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ABSTRACT: Granular materials, sourced from quarried natural aggregates, are usually specified as backfill to retaining walls. These natural materials are becoming a scarce and expensive resource, particularly in Southern England. If used for urban projects, they will inevitably lead to additional construction traffic, with associated environmental damage. At Wembley Stadium, the use of clay backfill, derived from the on-site excavations, provided significant environmental benefits and a sustainable solution. Approximately 130,000 cubic metres of clay backfill was placed behind different types of retaining wall, varying from large embedded bored pile walls up to ten metres high (both propped and anchored) to small L-shaped walls. In order to verify the acceptability of the use of clay backfill, which can lead to large swelling pressures developing on the back of retaining walls, novel investigation and analysis techniques were necessary. This included specialist laboratory testing, an earthworks trial, and non-linear numerical analyses (using the FLAC code). The use of clay backfill is compared to the use of granular backfill in the context of sustainability and a whole life cost approach to engineering solutions. Social, environmental and economic issues are considered in order to provide a quantitative assessment rather than a simple qualitative assessment of the sustainable nature of the resulting scheme, taking into account any alterations or additional work required to accommodate the use of the clay backfill.  
1 INTRODUCTION

1.1 Traditional construction

Granular materials, sourced from quarried natural aggregates, are usually specified as backfill to retaining walls. These natural materials are becoming a scarce and expensive resource, particularly in southern England. If used for urban projects, they will inevitably lead to additional construction traffic, with associated environmental damage.


However, there is both limited experience and research with regards to the alternative, using clay as backfill to retaining walls. Previous research undertaken by the Transport Research Laboratory (TRL) in the United Kingdom indicated that the key issues with the use of clay fill are swelling pressures developed within the backfill and ground movements, Clayton et al. (1989). Further work undertaken by the TRL on the swelling pressures of clay fill confirmed that the swelling pressures generated are sensitive to the moisture content of the clay, O’Connor & Taylor (1994). Therefore, due to the limited research in this area, in order to use clay as backfill to the retaining walls, additional investigation and more advanced analysis is required than if a granular material is used.


1.2 Wembley Stadium

The new Wembley Stadium required the use of approximately 130,000 cubic metres of backfill to large retaining walls, which were necessary due to the larger footprint of the new stadium. There are no local sources of granular fill. In addition the local road network already suffered from congestion, even without the additional traffic generated during construction.

The excavation work required at Wembley would produce large volumes of natural clay (weathered London Clay), and therefore it was decided that the preferred option would be to use this material as the backfill to the retaining walls. This fill was placed behind different types of retaining wall, varying from large embedded bored pile walls up to ten metres high (both propped and anchored) to small L-shaped walls. The use of this clay required additional investigation and analysis, as described in section 2. This paper describes a quantitative assessment of the use of clay fill, rather than conventional granular fill.
2 INVESTIGATION AND ANALSYSIS

2.1 Investigation

In order to assess the feasibility of using the site won clay material as backfill to the retaining walls, additional investigation was required. A trial embankment was constructed to obtain site-specific  data for Wembley. From this trial the following information was obtained:

· Identify practical and cost-effective compaction procedures and equipment

· Enable block samples to be taken in order to carry out specialist triaxial stress path tests on the clay fill

· Enable in-situ suction tests to be undertaken to assess the influence of compaction on the clay’s stress state

In addition routine acceptability index testing was undertaken including tests such as moisture content, grading and chemical testing. This was to determine both the suitability of the material for backfill, and to assist with the additional numerical modelling required. The weathered London Clay’s moisture content was higher than the plastic limit, which means that the potential swelling pressures are far smaller than ‘drier’ unweathered London Clay, Clayton et al. (1989). This means it is more suitable for reuse as retaining wall backfill than the over-consolidated clays that underlie many parts of south-eastern England.

During placement of fill further quality control testing was specified to verify the expected behaviour and properties of the fill. Advanced testing and a compaction trial would not have been necessary for the granular fill option, however it is likely that a substantial amount of routine testing would have been carried out on the first few layers to verify the fill placement.

2.2 Numerical modelling

Using the data obtained from the trial embankment and associated testing, numerical modelling was carried out using the FLAC software. Two types of wall were initially considered: an L-shaped reinforced concrete wall and a contiguous bored pile embedded retaining wall supported by dead man anchors. At conceptual stage, other forms of wall were considered, however these all required some form of propping, increasing the wall stiffness. It is known that this causes difficulties in design with regards to the swelling pressures generated, and therefore further analysis of these wall types was not undertaken. Typical cross-sections through the two types of wall are shown in Figures 1 and 2. Analyses were also undertaken for larger retaining walls with several levels of dead man anchors.
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Figure 1. Section through embedded retaining wall


