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SLOPE DESIGN  

4-4.1 INTRODUCTION 

All quarry workings will include slopes, either in the excavations themselves or formed from placed materials 
(tips, stockpiles, soil storage mounds, screening bunds, etc.).  This Appendix presents an overview of the 
factors that a quarry designer should consider in preparing designs and phased working plans.  It does not set 
out to provide an exhaustive consideration of slope stability assessment and geotechnical design.  This is a 
critical area which should be addressed by a properly qualified and experienced geotechnical engineer.  The 
quarry designer and geotechnical engineer should work closely together in preparing safe and workable 
designs that result in stable and secure slopes whilst allowing recovery of the reserves at realistic cost.  In 
relation to final quarry slopes, the quarry designer may also work closely with landscape architects and 
planners to achieve secure and sustainable slopes suitable to meet restoration objectives and after-use plans. 

4-4.2 THE NATURE OF SLOPES 

Slopes in quarries can result from a range of activities associated with the working of the site.  There are three 
principal types of slope to be considered: 

·  Excavated slopes (in which in situ ground is exposed);  
·  Tipped slopes (where loose material is formed into mounds either above ground in placed in 

existing voids); and 
·  Natural slopes (which may be affected by excavations or placement of loose materials). 

Every slope formed in a quarry must be properly designed to ensure that it remains (and can be managed so 
as to remain) in a safe and secure condition at all times from its formation to its removal or final restoration.  
This includes short, medium and long term slopes, examples of which include: 

·  Short term slopes – stockpiles and soil mounds, intermediate quarry faces; 
·  Medium term slopes – soil mounds, quarry faces, screening bunds, etc.; and 
·  Long term slopes – quarry faces, spoil mounds, lagoon embankments, screening bunds. 

4-4.2.1 Excavated slopes 

Excavated slopes are a feature of all quarries.  They may be simple single slopes in sand and gravel deposits 
or overburden materials of no great height, or may comprise multi-bench slopes in hard rock quarries where 
the individual bench heights and the overall slope height are themselves significant. 

Different design considerations will be applicable to each setting.  There is no single design that will be 
applicable to all sites and in many cases slope geometry will change according to the location within the 
quarry. 

4-4.2.2 Fill slopes 

Accumulations of materials in quarries generally result in fill slopes.  These may arise in spoil heaps, backfilled 
areas, stockpiles and amenity banks.  They may also form the embankments to lagoons. 

Spoil heaps 

Spoil heaps are of two basic types: 

·  In-pit spoil dumps formed partially or wholly below ground level within the quarry workings; 
or, 

·  Out-of-pit spoil dumps formed adjacent to or some distance from the workings. 

In-pit spoil dumps may be temporary structures that will be re-handled at a later date or, more commonly, are 
permanent structures and comprise part of a phased programme of backfilling and restoration.  In pit spoil 
dumps may also be used to buttress insecure or unstable excavated slopes. 

The generation of an initial working void usually requires some out-of-pit dumping of overburden before routine 
backfilling can take place.  Backfilling in-pit may be phased with mineral recovery so as to optimise 
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earthmoving operations and limit the re-handling of spoil.  The backfill may be benched to assist in the 
operation of plant and improve stability.  Backfilling may eventually restore land to approximate former levels, 
or to lower levels suitable for appropriate after-use.  Settlement of the restored land is often common and may 
be particularly marked where placement and compaction have been uncontrolled. 

Out-of-pit spoil dumps may also be temporary or permanent structures depending on restoration or phasing 
requirements.  Five basic types of spoil dump are recognised as shown in Figure 1. 
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Spoil heaps often comprise a wide variety of waste materials with variable particle sizes and physical 
characteristics.  Deposited materials may include overburden and interburden, processing waste or 
substandard or unmarketable materials. 

Stockpiles 

Stockpiles are usually temporary dumps of processed, partly processed or as dug materials retained on site to 
meet future sales demand or as needed at later stages of the quarry operation.  Materials retained as a buffer 
supply or held pending changes in the market are generally stored close to the processing plant for easy 
reclaim.  However, materials retained for later use may be stored elsewhere or placed to provide a secondary 
purpose (e.g. screening) until required.  Topsoil and subsoil dumps or temporary overburden mounds 
constitute such features. 

Amenity banks 

These structures are formed to screen the quarry from the surrounding area.  They may serve to reduce noise 
and dust and are often landscaped on external faces.  Permanent or long term screening banks may comprise 
waste or other materials not required for processing or restoration.  Some amenity banks are commonly 
formed from stockpiled materials (e.g. top and subsoil). 

4-4.3 FACTORS INFLUENCING SLOPE STABILITY 

As noted in the introduction, this paper will not present a detailed appraisal of methods of slope stability 
analysis.  It is important for the quarry designer, however, to be aware of the major factors affecting stability 
and the effects these may have on the designs produced. 

4-4.3.1 Excavated slopes 

There are three major constraints on the stability of an excavated slope: 

·  Properties of in situ material; 
·  Incidence and properties of discontinuities; and 
·  Groundwater conditions. 

Apart from these principal areas, other external factors may also influence the stability of excavated slopes, 
such as loading by spoil and machinery, vibrations due to blasting, processing or earthquakes and the effect 
on slope and rock mass geometry by other engineering activities. 

Considering hard rock sites, it is essential to determine the properties of the rock mass as a prelude to proper 
design.  Two main items are considered: 

·  Geological structure (including discontinuities, defects, etc.); and 
·  Intact rock and soil properties. 

Geological structure 

There are various discontinuities of geological origin that can affect the stability of excavated rock slopes: 

Bedding Planes Arising from the deposition of sediments in layers, are distinct physical 
discontinuities.  They may occur at the interface between different rock types at 
various spacings within a single rock unit.  They may be persistent and generally 
extend over greater areas than any other type of discontinuity.  In some rock 
types, movements along bedding planes may have developed weakened shear 
zones.  The nature and inclination of bedding is always of prime importance 
when considering slope stability in sedimentary rocks. 

