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Foreword


In the course of my practice as a structural engineer and as a visiting teacher at a variety of architecture and engineering schools, I have encountered much discussion, debate, information and misinformation about the role of ‘technology’ in architecture. Many use the subject to discuss the different ways in which buildings are put together, while others draw on the digital realm – where the materials are processes, networks and flows that have been enabled by the pace of change in computers as a design tool.


What is clear to me is that the best systems prosper when both of these approaches are exploited in design development – as intellectual activities that integrate production, assembly and creation to bring together quantative and qualitative satisfaction in the built environment.


At one extreme very little practical illustration is published that shows, for example, the role of basic structural systems or basic ways of using materials. On the other hand it is common to see students produce amazing diagrams of flow or stress analysis that then magically produce ‘architecture’ at the other extreme.


What is needed is the middle ground, and in this respect, this book provides easy access for the beginning student of architecture. Learning through a selection of contemporary architectural projects introduces students to basic systems and appropriate use of both new and old materials, of both techniques and tools.


What the authors have carefully catalogued is the fundamental information that the architecture student must know, and to be aware of the need to work with experts in various disciplines and to learn from past precedents. This will give them a better chance of designing with originality and novelty without becoming an engineer or computer scientist. They will learn to produce architecture by facilitating dialogue between experts, manufacturers, politicians and communities.


At a time when we are not short of information, what is needed is the skill to edit the information to suit the purpose; something which this book achieves with great success.


Hanif Kara, F.I. StructE, FRIBA (hon)


Adams Kara Taylor


November 2007




Introduction


‘Aerodynamics is for people who can’t design engines.’ Enzo Ferrari


Both structurally and environmentally, the architect designs the way in which buildings are organized. Along with the art – the social, cultural, philosophical and political factors that influence design – it is the tools and techniques of the engineer – technology – that gives form and performance to the built environment.


Critical to an understanding of architecture is the relationship between design and technology. The aim of this textbook is to introduce the scope of that relationship to those who may be considering a career in architecture, as well as to enable students of architecture to integrate their design thinking with appropriate structural and environmental solutions.


The book sets out to explain the relationships between physical phenomena, materials, building elements and structural types, using simple classification systems and real examples. Photographic images are used to familiarize the user with common construction technology, while historical examples are employed to chart significant moments in the history of architectural engineering.


The book introduces structural and environmental engineering to architects and, while it does not include mathematical calculation, it does make reference to current computer techniques that assist designers in predicting the structural and environmental behaviour of buildings. At the same time, it makes liberal reference to historical precedents since it is important for the user to understand that the way in which the success of technology is measured is directly related to its cultural context. Some would say that the Gothic cathedral is the pinnacle of architectural engineering given the tools, materials and techniques of the day. Currently, the world is far more conscious of the clean and efficient use of the planet’s resources, and the success of technology is measured thus.


Technology by nature is concerned with invention, and it is only ever possible to take a ‘snapshot’ of technological achievements at any one moment in time. From materials science through to construction site procedures, invention and progress in architectural technology occur constantly; it is hoped that a compendium of technology such as this book will not only aid students to understand its scope and historical context, but will also inspire them to invent new solutions for the future.


Second Edition


This second edition includes new information on the fast growing field of Building Information Modelling (BIM), as well as a section on the ways in which computer control may be used to enable buildings to adapt and respond to environmental changes. New diagrams have also been added to many of the case studies, and typical details have been included in the section on weathering. Under Building Services, there are new sections on integrating active and passive systems and on sanitation.


Structure of the book


Architectural technologies are classified under two major headings: Structure and Form, and Climate and Shelter. While the very first primitive shelters, such as mud huts and igloos, employed the same materials and building components to both create structural form and withstand the elements, even a simple tent such as the North American tepee employed one type of material and component (timber posts) to generate the form and another (animal skins) to maintain its internal climate.


