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Introduction


“At the age of 17 I was told that I could never be an architect, as I would never fully comprehend building structures. So that is how I came to study architecture, with a chip on my shoulder. I religiously attended all the lectures on structural engineering, indeed any engineering, and found out that it was surprisingly easy to understand and, even better, that it was fun. Subsequently I fell in love with the engineering science, not that I have ever fully comprehended it but—who cares? You don’t need to ‘understand’ love after all….


This book is one of those love letters that one receives and only has to decide if one wants to respond. How much I wish I had come across this book in my youth—it would have saved so much effort spent reading so many boring ones.


You can take it or leave it, but since it is now available no one can now say that ‘you will never understand structure.’ Take my word, this book will give another dimension to your understanding of the planet we live on and above all…it’s fun!”


Eva Jiricna


June 2011


The aim of this book is to enable students of architecture to develop an intuitive understanding of structural engineering so that, in the long term, they are able to conduct productive dialogs with structural engineers. It is also hoped that the book will serve as a valuable reference and sourcebook for both architecture and engineering.


In Giorgio Boaga’s book The Concrete Architecture of Riccardo Morandi, published in 1965, the Italian engineer Morandi discusses the perceived difficulty of the architect–engineer relationship, but refuses to take sides in this unhelpful argument. More importantly, he describes how “...it is always possible, within certain limits, to solve a problem—functionally, structurally, and economically—in several equally valid ways” and that “...the loving care given to the formal details (quite independently of the requirements of calculation) transcend the purely technical aspect and, intentionally or not, contribute to artistic creation.”1 In these statements Morandi is no more siding with the gifted “calculator” than with the flamboyant designer—he is merely on the side of interesting work, which may appear unnervingly simple or unexpectedly expressive.


In his 1956 book Structures, Pier Luigi Nervi explains his use of isostatic ribs, which followed the stress patterns that had been made visible by new photoelastic imagery techniques. More recently, the detailed arithmetic and algebraic calculations of Finite Element Analysis (FEA) have been made visible through computer graphical output— an incredibly powerful tool for the more intuitively minded. A step further than this is structural engineer Timothy Lucas’s putative explorations of a digital physical feedback system, which would enable the engineer to physically differentiate and explore the structural forces through an augmented physical model. Throughout the history of technology, physical testing has been and continues to be a vital component in the development of technology and design engineering strategies. Similarly, the field of biomimetics is surely only an academic formalization of a timeless process, where we learn from the rapid prototyping of nature and the previous unclaimed or forgotten inventions of man to develop new design, engineering, material, and operational strategies.


The book is divided into four parts:


Part 1—Structures in nature describes some common structural forms found in nature.


Part 2—Theory outlines a general theory of structures and structural systems that are commonly applied to the built environment.


Part 3—Structural prototypes introduces methods for developing and testing structural forms, including both “hands-on” modelmaking and full-scale prototypes, as well as analytical computer modeling.


Part 4—Case studies presents a selection of key figures involved in the evolution of structural engineering and built form, from the mid-nineteenth century to the present.


1 Boaga, G., and Boni, B., The Concrete Architecture of Riccardo Morandi, London: Alex Tiranti, 1965, p. 10
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Structures in nature











 





1.1


Tree





More than 80,000 species of tree, ranging from arctic willows a few inches high to giant redwoods that can grow to over 300 feet tall, cover 30 percent of the Earth’s dry land.





Structure


Trees come in various shapes and sizes, but all possess the same basic structure. They have a central column, the trunk, which supports a framework of limbs, branches, and twigs. This framework is called the crown, and it is estimated that there are a finite number of branching systems for all tree species (around 30). Branches and twigs in turn have an outside covering layer of leaves. A tree is anchored in the ground using a network of roots, which spread and grow thicker in proportion to the growth of the tree above the ground.


All parts of the framework of a tree—trunk, branches, and twigs—are structural cantilevers with flexible connections at the junctions. All have the property of elastic behavior.


Hardwood and softwood: these terms refer to the types of tree from which the wood comes. Hardwood comes from deciduous forests; softwood from coniferous forests. Although hardwoods are generally of a higher density and hardness than softwoods, some (e.g. balsa) are softer.