Joint Planes Joints are developed to some degree in most rocks.  They are planar fractures 
formed to relieve stresses, across which there has been little or no movement.  
Jointing plays some part in the majority of slope failures in rock masses since 
intact rock is generally stronger than the discontinuities. 
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Fault Planes Faults occur less frequently than joints and may have undergone substantial 
displacements.  Faulting often produces continuous or persistent planes of 
weakness.  Fault zones may develop in which the fault is not a single clean 
break, but occurs as a series of displacement surfaces in an area of distorted, 
crushed and often weathered material (termed ‘gouge’).  Faulting can occur in 
any rock type.  Faults can provide the shearing or release surfaces for several 
modes of failure. 

Cleavage Cleavage is a structural property exhibited only in metamorphic rock types.  
Slate, crystalline metamorphic rock and tightly folded sedimentary rocks show 
closely spaced laminations which are not directly related to bedding features.  
Discontinuities associated with cleavage are likely to be smooth and continuous.  
Within the rocks affected, they are likely to be a major factor controlling slope 
stability. 

Unconformities Unconformities are surfaces representing breaks in the sedimentary process.  
Such breaks are only structurally significant where some erosion or tilting of 
rocks has occurred before the deposition of overlying material (an angular 
unconformity).  Angular unconformities typically occur over a wide area.  The 
surface is often irregular with sudden changes in inclination.  An unconformity 
typically marks a change in rock properties.  Where the old weathered zone has 
been preserved, this may also constitute a zone of weakness. 

Rockhead The rockhead marks the boundary between bedrock materials and overlying 
superficial materials.  It is, in effect, an unconformity.  Rockhead may be a sharp 
boundary where superficial materials have been deposited on an eroded rock 
surface or the boundary may be gradational where superficial materials are 
derived from the underlying rock, which has been weathered in situ.  Rockhead 
may be planar or highly irregular, but is always extensive and usually represents 
a boundary between materials with contrasting engineering properties.  Its 
location and inclination are not always easy to predict particularly where drilling 
data are limited.  It is however an important feature since many failures in 
quarries are controlled by the position of the rockhead. 

Margins of 
igneous 
intrusions 

Within sedimentary strata, such margins may either cut across bedding (dykes 
and batholiths) or be parallel or sub-parallel to bedding (sills).  At their margins, 
the surrounding ‘country’ rocks are commonly baked which may alter their 
strength and propensity to weathering.  The ingress or movement of water may 
be altered in such zones and this may affect slope stability. 

Slip planes and 
tension cracks 

These may result from ancient or recent ground movements and can 
significantly affect stability, particularly if loaded or undercut by quarrying. 

The importance of these features when preparing quarry designs depends on: 

·  Orientation with respect to both the slope and to other discontinuities within the slope; 
·  Resistance to movement along the surfaces or planes; 
·  Persistence and spacing of the features; and 
·  The ease with which water can penetrate, accumulate or flow along them. 

In most rock masses (except where discontinuities are widely spaced or impersistent), intact material strength 
usually exceeds the strength of discontinuities and hence geological structure is the dominant influence on 
slope stability and design.  Certain critical information regarding the rock mass must be recorded and available 
to the geotechnical engineer and quarry designer in assessing slope stability and its influence on quarry 
development. 

The following should be considered: 



� � � � � � �� �	 
 	 � ��� 
� � � �� � � �� � � � � � 
 � � � � � � � � � � � �� � � � � �

� � � � � � �� � 	 
� � �
 � � � � � � � �� �
� �� � � �� � 	 
� � �

� � � � � � 
� �� � � �� �� � � �� � 	 
� � �� � � � � � � � � �  � ! � � � �6�� "�� � �

Critical 
geometry 

The location and orientation of discontinuities must be determined.  These items 
often dictate the position of potentially unstable parts of an excavation.  
Combined with the slope geometry, the dip and dip direction of discontinuities 
frequently govern the style and extent of potential instabilities (see Figures 2 and 
3). 

Brokenness The effective strength of a rock mass is influenced by the number and spacing of 
discontinuity sets.  These features describe the degree to which rock may be 
broken into discrete blocks and therefore indicate the extent to which a rock 
mass can be deformed without involving fracture of intact material.  Movement 
may occur along a single discontinuity set or involve several sets of parallel 
discontinuities in an en echelon type failure. 

Discontinuity 
features 

The ease with which displacement can occur along a discontinuity is affected by 
its openness, infilling, roughness and continuity. 

Openness is the separation between the faces of the intact rock blocks.  In many 
cases where the separation is large, the void will have been infilled.  Sliding 
resistance along a discontinuity may be increased due to mineralisation forming 
the infilling, or decreased where the infilling includes clay materials. 

Surface roughness includes irregularities on the discontinuity which may 
effectively increase the overall resistance to sliding.  This resistance is 
decreased when the discontinuity is open.  If wall to wall contact in the 
discontinuity is lost, the shear strength of the discontinuity will be that of the 
infilling material. 

Where persistence or continuity of a single feature is high (e.g. bedding planes, 
faults, shear zones and master joints), there may be potential for large 
movements. 

Groundwater In most cases, the presence of water reduces the resistance to sliding along a 
discontinuity and can have a profound effect on slope stability.  Groundwater 
effects are considered further below. 

Intact rock and soil properties 

There are five main properties of an intact material that determine its mechanical character: 

Lithology The mechanical properties of intact rock depend on the physical properties of 
the constituent minerals and their bonding to one another.  In some 
circumstances, petrographic analysis may identify the presence of minerals that 
may influence stability (including unstable weathering products or soluble 
cements).  Unstable minerals can lead to rapid weathering of exposed rock and 
reduce its intact strength. 

