APPENDIX 4-2 PRINCIPLES OF DESIGN FOR SAND AND GRAVEL QUARRIES

4-2.1 INTRODUCTION

Many of the general principles and methods of working relating to sand and gravel operations are generally
applicable to hard rock quarries and certain of the topics covered in this paper will also be relevant to hard rock
sites (Appendix 4-3).

One notable difference with sand and gravel workings, however, is that these generally require a higher rate of
land use. Sand and gravel deposits tend to be shallow in nature and therefore, for an equivalent volume of
production, greater areas of land require disturbance. Set against that, is the opportunity for progressive
restoration that arises in shallow sand and gravel operations to to ensure timely reclamation of sites and also
to minimise the areas of exposed and completed workings.

Sand and gravel occurrences are usually young, unconsolidated superficial materials, which may be of glacial,
fluvial (i.e. deposited by river or flood action) or submarine origin.

The key factor governing the composition of deposits is the nature of the source rocks from which the materials
are derived.

Glacial deposits may contain a huge variety of rock types from a wide range of different in situ origins. Sand
and gravels found in sub-glacial depositional structures (e.g. drumlins, eskers) and in terminal and lateral
moraines will normally be extremely poorly sorted.

In fluvial deposits, the source rocks are generally upland of the occurrence. The nature of the source rocks will
determine the composition and mechanical properties of the deposit (e.g. soft limestone will generally produce
a poor quality aggregate, but harder igneous or sedimentary sources will normally produce strong aggregates).
The size distribution of a fluvial deposit will generally reflect its distance from the source and way in which it
has been transported - sand and gravel deposited early in a river cycle will tend to be poorly sorted and
angular, whilst deposits forming in lower reaches will be better sorted and more rounded. Plate 1 illustrates a
typical fluviatile exposure.

River deposits may also reflect local conditions, with variations occurring in the proportions of gravel, sand, silt
and clay in response to bedrock contamination or inclusions of other materials deposited from crossing
streams, etc.
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Beach deposits often take the form of narrow linear occurrences parallel to coastlines. They tend to be well
sorted and well rounded materials. Environmentally, these deposits may not be suitable for exploitation since
they often provide natural coastal defence.

4-2.2 DEFINING THE SITE REQUIREMENTS

It is not proposed to discuss in detail the requirements for establishing that a sand and gravel resource may be
considered suitable for exploitation. The following sections assume that a resource has been identified
(through desk studies, site investigations, etc.) and that the deposit is generally considered suitable for
exploitation, subject to economic, environmental and planning criteria being satisfied. The stages outlined
below represent the key steps and requirements in preparing suitable designs.

4-2.2.1 Initial scoping
Prior to commencing any design work, the quarry designer should be satisfied that the deposit will fulfil certain

criteria. This work may also be supplemented by reports and studies provided by other specialists and should
essentially include:
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If it is considered that the deposit identified will not be capable of supporting development or that an application
for a licence would probably be refused, the process of assessment should be terminated to avoid any further
cost.

4-2.2.2 Quantitative and qualitative assessments

The quarry designer may undertake quantitative and qualitative assessments if they are suitably experienced
and qualified in such areas. It is often the case in operating companies that a geologist will fulfil the role of
quarry designer. In practice, such staff tend to be spatially aware and capable of conceptualising workings in
three dimensions, an essential skill for anybody engaged in designing a quarry.

The quantitative assessment is primarily concerned with establishing the available resource and requires
proper assessment of the available site data (mainly borehole information, topographic surveys, etc.). Plans of
the site should be prepared, onto which geological information can be summarised as a prelude to a more
complete assessment of volumes.

Contour plans for relevant surfaces (ground surface, base of soils, base of overburden and base of mineral)
and thickness contour (isopachyte) plans should be produced for a deposit based on the available geological
data. These can be produced by hand, but often they are generated using computer software. When working
boundaries, etc. are added, initial volumes can be calculated (either by hand or using appropriate
computerised techniques). These volumetric appraisals will become increasingly refined as the design
process is advanced and boundaries, batters, etc are amended, but the basic data (geological surfaces) are
unlikely to change unless new data is collected.

