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Executive Summary

In the UK, the introduction of atax on material sent to
landfill and the tightening of planning consents for
disposal provide powerful incentives for the use of
industrial by-products. Pulverised-fuel ash (known as fly
ash in many parts of the world) isjust such an industrial
by-product. It has along history of successful use as
general fill including use in environmentally sensitive
locations. However, the current Series 600, Specification
for Highway Works and associated Notes for Guidance
(MCHW 1 and 2) treat pulverised-fuel ash asa
manufactured material and apply an end product
specification for compaction. The United Kingdom Quality
Ash Association commission the University of Newcastle
and TRL Limited to review MCHW 1 and MCHW 2 with
respect to pulverised-fuel ash general fill.

The specification for pulverised-fuel ash also requires
that the maximum dry density and optimum moisture
content are determined for each consignment of
pulverised-fuel ash delivered to site: a process that can
take up to two days. A method specification is more
commonly applied to natural fill materials used as general
fill and since pulverised-fuel ash is a particulate material,
like natural soil, thereis no reason that a method
specification could not be used for pulverised-fuel ash asa
general fill. Further, thereis significant historical evidence
that method specifications have successfully been used to
control compaction leading to pulverised-fuel ash fills that
have remained in place for over forty years. The
introduction of a method-based specification for the use of
pulverised-fuel ash as general fill would enable its greater
use and thus reduce the UK-wide need for landfill.

In addition, the specification requires testing to
determine effective shear strength parameters under fully
saturated conditions for embankment design. No guidance
on whether peak or post-peak parameters are to be selected
for design purposes or, indeed, on appropriate factors of
safety is given. Asaresult most engineers test pulverised-
fuel ash in the fully saturated condition, select post-peak
effective shear strength parameters for design and apply a
conservative factor of safety. As the testing protocol
represents aworst case scenario the application of such a
conservative approach can be questioned.

The background to the need for increased use of
pulverised-fud ash in the construction of generad fill is
described. The history and development of the Specification
are dso outlined. The current Specification, and associated
documents, are described in some detail. From this the case
for anew approach to the specification of pulverised-fuel
ash ismade. The new approach is set within the context of
the current Specification for Highway Works and associated
Notes for Guidance (MCHW 1 and 2), such that it can be
simply and rapidly incorporated into these documents. The
new approach is thus proposed as changesto MCHW 1 and
2 to encourage the greater use of pulverised-fuel ashin
generdl fill, whilst ensuring the continued construction of
stable earthwork structures. Guidance on the use of
pulverised-fud ash in earthworksis also given.

In this document pulverised-fuel ash for use as general
fill istreated as a granular material. Thisisin contrast to
the current Specification (MCHW 1 and 2), which treats
pulverised-fuel ash as a cohesive material. Accordingly
there is aneed to amend other elements of the
Specification (i.e., Classes 7B, 7G and 9C selected fill) to
reflect this change.






1 Introduction

2 Pulverised-fud ash

Pulverised-fuel ash (known as fly ash in many parts of the
world) is an industrial by-product with along history of
successful use as genera fill, including usein
environmentally sensitive locations. The current economic
and palitical climate provides a strong incentive for the
greater use of industrial by-productsin construction. This
may lead to both reduced costs and environmental benefits
- such as energy saving, areduction in the use of natural
resources and in the need for lagoon and landfill sitesto
store by-products.

Over the last few years Government policy, backed by
regulation, legidation and international agreements, has
tended towards taking greater account of environmental
issues. Not least among the considerations addressed by
such policy changes has been the introduction of atax on
material sent to landfill. The landfill tax has created an
economic incentive for the use of industrial by-productsin
construction and other industries. Other ‘ green’ taxes
include the energy tax, introduced in 1999, and the
aggregate levy, which will beintroduced from 1 April 2002.
Further incentives have been applied by tightening planning
constraints on industria by-product disposal sites.

While Government policy is helping to improve
environmental awareness, clients are also seeking a
greener product because of the perceived direct economic
and, less tangible, image benefits. A consequence of this
approach is that materials once viewed as waste products
areroutinely being considered for use or recovery. Thus,
they can be used in environmentally sensitive locations
provided due care is taken.

While there are benefits to moving towards a more
sustainable approach, the construction industry is
hampered by a number of factors, including specifications.
Many of the current construction specifications will thus
require modification in order fully to reflect recent policy
changes in respect of the use of industrial by-products.
Pulverised-fuel ash, which is abstracted from the flue gases
of coal fired power stations, is such a by-product. It isused
in the construction industry as, for example, a concrete
addition and asfill.

Pulverised-fuel ash was used both extensively and
successfully as both selected and genera fill from the 1940s
onwards. However, since the introduction of an end product
specification for highway worksin 1986 the amount of
pulverised-fuel ash used for such purposes has decreased.

In order to address this situation, the United Kingdom
Quality Ash Association commissioned the University of
Newcastle and TRL Limited to review the current
Specification for Highway Works (MCHW 1 and 2) in
relation to the use of pulverised-fuel ash as general fill
earthworks and to propose amendments. This report
presents the results of this work.

It proposes additions, deletions and replacements to the
existing documents to bring the treatment of pulverised-
fuel ash into line with that of similarly variable natural
soils. The detailed case for the changes to the Specification
is made by Winter and Clarke (In press) and is further
substantiated in this report, which also includes guidance
on the use of pulverised-fuel ash as general fill.

Pulverised-fuel ash is a by-product from the production of
energy from coal-fired power stations. This material is
known as fly ash in many parts of the world. There are two
forms of ash, furnace bottom ash and pulverised-fuel ash.
The former isaclinker left in the bottom of the furnace,
while the latter is collected from the exhaust gases using
the process of electrostatic precipitation.

The quantity of ash produced as a by-product of burning
coal to produce electricity in the UK is significant. The
United Kingdom Quality Ash Association estimated
production for 1997 at around 6 million tonnes for
pulverised-fuel ash and 1.3 million tonnes for furnace
bottom ash. Longannet power station in Fife, for example,
is capable of producing a maximum of 4,350 tonnes of
pulverised-fuel ash per day.

Whitbread et al. (1991) estimated that more than 4,000
hectares were utilised as pulverised-fuel ash disposal sites
in England and Wales (figures were not available for
Scotland). One disposal siteis expected to reach a
maximum height of 36.6m and cover 160 hectares by the
timeit is completed in 2006, at an estimated construction
cost of more than £30M (Anon, 1997).

By far the bulk of the furnace bottom ash material
produced is sold for reuse. Around 3M tonnes per annum
of pulverised-fuel ashis utilised in applications ranging
from cement and structural elements to use as general fill.
However, around 3M tonnes of pulverised-fuel ash
remains unsold. This corresponds to around 2Mm? of
compacted fill for amaterial with atypical maximum dry
density up to 1.5Mg/m?3

There is an increasing acceptance of the basic concept
that for by-products that are produced in large quantities,
such as pulverised-fuel ash, abalance of high utility,
intermediate utility and low utility applicationsis required
(Winter and Henderson, 2001). This enables the residual
guantities left unused to be minimised, the economic
returns from the sale of the material to be maximised and
the cost of disposal minimised. At present the bulk of
pulverised-fuel ash sales are for utilisation in cement and
structural element manufacture at the high utility end of
the scale. Estimates indicate that in Scotland, for example,
less than 30% of pulverised-fuel ashis sold for reuse and
that of that sold between 30% and 40% isfor use as low
utility general fill. In the UK the figures for pulverised-fuel
ash sales are estimated to be around 50%. Nonetheless, the
potential for the increased use of pulverised-fuel ashin
place of natural fillsis significant.

In addition to the space required to store pulverised-fuel
ash, there are also external cost pressures placed on the
power station operators to use their pulverised-fuel ash by-
product. Disposal in lagoons and other forms of disposal
are subject to landfill tax. The tax for inactive waste, which
appliesto pulverised-fuel ash, has been maintained at £2
per tonne. However, the tax for active waste the tax was
increased from its original level of £7/tonne to £10/tonne
in April 1999, to £11/tonnein April 2000 and to £12/tonne
in April 2001. Subsequent rises of £1/tonne per annum will
be implemented in April of each year until 2004, when the

3



active waste rate will be £15/tonne. In addition, planning
authorities can, and do, set targets for the use of
pulverised-fuel ash as part of the conditions for granting or
renewing planning permission for the use of disposa
lagoons (Figure 1). Thisincludes the use of pulverised-fuel
ash as general fill. The Government provided further
incentive to the use of secondary aggregates in place of
primary materials with the announcement of atax of
£1.60/tonne on primary aggregates in the Chancellor of the
Excheguer’s March 2000 budget speech.

There remains aview, however, that the use of
pulverised-fuel ash for earthworksislimited by the lack of
information on the properties of pulverised-fuel ash from
the various sources. Pulverised-fuel ash isinherently
variable, both between sources (Figure 2) and on a day-to-
day basis from asingle source (Figure 3). The datain
Figure 2 also indicates that, as sources of coal have
changed, so has the variability of the pulverised-fuel ash
produced increased, albeit to arelatively small extent. This
can significantly affect the minimum level of compaction
required and as aresult an end product has been deemed
appropriate, rather than the simpler and less costly method
specification applied to conventiona naturd fills. Thereis
also evidence that the variability of pulverised-fuel ash has
led to problems in establishing and attaining end product
dry density requirements, with resulting contractual
problems, and loss of economy to the end-user.

Historically, however, in excess of 30M tonnes of
pulverised-fuel ash has been used successfully for
structural and general fills for over forty years on projects
such as the Dewsbury earth retaining wall (Joneset al.,
1990), road embankments at the A308 Staines by-pass
(Margason and Cross, 1966) and Durham Road by-pass at
Stockton-on-Tees. The construction of fills has been based
on highway specifications that have evolved from
research, practice, policy and previous specifications.

