llonite.

Mineral standard Sample
wt.
(gn. )

Methylene
bfue
solution
titrateil (n1)

Percent "ClaY
"montmorillonite" index"
content

Sodiun feldspar (albite)
yo. 99, tl.S. Dept. of Conmerce,
Bureau of standards

VUW standard chlorite,
I96/L/ t(b)

*Dickite, No.15A,
San Juanito' Chihuahuat
Ilexico o

*Illite, No. 35, Fithian,
ILllnois

*llontmorillonite' No. 20,
Husband Mine (Bentonite),
Polkville, Mississippi

2.0000 0.7

1 .3358 0.4

2 .0000 1. 0

2.0000 20.5

1.0038 45.0

0.4

0.3

0.5

0.5

0.9

17.5

75.7

0.5

10 .3

44.8

No. 49".* Sanples used in "American Petroleun lnstitute Clay t{ineral Standards Project

Table A23.2 : Afte! Sarneshima (L97'1) X-Ray moclal analyses and methylene blue titration
results for grelnrrackes frorn the tthitehall Quarry, Waotu Ouarry, l{outohora

euarry, wellington area and Minors Road Quarry, Canterbury. Sample 8

is from wellington.
o 10. II.

Quartz 25 20 20 20 25 25 20 30 30 30 30

elagioclase 40 20 30 30 25 30 30 30 35 35 35
p"ii"tr-tefdspar I0 5 I0 lO IO 10 t0 5 L0 l0 I0
Ilornblende31233332000
Prehnite25333O5I000
calcitelOlol00l000
chtorite 10 10 20 15 l-5 lo 10 15 10 10 l0
IlIite5233352105107
Laumontitetl0L22LO150002
Heulandire0102I2o00000
Kaolin0I0353355553
MontiloriLloniteIlOI52L3l3l2

Montmorillonite
by titration s 0.8 11 .1 0.8 3.2 1.4 O-5 2.4 l'1 3'l 1'1 l'9

Clay index 0.5 6.5 0.5 1.9 0.8 0'4 1.4 0'6 1'8 0'6 1'1

l. Whitehall euarry, argit.Iite . 2. Whitehall Quarr]r, stockpile-aggregate fines.
Heulandite lnclude 3* stiluite. 3. waotu Quarry, grelruacke' 4' Ex waotu Quarry
aggregate fines from the State Highway No. 1, Ngutuweia-Fokaiwhenua Section- 5. Sane
at-4,-separate sample. 6. ltouiolroia Quarry, grel'wacke. 7. Itoutohora Quarry aggfe-
gate'finis. g. Titahi Bay, north of welfi-ngt6n,-greywacke.. .9.- West end Wainuiomata-
Orongorongo tunnel greywackel'neea (liSZ) ianpie rC6.-Z:iS. Chemical composition in
appeiai.* {. 10. Ex }linors noad s[ingi.e Ouirry aggreqate fines from Cant' Univ' Test
Track, 1oZEDA. 11. same as L0, 10tmA.

8.15.q.3.2.1.
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'Table A23.3 : Fresh grelt9ac,ke-:guLte rock sarnEles repfeseuttng a textruEal farNge f,loln

wellington. X-ray di..ffractone-tq/ shol[eal ruontnorlLlite to be Paesent
only in eludge sqrqpl.es 8SS-$tg aad RS$F.

Rock samp]e sar{|Ill€
wetght
(9n.,)

ltethylene;
blue
sdluti.on
ti,ttate4
(n1- )

Percent
"rontrooritrLonite"
oontent

Itlean gra..l,n
Eiae
@hr)

Clay
index

DC:5

HQ-17

S.I-31
KT-91-13

HQ-21

aQ-\t
BQ.IXA
r,epeateal
oB-21

tsQ-l9
xs-2
FO-ili
RtsW-,G

B8$-il{
BQ-21

Kln-i
repeateai
DC-8

Bg-[
rASS-ii

E)-26
flQr24
oB;lt
EQ-20

rc-r8
'EQ-vii
ciq\22
oE|13

Quarat sludge
s.ailfiI€s

3rS8-NS

RSS-F

BQ-S

2.0006
2.0000
1.9995
1.9980
2.0046
1 .99,66

1.9983
2.0141
1.9989
2 .0020
2.0050
2.,0L22
2. 0030

2.4t072
2.0L19
2.0059
2 .0156
1, g9B8

2:.0112
1.9996
2.0226
2.0000
2.0093
2.0036
2.0022
2,AO.az

1.998 5

1.9998

1.1
0.2
0,7
1.0
1.3
1,0
0.8
1.0
l-l
L.2
1.7
0.7
2.8,

x.,0
r.3
0.8
0.9
n.;5
r.7
1.5
1.7
2.5
2,,4

3.2
3.5
2-3
3.0
1.5

lL,0
19. 0
5.4

0.9
A,2
0.6
0.9
1.L
0.9
0.7
0.9
0.9
1"0
In5
0.5
2.4
0.9
1.1
0.7
0.8
1"3
1.5
r.3
1.4
2,i
1.7
2.7
3.0
2.0
2.6
1,3

0.6
0.1
0.4
0.5
0.?
0.5
0.4
0.5
0,5
0.6
0.9
0.4
1.4
0.5

'0.7
0.{
0.5
0.8
0,9
0.8
0.8
X.3
r.0
1.6
1.8
1.e
1..5
0.8

1.25
r.3,1?
1.63
2.4
2.7
2.13
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Aggregate ilegradation :

APPETIDTX 24

Washington degradation test and current research

Introduct.ion

The IIev: Zealand National Roads Board RoaC Research Unit Newsletter 59 No. 6, LgTS,described
preliminary resul-ts (Road Research Project BC/I2-2) from an investigation assessing dura-
bilrty of basecoulse and sub-base aggregaterwith an accelerated attrition mil1 nhich
utilizes the basic principles of a large gem polisher. The milL operates at cascading
speed causing breakdown of the aggregate by attrition.

Tests on argillite and basalt indicated, arnong other things, that "the noist attrition nill
appeared to offer a method of assessing aggregate durabilityd. The test method and
aPparatus used is similar to those developed by ltelville (1948), Ekse and llorris (1959) and
I{j-nor (1959), as the traditional Los Angeles and Deval machine tests did not satisfactorily
iilentify Poor aggregate. rmproved resolution cf potential degradation was achieved using
the Los Angeles rnachine,htithout the use of steel spheres.as an abrasj.ve surcharge and by
determining Atterberg limits on the produced fines (Ekse and Morris, 1959). purther
refinernent was added by including a "degradation factor", ranging from 0 - 100 lsupssiat
materials having high values), based on the cLeanness value of fines, produced try abrading
saturated aggregate in a I gallon polythene jar for one hour (!{inor, 1959). Helvi11e,
IL years before, also used a ball mill rnethod of assessing aggregates. Each author con-
cluded tJn.aE eonuent'tcnal testing maAtct deteet potential degradati-on in aome aggregates,

z. The Washj.ngton degradation test

The degradation factor established by llinor (1959) has been lefined, testing technigue and
caLcul,ations have been simplified, and the rnethod is now known as the washington degradation
test (Marshall, 1967). Irlarshall has also shor+n good correlation betldeen results of the
new and o1d methods.

To il-lustrate the discrepancj.es between different test methodsf nine diffelent comnercially
producecl basecourse aggregates from the Wellington region were tested by the l\tashington
method. the samples were suppJ.ied by l4r f. Grant-Taylor (NZ Geological Survey) after test
by conventional means to provide data for a publication (Grant-?ay1or, L976). They were
subjected to the washington test carried out in strict aiiherence to the rnethod of llarshall
(1967) el<cePt for one detailr the reguired 1..75" (44.45 mm) throw on the sieve shaker cam
could not be matched. The 'ro-tap'machj.ne used. had a throw of 1" (25.4 mn). Results
should therefore reflect maximun degradation factors for any particular sample.i.e. a "best"
result.

Table A24.I lists the Washington test results along with reeults from crant-Taylor (1976)

The rnethylene blue test was performed on aggregate fines (less than BS 100 sievei flner
than 0.075 ffn) and on fines generated by the rvashington test.



$able A2il .L : comParatilre data of, nine grel'oacke-gUite braseeourise aggEregates agaessed
using elay lndex, ltashington'test ard tt-ray dl.ffractonetry (this Etudly)
and by crushing reststanee and Io.E llngales tests {Grant-f,aylor, 1976}.
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3. Observatl,onB

SubJecti've agsessneRt is hlgbly unreLiable f6r recogrlising aggregateB ltrlrely to clegradle.
g:gini-qudntiLati.v.e asse.gsruent of clay ni.neral qoDteat and grain slze analysls of fl,nes
fron basecouise samp.es were undertalen (Table A24.L, FigureAz4.$. NEither reLate to
ttre me,thylene b,lue test or the t{aehingLon test. x-r,Fy diffrastgrietrli, of lhe fiaee fror
the siashS.nEton test indieatee that approxlnateLy half of the ]-ess than 10 to 15 misron
fractjqn (about 80 percent, of the fiaes,sanple) is of phyllosilicate mlneral contrroeitlon.
ttre graln slse distributigns of fines producedl bV the waFhlngton teat are el.urilar (flglrre
A24.Ll.

ghe a$ouDt of, w.eathered rocls haterial .in a basecourse also d.iieetLy inf,l.uenees tbe neuryl,ene
b,Iue tegt for that basecou:iee, but the c,orrela.tion is r,lot as qood ae tJre*t froe the
washingeon test (Fi.gures A24.2, A24,3).

Rece-ni ltork by coonerdardane (1977) on tbe i{ashi,ngton t€st lras shqlrn:

(i) Itrat comrlnution of agrgregate partlcl.es doeg not oec,trtri

I({i) Fl-nes ane created by rleaching of hydrophiJ-ie miaerals".

(i'iil Atrtoctenous grinding ocsurs, its influence dependling on si,ze, finte andl weatbered
natirie of tbe eanqlle.

AIt the baeeeoi,nrse aggregates test€d were of, Eirnilar type anit pattiole siae distributlone
wer,e siniS.a:r.

4. Conclusio.ns:

(i) tsall utJ-tr baBed tests are i'nconchlsive urilees augrnentedl by otber evidence.

(1t) To dtate' no eingle teat o! srrbjective visgal ingpectl.on of rocrk ie auffloiefiL to
predlet :its englrreerS.ng perforanance.

(ii'i) llhe Lnelusion of, .heavily weathered roclr in load hase lalzers invo1vee blgD rlsk of
riteg1radatlon Fro'bl€!trs tullese adequate stabi.risation le utilisid.
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o Washington degradation test fines
t bulk sample fines

10 30 50 70

BULK SAMPLE WEATHERED PARTICLES, PERCENT

Fignre a24.2 : cJ.ay index is directly influenced by the percentage of
rveathered particles in the aggregate tested.

Similar finitings have been reported by Orchard (1926). Genera!.Iy,

fines generated by the hrashington test give a cJ,ay index reading
donble that of bulk sample fines, c.f . Fignre A24.3.
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o Washington degradation test fines

'bulk sample lines

30 60 90

WASHINGTON DEGRADATION FACTOR

Figure A24.3 : CJ-ay index and l{ashington test results are inversely
related. ritctg only for:r smples conply with "sound"

and "good." categories of Sameshima (L977). Accoriting to Orchard (1976)

the relationship nray iliffer between rock tlzpes but this Figure (and

Figure A24.2)inilicate the clesirability of conducting both tests as, at
a high values of the !{ashington test, the clay index i-s relatively
insensitive.
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APPEIIDIX 25

Storage of greyr,racke-suite aggregates

Introduction

Efsewhere in this study (section 3.6; Appendi.ces 23, 24)t reference has been made to aggre-
gate degradation. The rate and process of this phenomenon has recej.ved little research
attention. rt is the object of this Appendix to provide a better understanding of the
natural agencies prornoting degradation, the rate at which lhe process takes p1ace, the
sequence of the events which ultimately manifest themselves in degraded rocks and to pro-
vide an indication of how degradation losses in stockpiled aggregates may be ninimised.

Generally, fresh argillite and fresh intensely zeolitised greywackes, are rock types rnost
susceptible to degradation and can be expected to induce excess undersize materials in
graded aggregate stockpiles.

2. Outdoor observations on degradation

Lack of published material on quantification of degradation effects in the field, has
prompted an attempt in this study to guantitlz degradation effects from a pebble garden
and frorn t$o guarries.

The pebble garden stutlieil consisteil of nominal 38 rmn Horokiwi aggregate placeil over bLack
plastic sheeting. The aggregate r{ras fresh and laid within a week of being processed.
Exposure conditions ag:rproximated those of a stockpile surface, i.e., the surface was even
and sloped at about 15 o (with a northerly aspect), was shaded about half the daylight hours
and experienced occasional frost. rhe entire surface received rain and was well drained.
The surface was exposed over a period of four years and received only very light pedestrian
trafflc.

Assessnent of degradation was made using a 0.25 12 frame divided into I0O mm sguares by
string lines to form a grj.d. Aggregate particles were contained within sguares and
categorised accordi.ng to a sirnple scheme (Table A25.I). Over 2600 aggregate particles
hrere assessed from about I percent of the garden's surface.

Parti-c1es which degraded had their requisite pieces adjacent,
A25.1). Up to eight pieces, formerly one partj_cle, could be
Smaller ( <10 rrun) products of degradati.on were lost - removed
cover to lie on the plastic substrate.

although detachecl (P1ate
seen juxtaposed in this way,

eo the base of the aggregate

weathered particles did not degrade in the s.Lme manner as fresh rock. weathered material
rttas reduced in size by rerroval of surface nineral. grains, a quantity of mineral fines
being obscured beneath the particles affected.

"Fresh zeolitised greywacke particles'were aggregate particles won from areas of the guarry
where zeolite veinj.ng occurred on a millimetre interval scale,e.g., He-13 and He-14.

Results inilicate that argillite anil fresh zeolitised greywacke particles (the zeolite con-
cerned being launrontite) regui.red no mechanical stress to degrade. Size reduction of
gracled aggregate is mostly influenced by zeolitised particles. On average, a fresh



35,6

Tab,fe 425.1 ! REEult€ of obsewauion€ on 2600 particle,s fr<ln a gebbte gardten. 1t.he

aggregete had been cruslted, waehed and hait a noruinaL 3,S mn si,ze.

Parts{cle .categoriea As la.ld After
four years
exlto:gurg

lcb.ole f.reeh grreyqaclce pieces
WfroIe fresh qrgllllte pi.ecee
0lhol-e fresh z-eolitl,Seil gralmacke pieces
I{hole weatfreredl pieeres
Eegraded fregh zeoLitl.sed greyuaclce pieces
Degradedl fregtr aggillite pdeces

'rtp-tal wlrole f,reetr gfelrrrackerwhoJ.e ftesh argilllte tatio

85.4
5.3
?.4
t:'

10,0. 0$

l8 r,1

8 6.4
4,2
5.6
1.3
1r{
1.1

r00.03

22:L

Table A2ts.2 : Roeh stab!.lit1r va!.ue,s of peDbLe garden aggtreEatee and IlthoIog!,es
approxJoatl,ng the$, show tlat Laboratgry prerllction of degra.iia,tion for tbe
fresh zeoLltlsed greyuacke ard f,rgab arEillite cateEoll.es d.s pogsible.

