

  buildings-13-01480




buildings-13-01480







Buildings 2023, 13(6), 1480; doi:10.3390/buildings13061480




Review



Evolution and Current State of Building Materials, Construction Methods, and Building Regulations in the U.K.: Implications for Sustainable Building Practices



Rune Vagtholm 1, Amy Matteo 1[image: Orcid], Behrang Vand 1,*[image: Orcid] and Laura Tupenaite 2[image: Orcid]





1



School of Computing, Engineering and the Built Environment, Edinburgh Napier University, Edinburgh EH10 5DT, UK






2



Department of Construction Management and Real Estate, Faculty of Civil Engineering, Vilnius Gediminas Technical University, Sauletekio al. 11, LT-10223 Vilnius, Lithuania









*



Correspondence: b.vand@napier.ac.uk







Academic Editor: Audrius Banaitis



Received: 25 April 2023 / Revised: 28 May 2023 / Accepted: 5 June 2023 / Published: 7 June 2023



Abstract

:

This study presents a comprehensive review of building materials, construction methods, and building regulations on the U.K. mainland. This provides valuable insights into the historical progression and transformation of the construction industry through a comprehensive analysis of both traditional and modern building construction materials and methods and categorising their evolutionary trajectory. Current building regulations in England, Wales, and Scotland are compared, highlighting differences in fire safety, noise safety, energy conservation, and sustainability. For example, fire safety regulations are analysed in detail, including fire resistance duration, wall cladding combustibility, and limitations on unprotected areas. Advances in knowledge and technology have led to increasingly sophisticated and energy-dependent methods, materials, and regulations. This study showcases the vast array of building construction materials spanning centuries, each possessing unique properties and performances. The selected methods and materials represent those currently employed or widely utilised in the U.K. construction industry, affirming their relevance and applicability in modern construction practices. Limitations in construction practices primarily stem from a lack of knowledge and tools rather than material scarcity. Enhancing knowledge and access to advanced tools is crucial to overcoming these limitations and driving advancements in the field. This study provides insights into the evolution of building materials, construction methods, and building regulations that can inform future developments in sustainable building practices. The findings have significant implications for policymakers, building designers, and constructors, particularly in terms of adopting sustainable materials and construction methods that comply with building regulations while reducing the environmental impact of the built environment.
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1. Introduction


The construction of buildings is an ancient and worldwide activity that has been constantly evolving. Archaeological remains of primitive huts by hunter-gatherers have been found dating back to 23,000 cal BP [1]. As a case study, in the United Kingdom (U.K.), various structures from the Neolithic period have shown great durability and remain well preserved [2,3,4]. The use of flat stone slabs set into mounds of midden provided durability and a degree of thermal insulation in the harsh environment. The roundhouses with walls made of wooden posts, stone or wattle, and daub and covered with a conical thatch or turf roof became common throughout the U.K. from the Bronze Age to the Iron Age [5,6]. These buildings are expected to have been able to withstand a wide variety of climate conditions [7]. During this period, roundhouses unique to Scotland, such as the broch, Atlantic roundhouse, and wheelhouse, also emerged [8]. The U.K. has been influenced by different cultures throughout history that have introduced new technologies. The Roman period from AD 43 to AD 410 brought a range of advanced technologies, such as concrete, ashlar masonry, bricks, and timber framing. The Romans did not hold wattle and daub in high regard due to their potential fire and rot risks [9]. However, the use of mud continued due to its low cost and was not necessarily perceived as a material for peasants [10]. The rectangular shape of the Roman buildings, which allowed for better storage, was another distinct contrast to the roundhouses of the Iron Age [11]. Anglo-Saxon culture placed great value on timber, and prior to the arrival of the Vikings, the majority of secular structures were constructed from this material. Nevertheless, it can be argued that the Viking invasion did not exert as significant an impact on architectural developments as the preceding Roman invasion did [12]. In Scotland, during the 15th century, stone architecture became more commonplace and was adopted in domestic buildings, which saw the traditional rubblestone wall relegated to ashlar masonry [13]. Subsequent to the Middle Ages, architectural styles became so distinct that they were often defined by the period of a monarch’s reign. To illustrate, the Tudor era in England was characterised by the opulent use of timber, while the Victorian era was marked by the prevalence of solid brick dwellings [11]. The shift from timber to brick and stone in London’s post-Great Fire reconstruction (1666) reflected recognition of the fire risk posed by wooden structures. The resource and labour shortages of the World Wars prompted the exploration of new building materials and techniques to address the housing shortage. Mass-manufactured prefabricated homes emerged in various forms, resulting in quantity being prioritised over quality and deviating from previous eras’ skilled craftsmanship. Building science and technology have evolved across eras to satisfy diverse demands, including durability, cost-effectiveness, speed of construction, and even conspicuous displays of wealth [14,15,16].



The U.K.’s housing shortage persists, and present challenges extend beyond production time, encompassing the imminent threat of global warming. In 2019, residential buildings were responsible for 15% of the U.K.’s total greenhouse gas emissions, primarily resulting from combustion fuels used for heating and cooking. An additional 21% of emissions arose from the energy supply sector, generating enough electricity to meet the U.K.’s total demand [17]. At 33%, domestic demand represents the highest consumption of any sector [18]. In fulfilling its commitment to the Paris Agreement [19] under the United Nations Framework Convention on Climate Change (UNFCCC), the U.K. is poised to take a leadership role exemplified by Scotland, which has set its own indicative National Determined Contribution (NDC) to reduce greenhouse gas emissions by at least 75% before 2030, relative to 1990 levels. This stands in contrast to the U.K.’s current NDC of 68%. Furthermore, Scotland aims to achieve net-zero emissions by 2045, surpassing the U.K.’s 2050 target. These goals demonstrate the significant role that buildings must play in addressing climate change [20,21]. Given the wide range of building technologies and materials available, a degree of control becomes essential. Building regulations have been established to protect occupants according to various targets, including safety, health, and welfare in and around buildings while promoting sustainable development and improving energy conservation [22]. These regulations incorporate British Standards and tools such as the Standard Assessment Procedure (SAP), developed by the British Research Establishment (BRE), which calculates the energy and emissions performance of buildings [23]. SAP 2012 is the latest version used throughout the U.K. The importance of building regulations was underscored by the Grenfell Tower fire disaster in 2017, which the Fire Brigade Union partly attributed to deregulation [24]. Subsequently, the U.K. government commissioned an Independent Review of Building Regulations and Fire Safety in 2018 [25]. The building regulations on fire safety were subsequently tightened across England, Wales, and Scotland to prevent similar cases [26,27,28]. Local authorities enforce these regulations, while building control bodies, such as a building control department of a local authority or an approved inspector, are responsible for ensuring compliance.



The evolution of building materials and construction methods from the Stone Age to the present day, as of 2021, represents a significant transformation in the field. Innovations such as reinforced concrete, prefabrication techniques, and new structural systems emerged during this time, revolutionising the way buildings were designed and constructed. These advancements not only improved the efficiency and durability of structures but also laid the foundation for subsequent developments in the field. However, it is crucial to note that the advancements of the post-war era did not render previous building techniques obsolete. Instead, the industry embraced a blend of traditional and modern methods to address various construction challenges. This hybrid approach acknowledges the strengths of both historical techniques and contemporary innovations, resulting in buildings that combine historical charm with modern functionality and sustainability. The literature currently available on the review of building materials and construction methods is limited, with scant attention paid to their potential to comply with building regulations. Furthermore, no existing publication provides an in-depth analysis of these factors. This study comprehensively reviews building materials and construction methods from centuries ago, evaluating their compliance with building regulations spanning several decades up until 2021. By exploring the historical evolution and regulatory alignment of these materials and methods, it addresses the knowledge gap on the U.K. mainland and provides valuable insights for informed decision making in the construction industry. To achieve this, this study conducts a literature review looking at the history of building materials and available methods of construction, covered in Section 2. Section 3 compares and highlights the differences between current building regulations in England, Wales, and Scotland to apply the review to a wider area.




2. Methods of Construction


The methodology employed in this research adopts a systematic approach to comprehensively explore the capacities of building materials and construction methods, with a particular focus on their efficacy in meeting regulatory standards in 2021. The study initiates by providing a meticulous overview of building materials, tracing their historical significance from the Stone Age to the present era. Subsequently, it delves into a profound investigation of various construction methods, encompassing both traditional techniques that have stood the test of time and modern innovations that align with technological advancements and societal requirements. In addition to the materials and methods, the research also examines the regulatory framework governing building construction. This examination illuminates the intricate interplay between materials, construction methods, and regulatory requirements. By amalgamating historical insights, contemporary practices, and regulatory considerations, this article establishes a comprehensive knowledge base that empowers informed decision making, fosters sustainable building practices, and advances the fields of construction and architecture.



In order to provide a comprehensive overview encompassing both traditional and modern methods, a thoughtful selection process was employed to determine the inclusion of MoC and materials in this study. The selection criteria were carefully established based on multiple factors, including historical significance, availability, and relevance to the current building regulations in the U.K. Regarding historical significance, MoC and materials were chosen to represent key milestones and significant shifts in construction practices throughout different periods. This allowed for the examination of the evolution of building techniques and the impact of advancements in knowledge and technology on construction methods over time. The availability of the MoC and materials was another crucial consideration. The selected methods and materials were chosen to represent those that are currently in use or have been widely employed in the U.K. construction industry. By focusing on available options, the study aimed to provide insights that are directly applicable to practitioners and decision makers in the field. Furthermore, the relevance of the MoC and materials to the current building regulations in the U.K. played a pivotal role in their selection. The chosen methods and materials were evaluated based on their alignment with the regulatory frameworks governing construction practices. This consideration ensured that the study’s findings would reflect the current compliance requirements and provide guidance on their applicability within the regulatory context. By incorporating these selection criteria, this study presents a comprehensive and representative overview of MoC and materials, encompassing their historical significance, practical availability, and adherence to current building regulations in the U.K.



In 2018, the housing stock in the U.K. was estimated to consist of nearly 29 million homes. The majority, at 84%, of these homes were in England, while homes in Scotland and Wales only represented 9% and 5%, respectively [29]. Throughout history, a diverse array of construction methods have been utilised to construct homes, many of which remain in use today. In the subsequent sections, an exhaustive classification of these techniques is presented, delineating the distinct realms of traditional and modern methods of construction. This comprehensive exposition highlights the remarkable journey of evolution, tracing the utilisation of humble mud as a building material to the pinnacle of contemporary off-site construction, where fully prefabricated three-dimensional homes are brought to fruition.