Itisclear that satisfactory earthworks structures can be
formed from pulverised-fuel ash and experience in both

the highway construction field and in the construction of
pulverised-fuel ash disposal lagoon dams (Figure 4)
provides confirmation. It is also clear that the industry uses
the Specification for Highway Works as the standard for
most engineered fill (Trenter and Charles, 1996), from
infrastructure works to golf courses.

3 History of the specification

The current compaction specification (MCHW 1) treats
pulverised-fuel ash as a manufactured material and requires
an end product in terms of a percentage of the maximum dry
density. This approach was first implemented in the 1986
Specification for Highway Works (SHW, 1986).

Prior to 1986 the 1976 and 1969 Specifications for
Road and Bridge Works (SRBW, 1969; 1976) included
pulverised-fuel ash within the definition of ‘uniformly-
graded material’ (see also Sherwood, 1975), itself subject
to amethod specification for compaction. A range
between optimum moisture content and optimum plus
1.5% was given as a starting point for the consideration
of suitability limits.

Earlier specifications (e.g., SRBW, 1963) utilised an
end product specification for compaction based upon a
maximum permissible air content. The specification was
applied to al fills, including, by implication, pul verised-
fuel ash.

Natura soils, themselves potentially highly variable,
were treated by method compaction by all Specifications
after SRBW (1963).

4 Current specification

4.1 General requirements

The current Specification (MCHW 1 and 2) defines
pulverised-fuel ash as‘ solid material extracted by

Figure 1 A typical pulverised-fuel ash disposal lagoon at the time of excavation
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Figure 4 Construction of a pulverised-fuel ash disposal lagoon dam

electrostatic and mechanical means from the flue gases of
furnaces fired with pulverised bituminous coal’ with a
maximum particle size of 3mm (Clause 601.7). Pulverised-
fuel ashis generally a silt-sized material as shownin
Figures 5 and 6. The classes of pulverised-fuel ash found
in Table 6/1 (see Table 1) of the Specification vary
according to whether the material is conditioned or
obtained from lagoons or stockpiles (DMRB 4.1.1: Clauses
5.62 10 5.65). Class 2E (pulverised-fuel ash as generd fill)
includes lagoon pulverised-fuel ash, that is materia that has
been transported in slurry form and stored in lagoons, which
may be used as general fill. Such material may contain
furnace bottom ash and may be subject to some segregation
of sizesduring filling of the lagoon. Because of thislagoon
pulverised-fuel ash may be more variable than stockpiled
pulverised-fuel ash, whichisaso included as a Class 2E
material. Once stockpiled it tends to approach its optimum
moisture content after a period of storage.

Conditioned pulverised-fuel ash can be used as higher
quality selected fill: either asfill to structures and
reinforced earth (Class 7B) or for stabilisation with
cements to form capping (Class 7G/9C). It is collected
directly from the flue gases created by the coal burning
process in hoppers. Sufficient water is added to bring it to
a state suitable for compaction. The DMRB 4.1.1 (Clause
5.63) states that the optimum moisture content of
conditioned pulverised-fuel ashistypically 25%, but may
be as high as 35%. However, in reality the optimum
moisture content may be in excess of this value. Data from
Scotland indicates that the optimum moisture content of
conditioned ash may be as low as 18% while that of lagoon
ash may be as high as 28%. Historically, pulverised-fuel
ash was considered a lightweight fill but there are afew
instances when the density is such that it is nearer to that of
some natural soils. Published data show that the optimum
moisture content can vary from 17% to 34% and the
maximum dry density from 1.1Mg/m?®to 1.5Mg/m?®

6

(Figure 2), but it is possible for the maximum dry density
to lie outwith this range.

Variations for single sources are generally greater than
in the past, afactor that is emphasised by base-loading in
the winter and double-shifting in the summer. Typical
maximum dry density ranges for a pulverised-fuel ash
from a base-loading regime might be in the range
1.37Mg/mé to 1.47Mg/m?, while that for double-shifting is
more likely to be between 1.17Mg/m?® and 1.32Mg/m?.
However, the range can be greater when sources within
England and Wales are compared: potentially between
0.87Mg/m® and 1.47Mg/m?, with optimum moisture
content varying between 17% and 46%. Although
conditioned ash direct from the hopper can be used,
reclaimed (lagooned or stockpiled) ash is generally more
suitable for use asfill. Thisis because the moisture content
tends to reach equilibrium close to optimum and aso
because there are greater volumes available for supply on a
daily basis. Furthermore, most water-soluble material has
been washed out of lagoon pulverised-fuel ash and it can
therefore be more suitable for use in some situations than
fresh conditioned or stockpiled material. The DMRB 4.1.1
(Clause 4.1) states that the main objective of acceptability
assessment isto ‘enable the scheme to be constructed to a
satisfactory standard of design and longevity for the
minimum cost’. In order for this to occur acceptability
criteriaand limits must be set to ensure that the required
compaction can be achieved. The DMRB (Clause 5.66)
goes on to note that for general fill purposes, it is sufficient
to rely on the end product specification therefore bulk
density limits need not be stated. However, thisis clearly
dependent upon the nature of the design and whether the
weight of thefill is critical to the design. In such cases,
bulk density limits must be stated along with the end
product. These values may be typically between 1.3Mg/m?
and 1.65Mg/m? for lagoon, stockpiled or conditioned. Data
from Scotland indicates that maximum dry densities might
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Table 1 Classes of pulverised-fuel ash within the Specification for Highway Works (MCHW 1)

Permitted Acceptability Compaction
Class Description Use constituents determination requirements
2E Reclaimed Generd fill. Reclaimed material from Moisture content or bulk End product 95% of
pulverised-fuel ash lagoon or stockpile density. maximum dry density
cohesive material. containing not more than of BS 1377: Part 4
20% furnace bottom ash. (2.5kg rammer method).
7B Selected conditioned Fill to structures Conditioned material Moisture content, bulk End product 95% of
pulverised-fuel ash and reinforced earth. direct from power station bulk density and other maximum dry density
cohesive material. dust collection system requirements depending of BS 1377: Part 4
and to which a controlled on use. (2.5kg rammer method).
quantity of water has
been added.
7G Selected conditioned For stabilisation Conditioned material Moisture content Not applicable.
pulverised-fuel ash with cement to form direct from power and total sulphate.
cohesive material. capping (Class 9C). station dust collection
system and to which a
controlled quantity of
water has been added.
9C Cement stabilised Capping. Class 7G with addition Pulverisation, End product 95% of
conditioned of cement according to bearing ratio or maximum dry density

pulverised-fuel ash

Clause 614.

moisture content.

of BS 1377: Part 4

cohesive material.

(2.5kg rammer method).

be in the region of 1.12Mg/m?® and 1.25Mg/m? for lagoon
and conditioned pulverised-fuel ash respectively: those for
sources in England and Wales are given above .

The DMRB 4.1.1 quite correctly points out that, prior to
specifying the use of pulverised-fuel ash, especialy if its
useisrequired to satisfy a design which relies on
lightweight fill, it is advisable to check on the sources and
likely availability with the appropriate company. They
should aso be able to provide typical test results for the
various sources but note that pulverised-fuel ash,
especially conditioned pulverised-fuel ash, can vary such
that the typical results may not represent the properties of
thefill at the time of use.

Some careis required in interpreting the results of
compaction tests on pulverised-fuel ash. Typically air
voids will be in the region of 8% to 15% for an adequately
compacted fill. Thisis somewhat higher than is usually
required for a natural soil, due to the nature of the particle
size distribution. It suggests thereis potential for
subsequent water ingress and collapse on inundation
though, in practice, this may not be an issue since the
maximum dry density restricts further volume changes.
Further, the air voids of some pulverised-fuel ash will be
filled as aresult of pozzolanic reactions, creating an
inherently more stable material. The effects of ageing on
pulverised-fuel ash are discussed in Section 4.2.

Eurocode 7 (1997) currently has ENV status. However,
itisanticipated that it will have full EN (mandatory) status
during the lifetime of this report and is thus treated as such
herein. Eurocode 7 specifically refers to pulverised-fuel
ash as asuitablefill material. Further, it lists aspects that
must be considered when choosing fill. Thisincludes
compactibility and cementation, both of which are key
factorsin the use of pulverised-fuel ash. Eurocode 7 covers

design rather than construction but design is an essential
part of the construction process.

4.2 Design parametersfor pulverised-fuel ash earthworks

The current Specification only covers effective strength
parameters of selected fills. However, in good practice the
specified tests are carried out for genera fill because no
aternatives are given. There are aternative tests but
because of the experience gained from using parameters
derived from the specified tests, it is prudent to continue to
use such tests when specifying pulverised-fuel ash as
general fill. This helps ensure that unaccustomed practice
does not act to the detriment of the increased use of
pulverised-fuel ash.

The current Specificationisa‘ catch-all’; it thus covers
the worst possible case. If adesign engineer followsthe
Specification then the completed project should be safe but
may not be the most economic version. Taking amore
realistic approach, and using the available knowledge and
understanding of pulverised-fuel ash, it should be possible
to produce designs that are both safe and economic based on
acase lying between the worst possible and most credible
cases. Thisisthe approach proposed by Eurocode 7. This
may create a problem for the design engineer. Although
faillureis till highly unlikely the probability of an adverse
event isincreased. Some conservative design organisations
have, in the past, taken the view that exposing their
professional indemnity insurance to such increased risks,
however dight, is not desirable for their business.

A second issue concerns the selection of design
parameters. These can be obtained from trade literature,
research publications, suppliers' databases and a targeted
testing programme.



