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Introduction 6 

“How much does your building weigh?” – A question famously posed by R. Buckminster Fuller to a 7 

surprised Norman Foster in 1978, in relation to Foster’s recently completed Sainsbury Centre. A 8 

question regarded by Foster as, “far from rhetorical. He was challenging us to discover how efficient 9 

it was; to identify how many tonnes of material enclosed what volume. We did not know the answer” 10 

(Zung 2001). While it might be preferable to consider the service provided by a building, rather than 11 

the simple volume enclosed, Fuller’s question remains both disarmingly straightforward and 12 

profoundly important. 13 

Using less material to provide the same service is a matter of good design. Reductions in material use 14 

can be achieved by improving material properties, by selecting different materials or by changing the 15 

way materials are used. Reducing the amount of material necessary to deliver services and products is 16 

an important part of a global effort to reduce environmental impacts across all areas of human activity 17 

(Allwood et al., 2011). “Lightweighting” (Schaper and Cronenberger, 1977), an expression used to 18 

denote mass reduction achieved by substitution with higher performance-to-weight ratio materials, is 19 

a widely adopted measure for improving fuel efficiency and reducing greenhouse gas emissions in the 20 

aviation and automotive sectors (Heuss et al., 2012). While cost effective use of materials is generally 21 

recognised as desirable, a deliberate strategy of mass reduction through material substitution is not 22 

widespread in the building sector. In the aviation and automotive sectors, the materials that are best 23 

suited to lightweighting applications, such as high strength steels or carbon fibre reinforced polymers, 24 

tend to be significantly more expensive, and more energy and carbon intensive, than the materials 25 

they are replacing (Heuss et al., 2012). In the building sector, this does not have to be the case; timber 26 

can contribute to significant reductions in material use without significantly increasing costs or 27 

emissions. This suggests that lightweighting with timber can offer significant benefits with respect to 28 



the pressing and simultaneous need for sustainable densification of the urban environment and the 29 

reduction of emissions from the building sector. This forum paper identifies key opportunities 30 

associated with design of lighter-weight buildings using timber. These include a number of areas of 31 

understanding that the research community must address in order for building designers to fully 32 

exploit these benefits. 33 

Opportunities 34 

Designers have always sought to avoid wasting material; a spare, materially efficient structure being 35 

the hallmark of a good engineer. The authors do not claim otherwise, nor do they contend that 36 

minimising material use is a new idea. The aim of this forum paper is rather to highlight that a 37 

deliberate strategy of mass reduction through the use of timber and timber-composite structures can 38 

lead to lighter buildings, and to show that these lighter buildings present a number of important 39 

benefits in the context of a densifying urban environment. Reducing building weight through the 40 

lightweighting of non-structural elements presents further opportunities and challenges that should not 41 

be overlooked. However, this forum paper focuses primarily on the particular implications of a lighter 42 

building structure, as this is thought to present the greater technical challenge. 43 

Urban densification 44 

The world population is expected to grow from ~7.6 billion today to ~9.8 billion in 2050 (UN 2017), 45 

while the world’s urban population is expected to increase from a little over half to two-thirds of the 46 

global total over the same period (UN 2015). The scale of the mass urbanisation expected in this 47 

century is unprecedented in human history and the demography suggests that it is unlikely to ever be 48 

repeated (Zenghelis and Stern, 2016). Providing this greatly enlarged urban population with a healthy 49 

built environment that is sustainable in the longer term, while also limiting the impact of this one-off 50 

step-change in global human circumstance, is a key challenge facing designers. 51 

While some of this urban population increase will take the form of new cities and the expansion of 52 

existing urban agglomerations, there will be many cases where geographic, socio-economic and 53 

environmental considerations drive an increase in the population density of existing urban 54 

environments. Increasing the population density of an existing urban environment usually means 55 

either: building on sites that it was not previously possible or economic to develop; building over or 56 

under existing buildings; changing the function of an existing building; partially or completely 57 

replacing an existing building with a more densely occupied, often taller, building. 58 