2.1. Traditional Methods


Traditional construction methods are often characterised by manual and labour-intensive approaches that were predominantly employed prior to the 20th Century, coinciding with the advent of novel techniques and materials. These methods embody a linear progression inherited from historical practices, where each stage of the construction process is sequentially completed on-site before advancing to the next phase. It is worth noting that a considerable portion of the U.K.’s existing housing stock, comprising approximately 5.9 million units, was erected prior to 1919 [30], thereby falling within the realm of traditional construction. Despite the prevalence of modern construction methods, traditional approaches continue to hold significant relevance in contemporary construction practices. Notably, the traditional cavity masonry wall accounts for nearly 75% of newly constructed buildings [31]. Consequently, the classification of traditional construction methods is often contingent upon the specific materials utilised in their implementation.



2.1.1. Ancient, Durable and Natural Construction Materials: Rammed Earth and Cob


The concept of “natural construction” encompasses a wide range of construction methods that harness the inherent qualities of earth, timber, and stone, among other natural materials. These materials have served as foundational elements in early construction practices and continue to be in high demand today. Natural construction is characterised by the utilisation of earth, timber, and stone, along with other natural materials, which have a rich historical lineage tracing back to the earliest forms of construction. It is noteworthy that even in the present day, approximately one-third of the global population resides in dwellings made of unbaked earth, highlighting the enduring relevance and preference for natural materials in modern construction. This emphasises the sustained demand for natural materials and their continued significance in shaping sustainable and environmentally friendly construction methods [32].



Rammed Earth


Throughout history, rammed earth (RE) has been a venerable construction material that has been adopted worldwide. Its development can be traced back thousands of years to northern China, and it was also present in the Phoenician settlements in the Mediterranean. However, its use has been limited in the U.K. despite its strength and durability [33].



RE, shown in Figure 1, is composed of a mixture of different types of aggregates, such as gravel and clay, which are rammed into temporary formworks usually made from timber to create walls. The difference in the soils has resulted in a lack of research and provisions regarding a uniform way of approaching this method of construction. As a result, when this method was first introduced, all RE constructions relied on the rule-of-thumb method. This introduced uncertainty into the building, which is a particular safety concern when the building is subject to increased dead, live, or environmental loads [34]. However, unlike early timber structures, the non-combustible earthen walls provided higher fire safety.



When gathering the materials, the earth is sourced from either the site itself or surrounding areas. Traditionally, the moist mixture is rammed and compacted into the formworks using a wooden pole, typically in layers of around 100–150 mm × 300–450 mm thick. The compressive strength of the wall is linked to its moisture content and should be given an extended period to dry [35]. With proper drying and moisture control, it is possible to achieve a higher compressive strength [36]. Once the mixtures have been compacted and cured, the temporary formworks are removed to reveal monolithic walls.



In the U.K., RE has only seen limited use, typically in one or two-story high load-bearing wall construction. It is important to note that RE falls into two subcategories based on the binder used: stabilised and unstabilised. Stabilised RE, which will be discussed further in this section, is the more modern material of the two. The physical properties of the mixture can be enhanced by incorporating lime or cement as binders, thus improving its overall durability. Conversely, unstabilised RE employs only clay as the binder, and although it still offers a good degree of durability, it is more susceptible to environmental erosion [37].




Cob


Earthen homes in the U.K. are predominately represented by cob houses [38]. Like RE, cob is another ancient and durable method of construction, consisting of combining clay subsoil, water, sand, and straw, as shown in Figure 2.



With some cob structures date back to the 13th century, the U.K. first became acquainted with the material around the 15th century. It remained common in counties such as Devon and Cornwall until the fired clay brick was industrialised in the 19th century.



A cohesive mixture was obtained by distributing and layering the materials evenly and then trampling on the mixture by foot [39]. The rammed earth construction method is highly dependent on the amount of water used in the mixture. Excessive amounts of water make the mixture too soft and difficult to use, requiring several days of drying time. Conversely, inadequate water makes the mixture challenging to compact and prone to crumbling. After the mixing process, the material is compacted to create building walls, with a typical thickness of around 600 mm [40]. This thickness is largely responsible for the strength of the structure, as the compressive strength of the cob is relatively low [41]. Typically, cob walls are built off stone plinths, varying from 450 mm above ground level to the first floor in domestic buildings.



Cob, as a building material, has certain thermal properties that may make it less attractive in certain climates. Despite its thickness, cob walls are poor insulators and the degree of thermal insulation is dependent upon the moisture content and density of the walls. However, cob walls provide a high thermal mass which enables them to store thermal energy [42]. This feature can be beneficial in warmer climates, as it allows heat from the sun to gradually be released in the cooler evenings. However, in cooler climates, this thermal mass can hinder heating a dwelling with intermittent heating [43].



Despite the addition of combustible straw, the thickness of cob walls is expected to provide a decent amount of fire resistance, although limited testing has been carried out in this area. The amount of straw used in cob dwellings typically varies between 1.5% and 2%. However, the integrity of the walls during a fire is reliant upon regular maintenance, as cracks resulting from shrinkage can enable fire to penetrate the wall [44].





2.1.2. Sustainable Construction with Wood, Straw Bale, and Cordwood


The use of wood is one of the earliest methods of construction that has survived through the decades. Wood was usually used shortly after being chopped down, so it was unseasoned and therefore considerably easier to work with compared to seasoned wood. The utilisation of timber in construction has not been without challenges. One such challenge is the fact that timber tends to shrink as moisture evaporates from it. To mitigate this, air or kiln drying has become a common practice to control the moisture content of the timber.



Timber supply has been through difficult periods. Woodland areas in the U.K. have seen a notable recovery since their depletion caused by the wars in the early 20th century. Woodland coverage has risen from 4.7% in 1905 to over 13% in 2019, with conifers accounting for 51% of the total woodland area [45]. Despite the strong presence of softwood, only 33% of the sawn softwood in 2018 was used in construction [45]. Due to early harvesting, the strength of timber has reduced, making it unsuitable for construction, resulting in the need for imported timber. Sweden has been the principal country for importing timber to the U.K., accounting for 41% of all imported sawn softwood in 2018 [45,46].



Straw Bale


Straw, as illustrated in Figure 3, is an agricultural fibre made from growing crops such as rice, wheat, and oats, and under the right conditions can last for hundreds of years [47]. However, just like all other natural fibres, under typical conditions, the straw eventually deteriorates. The survivability of straw bale construction is strongly influenced by two key factors: temperature and moisture content [48]. With the development of steam-powered balers and stationary horses, leftover straws from harvests can be compacted into bales, making this an exceptionally sustainable construction method [49]. Furthermore, compared to other construction methods, straw bale construction requires considerably lower levels of human resources and skills [50].



Depending on the type of straw used in construction, there may be varying results, similar to RE construction. Rice-straw bales, for instance, did not align in the same direction as previous bales, leading to the development of rods and pins for structural purposes [51]. The performance of straw can also be affected by whether it is halophytic (salt-tolerant) or not, as it is hygroscopic and requires specific attention when rendering. The load-bearing walls are constructed by stacking straw bales in rows on a raised plinth, usually within a timber frame, and then plastering with earth render. A basic roof can be constructed using a timber skeleton to protect the bales from weathering damage. Exposing the straw defeats the purpose of any roof covering, while the render provides a degree of fire resistance. The compressed bales are much less of a fire risk than loose straw on site. Like wood, the charring of the outer layer during a fire further slows the decomposition and helps protect the structural integrity [52]. Pest infestations are not usually an issue and do not affect the durability of the structure, but the moisture content can have a direct impact on longevity. Any moisture content over 25% for an extended period can lead to wall deterioration, while continuous wet and dry cycles are manageable as long as the structure can breathe. However, this raises questions about the method’s suitability in areas with high humidity [53].




Cordwood


Cordwood construction, as shown in Figure 4, is an ancient building method that has been in use for nearly two centuries [54], and the origin of the first cordwood log structure remains unclear [55]. In the early 19th century, cordwood gained popularity in Europe and North America. Despite its longevity, this method has never been standardised into a definitive practice like other construction technologies, as it has attracted a multitude of innovative individuals with unique ideas. When cordwood is plastered, these dwellings will appear like standard structures; however, when the wood is exposed, it creates expressive and eye-catching designs.



Constructing a cordwood dwelling requires no more skill or human resources than straw bale construction. No expensive equipment is necessary; however, it can be time-consuming. To begin, the log ends need to be prepared, which involves cutting, debarking, and drying them [56]. Once the mortar is ready, the first layer of the prepared wood can be placed on a bed of wet mortar, and so on and so forth. Cordwood construction, a popular building method for over 200 years, combines various construction techniques in different variations. Although it could be classified as masonry due to the use of mortar, cordwood buildings use log ends in place of bricks, requiring careful selection of the right type of wood and positioning of the log ends with their fibres at the correct angles to maximise overall strength [54]. Selective use of durable and rot-resistant wood helps extend the longevity of the construction. Mud-soaked cloths, a common practice in Scandinavia, can be used to tighten the walls for additional structure.



The thermal performance of cordwood is low compared to most other methods and the best performance is achieved at the log ends. This performance can be worsened by the structure’s susceptibility to moisture. As the moisture content in the wood drops below 30%, the wood starts to shrink, which can lead to gaps between the wood and the mortar. This issue even persists when the wood is kiln dried to control the moisture content, as the wood absorbs the moisture from the mortar during the construction phase.



Failure to account for shrinkage can have significant impacts on a building’s thermal performance, structural integrity, and fire safety [57].





2.1.3. Masonry


Masonry construction has been a traditional approach to separate internal and external spaces using single-leaf walls for several decades. This technique involves assembling blocks to create a robust structure held together by mortar, which was widely adopted until the mid-twentieth century [58]. The strength of the blocks used and the quality of the mortar are essential factors in ensuring the structural stability of masonry dwellings. Masonry construction can be used to produce both load-bearing and non-load bearing structures [59].



Adobe


Adobe translates to “mudbrick” and is among the earliest building materials known to man. Similar to RE and cob buildings, this method of construction, presented in Figure 5, consists of natural materials, such as natural fibres, water, and soil, which are mixed and left to dry. The water is essential for the workability of the mixture. The clay content of the soil serves as the main binder and, ideally, the portion makes up 12–16% of the composition. The clay is also responsible for the absorption of moisture and shrinkage during the drying phase, which can have adverse effects if not controlled [60]. Natural fibres such as straw are used to control the moisture content of the mixture, which helps prevent uneven drying and cracking [61]. These fibres also help improve the thermal performance of the bricks, as their thermal conductivity is considerably lower than the other components [62].