Trade literature is based on historical, average data
which can be used for feasibility and preliminary design
studies. However, it would be unusual to produce the final
design for earthworks on ‘average’ or historical data of
soil and, since pulverised-fuel ash is a particulate material
similar to soil, then the same design methodol ogy should
apply. Thus, design parameters should be derived from
tests on the actud fill to be used.

Data from both research publications and from trade
literature, may be site specific. However, the data from
research publicationsis likely to be more detailed. They
provide a useful reference, indicate likely performance and
highlight relevant issues for the designer. For example,
Clarke et al. (1993) discuss the effect of time on effective
strength parameters for a stockpiled and a conditioned
pulverised-fuel ash. The data could be used in adesign
provided the same source of pulverised-fuel ash will be
used in the construction. Research papers do, additionally,
make the design engineer aware of the issues and how they
could be addressed.

Suppliers’ databases are a useful source of information
and, with increasing awareness of the need to supply quality
data, suppliers have started testing programmes to produce
design parameters. Thisinformation will be useful at the
feasibility stage and, in some cases, the design stage. Tests
are often carried out on conditioned ash, which may go to
stockpile. Thus, the test data may not represent the future
source material. Further, not al suppliers can provide the
information. Nor are any of them likely to be able to supply
information on existing stockpiled or lagoon ash. This latter
source of materia is particularly important because of the
greater quantitiesinvolved and the fact that the supply is
more immediately stable than conditioned ash.

In essence, there are two waysto select design
parameters. Thefirst isto take published, typica values; the
second is to test a specific source of material. The former,
used in conjunction with the Specification, will produce a
safe design but not necessarily the most economic. Design
engineers should normally use parameters measured in a
testing programme on the source material. This approach
should result in more economic designs, especidly if the
most credible case is considered, though at the cost of
carrying out tests at the start of a project. Thisapproachis
the same as that used for natural fills.

Eurocode 7 suggests that a visual examination of
pulverised-fuel ash may be sufficient if the project only
includes small (<2m) excavations and/or simple (two-
storey houses) buildings; that is no further testing is
required. Thus, based on Eurocode recommendations, it
may be appropriate to use published values for general fill
for low-rise structures and projects associated with similar
levels of risk. Tests on source materials would be required
for al other projects. The latter allows an engineered
solution to be produced that is both safe and economic.
This approach also fits with the Specification, but there are
some reservations.

Effective shear strength parameters for embankment
design are taken from tests on fully saturated pul verised-
fuel ash compacted to 92%+2% of maximum dry density
(MCHW 1. Clause 636). The test procedure produces a

shear stress-displacement curve. It is assumed that the
pulverised-fuel ash is compacted at the optimum moisture
content. If that isthe case, then the pulverised-fuel ash will
exhibit dilatant behaviour due to the degree of compaction,
with peak and post-peak shear strengths. These terms are
defined in Figure 7. With time, in some ashes, these
strengths will increase due to cementation effects. No
guidance is given on whether peak or post-peak parameters
are to be selected for design purposes. Many engineers
select post-peak shear stress values to determine the
effective strength parameters. In current practice a global
factor of safety of 1.3 is applied to the design of slopes and
3 to foundation designs. Thus, aworst case scenario, the
fully saturated post-peak condition, is chosen and a
conservative factor of safety selected. Since the worst case
scenario is selected, then the use of conservative factors of
safety may be questioned since thiswill lead to excessively
safe designs that are uneconomic.

Eurocode 7 uses partial factors of 1.25 for tan(¢) and
1.6 for c'. The characteristic values of ¢ and c' are a
cautious estimate of the values affecting the occurrence of
the limit state. No guidance is given as to whether peak or
post-peak values should be used. Eurocode does, however,
allow other factors to be taken into account. The most
important of these, with respect to pulverised-fuel ash, are
time effects and brittleness. Many ashesincreasein
strength with time (Raymond, 1961; Clarke et al., 1993).
The strength gain can be significant. For example, Tri
Utomo and Clarke (1993) have shown a 100% increase in
compressive strength over a 28 day period for conditioned
ash from Tilbury. Thisincrease in strength is also
accompanied by an increase in brittleness. For this reason,
it may not be prudent, or indeed safe, to use the peak
strength. The post-peak strength, however, also increases
in strength with time. Figure 8 shows the envelope of the
change in effective strength parameters with time for a
typical self-hardening ash.

Therefore, using the principles and guidelines given in
Eurocode 7, it would seem appropriate to select a post-
peak strength of afully-saturated material asthe
characteristic value, but to base that strength on tests
carried out sometime after compaction. Yang et al. (1993)
have shown that 90% of the increase in strength occurs
within 28 days of compaction for those ashes that exhibit
pozzolanic action.

If these principles are applied to designs based on global
factors of safety then it should be possible to reduce the
factor of safety since a cautious view istaken of the
effective strength parameters. However, the general trend
in geotechnical engineering, and other branches of the civil
engineering profession, is towards designing on the basis
of partial factors as exemplified by Eurocode 7 above.

While Eurocode 7 and other general design guidelines
do not specifically recommend upper limits to values of
strength, BSB006 does. It states that the upper limit for
effective cohesion is 5 kPa. This may be prudent given the
brittle nature of pulverised-fuel ash since the cohesion is
developed through pozzolanic action.

Note that tests on partially saturated pulverised-fuel ash
at the optimum moisture content also show peak and post-
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Figure 7 Definition of termsin relation to strength, as used in the text of the report

peak behaviour. In this case, some of the strength may be
due to the effects of suction. This suction could dissipate
leading to aloss of strength: i.e., tests should normally be
carried out on saturated pulverised-fuel ash and the
strength of partialy saturated pulverised-fuel ash must be
treated with caution.

4.3 Compaction of pulverised-fuel ash asgeneral fill

Pulverised-fuel ash istreated as a manufactured product
rather than as awaste product or industrial by-product.
Thisisjustified in the DMRB by the fact that pulverised-
fuel ash properties vary, not only from source to source,
but also within a single source. The Contractor is required
to supply to the Engineer the following information for
each consignment (MCHW 1: Clause 601.18):

e A record of the type and source of the material and the
name of the power station from which it was obtained.

e A certificate of results of tests showing that the material
complies with the requirements of the compaction
specification given in Table 6/1 of the Specification.
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Thus, the Specification requires that the British Standard
2.5kg rammer method compaction curve (BS1377: Part 4)
is determined for each consignment of pulverised-fuel ash
delivered to site. In practice a consignment is not taken as
asinglelorry load and the rate of testing will be adjusted
dependent upon the perceived variability of the pulverised-
fuel ash. A minimum target dry density isthen set at 95%
of the maximum. The results from such atest are likely to
be available a minimum of two days after sampling.

Clearly, three possible situations exist, as follows:

e Materia can be delivered to site and placed and
compacted on the basis of existing limits, that islimits
established from earlier consignments. Figure 3 shows
the variation in maximum dry density for one site
together with the target densities. It shows that
pulverised-fuel ash isvariable and that it is inappropriate
to use target densities from different consignments as an
exact control. Despite the difference between the target
densities and those achieved, the earthworks were
accepted and have not shown any kind of degradation or
distress since construction several years ago.
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Figure 8 Increasein strength of stockpiled ash with time, showing the changesin (a) brittleness and (b) peak
and post-peak strength (after Clarke and Coombs, 1996)

e An average value may be taken from a number of
consignments or from tests at source assuming that there
islittle variation in the target density. This suffers from
the same problems asillustrated by the example givenin
Figure 3.

e Alternatively, each consignment could be stockpiled to
await the test results before being placed and
compacted. This results in double handling and delay.
Further, the moisture content could change due to the
ambient temperature and humidity. Thisis a concern
especially when the pulverised-fuel ash has been
prepared by adding water at source.

There are disadvantages to all three controls but the
compacted material performs as designed even when the
difference between the target density and density achieved
fall outside the specification. This suggests that the end
product control may be relaxed.

The ability to achieve the required compaction may be
affected if it is based on the incorrect target density. This
is, of course, particularly critical where pulverised-fuel ash
is being placed adjacent to structures and where the density
achieved may affect the design criteria. Under the
requirements of MCHW 1 the Engineer can keep arecord
of the sources of a manufactured material, and the onusis
placed on the Contractor to provide the requisite data
including the natural moisture content, the optimum
moi sture content and the maximum dry density of each
consignment. In order to reduce claims and rejection, the
Contractor should provide target densities for every
consignment if higher quality end product is required.
However, while each of these points may be appropriate

for critical selected fill applications, each isalso less
critical for general fill applications when bulk density
limits do not form part of the design requirements.

If asource of pulverised-fuel ash was likened to natural
soil from a borrow pit or earthworks excavation then
Clarke and Coombs (1996) claim that the variation in
properties could be accepted and a method specification
could be used. Indeed, other industrial by-products such as
burnt and unburnt colliery spoil and spent oil shale, which
may be equally variable, are compacted according to a
method specification (Winter, 1998). Figure 9 confirms
this view. The in-situ data from Figure 9 are shown plotted
together with the pre-1986 control criteria based on 0.8 to
1.2 of the optimum moisture content and the current end
product specification based on 95% of the maximum dry
density. The datain Figure 9 indicates that approximately
92% of the results lie on or above the 95% compaction
limit. Clarke and Coombs go on to suggest that a method
specification, developed from an initia sitetrial with
defined end product criteria, could be used, with routine
acceptability determined by moisture content
measurement. Thiswould appear to be entirely appropriate
for generd fills. Note that this was acceptable up to 1986
and many engineered fills built prior to that still exist and
function as designed.

Thus, treating pul verised-fuel ash as a manufactured
material and using a Specification designed for such
material can discourageits use. Other variable materials
are currently more acceptable because the Specification is
less onerous since they are placed in different categories.