Qualitative data (i.e. information relating to the physical properties of the mineral) is usually assessed
separately initially from a spatial consideration. If there are no significant variations in results, it may be
appropriate to consider an average quality over the whole of the site. However, if there are marked differences
in quality noted in samples, further consideration should be given to plotting these differences on the
geological models. This will help identify trends and may require certain areas of the site to be considered
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separately in any design. In addition, it may identify different horizons within the deposit that should be
separately modelled (e.g. the inclusion of large, persistent fine sand lenses within the body of the mineral that
may need to be considered as waste).

4-22.3 Losses and allowances

It should be noted that, at an early stage of assessment, it is often necessary to make certain assumptions,
particularly regarding excavation and processing losses that may arise when the site is worked.

Production losses can occur at many stages in the exploitation process. They depend largely on the nature of
the deposit and may be a function of:
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The selection of excavation and processing plant should be made to reflect these factors to minimise losses.
However, it must be recognised that losses can result from the selection of plant itself and the efficiency and
reliability in operation. Often plant selection options may be restricted (due to availability of equipment within a
company) and therefore losses may have to be accepted. Poorly trained or skilled plant operators can also
affect recovery, and the nature of the workings can have a big influence (i.e. wet or dry operations, which are
discussed further below).

Given the large number of variables, there is significant potential for inaccuracy in the volumetric assessment
and care must be taken to make reasonable allowances in the designs to accommodate such factors. Without
reliable estimation, there is potential to grossly inflate the recoverable quantity which can have serious
consequences for the economics and logistics of the operation contemplated.

In practice, it may be possible to assess potential losses by use of comparable data from other operations. If a
company is working a similar deposit, they should have sufficient data available to allow a reconciliation
between predicted and actual recoveries to be made. This data can be used to adjust any allowances made
for losses when designing a site.

4-2.2.4 Initial infrastructure/development issues

At an early stage, some consideration should be given to possible methods of exploitation and any associated
infrastructure requirements. It should be obvious that each individual site will differ, but in essence there will
be similar requirements for each and allowance should be made in the initial design.

For sand and gravel operations, consideration must be given to the following:
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The above elements are generally common to all sand and gravel sites, irrespective of the method of working,
processing or transport arrangements.

Developmental implications can arise as a function of the proposed methods of exploitation. The most
fundamental issues concern the methods of winning the sand and gravel and basically consider whether the
site will be worked ‘wet’ or ‘dry’. This matter is detailed further in Section 3.2 below. The selection of digging
and haulage plant will significantly affect the development strategy and phasing. Whilst there is often an
iterative process involved, it should be relatively apparent at an early stage of assessment which methods are
likely to be selected (possibly due to availability of plant within a company or obvious environmental restrictions
which for example may preclude de-watering of a wet site). This in turn may influence the quarry designers
initial consideration as regards matters such as:
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4-2.3 DESIGN CONSIDERATIONS

In the context of the extraction process for sand and gravel workings, there are three key stages in the
operation:

D $
< "& $0 " 6 4

" O m— ! ! " Q
These elements are generally common to all types of working (wet or dry) and are considered further below.

The following sections also detail those key considerations that may affect the design of a site. They will be
often closely linked and changes to one element may often affect other aspects of the operation. It is
appropriate therefore to consider the total operation and to make appropriate allowances in the design as a
whole.

4-2.3.1 Soil and Overburden removal

Overburden is any material that overlies the economic mineral deposit. It can comprise a variety of materials,
but most commonly, for sand and gravel deposits includes topsoil, subsoil and clay material. The overburden
cover to most fluvial deposits can be expected to be fairly regular and relatively thin, but this may not be the
case for glacial deposits. Local variations inevitably occur (possibly as a result of secondary erosion and
deposition) and these should be considered wherever possible.

The type of overburden cover does not significantly affect the economics of development, but the thickness
certainly does. The depth of overburden with respect to the thickness of recoverable mineral (often referred to
as the overburden stripping ratio) will significantly impact upon the costs of the operation. An acceptable
stripping ratio will depend on the nature of the mineral and its local commercial significance — it is not possible
to quantify an acceptable figure in isolation.

