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Abstract

Green roofs are becoming increasingly popular in the urban landscape, where levels of air pollution from numerous sources of emissions have rapidly risen compared to rural areas. Green roofs are designed to retain precipitated water, while filtering out pollutants, provide insulation, reduce roof construction costs, be lightweight, contribute to the reduction of temperatures in cities and create habitats for wildlife. When designing green roofs, substrate composition is an important consideration for water retention, plant growth and water quality of runoff. To increase further the sustainability of the green roof systems in terms of material usage, waste materials could be introduced to replace natural soils in the sustrate layer. Current standards however do not include such materials, which appears to be a missed opportunity. In this context, this paper focuses on  a number of typical materials used in the green roof substrates and potential suitable alternatives to these, coming from waste streams. For the mixes, commercial growing medium/substrate (control mix) and some common natural or manufactured materials were used, trying to create appropriate substrate mixes in terms of physical and hydraulic properties. These materials were then replaced by waste materials of similar characteristics (e.g., crushed clay brick, paper sludge, and waste glass cullet aggregate, to replace respectively LECA expanded clay, peat and fines such as clay size particles, and sand). For nutrient retention, some small proportion of zeolite was also used in some of the mixes. To assess the suitability of the different mixes with waste materials as extensive green roof substrates, in comparison with commonly used substrate materials, a number of physical hydraulic property tests were performed, as well as germination tests, to attest whether the mixes with the waste materials were adequate for plant growth. The results showed that the studied mixes of different components were overall suitable as green roof substrates and supported plant growth. This encourages further research on the topic (including environmental safety testing, and microbial community studies) towards potential future inclusion of such mixes in green roof design standards.  
Keywords: green roofs, substrate, waste materials, recycling, physical and hydraulic properties 

