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SYNOPSIS

The Permian of Northern England consists of over 1800 feet of
dolomites, limestones, marls and evaporites, with arenaceous deposits
at the base. Although of limited areal exteng_, a wide variety of lithologies
are represented, largely interpretable in terms of the depositional
environmeﬁt at the western margin of the Zechstein Sea. The structure
consists of a low east to south-easterly dip, together with faults, the
largest of which trend east-west and attain maximum development in the
south of Co. Durham.

The geohydrology is controlled by the lithology and the structure.
To the north of the Hartlepool Fault System the aquifer is unconfined, and
represented chiefly by the Lower Magnesian Limestone and Basal Permian
Sands. It has been indiscriminately developed in the past, and at present
24 m.g.d. are licensed for abstraction. In the south and around Hartlepool,
the Middle Magnesian Limestone forms the main aquifer, being confined for most
of its extent by drift or marls of the Lower Evaporite Group. A groundwater
investigation of this area by the Northumbrian River Authority showed that
analysis and extrapolation was made difficult by the presence of hydrological
barriers due to faulting and basement 'highs'. Digital and analogue
simulation techniques have been used, and results from the latter indicate a
net 12 m. g.d. to be available without depleting resources.

The strength and rheological parameters of the Magnesian Limestone
are controlled principally by the rock lithology. However, since the
strata is usually highly fractured, the effect of discontinuities on the
rheology, and on thé failure characteristics in both biaxial and triaxial

e
stress fields has been examined. Laborat@ry tests have been undertaken to
establish typical parameters for various lithologies, and most correlate
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with the unconfined compressive strength, even though the latter may be
erroneous on an absolute stress basis due to sample-platen interaction.
Results from the various lithologies may be utilised in the quarrying
industry where a knowledge of the probable rock types at a locality is
invaluable. Although slope stability is not a large scale problem, slope
degradation may be arrested by designing on a 'semi-discontinuum' basis.
Foundation properties of the Magnesian Limestone are generally good,
although remedial measures may be necessary where there is a

significant thickness of leached material.
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CHAPTER 1

INTRODUCTION AND REGIONAL SETTING

1.1. Introduction

The Magnesian Limestone of northern England, although outcropping
over what amounts to a very small fraction of the total area of the British
Isles (Fig 1. 1), nevertheless affords an interesting' study on account of the
many variations in occurrence, lithology and propertiés which are exhibited
within a relatively small area.

The Magnesian Limestone underlies Co. Durham east of a sinuous
line from South Shields in the north, through Ferryhill to west of Darlington
and then south towards Scotch Corner, where it becomes discontinuous.
Further south in Yorkshire, glacial drift blankets much of the solid geology,
although from both borehole evidence and the limited exposures, it appears
that the outcrop narrows to some 5 miles due to the overstep of the Trias.
In the Midlands, the Magnesian Limestone becomes attenuated until, in the
Nottingham area, it is represented by only a thin bed of arenaceous dolomite.
The precise stratigraphic correlations between areas are difficult to determine
due to the absence of palaeontological evidence and the replacement of the
marine limestones by the diachronous Bunter Sandstones (Sherlock, 1926,
1928). To the west of the Pennines, a thin equivalent of the Magnesian
Limestone occurs in a few restricted localities, notably near Appleby in
Westmorland and around Manchester (Wells et al, 1966).

In the north of Co. Durham, the eastward dipping strata produces a well

defined westward facing escarpment, but in the south of the county and in

Yorkshire glacial drift masks the effects of the structure upon the topography.
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The Permian hills are small in comparison with their Pennine neighbours,
attaining 600 feet or over in only a few isolated places.

Over most of the area, the drainage is post-Pleistocene, drift
controlled, although some of the deeply incised coastal denes are
re-excavating pre-glacial valleys and locally flow in the Magnesian Limestone.
Recent boreholes in the south of the county have located the positions of
tributaries of the proto-Tees, but it is not yet possible to produce a complete
picture of the pre-glacial terrain.

1.2. Previous work

Much of the first geological mapping and stratigraphic correlation of
the Permian was carried out early this century by Trechmann (1914, 1925),
with further contributions by Woolacott (1919), and Hodge (1932). A
resurvey of the Durham and West Hartlepool sheet by the Institute of
Geological Sciences in the 1950's, coupled with evidence from N. C. B land
and offshore boreholes (Magraw et al, 1963) resulted in a reappraisal of the
difficult st'ratigraphy in terms of the palaeogeography (Smith and Francis,
1968). The succession as outlined in the above memoir, together with
personal communications from D.B. Smith concerning the as yet unpublished
Sunderland sheet, has been used as reference throughout this thesis.

The hydrology of the area has received only sparse attention, although
the implementation of the Water Resources Act (1963), and the work of the
River Authorities should eventually lead to a mbre complete understanding.
A wartime pamphlet,(Anderson, 1941), lists the localities of wells together
with rudimentary information on the geological succession, rest water levels,
pumped water levels and yields. More recent information on abstraction is

given in the Wear and Tees Hydrological Survey (Ministry of Housing, 1961),



and although it contains no quantitative data on the aquifer parameters, it
seeks to indicate the over-developed areas, and those areas where future
development should be concentrated.

A report by the Water Resources Board (1967) on the resources of
northern England indicates a possible deficiency in the Northumbrian River
Authority area, based on existing supplies, of 30 million gallons per day
(m.g.d.) by 1971, and 205 m.g. d. by the year 2001. The investigation and
simulation of an area around ﬁarlington éNorthumbrian River Authority, 1969;
Burgess and Cairney, in press) to offset this deficit is considered at length
elsewhere in this thesis.

The influence of the geohydrology of the Permian on the working of the
underlying coal was the subject of two papers resulting from work carried
out by the National Coal Board (Armstrong et al, 1959; Clarke, 1962). It
was concluded that resources in the Chilton-Rushyford area could be extracted
providing there was dewatering of the overlying Permian. Clarke showed that
there was a correlation between the pumping required in the mines, and the degree
of fracturing and faulting and hydraulic head. The actual instigation of these
schemes, however, was dependent upon the economics of the situation.

As far as the engineering geology of the Magnesian Limestone is concerned,
there have been no published reports in the literature.

1.3. Objects

The aims of the present research have been threefold: -

(1) To assess techniques for investigating and evaluating a highly variable
material, often very fractured and jointed.

(ii) To apply these methods to the Magnesian Limestone in particular, and
to arrive at representative values for the engineering and hydrological

parameters.



(iii) On the basis of these results to consider the area as a geological,
engineering and hydrological entity, and to be able to predict at any
locality the possible nature of the geology and geological material,
engineering and hydrological problems likely to be encountered,
groundwater potential, suitability of the rock for aggregates, and
other relevant particulars.

The first of these objectives is considered the most important, since
applications are by no means limited to the succession studied. Where required,
contemporary methods of analysis and data processing have been employed,

particularly the I. B. M. System 360/67 NUMAC computing facilities.




CHAPTER 2

GEOLOGY OF NORTH EASTERN ENGLAND

2.1. Regional Geology

In the north east of England, the broad geological succession is:-

Recent & Pleistocene

Trias )
) Permo-Trias

Permian )

Coal Measures )
)

Millstone Grit Series ) Carboniferous
)
)

Carboniferous Limestone Series

Lower Palaeozoic

2.1.1. Lower Palaeozoic

The basement series of slates, grits and volcanics occur as faulted
inliers in a few Pennine localities at Horton-in-Ribblesdale, Langdon Beck
and Cross Fell (Eastwood, 1963), and have been proved in a borehole at
Crook (Woolacott, 1523). In some areas, Devonian granites appear to have
intruded the basement, and borehole evidence at Rookhope substantiated
geophysical evidence of a granite at depth (Bott, 1967).

2.1.2. Carboniferous

The Carboniferous strata is deposited unconformably upon the Lower
Palaeozoics in all areas. At the base, cyclothemic sedimentation was

developed on the block areas of Alston and Askrigg, and these thicken greatly

across hinge-lines into arenaceous and argillaceous successions in the trough




areas of Northumberland, south Durham and north Lancashire. The

Millstone Grit deltaic facies is less developed in the northern Pennines

than in the Lancashire-Yorkshire area, attaining a thickness of only 400 feet.
The succeeding Coal Measures, however, are represented by Lower and
Middle Coal Measures up to the upper A. similis - A pulchra zone. The
initial extraction of coal was located on the exposed coalfield of west Durham,
with expansion into the concealed coalfield taking place in the mid 19th century.
The difficulty of shaft sinking through the Permian was highlighted by the
abandoning of the first Haswell sinking with a loss of £60,000 (Galloway, 1898).
It was not until techniques for freezing difficult ground conditions were
adopted in the early years of this century that full exploitation was realised,
especially in the coastal areas where most of todays 'lbng life' pits are
situated working undersea reserves.

2.1.3. Permian

At the end of the Coal Measures, considerable denudation under very
arid conditions reduced the area to a peneplain. The slight unconformity at
the base of the Permian is marked by breccias and dune sandstones. Locally,
to the north-east of Darlington and around Billingham, Carboniferous 'highs'
result in attenuation or complete absence of Permian sediments (Wood, 1950).

The Permo-Triassic succession in Co. Durham (Fig 2. 1) consists
fundamentally of a marine transgression over a desert peneplain, followed by
cycles of evaporite formation. Since Co. Durham represented the western
marginal area of the Zechstein Sea, the full development of the more soluble
evaporites occurs only in the south-east of the county on Tees-side. In the
Whitby area of the North Yorkshire Moors potash salts have been proved an

economic proposition, and work is currently in progress on the shaft sinking

and drilling connected with their abstraction. The oil and gas exploration
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programme at present being undertaken in the North Sea has led to a more
complete understanding of the stratigraphic relationships between the
Permian of northern England and the rest of Europe, even though details
of many of the wells and boreholes have been withheld for obvious induétrial
security reasons.

2.1.4. Pleistocene and recent

The interpretation of the Pleistocene of Co. Durham is complicated by
its position, being influenced by Pennine, Cheviot and Scandinavian ice sheets.
Pre-Pleistocene, the drainage was radial from the Pennine uplands, with the
headwaters of the River Wear flowing via Shildon-Newton Aycliffe into the
River Tees,. and the River Browney flowing directly into the sea via Shadforth
Beck (Smith and Francis, op. cit.) However, a tributary of the River Tyne,
cutting south, intersected first the River Browney and then the River Wear,
to produce the pre-glacial River Team, this being the drainage pattern
immediately prior to glaciation.

Over the central Durham area there is evidence of only one period of
glaciation, although in the coastal area it seems probable that there were
three, the oldest of which, the Scandinavian Drift, occurs at the base of
clefts in the Magnesian Limestone. The Lower Boulder Clay, however,
represents the ice sheet which covered the whole of the region, moving from
north to south, and is up to 120 ft thick. This is succeeded by the Middle Sands,
Gravels and Clays, indicative of a period of sub-aerial erosion of the pre-
existing deposits. The Upper Boulder Clay extended westwards only as far
as an approximate north-south line through Shotton and Wingate, and during
this period, sub-aerial erosion continued with deposition of sands, gravels
and laminated clays in ice and boulder clay dammed lakes, such as Lakes
Edderacres and Wear (Smith and Francis, op. cit). Many of the lakes

overflowed creating distinct channels, the most striking of which is the
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Ferryhill Gap, produced when Lake Wear spilled southwards. In central
Durham, the succeeding deposit, the Upper Stony Clays, is probably

indicative of a solifluxion phenomena, rather than of further ice sheets,

since the underlying laminated clays are not usually contorted. The

laminated clays of the Tees-side area are probably produced by ice damming
from the receding Upper Boulder Clay sheet, and may thus be contemporaneous
with the Morainic Drift and Upper Gravels.

In post-glacial times, many of the rivers have adopted different courses,
the River Wear, for example, cutting gorges in solid rock, notably at Durham,
Chester-le-Street and Sunderland, and thus leaving their old channels infilled
with drift deposits. In the coastal area, there is evidence of the pre-glacial
denes having a much lower base level, with slopes in the Magnesian Limestone
generally at 10° to 20° (Smith and Francis, op. cit), which is considerably less
than the present day streams that now occupy many of the former courses.

2.2. Permian stratigraphy
and lithologies

The stratigraphy of the Permian is considered below in a palaeogeographical
context and the various lithologies outlined. A generalized map of the Permian
outcrop is given in Fig 2.2, and Fig 2. 3 shows the southern area in detail.

2.2.1. Basal Sands and Breccias

The Permian Basal Sands and Breccias represent reworked arid
terrestrial deposits, and are thus highly variable in thickness and occurrence.
South of a sinuous line from Blackhall Rocks to Rushyford the often incoherent,
running Yellow Sands are replaced by breccias.

2.2.1.1. Palaeogeography - The age of the basal deposits is difficult to

determine due to the obvious lack of palaeontological evidence. Smith et al (op. cit.)

suggests that by analogy with the Russian type area as described by Nalivkin (1937)
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the basal beds should be ascribed to the Kungurian Stage of the Lower
Permian.

The thickness and distribution of the Yellow Sands are very variable
reaching a possible 196 feet near Easington, but being completely absent
elsewhere.

From borehole data and cross bedding preserved within the Yellow
Sands it is possible to reconstruct the desert landscape, and it appears that
large dunes similar to present day sief dunes were reworked during the
Zechstein Transgression. From the orientation of the axis of a dune
mapped in the Chilton-Raisby Hill area and using Bagnold's hypothesis
for the generation of barchan dunes (Bagnold, 1941), palaeo-winds with a
prevailing direction of E 10° N, with a subordinate direction of E 40° N

have been postulated by Smith et al (op. cit.) . These directions agree

closely with the present day equatorial regimes, and thus yield independent
evidence in support of polar wan&.ering and/or continental drift derived from
palaeomagnetic evidence.

Information on the breccias which occur in the south of Co. Durham
is at present too limited to enable a detailed distribution to be determined,
although the variable thickness may indicate deposition as debris fans and
wadi infillings.

2.2.1.2. Lithology - Sizing; analysis of the Yellow Sands shows a bimodal

distribution indicative of aeolian transport (Hodge, 1932). The heavy
mineral assemblage shows the material to be derived partly from the
immediate vicinity, and partly from an area to the north containing granites
and metamorphic rocks. Usually the Yellow Sands are virtually cohesionless,
although the silt-clay loessic fraction does impart some cohesive strength.

At outcrop the material is bright brownish-yellow, but fresh samples from
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depth are greenish in colour, the change being attributed to oxidation of the
pyrite to limonite near the surface. Towards the base and top of the sands,
secondary cementation by calcite leached from the overlying limestone
produces a more competent material. Near Easington Colliery, the complete
90 feet thickness of Basal Sands penetrated in a National Coal Board boring
has been cemented into a low porosity, grey sandstone.

The Basal Breccias consist of angular fragments embedded in a sandy
matrix. The provenance is fairly local, being derived from the Carboniferous
"highs' of North Cleveland and the Tees Valley.

2.2.2. Mar] Slate

The Marl Slate, a silty dolomitic shale was first considered by Sedgewick
(1829) to be the English equivalent of the German Kupferschifer.

In north eastern England it reaches a maximum thickness of 18 feet near
Rushyford, but attenuates rapidly in all directions, 2 feet to 5 feet being general
over the majority of the Permian outcrop, but decreasing to zero in the area
around Hartlepool and offshore. It outcrops near the base of the Permian
escarpment, but because of its nature and thickness is rarely well exposed,
except in quarry sections. At depth it is massive but on weathering becomes
brown-grey and develops typical shale laminations.

2.2.2.1. Palaecogeography - The Zechstein Transgression was followed by a

period of quiescent, stagnant marine conditions. High base metal concentrations
have been shown to be present (Hirst and Dunham, 1963), and are believed to
have been responsible for the extermination of the marine falina. The origin

of the mineralizing fluids is not known, although the widespread spatial
occurrence would seem to suggest submarine exhalations possibly similar to

those recently noted in the Salton Sea (Skinner et al, 1967).
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2.2.2.2. Lithology - The Marl Slate consists of a silt grade dolomite in a

clay matrix. X-ray texture analysis (Attewell et al, 1968) shows that the
fissility is due to the orientation of illite and kaolinite with thebasal (001)
planes sub-parallel to the bedding. The dolomite rhombs are largely
aligned with their c-axes perpendicular to the bedding, and there is no
evidence of non-hydrostatic stresses in a horizontal plane,

2.2.3. Lower Magnesian Limestone

The resistant Lower Magnesian Limestone produces the westward
facing escarpment, and is well exposed in the numerous quarries along this
line. Further east, however, it is located in depth only from boreholes.

Its maximum thickness of 225 feet is reached at Mill Hill near Easington, ‘l
but at outerop in the Houghton-le-Spring to Shildon aréa it is usually 150 feet
thick. In the area around Sunderland, and to the north of the River Wear,

the Lower Magnesian Limestone thins drastically, being at maximum 20 feet
thick and in places completely absent.

2.2.3.1. Palaeogeography - The Lower Magnesian Limestone represents

the carbonate-dolomite phase of the first evaporite cycle. The increasingly
saline nature is evidenced by the fauna becoming stunted and impoverished.
Over much of the county there is a gradual transition into the overlying

Middle Magnesian Limestone, but in Yorkshire a thin sequence of intratidal
clays and dolomites, the Hampole-Bed.s, have been recognized (Smith, 1968).
The basal beds at outcrop from South Shields to the Tees often show signs of
Slumping producing disturbed beds and turbidites (Smith, in preparation). The
much reduced thickness in the Sunderland area and to the north, reflecting a
removal of up to 75 feet of strata, is interpreted as a submarine slide

(Smith, op. cit.), occurring towards the end of Lower Magnesian Limestone

deposition. By comparison with documented contemporary submarine slides it
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appears to be due to a rapid increase in pore pressure, probably from
an earthquake, producing an unstable condition (Morgenstern, 1967).

2.2.3.2. Lithology - At the western escarpment outcrop three distinct

units may be recognized, but these are not easily identifiable in boreholes
to the east (Smith and Francis, op. cit.).

The lowest unit, 4-12 feet thick and massively bedded, ranges from
a calcitic dolomite to a pure calcite limestone, and having a granular to
finely crystalline texture.

The middle unit consists of dolomites with the bedding varying from
3 ins. to 2 it. In many places, for example at Thrislington, it has a
mottled appearance (Fig 2.4), representing a partial segregation of calcitic
and/or organic material. ILocally, this horizon is completely undolomitized,
notably at Raisby Hill Quarry, near Coxhoe, and at East Thickley, near
Shildon. In the Houghton-le-Spring area, it is extremely cavernous and
autobrecciated (Fig 2. 5) with very distinct bedding about 2 ins. thick.

The upper unit consists of silt grade granular dolomite, often very
pure and homogeneous(Fig 2.6). The bedding is very distinct, about 2 ins.
thick, and there is a considerable reduction in the amount of autobrecciation
and vughs.

This sequence of lithologies in the Lower Magnesian Limestone is
interpreted as indicating pre-diagenetic dolomitisation of the upper unit,
with post-diagenetic dolomitisation of the lower units becoming incomplete
near the base. This hypothesis is compatible with an increasingly saline
environment and downward percolation of hyper-saline solutions producing
dolomitisation downwards. The competent naturé of the lower micritic

strata would prevent easy passage, except along lines of weakness such as

bedding planes, thus giving rise to the characteristic mottled appearance of

the partially dolomitised limestones.
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2.2.4. Middle Magnesian Limestone

On an areal basis, the Middle Magnesian Limestone occupies most of
the Permian outcrop. However, the poorly resistant nature results in few
exposures. Because of the different depositional environments, the Middle
Magnesian Limestone exhibits a great variety of lithology, with thicknesses ,
ranging from 30 feet offshore to over 250 feet near Easington Colliery. V

2.2.4.1. Palaeogeography - The influence of the palaeogeography on the

nature of the sediment is more marked in the Middle Magnesian Limestone
than elsewhere in the Permian succession.

There are essentially three facies divisions: in the west, lagoonal,
passing eastwards into reef, and this into basinal sediments. The dominant
feature is thus the fringing reef, which followed a generally north-south line,
from Downhill through Humbledon, Ryhope and Peterlee to Blackhall Rocks,
and south to Hartlepool, where it became much subdued. Embayments occur
in some areas, notably around Hesleden Dene and Horden.

Initially the reef was composed of a low shell bank, forming first of
all in the north where there is soﬁe evidence that it may have existed in
Lower Magnesian times. As the salinity increased, the brachiopod fauna was
replaced by bryozoa and algae, as only these latter could withstand the hyper-
saline environment. South of Sunderland, the reef as now exposed, consists
largely of algal stromatolites. It is probable that the reef existed longest in
the central area where it is developed to its maximum thickness of 250 feet.
To the west of the reef, lagoonal conditions with quiet waters produced oolites
and pisolites to a maximum thickness of 200 feet. Overlying these in the south,
marls and evaporites of the Lower Evaporite Group occur. They are unknown
north of the Hartlepool Fault syst'em., but this is probably an erosional feature

resulting from the southern downthrow, since nowhere to the north has the
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actual top of the oolitic dolomites been identified (Jones, in preparation).
To the east of the reef, basinal dolomites and evaporites were deposited.
In many areas subsequent solution has léft only a thin residue bed, especially
in the Sunderland area. In the N. C.B. Offshore Borehole No. 2, however,
over 500 feet of anhydrite was logged (Magraw et al, 1963), giving an .
indication of the thickness dissolved.

2.2.4.2. Lithology - (a) Lagoon. The lagoonal facies consists almost

entirely of dolomites, often oolitic or pisolitic and weakly cemented (Fig 2. 7),
together with granular silt-grade dolomites similar to the ﬁpper unit of the
Lower Magnesian Limestone. Where oolitic horizons occur beneath a thick
impermeable cover of marls in the southern area, the pores are invariably
infilled with evaporites. Itthus appears likely that the open textured oolites
represent strata from which the interstitial evaporite cement has been leached
by groundwater movement. Very locally, dedolomitisation has occurred,
producing crystalline limestones, but the zones affected are limited and
unpredictable although in many cases they appear to be related to faults.

(b) Reef. The nature of the reef building material is the main factor
determining the resultant lithology. In the Sunderland area, and especially
at Ford Quarry, shells constitute the main material, producing a highly
porous, dolomitized rock (Fig 2.8). As the salinity increases, bryozoa
and algae become the dominant builders, and the resultant rock is mo're
massive, often with distinct algal domes and stromatolitic crenulations
(Fig 2.9).

(c) Basin. The Lower Evaporite Group is included in this division
since the beds are lithologically more akin to the true basinal sediments
than to the lagoonal oolites. Close to the reef, buff, bioclastic, dolomitic
calcarenites are found. Further offshore, to the south around Tees-side

and in Yorkshire, evaporites up to the sylvine stage are found. The Lower
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Evaporite Group of the south of‘ the county is generally marly, but the
evaporites increase eastward to produce the Hartlepool Anhydrite.
Immediately beneath the drift, and to a lesser extent beneath the Upper
Magnesian Limestone, leaching of the evaporites occurs.

2.2.5. Upper Magnesian Limestone

The outcrop area of the Upper Magnesian Limestone is limited in
extent due to the easterly dip and the proximity of the reef to the coast.
Its maximum thickness is known from Offshore Borehole No. 2 to be
1

412 feet, but on land it is a maximum of 200 feet and generally less than

150 feet thick (Smith and Francis, op. cit.).

2.2.5.1. Palaeogeography - The base of the Upper Magnesian Limestone

represents the start of an evaporite cycle. As with the first, the conditions
are initially stagnant marine, but the presence of clay minerals and
organic material is secondary to the dolomite. Limited fossil evidence
indicates that fish did exist in this environment, and the basal Flexible
Limestone has occasionally yielded identifiable remains. The majority of
the succession consists of buff, granular dolomites, with some oolitic and

cross-bedded strata.

2.2.5.2. Lithology. - The division of the Upper Magnesian Limestone into

Flexible Limestone and Concretionary Limestone at the base, and Roker and
Hartlepool Dolomite above, is based almost entirely on lithologic
characteristics. The Flexible Limestone exhibits shale-like laminations
(Fig 2.10) and was originally thought to be a chronostratigraphic unit, but

it now appears to be a lithostratigraphic unit, since beds with similar

features occur above the base of the sequence.
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The succeeding strata are noted for the diverse sperical and
pseudo-coralline concretions (Fig 2.11), best known and first described
from Fulwell Quarry, near Sunderland. The concretions are wholly caleite,
and appear to be the result of dedolomitization by suitable circulating waters.
Their occurrence throughout the lower part of the Upper Magnesian
Limestone is widespread, although they are most typically developed in
the Sunderland area, and the distribution appears to be related to areas of
large scale collapse brecciation (Smith, in press). The solution of underlying
Middle Magnesian Limestone evaporites by groundwater may have taken
place as late as Tertiary times. The result was analogous to coal mining
subsidence, although on a cataclysmic scale due to the great thickness
dissolved, the incompetent nature of the strata, and the probably thin cover.
Similar effects may be seen today in parts of Cheshire where solution of the
Upper Keuper Saliferous Beds at outcrop has produced linear and crater
subsidence features (Evans et al, 1968). In the Whitburn-Marsden area the
effect of collapse becomes more intense northwards, beginning as an increase
in joint frequency, leading to gash brecciation, and finally to widespread
collapse brecciation. The high porosity and permeability of these beds
(Fig 2.12) would readily allow circulation of sulphate rich solutions derived
from the evaporites, leading to dedolomitisation of the breccias and surrounding
strata.

The Hartlepool and Roker Dolomites consist generally of soft,
granular dolomites, with some oolites showing slightly more cementation than

in the Middle Magnesian Limestone,
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2.2.6. Upper Permian Marls

These represent the final silting up of the British Zechstein Sea.
Nowhere are the marls exposed on the surface although underground evidence
suggests that they represent portions of two evaporite cycles producing the
Upper Anhydrite and the Billingham Main Anhydrite, both of which are
extensively mined by Imperial Chemical Industries Limited at Billingham,
The maximﬁm thickness of the Upper Permian Marls is 370 feet, and upwards
they become increasingly arenaceous and grade into the succeeding Bunter
Sandstone.

2.3. Structure

The structural history of the area is divided by Smith and Francis
(op. cit.) into three phases. Evidence for the first, pre-Upper
Carboniferous, is purely geophysical, and is based on the interpretation
of gravity anomalies as thickening of sediments southwards across and east-
north-easterly hinge line from Horden to Ferryhill (Bott and Masson-Smith,
1957). The second phase is Carboniferous-Permian, and produced the
Butterknowle Fault approximately along the line of the previous hinge belt.
The period of erosion following these movements resulted in the angular
disconformity between the Carboniferous and Permian, and isolated
Carboniferous 'highs' over which little or no Permian sediments were
deposited. Post-Permian movements gave the strata its easterly dip of
about 125 feet per mile, and rejuvenated many of the faults, extending them
upwards with much decreased throws, as well as producing further flexuring
along the Bufterknowle line. The most important features of this episode,
however, occur in the south of the county, where the West Hartlepool, Seaton
Carew and Butterwick faults produce en-echelon downthrow to the south of

over 1,000 feet.
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2.3.1. Faulting

In the Chilton-Wingate area of Co. Durham, analysis of fault frequency -
and orientation by Clarke (1962) has shown strike maxima in directions E-W
and NNW-SSE. Most of the large throw faults (greater than 100 feet) are
aligned east-west, for example the Easington Fault, Blackhall Fault and
Seaham Harbour Fault. Many show monoclinic flexuring on the downthrow
side so reducing the overall throw. Trough faults, generally trending north-
north-west are notable in the Castle Eden and Wingate areas. The faulting
in the south of the county is largely drift obscured and is interpreted from
borehole evidence and barrier effects delineated during well testing (see later).
The most important feature is the east-west trough fault in the Aycliffe area,
but further north the directions become more north-westerly. Due to thick
drift cover the exact lines of the West Hartlepool Fault and the Seaton Carew ‘f
Fault are largely unknown, their positions being located by the associated |

gravity anomalies.

2.3.2. Folding

Besides the folding associated with many of the larger east-west faults,
high dips are restricted to the reef front area, where there is evidence of
penecontemporaneous movement to produce a talus slope at the foot. Over
most of the area there is gentle flexuring of the Magnesian Limestone, and
in the south of the county a broad anticline has been located in boreholes,

running north-west south-east through Preston-le-Skerne.

2.3.3. Jointing

In general the joint directions agree closely with the fault directions.
Moseley and Ahmed (1967) show that post-Carboniferous joints exhibit the

same directional frequency as those of the underlying strata. Joint

frequency is very variable, but the spacing is generally similar to the bed ll

\

thickness (Price, 1966).
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CHAPTER I

INTRODUCTION AND THEORY OF AQUIFERS

1.1. Introduction

An investigation of the groundwater regime such as that undertaken
in this study has a twofold object. First, the nature and disposition of the
aquifers must be determined using the available surface and subsurface
information, the results of pumping tests and routine abstraction, and
details of the recharge areas. Second, a synthesis of this information
must be made in order to arrive atl as complete an understanding as
possible of the areal behaviour of the aquifers, and on this basis,
conservation and management schemes may be constructed so as to obtain
the optimum return from the available resources.

Until the mid-1950's the study of groundwater and well hydraulics
was apparently divided between engineers, mathematicians, and geologists,
with the result that the latter approached the problem on a qualitative basis,
whereas the others endeavoured to construct complex mathematical models,
often with scant regard for either the geology or the workability of the
solution. However, the pioneer work of Southwell (1946) on the application
of numerical relaxation techniques created possibilities of reconciliation
between the two sides. Karplus (1958) recognized the potential of electrical
analogue methods for the solution of field problems, and Stallman (1963)
applied the techniques to groundwater. With the advent of third generation
computers, direct methods of solution are being investigated.

In many ways the present study has been a precis of this evolution.
Initially the investigation employed analytical techniques developed in the

late 19th century, followed by the non-steady state concept of Theis (1935).
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Latterly analogue and digital methods of simulation have been used, resulting,
it is hoped, in a contemporary evaluation of the aquifers.

1.2. Theoretical Basis and Definitions

1.2.1. Darcy's Law and the Laplace Equation

The flow of water through a porous medium was investigated by Darcy
in 1856 when he showed that for low rates of flow, the discharge velocity
varied directly with the loss of head per unit length of sand column through

which the flow occurred. He thus established the empirical law, expressed as

V=KAh/1 (1.1)
where V = discharge velocity
Ah = head difference
1 = length of column
K = constant, dependent upon the material.
For the general case of any liquid, this becomes
V=ik ¥ / n (1.2)
where i = hydraulic gradient
k = intrinsic permeability
X = density |
7 = kinematic viscosity
The constant K in Darcy's original equation is thus a function of both the
material and the fluid. However, if the fluid is water, the changes in its
physical parameters are negligible over the range of conditions encountered
in groundwater, and thus variations in K, the hydraulic conductivity or
permeability, may be reasonably referred directly to the material.
By a consideration of the laminar-to-turbulent transition in pipeflow
and the inertial forces, Lindquist (1933) has defined values N* at which

digression from Darcy's Law starts, given by
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N* = VD /n (1. 3)
where D = average grain diameter
He showed that for a material with grain diameters between 1mm:: and 5Smm
and a porosity of 38%, N* was about 4. For most groundwater conditions
laminar flow conditi-ons will obtain; however, around a well, high discharge
velocities may result in localised turbulent flow leading to 'well losses'. The
discharge velocity around a well is determined by
V=Q /27 ryhy (1.4)
where Q = rate of flow
ry = well radius
hW = depth of water in well
An assessment of the flow conditions may therefore be made, assuming a
knowledge of the relevant parameters of the surrounding material.

The similarity between the laws governing the flow of water, electricity
and heat was recognized in the mid-19th century. It is here that two basic
concepts in groundwater hydraulics, namely, steady state and non-steady state,
cause a slight divergence of solution.

Partial differential equations of the general two-dimensional form

2 2 2
abu +b du +¢du =f (1.5)
ax2 dx Oy éyz

where a, b, ¢, are functions of x and y, and f is a function of x, y, u,
ou/dx, éu/ dy, occur widely in engineering (.. James et al, 1967). There
are three basic forms, elliptic, parabolic and hyperbolic, but only the first
two have relevance in groundwater hydraulics.

(a) Elliptic partial differential equations. This type is defined by

b2 - 4ac < 0 (1. 6)

and thus the Laplace Equation

>%h r % =0 1.7
dx dy
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is of this form. The solution is represented by two sets of orthogonal lines,
one set being the equipotential lines, the other being the flow lines. The
solution domain is closed, with the implication that steady state conditions
é::ist, and in this way Laplace's equation is basically different from the
open-ended domain solution of the parabolic equation.

(b) Parabolic partial differential equation. In this case, the solution must

satisfy the partial differential equation throughout the domain determined by
time, as well as the initial and boundary conditions. Such an equation
represents the non-steady flow of water through an aquifer, subject to

recharge at a steady rate of accretion, W,

Pn + O =§ 2h -W (1.8)
dx? dy? T ot T
where S = storage coefficient

T = transmissibility
W = rate of accretion
Equations 1. 7 and 1. 8 form the theoretical basis for the study of
groundwater hydraulics; the resulting differences are thus a reflection
on the solution adopted and the field of application.

1.2.2. Definition of aquifer parameters

The usage of the various terms adopted in this thesis are outlined

below.

1.2.2.1. Hydraulic conductivity or permeability, K ~ It is implicit in

the application of Darcy's Law that the value of the constant K takes account
of the properties of the fluid as well as the porous material. The units are
generally expressed as LT_l. However, alternative units which take

account of the true dimensional né,ture of K are sometimes used, especially

in the U. 8. A., where their application is usually limited to the hydraulics of
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oil reservoirs in which the different properties of the fluids involved are as
imbortant as the characteristics of the reservoir rocks. In general,
values obtained from tests will be expressed in gallons per day per (foot)z,
or in centimetres per second (1 g.p.d. /ft2 =5.65x 10_5 cm/sec).

1.2.2.2. Coefficient of storage, S. - This is defined as the volume of

water released or taken into storage per unit surface area of the aquifer.

(@) Confined case. The release of water from a confined aquifer due to

a change in head is entirely a function of the compressibility of the aquifer
skeleton and the water. Assuming no leakage into contiguous beds,

Jacob (1950) deduced the relationship:

S=y ,0D(B + %) (1.9)
n
where Xw = density of water

n = porosity
D = aquifer thickness

B = compressibility of water

® = compressibility of aquifer skeleton
From a knowledge of the elastic parameters, porosity and thickness of
the aquifer, it is thus possible to compute the storage coefficient. Where
recordable, the barometric efficiency, BE, and tidal efficiency, TE, may
also be used to derive the storage coefficient.

(b) Unconfined case. In the unconfined aquifer, actual dewatering takes

place, the elastic effects due to changes in ambient pressures being
- negligible in comparison. Thus the storage coefficient is often equated
with the porosity, but this appears to be somewhat optimistic except in
coarse sands and gravels.
Capillary effects due to pore geometry can greatly redl;ce the

quantity of water able to drain freely, and thus a saturated clay in
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equilibrium with the saturated moisture which exists above it would lose

very little of its held moisture.

1.2.2.3. Transmissibility, T. - This is simply defined as hydraulic

conductivity X saturated thickness of aquifer, and for a confined,
homogeneous aquifer it is, of course, constant. However, in the water
table aquifer near wells it will be a function of the position of the free
surface induced by pumping, and will therefore be variable. In general,

it is the transmissibility which is determined from aquifer tests, and the
conversion to the equivalent permeability merely represents the overall
average permeability of an ideal homogeneous aquifer which behaves
similarly to the one tested. The value of permeability ol';tained by

analysis of pumping test data is, by assumption, for the horizontal direction.
This average value obtained is a composite of the individual bed thicknesses
and hydraulic conductivities. In some cases the average may be reduced

to its constituents by the relationship

KH=K1H1=K2 H2 .......... +KnHn (1.10) <&
where K = average hydraulic conductivity
K1 cen Kn = hydraulic conductivity of individual beds

H = total thickness

Hl' . Hn = thickness of individual beds

1.2.2.4. Specific capacity, SC - This is defined as the yield in gallons per

day, per foot of drawdown under steady state conditions. For a confined
aquifer, the specific capacity is constant for drawdowns less than the
artesian head. For an unconfined aquifer, the specific capacity is a function
of the percentage drawdown of maximum, or percentage dewatered. Because

of this, specific capacity values have been normalized to the value represented
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by 50% dewatered, using a relationship derived from the graph of Johnson

(1966)
8Cg5p =SC(__0.75 ) (1.11)
1 - %dw/200
where 8050 = gpecific capacity at 50% dewatered

SC = calculated specific capacity
%dw = percentage of aquifer dewatered

1.3. Agquifer tests

The theory of aquifef tests is based on either a steady or non-steady
state condition of flow within the aquifer.

1.3.1. Steady state

The steady state concept provided the framework for analysis of well

hydraulics started at the end of the nineteenth century.

1.3.1.1. Confined flow~ (Fig 11). The Thiem formula linking discharge

with the potential around the well is given by

: r

K= . log (2/r 1.12

2 - o8y (%) .12)

iTD
h2 - hl
where D = aquifer thickness

Tys Ty = radial distances from well
hl’ h2 = heads at distances I T,

The derivation of the formula for steady state is based on the following
assumptions:
a) the aquifer is homogeneous, isotropic and of infinite areal extent,
b) the discharging well penetrates and receives water from the entire
thickness of aquifer,
c) the transmissibility is constant at all times and at all places,
d) pumping has continued for a sufficient time to allow the system to have

reached steady state conditions, i.e. no change in drawdown as a

function of time
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e) the flow is laminar.
Despite these limitations, the formula has quite widespread
applications.

1.3.1.2. Unconfined flow - (Fig 1.2). The corresponding equation for

unconfined flow is generally attributed to Dupuit-Forchheimer, and is

limited by similar assumptions to the Thiem equation above:-

r
K=Q .log, ( 2/rl) (1.13)
T T
hz - hl

Whilst this equation may be used to predict the discharge to within an
error of 5%, Boulton (1951) has shown that it cannot be employed to
determine _the position of the free aurface at a distance from the well of

r< 1.5hg . (1.14)
where r = radial distance from the well

h_ = undisturbed saturated aquifer thickness

e
Hantush (1964) has advanced a method for more accurately determining
the free surface position using E, the hydraulic head, defined as the height

of water in a screened well completely penetrating the aquifer,

2hh - h? =h *-Q_. log, (zo (1.15)
TK r

As-the distance from the well, r, increases, h approaches h and
the equation becomes the same as the Dupuit-Forchheimer.

The main factor producing divergence of the free surface from that
predicted by the Dupuit~Forchheimer is the existence of a seepage face in
the well above the pumped water level. Boulton (1951) has shown b.y
relaxation methods that the height of the seepage face may be determined
from the well radius, amount pumped and hydraulic conductivity. Zee (1957)

introduced dimensionless constants to express the combination of




MO\ |[2™ [BIped C_Nu.:\_dcm pauljuosun] ¢ | mI_IM

\NYZANVIANYIANYIANNYLINANY IN\Y AN \Y/ANYINNYIANYLANYIANY IANY 27
>>r_ﬁ :
sy

2




27,

parameters, and his work was further developed by Herbert (1965) who

. studied the disposition of the free surface around a steady state well

using an electrical resistance analogue. From practically derived
dimensionless number relationships he produced a graph of the correlation
between Q/Krw2 and (hyq5 - hg / ty,, where by ;5 is the height of the'
water table at a distance of 115 x r, from the weli, and hg is the height

of the seepage face. This, when used in conjunction with theoretically
derived number relationships between Q /KrW2 and hw/rw, enables the
water table profile to be predicted from Zee's curves. Since it takes
account of the seepage face it has been used as a method of analysis for
cases where only the pumped water level is known. The process is
iterative but converges very rapidly, and with practice takes little longer
than the Dupuit-Forchheimer. Results obtained by the latter are generally
higher than from the Herbert method due to the neglect of the seepage face
by the former.