Two stripping ratios are of significance to the quarry designer:
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Although the overall stripping ratio may be acceptable for a development, at any point in time, the
instantaneous stripping ratio may be very high. Consideration has to be given to both figures in ensuring
sufficient allowance is made for adequate provision of space for storage of waste or inclusion in any
progressive restoration. Allowance must also be made to ensure that a constant supply of mineral is available
for processing and sale. Forward planning is essential in achieving these goals and the preparation of phase
plans for the development is an ideal tool in assessing development impacts on programme.
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The consideration of overburden removal in any quarry design is therefore of great significance. In general,
overburden is used for the following during development:
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As a rule, overburden removal and handling operations should be designed to minimise the haul distance and
handling required to reduce costs. In assessing the phasing of overburden stripping several factors must be
considered.

Soil handling

Although often referred to as overburden, there are generally distinct layers in the upper part of the overburden
layer which are typically soils. Soil handling should only be undertaken during certain seasons of the year
(generally late spring, through summer to early autumn in the UK). This is to prevent unacceptable damage to
the fabric of the soil. The soil profile generally comprises two layers:

! = 0 i/ [/ 0 " / o" ! $ o " 2
/ [ # 1" 0"#6
' "= 0 " 4 02 $"! "0 0 4@
aotr " o" a "LO#Y)

Damage to the soils can easily occur if stripping is undertaken with inappropriate plant (leading to over
compaction) or if the soils are too wet. Damage can also arise from inappropriate storage in large mounds for
extended periods. This can significantly reduce the fertility of the soils and may be severely detrimental to their
suitability for use as agricultural soils after restoration. Successful re-use of soils previously handled depends
on their remaining in suitable condition and great efforts must be given to prevention of damage to the soil
fabric. Plate 2 illustrates typical soil handling operations.

In the context of a suitable quarry design, allowance must be made in the programme to handle soils only
when appropriate to do so. This may require that large areas of the site are cleared of top and subsoil to give
suitable working areas during periods when soil handling is not possible. Similarly, sufficient space must
therefore also be made for adequate storage for these soils if they are not to be placed immediately into
restoration areas.

It is often the case that soil quality may vary across the site. If this is identified during site investigation work,
allowance must also be made for the separate storage of differing soil qualities prior to their eventual re-use in
restoration in appropriate settings.
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Overburden handling

Overburden in its strictest sense can be considered as any economically useless material beneath the subsoil
and above the recoverable sand and gravel. On certain sites, this may include sand or very sandy gravel
where there is no demand for such material, the principal requirement being coarser fractions.

Where possible, it should be established early in any design how much of this material is required for any
screening, bund construction etc. and allowances made to recover these quantities with minimum
haulage/handling. The remainder should be considered as waste and removal should ideally be matched to
simultaneous placement in its final restoration location. This will minimise costs associated with haulage and
any double handling.

In practice, it will be difficult to place all of the topsoil, subsoil and overburden to final locations at the first pass.
Sometimes it will not be achievable because of scheduling problems, but every attempt should be made during
the design and preparation of a phased scheme of working to limit this.

Various methods of soil and overburden removal are available, including truck and shovel, motor scraper, or
dragline casting into a void formed by recent mineral working behind the current face. It is not proposed to
discuss these methods in detail in this paper. Equipment selection and operational practices may be dictated
by plant availability, operating conditions or environmental/ecological restrictions. It must be noted however
that no one method is 100% efficient, and some loss of mineral at the interface with the overburden, or loss of
soils is to be expected and this must be allowed for when estimating total quantities (as noted in Section 2.3
above). Plate 3 illustrates overburden stripping by backhoe and truck methods.

The quarry designer must be able to quantify the volumes of soils and overburden to be handled from a site at
an early stage in the design process. This is necessary to make sufficient allowance for storage/screening
banks, etc. that may reduce the available working space within an overall site boundary. It should be borne in
mind, when making such allowance, that:
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Volumetric assessments for materials to be excavated should therefore be made for storage areas, and added
to the total quantity of soil/overburden to be accommodated.

4-2.3.2 Mineral recovery

Mineral recovery techniques to be employed on any particular site will be subject to a range of factors. These
include:
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The latter of these items is usually the primary factor and in general has the greatest impact on the design and
planning for the quarry. Some techniques and processes (which will have an effect on the design and
phasing) will be common to both types of working, but other methods and considerations will be required for
wet or dry working separately.
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Dry pit working

Dry working is usually more efficient in terms of mineral recovery, since the interfaces and can be seen when
digging and operators can be more selective. It also generally offers greater flexibility in phasing of operations
when being considered by the quarry designer.