Repressbtiitive lraitlc!,,eg of eaeh agpgFegate eategor!, ROck
stebil-iey
value

AneraEe
welght
gerqeDt
Ioss per
dtay

Itesh gretrrtaslse
Fresh argilllte
Fr.esb zeoll.ti.redl gr.e5rmclce
lveatheredl Erelnracke

Prepareil :cock s,3rec,;ineas frm Eorokiwl euafry
dpprg':rlsatitrg li,thblogiee of, the a.bwe aggr-gate
partrieles

IIO-17 fresh greynacke
nS-22 trtesh argllltte
EQ-14 ftesb zeol.itl"sed greln{aeke

4.7
14,.7

10.9
5.5

0.215
0.85
0.438
0.263

o,.267

0.641
0.289

6.r
r1'9
f.i.
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f"F:

A

Pl-ate A25.1 : (A) Degra-

dation of
argillite on exposure is
manifest si.nrply as the
division of a 5:articl-e into
srraller particles along planes

which may remain undetected

unless disturbed.
(B) Degra-

dation of fresh zeolitised
grelnrvacke before (upper)

and after exposure. Degra-

dation products do not fo:lt
simply by trnrting; fines are

produced and therefore only

a crude reconstruction of
degraded pieces is possiJcle.

The grid is 100 sm sqlu.rre.
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zeolitised greywacke particle degraded into 3.4 pieces (range 2 - B pieces), the degree of
size reduction being dependent on the degree of vei.ning displayed. A 20 percen! reduction
of whole fresh zeolitised greywacke particles occurred in four years of exposure (Table
A25.1). fn terms of volume, the degradation of argillite appears more significant. Fresh
argillite particles itegraded into an average of 2.9 pieces (range 2 - 5 pieces), a 21 per-
cent reduction in argillite particles in four years. Table A25.2 shovrs that Rock stability
values (Rowe, L979) of particles corresponds vrell r.rith the observations of degradation.
Degradation of argillite may be seen where guarrying has tenporarily ceased. Blocks
0.01 n3 to 0.25 ,n3 in size at owhiro Bay and Horokirr,i quarrj-es, were observed after eight
years and four years of exposure respectively. The blocks become surrounded by debris in
which microcracks propagated along planes, para11el and sub-parallel to bed.ating and sub-
perpendicular to bedding. original shape of blocks was often preserved but integrity so
destroyed that att€mpts to move blocks resulted in their disintegration to slabby clasts
of sub-equal size. occasionally disaggregation of the surface portion only was apparent,
giving a superficially cracked but otherwise intact interior bounded by curved surfaces,
suggestj.ng a volume change of the exterior (degrading) material, to provide tensile stresses
exceeding the tensite strength of the rock at the cr:rved interface. uo fine naterial
(sand or siLt) is produced by this degradation process - pieces may be reasserabled as a
"jig-saw puzzlerr. Degradation pieces are usually a rninirnun size of 25 rnn vrith rej.atively
large surface area to volume ratios.

3. Exposure of argillite to water

to observe the effects of water loss (section 3.5.r) a large (about 50 kg) sample of
argilLite (oB-w) from Owhiro Bay Quarry rras cut parallel to bedding and three 25 mn diarneter
cores taken' perpendicular to bedding, from the centre portion of the block. Cores nere
approximatery 75 nnn long and hrere kept }'et until the experiment began.

Cores were weighed in a saturated surface dry (SsD) condition before one was placed in each
of three localj.ties; a window ledge with a north-west aspect, a toilet cistern to ensure
permanent fresh ltater rr'etness and after drying for 24 hours at roon ternperature in a
thermostatically controlled oven (105 t5oc). cores rernaj-ned in their respect,ive locations
for 14 months.

At the start of the experiemnt all cores were completely sound, vrith Do microcracking
apparent. observations from each core with time trere as foLlows:

sample saturated surface dry (ssD) core weights on dates Ultrasonic velocity
6.2.7s 28.2.78 

*ifi?l?; *'rr..r.r, 13.4.2e :1"::Tfi::::?*.:It,start finish

window ledge 100.00 - 100.30 100.26 NA

B

NA

PermanentLy 104.20
lvet

Permanently 95.3 95.L7 gs.A 95,33 95.11 a7o4

t{A - unavailable for test

104.30 5000
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The core from the r"rindow ledge was microcracked , aE 25 nn intervals, within approxi-rnately
eight weeks. After fourteen months the microcracks were only a few rnillirnetres apart.
one large, open diagonal crack 0.3 run widerdeveloped after about 10 months of exposure.
Edges of the crack developed yellow-brown weathering colouration within a fuxther two
months. The crack dj.cl not extend through the core, being linited to a depth of 10 mrn.
It.s width was reduced when finger pressure vras applied.

The permanently wet core showed no nrircrocracking;
weight was constant throughout the test.

no flaw whatever was found and its

The oven dried core qtas microcracked at 10 nun spacings. cracking vras first noticed after
I0 nonths- The core possibly lost weight, the technique of establishing SSD reference
conditions for rock is subjective and weight variability may be the result of increasing
amounts of water being held as mj.crocracking increases.

Microcracks were, in all cases, approximately linear or gently curving, sub-paralle1 to
bedding. They htere invisible to the naked eye when the rock surface bras dry. on wetting,
water absorbed guickly into the rnicrocracks, enlarging thern and creating relatively dry
crack margins. on drying, they retained water. They could be seen with the naked eye in
both cases. They rangedto 0.004 nnr in width.

The integrity of cores was establisheil guantitatively by measuring their ul-trasonlc velo-
cities parallel to their long axes. Cracks in the rock attenuate the signal, pulse and
lower the transmission time (New, 19?6). Sound cores of OB-w hail an average sSD ultra_
sonic velocity of 4945 m.s-l (range 4831 - 5072, n = 11). The velocity (5OOO rn.s-1) for
the core kePt Permanently wet is near the rnean of velocities from sound cores and so this
core may be considered unaffected by its experirnental treatment. The core kept perman-
ently dry gave a significantly lower ultrasonic velocity (4?04 n.s-l) from that of the
Iorr-esL reading of sound cores,i.e., a difference in excess of the 2 percent accuracy of the
PUNDTT apparatus used for the measurements. The core frorn the window ledge was unavailable
for test.

The core experiments indicate that degradation may take place guickly (vrlthin th,o months)
and requires r.ret and dry cycling to bring it about.

The effects of wetting anC drying on rocli durability

To examine the rore wetting and drying plays in degradatj.on, tlro further experiments were
completed to establish the volune change inherent in different rock types when wetted and
to study the cyclic effects of wetting the drying i.e., cycling these volune changes.

Eleven greywacke-suite rocks $ere tested for unrestrained moisture movenent using an
aPParatus similar to that shown by Duncan (1969, vol. l. pl-ate 1g), see arso Appendix 20.
I{ovement values are maxirna as samples were 25 rnm diameter rock core6 cut perpendicular
to beclding. Samples lvere measured over several days after initial drying (50oC for
24 hours). Three lithologies were retested, one of these (He-22) three times due to
fractures forming during testing.

ResuLts (Table A25.3, pigure A25.1) show unrestrained moisture movement in argillitea to
be an order of magnitude greater than that in grey*ackes.

Cycl-ic moisture movements were determined using a technique describecl by Roper (1959), see
also Appendix 21. The cores used for unrestrained moist.ure movements were used for this
exFeriment. In addition a prism of Krw-i greywacke (see Appendix 19 and Table A25.4)

4.
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Table A25.3 Data fron unrestrained moisture movement tests.
calibrated in inches, therefore Al is in inches.
moisture movetnent, percent. L is sanrpte length,
size and RSV the Rock stabilitv value.

Dial gauge used was

!tbn" is the unrestrained
Ir1" j.s rock mean grain

I'QFIT

L = 62.625 ttutrr 2.4656 inches
Mz = 1.317 phi; 0.4 nm
Rw= 6.1
Gauge AI - Irtns llorrls
read- (x10-r) .Al - -ins q-1I00)

percent

sJ- 31

59.575 mn; 2.3455 inches
L.63 phl; 0.32 mn

6.6
Gauge Al I'tn_ fburs
readl- (xi.O-s) ,Ai " ^i r^ (;--td00)
-..Y

percent

1c[1{-14

76.4 nmr 3.0078 inches
2.6 phi; 0.165 uu

6.5

Gauge Al _ I'h" Houla

T."d- (xlo-); t$aooli--*..Y
percent

0?.418 0
07.42 2
07.425 7
07.434 16
07.446 28
07.463 45

repeat
n??o^
07.79I r
07.7915 1
o?.794 4
07.808 L8
07.8L9 29
07.829 39
07.839 49

o0
0.000s 23.3
0.oo28 35.8
o.0065 48.0
0.0114 7r.6
o.oI83 95.5

00
0.0004 r.8
0.0006 4.4
0.0016 a.2
0.0073 22.7
o.oI18 46.8
0.0158 59.5
0.0199 98.2

19 .94i. 0
19.950 9
20.00 59
20.003 60
20.004 60

rePeat
20.30 0
20.306 6
20.31 I0
20.312 !2
20.32 20
20.32L 2L
20.322 22

00
0.0038 11.0
o.0252 23.3
0.0256 52.6
0.0256 7L.7

00
0.0026 3.8
0.0043 9.67
0.0051 23.51
0.o085 4s.69
0.0090 72.36
0.0094 95.14

14.81 0
14.823 13
14.843 33
14.853 43
14.857 47
14.861 51
L4.871 67
14.881 7L
14,89 80
14.898 88
14.905 95
14,905 95

00
0.0043 7.41
0.0110 22.55
0.0143 29.38
0.0156 31.7I
0.01.70 33.29
o.0223 47.46
0.0236 51.04
0.0266 7L.96
0.0293 75.79
0.0316 95.41
0.0315 97.54

BQ_V

L = 68.0 wi 2.6772 inches
Mz = 2.73 pbi;0.15 ro
R5/= 7.I
Gauge Al . hs Hours
read- (xlo-") ,41 - -in^ (=100)
s.Y

Percent

Bg-rxA

78.4 mnr 3.0856 iaches
2.9 phi; 0.134 nm

5.4

(xto-5)
l{n_
al

q-doo)
Percent

Gauge
!eacl-
ing

KS-2

70.7 nun; 2.7835 inches
3.27 phi; 0.104 ur

7.15

Gauge Af - h= Rours
read- (x10-r) ,A1 --
i"s- (;+<1o0)

Percent

nl ROl 6

01.591 0
01.592 1
01.s99 I
0I.60 9
01.608 L7
0t.617 26
01.526 35
01.530 39
01.655 64
01.665 74
01.685 95
01.701 110
01.709 170

00
0 0.95
o.oo04 2.60
0.0029 4.77
o.oo34 9.47
0.0064 14.10
0.0097 24.O7
0.0131 29.52
0.0146 33.22
0.0239 48.30
0.0276 55.?0
0.0355 71.68
o.o4t1 80.51
0.043? 96.01

22.35 0
22.355 5
22.37 20
22.385 35
22.39 40
22.407 37
22.4L5 65
22.422 72
22.427 71
22.43 80

00
0.0016 5.52
0.0065 11.52
0.0113 23.92
0.0129 31.84
0.0185 47.54
0.0211 57.37
0.0283 7L.67
0.0249 100.17
0.0259 1f0.59

I1.695 0
11.733 38
11.813 I18
11.978 183
11.883 188
11.884 189
11.885 190
11.885 190
11.885 190
u.8s5 190

00
0.0137 r.83
o.0424 5.50
0.0657 2L.75
0.0675 48.17
0.0679 69.L2
0.0@3 7t.67
0.0583 76.05
0.0683 77.58
0.0583 93.33
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TabLe A25.3 coatinueil

gr-i
tr = ?5.O uu 2.9528 inebeg
Ba = 4.23 Fhfu 0,.083 m

3.9

Gauge AI , Ibs Hours
read_ ,*16_41 ,41 .-i;;- (:1oo)

per.cellt

$f-$

€4.r5 uF,r 2.5394. iriohes
{.?2 pb,i; o.'038 m

8''8

oFn
73:i84 lin,r ?.947L incb€ts
5.6 pbi; 0-02L @

11.3

Gaugd
r@il-
nry

irtircebt

Garge AI
reod- (xlo-r)
lng

41 . l&ls HguFa
(r1o-') rflaoor

pereeEt

,09.3tr8 0
O9r., 2 2
09.329 X.X

09.338 20
09.367 49
09,3?9 6r
Og.rto9 91
09.42 lO2
09:.4d LZz
09.45 132

o0
0.oo0? L.?2
0.o03? {.3{
0.0068 7.27
o.ot66 ?2.o5
o"02o? 30.62
0;6308 46.92
0.03.t5 54.72
0.0413 13.97
0.,04{7 93r9?

11.?28 0
u.?3a 4
u-?3& 10
1.1. ?40 tra
11.?5a 24
11.?? 42
11.789 6l
xlrgl@ 8-0

1t-.820 92
111836 108
p.649 120
1a.s69 141.