The application of steady state conditions has obvious attractions in
its simplicity (Logan, 1964), but some of the limiting assumptions are too
rigorous to allow more than an approximate solution for the parameters.
By definition, the source of water under steady state conditions comes from
lateral flow within the aquifer, rather than dewatering, and hence an estimate
of the storage coefficient cannot be obtained. Boulton (1954) has shown that
horizontal flow predominates for

T>5 (1.16)

where T =Kt/Sh, 1.17)
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1.3.2. Non-steady state

The concept of time in groundwater hydraulics was first introduced

by Theis in 1935, although the analogy with the conduction of heat had been

recognized since the work of Slichter in 1899. In 1940, Jacob verified

the non-equilibrium formula directly from hydraulic concepts. Stated in

non-dimensional terms it is

a)
b)

c)

d)

[+ ]
s=_Q e = . du (1.18)
4T T 2 u
rsS
4T
where u= r28/4tT (1.19)

The non-equilibrium formula is based on the following assumptions: -

the aquifer is homogeneous and isotropic,

the aquifer has infinite areal extent,

the discharge or recharge well penetrates or receives water from the
entire thickness of aquifer,

the transmissibility is constant at all times and at all places,

the well has an infinitesimally small radius,

water removed from storage is discharged simultaneously with decline

in head.

Since the expression cannot be directly integrated, solution is by

matching a data curve of log (time) v log (drawdown) with the type curve

of well function log (w(u)) v log(l/u). The match points are then

substituted into the equations

5=Q . w(u (1. 20)
T

u=s ._r? (1.21)
T t
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allowing the storage coefficient and transmissibility to be calculated

(De Wiest, 1965).

The value for the integral expression has been expanded (Jacob, 1950)

into a series given by:-
[ ]

-u
e . du 9
9 u = W(u) = -0. 577216 - logeu -u_
r S 2.2!
4T
+ u3 - u4 ... (1. 22)
3. 3! 4. 4!

Now for u 0. 01 the terms beyond loge u may be ignored, and the expression &€—

is thus reduced to

s=Q (log, 4Tt -0.5772)
4T 2

rs
s=Q log 2.25Tt (1. 23)
e
4mT 2g

This is known as the Jacob approximation, and the usual method of
solution is to plot drawdown (s) v log (t) to produce a linear graph. Taking

times t; and t, the respective drawdowns are sy and Sy and thus

T=Q . _loge (to/t;) (1.24)

417 82 - 84

If, for convenience, the time interval between ty and t2 is taken as

one log cycle, then
T =Q/As (1. 25)
where As = change in drawdown, s,-5;

The storage coefficient may be determined from the same plot, since

when s =0
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s=Q . log, 2.25Tt

4MTt rzs
thus S =2.25 Tty (1. 26)
r2
where ty = intercept on time axis.

A development of the Jacob approximation allows the transmissibility
to be calculated from the recovery of a pumped well. The cessation of
pumping is considered analogous to the commencement of recharge at the

same location and rate. Thus

' = g e . du e . du (L.27)
4aT|{] 2, U -{ 9 U
rsS r’'s
4Tt 4TtI
where sl = residual drawdown

tl = time from end of pumping
Proceeding as before by expanding the integrals as series and

neglecting all but the first two terms, then

s'=2.3Q . log, (AY (L. 28)
AT

The most convenient method of solution is to plot the residual drawdown
s! v log (t/t)
Taking A (log(t/tl)) over one cycle, then
T =Q/H gt (1. 29)

It is not possible to determine with any accuracy the coefficient of storage

o
4

from the recovery method.

Theoretically, the substitution of the well radius in the expression should
produce a result, but the error in the determination of the effective well radius

results in a large range of possible storage coefficient values. This is hardly
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surprising since one of the assumptions for the Theis solution is a well of
infinitesimally small radius.

The results of analyses based on recovery are usually reliable since
errors due to variation in pumping rates which may be inherent in drawdown
tests are not present. If howe ver the cone of depression intersects a barrier
or recharge zone, then the result‘s should be treated with caution, although
they may be considered as giving the 'effective' transmissibility for the area
around the well.

The Theis non-equilibrium equation was originally formulated for the
confined aquifer case. It has, however, been employed ubiquitously and the
results accepted with no more than the usual reservations. Ineson (1953)
working on chalk aquifers which are sometimes unconfined, considers its
application justifiable in such instances.

The first attempt to apply non-equilibrium conditions specifically
to a water-table aquifer was made by Boulton (1954), who devised a solution

based on two dimensionless parameters, defined by

T = :Kt 1.17)
She

6=1r (1. 30)
he

The boundary conditions for which the solution was determined limits
the drawdown to s 0.5 hg, and was not therefore directly applicable to any
of the cases studied.

Jacob (1963) produced a development of the Theis non-equilibrium
formula for the recovery of pumped water-table wells, enabling the

transmissibility to be determined with greater accuracy. The method of



32,

solution is graphical and similar to the confined Jacob approximation,

except that the residual drawdown, sl, is replaced by st - (s1)2/2he.
Proceeding as before therefore, and taking the time interval, At, between

t1 and t2 as one log cycle
T= gz-(-r—-—r'z—- (1.31)
3 S% = (57)%/2hy)

1.4. Summary and conclusions

The methods of analysis that may be employed are largely dictated by
the type of data available, and thus in the Sunderland and Hartlepool areas,
unconfined, steady state models have been used. Of the non-equilibrium
methods applicable, the recovery analysis has proved the most useful. In
a more recent, controlled investigation of the south-east Durham area
(see later) confined, non-steady methods have been used. However, since
the values obtained by a similar method may be relative, rather than absolute,

comparisons must be restricted to areas using similar models.
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CHAPTER 2

PERMIAN GEOHYDROLOGY: FIELD AND LABORATORY TESTS

The dominant factor affecting all aspects of the geohydrology has proved to
be the variation and distribution of the Permian lithologies, thus requiring a
thorough assessment of the geology. Inevitably, extrapolation from borehole
and exposure.evid.ence has been required and grossly over-simplified models
have been used to enable data to be analysed, with the result that the values
obtained for the aquifer parameters are, on an absolute basis, suspect. In
a subsequent chapter, alternative methods of analysis by simulation techniques
will be discussed, and the results presented and compared with those obtained
below from a theoretical treatment of an ideal aquifer.

In groundwater investigations, laboratory methods have Jargely been
neglected compared with the sophisticated techniques employed by petroleum
reservoir engineers, possibly due to the larger number of variables the latter
is required to take into account. Nevertheless, determination of aquifer
parameters by laboratory methods can afford an insight into the in-situ aquifer
by comparing these values with those obtained by field tests.

The Permian of Co. Durham is divided hydrogeologically by an east-west
line formed by the Hartlepool Fault and its westward extrapolation from Sedgefield H
to Chilton. North of this line, unconfined Lower Magnesian Limestone constitutes
the major aquifer. The area has been overdeveloped, 24 m.g. d. being a.t present
licensed for abstraction, and thus there appears to be little potential. South of
the line, however, the aquifer is the far more permeable Middle Magnesian
Limestone, and following a recent investigation under the auspices of the

Northumbrian River Authority, is to be developed as a further source of water

for the expanding industry of Tees-side.
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The study of the geohydrology may be conveniently divided into:

(a) the determination of the areal and vertical distribution of
groundwater,

(b) the analysis of data from pumping tests and routine abstraction,
coupled with laboratory results, to ascertain the aquifer parameters,

(c) the overall assessment of the groundwater regime, especially with
respect to water balance, to enable future development to be planned.

2.1. Groundwater distribution

The groundwater flow pattern is determined by the positions and
potentials of the natu_ral source and sink. Where the surface deposits are thin
(less than 25 feet say) then accretion to the water table may take place by
downward percolation of surface water. As outlined in the description of the
Pleistocene deposits (Section I, 2.1.4), over ﬁuch of the area the drift cover
is so thick that it must be considered an impermeable blanket.

2.1.1. Recharge and discharge

The location of recharge is difficult to locate from limited detail. However,

the distribution of groundwater level contours (Fig. 2.1) suggests that areas

close to the escarpment constitute the major source, since usually they have

only a thin veneer of drift. In addition to this, there are numerous quarries and
diggings on or near to the scarp slope, and the bare rock exposed must greatly
facilitate percolation. If the total rainfall per annum.over the area is taken as

27 ins (Ministry of Housing and Local Government, 1961), of which 14 ins p.a.

is lost in evapotranspiration (Institution of Water Engineers, 1961), a'maximum

of 13 ins p.a. is thus available for percolation, which represents 0.62 m.g.d. /
milez. An estimate of the areas where percolation of this magnitude may be

expected is both difficult and doubtful. Nevertheless, using Trechmann's map

of the Permian (1925) a value of 51.5 mile? of thinly covered or exposed strata
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was calculated using a simple gridding method. This constitutes a recharge
of 32.08 m.g.d. Since this map was published more data from the south of
the county has shown that areas such as Bradbury Carrs are locally thinly
drift covered. At the present time, the Northumbrian River Authority is
gauging the River Skerne, Billingham Beck, Rushyford Beck and Woodham
Burn in an attempt to gain a more detailed and quantitiative knowledge of
recharge in the area. Observations to date of the latter indicate that at least
1 m.g.d. is discharging into the aquifer during low flow conditions just north
of Newton Aycliffe. An estimate of some 45 m.g.d. may thus be made for the
total recharge over the whole of the Permian, although this may be in error
either way by some 10 m.g.d.

Licensed abstraction from the Permian north of the Hartlepool Fault is
at present 24 m.g.d., although this does not include losses from the Permian
due to pumping from the underlying Coal Measures. In the southern area, a
peak abstraction of 13 m.g.d. is at present under consideration, but since this
would be only for part of the year, the average annual abstraction would be
much lower,

The water balance for the whole area is thus extremely difficult to
establish, but by breaking it down into small catchment basins it is hoped that
a more detailed picture will emerge.

2.1.2. Groundwater level map

Since the recharge areas appear to be located towards the western edge
of the Permian outcrop, and the strata dips gently eastwards or south-eastwards,
the flow pattern is largely predictable, and does, in fact, behave as expected
(Fig 2.1). Assuming the base of the outcrop, therefore, as the maximum

elevation, north of Sunderland this would be at about 120 feet A.O.D. near

Downhill. South of the River Wear, it lies at about 250 feet A. 0. D. near
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Houghton-le-Spring, rising southwards to over 500 feet A. O. D. near Coxhoe.
From Ferryhill to Shildon it is at about 400 feet A. O. D. and reaches a maximum
of 450 feet A O. D. neigh Heighington before decreasing to 250 feet A O.D.

at the River Tees. Under balanced steady state conditions the groundwater

level at the coast should be approximately Ordnance Datum. However, pit
dewatering and overpumping have resulted in sub-O.D. groundwater levels |

around Whitburn, Sunderland, Ryhope, Horden and Hartlepool.

If the aquifer were isotropic and of uniform transmissibility with
recharge along the western margin and discharge into the sea in the east,
the equipotentials would be regularly spaced. Divergence from this is
therefore attributable to a variation in transmissibility and/or recharge
effects. Considering the piezometric map of the southern area (Fig 2. 2) and
comparing it with the geological map (Section I, Fig. 2. 3) it can readily be
seen that the wider spacing of contours occurs where the Middle Magnesian
Limestone is present beneath the drift. Superimposed on this, in the Rushyford-
Aycliffe area, is recharge, resulting in a very low potential gradient. The
groundwater level contour map is thus a valuable indicator of the relative
transmissibility and recharge conditions, and as such is used initially in
simulation studies as a guide to the aquifer properties (see later).

The pre-war groundwater level map (Fig. 2. 3), based on the rest
water levels given in the Wartime Pamphlet No. 19 (Anderson, 1941), shows
some significant variations from the present day. A decrease in the number
of private abstractors, coupled with an increasing use of surface water
supplies by the Sunderland and South Shi_elds Water Company, has resulted
in a rise in the groundwater level in the Sunderland area. However, in the
Hartlepools area, increased abstraction has produced a fall in the groundwater

level of over 20 feet, and the associated sea water intrusion, although not yet
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apparent, must be considered a possibility in the near future. The areas
affected by mine dewatering have also changed, the most dramatic effect
being in the Sedgefield area where pumping from workings at the nearby
Fishburn Colliery has lowered the groundwater level an estimated 150 feet
since 1935. Wood (1923) noted an 80 feet fall in the groundwater level
between 1870 and 1915, and believed that some of the subsidence attributed
to mining was in fact due to water abstraction. As yet, the long term
groundwater disposition for the area south of Sedgefield is unavailable,

and to help predict it model simulation has been employed (see later).

2.2. Analysis of pumping data

The data from the Sunderland and South Shields Water Company,
anq. the Hartlepools Water Company was originally collected and processed
in 1967. Many of the wells had been in constant use since the turn of the
century, although the commissioning of the Derwent Resgrvoir in 1967 enabled
some of the former's to be shut-down until increased demand requires
additional supplies. Since there were no records of pumping tests with
time-drawdown results and observation wells analysis was largely based on
steady state assumptions. Where possible, recovery curves have been used
as an independent method of assessing the transmissibility, but the lack of
observation wells meant that storage coefficients could not be computed.

The details of each well and the derivation of the associated parameters
where possible is contained in Appendix A, and a comparative selection is
presented in Table 2. 1.

In the northern area, the evidence for unconfined conditions comes

from the geology and is confirmed by the yield-drawdown curves (Fig 2.4).
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The particular well, Peterlee, from which this example was taken,
penetrates Lower Magnesian Limestone, Marl Slate and Basal Permian
Sands beneath the groundwater level. The influence of the impermeable
Marl Slate as a confining bed appears to be minimal, probably due to the
abundance of faults which, for throws greater than the Marl Slate thickness
of about 2 feet, would allow passage of water between the Lower Magnesian
Limestone and the Basal Sands. The yield-drawdown curve does, however,
show a slight divergence from the theoretical (Johnson, 1966) at large
drawdowns. This could be due to either a decrease in the hydraulic
conductivity towards the base, or anisotropy resuiting in a lower horizontal
than vertical permeability, the effect of which would become increasingly
apparent with large drawdowns as the flow lines diverge from the horizontal.
In practice the cause may be a combination of these two mechanisms. A
water-table model has been used for all wells north of the Hartlepool-Chilton
line.

South of the Hartlepool-Chilton line the main aquifer, the Middle
Magnesian Limestone, is invariably confined by drift deposits or marls of the
Lower Evaporite Group. The underlying Lower Magnesian Limestone has a
sufficiently low hydraulic conductivity in comparison that it may be considered
the basal aquiclude. Since investigation of this area could be carried out on a
more ordered basis, the results obtained have been more comprehensive and
reliable, and the aquifer parameters determined, by Dr. T. Cairney of the
Northumbrian River Authority, from pumping tests in this area are contained
in Appendix A,

In examining hydraulic conductivities for different localities and

horizons it should be noted that only values based on similar models can be

usefully compared. Since the most ubiquitous solution available is based on
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steady state conditions, with an assumed radius of influence of 1000 feet,
this will be used for interpretation of the northern area. Similar conclusions,
differing in magnitude rather than meaning would be drawn_ by using a radius of
influence of 5000 feet, or by comparing values obtained from analyses by the
Herbert method. In the southern area, a more rigorous approach could be
used, and the aquifer parameters cited are based on a non-steady Theis-type
model. Direct comparison between the areas across the Hartlepool-Chilton
line is thus difficult, although judging by results from the northern area the
relationship

K (non steady) =0.763 . K (steady) - 20.4 (2.1)
(Fig 2.5) allows an approximate comparison to be made.

2. 3. Interpretations

.T'h'e hydraulic conductivities given in Appendix A and in Table 2.1
represent the hydraulic conductivity of an ideal isotropic aquifer which would,
under the restrictions imposed by the assumed model, behave similarly to
the aquifer tested. The subsequent interpretation of these values is the result
of an effort to break them down into their constituent parts.

2.3.1. Northern area

The hydraulic conductivities calculated by the Dupuit-Forchheimer
method with an assumed radius of influence of 1000 feet, together with a
diagrammatic representation of the well and strata penetrated beneath the
water table, is given in Fig. 2.6, and from this the relationships between the
aquifers and hydraulic conductivities may be deduced.

Where the Middle Magnesian Limestone or the brecciated Upper
Magnesian Limestone represents over half the saturated thickness, the

2
hydraulic conductivity is greater than 250 g.p.d. /it . However, where the

Lower Magnesian Limestone is the only aquifer, the hydraulic conductivity is
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less than 110 g. p. d. /ft2. The more competent lithology of the Lower
Magnesian Limestone results in a much lower hydraulic conductivity than
the more open textured Middle or brecciated Upper Magnesian Limestones.
The very high value for Ryhope is believed to be due to recharge from the
sea which limits the growth of the cone of depression in that direction:
further evidence is the very high chloride content recorded in this well.

The Lower Magﬁesian Limestone itself appears to show a variation
in hydraulic conductivity with depth, becoming less permeable near the
base, (coinpare Stonygate and Dalton with Butterwick and Seaton). This
could be a reflection of the more massive and often calcitic beds which
occur towards the base of the succession, as noted in Section I.

The Basal Permian Sands appear, in general, to have a hydraulic
conductivity similar to the bulk of the Lower Magnesian Limestone.
However, the very low value at Peterlee can only be interpreted as indicating
low hydraulic conductivity of the Basal Permian Sands as well as the Lower
Magnesian Limestone, (c.f. section II, 2. 2. for evidence of low hyd.ra-glic
conductivity towards the base from yield-drawdown curve).

Values for the hydraulic conductivities of the various formations may

thus be deduced from the evidence outlined above, dnd these are:-

Upper Magnesian Limestone, brecciated, 300 g.p.d. /ft2
Middle Magnesian Limestone, 300 g.p.d. /fl:2
Lower Magnesian Limestone, except basal unit, 110 g.p.d. /ft2
Lower Magnesian Limestone, basal unit 40 g.p.d. /‘fl:2
Basal Permian Sands 40-120 g.p. d. /ft2

On this basis, the 'theoretical' hydraulic conductivity for each well may

be calculated from Equation 1.10. and the result compared with the observed value.
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However, before this can be done, the extent of the basal low permeability
unit of the Lower Magnesian Limestone must be fixed. Since Stonygate

and Dalton both penetrate to within about 30 feet ofthe Marl Slate, figures °
of 20 feet, 30 feet and 40 feet have been taken, and the results are given in
full in Appendix A. Some of the'best fit' combinations are given in Fig. 2.6
but these merely represent one of an infinite number of possible solutions,
and must therefore be viewed accordingly. Nevertheless, the pattern does
‘suggest that the hypothesis of variable hydraulic conductivities, certainly
between different units, and possibly within the same unit, is viable. However,
the large variation in lithologies and hence properties within, say, the Lower
Magnesian Limestone over the area studied means that the values can be
applied areally only on a semi-quantitative basis.

. The specific capacity value for each well has been calculated for the
relevant drawdown, and the value normalized to 50% maximum drawdown
‘(SCSO). The correlation with hydraulic conductivit-y is good (Fig. 2.7) and
may be approximated by the linear equation:-

8Cy, =84.4. K| 2.2)

Since, when K1 =0, SC., =0, the line was constrained to pass through the

50

origin by using dummy reflection co-ordinates about the origin, for each point.

The transmissibility values are in themselves rather meaningless since

many of the wells do not achieve maximum penetration of the saturated aquifers.

Since maximum yield is basically a function of transmissibility, increased

abstraction could be obtained at some wells by deepening. However, the increased

cost of pumping due to the higher lift required may not be offset by the yield

if the strata has a low hydraulic conductivity.
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2.3.2. Southern area

The results of the investigation undertaken in this area are fully
documented in an internal report of the Northumbrian River Authority (1969).
However, since this area represents the subject of the simulations, a brief
summary of the results will be given here.

The suitability of the area (Fig. 2. 8) for groundwater supply was
investigated by drilling 42 primary and 15 large diameter holes, as well as
utilising and testing existing boreholes. The details of the individual large
ﬁmeter holes are given in Appendix A.

The transmissibilities calculated by non-equilibrium methods of
analysis showed that there were iarge variations, even around a single hole,
and that impermeable and semi-impermeable barriers due to faulting and
basement 'highs' had a profound effect upon the development of the cone of
depression (Fig. 2.9). The pumped hole recovery transmissibilities varied
from 4000 g.p.d. /ft (K) to 36,000 g.p.d. /it (D), but averaged 13410 g.p.d. /ft.
Analysis in the planes from the pumped well to observation wells showed a
much wider range, from 2000 g.p.d. /it (L-K) to 48000 g.p.d. /ft (9-18).
Using the Jacob recovery value at the pumped well, the average permeability
was 215.7g.p d. /ft2 for the Middle Magnesian Limestone.

Where there is a thick cover of impermeable marls above the Middle
Magnesian Limestone and the interstitial cement has not been leached, the
porosity and hence permeability, is reduced.

In order to limit dewatering of the aquifer, the pumping rates are
being limited so that drawdown does not exceed the artesian head. This is
highest in the trough fault area and around Broken Scar, where it is over

100 feet. It reduces to about 30 feet at D and the aquifer is water table at

b.h. 2. The maximum safe yield available for a well is thus given by
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Qnax = ha' SC (2.3)
where h, = artesian head.
Where there are a number of wells pumping and the cones of depression
interfering, h, is effectively reduced.
For the southern area, the relationship between hydraulic
conductivity, K, and specific capacity, SC, (Fig. 2. 10) shows a similar
trend to the northern area, and is given by

SC =65.5 K 2.4

2.4. Field results: summary and conclusions

1) The Permian may be divided by an east-west line along the
Hartlepool Fault and its western extrapolation, into two areas, northern and
southern. These are hydrologically different: the former fully exploited and
abstracting largely from the unconfined Lower Magnesian Limestone and Basal
Permian Sands; the latter gnderdeveloped, with the usually confined Middle
Magnesian Limestone constituting the aquifer.

2) Recharge originates near the scarp, and is estimated at some
45 + 10 m. g.d. for the whole of the Permian, based on theorétical percolation

figures.

3) For the northern area, steady state analysis enables values for
the saturated horizons to be calculated.

4) For the southern area, non-steady state methods have been
similarly employed.

5) The aquifer in the south is complicated by hydrologic barriers and
recharge zones, making analysis difficult, and extrapolation and prediction

of multiple pumping schemes dubious.
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2.5 Laboratory tests

The benefit of laboratory tests is limited by the errors involved in
extrapolation from a small sample to in-situ conditions. Nevertheless,
the difference between the field and laboratory values for hydraulic
conductivity is partially an indication of the proportion of flow which is
not through the intact material, but rather through fissures and joints.

2.5.1. Techniques

The determination of porosity and permeability is based on well

tried methods used in soil' mechanics (Akroyd, 1964).

2.5.1.1. - Porosity - The porosity, n, may be calculated from combination

of the dry density, Y d, saturated moisture content, Wwg, specific gravity,

G, saturated density, Xs, using the following relationships:

n=1-()d/GYw) (2. 5)
n=(G{w- s)/ {w(G-1) (2. 6)
n =wgG/(1 - wgG) 2.7
n= (KS - Xd)/ Xw (2.8)
n =wgfd/ Yw (2.9)
n'= WSXS/(I - wg) fw (2.10)

(a) Dry density. Since dry density is defined by oven dry weight/total volume,
it is resolved into a determination of volume. This may be done directly by
measuring a regularly shaped sample such as a cylinder, or indirectly by
Archimedes' principal. For the latter, an irregularly shaped sample is

coated with 'Lowerite' to prevent water entering the pores when weighed

submerged.
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(b) Saturated density. This is determined by either of the above methods,

with the weight of the sample taken after at least 24 hours vacuum
saturation.

(c) Saturated moisture content. This is calculated from the loss in weight

from vacuum saturation after oven drying for at least 24 hours at 110°C.

(d) Specific gravity. S.G. bottle methods are generally preferred to the

pycnometer since they allow for a more precise determination providing
precautions are taken, especially if water is used, to see that the sample
and liquid have been thoroughly de-aired.

2.5.1.2. 24 hour absorption - This test mere.ly consisted of leaving the

cold, oven dried sample immersed in water for 24 hours and then
determining the moisture content.

2.5.1.3. Hydraulic conductivity - The permeability determinations used

methods based on the familiar direct techniques of constant head or falling
head, or by indirect methods.

(a) Constant head - In general, the head available with normal laboratory

apparatus is about 6 feet and is insufficient for low permeability samples.
Mercury compensated constant head apparatus designed for soil triaxial
testing (Bishop and Henkel, 1957) was therefore used, but since a maximum
of 300 cc of water was available, conditions had to be carefully controlled.
Two types of sample holder were employed. The first is a commercially
available high pressure permeameter manufactured by Clockhouse
Engineering Ltd. The sample in the ‘form: of a cylinder is encased in
Beeswax to form an impermeable sheath and the rate of flow of water from
the constant head apparatus measured. The equipment suffers from a~
number of drawbacks. Wax may enter and block some of the peripheral
pores if they are large and especially if the sample is hot, thus decreasing

the effective cross sectional area. If the sample is saturated prior to the
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test, the molten wax causes steam and 'blow holes' develop which allow
water to pass through the wax. However, if the sample is not saturated,
bubbles of air in the pores reduce the cross sectional area available for flow.
Problems also occurred with the wax blocking up the interstices of the
porous disc, although carbon tetrachloride proved to be an effective solvent
cleanser. In conclusion, it was felt that the requirements for a precise
determination of permeability were incompatible with the design and
recommended use of the equipment.

Apparatus described by Chakrabarti & Taylor (1968), however, gave
better results. In this a sample disc, about 1 em thick, is securely held by
'0' rings, and the rate of flow of water from the constant head apparatus
measui'ed after passing through the sample. By judicious arrangement of
the pressure, the flow can be adjusted so that its velocity potential is
negligible. The advantage of this method is that the sample may be thoroughly
saturated before testing, and hydraulic conductivities between 10_4 cm/sec
and 10"8 cm/sec may be measured. A full description of the apparatus and
suggested experimental technique is given by Jackson (1968).

(b) Falling head - In soil mechanics, the falling head method is used for
samples with hydraulic conductivities less than 10_3 cm/sec, and may be
simply adapted for rock samples. Beeswax was tried for sheathing the sample
but was rejected for the reasons outlined above in favour of rubber sheaths as
used in standard soil triaxial tests. The very low values obtained in some
tests are attributed to carborundum powder from lapping blocking the end pores:
subsequently samples were sawn. By plotting log (& h) v time, the hydraulic

conductivity may be calculated from the straight line position of the graph.
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(c) Indirect methods - The grading of a sample may be used as a guide to the

permeability, Hazen's empirical law being the simplest (Terzaghi & Peck,

1967)

K= ClDloz (2.11)
where K = hydraulic conductivity, cm/sec
C1 = constant varying from 100-150
D1 0 effective size in cm
Application is, however, limited to sands, and obviously cannot be applied to
coherent material.

2.5.1.5. Storage release - An attempt was.made to estimate the release of

water under free draining conditions by allowing a saturated sample to
equilibriaté with its own saturated vapour at atmospheric pressure. This is
thus equivalent to the moisture content at atmospheric pressure on the drying-
out portion of the pF curve, the 24 hr. absorption being the corresponding
position on the wetting-up curve. The saturated samples were placed on a
No. 7 sieve, covered, and placed in a tray with the water surface just below
the mesh. For most of the samples, the reduction in moisture content was
less than the experimental errors inherent in trying to weigh a surface dry,
moist sample.

2.5.2. Results

A summary of results obtained by the present author and others using
Magnesian Limestone samples is given in Table 2,2. It will immediately be
obvious that values are at least an order of magnitude less than the field
values, although the highly friable and poorly cemented horizons of the Middle
Magnesian Limestone could not be tested due to its cohesionless nature. As
expected the premeability of the Lower Magnesian Limestone is considerably

less than that of the Middle Magnesian Limestone, although isolated samples
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TABLE 2.2.

Sample No. Hydraulic Porosity

No. Horizon  tested conductivity Method % Worker
cm/sec -

HOL(V) L.M.L. 18 7.36x10°°  F.L . 15.2 R.S.J.

HOL(H) L.M.L. 1 6.57x10°  F.H. 22. 6. "

TH4(H) L.M.L. 1 2.76x10°  F.H 10.6 "

HA1(V) M. M. L. 18 2.23x10°%F  F.E 20.9 "

HA2(V) M.M.L. 5 5.22x10°  F.H. 23.4 "

FOL(V) M. M. L. 1 4.29x107°  F.H 22.6 "

CHL(V) M. M, L. 7 6.07x10°°  F.m 6.4 n

CH2(V) M. M. L, 1 3.70x10°°  F.m 10.3 "

BL1(V) U.M. L, 1 1L.4x10°% FoH 7.3 "

MHL(V) L.M.L, 4 1.01x10° HPP 111 A.S.B.

MH4(H)  L.M.L. 3 2.71x107°  H.P.P, 82.4 "

MHS(V) M. M. L. 2 3.40x10%  H.P.P. 386 "

MHS@EH) M.M.L. 1 1.89x107°  F.H 38. 6 "

MHS8(H) M, M. L. 3 6.49x10% HP.P. 386 4

MH9(V) M. M. L, 1 2.88x10°° H.P.P. 14.4 "

UP 44 H 1 1.11x10°°  HP.C.H 19.95 K.J.

UP 160 H 1 4.62x10°  H.P.C.H. 15.84 "

UP 182 H 1 1.50 x10™°  H.P.C.H. 30.07 "

UP 155 H 1 3.73x10'  H.P.C.H. 17.20 "

UP 162 H 1 1.88x10°  H.P.C.H. 17.28 "

UP 30 H 1 4.98x10° H P.C.H 24.54 "

K84 H 1 1.00x10°  H.P.C.H. 5.00 "

UP 157 H 1 1.51x10°"  H.P.C.H. 16.90 "

/Continued .. ...



TABLE 2.2. (Continued)

Abbreviations

U, M, L. Upper Magnesian Limestone

M. M. L. Middle Magnesian Limestone

L.M. L. Lower Magnesian Limestone

F.H. Falling Head

H.P,C.H. High Pressure Constant Head
(Chakrabarti & Taylor, 1968)

H P, P. High Pressure Permeameter (Clockhouse)

R.S.J. (Jackson, 1968)

K.d. (Jones, in preparation)
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occasionally show high hydraulic conductivities, doubtless due to the
presence of large cavities.

Jackson (1968) attempted to deduce relationships between porosity
and permeability for the Magnesian Limestone. However, the samples taken
were not representative enough of all horizons to allow any statistically
viable conclusions to be reached. Nevertheless, some trends were established:
the pre-diagenetic dolomites showed a different porosity-permeability relation-
ship to post-diagenetic ('mineralized' of Jackson) dolomites.

2.6 Laboratory tests: summary and conclusions

1) Porosity can be measured by standard soil testing techniques.

2) Permeability may be measured by specially constructed constant head
apparatus, or by a modification of the normal falling head method.

3) The parameters obtained are not independent of the method used.

4) Porosity-permeability relationships are a function of the diagenetic history
of the sample.

5) Since cohesionless samples are difficult to obtain, the values obtained are

biased towards low porosity-permeability examples.
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CHAPTER 3

SIMULATION

3.1. Imntroduction & theoretical basis

The application of simulation techniques to groundwater studies has
developed largely over the last decade. Its great advantage lies in its
fundamental analytica} fidelity, although the ultimate accuracy is a function
of user-determined parameters and the inherent approximations of the
numerical methods upon which it is based.

3.1.1. Previous work

The use of numerical techniques in the study of field problems has
largely stemmed from the pioneering work of Southwell (1946) and his relaxation
techniques, although electrical analogue methods had been used in the study of
groundwater over ten years previously (Wyckoff & Read, 1935). Up to the
present time, most of the development has been of electrical resistance-
capacitance models, especially in the USA by Skibitzke (1963), Stallman (1963),
Walton & Prickett (1963) and Zee (1957), and by Herbert (1968) and Hunter-Blair
(in press) in this country. However, with the advent of large storage, high
speed, digital computers, the way is open for direct solution methods
(Pinder and Bredehoeft, 1968). Even so, it is doubtful if the many advantages
of the electrical analogue will be surpassed by the increased accuracy of digital
solutions, for the former method is simple, cheap, versatile, and may be
operated by inexperienced personnel. Digital computers on the other hand are
expensive to run, and require skilled operators and programmers, although
one well designedpiece of software may ultimately be versatile enough to

analyse many different problems with various boundary conditions.



3.1.2. Theoretical basis

The two-dimensional steady state flow of a fluid through a confined,
homogeneous, isotropic, porous medium in which the algebraic sum of the
boundary flows is zero is represented by the Laplace equation, a partial

differential equation of the form

n + 3% =0 (3.1)
O x2 Oy2

Adopting the nomenclature of Fig. 3.1 then the finite difference form of

Equation 3.1 may be written as:

H1+H3-2Ho +H2+H4-2Ho =0 (3.2)

Py b4

In the normal case of a square mesh, this therefore reduces to:

H) +H,+H, +H, -4Ho=0 (3.3)

This is the basic equation for the five point solution of potential
utilised in many field problems governed by the Laplace equation, such as

heat flow, electric potential and water. In the latter, however, complete

isotropy is the exception rather than the rule, and this requires a modification

of Equation 3. 2. If the respective transmissibilities are constant over the

distances 2a and 2b, then:

Tx O%h + Tybzh =0 (3.4)

o2 oyF

which becomes, in finite difference form:

TxDb_ (H1 + H3

- 2Ho) + Ty a_ (H2 +H -2Ho) = 0 (3. 5)
a b

4

In representing actual aquifers, the effects of pumping and recharge

2
must be simulated. Leakage into the aquifer at W g.p.d. /ft~ is represented

by a nodal flow, Qg , given by:

Qo =W.a.b. (3.6)

54,
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Abstraction from a well is measured directly as a quantity, -Qp 8.p.d.
but by the corollary of the above, correction must be made so that the true
well cross sectional area is simulated (see later).

The general finite difference equation, allowing for nodal recharge and
discharge, is thus:

Tx.b (H +H,

- 2Ho) + Tya_ (H, + H, - 2Ho) ='Q0 3.7
a b 2

4

3.1.2.1. Boundaries - Boundary conditions are of two types; (a) the potential,

H, is known at nodal positions on the boundary (Fig. 3.2a). The cross sectional
area in the x-direction is therefore half the cross sectional area in the equivalent
five point arrangement, and the finite difference equation thus becomes:

Tx.1 b (H +H,-2Ho) + Ty. a (H, - Ho) = Q (3.8)
e 1 3 _. 5 4 0

(b) Impermeable boundary; defined by Ooh =0 (Fig. 3.2b)
y

The potentials are unknown, and proceeding as before, except that Qp =0.

Tx.1 b _(H +H_-2Ho)+Ty.a (H,-Ho) =0 (3.9
2 a T 3 v 4

Equations 3.8 and 3 9 and their variants for different boundary dispositions and
combinations form the basis for solution of the potential distribution.

3.1.2.2. Truncation errors (Noble, 1964) - Since the finite difference

method is, by its nature, an approximation, an evaluation of the errors is

necessary. This is best studied by expanding the heads as T aylors series,

thus:
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2 \2 3 3

H =Ho+a(QH) +a" (X H) +a° (OH 4 g )
1 ) +.2_(ﬂ. oL 3.10
©x)o 2! &k o 3 ( 30 ) 4 (OF) 10
H3=Ho—a(c)H) + az(azn) - a3(a3H) + a4(34H) U (3.11)

(0x)o 2! (Jx%)o 3 (dx%) 4! (9x%

H_ = Ho +b(dH ) +b u (3_}3{1 +b DH) R 5 )
2 —

y )o _yz%o ' QYY) 4
H4=Ho-b(bH) + b (321{) .. (B3H) + b (B4H) - .. . (3.13

(dy)o 20 (0y%o 3 (Oy) 4 (dyH

Adding, and if a =b

H +H, +H +H - 4Ho = a° +32H ) + at O'm + Fuy + ... (3.14)
12 3 fTZ Jy?) 12 (oxt OVH

The second and subsequent terms thus represent the major error in the finite
difference equation. Considering terms beyond the second negligible, typical
error values inay be determined from a study of the finite difference forms of

some simple potential - spatial functions, Table 3.1.

|

The potential distribution around a well is of the form H = x?, and thus the
finite difference approach leads to large errors around a well or similar
singularity. In some instances benefit is gained by reducing a. Thus for

3/2

x = 1000 and a = 500, the corresponding truncation error for H=x " is reduced

1
to 1. 6%, and that for H = x° reduced to 12. 5%.

3.1.2.3 Singularities ~ Where the change in potential is so rapid that it cannot

be represented by the Laplace equation, a singularity exists. Examples are
given by Herbert et al (1966) as the toe of a pile and a pumping well. To model
the latter on a finite difference mesh, for r < a, the transmissibility elements

should be replaced by 'effective' well elements calculated from

W = T/ —'r?'— . log(®/r,) ) (3.15)
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TABLE 3.1
Function a2d2H a4d4H a4d4H;L' azd2 Truncation

x = 1000, a = 1000 ax? a2 dd  axZ error %
H=x 0 0 0 0

H= x2 29.2 0 0 0

H= x3 6xa2 0 0 0

H= x4 12x2a2 2a4 1 /6. a2/x2 16.7

H-= 'x% —%x—s/ 2. a2 -5/64- x 124 | 3 /8" a2 %2 37.5

H-= x3/ 2 2x2a 3/64- x /24 1/16' az/xz 6.3

g =2 152 2 | ~6a x 7 24| Luga® 2 2.1
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3.1.2.4. Non-steady state - So far, only steady state conditions have been

considered. Non-equilibrium conditions are described by the partial

differential equation

Pu+du -3 s
0x2 Jy2 Ot T

From this, it can be seen that as t -~ o , the equation becomes

+W_ (3.16)
T

equivalent to the Laplace equation. The finite difference approximation and
solution by an alternating direction implicit procedure has been fully described

by Pinder et al (op. cit.) . It was not, however, employed in the present study.

3.2. Digital solution

A digital solution was attempted as an independent check on the
electrical analogue. The complete program listing and description is given in

Appendix B.

3.2.1. The problem

The object of the program was ultimately twofold:
(a) solution of the linear equations formed by the finite difference approximation,
and hence determination of the potentials within the system,
(b) by utilising all the available data including piezometric contours, pumping
test drawdowns and recharge values to investigate the possibility of assigning
unique values to the transmissibility elements.

3.2.2. Formulation of matrices

Considering the arrangement in Fig. 3.3, the nodal flow is given by:

b_ Tk (Hi,j+1 - Hi,j) + a TI(Hi-1,j - Hi,j) +
a b

b_Tm(Hi,j-1 - Hi,j) + a Tn (Hi+l,j - Hi,j) = Qi,] (3.17)
a b



T
. T )
Hl,J-1 Tm Hi,j H|,J+1
Tn
Hi+1,)
Y
» X

F="i 33 D__"__‘p'm solution nomeneleture.
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By numbering nodes and transmissibility elements consecutively from the
top left to bottom right (Fig 3.4), Equation 3.17 may be rewritten as:

b.TkHe +a.TIHf + b.TmHg + a.TnHh + (-b.Tk - a.Tl - b.Tm - 2.Tn)Hd = Qd
a b a b (a b a b )

(3.18)
or in general matrix form
[TA] . { H} = [QI (3.19)
It will be immediately obvious that [TA] is symmetric with most off-
diagonal elements zero, and a bandwidth determined by the difference between

adjacent nodes.