Sand and gravel workings can be dry by virtue of low water tables (i.e. the mineral is above groundwater) or as
a result of de-watering to lower the groundwater level. De-watering may raise significant issues related to
environmental/ecological impacts and careful consideration needs to be given in determining its adoption on
any site. The decision to de-water will essentially depend on:
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The method of de-watering that might be selected is also dependent on many of these factors. The simplest
method is to use mobile pumps in the excavation area to draw down and hold the water level below the
required digging level. This may be in conjunction with cut-off walls formed around the excavation, keyed into
underlying strata, limiting inflow from surrounding land. More complicated arrangements require the
installation of a network of de-watering boreholes around the site which can be used to drawdown the
groundwater level over a larger area.

Most sand and gravel workings are undertaken using either a dragline excavator or hydraulic 360° back acting

excavator as the primary excavation plant:. Both of these types of excavator remove mineral from below the
level of their tracks, and this is a great advantage when operating in dry deposits.

Dragline excavators, as shown in Plate 4, are ideally suited to deep, dry deposits (generally >5m) or where
long reach is required (for example in casting waste aside, or tipping excavated mineral at more distant points).
They do have slower cycle times than hydraulic excavators, however, and are less precise in their abilities to
cleanly separate materials, which can lead to increased interface losses. They also require a skilled operator
to use them to best effect and are not as versatile as other equipment. Their capital cost is generally high.
Notwithstanding these apparent problems, the following are considered to be the main advantages:
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Hydraulic back-acting excavators are the most versatile excavation plant employed on dry sand and gravel
sites and have significant operational advantages over draglines in shallow deposits (up to ¢ 4m):
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As noted previously, however, final equipment selection may be determined by availability of plant within a
company rather than on any other technical basis. It should be apparent however, that both types of primary
excavator are capable of high productivity in sand and gravel sites notwithstanding certain disadvantages of
each.

Wet pit working

If a pit is to be worked wet, the general principles applicable to dry working are still valid, but it is often
considered that a dragline provides a better tool. Principally, this is a matter of safety; a dragline operates
without digging close to the bank on which the excavator stands, whilst a back-acting excavator generally must
be closer to the crest of the excavation and could undercut the ground beneath its tracks.

The excavation of mineral from a wet pit essentially requires working from the shore of a ‘lake’ formed in the
previously worked ground. This requires that the groundwater level is below the upper surface of the sand and
gravel to provide a dry working surface for the plant. Plate 5 illustrates a typical excavation in a wet pit.

Measures must be taken to allow drainage from the bucket of the excavator, and this is normally achieved by
perforating the bucket with a number of holes. Bucket fill factors are significantly reduced compared with dry
working and output is reduced accordingly.

When excavated, the sand and gravel will normally be stockpiled to drain Taking as much as 12 hours and
then must be re-handled to the selected haulage plant. Loading is usually undertaken by hydraulic excavator
or, more commonly by front end loading shovel. This requirement for re-handling and the extra plant
requirements can increase the cost of such operations, but this can be offset against pumping costs if the pit is
not naturally dry.
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The decision to work a pit wet can become non-viable if the deposit is very sandy since this material will often
be washed out of the bucket on excavation and will settle in the working area. This can contaminate material
still to be recovered, or can lead to a loss of reserves if the sand is a required component of the end product.
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Other techniques for working wet pits (where the deposit is very deep or the groundwater level is above the
surface of the mineral and excavators cannot stand on a suitable surface) include the use of dredging using
pontoon mounted or floating plant. This is normally only justified in very large workings and the capital and
operating costs are generally very high.

4-2.3.3 Mineral transport

The most common methods of mineral transport in sand and gravel quarries include conveyor and dumptruck
haulage.

Conveyors

The particle sizes of excavated sand and gravel are generally small enough to justify the use of conveyors and
these, as a rule, usually provide the most economic methods of transport from the excavation face to the
processing plant. Conveyors are also the best option (if operating conditions permit) in areas where noise
impacts may be a problem since they are quiet in use if properly maintained.