Anisotropy This is the variation in physical properties of the rock when measured in different 
directions.  Strength anisotropy is a common feature of rocks and may influence 
slope stability.  It may commonly be associated with discontinuity patterns. 

Moisture content In addition to the effects of pore water pressure, many rock materials may be 
weakened when water is present and the materials are saturated.  Strength 
reduction varies with rock type (e.g. granite and sandstone are subject only to 
minor strength reductions, but clay rich rocks can be much weakened). 
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Weathering Rocks may be broken down by the combined effects of temperature, air, water 
and associated chemical activity.  Wetting and drying are essentially physical 
effects and may only affect the outer margins of exposed rock slopes 
(sometimes leading to rockfall).  Chemical weathering is a generally slower 
process, but has the potential to significantly affect rock mass strength.  It often 
has no effect during the working life of the quarry, but may be a factor affecting 
the long term stability of slopes on abandonment.  Weathered rock may 
commonly be present prior to excavation. 

Strength A number of index tests are available to assess rock and soil strengths.  They 
range from simple field tests, to more extensive laboratory testing. 

Unless there is cause to believe the rock mass properties are most strongly influenced by the properties of the 
intact rock, it is usual to consider the discontinuity properties as having the greatest control on slope stability 
and hence design.  
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Figure 3 – Typical modes of failure in slopes 
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High faces in weak rocks(i)  

(iii)

(ii) 

Wedge

Toppling

Translational

Geotechnical setting

Toe excavation
Crest loading

Freeze-thaw cycle
High water pressures

Degradation of ground due to 
weathering

Over steep faces leading to 
undercutting of individual 
blocks

High water
pressures

(i) 

(iii)
(ii) 

 

Overblasting

(i)

(ii) 

(iii) 
(iv) 
(v)

Daylighting of critical 
combination of discontinuity 
sets

Unfavourable face orientation 
with respect to discontinuities 
present within the rock mass

Closely spaced 
discontinuities steeply
dipping into face

High water 
pressures in rear        
discontinuities

Over steep faces
Overblasting

(iv)

(iii)
(ii)
(i) 

(ii)

(i) 

Daylighting of critical 
discontinuities

Undercutting of critical 
discontinuities (bedding)

Unfavourable face orientation

Critical factors 
promoting instability

(iii)

(ii) 
(i) 
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Groundwater 

Build-up of water pressures in the rock mass can reduce the force resisting sliding between blocks in the rock 
mass and enhance the disturbing forces separating blocks.  In addition, the presence of water in both intact 
rock and discontinuities can promote weathering thus reducing shear strengths, or can erode infilling materials. 

Where a rock mass has many discontinuity sets, which are closely spaced, the groundwater may behave much 
as it would in a soil; there is a high degree of connection of voids and groundwater levels vary only gradually 
over large areas.  However, in tightly jointed rocks with only a few sets of discontinuities and where the 
discontinuity spacing is large, water pressures can vary appreciably from one fracture to the next.  Seemingly 
erratic groundwater levels can also develop when dykes, high angle faults or steeply dipping strata act as 
aquicludes.  Water levels may be significantly different on either side of the feature. 

Surface recharge can have a marked effect on groundwater levels in rock slopes.  A low porosity tightly jointed 
rock mass may experience a rapid rise in groundwater level of several metres from only a few centimetres of 
rain since infiltrating water is concentrated in relatively few tight fractures. 

Where groundwater intercepts the slope face, the flow can erode material at and below the seepage level, 
which can contribute to slope instability. 

External factors 

Apart from the main constraints noted, other external factors can also affect the stability of excavated slopes.  
The principal elements are listed below and some examples are shown in Figure 4: 

Loading of 
slopes 

Equipment 

Where factors such as elevated water pressures and adverse structures have 
already reduced stability to a marginal level, equipment loading can contribute to 
slope failure.  Where slopes are high, the increase in static loading of the overall 
slope due to equipment is generally very low and the effect on stability is 
minimal.  However, on bench slopes where heavy excavating equipment or 
laden dumptrucks are operating, the effects can be marked and should be 
considered in the designs. 

Spoil dumps and lagoons 

A significant increase in loading of a slope can occur when spoil dumps or 
lagoons are formed near the crest of excavations.  The location of such features 
adjacent to slopes should always be considered in detail in any design. 

Slope geometry In general, flatter slopes are more stable and in quarry excavations, the overall 
slope is usually reduced by the inclusion of benches.  The size and nature of the 
benches may reflect the use of particular quarrying plant, but the designer 
should also be aware of the effect that particular geometry’s can have in certain 
structural settings.  These may increase or reduce the likelihood of sloe failure.  
Slope geometry may also be varied to reduce the volume of a potential failure 
mass. 

Vibration Blasting, earthquakes and the operation of heavy plant and machinery can all 
produce sources of vibration that might influence slope stability.  In general, they 
would not be expected to markedly affect stability, but if certain areas of slopes 
appear more critical, the effects should be considered, particularly in relation to 
blast design and siting of plant. 

Other 
engineering 
activities 

These typically include other developments within or adjacent to the quarry site.  
They might pre-date or be contemporaneous with quarrying.  Factors to consider 
might include: 

·  Previous workings; 
·  Drains and boreholes; 
·  Previous backfill. 
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Time Most of the factors affecting slope stability are to some extent time dependent.  
Prior to slope failure, rearrangement of blocks, dilation of joints and deformation 
of intact material may take place.  The degree to which creep and other slow 
phenomena develop is related to the speed with which loading takes place.  If a 
critical load is applied suddenly (e.g. earthquake), failure may occur quickly. 

Other time dependent controls include weathering, groundwater response to de-
watering or recharge and the rate at which slope excavation proceeds relative to 
dissipation of adverse water pressures. 