3.2.2.1. Impermeable boundary - For this situation only one orientation will

be considered, the others and combinations being similar. The equation thus

becomes:

b TkHe + b TmHg + a TnHh + (-b. Tk - bTm - a Tn)Hd =0 (3. 20)
2a 2a b ( 2a 2a b )

3.2.2.2. Fixed potential boundary - This is most easily treated by making all

off-diagonal elements of the row zero in the coefficient matrix [TA] , and replacing
the diagonal element by an arbitrary number of the same magnitude of others in

[TA] . Qd is then put equal to TAd,d x Hd.

3.2.2.3. Fixed flow boundary - This is treated similarly to the impermeable

boundary except that the zero flow is replaced by Qd. In many cases this is a more
realistic way of determining the potential distribution within the model for

different pumping conditions, since the amount of recharge available is not
directly controlled by the amount abstracted. However, its use requires a
knowledge of Qd which is rarely available, and the only alt;arnative is to initially

use a fixed boundary so positioned to be outside the area of influence of

abstraction wells.
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3.2.3. Solution of matrices

In a rectangular model of 1 columns and m rows, the potential distribution
may be determined by the solution of (Im) nodal equations in (Im) unknowns.
The technique; adopted are dictated by the computing facilities available,
including library software. A number of different methods were tried in the
present study, and even now, a significant improvement in the program could
be effected by a more efficient method of solution of the linear equations.

3.2.3.1. Gauss-Jordan - This is the normally used method for systems of

linear equations, solving by successive pivotal .condensations. Its advantages
lie in the ease of programming, and if the largest pivot element is used, it is
accurate fo.r a limited number of equations. However, where there may be up
to 1000 unknowns, truncation errors become a serious drawback, even using
double precision (16 digits). To some extent this may be reduced by using
error equations (James et al, 1967), although this greatly increases computer
time. Another disadvantage is that the complete [TA] matrix must be .
formulated and stored before solution can begin, Methods may be devised for
more economical storage, such as only half the matrix, or just the non-zero
elements, but these complicate the programming. A user-written Gauss-Jordan
subroutine including error equations was tried, but rejected for the reasons

outlined above.

3.2.3.2. Gauss-Siedel - This is an iterative method (McCracken, 1967) and has

been widely applied to the solution of field problems, the Southwell relaxation
method being basically a variant. It entails an initial estimate of the potential
at each node, which is then progressively adjusted to the final solution. Thus,
for the simple case of all transmissibilities and mesh lengths equal, the non-
trivial solution is obtained when

(3.2.1)

H1+H2+H3+H4-4Ho=0
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Before solution

1 1 1 1 1
H® + Hy +Hy +H - 4Ho = HRo (3.22)

where HRo is termed the residual. The value of Ho1 is adjusted, on the
assumption that the surrounding values are correct, by a factor AH given
by
AH= -HRo/4 (3. 23)

Thus Hll + H21 + H31 + H41 - 4(Ho1 + H) =0 (3. 24)

In general, since the early convergence is rapid, the choice of initial
values for the potentials does not affect the solution, providing H = 0 is not
used. Even more rapid convergence may be obtained by judicious choice of an
over-relaxation factor, and a value of 1.7 has been employed. If too large a
factor is used, the potentials oscillate about the true solution.

One great advantage of the Gauss-Siedel method is that it may be
formulated a row at a time. Thus a model with n nodal points requires an
n x n array for (TA) for the Gauss-Jordan method, but only ann x 1 array

for the Gauss-Siedel.

3.2.3.3. Other methods - Since the solution of equations represents the largest

operation in the program, more efficient methods would lead to a more
economical performance. 'One shot' rather than iterative methods would
reduce c.p.u. time, and of these, the Choleski method seems to offer the most

potential.

3.2.3.4. Summary and conclusions - The development and choice of solution

method ultimately requires a software expert. In many cases, library
programs are sufficient and these will undoubtedly be extended within the future.
For this particular study a small storage, long time method was chosen since,

with the adoption of multi-tasking, low storage c. p. u.-bound jobs form a

useful counterpart to the computing centre's principally i/o-bound batch jobs.
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3.2.4. Solution for transmissibility

So far, only the determination of nodal potentials has been discussed,
it being assumed that the values of the transmissibility elements were known.
However, in many cases, it is the latter which is the most important since it
enables predictions to be made to other areas and pumping regimes. In a
rectangular model of 1 x m nodes, there are a total of (Im) nodes, but
(2lm - 1 - m) transmissibility elements, and thus the system is under-
determined with respect to the latter. The infinite number of solutions may be
reduced by utilising all the information available from pumping tests at various
locations, or by fixing a sufficient number of transmissibilities as to make
the system determinate. This latter method was tried but was found to be
unsuitable because (a) it involved making estimates, and (b) the coefficient
array was (2lm - 1 - m) x (lm), and whilst being sparse, it was neither
symmetric nor regular. Only a Gauss-Jordan method could be used for
solution, and hence the errors were very large.

The shortage of time has precluded a completely satisfactory program
being developed. The ultimate solution will be outlined, followed by details

of progress to date.

3.2.4.1. Logic - Since, for the transmissibility determination, as much

data as possible must be considered, it is essential that all processing from
the raw data is done by computer. The piezometric contour map (Fig. 2.2)
was drawn by linear interpolation between known points, and the nodal
reference potentials interpolated from the contours. This method is both
time-consuming and, to a certain extent, subjective. Since the sample
locations are random, a program is required to interpolate between them.

Probably the most suitable technique is to fit a least squares polynomial trend

surface to the required accuracy, and use the equation to determine the
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potential at given cartesian co-ordinates (Krumbein & Graybill, 1965).
This would have other advantages in that, by fitting a similér surface to the
topography, the siting of wells could be optimised.

With the data in a useable form, the values of the transmissibility
elements must be adjusted until a unique arrangement is obtained which fits
the various boundary and pumping conditions satisfactorily. For each set
of conditions, starting with the piezometric potentials, this may be carried
out as follows:

(a) Initially all the transmissibility elements are set to a value
somewhere within the expected range, which was 10,000 g. p.d. /ft for the
area studied.

(b) From the known boundary and flow conditions, the potentials
are determined at every node within the model by the methods outlined
above (3. 2. 3).

(c) The calculated and reference potentials are compared. If the
residual is unacceptable the transmissibility elements around the node are
adjusted. This is done by assuming that the current flowing through each
element is a constant. Thus, if the calculated and reference potential
drops across an element are ~AHc and  AHR respectively, then the

new value is calculated from

Tnew = Tolq AHe (3. 25)

AHR

(d) The new values of transmissibility are used and the process

repeated until a satisfactory result is obtained.
(e) The transmissibility adjustment and determination is carried
out on all the data sets and the resulting values from each compared and

averaged. The whole process is then repeated until the necessary change in
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the transmissibilities at the end of the total iteration is considered

acceptable.

3.2.4.2. Developed program - This unfortunately falls short of the

ultimate goal outlined above. Nevertheless, it is felt that some of the basic
problems have been overcome.

The input data is prepared manually from well records and
maps, and hence the reference potentials contain an error of + 5ft, although
the wells themselves can be gauged to + 0.1ft. Only the piezometric data was
prepared for input since the linear interpolation method used would have
lead to grossly inaccurate results around a pumped well, where the
piezometric surface would be second order.

Some improvements were made to the basic method of
adjusting the transmissibility elements outlined above. It was noticed that
the output often contained very high or very low transmissibilities which
could not be interpreted in terms of potential gradient at those points. It
was found that these arose where there was only a small potential drop across
the element (Table 3.2). The residual between the reference and calculated
potentials in A is probably acceptable, yet if adjustment is made by the
method suggested above it requires the transmissibility to be doubled.
On the other hand, the residuals in B are definitely unacceptable. Thus, A
is very insensitive to changes in Ty whereas B is the opposite. A method
or restricting the amount by which the element is altered is required being
controlled by the potential drop across the element. This is most easily
achieved by introducing a factor, the exact function of which must be
decided by trial and error, but for example, may be unity when the potential

drop is 50ft and 0.1 when the drop is 5ft.
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adjustment

(100. 5-100)

T, = 20,000

TABLE 3.2
Example A Example B

Reference Ta T]_3

100.5 100 150 100
Calculated T = 10,000 T = 10,000

101 100 160 100
Trans- Therefore Therefore
missibility

Ty = (101-100) . 10,000 TB = (160-100) . 10,000

(150-100)

Ty = 12,000
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The obvious disadvantage is that convergence is delayed, or,
with a poor choice, the solution may diverge. More research and experience
is required to enable the optimum function for the transmissibility adjustment
factor to be determined.

3.2.5. Results

The program was tested on a number of problems for which an
analytical solution was available. An example is given in Fig. 3.5 which
shows the cone of depression deduced by the Thiem equation, compared with
the potentials determined by the finite difference solution. Two different mesh
lengths of 1,000 ft and 500 ft were taken, and all results showed a good
correlation with the theoretical solution,

A hypothetical model was constructed with variable transmissibility
and realistic boundary potentials and the program used to deduce the
piezometric nodal potentials. These values were then fed back into the
program and the resulting transmissibility variations compared with the
original. Although unable to assign exact values, the general trends were
recognized.

The nodal potentials determined from the piezometric coni:our
map was used to predict transmissibility variations over the modelled area
(Fig 3.6) and-these were used as a basis for recalibration of the electrical
analogue model when required. Pumping tests using these values indicated
that they were too low by a factor 2-5, and thus they could only be used on a
relative basis. If this method had been available at the beginning of
construction of the electrical analogue, many hours of resistor adjustment

could have been eliminated.
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3.2, 6. Summary and conclusions

The digital method of analysis has inherent advantages where a
large number of programmable iterations need to be executed, It may be best
employed hybridised with an electrical analogue model to carry out the time
consuming and tedious:tasks associated with the calibration stage.

3.3. Electrical analogue

This represents the most popular method of examining field
problems associated with heat, electricity, electrostatics, stress analysis,
as well as fluid flow.

3. 3.1, Theory

The electrical analogue may be considered either as a computer
for the soll_lﬁon of linear equations, or as a true analogy between water flow
and electricity (Fig. 3.7). Since fhe former has already been detailed, the
latter approach will be adopted. The basic theory of electrical resistance -
capacitance analogues has been described in numerous published works
(see, for instance Skibitzke, 1963; Walton & Prickett, 1963; Herbert &
Rushton, 1966; Herbert 1968; Hunter Blair, in press). Fundamental to

the method are the four 'scaling factors', defined as:

q=K;.Ch, (3.26)

H=K,.V (3.27 )

Q=K,.I (3.28)

td=K,.ts (3.29)
Thus K1 = gallons per coulomb

K2 = feet per volt

K3 = gallons per day per amp

K, = time in days per model time in seconds.
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From these, the following identities hold (Walton & Prickett, op.cit.)

KK
3 4 =1 (3. 30)
K
1
R=K .1 (3. 31)
3 —
—K T
2
2
C=T.482"S.K, (3. 32)
K1
where C= capacitance in farads

a = mesh length in feet
S = storage coefficient

Of the sealing factors, only K_ can be fixed absolutely. However,

2

knowing the range of transmissibilities expected, and the likely recharge and

abstraction rates, a working value for K 3 can be chosen to allow convenient

currents and resistors to be used.

3.3.2. Excitation~-response apparatus

Since the model was constructed to simulate firstly steady state
conditions, with provision for the addition of a time variant if and when
necessary, the excitation-response apparatus necessary for each stage will

be considered separately.

3.3.2.1., Steady state (Fig. 3.8). - The advantage of this type of model

is that it is relatively easy to construct, requiring only resistors. The '
boundary conditions are simply applied and the necessary measuring equipment
is readily available.

(a) Excitation = The boundary potentials are determined by extrapolation

from the piezometric contour map. They are set from a bank of potential
dividers with an input voltage large enough to enable the full range to be

covered. A disadvanfage of this simple arrangement is that both the potential
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and current are dependent upon the load, which may vary during simulation
studies.

An alternative method is to estimate the recharge inflow and
discharge over the area studied, and apply these as constant currents using
factor Ks. Unfortunately, this pre-supposes a knowledge of the most
elusive parameters, namely, recharge and discharge flows and locations.
Positive and negative constant current generators (Fig. 3.9a) were
constructed based on a simple bias emitter resistor circuit (from Water
Research Association Internal Report). Alternatively, a simple voltage
dropper circuit may be used (Fig. 3.9b) which will maintain a constant
current within a determinable range. On the model constructed, Vy, could
range between 0 and 3V, (K2 = 102ft/volt). The current would thus vary
from Vit/R to (Vt-3)/R. Providing Vt is high enough, say 50V, then the
variation is acceptable, amounting to only 6% for extreme conditions.

Discharge areas on the model, such as spring lines, are
simulated by means of a diode lead to a potential divider reference,
equivalent to the topographic height at the location. When the nodal
potential is greater than the reference, current drains from the model;
but when the nodal potential drops below the reference under pumping
conditions, the diode is negatively biased and no current is allowed to
flow.

The final choice of excitation was a combination & the techniques
outlined above. Initially, boundary conditions were fixed using the
potential dividers, since they allowed for more versatility and rapid
adjustment. When the model had been satisfactorily calibrated, these

were replaced by constant current conditions; recharge fed from a high

voltage line and discharge taken via a resistor to the common earth line.
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This allowed large pumping schemes to be simulated and varied without

the need for constant adjustment to the boundary conditions.

(b) Response. - The principal instrument required is a d.c. voltmeter

with high input impedence. Modern solid~state digital voltmeters are

the most suitable since the input impedence is commonly of the order of
megohms, They are rapidly and objectively readable, and if necessary

may be adapted for recording purposes. An ammeter capable of measuring
currents over the anticipated range is required, and for this purpbse an Avometer
was found to be satisfactory,

3. 3.2.2. Non-steady state - Since this contains a time variant, pulses

and transients are input and measured. The time required for the input
signal to decay determines whether the model is "fast time' or 'slow time',

In the former the decay time may be up to a second and is thus monitored using
a cathode-ray oscilloscopé . However, when the decay period is measured in
seconds and maybe minutes, a U. V. recorder is most suitable. Each type

of model has its adherents, and each has advantages and disadvantages which
must be considered before the model is constructed, A 'slow time' model
ca;n easily simulate complex pumping schemes using electro~-mechanical
switching arrangements: but the chief disadvantage lies in the large and
expensive capacitors they require. On the other hadtd, 'fast time' models
require purely electronic excitation apparatus, and complex abstraction and
recharge needs involved and expensive equipment. However, cheap and
readily available standard miniature capacitors may be used, and hence

this type was favoured for the constructed model.

(@) Excitation. - The ideal arrangement of a battery of pulse generators

able to simulate abstraction and recharge at different rates and times was

beyond the budget and labour available for a small pilot investigation.
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Time variant effects were therefore limited to abstraction. A cénstant
- current pulse fo simulate pumping is obtained by applying a high voltage
pulse (-50V) across a calculated fixed resistor on the same principle as
that outlined above for d.c. constant current sources.
(b) Response. - A double beam cathode~ray oscilloscope is used, with
a switched time-base variable from 0, 5sec to 0.2 pMsec.  Since many
commercially available pu}se generators have a pre-pulse output, this
may be used to trigger the 'scope, An apparently continuous trace is
obtained and different parts may be more closely examined by reducing
the sweep time and altering the pre~pulse delay. Measurements may be
made direct from the screen and recordings taken by tracing or,photographs,

The complete excitation-response arrangement for non-equilibrium
conditions is shown diagrammatically in Fig. 3. 10.

3. 3. 3. Design and construction

The methods adopted in any investigation are dictated by the
problem and resources. The former includes the amount and nature of the
raw data. The resouces available are in terms of capital and equipment,

and most importantly, man-hours,

3:3.3.1. Design - Since there was no-one directly connected with the

project with experience in analogue simulation, it was decided to develop
the model in stages, starting with steady state and subsequently adding the
time variant, if required.

The area to be m|ode11ed lay in south Durham and the geological
nature and hydrological parameters' have already been discussed. Where

possible, model boundaries were chosen to coincide with hydrological

boundaries, and an area measuring 15 miles by 8 miles was covered (Fig. 3.11).
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The terminal pin spacing was fixed at 13 ins to enable easy
interchange of resistors and later addition of capacitors. Since 1:25,000
maps were readily available, and were used by the Northumbrian River
Authority for much of their data plotting, they were adopted for the model,
giving a mesh length, a, of 3,124 ft. Whilst a smaller mesh length would
result in greater accuracy, the work entailed in iteratively adjusting the
resistors to produce a good fit is greatly increased, and a compromise
solution must be reached. It was felt that 600 resistors would be optimum,
and if any area required a more detailed analysis, it could be 'blown-up'
on a éeparate panel,

The scaling factors were tentatively fixed on the basis of a low
voltage directly and easily conve'rtiﬁlé fo fegt, low currents, and a
resistance of 10 KL  being equiva'le'nt" toa fransmissibility of 10,000
g.p.d. /ft. Upon calibration it was found that some of the values required
slight adjustment, the final scaling factors being:
K, = 1014 gals/coulomb

1
2

K2 =10" ft/volt

10 -
K3 =5.58x10" g.p.d/amp
K 4 104 days/sec

a = 3,124 ft.
The steady state excitation apparatus consisted of 2 banks, each

of 15 10KSl wire-wound potentiometers, together with a bank of 15 positive

constant current generators. For abstraction schemes, a further bank of

15 potentiometers was available.
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3.3.3.2. Construction - A 5ft x 4ft x ins sheet of 'Perspex' was drilled

6BA clearance to take the node and capacitor terminals. It was held
vertically be a 'Dexion' frame, and the terminal pins inserted. These

were specially designed for electrical analogue models by the Civil
Engineering Départment, University of Birmingham and permit the easy
interchange of components without the need for soldering. The steady

state excitation apparatus was mounted at the bottom of the board, and

the pre-set outputs connected to the back of the boundary terminal pins

via leads. After calibration these were replaced by fixed resistors from the
boundary nodes to

1) a common high voltage line for recharge, or
(ii) an earth line for discharge.

All connections which were not permanent were by flying leads fitted with
crocodile clips to the front of the board. The model is shown in Fig. 3,12
set for a non-steady pumping test simulation,

3.3.2. Results

The results from the model may be conveniently considered in
two parts. The calibration of the model yields information on the
quantities and locations of recharge and discharge. This is followed by
simulation of pumping regimes to investigate the overall yields and the

effects upon other abstractors.

3.3.2.1, Calibration - An initial estimate of the relative transmissibilites

was made from the piezometric contour map and the corresponding resistors

inserted using a working value for K 3 of 1010 g.p.d/amp. The boundary
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potentials were applied with potentiometers and the resistors iteratively
adjusted to obtain a reasonable agreement with the reference nodal potentials.
Pumping tests were simulated by imposing the known drawdown at the pumped
well, and altering the surrounding resistors until the drawdowns in the
observation wells were reproduced. Where possible high resistors

(low transmissibility) were only inserted if there was existing geological

or hydrological evidence of boundaries. Following the first abortive attempt
at calibration, low resistors (high transmissibility) were not used. For the
second calibration, the digital solution was used as an initial guide in order

to reduce the amount of adjustment required.

In some areas it proved very difficult to satisfy both the
piezometric and the pumping conditions. This was especially noted in the
Carr Lands and around Rushyford, where a solution using low resistors
was inadequate. It was therefore concluded that the wide contour spacing
in that area (see Fig. 2.2) should be interpreted as a function of recharge,
and inputs were applied at selected nodes. Stream gauging has since
substantiated the validity of this solution.

Surface discharge was apparent in only one area, in the valley
of the River Skerne between Aycliffe and Coatham Mudeville. Seepages had
been noted and a value of 0.3 m.g.d. was recorded from the model.

Following the final calibration, the nodal potentials were
measured and plotted for comparison with the observed contours (Fig 3.13).
The individual well tests are detailed in Table 3.3 and the resultant flow/
current calibration shown in Fig. 3.14.

The boundary potentiometers were changed for fixed resistor

devices as outlined above (3. 3.3.2). The current flowing into and out of
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TABLE 3.3,
Pumped Drawdown Rate Current Obs. Measured  Model
hole Ft m.g.d. M A hole d.d. d.d.
ft. ft.
C 59 1.5 28 17 30.7 29
G 25,6 19
R 12.3 17
24 3.0 4
10 4,0 5
15 3.0 3
15A 5.2 3
16 6.2 3
18 24.7 19
19 13.75 8
Gt.Sint, 42.7 40
Jd 9.0 8
D 27.4 0.6907 12,5 5 3.3 1.5
6 1.4 1
7 6.6 6
8 1.1 1
9 N.a. No 2.
J n.a. . 2
G 50.7 1.1755 20. 17 19.7 16
19 13.4 10
26 5.9 4
J 3.3 5
R 8.8 8
10 3.5 3
C 18.3 15
TV1 8.2 10
Wml.Hse. n.a. N, 2.
Gt.Stnt,  18.7 15

Cont'd,
/ o
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TABLE 3.3, (Cont'd)

Pumped Drawdown Rate Current Obs Measured  Model
hole Ft~ m.g.d. /u.A hole d.d. d.d.
ft. ft,
d 68,3 0.8921 16 10 12,9 11
17 1.0 3
16 N. Q. I, &,
28 2.5 3
G N, 2, N.a.
26 Noa, n.a,
D 0.35 1
Wnl. Hse. 0.95 1.5
18 N, Qe N.a.
19 n.a, 1.5
7 N.a. 1,2
R Do Qe n.a.
K 47.4 0.2493 5 0 0.79 1
' L 1,64 1.5
12 1.41 1.5
14 2,89 2,5
15A n.a. N. Q.
20 1.38 1.5
22 1.44 1.5
25 1,58 1.5
N 2.80 3
13 0.75 1
L estimated variable 10 20 12, 3n. s. 8
24 av.0.5064 25 10, 6n, s. 8
11 6. 6n. S. 6
K 5 4n, S, 6
12 5. 6n, 8. 5
N 2.2n.s 2
21 1.8 1.5
0 0.7 Ne o

/Cont'd,
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TABLE 3.3 (Cont'd)

Pumped Drawdown Rate Current Obs. Measured  Model
hole Ft m. g.d. PA hole  d.d. d.d.
ft. ft.
L 22 1.1 N.a,
(cont'd) 23 N.a. N Ao
13 0.95 1
9 0.4 N, Q.
14 1,35 N, 3
E 2.0 2.5
N 54,71 0.6324 11.5 11 9.2 8
13 8.2 8.5
0 8.0 6
23 3.0 3.5
14 2,0 3
22 13,7 12
12 2,3 2
15A 2.5 2
16 2.3 2
20 5.4 4
R 54.6 0, 8640 14.6  Gt. Stnt. 4,9 5
15 n.a. Noa.
15A N.a. N.a.
23 N.a. Noa.
24 7.1 7
8 Noao N. A,
C no data 7
17 10,1~4.5 7
G 3.3 5
19 3.3 2
TV1 3 2

/Cont'd.
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Pumped Drawdown Rate Current Obs. Measured Model
hole Ft m.g.d. /u A hole d.d. d.d.
ft. ft.
TV1 166, 2 1.2720 23 TV1 obs 33 too close
G 10 7
17 1.1 5
26 2,85 5
Clds 2,9 5
Gt.Stnt. 3.8 5
10 N.a, 1
B.X.L. n.a. 0.5
J 2.5 4
Abbreviations:

d.d., = drawdown
n.a, -~ not affected
n.s. = not stable
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the model at each of the nodes can then be measured (Fig. 3.15) and converted
into the corresponding water flow using factor K g7 determined as
5,58 x 1010 g.p.d/amp. This shows that some 16 m.g.d. represents the
total daily flow through the area modelled.

The recharge areas are seen to be located along the western
boundary, and in the Rushyford-Carr Lands area. High boundary inflows
occur in the Rushyford, Newton Aycliffe and Walworth areas, One third
of the recharge, however, occurs within the model area.

The discharge zone is located along the eastern margin, with
minor amounts in the south and west. In the north-east a nett 4 m.g.d.
flows eastwards, to be abstracted from the wells around Hartlepool.

Since this flow must be maintained as high as possible so as not to deplete
the Hartlepool area, pumping schemes must be designed to reduce the flow
over the rest of the boundary rather than affect the north eastern corner.

3¢3.2.2, Pumping scheme simulations =~ So far, four possible schemes

have been simulated:

(a) Scheme No. 1. (Fig. 3.16)

) Current Suggested
Well (mgd) Proposed Current available rate
pumping rate (o A) ( A A) (m. g.d)

Broken Scar 4.0 73.0 50.0 2,7

TV 0.7 12,7 5.0 0.4
Archdeéacon

Newton 0,7 12,7 12,7 0,7
TV1 1.0 18.0 18.0 1.0

G 4,0 73.0 50,0 2.7

C 1.0 18.0 18.0 1.0

R 1.0 18.0 16.0 0.8

/Cont'd,



(a) Scheme No., 1 (Fig. 3.16) Cont'd, 80.
Well Proposed Current Suggested
pumping rate Current available rate
(m.g.d.) (M A) ( M A) (m.g.d)
(0] 0.7 12,7 12,7 0.7
N 1.4 25.5 25.5 1.4
Total proposed yield 14,5 m.g.d.
Model yield 11,4 m.g.d.

The 3 m.g.d. deficiency is principally due to Broken Scar and

G being unable to meet the 4 m.g.d. targets. The artesian head has been

completely removed at most of the wells, and thus aquifer dewatering will

be taking place. The 5 m.g.d. being abstracted from trough fault zone by

TV1, G, C, R probably represents the maximum available for that area,

In the southern area the yield is limited since the cones of depression of all

the wells tend to develop northward and eastwards, towards Darlington Golf

(DG). Thus little over 4 m.g.d. appears to be available from this part of

the gquifer. In the north, the individual effects of O and N upon the

Hartlepool flow are known to be small. However, with the high rate of

abstraction in the central area, the piezometric level in the Carr Lands

is decreased by 20-30ft and the nett outflow to Hartlepool reduced by just

over 1 m.g.d.



Schzme LPie zomtzh\ic

Contours in feet A.0.D.

C.OHTOLLY‘S.




81,

(b) Scheme No. 2, (Fig. 3.17)

Well . Proposed Current Current Suggested
. pumping rate ( M A) available rate
(mo go d) o ( /,L A) (mo go do )
Broken
Scar 4.0 73.0 36 2.0
TV6 0.7 12,7 9.0 ' 0.5
Arch~
deacon 0.7 12,7 12.7 0.7
Newton :
TV1 1.0 18,0 18.0 1.0
G 2.0 36.0 20,0 1.1
C 205 455 5 30.0 lo 6
R 1. 0 N 189 0 80 0 Oo 4
0 0.7 12,7 12,7 0.7
N 1.4 25.5 25.5 1.4
Preston~
le~Skerne 1.2 21.8 15,0 0.8
(2 J)
obs 8 2.0 36,0 36,0 2,0
Total proposed yield 17.2 m.g.d.
Model yield 12,2 m.g.d.

This pumping scheme shows deficiencies at many wells, and for the
yields obtainable it may not be economical to pump wells such as TV6 and R.
However, the main point of interest lies in the effect of abstraction from the
Carr Lands area (obs. 8). The cone of depression appears to be very large

and coupled with the intense pumping in the central area, the piezometric

head in the Carr Lands is reduced by some 60ft and the flow to Hartlepool is
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decreased to just over 2 m.g.d, Thus the total abstraction in the northern
part (obs 8, 0, N) of 4,1 m.g.d. would require a derating at Hartlepool of
2 m.g.d. Whether it would be an economic proposition to obtain this
extra 2,1 m.g.d. depends largely upon the capital cost of pipelaying, and
the expense of .pumping. As w1th Scheme No. 1 it is apparent that the
artesian head will be removed at most pumped wells.

(c) Scheme No., 3 (Fig. 3.18)

Well Proposed pumping Current Current Suggested
rate (m.g.d) ( /u A) available rate
( p A) (m.g.d)
Broken
Scar 4.0 73.0 40.0 2,2
TV6 0.7 12,7 12,7 0.7
Arch-
deacon 0.7 12.7 12,7 0.7
Newton
TV1 1.0 18.0 18.0 1.0
G 4,0 73.0 50,0 2,7
Preston-
le~Skerne 1.2 21,6 21.6 1.2
(= J)
obs. 8 1.5 27.0 27.0 1.5
Total proposed yield 13.1 m.g.d.
Model yield . 10.0 m.g.d.

Increased pumping at obs. 8 could alleviate the deficiency, but this
would result in a further decrease in the flow to Hartlepool. This appears to be
the most rational of the medium yield schemes, Itis interesting to note that

under Scheme No. 2 the total yield from the central area (TV1, G, C, R, J)

is 4.9 m.g.d., which is also the yield from the same area in Scheme No. 3,
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(TV1, G, J), and must therefore represeni: the maximum possible for that

area.

3.3.2.3. Pumping scheme conclusions - The total potential of the area

modelled (some 16 m.g.d.) cannot be fully utilized since compensation flow
to Hartlepool must be maintained. The nett maximum yield from the area is
therefore 12 m.g.d. Of this, about 4 m.g.d. may be drawn from the southern
area of Broken Scar, TV6 and Archdeacon Newton, 5 m.g.d. from the
central area (TV1, C, G, R, J) and the remainder from the north., Since
the model can only simulate conﬁned conditions, the yield~drawdown ratio
will increase rapidly as the aquifer is drawn into water-table conditions;
however, this will result in dewatering which may be detrimental to the
long-term performance of the aquifer. If pumping is only going to take place
for limited periods, such as during summer low-flow conditions, then some
dewatering could be tolerated, especially if provision were made for
artificial recharge when available. In order to simulate these time dependent
cord itions, a model capable of simulating both confined and unconfined
conditions would be reqlﬁfed (Hunter Blair, in press).

3.4, Simulation: summary, conclusions & proposals

Both digital and electrical methods have been used in the study
of an area in south Durham. Simulation methods are particularly useful
where complex variations in the aquifer parameters render normal idealized
analytical techniques untenable, For one given set of boundary conditions,
there is no unique solution for the transmissibility. By satisfying different
boundary conditions, however, a particular solution may.~ be obtained. This
can only be done by iterative procedures which are time consuming using an
electrical analogue, and costly by digital methods. Nevertheless, itis felt

that the logical constraints imposed on a digital solution result in more
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uniform solutions, Once the transmissibility elements have been determined,
the electrical analogue offex.'s much wider versatility, as well as rapid results
and enabling the operator to 'get the feel' of the area. The ideal method would
therefore be a hybrid of digital and analogue techniques, the former being
employed for the transmissibility element iterations, and the electrical
analogue built and scaled to these results, and used for the simulation of
abstraction regimes.

For the area investigated in south-east Durham, the bulk of the
results were obtained for steady state conditions, since the aquifer had a
low storage coefficient. Calibration of the model indicated a flow through
;he area of some 16 m.g.d. Of this, 4 m.g.d, discharged in the north-east
of the area, and therefore constituted a source of supply for wells in the
Hartlepool area. Thus over the area modelled, a nett 12 m.g. d. may be
abstracted. From the schemes investigated it may be seen that there is a
maximum yield in an area, which is irrespective of the number of wells
pumped. Thus in the centr.al area, optimum yield is okained from TV1, G,
J. In the south, the high abstraction at Broken Scar affects the production of TV6, and
thus improved, yields may be gained by replacing TV6 by a well at Darlington.,
Golf, A possible scheme, deduced from the model, producing almost
11 m.g.d. but decreasing the Hartlepool flow by less than 2 m.g.d. is

given below:



Proposed scheme No, 4 (Fig. 3.19)
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Well Current Suggested
available pumping
A rate
( /U ) (m.g.d,)
Broken Scar 24,0 1.30
Archdeacon Newton 15.0 0.85
Darlington Golf 20,0 1,14
'I"Vl 21.0 1.16
G 18.0 1.0
C 26,0 1. 42
R 18.0 1.0
J 18.0 1.0
0 38,0 2.1

The electrical analogue therefore enables the effects of complex

abstraction regimes to be rapidly simulated, and possible schemes to be

optimised. As more data from the aquifer becomes available, especially

with regard to quantity and location of recharge, and the production

characteristics, the model may be updated, thereby reflecting the

contemporary state of knowledge.
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CHAPTER 1

INTRODUCTION AND THEORETICAL CONSIDERATIONS

1.1. Introduction

Since the object of the study of the Magnesian Limestone was to
investigate the effects and problems of a variable and often highly fractured
material, an evaluation of the engineering geology is complementary to the
hydrological aspects already discussed. As with the geohydrology, the
underlying control has proved to be the geology, with the palaeogeography
controlling the lithology, which, in turn, affects the mechanical parameters
of the rock. However, the fractured nature of the strata is likely to have
a deleterious effect upon the desirable properties in an engineering sense,
rather than the reverse as was the case with groundwater flow, and thus
requires a more precise analysis and evaluation. The role of discontinuities
in the en-masse failure of rock has therefore received an initial theoretical
investigation as part of this work.

Laboratory tests have been carried out on a number of typical
samples to determine the characteristic parameters relating to strength
and deformational behaviour. In general, test conditions have been limited
to values likely to occur in normal civil engineering practice, and the
Magnesian Limestone may thus be considered as an essentially brittle
material.

Since quarrying for industrial and constructional requirements
represents the second largest extractive industry in eastern Co, Durham,

some of the associated problems were investigated. These included an
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assessment of the vibration levels induced during normal production and
blasting, and a comparison of the aggregate properties from various

quarries.

1.2. Theoretical considerations

Basic stress analysis and elasticity theory as applied to rock
mechanics are adequately covered by the several text books on the subject
(see Price, 1966; Obert & Duvall, 1967; Coates, 1967; Farmer, 1968;
dJaeger & Cook, 1969; also see Timoshenko and Goodier (1951), as an
entirely satisfactory text for projection into problems of rock elasticity).
Standard theory is therefore taken as read and an acquaintance with it
assumed.

1.2.1. Rheological properties

The actual behaviour of any material may be simulated by
combinations of Hookean, Newtonian and St. Venant substances,
representing respectively the properties of elasticity, viscosity and
plasticity,

In many instances, it is necessary only to consider the elastic
effects. The value of Young's modulus defined by:

do/dE = E (1.1)
is a complex funétion of temperature, pressure, and rate of strain.
However, in the routine 'static' tests under normal conditions, variations
may generally be attributed to a change in the material constitution.

Time-dependent creep effects are proportional to the principal
stress difference, for a given material. Under most surface civil

engineering works, their effects are small, although for semi-elastic
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rocks the strain induced by creep over a period of, say, 10 years, is
approximately the same as the immediate elastic strain. Where small
displacements are critical, viscous effects must therefore be considered.
Assuming a similar behaviour between concrete and rock, Zienkiewicz,
(1968) notes that the Alfrey-McHenry theorein holds, which states that
in a homogeneous situation, no stress redistribution occurs due to sustained
loading. The implication of this is that elastic apalysis may be used to
determine the stress distribution, which will remain unchanged with time,
even though creep displacements are continuing. However, in non-
homogeneous states, for example a tunnel lining, creep in the rock will
tend to transfer stresses to the lining.

True plastic deformation by intracrystalline dislocations have
not been investigated, but are unlikely to occur in the low stress regimes
used. However, cyclic stress-strain curves do exhibit some permanent
set which is usually attributed to non-recoverable frictional effects as
grains over-ride each other during compression. The brittle shear
failure of rock generally results in a loss of strength, producing large
strains across the failure plane.

1.2.2. Strength & failure criteria

The ideal failure criterion, not yet realized, must be able to
reconcile theoretical considerations with the observed behaviour of a wide
variety of rocks and their relative strengths in compression, tension and

shear, under different stress and temperature conditions.
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1.2.2.1. Coulomb-Navier failure criterion - This is widely used in

soil mechanics and rock mechanics analyses and may be expressed as:
T=C+ o tang 1.2
where T = shear .stress
C = cohesion
O = normal stress
¢ = friction angle.
In terms of effective stress parameters (defined by primes),
T = C +c! tan ¢ 1.3)
In rock mechanics, the main criticisms of the Coulomb-Navier
criterion are that it fails to predict the experimental high compressive/tensile
strength ratio, and also it does not directly accommodate a non-linear
failure envelope. Nevertheless, it does have widespread application over
a limited normal stress range, and especially in fractured material.

1.2.2.2. Griffith failure criterion - This was originally expounded in a

theoretical manner to explain the observed failure of glass at stress levels
well below theoretical failure strengths. The existence of minute flaws,
(Griffith cracks) was shown to be responsible for this strength reduction,
since as a result of their geometry, high tensile stresses were induced at
their tips. Und.er the influence of stress fields, compressive or tensile,
of increasing magnitude, the cracks tend to propagate leading to total
material failure. The relationship between the normal and shear stresses

at Griffith failure results in a parabolic Mohr envelope (Murrell, 1958) and

is given by:
0 .
- - = 1.4
T - 45,0 -458,2=0 (1.4)
where S.p is the tensile strength.
Thus when o =0, T = C (by definition)

and therefore C =287 (1.5)
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From the above, the compressive -to- tensile strength ratio is
eight, which is in good agreement with the behaviour of many rock types.

1.2.2.3. Development from the basis of the Griffith criterion - McLintock &

Walsh (1962) improved the Griffith criterion to take account of the frictional
stresses which occur when a crack is closed under compression, and
Brace (1960) showed that, in compression, the relationship between
stresses at failure would thus be:
T=2C+pc (1. 6)
where M= coefficient of friction

For tensile stresses, Equation 1. 4 still holds.

In the failure criteria so far considered, the intermediate principal
stress has no effect upon the stresses at failure. Murrell (1963) showed
from theoretical considerations that the intermediate principal stress has
a smgll but measurable effect upon the failure envelope, and confirmed it
by tests conducted with 0‘2 = o& and 0‘2 =oi‘. More recent research
(Wiebols & Cook, 1968) proposes a criterion based on the storage of energy
around Griffith cracks, due to the sliding of crack surfaces over one another.
In this, as the intermediate principal stress increases from <. 9 = Gé to
c 9 =ci ,» the strength increases to a maximum before decreasing to a value

somewhat higher than at the beginning of the stress history. Laboratory tests

show a good correlation with the theory.

1.2.2.4. Mohr circles and failure envelopes - Mohr circle construction has

been widely used for plotting stresses at failure, and the failure envelope
constructed tangentially to the principal stress circles. In many cases,
especially at low confining pressures and with high friction angles, it is

almost impossible to fit visually the best line to the group of circles. An

alternative method, more amenable to statistical treatment is to plot q
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against p defined by:

p=1(s; +) 1.7
-1 _
q—z(o_i °'§) (1.8)

Each combination of failure stresses is thus represented by a pair of
(pf’ qf) co-ordinates, and the resulting curve is termed the Kf line (Lambe &
Whitman, 1969). In many cases the points may be described by a linear
relationship of the form:
qf=a+pf.tancc (1.9)
The corresponding friction angle and cohesion may be obtained from:
g= sin-1 (tanox ) (1.10)
C =a/cos ¢) (1.11)
Where the Mohr failure envelope is non-linear, a logarithmic plot
must be employed. Hoek (1968), in his investigation of a semi-empirical

failure criterion based on Griffith, proposed plotting logarithmically

dimensionless ratios normalised by the unconfined compressive strength

(Sc) thus
X= log.(ﬁf/Sc) (1.12)
y = log.(%-a ) (1.13)
S
c

The relationship between stresses at failure is thus of the form:

log,(q_f -a) = logd+b log,(pf) (1.14)

S S
c c

The constants b and d therefore define the material, Where a is
not known a value of 0.1 for a/Sc is suggested to give a reasonable estimate.

