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Synopsis

A study of information available on the settlement characteristics of
backfill in restored opencast coal mining sites and other similar
earthworks projects has been undertaken. In addition, the methods of
opencast mining, compaction controls, monitoring and test methods have
been reviewed.

To consider and develop the methods of predicting the settlement of
fill, three sites in the West Midlands have been examined; at each,
the backfiil had been placed in a controlled manner. In addition, use
has been made of a finite element computer program to compare a simple
two~dimensional linear elastic analysis with Tield observations of
surface settlements in the vicinity of buried highwalls.

On controlled backfill sites, settlement predictions have been
accurately made, based on a linear relationship between settlement
(expressed as a percentage of fill height) against logarithm of time.
This 'creep' settlement was found to be effectively complete within 18
months of restoration. A decrease of this percentage settlement was
observed with increasing fill thickness; this is believed to be
related to the speed with which the backfill is placed.

A rising water table within the backfill is indicated to cause
additional gradual settlement.

A prediction method, based on settlement monitoring, has been
developed and used to determine the pattern of settlement across
highwalls and buried highwalls. The zone of appreciable differential
settlement was found to be mainly limited to the highwall area, the
magnitude was dictated by the highwall inclination. With a backfill
cover of about 15 metres over a buried highwall the magnitude of
differential settlement was negligible.

Use has been made of the proposed settiement prediction method and
monitoring to control the re-development of restored opencast sites.
The specifications, tests and monitoring techniques developed in
recent years have been used to aid this. Such techniques have been
valuable in restoring land previously derelict due to past underground
mining.

OPENCAST MINING
BACKFILL SETTLEMENT
COMPACTION
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BACKGROUND TO SETTLEMENT PROBLEM

Currently coal is being extracted by opencast working in Great
Britain at an annual rate of over 10 million tonnes. The
extraction of 1 tonne of coal may typically involve the removal
of 15 to 20 cubic metres of overburden, also the depth of
excavation required to accomplish this coal extraction is
comnonly about 30 metres but at Butterwell in Northumberland,
coal will be excavated from 135 metres and at the Westfield site
in Scotland it is intended to work ultimately to depths of 220
metres.

As a consequence of the growth of opencasting operations since
the last World War extensive areas are left which have in most
cases been backfilled with loosely placed overburden materials
of variable depth, and can undergo significant settlement.
Since these sites were frequently intended Tor agricultural use
on completion of restoration the amount and variability of
settlement which occurred in the backfill was of little
consequence. However, in recent years, with the shortage of
building land (principally in industrial areas), sites of this
type are being considered more and more for development
purposes. Building on sites of this type may involve several
geotechnical problems, but the major cne is Tikely to be
associated with long-term settlement of the fill.

During the past 15-20 years various researches have looked into
the settlement characteristics of backfill in opencast coal
mining sites as well as other situations where overburden
materials have been used for filling, such as in opencast
ironstone workings, earth and rock fill embankment dams and
highway embankments. In association with this, work has been

carried out in determining the mechanisms for settlement, the
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methods by which settlements or displacement can be recorded,
the geotechnical properties of overburden materials, weathering

effects on Coal measures rocks and controls on the placement of

fills.

SCOPE OF RESEARCH PROJECT

A review of the information currently available on the settlement
of backfill materials and restored opencast mining sites was
undertaken as part of this project and is contained in Section 2.
This has rnot only involved settlement data but a review of
methods of backfill control (Section 3) which can, or have, been
applied, methods of testing and techniques available for
monitoring of settlement (Section 4).

Three case studies, all of which involve restored opencast coal
mining sites, have been examined in detail in Sectiun 5. These
are sites where the backfilling was usually undertaken in a
controlled manner and hence the results can be expected to be
relatively uniform and reproducible. The history, development,
controls and monitoring undertaken at each have been examined
and comparisons made between each. Particular attention was
given to the differential settlement which occurs adjacent to
highwalls due to varying thicknesses of backfill.

At the Hurst site additional testing was carried out as part of
this research; this included a series of plate loading tests at
various levels in the backfill, and static cone penetrometer
probes which were carried out by Fugro Ltd. The former were
used to examine the deformation characteristics of fill and the
latter for comparison with conventional Standard Penetration

Tests.

The results of settlement monitoring were used to develop of




what appears to be an accurate method of settlement prediction.
This method has been used to examine settlement profiles across
the boundaries of the restored sites. Further studies of the
behaviour of the backfill, in the vicinity of buried highwalls,
were undertaken using finite element techniques (Section 6).
These results were used for comparison with observed

settlements.

Conclusions and recommendations derived from the above studies

are detailed in Section 7.
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1

METHODS OF MINING

Currently (Hughes, 1986) opencast coal production in

England, Wales and Scotland is around 14 million tonnes per
annum. The extraction of 1 tonne of coal may typically involve
the removal of 20 cubic metres of overburden.

With the exception of perhaps small random opencast excavations
the most common method of opencast coal mining is as shown in
the simplified sequence of operations for single seam workings
depicted in Figure 2.1.1.

Topsoil and subsoil are remaved by tractor scraper and placed in
storage mounds on the site perimeter. Excavation to the coal
seam in the initial cut is usually by face shovel and the spoil
is transported by dump truck to the overburden mound for
storage. Successive cuts are then excavated by dragline and/or
face shovel with spoil going into the previous cuts. The final
void is backfilled using the spoil from the overburden mound
(i.e. from the initial cut) and subsoil and topsoil are
replaced. Normally, agricultural restoration is carried out
which would include grading, stone picking, tree planting and
fencing. Figure 2.1.1 shows that there is usually a net volume
increase in the backfill materials (bulkage) and this is
accommodated in the final restoration contours.

Figure 2.1.2 shows a plan and section of a typical multi-seam
operation and illustrates some of the terminology used to
describe the main features of an opencast mine. The geology
greatly influences the way in which a site is operated, for
example, where the strata are only very gently dipping, the cuts

may be aligned parallel to the strike, but in more steeply




dipping strata, cuts parallel to the dip direction are usually

adopted to prevent the sliding of either loosewall or highwall

into the working void.

In scme situations the bedding dips are so steep that excavation

plant and other vehicles cannot operate on the steep bedding

surfaces. In these circumstances the Open Pit Method is
adopted, which involves progressively lowering the floor of the
pit and working the steep seams as the pit descends. This
method necessitates storing a larger quantity of cverburden
spoil in mounds above ground level than in the more usual strike
cut or dip cut methods. Replacement of the backfill is again

progressive, the area being worked in a series of "panels", i.e.

very wide cuts (Hughes, 1986).

Ditferent backfilling procedures have been adopted to the above,

especially where the intention has been to restore the land for

industrial or housing development. As reported by Knipe (1979)

the methods adopted have included:

(i) Using motor box scrapers to pick up the material from
overburden mounds and deposit it in broad layers, usually
between 150 and 250mm in uncompacted thickness. The fill
spread in these layers is compacted merely by the constant
(and variable) criss-cross passage of laden scrapers
weighing up to 60 tonnes.

(ii) Using motor box scrapers to place the overburden in
controlled layers then applying adequate compaction effort
in general accordance with Series 600 of The Specitication
for Road and Bridgeworks (D. of T., 1976). Typically,
several passes of heavy towed vibrating rollers achieves

the necessary compactive effort.
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COMPOSITION CF BACKFILL MATERIALS

Excavation to uncover coal seams in opencast mining sites in
Britain are generally within the Middle (sometimes Upper) Coal
Measures of the Carboniferous Period. The composition of the
backfill materials, therefore, normally reflects the nature and
composition of these strata. In addition, any superficial
deposits which may have been formerly found overlying the
bedrock will tend to be mixed in with the rock fill.

The dominant Coal Measures strata consist of argillaceous rocks
such as mudstone, shales, siltstones and seatearths; arenaceous
rocks such as sandstones are frequently a minor component of
these strata. The proportion of argillaceous beds usually
exceeds the arenaceous strata by more than three to one and
frequently the proportion is much greater (Leigh and Rainbow,
1979). The superficial drift deposits (where present) usually
consist of cohesive boulder clay-type materials.