 

 

Figure 4 – Examples of adverse loading, both by equipment and super-incumbent structures 

C. Adverse slope loading caused by 
lagoon and embankment lying above 
potentially unstable slope.  Probability 
of instabilty increased by 
recharge from leaking 
lagoon floor.

B. Large static/cyclic loading 
caused by dragline located 
on spoil.

A. Both static and cyclic loading may be 
caused by regular trafficking of loaded 
dump trucks over an incipiently 
unstable haul road.

Water pressure may 
aggrevate situation

Plane of potential failure

Spoil

Spoil placed in layers 
which form planes of 
weakness

Mineral

Lagoon
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4-4.3.2 Fill slopes 

All fill slopes should be regarded as structures prone to failure unless properly designed, constructed and 
maintained. 

As for excavated slopes, there will be a range of factors that contribute to the stability or otherwise of a fill 
slope.  The principal factors include: 

·  Properties of materials in and beneath the slope; 
·  Structure of the slope and its foundations; 
·  Water pressures within the slope including those arising from construction techniques; and 
·  External influences. 

Properties of materials within and beneath fill slopes 

The sizes of particles and voids influence the behaviour of any filled slope, affecting both strength and 
drainage characteristics.  Unless formed from relatively uniform sized material (e.g. product stockpiles), fill 
slopes may be expected to contain a range of sizes, from clay to boulders. 

Certain properties of both the fill and foundation materials should be understood in allowing a proper stability 
assessment of the slope to be made by a competent geotechnical engineer.  These include: 

Density The density of the fill depends on the densities of the component materials, the 
number and sizes of voids and the nature of filling of the voids (whether air or 
water or a combination).  Density can be affected by introducing or reducing the 
number or size of voids (as a function of the method of handling of materials). 

Moisture content Moisture can affect the behaviour and consistency of fill materials, particularly 
when fine grained.  As the moisture content of a dry cohesive soil increases, its 
behaviour may change from being brittle to plastic.  As moisture content 
increases further, it may begin to behave as a liquid.  Where such materials are 
to be tipped, information regarding the behaviour under differing moisture 
contents is necessary to allow the designs to be prepared. 

Permeability Particle size and material density influence the drainage characteristics of fill 
materials.  In gravel, the interstitial voids are generally large allowing water to 
pass through the material easily.  By contrast, clay has small interstitial voids 
through which water has difficulty passing leading to poor drainage 
characteristics. 

Shear strength The shear strength of a fill material is the level of stress at which shear failure 
occurs.  It is not a constant value but reflects changes in moisture content; soils 
generally become weaker as moisture content increases. 

Frictional and cohesive forces acting on particles mainly affect the strength of 
loose materials.  Clean, coarse materials are generally most affected by frictional 
forces (e.g. slopes in stockpiles of crushed rock or clean aggregate).  As the 
proportion of fine sizes increase, the influence of inter-particle forces increases, 
imparting stickiness or cohesion. 
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Pore pressures Pore pressures in fill slopes may arise from loading or introduction of water into 
the slope.  When fill is loaded, the particles within it are rearranged and the 
material is compressed.  This leads to a reduction in void space and a 
consequent increase in density.  Water within the voids must either drain away 
to allow the increase in density to take place, or since water is incompressible, 
the load pressure will be transmitted to the pore water.  This increases water 
pressure in the fill and acts to force particle apart reducing strength. 

Pore pressures may be generated within a fill slope or beneath the slope by 
loading during construction (from the fill material or construction plant).  When a 
slope is raised too quickly, pore pressures may have insufficient time to dissipate 
and may continue to rise during subsequent construction.  Drainage measure 
may be needed in the fill to allow these pressures to dissipate, particularly where 
the rate of raising is fast (e.g. in a spoil dump where overburden tipping is 
continually occurring). 

The structure of fill slopes and foundations 

Fill slopes (either in the form of tips, stockpiles or other placements) should be seen as flexible structures and 
depend in part on secure foundations.  The foundation conditions are at least as important as, and in many 
cases more important than, the method and materials use in slope construction.  The risk of foundation failures 
increases as the ground slope increases or where weak materials are included in critical locations in the 
foundations.  Reliable data is therefore necessary to characterise the foundations, in terms of topography and 
thickness and character of superficial materials and bedrock. 

The method of slope or fill construction influences potential failure modes in the slope, together with the 
drainage characteristics.  The amount and rate of settlement is also influenced by such factors. 

Structure of fills 

Fill slopes are generally constructed using one or more of three techniques by which the profile of the slope 
can be adjusted to suit the design and landscaping objectives where compatible with safety.  Although the 
techniques determine the construction and management of the fill, the method of placement may have a 
bearing on the design of the quarry.  For example, it may not be possible to access the slope to construct the 
fill in a particular way and an alternative may have to be considered.   

End dumped 
structures 

These are the most common form of construction (and often the cheapest) in 
which the fill materials are loose tipped.  The slope of the tipped material forms a 
free face at an angle equivalent to the angle of repose of the materials (either as 
a function of frictional or cohesive forces). 

Material may be end tipped to the full design height, or tipped in lifts or benches 
to improve operational and slope safety.  Little compaction is possible and the 
structure is often liable to significant settlement. 

Layered 
structures 

As the name suggests, layered structure are characterised by construction in 
discrete layers (varying in thickness depending on the type of material placed).  
Normal site traffic or specific plant may be used to compact the fill and improve 
its strength.  This method of placement generally minimises void spaces and 
maximises compaction, reducing subsequent settlement, which may be 
important for certain after-uses. 

Heaped 
structures 

These are formed by dumping the fill in mounds of a conical or ridge form and 
most commonly created by dragline casting or discharge from conveyors.  They 
are typical of stockpiles found in processing areas.  As for end dumped 
structures, the slope of the fill is generally at the angle of repose for the material 
placed. 
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Figure 5 shows typical fill structures. With large spoil heaps, and particularly in-pit tips, a combination of these 
methods may be used in construction of the fill slopes.  Complex structures can arise with different quality 
occurring vertically and laterally across the fill. 