11"671 I43
u.8?2 144

00
o,.ooJ.6 3.50
o.r0u39 5.47
0.Oo47 6.41
O.OO95 !,3.59
0.0155 24.00
0.0240 34.19
0.0315 48.@
0.0362 59.0S
0.0425 ?1.80
0. O4?3 8E.ftz
0.0555 121.O4
0.0563 L46.42
o-0s5? L69.3s

06.05 0
05.086. 35
os.lr 60
05.148 98
05,.213 163
05.38 t30
05.41 350
05.rt!B 388
O5.|M4 394
05.523 473
05.535 495
05.5gI 531
05-59 540
05.599 549
05-60 550

oo
o.0te4 2.6
0.0206 4.82
0:.03J7 7.63
0.0s61 10.46
0.1135 21,.79
o.1e38 25.{6
0.1335 29,L6
0.13s5 30.88
o|L621 45.96
O,.16;6€ i19.39
0.r82t 70.38
or.185g ?7.76
0.1889 93.79
0,i1892 96.96

rrF22

6 = 5?,9 Elr 2.,673'A lnebes
[z = 6-2g ph{l, O.O13 m

11.9

Gauge A1 - !lB- BqtrrE
read- (do-') ,AlfrolfutsI 'L

pel3ceriE

w.79L 0 0 0
97.997 206' 0,.07?1 2.2
08.0?5 28.1 0.1052 6,75
@.r.23 332 0.1342 8.58
as-229 43A 0.1639 13.18
Q8l,r67 57u 0:2155 23.75
0s-383 592 0"2C15 28.42
08.411 620 0.2319 36.09
4?trl!le clcek€a?
'O8.4:I5 5?4 0.2334 4e.l'2
08,.415 62,4 0.2334 ?3-42
08.415 625 0.2338 95.59
repe4t
otr.45 0 0 0
01.526 75 0.O2A4 0.?o
o1.?o5 2S9 0.0954 3.:t7:
0r..797 s47 0.1?98 ,6.15
ol.e63 {13 0.1550 9.73
01.882 432 0.,1516 13..62
'EaDtr}le eraek€d
ot.90 450 0.1693 24.21
0lL.91F 468 0.1751 26.87
01.919 469 0.1755 47.87
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Figure A25.1 : Unrestrained moistr:re rpvament of grreln*acke-suite

rocks takes place rapid.Ly within the first 20 hours

of testing, graduall-y attaining equil.ibrirn after approximately

90 hor:rs (4 days). Note the 1og scale of the y-axis. Argillite
movements are an order of nagmitude greater than grelvackes.
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C]'clic rnoisture movement values for prism KTw-i.
A25.2.

compare with Figure

Length (L)

Cycle
number

= 20.9 sn

Conparitor
measurement

Sanple
measurement

Al
x 0.001 cn

h^

$xroo
0
0

I
'I

z
a

J

3

4

4

6

0
+0.0001

0
0

0
0

0
0

-0.0002

05.67-l
05.428

05.77
05.43

05.?9
05.45

05.79
05.45

05 .79
05.4'l

05.83

0

-0.0249

+0.0093
-0.0247

+0 .0113
-0.0221

+0.0113
-0.022'1

+0 .0113
-0.0207

+0 .01 53

0
-0.12

+0.05
-0 .12

+0 .05
-0.r1
+0.05
-0.11
+0.05
-0 .10

+0.07

was included. lleasuremenrs were recorded with reference to an invar rocl (for the Prisrn)
and a stainless steel rod (for the cores).

Results (Tab1e A25.5,F5-9ure A25.2) slror tle argil-liE ccres ard fu grisn to ha\re crrnrlative e4nnsions.
Roper (1959) attributed this to crack formation and propagation. Indeed, dluring the

experiment, argillite cores developed microcracks and a snall argillaceous portion of the
prisrn further microcracked. Conparison between KTW-i core and Plisn results show si:nilar
percentages of expansion, indicating the greywacke to be cracking also (KT$-i core was

free of any argillite).

Roper (1959) concluded that volume changes were related to lnternal surface area. Applied
to Figure A25.2, this suggests argillites to have larger internal sulface areas than gtey-
wackes, some of which indicated shrinkage tendancies.

Permeability as an indicator of rock durability

Permeabilities of WeJ.lington grelnvackes and argillites were studieal to better underatand

the role of internal surface area and rock degradation, and establish the effects water ha6

as it passes through a rock.

Factors influencing rock permeability include;
mineralogry.

anisoeropy, porosityr texture and

Perneability measurernents were made on 25 rnm dianeter cores of maximum integrity, r'tith

axis orientation perpendicular to bedding and therefore the permeabilities measured are a

ninimurn. This is the only orientation for which results could be conficlently related
betlreen sannples, as permeability parallel to bedding varies due to fabric anisotroPy.
Sample preparation is outlined in Appendix 22. Calculations were based on a forntula from
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Curtis (197L) which determines k and malr tre related to pore geometry and internal surface
characteristics of rocks. AbsoLute or specific permeability, k-, is ilimensioned as an
area which may be considered as "average pore area" determining the rate of flow. It rnay

be considered a characteristic of the rock provideil the transmitted fluid does not alter
the volume or internal surface of voids or solids.

Values of k, established for 10 dj.fferent grelzwacke-suite rocks (Table A25.5), dirninish
with time (Figure A25.3) and appeared to stabilise after a rninirnum of 90 hours on test - an
eguilibriurn time consistent vrith that of other tests (sectj.on 3.6; Appendix 19). Howeve!,
all permeabilities were low, after 90 hours the mean value of k being 1.63 x 10-19 mO

Ftandard deviation 0.8? x 10-19 rnO) and values are masked by spurious change.

The reduction of k values with tirne is probably a response to pressure differences rrithin
the sample. As the rock becomes saturated, water i.s absorbed on internal surfaces. fhis
water has a high viscosity, but is mobile and takes part in the flow (Neville, 1975), anil
surface tension within pores is increased. This plocess takes place regardless of the
length of soaking period before testlng (at least one month) and takes pl.ace even when a

sample is retested.

Becauae of this k reduction (Figure A25.3), argillite permeability reduction rates tend to
be faster and k, after 90 hours on test. is 1or..

It is probable that rates at which greywacke-suite rock come to equilibrir:m reflect their
rel.ative susceptability to degradation (see llayer, 1963 and Farran and Thenot, in tlayer,
1963).

The equilibrated state of permeability after four days is mainly dependant on pore geometry,
the chemical status of rnoj.sture within the rock, and the properties of organic and accessory
mineraLs (Krynine and Judd, 1957). Initial permeabilities therefore rnalz be better for corn-
parative studies since these values are most likely to leflect mineralogy, textural and
porosity differences.

The relationship of k wlth rock mean graj.n size is uncertain due to k changing with time;
hovrever a linear relatj.onship does result after 75 hours of testing (r = -0.52, Figure
A25.4',. The initial, or three hour values of k shovr a relationship with rock mean grain
size analogous to that shown by Rock stability value (RSv) and by x chlorite content (Rovre,
1979) but the trends for Rsv and x chlorite are not linearly related to k at any test
ti.me.

Relationships of three hour permeability, chlorite content and RSV inilicate tbat increasing
phyllosilicate contents general-ly effect increases in k. The lower volurnes of matrix
(phyllosilicates) in coarser grained greywackes do not produce lower k values in these rocks
since phyllosilicates are abundant in the sedimentary rock fragments the rocks contain
and because zeolite, a permeable mj.neral, is often present a1so.

Discussion: a sequence of degradation by natural agencies

From data presented, degradation appears strongly influenced by:

(i) Watert both that influencing the rock from climatic conditions and that as an
inherent component of the rock.

6.
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Data from cyclic moisture movement tests. Dial gauge used was
calibrated in inches therefore a( is in inches. lsnd is the cyclic
moisture movement, percent and L is the sanple length

Sample nrmber
J.ength (I,)

Cycle Cqnpatitor
nunber rneasurenent

HQ-l7
2.4115 ilches
sample 8I
tneasure- (x1O-4)
nent

SJ-31
2.31f5 inches

Sanple Al !{mn
measure- ( xLo-4) t{rootDent 'L

percent

rut{-I4
2.348 inches

Sanple AI
neasure- (xlo-4)
ment

Mnd

r$roor
percent

l,lnd

Ct'*roor
percent

L 900
I
2

3
3

4

5
5

5

7
I

I
9
9r

f067
1 049

1061
L046

1064
1 049

1062
I048

1063
1049

t 061
LO47

1063
IO48

1063
1049

1058
lo32

o
+18

4<
+21

+?
+L8

+5
+19

+4
+18

+6
+2O

+4
+19

+4
+18

+9
+35

o
+0 .075

+0.025
+0.087

+0.012
+0.075

+0.021
+0.079

+0. ot7
+0.075

+0.025
+0.08 3

+0.017
+0.0?9

+0.017
+0.075

+0.037
+0.145

2014
20L2

2018
2010

2016
2010

2018
20L2

2020
2014

2017
20II

+0.008

-0.017
+0. 017

-0. 008
+0.017

-0.017
+0 . oo8

-0.025

-0.013
-0.013

0
+0.098

+0.026
+o.o77

+0.026
+0.085

+0.034
+0.072

+0.038
+0.098

+0.047
+o.o77

+0.026
+0.050

+0.009
+0.060

+0.034
+0. 132

+0.030
ball bearing register hiled

0
+0.108

+0. 030
2039 +22 +0.095

2051 o
2036 +25

2054 +7

2054 +7

1691 0
1668 +23

1685 +6
L673 +18

16S5 +6
1571 +2o

1583 +S

16?4 +17

1682 +9
1668 +23

1680 +11
16?3 +I8

1685 +5
L677 +14

1589 +2
L677 +14

1683 +8
1660 +31

0
lz

-4
+4

-2
+4

-4
+2

-6
0

-5
iJ

r water soak period prolonged three days 1.e. was seven day soak.

SamFle nrnber
J.ength (L)

Cycle Codrparitor
nruber measurement

B9-v
2.4027 inches

Sanple AI lhd

l:::*.- (xro-4) t{roolrrent 'L
percent

BQ-IXA
2.3A65 inches

Salnple 41 , hd
rleasure- (xlO-{) 

r$LrOOlment 'L
percent

r(s-2
2.3433 i.nches

Sarnple AI
r--"*"- (xro-4)
ment

und

tf}*roor
Percent

1

I

z

J
J

4

f,

5

o
o

7

I
9
9t

0
+24

+5
+15

+4
+2L

?5

+t9

+z
+I9

+4
+18

+3
111

+l
+I8

+5
+29

0
+28

+5
+22

900 L159
IIJf

1rs4
1L44

1155
1138

1155
1140

r157
r140

1155
rl41
1156
TI42

1158
lr41
1r54
1I30

0
+0.1

+0.021
+0.062

+0.017
+0.08?

+0.013
+0.08

+0 . oo8
+0.08

+o.017
+0. 07 5

+0.013
+0.071

+0.00{
+0.075

+0.021
+0.121

1312
r284

1307
1290

0
+0.tt?
+0.021
+0.092

75t00
ball bearing register failed

L309 +3 +0.013 737
L2A9 +23 +0.096 72t
1307 +5 +0.021 734
1293 +19 +O.OB 719

1308 +4 +O.Ol7 733
1286 +26 +O.I09 7L7

1302 +10 +0.042 ?31
L2A5 +27 +0.113 716

1.302 +10 +0.042 732
1285 +27 +0.U.3 7L6

1304 +8 +0.034 732
1291 +2L +0.088 7L7

1302 +10 +0.042 730
ball b'earing register failedl 7L7

0
+16

+3
+18

+4
+20

+5
t1L

+5
+2I

+5
+2O

+7
+20

n

+0.068

+o.oI3
+0.0?7

+0. oI7
+0.085

+0.026
+o.09

+0.021
+0.09

+0.021
+0.085

+0. 03
+o.o85

* water soak period prolonged three days j-.e. was seven ilay soak.
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Table A25.5 continued.

Sanple nu&er
J,ength (L)

Cycle Conparitor
nurtber tDeasuregrent

XTT{-i
2.4233 inches

SanpJ.e AI l&lr

l:::*.- (xlo-4) 
rgi*roolDent 'L
Percent

SJ-T
2.398 inches

sample AI
measure- (xIo-e)
nent

oB-w
2.3473 inches

Saurple Al
neasure- (xlo-4)
EenttSroor

percent

llDd

rfr,roor
percent

I
I

z

?

4
4

5

5
6

1

n

a

9
9r

0
+I8

+5
+27

+5
tzz

+8
+22

+9
+30

+13
+26

+10
+26

+11-
+27

+I6
+42

900 951
>JJ

946
924

945
929

943
929

942
92r

938
925

941
925

940
924

935
909

0 1198
+0,0?4 1182

+0.02t 1194
+0.111 1178

+0.025 1196
+0.091 II79
+0.033 1195
+0.091 1179

+0.037 1193
+0.124 LI72
+0.054 11.88
+0.107 1176

+0.041 Il90
+0.107 1175

+0.045 ll89
+0.111 LL77

+0.056 1185
+0.173 ll55

00
+16 +0.06?

+4 +0.01?
+2O +0.083

+2 +0.oo8
+19 +0.079

+3 +0.013
+19 +0.079

+5 +0.02I
+25 +0.108

+I0 +0.042
+22 +0.092

+B
+23

+9
+21

+13
+43

+0.033
+0.096

+0.038
+0 .088

+0.054
+0.179

1701 0
L664 +57

1699 +2
1642 +59

1699 +2
L642 +59

1592 +9
L644 +57

1695 +5

0
+0.243

+0.009
+0.251

+0.009
+0.251.

+0.038
+o.243

+0.021
+0.25i.

+0.026
+o.247

+o.017
+o.247

+0.0I7
+0.251

+0.021
+0.345

L642 +59

1595 +6
1643 +58
visible crackirg
1697 +4
1643 +58

1697 +4
1642 +59

1595 +5
1620 +81

* lfater soak perlodl prolongeil three days i.e. was seven day soak.

Sample nrnber
Iength (L)

Cycle Conpalitor
nuuber Eeasureoent

H922 (r)
3.123 inches
Sanple AL Mrtrd
Eeasure- (xlo-4 ) t$rooltnent 'L

Percent

HQ-22 (2)
2.963 inches

Sanple AL
DeasrEe- (x1O-{)
nent

Mrn6

r$rool
percent

I 900
'I

2

J
?

4
4

)
5

6
6

7

I8200 1783 0 0
ball bearj.ng register failed ball bearing regieter failed

r13
073

lr2
068

112
472

110
06t

115 0
069 +45

+2
+42

+3
+47

f?

+43

+5
+54

visi.bl.e cracking
IO8 +7 +o.o22
467 +48 +0.154

II0 +5
066 +49

L05 +10
062 +53

1713 0
1573 +40

l?10 +3
L572 +4I

t?o9 +4
1669 r44

1709 +4
1658 +45

0
+0.147

+0.006
+0.135

+0.009
+0.151

+0. oo9
+0.138

+0.016
+0. t73

+0.016
+0. I57
+0.032
+0.L7

1708

0
+o.135

+0 .01
+0.139

+0. oI4
+0.149

+0.014
+0.152

+o.017+5

I
d.

9
9*

1564 +49 +0.165
visiSle longitudinal crack
I 705
r563

1705
1658

+0.024
+50 +0.169

+8 +O.O27
+55 +0.196

* viater soak periodl prolonged three clays i.e. was sevelt atay soak.
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KTW-ta BO-IIA

Figrure A25.2

KS-2

dnlu

HO-22(r)

CYCLES OF WETTING AND DRYING

From cyclic rnoisture movement measurementq grelmackes

SJ-31 and BQ-V appear to shrink. Grelnrackes KTttsi and

KTW-I SJ-T

Ho-t2Q,

S,f-T as well as aLl argiJ.lj"tes testeE appeElr to expand.
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Table A25.6 : Sgedl-fic tnqeabllity; k,, a't nWinal tlne interrual,s fo:e aIl sarrryles t€ste{l.
lElie ltearest recsriled tloeq oorresponding to the permeabtltLtie* dalctllateil
ia nl.Il-ictarcLes (x tO-f 9, , are shown in braokets.

Eanpi-e ROdk mearl
grajln sise,
phL

Nomlnal- ti$e intGifTals, horrrE

20 48 75 100 130

EQ-l7

sJ-31

KTff-I4

aQ-v.