Adobe bricks, traditionally produced in the summer months, are created by combining clay soil with straw or other fibrous materials [63]. The mixture is then placed into timber-cast moulds and left to naturally dry out in the sun. After the drying stage, the adobe bricks can be layered on top of each other using an earthen mortar. To ensure stability is maintained, buttresses are often installed throughout many adobe structures. In the past, earthen mortars were the only option available. Once the dwelling is completed, a final coat of render is applied to protect it from weathering effects. The durability of the bricks is testified to by the fact that these buildings have lasted hundreds of years. This is dependent upon the maintenance and environment they are located in. Rain erosion is the main risk, and extended periods of rain can jeopardise the integrity of the walls [64].



The opportunist in situ gathering of raw earth materials meant the mechanical properties of the bricks varied. The large benefit was the reduced material and transport costs. As for today, the cost-efficiency remains but the lack of standardisation is a hurdle in terms of meeting regulations [65].




Clay Brick


Fired clay brick can be traced as far back as 5000–5300 years ago in China [66]. Fired bricks were widely used in ancient Greece from around the 4th century due to the abundance of limestone [67]. During the Roman period, fired clay bricks became popular under the Empire as kilns allowed for faster manufacturing. The bricks were often set in highly hydraulic Roman cement [68] or stacked using a brick bond. The manufacturing of fired clay bricks has many similarities with adobe bricks. The selection of raw materials for the bricks such as white and red clay was essential to improve durability [9]. The extracted clay was moved to storage, where it was rummaged to reduce the soluble salt concentration producing a more homogenous material. It was then further crushed and mixed with water to increase the plasticity needed for the moulding process. The plasticity could further be controlled by adding sand to avoid excessive shrinkage during the drying phase [69]. The process of creating durable bricks was a crucial development in ancient building practices. After being removed from the mould, the wet mixture would begin the drying phase, and the bricks were placed in open shelters. However, this phase was susceptible to weather conditions, and to ensure uniform drying, it would typically start in the spring or autumn when temperatures were more moderate. The Romans recognised that after the initial drying phase, the bricks would require further sun-drying for a minimum of two years to increase their resistance before they could be deemed suitable for use in construction. This extended sun-drying phase was essential to enhance the brick’s strength and durability, which were crucial factors in the construction of long-lasting structures [9]. The use of kilns reduced this phase and bricks were burned at degrees up to 900 °C. This firing process considerably improved both the mechanical strength and durability of the bricks compared to the previously used mud bricks. These bricks lacked uniformity as they were handmade and usually varied in the range 300–400 × 400–500 × 25–60 mm [67]. Similarly, the colouration of the bricks would vary depending on the placement in the kiln, firing time, and raw materials [70]. However, the colour variation is mainly caused by the concentration of metallic oxides in the clay, such as the red tone produced by iron oxide [71].



Today, fired clay bricks are commonly manufactured using machines, as shown in Figure 6. The manufacturing process has been improved with the use of vacuum chambers to remove air from the extracted clay. Instead of open shelters, modern dryers provide full control over the environment during the drying phase [72]. Kiln technology has also advanced, enabling bricks to be fired at higher temperatures, resulting in increased mechanical strength [73]. The current standard brick dimension is 215 × 102.5 × 65 mm [74], and a range of products with different compression strengths and durability is available on the market to cater for various needs [75].



In today’s construction, brick, and block construction is the most common type of construction in the U.K., accounting for 75% of new buildings [31]. In this method, clay bricks are used in the non-load-bearing outer leaf of cavity walls to protect against weather conditions, as shown in Figure 6. However, these bricks are not completely impervious to the elements, and prolonged exposure to wind-driven rain can lead to moisture entering the cavity [76]. To regulate this moisture, weep holes are incorporated into the outer leaf to ventilate the cavity and facilitate moisture escape. The load-bearing inner leaf is often built from brick or block, but timber framing is gradually replacing it [77]. The outer and inner leaves are separated by a 100–150 mm wide cavity and joined by cavity wall ties to maintain the stability of the outer leaf. To enhance thermal performance, insulation is placed in the cavity, except in the case of timber framing, where insulation is added as infills in the frame [78]. While bricks are known for their good fire resistance, a lack of cavity barriers can allow a fire to spread rapidly within the cavity [79]. The use of Roman cement declined in the first half of the 20th century with the emergence of Portland cement mortars [68].




Hempcrete


Hempcrete, a bio-composite material consisting of hemp, water, and lime, has been used for thousands of years and was first developed in France. Hemp is a fibre extracted from the stem of a cannabis Sativa plant with a high silica content known as “shives”. This hygroscopic fibre can absorb up to five times its own weight in water, allowing the mixture to contribute to regulating the humidity of the dwellings while simultaneously absorbing CO2 from the atmosphere, giving it a negative carbon footprint. The mixture creates a natural lightweight concrete that can be used for construction and insulation, with the thermal properties of the hemp fibres and their density enabling it to be both load-bearing and provide insulation. Hempcrete is presented in Figure 7. However, the mixing process and slow drying phase mean that construction time can take up to several months [80,81].



The hempcrete blocks are easily stacked on top of each other separated by mortar, as they weigh only one-seventh of concrete. During construction, the blocks should be protected from any rising water; therefore, they should be designed with enough space at the base of the wall for water to run off [82]. The blocks can easily stand alone as they are self-supporting; however, timber frames are commonly used.



Hempcrete does have some large drawbacks, particularly regarding its mechanical properties, which limit its use. Its compressive strength is considerably lower than other masonry materials, which makes it less favourable for vertical construction [83]. Moreover, the material is not suitable for all locations, as the moisture content in the hygroscopic fibres increases the thermal conductivity of the blocks [84].




Sandstone


Sandstone has a significant historical presence in the U.K., particularly in Scotland, due to geological factors. The use of stone buildings in Scotland dates back to 4000 BC when farming created a need for more permanent structures. The construction process of these buildings was labour-intensive, and the sandstone was typically sourced from local quarries to overcome transportation challenges.



Ashlar masonry, which was introduced by the Romans in the 1st and 3rd centuries AD, became commonplace on the facing facades of domestic buildings in the mid-17th century. Prior to this, various stones, including sandstone, were used to construct rough rubble walls. Despite the new popularity of ashlar masonry, rubble walls were not abandoned and instead served as internal walls [85].



Sandstone is a sedimentary rock that consists of varying sizes of quartz grains and is usually naturally cemented by silica or carbonate. The stones can differ significantly in terms of structure and appearance. The porosity of sandstone ranges from 0 to 35%, but typically falls between 15 and 20%, which is relatively high compared to other rock types. The colour of the stone varies from red, orange, and yellow, depending on the presence of oxides, and weathering can further affect its appearance [86]. Sandstone is a durable material when properly maintained and kept in appropriate conditions. However, its high porosity makes it susceptible to decay caused by crystallization. Moisture movement in the stone is normal, but trapped moisture during freeze-thaw cycles can lead to crystallization, which may significantly damage the stone. Coastal areas can also pose a problem, with the salt ratio in droplets causing crystallisation decay inside the pores and salt efflorescence on the surface. In urban areas, the presence of microorganisms or atmospheric pollutants can accelerate the deterioration rate of the stone. As such, sandstone may have better long-term prospects in rural areas than in modern cities [87,88].



Sandstone is a natural material commonly used in historic buildings due to its strength, durability, and non-combustibility. Unlike other natural materials, sandstone can withstand high compressive loads but its compressive strength varies greatly and is dependent on porosity [89,90]. Although sandstone has a high thermal mass, it provides little insulation, so the walls are often very thick to compensate. However, the thickness of the walls means that the buildings have a slow response time to temperature changes [91].






2.2. New Methods


The evolution of modern and non-conventional methods of construction can be attributed to the transformative changes that occurred in the construction industry following World War II. At that time, the population faced significant challenges, such as housing shortages, scarcity of skilled labour, and limited resources. Consequently, there was a strong impetus among construction professionals to embrace innovative technologies that could enhance production efficiency and reduce resource consumption [92]. Furthermore, there was a shift in focus towards improving living standards and energy performance in the built environment. In response to the post-World War II housing shortage, the U.K. witnessed a substantial surge in the annual completion of new homes, reaching its peak in the late 1960s at 350,000 units before gradually declining and stabilising at around 150,000 units [93]. Throughout this period, masonry construction continued to play a prominent role in modern construction, with the adoption of various new techniques. Additionally, advancements in off-site panelised and volumetric construction methodologies have contributed to the diversification of construction practices. However, amidst these developments, the utilisation of natural construction materials has gradually waned in favour of industrial materials and techniques, due to the need to accommodate the increasing demand for housing and overcome resource limitations. Nonetheless, it is important to recognise that the rich knowledge and experience acquired over centuries of using diverse materials in construction continue to inform the design of new construction methods and shape the contemporary built environment.



2.2.1. Masonry


As previously mentioned, masonry construction is an ancient method that has adapted to technology and the construction industry over the years. Concrete has become the second-most consumed building material in the world, second only to water [94]. The use of cavity walls became popular in the early 20th century and is still the most commonly used method for new builds in the U.K. [77]. These cavity leaves are predominately constructed using brick and block [95].



Stabilised Rammed Earth


RE construction is one of the earliest known methods of construction. In recent years, RE dwellings have gained attention due to their sustainability benefits. The use of natural materials that require little processing and can be recycled, as well as being sourced on site to reduce transportation and costs, make this low-carbon approach particularly attractive [96]. However, the inconsistency in soil mixtures and the lack of safety measurements in the traditional “rule-of-thumb” approach necessitated changes to bring this ancient construction method up to modern standards. Despite these changes, the foundation of RE construction remains the soil mixture, typically consisting of gravel and clay, which has numerous positive attributes. To meet structural building criteria, stabilisation is required. This is achieved by manually compacting the mixture and adding a chemical additive to improve its properties. Common additives include lime (lime-stabilised rammed earth) and cement (cement-stabilised rammed earth) [97].