In some cases, the primary obstacles to densification are regulatory. Planning permissions, zoning 59 

laws, rights-to-light, building code requirements, etc., may limit new building in an urban context. In 60 



other cases, the obstacles to development may relate to physical constraints. These may include 61 

limitations on loading due to underlying infrastructure, such as tunnels and sewers; underlying ground 62 

or substructures that must remain undisturbed for archaeological or heritage reasons; proximity to 63 

sensitive infrastructure or buildings that limit allowable ground movements; existing structure and/or 64 

foundations with limited capacity to support additional loads. In these cases, lightweight timber 65 

buildings and extensions can enable development where heavier conventional building constructions 66 

would not. Notwithstanding the challenges of assessing the capacity of existing structures, the 67 

potential sustainability and economic benefits of building reuse (Laefer and Manke, 2008) and 68 

foundation reuse (Hertlein and Walton, 2007) are well recognised.  69 

Engineered timber as a material for lightweighting 70 

Wood is a grown material with inherent variability in its mechanical properties. Construction timber is 71 

a graded material, meaning that there is a process of selection that leads to a material with 72 

characterised properties and variability. Engineered timber products are typically composed of a 73 

number of laminates of timber in a sub-parallel arrangement that further reduces variability of the 74 

product relative to that of the underlying graded material by distributing imperfections through the 75 

volume – an effect known as homogenisation. Engineered timber products can have strength-to-76 

weight and stiffness-to-weight values that are comparable to steel, and markedly better than normal 77 

and conventionally high-strength concretes (Foster and Ramage, 2016). These material properties 78 

suggest that, without considering differences in typical construction forms and assuming optimal 79 

structural use of each material, there will be little lightweighting benefit from the use of engineered 80 

timber in place of steel but a substantial benefit from the replacement of concrete with timber. This is 81 

of particular interest given the ubiquity of concrete use in construction and its contribution to 82 

greenhouse gas emissions, with cement production alone presently responsible for approximately 5% 83 

of total global anthropogenic CO2 emissions (Boden et al., 2013). With annual world cement 84 

production reaching 4.2 billion tonnes in 2014 (USGS 2016), an increase of approximately 96% over 85 

the course of a decade in which the global urban population increased by approximately 24% (UN 86 

2015), it is clear that greater consideration of the use of non-cementitious materials in the built 87 

environment is required. 88 

Engineered timber is often, somewhat misleadingly, referred to as ‘heavy’ or ‘mass’ timber in order to 89 

differentiate it from traditional ‘light’ timber framing of the sort typical in North American low-rise 90 

domestic construction. A range of engineered timber products of this type are available, including: 91 

• Glued laminated timber (glulam) – sawn timber boards in parallel glued laminations  92 

• Cross-laminated timber (CLT) – sawn timber boards in alternating perpendicular glued 93 

laminations 94 



• Nail laminated timber (NLT) – sawn timber boards in parallel nailed laminations 95 

• Laminated veneer lumber (LVL) – timber veneers in parallel or perpendicular glued 96 

laminations 97 

• Parallel strand lumber (PSL) – timber strands glued in parallel 98 

A number of timber composite or hybrid structural systems are also available, typically combining 99 

timber and concrete (Yeoh et al., 2011; Dias et al., 2016) or timber and steel (Zhang et al., 2015; 100 

Frangi and Loss, 2017). 101 

The life cycle analysis of materials in the context of their use in buildings is a matter of ongoing 102 

research and consensus has not yet been reached. The question of whether and to what extent to 103 

consider the role of carbon sequestration during the growth of the tree presents a particular challenge 104 

in the case of timber (Hammond and Jones, 2008). Less contentious is the fact that grown materials 105 

such as wood can be a renewable resource and that well-managed forestry has a myriad of associated 106 

benefits (Canadell and Raupach, 2008; O’Brien et al., 2017) that cannot plausibly be ascribed to the 107 

excavation processes of mineral extraction. However, the authors do not seek to rely here on the 108 

argument that timber is significantly ‘better’ in terms of environmental impact on a per kilogram basis 109 

than conventional materials such as concrete or steel – although this might well be the case when 110 

carbon sequestration is included. It will suffice for the purpose of the present discussion to note 111 

simply that unlike typical lightweighting options in other industries (Heuss et al., 2012), the 112 

opportunity for reducing building self-weight through the use of structural timber does not necessarily 113 

come at the cost of greater embodied environmental impacts (Robertson et al., 2012). This is 114 

particularly important given the observed trend towards reduced environmental impact from building 115 

operation leading to the environmental impacts embodied by building materials representing an 116 

increasing share of whole life environmental impact (Ibn-Mohammed et al., 2013). 117 