Growth


Much of the energy produced by the leaves of a tree has to be diverted to make unproductive tissue (such as the woody trunk, branches, and roots) as the tree grows. The overwhelming portion of all trees (up to 99 percent) is made up of nonliving tissue, and all growth of new tissue takes place at only a few points on the tree: just inside the bark and at the tips of the twigs and roots. Between the outer (cambial) layer and the bark there is an ongoing process of creating sieve tubes, which transport food from the leaves to the roots. All wood is formed by the inner cambium and all food-conveying cells are formed by the outer cambium.


A tree trunk grows by adding a layer of new wood in the cambium every year. Each layer of new wood added to a tree forms a visible ring that varies in structure according to the seasons. A ring composed of a light part (spring growth) and a dark part (late summer/fall growth) represents one year’s growth. Timber used in construction is chosen on the basis of having an even balance of stresses within the plank. If a tree has grown on the side of a hill, it will grow stronger on one side and the stresses will be locked in to create a harder “red” wood that will eventually cause a plank to warp—by twisting or bowing.


Wind resistance


Trees are generally able to withstand high winds through their ability to bend, though some species are more resilient than others. Wind energy is absorbed gradually, starting with the rapid oscillation of the twigs, followed by the slower movement of the branches, and finally through the gently swaying limbs and trunk. The greater surface area of a tree in leaf makes it more susceptible to failing under wind load.
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1


The basic structure of a tree
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Section through a tree trunk a outer bark b inner bark c heartwood d cambium e sapwood


1.2


Spiderweb





Material properties


Spider silk is also known as gossamer and is composed of complex protein molecules. Chains of these molecules, with varying properties, are woven together to form a material that has an enormous capacity for absorbing energy. The silk of the Nephila spider is the strongest natural fiber known to man.


A general trend in spider-silk structure is a sequence of amino acids that self-assemble into a (beta) sheet conformation. These sheets stack to form crystals, whereas the other parts of the structure form amorphous areas. It is the interplay between the hard crystalline segments and the elastic amorphous regions that gives spider silk its extraordinary properties. This high toughness is due to the breaking of hydrogen bonds in these regions. The tensile strength of spider silk is greater than the same weight of steel; the thread of the orb-web spider can be stretched 30–40 percent before it breaks.


Silk production


Spiders produce silken thread using glands located at the tip of their abdomen. They use different gland types to produce different silks; some spiders are capable of producing up to eight different silks during their lifetime.


Web design and production


Spiders span gaps between objects by letting out a fine adhesive thread to drift on the breeze across a gap. When it sticks to a suitable surface at the far end, the spider will carefully walk along it and strengthen it with a second thread. This process is repeated until the thread is strong enough to support the rest of the web. The spider will then make Y-shaped netting by adding more radials, while making sure that the distance between each radial is small enough to cross. This means that the number of radials in a web is related directly to the size of the spider and the overall size of the web. Working from the inside out, the spider will then produce a temporary spiral of nonsticky, widely spaced threads to enable it to move around its own web during construction. Then, beginning from the outside in, the spider will replace this spiral with another, more closely spaced one of adhesive threads.


Impact resistance


The properties of spider silk allow it to be strong in tension, but also permit elastic deformation. When completed, the entire spiderweb is under tension; however, the elastic nature of the fibers enables it to absorb the impact of a fast-flying insect. On impact a local oscillation will occur, and the faster the oscillation the greater the resistance. This ability to store energy, and the fact that most of the energy is dissipated as the fiber deforms, allows spiders to intercept and catch their prey, by absorbing these creatures’ kinetic energy.
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1


The spider’s silk-spinning glands


[image: ]


2


Sequence of web building
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A giant spiderweb


[image: ]


4


The successful completion of an arrested landing on the flight deck of an aircraft carrier. The “checkmates” to which the aircraft becomes attached perform a similar kind of impact resistance to that of a spiderweb.


1.3


Eggshell





The structure of an eggshell varies widely among species but it is essentially a matrix lined with mineral crystals, usually a compound such as calcium carbonate. It is not made of cells, and harder eggs are more mineralized than softer ones.





Bird’s eggs—material properties


Birds are known for their hard-shelled eggs. The eggshell comprises approximately 95 percent calcium carbonate crystals, which are stabilized by an organic (protein) matrix. Without the protein, the crystal structure would be too brittle to keep its form.