BO-rX*

:&S-2

K!Xl{-1,

s.t-E

OB-Iil

sQ-22

Averngre kDD

1.317

r.32

2;6

2,73

'?..9

3.?V

4 "2i

4.72

5.6

6,28

af,ter 90

[9.6
(4}

18 "37
(5,)

L4.6
(4.6)

7.34
t2t

3.19
(5)

8.4L
(3)

15.2
({)

11.3
(4)

33.61
(?)

9.28
('1! 

' 51

borrre = Xr63 n
s.cl. = 0.8?

u.5
(z?l

:.1.24
(2,21

110.7

120l.

5.i_l
(20),

4,.09
(1el

8.52
(22)

7.7,3

t23 )

8 .09

7.29
123)

r o-19

88-3{
(411

3.34
(4s )

2.4J
t44l

3..22
( 55)

3.74
(43)

6.71
,t4'2'l

,6. ?4

(4'71

5 .9,6

(51)

rl.1
(411

6.e2
(471

t.a2
(74,t

r.0.9
(75)

3.19
(,68 )

2.98
(58)

3,06
( 68)

0.52
( 79)

t.d3
(?,o)

L.24
(76)

r0 
"57

(8r)

0.71
,ttr]

0.8
( 115;)

2"65
(;92,)

2:,:19,5

(9[)

0.4'8:
(103)

I.Z3
(e6)

2.52
(117)

tr r45
( 98)

0 .91
{r06)

1.25
(r43)

1.3d
(r40)

2162
u{l}

o,48
(138f

2.49,
(13r1

2.88
G43)

1.76
(r{0)

l,I{
(r.29}
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Fignr,e ,A25.3 : germeabi.l.ttfr is reduce€ wLttr test tiOe fsr a1l rocks
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D-ately 9o bo'rs on test at a. \'"lue less ttan a x lo-19 no.
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o48
oZ5 hours on tesl

o
o
!

:3.

34
0.125 0.0625

ROCK MEAN GRAIN SIZE

5
0.031

6
0.0t56

phi
mm

Figr:re A25.4 : Permeabil-ity shor.,rs an imrerse relationship with finer
rock mean grain sizes for times exceeding 20 hours on

test. InitiaL permeabilities'(three hor:rs on test) shor that g!ey-
wackes aror:nd 3 phi (O.L25 nun) mean grain size, have pomeabilities
25 to 30 percent of those of the very c€rse and very firre rocks in
the suite, with a gradation between rninj.mrm and naxi.unrm values.
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(ii) ltineralogy (which is related to rock mean grain size) and the presence of zeolite
rraini na

(iii) Internal surface area of the rock.

The clegradation Process apPears to colunence at the $oment of release from the guarry face
and to be initiated by rock expansion. Perhaps this is best shown where ripping is used
to loosen in eitu rnaterial'. The alternating grelmacke anil argj,J.lite, dipping nearly
vertically, are confined - the greywacke less so than the argillite which because of its
plasticity has developed recemented shears referred to b!, Clelland (197I) as ,,rriscontin-
uities effectively heaJ'ed by later recrystalli.sation". Ripping of greywacke presents
lrttLe difficul-tly but argil.lite presents a massive unyielding obstable; even nhen ripper
depth is reduced the ripper will merely glide over the bed, often conpletely lifting the rear
Fortion of very large machines. when the argillite finally yielcls, it breaks out as verv
large bLocks- Ripper teeth have a life measured in minutes, rather than lrours, in such
conditions and a single ripper is generally used.

Rock expansion i.n resPonse to pressure reJ.ease, although not easily guantified, is a well
documented phenomenon (ollier, l9E9; llinkler, Lg73). pressure rel_ease probably continues
as dessication starts, i.e. dessication of boti capillary and ordered rirater or guarry "sapn
(Ilowie, 1910; Parks, L911; liatson, 1911; I{inkler, 1973). Acccnnpanying pressure rerease
and ilessication, are thermar expansion effects (heating and coollngI as yet unresearehed,
and the effects of wetting and drying. From the ultrasonic velocity measurement of
Kll{-i Prisn (Appendix 19) and measurement of unrestrained rnolsture movement and permeability,
equilibrirmr wlthin an agueous environment is achieved in approximately four days. The
observation of schaffer (1932) that a stress gradient is produced by rain, because Jiock is
only soaked to a slight cteptllmay be sigrnificant for blocks of rock with lelativel-v low
surface area to volurne ratios.

rf some constraj-nt is placed on rocks undergoing cyclic moisture nov?nent they must exper-
ience an elastic deformation. rn dessj.cated rocks, water penetrating into capillaries
builds high vapor:r pressure in adjacent dry air spaces, due to the gnall teniscus radii
(Mayer. 1963), which induces deformation - even complete disj.ntegration. rndeed a measure
of the ability of some shales to disintegrate in \rater is given !5, air_dried moisture
content (Badger et cL., 1955), indicative of potentiar vapour pressures. cyclic stress
brings about the slabby degradation seen in cores cut perpenclieuLar to bedd,ing, the flaking
effect along follation planes and, in larger pieces of rock (recluced surface area to volume
ratios), the concentric spalling observed (plate A2S.Z, A25.3) _ sirnilar t! that noted by
Heldecker (1958). These observations are consistent with permeability eff,ects or the
ingress of water- Internal surface areas musi be greater in rocks rich in phytlosilicates
due to the presence of interlannellar spaces. Murray and Lyons (1960) have shown, for
kaorinite, a relationship of sr:rface area to base exchange capacity; totar iron andr
titaniur increasing with decreasing degrees of crystallinity. chlorite is recognised as a
mineral which decays ear].y where weathering processes are active (Goldich, I939;
Loughnan, 1969) and has been shown by lIarshall (1974) to be the fir8t cormon mineral to be
destroyed in the weathering of greywackes. chlorj,te components occur in sigmificant
quantitj-es in wellington grel tacke-suite rocks and have been shown to decrease in crystal-
linity with finer rnean grain size of these rocks (section 2.14.3). The chlorites are
rich in titaniun and iron (Sarneshima, l-97:.; Appendix g) and the su-rface area and bage
exchange capacity is probabl.y enhanced with reduced crystal.linity.
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42 mm

. 33mm

-

Plate A25.2 : Degradation of argillite (OE-W shown) dlisplays trnrtions
displacecl from a central core along curvilinear planes;

(A) , (B) and (C) show the phenomena, which is probably dlependant on
surface area to volume ratios. rn (D) the control of dlegrradation by
curved planes perpendicuLar to bedding ancl bediling plane fissiLity is
shown.
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40 mm

38 mm

Plate A25.3 : Kawhia siltstone (X!.t-l) shows cr::lrred fracture sr:rfaces

about a core after exposure to wetting and ctrying

cycles. Both 6)and B) are of the sane sanple.

A

B
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When microcracks develop due to q1c1ic wetting and drying, chcnical weathering of a more
obvious nature occurs at their edges and corners.

The dilation of crack openings and propagation of the crack with wetting of the rocks no
doubt facil'itates this develotrrment. The 5ock alters its colouratj.on as yerrow-brqrn,
brown or red-brown oxides of iron are leachecl from chlorite ancl plrrite although this
staining may be obvious onJ.y in thin section. The col.ouration is transnritted through
the matrix material which both propagates and provides tbe iron oxides. rhe rock mny now
be considered to be incipientl.y weathered, to an er(tent that couldl certainly be dletected
by the washington degradation test and probably by the clay index test (Appendix 23, 24).

Degradation' arthough decreasing physical size of rock particres, Lncreases their surface
area to volume ratios without reducing their strength. only their plrysj.cal integrity is
destroyedl' rnileed, on dessication rnost rocks gain strength, although pore pressure aad
weakened bond strength result in earLier compressive failure when roeks ale tested 11Et
(Michalopoulos and Triandafilidis, L9ZG, aection 3.5.1; Appendix 13). Such a harden_
ing/strengthening procedure is well known to stone masons, nho speak of "6easoning,
building stone prior to its use (Howle, 1910; parks, I91l; Idatson, LgII). Sir
christopher wren inEisted that the Portland stone chosen fcr the construction of st pauls
cathedral, London, be geasoned for at least three years before use. (schaffer rg32).

Frorn the stage where physical strength is advereely affected by degradation, i.e. the
stage at which iron oxiiles form, the rock and its associated engineering propertiea are
most conpricated and, as yet, little has been done to research geologicar aspects of theae
rocks, let alone marry geological properties to end u8e as engineering raaterial.

tlany engineering probleurs encountered, particularly with aggregates, have been attributable,
at least i'n part, to excessive weathering; partieles experiencing a ].oss of strengt1- due
to the formation of various chemical oxides. This variety of weathered (degraded) rock
Probably influenceil failure of the Auckl.and-Hamilton motorway (Cornwell, 1965) anri rns
certainLy a factor in ilegradation mentioneci by Dekker and scott (1969).

rnconsistencies betrdeeD petrographic prediction and performance tests (Crelrand, 1921) have
not helpeil in the establishment of linits for deleterious substances and physlcal property
requirements for ttre end use of various aggregates for Nen Zealand (simllar to Asrrl
C33-74a, table 3).

1

(i)

Conclusions

The rate of, degradation can be suprisingJ.y rapid with eracks dleveloping in
argillites wittrin turo months of ex;rosure.

(ri) The measurenent of internal rock surface area may lead to a better understandLng of,
the degradation process.

(iii) Chlorite conteDt (and zeoLite in vej.ns) anit dlegradatioD are directly related.
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A-DFEI.IDIX 26

test results for sand (Walton park) used in concrete rnixes

The sand used j.n concrete nixes for this study was a natural rounded silica sanil suppJ.iedl
by walton Park sand co- Ltd., Green rsland, Dunedin. The sand has impurities of iron oxide
(less than 5 percent) imparting a yellow-orange-light brown stain to surface iregularities
and cracks in the sand particles. The average diameter of the grains is 700 microns and
alr pass a 4.8 rnm sieve. Thto clean 200 litre (44 9a11on) drrxrs of the sand r^ras homogenisec
b}'thorouoh mixing before being split to obtain representative sampres for use j-n concrete.

The sand has been tested freguently by the Nevr zearand concrete Research Association, over
the last decaderand has been used as a standard repeatedly over this peri.od. Results of
tests confoming to Nzs L051:1953 and NZS 3111:1g74, obtained in 1g5g and 1g7g respecti.vely,
are Presenteil below (Table A26.1). Additional tests were carried out specifically for
this study and are includecl with the 197g test results.

Tabl,e A26 .1 ?Iro sets of results of ltalton park sand tested ten year6 apart. Tests
conformed to NZS 1051:l-953 and NZS 3111:1974 for work done in 1969 and l9z8
re*'iectively. sand represented by the sample tested in l9?g was used
in concrete made for this studv.

Test description Test !esuLt 1959 Test result 1978

Sand eguivalent

Sodir.ul sulphate
sounaness test

Bu].k density and
voi,ds clontent

Density and
absorption

Organic inpurities

Sieve analysis
Sieve size

3/I6"t 4.75 rnr
1t7; 2.36 m

{t14; 1.18 mr
i25i 500 ulr
*52; 300 uD

#1.00; I50 ulr
*2AO; 75 r0

PAN

total:

75

Welght loEs, 2.4 pelcent

Dry roilded bulk density - 114.7 1b.ft-3
Dry rodded .voids content - 29.2 percent
Loose poured bulk dlensity o 99.8 lb.ft-3
Loose poured voids content - 39.5 percent
Flow time - 2I.8 seconda

Density (SSD basj.e) - 2,6I gE.6r-:
Density (dtry basis) - 2.60 gm.cn-r
Density (appalent) - 2.62 F.co-3
Absorption(dry basis) - 0.16 p€rcent
AbsorPtion (SSD basis) - 0.1.6 perceDt

Ioose pouredl bu].k density - 1?40 kg.a-3
Lose pouled void,s content - 37 percent

75

Density (SSD basis) - 2610 fg.r-l
Density (dry basis) - 2500 kg.ru-r

Fl,oF tine
Oversize Baterial

Absorption (iiry basis) -
Absorption (SSD basis) .

t{o harnful i-lopurlties prcsent

21.5 geconde
1.2 percent

0.42 percant
0.41 percent

Percent
aetaii!€d

0.3
6.2

20.3
33.9
14.8
15.2
8.2
l.o

cl8ulative
Percent passing

99.7
93 .5
oJ.z
?o"
24.3
9.3

Percent
retai.ned

5.I
ro. a
38 .9
30.1
7.4
1,6
0.3

100. 2

Crnuletlve
perceat glsslngr

99.3
94.2
78.1
39. 2
9.1

o:t

99 .9

Fineness modulus 2.d,

* Plotteil in Figr:re A26.1

Fineness nodhrlus 2.78
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APPET{DTX 27

Concrete mix designs

Ehe concrete nix designs used in this study were based on rvork by l.lclntosh (1"966), Shacklock
(1974), lleville (f975) and Teychenne et aL. (L976), consistent wi.th acbieving trro easily
conparable mixes, of high strength, Lov water content, very J-ow workabilj.ty ancl higl: aggre-
gate to cenent ratio with coarse aggregate, particularly 19 nmr aggregate, constituting
66 percent of the coalse aggregate blend.

Initi.al trials included rrater cenent ratios of 0.4 and 0.5, but the contrast between such
drastically different water to celr!.ent ratios,masked subtle rcorkabiLity affeets irnparted by
aggregate and did not provide concrete of sufficj.ent strength.

?hese mixes, designed specificall,y to attain high strength hrith high aggregate to cement
ratios, would not normally be cornmercially viable because rorkability ancl cohesion are low
due to lack of sand.

t4ix I and 2 ilesign calculatlons, for each aggregate, are given in Tables A27.L, A27.2.

Table A27.I Mix I concrete was designed on the basis of a tn3 volurne; values marked
with an asterisk (*) indicate weights of components for a 1rn3 volume of
concrete.

Concrete sample

I'la'ter:c€ment ratio
Densitv, cement
Density, sand
Denslty, 19 mn aggregate
Density, 9,5 ncr aggregate
3O ninute water absorption, sand.
30 minute water absorptlon, 19 asn aggregate t
30 mjnute \rater absorption, 9.5 rncn aggregate *

HQ-l7

0. 375

tcg.n-J:rao
!g.m-: 25c0
k9.m-r 2647
kg.m- ) 2632

I o.42

13 o. r,3r3

n 
"?

350

I at ?