The thick walls (200–450 mm) of traditional RE dwellings provide thermal insulation and structural stability to withstand location-based loads such as snow and wind. However, stabilisers are often added to the soil mixture to improve structural strength and reduce material usage. The increased strength from cement stabilisers makes it possible to reduce the width of walls, although a minimum wall thickness of 250–300 mm for a one- or two-story building is still recommended [98]. Despite the increased durability provided by stabilisers, challenges remain in meeting modern expectations for the durability of external walls when exposed to moisture [99,100]. Additionally, traditional RE and stabilised RE have poor thermal insulation properties. The density and thermal conductivity of the mixture are further increased by the addition of cement and lime stabilisers. While there is a large variation in thermal performance measurements, stabilised RE generally performs better than concrete [101,102,103]. However, cement stabilisers perform worse than their lime counterparts [104].




Precast Concrete


The modern prefabricated precast concrete (PC) system was first developed in 1905, but it was not until the 1960s that standardised off-site panels were adopted for both low- and high-rise buildings. However, a lack of understanding at the time led to problems such as corrosion of internal steel reinforcement, adverse effects from additives, and disproportionate collapses. Despite these issues, the construction industry continued to develop this technique to meet modern standards [92]. The materials used for PC are the same as those used for cast-in-situ concrete (CIS), consisting of water, cement, and coarse and fine aggregates, with Portland cement serving as the main binder in today’s construction. The ratio of these materials, along with steel reinforcement, is adjusted based on the desired output. The mixture is poured into reusable moulds in a factory environment, which is the main difference from CIS. Reinforcement is commonly used for PC panels used in high-rise buildings to address concrete’s weak tensile strength, and this can be further increased through prestressing by tensioning the reinforcement before or after the concrete has been set [94].



The controlled off-site factory environment gives PC advantages over CIS, which increase production speed, quality, strength, and durability. The avoidance of weather changes allows the concrete to cure at the desired rates to optimise strength and durability. Concrete strength is tested in accordance with BS EN 12390-1 [105] and classified between C8/10 and C100/115 in BS EN 206-1 [106] (complemented by BS 8500-1 [107] in the U.K.) based on the minimum cylinder and cube compressive strengths. The use of PCs in construction provides several benefits. Furthermore, the precision achieved in the factory increases the durability of the steel reinforcement by placing it optimally to limit corrosion [108].



On site, PC overcomes construction restrictions due to curing duration and strength. The highest strength gain occurs during the first week, but it takes longer to meet the actual design strength [109]. Despite these benefits, off-site manufacturing poses some challenges. For example, PC panels typically weigh around 500 kg and require transportation and on-site installation, during which they are vulnerable. Concrete is a complex material to predict with regard to its thermal behaviour, as multiple factors affect it. Among various building materials, concrete has a relatively high thermal conductivity. Thermal conductivity is mainly influenced by the choice of aggregates; however, other factors such as age, moisture content, and temperature also play a role. The poor thermal performance of concrete has led to the development of precast concrete sandwich panels, which consist of an insulation layer sandwiched between two layers of concrete. These panels take advantage of the strength and durability of concrete while improving its thermal performance [110]. Concrete has become a widely used building material due to its versatility, strength, durability, and non-combustible properties. Despite early issues with PC panels, the construction industry did not lose faith in this technique, and it has evolved to address concerns and meet modern standards. However, the high consumption of concrete and the cement industry’s significant contribution to global CO2 emissions have raised sustainability concerns. To address this issue, the precast industry has been reducing CO2 emissions through the replacement of cement, recycling of materials, and the use of renewable energy sources. Although concrete’s popularity remains high, its sustainability concerns highlight the need for continued development and improvement in the industry [111,112].




Hybrid Concrete


Hybrid concrete construction combines both PC and CIS components to take advantage of their qualities. The strength, durability, and quality advantages of PC were mentioned in the previous section but there are scenarios where CIS becomes the better choice. The factory environment is ideal for the manufacturing of repetitive elements such as beams and panels, but it is an uneconomic approach for bespoke areas and tying panel frames together. CIS exhibits higher design flexibility in the later stages, unlike PC, which requires an early commitment to the final design. The major benefit of combining the two techniques, aside from cost, is the relatively simple buildability. It allows PC components to be manufactured beforehand, stored off-site, and lifted directly into place from the delivery lorry when needed [113]. Executed correctly, this can lead to both an overall reduction in time and cost as opposed to using CIS on its own or even steel framing [114].




Tunnel Form


The concept of tunnel-form emerged in the early 1950s as a proposed solution to tackling the post-war housing crisis [115]. It is particularly suited for repetitive construction, such as that found in student flats, hotels, or residential blocks.



Unlike traditional CIS the reuse of off-site prefabricated formwork more closely resembles the precasting processes found in a factory. The reuse of these forms increases the speed, quality, and accuracy compared to CIS while taking advantage of the flexibility of CIS [116]. The use of L-shaped formwork (shown in Figure 8) allows for the creation of an inverted U-shape, which can be used to cast floors, ceilings, and walls. This approach offers flexibility and adaptability in terms of design throughout the project. While the rooms are initially arranged to be identical, the large alcoves and infill panels enable alterations to be made to the design if desired.



Tunnel-form construction has gained popularity due to its efficient and cost-effective method for high-rise buildings. After assembling the L-shaped units and reinforcing them, the concrete is cast in a single operation to form a monolithic structure, which minimises cold joints and assembly time. This construction method results in thinner walls compared to reinforced PC panels, reducing material costs. The corridors and doorways are boxed off before casting to seal any tunnel ends, enhancing the structure’s robustness and durability [117].




Flat Slabs


Flat slab construction originated in the United States in the early 20th century [118]. This technique uses large pieces of reinforced concrete slabs, with the weight distributed across concrete columns, eliminating the need for beams or girders. These are constructed as two-way slabs, with the load transferred in both directions. The absence of the girders offers considerable design flexibility and makes it possible to lower the floor-to-floor distance, which generally results in a reduced building height and cost. The flat ceiling surface is particularly useful in terms of services, as the requirement for diversions of structural elements is reduced [119]. As structural members such as columns and mesh can be prefabricated off-site, they share the benefits gained from the controlled factory environment. Similar to hybrid concrete, the in situ casting of the slab combined with precasting increases the buildability.



T-beam concrete slabs are commonly used in construction due to their ability to span long distances with relatively thin construction. These slabs are typically constructed with a thickness ranging from 250 to 350 mm, but their largest weakness is the risk of punching shear failures at the support columns where the load concentrates. To address this issue, drop panels can be utilised between the columns and the slab to reduce the risk of failure. However, the use of drop panels reduces the floor-to-floor height benefit. Alternatively, the thickness of the slab can be increased to improve its strength and ability to withstand the forces at the columns. Another option is the use of fibre-reinforced polymers that can be glued to the concrete surface to increase the flexural stiffness and strength of the slab. However, this approach may lead to a more brittle material with reduced deformation capacity [120,121,122].





2.2.2. Wood


Wood has a long history in construction and remains popular today, especially in off-site panelised construction. It is preferred over steel for low-rise buildings due to its versatility, low embodied energy, and renewable nature [123].



Timber Frame


The use of off-site panelised systems in construction has a long history in the U.K., dating back to the 1950s and 1960s, with timber being the primary material used for framing. Some manufacturers also experimented with aluminium and steel. However, in the 1980s, timber framing lost popularity in England due to concerns over its susceptibility to rot. Scotland, which has a long tradition of using timber and stone in construction, was less affected by these concerns. Despite significant improvements in quality compared to post-war construction, there is still some reluctance to adopt timber framing in England and Wales. In 2016, 83% of new homes in Scotland were constructed using timber framing, while only 23% of new homes in England and 31% in Wales used this method [123,124].



Timber panels used in panelised construction can be categorised as closed or open panels based on their state when they leave the factory. Open timber panels are constructed from timber studs in a factory environment to ensure accuracy, speed, and quality. On-site, the individual panels are assembled and then fitted with insulating layers, sheathing boards, and services. The timber panels provide the load-bearing element, while the outer skin, made from materials such as brick or stone, offers weather protection. An air cavity and waterproof breather membrane are placed between the outer skin and the timber panel to manage moisture. Fire-resistant and vapour-control layers are typically added internally. Closed timber panels, on the other hand, are an adaptation of open panels and may already have insulation, external finishes, services, or even cladding. This approach provides a high degree of flexibility to meet different design requirements. As all of these activities occur in the factory, it is possible to leverage the benefits of the factory environment at every stage [125].



These methods of construction become increasingly popular as construction companies increase their output to address the housing shortage while being expected to lower their carbon footprint at the same time. The flexibility and lower processing requirement of timber compared to other materials used in modern method construction give it a high potential. However, the unwillingness to adopt new techniques and leave the traditional ones behind remains a barrier. In 2016, companies that adopted modern methods of construction still mainly preferred to use open timber frame panels and to complete the rest of the work on site [126].




Structural Insulated Panels


In the 1930s, a new type of closed panel emerged that was considerably different from timber frames. These were structural insulated panels (SIPs), as shown in Figure 9, which were constructed from paperboards sandwiched between plywood.



In the modern SIP, the core of paperboards has been replaced with rigid foam insulation such as polyurethane foam or expanded polystyrene, and wythes are usually constructed from oriented strand boards, cement fibre, calcium silicate, or metal. Unlike timber frame panels, they create a continuous layer of insulation without thermal bridges caused by timber studs. SIPs are constructed from paperboards sandwiched between plywood, and their inherent thermal qualities and airtightness delivered through precision in the factory environment allow them to meet high energy standards, such as Passive Haus since the early 2000s [127]. While oriented strand board (OSB) is the cheapest skin option, its reaction to moisture limits its use as a facing material, and higher durability and fire protection can be obtained using other materials. However, one of the significant benefits of SIPs is their reduced weight compared to conventional wall systems, which can significantly lower the dead load [128].




Cross-Laminated Timber


Developed in the 1970s, cross-laminated timber (CLT) is a type of engineered timber that can be used to construct closed panels. CLT panels consist of multiple planks of kiln-dried softwood clued with adhesive at perpendicular angles. Each plank is usually strength graded to BS EN 14081-1 [129] to ensure consistent performance. The perpendicular alignment of timber grains increases both the structural strength and stability of the panels. A panel consists of an odd number of layers, and each layer may differ in thickness. The mechanical properties of CLT make it possible to use it in medium- and high-rise buildings as a lighter alternative to concrete and steel [130]. The cellular structures of the timber act as a natural insulator, giving it thermal advantages over many other materials used for load-bearing walls. Unlike standard timber-frame buildings, CLT panels do not suffer from repeating thermal bridges caused by timber studs. The addition of insulation material to a wall element increases the overall thickness of the wall but results in a more consistent thermal transmittance [131].