Structure and Form


This section is subdivided into three main topics: Structural Physics, Structural Elements and Structural Logic. This is a linear progression from the fundamental principles of structural form – materials science, materials technology and structural integrity – through descriptions of the common elements used in the construction of buildings, such as walls, columns, floors and roofs, to how these elements are combined to form different building types, from simple ‘post and beam’ structures through Gothic vaults to aluminium monocoque shells and tensile nets.


Climate and Shelter


The subdivisions in this section deal with two main topics: Human Comfort and Building Performance. Before examining how buildings are constructed in relation to their local environment, it is important to establish the thresholds within which the human body is able to sustain life. The first part of the section looks at the principles of thermal comfort and its provider, the sun.


The second part considers ways in which the built environment can be designed to maintain human comfort. As well as exploring how the design and fabric of a building – the climatic envelope – can both control and interact with its environment, passively and actively, it considers human comfort in the context of sound and light.


The book includes three additional sections:


Computational Tools and Techniques


The ways in which architects design are now much influenced by computers. Quite apart from their use in drafting and illustrating, they may assist designers to predict both the structural and environmental behaviour of their buildings – through modelling and analysis – as well as supplying databases for materials, components and systems; indeed they can store, and create a virtual model of, all of the information needed for a construction project. This section explores the use of computers as analytical and organizational tools.


Case Studies


A range of case studies is used to explore the origins of construction types and illustrates the historic relationship between design and technology in architecture and civil engineering. The examples are listed chronologically and are described in relation to the structural and environmental taxonomies described in the first two sections.


Building Codes


Throughout the world, the construction industry is controlled by rules and regulations that are there to ensure the health and safety of both construction industry operatives and end-users. Building codes cover all aspects of construction and, increasingly, are concerned with regulating towards low-energy, sustainable solutions. Current United Kingdom and European Union regulations and directives are outlined here.


Contents Page


This is designed as a branching system so the user can contextualize any topic within the book. Every spread has a topic heading that can be cross-referenced with the contents tree.


Captions


The main body of the text is supplemented by illustrations, both diagrammatic and photographic. Captions are used to supply additional information and should be read as a continuation of the main text.


Taxonomy Charts and Icons


There are two major taxonomy charts used in Structure and Form, one for Structural Elements and one for Structural Logic. The organization of the charts is directly related to the page spreads that follow, and the individual diagrams are then employed as iconic references. These icons are also employed to cross-reference case studies with the main body of the text.


Further Reading


Related publications are listed under each of the major headings. It is also recommended that users reference the source information, both publications and web sites.




Structure and Form
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The leaning tower of Pisa, Italy, 1173. The tower is 55.8 m high and it leans at an angle of 5.5 degrees.




Structural Physics


Covering the fundamental principles of structural form


Materials Science


In order to understand how buildings work as structures, it is necessary to appreciate the natural laws that govern structural form. This involves an understanding of the forces that act upon materials and the ways in which the materials will react to those forces according to their fundamental properties. Materials Science covers: forces – how, through gravity, materials are subject to stress and strain; properties of materials – how materials can be analyzed and manipulated for strength and stiffness; and reactions – how components behave when subjected to forces through bending and shear.


Materials Technology


While materials science is the study of the interplay between the properties, structure and changes in solids, materials technology is the utilization of this knowledge in the production and fabrication of materials and structural components. Most fabrication processes involve a series of primary ways of acting on materials – cutting, sawing, bending, welding, etc. – with the precise nature of the process determined by the properties of the material to which it is applied. In general, the ability to move raw materials and finished products around factories, building sites, and indeed around the world, places finite limitations on the size, shape and weight of prefabricated building components. Materials technology explores a range of common building materials: stone, timber, steel, reinforced concrete, glass, fabric, fibre-reinforced plastic and sheet materials.


Structural Integrity


Knowing the behaviour of the materials and components that go to form structures enables the architect to organize them in such a way that the whole structure will be rigid and stable under load. Structural Integrity examines the types of load to which buildings are subjected – live and dead loads, lateral loads, bracing and torsion – and how structures may be constructed to resist them through triangulation and bracing. Overall stability, as in the rooting of a tree, is then considered in the context of the centre of gravity and the cantilever (or branching) principle.




