EAAHMIKH AHMOKPATIA
YNOYPIEID MEPIBAAAONTOL, XOPOTAZIAL KAl AHM. EPIMN
FENIKEH TPAMMATELA AHM. EPIMQN

Ol EMIAPAXEIE THE METAMOP®OQIHEI EINADHE
EMl TON TEXNIKOMEQAOTIKON IAIOTHTON
TOY IXHMATIEMOY «GREAT LIMESTOMNE»
THE TMEPIOXHE NORTHUMBERLAND ITHN AITAIA

Tou KL TAXMAZH
ML.Se, Mnravicolk Mewbdyow

AvETome axe 10

AENTION

KENTRBY EFEY NN
AHMBOIIEN EPCEM

(Trigog #-4/11&6]

ADHMA, 1986



THE EFFECTS OF CONTACT METAMORPHISM
ON THE ENGINEERING GEOLOGICAL PROPERTIES
OF THE GREAT LIMESTONE IN NORTHUMBERLAND, ENGLAND

By C.L SACHPALZIS
M.5e. Geatechnical Engineer
Engineering Gealogist

SUMMARY

The Bermician Great fimestone has been dhvided fnto fowr metmmacphie grades: al wn-
metamarphosed, grade A, fimestone, b} low melamorphic, grade B, limestone, ¢ high
metamorphic, prode C, limesione and d) compleicly metamorphosed, grade I, limestone (marbie)

Represeniative samples of these grades were collected. sectioned, thelr petrography and
minaralogy described ax well ax the grodual inflience of contact-melanrorphizm on fs mieral
conpesithon, structure ard texiure devermined.

Tiesiy were performed om rock cilindrica! cores, and irreguior fumps of the four sefecred
grades, Among the tests carried out, were laboratory index tesis for characterization, englneering
scdexion festes, amd wegrlering simulation fesis.

These, revealed the geotechnical properties of all four metamorphic grodes of the Great
{imestote and thal metamorphisen, a3 a geologival agent, hos o considerable ¢ffect on the
engineering properties, as shown by the gradual deterioration of its rock material quality, with

fRCreasing  meldmorplosing aciion,

Fimally a refanenship con be shownr to exist between the georechiical properties and the
peirograpile fexiure ond strioctore of this mek e

I. INTRODHICTION

This paper forms a rock matenal study of the Great
fimestone. with respect to its cngmeering geological
properties and their changes caused by confact
metamorphosing action. The metamorphism oecurred
in certain localives in Morthumberland. due 1o the
Whin sill. being intruded between the Great limestone
hedding plancs.

Since the Great Hmestonpge s o well defined

geological unmit and  underlies the greatest part of

“prthumberland. it plays an imporiant role o many
engineering fields and projects. such as concrete and
roadslone ageregale production. underground excava-
tions. road cuttings. dams, bridees. or in pulting down
other Toundations for civil engincering  projects,
Furthermore, in many localities, as for example in
Longhoughton. this  rock  hos  besn  contact-
meiamorphosed 1o markle. end ity engincering
gecdogical properties hove been affected. The extent to
which its geotechnical propertes have been changed as
well @3 the original properties: of the Great limestone.
are ol dyimost importance (o the engineers.,

In conswiering the engipeecing  geokogy of this
limestome, g% an engincering  materigl. its refevant

physical and mechanical properties. have been
assessed: the most mportanl Being:

srength, permeability ond deformabiliy. (Dexrman.
W.H. 1974h), and their variatons with increasing

et imor phism. stedied.

These. in combination with perggraphical and
minerdlogical aspects. determined s performance as
individual rock fragment in many engineening silua:
Peamis.

Some of the previous works which have been
carried out in this area. were only regardmg the
geobogical and some engineering geological studies of
only pure Cireat limesgone

Johnson, in 1953, studied  sts  litholopy  and
stratigraphy, and in 1958, iis paleoniological features.
T8 Westodl, A, Rodson and R. Green, in [955,
hod studied s geclogical and depositional environ-
ments. KoAG. Shicis in 1961, studied its petrography
and dolomitizition.

But. the effects of congact metamorphism on its
engineering peological properties. have heen studied
ofly in this work.