CLT buildings are constructed one level at a time, with wall panels held temporarily by formwork while the floor panels are put into position and secured. During construction, the panels can be secured parallel to the external walls by hangers to serve as infill panels or held together by timber joists supported by load-bearing walls, timber ring beams, and timber blocking between the joists [132]. One concern regarding the use of combustible building materials, particularly in taller structures, is fire safety. Timber combusts at 200–300 °C when flammable gaseous compounds caused by molecules splitting react with oxygen [133]. However, timber also possesses inherent fire resistance due to the charring that forms as the compounds decompose. The charring acts as a thermal insulator, limiting the temperature rise and extending the duration for which the unburnt timber core will maintain its structural integrity [134]. Internally, fire-resistant gypsum plasterboards can be used to reduce the total fire load from combustible materials, limiting the spread of fire to a single room in residential multi-storey CLT buildings [135]. Despite a growing demand for cross-laminated timber (CLT) in the U.K., the majority of CLT production currently takes place in other European countries. The feasibility of CLT production is heavily influenced by the availability of timber sources and kiln-drying facilities that can meet the drying requirement. In 2014, it was uncommon for the U.K.’s sawmill industry to kiln-dry timber below 18–20% moisture content compared to the 12± 3% in other European countries. An experiment with the most dominant softwood in Scotland, Sitka spruce, produced inferior CLT walls only able to satisfy the buckling design criteria at 85.6% capacity of its European counterpart [136].




Volumetric


Volumetric (modular) construction is a novel off-site method that involves pre-building units completely before transporting them to the construction site. This approach enables construction to occur in controlled environments where the same materials are prefabricated to meet uniform building standards. By developing and installing these three-dimensional modules, waste is reduced, weathering effects are eliminated, safer work environments are created, and infinite design possibilities are offered [137].




Pods


The increasing popularity of pods within the construction industry can be attributed to their introduction in student accommodation and hotels. Assembled rooms are slotted into already standing structures, such as bathrooms and kitchens, making them an example of volumetric construction. Typically, pods are non-loadbearing and made off site from concrete, timber, or steel, and can be added either by crane or externally via gaps in the cladding. While available in multiple materials, the standard pod is often composed of a steel frame with plasterboard and plywood, offering robustness and low maintenance while allowing flexibility for the overall design. Produced off site on different scales, the logistics of pod production must be carefully organised. Storing pods on site before the superstructure is fully erected is not recommended due to its impracticality. Adjustments cannot be made as freely with any volumetric process, unlike on-site construction. Therefore, meticulous planning should be taken with regard to the foundations, ensuring that when the pods are slotted in, all connections meet precisely, and no unwanted gaps exist [138].







3. Building Regulations from the Past Decades to 2021


3.1. Definition and Purpose


The imperative for national building regulations in the U.K. is indisputable, stemming from the profound legacy of buildings’ materials and construction methods. These regulations are essential to ensuring safety, sustainability, and quality, fostering a resilient built environment. By establishing comprehensive guidelines, they drive innovation, informed decision making, and harmonised construction practices, leading to a built environment that balances historical wisdom with modern expertise, meeting present needs while safeguarding the future. The implementation of national building regulations in the U.K. has a long history. Scotland was the first country in the U.K. to implement national building regulations through the Building (Scotland) Act 1959 [139], and a national system was adopted in 1964 [140]. England and Wales followed suit with the Public Health Act 1961 [141], which led to the introduction of The Building Regulations 1965 [142]. However, building control existed before this in Scotland, with a dean guild court having jurisdiction in each Burgh as far back as AD 1119 [22]. In England, localised building regulations can be traced as far back as the 15th century, with concern given to derelict buildings, as they made it more difficult to collect taxes [143]. Over time, bye-laws became increasingly strict and less flexible. For instance, they outright prohibited the use of any combustible building materials for walls in London [144]. The control of buildings in England and Wales is primarily governed by the Building Act 1984 [145], while in Scotland, it is governed by the Building (Scotland) Act 2003 [146]. These principal statutes provide a foundation for the creation of secondary legislation, such as building regulations. The authority to make regulations for their respective countries is vested in the English Secretary of State, Welsh Ministers, and Scottish Ministers. The powers conferred upon them are largely the same, as can be observed by comparing Section 1(1) of the two acts:



Scotland, England, and Wales:




	
Securing the health, safety, welfare, and convenience of persons in or about buildings and of others who may be affected by buildings or matters connected with buildings.



	
Furthering the conservation of fuel and power [145,146].








England and Wales:




	
Preventing waste, undue consumption, misuse or contamination of water.



	
Furthering the protection or enhancement of the environment.



	
Facilitating sustainable development.



	
Furthering the prevention or detection of crime [145].








Scotland:




	
Furthering the achievement of sustainable development [146].








The principal regulations for Scotland are the Building (Scotland) Regulations 2004 [147], whereas, for England and Wales, this is the Building Regulations 2010 [148]. These regulations are regularly amended, and just as an example of recent changes, the Building Regulations 2010 were amended in 2016, 2017, and 2018 for England [149]. Similarly, Welsh amendments were made in 2016, 2017, 2018, and 2019 [149]. The Building (Scotland) Regulations 2004 saw recent amendments in 2016, 2017, 2019, and 2020 [150]. Over time, building regulations in various countries have developed and matured. Although these regulations share many similarities from a political standpoint, differences still exist. Even within the U.K., differences exist between the building regulations of England and Wales, despite the Building Act 1984 serving as the principal statute for both countries. This is due to the transfer of reserved matters listed in Schedule 7A of the Government of Wales Act 2006 [151], which came into force in 2011 [152]. As part of this transfer, the power to create building regulations for Wales was transferred from the Secretary of State to the Welsh Ministers, effectively creating distinct building regulations for Wales. The power to approve and issue practical guidance on building regulations is granted to the Secretary of State or a designated body under Section 6(1) of the Building Act 1984 in England and Wales, while a similar power is granted to the Scottish Minister under Section 4(1) of the Building (Scotland) Act 2003 in Scotland. These guidance documents are known as Approved Documents and Building Standards Technical Handbooks, respectively, and provide guidance on how compliance with building regulations can be demonstrated. Although the two countries have similar documents, there are differences between them, which will be discussed in the following section.




3.2. Approved Documents and Technical Handbooks Differences


Welfare and convenience criteria are essentially the same in each country. Only minor differences exist, such as the height of electrical switches and sockets [153,154,155] or natural light requirements, where the glazed area of a room (except a kitchen, storage, or utility room) should be a minimum of 1/15th of the floor area in Scotland, while no requirement exists in the other countries [153,155,156]. Additionally, there are similarities in the safety of the occupants. Structural safety is the same in each country where the British Standards can be used to demonstrate compliance [153,157,158]. The protection of occupants from crime, harmful substances, and gases is also the same [99,153,159], but certain aspects, such as consent for water and sewage discharge, fall under different bodies. These bodies are the Environment Agency (England) [160], the Scottish Environment Protection Agency 158, and Natural Resources (Wales) after the devolution in 2013 [161,162]. However, there are notable differences in terms of fire and noise protection, which are discussed in Section 3.2.1 and Section 3.2.2.



In each country of the U.K., conservation and sustainability are priorities, albeit with differing targets. The most notable differences lie in the conservation of energy, although minor variations exist in water conservation. For instance, Wales sets a higher requirement for sanitary flow rates. Moreover, the recognition of achieved sustainability is managed differently in Scotland when compared to England and Wales. The following sections highlight the differences between the countries in terms of fire and noise safety, conservation of energy, and recognition of achieved sustainability.



3.2.1. Fire Safety


Fire Resistance Duration (Structural and External Walls)


The fire safety requirements for buildings in the U.K. are based on the height of the topmost floor and are measured in minutes using the European fire-resistance classification system, REI. REI takes into account the load-bearing capacity (R), integrity (E), and thermal insulation (I) of the structural elements [163]. The countries of the U.K. have different requirements regarding the minimum REI duration for buildings of different heights. For instance, Scotland permits 30 REI up to 7.5 m, whereas England and Wales allow it only up to 5 m. Scotland has a higher standard of 120 REI for buildings over 18 m, while England and Wales only require 90 REI up to 30 m before using 120 REI [153,164,165]. In the case of a block of flats over a certain height, the REI alone is not enough, and sprinklers are mandatory. In England, sprinklers are required for buildings over 11 m, whereas Wales mandates sprinklers only for buildings above 30 m [166]. Conversely, in Scotland, automatic fire suppression systems are mandatory in all new flats, maisonettes, shared multi-occupancy residential buildings, and new social housing dwellings [153].




Wall Cladding Combustibility


The minimum requirement for wall cladding combustibility is defined with Euro Classes (see Appendix A) based on the height of the topmost floor of a dwelling or flat and its proximity to a boundary. The highest standard is currently set by Scotland, which is visible in Table 1.




Limitations on Unprotected Areas


To ensure fire safety, external walls must have a specified fire resistance duration. Unprotected areas, including windows and doors, are those that do not meet the specified fire resistance duration. Each country has set exact separation requirements for unprotected areas on external walls. However, differences exist in the permitted size of unprotected areas, which are determined by a calculation that considers the distance between the wall and a boundary. A notional boundary is influenced by the unprotected areas of an existing building, and Scotland does not allow unprotected areas (other than fascia, soffit, or barge board, or any cavity vents or solum vents) if the building is within 0.5 m of the boundary. In contrast, England and Wales allow unprotected areas as long as the rest of the wall is fire-resistant on both sides. Scotland also treats Class B, C, D, or E cladding as unprotected in the calculation, making it more challenging to meet the requirement. On the other hand, in England and Wales, external walls with appropriate fire resistance duration requirements are still calculated as unprotected if the surface material is lower than Class B, but the unprotected area is halved in these cases. There are other methods of calculation found in the BR 187 report by the British Research Establishment (BRE), which may demonstrate compliance [153,164,165].




Limitations on Roof Coverings


The resistance of roofs in each country is determined by tests conducted in either BS 476-3 [167] or BS EN 13501-5 [168]. The harmonised standards are used to describe the differences between the countries. The permitted distance of different roof types to a relevant boundary varies between the countries, with Scotland having more stringent regulations than England and Wales. For instance, highly vulnerable roofs such as EROOF and FROOF are not permitted within 24 m of the relevant boundary in Scotland, while in England and Wales, EROOF can be as close as 6 m to the boundary, and FROOF is allowed within 20 m of the boundary [153,164,165]. However, restrictions apply to the size of a dwelling, and dwelling houses in terraces of three or more houses are not permitted to have EROOF or FROOF. The fire safety regulations across the countries have a few minor differences. The internal lining requirements for rooms smaller than 4 m2 are Class D, and those larger than 4 m2 are Class C, and this standard is consistent in all countries [164,165]. However, in Scotland, rooms between 4 and 20 m2 may have Class D internal lining, provided it does not exceed half of the floor area [153].