11
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Figure 9 Control criteria compared to in-situ measurements

4.4 Construction issues

Asthe current Specification requires an end product for
pulverised-fuel ash general fill no advice on appropriate
compaction plant is given. However, experience would
indicate that vibratory rollers are effectivein use on
pulverised-fuel ash. (Pneumatic-tyred rollers generally are
also considered suitable, but thereisrelatively little
experience of their usein the UK.) Smooth wheeled rollers
(or vibratory rollers operating without vibration) are not
generally recommended.

Clause 608 of MCHW 1 deals with the construction of
fillsand requiresthat a starter layer of Class 6D fill is placed
above ground level whereit isintended that thefill aboveis
to be a Class 2E pulverised-fuel ash material. Class6D isa
selected uniformly graded granular material with 100%
passing 10mm and between 0% and 15% at 150mm
(between 0% and 20% at 150mm for crushed rock).

The Specification also allows the Engineer to
specifically exclude the use of pulverised-fuel ash within a
certain dimension below the sub-formation or formation,
and the DMRB (Clause 5.59) recommends a minimum
exclusion depth of 600mm. This exclusion is based on the
following reasoning:

e Because of the grain shape and size (Figures 5 and 6)
the upper layers of pulverised-fuel ash are difficult to
compact (where field densities are being taken it is
recommended that the top 100mm of pulverised-fuel ash
isremoved before testing). Thisis due to over-stressing
during compaction. Compaction of the subsequent layer
will remedy this effect;

e Freshly placed pulverised-fuel ash behavesin a manner
similar to apure silt and, if not protected, may liquefy
following wet conditions;
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e Capping and sub-base materialstend to be relatively
permeable and alayer of general fill over pulverised-fuel
ash is considered desirable to provide some protection.

Completed slopes of Class 2E and 7B fill material are
required to be immediately covered by Class 5 topsoil, turf
or other material in order to obviate the particular problem
of erosion where pulverised-fuel ash embankments are
exposed to the weather. Indeed, thisis also standard
practice in the construction of pulverised-fuel ash lagoon
dams (Figure 10).

Typicaly, it isrequired that all permanent faces of side
slopes formed from Classes 2 and 7 (cohesive) materials
are re-worked and sealed, prior to trimming. This
reguirement does not apply to pulverised-fuel ash since
pulverised-fuel ash, once compacted, can be easily
disturbed. Disturbing pulverised-fuel ash once compacted
can lead to zones of potentially low density and
correspondingly high air voids within the compacted fill
volume. These may be prone to significant future
settlements on, for example, the ingress of water.

4.5 The casefor a new approach to the specification

Pulverised-fuel ash is treated as a manufactured material in
the Specification. This requires the Engineer to keep a
record of the sources, and places the onus on the
Contractor to provide the requisite control dataincluding
the natural moisture content, and the optimum moisture
content and maximum dry density of each consignment.
An end product specification is required for pulverised-
fuel ashfill rather than the method specification that is
applied to natural fills. Thisisjustified by the inherent
variability of pulverised-fuel ash, both between sources
and from a single source on a day-to-day basis. The
specified protocol for end product control can take up to



Figure 10 Construction of a pulverised-fuel ash disposal lagoon dam. Note that the sideslopes
are in the process of being covered to provide protection from the weather

two days. While the Specification does not cover design
methods it does recommend tests to produce design
parameters. Design methods, which are not material
specific, are either based on global or partial factors of
safety using characteristic material properties. The
procedure followed to determine pulverised-fuel ash
properties imposes controls that result in worst case
scenarios, not characteristic values. Thus, design methods
and test procedures are not consistent.

Whilst it is accepted that pulverised-fuel ash isan
inherently variable material and that this approach may
be justified for selected fills, including structural fill, it
can discourage the use of pulverised-fuel ash as a general
fill. The approach taken to use pulverised-fuel ash as
generd fill in the Specification is at odds with that taken
for natural soils, which are also inherently variable
materials. In order to encourage the increased use of
pulverised-fuel ash, a new method-based specification
needs to be developed and introduced for general fill. In
parallel to the new specification for site operations, there
isaneed for a consistent design procedure, thus enabling
the wider use of pulverised-fuel ash with the associated
environmental benefits.

The presence of carbon in pulverised-fuel ash affectsits
water absorption value and, as this has an influence on the
calculated air voids value, makes the setting of limitsin terms
of air voids for compaction inappropriate. In addition it is
clear from Figure 9 that 95% of maximum dry density
correspondsto air voids values up to approximately 15%.
Whilethislevd of air voidsishigher than isnormally
required for naturdl fills, the current end product specification
requires compaction to achieve 95% of the maximum dry
density. Therefore thislevel of compaction is appropriate to
form the basis of the proposed method specification. It must
be remembered that thisisthe basis of the current end product
specification and has been successfully applied sinceits
introduction in 1986 (SHW, 1986).

High carbon contents can also effect the operation of
nuclear density gauges. As such these devices should only
be used in situations where an adequate calibration can be
established between measurement made using the gauge
and sand replacement tests.

The new approach to the Specification for pulverised-
fuel ash as general fill is based upon site-specific trials to
determine a suitable compaction method. It is
recommended that initially Method 3 (MCHW 1, Table 6/4)
compaction be used in the trials. This method was applied
to pulverised-fuel ash before the introduction of the 1986
specification. However, limits on the type of plant allowed
should be applied as detailed in Section 5.2.

It isintended that the trials be used to gather data on
successful methods of compaction to allow further
modification of the MCHW 1. Data and interpretations of
the data should be sent to the United Kingdom Quality Ash
Association. They will arrange for the collation of the data
sets to form a fully method-based specification, once a
sufficient amount and variety of datais available.

The specification is presented in Section 5 and guidance
on the use of pulverised-fuel ashisgivenin Section 6. It is
intended that the trial element of the specification be
removed once sufficient datais available to form a robust
method specification.

5 Specification using the new approach

The new approach to the specification of the use of
pulverised-fuel ash as general fill is structured as
amendments to the Specification for Highway Works and
the associated Notes for Guidance on the Specification for
Highway Works (MCHW 1 and 2). (MCHW 1 comprises a
specification for a variety of earthwork materialsincluding
general fill, selected fill and fill to structures.)

It is recommended that the Specification be used in two
ways. First, as asimple revision to contracts requiring the
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use of MCHW 1 and 2. Second, that the Specification be
used on contracts which would not normally require the
use of MCHW. The Specification is recommended by
virtue of it having been especially prepared for use with
pulverised-fuel ash as general fill.

A commentary to the proposed Specification changesis
givenin Section 5.1. This details the reasoning behind each
change and details the actual changes. Each relevant clause
of MCHW 1 and 2 isaddressed in Sections 5.2 and 5.3
respectively. Where change is required the relevant clause or
part of the clauseis re-written. Only relevant clauses are
cited (i.e., those that have an impact on the use of
pulverised-fuel ash as generdl fill), the requirements of all
other clauses should be observed as necessary and relevant.
Whereit isfelt that confirmation of no changeto the
MCHW specification is helpful thisis givenin Section 5.1.

5.1 Commentary on changesto MCHW 1 and MCHW 2

Clause 601: Classification, Definitions and Uses of
Earthworks Materials

Sub-Clauses 601.17 and 601.18 are to be replaced by those
given in Section 5.2.

Sub-Clause 601.17 confirms that pul verised-fuel ash
should not normally be placed within a given depth below
sub-formation or formation, unless an impermeable
geosynthetic separator or bound layer is to be placed
immediately above the sub-formation or formation. In the
existing Specification this depth is left entirely to the
Specifier’s discretion although the Design Manual for
Roads and Bridges makes a strong recommendation that it
should be 600mm. The revision makes 600mm the default
depth in the Specification (except as noted above), while
leaving the option to alter this depth (see also Section 4.4).

Sub-Clause 601.18 makes modifications to lessen the
onerous conditions placed upon the supply of pulverised-
fuel ash whilst fully retaining the need to ensure compliance
with the acceptability requirements of Table 6/1.

All other sub-Clausesin Clause 601, including sub-
Clause 601.7, remain unchanged.

Clause 602: General Requirements
Clause 602 remains unchanged.

Clause 608: Construction of Fills

Sub-Clauses 608.2, 608.10 and 608.11 are to be replaced
with those given in Section 5.2. These replace Class 2E
‘Reclaimed pulverised-fuel ash cohesive material’ with a
new Class 1D ‘Reclaimed or conditioned pulverised-fuel
ash granular material’ (see also Table 6/1).

The specification refers to pulverised-fuel ash asa
cohesive material dueto itsrelatively fine grain size.
However, pulverised-fuel ash is silt-sized and thus coarser
than clays, and, in some circumstances will behave more
like a cohesionless, or granular, material. Pulverised-fuel
ash is non-plastic. For example, the permeability of
pulverised-fuel ash isvery low and therefore it can be
classed as afine-grained material when considering flow
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of water. Pore pressures dissipate within the construction
period therefore, as far as strength is concerned, it can be
classed as a coarse-grained material when considering the
design of a pulverised-fuel ash structure. In that case the
design parameter is the angle of shearing resistance, the
parameter used for cohesionless materials.

Under this regime Class 1D pulverised-fuel ash isthe only
Class 1 materia that may have >15% fines (particles passing
63um). This does not present a problem of itsdlf, especialy as
both the existing Class 2E and the new Class 1D materia
proposed herein, are not subject to a specific grading
requirement other than that the maximum particle size shdll
be <3mm (Clause 601.7). In the longer term it may be
desirable for the MCHW 1 and 2 to move away from the
cohesive/granular descriptions of fill materialsto fine-
grained/coarse-grained. Pulverised-fuel ash would thus
remain as part of the Class 2 fine-grained series of materials,
but without the current implication asto behaviour.

Sub-Clause 608.13 remains unchanged.

Clause 612: Compaction of Fills

Sub-Clauses 612.16 to 612.30 are to be added to the
Specification.