This work has been andertoken in two quarries, The
Mootlaw  limessone.  and  the Longhoughion
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sWhinstones Quarry, and s basically subdivided in
two parts:

I. Field work. At this stage. » systematic sampling
was execuled. Representative samples were taken from
various locations of the quarry faces, in a sequence of
increasing distence from the sill-limestone contact. for
8 subsequent detailed petrographical study in order
that the different grades of mewnmorphsim will be
assessed as well as the process of metamorphism will
he monitered. Geological mapping of the quarry Teces
was slso carried o,

I. Laboratory work. This includes: the petrographic
studv of various metamorphic grades. index properties,
engineering design and weathering simulation (esting.
The labaratory work has been carried out on irregular
lumps. and cylindrical cores.

Finally, relationships among lis various parameters
have been included and the conclusions given,

L BACKGROUND GEOLOGY

The Great Limestone studied, is the thickest hme-
stone formuation in Northumbrian sertes and the most
charpcteristic. uniform and persistent band in the
Yoredale of Nothern England. It belongs 1o the wider
Lower Carboniferows Limestone Series {(Dingnian, af-
ter (i.A. Lebour { 1878) which is # dominantly marine,
(000 metres thick, succession.

The Great limestone has a normal thickness of
some 15 metres, deposited during the upper Bernician
age subdivision (G.A.L, Johnson 1958) and has been
traced with fair certwinty from the Scuthern Pennineg
gren through the Morihern  Pepnines 1o Morth
Morthumberland. In Northumberlund, it rests on either
sandstone. shale or on thin cosl seam and there i of-
ten evidence of disconformity.

1. THE STUDY AREA

In order to determine the effects of conact
metamorphism on the engineering geological propertes
of the Greal limestone, twe quarrics were used. from
which sulficsent rock materials were taken and tested
in wariows wiys and aspects in the laborawory.

One quarry, ke Mootlaw quarry. g located in pure
Creal imestone, without being afTected by any type of
metamorphism. from which 1L was sampled the origimal
unmetamorphosed fock (grade A) The other, the
Longhoughion quarry, is logied in the contact bet-
ween the Great limestone (country rock) and the whin
sill mtrusion. This sill of north-eastern England & com-
posed of dolerite and st the preseni location 15 abou
15 metres thick,

In this location. the Whin sl intruded parallel 1o
the Great limesione bedding planes. An absolute es
tmate of the age of the sill. by the helium method,
gave a figure -of 196 10* years. Le. during Hercynian
age (FJ. Fich and LA, Miller. 1966),

As o oresull of this intrusion. a8 metamorphosing ac-
tion was caused on the couniry rock. the Great
limestone. The recevstallization was cassed due 10 on
Iy temperature rise (pure thermal metamorphism). The
mineral growth has taken place hapharardly in all
directions. showing no signs. of stress mvoelvement in
the process of  recrystallizaton, Mo tronsfer of
materinls pases or Auids. from the intruded doleritic
gill (o the country Eimestone has taken plece during
metamorihism, without any evidence of preomatolysis.

Therefore it is # pure thermal. isochermcal and
isophasial metamorphism of the lmestone - couniry
rock,

Fram ks guarry. three different proups of
metamorphic limestone  samples  were taken, Tnom
various disiances from the Whin sill-imestone contact,
50 that each group was metamorphosed to a different
degree. depending an its distance Trom the contact; the
closer 1o the sill the sample was (aken. the higher the
degree of its metamorphism it was. These are: Grade
B: it was gaken 5.5 o 5.75 metres away from the con-
tect (Low metamarphic grade). Grade ©: 2,25 to 2.3
metres away (medivm grade) and Grade D: 0.25 10
L5 metres away {(High gradel,

Therefore. there were sampled. four dilferent grades
of limestone, ranging n an  mcreasing  order of
metanworphism from grade A, B, C to D: A being
pure limestone and D marble. ie  «Progressive
meinmorphic sequences, The location of the guarmies
ms well as the geology of these areas are shown in the
maps of Nz {Labh

4 PETROGRAPHY AND MINERALOGY

Three thin sections —each one representing one
orthogonal axis— of esch rock grade, were cutout of
block  samples. in order o determine  their
mineraiogical constintuents. texture  iypes.  mutueal
relutionship beiween calcite and other particles, and
the effects of metamorphism on petrography by wsing
n  common  petrographical  micrescope  and
macrisconic description.

Grade 4. Macroscopically, this is a «Dhark preenish
grey. very fine gramed. erysialling textured. massive
within the bed and theckly bedded, fresh, well calcite
cemenied. micritic shelly LIMESTONE. extremely
strang, impermeable. exhibiting anisotropy due 10 bed-
dings.
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Fig. b, Geological map of the Longhoughton area.