Reducing self-weight 118 

The structure of a building is required, at minimum, to resist the loads imposed upon that building 119 

safely and without excessive deformation. While it is both possible and desirable to design a building 120 

to make good use of structural mass to support other aspects of building function (e.g. for thermal 121 

capacitance), in many cases the additional material and resulting self-weight of the structure is simply 122 

a premium to be borne. Lightweighting seeks to minimise this premium through the use of materials 123 

with higher specific strength and stiffness. Reducing the self-weight of a multi-storey building means 124 

that the load resisted by the structure at every level is reduced, with the possibility of a commensurate 125 

reduction in the structural material required at each supporting level (Foster and Ibell, 2016). Reduced 126 

loads similarly allows for reductions in foundation costs. Even where there are no particular 127 



constraints on the loads imposed by the building on its surroundings, lightweighting can thus have a 128 

direct benefit in terms of structural economy. 129 

In understanding the potential value of timber in structural lightweighting applications, it is important 130 

to distinguish between the benefits associated with better relative properties, e.g., specific-strength 131 

and stiffness, and the benefits associated with better absolute properties, e.g., lower density. For 132 

example, the self-weight premium of a simple structure in which all material is utilised at its full 133 

design strength or stiffness is only reduced when the specific strength or stiffness of the structural 134 

material is increased; replacement with a lower density material of comparable specific strength or 135 

stiffness would not have a lightweighting effect. However, where elements are sized by considerations 136 

other than strength or stiffness, the self-weight of the underutilised material may be nothing but a 137 

burden and replacement of the unutilised margin with lower density material will provide a 138 

lightweighting benefit. It has already been noted that timber is unlikely to generate a significant 139 

saving in terms of mass when compared to an efficiently designed steel frame. However, research 140 

suggests that as a result of “rationalisation” by designers targeting “minimum cost” rather than 141 

“minimum material”, a typical steel frame has an average beam utilisation of only 54% by mass or 142 

40% by piece, and an average column utilisation of 49% by piece (Moynihan and Allwood, 2014). It 143 

may then be that, in comparison to a typical rather than an ideal steel frame, there are lightweighting 144 

benefits to be obtained through the use of timber in place of steel. However, the greatest 145 

lightweighting advantage of timber is likely to result from its use in preference to the concrete floor 146 

slabs that are almost universally used in steel framed and concrete buildings. This is expected to come 147 

as a combined result of the better specific strength and stiffness of timber and the relatively poor 148 

utilisation of concrete below the neutral axis in most reinforced concrete design applications. 149 

The bulk density (a useful basis for comparison that is determined by the gross building volume 150 

divided by dead load) of a typical concrete multi-storey building is ~300 kg/m3 (Yang et al., 2004) 151 

compared with ~160 kg/m3 (Huang et al., 2007) for a conventional steel building with concrete 152 

decking. The glued-laminated timber mega-frame, 14-storey Treet building in Bergen, Norway – the 153 

current tallest timber building in the world – has an estimated bulk density of ~140 kg/m3 (Foster et 154 

al., 2016). The cross-laminated timber seven-storey UEA building in Norwich, UK has an estimated 155 

bulk density of ~126 kg/m3 (Reynolds et al., 2015). Significant supplementary non-structural concrete 156 

is included in the design of each building, with slabs of concrete ballast added to Treet, and concrete 157 

screed topping the floors at UEA. Without this supplementary concrete mass, the building densities 158 

would reduce to ~110kg/m3 and ~79 kg/m3 respectively. In neither case is lightweighting thought to 159 

have been an explicit design aim for these buildings. This supports the contention that timber 160 

buildings are inherently lighter than concrete buildings or steel buildings with concrete decking, and 161 

that if the supplementary non-structural concrete mass were designed out, they could be lighter still. 162 



Lightweighting for extension  163 

Laefer and Manke (2008) highlight that, particularly in older cities, congestion in the ground is 164 

continually increasing the difficulty and cost of building new foundation and basement structures; 165 

making partial reuse of existing buildings an increasingly attractive option. If new capacity is to be 166 

added by partial removal and extension, without finding additional capacity in the underlying 167 

structure, then the new construction form must be significantly lighter than the original. Simply put, if 168 

removing one upper storey from a building and constructing two new storeys, the weight of the two 169 

new storeys plus their respective live loads should not be greater than that of the removed storey plus 170 

its live load. In the case of extension without removal, where excess strength in the existing structure 171 

has been found or engineered, a lighter construction form allows for greater extension within that 172 

margin of capacity. Improved assessment of the actual capacity and loading of existing structures may 173 

provide opportunities to further increase the margin available for intensification of use and for 174 

extension. 175 

A recent and impressive example of the use of lightweight timber hybrid construction in combination 176 

with a reconfiguration of load paths in an existing building is the De Karel Doorman building in 177 