[image: image2]
Figure 2. Section through L-shaped retaining wall

The clay backfill stress-strain data used for the analyses is based upon the laboratory data shown in Figure 3.
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Figure 3. Stress-strain data

The horizontal total stress (swelling pressures) acting on the two types of wall are quite different, with the L wall swelling pressures being typically about 50% higher than for the anchored wall (varying between maximum values of 100kN/m2 and 65kN/m2 for the L wall and anchored wall respectively). This is due to the restraint provided by the L wall heel being greater than that provided by the dead man anchors, which are relatively flexible. Additional analyses for a “rigid” wall indicated a maximum swelling pressure equivalent to the initial soil suction (or mean effective stress), in this case equal to 120kN/m2. Hence, wall flexibility and movement is highly beneficial, by reducing the swelling pressures acting on the wall and associated wall bending moments and shear forces.


Some variability in clay backfill swelling behaviour is inevitable due to variations in compaction and the “parent” natural clay leading to variations in normalised stiffness and suction. Therefore, it is essential to verify that the movement and forces on a retaining structure are not unduly sensitive to variations in clay fill behaviour. The analysis showed that for flexible anchored walls the maximum wall displacement only varied by about (15% for changes in suction of (50%. In contrast, a propped wall would be overly sensitive to changes in clay behaviour. The props act as local “hard” points on the wall leading to the development of locally very high swelling pressures, which would vary in direct proportion to the initial suctions.


From this analysis, it was determined that the use of clay as backfill to the retaining walls at Wembley Stadium was feasible. However, for the anchored contiguous bored pile wall approximately a third more anchors were required than would have been expected for a granular backfill design.
3 QUANTIFYING SUSTAINABILITY

3.1 Introduction

There are over 200 definitions of sustainable development, Parkin et al. (2003), however there is currently no consensus with regards to a definition applicable to the built environment, Bartlett & Guthrie (2005). The definition suggested by Brundtland (1987) is still widely used, which states that sustainable development ‘meets the needs of the present without compromising the ability of future generations to meet their own needs’. An alternative definition is provided by the UK government, which outlines four key objectives, DETR (1999):

1 Prudent use of natural resources

1 Effective protection of the environment

2 Economic growth and stable levels of employment

3 Social progress that recognises the needs of all individuals

However, sustainable development is normally broken down into three categories: economic, environmental and social impact. These three criteria form the triangle of eco-economics, presented by Barbier et al (1992), or the ‘triple bottom line’.

There are various discussions within the literature as to how to assess the sustainability of any given project. However, a definitive methodology has yet to be developed. This is partly due to the project-specific nature of many of the variables that are to be quantified. Furthermore, a procedure for combining the comparisons for all three criteria is even more difficult to define due to the lack of a common variable to use. 

Many of the documents currently available in the public domain which address the implementation and assessment of sustainable development focus on actions which are predominantly concerned with environmental issues, Bartlett & Guthrie (2005). The guidelines provided by the BRE (1999) provide a methodology for assessing the environmental impact of a project in terms of both embodied energy and emissions. These are both important variables to consider. It is estimated that the energy embodied in new construction and renovation each year accounts for approximately 10% of the UK energy consumption, Sustainable Homes (1999). However, even considering a variable such as embodied energy which is widely used when considering sustainability, there is a lack of consensus on values within the literature due to differing methods of calculation.

The social impact of civil engineering projects can be considered as being issues such as health and safety, traffic, employment, noise and vibration. The majority of these are difficult to quantify as shown by the lack of guidelines in current literature. More research into this area is therefore required before one overall methodology for quantifying sustainability is agreed.

There is therefore no current methodology providing a unified weighting system across all three criteria associated with sustainable development. For this particular case study, in order to quantify the sustainability of the clay backfill scheme, it has been compared to the more traditional use of a granular backfill using the three basic criteria of the ‘triple bottom line’, which in this instance is defined as the cost of the scheme, the social impact on local residents in terms of lorry movements and the environmental impact of the scheme.
3.2 
Backfill options

3.2.1 Option 1: granular backfill

It is likely that this option would have consisted of a core of Class 1A material, with Class 6N being used in the active wedge zone adjacent to the walls, as specified in HA (1998). The material would have been imported fill. In terms of placement of the granular material, following the Highways Agency Specification (Series 600), HA (1998), Class 1A material is placed to a layer thickness and number of passes dependent on the type of plant used, whereas Class 6N is placed with an end-product specification. For ease of construction it is likely that both the Class 6N and 1A would be placed in the same layer thickness to the same specification. 

For comparison purposes it has been assumed that the granular fill would have been placed in 450mm thick layers (as for the clay option), requiring 8 passes of a Bomag BW 226 DH-4 single drum vibratory roller, which has equivalent engine power to the roller used for compacting the clay.  