Microscopically. it consists of skeletal shell frag-
ments (40p to 40mm) dissiminated in the micritic
matrix. The fragments are sparse allochems and are
mainly composed of foraminifera, bryozoans, crinoid
assicles, corals, fossil debries and a few pellets.
Therefore. this rock grade is called wsparce biomicriter
following Folk’s terminology.

Also a few ferrous dolomite subhedral to euhedral
crystals were observed (See plate 1).

Grade B. Macroscopically, this is a «<Dark grey.
very fine to fine grained, crystalline textured. massive
within the bed and medium bedded, fresh, slightly af-
fected due to contact metamorphism, sparry shelly
LIMESTONE, very strong. impermeables.

Microscopically the slight effects of contact
metamorphism can be noticed on both micro-texture
and mineral composition. It consists: of skeletal shell
fragments (sparse allochems) dissiminated in a
microsparry matrix-5 to 15u rarely up 30u- produced
by recrystallization of micrite.

In this phase. all allochems start changing their
shape and boundary sharpness against the matrix due
to slight and partial recrystallization. Only the largest
shell fragments can still be easily recognised under the
MICTOSCOPE,

This grade is called «sparse biomicrospars according
to Folk’s terminology. The main minerals identified
were mainly calcite also some diopside. wollastonite,
iron oxides and a few scattered dolomite crystals (see
plate 2).

Grade C. Macroscopically. this is a «Dark bluish
grev. fine grained. crystalline textured. massive within
the bed and medium bedded. fresh. highly affected due
to contact metamorphism. partially recrystallized
LIMESTONE. strong, with very low permeabilitys.

Under the microscope. the effects of recrystalliza-
tion on the rock texture. are more pronounced here,
showing clearly the conversion of the original micritic
and sparry calcite grains, into grains of larfer size
(phenomenon known as «grain growths).

This grade according to Folk (1965) can be termed
as «pseudospars, In this phase almost all of allochems
have been altered or obliterated: except of a few. the
largest ones. of which their existence can be hardly
traced.

There have been traced some subhedral to euhedral
dolomite crystals. forming a greater amount of
dolomite content in this grade. Also some diopside,
wollastonite and iron ore have been identified (see
plate 3).

Grade D. Macroscopically. this is a «Very light
bluish grey. medium grained. crystalline textured,
massive, fresh, contact metamorphosed and completely
recrystallized limestone or MARBLE, strong. imper-
meables,

As shown in thin sections. all of the erystals have
been completely recrystallized and grown, giving a
coarser texture. The mean crystal size is about lmm
and the rock is called sarenaceous marbles. The main
mineral constituents are calcite with a 10% of
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Plate 2. Phoromicrograph (« nicels) for grade B «Sparse biomicrospars,



Plate 4. Photomicrograph (x nicols) for grade D sArenaceouss.



dolomite. Also small guantities of diopside and
wollastonite have been identified (sce plate 4).

5. TESTS ON ROCK CORES AND LUMPS

5.1, Sampling and Preparation methods

After determining the geology and establishing the
different units or levels of the metamorphic grades in
the Longhoughton Quarry, representative samples. of
metamorphic grades B. C. and D. were collected.

The samples of pure unmetamorphosed Great
limestone, grade A. were collected from the Mootlaw
Quarry.

The samples had the form of: a) block rock samples
(0.25%0,25x0,20m) and b) lump rock samples (about
fcm in diameter). Out of them. cylindrical cores were
cut and lumps taken for various tests. A flow chart il-
lustrating the testing sequence is shown in fig. (2).

5.2. The Index tests on rock cores

This group of tests mainly includes the determina-
tion as well as the variation of the physical and related
properties of the four different grades of Limestone.

These are: bulk density (dry and saturated),
saturated moisture content, effective and total porosi-
ty, void ratio — conducted in accordance with
LS.R.M., Anon, 1979 — mineral grain specific gravity
— B.S. 1377: 1967 — ultrasonic velocity (dry and
saturated) — Deere et al., 1969, Thill and Peng (1974)
— and permeability — Akroyd, T.M.W. 1964,

The bulk volume was calculated using the Vernier
caliper techmigue, and the saturation was done using
Deere’s (1969} method.

5.3. Physical properties

Table 1 shows the physical properties results, in-
dicating that the densities as well as the mineral grain
specific gravity increase as the metamorphism
proceeds.