 

Figure 5 – Principal methods of spoil heap construction and internal structure of heaps 

Foundations 

Ideally, tip sites should be near horizontal, or have the ground and rockhead falling towards the structure.  
Such foundation arrangements help to buttress the toe of the structure and reduce the risk of slope failure 
through the underlying materials.  Backfilling into a valley or excavation is often preferred in that the structure 
is largely confined by foundation surfaces dipping towards it.  Where the ground surface falls away beneath a 
structure, there is an increased risk of failures involving weak materials or surfaces parallel or sub-parallel to 
the fill/foundation interface. 

 

Coarse particles tend to concentrate at 
base of heap

Stratification

Ponding of water during 
wet weather Fresh material added to form new 

heap from dragline bucket or 
conveyor

Heaped spoil

Layer placed spoil heap

Stratification

Impermeable layer due to excess 
trafficking during winter months

Fresh material deposited in layers from 
scraper, or end tipped from truck and dozed 
into layers

End dumped spoil heap

Old dump surface

Slump

Stratification

Fresh material dumped away from edge 
of tip and pushed over face by dozer

Layer of coarse material at base 
of tipping
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Foundations in 
superficial 
deposits 

These comprise soils and underlying unconsolidated or partially consolidated 
materials (which may have been deposited by geological processes or 
weathered in situ).  The behaviour of superficial deposits as foundations 
depends on their shear strength properties (which may be variable) and on the 
orientation and characteristics of major and minor structures within them, 
including: 

·  Variations in rockhead level which may be steep and difficult to predict.  
This may lead to instability where deep pockets of weak material are 
present or the rockhead surface is adversely oriented with respect to the 
tip. 

·  Layering and discontinuities (fissures, etc.) in the superficial materials.  The 
presence of weak layers can influence stability, particularly if adversely 
oriented and subsequently undercut.  Interbedded high and low 
permeability units may give rise to drainage problems or could introduce 
groundwater into the fill structure. 

·  Old landslips or previous failure surfaces may be present. 

·  Surface vegetation, when buried, may initially be quite frictional but can 
subsequently rot leaving voids or a weak interface.  Such material should 
be removed from the proposed fill foundation area. 

Foundations in 
bedrock strata 

Fill slopes formed on bedrock strata can have similar foundation problems where 
weak layers are present in the bedrock.   

Problems may occur where tips are formed out-of-pit and adjacent to slopes, 
especially where these have undercut weak planer surfaces such as faults, 
bedding planes, etc.   

Foundations for in-pit structures may include silt and clay slurry remaining from 
quarry operations, which should be removed and replaced with more frictional 
material.  Additional key cuts may be required to further improve friction at the 
fill/bedrock interface. 

Bedrock structure can have a major effect on the position of springlines.  Such 
seepage can adversely affect the stability of fills constructed over springlines 
and should be avoided in construction.  It should also be recognised that former 
springlines may re-establish after many years if changes in water table level 
occur (e.g. rebound of groundwater after quarrying ceases). 

 

Water 

The presence of water in a fill slope can: 

·  Modify the strength of fill or foundation materials; 
·  Increase material weight and provide additional disturbing forces; 
·  Generate water pressures (hydraulic uplift) reducing effective shear strength; 
·  Cause surface erosion; and 
·  Generate seepage pressures which may lead to subsurface erosion. 

The key issues to be considered are: 
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Precipitation Direct precipitation onto a fill slope cannot be avoided, but must be managed if 
the structure is to remain sound.  Appropriate profiling of the upper surface and 
the provision of drainage channels or berms to prevent uncontrolled run-off down 
fill slopes must be considered.  Any drainage measures included must however 
be capable of rapidly removing water if percolation into the fill is to be avoided. 

Run-off Removing vegetation or modifying existing drainage patterns in preparation for 
quarrying may significantly increase run-off from adjacent areas.  The run-off 
pattern may also change in response to quarry development.  It is therefore 
necessary to include suitable cut-off ditches around the fill to prevent ingress of 
water. 

Groundwater Changes in groundwater level can introduce water into a fill structure if not 
properly controlled or allowed for in designs.  Groundwater may rise in response 
to rainfall, or changes in de-watering patterns in a quarry site. 

 

External factors 

Several external factors may affect the design and stability of fill slopes, not least of which is the influence of 
humans on the environment.  Vibrations from heavy plant and machinery or blasting may be sufficient to 
initiate failures.  Accidental or deliberate (e.g. vandalism) to drainage measures may have serious 
consequences.   

Instability in fill slopes may also arise from the removal of material from the toe of the slope.  This can arise 
through natural processes such as burrowing of animals, trampling by livestock or more commonly through 
direct excavation (e.g. in steepening a slope to accommodate redesigned haul route or removal of material for 
use elsewhere). 

4-4.4 SLOPE DESIGN CONSIDERATIONS 

The formation of safe and secure slopes requires three distinct stages: 

·  Slope design; 
·  Slope construction; and 
·  Slope management. 

In the context of quarry design, the first of these is of prime consideration, but must recognise the potential 
effects of the latter two.  The design prepared may dictate the construction arrangements or potential 
management regime required to ensure long term stability.  The effects of slope failures on the safe operation 
and profitability of a quarry can be critical in determining the success or otherwise of the venture. 

4-4.4.1 Excavated slopes 

Successful and appropriate slope design depends on a sound understanding of the interaction between 
lithological, hydrogeological and structural conditions, as outline in the section above.  However, the proposed 
face alignment will also influence stability – certain quarry arrangements may not be possible if geotechnical 
factors preclude a particular direction of advance. 