The excavated mineral is usually loaded to a feed hopper (fitted with an oversize removal grizzly) near the
working face, discharging to a moveable field conveyor. This usually then discharges to a main trunk conveyor
and hauls the mineral to the processing plant. Several field conveyors can discharge to one trunk conveyor,
allowing working at several locations in a pit.

On level ground (and depending on the size of the belt and hence carrying capacity), conveyors may be as
much as 30 to 60% cheaper to operate than dump trucks hauling at the same rate.

Field conveyors are most economic where the distances from working face to processing plant are significant
and output is high. Their capital costs are high however and should only be considered for sites where greater
than 3 years working is envisaged. At output rates of less than 100tph or where haul distances are less than
1,000m, dumptrucks generally provide a more economic solution overall. Plate 5 shows a field conveyor in
operation, passing beneath a public road to a remote processing plant.
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Conveyors are best suited to equant areas of working in relatively deep deposits and where the topography is
fairly uniform. This reduces the need for frequent moving of field conveyors, which can limit pit output and
increase costs. Sites where long, straight conveyor runs cannot be achieved are not normally suited to
conveyor haulage.

The quarry designer, if considering the use of conveyors, should attempt to schedule mineral production from
single faces and along straight lines. Attempts should be made to allow regularly sized areas of working to
allow even periods between conveyor relocation. If the deposit is variable in consistency, and production is
required from several areas of the site to maintain an acceptable feed to the plant, the use of conveyors will
not normally be an option and the flexibility offered by dumptrucks must be considered.

Dumptruck haulage

Dumptrucks, although usually more expensive to operate, provide the most flexible in-pit haulage option. If all
wheel drive articulated dumptrucks are used, it is not normally necessary to prepare firm haul roads and
access to wider areas of the pit is possible. Internal site road maintenance can be a costly process.

The capacity of a dumptruck or fleet of trucks is determined by their maximum load, distance of haul and the
time taken for loading and tipping. The quarry designer will need to assess the costs of dumptruck haulage
carefully if there is the potential to use conveyors.

The flexibility of dumptruck haulage is ideally suited to deposits of irregular composition or thickness, where
the site area is irregular or where the topography is variable. As noted above, such conditions would generally
preclude the use of conveyors. They do have the disadvantage of offering only single load transport, and
careful consideration in matching excavator and truck capacity together with numbers of trucks required is
necessary to avoid problems with waiting or queuing times at either the loading or dumping point.

4-2.3.4 Siting of processing plant and quarry facilities

The siting of the processing plant can be a critical factor in the proper planning and design of sand and gravel
workings. There may be conflicts between the requirements of the mineral operator and the licensing
authorities in this respect, and the quarry designer should be aware of any constraints that may be imposed in
determining the optimum location.

In assessing the preferred location of the plant, the quarry designer should take account of the following
factors:
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It is not proposed to consider the application of different processing technology in this paper, suffice to say that
the selection of specific items of plant will reflect the type of deposit and the products required. Such factors
will affect the size of the plant and its arrangement on site, and these issues will need to be considered by the
guarry designer in preparing detailed quarry plans.

4-2.35 Site access

Access to the public highway will be necessary for the efficient removal of the quarry products. In general, the
guarry designer should attempt to ensure that any access location is to a level area of highway, away from
bends and with good visibility in either direction. This may require road improvement works in the chosen
location, and discussions may be necessary with the relevant authorities to determine the appropriate
standards applicable for any site.

Such consultations are a critical step in preparing a workable quarry plan; the access location may influence
many factors in the quarry designer’s proposals, including plant location and phasing of operations.

4-2.3.6 Water management and lagoons

Consideration of site drainage will be necessary to avoid potential problems arising from run-off from
surrounding land entering the workings, or in preventing potentially dirty water leaving the workings and
entering surrounding watercourses. Ditches, banks or other drainage measures are normally required to
control run-off. Depending on the quality of the water collected, it may be necessary for such water to be
passed through settlement ponds to allow suspended solids to be removed prior to discharge to local drainage
systems. These ponds should be sized according to the anticipated inflow and according to the principles of
Stoke’s Law (governing the settlement of particles in a column of water).