1. Introduction
Rapid population growth and urbanisation in recent years leads to the urgent need addressing environmental issued in the urban environment such as air quality, thermal stress, occurrence and consequences of increased flooding due to the reduction in water absorbing ground in the urban landscape, as well as detrimental effects on biodiversity. In this context, green roofs have been proposed as a potential solution to mitigate these issues. A green roof, also known as a living roof, is an intentionally vegetated roof or vegetated platform forming a roof structure disconnected from the underlying ground. Classified into two main categories, i.e., extensive green roofs (which are thin and covered in a light layer of vegetation) and intensive green roofs (which are thicker and heavier), modern green roofs, consist of a system of manufactured layers, supporting vegetation growth and, upon careful design, encouraging establishment of biodiversity, whilst intercepting precipitation and providing drainage. They also absorb sunlight, keeping the building cool during hot weather and release the stored heat slowly during cold temperatures in order to keep warm the structure.
In a green roof system, vegetation is supported by the substrate. Substrate composition is critical for plant growth and is a key factor related to the functions of the green roof in terms of storm water management for water retention and water quality of runoff, as well as for energy saving and reduction of the urban heat island effect [1,2]. Appropriate green roof substrate should be free-draining, with  sufficient aerated  pore  space,  have moisture retention and nutrient holding  capacity,  provide plant  anchorage,  be  lightweight and resistant  to decomposition. It is recommended that  substrate  comprises  30  to  40  %  solid  and,  60  to  70  %  pore  volume, providing a growing medium for plants that has the ideal balance between water holding capacity and aerated pore space. The mineral materials used for green roof substrates can be natural or artificial, as well as recycled or waste materials, although the latter materials are raely included in the standards for green roofs. Common material composition includes minerals, such as shale, slate, clay or volcanic materials, and a variety of ﬁnes and organics. Large shale and slate aggregates are used in green roofs because they are lightweight and allow drainage; however, they have low water-holding capacity, hence the substrate must also contain finer particles to address this. Organic  matter  can be added to a substrate mix of larger aggregates (providing good drainage capacity) to improve  water  retention,  facilitate root  growth, and  supply nutrients. Mixed aggregates with ﬁnes and organics, such as peat and compost (a recycled material of different sources including mushroom and poultry) have been used to improve plant growth [3]. In addition to domestic organic waste, the required increase in organic content can be achieved by using materials such as coir, woodchips or sawdust [4]. However, organic matter decomposition over time leads to loss of soil volume and water-holding capacity, while decomposition residues could impede water flow; consequently, organic contents of  a maximum 10 - 20 % have been suggested for extensive and intensive roofs respectively [3,5,6]. Other substrate compositions included some small proportion of zeolite for nutrient retention. Zeolite can come at different sizes; for example, Kotsiris et al [7] used sand-size zeolite i.e., 2.5-0.8 mm for green roof substrates.
As engineers are trying to move away from the use of non-renewable natural aggregates, in order to increase further the sustainability of the green roof systems in terms of material usage, waste materials could be introduced to replace natural soils in the sustrate layer. This has the dual advantage of saving in non-renewable natural resource utilisation, while diverting waste away from landfill by finding different useful outlet routes. Current standards however do not include such materials, with few exceptions, for example crushed brick materials included in the German standards [8]; this appears to be a missed opportunity. Generally, few waste materials have been studied and used as green roof substrate. In addition to crushed brick or demolition waste, including crushed concrete, (in an attempt to mimic natural brownfield sites) and the use of choir, woodchips and sawdust mentioned earlier, some research has considered other aggregates such as recycled glass [9]. However, little research has been performed to speciﬁcally improve the physical and hydraulics properties of substrate, as most studies focussed on leachate characteristics and secondarily plant growth although even so, targeted experimental substrate design to improve plant performance on green roofs is lacking, with very few examples found (see e.g. [10]) and this is particularly true for materials coming from waste. 
In this context, studies carried out at London South Bank University (LSBU) investigated  a number of mixes based on typical materials used in the green roof substrates and potential suitable alternatives to these, coming from waste streams. Unlike other research works focusing only on different aspects of waste material mixes for green rooofs, e.g. leachate quality and plant growth [9] or biodiversity [11] our particular focus included properties related to number of physical and hydraulic property tests, while ongoing planned research intends to include thermal and acoustic properties in the future.
The following sections present indicative results from a number of the above tests on selected mixes with waste materials amongst those tried, to demonstrate the suitability of such mixes as green roof substrates, based on specifications for green roof substrates in standards such as BS [12] or FLL [8]. 
2. Materials and Methods
The base mixes contained natural mineral materials (sand) as well as commercially obtained materials commonly implemented in green roofs. Namely the base mix contained Lightweight expanded clay aggregate -Leca® of 10-20mm size (as recommended by the suppliers for green roofs, whereas in most literature Leca particles below 8mm are used). Leca is very  lightweight  and  allows good drainage but has  limited  moisture  and  nutrient  storage  capability hence a very low moisture content. For this reason, Leca was  mixed  with  other  materials to meet the requirements, namely sand (which will then be partly or fully replaced by recycled glass cullet) and additionally, 20% organic material namely commercially purchased peat. As discussed earlier, the fine-grained proportion of the mix should be limited and so should be the organic content. Finally for nutrient retention some small proportion of zeolite was used in some of the mixes. Coarse sand and zeolite were used to increase the proportion of particles of 2-4 mm diameter as it is recommended to have a high percentage of particles in this size [10]. These were then replaced by waste materials of similar grading/other characteristics. Namely, crushed clay brick was used to replace Leca expanded clay, recycled glass cullet (of particle size of 5mm and below) to replace sand and paper sludge was used to replace peat as it can provide some organic matter although arguably much lower than that of the peat (55-24% of organic matter was detected in the sludge from tests on different batches over the years). The paper sludge used was non-hazardous dewatered  paper sludge (paper crumble), from the secondary treatment stage of paper to produce recycled paper newsprint, i.e., the deinking process (the treatment process consists in mechanical cleaning followed by deinking) [13]. 
In addition, commercial growing medium was tested. Although this is growing medium used for gardens and garden/patio containers and not for green roofs (as it is not lightweight), the medium was used as a control mix as it is a good medium for plants to grow and thrive.
The materials and mixes that will be discussed in this paper are shown in Table 1. 
Table 1. Soils and waste materials considered in this study
	Mix ID 


	Mix components (% per volume)

	45L_30G_20P_5Z
	45% Leca:30% glass: 20% peat: 5% zeolite 

	45L_30G_20PS_5Z
	45% Leca:30% glass: 20% paper sludge:5% zeolite

	45L_15G_15S_20PS_5Z
	45% Leca:15% glass:15% sand: 20% paper sludge:5% zeolite

	45L_30S_20P_5Z
	45% Leca: 30% coarse sand: 10% paper sludge: 10% peat: 5% zeolite

	45L_30S_20PS_5Z
	45% Leca: 30% coarse sand: 10% paper sludge: 10% paper sludge: 5% zeolite

	35B_45G_20P 35B_45G_20PS
	35% Crushed clay brick:45% glass:20% peat
35% Crushed clay brick:45% glass:20% paper sludge

	35B_45S_20P 
	35% Crushed clay brick:45% coarse sand:20% peat

	35B_45S_20PS
	35% Crushed clay brick:45% coarse sand:20% paper sludge


Physical property testing on these materials and mixes were performed according to British Standard BS 8616:2019 [12] requirements for the testing of substrates for constructed green roofs meant to provide long-term support for specified plant communities and for physical and chemical characteristics considered to be optimal for extensive substrates. Indicative results of particle size distribution, density, specific gravity, particle water absorption, and water permeability (hydraulic conductivity) are presented in the following sections.  Germination tests were also performed using fast growing plants/herbs such as garden cress (Lepidium sativum) or parsley (Petroselinum crispum) seeds to expedite the assessment of the waste material substates as plant growing media. 
3. RESULTS AND DISCUSSION 