3.2.2 Option 2: clay backfill

The general construction sequence for the cut and fill operation is outlined below. The principle is to avoid stockpiling of the clay and move the clay direct from the cut to the fill operation, which will minimise any potential for wetting of the fill.

1 Excavation using a 20 tonne 360° hydraulic excavator.

2 ‘Processed material’ loaded into 30 tonne dumptrucks using a 40 tonne 360° hydraulic excavator.

3 Material transported to fill area in the 30 tonne dumptrucks.

4 Fill spread across filling surface using laser controlled blade.

5 Compaction with Bomag BW 225 PD-3 padfoot.

Once the cut face had advanced far enough, the processed material was moved directly by excavators, removing the need for the use of the 30 tonne dumptrucks.  

A specification for the placement of the clay backfill was produced by the earthworks contractor, following the compaction trial in December 2002. The compaction method adopted was 450mm (compacted) thick layers, compacted using 12 passes of the Bomag BW 225 PD-3 roller, in deadweight mode.  



This option requires 1.5 times as many passes as the granular fill option.

3.3 Economic impact

This criterion is relatively easy to assess in that the variable for comparison is defined. However, although costs of schemes can be readily estimated, in order to compare them not just with each other on one particular scheme, but with other projects, a normalisation factor needs to be determined. This has been considered in section 4.

In order to fully quantify the cost of each option, the whole life cost must be considered. This includes any costs prior to construction such as investigation and analysis, construction costs and any costs subsequent to construction. These latter costs will include measures such as monitoring of the walls to verify their behaviour and any anticipated maintenance measures during the lifetime of the structure. It should be noted that decommissioning of the stadium has not been considered.

3.3.1 Investigation costs

In order to verify the suitability of clay as a backfill material, additional investigation was undertaken prior to analysis and construction. The cost of the compaction trial and advanced acceptability testing has been estimated using data from the earthworks report produced by the earthworks contractor. 

It has been assumed for comparison purposes that the cost of testing during placement for both types of material will have been very similar and these have therefore not been considered. 

3.3.2 Analysis costs

Due to the more complex nature of the modelling undertaken for a scheme using clay backfill as opposed to granular backfill, the cost of analysis was twice as much as what would have been required using traditional materials. Smaller projects would probably require a disproportionate increase in this ratio for investigation and analysis.
3.3.3 Construction costs

There are several costs that need to be considered during the construction phase of the project. 

3.3.3.1 Material cost

In April 2002, the Government introduced an aggregates levy of £1.60 per whole tonne in order to promote the use of sustainable construction materials, HM Customs and Excise (2004a). As the backfill to the retaining walls at Wembley Stadium occurred during March to June 2003, this levy would have had an impact on the cost of Option 1. Based on information from the British Aggregates Society (2001) and SPONS (2004), the cost of the two types of granular material in 2003 are assumed to be as follows:

· Class 6N: £22/m3
· Class 1A: £18/m3
It should be noted that these figures include for transportation to site and the aggregates levy.


As discussed in section 3.1.1, Class 6N fill will only be placed in the active wedge zone behind the walls. Over the whole scheme this has been calculated to be approximately 30% of the total backfill required. 


The cost of the clay backfill is simply due to the manpower and plant hire required to excavate the material and move to the point of fill. Figures from SPONS (2004) have been used to estimate the cost of these items, and the cost for the clay backfill has been estimated to be approximately 10% of the cost of granular backfill.

3.3.3.2 Labour and plant costs

Due to the increased length of time required to compact the clay fill as opposed to the granular fill, there are greater labour and plant costs associated with the use of clay fill. There will also be resulting fuel costs.  From the site records it took 13 weeks for the complete cut and fill operation, of which approximately 50% was spent placing the fill. Assuming the use of four rollers to compact the fill (filling undertaken in two areas concurrently), the costs of placing the fill can be calculated. As the granular option requires two thirds of the number of passes per layer of fill placed, the granular option costs would be about two thirds of the clay option.

3.3.3.3 Total construction cost

It should be noted that these costs do not currently include those associated with the retaining walls themselves. The cost of the piles and pre-cast walls would be similar for each option. However, where a piled wall was used, anchors were required, and the use of clay backfill resulted in approximately a third more anchors. This additional cost, and environmental and social impact associated with it should be analysed to provide a more complete appraisal of the sustainable nature of the chosen option.


Using the methodology outlined in previous sections, the construction cost associated with the placing of the backfill can be compared for the two schemes. The cost of the clay backfill option is approximately 15% of the granular backfill option. Disposal of material and the costs associated with this operation are considered in section 3.3.3.
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Figure 4. Construction cost ratios of the backfill options

3.3.4 Post-construction costs

There are also costs associated with the clay backfill option in particular after construction has been completed.