In areas of high run-off, or to accommodate storm flows, it is usual to form an attenuation pond to buffer the
guantity entering the settlement pond. Settling of fines from water requires long periods of slow flow and
therefore the settlement pond should ideally be separate from rapid inflows. The link from the attenuation
pond (which should be sized to hold the maximum storm flow predicted) will throttle the flow and allow
settlement to continue unaffected.

In areas of steep terrain, or where storm flows are significant, it should be realised that pond sizes can be large
and sufficient area must be allowed for their construction. Siting of the ponds will necessarily reflect the local
topography (since they should generally be at low points in the site), but consideration for their security should
also be allowed. Standing bodies of water are dangerous features and measures may be required to prevent
unauthorised or accidental entry to the water.

There can be considerable run-off from the processing plant site (through spillage, leaking pipes, stockpile
drainage, etc.) and the plant area should be suitable protected by drainage ditches, etc. It is advisable to
profile the floor of the stock area to a low point to prevent uncontrolled run-off, and it is good practice to provide
for sand stockpiling near the low area (since these tend to be wet and drain over long periods). Problems can
be mitigated to some degree if the plant is located on exposed sand and gravel with good drainage
characteristics; some run-off will then simply soak away.
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Depending on the type and specification of the processing plant and the percentage of fines (undersize)
material in the deposit, there may be a requirement to have processing discard lagoons formed on site. These
lagoons would normally be as close to the plant site as possible to reduce pumping costs and as such may
impact on the selection of plant site or phasing of excavation. The assessment of the geological data should
include an appraisal of the inherent fines content in different areas of the site. These can then be reviewed
when preparing the phasing plans to produce a schedule of potential waste generation during mineral
recovery. On the basis of this schedule, the quarry designer can assess the need for provision of silt lagoons
at different stages of the operation or can factor in the need for cleaning out of existing ponds filled in previous
phases.

The quantity of silt produced should also be considered in the restoration plan for the site. Silt handling and
disposal is a complicated matter and combined with the potential risks to health and safety due to the nature of
the materials, the quarry designer must make due allowance for its secure and safe containment. This may
include designing dedicated containment cells (polders) using suitable site won materials.

4-2.3.7 Site restoration and after-use

The restoration and site after-use requirements for a site can often have a significant influence on the design
and phasing of the workings.

The quarry designer will normally have considered the after-use of the site before commencing design. The
after-use may be through the operator’s choice, or may be a condition imposed by the licensing authorities.

For sand and gravel sites, restoration is usually a function of the nature of the workings. Dry and wet pits will
require different approaches to restoration.

For dry pits, it is common to restore the site to agriculture, forestry or public amenity (including leisure activities
such as golf, etc.). Landfill is another potential land-use to restore the ground to original levels, but unless
significant site engineering works are contemplated, this may not be environmentally acceptable for anything
other than wholly inert fill.

Where restoration to agriculture is considered, soil preservation will be a primary consideration and good
handling techniques are essential. This will influence the phasing of soil stripping, handling arrangements and
stockpile maintenance. To preserve agricultural quality, long term stockpiling is not recommended and
progressive restoration, with soils stripped from one area of the site and placed directly to restoration in other
areas is recommended.

If sites are to be restored to forest, some damage to soils may be tolerated since fertility and structure of the
soil is less of an issue, but unless avoidable such damage should be minimised. Again, a phased and
progressive restoration programme will limit areas of open pit and will minimise the space required for
stockpiling overburden and soil.

For wet workings, restoration to water or wetland areas is commonly considered. In such circumstances, the
sites are often used for recreation (e.g. water-sports) or as conservation/wildlife areas. Restoration of the
margins of the water areas can be achieved progressively as extraction takes place. Again, specialist advice
may be necessary in determining the required edge treatment to provide suitable wildlife habitats, etc.

Where surplus materials exist, soil or overburden may be exported from the site for use in other land
reclamation projects (if it is not needed for on-site restoration). The quarry designer will be able to assess
guantities required or available for restoration at any point in time based on the scheduling of production. The
guantities required for restoration would probably be advised by other specialists, advising on soil depths, etc.
required for the type of restoration considered and this can be incorporated in quarry designs and phasing
plans.

4-2.4 SUMMARY OF BASIC DESIGN PRINCIPLES

To summarise, there are a number of simple ‘rules’ that a quarry designer must remember and consider in
preparing designs and phasing plans for any particular sand and gravel site.
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