As a result, within most backfilled opencast mining sites
(including those within the South Staffordshire Coalfield area),
the backfill consists predominantly of mudstone and silty
mudstone fragments in a clay matrix with a smaller proportion of
sandstone, siltstone, carbonaceous shales, sideritic

clay-ironstone, and coal fragments (Knipe, 1979).

WEATHERING OF BACKFILL MATERIALS

As outlined by Taylor (1979), it is reasonable to suppose that
argillaceous rocks excavated at depth must once more attain
equilibrium in what may be an entirely new physio-chemical
environment. Contact with water, either in a washery or in a
spoil heap, helps to promote physical disintegration, which will

be aggravated by transportation, tipping and spreading
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activities. Sedimentary structures (e.g. bedding and joint
planes) help promote breakdown under conditions of desiccation
and slaking. These phenomena tend to reduce the weaker rocks to
gravel and sand sizes within months or even weeks of
excavation.

Mineralogical investigation of a spoil heap ét Yorkshire Main
Colliery by Spears et al. (1971) found that the spoil, once
deeply buried in the tip, changed very 1ittle although shales
and mudstones with high contents of expanding, mixed layer clay
may break down more completely into component grains over a
period of time. More intense weathering is normally restricted
to the top 1 to 3 metres. Chemical weathering does not play any
major role in the breakdown of rocks of this type.

It is reasonable to suppose that the weathering effects on fill
in a restored opencast site would be similar to those in a spoil
heap. The higher degree of handling during excavation,
stockpile re-excavation and compaction will, however, cause
further mechanical breakdown and mixing of materials. In
addition, opencast mining is often carried out in areas which
have been partially mined in the past by underground mining. As
a consequence, the strata can be expected to be somewhat

fractured and mildly weathered even before opencasting.

OBSERVATIONS OF SETTLEMENT IN RESTORED OPENCAST

COAL MINING SITES

Since 1943 the Ministry of Fuel and Power then (since 1958) the
National Coal Board Opencast Executive has been responsible for
the development of opencast coal mining. In this role they were
often called upon to offer advice on the stability of restored

sites even though these sites were not reinstated with building




development in mind and accordingly no special compaction
requirements were imposed during restoration.

In the early years it was generally recommended that settlement
could be regarded as negligible after some years, generally less
than Tive years. This was, however, not based on any detailed
settlement studies. It was not until 1950 that detailed
observations on a number of relatively shallow sites were
undertaken.

Meyerhof (1951) was one of the earliest researchers to produce
settlement - time relationships for fills of different
materials, including rockfill (Figure 2.4.1). He concluded that
the larger proportion of movement usually occurred during the
first two years after construction of the fill and even within
that period proceeds at a rapidly reducing rate, and that
settlements beyond five years were generally small.

In 1965, with the advent of sites being worked to greater depths
and the increasing demand for development land, the Department
of Civil Engineering, University of Newcastle-upon-Tyne,
undertook on behalf of the NCB Opencast Executive a study of the
stability of restored opencast sites in North-East

England.

The study (Kilkenny, 1968) considered the bearing capacity ana
compressibility characteristics of opencast backfills,
principally at Chilburn Opencast Site in Northumberland. The
intention being to establish a means of predicting the rate of
settlement and to develop a method for determining the bearing
capacity of the fills for residential and industrial
development.

From observations at Chilburn and sites where buildings had been

founded in opencast fills, it was suggested that the bearing




pressures imposed by the proposed structures should be 1imited
to 75 kN/m?.  In addition, building could commence almost
immediately where the fi11 thickness does not exceed about 9
metres, after 6 years for fill thicknesses between 9 and 30
metres and after a minimum of 12 years for greater thicknesses.
For the deeper fills the magnitude of total settlement, and
differential settlement between backfill and adjacent
undisturbed ground and between worked areas remained the major
consideration to earlier release of restored sites.

KiTkenny postulated that a semi-logarithmic plot of average
settlement versus time resulted in a linear relationship
(Figures 2.4.2 and 2.4.3) as had already been observed in
rockfill dams (Sowers et al, 1965). It was believed that this
settlement-time relationship could be applied to opencast fill
of any depth, constructed in the same way, but this had not been
verified.

Settlement monitoring continued at Chilburn and other restored
sites in accordance with the recommendations given by Kilkenny
in 1968. Problems were encountered in evaluating the results
(Leigh and Rainbow, 1979); any relationship between the
magnitude of settlement and fill depth were masked by factors
such as the type of restoration, the backfill constituents,
re-establishment of ground water levels and the elapsed time
between backfilling and the commencement of levelling. The
maximum settlement observed corresponded to 1.6 percent of fill
thickness, although in the majority of cases cited the
settlement was less than 1 percent.

A further recommendation put forward by Kilkenny was to study
the relationship between the settlement of fill and the

re-establishment of the water table. Such a study was carried




out by the Building Research Station in collaboration with the

NCB Opencast Executive (Charles et al, 1977 and Charles, 1984)

at Horsley in Northumberland. At Horsley it was necessary to

pump water from a sump to allow the site to be opencast mined.

This pumping was continued until after backfilling was

completed. When pumping stopped ground movement caused by

saturation of the backfill was monitored at the surface and at
various depths in the fi1l using a series of magnet
extensometers.

The principal conclusions from the investigation at Horsley were

as follows:

(a) Some differences in settlement characteristics of the
cohesionless backfill could be related to features of the
opencast mining cperation such as the position of a lagoon
and an overburden heap. Where the backfill had been
pre-loaded by an overburden heap during the opencast
operation, heave of the ground was recorded on its removal
and there was a considerable reduction in the settlement
experienced on saturation. Differential settlements were
seen to be most marked at the edges of the backfill area,
Figure 2.4.4.

(b) With the backfill unaffected by changes in the level of the
water table, small creep movements due to self-weight can
still occur some time after the completion of backfilling.

(c) Saturation by a rising water table can cause some vertical
compression in a loose unsaturated cohesionless backfill
left by opencast mining. Locally, vertical compressions
caused by inundation were as large as 2 percent, Figure

2.4.5. Settlements of the ground surface of up to 0.7

metres were measured.




It is evident from this study that in at least Toosely placed
backfiiled opencast sites not only should the time since
completion of restoration be considered but also the time since
the re-establishiment of the water table.

The other major factor to be investigated was how varying

degrees of compaction during backfilling could influence the

observed settlement. Knipe (1979) investigated this aspect, by
observing settlements on a number of sites in the West Midlands,

Figure 2.4.6. Three broad categories were identified based on

the magnitude of settlement and the method of fill placement:

(i) Sites restored by motorised box scrapers operating over
broad areas at a time and those where the material is
spread in layers and compacted with vibrating rollers.
Here the maximum settlements were generally less than 0.5
percent of the fill thickness.

(ii) With relatively uncompacted sites, where a combination of
tracked dozers and motorised box scrapers were used for
backfilling, the settliement was about 1 percent of the
fill thickness.

(iii) Uncompacted (i.e. end tipped) opencast mining fill which
can ultimately settle by several percent of their
thickness.

The contrast between the rates and magnitude of settlement

resulting from differing methods of placing fill are presented

on Figure 2.4.7. Vertical settlements when plotted against the
logarithm of elapsed time (up to six years) were almost always
remarkably linear.

A problem recognised at many of the sites referred to above is

that of differential settlement close to the edges of the

opencast areas. Kilkenny (1968) indicated that although
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variations in settlement do occyr within the main body of the
fi11 they are not usually sufficient to cause structural damage,
however, structural damage could arise where a building is
located on the edge of the opencast area. Similar observations
have been made by Charles et al (1977) and Gilbert et al (1979)
where variations were exhibited in the settlement of fill due to
the positions of lagoons and overburden mounds, but the most
significant variation was along the edge of the

highwalls.

In view of the above it has been common policy to ensure that no
buildings are constructed where they may straddle the boundary
of an opencast area or Tie close to the edge of the fill area.
This has been applied to development shortly after restoration
and also many years afterwards.