By normalising with the unconfined compressive strength, Hoek shows that

many different sandstones plot on the same line, and this therefore represents
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a method of assigning typical and realistic values to different rock types.

1.2.3. Discontinuities

The effects of discontinuities are important in a material like the
Magnesian Limestone, which is typically highly jointed and well bedded.
A discontinuity may be represented by a joint, bedding plane, fault, or,
on a smaller scale, a flaw in a sample chosen for testing.

1.2.3.1. Effects on the rheological properties - This is very difficult to

assess on a strictly quantitative basis. Walsh & Brace (1966) in a2 review
of contemporary theoretical studies, show that the effect of planar cracks
is more pronounced than that of the equivalent volume of spherical pores.
For similar concentrations of cracks and pores, the difference between

the effective and intrinsic bulk moduli is approximately the same.

However, in contrast, pores have but a slight effect upon Young's modulus
and Poisson's ratio. Neglecting pores, the ratio between the elastic moduli

for various parts of the stress-strain curve may be theoretically predicted

from:
Ez'l - EB'T = 0.2/ 2 +3/u2 + 2/414 - 2p .15
E T -E, a -#2)3/2
where E1 = initial slope of curve
E2 = ascending slope at maximum stress
E 3~ descending slope at maximum stress.

On a small laboratory sample, the intrinsic elastic properties (E 3)
are those of the mineral constituents, and the effective elastic parameters
(El, cracks open; E 92 cracks closed) those measured for the sample.

However, the scale may be expanded so that the former becomes the
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properties of the intact material, and the latter the properties for the
en-masse discontinuous material. For this to hold, the crack concentration
must be the same for all sample sizes, in which case the relationship between
initial and final moduli for small samples and for large masses will be

similar. If the subscript s denotes sample, and m rock mass then:

E2-1 i E3-1 = Ez"1 - E3_1 (1.16)
E = -Eg s El-l ) E3-1 -
Now if
Egy = (Eg ' (1.17)
and (B EyE) = (B ExEg (1.18)

then these relationships allow an estimate to be made of the en-masse
reduction of Young's modulus. Inherent in the assumptions are many

possible errors, for example the relationship:

E = [E (1.19)
(3/E2)s(3/E2)m '

However, it may provide an easily applied guide to possible behaviour.

As might be expected, the increase in overburden stress with depth
produces a closure of horizontally aligned cracks and bedding planes, and it
follows from the above that this must increase the stiffness. Gibson (1967)
has computed the settlement of a loaded pad and the surrounding area on
the basis of an increase in stiffness with depth, and compared the resulting
deflections with Boussinesq predictions. In the former, most of the deflection
occurs under and very close to the loaded area. Large scale loading tests
carried out on chalk in Norfolk (Ward, Burland and Gallois, 1969) show a
remarkably close coincidence with Gibson's model. Geological evidence

from boreholes associated with the project shows that the rock becomes

tighter and less jointed with depth.
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The effect of discontinuities on the other rheological properties
is less documented. Recent work (Scholz, 1968) has shown that at low
stress levels, creep may be a function of brittle failure and intergranular
movements. Discontinuities will also tend to promote the free passage of
circulating fluids which can lead to an increase in the viscous nature of the
rock. Irrecoverable deformation following failure often takes place along
a well defined plane which may be determined by discontinuities prior
to rupture (see below). Movement along these planes is often of a stick-
slip nature (Byerlee & Brace, 1967), and may, on a global scale, be
responsible for earthquakes.

1.2.3.2. Effects upon failure characteristics - The effects of discontinuities

has been examined theoretically by Jaeger (Jaeger & Cook, 1969) and
experimentally by Donath (1964). In considering low stress conditions,
the Coulomb-Navier criterion will be assumed to hold along the discontinuity.

(@) B1ax1a1 system - Jaeger (op. cit. ) has shown that failure will take

place preferentially along a discontinuity for /3, <6< /3,_ (Fig. 1.1).

The principal stresses and C - § parameters may be reduced to
dimensionless factors based on the-ratios of their magnitudes as illustrated
by the geometry of the Mohr diagram, by a transfer of origin to the point
of intersection of the extrapolated discontinuity envelope and the normal

stress (o) axis. Defining new symbols:

0‘1* = 0’1‘ +Ccot (1. 20)

0‘2* = 0'2' + C cot ¢ (1.21)

O‘;_:r:o'§+Ccot¢ , (1.22)

and F* =0 * -opt (1. 23)
o—i* +c§*

It follows that:

sin (2/6 + 0) = sin ¢/F* (1. 24)
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The solution of this equation for /5 enables the locus of failure pre-
ferentially along a discontinuity to be located with respect to ¢, F* and the
angle the planar discontinuity makes with the c‘i difection, 6, (Fig. 1.2).
When 6 = 0 the above Equation 1. 24 is no longer applicable since

C cot § = oo . For this case, failure along the distontinuity will take place

for
1 sl R |
L sin (20 ) < 9<90-§sm(2C ) (L. 25)
9% 0,79

(b) Triaxial system - The above approach may readily be extended to the

general triaxial case of G‘l >0§ > 03',' The stresses on any plane where

direction cosines 1, m, n, describe the angles 6, Y ‘f’ may be represented

on the Mohr diagram (Fig 1. 3).

X = * - * ] %
Now F*=(0/%- o, )/(O'i +035%)
thus 0'1* = o&* (1 +F*)/1 - F*)
* = * ' 1.26
o, * =K, o, (1. 26)
Let o* vary between oz,’* and OI* such that
o* = ot +N (0% - oég’-r for 0<N<1
6—*=o-3* 1+N(2F*)]
1-F'*

o* =Kot (1.27)

In a similar manner, 0‘2* may vary between 0'3* and 0"1*, and thus

for 0<P<K1
o *¥*=0*\|1+DP 2F*
o o)
o—z* = Kzo'é* (1. 28)

The direction cosines on any plane in a triaxial system May pe
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determined from the magnitude of the normal and shear stress on the plane.

Thus
12= S.¥ - o) (oo * - o* +T2
(S5* - o*)(a3* - o%) (1. 29)
(o’z* - o-l*) (0—3* - c-i*) .
and
2 2
n = (o‘l* —o‘*)_(o‘z* ~-o*) + T (1. 30)

* - o ¥ * - o *k
(03 = 757 (57 = 73Y)
For limiting equilibrium on the planar discontinuity

T =o* tan ¢ (1.31)

Substituting for 0’1*, 0"2*, o*and T

(S

1= (K, - K) (K3 -K) + K2 tan2¢
K, - K,) (K, - Kl)

(1.32)

=

2. 2
n= (K -K (K,-K +K tan § (1. 33)

For the ¢ = 0 case a similar procedure is followed except that a new

dimensionless parameter is developed:

G= 2C/(c>‘1 - 0'3) (1. 34)
from which

o, = Sy - 2C/G (1. 35)

oy = 0]+ 2C(P-1)/G (1. 36)

oy=o7+ 2C(N-1)/G (1. 37)

The direction cosines at limiting equilibrium are then given by:

1
2

1= N(N-P) ¢ G2/4 (1. 38)
1-P

=

n=|(1-N) (P-N)-G2/4
P

(1. 39)
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Stereographic methods represent the most convenient method of
plotting fail and no-fail regimes, since joint orientation and frequency
diagrams usually employ lower hemisphere equal-area Schmidt projection.
For plotting, the direction cosine angles 6 and ¢ must be converted to 8
and o« (Fig 1.4) using the relationship:

o = cos_1 (cos.8/siny) (1. 40)

For the present study, a PL/1 program was written to compute the
stereographic co-ordinates of the limiting conditions for various
combinations of F* and ¢, and a description of the method and results are
given in Appendix C.

In the general case, the global axes to which the discontinuities are
referred are non-coincident with the principal stress directions, 0'1, 0'2, OE’,
A modified version of the previous program was therefore written which
will rotate the failure diagram and the associated principal stress axes so
that the directions are referrable to global axes (Appendix C). The advantage
of this is that a joint survey may be carried out over the area of interest so
that a statistically viable distribution may be built up. The principal stress
magnitudes and directions at points of interest are determined either
fheoretically using, for example, finite element or photoelastic techniques,
or directly by borehole stress plugs or strain gauge rosettes. The failure
regimes for these stress combinations and C - @ characteristics of the
discontinuities are then plotted and rotated into global co-ordinate directions.
The concentration of the discontinuity directions which may give rise to
instability at each location may then be assessed. The ultimate development
of this method would be to determine the most susceptible failure surface
from a summation of the safety factors along probable paths. Such an

approach based on the development of the necessary finite element technique
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is recommended as appropriate for further work.

1.3. Summary and conclusions

Even though much research in rock mechanics has been directed
towards an understanding of rheological and failure characteristics, there is
not, as yet, a completely satisfactory. : overall theorem. Nevertheless,
some failure criteria, such as the Griffith and its derivatives, based
essentia}ly upon theoretical considerations, do show reasonable agreement
with the observed behaviour of rocks. For low compressive stress regimes
and fractured material, the semi-empirical Coulomb-Navier criterion may
be employed, and this results in simplified conclusions.

Since the Magnesian Limestone is essentially highly jointed and
discontinuous, the associated theoretical aspects have been examired in some
detail. The effect of discontinuities is to reduce the elastic and strength
parameters, the degree of reduction being a function of size, concentration
and directions of the discontinuities.

Digital computer methods have been used to facilitate the plotting
and rotation of stability regime stereograms determined for typical

dimensionless strength parameters in a triaxial stress field.



99.

CHAPTER 2

LABORATORY TESTS

2.1. Objects

Since the engineering behaviour of a material is governed by its
rheological nature and failure characteristics, laboratory tests are
directed towards aetermining these parameters so that structures on
or within the rock may be economically and safely designed. The rock
may then be classified on the basis of these parameters (Deere, 1968)
enabling comparisons to be made with other areas and utilising previous
experience.

Various samples of Magnesian Limestone have been tested in ah
attempt to cover as many different lithologies as possible. Probdbly 75%
of the exposure is represented by abuff, granular, silt-grade dolomite
which occurs at all horizons. In the selection of samples there is doubtless
a bias towards the more competent material since these are less of a problem
to core and test. Nevertheless a representative range of lithologies and

mechanical properties has been covered.
Laboratory methods have been used throughout, coupled with a
visual inspection and classification of the strata at many loc’:alities. Ideally,

full scale field tests should be carried out, but the high cost obviates their

use in all but the largest and most critical schemes.
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2.2. Tests

It is proposed to deal with each type of test individually, with the
emphasis on the suitability and problems posed in each case.

2.2.1. Compression tests on intact samples

This form of test is usually employed for the investigation of both the
elastic and strength characteristics of the sample. It is generally inherent
in the test that the sample tested is macroscopically intact, although even
small flaws may lead to a wide range of results for similar test conditions.

2.2.1.1 Sample preparation - Samples are cored using diamond tipped core

barrels of either 1 inch or 1.5 inches nominal internal diameter. Water-flush
was generally used, although some samples which tended to break down in
water were air-flush cored. The ends were lapped parallel using push-fit
holders to ensure axial perpendicularity, finishing with grade 800 carborundum
powder. The cylinders had a2 nominal 2:1 length to diameter ratio, although

shorter samples were tested and normalised using the expression, (Obert

et al, 1946) :

8, =8,,(0.8+0.2) (2.1)
L/D
where Sco = compressive strength for L/D =1

Sc = observed compressive strength.
The cylinders were oven dried at 11000 for 24 hours and tested dry.

Rubber sheaths were used during triaxial test to prevent ingress of the

pressurizing medium.
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2.2.1.2. Measurement of stress - Most tests were carried out on a

Clockhouse 10 ton machine (Fig. 2.1) on which the bottom platen is
raised at a constant speed by a synchro-motor, infinitely variable
between 7.4 x 10-'6 ins/min and 2.5 x 10_3 ins/min, a speed of
5 x 10-3ins/min being employed. The end load was calculated from the
deflection of a calibrated proving ring. Initially, a dial gauge was used,
but this was later replaced by a d. c. linear variable differential
transformer (L. V. D. T.) having a one inch travel. The makers'
calibration was accepted after checking with a micrometer and dig';tal
voltmeter. From the respective calibrations of the proving ring and
L.V.D.T. (Appendix D) the load could be computed from changes in
the output voltage, since the input voltage was maintained at the
specified 24V d.c. by a Farnell stabilised power source.

For the 1. 5 ins diameter samples it was sometimes necessary to
use a Denison 300 ton hydraulic test rig, in which case the end load was
read directly from the control panel dial.

2.2.1.3. Measurement of strain - Two methods were used:

(a) Strain gauges - T.M. L. foil type resistance strain gauges, 12000

resistance, were bonded to the sample with epoxy resin, and held until
set by a standard rubber sheath over the sample to ensure contact over
all the substrate. Two axial gauges were placed diametrically opposite
one another and connected in series so as to average strains across the
diameter. Readout was via a Croyden Instruments Cropico Bridge, which
was manually adjusted to maintain null deflection on the galvanometer.

Where lateral strain gauges were used for the determination of Poisson's

ratio, a two-pole two-way switch was tried so that alternate axial and
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lateral readings could be taken. However, the change in resistance of

the strain gauge was masked by different contact resistances as the switch
was thrown, resulting in very erratic readings. An alternative method was
to monitor each gauge using a half bridge circuit, operational amplifier
and attenuator, the out-of-balance current being measured using an
ultra-violet galvanometric recorder, calibrated directly in terms of
sti'ain.

(b) Direct current L. V.D.T. - This was arranged to measure the displacement

between the base of the proving ring and the machine bottom platen. As with
the stress L. V.D. T. it may be calibrated to read directly in % strain
(Appendix D). The main advantage of this method of strain méasurement
is that it does not require lengthy preparation and may be readily used

for confined or unconfined tests. By taking the output from both the

strain and stress L. V. D. T.s to the X and Y axes respectively of a
potentiometric plotter, the stress-strain curve is directly and permanently
displayed. However, possible errors may arise due to strain within the
machine platens and loading piston. To reduce these effects as far as
possible, all experiments, both confined and unconfined, were carried out
using the same platens inside a triaxial cell, thus making the results
comparable one with another. In most instances, since the material
tested has a low Young's modulus in comparison with steel, the effect

was neglected.

For o= 104 1b/in2 Rock ER =5X 105 ]b/in2

2
Steel ES =30 x 106 Ib/in

,'. w T VY 13};
ey
N Lﬁnmn Y
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Taking a sample length, hr = 2 ins, and for the steel, hS = 3ins, then:

Ahs =3x 104/30 x 10°
=1x10"5 ins
Ahr =2x 104/5 x 10°
=4x 10_2 ins
thus Ah =AhS +Ahr =4.1x102 ins

The error in calculating the rock in Young's modulus if the strain
in the steel is neglected is thus only 2. 5%, which was acceptable. for the
studies undertaken. |

Fairhurst (1961) has shown that due to the stress distribution induced
in the saxﬁple, the strain measured by strain gauges may be up to 10% higher
than the strain calculated from the sample shortening. Numerous methods
have been attempted which combine the benefit of the LV.D. T. gauge with
measuring the strain over the more uniformly stressed central third of the
sample (Fairhurst, op. cit., Hobbs, 1967a) but most suffer fror.ﬁ the
disadvantages implicit in the techniques when used under confined conditions,
as well as a likelihood of damage when the sample fails.

2.2.1.4. 'End effects' - The sample-platen interface and its effect on the

measured properties has been the subject of a great deal of research and
hypotheses, but, as yet, a complete appraisal has not been published. The
fundamental dissension arises over whether the sample should be free to
expand laterally or should be constrained at the platens. Mogi (1966) has
shown that with 2:1 samples end effects were considerable, and suggested
the use of an epoxy resin fillet into which the large stress concentrations
could be diverted.

Under normal testing conditions, the sample faces are ground

parallel and flat, and are in contact with steel whose lateral expansion
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is, say, 1/50th of that of the sample. The result is a complex stress
distribution which may lead to indefinable failure stresses. On some
stress-strain curves (Fig. 2. 2) a 'knee' is apparent, interpreted as
sample-platen slip under the generated shear stresses.

Brown & Trollope (1967) have demonstrated both theoretically and
experimentally that when there are no constraints upon the strains, then

for a triaxial stress system

1 —
o-'x = crx ) (cr'y+o‘z_) (2. 2)
Sy = OF -y(o3 *o3) | (2.3)
1
o =0y (o +) 2.4)

where V = Poisson's ratio and the primes indicate 'effective' stresses
defined as above by considering the elastic effects of the orthogonal stresses. For

an unconfined condition with perfect movement along the platen-sample

interface:
o-=0 =90
X y
1 1
thus O‘X = 0“y = =) %2 (2. 5)

The negative sign indicates that a tensile intergranular stress has
been generated. If the sample is not free to expand at the interfaces, then a
stress of )6z must be generated by friction to prohibit movement. For
limiting equilibrium:
<5"xl/ c,_11 = M (2.6)
For many rocks, Y) is not a constant but increases from zero to

about 0. 2 as the cracks close (Walsh & Brace, 1966). The true interface stress

should thus be:
Oz
1_
o _j F(\)).dc‘ .17
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Movement at the interface will be initiated when:

1
<5—x/d;_l y M 2.8)

and for a poliéhed rock-steel junction a value of /L = 0. 2 is probably
acceptable. The 'knee' in the stress-strain curve is thus attributed to
this slippage which shows as an increased .shortening for a slight change
in stress as some of the strain energy is transferred from axial to lateral
storage,

When the platen-sample surface is perfectly lubricated, the
unconfined crushing strength is recorded on and 'effective' stress basis.
However, long before the total stress crushing strength is reached, the
sample would have failed in 'effective' tension, i.e. when S, D% Srp-
When there is a frictional restraint between the sample and platens, the
'effective’ stresses are indeterminable although the vertical mode of
failure is indicative of a dominant tensile component (Fig. 2.3). As the
confining pressure is increased the effective _lateral stresses change from
tensile to compressive. Mohr failure envelopes plotted on a total stress
basis, show that at low confining stresses, the friction angle is very high.
However, on an effective stress basis, these high-¢ angles would occur for
'effective' normal stresses in the tensile region, as would be expected.

2.2.1.5, Summary and conclusions - The compression test as carried

out in the present work is unsatisfactory on a number of theoretical points:
(a) The conditions along the platen-sample interface have a great
effect upon rheological and failure parameters, especially the lz;ltter.
(b) The elastic moduli determined from the test are dependent
upon the method of measurement. This is mainly due to (a) above, but

also the strains within the loading system should be allowed for in a

rigorous analysis.
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(c) Discontinuities and flaws within the sample, if critically disposed
(see 1. 2. 3. 2) may result in premature failure utilizing the plane of weakness.

(d) The stiffness of the testing machine can affect the failure, since,
when low, energy is fed back into the sample as failure is approached,
accelerating the propagation of rupture.

Besides the above, there are more mundane, although very real,
experimental difficulties, for example, voltage stabilization, of measuring
equipment, mechanical backlash in L. V.D. T.'s, bubbles beneath strain
gauges, punctured sheaths, and sample face parallelism.

In conclusion, the compression test requires very diligent
preparat_ion of the sample and rigorously controlled testing conditions. Whilst
such réquirements may be acceptable in the academic study of rock mechanics,
it is doubtful if the care and expense are justifiable in many civil engineering
circumstances, where an indication of probable en-masse behaviour is wanted.

2.2.2. Tensile tests on intact samples

The tensile parameters of a brittle material may be measured by

either direct or indirect methods.

2.2.2.1. Direct methods - In these, a tensile stress is applied to the sample,

and the deflections and failure stress recorded by methods similar to those
oqtlined above. Sample preparatiorll and the arrangement for transferring the
stress are even more important than in the compression test. The simple
direct pull experiment which has been employed consists of cementing a 3 ins

diameter, 3 ins long cylindrical sample into push-fit steel sleeve holders.
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A Hounsfield Tensometer was used, and if the retaining pins are set at
90° to each other, a small amount of out-of-line can be tolerated (Fig. 2. 4).
Even so, failure is often concentrated near the ends, indicating stress
concentrations. Dumb-bell shaped samples have been used (Brace, 1964),
designed to limit stress concentrations to the shoulders and larger diameter
zones near the platens, and providing uniform stress conditions over the
central, waisted area. However, sample preparation becomes more
difficult and the method is limited to relatively intact, homogeneous materisl.

2.2.2.2. Indirect methods - The most common indirect method is the

Brazilian test, where a sample disc is compressed diametrically inducing
tensile stresses perpendicular to the direction of compression (Fig. 2. 5).
The stress distribution within the disc was computed by Hondros (1959)

and Fairhurst (1964) showed that loading should be over a strip angle,

o= tan-1 1/8, to ensure a tensile value representative of the whole sample.

The tensile stress is calculated from:

S = 2P (2.9)
T v DL
where P = applied load

D = diameter
L = length or thickness
Trollope (1968) shows that if 'effective' tensile stresses due to Poisson's ratio
effects are also considered, then the tensile stress generated perpendicular
to the loading axis may be twice as large as predicted by Hondros (op._cit.)
The relationship between the tensile strength and other alternative
measures of rock strength has been investigated by Hobbs (1967b) and he
demonstrated correlations with compressive strength, irregular lump strength

and impact strength index.
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2.2.2.3. Summary and conclusions - The tensile strength of rock is

inherently difficult to measure. In many instances this uncertainty is
overcome by a conservative design which treats the rock as a no-tension
material. However, for a truly economic design, the benefits afforded

by the tensile strength must be included. Either direct or indirect methods
may be used, providing adequate care is taken with sample preparation, and
all the experimental factors are taken into consideration.

2.2.3. Shear strength tests

The shear strength of a rock or .soil may be obtained from the triaxial
test. However, it is sometimes more convenient to carry out tests which
measure the shear strength and frictional parameters more directly. If the
Coulomb-Navier failure criterion is assumed operative at low confining
stresses, then by measuring the shear stress necessary for failure at
various normal stresses, the C and ¢ parameters may be established. The
soil shear box represented one of the earliest techniques used for soil
mechanics. After going through a period of disenchantment, it has recently
returned to favour, especially for the study of long term, ultimate parameters.
For most tests on intact rock, however, the normal soil shear box is
insufficient. Specially designed machines are requiréd, but they are costly
and cumbersome, (Krsmanovic, 1967). A straightforward alternative is the
double shear test (see for example, Lundborg, 1966), where an axially
clamped cylindrical specimen is sheared in a special jig (Figs. 2.6, 2. 7).
The chief criticism of the test is that the stresses on the failure planes are
unlikely to be as simple as that assumed in the analysis. Nevertheless, the
method offers many advantages over the standard triaxial test. It is

especially useful for separating the frictional and cohesive compenents, and
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for studying the change in the former with increasing strain. Sample

. preparation need not be precise, and in many cases samples with unfinished
ends have been used, with dolomite powder between the ram and sample.
The normal pressure was applied by hydraulic jack, and unfo-rtunately
stresses below 1000 lb/in2 could not be accurately applied and maintained.
An alternative method would be to use a jig and sample with larger cross-
sectional area, or to construct a jack to work of a standard mercury constant
pressure unit.

2.2.4. Aggregate tests

These have been carried out for two reasons:

(@) the Magnesian Limestone represents an important source of
roadmaking and concrete aggregates, and

(b) intact samples are notoriously unrepresentative of the site
from which they are taken; aggregates however should include rock of various
grades. By definition, aggregates are formed by mechanical breakdown of
larger particles, and their strength is ultimately dependent upon a similar

mechanism.

2.2.4.1. Comminution theory - Rock fragmentation theory is important in

the study of drilling, crushing and blasting, but is, as yet, incompletely
understood. The energy required in comminution is dependent upon the
resulting increase in surface area. This represents only a small fraction of
the total energy input, the bulk being dissipated as heat (Cheatham, 1968; Harris
1966). A number of empirical laws relating to the size distribution of

particles subject to impact have been devised, the best known being the Rosin-

Rammler:
n

R = 100ek °* (2.10)
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where R = % particles in a sample larger than size x
b= a;n inverse parameter of size
n = sorting coefficient equal to the slope on Rosin Law
probability paper
e = base of natural logs
This means that the size distribution is heavily skewed towards the
larger particles. By constructing Rosin Law graph paper (Kittleman, 1964)
the goodness-of-fit of an aggregafe sizing to the Rosin distribution may be
estimated, since the points will then plot on a straight line.

2.2.4.2. Irregular lump crushing strength - This has been employed by a

number of workers as an alternative method of assessing the strength of rock
(see, for example, Hobbs 1967b). Unfortunately, the method suffers from
many drawbacks. The sample size appears to have an effect upon the
measured strength (Attewell, personal communication). Whilst the crushing
load may be used as a measure of the strength, a more precise figure is
obtained if the contact stress is employed. This is most easily calculated by
interposing carbon paper and graph paper between the sample and platens,

the contact stress being the load divided by the average contact area.
Experimentally, difficulties arise in determining exactly the stress at which
failure occurs, since progressive crushing and consequent increase in contact
area can result in an increase in load but a drop in contact stress. A minimum
of twenty lumps should be crushed, and in many cases even this is insufficient to give
a statistically meaningful result. The tedious counting of contact squares

coupled with the factors noted above make this test of doubtful value.
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2.2.4.3. Aggregate impact test - The equipment and procedure for

carrying out this test are described in the relevant British Standard dealing
with mineral aggregates, sands and fillers (British Standards Institution, 1967).
It was found that the results were very susceptible to non-standard conditions,
especially with regard to the nature of the base the impacter rests upon.
Nevertheless, with careful control, close agreement with two other
laboratories (Durham County Council and Tarmac Roadstone, Stockton) for
tests using the same aggregate were obtained. The test is only really suitable
for material with an aggregate impact value (A.I V.) of less than 40, since
for various soft materials there is but slight change in the A.I. V. An
alternative method (Shergold & Hosking, 1963) of using less than 15 blows
and normalising the result to 15 blows is erroneous, since it is dependent
upon the number of blows delivered. From a graph of the percentage of fines
v number of blows (Fig. 2. 8) for a typical aggregate it can be seen that the
linear portions have relationships of the form:

F =mNp + Cr (2.11)

where F =% fines

m= g-;radient (constant)

NB = number of blows

CF = intersection on the F axis

For the relationship proposed by Shergold et. al. to hold, CF must be

zero, whereas C_, appears to increase as F increases, i.e. as the material

F
- becomes softer.

The aggregate impact test thus offers a rapid method of assessing the
average strength of the rock from a limited locality. A more detailed knowledge
of fragmentation mechanics may result in aggregate tests being used for the

assessment of the failure characteristics of the intact material.



% fines

20

(O

I TN TN U A [N O N B B
0O 1 2 3 4 § 6 7 8 4 10 11 12 13 W 15

Number of blows

Fig. 2.8 Aj:ﬂmﬂatz breakdown.




112,

2.2.5 Other tests

Standard tests for porosity, specific gravity and permeability were
carried out on vapious samples, and the methods employed have already been
outlined (Section II, 2.4.1.), and are detailed in Ackroyd (1964), and in the
British Standard on soil testing (British Standards Institution, 1968).

Various hardness indicators have been used in rock mechanics, for
example the Shore scleroscope (Obert et. al. 1946), but with a coarse
grained and often soft material like the Magnesian Limestone, they have
little useful application. However, when the contact area is increased, a more
accurate guide may be obtained. This constitutes the basis of the Schmidt rebound
hammer (Hucka, 1965; Kolek, 1958). It has the advantage of field portability,
and'a large number of readings may be accumulated fairly rapidly. Care must
be exercised in selecting test reports and it was especially noticeable that
quarry faces gave significantly lower readings than large blocks on the quaxi'ry
floor, attributed to the tendency for the rock to spall parallel to the face and
open up fissures, which are accentuated by blasting. With experience, however,
an estimate accurate to within + 2000 ]b/in2 may be made using only a
geological hammer and visual examination, and in many cases th@s would be
within the 95%confidence limits of the Schmidt hammer.

2. 3. Results and interpretations

These will be considered in a similar sequence to the above, namely,
rheological nature, strength parameters of intact material in compression,
tension and shear, and the behaviour of aggregates. Since the lithology is the
controlling factor, the relationship with the diagenetic history and the inter-

dependence of parameters will be considered. A summary of the main results

is given in Table 2. 1.
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2. 3.1. Rheological properties

Measurement of time dependent effects were not carried, and thus
elastic parameters form the bulk 6f the results.

The tangent Young's modulus was measured at three points on the
stress-strain curve (Fig. 2.9), using purely visual estimates of tangency,
the values for the initial loading (El), highest loading (E 2) and highest
unloading (E 3) being recorded. Adopting the interpretation of Walsh and
Brace (1966), E 3 should represent the intrinsic elastic parameter of the
minerals. E1 and E 9 however, are much more a function of the crack
concentration.

As expected, the limestones show a much higher Young's modulus

than the dolomites, with E_ up to 4.5 x 106 ]b/in2 for a micrite limestone

2

l

|

from Raisby (RA1) and 8 x 106 lb/in2 for thé partially dolomitised limestone |

from Thrislington (TH2).

The dolomites show a large variation in E 2 due to crack and voids
formed either as primary depositional features, for example oolites, or by
dolomitisation. The pre-diagenetic granular dolomites thus show the highest
Young's modulus, E 9 being generally greater than 1 x 106 lb/in2 and even up
to 3.2 x 106 lb/in2 (TR1) under confined conditions. This is attribu'ted to the
high degree of interlocking between individual dolomite rhombohedra. Where
dolomitised allochems produce a generally open texture, for example, shell
debris (F01) or oolites (HA1, CH2), the E 2 values are much reduced to about
5x 105 lb/inz. Post-diagenetic dolomitisation reduces the Young's modulus

providing it is far enough advanced to produce vughs and cracks, due to the

volume decrease. These may be subsequently partially or wholly infilled by
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secondary calcite. E 9 for this type of rock varies greatly, from 2.1 x 105

lb/in2 (TH4) to 1. 35 x 106 lb/in2 (MH5), and is a function of the degree of
cracking and amount of infilling.

For most samples, the inherent variability masks any increase in the
Young's modulus with confining pressure.

Poisson's ratio was determined for only two samples (BL1 and HO1),
and éhowed an average value of 0.2. In the latter there was evidence of an
increase from zero to 0.2, which was sustained until the onset of cracking,
when the lateral strain rose rapidly, presumably due to the gauge being
cemented across an incipient fracture.

The pseudo-plastic component in the rheological nature was estimated
from the permanent set (% strain) per 1b/in2 (.'es) produced during cyclic loading
to approximately half the .failure stress. From the plot of log ES v log E2
(Fig. 2.10) there is a poorly defined negative trend. This is as expected,
since the amount of permanent set induced in a sample is a function of the
crack éoncentration, which also largely controls the recorded Young's modulus.

The elastic and pseudo-plastic parameters thus appear to be controlled
prineipally by the crack and/or pore concentration of the rock, which is, in
turn determined by the depositional environment and subsequent pre-diagenetic
and post-diagenetic changes.

2.3 2 Compressive strength parameters

The unconfined compressive strengths (Sc) show a wide variation from
580 1b/in2 (HA1) to 16,750 1b/in2 (RA1). It is quite likely that there is a
sampling bias towards the more intact and therefore stronger material, and

thus the distribution of values depicted is doubtless optimistic.
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As with the rheological parameters, the dominant factor is the
lithology. Where there is little or no dolomitisation the strengths are
highest (RA1, TH2). Post-diagenetic dolomitisation (TH4, H0l), howe ver
greatly reduces the strength to about 5000 1b/in2, principally because of the
formation of vughs and cracks. The strength of pre-diagenetically dolomitised
material is mainly a function of the absence or presence and nature of the
allochems. The oolitic material is often so weakly cemented that there is
no core recovery at all during drilling. Outcrops of this material are rare,
being limited to quarries and cliff sections. Nevertheless, samples of the
more resistant material have been obtained and tested, and show a variation
of unconfined compressive strength from 580 lb/in2 to 7250 ]b/inz, the latter
being exceptional. Shelly allochen;s (F01) have a similar effect, and for this
type of lithology an unconfined compressive strength of 1850 1b/in2 has been
recorded. Where pre-diagenetically dolomitised material does not contain
allochems, strengths up to 13980 lb/in2 (TR1) may be obtained, but it is
probable that for the majority of samples (TH1, MH9) the crushing strength
is approximately 5000 lb/inz.

Triaxial tests up to 10,000 1b/in2 have only been carried out on one
sample, THL (Welham, 1969). Confining pressures up to 1400 ]b/in2
however, have been employed for a number of samples, but in general, the
results are unsatisfactory due to large sample variability and end effects.
The Mohr envelope cannot be constructed from the principal stress circles since
it is impossible to gauge visually the best fit tangent. However, if g is
assumed constant over the range of confining pressures used, then a P - 9
plot and linear régression line may be employed. The cohesion and friction
angle are simply obtained from a and by:

g= sin"* tan o ' (2.12)

c=a/cos § ' (2.13)
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Another advantage of this method of assessing results is that an
improved estimate of the unconfined crushing strength can be made, utilising
all the test points. Thus for ¢ constant:

Sc = 2¢ cos {

1-Sing (2.14)
and substituting from above:
S, = 2a/(1 - tanx ) (2. 15)

This value may then be used to normalize the data (see later).

The c-§ parameters obtained from the test appear unreliable because
the cohesion intercept is so susceptible to small changes in § when the latter
is greater than 50°. Ne vertheless, the indications are that the silt grade
dolomite TH1 is much lower in strength than the post-diagenetic calcite-dolomite
TH2. The post-diagenetic dolomite HO1, however, shows a relatively high
friction angle, but very low cohesion. In fact the latter is less than the
Brazilian tensile strength, indicating that the cohesion has probably been
underestiimted for the reasons outlined above.

Despite these difficulties and errors in assessing the compressive
strength par;.meters, the underlying influence of lithology and the effects of
dolomitisation upon the strength may be recognized.

2. 3.3. Tensile strength parameters

These generally employed the Brazilian test on solid discs, and unless

otherwise stated, represent rupture planes perpendicular to the bedding.

Straight pull tests produce much lower values, and the results of the two

methods are not comparable.
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The tensile strengths show a similar variation to the crushing strengths,
ranging from 361 lb/in2 for shelly, dolomitised reef limestone (F01) to
843 1b/in2 for lindolomitised limestone (RA1). The relatively smaller range
is probably due to the existence of micro-flaws in even the most compact
rock, the effect of which is to drastically reduce the tensile strength.

2.3.4. Shear strength parameters'

These may be determined from the triaxial test (q. v), or more
directly from the double shear test. Investigations by Welham (op. cit.)
using sample TH1 show a reasonable match between the failure envelopes at
normal stresses up to 10,000 lb/inz, above that, the decrease in ¢ exhibited
in the triaxial test was not apparent in the double shear test, which continued
to show brittle-type failure. The results of triaxial and double shear tests
on TR1, (Fig. 2.11) show a lower c¢ - ¢ envelope for the latter for which
¢ = 3096 b/in”, § = 38° compared with ¢ = 1559 Ib/in2, ¢ = 57° for the
triaxial test. Tests on samples too soft to allow adequate preparation for
triaxial tests may be undertaken (viz. VLVIl, OBl). ¢ values for these
materials are very greatly reduced at normal pressures above 2000 1b/in2

to about 25° (Fig. 2.12) which compares closely with the polished value for

TH1 (Welham, op. cit.)

The double shear test and the triaxial test do not give closely comparable
results; the former emphasising cohesion, the latter high friction angles as
being primarily responsible for strength. Shear box tests on Magnesian
Limestone aggregate (> 200 and < 7 mesh) show a peak (Jp of 45° degrees, and
an ultimate ¢u of 38° (Turner, 1967), and shear box tests on Carboniferous
Limestone reveal similar parameters (Edwards, 1969). Drained triaxial and

shear box tests on a Magnesian Limestone waste slurry show friction angles
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dp of 45° and Py of 38° (Wild, 1969). A value of 38° for the ultimate friction
angle would thus appear to be realistic on the basis of a number of independent
assessments. The vafiations in strength between various samples are thus
due principally to a chaﬁge in the cohesion, although the friction angle does
decrease with increasiﬁg normal pressure and decreasing grain size, to about
250. Since asperity influence is reduced for very fine grained material or
polished samples (Byerlee, 1967; Patton, 1966), the ¢ value so obtained may
be close to the intrinsic friction angle of the dolomite grains.

2.3.5. Aggregate tests

Irregular sample crushing tests were carried out on some samples,
the results being expressed in arbitmry stress units. The test appears to be

very insensitive to variations in the compressive strength.

Sample Compresgive strength Irregular sample
(Ib/in") crushing strength
(arbitrary units)

TH1 4123 5.99
TH2 | 8000 7. 39
TH4 " 2950 5.73
RA1 12538 6.09

2.3.5.1. Aggregate impact test - This was carried out in accordance with

British Standard Specification BS 812 (op. cit) . For hard material, the
A.1 V. is expressed as the percentage fines produced by 15 blows, but for
softer materials this is unsatisfactory. The blow-by-blow breakdown of
various aggregates was therefore investigated. A comparison between the

breakdown for hard (RA1) and softer (TH1, HA2) aggregates (Fig. 2.8), shows
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that for the former, the breakdown is fairly linear, even up to 15 blows.
However, the relationship becomes increasingly curved with softer materials.
The suggested method of Shergold and Hosking (op. cit) for recalculating a
modified aggregate impact value is therefore unsatisfactory.

A study of the ;grading and its change for different numbers of blows
showed that after an initial accentuated skewness due to starting with single
size particles, the subsequent grading closely approximated the Rosin
distribution (Figs. 2.13, 2.14). The effect of increasing the number of blows
was to produce more fines, but a similar distribution relationship was maintained.
Different materials naturally yielded different graphical relationships, but
they all appeared to belong to the same family of curves. Thus a particular
grading attained from 15 blows on MA1, only requires 8 blows on F01.

Assuming that there is a constant partition of energy used for
breaking down the sample, to energy expended within the system, the number
of blows required to produce a particular grading should be proportional to
certain physical parameters of the material, such as the surface energy, and
hence the crushing strength.

Since all materials pass through similar gradings for various
numbers of blows, a particular grading may be defined by only one point. The
'10% fines' has been chosen s;ince this is already employed in the aggregate
ci‘uéhing test, and the 10% fines value is therefore given by the interpolating
of the number of blows réquired.

The standard aggregate impact values were determined for various
samples, and showed a marked increase upon dolomitisation. Thus for the
sequence undolomitised, partially dolomitised and completely dolomitised

afforded by RA1, TH2, TH4, corresponding A.L. V.'s were 25, 26, 32. As

the grain size of granular dolomite increases to silt grade, there is a further
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drop to 35 (TH1). Where allochems are held by a weak dolomitic cement
(F01, HAl) the A.I. V. is commonly greater than 40.

2.4. Inter-relationships

As has been hinted in the above consideration of results, there are
often distinct relationships between different measurable parameters. Since
the most fundamental is the unconfined compressive strength, it is not
surprising that many parameters exhibit a linear plot with Sc as abscissa,
employing either linear-linear or log-log scales. Where possible, the
parameters obtained from the same sample are compared.

2.4.1. Correlations with the unconfined compressive strength - These include

intrinsic, rheological, strength and aggregate parameters.

2.4.1.1. Porosity v S¢ - This linear-linear plot (Fig. 2.15) exhibits the

expected decrease in strength with increase in porosity. The linear regression
line, however, shows a low correlation coefficient and the relationship can

bardly be described as more than a trend. In many cases, average points

were plotted: by dividing the samples into their petrographic units and
considering each sample tested separately, a closer correlation may be obtainable.