3.3.4.1 Monitoring costs

Due to the innovative approach regarding the use of clay as backfill to retaining walls, additional monitoring post-construction was commissioned to verify the performance of the walls. This cost is relatively small (less than 5%) compared to the actual cost of construction itself, and therefore hasn’t been considered any further.

3.3.4.2 Maintenance costs

It is anticipated that some settlement of the clay backfill will occur throughout the life of Wembley Stadium. The design life for the project was 60 years. From the results of the numerical modelling, it is estimated that there may be about 100mm of settlement behind the retaining walls. Hence, some additional maintenance to pavements, etc, may be required. In addition to the cost of these, there will also be associated environmental and social impacts related to the maintenance.

3.4 Environmental impact

To assess and compare the environmental aspects of both schemes, there are various issues to consider.

· Embodied energy

· Emissions

· Volume of waste

Guidelines on how comparisons in these variables can be quantified are given in BRE (1999). This method is written specifically for use with buildings, however there is a large amount of useful information and methodologies that can be extracted for use on a civil engineering project. 

3.4.1 Embodied energy

The embodied energy of a material or product is not the energy available or inherent, but can be defined as the ‘Cumulative Energy Demand’ i.e. it is the sum of all the energy inputs into a product system from all included stages of the life cycle. The system boundaries used to determine the exact nature of the life cycle stages can vary from analysis to analysis, making it difficult to compare studies. The uncertainties and variations in embodied energy analysis are often due to the methodology used. Examples of the variations and uncertainties are:

· The energy used to transport a material is difficult to evaluate, and is site-specific

· A consistent methodology to assess the effect of recycling on embodied energy has yet to be established

· Evaluating the energy associated with installing substructures is generally uncertain due to the fact that it relies on factors such as ground conditions and site practices that are site-specific 

Different countries will have differing energy values for the same material, dependent on the natural resources available.  Values may even vary considerably within a country.


In the context of the two schemes considered at Wembley Stadium, the embodied energy of the construction materials, the fuel consumption on site and the fuel consumption associated with transport to site will be considered.

3.4.1.1 Construction materials

The embodied energy associated with a granular fill material has been determined following a literature review. As can be seen in Table 1, values ranged from 0.03 to 0.3 GJ/tonne. It is thought that this large range of values is partly a result of earlier, more rudimentary, attempts at quantifying the embodied energy of construction materials. Based on more recent data, for the purposes of this study a value of 0.1GJ/tonne has been assumed. It should be noted that this value does not include any embodied energy associated with transport to site, and this will need to be calculated separately, as discussed in section 3.3.1.2.


In order to assess the embodied energy of a clay fill material, a site-specific study has been undertaken. The energy associated with excavating the material has been calculated based on site records. This was found to be 0.0011 GJ/tonne, i.e. about 1% of that of the granular option. This is largely due to the fact that there is no processing or storage associated with the clay fill option.

Table 1. Embodied energy of granular material

	Material
	Embodied energy*

	
	GJ/tonne

	
	1
	2
	3
	4
	5

	Natural aggregate
	0.03
	0.12
	0.29
	
	0.1
	0.3

	Sand
	
	
	
	0.006
	0.1
	0.04

	Crushed stone
	
	
	
	0.054
	
	


* References for each embodied energy value are as follows:

1 Ecosite (1994)

2 Glover (2001)

3 Building Green (1993)

4 Alcorn et al (1997)

5 Baird & Chan (1983)

3.4.1.2 Fuel consumption during transportation to and from site

It is important to have a method of calculating fuel use for each scheme. Embodied energy values are generally derived using system boundaries that mean that transport of raw materials to point of processing is included. They do not generally include transport from the final point of processing or production, to the site itself. The transport methodology that will be used to calculate fuel use is outlined in the following sections and is based on the guidelines in BRE (1999).

It is likely that the aggregate would be transported largely by road, although this is dependent on the source of the aggregate. The following formula can be used to calculate the fuel used to transport materials by road: 
Fuel used = (no. of deliveries)x(distance travelled)x(part Load %)x(fuel consumption)

The number of deliveries can be calculated from data provided. The distance travelled is dependent on whether the return trip is full or empty. If empty, the total distance travelled per trip is twice the delivery distance. From given data it can be estimated if there will be any part loads being transported. The fuel consumption can be taken from the DETR UK fuel statistics for each class of vehicle and converted to litres/km, BRE (1999). 

Once the litres of fuel required have been calculated, the embodied energy associated with this can be calculated using published data. From the figures for embodied energy of diesel gathered during research, the value ranged from 37.5 to 45.8 GJ/tonne, see Table 2. The higher value of 45.8 GJ/tonne has been taken, as this was the only data source available within the United Kingdom.