3.2.2. Noise Safety


The effect of noise through walls and floors from attached buildings or differently occupied parts of the same building is considered in each of the countries. They all set requirements for both impact (L’nT,w) and airborne sound insulation (DnT,w), but unlike Scotland [153], England and Wales also incorporate the spectrum adaptation term (Ctr) for airborne sound [169,170]. Ctr was introduced in the second edition of EN ISO 717-1 [171] and is used to account for low-frequency noise such as road traffic and disco music. As Ctr is always a negative number, DnT,w + Ctr will always be lower than DnT,w, thus making it more challenging to meet the airborne sound insulation requirement. Scotland’s sound insulation standards are the highest compared to England and Wales, as shown in Table 2. In addition, Scotland has set even higher voluntary targets in recognition of its achieved sustainability. The use of adaptation significantly improves the correlation between subjective and objective evaluations of sound insulation, even down to 50 Hz [172].




3.2.3. Conservation of Energy


The commitment to lowering energy consumption and carbon dioxide emissions is a priority in each of the countries, although their specific commitments differ. As indicated in Table 3, Scotland currently sets the highest standard in this area. One example of this commitment is reflected in the values used for the notional building in the SAP 2012. The values used in SAP have been repeatedly tightened over time, and this trend can be observed by comparing previous versions of the SAP. SAP 2012 calculates both the carbon dioxide emissions (kg CO2/m2/year) and fabric energy efficiency (kWh/m2/year) for a proposed building, which is measured against the performance of a notional building.



The three countries, England, Wales, and Scotland, have different approaches to the calculation of energy consumption and carbon dioxide emissions. In England, both energy consumption and carbon dioxide emissions calculations must be met to demonstrate compliance, while in Wales only carbon dioxide emissions calculation are used. In contrast, Scotland introduces fixed voluntary targets for fabric energy efficiency to recognise achieved sustainability. To demonstrate compliance, both the dwelling emission rate (DER) and the dwelling fabric emission efficiency (DFEE) must be lower than their corresponding target emission rate (TER) and target fabric energy efficiency (TFEE), respectively. The TFEE is determined by taking the fabric energy efficiency of the notional building and adding 15% [156]. These calculations are performed twice, for both the design and the completed building. However, a single calculation increases the design flexibility and risks poor design, so to address this, Wales and Scotland set stricter area-weighted average thermal transmittance (U-values) limits. These calculations have a direct impact on the design flexibility and energy efficiency of buildings, and it is crucial to comply with the regulations to reduce carbon dioxide emissions and achieve sustainable development [153,173]. Scotland stands out from other countries in its assumption of renewables in the notional building. Photovoltaics and wastewater heat recovery are included, unless an electric or biomass energy package is used. Failure to incorporate these technologies makes it more difficult to meet the carbon emission target in Scotland than in England and Wales for proposed buildings using gas [153,156,173]. Table 3 summarises the main differences between countries in terms of the values used for the notional building and the area-weighted U-value limits.




3.2.4. Recognition of Achieved Sustainability


The recognition of achieved sustainability is different in Scotland compared to England and Wales. In Scotland, the Building (Scotland) Amendment Regulations 2011 [174] introduced sustainability labelling to give credit to meeting or exceeding the building regulations. There are currently four tiers (Bronze, Silver, Gold, and Platinum), further divided into targets for carbon dioxide emissions, energy for heating, water use efficiency, and more. Unlike Scotland, the building regulations in England and Wales have yet to incorporate such recognition of sustainability. However, a level of recognition was found in the Code for Sustainable Homes before it was withdrawn in 2015. Recognition is therefore found through other voluntary assessments, such as the Home Quality Mark by the BRE group.






4. Discussion and Conclusions


The present research conducts a comprehensive examination and evaluation of the compatibility of the discussed building methods and materials with contemporary building regulations. This evaluation was informed by a close study of current compliance standards and guidelines from reputable sources, such as the International Building Code (IBC), the British Standards Institution (BSI), and the European Committee for Standardisation (CEN). By aligning the investigation with these authoritative references, it is ensured that the presented methods and materials adhere to the latest industry requirements and best practices. Furthermore, it is considered the impact of technological advancements and innovations on the continued relevance and applicability of these methods in modern construction practices. Notably, studies by reputable scholars have emphasised integrating technological advancements into building methods to enhance compliance and efficiency. This meticulous examination of compatibility provides readers with valuable insights into the extent to which these methods and materials meet current compliance standards and may contribute to sustainable construction practices.



Throughout history, building construction methods have continuously been evolving to adapt to new conditions and requirements. With advancements in knowledge and technology, these methods have become increasingly sophisticated and energy-reliant. Traditional and modern construction methods have been abandoned and revived in renewed hope that their properties can address current challenges, such as providing shelter, addressing resource and labour shortages, or lowering CO2 emissions to prevent climate change. As building construction has progressed, many of these challenges have been imposed under different regulations and standards, which in turn have become more comprehensive. The materials used for construction have also evolved, with a wide range of materials available with varying properties that are chosen based not only on their properties but also factors such as availability and cost. Initially, natural materials were chosen based on their ease of sourcing and a limited understanding of their properties. Even today, the types of qualities desired in building materials can be found in the natural materials used thousands of years ago. The main qualities that are desired in building materials include thermal resistance, durability, strength, and fire resistance. Throughout history, the required material strength to construct medium- and high-rise buildings has been available. Natural stone, for example, possesses compression strength that even surpass that of many modern construction materials, such as concrete. Moreover, engineered timber, such as CLT, can meet current construction standards. Therefore, limitations in vertical construction primarily stemmed from a lack of knowledge and tools rather than unavailable materials. However, earthen structures do not possess sufficient compressive strength and rely heavily on wall thickness, thus severely limiting their vertical application and creating potentially unsafe environments. While stabilised RE has improved its strength, unconventional techniques such as earthen construction face other barriers beyond structural strength. Regulations mandate that all buildings withstand dead loads and remain stable under imposed loads such as wind and snow for occupants’ and bystanders’ safety. Unlike conventional construction methods, unconventional methods lack British Standards and Eurocodes, making it more challenging to obtain approval, further hindering adoption. Durability is a key requirement for construction materials, as demonstrated by the still-standing historic buildings made of sandstone, brick, and earth. Concrete has also proven to be durable, especially with advancements in offsite manufacturing. However, the longevity of all construction materials depends on their environmental conditions and maintenance. The regulations do not mandate a specific level of porosity for materials but recognise that moisture can cause damage to structural elements and insulation if trapped or penetrating through. As a result, building regulations require that occupants and buildings be protected from precipitation and ground moisture. Proper execution is essential for the use of high-porosity materials such as sandstone to avoid deterioration of the stone and internal wall elements. Wind-driven rain is a particular concern for RE structures, as it can directly damage external surfaces and raise questions about their compliance with regulations. Adequate cladding, vapor barriers, and cavities can prevent the decay of structural elements. In contrast, traditional buildings such as cordwood rely on exposing log ends to release moisture, which may not be suitable for high-humidity climates. Structural integrity in RE buildings may be compromised as the moisture ratio increases. Failure to consider the fire behaviour of building materials has cost many lives and stretched the importance of regulations. The main area of interest from a regulatory point of view is the material’s reaction and resistance to fire. Strict byelaws would have prohibited the use of combustible materials such as straw and timber. This strictness has been lessened in modern regulations, which instead consider multiple factors to determine whether materials may be used. In the U.K., fire safety regulations for building construction have recently been aligned between England, Wales, and Scotland. While low-rise construction using traditional methods of construction may encounter few regulatory restrictions regarding the combustibility of external wall cladding, its use is limited in closely populated areas due to sizing restrictions related to notional boundaries and unprotected areas. In high-rise construction, the use of combustible materials for external cladding is no longer permitted across the U.K. The combustible materials discussed in this paper, with the exception of timber, would have limited use in high-rise structures due to their structural strength. The Euro class A1 or A2 requirement has implications for CLT over 18 m in Wales and England and over 11 m in Scotland. Though this is not a ban on CLT construction, consideration must be given to both the use of a non-combustible wall cladding material and the separation between structural CLT elements and the external cladding. The materials with the highest compression strengths, such as sandstone and concrete, are also among the ones exhibiting the best fire safety properties. The inherent fire resistance of some natural materials, despite their combustibility, coupled with the thickness of their walls and a fire-resistant render, allow them to meet the regulatory criteria for low-rise buildings. However, earthen structures pose a challenge in terms of fire resistance due to the tendency of cracks to form from shrinkage. These cracks create paths for fire to spread through the wall element, a problem exacerbated by the addition of straw to the wall mixture. Therefore, the use of earthen materials in construction raises questions about their suitability for meeting fire safety regulations.



The importance of energy efficiency in buildings has increased significantly in recent years, particularly due to concerns about global warming. Building regulations have been amended to reflect this, with a focus on the thermal properties of materials and their impact on overall energy consumption. As a result, the thermal performance of individual materials and wall elements has become a crucial factor to consider in construction. Table 4 provides a comparison of the thermal performance of different methods of construction, highlighting their potential to contribute to efforts to tackle climate change.



The thermal properties of materials used in traditional construction are generally poor insulators, with the exception of straw bales, cordwood, and hempcrete. While their high wall thickness compensates for this to some extent, they still heavily rely on additional insulation to meet building regulations. In modern RE construction, the stabiliser used to improve structural strength further exacerbates this issue. The lack of standardisation in soil mixtures used for earthen buildings also leads to significant variations in additional insulation requirements between builds. High-density materials such as brick, stone, and concrete exhibit high thermal conductivity. The incorporation of mortar in cordwood leads to significant thermal bridges due to the alignment of the log ends. In modern construction, there has been a move towards thinner wall structures, following the post-war era attempt to tackle resource shortages. However, due to the lower thermal conductivity of air compared to materials such as sandstone and brick, the reduction of materials in cavity walls did not hinder thermal performance. Recent amendments made to building regulations reflect the increasing importance of energy efficiency in tackling climate change. Table 4 compares the thermal performance of individual materials and wall elements in different methods of construction, highlighting their role in improving energy efficiency.