2.4.1.2. Young's modulus vS, - The E2 value was taken as being most

characteristic of the material. For a particular sample (e.g. HAl) the
increase in Young's modulus shows very good linearity with Sc (Fig. 2.16).
However, when all rock types are plotted, there is a far greater scatter
(Fig. 2.17). In particular, the linear trend exhibited for low compressive
strengths is not continued for S, > 10000 1b/in2. This is possibly a
reflection upon the errors inherent in the method of measurement (cf Section

2. 2. 1. 3) which would attain greater proportions as the sample Young's

modulus increases. It is interesting to note that the E 2 value deduced from
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strain gauge methods for BL1 is more in line with the expected trend than
the corresponding point from L. V.D. T. measurements. The relationship

for all measurements is given by:

: 5
E2 =264.7 S, - 1.95x10 (2.16)

2.4.1.3. Compressive to tensile strength ratio v S . T For this particular

graph (Fig. 2. 18) only tensile strengths determined by the Brazilian method
were included. The more competent materials with Sc > 8000 lb/in2 show
a Sc/ST ratio of approximately 10. The weaker rocks have a considerably
reduced S,/St ratio, generally 6 or below.

2.4.1.4. Aggregate strength parameters v S, - The aggregates used in this

limited study were often bulk samples taken from quarry stockpiles. For a
rigorous investigation of this interrelationship the compressive strength samples
should be cored from a block which is then crushed to produce the aggregate for
comparison., The '10% fines' v S, relationship appears to b’e linear (Fig. 2.19),
compared with the A. I V. v 8. which is probably exponential or second order
(Fig. 2 20). Thus as noted before on deductions from comminution theory, the
110% fines' value is a better indicator or the relative strengths of rocks than is

the aggregate impact value.

2.5. Normalised parameters

The lineaf relationship of most parameters with the unconfined
compressive strength, enable this value to be used to normalize other measured
parameters. The ultimate objective of this is that for a given rock type, a range
of likely values for particular parameters may be considered in a preliminary
design, without the need for expensive testing.

Using Hoek's (1968) conclusion (considered in Section 1. 2. 2. 4) that the

empirical failure envelope for sandstones may be determined from a plot of
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log (pf/Sc) v log((qf - a)/8,), the corresponding graph for Permian
dolomites and limestones is given in Fig. 2.21 and follows the relationship:
ag/Sc =0.07933 + 0. 7839 (pg/Sc)L 9672 2.17)
Since an exponent greater than unity is-invalid (it would imply
that the Mohr envelope was convex to the O p 2Xis), a linear relationship must
be assumed. This enables qf/S, v ps/S, to be plotted (Fig. 2.22), for which
the equation is:
9¢/Se = 0. 8510 Pg/S, +0.0218 (2.18)
From this, ¢ = 58.5° and c/S; =0.0416. The average envelope
for low normal stresses is thus given by:
T= tan58.5° +0.0416 S, (2.19)
The normalised principal stress circles and envelope are shown
‘in Fig. 2.23.

2.6. Summary and conclusions

A variety of laboratory tests was .carried out on the Magnesian
Limestbne, and the resulté provide information about the tests themselves, as
well as furnishing rheological and strength parameters for the different
lithological types. The uniaxial and triaxial compression tests require extremely
careful sample preparation for the results to be completely meaningful. Since
economic considerations generally preclude such an approach, the results obtained
from a greater number of more loosely conducted tests must be correspondingly
treated on a statistical basis to obtain meaningful parameters. Amongst the
othef methods used for assessing rock strength, the double shear and aggregate
tests appear to offer the greated potential.

By treating all the triaxial test results statistically and normalizing

the parameters with the unconfined compressive strength, a 'grand . average'
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failure envelope for the Magnesian Limestone may be obtained. The friction
angle, ¢ so deduced, is 58.'56, which is far higher than the friction angles
recorded during the double shear test, of 38°. This is interpreted as a
reflection upon the triaxial test itself and the possible 'effective' tensile-type

failure as postulated by Trollope (op. cit.)
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CHAPTER 3

APPLICATIONS

3.1. Quarrying

Since quarrying of the Magnesian Limestone represents the second
largest extractive industry in the east of Co. Durham, various pertinent aspects
have been investigated. The sites and applications of present-day working
quarries are given in Fig. 3.1. The majority of quarries work the Lower
Magnesian Limestone for the construction and/or chemical industries.

3.1.1. Siting

The siting of quarries from a technical standpoint is governed
by the mechanical properties and chemical composition which, combined with
economic.'and planning considerations, dictate possible localities.

3.1.1.1. Chemical and strength considerations - These effects are so

interrelated that they are most conveniently dealt with together. The Magnesian
Limestone may be considered to consist of combinations of its two end meﬁbers,
calcite and dolomite, although most compositions tend to approach either of the
extremes. Intermediate compositions exist where either of the processes of
dolomitisation or dedolomitisation are incomplete, and as such represent only
a small proportion of the total strata. Besides carbonates of calecium and
magnesium, calcium sulphate and its relict textures may be identified (Jones,
1969) and in areas east of the reef and around Teesside the evaporites attain
economic dimensions.

The chemical composition is obviously of principal impértance to the

extractors for the chemical industry. However, it does have applications in the
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construction industry, especially with regard to strength, bitumen adhesion and
frost susceptibility. Areas of primary limestone are extremely local and
unpredictable, occurring only in the Lower Magnesian Limestone. They have
been recorded from Raisby Hill, near Coxhoe, and East Thickley, near Shildon,
although chemical analyses of borehole material often show a high calcite

content near the base of the Lower Magnesian Limestone from other localities in
the south of Co. Durham. (Smith & Francis, 1968). Dedolomitised limestones
occur widely in the Upper Magnesian Limestone, where solution of the underlying
evaporites has produced sulphate-rich brines which invaded the often collapse
brecciated dolomites to produce cale-rudites and concretionary limestones.
Limited dedolomitisation occurs in the Middle Magnesian Limestone, but it
appears to be largely structurally controlled along fault and fracture lines, for
instance at Tuthill Quarry near Haswell, At Hawthorn Quarry, calcite-dolomites
of the reef-top beds are quarried for the steel industry of Teesside. The
crushing of the rock improves the composition, since the dolomite fraction is
concentrated in the 'scalpings’'.

Apart from the above, dolomite is ubiquitous, its principal varieties
being dictated by the nature of any allochems and the time of aolomitisation.
Some of the country's purest dolomites are quarried at Thrislington Quarry by
the Steetly Company Limited for refractory purposes. The principal requirements
here are low iron and silica, and the best horizon is the upper division of the
Lower Magnesian Limestone, since the detrital material available during the
initial transgression would have been depleted. At Aycliffe Quarry, Lower
Magnesian Limestone dolomite is worked for Darlington Chemicals, and at
Ford Quarry, Sunderland, reef dolomite is quarried for use at Turner and

Newalls insulation works at Washingtori. Dolomite is also used in the steel

industry, and a powder produced at Middridge Quarry is transported to Skinningrove
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steel works. Some dolomite finds an application in agriculture, although
increased production of synthetic fertilisers with the additional beneficial
components has resulted in a reduced demand.

The strength and suitability of aggregates employed in the construction
industry are governed by the chemical composition and petrography of the rock.
Aggregate tests indicate that the calcite rich horizons are superior to the |
dolomites in all respects. Primary limestones of the Permian are dense
micrites with a low porosity (about 1%), and dedolomitization produces
recrystallized calc-rudites and concx—'etionary limestones of similar properties.
On the other hand, dolomites are generally weaker and more porous, due to the
strong tendency to produce enhedral crystals which lack the high interlocking
character of calc-sparites and micrites. Nevertheless, some dolomites of
the Lower Magnesian Limestone have an A.I. V. as low as 30 and may well find
applications in road construction and as concrete aggregates.

From a consideration of the above factors and a knowledge of

the geology, the potential of various areas may be assessed.

(a) Limestones and high calcite - Primary limestones are limited, as far as is

known, to the Raisby and East Thickley localities mentioned above. However,

at other localities in south Durham there may be up to 50ft of calcite rich

strata near the base. Unfortunately, thick drift, especially east of the Al,
severely restricts the economic viability of possible sites. In the northern part
of the county there is no indication of a similar calcite enrichment near the base.
The largest development of limestones formed by dedolomitisation occurs in the
Upper Magnesian Limestone. The Concretionary Limestone shows varying
degrees of dedolomitisation, and to the north of the River Wear, large areas.

of cale-rudites occur. South of this, collapse brecciation and subsequent

dedolomitisation occurs on a more limited scale, with collapse sequences of

up to 100 yds. occurring intermittently with well bedded dolomites. The reef-top
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beds are often calcite rich, but their disposition is notoriously difficult to
predict. Within the Middle Magnesian Limestone lagoonal facies, recrystallized
limestone occur locally, but their distribution is limited and unpredictable.

(b) 'Hard' dolomites - These are post-diagenetic dolomites and in some cases

the dolomitisation is incomplete. They are limited to the basal Lower Magnesian
Limestone in the south of the county. Whilst having a much higher porosity than
limestone (about 9%), they nevertheless have strength parameters quite acceptable
for many 'purposes- (A.LV.~ 30, 8, > 8000 lb/inz).

(c) _Average dolomites - These represent the largest proportion of dolomites,

containing both pre-diagenetic and post-diagenetic types. They have a crushing
strength of less than 5000 lb/in2 , porosity of 12-18%, and A.I. V. > 34. Whilst
attaining their largest development in the Lower Ma_gnesian Limestone, they also
occur widely in the Middle and Upper divisions. At s'ome horizons they are
remarkably free from impurities, but elsewhere sulphates, calcite, quartz,

iron and manganese have been noted.

(d) 'Soft' dolomites - These are restricted.to the Middle Magnesian Limestone,

although east of the reef, beds of ? Upper Magnésian Limestone exhibit similar
properties. They are weakly cemented and crumble easily. They often contain
a high proportion of allochems such as shell debris or oolites, but the algal
stromatolite horizons are stronger, with properties akin to the average dolomite.
Boreholes sunk through the Middle Magnesian Limestone frequently show no

recovery from these 'soft' dolomites, since they are slurried and return with

the water.
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3.1.1.2. Blast damage considerations - Recordings of ground vibrations

from a number of routine blasts in the Magnesian Limestone were made and
analysed by the author and Wijesinghe, and reported by Wijesinghe (1968). Only
vertical vibrations were measured, using Dawe and Hall Sears seismometers
with performances of 120 mV/in/sec and 500 mV/in/sec (r.m.s ) reppectively.
The signals were fed via calibrated leads to attenuator/matching units, and the
traces recorded on a Southern Instruments 10 channel U. V. recorder. An
external trigger allowed remote starting of the chart from a position within
visual range of the shotfirer.

From the record (Fig. 3.2) a travel-time graph can be constructed
using first arrivals, and hence the surface layer velocity calculated .from the
gradient (Fig. 3.3). A value of 7850 ft/sec was found for the Magnesian Limestone
at Thrislington. Amplitude velocity rather than displacement is now taken as
being the most reliable damage criterion (Langefors and Kihlstrom 1963;
Attewell and Farmer 1964; Ambraseys and Hendron, 1968) and this can be
determined directly from the trace amplitude. The empirical propagation
equation may be expressed as:

A =k wD2)" (3.1)

A graph of log AV v log (w/Dz) enables the factors k and n to be
détermined (Fig. 3.4). The attenuation factor has an average value of
2 x 10-4 dB/em at 10 c¢/s for the Magnesian Limestone, based on blasts monitored
and this is typical for a sedimentary rock (Attewell and Ramana, 1966).

The limiting safe working distance of a face from liable property
may be computed from the attenuation factor, for various charge weights. In
practice, it is quite likely that subjective considerations would limit the working

distance before the safe vibration level was exceeded.
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3.1.2. Waste disposal

As with most basically extractive industries, waste disposal
within the stipulated planning limits may present difficulties. In many
quarries, scalpings from the crushers and washers represent an ever
present problem, and research has recently been directed towards an”
understanding of the physical nature and properties of the material (Wild,1969),
together with a search for possible applications. Whilst there is the obvious
use as a fill, frost susceptibility and high air voids when compacted
prevent its general use as a roadmaking material. A degree of stabilisation
may be achieved with cement and, less successfully, with sodium silicate,
but bitumen is ineffective. . Ultimately, quarry spoil may be used in the final
backfilling and landscaping of the disused parts of the quarries, but unless
this can be designed into the quarry operation, the heaps will remain a
feature for many years.

3.1.3. Economic considerations

The high caf;ital investment required in an aggregate quarry can
generally only be considered if the reserves of high grade stone are greater
than 1 million tons. However, if the quai-ry is sited exceptionally close to the
market, lower tonnages may be feasible. At present, the main markets are
Tyneside, Wearside and Teesside, together with the development areas of
Washington, Peterlee and Newton Aycliffe. With transport costs of 2/6 + 4d.
per ton mile, the Permian has distinct advantages over the limestones of

Weardale and Teesdale. However, apart from a few exceptions, Magneéian

I

Limestone aggregates lack the high strength properties of the Carboniferous
Limestones, and require more binder when used in asphalt. It may be that

improved mix designs could reduce some of the disadvantages, or that
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Magnesian Limestone could be used where the specifications are not too

rigorous.

3.1.4. Quarrying: summary and conclusions

The Magnesian Limestone quarries for both chemical and
constructional purposes appear to have a guaranteed future. With further
research and experience it may be possible to utilise lower grade aggregates at
a reduced cost where some slight decrease in strength is acceptable. If this is
the case, there are numerous sites in the Magnesian Limestone which offer
possibilities. However, the siting of new quarries must take due consideration
beforehand of the problems of possible variations in rock quality, overburden
thickness, vibration damage, waste disposal and loss of amenity value for the

district.

3.2. Slope stability

The varied nature of the Magnesian Limestone makes analysis
difficult and generalisations necessary. The rock may be treated as being
basically either a continuum, or else a discontinuum.

3.2.1. Continuum approach

In this the inherent property is taken to be the continuous nature
of the strata, upon which the effects of discontinuities such as bedding and joints
may be determined. Prior to the advent of large, high speed digital computers,
continuum mechanics was chiefly studied from anaiogue models employing either
mechanical; electrical or photoelastic techniques. Contemporary studies are
chiefly directed towards the finite element method (Zienkiewicz and Cheung, 1967),
which has the advantage of being able to simulate differing properties within the

model. Unfortunately, the shortage of time did not permit the development ofa

program for the present study.
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The effect of discontinuities under biaxial and triaxial stress
conditions has already been covered (1. 2. 3. 2) and the use of the prepared
stereograms requires only a knowledge of the pertinent stresses.
A graphical method of stability analysis based on the stereographic
projection of joint orientation has also been described by John (1968).

3.2.2. Discontinuum approach

This considers the discontinuities to be the controlling influence
on the m_échanical behaviour. However, difficulties arise in assigning
distributions and patterns varying between ordered and random to fit the
observed features. Bray (1966) by utilising polar co-ordinates has shown that
the frictiqn angle is controlled by the ordering of the discontinuities. Other
workers (Trollope, 1968; Hayashi, 1966; Goodman et al, 1968) have tended to
concentrate on the square or rectangular 'building block', studying the self-weight
interlocking characteristics. None of these methods have, however, been
directly applicable to the Magnesian Limestone.

3.2.3. Semi-discontinuum approach

Whilst the methods outlined above treat the rock as either of the
extremes, this analysis uses features of both techniques.

Most of the slope stability problems in the Magnesian Limestone
are concerned with rock falls and long term degradation, rather than large scale,
catastrophic slides. Since many rock €Xcavations are required to be stable over
a long period of time, it will be assumed that drained conditions hold, and the
cohesion is negligible along failure surfaces. The idealised arrangement (Fig. 3. 5)
therefore consists <;f a block, size H x t, with one free vertical face, and the
active earth pressure from the cohesionless material acting on the other face.
The stable slope angle is thus obtained by analysing limiting equilibrium conditions

and is given by:

B = tan~1 B/t (3.2)
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From a consideration of the forces parallel to the block base,
assuming simple Rankine theory and therefore Pa horizontal:
Pa=F ' (3.3.)
For the active earth pressure, a depth of overburden of 2H
must be taken, therefore:
2Ka"H2 = Httan ¢

For a cohesionless material:

Ka = (1-sin ¢)/(1+sin 0) (3.4)
Thus H/t = tan ¢ (1+sin 0) (3.5)
2. (1-sin ¢)

By:a similar analysis for a sloping lower face (Fig 3. 6)

H/t = (tan ¢ - tans<)(H sin 0) (8. 6)
2 (1 - sin @) :

Failure may also be by overturning, therefore taking moments

about the lower left hand corner for limiting condition (horizontal base):

Pa.2H/3 = Wt/2 (3.7
Therefore H/t = 3 1
8 ka
H/t=0.6124 /1 +sin( (3.8)
1-sin¢

For an inclined lower face, the solution is rather more involved. Defining

a new symbol:

Mi= 1+ t. 3tanos (3.9)
H 2
then proceeding as above
H/t=0.6124 [Mi. 1+sin§ (3.10)
1-sin¢

As H and t occur on both sides, a trial and error method of solution is required.
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Since the Magnesian Limestone is almost universally flat lying,
only this case will be considered numerically. Fig. 3.7 indicates the stability
regimes against sliding and overturning, and it will be immediately obvious that
whilst the former dictates the slope angle for low - § conditions, overturning is
the dominant factor for ¢ > 34°. For very long term stability (i. e. geologically
signific.:ant) the ultimate friction angle of 26° would be used, and slopes as low
as 30o could be expected. For the civil engineering long term requirements, a
friction angle of 38° would be applicable, indicating slopes controlled by
overturning, with a slope angle of 510.

3.2.4. Slope stability problems

There are no records of slope stability problems in the Magnesian
Limestone, due largely to the low dips throughout the outcrop area. Turner
(1967) examined an escarpment slope near Houghton-le-Spring, but concluded
that there were unlikely to be any large scale stability problems within the
Magnesian Limestone. Indeed the lowest factor of safety occurred for circular
arc type failure through the underlying Basal Pefmian Sands.

Since glacial drift masks much of the solid geological features,
it is difficult to estimate the natural slope angle. However, near Coxhoe an
escarpment slope which shows signs of landslipping, probably immediately
i)ost—Pleistocene, has an angle of 25°. Measurements of old quarry face angles |
are variable, being a function of the elapsed time since working, and also the

rock nature. Inthe medium soft, granular dolomites, degraded slopes rarely

exceed 600, although in some of the more resistant Lower Magnesian Limestone

o
horizons, slopes of 70 are common.
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The angle of repose of quarry waste heaps may be used as an indication .
of the long term stability. Measurements of dry waste in the field and on small |
samples in the laboratory give a value of 50°.

The coastal cliffs represent the largest stability problem in the
area. The horizons exposed range right through the Permian succession. In many
places the more durable strata remains as headlands with the adjoining areas
eroded into bays. In the majority of localities, the cliff line is currently
receding and thus the slopes are oversteepened. The overlying boﬁlder clay
becomes washed down into joints and fissures, thus reducing the frictional
resistance and leading to greater stability problems (Fig. 3. 8)

In cuttings through the Permian for the A1 (M) motorway near
West Cornforth, slopes of 70° were originally constructed in the Lower Magnesian ‘
Limestone, but this was reduced to 50o in the less competent Middle Magnesian
Limestone (Figs. 3.9, 3.10). Following the winter, degradation of the 70°
slopes was apparent, accelerated by frost action along fractures opened by

blasting during excavation, and these slopes have recently been regraded.

3. 2. 5.Summary and conclusions

There is no evidence of large scale stability problems in the
Magnesian Limestone, rock falls constituting the main type of failure. Two

possibilities therefore exist:
R (a) The slope may be angled such that the naturally formed
blocks bounded by discontinuities are stable. A slope angle of 50° would
appear to be suitable for most horizons.

(b) The slope may be underdesigned, and any associated
structures positioned so that the anticipated falls do not cause damage.

The problem of cliff stability would generally employ the

latter method, coupled with action to prevent undercutting. This could be
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achieved using 'tefrapods' or positioning large resistant rock blocks atithe
base of the cliff, to dissipate the wave energy.

In limited cases, surface treatment with .'Gunite or cement
may help to stabilize a face (for example, Ferryhill Cut) but large scale
grouting would probably be expensive, due to the high grout 'take’.

3. 3. Foundations

In general, the Magnesién Limestone does not present any
foundation problems. The brecciated Upper and the Lower Magnesian Limestones
are able to support bored piles to the full allowable working stress ¢;f 750 lb/inz.
However, difficulty has been noted in obtair;ing a set with H-piles driven into
the Magnesian Limestone (Taylor, personal communication). In this case the
strata was oolitic Upper Magnesian Limestone and it was finally deemed better
to found in the overlying boulder clay. |

Where settlement is critical to the design of a structure, plate
loading tests would be necessary. Experience from Chalk (Ward et al, 1968),
shows that the settlements are more limited than predicted by Boussinesq. In
weak horizons, the long term creep effects may be more important than the
immediate elastic settlements.

As with many other characteristics, the type of foundation
material likely to be encountered may be estimated from the stratigraphy. Thus
the Lower Magnesian Limestone having a minimum crushing strength of about
3000 1b /in2- is unlikely to present any problems. The Middle Magnesian
Limestoﬁe, however, with its oolitic lagoonal facies, may be a difficult material,
and where possible, foundations should be restricted to the boulder clay. In

0
behaviour, it may be considered a loose, cohesionless sand, ¢ = 38", and

since leaching has often removed the evaporite cement a considerable strain
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may be required to mobilise the full frictional bearing capacity. Spread
foundations thus represent the best solution, and settlements may be limited

by ground improveinent using consolidation grouting or vibroflotation. The
variable reef facies can give rise to a wide ré.nge of foundation characteristics,
each requiring separate investigation. The Upper Magnesian Limestone is
generally competent, although some oolitic dolomites near the top of the
succession show similar properties and hence problems to the Middle Magnesian
Limestone,

An added problem in some areas near evaporite sequences is the
high concentration of dissolved salts in the groundwater. Where these include
sulphates, high-alumina cement may be required to offset sulphate attack.

Properly conducted site investigations by diamond drilling should
locate any possible problems due to soft cohesionless materials, particularly
if the rock quality designation (R.Q.D.) is noted. (Deere, 1968). Estimates
of settlement can only be made from -plate bearing te;sts in this type of rock.

3.4, Summary and conclusions

Whilst the Magnesian Limestone exhibits a range of properties,
the type of material liable to be encountered at a locality can be estimated
from the local stratigraphy. This is of particular importance in the quarrying
industry, but is also helpful in delimiting areas of -possibly poor foundation
characteristics. Where the rock is highly fractured and exposed to the
atmosphere over long periods, it may be necessary to treat it as a soil, but

elsewhere it exhibits the beneficial properties of a rock.
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SECTION IV

SUMMARY AND CONCLUSIONS

1.1, Geology

(i) The subject of this study, the Magnesian Limestone, shows a
great variety of lithologies and engineering properties, even though it is of
only limited areal extent.

(@ii) The succession can best be interpreted with reference to the
palaeogeography and depositional environment, together with any chemical
modifications which may have occurred either pre- or post-diagenesis.

@iii) Structurally the area is relatively simple, consisting essentially
of a low angle dip toward the east or south~east upon which low amplitude folds
are superimposed. The largest faults occur in the south of Co. Durham and
result in an en-echelon total downthrow of strata to the south of over 2000 ft

in places.

1.2, Geohydrology

(i) The dominant factor, the geology of the area, influences the
overall groundwater regime in two ways. Firstly, variations in lithology
result in changes in hydraulic conductivity and hence transmissibility and

yield; secondly, faults and basement 'highs' affect the development of the cones of

depression, and ‘hence the yields.

(ii) The analytical methods which may be applied are determined
by the aquifer type and the data available. Results obtained by different

techniques are not directly comparable on an absolute basis, but may be

viewed relatively.
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(iii) In'the northern part of the area, the average well permeability
may be broken down into its constituent parts on the basis of the geological

information. This enables the following parameters to be determined:

Horizon Hydraulic conductivity
(Dupuit-Forchheimer)
- g.p.d, /it2
Upper Magnesian Limestone, brecciated 300
Middle Magnesian Limestone 300
Lower Magnesian Limestone, except basal unit 110
Lower Magnesian Limestone, basal unit 40
Basal Permian Sands 40-120

@iv) In the south, the dominant aquifer is the oolitic Middle
Magnesian Limestone, and is generally confined by either drift or marls of the
Lower Evaporite Group. Some supplies may be obtained from the Upper
Magnesian Limestone, but yields are unpredictable, being a function of the
degree of collapse brecciation, Because of the complexity of barrier effects
due to faults and basement 'highs', direct analysis and extrapolation becomes
both difficult a.r_1d dubious.

(v) Simulation techniques were adopted, since they are theoretically
valid yet practically applicable to varying parameters. Both digital and analogue
methods have been employed, the former producing a direct solution, but the
expense incurred is only justifiable for large schemes where they may be used
to reduce the tedious calibration necessary for electrical models., Resistance~
capacitance analogues are both simple and cheap, but do require some expertise
and a considerable amount of time. For the horizons studied, the time variant

was unimportant for the confined conditions since the low storage coefficient

resulted in fairly rapid stabilization,
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(vi) Results from the electrical analogue indicate that over the
area modelled, 16 m.g.d. are available without depleting resources, However,
a discharge of 4 m.g.d. in the north~east of the area must be maintained for
abstraction in the Hartlepool area, leaving a nett 12 m.g.d. If the abstraction
is only for limited periods, then a certain amount of aquifer dewatering may be
permissible, resulting in much increased yields.

1.3. Engineering geology

(i) The engineering geology, like the geohydrology, is principally
controlled by the rock lithology, especially the extent and nature of any
dolomitisation,

(ii) The probable behaviour of a rock may be readily deduced from
a knowledge of its rheological and strength parameters. The former may be
partially described by Young's modulus, determined from either laboratory
tests on small samples, or large scale field loading tests. The results of
strength tests may be interpreted by various failure criteria, although there
is no unique criterion which completely describes all the observed characteristics
of rocks. For the present study, under brittle low stress conditions, the
Coulomb~Navier criterion has been used.

(iii) The Magnesian Limestone is typically highly fractured, the
influence of discontinuities upon the rheological and strength parameters was
investigated. In both cases the effect was to reduce the parameters to varying
degrees, depending upon the size, concentration and disposition of the
discontinuities. The theoretical aspects of planar discontinuity orientation and
its role in inducing premature failure was investigated for both biaxial and
triaxial stress systems, computer programs being written for the latter to

facilitate plotting and geometrical processes such as rotation of axes.
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(iv) Laboratory measurements carried out on a representative
selection of lithologies from various horizons included uniaxial and triaxial
compression, tensile, double shear and aggregate tests, The nett result
was that most parameters showed a correlation with the unconfined compressive
strength, even though the latter should be treated cautiously on absolute
stress grounds due to complex stress distributions resulting from sample-
platen interaction.

(v) By normalizing triaxial test data with the unconfined compressive
strength a grand average failure envelope could be constructed for the Magnesian
Limestone, defined by c =0.0416 S, , ¢ =58. 50, By comparison, the ¢
values determined from the double shear test were much lower, about 350,
but with an increased cohesion. This is interpreted as being due to the 'effective’
tensile triaxial failure under low confining pressures.

(vi) The results of the study of the engineering geology have various
applications. In the quarrying industry, a knowledge of the type of rock likely
at any locality is invaluable for estimating reserves and fixing new sites. A
study of the effects of blast-induced vibrations indicate that damage to property
is unlikely with the present location of faces and charges used at the quarries
investigated,

(vii) Slope stability is not a major problem, most failures being of
a relatively minor nature and consisting essentially of rockfalls. From
theoretical considerations, it can be shown that for a friction angle ¢ > 340,
degradation is predominantly by an overturning mechanism, resulting in a slope .
angle of 50° for the Magnesian Limestone,

(viii) Foundation difficulties are not usually experienced in the
Magnesian Limestone, e.xcept where the evaporite cement has been leached, In

these cases some form of ground improvement may be necessary by vibroflotation
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or consolidation grouting, to reduce settlements to within tolerable limits.
In all site investigations, tests for active sulphate confent in the groundwater

should be carried out.
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APPENDIX A

Data and Analyses of Wells

Contained in this appendix are the details of the geological
succession, the rest and pumped water levels, and results of analyses
by the pertinent methods.

Since much of the information dates to the time of sinking it may
be in error today, due to the effects of mining subsidence on ground

elevations, and ;the ground water depletion that has taken place.

Abbreviations

B.E.H.F. Below engine-house floor

B.L.M.L. Basal Lower Magnesian Limestone

B.P.S. Basal Permian Sands

C.M. Coal Measures

E.HF. Engine-house floor

I.G.S. Institute of Geological Sciences

H Thickness

K Hydraulic conductivity

1? K5 Hydraulic conductivities derived from assuming

radius of influence (re) 1,000 ft and 5,000 ft
respectively.

L ML. Lower Magnesian Limestone

M. M. L. Middle Magnesian Limestone

N.R.A.R. Northumbrian River Authority: Report



0.D.

R.W.L.

SC

SC 50

1’ 75

U.M L,

W.T.P.

A2,

Ordnance datum
Rest water level
Specific capacity

Specific capacity recalculated for 50%
maximum drawdown

Transmissibilities for K1 & K5 respectively
Upper Magnesian Limestone

Wartime Pamphlet No. 19, Anderson, 1941,
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Sunderland and South Shields Water Company

Humbledon Pumping Station

Grid reference

Geological succession (from W.T. P.)

Surface deposits
Magnesian Limestone
Marl Slate

Basal Permian Sands
Coal Measures

Well top

Well boftom

NZ 382552

Thickness (ft) Depth (ft)

33 33

269 302

?‘ 302

20 322

3 325
212.93 ft OD
199.43 ft OD
-20.07 ft OD

Well 10ft diameter to 233ft B.E. H.F., then 2, 3 ins diameter boreholes

42, 5ft down from well bottom.

R.W.L.

Analysis of data

circa 1941

1966

32.5 ft OD

39.9 ft OD.

It is unlikely that the boreholes are now effective, due to collapse.

The Lower Magnesian Limestone is probably about 20ft thick in this area, and

the well bottom will thus be in Middle Magnesian Limestone lagoon-reef facies.

Steady state

Q=0.245m.g.d. he =40 ft

Iy =51t

hy, = 13. 51t.



Dupuit-Forcheimer

Herbert

Non-steady state

Specific capacity

A4.
2
K1 =291.5 g.p.d. /it

T, = 11659 g. p.d. /ft

K5 =380 g.p.d. /ft2

T, = 15200 g.p.d. /ft

K, =205 g.p.d. /’ft2

1
T, = 8200 g.p.d. /ft
K5 = 218 g.p.d. /ft2

T5 = 8938 g.p.d. /ft

Recovery with water table adjustment.

K =244.4 g p.d /ft°

T =1026 g.p.d. /it

In 1966 SC = 9245 g. p.d. /ft at 66. 3% dewatered,

giving 8050 =10371 g.p.d. /ft.

Hydraulic conductivity models

Horizon

Horizonta]zK
(8.p.d. /ft")

#)  (gpd/it)

40 300

300
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Fulwell Pumping Station

Grid Reference NZ 389606

Geological succession (from W.T.P,)

Thickness (ff}. Depth (ft)
Surfacg deposits 73 73
Magnesian Limestone 52 125
Marl Slate 4 129
Basal Permian Sands 163 292
Coal Measures 3 295
E.H.F. 71. 8 ft OD
Well top 55.29 ft OD
Well bottom -74.79 ft OD

Well 10ft diameter to 146. 6ft B,E. H. F., then borehole of unknown
diameter 155 ft down from well bottom,
Headings 120ft x 6ft x 4ft at 119ft B.E. H. F.
701t x 5ft x 4ft at 119ft B.E. H.F.
2351t x 6ft x 5ft at 141ft B.E.H. F.
R.W.L. _ circa 1941 -27ft OD
1967 10ft OD

Analysis of data

It is unlikely that the borehole is now effective, due to collapse.

The results obtained by neglecting the headings are of doubtful value.

Steady state Q=1m.g.d. o 84. 8ft.

ry = 5ft hy, = 30. 3 ft



AS6.

Dupuit-Forcheimer K 1= 268.9 g.p.d. /ft2

T1 = 22802 g.p.d. /it

K5 = 350.6 g.p.d. /ft2

T, =29728g.p.d /ft

Herbert K1 =275 g.p.d. /ft2

T, =23320 g.p.d. /ft
K5 =290 g.p.d. /ft2
T, = 24621 g.p.d. /ft

Non-steady state Recovery

Jacob approximation K =98.2g.p. d./ft2
T = 8347 g.p.d. /it
Water table adjustment K = 118, 8 g. p.d. /ft2

T =10110 g.p.d. /it

Specific capacity In 1941, SC = 25500 g. p.d. /ft for 63. 3% dewatered,
and in 1967, SC = 18348 g. p.d. /it for 64. 3% dewatered.

For the latter, SC__ = 20280 g. p.d. /it.

50
Hydraulic conductivity models
Horizon H K 9 H K 2 H K 9
(ft)y  (gpd/ft")  (ft) (gpd/ft) (ft)y (gpd/ft’)
U. M. L. 64.8 300 64.8 300 64.8 300
L.M.L. 20 0 20 40 20 110
Horizontal K 229. 2 - 238, 7 255. 2

(. p. d/ft%)



AT,

Cleadon Pumping Station

Grid reference NZ 387636

Geological succession (from W.T.P.)

Thickness (ft) Depth (ff)

Surface deposits 14 14
Magnesian Limestone 314 328
Basal Permian Sands 49 377
Coal Measures 2 379
E.H.F. 218. 37 ft OD

Well top 206. 37 ft OD

Well bottom -49. 83 ft OD

R.W.L. circa 1941 7t OD

1966 8. 4ft OD

Well 12ft diameter to 268 ft B.E.H.F., then borehole 36" - 14" diameter
109ft down from well bottom.

Analysis of data

Due to the very high chloride content the well is used only

intermittently.

Specific capacity In 1965, SC = 42857 g. p. d. /ft for 24.1% dewatered,

giving SC__ = 36544 g. p.d. /ft.

50

Hydraulic conductivity model

Horizon H K 9
(ft) (gpd/ft")

U.M. L. 58 300

Horizontal K 300
(g.p. d. /ft2)
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Ryhope Pumping Station

Grid reference NZ 404524

Geological succession (from W.T.DP.)

Thickness (ft) Depth (ft)
Surface deposits 20 20
Magnesian Limestone 338 358
Basal Permian Sands 30 388
Coal Measures 9 397
E.H.F. 228,64 ft OD
Well top 219. 27 ft OD

Well bottom -22. 94 ft OD

Well 14ft diameter to 251.6 ft B.E. H. F., then borehole of unknown
diameter 136ft down from well bottom.

R.W.L. circa 1940 —5 it OD

1966 8. 64 ft OD.

Analysis of data

It is unlikely that the borehole is now effective, due to collapse.
The high value of permeability obtained in the analysis is probably due to
the nearby sea acting as a recharge source, and this is borne out by the
high chloride contamination of the pumped water.
Steady state Q =0. (_53 m.g.d. he = 31.64 ft
r,, = 7t h,, = 25.09 it
Dupuit-Forcheimer K, =2679 g.p.d. /ft2

1

T1 = 84737 g.p.d. /ft.



Herbert

Specific capacity

A9.

K, =430 g.p.d. /8t

T1 =13605 g.p.d. /ft

K, =460 g.p.d. /8t

T5 = 14559 g. p.d. /ft

In 1965 SC = 96183 g.p.d. /it for 20. 7% dewatered,

giving 5050 = 80457 g.p.d. /ft.

Hydraulic conductivity models

Horizon

?U.M. L.

Horizontal K
(g.p.d. /%)

H
(£t)

31.64

K

(gpd/it9)

300

300
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Dalton Pumping Station

Grid reference NZ 411469
Geological succession (from I G.S. records)

Main shaft (north plant)

Thickness (ft) Depth (ft)
Surface deposits 26.8 26. 8
Magnesian Limestone 442.3 469.1
Marl Slate 2 471.1

Pilot shaft (south plant)

Thickness (ft) Depth (ft)
Surface deposits ? ?
Magnesian Limestone ? 465.9
Marl Slate 0.8 466.7
Basal Permian Sands 83.1 549. 8
Main shaft
E.H.F. 340. 31 ft OD
Well top 325. 56 ft OD

Well bottom -105. 89 ft OD

Well 20ft x 12. 5ft ellipse to 446. 2 ft B.E. H. F. then 1 ft diameter borehole

258t down from well bottom.

Pilot shaft
E.H.F. 348. 3 ft OD
Well top 338.41 ft OD

Well bottom -98. 7ft OD

Well 10ft diameter to 447ft B.E. H. F. then 2 boreholes, 12ins and 3ins diameter,

21ft down from well bottom.
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R.W.L. in main shaft circa 1940 36ft OD

1966 48. 3ft OD

Analysis of data

Neglecting any effects from the borehole, the main shaft
penetrates to within 24ft of the base of the Lower Magnesian Limestone.

Steady state Q =1.53 m.g.d. he =154 ft

rw=7.5ft hw=27.3ft

2
Dupuit- K, =103.7g.p.d. /it
. 1
Forcheimer

Tl = 15977 g.p.d. /ft

K, =137.9g.p.d. /it

T, = 21232 g.p.d. /ft

Herbert 1" 105 g. p.d. /ft2

T, = 16170 g.p.d. /ft

K, =116 g.p.d. /it

T5 =17980 g.p.d/ft

Q=1.75m.g.d. he=154ft

r =7.5ft h =12 2ft
w w

2
Dupuit- K, =115.7 g.p.d. /it
. 1
Forcheimer

T1 =17812 g.p.d. /it

K, =153.7 g.p.d. Y a

T, = 23671 g.p.d. /it

2
Herbert K1 =116 g.p.d. /it

T1 =18096 g.p.d. /it

K5 =129 g.p.d. /f’c2

T, = 20253 g. p. d. /it



Al2,

Specific capacity In 1966:

forQ=1.53m.g.d. SC =12056 g.p.d. /ft for 82. 3%
dewatered

forQ=1.75m.g.d. SC =12323 g.p.d. /ft for . 92% dewaterec

Average SC_.,. =16239 g.p.d. /ft

50

Hydraulic conductivity models

Horizon H K 9 H K 2 H K 2
(&) (gpd/ft") (ft) (gpd/ft7) () (gpd/ft)

L.M. L. 154 110 149 110 149 110
B.L.M.L. 0 - 5 40 5 0
Horizontal K 110 107.7 106.4

g.p. d. /ft?)
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Seaton Pumping Station

Grid reference NZ 393489

Geological succession (from W.T.DP.)

Thickness (i) Depth (ft)
Surface deposits 13 13
Magnesian Limestone 434 447

Coal Measures at base
E.H.F. 427. 66 ft OD
Well top 415.15 ft OD
Well bottom -24. 09 ft OD
Well 13 ft diameter to 452 ft B.E. H. F.
R.W.L. 1894 97 ft OD
1934 58 ft OD
1966 58 ft OD

Analysis of data

Since there are no effects from boreholes or from the Basal
Permian Sands, the permeability value should be a good representation for the

Lower Magnesian Limestone.

Steady state Q =0.205m.g.d. he =82 ft
r =6.5ft h =34.11t
w W
2
Dupuit- K, =59.1g.p.d. /it
. 1
Forcheimer

T1 = 4846 g.p.d. /it
K, =78.0 g.p.d. Jit2

T, = 6394 g.p.d. /it



Herbert K, =66gp.d. /it?
T, = 3076 g.p.d. /it
K5 =70 g.p.d. /ft2
T5 = 3690 g.p.d. /it

Non-steady state Recovery:

Jacob approximation K =29.7g.p.d. /fl“,2
T =1430 g.p.d. /ft

Water table adjustment K =40.9 g. p.d. /ft2
T =2008 g.p.d. /it

Specific capacity In 1966 SC = 4279 g. p.d. /ft for 58.4% dewatered,

giving SC50 = 4533 g.p. d. /it.