These make provision for atrial to be conducted to
demonstrate the efficacy of pulverised-fuel ash asa
general fill material and to determine the method of
compaction to be used in the construction of the
Permanent Works. The trial methodology is broadly based
on that given in DMRB 4.1.5. The use of either sand
replacement or nuclear methods of density determination is
permitted. Special provision is made for the removal of the
effects of the relatively uncompacted top 100mm of each
layer of pulverised-fuel ash from the determination of
density. If the sand replacement test is used then this must
be achieved by physically removing the top 1200mm.
However, if the nuclear density gauge is used then the
equation given for this purpose in sub-Clause 612.23 may
be used. The derivation of this equation isgivenin
Appendix A to this report.

The data presented in Figure 9 gives amaximum air voids
value of approximately 15% at 0.8 times the average
optimum moisture content and 95% of the average maximum
dry density (assuming a particle density of 2.1Mg/m?). This
implies that embankments can be successfully built and
remain stable with at least some of the material forming the
construction compacted to such low levels. Accordingly a
target for thetria corresponding to 95% of the maximum dry
density is set. Acceptability for the main earthworks operation
is, initidly, to be determined by the range of moisture content
between 0.8 and 1.2 times the optimum.

It isintended that the trials be used to gather data on
successful methods of compaction. Once sufficient data
are available they should be used to determine arange of
successful methods of compaction (combinations of layer
thickness, number of passes, type and mass of plant) for
pulverised-fuel ash to allow a new method for pulverised-
fuel ash to be added to MCHW 1 Table 6/4.



Clause 616: Preparation and Surface Treatment of
Formation

Sub-Clause 616.5 is to be replaced by that givenin
Section 5.2.

This replaces Class 2E ‘ Reclaimed pulverised-fuel ash
cohesive materia’ with anew Class 1D ‘Reclaimed or
conditioned pulverised-fuel ash granular material’ (see
Table 6.1). For an explanation of this change see the
commentary on Clause 608 in this section.

Clause 618: Topsoiling, Grass Seeding and Turfing
Sub-Clause 618.5 is to be added to the Specification.

As pulverised-fuel ash can have arelatively high boron
content, this ensures that the boron content is assessed and
where high boron contents are anticipated then boron
resistant planting is used.

Clause 636: Determination of Effective Angle of Internal
Friction (¢) and Effective Cohesion (c) of Earthworks
Materials

Sub-Clause 636.6 is to be added to the Specification. This
sub-Clause deals with the shear strength testing of Class
1D general fill material. However, many of the principles
set-out in this clause are equally applicable to pulverised-
fuel ash used as selected fill and the sub-Clause may, with
care, be applied in place of sub-Clause 4, which deals with
Class 7B pulverised-fuel ash selected fill.

The Specification refers to pulverised-fuel ash asa
cohesive fill but hereinit istreated as a granular material
for the reasons given under Clause 608 above.

The sdlf-hardening of pulverised-fuel ash dueto the
pozzolanic reaction between the particles and free lime
resultsin the development of cementitious bonding which in
turn resultsin a strength gain. Specimens need to be cured
before testing to realise this strength gain. Thisgainin
strength can be permanent and affects the effective strength
parameters (cohesion and angle of internal friction).

While direct shear tests are specified, it is possible to
carry out triaxial tests on suitable ashes. The results from the
testswill differ from those from the direct shear tests
because the test procedure is different, but within the natural
variability of the material the differences may not be critical.

Clause NG 612.2: Compaction of Fills
Sub-Clause NG 612.2 is to be replaced with that given in
Section 5.3.

This removes the requirement for end product compaction
for pulverised-fuel ashin general fill.

Sub-Clause 612.3 is to be added to the Notes for Guidance
on the Specification.

This confirms the requirement for a compaction trial to be
carried out prior to the use of pulverised-fuel ashin
general fill.

Clause NG 636: Determination of Effective Angle of
Internal Friction (¢) and Effective Cohesion (c') of
Earthworks Materials

Sub-Clauses NG 636.4 to NG 636.6 are to be added to the
Notes for Guidance on the Specification.

The critical state angle of internal friction taken from tests
carried out immediately after compaction is normally selected
and alimit to the cohesion of 5kPais applied. Some ashes
show apermanent gain in strength with time. That gainin
strength is also accompanied by anincreasein brittleness. For
that reason the most likely worst conditions are sel ected, that
isthe post-peak strength. In practice, thereisan increasein
strength with time for some ashes. The increase in permanent
strength should be taken into account and can be justified
since thetest conditions still represent the most likely worst
conditions. There should be no restriction on the val ue of
cohesion provided the post-pesk vaue is chosen. Peak failure
ensures that any temporary bonds are destroyed. The post-
peak angle of internd friction also increases with time.

NG Sample Appendix 6/3: Requirements for Excavation,
Deposition, Compaction (Other Than Dynamic
Compaction)

Item 6(iv) isto be added to the Specification. This
confirms the reguirement for a compaction tria to be
carried out prior to the use of pulverised-fuel ashin
genera fill and allows for the use of a nuclear density
gauge in the measurement of thetrial.

Table 6/1: Acceptable Earthworks Materials:
Classification and Compaction Requirements.
Class 2E isto be deleted and Class 1D to be added.

For an explanation of this change see the commentary
on Clause 608 in this section.

Table 6/2: Grading Requirements for Acceptable
Earthworks Materials

Table 6/2 is unchanged.

Table 6/4: Method Compaction for Earthworks Materials:
Plant and Methods. (This Tableisto beread in
conjunction with sub-Clause 612.10.)

Table 6/4 is unchanged.

5.2 Specification for Highway Works

Clause 601: Classification, Definitions and Uses of
Earthworks Materials

17 Pulverised-fuel ash shall not be placed within 600mm
below (or other depth specified in Appendix 6/3)
sub-formation or formation, unless an impermeable
geosynthetic separator or bound layer isto be placed
directly upon the sub-formation or formation.

18 Where pulverised-fuel ash is used the Contractor shall
ensure that suppliesto site are consistent in terms of type
and source, and that the acceptability limits applied are
appropriate to the material as supplied. The type and
source of the material and the name of the power station
fromwhich it is obtained shall be recorded.
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Clause 608: Construction of Fills

2 Starter layers of Classes 6B, 6C or 6D materials as
described in Appendix 6/3 shall be deposited as thefirst
layer or layers of fill above existing ground level or, if
appropriate, above any ground improvement required by
Appendix 6/13. Starter layers below Class 1D
pulverised-fuel ash general fill shall be Class 6D
material. Plant movement across starter layer material
shall be restricted to that plant which is necessary for its
deposition, spreading and compaction in compliance
with this Clause and Clause 612 and any plant required
to carry out ground improvement beneath it if required
by Clause 630. The Contractor shall take all reasonable
measures to prevent damage to the underlying strata,
which may include the use of lighter spreading plant or a
reduction of the number of passes of compaction plant.

10 During construction of embankments and other fills,
exposed sides of Classes 1D and 7B pulverised-fuel ash
material shall be protected against scour and erosion
from any source.

11 Completed slopes of Classes 1D and 7B fill material
shall be covered immediately by Class 5 topsoil as
required in Appendix 6/8 or turf or other material, as
required in Appendix 30/5.

Clause 612: Compaction of Fills
Demonstration Trials for Pulverised-fuel Ash General Fill

16 Thetrial area shall be located on material compacted in
accordance with sub-Clauses 612.1 to 612.10 to a depth
of at least 1m and should be constructed prior to the
commencement of the main fill operations. The
material to be used for the trial shall be of the same type
and source, and obtained from the same power station
as the material proposed for use in the Permanent
Works. The information described in sub-Clause 12 of
this Clause shall be supplied.

17 Thetria area should measure approximately 15m to
20m in length and be of awidth equal to at least four
times the overall width of the largest item of plant to be
used.

18 Thetrial area shall be divided into two equal widths
and acceptable pulverised-fuel ash material as defined
in Clause 601 and by Class 1D in Table 6/1 deposited
over each half. The depth of material deposited and the
number of passes to be applied shall be determined
initially from Method 3 in Table 6/4. However,
vibratory rollers and pneumatic-tyred rollers are known
to be particularly effective in compacting pulverised-
fuel ash and success may be possible with larger
pneumatic tyred rollers than is indicated by Method 3.

19 Thetwo trid areas should be used to trid two depth/
number of passes combinations, or two types of plant as
appropriate to the Contractor’ s proposed site operations.
Notwithstanding this, care shall be taken to ensure that
uniform conditions are achieved over the wholetrid area.

20 Thetrial shall then be compacted according to the
Contractor’ s proposed site operations. Acceptability of
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thetrial material shall be on the basis of moisture
content relative to the compaction curve determined in
accordance with the BS1377: Part 4, 2.5kg rammer
method. A minimum of five measurements of the
maximum dry density and optimum moisture content
shall be made, and the average of each taken. Samples
for compaction tests shall be composites of spot
samples taken from pulverised-fuel ash at the time of
delivery, not from material that has been placed and
compacted. The lower limit for moisture content shall
be defined as 0.8 times the average optimum moisture
content. The upper limit shall be 1.2 times the average
optimum moisture content. Other approaches to
determining acceptability limits may be used subject to
the approval of the Employer’ s Representative.

21 After compaction, determinations of the state of
compaction, in accordance with the sand-replacement
method or by nuclear gauge methods as described in
BS1377: Part 9 shall be made in each half of the
compacted area. Other density measurement techniques
may be used with the prior written approval of the
Employer’ s Representative.