As an exemplary case study of building elements shown in Appendix C, the performance of the external wall, which has been constructed using a diverse range of materials and methods, is meticulously presented and analysed. Through a rigorous comparison with the recommended standards set forth in the prevailing regulations (SAP value), the study provides a comprehensive assessment of the performance exhibited by each material and construction method employed. This deliberate inclusion of such a detailed analysis offers an unparalleled opportunity to thoroughly evaluate the effectiveness and efficiency of various materials and methods in meeting regulatory guidelines. By scrutinising their performance characteristics and benchmarking them against established standards, it gains invaluable insights into areas that demand further enhancement and optimisation. The thermal characteristics of building materials, particularly their thermal conductivity, play a significant role in determining a building’s energy storage capacity. Integrating diverse building materials into alternative construction methods can have a profound impact on meeting current building regulations. However, this integration necessitates a comprehensive investigation to address additional considerations beyond energy efficiency, such as acoustic performance and fire safety. The selection and utilisation of appropriate building materials are critical for achieving desired energy performance outcomes. Variations in thermal conductivity significantly affect a building’s ability to store and dissipate heat, influencing overall energy efficiency. By carefully considering the thermal properties of different materials, including insulation and heat conduction, designers and practitioners can optimise energy performance while ensuring compliance with regulatory standards. To comply with regulations, deliberate combinations of materials within alternative construction methods offer a viable solution, leveraging unique properties to enhance overall performance. Rigorous analysis is necessary to address concerns related to material combinations, for example, acoustic performance and fire safety. Unlocking the full potential of material integration requires further research, experiments, and assessments to evaluate performance and inform decision-making for optimal energy efficiency and occupant comfort.



The substitution of inner masonry components with timber framing has resulted in a substantial enhancement in thermal performance within the construction system. This transition to timber framing has yielded notable benefits, including improved insulation properties, reduced thermal bridging, and enhanced energy efficiency, thereby contributing to more sustainable and environmentally conscious building practices. This has made it possible to replace the poor-performing element with high-performing insulation material between timber studs without increasing the wall thickness. This similar reduction in solid materials while maintaining the required structural strength can be seen in CLT and SIP. These techniques further address the thermal bridge issue found in timber framing, which is highlighted in Table 4. The utilisation of these construction methods not only offers a high degree of flexibility but also enables the effective fulfilment of diverse requirements by facilitating the incorporation of various insulation materials, plasterboards, and membranes. This inherent adaptability allows for tailored solutions that can address specific thermal, acoustic, and fire safety demands, ensuring optimal performance and compliance with regulatory standards. By leveraging the versatility of these methods, designers and practitioners can create customised building envelopes that maximise energy efficiency, enhance occupant comfort, and mitigate potential risks, thereby exemplifying the dynamic nature of contemporary construction practices.



Modern methods of construction involve more than just a reduction in materials and increased insulation. A significant improvement in heat loss reduction has been achieved through increased air tightness, which is facilitated by the precision and quality control measures applied in the factory environment. The shift towards off-site manufacturing in modern construction methods has resulted in a significant improvement in various phases of construction, including time, quality, and cost. This approach allows for the production of building components in a controlled environment, leading to higher precision and quality. The construction time has also been reduced due to the elimination of obstacles that typically affect on-site construction, such as adverse weather conditions. In contrast, traditional natural construction methods were frequently hindered by their slow drying time, leaving the structure vulnerable during this period.



Recommendation


It should be noted that the paper presents construction methods but does not attempt to address all structural engineering aspects. Additionally, while the adverse effects of noise have been linked to the construction, the paper does not focus on sound insulation. Finally, it is important to acknowledge that life cycle assessment (LCA) was not considered in this study. The utilisation of timber in off-site manufacturing processes is a promising solution for addressing the current housing shortage. This manufacturing method not only offers the desired properties for construction but also has the potential to significantly reduce construction time. Specifically, England and Wales are poised to see substantial benefits from a deeper understanding of timber construction. It is essential to recognise that past failures of off-site manufacturing should not be taken as an indication of present outcomes, as advancements in technology and techniques have significantly improved the quality of timber construction. Educating the public about the benefits of timber construction is paramount to ensuring that past pitfalls do not recur. The recent reminder of the implications of combustible materials must not become a barrier, as the concerns of rot did in the past, to the utilisation of timber. As evidenced in this paper, timber construction can meet the fire safety requirements set forth in regulations. The use of natural materials in contemporary construction remains a promising avenue for development. Self-build projects using straw bales and hempcrete have the potential to alleviate the burden on the construction industry. These techniques could benefit from increased standardization to make the project more approachable and achievable.



In the next study, we will examine the applicability of solutions to low- and high-rise construction and their alignment with the industry. This analysis will consider labour costs, required skills, time efficiency, quality control, and environmental impact. Evaluating these factors provides a comprehensive understanding of practical implications, challenges, economic feasibility, required expertise, project timelines, and sustainability. Additionally, an in-depth LCA study will assess material availability, production, and origin to strengthen the argument. Scrutinising quality control ensures durability and safety. This systematic analysis offers a robust evaluation and valuable information for industry professionals and decision makers considering construction method implementation.
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Appendix A. European Reaction to Fire Classification


For the U.K. and E.U., fire testing and classification of construction products have been harmonised in the BS EN 13501-1 “Fire classification of construction products and buildings elements”. Combustibility is considered under Reaction to Fire, which is the response of a product in contributing by its own decomposition to a fire to which it is exposed under specified conditions.



The classification used in this system is also referred to as Euro classes. A Euro class is made up of three classes, the main class considering combustibility and contribution to fire, a second class focusing on smoke, and a third class focusing on burning droplets. The main class ranges from A1, A2, B, C, D, E, or F, with A1 being the highest performance (see Table A1).





[image: Table] 





Table A1. Euro classes.






Table A1. Euro classes.





	Classification
	Combustibility
	Contribution





	A1
	Non-combustible
	No contributing to fire growth or a fully developed fire



	A2
	Very Limited combustibility
	No significant contribution to the fire load and fire growth



	B
	Combustible
	Same as C but more stringent requirements



	C
	Combustible
	Same as D but more stringent requirements and under thermal attack by a single item they are limited to lateral spread of flame



	D
	Combustible
	Capable of resisting a smaller flame for a longer duration without substantial spread.



	E
	Combustible
	Minor flame attacks can be resisted without substantial spread for a short period



	F
	Combustible
	The reaction to fire cannot be determined









Appendix B. European Resistance to Fire Classification (Roofs)


BS EN 13501-5 [168] provides harmonised fire classification for roof coverings based on the four tests in ENV 1187 [185]. The principal test conditions are:




	
Test 1 (t1)—with burning brands.



	
Test 2 (t2)—with burning brands and wind.



	
Test 3 (t3)—with burning brands, wind and supplementary radiant heat.



	
Test 4 (t4)—a two-stage test that incorporates burning brands, wind and supplementary radiant heat [185].








The t1, t2, t3, and t4 are applied as suffixes to the classification to indicate which test was used. The necessity for different tests is due to the differing regulations in European countries and t4 is used in the U.K. The classifications for the results of these tests are BROOF (t4), CROOF (t4), DROOF (t4), EROOF (t4), and FROOF (t4), where the BROOF (t4) is the highest rating and BROOF (t4) is the lowest rating (see Table A2).
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Table A2. Euro standards roof types [153,168].






Table A2. Euro standards roof types [153,168].










	Classification
	Description
	Vulnerability





	BROOF (t4)
	
	
No penetration of roof system within 60 min.



	
In preliminary test, after withdrawal of the test flame, specimens burn for less than 5 min.



	
In preliminary test, flame spread is less than 0.38 m across region of burning.





	Low



	CROOF (t4)
	
	
In preliminary test, flame spread is less than 0.38 m across region of burning.



	
In preliminary test, after withdrawal of the test flame, specimens burn for less than 5 min.



	
In preliminary test, after withdrawal of the test flame, specimens burn for <5 min.





	Medium



	DROOF (t4)
	
	
Roof system is penetrated within 30 min, but is not penetrated in the preliminary test.



	
In preliminary test, after withdrawal of the test flame, specimens burn for less than 5 min.



	
In preliminary test, flame spread is less than 0.38 m across region of burning.





	Medium



	EROOF (t4)
	
	
Roof system is penetrated within 30 min but is not penetrated in the preliminary test.



	
Flame spread is not controlled.





	High



	FROOF (t4)
	
	
No performance determined.





	High









Appendix C. External Wall Properties in Comparison with SAP 2012


Table A3 compares the thermal performance of different construction methods against the u-values for external walls used in the SAP 2012, highlighting their potential in combating climate change.
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Table A3. Comparison of u-values for external walls with SAP 2012 [153,156,173].






Table A3. Comparison of u-values for external walls with SAP 2012 [153,156,173].





	

	
External Wall Properties (Calculated Values) 1

	
SAP 2012




	
Category

	
Type

	
Material

	
Thermal

Conductivity

	
Material

Thickness

	
Thermal Resistance

	
Total Width

	
U-Value

	
In Comparison with 0.017 W/m2K




	
(W/m-K)

	
(mm)

	
(m2K/W)

	
(mm)

	
(W/m2K)

	
(%)






	
Traditional

	
Earth

	
Rammed Earth

	
Earth

	
1.5 [175,176]

	
300

	
0.2

	
400 2

	
0.38 2

	
−123.5%




	
Cob

	
Lime render

	
0.8 [178]

	
35

	
0.044

	
635 2

	
0.32 2

	
−88.24%




	
Cob

	
0.73 [178]

	
500

	
0.685




	
Wood

	
Straw Bale

(No additional insulation)

	
Lime render

	
0.8 [178]

	
35

	
0.044

	
520

	
0.11

	
35.29%




	
Straw

	
0.051 [52,179]

	
450

	
8.824




	
Lime render

	
0.8 [178]

	
35

	
0.044




	
Cordwood

	
Wood/

Mortar

	
0.13 [175]/

2.15 [180]

	
600

	
4.458 3

	
700 2

	
0.22 2

	
−29.41%




	
Masonry

	
Adobe

	
Earth render

	
1.5 [175]

	
35

	
0.023

	
385 2

	
0.29 2

	
−70.59%




	
Adobe brick

	
0.24 [62]

	
250

	
1.042




	
Clay Brick

(Cavity wall)

	
Brick

	
0.77 [182]

	
102.5

	
0.133

	
380 2

	
0.32 2

	
−88.24%




	
Air cavity

	
0.18 [182]

	
75

	
0.417




	
Brick

	
0.77 [182]