Hydraulic conductivity models

Horizon H K 2 H K 2 H K 9
() (gpd/ft) () (gpd/it) (f) (gpd/ft)
L.M.L. 69 110 59 110 49 110
B.L.M. L. 13 40 23 40 33 40
Horizonta]zK
(g.p.d. /it 98.9 90.4 81.8
Horizon H K 9 H K 2 H K 9
(ft)  (gpd/ft") (ft) (gpd/ft7) (ft) (gpd/ft")
L.M.L. 69 110 59 110 49 110
B.L.M.L. 13 0 23 0 33 0
HorizontalK  92.6 79.1 65.7

(g.p.d. /it")

Al4.
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Stonygate Pumping Station

Grid reference NZ 354417

Geological succession (from W.T.P.)

Thickness (ft) Depth (ft)
Surface deposits 12 12
Magnesian Limestone 344 356
Basal Permian Sands 32 388

E.H.F 365.72 ft O.D.
Well top 347.05 ft O.D.
Well bottom 28.72 ft OD
Well 15 ft x 10. 7 ft ellipse to 337 ft B.E. H.F., then 2, 3ins diameter
boreholes 59ft down from well bottom.
R.W.L. 1905 129 ft OD
1931 117 ft OD

1966 134 ft OD

Analysis of data

It is unlikely that the borehole is now effective, due to collapse.

A value of T, 6ft has been used to approximate the elliptical shape.

Steady state Q=0.63m.g.d. he =105. 3 ft
r =6ft h =41.5 ft.
w w
2
Dupuit-Forcheimer K1 =109.6 g.p.d. /it
T, =11536 g.p.d. /ft.

K, =144.0g.p.d. e

T, = 15165 g. p. d/ft
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Herbert K, =9 g.p.d. /82

T1 =10003 g.p. d. /ft

K5 =110 g.p.d. /ft2

T_ =11583 g.p.d. /ft

5
Specific capacity In 1966 SC = 9874 g.p.d. /ft for 60.6 dewatered,
giving 8050 =10624 g, p, d/ft.

Hydraulic conductivity models
Horizon H K 9 H K 9 H K 2

(ft) (g.p.d./ft") () (gpd/it") (ft)  (gpd/ft’)
L.M.L. 105 110 103 110 103 110
B.L.M.L. 0 2 40 2 0
Horizontal K 110 108.7 107.9

. p. d. /it2)
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Thorpe Pumping Station

Grid reference NZ 427438

Geological succession (from W.T.P.)

Thickness (ft). Depth (ft)
Surface deposits 12 ' 12
Magnesian Limestone 411 423
Basal Permian Sands 161 584
E.H.F. 370.04 ft OD
Well top 359.75 ft OD
Well bottom -103. 96 ft OD

Well 21 ft x 15 ft ellipse to 306 ft B.E. H. F. then 15ft diameter to

474 ft B.E. H. F., with borehole of unknown diameter 38 ft down from

well bottom.
R.W.L. 1901 ~-44 ft OD

1966 -2 ft OD

Analysis of data

It is unlikely that the borehole is now effective, due to collapse.
Since the saturated zone is penetrated only by the circular cross-section,

the well radius is 7. 5 ft.

Steady state Q=0.7Tm.g.d. he =102 ft

r =7.5ft h =151t
\4 w

K1 =107.1¢g.p.d. /ft2

T1 =10926 g.p.d. /it

K5 =142.4 g.p.d. /ft2

T5 = 14519 g.p.d. /it
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Herbert K, =124 g.p.d. /8t

T, =12648 g.p.d. /tt

K, =140 g.p.d. /it

T, = 14420 g.p.d. /ft

Non-steady state Recovery:

Jacob approximation K=45.3g.p.d. /ft;2
T =4711 g.p.d. /it

Water table adjustment K =56.4 g.p.d. /fl:2

K =5922 g.p.d. /it <
Specific capacity In 1966, SC = 8046 g.p.d. /ft for 89. 2% dewatered,
) giving 8050 =10891 g. p.d. /ft. -
Hydraﬁlic conductivity models
Horizon H K 2' H K H K ,
(ft) (gpd/ft") () (gpd/it) (ft) (spd/ft")
L.M.L. 402 110 32 110 22 110
B.L.M.L. 20 40 30 40 40 40
B.P.S. 40 120 40 120 40 120
Horizontal K 100.2 93.3 86.5
(8- p.d. /8t?)
Horizon H K 9 H K 9 H K 2
(t) (gpd/ft”) (&)  (gpd/ft) (t) (gpd/it")
L.M.L. 42 110 32 110 22 110
B.L.M.L. 20 0 30 0 40 0
B.P.S. 40 120 40 120 40 120
Horizontal K 92.4 81.6 70.8

(gpd /it2)
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Burdon Pumping Station

Grid reference NZ 372513

Geological succession (from W.T.P.)

Thickness (ft) Depth (ft)

Surface deposits 57 57
Magnesian Limestone 366 423
Basal Permian Sands 34 457

Coal Measures 10 467
E.H.F. 462.9 ft OD

Well top 444.9 ft OD

Well bottom 50.4 ft OD

Well 20ft x 14 ft ellipse to 293 ft B.E. H.F., then 14ft diameter to 472. 07 ft

B.E H.F., with a 12ins diameter borehole 27. 33 ft down from the well bottom.

R.W.L. 1900 115 ft OD
1934 72 ft OD
1966 39 ft OD

Analysis of data

The large variations in rest water levels render analysis
doubtful. After the bottom was drawn out, the well was little used between
1920 and 1957. It was deepened by 40ft and a submersible pump installed in

1966.

Specific capacity In 1934 SC = 27450 g.p. d. /ft.




North Dalton Pumping Station

Grid reference NZ 408478
Geological succession (from I.G.S. records)

2 shafts and one borehole, for which the drillers records are identical.

Thickness (ft) Depth (ff)
Surface deposits 60 60
Magnesian Limestone 341 401
Basal Permian Sands 66 467
Coal Measures 1.5 468.5
Well tops 270. 44 ft OD
East borehole top 275. 3 ft OD

Twin shafts 14 ft diameter, 238 ft deep, with twin boreholes 31 ins - 24 ins
diameter 221 ft down from each shaft bottom.
East borehole, 77ft from shafts, 24ins diameter, 468 ft deep.
A drift joins shafts and borehole at shaft bottom.
R.W.L. ~ Shafts 1909 33 ft OD

1940 39 ft OD

1966 26 4t OD

Borehole 1906 33.5 ft OD

Analysis of data

The main shafts are 27 ft apart and the east borehole lies in

line with them, 50.5 ft from the nearest.

Steady state Using multiple well methods
Q1=Q2=1.1m.g.d. he=215ft
ro=64ft h, =114 ft
ry =13.51t ry =-13.51t
r_ =1000 ft

e

A20,
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Dupuit-Forcheimer K1 =99.4¢g.p.d. /fi:2

Tl =21371 g.p.d. /ft

Specific capacity This is difficult to determine since both shafts are

pumped simultaneously.

Hydraulic conducitivity models

Horizon H K 9 H K 9 H K 9
(t) (spd/ft") (ft) (gpd/ft") (ft) (gpd/ft")
L.M.L. 132 110 122 110 112 110
B.L.M.L. 20 40 30 40 40 40
B.P.S. 63 120 63 120 63 120
Horizontal K 106. 4 103.2 99.9
(g.p.d. /it")
Horizon H K 9 H K 9 H K 2
(it) (spd/ft”) (i) (gpd/it’) (tt) (gpd/it")
L.M L. 132 110 122 110 112 110
B.L.M.L. 20 0 30 0 40 0
B.P.S. 63 120 63 120 63 120
Horizontal K 102.7 97.6 ' 92.5

(. p.d. /it2)
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New Winning Pumping Station

Grid reference NZ 407385

Geological succession (from W.T.P.) only one section given

Thickness (ft) Depth (ft)
Surface deposits 179 179
Magnesian Limestone 316 495
Basal Permian Sands 37 532 entered

E.H.F. 395.07 ft OD

No.1 well 10 ft diameter to 477 ft B.E. H.F.

No.2 well 14 ft diameter for 330 ft then remainder 9ft diameter to 503ft B.E. H. F.
R.W. L. No. 1 well 1924 185 ft OD

1949 70 £ OD

Analysis of data

Each well is generally pumped separately, allowing the standing

well to be used as an observation well at 73 ft distance.

Steady state No.1 Q=1.2m.g.d. he =151 ft
r_ = 5ft h =22ft
w w
2
Dupuit-Forcheimer K1 =90.7g.p.d. /it
T, =13696 g.p.d. /it
2
Herbert Kl =75¢g.p.d. /it
T, =11325 g.p.d. /it
2
5 =87g.p.d. /it

T, =13137 g.p.d. /it



Hydraulic conductivity models

No. 1.

Horizon H
(ft)

L.M. L. 151

B.L.M. L. 0

HorizontalzK
(g.p.d. /ft%)

Horizon H
(ft)

L. M. L. 151
B.L.M.L. 10

Horizontal K
(g. p. d. /ft2)

K

H

(€pd/it)) (&)

110

(epd/it?)

102. 7

110

110

141

10

H
(£t)

141

20

(gpd /%)

K

110

40

105.4

(gpd/£t%)

94.4

110

A23.

H K 9
(tt) (gpd/ft")

131 110
20 40
100.7
H K

)  (gpd/ftd)
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Herrington Pumping Station

Grid reference NZ 363528

Geological succession (from W.T.P.)

Thickness (ft) Depth (ft)
Surface deposits ? ?
Magnesian Limestone ? 300
Marl Slate 8 308
Basal Permian Sands 7 315
Coal Measures 19 334

E.HF. 275.17 ft OD

Well 9 ft diameter to 162 ft B.E. H.F. then 2, 24ins diameter boreholes
167 ft and 272 ft down from well bottom.

R.W.L. circa 1940 115 ft OD

Analysis of data

Arrangement of well and boreholes makes analysis of doubtful

value.
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Peterlee Pumping Station

Grid reference NZ 425409

Geological succession

Thickness (ft) Depth (ft)
Surface deposits 164 164
Magnesian Limestone 338 502
Marl Slate 1.5 503.5
Basal Permian Sands 52.5 556
Coal Measures 4 560
Borehole top 330 ft OD

Borehole 33 ins - 24 ins diameter down 560 ft
R.W.L. 1966 20 ft OD

Analysis of data

The borehole diameter below the rest water level is 24 ins.

Steady state Q=0.49m.g.d. he =250 ft
r =1ft h =182 ft
w w
2
Dupuit-Forcheimer K1 =36.7g.p.d. /it
T1 =9170 g.p.d. /it

K, =45.2g.p.d. e
T5 =11307g.p.d. /it

Herbert K, =25 g p.d. /it

T, = 6250 g.p. d. /it

K5 =26 g.p.d. /ft2

T5 = 6500g.p.d. /it

ForQ=0.7m.g.d. hw=141ft



Dupuit-Forcheimer

Herbert

Dupuit Forcheimer

Herbert.

Specific capacity

ForQ=0.49m.g.d
ForQ=0.7m.g.d.

ForQ=0.8m.g.d.

K1 =36.1g.p.d. /ft2

T, = 9030 g.p.d. /ft

1
K, =44.5g.p.d. /a2
T5 =11133 g.p.d. /it

Outside range of graphs
ForQ=0.8m.g.d. hw=122ft
K, =37.0g.p.d. /&t?
T1 =9237 g.p.d. /ft
K5 =45.6 g.p.d. /ft2
T5 =11388 g.p.d. /ft
Outside range of graphs.
The yield-drawdown curve is shown in fig 2.4.
. SC = 17205 g. p. d. /ft for 27. 2% dewatered.
SC = 6422 g. p. d. /1t for 43. 6% dewatered.

SC = 6250 g. p.d. /ft for 51. 2% dewatered.

Average 8050 = 6238 g.p.d. /tt.

Hydraulic conductivity models

Horizon H
(t)
L.M. L. 153

B.L.M. L. 40

B.P.S. 53
C.M. 4
Horizonta]zK

(g.p.d. /it")

K H K H K

@pd/&%) (@) (@d/S @ (gpd/et)
110 153 110 153 110
0 40 0 40 0
120 53 40 53 0
0 4 0 4 0
92.8 75.8 67.3
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Horizon H
(ft)
L.M.L. 113

B.L.M. L. 80
B.P.S. 53
C.M. 4

HorizontalzK
(g.p.d. /it

K
(epd /it

110
40

40

H
(ft)

63
130

93

K H
(gpd/ft") (£6)
110 0
40 193
40 53
0 4

57

39.4

A27,

(epd/t%)

40

40



Mill Hill Borehole

Grid reference

Geological succession

Surface deposits
Magnesian Limestone
Marl Slate

Basal Permian Sands
Coal Measures

Borehole top

Borehole 30 ins - 15 ins diameter, 640 ft deep.

R.W.L.

NZ 412425

A28,

(a comprehensive section is given in Smith & Francis,

Thickness (ft)

34

481

120

510 ft OD

1962 on drilling 64 ft OD

1966 recovered to 33.5 ft OD

Analysis of data

op. cit.)

Depth (ft)

34

515

517

637

640

Average radius below rest water level is 12 ins.

Steady state

Dupuit-Forcheimer

Herbert

Specific capacity

Q=0.61m.g.d.
r =1ft
w

K, =93.3g.p.d. /et

T, = 15530 g.p. d. /ft

K, =115.0 g.p.d. /it

T5 =19148 g.p.d. /it

K1 =120 g.p.d. /ft2

T, =19980 g.p.d. /tt

K5 =123 g.p.d. /ft2

T, =20479 g.p.d. /it

SC = 11960 for 30. 6% dewatered, giving SC

h =166.5ft
e

h =115.51t
w.

50

=10589
g.p.d. /it.

]



Hydraulic conductivity models

Horizon H
(ft)
L.M, L. 22

B.L.M.L. 20
B.P.S. 120
C.M. 5

Horizontal K
(€. p. d. /%)

Horizon H
(£t)

L.M.L. 22
B.L.M.L. 20
B.P.S. 120
C.M. 5

Horizontal K
. p. d. /it?)

K

110
40
120

105.5

K

(epd /it?)

110

0

120

100.7

H

12

30

120

H

(ft)

12

30

120

K

(epd/ft%) (&)  (gpd/ft)

110

40

120

101.3

K

(pd/tt?)

110

0

120°

9.1

H
(£)

2
40

120

H
()

2
40

120

(gpd/t7)

97.1

(&pd/it?)

87.5

K

110

40

120

K

110

0

120
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Hartlepools Water Company

Lancaster Road

" Grid reference NZ 508334
Geological succession Disused Upper Magnesian Limestone quarry.
14 boreholes of varying lengths and diameters discharging into central adit.
Ground level 30 ft OD
R.W.L. up to 1949 2 ft OD artesian
1966 -11 it OD

Analysis of data

Complexity of boreholes and pumping makes analysis impossible.

Specific capacity In 1966 drawdown 20 ft - 30 ft at Q =1.08 m.g.d.

giving an approximate value SC = 45000 g. p. d. /ft.
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Howbeck Pumping Station

Grid reference NZ 500343

Geological succession No. 1b.h.

Thickness (ft) Depth (ft)
Surface deposits 37 37
Magnesian Limestone 297 334

Ground level 37 ft OD
2, 21 ins diameter boreholes at 20 ft centres, pumped one at a time.
R.W.L. 1941 6 ft OD

1965 -1 ft OD

Analysis of data

The aquifer may be marginally confined by drift at this locality,

the thickness of which varies from 37 ft to 57 ft for the various boreholes at the

site.
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Dalton Piercy Pumping Station

Grid reference

Geological succession, 7 boreholes

Thickness (ft) Depth (ft)
No.1 Surface deposits 215 215
Magnesian Lime- 85 300
stone
No. 2 Surface deposits 126 126
Magnesian Lime- 174 300
stone
No.3 Surface deposits 124.5 124.5
Magnesian Lime~ 195.5 320
stone
No. 4 Surface deposits 124 124
Magnesian Lime- 197 . 321
stone
No. 5 Surface deposits 124.5 124.5
Magnesian Lime- 226 350. 5
stone
No. 6 Surface deposits 132 132
Magnesian Lime~ 296 428
stone
No. 7 Surface deposits 170 170
Magnesian Lime- 280 450
stone

Ground level 216 ft OD

R.W.L. average -21ft QD



A33.

Analysis of results

At present, 4 boreholes are extracting up to 5.5 m.g.d. at rates
depending upon demand. The interaction b'etween holes and the varying pumping
rates makes detailed analysis impossible. The aquifer is unconfined over the
site area.

Specific capacity At a total pumping rate of 5.5 m.g.d. the average

drawdown is 30 ft giving an approximate value of

SC =1830000 g. p. d. /tt.
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Coal Lane

Grid reference NZ 431328

Geological succession (from I.G.S. records)

Thickness (ft) Depth (ft)
No. 1 Surface deposits 125 125
Middle Magnesian 298.5 423.5
Limestone
Lower Magnesian 76.5 500
Limestone
No. 2 Surface deposits 103 103
Middle Magnesian 302 405
Limestone
Lower Magnesian 45 450
Limestone

Ground level No. 1 340 ft OD No. 2 340 ft OD.
Boreholes 18 ins diameter at 20 ft centres
R.W.L. 35 ft OD

Analysis of data

Both wells are generally pumped simultaneously.

Steady state No. 2. Q=1.1.m.g.d. he =145 ft
r =0.751t h =112 ft
w w

Dupuit-Forcheimer K1 =297.1¢g.p.d. /ft2

T1 =43080 g.p.d. /ft

K5 = 363 g.p.d. /ft2

T5 = 52716 g. p.d. /it
Specific capacity SC = 33333 g. p.d. /ft for 22, 8% dewatered,

SC50 = 29205 g. p. d. /ft.



Hydraulic conductivity models

Horizon H K
M.M. L. 100 300
L.M.L. 45 110

Horizontal K 241.0
(g.p.d/ft%)
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Naisberry Pumping Station

Grid reference NZ 467337

Geological succession (from I.G.S. records)

Thickness (ft) De ft
No.1 Surface deposits 30 30
? Upper Magnesian 230 ?60
Limestone
Middle Magnesian 387 447
Limestone
Lower Magnesian 53 500
Limestone
No. 2 Bore, 40 yd NW of No. 1 was sunk to 550 ft without penetrating
Marl Slate.
E.H.F. 385.1 ft OD

Borehole top 381. 72 ft OD
R.W.L. 5.7 ft OD
8.0 ft OD when drilled (1953).

Analysis of data

Both boreholes are generally pumped simultaneously

Steady state Data for when only No. 1 abstracting.
Q=0.44 m.g.d. h, =125 ft
rw=0.75ft hw=115ft

Dupuit-Forcheimer K1 = 420..0 g.p.d. /ft2
T1 = 52494 g.p. d. /ft
K_=513.9¢g.p.d. /ft2

5
T5 = 64236 g.p.d. /it



Dupuit-Forcheimer

Dupuit-Forcheimer

Dupuit-Forcheimer

Dupuit-Forcheimer

Dupuit-Forcheimer

A37.

ForQ=0.538 m.g.d. hw =111 ft
= 373.0
K1

T1 = 46624

K5 =456.4

T5 = 57053
For Q =0.605 m.g.d. hw=109ft

K1 =527.1

=6
Tl 5893

=645.1
K5 9

T5 = 80631
ForQ=0.48m.g.d. hW=114ft
K1 =418.2

=52
Tl 52279

K5 =511.8

T5 = 63972

ForQ=0.72m.g.d. hw=95ft

K1 =249.9

= 2 '?
5

= 38223
T5

ForQ = 0.868 m.g.d. hw=85ft

Kl =236.7

T1 = 29588

K5 = 289.6

= 36206
T5 0

Average K, =370.8 g.p.d. /ftz
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Specific capacity The specific capacities for the various pumping rates are:

Q=0.44m.g.d. SC = 44000 g.p. d. /ft for 8. 7% dewatered 8050 = 34500 gpd/
Q=0.538 m.g.d. SC = 38429 g. p. d/ft for 12. 1% dewatered 8050 = 30674 gpd/1
Q =0.605 m.g.d. SC = 37813 g. p. d. /it for 13. ;s% dewatered 8C,, = 30461 gpd/
Q=0.48m.g.d. SC = 43636 g. p.d/ft for 9.5% (-iewatered 8050 = 34359 gpd /!
Q=0.72m.g.d. SC = 34286 g. p.d/ft for 18. i% dewatered SC50 = 28273 gpd/
Q=0.868m.g.d. SC = 2800 g. p. d/ft for 26. 7%_ dewatered 8050 = 24234 gpd/ft

Average SC_. = 30417 g.p.d. /ft ‘

50

Hydraulic conductivity models

Horizon H K
M.M.L. 72 300
L.M. L. 53 110

Horizontal K 219.4
(. p. d. /ft2)
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Amerston Hall

Grid reference NZ 426304

Geological succession

Thickness (i) Depth (ft)
Surface deposits 227 227
Red Marl 60 287
Magnesian Limestone 213 500
Ground Level 246 ft OD
R.W.L. 1965 50 ft OD

Analysis of data

The Magnesian Limestone aquifer is confined by the Upper

Permian Marls, and has an artesian head of 91 ft.
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Butterwick
Grid reference NZ 378298

Geological succession

Thickness (ft) Depth (ft)
Surface deposits 89 89
Magnesian Limestone 261 350
Marl Slate 350+

Ground level 310 £t OD
Borehole 15 ins - 12 ins diameter to 350 ft
R.W.L. 1966 82ft OD

Analysis of data

~ The groundwater leyel in this area has been lowered by about
150 ft since the mid 1930's, due to pumping at the nearby Fishburn Colliery.

Q=0.341 m.g.d. he=120ft

Steady state
r =0.5ft - h =301t
w w

2
Dupuit-Forcheimer K 1 =61.1g.p.d. /ft

T, =7334 g.p.d. /tt

K5 =74.1g.p.d. /ft2

T5 = 8888 g.p.d. /it

g
Herbert K1 =46 g.p.d. /ft

T, = 5520 g. p.d. /et

Non-steady state

Jacob approximation

Recovery
2
K=20.4g.p.d. /it

T =2448 g. p.d. /it



A4l,

Specific capacity SC = 3786 g.p.d. /ft for 75% dewatered, giving

8050 = 4543 g. p. d. /it.

Hydraulic conductivity models

Horizon H K 9 H K 2 H K 9
J(ft) (gpd/ft™) (ft)  (gpd/ft") (£t) (gpd/ft")
L.M.L. 100 110 90 110 80 110
B.L.M.L. 20 40 30 40 40 40
Horizonta21 K 98.3 92.5 86.7
(g. p. d. /ft“)
Horizon H K1 9 H K 2 H K 2
(£t) (gpd/ft") (ft) (gpd/it") (ft) (gpd/ft")
L.M. L. 100 110 90 110 80 110
B.L.M.L. 20 0 30 0 40 0
Horizont321 K 91.7 92.5 73.3

(. p-d/ft%)
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Northumbrian River Authority: south-east Durham groundwater investigation

In this scheme, boreholes and observation wells were drilled by

Tees Valley and Cleveland Water Board, Imperial Chemical Industries, and
the Northumbrian River Authority, the latter processing most of the data
(Northumbrian River Authority Report, 1969). The following results have

been abstracted from this.



Borehole C

Grid reference NZ 337216

Geological succession

A43.

Thickness (ft) Depth (ft)
Surface deposits 179 179
Middle Magnesian Limestone 74 253
Lower Magnesian Limestone 9 262

Borehole 13 ins diameter reducing to 10 ins diameter

R.W. L. 180. 46 ft OD

Non-steady state analysis From N.R.A.R., table 7

Plane Method T K 2 S 4

(gpd/ft)  (gpd/ft") (x10 °)

C Jacob 26000 351.4

C-Gt. Stainton Jacob 28427 379.0 0.98
Theis 21774 286.5 2.3

C-17 Jacob 15194 197.3 1.7
Theis 24193 310. 2 1.6

C-G Jacob 20352 257.6 0.2
Theis 25480 318.5 5.5

C-19 Theis 1263 15.6 0.15

C-R Theis 44637 544.4 3.4

SC
(gpd/ft)

25200
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Borehble D
Grid reference NZ 294263
Geological succession

Thickness (ft) Depth (ft)
Surface deposits 110 110
Middle Magnesian Limestone 52 162
Lower Magnesian Limestone 23 185
Borehole diameter 13 ins reducing to 10 ins.
R.W.L. 229.91 ft OD
Non-steady state analysis From N.R.A.R., table 7.
Plane Method T K S SC

2 -4
(gpd /it) (gpd/ft") (x10 7) (gpd/tt)
D Jacob 35800 688.5 26880

D-7 Theis 31908 602.0 0.3



Borehole E
Grid reference NZ 323275

Geological succession

A45,

Thickness (ft) Depth (ft)
Surface deposits 124 124
Middle Magnesian Limestone 105.5 229.5
Lower Magnesian Limestone 5.5 234
Borehole diameter 13 ins reducing to 10 ins.
R.W.L. 202.21 ft OD
Non-steady state analysis From N.R.A.R., table 7.
Plane Method T K 2 S _ 4 SC
(gpd/ft) (gpd/ft") (x10 )  (gpd/ft)

Pre-acidisation
E Jacob 4550 43.1 5856
E-13 Jacob 22494 213.0 1.7

Theis 13771 130.3 1.7
Post-acidisation
E Jacob 7350 69.5 7632
E-13 Theis 7841 74.0 1.1
E-9 Theis 47768? 450.6 13?
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Borehole G
Grid reference NZ 313207

Geological succession

Thickness (ft) Depth (ft)
Surface deposits 162 162
Upper Magnesian Limestone 65 2217
Lower Evaporite Group 21 248
Middle Magnesian Limestone 69 317
Lower Magnesian Limestone 1

Borehole diameter 13 ins reducing to 10 ins reducing to 8 ins.

R.W.L. 191. 34 ft OD
Non-steady state analysis From N.R.A.R., table 7.
Plane Method T K 9 S _ 4 SC
(gpd/ft)  (gpd/ft’) (x10 °) (gpd/ft)
G Jacob 18458 267.5 31920
G-19 Jacob 33807 483.0 12
Theis 40081 564.5 13
G-Gt. Stainton Theis 28193 391.6 0.34
G-17 Theis 9517 130.4 0.74

G-18 Theis 48098 650.0 0.86



Borehole J

Grid reference NZ 315227
Geological succession

Thickness (ft)
Surface deposits 187
Middle Magnesian Limestone 59
Lower Magnesian Limestone 11

Borehole 13 ins reducing to 10 ins.
R.W. L. 213.96 £t OD

Non-steady state analysis

Plane Method T K

@pd/ft)  (gpd/it))
J Jacob 12600 213.6
J-10 Theis 5386 89.8
J-18 Theis 13465 220. 7

A47.

Depth (ft)

187
246

255

From N.R.A.R., table 7.

S _, sc
(x10 7)  (gpd/ft)
10560
0.5
36
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Borehole K
Grid reference NZ 338265

Geological succession

Thickness (ft) Depth (ft)
Surface deposits 219 219
Middle Magnesian Limestone 92 311
Transitional Beds 6 317
Lower Magnesjan Limestone 56 373

Borehole diameter 13 ins reducing to 10 ins.

R.W.L. 135. 38 ft OD
Non-steady state analysis From N R.A.R., table 7.
Plane Method T K 2 S 4 SC
(gpd/it) (gpd/ft") (x10 ) (gpd/ft)

K Jacob 3986 43.3 6384
K-11 Jacob 6165 66. 3 1.9

Theis 5213 55.5 2.5
K-L Jacob 17109 180.1 3.5

Theis 17711 184.5 5.4

K-O Theis 8158 84.1 2.2



Borehole L
Grid reference NZ 359277

Geological succession

Surface deposits

Upper Magnesian Limestone

Lower Evaporite Group

Middle Magnesian Limestone

Lower Magnesian Limestone
Borehole 10 ins reducing to 8 ins
R.W.L. 91. 80-ft OD

Non-steady state analysis

Plane Method
L Jacob
L-20 Jacob
L-25 Jacob
L-21 Jacob
L-K Jacob
L-12 Jacob
L-11 Jacob

L-M Jacob

Thickness (ft)

259.5

69

61.5

124

14

Depth (ft)

259.5
328.5
390
514

528

From N.R.A.R., table 7.

T

12800

20492

11557

15234

2268

11550

1892

3164

K o
(gpd /ft) (gpd/ft")

103.2

163.9

91.7

120.0

17.7

89.5

14.6

24.2

S
(x107%

0.8
0.7
0.8
0.4
2.1
0.4

0.7

A49,

SC
(gpd /ft)

11880



A50.
Borehole N

Grid reference NZ 344267

Geological succession

Thickness (ft) Depth (ft)
Surface deposits 243 243
Middle Magnesian Limestone 101 344
Lower Magnesian Limestone 6 350

Borehole diameter 10 ins reducing to 9 ins, reducing to 8 ins.

R.W. L. 179.06 ft OD
Non-steady state analysis From N.R.A.R., table 7.
Plane Method T K S SC

@d/fy  @d/it) x107h  (epd/r

N Jacob 9409 93.2 15768
N-11 Theis 7648 75.0 4.2
Jacob 13856 134.5 2.6
N-13 Theis 12992 124.9 2.7
Jacob 19689 187.5 1.5
N=O Theis 11770 111.0 0.9
Jacob 19085 178.4 0.6
N-22 Theis 10543 97.6 2.0

Jacob 15867 145.6 0.6



A51,
Borehole 0
/' NZ 340254

Grid reference

Geological succession

Thickness (ft) Depth (ft)
Surface deposits 223 223
Middle Magnesian Limestone 42.5 265. 5
Lower Magnesian Limestone 62 327.5
Marl Slate 17.4 344.9
Carboniferous 4 348.9

Borehole diameter 10 ins reducing to 8 ins.

R.W.L. 192.0 ft OD
Non-steady state analysis From N.R.A.R, table 7.
Plane Method T K 2 S _ 4 SC
(gpd/ft) (gpd/ft") (x10 °) (gpd/1t)

0] Jacob 7707 181.3 6912
0-13 Theis 7601 178 6.6

Jacob 14300 334.9 0.8
0-23 Theis 2143 50.1 0.6

Jacob 12819 298.8 0.8
0-22 : Theis 6286 146.2 1.3

Jacob 5850 135.7 0.5



Ab52,
Borehole R
Grid reference NZ 329206

L
Geological succession

Thickness (ft) Depth (ft)
Surface deposits 201 201
Upper Magnesian Limestone 35 236
Lower Evaporite Group 108 344
Middle Magnesian Limestone 61 405
Lower Magnesian Limestone 34.4 349. 4

Borehole diameter 10 ins reducing to 8 ins.

R W.L. 170.00 £t OD
Non-steady state analysis - From N.R.A.R., table 7.
Plane Method T K: S SC

@pd/ft)  (@pd/itD) x107h  (@pd/ty

R Jacob 8850 145.1 19560



B1,

APPENDIX B

AQUIFER SIMULATION: DIGITAL SOLUTION

Bl. Logic

This has already been outlined in Section II 3.2.4.1.

B2. Deck setup

All input data is free format, using columns 1-80. There are

basically two options, namely, potential determination and transmissibility

determination.

B2.1. Potential determination - In this, the boundary conditions and all

the transmissibility values are known (see Fig. 3.4 for numbering sequence).

Input order
B) NCOD
COL

ROW

NTFX

TOL

NIT

NNO(®I)

HBOUND(})

D

(A) NQR

(o)

No. of columns of nodes

No. of rows of nodes

Mesh length in feet

No. of boundary nodes at which the potential is
known, otherwise assumed impermeable.

0 (Dummy)

Solution tolerance, say 0.5 ft.

2 (Dummy)

Maximum no. of iterations in Gauss-Siedel
solution, say 50.

Boundary potential pairs, of node number

and potential: NB pairs

Transmissibility values, total number given by
(2 x COL x ROW) - COL - ROW.

No. of nodes at which flow is known. If NQR = 0 then



B2.

omit following input in square brackets.

NNQ Node number and rate of flow pairs,
QVAL (+ recharge, - abstraction).
RwW Well radius, ft. Only one value can be accommodated

after all flow pairs input. Dummy required if recharge

flow only.
NUM 0 No. transmissibility listings, or
1 Full array, averaged array,
1 and element listing.
NDIR 0 Terminate, or
1 Go to new pumping conditions (A), or
3 Go to start and accept new input data, (B, C).

B.2.2. Transmissibility determination - In this, the bounda.ry conditions

and the potential distribution is known. However, the solution for transmissibility

is not unique (cf 3.2.4).

Input order.
(©) NCOD 1
| COL No. of columns of nodes
ROW No. of rows of nodes.
A Mesh length, feet.
NB No. of boundary nodes at which the potential is known,
otherwise assumed impermeable.
NTFX No. of transmissibility elements of known value.
TOL Solution tolerance, say 0.5 ft.
F Adjustment factor, 2.
NIT Maximum no. of iterations in Gauss-Siedel solution,

say 50. The maximum no. of transmissibility iterations

is then set at NIT/10.



B3.
NNO(I) Boundary potential pairs of node
HBOUN(I) numbers and potential: NB pairs.

HR (I,J)  Reference potentials: COL x ROW total.

NETF () Known transmissibilities, element number
TP(I) and value pairs. Omit if NTFX = 0.
NQR No. of nodes at which flow is known.

If NQR = 0 then omit following input in square brackets.

NNQ Node number and rate of flow pairs,
QVAL (+ recharge, - abstraction).
RW Well radius, ft. Only one value can be accommodated

after all flow pairs input. Dummy required if recharge
flow only.

NUM 1 Transmissibility element array, and average
transmissibility around each node, printed.
0 No. listing of elements, or
1 Complete element listing.

NDIR 0 Terminate, or
1 Go to new pumping conditions, i.e. potential
determination using calculated transmissibility values, (A),

3 Go to start and accept new input data, (B, C).



o
3

PLawdn! FOR TRE SOLUTINN GF TYC LINTNSInwAL LASPLACLAN FLCH RY SALSS-
L2020 METHCCy RY AoS5.hUGGESS. A SCLLTION FCOX ThH= TRANSHMISSTILIGY
LI TS MaY ALSC BEE CRTAINZL.