The width of the 'sterilisation' zone is normally calculated on
the bases of half the fill depth (at the base of the highwall)
or 20 metres, whichever is greatest. Following restoration,
where settlement monitoring results are available, the width can
be calculated on the basis of what total settlement is expected
across the edge area and a limiting differential settlement. In
addition, the zone width is usually extended by between 5 and 10
metres outside the recorded opencast area to accommodate any

inaccuracies in the surveying of the highwall.

OBSERVATIONS OF SETTLEMENT IN RESTURED OPENCAST IRONSTONE

MINING SITES

In the Corby area, the Northampton Ironstones have been opencast

mined to depths of between 15 and 30 metres. The ironstones are

overlain by weak oolitic Timestones and boulder clay in layers




of about equal thickness. This overburden is stripped by large

walking draglines and left as it is dumped from their buckets.

The irregular piles are later levelled by bulldozer and covered

with topsoil for agricultural use.

Due to expansion of the new town some of this land was required

for housing and industrial developments. In order to

investigate the problems of development on restored land of this
type, research has been carried out by the Building Research

Station in co-operation with the Corby Development Corporation.

In the light of information already available at the time, from

restored opencast coal mining sites, research concentrated on

foundation solutions to accommodate settlement of the fill and
methods of improving the materials engineering performance. In

1963, twenty-four experimental houses were built on a restored

site with four different types of foundation design. The

performance of these houses was monitored and the results

reported by Penman and Godwin (1975).

The following settlement observations were made:

(a) Creep settlement due to the fills own weight was still
taking place twelve years after backfilling but the amount
was only small.

(b) Maximum rates of settlement occurred immediately after
construction and decreased to small rates after four years.
These movements were believed to be mainly attributable to
the compression of the fill under the weight of the houses.

(¢) When drainage stopped and the water table was allowed to
rise the settlement rate increased.

From this study it was suggested that similar sites could be

pre-settled prior to construction by inundation in order to



minimise post construction settiements.

Charles et al (1978) investigated the usefulness of a number of
different forms of ground treatment in improving the load
carrying characteristics of loose fill left by opencast
ironstone mining. Each of three 50m x 50m square areas were
subjected to different forms of ground treatment (dynamic
consolidation, inundation and pre-loading) and subsequently
two-storey dwellings of standard design, with cavity walls on
trench fill foundations, were built on the three treated areas
and on a fourth of untreated ground.

ATl three treatment methods had some success in compacting this
cohesive fill, Figure 2.5.1. Inundation appeared to be the
least successful of the treatment methods used. This was
probably due to the difficulty of saturating fill by the
addition of water from the ground surface.

Laboratory tests indicated that susceptibility to collapse
settlement is linked to the percentage of air voids in the
cohesive fill. As the average compression of the fill produced
by both dynamic consolidation and pre-loading with surcharge was
greater than the maximum compression measured in the inundation
area, it was suggested that these methods had reduced the
potential for collapse settlement in the upper layer of the
fill.

Uf the three treatment methods used, only surcharge loading led
to a demonstrably better performance of houses built on the

treated ground when compared with the houses built on untreated

ground.

The most significant characteristics from the standpoint of

building development on the site was the susceptibility to

collapse settlement on inundation and the creep compression in
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the fill due to self weight under conditions of constant stress

and moisture content.

OBSERVATIONS OF SETTLEMENT IN ROCK/EARTH FILL DAMS

Sowers et al (1965) summarised the available dam sett]ement
information available at that time and carried out a number of
tests examining the consolidation of the materials used in rock
dam construction. Their results showed that a narrow range of
settlement occurred, from about 0.25 to 1.0 percent of the
height in a ten year period following completion. They
suggested that the amount of settlement appeared to be related
to the height of the dam and method of construction - loosely
dumped, compacted or sluiced. A Tinear relationship between
percentage of settlement and time on a logarithmic scale was
proposed.

Following the development of new methods to record the
settlements which occur in dams Westenberger (1967) presented
the results of detailed monitoring at the Steinbach and Eggberg
dams (U.S.A.). Both dams were earth-fill dams constructed in
thin layers, each of which was mechanically compacted. It was
concluded that the rate and amount of settlement which could be
expected was primarily dependent upon the nature of the fill
material, the degree of compaction and the dam

height.

Further researchers looked into aspects such as the quality and
suitability of fill, observations and predictions of settlement,

methods of measuring displacements, laboratory analysis of the

compression and general geotechnical properties of the fills and

weathering characteristics in subsequent years.

Useful papers included Kennard et al (1967), who Tooked at the
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geotechnical properties and behaviours of carboniforous shale at
the Balderhead Dam, Penman et al (1971 and 1973) who predicted
and observed deformations in embankment dams (Figure 2.6.1), and
Penman and Charles (1975) who looked into the quality and
suitability of rockfill used in dam construction. The
information, hypotheses and analytical methods determined by
these and other researches in this field have been considered,
and in some cases adopted, when looking at the behaviour of
opencast back-fill materials, methods of compaction, forms of

monitoring and laboratory analysis since they are, to some

extent, comparable.

SUMMARY OF LONG-TERM SETTLEMENT OBSERVATIONS - WITH

PARTICULAR REFERENCE TQ OQPENCAST SITES

Settlement of opencast spoil materials has been attributed to a
number of causes, principally, the self weight of the fill,
structural Toads and inundation by water in a loose fill. A
useful distinction can be made between, firstly, 'creep'
movements occurring at constant stress and moisture content;
secondly, compression due to applied loads; and thirdly,
‘collapse' settlement due to increasing moisture content in a

loosely placed, unsaturated fill.

CREEP SETTLEMENT - In many situations, self weight will be the
principal cause of long-term settlement of the fill. With

granular fills (and poorly compacted unsaturated fills of all

types) primary compression occurs immediately a load is applied

and consequently the major part of compression due to

self-weight occurs as the fill is placed. Nevertheless

significant further movements occur under conditions of constant




stress and moisture content and can be termed 'creep' settlement
(Charles and Burland, 1962).

It has been found that creep settlement shows a linear
relationship when plotted against the logarithm of the time that
has elapsed since the backfilling was completed. Observations
have indicated that the percentage vertical compression that
does or could occur over a period of time depends upon the depth
of the fill as well as its composition and degree of
compactness. A change in stress or moisture content would lead

to much greater movements.

COMPRESSION DUE TO AN INCREASE IN STRESS - additional
compression will occur in opencast spoil under the loads applied
to it by buildings, structures or spoil mounds. The amount
varies depending on the nature of the fill, its grading,
moisture content and compactness, the existing stress level and
the magnitude of the stress increment (Charles and Burland,
1982). As with settlement due to self-weight, much of the

compression will occur at the time of application of the

loading.

COMPRESSION DUE TO INCREASED MOISTURE CONTENT - usually, loose,
unsaturated fill materials are liable to collapse compression on
inundation, although this can occur in more compact fills but to

a lesser extent. If such inundation occurs after building

development on the fill, a serious settlement problem may arise.

At Horsley (Charles et al, 1977) the effect of a rising

groundwater table on 70 metres of uncompacted fill was to cause

local collapse compression, as large as 1.5 percent of the fill

thickness.
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MECHANISM GF SETTLEMENT

The concensus of opinion is that the most probable mechanism of
settlement in a loose granular t11 is the crushing of highly
stressed points of contact between particles and the subsequent
progressive re-orientation of particles into more stable
positions until equilibrium is attained (Sowers et al, 1965.
Kilkenny, 1968). The effect of saturation either by
re-establishment of the water table or from external sources
(such as sluicing) is to cause softening of ﬁhe mineral bonds
and thereby accelerate the crushing at the points of

contact.

Penman (1971), in reviewing the compression characteristics of
rockfill, stated that in order to minimise the settlement of
rockfill caused by loading and wetting, the intergranular forces
should be minimised and the particles prevented from moving into
a denser packing. This could be averted by grading the sizes of
the particles and efficient compaction so that there is a
minimum of void from the outset and hence a maximum of
inter-particle contacts.