Table 2. Embodied energy of diesel

	Material
	Embodied energy*

	
	GJ/tonne

	
	1
	2

	Diesel
	37.5
	39.2
	45.8


* References for each figure are as follows:

1 Giken (2002)

2 BRE (1999)

(1) Granular Option

The transport considered for this option is that from the quarry to the site. There are various possible sources of appropriate material in the UK, which based on the ESRSA tool, AggRegain (2005), for a site in London are:

1 Blast furnace slag (BFS)

2 Land won: London

3 Igneous rock: East Midlands

4 Limestone/dolomite: South West

5 Steel slag, electric arc furnace (EAF) and basic oxygen furnace (BOF)

6 Land won: South East

7 Marine dredged: London

8 Marine dredged: East of England

9 Sandstone: South Wales

10 Recycled aggregate (RA)

11 Recycled concrete aggregates (RCA)

All of these sources will have very different transportation requirements. Therefore as a base case the transport to site for this option has been calculated assuming a quarry which is 50 miles from site, and that all transport is by road. Due to the large volumes of material required for this project, this is likely to be a minimum distance travelled, and the actual distance could have been up to double this figure. For the volumes of material required it is considered that recycled products and land won/marine dredged in London and the South East would not have been available.
Conservatively it has been assumed that the return trip is empty, however it is possible that this trip could have been used to take waste to a landfill (the unused clay). In addition it has been assumed that a 33 tonne truck has been used, and the relevant fuel consumption rate utilised in calculations.

(2) Clay Option

The transport associated with this option is simply from the point of winning the material to the point of filling. As noted in the construction sequence listed in 3.1.2 not all fill will be transported using the 30 tonne dumptrucks. An average distance travelled is assumed to be about 125m. It is assumed that the return trip is empty and so total distance travelled per trip is 250m. It is assumed all loads are full. The amount of fuel used per week and therefore the amount of embodied energy can then be calculated.

3.4.1.3 Fuel consumption during construction

During construction for both schemes, the use of the rollers to compact the fill will require the use of diesel, and therefore there will be an associated embodied energy. Using data for the fuel consumption from SPONS (2004), and based on the compaction requirements outlined in section 3.1, the embodied energy during construction can be calculated.

3.4.1.4 Total embodied energy

Using the methodology outlined in previous sections, the embodied energy associated with the placing of the backfill can be compared for the two schemes, as shown in Figure 5. The embodied energy of the clay backfill option is less than 2% of the granular backfill option. Disposal of material and the embodied energy associated with this operation are considered in section 3.3.3.
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Figure 5. Embodied energy of the backfill options

The exact figures shown in the chart are for comparison purposes only, and indicate a relative ranking.
3.4.2 Emissions

There are emissions associated with all stages of construction, from extraction of raw materials to the transportation to site and installation of these materials. This needs to be quantified for each of the backfill options. It is important to consider emissions for a number of reasons. Manufacture and transportation of construction materials releases CO2, CH4, CO, Volatile Organic Compounds (VOCs), Non-Methane Volatile Organic Compounds (NMVOCs), NOx, SO2 and PM10 (particulates that are less than 10 microns in size). It is possible for the VOCs and NOx to react in sunlight and produce ozone at ground level where it is toxic to humans, plants and animals. Also, NOx and SO2 are acidic in combination with rainwater. The particulates released are extremely harmful to the lungs, causing diseases such as silicosis and other respiratory problems. Also, particulates can combine with SO2 in affecting the lungs.

Pollution is also important to consider as it crosses borders. The effects of water pollution cross frontiers, and air pollution is very much a trans-boundary phenomena. The effects of acid deposition are felt many thousands of miles from their country of origin. Gaseous emissions have global effects.

Using figures from various published sources, it is possible to calculate the amount in kg of each gas and particulate emitted due to particular processes such as transport, quarrying of material and placement of backfill. However, simply calculating the amount of each particular gas emitted for each system is not necessarily the best way to compare the two backfill options, and to assess their affect on the environment. Suggested categories of comparison that take into account environmental impact are listed below:

1 Global Warming Potential (GWP): This concept compares the ability of each greenhouse gas to trap heat in the atmosphere relative to another gas. IPCC guidelines have chosen CO2 to be the reference gas. Relevant gases that have a GWP value are CH4, CO2 and N2O. There are no figures for the criteria pollutants such as CO, NMVOCs and SO2 as there is no agreed method to estimate the contribution of gases that have only indirect effects on the greenhouse effect. GWP values have been found to be consistent across a wide variety of sources.

2 Acid Deposition: This concept has been developed so that it is possible to compare the contribution of various emissions to acid deposition. The chosen reference gas is SO2.  Relevant factors that have an effect are SO2, NO2 and NOx. 

3 Human Toxicity: This concept assesses the danger to humans of the various emissions, and is measured in kg toxicity. 

4 Photochemical Ozone Creation Potential: This concept quantifies the likelihood of various emissions to creating photochemical ozone in the atmosphere. Relevant emissions that have an effect are VOCs and NMVOCs. The reference chemical for this concept is ethane i.e. it is measured in kg of ethane equivalent. 