Figures 1(a) and (b) show respectively the PSD of the primary ingredients and indicative selected mixes. The results of the selected mixes are plotted against the recommended PSD limits for single layer green roof substrate according to British Standards specification (BS 8616:2019). It can be seen that most mixes of the waste materials shown in Figure 1, satisfy the requirements (unlike most individual primary components except paper sludge and also, the commercial grown medium for garden and patio plants); exception to this are mixes containing sand (coarse-medium grading) as opposed to mixes with recycled glass fully replacing the sand, which all fell within the BS envelopes. Consequently, such mixes with full replacement of the commercial ingredients complied better to the BS standards in terms of green roof substrate PSDs.
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Figure 1. Particle size distribution of (a) primary ingredients & control soil; b) selected mixes.
Table 2 lists results of a number of salient physical properties of indicative mixes with and without waste materials for purposes of comparison (i.e., to assess the effect of replacing commercial materials by their respective waste counterparts). It can be observed that as for commercial material mixes, all mixes with waste materials are generally lightweight considering their particle density (or specific gravity, Gs) and dry density and hence suitable for green roofs. Generally (with one exception), the best total porosities were found for mixes without zeolite, possibly because zeolite, due to its smaller particles, acted as a filler within voids of larger particles such as Leca or crushed clay bricks. Mixes with commercial materials and waste materials alike, had similar water absorptions in the region of about 2-3 %, hence a similar performance in terms of benefits to the vegetation, with the only exceptions being 45L_30S_20P_5Z and 45L_30S_20PS_5Z, which is difficult to explain (as the same ingredients individually or in mixes did not give these higher absorptions) and needs further investigation. Additionally, the hydraulic conductivities of the five mixes shown to comply with BS specifications for PSD are all within the prescribed ranges for green roof materials, i.e. 0.6-70 mm/min for extensive roofs according to the FLL (see Fig 2). 
Mix 35B_45G_20PS containing only waste materials had overall appropriate characteristics for a green roof substrate, showing promise that substrates containing only waste materials can be successfully used in green roofs.
Table 2. Indicative physical characteristics of the mixes 
	
	
	
	

	Mix
	Gs
	Dry density 

( g/cm3)
	Total 

porosity

(v/v)
	Water 

absorption 

(%)



	45L_30G_20P_5Z
	1.18
	0.83 
	0.3
	2.40

	45L_30G_20PS_5Z
	1.42
	0.9 
	0.3
	2.00

	45L_15G_15S_20PS_5Z
	1.26
	0.89 
	0.29
	3.20

	45L_30S_20P_5Z
	1.79
	1.01
	0.44
	6.46

	45L_30S_20PS_5Z
	1.62
	1.04
	0.36
	4.90

	35B_45G_20P 
	2.02
	1.06 
	0.48
	2.00

	35B_45G_20PS
	1.79
	1.04 
	0.42
	1.98

	35B_45S_20P 
	1.9
	1.15
	0.39
	2.39
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Figure 2. Hydraulic conductivity results (indicative mixes)

Additionally, the organic contents of all mixes with waste materials were as required, i.e., < 20%, as opposed to the commercial growing medium which was found to have 97.5% of organic content, the peat (85% organic content) and the paper sludge, whose organic content was found to be 24%.
3.3 Germination tests
All mixes with the proposed waste materials were successful in allowing seeds to germinate. Figure 3 shows indicative germination test results of garden cress seeds (Lepidium sativum) already after 10 days from seeding garden cress for the five mixes complying with BS specifications in terms of PSD, namely: 35B_45G_20P (left-hand side of front row); 35B_45G_20PS (right-hand side of front row); 45L_30G_20P_5Z (left-hand side of the second row); 45L_30G_20PS_5Z (middle of the second row); 45L_15G_15S_20PS_5Z (right-hand side of the second row).
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Figure 3. Germination tests (indicative mixes)
Note that the plants used in this feasibility study of germination are not those usually recommended for green roofs (for example, succulents, planted for low maintenance reasons). Future germination tests will be repeated on different plants, commonly used in green roofs, in the substrate mixes that were proved to be viable green roof substrates in terms of physicochemical and other engineering characteristics, as well as in terms of growth of herbs tried in the preliminary germination studies.
4. Conclusions

This study assessed the suitability of the different mixes with waste materials as extensive green roof substrates, based on a number of physical and hydraulic property tests as well as germination tests, performed to attest whether the mixes with the waste materials were adequate for plant growth. The results showed that the studied mixes of different waste components were overall suitable as green roof substrates and supported plant growth. Mixes containing only waste/recycled materials had overall appropriate characteristics for a green roof substrate, showing promise that substrates containing only waste materials can be successfully used in green roofs as substitutes of commercial green roof substrates. This encourages further research on the topic using these waste material mixes (including thermal and acoustic properties, environmental safety testing, and microbial community studies) towards potential future inclusion of such mixes in green roof design standards.  
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