5.4. Ultrasonic Velocity

In the present study. this test was employed to
assist in  the classification of metamorphosed
limestone, in terms of different engineering
metamorphic grades. Modern portable non-destructive
digital ultrasonic testers (known as Pundit) were used
on prepared rock cores. The Pundit generates ul-
trasonic pulses at a rate of 10 per second, each with a
frequency of 200KHz. 25 to 30 cores of each grade,
in both oven-dried and saturated condition, were
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Fig. L Flow Chart of Testing Procedure.

prepared and tested perpendicular to bedding planes,

Figures {3). (4). (5). (6} show plots of: effective
porosity — dry and saturated sonic velocity. dry
velocity — dry density. dry sonic velocity — saturated
sonic velocity. for each rock grade. as plotied by using
graphic technigues and programming in computer, em-
ploying the linear regression analysis. The coefficients
of determination for each plot were determined and
given in table (3). The computer programmes for the
graphs as well as for the linear regression analysis are
also included, fig. l6a. b.

The coefficients of determination sugpest that.
although a clear trend on the plots is shown, a very
accurate estimate of one variable cannot be obtained
given the other. This fact is attributed to the com-
plicated influence of all factors together, such as
porosity geometry of vois. texture. composition. densi-
ty and other physical properties.

Finally it is noticed that:

1. Increase in metamorphic grade results in decrease
of sonic velocity. It seems that as recrystallization
proceeds the wave wvelocity is reduced. Grade C,
however, gave lower sonic velocity than Grade D due
to the fact that the porosity in grade C is approx-
imately twice as high as in Grade D and has a major
influence on the wave velocity.



TABLE 1: Index properties of rock cylindrical cores.

ROCK Mo, Bulk Bulk Effective Total Saturated Mineral Void
GRA- of Density Density porosity porasity Maoisture Grain Ratio
ADE cores Dry Saturated Content Specific
tested Gravity
pd psat MelT ™ LS. GS e
griem® griem’ % % % %
A i3 2,607 2608 0.06 0.94 0.02 26318 095
B 27 2.66() 2668 0.82 1.06 0.31 16882 1.07
C 24 2,660 2674 1.39 157 0.52 2,7027 1.60
D 26 2.692 2.696 0.41 0.98 0.15 27186 0,99
o
TABLE 2: Shows the average fest results af sonic velocity.
MNa. Laboratory sonic velocity Dvnamic Bulk Porosity
Rock of oven-dried saturated Modulus of Density
Grade COres Elasticity
tested Km/sec Km/seq MN/m’ gricm’ %
A 23 6.044 4,459 D5x 108 2,607 0,94
B 27 4,276 5275 4. 7= 10" 2.660 1.06
C 24 2494 3,233 LT 00% 2.660 1.57
D 26 3.370 5068 ENEST 2,692 0.98
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2. Inside each grade. the wave velocity increases with
increasing density and decreases with increasing
porosity. But paradoxically. when comparing the bulk
density with the sonic velocity amongst different
metamorphic grades. the sonic velocity increases as
the bulk density decreases. suggesting that factors like
texture. composition, degree of recrystallization and
mainly porosity. play a more important role on sonic
velocity than bulk density does on its own.

3. The sonic velocity increases in water saturation.
This is attributed to the fact that the ultrasonic pulses
travel through the water filled pores and not all
around the pore edges as they do in a dry state. As a
result the travel path diminishes and the sonic velocety
increases.

4. The average dynamic modulus
decreases as meiamorphism incrases.

of elasticity

5. Taking into account all the above mentioned notices
as a whole., we can ultimately conclude that the most
important and determining factor for the final forma-
tion of the magnitude of ultrasonic velocity, is mainly
porosity. Other factors like texture. structure composi-
tion. density. and degree of metamorphism play a less
pranounced role. For example although grade D has a
higheay a less pronounced role. For example although
grade D has a higher degree of metamorphism than
grade C. its sonic velocity is higher. On the other
hand. grade’s A and D porosities are about the same
(0,94 and 098 respectively), but nevertheless grade’s
A sonic velosity is higher due to higher degree of
metamorphism.

5.5, Permeability
Traxial cell designed by Hoek and Franklin (1968}

1.5 =

Heff Z

e

Heff &

L i i i

5-5 4;0 4‘.5 5‘0 2.65 2-65 2.&? E-E’g
Vdey Km/s Pd  grfcwmd

Fig. 4. GRADE B.
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was used to determine the permeability of all four
grades of intact core cylinders.

105 bars confining pressure was applied to prevent
leakage in hetween the cylindrical face and the mem-
brane. Constant head pressure of 63.5 bar was exer-
ted. The cores were tested perpendicular to bedding
planes.