22 Where the sand-replacement method is used then the
upper 100mm of pulverised-fuel ash shall be removed
prior to test.

23 Where nuclear methods are used, the gauge shall be
calibrated in accordance with BS1377: Part 9.
Measurements of density shall be made in direct
transmission mode at each possible point through the
layer. Either the upper 100mm shall be removed prior
to test or the effects of the upper 100mm eliminated
using the following equation:

% :[Zif_)i _zi—lﬁi—l]/(zi _Zi—l)
where P isthe average density measured from the

surface of the compacted layer to regularly spaced
(usually 25mm) depth increments,

p istherequired average density between each
adjacent pair of depth increments,

z isthe depth of the increments, and
i represents the increments from 1 to n.

The calculated, discrete average densities for each
measurement point through the layer shall be
calculated, those representing the uppermost 100mm of
the compacted layer eliminated and the average layer
density calculated from the remaining data.

24 Sufficient tests to determine the average layer density
shall be carried out in each half of the compacted areato
yield results on which decisions can be made on a sound
statistical basis. A minimum of ten measurements of the
average layer density shall be made.

25 Once sufficient tests have been conducted and ahigh
degree of confidence in the average applicable to each test
area has been demonstrated, the Contractor’ s proposed
method must either be approved or otherwise. If at least
nine out of every ten measurements of the average layer
density indicate adry density >95% of the maximum
(determined from the BS1377: Part 4, 2.5kg rammer



method) then the Contractor’ s proposed method shall be
approved, unlessthere are exceptional reasons for not
doing s0. Such exceptional reasons must be clearly stated
by the Engineer or Employer’ s Representative.

26 Acceptahility limits for the main fill operation shall be
set in terms of a maximum and minimum moisture
content range. These shall be based upon those used for
thetrial (see sub-Clause 612.20), modified as necessary
and appropriate in the light of the trial results.

27 If the Contractor cannot achieve adequate compaction
(as defined in sub-Clause 612.25) using an initial
suggested method, then either increasing the
compactive effort or alternative combinations of layer
thickness, compaction plant and number of passes
considered for re-trial may be considered. If thetrial(s)
do not yield sufficient compaction then the Contractor’s
proposed method shall not be approved.

28 The materials placed during the trials may form part of
the Permanent Works, provided they meet the
requirements of the Contract or be carried out el sewhere
on the Site where thisis detailed in Appendix 6/7.

29 Thetrial areashal, if it does not meet the requirements
of the Permanent Works or is located elsewhere on site,
be removed and the area reinstated in Accordance with
Appendix 6/7.

30 The materials and plant used in the accepted tria shall
not be changed during the construction of the Works
without the construction of afurther tria. For this
purpose the maximum dry density and optimum
moisture content shall be determined periodically. Some
variation in the results should however be expected.

Clause 616: Preparation and Surface Treatment of
Formation

5 The Contractor shall limit any areas of completed
formation to suit the output of the plant in use and the
rate of deposition of sub-base. No formation of granular
material Class 1D, or cohesive material Classes 2 and 7
shall remain continuously exposed to rain causing
degradation or be left uncovered overnight.

Clause 618: Topsoiling, Grass Seeding and Turfing

5 Suppliers shall supply details of the boron content of
pulverised-fuel ash such that an assessment of
vegetation suitable for growth over areas of Class 1D
pulverised-fuel ash fill can be made. Where high boron
contents are anticipated then all planting and seed
mixtures shall comprise boron resistant strains.

Clause 636: Determination of Effective Angle of Internal
Friction (¢) and Effective Cohesion (c) of Earthworks
Materials

6 For Class 1D pulverised-fuel ash granular material the
effective angle of internal friction and effective
cohesion shall be determined using shear box tests
carried out in accordance with BS1377: Part 7
(Method 5) and the following:

(i) The plan size of the shear box shall be nominally
300mm square. Alternatively, if powdered pulverised-
fuel ash is used then the test can be carried out in a
100mm shear box (BS1377: Part 7: Method 4), but
otherwise conducted as described below.

(ii) Specimens shall be compacted into split moulds that fit
within a 305mm direct shear box or directly into the
shear box. The method followed is that for partially
saturated cohesionless soil using the 2.5kg compaction
method described in BS 1377: Part 4. Each sample
shall occupy the full depth of the shear box and shall be
compacted at the maximum dry density and optimum
moi sture content. The specimens shall be sealed and
stored for aminimum of fourteen days before testing.

(i) A minimum of three specimens shall be prepared.
These shall be tested at normal stresses of 20kPa,
50kPa and 100kPa to represent the typical range of
stresses within an embankment. If the proposed fill is
deeper than 5m then the normal stresses shall be
increased to reflect the increased load.

(iv) Specimens shall be soaked for 24 hours before
shearing. The test procedure shall be that specified in
BS1377: Part 7, except that shearing shall continue
until the full travel of the apparatus has been reached.
Therate of shearing shall be calculated from the
consolidation stage using the criteriafor aslow test in
BS1377: Part 7 and shall be no faster than 1.5mm/min
and the displacement at failure shall be at least 30mm
(10% of the plan dimension of the specimen).

(v) The pulverised-fuel ash may contain agglomerated
particles or agglomorated particles may form during
curing. For that reason each specimen shall be used
only once.

(vi) BS 1377: Part 7 specifies the data required for each
test. In addition the maximum shear stress, the
displacement relative to the box dimension (horizontal
strain) at that stress and the post-peak stress shall be
quoted.

(vii) The peak and post-peak values of shear stress shall be
plotted against the normal stresses. The best-fit linesto
these two sets of data shall be plotted and the intercept,
the cohesion, the angle of the slope, and the angle of
internal friction, shall be determined for both peak and
post-peak conditions.

5.3 Notesfor Guidance on the Specification for
Highway Works

Clause NG 612.2: Compaction of Fills

2 End product compaction is restricted to some selected
fillsto structures including corrugated steel buried
structures. Density testing of the materials to be used
will be necessary in order to comply with an end
product specification.
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3 Granular general fill Class 1D pulverised-fuel ashis
subject to trials at the commencement of construction
in order to demonstrate that adequate compaction can
be achieved.

Clause NG 636: Determination of Effective Angle of
Internal Friction (¢) and Effective Cohesion (c') of
Earthworks Materials

4 Class 1D pulverised-fuel ash comprises silt size
particles that together behave as a granular material.
The chemical composition of the pulverised-fuel ash
changes with time due to pozzolonic action. Thisresults
inagain in strength. Thus specimens need to be cured
before testing to realise this strength gain. The chemical
changes that contribute to this strength gain include
soluble and insoluble components. For this reason,
specimens shall be soaked before testing to ensure that
strength measured represents the most likely worst
condition.

5 While Class 1D pulverised-fuel ashisasilt size
material, reclaimed ashes may contain agglomorated
particles. The minimum size of specimen that can be
tested to provide realistic results depends on the
maximum particle size. For that reason it is normal to
specify nominal 300mm direct shear tests. All particles
greater than 20mm shall be removed. The proportion of
particles greater then one tenth of the height of the
specimen shall not exceed 15%.

6 Whiledirect shear tests are specified, it is possible to
carry out triaxial tests on suitable ashes. The results
from the tests will differ from those from the direct
shear tests because the test procedure is different. The
rules on particle sizes till apply. Triaxial specimens
may be easier to prepare and cure since cylindrical
moulds can be used. The procedure followed shall
conform to BS1377: Part 8 except that curing, soaking
and other procedures detailed in Clause 636 and NG
636 shall be followed.

NG Sample Appendix 6/3: Requirements for Excavation,
Deposition, Compaction (Other Than Dynamic
Compaction)

Add item 6(iv), as follows:
6 ...

(iv) Compaction Trialsfor Class 1D Materials.

() The use of anuclear surface density gauge shall
normally be permitted (unless there are pressing
reasons for exclusion) subject to the conditions set-out
in Clause 612.23. However, nuclear density gauges
may only be used if an adequate calibration between
measurements made using the gauge and the sand
replacement method on the pulverised-fuel ashin
question can be established.
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Table 6/1 Acceptable earthwor ks materials: classification and compaction requirements

Material properties required for acceptability (in addition to requirements
on use of fill materialsin Clause 601 and testing in Clause 631)

Permitted

constituents

Compaction

Acceptable limits within:

Defined and
tested in

exceptions in
previous

Property (see

requirements of

(all subject to
Clause 601 and
Appendix 6/1)

General

requirements

in Clause 612

accordance

with:

Typical

use

material

Class

Upper

Lower

column)

description

Class

1

Clause 612.16 to Clause 612.30

To enable compaction to Clause 612

BS1377: Part 2

(i) mc

Fresh conditioned

Genera fill

Reclaimed or
conditioned

General grandular fill
D

material direct from
the power station

pulverised-fuel
ash granular
material

App 6/1

App 6/1

BS1377: Part 9

(i) bulk density

hopper or reclaimed

material from lagoon

or stockpile

containing not
more than

20% furnace
bottom ash




6 Guidance

This section gives detailed guidance to help ensure that the
use of pulverised-fuel ash as general fill iscarried out in an
appropriate manner from the point of view of earthwork
stability, economy, environment, and health and safety.
The guidance is drawn from a variety of sources, including
DMRB 4.1.1, UKQAA (2000), Coombs and Sear (2000)
and the experience of the authors and UKQAA members.

6.1 Health and safety

The suppression of dust is addressed in the following
sections. More specific issuesin relation to pulverised-fuel
ash, particularly in relation to the COSHH Regulations
1994, are dealt with in more detail by UKQAA (2000) and
this document should be referred to at an early stage of a
proposed project.

Dry pulverised-fuel ash in normal use has no harmful
effect on dry skin. Precautions should, however, be taken
to avoid entry to the eyes, mouth and nose and to prevent
skin contact with wet pulverised-fuel ash. When working
in places where dry pulverised-fuel ash becomes airborne,
protection for the eyes, nose and mouth should be worn. If
pulverised-fuel ash enters the eye it should be immediately
washed out thoroughly and medical treatment sought
without delay.