Slope design is more generally concerned with the stability of overall slopes as local failures confined to a 
single bench can usually be tolerated.  It is important however that the consequences of both large and small-
scale failures are considered in relation to the active quarry operations.  The quarry designer should always 
ensure that effort is concentrated on those areas of the quarry that are of particular importance (e.g. haul 
ramps, in-pit processing installations and third party land). 

Two key stages are generally followed in the slope design process: 
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Preliminary 
design 

At the preliminary design stage, decisions are made about general quarry slope 
alignments and the likely working sequence.  Geological and geotechnical data 
will be required since these may affect considerations.  The alignment and 
position of final quarry slopes may be determined by other constraints on 
development however (e.g. available land, topography etc.). 

The principal aim of the preliminary design is to select a working method that 
minimises geotechnical hazards whilst maintaining an economic and efficient 
operation.  Several alternative methods and slope alignments should be 
considered and the geotechnical and operational implications of each assessed.  
A useful method is the preparation of a geotechnical hazard plan in which the 
potential mode of failure, likelihood of failure and operational implications of 
failure are used to classify slopes.  Such plans should also be prepared for 
individual phases of a design, not only the final void, to allow assessments of 
development issues to be made.  They provide a useful framework within which 
detailed design can proceed. 

Detailed design In order to maximise production in quarries and to minimise the overall stripping 
ratio, the steepest feasible overall slopes are generally required.  The first step in 
the design of such slopes is to identify the maximum overall stable slope angle 
for the depth of operation projected.  All materials that are to be excavated must 
be considered. 

Most quarry slopes are benched and the overall slope angle depends on the 
relationship between width, height and face angle of the benches (see Figure 6).  
The stability of benches with different combinations of height, width and face 
angle should be analysed for each material and each geotechnical setting 
identified and in combinations that do not exceed the maximum allowable overall 
slope angle.  Bench configurations will depend on both operational and stability 
considerations and are considered further below. 

In deep workings, haul roads are commonly required, and must be formed in at 
least one of the quarry walls.  The haul roads are usually wider than quarry 
benches and overall slope angles are generally lower for those faces with haul 
roads than those without (as shown in Figure 6).  Haul roads are considered 
further below and in Appendix 4-5. 

Design of the quarry floor should also be considered, particularly where the floor 
is steeply dipping or where aquifers underlie the floor (which may give rise to 
heave). 

Within reason, quarry slope design should be conservative (i.e. appropriate 
Factors of Safety are considered).  Once the site begins development, additional 
information will become available from the working faces that maybe used to 
revise and/or increase confidence in the designs.  While detailed designs must 
be rigorously prepared, they must not be considered as final and must be able to 
accommodate changes arising from additional information or changing 
circumstances on site. 

Quarry benches 

Most quarry slopes are benched to provide: 

·  Access to, and advancement of, the slope at different levels; and 
·  A safety feature (to catch falling debris). 
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Benches are also critical in providing a means of adjusting overall slope angles.  They may be either short-
term operational benches (i.e. those from which material is being recovered and are actively advancing) or 
long term permanent benches (i.e. at their final position on the quarry slope). 

Critical factors to consider are detailed below: 

Bench width The optimum width of a bench depends on its working status (i.e. operational or 
permanent).  It is governed by the purpose of the bench and the space 
necessary for plant to operate safely and efficiently.  In all cases, quarry 
benches must have suitable drainage measures included in the design. 

Operational benches may be many tens of metres wide, depending on the plant 
operating.  Benches supporting haul roads used for two-way traffic may be 15-
20m wide.  Permanent benches can be much narrower and overall slope stability 
and rockfall considerations rather than operational factors dictate the width.  
Such benches may still require access for maintenance (ditch cleaning, debris 
removal) and this should be accommodated in designs. 

Bench height The height of operational benches is dictated generally by the capabilities of the 
excavation plant and stability issues (including rockfall and safe working 
arrangements for scaling the face).  The height of final benches is controlled by 
stability considerations.  For ease of working, final bench heights are often 
designed at the same height as, or multiples of, operational bench heights. 

Bench face 
angle 

The bench face angle, or slope, depends principally on the excavation method 
and stability.  The slope that is generated during working often results from the 
excavation plant or process (blasting).  These operational bench slopes must be 
stable in the short to medium term and may be quite steep.  Permanent bench 
slopes must be designed for long term stability against major failures and may 
be required to be flatter than the operational face slope.  Minor failures may be 
tolerable in the longer term provided they do not endanger persons in or around 
the quarry. 

Haul roads 

Haul roads in most quarries are necessary to access deeper areas of the workings and therefore are essential 
features in the successful operation of the site.  Failure of a haul road can be costly and could potentially close 
some operations altogether. 

To maintain a safe gradient (which should generally not exceed 1:10 (v:h)), the haul road may be longer than 
one quarry wall.  In such cases, the haul road may have to be incorporated in the quarry design as either a 
spiral or as a switchback.  Design of haul roads is covered in more detail in Appendix 4-5. 

A spiral road winds round the quarry from top to bottom and any large slope failure on any wall will threaten the 
haul road.  The design for the quarry must therefore account for the haul road being on all faces, and 
appropriate Factors of Safety must be included in the design to protect this critical feature. 

Switchback roads zig-zag down one wall of the quarry excavation, and hence higher Factors of Safety are 
necessary for one face only.  It should be apparent that a failure on the face containing the haul road can pose 
significant problems and attention must be focussed in this area. 
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Figure 6 – Relationships between benches and overall slope angle 

Slope layouts and quarry development 

Slope layout is influenced strongly by geological structure as noted in earlier sections.  Changes in ground 
conditions can lead to slope instability if benching arrangements or quarry development proceeds without 
taking account of differing conditions.  Figure 7 indicates the potential impacts arising from changes in 
conditions that may be unrecognised or ignored in design.  There is a particular danger, when lateral or vertical 
extensions to workings are planned, that having previously worked in an adjacent area, incorrect assumptions 
are applied to the extension area. 