Shell thickness is the main factor that determines strength. The organic matrix has calcium-binding properties and its organization during shell formation influences the strength of the shell: its material must be deposited so that the size and organization of the crystalline (calcium carbonate) components are ideal, thus leading to a strong shell. The majority of the shell is composed of long columns of calcium carbonate.


The standard bird eggshell is a porous structure, covered on its outer surface with a cuticle (called the bloom on a chicken egg), which helps the egg retain its water and keep out bacteria.


In an average laying hen, the process of shell formation takes around 20 hours.


Strength and shape


The structure of a bird’s eggshell is strong in compression and weak in tension. As weight is placed on top of it, the outer portion of the shell will be subject to compression, while the inner wall will experience tension. The shell will thus resist the load of the mother hen. Young chicks are not strong, but by exerting point-load forces on the inside of the shell they are able to break out unaided (the chick has an egg-tooth, which it uses to start a hole).


It is the arch/dome shape of the eggshell that helps it resist tension.


The strength of the dome structure of an eggshell is dependent on its precise geometry—in particular, the radius of curvature. Pointed arches require less tensile reinforcement than a simple, semicircular arch. This means that a highly vaulted dome (low radius of curvature) is stronger than a flatter dome (high radius of curvature). That is why it is easy to break an egg by squeezing it from the sides but not by squeezing it from its ends; staff members at the Ontario Science Centre in Toronto were successful in supporting a 200-pound person on an unbroken egg.
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A chicken egg
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2


Generated eggshell mesh using shell-type elements
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3


A microscopic view of the lattice structure of an eggshell
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A low-tensile, compressive arch will resist larger forces when pointed
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The stone and steel arches of the Pavilion of the Future, built by Peter Rice for the 1992 Seville Expo, express their resistance to forces by separating the tensile and compressive elements


1.4


Soap bubbles





Surface tension


A soap bubble exists because the surface layer of a liquid has a certain surface tension that causes the layer to behave elastically. A bubble made with a pure liquid alone, however, is not stable, and a dissolved surfactant such as soap is needed to stabilize it; soap acts to decrease the water’s surface tension, which has the effect of stabilizing the bubble (via an action known as the Marangoni effect): as the soap film stretches, the surface concentration of soap decreases, which in turn causes the surface tension to increase. Soap, therefore, selectively strengthens the weakest parts of the bubble and tends to keep it from stretching further.


Shape


The spherical shape of a soap bubble is also caused by surface tension. The tension causes the bubble to form a sphere, as this form has the smallest possible surface area for a given volume. A soap bubble, owing to the difference in outside and inside pressure, is a surface of constant mean curvature.


Merging


When two soap bubbles merge, they will adopt the shape with the smallest possible surface area. With bubbles of similar size, their common wall will be flat. Smaller bubbles, having a higher internal pressure, will penetrate into larger ones while maintaining their original size.


Where three or more bubbles meet, they organize themselves so that only three bubble walls meet along a line. Since the surface tension is the same in each of the three surfaces, the three angles between them must be equal to 120 degrees. This is the most efficient choice, and is also the reason that cells of a beehive have the same 120-degree angle and form hexagons. Two merged soap bubbles provide the optimum way of enclosing two given volumes of air of different size with the least surface area. This has been termed “the double bubble theorem.”
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Merged soap bubbles
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The double bubble theorem applied to the design of the biodomes at the Eden Project in Cornwall, UK, by Nicholas Grimshaw and Partners


1.5


Human body





Human skeleton


The human skeleton has 206 bones that form a rigid framework to which the softer tissues and organs of the body are attached. Vital organs are protected by the skeletal system.


The human skeleton is divided into two distinct parts. The axial skeleton consists of bones that form the axis of the body—neck and backbone (vertebral column)— and support and protect the organs of the head (skull) and trunk (sternum and rib cage). The appendicular skeleton is composed of the bones that make up the shoulders, arms, and hands—the upper extremities— and those that make up the pelvis, legs, and feet—the lower extremities.