5 Eutrophication: This quantifies the effect of various emissions on water. Eutrophication (or algal bloom) of water supplies leads to a loss of biodiversity through over-enrichment, increasing mortality of aquatic fauna and flora. The reference chemical for this measure of environmental harm is phosphate (PO4), and as such conversion factors exist for equating the relevant chemicals to kg phosphate equivalent. 

All conversion factors are based on those suggested in the BRE Methodology, BRE (1999). The exact figures shown in the following charts are for comparison purposes only, and indicate a relative ranking.
3.4.2.1 Emissions due to transportation

From the values of embodied energy associated with transportation (see section 3.3.1.2), upstream and combustion emissions due to the fuel used can be calculated using figures from the NETCEN National Atmospheric Emissions Inventory. The comparison between the two options is shown in Table 3 and on Figure 6.

Table 3. Emissions of CO2 equivalent

	Emission
	Backfill option

	grams
	Option 1: granular backfill
	Option 2: clay backfill

	CO2 eq.
	1428
	15
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Figure 6. Emissions generated during transportation to point of fill 

3.4.2.2 Emissions due to material production

There will also be emissions associated with production of the materials themselves. Those associated with excavation of the clay material at the Wembley site would have been produced regardless of the scheme chosen, and could be estimated from the project data. Emissions associated with the production of the granular material are more difficult to quantify, as they are dependent on the method used for extraction. This comparison has therefore currently not been considered any further. 

3.4.3 Waste

Waste is becoming increasingly important to consider, particularly following recent governmental legislation such as the Landfill Tax, which was introduced in 1996. As well as considering the economic impact of waste, the environmental impact needs to be considered. The UK construction industry produces approximately 60 million tonnes of waste a year, Griffiths et al. (2002).

Due to the granular backfill option requiring backfill to be imported to site, all the clay material ‘cut’ and used in Option 2 would need to be disposed of in Option 1. There are opportunities for the clay material to be sold to industries such as the landfill industry to be used as the capping layer on landfill. However, it is extremely unlikely that this volume of material would have been able to be disposed of in this manner. Therefore a large proportion of it, if not all, would have had to be treated as waste. For the purposes of this comparison, it has been assumed that 80% of the waste will need to be disposed of. 

As well as the production of waste being an environmental concern, there are all the associated side effects that need to be considered such as transportation to landfill and the emissions this causes. In turn this has social consequences due to lorries passing through residential areas and the effect on the environment local to the landfill, and the knock-on effect of filling up existing landfill leading to the need for new landfill.

3.4.3.1 Cost of waste disposal

This cost has been estimated assuming a distance of 18 miles to the nearest landfill site, Environment Agency (2005) and the use of 25 tonne lorries. Landfill tax for inactive material has been applied. The cost for disposal is calculated as being approximately £2.5 million (to the nearest hundred thousand).

3.4.3.2 Embodied energy of waste disposal

The embodied energy associated with waste disposal is as a result of the fuel used to transport the material. The methodology outlined in section 3.3.1.2 has been followed. The embodied energy was calculated to be 7500 GJ.

3.4.3.3 Emissions of waste disposal

As in section 3.3.3.2, the emissions associated with waste disposal are as a result of the fuel used to transport the unwanted clay to landfill. The methodology outlined in section 3.3.2 has been followed. The associated emissions are shown in Figure 7, with the exception of the CO2 equivalent, which was found to be 429 grams.
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Figure 7. Emissions generated during transportation of waste to landfill (excluding CO2 eq.)

3.5 Social impact

The social impact of sustainable development can be described as how the development serves the needs and quality of life of people and their communities. It is perhaps the most difficult of the three elements of the triangle of eco-economics to quantify. In this comparison, the main social impact is the number of deliveries to site. As discussed in section 1.2, this was a key consideration when assessing the backfill options at Wembley Stadium.


An additional impact is the length of programme for the construction work. This can be compared considering just the length of time associated with the backfill operation, however as this operation was just a small part of a much larger project, the programme implications are considered relatively small for this particular case study.

3.5.1 Delivery of imported granular fill

In Option 1, a total of 127,400 m3 of granular fill is required to be delivered to site. Assuming delivery is in 33 tonne lorries, as for previous analysis, this equates to a total of 7722 lorries of fill.

3.5.2 Disposal of waste

In Option 1, a total of 127,400 m3 of clay material needs to be transported to landfill. Assuming the use of 25 tonne lorries as in the previous analysis, this equates to 10192 deliveries. If larger lorries are used as for the importing of fill, then 7722 lorries would be required.

3.5.3 Construction programme

As noted in section 3.1, the length of time taken to place the fill for the granular option would have been about two thirds of that required for the clay option. This would have resulted in a construction programme of approximately 9 weeks, as opposed to 13 weeks.