 

 

Figure 7 – Effects of unforeseen or disregarded changes in conditions on quarry expansions 
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Figure 8 indicates the influence of stability on faces as a function of direction of quarry advance.  Alternative 
methods of working the rock mass can give rise to markedly different geotechnical settings during the life of a 
quarry and the designer should be aware of the stability implications when preparing phasing plans. 

Final quarry slopes 

The design criteria and requirements for terminal slopes may differ from those for working slopes, which often 
have a relatively short operational life.  The proposed after-use of the site (including land above and below the 
slopes) may govern the profile of the permanent overall slope angle to be achieved during working.   

Whilst the same analysis techniques applicable to consideration of the active quarry slopes are appropriate, 
additional factors to be considered include: 

·  Groundwater rebound, which may raise water pressures in a slope and flood the lower part of 
the excavation; 

·  Time dependent rock deformations that could weaken the rock mass; 
·  Weathering and breakdown of the rock mass arising from physical and chemical processes; 

and 
·  Inappropriate development or after-use which might overload or undercut the slopes or affect 

the groundwater regime. 

Most deep quarries leave voids that cannot be filled with the spoil generated during working.  Whatever after-
use is planned, the quarry slopes will be required to stand indefinitely and a high standard of slope stability is 
required. 

The major problem that will be experienced, assuming that slopes are stable against major failures, is rockfall.  
The design process should assess the potential for rockfall and the likely effects that will result.  Where 
necessary, the designs may have to include for catch ditches and bunds on the final quarry benches. 

Drainage measures should be maintained at the crests and toes of slopes to reduce problems associated with 
ponding water.  These should be included in designs, together with suitable water management measures. 

If voids are to remain water filled, a safety bench or flatter beach area should be designed at the level to which 
water will rise in the workings. 
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Figure 8 – Influence of geotechnical settings on working method 
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Figure 8 (continued) – Influence of geotechnical settings on working method 

4-4.4.2 Fill slopes 

In most circumstances, the design of fill slopes recognises the need to dispose of quantities of overburden or 
waste generated in the quarrying operation.  Other intermediate slopes are often required (stockpiles, 
screening banks, etc.) but it is the design and construction of tips that is of particular importance.  These will 
often be the largest structures and slopes may be significant. 

Preliminary design 

The principal design criteria required for assessments of fill structures at a preliminary stage include: 

Availability of 
space 

The overall quarry design will be constrained by licence and land ownership 
constraints.  Within the area available to a quarry operator there will be a need to 
maximise recoverable reserves.  This can lead to limited or inadequate space for 
tips and other fill structures unless the design prepared allows for the scheduling 
throughout the quarry life of all materials to be stored or disposed of in tips.  
Many quarry design and development problems stem from lack of attention to 
these issues (i.e. the quarry becomes ‘muck-bound’). 
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Assessment of 
likely volumes 
for tipping 

The determination of total volumes requiring either temporary or permanent 
storage is critical in determining the size an necessary capacity for tips and 
stockpiles.  This should also account for the growth and reduction in mounds as 
materials are either placed to tips or withdrawn for use (or sale).  The 
assessment requires realistic determinations of production rates of various 
materials, and should incorporate realistic assumptions regarding the generation 
of processing or recovery wastes. The preliminary design for the site should 
allow for the correct storage of all fill materials.  It may be necessary for the 
designs to be revised if insufficient space or capacity is available to dispose of 
the required quantities.  This may be achieved by amending the quarry limits, or 
allowing in-pit tipping.  

Phasing of the 
quarry operation 

Having established the ultimate excavation limits and site layout, detailed phase 
drawings can be prepared by the quarry designer.  These must include details of 
the tips and other fill structures to be constructed in each phase and is 
particularly important where spoil is to be placed in-pit.  In all cases, sufficient 
capacity for out-of-pit storage must be provided to accommodate all waste 
before in-pit tipping is possible. 

Environmental 
considerations 

Some spoil or stockpiles can be used to mitigate environmental impacts.  
Materials may be used to form screening banks, to reclaim derelict land (e.g. 
areas previously affected by quarrying and essentially unrestored) or to replicate 
natural landforms (e.g. to modify excavated profiles to simulate existing 
features). 

Method of 
placement 

The method of placement may influence the size, shape and stability of fill 
structures, as noted in Section 3.2.2.1 above. 

Permanence of 
structures 

Some fill structures may be temporary or permanent, and this may affect the 
design as follows: 

·  Temporary structures may not be as environmentally ‘sympathetic’ as 
permanent ones since they are likely to be removed and therefore may not 
justify the costs of extensive profiling/planting (e.g. mineral stockpiles); 

·  Lower Factors of Safety may be more applicable to temporary structures, 
but the consequences of failures must be thoroughly addressed; 

·  Temporary structures will require rehandling either during or after 
operations and their proximity to their final resting location will have an 
impact of the quarry economics. 

Restoration 
objectives 

Restoration in quarries may be progressive, phased, or left until completion.  
This depends on the nature of the deposit and methods of working.  The 
consideration of placement of fill to restoration should be addressed in the 
design to minimise cost and to ensure safe structures are formed. 

 

Detailed design 

Once these factors have been considered in the context of the overall quarry design, detailed design can 
proceed.  The following elements are to be considered by the quarry designer in preparing such designs.  They 
are mainly applicable to larger spoil heaps, but will have an impact on smaller fill structures: 
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Site 
investigation 

Earlier sections have outlined those factors that affect the stability of fill slopes 
and the basis for any assessment of detailed design requires a thorough 
understanding of site conditions where tips are to be constructed out-of-pit on in 
situ  materials.  Detailed understandings of tip foundation conditions are crucial 
in this regard.  Additional site investigations may be required in selected areas of 
the site identified as potential fill locations. 