0.1115

0.02
o-2624
o.7372

30

4.22L2

575.0

Krw-L4

o.375

3140
2500
ZbDU
2644

o.42
n lq

350

131 .3

0. 1313

0.1115

0. 02
o.2624
o.7372

J9

o.22L2

5?5.0

O.7312
a.22L2
0,515

BQ-rXA

0.375

31.40
2600
2658
265r

0.42
0.17
v.5l

350

13r.3

0.1313

0. 11 15

0.02
0.2528
o.7372

?n

o-22L2

575,0

o.1372
o.2212
0.515

sJ-r
0.375

3140
2500
259L
2676

0.42

U.Jb

350

131.3

o. r313

0.1115

o.2628
o.7372

30

o.2212

575.0

O.7372
O.22L2
0. 516

oB-w

n ?7q

3140
2600
27I3
2699

o -42
o.26
u.f,

350

131. 3

0. r313

0.tlr5
0. 02
o.2628
o.7372

30

o.22L2

575.0

o.7372
o.22L2
0.516

Hk-.22

0. 375

3140
2600
257L
zo to

0.42
n ?"
0.52

350

r31.3

0.1313

0,llls
0.02
o.2625
o.7372

30

o-22L2

575.0

o.1372
s.22Lz
0 .516

try nix proportions
Cenent content
I{ater demndi cenent content x W:C
ratio
Total mix volrDest
vortrme of water - $atsf gelEnd

1000

x 1.000

Coarse aggregate content;
totaL volrue of aggregate

vohore of sand
.'. volune coalse aggEegate

tkg

k9

vol,une of cenent - ceEent coDten! .3p cenent x 1000
air eontent (uon-ai-r entrainecl = 2 percgrt)n3
total vohute of water, celnent and air n3
.'. totaL voLrane of aggregate n3

Sand contenti
volule sand in total voLne of aggr-gate t
.'. vohne of sand = voluae of aggegate

x 0.3 m'
weight of sand = volumeofsandx p sand

tkg

r] 0.1372
n{ o.22r2m- 0.516
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Table A2?.1 eonui.nued

901.6 9()6-0 90s.3 916.6 903.9 909.6

0.u03 0.1?03 0,1703 0.1703 0.l?ot 9.1703

4{8.2 450.2 451.5 455.7 459.6 455.7

2;12 2.42 2,.42 2.42; 2.42 2.42

1.36 1.54 r.93 2.40 3.0

rrg+2

66 65 65 65

0.11105, 0.31105, 0.3tLO5 0.t406

I.6? 1.61[ 2.62 9.t?

131.3 1!X,3 1,31,3 l3t:3
136.9 13?.3, r.38.? 13er.1

- relqht 19,.!io eqsEegrte
100

I (3O,al,nute nt r abaorF
gioE- oistlrre cont€nAt trgf 1.gE

9.5 t@ aggregatas selght of, nlteErcgulrld
to briDq 9.5 E aggtre-
gate to ssD ooBditlon

x [30utr..nater ab]DSF
tion - rci.Efifqe ccfltenfi) IS

Q,lEjlrlatgd lratat dl€EaEdt hS.

gorFecge4 !ra{rs! demard rlg

Baqoh rcei4|his for o.og u3 sonerete ({.e.
twelve, 2OO ix lO0 m cylinda Doulals)

@!|crete gqnElle

t9 @ aliglL:isJiate eiratelrt;
votutuF 19 agglr€ate ll eoaree aggre-:ste hlebdl +
vollrne 19 & aggregate - total tolme

aggpq.egate I 0,166 m3
tengh of 1,9 m aggB€qpte - volune .I9 sn

aggrqate *
F L9iB
aggrregate x
1000 f lq

9.5 ffi aggre.iA,te cjqrtetrtst
relrune 9,5 @ a{tgr€qatc iB go4rae a!t{tre-
gate bl€nd t
tro]Llne 9.5 tn aggnegate - total volro€

EqBE€gate :r -o.33 m"
selgtt of 9.5 maggg€qEte -vohae 9.5u

aqgtrggate a
o 9.5.m
aggEr€gate r
l-oo0 *tg

Oorlseti"oas for agEa€gaGe ab6cl4tSOae

Shad: relght oc watar le$dr.eat to b.rtitg
,sasdl to ssD oorrtt:iirlsr

= 
wetgh! sand * (Jo nru.water100

iabsortrr]lon - Dpi.€Etrc c,arft€otl kg

19 4E lq.gr€gate: *Ei,ght o water reEu*redt
to bring 19luaggregrate
to SED coDdltloa

gater?
ee6€nt
sagd
19 u,iggregaEF,
9.5 !n aggrlq4te

8Q.t7 *1l{.14 &'.IXA $t-r oa-fl

66 66

0.3{16 0"3,{06

33333333333.3

1.,48 I-4a

131!3 l3lt3
13?.2 136.5

t9
lg
l(tl
k9
I

tl.I
10.5
I?.3
t7-L
13.5

{.1
10.5
17.3
27.2
13,,5

4..I
10.5
17.3
27,,2
13.6

4.l
1.0.5
17.,3
27.8
13.7

42
lq.5
17.3
27.7
x3-8

tl9
10.5
1?.3
2?..3
L3.7
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! Mix 2 concrete was designed on t"\e basis
with an asterisk (*) indicate weights of
concrete.

of a lm3 volume; val-ues marked
conponents for a Im3 volLme of

Concrete sanp],e

llater:concrete ratio
Density, cement
Density, sand
Density, 19 nm agqregate
Density, 9.5 nun agqregat€

30 minute rrater absorption, sandl
30 nj.nute rdater absorption, I9rm agglegate
30 Binute flater absorption, f.im aggreFte

Dry m1x proportions
Ceilent content
Water d@ndi cesent contentx W:Cratio

HQ-I7

0.4

ks.m-: 3r4o
kq.n-5 2600
lq.n-3- zau
l.g.rn-r 2632

+ 0.42
* 0.22
* 0.33

KTr,r-l4 BQ-rXA

0.4 0.4

3140 3140
2600 2600
2660 2654
2644 265!

0.42 0.42
0.15 0.17
0.32 0.37

sJ-T OB-er HQ-22

0.4 0.4 0.4

3140 3140 3140
2600 2600 2600
269L 2?L3 267t
2576 2699 2676

o.42 0.42 0.42
0.21 0.26 0.33
0.36 0.s7 0.52

rk9

kJ

lotal nix voh.rnest

volune of rdater = 
watgr deoand -3ro-0d- E-

voLrne of cement = 9ent content 3p GiilJ6b6' ni

air content (norrair entralnedl = z percentlu]
total voLrne of water, ceoent and air m"
.'. total vohne of aggregate n3

Sanil content;
volure sand in total vollDe of aggregate t
.'. volule of sand =voluueofagglegate

x 0.3 mr
rreight of sand = vohne of sand x p

350

140

350

140

0.1400 0.1400

0.lrt5 0.rr15
0.02 0,02
0.2?15 0.27L5
o.?2a3 0.7245

30 30

o.2IA6 0.2186

0.7285 0.72A5
0.2186 0.2186
0.s099 0.s099

0.1683 0.1583

442.9 444.9

0.1583 0.1683

446.2 450.4

350

r40

350

140

0.1400 0.1400

0.1.115 0.1115

o.o2 0.02
o.27L5 0.2715
o.7285 0.?285

30 30

0.2186 0.2186

56A.2 56A.2

o.7285 0.7285
0.2185 0.2146
0.5099 0.5099

0.1683 0.1683

454.2 450.4

350

r40

0.1400

0.111s

0 .02
0.271s
o.72A5

30

0.2186

558 .2

o.7285
0.2185
0.5099

56

350

140

0.1400

0.1115

0.02
  ttl t

0. ?285

30

0.2185

558. 2

0.7285
0.2185
0.5099

66

sancl x 1OO0

Coarse aggregate content r -total voLme of aggregate nj
volune of sanal mt

.'. volule coarse aggregate n3

19 m aggregate contenti
vohne 19 rq aggregate in coarse aggregate
blendl r
volune 19uraggregateE total voLutre agEre- r

gate x 0.66 n-
weisht or Le.mr assneeate =:"lHit y ,

19 mn aggregace
x l0O0 *k9

9.5 ro aggregate contenti
volrse 9 .5 m agtgregate in coarse aggegate
bLenil t
vohue 9.5 m aggregate * total vofme aggr* _

gate x 0.33 n5
weight of 9.5mr aggregate = voltare 9.5 ml

aggregate x p

9.5@ aggregete
x 1000 *k9

Corrections for aggregate absorptions
Sand: weight of water requirecl to bring

sand to SSD condition
- weigb! sand x (30 roin. water100
absorption - utoisture content) kg

19 mB aggrregate: weight of water reguired to

0. 3365 0 . 3355 0. 3365 0 . 3365 0. 3365 0 . 3365

890.8 895.1 894.4 905.5 913.0 898.8

rk9 558 .2 568-2

66665666

333333IJ33

2.39 2.39 2.39 2.39 2.39 2.39

brhg 19 mlaggregate to
SSD condition
_ weight 19nsaggregate

100
x (30nlrt. water absortr>
tion - mistrEe coitent k9 1.96 1.34 1.52 1.90 2.37 2.97
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E'able &,2'1 .2 3 eontinued

eoRc.rste ,eryp!.e

9. 5iao *ErEEregate r qrl.Sbt sf rrater requl,aga
to briDg 9.5 q agCregate
to SS csidlt:lor|

fi (30 uia. sater absci4F
tion - uoisa:re conteat)

Galoullated water d6E1rd

dsrr,ected w ter d:rynd

Ija-tclr rpightS fo! OiO3 n3 oerier te (i;e.
tnelve, 2O0 rc J.oO n eyl4,ldti*g Ful,itet
tdtea
een€Dt
Baaal
19 idin aggr'etpE
9.5 lq 4gqtsEgate

kg,

!E
r.

IS

:e
,cs
tq
b

EQ-17

tri{15 L;42

X40rO 14O;0

14-5.9 145.2

E8-IxA

1.6:5 l.6a
x{0 0 tls.g.
1{5.6 t 

'0s.9

sQ- zz

.2.59 2.9
140.0 1{0.o
L47.4 147-7

4r4 4,.1
I0.5 L0.5
1.7"L t?.121-e 27.o
I"3,.6 ls-s

4.1 t4.4
10.5 10.5
17.! I?.1
26-7 :46.9
[3.3 13.4

A.4 1.4
to.s 10.5
17.1 l?..4
2s.9 17 -2
13.-t$ 13;.5
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Concrete cylinders:

APPENDIX 28

Materials preparation, mixing, rnouldlng, curing and test

l. Preparation

Raw materials were prepared in the following manner:

(i) Coarse aggregate preparation :

After crushing,the six test aggregates were graded (section 4.2.I), ttoroughly hand washed,
drained and slowly oven dried to constant mass at 105 13oC. Washing r.ras necessary to
remove adhering surface coatings(section 4.2.71 enabling closer adherance to mix design
and hence more accurate assessment of the aggregate as a rock type in concrete. Oven
drying obviates measurementa of water content, an important mix parameter which rnust be
determined for each size grading of aggregate but which is difficult to control, plomotes
aggregate storage problems and is both teclious and time consrmring to obtain. If aggre-
gates are oven dried, the 30 minute absorption test supplies all the information necessary
for design criteria.

(ii) Sand:
The well rounded quartz sand frorn Walton Park, Dunedin, conforms fully to NZS 311.1:1974
and has been used for several years by the NZ Concrete Research Association as a etandard
in many research and development progra[rmes. The Association test results are compared
with those obtained in this study in Appenilix 27. This sand has the advantage of being
monomineralic and light in colour - aiding studies of crushed and sanrn concrete made from
it. (section 5.4.1 and Appendix 17). For use in this study,two 200 litre (44 gallon)
druns of sand was homogenisecl and a representative sarnple oven ctried for each concrete
mix. No further pretreatnent was necessary.

(iii) Cement:

Csnent ueed was a fresh shipment of bagged Wi.lsons Ordinary Portland cenent, from one
batch. One 40 kg bag made trro to three mixes and six bags were used in aLl. No bag
recnained o=en longer than tno days. Storage was indoors. Pending use, each bag was

stored in teto plastic bags with their open ends leversed and tightly tied closed. In user
the oPen bag was kept in a waterproof rnetal container with a tightly fitting 1id.

The cement was not tested,but assuned to be of good quality meeting NZS 3122:1974 "Portland
cement (ordinary and rapid hardening) ".

2. Fresh concrete tests

Mixdesignis given in Appendix 27. Two 0.03 m3 mixes rdere rnade from each aggregate,utili-
sing water to c€ment ratios of 0.375 (mix 1) and 0.4 (rnix 2). Each mix made sufficient
concrete for L2 cyJ.i.nders, 100 m diameter and 200 nm long, conforming to NZS 3112:1974,
clause 201.

Tests were carried out to NZS 3LL2=L974 and results are given in Table 5.1. A conpaction
factor test vtas also carried out to BS l88L:Part 2:1970, alternative nurnber I; reaults
also being listed in Table 5.1,
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3., Moltltrding and curtng sf. concrete tes.t cylinriters

T"o optiini^s.e con[raction of fresb eo.neli{rte j.n tbe noulds,, a v:[braEtng table was use-d wltfi
v.ts:u-ttl froaitoring of segrregatlon and la{tanc€.

llprllds $ete- f.tU€d in three equal lay,ere, rnarkadl f,or ldeutifl,eatisn and placed lu a curing
ehalqber {n aa eD$tirobfieDt of 100 percent R.tt. (atom,:!ced rdater EpEay) at 21 tloc. IuLt!.all,y
the cylinderB lttre stact<eit horizoatally w.ltlr the sean uppei.uiore€ but after nerooval fr@ tbe
ruoulds, pl.ac,ed ver,tically on Ealvanira€d expandledl netal shelviag.

4. TeetinE of cylindlers

Th€ twelve cylia€l'erLs f:rou eaeh bBtch wer€ tgsted,in ranelgmltz seleeted gloups of three,at
'3., J. 29 aoil 90 day ageing. C!.Ii.Dd€:ns Fere gaken singly fron the eutlng chamjber and
we{gheil lrrnre Jiately in air then i.n rrater. sheir lsng axis utrtrlasoalc ve:loc:lBr wEE
ileteqn-i'ned u-sllg the PUNDIT apparatus a-.ud t$ey wele meaEured tengrtbwiee and aercla8 thio
4l.!.a!treter€ at, nld-heigh|*,zT.So eltber eldle of tbe mould:EedB. IAey rnre tben unLaxially
egrrEDeeasil.on he6tedl. e-gop!.et€ results are girren ta Appeudlx 29, At 28 daya, the etatic
elaetlc noilulus ffiis dete-ined us-iag tenperature eompensated' half bxidge Etraia iaetru-
mentatlod, a single PIi-50 stra'in gauge (60 rm ga{rge l.ength) beiog attaehedl lnrallel to
the longitudiaal axi6 of t,!re qylinrier centred on ml.dt*height (Appendli!( I{).
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Concrete cylinders:

APPENDIX 29

tabulated test results.