Materials Science / Forces: Stress, Strain


Newton’s Second Law of Motion


Structural engineering is concerned with calculating the ability of structures and materials to withstand forces. When you talk about the weight of an object, you are actually describing the force that the object exerts as a result of gravity acting on its mass. Gravity is responsible for attracting all objects towards the centre of the earth. Over 300 years ago, Isaac Newton discovered that this gravitational ‘pull’ (indeed, all forces) produce an acceleration of the system or object that they are acting upon, hence:


FORCE = MASS (kg) x


ACCELERATION (m per sec., squared)


Force is measured in Newtons:


1 Newton = 1 kg x 1 m/sec2


Gravity is calculated as: g = 9.81 m/sec2


Structural Form


All objects have an underlying structure that maintains the form of the object when it is subjected to forces. The forces act upon the object, and the object reacts according to the properties of the materials from which it is made and the way in which they have been shaped and assembled. Stress is the term used to describe the forces acting on a material or structure; strain is the term used to describe the material or structure’s response to those forces.


Stress


Forces can act on materials in one of two fundamental ways: they can push, which is a compressive force, or they can stretch or pull, which is a tensile force. These applied forces are described in physics as stress, which is measured as the force per unit area across any given cross-section of the material:


f (STRESS) = P (FORCE) / A (AREA)


Strain


Materials use their internal structures to resist forces. Every material reacts to stress by distributing it in such a way that there is an equal balance of internal forces. The result is strain – a change in the form of the structure, measured as the fractional extension perpendicular to the cross-section. Hence, compression may be described as stress that acts to shorten an object and tension as stress that acts to lengthen it.
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1 Compression


Bulgarian weightlifter Glagoi Blagoev’s body is put into compression by the weights held aloft (approximately 195.5 kg or over twice his own body weight).


2 Compression


When force is applied to the top of the structure indicated by the arrow, the sides of the structure are put into tension (T), forcing the cross-section to increase.


3 Tension


A tug of war puts the rope into tension over its length, forcing the sides of the rope into compression and thus reducing the cross-section of the rope. The ratio of cross-sectional contraction and linear extension is described as a Poisson ratio.


4 Tension


When most materials are put into tension, their cross-sectional area is put into compression (C) thus reducing the cross-section.


Materials Science / Properties of Materials: Strength, Stiffness and Flexibility


Properties


Every material has its own internal structure that predisposes it to resist forces to varying degrees and to react to them in different ways. It is this behaviour – this reaction to forces – that gives a material its inherent structural properties. Some materials, for example, will tear easily but can be pulled (like paper), and some can be pulled but not compressed (like string). Some, like concrete, are strong in compression but weak in tension and others, like steel, are strong in both tension and compression.


Plastic-Elastic Behaviour


As it resists forces a material will react by deforming its internal structure. With plastic materials the internal structures readily deform and adapt to a new shape when stressed. A plastic material distorts easily but does not break (an example is lead). With elastic materials the internal structures remain the same but are warped or stretched; they always remember their original shape and want to return to it. An elastic material returns to its original length (or shape) when the stress is removed (an example is bamboo).*


Strength


While a fishing rod is not strong, it is very elastic – it will bend a great deal before it snaps. It is the ability of an elastic material to resist bending (elastic deformation) that will determine its strength. All materials have an elastic limit – if you stretch them far enough, they will fail. They will either warp or buckle, or they will break – fracture or tear. A strong material is one with a high breaking stress, a weak material one with a low breaking stress.**


Stiffness and Flexibility


A stiff material needs a large force (stress) to produce a small extension (strain) – it is difficult to change its shape. A flexible material only needs a small stress to produce a large extension – it is not difficult to change its shape.


* Materials with low plasticity are prone to breaking or fracturing under stress – are brittle – and are likely to become more so as temperatures decrease. Highly plastic materials deform without breaking or fracturing – are ductile – and are likely to become more so as temperatures increase. Heating metals increases their plasticity.