This approach, combined with the increasing size and power of
earth-moving and compaction machinery, plus the economic
advantage of being able to use an all-in material, has led to
the use of compacted rockfill for major dam embankment as

opposed to loosely dumped, sound, coarse rockfill. A similar

approach has been adopted in dealing with the backfilling of a

number of the more recent opencast sites intended for industrial

and housing development and hence where it is desirable to

minimise both total and differential settlements. In the more

usual circumstances of backfill which is a mixture of cohesive

clay matrix and rock fragments the scale of particle sizes will




range from boulder sized fragments through sand sized grains to

clay platelets,

MECHANISM OF HEAVE

This phenomenon has been observed and reported by a number of
researchers (Charles et al, 1977 and Knipe, 1979). Knipe (1979)
suggested that long term heave is principally caused by the
removal ot overburden mounds or parts of backfilled sites and is
due to a combination of several mechanisms, such as:
(1) Elastic rebound after the removal of the surcharge load
of overburden mounds;
(i1) Elastic expansion of rock fragments under the reduced
effective load as the fill becomes jnundated; and
(i11) Swelling of the clay matrix caused by the steady uptake

of percolating rainwater.
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3.1 PRINCIPLES AND SPECIFICATIONS

An essential requirement in the proper infilling of an
opencast site (or any other earthworks contract) is the
close control of the quality of the earthworks. This
typically involves controlling the types of materials used,
fill Tayer thicknesses, placement moisture content, the type
and number of passes of compaction plant and ensuring that
adequate control testing is carried out during the field
operations.

The types of control used will depend upon the type of
specification adopted for the contract. A detailed
specification is usually required to ensure that both the
Contractor and the Engineer are agreed on the quality of the
operation. Not only should a specification clearly define
the standard to be met, or method adopted, for the
compaction of the fill but any engineering criteria to be
met. For example, in the backfilling of an opencast site,
regard will have to be given to such aspects as slope
stability, keying of backfill areas to the highwall and
between each other, the preparation of the formation and
records required for the site.

Three types of specification are generally used, the
relative compaction specification, the air voids
specification and the method specification.

The relative compaction specification was used on many of
the early large scale earthworks contracts and although it
has been superseded, it is often still quoted. The
principal of this specification is that the soil being

compacted should achieve a dry density equal to 90 or 95




percent of the maximum dry density determined in one of the
British Standard (BS1377, 1975) tests. Difficulties with

this specification largely resulted from the laboratory

tests only being able to test materials passing the B.S.

19mm sieve and also that the laboratory compactive effort

may bear 1ittle resemblance to field compactive effort (Road
Research Laboratory, 1952). This is further complicated by the
delays and expense involved in carrying out the numerous field
and laboratory tests required.

The air voids specification was introduced in the
'‘Specification for Road and Bridgework' (M. of T., 1963) to
overcome the problems presented by the above specification as a
result of grading variations. This detailed that for fill
within 0.6 metres of the formation level, a maximum of 10
percent air voids was permitted, this maximum was allowed to be
exceeded in one test out of ten. With this specification the
upper limit of moisture content has to be carefully observed
otherwise the specification could be achieved with Tittle
compactive effort at high moisture content.

The 'Specification for Road and Bridgeworks' produced in

1976 (D. of T., 1976) introduced a method specification which
basically divides soils into three categories and details, for
each, the layer thicknesses and number of passes for each
category of compaction plant (Figure 3.1.1). [If the Contractor
should wish to utilise an item of plant not listed, then he must
undertake a field compaction trial to the Engineer's

satisfaction. 1In this specification the amount of quality

control testing is kept to a minimum and more responsibility

is placed upon the Engineer to ensure that the quality of the
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compacted fill is sufficient.

Currently, the method specification is most frequently
employed when opencast fill is going to be replaced in a
controlled manner. However, there is still a tendency to
have a relatively high degree of testing carried out during
the compaction phase, these are usually the new, speedy and
relatively cheap tests. Inevitably, however, the more
conventional field and laboratory tests are still relied on
for comparative purposes.
The control of compaction during the course of the site
operations can be carried out using:

(i) Laboratory compaction tests,

(ii) In-situ density/moisture tests,

(iii) Index properties tests,

and by (iv) Visual observations.
The principles involved, procedures and uses of the above

controls are discussed in the following sections.

LABORATORY COMPACTION TESTS

3.2.1 Introduction

Soil compaction is a process whereby the soil
particles are mechanically constrained to pack
closely together through a reduction in the air
voids. In the field, compaction of the soil is
usually effected by mechanical means such as rolling,
ramming or vibrating. Laboratory compaction tests
have been developed to assimilate these field

conditions in order that they may provide the basis




for contract procedures used on Site.

There are several different standard Taboratory
compaction tests available. The test selected for
use as a basis for comparison will depend upon the
nature of the work, the type of soil and the
compaction equipment used on site.

In Britain there are two standard compaction tests
for cohesive soils, both employing a metal rammer
dropped on soil contained in a mould. The British
Standard 'light' compaction test is essentially the
same as that devised by Proctor which consists of
compacting soil in a 100mm diameter x 117mm high
mould with a metal rammer weighing 2.5kg which is
dropped through a height of 300mm. The soil is
compacted in three equal Tayers, each layer being
given 27 blows uniformly distributed. The British
Standard 'heavy' compaction test (or modified AASHO)
utilises a heavier rammer of 4.5kg and is dropped
through a height of 460mm. In this case the soil is
compacted in five equal layers, totalling 125mm, each
layer receiving 27 blows.

Falling hammer tests are used on cohesive soils to
knead the air pockets out due to the relative
difficulty of removing occluded air pockets from
soils with very low permeabilities. For granular
soils, vibrating hammer compaction is more efficient
as demonstrated by practical experience with
vibrating rollers in the field. In the vibrating

hammer laboratory test the soil is compacted in three

equal Tayers totalling 125mm in a 150mm diameter
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C.B.R. mould. The vibrating hammer is of a specified

750 watt capacity and is loaded, manually, with a

specified Toad.

Principles

The laboratory compaction tests basically examine the
relationship between dry density and moisture content
for a given degree of compactive effort.

In these tests the soil is compacted at varying
moisture contents applying the same compactive effort
for each stage. If at each stage the compacted dry
density is calculated, and plotted against moisture
content, a graph similar to curve A in Figure 3.2.1
is obtained. The moisture content at which the
greatest value of dry density is reached for a given
amount of compaction is the optimum moisture content,
and the corresponding dry density is the maximum dry
density. At this moisture content the soil can be
compacted most efficiently under the given compactive
effort. The relationship between bulk (wet) density
and moisture content is shown by the dotted curve (W)
in Figure 3.2.1.

A typical compaction curve obtained from the British
Standard 'light' compaction test is shown on Figure
3.2.2 as curve A, If a heavier degree of compaction,
corresponding to a Standard 'heavy' compaction test
is applied at each moisture content, higher values of
density and therefore dry density will be obtained.
The resulting moisture - density relationship will be

a graph such as curve B in Figure 3.2.2. The maximum
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dry density is greater, but the optimum moisture
content at which it occurs is lower than in the
"Tight' test.

Every different degree of compaction on a particular
soil results in a different compaction curve, each
with a unique value of optimum moisture content and
maximum dry density. For instance a compaction test
similar to the British Standard '1ight' test but
using 60 blows per layer instead of 27 would give a
graph similar to that shown by curve C in Figure
3.2.2. A test similar to the Standard 'heavy'
compaction test but using a greater number of blows
would give a graph similar to curve D. It can be
demonstrated that increasing the compactive effort
increases the maximum dry density, but decreases the

optimum moisture content (Head, 1980).

3.2.3 Use
Since the different tests will yield different
compaction curves for the same soil it is only to be
expected that different items of compaction plant
will also yield different compaction curves.

Therefore there need not necessarily be any direct

relationship between the compaction curves of the

laboratory tests and the curves of compaction plant.
The original Proctor compaction test was developed
when compaction plant was much Tighter than today.

The heavier compaction test was introduced as a

result of the increasing size of compaction plant.