Results presented in this A,ppendix are those obtained from tests

over the whore test prograune the coefficient of variation did not
nas general.ly considerably lower, averaging 2.g percent for rnix I
mix 2.

outlined in Appendix 28.

exceed 5.8 percent and
and 2.5 percent for

HQ-17 Mir( I (0.375 wrc)

PTNDIT Age lYpe wL
ti.ute at of in

test test aLr

lJ sec days 9@s

Wt. Density Diar Dian !.tean
in I 2 dia.ur
r,rater

units units unit6 r:nits
grns ks-i3 in tn in in

Length Ioad Strsrgth Mean
at
failute
units
lbf lilPa

silrength

uPa

Range Std
dev

ttltra-
sonic
Irul6e
velocitv

-tm.s -

v

uPa llPa t

43.9

43.9

43.6

42.2

42.5

42.3

41. O

4I.0
40.7

40.3

40.4

40. {

2a

90

3880 2314 2478

conp 3882 2310 247A

3497 2324 2477

3492 2321 2477

onp 3891 2321 247A

3885 2317 247A

3875 2311 2477

coarp 3900 2329 24A3

3915 2340 24A6

3A99 2325 2479

ccnnp 3889 2321 24AO

3SA5 2322 2485

3899 2330 24A5

comp 3890 2321 2479

3900 2329 2483

3907 2337 24A9

c6p 3895 2322 2476

3890 2318 2475

3879 2316 2482

ccrop 39OB 2336 24A6

3899 2329 2483

3.932 3.928 3.930 7.878

3.942 3.932 3.937 7.881

3.948 3.929 3.938 7.882

3.93s 3.936 3.935 7.876

3.949 3.920 3.934 7.880

3.934 3.928 3.931 7.878

3.929 3.928 3.928 7.884

3.930 3.940 3.935 ?.878

3-93? 3.934 3.935 7.890

3.935 3.940 3.938 7.878

3.927 3.935 3.931 7.876

3.928 3.931 3.930 7.876

52,800 30.0

53,300 30.o

53,300 30.2

85,300 48.4

87,2OO 49.5

88,200 50.1

13r,000 74.5

130,600 74.0

132,O00 74.8

r55,3OO 88.5

151,500 96.1

157,300 89.4

7 day: 24i8
2480
4727

30.1

4558

o.2 0.r2 0.4 4560

4592

474I

r.7 1.O0 2-0 4710

473L

49.3

rt884

14.4 0.8 0.47 0.5 4€l8l

4924

4965

88.0 3.3 I.95 2.2 4952

4952

28 tlay: 2452 90 day 248L
24AO 24AO
4896 4956

nean density kg.n-3 : 3 day: ZL?s
reported ln conpliance with !{zS 3I1l:L974 z Z4BO
nean ultraaonic pulse velocity m.e-l : 45?O

KTfi-l4 ltix 1 (0.375 w:c)

42.5

43.1

42.6

4L.5

42.L

41.8

40.1

40.3

40.2

28

3.940 3,928 3.934 7.8S6 55,400 31,4

3-937 3.937 3.937 7.879 52,600 29.A

3.936 3.946 3.941 7,881 32,4OO 29.6

3.937 3.939 3.93€ 7.876 87,OOO 49.3

3.942 3.93s 3.938 7.876 89,200 50.5

3.936 3.941 3.938 7.876 87,400 49.5

3.929 3.930 3.929 7.875 131,400 74.7

3.929 3.937 3.933 7.889 129,50O 73.5

3.932 3.933 3.932 1.877 129,700 73.6

4713

I.8 1.06 3.5 4543

4699

4S21

I.2 0.71 t.4 4752

4746

4988

r.2 0.7r 0.96 4972

4977

30. 3

49.8

73.9

4o.4 39ot 2330 24a3 3.934 3.938 3.936 2.8?4 t53,4oo BG.g 495I
40.3 90 ccrnp 3905 2333 24A3 3.938 3.942 3.940 1.A74 144,800 8r.9 85.5 5.7 3.4 3.9 4963

4O.2 3902 2330 2482 3.913 3.944 3.929 7.A76 154,OOO 8?.5 4976

aean denslty kg.nr-3 : 3 dl,ay: 24BZ 7 day: Z4BA ZB itayr 2484 90 dlay: 2483
reported ila conpliance with Nzs 3lI1:I974 : 24gO 2480 24AO 24AO
nean urtrasonic pulse verocity n.s-l : 4685 4786 4g?g 4963



BQ-IXA Mix 1 (0.375 wrc)

PUNDTT Age I!T)e Wt. Wt-
time at of in in

test test air lrater

u sec ilays glos gms

Densj,ty Dias Diarn Mean
L 2 diaar

Length Ioad Strength Uean
stsength

Range Std
dev

Ultra-
sonic
pulse
velocitv
m-s -

at
failure
urti,ts

ot
v

units units units units
ks.d3 in in in in lbf MPa t{Pa l'lPa t

43.7

43.5

43.5

42.!
42.2

40.4

40.5
40.5

?oo

39.9

40. 0

3899 2325 2479

corrp 3932 2350 24A6

3902 2329 24Ar

3496 2324 247a

conp 3891 2324 2483

3905 2330 2479

3899 2331 2487

conp 3909 2337 24A7

3g9r 2322 2480

3904 2332 2484

conp 3910 2338 24A7

3904 2333 2485

I (0.375 w:c)

3939 2372 25L4

c(np 3964 2387 2514

3941 2376 2518

396s 239L 25L9

conp 3963 2392 2523

3964 2390 25L8

3961 2390 252I
cdrp 3954 2380 2512

3966 2392 2520

3953 2386 2523

c@p 3970 2398 2525

3966 2393 25ZI

3.948 3.926 3.937 7.881

3.933 3.942 3.937 7-937

3.937 3.931 3.937 ?.889

3.938 3.940 3.939 7.883

3.929 3.931 3.930 7.879

3.942 3.93s 3.938 ?.889

3.934 3.930 3.932 7.881

3.934 3.93s 3.934 7.876

3.932 3.933 3.932 7.881

3.935 3.943 3.939 ?.876

3.937 3.929 3.933 7.884

3.939 3.932 3.936 7.876

50,600 28.7

56,500 32.1 29.8

50,700 28.7

87,300 49.4

83,100 47.2 48.0

84,000 47.5

126,400 71.8

l3o,ooo 73.7 ?4.o

l34,8Oo 76.5

I54,600 87.5

154,000 87.4 87.2

152,700 86.6

7 day: 24AO 28 clay:
24AO
4734

4 581,

2.01 6.7 4635

4596

4700

1.30 2.7 4754

4744

4955

2.77 3.8 4940

4943

5014

0.53 0.61 s0t9

5001

2.2

4.7

no

mean dt€nsiqf k9.r-3
reporled in conrpliance witlr NZS 31IIrl974
nean ultrasonic pulse velocity m.s-l

r 3 day: 2442
: 2480
z 46O4

45.9

46.0

44.4

44.7

44.s

43.2

43.1

43-1

42.5

42.5

42.7

nean density kg."-3 : 3 day: 2515
reported ln corrpllance \rith NZS 3111-:1974 : 2520
mean ultrasonic pulse velocity, m.s-a : 4360

249L 90 ilay: 2485
2490 2490
4946 5011

SJ-r Mix 1 (0.375 w:c)

44.0 3932 2360 2501 3.938 3.932 3.935 7.882 49,600 28.1 4550

43.7 3 ccDp 3920 2350 2497 3.927 3.933 3.930 7.881 49,500 28.I 28.4 0.8 O.47 I.7 4581

44.2 3922 2354 2501 3.925 3.934 3.930 7.878 5o,8o0 28.9 4527

42.4 3935 2359 2496 3.945 3.934 3.939 7.880 89,400 50.6 472L

42.6 7 cornp 3941 2364 2499 3.944 3.943 3.943 7.884 85,500 48.3 4g.g 2.4 L.42 2.8 47OL

42.6 39!5 2344 2492 3.940 3.937 3.938 7.884 89,600 50.7 47oL

41.0 3929 2362 2507 3-936 3.940 3.938 ?.874 l29,O0o 73.0 48?8

4O.9 2e conp 3940 2365 2502 3.934 3.936 3.935 7.88? 128,100 ?2.6 ?3.8 3.1 1.83 2.5 4898

41.1 3927 2354 2497 3.933 3.939 3.936 7.887 133,600 ?5.7 4A74

40.3 3940 2369 2508 3.947 3.92L 3.934 7.9a2 147,000 83.4 4968

40.5 90 corop 3931 2350 2502 3.932 3.935 3.934 7.9A2 r52,50O 86.5 83.4 6.3 3.7 4.5 4943

40.4 3946 2371 2505 3.936 3.941 3.939 7.8?9 141,700 80.2 49s4
toean densj,ty kg.r-3 : 3 day: 25oo 7 day: 2496 28 day: 2so2 9o day: 2505
reported in compliance with lIzS 311+:L974 : 2SgO 25OO 2SOO 2510
mean ultrasonic pulse velocity n.s-r ; 4553 47Og 4gg3 4955

OB-V! Mix

3.940 7.887

3.943 3.940 3.941 7.886

3.940 7.88?

3.936 3.943 3.939 7.894

3.934 3.941 3.937 7.888

3.942 3.944 3.943 7.880

3.933 3.939 3.936 7.889

3.943 3.939 3.941 7.876

3.939 3.944 3.94L 7.A77

3.929 3.926 3.928 7.875

3.934 3.935 3.935 7.880

3.935 3.928 3.932 7.881

53,600 30.3

56,300 31.8 3r.4
55,800 32.1

85,5O0 48.4

85,100 48.2 48.6

87,ooo 49,1

112,700 63.9

r13,roo 63.9 62.?

105,900 50.4

111,800 63.6

l25,9Oo 71.4 67.9

121,200 68.8

7 day: 2520 28 day:
2520
4499

1.05 3.4 4364

4355

4515

0.53 l.t 4442

4494

4538

2.O7 3.3 4642

4642

4707

4.6 6.8 47LO

4588

1.8

no

3.5

7.4

2518 90 day: 2523
2520 2520
454L 4702



1AA

HQ-22 Mix L (0.375 wrc)

PUNDIT Age ?ype Wt. Wt.
tine at of fur u

test test ai-r uate!

u sec ctays g[ns gEts

Density Dia$ DjaE !'lean
f 2 dian

units units units units
ks.6'3 in tu in in

Length Load gtrengthltean
at sEerqth
failure
units
lbf uPa !{Pa

Range Stdl
dlev

IrlPa t

UItra-
sonic
puJ.se
velocitv

-1m.s -

c
ot
v

45.1 39L7 2344 2490 3.940 3.946 3.943 7.884 51,500 29-1 4440
45.2 3 eonp 3903 2332 24A4 3.939 3.941 3.939 7.a79 S2,OOO 29.4 2g.g 2.0 1.tg 4.0 44Zg
44.8 3910 2341 2492 3.934 3.931 3.932 7.885 54,800 3l.t 447L

43.5 3920 2348 2494 3.932 3.944 3.938 7.8?9 84,400 47.8 4601
43.6 7 cotnp 3915 2346 2495 3.928 3.932 3.930 7.881 85,400 48,5 48.5 1.5 0.89 I.8 4591
43.7 39L7 2345 2492 3.930 3.938 3.934 ?.88r 86,900 49.3 4581

42.4 3916 2349 2499 3.934 3.931 3.932 ?.878 L21,}OO ?2.6 4764
41.8 2A ccnp 3926 2355 2499 3.943 3,928 3.935 ?.8?6 125,100 7L.5 71.3 2.s r.7 2.4 4786
42.O 3918 2349 2497 3.932 3.931 3.931 7.874 L22,7OO 69.7 4762

4r'6 3915 2347 2497 3.907 3.914 3.911 7.852 142'7oo 81.9 4794
41.7 90 cq0p 3928 2356 2499 3.940 3.936 3.938 7.879 15O,5OO 85.2 82.4 5.1 3.0 3.? 47gg
41.9 3920 2349 2495 3.932 3.933 3.933 ?.875 14t,1oo 80.1, 4774
mean ilensity kg.r-3 t 3 d"y, 24Bg ? day: z4g4 ZB day: z4ga 9o day: z4g7
reported in conpliance with NZS 31rl:1974 : 24go 2ago z5oo 25oo
mean u.l-trasonic pulse velocity n.s-r : 4446 4591 477L 4?99

HQ-17 Mix 2 (0.4 w:c)

44.6 3857 2289 2460 3.932 3.930 3.931 ?.874 39,800 22.6 4484
44.5 3 c<np 3e69 2Z9A 24G3 3.934 3.933 3.933 ?.8S0 39,400 2l.B 22.I O.B O.47 2.I 4499
44.2 3872 2302 2466 3.928 3.939 3.933 7.883 3A,100 22.O 4530

42.5 3A7O 2298 2462 3.937 3.934 3.935 7.895 74,9OO 42.5 47LA

42.3 7 comp 3A61 2296 24@ 3.s32 3.926 3.929 7.A74 68,000 38.7 41.4 4.2 2.4A 5.O 4728
42.6 3870 2298 2462 3-g2g 3.941 3.938 ?.88r 75,700 42.s 45e9

4I.1 3890 2314 2468 3.937 3.935 3.936 7.879 121,800 69.0 4869
41.1 28 ccmp 38?9 2306 2466 3.933 3.939 3.936 7.875 ll5,8OO 55.5 66.9 3.4 2.O 3.0 4A67

41.0 3890 2313 2467 3.938 3.941 3.939 7.877 I17,OOO 65.2 4880

40.5 3888 2314 2470 3.933 3.940 3.937 7.A77 141,500 80.2 4940
40.6 90 courp 3885 23J.2 2469 3.935 3.938 3.937 ?.A75 140,800 79.8 79.6 1.3 O.77 0.96 4927

40.5 3888 2315 2473 3.931 3.935 3.933 7.881 I39,OOO ?8.9 4943
Eean density kg.gt-3 : 3 day: 2463 7 day: 2464 28 dlay: z4G7 90 day: 247L
reportea in contpliance with MS 3111:1974 : 2460 2460 z47o 2470
Eean ultrasonic velocity m.s-f : 45O4 47IS 4A7Z 4937

KIi{-14 },tix 2 (0.4 w:c)

44.3 3869 2305 2474 3.924 3.931 3.927 7.8?9 43,7OO 24.9

3.928 3.935 3.931 7.883 45,800 26.0 23.4

3.940 3.937 3.938 7.8?5 44,SOO 25.4

3.933 3.928 3.930 7.875 75,200 42.7

3.938 3.938 3.938 7.8?? 73,000 4r.3 42.L

3.926 3.925 3.925 7.A75 74,4OO 42.4

3.937 3.935 3.935 7.878 119,000 67.4

3.937 3.933 3.935 7.879 119,200 57.6 68.8

3.938 3.945 3.941 7.876 126,600 71.5

3.932 3.933 3.933 7,875 136,300 7?.a

3.931 3.93r 3.93I 7.871 142,600 81.0 80.0
3.935 3.938 3.937 7.e75 143,900 81.s

: 3 dlay: 2473 7 day: 2475 28 day:

344.4

44.3

42.3

42.O 7

42.3

40.9

40.7 28

40.6

40 .3

40.2

40.3

3888 2316 2473

3474 2307 2472

cilrp 39OO 2328 24AI

3865 2302 2473

3890 2318 24?5

conp 3894 2324 2480

3912 2336 24A2

3894 2324 24AO

r.1

1.4

4.1

4518

0.65 2.6 455I

4515

4729

0.83 2.O 4764

4729

4893

2.42 3.5 49L7

4927

4964

2.42 3.O2 4973

4963

90 cap 3882 2316 2479

3497 2325 2479

mean alensity kg.s-3
2470
4528

24AO
474r

2479 90 day: 2479
24AO 24AO
4912 4967

reported in conpliance nith NpS 3111:I9?4
nean ultrasonic velocity m.s-r
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BQ-IXA }lix 2 (0.4 w:c)

PUNDIT Age llrpe Wt. Itt. Density Dias Dian Mean
ti-oe at of in in I 2 dian

test test ai! water

Length Loail StrengthMean

units units unl-ts units
g[ns gms ks.63 in in in tn

at strength
failure
r]nits
lbf lrlPa MPa

Range Std C

dev of

I'lPa t

UItra-
sonic
pulse
velocitv

-tm.s -p secs clays

44.4

44.4

44.L

42.8

43.0

4L.2

41,4

4L.4

40.8

40.7

40.8

2461

2454

2475

2458

2468

2467

2476

2467

2470

2477

2477

2476

3880 2307

3 courp 3868 2298

3881 2313

3880 2308

7 cctrrp 3874 2304

3878 2306

3889 2318

28 corp 3880 2307

3870 2303

3882 2315

90 conp 3897 2324

3902 2326

3 c@p 39Ol 2332

391.2 2339

3930 2356

7 comp 3933 2358

3910 2336

3.936 3.936 3.936 7.880

3.932 3.932 3.932 7.879

3.935 3.932 3.934 7.873

3.936 3.934 3.935 7.877

3.945 3.925 3.935 7.87S

3.938 3.935 3.936 7.875

3.932 3.938 3.935 7.876

3.938 3.931 3.934 ?.8?5

3.931 3.931 3.93:. 7.879

3.934 3.930 3.932 ?.87?