** Steel will fail at around 250 N/mm2, while concrete will reach its ultimate stress at 30 N/mm2.
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1 The strength and stiffness/flexibility of a material, as determined by its resistance to (elastic) deformation, can be measured as the ratio of stress to strain. When plotted on a graph, the (stiffness) values are known as the Young’s Modulus. Young’s Modulus is used to measure increases in a material’s length when it is put under tension or to predict the buckling or yield point. Generally, as density increases so does Young’s Modulus but there are exceptions to the rule.


2 The chart shows the relationship between categories of materials in respect to the Young’s Modulus and the density of the material. Published by Granta Design, this type of chart was pioneered by Professor Mike Ashby, Cambridge University Department of Engineering. These charts manage to condense a huge range of analytical data into a graphically legible format within which the comparative properties and groupings of materials can clearly be visualized and assessed.


Materials Science / Reactions: Bending, Shear


Bending


Bending is the result of a material deforming itself under stress. In diagram 1, the beam at the top is subjected to an external, compressive force that in turn creates internal strain through bending (exaggerated in the diagram): the top side becomes compressed – shortened – and the underside becomes tensioned – lengthened. The lower diagram describes bending in a truss, showing the reactions of the individual components: red are in tension, blue in compression.


In diagram 2, bending has been exaggerated by the insertion of cuts and wedges in the beam. Once loaded, the wedges in the upper side will be compressed and close up, while the cuts in the lower side will be pulled apart to form wedges. Excessive bending will cause failure.


Shape and Form


When materials are formed into structural elements, the distribution of stresses is modified by how they are shaped and formed – the deeper a beam, the further apart are these internal forces and the more even the distribution of stresses. Diagram 3 illustrates the effect of cross-sectional shape on bending.


Shear


Unlike tension and compression, where surfaces move towards or away from one another, shear refers to deformation in which parallel surfaces slide past one another, as shown in diagram 4. Shear stress is a stress state where the stress is parallel or tangential to a face of the material, as opposed to normal stress when the stress is perpendicular to the face. In structural and mechanical engineering the shear strength of a component is important for designing the dimensions and materials to be used for its manufacture.


With an I-beam for example, the flange resists bending and the web resists shear. See Beam: Cross-Sections, page 44.
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1 Effects of bending in a beam. The arrows on the top edge of the diagrammatic beam indicate the direction of forces under deflection. Similarly the top chord and the vertical members of the diagrammatic truss are put into compression under deflection (shown in blue), whereas the bottom chord and diagonal members of the truss are put into tension.


2 Effects of bending in a beam. A ‘notched’ beam illustrates the expansion-contraction or compression and tension experienced by a beam under loading.


3 Effects of cross-sectional shape on bending. The orientation of structural members and their cross-sectional shape vastly affect their performance under loading. The pair of diagrams on the left illustrate how the orientation of a simple structural member can affect its loadbearing capacity. The increased depth that the orientation in the lower diagram shows vastly improves its structural performance. The drawings on the right show how an increase in cross-sectional profile stiffens a vertical member under load.


4 Shear forces act tangentially or parallel to a material face, rather than perpendicularly.


Structural Integrity / Loads: Live and Dead Loads, Lateral Loads, Bracing, Torsion


Live and Dead Loads


To create structural form, building components are sized, shaped and arranged in such a way that the structure as a whole is able to resist the forces acting upon it. At this scale, a distinction can be made between the forces that arise through the mass of the structure itself – a constant force known as a static or dead load – and external forces that move or change, known as the dynamic or live loads. In buildings, live loads consist of furniture, machinery, occupants, and snow and ice, as well as, crucially, the lateral impact from wind.


Lateral Loads


A chair must be strong enough to resist the vertical load of its occupant. However, as the occupant shifts their load – to lean, wobble, or sway – the chair remains fixed or rigid. This is because it is designed to resist these nonvertical loads through a combination of the stiffness of its components and the rigidity of the whole structure. This rigidity is, in effect, an equalizing of the vertical and horizontal forces throughout the structure by the use of diagonals – i.e. through triangulation.