Although the heavier test may be more representative
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of the performance of heavier earthmoving compaction

plant it may not necessarily be identical.

3.3 IN-SITU DENSITY/MOISTURE TESTS

3.3.1 Introduction

The most commonly employed method of checking the
performance of compacted fi1l is by in-situ density
and moisture determinations. This would particularly
apply where the performance specifications, referred
to in Section 3.1 are being used. The principal
methods employed, both by conventional physical

tests and indirect nuclear tests are described below.

3.3.2 Moisture Content Determination

This is normally carried out by taking a disturbed
sample from the site and testing it in accordance
with BS1377, 1975 Test 1(A). This is the standard
oven drying method whereby moisture content is
expressed as a percentage of the soil's dry weight.
Although the period required for drying the sample
varies, it is normal, however, to allow 36 hours from
delivery of samples to a laboratory before the

results are available by this method.

3.3.3 In-situ Density Determination

The general methods which can be used in any type of
soil is the sand replacement method, BS1377, 1975
Tests 14 A, B and C. This method involves the

excavation of a cylindrical hole of about 100mm in

diameter to the depth of the layer being tested. The
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soil removed is weighed and its water content
determined while the volume of the hole is measured
by replacing the soil with a known amount of a
uniformly graded sand.

The fieldwork time involved in this test is obviously
greater than that required for a moisture content
determination, however, the time taken from
commencement to production of results is primarily

dictated by the time taken to determine the moisture

content.

Portable Nuclear Density/Moisture Gauges

The portable nuclear density/moisture gauge is a

device which can provide an instantaneous digjtal
read-out of both the required parameters on-site

during the course of the compaction works. Since

this is an 'indirect' test, calibration is required with
the conventional physical tests described above. General

principals and methods of testing are detaiied below.

3.3.4.1 Density Determination - for this

determination, a small sealed cesium 137 radioactive
source emits gamma radiation into the test material.

If the material is low in density a large amount of gamma
radiation will pass through and so be detected by the
geiger/mueller detector also situated within the gauge.

A material of low density will therefore give a high
meter reading for a unit period of time. A materiail of

high density will give a low meter reading for the same
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unit period of time, as the high density material absorbs

the gamma radiation and in effect acts as a radioactive

shield.

In the testing of compacted materials the density
determinations would normally be carried out by the
direct transmission method whereby the gamma source
is placed in the test material by means of a punched
access hole. The source is located at the lower end
of a probe which on most models can be lowered to a
depth of 300mm in increments of 25 or 50mm. The
material tested is that in the path of the photons
between the source and detector (Figure 3.3.1).

The test can also be carried cut with the gamma

source in the retracted position, this is referred to
as the backscatter mode. The material tested in this
mode is from directly beneath the gauge to a depth of

between 50 and 65mm (Figure 3.3.2).

3.3.4.2 Moisture Determinations - In this case a small
sealed americium 241 : beryllium radioactive source
mounted in the base of the device emits neutron radiation
into the test material. The high energy neutrons are

moderated (thermalised) by collision with hydrogen atoms

in moisture contained in the test material. Therefore
only low energy, moderated neutrons are detected by the
helium 3 detector. If the test material is wet the meter
will indicate a high response, if it is dry the meter

will indicate a low response for the same unit period of

time.
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Unlike the cesium 137 source, the source for moisture

determination cannot be moved, therefore the material

tested is that directly beneath the gauge, similar to

the backscatter mode.

With all of the currently available nuclear gauges,

operating in the moisture mode, it is the hydrogen

(and to a far lesser degree other elements) which 1is

measured. Since the usual major component in sojl

containing hydrogen is water, then the counts
registered by the detector tube reflects the moisture
content in the soil.

The moisture content of a soil can normally be

accurately measured in this way, providing there are

no other constituents present in the soil to

interfere with the operation. There are however a

number of interference conditions which can be

identified and fit into two main categories:

A. Where the soil contains bound water, molecular
hydrogen, water of hydration, adsorbed water or
hydrocarbons. For the control of compaction
works it is necessary to determine the free water

content (that which can be driven off by low

temperature oven drying) other types of non-free
hydrogen can interfere with the result producing
a falsely elevated value.

Examples of hydrogenous materials which can be

founa are:

(i) Gypsum - for every molecule of calcium

sulphate there are two molecules of

attached water.
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(ii) Lime - contains a hydroxy]l.

(ii1) Mica - usually contain considerable
molecular hydrogen.

(iv) Clay - almost any clay, especially those of
the montmorillonite and illite class,
contain adsorbed water which is not
normally removed by oven drying and
sometimes other types of hydrogen are also
included in combination.

(v) Organics - contain hydrocarbons.

(vi) Hydrocarbons - themselves such as coal and
bitumen.

B. The other type of interference comes from soils
which contain elements or compounds which will
capture or absorb slow neutrons before they can
get to the detector tube and be counted. In this
case the gauge will read a lower moisture content
than is actually present in the form of free
water.

Examples of these kinds of material being:
(i) Rare mineral types containing cadmium,
1ithium or boron.

(ii) High salt content.

(i) High iron oxide content - must be above 35
to 40 percent to be an effective absorber.

In view of the above it is important to compare the

moisture contents determined with the gauge against

samples taken to a laboratory and oven-dried,
particularly at the start of a project. If there is

a consistent error due to the basic compesition of
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the test material then a correction factor can be
applied. Should there be occasional values which
seem to be widely different to other nearby results
or a visual examination, then this may be resolved by
further laboratory tests or it may be discounted if,
say, a patch of coal or wood is seen in the test

area.

3.4 INDEX PROPERTIES

Until recently the most common method of assessing the

quality of fill in controlled backfilling operations using
cohesive fills was to compare moisture content with the

plastic limit. Plastic limit being determined in accordance
with BS1377, 1975 Test 3.

For example, in the Specification for Road and Bridge Works

(D. of T., 1976) suitable cohesive soils should have a moisture
content not less than the plastic limit minus 4. Unsuitable
materials include clays with a liquid 1imit exceeding 90 percent
and/or a plasticity index exceeding 65 percent.

Parson (1981) indicates that such tests appear to be based

on the apparent ease of testing rather than any ability to
measure the engineering properties of the soil. The results

of such tests have been shown to lack almost completely any
correlation with an engineering property such as undrained

shear strength (Arrowsmith, 1979).
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3.5 MOISTURE CONDITION VALUE

3.5.1

3.5.2

3.5.3

3.5.4

Introduction

A recent development by the Transport and Road
Research Laboratory is the Moisture Condition Test,
which is intended as a rapid and practical test for

use during controlled filling operations.

Principle

The test determines the compactive effort necessary
in terms of the number of blows of a rammer, to
compact fully a sample of soil. Relations between
density and moisture content produced by different
compactive efforts tend to converge as the moisture

content increases.

Apparatus
The apparatus developed for the test (Figure 3.5.1)

has been designed so that the penetration of a rammer
into a mould can be measured, thereby avoiding the
determination of density. It has a 100mm diameter
mould with a free falling rammer having a mass of 7kg
and a diameter of 97mm. The height through which the
rammer can be dropped is adjustable but is normally
maintained at 250mm. The.soi1 samples normally used

weigh 1.5kg and are finer than 20mm.

Procedure

To determine the Moisture Condition Value of a sample
of soil the penetration of the rammer into the mould

is measured at various stages in the compaction of
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the soil (Figure 3.5.2). The penetration of the
rammer at any given number of blows is compared with
the penetration at four times as many blows and the
difference in penetration determined. This change in
penetration figure is plotted against the lower
number of blows in each case (Figure 3.5.2) the
number of blows being on a logarithm scale.

The Moisture Condition Value (MCV) is defined as 10
times the logarithm (to the base 10) of the number of
blows corresponding to a change in penetration of 5mm
on the plotted curve. A change in penetration of 5mm
has been arbitarily selected as indicating the point
beyond which no significant change in density occurs

(Parsons, 1981).