3.933 3.939 3.936 7.880

3.942 3.935 3,939 7.881

: 3 day: 2469

2490
4511

38,600 21.9

38,400 21.8 2L.7

37,100 2I.4

58,0OO 38.6

67,700 38.4 38.2

66,100 37.5

r13,000 64.r
ll9,5oo 67.8 65.9

116,OOO 65.9

134,500 75.4

136,300 77.2 75.6

L29,2OO 73.r
7 ilay: 246A 28 day:

2470
467L

4508

0.5 0.30 1.4 4467

45 35

46?5

1.1 0.65 1.7 4685

4652

4856

3.7 2.18 3.3 4832

4834

4904

4.1 2.42 3.2 4918

4906

247L 9O ilay: 2477
2470 2480
484L 4909

mean density kg.a1-3
reported in conpliance with NZS 3111:19?4 : 2470
nean ultrasonic pulse velocity n.s-I : 45C3

SJ-T Mix 2 (0.4 w:c)

39L9 234744.3

44.5

44.3

43 .0

43.2

43. O

41.8

4I .9 28 cop 3913 2339

3920 2344

3915 2346

3925 2351

90 cqt 392? 2354

llix 2 (0.4 w:c)

3936 2362 2sot

3 cc'Ep 3933 2365 25Og

3925 2358 2505

3952 2379 25L2

7 cclnp 3950 2375 2508

3951 2380 2515

3956 2#2 2513

28 coop 3946 2374 2510

3945 2377 25L6

3963 2389 2518

90 ccmp 3957 2382 2512

3942 2370 2508

3.938 3.938 3.938 7.884 4O,OOO 22.6

3.931 3.928 3.930 7.881 40,400 23.0 22.8

3.942 3.940 3.941 7.876 40,500 22.9

3.942 3.944 3.943 7.878 66,000 37.3

3.940 3.942 3.941 7.887 68,000 38.4 38.2
3.938 3.939 3.938 ?.876 68,900 39.0

3,930 3.938 3.934 7.880 I13,100 64.2

3.936 3.939 3.937 7.A92 l14,8OO 55.0 64.0

3.933 3.932 3.932 7.877 IIO,4O0 62.7

3.930 3.944 3.937 7-886 L28,5OO 72.8

3.933 3.938 3.936 7.887 ].28,300 72.7 72.5

3.936 3.942 3.939 7.A77 I27,500 72.L

: 3 day: 2489 7 day: 2493 28 day:

2493

2496

24A7

2497

2497

2444

2447

24A6

2494

2494

2497

2501

0.4
4520

0.24 1.0 4498

4516

4654

1.0 2.6 4637

4652

4788

1.36 2.1 4778

4856

4862

0.41 0.57 4874

4856

1t

2.3
4L.2

4L.2

4t-t
4r.2 3936 2362

rnean dlensity kg.rul3
retrDlted in corpllance with NZS 31lI:1974 :
nean ultrasonlc puLse veloci,ty n.s-I :

2490
4648

42,500 24.1

40,400 22.9 23.6

42,LOO 23.9

75,8O0 42.9

73,700 4L.7 42.4

75,OOO 42.6

ro8,2o0 61.3

106,000 60.L 60.5

105,600 60.1

LIIrEoO 63,4

116,200 65.9 65.4

118,000 6?.0

7 day: 25L2 28 day:
2510
4454

2449 9O day: 2497
2490 2500
480? 4864

42L5

1.2 o.7I 3.0 4256

4256

4485

1.2 0.71 1.7 4428

4479

4630

I.2 0.71 1.2 4633

4624

4690

3.6 2.L 3.3 4698

4664

2513 90 day: 2513
2510 2510
4629 4584

oB-9il

41.3

47.0

44.7

45.2

44.8

43.2

43.2

15-3

42.7

42.6

42.9

3.923 3.948 3.935 7.882

3.937 3.929 3.933 7.876

3.930 3.930 3.930 7.876

3.939 3.935 3.937 ?.892

3.937 3.940 3.938 7.880

3.930 3.937 3.933 7.900

3.935 3.938 3.93? 7 -A15

3.935 3.934 3.934 7.879

3.931 3.927 3-929 7.582

3.940 3.928 3.934 7.884

3.929 3.941 3.935 7.880

3.932 3.934 3-933 7.877

: 3 day: 2505loean density kg,6-3
repolted il courpliance with NZS 3111:1974 : 2510
nean ultrasonic pulse velocity n.s-I z 4242
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APPENDIX 3O

Measurement of rock specific heat

Specific heat tests by I'tr G.R. Clark (New Zealand Concrete Research Associ.ation) anil calcu-
lations by l.!r A. Aldrige (Applied Maths Division, DSIR), were carried out in acccrdance with
ASI!{ C351-61 I'Standard test method for rnean specific heat of thennal insulatlon" but with
two minor changes in technigue related to the physical properties of the sample.

As rock is a dense homogenious mass wtrich can readily be brought to thermal eguilibriran in
vtaterr a sampJ.e holcler was not necessary and pre-irnrnersion ternperature (Ci) was obtained as
a surface reading by thermometer, instead of by thermocouple at the geometric centre. This
obviated mutiLation of the sarnple and simplified calculation.

The method involves monitoring, in relation to ti:ne, teurperature ofewater bath inlo which
a heated sample is droppecl. The r^rater temperature rises abruptly then decleases tor.rards
ambient. Specific heat is calculatecl from the formula:

(mass of water + K) (C. - C^)es -lnas-@
vthere Cs = specific heat of sample, (cal,/grmoC)

C1 = tenperature of sample at irmnersion, oC.

cc = ambient tenperature of calorimeter, oc

% = maximum theoretical temperature of calorimeter at imrnersion oc

l( = calorimeter coDstant (L7.497 r,ras useC as the water eguivalent of the
calorimeter and its accessories).

Qo. ls a theoretical ternperature which would result from perfect lhermal conductlvity (between
sample and itater): it was obtained from a plot of tenperature against time by extrapolation
using least squares regression from maxirnun rneasured tenperature. Eguitrrment calibration and
the use of Lagrang!-an interpoJ-ation gave a temperature pl.ot accuracy of 0.01oC. Result8
are presented in Table A30.I.



Table A30.1
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RaLt data and calculated sPecific heat values for
suite rocks. T\ro samples of two argillites were
off-cuts from 25 mn diameter cores.

I{ellington grelnracke-
tested. Samples were

Saople LitlFlogy Rock Sa$ple
r."T ffi
9raan
size, Llr
phi gn. oc

Teoperature
Calori- ltixtute
meter
asbieltt,
n on n caLc, - trl!,

Duration rine TeBpela- tlater
of sarnple ture [uras,
test adlded to recording

l€ter bath inte)ival-s,
Eeconds seconds seconds SB.

Specific
heat,
cs,

callgn.oc

DC-6 greywacke

nQ-17 gre)rwacke

SJ-31 grelmacke

g!t-1,4 greynacke

Bg-V grelnracke

IG-2 greyrivacke

KLW-i gEeF{acke

SJ-T greywacke

OB-!{ argillite

OB-lf(R) argiJ.llte

'lQ-22 
argillite

l4l-22 (R)argiUite

18.05L7 103.7

1.317 23.2358 100.4

1.32 14.1193 102.6

2,6 14.7592 I03.9

2.73 19.0108 101.7

3.27 12.r-689 10I.9

4.23 17.2061 103.2

4.72 19.3121 105.3

5.6 12.?120 100.8

5.6 Ir.8990 I00.1

5.28 6.4678 100.1

6.24 4.1534 10I.3

520

750

390

390

520

390

52A

520

390

390

210

r20

240

360

240

255

240

180

240

260

180

180

on

60

20

5U

I5

15

20

15

20

t5

10

5

301.22 13.033 13.978 0.1860

301.13 14.250 L5.321 0.1720

303.?5 14.220 15.046 0.2146

303.69 15.2?O 16.000 0.1805

302.5 12.9r3 13.889 0.1871

300.76 15.426 15.987 0.1708

301.55 13.435 14.310 0.1825

304.98 t4.7Sr 15.814 0.L927

302.13 15.740 15.314 0.1708

302.27 13.082 13.515 0.1656

302.64 13.164 13.498 0.1909

302.A2 13.15!l 13.382 0.1912

Dean 0.183?

Based on iletaminations of 25 tm cores of corErete tested si-milarly, a standaral deviation of o.OoB cal.,/gm.oc
applied to the above sanp1e6, which,at the 95 percent conf,jdence interval,jldicates values to be rtithin
O.O2 caL./ga.')c of the true value.

Speciflc heat in sI units (joules,/kilograu.K) is obtajred* from either the f.p.s. or c.g.s. rralue8 by

nultlplying by 4.1858 x 103.

r Rhodes, J.A. (1978) "significance of tests and properties of concrete andl concrete naking raterials".
chapter 1.7 - fhernal propertiesr ASII{ STP 1698: 242-5L.
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APPENDIX 3I

!!easurement of rock ilurabilitv bv ultrasonic cavitation test

This test was devised by the Usi. Bureau of Reclamation* to neasure the resistance of rock to
cavitation (de Puy 1955). A srnall disc of rock sarnple was attached by epoxy cement to the
horn of a comnercial.ly avaj.lable ultrasonic probe which lras run in rvater for one minute at
20 kRz wj.th a power output of 150 r,ratts.

the possibility of flahing of the cenent precluded evaluation by weight loss, so results stere
assessed by n'icroscopic exarnination of the specirnen surface in terms of a scale based on
cavitatlon:

Durability ratlng

0

l
2

3

t
A

7

I
9

10

Amount of cavitation damage

Sample completely broken up before one minute
Sample broken up by end of one minute test
Severe deterioratlon
Severe general erosion
Severe Pitting
l{oderately Eevere pitting
Moderate pitting
llinor pitting or some intergranular erosion
Some minor intelgranular erosion
Very slight pitting
No visual ilamage

Ilore recently, Saltznan (1975) save a fu11 account of ultrasonic techniques in estimating rock
guality for protective blankets (rip-rap). This author elaborated on some important
imperfections in the original test.

Saltzmansr test was carried out on.sone representative greywacke-suite rocks wlth a Branson
Sonifer ultrasonic cell disrupter, model B-30, producing up to 300 watts at 20 kgz.

The horn tip measured 0.5 inch (12 rnrn). Samples lrere prepared frorn discs of varying thick-
ness trimrned from rock cores prepared for use else here in this study. They measured
25 nsn in diameter, were fine surface ground. oven dried to constant mass at l10oC, and cooled
in a desiccator to room temperature.

Samples were pJ.aced in a heavy brass holder beneath the transducer horn, in a water bath
rneasuring 220 tun in dlameter at the top, tapering to 210 nrr at its base and contained 60 nm

of hrater (maintained at 50cC) which covered the sample.

fhe distance betrdeen sannple and transducer could be adjusted without alteratj.on to vertical
axis alignment and $ras set to procure maximum transducer output (measured by ldattmeter)
Samples were tested for I0 minutes with the following results:

* U.S. Bureau of P.eclamation (1965) Progress report: rip-rap testing research, comparlson
of an ultrasonic cavitation test with petrographic and physical tests to evaluate rock
durability. Laboratory report ChE-23, Denver, Colorado.
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SElrqlrle

DC-5

HO-l7
SJ-31
Kgl0-lt!
BQ-V

BQ-Iie
KS-2
ft![$l-i.
sJ-r
O3-It
OB:9f (R)

EO-22
t80F22 (R)

&ock roeau
gr€in Ei.ze,?
pb.i

t .25
1.317
1.3t2
2,6
2.73
2"9
3,27
4.ztr
4.12
5.5
5.6
6.28
6.2E

EreoEduoer
rtattage

125=130

125-130
I2,5-130
150

150

t50

':u

L23-1,3O

125=130
125-130
125-130

Ifelght before
testlngl
ss

18,0536
23.ztr73
L4.1.4 58

L4.7316
I 9.0108
4.9521
L2 -L119
17.2081
19;33.69
11.8 905

t2 .6865
4.1537
'5.4 Sttj8

Wetght after
testlog,
s,IIr

18.0335
z3.zggt
tr4.1_03,9

14.7412
18.,9773

4.9354
l.?.134 3

1?. t?l6'
19.28 33

11 .81572

L2.66V2
4.L:772

6.4305

tfeight
Persent
loss

0.1
0.03'
0.3
0-1
0.2
0.5
0.4
0.2
0.3
0.3 )
o.ll 0-25

0.6l
0.4i 0-5

Nrmerisal
.durabtltty
ra,ting

5

I
6

7

6

v

5

6

v
5

T

6

?

i o.as
s.d.0;L6

Although sitrne dti.f,f ieultlf rras erqrertr€nsecl trn nalntalnlng pohB! outlrut" ttrere is @r.relatlon
between Eercentage weight loss and urean grain size - slightly poeitive

Y = 0.043C+0.1.04, t - O.53

As ssmlllea had been prep4red rrlth preferredt orl"elltation perBcnil.icul.ar to ghe .trrrobe &xis, the
da{u€ige fit argi;UlEes wa.s, prlobably rattrer lees than may othcwice be enpseted, eo only lhe
gceynaelte results are cobE{dteted represeatati.ve. Some g:re!'tdaekes (Sat-3I antl xS-2) gbsrcedl

retratively high troes.

rndlicatioD.E are tlret the teet ,go,Irldl provl,de valuEble infornirtlon on the suitability of
variou€ gteytrae'Ice-guite r:seks f,or ri.p-rap applicatlons partlcularl"y roekg in tbe meqlr gral_n
size raage, 2.5 eo.3.5 phl: {0.18 to 0.O9 qu}, a possibllity reinforsed by flndltngg of thic
Btudy.