ARIDTTePROCICURY LY ICNSH{MAINY;
UCL (NCO(RCYsCOL)Y sNELINTCT24) o ANCINB) 5 3T (NN ) pAHA L))
CENTRCLLEL FIWTIY PING
DCL AT(TELE ) o (TAsH ) (NTUT) 5 (A sHR9HR) (0 C0OLY oF 2LLRAN)
FVALINR) ICENTACLLED FLCATS
uCL (CLL1RC%7NUDQ7A11“2vﬁ?p“ﬂv*lp&ZvEjyi@vquyKTKy\ITyYﬁy\uZ,
TWR2e Ky TELLMpNTL4) )IFT KL BIN;
DCL ((ARTF,0IT ) (4) gL ,R29R39R43 TTL RS LELH TCLy VW [S)FLTAT;
CCL O ANTFEARR)IENTRCLLES FIXEL SIN;QVAL(NGR)CCNTRCLLEZ FLL AT
UCL NETFA(MTEL)CONTROLLEE FIX:ZL BINSTRINTFRICUNTRCLLED FLOATS
LCL TACU (20w, COLICONTRULLED FLGAT

STAAT:sCi: T LIST(“CCUgCCL,RCHvﬂQYEyhTFK;[CL;FgN:T);
NTNTT=NIT /L0
NTOT=COL~RCH S
IZLEY={z¥COL=2CH)1-CCL-2C%;
P={RCh*2)+13
N=(COL*2)+};
ALLOCATS LCL oLy MMCyNET o T, Tk, GyHA 2 5P BHLOUNS
ALLGCATE NETi, TF3
ALLGCATT TNCD s

I TIALIZF ALL ARKRAYS

:?./

ALy FAHR=0
NEL=03
WAL G HECUN=GS
NET=C3
TA=03
w=Ly
T=1CCCC; F=1C0; KIR=13
NCI2=C;

3

i oOLDES AR NUMRERAL FACYM THE TCP LEFT ACJICSS SUCCISSive KLU S

k=13
pC =1 TC 2Cus
Ll J=1 TU CTCL;
NC(I,J)=K3
K=Rk+13
[\

[ W )

AL
TOTXANSHISSIRILITY ZLEMERNTS ARE L DD STARATING IN H2 TUF LEFT adl
Ry ITNATING BCTTCM 1ICHT. THZ AUMBERS LF THE FCUR CLUVMENTS 27U 250F
o 14 THE CRLEA RIGSETSULP LTZFT,CCrN (Iele ARTICLTCKLISc) AR . FNTZREL
T 413AY REL. IF TR=ERE IS w™C ELENMENT In A PCSITION A C 1S RETLR:NLLD
x/
NC2=2%CCL;
NR2=2%R0u 3
.K=1-CCL;
C I=2 TC #R2 2AY 23



K=K+CCL;
LC J=2 T (NC2-1) 2y 23
METLTI4J)=K3
K=K+13

ENDS
eNC S
:(.:j_;
EC I=3 TC (&2-1) BY 23
K=K+CCL-13

LC J=2 Tu {2 3Y 23
NET(I,Jd)=K; '
K=K+1i;
£ND S

ENL

K=13

OC I=2 TC X2 9y 23
L J=2 TL NC2 BY 23
NEL(KgL)=NET(T,J41);
NEL{K2)=NET(I-150)
MEL(Ky3)=wNET(T,4-1)5
NEL(Ksa)=nCT({I+1493);

K=K+1;
“ND;
ENCs
FIEE NET;
f
-2 gUUNDARY POTonTIaALS ARZ RZAC IN
B /
LC I=1 TC o
GET LISTINNC{I) eHBULN(I))
FOANCO D)) =Ra0Uun(l);
EANUS
- (NPUT LETAILS ARL PRINTEC
i/

PUT PAGS;
PUT cCIT('I4¢LT DFTAILS')(X(4C) a);
PUT SKIP(4) £TCIT('NUFBER CF COLUMNS=',C0Ls"  NUM3E? FF 51.5=%,
RCWI(AST(2)58,F(2))3
PUT SKIP(Z) LCIT(SNLN2ER CF nCuAL POINTS=' NTCT,® NG T F
LANSTISSTRILITY CLEMTATS=',TILEX) (Ayrl4) A F14));
PUT SKIP(2) EN[T(YMESH LENGTE=v A5 sFEET ) (A,F(751),5)
PUT SKI®(2) ZLIT(TCLERAATS IA SCLUTIEN CF EGQUATICHS=°,Tub,eT
TAXIMUM NUADER UF ITSRATICNS=7,8IT,'  TRANLMISSIBILITY FUJLSTo_AT
CTR=1,F) (A F(5,2) 5,0, Fl4),8,F(2))3
PUT SKIP(2) ECIT('BCUNCARY NCon AUMBER FLiT AIME Cogat)
(8)3
PG I=1 TU s
PUT SKIP ECTIT(ANGCII);HRCUNCTI)IUIXUE) yF(4) 3XU23),F(T752))3
EAC3
PUT PAGLS
F2ZAD:IF NCCD=1 THIA pC;
IF AD[R=0 THEN LC;
DU I=1 TU 2WCa;



CG J=4 TC CCL:
CET LIST(HI(I,d) )
ENL
EnL s
IF MTFx=0 THZK GU TC CPCT;
CO I=1 TU NTFX;
Gul LIST (AZTF(I)TF(1))s
ENCs

UPET:  PUT PAGE ceUIT('PUTENTIAL A2RAY,FZET ARLVL U.L.')(A);

PUT SKIF(3);
¢C I=1 TL RCas
PUT SKIp(2)3
LC J=1 TC CCL;
PUT EUIT(R«(TIJ))(F(Es1))s
N3
ENDS
=\ Y
I+ ACIA>C fTHEN CCs
GET LIST{i{NH);
ALLPCATS XbANCsFVAL;
o I=1 TC AFg
GT LISTUINBNG(I) yrvAL(T)) s
=\C;
CNG3
ENL s
ELSE IF NCOD=0 TH-N DG
LC I=% Ty TCLZIM;
GET LIST(T(I));
N3
ENC s
i A0 sGET LISTIANGLR) ¢
IF NGR=1 THEN SC TL SCLANS
FREC NNUQ,GYALS
ALLCCATE ANQsQVAL;S
vl I=1 TC NGO
Gel LIST (MiC(i)euvarl (1))
EiC3
OFET LISTURw);
WIAPT: DL I=1 TL &0
QINNG{I) )==al (1)
INC3
%

K=13
CC [=1 TC 43
LG J=1 T9 COL3
IF DtkI>0 TN LG
NOfC=NCE(f4d) 3
To=2.1412/7(2%LCE(A/RR) )3
L M=l TU 43
TUINTLIRCLCy¥) )=T(NCL(NCEC;#) )*TC3
ENLC

R T

*/



K=K+1;
=AC;
EAL
SLULNIACTR=13
TRTAT:KTR=13
*
FE TA MATRIX Is FCRAMULATED LINE PY LINE

AGATIINIGC=Cs
PC I=1 TC 23:Wu;

vC J=1 TC JCLs

TA=0;

NCDO=NGE(1,J) 5
e K=1 TC NB3
IF NRC({K)=NCLC THEN CGC TC ScLEXNLs
END

E1=NGL{NMCIO91 )

E2=NFL(NCLO,2)

SA=NZL(NGLEOs3) s

F4=NE (MLENY4) 5

R1942423,¥4=13
20 K=1 TC NTFX;
Ir E1=NMITF(K) Then TIEL)=TF{(K);
I R2=n~~TF{K) TFSN T(EZ)=TF(K);
IF E3=FTF(K) THEN T(223)=TF(K);
IF <4=vFTr(K) ke T(C4)=TH(K) S
EnCs
IF £1=C TieEN (05
A1=C3
R2934=0,.5;
EML3
IF F2=4 THoN CCs
R2=03
R1ei13=0,9;
ENL s
IF £3=C THCON COg
R3=03;
R2334=0.23
ENDs
I+ E4=0 TH:EN QU
R4=C;
R1yR3=0.03
cNUs

[F €l=g ThHecN P1=C;
ELSC UG
wl=npDil,Jd+i) s
PL=RIXI(E1) s
TA{NL)=PL;
cNL 3

it ¥2=¢g THeN P2=C;
ELSE Cus
A2=pAC(I-19d):
P2=R2%T{£2) ;3
Ta{n2)=p2;



cnbs
IF £2=0 YFEN P5s=(3
£ELSC Ll
NA=XNGD(I,d-1) 5
P3=03%T(Z5)3
TA{N3)=P5;
£NDs
IF E4=0 THEN P4=C3
ELSE CC:
N4=NCuo{I+1,4);
P4=R4=T(24) 3
TA{NG ) =Py
ENC3S
TA(NGEQ)==P1-P2-P3-P4;
-t SCLUTICAN FCR THE HEAL AT THE NCUZ IS CETcawINED,AND THE ¥
> JUSTLL TC RECUCE ThE grSICUaL AT TEZ NCODE TC Z:Z2L (GALSS-SIF

LdATiCN)
st/

TTL9-{E59A¢:’:5=C;
Ci) K=1 TO NTOTS
TTL=TTLHTA(R)*{K);
ENES
RES=TTL-::(NODC) 5
CELM=—RES/TA(NCEC) S
TELH=DELE*1.73
FINQCC) =F (nCLC)+LELES

ST ALIRUN ABSOLUYTE RFSICUAL 1S TESTEC. IF BIGOTCL ANCTHE< [TeRaTIC
- PLAFORNEC. IF RIGKYCL THEN THE SCLUTICN IS ACL=PTHELL enl Th:

SUAILS A PRINTED
=/
IF ABRS(D:LH)IDPIG THIN HIC=A3S(CELR)S
UL e ] N
ENCS

I[F PIGKTGL & N GC TC +PLCT S
IF KTRONIT THEN 5C Tg HPLOT;S
KTR=KTR+13

g2 TC AGATIv;

wWPLLT:PUT PAGE;
PUT ERITO'NLSER CF ITERATICAS Ia GAUSS-SIECEL SCLUTICt=%,4(T "

SAXTYUM ABSULUTL RESICUAL='521Gs "FOsT (N F(3)4A,F(636) a3
PLT SKIP(4);
k=13
LC I=1 TO Wi
LG J=1 TL CUL;
HA(LyJ)=H{K) 3
K=K+13
CND;
FNL;
NCCo=¢ (PUTENTIAL CETERWINATICN) THE RATE CF FLCL ARAY OAF

TEMTIAL ARRAY ARE PRINTZELC ANC TEZ CLRRENT CCUPUTATION 1e<itIMATD
::/



IF NCCC=C TF=EN LU
PLT SKIpP(4):
PLT FoIT(92ATE ZF FLCW ARTAY IN TRCUSAMES QF GALLC.S PaY luY?
) (A)y;
PLUT SKIP(3);
K=13;
gC I=1 T4 20L;
PUT SKIp(Z);
.0 J=1 7L CCL;
GNP T=—-u(K}/71CCC5
PUT EDIT(IUPT)I(F(5));
K=K+13
ENCS
cND s
PUT PACE TFCIT('PCTENTIAL AXRAYLHEAD ABCVE: (DoY) (4);
PLT SKIP{(3); ' )
Ll I=1 Tu RWUIHs
PUT SKIP(2);
ne J=3 TC CCL3
PUT “CIT(FMTI )1 (EsL)) S
END 3
FNC3
PUT SKIP(£&)3
PLt PAGCE CouIT('CRALICwaN IN FEFT')(A);S
PUT SKIpl4); :
cC I=1 TC Tl
PLT SKIP(2);
DO J=3 To CrCL;
ED’\=":Q\(17J)-'—A‘IQJ);
PUT CLIT(CBN)Y(F(T7,2))5
£ND 3
ENDs
CL TU TEAK;
EnL 5

R CLL=1 (TRANSHISSIZILITY LETURMINVATICN) THE NeSIQUALS »iTucti Tre
=pt vALULES ANC THE CALCULATEF vALLTS At COVMPUTED. IF EIGQTIL? 2 1
UL UF TRANSYISSITILITY ITeRATICNS (NCTA) DATANIT,Ti-in | Yacles
17 ¢CCEPTEL. IF RICOTIOLZ THEN ThE T VALULS ARs ACJYSTLEC
*/
£LSE IF NCCu=1 THTZN LG5S
BIG=C;
TCLZ2=TOL*2;
PLT CEDITOOT2ANSMISSIBILITY IT-RATICN NUMGER= N{TH)(asF(2))5
PLT SKIP(4);
PUT fDIT(PRZSIDLAL ARRAY IN FeeT')(4);
“PUT SKIP(3);
IF NZCIR=2 THEN LC;
FP=HAjS
K=13;
BC [=1 TC RCw;
Lt J=1 Tr CCL3
ud L=1 TU Wk3
IF whNO{L)=K TFEN FPUI,J)=HVALI{L);




ENLC 3
K=K+13
on\b 3
ENLD 3
DG I=1 TO 01
PUT siIl(2);

Lt J=1 TC cCLs
RES=HP(I,J)-HA(IJ);

PUT =zLITARES)I(F(T:2));
IF ADS(RES)IDFIG THEN EIG=ABS(<ES);

FAD
=nDs
ENE
ELSE ul;
CC I=1 TO WGus
buTt skivi?2);
[0 J=1 1C CCL;

RIS=HR(I,J)=FA(1,J)3
PUT 1t DITIRES)(F(7,2));
IF ABS(ES)>EIG THEN PIG=48S(RES);

ENUS
£ND s
FAD;
IF BIGKTCL? THEM LC3S
IF NDIR=4 THCN CC;
IF NNK>=2 ThEN
ELSE pCs
N IR=23
NCOD=1;
CC Tu NOKRPT
ENGs
N TOR
ELST GO TC TOLTS
END;

v

GO TC TLLT;

8A4,:5 T ISSTAILITY ELc =T ADJUSTV AT RUF=ERENCL AND CalCLLeVil PUTENTIAL

WP NETERVINED (ADIF,ADIF)

K=13
DC 1=1 TG RUG&3
0 J=1 TC CCOL3
\NCI'C=K3

E1=NEL(NCDOs1)3
L2=NEL(NUDRO,2) 5
c3=NEL(NCEG3) 5
E4=NCL{NCLCs4) 5

HRC=HA{1,J) 3
HAC=FA{I,J)3

AND USTL TU FIX ThE ACJUSTNEAT FACTU...

.:!/

IF E1>0 THEN LC;
WIF(L)=RA(T,J+1)-FRC3

ADIF(L)=rA(]
END3S

yJ+1)-PAO;

IF =2>06 THEN LC3
ARIF(2)=0 4 I-1,d)-FRC5



ACTF(Z)=FA(I-1,J)-FAUS
END 3
IfF E3>0 THEN CC;
JUDIF(3)=kR(I,d-1)~1103
ANDIF(2)=HA(TIJ-1)=-HAUQ;
el
IF F4>0 THEN LU
ALIF(4)=F2(I+1,J)-FCs
ACIF(4)=HA(TI+1,J)-FAC;
INU3
tC L=1 TC 43
NE(L) =L {HNCLCsL) 5
IF Me{L)=C TrFN CC TC LgGPLl;
IF ABS({0IF(L))<C.C% TE=N GC TC LCOPL;
IFf AuS{ADIF(L))KC.C THFN C TO LCULPLS
ARAR=APS (ADIF(L)-RCIF(L) )3
TER=ARS(ADIF(L)/RCIF(L));
TA=TINF{L)Y)*T];
CELT=T=T({NF (L))
TIME(L) ) =T(N=(L))+(2ILT*AZAR/40);
LGPy e ENC3
K=K+13
ZNUs
FADS
IF NOIR=4 & NCTIDNTNIT THEMN LG5
IF NAK>=2 TH:N €U TC TuLTs
<LSL Hus
NDIR=23
NCLu=13
S0 TO SCAPTS
ENUC3
EADs
IF NUIR=2 & NCTR>=1 THEN o3
“=13
ge I=1 TQ 2Curs
uC J=1 T7C CCLg
IF @(V)I>0 TRIN DCs
wOn=N0T(I,Jd) s
TC=(2%LCG(a/R))/22.1412;
oC ¥=1 TC 4;
T (e (50DCsit))=T(NELINCRCyM) ) FTC;
NP
C{R)=C3
NN
k=h+13;
EANLS
SNL s
NCLD=13
nNC i-,\::l';
NAK=ANK+1;
GC TC sCLwvs
cND3
IF NCT<>RTNIT ThHEN GC TC TLLT
NCTR=NCTHL+1;



B

PO MRANSMISSIBILITY ZLESENTS ARE CUTPLT EITHER ZLEVENT LY FLFX

’F'\ "\Gl:'.;

ToUT:
1ay2)(Aa);

<
)
(B

VT L

[

.

.
BT IO

1

GC TC TAEAFKT;

ARCUANL EACH NCLz, CA LISTEL

+/

PUT PALE ZLIT(IRATL CF FLCa ARRAY IN TWiCUSANCS CF :/LLLXS pPCR

Purt sRIPL3);
(=1
LC I=1 TG Qs
PUT SKIpP(2);
O J=1 {7 oCL;
GOPT=—u (X)) /1CCCS
PUT EDIT(GUPT)I(F(5));
K=K+13
ZNO S
DS
15 NS
K=13%
£ I=1 10 <Cay

Lo J=1 7C CCL;

IF S(XK)>C THEN CC;
NOLC=nNLC(I3Jd) s
TC=(2%L0C(Aa/Rn) ) /31412,

cC M=1 TL 4;
TUNECUACLC M) )=T(NELIACLCy ) *TC
HE
E:\“:;
K=K+13
CAL S
DS
GeT LISTUOIUN);
IF NUM=C .THEN JC TC CIRECT;
gL3= 5C T TPRINTS

PUT PAG: ZDTIT{'TRAMSFISSIETILITY AxR4aY IN THOUSAMLS (CF
PER FOCCT ) (A);

Pul SKIP(3)3

KoL oeMyN=C3s

K=N+13

L=K+CLL-2;

Pur EDIT(! VY(A)
ca I=K TU L
YAL=(T({1V+5C0)/iCCC;
PLT EO0ITOIVALY(F(T) )
“NC3s

PUT SKIP(Z);

IF L>=TzLTWM THEN GC 1C CELISTS

=L +1is

h=M+CrL—-13
LC I=NVM TL X3
TYAL=(T(1)+55C)/1CCCs
PLT TDIT(TYALYI(FLT)) s
cals

PLT STIP(2);

LALLCN

w



IF N>=T<LFr THEN CC TC LCZLISTS
ELSF Goe Ti) NXILNeg
LELIST:  PUT SKIP(&); |
PC I=1 TC Al
LC J=1 T1; CCL
ALDO0=NUCC(14Jd) 3
TIOT=03
NC=43
D K=1 TU 4;
[F NEL(NOLCsK)=C THEN AC=N)-1;
ELSE ITCT=T(NEL(NCEZC, ) )+TTCT;
EML
TWUD(IJd)=TTUT/ MO
enlls
EACS
PLT PAGL;
LC I=1 Tu 0.3
PLUT SKIP(Z);
ut J=1 TC CCL;s
TYAL=T e 14J)/71T0C;
PUT EPITITYALILF(T ) )

TS .
h'\-lao

ENDs
CET LIST(NU¥)3
IF nNUM=C THIN GC TC CIRECT;
ELskE GC TC LISTs
Li5Te  PUT PACGE LDIT('TRANSKFISSIBILITY VYALURS IN SALLEWS 2% ) AY %
FCCT?) (A) s
PLT SKIP(4);
PLT EDIT(PSL M™=MT NUL-ELR TRANSMISSIBILITY')(4)3
PUT SKIP{(2)3
C I=1 TC TeLE:rs
PUT SKIp(Z) cDIT(ITUI)I(F(BY)A(L3)ob(12,2));
=NDs
¢C TC CIRECT;

¢
A}

.
rd

£ AT OPERATION EGQUIRED TS DETERVINED FRCY valuL CF ATIR

IACLT2PUT SKIPS
CET LIST(ALIR)
1F hNCIR=C TEEM GO 70 FINS
IF pEIR=1 THEY LU
PUT PACE;
MNCCE=r;
CC I=1 740 NTCT3
Ir o(1)>0 T+Fp €(1)=C;
END3:
¢C TC CREALS
o
IF NLIR=z THEM CC3
FREE NPNCHVAL;
NNK=13
NCCL=13
PLT PAGCE;



IRt N

-

IR

-

.

e ——

NUNMBER

RATE CF

(@]

0

0

PCTENTY

200.0
200.0
26040
ZCO;O
200.0
2C0.0
200.0
2C00.0
2C0.0
2CC.0

200.0

G

2C0.0
1695.7

1G69.4

199.3
159. 6

2C0.0

FLC%

ARRAY

C

0

G

0

0

Q

AL ARRAY,HEALDL

20C.C

199.5
iQJ.O
198.1
197.5
196.8

19¢6.3

CF ITLRATIONS IN

GAUSS-STELEL SOLUTION= 12

LN THIUSANDS OF GALLONS

0

<

195.1

197, 2

16643

L9s5.1

19940

195.9

194.9

193.0

199.0

2C0C.0

0

(@]

ABGVE G.D.

200.0

198.7

197.5

196.0

193.1

191.8

193.0

1.9[1 . 5

19545

197.3

0

0] 0]
0 C
0 0
Q 0
G 0
0 0
G 0]
G 0
0 0
0 0
a 0]
0 G
0 0
G 0
0 o
0 0
G G

20C6.C 2CC.0Q
16844 198.2
196.8 196.3
195.1 194.2
163.1 191.8
191.2 i89.1
189.1 186.1
187.4 183.0
186.6 181.1
187.3 183.0
18G6.6 186.0
161.0 18G.C
193.0 191.7
164.5 194.0
1G¢.7 196.2
198.4 198.1

2CC.C 2C0.0

PER DAY

2GC.0
19%£.14
195.6
193.6
19C. ¢
167.4
183.0
L77.6
172.0
177.5
182.9
1d7.2
190.6

193.4

2CC.0
158.C
195.8
193.3
19C.4
186.06
121.1
172.0

B4.1l
172.0
181.1
18644
1sC.2

193.2

2C0.0

MAXTMUR

0 0
0 0
G 0
0 0
0 0
0 0
0 §
0

C C
" 0
0 U
0 c
0 G
0 0
0 0
o 0
0 0

206.0

198.C

195.9

193.5

1a9C.7

1871.3

183.0

177.5

172.C

L77.5

182.9

187.2

190.6

195.¢8

197.9

200.0

200.0
198.1
196.2
194.1

191.7

186.0,

186.0

L82.9

181.1

182.9

188.9

L9146

194.0

19641

198.1

200.0

ARSGLUTE

0

(@]

0

0

a

0

2000

193.4

196)07

194.9

193.0

151.0

189.0

187.2

186.4

187.2

188.9

191.90

183.0

194.9

l()(‘o‘?

19844

206G.0

RESILUAL=0.3976FEET

<

0

G

0

20C.0
198.7

1.97-[{

150.2
190.6
191.6
193.0
1é4.4
195.9
197.3
198.7

200.0

O

9)

]

G

0

0

0

0

200.0
199.0
195.0
196.9
195.9
194.9
194.0
1332.4
193,2
193.4
194.0
194.9
195.9
196.9

198.0

196.1

196.7

19743

199,53

2C00.0

19344
1928.1
197.9
197.9

197.9

L898.7
199.0
199 .3
199,7

200.0

0

0

<

2C0.0
2C0.0
2C0.0
2€0.0
2€0.0
2600
200.0
2C0.0
260.0
2C0.0
2C0.0
260.0
2C0.0
2C0.0
200.0
2€0.0

2C0.0

-
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NUMBER

CF [TERATIONS IH

GaUSS—S

TECEL

SCLUTION= 12

RATE CF Fliw ARRAY IN THOUSANCS OF GALLGNS PER DAY

0

G

0

0

0

0

G

6

]

0]

0O

0

G

Q

0

9

PCTERNTIAL ARRAY,,HEAD ARO

200.0C

206.0

20C.0

20C.0

200.0

2C0G.0

200.0

200.0

2C0.0

2C0.0

20C.0

197.¢
197.¢
197 .4
197.5
197.7
1698.0
198.4
198.7
199.2
155.6

2CC.G

\

£0C.0

195.2
195.9
19647
197.5
195.3
199.2

2C0.0

154.9

15¢6.2

197.5

16347

2CC.0

/2 U.0.

19€.6

198.3

200.0

2CC.0

163.0

196.0

193 .8

161.4

188.9

183.2

184.1

0] C G
G C C
O 0 G
0 C G
0 0 G
0] 0 C
0 9] G
G 0 C
C C —-1CCo
0 G C
O 0 C
G G C
] 0 G
O 0 C
¢ C G
0 C G
0 ¢ C

2GC.0 2C0C.0 2C0.C
167.2 197.€6 197.4
195.3 194.9 194.7
192.7 191.5 191.6
189.7 188.5 187.9
186.3 184.2 183.2
1B2.6 178.8 176.4
L78.8 171.5 1€5.0
176.4 165.0 55,1
178.7 171.8 165.0
1825 178.7 176.3
186.2 18441 1R3.1
16946 188.3 187.8
182.5 151.8 191.5
195.2 194.7 1%54.6
197.6 19744 197.4

200.06 200.0 2C0.C

FAXTMUM

G

0

0

0

ABSCLUTE

RESICUAL=0.3977FEeT

o

0

0

o

188.3
191.7
194.,7
197.4

2C0.0

200.0

L37.7

195.2

192.6

189.6

186.2

182.5

197.6

20C.C

200.0

193.0

195.9

133.7

191.3

188.,7

18842

184.1

183.1

184.C

136.2

L8g. 7

L91,2

183.6

19%.3

157.93

200.0

200.0

198.4

19¢€.7

194 .9

193.1

191.3

18G.6

1858.3

187.8

188.3

189.5

191.2

193.0

194.5

196.6

198.3

200.0

2G0.0

198.7

167.5

19¢.2

194.9

193.6

1G2.5

191.8

193.6

194.9

U

0

2C00.0

199.2

198.3

187.5

195.2

195.4

19646

197.4

15G.2

2C0.0

0]

<o

200.0

169.6

199.27

19€8.7

198.3

198.0 .

197.6

197.9

198.3

199.2

199.6

200.0

2C0.0

2C0.0

2C0.0

2CG.0

2C0.0

2C0.0

2CC.0

2C0.0

2C0.0

2C0.6

2CG.0

200.0

2C0.G

2C0.0

200.0




K | NUMBER CF CULUMNS=17 &
| | NUMBER CF NOUAL PLINTS=
MESH LENGTF=  5C0.0FECT
TOLERANCE IN SCLUTION CF

BCUNLARY NCof NUMBER

s

~OoU RN

LG

2
Z

N
2

14

. - : . 15

/ A E . 16
17

\ : ‘ o 18

35

» 51

o 52
: ‘ E8
c9

85

86

1C2

1G3

113

120

126

137

153

154

170

171

1487

188

2C4

- . 205

i : _ S 221
i 27

238

239

. 255

/ 4 . 256

212

UMBER OF RCwS=1T

239 NUMBER UGF

EQUATICONS= 0.50F7

FEET ARCVYE C
200.C0
260.C0
2GC.CC
2G6C.CO
200.00
2C0.C0
200.C0C
200.CC
200.G0
2GC.CO
2GC,CQ0
2C0.CC
2060.C0
2C0.C0
2C0.C0
200.C0
2C0.C0
200,00
200,00
200.CQO
200.C0
2C0C.C0O
2C0.C0
2C0.C0
200.C0
2C0.C0
2C0.C0
2CC.CO
206,00
200.C0
20G.C0
200.C¢C
200.C0
2C00.C0
2CC.C0
260.CQ0
200.C0
2C0.C0O
2C0.C0
200.C0
2C0,C0
200.C0
2C00.C0
200.CG
200.C0
200.C0
2C0.CQ0

273
274
275
2176
2717
278
279
280
281
282
283
284
285
286
287
258
289

2G0.C0
200.C0
2G0.00
20C.CC
200.C0
200.C0
200.C0
2C6.C0
2C0.CQC
200.G0
200.C0
2CC.CG
200.C0
200.00
Z200.C0
2C0.C0
2C0.C0O

INPYyT DETAILS

TRANSMISSIBILITY ELEMENTS= bH44

MAXIMUNM NUMEER CF ITEXRATIONS= 1060

uL‘\-

TRANSMISSIBILITY ADJUSTMENTFAUTOR= 2

T

T

L
¥

e
1

id

-'F]

\';‘
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RATE CFFLECW Al

)

LAY IN THOUSANDS

o

0 G G 0] 0
G O (J 0 0
¢ ¢ 0 G 0
|

Q G ¢ O G
|

C G ¢ 0 0
0 O 0 0 )
|

C o G 0 0
g U C 0O G
J G 0 0 0
G G G 0 0]
0 O 0 0 G
G ¢ 0 ¢ G
0 G G 0 0
0 0] 0] 0 G
0 U 8] { ¢
o ¢ ¢ 0 0
G G 0 0 G

POTEKTI%L ARRAY yHEAL AROVE 0.0

|
200.C JC0.0 2C0.0 2CC0.0 200.C

2CC.Q %OO.U 20041 199.6 199.7
200.0 éCO.L 199.6 1992.3 199.3
200.40 199,¢ 199.3 199.0 198.9
200.0 199.7 199.3 1%2.9 198.¢
200.0 169.6 199.2 1S8.7 198.2
200.0 199.5 199.0 198.5 197.9
2C0C.0 199.9% 199.,0 1%3.3 197.7
260.0 169.5 198.9 156.3 197.6
20,0 189.5 19%9.0 198.4 197.7
200.0 169.5 199.1 168.5 157.6
2C00.0 ;99.6'199.2 1968.7 198.3
200.0 i99.7 159.3 199.0 198.6
200 .U f99.8 199.35 169.2 199.0
2C0.0 199.58 199, 199.5 199.3
20C.0 169,9 199.8 199.7 199.7

2CC.0 2C0.0 200.0 2CC.0 2CC.C

OF GALLONS

0 G
G f
O 0]
0 0
0 C
0 0
0 G
C {
G 9
0 g
G 0
0 0
0 0
G G
G &
0 "
G 0

2CC.C 2CG.0

-

9.6 169.5

1

Nd

;9.2 195.0
198.7 198.4%
198.2 157.5
197.8 197.3
197.2 196.5
1s¢.C 195.8
196.6 195.3
166.8 195.8
167.3 196.5
167.8 197.3
198.2 197.9

198.7 168.5

—
Np]
ke
L

hN]
Yoo
Ng]
O
.

o

159.6 199.5

2CC.C 2CC.0

NUMBER CF ITERATIOUNS IN GAUSS=SIECEL SoLUTION= 28

PLER DAY

<

(o]

20C.0

156.5

169.0

b

198.:

197.7

1G¢.8

26G.0

C

G

2CC.C

166.5

198.9

158.3

197.6

165.3

163.C

171.C

165.3

196.¢6

197.6

168.2

1s8.9

169.5

2C0.0C

MAKTMUNM

<

0

0

197.7
19€.8
195.8
194.4
193.0
194.4
195.7
19¢.8
197.7
198.3
198.9
199.5

2C00.0

(6]

G

200.0

pms
3
O
.
w

159.1
19€.5
157.9
197.3
196.5
195.6
195,73
195.7
196.5
197.2
197.9
196.5
159.0
159.5

200.0

ABSOLUTE

20G.0
169.¢
i9%.2
16847
198.3
197.8
157.3
19648
196.4
196.3
197.2
197.7
198.2
198.7
199.2
199, ¢

2G040

RESIDUAL=0.4966FEET

20C.0

1899.7

19G.3

19G6.0

198.6

198.3

197.9

197.7

197.6

197.7

197.9

198.2

198.6

189.0

199.3

199.7

200.G

0

O

200.0

169.8

159.5

169.2

159.0

198.7

19€.5

198.3

196.3

196.3

195.5

198.7

169.0

199.2

199.5

199,7

20C.0

(8]

U

2C00.0G

169.83

1499,.7

159.0

159.2¢

159.

b

189.5

199.7

166.8

Z200.0

e e e m e e e

2C0.0

199.9

195.8

19G.7

159.7

199.6

169.5

199.5

199.5

189.5

199.5

199.6

196.7

199.7

199.8

1

te}

QCL)

200.¢C

o

2CC.0C

200.0

2C0.0

2CC.0

2C0.0

2C0.0

2G60.0

2CC.0

2C0.C

200.0

200.0

2C0.0

2C0.G



NUMBER CF ITERATIONS I CAUSS-STEDEL SOLUTION= 1

RATE CF FLCW ARRAY [N THOUSANDS OF GALLONS

O

G

(@]

CPUTENT[AL ARRA

20C.0

200.0

200.0

2C0.0

200.0

20040

169,2

159.1

199.0

159.C

2CC.0

199.8

199.7

169.1

198.¢

128.5

198.,2

198.0

1958.0

138.0

19¢8.1

1983,4

193.7

199.0

199.4

19947

200.0

0

0

0

197,06

197.2

1¢6.9

190.7

165.5

159,06

159.9

2C0.0

ALROVE

O

2G0.0
199 .4
193.8

198.1

156.0
195.5
195.3

195 .4

19¢.6

197.3

193.7
199.3

20C.0C

0.0,

0

0

G

2CG.C

165,2

198.5

157.6

186.7

0

0

194.¢6

193.1

191l.06

190.6

191.%5

193.0

199.1

2C0G.0

PER DAY

200.0
159.1
153.0

lq(}og

191.5
193.6
L95.3
196.7
197.9
199.0

2CC.C

2CC.0

1S9.0

190.6

186.C

142,1

186.0

190.5

193.72

196.6

167.8

1983.5

2C0.C

MAXTHUM ApSOLUTE RESIDUAL=0.3950FEET

C
0]

0

2C0.0
199.0C
198.0
19¢.8
192.4
193.7
191.5
138.8

15¢.0

195.3
19¢6.7
197.9
199.0

2C0.0

0

(@]

0

200.0

196.,1

198.1

197.1

155.9

193.0

191l.5

190.5

l";lcf’

193.0C

194.5

195,

<]

197.0

193.1

1499.1

20G.0

0

0

0

G

200.0

199.,2

198.4

197.5

196.6

195 .3

194 .5

193.6

193.,2

193.6

200.0

16G.4

198.7

198.0

197.3

19¢.5

197.9

198.6

199.3

200.0

<

2GC.0

169.5

0

260.0

199.7

199.4

153.0

19847

193.3

193.1

197.9

197.6

199.0

19943

159.7

20C.0

G

0

(]

200.0
199,8
199.7
139.5
199.3
199.2
199.1
199.0
198.5
169.¢
199.1
199.2
199.3
199.5
199,71
199.8

200.0

Y

¢

0

2C0.0
2C0.0
2C0.0
2C0.0
2C0.0
2C0.0
2CC.0
2C0.0
2C00.0
2CC.0
2C0.0
260.0
2C00.0
2C0.0
2G0.0
2C0.0

2CC.0

.

e PR
3,

L

PPN
y

1

S

ot cay i
3,

~ T

B



NUMBLER OF ITERATIONS IN

RaTE CF fFLCw

C . Q
0 U
0 U
¢ C
0 G
G U
C ¢
G 0
0 0
G 0
0 0
0 iy
0 G
G 0
0 U
0 0
C O

200.0 2CC.C

200.0 159.8

Z2C0O0.0 1948.8

2C00.0 15G.0

200.0 169.3

2C0.0 199.5

200.0 159.7

200.C 2€C.G

POTERTIAL ARRAY ,HEAL

19¢6.9

19¢.5

197.2

197.5

199.0

13945

2C0.0

0
0
0
0
U

0

2CC.0

157.1
196.3
195.7
1649.2

196.2
L57.0
157.7

lQDQS

AROYE

G

0

(e}

<

200.4

192.3
193.1
193, ¢
194 .8
195.9

19€.8

i9¢.6

199.0

200.0

0.0,

200.0
194.¢
197.,7
196.3
1S4.9
193 .4

191.9

193¢ .0

L9G .5

sAUSS=STELEL SOLUTION=

ARRAY IN TrUOUSANES OF GALLONS PER

0

G

2CC.0

193.7

197.2

195,7

193.49

19149

189.6

187.3

185.9

L87.3

189.5

16L.7

193.7

198.6

2CC.0

2G0.0

168.¢

187.0

195.2

193.2

190.6

187.3

DAY

o

(@]

G

(@]

152.48
15C. 0
185.6
179.0
113.1
179.0
185.8
189.8
192.7
194.6
166.7
168.4

200.C

MAXTEUM ABSQLUTE

133.1

179.0

183.1

187.2

190.4

192.0

195.0

19¢.¢8

19845

2C0.0

G

0

20C.0

198.6

197.2

195.6

193.8

191.8

189.5

187.2

185.8

187.2

183.5

191.7

193.7

195.5

157.1

198.6

0

8

O

o

0

2G0.0

195.8

197.5

196.2

194.8

193.3

191.7

190 .4

189.3

L90 .4

l91.7

193.2

194 .7

196.2

197.5

RESTLUAL=0,3976FEET

2C0.0

166.0C

168.0

163.0

192.7

193.0

193.7

194.7

15¢.9G

198.0

199.0

20C.0

196.9

19642

1895.5

195.1

194.9

195.0

bt
O
]
.
1

196.2

196.9

197.7

198.5

159.2

2C0.0

260,

0

0

0

[

e}

199.5

18845

L9s.0

197.5

157.1

196.8

196.7

19(308

197.1

192.0

198 .5

159.0

199.5

200.0

(4

U

200.0

19844

el

1982.5
198.¢
198.0
159.C
199.2

199.5

1‘99573

200.0

O

0
0

(8}

V]

0

O
0

G

290.0
2C0.0
2CC.0

2C0.0

2€00.0

200.0

2C00.0

2C0.0

e

At
3,

J;)

u'-)

"



GC TC FRFACS
ENL
IF RCIR=3 TICA LLS
FREF MO VL WA T ThgH 0 ok A gHR s HAOUN o WHM U HVAL 5
PUT PAGE;
GC TGO STARTS
ENEG 3
iF NCIR=4 THLN ©U3
LC I=1 TC NTCT3
IF G(II>C THEN G(I1)=C3
END;
NOIE=03
NCCL=13
PLT PALT;
GC TD SCLLY;
Fhl3
i IN:ENL ACUSETS



Cl.

APPENDIX C

COMPUTER PLOTTED STEREOGRAPHIC STABILITY

REGIMES FOR A PI.ANE DISCONTINUITY

Cl1l. Introduction

Two programs have been written using the principles described
in Section ITI, 1.2.3.2. Program STAB computes and plots th_e stability
regimes for particular F* and ¢ combinations. Program JTSTAB employs
a similar method to determine the stability regime for a particular C-¢,
0'1' , 6‘2, O‘é, set of conditions, and has the facility for rotating this plot,
using the known principal stress directions, into global axes.

C2. Program STAB

Using the notation of Fig. 1.3, an orientation may be considered
in limiting equilibrium when it satisfies all the following conditions:
0<% 1
0< n2¢ 1
12 + n2< 1
For the present study, P values of 0, 0.33, 0.67, 1have been used: N is
incremented in 999 steps between 0'3 and 01 If the P-N combination satisfies
the limiting conditions, 1 and n are cqnverted into the corresponding angles
x &0 (see Fig. 1.4).
All plotting is done using the standard characters & line printer.
Because there are 10 characters/inch horizontally, but only 6 characters/inch
vertically, locations in the output character array B must be scaled accordingly.

The cartesian coordinates, before scaling, are calculated for an equal area

Schmidt net by, -



c2.
x=4/2. r. sin (9/2). sin
y =42. r. sin (9/2). COS X
These coordinates are entered into B as '+, together with the circle and
axes as '¥', '-', '|' respectively. Successive quadrants are used for each
P value, and when complete, array B is printed.
Input details are simple, consisting of only a F*-f pair for each
stability regime stereogram required. The source listing and a representative

selection of stability diagrams are given.



OPTIONS(MAIN) S

STAB:POC OPTIONS{MAIN);

2 e sfe e ok e ool o st e ol o e ok e sfeoole e ok skl ke ok e skokokok ke e e ke e e ek ol ek ok ookl oo o ek Rl X ik

[S PROGRAMME PLOTS THE FAIL AND NDO-FAIL REGIMES FOR A PLANAR

SCIONTINUITY Iy A TRIAXIAL STRESS FIELD.(REF:JAEGERsJoCooELASTICITY,

 CTURE AND FLOWSMETHUEN,;1962) THE RESULTANT PLOT IS BASED UN A

MIDOT EQUAL AREA PRDJECTION.

e e ok e e o okl ek ok ok e ok ok sk ek ook ok dkokokole ok ok ek ke ok ke R ok ok e ol okl ek k

INPUT DETAILS
A DIMENSTONLESS PARAMETER DESCRIBING T4E STRESS-FAILURE RLLATIUNSAHIP
(SIGMAL-SIGYA3)/2)/{ ((SIGMAL+SIGMA3)/2)+C*CaT{(PHT))
FRICTION ANGLE

e sk ook ook ok ok ool ok kool dok ok e kool ok ok ok ok ok ke ek ek ok dokok ki ke kk kk kR itk/
DCL((F,PHIgKlyKZ'K,PleyLLvaf‘quNpRAyTHETAyALPHA,v'-.].'»“'ZvFlv
BETAL,BETAZ2)FLOAT, ((PHI1+PSI1sA,T)(88))FLOAT,(CILsR0:sPPy¥y1,
XC(=-264:24) 4 X3 Yy MM)FIXED BINyB(-24:245-40:40)CHAR(L));
DCL STEPOL ENTRY((*)FLOAT,(*)FLOAT, (*)FLOAT, (*)FLIAT FIXtJ

' BIN);

'EPOL:PROCFDJRE(RLI;R2yR3 R4, M)

CEDURE STEPOL CONVERTS A PAIR OF EQUATORIAL PRDJE-TION ANGLES INT)
' CJORRESPONDING pAIR OF POLAR PROJECTION ANGLES
%/
DCL((R1,R2,R5,&4)(M)FLOAT,(I,M)FIxED BIN);
D3 I=1 TD “;
IF RL{I)=T7777 THEN DO;
R3(I)=7777; R4&(1)=7777; GOTI STl; END;

IF ABS(R1{I))>90 THEN DO;

R2(1)y=-R2(1I);

IF R1(I)>0 THEN R1(I)=R1(I1)-180;

ELSE R1(I)=180+R1(1);

END;.