Bracing


Take a simple, square frame. If you add a force to one side of it, it will deform (shear). If, however, you were to put a stick from one corner to the other, the square would remain stable. If you pushed on the other side of the square, the stick would still work but only if it was connected at both ends, as it is transferring the load by being pulled. In the first case, the stick is used as a compressive element; in the second, it is in tension and could be replaced with string or wire.


Torsion


Structural components may also have to be braced so as to prevent them twisting. Though sometimes referred to as a force in itself, torsion or twisting is in fact the result of opposing (tensile or compressive) forces acting in a rotary fashion.
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1 Bracing in a steel-framed structure.


2 Principle of bracing. A square frame is an inherently unstable structure because of its lack of bracing. An applied force as indicated by the arrows will transfer the structure into a skewed diamond shape unless either a rigid (compression element) or a linear (tension) element is introduced diagonally across the frame to triangulate or ‘brace’ the structure.


3 The key to bracing is triangulation, and even in a simple table there are small, ‘invisible’ triangles bracing the structure.


4 ‘Pinwheeled’ structure: this is an idealized structure where each of the legs or columns is widened to brace the structure and are then rotated so that the structure is able to resist forces from any direction.


5 Principle of torsion or twist, which can be resisted by the cross-sectional profile.


Structural Integrity / Stability: Anchorage, Height, Centre of Gravity, Cantilever Principle


Anchorage


Buildings have to be braced in order to resist wind loads and, in more extreme circumstances, a sudden impact or vibration such as from a wave or earth tremor. Not only must the mass of a structure not deform under lateral loads, it must also not move as a whole. Buildings are anchored to the ground with foundations that also provide a bearing in unstable or soft ground.


Wind also produces internal pressure and suction on external surfaces. Roofs in particular need to be securely anchored to the main structural elements.


Height


Tall structures have to withstand not only high-speed gusts of wind, but also the vibrations that wind can induce (similar to those of a tuning fork). Tall buildings are designed to resist these forces by having a rigid, central core with floor plates that are carried from perimeter columns and connected back to the core. The core is also used to contain elevators, staircases and service ducts. Tall structures may also be stabilized by employing diagonal struts wrapped around the outside of the building in a criss-cross fashion; when used without a central core, these are known as tube structures.


A dense honeycomb of internal walls will also improve structural stability.


Centre of Gravity


Try leaning forward from the hips. At some point your centre of gravity goes ‘outside of you’, and one leg moves forward to form the triangle that keeps you from toppling over – keeps you stable. Carry on bending, and you will reach the point when the only way to maintain your centre of gravity is to extend your other leg behind you. This is a process known as ‘cantilevering’.


Cantilever Principle


A cantilever is a description of an element that projects laterally from the vertical. It relies on counterbalance for its stability and on triangulation to resist the bending movements and shear forces of the lever arms.
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1, 2 Reinforced-concrete cores provide stability for framed buildings.


3 The designers of the Forth Railway Bridge, Scotland used their own bodies to demonstrate how the span of the bridge uses the cantilever principle. The bodies of the two men at ground level are acting as columns (in compression), and their arms are being pulled (in tension). The sticks they hold are in compression and are transferring the load back to the ‘columns’.


4 The Forth Railway Bridge with girder spans of 521 m, completed in 1890. Fife, Scotland.


5 Cranes displaying the cantilever principle.


6 Cantilevered brackets are employed to support a roof canopy at the Royal Ascot Racecourse, Windsor, UK by HOK Sport.


Materials Technology / Stone


Stone is a low-tensile material, i.e. it is strong in compression but weak in tension. Traditionally used to form loadbearing walls, columns and arches, it can be also be carved into lintels or beams, but since the material has little tensile strength and is dense and massive these spans tend to be of limited size.


The oldest of the building materials known to man, stone is still one of the few that is transformed into a product at source. It is excavated both from underground quarries accessed from shafts and by the opencast method where it is cleaved from the rock face using mechanical excavators. Different layers of rock (beds) produce different sizes, qualities and types of stone, and this will determine the way in which it is acted upon. Stone can be sawn, cropped, split or chiselled into shape, although this material often has a grain which must be considered when maximizing its structural properties.
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