Use

The MCV can be calibrated with moisture content by
determining the MCV at various moisture contents.
Using soil tests to determine the relevant parameters
required in the design of the earthworks, e.g.
undrained shear strength, compressibility etc. an
upper limit of moisture content can be related to the
limit of acceptable soil condition. This limit of
moisture content can be related to MCV through the
calibration described above. A typical relation
between undrained shear strength and MCV is shown in
Figure 3.5.3.

Experience has shown (Parsons, 1981) that a constant
MCV can be used as a criterion for suitability, for a

given design standard, for the normal variation in
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soil types encountered at any one site.

3.6 VISUAL OBSERVATIONS

Whatever laboratory or field testing is carried out, an

essential ingredient in controlling the backfilling of an

opencast site is full and adequate supervision by the

Engineer.

Checks would be required on most sites to ensure that:

(a) The correct number of passes of the specified
compaction plant is being carried out, and at the
correct speed.

(b) No excessive rutting occurs due to the fill material
being too wet or through poor weather conditions.

(c) Large stone fragments are removed or placed at such a

depth that they will not interfere with the compaction

works or any subsequent foundation excavations.

(d) No unsuitable fill material is used in any controlled
backfill area.

(e) That the benches are keyed into the highwall and

adjacent benches.

(f) The testing is carried out in representative areas.

(g) Any mineshafts, adits or mineworkings encountered
during the excavation phase are either removed or
stabilised, prior to which they may represent a
stability risk for both men and machines.

(h) The highwalls and bench slopes do not become unstable.
(i) The site is surveyed in detail during the course of the
operations so that the extent of the opencast area
(including its depth and shape) and the stages of

backfilling are known. It is often useful to include a
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photographic record to compare with the surveys and
record any detailed features such as mine entries,
mineshafts, water seepages, etc.

(j) The geology and hydrogeology do not vary significantly
from that determined during any preliminary |
investigations. If they do, then all necessary
varjations to the scheme need to be designed and
implemented.

The above 1ist is not intended to be exhaustive, merely an

jndication of the sort of checks which may be necessary on

such sites. Each site has to be considered as individual
and a comprehensive check 1ist considered

accordingly.

An advantage of the 'rapid' forms of tests detailed

previously, is that not only are they quick but they are

usually carried out by the Engineer himself. As a result,
the Engineer can check any areas he may feel are suspect,
carry out all necessary checks, and instruct the Contractor

as necessary.
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Table 6/2 Compaction Requirements

D = Maximum depth of compacted layer (mm)
N = Minimum number of passes

Type of Category Cohesive Well graded Uniformly

compaction soils granular and graded

plant dry cohesive material

soils

Mass per metre width of roll: D N D N D N

Smooth- over 2100kg up to 2700 kg 1285 8 125 10 125 10%

wheeled over 2700 kg up to 5400 kg 125 8 125 8 125 8

roller over 5400 kg 150 4 150 8  unsuitable

Grid roller over 2700 kg up to 5400 kg 150 10  unsuitable 150 10
over 5400 kg up to 8000 kg 150 8 125 12 unsuitable
over 8000 kg 150 4 150 12 unsuitabla

Tamping roller  over 4000 kg 225 4 150 12 250 4

Pneumatic- Mass per wheel

tyred roller over 1000 kg up to 1500 kg 125 6  unsuitable 150 10+
over 1500kg up to 2000 kg 150 5  unsuitable unsuitable
over 2000 kg up to 2500 kg 175 4 125 12 unsuitable
over 2500 kg up to 4000 kg 225 4 125 10  unsuitable
over 4000 kg up to 8000 kg 300 4 125 10  unsuitable
over 6000 kg up to 8000 kg 350 4 150 8  unsuitable
over B0OOO kg up to 12000 kg 400 4 150 8  unsuitable
over 12000 kg 450 4 175 6  unsuitable

Vibrating roller  Mass per metre width of a vibrating roll
over 270kg up to 450kg unsuitable 75 16 150 16
over 450kg upto 700kg unsuitable 75 12 150 12
over 700kg up to 1300 kg 100 12 125 12 150 B
over 1300 kg up to 1800 kg 125 8 150 8 200 10*
over 1800 kg up to 2300 kg 150 4 150 4 225 12+
over 2300 kg up to 2900 kg 175 4 175 4 250 10+
over 2900 kg up to 3600 kg 200 4 200 4 275 8¢
over 3600 kg up to 4300 kg 225 4 225 4 300 8+
over 4300 kg up to 5000 kg 250 4 250 4 300 6*
over 5000 kg 275 4 275 4 300 4*

Vibrating- Mass per unit area of base plate:

plate over 880 kg up 1o 1100 kg unsuitable unsuitable 75 6

compactor over 1100kg up to 1200 kg unsuitable 75 10 100 6
over 1200 kg up to 1400 kg unsuitable 75 6 150 6
over 1400 kg up to 1800 kg 100 6 125 6 150 4
over 1800 kg up to 2100 kg 150 6 150 5 200 4
over 2100 kg 200 6 200 5 250 4

Vibro-tamper . Mass:
over 50 kg up 1o 65 kg 100 3 100 3 150 3
over 65 kg up to 75 kg 125 3 125 3 200 3
over 75 kg 200 3 150 3 225 3

Power rammer  Mass:
100 kg up to 500 kg 150 4 150 6  unsuitable
over 500 kg 275 8 275 12 unsuitable

Dropping- Mass of rammer over 500 kg

weight Height of drop:

compactor overtmupto2m 800 4 600 8 450 8
over 2m 800 2 800 4  unsuitable

TABLE 6/2 - COMPACTION REQUIREMENTS
( Specification for Road and Bridge Works , 1976)

FIGURE 311,
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4. MONITORING AND PERFORMANCE
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4.1 INTRODUCTION

Although the controls adopted during the course of backfilling
work are established on the basis of design criteria, it is
often necessary to carry out checks on the performance of the

backfill. This checking is often outside the scope of the

compaction specification and although some can be carried out

during the course of the backfilling operations, it is more

normally carried out on completion, or a matter of years after
completion. Often this work may foilow a change in land
ownership, a change in the intended land use, in order to
satisfy controlling authorities, or where records of the
backfilling are insufficient.

Parameters which may need to be established/checked are,
typically, engineering parameters related to the intended :
development. In addition it will be necessary to establish the |
date when development may proceed, based on a Timiting
settlement criteria. Information concerning re-establishment of
the groundwater table may also be necessary, particularly where
the degree of compaction has not been high. On experimental
sites the structures themselves may also be monitored in order
to verify whether correct parameters have been

adopted.

The main parameters and forms of monitoring which are Tikely to
be required, and methods by which they may be determined, are

described in the following sections. 1

4.2 ENGINEERING PARAMETERS

The engineering parameters normally required are those for
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foundation and pavement design, including index properties,
shear strehgth/density, CBR (California Bearing Ratio) values,
pH and sulphate content. These are determined using procedures
and methods detailed in BS 5930 : 1981 'Code of Practice for
Site Investigations' and BS 1377 : 1975 'Methods of Testing

Soils for Civil Engineering Purposes.'

The principal consideration is, however, the variation of
strength/density of the backfill with depth to assess the
standard of backfilling. Often these results are compared with
other, similar, sites whose performance is better known. Where

it would be normal practice to derive a maximum net allowable

bearing pressure from these results, at backfill sites a
limiting allowable bearing pressure of 75 kN/m? is commonly
adopted following the recommendations of Kilkenny (1968).

Higher theoretical bearing pressures may be calculated, but not

adopted, due to lack of confidence in the quality of the fills

either by the designers or checking authorities.

In order to assess the strength/density of the backfill with

depth, a number of techniques and tests are available. Since

the backfill is commonly a mixed clay and stone material a

combination of tests are usually employed, some of the principal

tests are briefly described below.

1. In conventional cable percussive or dry core drilled
boreholes a combination of Standard Penetration testing
(Test 19, BS 1377, 1975) and undisturbed sampling is
commonly adopted.