Stability analysis Specifications for safe slope gradients in fill materials and for benching schemes 
in tips depend on detailed stability analysis.  These may have been considered 
at earlier stages in the design process, and the detailed design of fill slopes may 
only focus on those areas of concern or where structures are in critical locations.   

Equipment 
selection 

Decisions need to be made in the design process as to the methods of 
construction and plant to be employed.  These can have a major influence on 
design and it is important that the stability of fill structures is assessed by 
reference to the relevant construction conditions and rates/timing of fill 
placement. 

Plant operating on fill slopes must be capable of operating in a safe and efficient 
manner.  Where ramps are to be formed, these should be properly surfaced and 
protected with drainage ditches and bump banks and should have gradients of 
no greater than 1:10 (v:h).  The provision of safe working areas and accesses 
may restrict the capacity of some spoil heaps. 

Drainage 
measures 

The purpose of drainage within fill structures is to reduce pore water pressure 
and to collect and discharge surface or groundwater.  Drainage may comprise: 

·  Tip underdrainage – to improve foundation conditions, to reduce pore 
pressures and lower the water table within the fill profile.  This may be 
achieved by the inclusion of a drainage blanket on a flat, dished domed or 
inclined site, radial drains on flat or domed sites, herringbone drains on flat 
or inclined sites or relief wells to reduce artesian pressures in foundation 
materials.  The choice reflects the existing ground slope, the foundation 
and fill characteristics and the availability of suitable drainage materials.  
Drainage may also be improved by including coarser fill at the base of 
structures during the initial construction. 

·  Internal drainage – to reduce pore pressures and limit perched water tables 
in the fill.  This may be necessary where stability analysis indicates control 
of pore pressures is critical to stability.  Selective placement of fill and a 
good knowledge of the characteristics of the fill arising from quarrying may 
assist in this regard. 

·  Surface drainage – to intercept and prevent surface water from flowing into 
the fill, to collect and lead water from the fill surface and to prevent 
infiltration and ponding.  Ditches are commonly formed on or upstream of 
the fill surface to channel flows away.  The design should ensure that 
temporary surfaces in the fill are graded towards suitable collector ditches.  
A main ditch is commonly formed around the toe of the fill to collect and 
lead water away from this sensitive area. 

Culverts beneath fill areas should be avoided in designs wherever possible.  
Such culverts may be difficult to inspect, maintain and repair.  The failure of a 
culvert beneath a large, permanent fill area can have serious implications for 
slope stability (since it can introduce water to the base of the fill). 
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Stand-offs Sufficient space must allowed for at the base of a fill slope and any adjacent 
third party land or quarry plant or services.  This space is necessary for the 
provision of drainage measures, ditches and fences, amenity or screening 
banks, operational safety during placement of the fill, access and maintenance 
and inspection of the toe of the fill. 

The stand-offs adopted will depend on the size and geometry of the fill and the 
nature of the third party land.  For guidance, at least 5m is appropriate between 
the fill and third party land and 3m from any ditch or quarry infrastructure.  These 
distances may need to be increased where fill construction uses little or no 
compaction, where ground is sloping, where long term stability of the fill or 
foundation are uncertain, where the fill may degrade with time or where greater 
distances are imposed by appropriate authorities or statutory requirements. 

 

Mineral stockpiles 

For most processed materials, these will be formed by gravity discharge from conveyors and are therefore only 
compacted by self-loading.  The outer slope of the stockpile will be the angle of repose of the materials at the 
relevant moisture content.  A fabric and internal structure is often developed along which sliding may occur 
when excavation is attempted at the toe. 

Provided mineral stockpiles do not comprise material with significant proportions of fine grained materials and 
are sited on well draining, secure, clean and level foundations, there should be little scope for failure (other 
than by excavation of the toe).  However, all end-tipped or conveyor discharged stockpiles are poorly 
compacted and if disturbed can collapse to a denser state entrapping air and setting up a flow slide.  Small 
flow sides are commonly seen on stockpiles, but if the stockpile is sufficiently large, they could overwhelm the 
plant working at the toe. 

Stockpiles of materials more prone to collapse (e.g. clays, clay and silt rich scalpings, fine sands, etc.) should 
be carefully designed and loose tipping avoided if at all practicable.  Such stockpiles may require storage 
behind secure retaining walls. 

Screening banks 

Where these comprise large structures they should be designed as if considering spoil tips.  They are often 
required to screen unsightly operations (or to act as noise or dust baffles) and as such often have to meet the 
requirements of landscape architects or others involved in site restoration.  The designer should always 
remember that stability issues may be paramount and there should always be a proper geotechnical 
assessment of such structures. 

Typically, screening banks will be formed along the perimeter of quarry areas and hence the siting and security 
of the bunds should be carefully considered since they can have major impacts on the boundary and 
surrounding land if they fail. 

Backfill in quarries 

For design purposes, such fill should be treated in a manner similar to large spoil heaps and subject to the 
same level of investigation.  Pit floors to be over-dumped may require preparation prior to tipping and 
allowance should be included in the design.  Careful consideration is necessary where in-pit spoil dumping is 
proposed in the following settings: 

·  Quarry floors inclined away from the spoil toe; 

·  Where high water levels are likely to develop in the spoil; or,  

·  Where weak foundation materials are present. 

In these cases, design changes may be necessary to ensure the proper security of the structures including: 

·  Realigning the quarry excavation and backfilling operations (e.g. reversing the direction of development or 
working dip cuts rather than strike cuts, etc.); 
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·  Digging retaining keys through weak foundation materials; 

·  Reducing water in-flow into the quarry by sealing aquifers in quarry faces against which the spoil is to be 
placed; 

·  Selectively placing frictional free draining materials near the toe and along the base of the spoil. 

 

 