Three cores of each grade were tested and the
average values taken. The test results are shown in
table (4).

Therefore the above permeability results indicate
that the permeability is generally very low. ie. negligi-
ble values in engineering context. and all the four
grades. with respect to their rock material permeabili-
ty. could be considered as impermeable.

5.6, Schmidi hammer test

In the present study a type N hammer was used o
relate the Schmidt Hammer Number (S.H.N.) to the
unconfined compressive strength.

At least 40 readings were taken in each of two
directions. parallel and perpendicular to the bedding
planes. in the four different grades. The test was per-
formed on rock blocks in the laboratory. Table (5)
shows the SHN results as well as the (U.C.5.) for
COMpAarison reasons.

[t may be seen from the results. that SHN generally
decreases with increase of the degree of metamorphism
in the rock. However. this criterion cannot always be
accepted. because there are many other factors which

—
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affect these values. such as mineralogical constituents,
texture and mainly porosity.

Fig. (7) shows the relationship between the perpen-
dicular SHN and the U.C.S. It is clear from the curve
that as the compressive strength increases so does the
hardness. It should. however. be noted that the results
of SHN and U.C.S. must not be directly compared:
the reason being that during the compressive loading
of a specimen. it is caused work which leads to a build
up of potential energy within the specimen and then is
released on failure. while the Schmidt hammer test
reflects the absolute hardness, without an energy build-
up. Therefore the S.H. test is only a rough method for
estimating the strength of materials and a useful tool
for preliminary work.

5.7. Point load sirengih test

A point load machine. built in accordance with the

original design and - recommended specifications
tFranklin and Broch 1972), has been used in this
research,

The P.L.T. is proposed as a standard test. for
strength classification of rock materials and therefore
as a replacement for the uniaxial {unconfined) com-
pression test usually employed for this purpose. The
advantages of both types of tests are given and com-
pared in Bieniawski's paper in 1975 and the reader is
advised o refer to it

About 30 irregular prismatic rock specimens from
cach rock grade were tested in oven-dried (24 hours
oven-drying at 105%+2°C) and about 30 in ssaturateds
{24 hours immersion in water al atmospheric pressure)
condition,

To reduce the size effects to a minimum. specimens
with diameters of more than 40mm and with ratios. of
longest diameter to shortest one, of 1,0 to 1,7 were
tested. (Broch and Franklin, 1972, Bieniawski, 1975).
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Fig. 6. GRADE D.

21



TABLE 3.

Plot Coeficeient of determination (r’}
Girade A B C C
Mo,
of 23 27 14 26
daia
Nelt vdry 0.62 031 0,22 0,02
Meff-Vsal 046 047 032 0,02
Vdrv-pd 0,12 003 0.69 o9
Vdry-Vsat 057 .59 092 0,93
TABLE 4.
Grade A B C D
Coelficient of i g T
permeability K 0 492x10~ 1 8,585 107 844 10
{em/feec)
* There was not any observable change in the volumentric tube for 2 hours time.
TABLE 3.
Mo, perpendicular 1o Parallel 1o U.C.5.
Grade af bedding rebound (N) bedding rebound (N) (MN/m?)
Data
A 43 55.1 58.7 211,20
B 41 424 3715 0,13
C 41 340 il4 B1.28
D 40 R 116 87.E1

For standard classification the normalized point
load strength index. g (50). has been used. and was
obtained from the I, by correcting this value to a
reference standard diameter of S0mm using the correc-
tion chart (Broch and Franklin, 1972).

The results of all the four grades. in both oven dried
and saturated condition. are set out in table (6).

It can be observed a strength reduction on satura-
tion. All strength values given in table (6) are in
MN/m?. and perpendicular to bedding planes.

When Bieniawski, in 1975, tried to correlate rock
strength values as obtained by both P.L. test and
U.C.S. test. he suggested a conversion factor of 24 for
the equation:

U.C.S. = 24 x 1,(50)

This study suggests an average conversion factor of
dd, nearly twice as much. indicating a risk of replacing
the U.C.S. test by the P.L.T. as a design test and that
the P.L.T. should be carried out only as a preliminary
index test. But nevertheless. it is clear that
metamorphism has an adverse effect on strength.

6. ENGINEERING DESIGN TESTS

6.1, Uniaxial compressive strength test

The compressive strength of core samples of the
four grades was determined. using the Type GD
Grade A, Contest Instruments, Ltd.. testing machine
of 2000 KN capacity.

Tests were conducted on oven-dried and saturated
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