	
102.5

	
0.133




	
Hempcrete

	
Lime render

	
0.8 [178]

	
15

	
0.188

	
340 2

	
0.19 2

	
−11.76%




	
Hempcrete

	
0.09 [80]

	
210

	
2.33




	
Lime render

	
0.8 [178]

	
15

	
0.188




	
Sandstone

	
Sandstone

	
2.3 [175]

	
550

	
0.239

	
650 2

	
0.37 2

	
−117.65%




	
Modern

	
Masonry

	
Concrete 4

	
Reinforced (2% steel and 2400 kg/m3)

	
2.5 [175]

	
200

	
0.08

	
300 2

	
0.4 2

	
−135.29%




	
High density

(2400 kg/m3)

	
2 [175]

	
200

	
0.1

	
300 2

	
0.39 2

	
−129.41%




	
Medium

(2000 kg/m3)

	
1.35 [175]

	
200

	
0.148

	
300 2

	
0.39 2

	
−129.41%




	
Wood

	
Timber Frame

(No additional insulation)

	
Brick

	
0.77 [182]

	
102.5

	
2.392 5

	
252.5

	
0.42

	
−147.06%




	
Air cavity

	
0.18 [182]

	
50




	
Timber frame with insulation infill

	
0.13 [175]/

0.044

	
100




	
SIP

(No additional insulation)

	
Brick

	
0.77 [182]

	
102.5

	
0.133

	
348.5

	
0.21

	
−23.53%




	
Air cavity

	
0.18 [182]

	
50

	
0.278




	
OSB

	
0.13 [175]

	
12

	
0.092




	
Insulation

	
0.044 6

	
172

	
3.909




	
OSB

	
0.13 [175]

	
12

	
0.09




	
CLT

	
Timber (500 kg/m3)

	
0.13 [175,183]

	
100

	
0.769

	
200 2

	
0.31 2

	
−82.94%








1 All values have been calculated in accordance with BS EN ISO 6946:2017 [186]. 2 Includes 100 mm additional internal insulation with a thermal conductivity of 0.044 W/m-K. 3 A mortar-to-wood ratio of 1:5 has been assumed. Repeating thermal bridges have been calculated in accordance with BS EN ISO 6946:2017. 4 Density and reinforcement vary depending on structural specifications for the individual tunnel form, precast, flat slab or hybrid concrete project. 5 Repeating thermal bridges caused by studs have been calculated in accordance with BS EN ISO 6946:2017. A timber-to-insulation ratio of 3:20 has been assumed. 6 Insulation with significantly lower thermal conductivity is available which will greatly improve the performance.
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Figure 1. Rammed earth wall process. 






Figure 1. Rammed earth wall process.
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Figure 2. Cob wall process. 
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Figure 3. Straw bale wall process. 






Figure 3. Straw bale wall process.
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Figure 4. Cordwood wall process. 






Figure 4. Cordwood wall process.
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Figure 5. Adobe wall process. 






Figure 5. Adobe wall process.
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Figure 6. Brick block cavity wall. 






Figure 6. Brick block cavity wall.
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Figure 7. Hempcrete wall process. 
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Figure 8. Tunnel form wall process. 






Figure 8. Tunnel form wall process.
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Figure 9. Structural insulated panel. 






Figure 9. Structural insulated panel.
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Table 1. Wall cladding combustibility (dwellings and flats) [153,165,166].






Table 1. Wall cladding combustibility (dwellings and flats) [153,165,166].











	Height
	Scotland
	England
	Wales





	<1 m of the boundary
	
	
	



	0–11 m
	A2 1
	B 2
	B 2



	11–18 m
	A2
	B 2
	B 2



	18 m+
	A2
	A2
	A2



	>1 m from the boundary
	
	
	



	0–10 m
	B
	No provision
	No provision



	10–18 m
	A2
	No provision
	No provision



	18 m+
	A2
	A2
	A2







1 Except where the cladding of a house achieves B and the wall behind the cladding has appropriate fire resistance on both sides. 2 Must have appropriate fire resistance on both sides.













[image: Table] 





Table 2. Noise (separating walls and floors in dwellings or flats) [153,169,170].






Table 2. Noise (separating walls and floors in dwellings or flats) [153,169,170].





	Height
	Scotland
	England
	Wales





	Minimum airborne sound insulation

(DnT,w) 1
	56

58 (Silver) 2

60 (Gold) 2
	45
	45



	Maximum impact sound transmission (L′nT,w)
	56

54 (Silver) 2

52 (Gold) 2
	62
	62







1 England and Wales includes Ctr dB. 2 Sustainability targets.
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Table 3. SAP 2012 values and area-weighted U-value limits [153,156,173].






Table 3. SAP 2012 values and area-weighted U-value limits [153,156,173].





	

	
Scotland

	
England

	
Wales




	
Thermal Transmittance (W/m2K)




	
SAP

	
Limit

	
SAP

	
Limit

	
SAP

	
Limit






	
External wall

	
0.17

	
0.22

	
0.18

	
0.3

	
0.18

	
0.21




	
Party wall

	
0 1

	
0.2 1

	
0–0.2 2

	
0.2

	
0–0.2 2

	
0.2




	
Floor

	
0.15

	
0.18

	
0.13

	
0.25

	
0.13

	
0.18




	
Roof

	
0.11

	
0.15

	
0.13

	
0.2

	
0.13

	
0.15




	
Windows

	
1.4

	
1.6

	
1.4

	
2.0

	
1.4

	
1.6




	
Doors

	
1.4

	
1.6

	
1.0–1.2 3

	
2.0

	
1.0–1.2 3

	
1.6




	

	
Air Permeability (m3/H·m2 at 50 Pa)




	

	
SAP

	
Limit

	
SAP

	
Limit

	
SAP

	
Limit




	
Air permeability

	
7

	
–

	
5

	
10

	
5

	
10




	

	
Miscellaneous SAP Values




	

	
SAP

	
SAP

	
SAP




	
Thermal bridges

	
×0.08 total exposed surface area

	
SAP 2012 Appendix R references [156]

	
SAP 2012 Appendix R

references [173]




	
Wastewater heat recovery

	
Y

	
N

	
N




	
Photovoltaic

	
Y 4

	
N

	
N




	
Thermal mass

	
Same as design

	
Medium (250 kJ/m2K)

	
Medium (250 kJ/m2K)




	
Glazing orientation

	
East/West

	
Same as design

	
Same as design








1 Only cavity separating walls. 2 Solid and filled cavity walls use 0 W/m2K, and unfilled cavity walls use 0.2 W/m2K. 3 Opaque doors are 1.0 W/m2K, and semi-glazed doors are 1.2 W/m2K. 4 Only applies when an electric or biomass energy package is not used.
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Table 4. Thermal performances of materials and methods of construction.






Table 4. Thermal performances of materials and methods of construction.





	

	
Building Envelope Properties (Calculated Values)

	
In-Situ Measurements




	
Category

	
Type

	
Material

	
Thermal Conductivity

	
Thickness

	
Thermal Resistance

	
Calculated

U-Value

	
In-Situ

Thickness

	
In-Situ

U-Values




	
(W/m-K)

	
(mm)

	
(m2K/W)

	
(W/m2K)

	
(mm)

	
(W/m2K)






	
Traditional

	
Earth

	
Rammed Earth

	
Earth

	
1.5 [175,176]

	
300

	
0.2

	
2.70

	
300

	
1.9–2 [177]




	
Cob

	
Lime render

	
0.8 [178]

	
35

	
0.044

	
1.12

	
482–502

	
0.9–1.02 [178]




	
Cob

	
0.73 [178]

	
500

	
0.68




	
Wood

	
Straw Bale

	
Lime render

	
0.8 [178]

	
35

	
0.044

	
0.11

	
435

	
0.16 [178]




	
Straw

	
0.051 [52,179]

	
450

	
8.82




	
Lime render

	
0.8 [178]

	
35

	
0.044




	
Cordwood

	
Wood

	
0.13 [175]

	
600

	
4.62

	
0.21

	
610

	
0.16 [57]




	
Cement mortar

	
2.15 [180]

	
600

	
0.28

	
2.2




	
Masonry

	
Adobe

	
Earth render

	
1.5 [175]

	
35

	
0.023

	
0.81

	
350

	
1.07 [181]




	
Adobe Brick

	
0.24 [62]

	
250

	
1.04




	
Clay Brick

	
Brick

	
0.77 [182]

	
102.5

	
0.13

	
1.18

	
265

	
1.1–1.3 [91]




	
Air cavity

	
0.18 [182]

	
75

	
0.42




	
Brick

	
0.77 [182]

	
102.5

	
0.13




	
Hempcrete

	
Lime render

	
0.8 [178]

	
15

	
0.019

	
0.39

	
210

	
0.4 [178]




	
Hempcrete

	
0.09 [80]

	
210

	
2.33




	
Lime render

	
0.8 [178]

	
15

	
0.019




	
Sandstone

	
Sandstone

	
2.3 [175]

	
550

	
0.24

	
2.44

	
550

	
1.4 [91]




	
Modern

	
Masonry

	
Concrete

	
Reinforced (2% steel and 2400 kg/m3)

	
2.5

	
200

	
0.08

	
4

	
–

	
–




	
High density (2400 kg/m3)

	
2

	
200

	
0.075

	
3.7




	
Medium

(2000 kg/m3)

	
1.35

	
200

	
0.11

	
3.14




	
Wood

	
Timber Frame

	
Brick

	
0.77 [182]

	
102.5

	
0.13

	
0.25

	
–

	
–




	
Air cavity

	
0.18 [182]

	
50

	
0.28




	
Mineral fibre

	
0.04

	
140

	
3.5




	
Brick

	
0.77 [182]

	
102.5

	
0.13

	
0.6




	
Air cavity

	
0.18 [182]

	
50

	
0.28




	
Timber frame/studs

	
0.13 [175]

	
140

	
1.08




	
SIP

	
Brick

	
0.77 [182]

	
102.5

	
0.13

	
0.13

	
–

	
–




	
Air cavity

	
0.18 [182]

	
50

	
0.28




	
OSB

	
0.13 [175]

	
12

	
0.09




	
Mineral fibre

	
0.04

	
270

	
6.75




	
OSB

	
0.13 [175]

	
12

	
0.09




	
CLT

	
Timber (500 kg/m3)

	
0.13 [175,183]

	
100

	
0.77

	
1.06

	
100

(+200) 1

	
0.114 [184]








1 100 mm CLT plus 200 mm wood fibre with thermal conductivity of 0.038.
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