It should also be noted that the weather is an important factor in the placement of clay material as backfill. The backfill was placed during the spring and summer of 2003 at Wembley Stadium, which is the optimum time to carry out the operation based on the amount of rainfall generally expected in these months. If the backfill operation had been scheduled to take place during the winter, it is likely that there would have been delays to the anticipated programme due to heavy rainfall. The length of time taken to place the fill could easily double in such circumstances. The impact of the weather on the placement of granular fill would not be significant.

4 COMPARISON SUMMARY

In section 3 the two options for backfill to the retaining walls have been compared using numerous variables: cost, embodied energy, emissions, number of deliveries and programme. This is summarised in Table 4. The cost figures do not include maintenance or monitoring costs. With the exception of programme, the use of the clay material scores significantly better than the granular fill option. Therefore it is relatively straightforward to conclude that the clay option is a more sustainable method of construction than the use of imported granular fill.

Table 4. Summary of comparison

	
	
	
	Option 1
	Option 2

	Cost
	
	Ratio
	8.5
	1

	Embodied energy
	
	Ratio
	60
	1

	Emissions
	CO2 eq.
	Ratio
	124
	1

	
	SO2 eq.
	Ratio
	130
	1

	
	tox.
	Ratio
	136
	1

	
	ethene eq.
	Ratio
	138
	1

	
	PO4 eq.
	Ratio
	157
	1

	Deliveries*
	
	no.
	18000
	0


* To the nearest thousand

However, when undertaking attempts to quantify the sustainability of schemes, it may not always be as clear which option is considered to be the most sustainable. If one option scores better than the other in one category, but is less favourable in the other two, how do we assess which scheme overall best promotes sustainable development? In order to do this there needs to be a weighting scheme and a common variable across all three criteria, as previously noted in section 3.1.


One available method for comparing the environmental impacts on a single scale or score is that of UK Ecopoints, Dickie & Howard (2000). A UK Ecopoint is a single unit measurement of environmental impact, which is available across thirteen categories such as climate change and minerals extraction. Impacts are then related to the environmental impact of an average UK citizen over one year, and Ecopoints awarded. However, this system is only valid for environmental impacts, and therefore cannot be used to compare two schemes across all three criteria.

5 GENERAL OBSERVATIONS

As discussed in section 4, when considering cost, embodied energy and emissions, the clay backfill option has been shown to be more sustainable than the use of granular material at the new Wembley Stadium. Therefore, although variations would be expected between different sites it would normally be anticipated that reuse of a readily available clay fill would be a more sustainable option than imported granular fill. However, there are significant technical constraints and risks which need to be carefully managed, before clay fills are used as structural backfill:

1 Clay backfill should only be used behind relatively flexible retaining walls, e.g. rigid props or stiff shear keys, large diameter piles, etc, should be avoided

2 The clay fill behaviour will be sensitive to placement and compaction procedures, as well as its moisture content.  Good site control and uniform compaction is necessary.  Backfilling in small confined areas would be inappropriate

3 Swelling pressures will be sensitive to both the state of the clay fill and soil structure interaction

6 CONCLUSIONS

The use of the site won weathered London Clay, rather than importing granular fill, produced major environmental benefits and benefits to the local community. This innovation introduced additional project risks, which were minimised by carrying out earthworks trials and the design of “flexible” retaining structures. Sophisticated laboratory testing and non-linear numerical modelling played an important role in checking that the conceptual design was appropriate.


In terms of sustainable development, the analysis undertaken conclusively shows that the use of a clay backfill material was a more sustainable solution than the use of a granular backfill. This was evident across the three criteria of the triangle of eco-economics. The over-riding reason for this being the site-won nature of the clay material, significantly reducing the number of deliveries required to site and therefore the embodied energy and cost of the solution.


However, there is still the need for additional research and thought with regards to the objective comparison of such case studies. Without this it is not possible to compare different civil engineering projects, and it may be more difficult to assess different options on the same project where the comparisons are not as straightforward as they have been for this particular case study.