Bones—material properties


Most bones are composed of both dense and spongy tissue. Compact bone is dense and hard, and forms the protective exterior portion of all bones. Spongy bone is found inside the compact bone, and is very porous (full of tiny holes). Bone tissue is composed of several types of cells embedded in a web of inorganic salts (mostly calcium and phosphorus) to give the bone strength, and fibers to give the bone flexibility. The hollow nature of bone structure may be compared with the relatively high resistance to bending of hollow tubes as against that of solid rods.


Muscles—bodily movement


The skeleton not only provides the frame that holds our bodies in shape, it also works in conjunction with the body’s 650 muscles to allow movement to occur. Bodily movement is thus carried out by the interaction of the muscular and skeletal systems. Muscles are connected to bones by tendons, and bones are connected to each other by ligaments. Bones meet one another with a joint; for example, the elbow and knee form hinged joints, while the hip is a ball-and-socket type of joint. The vertebrae that go to make the spinal column are connected with an elastic tissue known as cartilage.


Muscles that cause movement of a joint are connected to two different bones, and contract to pull them together. For example, a contraction of the biceps and a relaxation of the triceps produces a bend at the elbow. The contraction of the triceps and relaxation of the biceps produces a straightening of the arm.


Tensegrity


It has been said that the human body, when taken as a whole, is a tensegrity structure. In a tensegrity structure, the compression elements do not touch each other insomuch as they are held in space by separate tension elements (strings, wires, or cables). The cell biologist and founding director of the Wyss Institute at Harvard, Don E. Ingber, has made the connection between the tensegrity structures of Kenneth Snelson (see page 156) and living cells, and asserts that “an astoundingly wide variety of natural systems, including carbon atoms, water molecules, proteins, viruses, cells, tissues, and even humans and other living creatures are constructed using a common form of architecture known as tensegrity.”1


1 Ingber, Donald, E., “The Architecture of Life” in Scientific American, pp. 48–57, January 1998
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1 Ballet pose


Walking is actually “falling with style.” If you try to walk very slowly, you will start to fall. Try leaning forward from the hips. At some point, your center of gravity goes “outside of you,” and one leg moves forward to form a 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 center of gravity is to extend your other leg behind you. This is a process known as “cantilevering.” With built structures, a cantilever describes an element that projects laterally from the vertical. It relies on counterbalance for its stability and on triangulation to resist the bending moments and shear forces of the (canti-) lever arms.
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2 Gymnastics rings


The stressing of the human body as it strives to maintain a double cantilever
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3 Tower of people


A Spanish tradition (torres humanas), whose intention is self-evident. A number of strategies may be employed, but in all cases a decent foundation for the tower is critical. As with a tree, there is a uniform root structure that is acting to buttress the “column.” Every participant wears a wide belt to reinforce the connection between the spinal column and the pelvis, and hence protect the kidneys from undue pressure.
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4 People circle


A circle of people sitting on each others’ laps creates a type of tensegrity structure, by which they are all supported without the need for any furniture.
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5 Flying buttress


The structural principle of the human tower is also expressed in the flying buttresses traditionally used to brace low-tensile masonry structures.
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6 Forth Rail Bridge


The designers of the Forth Rail Bridge used their own bodies to demonstrate how the span of the bridge uses the cantilever principle. Replicated here, 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 are in compression and are transferring the load back to the chairs.


T = Tension


C = Compression


R = Reaction
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Theory








 


2.1


General theory of structures





2.1.1


Introduction





In structural engineering terms, a building can be considered as a series of individual interconnected components whose function is to transfer externally applied loads through a structural system into the building’s foundations.


This chapter examines the types of loads that can be applied to structures and the forces that develop within structural components to resist these externally applied loads.


Structural engineering uses the principles of static equilibrium to analyze load distribution. In this chapter the basic concepts of static equilibrium are examined and explained using simple models, while some common mathematical formulae are provided for common beam arrangements.


To determine whether a structural component is capable of resisting the loads applied to it, two major factors have to be considered: the component’s size, and the material from which it is made. Further sections of this chapter examine both the geometric and material properties of structural components and their implications on structural performance.


While a building’s components must be designed to ensure that they are capable of withstanding the load applied without collapsing, they must also be designed to ensure they can perform their desired purpose without wobbling, deflecting, or vibrating to such an extent as to disturb the building’s occupants or cause damage to fittings and fixtures. These criteria are often called “in service” or “serviceability” states and are explained in the section in this chapter entitled “Fitness for purpose.”