N THE ARGUMENT OF THE GENERIC FUNCTION TAND APPRJAIHES 90 LEGLFRS
VALUE OF THE FUNCTION BECIOMES TOD LARSE ANMD THE JyERFLOw CINOITION
RAISED. THIS MAY BE AVOIDED BY THE USE OF CONDITIJNAL STATFMENTS
%/
IF (ABS(R2{I))>89.999 & ABS(R21(1))<90.001) THEN DO;
IF (ABS(R1{1))>89.999 & ABS(R1(1))<90.001) THEN DU;
R4(1)=90; GOTD STO; ENU;3
ELSE R4 (I)=ATAND(TAND(RL(I)));
R4(I)=ABS(ATAND(TAND(RL(I))));
STO: IF SIND(R1{I))>0 THEN R3(I)=90;
ELSE R3(1)=270; GOTO ST1; L\ND;
F1=SIND(R1(I));
F2=TAND(R2{(I))3
R3(I)=ATAND(F1%F2);
IF F2<O THEN DO:R3(I)=180+R3(I)3END;
N 2ZrODIVIDE BEGIN;
¢{1)=90; GOTO ST1; END3S
F3=(COSD(RI(II))IR(TAND(R2(I)))}%CISL(R3{I));
R4 (I)Y=ATAND{1/F3); :
ST1: END;
END STEPOL;
TART:THETA,ALPHA=0;
GET LIST{(F;PHI); IF F= 9999.0 THEN GOlJ FINISH;SELSE

B=t 3






OPTIONS(MAIN);

ROW=24; COL=40;

" COJRDINATES OF THE CIRCLE ARE CALCULATEDsAND TIGETHER w[TH THE X
) Y AXES ARE ENTERED INTO THE CHARACTER ARRAY AS & - | RESPECTIVELY
&/

DO I=0 TO RIw;

XCOI)=((SQIT( (RIW*OWI-(I*1)))*COL/RDOW)+0.5;

XC(-1)=XClI); END;

DO I=0 TQ ROK3 B(IsXC(I))=2%9; B(I,-XC(T))="%"; END;

DO I=0 TO -ROW BY -1; B(I,XC(I))=v%13 B(I,-XC(I))="#'; E\D;

DU 1=-0W TO ROW; BII,0)='|'; ENG;

DO J=-COL TO COL; B(O,J)='-'; END;

THERE IS NO INTERSEZTION OF THE PRINCIPAL STESS CIRCLE BY THE
LURE ENVELOPE FQR THE DISCONTINUITY,THE RJUN IS TERMINATED

IF F<=SIND(PHI) THEN GOTO FIN;

- ANSLES BETAL AND BETA2 BETWEEN THE DISCONTINJITY FAILURE AND THE
MAL DIRECTION ARE CgMpUTED
%/

F1=(SIND(PHI))/F;

W1=ATAND(FL/(SQRT{1-F1%F1)));

#2=180-K1;

BETAl=(W1-PHI)/2;

BETA2=(W2-PHI)/2;

 VALUE OF THE INTERMEDIATE PRINCIPAL STRESS WILL BE BETwEEN SIGMAL
 SIgMA2, FOUR VALUES ARE USED,; INCLUDING THE END VALYES DOF SIGYA2=
MA3 AND SIGMA2=SIGMALl,WITH TWO EGQUALLY SPACED INTCERMEDIATE vALUES

&/
OQ0P1:D0O PP=0 TO 35 M=44;P=PP/3;

E STABILITY RESIME FOR SIGMAZ=SIGMA3 IS CIMPJTED
=/

IF pp=0 THEN DO3;
D] 1=1 TO M3
ALPHA=]1%23; THETA=BETAl;
RA=1.4142%ROW*SIND(THETA/2);
X={{RAXSIND(ALPHA) }*CyL/RIw)+3.53%
Y=(RA*COSD{ALPHA))+0.5;
BlYeX)=t40;
ALPHA=(I%*2)-15 THETA=BETAZ2;
RA=1.4142%ROW*SIND(THETA/2);
X={(RAXSIND(ALPHA) }*CyL/R0OW)+0.53
Y=(RA*¥COSD(ALPHA))+0.53
B(YvX)='+';
END;

END;

STABILITY REGIME FJR SIGMA2=SIGMAl IS COMPJTED

ELSE IF PP=3 THEN DO;
DO I=1 TO M;






JPTTIDNS(MAIN);

END

1

PHIL(2%I)=2%135 PSI1(2%I)=BicTAl;
PHIL((2%1)-1)=(2%1)-1; PSI1l((2%1)-1)=BETA2; END;
M=2%M;

CALL STEPOL(PHIL:PSI1;A,T,M);

DI I=1 T3 M;

RA=1.4142%ROW*SINDI(T(I))/2);
X={(RAXSIND(A(I)))*CgL/ROW)+0.5;
Y={RAXCOSD{A(1)))+0.5;

Bl-YyX)=t410;

END;

- STABILITY REGIMES FOR SIGMA2=SIGMA3+(SIGMA1-SIGMA3)/3 AND FIR
MA2=SIGMA3+{SIGMAL1-SIGMA3)*2,3 ARE COMPUTED

&/

ELSE DOs3 .
DO MM=1 TO 999; M1=MM/1000;

K=1+M1%(2%F/(1-F));
K1=(1+F)/(1-F);

<2=14+P:(2%F/(1-F));
LL=({K2-K)%(1-K)+(KETANDIPHI) ) &%2) /((K2-K1)*(1-<1));

ICE LL AND NN ARE THE SQUARES OF DIRECTION COSINES,THEY 0O \IT EXIST
ATER THAN 1 DR LESS THAN O

*/
IF LL<=0]LL>1 THEN GOTO L2;

L=SQRT(LL);
NN=((Kl-K)*(KZ—K)+(K*TAND(PHI))**2)/((K1—1)*(K2-1));

IF NN<=0INN>1 THEN GQTO L2;
N=SQRT(NN);

- SUM DF THE SQUARES OF THE THREE UIRECTION COSINES DESCRIBING A
NZ 1S UNITY. IF THE SUM OF TWO (LL AND NN) IS GREATER THAN 1 ThH:zN
~ JTHER DOES NOT EXIST AND THyYS THE VALUES L AND \ ARE ALSO

ENABLE

L2

&/
IF (1-LL-NN)<=0 THEN GO TO L2;
THETA=ATAND((SQRT(1-L¥L))/L);
L=N/SIND(THETA);
ALPHA=ATAND ({SQRT(1-L%L))/L);
30=1,4142%ROWESTAD(THETA/2);
X={ (RA%SIND(ALPHA) )*COL/Ju) +0.53
Y=(RA%COSD(ALPHA) )+0.5;
IF PP=1 THEN B(Y,-X)=1+%;
ELSE B(-Y,-X)=0+1;
ENU;
END;

END LOJP1;

PUT PAGE EDIT('TRIAXIAL STABILITY ANALYSIS:STEREJGRAPHIC LGJAL
A PROJECTION®)(X{40),A)3

PUT SKIp{2) EDIT(*F=*3Fs'PHI="9sPHIs*P=Dy 0.33, 0.67, 1')
(X(50)5A,F(553)sX{5)3A,F(451):X(5)9A);

PUT SKIP{6);

DO I=RJIW TO -R3k BY -1; PUT SKIP EDIT(’






OPTIONS(MAIN);

Y)(A); .
DO J=-C0L TO CJOL BY 13
PUT EDIT(B(I,4))(A(1)); END; END;
FIN:GOTD START;
MISH:END STAB;
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C3.

C3. Program JTSTAB

This employs similar methods to the above, and is extensively
detailed by the comment cards contained in the source listing. To simplify
to logic, three interrelated procedures (subroutines) are used. The
orientation of a plane in space may be described by combinations of the
angles x , 0, ¢, 1) (Fig. 1.4). Thus ( x , @) are the polar coordinates,

( \p » ¢) equatorial coordinates and (@, lP) direction cosine coordinates.

For plotting purposes, polar coordinates are used, but equatorial coordinates
are required for some rotations. Procedure POLSTE therefore converts
from polar to equatorial coordinates, procedure STEPOL performing the
reverse function.

Rotation is executed by procedure ROTATE, and may be about
the vertical axis (azimuth rotation) or the N-S axis (elevation rotation). By
a combination of elevation rotation, azimuth rotation and elevation rotation,
any completely new orientation may be achieved. For elevation rotation, the
coordinates are required in equatorial form, polar coordinates being used for
azimuth rotation. At the end of each step, coordinates are converted into

polar form.

C3.1. Logic ~ The planar discontinuity envelope is first tested for

intersection of the principal stress circle, and the stress coordiﬁates
calculated. If there is no intersection, or the envelope is tangential to
the circle, a termination message is printed and the run stopped.

The stability regime is calculated similarly to the above, and
the limiting orientations stored in paired locations as («, 8). The ROTATE
procedure is then used to bring the o7, 67, &, directions into coincidence
with the vertical, E-W, and N-S axes respectively, and the required angular

rotations stored, (BETAR 1, BETAR 2, BETAR 3). The ( « , 0) pairs are

then back-rotated in reverse sequence using the above rotation parameters.



C4.
Finally, the polar coordinates are translated into cartesian locations in the
output character array using the definitions given in STAB above, and the
final rotated stability regime is printed.
Details of input are contained in the program listing. The

example given'depicts to stability regimes at each stage of back rotation.






oot CPTICNS(MAIN) S

JISYIQ..%FC' URE CPTICNS(MAIN);
F'a PACSRAMY E ANALYSES THE STAoILITY UF A PLANAR DISCONTINLLTY,
TSC414%u BY ITS FAILUK: STRENGTE PARMFETERS CF TCRESION AT TwILTLON
5L _gAds ITS DIP ANTD CIP CIRECTICN,IN TERMS CF TRE TRIAALAL STR-5S
1uL. ACTING ULPCN IT AT A pCINT,CESCRIREY BY Tp= CIRICTILRS oD CiPS IF
~- T+REE PRINCIPAL STRzSSES,
SYMBLL LEFINITICAS
CUMMY VALTIABLE USTu IN THE CCHPUTATICN CF INTERSALTILY PLI LTS

124 DISTANCE FRGwi T CeNTRE CF THE PRINCIPAL STRESS CIRCLE Tl T::
PROJECTIUN OnTO TFT nORMAL STRLSS AXIS CF THE TLC INT=S-CTft
PCINTS

L24y CIRSCTICN OF RaJILs VICTOR [N PCLAK PLCT

Lo L GLOAAL DiReECTION GF SIGMAL

LPH11»  SLORAL UCIRECTION CF SIGMAZ

Lok45  SLCHAL UINECTICK CF SIsiA?

Nel ANGLE BETWE=d TrL SIGMAL CIQoCTIUN ANl T-F PLARNAR FAIll<e (4>
DEGRFES) s THUS EWUAL TC RHALF ANSLT SURTEANLEYL oY ITL2SHECTIC:
2OTNTL AMD SICMAS IN THE PRIALIPAL STwISS CIXCLI

w2 43 ANGL1 oUT <485 CLEREGREES SINCE CORREGPIALS TO IMTORSELTIN. piaiir
: BUMeY YASTARLE USED IM THF COMPULIATIURY CF IWTERSFCTIC, Pulli

HE ACTATITCN ANGILF ABCLT THE pCLC LF PRACJELTICK

FiAdl PIAST aCTATION ANCGLE

TTa? S:=CONR RCTATICA ARGLE

crv\.  THIRC RCIATICH ANCLF
pUMMY YARTABLE LSS IN CCVMELTATICON CF INTERSeCTICN PLTnTo

L HSUMBZR OF PRINT PLQITICNS ACRCSS THE Pan - +0< CLTPLT CF
CHARACTFR AxAY GIVINC STAZBILITY PLOTAN S THELS THE X L1182 0SIu
LF =

STEp INCREMENT IMN SIcMA dcTucEN ¢T2 anD #T1

Flia ANGLE BETWED Y "WCATH® ANL THE REQUIRED A4AIS LF QO TATICS
CHARAC)I TR aldAY CCATAINING STARILITY PLCT

1 PR ICTICM ANGLYE FUX LDISCURTIMULITY #AATo 1AL

AR A ANGLE OF RUTATIONABULTM AXIS TELTA FxUiT WNEATHY
LUMMY YARIASLE USEL IN CCPPUTATICN CF INTeIgECTICN FCINVTS
CIRECTION COSINE MEASUREL FRLM SIGKAL

L L2 '
TOTAL NUNMBER CF PCINTS
CIRECTICN CCSINe MEASURERC FRCPM SIGMAZ

\ N ¥ 2

CLL CGUNTER USEDP IN RCTATION TESTINC

! EQUIVALENT TL ALbHEA

7 FQUIVALUNT TR THUTA

4 ZGQUIVALENT Tuekl

£, CcQUIVALEANT TLPSI

|"i ANCLE IN EGQUATCRIAL PLCT

N ANGL= IM ECUATURIAL PLCT

[ NCRYAL STRESS vALUe oF THE PICHEST INTZRSECT N BETL-" L TF:
DISCOMTEAUITY #NyELCFE AnC THE PRINCIPAL SFRESS CIXCLT

T2 NORMaL STRESS VaLLE CF THE LCW=ST INTERS:CTILN BeT.Fed ThE

CISCCONTIMUITY EnvriLUPT AMC ThHz PRINCIPAL STReSS ClIeCL%

L] EQUIVALTRNT Tu PRI

4 CRUIVALRERNT TC PSI1

B CEUIVALENT T ALZKFA

4 EQUIVALLNT TC THEZTA

1) DUNMMY “dA2TAPLF USEC IN CCMPUTATIUN CF Tkt CGOURCINAICS FOX






JCFLU«d CPTICNSLirALM)

SCHFITT £CUAL AlrA PACSECTICN
' NUMREN CF PRINT #CSITIONS LCWN THE PiGE FCR LUTPLT CF
CHERACTER A3nAY GIVING STASIL[TY PLCT,AND THUS TH_ Y FI-:Vuio
CF &
15Y) NCRMAL STALSS
IGYAL  FAJCR PINCIPAL STRESS VALLE
Fuvnpy  INTERMECIATE PRINCIPAL STRESS VALUS
I5i A2 RINCR PRINCIFAL STRESS VALUFT
SHEAR STAESS
FLTi AMGLE ALCNG AADILS VECTGR IN PCLAR PLCT
1 ETAL LIP CF SIGMAL
FOTez CIP CF SICKA2
FSTa3  CIP CF SIGVAZ
X CLLRDINATE OF A CHARACTER IN ARRAY =
X CCCROINATE CF CIRCLE IN ARRAY
Y CCORCIRATE CF A CHARACTER IN ARRAY E
INPUT BETAILS
2HE FURNAT INPUT IN CRCFR:— ALPHAL

>y

TRETAL

AlLphAa2

TRETAZ2

ALPHAZ

THZTAZ

SIGMA]

SIGVAQ

SIG¥a4

SL

FI

2/
COLOCCALPHA Ly THETAL 4 PHIT o PSTI L ALPHAZZ THETAZ2,PHIZ,PSI2,00viondy
TEETAZ PRIz PSI3)(M)YYFLCAT CONTRELLEC (2T axs2,38aT iz FT423)
FLCAT (i I)FIXZD BIND S
UCLO(SIGIrALsSISuALsSIGHAZ3STorIoAsByCyH)FLOAT)S
CCL (THETAALPHASPHT sPST)(35I)FLUAT o (CCL,RCHs Xy YIHIN LS, Yiny
AC(-Cw i A0w )CONTACLLZ0 FIXED 30N,
E(-RCW:RLWy—COL:CCL)CCWTRCLLED ChAR( L) (LL ,LeNNsN)FLOATS
W TCURE POLSTS COWVERTS THZ PLLAR ANGLES Pl ANu P2 INTC 1.
A ZSPHNDING FQUATQRTAL ANGLES P2 A P4
b /

UCL PCLSTE T TRY((®)FLCAT () FLCAT o (F)FLEAT o (H)FLLAT, " I40L
BIN);
2ULSTE 2P CCECURE(PL s P24P3 P4 1) 5
SCLU(PLyP2oP5Pa) (VIFLCAT (I ,w)FIKEL IN)S
JGL S UPEN whICE IT IS ACT AQULSED TU CPERATE AT CIVEN A ViILULS T77/(7
By /
uC I=1 TCQ ¥;
IF PLLI)=T7117 THEN NCs ;
P3I(I)=7777; pall}=7777; LCTO °01l; EML3
%
-3y TES ARGUMSMT OF TRe GENTRIC FULNCTION TAND IS CLUS:Z TU 9C Ll
210 DEGRTES)Y THe YALUF CF THE FUNCTICON IS YEIY LAKGE AaL T AY pLEAY
[ THFE OVSFLCW CCMOITICN. IN CRCER TC BYPASS THIS A CoNCITILMAL






ol OPTLUNS (#AIN)

 TATCFEAT IS USEE

IF (P2(I)>FG.G6S &4 Pz(1)<S0.01) THiN LC3
I¥ SIARD(PI(IN)ISC THEY P3(1)=9¢C;
cLSe P3(1)=-5C;
IF ((ABS(PL(I))>85.99 & AeS(PL({T))<SC.C1l) |
(**S(P1I(1))>26%.59 3 ASS(PI(I}1K270.01)) TH=h L3
P4(I)=9C; CC TC PO1l; £NJ;
ELSE P4A(I)=ATANC(TAND(PL(I))); GCTC PLL; 0o
P3(I)=ATANDOISINC(PLI(I) N)ETANE(P2(1)));
CN ZERULIVIDe BEGIN;
P&(I)=9C; GCTC PCl; E£XNujs

2/

PALT)=ATAND(L/((CCSCAPILIN ) IXR(TCIL(PLIIN))=TANZ(P2(1))) )5

PLL: EnEs
FND PCLSTE;

JUC LCURE STEPGL CUNVYERTS TH:Z cQUATCRIAL ANGL:S 1 Anp R2 INTT Toc
Y TSPONOING PGLAR ANGLES 5 AND R4

BCL STEPIL SATAV(C(E)FLOAT o (=) FLOAT, (Z)FLCAT s (X)FLUAT , "TX 20
3IN);
STEXLL:PRCCECURE(RLsR25R3,R4,M) 3
LCLI(RY, AZ23R3yR4)(VIFLCAT (I )FIAEL CIN) S
ce I=1 T¢ 3
IF Q1(I)=7777 TEN Gy
R1V=T7777; R4(1)=7777; GCTC STL: =Nus

HEN ARS(RL)D9D CEGRECS IT INCICATEZS THAT DURING RUGTATICN Th:- 200 +
ICSSEC THE PRINVITIVE CIRCLE ANC TRUS <ExPPEARS IN THE DIAFETNISWVLLY
APCSITE QULAURANT

IF A8S(RL(I))>90 Tren CC;
R2(I)==-32(1); RQAQ{I)=-R1(I); ENE;

IF (APSLRZ{T))>e3.6S & 438(r2(I))KSC.LL) THZN BC3

IF (ABS(RL(I))>¥5.59 % ABS(21({))LKSC.C1) THE.L DUj
R4(1)=90; sC TC STC; N3

FLSE R&4(I)=1BSCITANU(TANC(RLI(I))));S

STS: IF SIND(IL(I))I>C THEN R3(1)=9C;

CLSE R3(1)=270;5 GCTC STLs END3S

IF (R2{11>89.89 3 R2(1)1<5C.CC1)|

(R2{I1)>2¢9.93 3 22(1)<27C.CLL) TiniEn DU 2211)=9C5 Lhos

F1=SIAD(R1(I));

F2=TANC(R2(1));

RI(T)I=ATANO(F1%F2) 3

IF F2<0 THEN DO3R3(I)=18C+R3(I);uiDs

uN ZEQCLIVIDF BEGIN;
R4(1)=JCs GCTC STl kAL
F3={COSDIRL(I)))®(TANN(R2(1)))*CCSL(R3(I));
Re{T)=ATANC(1/F3);5
IF R4(1)<C THEnN 24(I1)=-R&4(1)5

STue: S -
ENL STE®LLs
Y

2 (ICIDURE ROTATH CCIFPUTES THE NEW VALUES ALPhasl ANC THETAL CF Th.

18

/
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CERUR D UPTICNS(MAING S

TE AN ANGLES ALPHA AYNDC THITA FCOLLCYING RUTATICHM. THE AXIS AhL Jicér= o

Tl 10N ARE CETZROINEL LY THE PARAV-TIRS BETAGARMA,DELTr.

.’:/
LDCL ACTATE ENTAY(FLCATSFLCAT o FLCAT o (= )FLOATUX)FLL T2 )¢ L 2Ty
(2)FLCATFIXFS BIN)

TUTAT L PRLCECURT(SETAZCAVMIASUELTA ALPRA THETASALPHAL,THETAL, )
CCLOU{ALPFA;THETASALRHALy THEFTALyPHI ST ) (W) )FLCAY,
(BETAZGANMA g ELTA)FLCAT (¥ I)FIXZO BIN)

s wCLES ARC RGTATZL ABGUT THE PCLE CF PRGJIECTION TU LINS Te® AiX5 oF

CTr21ieN *MNCRATH-SCUTH?

x/
BO =1 TO M3 THLTAL(TD)=TrETALT) 5 ALPHAL(I)=ALPFA(I)-L"LT a5 2NL3

s

Fo «CLAL ANGLES ALPHAL ANL I1FETAL AE CUANVERTELD T THE CCi°fPinilIva

CUATURIAL ANCGLFS pHI aNe PSI

. CALL PCLSTE(ALPHAL,THETAL,PFI 2SI, #); v
;i UGUATCRIAL ANGLES PhI ANL PSI A2F 1aTATEC THRCUGH AL AndL® JavrA
GC I=1 Tg #5 PHI(I)=PhRILT)+GANMA; ENU; *
;c wa POLAR ANLLES ALPAL ANC THFTAl AKE CUMPUTED FRCV Pr1 A~D 231
CALL STEPCL(PHIZPSI ALPHAL,THETAL,M); !
:r BLLES ARE JACK ROTATELD ABCUT THE puLe CF PRCJECTION,AND 3T Y
CTATICN ARCULT TRIS AXIS CCMPLTECL y

0O I=1 TC #; ALPHAL(I)=ALPHAL(I)+DELTA+BRTAS END;

ENL RCTATE;

M=13

CiL=4b; 30u=2729;

ALLUCATE ALPHAL s THETAL ALPRA2yTHELETA2,ALPHAS  THSTAZ,PRTILPST L,
PHI2,PST12,yPHI3,PSI3;

ALLLCATE XCy S5

CC I=1 TG Mg

F£ 2INCIPAL STRESS CIP AND CIP LIRSITICNS ARE READ IN

SEFf LIST(ALPFAL(I)yTHEZTAL(I) yALPHAZII) s THETALII)yuLPi?3i1),
THETAZ(I)); ENDS

Co I=1 T0 ii;

PUT SKIP EDIT(ALPFAL(T),TFETALII) JALPFAZLI) s THET a2l
ALPFAZ(I), THETASZ (1))
(FU3,2),COLUANILL) s F(292) 9CHLUNNI2L) 5F (893) 5CCLUYN(31) 55 Lz 02),
COLUFN(41) s F(3,3),COLLMRIEL) sF(#,3))3

E o90LA2 ANGLES ARE COvyIRTEC TC THy CCRRESOPLNLING SELATUSTAL ALCL s
*/
CALL POLSTF(ALPHAL,THETALZPPIL,PSTIL M)
CALL PCLSTE(4LPR2,THETA2,PHI2,PS12,M);
CALL PCLSTel sLPrA3,THETA3 PEI34PSI3400);






AC:UU

.

-
Ay

<

%
s

CEOULPTICAS(VATIN)

PUT SKIP Ul T(2HILUTI) 2SI I(I) o PHI2(1)3PST2(1),PHIB(T)2S22301))
(F{333)sCOLULNTLILY T3} sCULLIN(21) s F(B52),C0LLNML(31 Y yr(Hy2),
COLUMN(4L) s FUB,33)CCLUANIZL),F(853))3

2OLES AT RUTATEL AGOLT A WCRTE-=SCLTI AXIS SU THAT Siuwrds Licy fe
AAIALTIVE CIACLE,,avD THE ANCLE CF R0TATIGH Ig LETARL

IF PRIS(T)ICU TAEN BETARL=-SC-PFI3(I);
ELS% EZTAR1=;C-PHI3(I);
CHILII)=PRTIL(T)+35TA 5
PAT2(T)=PHI2(I)+53RTARL;

PHIZ(I)=PHI3(I)+12TARL;

R O FOUATRRIAL ANGLES aRE CONVERTEC 0 THE COLKRESPONLINC FLLA™ W \TLES

*

PE wULFS ARE RCTATZC ABOUT The PCLE CF oRCJECTICN SUCH THad S1G. -
IS T i

e/
CALL STEPOL(PRILPSTisALPFALTRETALi1)5
CALL STEACL(SFIZ,2SI2,8LPRA2TFETAZ M)
CALL .STRFPCL(PHIA PSISALPEAR,TESTA3,M);
cUT S(Ip L'JI!(A-\Lr’f"\l(l)yTthI\l([),ALPf‘l\zll)9”“ TaZ(l),
ALPFA3(T) s THETAS(TY))
(FUB843) s COLUMNILLYsF(2,33)3COLLYNI2Y) o F(8,32),COLLMMIT3L) 4R (53 ),
COLLMN(4L) 31 (Ay3) 3 CULLMNIEL) 45 (8,3)) 5

-

G
LS " rTu e

THS ANCRTH g SOULTE PLSITICNANE THE ANGLL CF RCYATION
P /
IF PSI3(1)<) TEEM BETAR2=180-ALPHA3(T);
SLSE IF ALPHA(INIK50 THEN SETAR2=-ALPHAZ{I);
_ CLSE BETARZ=3€C-ALPFAZ(I)
ALPFAL(T)=AL?FAL( I+ ZTARZ;
ALPHAZ (T )=ALPRAZLI)+8ETARZ;
ALPHAZ(I ) =ALYFAS(1)¥LETERZS
Fi- PCLAR ANCLES ARE CUNYERTEL TC THE CpoRRESPOADING EGUATOSTI L A.CLES
A /

b
T

Tyi

CALL PCLSTE(ALPHAL,THETAL,PFIL,PSILyM);

CALL POLSTE(:LLPHFAZ,THETAZ,,PF12,PSI2+¢);

CALL PCLSTE(ALPHAL,THETAZ,FFIZ2,2S124¥)5

PUT SKIP ECIT(PRIL(I)¢PSIL(T)PEI2(T)PSI2(T)snbIs(1)sPS12(1))
(F(8,3)9CDLUhU(11)9F(893)7CPLLMW(21),%(&,3),CULUW\(31)9F(0,3)1
COLUMN(4L) sF(P33)3CLLUEN(S1)sFIB,3) )5

ULES ARE PGTATEL ABOLT 4 nCRTR-SCLTH AXIS SUCH THAT SIiC f£1 LIS
20Lec CF PhLJTCTIb\,AH? THE AVCLE CF ROTATICE IS FETARS

RETAR3=—PRIL(1);
PEILLI)=PFTILIT)+BETARS;

PHI2(I)=PRI2(T)+ETTARS;

PHIZ(1)=PHIS(1)+RTALE;

CALL STFPOL(PRIL,PSTIsALPEALTRETALM);

CALL STESCLIPHFIZ,PSIZ,ALPFA2,THETAZ,4);

CALL STEPCLUPHI.9SIs,ALPFAS,THFETA3,M);

PUT SKIP FLIT{ALPFAL(LI),TFFTAL(I) ALPHAR(T),THETA2(I),
ALPFA3Z (1), THETAS())






LAl 2E COTICAS(MAIND ;

(F{3:3),CCLU - WH{LIY)sF(B53),CRLLMNI2Y) 37 (242),L0LLMRL(3Y)3F1ds2),
COLUNN(4T) sF(Be0) sCOLUMNI(EL) sFL853));

EXC3

PUT SKIP DATA{LUETARL LETORZ2,82TAR3)

PRINCIFAL STRi:SSES ANC THFE CCHeSICN AND FRICTICN ANXNGLZ COF
ATINUITY ARE REAC IN

-
Ry

G
HE LIST

[
2

STAxT::HET LIST(JILHAI,SIL MAZ,SIC Aﬂ,SDyF[);
%
'}f SU VARTABLES A B ANL C ARE CCyPLTEC FUR THE SCLULTILN ZF T-i.
NT.35¢ CTICQ PCInTS USIWG THE FORMLLA FOX THE RGUTS CF A LALPATL]
-l:/
A=1+(TAMNC(FI))*TaNL(FI)
B=(24SO#TANR(FI))-SIGYALl-cIGC¥A3;
C={5C* SL)+(SI~»AL SIGrn3);
h={PR%PR)—4%kp%
2UT EﬂTA(A131JvF);
Foases D4:3a%C THEN TEZRE ARE NO RCCTSsI.E. NO INTERASECTICN
.:‘/
LF F<C THZN DC;
PUT PAL SRITLOMG INTRRASECTION')I(A) S
GCTLC FIN; ENOS
Fooun2=4%A%C THEN TE:=AC Ak TuC ELUAL (LUTS;I.ce ThHS DISLUNIT Wily
ATLURE SNVELCPE IS TANut\TIﬁL rC THE PRINCIPAL STAELS CIKCL:
‘::/
ELSe IF #H=0 TH=u Dis
PUT PACE EDIT(YTANGENT AY SIGMa=® -2 )(AF(8,3));
GCIC FINS &Ml
Tr= U ISE TROAE A2: T4U RCOTSsIese INTERASECTIUGN LINTS PTL AT Pi«
3/

CLSE PT1l=(-B+(SURAT(H) )} )/ (2%4);
PT2=(-B8—(SwnT(H)})/(2%4);
PUT PAGE ETIT(YINTERSECTICY AT SIGHA="4pTl,y® AN" SIT.a=t,
PT2)(ASF(343)%,Fl3425))3
%
LPra AND TRETA ARMAYS A2F 9ITIALIZER TL 7774 SO ThaT VaLLzS UB..
FISt IT IS MCT RECGUIREL TE CPERATE MAY dZ ICenNTIFIEL

=/
ALPFA, TRETA=7777;
FE Twl BIAX[AL CASES Axc TREATCL FI&ST
+/
IF ((SISMA2=5150A1) | (SIGHAZ2=STCMAA2Z)) THEN DCj
*
HT Tal ANGLES SURTENCEL PY THE INTEISECTICN PUILNTS ARE Clm?UTIS FRUG
FZ Se AR STRESS ApC pr2J=CTICN CANTC TET NCRMAL STNESS AXIS CF Tie
ACII T THE PUINTS PTL ANL PTZ
*f

T=SC+32T2*TANC{T 1)
ARJ=((3IG1AL+SIGMA2) y2)-PTZ;
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H LR VE S

f

'+ LASE wWFEAN

HSODAST WEEN

:q.-

Fo O-nZ3AL TRTAAIAL
rLSE T.0C3

*

> O UHANGE

NG, THE

Foocbid<t TeIN CUSUTH-TA)=SCAT(L).
O THFETA ARD ApPFA AYZ LOUTH ASSIGNED A VALUF 7777

CPTICAS(¥AIND;

ANG2=(ATAND(T/ANJ)) /2,

T=SC+PT1-TAND(FL)
ADJ=pTLI-((SIG¥AL+SICN¥A2)/2);

ANGLI=45+(ATAND(T/AGJ) ) /23

SILYA2=51CMa3 IS CONSILzZALE

IF SI

SIGVAZ2=SIGMAL I3 CCaSIC:Zi%L

SLSE

ENES

In n03Fal STKRESS
COAAESPOATING

50022=5145A3 THEN LT

oL I=¢ TC

4~ 9

B Ay 23

TRETA(T)=AnG2;

ALpdall)=1;

A A
e I=1

{C &3 RY 23

TELTA(T)=ANG1S

ALPHA(T) =13
ENL

S

IF SIZVMA2=SIGYAL Treh CCj

Lt I=2 7C 28
PSI(I)=ANG];
PRI(I)=13

2 1= TC 35
PST{1)=471G7;
PRI(I)=13
AR

dy 2;

Call STEPOLIPATPSTALPHA,THETA,93);

R
L'\‘f' »

CAST

SHEAR

D={PTi-PT2)/5C;
Cn I=1L 70 4%s
SICVME=PT2+1%C

SIRESS AT

IS CCONSICcReL

[=SIGHMax=TANL(F1)+5C;

SO OSUUAQE CF TH: pIWCTICN COSTHE CCRRESPONLING TO THETA IS FOMALTE

LL=((3ISMAZ=-SICIA) = (SToMAZ-SIFA)+(T*T) )/

((SICmA2-STciHAL)*(SIutaAS-SIGlMAL) ),

IF LLZ=CILL>1 THEN LC;
ALPHEALT)=T7775

CTHERwISE

TEERE IS

NO SLLUTICON AN

FROY¥ PT2Z2 TU °T1 IS I{CREENTIC I+ &) SI132°§
EACH STEP TCMPUTED

)/

*/






Loy ldI UPTICNS(vAIN)

THETALL)=T7177;
GO T xCGs
=NL 3
L=sGari{LL)s
KM= (STCYAL=SICI A)X(SIGHAZ-STuu)+(T*T))/
({S1ZMAL-SIG A3)=(SICHMAZL-SIGVAZ));
o
-5 SOUARERE G THE SZCONE DIR_CTICM CuSINE IS CC¥PLTEC,ANE THIS AL3u

UST LIT 2<KANCY TG HAVE A SUCLLTIGN. ThHz SUM OF Lo AXL NN GUST ALSC o

1 O< Teio (HIRL CIRKCETICN CCSINE FAS NC SCLUTICN. IN THE eVenT Cr O

LLUTIUM, THETA AND ALPHA ARE FLTER ASSIGNEIC A VALUE 7777

[F AN<K=CINADL TrREN LC;
ALPHALLYy=TT717T3
THeTA(T)=T1T71T7 5
U TG .0Gs
NLs

N=SCT(NN) 3
If (l-LL-N1)<= THEN LU
ALPHALT)Y=TT717;
THETALI)=71773
GD T ~CGs
=V

3%

ST Y ANL ALPHA ARL LCHMPULTFL FRC¥ TrZ THWC CIRECTICN CCSINGS
TheTA(T)=ATANC( (S ATOL-L*L)) /L) 3
L=0/SIAL(THETA(L) )

ALPEALT ) =aTANCO(SERT(1-L*¥L)) /L)
wGGe NG

ENECS

[

FTOTHETA ANL ALPHA vALUSS FC2 ThE gTHLR TEREZ QUADRANTS aAxi: [FT70-

WA SYHETRY

Lg I=1 T¢ <933
IF ALPHA(I)=7777 | TeETA(L)=7777 THEN 5T TC MIGS
LSE DS
ALPHA(L3C-T)=12C-ALPEA(T) S
TH.Ta{i3C-1)=TETTA(IL);
AL?FA(!&O+I)=1dC+ALPHA(I);
THETA(LSO+I)=THFTA(I);
ALVFA(260-1)=3¢eC-0LFFA(L);
THETA(360-1)=Tr:TA(1};
ENE
als3e EMCs
b4
Hy STaBILTYTY PLCT 1S RUTATEZL USING The VALFS -8-TARS 4 =BF 1 e AL
n= Al
LETAIL==85TA 11; AY1A2=-LETARZ; BETAR3=-u=1AR3;
WCOL=4;

GO TC PLCT;
IOTA1CALL #OTATL(CsBE AR, CoALFRA,TFETA,ALPHA,TFCTA359);

‘}:/
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CIRULE LOTICASFATH) S

GOOTL PLETS
TOT2:CALL RCTATI(LTTAQRZsUs ChALPRE s THETAZALPHATHETA35S)
GcC TC PLCT;
ROTL:LALL RCTATF(UsBETARL sCyALPFAZTHETAZALPHAZTHFETA;35G)
/ 3
FLOCATESTAN COORDINATLES FLR SACH ALPHFA THETA PAIR ARE CCURALITT FLS 4
SHa IT0T KET AN eRTTRED INTC THE CRAACTEY ARIAY £ A5 A +
*/
PLITie=t ¥,

Lt I=1 TC 35%;

(F ALPEA(T)=777T7 | [heTA(D)=T7T7T77 THEN GC Vo CCENG
A4=1.4142%2C*SINC{TFETA(I)/2);s
X={{AZSINC{ALPFA(I) ) ) #*CULL/R0K)+0.53
Y={RAXCCST(ALPFA(I)))+GC.5;

E(YeX)=r410;
Co=nb: ENCS
/ 3%
L O CAVIESTIAN CCCRIVIWATES CF THE CIRCIL:T A:E CCMPUTER ANL wnThPEL [4TL
Fr LFASACTEDR AQ2AY £ AS a =

X 2/
LC 1=C TC 2Cu;
XCOL)=( (SLRTO(RICKFRCL)=(1*1) ) )*TLL/Cw) 43693
AC(=1)=XC(I1); ©ND3
NC I=C TC RCws E(IsXC(I))=0415 Z(I,=XClI))="#%"'5 Ear;
LC I=C TC -RC* B8Y —L13 E(I XC(I))=rke; S(I,~-XC(I))=7"%'5 E.c;
]
S A ANE Y AXTS ARg ZNTLREL INTC E AS — AND | KeSPECTIVELY
%/
L0 I=-ROk TC RCh; S(I,C)=%]"%; EANL;
CC J=-COL TU COL; E(CsJd)="'—"5 &ND3
B NOTATEL STABLILITY PLCT IS PRIATEL
$_':/

PUT PAKE; :

LC I=RCGU TC -R0L PY =13 PLT SKIP cLIT(? vy(n)s

cC J=-CUuL TC CCL;

PUT ECIT(Z(I,J))(ALL));

EnDs; ENLC3

NCOL=NCCL~1;

IF NCCL=3 1HFAN Gl TC RCT2;

IF NCUC=2 THIM U Tp wT?2;

IF NCCE=1 TI+.2N ¢C TC R3CTis
FIN:GRTC START;S

ENC JTSTAB;
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APPENDIX D

L.V.D.T. CALIBRATIONS FOR X-Y PLOTTER

STRESS-STRAIN CURVES

D1. Introduction

The L. V.D. T's used are Electromechanisms type L0O35,
serial numbers O%9 , 060, and have a total travel of 1 inch. The
makers calibration was checked and accepted. If the input voltage is
maintained constant at 24V then the output voltage change may be monitored
directly in terms of displacement, being 15.6 x 103 mV/ins. All the
following stress calibrations refer only to Clockhouse proving-ring
no. A.2393% (0-10000 kg).

D2. Stress
This is conventionally taken up the y-axis.

D2.1. Nominal 1.5 ins diameter sample - Deviator stress:

100 lb/inz/cm- =15.15 mV/ecm
200 1b/in2/cm = 30.3 mV/cm
500 1b/ -inz/cm =175.75 mV/ecm

Maximum permissible stress is 9000 1b/in2, i.e. 18 cm on the latter setting.

D2.2. Nominal 1 ins diameter sample - Deviator stress:

100 lb/inz/cm =6.73 mV/cm

200 1b/in2/cm =13.47 mV/cm
500 lb/inz/cm = 33.67 mV/cm
1000 ]b/inz/cm =67.32 mV/cm

2 .
Maximum permissible stress is 25000 Ib/in, which is 25 cm on the latter setting.



D2,

D2.3. Double shear, nominal 1 ins diameter sample - Shear stress T:

50 1b/in2/cm =6.73 mV/cm

100 1b/in2/cm =13.47 mV/cm
200 1b/in2/cm = 33.67 mV/cm
500 1b/in2/cm =67.32 mV/cm

2
Maximum permissible stress is 12500 lb/in~, which is 25 cm on the latter setting.

D3. Strain

L = sample length, inches.

0.05%/cm !, =L x7.8mV/cm
0.1%/cm =L x 15,6 mV/cm
0.2%/cm =L x31.2 mV/cm

0.5 %/cm =L x 78 mV/cm

D4. Displacement

15.6 x 103 mV/ins



APPENDIX E

SAMPLE LOCATIONS AND DETAILS

No.

BL1

CH1

CH2

FOl

Hp1

MA1

MA2

RA1l

TH1

TH2

TH2

Horizon

U.M. L.

M. M. L.

L.M. L.

U.M. L.

L.M. L.

L.M.L.

L.M. L.

Grid Reference

Location

NZ 473 387

NZ 443 466

NZ 438 573

NZ 364 573

NZ 438 465

NZ 436 464

NZ 436 466

NZ 436 466

NZ 436 464

NZ 345 505

NZ 405 642

NZ 399 650

NZ 347 354

NZ 310 330

NZ 310 330

NZ 310 330

Blackhall Rocks
Chourdon Point
Between Chourdon
Point & Dawdon

Ford Quarry,
Sunderland

Hawthorn Quarry,
Seaham

Hawthorn Quarry,
Seaham

Hawthorn Quarry,
Seaham

Hawthorn Quarry,
Seaham

Hawthorn Quarry,
Seaham

Q

Houghton Cut

Marsden Quarry

Cliffs N. of

Marsden Grotto
Raisby Hill Quarry

Thrislington
Quarry

Thrislington
Quarry

Thrislington
Quarry

El.

Details
Impure dolomite

Reef front breccia,
partly dedolomitised.

Post-reef dolomite
oolite

Shelly reef
dolomite

Qolitic reef
dolomite

Reef dolomite
Post-reef calcitic
dolomite

100% cubic aggregate
from calcitic dolomite

Aggregate from
reef dolomites

Cavernous granular
dolomite

Concretionary
limestone

'Flexible' Limestone

Micritic Limestone

Buff granular dolomite

Dolomitised limestone

Dolomitised limestone



No, Horizon Grid Reference Location
TR1 L.M.L. NZ 384 666 Trow Rocks,
South Shields
TR2 U.M.L. NZ 384 666 Trow Rocks,
South Shields
Wil M. M. L. NZ 372 378 Old Wingate

Quarry

E2.

Details

Buff granular
dolomite

Cellular breccia,
limestone

Oolitic lagoonal
dolomite
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