Although no connection has been established between
pulverised-fuel ash and dermatitis, this possibility cannot
be ruled out. Continued contact during the working day
can lead to alkali burnswith ulceration, but thisis not
common (BS 3892: Parts 1 and 2).

6.2 Environmental issues

Environmental issuesin relation to the use of pulverised-
fuel ash asfill are described by UKQAA (2000) and
Coombs and Sear (2000) and should be referred to at an
early stage in the planning of a proposed project.

6.3 Investigation, design and testing

Potential sources of pulverised-fuel ash for use as general
fill should be treated in the same manner as any other
potential source material. Supplier data should be
requested and studied at the preliminary ground
investigation stage and physical samples recovered for
testing at the appropriate stage of the investigation.

Aswith natural materials, it isimportant that pulverised-
fuel ash sources are treated as masses with variable
properties. Investigation, sampling and testing should
reflect these facts. It is particularly important to consult
with potential suppliers asto potential variability within
stockpiles or lagoons caused by changesin coa supply or
processing method.

There are particular requirements with regard to the
testing of pulverised-fuel ash and these apply to the testing
of pulverised-fuel ash at the investigation, design and
construction stages. These requirements are as follows:

1 Dust control: Compaction tests (for example) at
moisture contents so low as to allow excessive amounts

to be carried to atmosphere should be avoided where
possible. Where dust is found to be a problem provision
should be made to allow the extraction of such dust and
protective masks made available.

2 Over-stressing during compaction: Due to over-stressing
during compaction the upper layers of pulverised-fuel
ash are difficult to compact. Where field densities are
being taken it is recommended that either the top
100mm of pulverised-fuel ash isremoved before testing
or, if anuclear density gaugeis used, that the effects of
over-stressing are removed from the calcul ation of
average layer density by numerical means. For tests on
pulverised-fuel ash an additional layer is recommended.
Thisisto be removed at the end of the test - conventional
tests and the modified test for pulverised-fuel ash are
illustrated in Figure 11.

3 Strength properties: The design of slopes constructed
from pulverised-fuel ash and the bearing capacity of
foundations in pulverised-fuel ash should be based on
effective strength parameters. Pulverised-fuel ashisa
silt-sized material. Therefore it is possible to carry out
consolidated drained or undrained triaxia tests. The
Specification suggests large shear box tests. These are
easier to perform and will be necessary if the pulverised-
fuel ash contains any agglomerated particles;
agglomerated particles can occur in stockpiled ash
because of pozzalanic action (Figure 6). Tests should be
carried out on three separate specimens, each prepared
at the maximum dry density and optimum moisture
content. The specimens should be sealed and stored for
at least 14 days before testing to allow for any
permanent gain in strength. Specimens should be soaked
for 24 hours before consolidating and shearing.
Consolidated drained tests are preferred. The rate of
shearing should be slow enough to prevent excess pore
water pressures developing. Guidelines are given in BS
1377: Part 8. The three specimens should be
consolidated to three different pressures to represent the
range of pressures through the depth of fill; 25kPa,
50kPa and 100kPais a typical range. Shearing should be
continued until the post-peak strength is achieved. It is
the post-peak strength that should be used for design.
The failure envel ope should be atangent to the three
Mohr’ s circles representing the post-peak stresses. The
angle of friction is taken as the slope of that line; the
cohesion, which should be positive, is the intercept on
the vertical axis.

6.4 Supply

In general terms, reclaimed pul verised-fuel ash from
stockpile or lagoon has more consistent compaction
properties and will thus be more suitable for use as general
fill. The use of conditioned ash should not be discounted
as some sources can be as consistent as reclaimed
materials. This emphasises the need to consult with
potential suppliers well in advance of the requirement for
pulverised-fuel ash general fill.

Thereisafurther issuein relation to the preference of
reclaimed over conditioned ash. Conditioned ash has a
greater potential to be used in higher value applications,
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«——— Collar

+«—— Mould

<+<—— Mould Base

Compaction sample mould.

Conventional test using
(for example) three layers.

The sample is compacted
in three layers, the collar
removed and the excess

struck off.

Modified test for
pulverised-fuel ash.

An additional layer is
compacted to negate the
effects of over-stressing
before the collar is
removed and the excess
(including the additional
layer) is struck off.

Figure 11 Compaction test procedures to negate the effects of over-stressing: sample mould equipment (left): conventional
test on material not subject to over-stressing (centre); and test for pulverised-fuel ash and other material subject

to over-stressing (right)

such as cement mixes, and thus may be more difficult to
obtain (Winter and Henderson, 2001). In addition it is not
possible to investigate sources in advance of construction
other than if it is assumed that supplies will remain
consistent - thisis not always the case and changesin coal
source and processing methodology may yield significant
changes to the pulverised-fuel ash by-product.

Some pulverised-fuel ash supplies have high boron
contents. This can inhibit the growth of some plant species.
Data on the boron content of pulverised-fuel ash should be
available from the suppliers and this should be examined
such that an informed opinion can be formed on the type
of plantsto be used. If a high boron content is anticipated
then boron resistant strains of plant should be used.
Decisions of this nature must often be taken at an early
stage in any contract, possibly at the design stage, due to
the length of time required to grow suitable specimens.

6.5 Supply monitoring and acceptability

Monitoring of supplies can be approached on the same
basis asfor natura fills. The DMRB 4.1.1 gives advice on
the frequency of testing, whilst also noting that definitive
guidance is inappropriate as the testing regime should be
tailored to the specific situation. Testing is recommended
at the following frequencies:

1 Compliance of supply - compaction curve and particle
density: twice aweek.

2 Acceptability - moisture content for comparison with the
compaction curve: one to two tests per 1000m® up to a
maximum of five per day.
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Testing should be carried out in accordance with the
appropriate British Standard with the exception of the
modifications recommended in Section 6.3 above.

In addition, the moisture content of pulverised-fuel ash
can be roughly checked by visual inspection. Pulverised-
fuel ash moulded in the hand should form a single and
coherent mass when reasonable pressure is exerted, and no
moisture should be squeezed out. Material that istoo wet
will show signs of drainage, ranging from a shiny and
‘glistening’ surface to water squeezing out of the mass
under such pressure. Material that istoo dry will not hold
together as a coherent mass under reasonabl e pressure.

Materials that do not conform to specification
requirements should be treated in the same way as for
natural fills.

6.6 Transport, placement and compaction

The keys to the transport and placement of pulverised-fuel
ash are dust suppression and maintenance of the moisture
content.

Transport of pulverised-fuel ash must be undertaken in
covered wagons in order to minimise the creation of dust
and its consequent deposition on public roads and other
areas. Ensuring that the material is transported at a
moisture content suitable for compaction (see above) will
also help prevent the propagation of dust.

Placement of pulverised-fuel ash isusually best
achieved by depositing the material to be compacted
directly from the vehicle used to transport it from the
source at the point at which it isrequired. If the material is



to be stockpiled prior to compaction then the amount
should be kept to a minimum and the stockpile should be
sprayed regularly in order to prevent dust problems caused
by desiccation.

Spreading of large areas of pulverised-fuel ash is best
achieved using aflat-tracked bulldozer (Figures 12 to 14).
Indeed, ensuring that the surface of the pulverised-fuel
ash is thoroughly tracked by the spreading plant can aid
the compaction process when avibratory roller is used
and is essential if a pneumatic tyred roller isused. In
either case the energy applied by the spreading process
must not be used to reduce the number of passes applied
by the compaction plant.

If part or al of the spreading processisto be carried out
using hand tools then tarmac rakes should be used in
preference to shovels.

Compaction plant, compacted layer thickness and
number of passes should be determined as described by
means of atrial to determine an appropriate method of
compaction. Pulverised-fuel ash should be spread in loose
layers and as a guide aloose layer approximating to
225mm will generally compact to 150mm.

Suppliers of pulverised-fuel ash will generally make
every effort to ensure that a specified moisture content is
achieved at the point of loading. However, transporting
and placing the material may cause desiccation and in such
case the pulverised-fuel ash should be sprayed during the
spreading process and prior to compaction.

Clause 612.18 suggests that Method 3 compaction in the
MCHW 1 (Table 6/4) should be used for the compaction
of pulverised-fuel ash. Thisimplies that a wide range of
compaction plant can be used as the method is applicable
to awide range of materials other than pulverised-fuel ash.
The most suitable plant for pulverised-fuel ash compaction
have been found to be towed or self-propelled vibratory
rollers. The compaction process should consist of not less
than eight passes per layer (see also Clause 612.16 to
612.30). The first two passes should be without vibration
and the remainder should be with vibration. The final pass
should be in such adirection that any surface ‘ cracks' are
tightened up (thisis usually areverse pass, but may depend
on the slope). Sometimes an additional final pass without
vibration will assist in closing up surface ‘cracks'. It is
essential that any ‘cracks formed in the surface of the
compacted material are fully closed to prevent moisture
ingress (see also Section 6.7).

There are reports of the successful use of self-propelled
pneumatic tyred rollers being used in the compaction of
pulverised-fuel ash. However, thereis only limited
experience of their usein the UK.

For more restricted areas tandem vibrating rollers and
vibro-tampers have been found to be successful in the
compaction of pulverised-fuel ash.

The following types of compaction plant have been
found to be unsuitable for use with pulverised-fuel ash:

e Smooth wheeled (dead weight) rollers.
e Sheepsfoot rollers.

e Gridrollers.

e Vibrating plates.

6.7 Protection of earthworks

All fills require protection once constructed. In essence
this revolves around protection from water ingress and
from unnecessary trafficking. With pulverised-fuel these
factors are particularly important and the protection of side
slopes against water caused erosion is also important.