Although the shear strength can be determined by testing the
undisturbed samples (where they can be successfully

obtained) it is often of more use to assess the strength of

the material from the S.P.T. 'N' values and determine the
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bulk and dry densities of the undisturbed samples for
comparison with compaction tests and measurements made
during the course of backfilling.

2. Static Cone Penetrometer testing has recently been employed
on a few restored opencast sites. With this testing a
continuous soil profile is produced, measurements being made
of cone end resistance and local side friction.

Although an assessment can be made of the basic composition ;3
and relative density of the backfill, the correlation of |
these results with S.P.T. 'N' value and consolidation
performance is tentative due to a lack of data.

3. Plate Loading Tests can be carried out in boreholes, or more
conventionally, from the surface. Details of procedures and
methods of analysis of such tests are detailed in Section 29
of BS 5930, 1981.

Because of the high range of particle sizes likely to be
present in the fill the size of plate used in loading tests
may have an important influence on the reliability of the
results. This was demonstrated in load testing carried out
in Leicestershire (Charles, 1964), where the results of §§
loading 0.9m.sq. and 2.0m.sq. pads varied greatly on the |
same fill.
Results derived from plate loading tests can be used for
comparative purposes, determining allowable bearing
pressures and as a direct measurement of stiffness of the

fill. | i

4.3 SETTLEMENT MONITORING %g
Where development is likely to proceed within a number of years : j;

following restoration settlement monitoring will be required to
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establish the rate of settlement and a date when development may

proceed, based on a limiting settliement criterion. Where

development is desired at the soonest opportunity it is
important to establish a monitoring system as rapidly as
possible.

Different settlement monitoring systems are available, the

choice will depend on whether settlement is being monitored at

the surface or at various depths in the fill.

(a) Surface Settlement Stations - 1nvsome instances elaborate
levelling stations have been installed where the bottom of
the levelling rod is anchored at the base of a borehole and
enclosed in an outer sleeve capped at the surface.
Experiments carried out by Knipe (1979) have shown that
somewhat more basic stations behave in a very similar
manner and because of the reduced cost a greater number can
be employed.

The levelling rods subsequently adopted on a number of the
sites consist of 1.2m long mild steel rods of about 20mm
diameter hammered into the ground, leaving 100mm
protruding.

A square grid of 30m to 50m is commonly adopted in main
backfill areas, with closer spaced lines of pins placed at
right-angles to the highwalls where greater differential
settlements are expected.

(b) Magnet Extensometer Systems - these systems have been
developed for monitoring settlements at depth in the
backfill (of opencast sites and dams).

Magnetic targets are located at various Tevels down a
vertical access tube through which a reed switch is

Towered. When the probe enters the magnetic field produced




by a target, an audible signal is emitted at ground level.
Measurements made on a steel tape can then be related to a
surface levelling station. Targets within the fill mass
are allowed to move independent of the access tube,

whereas a ring magnet installed below the base of the
opencast excavation is attached to the tubing. This in
turn, is grouted into the ground, thereby providing a datum
in each borehole to which the movement of the magnets in
the fill can be related (Figure 4.3.1).

Because of the high cost of these extensometers, only a few
(if any) are normally installed, preference being given to
deep fill or problem areas, such as adjacent to the
highwall.

(c) Hydraulic and Pneumatic Settlement Cells - remote
settlement cells have been developed for monitoring ground
movement between foundations and within road embankments
and earth dams.

Such systems require the cells and ancillary tubing to be
installed during the course of the backfilling operations.
To date, these systems have not been used in restored
opencast sites partly because of the cost, but also because
of the difficulties in installing a system of this type in

an operating opencast site.

4.4 GROUNDWATER MONITORING

Since the re-establishment of the water table may have an
important influence on the settlement of the backfill,
monitoring of the water table is often required. Normally this
would be carried out by installing standpipe/piezometers in the

site investigation boreholes. Again, remote monitoring could be
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carried out using pneumatic piezometers. In some instances,
open mineshafts or wells may be available close to the site for

monitoring purposes.

PERFORMANCE OF STRUCTURES

Monitoring the performances of structures on restored sites is a
useful long term technique to verify the design assumptions
made.

At Snatchill in Corby, structures were monitored to assess the
performance of fill treated by different techniques (Charles et
al, 1978). Large scale tests of this kind are likely to produce
more representative results than those determined in

conventional site investigations or by small levelling stations.
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5.1 INTRODUCTION

In order to consider and develop the theories and assumptions
made about the settlement of fills in opencast coal mining
sites, three study sites in the West Midlands have been
considered in detail by the writer. These sites are where,
typically, the backfill has been placed in a controlled manner
and where investigations and monitoring have been

undertaken.

Details of the sites are presented in the following sections. ;

)
i
4

;
3

Included are descriptions of the sites, their history and
development, together with all of the test, investigation and

monitoring results considered or obtained as part of this

research. i
The Holly Bank and Hurst sites were the main sites considered,
both having just reached a point where there is sufficient ;)
settlement information available. Milking Bank Phase IV is part f
of a much larger opencast area restored much earlier and to a
less comprehensive specification. The type and detail of
information available at each has varied, as has the writer's

involvement, i.e. "ﬁ

Holly Bank - Principally the examination of opencast
records and the monitoring of surface
settlement.

Milking Bank - Archive research, site investigations and f
settlement monitoring. ‘

Hurst - Control of the development of opencasting and
backfilling together with testing and ‘gé

settlement monitoring.

g




5.2 HOLLY BANK OPENCAST SITE, ESSINGTON, SOUTH STAFFORDSHIRE

5.2.1

5.2.2

Introduction

The Holly Bank Opencast coal mining site is located on
the outskirts of Essington in South Staffordshire. Under
consideration is that portion of the site intended for
subsequent housing development where, as a result, the
backfill has been placed in a controlled manner and

testing/monitoring has been undertaken.

Location and Description

The site is located approximately one-third of a mile
south-east of Essington, which is a small village four
miles north-east of Wolverhampton in the West Midlands;
National Grid Reference SJ 966 031.

The area is located along the north-eastern side of
Brownshore Lane and is a roughly rectangular parcel of
land of about 13 acres. The full opencast site extended
northward and eastward towards the M5 motorway, Figure
5.2.1.

Prior to opencast coalmining the area was a disused
underground mining complex. Although the pit head gear
had been removed some years ago, several spoil mounds and
the route of former mineral railways could be seen at the
surface. The land had a gradual fall in level towards
the north-east and south.

On completion of opencast mining and restoration, the
development area was left as a comparatively flat area

with a gentle fall in level southward and eastward.

o
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Geology

Prior to the opencast mining the site was covered with
fi1l materials associated with its past use, these
included ash and burnt shales. Thin natural superficial
materials beneath the fill were typically glacial sands
and gravels, these were underlain by weathered, then
intact rocks of the Middle (Productive) Coal Measures of
the Carboniferous Period. These rocks were essentially
bedded and alternating mudstones, siltstones and
sandstones but with several important mineral seams of
coal, Figure 5.2.2.

The strata dip to the north-west at the shallow angle of
about eight degrees. A major geological fault (the Mitre
Fault) crosses the site, striking approximately
north-east to south-west with the downthrow to the
north-west being approximately 60 metres, Figures 5.2.3

and 5.2.4.

Past Underground Mining

The principal coal seams worked by underground methods in
this area include the Top Robins, Bottom Robins, Wyrley
Bottom, 01d Park, Yard and Deep Coals.

Records (post-1873) indicate that these seams were
extracted by the 'Longwall' method of mining, details of
which are presented in Section 5.4. Seams located at
shallow depth (including those named above) may have been
worked in the past (pre-1873) by either the Longwall

method or a form of 'Pillar and Stall' workings whereby
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pillars of coal are left to support the roof. There
would be a potential stability risk where such workings
remain at shallow depths.

Eight mine shafts are recorded within the site area
associated with the known mineworkings, only one is

outside the opencast mined area, Figure 5.2.5.