However, one conclusion that can be made is that one of the most important criteria with regards to the sustainable nature of a civil engineering scheme will be the number of deliveries required, and the distance required for these deliveries. These have a direct impact on both energy and emissions, two of the measurable criteria with regards to environmental impact. They are also the biggest influence on many projects when considering the social impact. Therefore, it would normally be anticipated that reducing the required number of deliveries to site will lead to a more sustainable development.
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		Material		278.39301

		Transport		178.6335509539

		Construction		410.1657014

		Total		867.1922623539



Option 1: Granular Backfill

Option 2: Clay Backfill

Embodied Energy (GJ)

25480

18470.5007110538

273.4438009333

44223.9445119871



Summary

		Transportation to Site

		Option		Distance Travelled





Clay

		

		Week No.		Vol Moved by Dumptrucks		Mass Moved by Dumptrucks (tonnes)		No. of Truck Loads		Fuel Used (Litres)		Fuel Used (Tonnes)		Embodied Energy (GJ)

		1		2660		5320		178		200.64		0.17		7.60

		2		6715		13430		448		504.98		0.42		19.13

		3		9120		18240		608		685.34		0.57		25.96

		4		1845		3690		123		138.65		0.11		5.25

		5		2700		5400		180		202.90		0.17		7.68

		6		6600		13200		440		495.97		0.41		18.79

		7		5360		10720		358		403.54		0.33		15.28

		8		846		1692		57		64.25		0.05		2.43

		9		2430		4860		162		182.61		0.15		6.92

		10		4810		9620		321		361.83		0.30		13.70

		11		6970		13940		465		524.15		0.43		19.85

		12		7590		15180		506		570.36		0.47		21.60

		13		3360		6720		224		252.49		0.21		9.56

		14

		15		1705		3410		114		128.50		0.11		4.87

		16		0		0		0		0.00		0.00		0.00

		17		0		0		0		0.00		0.00		0.00

		18		0		0		0		0.00		0.00		0.00

		19		0		0		0		0.00		0.00		0.00

		20		0		0		0		0.00		0.00		0.00

														178.63

		Distance travelled:				248.5

		Fuel Consumption:				4.5360097033

		Density of Diesel:				0.827		kg/l

		Embodied Energy:				45.8		GJ/tonne

				Granular		Clay

		Material		25480		278

		Transport		18471		179

		Construction		273		410

		Total		44224		867





Clay

		0		0

		0		0

		0		0

		0		0



Option 1: Granular Backfill

Option 2: Clay Backfill

Embodied Energy (GJ)



Granular

		

		Raw Material Quantity		Raw Material Quantity		Truck Capacity		No. of Deliveries		Distance		Fuel Consumption		Fuel Used		Fuel Used		Embodied Energy

		(m3)		(tonne)		(tonne)				(km)		(litres per km)		(litres)		(tonne)		(GJ)

		127400		254800		33		7722		80.4672		0.3924		487649.38540032		403.29		18470.50

		Density of Diesel:		0.827		kg/l





Characterisation Factors

		Global Warming Potential (GWP)

		Gas		GWP

		CO2		1

		CH4		21

		N2O		310

		Acid Deposition

		Gas		Factor

		N2O		0.7

		NOx		0.7

		SO2		1

		Human Toxicity

		Gas		Factor

		NOx		0.78

		CO		0.012

		NMVOC		0.022

		SO2		1.2

		VOC		0.022

		Photochemical Ozone Creation Potential

		Gas		Factor

		NMVOC		0.416

		VOC		0.337

		Eutrophication

		Gas		Factor

		N2O		0.13

		NOx		0.13





Emission Factors

		Total Upstream and Combustion Emissions Factors

		Fuel		Emission (grams/MJ)

				CO2		CH4		N2O		NOx		CO		NMVOC		SO2		PM10

		Coal		85.17		0.261		0.00747		0.164		0.144		0.0181		0.791		0.0875

		Coke		117.25		0.336		0.00005		0.176		0.1485		0.0319		0.717		0.0105

		Petrol		74.23		0.021		0.00003		0.088		0.0116		0.0702		0.048		0.0058

		Rail Freight Gas Oil		76.7		0.024		0.02623		0.78		0.4279		0.3544		0.107		0.0070

		Containerised Shipping		76.7		0.027		0.00439		1.26		0.1681		0.1144		0.469		0.0249

		Road Transport (HGV)		76.7		0.027		0.02063		1.003		0.5633		0.2802		0.107		0.0954





Transport Emissions

		Transport Emissions

		(a) Total Upstream and Combustion Emissions

		Backfill Option		Fuel Used		Emissions (kg)

				(MJ)		CO2		CH4		N2O		NOx		CO		NMVOC		SO2		PM10

		Option 1: Clay		0.178633551		0.0137011934		0.0000048231		0.0000036852		0.0001791695		0.0001006243		0.0000500531		0.0000191138		0.0000170416

		Option 2: Granular		18.4705007111		1.4166874045		0.0004987035		0.0003810464		0.0185259122		0.0104044331		0.0051754343		0.0019763436		0.0017620858





Transport Impact

		Transport Emissions Impact

		(a) Total Upstream and Combustion Emissions

		Backfill Option		CO2 eq. (g)		SO2 eq. (g)		tox. (g)		ethene eq. (g)		PO4 eq. (g)

		Option 1: Clay		14.94		0.15		0.16		0.02		0.02

		Option 2: Granular		1428.30		15.21		17.06		2.15		2.46