Rotterdam, Netherlands (Hermens et al., 2014). The engineers, Royal Haskoning DHV, introduced 178 

two new cores to stabilise both the extension and the existing building; effectively converting the 179 

lateral load resisting system of the existing building from sway- to braced-frame. By removing the 180 

moment capacity requirement from the columns, the available vertical capacity of the columns was 181 

approximately doubled. Using a lightweight timber-steel hybrid structural system for the extension, 182 

16 additional stories were added to the original four concrete storeys. 183 

A survey of the commercial potential for increasing population density in larger German cities 184 

(Langen, 2016), primarily through vertical extension, indicates a potential for some 100 million m2 185 

new residential capacity in Germany alone. In the city of Bonn, for example, approximately 27% of 186 

residential properties were identified as having some potential for vertical extension, suggesting a 187 

latent capacity for over 20 000 apartments at an estimated market value of over €4 billion. While such 188 

estimates do not capture the technical challenges associated with building extension – they do suggest 189 

something of the scale of the market potential. 190 

Challenges 191 

Engineered timber and timber-hybrid solutions provide an opportunity for achieving many of the 192 

benefits associated with lightweighting without the costs associated with materials suitable for 193 

lightweighting in other industries. For example, a carbon fibre automobile fender may have a part cost 194 

570% that of a steel fender for a weight saving of 50% (Heuss et al., 2012), while recent case studies 195 



suggest that the costs of buildings using structural timber are not dissimilar to those using structural 196 

concrete (FWPA, 2015; Hyams et al., 2017) for a weight saving of perhaps 50-80%.  197 

However, there are a number of technical challenges associated with making best use of the potential 198 

afforded by lightweighting with timber and these provide many promising directions for future 199 

research. These research directions will include a need for better understanding of the dynamic effects 200 

that may begin to govern the design of lighter structures, such as acoustic (Rasmussen and 201 

Machimbarrena, 2014), wind-induced (Malo et al., 2016; Reynolds et al., 2016) or footfall induced 202 

vibrations (Weckendorf et al., 2016). This will provide opportunities for exploring the intelligent use 203 

of isolation, damping and active systems to control building behaviour rather than relying on the 204 

presence of mass.  205 

Robustness and resistance to disproportionate or progressive collapse – whereby a local failure leads 206 

to global failure of a structural system – will similarly require thoughtful investigation, as current 207 

timber connections may provide less inherent continuity between elements than those of conventional 208 

steel and reinforced concrete. While more thoughtful designs may be required to assure the integrity 209 

of alternative load paths, commensurately lower forces associated with the self-weight of a lighter 210 

structure may go some way towards mitigating this challenge. This is illustrated by design guidance 211 

for light timber frame structures, based on full-scale tests (Milner, 1998), which does require reduced 212 

tie forces compared with steel or concrete structures (Structural Timber Association, 2013). However, 213 

the relationship between the mass and the tying required is complex, and the tying system must permit 214 

gross deformations and rotations to allow the formation of alternative load paths. This has led some 215 

researchers to question the safety of a prescribed value of tie force in any structural material (Centre 216 

for the Protection of National Infrastructure, 2011). Further research is therefore required to identify 217 

and develop connection systems that can provide the kinematics, ductility and resistance for a robust 218 

timber structure.  219 

The use of lightweight constructions and the particular hygrothermal properties of timber will also 220 

require consideration in building environmental design. Innovative strategies for the targeted 221 

provision of thermal capacitance may be required. 222 

Coda 223 

In addressing the opportunities and challenges associated with lightweighting, designers may be 224 

forced to revisit key questions about the relationship between material use and the service provided by 225 

their buildings. This may be no bad thing. At the very least, every building designer, not just the 226 

structural engineer, should be able to answer Fuller’s question, “How much does your building 227 

weigh?” – and have given thought to the implications of the answer. 228 
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