APPENDIX 32

guarrJ siludge p:otrrerties,

uurir.lg quarryiag qperation, a siEqifLcanG portioe of, tn-e rock is washedl out as eludEe.

Eqse,E-tbree related probles for the ir,ldustrii,i.e. pr.oduet wa8tage' diEPosel and

enrlrsnrf,ental.

lhie

thE roost attracllfe sotutio,D :l,s eEnnuerc:Lal use, so s.Ludge fron tuo grlarries was eampled to
aleteEnine it6 ,propeltier. Ree,ultg are tabulated belgr:

Belmont Quarry 8
settling pqtrd
BO-S

saEpl.e

Riveg Sbingle
and Sand Etdl.,
settling lrond
RSrE-,Ng

River ShingXe
and Sand Ltdl. 'setiling pond
RSS-F

sasple A
gglqrle B

EH ort titoI.Etrte
spmp].ing contest

@Ear$5F
ling t

7.6

e.I

rrtguiat Plaeti.,c
limit linlt

FeldlsFa,r

18 13

l5 !3

Plaatictrty
trrdex

L2

Dr-J{rrg Remarhe
shrkdrage

25373,0

54

8,2

4.3 at
plastic
Iiroit

sancl s{ze fraotion
up to ?0 Percentof satcple

Chemical dl5ta

9tro2

412o3
tlio2

*Ee2O3

FeO

!0lo
!,tqo

cao
NaZO

X,!O

Pzas

IjoI

lrotal

BQ-S

,59.58

l6r.d6
o.67
5.78

0,.10

2.02
3.28
2.07
3.36
0.18
5..84

99.35

BaolLnitic clay
nineraL (halloyaita)
5

5

RgS-P

60. {7
L6.,3r

0.5'3
9.7'5

0.12
2.09
2:?3
1.6,8

2. El
0.13
7.71

r00.04

8SA-NS

57,82
16 .99
0.52
t:t t

0.16
2.05
2.37
x.8e
2,55
0. !.6

s .06

99.49

* All Fd representeiil as FegO3

Belngqt SrErrIr also lrovided regult€ of, tests nadle by the.fiery Zealand Geologlc.l SurveXZ for
the l{ellLngtan Regton-al wateli ,Boa.rA- tsrege infra-red spectroPhotonetric nodlal analysee
(wetrght pereent) of, alualge esrples frsnr the settling trbnd, thort€al!

Suartz

37 ,r3
31 t3

Il.lite

29 ti
35 15
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In adaliti.6D,,uP to 1Q peseeat ahlorlBe and rare aalcite were dleteeteA. lill.,u,eaa1ogy w,a,e

egnEirrtred ;lry X-ray dlffractifietr,?.

!o asses€ posci.ble sg-ranic uEe, qeveral. firing tests were nade, al1 thwarted bry the v€r!?
lor green ald dry etreagthe of the rnater.talrdue to Eh€ pE a$d re-lative1y high conteng of,
sand EiEed paterial,,. l(ost heav:f ceranic clay bedieg harz€i3

(i) Miu:,rna-l sand-sige n4,Ferialr lesE tlpn tr5 Ereroent.;

(ii) Betr*rea {0 anil 5.0 perceEt of part{etres fltiet than O].OO5 lrl|q,

(iii) A uean graiu eize of about 0.015 lo (Figrure A32,11.

Benefie{atior of tbe Bln€tge. by salrd rerorrai nay not, be eeon@trc bat the adtll,tlsn of Na@3
)i{riruld afieulorat€ pE dnd lnpssve hntttiag protrrerti.ee b]' itreJlOcclltratioa.

Fuggestedl uses for tbe sludge naterial.s, sobjeet to resear. , uay Lnc1.ude fertlllzer baee,,
filter material, laeats fittret,or absaELve! Wdtb the ailditio!. of line anVor oeiletlt it nay
be poesto-Ie uo use the rsaterial as a aolid base lEtellel, low etrength caEtrblef or ins'ulant,
E:lgb.er stneagths nay be attEii.hBbl€ from autoclavi"ng.
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t05 l
EQUIVATENT SPHERICAL DIAMETER, MICRGNS

Fi-grure A32.I : Particle size gradings of trro quarry sludges
(currres a and B) exarnined by the New Zealand

GeoJ.ogical Sr:rvey. Cr:rve C is the particJ.e size grading of a

tlpical earthware pipe clay.
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APPENDIX 33

Sarnple number correlation with the petrolog-v collection, Geology Department, Victoria
University of Wellington,

Vttld tio. This study short description VI,I/iI No. Thj.s studly Short description

13601 10s-l

13602 sJ-2
13503 sJ-zA
13604 sJ-3r
13605 sJ-3;
13606 sJ-3;
13607 sJ-4
13608 SJ-5
13509 s.l-6
13610 sJ-r

13611 KS-I
L3512 KS-2

13613 KS-4
136113 Ks-6
13615 KS-7
13515 r(s-g
13517 KS-10

13618 Rss-4
13519 RSS-5
L3620 RSS-6
13621 RSS-8
L3622 RSS-12
13523 RSS-i
L3624 RSS-ii
13625 Rss-ii (2)
13525 RSS-iii
L3627 RSS-NS
13528 RrSS-r

L3629 wcc-2
13630 r{cc-sA
1363I ncc-7
13632 r{cc-8A
13633 vrcc-l3A
13634 tfcc-I?
13535 wcc-18
13635 !{CC-22
31637 wcc-23A

31638 DC-1
13639 rc-2
13640 DC-3
1364I DC-5
L3642 DC-8
13643 DC-10
L3644 DC-LA!.{

13545 NC-8
13646 NC-15

13647 tr.2
13648 19-6
136,49 iB-7B
13550 r8-A
13651 18-11
13652 rB-13A

13553 rB-17
13554 rB-j.g
13555 rB-22

Weathered siltstone from Kawhia
Harbour. subject of plate
A25.3

Greyuack€
Argi.11ite, trace fossil bearing
Chlpracke
crel'ti'acke
Greysacke
Greywacke
greywacke
Grelrsacke
Greyuacke, trace fossil bearilg

Gre!nr-acke
Grelnraeke, contains floral
ilebris, subject of Plate 2.4
Grelryacke
Greyrdacke
WeatheaeCl grelnracke
Grelzrdacke
G]3eywacke

Greywacke
Grel racke
cre! racke
Gleyr,acke
Greyeiacke
Greysacke
Argillite
Greyrracke
Greywacke
Quarry sludge. naturally settLed
guarry sludge, floccul.atedl

Greltetacke
Arqillite
Grelnr'acke
ArgiIlite
G!elnracke
Greyuacke
Grel racke
Weathered gre] dacke
Vleathered laminateal argillite,
trace fossil bearing

Grelaracke
GreyHacke
Grel4racke
Chilrracke
Greyr,lacke
Greywacke
crel|gacke

Gref{racke
ArgiIIite

Weather€d greywacke
Grelrwacke
Gre: {acke
Gre)rwacke
ArgiIlite
intmsely shea.red and veined
gre)n acke
Weathe!.edl greyracke
Weathereil greluacke
!{eathered grelmacke

Grel'rracke
G!e]rracke
Greywacke
Greycracke
creyldacke
Gre]rwacke
crel,wacke
Gre)ruacke
Greltwacke
Grelmacke
ArgilIite
Argillite
GrelrEcke
Greywacke, contains floral
ilebri.s

Greywacke
Ar9i1lite
Greysacke
ArgiIIite
Glel racke
Greyrracke
Argillite, Eubject of, Plate
425-24, B and c

zeolitiseil gre)nracke
Zeolitlseil grel,wacke
ergiUite
Grelmacke
crel racke, zeolite bearing
Argillite
Gre]twacke
Algi1lite
Grelruacke
Algillite
Ge! Jacke
ArgilIite
crel,wacke
Grel {acke
Grel racke

Greysacke
Grey$acke
Greywacke
Argillite
Arglllite, trace fossiL
bearing
Grel racke
Algi11ite
Grel racke
Greysacke
lr9iIl1te
Grey$acke
cre)rH'acke
Grelndacke
Argillite
Greywacke
Greywacke
Greln acke
Arqi1lite
Greywacke
GrelnEcke
quarry sludge, naturally
settled

136s6
r3557
13558
13659
13650
J.3651
I JbOZ

I JOOJ

13664
aJoo)
13566
lJoo/
i.3658
13669

13670
f3571_
13672
13673
L3674
1367s
L3676

r3677
13578
13519
I5OUU
13681
13682
13683
13684
13685
13686
13687
13588
13589
13690
13591

13692
13693
13694
13595
13695

L369?
13598
13699
13?o0
1 ??nl
L3702
13703
13704
1 2?nq

13706
1 3707
13708
13709
13710
13711
L3712

l(:l{-l
Krw-2
K${-4
KTri-13
rhpta
Krw-r5
rufl-16
Kne-I7
Kffl-i
KTIFii
ICr9f- iii
KIll-v
I(Iw-viii
KITI-G

oB-1.
OB-II
OB-I2
oB-13
oB-14
oB-21
oB-w

HQ-l3
HQ-14
IrQ-15
nQ-16
HQ-17
HQ-l8
nQ-19
HQ-z0
HQ-21
HQ-22
EQE23
sQ-24
HQ-25
HQ-26
HQ-27

BQ-6
B0-8
BQ-10
BQ-II
BQ-I5

BQ-17A
BQ-178
BQ-18
BQ-20
BQ-21
w-22
BQ-27
EAi
BQ-ii
BQ-iii
BQ-iv
Bgv
BQ-vit
sQrxxA
BQ-l<rriii
Brs
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137J.3
13714
13715
13715
137I7
13718
r3719
L3720
13721
L3722
L3723
L3724
L3725
L3725
L3727
13728
L3729
t 3730
13731
13732
13?33
I3734
13735
13735
r3.7 3?
L37 38
13739
13740
L374I
13743
13743
I3744
r3745

r3746
I3747
13748
L3749
r3750
13751

I3752
13?53
13?54
t 3755
t 3755
L3757

137 58
L3759
13750
13761
r3762
I3763

r3764
13755
13766
I3767
r3758
t3?69

13770
13771

L3772

L3773

L3?74

r3?75

13776

DC-6
HQ-17
sJ-31
Km-13
Icrl{- 14
KD5- IZ

HQ-21
BFV
BQrrxA
oB-21
HQ-19
K5-2
KS-10
BQ-iii
Kl!r-G
RSS-ii
BQ-21
KIlt-1
DC-8
Bri
RSS-ii
HQ-z6
HQ-24
oB-vt
HQ-20
wgc-5A
HQ-18
Blvil
trQ-22
o8-13
RSS-NS
RSS-T
atuc

HQ-17 'l
rsvr-I4 

|
BA-rxA 

IsJ-r 
IoB-w I

H*22 J

HQ"r7 IKrtr-I4 
|

BO-IXA Isi-r IoB-rf I

Ha-22 J

HA-17 'l
KrTr-14 

|
BQ-D(A 

IsJ-r 
IoB-!r 
I

'lg-22 
J

Tinako!i
Karori C€s.

r3777

t377A

L5 I I>

13780
13781
I37A2
13783
13784
13785

I 3786
r378?

I 3788
13789
13790
13791
r3792
13793
L3794
13795
I 3795
I3197
r3798
13799
13800

15852
15853
15854
15855
1s856
1585?
r5858
1s859
15860
r5861
15862
1s863
15854

15855
15855
1s867
15858

15859

15s70

15871
!5472

158?3

BQ-IltA

L/OO?

d

)
z
9
4

o

DC-6
HQ-]7
sJ-31
KlI{- 14
Brv
BQ-rr<e
KS-2
tcTw- i
SJ-T
oB-w
oB-r{ (R)
nQ-22'
HQ-22 (R)

HQF]T IKrw-I{ 
|

BQFIXA 
IsJ-r I

oB-!r 
I

EQ-22 J

19 - 9.5 mn aggregat€ saarples

9.5 - 4.8 tm aggregate sampl,es

Mix I concrete cyLinders, cut
ia half parallel to the long
axis. Aggregate partj.cle
angularity neasureatents rrele
taken fro$ these.

I'Ux 2 concrete cylinders, cut
in half paral1e1 to the 1on9
axis. Aggregate particle
anguLarity measurements were
taken frcrn these.

Tinakori grun eurplacanent concrete
I(a.rori Ceoetry qrave-surround
concrete

I.R. BuiJ.dg. Inlandl Revenue Building concrete,15874
Courtney Place

"Tenar' ground specimens

18A st uichaels crescent, 15875
foundation concrete
Old Pearse House concrete, Dixon
st. 15876
Cnr Parrish and Itanners Sts.
StructuraL concrete
21 Wilton Rd, concrete frd 15877
retaining uall

rq-12
KA.8
KA-2
DC-6
HQ-17
KNF14
BQ-D<a
BQ-V
!(s-2
KIS'-i
s.r-T
oB-w
EQ-22

HQ-1? (4)
oB-w
I(It{-i.
KI't{-i

oB-w

oB-w

oB-!{ (6)
BQ*rxA

Krl{-i

oB-w

IB-I38

Bonil failrre in concrete.
Subject of Plates 5.1, 5.2
Walton Park concreting sand

llorokiwi Quarry basecorEse
ca!6ons guarry basecourse
lliver Shingle ancl Sanil basecourse
Dry Creek guarry basecoulse
odhilo Bay Quarry base@urse
Ititiray lrletal basecoulse
Bel-nont (fornerly I(eU' s) Quarry
basecourse
waj.kanae Quarry baaecourae
Kiwi Point Quarry basecourse

Samples used for ctata paeaented
in Appendlices 30 and 31,

Saurples used for peroeabillty
alata presented in Appenilix 25

subject of Plate A15.2
subjecr of Plate A15.18
Subjeet of Plate a15.IA
Oole fragment shoning strain
gauge and connector strip
detaiL
Core failure showing en eeheLon
riilges
core failure showlDg failure
plane independent of receoented
shea!
6re failure iloni.nated by vein
Axia1 cleavage failure

Pri$ sample used in Agpendiceg
19 and 25

sr:bject of Pl-ate e25.2D

Argillite, contains floral
debris, subject of Plate 2.5

Zeolite uBtelial- frdr Horokini
Qua!ry used for analysis in
section 4.4
conposite core fabricated for
chlorite chemistry, Appendix I

Typical cone failure in concrete
rnade with OB-W. Tested at 90 days

Kelburn

Pearse

Farrish

W11ton

r5878