The Specification (MCHW 1: sub-Clause 602.15 and
602.16) places duties on the Contractor to keep earthworks
free of water by arranging for the rapid removal of water
shed on the earthworks and preventing water entering the
earthworks from any source. In addition, where excavations
areto bemadeinfill or in-situ materias the Contractor must
ensure the water levelsin excavations are sufficiently
lowered and maintained by appropriate means to enable the
construction of the Permanent Works. In carrying out these
requirements the Contractor is required to:

e Form and maintain cuttings, embankments and other
areas of fill with appropriate falls and gradients, and
sealed surfaces.

e Provide, where necessary, temporary watercourses,
drains, pumping and the like.

e Discharge accumulated water and groundwater into the
permanent outfalls of the drainage system where
practicable.

e Provide adequate means for trapping silt on temporary
systems discharging into permanent drainage systems.

Of particular importance with pulverised-fuel ash
earthworks is protection of side slopes against erosion.
Completed slopes of pulverised-fuel ash fill material
should be immediately covered by Class 5 topsoail, turf or
other material (Figure 10) in order to obviate the particular
problem of erosion where pulverised-fuel ash
embankments are exposed to the weather.

Freshly placed pulverised-fuel ash behavesin a manner
similar to apure silt and, if not protected, may liquefy
following wet conditions. Capping and sub-base materials
tend to be relatively permeable and alayer of cohesive
general fill or other impermeable material, such as an
impermeable geosynthetic or bound layer, over pulverised-
fuel ash is considered desirable to provide some protection.

Protection of pulverised-fuel ash against excessive
trafficking isimportant as it can cause the surface to break-
up and deteriorate. This has two detrimental effects:

e |n dry conditions dust can be raised and become a
problem.

e |n wet conditions the surface may cut up and allow
water ingress.

While these effects should be avoided if at all possible,
if they do occur the Contractor must make all attemptsto
repair the earthworks. In dry conditions water may need to
be added before re-compacting the surface, while in wet
conditions the affected areas will need to be allowed to dry
out before re-compacting the surface. If attempts at repair
do not work then the affected material must be removed
and replaced with fresh material in accordance with the
Specification.

Permanent faces of side slopes formed from pulverised-
fuel ash should not be re-worked and sealed, prior to
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Figure 12 Pulverised-fuel ash compaction during construction of the A52 trunk road

Figure 13 Pulverised-fuel ash compaction during construction of a new flyover approach road on the A52 trunk road

Figure 14 Pulverised-fuel ash compaction during construction of the M1-A42 Link



trimming, since once compacted it can be easily disturbed.
Disturbing pulverised-fuel ash once compacted can lead to
zones of potentially low density and correspondingly
increased air voids within the compacted fill volume.
These may be prone to significant future settlements on,
for example, the ingress of water.

Stable, successful pulverised-fuel ash general fill
earthworks can be constructed. An exampleisgivenin
Figure 15.

7 Summary

In the UK, the introduction of atax on landfill and the
tightening of planning consents for disposal provide
powerful incentives for the use of industrial by-products
such as pulverised-fuel ash in construction. However,
the current commonly used Series 600, Specification for
Highway Works and associated Notes for Guidance
(MCHW 1 and 2) treat pulverised-fuel ash as a
manufactured material and applies an end product
specification for compaction.

A method specification is more commonly applied to
natural fill materials used as general fill. The specification
for pulverised-fuel ash requires that the maximum dry
density and optimum moisture content are determined for
each consignment of pulverised-fuel ash delivered to site:
aprocess that can take up to two days. The introduction of
amethod-based specification for the use of pulverised-fuel
ash as general fill would enableits greater use and thus
reduce the UK-wide need for landfill.

In addition, the specification requires testing to
determine effective shear strength parameters under fully
saturated conditions for embankment design. No guidance
on whether peak or post-peak parameters are to be selected
for design purposes or, indeed, on appropriate factors of
safety is given. Asaresult most engineers test pulverised-
fuel ash in the fully saturated condition, select post-peak
effective shear strength parameters for design and apply a
conservative factor of safety. As the testing protocol
represents aworst case scenario the application of such a
conservative approach can be questioned.

The background to the need for increased usage of
pulverised-fuel ash in the construction of genera fill is
described. The history and development of the
Specification are also outlined. The current Specification
(and associated documents) is described in some detail.
From this the case for a new approach to the specification
of pulverised-fuel ash is made. The new approach is set
within the context of the current Specification for Highway
Works and associated Notes for Guidance (MCHW 1 and 2),
such that it can be simply and rapidly incorporated into
these documents. The new approach is thus proposed as
changesto MCHW 1 and 2 to encourage the greater use of
pulverised-fuel ash in general fill, whilst ensuring the
continued construction of stable earthwork structures.
Guidance on the use of pulverised-fuel ash in general fill
earthworksis also given

In this document pulverised-fuel ash for use as general
fill istreated as agranular material. Thisisin contrast to

the current Specification (MCHW 1 and 2), which treats
pulverised-fuel ash as a cohesive material. Accordingly
there is aneed to amend other elements of the
Specification (i.e., Classes 7B, 7G and 9C selected fill) to
reflect this change.
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Appendix A: Use of nuclear density gauges

Bulk density and moisture content (moisture density) may
be measured using Nuclear Density Gauges (NDGs) with
gamma and neutron sources respectively. Bulk density
may be measured in both backscatter and direct
transmission modes. Moisture content may be measured
only in the backscatter mode (Figure A1). Backscatter
takes place with both the source and detector at the
surface, whilein direct transmission mode the sourceis
placed at depth within the material being measured and the
detector remains at the surface.

Measurements made in the backscatter mode suffer the
disadvantage that they represent only the top 135mm of
material, with the main influence being centred about a
depth of around 60mm (Figure A1). While thisis generaly
acceptable for moisture content measurementsit is far
from ideal for density measurementsin natura fill
materials. Backscatter measurements of density are
particularly inappropriate for pulverised-fuel ash, whichis
well known to compact poorly in the upper part of alayer.
Direct transmission (Figure A1) isthus a prerequisite for
the measurement of density in pulverised-fuel ash fill.
Indeed as the direct transmission method returns
measurements of the average density between the source
and the surface detector some means of discounting the
effect of the upper 100mm of the compacted layer is also
highly desirable.

Average density is measured from the surface of the
compacted layer to regularly spaced (usualy 25mm)
depths (p). What isrequired is the average density
between each adjacent pair of these points (p). If we
assume that n measurements are made at equally spaced
intervals of depth (z) from the surface of the compacted
layer (Figure A2) then:

_ n
Pn = [_le}/n (1)
| =
It can be shown that:
p— n_l p— p—
Pn =NPn = 3 Pi = NPy =(n=-1p,4 @)
1=

Re-writing equation (2) in the general form for
positional increments of i = 1 to n gives an equation that
can be used to determine the average density between any
two successive, equally spaced measurement points:

pi =ip; =(i ~1)p, ©)

Equation (3) can thus be used to determine the density
profilewithin afill layer and allow the relatively
uncompacted upper part of a pulverised-fuel ash layer to be
neglected. The depthswill be characterisedby z=1ton
where zisthe incremental depth between successive
measurement points. It is, however, important to understand
that equation (3) isvaid only if the depth intervals at which
measurements are made are equally spaced.

The foregoing method is based upon that reported in a
number of unpublished reports from the National Institute
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for Transport and Road Research in South Africa
Published accounts of the method have not been traced,
although the method has clearly been used in published
works (e.g., Clifford, 1980). The main problem with the
method is the requirement that the depth increments are
equal. While nuclear density gauges are capable of making
measure at equal increments of depth some machines
cannot take measurements at the first measurement point
(usually 25mm). In addition it isrelatively easy for
operators to omit some readings. In either case the depth
increments cease to be equa and an approach alowing for
thisisthen required. An approach for unequal depth
increments also allows measurements to be made at certain
depthsin order to ascertain the density for distinct
compacted layers that may be of unequal depth. In addition
the method may also be applicable to other types of
measurement that may not naturally yield measurements at
equal depth intervals.

In the case where the depth intervals are unequal then
the depth to each measurement point must be individually
considered. This may be achieved by weighting the
measured density by the depth over which it is measured.
Similarly the calculated densities between measurement
points may be weighted by the distances between the
incremental depths.

Thusfori=n, where p, isforz toz andforz  toz
then

(20— 20)Pn =(z=2)p, + (4)
(2 =2z)po+... H2y ~21)Pn
Rearranging equation (4) for p gives:

Pn = ZyPn -[le(a -a_l)pi}/ (Zn-z0)= (9

[Zn/_)n - Zn—lﬁn—l]/ (Zn _Zn—l)

Re-writing equation (5) in the general form for
positional increments of i = 1 to n gives an equation that
can be used to determine the average density between any
two successive, unequally spaced measurement points:

Pi :[Ziﬁi ‘Zi—1l_3i—1]/(zi _Zi—l) (6)

A prerequisite for the use of NDGs with all materialsis
the provision of an adequate, material-specific calibration.
This should be undertaken in laboratory conditions over
the range of moisture contents and densities likely to be
encountered in the field (BS1377: Part 9). The calibration
process is especially important to the use of NDGsin
pulverised-fuel ash due to the potential effects of high
organic contents on the results obtained.

Twin-probe NDGs have been available on the market
for some time now. These place both the source and
detector at the same depth, negating the need for
calculations of the type given above. The major
disadvantages of such devices are their cost and the
additional complexity of operation.



Gamma

detector
Neutron source —» ‘|%| Neutron (density)
® ! detector
< I
L @ (moisture) OO

25

13

| 90 I 100 | 25 \ 110
I

4— Area of influence
(density)

Gamma source ——

< Sphere of influence
(moisture)

Not to scale
Dimensions in millimetres
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Figure A2 Nuclear density gauge operation showing density and mean density with depth as described mathematically in
Appendix A
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