Individual components are combined to form structures that vary from thin concrete shells to steel-trussed bridges to igloos to multistory high-rise towers, and all must be sufficiently stable to resist any imposed lateral forces and hence avoid “falling over.” Stability and the various load-transfer mechanisms different building types employ to achieve stability are explained in this chapter using the building classifications developed by Heinrich Engel.


A brief glossary of the terms used in this section is as follows:


Force—A measure of the interaction between two bodies. Measured in pounds (lb) or kilopounds (kip), where 1,000 lb = 1 kip.


Load—A force acting on a structural element. Measured in pounds (lb) or kilopounds (kip), where 1,000 lb = 1 kip.


Mass—A measure of the amount of material in an object. Measured in pounds (lb).


Sigma (∑)—Mathematical term meaning “the sum of.” For example: ∑F = F1 + F2 + F3


Weight—A measure of the amount of gravitational force acting on an object. Measured in pound mass (lb mass).


The mass of an object can be converted into weight using the equation;


Force = mass x g


where g is acceleration due to gravity = 32.2 ft/s2





2.1.2


External loads








When external, dead, live, or wind loads are applied to a building they induce internal forces within the structural elements that are transmitted into and resisted by the foundations.


Newton’s third law of motion states that forces occur in pairs with each force of the pair being equal in magnitude and opposite in direction to the other. Hence, for a building to be stable every external load or force that is applied to it has to be resisted by an equal and opposite force at the supports. This state is called static equilibrium.


External loads can be applied to a structural member in two fundamentally different ways:


Axially—These loads act in the direction parallel to the length of a member and typically induce either internal compressive or tensile forces within it.


Perpendicularly—Perpendicular (or shearing) loads act perpendicularly to the direction of the length of a member. This type of load can induce shear, bending, and torsional forces within a member depending on the geometry of the member and point of application of the load.


Each of the five internal forces induced by externally applied loads—tension, compression, shear, bending, and torsion—are explained in the following section.





2.1.3


Internal forces





The process of structural analysis and design involves determining the magnitude of the various internal forces (compression, tension, shear, bending, and torsion) to which each member is subjected to ensure each member is capable of resisting those forces.





2.1.3.1


Axial





External compressive point load applied to column


External tensile point load applied to a tie member


Axial loads act in the direction parallel to the length of a member. They can either act to resist compressive loads, which try to shorten a member or resist tensile loads, which try to lengthen the member. Members in structural systems that are under compressive loads are termed struts or, if they are vertical, columns. Members under tensile loads are termed ties.
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2.1.3.2


Shear





External point load applied to beam


Internal shear forces act perpendicularly to the direction of the length of a member and are induced by externally applied shear loads. For the purposes of analysis, shear loads are considered to be applied to a structural member via either point loads, such as a person standing on a beam, or distributed loads, such as the weight of a floor supported by a beam.
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2.1.3.3


Bending





External point load applied to beam developing bending moment


Bending, also termed flexure, occurs when a load is applied perpendicularly to the longitudinal axis of a member. This load induces internal forces that act parallel to the length of a member. The magnitude of these internal forces varies proportionally across the depth of the member from compression at one face to tension at the other. At a point between the compression and tension faces the internal force is zero. This is termed the neutral axis. The algebraic sum of the internal forces multiplied by the distance from the neutral axis is called the bending moment. Moments normally occur simultaneously with shear forces and are measured in kip feet (k-ft). A simple example of a bending load moment can be demonstrated via a vertical shear load applied to the end of a cantilevering beam. In this situation the bending moment can be calculated as the applied shear load multiplied by the length of the cantilever.
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2.1.3.4


Torsion





External point load applied to cantilevering beam developing torsion at support


If the point of application of a load is “eccentric” from the longitudinal axis of the member, a twisting moment will be developed. This in turn induces torsional forces within the member to resist the twisting action. Torsional forces are distributed across the cross-section of a member in a circular manner where the outer fibers experience the highest forces. The magnitude of torsion is a product of the applied load and distance from the point of application to the longitudinal axis of the member. Torsion is measured in kip feet (k-ft).
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