Opencast Mining Operations

The sequence of opencast mining operations was similar to
that in Section 2.1. An initial 'box-cut' was made at
the southern end of the opencast area, the overburden
being placed in temporary storage. The excavation was
then progressively advanced from south to north with the
direct transfer of overburden to the backfilling area
south of the excavation, following removal of the exposed
coal seams. When the excavation reached the northern
1imit of the opencast area the remnant void was

backfilled using the overburden materials from the

initial temporary overburden tip. |
Within the proposed residential area the total depth of %Q
the opencast excavation varied from 21 metres in the

south-west to a maximum of 54 metres in the north-west.

The full dip of the coal seams and, therefore, the base

of the excavation was approximately 8 degrees to the
north-west, south of the Mitre Fault, and 11 degrees to
the north-west, north of the fault.

As a result of difficulties in the mining operation an

internal highwall was formed extending upwards from the

Top Robins Coal to the Chase Coals (approximately
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34 metres). The depth to the top of the internal
(buried) highwall varied between 19 and 22 metres from'

the final restoration level, Figure 5.2.5.

5.2.6 Site Compaction and Controls

The specification upon which the site reclamation
operations were carried out was based on the Series 600
Earthworks Specification contained in the 1976 Department
of Transport 'Specification for Road and

Bridgeworks'.

Prior to the commencement of restoration, full scale
trials were carried out using the plant proposed for the
compaction operations. This was in order to determine
the amount of compaction necessary to achieve the optimum -
conditions indicated by laboratory compaction tests.
Using towed vibrating rollers of 6.3 tonnes weight, it
was established that three passes of the rollers would be
sufficient to achieve the required dry ;;
densities.

Following completion of the coal extraction, the floor of

each 'box-cut' was graded to remove any soft or
unsuitable material. Overburden was then transported to
the compaction area in motor scrapers or dump trucks,
then spread out by a Caterpillar 825 compacter/grader to
form layers not exceeding 300mm in thickness. Each layer
was then compacted by the towed vibrating rollers, with a
minimum of three passes. In order to achieve a moisture
content as close as possible to the optimum value (11 to

14 percent), wet material was mixed with dry, or each
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layer of dry material was sprayed with water.
The progressive layering and compaction operations were
carried out on a number of benches or levels
simultaneously. In order to maintain stability the
overall slope profile did not exceed about
1in 3.
Each embankment was 'keyed' into the adjacent higher Aj
embankment by excavating into the weathered loose x{
material which accumulated on the exposed sloping face.
The northern, eastern and southern side slopes of the
compacted area were inclined at 2 vertical to 1
horizontal to intercept the base of the opencast
excavation. The western side slope of the compacted fill '?
was keyed into the westerh highwall of the
excavation.
The surface limit of the compaction area is shown in H
Figure 5.2.6., as are the main backfill benches. A 14
general summary of the dates and fill thickness for these  @§

benches is presented in Figure 5.2.7.

The areas of the opencast excavation to the north, east

and south of the compaction area were loosely backfilled, “ﬂl
no specific compactive effort being applied. The
materials used for this backfilling included surplus
materials and those considered unsuitable in the
compaction area.

Daily measurements of the in-situ density and moisture

content of the compacted materials was undertaken using a

nuclear density gauge. Sand replacement tests as
described in BS 1377 (1975) were also taken periodically

throughout the compaction operations to check the results
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obtained from the nuclear test gauge.

5.2.7 Monitoring

Eleven levelling stations were established within the
restored land shortly after completion of backfilling in
November 1983. A further forty-two stations were added
in February 1984 when more detailed information was
considered necessary.

The levelling stations comprised 15mm diameter mild steel
bars 1.2 metres long driven into the ground, leaving 0.2
metres protruding. Surveys were referenced to two
temporary bench marks established along

Brownshore Lane.

Levels were taken at one, two and then three monthly
intervals on the tops of the stations using a Zeiss 007
precise level which had a micrometer enabling readings to
0.0001m on an invar levelling staff.

The levelling was carried out so as to be self-checking

and the results are shown in Figures 5.2.8 and 5.2.9

adjusted to the nearest 0.001m.

5.2.8 Settlement Observations

5.2.8.1 General
In view of the intended residential development on this
site, the results of the settlement monitoring have been
considered to determine:
(i) Within the main body of the controlled backfill,
at what time interval after completion of
backfilling were the amounts of total and

differential settlement due to 'creep' settlement
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sufficiently small that they could be accommodated
by structures and services.

(ii) In the vicinity of the highwalls to the former
excavations, where considerable differential
settlement could be expected, to determine the
zone within which no structures should be placed.

(iii) Whether any significant differential settlement
would occur across the buried highwall.

(iv) How the results from within the compacted fill
area compare with the uncompacted area at the

north-western end of the site.

5.2.8.2 Allowable Settlement

The magnitude of the differential settlement is the
principal control as to when development may proceed, and
over what portion of the site it can be considered. The
allowable differential settlement is dictated by the span
designed for in a structure and the maximum allowable
angular distortion adopted. In this instance a semi-raft
type foundation was considered, capable of spanning
across three metres, and adopting a maximum allowable
angular distortion of 1/500.

Providing a structure is not affected by excessive
amounts of differential settlement, as defined above, the
magnitude of total settlement which can be tolerated is
considerable, the magnitude would be primarily dictated
by the flexibility of service connections and the fall of

drains.

i
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5.2.8.3 Settlement in the Main Backfill Areas -

Plots of settlement against time are presented in Figures
5.2.10 to 5.2.16 for each of the main backfill areas
defined on Figure 5.2.6. The results for Areas 2 to 4
have been combined in view of the limited number of
stations within them, and the results for Area 8/9 have
been spread onto three plots for clarity.

In examining the pattern of settliement exhibited by these
plots, it is clear that the rate of settlement decreases
with time; this is more markedly exhibited at those
stations placed in the most recently completed areas. In
addition, within the main body of individual backfill
areas, the pattern and magnitude of settiement is
remarkably similar. Variations are sometimes recorded

but this is usually due to either the passage of site

plant close to (or over) the station and possibly

seasonal variations as caused by seasonal wetting and o

drying of the ground (e.g. Station 1).

In order to further analyse the results, the Tevelling aﬂ

stations have been divided on the bases of the fill ;i
thickness beneath each station, Figure 5.2.17. The .
settlement results for each fill thickness range have
been piotted against time since completion of
backfilling, Figures 5.2.18 to 5.2.22.

It is apparent that within each depth range the results
from each station are very similar and that for each, the
settlement effectively ceases 14 to 16 months after

completion. The fact that there is such good correiation

is an indication that the settlement characteristics and
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compaction standards are relatively uniform.

Taking the mean settlement profile for each depth range
(Figure 5.2.23) indicates that there is usually an
increase in the magnitude of settlement with increasing
fill thickness. The increase in settlement with each
depth range is not great (less than 20mm) and the plot
for the 40-50 metre range indicates less settlement than
that indicated for shallower fills.

Since a linear relationship has been established on other
sites when plotting settiement as a percentage of fill
height against logarithm of time (Kilkenny, 1968 and
Knipe, 1979) a plot of this kind has been produced using
the mean plot for each fill thickness range, Figure
5.2.24. It can be seen that for each, a roughly linear
relationship could apply up until 14 to 18 months after
completion, beyond which, further settlement is
effectively zero. It is also important to note that with
increasing thickness of fill the settlement expressed as
a percentage of the fill height decreases.

This relationship appears to hold true for each fill
thickness range, although becoming less evident when the
fi1l thickness exceeds about 40 metres. The amount of
settlement which is indicated to occur after completion
of backfilling at this site is as follows:

Fill Thickness Range Settlement Expressed as Percentage

(m) of Fill Thickness (%)
10 - 20 0.54
20 - 30 0.42
30 - 40 0.36
40 - 50 0.23

50 - 60 G.24
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It should be noted that the relationships detailed above
have been established from a composite presentation of
the settlement data. This has been necessary because of
the limited monitoring period. Although completion dates
for the backfill areas ranged between July 1981 and
September 1983, monitoring did not commence until
November 1983. Hence, relative to the completion of
backfilling, the monitoring period (twenty months) is

between 0-2 years and 2-4 years, i.e.

Months since completion of backfilling
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